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SUMMARY

The neural crest is a migratory cell population that gives like phenotype and suppresses interneuron differentiation.
rise to multiple cell types in the vertebrate embryo. The Cells that ectopically express Foxd3 upregulate HNK1 and
intrinsic determinants that segregate neural crest cells Cad7, delaminate and emigrate from the neural tube at
from multipotential dorsal progenitors within the neural multiple dorsoventral levels. Foxd3 does not induce Slug
tube are poorly defined. In this study, we show that the and RhoB, nor is its ability to promote a neural crest-like
winged helix transcription factor Foxd3 is expressed in phenotype enhanced by co-expression of Slug. Together
both premigratory and migratory neural crest cells. Foxd3 these results suggest Foxd3 can function independently of
is genetically downstream of Pax3 and is not expressed in Slug and RhoB to promote the development of neural crest
regions of Pax3 mutant mice that lack neural crest, cells from neural tube progenitors.

implying that Foxd3 may regulate aspects of the neural

crest differentiation program. We show that misexpression  Key words: Winged-helix genes, Foxd3, Neural crest specification,
of Foxd3 in the chick neural tube promotes a neural crest- Neural tube development, Chick, Mouse

INTRODUCTION progenitors from multipotent precursors in the dorsal neural
tube are largely unknown. One candidate for neural crest
The neural crest is a specialized population of cells thaletermination is the helix-loop-helix transcription factor 1d2,
delaminate from the dorsal neural tube, migrate into thevhich is able to convert epidermal cells to a neural crest cell
periphery and differentiate into multiple cell types, includingfate, when ectopically expressed in cranial regions of the
neurons and glia within the peripheral nervous systenembryo (Martinsen and Bronner-Fraser, 1998). However, 1d2
melanocytes, cardiac muscle, endocrine cells and chondrocytespression is restricted to cranial neural crest, and neural crest
(Le Douarin, 1982). Neural crest cells are generated frordefects have not been described in 1d2 null mice (Martinsen
uncommitted progenitors in the dorsal neural folds and neurand Bronner-Fraser, 1998; Yokota et al., 1999). The zinc-finger
tube, a region that also gives rise to roof plate cells and dorsmanscription factor Slug is also transiently expressed in neural
interneuron cell types (Anderson, 1989; Lee and Jessell, 199%)est cells. There is evidence that Slug regulates neural crest
Recent studies have shown that signals from the ectoderm adelamination and migration iXenopusand chick embryos
the non-axial mesoderm, such as the BMPs, Wnts and FGHYieto et al., 1994; LaBonne and Bronner-Fraser, 1998;
induce the expression of dorsalizing genes in the neurédlaBonne and Bronner-Fraser, 2000). However, the role of
plate/tube, initiating a transcriptional cascade that specifieSlug in neural crest formation is not definitive, as neural
early dorsal cell types (LaBonne and Bronner-Fraser, 19993rest migration can occur in the absence of Slug expression
Several transcription factors are expressed in the dorsal neu(8kelleck et al., 1998; Sela-Donenfeld and Kalcheim, 1999).
tube and are induced in response to Wnt- and BMP-dependdrfrthermore, although Slug misexpressioX@mopudeads to
signaling (Lee and Jessell, 1999). These include Pax3, Pax@panded expression of neural crest markers, this expression is
Msx1/2 and Zicl-Zic3, all of which have been implicated inlimited to the dorsal neural folds, thus arguing that additional
the development of neural crest cells but are also expresseddarsally restricted factors specify neural crest cell fate
progenitors that give rise to dorsal interneurons (Epstein et a{l,aBonne and Bronner-Fraser, 2000).
1991; Goulding et al., 1993; Bang et al., 1997; Liem et al., The winged helix transcription factor Foxd3 (CWH3, Hfh2,
1997; Houzelstein et al., 1997; Mansouri and Gruss, 199&enesis) is expressed in the presumptive neural crest region in
Nakata et al., 1998). This argues that other transcription factob®th chick and mouse embryos, and may therefore play a role
may be required for the specification of neural crest cells. in neural crest determination (Freyaldenhoven et al., 1997;
The intrinsic factors that specify and segregate neural cresabosky and Kaestner, 1998; Yamagata and Noda, 1998;
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Hromas et al., 1999; Kos et al., 2001). The temporal expressi@BHB), polyclonal anti-Phox2a (J. Brunet), monoclonal anti-Slug
of Foxd3 closely matches that described for other early62.1E6, DSHB), monoclonal anti-RhoB (56.4H7, DSHB),
markers of neural crest, including Slug and the RhoB GTPageonoclonal anti-TAG1 (23.4-5, DSHB), and mouse anti-TuJl
(Liu and Jessell, 1998; Sela-Donenfeld and Kalcheim, 1999 Chemicon). Species-specific secondary antibodies were conjugated
As wih Slug and RhoB, Foxc3 mRNA expression nthe dorsef C)%, 42 o F11C, e e o tecommends Dacion Lave
neurql tube progenitors appears to be specific to neural cre btein containing amino acids 109-281 of mouse Foxd3 fused to
as evidenced by the emigration of Foxd3 cells from the NEUrd),tathione S-transferase pGEX (Pharmacia). The antiserum was
tube (Yamagata and Noda, 1998; Kos et al., 2001). In view Gffinity purified before use.

the early and specific expression of Foxd3 in premigratory

neural crest cells, we examined the function of Foxd3 in neur&@rdU labeling

crest development. We show that Foxd3 is downstream of Pa¥30.5 mouse embryos were pulsed for 90 minutes in utero with
and is expressed in migratory neural crest cells that give riggomodeoxyuridine (50 mg/ml in  0.9% saline injected
to multiple cell types. To explore its role in neural crestintraperitoneally). Embryos were harvested and processed for
development, Foxd3 was misexpressed in the neural tube {gmunohistochemical staining as described above. Sections were
stage 10-11 chick embryos. Ectopic Foxd3 was found to inducPuble-stained with anti-Foxd3 and anti-Isletl and then processed for
the expression of migratory neural crest markers, as well aining with an anti-BrdU monoclonal antibody (Moran-Rivard et al.,
stimulate their delamination and migration from the neura 01)

tube at all dorsoventral levels. This effect was observed at al ovo electroporation

anterior-posterior levels of the spinal cord, as well as atyll-length chick Foxd3 cDNA (Freyaldenhoven et al., 1997) was
hindbrain levels. The normal patterning and differentiation otloned into the pCS2-MT expression vector (provided by D. Turner)
interneurons within the neural tube was also suppressed lyd an IRES-EGFP expression vector containing the dhiaétin
Foxd3, suggesting Foxd3 functions as a genetic switch teromoter (provided by C. Krull). Windowed E2 (stage 10-11) chick
promote a neural crest fate while simultaneously repressirgjnbryos were electroporated with pCS2-Foxd3MT (F&XEB
interneuron  differentiation. Taken together, our findingg?CS2-MT (Myc), or FoxdB=SECFPDNA at 4 ug/ul, as previously

desorbe a function for Foxd3 in the earty specification andee 200 LLtet o e roporared
SeqreQitlon. 9[];] r&eurall CreS} t (t:)e”s from mUItlpotentlalinto the embryo using a BTX electroporator (five 50 msecond pulses
progenitors in the dorsal neural tube. at 25 V). Eggs were sealed and allowed to develop to a specific stage,
at which time they were dissected, fixed and processed for

immunohistochemistry. Foxd3-Myc expression was detected with

MATERIALS AND METHODS Myc monoclonal and polyclonal antibodies.
o L Full-length Slug cDNA was amplified from stage 10 chick embryo
Whole-mount in situ hybridization total RNA, cloned into BS vector (Clonetech) and sequenced. For Slug

