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Abstract

The Zic genes are the vertebrate homol ogues of the Drosophila pair rule gene odd-paired. It has been proposed that Zic genes play several
roles during neural development including mediolateral segmentation of the neura plate, neura crest induction, and inhibition of
neurogenesis. Initially during mouse neural development Zic2 is expressed throughout the neural plate while later on expression in the
neurectoderm becomes restricted to the lateral region of the neural plate. A hypomorphic alele of Zic2 has demonstrated that in the mouse
Zic2 isrequired for the timing of neurulation. We have isolated a new allele of Zic2 that behaves as a loss of function allele. Analysis of
this mutant reveals two further functions for Zic2 during early neural development. Mutation of Zic2 results in a delay of neural crest
production and a decrease in the number of neural crest cells that are produced. These defects are independent of mediolateral segmentation
of the neurectoderm and of dorsal neurectoderm proliferation, both of which occur normally in the mutant embryos. Additionally Zic2 is
required during hindbrain patterning for the normal development of rhombomeres 3 and 5. This work provides the first genetic evidence
that the Zic genes are involved in neura crest production and the first demonstration that Zic2 functions during hindbrain patterning.

© 2003 Elsevier Inc. All rights reserved.
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Introduction

The neural crest is a transitory population of cells that
arises at the boundary of the neural and nonneural ectoderm
(Chan and Tam, 1988; Le Douarin and Kalcheim, 1999).
During neurulation the crest cells undergo an epithelia to
mesenchymal transition, detach from the margin of the
neura plate, and migrate away from the neurectoderm along
defined pathways. Ultimately the neural crest will form a
wide variety of cell types that include the pigment-produc-
ing melanoblasts, and neurons and glial cells of the periph-
eral nervous system (Kaufman and Bard, 1999). In recent
years many genes have been proposed to play a role in
neural crest formation, based predominantly on the basis of
in vivo or in vitro overexpression studies (for review, see
Knecht and Bronner-Fraser, 2002, and Aybar and Mayor,
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2002). To determine whether these genes are required for
endogenous crest formation loss of function studies are
necessary. The ability to perform genetic analysis in the
mouse means that it is an ideal organism in which to study
neura crest formation. Additionally, classical genetics has
shown that in some cases visible phenotypes are associated
with defects in crest production. This alows the use of an
unbiased, phenotype-driven approach to the identification of
genes that are required for mammalian neural crest forma-
tion.

The neural crest gives rise to al of the pigment-produc-
ing cells in the mouse skin and coat. As a result, small
defects in crest generation or migration may be seen as
white regions among an otherwise coloured mouse coat.
Classica mouse genetics has identified several mouse mu-
tants that affect crest production including splotch (Pax3)
(Russdll, 1947), patch (Pdgfra) (Gruneberg and Truslove,
1960), Dominant megacolon (Sox10) (Lane, 1982), piebald
(Ednrb) (Dunn, 1920), lethal spotting (Edn3) (Phillips,



392

NCC culture

H3 Foxd3, H3

Foxd3, H3 NCC culture

Zic2™* Zic2KwKku

Fig. 1. Neural crest cell analysis. The diagrams represent an 18-somite
stage wild-type embryo and an 18-somite stage mutant embryo with the
extent of trunk neural crest production represented in dark blue. Analysis
was carried out at the axial levels shown. Sox10: analysis of Sox10-positive
migrating neural crest cells; Foxd3: analysis of Foxd3-positive premigra-
tory neura crest cells; H3: analysis of anti-phospho-histone H3-positive
mitotic cells; NCC culture: neural crest cell culture was carried out using
neurectoderm adjacent to the four posterior-most somites.

1959), dominant spotting (Kit) (Little and Cloudman, 1937),
and microphthamia (Mitf) (Hertwig, 1942). Many of these
mutations act in a semidominant manner with the phenotype
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being produced as a result of haploinsufficiency. Recent
random mutagenesis screens for dominant mouse mutants
have produced hundreds of lines of mice with visible effects
on the coat (Hrabe de Angelis et al., 2000; Nolan et al.,
2000). It is likely that further semidominant mutations will
be found among these stocks of mutant lines and that these
resources represent an opportunity to genetically dissect
mammalian neural crest formation.

Onefamily of genesthat has been proposed to play arole
in neural crest development is the Zic genes. These genes
are the vertebrate homologues of the Drosophila gene odd-
paired (opa) (Aruga et a., 1994). Odd-paired is a pair rule
genethat is expressed throughout the entire pair rule domain
during Drosophila embryogenesis. Studies of opa mutants
suggest that opa is a transcription factor that interacts with
other, spatially restricted, transcription factors to specify
cell fate (Benedyk et al., 1994). All of the opa-related genes
so far isolated contain five C2H2 zinc finger domains that
have high sequence homology to the ci/Gli genes, and it has
been shown that Zic and Gli proteins can bind to one
another in vitro (Koyabu et al., 2001). The vertebrate genes
were named Zic genes because they were originally isolated
from cerebellum (zinc finger of the cerebellum), and in
posthirth stages, this appears to be their predominant site of
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Fig. 2. Zic2 is mutated in Kumba mutants. (A) All affected progeny were nonrecombinant at D14Mit248 and D14 Mit107, but not at D14Mit200, localising
the mutation distal of D14Mit200. All of the genes known to map to this region at the time of cloning are shown on the map. (B) A sequence trace from
either of the parental alleles (C3H/HeH and BALB/c) showing an “A” at the 11th nucleotide and a sequence trace from a Ku/+ mouse showing an “A” or
a“T" at this position. This A1350T mutation causes a Cys370Ser substitution.
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Fig. 3. The Kumba mutant phenotype. The range of Zic2““* phenotypes (A-D) are shown. (A) Ventral spot, (B) Spina bifida and curled tail, (C) Curled
tail, or (D) Distal tail kink. (E) Three Zic2<¥KY 9.5 dpc embryos are shown alongside a wild-type littermate. The homozygotes can be distinguished by an
open cranial neural tube, delayed posterior neuropore closure, and haemotomas on the forebrain.

expression. In mice, there are three Zic genes (Zic 1, 2, and
3) that have high homology throughout the entire zinc finger
domain. Two further genes (Zic4 and Opr) show high ho-
mology with al of the Zic genes between Zinc fingers 2 and
5, but have a divergent zinc finger 1 (Aruga et al., 1996a,b;
Furushima et a., 2000).

The role of the vertebrate Zic genes in neural develop-
ment has been most intensively studied using overexpres-
sion assaysin Xenopus. Each of the Zic genestested in these
assays (Zicl-3 and Zich) is able to induce the expression of
neura crest markers in the absence of mesoderm induction
(Brewster et al., 1998; Mizuseki et a., 1998; Nakata et al.,
1997, 2000). When Zicl, Zic2, or Zic3 is overexpressed, the
crest induction occurs alongside the induction of anterior
neural markers (cement gland and forebrain); additionally
each of these genesis able to induce the expression of itself
and of all of the other Zic genes (Nakata et al., 2000). This
has led to the proposal that these genes act at an early stage
of crest development when the neura plate is first specified
and still has anterior character. The Zic genes may segment
the ectoderm into broad domains that include neura plate
border. Another member of the Xenopus Zic gene family,
Zic5 (which is homologous to mouse Opr), is expressed in
a more neura crest-specific manner in Xenopus embryos.
Overexpression of Zic5 causes ectopic expression of neura
crest markers, but not of anterior neural markers. Instead
En2 (which marks the midbrain/hindbrain junction) is in-
duced (Nakata et a., 2000). The induction of more posterior
neural markers, along with the more restricted pattern of
expression, suggests that Zic5 may act later than the other
Zic genes to specify neural crest cell fates.

