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Summary

Members of the Sox family of transcription factors are
involved in a number of crucial developmental processes,
including sex determination, neurogenesis and skeletal
development. LSox5 is a member of the group D Sox factors
that, in conjunction with Sox6 and Sox9, promotes
chondrogenesis by activating the expression of cartilage-
specific extracellular matrix molecules. We have cloned the
chicken homologue ofLSox5 and found that it is initially
expressed in the premigratory and migratory neural crest
after Slugand FoxD3. Subsequently, the expression &fSox5
is maintained in cephalic crest derivatives, and it appears to
be required for the development of the glial lineage, the
Schwann cells and satellite glia in cranial ganglia.
Misexpression of LSox5 in the cephalic neural tube
activated RhoB expression throughout the dorsoventral
axis. Furthermore, the prolonged forced expression of

LSox5 enlarged the dorsal territory in which the neural

crest is generated, extended the ‘temporal window’ of
neural crest segregation, and led to an overproduction of
neural crest cells in cephalic regions. In addition to HNK-
1, the additional neural crest cells expressed putative
upstream markers Slug, FoxD3) indicating that a

regulatory feedback mechanism may operate during
neural crest generation. Thus, our data show that in
addition to the SoxE genes $ox9and Sox1Q a SoxD gene

(SoxH also participates in neural crest development and
that a cooperative interaction may operate during neural
crest generation, as seen during the formation of cartilage.

Supplemental data available online
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Introduction

Since the discovery of Sry (Gubbay et al.,, 1990), man

chondrogenesis (Lefebvre et al., 1998). Indeed, it is in this
rocess that LSox5 has been most thoroughly studied.

transcription factors have been characterised and included ifutations inSOX9roduce campomelic dysplasia, a syndrome
the Sox family (Sry-related HMG box), based on theirf‘hat is often associated with aL_jtosomaI XY sex reversal_ and
homology to the HMG DNA-binding domain. These proteins'”VC"Ves the severe malformation of most camlage—dgrlved
are involved in a number of developmental processes, makirjructures (Meyer et al., 1997). Furthermore, mouse chimeras
the Sox family one of the most prolific of its kind with more COntaining Soxg’~ embryonic_stem cells inactivate early
than 30 vertebrate members recognised to date. Through tp@rtilage markers, including ti&ol2algene (Bi et al., 1999),
phylogenetic analysis of the HMG box, Sox family memberg Phenomenon that is also observedSixg Sox6 double
have been classified into 11 groups (Bowles et al., 2000fiutant embryos (Smits et al., 2001). This scheme is further
Together with Sox6 and Sox13, Sox5 belongs to group D. clarified by the severe downregulation lbBox5and Sox6
SoxDgenes contain more exons than do other Sox gen@kpression produced afteBox9 inactivation using the
(Schepers et al., 2002). Additional complexity is introduced-re/LoxP  system in chondrogenic cell lineages, thus
through tightly regulated mRNA processing, the functionademonstrating thdtSox5andSox6are genetically downstream
significance of alternative splicing being highlighted by theof Sox9in chondrocytes (Akiyama et al., 2002). Interestingly,
differential expression of the distinct isoforms. Indeed, a shoff the chick, Sox9 has been implicated in the differentiation of
variant of Sox5 (SSox5) is found only in adult testis, whilethe neural crest (Cheung and Briscoe, 2002) and here we
longer isoforms (LSox5) are expressed in other tissues durirgfaracterise chick LSox5 and show its participation in cranial
mammalian development (Denny et al., 1992; Lefebvre et alneural crest development.
1998; Hiraoka et al., 1998). LSox5 variants share common The neural crest is a cell population that originates at the
structural features with other group D members, including &oundary between the neural plate and the prospective
leucine zipper and glutamine-rich regions thought to beepidermis. Once specified, the cells of the neural crest
involved in dimerisation (Hiraoka et al., 1998; Lefebvre et al.delaminate from the neural folds/neural tube by undergoing a
1998). In the mouse, LSox5/Sox6 heterodimers cooperate wighrocess of epithelium to mesenchyme transition (EMT). These
Sox9to activate theCol2al gene, which encodes type Il cells then migrate along characteristic pathways and
collagen, an extracellular matrix component that is essential falifferentiate into a wide variety of derivatives upon reaching
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their destination, including neurons and glia of the peripheradDBJ Nucleotide Sequence Databases under the Accession Numbers
nervous system, pigment cells, craniofacial cartilage and borfg}626988 and AJ626989. A putative short isofo@S¢x} results
(LeDouarin and Kalcheim, 1999). Diffusible factors of thefrom the deletion of the first 1248 coding nucleotided 86x5-I1

BMP, BMP antagonists, FGF and WNT families, together witmgpocrfﬁ ;NEyarFl{%rlysg% tzziggptrﬁssag?] Ig; ;hf, l%genrggtel\g%lgessﬂylfgﬁe .
retinoic acid, seem to direct the first steps of neural cre ) b : g :

induction (Liem et al., 1995; Selleck et al., 1998; Garcia—Castrééi%?é%%?$ﬁ§€gc-”cCC'3 and antisense "&CTTTCT-

et al.,, 2002; Villanueva et al., 2002), although different '

transcription factors are thought to interpret these extracellulan ovo electroporation

signals. Indeed, the winged-helix family member FoxD3 angtyji-lengthLSox5-11(772 amino acids) an8Sox5356 amino acids)
Sox9 have been implicated in the induction of the neural cresbNAs were cloned into a pCX vector (Niwa et al., 1991) to be used
(Kos et al., 2001; Dottori et al., 2001; Cheung and Briscodn electroporation assays. Each plasmid (4 mg/ml) was injected
2003); and members of the Snail family of transcriptionbetween the neural folds of stage 8 chicken embryos together with
factors, Snail and Slug, are required to trigger the EMTPCX-EGFP (0.5 mg/ml), and the embryos were immediately
(reviewed in Nieto, 2002). The neural crest derivatives becomectroporated as described previously (Itasaki et al., 1999) with some
committed at different stages of their development and SOn{godlflcatlons. Electroporation was performe_d Wlt_h a TSS20 Intracel
transcription factors seem to direct this lineage commitmengduare pulse generator, programmed to deliver five 50 mseconds, 15

