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Summary

Members of the Hedgehog (Hh) family of intercellular
signaling molecules play crucial roles in animal
development. Aberrant regulation of Hh signaling in

humans causes developmental defects, and leads to variousHh signaling. Together,

genetic disorders and cancers. We have characterized a
novel regulator of Hh signaling through the analysis of the
zebrafish midline mutant iguana (igu). Mutations in igu
lead to reduced expression of Hh target genes in the ventral
neural tube, similar to the phenotype seen in zebrafish
mutants known to affect Hh signaling. Contradictory at
first sight, igu mutations lead to expanded Hh target gene
expression in somites. Genetic and pharmacological
analyses revealed that the expression of Hh target genes in
igu mutants requires Gli activator function but does not
depend on Smoothened function. Our results show that the
ability of Gli proteins to activate Hh target gene expression
in response to Hh signals is generally reduced imgu
mutants both in the neural tube and in somites. Although
this reduced Hh signaling activity leads to a loss of Hh
target gene expression in the neural tube, the same low
levels of Hh signaling appear to be sufficient to activate
Hh target genes throughout somites because of different

threshold responses to Hh signals. We also show that Hh
target gene expression inigu mutants is resistant to
increased protein kinase A activity that normally represses
our data indicate that igu
mutations impair both the full activation of Gli proteins in
response to Hh signals, and the negative regulation of Hh
signaling in tissues more distant from the source of Hh.
Positional cloning revealed that theigu locus encodes
Dzipl, a novel intracellular protein that contains a
single zinc-finger protein-protein interaction domain.
Overexpression of Igu/Dzipl proteins suggested that
Igu/Dzip1l functions in a permissive way in the Hh signaling
pathway. Taken together, our studies show that Igu/Dzipl
functions as a permissive factor that is required for the
proper regulation of Hh target genes in response to Hh
signals.
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Introduction

Because Hh signaling plays such a central role in

During animal development, cell fates are specified in responéi€velopment and disease, the Hh signaling pathway has been
to gradients of signaling molecules within the embryo_lnvestlgated in considerable detail. Genetic and in vitro studies

Members of the Hedgehog (Hh) family of intercellularin_ Dr_osophilah.ave revealed that Hh signals are transduced by
signaling molecules control a variety of developmentaPinding of Hhligands to the Patched (Ptc) cell-surface receptor,
processes, ranging from segment patterningdinsophila resulting in the activation Qf the .transmembrane protein
to organogenesis, left-right asymmetry and dorsoventrapmoothened (Smo). IBrosophilg the intracellular regulation
patterning of the spinal cord and forebrain in vertebrate8f Hh signaling is mediated by post-translational modifications
(reviewed by Ingham and McMahon, 2001; McMahon et al.of Cubitus interruptus (Ci), a zinc-finger-containing
2003). Aberrant regulation of Hh signaling in humans causeanscription factor of the Gli family that can be both an
developmental defects such as holoprosencephaly (HPEgtivator and a repressor of Hh target genes (Methot and Basler,
(reviewed by Wallis and Muenke, 2000) and postaxiaR001). In the absence of Hh signal, proteolytic cleavage
polydactyly (Radhakrishna et al., 1997), and can also lead twnverts Ci to a transcriptional repressor (Aza-Blanc et al.,
various types of cancers, including basal cell carcinoma antP97; Wang and Holmgren, 1999). In the presence of Hh
medulloblastoma (reviewed by Goodrich and Scott, 1998; Ruigignals, cleavage of Ci is inhibited and a full-length activator

