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In vertebrates, neural crest cells (NCCs) are a multipotent
embryonic population generating both neural/neuronal and
mesenchymal derivatives, and thus the neural crest (NC) is
often referred to as the fourth germ layer. NC development is a
dynamic process, where NCCs possess substantial plasticity in
transcriptional and epigenomic profiles. Recent technical
advances in single-cell and low-input sequencing have
empowered fine-resolution characterisation of NC
development. In this review, we summarise the latest models
underlying NC-plasticity acquirement and cell-fate restriction,
outline the connections between NC plasticity and NC-derived
cancer and envision the new opportunities in studying NC
plasticity and its link to cancer.
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Introduction

Cellular plasticity is a broad term indicating the cell
identity change [1], which has been studied intensively in
scenarios of normal development and cancer. In all verte-
brates, unlike the ectodermal neural plate, which gives rise
to neural/neuronal fates only, neural crest cells (NCCs)
have the potential of contributing to both the neural/neu-
ronal and mesenchymal derivatives (usually originating
from mesoderm). NCCs and their progeny iz vivo are
highly heterogeneous in gene expression and epigenomic
regulation. This highly multipotent population, most of
which originates from the neural-plate border (NPB), can
differentiate into a large variety of derivatives [2], which

provides therapeutic opportunities for intervention, such as
spinal cord injury repair (reviewed in Ref. [3]).

Recently, research on neural crest (NC) development
has also entered the genomic era [4-10], enabling the
genome-wide characterisation of developmental pro-
grammes and underlying regulatory networks. Moreover,
whole-organism single-cell sequencing of embryogenesis
[11] provided an unprecedently comprehensive view to
study not only singular lineages but also the interactions
between cells.

In this review, we focus on the latest progress eluci-
dating NC plasticity in three aspects: how NC precursors
gain plasticity, how NCCs lose their plasticity during
differentiation and how the plasticity is reflected in the
NC-derived tumours. We will emphasise the new in-
sights provided by technical advances in NC studies,
such as single-cell sequencing and low-input chromatin
profiling.

Gaining plasticity of neural crest precursors
The early development of NCC is conventionally con-
ceptualised into three main phases: induction, specifi-
cation and migration (Figure 1). During the NC
formation, a proportion of NC precursor cells procure
plasticity of the so-called ectomesenchyme fate. This
section reviews how phenotypic shifts and regulatory
activities contribute to this process. Additionally, we
elucidate a new hypothetic origin of the trunk NC.

Reacquisition of pluripotency in cranial neural crest
development

A long-standing question is how NCCs acquire the dif-
ferentiation potential of ectomesenchyme. The activa-
tion of pluripotency-associated genes, Oct4 and Nanog,
has been reported in the cranial NC precursors of zeb-
rafish (pous5f3, pouZflb; nanog) (6] and Xenopus laevis
(pou5f3.1/12/3;  wventx1/2) [12]. Depleting VENTX/
NANOG expression led to the loss of NC skeletogenic
potential [13]. However, it remained unclear whether
the expression of pluripotency-associated transcription
factors (T'Fs) was maintained from the earlier stages [12]
or was transitionally switched on (Figure 1). The com-
prehensive single-cell RNA-sequencing (scRNA-Seq)
analysis of Xenopus embryos between zygotic genome
activation and early organogenesis disproved the reten-
tion hypothesis [11]. The temporal imaging of Oct4-GFP/
+ murine embryos further supported the reactivation
scenario [9¢¢]. The scRNA-Seq (Smart-seq2 [14])
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Overview of the cell identity shifts, cellular plasticity levels, transcriptional changes and regulatory factors during NC development. Respecting the

cellular plasticity, it is arguable that NC precursors at the induction and specification phases retain higher levels of stemness or potency, whilst cellular
plasticity tends to be manifest in the migratory NCCs, which are challenged by diverse environments and are ready to undertake cell identity changes.
The schematic diagram for three major phases of cranial NC development exemplifies the hindbrain region.

delineated a set of Oct4-expressing Wuzl+ precursor cells
in murine embryos, and the functions of O¢4 in cranial
NC development were further characterised in mouse
embryos using Wnzl-Cre conditional knockout [9ee].
Moreover, temporal scRNA-Seq data analysis and RNA
fluorescence iz situ hybridisation analysis revealed the
progression expression of Oc4 and Nanog along the
anterior—posterior axis in the cephalic NC [9ee]. Still,
the mechanisms driving such a shift remained unclear.

