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Summary

Otx2 expression in the forebrain and midbrain was found
to be regulated by two distinct enhancers (FM and FM2)
located at 75 kb 5 upstream and 115 kb 3 downstream.
The activities of these two enhancers were absent in
anterior neuroectoderm earlier than E8.0; however, at E9.5
their regions of activity spanned the entire mesencephalon
and diencephalon with their caudal limits at the boundary
with the metencephalon or isthmus. In telencephalon,
activities were found only in the dorsomedial aspect.
Potential binding sites of OTX and TCF were essential to
FM activity, and TCF sites were also essential to FM2
activity. The FM2 enhancer appears to be unique to rodent;
however, the FM enhancer region is deeply conserved in
gnathostomes. Studies of mutants lacking FM or FM2

enhancer demonstrated that these enhancers indeed
regulate Otx2 expression in forebrain and midbrain.
Development of mesencephalic and diencephalic regions
was differentially regulated in a dose-dependent manner by
the cooperation betweenOtx1 and Otx2 under FM and
FM2 enhancers: the more caudal the structure the higher
the OTX dose requirement. At E10.50tx1-Otx24FM/AFM
mutants, in which Otx2 expression under the FM2
enhancer remained, exhibited almost complete loss of the
entire diencephalon and mesencephalon; the telencephalon
did, however, develop.

Key words:Otx2, Otx1, Enhancer, Forebrain, Midbrain, Anterior
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Introduction initially not distinct. Within theOtx2-positive region,Otx1
The vertebrate brain is composed of telencephalor£XPression begins at around the two-somite stage (Simeone et

diencephalon, mesencephalon and metencephalon. It §& 1992; Simeone et al, 1993; Suda et al., 196Dx2
generally said that anterior neuroectoderm first develops inf@<Pression in the region rostrally adjacent to the preotic sulcus,
prosencephalic and mesencephalic vesicles; the mesenceph¥fféich corresponds to the future metencephalon, becomes
vesicle comprises mesencephalon and metencephal@Ppare”t at around the three- to four-somite stage (Bqunlet et
Subsequenﬂy, the prosencepha|0n Segregates |nﬁ$, 1995, Wassarman et al., 19%))(2 andGbXZeXpreS-SK)n )
diencephalon and secondary prosencephalon, from which afi&tially overlap, but they become segregated by the six-somite
plates protrude to generate the telencephalon. However, Siage, when the boundary between midbrain and hindbrain or
is still not certain how the rostral brain is organizedithmus is formed (Broccoli et al., 1999; Millet et al., 1999).
ontogenically. Moreover, although it is widely accepted that thé\Iso at around the three- to four-somite stdgrax2andPax6
diencephalon is divided rostrocaudally into ventral thalamusgXpression begins in laterocaudal forebrain primordium (Suda
dorsal thalamus and pretectum, the rostrocaudal organizatigtal., 2001; Inoue et al., 2000). At this stage, their caudal limits
of the telencephalon is still a matter of dispute. nearly coincide, but latedEmx2expression is not found in the
Otx2, Six3and Rpx/Hesxlare the genes expressed earliesdorsal thalamus or pretectum, wh@&ax6is expressed?ax6
in the anterior neuroectoderm induced by anterior visceraxpression initially overlaps witRax2expression caudally, but
endoderm and anterior mesendoderm (Ang et al., 1994 around the six- to eight-somite stage its caudal margin
Thomas and Beddington, 1996; Rhinn et al., 1998; Kimura etoincides with the boundary between the diencephalon and
al., 2000). The initial morphological landmark in this anteriormesencephalon (Araki and Nakamura, 1999; Schwarz et al.,
neural plate is the preotic sulcus, which corresponds to tHE999; Matsunaga et al., 2000). Initially at the three-somite
future boundary between rhombomere 2 and 3; the sulcwage, Pax2 expression covers the future entire midbrain
becomes apparent around the one-somite stage. In the neyRbwitch and McMahon, 1995; Suda et al., 2001); however, as
plate rostral to the sulcu§tx2 expression covers the entire development proceeds it retracts caudally and is eventually
future forebrain and midbrain, though its caudal limit isfound in caudal mesencephalon and metencephSia8and
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Irx3 expressions also initially overlap, but by the six-somiteThis was subdivided into fragments of about 10 to 15 kb in length by
stage they become segregated in avian. The anterior margin®fu3Al partial digestion and subcloned inBanHI site of

the Irx3 expression is delineated by zona limitanspBluescript SK (). These clones were aligned as shown in Fig. 4A
interthalamica (ZLTH) (Oliver et al., 1995; Bosse et al., 19970y walking. A 3 kb human genomic DNA in Fig. 5B, part ¢ was

Kobayashi et al., 2002). It has been suggested that the ZL c%icf;%jT gy PgRS‘NC”g A%(:CT&A‘SJTT gggAAAA AG%E%?XXQ&X'&AA'
divides the anterior neuroectoderm into rostral and caud "o and o> -

- . . .~ TCA-3 as primers from RPCI11-1085N6 (BACPAC resources)
halves that differentially respond to FGF8 and SHH signaling, ;.21 0Tx2 BAC clone. A 06 kb zebrafish genomic DNA

(Crossley et al., 1996; Shimamura and Rubenstein, 199¢gntaining domainB in Fig. 8A, part b was amplified with'-5
Martinez et al., 1999; Kobayashi et al., 2002). The isthmus andcTGGAATTGCTCTGGTCTTTTTC-3 and 5-CCAACTCTAA-
anterior neural ridge act as local organizers in midbrain andATCTAACATCACG-3' as primers from zebrafish genomic DNAs.
forebrain development, respectiveRgf8 expression is faint _ o
and broad at the three-somite stage, but it focuses at isthmiggneration of BAC #2 transgenic mice
by the six-somite stage (Crossley and Martin, 1995; Suda &t order to generate the BAC #2 reporter transgefazagene with
ridge at around the four-somite stage (Crossiey and Marti8 0 BRI et SRRl L BAC moditcaton
_}_?195’ tf]h'm"?‘tf.“ffa and IF_QuLz_enst?lrtlH 1%97.’ Tian et atl., 200 ethod of Yang et_al. (Yang et aI._, 1997). The int_egrity of the BAC
us, the initial regionalization of the brain occurs a aroun(iiransgene in the mice was determined by PCR; primers fof géral5
the three- to six-somite stage. were 1F (5TAACTATGCGGCATCAGAGC-3) and 1R (5GCCTG-
The results of analyses Gtx1*-Otx2"~mutants suggested CAGGTCGACTCTAGAG-3) and those for the' @nd were 2F (5
that Otx2 and Otx1 cooperate in the regionalization of the AGTATTCTATAGTGTCACCT-3) and 2R (5CGTTGGCCGATT-
rostral brain (Acampora et al., 1997; Suda et al., 1996; Suda @ATTAATG-3').
al., 1997; Suda et al., 2001). Owing to the occurrence of earlier _ _
visceral defects i©Dtx2+~ mutants, however, this cooperation ©eneration of enhancer mutant mice

could not be examined in tf@tx2 homozygous mutant state. A neomycin resistance gene with Pgkl promoter and SV40
Furthermore, Otx1*/-Otx2"~ mutants are postnatally lethal, polyadenylation signal was flanked by loxP sequences. This cassette

and Otx1- Otx2+- phenotype could also not be examined.(Neo) was replaced with th&pa/Hindlll 1314 bp orBsmi/BanHl|

995 bp region to delete the FM or FM2 enhancer, respectively.

i e : .
OtxI”~ mutants do not exhibit marked defects in forebrain OrI—|omo|ogous recombinant ES clones were isolated with TT2 ES cells,

midbrain development (Suda et al., 1996). These situationg gescribed previously (Matsuo et al., 1995). These were identified
obscured the onset and the extent of cooperation betaén py PCR with 5ATCGCCTTCTTGACGAGTTCTTCTG-3in the
andOtx2in rostral brain development. neogene as the'Side primer and the following 3ide primers: 5
Kurokawa et al. (Kurokawa et al., 2004) analyzed theCATAAGACCATGAGTTTAGTTCACAGC-3 and 3-CTGAACA-
enhancers oDtx2expression in anterior neuroectoderm at —-93CACAATACTCCTCAGCTGG-3 for the FM and FM2 targeting
to —80 kb. The activity of the AN enhancer ceased by E8.5 ikectors, respective_ly. Recombinants were confirmed by Southern t_)lot
anterior neuroectoderm. In the present study, we analyzéalyses as described (Matsuo et al., 1995). Two mutant mouse lines
enhancers 0Dtx2 expression in forebrain and midbrain; two were generated from |nde_pendent homologous recombinant ES clones
distinct enhancers were identified at 75 khystream and 115 for each enhancer mutation. The genotype of each mutant mouse or