At | trati Sox10 f ntai th pulses at 4 Hz, through custom-made platinum electrodes. The eggs
ow concentrations, 50X apparently  maintains Qvere sealed and allowed to develop for another 6-7, 12 or 20-24 hours,

multipotency of the crest cells and at higher doses it inhibitg; \yhich point the embryos were removed and processed for in situ

neuronal differentiation, favouring the generation of peripherahypridisation or immunohistochemistry. Control electroporation

glia and melanoblasts (Kim et al., 2003; Paratore et al., 20013ssays were performed by injecting pE&FP (4.5 mg/ml) alone.

by contrast, FoxD3 represses melanogenesis (Kos et al., 2001; o S

Dottori et al., 2001) and it has been demonstrated that Sox9{¢hole mount in-situ hybridisation

necessary for the determination of the chondrogenic lineage fingle or double whole-mount in situ hybridisation was carried out as

cranial neural crest cells (Mori-Akiyama et al., 2003). described (Nlef[o e'g aI.,. 1996). For double hybrldlsat]on, one prqbe
We have characterised chick LSox5, which shows a higlfas labelled with digoxigenin-UTP and the second with fluorescein-

degree of similarity to its mammalian counterpart and al%/TP' The probes were detected with anti-digoxigenin or anti-

. ; . ) - fluorescein antibodies coupled to alkaline phosphatase, and visualised
identical HMG box. Two splice variants were found that contain ith NBT-BCIP (digoxigenin) or INT-BCIP (fluorescein; all reagents

specjfjc .structural motifs susceptible to po;t—trans!ation nd antibodies supplied by Roche). Ttgox5probes were prepared
modification. We show that LSox5 is expressed in premigratoritom the full-lengthLSox5-IIcDNA isoform. The fluorescein-labelled
cranial neural crest cells and that following delamination|.Sox5probe was often used to control for electroporation without
LSox5 expression coincides with a characteristic pattern of crestasking the blue staining of the probe under analysis. Embryos were
migration. High expression levels are maintained in the cresthen photographed prior to embedding in gelatin or agarose for
derived components of cranial glia, including Schwann cellgibratome sectioning.

and satellite glia. Misexpression of LSox5 in the midbrain an(lmi_LSOX5 generation and immunohistochemistry

the hindbrain provoked the rapid, cell autonomous upregulatiorih . . .
: : : . eLSox5-1IcDNA was cloned into the pRSET plasmid (Invitrogen),
of RhoB This misexpression of LSox5 also led to an extensio om which a fusion protein was generated to immunise rabbits and

of the dorsal territory and of the developmental window Mybtain antisera. Protein extracts from embryonic fibroblasts stably

which the neural crest is produced, and augmented thgrected with RCAS vectors expressimgox5-1 or LSox5-1l were
generation of cephalic neural crest. The less immediate effecifalysed by western blotting to test the affinity and specificity of the
of LSox5 include the upregulation of other neural crest markersera. One serum, 32A-l1l, specifically recognised LSox5 in western

such asSlug FoxD3andSox10.Thus, we propose that LSox5 blots and produced a pattern of immunostaining comparable with that
participates in the generation of the cranial neural crest and @fptained by in situ hybridisation (not shown). This serum was used

the subsequent differentiation of the cranial glia lineage. ~ throughout this work. For immunohystochemistry, it cryostat or
40um vibratome agarose sections were permeabilised with 0.5% Triton

X-100 (USB), blocked with 10% FBS and incubated overnight at 4°C

; with the primary antibody. After washing, the cryostat sections were
Materials and methods incubated for 1 hour with secondary antibodies or overnight in the case
Embryos of agarose vibratome sections. The primary antibodies were used at the

Fertilised chicken eggs were purchased from Granja Santa Isalfellowing concentrations: LSox5, 1:4000; EGFP, 1:1000 (Molecular

(Cérdoba, Spain). Eggs were incubated, opened and staged accorditfgbes); Laminin 1, 1:1000 (Sigma), Pax7, 1:1000 (DSHB) (Ericson et

to Hamburger and Hamilton (Hamburger and Hamilton, 1951). al., 1996); Slug, 1:1000 (62.1E6, DSHB) (Liem et al., 1995)1 2000
(1E8, DSHB) (Bhattacharyya et al., 1991); HNK-1, 1:4000 (prepared

Cloning and sequencing of chicken  LSox5 from a cell line obtained from ATCC); Islet-1/2, 1:1000 (40.2D6,

ChickenLSox5was isolated in a subtractive screen to isolate gene®SHB) (Ericson et al., 1992). Cy2- or Cy3-conjugated secondary

involved in the early stages of brain development. A cDNAantibodies were used (Jackson; 1:1000 dilution). HNK-1 whole-mount

subtraction library was generated with the ‘Clontech PCR selecimmunohistochemistry was performed as described (Nieto et al., 1996).

cDNA subtraction kit' (Clontech, catalog number K1804-1), using the

anterior region of stage 8 and stage 11 chick embryos as the ‘driver’

and ‘tester’ populations, respectively. One of the clones isolated in tHResults

screen was a partial cDNA feuSox5 and the full-length cDNAs of . I

LSox5-landLSox5-11(2.3 and 2.4 kb, respectively) were obtained byTWO 'SOformS of_the transcription factor LSox5