The likeness between cranial Ocr4-expressing NC and
epiblast stem cells is supported by the comparative
analysis of open-chromatin landscapes [9°¢]. Coupled
with the finding that epiblast stem cells also resemble

the anterior primitive streak [15], these data support the
hypothesis that the core c¢is-regulatory programmes are
rehashed in similar scenarios, but serve different devel-
opmental purposes. The generation of cranial NCCs is
likely the consequence of dedifferentiation supported
by the reactivation of pluripotency-associated TFs. The
critical remaining questions involve the regulatory me-
chanisms of reactivating the epiblast-like pluripotency
programme in the cranial NC and the evolutionary cause
of repeatedly using core ¢s-regulatory programmes
during development.

From the evolutionary perspective, a comparative ana-
lysis elucidated that the potentials of cranial NCCs are

Current Opinion in Genetics & Development 75( 2022) 101928

www.sciencedirect.com
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extended along with the course of vertebrate evolution
by ‘co-opting’ other regulatory programmes into the
cranial NC circuits [16]. In amniotes, the cranial NC-
specific regulatory circuit, composed of TFs Lix5, Brn3,
Dmbxl, SoxE, Tfap2 and Ersi, is crucial for skeletal dif-
ferentiation. In the evolutionary course from sea lam-
prey, little skate, zebrafish to chicken, Ezsi, lix5, dmbxl1
and BRN3C were progressively added upon the primi-
tive circuits of SoxF and TfapZ in the sea lamprey, which
confers the potential of certain cranial derivatives, for
example, jaws and vagal NC.

Regulatory activities underlying boosted neural crest
plasticity

T'he acquirement of NC plasticity is hypothesised to be
modulated by epigenomic remodelling and environ-
mental cues. Recent advances in epigenomic profiling
methods, especially for low input, have facilitated the
rapidly growing number of catalogued NC enhancers
[7,17,18]. Application of chromatin immunoprecipitation
followed by sequencing in the 7z vitro human embryonic
stem cell differentiation model [18] systematically
characterised the regulatory regions by profiling
genome-wide histone modifications and TF/co-factor-
binding sites. Genome-wide analysis of FoxD3 binding
in the wild-type and mutant zebrafish embryos revealed
that FoxD3 acts as a pioneer factor to prime distal en-
hancers for NC specification and then switches to a re-
pressor to modulate differentiation [6] (Figure 1). The
extensive profiling of NC development at consecutive
developmental stages by profiling transcriptomes and
chromatin accessibility uncovered the comprehensive
repertoire of NC enhancers and super-enhancers, which
were validated in the iz vivo embryonic model [7].
Furthermore, analysis of this RNA-Seq dataset [7]
identified the potential role that an RNA-binding pro-
tein Elavll/HuR plays in cranial NC specification [19].
Another epigenomic profiling technique, Cleavage
Under Targets and Release Using Nuclease [20], has
been used to delineate the chromatin remodelling
during the NC induction and specification [17].

Regarding how the environmental cues, for example, Wnt
signals, are relayed into the gene-regulatory networks
(GRNSs), a recent study [21] proposed a hub-and-spoke
model, a term initially used in the field of transport-to-
pology optimisation. Unlike the previous hierarchical
model, where the Wnt signalling stands at the top of the
NC-GRN, the Wnt signalling pathway in the hub-and-
spoke model directly regulates many NC-specific target
genes preferably by the suboptimal TCF/LEF-binding
motif [21] (Figure 1). The mechanism of Wnt signalling
directly regulating Axudl was further illustrated in Ref.
[22]. Apart from constructing the hub-and-spoke model,
this work also indicated the indispensability of using high-
resolution chromosome-conformation capture techniques
to study developmental plasticity as the tissue-specific 3D

genome architecture likely manifests in the level of
enhancer—promoter interactions rather than the intra-to-
pologically associating domain interactions [21].

Neuromesodermal progenitors as a potential origin of
trunk neural crest

Studies of NC specification were predominantly focused
on the cranial NC, while the 7 vivo origin of trunk NCCs
is mainly unknown. The long-lasting hypothesis is that the
NC specification progresses along the anterior—posterior
axis, where ectodermal precursors at the NPB generate
trunk NC based on spatial expression analyses [23]. Re-
cently, the neuromesodermal progenitor (NMp) population
is proposed to be an alternative hypothetical cellular origin
of trunk NCCs. The NMp-NCC transition is supposed to
happen much later than the NC specification in the
NPB [24].

