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SUMMARY

Little is known about the factors that control the Btsl is both necessary and sufficient for the induction of

specification of the mid-hindbrain domain (MHD) within
the vertebrate embryonic neural plate. Because the head-
trunk junction of the Drosophila embryo and the MHD
have patterning similarities, we have searched for
vertebrate genes related to thérosophila head gap gene
buttonhead(btd), which in the fly specifies the head-trunk
junction. We report here the identification of a zebrafish
gene which, likebtd, encodes a zinc-finger transcriptional
activator of the Sp-1 family (hence its nameqts1for btd/Sp-
related-) and shows a restricted expression in the head.

pax2.1within the anterior neural plate, but is not involved
in regulating her5, wntl or fgf8 expression. Our results
confirm that early MHD development involves several
genetic cascades that independently lead to the induction
of MHD markers, and identify Bts1 as a crucial upstream
component of the pathway selectively leading tpax2.1
induction. In addition, they imply that flies and vertebrates,
to control the development of a boundary embryonic
region, have probably co-opted a similar strategy: the
restriction to this territory of the expression of a Btd/Sp-

During zebrafish gastrulation, btslis transcribed in the like factor.
posterior epiblast including the presumptive MHD, and
precedes in this area the expression of other MHD markers
such asher5, pax2.1and wntl. Ectopic expression ofbtsl

combined to knock-down experiments demonstrate that

Key words: Zebrafish, Mid-hindbraibts], buttonheadSp factors,
pax2.1

INTRODUCTION or ‘isthmus’) was identified as a source of inductive signals
controlling the development of the entire MHD (Martinez et
Neural patterning in vertebrates responds to a combination af., 1991; Marin and Puelles, 1994; Martinez et al., 1995; Wurst
planar and vertical inductive signals that progressivelyand Bally-Cuif, 2001). From early somitogenesis stages, the
subdivide the neural plate into forebrain, midbrain, hindbrairsecreted factors Wntl and Fgf8 are expressed at the isthmus
and spinal cord along the anteroposterior axis (Lumsden arahd are involved in cross-regulatory loops with MHD markers
Krumlauf, 1996; Appel, 2000). It is a major challenge toof theengrailedandpax2/5/8families (Wilkinson et al., 1987;
understand how this information is encoded at the moleculavicMahon et al., 1992; Crossley and Martin, 1995; Lun and
level, and how the signals are integrated and refined durirgrand, 1998; Reifers et al., 1998). These regulatory cascades
development to permit the formation of an organized neurallow for MHD maintenance at somitogenesis stages. Thus,
plate. within the MHD, early signalling events are relayed on-site by
Within the embryonic neural plate, the mid-hindbrainthe isthmus to maintain MHD specification and achieve short-
domain (MHD), which comprises the midbrain vesicle andrange patterning. It is of great interest to understand in depth
hindbrain rhombomerel (rh1), follows an interesting mode ofhe mechanisms and factors which sustain this mode of
patterning. Indeed, a small population of cells located at thpatterning.
junction between midbrain and rhl (‘mid-hindbrain junction’ Accordingly, unravelling the processes of mid-hindbrain
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specification remains a major issue. To this aim, the expressigatterning systems and maintain the integrity of the head-trunk

of MHD markers was analysed in response to differenfjunction. Because the MHD also develops in response to the

embryonic manipulations or in mutant contexts in severatonfrontation of anterior and posterior patterning influences,

vertebrates. In the mouse and chick, isthmic organizeBtd-related factors appeared as good candidate early regulators

formation responds to the confrontation of anteri@tx@  of mid-hindbrain development in vertebrates, and we initiated

positive) and posteriorGbx2 positive) identities within the a molecular search for zebrafish genes relatdxdo

neural plate (Broccoli et al., 2000; Katahira et al., 2000; Millet btd (Wimmer et al., 1993) encodes a zinc-finger

et al., 2000). However, the expression @fx2 and Gbx2 transcription factor of the same family &osophila and

themselves are probably only involved in the refinement ofertebrate Sp factors (Kadonaga et al., 1987; Kingsley and

Fgf8 and Wntl expression rather than in their induction, asWinoto, 1992; Pieler and Bellefroid, 1994; Supp et al., 1996;

Fgf8 and Wntl are still expressed i®tx27~ and Gbx27~  Wimmer et al., 1996; Harrison et al., 2000), but has no known

mutants (Acampora et al., 1998; Wassarmann et al., 199R)ertebrate ortholog at present. We now report the isolation of

Recent ablation experiments in the mouse also pointed to a rdlé new zebrafistbtd/Splrelated genesb(s genes). One of

of the axial mesoderm in the regulation Fff8 expression these genedyts], is transcribed within the presumptive MHD

(Camus et al., 2000). Finally, explant cultures in the mouse arzeforeher5, pax2.1 wntlandeng2 We demonstrate that Bts1

Xenopus and transplantations in the zebrafish showed thas both necessary and sufficient for the inductiorpak2.1

engrailed genes andpax2.1 expression could be locally withinthe anterior neural plate, but is not involved in regulating

induced within the neural plate by non-neural tissueder5 wntl, eng2or fgf8 expressions. Thus we have identified

(Hemmati-Brivanlou et al., 1990; Ang and Rossant, 1993the earliest known specific regulator p&x2.1 expression

Miyagawa et al., 1996). Thus, MHD specification probablywithin the embryonic neural plate, and provide further

integrates planar and vertical signals, but the factors involveglvidence that early specification of the MHD is controlled by

remain unknown. several independent genetic cascades. Furthermore, our results
We were interested in directly identifying factors regulatingimply that flies and vertebrates have likely evolved a similar

the initiation of expression of the early mid-hindbrainstrategy to cope with the patterning of comparable embryonic

markers. In the zebrafish embryo, the earliest known midregions, by restricting to these regions the expression and

hindbrain-specific marker is the geiner5 (Muller et al.,  function of a Btd/Sp-like factor.

1996), expressed in the presumptive MHD from mid-

gastrulation onwards (70% epiboly) (Bally-Cuif et al., 2000).

Shortly afterwards (80-90% epiboly)pax2.1 expression MATERIALS AND METHODS

(Krauss et al., 1991; Lun and Brand, 1998) is induced in a

domain mostly overlapping with that dfer5 (this paper). Fish strains

Finally, at the end of gastrulation (tail bud stagejntl  Embryos were obtained from natural spawning of wild-type (AB),

expression is initiated in the same territory (Molven et al.ac€?822or noi'2% (Brand et al., 1996) adults; they were raised and

1991; Lun and Brand, 1998). Late markers suceragjenes staged according to Kimmel et al. (Kimmel et al., 1995).