PCR walking using a stagel4 lambda zap cDNA library. Th&XPressed in chick embryos

nucleotide sequence aSox5appears in the EMBL, GenBank and In an attempt to isolate genes involved in the early stages of
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chick brain development, we have identified clones.Sox5 is expressed in premigratory and migratory
corresponding to chickSox5in a subtractive screen where cephalic neural crest cells
cDNAs from stage 8 chick embryos were compared with thosghe long splice variants derived from tBex5gene were first
isolated from stage 11. cDNA clones that showed a stronglentified in the mouse. They have been shown to play a crucial
similarity to mammalia.Sox5and that were more intensely role in chondrogenesis (Lefebvre et al., 1998) and to be
expressed at stage 11 were identified. Then, a full-length cDNéxpressed in the developing pancreas, as well as in a variety of
was generated by PCR cDNA walking, which rendered twedult human tissues (lkeda et al., 2002; Lioubinski et al., 2003).
distinct isoforms. The long&Sox5-lldiffered from the shorter At early stages of chick developmeh§ox5mRNA appeared
LSox5-Isequence because of a 105 bp insertion that encodesibe distributed in the neural crest and its derivatives (Fig. 1).
additional amino acids at position 56 (the amino acidrhe expression of Sox5was first detected at stage 7 in the
sequence of chicken LSox5 and its alignment withheural folds (Fig. 1A), closely following the onset of the
the human orthologue is shown in Fig. Slexpression of other neural crest markers su@iug(data not
at http://dev.biologists.org/cgi/content/full/131/18/4455/DC1).shown) andFoxD3 (Kos et al., 2001). At all the stages
By comparing thé& Sox5cDNA sequence with public database analysed,LSox5 was also expressed at high levels in the
entries, we mapped the chick®ox5gene to chromosome 1 notochord (Fig. 1C).
and established an exon/intron organisation very similar to that Within the neural plate, the expression lb&ox5 was
described for its mammalian orthologues (lkeda et aldependent on its anteroposterior location, as transcripts were
2002)  (the location and sequence of exonfound both dorsally and ventrally at prosencephalic levels
intron  boundaries is shown in Table S1 at(Fig. 1B), whereas at more caudal levels they were restricted
http://dev.biologists.org/cgi/content/full/131/18/4455/DC1). to the most dorsal region where the neural crest forms (Fig.
The two cDNA isoforms isolated in the chick encodeiC). As the neural folds extended caudally, so did the dorsal
proteins of 737 and 772 amino acids, predicted to be of 80.9@striction of LSox5expression. At stages 8 and I950x5
and 84.95 kDa, respectively. The amino acid sequences aéntinued to be expressed in the anterior prosencephalon,
highly similar to their mammalian counterparts, LSox5-lalthough this region does not produce neural crest (Fig. 1D,F)
sharing 95.7% and 93% of its residues with its human angnd nor were neural crest markers suctslag and FoxD3
mouse orthologues, respectively. The HMG box is identical iRxpressed here (Fig. 1E) (Kos et al., 2001). At later stages,
all three species, but out of this region, the chick LSox5-1L.Sox5expressing cells became migratory (Fig. 1G) and were
contains 113 serine/threonine residues, 10% more than ifsund among the population of mesencephalic and
mammalian orthologues. Strikingly, the majority of therhombencephalic migratory crest cells (Fig. 1)Sox5
additional S/T residues are concentrated between amino aciggpression then progressively diminished in the dorsal
426-456, and within this region, four serines and one threoningephalic neural tube caudal to the forebrain, coincident with
are concentrated in a short nine amino acid stretch. In siliges apparition in cells that were migrating along well-defined
screening of EST databases, together with the analysis of theural crest pathways (Anderson and Meier, 1981; Tosney,
corresponding genomic entries has shown that the inclusion @082; Lumsden et al., 1991).
this serine-rich domain (SRD) varies across species. It is To confirm whether the migratory cells that expreSex5
constitutively incorporated in zebrafish and fugu LSox5were neural crest cells, we examined the expression of Slug, a
polypeptides, absent in human, mouse and rat, and it may kearker of the premigratory and the migratory neural crest
alternatively ~spliced in the chicken (see Fig. SZpopulation (Fig. 1J) (Nieto et al., 1994; del Barrio and Nieto,
at http://dev.biologists.org/cgi/content/full/131/18/4455/DC12004). Within the neural tube, all cells that expressed LSox5
shows the DNA sequence at the intron-exon boundary afilso expressed Slug (Fig. 1J-L), confirming that LSox5 is
different species, providing a molecular basis for thisexpressed in premigratory neural crest cells. Nevertheless, a
diversity). These phylogenetic variations may reflect the&ubpopulation of cells only expressed Slug, indicating that
evolution of mechanisms that regulate LSox5 activity which_Sox5 is not common to all premigratory crest cells. In the
involve differential phosphorylation. early stages of migration, many cells expressed both these
We analysed the expression of the two distiStix5soforms  proteins, although as migration proceeded, LSox5 expression
by RT-PCR on cDNA samples from stages 9-23, with a pair ciugmented while the expression of Slug diminished (del Barrio
primers flanking the inserted domain. Two bands correspondingnd Nieto, 2004). The onset 8fugexpression prior to that of
in size to that predicted for each isoform were detected at allSox5 indicated that Slug precedes LSox5 in the genetic
stages and at the same intensity. Furthermore, in western blotscafscade at play during neural crest development.
whole embryo protein extracts, a serum generated against LSox5 o o ) o
also detected two bands of similar intensity and with apparehS0x5 expression is maintained in the glial lineage
molecular masses slightly higher than those predicted from ti the cephalic peripheral nervous system
primary structure (the expressionlddox5as obtained by both We then compared the expression of LSox5 with that of other
RT-PCR and western blot is shown in Fig. S1 at http:/heural crest markers and its distribution in neural crest
dev.biologists.org/cgi/content/full/131/18/4455/DC1). Thus, wederivatives. RhoB is a small GTPase implicated in the
detected LSox5 in embryos at all the stages examined and delamination of the neural crest that lies downstream of Slug
differences in expression could be detected between the twbiu and Jessell, 1998; del Barrio and Nieto, 2002hoB
isoforms during development, either by RT-PCR ormRNA is expressed in a small population of premigratory
immunoblotting. Nevertheless, as these studies were performedural crest cells and in the early migratory cells. Its expression
on whole embryos, we cannot exclude the possibility that locgdattern is very similar to that dfSox5in the premigatory
differences do indeed exist. neural crest cells, suggesting that at a particular stage of
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Fig. 1. Expression patterns &fSox5in the cephalic
region of chick embryos. Dorsal views of stage 7 (A)
8 (D), 9 (F) and 10 (G) embryos show the expression