In the human 7» vizro models, several studies have re-
vealed a transition route from human pluripotent stem
cells (hPSCs) first to NMps, then the proneural fate and
finally the trunk NC, which implied that one of the
developmental trajectories of trunk NC precursors might
differ from cranial NC [25-28].

A more recent /2 vive study suggested that NMps, apart
from the NPB epiblast, are another potential progenitor of
trunk NCGCs [24] (Figure 1). The NMp is a bipotent pos-
terior cell population that can give rise to both spinal cord
and paraxial mesoderm derivatives [29], and can potentially
be used to treat spinal cord injury (reviewed in Ref. [3]).
Recent work in zebrafish used a posterior-specific foxd3
enhancer to isolate cells, including NMp subpopulations
and NCCs, and profile their single-cell transcriptomes. The
joint analysis of 10x scRNA-seq and single-nucleus assay for
transposase-accessible  chromatin ~ using  sequencing
(snATAC-seq) data reconstructed the NMp—GRNs, where
cdxla, cdx4, hoxal3b, hoxalOb and foxd3 are at the top of this
GRN hierarchy. The NMp-GRNs embedded two sets of
subcircuits, which modulated the differentiation into neural
NMp and mesodermal NMp, respectively. The hypothe-
tical transition from NMp to posterior NC through a pro-
neural NMp state is proposed based on the RNA velocity
analysis, which uses the ratio between spliced and un-
spliced transcripts to predict the directions of cell-state
transitions [30]. Moreover, the NMp-population transitions
are driven by the posterior expression of CDX genes [24],
in line with the finding that Cdx4 regulates posterior NC
specification in zebrafish [31]. Yet, this putative develop-
ment trajectory from NMps to trunk NCCs needs further
validation by lineage-tracing experiments and imaging
analyses.

The new hypothetical origin of trunk NCCs raises in-
triguing questions of the trunk NCC plasticity. It re-
mains to be addressed whether the NMp-derived trunk
NCCs are more plastic than posterior ectoderm-derived
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ones, whether the transition from neural NMps to trunk
NCGCs is consistent with a decrease in cellular plasticity,
and whether at least some trunk NCCs possess latent
mesenchymal potential, given their NMp origin.

Plasticity during differentiation

Once NCCs are specified through the elaborately regu-
lated process, they start to migrate and differentiate into
specialised lineages. This section discusses the cell-fate-
restriction models, the new framework built by single-
cell analysis and the environmental factors that influence
NC migration and differentiation.

Emerging models of cell-fate restriction

New models detailing how cell fates are restricted from
molecular and cellular perspectives have been recently
proposed. At the molecular level, a new model for cell-
fate bifurcation was proposed based on the integrative
analysis of deep scRNA-Seq (Smart-seq2) and 32-gene
multiplexed 7z situ sequencing [32], identifying the bi-
potent progenitor for murine trunk NC differentiation,
such as the autonomic—-mesenchymal progenitor [8ee].
This model defined three phases of the cell-fate bi-
furcation: initial coactivation of competing transcrip-
tional programmes, gradual biasing towards one fate and
cell-fate commitment [8ee]. Moreover, this study ela-
borately predicted the activity of TFs for trunk NC fate
commitment based on the co-expression patterns of
multiple target genes rather than the expression of TFs
per se. 'This is reminiscent of an earlier finding that the
positional genes maintain a poised rather than repressed
chromatin status during cranial NC development, re-
vealing a potential epigenomic mechanism underlying
the initial coactivation of dual regulatory programmes
[10]. On the other hand, the scRNA-Seq analysis [8ee]
showed the continuous trajectory of binary-fate deci-
sions, raising the question of whether progenitor-like cell
states at the bifurcation are fate-restricted.