i Altaba, 1999b; Villavicencio et al., 2000). isoform predominates. In vertebrates, at least three Gli genes,
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Gli1, Gli2 andGli3, mediate the transcriptional response to Hhthrough evolution (Hammerschmidt et al., 1996; Pearse et al.,
signals (Hui et al., 1994; Ruiz i Altaba, 1998). The functionsl999; Kogerman et al., 1999; Ding et al., 1999; Murone et al.,
of these different Gli genes have been analyzed in mous2000).
Xenopuszebrafish and cultured cells (reviewed by Ingham and Genetic studies of Hh signaling in zebrafish complement the
McMahon, 2001; Koebernick and Pieler, 2002; Ruiz i Altabaanalyses in fly and other vertebrate species, and provide an
et al., 2002). Although Glil is dispensable for normal mous@pproach to look into the regulation of Hh signaling in
development (Park et al., 2000; Bai et al., 2002), analysis ofrtebrates. In vertebrates, Sonic hedgehog (Shh) is expressed
Glil~ Gli2~* mutants (Park et al., 2000) and the rescue oin the notochord and floor plate (Echelard et al., 1993; Krauss
Gli2 mutant by Gli1 (Bai and Joyner, 2001) suggest that Gliet al., 1993; Roelink et al., 1994; Ekker et al., 1995), and is
has an activator function. Consistentylil mutations in  essential for the induction of floor plate, motoneurons and a
zebrafish lead to a loss of Hh target gene expression (Karlstrortass of ventral interneurons in the neural tube (Chiang et al.,
et al., 2003). As yet there is no evidence that Glil activity i4996; Ericson et al., 1996). Shh signaling is also required for
regulated by protein processing, it appears to be solely @he induction of muscle and sclerotome cell types in somites
activator of the Hh response (Epstein et al., 1996; Marigo €teviewed by Bumcrot and McMahon, 1995). A large number
al., 1996; Hynes et al., 1997; Lee et al., 1997; Dai et al., 1999f zebrafish mutations, collectively called the midline mutants,
By contrast, Gli2 appears to be both an activator and represdmave been identified that lead to ventral neural tube defects,
of Hh target genes, depending on the tissue being examineahsence of an optic chiasm and defects in slow muscle fiber
Mouse Gli2 mutations are perinatal lethal and result in theformation (Brand et al., 1996; Chen et al., 1996; Karlstrom et
downregulation of Hh target genes (Ding et al., 1998; Matisal., 1996; van Eeden et al., 1996b). Many of these midline
et al., 1998). The C-terminal region of Gli2 appears to benutants have now been shown to encode components of the
essential for the activation function, as the C-terminallyHh signal cascadshhis disrupted irsonic-you(syy mutants
truncated Gli2 proteins do not activate Hh target genetSchauerte et al., 19983mois disrupted inslow-muscle-
(Karlstrom et al., 1999; Ruiz i Altaba, 1999a; Sasaki et al.omitted(smy (Chen et al., 2001; Varga et al., 2004))2 is
1999; Karlstrom et al., 2003). Several studies have shown thdisrupted inyou-too (yot) (Karlstrom et al., 1999)glil is
Gli2 can also repress the expression of Hh target genes (vdisrupted in detour (dtr) (Karlstrom et al.,, 2003) and
Mering and Basler, 1999; Sasaki et al., 1999; Aza-Blanc et aldispatchedlis disrupted inchameleon(con) (Nakano et al.,
2000; Karlstrom et al., 2003). Similarly, several lines 0f2004). As several molecularly uncharacterized midline mutants
evidence suggest that Gli3 can act both as an activator and sigare many phenotypes with these known Hh pathway mutants,
a repressor of Hh signaling (Masuya et al., 1995; Dai et alit is likely that they encode additional components of Hh
1999; Ruiz i Altaba, 1999a; Sasaki et al., 1999; Shin et alsignaling.
1999; Aza-Blanc et al., 2000; Tole et al., 2000; Litingtung and In this study, we show thgu mutations lead to reduced Hh
Chiang, 2000; Wang et al., 2000; Persson et al., 2002). Despisrget gene expression in the neural tube. Surprisingly, these
suggestions that proteolytic processing may regulate Gli2 arshme mutations cause the ectopic activation of Hh target genes
Gli3 function, the in vivo cleavage of these proteins has nan somites. Our analyses reveal that Igu function is required for
been directly demonstrated. the full activation of Hh signaling in response to Hh ligands.
Thus, in both vertebrates and invertebrates, Hh signaling/e also show that theyu mutations, directly or indirectly,
controls the expression of target genes by modulating thaffect the negative regulation of Hh signaling that is required
activity of the downstream Gli/Ci transcription factors. Studiedor silencing the Hh target gene expression in the absence of
in Drosophilahave identified a large number of proteins thatHh ligands. Positional cloning of tligu gene revealed that the
are involved in the regulation of this Gli/Ci activity (reviewed gene encodes Dzipl, a novel component of the Hh signaling
by McMahon, 2000; Ingham and McMahon, 2001; Nybakkerpathway. We show that Igu/Dzipl acts as a necessary
and Perrimon, 2002). Within target cells, Ci forms a proteirpermissive factor for the proper regulation of Hh signaling.
complex with Fused kinase (Fu) (Monnier et al., 1998;
Stegman et al., 2000) and Costal2 (Cos2) (Robbins et al., 1997;
Sisson et al., 1997) that is tethered to microtubules. Activateflaterials and methods
Smo signals to this cytoplasmic protein complex, resulting iftish strains and genetics