(Ekker et al., 1992Xgf8 (Furthauer et al., 1997; Reifers et al._, Cloning of zebrafish buttonhead/Sp-family members

3h9698|\)/| Hagq;"’tlxggsrl(;fggr% tgg:rl{é;}ggs?t{a\g:goxﬁyéfrzzls;seeds Ir;.gandom-primed cDNA prepared from tail bud-stage wild-type (AB)

. ; . ebrafish RNA was amplified using degenerate oligonucleotides
pax2.1/noi(no-isthmuj zebrafish mutants have demonstratedyirected against the first zinc finger of Btd and Spl-4 proteins (5

that the induction oher5, wntl, eng2andfgf8 expression is  primers Btd-F1 and Btd-F2) and against their third zinc finger (3
independent of Pax2.1 function, while initiationesfg3and  primer Btd-R):

pax5/8expression requires a functional Pax2.1 protein (Lun Btd-F1 3TG(C/T)CA(C/T)AT(C/T)(CI/G)(A/C)IGGITG(C/T)G3

and Brand, 1998). Conversely, in the mowRas2expression  Btd-F2 BCICA(C/T)(C/T)TI(A/C)GITGGCA(C/T)ACIG3,; and Btd-R

is established independently of Wntl (McMahon et al., 19925 TGIGT(C/T)TTI(A/T)(C/T)(A/G)TG(C/T)TTI(C/G)(CIT)IA(A/G)-
Rowitch and Moiahon, 1995). The early onset s — (S)TOWCICS, For coning of cONASE: 27, oF, 02 g nested
expression in the zebrafish suggests that it also does - . R _ N ; )
reguire Wntl function. Taken t%gether, these observationr%)g:anoI Btd-R, for 1 minute at 94°C, 1 minute at 42°C, 1 minute at

s . °C (two cycles), 1 minute 94°C, 1 minute at 48°C and 1 minute at
suggest that several initially independent pathways leag,o~ (28 cycles): (2) 100 pmol each primer Btd-F2 and Btd-R for 1

separately to the activation ber5 pax2.1 wntlandeng2  minyte at 94°C, 1 minute at 46°C, minute at 72°C (2 cycles), minute
The expressions @ng3andpax5/8are initiated subsequently at 94°C, 1 minute at 50°C and 1 minute at 72°C (28 cycles). For
in a Pax2.1-dependent cascade (see Lun and Brand, 1998)cloning of the cDNA$ts1, G2, g5.6 G5, G1 andG4, two rounds of

In the Drosophilaembryo,buttonheadbtd) is expressed in PCR were performed with primers Btd-F1 and Btd-R, using 100 pmol
and necessary for the development of the antennal, intercalagf/each primer and 1/100 of the first PCR reaction product (following
and mandibular head segments (Wimmer et al., 1993Y¥el extraction) as template for the second round. Amplification cycles
Recently, re-examination ditd expression revealed that it Were as follows: 1 minute at 94°C, 1 minute at 42°C, 1 minute at 72°C
covers two rows of cells in the first trunk parasegment, thu(%;g‘;')esl);C"LRmI'OnrgtdeuiisgﬁfCthé Ebn&fpﬁ;ff ;:Z,el (”I'QS’ tfs%t Z)é)cw(grse
crossing the head-_trunk ]l_JnCtlon (Vincent .Et al., 199 purified by gel electrophoresis, subcloned and sequenced. The
mutant embryos fail to activate the expressiowaifier (col)

. ! . ) fragment encoding the zinc-finger domain of Bts1 was used for high-
in the last head parasegment awen-skippedevg in the first  gyingency screening of a somitogenesis stage cDNA library (kindly

trunk parasegment and do not form a cephalic furrow, thgrovided by Dr B. Appel). Positive clones containing the full-length
constriction separating the head from the trunk (Vincent et albts1cDNA (3kb) were obtained, one of these clones was sequenced
1997). Thushtd is essential to integrate the head and trunkFig.1); its GenBank Accession Number is AF388363.
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Drosophila stocks and transgenics Inhibition of Fgf signalling by SU5402

To examine the role played tptslin Drosophilawe used the IT  Embryos were incubated in 18 SU5402 (Calbiochem) in embryo
system (immediate and targeted gene expression) developed medium from the dome stage until late gastrulation, and then
Wimmer et al. (Wimmer et al., 1997). In the conditidnal>AB >bts1 immediately fixed and processed for in situ hybridisation. To control
transgene, thbtsl-coding region is separated from thtel promoter ~ for SU5402 efficiency, embryos similarly treated from the shield
by a flp-out cassette containiterZ btd >AB>btslwas constructed stage were verified to develop a phenotype morphologically
by inserting a 2659 bNot-Clal fragment containing the entil#sl- indistinguishable fronace mutants in the MHD area (not shown).
coding region and 1387 bpBIR into thebtd >AB>btd plasmid ) o ) ) )

(Wimmer et al., 1997) open Alotl, and used to generate transgenic In situ hybridization and immunocytochemistry in the

fly lines (Rubin and Spradling, 1982). The st@iakub-fip’Y; btd >AB ~ zebrafish

>bts1/TM3, hb-lacZwas established and crossed wit<G81/FM?7, In situ hybridization and immunocytochemistry were carried out
ftz-lacZ.To identify embryos mutant fditd and expressingtsl, lacZ  according to standard protocols (Thisse et al., 1993; Hauptmann and
in situ hybridization was performed. RNA labelling and in situ Gerster, 1994).

hybridization were performed as described (Crozatier et al., 1996).

RNA probes were prepared frorol, eve enandlacZ

RESULTS
Ectopic expression analyses in the zebrafish (constructs

and injections) . . Cloning of buttonhead -related genes in the
For ectopic expression of wild-typdtsl, pXT7-btsU3" was  zaprafish

constructed which contains the full-lendits}-coding region and 23 o . . .
nucleotides obts13'UTR (Spe fragment frompBS-bts) subcloned We PCR-amplified tail bud stage wild-type zebrafish cDNA

into pXT7 (Dominguez et al., 1995). Mutant formts1AZnF and using degenerate oligonucleotides directed against the zinc-
bts1c>T were constructed with the Stratagene Ex™8itBCR-based finger domains of Btd and Sp factors. Eleven partial CDNAs
site-directed mutagenesis Kit using the following oligonucleotides: encoding zinc finger domains were obtained (Fig. 1A), each of
(1) bts1AZnF, ONbtsIAZnF1, B-P-GATGTGCTGTTTCTTCTTT-  them from several distinct PCR reactions, suggesting that they
CCGGGCTC-3  ONbtsIAZnF2, 3-CAGAACAAGAAGAGC-  correspond to different genes and not to variations due to Taq
AAAAGTCACGACAAAAC-3' polymerase errors. All code for triple zinc fingers, 55-85%
(2) btsT, O_thSf'”-hT S-P-AGTCCGGACACACAAA-  gimjlar to each other and with the structure s,
gggg;gggfgc‘%%’\éb?f -2, S-ACTATAAAAGGTTCAT- characteristic of Btd and Sp factors (Kadonaga et al., 1987,
Thi . > . . L Kingsley and Winoto, 1992; Wimmer et al., 1993; Pieler and
is mutation alters 2 Cys in 2 Tyr in the third zinc finger ) . o -
(TGCTGT - TACTAT). In a null allele of Btd, the second Cys of the Belqur0|d, 1994; Supp et al., 1996; Wimmer et al., 1996;
third zinc finger is replaced by a Tyr (Wimmer et al., 1993). As BtstHarrison et al., 2000). They were nanftsigenes (fobotd/Sp
harbors two adjacent Cys in position 6 and 7 of the third zinc fingefélated). Except in two cases (g5.6 and g5), they are more
both were mutatedbtslAZnF and btsIc>T were subcloned into closely related to the zinc-finger domain of Sp factors (70-94%
pXT7. Capped mRNAs were synthesized (Ambion mMessagédentity) than to that of Btd (64-80% identity). g5.6 is equally
mMachine kits) and verified by in vitro translation. Injections wererelated to Sp and Btd (75% identity), and g5 is more closely
carried out at 100 ngl into one central blastomere of the 16-cell related to Btd than to Sp (69% versus 56% identity).
embryo (10 pl), together withls-lacZRNA (40 ngjll) as lineage ~  To determine whether one of these factors could be a

tracer, and the distribution of the injected progeny was verified functional equivalent of Btd at thBrosophila head-trunk
posteriori by antp-galactosidase immunocytochemistry (Bally-Cuif .

et al., 2000). After appropriate staining, embryos were embedded }inCtlon’.We e_xamln_ed their expression pr_oflle_:s at th? t.all bUd
JB4 resin (Polysciences) and sectioned jain2on an ultramicrotome stage using high-stringency whole-mount in situ hybridization

