CHAPTER 15

Evolution of the Neural Crest

Alejandro Barrallo-Gimeno and M. Angela Nieto*

Abstract
he recent advances in studies of the neural crest in vertebrates and the analysis of basal
chordates using molecular and embryological approaches have demonstrated that
at least part of the genetic programs and the cellular behavior were in place in
nonvertebrate chordates before the neural crest evolved. Nevertheless, both the missing aspects
and the close similarities found could explain why basal chordates lack a bona fide neural crest
population, even though some migratory neurons and pigment cells have been recently identi-
fied in ascidians and amphioxus.

Introduction: Was There Anything Like This Before?

The most interesting aspect of the neural crest, besides its amazing multipotency, is the
pivotal role it has played in the evolution of vertebrates.! The neural crest is a vertebrate char-
acteristic and indeed without it, the vertebrate head would look quite different. Together with
the ectodermal placodes, the neural crest was crucial to the formation of paired sense organs
and the transition towards a more active life style with complex behaviors. It is considered to be
so important, that the neural crest has been termed the fourth germ layer. In this sense, the
neural crest together with the ectoderm, endoderm and mesoderm would make the vertebrates
quadroblastic animals.?

As a vertebrate innovation, the neural crest is considered as one of the important steps in the
evolution of Chordates and in evolutionary terms, it can define how this Phylum developed. The
Chordates are animals with a bilateral symmetry, a notochord (a hollow tube with support func-
tions) and a dorsal tubular central nervous system. The most primitive Chordates, the ascidians
(Urochordata = most basal chordates) regress in adulthood to the sessile filtering form having
existed as a free-swimming larva (tadpole) that contains an axial notochord and a dorsal neural
tube. The amphioxus or lancelets (Cephalochordata = chordates with head) preserve the noto-
chord in the adult as an endoskeletal support, and have a regionalized pharyngeal endoderm.
With respect to the basal vertebrates, the hagfish (Myxinoidea) develop a cranium that surrounds
their primitive brain, and the lampreys (Agnatha = no jaws) have a vertebral column to support
the body and protect the spinal cord. More importantly, they have a truly segmented neural crest,
but no jaws. Finally, the jawed vertebrates (Gnatosthomata = mouth with jaws: fishes, reptiles,
birds and mammals) depict all of the evolutionary novelties that gave rise to the vertebrate head.

Itis important to establish when the neural crest arose in animal evolution and how this cell
population acquired the capacity to migrate and form such a wide variety of structures, the two
key characters of the neural crest cells. Did a latent neural crest exist in the more primitive
chordates? It is certainly difficult to assume that the neural crest just suddenly appeared. Indeed,
evidence is now accumularing to suggest that nonvertebrate chordates do develop a precursor
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neural crest population. Essentially, gene expression patterns and the identification of some cells
with a migratory behavior indicate that part of the genetic and cellular programs related to
neural crest development were definitely in place. However, as discussed by Stone and Hall,?
they may still be considered as provocative observations awaiting hierarchical developmental
evidence, not only at the cellular level but also at the tissue level. In relation to this, we will
discuss here the evidence that has arisen in the last few years that may define different steps in
the development and appearance of the neural crest.

Neural Crest and the Neural Tube: The Only Way Is Dorsal

Since the neural crest arises from the dorsalmost part of the neural tube, whether the
dorso-ventral patterning of the neural tube is already in place in basal chordates has been
examined. As a result, it seems that prototypes of the dorsal and ventral genes are indeed ex-
pressed similarly in amphioxus and ascidians. With respect to the ventral neural tube, both
signaling molecule sonic hedgehog and transcription factor HNF3 expressions are conserved
between vertebrates and amphioxus,*> as is also the case for the ascidian HNF3beta ortholog.®

Similarly, the orthologs of genes expressed in the dorsal neural tube in vertebrates are con-
served in basal chordates. With respect to the Pax family of transcription factors, a single Pax3/
7 gene in amphioxus and ascidians corresponds to the vertebrate Pax3 and Pax7 genes. Not
only is Pax3/7 expressed in the dorsal part of the neural tube in both Ciona and amphioxus,”?
but over-expression of Pax3/7 in ascidia leads to dorsalization.” Mutations in Pax3 and Pax7 in
mice and humans have been related to neural crest defects,'®!! highlighting the relevance of
the appropriate dorsoventral patterning of the neural tube for neural crest development.

