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HE RETINOIC ACID INDUCIBLE Cas-FAMILY SIGNALING PROTEIN
edd9 REGULATES NEURAL CREST CELL MIGRATION BY

ODULATING ADHESION AND ACTIN DYNAMICS
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bstract—Cell migration is essential for the development of
umerous structures derived from embryonic neural crest
ells (NCCs), however the underlying molecular mechanisms
re incompletely understood. NCCs migrate long distances in
he embryo and contribute to many different cell types, in-
luding peripheral neurons, glia and pigment cells. In the
resent work we report expression of Nedd9, a scaffolding
rotein within the integrin signaling pathway, in non-lineage-
estricted neural crest progenitor cells. In particular, Nedd9
as found to be expressed in the dorsal neural tube at the

ime of neural crest delamination and in early migrating NCCs.
o analyze the role of Nedd9 in neural crest development we
erformed loss- and gain-of-function experiments and exam-

ned the subsequent effects on delamination and migration in
itro and in vivo. Our results demonstrate that loss of Nedd9
ctivity in chick NCCs perturbs cell spreading and the density of
ocal complexes and actin filaments, properties known to de-
end on integrins. Moreover, a siRNA dose-dependent de-
rease in Nedd9 activity results in a graded reduction of
CC’s migratory distance while forced overexpression in-
reases it. Retinoic acid (RA) was found to regulate Nedd9
xpression in NCCs. Our results demonstrate in vivo that
edd9 promotes the migration of NCCs in a graded manner
nd suggest a role for RA in the control of Nedd9 expression
evels. © 2009 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: HEF1, Cas-L, cytoskeleton, focal adhesion, mul-
ipotency, RA.

he emergence of vertebrates and their success can, in
art, be attributed to the appearance of the neural crest
hich provides the embryological basis for the formation of
ertebrate-specific features such as cranial skeleton, my-
linated nerves, peripheral neurons and skin pigmentation
Baker and Bronner-Fraser, 1997; Glenn, 2005; Northcutt
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nd Gans, 1983). The most prominent feature of neural
rest cells (NCCs) is their high motility which makes them
ble to migrate extensively and populate tissues distant to
heir site of origin (Bronner-Fraser, 1995). While detaching
rom the dorsal neural tube—a process called delamina-
ion—NCCs adopt a mesenchymal morphology which al-
ows them to invade the underlying mesoderm. Conversion
f NCCs from a non-motile into a motile state requires

nteractions with various extracellular matrix (ECM) com-
onents and the acquisition of specific competences to
roperly sense these cues. While a number of factors
egulating migratory properties of NCCs have been iden-
ified, the molecular framework that governs the movement
f NCCs in vivo is just beginning to emerge.

Cell migration involves a concerted action of different
echanical forces within the cell. Cell adhesion to a sub-

trate is necessary for cell spreading and motility and it
equires the assembly of small focal contacts which link the
ctin cytoskeleton to the ECM (Huttenlocher et al., 1996;
mall and Kaverina, 2003). Such focal adhesions and

ocal complexes are believed to provide the adhesive force
ecessary for traction at the leading edge of migrating
ells. Integrin receptors are found clustered at focal adhe-
ions and recruit a large complex of signaling molecules
esponsible for regulating actin dynamics and cell motility
Brunton et al., 2004). Numerous studies have demon-
trated that the ECM functions as a scaffold onto which the
CCs migrate and that integrins play a prominent role in

his process (Perris and Perissinotto, 2000). In vitro inte-
rin signaling has been found to play a significant role in
CC spreading and migration onto a variety of ECM com-
onents (Desban and Duband, 1997; Erickson and Perris,
993). Other studies have demonstrated that interfering
ith the function of integrins or their ligands, including

aminin, is sufficient to perturb migration of NCCs (Bron-
er-Fraser, 1985; Lallier and Bronner-Fraser, 1993; Kil et
l., 1996; Strachan and Condic, 2004, 2008; Coles et al.,
006). Nedd9/CasL/HEF1 (hereafter referred to as neural
recursor cell expressed, developmentally downregulated
, Nedd9) is a scaffolding protein of the Cas family (O’Neill
t al., 2000). Nedd9 is a member of the �1-integrin signal-

ng pathway found to be necessary for glioblastoma and
urkat T cell motility (Natarajan et al., 2006; O’Neill et al.,
000; van Seventer et al., 2001). Investigations on other Cas

amily members suggest that this class of adaptor proteins
ight serve as key bridges for the assembly of actin–cy-

oskeleton signaling complexes (O’Neill et al., 2000). In the
resent work we investigated the mechanisms through which

CC migration is regulated. Nedd9 was identified by se-

s reserved.
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uencing of mRNAs expressed in the early dorsal root gan-
lia (DRG) and their expression in migratory NCCs prompted

urther studies. Our results suggest that the motile capacity of
ultipotent NCCs is governed by an RA-controlled dynamic

egulation of Nedd9 levels which influence cell adhesion and
ytoskeleton properties.

EXPERIMENTAL PROCEDURES

ll experimental procedures were approved by the Swedish Na-
ional Board for Laboratory Animals (N17/2003, N404/2003 and
293/05). All experiments conformed to European guidelines on

he ethical use of animals. The number of animals used as well as
heir suffering were minimized.

n situ hybridization (ISH)

mbryos were fixed in 4% paraformaldehyde/PBS and sectioned at
4-�m thickness. The mouse probe (498 bp) was amplified from
ouse cDNA using the following primers: forward 5=-CCCAACAG-
ATCATGAACTCA-3=; reverse 5=-CTGAGCTGACGCAG CTGAA-
=, corresponding to nucleotide 1705 to 2203 in the mouse Nedd9
DS. The chick probe was amplified from chick cDNA using the follow-

ng primers, forward 5=-ATGAAGTACAAGAATCTTATGGCAA-3=; re-
erse 5=-GTCTTTTGTCCTGTGTAG TTGA-3=, corresponding to nu-
leotide 1–1191 in the chick Nedd9 CDS. Plasmids containing spe-
ific probes for mouse or chicken Nedd9 were used to synthesize
igoxigenin-labeled antisense riboprobes according to the supplier’s

nstructions (Roche Molecular Biochemicals, Mannheim, Germany).
SH was performed as previously described (Hjerling-Leffler et al.,
005).