(Fig. 5D,F). conditions. With the exception gb.6andG1, which proved
_ S _ ubiquitously expressed, all other genes tested showed spatially
Design and injections of the  bts1 morpholinos restricted and distinct expression patterns (Fig. 1A), further

MOPtst (5 TACCGTCGACACCGACACGACTCCT] (Gene Tools  confirming that they corresponded to different factors. One of
LLC, Corvalis, OR) was designed to target positions 1-25 of thghem, bts1, appeared selectively expressed in the MHD (see
bts1 cDNA. A four bp mismatch morpholino (MBM)  [ig 3) and was therefore selected for further stugg@sthe

(5 TACTGTTGACACCGACACAACCCCT3) was used as control. A most related in sequencelitsl, was not expressed in the mid-

morpholino of unrelated sequence 'GBTCTTACCTCAGTT- : . - .
ACAATTTATA3"), biotinylated in 3and aminated in'5o allow for hlndblraln angtdthu?h.apdpeargd unlikely to be a functional
Qg)mo ogue o In this domain.

fixation, was used as a lineage tracer when single cell resolution w . . . . . .
necessary (Fig. 6C). For detection of the tracer MO (Fig. 6C), High-stringency screening of a zebrafish somitogenesis-

embryos were processed first for in situ hybridisation followed bystage library with the PCR product otsl produced six
incubation in avidin-biotinylated3-gal complex (Vector, Roche) positive clones, covering all or part of the same 3 kb cDNA.
revealed with X-gal staining. In other casels-lacZRNA was used The longest open reading frame (1102 nucleotides) is preceded
as tracer (Fig. 6D-H). All MOs were injected at 1-2 mM igOHNto by 126 nucleotides of'8BTR containing a classical Kozak

a central blastomere of 16-cell embryos. sequence and two in-frame stops upstream of a start
methionine (not shown), and predicts a 368 amino acid protein
(Fig. 1B). In agreement with these findings, the in vitro
[%gnslat_ed products of the ent_ire CDNA (conta_ining 1727
mRNA. Wntl RNA was injected at 10 ngl/ together withnis-lacZ nucleotides WTR) gnd that of its predicted coding region
RNA (40 ngfil) at the one-cell stage, and animal pole cells from(Pts143’, see Materials and Methods) had the same apparent
injected embryos at the sphere stage were homotopically ariize (40 kDa) (data not shown). The deduced protein Btsl
isochronically transplanted into non-injected recipients. presents features characteristic of Btd/Sp factors (Pieler and

Transplantation experiments
The full-length coding region of mou¥¥nt1cDNA (van Ooyen and
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A .M:d.l"l_. bfd'?l. . o < bfdk -
. b.btd Fmﬁié"” R yeRASHLKTHURWErcERP FT[GLWL QR RF SREDEL RN YRD 1 KK e RSDHLS HHkKT head/trunk jct

m.Spl p-EA.C-—Y¥-| H-—Q1PBEV-—T---R M-T-5N T EKEF- R-M—G—-——A—-{I-— ubiguitous
btsl L-gR——R-——-]... BRV———T 1 B i ST CRFV—-D—C-R-M A--V- midbrain, TB
G2 B W} F T GEKRF- V-H-R-M-G- T—-b—1* ND
5F ---5-T- GEKRF -/ [—R-M FT—[—} ND
g5.6 v IFt=h GEFRFE(-|-E| ubiguitons
G5 Vi-H—FH———T L GENAF-H-VIH-R-R-M-—FR: V- ND
el vl F-} ——T———T- RFE|-E|H—R-M A—tD--L ubigquitous
1F BEV- A Fj-t-FP-T————— ND
2F A—-GEV——T———A--P— - VI-H—F}-{—5-THTG— ND
=1 vE Fi- T E HFTHLLER-R-T At otic ves., olf., TB
g2 ; T —R~T" -t otic ves., olf.
g5 A- T=-5 =H=T5 YHE-B-EGHWK | | | | L L || L hatching gl., dorsal NT
1 MAAVAVLRNDTLOAFLODRQOPNSSPENSKHSPLALLAATCNRIGHHHGSTPTEBEIOMRESPSRIFHRENYANHGTLSSNPSFGLSSKSHLQ

B SSYASHHELPLTPPADPIPMSLRLRCCHVNASLQSIPPTYVPAVTYAAPAPIPPAVPS FVPEHSELVEQQRQLSPNPGEDARSLQQGNPVAHSV

HPHRFPIQRGLVLGHTDFAQTQAALLHTKSPLATARRCRACRCPNCOPBSSSSDEPGKKEQRIGCGKVYGKTSHLKAHLRSGERPFEZNWIE
CGK$TRDHE CRHGRTRGEKRFZFDCCKRENRSDHLAKHVKTBNKKSKSHDK TS KREDLRPRY 368

C. bsp

D.btd

Btsl

m.Sp5

h.Sp2
h.Sp3

h.Spl

m.Sp4

Fig. 1. Structure of the Bts1 protein. (A) Zinc finger domains of the 11 zebrafish Btd/Sp-family members (Bts proteins) isolateditdigned
the corresponding domains BfosophilaBtd (Wimmer et al., 1993) and mouse Spl (Kadonaga et al., 1987). Positions of the primers used in
the degenerate PCR reaction are indicated (arrows). Each zinc finger has the structtig @eboxes highlight Cys and His residues) and
is preceded by a ‘Btd box’ (boxed in black for Btd, mouse Sp1 and Bts1, not indicated for others). The Cys doublet ngtategkitive
control-construct Bts%>T (see Fig. 5) is boxed in blue. The expression profile of ksaiene at the tail bud stage is summarized in the right
column. jet, junction; gl, gland; ND, not determined; NT, neural tube; olf, olfactory placodes; TB, tail bud; ves, vesBeeu@)ce of the

Bts1 protein. The zinc-finger domains are in red and the Btd-box is boxed in black. S/T and Q-rich, potential transctiptiinald@mains
are, respectively, in green and blue. The N-terminal domain resembling that of Sp1, Sp2, Sp4 and Sp5 is underlined rdCalgmuotnt of
Bts1 and other Btd/Sp proteins (Kadonaga et al., 1987; Hagen et al., 1992; Wimmer et al., 1993; Wimmer et al., 1996, $0p6;et al
Harrison et al., 2000). Percentages of similarity between Bts1 and other proteins are given for the zinc finger/Btd bek) (@eibla
domains are blue (the Q domain of Bts1 only resembles that of Btd (dark blue) but does not align with others (light biak)}loBi@ins are
green and the N-terminal domain grey. The transcriptional activation domains identified in Sp1, Sp3 and Sp4 are labelled A-D.

Bellefroid, 1994), such as the triple zinc-finger domain0.10 cM from marker fb18h07, close to thexdlocus (not
(showing highest homology to those of Sp1, Sp3, Sp4 and tiehown).

recently isolated Sp5) preceded by an arginine-rich ‘Btd box’ In conclusionptslshows higher overall sequence similarity
(Fig. 1B,C), a motif implicated in some cases of transcriptionalvith Sp factors than with Btd, but its restricted expression in
activation by Spl (Athanikar et al., 1997). Outside the zin¢he mid-hindbrain area at the end of gastrulation, is strongly
fingers and Btd box, recognizable motifs include serinefeminiscent of the local expression ld at the head-trunk
threonine and glutamine-rich regions in the N-terminal half ofunction.