Several transcription factors of the Msx family are expressed in the dorsal neural tube and the
neural crest, where they are crucial for craniofacial development.'? Likewise, the single AmphiMsx
gene is expressed in the lateral neural plate and later restricted to the dorsal part of the neural
tube.!®> Msx-a, one of the two Msx genes found in ascidians, is expressed in the ectoderm and
mesoderm at sites that are undergoing morphogenetic movements, such as the neural plate as it
folds to form the neural tube.' The second, Msx-4, is expressed in the neural tbe.'

Several members of the Zic family of transcription factors are involved in vertebrate neural
development, and Zic2 seems to retain the cells at the border of the neural plate in an undiffer-
entiated state, preventing them from differentiating into dorsal neurons. In this way, the devel-
opment of alternative dorsal fates, such as neural crest, is favored. 16 Eyurthermore, other family
members have been more directly implicated in neural crest development.'”!® It is therefore
noteworthy that, a Zic ortholo% in amphioxus is also expressed at the neural plate border
during early neurulation stages.'

In summary, the transcription factors involved in the dorsalization of the neural plate/neural
tube in vertebrates have representatives in the nonvertebrate chordates, indicating that the dors-
oventral patterning is conserved and established before the divergence of the vertebrate lineage.

Regarding the signaling pathways that induce dorsalization and neural crest formation in
vertebrates, it is worth mentioning that triggered by the bone morphogenetic proteins (BMPs).
A gradient of BMP activity has been described in Xenopus and zebrafish that influences cell
fate.2%2! In areas with intense BMP activity epidermis forms, whereas low levels of activity are
permissive for neural development and in the intermediate regions, the neural crest forms. In
amniotes, BMPs are clearly expressed in the nonneural ectoderm from where they can influ-
ence the development of the neural crest. Amphioxus has a single BMP2/4 ortholog that is also
expressed in the nonneural ectoderm®® and it could therefore play a role in determining the
dorsal part of the neural tube.

Interestingly, one of the functions of BMP4 later in development highlights the evolutionary
importance of the neural crest. Transplanting neural crest cells from duck into quail embryos and
viceversa, resulted in the formation of a characteristic duck beak in a quail embryo and viceversa.”?
Hence, the morphology of the beak depends on the neural crest, this being one of the best
examples of evolutionary adaptation to functional diversity in different birds. Indeed, differences
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in the levels of BMP4 seem to be responsible for different beak morphologies, not only between
chick and duck,?® but also between closely related species such as the Galapagos finches.”

Cell Migration: A Whole Body to Populate

One of the key characteristics of the neural crest cells is its ability to migrate and populate
all parts of the embryo. Once specified, they undergo an epithelium to mesenchyme transition
(EMT) and migrate as individual cells. To study the origin of the neural crest in evolution, the
basal chordate embryos have been scrutinized to search for migratory cells that might resemble
a primitive version of the vertebrate crest.

