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Abstract

Neural crest cells migrate long distances and form divergent derivatives in vertebrate embryos.
Despite previous efforts to identify genes upregulated in neural crest populations, transcription
factors have proved to be elusive due to relatively low expression levels and often transient
expression. We screened newly induced neural crest cells for early target genes with the aim of
identifying transcriptional regulators and other developmentally important genes. This yielded
numerous candidate regulators, including fourteen transcription factors, many of which were not
previously associated with neural crest development. Quantitative real-time PCR confirmed
upregulation of several transcription factors in newly induced neural crest populations in vitro. In
a secondary screen by in situ hybridization, we verified the expression of >100 genes in the neural
crest. We note that several of the transcription factors and other genes from the screen are
expressed in other migratory cell populations and have been implicated in diverse forms of cancer.

INTRODUCTION

The neural crest is a cell population that forms at the border between the neural and non-
neural ectoderm of vertebrate embryos. As the neural folds elevate, cells induced to become
neural crest cells become incorporated into the dorsal neural tube, and subsequently undergo
an epithelial to mesenchymal transition and depart from the future central nervous system.
These multipotent precursors then migrate along prescribed and stereotypic pathways to
defined and diverse sites in the periphery. Upon completion of migration, they differentiate
into a wide variety of derivatives including melanocytes, peripheral neurons and glial,
adrenomedullary cells, and much of the bone and cartilage of the face (Knecht and Bronner-
Fraser, 2002; Le Douarin et al., 2007). As a population, the neural crest is of widespread
interest because of its plasticity, mobility, and contribution to developmental disorders and
cancers.

Previous work in a number of species, including mice, chick, frogs and zebrafish, has
implicated a set of transcriptional regulators in conferring neural crest identity. This set of
genes, termed neural crest specifier genes (Meulemans and Bronner-Fraser, 2004), include
Sox9, Sox10, FoxD3, Snail2/Slug, c-Myc and AP2 (Spokony et al., 2002) (Honore et al.,
2003) (Sasai et al., 2001) (Aoki et al., 2003) (Luo et al., 2003) (Bellmeyer et al., 2003).
These transcription factors are expressed in premigratory and/or early migrating neural crest
cells and thought to be involved in induction and survival of the premigratory population,
their epithelial to mesenchymal transition from the neural tube, migratory ability, and cell
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lineage decisions (Anderson, 1994) (Cheung et al., 2005). However, it seems unlikely that
these complicated processes would be controlled by the relatively few transcription factors
identified to date in newly formed neural crest cells.

In a genomic analysis previously performed in our lab, a large number of genes were
identified as upregulated in premigratory and migratory neural crest (Gammill and Bronner-
Fraser, 2002). However, this yielded only two transcription factors that had not been
previously associated with the neural crest. Because transcription factors are essential for
understanding proximal portions of the gene cascades that regulate neural crest migration
and differentiation, it is critical to identify the complete repertoire of genes in order to build
testable gene regulatory networks (Davidson, 2006) (Ben-Tabou de-Leon and Davidson,
2007). Data from various organisms have led to the formulation of putative gene regulatory
networks in different organisms (Mayor et al., 1995; Mayor and Aybar, 2001) (Meulemans
and Bronner-Fraser, 2004) (Steventon et al., 2005). Further work in identifying the function
of transcription factors and downstream genes will help refine and expand upon these
networks. In turn, this work may give new insight into related gene circuits that may be
operative in other migratory and metastatic cell types.

To identify putative neural crest transcription factors, we completed a subtractive screen for
newly induced neural crest cells using a macroarrayed cDNA library from early chick
embryos. This allowed identification of over 300 genes, many of which were not previously
associated with neural crest development. As a secondary screen, we performed in situ
hybridization to verify expression of 101 genes in premigratory and/or migrating neural
crest cells. Quantitative PCR (QPCR) was used to confirm the level of upregulation of
several transcription factors in newly induced neural crest cells. The results reveal many
previously unknown transcriptional regulators in the neural crest and suggest interesting
commonalities between neural crest cells, various metastatic cancers and other migratory
cell types.

MATERIALS AND METHODS

Embryos and Explants

Fertile chicken eggs were incubated from 24 hours to three days to obtain embryos from HH
stage 4 to HH stage 24. Embryos to be used for in situ hybridization were fixed overnight in
4% paraformaldehyde (PFA) at 4°C. They were then washed 4 x 5 minutes in PTW and
dehydrated in a MeOH/PTW series at RT before being stored at —20°C in 100% MeQOH for
more than 3 days. Explants were dissected from embryos in Ca2+/Mg2+-free Tyrodes saline
with .05% trypsin (Sigma). Conjugates were assembled and allowed to recover as previously
described before embedding in collagen gels and culturing for 24 hours (Dickinson et al.,
1995; Gammill and Bronner-Fraser, 2002).

