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The zinc-finger protein CNBP is required for forebrain formation in the mouse
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SUMMARY

Mouse mutants have allowed us to gain significant insight
into axis development. However, much remains to be
learned about the cellular and molecular basis of early
forebrain patterning. We describe a lethal mutation mouse
strain generated using promoter-trap mutagenesis. The
mutants exhibit severe forebrain truncation in homozygous
mouse embryos and various craniofacial defects in

(AME), headfolds and forebrain. In Cnbp”= embryos, the
visceral endoderm remains in the distal tip of the conceptus
and the ADE fails to form, whereas the node and notochord
form normally. A substantial reduction in cell proliferation
was observed in the anterior regions of Cnbpr embryos at
gastrulation and neural-fold stages. In these regiondylyc
expression was absent, indicating CNBP targetMyc in

heterozygotes. We show that the defects are caused byrostral head formation. Our findings demonstrate that

disruption of the gene encoding cellular nucleic acid
binding protein (CNBP); Cnbp transgenic mice were able
to rescue fully the mutant phenotype. Cnbpis first

expressed in the anterior visceral endoderm (AVE) and,
subsequently, in the anterior definitive endoderm (ADE),
anterior neuroectoderm (ANE), anterior mesendoderm

Cnbp is essential for the forebrain induction and

specification.

Key words: CNBP, Retroviral insertional mutagenesis, Forebrain
patterning, AVE, ADE, ANE, Cell proliferation defects, Myc
expression

INTRODUCTION

to birth with various craniofacial abnormalities, including the
absence of the lower jaw and eyes. The mutated gene has been

Craniofacial abnormalities affect hundreds of thousands adetermined to be that encoding the cellular nucleic acid binding
children each year and result in physical, emotional angrotein (CNBP); this was confirmed by transgenic rescue.
economic hardships for affected individuals and their families The Cnbpgene encodes a 19 kDa protein containing seven
(Cohen, 1993). The isolation of genes underlying mous&andem zinc-finger repeats of 14 amino acids (Covey, 1986).
mutants that resemble the human syndromes promises Tine amino acid sequence of CNBP is highly conserved; the
identify many important players in normal and abnormalsequence of human CNBP is 94.1% identical to that of Xenopus
craniofacial development (Jabs et al., 1993; Dattani et allaevis(Flink et al., 1998), 99% identical to that of the chick (van
1998). Similarly, gene knockout techniques have proved to bldeumen et al., 1997) and 100% identical to the mouse protein.
powerful tools for identifying the molecular regulation of manyDespite its discovery over a decade ago, little is known about
developmental processes. For example, genes sutimds CNBP function. CNBP was initially postulated to function as a
(Lhx1—- Mouse Genome Informatics) (Shawlot and Behringernegative-transcription regulator in the coordinate control of
1995), Otx2 (Matsuo et al., 1995; Acampora et al., 1995),cholesterol metabolism (Rajavashisth et al., 1989) but this has

Smad2(Waldrip et al., 1998; Nomura and Li, 1998Jpdal
(Brennan et al.,, 2001)Foxhl (Hoodless et al.,, 2001;
Yamamoto et al., 2001), Arkad{&piskopou et al., 2001}{ex
(Martinez Barbera et al., 2000), Ofdoltewicz et al., 1999),
Hesx1(Dattani et al., 1998) andkkl1 (Mukhopadhyay et al.,

not been confirmed (Ayala-Torres et al., 1994; Warden et al.,
1994). CNBP was subsequently shown to be a single strand-
specific DNA-binding protein that interacts with the sequence
CCCTCCCCA (termed the CT element), a segment of DNA
that enhances Myc promoter activity (Michelotti et al., 1995).

2001; Shawlot et al., 1999; Yamamoto et al., 2001) have bedRecently, Konicek et al. reported that CNBP upregulates CSF1
demonstrated to be essential for normal head development pyomoter activity in a tissue-specific manner through specific
targeted gene disruption in mice. However, studies using sudNA-binding protein interactions (Konicek et al., 1998).
knockout techniques are limited to known genes. ThrougExpression studies during embryogenesis, determined that
retroviral insertional mutagenesis and genetic screeningenopus CNBP (XCNBP) was located in the ectoderm,
approaches, we have identified a null-mutant mouse strain wigtndoderm and mesoderm during early development, and in a
complete forebrain truncation. Heterozygous mutants surviveide variety of cell types during late Xenopmmbryogenesis
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(Flink et al., 1998). De Dominicis et al. further reported that MATERIALS AND METHODS

in Xenopus embryos, CNBP mRNA accumulation during

development decreases before the mid-blastula stage afeneration ofthe Cnbp mutant mouse strain

increases again thereafter (De Dominicis et al., 2000). Althoughhe Cnbp mutant mouse strain, also termed A8, was generated as
the in vivo role and expression pattern of CNBP in mammaliadescribed (Harbers et al., 1996). Briefly, J1 embryonic stem (ES) cells
development remains unclear, the extraordinary level oftietal., 1992) were grown on a monolayer of mytomycin C-treated

conservation and the expression pattern in Xeneplsryos Psi-2 cells producing mp 10 virus (Barklis et al., 1986) in ES cell

; : ; lture medium containing 8 ug/ml polybrene. ES cell lines with a
suggest a potentially important role for CNBP during early*" \ o _
embryonic development across different species. single-copy prow'ra_l genome were injected into BALB/c 0r_C57BL/6J '
blastocysts, and injected embryos were then transferred into the uteri

The .b'OI.Og'CaI events that Cor)trol anterior and posteriop pseudopregnant F1 (C57BLMIBA) foster mothers as described
patterning in vertebrate embryos is one of the most intriguing|j et a1, 1992) to obtain transgenic lines. Tebptransgenic line
questions to challenge biologists. Recent evidence from studigfs obtained by breeding a male chimera with a female C57BL/6J
in the mouse suggests that anterior patterning preced@muse. The Cnbpmutation was repeatedly backcrossed (>12
gastrulation (Beddington and Robertson, 1999). In mousgenerations) onto the C57BL/6J inbred genetic background to
embryos, an increasing number of genes have been identifigprove phenotypic consistency. Cribp inbred mice were
that are expressed in the anterior visceral endoderm (AVE)tercrossed to produce Criipmice.
before, or coincident with, the start of gastrulation (Lu et al. .