In the amphioxus embryo, nonneural ectoderm cells at the neural plate border migrate
towards the midline to cover the neural plate.”® Unlike the true neural crest, these cells migrate
as a continuous sheet rather than as individual cells because they do not undergo EMT. Inter-
estingly, the sin%lc Dix representative in amphioxus, AmphiDIl, is expressed in those migrating
ectodermal cells®® while in vertebrates Dix genes are expressed in the neural crest after the onset
of migration. As discussed by Holland et al,% it is possible that the ancestor of craniates
neurulated as amphioxus does, and that the migratory epidermal cells became integrated into
the dorsal part of the neural tube in the transition to vertebrate neurulation. Thus, these cells
may be the precursors of the neural crest. The acquisition of the ability to migrate as individual
cells would have subsequently been acquired to permit delamination from the neural tube. If
this were true, at least part of the neural crest would have a nonneural origin. In relation to this,
James Weston has recently proposed a provocative theory that suggests that the nonneural
ectoderm adjacent to the neural plate could produce cells that after undergoing EMT, would
migrate to give rise to the head ectomesenchyme (cartilage and bone) which is generally be-
lieved to derive from the neural crest.”” The proposal is that the crest would have a neural and
a nonneural component. Interestingly, the Dlx-positive neural crest cells give rise to
ectomesenchymal derivatives in the vertebrate head.”® Thus, if the “nonneural” crest exists, the
Dil-positive cells of amphioxus could be the precursors.

In addition to the movements of the nonneural ectodermal cells to cover the neural plate in
amphioxus, it has recently been reported that some cells from the anterior part of the neural
tube in the ascidian embryo have migratory capacities characteristic of neural crest cells.?’
These migratory cells were identified in Ecteinascidia turbinata, an ascidia species whose em-
bryos are especially large, therefore facilitating cell labeling and tracing. Labeled cells from the
anterior neural tube could be seen to migrate individually between the dorsal mesoderm and
the epidermis. Most of these cells differentiated into pigmented cells and expressed neural crest
specific markers such as HNK1 and the transcription factor Zic. This is possibly the best evi-
dence that these cells are neural-crest-like in the sense discussed by Stone and Hall.? The cells
are located at the appropriate place, express genes characteristic of vertebrate neural crest, and
they delaminate and migrate individually generating one of the cell types known to be derived
from the neural crest, pigment cells. From this finding, one may speculate that in a further
step, other cells that arise in the neural tube could also migrate and differentiate into different
cells types, such as peripheral neurons and glia.

Another cxamg(}e of individual ectodermal cells migrating through the mesenchyme comes
from amphioxus.” Cells that migrate dorsolaterally from the ventral side of the embryo fit
with the dorsolateral shift in the expression of the single amphioxus ortholog of the vertebrate
Trk genes, the neurotrophin tyrosine kinase receptors. Trks are related to the sensory functions
of structures derived from the neural crest and placodes in vertebrates.>!

Members of the Snail-family of transcription factors are among the earliest genes expressed
in the prosgective neural crest at the neural plate border where they are essential for triggering
the EMT.*? In amphioxus and ascidia, snail genes are also expressed along the edges of the
neural plate,*® although, snail-expressing cells have not been seen to delaminate and migrate.
It would be very interesting to determine whether the migratory cells recently described in
ascidia express the snail ortholog.?’ Even considering the exciting discovery of these cells, the
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production of migratory cells in nonvertebrate chordates is minimal when compared to thatin
vertebrates. Since $nail genes are crucial for triggering the EMT, they could represent the link
between neural crest determination and migration. This raises the intriguing question of why
so many snail-expressing cells do not delaminate and migrate in basal chordates. It could be
that Snail needs partners to be able to fully induce the migratory phenotype and that these can
only be recruited in vertebrates. The recruitment of downstream targets could also have oc-
curred only in the vertebrate lineage. Alternatively, it is possible that the environment is not
permissive even if snail-expressing cells in amphioxus could migrate. In addition, there is still
no evidence that snail is active in the neural tube of ascidian and amphioxus embryos. The
possibility that the Snail protein is not translated or is maintained inactive by post-translational
mechanisms still cannot be excluded. To try to understand why the snail-expressing cells (or
the majority of them) are retained in the neural tube, it would be extremely interesting to
analyze whether ectopic expression of ascidian, amphioxus or vertebrate Snzil genes could in-
duce migratory behavior in amphioxus or ascidian embryos.