RNA preparation and QPCR

RNA was prepared from tissues in collagen gels using Stratagene’s RNA isolation kit.
Collagen gels were transferred to an Eppendorf microcentrifuge tube with forceps and
triturated in lysis buffer.

Quantitative polymerase chain reaction (QPCR) was performed using the 96 well plate ABI
7000 QPCR machine in a TagMan assay (Applied Biosciences) with Sybrgreen Itaq
Supermix with ROX (BioRad), 300 nM of each primer, and 200-500 ng of cDNA in a 25
pL reaction volume. Gene specific primers were designed using the Primer Express program
(Applied Biosystems) and synthesized by IDT.
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Adams et al.

Page 3

During the exponential phase of the QPCR reaction a threshold and baseline was set
according to the protocols of Applied Biosystems. The threshold cycle (Cy) is defined as the
cycle number at which the fluorescence generated by a reaction meets this threshold and is
critical in determining the amount of the amplicon produced in the RT-QPCR reaction. The
results for different samples were then interpolated on a line created by running standard
curves for each primer set and then normalized against the results for a housekeeping gene,
which is assumed to be a measure of the amount of cDNA used in each reaction. These
calculations were performed according to the standard curve assay method which is detailed
in the Applied Biosystems protocols. Each reaction plate was run with five point standard
curves (three replicates each) for the gene of interest (GOI) and the chosen housekeeping
gene, 18s. Each plate also held three non-template controls (in which no amplification was
seen) for each set of primers. Standards are always run on the same plate as the unknown
samples in order to ensure the validity of Ct+ measurements.

QPCR primer sequences were as follows:
slug forward 5'-GGGCTGCTACCGTCTCCTCTA-3’
slug reverse 5-GCTGACCCTTCCCAAAGATG-3’
genf forward 5-TTCCCCCAAGATGTCATTGAC-3
genf reverse 5-TGATGGCTGCAATGCAGAAG-3
elk-3 forward 5'-CAGCCCCACCTTTGGTTCTT-3'
elk-3 reverse 5-TGAGGGCAATGGAACCGATA-3
zf469 forward 5-CCAGCTCCAAAGAAGCAACAA-3’
zf469 reverse 5-TGCCGAGAAGAGTCCAAAGTG-3'
srebp2 forward 5-GATCACAGGCTGGCTTCTCC-3'
srebp?2 reverse 5-GGCTTCCTGGCTCTGAATCA-3’
gtflle forward 5-CCAAGTATGTCGTGCGTGGT-3'
gtflle reverse 5-CCAGAGCCAAAGCGTGTTC-3’

In Situ Hybridization

Antisense, digoxygenin labeled RNA probes were prepared from clones categorized as
being upregulated by the macroarray screen. The probes were hydrolyzed and in situs were
performed as described (Xu, 1992). Embryos were visually examined at different angles to
aid in scoring and photographed on a Zeiss Axioskop2 Plus. Selected embryos were then
coarsely sectioned using a scalpel or finely sectioned using a cryostat (Bright) and mounted
or immunostained.

Immunostaining

Wholemount in situs were post-fixed in 4% PFA (paraformaldehyde) + 0.02%
glutaraldehyde and washed in PTW 4x15 minutes. They were nutated at 4°C overnight in
15% sucrose, kept for 8 hours at 37°C in 7.5% gelatin/15% sucrose and between 8 and 20
hours in 20% gelatin. The embryos were then embedded, frozen and cryosectioned at
approximately 25 puM. Sections were briefly dried onto slides and degelatinized for 20
minutes at 42°C in PBS. They were then placed in PBS (phosphate buffered saline) + 0.1%
Tween 20 + 5% goat serum block for hours at room temperature before an overnight 4°C
incubation with 1:20 anti-HNK-1 antibody (American Type Culture Collection hybridoma).
Sections were then washed several times in PBS + 0.1% Tween over several hours, blocked
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for 3 hours at RT with PTW (phosphate-buffered saline [PBS], pH 7.5, 0.1% Tween 20) and
5% goat serum, and incubated with 1:400 anti-lgM RRX goat anti mouse (Jackson
ImmunoResearch) in PTW at 4°C overnight. Slides were then washed again in PTW several
times, rinsed twice in dH»0 and then coverslipped using PermaFluor (Immunotech).