the release of Ci and active transport into the nucleus where4jf, following zebrafish mutants were ussyly(thx393, yot (ty119

can activate Hh target genes (Ohimeyer and Kalderon, 199g (ts269, con (tm159 andigu (tms79aandts294¢. Two alleles of
Ding et al., 1999; Kogerman et al., 1999; Methot and Baslefgy mutants were indistinguishable in all phenotypes, including
2000; Murone et al., 2000; Wang et al., 2000). The transpomiarker gene expression. Therefore, we Uige2%4¢ embryos for

of Ci to the nucleus is mediated by another protein, Suppressmiost of our analyses. For fine mapping, the DNA markers of simple
of Fused [Su(Fu)]. In addition to such a positive regulation irsequence length polymorphisms (SSLP) (Knapik et al., 1998) and
response to Hh ligands, a negative pathway that includedpressed sequence tag (EST) in the vicinitigoflocus on linkage
cAMP-dependent protein kinase (PKA) also regulates HIroup 6 (L.GG). (httpé//ffln.org{) were selecteq for scoring meiotic
signaling (Li et al., 1995; Pan and Rubin, 1995; Lepage et a|r?comb|nat|on inguts2%4emutation (Postlethwait and Talbot, 1997).
1995; Hammerschmidt et al., 1996). In the absence of |_|ﬁmong 23 DNA markers that we used, the sox21 marker showed one

- . - .. _recombination event and the EST marker unpl72 showed no
ligands, PKA directly phosphorylates Ci to promote Itsrecombination in 422 meioses (see Fig. 6A). Searches of the

proteolytic cleavage, generatin_g the repressor isoform (Chen_GEnBank sequence database using the Blast program
al., 1998; Chen et al., 1999; Price and Kalderon, 1999). Studi@gtp:/mww.ncbi.nim.nih.gov/blast/) identified overlapping PAC
in vertebrates have shown that these intracellular componeni®nes that contained unp172, 26624 and sox21. Irgtheegion,

of the Hh signaling pathway have been largely conservetiiree genes;laudin1Q a component of tight junctiona,TP-binding
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cassette transporter @abccd anddzipl, were predicted by using the et al., 2000; Sbrogna et al., 2003). To examine more carefully

GenScan program (http://genes.mit.edu/GENSCAN.html). the regional regulation of Hh signaling, we examined the

S vsis and characterization of i ati expression of_ Hh target genes in five midline mutaiyns/,shh_
equence analysis and characterization ot /gt mutation dtr/gli1, yot/gli2, conandigu. In the neural tube, the expression

To identify the genetic lesions associated with theiguaallele, the f nk2.2 a Hh-induced marker for ventral neuroectoderm
dzipXcoding regions was amplified by PCR from reverse-transcribeg— . : . : :

, ricson et al., 1996), is variably reduced in all mutants (Fig.
RNAs made from wild-type and mutant embryos at 30 hours po Al-F1,A2-F2) How)ever markeyrs for adjacent dorsal re i(ongs
fertilization (hpf), and these PCR products were directly sequenced: ' ' ! | 9 '