. L . . embryo was routinely determined by PCR using tail or yolk sac
kb 3 downstream. Their activities were absent in the entlr%pecimens. Sense primers employed to detect the wild-type allele

forebrain and midbrain at E8.0 (MO- to four-somite stage), _b_q;,ere 5. GAGTGGCTTCTGTCTTTCCATTCCAC-3 (FM) and 5

were found at E8.5 (6 to 8 somite stage). Thus, the transitioprGTCAACCTCCTCTTTGAAGAGCC-3 (FM2): 5-ATCGCCT-

of the activities from the AN enhancer to FM enhancer ocCUursCTTGACGAGTTCTTCTG-3 (Neo) served as the primer to detect

at a stage crucial to rostral brain regionalization. the mutant allele. The antisense primers wer&AGCATGCTG-
Studies of mutants lacking each of these enhance@ATCTCTGAAATACAC-3' (FM) and 5-AAGACTCTGTCATTG-

demonstrated that they, in fact, regul@&2 expression in  GGTGTGTTGC-3 (FM2). The deletion of th@eo insert by Cre-

vivo. Moreover, analysis of these mutants revealed Gite2 ~ Mediatedoxp recombination was accomplished by matig2/4AN

expression under FM and FM2 enhancers cooperate©ith ~ Mice withLefty-Cremice (Yamamoto et al., 2001).

in the development of the mesencephalon and diencephalgga in situ hybridization

The affected regions developed at E8.0 and were subsequenﬂ;(e probes used in this study weEex2(Yoshida et al., 1997PDtx2

lost later than E8.5. The results of this investigation als@uatsuo et al., 1995)gf8 (Crossley and Martin, 1995) arhx6
suggested several upstream factors that are involved in th@alther and Gruss, 1991).

regulation of Otx2 expression in forebrain and midbrain.
Finally, the phylogenetic significance of enhancer organizatiopeesuns
was discussed on the basis of available genomic information.
5' forebrain/midbrain enhancer

Materials and methods In a study described by Kurokawa et al. (Kurokawa et al.,
2004), the enhancer oDtx2 expression was mapped in

ebrain and midbrain to a fragment (#13) located in the —80
kb to —70 kb 5 upstream region (Fig. 1A). This region
Genomic clones of the  Otx2 locus of mouse and other exhibited no activity up to E8.0 in the anterior neuroectoderm
animals (Fig. 1B, parts a,b), while activity was detected in the anterior
A mouseOtx2 genomic BAC clone 391F17 here referred to as BACheural plate at E8.5 (Fig. 1B, part c). After the closure of
#2 was isolated from a C57BL/6 BAC library (Research Genetics)the neural tube,-gal expression was observed in the

See the accompanying paper (Kurokawa et al., 2004) for materials a
methods not described here.
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Fig. 1.Enhancer oDtx2
expression in forebrain and
midbrain at 5upstream. (A)
The location of the #13
fragment that exhibited the
enhancer activity in
forebrain midbrain. EP/AN
indicates the position of the
EP and AN enhancer at
—92.5 to —90 kb. (Bp-Gall
expression driven by #13 (a-
f,m,q) and by endogenous
enhancers iDtx2/axZ
knock-in embryos (g-j,1,p),
at the stages indicated.
Endogenou®tx2 mRNA
expression is presented in
k,n,o. (a,k-m) frontal views;
(b-j) lateral views (anterior
is towards the left); (n-q)
frontal sections at the
telencephalic level. Arrows
and arrowheads indicate
expression by the 1.8 kb
promoter and the position of
the isthmus, respectively.
Double arrowheads in ¢
indicate the absence of the
B-gal expression in the most
anterior neural plate, which
may correspond to future
telencephalon. Scale bars:
100pum in a,b,g; 40Qum in
c-f,h-q.

mesencephalon, diencephalon and the dorsomediocaudslOtx2/-aZ embryos (Fig. 1, parts i,j,|,p), but was present in
region of the telencephalon corresponding to theventral telencephalon (Fig. 1B, part p). Thus, the anterior part
archencephalon (Fig. 1B, parts d-f,m). The caudal limp-of of the neuroectoderm corresponding the future dorsal
gal expression coincided with the isthmus at E9.5 (Fig. 1Btelencephalon initially exhibit€Dtx2 expression under the
parts d-f);3-gal expression persisted in these regions at E10.8ontrol of the AN enhancer, but not under the FM enhancer
We named the enhancer identified in this region the FNbeyond E8.5 when telencephalon develops. The enhancer of
(forebrain and midbrain) enhancer. Otx2 expression in the ventral telencephalon remains to be
With BAC #1, which covered —170 kb to —30 Klupstream, identified; neither the #13 fragment nor the #12 fragment
and the #12 fragment located at —90 to —92.5 [kgal (analyzed by Kurokawa et al., 2004) nor the #29 fragment
expression was found in the entire anterior neuroectoderm déescribed below exhibited any activity in ventral telencephalon
E7.75, as described by Kurokawa et al. (Kurokawa et alat E10.5 (Fig. 1B, part g, data not shown).
2004). At E9.5, however, with either BAC#1 or the #13 To define the FM enhancer in the #13 fragment at —70 kb to
fragment,3-gal expression was not detected in telencephalor80 kb 5 upstream, the 10 kb region was divided into
with the exception of the dorsomedial region. At Eg&Hal  Xhd/Apa 2.0 kb (XA2kb), Apa/Hindlll 1.4 kb (AH1.4kb),
expression was also absent in the most anterior neuroectodetdindlll/ Xba 2.0 kb (HXb2kb) anckba/Clal 3.0 kb (XbC3kb)
which may correspond to the future telencephalon (doublagments (Fig. 2A). TheApd/Hindlll 1.4 kb fragment
arrowheads in Fig. 1B, part c). To examine how the FMexhibited full FM activity in a transient transgenic assay at
enhancer activity represents the endoger@ix? expression E10.5. This finding was confirmed by the generation of
in telencephalon, we re-evaluated @2 expression. At E9.5 permanent transgenic lines (Fig. 2C, parfagal expression
and E10.5, mRNA expression was absent in the dorsah the forebrain and midbrain was detected at E8.5 with this
telencephalon except for the most dorsomedial aspect, whilefilagment. The caudal limit ¢§-gal expression occurred at the
was apparent in the ventral telencephalon (Fig. 1B, parts k,n,djoundary between the midbrain and the hindbrain.
[B-gal expression was also not found in the dorsal telencephalonThe 1.4 kb fragment is divided by a GT repeat irit@6s!
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bp and 3904 bp sequences (Fig. 2B). A search of the humagsequences that direftgal expression in mesencephalon in
genome revealed a region that was 95% identical to'tB&45 cooperation with the 364 bp sequences must be present in the
bp sequence at 82 kb Bpstream of the huma@TX2gene remaining region of th&pa/Hindlll 1.4 kb fragment. Putative
(Kurokawa et al., 2004). A homologous region (86% identicalpinding sites forOtx and Tcf/Lefgene products (Mao et al.,
was also discovered 36 kb Gpstream of theXenopus Otx2 1994; Brannon et al., 1997) (Fig. 2B) occur in the 364 bp
locus. By contrast, no region homologous to the8 bp was fragment, and these binding sites are conserved in both human
identified. The highly conserved 364 bp (CR) fragment droveand Xenopuscounterparts. To test their activity, transverse
B-gal expression in forebrain, whereas the 884 bp (NCRdnutations were introduced to these sites inApa/Hindlll
fragment did not (Fig. 2A). CR activity was, however, limited 1.4 kb fragment. The fragment containing the mutation at the
to the diencephalon; the fragment could not drfsgal  OTX binding site exhibited only residual activity in midbrain
expression in the mesencephalon (Fig. 2C, part b). Thug&rrowhead in Fig. 2C, part c). Moreover, a mutation in the two
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Mouse 54 : TCCCACATTGT - CTCGGCTTTTGTCTTTTCAGTCTAARCAGAAGAACAACAGATAGGGTT 112
Human 54 : TCCCACATTGT-CTCCTCTTTTETCTTTTCAGTCTAAACAGAAGAACAACAGATAGGETT 112
Xenopus 56: TCTCACATTCTCCCCCCCTTTTETCTTTCCATTCTAAAC - - ~-AGAACARACAGGCAGEGTT 112

dk hkkkEE Rk k  kEdkkkkdkREE ARk hkAEEER T = T T T T T

Mouse 113:CCGAAGGGCAGGGAGCATC-GTGGGCTGCAGGAGAATGGCTEGGGATGAGGGTCAGA-TCC 170
Human 113:CTGAAGGECAGGCAGCATCAG-GAGCTECAGGAGAATGGCTEGAGATGAGGETCAGAGTCC 171
Xenopus 113:CTGAA-GGCAGGGAACATCAG-GAGCTGCAAGAGAATAGTTAAGAAGAGEETCAGAGTTC 170
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TCF/LEF