RESULTS and DISCUSSION

In order to identify novel neural crest regulators, we performed a genome-level screen for
genes upregulated in newly induced neural crest cells. Neural crest induction was
recapitulated in vitro by culturing intermediate neural plate and non-neural ectoderm in
apposition (Dickinson et al., 1995) (Selleck and Bronner-Fraser, 1996) (Gammill and
Bronner-Fraser, 2002). cDNA enriched for neural crest genes was generated by subtracting
intermediate neural plate and non-neural ectoderm cultured in isolation from tissue cultured
as conjugates, and a macroarrayed early chick cDNA library screened as previously
described (Gammill and Bronner-Fraser, 2002).

In this paper, we now describe the completion of the neural crest screen. We previously
reported the early results from this screen and the identification of only three transcription
factors, including snail-2 (slug) (Gammill and Bronner-Fraser, 2002). We and others went
on to demonstrate the functional importance of candidate neural crest regulators from the
screen, validating its relevance for neural crest development (Gammill et al., 2006) (Coles et
al., 2006) (Gessert et al., 2007; Taneyhill et al., 2007) (Eroglu et al., 2006) (Suzuki et al.,
2006) (the unknown from Gammill and Bronner-Fraser, 2002 was ultimately identified as
cadherin-6b). In characterizing additional clones, we were particularly interested in
identifying new transcription factors expressed in the neural crest. We reasoned that because
transcription factors are generally the least abundant transcripts, they would be represented
with the fewest clones in the arrayed library and would exhibit the weakest hybridization
signals since they would have the lowest copy number in the hybridized cDNA. It seemed
highly probable, therefore, that by picking all upregulated clones, not just the most obvious,
that we should increase the number of transcription factors in our collection. As we
previously performed only a sampling of upregulated clones (Gammill and Bronner-Fraser,
2002), here we comprehensively analyzed all genes with a two-fold or greater hybridization
signal from the subtracted probe compared to the unsubtracted probe. It is important to
appreciate that this differential hybridization signal is not a direct measure of gene
expression levels, rather it reflects the efficiency of subtraction for that gene, which is
determined by a variety of factors including differential expression levels, sequence
polymorphism, and non-specific loss. Clones meeting this two-fold criterion were picked,
sequenced, and compared to the Genbank non-redundant database and the GO ontology
database. This resulted in the identification of 300 new candidate neural crest genes that fell
into logical functional categories.

To independently confirm the specificity of our results, in situ hybridization analysis was
performed at multiple stages of neural crest development on 112 of the identified genes from
the most functionally interesting categories: chromatin, cytoskeletal, ECM, mitochondria,
mitosis/cell cycle, nucleocytoplasmic export, protein production and degradation, receptors
or downstream signaling molecules, rho pathway genes, RNA binding proteins, secreted
signals or signal production, transcription coupled processes, transcription factors,
transporters, and unknown genes (Figs. 1-6). This provided the additional advantage of
revealing dynamic aspects of gene expression patterns over the course of neural crest
development. In this way, we confirmed that 101 of 112 genes were strongly expressed in
premigratory neural crest cells in the neural folds and/or in migrating neural crest relative to
neighboring tissues. These clones were kept as verified candidate neural crest regulators
(Table 1).
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Transcription factors

By completing the screen, we identified several additional transcription factors expressed in
the neural crest. These include: Ccarl, CTCF, Elk-3, GCNF, GTFIIE, ILF2, ILF3, PhD,
SRF, SREBP2, Similar to Tcf20/AR1/SPBP, WHSC1L1, ZFP3, and ZFP469. All of the
genes were expressed in premigratory neural crest cells within the neural folds and/or
migrating neural crest cells moving through the periphery.

We verified the upregulation of a subset of transcription factors by quantitative polymerase
chain reaction (QPCR). Intermediate neural plate and non-neural ectoderm were dissected
and cultured as isolates or as conjugates in exactly the same manner as the subtracted probe
was generated. We then quantitated the expression level of known (Snail2/Slug) and novel
(identified in our screen) transcription factors in isolates and conjugates. The QPCR results
showed that Snail2/Slug levels in the conjugated tissues consistently were upregulated by 5—
7 fold (5.998 + 0.642 s.d. in conjugates compared with 0.775 £ 0.059 s.d. in isolates,
p=0.00015 by Student’s t test for our samples) (Fig. 2). Most of the transcription factors
identified in our screen were upregulated approximately two-fold in the conjugates by
QPCR (Figs. 2-6, Table 2). These levels were reproducible across replicates and
experiments. This minimal induction likely reflects a variety of factors. Some genes may be
expressed at low levels in isolates, and were upregulated relative to background levels in
conjugates. Other genes may not have reached maximal expression levels at the endpoint of
the assay, which represented premigratory crest (Dickinson et al., 1995), and so the
difference by QPCR likely appeared less dramatic than by in situ (for example in the case of
Elk-3, Fig. 3). Moreover, in all cases the conjugates contained neural and ectodermal cells in
addition to newly induced neural crest cells, which will have diluted the neural crest signal.
In sum, these results confirm that the transcription factors identified in the screen were
upregulated in conjugates, and illustrate the advantages of the spatial and temporal
information available when screening clones by in situ hybridization.

