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SUMMARY

The vertebrate neural crest is a migratory stem cell temporal information and reconstruct the progression of
population that arises within the central nervous system. neural crest gene expression as these cells become different
Here, we combine embryological techniques with array from their neighbors and migrate. Our results reveal a
technology to describe 83 genes that provide the first gene sequential ‘migration activation’ process that reflects
expression profile of a newly induced neural crest cell. This stages in the transition to a migratory neural crest cell and
profile contains numerous novel markers of neural crest suggests that migratory potential is established in a pool of
precursors and reveals previously unrecognized similarities cells from which a subset are activated to migrate.

between neural crest cells and endothelial cells, another

migratory cell population. We have performed a secondary Key words: Neural crest, Induction, Migration, Macroarray,

screen using in situ hybridization that allows us to extract  Subtraction, Chick

INTRODUCTION small GTPases (Liu and Jessell, 1998). Of thekgy is the
best available marker of neural crest precursors; however, not

Neural crest cells are a uniquely vertebrate cell type that arisai slug-expressing cells become migratory neural crest cells
in the ‘neural folds’ at the border between neural and nondinker et al., 2000).
neural ectoderm in early embryos. Neural crest induction We have combined chick embryological techniques with
occurs via signaling between these tissues (Moury andgenomics to obtain a detailed characterization of the early
Jacobson, 1990; Selleck and Bronner-Fraser, 1995), aments in neural crest formation. To utilize the accessibility and
appears to be mediated by the Wnt (Garcia-Castro et al., 200prough descriptive embryology of the avian neural crest
and BMP (Liem et al., 1995) signaling pathways. Although(LeDouarin and Kalcheim, 1999), an arrayed, early chick
initially contained within the central nervous system, neuratDNA library (a ‘macroarray’) was screened with a subtracted
crest cells depart from their site of origin, migrate extensivelyprobe (Rast et al., 2000). This approach provided a functional
throughout the embryo, and form many diverse derivativegenomics resource in an organism where such technology was
including most of the peripheral nervous system, faciapreviously lacking. To generate our subtracted probe, we took
skeleton, and melanocytes of the skin (reviewed by LeDouariadvantage of the ability to recapitulate de novo chick neural
and Kalcheim, 1999). However, the molecular events that takaest induction in vitro by co-culturing pieces of non-neural
place following neural crest induction and prior to migrationectoderm and intermediate neural plate (Fig. 1A, B) (Dickinson
are poorly understood. et al., 1995; Selleck and Bronner-Fraser, 1995). This afforded

Because there is no way to physically or molecularly defines a powerful tool for producing neural crest precursors under
a neural crest cell until it becomes migratory, it has not beedefined conditions. Finally, by characterizing the in situ
possible to characterize in detail the events that give rise toybridization patterns of the genes we identified, we were able
migratory neural crest cells. Neural crest precursors do ndbd extract temporal information about the expression of each
exist as a segregated population in the ectoderm. Wherone over the course of neural crest development. This
individual cells in the neural folds are labeled with a lineageombination of in vitro-induced neural crest with macroarray
tracer, progeny of those cells contribute not only to neural crefcreening (Rast et al., 2000) and in situ hybridization allowed
but also to central nervous system and epidermal derivativess to achieve a gene expression profile of a premigratory neural
(Bronner-Fraser and Fraser, 1988; Selleck and Bronner-Fraserest cell, a cell type that cannot be identified or isolated.
1995). Furthermore, there are no known genes that specifically Here, we present a resulting collection of 83 genes that are
mark only those cells in the neural folds that will migrate. Aexpressed as a consequence of neural crest induction. This
small number of molecules fortuitously found to be expressednalysis identifies many novel markers of the early neural crest
in the neural folds have been shown to be required for neurat well as candidate regulatory molecules for their
crest formation, notablglug (Nieto et al., 1994; LaBonne and development. Importantly, our results prompt comparisons
Bronner-Fraser, 200050x9 (Spokony et al., 2002;oxD3  with other migratory cell types and suggest a model in which
(Kos et al., 2001; Sasai et al., 2001), andrtie family of ~ migratory potential is sequentially acquired in neural crest
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precursors, with this potential being activated in only a subsé&mbryos were scored visually by examining the embryos at a variety

of cells by a signal to migrate. of angles to reduce optical effects, and by cutting with a scalpel to
examine internal localization. Selected embryos were sectioned by
cryostat (Bright) and photographed with a Zeiss Axioskop2 Plus to
confirm localization scores. Of 97 clones examined, 14 with

MATERIAL AND METHODS ubiquitous expression and no obvious differences in expression levels
between tissues were discarded.

Embryos and explants

Fertile chicken eggs (White Leghorn) were incubated for 30-42 hour§€ne Ontology Annotator

to obtain 4- to 16-somite embryos. Embryos were fixed overnight dgnbiased analysis of raw sequence data was performed using the

4°C in 4% paraformaldehyde for in situ hybridization. For explantsGene Ontology Annotator interface (http://udgenome.ags.udel.edu/

tissues were dissected in TAig2*-free Tyrodes saline plus 0.05% gofigure).

trypsin. Conjugates were assembled by wrapping freshly dissected

ectoderm around intermediate neural plate in embryo extract plus 10%

horse serum. Explants were allowed to recover for 1 to 4 hours on igESULTS

before embedding in collagen gels and culturing for 24 hours as

previously described (Dickinson et al., 1995). Neural crest cells arise within the embryonic ectoderm at the

RNA preparation and RT-PCR border of future epidermis (non-neural ectoderm) and future

RNA was prepared from embryos or tissue in collagen gels usingeNtral nervous system (neural ectoderm). During the process
Stratagene’s RNA isolation kit. Collagen gels were transferred to afif neurulation, neural tissue thickens and rolls, transforming
Eppendorf tube with forceps, as much liquid as possible was removeliom a flat, rectangular ‘neural plate’ into a cylindrical ‘neural
lysis solution was added, and gel and tissue were dissolved Hube’. During this process, cells at the borders of the neural
trituration. Relative quantitative reverse transcriptase-polymerasglate bend and fold. These ‘neural folds’, which contain neural
chain reaction was performed as described previously (Gammill angrest precursors, ultimately close and fuse to form a tube, with
Sive, 1997). Poly(A) RNA was prepared using the PolyA spin mMRNAyremigratory neural crest residing in the dorsal neural tube.
isolation kit (NEB). Shortly thereafter, neural crest cells emigrate from the neural
Library construction and macroarray production tube and migrate extensively along defined pathways. In avian

Oligo-dT primed cDNA with an average size of 1.7 kb was prepare&mbryos’_ the process of neurulation begins flr.St in the

from 4- to 12-somite chicken embryos using the Superscript cDONATesumptive head region and proceeds gradually tail-ward. As
Synthesis and Plasmid Cloning kit (Gibco BRL). The cDNA was@ result, multiple stages of neural crest development are evident
directionally cloned in the vector CS107 (Baker et al., 1999) to creat a single embryo; for example, a 10-somite embryo contains

a library containing 16108 clonesfig. 147,456 clones of the primary migrating neural crest cells in the head, premigratory neural

library were arrayed into 384-well plates and spotted as bacterigrest in the closed neural tube of the trunk, and newly induced
colonies on eight 20-cm square nylon membranes (Amersham) usifgural crest in the neural folds of the open neural plate.

the Q-bot (Genetix) in the Genomics Technology Facility at Caltech

as previously described (Rast et al., 2000). Production of neural crest-enriched cDNA

