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SUMMARY

We have identified a novel Iroquois (Iro) genejro7, in neurons in the trigeminal placode. In addition, a
zebrafish iro7 is expressed during gastrulation along with  knockdown of both irol and iro7 genes uncovered their
irol in a compartment of the dorsal ectoderm that includes essential roles in neural crest development and
the prospective midbrain-hindbrain domain, the adjacent establishment of the isthmic organizer at the MHB. These
neural crest and the trigeminal placodes in the epidermis. results suggest a new role for Iro genes in establishment of
The irol and iro7 expression domain is expanded in an ectodermal compartment after Wnt signaling in
headlessaand masterblindmutants, which are characterized vertebrate development. Furthermore, analysis of activator
by exaggerated Wnt signaling. Early expansion afol and  or repressor forms ofiro7 suggests thatrol and iro7 are
iro7 expression in these mutants correlates with expansion likely to function as repressors in establishment of the
of the midbrain-hindbrain boundary (MHB) domain, the isthmic organizer and neural crest, and Iro genes may have
neural crest and trigeminal neurons, raising the possibility — dual functions as repressors and activators in neurogenesis.
that irol and iro7 have a role in determination of these

ectodermal derivatives. A knockdown ofiro7 function Key words: Midbrain-hindbrain boundary, Trigeminal ganglia,
revealed that iro7 is essential for the determination of Neural crest, Patterning, Compartment, Morpholino, Zebrafish

INTRODUCTION these genes during development. During early development,
these genes appear to have a role in defining the identity of
The Iroquois (Iro) genes were discoveredDrosophilafor  large territories. IrDrosophilatheir early expression defines
their role in formation of sensory bristles in the dorsaldorsal eye, head and mesothorax territories (Cavodeassi et al.,
mesothorax or notum of the fly (Dambly-Chaudiere and Leyns]999; Cavodeassi et al., 2000; Diez del Corral et al., 1999).
1992; Leyns et al., 1996). Further studies showed that the Itaater, the Iro genes have a role in the subdivision of such large
locus encodes factors essential for the expression of proneutatritories into subdomains. For example, while they have an
genes in theachaete-scutecomplex that are necessary for early role in defining the entire notum, later the Iro genes are
determination of sensory organ precursors (Gomez-Skarmetequired to specify the identity of the lateral notum where they
et al., 1996)Drosophilahas three Iro genesraucan(ara), are essential for expression of proneural genes and sensory
caupolican(caup andmirror (mirr), and together they form bristle formation (Diez del Corral et al., 1999).
the Iroquois complex (Iro-C). Molecular characterization of the Analysis of Iro function inXenopushas shown that these
Iro genes inDrosophila has allowed the identification of genes have similar roles in vertebrate development. The early
homologs inC. elegansand several vertebrates, including expression oXirol and Xiro2 in the dorsal ectoderm at the
Xenopusmouse, zebrafish, chick and human (Bao et al., 199%eginning of gastrulation and the effects of ectopic expression
Bellefroid et al., 1998; Bosse et al., 2000; Bosse et al., 1999¢f Xirol are consistent with an early role in establishment of
Christoffels et al., 2000; Cohen et al., 2000; Funayama et ahgeural fate in a large territory of the dorsal ectoderm (Gomez-
1999; Gomez-Skarmeta et al., 1998; Goriely et al., 199%karmeta et al., 2001). At a later stage, expressioXirol
Kudoh and Dawid, 2001; Ogura et al., 2001; Peters et al., 2008nd Xiro2 becomes restricted to two stripes within the neural
Tan et al., 1999; Wang et al., 2001). The Iro genes encog#ate that extend caudally from midbrain-hindbrain boundary
proteins that show a strong similarity in their homeodomairfMHB). Expression ofXirol and Xiro2 in this restricted
and all contain a characteristic motif named the Iro box. Basedbmain along withXiro3 suggests a late role in determining
on these features, the Iro products constitute a unique classtbé expression of the proneural gexenopus achaete-scute
proteins within the TALE super-class of atypical homeodomaitomolog 3(XASHJ in a specific subdomain of the neural tube
proteins (Burglin, 1997). where neuronal precursors may be generated (Bellefroid et al.,
Analysis of Iro function in many developmental contexts andl998; Gomez-Skarmeta et al., 1998). These studies suggest
different model systems has now defined a broader role fdhat vertebrate Iro genes function to establish cell fate in the
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neural plate in a manner that is similabt@sophila However,  subcloned into the pCS2+ vector. To generatér&@#4D and VP16-
loss-of-function studies have not defined how Iro genego7HD, we amplified a fragment by PCR with primers 5
contribute to development of specific territories in theCCGCTCGAGCCGTATCACCAAGCTCTCCTCGGA3 and 5
neurectoderm during deve'opment_ GCTCTAGATTTTCCTTTGGACGCCCAGCT—'3 The _ampllfled
In this study, we have examined roles of two zebrafish Irdf@gment was digested wiXhd andXbd, and subcloned into pCS2-

genesirol and a novel Iro family membearp7. We focus on n or pCS2-VP16 (Kawahara et al., 2000). To miik&rol andAN-

h lated i th le of th . . Iro7 constructs that lacked the morpholino antisense oligo (MO1 or
WO related Issues, the role of these genes Iin neurogenesis 7)-binding site, fragments were amplified by PCR using primers:

their role in determining the development of a large territorng _cGGGATCCATGGAGGGAAGCTCGGACAACAGCGCA 3and
in the neurectoderm. We characterized their ability to inducg.GCTCTAGAAGAAATTGTCTTCAAAGCGCGTTGTG-3for the
expression of the proneural gensgurogeninl(ngnl) and  AN-irol construct, 5CGGGATCCAACTTCTTCATGGACAGAA-
examined how a knockdown of these genes affects th&CATCAACATG-3' and 3-CGTCTAGAAGTTGACTTTGTTTGA-
development of tissues within an anteroposterior compartme@AAGGTCGTGTGT-3 for the AN-iro7 construct, and they were
defined by their early expression. Finally, by exploitingsubcloned in th&anHI/Xbd sites of the pCS2+ vector.
repressor or activator fusions, we determine how thesrerz]

homeodomain proteins affect transcription of target genes. RNA and morpholino antisense oligo injection

For microinjection of mRNA, constructs were linearized and
transcribed with SP6 RNA polymerase using the mMessage
mMachine Kit (Ambion). For injection of wild typeol, iro7, En-

MATERIALS AND METHODS iro7HD and VPwo7HD mRNA, we injected those mRNA into
) ) embryos at thel6-64 cells stage to prevent gastrulation defects.
Zebrafish maintenance and mutants Morpholinos (Gene Tools) were resuspended in DEPC water and

Zebrafish were raised and maintained under standard conditions. $tored at —20°C. The sequences of the morpholinos used were
collect maternal zygotibeadles®881mutant embryos, heterozygous 5-GCGTGGAGAGGACGGCATTACACCC-3 for irol and 5-
males and homozygous females were crossed (Kim et al., 2000). GBCAAACCCCGTTGATGAAGCAGGCA-3 for iro7. The oligos

this study, we also usedo isthmus(noiv299 and acerebellar ~ were injected into one- to two-cell stage embryos.