Bts1. Such domains have been identified in Btd and Sp factors, ) )

and were in most instances shown to mediate transcriptionBfs1 binds canonical GC boxes and can act as a

activation (Courey and Tjian, 1998; Kadonaga et al., 1998jranscriptional activator in vivo

The 43 N-terminal amino acids of Bts1l also show significanThe sequence of the zinc-finger domain of Btsl predicts, in
similarity to the N termini of Sp1, Sp2, Sp4 and Sp5. Outsidanalogy to Sp factors, a DNA recognition sequence of the GC
these domains, similarity with other Sp-like factors is low.box class (Dynan and Tjian, 1983; Gidoni et al., 1984; Gidoni
Highest homology is found with Sp5 (52% overall identity) et al., 1985). To investigate the DNA-binding characteristics of
but does not reflect an ungapped alignment (see Fighig?). Btsl, in vitro transcribed and translated (rabbit reticulocyte
was mapped in radiation hybrid panels to linkage group 9dysate)bts1protein product was tested in electromobility shift
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structures was rescued bid>btsl transgenics (not shown).
Thus, our results suggest that the correct spatiotemporal
activation ofcol mainly requires the zinc-finger domain of Btd,
whereas the enforcement/maintenancecalf expression, as
well as the expression ofvdl), en and the subsequent
development of head segmental derivatives would require
stronger activity or additional, non-zinc-finger protein modules
that are not present in Bts1.

bts1 expression matches the presumptive mid-
hindbrain area from mid-gastrulation stages

The spatiotemporal expressionhitlat early developmental
stages in the zebrafish was determined by whole-mount in situ
hybridization.bts1transcripts are first detected at 30% epiboly,
in the most marginal cells of the blastoderm and in the yolk
syncitial layer, excluding the dorsal embryonic side (Fig.

junction of theDrosophilablastoderm in wild-type embryos (A) and 3A’A.)' Expressmn IS mamtalr.]ed in epiblastic cells at the
in btd mutant embryos carrying one copyhtLunder control obtd margin during gastrulation, with a broader anteroposterior

regulatory elements (Blptd mutants show no expressionanfl (not extent as epiboly progresses (Fig. 3B-E). In addition, a
shown).bts1can partially rescueol expression itbtd mutants, ina  restricted number of cells of the dorsal hypoblast, lining the
correct spatiotemporal manner. presumptive prechordal plate and anterior notochord, express

bts1(Fig. 3C-D). From 70% epiboly, the anterior limit bfs1
expression in the dorsolateral epiblast is clearly delimited (Fig.

assay with the zinc-finger binding site of the mouse Pax3D-F, arrows), and lies within the presumptive MHD (see
enhancer (Pax5 ZN) (Pfeffer et al., 2000). Bts1 was found tbelow and Fig. 4). At the end of gastrulatibtg1transcription
specifically bind to Pax5 ZN but was unable to bind a mutateth epiblast cells becomes restricted to the MHD and tail bud.
version of Pax5 ZN in which the zinc-finger binding site hadt remains prominent in the MHD until at least 24 hours (Fig.
been destroyed (Pfeffer et al., 2000). Thus Btsl is capable 8F-J and not shown). Additional sites of expression arising
binding GC boxes in vitro. during late somitogenesis are the otic vesicles, the somites, and

Sp factors are highly divergent outside the zinc-finger domairestricted nuclei of the diencephalon (Fig. 31,J).
and can act as transcriptional activators or repressors (Majello etTo precisely position the domain bfs1 expression within
al., 1994; Birnbaum et al., 1995; Hagen et al., 1995; Kennett &#te presumptive neural plate, we compared its location with
al., 1997; Kwon et al.,, 1999; Turner and Crossley, 1999known forebrain, MHD or hindbrain markers (Fig. 4). At 75%
probably following their interaction with different molecular epiboly, the anterior border bfslexpression is located within
partners. To determine whether Bts1 behaved as an activatortbe posteriormost cell rows of thetx2positive territory,
as a repressor of transcription, we tested whether it coulsbutting the diencephalic ‘wings’ &h3 expression (Fig. 4A-
substitute for Btd function iDrosophila Indeed Btd was shown C). btsl expression overlaps theer5-positive domain (Fig.
to be a transcriptional activator of the downstream gmte 4D), which slightly crosses tlex2border (Fig. 4E). At the tail
(Crozatier et al., 1996), which is necessary for the developmehbtid stageptsl expression has acquired a posterior limit (see
of the intercalary and mandibular segments of the heaBlig. 3G). It encompasses ther5 andwntl-positive domains
(Crozatier et al., 1999). Transgenic flies were constructed whiglfrig. 4G,1), and largely overlagmx2.1lexpression, albeit with
carry the coding sequence lats1under the control of thbtd  a slight rostral shift (Fig. 4J). All four domains expresditsd,
enhancer (Wimmer et al., 1997htd>btsl flies) and were her5 pax2.landwntlextend several cell rows posterior to the
introduced into dtd background. At the blastoderm stag&]  caudal limit ofotx2 (Fig. 4H). These spatial relationships were
embryos completely fail to expressl (not shown, see Crozatier maintained at the five-somite stage (Fig. 4M-R).
et al., 1996). We observed that Btsl was sufficient to partially The anterior ‘wings’ offkh3 expression have been fate-
rescue the expressionafl in btdembryos (Fig. 2B), in a correct mapped to the presumptive diencephalon at the 80% epiboly
spatiotemporal manner along the anteroposterior axis (althougitage (Varga et al., 1999), dmer5expression to the presumptive
in a reduced number of cells, even with two copidsta#bts], midbrain (with a minor contribution to the anterior hindbrain) at
not shown) (compare with Fig. 2A). Thus, at least in this cellula®0% epiboly (Muller et al., 1996). Therefore, at 80% epiboly,
context, Bts1 acts as an activator of transcription. btslexpression in the neural plate comprises the midbrain and

The similar expression profileshatislandbtd at gastrulation, more posterior domains, and it is refined to the midbrain and
at the junction between anterior and posterior embryonianterior hindbrain from 90% epiboly onwards. These features
patterning systems, suggested equivalent developmentalakebtslthe earliest known gene expressed across the entire
functions. However Bts1 and Btd are highly divergent outsid®HD (see Discussion) and suggest that it might be involved in
the zinc-finger domain, questioning their possible interactiomarly mid-hindbrain positioning or patterning.
with homologous molecular partners. In additioncts, btd ) o
mutants also fail to expressestripe 1 (Vincent et al., 1997) Btslis an early regulator of ~ pax2.1 expression in the
andengrailed(en) in the head (Wimmer et al., 1993). Later theyzebrafish MHB
lack antennary, intercalary and mandibular head segments. W¢e addressed the function of Btsl within the zebrafish
observed that neith@ve&1l) andenexpression nor larval head embryonic neural plate using a combination of gain- and loss-

btd=bts1 col

Fig. 2.Bts1 is a transcriptional activator in vivo. Expression of
collier (col) revealed by in situ hybridization at the head-trunk
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Fig. 3. Expression obts1during gastrulation and early somitogenesis, as revealed by whole-mount in situ hybridization at the stages indicated
(% of epiboly). (A-F) Dorsal views, anterior towards the top; (G-J) sagittal views, anterior towards the left. Open ariodicatzithe

blastoderm margin, black arrowheads the mid-hindbrain domain, and small arrows point at hypoblastic expreSsDhD(A Sagittal

sections at the levels indicated, dorsal towards the right, anterior towards thtsiegpression is first detected at 30% epiboly (Aglong

the ventral and lateral margins of the blastoderm (arrows) and in the yolk syncitial layer (small arrow). During gasBtHatiexpfession is
maintained in the posterior epiblast up to a sharp limit at the mid-hindbrain level, and in hypoblast cells borderingtialgkth (small

arrow). From the end of gastrulation (F-H)slexpression is confined to the mid-hindbrain level and tail bud and extinguishes from the rest of
the epiblast. Additional expression sites during later somitogenesis (1,J) include the otic vesicle, somites and diencephalon.