2001). Mutations in a number of transcription factor genesMc’lecu'ar cloning

: . - Ihitially, a genomic DNA fragment flanking theé é&nd of the mp 10
such as Otx2, Lim1, Hend Hesx1, that are first expressed Inprovirus was cloned by inverse PCR. This fragment, designata@ 5

the AVE an_d, subsequently, in the .nc.)de anq node de_rlvatlve ee Fig. 1), was subcloned into the Bluescript vector (Stratagene). To
affect anterior development an_d exh_|b|t anterior truncation. Th btainA-phage clones representing the A8 locus from wild-type mice,
AVE region is located at the distal tip of the conceptus prior t@ 129/Sv mouse genomic library in lambda FIXII (Stratagene) was
primitive streak formation, and, subsequently, undergoes gtreened with a radiolabeled probe derived frdnfAB. Positive
morphogenetic movement toward the proximal/anterior regiomlaques were purified by three rounds of screening and sub-fragments
These movements have been proposed to be extremdigm the Aclones were subcloned according to standard procedures.
important for the anteroposterior patterning of the embrydhe physical map of the A8 locus shown in Fig. 1 was obtained by both
(Beddington and Robertson, 1999). For exampleQix2/~ ~ Sequence analyses of the plasmid clones and Southern blot analyses of
embryos at egg cylinder stages, the posterior rotation Jgstriction enzyme digested wild-type and mutant genomic DNA.

epiblast seems to occur normally but the AVE remains distatenotype analysis

(Acampora et al, ;998)’ and the resulting embryos Iac|I<:or genotyping, DNA was isolated from the yolk sac of dissected
midbrain and forebrain. The AVE cells have been suggested {onpryos or from the terminal tail region of adult animals and analyzed

detach from the epithelial sheet and move toward the anterigy pCR or by Southern blot usingfB8 as a probe (Fig. 1). Embryos
region (Kimura etal., 2000). Itis currently not understood whaivere obtained from timed matings; the day of plug detection was
mechanisms drive either of these processes. counted as day 0.5 of gestation. The presence of a single 8 kb fragment
The mouse node structure is homologous to the Spemaniirslicates a homozygote genotype (Fig. 1). Oligonucleotide primers
organizer inXenopus. It gives rise to a similar repertoire ofP1 (ATAGGACCCGTAGGTTGTCA), P2 (CTCTGAGTGATT-
embryonic tissues: prechordal mesoderm, notochord and gi*CTACCC) and P3 (AGTCTCTCCAGAATTGGGTC) were used
endoderm (Beddington, 1981; Beddington, 1994; Lawson é give diagnostic amplification pr_oducts of 500 bp fo_r the wild-type
al., 1991). However, it is unable to induce secondary anteriqrngptiliflst&ndﬁgr% ?r%rzozg'%éjéir?ﬁé%b&?cugle (Fig. 1). Data
structures even when node precursor cells are transplantea y ’
from an early gastrula stage (Tam and Steiner, 1999). AVRNA preparation and analysis
appears to repress posterior signals in the epiblast. Howeversital cellular RNA was isolated from adult tissues and mouse embryos
is unable to pattern the neuroectoderm or cause formation pj the guanidinium isothiocyanate procedure. Extracted RNA was
anterior embryonic structures (Lu et al., 2001; Moon andractionated (15 g per lane) by electrophoresis in 1% agarose gels
Kimelman, 1998; Piotrowska and Zernicka-Goetz, 2001). Theontaining formaldehyde and then transferred onto nylon membranes
anterior definitive endoderm (ADE) arises from the anteriofLi et al., 1999). Blots were hybridized for 18-20 hours at 65°C in a
streak region before node formation and notochord extensioﬁt,a”dard hybridization solution without formamide (Li et al., 1999).
and moves anteriorly to displace the AVE and underlie theyisioiogy
prospective neuroectoderm duripg gastrulation (Lawson a mbryos and tissues were fixed in 4% paraformaldehyde. Tissues
Pedersen, 1987; Tam and Beddington, 1992; Lu et al., 200 erenémbedded in paraffin wax and sectio?wedmnYSections were
The ADE expresses many of the same genes as the AVE, sughined with Hematoxylin and Eosin according to standard
as Hexand Cerl, making it an attractive candidate tissue fronprocedures.
the anterior streak for patterning the anterior epiblast (Martinez .
Barbera et al., 2000; Lu et al., 2001). Although, the AVE, ADEMmunostaining

and node tissues are essential for head development, the predi§gue section immunostaining was performed as described (Li et al.,
function and interaction of these three tissues remaip?2d) using anti-CNBP polyclonal anti-peptide antibodies raised
unresolved. We report a new mouse mutant, generated ainst a 20 amino acid peptide from the C terminus of mouse CNBP

retroviral insertion into the locus of th€nbp gene, that YRCGESGHLARECTIEATA).

displays impaired anterior movement of AVE, lack of bothin situ hybridization

ADE and anterior neuroectoderm (ANE) tissues, and forebraiwhole-mount in situ hybridization was performed as described (Deng
truncation. et al., 2001). The full-length moussnbpcDNA was subcloned and
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linearized with Notl and transcribed with T3-RNA polymerase. The Table 1. Genotype of mice resulting from Cnbp
Krox20 cDNA was linearized with BamHI and transcribed with T3- heterozygous intercrosses in C57BL/6J inbred mice
RNA polymerase. Enland Hnf3b cDNA were linearized and

transcribed with T7-RNA polymerase. Other antisense probes used Stage H A —= (%)
were for: Myc, Mox{Meox1— Mouse Genome Informatics), Otx2, E7.5 22 49 21(23)
Brachyury (T), Hex, Lim1, Six3, Dkk1, Gsc, Heamdl Cerl. At least E8.5 43 77 38 (24)
five embryos with the same genetic background were analyzed for E9.5 29 58 24 (22)
each probe. E10.5 27 40 14* (17)
Postpartum 32 51 0

Transgenic rescue of forebrain defect in Cnbp mutants
Cnbptransgenic mice were used to rescue the forebrain truncation ix
Cnbp mutants. The transgenic vector construct that was used
contained 10 kb of the CNBP promoter and 11 kb of the eGtil@p
gene. The vector DNA was linearized and used for pronucleagxamined at various developmental stages. We found that A8
miCI‘OinjECtion to Obtain Cnbpansgenic mice. Transgenic (TG) mice homozygous embryos had a severe forebraln truncatlon and
were crossed to Cnbp mutants and the resultant progeny gieq around E10.5 (Table 1). No A8 homozygous newborns
(TG/Cnbp™) were backcrossed t@nbp™ mice. Litters were o0 ever found. About 40% of heterozygous newborn mutants
examined at E9.5. o - . : .
exhibited multiple defects, including growth retardation and
BrdU and TUNEL assays craniofacial defects (e.g. a smaller mandible and complete lack

BrdU incorporation and TUNEL assays were performed as describedf €yes), and died shortly after birth. The haploinsufficiency
(Shen-Li et al., 2000). At least five embryos with the same genetiguggests that th€nbp gene must be expressed above a

*Embryos were either severely growth retarded or being resorbed.

background were analyzed for each stage. threshold level to ensure normal development. The remaining
_ heterozygous mice either grew normally to adulthood or had
Transfection study mild eye and skeleton defects (data not shown).