(acéi2828 mutants (Brand et al., 1996; Lun and Brand, 1998; Reifers

et al., 1998). In vitro translation
o ) ) Irol and Iro7 protein were synthesized in the presence or absence of
Identification of iro1 and iro7 morpholino forirol or iro7 using TNT coupled reticulocyte lysate

irol was cloned during a random in situ based scr@eii. was  systems (Promega). Proteins were made from G®2+and CS2+
initially identified as an EST (fc24a10) as an unknown Iro familyiro7 plasmid (0.5ug each) and labeled witR55] methionine. After
gene. To obtain the' Begion ofiro7, 5 RACE was performed using the translation reaction was complete, reaction mixtures were subject
a tailbud cDNA library made by the SMART RACE cDNA to SDS-PAGE. The dried gel was exposed to X-ray film.
amplification kit (Clontech). Sequences were deposited in GenBank

under Accession Numbers AF41413B7) and AF414134if01).

Sequence alignment was analyzed by J. Hein’s method with PAM25RESULTS

residue weight table using DNASTAR softwaire7 was mapped on

the LN54 radiation hybrid panel (Hukriede et al., 1999) using thec|oning of zebrafish irol and iro7

primers 5-AAATCTGACGAGGAGGATGAGGAAGAAGAG-3 and

5 TTCATTGACTTIGTTTGAGAAGGTCGTGTG-3 We identified two zebrafish Iro geneisol and iro7 in a
zebrafish EST database and in an in situ-based screen for genes

Whole mount in situ hybridization, antibody or B- with interesting expression patterns (Kudoh et al., 2001). A

galactosidase staining full-length 1.9 kb cDNA encoding 419 amino acidsrofl. was

Forirol, full-length cDNA was used as a template for making RNAobtained from the plasmid library used for the in situ-based
probe ¥hd/T7). For iro7, the 3 region of a cDNA containing screen. 5SRACE was performed with a tailbud stage library to
approximately 750 bp was used for making RNA praballSP6).  obtain the full coding sequence fies7. This yielded a 1.3 kb
Zebrafishgbx1was found by EST search (fj77a06) and the codingcDNA encoding 314 amino acids i067.

fragment was subcloned into pCRIITOPO for RNA probe synthesis The two uncharacterized Iro genes were identifiedtcds

(Notl/SP6). Other plasmids that have been used to make in situ probgﬁd ir07 based on a comparison of their sequences with

have been published previouslytx2 (Li et al., 1994; Mori et al., . : = ; .
1994), pax2.1(pax2a— Zebrafish Information Network) (Krauss et previously identified members of the Iro family. Comparison

al., 1991)hoxb1h(Alexandre et al., 1996)gn1(neurod3- Zebrafish  Of irol with other members of family indicates thaxl is the
Information Network) (Blader et al., 1997; Kim et al., 199ky6  Irx1 ortholog with overall amino acid similarity of 47.6% and
(foxd3 — Zebrafish Information Network) (Odenthal and Nusslein-44.0%, toXirol and mousdrx1, respectively. Zebrafisiol
Volhard, 1998),krox20 (egr2 — Zebrafish Information Network) was independently characterized by another group that came
(Oxtoby and Jowett, 1993huC (elavi3 — Zebrafish Information  to the same conclusion (Wang et al., 2001). Howéneat,has
Network) (Good, 1995; Kim et al., 1996) agedta2 (Detrich et al., a sequence that is very divergent from the six previously
1995). Double in situ using digoxigenin- and fluorescein-labeled RNAyascribed Irx orthologs and so has been designatizd7ast

probes and antibody staining were performed as described (Itoh al ; :
Chitnis, 2001; Jowett, 2001). To detetgalactosidase activity, E%zlalffegi‘%edr;métb:lenzlggi)p endently characterized by Lecaudy

embryos co-injected with various synthesized mRNA, were fixed in

4% paraformaldehyde overnight at 4°C and stained by either X-gal . : .
salmon@-D-galactoside (Biosynth). (?nggr;?izﬁ be a novel paralogue of irol and iro3 in

Constructs Analysis of the human and mouse genome has suggested that
irol andiro7 cDNA fragments encoding full-length protein were there are a total of six Iroquois (Irx) family members in
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Fig. 1. Sequence alignment of zebrafish and mouse Iroquois proteins. A

(A) Schematic structure of Irol and Iro7. HD, homeodomain; IRO, 1 57 90 153161 259 281 419
Iro box. (B) Alignment of zebrafish Irol, Iro3, Iro5 and Iro7 (zirol, irol | | | HD " I |
3, 5 and 7), and mouse Irx1-Irx6 (mlrx1-Irx6) in part of the N- Iro

terminal domain and the homeodomain (blue shaded box in A); 67 102 166174 250272 314

broken line represents the homeodomain. (C) Alignment of zebrafish

and mouse Iro genes in the IRO box domain (green shaded box in Iro7 Ho

A). Brackets in the right margin show orthologs and paralogs with
most similarity (B,C). (D) Percentage similarity of amino acids

between mouse Irx (MUS IRX1-IRX6) and zebrafish Iro (ZEF Irol, B
Iro3, Iro5 and Iro7) proteins in the region shown in B. Each mouse

i S T e RS e a e e o e GMGSL ----- G mIrx5 —]

Irx from the IrxA cluster is shown together with its paralog from the v omlalg sT----- G ziros |
\ MTGATI - - - - - S mIrx2

IrxB cluster. TR L AT[AAAFP[HPH[PA ml:is =

L ————FAHHHPAziroB_

mammals (Ogura et al., 2001; Peters et al., 2000). The s 3 o ¢ B s N
1 i i 1 1 L LIL[G - - - - R G G|P|Y [ziro7Z

murine genes are in two tightly linked complexes with three < ,Z‘HP I A ;}534]
genes in each clustdrxl, Irx2 andlrx4 are on chromosome F sll- - - - - T Q P Glal nTrxe