mmunohistochemistry and immunocytochemistry

ryoprotected tissue was sectioned at 14-�m thickness and
ounted on slides. Sections were processed as previously de-

cribed (Aquino et al., 2006). Primary antibodies specific to �-III-
ubulin (TuJ-1, mouse, IgG, 1 �g/ml, Promega Biotech AB, Swe-
en), Brn3a (mouse, IgG, 1:50, Chemicon, Millipore AB, Solna,
weden), HEF1 (Nedd9, 2G9, mouse, IgG, 1 �g/ml for mouse

issue and 2 �g/ml for chicken, Abcam, Cambridge, UK), Islet1
39.4D5, mouse, IgG, 11 �g/ml, Developmental Studies Hybrid-
ma Bank, DSHB, Iowa City, Iowa, USA), Sox2 (rabbit, IgG,
:3000, from Dr. Thomas Edlund, Umeå University, Sweden), Sox10
guinea pig, IgG, 1:1000, from Dr. Michael Wegner, University of
rlangen, Germany) and paxillin (mouse, IgG, 5.6 �g/ml, Upstate
nd mouse, IgG, 2.5 �g/ml, clone 349, BD Transduction Laborato-
ies, Stockholm, Sweden) were used. The secondary antibodies
ere Cy3, Cy2 and Cy5-conjugated (Jackson ImmunoResearch,
uffolk, UK). Immunocytochemistry was performed following pre-
iously published protocols (Aquino et al., 2006). For phalloidin
taining: cells were permeabilized with 0.1% Triton-X 100 (Merck,
hitehouse Station, NJ, USA; 10 min), washed and incubated
ith Alexa Fluor 546 or Alexa Fluor 647–phalloidin (Molecular
robes, Invitrogen Corporation, Carlsbad, CA, USA; 1:50 in PBS,
h, room temperature). Pictures were taken using a Zeiss LSM

10 confocal microscope. Measurements were obtained from pic-
ures, taken with same settings from sections that were simulta-
eously processed for immunohistochemistry (IHC). For quantifi-
ation purposes, 4.7 �m optical slice pictures (using an air 20�
bjective) were used. Only cells sectioned across their nuclei were

ncluded in the analyses. Optic density (OD) measurements were
btained using the ImageJ software (NIH) as follows: individual
ells were carefully scanned, at least twice, by manually moving the
ursor over the whole cell surface and maximum score obtained was
egistered for quantification. For in vivo cell counting, sections were
rst stained for Sox10 and Isl1 and the number of EGFP� cells was

etermined by counting the number of nuclei which were either s
ox10� or Isl1�. For this purpose, at least one slide with several
erial sections (every 5th section taken) per embryo was used and
nly sections through the core of migrating cells/dorsal root ganglion
DRG) were considered for quantification. Criteria of inclusion of
order DRG cells were as followed: Sox10� cells located within a
wo-cell-thick layer at the periphery of the DRG.

n ovo electroporation

or Nedd9 overexpression experiments, cDNAs encoding mouse
edd9 (Law et al., 1998) and enhanced green fluorescent protein

EGFP) were separately sub-cloned into an expression vector
riven by the chick actin promoter (pCA). Constructs were injected

nto the neural tube of either Hamburger/Hamilton stage (HHst)
0-11 or HHst13-14 chick embryos following published proce-
ures (Marmigere et al., 2006).

For loss-of-function experiments, naked siRNA constructs (1.5
g/�l) were electroporated in combination with the EGFP expression
ector (0.5 �g/�l). The siRNA sequences were as follows: Nedd9
iRNA 1, 5=-UCAACCAACAGAAGAUCUAUCAAGUGC-3= (MWG
iotech); and Nedd9 siRNA 2, 5=-AUUUAAGGGACUAAGCAUAC-
CUCC-3= (Invitrogen); corresponding to Nedd9 coding sequence

from NCBI database, accession # AF104246.1) starting from nucle-
tides 261 and 332, respectively. As control experiments, either
GFP alone (0.5 �g/�l) or in combination with a control (scramble)
iRNA (1.5 �g/�l; sequence: 5=-UCAACCAACAGAAGA UCUAU-
AAGUGC-3=; Invitrogen) was used. E3.5: n�5 Nedd9 siRNA 1.5
g/�l and control; n�3 Nedd9 siRNA 0.5 �g/�l. E4: n�3. E5: n�4.

n Nedd9 siRNA plus mouse Nedd9 overexpression experiment,
oth the construct and siRNA (1.5 �g/�l each) together with the
GFP construct (0.5 �g/�l) were co-electroporated (n�4); as
ontrol condition pCA empty vector (1.5 �g/�l) was used instead
f mouse Nedd9 full-length (n�4). For quantifications, only sec-
ions showing similar pattern and intensity of EGFP expression in
he neural tube including the roof plate, were considered. Around
0 sections were analyzed for each experimental condition. Elec-
roporation efficiency was 15% (measured in EGFP-electropo-
ated E4 chicken as proportion of targeted cells within the DRG).

hick neural tube explants

hick E3 (24 h after electroporation) neural tubes between, but
ot including, forelimbs and hind limbs were dissected, cut into
wo to three somite long pieces and cleaned of somites. Neural
ube explants were individually plated on 24-well plates coated
ith PDL and fibronectin (20 �g/ml, Sigma) in N2 medium sup-
lemented with B27, BDNF (50 ng/ml), bFGF (40 ng/ml) and
hicken embryo extract (0.5%, a generous gift from Dr. Hannu
ariola, University of Helsinky, Finland).

After 16–24 h, as indicated, cultures were either fixed or pro-
essed for NCC dissociation. After dissociation, NCCs were re-
lated at 3000 cells/well, in 24-well plates on coverslips coated with
ither PDL and laminin (10 �g/ml, n�3 wells), PDL alone or heat-
enatured laminin (10 �g/ml, 5= at 99 °C, n�3 wells/condition) in a
edium containing N2, B27 and all-trans retinoic acid (RA) (5 ng/ml).
fter 4 h, cultures were fixed and phalloidin or paxillin stained. A cell
as considered to have spread when a flattened morphology and at

east one process larger than its soma diameter was noted. The
preading area (or whole cell area) of EGFP co-transfected individual
ells was measured using the EGFP signal: for this purpose the
hreshold signal was increased to cover the whole cell surface (Im-
geJ software). For value calculations, the average area score ob-
ained from non-spread cells plated in PDL and denatured laminin
as subtracted from individual cell area values.