Mouse 171:TGCCCCTGCTGCCAACAGTTACTAGGGCTTGTGCTGCCCEGECTGAACAGTGTTCAAAGGC 230

Human 172: TGCCCCTACTECCAACAGTTACTAGGATTTETECTECCCGECTGAACAGTATTCAAAGEC 231

Xenopus 171:TGECCCCTACTECCAACAGTTACTAGGETTTGTGCTECCCEECTGAACAGTETTCAARGAC 230

B L L L L T

TCF/LEF
Mouse 231: TTCECTGGECTTTETTCCACTETS GCCTEECAGTCTEAGAATTTACCTTC 290
Human 232:TTTGCTEGECTTTGTTCCACTGTGTA GCCTEGCEETCTEAGAATTTGCCTTS 251
Xenopus 231:TTTGCTGGGCTTTGTTCCACTGTGTA GCCTGECGETCTGAGAATTTGCCTTC 250
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Mouse 291 : TAATTAAAAAGGATAAAAGATAGAAGTAGCATTAGACTARRACAGAGCAG § 350
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350
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Xenopus 291:TAATTAAAAAGGATAARAGATAGAAGTAGCATTAGACTAAAACATAGCAGTE 'CA

B e e ]

Mouse 351 GCTGAAGTTTT-364

Human 352 GCTG-ATTTIT-364
Xenopus 351

C

TG-CTTTTTA3G64

W e

TCF/LEF binding sites completely abolished all
activity necessary to driv@-gal expression in
forebrain and midbrain (Fig. 2C, part d). The 364
bp sequence also contains a putative binding site
for PAX (Czerny and Busslinger, 1995), which is
conserved in the human locus, and which exhibits
one base substitution in théenopuslocus. A
transverse mutation in this site did not affect the
transcriptional activity of thépa/HindlIll 1.4 kb
fragment (Fig. 2C, part e).

Targeted disruption of  Otx2 FM enhancer
activity

In order to confirm thatOtx2 expression in
forebrain and midbrain is governed by the FM
enhancer after E8.5, a muta@ix22FM/AFM in
which the Apa/Hindlll 1.4 kb region was
replaced with a cassette encoding a neomycin-
resistant gene, was generated (Fig. 3A). In the
homozygous enhancer muta@ix2 expression
was present, but diminished, at E9.5 (data not
shown). Forebrain and midbrain development in
this mutant also appeared normal (3B, parts a-d),
suggesting that another enhancer 6ftx2
expression in forebrain/midbrain most probably
exists.

Subsequently, a mutant in which om@#x2
allele displayed deletion of the FM enhancer and
in which the other allele was nudtx24FM-~-, was
generated. The mutant exhibited defects in
midbrain and forebrain development. This finding
demonstrated that the FM enhancer indeed
functions as an enhancer Ofx2 expression in
forebrain/midbrain in vivo. Histologically, the
telencephalon appeared normal and the ventral

Fig. 2. Deletion analysis of FM enhancer. (A) Fine
mapping of the FM enhancer. (B) Schematic
organization of the AH 1.4 kb subfragment and
sequence alignment of the CR region in mouse,
human an&enopus(C) B-Gal expression at E10.5
driven by the AH 1.4 kb fragment (a), by the CR
domain of the fragment (b) and by the AH 1.4 kb
fragment exhibiting a mutation in the OTX binding
site (), in both TCF-binding sites (d) and in the
PAX-binding site (e). Expression in midbrain is lost
in b; furthermore, only residual expression exists in
midbrain (arrowhead). Arrows indicafiegal
expression in cephalic mesenchyme driven by the 1.8
kb promoter. Scale bars: 4Qén.



Otx2 forebrain/midbrain enhancers 3323

A ¢ &
>
- 9kb -
FM
Xhol Apal }( Hindlll Spel Clal
Wild allele (+) | |
I s 4 ~
FM KO Vector : *‘f Neo ‘L'I ‘=| OT-A
| ——————T7.8Kkb ——————» | a——a.2kh —»!
| )l(hl'-'" Xhol % | | C;Isl
allele (AFM) ? h—
— =
6kb ProbeA

=1kb

B C

'+

Otx2 otx2"™

Oix2
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Pax6

allele, targeting vector and recombinant allele. The black box
indicates theApa-Hindllll 1.4 kp region (FM) to be replaced with a
neomycin-resistant gene (Neo, open boxes) flankdox®/

sequences (black triangles). DT-A is the diphtheria toxin A fragment
gene with MC1 promoter, which is used for the negative selection of homologous recombinants (Matsuo et al., 1995). Tinitkesd th
indicate genomic and vector-derived sequences, respectively. Probe A is the Southern blotting probe employed for idehlificadiogous
recombinant ES cells displayed in the right panel. (B) FM enhancer mutant phenotype. Wild-ty@x2By/4FM (¢,d) andOtx22FM- (e f)
embryos at E12.5 (a,c,e) and E15.5 (b,d,f). A double arrowhead in f indicates the expanded cerebellum primordium. The plegrotype
examined with both th&tx22FM mutant in which the neo insert remained and@he’FM mutant in which the insert was deleted by Cre
recombination. No differences were found, and the following marker analyses were performed with the mutant that reteoiadetie

(C) Marker analysis 0Dtx22FM-phenotypeOtx2 (a,b),Pax6(c,d), Fgf8 (e,f) andEmx2(g,h) expression in E10.5 wild-type (a,c,e,g) and
Otx24FM/= (b, d,f,h) embryos. Scale bars: 400.

g -
Fig. 3. Targeted disruption of FM enhancer. (A) Wild-type2
Emx2
P,

thalamus developed @tx22FM- mutants (Fig. 3B, parts e,f). #1/lacZtransgenic line. The fact that the mesencephalon was
However, the development of the region posterior to the zonaffected inOtx22FM- mutants demonstrates rather that the FM
limitans, especially the midbrain, was poor, and additionallyenhancer in theApd/Hindlll 1.4 kb fragment is active in
the isthmus was shifted rostrally. In molecular terms (Fig. 3C)nidbrain in vivo.
the Otx2-positive, PaxGnegative midbrain was nearly absent. ) )
The Emx2positive forebrain was normal, whereas fax6-  Search for the second enhancer in the 3 ' side of the
positive, Emx2negative forebrain was reduced. TRgfs-  coding region
positive isthmic stripe was concomitantly shifted rostrally, andEnhancer mutants indicated the presence of another enhancer
moreover, was expanded. At E15.5, the cerebellar primordiumf Otx2 expression in forebrain/midbrain. To investigate this,
was also expanded in ti@x22FM- mutants (Fig. 3B, part f). a search was conducted for the second enhancer ihrtfgich
The loss of mesencephalon and diencephalon in the mutardfthe Otx2 gene. A BAC transgenic mouse, which harbored a
appears to be the consequence of a transformation into anterggnomic DNA sequence that spanned -50 kb to +120 kb 3
hindbrain (Suda et al., 1997; Suda et al., 2001; Acampora dbwnstream, was generated (BAC #2; Fig. 4A). The 3
al., 1997). BAC#2/lacZ transgene was prepared by homologous
BAC #1 displayed no transcriptional activity in posterior recombination irE. coli (Yang et al., 1997) between BAC#2
mesencephalon at E9.5 (see Fig. 1B, part ¢ in the precediagd alacZ construct in which théacZ gene was placed in-
paper), while the #13 fragment did exhibit this activity. As aframe at the translational start site and flanked by 1.8 &bdb
result, the presence of a silencer in the BAC #1 was initiall2.5 kb 3 sequences. TW8'BAC#2/lacZtransgenic lines were
hypothesized. However, we could establish only &%  produced, neither of which displayed activity in epiblast or
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anterior neuroectoderm. At a later point, these lines exhibitelagments, and the enhancer activity of each fragment was
activities in forebrain, midbrain, eyes and nose (Fig. 4B, paissayed via generation of permanent transgenic lines, as

a). indicated in the parentheses in Fig. 4A. No activity was
The Otx2 3 genomic region was then divided into 14 detected in epiblast or anterior neuroectoderm with any of
these fragments. The #17 and #20 fragments showed activity

A in nasal placode (Fig. 4B, parts b,c). However, the enhancer of
expression in E9.5 forebrain and midbrain was mapped to the
Oix2 -1.8kb to Ok ova0to 2k #29 fragment, which locates at +110 kb to +120 kb 3

downstream. This fragment displayed faint activity at E7.75 in
the future mid/hindbrain boundary region (Fig. 4B, part d).

:umm

= i kst e Furthermore, activity was evident in future dorsal areas of the
o R — _wmos  prospective mid/hindbrain boundary region at E8.5 (Fig. 4B,
o — = part e). At E9.5B-gal exp(ession directed by #29 covgreq the
#20 (2) —s o) entire mesencephalon (Fig. 4B, parts fiypal expression in
O —— R mesencephalon and diencephalon declined at E10.5 (Fig. 4B,
AN — parts h,i). However, intensiizgal expression continued in the

—— =10kb dorsocaudal telencephalon. With the exception of this aspect,
the #29 fragment did not exhibit activity in telencephalon, as
was true of the FM enhancer. The enhancer in the #29 fragment
was designated as the FM2 enhancer.