13 and form the IrxA cluster, while their respective paralogue

PLG A T| mIrx5 =]
Irx3, Irx5 andIrx6, are on chromosome 8 and form the IrxB hLs ATfziros
cluster (Peters et al., 2000). - - A T| mIrsd =
Phylogenetic analysis of the six murine Irx genes wa: Tl A B
facilitated by comparing their amino acid sequence ir . A7) —_
two relatively conserved domains, the N-terminal anc ALS A T| mIrx4
homeodomain region [Fig. 1A (shown in blue), Fig. 1B] and ~ —FrFTTLerarpRveevelssAcu-Rend e
the Iro box domain [Fig. 1A (shown in green), Fig. 1CJ. We [0 T Cr e T T e
compared these two regions in the six murine Irx genes wit  [RI AIT[AITLKAWLNEHRKNPYPTK 17| nirz ]
corresponding domains of zebrafishl, iro3, iro5 andiro7 RESTSTLKANISIE HRKNDY b TK 1| vires
(Fig. 1B,C). We found that zebrafigi1, iro3 andiro5 have REMTeTt E:mgg:ﬁ ARSI 11 e ]
most similarity (Fig. 1D, shown in red) with their mouse RESTSAILKAWL|S|EHLIKNPYPTK [ 7| ziro7
orthologsirx1, Irx3 and Irx5, while the next best similarity T ST KA aE R NPT 11 e ]
(Fig. 1D, shown in blue) is with mouse paralégs, Irx1 and R AL L AN S SR R
Irx2, respectively. Howeveriro7 is less similar to other KMTLTQVSTWFANARRRLKKENKMT ziros |
members except in the homeodomain (Fig. 1B, broken liN€  |ku1 i ToveTwranannnbkKken ninG =
and Iro box (Fig. 10). | LTy ST AN ARRR LXK T e
In zebrafish, map locations afol, iro3 and iro5 are KMTLTQVSTWFANARRRLEKKE NIEJEI_‘Q zirol _|
consistent with the genomic organization described in mous |5 49 LTy STHEANARRRL KK ENRYS e
Zebrafishrol maps to Linkage Group (LG) 19, while zebrafish KMTLTOQVSTWFANARRRLKKENKMT mirx6
iro3 andiro5 map together on LG7, suggesting that, like3
andlIrx5 in mouse, the later are members of one cluster (Wan
et al., 2001). Interestinglyto7 does not map to either LG19 KV xS
or to LG7, but to LG23, close to Z5526 on the LN54 radiatior ke ;};gg]
hybrid panel where it is not clear ifo7 is a part of an NP mIrx3
additional Iro gene cluster or whether it reflects a break up ¢ R ziros ]
an extant cluster that might have occurred during teleos Ziroy
evolution. A[T mIrxd
E mIrx6
Expression patterns of irol and iro7
Expression ofirol andiro7 begins around the dome stage. D
Whole-mount in situ hybridization shows thail is almost
undetectable at the dome stage, while in some embobs MUS MUS — MUS  MUS — MUS  MUS

widely expressed at low levels (Fig. 2A,J). By the shield stage R IRXE IR RS IR IRXG

R K ) A B A B A B
their expression becomes more clearly defined and both ger _
are expressed in a similar pattern in two distinct domains ¢ ZEFirol | 830 775 657 684 680 644
the embryo. They are expressed in the dorsal epiblast whe ZEFiro3 | 819 941 706 747  69.9 703

their expression includes the prospective neurectoder!
(Lecaudey et al., 2001; Wang et al., 2001) and adjacent to tl
lateral margin in the hypoblast where their expression i ZEFiro7 | 670 640  59.4 624 587 617
excluded from the shield (Fig. 2B,K).

At 75% epiboly, although expression wdl andiro7 is
transiently retained at the anterior edge of the neurectodermidbrain-hindbrain region (Fig. 2C,L). The limits of this
(data not shown), it is lost from much of the rostralexpression domain were defined by comparison with genes
neurectoderm and it becomes prominent in the prospectivexpressed in various compartments of the forebrain, midbrain

ZEFiro5 | 69.0 723 89.3 97.0 679 673
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irol By tailbud stage, differences in expression of the two genes
A B C become more apparent. While bathl andiro7 continue to
’ . be expressed in the prospective midbrain-hindbrain regadn,
amn . ; expression expands at its lateral margins caudally into domains
where peripheral ganglia will develop; in addition, its
dome shield 75% expression begins in the caudal neurectoderm (Fig. 2D,M). By
early somitogenesis, a gap in expression at the midbrain-
hindbrain boundary (MHB) splits midbrain-hindbrain
expression ool andiro7 into two subdomains (Fig. 2E-G,N-
P). Both genes are expressed in a subdomain rosjpakfhl
in the midbrain. Expression afol just caudal topax2.1l
identifies a caudal subdomain in rhombomere 1 (Fig. 3K,0).
Comparison wittkrox2Q which is expressed in rhombomeres
3 and 5, reveals a caudal subdomainiro? expression in
rhombomeres 3 and 4 (Fig. 3P), and expressidrodfin the
caudal neurectoderm beginning at rhombomere 5 (Fig. 3L). As
somitogenesis continues, expressionirofl remains over a

iro7 broad area as its _expression extends intq the deve_loping c'audal
J K — neural tube, whiléro7 becomes progressively restricted (Fig.
. A 2F-1,0-R).
& e Consistent with a role for Iro genes in controlling the
expression of vertebrate proneural genesl andiro7 are
dome shield 75% expressed in partially overlapping patterns that cover many
N (9] domains ofhgnlexpression in the neurectoderm at the tailbud
stage (Fig. 3I,M)irol andiro7 expression extends laterally
, & i‘ outside the neurectoderm to include domains nginl
B e \ 5s expression in develo_ping tr_igemina_l placodes_ _(Fig. 31L,M,
arrowhead). Just medial to this domain, expressiambfand
P Q & R a iro7 overlaps with expression tKd6, a marker of premigratory
"l - .)J neural crest cells (Odenthal and Nusslein-Volhard, 1998) (Fig.
T i 3J,N). In the caudal neurectoderm, expressiamaf but not
5s 24h 24h iro7, overlaps withngnl where this proneural gene defines
longitudinal proneuronal domains where early neurons
Fig. 2. Expression patterns @bl andiro7 at early embryonic differentiate (Fig. 3l).
stages. (A-1Jrol expression. (J-Rjo7 expression. (A-C,J-L) Dorsal
view of irol andiro7 expression at blastula and gastrula stages. The size of the irol and iro7 expression domain is
Anterior is towards the tofrol andiro7 show similar patterns of expanded by exaggerated Wnt signaling
_expressi_on until the !ate gastrula_ stage. (D-G,M'P) Dorsal view of irol andiro7 are expressed in a caudal Compartment of the
irol andiro7 expression at the tailbud stage (TB) and early anterior neurectoderm that includes the prospective MHB