of-function experiments. To target misexpressions to theroved responsive tatslinjections (not shown), thus the effect
neuroectoderm, we injected cappeidsl mMRNA within one of Btsl on pax2.1 expression appeared highly selective.
central blastomere of the 16-cell blastula. At the 16-celFinally, no patterning defects of the anterior neural plate were
stage, the four central blastomeres largely contribute tobserved at somitogenesis or later stagedtsi-injected
neuroectodermal derivatives (Helde et al., 1994; Wilson et alembryos, suggesting that the maintenance of ectugi@.1
1995). Co-injectedacZ RNA served as lineage tracer and weexpression requires factors other than Bts1 and/or requires the
only scored cases whelacZ-positive cells were distributed persistence of Btsl expression. Two mutant versionssdf
primarily within the neuroectoderm (Fig. 5D,F). Mesodermalwere constructed as negative contrbtslAZnF is deleted in
markers were unaffected (sgecon Fig. 5E,Fntl andpapc  the entire zinc finger-encoding domainbd$land thus should
(data not shown)). Upon misexpression li6l, 50% of encode a protein incapable of binding DNA. The second
embryos injected into regions of the neural plate encompassimgutant form ofbts], bts1“->T, was designed to mimic thxd

the MHD or anterior to it=72) showed an ectopic expression loss-of-function mutation irDrosophila (see Materials and

of pax2.1at the tail bud stage (Fig. 5A,B,D-F). By contrast, noMethods). btslAZnF- and bts1®>T-capped RNAs were
induction of pax2.1was ever observed in embryos injectedinjected as described for wild-typbtsl and at similar
only into neural territories posterior to the MHD, or within the concentrations; both proved incapable of inducpax2.1
epidermis outside the neural plate83). Induction opax2.1  expression (100% of cases;23 andn=29, respectively) (Fig.
expression always occurred anterior to the MHD, either ibC, and data not shown). Taken together, our results indicate
broad patches connected to the MHD (Fig. 5A,D-F) or irthat the ectopic expression of Btsl is sufficient to induce
scattered cells (Fig. 5B) (at approximately equal frequenciespax2.1lexpression within neural territories anterior to the MHD
and in territories showing a high density of injected cellsduring gastrulation.

Within these areas, ectopipax2.1 expression appeared We next determined whethdstsl expression was also
restricted tdacZ-positive cells (Fig. 5D,F). Notably, no other necessary to MHD development anddax2.lexpression (Fig.
marker of the early MHDd{x2, her5 wntl, eng2 pax5 pax8 6A-D). Antisense ‘morpholino’ oligonucleotides have now
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Fig. 4. Comparison obtslexpression with other mid-hindbrain markers. Whole-mount in situ hybridization was performed at the 75% epiboly
(A-E), tail bud (G-K) and five-somite (M-Q) stages with the probes indicated (colour-coded) (dorsal views, anterior toveujs the

(A,B) Single staining fobtslandfkh3 respectively (whole-mount views of half embryos) (arrow in A indicates anterior lilmis Hfbracket in

B indicates ‘diencephalic wings’ é€h3expression). (D) Bright-field view of a flat-mounted MHD, all other panels show a bright field view (left,
red and blue labelling) and the contralateral fluorescence view (right, red labelling only) of flat-mounted neural plaj)eSo(Feksponding
schematics of genes expression profiles (including data not shown) at 75% epiboly, tail bud and five somites, respedtiaarierly,
btslexpression never extends to the presumptive diencephalon (compare A with B), and that it crosses the caudabiiegpreasfsion at all
stages.

proven to reliably and selectively inhibit RNA translation intargeted by the injection. Co-detection pEx2.1expression
many instances iXenopusas well as in the zebrafish embryo and MO confirmed this hypothesis as cells maintaining
(Heasman et al., 2000; Nasevicius and Ekker, 2000; Yang ptax2.1transcripts do not stain for M (Fig. 6C). Therefore,
al., 2001). A morpholino targeting the translation initiation siteBts1 appears necessary in all MHD cellsgax2.linduction.

of bts1 mRNA was designed (M&¥) and injected into a However, at the concentrations of M€ used, pax2.1
central blastomere of the 16-cell zebrafish embryo togeth&xpression was progressively recovered between the five- and
with a tracer MO (M@™) (see Material and Methods). At the ten-somite stages£26) (see Fig. 61,J), and brain development
same concentration, a four base-pair mismatch control M@ppeared normal at late somitogenesis stages (not shown).
(MOPsIA4) of unrelated sequence had no effest3Q) (Fig. Taken together, our results reveal tih$l expression is
6D). In all embryos injected with M&! across the MHD sufficient to induce ectopic expressionpax2.1in the neural
(n=23) and observed at the tail bud stage, a strong reduction jplate anterior to the MHD, and is necessary for the induction
pax2.1 expression was observed (Fig. 6A) (lineage tracingnd early maintenance p&x2.lexpression in the MHD. Thus
experiments often revealed a unilateral and patchy distributioendogenous Btsl may be an early regulator pak2.1

of the injected cells; accordinglgax2.1lexpression was most expression, a conclusion supported by its expression profile
often diminished on only one side of the neural plate). TgFig. 4).

determine whethebtsl expression was necessary to induce . o )

and/or maintaimpax2.lexpression, we performed a timecourseDistinct requirements of mid-hindbrain markers for

analysis of the effect of the M®L We observed thazax2.1 ~ bts1 expression

expression was abolished from its onset (90% epiboyd3, We next examined whether MHD genes other thar2.1
Fig. 6B), indicating thalbts1is necessary fquax2.linduction.  require bts1 for their expression. Upon injection of Mt
Some pax2.texpressing cells were always retained. Theimwithin the embryonic neural plate, the expressionerb,
varying number and distribution in each embryo (see Figotx2 fgf8, wntl, eng2andkrox20were never affected (Fig. 6E-
6A,B) suggests that these cells were most likely not or poorlid and data not shown). By contrast, expressioemy3and
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Fig. 5.Bts1 is sufficient to inducpax2.lexpression in
the anterior neural platpax2.1(A-D) or pax2.1landgsc
(E,F) expression revealed by whole-mount in situ
hybridization (blue staining) at the tail bud stage on
embryos injected with (A,B,D-F) wild-typets1RNA, or
(C) mutantbts1c>T RNAs, as indicated (bottom left of
each panel). (A-C) High magnifications of the MHD i
flat-mounted embryos, anterior towards the top. (E) #
whole-mount view, anterior towards the left. (D,F)
Sections of the embryos in A,E (respectively) at the
levels indicated, anterior towards the left. The red ari
in E,F point togscexpression, and the broken line in F
delimits the anterior mesendoderm/neural plate bord
All injections were made into in one central blastome f
of the 16-cell embryo, leading to a mosaic distributiol  bts? pax2.1 bts1
the injected RNA in the presumptive neural plate (see

expression of th@-galactosidase tracer (brown nuclei) and in particular D,F). Misexpressitslafiduces ectopipax2.lexpression (black
arrows in A,B,E, black bars in D,F) anterior to the MHD (endogepan2.1expression is indicated by the white arrowheads or white bars), in
broad patches (A,D-F) or in scattered cells (B). Muasit RNAs (C, and data not shown) have no effect.