After E9.5 the endogenoudtx2 expression in the dorsal
telencephalon is found in its medial aspect (Fig. 1B, parts k,I,n-
p). At E10.5, the AN, FM and FM2 enhancers all had
differential activities in this region, the significance of which
remains for future studies (Fig. 1B, parts m,q; Fig. 4B, part i)
(Kurokawa et al., 2004).

3' forebrain/midbrain enhancer

The #29 10 kb region was divided inMlul/Sal 2.5 kb
(MS2.5kb), Sal/Spe 2.5 kb (SS2.5kb)Spd/BanH| 2.8 kb
(SB2.8kb) andBarnHI/Hindlll 1.2 kb (BH1.2kb) fragments to
characterize the FM2 enhancer (Fig. 5A). FM2 enhancer
activity was inherited by th&pd/BanH| 2.8 kb fragment (Fig.
5B, part a). ThéBarHI/Hindlll fragment exhibited activity in
the cortical area (Fig. 5B, part b); however, this activity was
not observed with the BAC #2 or the #29 fragment. Moreover,
no endogenou®tx2 expression was detected in the cortex
(Fig. 1Bi-I, n-p). Based on these, no further analysis was
conducted on the BamHI/HindlIl fragment.

In the Spé/BanHl 2.8 kb fragment, the'Y00 bp region is
well conserved between mouse and human with sequence
identity of 81%; however, no region homologous to th2.3
kb region (NCR) exists in the human Benopusgenome.
Sequence identity of the NCR region between mouse and rat
is 83%. Unexpectedly, FM2 enhancer activity was present in
this NCR region (Fig. 5A). Subsequently, the NCR was divided
into Hincll 1.3 kb andBsni/BanH| 1 kb (BB1.0kb) fragments.

Fig. 4. Search for enhancers Otx2expression in ectoderm &t 3 The BB 1.0 kb subfragment retained enhancer activity of
downstream. (A) Th&’ BAC #2/lacransgene and the 14 fragments €Xpression in forebrain and midbrain. Moreover, its sequence
assayed for enhancer activity. (BJGal expression driven by tig identity with the rat counterpart region was 83%. This
BAC #2/lacZransgene (a), by #17 in nasal placode (b), by #20in  fragment, however, exhibited intense ectopic activity in the
nasal cavity (c) and by #29 in forebrain and midbrain (d-i) at trunk dorsal root ganglion (DRG). This finding was confirmed
indicated stages. Open arrofisgal expression in eyes; double via generation of permanent transgenic lines (Fig. 5B, part d).

arrows,3-gal expression in nasal placode or cavity; arrowheads, the Expression in DRG was faint with the SB 2.8 kb fragment
position of the isthmus. The activity of the 1.8 kb promoter in (arrowhead in Fig. 5B, part a) and moderately increased with
cephalic mesenchyme (indicated by an arrow in b) is suppressed byNCR. [-Gal expression was observed at E8.5 in midbrain with

the3’' BAC #2(a) and the #29 fragment (f,h); by contrast, promoter s
activity in anterior mesendoderm is not (an arrow in d). Open the BB 1.0 kb fragment to an extent similar to that of the #29

arrowheads in d indicate weBkgal expression in the future fragment (Fig. 4B, part e). Expression persisted until E10.5,

mid/hindbrain boundary region. With the exception of the nasal after which it gr_adually decrea_sed. )
cavity, expression in ¢ is ectopic. In lateral views (a-c,e-h), anterior is Further deletion of th&sni/Hincll 127 bp region at the'5

towards the left; (d,i), frontal views. Scale bars: #6@ end of the BB 1.0 kb fragment drastically reduced enhancer
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Fig. 5. Deletion analysis of FM2 enhancéf) Fine A 5 3
mapping of the FM2 enhancer. Blue boxes indicate the o ' o ELEE™ bl
domains conserved between human and mouse | | :
characterized by sequence identity exceeding 80% over MS25Kh — | ;! 01
more than 100 bp. Sequences in the boxes denoted by P sszsks | S . o/4
were used as primers to isolate the counterpart 3.0 kb region__, .. | ‘ -
in human genome by PCR. Asterisk in HB 0.9 kb indicates s o
residual expression shown in (Be). Percentages on each bar ®"'2<® P — 45
provide the sequence identity of each domain with human o M —— =i
or rat. (B)B-Gal expression driven by the SB 2.8 kb % N
fragment (a), by the BH 1.2 kb fragment (b), by the human < Hincit - N Bewkt

||

3.0 kb counterpart of the SB 2.8 kb region (c), by the BB $B2.8Kb

Spel
e 3
1.0 kb fragment (d), by the HB 0.9 kb fragment (e), by the  cr Lo [ o5
BB 1.0 kb fragment with mutations in three TCF binding L :| Rt 82% | =
sites (f) and by the BP 200 bp fragment (g) at E10.5 (a-f) ' '
and at E11.5 (g). Arrowheads in a and e indicate faint H1.3Kh _ voo»
ectopic expression in DRG and residual expression in dorsal 581.0k® '—1%: .
midbrain, respectively. Arrows indicafiegal expression in HB0.9Kb ' GEIS 67
cephalic mesenchyme by the 1.8 kb promoter. Scale bars: S— :_Imm -
400pum. (C) Alignment of nucleotide sequences of BP 200
bp between mouse and rat. 2200
B

activity (HB 0.9 kb; Fig. 5A and 5B, part €), althot
residual activity remained in midbrain. Thus, tHe
region is essential for FM2 activity. This reg
displays 91% sequence identity between mouse a
and includes three TCF/LEF binding sites, all of wl
are conserved in the raDtx2 locus (Fig. 5C)
Mutations in all three TCF/LEF binding sites nei
abolished the enhancer activity of the mouse BE
kb fragment (Fig. 5B, part f). However, the BP 20(
fragment (Fig. 5A) containindsni/Hincll 127 bg
failed to capture FMZ2 activity, but direct
disorganized expression (Fig. 5B, part g).

It has been shown that enhancer activity ca
conserved in spite of the high divergence of
sequences overall if the core sequences
transcription are conserved (Flint et al., 2001; Mi
et al., 2002). NCR demonstrating FM2 activity oct
between the domains conserved in the human ge
(blue boxes in Fig. 5A). This region in the hur C
genome (human 3.0 kb) was isolated by |
emp|oying Conserved Sequences (indicated by P ir Mouse 1:GAATGCCAGGCAAGCACTTTACCAATTCAGCTACATCCCCCAGCAAGGGGTAAGTCACTT 60

. Rat 1:GCATGCTAGGGGAGCCCTTTACCAATTCAGCCCCAT -CCCCAGCAAGGGGTAAGTCACCT 59
boxes of Fig. 5C) and was then tested for enh: * S oEEEE RRE  ARN AREAREAERREEAAE  AAE AAAAAAASEREERREAREAE 2
activity. No consensus sequences for TCF binding s y PR, .| 3

. : Mouse : CTTT! ACAACAARAAGTTCAAGAGCCTGGEGTGECT GGCT! CAAA
eXISt In the human 30 kb, no': was any FM aCt Rat 60:CTTTGAAGACTATAACRAAAAGTTCAAGAGCCTGEETGGCTGEGEAGAGGCTCTTCARAAGA 117
detected with human 3.0 kb (Fig. 5B, part c). RAERREALERLE Errarhhy RERSEAAEELLERAREY AL
TCF/LEF

. . . Mouse 121:GGAGGTTGACAAAGTACTGGGCAAGGGGTCAGAACCCCTGGCCCTGGCTGTGTCAGACGC 180

Targeted disruption of FM2 enhancer activity Rat  118:G------ GACAAAGTCCTGGGCAAGGGGTCAGAACCCCTGECCCTGECTETATCAGACG 173

* e

In order to confirm tha®tx2 expression in forebra
and midbrain is also governed by the FM2 enhe Mouse 181:ACTGTTGGATCTCCCAACCA 200

later than E8.5, a mutant was generated in whic =~ ®at  174:ACTGTTGGATCTCICAACCA 193

Bsnm/BanH1l 1.0 kb region was replaced with

cassette encoding a neomycin-resistant gene (Fig. <. ,.

