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1. ABSTRACT 2. INTRODUCTION

Mutation in ZIC3 (OMIM #306955), a zinc Zic3 is an X chromosome encoded member of
finger transcription factor, causes heterotaxy (situs the Zic family of transcription factors. There are four
ambiguus) or isolated congenital heart defects in humans. other members of the Zic gene family, each of which
Mice bearing a null mutation in Zic3 have left-right shares five highly conserved C2H2-type zinc finger
patterning defects with associated cardiovascular, motifs (1-3). The Zic genes belong to the GLI
vertebra/rib, and central nervous system malformations. transcription factor superfamily based on their similarity
Although XZic3 is thought to play a critical role in Xenopus to the zinc-finger motifs found in GLI proteins (GLI1,
neural crest development, no defects in tissues derived GLI2, and GLI3). The Drosophila homologue of GLI/Zic
from neural crest are apparent in adult Zic3™" mice. In this genes, the pair-rule gene odd-paired (opa), is critical for the
study we have characterized the effect of a PGK-neo development of visceral mesoderm, midgut morphogenesis
cassette insertion 5’ of the Zic3 locus. The Zic3 transcript and the establishment of alternate parasegments in the
in this new allele is up-regulated in ES cells and in E9.0 Drosophila embryo (4, 5). Murine Zic3 is expressed in a
embryos, but no ectopic expression was detected. Unlike temporally and spatially restricted pattern in multiple tissues
the Zic3™" mutation in which only 20% of mutant animals during development. Expression in embryonic mesoderm
survive to adulthood, there was no evidence of excess fetal and ectoderm, dorsal neural tube, dorsomedial somites,
death caused by the Zic3" allele. Zic3"* mutant mice neural retina, tail buds, limb buds, and developing brain,
exhibited hemifacial microsomia, asymmetric low set ears, imply that it plays roles in multiple developmental processes
axial skeletal defects, kyphosis and scoliosis; a combination (6-8). Zic3 deficient mice produced by targeted mutation
of defects which mimics Goldenhar Syndrome. Some exhibit complex congenital heart defects, pulmonary
Zic3" mice had evidence of left-right axis patterning reversal or isomerism, central nervous system defects and
defects, but cardiac malformation was much less common vertebral/rib anomalies. Embryonic and neonatal
than in the Zic3™" mutants. A six-week old hemizygous lethality is observed in approximately 80% of Zic3"™"
mouse was found to have thoraco-cervical ectopia cordis, an mice on the 129/B6 mixed background and no viable
extremely rare congenital malformation in humans and for Zic3™" mice on the 129/SvEv inbred background have
which there is no precedent in a mouse model. been observed (9).
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ZIC3 was the first gene unequivocally identified
as causing human heterotaxy (X-linked heterotaxy, HTX1)
(10), a genetically heterogeneous group of congenital
disorders resulting from failure to establish normal left-right
asymmetry during embryonic development. To date, there
have been five missense mutations, five nonsense mutations
and one frameshift mutation identified in patients with
HTX1 or isolated congenital heart defects (10-12). ZIC3
binds specifically to the GLI-consensus DNA binding site,
and can activate a wide range of promoters as a
transcriptional coactivator (13). Most of the previously
detected mutants in ZIC3 abolish DNA binding in vitro and
exhibit decreased transcriptional coactivator activity with
GLI3 in reporter gene assays (in preparation). A single
missense mutation, P217A, maintains DNA binding
(unpublished data) and significantly increases reporter gene
transactivation. It is of interest that the patient with P217A
mutation did not have heterotaxy (evidence of disrupted
left-right patterning in at least one organ system) but rather
had an isolated congenital heart defect involving the
pulmonary valve (12).