Transfection study was performed as described previously (He et al., |n order to identify the gene that is responsible for the

1998). Wild-type and Cnbfr mutant embryonic fibroblasts (MEF) utation. additional ; ;
: . . , genomic sequences flankintAB were
were isolated from E13.5 embryos in C57B1/6J and 129Sv hyb”%olated by screening a-phage library of mouse genomic

background using 0.05% trypsin/EDTA digestion and then maintaine - , . .
in MEM/10% FBS. Wild-type andCnbp~ mutant embryonic NA with the 5'fA8 probe. The Xlones were dissected into

fibroblasts (MEF) were transfected with a Myomoter-luciferase  SUbfragments and used as probes to hybridize to northern blots
reporter plasmid or co-transfected with the luciferase reporter DN&ONtaiNing poly(Aj RNA that was extracted from newborn
and a mouse Cnbgxpression plasmid (pCMV-CNBP) as described mice. A 3.0 kb subfragment, designated PA832 (as shown in
(He et al., 1998). The pCMV-CNBP was constructed by inserting th&ig. 1), hybridized to a 1.65 kb RNA transcript. Sequencing
CnbpcDNA under the transcriptional control of a CMV promoter in the PA832 fragment indicated that the proviral insertion
the pCDNAZ.1 vector (Invitrogen)Cnbp cDNA was obtained by created a mutation in the previously descril@ubp gene
screening a_day 17.5 mouse em_bryo cI_DNA library (Clontech). DNA(Rajavashisth et al., 1989). In order to map the proviral
co-transfections were performed in duplicate and repeated at least qurtegration site relative to the transcriptional unit of the Cnbp

tmes. gene, the exon-intron junctions of the gene were identified by
comparingCnbpgene sequences wi€@nbpcDNA sequences.
The results summarized schematically in Fig. 1 indicate that
RESULTS the provirus was inserted into the first intron. To test whether
the proviral insertion affected levels of Cnlyjanscription,
Retroviral insertional mutation of Cnbp is total RNA was isolated from E9.5 embryos (derived from Cnbp
embryonically lethal and results in defects in heterozygous mutant parents) and analyzed on northern blots.
anterior patterning Compared with their wild-type littermates, the 1.65Ghbp

We have generated a mutant mouse strain (A8) that exhibitsanscripts were significantly reduced in heterozygous embryos
severe forebrain truncation and facial anomalies (Fig. 1A-Exnd could not be detected in homozygous embryos (Fig. 10).
The external morphological deficiencies were variable buln order to examine CNBP protein levels, immunostaining of
limited to the forebrain, eyes and lower jaw. The A8 mutantissue sections was performed using an anti-CNBP polyclonal
mice were generated using retroviral insertional mutagenesanti-peptide. We found thaGnbpwas normally expressed in
(Harbers et al., 1996). The 500 bp DNA fragment flanking théhe ANE and ADE of E7.25 embryos (Fig. 1P) but was absent
5 LTR of the provirus was cloned by inverse PCR andn E7.25 Cnbp~ mutant embryos (Fig. 1Q). These results
designated FA8 (Fig. 1L). When used as a probe on Southerrindicate that the Cnbmutation was a null mutation.

blots, 5'fA8 hybridizes to a single 4 kb band in genomic DNA  Morphological analysis showed tf@hbp’~mutant embryos
from wild-type mice (Fig. 1M), and an additional 8 kb band,were distinguishable from normal embryos. At E7.5, the
resulting from the insertion of the provirus, in DNA from abnormal-looking embryos were smaller than their normal
heterozygous animals, which was used for genotyping middtermates (Fig. 1F,G). A constriction was seen between the
and embryos (Fig. 1M). Mutant embryos were also genotypeeimbryonic and extra-embryonic regions (Fig. 1G). A similar
by PCR analysis (Fig. 1N). To ensure genetic uniformity forextra-embryonic/embryonic constriction was also observed in
closely linked loci, heterozygous mice were backcrossed thinf3bmutants (Ang and Rossant, 1994) &ig2mutants (Ang
C57BL/6J inbred strain 12 times. To define the rol€obp et al., 1996) and to a lesser exterltiimml mutants (Shawlot and

in mouse development, the offspring from intercrossed@ehringer, 1995). Truncations were also seen in the anterior
heterozygous (CnBp) C57BL/6J inbred mice (n=12) were neural folds at early somite stages (Fig. 1H,I) and in the anterior
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Fig. 1. Retroviral insertional
mutation of CNBP resulted ir
anterior patterning and
craniofacial defects.

(A) Morphology of newborn
wild-type mouse. (B) A
heterozygote newborn moust
with a short snout and lackin
eyes. (C,D) Heterozygotes
with a smaller lower jaw (C)
and missing eyes (D). (E) A
homozygote lacking rostral
head structures, including the
entire forebrain. (F,G) As ear
as E7.5, a homozygous mute
embryo is smaller than its
wild-type littermate. A
constriction is observed
between embryonic and extr:
embryonic regions in Cnbfy
mutants (arrow in G). (H,l) B 4kb

E8.5, forebrain truncation is L 5 P2 -elz

evident in mutant embryo 1kb
(arrow in I). (3,K) At E9.5, o Neo

Cnbp’-embryos were smalle Y /,’

with forebrain truncations. ~ .

(L) The integration site of the L P /" s

provirus in the Cnbgene I ——— 3 H‘l -
locus. The flanking sequence : b 22 4 5
5'fA8, was cloned by inverse e -4 e

PCR. The Cnbgene was -5 A PAS32

cloned and characterized by
using 5'fA8 as probe. The M
positions of the A8 probe

- - - [+ - - -

and primers 1, 2 and 3 (P1, F 8kb — SS s wewe s o i
and P3) for genotyping are 4kb — B & - = ?_ 3,
shown. (M) Genotype analys - o
of Cnbpmutant mice by N M 44+ o=+ - 4 4 - |

Southern blot. The presence

a single 4 kb fragment 500bp—
represents wild-type allele, N
while a larger 8 kb fragment, 300bp
result of the proviral insertion O Ve s A %
represents a mutant allele. G A RO, . .1 1 s, A% A 6
(N) Genotype analysis of E6. CNBP -— W ® K ‘5( g

embryos by PCR demonstral - R foud & o ¢

the recovery of wild-type GAPDH == s n w o - EZ&5_ e g ¥ P EL25 IR /3

(lanes 1, 5), heterozygous

(lanes 3, 4, 6, 8) and homozygous embryos (lanes 2, 7). Primers P1 and P3 amplify a 500 bp wild-type fragment, whereaqaieers
insertion-specific primer) and P3 together amplify a 300 bp mutant fragment. (O) Northern blot analysis of total RNA mol&8dfivhole

embryos derived from Cnbp-heterozygous mutant parents. A 1.65 kb mRNA was detected in the wild-type and heterozygous embryos but was
undetectable in the homozygous embryos u€ingpcDNA as a probe. (P,Q) Immunostaining in tissue sections was performed, using an anti-
CNBP polyclonal antibody, to examine CNBP protein levels in E7.25 wild-type and mutant embryos. CNBP protein was lodadiZedEo t

and ADE of a wild-type embryo (brown staining in P) but was absent i@rbg’~mutant embryo (Q).