The homozygous mutantOtx2AFM2IAFM2 - demonstrated the Otx2AFM~ (Fig. 3C). Reductions of thEmx2negative,
normal forebrain and midbrain development (Fig. 6B, part®ax6épositive region anéPax6negative Otx2-positive regions
a,b). However, the mutant in which o@¢x2 allele displayed were minimal, and the anterior shift and expansion oFti8-
deletion of the FM2 enhancer and in which the other allele wgsositive isthmus was less pronounced.

null, Otx2FM2- exhibited defects in midbrain and forebrain  The Otx2FM~ and Otx2FM2~- phenotypes were similar to
development (Fig. 6B, parts c,d) similar to those observed ithose observed iDtx1*/-Otx2"~ defects reported previously
Otx2FM/- (Fig. 3B). Marker analyses indicated that the defect¢Fig. 7A, part d) (Suda et al., 1997). A series of mutants were
in the Otx28FM2-- mutant were milder (Fig. 6C) than those in produced to assess the cooperation Qi1 with Otx2
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Fig. 6. Targeted disruption of FM2 enhancer. (A) Diagrammatic representation of wilddty@eallele, targeting vector and recombinant

allele. The black box indicates tBsmi-BanHI| 1.0 kb region (FM2) to be replaced with a neomycin-resistant gene (Neo) (see Fig. 3A for
others). (BYOtx2FM2/AFM2 (g b) andOtx22FM2/- (¢,d) phenotype at E12.5 (a,c) and E15.5 (b,d). The phenotypes were examined with both the
Otx2XFMZ mytant in which the neo insert remained and@e?FM2 mutant in which the insert was deleted by Cre recombination. No
differences were found, and the following, marker analyses were performed with the mutant that retaieeidgket. (C) Marker analysis

of Otx2FM2/-phenotype at E10.8)tx2 (a), Pax6(b), Fgf8 (c) andEmx2(d) expression (see Fig. 3C for the expression in wild-type

embryos). Scale bars: 4Q@n.

expression under the FM and FM2 enhancers (Fig. 7A). Thesesigned to the loci of all Otx homologues in these species. The
mutants indicated that the development of mesencephalic afd12 enhancer, which was not conserved in humateaopus
diencephalic regions is dependent on OTX dose. In the mogtas also not conserved in the genomes of these fish. The
severeOtxI7/-Otx24FM/AFM mutant, in whichOtx2 expression  pufferfish possesses o@x1and twoOtx2homologues; at the
under the FM2 enhancer remains, tBex2negative,Pax6 moment, these homologues are denotedrr&@ixl, FrOtx2a
positive domain and thEmx2negative,Otx2positive domain  (Ensembl Gene ID is SINFRUG00000151879) &m@®tx2b

were residual at E10.5 (Fig. 7B). Thus, diencephalon anfEnsembl Gene ID is SINFRUG00000136398) (Fig. 8A). Eight
mesencephalon were almost entirely missing, butBmx2  domains , ¢, n, 6, 1, K, & and p) are conserved in both
positive telencephalon developed normally (Fig. 7B, part d)pufferfish and zebrafish Otx genes. Domainsand y are

This is consistent with a lack of FM activity in telencephalon.conserved exclusively in zebrafish and donmaéxclusively in
Moreover, the FM enhancer did not have the activity at E8.Qqufferfish. In pufferfish, none of these domains is conserved in
andOtx2-, Emx2 andPax2positive regions developed normally the FrOtx1 locus; by contrast, on@) and two domainsy( k)

at the five-somite stage i@txI7-Otx2FMIAFM mutants as are conserved iDtx3 and Otx1, respectively, in zebrafish.
expected (data not shown). Furthermore, in a series of doudBomain &, which harbors the EP and AN enhancers in
mutants in Fig. 7A, the lower tt@tx dose and the more severe tetrapods, is not conserved in the pufferfish or the zebrafish
the phenotype, the more expanded Eg#8-positive isthmus genome. Among the eight domains conserved in mouse, human,
(Fig. 3C, Fig. 6C and data not shown). Interestingly, howeveiXenopus pufferfish and zebrafisi3, 8 and p demonstrated
Fgf8positive isthmus was lost in the most severeenhancer activity in the mouse, as described above. D@nain
OtxI7-Otx2FMIAFM mutant (Fig. 7B, part ¢). This mutant also harbored the FM enhancer, whereas dor@aixhibited activity

lacked theFgf8 expression in the anterior neural ridge. in regions of ventral diencephalon and dorsal mesencephalon.
) ) Domain p displayed activity in nasal placode. Regions
FM enhancer is deeply conserved in gnathostome homologous to domaifd are present iffrOtx2a FrOtx2band

The expression pattern of the Otx family of genes in zebrafiskebrafishOtx2 loci. These regions retained OTX and a single
is divergent from that in tetrapods (Li et al., 1994; Mori et al.,TCF/LEF binding site (Fig. 8B). Another TCF/LEF binding site
1994; Mercier et al.,, 1995). Among teleosts, genomavas converted into a SOX-binding site in zebrafish and
information is available for pufferfishFggu rubripe$ and  pufferfish via a one-base substitution (Mertin et al., 1999). The
zebrafish. The 22 domains conserved in tetr&pe@loci were  conservation of TCTAATTAAAAWGGATA (red box in Fig.
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Otx1 Otx2 Otx1 Otx2
otx1”otx2" ™4™ Otx 7#-0”‘2 po
otx1”otxz”
ofe AFM/AFM
tx1 Otx2 Otx1 Otx2

Fig. 7.Cooperation betweedtxlandOtx2under FM and FM2 enhancers. (A) Histological features of a series of double mutants at E12.5; the
genotype of each mutant is indicated at the left. Among mutants not shown, defects were either absent ds@Bté2IAFM2,

Otx1H-Otx2"/4FM2, Otx 17—, Otx2"/~, Otx28FMIAFM2  Otx 1+/-Otx 2"/ AFM | Otx 0FMIAFM | Otx 1+ -Otx 8FM2IAFM2 gnd Otx I7-Otx 2" AFM2 mutants.
Otx1"-Otx2FM2/-was affected to the same extenQas22FM- (f); furthermore, defects i@tx17-Otx22FM-were as severe as those in
OtxI7-Otx2FMIAFM (h). Arrowheads indicate the position of the isthmus. Scale barsid0(B) Marker analysis of the defects in
OtxI7-Otx2FMIAFM gt £10.50tx2(a), Pax6(b), Fgf8 (c) andEmx2(d) expression. See Fig. 3C for the expression in wild-type embryos.

Arrows in a and b indicate residuatx2- andPax6positive domains, respectively. Scale bars: go0

8B) sequence is noteworthy, although its significance remairend midbrain later than E8.5 from the AN enhancer was
for future studies to investigate. unexpectedOtx2 expression initially covers the entire anterior
Based on these comparative genomic analyses, the existemzroectoderm, but is subsequently lost in the most anterior
of enhancer activity in domaiy of zebrafishOtx2 was region corresponding to the dorsal telencephalon. This change
determined. A 0.6 kb zebrafigbtx2 region covering the 170 can be explained readily by the transition from2expression
bp (Fig. 8B) in the middle was isolated by PCR. Using the 1.8nder the AN enhancer to that under the FM and FM2
kb promoter, this 0.6 kb region clearly directgdgal enhancers3-gal expression under the AN enhancer is evident
expression in mouse forebrain and midbrain (Fig. 8A, part bjat E8.0, but not at E8.5. FM and FM2 enhancer activities are
not found at E8.0 over the entire anterior neuroectoderm, but
. . become apparent at E8.B-Gal expression is sensitive and
Discussion stable, usually persisting longer than the expression of
Kurokawa et al. (Kurokawa et al., 2004) reported theendogenous gene products. However, the AN enhancer must
identification of enhancers @itx2 expression in epiblast (EP) retain the activity at the stage when tEex2 expression
and anterior neuroectoderm (AN). The present report identifigakes place (three-somite stage) as demonstrated by
enhancers oDtx2 expression in forebrain and midbrain. In Otx22ANAANEmMx2/- mutants (Kurokawa et al., 2004). The
contrast to the enhancers ©fx2 expression in distal/anterior timing of the switch from the AN enhancer to FM/FM2
visceral endoderm (DVE/AVE), anterior mesendoderm (AME)enhancers corresponds to the stage critical for the
and cephalic mesenchyme (CM) (Kimura et al., 1997; Kimuraegionalization of the rostral brain (see Introduction).
et al., 2000), all of these ectodermal enhancers were found atMore unexpected was the presence of two distinct
considerable distances from the coding region. Furthermore, ahhancers, FM and FM2, @ftx2 expression in forebrain and
least two distinct enhancers Otx2 expression exist in each midbrain. Not only are the overall sequences not conserved
ectoderm at each step. Fundamental questions remain as to Hmstween FM and FM2 enhancers, there are no apparent
essential such enhancer organization ®tx2 gene functions conserved sequences between them except for TCF/LEF-

and how it was established phylogenetically. binding sites. The overall sequences in the FM enhancer region
o ) are conserved in mouse, human axXenopus The FM2