In the mouse, mutant alleles exist for Zicl, 2, and 3. A
targeted null allele of Zicl shows no embryonic phenotype
(Aruga et a., 1998). A hypomorphic allele of Zic2 was
constructed by gene targeting and embryos homozygous for
this alele die perinatally and exhibit defects in neurulation
and forebrain development. No primary defect in neura
crest generation or hindbrain development was reported in

thisstudy (Nagai et al., 2000). Zic3 isdeleted in the classical
mouse mutant Bent tail (Bn) (Carrel et al., 2000; Klootwijk
et al., 2000), and a second null allele has been generated by
gene targeting (Purandare et al., 2002). An effect on neura
development has not been demonstrated in either of the Zic3
aleles. Here we show that the Kumba (Ku) mouse mutant
isolated from a mutagenesis experiment (Nolan et al., 2000)
isanew allele of Zic2. The ENU-induced point mutation is
in the 4th zinc finger and is predicted to abolish the function
of the zinc finger domain. A small proportion of the mice
that are heterozygous for this mutation exhibit a neurulation
defect and some heterozygotes have a white spot on their
underbelly, suggesting a role in neural crest development.
Analysis of mice that are homozygous for this mutation
demonstrates that, like the targeted alele, they have defects
in neurulation and forebrain development. However, these
homozygotes die at midgestation and exhibit defects not
identified in the hypomorphic allele. Specifically they have
adefect in production of the neural crest and display defec-
tive hindbrain patterning. This represents the first genetic
evidence that Zic2 is involved in either of these processes.

Materials and methods
Mouse husbandry

The Zic2X" allele was maintained by continuous back-
cross to C3H/HeH inbred mice. To generate embryos for
analysis C3H/HeH congenic males and females (from the
10th backcross generation and beyond) that were het-
erozygous for the Zic2“" allele were selected for inter-
cross matings. Mice were maintained in a light cycle of
12-h light: 12-h dark, the midpoint of the dark cycle
being 1 AM. One PM on the day of appearance of the
vaginal plug is designated 0.5 dpc. To genotype mice for
the presence of the Kumba mutation DNA was prepared
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from tail tissue as described in Arkell et al. (2001). PCR
was performed using an alelic discrimination assay de-
signed using ABI Prism Primer Express and the reactions
carried out using an ABI 7000 Real-Time PCR machine
according to the manufacturer’s instructions.

Positional candidate cloning

Genomic DNA was isolated from biopsy of mouse tail
tissue using the Nucleon BACC2 DNA Kit. To refine the
location of the mutation on chromosome 14, 50 ng of DNA
was amplified in a reaction volume of 20 ul using a set of
simple seguence length polymorphism (SSLP) markers
from mouse chromosome 14: D14Mit5 D14Mitl3,
D14Mit37, D14Mit123, D14Mit39, D14Mit34, D14Mit239,
D14Mit70, D14Mit170, D14Mit200, D14Mit248, and
D14Mit107. PCR products were resolved by SSCP analysis
with 8% nondenaturing PAGE and silver staining (Denny
and Brown, 2000). To assess Zic2 candidature, the Zic2
coding sequence was amplified from genomic DNA and the
PCR products resolved using the same protocols described
for the SSLP analysis. For direct sequencing of PCR prod-
ucts the reactions were purified using QIAquick columns
(Qiagen). All sequencing was performed using an ABI377
sequencer and the ABI Prism Big Dye Cycle Sequence
Ready Reaction Kit (PE Biosystems). Sequences were ana-
lysed using Jellyfish (LabVelocity).

cDNA clones

For whole-mount in situ hybridisation (WMISH) to Zic2,
a cDNA probe corresponding to bases 273-1010 of mouse
Zic2 (accession no. NM_009574) was amplified and cloned
into pPGEM-Teasy (Promega). An antisense riboprobe was
generated to this clone by Sall digest and transcription with
T7 polymerase. Foxd3, Hoxa2, and Sox10 probes were all
generated from [.M.A.G.E Consortium [LLNL] cDNA
Clones (Lennon et al., 1996). The details of each clone are
as follows. Foxd3: I.M.A.G.E ID 418507, accession no.
A143048, digested with Hindlll and transcribed with T7
polymerase. Hoxa2: |.M.A.G.E ID 333548, accession no.
A1324701, digested with Hindlll and transcribed with T7
polymerase. Sox10: 1.M.A.G.E ID 4164053, accession no.
BF301006, digested with Sall and transcribed with T7 poly-
merase. A Wht6 antisense probe was generated by direct
transcription of a PCR product corresponding to 440 bp of
Wnt6 exon 4 (bases 653—1092 of NM_009526.1) using a 3’
primer incorporating the T7 RNA polymerase promoter.
The following probes for WMISH were as described previ-
oudy: Tcfap2a (AP-2; Mitchell et al., 1991), Follistatin
(Albano et al., 1994), Krox-20 (Wilkinson et al., 1989), and
Msx1 (Hill et al., 1989), Shh (Echelard et al., 1993), BMP7
(Arkell and Beddington, 1997).

Embryo recovery and WMISH

All embryos were dissected in PBS with 10% newborn calf
serum. Embryos for WMISH and immunohistochemistry were
dissected from materna tissue and Reichert’s membrane re-
moved. The amnion was removed and holes made in the
embryos in regions likely to trap probe. Embryos were trans-
ferred to 4% paraformadehyde in PBS and yolk sacs were
transferred to lysis solution (TE, pH 7.5, and 0.1% Tween 20:
polyoxyetylene sorbitan monolaurate; Sigma) and DNA pre-
pared for PCR as described in Arkell et a. (2001). Embryos
were genotyped using an dldlic discrimination assay as de-
scribed above. WMISH was carried out according to Wilkin-
son (1992), using the hybridisation conditions of Rosen and
Beddington (1993). After completion of the in Situ procedure,
embryos were destained in PBT (PBS with 0.1% Tween 20)
for 48 h and postfixed in 4% paraformaldehydein PBSfor 1 h
a room temperature. Embryos were either photographed under
PBS on a 0.5% agarose in PBS petri dish, or processed for
photography through a glycerol series (50%, 80%, 100%) and
photographed in 100% glycerol on a glass dide. At this stage
the surface ectoderm, endoderm, and paraxia and lateral me-
soderm were removed from some embryos using tungsten
needles. These embryos were placed on a glass microscope
dide, under a coverdip, and the neurectoderm photographed.
Before embedding for cryosectioning, embryos were returned
to PBS and again postfixed in 4% paraformaldehyde in PBS.
The specimens were placed into OCT cyroembedding solution
(BDH) and flash-frozen in liquid nitrogen; 18-um sections
were cut using a Microm cryostat. Detection of anti-phospho-
histone H3 antibody (Upstate Biotechnology) was performed
on cryostat sections of paraformaldehyde (4%) fixed tissue
according to the manufacturer’s protocols. The primary anti-
body was diluted 1:200 and detected with HRP-conjugated
secondary antibody (Vector Labs) diluted 1:100. Peroxidase
was detected by incubation in 0.5 mg/ml DAB and 0.01%
H,O, in PBS for 10 min at room temperature.