The point mutations were also confirmed by sequencing subcloné&H¢h apax2andlims, are largely unaffected (data not shown).
cDNAs and genomic DNAs. The sequencesizipl cDNAs were ~ Based on defects ink2.2andpax6expression, these mutants
deposited in GenBank under Accession Numbers AB106357 ane@n be ranked in order of severityor>yot/gliz>dtr/glil>
AB106358. syu/shkrigu. Thus,nk2.2expression defects are least severe in
L igu mutants, with punctatek2.2expression remaining in the
RNA injection . _ trunk region (Fig. 1B1)nk2.2 expression defects are most
For RNA injections, PCR fragments igu-coding sequences from seyvere incon and yot/gli2 (Fig. 1E1,F1). Consistently, the
wild-type and mutant allele_s were cIo_ned into pCS2+ vector. C_appe pression ofpax6 a gene that is expressed in dorsally
MRNAs were synthesized in vitro using the mMessage Machine k djacent regions of neural tube and negatively regulated by Hh

Ambion) according to the manufacturer’s instruction and injected’. -
i(nto emgryos (1- ?O 4-cell stage) that were obtained ﬁgmlj_ signaling (Ekker et al., 1995; Macdonald et al., 1995; Barth

incrosses. and Wilson, 1995; Ericson et al., 1997), is expanded ventrally
in yot/gli2 and con mutants, but not ingu or other mutants
Cyclopamine and forskolin treatments (Fig. 1A3-F3). We conclude that defects in Hh signaling are

Cyclopamine and forskolin were dissolved in 100% dimethylmore severe iryot/gli2 and con mutants than in the other
sulfoxide (DMSO) at 10 mM and 60.9 mM, respectively. Embryosmutants examined, whilgu mutations impair Hh signaling
were dechorinated with pronase at 50% epiboly and placed in 6 rih a lesser degree. Intriguingly, @tr/glil, syu/shhand igu

of embryo medium (Westerfield, 1993) containing M of  mytants, cells in the ventral spinal cord do not express both
cyclopamine or the desired concentrations of forskolin. Survivingy, o 5 anq pax6 suggesting that the induction ofk2.2
embryos were fixed and processed for in situ hybridization. expression and inhibition gax6expression are independently

In situ hybridization and genotyping regulated by different threshold responses to Hh signals.

Whole-mount in situ hybridization was performed as described HN signaling is also required for cell fate determination in

(Schier et al., 1997). Embryos were photographed in 80% glycercgomitic mesoderm and is responsible for the induction of
and genomic DNA was recovered from each embryo by proteinase Riuscle pioneer cells (MPs) and a population of fast fibers
treatment (1 mg/ml) in 50l of lysis buffer (10 mM Tris-HCI pH 8, around the MPs termed medial fast fibers (MFFs) (Currie and
50 mM KC1, 0.3% Tween 20, 0.3% NP40, 1 mM EDTA) for 5 hoursingham, 1996; Hammerschmidt et al., 1996; Blagden et al.,
to overnight at 55°C. For genotypingpbof genomic DNA was used  1997; Roy et al., 2001; Wolff et al., 2003). These cell types are
for each PCR reaction. Mutant embryos were identified using tightlynarked by strong and weak expressiorengrailed1(end),

'(ig"?dcgfg‘;tg G'Rier‘gchT)q”T“gré :Ze)d fo(rj geno%r;igg ggfggp”%':espectively (Fig. 1A4,A5). In accordance with the defects of
- -3) and unp - L PR ;
TGTCGTTTTCAGGGTTA-3) for igus2%e 71660 foryo®119 and nk2.2expression in the neural tukenlexpression in somites

214475 fordtris269 is completely lost ircon mutants (Fig. 1F4,F5) and severely
' reduced irsyu/shhandyot/gli2 mutants (Fig. 1C4,C5,E4,E5).
Transfection and antibody staining As previously shown using an anti-En antibody (Wolff et al.,

PCR amplified wild-type and mutaris294eallele)igu/dziptcoding ~ 2003),dtr/glil mutations do not affe@nlexpression in MPs
sequences were subcloned into pcDNA4-HisMax TOPO (Invitrogenyand MFFs (Fig. 1D4,D5). In striking contrast to the defects
Transfection into NIH3T3 or HEK293T cells was performed seen in the other Hh pathway mutangs, mutations lead to
according to the manufacturer’s instructions (Fugene, Roche). Celign increase iBnlpositive cells in somites. This suggests either

were fixed at 2 days, permeabilized with methanol and stained witfhat Hh signaling is increasedigu mutants, or that Hh signals
Omni-probe antibody (Santa Cruz Biotechnology) in Combinatior;}gropagate farther from the source of Hh.7

with anti-rabbit FITC (Jackson ImmunoResearch). Lysosomes we . . .
visualized with anti-Lampl antibody (Hughes and August, 1981) in To verify that defects imk2.2 and enl expression are