White Leghorn eggs were incubated in a force-draft, humidifiednisexpression experiments, a Myc-tagged version of full-length chick
incubator at 38°C. Chick embryos were staged according t&lug cDNA was cloned into the MiwSV expression vector (Suemori
Hamburger and Hamilton. Mouse embryos were obtained from owst al., 1990) containing the chidkactin promoter (SIUg°) and
breeding colony, with noon on the day of plug discovery designateexpressed in the neural tube using the electroporation procedure
as day 0.5. Genotype®plotch’~ (Pax37~ — Mouse Genome described above. SIM4® expression was detected with antibodies that
Informatics) embryos were obtained from breedil@plotch  recognize the Myc epitope. For co-transfection experiments of
heterozygous mice (Epstein et al., 1991). Whole-mount in sitFoxd3¢ and Slud’¥¢, protein expression was detected using Myc
hybridization was performed according to the protocol of Wilkinsonpolyclonal and Slug monoclonal antibodies, respectively.
(Wilkinson, 1992) using digoxigenin-labeled antisense RNA probes.
The probes used were chick Pax3 (Goulding et al., 1993), chick Foxd3
(Freyaldenhoven et al., 1997) and mouse Foxd3 (Labosky arldESULTS
Kaestner, 1998). For vibratome sections, embryos were embedded in
3.5% agar and 8% sucrose in PBS then sectioned girhi00 Foxd3 is expressed in premigratory and migratory

neural crest cells

Immunohistochemistry To ch terize Foxd3 . t the sinal I |
Mouse and chick embryos were fixed 1 hour in 4% parau‘ormaldehyde0 characterize ~oxds expression at he singie cell 1evel, an

in phosphate-buffered saline (PBS), cyroprotected in 20% sucrose fptiserum was gengrateq agallnst amino aqlds 109-281 of the
PBS, and then embedded in OCT (Tissue-Tec) and sectioned at B¥PUSe Foxd3 protein. This antibody recognizes the mouse but

um. Immunohistochemistry was performed on frozen sections a80t the chick Foxd3 protein. In E9.5 mouse embryos, Foxd3-
previously described (Burrill et al., 1997). The following antibodiespositive cells were detected at both cervical and trunk levels in

were used in this study: rat anti-BrdU (Harlan), polyclonal anti-a domain that spans the dorsal midline where neural crest
Brn-3.0 (E. Turner), monoclonal anti-Cad-6B and anti-Cad-7 (M.progenitors are located. From E9.5 to E10.5, Foxd3-positive
Takeichi), monoclonal anf-catenin (Zymed Lab), monoclonal anti- cells were also seen emigrating from the dorsal neural tube
NAI‘PAI73 gE/CSI, Eevg'solf”?ema' bStllld'?S Hyb“dolma lBank,. aﬁ"K'Bl)’along its entire length (Figs 1A-C, 2A). Foxd3 expression was
polyclonal - anti-Fox see below), monoclonal ~anti-HNK-14,0n compared with that of Pax3 which is transiently expressed
(Bronner-Fraser, 1986), monoclonal anti-Isl1/2 (40.2.D6, DSHB)’in all migrating neural crest cells (Epstein et al., 1991; M. G.,

monoclonal anti-Lhx1/5 (4F2-10, DSHB), polyclonal anti-Lhx2/9 (K. blished). t X heth I miarati | t
Lee and T. Jessell), polyclonal anti-Mitf (M. Mochii), monoclonal unpublished), to examine whether all migrating neural cres

anti-Myc (9E10, ATCC), polyclonal anti-Myc (S. Pfaff), monoclonal CellS express Foxd3. In E9.5 embryos, all Pax3-positive
anti-NeuN (Chemicon International), monoclonal anti-P0 (1Egmigratory crest cells were seen to express Foxd3 (Fig. 1B,C,
DSHB), polyclonal anti-Pax2 (Zymed Lab), rat anti-Pax3 (M. Gross)arrows). Furthermore, in E12.5 embryos, cells expressing
monoclonal anti-Pax6 (H. Fujisawa), monoclonal anti-Pax7 (PAX7Foxd3 were present in both the ventral and dorsolateral
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Fig. 1. Foxd3 expression in neural crest cells.

(A-C) Immunohistochemical analysis of Foxd3 (green)
and Pax3 (red) expression in E9.5 mouse embryos at
thoracic (A) and cervical (B,C) levels. Foxd3 is
expressed in presumptive premigratory and migrating
neural crest cells and in dorsal midline cells. All the
Foxd3 cells are also Pax3 positive (yellow).

(D-G) Foxd3 expression in E10.5 mouse embryos.
(D,E) Differentiating neurons in sensory (drg) and Foxd3 NeuN Foxd3 NeuN Foxd3 BrdU Isl1
sympathetic ganglia (sg) were detected using an - & % Al
antibody to NeuN (red). (G) Peripheral axons were
stained with an antibody to neuron specific-tubulin
(TuJdl) (red). Foxd3 (green) is rapidly downregulated in
differentiating sensory (D) and autonomic neurons (E)
but is maintained in Schwann cell precursors that
envelope the ganglia and axons. (F) Cross-sections of
embryos pulsed with BrdU for 90 minutes, and triple
stained with BrdU (red), Foxd3 (blue) and Isletl (green
BrdU-positive/Foxd3-positive cells (pink) are found i
encompassing and within the DRG (arrows); however,
none of these cells co-expressed Isletl (green) a marker

of postmitotic sensory neurons. (H,l) Foxd3 (green) is Foxd3 TuJ1
expressed in melanocyte precursors migrating beneat
the ectoderm at E12.5 (arrows). (H) The ectodermal
layer is stained witf-catenin (red). (1) Foxd3-
positive/Pax3-positive cells (yellow) envelope the dorsa
root ganglia (arrowhead). Foxd3-positive crest cells arg
also observed migrating along a dorsolateral pathway
beneath the skin (arrow). dm, dermomyotome; drg,
dorsal root ganglion; mn, motor neurons; nt, neural tub
sc, spinal cord; sg, sympathetic ganglion; sk, skin; vr,
ventral root.