Consolidation of the Neural Crest Population: The More, the Merrier

As we have just mentioned, it seems possible that cells can migrate away from the neural
tube in basal chordates. However, as far as we know, miggation appears to be quite limited in
terms of the number of cells. Thus, in order to develop a proper neural crest population, a
further step had to be acquired during evolution: the capacity to produce migratory cells in
significant numbers. In this sense, it has been shown that Sox2 expression in the neural plate is
incompatible with neural crest formation in vertebrates, and that it is downregulated at the
neural plate borders.> The only representative of the B sub-family of Sox genes in amphioxus
is sox 1/2/3 and it is not excluded from the neural plate borders.>* As discussed by Meulemans
and Bronner-Fraser,” the repression of sox2 at this location may have been a necessary evolu-
tionary step to permit the neural crest to form.

In addition to establishing permissive conditions, a2 mechanism to consolidate the potential
population of neural crest cells is also necessary. Such a process could be fulfilled by /43, a mem-
ber of the helix-loop-helix inhibitors. Knock-down experiments in Xenopus revealed that Id3 is
essential for the survival and cell cycle progression of neural crest progenitors at the neural plate
border.”” Moreover, forced expression of Id3 in migratory neural crest apparently maintains them
in a progenitor state.?® Although it remains unclear whether Id3 plays a role in fate determination
in the prospective neural crest territory, the proposed functions of Id3 would contribute to the
segregation of the neural crest from other dorsal derivatives and its consolidation as an undiffer-
entated precursor population. In relation to this, it is interesting to note that the single am-
phioxus /4 gene is not expressed in the neural plate.?® This is compatible with the idea that its
expression in the dorsal neural tube could have helped to consolidate and expand the scarce
population of migratory cells that constitute the evolutionary predecessor of the neural crest.

To Hox or not to Hox

The Hox genes provide some of the main influences that pattern the anteroposterior axis of
the animal body from flies to humans. Their particular genomic organization in clusters has
fascinated biologists since its discovery. Within each Hox cluster, the rostral limit of expression
for each gene is directly related to its position in the cluster i.e.: those located towards the 3°
end of the cluster are expressed more anteriorly. %*4! This property is known as colinearity and
has important implications for the patterning of the hindbrain and the neural crest that streams
out of the rhombomeres.”>*3 This colinear expression of Hox genes is also observed in the
neural tube of amphioxus,* and interestingly, a regulatory region of the most “anterior” am-
phioxus Hox gene is able to drive expression in the migratory neural crest of transgenic mice
and chicken embryos.?> This finding implies that amphioxus has the regulatory machinery to
express genes in the neural crest were it to develop and thus, that they just lack the final
crest-inducing factor that appeared in the next step of evolution which shaped vertebrates.
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Another peculiarity of Hox genes is that none of them are expressed in the most anterior
stream of the hindbrain neural crest, which will contribute to the first branchial arch. In rela-
tion to this, it is interesting to note that Hoxa2 overexpression in neural crest cells that migrate
to the first arch causes a transformation of the skeletal elements into a mirror image of those in
the second arch. %47 Furthermore, in Hoxa2 mutants, the skeletal elements of the second arch
mimic those of the first arch.®®#° These data indicate that the development of the structures
derived from the first arch is not compatible with the presence of Hoxa2 and by extension,
possibly with the expression of Hox genes. To investigate this suggestion further, the expression
of Hox genes has been analyzed in lampreys, vertebrates without jaws (agnathans). In these
vertebrates, a group Hox6 gene is expressed in the first branchial arch,® which is compatible
with the idea that its presence prevented the formation of the jaw. However, more recently the
first pharyngeal arch of a different species of lamprey appeared not to express any Hox gene
somewhat complicating this matter.”! Hence, while the absence of Hox genes is compatible
with the lack of jaws, it cannot be assumed that the presence of a Hox gene in the first arch is
responsible for the lack of 2 mandible in lampreys. Nevertheless, we can still conclude that jaws
are generally present when no Hox genes are expressed and thus, the absence of Hox may be a
prerequisite for jaw formation, perhaps generating a permissive state.