NIH3T3 cells. We also made FLAG-tagged constructs and obtained%orrelated with the changes in Hh Sig'."f"‘“”Q' we examined the
similar result (data not shown). expression ofpatchedl(ptcl), a sensitive indicator of Hh

signaling (Concordet et al., 1996; Goodrich et al., 1996). In

agreement with the observedl1phenotypesptcl expression
Results is reduced in somites dafyu/shh dtr/glil, yot/gli2 and con

. . o ] mutants. More specificallptclexpression is severely reduced

Aberrant regulation of Hh signaling in  igu mutants in con mutants both in the neural tube and in somites (Fig.
Zebrafish midline mutants have a characteristic curved bodif6,F7), whereas it is less severely reduced in the neural tube
shape and defects in cell fate specification in the ventral neurial syu/shhdtr/glil andyot/gli2 mutants (Fig. 1C6-E6,C7-E7).
tube and somites. Careful analyses of the different midlinentriguingly, in yot/gli2 mutant embryos, the medial-ventral
mutants have revealed a range of phenotypes that helpgions of somites retaiptcl (Fig. 1E7). This region
uncover the differential contributions of various Hh pathwaycorresponds to developing sclerotomal tissues (Morin-
components to overall Hh signal transduction (Brand et alKensicki and Eisen, 1997), which is also induced by Hh signals
1996; Chen et al., 1996; van Eeden et al., 1996a; van Eeden(Ean and Tessier-Lavigne, 1994). In marked contrast to the
al., 1996b; Karlstrom et al., 1996; Lewis et al., 1999; Odenthadther Hh pathway mutantgyu mutants show expandeucl
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expression in somites (Fig. 1B4-B7), indicating that Hhzebrafish (Barresi et al., 2000; Chen et al., 2001; Sbrogna et
signaling is ectopically activated in somites. The ectppid  al., 2003). Embryos treated with cyclopamine lose the
expression is evident as early as 12 hpf (Fig. 2I). By contraséxpression of Hh target genes (Fig. 2F-J, Table 1) and
ptcl expression in the ventral neural tube appears to besemblesmu/smdadoss-of-function mutants (Chen et al., 2001;
unchanged or slightly decreased compared with wild-typ&arga et al., 2001). Residual faint expressiorptfl in the
embryos (Fig. 1A7,B7). Thusigu mutants show ectopic neural tube (Fig. 2I) appears to be independent of Smo, as
activation of Hh target genes in somites despite the reducti@imilar weakptcl expression is seen in the neural tube of
of the Hh target gengsicl andnk2.2in the neural tube. Such smu/smamutants (data not shown). In contrast to wild-type
an aberrant regulation of Hh target gene expression suggestsibryos, cyclopamine treatmentighi mutants did not alter
that theigu gene product may play an important role in boththe ectopic expression gitcl and enl in somites (Fig.

the positive and negative regulation of Hh signaling in differen2K,M,N; Table 1). Surprisingly, seemingly normal expression

tissues. of myod(Weinberg et al., 1996) in adaxial cellsigfi mutants

) ) ) is also resistant to cyclopamine treatment (Fig. 2B,L).
Hh-independent expression of Hh target genes in Importantly, cyclopamine treatment did not eliminate residual
Igu mutants expression onk2.2in igu mutants (Fig. 2J). These results

To further characterize the role of tiget gene in Hh signaling, show that the activation of Hh target genesgun mutants is

we performed epistasis analyses using cyclopamine, andependent of Hh signals in both somitic and neural tissue.
alkaloid that binds and inhibits the function of Smo (Incardondurthermore, the fact that blocking Smo function had no effect
et al., 1998; Taipale et al., 2000). Cyclopamine has beeon theigu phenotypes suggests that Igu functions downstream
shown to effectively and specifically block Hh signaling inof Smo or in a parallel pathway.