migration pathways that give rise to neurons/Schwann celis postmitotic sensory and sympathetic neurons (Fig. 1D,E).
and melanocytes, respectively (Fig. 11). Thus, in addition tdNevertheless, a subset of NeuN-positive cells in the dorsal root
marking premigratory neural crest cells, Foxd3 is expressed ganglia (DRG) did exhibit low levels of Foxd3 expression (Fig.
all neural crest cells during their early phase of migration fronlD, arrow). To further examine whether Foxd3 expression is
the dorsal neural tube. excluded from postmitotic neurons, E10.5 mouse embryos
Double labeling immunohistochemistry was then used tavere pulsed with BrdU for 90 minutes. Although cross-
examine Foxd3 expression in various neural crest lineages. sections from these embryos showed Foxd3-positive/BrdU-
E12.5 embryos, Foxd3 was detected in a population of celgositive cells within the DRG, none of these cells co-expressed
located just beneath the epidermis that do not exgBess Isll a marker of postmitotic sensory neurons (Fig. 1F).
catenin, a marker of epidermal cells (Fig. 1H,l arrows). Thesklowever, a number of BrdU-positive/lsl1-positive/Foxd3-
cells appear to be neural crest cells that migrate between thegative sensory neurons were observed in embryos pulsed
skin and dermomytome and are therefore likely to bevith BrdU at E9.5 and analyzed 24 hours later (data not
melanoblasts. They are distinct from the Foxd3-positive/Pax3hown). These findings, together with the observation that
positive cells that encompass the dorsal root ganglia (Fig. Hoxd3 is expressed in all early migrating crest cells (Fig. 1B,C)
arrowhead) which are likely to be Schwann cell precursorargue that crest-derived neuronal precursors downregulate
(Kioussi et al., 1995). Interestingly, Foxd3-positive cells werd=oxd3 once they become postmitotic.
not detected in the dermis of E14.5 embryos when melanocyteIn E10.5 embryos, the majority of Foxd3-positive neural
precursors are no longer being generated (Keshet et al., 199@)est cells are located at the periphery of the sensory and
nor did we detect double labeled Foxd3-positive/Mitf-positiveautonomic ganglia as well as along the TuJ1-labeled axons of
cells, suggesting that Foxd3 is downregulated as this lineadlke peripheral nerves (Fig. 1D,E,G, arrows) indicating that
matures (data not shown). these Foxd3 cells are undifferentiated Schwann cell precursors.
Foxd3 expression was then compared with NeuN, whiclrurthermore, Pax3, which is expressed in early non-
marks the nuclei of postmitotic neurons in both dorsal roomyelinating Schwann cells (Kioussi et al., 1995), was seen to
ganglia and sympathetic ganglia. In E10.5 embryos, thbe co-expressed with Foxd3 cells in dorsal root ganglia in
majority of the NeuN-positive cells present in these ganglia di€12.5 embryos (Fig. 1l, arrowhead). Although Foxd3
not co-express Foxd3, indicating that Foxd3 is not expressegkpression in cells surrounding the peripheral ganglia and axon



4130 M. Dottori and others

Wild Type Splotch mutants

Foxd3 Pax7

- i s

Foxd3

Fig. 2. Foxd3 expression in wild-type aigplotchmouse embryos. (A,B,E,F) Whole-mount in situ of Foxd3 in E10 wild-type (A,BBalatch
(E,F) mouse embryos. (A) Foxd3 is expressed in migrating cranial neural crest cells (arrows) and in premigratory crestlafE)wAoed3 is
expressed in cranial neural crest (arrow) but is absent in more caudal regions of the embryo (arrowhead). (B) Crossosegttioaadhr

neural tube at the level of the arrowheads shows Foxd3 expression in the dorsal neural tube of wild-type embryos. (E)xXjpocSsiaBis
observed in the open neural tubeSpiotchembryos. (C,D,G,H) Foxd3 protein expression (green) in the hindbrain (C,G) and caudal spinal cords
(D,H) of wild-type (C,D) andplotch(G,H) embryos. Foxd3-positive crest cells are observed in the head reg&pistoh(G) embryos at E9.5.

In Splotchembryos, Foxd3 is expressed in hindbrain-derived crest (G, arrow) but not in trunk-derived crest (H, arrow). (I) Croszcegtion t
the anterior cervical neural tube of an Elflotchembryo showing Pax7 expression (red) in the dorsal midline (arrowhead). Migrating Foxd3-
positive neural crest cells are present at this level (green, arrow). (J) Cross-section through the caudal neural tiepbtmhdeibryo. Pax7
(red) is not expressed in the dorsal midline (arrowhead) at spinal cord levels where neural crest cells are lackingX@8régvier is

however expressed in a population of postmitotic ventral interneurons (1,J, asterisk). hb, hindbrain; sc, spinal cord.

tracts was as late as E14, it was downregulated before the onganglia are missing (Fig. 2E, arrowhead; Fig. 2F,H arrows).
of Krox20 and SCIP expression, which defines the transitiohlowever, Foxd3 is still expressed at hindbrain levels in neural
from premyelinating to promyelinating Schwann cells (Zorickcrest cells that contribute to the V, VIl and IX cranial ganglia
et al.,, 1996; data not shown). Taken together, these dathig. 2E,G, arrows). Pax7, a protein closely related to Pax3 in
suggests that Foxd3-positive precursors contribute to multiplstructure, may compensate for Pax3 in Pax3-null embryos,
neural crest lineages in the mouse, including sensoryhereby allowing neural crest cells to form at hindbrain and
sympathetic neurons, glia and melanocytes. Studies in theper cervical levels. Examination of Pax7 expression in E10
chick also demonstrate widespread Foxd3 expression in neu@plotchembryos, shows that while Pax7 is expressed in the
crest cells that give rise to chondrocytes, neurons and gl@dorsal midline of the neural tube in the hindbrain and anterior
(Yamagata and Noda, 1998; Kos et al., 2001). Howevecervical spinal cord (Fig. 21, arrowhead), it is not expressed in
although Foxd3 appears to mark all premigratory crest cells ithis domain further caudally where Foxd3-positive neural crest
the chick, it is not expressed in migrating trunk melanoblastsells are missing (Fig. 2J, arrowhead).

at stage 18 (Kos et al., 2001). Two different models have been proposed to account for the
) . ) neural crest defects observedSplotchembryos: (1) Neural