'S¢ _ .
pax2.1 bis1 pax2.1

Fig. 6.Btsl is necessary to the A
expression opax2.1and its dependen
cascade in the MHD. (A-DJax2.1
expression revealed by whole-mount
situ hybridisation (purple) at 90%
epiboly (B) or tail bud (A,C,D) after
injection of MO's1(A-C) or the
mismatch control M&sia4 (D). All
injections were made at the 16-cell
stage into one central blastomere. (C
biotinylated control MO of unrelated
sequence co-injected as a tracer
(turquoise staining) to monitor the ex
distribution of targeted cells (turquois
arrows) compared withax2.%
expressing cells (purple arrows); the
area shown is a high magnification o
the domain indicated by the black an
in the inset. (Dhls-lacZRNA used as
tracer to reveal the targeted area (bre
staining). (A) Whole-mount views; (B
D) flat-mounts, anterior towards the
top; arrows point to injected areas
(affected and unaffected expression :
indicated by filled and open arrows,
respectively). Note that the injection «
MOPbtSL but not MAYSIA4, strongly
diminishes the number pax2.t
positive cells from the onset pax2.1
expression (B), and that cells
maintainingpax2.lexpression have n(
been targeted by the injection (C). (E
H) Expression oher5(E, tail bud),fgf8
(F, tail bud)wnt1(G, one to two
somites) anéng2(H, three somites) upon injection of M&! (conditions as in D). Note that these expression are unaffected. (I-N) Expression
of pax2.1(1,d), eng3(K,L) andpax5(M,N) at the five-somite stage upon injection of control MO or#9as indicated. (I,J) Dorsal views,
anterior towards the top; (K-N) Optical coronal sections, dorsal towards the top. Note that at five sorpaeg, Haependent markeeng3
andpaxb5are also affected.

pax5 starting at the three- and five-somite stages, respectiveindependent early gene regulatory pathways operate within the
were transiently inhibited from their onset until approximatelyMHD: one requires Bts1 and permits the inductiompak2.1

the 10-somite stage (Fig. 6K-N). Thus, first, the territorieexpression, and the other is independent of Bts1l and leads to
located anterior and posterior to the MHD do not require Btsthe induction of expression dfer5 wntl, eng2 and fgf8.

for their early development. Second, at least two initialllWhetherpax5andeng3expressions are directly regulated by
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bts1

untreated bis1 + SU5402 bts1

pax2.1

bts1

Fig. 7.btslexpression at the MHD during gastrulation requires Fgf8
and is activated by Wnt signalling. (A,B) Whole-mount dorsal views
of btslexpression at the tail bud stage, anterior to the top, without
(A) or after (B) treatment with the inhibitor of Fgf signalling SU5402
between the stages dome and tail bud. Note the strong reduction in
expression at the mid-hindbrain in B (arrowhead), while expression Fig. 8. btslexpression during somitogenesis distinguishes Pax2.1
at the blastoderm margin is not affected (white arrow). (C,D) Flat- and Fgf8 functions. (A-D) Comparison lofs1andpax2.lexpression
mounted views obtslexpression in the mid-hindbrain area at the  in wild-type (left) oracemutant (right) embryos at the 13-somite
90% epiboly stage, anterior towards the top, in wild-type (+/+) (C) stage. The MHD is indicated by the arrowhdatdlexpression is
versusacehomozygous mutants (D), as indicated. Mid-hindbrain  unperturbed irace(B), when mospax2.1lexpression has already
expression obtslis strongly reduced and maintained only laterally been eliminated (D). (A,Bdceembryos identified by their reduced
(arrowheads); it remains unperturbed at the blastoderm margin otic vesicles, which also exprdsts1(not visible on the figure).

fgf8/lim5

(white arrow). (E,Fptslexpression in embryos grafted witimtl- (E-H) Comparison obtslandfgf8 expression in wild-type (left) or
expressing cells within the anterior neural plate. Endogeltsis noi mutant (right) embryos at the 10-somite stdmglexpression is
expression at the MHD is indicated by the arrowhead. Grafted cells strongly diminished following the same schedule as other MHD
were co-injected witinls-lacZRNA and are visualized by arfi- markers (e.gfgf8). lim5 expression (red) is unperturbed.

galactosidase immunocytochemistry (brown nuclei). (F) A high
magpnification of the grafted area (boxed inli$lexpression is

induced aroundntl-expressing cells. the presumptive MHD (Fig. 7A,B). Thus, during gastrulation,

bts1l expression within the neural plate depends on Fgf
Bts1 cannot be immediately concluded from our datpaaS  signalling. By contrast, expression lofs1 at the blastoderm
and eng3 expressions require Pax2.1 at all stages (Lun anohargin (or later in the tail bud, Fig. 7A,B) remained unaffected

Brand, 1998; Pfeffer et al., 1998). by SU5402 treatments. To determine which combination of
] ] Fgf3 and Fgf8 might be involved in the early regulatiobtsil

bts1 expression at gastrulation responds to Fgf and expression in the MHD, we examindasl expression in

Wnt signalling acerebellar(ace mutants, which are solely deficient in Fgf8

The crucial role of Btsl as a selective regulatompak2.1  function (Reifers et al., 1998). At the 90% epiboly stdgel
within the neural plate prompted us to investigate thexpression in the presumptive MHD was severely reduced in
mechanisms regulating its own expression. 25% of embryos from a cross between tace/+ parents
Fgf3 and Fgf8 are expressed at the blastoderm margin duriifig=63) (Fig. 7C,D). Thushts1expression in the presumptive
gastrulation (Furthauer et al., 1997; Koshida et al., 1998yIHD at gastrulation probably requires Fgf8 signalling,
Reifers et al., 1998) and the reception of an Fgf signal bgriginating from the hindbrain territory or marginal cells (see
marginal cells has been indirectly implicated in theReifers et al., 1998). Whether this signal acts directly within
posteriorization of the adjacent neural plate (Koshida et althe neural plate or via patterning the embryonic margin cannot
1998). To determine whethétslexpression was influenced be ascertained at this point.
by Fgfs during gastrulation, we examined its response to btslexpression was never totally abolished in the absence
SU5402, a general inhibitor of Fgf signalling (Mohammadi etof Fgf signalling, however, suggesting that additional factors
al., 1997). Incubation of embryos in SU5402 from the domeontribute to regulating its expression. As Wnt molecules are
stage onwards lead to a strong reductiobtef expression at produced both at the embryonic margin (Wnt8) (Kelly et al.,
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1995) and at the mid-hindbrain junction (Wntl, Wnt8b) wnt?  fgfs 7

(Molven et al., 1991; Kelly et al., 1995), we tested wheitet

expression was also responsive to Wnt signalling. Cappe \ ¢ J

mMRNA encoding the mouse Wntl protein (van Ooyen ani early

Nusse, 1984) was injected at the one-cell stage into don yagiyiation - bts1 » >
embryos, and five to ten cells taken at the sphere stage frc

the animal pole of these donors were homotopically l l l
transplanted into non-injected recipients. At 80% epiboly, 509 75% epiboly hors A 4

of grafted embryosnE38) had received Wntl-expressing cells 90% epibol 2| paxz1

within the neural plate anterior to the MHD, i.e. in a region o epboly wntl

normally not expressingtsl In 30% of these embryobtsl tail bud

expression was induced around the grafted cells (Fig. 7E,F 4

Mouse Wntl is likely to have the same activity as zebrafis _ ena3 fafs
Wntl, as embryos injected at the one-cell stage displayed > somites pa§5 g

strong headless phenotype (not shown) characteristic u:

enhanced zebrafish Wnt signalling (Kim et al., 2000). Thusrig. 9.A model of MHD induction incorporating Bts1 function.
ectopic Wnt signalling can positively reguldtis1 expression Evidence in all vertebrates suggest that thg expression of early MHD
within the neural plate, and the expression of endogetss Markers lier5 pax2.1 wntlandfgf8) (green) is established by

might also depend on Wnt factors produced at the embryonf@”o"‘”ng independent pathways. Bts1 (red) is a selective inducer of