segmental stages (2s, 2 somites; 5s, 5 somites), anterior towards th

left. (G.P) Viewed from side. Expressionifl andiro? begins to Gomain, the adjacent neural crest and trigeminal neurons. In

diverge by the end of the gastrula stage. At 24 hours post fer’[iIizatiom"’ltem"JlI zygotic (MZ)hdI_ mutants, f.a"“re to repress Wnt
(24h) (H,i,Q,R), expression @bl is broad, whiléro7 expression is target genes adequately in the anterior neurectoderm leads to

much more restricted (H,Q, dorsal view; |,R, side view). exaggerated Wnt signaling and a rostral expansion of the
trigeminal neurons, the MHB domain and cranial neural crest,

identified by expression @ignl, pax2.landfkd6, respectively
and hindbrain at 80% epiboly. At this stage the domairodf (Kim et al., 2000) (Fig. 4C,D). Examination of MHdI
ard iro7 expression overlaps at its rostral edge with the mosnutants reveals expansion of thhel and iro7 expression
caudal expression aftx2, a marker of prospective forebrain domain (Fig. 4A, B), which becomes evident by 75% epiboly
and midbrainpax2.1 a marker of the prospective midbrain- (data not shown). It is likely that this expansion predominantly
hindbrain boundary (MHB) is expressed within the expressioneflects a shift in the rostral boundary wél and iro7
domains of both Iro genes (Fig. 3A,B,E,F) and their expressioexpression, as the expression of hindbrain markeyz20
overlaps withgbx1in the prospective hindbrain beginning at (Fig. 4D) andgbx1(data not shown) is not appreciably altered
rhombomere 1 (Fig. 3C,G). The caudal limit of fteel and  in hdl mutants. A similar expansion oifol and iro7
iro7 expression is defined bhoxbllh whose expression expression was observed nmasterblind(mbl) mutants (data
identifies neurectoderm caudal to rhombomere 4 (McClintockot shown) that are also characterized by exaggerated Wnt
et al., 2001). Its expression abutsl and overlaps slightly signaling, in this case due to a mutation arin, which
with iro7, whose expression extends slightly more caudallynormally promotes degradation @fcatenin, an effector of
thanirol at this stage (Fig. 3D,H). These comparisons showvnt signaling (Heisenberg et al., 2001). These observations
that by 80% epiboly, expression wbl andiro7 defines a suggest that the size of tivel andiro7 expression domain
compartment of the neurectoderm that extends from this determined by the level of Wnt signaling in the anterior
midbrain to rhombomere 4 in the hindbrain. neurectoderm.
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A 80% B 80% C 80% effects on CNS neurons have not yet been fully examined. To
knockdown iro7 function, MO7 was injected with mRNA
encoding an engineered formiaf7 (ANiro7) in which nine

irol otx2 irol pax2.1 irol gbx1 irol hoxb1b with MO7. Embryos were first injected with MO7 at the one-

E 0% F 80% G 80% H 80% cell stage so that both sides received the morpholino, and then

‘ in addition, one side was injected at the two-cell stage with
ANiro7transcripts). Embryos injected in such a manner
revealed that co-expression ANiro7 with MO7 led to a

fro? otxz iro7 pax2.1 iro7 gbx1 iro7 hoxb?b recovery ofngnl expression in the trigeminal placode (Fig.
5D). To show that reducedgnlexpression in MO7-injected
1s K = 5 L

' I show that effects of MO7 are specifically due to its ability to
N-terminal amino acids were deleted to prevent hybridization

“ “ “ ANiro7 and (-galactosidase mRNA (to detect distribution of
embryos prevents formation of trigeminal ganglia, MO1- and

MO7-injected embryos were examined at 24 hpf with an

antibody to acetylated-tubulin that identifies differentiating

neurons. Only MO7-injected embryos showed a loss of
iroMngn1 iro d6 neurons in the trigeminal ganglia (83#&,12) confirming that

iro7 has an essential role in determination of these neurons
IW"“' TB N 1s 0 2s (Fig. 5E-G).

iro7 can induce expression of ngnl as either an
- activator or repressor
2 . As a morpholino directed againsb7 reduced expression of
Iro7¥1kd6 ""’7 paxal o7 K20 n4n1in the trigeminal ganglia, we examined if ectopic
expression ofirol and iro7 promotes expression of this
proneural gene. Initially it was difficult to interpret the effects

W7 Bognt

Fig. 3.Double in situ hybridization defining the domaindrof. and
iro7 expression. Expression patternsrol (A-D,I-L) andiro7 (E-

H,M-P). (A-H) Double in situ hybridization withtx2 (A,E), with of ectopic irol and iro7 expression because widespread
pax2.1(B,F), withgbx1(C,G), and witthoxb1b(D,H) at 80% expression of those mRNA caused severe gastrulation defects.
epiboly. (I,M) At the tailbud stagépl andiro7 are expressed in This problem was overcome by injecting single cells relatively
partially overlapping patterns witignl (J,N) neural crest cells late in development to restrict the domain of ectopic
marked byfkd6 expression are within a domain whéwl andiro7 expression. Embryos injected with 50 ipgfl or iro7 mRNA

are expressed. (K,0) By early somitogenesis, expressicoiaind at the 16-to 64-cell stage and assayed at the tailbud stage
iro7 is excluded from the MHB region marked jpgx2.1 (L,P)irol revealed that both Iro genes could induce expressiomymf
andiro7 are expressed in different locations in the hindbiigdd: is in the neurectoderm ectoderm (Fig. 5D, data not shown) and

expressed in rhombomere 1 and caudally from rhombomere 5, whil
iro7 is expressed in rhombomeres 3 and 4. (A-P) Anterior towards
the top, dorsal view.

fhe ventral ectoderm where this proneural gene is normally not
expressediol: 95%,n=19;iro7: 100%,n=24) (Fig. 5L,M).