Foxd3 is genetically downstream of Pax3 in dorsal crest cells are specified, but fail to migrate; or (2) neural crest

neural tube progenitors cells are not specified correctly in caudal regionSibtch

To further assess the role of Foxd3 in neural crest, Foxd@mbryos. While some migration of neural crest cells is
expression was analyzed in Pax3 null muta8pldtch observed when neural tubes fro®plotch embryos are
embryos, which lack all neural crest derivatives caudal to thi#ansplanted to chick embryos (Serbedzija and McMahon,
boundary of the hindbrain and spinal cord (Epstein et al1997), other studies in chick (Goulding et al., 1993) and
1991). In wild-type E10 embryos, neural crest cells thaXenopugBang et al., 1999) indicate Pax3 plays a role in the
express Foxd3 are generated along the length of the neuesrly specification of dorsal cell types, including neural crest
tube, from midbrain/hindbrain border to the tail, with cells. The demonstration that Foxd3, a marker of premigratory
expression persisting in dorsal root and cranial ganglia (Figrest cells, is no longer expressed in the caudal dorsal neural
2A-D). In Splotchembryos however, Foxd3 is not expressed irtube/folds of Splotch embryos (Fig. 2B,F and Fig. 2AE,
caudal regions where dorsal root ganglia and sympathetarrowheads) argues that neural crest progenitors are not
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correctly specified. Furthermore, these findings suggest th&bxd3Wc+ cells were detected in ganglia at electroporated
Foxd3 may function in the specification of neural crest cells.levels, electroporated cells expressing the Myc-tag alone were

Foxd3 misexpression induces characteristics of

migratory neural crest cells

frequently detected within the neuronal cores of ganglia, where
they co-expressed NeuN, a marker of differentiated neurons
(Fig. 4F, arrow). Our observation that FoXdS-electroporated

To examine whether Foxd3 plays a role in specifying neuratells fail to contribute to either sensory or autonomic neuronal
crest, Foxd3 was ectopically expressed in the neural tubes lodfeages suggests that persistent ectopic expression of Foxd3
stage 10-11 chick embryos by electroporation. After 48 hoursnay disrupt neuronal differentiation. This conclusion is
extensive expression of the migratory neural crest markerspnsistent with the observation that Foxd3 is normally

HNK-1 (Bronner-Fraser, 1986) and Cad-7 (Nakagawa andownregulated as neural

crest cells differentiate into

Takeichi, 1998) was observed on the electroporated side pbstmitotic neurons (Fig. 1D-F), and suggests downregulation
the neural tube (Fig. 3A-C), in neural tube progenitor cell®f Foxd3 may be an obligatory step in the generation of

that express Myc-tagged chick Foxd3 (FoX¥3. This

postmitotic neurons in the peripheral nervous system.

upregulation of HNK-1 and Cad-7 was observed as early as 24The exclusion of Foxd®c* cells from peripheral
hours after electroporation (Fig. 3D), suggesting that thoseeurons suggests that ectopic Foxd3 cells either persist as

cells expressing Fox#3° have the moleculr*

characteristics of migratory neural crest cells.

A dramatic change in cell morphology was
seen on the electroporated side of the neural
In Foxd3"c electroporated neural tubes,
basement membrane surrounding the neural
was disrupted and large numbers of Fd%43 cells
were seen migrating laterally at multi
dorsoventral levels (Fig. 3B,E,H,I). This effect \
observed at all anteroposterior levels in the sj
cord as well as in the hindbrain (Fig. 3B,E,F,C
The upregulation of neural crest markers
accompanies the delamination and migratiol
ectopic Foxd®Y¢* cells was observed in
Foxd3Wec-electroporated neural tubes analyze
48 hours 1=37/37 embryos) and 96 hours=(L0/1C
embryos), as well as in the majority of the ne
tubes analyzed at 24 houns=(/11 embryos). ,
Foxd3 expression vector lacking the Myc
(Foxd3RES-EGFR also gave the same full phenot
in chick embryos as Fox3¢ (Fig. 31), whereas tt
control Myc expression vector did not induce H!
1 expression or changes in cell morphology. T
together, these results demonstrate that F
induces the morphological characteristics
migrating neural crest cells when misexpresse
the chick neural tube.

The delamination, lateral migration and
expression of HNK-1 and Cad-7 are all prope
of migrating neural crest cells. To deterrr
whether constitutive Foxd3 expression ca
ectopic ‘neural crest-like’ cells to differentiate
neurons or glia, Foxd3c-electroporated embry:
were examined 96 hours after electroporation
this time Foxd8Ye* cells had undergone extens
migration and were often seen encircling dorsal
ganglia (Fig. 4A,E, arrows). Fox4%* cells were
also seen encompassing TuJl-positive sel
neurons and their axons in a manner characte
of early Schwann cell precursors (Fig. 4D, arrt
Foxd3Wc* cells were rarely, if ever, detected wit
the neuronal cores of sympathetic (Fig. 4B
dorsal root (Fig. 4D,E) ganglia that are market
Phox2a and Brn3.0, respectively (Fedtsova
Turner, 1995; Morin et al., 1997). Whereas
Brn3.0-positivé/Foxd3We* or Phox2a-positive

HNK-1 Foxd3 HNK-1

Foxd3 Cad-7
-

A

fp

Foxd3

Fig. 3. Neural crest induction by Foxd3. (A-1) Electroporation of FORG3A-F)

and Foxd$RES-EGFR(G-]) in neural tubes of stage 10 chick embryos. (A-C) Forty-
eight hours after Foxd3¢ electroporation (stage 22), widespread expression of
Foxd3We¢ |eads to ectopic expression of HNK-1 in one half of the trunk neural
tube (A,B). Normally, HNK-1 is expressed only on migrating neural crest cells
(arrow). At this stage, cells ectopically expressing Foxd3, HNK-1 (B) and Cad-7
(C) are seen migrating away from the neural tube (arrow). (D) Ectopic expression
of HNK-1 is observed in the brachial neural tube of stage 18 embryos as early 24
hours after electroporation of FoX#3. (E,F) Delamination and migration of
ectopic Foxd®¥yc* cells is also observed at hindbrain levels of the neural tube
(arrows). (G-1) Bright field images (G,H) of neural tubes electroporated with
Foxd3RES-EGFR(|). (H,I) High magnification showing the delamination and
emigration of Foxd®yc* cells from the intermediate neural tube (arrows). fp, floor
plate.
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undifferentiated neural crest precursors or eventually entexxpressed in the progenitors of neural crest cells (Burrill et al.,
another crest lineage. This was examined by analyzing997). Pax6 expression was examined in FYX@83
expression of the melanoblast marker Mitf (Mochii et al.,electroporated neural tubes to test whether Foxd3 suppresses
1998) and PO, a marker of Schwann cell precursorthe early developmental program of interneuron progenitors. In
(Bhattacharyya et al., 1991), 96 hours after electroporatingeural tubes electroporated with FoM43 the number of
Foxd3. Ectopic Foxd®c+ cells did not co-express Mitf (data Pax6-positive progenitors was dramatically reduced (Fig. 5J,K,
not shown), demonstrating they do not differentiate asrrow), whereas those electroporated with a Myc control vector
melanoblasts, a result that is consistent with the findings of Kashowed no change (Fig. 5L, arrow). Moreover, in F&%E3