of LSox5mRNA in the neural folds/neural tube, i
following a pattern compatible with premigratory and| -
migratory cephalic neural crest. Transverse sections
of stage7 (B,C) and stage 10 (H,l) embryos show
LSox5expression all along the dorsoventral axis of
the neural tube at prosencephalic levels (B,H), and
restriction to the most dorsal region at more caudal
levels (C,l). (E) A dorsal view of a stage 8 embryo
showing the expression 8fugin territories
competent to form neural crest, and its absence fro
the non-crest producing prosencephalic regions.
(J-L) A transverse section of a stage 10 embryo at th
hindbrain level labelled with both anti-LSox5 (green)| s¢10
and anti-Slug (red) antibodies. Only a subpopulatio
of the cells within the neural tube (nt) express both A o
Slug and LSox5, whereas all the migratory cells e § 2 i
express both genes. LSox5 expression increases alorig . 4

the cell migratory tracts, while Slug expression & Terye e
diminishes in some migratory cells. (M) A transverse J i
section of a stage 10 embryo at the level of the rostral .-~ \‘; P
hindbrain shows that as migration proceeds, LSox5 | 5

immunoreactive cells (green) acquire the HNK1
epitope (red). (N) Parasagittal section of a stage 25
embryo showing the proximal segment of the
oculomotor nerve. LSox5 expression (green) is high
in the precursors of the Schwann cells, where it
coincides with the ¢marker. (O) Section through the
ophthalmic lobule of the trigeminal ganglion of an
E5.5 (stage 28) embryo double stained for Islet (red Jil
and LSox5 (green). The small nuclei,
morphologically associated with satellite glia, expres
LSox5, while those of the neuroblasts express Islet.

by

st7

development they may be co-expressed in neural crest cellsSox5 misexpression in the cephalic neural tube
The glycoprotein epitope HNK1 (Tucker et al., 1984) is foundaugments the production of neural crest
in the majority of migratory neural crest cells (Le Dourain andlo investigate whether LSox5 plays a role in the migration
Kalcheim, 1999; del Barrio and Nieto, 2004). Although mostand/or differentiation of the neural crest, we ectopically
migratory neural crest cells were labelled for both HNK1 andnduced expression of the longest LSox5-IlI isoform on the
LSox5 (Fig. 1M), an early migratory cell population containedright-hand side of the neural tube. This was achieved by
LSox5 alone. electroporating pCX-Sox5 (together with pCXEGFP as a

In the head, all the peripheral glia and most neurons in botimarker of transformation) into the cephalic region of stage 8
the sensory and autonomic ganglia are lineages derived froembryos. After 20-24 hours, uniform EGFP labelling was
the neural crest (reviewed by LeDourain and Kalcheim, 1999letected on one side of the neural tube and in the characteristic
The population of peripheral glia includes satellite glia of thestreams of migratory cranial neural crest (Fig. 2A). A similar
cranial ganglia and the Schwann cells associated with ttdistribution of ectopic LSox5 was observed by
cranial nerves. Our immunohistochemical analysis revealedhmunohistochemistry (Fig. 2B,C). Under these conditions,
that LSox5 expression was maintained in both these glial cethe expression of HNK1 increased on the electroporated side,
types. In Schwann cell precursors that ensheath the cranjgdrticularly in the post-otic regions, although a similar effect
nerves, LSox5 is co-expressed with) & early marker of both was also observed at different cranial levels (Fig. 2D,E).
myelinating and nonmyelinating cells (Bhattacharyya et al.Moreover, many of the additional HNK1-labelled cells were
1991) (Fig. 1N). In the cranial ganglia, anti-LSox5 labelledlocated at more retarded positions along the migratory
small rod-shaped nuclei whose morphology indicated that thgyathway, and ectopic epithelial cells were also labelled by
might correspond to satellite glia. This population of LSox5-HNK1 throughout the electroporated side of the
positive cells was clearly different from the neuroblasts thabeuroepithelium (Fig. 2F-H). None of these effects was
express Lim-domain factors of the Islet class (Fedtsova et abbserved when pCXGFP alone was electroporated (not
2003) (Fig. 10). shown).
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Fig. 2.LSox5misexpression in the cephalic
neural tube augments the neural crest
population. (A) Dorsal view of an embryo z
hours after co-electroporation with pCX-
LSox5and PCXEGFPon the right-hand sid
of the cephalic neural tube. The EGFP
expression is seen on the treated side and
the emerging streams of migratory neural
crest cells (white arrowheads).

(B,C) Transverse sections of an electropor
embryo showing the coincident expression
EGFP and ectopic LSox5 all along the
dorsoventral axis of the right hand side of 1
neural tube. (D,E) Lateral views of an
electroporated embryo immunostained for
HNKZ1 where the increase in HNK1-positive
migratory cells in the electroporated (ep) s
can be observed, particularly in the
circumpharyngeal stream (black arrowhea
(F,G) A transverse section at the level of tr
caudal hindbrain shows the supernumerar
HNKZ1-positive migratory cells (red) in the
electroporated side of the embryo. (H) A
magnification of G shows the appearance
ectopic HNK1-positive cells within the
treated side of the neural tube (arrowhead
(1,J) At the hindbrain level, in a double
immunostained transverse section, the
overexpression of Pax7 (red) in cells
expressing EGFP (green) can be seenint
neuroepithelial and migratory cells on the
LSox5transfected side. (K,L) An overlay of
RhoBhybridisation and double immunostaining for Pax7 (green) and laminin 1 (red) shows that severe damage of the basement membrane
coincides with the expanded region of neural crest delamination on the electroporated side of the neural tube. (M,N) Jeatisuereé
electroporated embryos hybridised k@ox5andSlug(M), and N-cadherin (N). The territory competent for neural crest generation extends
ventrally on the electroporated side, as judged by the expanded expresiag(bf) and the coincident inhibition of N-cadherin expression
(compare the length of the brackets on both sides of the neural tube). (O) At more ventral regions of the neural tubbeectisattere be

detected that ectopically expres$&ubBon the treated side of the neural tube, breaking the basal lamina and invading into the lateral
mesenchyme (open arrowhead). ov, otic vesicle.