Two of the transcription factors, Elk-3 (Fig. 3) and Serum Response Factor (SRF), were
expressed in migrating neural crest cells but absent from the premigratory neural crest. EIk-3
(also known as Sap-2, ERP and Net) is a member of the ternary complex factor (TCF)
subfamily of the Ets transcription factors. With the exception of migrating neural crest cells
and some cranial mesenchyme, Elk-3 mRNA was not observed in other tissues at the
developmental stages examined. Mice with a homozygous mutation resulting in the deletion
of the DNA binding domain in Elk-3 have defects in both vasculature and wound healing
(Ayadi et al., 2001). EIk-3 has further been shown to act as a repressor of PAI-1 to allow
cellular migration (Buchwalter et al., 2005). The pattern of SRF is similar to that of EIk-3.
SRF regulates the expression of cytoskeletal genes and is required for neuronal migration in
the mouse forebrain (Alberti et al., 2005). When examined closely, SRF deficient murine ES
cells display impaired migration, adhesion and cell spreading (Schratt et al., 2002),
consistent with an important role in cell movement.

The majority of transcription factors identified in our screen were expressed in both
premigratory and migratory neural crest cells. Several appear to be transcriptional activators
(TCF20, GTFIIH and SREBP2), or of unknown function (ZFP3, ZFP469). TCF20 (AR1,
SPBP) is a nuclear factor that can enhance the transcriptional activity of various
transcription factors, such as c-Jun, Ets, Sp1, and Pax6, which suggests that TCF20 is a
transcriptional activator. It probably acts as a coactivator for structurally and functionally
disparate transcription factors binding to target sequences in promoters or enhancers (Rekdal
et al., 2000). Germ cell nuclear factor (GCNF, NR6A1) (Fig. 4) is a nuclear orphan receptor
that was first described in the mouse testis. GCNF is expressed in the neural plate and the
neural crest of Xenopus midneurula embryos, with later expression in the central nervous
system and branchial arches (Joos et al., 1996). When GCNF is depleted from the Xenopus
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embryo using a morpholino, there is improper formation of the neural tube as well as
defective differentiation in the head (Barreto et al., 2003). GTFIIE (Fig. 5) is the alpha
subunit (56kDa) of general transcription factor IE is a part of a tetramer that is required to
recruit TFIIH and in the opening of an RNA polymerase 11 promoter (Holstege et al., 1996).
SREBP?2 (Fig. 6) is a member of a family of basic-helix-loop-helix-leucine zipper (b0HLH-
ZIP) transcription factors that recognize sterol regulatory element 1 (SRE-1) (Hua et al.,
1993). Little is known about PhD finger protein 12 except that it can bind DNA and is
shown by GO gene ontology to have transcription factor activity. Similarly, ZFP3 and
ZFP469 are zinc-finger transcription factors about which not much is known.