R

¥ AN

regions of E9.&nbp’~embryos (Fig. 1J,K). However, the trunk gastrulation stages was very dynan@labpwas expressed in
and tail of the mutant embryos were relatively well formed. visceral endoderm located at the distal tip of the E6.0 embryo
] ) . in pre-primitive streak stage (Fig. 2A). At E7.0, the early-
Cnbp expression pattern in early embryonic primitive streak stage, Cnbpas expressed in the AVE (Fig.
development 2B). At E7.25, the late-primitive streak stage, CNBP protein
To clarify the role of CNBP in mouse head development, wavas localized to the ADE, underlying the future forebrain, and
analyzed the expression of Cnlgt pre-gastrulation and in the overlying ANE, where the forebrain will form (Fig. 1P).
gastrulation stages using whole-mount RNA in situAt early neural plate stages (E7.6nbpwas expressed in the
hybridization and tissue section immunostaining. We foundnterior axial mesendoderm, ADE and ANE (Fig. 2C,D). At 8-
that the expression of Cnbguring pregastrulation and 10 somites (E8.25-8.5xnbpexpression became progressively
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Fig. 2.Identification of early Cnbp-expression patterr A B C D
and Cnbp-transgene rescue of forebrain defects in C

mutants. (A-D) Cnbgxpression was analyzed at pre- ﬂj",
gastrulation, gastrulation and post-gastrulation stage : 3
whole-mount in situ hybridization. (Agnbpis i ’ ‘ .
expressed at the visceral endoderm, anterior to the i l

tip of the early embryo at early gastrulation (E6.0;

arrow). (B) During primitive streak formation, at E7.0 E6.0 E7.0 ElS E7.5
Cnbpexpression localizes to the AVE in the anterior E F G H

midline from the proximal to the distal region. (Chbp

is expressed in anterior axial mesendoderm, ADE ai £
ANE at late-primitive streak stage (E7.5). (D) Sagitte (G-c VvVl
section of an embryo at an approximately similar sta ’ (ﬁ

to that shown in C, showin@nbpexpression in the

anterior axial mesendoderm, ADE and ANE.

(E-G) Cnbpis expressed in the anterior neural folds ¢

10 somite stages. (F) Sagittal section of an embryo
approximately a similar stage to that shown in E,

showing Cnbpexpression in the ANE (forebrainyand 1 P1
head mesenchyme. (Ghbpcontinues to be expresse »/VH R HB BN H HH H B
in the headfolds. (HEnbpis expressed in the forebrai = . Ll 'l | ||-I—.|—l—
at E9.25. Transcripts were also detected in the early .
facial prominences, including the first branchial arch P2 2kb
primitive maxillary region and early frontonasal area

Regions of expression other than the head include tl

limb bud and tail. (I) The Cnbipansgene comprisingt | M1 234 s 1 M N

10 kb mouse Cnbpromoter, the entire Cnligene (11 Q
kb) and a 300 bp vector DNA fragment (shaded regi % bp—m 5

on left side) as a tag for genotyping. (J) Transgenic &

genotyping by PCR analysis using primers P1 and F

E8.25 E8.25 E8.5 E9.25

described in I. Lane 5 shows control DNA from wild- K 12 3456 '
type mice. The 300 bp fragment in lanes 1-4 represe v v ® , %
recovery of transgenic embryos. (K) Transgenic E95 s EO5 T O

genotyping by Southern blot analysis using the 300 ...

vector DNA as probe. Wild-type embryos are represented in lanes 1, 3 and 5. Genomic DNA from transgenic embryos hybridizes to probe
(lanes 2, 4 and 6). (L-M) Transgenic rescue of forebrain defe€sbpmutants Cnbpexpression in Cnby wild-type embryo (L), Cnbp~

mutant (M) and TG/Cnbypr (n=7) (N) embryos at E9.5. Embryo in M shows forebrain truncation, whereas the transgenic rescued embryo has a
normal phenotype and a nearly identical expression pattern as the wild-type embry€bphegins to also be expressed in the midbrain

shortly before E9.5 (L).

restricted to the headfold region (Fig. 2E-G). By E9Q@8bp  were normal (Fig. 2M,N). In situ hybridization revealed an
was predominately expressed in the forebrain (Fig. 2H). Thalmost identical Cnbp-expression pattern between wild-type
expression of Cnbwas also detected in midbrain by E9.5 (Fig.and TG/Cnbp~embryos (Fig. 2L,N). The forebrain truncation
2L). In addition to the head regioBnbpexpression was also was rescued in TG/Cnbp embryos, which confirms that
detected in limb bud and tail at low level when organogenesisnockout of theCnbpgene was responsible for the forebrain
occurs (Fig. 2L). The expression patterrCofbpduring early  truncation phenotype.

mouse development suggests that CNBP plays a role in ) o

patterning the anterior central nervous system (CNS), which fsorebrain truncation in early Cnbp mutant embryos

consistent with its role in forebrain formation. We examined neuroectoderm formation and anteroposterior
) ) patterning in Cnbp~embryos between 10-25 somite stages by

Cnbp transgene rescue of forebrain defects in Cnbp the expression analysis of a number of CNS and mesoderm

mutants marker genes. BfImRNA, a marker for telencephalon

To confirm that the forebrain truncation was indeed caused Wgrebrain, was entirely absent in E8.5 and E@8bp’-

a disruption of theCnbp gene instead of by some unknown embryos when compared with wild-type littermates (Fig.
genetic or epigentic mutations, we generdatbptransgenic  3A,B,K,L). Loss ofBfl expression in mutant embryos at E8.5
(TG) mice to test whether the Cntvpnsgene could rescue the suggests loss of the telencephalon. We examined the
forebrain defect in Cnbpr mutants. The transgene containedexpression of other forebrain markers, such as Hasat 55ix3,

a 10 kb Cnbpromoter and the entire 11 Kinbpgene (Fig. which mark the diencephelon, to determine whether this tissue
2l). The TG mice were crossed with Chbpnutants and the is also missing in the mutants. Hesahd Six3were not
resultant progeny (TG/Cnbp) were then crossed with detected in the mutants, indicating that diencephelon is also
Cnbp~ mice. Litters were examined at E9.5. As previouslymissing in the mutant embryos (Fig. 3C-F). To determine the
described,Cnbp’~ embryos showed forebrain truncations; anterior truncation level, engrailedl (Enl), a marker for
however, transgene-positive Cribp(TG/Cnbp’-) embryos posterior midbrain and anterior hindbrain was emplofd.
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was expressed in the anterior region of both E9.0 normal artde embryo and that they lack anterior structures (Perea-Gomez
Cnbp mutant embryos (Fig. 3G,H), indicating that anterioret al., 2001). We conclude from these data, that CNBP is
hindbrain was not affected by the mutation. However, we coul@nportant for the correct localization of the AVE.

not determine whether midbrain is affected in the mutants from To understand further the developmental origins of the
the analysis of Enkxpression. Another hindbrain marker, Cnbp’~ phenotype, we investigated ADE induction (Lu et al.,
Krox20 (Egr2 — Mouse Genome Informatics), was detected ir2001). The ADE expresses many of the same genes as the AVE,
rhombomeres 3 and 5 @nbp’- embryos at E9.0 (Fig. 31,J). such as Hexand Cerl (Martinez Barbera et al., 2000). The
Thus, the anterior hindbrain regions are present in homozygoespression of Hein Cnbp’~ mutant embryos failed to occur
mutants. We then used the mesoderm specific mafdersl  at the late streak stage E7r5=6) (Fig. 4K,L), indicating the

and Brachyury (T) to determine whether trunk and tail ADE must be absent in Cnfpmutant embryos. Ceris also
development was affected. Both genes were expressearmally expressed in the ADE at the late streak stage but was
normally in homozygous mutantdvloxl expression was also absent in Cnbfg mutant embryos (n=5) (Fig. 4M,N),
detected in paraxial mesoderm cells of E9.5 mutant embryowhich further confirms the lack of the ADE @nbp’~ mutant
Mox1 expression was similar in the trunk

regions of homozygous mutants as in t =

wild-type littermates (Fig. 3M,N). &pressiol A BF-1 B BF-1 C Hesx-1 D Hesx-1

was detected in the notochord and post ot

(tail) mesoderm cells of both mutant E .

embryos, and in their wild-type litterma "’ .