Neural crest cells are a group of
ecto-mesenchymal cells that originate from the dorsal aspect
of the neural tube, delaminate and migrate along defined
pathways to populate numerous structures throughout the
embryo. Cranial neural crest derives from the anterior
neural tube (forebrain, midbrain and hindbrain), migrates,
proliferates and eventually differentiates into cartilage, bone
and connective tissues in the head and neck region (14).
Cardiac neural crest is a specific cell population responsible
for the formation and reorganization of the outflow tract of
the developing heart and contributes to the smooth muscle of
arch arteries (15). Zic3 is expressed in the neural folds
including the neural crest in Xenopus and overexpression of
XZic3 in Xenopus embryo induced expression of all the
neural crest marker genes (16). Overexpression of other Zic
genes (XZicl, XZic2, and XZic5) also resulted in neural crest
formation (17, 18). In mice, all the Zic genes (Zicl-5) are
expressed in the dorsal neural tube (2, 8, 19). A
hypomorphic mutation in Zic2 caused impaired formation of
dorsal root ganglion, a neural crest derived tissue (20). The
Kumba (Ku) mutant allele, in which a missense mutation
was induced in the fourth zinc finger domain of Zic2 by
ENU mutagenesis, had delayed neural crest production and
generated fewer neural crest cells at all axial levels (21). A
recent study shows that Zic5-deficient mice exhibited
malformation of neural-crest-derived facial bones,
especially the mandible (2). However, there is no
description of abnormal neural-crest-derived tissues in
Zic3™" mice (9) or in bent tail mice which have a deletion
encompassing the Zic3 locus (7, 22-24). The role of Zic3 in
mouse neural crest development is, therefore, uncertain.

In this study, we examined a Zic3 allele altered by
the insertion of a PGK-neo cassette into its proximal
upstream region. This appears to cause a reproducible
increase in Zic3 transcription but not an altered pattern of
expression. Mice bearing this allele showed axial skeleton
defects, congenital heart defects, and abnormalities of neural
crest derivatives, including zygomatic bone, mandible,
hyoid bone and laryngeal cartilage. Our results indicate that
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Zic3 plays multiple roles in normal organogenesis and the
balance of Zic family expression may have specific effects
on murine neural crest development.

3. MATERIALS AND METHODS

3.1. Generation of the targeting vector

The RPCI-22 mouse female (129S6/SvEvTac)
mouse bacterial artificial chromosome (BAC) genomic library
(BACPAC Resources Center at Children's Hospital Oakland
Research Institute in Oakland, CA) was screened by two 36bp
overgo probes located in Zic3 exon 1, and seven positive BAC
clones were identified and further confirmed by both PCR and
enzyme digestion. The plasmid DNA was isolated from BAC
clones by Big BAC DNA isolation Kit (Princeton Separations,
Inc). An 11.3kb BgllI-Spel fragment containing all the Zic3
exons and introns was isolated from enzyme digestion of the
identified BAC plasmids. A 2.2kb Sacl-NgoMI fragment
(containing the 5’ flanking sequence) was placed upstream of
the FRT flanking PGK-neo cassette and downstream of the
MC1tkpA herpes simplex virus thymidine kinase expression
cassette (both cassettes were kindly provided by Dr. James F.
Martin, Alkek Institute of Biosciences and Technology, Texas
A&M System Health Science Center). A 2.1kb NgoMI-Afel
fragment (containing Zic3 exon 1) was inserted downstream of
the FRT flanking PGK-neo cassette. The targeting vector was
linearized at a unique Pmel site outside the region of sequence
homology.
3.2. Electroporation, selection and
embryonic stem (ES) cells

The linearized targeting vector was electroporated
into AB2.2 ES cells which is at passage 18. Following
electroporation, cells were cultured on tissue culture plates
containing mitomycin C-treated fibroblast feeder layers.
After 24h, the media was replaced with selection media
containing, in addition to routine supplements, G418 and
FIAU. After 8 days selection, individual G418/FIAU-
resistant ES cell clones were screened by BstXI digestion
and hybridized with a unique 5’ probe external to the region
of vector homology.