At the cellular level, there are two conventional models
of cell-fate restriction, namely direct fate restriction and
progressive fate restriction. The key difference between
these two is the existence of intermediate progenitors
between NCCs and single-fate-restricted cells. The
progressive fate-restriction model has been supported by
the identification of putative intermediate progenitors
[32]. A new ‘cyclical fate restriction’ hypothesis, which
can be viewed as an extension of the direct fate-re-
striction model, was proposed in the context of pigment-
cell development, in which the multipotent progenitors
give rise to three pigment-cell populations (melanocytes,
xanthophores and iridophores) [33,34]. Akin to the direct
fate-restriction model, this cyclical model refutes the
existences of restricted intermediate progenitors, chro-
matoblast and melanoiridoblast, based on the single-cell
expression data of 42 genes measured by NanoString. A

unique concept of the cyclical model is the ‘sub-state’,
which tends to resemble the combinations of specific
fates, but is more plastic than the intermediate pro-
genitors defined in the progressive models. Thus, the
critical point to reconcile between the cyclical and pro-
gressive models is to evaluate whether the intermediate
dual-fate progenitors are convertible or not. However, it
is difficult to address this question by merely using
phenotypic data, that is, gene or protein expression le-
vels. Chromatin profiling and other epigenomic data
coupled with expression data of fine temporal resolution
will be informative to define if an intermediate state is
an irreversible bipotent progenitor state or a plastic ‘sub-
state’. Therefore, we envision that synchronous depic-
tion of multiomics in single cells will likely bring in
evidence to resolve this dispute.

Compared with the trunk NC, there is much less known
about how cranial NC cells are lineage-restricted. The
cranial NC contributes to most of the craniofacial ske-
leton, cranial ganglia and melanocytes. The Spatial
Genomic Analysis, which incorporated the sequential
single-molecule fluorescence iz situ hybridisation, pro-
filed the differential expression between premigratory
(high levels of FoxD3, Sox9, Snai2 and Myc) and mi-
gratory (high levels of Msx2, TfapZa, Tfap2b and Axudl)
cells in the chick dorsal neural tube at the midbrain level
[35]. The spatial analysis also characterised the location
and gene expression of five lineage-marker-expressing
cellular subpopulations, shedding light on the early
stages on cranial NC migration and lineage specification.
We speculate that systematic characterisation with spa-
tial and single-cell analysis will provide deeper insight
into the model of cranial NC-fate restriction.

At the regulatory level, a recently proposed me-
chanism for iz vitro differentiation of NCCs into actin-
positive smooth muscle cells, a paradigm for the smooth
muscle tissue surrounding the aorta and pulmonary ar-
tery, was proposed [36]. In this model, Bromodomain-
containing protein 4 (BRD4), an epigenetic regulator,
interacts with the cohesin agonist NIPBL to regulate 3D
genome folding and promote NC differentiation. The
murine model demonstrated that iz vivo BRD4 deple-
tion led to symptoms reassembling cohesinopathies,
which are a collection of diseases caused by dysfunc-
tional cohesin proteins and a few other proteins
(e.g. BRD4) [306].

Redefined neural crest lineages at single-cell resolution
NC differentiation is a dynamic process, in which NCCs
and their progeny are highly heterogeneous in pheno-
types, which are often averaged out in bulk sequencing
data. High-throughput single-cell sequencing has
boosted the systematic documentation of NC lineages
and cellular phenotypes and renovated the definitions of
cell populations and cell states.

Current Opinion in Genetics & Development 75( 2022) 101928
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T'o catalogue the NC derivatives in the head, researchers
performed scRNA-Seq and snATAC-seq on the dis-
sected zebrafish heads at embryonic, larval, juvenile and
adult phases, in which the NCCs and their progeny have
been marked by sox/0 expression at 10 hours post fer-
tilisation (hpf) [37¢]. The cell census identified gill de-
rivatives, skeletal derivatives (mainly cartilage, bone,
and teeth) and dermal fibroblasts, while the single-cell
chromatin-accessibility analysis revealed a list of puta-
tive lineage-priming TFs. Another single-cell tran-
scriptomic profiling of post-migratory cranial NCCs in
24-hpf zebrafish embryos characterised anterior arch,
frontonasal, posterior-arch populations and melanocytes,
identifying the frontonasal marker gene, #/x3, as an es-
sential factor for frontonasal NCC differentiation vali-
dated by mutant analyses [38]. Moreover, specific
lineages from cranial NCCs have also been characterised
by single-cell sequencing, including teeth development
in mice [39] and NC derivatives from the first phar-
yngeal arch in the zebrafish [40].

Trunk NCCs and progeny have been profiled by
scRNA-Seq at 24, 48 and 68 hpf in zebrafish, which
documented trunk NC mesenchymal, neuronal, neural,
glial, muscle, pigment, and otic cell lineages [41,42].
The single-cell profiling of the melanocyte lineage
identified a postembryonic #fzpZb-expressing melanocyte
stem cell population in zebrafish, which could poten-
tially represent cells of origin of melanoma [43].