To determine ifirol andiro7 induce ngnl expression by
acting as activators or repressors, we made engineered forms
iro7 is essential for determination of trigeminal of iro7, expected to exclusively repress or activate Iro target
neurons genes. Plasmids encoding chimeric transcription factors (En-
Embryos were injected with antisense morpholino oligogro7HD and VPko7HD) were made by combining domains
complementary to the N-terminal @bl (MO1) andiro7  encoding the repressor domain of Engrailed (En) or the
(MO7) to examine the function of these Iro genes. Taactivation domain of VP16 (VP) with a fragment of iler
demonstrate that both MO1 and MO7 were effective ahomeodomain i07-HD) (Fig. 5K) (Conlon et al., 1996;
knocking-down translation of respective Iro transcripts, an ifkKessler, 1997). Though the chimeric constructs contained the
vitro translation assay was done to compare translationbf iro7 homeodomain, it was expected that the fusion proteins
andiro7 from plasmids (mixture of 0.8g each) in the presence would bind target sequences for other Iro family members
of different amounts of the morpholinos. Gels comparingoecause of over 86% similarity between Iro genes in the
expression of5S-labeled Irol and Iro7 in the presence ofhomeodomain.
increasing concentrations (from 12.5 ng to 4295 of either The effects of Enro7HD and VPwo7HD on ngnl
MO1 or MO7 showed that each morpholino specificallyexpression were surprising: both repressor and activator forms
inhibits translation of the targeted Iro gene in a dose-dependeoitiro7 were capable of inducing ectopignlexpression and
manner (Fig. 5J). the pattern of ectopingnlinduced was unique in each case.

Examination ofngnlexpression in injected embryos at the Like irol andiro7, 50 pg of Enfo7HD mRNA effectively
one-somite stage revealed that 10 ng MO1 has no effect @mducedngnlexpression in the ventral ectoderm (969427)
expression oignlbut 10 ng MO7, directed againgi7, leads (Fig. 5N). However, in contrast to the widespread or patchy
to a loss ofngnl expression in the developing trigeminal expression induced kyol andiro7, respectively (Fig. 5L,M),
ganglia (95%, n=22) (Fig. 5A-D). MO7 also affected ngnlexpressioninduced by Ere7HD in the ventral ectoderm
expression ohgnlin developing neurons within the neural was typically in a discrete salt-and-pepper pattern (Fig. 5N).
plate, including those in rhombomeres 2 and 4; however, tHajection of 50 pg of VRro7HD mRNA had very different
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A wi hdl 6D). In addition, the reduction ifkd6 expression induced by
“ MO1 and MO7 was suppressed by co-injection of modified

K irol andiro7 transcripts ANiro1/7) that lacked the N terminal
‘. . Fig. 4. Rostral expansion of sequences that the morpholinos were targeted against (Fig. 6E,
iro1 trigeminal ganglia, the MHB arrowhead). These observations suggest that the overlapping

B WE hgy  domain, and the premigratory  expression ofirol and iro7 determines the fate ofkd6
neural crest cells correlates expressing neural crest cells in a partially redundant manner.
with expansion oirol and Embryos injected with 50 pg of wild-type1 or iro7 mRNA,
|f?BmEheadles_,z{hdl)ﬁmlutants. however, did not show much ectopitkd6 expression

iro7 E AS a)n d)i(r%gafél)oig 2xgan ded suggesting that_whilg _expressio.ni_m‘l an(_jiro7 is.necessary_
; for fkd6 expression, it is not sufficient to induce its expression

C wt A rostrally inhdl mutants at the . ; -
tailbud stage. (C-E) The (Fig. 6H,1). Activator and repressor formsiaf7 revealed that

trigeminal ganglia (C), MHB they have opposite effects on neural crest formation: 50 pg of

domain (D) and neural crest En4iro7HD mRNA induced a small increasefiku6 expression

(E), marked respectively by (Fig. 6J, arrowhead), while 50 pg of \ie7HD mRNA

ngnlexpression at the one- reduced expression of this neural crest marker (82983)

somite stage (Cpax2.1atthe  (Fig. 6K). These observations suggéestl and iro7 act as

D wt N hdl
\ g \J three-somite stage (D) and repressors to determine formation of the cranial neural crest.
] 3 4 fkd6at the tailbud stage

(E), are expanded rostrally in  jro7 and iro7 are essential for formation of the

pax2.1/krx20 hdl mutants. Expression of ; T ; ;
krox20(krx20) in the hindbrain Midbrain-Hindbrain boundary and establishment of

- . P

ngni

E wt \,,. hdl is unaffected imdl (D). Red the |sthm.|c organizer - . - _
' arrowheads indicate anterior ~ TO examine the role dfol andiro7 in establishment of the
H limit of expression of each MHB domain and function of the isthmic organizer, we
s gene in wild-type embryos for  examined the effects of morpholinos, MO1 and MOQO7, on
tkd6  comparison. expression of genes that identify this domain at 24 hpf.

Injection of 10 ng of MO1 or MO7 alone had subtle effects on
effects. It was ineffective at inducing ectopignl in the  expression oeng2 pax2.] fgf8 andwntl, while injection of
ventral ectoderm but was able to induce widespread ectoping each of MO1 and MQO7 resulted in significant reduction
ngnlexpression within the neurectoderm (100%424) (Fig.  or absence of their expression at the MHB domeiig2 69%,
50). These data suggest that both activator and repressor forn¥sl3; pax2.1 87%,n=15; fgf8 82%,n=11; wntl 92%,n=12)
of iro7 can induce ectopingnlbut they may achieve this by (Fig. 7A-D). Injection of MO1 alone also resulted in some
slightly different mechanisms in the ventral and dorsadecrease ireng2expression (Fig. 7A). Co-injection of MO1
ectoderm. and MO7 not only resulted in a lossdx2.1 fgf8 andwntl

Previous studies have shown thétol can function as a expression in the MHB domain it also altered their expression
repressor to inhibit BMP expression and neuralize thén the forebrain and hindbrain. The morpholinos exparfigh&d
ectoderm (Gomez-Skarmeta et al., 2001). One possibility isxpression in the forebrain and maue2.1lexpression in the
that irol, iro7 and the repressor Hre7HD induce ngnl  forebrain and otic vesicles more prominent (Fig. 7B,C). In part,
expression in the ventral ectoderm by inhibiting BMP signalinghe effects onpax2.1 expression in the forebrain and otic
and neuralizing the ectoderm. Consistent with this possibilityesicles may be accounted for by the slight delay in
irol, iro7 and En-iro7HD can inhibit expression of a BMP development caused by the injection of morpholinos, as at a
target genegata2in the ventral ectodermirgl: 85%,n=39; slightly earlier stage of development expressiopax2.1lis

iro7: 93%,n=30; Eniro7HD: 77%,n=30) (Fig. 5 P-S). normally prominent in these domains. MO1 and MO?7 injection
_ _ . also disrupted segmentaintl expression in rhombomeres
irol and iro7 are necessary but not sufficient for (Fig. 7D).

determination of neural crest fate To address how eariyol andiro7 work together in MHB