Intriguingly, many of the transcription factors identified in our screen also are abnormally
regulated in cancer cells. This is not surprising since many of the characteristics of a neural
crest cell — motility, the ability to undergo an epithelial to mesenchymal transition, the
ability to break through the basal lamina and form many derivatives — are also features of
cancer cells. Genes found in both neural crest and associated with tumorigenesis include
Ccarl, CTCF, ILF2 and WHSC1L1. For example, Cell Cycle and Apoptosis Regulatory
Protein-1 (Ccarl or Carpl) was first identified by a yeast two hybrid screen and found to
interact with DED caspases (McDonald and El-Deiry, 2004). It mediates apoptosis signaling
by CD437, a retinoid that causes cell cycle arrest and apoptosis in a number of cancer cells
including HBC (human breast carcinoma) by utilizing an undefined retinoic acid receptor/
retinoid X receptor-independent mechanism. Reduced levels of Ccarl result in inhibition of
apoptosis by CD437 or adriamycin, whereas increased expression of Ccarl causes elevated
levels of cyclin-dependent kinase inhibitor p21WAF1/CIP1 and apoptosis (Rishi et al.,
2006). CTCEF is an evolutionarily conserved zinc finger containing transcription factor and
insulator binding protein that was originally identified and characterized as a transcriptional
repressor of the c-Myc oncogene. It has been shown to regulate transcriptional activation as
well as repression, and in addition is involved in cell-cycle regulation, apoptosis and cell
differentiation (Pugacheva et al., 2006) (Ladomery and Dellaire, 2002). In Xenopus, CTCF
was shown to have strong expression in the neural tube and developing brain as well as later
expression in the branchial arches (Burke et al., 2002). Mutations of CTCF have been
identified in Wilm’s tumors, as well as in breast and prostate cancers (Pugacheva et al.,
2006) (Ladomery and Dellaire, 2002). ILF2 (NF45) associates with ILF3 (NF90) in the
nucleus to regulate IL-2 gene transcription (Zhao et al., 2005) (Reichman et al., 2002). Both
of these proteins are widely expressed in normal tissues and are seen at higher levels in the
brain (Zhao et al., 2005) (Buaas et al., 1999). ILF2 is increased in lymphoma, leukemia, and
hepatocellular carcinoma cell lines while ILF3 expression is increased in nasopharyngeal
carcinomas, suggestive of a role in cell proliferation and the cell cycle (Zhao et al., 2005).
WHSC1L1 (Wolf-Hirschhorn syndrome candidate 1 like 1) is another gene that is frequently
rearranged in cancers, including breast cancer. WHSC1L1 is closely related to WHSC1, a
disorder in which patients display a craniofacial defect known as ‘Greek helmet face’
(Bergemann et al., 2005). It had previously been suggested that this gene may be involved in
embryonic development as well as cancers (Stec et al., 2001), and our identification of the
gene in the neural crest is consistent with a possible role in craniofacial development.

Other genes implicated in metastasis

In addition to the transcription factors we identified, several genes in other categories that
are likely to be downstream targets also have been associated with various types of cancer.
Of these Lactate dehydrogenase A, Septin 9, and Cathepsin B were observed in premigratory
but not in migrating neural crest cells. LDHA (lactate dehydrogenase A) was originally
shown to be required for cell transformation by c-Myc (Hirota et al., 1990) (Lewis et al.,
2000). Additionally, injection of cells co-expressing both LDHA and Rcl are able to form
tumors in nude mice in a similar manner to c-Myc expressing cells, suggesting that these

Dev Dyn. Author manuscript; available in PMC 2011 May 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Adams et al.

Page 7

genes are downstream of c-Myc (although neither Rcl or LDHA overexpression alone
induces tumorigenesis) (Lewis et al., 2000). Similarly, Septin 9 (Sept9, Sint1, Septin D1,
MSF, MLL septin-like fusion) was originally described as a fusion partner gene of MLL in
acute myeloid leukemia and maps to a region commonly affected in breast and ovarian
cancers. The septin gene is a member of a family of nucleotide-binding proteins first
discovered in yeast due to their role in the cell division cycle. Consistent with our findings,
Sept9 expression has been reported in murine neural crest cells (Sorensen et al., 2002).
Cathepsin B is a lysosomal cysteine proteinase involved in the effectiveness of invasive and
metastatic cancers (Szpaderska and Frankfater, 2001) and cells appear to have differential
abilities to migrate invasively based on cathepsin B expression both in vitro and in vivo
(Szpaderska and Frankfater, 2001) (Lakka et al., 2004). Direct injections into tumor-
containing animals of plasmids containing cathepsin B inhibited gliomal tumor growth and
regressed pre-established tumor cells (Lakka et al., 2004).

Our screen revealed that the Neurofibromatosis 2 (NF2) gene, implicated in tumor
production, is upregulated by neural crest induction. NF2 was previously shown to be
expressed throughout development in the neural tube as well as in migrating neural crest
cells and their derivatives (Akhmametyeva et al., 2006). The NF2 gene encodes the protein
merlin, which is a member of the ezrin, radaxin, and moesin (ERM) family of membrane-
cytoskeleton associated proteins. It is thought to have roles in cell adhesion, motility, and
proliferation during development. Mutations in NF2 result in a predisposition to
schwannomas, tumors of a neural crest origin. Familial schwannomas and meningiomas
contain mutations that result in truncations of NF2. NF2 homozygous mutants are lethal at
an early stage. However, conditional mutants targeted to Schwann and neural crest cells
recapitulate the types of tumors seen in humans (Giovannini et al., 2000).