Whilst the isolation of cranial or trunk NC derivatives
can be achieved by dissection, it is challenging to profile
the vagal NC differentiation. Recent work has char-
acterised the cell-fate decisions of chicken vagal NC by
transcriptomic and epigenomic analysis. The vagal NC,
originally located in somites 1-7, can produce the pre-
dominant components of the enteric nervous system and
derivatives in other organs. A vagal NC-specific en-
hancer, EdnrB-E2, was exploited to isolate vagal NCCs
for scRNA-Seq, which identified three lineages, namely
neural (7fapZalb coupled with Sox/0), neuronal (Sox2/3)
and mesenchymal (Prrx/, Twistl with other TF genes)
[5]. Despite the capability to form all three lineages
(neurogenic, neural, and mesenchymal) in most pre-
migratory vagal NCCs, a small portion of vagal NCCs,
marked by low Sox70 and loss of Foxd3 expression, were
restricted to the neurogenic and mesenchymal fates
before delamination [5]. Bulk ATAC-seq identified the
set of noncoding, cis-regulatory elements specific to the
vagal region.

Taken together, scRNA-Seq and snATAC-seq have been
powerful tools to document cell states, profile develop-
mental trajectories and identify lineage-specific regulatory
elements. Yet, two major limitations of single-cell profiling
of NCGCs isolated based on the expression of lineage
markers are the loss of spatial locations of profiled cells and

the missing information of interactions between NCCs and
neighbouring non-NC cells. The first can be overcome by
integrative analysis of spatial gene expression and single-
cell sequencing [32]. The second can be alleviated by
performing systematic embryogenesis-level and tissue-
specific profiling [11,44-46].

Environmental effects on migration and differentiation
It is crucial to study how NCC ontogeny interacts with
other tissues and environments. Herein, we discuss
latest progress on chemotaxis, durotaxis and co-devel-
opment. Chemotaxis routes of the caudal hindbrain NC
(also termed as ‘vagal’ NC) migration have been char-
acterised by perturbation experiments and imaging
analysis in the Gallus gallus [47]. The caudal hindbrain
NG, situated from the mid-otic vesicle axial level to the
level of the seventh somite, is conventionally partitioned
into two compartments, the ‘cardiac’ NC (mid-otic ve-
sicle to the third somite) and the ‘posterior vagal’ NC
(somites 4-7). Nevertheless, the dichotomisation of
cardiac and vagal NC is not accurate, as cardiac NCCs,
despite generating parts in predominantly hearts but also
other organs, can intermix with posterior vagal NCCs to
populate the enteric nervous system [47]. Initially, the
cardiac NCCs migrate towards the pharyngeal arches
guided by the FGFR1-FGFS8 signalling [48]. After mi-
gratory cardiac NCCs reach the perspective positions at
pharyngeal arch arteries, they diverge towards the heart
outflow tract or the gut guided by CXCR4-SDF1 and
RET4-GDNEF signalling, respectively, and differentiate
in accordance with the local environmental cues [47].
The ligand GDNF emanates from the gut mesenchyme
[49], in line with the finding that vagal NC-derived
mesenchymal cells are indispensable for the formation of
the enteric nervous system |[5].

In Xenopus laevis, chemotaxis cooperates with durotaxis
in vivo during cephalic NC migration [50ee]. Durotaxis
is a type of cell migration in which cells are guided by
the stiffness gradient of their extracellular matrix. In this
scenario, NCCs first migrate towards chemoattractant
Sdfl-secreting placode [51], forming a durotactic gra-
dient by interacting with the adjoining placode via N-
cadherin, which in turn modulates NCC migration.

Studying co-development with human cells has been
achieved in a self-assembling 3D tissue model, termed
elongating multilineage-organised (EMLO) gastruloids
[52]. The structure of EMLO gastruloids derived from the
human-induced pluripotent stem cells mimics three germ
layers and the NC. Using small-molecular inhibitors, this
work demonstrated that in EMLO gastruloids, the self-
organising primitive gut tube contributes to neuronal de-
velopment. Moreover, this proof-of-concept study showed
that NC development in EMLO gastruloids mimics the
one 7z vivo [8e°], suggesting opportunities to study inter-
actions between NC development and other tissues [52].
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Links between neural crest and neural crest-
derived tumours

Neuroblastoma

Neuroblastoma is a paediatric malignancy that pre-
sumably originates from the trunk NC derivatives.
Xenotransplantation of hPSC-derived NCCs into mouse
embryos can give rise to tumours akin to human neu-
roblastoma [53]. The invasiveness signature derived
from NCC migration is associated with neuroblastoma
metastasis [46]. However, it has been challenging to
pinpoint the exact cells of origin for neuroblastoma due
to the dynamic status of NC development.