et al. (Kos et al., 2001). However, PO was co-expressed inedectroporated embryos, progenitor cells that expressed
number of Foxd®9yct cells in the neural tube, where PO is Foxd3"e did not express Pax6, and vice versa (Fig. 5J). Thus,
normally not expressed (Fig. 4C). This ectopic PO expressiahappears that overexpression of Foxd3 is sufficient to override
was observed in all Fox&3c-electroporated neural tubes the early differentiation program of interneuron progenitors in
analyzed at 96 hours£10/10 embryos). By contrast, ectopic the spinal cord. The loss of interneuron specific markers in
PO staining was never observed in neural tubes electroporatEdxd3"c* cells at multiple dorsoventral levels of the neural
with a control Myc vectorn=4/4 embryos, data not shown). It tube, coupled with the retention of these markers in Foxd3-
therefore appears that some FA¥¢3 cells upregulate PO, negative cells, indicates that Foxd3 functions in a cell
which is expressed in early Schwann cell precursors. lautonomous manner to suppress interneuron specification and
summary, it appears that Foxd3 may need to be downregulatddferentiation.

for neural crest cells to differentiate as neurons and

melanocytes, while continued expression may promote aNeural crestinduction by Foxd3 is independent of

early step in Schwann cell development. Slug
. ) The ability of Foxd3 to induce both the markers and
Ectopic Foxd3 suppresses interneuron markers morphogenetic behavior of neural crest cells, together with its

The observation that Foxd3 is expressed in premigratory neurability to suppress interneuron differentiation, suggests that
crest progenitors suggests that Foxd3 may restrict dorskbxd3 is able to induce many of the initial steps of neural crest
progenitors to a neural crest cell fate. We therefore expectelbvelopment. Premigratory crest cells express Slug, RhoB and
that cells ectopically expressing Foxd3 would no longeiCad-6B (Nieto et al., 1994; Liu and Jessell, 1998; Nakagawa
differentiate as interneurons. To determine whether dorsand Takeichi, 1998; Sela-Donenfeld and Kalcheim, 1999),
interneuron specification is suppressed by Foxd3,

expression of the LIM-homeodomain prote

Lhx2/9, Isl1/2 and Lhx1/5 was examined Foxd3 Brn3.0 Foxd3 Pox2a Foxd3 PO
Foxd3"Wc-electroporated neural tubes. Lhx: B
Isl1/2 and Lhx1/5 mark three populations of do S
interneurons, D1, D2 and D3 interneurc
respectively (Ericson et al., 1992; Xu et al., 1¢
Liem et al., 1997). Fewer Lhx2/9-positive [
Isl1/2-positive D2 and Lhx1/5-positive [
interneurons were found on the electroporated
of Foxd3"yc-electroporated neural tubes (Fig. *
E). Cells expressing Fox4%° also did not expre:
Brn3.0 (Fig. 5F) a marker of dorsal interneur
(Fedtsova and Turner, 1995). In addition
repressing the differentiation of dor
interneurons, misexpression of Foxd3
suppressed Pax2 interneuron development it
intermediate neural tube (Fig. 5G,H, arrow). C
again, Pax2 was specifically repressed in cells
express Foxd®¢ (Fig. 5H arrow). By contras
embryos electroporated with a Myc con
plasmid showed no loss of Pax2 expression
electroporation, with Pax2-positive/Myc-posit
cells being widely distributed throughout - Fig. 4.Effects of Foxd8Yc electroporation at stage 28. (A,B,D,E) Fo)d3

normal Pax2 expression domain (Fig. 51 arr¢ expressing cells have migrated extensively and can be seen encircling neurons in
The observation that Foxd3 was never the dorsal root ganglia (A,D,E, arrows). FoX#3 cells do not co-express Brn3.0

expressed with Lhx2/9, 1sI1/2, Lhx1/5, Br3.0 i (A) or_Ph0x2a S/CB) which mark sensory and sympathetic_ga_nglia, respectively.
Pax2 on the electroporated side (Fig. 5A,C,D, Ectopic Foxd8e+ cells dc_> not express markers of postmitotic neurons, TuJl (D)

. = and NeuN (E). (C) Ectopic expression of the Schwann cell marker, PO, in the neural
argues t_hat Foxd3 fur)ctlons_ce_ll autonomousl tube induced by Foxd3 misexpression. FOR43/P0" cells are marked by arrows.
repress interneuron differentiation. (F) Electroporation with a control CS2-Myc expression vector. Note that Myc-tag

The transcription factor Pax6 is expressel expressing cells enter the dorsal root ganglia and differentiate as sensory neurons
dividing progenitors that give rise to LhxL (arrow). drg, dorsal root ganglion; fp, floor plate; sc, spinal cord; sym, sympathetic
positive/Pax2-positive interneurons, but is ganglia.
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leading us to examine Slug, RhoB and Cad-6B expression imith Foxd3 to promote the early emigration of neural crest-like
the neural tubes electroporated with Foxd3. Surprisingly, noells from the neural tube, Foxd3 and Slug expression vectors
ectopic expression of either Slug, RhoB or Cad-6B wasvere co-electroporated into stage 11 neural tubes and analyzed
observed in Foxd®<* cells, either 24 hours or 48 hours after 24 hours later. No difference was seen in the morphology of
electroporation (Fig. 6A-C; data not shown). the neural tube in co-electroporated versus Foxd3-only

To test whether Slug induces neural crest development inedectroporated embryos at 24 hours, nor were cells seen
manner similar to Foxd3, a Slug expression vector wamigrating from the neural tube, demonstrating that Slug does
electroporated into chick neural tubes at stage 10-11 amwbt synergize with Foxd3 to promote the migration of neural
expression of HNK-1 and RhoB was examined. Ectopic Slugrest cells (Fig. 6l). These results indicate Slug and Foxd3
expression failed to upregulate either of these neural crest célinction independently in neural crest development. Foxd3
markers (Fig. 6D,E). In addition, there was no dissolution oinduces markers and morphological changes that are
the basal lamina coupled with lateral migration of Slug-characteristic for migratory neural crest cells (Fig. 3), but is
positive cells from the neural tube (Fig. 6D-G). Finally, theunable to induce RhoB, Slug and Cad-6B (Fig. 6A-C). By
expression of Pax2 was not disrupted in Slug-positive cellsontrast, Slug when misexpressed in the chick fails to induce
(Fig. 6F), indicating Slug does not suppress interneuroany of the features of neural crest cells (Fig. 6D-H).
differentiation. The inability of Slug to induce migratory neural The inability of Foxd3 to upregulate Slug, RhoB and Cad-
crest and suppress interneuron differentiation in a mann@&B led us to examine the onset of their expression in the caudal
analogous to Foxd3 argues that Slug does not act upstreamnafural tube with respect to Foxd3. The expression of Foxd3 in
Foxd3. Consistent with these findings, Foxd3
expression was not upregulated in the di
spinal cord by ectopic expression of Slug ( Foxd3 Isl1/2 Isl1/2 Foxd3 Lhx2/9
6G,H). g