The expression dfol andiro7 in a compartment that defines formation, we examined embryos at the tailbud stage. We
where trigeminal neurons, the neural crest and the MHBound injection of MO1 and MQO7 together leads to a specific
domain are located raised the possibility that these Iro genesduction ofpax2.1lexpression (67%m=12) (Fig. 7E) without
not only have a role in determination of trigeminal neurons butausing a change ntlandfgf8 expression (data not shown).
they also regulate development of adjacent tissues in thihe reduction ipax2.lexpression induced by MO1 and MO7
compartment. To test this hypothesis, we examined the effeatg|as suppressed by co-injection dWNirol/7 (Fig. 7G,
of irol andiro7 morpholinos on development of the cranial arrowhead). However, injection of 50 pgl mRNA resulted
neural crest and the MHB domain. in ectopic expression of bothax2.1and fgf8 at the tailbud
Embryos injected with 10 ng MO1 showed a small decreasgtage pax2.1 100%,n=14;fgf8 95%,n=19), while it had little
in fkd6 expression, while injection of 10 ng MO7 resulted ineffect onwntl expression at this stage (Fig. 7H). Ectopic
little change; however, when 5 ng of MO1 and MO7 each werexpression of 50 pgo7 mRNA also inducedgf8 expression
simultaneously injected, there was a clear reductiofkdf  (73%,n=26), however, it had no effect on expressiopax2.1
expression in the neural crest (888625) (Fig. 6B-D). The and in some embryos it reduced expressiowrtdfl (Fig. 71).
specificity of this effect was revealed by the observation that As with injection ofirol mRNA, injection of 50 pg of En-
the morpholinos never affected axial expressiofkd6 (Fig.  iro7HD mRNA initiates ectopic expression judix2.1andfgf8,
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Fig. 5. The role ofirol andiro7 in neurogenesis. (A-H) A knock-
down ofirol andiro7 with morpholino antisense oligos MO1 and
MOY7 reveals thaito7 is essential for expression of thgnlin
trigeminal ganglia. Expression n§nlin trigeminal ganglia (black
arrowhead) is similar in uninjected (A) and MO1-injected embryos
(B). Injection of MO7 leads to a loss mfinlexpression in the
trigeminal ganglia (C, open arrowhead). The knockdowiro@fby
MO7-injected at the one-cell stage is rescued on one side by co-
injection withANiro7 mRNA (D). ngnlexpression in the trigeminal
is not lost (red arrowhead) on the side injected witliro7 andlacZ
mRNA, while it is reduced on the side MO7 was injected without
ANiro7 RNA (open arrowhead). The distribution of co-injected
mRNA is visualized with a blue X-gal reaction product. (E-
G) Examination of embryos at 24 hpf with an acetylatedbulin
antibody reveals trigeminal neurons (black arrowhead) in uninjected
and MO1-injected embryos but not in MO7-injected embryos
(G, open arrowhead). (H,l) Expressionngfnlin trigeminal ganglia
) in hdl mutants (H, black arrowhead) is expanded to the anterior but
J ~MOiro1  MOiro7 K LTI iro7wt its expression is lost in MO7-injectéd| mutants (I, open
| arrowhead). (J) Antisense morpholinos specifically blazkand

ot S Hlll S, vPis-romio iro7 translation. Radiolabeled proteins, Irol and Iro7, were
synthesized simultaneously in vitro in the presence of an increasing
log molar ratio (1&-10% of morpholinosjrol (MO1) oriro7 (MO7),
and were run out on a SDS-PAGE gel. Lane 1: control, no
morpholino. Increasing amounts of MO1 (lane 2-5) and MO7 (lane
6-9) lead to a specific reduction in the synthesis of Irol and Iro7
protein, respectively. (K) Structure of two artificial constructs; top,
wild-typeiro7; middle, VP16ko7HD, the homeodomain @fo7 was
fused to the activator region of VP16 herpes simplex virus (blue
box); bottom, Enro7HD, the homeodomain @fo7 was fused to the
DrosophilaEngrailed repressor region (red box). Purple box
represents acidic region; green represents the Iroquois box. (L-
0) Ectopic expression @fol andiro7 mRNA induces relatively
broadngnlexpression in the ventral ectoderm (arrowheads in L,M).
En-iro7HD mRNA inducesignlexpression in a salt-and-pepper
pattern in the ventral ectoderm (N), while VAi&GZHD mRNA is
more effective at inducing broadjnlexpression within the neural plate (O). (L-O) Anterior is towards the left, side view. Broken lines show
the boundary between neural plate and ventral ectoderm. Embryos are at the three-somite stage. Distribution of ectopicark@NAysred
salmon-Gal staining to detect co-injected nucfegalactosidase activity. (P-S) Expressiomafta2is reduced inrol (Q), iro7 (R), En-
iro7HD (S) mRNA injected embryos when compared with uninjected control embryos (P). Embryos are at tailbud stage and viewed from
ventral side.

tubulin

‘

" ngnt

- 1
irol= o= == =—
iro7- grere T En-iro7HD

but notwntl (pax2.1 94%,n=17; fgf8 82%,n=17) (Fig. 7J). of pax2.landfkd6in MZ hdl mutants injected with MO1 and
By contrast, injection of 50 pg ViG7HD mimics the MO7, andngnlin mutants injected with MO7 alone. The
combined effects of the two morpholinos. It prevents formatiomnterior expanded expression fdx2.1(100%, n=19), fkd6

of the isthmus or the constriction between midbrain anq95%, n=21) and ngnl (100%, n=16) was inhibited in
hindbrain (Fig. 7L), and inhibits expressionpaix2.1 fgf8and  morpholino-injected embryos, supporting the hypothesis that
wntl, genes that mark the isthmic organizer at 24 pak2.1  expansion of the MHB domain and adjacent tissues is
100%, n=28; fgf8: 89%, n=19; wntl: 83%,n=6) (Fig. 7K,M  dependent on expanded expressioiadf andiro7 in mutants
and data not shown). These data suggesirdiatindiro7 are  with exaggerated Wnt signaling (Fig. 5H,l, Fig. 6F,G, Fig. 7F).
likely to function as repressors in initiating establishment of

the MHB domain and the isthmic organizer.