Neural crest subtracted probe and hybridization A pool of premigratory neural crest cells was created by
cDNA from 72 non-neural ectoderm/neural plate conjugates Werg'SS(':‘C'“n.g and juxtaposing pieces of non-neural eCtOderm and
subtracted with cDNA pooled from 66 pieces of non-neural ectoderdfitermediate neural plate from the open neural plate region of
and 68 pieces of neural plate using the hydroxylapatitd- 0 12-somite embryos (Fig. 1A). Tissue co-cultured as
chromatography method of Rast et al. (Rast et al., 2000). Macroarrégonjugates’ was compared with ‘isolates’ of neural plate or
filters were hybridized and analyzed as described (Rast et al., 200@ctoderm alone (Fig. 1B). After a 24 hour period, conjugates
Real-time quantitative PCR was performed using a GeneAmp 5708xhibit abundant expression of the neural crest maskey
Sequence Detection System and SYBR Green Dye Mix (ABl)yvhereas pieces of either tissue cultured in isolation do not
according to the manufacturers instructions. Primer sequences wesRpressslug (Fig. 1C) (Dickinson et al., 1995%lugpositive

as follows: slug forward 'SCCGTCTCCTCTACCCAATGA-3 — cq|is represent newly induced, premigratory neural crest;
reverse 5SATGGCATGAGGGTCTGAAAG-3; S17, (Liu and Jessell, conjugates produce definitive migratory neural crest cailig (
1998); GAPDH forward SGGACACTTCAAGGGCACTGT-3 : . L
reverse 5TCTCCATGGTGGTGAAGACA-3 S15 forward 5 negqu_ve) only afte_r 48 hours in culture (ch_klnson etal., 1995).
ACAACGGCAAGACCTTCAAC-3, reverse 5CCCAAAGCTCCC- Mlnlmally ampllfled,. neura_l CreSt-enrlcheq cDNA was
GTTTATTT-3; EFln forward 3-TGTGCGTGACATGAGACAGA-  generated by subtracting conjugate cDNA with cDNA from
3, reverse 5SCCGTTCTTCCACCACTGATT-3 a-tubulin forward  isolates. The advantage of this comparison is that all tissue and
5-ACGAGGCCATCTACGACATC-3, reverse 5SCACCAGGTTGG-  culture conditions are constant except for the inductive
TCTGGAACT-3. interaction, allowing for a very specific subtraction. The

itu hvbridizati subtractive step removes common (non-neural ectoderm and
In situ hybridization _ _ intermediate neural plate) and ‘housekeeping’ genes, enriching
Since S|gnal intensity on the array is not a direct measure of absolqt@r sequences differentially expressed as a consequence of
expression levels in the embryo because of the subtraction step, cIorHa ral crest induction. Use of a subtracted probe has been

were assessed by in situ hybridization. This serves as an independefit 0| th itivity of hvbridizati
confirmation of macroarray results and enrichment in neural cresp/1OWN 10 Increase the sensitivity o macroarray nybridization

Antisense, digoxigenin-labeled RNA probes were prepared from one® that differentially expressed genes can be detected at
clone in each contig. The probes were hydrolyzed and in sit@Xpression levels as low as 5 copies per cell, whereas before
hybridization performed as described previously (Wilkinson, 1992)subtraction, a 40 copy per cell detection limit is observed (Rast
using pools of embryos ranging from the 4- to 16-somite stageet al., 2000). Quantitative PCR indicated that the neural crest
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crest provided dynamic information about each clone over the

A OO B course of neural crest development (Table 1).

ellle ' Database sequence homology was used to assign a

Ol|1O 24h putative identity to each clone. With this information, we
rJ l ¢ performed a literature-based functional scan to determine the
non- — known functions of each gene. As a secondary inspection of
ectofle n;gg’t" ”c"';grs?[ our data, we used the Gene Ontology Annotator as an
; unbiased bioinformatic analysis that provides a rapid means
ig;ir Ieg‘i;attee C = to obtain the potential functions of a gene from raw sequence

/ éfy data. This interface performs a BLAST search and links with
el 4 public databases to obtain terms that describe molecular

slug u. function, biological process and cellular components of a

gene product. This combined analysis allowed the gene

S17 e bt b collection to be grouped into obvious functional categories

(Table 1). Because many of these genes have well-defined
functions in other systems, we can formulate testable
were dissected from 8- to 12-somite chicken embryos (cross sectio ypothe3|s r(_agardlng their potential roles in the neural crest.
of dissection shown in'’A (B) After 24 hours in culture, neural crest h's, analysis re_Vea!ed th"’_‘t many Of_ our genes have
induction occurs only when neural plate and non-neural ectoderm aRye€viously been implicated in proliferation and migration
cultured in contact with one another (Dickinson et al., 1995; Selleck€vents, consistent with the migratory, proliferative activity of
and Bronner-Fraser, 1995). (C) RT-PCR for the neural crest marker neural crest cells. In addition, categories experimentally
slug associated with neural crest development were also
identified; for example, the rho pathway (Liu and Jessell,
1998) and extracellular matrix (Perris and Perissinotto,
marker slug was enriched 10- to 26-fold relative to 2000). Taken together, the gene categories and temporal
ubiquitously expressed genes such adubulin, EFla,  expression data create a picture of the changes taking place
GAPDH, and the ribosomal protegi5 confirming removal of in premigratory neural crest cells as they prepare to leave the

Fig. 1.Neural crest induction in vitro. (A) Non-neural ectoderm
(open blue rectangle) and intermediate neural plate (solid blue line)

common genes (data not shown). neural tube.
Identification of genes upregulated following neural Neural crest cytoskeletal gene expression occurs in
crest induction phases

An arrayed cDNA library containing 150,000 clones wasCytoskeletal components formed one of the largest gene
prepared from a pool of 4- to 12-somite chick embryos, whiclcategories we identified. Notably, these genes were expressed
includes the earliest events in neural crest development, from phases. Intermediate filament genegtdkeratin 18and
initial induction to the onset of migration. To retain theparanemin Fig. 2U), the proteins of which provide the
diversity of genes expressed and minimize non-specific loss sfructural integrity of cells, are characteristic of early
rare clones, we arrayed the unamplified, non-normalizegremigratory neural crest, when cells are newly induced and
library. EST studies in other organisms have demonstrated thstitionary. In contrast, genes encoding elements of the actin
gene expression during early development is complex, withytoskeleton (for example-adducinand palladin, Fig. 2B),
many different genes expressed as opposed to the few, hightjrich generate motile force during migration, are expressed in
abundant transcripts observed in differentiated cells (Lee et aimigrating neural crespalladinis particularly interesting, as it
1999; Ko et al., 2000). We therefore expected complexity opreferentially localizes to growth cones and is required for
gene expression to offset clone redundancy on the array, aeurite outgrowth (Boukhelifa et al., 2001), which is
assumption validated by the results. effectively a type of cell migration. While cytoskeletal

To identify genes expressed as a consequence of neural crakerations have been implicated in diverse cell migrations,
induction, unsubtracted and subtracted conjugate cDNA weiiacluding those of neural crest cells (reviewed by Duband et
sequentially hybridized to the array. Spot intensities before aral., 1995), our results show for the first time that there is a
after subtraction were compared and 162 clones with thgequential change in the type of cytoskeletal elements
greatest fold increase in signal after subtraction were pickeéxpressed following neural crest induction and leading up to
5 sequence was obtained, assembled into contigs, amaigration.
compared to the GenBank non-redundant database, identifyin% )
97 different genes. The rho pathway in the neural crest

We then performed a secondary in situ hybridization screeBomponents of the rho pathway formed another prominent
to independently confirm the results of the macroarray screegene category from our screen. This group included the rho
In situ hybridization patterns for all 97 genes were obtaineéffector protein MSE55 (Fig. 21,W), as well as TIP-1, a PDZ
using pools of embryos ranging from the 4- to 16-somite stageomain-containing protein that interacts with the rho effector
Of these, 83 clones displayed strong expression in neural folgsotein rhotekin to activate the serum response element
and/or migrating neural crest relative to neighboring tissue@Reynaud et al., 2000). This finding is consistent with a
and were retained as differentially expressed clones (Table firevious demonstration that activation of the rho family of
see Fig. 2 for examples). In addition to serving as a screenir@TPases is required for delamination of neural crest cells from
tool, expression patterns in premigratory and migratory neurdhe neural tube (Liu and Jessell, 1998).
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Table 1. Summary of functional categories and genes identified

Expression pattern

Clone pNC mNC SP Notes
A. Chromatin
e Brahma-related group 1 (Brgl) - Central ATPase of human SWI/SNF, remodels nucelosomes