The additional population of migratory cells were veryectopicRhoBpositive cells were generated that did not express
probably bona fide neural crest cells, as they also express8tlig although some of them seemed capable of exiting the
premigratory neural crest markers. Indeed, we found aeural tube.
dramatic increase in the number of Pax@hoB and Slug . ) . ] ]
expressing cells on the electroporated side of the dorsal neurdle induction of RhoB is an immediate response to
tube (Fig. 2I-K, L and M, respectively). In addition to LS0x5 misexpression
neuroepithelial cells in the dorsal neural tube, Pax7 is alsdnder normal conditions, the onsetSifigexpression occurs
expressed in a population of cranial neural crest migrating frofnefore that oL Sox5 Considering that the onset lobox5and
the mesencephalon and rhombomeres 1, 3 and 5 (KawakaRihoB expression occurs within a similar timescale, and that
etal., 1997). Coincidently, N-cadherin, the expression of whichSox5is able to induceRhoBin areas wheré&lug was not
disappears in delaminating crest cells (Nakagawa and Takeiclmduced (Fig. 20), we examined wheth&ox5could induce
1995), was also diminished in this region (Fig. 2N). Finally,RhoB within short periods of time and whether this was
the basement membrane was disrupted, indicating that theiselependent o8luginduction. On the transformed side of the
crest cells could undergo the epithelial-mesenchyme transitiareural tube, we could identify a number of cells that expressed
and delaminate (Fig. 2K,L). The misexpressioi.®bx5also  EGFP and LSox5 6-7 hours after electroporation (Fig. 3A,B).
generated some scatterdthoBexpressing cells at more In these embryos, ectopiRhoBexpression was also detected
ventral locations within the electroporated tube, and some af the intermediate and ventral regions of the neural tube (Fig.
these cells appeared to delaminate from this ectopic site (Fi§C), but no abnormalugexpression could be observed (not
20). However, ectopic expression ®iugwas never detected shown). Moreover, no ectopic cells expressRigoB were
at intermediate or ventral regions of the tube (Fig. 2M). lrobserved in the contralateral side of the tube or in control
summary, ectopic overexpressionL&ox5in the neural tube embryos electroporated with pCXGFP alone (not shown).
upregulated Pax7,Slug and RhoB expression dorsally, The rapid appearance of ectopic cells expressing both LSox5
expanding the delaminating domain and increasing thand RhoB suggested that the forced expressionlL&obx5
migratory neural crest population. More ventrally, somedirectly inducedRhoBexpression in the neural tube (Fig. 3D-
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neural crest population was apparent on the control side of the
embryos. By contrast, cells continued to delaminate, and
Sox10 and FoxD3-expressing cells were still detected in the
neural tube on the electroporated side (Fig. 4B,D). This result
indicates that the capacity to produce neural crest cells was
temporally extended followingSox5misexpression.

Similar, yet more dramatic, phenotypes were observed 20-
24 hours after electroporation, when the embryos had reached
stages 13-14 (Fig. 4E-K). In these embryos, retarded migratory
cells expressinox10andFoxD3were found in the midbrain
and rostral hindbrain, where neural crest production normally
ceases around stage 11 (Fig. 4E,G,K). In more caudal regions,

i Sox10and FoxD3 expression was significantly augmented in
RhoB the different migratory streams of crest cells, particularly in the
: " circumpharyngeal crest (Fig. 4H-K). Cells exiting the neural
tube at aberrant, more ventral locations were also observed in
these embryos (Fig. 4L,M). Moreover, as 8ug the ectopic
cells expressing Sox5did not expres&ox10or FoxD3 (Fig.
4L,M).

LSox5 misexpression drives neural crest
RhoB RhoB\LS0x5 differentiation towards non-neuronal phenotypes

Fig. 3. Rapid activation oRhoBafter ectopic LSox5 o The persistence of LSox5 in the cephalic neural crest derived
9. 5. =apid activall : ! XS EXpression in lial lineage, and the increased expression of BatkilOand
the cephalic neural tube. Expression of EGFP (A); LSox5 (B,E,F) OrgoxDSUpc?n LSox5 misexpression, Brompted us to analyse the

RhoB(C,D,F) in embryos fixed 6-7 hours after electroporation with fate of elect ted cells. | b that I dt
pCX-LSox5 A few transformed cells ectopically expressing LSox5 ale or electroporated cells. In embryos that were allowed to

can be detected scattered within the neural tube with the anti-LSoxgi€velop for 48 hours after LSox5 electroporation, many EGFP-
serum (A,B). In situ hybridisation fé®®hoBat a mesencephalic level 1abelled cells reached the branchial arches or were spread

shows that the ectopic activation of this gene in cells at the across the most rostral mesenchyme (not shown). Thus, it
electroporated side is analogous to the expression of LSox5 (C). Theeemed likely that these cells might be related to the non-neural
cells that ectopically expre&hoBcorrespond to those with higher  crest derivatives. In the cranial ganglia, electroporated cells
levels of ectopic LSox5 expression in their nuclei (D-F). were preferentially detected at sites where Schwann cell
precursors accumulate, both at the entrance and exit of the
corresponding cranial nerve (Fig. 5). We also found labelled
cells interspersed with neuronal precursors of placodal origin
F). Interestingly, this induction was transitory in intermediateat the distal region of the trigeminal ganglion (Fig. 5A,B), the
and ventral regions of the neural tube because 12 hours afggniculate ganglion (Fig. 5C,D) and the petrosal ganglion (not
electroporation only a fraction of the EGFP-labelled cells hershown). By contrast, labelled cells were very rarely found in
expressedrhoB Similarly, after 20 hours, the dorsal domainthe proximal region of the trigeminal ganglion where neural
of RhoBexpression had expanded and a few scattered ectopicest-derived neuronal precursors accumulate. In the ciliary

RhoBexpressing cells were detected out of this region. and superior ganglia, the neuronal precursors are all of neural
crest origin, but they did not coincide with LSox5

LSox5 misexpression upregulates the expression of overexpressing cells (Fig. 5E-H). These data suggest that

FoxD3 and Sox10 LSox5 overexpression in neural crest cells drives the

The transcription factors Sox10 and FoxD3 have both beetifferentiation of non-neuronal phenotypes.

implicated in the generation of the neural crest and in the ) )

posterior selection of crest-derived non-neural phenotype3S0x5 behaves as LSox5 when misexpressed in the