Density measurements of phalloidin and paxillin stainings
ere calculated by obtaining from confocal images (using 60�
bjectives; phalloidin: stack projections from five 1 �m optic sec-
ions; paxillin: single 1.25 �m thick optic sections) the immuno-

tained area value of individual cells and dividing it by total cell
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rea (assessed using EGFP staining, ImageJ software): cell
preading area: n�3 wells per condition; density of paxillin stain-
ng: n�6 Nedd9 siRNA, n�17 control siRNA; density of phalloidin
taining: n�7 Nedd9 siRNA, n�6 control siRNA; migratory in-
ex�[1/distance between each individual EGFP� cell leading
dge and the front of NCC migration as indicated by paxillin
taining, in arbitrary units; n�4 explants in Nedd9 siRNA; n�5
xplants in control].

oundary cap neural crest stem cell
bNCSC)–neurosphere migration assay

NCSC neurospheres were derived as previously described (Aquino
t al., 2006). Neurospheres were incubated with cDNAs for Nedd9 or
mpty cassette in combination with EGFP (1.5 �g each), cloned in
cDNA3 expression vector, overnight with Lipofectamine 2000 in
ptimem medium including factors contained in the neurosphere
ropagation medium (Aquino et al., 2006), according to manufactur-
r’s recommendations (Invitrogen Life Technologies, Carlsbad, CA,
SA). Spheres were then washed and placed in 24 well-plates
re-coated with PDL (50 �g/ml) and laminin (20 �g/ml) and incu-
ated overnight in N2, B27, GDNF (20 ng/ml), NGF (50 ng/ml) and
1-heregulin (50 ng/ml). Cells that migrated out from spheres were
uantified (n�9 spheres in EGFP; n�7 spheres in Nedd9).

NCSC-derived Schwann cell migration assay

chwann cells were derived from bNCSCs according to Aquino et
l. (2006). cDNAs for Nedd9 and EGFP or EGFP and empty
assette (1.5 �g each), cloned in pcDNA3 expression vector, were
lectroporated into Schwann cells according to Marmigere et al.
2006). Cells were plated at low density (5000 cells/well) in one
ateral compartment of Campenot chambers already placed into
2-well plates, pre-coated with PDL (50 �g/ml) and laminin (20
g/ml). Cells were cultured overnight using previously published
onditions (Aquino et al., 2006). Inner chamber limits were
arked, Campenot systems removed and plates returned to in-

ubator for 24 h. EGFP� cells that passed the inner limit of the
ompartment were counted. For statistical analyses, values ob-
ained were adjusted according to percentage of transfection ef-
ciency/proliferation rate whenever differences were found between
onditions. Migrating Schwann cells: n�3 wells Nedd9�EGFP; n�4
ells pcDNA3 empty vector�EGFP.

ouse neural tube explants and RA injection in
regnant females

ouse E9.5 neural tubes, between forelimbs and hind limbs, were
issected out, cut into two to three somite long pieces and cleaned of
omites. Neural tube explants were individually plated on 24-well
lates coated with PDL and fibronectin (20 �g/ml, Sigma) in N2
edium supplemented with B27, BDNF (50 ng/ml) and bFGF (40
g/ml).

After 10 h, culture medium was replaced by a defined medium
onsisting of Ham’s F-14 supplemented with glutamine, bovine se-
um albumin, progesterone, putrescine, L-tyroxine, sodium selenite,
riiodo-thyronine plus any of the following factors: all-trans RA (5 or
00 ng/ml, in DMSO, Sigma), citral (0.1 M, Sigma), BMP4 (50 ng/ml,
&D), noggin (100 ng/ml, R&D), FGF8 (25 ng/ml, R&D), Wnt3a (100
g/ml, R&D), Wnt5a (400 ng/ml, R&D), Shh (400 ng/ml, R&D),
nt3a plus BMP4 or none (control). N�4 explants per condition.
eural tube segments from same embryo were never treated with

he same factor. After 6 h, cultures were fixed and stained with
edd9 antibody. Pictures were taken using a Zeiss Axioplan 2 mi-
roscope (Germany), a ProgRes C14 CCD camera (Jenoptik/Jena,
ena, Germany) and Openlab software (Improvision Ltd., Coventry,
K). Up to 20 values of OD were obtained per explant from every
0th Nedd9�-cell, using the ImageJ software (NIH). Counting fol-
owed the same criteria in all cases. OD values were obtained as s
reviously described (see immunohistochemistry and immunocyto-
hemistry section) from regions wherein a single layer of cells could
e observed, avoiding areas in which cells were superposed (i.e. in
lose proximity to neural tube).

RA (60 mg/kg animal, in olive oil) was injected i.p. into preg-
ant females at 9.25 days of gestation. In the control condition a
imilar volume of oil was injected. Embryos (n�5 control; n�6 RA)
ere obtained and fixed 6 h after single injections. Tissue was
ectioned and immunostained for Nedd9 as described above.

Statistical analyses were carried out by applying Student
-test or Mann–Whitney test.

RESULTS

rapid and dynamic regulation of Nedd9 expression
n migrating multipotent Sox10� trunk NCCs

n order to identify molecules involved in NC migration, we
equenced mRNA transcripts from the early DRG. Nedd9
as identified and confirmed to be expressed in the trunk
eural tube of the mouse embryo at E9, at which point the
pithelium has adopted a pseudo-stratified aspect (data not
hown). Thereafter, expression of Nedd9 within the neural
ube was confined to the ventricular zone (Aquino et al.,
008). Between E9 and E9.5, both Nedd9 mRNA and protein
ere transiently expressed in the roof plate of the neural tube
hile NCCs were delaminating from this area (Fig. 1A, J and
ot shown). Shortly after NCC delamination, Nedd9 was
ownregulated from the roof plate (Fig. 1B, K). At E9.5–E10.5
edd9 mRNA and protein were still highly expressed in del-
minated NCCs, with a peak at trunk levels where somites
issociate into the dermomyotome and sclerotome, the de-
elopmental stage at which NCCs start migrating down
hrough the rostral half of the somite (Figs. 1C, D, K and
upplementary S1). All migrating Sox10� NCCs analyzed at
he dorsal neural tube in the trunk expressed Nedd9 at all
ime points analyzed. NCCs at a more ventral location of the
rospective DRG showed decreased Nedd9 expression with

evels below detection limit at the level of the ventral spinal
ord (Figs. 1C, E, K and supplementary S1C–F).