- Breaks down feedback inhibitor of transmethylation reactions

+ —
Adenosylhomocysteinase 1 or 2 + +
+ + +/— DNMT3b; repressive heterochromatin stabilization; ICF syndrome
+
+

DNA (cytosine-5)-methyltransferase 3 beta
Nuclear autoantigenic sperm protein (NASP)
Structure-specific recognition protein (SSRP1) -

°
B. Cytoskeleton
°
°
°

- Histone binding/transport protein, cell cycle regulated
- Unravels H2A/H2B histone dimers from nucleosome cores

Cytokeratin 18 + - + Intermediate filament
Paranemin + - + Intermediate filament, forms co-polymers w/ vimentin or desmin
a-adducin - + - M Spectrin /actin skeleton, rho phosphorylation promotes cell motility
Chaperonin TriC complex subuni¢s6a & e 7 - + - Molecular chaperone; required to fold actin and tubulin
e Homogenin - + - Similar to gelsolin, which regulates actin polymerization
e Palladin - + +/— M Organizes actin cytoskeleton, critical for neurite outgrowth
C.ECM
e Collagen XVIIl alpha | - + — EMP Basement membrane collagen; C-terminal fragment is endostatin
e Laminina5 + - +/- EM  Components of basement membranes of epithelia and endothelia;
e Lamininyl precursor - + - EM  Laminin-1@BP1yl) promotes endothelial cell migration
Procollagen alpha 1 - + - Fibrillar collagen; extracellular matrix
D. Mitochondria
e Hexokinase 1, isoform HKI brain form + + - Glycolysis; glucose deficiency linked to birth defects
e Aspartate aminotransferase E.C.2.6.1.1 - + - Mitochondrial enzyme
ATP synthase, F1 complex,a & - O subunit - + - Mitochondrial enzyme complex
e Ubiquinol-cytochrome C reductase - + - Complex core protein 1; mitochondrial respiratory complex
E. Mitosis/cell cycle
Condensation-related SMC-associated protein 1 + + +/— CNAP1; subunit of condensin (chromosome condensation)
o P57KIP2 + + - CDK inhibitor, regulates proliferation and cell cycle exit
KIF4a/chromokinesin + +H—-  +- Mitotic chromosome/non-synaptic membrane organelle transport
e Proliferating cell nuclear antigen - + - P DNA replication, repair, recombination
e Pescadillo - + +/— P Fish mutants have branchial arch defects; cell cycle progression
F. Nucleocytoplasmic export
o DEAD/H box protein 19 (Dbp5 homologue) - + - RNA helicase, nuclear pore protein, mRNA export
e RanGTPase activating protein 1 - + - Translocation of proteins into nucleus; spindle formation
e Noppl40 - + +/— Transport between nucleolus and Cajal bodies
G. Protein production/degradation
e Cathepsin D precursor + - - Lysosomal aspartic proteinase; abundant in brain
o Alanyl-tRNA synthetase + + - Attaches alanine to tRNAs
e 150KD Oxygen-regulated precursor (ORP150) - + - E ER chaperone, promotes VEGF processing/production
Chaperonin TriC complex subuni¢s6a & e 7 - + - Molecular chaperone; required to fold actin and tubulin
e elF3, subunit 8 - + - Binds the 40s ribosome subunit; complexes with elF4G
o elF4G - + - Multipurpose adaptor between mRNA and ribosomes
e FTSJ-like methyltransferase - + - Heat-shock protein, 23s rRNA methylation, important for growth
e Proteasome 26s regulatory subunit S2 - + - P Type 1 tumor necrosis factor receptor associated protein 2
e similar to GCN1 - + + GCN1/GCN20 complex in yeast, activate pathway for amino acid
e GCN20/ATP-binding cassette transporter F2 - + +/— Biosynthesis in amino acid starved cells
H. Receptors/downstream signaling
e KLG/protein tyrosine kinase-like 7 precursor + + - Receptor protein tyrosine kinase with unknown ligand
e Neuropilin 2al + + + EM  Receptor for semaphorin E, IV, llIC, and F and VEGF145 and 165
BMP2-inducible kinase (BIKe) - + - Ser/thr kinase induced by BMP2 during osteoblast differentiation
e Notch1l - + + EMP Receptor for delta/serrate; lateral inhibition, neuronal vs. glial fate
e PI3 Kinase Regulator Subunit - + +/— M Binds activated protein-tyr kinases, P13 catalytic subunit adaptor
I. Rho pathway
MSE55 + + + cdc42 effector protein, actin reorganization/pseudopodia formation
Rho GTPase activating protein (rhoGAP) - + - M Stimulates the GTPase activity of rho, converting it to inactive state
e Tax-interacting protein 1 (TIP-1) - + — M PDZ domain interacts with rhotekin (binds activated rhoA)
e PI3 Kinase Regulator Subunit - + +/— M PI3K-independent pathway activates cdc42/cell migration
J. RNA binding proteins
e Dyskerin + + +/— P Binds H/ACA sequence in snRNAs and telomere RNA
PAI RNA-binding protein - + - EM  Binds PAI-1'8TR, signals degredation/promotes ECM proteolysis
e Pigpen/FUS — + — EMP Upregulated in actively migrating and dividing endothelial cells
e Pumiliol - + - P Binds nanos response elements, inhibits translation
K. Secreted signals/signal production
e Slit3 + - +/— M Secreted ligand for robo receptors, repellent, axon guidance
e Cys-rich FGF receptor (CFR) associated protein + + - p70; ER and golgi localization; regulates at least FGF3 secretion
e Thimet oligopeptidase (endopeptidase 24.15) + + +/— Extracellular peptide (neuropeptide) signal processing
e Aldehyde dehydrogenase 9 Al + +/— - y-aminobutyraldehyde oxidation, alternative for GABA synthesis
e Collagen XVIIl alpha | - + — EMP Basement membrane collagen; C-terminal fragment is endostatin
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Table 1. Continued

Clone

pNC mNC SP

Expression pattern
Notes

L. Transcription factors

SMART/HDACL assoc. repressor (SHARP)
e Slug

E12

M. Transcription-coupled processes

e UV DNA damage-binding protein (DDB1)
Pre-mRNA splicing factor similar to PRP16
Spliceosome-associated protein 130 (SAP130)

. Transporters
Monocarboxylate transporter 1
RIKEN 1810073N04/amino acid transporter
Cationic amino acid transporter 3, system y+

. Miscellaneous
3-a-hydroxysteroid dehydrogenase-like protein
Huntington-interacting protein 1

e D52-like 2 tumor protein

SHIPPO 1

P. Unknown/EST/no homology

e Glycine-rich protein/PAC clone RP5-1121A15
no significant homology (249C21)
no significant homology (17N12)
no significant homology (312B4)
hypothetical protein

e  Glutamine-rich protein
hypothetical proteins
hypothetical proteins
no significant homology
hypothetical proteins

e ee 0= o

Nuclear receptor corepressor, homology to Msx2 interacting protein
Zn-finger transcription factor
Homo/heterodimerizes with other bHLH transcription factors

++ M

Nucleotide excision repair; binds transcription factor E2F1, STAGA
ATP-dependent RNA helicase; unwind RNA for intron recognition
mRNA splicing and prespliceosome formation; binds STAGA

Uptake/removal of lactate, pyruvate; coupled to glutamate uptake
Sequence annotation
Transports cationic L-amino acids; L-arg needed for NO synthesis

Homologous to members of aldo-keto reductase superfamily
Clathrin-mediated endocytosis; actin binding; activates caspase-8
Coiled-coil; cell proliferation, Ca2+-mediated signal transduction

Sperm tail protein

Sequence annotation

Very specific for neural plate/early neural tube
Fig. 3D

Human KIAA0147

- Sequence annotation

- Human CUA001,e MGC10526

- HumenFLJ12879e KIAAO0174, e KIAAL1093,

- Screen clones 43L18, 30G1

Human KIAA1036, ¢ XP_089437

DrosophilaCG3173

T

Clones were organized into categories based upon functions assigned by sequence homology. Degree of homology is intticedespbys&o=BLAST
bit score > 200; =bit score 80-200¢ =bit score 50-80¢ =bit score 40-50¢ =hit score < 40). Clones double-listed in two categories are italicized. In situ
hybridization patterns in pools of 4- to 16-somite embryos were scored for expression in neural folds (premigratory tiqui¥e)cegsl cranial migratory
neural crest (mNC). In vitro induced neural crest and macroarray results are assumed to correspond to an intermediaite nievepbanest development.
General specificity of expression (SP) was also scored (—, expression in many tissues at varying levels; +/—, expredsiddibeoets, patterns obvious; +,
expression limited to only a few tissues; ++, expression highly specific). Clone homologies that have previously beeetid&dtlial cell development
(“E"), migration (“M”"), or proliferation (“P”) are indicated. In situ hybridization patterns and EST sequences for all cibbesawailable on the GEISHA
(Gallus gallus EST and in situ hybridization) Database at http://geisha.biosci.arizona.edul/.