DISCUSSION
Expansion of the MHB domain and adjacent tissues
in hdl mutants is dependent on the function of  Jrol Iro genes and primary neurogenesis
and iro7 We have identified two zebrafish Iro genies] and a novel

Expansion of the MHB domain and the adjacent trigeminatebrafish Iro family membeio7, that are expressed during
ganglia and neural crest correlates with early expansimolof gastrulation in a dorsal compartment of the ectoderm. This
andiro7 in hdl and mbl mutants, and establishment of thesecompartment includes the prospective MHB domain, the
tissues appears normally dependentroh andiro7 function  adjacent cranial neural crest and neurons of the trigeminal
(Fig. 4A-E). These observations suggest that expansion of tlganglia. Our initial motivation in this study was to examine the
MHB domain and adjacent tissues is due to the early expansioole of these Iro genes in neurogenesis and in formation of the
of irol andiro7 gene expression in mutants with exaggeratedrigeminal neurons. Ectopic expression of bimtti andiro7

Whnt signaling. To test this hypothesis, we examined expressidad to ectopic expression oignl and a knockdown oiro7
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wt MO1 MO7 MO147 suggest tha?rol andiro7 are not jyst involved in regulating
A Lt B B c - D neurogenesis but are also essential for normal development of
o - B JR— an anteroposterior compartment of the dorsal ectoderm. This
g conclusion is consistent with the emerging view that Iro genes,

_ both in the fly and vertebrates are required at early stages of
fkdé ; e '
development to define large territories (Cavodeassi et al.,

fkdé fkdle
i G hdliMO1+7 2001). However, this is the first loss-of-function study to define
F ot - how Iro genes contribute to development of a large territory in
'(P"’"’"”"’ P -
e v t} 'y

"

the ectoderm during early vertebrate development.

Patterning of the neurectoderm by Wnt signaling
mediated by Iro genes

Wnt signaling patterns the neurectoderm along the
anteroposterior axis (Patapoutian and Reichardt, 2000). During
early gastrulation, regulation of Wnt signaling plays an
essential role in establishing forebrain, eye, midbrain and MHB
territories in the anterior neuroectoderm (Bally-Cuif et al.,
Fig. 6.irol andiro7 act together as repressors in neural crest 1995; Glinka et al., 1998,_He|senberg et al,, 2001; Kim e_t al.,
formation. A combination of both morpholinos (MO1+7) causes a 2000). Genes that determine the fate of the most rostral tissues
strong reduction dfkd6expression at an early somite stage in the anterior neurectoderm are dependent on mechanisms that
(D) compared with either single morpholino MO1 (B), MO7 (C) or repress Wnt signaling, while genes expressed in relatively
uninjected control embryos. (Ed6expression is recovered (red caudal domains are dependent on relatively high levels of Wnt
arrowhead) byANiro1 andANiro7 mRNA co-injection in signaling. Ineffective repression of Wnt target gene$idh
MO1+MO7-injected embryos. (F, G) Expressiorfiaf6in hdl mutants or reduced destruction of a Wnt effectormihl
mutants (F) is expanded to the anterior but its expression is lost in mytants leads to exaggerated Wnt signaling in the anterior
MO1 and MO7 co-injectetid mutants (G). Injection dfol (H) and  peyrectoderm (Heisenberg et al., 2001; Kim et al., 2000).
oo Increased Wnt signaing irhdl " and mbl_ mutanis s

b P accompanied by a rostral expansion 6l and iro7

anterior neuroectoderm (J, arrowhead). By contrast, injection of . . ) .
VP164r07HD mRNA represses endogenous expressidkdef(K). expression, suggesting that, as recently reporteifot in

The distribution of injected mRNA is visualized with red salmon-Gal XenopugGomez-Skarmeta et al., 2001), Wnt signals regulate
staining. All embryos are viewed from dorsal side and anterioris  the size of the territory where these Iro genes are expressed.
towards the left. Loss-of-function studies in wild-type anddl mutant
backgrounds suggest that the territory icdl and iro7
expression not only defines the region within which trigeminal
function led to a clear reduction ingnl expression and neurons, neural crest and the MHB domain are formed but the
differentiation of trigeminal ganglia. Together, thesefunction of these Iro genes is essential for the development of
observations suggest thato7 has an essential role in these tissues. These observations suggest that Wnt signaling
determining the fate of trigeminal neurons and that its ectopidefines the identity of a caudal compartment of the anterior
expression accounts in part for the expanded distribution afeurectoderm through the functionimfl andiro7.
these neurons ihdl mutants. The knockdown afo7 also
affected distribution ofignZin the midbrain-hindbrain region; irol and iro7 are essential for establishment of the
however, these effects have not been analyzed at this stage. T$i@mic organizer
knockdown ofrol function had little effect ongnlexpression The isthmus is a specialized tissue with secondary organizer
in the caudal neurectoderm (future spinal cord). This suggespsoperties formed at the boundary between the midbrain and
thatirol function is redundant in this domain and that othehindbrain. It eventually becomes the source of Wnt and FGF
unidentified Iro genes may be able to compensate for its lossignals, and is essential for normal anteroposterior patterning
) ) _ of the adjacent midbrain and anterior hindbrain (Rhinn and
irol and iro7 are essential for development of an Brand, 2001; Wurst and Bally-Cuif, 2001). Inhibition iaf1
anteroposterior territory andiro7 function with morpholinos leads to loss of the isthmus
An unexpected finding was the observation that a knockdowand patterning defects that suggéstl and o7 have an
of irol andiro7 function not only affectedgnlexpression in essential role in establishing a functional isthmic organizer.
the trigeminal placode it also affected formation of adjacent Interactions betwegpax2.1 wntlandfgf8play an early role
neural crest cells and the MHB domain. Each of these tissu@s establishing and maintaining the isthmic organizer at the
is a derivative of a different ectodermal compartmentboundary ofgbx2andotx2 expression domains (Bally-Cuif et
epidermal, neural crest and neural, respectively, whosal., 1995; Lun and Brand, 1998; Reifers et al., 1998; Schwarz
individual fates are determined by a number of signalingt al., 1997; Wurst and Bally-Cuif, 2001). While it is not yet
pathways that determine dorsoventral fate including BMRIear howirol and iro7 regulate formation of the isthmic
signaling (Chitnis, 1999; Marchant et al., 1998; Nguyen et algrganizer, our data suggests that they have a relatively early
1998). All three domains, however, are contained within theole, as they are expressed in the midbrain-hindbrain domain
anteroposterior compartment of the ectoderm wirvedeand  beforeotx2andgbxl They may also function by a mechanism
iro7 are initially expressed. Together, these observationthat is independent ofx2andgbxl, because rostral expansion

| iro7 J Eniro7THD K
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T MOi+7 Fig. 7.irol andiro7 act together as repressors in formation of the
MHB domain, while ectopiaol or iro7 induces the ectopic
expression of MHB genes. (A-E) The effects ofitbé (MO1) and

iro7 (MO7) morpholinos on expression of MHB markersy2

(A), pax2.1(B), fgf8 (C), wnt1 (D) at 24 hpf anghax2.1(E) at

tailbud stage. Red arrows show reduction of MHB markers.