(Aoki et al., 2003; Britsch et al., 2001; Dottori et al., 2001; Kosheural tube

et al., 2001). Given the expression pattern of LSox5 in thAs well as LSox5, a shorter isoform is also generated from the
peripheral glia, we examined whethieBox5 misexpression SOX5genes, SSox5 (Fig. 6A), which contains only the HMG
influenced eitherSox10or FoxD3 activity. The expression box for DNA binding and a unique coiled-coil domain (Denny
pattern of these two factors did not appear to have been alteretd al., 1992; Wunderle et al., 1996). Although SSox5 is
by the misexpression ofLSox5 within 6-7 hours of expressed in adult testis in the mouse (Hiraoka et al., 1998), it
electroporation (data not shown). However, 12 hours aftewvas not detected in embryonic chick extracts. However, as a
electroporation, the number of cells expressing BatkiOand  first approach to analyse the functional domains responsible for
FoxD3increased on the electroporated side of the embryo (Fighe activity of LSox5, we analysed the effects of expressing the
4A-D). Under these conditions, the embryos had developed fautative chick orthologue of mammalian SSox5 in the neural
stage 11-11+ when the generation of the neural crest aibe. With respect to the expressiomrbioB, Sox1@ndFoxD3
mesencephalic and rostral hindbrain levels has normallgfter electroporation, this short form behaved very similarly to
terminated, and the neural crest cells are already at a distartbe long isoform (Fig. 6B,C). These results indicate that the
from the dorsal neural tube. Indeed, this distancing of thetructural information contained in SSox5 is sufficient to
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Fig. 4. EctopicLSox5expression in the cephalic
neural tube upregulates the expression of specific
neural crest markers. Embryos were electroporated
with pCX-LSox50n the right-hand side of the neural
tube, left to develop for 12 (A-D) or 20-24 hours (E-

M), and then subjected to in situ hybridisation to

visualise the expression bSox5and/orFoxD3or
Sox10 (A,C) Dorsal view of the midbrain and anterior
hindbrain of two embryos showing an increase in
FoxD3 andSox1Bexpressing cells on the transfected

side. Transverse sections of these embryos (B,D) shq

the appearance of ectopic premigratory cells

expressing these markers. Dorsal (E) or lateral views |-

(F,G) of two treated embryos show the dramatic
increase iFoxD3andSox10expression on the

transfected side (ep) 20-24 hours after electroporatiof
The effect is particularly remarkable in transverse
sections at the level of the circumpharyngeal crest

(J,K). (H,) Diagrams representing the area covered b i

FoxD3 or Sox10expressing cells in 40m serial
sections through the cephalic region of the same
embryos. These data enable us to estimate the numb
of cells expressing these markers along the
anteroposterior axis (in arbitrary units). A larger area
of expression is associated with the transfected side

(red bars) in most sections. The red lines correspond
the transverse section in B (A), D (C), J (E,H) and K
(F,G,1). (L-M) Transverse sections at a mesencephali
level showing transformed neuroepithelial cells that

seem to leave the neural tube beyond the dorsal

competence domain (arrowheads) and do not expres§

FoxD3or Sox10 ov, otic vesicle.

FoxD3

influence neural crest development in the manner that we hasiort isoform of Sox5 (SSox5), containing an HMG DNA-

observed with LSox5.

Discussion
Structural features of chicken LSox5

We have cloned the chicken orthologue of ®@x5gene,

binding domain and a small coiled-coil region, was originally
described in adult mouse testis (Denny et al., 1992). Long
isoforms were later found in mammals (Hiraoka et al., 1998;
Lefebvre et al., 1998; lkeda et al., 2002) that, like other
members of the D subgroup (Sox6, Sox13), contain an extra
coiled-coil domain and glutamine-rich stretches. In spite of the

which appears to generate at least two |0ng isoforms (LSOnght regulation that restricts SSox5 prression to SpeCIfIC adult
| and -||) during ear|y embryogenes&)xas a member of the tissues, we have shown that SSox5 is Capable of producmg the
D subgroup of the Sox gene family (Schepers et al., 2002). &ffects characterised in this study. If LSox5 does not harbour

a transactivation domain, as suggested in some in vitro studies
(Lefebvre et al., 1998), the formation of heterodimers with
other transcription factors should be considered and the unique

Fig. 5. Deviation of neural crest derivatives to the glial lineage.
Parasagittal sections of the head region of embryos 48 hours after
electroporation oESox5showing the formation of the trigeminal
(A,B), facial (C,D), ciliary (E,F), and superior (G,H) ganglia. Serial
sections immunostained for LSox5 (green in A,C,E,G) or EGFP
(green in B,D,F,H) show the distribution of transformed neural crest
cells that maintain LSox5 overexpression. The exposure time was
reduced in A,C,E,G to visualise only LSox5-overexpressing cells
with signals above the normal level in glial cells. These cells are
preferentially located at the proximal entrance of the corresponding
cranial nerve (yellow arrowheads) or at the distal exit point (white
arrowheads). Transformed cells are excluded from the proximal
region of the trigeminal ganglion (broken line in A,B), where neural
crest derived neurons should differentiate, and there is a consistent
failure to colocalise with the neuronal marker (Islet, in red).
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prosencephalon are likely to be related to developmental

i\ b (oo HMG' . processes other than the generation of the neural crest.
lﬁzz-:"d In the head, the onset bSox5expression follows the well-
established anteroposterior developmental gradient in the
N dorsal neural folds/tube, as do most other neural crest markers.
SSox3 3362 However, Sox9, Slugand FoxD3 all precedeLSox5 which

Fig. 6. SSox5 mimics the effects of LSox5 in misexpression assays.appm)“mate'y coincides wittRhoB and _precedesSox10