Neural crest expression of proliferation genes

axon guidance (reviewed by Guthrie, 2001), although its

Several genes identified in our screen were related to the cekpression and role in the formation of migratory neural crest

cycle and mitosis (for examplpescadilloandchromokinesin

cells was previously unrecognized. Meanwhile, BIKe is a

Fig. 2E), indicating that premigratory neural crest cells havéerine/threonine kinase upregulated as a downstream response
proliferative capacity surprisingly early in their developmentto BMP signaling (Kearns et al., 2001). Confirming the
Neural crest cells divide many times as they leave the neur@pecificity of our screen, we isolated the receptor Notchl,

tube (Bronner-Fraser and Fraser, 1988kcadillgo which was

which is expressed in migratory neural crest cells (Wakamatsu

originally isolated as a fish mutant with branchial arch defectst al., 2000) and cell-autonomously required in premigratory
(a neural crest derivative) (Allende et al., 1996), is required foreural crest foslug expression (Endo et al., 2002).

cell cycle progression and is abnormally expressed in Transcripts for neuropilin 2al, which is a receptor for
transformed cells (Kinoshita et al., 2001). The mitosis/celchemorepellent semaphorins and vascular endothelial growth
cycle function category is confirmed and expanded by théactor (VEGF) (Neufeld et al., 2002), was a particularly
number of genes that were identified across categories trgRecific product from our screen. We found treadropilin 2al
have previously been linked to proliferation and tumorogensits expressed in premigratory and migratory neural crest, and

in other systems.

Intercellular signaling in the neural crest

in the somites (Fig. 3A-C). The elevating cranial neural
folds prominently expresseuropilin 2al(Fig. 3A), and this
expression appears intensified on the newly closed cranial

We have identified genes encoding a number of receptors (sughural tube just prior to neural crest migration (Fig. 38,8

asklg, Fig. 2H), secreted factors (suchsdis3), and proteins
that create secreted signals (sucthaset oligopeptidase-ig.

similar pattern is noted in the trunk neural folds (Fig. 3B,C).
After emigration neuropilin 2altranscripts are maintained on

2K) that have not previously been linked to neural cresmigrating cranial neural crest cells (Fig. 3G,@europilin 2al
development. For example, the secreted factor slit3 is @xpression was also noted in the somites, with particularly high
chemorepellant that binds to robo receptors on axons duridgvels in the dorsomedial dermomyotome (FigBC
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Neural crest extracellular matrix gene expression (i.e. detected in neural folds), while those involved in protein
Our results indicate that changesaminin a5 (Fig. 2C,V) and ~ production (such asGCN1 and GCN2Q Fig. 2G) were
y1 expression levels, never before described in neural cregenerally more abundant later (in migratory neural crest). This
cells, precede neural crest migration. Furthermore, thgwitch may be involved in regulating the migratory capacity of
degradation of extracellular matrix (ECM) by plasminogenneural crest precursors. Neural crest cells also express
activator prior to neural crest migration (Valinsky andtranscripts for RNA-binding proteins that regulate RNA
LeDouarin, 1985) appears to be regulated by expression &tability and translation as well as numerous genes associated
plasminogen activator inhibitor RNA binding protein ~ With metabolic activity (mitochondrial gene expression,
the neural crest. The expression of ECM molecules bjransporters) as they become migratory. _
premigratory and migratory neural crest is consistent with the We identified surprisingly few transcription factors, with the
proposal that interactions between neural crest cells and t&ception of expected factors slug and E12 (Fig. 2L), which
ECM play important roles in initiation of neural crest migrationinteracts with 1d2, a factor that regulates neural crest cell
and their guidance along stereotypic pathways (Perris arilentity (Martinsen and Bronner-Fraser, 1998), in a yeast two-

Perissinotto, 2000). hybrid assay (Y. Kee and M. B. F., unpublished observation).

This is probably because we initially picked only a subset of
Neural crest genes involved in gene expression and enriched clones, and transcription factors that are expressed at
metabolism

As cells recently induced to follow
new developmental pathway, presump
neural crest cells appeared to be acti
changing the genes they express (chron
modification, transcription, RNA bindir
proteins, and mRNA export) and mak
new proteins. Interestingly, genes enco
transcriptional machinery compone
(chromatin modifiers such asBrgl,
transcription factors such &HARR anc
transcription-coupled processes such
DDB1, Fig. 2M,S) appeared to

upregulated in newly formed neural ci

Fig. 2. Neural crest gene expression. In situ
hybridization was performed to confirm
localization in premigratory and migratory
neural crest. Owing to the caudal to rostral
gradient in avian development, these stage 10
embryos are illustrative of multiple events in
neural crest development, including induction
(open neural plate), premigratory (dorsal neura
tube) and migratory (cranial) neural crest. Gen
expression in the embryos shown is
representative of that observed in the pool of 4
to 16-somite embryos scored for each clone.
White arrowheads indicate gene expression in
neural folds, black arrowheads mark gene
expression in migrating neural crest.
(A-P) Dorsal view, anterior up. Labels A-P
correspond to categories in Table 1. Expressio
of: (A) adenosylhomocysteinase 1 gr 2
(B) palladin; (C) laminin a5; (D) hexokinase ,1
isoform HKI; (E)KIF4a/chromokinesin
(F) Nopp140 (G) GCN20/ATP-binding cassette
transporter F2 (H) tyrosine kinase receptor
KLG; (1) MSES5S5 (J) dyskerin (K) thimet
oligopeptidase(L) E12 (M) UV DNA damage
binding protein 1 (N) cationic amino acid
transporter 3 (O) D52-like 2 (P)human Q
KIAA0147 (Q-X) Transverse sections, dorsal f
&
<

up. (Q)cathepsin D (R) alanyl tRNA
synthetasg(S) UV DNA damage binding
protein (T) CFR-associated protejin
(U) paranemin (V) laminin a5; (W) MSE55 U
(X) Nopp140
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Fig. 3.Neural crest expression néuropilin 2aland an unknown gene. (A*Q, Neuropilin 2alexpression is specific to cranial and trunk

neural folds and dorsal neural tube (premigratory neural crest; white arrowheads), migratory cranial neural crest (bleasyremah

somites. (D-F) A gene with no homology to any sequences in the GenBank nr database is highly specific to neural folds from their earliest
appearance and down-regulated at the time of neural crest migration. Expression is also apparent in splanchnic mesekerfA,@)steri

somite embryo; (B,E) 7-somite embryo; (C,F) 12-somite embryo. Dorsal view, anteriof-@. (B-F') Transverse sections (dorsal up)

through embryos pictured in A-F at the levels indicated by lines. nt, neural tube; np, neural plate.