Previous studies have suggested that SI ;
necessary for the delamination of neural ¢
cells from the dorsal neural tube (Nieto et
1994). While misexpression of Foxd3 lead:
delamination of Foxd3-positive cells from
neural tube, emigrating cells are only observe
hours after introducing Foxd3 into the nel
tube. To test whether Slug acts synergistic

Fig. 5. Ectopic Foxd3 suppresses interneuron
differentiation in the spinal cord. (A-L) Cross-sectiong
of neural tubes 48 hours after electroporation of
Foxd3"¢ or Myc alone (I,L). Ectopic expression of
Foxd3 (green) leads to the loss of Isl1/2-positive D2
interneurons (A,B), Lhx2/9-positive D1 interneurons
(C) and Lhx1/5-positive D3 interneurons (D,E) in the
neural tube. The arrowhead marks the Isl1/2-positive]
cells (B) and the Lhx2/9-positive cells (C) on the
unelectroporated side of the neural tube and the arrow
shows the loss of dorsal interneurons on the
electroporated side. (F) Foxd3 expression also
suppresses expression of Brn3.0 (red) in dorsal
interneurons. A domain of Brn3.0-expressing cells is
present in the dorsal spinal cord (arrow), but these
cells do not co-express Foxd3. Foxd3-positive cells
migrating from the dorsal spinal cord (arrowhead).
(G,H) Ectopic Foxd3 suppresses Pax2-positive
interneuron differentiation in the dorsal and
intermediate spinal cord. Fewer Pax2-positive (H)
cells are present on the electroporated side of the
neural tube (arrow) and these cells are Foxd3-negative
(G). (I) Control electroporation with a Myc expression
vector, showing no reduction in Pax2-positive J
interneurons (red), many of which co-express Myc
(yellow, arrow). (J,K) Ectopic Foxd3 suppresses Pax
expression in interneuron precursors. (K) Fewer Pax
positive precursors are present on the electroporated
side of neural tube (arrow). (J) Foxd3-positive cells
(green) do not express Pax6. (L) Electroporation of
Myc does not reduce the Pax6 expression domain
(arrow). fp; floor plate.

Foxd3 Pax2
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Ectopic Slug

Fig. 6. Comparison of Foxd3 and Slug misexpression in electroporated embryos. (A-C) Ectopic Foxd3 did not upregulate the preregjratory cr
markers, Slug (A), Cad-6B (B), and RhoB (C) at 24 hours (A,B) or 48 hours (C) after electroporation. (D-H) Ectopic Sluigdiideot

ectopic expression of RhoB (D) or HNK-1 (E), 48 hours after electroporation. Ectopic Slug-positive cells remained withialthgeeand

the interneuron patterning remained normal as shown by Pax2 expression (F). (G) Alternate sections of immunohistocheuhicasitG) an

(H) analyses showing ectopic Slug-positive cells (green) and Foxd3 mRNA, respectively. Ectopic expression of Slug didilate GHoved3
expression (arrows), nor did it suppress the expression of endogenous Foxd3 within the ventral regions of the neuralhtebads)arip Co-
electroporation of Foxd3 and Slug expression vectors showed no enhancement of cell migration in Foxd3-positive/SlughpqsigNevde

24 hours after electroporation compared with cells expressing ectopic Foxd3 only (see Fig. 3D). fp, floor plate.

stage 10 chick neural tubes was compared with that of Pax@togenitor cells to the neural crest cell lineage, while
Slug, Cad-6B and RhoB. At these stages, the caudal limit @ioncomitantly suppressing interneuron differentiation. Cells
gene expression serves as a good indicator for the onset of gaverexpressing Foxd3 acquire a ‘neural crest-like’ phenotype,
expression. Foxd3 was expressed in the dorsal neural tubei.at they express HNK-1 and Cad-7, delaminate from the neural
the level of somite | (Fig. 7A), as well as at segmental plattube and invade the adjacent mesoderm. At later times, a subset
levels where the neural tube is closing (Fig. 7B), but noof these Foxd3-positive cells exhibit the characteristics of the
caudally in the neural folds (Fig. 7C). By contrast, Pax3 wasarly Schwann cells, raising the possibility that prolonged
expressed throughout the neural tube and in the dorsal neuFaixd3 expression biases neural crest cells toward this pathway.
folds (Fig. 7D-F), a finding that is consistent with our studiesn summary, our findings indicate that Foxd3 plays an early
in the mouse showing Pax3 is upstream of Foxd3 (Fig. 2). Thdetermination role in the dorsal neural tube by committing
expression domains of Slug (Fig. 7G-1) and RhoB (Fig. 7M-multipotential progenitors to the neural crest lineage.
O) along the anteroposterior axis of the neural tube were
similar to that of Foxd3 (Fig. 7A-C), suggesting a similarSpecification of neural crest progenitors by Foxd3
temporal onset to their expression in premigratory neural cred®revious studies have shown that signals emanating from the
Cad-6B expression, like that of Pax3, was detected at lowon-neural ectoderm and paraxial mesoderm, such as the
levels in the neural folds (Fig. 7L). The observation that CadBMPs, Wnts and FGFs, induce the expression of dorsal cell
6B expression precedes that of Foxd3, and that RhoB/Slug arges within the dorsal neural tube (Liem et al., 1995; Liem et
expressed contemporaneously with Foxd3, is consistent withl., 1997; LaBonne and Bronner-Fraser, 1999). Our results
their expression being upregulated in the dorsal neurauggesta modelin which Foxd3 functions downstream of these
folds/tube in a Foxd3-independent manner. signaling pathways to restrict dorsal progenitors to a neural
crest fate, thereby preventing them from differentiating as
interneurons. In the model we propose (Fig. 8), expression of
DISCUSSION Foxd3 is upregulated in prospective neural crest progenitors by
crest-inducing signals that are active at the dorsal midline. This
Progenitors in the dorsal neural folds/neural tube give rise timduction, which requires the activity of the dorsal patterning
multiple cell types, including different classes of dorsalgenes Pax3 and Pax7, may also depend on other dorsal genes
commissural interneurons, as well as a migratory stem ceduch as the Msx and Zic genes. Although Foxd3 is likely to be
population, the neural crest (Lee and Jessell, 1999). In thigoregulated by BMP-dependent signaling from the dorsal
report, we show that Foxd3 mediates a key early step in thmidline, our results suggest that this induction may be indirect,
development of the neural crest. Foxd3 restricts neurals expression of Pax3 in the spinal cord is known to depend on
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Pax3

Fig. 7.Comparison of Foxd3
expression with Pax3, Slug, Cad- G
6B and RhoB. Cross sections of )
stage 10 chick embryos showing =
gene expression at three caudal ¢
levels. Sections were taken at the
level of the most caudal somite,
(A,D,G,J,M) the level of the

segmental plate, (B,E,H,K,N) and gl J
at the mid point of the neural folds
(C,F.LO). (A-F) Foxd3 (A-C) ~ ©
and Pax3 (D-F) expression was T
visualized by whole-mount in situ (@
hybridization. (G-O) Sections
showing Slug (G-l), Cad-6B (J-L)

and RhoB (M-O) expression at
equivalent levels. The panels that

are shown for Slug, Cad-6B and [}
RhoB at each AP level represent
directly adjacent sections from the 2
same embryo. These sections are ({7
carefully matched to those shown

for Pax3 and Foxd3.