(A) Comparison of the LSox5-Il and SSox5 polypeptides. HMG, expression. It is interesting to note tHzBox5 as Slug is
HMG binding domain; cc, potential coiled-coil domains. continuously expressed at low levels throughout rhombomere
(B,C) Transverse sections at rostral hindbrain levels hybridised with(") 3, while other markers such &ox9, FoxD3, RhoBnd
RhoBor FoxD312 hours after electroporation with pC3Sox5Both Sox1Q0are never expressed in this rhombomere (Liu and Jessell,

the ectopic expression BhoBand the upregulation ¢oxD3 1998; Cheng et al., 2000; Kos et al., 2002) (S.P.-A., M.A.N.
observed here are very similar to those produced after LSox5 and J.A.B., unpublished). Although we do not know the
misexpression (Figs 3-5). functional significance of this at present, the absence of many

neural crest markers may be related to the fact that the neural
crest produced in r3 undergoes massive apoptosis (Graham et
al., 1993). Those crest cells that survive in r3 are deviated
coiled-coil structure present in SSox5 may represent arostrally or caudally to contribute to the major migratory
interactive domain. streams adjacent to r2 and r4 (Birgbauer et al., 1995). Thus,
Not only does the overall sequence of chick LSox5 show hased on their relative expression patterns, we would locate
high degree of similarity to that of its mammalian orthologue_Sox5downstream oSo0x9 SlugandFoxD3 and at the same
but the HMG box is identical. Nevertheless, one structurdhierarchical level or slightly upstream BhoBand Sox10
feature that distinguishes chick LSox5 derives from the fact ]
that 16 out of the 33 amino acid substitutions between tharly upregulation of RhoB caused by LSox5
mouse and the predicted chicken protein lie within residue&lISEXpression
426-456. Strikingly, nine of these changes imply the gain ofaking into account the gene hierarchy that emerged by
serine or threonine residues in the chick protein, including analysing the endogenous expression in the neural crest, the
specific serine rich domain (SRD). Indeed, when scanned fapregulation oRhoBappears to be an immediate consequence
putative phosphorylation sites (Blom et al., 1999), they mainlpf LSox5 misexpression in the neural epithelium. This
lie in this region of LSox5 and some of the substitutions in th@pregulation is a cell-autonomous phenomenon and it initially
chick sequence generate new sites. This suggests that in firesents near complete penetrance, i.e. most transformed cells
chicken, specific mechanisms may exist to regulate LSoxBecome RhoBpositive regardless of their location in the
activity by phosphorylation. Indeed, the regulation of Soxdorsoventral axis of the neural tube. With time, and in parallel
function by serine phosphorylation has been demonstratedith the number oL Sox5expressing cells within the neural
LSox5, Sox6 and Sox9 cooperate in the transactivation of epithelium, the number oRhoBexpressing cells increases
Col2al chondrocyte-specific enhancer during -cartilagedramatically at the dorsal aspect of the neural tube,
formation, and the activity of Sox9 in this process is controlledoncomitant with a massive delamination of cells expressing
by cyclic AMP-dependent protein kinase A phosphorylationdifferent neural crest markers. By contrast, the number of

(Huang et al., 2000). RhoBexpressing cells remains low at intermediate and ventral
o positions, suggesting that these environments are hostile to its
LSox5 expression in the neural crest induction. RhoB has been proposed to contribute to the

We isolated chickeh Sox5while searching for genes that are changes in cell shape and adhesion that occur during the
induced or upregulated between embryonic stages 8-11, delamination of neural crest cells by regulating actin
period during which the cephalic neural crest forms and begin®lymerisation, the formation of focal adhesions and of stress
to migrate LSoxb5satisfied the criteria of the screen because ifibres (Liu and Jessell, 1998). Accordingly, it should be noted
is expressed in the cephalic neural crest, both premigratory atitht some of the cells that are induced to exfRésBbut that
migratory. However, we also detectefox5expression in the lie outside of the dorsal domain of neural crest competence,
trunk neural crest, albeit at much lower levels (not shown). Atemain in the neural tube and maintain an epithelial aspect.
early developmental stagesSox5is observed in the neural Only a few cells located outside of, but close to, the domain of
folds, but while it is expressed in the whole of the prospectiveompetence for crest formation seem to be able to delaminate
forebrain epithelium, in more caudal regions it is restricted t@nd enter the adjacent mesenchyme. However, even when they
the most dorsal part of the neural tube where the neural cresmte able to delaminate, these cells do not express any neural
form. When compared with other neural crest markers, thisrest markers other than the ectopiox5 These results
expression pattern is uniquelt8ox5 The two geneSlugand indicate that LSox5 is likely to induc®hoB expression
Sox9are restricted to the dorsal region of the neural plate andirectly. Moreover, although this makes the cells competent to
the onset of their expression coincides with the generation ofhdergo changes in cell shape, it is not compatible with them
the neural crest. By contrasipxD3 is first expressed in the undergoing complete EMT and fully acquiring the neural crest
most rostral region of the neural folds and only becomephenotype, unless they are located in the crest-competent
restricted to the territories where the neural crest forms prictomain. We also describe the appearance of HNK1-positive
to delamination (Kos et al., 2002). Thus, the initial expressiogells within the neural epithelium as a consequendeSoik5

of FoxD3 and the persistence diSox5 in the anterior misexpression, a phenotype similar to that described following
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FoxD3 or Sox9misexpression (Kos et al., 2002; Cheung andther neuroepithelial cells. The results obtained dfeox5
Briscoe, 2003). Although we have not checked if this aberrardverexpression indicate that it lies upstreamRbfoB and
HNK1 expression coincides with or follonRhoB ectopic  Sox1Q compatible with studies indicating thd&hoB is
expression, it seems plausible that this phenomenon mimics thevolved in the delamination process éaix10in the survival
normal development of migratory neural crest cells, whictand maintenance of the stem cell properties in the migratory
acquire the HNK1 epitope after expressitfgox5andRhoB  population (Paratore et al.,, 2001; Kim et al, 2003;
In addition, although we do not know the molecularMollaaghababa and Pavan, 2003). However, earlier markers
mechanisms involved in this particular behaviour, they mayvere also upregulated whéisox5was ectopically expressed
also operate under physiological conditions. Wheream neural crest cells at more extended times, suggesting that a
physiological expression of Slug, Sox9 and FoxD3 is restricteteedback loop may be at work in vivo. A precedent comes from
to the neural crest competent region in the dorsal neural tubie, vitro studies of EMT induction where a balanced cross-
both RhoB- and HNK1-positive cells can be found at morenodulation of cell-cell adhesion molecules, cell-ECM
ventral locations later in development (S.P.-A., M.A.N. andadhesion molecules and cytoskeletal molecules can trigger and