very low levels may be more difficult to detect. Alternatively, secondary in situ hybridization screen not only confirmed the
transcription factors could be temporally up- or downstream ofpecificity of our clones, but also provided temporal expression
genes expressed at the timepoint examined. For exampligta about each clone over the course of neural crest
FoxD3is known to be involved in neural crest formation, butdevelopment. This allows us to synthesize a model for the events
first expressed in avians only shortly before migration takethat result in the migration of a subset of cells from the neural
place (Kos et al., 2001). tube. The results permit us for the first time to analyze neural
crest induction as a process rather than as a singular event.
Novel molecules expressed in neural crest
In total, 16 of 83 genes isolated are without an assigned functidhwealth of new markers for an ill-defined cell type
or are potentially novel based on lack of known homologuedespite its critical role in the formation of many different
For example, the gene with the most specific expression pattdineages, the molecular aspects of early neural crest
obtained from this screen was one with no known homology idevelopment are poorly understood. This is due to a
the database. This gene is exclusively expressed at the interfacanbination of factors, including the fact that the premigratory
of non-neural ectoderm and neural plate as soon as these tissnesral crest is not a segregated cell type that can be purified.
are distinct (Fig. 3D-F). Later, it is expressed in the dorsal The neural crest has been best studied in avians because of their
neural tube (Fig. 3 and the splanchnic mesoderm (Fig. 3F),ease of experimental manipulation; however, the avian system
where endothelial cells arise. It resemisllegexpression in its  is relatively intractable to molecular analysis owing to the lack
specificity; however, it is expressed earlier telugand, unlike  of genomic information and the current inability to consistently
slug is down-regulated when neural crest cells migrate (Figperform loss-of-function experiments. In addition, there has
3E,F). This presents the intriguing possibility that it plays a roldeen a dearth of specific markers of neural crest precursors. By
in regulating delamination of neural crest cells from the neuracreening our own macroarrayed library, we have overcome
folds. Importantly, it provides us with a novel, highly specific,some of these molecular roadblocks to identify a broad range
and very early marker of cells with the potential to form neurabf new markers for premigratory and migratory neural crest. In
crest. addition to known genes, nearly 20% of the genes identified in
our screen have no known homologues in the database and
likely represent novel gene products. Some of these are
DISCUSSION expressed earlier thastug, which prior to this study was the
earliest known neural crest marker in birds. These markers will
In this study, we have taken advantage of our ability tdacilitate more comprehensive future analyses of neural crest
recapitulate neural crest induction under defined conditions tevelopment.
screen a chick macroarrayed cDNA library. The resulting )
collection of 83 genes establishes new markers and identifi&milarities between neural crest and endothelial
novel candidate regulators of neural crest developmengell development
prompting comparisons with other migratory cell types. AEight of the genes we isolated from newly formed neural crest
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cells have previously been implicated in endothelial celgenes they express. When gene expression in metastatic
development, including those of factors involved in VEGFmelanomas is profiled, notable categories of gene expression
production and signaling (such @RP1500r neuropilin 2a)  include extracellular matrix molecules, proteins that regulate
as well as proteins important for endothelial cell migratiorthe actin cytoskeleton, and the rho GTPase rhoC (Clark et al.,
(such aslaminin a5 and y1). This suggests that endothelial 2000). These same categories were also prominent products of
cells and neural crest cells may employ similar developmentalur screen, indicating that the comparison between migratory
programs. neural crest cells and metastatic cancer cells is functional as
Several points suggest that this correlation is significant angell. In support of this idea, inhibition of rho GTPase activity
not due to random chance. First, ORP150 is an ER chaperooan prevent both neural crest cell delamination (Liu and Jessell,
whose function is required for VEGF secretion (Ozawa et al1998) and melanoma metastasis (Clark et al., 2000).
2001), while neuropilin 2 is an isoform-specific VEGF receptor o )
(Gluzman-Poltorak et al., 2000). Thus, we have identified botRost-transcriptional and post-translational
a factor that produces, and a receptor that responds, to VEGEgulation of neural crest cell properties
Second, although it has never been emphasized, VEGF @Gur screen has revealed that the cytoskeletal components
expressed in tissues that could affect neural crest developmeidgntified are expressed in phases, with intermediate filaments
including the headfolds, neural tube and cephalic mesenchynegpressed in premigratory neural crest, and actin elements
of EB8.5-9.0 mouse embryos (Miquerol et al., 1999)expressed in migratory neural crest. This phased cytoskeletal
Furthermore, VEGF mutant embryos exhibit poorly developedene expression has not been realized in the past, and has
and unsegmented branchial arches, a neural crest derivativeeresting implications for the mechanism of neural crest
(Ferrara et al., 1996). Third, only laminin-10 and laminin-11migration. Enrichment of actin cytoskeletal elements in the
contain both the laminim5 andyl chains (Colognato and premigratory, subtracted cDNA population indicates that
Yurchenco, 2000). Laminin-10/11 mediates adhesion angdresumptive neural crest cells in the neural folds alter their
promotes migration of endothelial cells (Doi et al., 2002) andtructural make-up in preparation for migration before
a broad spectrum of carcinoma cells (see below) (Kikkawa enigration actually takes place. However, not all cells in the
al., 1998; Tani et al., 1999; Pouliot et al., 2001). Furthermorejeural folds will migrate (Bronner-Fraser and Fraser, 1988;
these effects were shown to be mediatedBgl anda6Bl  Selleck and Bronner-Fraser, 1995), even if they exskss
integrins, and neural crest expressiofbintegrin is required (Linker et al., 2000). Taken together, these apparently
for their adherence to laminin (Lallier and Bronner-Fraserconflicting observations suggest a logical mechanism in which
1991; Lallier and Bronner-Fraser, 1993). Fourth, the mostells in the neural folds develop migratory potential by
specific product of our screen (Fig. 3D}kvas expressed only expressing the cytoskeletal machinery needed for migration,
in the neural folds and blood islands, which are where neuraind that this potential is activated to initiate neural crest
crest and endothelial cell precursors, respectively, arisenigration in a subset of cells through reorganization of existing
Finally, although not identified in this screen, endothelinstructural elements.
signaling, which stimulates endothelial cell migration and By analogy with other migratory cell types (Ridley, 2001),
proliferation (Wren et al., 1993; Morbidelli et al., 1995), isthe most likely mechanism for regulating such a cytoskeletal
required for different aspects of neural crest developmentorganization at the onset of neural crest migration is via
(reviewed by Yanagisawa et al., 1998). post-translational modification by a rho pathway signal. Up-
Although a comparison of neural crest and endothelial celleegulation of rho pathway genes following neural crest
is novel, it is logical when considered mechanistically, as botmduction (Table 1) and the requirement for rho activity during
endothelial and neural crest cells migrate and invade tissuesreural crest emigration (Liu and Jessell, 1998), support this
they perform their embryonic functions. Similarities betweerpossibility. For example, a-adducin, which stimulates
vasculogenesis and axon outgrowth have been noted (Shinmagration when phosphorylated by rho-associated kinase
and Mailhos, 2000). Furthermore, Eph/ephrin signaling igFukata et al., 1999), was enriched in premigratory neural crest.
involved in segmental organization of trunk neural cresCumulatively, these data suggest that activation of the rho
migration, and in determination of arterial versus venougathway in a subset of cells in the neural folds causes post-
identity in the vasculature (reviewed by Shima and Mailhostranslational cytoskeletal rearrangements that result in the
2000). Our results indicate that early events during neural crestigration of those cells from the neural tube. Post-translational
cell specification and initiation of migration share signalingregulation of migration is employed during other examples of
pathways in common with endothelial cells, and thatell migration events (reviewed by Ridley, 2001) and is also
experimental comparisons between these two important cdtie simplest explanation for the collection of genes we have

types will be informative. isolated from premigratory neural crest cells.