' l l '
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Whnt signaling and is further upregulated by BMPs (Liem etAlthough these findings are similar to those of Kos et al. (Kos

al., 1995; Liem et al., 1997; Bang et al., 1999).

et al., 2001) in the chick embryo, they differ in one respect.

At later stages of development, Foxd3 is also expressed inkos et al. (Kos et al., 2001) observed Foxd3 in ventrally
subset of postmitotic interneurons in the neural tube (Fig. 2l,Jjnigrating neural crest but not in late migrating cells that enter
We propose that the context in which Fo "

is expressed, i.e. mitotic precursors ve
postmitotic interneurons, is important for nel
crest specification. The observation that Fc
does not block interneuron differentiation,
induce neural crest markers, when it
specifically misexpressed in postmitotic neul
in the neural tube, is consistent with -
hypothesis (M. D., unpublished). Thus, the
Foxd3 plays in restricting dorsal progenitor ¢
to neural crest cell fate appears to be specif
dividing progenitor cells.

Our analysis of Foxd3 expression in mc
embryos indicated that Foxd3 is expresse
all Pax3-positive neural crest cells t
emigrate from the neural tube, including ¢
that migrate along both the ventral
dorsolateral pathways. Thus, Foxd3 appee
be expressed in the precursors of all ne
crest lineages in the mouse and may ther:
define a population of neural crest ‘stem’ c

Dorsal
Progenit or

Migratory
Neural Crest Cell

Committed
Neural Crest Progenitor Cell

Pax3/7

Foxd3 Foxd3
Slug —
RhoB
Cad-6B
wnt8
BMPs — > Foxd3
Pax3/7
——

Pax6

Interneuron Progenit or Spinal Interneuron

Fig. 8. Schematic outlining the genetic regulation of neural crest cell differentiation. The
genes that are not induced by Foxd3 in committed neural crest progenitor cells are
italicized.
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the dorsolateral pathway and give rise to melanocytes. Weowever, did not affect the early specification of crest, nor did it
however, observed Foxd3 expression in cells underlying thaffect the migration of crest cells that have already delaminated,
epidermis, which are likely to be early melanocyte precursorsuggesting that RhoB activity is not required for cell migration
(Fig. 1). This difference in Foxd3 expression may reflecper se (Liu and Jessell, 1998). Our results suggest that Foxd3
differences in the timing of melanoblast specification in mousactivates a RhoB-independent pathway, which is sufficient to
and chick. In the chick, neural crest cells migrate along thdrive cells in the neural tube to delaminate and migrate.
dorsolateral pathway at later stages compared with those thdévertheless, in the absence of RhoB, this delamination step
migrate ventrally, and late-migrating crest cells are fatemay be inefficient, thereby accounting for the delayed onset of
restricted to develop as melanoblasts (Serbedzija et al., 19829xd3-positive cell migration from the neural tube.
Henion and Weston, 1997; Reedy et al., 1998). In the mouse,In a recent study by Kos and colleagues (Kos et al., 2001),
however, neural crest cells enter the dorsolateral migratioexpression of a Foxd3-EGFP fusion protein resulted in the
pathway during all stages of neural crest migration (Serbedzijgpregulation of HNK-1 expression, and increased numbers of
et al., 1990), indicating that neural crest cells, and in particuldiNK-1-positive cells were observed emigrating from the
melanoblasts, are not specified as they emerge from the neudalrsal edge of the neural tube. However, at other dorsoventral
tube. levels, all Foxd3-positive/HNK-1-positive cells remained
The findings of Kos et al. (Kos et al., 2001) show thatwithin the neural tube and did not display the same
overexpression of Foxd3 prevents the migration of neural credelamination and migratory phenotype that we observe. In a
cells along the dorsolateral migratory pathway, suggestingeries of experiments using their expression vector, we
Foxd3 suppresses melanogenesis. Although our studies did miitserved the same phenotype that they reported (data not
directly address the function of Foxd3 in melanogenesis, in owhown). Kos et al. (Kos et al., 2001) fused Foxd3 with EGFP
experiments, Foxd®°* cells were never observed migrating protein, raising the possibility that the fusion of EGFP
beneath the epidermis. Our studies are also consistent witequences to Foxd3 interferes with the normal function of the
Foxd3 expression being downregulated as melanocytéoxd3 protein. By contrast, our studies used two Foxd3
precursors begin to differentiate (Fig. 1), in a manner similar texpression vectors, including one that encodes Foxd3 alone.
that observed in other neural crest lineages. This suggests tBatth expression vectors induced delamination and migration
Foxd3 may need to be repressed for neural crest cells td HNK-1-positive cells from all dorsoventral levels of the
differentiation once they have been specified and have emigratadural tube (Fig. 3). It is therefore likely that the delamination
from the neural tube. In the chick, only specified melanoblastsnd migration of neural crest-like cells that we observe reflects
enter the dorsolateral migratory pathway (Reedy et al., 1998he normal endogenous activity of Foxd3.
and these cells downregulate Foxd3 before they leave the neuralTlhe mechanism by which Foxd3 induces the delamination
tube (Kos et al., 2001). As a result, any Foxd3-mediated blocnd migration of neural crest cells is not clear. Interactions
in early melanoblast differentiation would most likely bebetween cell adhesion molecules, such as the cadherin family
manifested in fewer cells entering the dorsolateral migratorgf proteins may play a role in neural crest delamination.
pathway. Interestingly, many of the cells that ectopically expredsiterestingly, we observe upregulation of Cad-7 expression in
Foxd3 migrate ventrally and acquire the characteristics afctopic Foxd3 cells, while Cad-6B expression is unchanged.
Schwann cell precursors, and this is the last neural crest linealyeural crest cells specifically express Cad-6B while resident in
to undergo terminal differentiation (Zorick and Lemke, 1996). the neural tube, and as they delaminate Cad-6B expression is
) . o downregulated and Cad-7 expression is upregulated (Nakagawa
Foxd3 induces several properties of early migrating and Takeichi, 1998). It has been suggested that this switch in
neural crest cells the expression of Cad-6B and Cad-7, allows neural crest cells
The cellular properties and migratory behavior of the ectopito dissociate and emigrate from the neural tube (Nakagawa and
Foxd3-expressing cells demonstrates that Foxd3 activatesTakeichi, 1998). Thus, it is possible that Foxd3 promotes
number of aspects of the neural crest migration prograndelamination by upregulating Cad-7 expression. However,
Foxd3 promotes expression of Cad-7 and HNK-1, bottexplant studies have shown that BMP4 can upregulate both
markers of migrating neural crest cells, as well as th€ad-6B and Cad-7 expression in premigratory crest, and
delamination of cells at multiple dorsoventral levels from thencreased Cad-7 expression under these circumstances does not
neural tube (Fig. 3). The migration of these cells appears tffect their emigration (Liu and Jessell, 1998). It is also possible
coincide with the late phase of neural crest migration, and tht@at Foxd3 induces crest delamination and migration indirectly
Foxd3 cells predominantly populate sites in the periphery thdty regulating other genes, which are yet to be identified.
are occupied by Schwann cell precursors. Moreover, some o )
Foxd3 cells express the early Schwann cell marker PO (Fig. £pxd3 may function independently of Slug during
and the migratory routes taken by these Foxd3-expressing ceflEest development
appears to reflect a bias by these late migrating neural crése have found that the widespread induction of ‘neural crest-
cells for the Schwann cell lineage. like’ cells by Foxd3 is not accompanied by an upregulation of
Interestingly, the delamination and migration induced bySlug, nor does Slug induce Foxd3 (Fig. 6). Thus, both genes
Foxd3 is independent of RhoB, as RhoB expression was nate activated independently in premigratory neural crest
upregulated after misexpression of Foxd3 (Fig. 6). Previougrogenitors. This conclusion is consistent with the observation
explant studies have demonstrated a role for RhoB in creitat Foxd3 and Slug have a similar temporal onset of expression
emigration from the neural tube, and have shown that this the dorsal neural tube (Fig. 7) and it seems likely that the
activity is regulated by BMP4 signaling (Liu and Jessell, 1998expression of both genes in the dorsal neural tube is activated
Sela-Donenfeld and Kalcheim, 1999). Blocking RhoB activity,by similar dorsalizing signals. Slug expression in the neural tube
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is induced by BMP4/7 (Liem et al.,, 1995), while Foxd3Bhattacharyya, A., Frank, E., Ratner, N. and Brackenbury, R.(1991). PO
expression is dependent on Pax3, which is in turn upregulateds an early marker of the Schwann cell lineage in chickeesron7, 831-