Evolution’s Toolbox I. Playing with Genes and Genomes:
Two Is Better Than One

We cannot leave the topic of the Hox genes without talking about how evolution has af-
fected the genome, these genes providing us with one of the clearest examples. One of the
events that evolution has employed to produce diversity is the existence of massive gene or
whole genome duplications.”>>® In particular, it has been proposed that the evolutionary lcasp
represented by the appearance of the craniates was aided by two whole genome duplications.”*
In support of this idea, many gene families composed of several members in vertebrates are
represented in basal chordates by a single gene.>> The Hox genes have undergone tandem gene
duplications and have also been subjected to whole genome duplications. Among the most
basal chordates, the tunicate Hox set is only partially clustered®®>” and amphioxus has only one
single Hox complex.’® Vertebrates have four Hox clusters® and some ray-finned fish, like
zebrafish, contain seven hox clusters.®® This latter finding is in agreement with the
extra-duplication proposed to have occurred in the teleost lineage.5!

One of the current models that supports the genome duplication theory as a way to
increase complexity and enhance evolution is the duplication-degeneration-complementation
model (DDC).®? This model explains the high rate of gene duplication and preservation.
Right after the duplication event, the two duplicates are identical, yet since the native func-
tion can be fulfilled by only one of the copies, the other duplicate is left to mutate freely.
Indeed, a rapid divergence of the duplicates may lead to the acquisition of a new function
that conveys an adaptive advantage (neofunctionalization), while the other is forced to pre-
serve the ancestral function. For pleiotropic genes, the partitioning of ancestral functions
between copies (subfunctionalization) can also lead to positive selection and preservation of
the duplicates.

The extra-duplication events believed to have occurred in the teleost lincage®! enable the
DDC model to be verified by comparing the expression patterns of the genes duplicated in
zebrafish with that of the single-copy genes in other vertebrates. With respect to the neural crest,
the duplications of the snaill and sox9 genes represent good examples. The territories of expres-
sion of zebrafish snailla and snaillb together (previously known as snaill and snail2, respec-
tively) 4 are equivalent to those in which Sraill (previously Snail) expressed in the mouse. Of
the two, only snail1b is expressed in the premigratory neural crest, a site of prominent Snaill
expression in mammals. Thus, snaéll has suffered subfunctionalization, which is compatible
with our unpublished data showing that the knock-down of sn2#/15, but not of snailla, leads to
defects in neural crest development. Likewise, sox96 expression in the premigratory neural crest
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is higher than that of s0x92.%> Sox9 is expressed very early during neural crest development in
vertebrates and seems to be upstream of Snail genes in the network that regulates this process.®
Within the framework of subfunctionalization, loss of sex94 but not sox9z function leads to
defects in the neural crest that imply snaill4 downregulation.®

Evolution’s Toolbox II. Cooption: Take Genes from Your

Neighbor Cells

In the context of the DDC model, neofunctionalization is exemplified by what has been
called gene cooption, i.c.: when genes used in a particular tissue at a particular developmental
stage, or for a particular process in the adult, are recruited to perform a new function. Cooption
is a very valuable evolutionary tool and since the neural crest embodies an evolutionary novelty
with significant implications for the formation of the vertebrate head, it could not escape from
coopting genes already important in other tissues. The neural crest arises at the border between
the neural plate and nonneural ectoderm, where complex networks of transcription factors
interact throughout the processes from specification to differentiation. Furthermore, tissue
interactions are also fundamental for neural crest formation since its development relies on
signals from the ectoderm and the underlying mesoderm. Good examples of cooption can be
seen by analyzing in nonvertebrate chordates several of the transcription factors involved in
crest development in gnathostomes.*

The expression of the /d genes in mesoderm and endoderm is conserved between amphioxus
and vertebrates. However, the expression in the dorsal neural tube is only observed in verte-
brates,?” compatible with /4 being coopted to participate in the development of the nervous
system. Indeed, as mentioned above, /43 seems to play an important role in consolidating the
population of neural crest precursors in the vertebrate dorsal neural tube.’”3® Hence, the lack
of Id expression in the dorsal neural tube of nonvertebrate chordates may contribute to the
absence of a consolidated neural crest population.