screening of

3.3. Blastocyst injection and animal breeding

ES cells from two positive clones were
trypsinized, centrifuged, and resuspended in injection
media. ES cells were microinjected into blastocyst-stage
embryos derived from CS57BL/6J albino female mice.
Cultured embryos were implanted into the uterus of
pseudopregnant ICR mice. High-level male chimeras were
bred with wild-type C57BL/6J albino females to obtain
germ line transmission offspring. Since the transgene is
located in X chromosome, all the female offspring with
germ line transmission are heterozygotes for the Zic3"®
allele, while all the male offspring are wildtype. Zic3"*
heterozygotes were mated with wildtype C57BL/6J albino
males to get Zic3"’ hemizygotes and heterozygotes.
Meanwhile, Zic3™ heterozygotes were backcrossed to
chimeras with high percentage of germ line transmission to
obtain Zic3"’ homozygotes. The structure of the modified
Zic3 locus was characterized by extensive Southern blot (5’
locus-specific probes), PCR analysis (sites flanking the
expected boundaries of the neo cassette insertion) and DNA
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sequencing of the direct PCR products. In order to derive
inbred mutant mice on a 129S6/SvEv background, chimeras
were mated with 129S6/SvEv inbred female mice
(purchased from Taconic, NY). Offspring were genotyped
by PCR to validate the expected transmission of the Zic3"*
allele and these heterozygotes were further mated to
129S6/SvEv males.
3.4. Isolation of RNA, quantitative PCR and
whole-mount in situ hybridization

Mice were maintained on a 0600 to 2000 hours
light-dark cycle, with noon of the day of observation of a
vaginal plug defined as E0.5. Mouse embryos were
harvested at E9.0. RNeasy Mini Kit (QIAGEN) was used to
extract RNA from pooled mouse embryos and ES cells and
cDNA was synthesized from total RNA wusing the
SuperScript First-Strand synthesis system for RT-PCR
(Invitrogen). All primers were optimized on the ABI 7000
SDS using SYBR Green dye incorporation. The following
cycling parameters were used for quantitative PCR using
ABI 7000 SDS: 95°C for 10 min, 40 cycles of 95°C for 15 s,
and 60°C for 1 min. Expression of Zic3 was compared to an
endogenous RNA control, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The following PCR primers
were used: Zic3 F:cgaaggctgtgacagacggt
R:catgtgcttettgeggtcg;  GAPDH  F:itgtgtcegtegtggatetga
R:cctgcettcaccaccttettga. Whole-mount in situ hybridization
was performed using the same protocol described (9). An
antisense probe spanning 470 bp in the 3' UTR (position
2825-3295 in NM 009575) of the Zic3 cDNA was
generated by PCR. Probes were labeled using a DIGRNA
Labeling kit (Roche).

3.5. Skeletal X-rays and staining

Adult mice were anesthetized by intraperitoneal
injection of Avertin (2.5 % working solution) (ml) at a dose
of 2% of body weight (g). Mice were imaged on a digital
Faxitron MX-20 (Faxitron X-ray Corporation, Wheeling,
IL). X-ray exposures were taken at 35 kV for 5 seconds and
images were sharpened using the ROI contrast function.

Specific bone and cartilage staining of adult
mice was performed according to the previously
described procedures (25). In brief, the mice without skin
and viscera were fixed in 95% ethanol for 72 hours.
Staining of cartilage was performed with 0.05% Alcian
blue 8GX (Sigma) 95% ethanol and 20% acetic acid for
48 hours. After re-fixing in 95% ethanol for 2 days,
samples were cleared in 2% KOH for 72 hours. Staining
of bones was performed in 0.015% of Alizarin red
(Sigma) in 1% KOH for 48 hours. The stained skeleton
was further cleared in 1% KOH and 20% glycerol and
stored in 1:1 mixture of glycerol and 95% ethanol.