In migrating NCCs of the dorsal paraxial mesoderm and
n the early condensed DRG, Nedd9 mRNA (supplemental
ig. S1C–F) and immunoreactivity (Fig. 1) were almost ex-
lusively present in Sox10� NCCs (percent Sox10� cells
xpressing Nedd9; paraxial mesoderm: 97.35%�1.57%,
�4; early condensed DRG: 93.56%�1.86%, n�8). Sox10
arks multipotent NCCs (Kim et al., 2003). Nedd9� cells in

he condensed ganglion were primarily “border cells” which
re located at the periphery of the nascent ganglion and
nown to retain multipotency (Montelius et al., 2007)
81.44%�2.69% of Nedd9� cells were located within a two
ell layer of the DRG perimeter, n�7; Fig. 1G, I, L). Isl1�/
rn3a�/Foxs1�/Sox10- post-migratory and neuronally com-
itted progenitor cells of the DRG were negative for Nedd9
xpression (percent Isl1� cells lacking expression of
edd9; 98.75%�1.25%, n�8; Fig. 1G, I and not shown).
t E12.5, when the NCCs are committed to either glial or
euronal fates in the ventral migratory pathway, Nedd9
as no longer expressed in the neural crest/neural crest-
erived cells (Aquino et al., 2008). A similar developmental

equence of Nedd9 expression in NCCs was observed in the
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hick (supplementary Fig. S1G, H). Based on these results,
e conclude that Nedd9 is expressed in delaminating and
migrating NCCs of the ventral migratory pathway and in
ost-migratory multipotent Sox10� NCCs of the DRG.

ttenuation of Nedd9 expression results in reduced
runk NCC number and migration deficits

o examine the involvement of Nedd9 on NCC migration in
ivo, we electroporated chick embryos with Nedd9 siRNA
n ovo and analyzed them at E3.5 (1.5 days after electro-
oration). The efficiency of the siRNA construct in knock-

ig. 1. Expression pattern of Nedd9 in the roof plate and in migrating
o more rostral levels of the trunk (C) immunostained for Nedd9 (red) a
n (A) but not in (B). Arrowhead in A: delaminating NCCs, emerging fr
omite level of the trunk. Arrows in C: NCCs, at the somite dissocia
igrating NCCs at the ventral neural tube level. (D) Quantitative data s

omite or dermomyotome; n�44 and 17, respectively; intensity values
ncluded in the analysis; data are represented as mean�SEM; *** P�
mmunostained caudal trunk E10.5 mouse embryo section showing
ownregulated when cells reach levels of the ventral neural tube (cu
ections taken from (F) lumbar (showing migrating NCCs) or (G, H) thor
blue) and FoxS1 (green). Curved arrows in (F, G) indicate Sox10– tha
ox10 expression contain low Islet1 levels. (J–L) Schematic representa
cale bars�10 �m A, B, F; C, E, G-I, 20 �m.
ng down Nedd9 was assessed in vivo by immunohisto- H
hemistry (Fig. 2). Similar results were observed by ana-
yzing Nedd9 mRNA levels with ISH (data not shown).
urther confirmations of siRNA specificity were determined
y applying a second independent Nedd9 siRNA which
esulted in similar phenotype and by gain of function res-
ue through co-electroporation with a mouse Nedd9 over-
xpression construct.

Chick embryos were first electroporated into the trunk
egion at HHst13-14, before NCCs emigration. Loss of
edd9 function caused a marked reduction in the number
f delaminated EGFP� NCCs (31% of control; Fig. 3A–C).

–C) Sections taken from E9.5 mouse embryos from more caudal (A)
0 (green). Asterisks: the dorsal roof of the neural tube express Nedd9
eural tube. Arrows in A and B: early migratory NCCs at the epithelial
level, migrating down through the sclerotome. Curved arrows in C:
hanges in Nedd9 expression between different trunk levels (epithelial
nd to a scale from 1 to 250; all Sox10� cells present in sections were
ann–Whitney test). (E) Nedd9 (red), Sox2 (green) and Sox10 (blue)
dd9 protein is expressed in migrating NCCs (arrowheads) but is

ws). (F–H) Images of Nedd9 (red) and Sox10 (blue) immunostained
l levels. (I) Adjacent section to G immunostained for Islet1 (red), Sox10
duced Nedd9 expression levels. Arrowheads in I: cells with decreased
namics of Nedd9 expression in NCCs. NT: neural tube; RP: roof plate.
NCCs. (A
nd Sox1
om the n
tion axial
howing c
correspo
0.0001, M

that Ne
rved arro
acic axia
t show re
owever, this phenotype was only found at hind limb levels
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f the trunk. We therefore performed the same analysis
n chicken embryos electroporated at an earlier stage
HHst10-11) confirming a defect in EGFP� delaminated
CCs also at more rostral levels of the trunk (data not
hown), indicating a direct correlation between the rostro-
audal developmental timing and a time-dependent effect
f Nedd9 depletion on NCCs delamination. In addition,
edd9 depletion did not affect apoptosis in transfected
CCs, as assessed by the lack of activated caspase-3

mmunostaining in EGFP� cells at NC level in Nedd9
iRNA condition at HHst16-18 (15–25 h after electropora-
ion at HHst10-11) (data not shown). Furthermore, in em-
ryos transfected with Nedd9 siRNA, a striking accumula-
ion of EGFP� cells at the dorsal neural tube was observed
t E3.5, with some of them expressing Sox10, a phenotype
ever observed in the control condition (Fig. 4). Collec-
ively, our data suggest that downregulation of Nedd9 in
he NC leads to a decrease in the ability of NCCs to
elaminate and further emigrate from the dorsal neural
ube.

The role of Nedd9 in neural crest migratory ability was
nalyzed at the hind limb level of the trunk from E3.5
hicken embryos. The number of transfected EGFP�

CCs per section that were able to reach at least the
orsal edge of the prospective DRG was measured and
ormalized to the total number of delaminated EGFP�

CCs in the same section (Fig. 3D). Nedd9 siRNA caused
marked reduction in the number of EGFP� migrating

CCs to nearly one third of control conditions. A second
ndependent Nedd9 siRNA construct confirmed the spec-
ficity of these effects (data not shown).

We next explored the functional consequences of dif-
erent levels of Nedd9 expression during development on
eural crest development. Nedd9 levels were reduced by
lectroporating Nedd9 siRNA at different concentrations
0.5 and 1.5 �g/�l) and embryos were analyzed at the hind
imb region of the trunk. Nedd9 siRNA dose-dependently
educed the number of EGFP� delaminated NCCs at E3.5
Fig. 3H). Consistently, Nedd9 siRNA also induced a dose-
ependent reduction in NCC migration as noted by the

ower percentage of EGFP� cells that were able to reach

ig. 2. Nedd9 siRNA downregulates Nedd9 protein expression in vivo
control; A) or EGFP�Nedd9 siRNA (siRNA; B) and embryos were
ransfected NCCs from regions just rostral to the hind limb axial lev
ondensing DRG (arrows). Arrowhead in B: one siRNA-EGFP co-tran
C) Quantification of Nedd9 immunoreactivity (IR) in EGFP� migrating
t least the dorsal DRG (Fig. 3I). w
In order to address whether Nedd9 expression would
e required for early migration of NCCs we exploited the
act that at the time of transfections, HHst13-14, NCC
elamination is not affected at trunk levels rostral to the
ind limbs. NCC migration was studied in vitro by explant-