byvsmp 5'93‘?‘“”9 (Llﬁﬁ;(et 2{'" 1995; Babng ethal" 19973' d Bronner-Fraser, M. (1986). Analysis of the early stages of trunk neural crest
lle studies _II’I chick an enopuse.m VYOS ave outline migration in avian embryos using monoclonal antibody HN4v. Biol.

a role for Slug in neural crest specification as well as crest 115 44-55.

migration (Nieto et al., 1994; LaBonne and Bronner-FraseBurril, J., Moran, L., Saueressig, H. and Goulding, M.(1997). Pax2is
1998: LaBonne and Bronner-Fraser, 2000)’ our results showexpressed in multiple spinal cord interneurons, including a population of

. . . . . + I 1
that Slug alone is not sufficient for neural crest induction. Egj 4'2;?_285‘6?”5 that requireax6 for their developmentDevelopment

Rece_nt studies shqw thaF neural crest cells can be speci_fig tein, D. J., Vekemans, M. and Gros, P(1991). Splotch (Sp2H, a
and induced to migrate in the absence of Slug expressionmutation affecting development of the mouse neural tube, shows a deletion
(Selleck et al., 1998; Sela-Donenfeld and Kalcheim, 1999). within the paired homeodomain Bax-3 Cell 67, 767-774.

Furthermore, expression of Slug in the dorsal tube i§"¢son.J. Thor,S., Ediund, T., Jessell, T. M. and Yamada, T1992). Early
’ stages of motor neuron differentiation revealed by expression of homeobox

downregulated in anterior regions of stages 22 chick embryos, ¢ sjet-1Science256, 1555-1560.
even though 'newaﬂ crest cells continue to be prO_duced in thes&itsova, N. G. and Tumner, E. E(1995). Brn-3.0 expression identifies early
regions at this time (Sela-Donenfeld and Kalcheim, 1999).  post-mitotic CNS neurons and sensory neural precurbesh. Dev.53,

We find that Slug, when overexpressed, does not cause ar¥91|'d304r-] 5 S Frevaldenn . s and Voot P

H H H H eyaldennoven, b. 5., Freyaldennoven, M. F., lacovonl, J. 5. an ogL, F.

expansion of the neural crest, n.or dqu it synergize with FOXd:éK. (1997). Aberrant cell growth induced by avian winged helix proteins.
to promote neural crest cell migration from the neural tube. cancer Ress7, 123-129.
Although our experiments did not identify a role for Slug inGoulding, M. D., Lumsden, A. and Gruss, P(1993). Signals from the
neural crest development in the chick, they do argue that Foxd31d0t00|h0.rd reg_ulalte thc'lsD regilon specific expression of two Pax genes in the
and Slug function independently of each other in neural crestdeveloping spinal cordevelopment17, 1001-1017.
develo g‘em P y Is—|en|on, P. D. and Weston, J. A(1997). Timing and pattern of cell fate

velop N restrictions in the neural crest linea@evelopmenii24, 4351-4359.

In con_clusmn, the reSU|t3_ presented argue that Foxd3 playguzelstein, D., Cohen, A., Buckingham, M. E. and Robert, B1997).
a Slug-independent role in segregating neural crest cellinsertional mutation of the mouddsxl homoeobox gene by alacZ
progenitors away from multipotential progenitors in the dorsal reporter geneMech. Dev65, 123-133.
neural tube. We find that Foxd3 misexpression also leads to tAé&mas. R., Ye, H., Spinelia, M., Dmitrovsky, E., Xu, D. and Costa, R. H.
del . . f s f h | tube i . d th (1999). Genesis, a winged helix transcriptional repressor, has embryonic

eammat_|0n 0 C_e s from the neural tube In vivo and the expression limited to the neural crest, and stimulates proliferation in vitro

upregulation of migratory neural crest markers. Although the in a neural development modélell Tissue Re97, 371-382.
expression of Foxd3 in migrating neural crest cells suggest&shet, E., Lyman, S. D., Williams, D. E., Anderson, D. M., Jenkins, N.
Foxd3 may regulate the delamination and emigration of neuralA- Copeland, N. G. and Parada, L. R1991). Embryonic RNA expression

: . R patterns of the c-kit receptor and its cognate ligand suggest multiple
crest cells from the neural tube, this regulation may be indirect. ;|- = " i mouse developmeBMBO J.10, 2425-2435.

In summary, our results demonstrate that Foxd3 can induggoussi, C., Gross, M. K. and Gruss, R1995). Pax3: a paired domain gene
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