(Fig. 30,P), indicating that notochc . ‘
development is not affected in Cnby RS

homozygous embryos (Fig. 3P). Collectiv

our expression analysis indicates that@mbp Eg5 +/+ E85 EE E35.0 ++ EB8.0 o
mutation results in forebrain truncation } Six-3 En E

does not affect posterior patterning beyonc E Six-3 F G - H 4
midbrain, as development of hindbrain, tr

and tail of Cnbp~ embryos was essentia \a
normal.

* =y
Defects of the AVE, ADE and ANE )

In order to investigate the onset of the foreb

phenotypes, we analyzed the expression g +/+ E8.0 4- EBS +/+ E85 /-

number of markers at early developme -

stages when morphological gbnormalﬁies I Krox-20/ J Krox-20 K e L BF-1

not yet visible. We analyzed the expressio

AVE markers Hexand Limlat pre- and earl 3 ‘-

streak stages. At E6.0, AVE formation v 1 =

initiated normally at the distal end of Criby ‘

embryos (Fig. 4A,B). The defects were 1

detected at mid-primitive streak stages (E¢

when Hex expression did not complete ggg +/+ E9.0 -- E9.5 +/+ E9.5 -I-

morphogenetic movement toward the proxi .

anterior region in Cnbp- mutants whe i e N Maxt o P J

compared with wild-type littermates (F

4C,D). The expression dfimlin the anterio

of mutants was also detected more dis .

when compared with that in wild-type embnr

(Fig. 4E,F). Interestingly, the poster '

expression of Liml appeared to be n

proximal, and closer to the ext E95 ++ E9.5 - E95 ++ E9.5 ok

embryonic/embryonic junction in the mut;

embryo compared with its expression patter  Fig. 3.Loss of forebrain in Cnbmutants. (A,B,K,L) BfL mRNA, a marker for the

wild-type embryos (Fig. 4E,F). The ecto telencephalon was entirely absent in E8.5 (B) and E9.5 (L) Créapbryos (n=5).

expression may be caused by ti@nbp (C-F) H_esx:land Six3narkers, used here to label the dlgncephalon, were entirely

mutation. In a similar case, ectopic expres absent in E8.0 Cnbfy embryos (D,F) when compared with wild-type littermates

of Hesx1was found throughout the ectoder: (CE). (GH)En1, a marke/r_for midbrain and anterior hindbrain, is normally expressed
. . ! in E8.5 wild-type andnbp”’=mutant embryos. (1,J) Expressionkibx20, a marker

layer of the distal region O_f the egg cylinde for rhombomeres 3 and 5, is observed in E9.0 wild-typeCarigh’~ mutant embryos.

E6.75 Cripto mutants (Ding et al., 199¢ y N) Mox1 expression is normal in paraxial mesoderm cells in €8t~ mutant

Others have reported that Otx2-null mu  when compared with their wild-type littermates. (O,P) BrachyTijyexpression is

embryos also failed to execute movement 0 detected in the notochord and posterior mesoderm cells of mutant embryos at E9.5. T

AVE from the distal end to proximal region  expression in tail was similar in homozygous mutants and their wild-type littermates.
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embryos. Currently, we do not know whiex andCerlwere  expressed in the node and in the anterior region, but only a
not expressed in the mutants. The difference in expression siiort distance from the node (Fig. 5B,D,F). This is in sharp
Hex and Cerl in mutants compared with wild-type embryos contrast to wild-type embryos in which labeled head-process
could be caused by a delay of development. In order to taleells had migrated much farther anteriorly (Fig. 5B,D,F). In
into account the problem of developmental delay in theoarticular, the anterior-most midline expression of Lamt
mutants, we then analyzed expression of these genes at E7E2%3b in AME cells is missing in the mutants (Fig. 5B,D),
to determine whether the AVE is correctly positioned in thendicating that the AME fails to develop. Later, during early
mutant embryos at this stage. Our results showed that at E7.88mite stages, the absencaéHof3bsignal indicates defects in
stage,Hex and Cerl were expressed in the AVE and ADE of anterior axial mesoderm cells and the rostral portion of the
E7.25 wild-type embryos (Fig. 4G,l). By contrast

HexmRNA was expressed at the distal tip in B C D

E7.25 mutant embryos and this leadsCimbp’~ A Hex Hex Hex Hex

E7.25 embryos, to the ectopic confinemen
Hex-expressing cells to the region where the
is normally located (Fig. 4H). The expressior
Cerl was also detected more distally wil Al P AVE | ) 4
compared with that in wild-type embryos (F \

4J). Interestingly, the expressiontdéx andCerl

in the ADE is not detected in the mutants at ~ E6.0 +/+ EB6.0 -I- [EB.5 ++ EB.5 e
stage (Fig. 4H,J). Mislocalization of the A 5 -

and absence of the ADE indicate a defec L Lim-1 F Lim-1 G Hex H Hex
anterior displacement of the AVE instead c }

developmental delay. The critical AVE movem A

could perhaps be a prerequisite for A '
formation. Its absence in Cniip embryos U \§ r
supports this hypothesis.

To determine whether the induction of the A
was affected in Cnbfrembryos, we examinedt ~ £0-9 +/+ EB.5 -/~ {ET.25 +/+ E7.25 e
expression of an ANE marker, Otx2, at E7.5. | = =
Cnbp’~ mutants examined Otx@xpression we ! F el Cart B Hex L Hex
undetectable (n=8) (Fig. 40,P), which indici
that the cells destined for an anterior neural
failed to form in the mutant embryos. Our ¢ ¢
indicate that CNBP is required for ADE format Q \ ADE\
and anterior neural fate induction. v

7

Defects of anterior mesendoderm (AME) E7.25 +/+ E7.25 3 [EED +/+ E7.5 -l-

Recent transplantation  experiments
demonstrated that a mixed graft of cells from M Cer-l N Cerd © Ox2 P Otx2

AVE, the anterior epiblast and the anterior st

can induce anterior neural genes (Tam and St

1999). In addition, removal of the ADE, toget

with prechordal plate and axial node derivati t .
at the late gastrula stage results in truncation ¢ '

anterior neuroectoderm (Camus et al., 2C
indicating that a reciprocal interaction betw E7.5 k| IEES -+~ E75 +/+ E7.5 -/-

these_tlssues is required for antgrlor patternin Fig. 4. Molecular analyses of the origins of the developmental defe@abp’-
examine whether the Cnbputation affects th  nytants by whole-mount in situ hybridization analysis of marker genes. Lateral
formation of anterior mesendoderm (AM  yiews of embryos are shown with anterior (A) to the left and posterior (P) to the
prechordal mesoderm, node and axial r right. (A,B) Whole-mount in situ hybridization with Hexobe at E6.0. Hewas
derivatives, we analyzed the expression « expressed normally in the distal end of the epibla€intfp’~ mutant when
number of anterior mesendoderm mark compared with wild-type littermates. (C,D) Hems expressed in the displaced
including Lim1, T, Hnf3b, Gscand Dkkl, a AVE of E6.5 wild-type embryos but was retained near the distal end of the epiblast
primitive streak and early somite stages. Lim I the mutants (arrow). (E,F) Limd expressed in the AVE and the primitive streak
andHnf3bwere all expressed in the node of w of the E6.5_W|Id-type embryo; hpwever, transcripts are more toyvgrds the distal end
type embryos at E7.5 (Fig. 5A,C,E) (Ang et of the AVE in Cnbp~. (G,H) Hexis expressed in the anterior definitive endoderm