4. RESULTS

4.1. Generation of Zic3"* allele

As part of a project to analyze the functions of
Zic3 through targeted transgenic modification, a neo
minigene cassette flanked by FRT sites was inserted in
antisense orientation 5° of the first exon of the mouse
Zic3 gene (Figure 1A). The FRT sites were included to
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permit in vivo deletion of the cassette. The linearized
targeting construct was electroporated into AB2.2 ES
cells and, after G418 and FIAU selection, resistant clones
were screened by Southern blot of BstXI-digested
genomic DNA (Figure 1B). Eighteen clones showed
evidence of homologous recombination within the Zic3
locus from 192 clones tested. Five of these recombinant
ES cell clones were chosen for expansion. Two ES cell
clones were used for injection into the blastocysts of
C57BL/6J albino female mice. Four male chimeras were
chosen for mating with C57BL/6J albino female mice.
All offspring of two male chimeras had agouti fur color,
consistent with a germline in those chimeras composed
mostly of the daughter cells of the targeted ES cells and
essentially complete transmission of the X chromosome
targeted Zic3 allele to all female N1 progeny. Because
Zic3 is X linked, all the N1 males are wild-type.
Heterozygous females were backcrossed to these same 2
chimeras to obtain homozygous and hemizygous Zic3"*’
mice. The presence of Zic3"* allele in mutant mice was
confirmed by both PCR and Southern blot analysis
(Figure 1C, D).

4.2. Zic3 mRNA was over-expressed from the Zic3"*
allele

Zic3 is expressed in the embryonic epiblast and
in cultured ES cells. In order to determine whether the
PGK-neo cassette altered Zic3 expression, RNA was
isolated from Zic3"/y and wildtype parental ES cells
(129S6/SvEv derived). Quantitative realtime PCR was
used to detect the Zic3 mRNA levels using a pair of
primers located in exon 2. As shown in Figure 2a, the
expression level of Zic3 in Zic3"/y ES cells was
increased by 1.3-fold compared to that in wildtype ES
cells. In order to examine whether Zic3 expression level
was also increased during embryonic development, RNA
isolated from E9.0 homozygous and hemizygous Zic3"*’
embryos and E9.0 wildtype embryos was also compared
using the same technique. These embryos all are derived
from crosses giving a mixed B6/129 background. The
Zic3 expression level in homozygous and hemizygous
Zic3" embryos was 1.8-fold higher than the wildype
embryos (Figure 2a), confirming that the Zic3 expression
level was also up-regulated at E9.0 by insertion of
PGK-neo cassette into Zic3 locus. In situ hybridization
was performed in E10.5 homozygous and hemizygous
Zic3" embryos and E10.5 wildtype embryos using an
antisense Zic3 riboprobe to analyze Zic3 mRNA
expression. No ectopic expression of Zic3 in Zic3"* allele
was detected, compared to the wildtype allele (Figure
2b,c).

4.3. No embryonic lethality observed in mice bearing the
Zic3" allele

Complete Zic3 deficiency causes both embryonic
and postnatal lethality, the penetrance of which is sensitive
to genetic background differences (9). In order to
investigate whether up-regulation of Zic3 could also lead to
embryonic lethality, heterozygous Zic3"’/+ mice derived
from crosses of male chimeras with C57BL/6J albino mice
were bred with Zic3"*/y males. Their progeny (n=111)
were genotyped at P21. The results (Table 1) indicate that
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Figure 1. Generation of the Zic3" allele. A. A PGK-neo cassette was inserted in antisense orientation 5” of the first exon of the
mouse Zic3 gene by homologous recombination. A 400bp BstXI-Sacl fragment external to the region of vector homology was used
as a 5’-probe to detect the occurrence of homologous recombination. B. Homologous recombinants were identified by Southern.
Genomic DNAs from ES cell clones were digested with BstXI and hybridized with the 5 external probe, detecting a wildtype 2.8kb
fragment or a targeted 4.6kb fragment. C. PCR of tail genomic DNA using PCR primers flanking the expected boundaries of the
PGK-neo cassette for genotyping progeny. The wildtype allele generates a 253bp product, and the Zic3" allele a 2kb product. D.
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Table 1. No embryonic lethality was observed in Zic3"® mice