The identification of genes encoding RNA-binding proteins
Similarities between neural crest cells and in our screen also presents the possibility that neural crest cell
metastatic cancer cells identity is regulated post-transcriptionally. Interestingly, 3 of

Phenotypically, neural crest cells and metastatic cancer celise 4 RNA-binding proteins in our collection have been
are similarly motile and invasive and can follow the samereviously implicated in stem cell maintenance: pumilio
migratory pathways (Erickson et al., 1980). The developmerdontrols germline stem cells i€@. elegansand Drosophila

of neural crest cells and malignant cells is believed to be relat¢@rittenden et al., 2002), pigpen expression correlates with
because of the sheer number of different cancers arising fronmdifferentiated, proliferative endothelial cells (Alliegro and
neural crest lineages (reviewed by Hall and Horstadius, 1988)lliegro, 1996; Alliegro, 2001), and dyskerin is a component
Our results reveal that they are also comparable in the types afftelomerase that appears to be essential for stem cell renewal
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in a variety of tissues including the basal layer of the epidermisoted in our screen. KLG is a receptor protein tyrosine kinase,
(reviewed by Marcinian et al., 2000). Since the neural crest lthough its function and ligand have not been determined.
a multipotent stem cell population, these proteins are obviousside the cell, BMP2-inducible kinase could modulate protein
candidates for post-transcriptional maintenance of theactivity in presumptive neural crest cells in response to BMP
undifferentiated, stem cell state of neural crest cells as well.signaling, which has been implicated in neural crest
The fourth gene encoding an RNA binding protét\l  specification (Liem et al., 1995) and which is required for
RNA-binding protein also has interesting implications for neural crest cell delamination from the neural tube (Sela-
post-transcriptional regulation of neural crest migrationDonenfeld and Kalchiem, 1999). In support of the possibility
Plasminogen activator (PA) is a serine protease that ihat extracellular signals stimulate migration, there are active
expressed on migrating neural crest and degrades ECM fohanges in the expression of adhesion molecules and
migration (Valinsky and LeDouarin, 1985). PA activity is alterations to the cytoskeleton associated with neural crest cell
regulated by plasminogen activator inhibitor (PAI), whosedelamination (reviewed by Duband et al., 1995). Furthermore,
levels are in turn regulated post-transcriptionally by PAI RNA-epithelial-mesenchymal transitions are generally described as
binding protein (Heaton et al., 2001). The isolationP&il  a process requiring external stimuli for their initiation (Boyer
RNA-binding proteinsuggests that PA activity is revealed et al., 2000).
shortly before migration through post-transcriptional Asymmetric cell division is another attractive mechanism to

regulation of PAI in the neural crest. select certain cells in the neural folds for migration. If cells in
_ ) ) S the dorsal neural tube divided asymmetrically, such that one
Selecting which cells in the neural folds will migrate cell lost attachment to the basement membrane, a migratory

If neural crest cell properties are regulated postneural crest cell would result. Thus, a signal that stimulates
transcriptionally and/or post-translationally, what provides theroliferation could also be a signal to migrate. This mechanism
signal that selects certain cells in the neural folds for thibias been postulated in the past (Erickson and Reedy, 1998),
regulation? Among the possible events, based on the genes amd is enticing given the number of proliferation-related
have identified in combination with data in the literaturemolecules we have identified. The recent demonstration that
regarding neural crest development and other cell migrationeural crest cells delaminate from the neural tube specifically
events, are: (1) that extracellular signals may stimulatat the G/S transition of the cell cycle lends further support to
migration of a subpopulation of cells; and/or (2) thata role for cell division in the selection of neural crest precursors
asymmetric cell division may give rise to one daughter thafor migration (Burstyn-Cohen and Kalcheim, 2002).
leaves the neural tube and another that remains, perhaps astaiguingly, the snail family of proteins, which in vertebrates
stem cell. Of course, it is also entirely possible that cells witincludes the neural crest marker slug, is required to regulate
migratory potential within the neural folds are selected tmsymmetric cell division irDrosophila neuroblasts (Ashraf
migrate by a stochastic mechanism. Even if stochastiand Ip, 2001; Cai et al., 2001). Whether this is an evolutionarily
mechanisms are the primary determinant of whether aonserved function of snail/slug remains to be determined.
neuroepithelial cell delaminates to become a neural crest cell,
intrinsic and extrinsic factors may provide bias that alters th& model for early neural crest development
probability of fate decisions in a particular direction. Based upon the identities and temporal expression patterns of
We identified a number of genes encoding receptors argenes up-regulated 24 hours after neural crest induction,
secreted molecules that are excellent candidates to send ammlipled with the knowledge that not all cells in the neural folds
receive signals instructing or maintaining premigratory neuralill become migratory (Bronner-Fraser and Fraser, 1988;
crest cell specification, and/or stimulating migration. ForSelleck and Bronner-Fraser, 1995), we hypothesize a
example, neuropilin 2al expression is highly specific to sequential activation of migratory potential following neural
premigratory and migratory neural crest. Premigratory neurarest induction (Fig. 4). First, after induction, precursor cells
crest expression suggests that neuropilin 2al could be involvéd the dorsal neural tube change their state by activating
in establishing the premigratory neural crest pool, and isitermediate filaments, cell cycle components, and
intriguing since neuropilins are typically associated withreceptors/ligands and by increasing their transcriptional
guidance and migration rather than cell-type specificatiormachinery. This begins the process of becoming a neural crest
Expression in migrating neural crest cells suggests that thell. Second, expression of genes associated with migration
recentor neuropilin 2al could regulate neural crest migratiofe.g. changes in the actin cytoskeleton, rho targets, and
or the response to migrational cues in the environmenextracellular matrix) may establish migratory potential.
Although no defects in neural crest development have bedfinally, we postulate that a signal to migrate mobilizes
noted inneuropilin 2mutant mice (Chen et al., 2000; Giger etmigratory potential in a subset of cells through post-
al., 2000), inneuropilin 1 mutants, neural crest cells fail to transcriptional or post-translational regulation by rho
reach their proper destinations and coalesce as ganglia evattivation, downstream signaling events, and asymmetric cell
though early neural crest migration through the somitedivision, ultimately leading to delamination of neural crest
appears normal (Kawasaki et al., 2002). Liteuropilin 2 cells (Fig. 4). Other cells remain in the neural folds and become
neuropilin 1lis expressed on migrating neural crest cells frondorsal neural tube, never accessing this migratory potential.
hindbrain and trunk levels (cranial neural crest was not This model best explains our collection of genes and their
examined) (Eickholt et al., 1999). Thus it is possible thatemporal expression patterns, and indicates a mechanism to
neuropilin 1 and neuropilin 2 serve redundant roles in earlyegulate neural crest migration that is very different from those
neural crest formation and migration. presumed in the past. Instead of postulating a gene(s) that
Other genes associated with signaling cascades were alspecifically marks those cells that will migrate, our model is



5740 L.S. Gammill and M. Bronner-Fraser

Calestani for patiently answering our many questions about
macroarray screening. We thank Yun Kee and Carole LaBonne for

induction useful discussions, and Scott Fraser, Andrew Groves and York
md % % % i md % % % Marahrens for critical reading of the manuscript. We are particularly
grateful to Titus Brown for helpful discussions and aiding with the

post-induction  migratory migration  delamination bioinformatics analysis. L. S. G. was supported by an NICHD NRSA
. o potential signal Individual Postdoctoral Fellowship. This work was supported by
intermediate filaments actin
rho targets rho activation USPHS NS36585.
receptors/signals ECM BMP pathway

transcription translation

Fig. 4. Premigratory to migratory neural crest: sequential activation REFERENCES

of migratory .pOtent.'al' The array C.Jf genes expresseo! 24 hours aﬁ.erAIIende, M., Amsterdam, A., Becker, T., Kawakami, K., Gaiano, N. and
neural crest induction, coupled with temporal anaIySI$ of expression Hopkins, N. (1996). Insertional mutagenesis in zebrafish identifies two
patterns throughout neural crest development, make it possible to  nove| genespescadilloanddead eygessential for embryonic development.

assemble a hypothesis for acquisition of migratory capacity. Genes Devl0, 3141-3155.
Following initial induction, cells in the neural folds begin the processAlliegro, M. (2001). Pigpen and endothelial cell differentiatiGell Biol. Int.
of becoming neural crest cells (blue rectangles) by expressing 25, 577-584.

intermediate filaments, proliferation factors, receptors and secreted Alliegro, M. and Alliegro, M. (1996). A nuclear protein regulated during the
signals, and increased transcriptional machinery (including known transition from active to quiescent phenotype in cultured endothelial cells.
transcription factors such as slug). This is followed by the acquisitionl Dev. Biol. 174, 288-297.