Cell counting

The drategies used for cdl counting are shown in Fig. 1.
Migrating neural crest cells were counted in vivo using Sox10
expression as a molecular marker of migrating cells. Trans-
verse sections through the trunk immediately posterior to the
heart were examined under a compound microscope (Zeiss)
and scored using a 40X objective. Migrating, Sox10-express-
ing cellswere counted in aset of 10—12 representetive sections
from each embryo and scored for their migration pathway:
subectodermal, ventrolateral, or ventromedial. Cells that were
either gtill within the neurectoderm or ventral to the neura tube
were not included in the analysis due to the difficulty of
digtinguishing individual cells in these regions. For statistical
anaysis the data were pooled within genotype and stage
classes to compare the mean number of cells per section
between mutant embryos and wild-type embryos.

To determine the number of neura crest cells that are
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Table 1

Each of the Zic2X* phenotypes is incompletely penetrant®

Phenotype Observed
Ventral spot 13 (11.5%)°
Spina bifida 3(2.7%)°
Curled tail 14 (12.4%)°
Tail kink 47 (41.6%)°
Total with any phenotype 72 (30.1%) NT
Number of heterozygotes identified by genotyping 113 (47.3%)

2All pups were observed daily between birth and weaning and any
visible phenotypes recorded. At weaning al mice were genotyped.
n= 239.

b Values are significantly different from the 50% expected, P < 0.01
(binomial test); NT: not tested.

formed in the neurectoderm Foxd3 was used as a molecular
marker and positive cells were scored in transverse section
under a compound microscope (Zeiss) using a 40X objec-
tive. As shown in Fig. 1, in wild-type embryos the number
of Foxd3-positive cells in the dorsal neurectoderm was
scored in the 12 posterior-most sections that contain Foxd3
cells. In mutant embryos counts were made at two axia
levels. First, sections were analysed at an equivalent axial
level to the counts made in wild-type embryos, and a second
set of sections corresponding to the 12 posterior-most sec-
tions that contain Foxd3 cells were also examined. The
results were analysed as described for the Sox10 counts.

The number of mitotically active cells was analysed by
scoring cells positive for anti-phospho-histone H3 antibody.
Counts of podtive cdlsin the dorsa fifth of the neurectoderm
were made from serid, transverse sections examined under a
compound microscope (Zeiss) using a40x objective. Sections
were examined aong the entire neuraxis and counts were made
through two regions as shown in Fig. 1. One set of counts was
through a set of 10—20 sections that include the anterior region
of the posterior neuropore and sections immediately rostral of
the neuropore. The second set of counts was through the trunk
region at alevel that corresponded to the posterior limit of crest
production in mutant embryos. The results were analysed as
described for the Sox10 counts.

To carry out in vitro counts of neural crest cells
neurectoderm from the region of the four posterior-most
somites was isolated using tungsten needles after diges-
tion in Dispase (1 U/ml, GIBCO) for 5 min at room
temperature. Neurectoderm from each embryo was trans-
ferred to one well in a four-well dish coated with fi-
bronectin (2.5 uwg/cm?; Sigma) and cultured in DMEM
supplemented with 10% serum at 37°C in 6% CO, in
humidified air for 60 h. Cultures were fixed in 4% para-
formaldehyde (1 h, room temperature) and stained with
haematoxylin according to standard procedures. Images
of each culture were captured using a digital camera and
Improvision software, the images were printed, and the
number of individual neural crest cells counted.

Photography

Low-power bright-field photographs were taken in a dis-
secting microscope (Nikon) using tungsten film (Fuji 64T).
Higher power Nomarski photographs were taken in a com-
pound microscope (Zeiss) using tungsten film (Fuji 64T).

Results
Zic2 is mutated in Kumba mutants

The Kumba mutation was previously shown to be linked
to mouse chromosome 14 (Nolan et al., 2000). Further
characterisation of DNA from 30 affected individuas lo-
calised the mutation distal to D14 Mit200, as shown in Fig.
2a. Of the 10 genes mapped to this interval, the Zic2 gene
was considered a strong candidate because it is expressed in
the dorsal neural tube at 9.5 dpc (Nagai et a., 1997) and
because mice homozygous for a hypomorphic allele of Zic2
are born with spina bifida (Nagai et al., 2000). We therefore
examined the Zic2 transcript in Ku mutants. The coding
sequence of the Zic2 gene was amplified by PCR from
genomic DNA and scanned for mutations using SSCP anal-
ysis. Of the 10 amplicons analysed, one showed a difference
between the affected individual s and the parental strains. All
30 affected individuals were found to contain the variant
product. A further five strains of mice (Mus Castaneus, Mus
Spretus, C57BL/6J, 129Sv, and 101/H) were analysed and
none were found to contain the variant alele. This elimi-
nated the possibility that the variant is a naturally occurring
polymorphism. The variant product spanned exon 2 and was
sequenced from 10 Ku-affected animals and from the pa-
rental strains. The novel SSCP product was caused by a
single base pair change at nucleotide position 1350 of ac-
cession no. NM_009574 (Fig. 2b). This base pair change is
an A-T transversion, the most common ENU change in
mouse (Justice et a., 1999), and generates a missense mu-
tation, causing the amino acid substitution C370S in the 4th
zinc finger. The atered cysteine is a canonical residue and
isrequired to chelatethe zincion (Miller et a., 1985). Based
on the mutation of the equivalent residue in other zinc finger
proteins the substitution is predicted to abolish the function
of the Zic2 zinc finger domain (Blumberg et al., 1987;
Redemann et al., 1988). Subsequent maintenance of the

Table 2

Zic2¥YKY embryos die at 13.5 dpc®

Stage Zic2"t'* Zic2Kw+ Zic2KuKku

9.5 dpc (n = 107) 26 (24.3%) 59 (55.1%) 22 (20.6%)°
135 dpc (n = 48) 11 (22.9%) 26 (54.29%) 11 (22.9%)°<

2 Embryos were recovered from intercross litters and genotyped.

bValues are not significantly different from the expected number,
P < 0.01 (x° test).

¢ The recovered embryos were dead or dying.


NM_009574

396 P. Elms et al. / Developmental Biology 264 (2003) 391406

Fig. 4. The neural crest is depleted in Kumba mutants. (A and B) Lateral view of a 13-somite stage wild-type embryo (A) and a 13-somite stage Zic2KWKY
embryo (B) after in situ hybridisation to Sox10. In the mutant embryo neural crest cells form and begin to follow the norma migration pathways. The
beginnings of the trigeminal and facial/auditory ganglia can be seen in the wild-type and mutant embryos. The depletion in number of crest cells can be seen
in the cranial region, in branchial arches 1 and 2, and in the trunk. The caudal extent of crest cell generation is marked with an arrow. (C and D) Lateral
view of the rostral trunk region of a 19-somite stage wild-type embryo (C) and a 19-somite stage Zic2““*“ embryo (D) after in situ hybridisation to Sox10.
In both embryos the neural crest cells migrate in orderly streams through the rostral half of the somites (arrowheads) and in more rostral somites the cells
are beginning to condense into the dorsal root ganglia (arrow). Cells at the anterior of the trunk have migrated ventrally to the foregut and sympathetic ganglia
region (star). (E and F) Lateral view of a 13-somite stage wild-type embryo (E) and a 13-somite stage Zic2“““ embryo (F) after in situ hybridisation to
Foxd3. The beginnings of the trigeminal and facial/auditory ganglia can be seen and the caudal limit of neural crest cell generation is marked with an arrow.
(G and H) Transverse sections through the trunk of a 13-somite stage wild-type embryo (G) and a 13-somite stage Zic2<“K" embryo (H) after in situ
hybridisation to Sox10, at the level shown in A and B. The number of migrating Sox10-positive cells is visibly reduced in the homozygous embryo. (I and
J) Transverse sections through the trunk of a 13-somite stage wild-type embryo (1) and a 13-somite stage Zic2<¥<“ embryo (J) after in situ hybridisation to
Foxd3, at the level shown in E and F. The number of migrating Foxd3-positive cells is visibly reduced in the homozygous embryo. V: trigemina ganglia;
VINI/VIII: facia/auditory ganglia

mouse colony has demonstrated cosegregation of the muta- QKuKu

tion and phenotype over 3521 meioses.