(F) Expression opax2.1in hdl mutants (left) is expanded to the
anterior but its expression is reduced in MO1 and MO7 co-injected
hdl mutants (right). (G) Expression péx2.1is recovered (red
arrowhead) byANirol andANiro7 mRNA co-injection in double
morpholino-injected embryos. (H-J) Embryos injected it

MRNA or Eniro7HD mRNA showed ectopic expressionpafx2.1
andfgf8, but notwntl (F,H), whileiro7 mRNA induceggf8 and
reducesvntl (G). The distribution of injected mRNA is marked by
red staining. (K-M) VP18r07HD mRNA injected embryos show
loss ofpax2.lexpression (K) at tailbud stage and the isthmus at the
MHB region (L, arrowhead) and loss fgf8 expression (M) at 24

hpf. Anterior is towards the left (A-M). Embryos are viewed from the
left side (A-D,M) or dorsal (E-L).

in initiation of pax2.1expression and establishment of the
MHB domain. Whileirol and iro7 are required to initiate
pax2.1l expression, they are not required for the initial
expression ofvntl or fgf8. This suggests thatntl and fgf8
expression in the MHB may be established independently by
alternative pathways, as has been suggested by previous studies
(Lun and Brand, 1998; Rhinn and Brand, 2001; Wurst and
Bally-Cuif, 2001).

Does iro7 act as a repressor or an activator?

Iroquois homeoproteins have been suggested to act as either
activators or repressors in different experimental model
systems and developmental contexts. Drosophila
neurogenesisara and caup can bind to the promoter of the
achaete-scuteproneural genes and function as activators
(Gomez-Skarmeta et al., 1996). Howevgrpl functions as a
repressor to inhibit BMP expression and neuralize the
ectoderm (Gomez-Skarmeta et al., 2001). Our study suggests
that in the context of neural crest and MHB formatimd, and

iro7 are likely to function as repressors, because formation of
these structures is inhibited by the combination of morpholinos
and by the VHr07HD fusion.

In the context of neurogenesis and induction ngihl
expression, the interpretation is complicated by the observation
that both the activator and repressor formsiro? induce
expression ofngnl However, the repressor form is more
effective at inducingqignlexpression in the ventral ectoderm,

- while the activator form only induces widespreadgnl
' i expression dorsally in the neurectoderm. Furthermore, the

fgf8 repressor form ofro7 inducesngnlexpression in a salt-and-
pepper pattern, whilgéol and VP#o7HD inducengnlin a
relatively broad domain. One potential explanation for these
of Iro genes inhdl mutants is not accompanied by any differences is that Iro genes can act as both activators and
noticeable change imtx2 and gbx1 expression (data not repressors and inducengnl expression by different
shown). mechanisms in the ventral and dorsal ectoderm. As repressors,

In contrast, reduceidol andiro7 function results in loss of Iro genes may indirectly inducggnlexpression by inhibiting
pax2.1l the earliest marker described so far for the MHBexpression of BMPs and neuralizing the ectoderm. This
domain in zebrafish. Furthermore, while ectopic expression gfossibility is supported by the ability @bl, iro7 and En-
irol induces expression gx2.1andfgf8, expression ofrol iro7HD to suppress expression gata2 a BMP target gene.
andiro7 remains unaffected in mutants where the function ohgnlinduced in such a manner might more easily be regulated
pax2.1(noi) andfgf8 (ace is lost (data not shown). Together, be lateral inhibition and eventually acquire a salt-and-pepper
these observations suggest a relatively early role for Iro genesttern (Ma et al., 1996). However, in the dorsal ectoderm,

wnt1
Eniro7HD

VRiro7HD
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which is already neuralized, Iro genes may function as L. (1999). Regulation of chamber-specific gene expression in the developing
activators to directly induce expression rnlin a much heart by Irx4Science283 1161-1164.

broader domain. Such a scenario would explain why Enﬁegjggg;gbui T *ﬁgges') A;&irSSr“Sesr;C(F;'d'eg'e;er;(;'ogjusrdﬁg;ng'los' and
iro7HD inducesngnlexpression a §a|t-and-pepper pattern in Drosophila Iroquois genes and functions in neural specifica&btBO J.

the ventral ectoderm and MR7HD inducesngnlin a broad 17, 191-203.

domain in the neurectoderm. Wild-typel may function both  Blader, P., Fischer, N., Gradwohl, G., Guillemont, F. and Strahle, Y1997).

as a repressor and activator to induce broad expressirgmibf The activity of neurogeninl is controlled by local cues in the zebrafish
in the ventral ectoderm: as a repressor, it could neuralize theSmPr0-Development24 4557-4569.

- . : ; sse, A., Stoykova, A., Nieselt-Struwe, K., Chowdhury, K., Copeland, N.
ventral ectoderm; as an activator, it could induce broad g, jenkins, N. A. and Gruss, P(2000). Identification of a novel mouse

expression ohgnlin this domain. Iroquois homeobox gene, Irx5, and chromosomal localisation of all
members of the mouse Iroquois gene fanilgy. Dyn.218 160-174.
Unresolved issues Bosse, A., Zulch, A., Becker, M. B., Torres, M., Gomez-Skarmeta, J. L.,
. . . . Modolell, J. and Gruss, P(1997). Identification of the vertebrate Iroquois
This SIUdy has eXplored the role abl and iro7 in homeobox gene family with overlapping expression during early

neurogenesis and defined a new role for Iro genes indevelopment of the nervous systevtech. Dev69, 169-181.
establishment of an ectodermal compartment following WnBrand, M., Heisenberg, C. P., Jiang, Y. J., Beuchle, D., Lun, K., Furutani-
signaling in vertebrate development. However, many questionsSeiki. M., Granato, M., Haffter, P., Hammerschmidt, M., Kane, D. A.

- . - et al. (1996). Mutations in zebrafish genes affecting the formation of the
remain unanswered. Although ectopic expression of Iro 9€NeSy. ndary between midbrain and hindbradevelopment 23 179-190.

can promotmgn;expregsion, endOQGHO_USnleXpreSSion IS Burglin, T. R. (1997). Analysis of TALE superclass homeobox genes (MEIS,
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expression domain, suggesting that additional factors regulateplants and animaldiucleic Acids Re<5, 4173-4180.

: incuge Cavodeassi, F., Diez Del Corral, R., Campuzano, S. and Dominguez, M.
ngnl expresgon. Furthermor?’ When. Iro. gengs in . .1 (1999). Compartments and organising boundaries in the Drosophila eye:
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factors that prevent differentiation [(Bellefroid et al., 1998;Cavodeassi, F., Modolell, J. and Campuzano, §2000). The Iroquois
Gomez-Skarmeta et al., 1998) and data not shown]. homeobox genes function as dorsal selectors in the Drosophila head.

e . L . Developmenii27, 1921-1929.
Clarification of the mechanisms that inhibignl expression Cavodeassi, F., Modolell, J. and Gomez-Skarmeta, J. 1(2001). The
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