. ) . s . (ADE) and AVE of E7.25 wild-type embryos but is not detectable in E7.25 mutant
1993; Monaghan et .al" _19_93)[nf3b and I__|mj embryos. (I,JCerlexpression was undetectable in the ADE and AVE in E7.25
were also expressed in midline cells anterior tt  mytant embryos. (K,L) Heis expressed in the ADE and ANE of E7.5 wild-type
notochord, known as anterior mesendoderr  embryos but is not detectable in that of E7.5 mutant embryos. (&N)
prechordal mesoderm cells (Fig. 5A,C). expression was undetectable in the ADE and ANE in E7.5 mutant embryos.
homozygous mutants, all three genes \ (O,P)Expression of Otxi2d the ANE was not observed in mutant embryos.
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Lim-1 B Lim-1 - . Fig. 5.Whole-mount RNA in situ hybridization staining
G C Hikg L VLS of AME markers. (A,B) Limis expressed in the ADE
& and primitive streak at E7.5, but is undetected in the
! fﬁ AME of mutant embryos. (C,DAnf3bis expressed in
g, the node and prechordal mesoderm in wild-type embryo
-+ ik , at E7.5, but only extends a short distance anteriorly from
\ _J \ . the node in mutant embryos (arrow). (ETH}
# expressed in the primitive streak of the wild-type and
mutant embryos. In the mutantsis only expressed at a
E7.5 H+ (EAD - ETS H* E75 = short distance from the node. (G,H). At E340f3b
B e F T G Hnf-3 H Hnf-3 expression in mutants is normal in the node and most of
the midline but is absent from the anterior head and
F foregut pocket region. (I-L) Analysis of the of
prechordal plate markers Gand Dkklindicates that
the E7.5 and E8.0 mutant embryos lack prechordal plate.

E7.5 and E8.5 embryos exhibit many BrdU-positive
EfS wh E1.5 - E80 +¥ B8O " nuclei throughout the embryonic structures (Fig.
I GSC ] GSC K Dkk1 L Dkk1  6E,G). By contrast, the mutants have fewer BrdU-

/? positive nuclei in the ANE region (Fig. 6FH).
| : However, there is no significant difference in the
f I "‘Q; ﬁ number of BrdU-positive nuclei between the trunk
} : ? T region of wild-type and mutant embryos. The ratio
= f ’ of proliferating cells (BrdU-positive nuclei) to total
- cell number in the anterior of E7.5 embryos was
i B i +/+ ;. calculated to be 84% for three wild-type embryos
hee ; - i+ Eso / compared with 28% for three Crip mutant
embryos (Fig. 6E,F,Q). As cells have been
neural tube (Fig. 5G,H). The rostral expression of Hnf3b in thestimated to have a 10-12 hour division cycle during this
mutant embryo appears to be limited to the prospectivperiod, a 10-20% decline in the proportion of S-phase cells
hindbrain (Fig. 5H). This suggests that the midbrainduring early post-implantation could result in a 25% decline in
development may also be affected in the mutant embryoembryo size over a period of 1 day. The lack of cell

However, the potential defect in midbrain should be only groliferation may result in the observed reduction in size of the

partial truncation based on the above morphological analysteeadfolds at E8.5 (Fig. 6H). TUNEL assays showed minimal

(Fig. 1). The reduced Limand Hnf3bexpression in the apoptosisin normal and mutant E7.5 and 8.5 embryos (Fig. 6l-

anterior embryo suggests a defect in the AME. To analyze thls), which suggests that programmed cell death does not

structure further, we used prechordal plate markersa®Bdc contribute significantly, if at all, to the null phenotype. These

Dkk1 to assess prechordal plate development. &gt Dkkl findings indicated that th€nbpmutation leads to a dramatic

were not expressed in E7.75 and E8.0 mutant embryoseduction in cell proliferation in the AME and ANE tissues,

indicating a defect in prechordal plate development (Fig. 5land headfold. To address further whether the impaired anterior

L). Although loss of Cnbpexpression leads to defects in movement of the AVE observed {@nbp mutant embryos is

forebrain and midbrain development, the more posterior CN&lated to defects in cell proliferation in AVE, we performed

is normal. BrdU incorporation assays on E6.0 wild-type and mutant

] o ] . littermates. BrdU-positive nuclei were rarely seen in the
Reduced cell proliferation in anterior regions may prospective anterior region of the AVE in E6.0 mutant embryos
account for defects in formation of the AVE, ADE, (Fig. 6P). By contrast, the greatest density of BrdU-positive
AME and ANE nuclei was observed in the anterior region of the AVE in normal

We next investigated the cellular and molecular basis of thE6.0 embryos (Fig. 60). Our results suggest that reduced cell
forebrain truncation defect in Cridpembryos. The forebrain proliferation in anterior regions of Cnioputant embryos might
truncation may potentially result from defects in anterior neurahccount for defects in formation of the AVE, ADE, AME and
cell differentiation, excess cell death, decreased ceANE.

proliferation or a combination of these processes in the o )

developing forebrain region. Morphological and histologicalCNBP may control forebrain induction though Myc

analysis indicated that the AME and ANE tissues of E7.5CNBP was shown to regulate the CT element of the human
Cnbp’- embryos were missing (Fig. 6A,B). Sagittal sectionsMYC protooncogene through its binding to the element found
of E8.5 Cnbp~ embryos revealed defects in headfoldin the MYCpromoter (Michelotti et al., 1995). In addition
formation and prechordal mesoderm formation (Fig. 6C,D)to regulating cell proliferation and apoptosis, Myc can also
The rest of the body axis appeared normal. To compare tlpgomote differentiation of stem cells into transit-amplifying
proliferative and apoptotic profiles in Crihpand wild-type  cells specific for the sebaceous and interfollicular epidermal
littermates, BrdU incorporation and TUNEL assays werdineages (Arnold and Watt, 2001; Gandarillas and Watt, 1997),
performed on sections of E7.5 and E8.5 embryos. Wild-typand the Myd— mutant has defects in development of anterior
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- e AR
ﬁk:a' ﬂ.&"" E6.0 pirf T
Fig. 6. Morphological and cellular basis of the forebrain defec@ribp’-. L
(A,B) Disorganization of the axial mesendoderm and ANE region of cells (ar Q
in E7.5 Cnbp/~mutants (A) compared with that (arrow) of wild-type littermate . =0
(B). (C,D) Lack of ANE and characteristic headfold structure in E8.5 ¢nbp
embryos compared with that of wild-type littermates. (E-H) Evidence for
decreased proliferation rate in mutant head plate by BrdU incorporation ana
adjacent sections of wild-type (E,G) a@dbp’ mutant embryos (F,H). Arrow ir
F indicates that BrdU-positive nuclei was rarely seen in the anterior region ¢
mutant compared with that in wild-type embryo (arrow in E). Note that the h
regions of wild-type embryos exhibit a high density of BrdU-positive nuclei
throughout the axial mesendoderm and ANE regions at E7.5, and in precho
mesoderm and headfold regions at E8.5. The mutants showed much fewer | —_— Erm
positive nuclei at the same regions. (I-L) TUNEL apoptosis assays in the
histologically normal and mutant E7.5 and 8.5 embryos. TUNEL assays showed there was no significant difference of apeptodeiort
region of wild-type (I,K) and mutant (J,L) E7.5 and E8.5 embryos. (M-P) BB~ mutant embryos and wild-type littermates were
examined for general morphology (M,N) and cell division using a BrdU incorporation assay (O,P). BrdU-positive nuclei in mutant embryos
were absent in the AVE of E6.0 mutant embryos (arrow in P). By contrast, the AVE region in normal E6.0 embryos showed the greatest densit
of BrdU-positive nuclei (arrow in O). (Q) Quantification of BrdU-positive nuclei in the anterior region of E7.5 embryos. The percent of BrdU-
positive nuclei was 84% in wild-type embryos compared with 28% in null-mutant embryos. Error bars represent s.e., counts were made of thre
wild-type embryos (blue bar) and three null-mutant embryos (red bar). These values were determined to be statistically significant (P<0.001).