different embryonic time points. At 9.5 dpc Zic em-
bryos can be distinguished from their wild-type littermates
based on an open cranial neural tube, delayed posterior
neuropore closure, and haemotomas that are most often
associated with the forebrain (Fig. 3). At this time point
homozygous embryos are recovered at the expected Men-
delian frequency; however, when embryos are dissected at

The Kumba heterozygous phenotype is not fully penetrant

The Kumba mouse mutant was originally identified as a
line with a variable phenotype that included a ventral spot

and/or a curled tail (Nolan et al., 2000). Subsequently a
C3H/HeH congenic line carrying the mutation was pro-
duced. The congenic strain exhibits two additiona het-
erozygous phenotypes. a small proportion of mice are born
with spina bifida while others exhibit a slight kink at the end
of the tail (Fig. 3). Although the expected number of het-
erozygotes are born and survive to weaning, none of the
phenotypes are fully penetrant (Table 1). To examine the
homozygous phenotype, intercross litters were dissected at

13.5 dpc al of the homozygotes are dead or dying (Table 2).

Neural crest development in Kumba mutants

The ventral spotting associated with the Zic2<"* muta-
tion suggested that neural crest production, migration,
and/or differentiation might be compromised in these mice.
To investigate the role of Zic2 in neura crest development
Zic2"YKY embryos were examined with a variety of neural
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Fig. 5. Neural crest proliferation and induction. (A and B) Dorsal view of
an 18-somite wild-type embryo (A) and an 18-somite Zic2¥K! embryo (B)
after in situ hybridisation to Sox10, showing the neural crest. The arrows
show the dorsal midline of the neural tube and the arrowheads mark
migrating neural crest cells lateral of the neura tube. There are fewer
Sox10-positive cells in the mutant neurectoderm. (C and D) Transverse
sections through the trunk of an 18-somite stage wild-type embryo (C) and
an 18-somite stage Zic2X“KY embryo (D) after in situ hybridisation to
Tcfap2a, at the posterior limit of Tcfap2a expression in the mutant and
wild-type embryos. (E and F) Sections through the posterior trunk of an
18-somite wild-type (E) and an 18-somite mutant embryo (F) after in situ
hybridisation to Foxd3, at the posterior limit of Foxd3 expression in the
mutant and wild-type embryos. (G and H) Posterior neural tube explant
cultures from an 18-somite Zic2XY* embryo (G) and an 18-somite
Zic2XWKu embryo (H) after 60 h of growth. The neural tubetissueis marked
by acircle in each picture. The insert in G shows the neural crest cells at
the same magnification asin H. The Zic2KY neural crest cells are capable
of migrating a large distance from the neural tissue as shown by the cells
marked with an arrowhead. (I and J) Sections through a 20-somite wild-
type embryo just anterior to the posterior neuropore (1) and at an equivalent
axial level in a 19-somite Zic2“WX“ embryo (J) after detection of mitotic
cellswith the anti-phospho-histone H3 antibody. The number of mitotically
active cells is unaffected in the mutant.

crest markers. Between 8.5 and 10.5 dpc the HMG box
transcription factor Sox10 is expressed exclusively in the
crest-forming region of the neural plate, the migrating crest
cells, and the ganglia populated by these cells (Southard-
Smith et a., 1998). The winged helix transcription factor
Foxd3 is expressed in newly induced and migrating crest
cells (Dottori et al., 2001). Transcription factor AP2
(Tcfap2a) is expressed in neura crest cells and their major
derivatives (Mitchell et a., 1991). This WMISH analysis
revealed two features of crest development in the mutant
embryos that were seen with all three markers. First, as can
be seen in Fig. 4 at the stages examined there appears to be
a reduction in the number of neura crest cells produced
both in the crania region and in the trunk. Second, in al
embryos examined the posterior limit of crest was shifted
rostrally relative to wild-type, stage-matched controls. The

consistency of these features over three different neura
crest cell molecular markers makes it highly probable that
these differences reflect aberrant neura crest development
rather than a specific effect on the expression of each gene.
The visible dterations in the distribution of these three
markers of early stages of crest development show that Zic2
actsrelatively early in the genetic programme that generates
neural crest, rather than in later processes such as neura
crest differentiation. The early steps in neural crest devel-
opment include the establishment of a “progenitor zone”
within the neurectoderm at the neural plate border, neural
crest cell progenitor induction, progenitor proliferation, and
crest migration.

Neural crest migration in Kumba mutants

Of the three molecular markers examined, Sox10 is the
best marker of the early stages of neura crest migration.
The WMISH analysis with Sox10 demonstrated that the
general pattern of crest migration was largely unatered in
the mutant embryos, with the main defect appearing to be
less migrating cells rather than an aberrant pattern of mi-
gration. In the mouse embryo the midbrain and hindbrain
crest migrates early, before cranial neural tube closure. At
9.0 dpc (12 somite stage) Zic2<“K! embryos contain few
midbrain-derived crest cellswithin the cranial mesenchyme.
The first and second branchia arches and cranial gangliaV,
VII, and VIII &l form in the correct locations but contain
visibly fewer cells than in wild-type, stage-matched litter-
mates (Fig. 4A and B, and E and F). Likewise in the trunk
region of Zic2““““ embryos the pattern of migration is not
markedly different from that of the wild-type embryos. At
al stages examined, in the rostral portion of the trunk,
neural crest cells were present and distributed in a manner
similar to that of wild-type embryos. In 18-somite Zic2<WKu
embryos it can be seen that the crest cells migrate through
the rostral half of the somites, the beginnings of dorsal root
ganglia condensations are apparent, and crest cells have
migrated to the foregut and future sympathetic ganglia (Fig.
4C and D). However, in al regions of Sox10 expression it
can be seen that there appears to be less Sox10 expressing
cells in Zic2kYKY mutants than in their wild-type stage-
matched littermates. To determine whether this is due to a
decreased number of Sox10-positive cells these embryos
were sectioned and the number of Sox10-expressing, mi-
grating neura crest cells were counted. The counts were
carried out in comparable sections from an equivalent axia
level (the trunk posterior to the heart) in mutant and wild-
type embryos as described in the Materials and methods
section. Analysis of the total number of migrating crest cells
in the sections demonstrated that Zic2““K" embryos are
significantly depleted of Sox10-expressing neural crest cells
with the mutant embryos containing approximately half of
the number of crest cells in wild-type sections (Table 3).
The reduction in the number of neural crest cells was found
at axial levels where there is no neural tube closure defect
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Table 3

The distribution of migrating Sox10-positive neural crest cells®

P. Elms et al. / Developmental Biology 264 (2003) 391406

Embryo

SE

VL

VM

All migrating cells

13/14 som, Zic2*'*

13/14 som, Zic2Kwku

18 som, Zic2™'*
18 som, Zic2KwWKu

3.33 = 0.50 (100)
0.44 + 0.18° (13)
2.74 = 0.12 (100)
0.13 = 0.02° (5)

14.42 + 1.42 (100)

9.00 + 0.83° (62)
35.70 + 0.61 (100)
16.25 + 0.36" (46)

5.71 + 0.72 (100)
1.94 + 0.44° (34)
6.57 = 0.18 (100)
4.83 + 0.15 (74)

20.13 + 1.35 (100)
11.38 + 1.04° (57)
45,00 + 0.66 (100)
21.21 + 0.41° (47)

2 A set of 10—12 representative sections was scored from each mutant or wild-type embryo as described in the materials and methods section. Embryos
with 13 or 14 somites (som) (Zic2*/*: n = 24 observations from 2 embryos; Zic2¥Xu: n = 36 observations from 3 embryos) and embryos with 18 somites
(Zic2™'*: n = 23 observations from 2 embryos; Zic2“¥X": n = 24 observations from 2 embryos) were scored. Data were pooled within time-point and
genotype classes and the mean number of cells per section calculated. Data are shown as the mean = SEM values. The number in brackets shows the total
number of Sox10-positive cells as a percentage of the total number of Sox10-positive cells in the corresponding wild-type data set.