Two different type IV collagens, col4a5 and col4a6, were expressed by migratory neural
crest and also have been implicated in malignant cell types. There are six collagen IV
molecules that are arranged in a paired head-to-head fashion on three different
chromosomes. Col4a5 and Col4a6 are the pair located on chromosome X and are found in
patients with Alport syndrome associated with diffuse leiomyomatosis.

Other genes found in our screen, including PGK (Fig. 1), EWS, and HEPH, have transcripts
that are expressed in both the premigratory and migratory neural crest cells and associated
with various types of cancers. Phosphoglycerate kinase (PGK) is a glycolytic enzyme that
catalyzes the reversible conversion of 1,3-diphosphoglycerate to 3-phosphoglycerate. It also
is secreted by mouse fibrosarcoma tumor cells, and may participate in angiogenesis (Lay et
al., 2000). EWS is a member of the TET family (TLS/FUS, EWS, TAFI168) that occurs in a
translocation breakpoint associated with Ewing’s sarcoma, a primitive neuroectodermal
tumor. The translocation generates a fusion with FLI-1, a member of the ETS family of
transcription factors, and the fusion can function as a transcription factor (Ladomery and
Dellaire, 2002). HEPH is involved in iron transport and shows altered expression in human
colorectal carcinogenesis, resulting in increased intracellular iron that may induce
proliferation and repress cell adhesion (Brookes et al., 2006).

Genes involved in wound healing and cell migration

Wound healing assays have long been used to look for cell migration defects. We found
several genes in addition to those already described above as associated with wound healing
and cell migration.

Colla2 and Von Willebrand factor type A and cache domain containing 1 genes were
expressed in the premigratory but not the migratory neural crest. Colla2 is a major collagen
subunit that plays a role in neural crest cell migration and may regulate cellular
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differentiation (He et al., 2005). In mouse, it is expressed in the head folds at €8.5-9.0. In
adult tissues, it is upregulated in response to wounding, indicating that it may be involved in
cell migration (Ponticos et al., 2004). Col1a2 also seems to mediate the adhesion and
migration of germ cells during spermatogenesis in the mouse (He et al., 2005). Von
Willebrand factor type A and cache domain containing 1 (VWCD1) is likely to be a voltage
gated calcium channel or an ECM protein; genes containing similar domains participate in
cell adhesion, migration, homing, pattern formation, and signal transduction (Colombatti et
al., 1993).

Paxillin, periplakin, and G-protein coupled receptor GPR144 are genes associated with
wound healing and cell migration. They were distributed in the migrating neural crest but
absent from premigratory neural crest. Paxillin expression was previously described in
migrating mouse neural crest cells and derivatives such as dorsal root and trigeminal
ganglia, and branchial arches. Loss of paxillin led to a decrease in focal adhesions and
lamellipodia (Hagel et al., 2002). In Drosophila, overexpression of paxillin results in a
‘blistered wing’ phenotype considered characteristic of changes in cell adhesion. Paxillin
also plays a role in the developing Drosophila eye (Chen et al., 2005). Plakins are proteins
that make contact with intermediate filaments (Aho et al., 1998). Periplakin, a member of
this family, localizes to the plasma membrane and is believed to play a major role in cell-cell
adhesion (Nishimori et al., 2006). Plakins were shown by Aho et al. to be well expressed in
the brain (Aho et al., 1998). G-protein coupled receptor GPR144 is a membrane bound
adhesion protein with a GPS domain in the N-terminal region as well as a pentraxin domain
(Bjarnadottir et al., 2004). Its developmental role is as yet unexplored.