Enhancers of Otx2 expression in forebrain and enhancer, which is not conserved in humaXeopusis most

midbrain probably unique to the rodent. This raises questions for future

The separation of the enhanceiik2 expression in forebrain studies regarding whether hum@i X2 functions without the
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second FM2 enhancer or whether the hun@iX2 gene  Germot et al., 2001). In the tetrapod linea@e2 is thought
acquired the second FM enhancer independently. Does the have retained its ancestral roles. By cont@stl appears
second FM enhancer exist in avianX@nopu8 Moreover, it to have been co-opted for more complex functions associated
is possible that the putative second EP/AN enhancer that failedth vertebrate brains (Acampora et al., 1996; Acampora et al.,
to be identified by Kurokawa et al. (Kurokawa et al., 2004) is1999; Suda et al., 1999; Morsli et al., 1999; Mazan et al., 2000).
also unique to the rodent. However, the specialization oDtx2 and Otx1 functions

o appears quite divergent in the lineage leading to the extant
Organization of  Otx2 enhancers teleosts (Li et al., 1994; Mori et al., 1994; Mercier et al., 1995).
Analysis of Otx homologues in lamprey suggests that theln light of the essential roles @tx in head development, the
ancestral vertebrate originated with a single copy ofQbe question of how the organizations ©tx enhancers in each
gene and that divergence into tl#x2 and Otx1 lineages vertebrate are related is one of keen interest. The n@ixde
occurred in the gnathostome lineage (Ueki et al.,, 1998pcus has no regions homologous to the m@its@ enhancers
Williams and Holland, 1998; Tomsa and Langeland, 1999dentified.
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zebrafish 1:GEGTTTCTC - TTTAR -~ ===~~~ GGEC-CCCA-~G--G--T---CCCTTERIGARA - 28
Fugu Otx2a  1l:----- TG-G--G--A-------GGGEGG-TTG-AGGGCTGCAGG- TCGGCTETTCARAG- 39
Fugu Otx2b  1:-GG--TG-GAAGTAATGGGGGGGCGEGGCAAG-AGGEGAGC-GGTTCGGCTGTTCARAGE 54
ok * * * * ok ok ok ko h ok
TCF/LEF OTX
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Mouse 78 :GGTCT-G-AGAATTTGCC- ITCTAATTAAARAGGATANA-A-GATA-G- - -A-AG-TA-- 124
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Zebrafish 138:GGGC------ ACTGTTGGGTGGA-A---A-AGA--A----A-A----AGARGG--GG 170
Fugu Otx2a 137:GGGCAATACTACTGT----AG-ARAAG-AC-G-G--GGGTGGA----A--A-GC--A 174
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Fig. 8. Genome organization in fish Otx loci. (A) Locations of the 22 domains conserved among mouse, hukesmopngh pufferfish and
zebrafishOtxloci. No homologous region existed in thetx1 locus. Domains that exhibited enhancer activity are shown by red bars. Regions
homologous to the mouse FM2 enhancer region (indicated by a yellow bar) were also not found in fish genomes. White bexas indicat
coding regions. The numbers below each bar represent sequence identity with the mouse counterpart in percet&sp saiméng in b

yields expression directed by a 600 bp region covering dopiaizebrafistOtx2 (B) Sequence alignment of dom@iim mouse, zebrafish

and two pufferfisfOtx2loci. Red square indicates a sequence conserved throughout gnathOstaimi! regions, the significance of which is
currently unknown. Scale bars: 4.
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In the genomic region surroundit@fx2coding region, 22 occurs around the three-somite stage under the AN enhancer,
domains are conserved in mouse, human Xedopus The at a stage when FM and FM2 enhancers are still inactive
organization of these domains is also conserved among the@ee Kurokawa et al., 2004). Metencephalic, mesencephalic,
animals (Kurokawa et al., 2004), and probably throughout alliencephalic and telencephalic regions differentiate at this
tetrapods. Furthermore, nine and five of these domains astage; however, these regions are not yet determined®ik2n
conserved irFrOtx2a and zebrafistx2, respectively, in the expression under FM and FM2 enhancers takes place. In the
same array (Fig. 8A). To consider theé3tx2cis elements in  most sever®txI-Otx24FM/AFM mytants, which lacked most
evolutional terms,0tx2 genome information is desired for of mesencephalon and diencephalon at E10.5, their primordia
coelacanth/lungfish, shark and lamprey. With the exception ar the Otx2, Emx2 and Pax2positive regions developed
the FM2 enhancer, aDtx2 enhancers identified correspond to normally at the 5 somite stage.
one of these 22 domains; enhancer activities were confirmed Even in the most seve@tx1/-Otx2AFM/AFM mytantsEmx2
in six domains in mouse in the present and accompanying stuggsitive telencephalon developed normally. Apparently, the
(Kurokawa et al., 2004). Many other domains may also exhibitooperation betweei®tx1l and Otx2 under FM and FM2
enhancer activities at later stages. enhancers does not participate in telencephalon development.

Visceral endoderm is unique to mammals; the neural credtis is consistent with the lack 6ftx2 expression under these
cells responsible for generation of cephalic mesenchyme arosahancers in dorsal telencephalon an®bfl expression in
with vertebrate evolution. Moreover, mesendoderm is commowentral telencephalon (Frantz et al.,, 1994). Moreover, an
to chordates (Satou et al., 2001)Xienopus Otxand zebrafish  analysis of the mutants suggests that the future telencephalic
Otx2, the regions homologous to the mouse non-ectodermakgion has already differentiated whé&mx1 cooperates with
enhancers (domain) also exist near the coding region; it Otx2 under FM and FM2 enhancers. However, the precise
remains for future studies to determine whether the domairenterior limit of the regions affected by the loss of the
retain these non-ectodermal enhancer activities. By contrastpoperation remains to be determined.
non-ectodermal enhancers occur at abbtibkb downstream In Otx22FM/= and Otx22FM2- mutants Fgf8-positive isthmus
in FrOtx2a, and overall sequences are not conserved (Kimuraxpanded at E10.5 and cerebellum was enlarged at E15.5 as in
et al., 1997) (C.K.-Y,, I.M. and S.A., unpublished). Otx1*~ Otx2*~ mutants (Suda et al., 1997). In a series of

EP and AN enhancer regions are not conserved in eithdouble mutants in Fig. 7A, the lower tBéxdose and the more
zebrafish or pufferfish (see Kurokawa et al., 2004). The lack afevere the phenotype, the more expanded wagfBeositive
conservation of the AN enhancer region in these fish genomé@bhmus. Most probably, mesencephalic and diencephalic
was particularly unexpecte@ix2alone in tetrapod and &lltx ~ regions that initially differentiated at the three-somite stage
genes in zebrafish are expressed in the anterior neuroectodemere secondarily transformed into metencephalon in these
By contrast, the FM enhancer region (dom@jnis deeply mutants (Acampora et al.,, 1997; Suda et al., 1997).
conserved in gnathoston@@x2 Obviously, discussion of the Interestingly, however-gf8-positive isthmus was lost in the
phylogenetic significance of the non-conservation of themost sever®tx17-Otx22FMAFM mytant (Fig. 7B, part c). It has
EP/AN enhancer region and the conservation of the FM regiomeen reported that the induction of tRgf8 expression in
requires the identification of the second mouse EP/ANsthmus is independent @itx2 rather, thatOtx2 along with
enhancer. Nevertheless, the difference®ir2 expression in  Gbx2 refines theFgf8 expression (Li and Joyner, 2001;
anterior neuroectoderm in teleost and tetrapod is notabl&lartinez-Barbera et al., 2001; Ye et al., 2001). However, these
In tetrapods, Otx2 is initially expressed in the entire are observations made in the presenceOtfl expression.
neuroectoderm (under AN enhancer) and subsequently tioreover, Fgf8 expression is also lost in the anterior neural
expression is lost in the anterior region, which corresponds tidge of Otx17-Otx22FM/AFM mutant. The details of the double
the dorsal telencephalon (under FM enhancer). In zebrafismutant defects warrant examination in future studies.

Otx2 is not expressed in the most anterior part of the The double mutants in Fig. 7A also indicate that OTX dose

neuroectoderm, even at the earliest phase (Li et al., 1994; Matépendence differs regionally, i.e. the posterior mesencephalon
et al.,, 1994). It is tempting to speculate that in fish the FMequires elevated OTX for development. The onset of FM and
enhancer might function also as the AN enhancer. AM2 enhancer activities, at around EB8.5, coincides with the

comprehensive analysis @tx enhancers in fish is awaited stage when broad, fairfgf8 expression contracts and the

(Kimura et al., 1997; Kimura-Yoshida et al., 2004). boundary between the midbrain and the hindbrain or the
_ _ o ) isthmus is established. A higher OTX dose might be required

Otx2 functions in forebrain/midbrain and upstream in the more posterior portion of the forebrain/midbrain to

regulators suppress posteriorizing signals from isthmus and/or anterior

After an analysis ofOtx1”-Otx2"~ double mutants, we hindbrain (Martinez et al., 1999). The caudal end of the
reported previously thaOtx2 cooperates withOtx1 for  activities of both FM and FM2 enhancers coincides with the
midbrain development (Suda et al., 1997). The cooperatiomidbrain/hindbrain boundary. An attempt to identify the
however, could not be examined IOtx17-Otx2"-, sequences that delineate the expression at the boundary is
Otx1*-Otx27- or Otx1'-Otx2~ mutants because of earlier currently under way.