Mating Strategy Total Number Genotypes Analysis at P21 Exact ° P Value
Zic3"/+ X Zic3"ly Zic3"ly +y Zic3"°/Zic3"° Zic3"/+

111 21 30 29 31 2.261 NS
Zic3"/+ X +/y Zic3"ly +y Zic3"’/+ ++

27 6 7 6 8 407 NS

Zic3"°/+ was mated with Zic3"*’/y and 111 P21 offspring were genotyped. A chi-square exact test (df=3, performed in SPSS
11.0) showed there was no significant departure from the expected Mendelian ratios. Zic3"“/+ was also mated with +/y and
27 of their offspring at P21 were genotyped. There was no significant departure from the expected Mendelian ratios. NS -not

significant.

16 4

12 4

08 4

Relative Transcript Level

04 -

02 4

1hi

Zicaan Zic3neoly Zic3nti

Zic3neol

ESD

ES cells

Figure 2. Zic3 mRNA was over-expressed in Zic3"* embryos and ES cells. A. RNA was extracted and cDNA synthesized by
reverse transcription. Quantitative PCR was performed to detect the Zic3 expression level using a pair of primers located in exon 2.
The results were normalized by reference to an endogenous RNA GAPDH control. B, C. Whole mount in situ hybridization with

antisense Zic3 probe on E10.5 wildtype and Zic3"* embryos.

there is no significant departure from the expected
Mendelian ratios. Male chimeras were also mated with
129S6/SvEv wildtype females to obtain the Zic3"/+
females and these mice were then mated with 129S6/SvEv
wildtype males. Genotyping of their progeny at P21 also
showed that the percentage of each genotype fit the expected
ratios. Since the PGK-neo cassette is flanked by FRT sites,
we mated mice with the Zic3"“ allele with FLPeR mice (26)
(purchased from the Jackson Laboratory) to delete the
PGK-neo cassette (designed by Zic3"**) by FLPe-FRT
recombination. Necropsy and skeleton preparation study on
twenty homozygous and hemizygous Zic3"* mice did not
reveal any abnormalities (data not shown), indicating that
the abnormalities identified in Zic3"° mice (described
below) resulted from the insertion of PGK-neo.

4.4. Left-right axis abnormalities and axial skeletal
defects in mice bearing the Zic3"* allele

Zic3 deficiency in both mice and humans often
leads to left right patterning defects. To investigate whether
altered expression of Zic3 caused by the insertion in the
Zic3" could also lead to left-right patterning defects,
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thirty-eight homozygous and hemizygous Zic3"* 4-week-old
adults were analyzed. Dextrocardia was identified in 7.9%.
One homozygous female had left-sided gall bladder and one
hemizygous male had asplenia. The position, number and size
of spleen were normal in the remainder. In addition, fifty-eight
homozygous and hemizygous Zic3"” embryos were analyzed
at E14.5-15.5 to examine the left-right axis of thoracic cavity
and the cardiac great vessels. Four of them (6.9%) were found
to have dextrocardia. However, unlike the Zic3™" mutants, no
dextro-transposition of the great arteries, interrupted aortic arch
and right aortic arch was observed. No pulmonary isomerism
or complete left-right reversal of the lung lobes was identified
in any adult or embryo.