Other genes previously implicated in wound healing and migration include TPM- v, TRIO,
MACF/ACF7, nonerythroid a-spectrin, PTKIL. Their mRNA transcripts were present in
premigratory and migratory neural crest cells. Tropomyosins such as TPM-y are components
of the microfilament cytoskeleton that bind to the helical groove of the actin filament.
Several tropomyosin isoforms have been shown to regulate cell contractility, morphology,
migration and the organization of the cytoskeleton (Bryce et al., 2003). TRIO is a guanine
nucleotide exchange factor (GEF) that functions in the activation of Rho GTPases such as
RhoA, Racl, and Cdc42 (Medley et al., 2003). It is essential for embryonic development and
for the development of neural tissue in mouse (O’Brien et al., 2000). Furthermore, the
TRIO-like unc-73 gene is essential for cell migration and axon guidance in C. elegans
(Steven et al., 1998). MACF/ACF7 is from the family of cytoskeletal linkers and is the
vertebrate homolog of Drosophila Shortstop/Kakapo. It binds both to microtubules through
its GAR and GSR-repeat domains and to actin (Leung et al., 2001). In MACF-null cells,
microtubules are destabilized and microtubule tracking along actin cables is perturbed
(Kodama et al., 2003). It was previously shown to be expressed in the spinal cord and brain
of the developing mouse as well as neural crest derivatives such as the dorsal root ganglia
(Leung et al., 1999). Our data confirm that MACF1 is also expressed in the premigratory
and migratory neural crest of chickens. Spectrins, including nonerythroid a-spectrin, are
members of the cytoskeletal proteins that cross-link actin filaments or link actin to the cell
membrane (Djinovic-Carugo et al., 2002). Anti-spectrin antibodies lead to the collapse of
the intermediate filament network in cultured cells. Furthermore, depletion of alpha-spectrin
in Drosophila results in the loss of cell-cell contact (Lee et al., 1993). Very little is known
about PTKIL (protein tyrosine kinase 9-like or A6RP), but preliminary immunolocalization
studies have previously indicated that it might be involved in focal adhesions (Rohwer et al.,
1999).

Genes associated with human craniofacial and other birth abnormalities

Because it contributes to such a diversity of structures, the neural crest has been implicated
in many birth abnormalities, including those that involve craniofacial malformations,
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intestinal innervation defects, and malformations of the cardiac system (Chai and Maxson,
2006) (Iwashita et al., 2003) (Wurdak et al., 2005). Several of the identified genes from this
screen have been associated with birth abnormalities that are reminiscent of alterations in the
normal course of neural crest cell development.

Nectins are molecules that are involved in adhesion, migration and polarization. We
observed nectin-1 expression in migrating neural crest cells, but not in the dorsal neural
tube, suggesting a possible role in cell movement and morphogenesis. Consistent with this,
human mutations in nectin-1 result in various cleft lip/palate and ectodermal dysplasia
disorders. Nectin functions as a cell adhesion molecule and are highly concentrated at
adherens junctions. They signal through alpha-catenin, and are associated with F-actin
bundles (Nakanishi and Takai, 2004) (Takai and Nakanishi, 2003). Trans-interactions of
nectin induce the activation of Cdc42 and Rac small G proteins. The nectin-induced
activation of Cdc42 increases the number of both filopodia and cell-cell contact sites while
the activation of Rac induces formation of lamellipodia (Nakanishi and Takai, 2004). They
also appear to form micro-clusters at sites of cell-cell contact (Takai et al., 2003).

GARS-AIRS-GART, and WBSCR20A (present in the region critical for the Williams-Beuren
syndrome) have transcripts in both premigratory and migratory neural crest. Human GARS-
AIRS-GART encodes two different proteins that are differentially expressed during human
brain development but down-regulated after birth. They continue to be expressed postnatally
in the cerebellum of patients with Down syndrome and have been suggested to contribute to
this syndrome (Brodsky et al., 1997). Williams-Beuren syndrome displays many features
consistent with neural crest pathology, including congenital heart and vascular disease,
dental abnormalities, dysmorphic facial features, and mental retardation. One of the genes
that are present in the region critical for this syndrome is WBSCR20A (Nol1, p120), a 120
kDA protein that was found to be expressed in the human fetal brain by RT-PCR (Merla et
al., 2002).

Cell cycle genes

Neural crest cells actively proliferate as they delaminate and migrate. Thus, it is not
surprising that numerous genes identified in our screen were associated with the cell cycle
including Lamin B2 (Fig. 1), Cyclin B2, Cyclin B3, FMS Interacting Protein, Mcm2 and
Mcm5. All of these were expressed in both premigratory and migratory neural crest cells in
early development. Lamin proteins are filaments that form a mesh that lines the inner side of
the nuclear envelope (Lehner et al., 1987). Lamin B2 is an essential gene that is associated
with spindles in mitosis and deficit results in spindle defects (Harborth et al., 2001; Tsai et
al., 2006). Cyclin B2 has been shown to be essential for the control of the cell cycle at the
G2/M transition and, in embryonic heart cells undergoing EMT, appears to be regulated by
RhoA (Tavares et al., 2006). Cyclin B3 is localized to the nucleus and is degraded during
anaphase entry. Its prolonged expression interferes with progression through G1 and entry
into S-phase (Nguyen et al., 2002). Human Mcmz2 and Mcmb5 proteins form a complex that
localizes to the nucleus. Blocking Mcmz2 inhibits DNA synthesis, indicating that these
proteins may play a role in DNA replication and regulation of the cell cycle (Tsuruga et al.,
1997). Finally, FMIP (FMS Interacting Protein) has been shown to control differentiation of
granulocytes and macrophages (Tamura et al., 1999).