visceral endoderm defects @tx27~ mutants and postnatal  The identification of direct upstream regulators @ifx2
lethality of Otx1*/~Otx2*/~mutants. This situation obscured the expression at each site and at each stage is also an objective of
onset and the extent of the cooperation betv@zfhandOtx2  our enhancer analysis. Potential TCF/LEF binding sites are
in rostral brain development (Acampora et al., 1997; Suda essential in both FM and FM2 enhancers, whereas a putative
al., 1997). With the AN and FM/FM2 enhancers and theilOTX-binding site is additionally required in the FM enhancer.
mutants, we now propose that the initial brain regionalizatiohese sites in the FM enhancer are conserved in mouse,
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human, Xenopus pufferfish and zebrafish; one TCF/LEF- Bouillet, P., Chazaud, C., Oulad-Abdelghani, M., Dolle, P. and Chambon,
binding site is converted into a potential SOX-binding site in P-(1995). Sequence and expression pattern of the Stra7 (Gbx-2) homeobox-

: ; ; containing gene induced by retinoic acid in P19 embryonic carcinoma cells.
the fish. It is probable thadtx2 expression under the FM Dev. Dyn 204, 372-382.

enhancer is initiated by OT_X2 directed by the AN enhancegrannon’ M., Gomperts, M., Sumoy, L., Moon, R. T. and Kimelman, D.
SubsequentlyOtx2 expression under the FM and FM2 (1997). A B-catenin/XTcf-3 complex binds to the siamois promoter
enhancers may be regulated by the WNT and TCF cascadeto regulate dorsal axis specification in XenopGenes Devl1, 2359-
Wnt and Tcf/Lef expressions appear in dorsal forebrain/_ 2370

. . . . . . Broccoli, V., Boncinelli, E. and Wurst, W.(1999). The caudal limit of Otx2
midbrain following E8.5 and in the cortical hem following E10 ™ ¢, 5 o<cidn positions the isthmic organizéaiure 401, 164-168.

(Parr_ et al., 1_993§ Galceran et al., 2000; Lee et a|-3 2000_)- _Crossley, P. H. and Martin, G. R.(1995). The mouse Fgf8 gene encodes a

This investigation, however, presents only a starting point in family of polypeptides and is expressed in regions that direct outgrowth and
terms of the elucidation of many unknown factors that directly paﬁlem'“g '”Hfhe ,\(A‘evt‘?'op'“gsemb%ml\\ﬂfe'?pmegﬂé ‘(‘fg;é?l-M_db _

H ssley, A . artinez, .an artin, . . . laprain

regulate these enhancers. AN enhancer analysis by Kuroka\fl evelopment induced by FGF8 in the chick emblyature 380, 66-68.
et al. (.Kur()kawa et al., 2004 ) has be_en most .SUCCGSSfL“ f%erny, T. and Busslinger, M. (1995). DNA-binding and transcription
narrowing the focus of the essential, sufficient region; however, properties of Pax-6, Three amino acids in the paired domain are responsible
this essential region is still 90 bp long. The limited size of for the different sequence recognition of Pax-6 and BSAP (PaMd).
mouse anterior neuroectoderm also limits the biochemical Cell- Biol. 15 2858-2871. . .
identificati f fact that bind to the 90 b = I||nt, J., Tufarelli, C., Peden, J., Clark, K., Daniels, R. J., Hardison, R.,
iaent 'Ca |or_1 of Tactors . at bin 0_ € p sequence. ru Miller, W., Philipsen, S., Tan-Un, K. C., McMorrow et al. (2001).
FM activity is harbored in thépa/Hindlll 1.4 kb fragment; Comparative genome analysis delimits a chromosomal domain and
a 364 bp region within this fragment was essential to the identifies key regulatory elements in tnglobin clusterHum. Mol. Genet.
activity and could not be shortened further. The FM region is 10vt 37(31'3|’D82W _ 3. M., Levin, M. E. and McConnell, . K(1994)

. . rantz, G. D., Weimann, J. M., Levin, M. E. an cconnell, S. .
also present in zebrafighix2, Frotx2a and.FrOtXZb’ where Otx1 and Otx2 define layers and regions in developing cerebral cortex and
the TCTAATTAAAAWGGATA sequence is conserved, the  cerebellumJ. Neurosci14, 5725-5740.
significance of which remains for future studies. TheGalceran, J., Miyashita-Lin, E. M., Devaney, E., Rubenstein, J. L. R. and
Bsnm/BanH1 1.0 kb region displayed full FM2 enhancer Grosschedl, R.(2000). Hippocampus development and generation of
activity. Within this regionBsni/Hincll127bp was essential ~ dentate gyrus granule cells is regulated by LHPdvelopment27, 469-
for FM2 a_lctlwty;_however, t.he 12_7 bp fragment alone d_'d NOGermot, A., Lecointre, G., Plouhinec, J.-L., le Mentec, C., Girardot, F. and
exhibit this activity, and neither did the 3.0 kb FM2 region in Mazan, S.(2001). Structural evolution of Otx genes in cranialté. Biol.
the humanOTX2locus. Moreover, the EP enhancer required Evol. 18, 1668-1678. . )
multiple domains exceeding 2.3 kb. Enhancers that regulat@‘;‘#gvs;vc';‘sr‘?:m“;zh rsél%Tglaoe?/ugilblNz(igogéF;ég mapping of the mouse
expression in _VIVO du”r,]g development may,comr_nonly eXh_'blkimura, C., Takeda, N., Suzuki, M., Oshimura, M., Aizawa, S. and
SU(;h co_mple_x_lty, meaning that novel Strategles will be required matsuo, 1. (1997). Cis-acting elements conserved between mouse and
to identify critical upstream regulators with such enhancers. pufferfish Otx2 genes govern the expression in mesencephalic neural crest

cells.Development24, 3929-3941.
We thank Ms S. Nagayoshi, T. Ohmura and Mr N. Takeda for theikimura, C., Yoshinaga, K., Tian, E., Suzuki, M., Aizawa, S. and Matsuo,
technical assistance. We are indebted to Drs N. Heintz, P. Gruss and (2000)- V'Scter"?ll 'gndoqerr;mmegaltzsé fggibg? development by
G. R. Martin, who generously provided a number of plasmids; and tRiSUppress'on posteriorizing signaev. Biol. 225 304-321.

. . . mura-Yoshida, C., Kitajima, K., Oda-Ishii, I., Tian, E., Suzuki, M.,
Dr H. Hamada, who kindly provided wefty-Cremice. We are also Yamamoto, M., Suzuki, T., Kobayashi, M., Aizawa, S. and Matsuo, .

grateful to the Laboratory for Animal Resource and Genetic (2004). Characterization of the pufferfisix2 cis-regulators reveals
Engineering for the housing of mice. This work was supported by a evolutionarily conserved genetic mechanisms for the vertebrate head
Grant-in-Aid for Scientific Research on Priority Areas from the specification Development31, 57-71.
Ministry of Education, Culture, Sports, Science and Technology oKobayashi, D., Kobayashi, M., Matsumoto, K., Ogura, T., Nakafuku, M.
Japan. and Shimamura, K. (2002). Early subdivisions in the neural plate define
distinct competence for inductive signdlevelopmeni29 83-93.
Kurokawa, D., Takasaki, N., Kiyonari, H., Nakayama, R., Kimura-

References Yoshida, C., Matsuo, |. and Aizawa, S.(2004). Regulation ofOtx2
expression and its functions in mouse epiblasts and anterior neuroectoderm.
Acampora, D., Mazan, S., Avantaggiato, V., Barone, P., Tuorto, F, Development 31, 3307-3317.
Lallemand, Y., Brulet, P. and Simeone, A(1996). Epilepsy and brain Lee, S. M. K., Tole, S., Grove, E. and McMahon, A. f2000). A local Wnt-
abnormalities in mice lacking the Otx1 gehat. Genet14, 218-222. 3a signal is required for development of the mammalian hippocampus.

Acampora, D., Avantaggiato, V., Tuorto, F. and Simeone, A1997). Genetic Developmenil27, 457-467.
control of brain morphogenesis through Otx gene dosage requiremerti, J. Y. H. and Joyner, A. L. (2001). Otx2 and Gbx2 are required for
Developmenii24, 3639-3650. refinement and not induction of mid-hindbrain gene expression.

Acampora, D., Avantaggiato, V., Tuorto, F., Barone, P., Perera, M., Choo, Developmenf28 4979-4991.
D., Wu. D., Corte, G. and Simeone, A1999). Differential transcriptional  Li, Y., Allende, M. L., Finkelstein, R. and Weinberg, E. S.(1994).
control as the major molecular event in generating ®tend Otx2/~ Expression of two zebrafish orthodenticle-related genes in the embryonic
divergent phenotypefevelopmenii26, 1417-1426. brain.Mech. Dev48, 229-244.