> Number of cells per section is significantly different to the corresponding wild-type data set, P < 0.05 (2 tailed t test); SE: subectodermal; VL:

ventrolateral; VM: ventromedial.

(see Fig. 4G-J) demonstrating that this phenotype is not
secondary to the aberrant neurulation. One straight forward
explanation for the decrease seen in the number of migrat-
ing cellsisthat the correct numbers of neural crest cells are
initially produced but that a proportion of these subse-
quently die. However, an examination of mutant embryos
using TUNEL analysis did not revea an increase in cell
death in either the crest-forming region of the dorsal neural
tube or aong the neura tube migration pathways (data not
shown).

After the neural crest isformed it beginsto migrate away
from the neural tube along defined migration pathways.
Lineage-tracing experiments have shown that in the mouse
the earliest migrating trunk crest follows one of two path-
ways. subectoderma or ventrolateral. The subectodermal
cells will eventually form the pigment-producing melano-
cytes and the ventrolateral cells will populate ventral crest
derivatives including the sympathetic ganglia, the adrena
medulla, and the aortic plexuses. Later, some of the crest
will follow a ventromedial pathway and migrate between
the somite and the neural tube to contribute to the dorsa
root ganglia. Subsequently, migration along the ventrolat-
eral pathway will diminish such that only the ventromedial
and subectodermal migration continues (Serbedzija et al.,
1990, 1994). The neural crest cell analysis presented in Fig.
4 was carried out during the stage at which crest cells are
migrating along each of the three pathways. To determine
whether the reduction in neural crest cells was confined to a
particular migration route, the same sections used to deter-
mine the total number of crest cells were further analysed.
In each section the number of cells following the three
migration pathways were counted and the data summarised
in Table 3. It can be seen that the crest cells are able to
migrate along each of the three usual pathways, however,
these pathways are differentially affected. The number of
cells following either the subectodermal or the ventrolateral
pathways are consistently significantly reduced while the
ventromedial pathway is only affected in the younger em-
bryos.

Neural crest proliferation in Kumba mutants

The decrease in the number of migrating neural crest
cells may reflect an inability to expand the neura crest
progenitor pool via proliferation. To examine this possibil-
ity the anti-phospho-histone H3 antibody was used to high-
light mitotic cellsin the dorsal neural tube. Examination of
wild-type neural tubes along the trunk region showed that
there is a significant increase in the number of mitotic cells
at the anterior of the posterior neuropore and in the sections
immediately rostral of this region (Table 4). Embryos ho-
mozygous for the Ku mutation also showed an elevated
number of mitotic cellsin this region and no difference was
observed between the mutant and wild-type embryos in this
respect. The number of mitotic cells was also compared in
a more rostral region of trunk neurectoderm corresponding
to the region where neural crest cells are first observed in
the mutant embryos. Again, no difference in the number of
cells in mitosis was detected between the mutant embryos
and wild-type embryos at this axial level (Table 4 and Fig.
51 and J).

Neural crest formation in Kumba mutants

The initial WMISH analysis with Sox10, Foxd3, and
Tcfap2a showed that when the embryos were viewed in

Table 4

The distribution of mitotically active dorsal neurectoderm cells®

Embryo Caudal sections Rostral sections
17-20 somite, Zic2*/* 4,06 + 0.23 1.86 + 0.14°
17-20 somite, Zic2Kw/Ku 353+ 046 1.59 + 0.15°

2 A set of 10—20 representative sections was scored from each mutant or
wild-type embryo as described in the materials and methods section.
Embryos with 17-20 somites (Zic2*/*: n = 50 observations from 3 em-
bryos; Zic2X¥Xu: n = 30 observations from 2 embryos) were scored. Data
were pooled within time-point and genotype classes and the mean number
of cells per section calculated. Data are shown as the mean = SEM.

b The number of cells per section in the rostral data set is significantly
different to the corresponding caudal data set, P < 0.05 (2 tailed t test).
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Table 5
The distribution of premigratory Foxd3-positive neura crest cells*

Embryo No. of cells/section

18 somite, Zic2*™'+
18 somite, Zic2Kwku
19 somite, Zic2*'*
19 somite, Zic2<Wku

8.25 + 0.90 (100)
2.79 + 0.66° (34)
4,67 + 0.54 (100)
1.58 + 0.12° (34)

2A set of 12 representative sections was scored from each mutant or
wild-type embryo as described in the materials and methods section.
Embryos with 18 somites (Zic2*/*: n = 12 observations from 1 embryo;
Zic2¥WKu: n = 24 observations from 2 embryos) and embryos with 19
somites (Zic2™*: n = 12 observations from 1 embryo; Zic2KWK": n = 24
observations from 2 embryos) were scored. Data were pooled within
time-point and genotype classes and the mean number of cells per section
calculated. Data are shown as the mean = SEM. The number in brackets
shows the total number of Foxd3-positive cells as a percentage of the total
number of Foxd3-positive cells in the corresponding wild-type data set.

b Number of cells per section is significantly different to the correspond-
ing wild-type data set, P < 0.05 (2 tailed t test).

whole mount there appeared to be a depletion of neural crest
cells not only along the migration pathways but aso within
the neurectoderm and this was confirmed by sectioning
(Fig. 5). Foxd3 is an early and specific marker of premigra-
tory neural crest cells and was therefore judged to be the
best marker for a quantitative analysis of the newly formed
neural crest cells. For this analysis, serial sections were cut
from embryos following WMISH and the number of Foxd3-
positive cells was counted as described in the Materials and
methods section. The number of Foxd3-positive cells was
initially compared between mutant and wild-type embryos
at the most posterior level at which neura crest cells are
usualy first found. At thislevel there are no Foxd3-positive
cells in the mutant embryos demonstrating that neural crest
induction is delayed. In the mutant embryos neural crest
generation does occur at amore rostral level. The number of
Foxd3-expressing cells was counted at the most posterior
level of crest production in the mutant embryos and com-
pared to the number of cells generated at the posterior limit
of crest production in wild-type embryos. It can be seen
from Table 5 that in al comparisons the number of Foxd3-
positive cells is significantly less in the Zic2K" mutants
than in their stage-matched wild-type littermates, reaching
only 34% of the wild-type number of cells.

To confirm that the altered Foxd3 expression pattern
results from adelay in the production of neural crest cellsin
Zic2XYKY mutants, a posterior region of neurectoderm was
isolated and explanted from both mutant and wild-type
stage-matched littermates and cultured on a fibronectin sub-
strate. As shown in Fig. 1 the region of neurectoderm used
in these experiments was adjacent to the four posterior-most
somites. In the stage of embryos used in these experiments
thisis the region where the neural crest isjust beginning to
form, therefore isolating this material will examine whether
neural crest-inductive signals have been received by the
neurectoderm. In each case a greatly reduced number of
cells migrated from the mutant neurectoderm relative to the

number that migrated from the wild-type neurectoderm and
representative cultures are shown in Fig. 5G and H.