Neural crest cells are induced at the border of the neural plate and the non-neural ectoderm,
migrate through stereotyped pathways, and finally form such disparate cell types as
melanocytes and cartilage. Identifying the different gene cascades that are active in these
cells is critical to a greater understanding of neural crest cells as well as the many disorders
in which they are implicated. With the results from this screen, we expand the known genes,
including transcription factors, involved in neural crest development. These data provide
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new players to be included in existing gene transduction networks and further our
understanding of the development of neural crest cells.
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Figure 1.

Neural crest gene expression: In situ hybridization was performed to confirm the expression
of genes seen to be upregulated in macroarray screen. Selected genes from different
categories are shown in dorsal view with anterior at the top. (A) chromatin: safB1; (B)
cytoskeletal: paranemin; (C) ECM: lamin B2; (D) mitochondria: hexokinase 2; (E) mitosis/
cell cycle: TD-60; (F) Nucleocytoplamic export: importin 9; (G) protein production/
degradation: makorin; (H) receptors/downstream signaling: MHC-B; (1) rho pathway:
kinectin; (J) RNA binding proteins: HNRPM; (K) secreted signals/signal production: PEBP;
(L) transport: OSBP2; (M) miscellaneous: PGK; (N) unknown: chEST872f20.
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Figure 2.

Neural crest expression of and QPCR results for Snail 2 (slug). (A-D) Snail2 expression is
seen specifically in premigratory (dorsal neural tube) and migratory neural crest. Shown are
in situ hybridizations of 10 somite (A) and 13 somite (B-D) embryos in whole mount (A and
B) and sections of whole mount stained embryos (C and D). Immunofluorescence for
HNK-1 is in red (D). Arrowheads mark premigratatory neural crest, arrows mark migratory
neural crest. Scale bars = X. (E) Results of conjugate QPCR showing a very highly
significant difference between control and conjugate tissues (p = 0.00015).
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EC/NP Conjugate

Figure 3.

Neural crest expression of and QPCR results for EIk-3. (A-D) Elk-3 expression is seen
specifically in premigratory (dorsal neural tube) and migratory neural crest. Shown are in
situ hybridizations of 10 somite (A) and 16 somite (B-D) embryos in whole mount (A and
B) and sections of whole mount stained embryos (C and D). Immunofluorescence for
HNK-1 is in red (D). Arrowheads mark premigratatory neural crest, arrows mark migratory
neural crest.(E) QPCR results showing a highly significant difference between control and
conjugated tissues (p = 0.005).
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Figure 4.

Neural crest expression of and QPCR results for GCNF. (A-D) GCNF expression is seen
specifically in premigratory (dorsal neural tube) and migratory neural crest. Shown are in
situ hybridizations of 12 somite (A) and 15 somite (B-D) embryos in whole mount (A and
B) and sections of whole mount stained embryos (C and D). Immunofluorescence for
HNK-1 is in red (D). Arrowheads mark premigratatory neural crest, arrows mark migratory
neural crest. (E) results of QPCR showing a significant difference between control and
conjugated tissues (p = 0.0384).
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Figure 5.

Neural crest expression of and QPCR results for GTF2E. (A-D) GTF2E expression is seen
specifically in premigratory (dorsal neural tube) and migratory neural crest. Shown are in
situ hybridizations of 10 somite (A) and 12 somite (B-D) embryos in whole mount (A and
B) and sections of whole mount stained embryos (C and D). Immunofluorescence for
HNK-1 is in red (D). Arrowheads mark premigratatory neural crest, arrows mark migratory
neural crest. (E) results of QPCR showing a significant difference between control and
conjugated tissues (p = 0.041).
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Figure 6.

Neural crest expression of and QPCR results for SREBP2. (A-D) SREBP2 expression is
seen specifically in premigratory (dorsal neural tube) and migratory neural crest. Shown are
in situ hybridizations of 9 somite (A) and 18 somite (B-D) embryos in whole mount (A and
B) and sections of whole mount stained embryos (C and D). Immunofluorescence for
HNK-1 is in red (D). Arrowheads mark premigratatory neural crest, arrows mark migratory
neural crest. (E) results of QPCR showing a significant difference between control and
conjugated tissues (p = 0.030).
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