Ang, S.-L., Conlon, R. A,, Jin, O. and Rossant, J1994). Positive and Mao, C.-A., Gan, L. and Klein, W. H. (1994). Multiple Otx binding site
negative signals from mesoderm regulate the expression of mouse Otx2 inrequired for expression of the Strongyrocentrotus purpuratus Spec2a gene

ectoderm explant®evelopmeni20, 2979-2989. Dev. Biol.165 229-242.

Araki, I. and Nakamura, H. (1999). Engrailed defines the position of dorsal Martinez, S., Crossley, P. H., Cobos, I., Rubenstein, J. L. R. and Martin,
di-mesencephalic boundary by repressing diencephalic Beeelopment G. R.(1999). FGF8 induces formation of an ectopic isthmic organizer and
126, 5127-5135. isthmocerebellar development via a repressive effect on Otx2 expression.

Bosse, A., Zulch, A., Becker, M. B., Torres, M., Gomez-Skarmeta, J. L., Developmenii26, 1189-1200.

Modolell, J. and Gruss, P(1997). Identification of the vertebrate Iroquois Martinez-Barbera, J. P., Signore, M., Boyl, P. P., Puelles, E., Acampora,
homeobox gene family with overlapping expression during early D., Gogoi, R., Schubert, F., Lumsden, A. and Simeone, 42001).
development of the nervous systevtech. Dev69, 169-181. Regionalisation of anterior neuroectoderm and its competence in responding



Otx2 forebrain/midbrain enhancers 3331

to forebrain and midbrain inducing activities depend on mutual antagonism E. (1992). Nested expression domains of four homeobox genes in the

between OTX2 and GBXDevelopmeni28 4789-4800. developing rostral braiNature 358 687-690.

Matsunaga, E., Araki, I. and Nakamura, H.(2000). Pax6 defines the di- Simeone, A., Acampora, D., Mallamaci, A., Stornaiuolo, A., D’'Apice, M.
mesencephalic boundary by repressing Enl and RZlopmentl27, R., Nigro, V. and Boncinelli, E. (1993). A vertebrate gene related to
2357-2365. orthodenticle contains a homeodomain of the bicoid class and demarcates

Matsuo, I., Kuratani, S., Kimura, C., Takeda, N. and Aizawa, S(1995). anterior neuroectoderm in the gastrulating mouse emiEWMBO J.12,
Mouse Otx2 functions in the formation and patterning of rostral l&ekes 2735-2747.

Dev. 9, 2646-2658. Suda, Y., Matsuo, |., Kuratani, S. and Aizawa, S(1996). Otx1 function

Mazan, S., Jaillard, D., Baratte, B. and Janvier, P(2000). Otx1 gene- overlap with Otx2 in development of mouse forebrain and midb@eénes
controlled morphogenesis of the horizontal semicircular canal and the origin Cells1, 1031-1044.
of the gnathostome characteristiEsol. Dev.2, 186-193. Suda, Y., Matsuo, |. and Aizawa, S(1997). Cooperative between Otx1 and

Mercier, P., Simeone, A., Cotelli, F. and Boncinelli, E(1995). Expression Otx2 genes in developmental patterning of rostral bhé@cth. Dev69, 125-
pattern of two otx genes suggests a role in specifying anterior body 141.

structures in zebrafisint. J. Dev. Biol.39, 559-573. Suda, Y., Nakabayashi, J., Matsuo, |. and Aizawa, 1999). Functional
Mertin, S., McDowall, S. G. and Harley, V. R.(1999). The DNA-binding equivalency between Otx2 and Otx1 in development of the rostral head.

specificity of SOX9 and other SOX proteimducleic Acids Re7, 1359- Developmenti26, 743-757.

1364. Suda, Y., Hossain, Z. M., Kobayashi, C., Hatano, O., Yoshida, M., Matsuo,
Millet, S., Campbell, K., Epstein, D. J., Losos, K., Harris, E. and Joyner, I. and Aizawa, S.(2001). Emx2 directs the development of diencephalon

A. L. (1999). A role for Gbx2 in repression of Otx2 and positioning the in cooperation with Otx2Developmeni28 2433-2450.

mid-hindbrain organizeNature401, 161-164. Tian, E., Kimura, C., Takeda, N., Aizawa, S. and Matsuo, 1(2002). Otx2
Mori, H., Miyazaki, Y., Morita, T., Nitta, H. and Mishina, M. (1994). is required to respond to signals from anterior neural ridge for forebrain

Different spatio-temporal expression of three otx homeoprotein transcripts specificationDev. Biol.242, 204-223.

during zebrafish embryogenesdidol. Brain Res27, 221-231. Thomas, P. and Beddington, R(1996). Anterior primitive endoderm may be
Morsli, H., Tuorto, F., Choo, D., Postiglione, M. P., Simeone, A. and Wu, responsible for patterning the anterior neural plate in the mouse embryo.

D. K. (1999). Otxl1 and Otx2 activities are required for the normal Curr. Biol. 6, 1487-1496.

development of the inner e@evelopment26, 2335-2343. Tomsa, J. M. and Langeland, J. A(1999). Otx expression during lamprey

Muller, F., Blader, P. and Strahle, U.(2002). Search for enhancers, teleost embryogenesis provides insights into the evolution of the vertebrate head
models in comparative genomic and transgenic analysis of cis regulatory and jaw.Dev. Biol.207, 26-37.
elementsBioEssays24, 564-572. Ueki, T., Kuratani, S., Hirano, S. and Aizawa, S(1998). Otx cognates in a
Oliver, G., Mailhos, A., Wehr, R., Copeland, N. G., Jenkins, N. A. and lamprey, Lampetra Japonidaev. Genes EvoR08 223-228.
Gruss, P.(1995). Six3, a murine homologue of the sine oculis geneWalther, C. and Gruss, P.(1991). Pax-6, a murine paired box gene, is
demarcates the most anterior border of the developing neural plate and isexpressed in the developing CNFevelopmeniil3 1435-1449.

expressed during eye developméddevelopment2l, 4045-4055. Wassarman, K. M., Lewandoski, M., Campbell, K., Joyner, A. L.,
Parr, B. A, Shea, M. J., Vassileva, G. and McMahon, A. 1993). Mouse Rubenstein, J. L. R., Martinez, S. and Martin, G. R(1997). Specification

wnt genes exhibit discrete domains of expression in the early embryonic of the anterior hindbrain and establishment of a normal mid/hindbrain

CNS and limb buddevelopment19 247-261. organizer is dependent on Gbx2 gene funciimvelopment24, 2923-2934.

Rhinn, M., Dierich, A., Shawlot, W., Behringer, R. R., le Meur, M. and Williams, N. A. and Holland, P. W. H.(1998). Gene and domain duplication
Ang, S.-L. (1998). Sequential roles for Otx2 in visceral endoderm and in the chordate Otx gene family, Insights from amphioxus ®p{. Biol.
neuroectoderm for forebrain and midbrain induction and specification. Evol. 15, 600-607.

Developmenti25 845-856. Yamamoto, M., Meno, C., Sakai, Y., Shiratori, H., Mochida, K., lkawa,

Rowitch, D. H. and McMahon, A. P.(1995). Pax-2 expression in the murine Y., Saijoh, Y. and Hamada, H.(2001). The transcription factor FoxH1
neural plate precedes and encompasses the expression domains of Wnt-{FAST) mediates Nodal signaling during anterior-posterior patterning and
and En-1Mech. Dev52, 3-8. node formation in the mous&enes Devl5, 1242-1256.

Satou, Y., Imai, K. S. and Satoh, N(2001). Early embryonic expression of Yang, X. W., Model, P. and Heintz, N.(1997). Homologous recombination
a LIM-homeobox gene Cs-Ihx3 is downstreanf-afatenin and responsible based modification in Escherichia coli and germline transmission in transgenic
for the endoderm differentiation i@iona savignyiembryos.Development mice of a bacterial artificial chromosonidat. Biotech15, 859-865.

128 3559-3570. Ye, W., Bouchard, M., Stone, D., Liu, X., Vella, F, Lee, J., Nakamura, H.,

Schwarz, M., Alvarez-Bolado, G., Dressler, G., Urbanek, P., Busslinger, M. Ang, S.-L., Busslinger, M. and Rosenthal, A(2001). Distinct regulators
and Gruss, P.(1999). Pax2/5 and Pax6 subdivide the early neural tube into control the expression of the mid-hindbrain organaizer signal FS&S8.

three domainsMech. Dev82, 29-39. Neurosci4, 1175-1181.
Shimamura, K. and Rubenstein, J. L.(1997). Inductive interactions direct Yoshida, M., Suda, Y., Matsuo, I., Miyamoto, N., Takeda, N., Kuratani, S.
early regionalization of the mouse forebrddevelopmeni24, 2709-2718. and Aizawa, S.(1997). Emx1 and Emx2 functions in development of dorsal

Simeone, A., Acampora, D., Gulisano, M., Stornaiuolo, A. and Boncinelli, telencephalonDevelopmeni24, 101-111.