60

% Brdl incoporation

20

structures (Davis et al., 1993; Gandarillas and Watt, 1997gxpression of Mydn the anterior neuroectoderm and the
These reports lead us to hypothesize iyt is a downstream headfold region of E7.25 and E8Ghbp’~ mutant embryos
target gene of Cnbguring forebrain development, which may was absent, whereas the expressiodtin the allantois was
promote cell proliferation and differentiation in forebrain normal (Fig. 7B,D). However, the loss of the anterior tissues
induction. We therefore examined the possible involvement dfy E8.5 and E9.5 could equally be the mechanism that results
Myc in forebrain neuroectoderm induction and specificationin reduced Myexpression. The regions whevilyc expression

We observed that Myis expressed in anterior neuroectodermwas downregulated also showed reduced BrdU labeling,
at E7.25, and that the expression patterivig€ in E8.5 and indicating that CNBP might regulate anterior cell proliferation
E9.5 mouse embryos was similar to that @fibp during  throughMyc.

forebrain development (Fig. 2C,E,H; Fig. 7A,C,E). Notably, To test whether CNBP regulatédyc expression at the



1376 W. Chen and others

A cMye C c-Myc E c-Myc elucidated, it is plausible that CNBP is one of the necessary
’ N transcription factors that bind to the Myomoter to regulate
ﬁ 1 ; its transcription.
;q T 97 |\
“" X \ ‘ DISCUSSION
E7.5 +/+ E8.5 +/+ E9.5 +/+ Our work is the first to demonstrate the role of CNBP in rostral
B c-Myc D c-Myc F c-Myc head formation during mouse embryonic development by
*‘ generatingCnbp mutant mice, performing in vivo functional
" 2 studies and transgenic mouse rescue, and characterizing the
- T potential mechanism by which CNBP induces and specifies the

forebrain through Mycexpression and regulation of cell
proliferation. Our results demonstrate that the Cnhpant
mouse provides a valuable model for insight into anterior

E7.5 - 'E8.5 == E9.5 e patterning related to AVE localization, ADE formation,
- neuralization of anterior ectoderm and forebrain induction.
1G
800 - A role for CNBP in head development
700 A Our study has shown that ablation @fbp function in the
500 mouse results in severe truncation of the forebrain. This finding

provides direct genetic evidence that Cnbp, a zinc-finger

500 4 . . . .
protein, plays an essential and novel role in mouse forebrain

Luminescence
(arbitrary units x1000)

400 4 development. De Robertis and colleagues have recently shown
300 that mouse embryos carrying null mutations in the genes
200 . encoding BMP antagonists Noggin and Chordin fail to
maintain a functional AVE and display forebrain defects
sl . (Bachiller et al., 2000). In addition, Mukhopadhyay and
0 - 4 T - y x coIIeagueg havg recently shown th.at mouse embryos carrying
Crbp** Gl «Cyrhe ity null mutations in the genes encoding Dkk1 display forebrain

_ - ) defects (Mukhopadhyay et al., 2001). Molecular marker
Fig. 7.CNBP positively regulates the endogenous expressidtyof  analysis showed that expression Bffl, Hesxland Six3is
(A-D) Mycis normally abundantly expressed in the ANE at E7.25 completely absent; however, expressiorEafL is detected in
8?‘]) dz?gclgtgreeimﬁ;a:]g?; Eﬁ[&‘;“{g% \?\l/t E?ff' Cbﬂtb'; :qi?gr)]’ts Dkk1-mutant embryos. The identical expression pattern of the

: ' rS‘parker genes in both Dkkland Cnbp-mutant embryos

Expression in the allantois (arrowhead) is not affected in E8.5 mutant .
embryos. (E,F) At E9.5, Myis expressed in the forebrain, as well as indicates that both Dkkiand Cnbp-mutant embryos show a

in the primitive facial prominences of wild-type embryos, but it was Similar forebrain phenotype. Althouginbpis predominately
undetected in the anterior region of E9.5 mutant embryos. (G) CNBRXpressed in the forebrain, Cnbp expression is also detected in

upregulates Mypromoter activity in embryonic cells. Crtdpand midbrain region of E9.5 embryos. Moreover, EThbp-
Cnbp’~mouse embryonic fibroblast cells (MEFs) were transfected mutant embryos show a complete lack of Gix@ression, and
with Myc promoter-luciferase plasmid (columns 1 and 2) or co- the rostral level of Hnf3expression in the mutant embryos
transfected with a mouse Cnbp-expression plasmid intoCrdelis  appears to be limited to the hindbrain region, indicating a
(column 3). A lower level of Myexpression was observed in defect in midbrain tissues in the Cnispitants.

Cnbp7-embryonic fibroblasts compared witimbp* cells.

Transfection of Cnb- embryonic fibroblasts with tHenbp- Cnbpexpression in the early embryo is first noted in cells

expression plasmid resulted invigc expression level higher than corresponding to a region of the early gz_istrulatlng embryo (at
thz;)t found irF\)Cnbp*’+ cells. Res”:J/E(s rep?resent Iuciferasg activity E6.0) where the AVE abuts the epiblast. However, no
related to galactosidase activity. Values are the meanzs.d. of morphological defect can be detected in @mbp”~ embryos
triplicate experiments. prior to the early-streak stages. The defects were first detected

at mid-primitive-streak stages (E6.5), when ldggression did

not complete a morphogenetic movement toward the proximal
transcription level, we transfected wild-type and Ctibp anterior region in Cnbp- mutants when compared with wild-
mutant embryonic fibroblasts (MEF) with a Mpecomoter-  type littermates. The more distal Hex expression could be
luciferase reporter plasmid (He et al., 1998). A lower level otaused by a delay in development of the mutants. However, our
luciferase activity was observed in CnbgMEF than in wild-  results could not rule out the possibility of a delay in the
type cells (Fig. 7G). Co-transfection of CnbpMEF with the ~ development of mutants, based on the fact that: Héx
luciferase reporter DNA and a mouse Cnbp-expression plasmékpression in E6.0 mutants is normal, which indicates the delay
(CMV-CNBP) elevated Myexpression to a level higher than did not happen at this stage of development; (2) at E7.25,
that seen in Cnbfy cells (Fig. 7G). Therefore, we conclude expression of Hex and Cewlas incorrectly positioned at the
that Cnbp expression enhancedMyc-promoter activity. distal end in mutant embryos, which indicates defects in
Although the mechanism by whi&nbpexpression enhances corresponding tissues, whereas we would expect that the AVE
Myc promoter activity during anterior patterning remains to bevould persist and fully elongate, and that the ADE would be