. - . . : shraf, S. and Ip, T.(2001). The snail protein family regulates neuroblast
of migratory potential (yellow asterisks) with expression of expression oinscuteableandstring, genes involved in asymmetry and cell

components of the gctin cytoskeleton, rho.targets, e.xtracellular. . division in Drosophila Development 28 4757-4767.

matrix, and translational machinery. The signal to migrate mobilizesgager, J., Beddington, R. and Harland, R(1999). Wnt signaling ixXenopus
this migratory potential (yellow cell) through the activation of rho embryos inhibitBmp4expression and activates neural developm@ehes
targets (Liu and Jessell, 1998) as a consequence of signaling throughDev. 13, 3149-3159.

the BMP pathway (Sela-Donenfeld and Kalchiem, 1999) or Boukhelifa, M., Parast, M., Valtschanoff, J., LaMantia, A., Meeker, R. and
asymmetric cell division (Erickson and Reedy, 1998). This results in Otey, C.(2001). A role for the cytoskeleton-associated protein palladin in
the delamination of some cells from the neural folds. Cells that neurite outgrowthMol. Biol. Cell12, 2721-2729.

oyer, B., Valles, A. and Edme, N(2000). Induction and regulation of
epithelial-mesenchymal transitiorBiochem. Pharm60, 1091-1099.
Bronner-Fraser, M. and Fraser, S.(1988). Cell lineage analysis shows
multipotentiality of some avian neural crest celsture335 161-164.
Burstyn-Cohen, T. and Kalcheim, C.(2002). Association between the cell
cycle and neural crest delamination through specific regulation of G1/S
. . . . transition.Dev. Cell3, 383-395.
consistent with embryological observations of neural crestai, v., Chia, W. and Yang, X.(2001). A family of snail-related zinc finger
migration and with the events that take place in other migrating proteins regulates two distinct and parallel mechanisms that mediate
cell types. Our hypothesis is supported by the fact that no geneiﬁ’sﬁphiglggeﬁm:'aszt ?é’hgrflnej”iczcg“ di\\(/iSigEéﬂc?(P 220 Pl|7egi_1rzl45'

: : : A ‘ i, A., Zupicich, J., u, Y., i, E., ure, S.,
fr_om. thITC’ screen, or I.n 'Fhe literature, exhibit a Salt, and peppe Lowenstein, D., Skarnes, W., Chédotal, A. and Tessier-Lavigne, M.
distribution pattern within the neural folds, suggesting that there 2000). Neuropilin-2 regulates the development of select cranial and
is no determined subpopulation within the neural tube with sensory nerves and hippocampal mossy fiber projectiéeision25, 43-
uniquely neural crest properties. Furthermore, there is ample56.

; ; ; ; ; ihiaflark, E., Golub, T., Lander, E. and Hynes, R,(2000). Genomic analysis
ev'%ence t:\rq[ngh Ce". Ime?]ge gtUdleS | Itn ba\/”an an artnph|b|aﬁ of metastasis reveals an essential rold for RieGure406, 532-535.
embryos that there IS a shared neural tube/neural cres precuréeﬁazo, A., Bronner-Fraser, M. and Fraser, S(1993). Vital dye labelling

and that the progeny of these precursors can mix even across the Xenopus laevis trunk neural crest reveals multipotency and novel
midline (Bronner-Fraser and Fraser, 1988; Collazo et al., 1993).pathways of migratiorDevelopmeni 18 363-376.
In summary, we provide a genomic analysis of theColognato, H. and Yurchenco, P(2000). Form and function: the laminin

. . : amily of heterotrimersDev. Dyn.218 213-234.
consequences of neural crest induction, creating a mOIeCUIéﬂttengen, S., Bernstein, D., B);chorik, J., Thompson, B., Gallegos, M.,

profile of a cell type that cannot be purified or identified. petcherski, A., Moulder, G., Barstead, R., Wickens, M. and Kimble, J.
Importantly, this analysis suggests previously unrecognized (2002). A conserved RNA-binding protein controls germline stem cells in
similarities with other migratory cells such as endothelial cells, Caenorhabditis eleganilature417, 660-663.

and identifies new markers and new candidate regulato ckinson, M., Selleck, M., McMahon, A. and Bronner-Fraser, M(1995).
Dorsalization of the neural tube by the non-neural ectodeewelopment

molecules of neural crest development. Rather than examining; 1 »099-2106.
the role of a single gene, we describe for the first time thgoi, M., Thyboll, J., Kortesmaa, J., Jansson, K., livanainen, A.,
consequences of an embryonic inductive event at a genomicParvardeh, M., Timpl, R., Hedin, U., Swedenborg, J. and Tryggvason,

level. This collection of genes, when incorporated with existing Ehéﬁ?g% ?ggzg*?i;%fl‘é human laminin-10 (alphaSbetalgamma)ol.
knowledge of neural crest development, suggests nOV%'Uband, J., Monier, F., Delannet, M. and Newgreen, [§1995). Epithelium-

mechanisms for regulating the migration of a subset of cells mesenchyme transition during neural crest developmetd. Anat 154 63-
from the neural folds, changing the way we view the process 78.

of neural crest migration. This approach has created testalffgkholt, B., Mackenzie, S., Graham, A., Walsh, F. and Doherty, £1999).
hypotheses that open the door for future work on the Evidence for collapsin-1 functioning in the control of neural crest migration

d | tal f fi f both k d | | | in both trunk and hindbrain regiori3evelopmenii26 2181-2189.
evelopmental function or bo nown and novel molecu eS'Endo, Y., Osumi, N. and Wakamatsu, Y.(2002). Bimodal functions of

) ~Notch-mediated signaling are involved in neural crest formation during
Special thanks to Constanza Gonzalez for her expert technicalavian ectoderm developmemevelopment29, 863-873.
assistance. We gratefully acknowledge Jonathan Rast and Cristigéckson, C. and Reedy, M.(1998). Neural crest development: the interplay

remain in the neural folds never access their migratory potential and®
become dorsal neural tube. Green: cytoskeleton; orange:
proliferation; red: cell surface/signaling; purple: gene expression.



Molecular profile of neural crest precursors 5741

between morphogenesis and cell differentiati@aorr. Top. Dev. Biol40, gene expression domains of Xsnail, Xslug, and Xtwist and cell movement
177-209. in the prospective neural crestXénopusDev. Biol.224, 215-225.
Erickson, C., Tosney, K. and Weston, J(1980). Analysis of migratory Liu, J.-P. and Jessell, T(1998). A role for rhoB in the delamination of neural
behavior of neural crest cells and fibroblastic cells in embryonic tidSees. crest cells from the dorsal neural tubevelopmeni25 5055-5067.
Biol. 77, 142-156. Marcinian, R., Johnson, F. and Guarente, L.(2000). Dyskeratosis
Ferrara, N., Carver-Moore, K., Chen, H., Dowd, M., Lu, L., O'Shea, K., congenita, telomeres, and human ageimgnds Genetl6, 193-195.

Powell-Braxton, L., Hillan, K. and Moore, M. (1996). Heterozygous Martinsen, B. and Bronner-Fraser, M. (1998). Neural crest specification

embryonic lethality induced by targeted inactivation of the VEGF gene. regulated by the helix-loop-helix repressor, 182ience281, 988-991.

Nature 380, 439-442. Miquerol, L., Gertsenstein, M., Harpal, K., Rossant, J. and Nagy, A.
Fukata, Y., Oshiro, N., Kinoshita, N., Kawano, Y., Matsuoka, Y., Bennett, (1999). Multiple developmental roles of VEGF suggested by a LacZ-tagged

V., Matsuura, Y. and Kaibuchi, K. (1999). Phosphorylation of adducin allele. Dev. Biol.212, 307-322.

by rho-kinase plays a crucial role in cell motilify.Cell. Biol.145 347- Morbidelli, L., Orlando, C., Maggi, C., Ledda, F. and Ziche, M.(1995).

361. Proliferation and migration of endothelial cells is promoted by endothelins
Gammill, L. and Sive, H. (1997). Identification ofotx2 target genes and via activation of ETB receptor&m. J. Physiol269, H686-695.

restrictions in ectodermal competence durikgnopuscement gland  Moury, J. and Jacobson, A.(1990). Neural fold formation at newly created

formation.Developmenti24, 471-481. boundaries between neural plate and epidermis in the axéotiBiol.133
Garcia-Castro, M., Marcelle, C. and Bronner-Fraser, M. (2002). 44-57.