ng E3 neural tubes (transfected at HHst13-14) taken from
runk regions between fore- and hind limbs. The NCCs
ere cultured in a medium favoring maintenance of undif-

erentiated NCCs; nevertheless, inclusion in the analysis of
ome cells undergoing early stages of differentiation can-
ot be excluded. Nedd9 siRNA targeted NCCs migrated
ignificantly less than control cells in all explants analyzed
t 24 h in vitro (Fig. 3E–G). Neural tube explants kept for 3
ays in culture were consistent with the deficiency in mi-
ration of Nedd9 siRNA-targeted NCCs (average distance
f migration; control siRNA: 216.7�17.14 �m vs. Nedd9
iRNA: 148.0�6.92 �m; n�7, P�0.0013, t-test). The num-
er of EGFP� cells that migrated out from neural tube ex-
lants was similar between conditions (control: 177.0�18.03,
iRNA: 148.8�19.45; n�7, P�0.4036, t-test).

reduction in Nedd9 activity affects NCC spreading,
dhesion and cytoskeleton properties

as family proteins have been proposed to act as scaf-
olding proteins participating in the assembly of focal
dhesions and cytoskeleton dynamics (O’Neill et al.,
000). To examine the impact of Nedd9 on NCC mor-
hology, adhesion and cytoskeleton properties, Nedd9
iRNA was introduced in the chick by in ovo electropo-
ation and transfected cells were identified by EGFP
xpression. NCCs migrating from either Nedd9 or con-

rol siRNA electroporated chick neural tube explants
ere dissociated and re-plated at low density on laminin

a ligand for integrins), poly-D-lysine (PDL) or denatured
aminin (which is unable to act as a ligand for integrins)
nd kept in culture for 4 h. To exclude effects of cell– cell

nteractions, cells found within one cell distance were
xcluded in the analysis. In both experimental and con-

rol siRNA conditions, about 70% of cells were found to
pread when plated on laminin whereas this proportion

4 chick were electroporated in ovo with either EGFP�control siRNA
36 h later (E3.5). Nedd9 downregulation was confirmed in siRNA-
s), when compared to control-transfected NCCs in dorsal areas of
CC shows normal levels of Nedd9 expression. Scale bars�10 �m.

n control and siRNA Nedd9 conditions; *** P�0.001, t-test.
. HH13-1
collected
els (arrow
sfected N
as significantly reduced to 10%–15% when plated on PDL
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r denatured laminin (Fig. 5A, B). There was no significant
tatistical difference between the percentage of spread cells

ig. 3. Nedd9 knockdown results in reduction of NCC number and decr
ections at the hind limb level of chick embryos electroporated with Nedd9
red). Arrows indicate similar dorso-ventral levels in migrating NCCs for b
er section in control or Nedd9 siRNA conditions (C), and percentage of E
umber of EGFP� NCCs in each condition (“migrating NCCs”; D). (E, F)
CCs were fixed after 24 h in vitro and stained for paxillin (red). Distance
ells) was significantly reduced when compared to control (nt: neural tub
hanges in migratory index of the transfected NT/NC cells (see Experime
ata showing the effect of different doses of Nedd9 siRNA (0.5 �g/�l or 1
umber of EGFP� NCCs per section per condition is shown as percentag
he dorsal DRG, shown as percent of control. Note that NCC number (H)
sed. All in vivo quantifications were done from sections at the hind limb l
�0.001. ** In (G, I) t-test; Mann–Whitney test in all other comparisons.
f Nedd9 siRNA and control siRNA conditions (laminin: t
�0.59; PDL: P�0.25; denatured laminin P�0.12, t-test).
owever, the area of spreading was significantly reduced in

gration. (A, B) Representative images taken from E3.5 transversal trunk
GFP (B) or control siRNA�EGFP (A), stained for Sox10 (blue) and Islet1

s. (C, D) Quantitative data showing total number of EGFP� NCCs found
C which have reached the prospective DRG level, normalized to the total
RNA and control electroporated chicken neural tube explants containing
by Nedd9 siRNA targeted EGFP� NCCs (including some transfected NT
uantitative data obtained from neural tube explant experiments showing
dures) between control and Nedd9 siRNA conditions. (H, I) Quantitative

in NCC behavior in vivo at E3.5 after in ovo electroporation. (H) The total
ol; (I) percentage of “migrating EGFP� NCCs,” which were able to reach
ation (I) deficiencies are strongest at the highest levels of Nedd9 siRNA
e trunk. * Vs. Control; § vs. siRNA 0.5 �g/�l. *§ P�0.05; **§§ P�0.01; ***
represented as mean�SEM. Scale bars�20 �m A, B; E, F 50 �m.
eased mi
siRNA�E
oth figure
GFP� NC
Nedd9 si
migrated
e). (G) Q
ntal Proce
.5 �g/�l)
e of contr
and migr

evel of th
he Nedd9 siRNA condition (Fig. 5A, C), suggesting that
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edd9 is required for cells to efficiently spread in an integrin-
ependent context.

To further explore the role of Nedd9 in NCC morphol-
gy and adhesion properties, we examined for the depen-
ence of actin and paxillin expression profile on Nedd9.
he density of both phalloidin binding to actin and paxillin
as decreased in Nedd9 siRNA targeted NCCs compared

o the control condition (Fig. 6A, B). In addition, Nedd9
iRNA-targeted NCCs were often lacking thick phalloidin�

tress fibers which are normally seen as straight bundles
f microfilaments crossing the cell body (Fig. 6F–H) (Pel-

egrin and Mellor, 2007), and were observed in a significant
roportion of control NCCs (Wright et al., 1988) (Fig. 6C–
). These are believed to be essential for changes in cell
orphology during migration (Hotulainen and Lappa-

ainen, 2006). It seems likely that the absence or decrease
n the number of stress fibers in Nedd9 knockdown condi-
ion is the main cause of the observed decrease in phal-
oidin density. Unlike Nedd9 siRNA-targeted cells, control
iRNA cells often extended elaborated cellular protrusions
Fig. 6C–L). We have then analyzed further differences in
he migratory phenotype of NCCs between the control
control siRNA, n�31) and the Nedd9 loss-of-function

ig. 4. Alterations in Nedd9 siRNA-transfected dorsal neural tube
issue suggest NCC delamination defects. (A, B) Representative
GFP-DIC images from control (A) and Nedd9 loss-of-function (B)
hick embryos (at E3.5) showing appearance of cell clusters extruding
orsally from Nedd9 siRNA-targeted neural tubes (dashed lines in B).
C) A confocal microscope projection image in the X, Y and Z-axes
howing Sox10� (red) NCCs present in cell clusters in the dorsal
eural tube. Scale bars�20 �m A, B; C, 10 �m.
Nedd9 siRNA, n�25) conditions, by applying a previously
P
D