Role of CNBP in forebrain formation 1377

induced if there was a delay in development; and (3) forebraiwhich CNBP induces the expression Mc, which in turn

truncation in the E9.5 and newborn mutants is consistent witstimulates cell proliferation and differentiation of the anterior

defects in the anterior tissue, whereas the trunk develogpiblast and neuroectoderm cells during forebrain induction

normally. and specification. Although we propose that CNBP regulates
It is notable that Otx2 expression is absent in Gnbfants  forebrain formation through the Myc pathway, we could not

at E7.5. As Otx2-null mutant embryos both failed to executeule out involvement of other CNBP target genes that have not

the movement of the AVE from the distal end to proximalyet been characterized. Interestingly, some Myc-null mutant

region of the embryo (Perea-Gomez et al.,, 2001) and lackmbryos die at E10.5 with anterior neural fold truncation

anterior structures (Ang et al., 1996), we suspect Otx2 may a(Davis et al., 1993) whereas othdyc mutant embryos do not

downstream of CNBP. However, @tx2 mutants the brain show obvious forebrain defects. One possible explanation is

truncation was extended to anterior hindbrain as the expressitimat CNBP targets a group of genes, includihg, to regulate

of Enlmarker gene was not detecteddtx2-mutant embryos forebrain development. Another explanation is that an

(Ang et al., 1996). Thus, the head defect phenotyg@ti®-  unknown factor may compensate for Migss in C57B1/6J and

mutant embryos is more severe than thatCimbp-mutant 129Sv hybrid or inbred 129Sv background (Davis et al., 1993).

embryos. The difference between the two mutations might b&he role of Myc in forebrain formation remains to be

explained by residual Otx2 protein or redu€a2 expression investigated further.

in Cnbpmutants that was not detected by our in situ methods.

An alternative possibility is that CNBP might only regulate The origins of forebrain phenotype of CNBP mutants

Otx2 expression in certain tissues and at specific stages. Fpe defects in the AVE and ADE tissues but not in

address this question, mutant embryos at early stages will lgige node and notochord

analyzed in further studies. Nevertheless, the abser®&af \we find that AVE, ADE and ANE defects @nbp’ mice
expression in the prospective ANE cells of late-streak mutangsylt in forebrain truncation initiated from early gastrulation
embryos at E7.5 suggests that CNBP function is required f%rtages. Other genes, suchLasl, Otx2, Nodal, Smad2, Foxh1,
specification of the ANE during forebrain development.arkadia, Hex, Oto, Dkk1, Hesxl, Nogand Chrd, are also
Forebrain patterning in the mouse is initiated by the inductiv@gsential for murine head development (Episkopou et al., 2001;
activity of the AVE and, subsequently, requires the function ofjgodless et al., 2001; Shawlot et al., 1999; Yamamoto et al.,
the node-derived ADE (Ang et al., 1994; Shawlot et al., 1999001). However, the brain defects are considerably different
Tam and Steiner, 1999; Thomas and Beddington, 1996). Thgnong these mutants. Embryos homozygous for mutations in
severe anterior phenotype Ghbp”’- embryos suggests that | im1, Otx2, Foxhl or Arkadia exhibit truncations of the
CNBP is a key factor in the head developmental procesggreprain, midbrain and rostral hindbrain. By comparison,
However, it is not clear from this analysis whether CNBPfgreprain truncation in Hek, Oto”- and Hesx?- embryos is

is required in the AVE and/or the ADE for forebrain re|atively mild (Zoltewicz et al., 1999; Martinez Barbera et al.,
development. The_generatlon of ch|r_ner|9 embryos co_mposeg)oo)' The defects observed @nbp’~ embryos are clearly

of extra-embryonic and embryonic tissues of differentyifferent from other mutants as Crbpmutants showed
genotypes would resolve this issue in future studies. complete forebrain truncation. The developmental origins of
the defects are also considerably different among these
tissue specification through Myc during forebrain mutants. _The _dgvelopmental defects in Qtxdtants originate
induction from an inability of the AVE to complete its anteriorward
inducti o _ _movement and a failure to form the node, prechordal
An abnormal constriction at the extra-embryonic/embryoniGnesoderm. notochord and ADEoxhland Arkadiamutants
boundary is observed nbp’~mutants. The constriction was paye norm,al AVE but impaired ADE, node and notochord.
also reported in Otx2, Hnf3ind Lim1lmutants. However, the pex/- Oto”- and HesxT’- mutants display absence or early
cause of the constriction remains unknown. Our cellegression of the ADE and normal AVE, node and notochord.
proliferation data identify a substantial reduction in the Ce'bompared with other mutants that have brain defects, the
proliferation of the AME and ANE, which is also aSSOCiateddevelopmental origin of the forebrain defects in Crbp
with the loss of My@xpression in a tissue-specific mannerempryos is clearly unique. Cnbputants exhibit impaired AVE
where the constriction is observed. As no difference ilyng ADE, with normal development of the node and notochord.
apoptosis was evident betwee@nbp’~ and wild-type The unique forebrain phenotype and developmental origin of
embryos, we conclude that the constriction arises as a resultipk gefects in Cnbmutants indicate that the Cnioputation
reduced proliferation of the AVE and ANE during expansior_1may affect a different genetic pathway when compared with
of the ANE. The fact that CNBP upregulates CT elements iRy known mutation resulting in forebrain defects. Therefore,
the Myc promoter and regulates cell proliferation h|gh||ghtanbU/— embryos provide a unique and valuable mouse model
potential links between CNBP and Myc.@mbp’-embryos, o studying forebrain formation.

CNBP appears to regulate proliferation through Myc. Myc is
ﬁgvggggﬁﬂ;, ;ﬁgwﬁtg a'? va';inl spe:ﬁs,lg?rzeglc\)/tdTrcl)vc\i/ief}‘fveerre’nct)igtiec:ﬁ We are grateful to Ms Justine Dobeck for her excellent histology

assistance and Dr S. P. Oh for his assistance with genomic gene

(Arnold and Watt, 2001; Gandarillas and Watt, 1997). Myccloning. We thank Dr Margaret A. Thompson for her assistance with

may be involved in ANE tissue specification. In homozygougansgenic mouse rescue work. We thank Dr Ryoji Moroi for his
Cnbpmutants, the lack of Myc may hinder neuralization in theassistance with the manuscript. We thank Dr Kenneth W. Kinzler for
anterior epiblast and, thus, further exacerbate the forebraife Myc promoter-luciferase plasmid, Dr Sarah Millar for the Dkk1

defect. Our data suggest a forebrain induction mechanism lpyobe and Dr Guillermo Oliver for th&ix3 probe. This work was

CNBP appears to regulate cell proliferation and
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