FoxD3 is one of the members of the wide fox (forkhead homeobox) gene family67’68 that
fulfills important functions in vertebrate neural crest development.%%%72 Both ascidians and
amphioxus have a single FoxD gene whose expression is conserved in the mesoderm but not at
the neural plate border.”>7# Again, this is a case of cooption from the mesoderm that may have
interesting implications in the process of neural crest development. Indeed, Cheung et al,%
proposed that in the chick, FoxD3 participates in the alterations of cell-cell adhesion required
for the neural crest to migrate.

Not only might cooption have been used to acquire the genes necessary during early steps of
neural crest development, but it may also have been taken advantage of to obtain properties
that may be beneficial at later stages. For instance, the AP-2alfa (tfpa2a) transcription factor is
essential for the differentiation and survival of migratory neural crest cells, although it is ex-
pressed at the neural plate border from early stages.”>”® The Amphioxus AP2, like the verte-
brate AP2 genes, is expressed in the nonneural ectoderm, but it is absent from the neural plate
border.”” Interestingly, AP2 family members are necessary for Hoxa2 expression in the neural
crest of mice,’”® and AmphiAP2 and AmphiHox2 expression ovetlaps in the preoral pit. In accor-
dance with this, AP2 consensus binding sites have been found in the noncoding sequences of
AmphiHox2.”” Thus, the relationship between AP2 and Hox2 is conserved in amphioxus and
the cooption of AP2 to play a role in the neural crest provided a new territory in which this
gene network could interact.

Conclusions: So, What Now?

After reviewing some of the developmental and molecular aspects that might help to reveal
the existence of neural crest precursors in nonvertebrate chordates, we can identify some of the
factors involved that are either missing or misplaced in urochrodates and cephalochordates
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Figure 1. Scheme depicting the proposed staging towards the vertebrate state. Major features acquired in
every evolutionary transition are indicated on the boxes on the left, while processes involved in neural crest
formation are on the right and genes related to each process are cited below. In basal chordates, the
dorsalization of the neural tube needed for the specification of the neural crest is already established, and
the migration of some cells is observed; one snailgene is expressed at the appropriate location, but not linked
to massive migratory behaviour (dotted line). The migratory neural crest population is consolidated in
Agnathans. Gnathostomes add to this scenary the necessary machinery to pattern the jaw: absence of Hox
expression in the first arch and nested expression of Dix genes.

with respect to vertebrates, summarized in Figure 1. As such, the presence of Sox2 in the dorsal
neural tube of basal chordates may have prevented the proper generation of the neural crest
population and the expression of /4 genes may be required to generate a solid neural crest
population. The possibility of Snail being inactive or not fully active in the dorsal neural plate
may be a further reason for cells not being able to migrate from the neural tube, and the
absence of FoxD3 could prevent some of the necessary changes in cell-cell adhesion that favor
migration. In the transition to the jawed vertebrates, the absence of Hox gene expression in the
mandibular arch as a permissive state and the nested expression of Dlx genes allowed the for-
mation and patterning of the jaw.”’

Transgenic approaches in the mouse and ectopic expression studies in the chick have shown
the ability of amphioxus sequences to drive expression in the vertebrate neural crest.”> The
possibility of microinjecting expression constructs in amphioxus80 makes it extremely interest-
ing to check whether the expression of the missing or misplaced genes could induce the forma-
tion of neural crest cells than might migrate from the neural tube and eventually differentiate.
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