; e ; ; pax2.lexpression, and its own expression depends on Fgf8
;noirq?tlgg:nngslf)sr \Avgz:?] ttf;]eis T%%lagggn%qigﬁtstgﬂlagg{‘ Oigﬂsignalling (blue). Other factors regulatibtslexpression might

. N fnclude Wnt molecules. In turn, Pax2.1 indueag3andpaxs Btsl
directly within the neural plate. might also directly regulate the expressionsmg3andpax5(red

The maintenance of bts1 expression is differently aIrows).

affected by Pax2.1 and Fgf8 functions Drosophila head-trunk junction and of the vertebrate mid-
In agreement with the early onset 1 expression in the hindbrain within the embryonic body plan to identify candidate
prospective MHD area, we found that the initiationbté1l  regulators of early mid-hindbrain developmentDimsophilg
expression was not affected pax2.1/noimutant embryos Btd is expressed at the head-trunk junction and the zebrafish
(Lun and Brand, 1998), and thus was independent of Pax2Btd-related factor Btsl is an early marker of the MHD. We
function (not shown). However, the maintenance bt§l  demonstrate that, in the zebrafish, Bts1 is both necessary and
expression in the MHD during somitogenesis appearegufficient for the induction opax2.1expression within the
dependent opax2.1/noi it was gradually lost from the five- anterior neural plate and is expressed at the appropriate time
to six-somite stage onwards fiei homozygous embryos, and and place during development to exert such a role. We therefore
disappeared completely by the 10-somite stage (Fig. 8E,Rhove one step upstream in our understanding of MHD
following the same schedule as other mid-hindbrain markerspecification by identifying the first known selective and early
(see Fgf8 on Fig. 8G,H; Lun and Brand, 1998). Theegulator ofpax2.1expression (Fig. 9). In addition, our results
maintenance of expression of all MHD genes studied to datgave important evolutionary implications. They suggest that
was shown to be also dependent on Fgf8/ace function, withfies and vertebrates have probably evolved a similar
a similar time frame (between the five- and ten-somite stageshechanism to cope with the patterning of a hinge region of the
suggesting that Fgf8 and Pax2.1 are involved in a comma#mbryo, by restricting to these territories the expression of a
regulatory loop that controls MHD maintenance (Lun andBtd/Sp factor.
Brand, 1998; Reifers et al., 1998). Thus, surprisingly, we found
that following a transient decrease at gastrulation (Figts)  Identification of a large family of  btd-Sp -related
expression was not affected fgf8/ace mutant embryos at genes in the zebrafish
somitogenesis until late stages. At 13 somibéslexpression  Our study has revealed the existence of a family of at least
was normal (Fig. 8A,B), while the lateral and ventraleleven zebrafish Bts proteins, relatedtosophilaBtd and to
expression domains of other markers were already absent (&g factors. Stringent in situ hybridisation revealed, for most
pax2.1on Fig. 8C,D; Reifers et al., 1998)ts1 expression genes, distinct expression profiles, highly specific of a subset
started to decline around the 17-somite stage, and wa$ embryonic structures. Thus, these different Bts factors
undetectable at 20 somites (not shown). This downregulatiamight take part in a restricted number of non-overlapping
might parallel the loss and/or transformation of mid-hindbrairdevelopmental processes. Within this familypsophila Btd
tissue, which is likely to start around that stage. Thus, whiland Spl and five mammalian Sp factors are known to date.
bts1l maintenance depends on Pax2.1, it appears primarilfhus, it is likely that many more members remain to be
independent of Fgf8 function, suggesting that exit points exisliscovered in mammal®rosophila Spland mammaliaspl-
in the Pax2.1/Fgf8 loop to differentially control the expressiorp4 are widely expressed, and Spl-Sp4 transregulate a
of some MHD genes. multitude of promoters, thereby controlling cellular activities
as general as cell cycle progression and growth control
(Fridovich-Keil et al., 1991; Kingsley and Winoto, 1992;
DISCUSSION Hagen et al., 1994; Hagen et al., 1995; Karlseder et al., 1996;
Lin et al., 1996; Supp et al., 1996; Zwicker et al., 1996; Jensen
In this study, we relied on the comparable locations of thet al., 1997) or nuclear architecture (Jongstra et al., 1984;
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Philipsen et al., 1993)Sp5 expression is in contrast very end of gastrulation and labels the anterior hindbrain. We found
dynamic (Harrison et al., 2000; Treichel et al., 20@i31lis  that the rostral limit obtslwas at all stages anterior to that of

in sequence most closely related to moBp§ the two genes zebrafishgbxgenes (A. T. and L. B.-C., unpublished).

also share strong expression in the presumptive midbrain, andOur observations further suggest that mid-hindbrain identity
a similar map location Sp5 lies close toHoxd genes on is progressively established after mid-gastrulation. Indeed,
chromosome 2, a region syntenic toleedlocus on zebrafish until late gastrulation, gene expression boundaries in this
linkage group 9). However, the orthology li§1 and Sp5is ~ domain move relative to each other. While newly expressed
guestionable, as outside a few conserved domains, Btsl amid-hindbrain-specific markers align withtsl, the caudal

Sp5 sequences are highly divergent (30% deduced amino adiichit of otx2 expression is displaced caudally relative to the
identity). The proline-rich N-terminal half of SP5, proposed tobtsldomain. In the mouse and chick, the caudal bordérxi?

have evolved by domain swapping from BTEB/KLF family expression is believed to position the mid-hindbrain junction
members (Treichel et al., 2001), is not identifiable in Btsland to encode midbrain fate. Thus, our expression data suggest
Rather, in Btsl, S/T- and Q-rich domains like in Sp1-4 havéhat mid- and anterior hindbrain identities are progressively
been maintained. Furthelts1 and Sp5 expressions do not established and refine until late gastrulation. These results are
always coincide, and these genes seem to exert different rolies agreement with the finding that the embryonic margin
during embryogenesis. Indeed the genetic disrupti@pbélid  exerts a posteriorizing activity on hindbrain cells until late
not cause brain patterning defects in mouse embryos (Harrisgastrulation (Woo and Fraser, 1997; Woo and Fraser, 1998). By
et al., 2000). A definite answer on the possible orthology ofontrast, presumptive mid-hindbrain cells transplanted into
btsl and Sp5 will await availability of more sequence the prospective forebrain at 55% epiboly are capable of
information on the zebrafish genome. maintaining their fate (Miyagawa et al., 1996).

Btd and all Sp factors isolated to date bind GC-rich promoter The factors involved in mid-hindbrain induction remain
sequences (GC-box; Dynan and Tjian, 1983; Gidoni et almostly unknown. In the zebrafish, as in other vertebrates, a
1984; Gidoni et al., 1985), and we have shown that Bts1 wambination of vertical and planar signals is likely to operate
capable of recognizing such a motif with an affinity similar toduring gastrulation to specify this territory. The anterior
Sp1l. The specificity of action of Sp factors has been proposéypoblast of the late zebrafish gastrula has the capacity to
to arise from the non DNA-binding modules of the proteinsinducepax2.1expression within the neural plate (Miyagawa
which may interact with different molecular partners (Coureyet al., 1996). In addition, Fgf signalling received by marginal
and Tjian, 1988; Kadonaga et al., 1988; Schdck et al., 1999eells is necessary to posteriorize the neural plate and position
Schoéck et al., 1999b). In addition, multiple protein isoformsthe borders obtx2 and hoxal expressions (Koshida et al.,
can derive from a single Sp gene and differ in their capacity t8998). We extended these findings by showing that the mid-
activate or repress transcription in a similar cellular contexhindbrain component obtsl expression at gastrulation is
(Kennett et al., 1997). We have used an in vivo system, th@irectly or indirectly) dependent on Fgf8 signalling,
Drosophilaembryo, to determine the properties of Btsl as ariginating either from the hindbrain territory or from the
transcriptional regulator. Our results demonstrate that Bts1 embryonic margin (Reifers et al., 1998). However, the role of
capable of activating the expression aifl, an immediate Fgf8 on btsl expression is transient, dmsl expression is
downstream target of Btd, suggesting that Bts1, like Btd, act®stored iracemutants from the tail bud stage. Other factors,
as an transcriptional activator. This conclusion is in agreemenbt affected irace might relay Fgf8 in its regulation of neural
with our finding that in the zebrafish, the initiation of plate patterning at that stage. Given the crucial role of Bts1 in
expression ofpax2.1rapidly follows bts1 expression at the the activation ofpax2.1expression and of the subsequent