All Zic3™"/y mice, high level male chimeras and
>40% of Zic3™/+ females have “kinked” tails. This
malformation results from distal vertebral body anomalies
and is associated with other disturbances in axial skeleton
and neural tube development. Vertebral anomalies of the
tail were found, albeit less frequently, in animals bearing the
Zic3" allele. Sixty homozygous and hemizygous Zic3"”
mice were examined and five (8.3%) had tail kinks
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Figure 3. Axial skeletal defects in mice bearing the Zic3"* allele. Skeletal X-rays of wild type (A, C, E) and Zic3" mice (B, D, G).
Note the kinked tail (B) and thoracolumbar scoliosis (D) or kyphosis (G). Skeleton preparation of wild type (F,I) and Zic3"* mice
(H,J). Thoracolumbar kyphosis (H) and Lack of the left 13" rib (J).

(Figure 3B). “Kinked” tails in other mouse models are often
associated with more severe neural tube defects, including
spina bifida, meningocoele and exencephaly (23). In order to
determine whether neural tube defects developed in Zic3"*
allele, thirty-nine E10.5, twenty-one E12.5, and fifty-eight
E14.5-15.5 homozygous and hemizygous Zic3"* embryos
were examined, however no exencephaly or other open
neural tube malformations were observed.

A high percentage of adult Zic3" animals
exhibited obvious progressive spine defects. Skeletal survey
by X-ray of forty-ecight homozygous and hemizygous
two-month-old Zic3" adults revealed twenty-two (45.8%)
developed thoracolumbar kyphosis and an additional seven
(14.6%) developed thoracolumbar scoliosis (Figure 3D).
Further skeleton preparation using Alcian blue/Alizarin red
staining confirmed the existence of kyphosis (Figure 3H),
but no vertebral body defects were found. One homozygote
was found lacking the left 13th rib (Figure 3J). The
mechanism of kyphoscoliosis is unclear from these studies
but does not appear to be due to a primary disorder of bone
development.
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4.5. Craniofacial anomalies, hyoid bone and cricoid
cartilage defects in Zic3"*’ mice

Growth retardation was found in eight out of
ninety (8.9%) homozygous and hemizygous Zic3"° mice at
weaning age. Further study of the mice with growth
retardation revealed that they had severe malocclusion
(Figure 4A, B). These animals typically died within two
months from insufficient feeding. Mice with malocclusion
had prominent abnormal facial phenotypes, including
hemifacial microsomia, asymmetric low set ears (Figure
4C, F, G), deviation of the mandible from the midline, and
unilateral hypertrophy of the mandibular musculature
(Figure 4D). Skeleton preparations were used to evaluate
for craniofacial bone anomalies. The abnormalities
include asymmetric distance between the external auditory
meatus and the orbital fossa (Figure 4F, G), hypoplasia of
the maxilla and premaxilla leading to asymmetric position
of the zygomatic bone (Figure 4H, I), and unilateral
underdevelopment of coronoid process of mandible
(Figure 4J). The squamosal portion of the temporal bone
and the frontal bone appear relatively spared. All the mice
with malocclusion were also found to have kyphosis.
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Figure 4. Malocclusion, craniofacial anomalies, hyoid bone and cricoid cartilage defects identified in Zic3"* mice. A, B.
Malocclusion observed by necropsy. C. Hemifacial microsomia (frontal view). Note the asymmetric low set ears. D. Asymmetric
hypertrophy of mandibular musculature (arrow). E. Symmetric size of the body and ramus of the mandible. F,G. Hemifacial
microsomia. Note the dysplastic left ear, the decreased distance from and inferior displacement of the left external auditory canal
relative to the palpebral fissure, as well as the left congenital cataract. H,I Lateral views of skull: demonstrates asymmetric superior
displacement of the zygomatic (dotted curve) relative to the rostral boundary of the external auditory meatus (EAM, marked by
solid line) with accompanying hypoplasia of the maxilla (Mx) and premaxilla (Pm) and relative sparing of the frontal (Fr) and
squamosal (Sq) bones. J. Underdevelopment of coronoid process of mandible on the right side (indicated by arrow). K. Normal
hyoid bone and laryngeal cartilage observed in wildtype mouse by skeleton preparation. L. Note the aplasia of the left greater horn
of the hyoid bone (indicated by arrowbar). M. Abnormal shape of the greater horns of the hyoid bone and failure of fusion of
cricoid bone in the midline (indicated by arrows).
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Zic3neny