escribed method based on NCC morphological criteria
fter phalloidin staining (migratory cells, i.e. polarized cells
ith a leading lamella and rearward positioned nucleus:
1.29% vs. 28%; ambiguous cells, i.e. cells that were not
ymmetrically spread but with no clear axis of migration:
5.48% vs. 20%; stationary cells, i.e. symmetrically spread
ells with a central nucleus, circumferential lamella or ring
f filopodia: 3.23% vs. 52%, respectively, control vs.
edd9 siRNAs) (Strachan and Condic, 2003). Combined,

hese results demonstrated that Nedd9 is necessary for
fficient NCC spreading in an integrin-dependent context
nd suggest that Nedd9 participates in the dynamics of
ocal complexes and actin filaments required for cytoskel-

ig. 5. Integrin ligands and Nedd9 are both required for an efficient
CC spreading. (A) Photomicrographs of NCCs receiving control or
edd9 siRNA plated onto laminin (“Lam”) (an integrin ligand) or PDL or
enatured laminin (“denat Lam”) (non-ligands for integrins). Confocal

mages were acquired at 0.8 �m optical slices through the entire depth
f cells and reconstructed on the Z-plane (small images on top of each
–Y plane image). (B) Quantification of the number of cells that
pread. (C) Quantification of the cell spread area in arbitrary units (au).
he spreading area of Nedd9 siRNA-targeted cells was significantly
educed when compared to control siRNA-transfected cells. (B) **

�0.01, t-test, vs. laminin. (C) ** P�0.01, t-test, vs. control siRNA.
ata are represented as mean�SEM. Scale bars�10 �m.
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ton remodeling and cell motility (DeMali and Burridge,
003; Ridley et al., 2003). These cytoskeletal and morpho-

ogical changes may contribute to the failure of NC delami-
ation and early migration when Nedd9 expression is
ownregulated.

levated expression of Nedd9 causes increased
igration of trunk NCCs

o confirm a dose-dependent effect of Nedd9 activity in
CCs, we next examined whether Nedd9 overexpression

nfluences migration. We have previously shown that co-
lectroporation of EGFP and RFP vectors results in 95% of
ells co-expressing both proteins (Marmigere et al., 2006).
hicks were electroporated with an expression construct for

he mouse full-length Nedd9 together with EGFP (Nedd9) or
ith EGFP alone (EGFP) as control, and migrating NCCs
ere analyzed 48 h later (E4). As mentioned above, NCCs
ontributing to sympathetic neurons and Schwann cells of the
keletal nerves, migrate earlier and a longer distance than
hose of the sensory lineage (Fig. 7). The total number of
igrated EGFP� cells of the ventral migratory pathways

DRG�nerve trunks�sympathetic ganglia) did not signifi-
antly differ between the control and the experimental condi-
ions (Nedd9: 61.66�17.95; control: 68.81�21.99; n�3,
�0.6852, t-test). Significantly more EGFP� prospective
chwann and sympathetic cells and fewer EGFP� DRG cells
ere found after Nedd9 overexpression (Fig. 7B, D, F, G)
hen compared to the control condition (Fig. 7A, C, E, G).
hese results suggest that increased or maintained Nedd9
xpression leads to enhanced migration in cells that would
therwise have contributed to the DRG.

It is worth noting that the EGFP� neuronal-to-nonneu-
onal ratio was unaffected by Nedd9 overexpression in the
RG (Fig. 7H), a phenotype also obtained in the Nedd9
iRNA condition when compared to the control condition
P�0.05), suggesting that Nedd9 does not seem to be
nvolved in NCC fate determination.

We next addressed whether Nedd9 overexpression
ould rescue the migration defects observed following
ndogenous Nedd9 depletion. Embryos were electropo-
ated with Nedd9 siRNA and a mouse Nedd9 expression
onstruct or with Nedd9 siRNA and empty vector, as
ontrol. At 48 h after electroporation, overexpression of
edd9 rescued the migratory deficit in the Nedd9 siRNA
ondition (percentage of cells which migrated farther
han DRG levels: control, 16.1�5; Nedd9, 40.2�5.9;
edd9� Nedd9 siRNA, 25�5.82; empty vector�Nedd9
iRNA, 10.12�3.64. Nedd9 siRNA�empty vector vs.
edd9 siRNA�Nedd9, P�0.007; control vs. Nedd9
iRNA�empty vector, P�0.03). In contrast, the de-
reased number of delaminated NCCs observed in the
edd9 siRNA condition could not be rescued by mouse
edd9 exogenous expression. Our Nedd9 expression
attern analysis indicates that Nedd9 is first present in

epleted cells show this feature. (I–L) Representative photomicro-
ig. 6. A reduction of Nedd9 levels results in deficits of focal com-
lexes and actin cytoskeleton. Chick NCCs electroporated with control
r Nedd9 siRNA were plated onto the integrin ligand laminin and fixed
h after plating for cell adhesive property studies. (A, B) Quantitative

ata showing differences in density of phalloidin reactivity (A) or pax-
llin staining (B) between control and Nedd9 siRNA conditions. Density
f staining has been normalized to the total cell area and is expressed
s percentage of control siRNA. * P�0.05, t-test. Data are represented
s mean�SEM. (C–H) Representative pictures showing phalloidin
taining (red) in control (C–E) or Nedd9 (F–H) siRNA-transfected
raphs showing paxillin staining (red) in control (I, J) or Nedd9 (K, L)
iRNA-transfected NCCs. Scale bars�5 �m.
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ells of the NC lineage coincident with NC delamination.
iRNA treatment may therefore eliminate the onset of

ig. 7. In vivo Nedd9 overexpression increases migration of trunk NC
edd9�EGFP (B, D, F) and fixed 48 h later (E4). Trunk sections we
GFP� cells were found in both the spinal nerves (arrows in B; arrow
ontrol. (G) Quantitative data showing the percent of transfected EGFP
n sympathetic chain (S), for both Nedd9 overexpressing (Nedd9) an
ercentage of transfected cells in DRG that were Islet1� (neuronal pr
ontrol conditions; t-test. Data are represented as mean�SEM. Scale
edd9 expression while the maximal levels following d
verexpression occur approximately 24 h after delivery.
ence, the rescue by overexpression of Nedd9 of later

) Chicks were in ovo electroporated with EGFP (control; A, C, E) or
d for Sox10 (red) and Islet1 (blue). In Nedd9 gain-of-function, more
C, D) and sympathetic ganglia (E, F; arrowheads) when compared to
resent in DRG, along the nerve (prospective Schwann cells�SC) and
(EGFP) conditions. ** P�0.01, t-test. (H) Quantitative data showing
) or Sox10� (glial�NCC multipotent progenitors) in experimental and

�m A, B; C–F 20 �m.
Cs. (A–F
re staine

heads in
� cells p

d control
ogenitors
evelopmental roles, but not of delamination, may re-
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ect temporal aspects related to the experimental pro-
edure.