Extensive single-cell transcriptomic profiling of foetal
adrenal glands has identified four major populations
(Schwann cell precursors, bridge cells, chromaffin cells,
and neuroblasts) and refined the typical developmental
trajectories of NCCs in the adrenal medulla [54-56].
Despite the controversy in transitions among various cell
states, it was concluded that human Schwann cell pre-
cursors could generate at least a proportion of intra-
adrenal sympathetic neuroblasts and neurosecretory
chromaffin cells.

Although there has been a debate of the closest ap-
proximation of neuroblastoma cells in normal develop-
ment, plausibly caused by inconsistent cell-type
annotations, evidence indicates that the neuroblastoma
cell states are reminiscent of the normal cell phenotypes
from Schwann cell precursor lineage trajectories
[55,5790-59]. The latest scRNA-Seq analysis of both
normal developmental tissues and tumours has reached a
consensus that the expression profiles of neuroblastoma
tumour cells resembled the neuroblast-derived tran-
scriptional signature [57¢¢]. The differentiation degree
of tumour cells is associated with the clinical prognosis,
that is, tumours enriched in more differentiated sig-
natures tend to represent lower risk. Therefore, the
transcription regulators (MYCN and TFAP2B) of re-
pressive and permissive roles in differentiation might
provide therapeutical values for neuroblastoma [57ee].
Future work focussing on how the undifferentiated
high-risk subtype is linked to genomic alterations and
epigenetic reprogramming would lead to greater insight
and potential therapeutics for this malignancy.

Melanoma

Cells of origin of melanoma are presumably the mela-
nocyte stem cells from the NC-derived melanocyte
lineage. Based on the transcriptomic study, a melanoma
subtype is enriched in the NC-like signature among
melanocytic, mesenchymal-like (or undifferentiated)
and intermediate signatures [60]. Enhanced plasticity

driven by overexpression of the chromatin-binding
factor ATAD?2 also facilitates the tumorigenesis compe-
tence of melanocytes, presumably by reprogramming the
chromatin landscape [61°¢]. Oncogene-expressing mel-
anocytes are reprogrammed into an NC-like progenitor
state during the melanoma initiation in the zebrafish
melanoma model, while such re-emergence of the NC-
like progenitor state involved the activation of NC en-
hancers [62].

Several other studies have shown that developmental
pathways, for example, a developmental LPARI1 axis iz
vitro and the AP-20/EZH2 pathway, can promote mel-
anoma metastasis and drug resistance [63,64]. Aside from
the shared properties of plasticity and invasiveness be-
tween development and cancer, the Warburg effect, a
metabolic effect of cancer hallmarks, promotes NC mi-
gration via the YAP-TEAD signalling [65]. The War-
burg effect describes that cancer cells tend to metabolise
glucose anaerobically even under aerobic conditions.
Metabolic reprogramming should be taken into con-
sideration in future research when studying the con-
nections between NC development and cancer.

Challenges and future perspectives

Recent advances in epigenomic profiling techniques and
single-cell sequencing have significantly improved our
understanding of the plasticity of NCCs, including NC
specification and lineage differentiation. NC develop-
ment involves complex processes, requiring differential
spatial and temporal regulation in the embryo spanning
many developmental stages. We speculate that these
emerging techniques, including single-cell and spatial
multiomics, and integrative analysis of lineage tracing
and single-cell sequencing, will enable fine-resolution
characterisation and resolve how the cellular plasticity is
regulated during NC development. Moreover, the 3D
culture models will empower the profiling and per-
turbing experiments for studying human NC develop-
ment, which can bridge the findings in model animals
and the clinical translation. Apart from the normal de-
velopment, genomic analyses have provided new op-
portunities to study developmental primordia and
corresponding tumours in parallel to track down genes
and cis-regulatory circuits critical for tumorigenesis and
cancer progression.
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