Ectodermal Wnt function as a neural crest induseience297, 848-851. Neufeld, G., Cohen, T., Shraga, N., Lange, T., Kessler, O. and Herzog, Y.
Giger, R., Cloutier, J.-F., Sahay, A., Prinjha, R., Levengood, D., Moore, S., (2002). The neuropilins: multifunctional semaphorin and VEGF receptors

Pickering, S., Simmons, D., Rastan, S., Walsh, F. et a2000). that modulate axon guidance and angiogenésaads Cardiovasc. Med?2,

Neuropilin-2 is required in vivo for selective axon guidance responses to 13-19.

secreted semaphorindeuron25, 29-41. Nieto, M., Sargent, M., Wilkinson, D. and Cooke, J(1994). Control of cell
Gluzman-Poltorak, Z., Cohen, T., Herzog, Y. and Neufeld, G(2000). behavior during vertebrate development by Slug, a zinc finger §eieaice

Neuropilin-2 and neuropilin-1 are receptors for the 165-amino acid form of 264, 835-839.
vascular endothelial growht factor (VEGF) and of placenta growth factor-2Q0zawa, K., Kondo, T., Hori, O., Kitao, Y., Stern, D., Eisenmenger, W.,
but only neuropilin-2 functions as a receptor for the 145-amino acid form Ogawa, S. and Oshima, T(2001). Expression of the oxygen-regulated

of VEGF. J. Biol. Chem275, 18040-18045. protein ORP150 accelerates wound healing by modulating intracellular
Guthrie, S. (2001). Axon guidance: robos make the rul@srr. Biol. 11, VEGF transportJ. Clin. Invest108 41-50.

R300-R303. Perris, R. and Perissinotto, D(2000). Role of the extracellular matrix during
Hall, B. and Horstadius, S.(1988). The Neural CrestOxford: Oxford neural crest migratiorMech. Dev95, 3-21.

University Press. Pouliot, N., Nice, E. and Burgess, A2001). Laminin-10 mediates basal and
Heaton, J., Dlakic, W., Dlakic, M. and Gelehrter, T.(2001). Identifiation EGF-stimulated motility of human colon carcinoma cells via alpha3betal

and cDNA cloning of a novel RNA-binding protein that interacts with the and alpha6beta4 integrinsxp. Cell Res266, 1-10.
cyclic nucleotide-responsive sequence in the type-1 plasminogen activat®ast, J., Amore, G., Calestani, C., Livi, C., Ransick, A. and Davidson, E.
inhibitor mRNA. J. Biol. Chem276, 3341-3347. (2000). Recovery of developmentally defined gene sets from high-density
Kawasaki, T., Bekku, Y., Suto, F., Kisukawa, T., Taniguchi, M., Nagatsu, cDNA macroarraysDev. Biol.228 270-286.
I., Nagatsu, T., Itoh, K., Yagi, T. and Fujisawa, H.(2002). Requirement Reynaud, C., Fabre, S. and Jalinot, P(2000). The PDZ protein TIP-1
of neuropilin-1-mediated Sema3A signals in patterning of the sympathetic interacts with the rho effector rhotekin and is invovled in rho signaling to
nervous systenDevelopment 29, 671-680. the serum respose elemehtBiol. Chem275 33962-33968.
Kearns, A., Donohue, M., Sanyal, B. and Demay, M2001). Cloning and  Ridley, A. (2001). Rho GTPases and cell migratidnCell Sci.114, 2713-
characterization of a novel protein kinase that impairs osteoblast 2722.

differentiationin vitro. J. Biol. Chem276, 42213-42218. Sasai, N., Mizuseki, K. and Sasai, Y2001). Requirement dfoxD3-class
Kikkawa, Y., Sanzen, N. and Sekiguchi, K.(1998). Isolation and signaling for neural crest determination Xenopus Developmentl28

characterization of laminin-10/11 secreted by human lung carcinoma cells. 2525-2536.

J. Biol. Chem273 15854-15859. Sela-Donenfeld, D. and Kalchiem, C(1999). Regulation of the onset of
Kinoshita, Y., Jarell, A., Flaman, J., Foltz, G., Schuster, J., Sopher, B., neural crest emigration by coordinated activity of BMP4 and Noggin in the

Irvin, D., Kanning, K., Kornblum, H., Nelson, P. et al.(2001). Pescadillo, dorsal neural tubébevelopmeni26, 4749-4762.

a novel cell cycle regulatory protein abnormally expressed in malignanBelleck, M. and Bronner-Fraser, M.(1995). Origins of the avian neural

cells.J. Biol. Chem276, 6656-6665. crest: the role of neural plate/epidermal interactiddsvelopmentl21,

Ko, M., Kitchen, J., Wang, X., Threat, T., Wang, X., Hasegawa, A., Sun, 526-538.
T., Grahovac, M., Kargul, G., Lim, M. et al. (2000). Large-scale cDNA  Shima, D. and Mailhos, C.(2000). Vascular developmental biology: getting
analysis reveals phased gene expression patterns during preimplantatiomervous.Curr. Opin. Gen. DeV10, 536-542.
mouse developmenBDevelopmeni27, 1737-1749. Spokony, R., Aoki, Y., Saint-Germain, N., Magner-Fink, E. and Saint-
Kos, R., Reedy, M., Johnson, R. and Erickson, @2001). The winged-helix Jeannet, J.-P.(2002). The transcription factor Sox9 is required for canial
transcription factor FoxD3 is important for establishing the neural crest neural crest development XenopusDevelopmenii29, 421-432.
lineage and repressing melanogenesis in avian emtipgoglopmeni28 Tani, T., Lehto, V.-P. and Virtanen, 1. (1999). Expression of laminins 1 and
1467-1479. 10 in carcinoma cells and comparison of their roles in cell adheSiqgn.
LaBonne, C. and Bronner-Fraser, M.(2000). Snail-related transcriptional Cell Res248 115-121.
repressors are requiredXenopudor both the induction of the neural crest Valinsky, J. and LeDouarin, N.(1985). Production of plasminogen activator
and its subsequent migratiddev. Biol.221, 195-205. by migrating cephalic neural crest cel8VIBO J 4, 1403-1406.
Lallier, T. and Bronner-Fraser, M. (1991). Avian neural crest cell attachment Wakamatsu, Y., Maynard, T. and Weston, J(2000). Fate determination of
to laminin: involvement of divalent cation dependent and independent neural crest cells by NOTCH-mediated lateral inhibition and asymmetrical

integrins.Developmeni13 1069-1084. cell division during gangliogenesiBevelopmeni27, 2811-2821.
Lallier, T. and Bronner-Fraser, M. (1993). Inhibition of neural crest cell Wilkinson, D. (1992). Whole mount in situ hybridization of vertebrate
attachment by integrin antisense oligonucleoti®esence259, 692-695. embryos. InIn Situ Hybridization: A Practical Approach(ed. D.
LeDouarin, N. and Kalcheim, C. (1999). The Neural CrestCambridge: Wilkinson), pp. 75-83. Oxford: Oxford University Press.
Cambridge University Press. Wren, A., Hiley, R. and Fan, T.-P. D.(1993). Endothelin-3 mediated
Lee, Y.-H., Huang, G., Cameron, R., Graham, G., Davidson, E., Hood, L. proliferation in wounded human umbilical vein endothelial c&@lschem.
and Britten, R. (1999). EST analysis of gene expression in early cleavage- Biophys. Res. Comri96, 369-375.
stage sea urchin embryd3evelopmeni26 3857-3867. Yanagisawa, H., Yanagisawa, M., Kapur, R., Richardson, J., Williams, S.,
Liem, K., Tremmi, G., Roelink, H. and Jessell, T.(1995). Dorsal Clouthier, D., Wit, D. d., Emoto, N. and Hammer, R(1998). Dual genetic
differentiation of neural plate cells induced by BMP4-mediated signals from pathways of endothelin-mediated intercelluar signaling revealed by targeted
epidermal ectodernCell 82, 969-979. disruption of endothelin converting enzyme-1 geBevelopmentl25,

Linker, C., Bronner-Fraser, M. and Mayor, R. (2000). Relationship between 825-836.