MHD and is positively dependent upon Bts1 function. Pax2.1-dependent cascade, this rescuetsl expression

] o ) might explain why early mid-hindbrain development still
bts1 expression and specification of the mid- continues normally irmce mutants. Our findings additionally
hindbrain territory imply that, contrary to previous assumption, early stages of

The earliest known mid-hindbrain-specific markers of themid-hindbrain development are affected (albeit indirectly) in
zebrafish neural plate are expressed after mid-gastrulati@te mutants. The defects are, however, rapidly compensated
(75% epiboly). Before that stage, AP regional markers withirfor.

the neural plate rather cover broad anterior or posterior )

territories. Until now, the most extended caudal marker waBtsl is an early regulator of ~ pax2.1 expression and

hoxa-1, in the spinal cord and rhombencephalon up to théhe Pax2.1-dependent molecular cascade

presumptive location of rhombomere 3 (Koshida et al., 1998)lo date, no zebrafish mutants were mapped tbt$Hocus.

This left a gap of more than 10 cell rows betweenatx®  We thus addressed Btsl function by combining gain- and
and hoxaZtpositive domains (Koshida et al., 1998; A. T. andloss-of-function approaches. The specificity of our
L. B.-C., unpublished). At 75% epibolyptsl expression manipulations is supported by the selective and opposite
overlaps entirely that dfioxal(not shown), and slightly the effects ofbts1and MQ's! injections onpax2.1expression.
caudal limit of otx2 expression. Thushtslis the first gene Taken together, our results identify Btsl as the first known
expressed in this intermediate territory, which at 75% epibolyactor that selectively controlpax2.1 induction and the
would cover most of the presumptive MHD, as it abuts themmediate Pax2.1-dependent cascade at gastrulation and
presumptive diencephalon identifiedfkp3expression (Varga early somitogenesis, and refine our molecular picture of
et al., 1999). In other vertebrates, the anteriormost posteridHD induction (Fig. 9).

marker during gastrulation is the homeobox gdBbx2 It is most probable that, upon ME! injection, enough
(Wassarman et al., 1997), which precisely aRii®from the  non-targeted mid-hindbrain cells remained to progressively
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reorganize on-site a complete MHD, after the initialcharacteristics, as Btsl could rescue the expressioal af
perturbations, which explains our transient phenotypes. A correct spatiotemporal mannetbitdl mutants. We observed
requirement for Btsl at later stages of mid-hindbrairthat Bts1 was neither capable of rescuing the expressmreof
development, such as during the maintenance phase, aaden nor the formation of posterior head structuredbtia
suggested by its persistent expression within the mid-hindbraimutants. Under similar conditions, Sp1 could partially restore
territory during somitogenesis. Further analyses will besn expression and mandibular derivatives (Wimmer et al.,
necessary to directly address this issue. 1993; Schock et al.,, 1999a; Schock et al., 1999b). As a
Our lineage tracings in Btsl misexpression experimentshimeric protein composed only of the SP1 zinc finger fused
strongly suggest that Btsl acts primarily within the neurato the activation domain of VP16 also resceagxpression
plate. The fact thapax2.1linduction is not observed in all (Schock et al., 1999b), and given the conservation of Bts1 and
ectopic btslexpressing cells in the anterior neural plate,Spl zinc fingers, Bts1 might simply not have sufficient activity
however, might indicate an indirect effect and/or that additionaio transactivate then promoter. A similar hypothesis might
factors or a community phenomenon must reinforce Btshold true for the failure of both Btsl and Spl to sustain the
activity. It will be most interesting to determine whether Btsldevelopment of intercalary and antennal segments (Wimmer
directly binds and transactivates th&x2.1promoter. et al.,, 1993; Schock et al.,, 1999b). Alternatively, in these
Finally, we show that Btsl can only indugex2.1 processes, Btd might need to interact with cofactors incapable
expression in territories anterior to the MHD. These resultef recognizing the divergent non DNA-binding modules of
suggest that Btsl needs to act in conjunction with spatiallptsl and Sp1.
restricted molecular partners to indupax2.1 expression, Taken together, our results indicate that Btd and Bts1 share
and/or needs to be alleviated from the dominant influence @xpression and function characteristics in their control of the
a posterior inhibitor. It will be of interest to determine whichdevelopment of a comparable boundary region of the embryo.
local factors are necessary to potentiate or inhibit Btsbtd and btsl might have diverged from a common ancestor

activity. involved in the development of posterior head territories, or
might have been co-opted during evolution in the fly and in

bts1 expression and the mid-hindbrain maintenance vertebrates. We favour the second hypothesis, as Bts1 is more

phase related in sequence to the extant subfamily of Sp factors,

During mid-hindbrain maintenance, expression of the differenincluding Drosophila Sp1, than to the Btd subfamily (which
mid-hindbrain markers become interdependent. In zebrafistomprises zebrafish members such as our clone g5). Our
pax2.¥hoitu29% mutants, all mid-hindbrain markers, including results therefore have interesting evolutionary implications as
fgf8, are completely downregulated between the 5- and 14hey strongly suggest that flies and vertebrates, by restricting
somite stages (Lun and Brand, 1998)fdf8acemutants, all  to the head-trunk or mid-hindbrain junction the expression and
markers tested, includinmpx2.] also begin to be affected at a functional domain of a Btd/Sp-family member, have
similar stage (Reifers et al., 1998). These results point to iadependently developed a similar strategy to pattern
regulatory loop involving Pax2.1 and Fgf8 functions duringcomparable territories. Whether Btsl and Btd are part of a
mid-hindbrain maintenance. However, the mid-hindbrainconserved molecular cascade awaits further analysis; we note,
phenotypes ohoi and ace mutants are clearly different, in for example, thatol has no vertebrate homologue expressed
particular as regardstsl expression. Indeed inoi mutants  at the mid-hindbrain junction (Garel et al., 1997; Bally-Cuif et
bts1 expression is affected and completely downregulatedl., 1998; Dubois et al., 1998).

within the same time-frame as other mid-hindbrain markers, Finally, Bts1 might be an interesting tool to approach other
whereas it remains unperturbedaireuntil late somitogenesis. evolutionary questions. For example, the existence or the
The most likely explanation for this finding is thhtsl  secondary loss of a MHD-like territory in cephalochordates
expression is only transiently dependent on Pax2.1, requirirfgave been questioned, based on the non-expresdrax2/b/8
Pax2.1 function at early somitogenesis only but not after thand on the late onset of expressiorenfhomologues at this
five- to ten-somite stage. Enough Pax2.1 activity would bé&P level in Amphioxus(Holland et al., 1997; Kozmik et al.,
spared inace mutants until that stage to allow fditsl  1999).Amphioxus btslas it acts upstream of the ‘traditional’
maintenance. Thus, our results highlights the existence of midldHD maintenance loop that involves Pax and En, might help
hindbrain markers that only transiently require, and themesolve this issue.

escape, the Pax2.1/Fgf8 regulatory loop (see also Reifers et al.,
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