Fig. 1. Aberrant expression of Hh target genegjinmutants and comparison with four other Hh signaling mutants. (A1-A7) Wild-type, (B1-
B7)igu, (C1-C7)syu/shh (D1-7)dtr/glil, (E1-E7)yot/gli2and (F1-F7ronembryos at 30 hpf. (A1-F1,A2-F2) Expressiomk®.2in the

ventral neural tube is reduced in all mutants. Qguyembryos retain a punctat&2.2expression (arrowheads in B1, inset is a higher
magnification of boxed area). Lateral views are shown in A1-F1 and the respective cross-sections at the middle of theigollaexsrown

in A2-F2. (A3-F3) Expression gfax6is ventrally expanded iyot/gli2 (E3) andcon(F3), but not in other mutants. (A4-F4,A5-F5) Expression
of enlin somites is shown in lateral views and in cross-sect@riexpression in MPs and MFFs is completely lostan(F4, F5). A low

level of expression persistssgu/shh(C4) andyot/gli2 (E4), and no defect @nlexpression is seen dir/glil mutants (D4,D5). In contrast to
the other four mutantgnlexpression in somites is upregulatedgimembryos (B4,B5). (A6-F7,A7-F7) Expressionmlis shown in whole
mount and in cross-sections. Expressioptofis reduced irsyu/shhdtr/glil, yot/gli2andconmutants (C7-F7). Expression is most severely
reduced irconmutants, and is mildly reduced in the neural tubsyofshhdtr/gli andyot/gli2 mutants Note thatptclexpression is not
maintained in somites aftr/glil embryos, despite the presenceniexpression, and that ticlexpression persists in the sclerotome
regions ofyot/gli2 (E7). Inigu embryosptclexpression is upregulated in the entire somites (B6, B7), whereas the expression in neural tube is
unaffected or slightly reduced in the trunk, and slightly more reduced in the brain.
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DMSO cyclopamine Fig. 2. Hh-independent target gene expressioigirembryos.

(A-D) In control wild-type embryos treated with 5% DMSO,
expression patterns pfclat 14 hpf (A)myodat 14 hpf (B)enlat
30hpf (C),ptclat 30 hpf (D) anahk2.2at 30 hpf (E) are all normal.
(F-J) Wild-type embryos treated with cyclopamine. Expression of
ptclat 14 hpf (F), adaxiahyodat 14 hpf (G)enlat 30hpf (H)ptcl
at 30 hpf (I) andhk2.2(J) at 30 hpf, is efficiently suppressed. Note
that a low level optclexpression in the neural tube in | appears to
be independent of Smo-mediated Hh signaling, since siptdar
activation is seen ismu/smanutants at 30 hpf (data not shown).

(K-O) igu embryos treated with cyclopamine. A broad activation of
ptclexpression ingu mutants at 14 hpf (K) is not affected by

ptct

myoD

cyclopamine. Arrows indicate the adaxial cells. Expressionyafd

in adaxial cells is indistinguishable from normal wild-type embryos,
ptet and is not affected by cyclopamine (L). Likewieal(M) andptcl

(N) expression in 30 hpf embryos is not affected by cyclopamine.

Despite the defect afk2.2expression ingu mutants, the residual

expression ofk2.2in the neural tube is not eliminated by

cyclopamine (O). The genotypes of these embryos were confirmed

using tightly linked PCR-based genetic markers after in situ staining.

AL

Attenuated Gli activating function in IgU mutants To examine how more se\/ew mutations affect the'gu

To test whether the activation of Hh target geneéguiiutants  phenotype, we generated compound mutants witigli2
depends on the activation of the Hh signaling pathway, amutation. Existingyot/gli2 alleles encode truncated forms of
opposed to other signaling pathways, we made compour@li2 that have no activator function and that act as dominant
mutants betweenigu and mutants that affect the Gli repressors of Glil-mediated Hh target gene activation (Karlstrom
transcription factors (Fig. 3). To reduce Gli activator functionet al., 2003). Strikingly, introduction of one copyyot/gli2 into