Neural tube patterning in Kumba mutants

A possible explanation for the disruption in neural crest
production is that Zic2 is required to segment the neura
plate along the future dorsal-ventral (D-V) axis and in
particular to establish the crest-forming neural plate border
region. To determine whether the crest phenotype was sec-
ondary to a disruption in D-V patterning we examined the
expression of several genes that show arestricted pattern in
the neural tube. The homeodomain gene Msx1 is expressed
at the margin of the neural plate and in the dorsal part of the
closed neural tube (Hill et al., 1989). In Zic2““*" embryos
the expression of Msx1 is unaltered in the closed region of
the neura tube, the usual dorsal-ventral limit of expression
is maintained, and no difference in the size of the Msx1-
expressing region was noted (Fig. 6A and B). However
Msx1 expression islost in regions of the neural tube that are
yet to close (Fig. 6G and H). In wild-type embryos, Msx1
expression does not normally extend throughout the poste-
rior neuropore region suggesting that roofplate signals are
required for the maintenance of dorsal Msx1 expression. It
is likely that the effect on Msx1 expression in Zic2<Wku
mutants in the posterior region of the embryo is a secondary
consequence of the delayed neuropore closure. To further
investigate dorsal pattern the expression of Zic2 was exam-
ined. During normal development Zic2 transcripts are found
throughout the entire neural plate at the posterior of the
embryo. As the neurectoderm matures Zic2 expression be-
comes restricted to the lateral (future dorsal) regions of the
neural tube in a process that has been shown to be Shh
dependent (Rohr et al., 1999). In Zic2““"¥ embryos the
expression of Zic2 remains unaltered throughout the entire
length of the neural tube and is independent of neuropore
closure (Fig. 61 and J). This again demonstrates that dorsal
pattern is established normally in the mutant embryos. Ad-
ditionally, the continued expression of Zic2 RNA in em-
bryos homozygous for this mutation demonstrates that func-
tioning Zic2 is not required for its own expression. The
correct progressive dorsal restriction of Zic2 transcripts in
homozygous embryos implies that the ventral Shh signal is
intact. To confirm that ventral pattern is established in
Zic2XYKY neyral tubes we examined the expression of Shh at
9.5 dpc. As can be seen from Fig. 6 (E and F), Shh is
expressed in the floorplate of homozygous 9.5 dpc embryos
in the same manner as in wild-type embryos.

Neural crest induction in Kumba mutants

To determine whether the delay in neura crest produc-
tion resulted from an altered distribution of inducing signals
we examined the expression pattern of candidate inducing
molecules. Two families of signalling molecules have been
shown to be able to induce neural crest in a variety of in
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Fig. 6. The Kumba neural tubeis correctly patterned. (A and B) A transverse section through the anterior of the trunk of a 14-somite stage wild-type embryo
(A) and a 15-somite stage mutant embryo (B) showing that Msx1 expression remains restricted to the dorsal neural tube. (C and D) Transverse sections
through a wild-type 14-somite stage embryo (C) and a 14-somite stage mutant embryo (D) after in situ hybridisation to Zic2. In the homozygous embryo
Zic2 is expressed in the same domain as in the wild-type embryo. (E and F) A transverse section through a 16-somite wild-type embryo (E) and a 16-somite
stage mutant embryo (F) showing Shh expression in the notochord and floorplate. (G and H) Sections through the posterior neura tube of a 14-somite
wild-type embryo (G) and a 15-somite mutant embryo (H) after in situ hybridisation to Msx1, expression is lost in the mutant in regions where the neural
tube has yet to close. (I and J) At the posterior of the embryo Zic2 is expressed throughout the entire neural plate in a wild-type 14-somite embryo (1) and

a 14-somite mutant embryo (J).

vitro and in vivo approaches. In the chick BMP and Wnt
molecules are able to induce neural crest from naive ecto-
derm in explant assays and blocking these signalling path-
ways disrupts crest formation (for review, see Knecht and
Bronner-Fraser, 2002). During neural crest induction in the
chick several BMPs are expressed in the manner expected of
an endogenous inducing molecule, while of the Wht family
members Wnt6 is expressed appropriately (Liem et d.,
1995; Schultheiss et al., 1997; Schubert et al., 2002; Garcia-
Castro et a., 2002). In the mouse BMP genes have been
shown to be involved in neural crest production. BMP7 can
induce cranial neural crest in an overexpression assay (Ar-
kell and Beddington, 1997) and mutants lacking both BMP7
and BMP5 are depleted in trunk neural crest (Solloway and
Robertson, 1999). The function of Wnt6 in induction of the
mouse trunk neural crest has not been investigated to date
and the expression pattern of Wht6 during the period of crest
induction is not well documented (Parr et al., 1993). We
therefore first examined Wnit6 transcript accumulation in the
regions of trunk neural crest formation in wild-type mouse
embryos. We found that in the mouse, as in the chick, Wnt6
is expressed in a pan-epiderma manner, consistent with a
role in neural crest induction (Fig. 7). We examined the

expression pattern of both Wht6 and BMP7 in Zic2<wku
embryos and found no differences in the distribution of
transcripts relative to the wild-type expression pattern. As
shown in Fig. 7 BMP7 and Wnt6 expression remained un-
atered, both genes are expressed throughout the surface
ectoderm, including that over the neurectoderm. BMP7 ex-
pression is aso found within the dorsal neurectoderm.

Segmentation in Kumba mutants

The Drosophila homologue of the Zic genes, opa, is
involved in segmentation of the body and it is known that in
vertebrates the segmenting paraxial mesoderm can influence
the development of the neural crest in the overlying neurec-
toderm. To determine whether a defect in somite formation
may be responsible for the neural crest phenotype we ex-
amined the expression of the TGFB antagonist follistatin.
Follistatin is expressed in al of the segmented trunk meso-
derm (somites) and in the segmented rhombomeres of the
hindbrain (Albano et al., 1994). This analysis did not detect
any alterations in somite segmentation, but did reveal aber-
rant hindorain pattern. In Zic2X“%“ embryos rhombomeres
(r) 3 and 5 are reduced in size and follistatin expression is
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Fig. 7. Expression of Bmp7 and Wnit6 is unaltered in Kumba mutants. (A)
Lateral view of 13-somite stage wild-type and Zic2<“K" embryos after
WMISH to Bmp?7. (B and C) Lateral view of an 11-somite stage wild-type
embryo (B) and a 12-somite stage Zic2X“<" embryo (C) after WMISH to
Wnt6. (D and E) Transverse sections through the posterior neural tube of
a 13-somite stage wild-type (D) and Zic2¥X¥ (E) embryo after WMISH to
BMP7 at the level shown in A. (F and G) Transverse sections through the
posterior neural tube of an 11-somite stage wild-type (F) and 12-somite
stage Zic2¥KY (G) embryo after WMISH to Wht6 at the levels shown in
B and C.

not confined to r2, 4, and 6, but extends throughout r3 and
r5 (Fig. 8). To further investigate this we examined the
expression of Krox20 (Egr2), a zinc finger transcription
factor that is expressed specifically in r3 and r5 (Wilkinson
etd., 1989), aswell asthe expression of the homeobox gene
Hoxa2, which is upregulated in r3 and r5 due to direct
regulation by Krox20 (Nonchev et al., 1996). In both cases,
the temporospatial expression of these genes in the neurec-
toderm and emerging neura crest was normal, although r3
and r5 were small.