The effect of forced expression of Nedd9 on migra-
ion was also examined in vitro both in mouse bNCSC
eurosphere and bNCSC-derived Schwann cell cultures
Aquino et al., 2006). In the gain-of-function condition,
omparing EGFP� to control cells, significantly more
eural crest stem cells and Schwann cells migrated from
eurospheres and from a Campenot chamber, respec-
ively (Fig. 8). Thus, we can conclude from these results
hat forced expression of full-length Nedd9 in NCCs and
eural crest– derived Schwann cells increases their mi-
ration also in the mouse.

edd9 expression in NCCs is regulated by RA

n order to identify the signals inducing Nedd9 expres-
ion, NCCs migrating out from mouse neural tube ex-
lants were exposed for 6 h to a number of candidate
actors known to be produced at the time and location of
igrating NCCs (RA, FGF8, Wnt3a, Shh, BMP4, Wnt5a,
nt3a�BMP4 and Noggin; Fig. 9). Of all factors tested,
A produced the most robust and dose-dependent up-

egulation of Nedd9 expression (Fig. 9A, B, D). Consis-
ently, inhibition of RA biosynthesis by incubation with
itral (Kikonyogo et al., 1999; Song et al., 2004) led to
arkedly decreased levels of Nedd9 (Fig. 9C, D). In
rder to confirm that Nedd9 expression was regulated by
A in vivo, RA was injected into pregnant mouse fe-
ales at 9.25 days of gestation and embryos were
nalyzed 6 h later. A statistically significant increase in
edd9 immunoreactivity was observed in NCCs upon
A treatment when compared to the control condition

ig. 8. In vitro overexpression of Nedd9 increases migration of bNCSCs
nd bNCSC-derived Schwann cells. (A) bNCSC-neurospheres were
lated onto laminin after overnight transfection with EGFP�Nedd9 ex-
ression vector (Nedd9) or with EGFP�empty expression cassette
EGFP). No significant differences in transfection rate were found be-
ween conditions (P�0.1480; t-test). Significantly more EGFP� bNCSCs
igrated out from the neurospheres in Nedd9 overexpressing condition
hen compared to control. (B) bNCSC-derived Schwann cells were dis-
ociated from differentiation cultures and electroporated with EGFP and
mpty expression cassette (EGFP) or EGFP and Nedd9 expression
ector (Nedd9). Schwann cells were plated into one chamber of Campe-
ot systems placed in 12 well plates, after cell sedimentation inner cham-
er limits were marked, the system was removed and cells were kept for
0 h in culture. Significantly more EGFP� Schwann cells crossed the
hamber limits in Nedd9 overexpressing condition when compared to
ontrol. * P�0.05; t-test. Data are represented as mean�SEM.
Fig. 9E–G). p
DISCUSSION

n the neural crest, as well as in the developing brain, the
nset of cell migration is timed with extracellular cues
etermining the path of migration (Lopez-Bendito et al.,
006; Shah et al., 1996). Significant advances have been
ade in recent years in understanding how extracellular

ues with attractive/repulsive properties determine cell mi-
ration. In the present work, we propose that the ability of
CCs to migrate is regulated by changes in their respon-
iveness to ECM. NCCs are known to remain clustered at
he level of the dorsal neural tube for several hours before
hey start migrating down through the anterior half of the
clerotome (Erickson and Perris, 1993). Ca2� dependent
ell–cell adhesions through cadherins were found to be

nvolved in keeping pre-migratory NCCs clustered and to
revent their migration (Newgreen and Gooday, 1985).
onier-Gavelle and Duband showed that a raise in intra-

ellular Ca2� levels, likely due to integrin activation, is able
o trigger intracellular signaling events through serine–
hreonine kinases which in turn mediate both prevention of
ntercellular contacts through cadherins and release from
he ECM, thus promoting NCC migration (Monier-Gavelle
nd Duband, 1997). This signaling was found to be mod-
lated by tyrosine kinases and phosphatases (Brennan et
l., 1999; Monier-Gavelle and Duband, 1995). Neverthe-

ess, key signaling molecules involved in these pathways
ave been unexplored. In the present study, we describe
he expression of Nedd9, a member of the Cas family
roteins which can be phosphorylated by serine–threonine
inases after cell adhesion (O’Neill et al., 2000; Zheng and
cKeown-Longo, 2006) and modulated by tyrosine kinases
nd phosphatases (Cote et al., 1998; Manie et al., 1997), in
remigratory and migratory NCCs. In addition, by means of in
itro and in vivo experiments we present evidence that Nedd9
xpression levels, controlled by RA, participate in determin-

ng the migratory properties of NCCs. Thus, Nedd9 appears
ikely to be an important intracellular scaffolding molecule
etermining responsiveness to extracellular cues which in

urn determine NCC migration. Our data indicate that Nedd9
s present in limiting quantities since overexpression results in
nhanced migration. Therefore, dynamic changes in Nedd9
xpression levels might result in functional consequences on
CC migration in vivo.

role for Nedd9 in NCC delamination and early
igration

elamination of NCCs and their emigration from the dorsal
eural tube represent critical processes in which premigratory
CCs undergo changes in cell shape and cell–cell interac-

ions and acquire the ability to properly interpret extracellular
ues before initiating their dispersion through the embryo.

The results shown here suggest that Nedd9 activity is
nvolved in the delamination and early migratory events of
CCs. Nedd9 was found to be expressed in the neural
orsal roof at the time of NCC delamination. Nedd9 ex-
ression is gradually induced in delaminating NCCs. Inter-
stingly, Nedd9 expression in NCCs remains highly ex-

ressed at the axial level at which the somites differentiate
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ig. 9. RA induces Nedd9 expression in NCCs. (A–D) Mouse neural tube (NT) explants containing NCCs were kept overnight in proliferation medium
see Experimental Procedures) and thereafter exposed for 6 h to different signals known to be present in the trunk during NCC migration. (A–C)
epresentative pictures taken from Nedd9 immunostained (red) explants pulsed with all-trans RA, citral or without addition of any of them (control).