J.A.B., unpublished). orchestrate EMT (Newgreen and Minichiello, 1995; Somasiri
) o et al., 2001). Moreover, in a quail neural epithelial cell system

LSox5 misexpression increases neural crest in vitro, the pharmacological inhibition of protein kinase C

generation immediately  affects the  cytoskeleton,  provoking

We have shown thatLSox5 misexpression in the transformation into crest-like cells (Minichiello et al., 1999)
neuroepithelium produces a dramatic increase in the generatiand the upregulation ddlugand of Sox10expression (D. F.
of neural crest cells, which express several neural credtewgreen, personal communication). In addition, a non-
markers, including Pax7, Slug, FoxD3, RhoB, Sox10 andutonomous cell response may be induced by extracellular
HNK1. Within the head region, this effect can be detected aholecules (membrane proteins, soluble factors or matrix
all levels of the AP axis. Quantitative variation was foundmolecules). Indeed, many neural crest cells in the migratory
between embryos that might reflect the precise timing of thetreams on the transfected side did not express the EGFP
electroporation and analysis, and the efficiency of transfectiomarker, raising the possibility of secondary or indirect
Under our standard electroporation conditions, the extensidnduction.
of the ‘temporal window’ of neural crest generation was best With respect to signalling molecules, previous studies have
visualised in the mesencephalic and rostral hindbrain regionshown that signals emanating from the non-neural ectoderm
Other aspects such as the increase in the number of migrat@myd paraxial mesoderm, such as the BMPs, WNTs and FGFs,
cells were more evident in the circumpharyngeal streaménduce neural crest differentiation (Liem et al., 1995; Ikeya et
Whereas the induction dRhoB expression can be detected al., 1997; LaBonne and Bronner-Fraser, 1998). However, the
soon after the appearanceL&ox5 the other markers are only overproduction of neural crest caused by the misexpression of
induced after longer periods of time, suggesting that theipoth FoxD3 and Sox9has been placed downstream of these
induction is indirect. Before delamination, the ectopic crestlorsalising pathways (Dottori et al., 2001; Cheung and
cells are located within a crest competent domain as defindtiscoe, 2003). The same seems to hold true LiBox5
by overexpressinglug (del Barrio and Nieto, 2002). The misexpression. We have verified tlgnp4 Bmp7and Wntl
expansion of this presumptive neural crest territory igxpression remains unaltered in treated embryos, although it
paralleled by the extension of the region in which the basementas sometimes diminished as a consequence of the depletion
membrane disassembles, allowing the delamination of thef neuroepithelial cells in the dorsal tube (S.P.-A., M.A.N. and
neural crest cells that follow the normal migratory pathwaysJ.A.B., unpublished).
In addition, the ‘temporal window’ of neural crest generation During chondrocyte differentiation, Sox9 is required for the
is also extended, as has been observed after the misexpressgpression of LSox5 (Akiyama et al.,, 2002), which
of other neural crest markers, suchiNmelin 1(Barenbaum et subsequently interacts cooperatively with Sox6 and Sox9 to
al., 2000),FoxD3 (Kos et al., 2001; Dottori et al., 200Blug  activate the type Il collagen gene and promote chondrogenesis
(del Barrio and Nieto, 200250x10(Aoki et al., 2003) and (Lefebvre et al., 1998). We have analysed chi8&x6
Sox9(Cheung and Briscoe, 2003). As a matter of fact, mangxpression by in situ hybridisation, verifying that it is not
features related to the increase of neural crest production aftexpressed in either the dorsal neural tube or in early migratory
LSox5 overexpression are similar to those described in therest (S.P.-A., M.A.N. and J.A.B., unpublished). In the dorsal
aforementioned studies. It is thought that neural cresteural tube, Sox9 activates a pathway leading to neural crest
overproduction occurs at the expense of other CNS cell typésduction, in which Sox10 is later induced (Cheung and
(Dottori et al., 2001; Cheung and Briscoe, 2003).Briscoe, 2003). Sox10 expression is then maintained in the
Consequently, the overproduction of neural crest cellperipheral glial lineage (Britsch et al., 2001), where it regulates
frequently appears to deplete the cells from the most dorstile expression ofdfPeirano et al., 2000). Thus, it is tempting
region of the neural tube, as evident morphologically followingo speculate that in neural crest development a similar
LSox5misexpression. interaction between SoxE and SoxD factors to that observed
Regardless of the generalised phenotype of neural cregdtiring chondroblast differentiation occurs. In this case, LSox5
overproduction reported here, it is of interest to plegex5in ~ would be the downstream a member of the Sox E group, Sox9,
the genetic cascade of neural crest development. Thend would interact with Sox10, another E-group member
endogenous expression patterns tentatively locate @uring the premigratory stages and/or later on during the
downstream ofSox9 Slug and FoxD3 implying it acts after differentiation of the glial lineage. In addition, as our
neural crest induction and the segregation of the crest from timisexpression experiments suggest LSox5 may lie upstream of
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Sox10, the expression of which is induced later to cooperate aticson, J., Morton, S., Kawakami, A., Roelink, H. and Jessell, T. M.
stages of differentiation. Alternatively, Sox10 expression could (1996). Two critical periods of sonic hedgehog signalling required for the
be independent of LSox5, but may be upregulated or inducq:dspemflcatlon of motor neuron identi@ell 87, 661-673.

. . . . .Fedtsova, N., Perris, R. and Turner, E. E(2003). Sonic hedgehog regulates
after forced LSox5 expression, in which case it would enter in'y,q yosition of the trigeminal gangliBev. Biol. 261, 456-469.

the pathway of neural crest generation by mimicking the rol&arcia-Castro, M. I., Marcelle, C. and Bronner-Fraser, M. (2002).
of Sox9 Ectodermal Wnt function as a neural crest induSeience297, 848-851.
Graham, A., Heyman, |. and Lumsden, A.(1993). Even-numbered
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