we made compound mutants witr/glil, which is a loss-of-  igu mutants suppressed the ectopic expression of Hh target genes
function allele of theglil transcriptional activator (Karlstrom in the somites and further reduced expression in the neural tube.
et al., 2003). Indtr/glil~"*;igu~~ compound mutants, spinal The resultant phenotype was similar to or even stronger than
cord expression afik2.2is completely absent, similar to the that seen iryot/gli2’— homozygous mutants (Fig. 3M-0O). The
phenotype seen irdtr/glil~~ mutants (Fig. 3A,D,G). In phenotype ofyot/gli27=igu~- homozygous double mutants is
the somites, posterior expression efl is expanded in nearly identical to that seen yot/gli2-"*;igu~- embryos (data
dtr/glil~"*;igu~- embryos, similar tégu~-mutants, while the not shown). These results suggest that Igu functions at the same
expression is reduced in anterior somites (Fig. 3B,E). Iltevel as, or upstream of, the Gli proteins in the Hh signaling
dtr/glil~'=igu~- homozygous double mutanenlexpression cascade. More importantly, our results show that Hh target gene
is further reduced (Fig. 3H). Similarly, the expansion of somitieexpression inigu mutants is sensitive to a decrease in Gli
ptcl expression seen iigu mutants is reduced when one or activator function. This suggests that the overall Gli mediated
two mutant copies ofitr/glil are added (Fig. 3C,F,l). Taken activating function of Hh target gene expression is reduced in
together, these data indicate that the activation of Hh targegu mutants despite the ectopic activatiorenfandptclgenes
genes inigu mutants partially depends on Glil activatorin somites. We conclude that the normal Igu function is
function. necessary for the full activation of Gli-mediated Hh signaling.

Table 1. Summary of epistasis analyses

myod(12-14hpf) ptc1(12-14hpf) nk2.2 ptcl
Injected mRNA Up igu Up igu Up igu Up igu
shh(250 pg) 15 5 (25%) 16 4 (20%) 20 4 (17%) 20 10 (33%)
dnPKA (250 pg) 26 9 (26%) 29 10 (26%) 60 21 (26%) 52 19 (27%)
myod(12-14hpf) ptc1(12-14hpf) nk2.2 ptcl enl
Inhibitors Down igu Down igu Down igu Down igu Down igu
Cyclopamine (5QM) 45 11 (20%) 33 10 (30%) 52 15 (22%) 62 22 (26%) 43 18 (30%)
Forskolin (300uM) 45 0 (0%) ND 64 0 (0%) 31 8 (20%) 66 1 (2%)
(150puM) 28 1 (3%) ND 45 8 (15%) 38 13 (25%) 44 5 (10%)
(75uM) 18 6 (25%) ND 19 8 (30%) 19 8 (30%) 22 7 (24%)

Embryos were obtained froigu/+ incrosses. Expected genotypes were 25%4-, 50%igu~* and 25% homozygous wild type.

Up, respective Hh target genes are ectopically expressed. These embryos haveigitgenetypes.

Down, Gene expression is downregulated.

igu, Hh target genes are expressed in the same pattgurutants.

Percentages in parenthesis represent the ratios of embryagwiigipe gene expression to the total embryos tested for respective gene expressions. All of
these embryos hawgu/igu genotype. Note thagu embryos have a seemingly normajodexpression pattern.




2526 Development 131 (11) Research article

Fig. 3. Decreased Gli activator function and/or increased Gli . nk2.2 pict

repressor function represses ectopic Hh target gene
expression ingu embryos. (A-1) Introduction oditr/glil
mutant alleles into thigu genetic background suppressed
ectopic Hh target gene expressions in somitegtriglil~-
embryos (A-C), the expressionmf2.2andptclis reduced,
butenlexpression is normal. ldir/glil~"*;igu~~embryos
(D-F), nk2.2expression is similar tdtr/glil~- embryos (D),
with nonk2.2expression in the posterior neural tube. By
contrast, the expression @il (E) andptcl(F) are similar to
that seen igu~—mutants; howevegnlexpression is

reduced in anterior somites. ditr/glil~/~igu~'- embryos (G- G
1), the decrease @nlandptclis more evident (H,l), and the
overall phenotype includingk2.2(G) is stronger than in

ditr/dtr

3

dir/dtr; iguiigu  ditr/+; igu/igu

dtr/glil~"~embryos. Insets show higher magnification views
of ptclexpression in the trunk region. (J-O) A drastic
reduction of Hh target gene expression is caused by the
introduction of ayot/gli2mutant allele into the&u genetic
background. One copy gbt/gli2 completely suppressed
ectopic target gene expression (M-0), and the resulting
phenotype is similar to or even stronger than that seen in
yot/gli2=-embryos (J-L). An arrowhead marks a spot of