D) Quantitative data showing levels of Nedd9 expression in NCCs (without excluding some NT cells) after 6 h of incubation with different indicated
actors in vitro. (E, F) Nedd9 expression (red) in sections of E9.5 mouse embryos exposed in vivo to exogenous RA for 6 hours (F) or vehicle (control,
). (G) Quantitative data of Nedd9 levels after in vivo exposure of embryos to RA. Values in D and G correspond to Nedd9 immunostaining intensity

scale: 1–250). * Vs. control; § vs. FGF; � vs. Wnt3a; ƒ vs. RA low and Shh. *ƒ P�0.05; **�� P�0.01; ***§§§ P�0.001; t-test. Data are represented as

ean�SEM. Scale bars�25 �m A–C; D, E 20 �m.
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nto the sclerotome and dermomyotome, and at the dorsal
spects of the dermomyotome, suggesting that Nedd9
ight be implicated in facilitating NCC migration down

hrough the sclerotome. At the stages analyzed, including
arly stages of NCC delamination and migration (E9–
10), we were unable to find any section showing signifi-
ant numbers of Sox10�/Nedd9- cells. Upon NCC migra-
ion through the sclerotome, Nedd9 expression was found
o decrease and eventually disappear in NCCs as well as
n neuronal and glial progenitors. Because virtually all mi-
ratory NCCs were found to express Nedd9 at the dorsal
eural tube, this result implies that sympathetic progenitors
nd ventrally migrating Schwann cell precursors down-
egulate Nedd9 once migrating ventrally beyond the neural
ube. Nedd9 was found to be expressed dorsally to the
oalescing DRG. Thus, Nedd9 downregulation in neuro-
ally committed progenitors might be linked to their limited
igratory capacity and likely contributes to DRG conden-

ation (Ma et al., 1999; Montelius et al., 2007). Altogether,
he temporal and spatial expression patterns of Nedd9
uggest that this signaling protein might play a critical
unction during neural crest delamination and early migra-
ion through the dorsal part of the embryo. The lack of
edd9 expression in NCCs ventral to the DRG implies the

nvolvement of other Nedd9-independent mechanisms for
igration beyond the neural tube of NCC progenitors of

ympathetic and Schwann cell lineages.
To directly assess the role of Nedd9 in neural crest del-

mination and migration, we used a combination of loss- and
ain-of-function approaches. The dose-dependent reduction

n Nedd9 expression in NCCs in vivo resulted in a graded
eficiency of NCC delamination and migration. The rescue by
orced expression of a mouse Nedd9 cDNA provides evi-
ence for the specificity of the knockdown strategy. These in
ivo findings were corroborated by analyzing NCCs migration
sing an in vitro neural tube explant assay, in which depletion
f Nedd9 expression in NCCs was shown to induce a signif-

cant loss of NCC migratory properties.
Nedd9 is a scaffolding protein which localizes to focal

dhesions upon integrin activation (Fashena et al., 2002;
’Neill et al., 2000). The correct balance of cell adhesive-
ess and detachment by actin cytoskeleton and focal ad-
esion dynamics is required for cell migration (Giannone et
l., 2007). We found that the reduction in Nedd9 levels in
CCs reduced F-actin and paxillin densities of staining.
his is likely to contribute to the significant reduction in cell
preading we demonstrate in Nedd9 deficient cells. Nedd9
ight therefore participate in the formation of focal adhe-

ions and the assembly of actin fibers in NCCs, which are
nown to be required for NCC migration.

Consistent with the knockdown phenotype, overexpres-
ion of Nedd9 in vivo resulted in alterations in the NCC
igration. Indeed, forced expression of Nedd9 in delaminat-

ng and migrating NCCs increased the proportion of cells
ontributing to the sympathetic ganglion and nerves at the
xpense of DRG cell numbers. These results suggest that
edd9 overexpression in NCCs increases migration resulting

n a shift towards more distant homing sites (e.g. sympathetic

anglion and nerves). This conclusion was supported by in s
itro experiments. The fact that Nedd9 was also shown to
ncrease migration capacity in cells which have already
ownregulated endogenous protein levels, i.e. Schwann
ells, supports a role for Nedd9 in rendering cells sensitive to
xtracellular cues stimulating cell migration. Taken together,
ur results suggest that a dynamic regulation of Nedd9 ex-
ression is important for NCC migration.

rapid and dynamic regulation of Nedd9 expression
y RA

edd9 was found to be induced in NCCs in close proximity
o the dorsal lip of the dermomyotome and to be rapidly
ownregulated as migrating cells reach levels of the ven-
ral neural tube. This observation suggested that signals
rom the dermomyotome might be involved in the induc-
ion/regulation of Nedd9 expression. A number of signaling
actors have been described in the trunk, including RA
Haselbeck et al., 1999), fibroblast growth factors (Karaba-
li et al., 2002), BMP, Wnt, Noggin (Marcelle et al., 1997)
nd Shh (Echelard et al., 1993). In our studies, the ability
f these factors to induce and/or modulate Nedd9 expres-
ion was assessed using mouse neural tube explants.
mong the different signals inducing Nedd9 (RA, FGF,
nt and Shh), RA appeared to be the best inducer. The

ownregulation on Nedd9 expression by inhibition of RA
ignaling further supports a specific role for RA as an

nducible/regulatory factor of Nedd9, which is consistent
ith previous studies (Merrill et al., 2004).

Retinaldehyde dehydrogenase type 2 (RALDH-2), a
ajor RA generating enzyme, is expressed in the somites
t the time of NCC migration (Blentic et al., 2003; Hasel-
eck et al., 1999). Furthermore, Raldh2 mRNA expression
eaks at the axial level in which somites dissociate into
ermomyotome and sclerotome (Haselbeck et al., 1999).
his coincides with the NCCs’ onset of migration through

he rostral half of the somite (Erickson and Perris, 1993;
hoval et al., 2007; our results), strengthening the view

hat Nedd9 expression in NCCs is under the control of RA.
n agreement with this, the Nedd9 promoter contains an
A response element (RARE) that interacts with the RA

eceptor (Merrill et al., 2004).
Combined, the data presented here support a model

hereby dynamic regulation of Nedd9, along the dorso-
entral axis by RA produced in the dermomyotome, or-
hestrates NCC migration. In light of our data, it is con-
eivable that some of the phenotypes described for NCC-
erived structures in conditions of vitamin A or retinoid

nsufficiency (Dickman et al., 1997; Lohnes et al., 1995)
ight be explained by deficiencies in Nedd9 expression

evels required for NCC migration.
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upplementary data

upplementary data associated with this article can be found, in
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