Figure 5. Ectopia cordis in Zic3"* mouse. A. Thoraco-cervical ectopia cordis found during necropsy. Note that there is no defect in
thoracic wall and the heart is located in the midline. C. Skeleton preparation revealed the split in upper portion of the sternal
manubrium, compared to the wildtype shown in B. E. Note the failure of fusion of the lamina leading to open vertebral foramen in

T10-12, compared to the wildtype shown in D.

In addition to craniofacial defects, the homozygous and
hemizygous Zic3"™° mutants exhibited defects in hyoid bone
and cricoid cartilage (Figure 4K, L, M). Those abnormalities
include asymmetric length and shape of hyoid bone, and
failure of fusion of cricoid cartilage in the midline.

4.6. Ectopia cordis

Ectopia cordis is a very rare congenital
malformation in which the heart is located partially or totally
outside of the thoracic cavity. It occurs in 5.5 to 7.9 per 1
million live births (27). We examined a six-week-old Zic3"*
/y mouse and unexpectedly found it had ectopia cordis at
necropsy (Figure 5A). The mouse was active and appeared
healthy before anesthesia. It was indistinguishable from
wildtype littermates in length and body weight and there was
no abnormality of the ventral skin. The heart was located in
the midline between the dermis and the thoracic cavity. The
rostral boundary of the heart was at the level of 5™ cervical
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vertebra i.e. significant anterior displacement compared to
normal. Examination of the cardiac great vessels showed
that the right common carotid artery and the right subclavian
artery derive from the aortic artery directly, and the
brachiocephalic artery was absent. The lungs were
hypoplastic and located in a relative midline position of the
thoracic cavity, but the lobation was normal. Skeleton
preparation study revealed a split in upper portion of the
sternal manubrium and failure of fusion of neural arches of
T10-12 in the midline (Figure 5C).

5. DISCUSSION

PGK-neo, a hybrid gene consisting of the
phosphoglycerate kinase I promoter driving the neomycin
phosphotransferase gene, is frequently used as a positive
selection marker for gene-targeting in mouse embryonic
stem cells. However, the introduction of a PGK-neo cassette
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can interfere with endogenous promoters in the targeted
locus and affect the expression level of the transcripts (28),
since the PGK promoter functions as a strong
promoter/enhancer. In the present study, the insertion of
PGK-neo cassette in the antisense orientation to Zic3 led to
mild overexpression of the downstream Zic3 transcript in
both ES cells and E9.0 embryos, confirming previous
reports that the activity of PGK promoter can be
bidirectional (29-31).

Homozygous and hemizygous Zic3"’ mice
developed multiple birth defects, including skeleton/rib
abnormalities, craniofacial anomalies, left-right axis defects,
congenital heart defects, hyoid bone and laryngeal cartilage
abnormalities. Penetrance of the individual defects with the
exception of kyphoscoliosis was relatively low, a situation
that parallels the familial clustering of similar birth defects
in humans. There were no systematic differences seen
between Zic3"’/y and Zic3"’/ Zic3" in any of these
phenotypes.