Discussion
The Kumba mutation

A hypomorphic alele of mouse Zic2 has been generated
by gene targeting (Nagai et al., 2000) and this mutant

(which is estimated to retain only 20% of Zic2 transcript in
homozygotes) shows a phenotype that is similar to, al-
though milder than, that of the Kumba allele. Mice that are
homozygous for the hypomorphic allele are born with spina
bifida whereas mice heterozygous for the Ku allele exhibit
spina bifida at birth. With respect to this and other aspects
of the phenotype the Kumba allele causes a more severe
effect than a partial loss of function allele, indicating that
Kumba is a loss of function mutation. The existence of
another allele of Zic2 establishes that the Ku phenotype is
caused by the mutation identified here and argues against a
second, unidentified mutation underlying the phenotype.
This possibility is further excluded by the breeding scheme
used to maintain the Kumba colony. Based on the average
frequency of ENU mutagenesis (0.001 per locus per ga
mete) (Hitotsumachi et al., 1985) and the number of genes
in the mouse genome (approximately 30,000) (Waterston et
al., 2002) we can estimate that the origina F1 mouse with
the visible phenotype harboured in the order of 30 mutated
genes. Theoretically the number of independent mutations
carried by the mouse line will decrease by 50% with each
backcross, meaning that thereis a high probability that mice
from backcross generation 5 and beyond will carry only the
causative mutation. All of the animals used in this study
were from the 10th backcross generation and beyond.

The point mutation in the Zic2 gene described here
changes an invariant amino acid that is known to be essen-
tial for the metal binding ability of zinc fingers, and metal
binding is required for the structural integrity of zinc finger
domains (Michael et al., 1992). Moreover, identical amino
acid substitutions have been shown to generate null alleles
of at least two other zinc finger proteins, yeast ADR1 and
Drosophila Kruppel (Kr). In each case the phenotype of
mutants with an atered zinc ligand in only one zinc finger
domain corresponds to that generated by gene deletion
(Blumberg et al., 1987; Redemann et al., 1988). In the case
of the ADR1 protein 19 independently generated, pheno-
type-producing mutations were studied. All 12 mutations
that caused a substitution at a single zinc ligand generated
null aleles. This demonstrates that the disruption of metal
binding within one zinc finger is sufficient to completely
abolish the biological function of the entire zinc finger
domain. These data predict that the Kumba mutation will
generate a null allele, providing zinc finger-independent
activities do not reside outside of the Zic2 zinc finger do-
main. To date, when tested, the zinc finger domain of the Zic
genes has been shown to be required for the identified
biochemica functions (Koyabu et al., 2001). Many exam-
ples exist of mutations within zinc finger domains that
generate dominant negative molecules. However, such mu-
tations have not been associated with alteration of the zinc
coordinating residues. Instead these types of mutations af -
fect DNA binding, protein binding, or protein modification
residues (Nichols et al., 2000; Person et al., 2003). In the
absence of further genetic or biochemical data we cannot
exclude the possibility that Zic2 loss of function is due to
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the production of a competitive molecule. The existence of
this point mutation provides us with a tool to extend our
understanding of the biochemical function of the Zic genes.

Neural crest cell number

In the mouse the emigration of the cranial neura crest is
completed before neural tube closure (Serbedzija et al.,
1992) and emigration of the trunk neural crest begins before
the first closure of the trunk neural tube. Furthermore,
mouse mutants that have a complete failure of neural tube
closure do not have defectsin neural crest production (Hen-
derson et al., 2001). Thus, in the mouse, neural crest pro-
duction and emigration is not dependent upon neura tube
closure. The neural crest defectsin Ku mutants are observed
at all axial levels even though closure defects are only found
in the crania neural tube and at the posterior neuropore. The
regionalised closure defects cannot provide an explanation
for the globa neural crest defect and Zic2 must play a
primary role in crest production.

The data presented here provide the first evidence that
Zic2 is involved in mammalian neural crest development.
One finding from this study is that embryos lacking Zic2
produce a decreased number of neural crest cells. Thereisa
depletion not only of migrating neural crest cellsbut aso in
the number of premigratory cells produced within the neural
ectoderm. The finding that the number of cells is decreased
from the earliest stages of neural crest formation means that
the primary defect is not in migration or in maintenance or
survival of the neural crest cells. Defects in maintenance or
survival are also excluded by the fact that the occurrence of
cell death is not increased in the mutants. Consistent with
the proposal that Zic2 actsin an early aspect of neural crest
formation, Zic2 is expressed throughout the dorsal region of
the neural tube within the neural crest progenitor zone.
When Zic2 is overexpressed in Xenopus embryos ectopic
neura crest is produced along with anterior neural markers
and it is proposed that Zic2 may function to establish the
neural plate border region. A decrease in the size of this
region may be expected to lead to a decrease in the number
of neural crest cells that are produced. However, our under-
standing of this border region is based largely upon the
availability of molecular markers that are expressed at the
lateral margin (and later at the dorsal midline) of the neurec-
toderm, such as Msx1l and Zic2. Our analysis of these
markers did not detect a decrease in the size of the dorsal
crest-forming region implying that Zic2 is required for a
later step in neural crest development.

A further possibility is that the reduction in the number
of neural crest cells occurs because in Zic2XK" mutants the
normal number of crest progenitors is produced, but this
pool is not expanded appropriately. However, we found no
evidence that the proliferative behaviour of the dorsal
neurectoderm is atered in response to mutation of Zic2.
This finding, in combination with the atered timing of
neural crest production (see below), could explain a de-

crease in the number of neural crest cells. The combined
results of the neural crest cell experiments presented here
are represented in Fig. 9. We found that in wild-type em-
bryos there is a significant increase in the occurrence of
mitotic cells at the anterior of the posterior neuropore and in
the sections immediately rostral of this region. In wild-type
embryos this region overlaps with the site of the first ex-
pression of Foxd3. In the mutant embryos there is no sig-
nificant change in the number of mitotic cells within this
region of the neurectoderm. Additionally, in the region
where neural crest cells are first seen in the mutant embryos
(as marked by Foxd3 expression), there is no significant
increase in the number of proliferating cells in the dorsal
neural tube. It appears that in the mutant embryos neural
crest isfirst produced in aregion of the neura tube that has
alow rate of dorsal proliferation relative to the usual site of
induction. It is possible that this is the cause of the decrease
in the number of neural crest cells produced in the mutants.
In this case Zic2 would not play adirect role in determining
the number of neural crest cells, and the depletion in cells
would be a secondary consequence of the delay in neural
crest production.

Neural crest induction

Our data show that as the result of a mutation in Zic2 the
expression of Foxd3 in the dorsal neural tube is consider-
ably delayed. This appears to represent a delay in neural
crest production since Foxd3 is an early, specific marker of
neural crest cells and in the mouse Foxd3 appears to be
expressed in the precursors of all neura crest lineages
(Dottori et a., 2001). Additionally, when neurectoderm that
should aready have received induction signals is explanted
from mutant embryos very few neural crest cells are formed.
TUNEL experiments confirm that the lack of premigratory
neural crest cells in this region of the embryo is not due to
cell death; likewise cell death was not seen in the neura
crest cell cultures. As described above, the number of pro-
liferating cells in the neural tube remains unaltered in
Zic2"KY embryos demonstrating that Zic2 does not func-
tion at the stage of progenitor proliferation. It appears that
the primary defect in the mutant embryos is a delay in the
conversion of cells within the dorsal progenitor zone into
committed neural crest progenitor cells. This process occurs
within the dorsal neurectoderm in response to inductive
signals. The current experiments suggest that the delay is
not due to Zic2 having a direct role in the transcriptional
control of candidate inducing molecules. Both BMP7 and
Wnt6 are expressed appropriately in Zic2“““Y embryos.
This argues that Zic2 acts downstream of the inducing
signals and since Zic2 is a transcription factor expressed
within the neurectoderm it is most likely involved in the
interpretation of the neural crest-inducing signals.

It is not clear why mutation of Zic2 delays (rather than
prohibits) neural crest progenitor production. One possibil-
ity is that other family members can compensate for the
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Fig. 8. Aberrant hindbrain pattern in the Kumba mutant. In al pictures the
extent of rhombomere 3 is marked with arrowheads and the limit of
rhombomere 5 is marked with arrows. (A and B) Latera view of the
hindbrain of a 16-somite stage wild-type embryo (A) and 17-somite stage
Zic2¥YKu embryo (B) after in situ hybridisation to follistatin. In the mutant
embryo rhombomeres 3 and 5 are smaller than in the wild-type embryo and
follistatin expression is not repressed. (C and D) Lateral view of the
hindbrain of a 16-somite stage wild-type embryo (C) and 16-somite stage
Zic2KYKY embryo (D) after in situ hybridisation to Krox20 (Egr2). Krox20
is expressed normally in rhombomeres 3 and 5 of the mutant. (E and F)
Dorsal view of the hindbrain of a 16-somite stage wild-type (E) and a
17-somite stage Zic2“K! embryo (F) after in situ hybridisation to Hoxa2
demonstrating that Hoxa2 is expressed correctly in the hindbrain and in the
neural crest that emerges from rhombomeres 4 and 6.

normal function of Zic2. Three other closely related genes
(Zicl, Zic3, and Opr) are al expressed within the dorsa
neurectoderm at the appropriate stage to act in crest speci-
fication and all of these genes can induce ectopic neural
crest in Xenopus overexpression assays. It is possible that in
the mutant embryos these genes do compensate for Zic2 but
that an altered efficiency of these molecules, or the time
taken to establish the compensation mechanism, accounts
for the delay. Mutation of other Zic genes aso leads to
neural crest and hindbrain phenotypes (Elms, P., Arkell, R.,
unpublished data) supporting the notion that partial redun-
dancy is responsible for the relatively mild phenotype of the
Kumba mutant. Experiments that ablate multiple Zic genes
are required to determine whether the family members co-
operate during crest induction.

A second possibility is that the delay represents a re-
quirement for Zic2 in the interpretation of only some neura
crest-inducing signals. Although it is not known exactly
when the signals that direct crest induction occur and which
molecules induce neural crest in the mouse, recently it has
been suggested that neural crest induction involves two,
temporally separated signals (Knecht and Bronner-Fraser,

2002). Selleck et a. (1998) have demonstrated that in the
chick BMP antagonists can only inhibit crest production
when added to neural tissue around the time of neural tube
closure. Thisimplies that an earlier, BMP-independent sig-
nal is required for initial crest induction and Selleck et a.
(1998) propose that this first signal is generated at least as
early as the level of the open neura plate. The most likely
candidate for the early signal is Wnt6 (Garcia-Castro et al.,
2002). Our data are consistent with a model in which Zic2
responds to the early signal to generate neural crest cells. In
this scenario the Zic2““K" neurectoderm would respond to
the later signal, resulting in an apparent delay in the timing
of induction. This model is also consistent with the finding
that the earliest migrating crest (the subectodermal and
ventral-lateral crest) is more severely depleted in the mu-
tants.

Zic2 and hindbrain patterning

The Drosophila opa gene is a pair rule gene and is
required for segmentation of the embryo. Despite the fact

Sox10 expression

in migratory
NCC =

-
— Foxd3 expression
in pre-migratory
NCC
Increase in

number of
mitotic cells
in dorsal
neurectoderm

Zic2™* Zic2KwKu

Fig. 9. Neurd crest cell development in Kumba mutants. The results of
neural crest analysis obtained from separate embryos are represented on a
diagram of a single embryo. In wild-type embryos with approximately 18
somites a region of increased mitotic activity was found at the posterior of
the embryo in the region of the closing neural plate (light purple). This
region overlaps the region of Foxd3 expression in premigratory cells (pink,
with the overlap shown in purple). Foxd3 expression is seen for several
somite lengths before the appearance of Sox10-expressing migratory cells
(dark pink). In mutant embryos at the same stage, the region of increased
mitotic activity is unaltered, but there is no overlap with the region of
Foxd3-expressing cells (pink). The region of Sox10-expressing cells re-
mains relatively unaltered (dark pink) and is aimost coincident with the
first expression of Foxd3. In the mutant embryos there are less Foxd3 and
Sox10-positive cells than in the corresponding wild-type region (indicated
by lighter shading).
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that Zic genes are the vertebrate homologues of opa, until
now, no role for the Zic genes in the development of the
segmented structures of vertebrates has been demonstrated.
We show here that Zic2 contributes to the development of
the transient segmented structures that form within the hind-
brain, called rhombomeres. When Zic2 is mutated, segmen-
tation occurs; however, rhombomeres 3 and 5 are smaller
than is usual and follistatin expression in these rhom-
bomeres is not repressed. In these morphological and mo-
lecular respects Kumba phenocopies embryos that are null
for the C2H2 zinc finger transcription factor Krox20
(Schneider-Maunoury et al., 1993; Seitanidou et al., 1997).
However, Krox20 is still expressed in r3 and r5 demonstrat-
ing that Zic2 is not required for Krox20 expression. Fur-
thermore, Hoxa2 expression is normal in Zic2“¥<¥ em-
bryos. Since Hoxa2 is upregulated in r3 and r5 due to direct
regulation by Krox20 (Nonchev et a., 1996) this demon-
strates that this transcriptional activation property of Krox20
remains unaltered in Zic2 mutants. These data are consistent
with at least two possibilities. First, Zic2 and Krox20 may
act independently of one another to mediate the r3 and r5
repression of follistatin. In this case there would be no direct
relationship or functional association between Zic2 and
Krox20. Second, Zic2 and Krox20 may cooperate to regu-
late follistatin expression. It is already known that Krox20 is
required for the transcriptional repression of some genes
and for the transcriptional activation of others. It has been
proposed that to act as either a repressor or an activator
Krox20 may interact with distinct cofactors (Seitanidou et
a., 1997). If Zic2 were acofactor that enabled Krox20 to act
as a repressor then the Krox20-mediated upregulation of
Hoxa2 in r3 and r5 would be expected to proceed as normal
in Zic2 mutants. The current experiments do not distinguish
between these or other possibilities.

In conclusion the data presented here demonstrate that
Zic2 plays a variety of roles during early neural develop-
ment. Zic2 is involved in the generation of the mammalian
neural crest. Mutation of Zic2 generates embryos in which
the neural plate is segmented into the correct D-V domains
and the neurectoderm proliferates normally yet an insuffi-
cient amount of neural crest is generated, and crest produc-
tion is substantialy delayed. It is possible that Zic2 is
required for the interpretation of the signals that induce
some of the cells in the neural plate border region to adopt
acrest fate. Additionally, Zic2, although not required for the
initial determination of rhombomeres 3 and 5, does play an
important role in the further establishment or maintenance
of hindbrain pattern. This work also demonstrates the value
of the mouse mutant resources that have been generated
through a variety of random mutagenesis screens. Although
the only large-scale screens to date have concentrated on the
recovery of dominant alleles, a proportion of these muta-
tions will, like Kumba, act in a semidominant manner and
have the potential to enhance our knowledge of the mech-
anisms of embryonic development.
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