Zic3" mice exhibited hemifacial microsomia and
asymmetric low set ears. These abnormalities are somewhat
similar to those seen in mice bearing mutations in Tbx1
although in those animals the defects are generally
symmetric (32). Another mouse model, Hfin, produces a
similar asymmetric facial and skull phenotype with low
penetrance (33, 34). Hfm resulted from a transgene
insertion/deletion in an evolutionarily conserved region on
mouse chromosome 10 (34), but specific gene identification
has not yet been reported. The skeleton preparations suggest
that unilateral hypertrophy of the jaw was not derived from
asymmetric development of the body and ramus of the
mandible (Figure 4E). Rather, it seems to have arisen due to
unbalanced use of the masticatory muscles secondary to
malocclusion. The mobile coronoid process articulates with
the glenoid fossa of the temporal bone and forms the
temporomandibular joint. Underdevelopment of the
coronoid process of mandible can lead to ipsilateral
deviation of the mandible from the midline and result in
severe malocclusion. The hyoid bone abnormalities found
in Zic3" mice include unilateral aplasia of the greater
horns, abnormal shape of the greater horn, and abnormal
orientation of the lesser horn. The mandible and part of
zygomatic bone are the derivatives of the first pharyngeal
arch. The lesser horn is derived from the second pharyngeal
arch, while the greater horn is from the third pharyngeal
arch. The normal development of pharyngeal arches
requires essential contributions from neural crest cells (35).
Neural crest cells are a population of cells which emerge
from the dorsal neural tube region. Previous work has
shown that Zic3 is expressed in the dorsal neural tube region
during development and over expression of XZic3
demonstrates that it plays a critical role in Xenopus neural
crest development (8, 16). However, no neural crest
abnormalities were observed in Zic3 deficient mice.
Relatively subtle neural crest defects were found in Zic2
hypomorph and Zic5 deficient mice (2, 21). Given the
function of Xenopus Zicl, Zic2, Zic3 and Zic5 in neural
crest development (16-18), it is very likely that the absence
of obvious neural crest defects in Zic3 deficient mice is due
to functional redundancy of Zic family genes.
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Hemifacial microsomia, asymmetric low set ears,
hypoplasia of the mandible and vertebra defects are
well-recognized birth defects in humans. They are typical
features of Goldenhar Syndrome (also known as
oculo-auriculo-vertebral spectrum or First and Second
Branchial Arch Syndrome). Goldenhar Syndrome has an
estimated birth prevalence of 1:45,000 (36) to 1:10,000
births (37). The mechanisms underlying Goldenhar
Syndrome remain unknown. Given the craniofacial
phenotype, it is very likely that the altered regulation of
neural crest development plays a central role. Patients with
Goldenhar Syndrome also often have eye, ear,
cardiovascular, and genitourinary defects (38). There are
several reports that Goldenhar Syndrome can be associated
with left-right patterning defects (39). We speculate that
ZIC3 or a ZIC3-regulated pathway could be important in
this condition. Screening for Z/C3 mutations in the patients
with Goldenhar Syndrome should be considered.

Ectopia cordis is a rare and striking congenital
heart defect first described in 1671 (cited in ref (40)). The
defect involves congenital malposition of the heart partially
or completely outside the thoracic cavity. To our knowledge
ectopia cordis has never been reported in live born mice.
Ectopia cordis can be classified into five types (40): 1)
cervical, in which the heart is entirely in the cervical region
with intact sternum; 2) thoraco-cervical, in which the heart is
partially in the cervical region but the cranial end of the
sternum is split; 3) thoracic, in which the sternum is
completely split or absent, and the heart lies partially or
completely outside the thorax; 4) thoraco-abdominal, in
which the heart exists in a direct communication between the
thoracic and the abdominal cavities and usually
accompanies Pentalogy of Cantrell; 5) abdominal, in which
the heart passes through a defect in the diaphragm to enter
the abdominal cavity. Using this classification, the ectopic
cordis found in our Zic3"® hemizygote belongs to the
category of thoraco-cervical ectopic cordis (only two among
48 cases between 1938-1961). Detailed studies of the
skeleton in this mouse revealed midline fusion defects,
including split of the upper portion of the sternal
manubrium. Interestingly, the heart was located in the
midline of the cervical and thoracic region, suggesting that a
left-right patterning process might be associated with the
development of ectopic cordis.
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