NI

=2
nk2.2expression, which is consistently seen only in g
yot/gli2-—embryos (J) but not iot/gli2"*;igu~-embryos P
(M). The genotypes of these embryos were confirmed by ‘§
PCR after in situ staining.
igu mutations impair both the proper activation and forskolin treatment ofgu mutants would suppress ectopic Hh
repression of Hh target genes target gene expression. Although high doses of forskolin (300

Previous studies have established that PKA negativelyM) did suppress the expression of Hh target genagun
regulates Hh signaling by promoting the proteolytic processingwutants (Table 1), a lower dose of forskolin that completely
of Ci/Gli proteins and their conversion to repressor isoforménhibits Hh target gene expression in wild-type embryos (75
(Ohimeyer and Kalderon, 1998; Pan and Rubin, 1995; LepageM) did not suppress Hh target gene expressiogumutants

et al., 1995; Hammerschmidt et al., 1996). This processing {&ig. 5E-H). This result suggests two possibilities: (1) that the
crucial for silencing target gene expression in the absence négative regulation of Gli proteins is directly impairedgn

Hh ligands. To explore the possible relationship between Igu

and the negative regulation of Hh signaling, we manipulate
the PKA activity inigu embryos. First, we inhibited PKA dnPKA
activity by overexpressing the dominant-negative regulator
subunit of PKA (dnPKA). This inhibition of PKA activity in
wild-type embryos leads to the ectopic activation of Hh targe
genes in broad regions of the neural tube and somites (Fig. 4.

“ rmﬂ
the negative regulation of Hh signaling, we inhibited Hh
signaling using forskolin, which activates adenylate cyclas:_. I ,
ar?d incrgeasesgthe activity of PKA (Seamon andyDaIy, {981Fg 4.Inhibition of PKA does not activate Hh target genes.
Treatment of wild-type embryos with forskolin in the range offﬁdgg;gjfﬁg%r;t%fplzf 2)(%%623?85&%&??9 I;r;)tfo(xv)ulgtg;;? gg] Er?f'os
75-300uM completely suppressed Hh target gene expressio

processing of Gli proteins into repressor isoforms, our resuli
suggest thagu mutations impair the positive regulation of Gli
proteins into a fully active state. This is consistent with result
from compound mutants (Fig. 3) and results frelthmRNA
injections in which Shh overexpression did not affectige
mutant phenotype either in somites or in the neural tube (Tab
1; data not shown).

To further test the relationship betweign mutations and

C) (Hammerschmidt et al., 1996). However, the expression (
dnPKA in igu embryos did not induce expression of Hh-
responsive genes (Fig. 4D-F; Table 1). As dnPKA is thougt
to increase full-length Gli activators by disturbing the

(B) andnk2.2at 30 hpf (C). (D-F) Ingu embryos, overexpression of
without producing gross morphological abnormalities (Fig.gnPKA did not induce the expressionmyod(D), nk2.2(E) and
5A-D; Table 1). If theigu mutation simply disrupted the ptc1(F), and Hh target gene expression is similar to thigfin
positive regulation of Gli proteins, we would predict thatmutants. Genotypes were confirmed by PCR after in situ analysis.
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Fig. 5. Activation of PKA does not efficiently suppress Hh target
gene expression. (A-D) In wild-type embryos, the expression of

forskolin

igu

myodat 14 hpf (A),nk2.2at 30 hpf (B),enlat 30 hpf (C) angtclat
30 hpf (D) is repressed by 7B/ forskolin treatment. (E-H) ligu
embryos, treatment with 78\ forskolin did not block Hh target
gene expression, with expression patterns similar to those seen in
untreatedgu mutants. Genotypes were confirmed by PCR after in
situ analysis.

myoD

mutants; or (2) that Igu mutant proteins have acquired a ne nk2.2
function that results in the constitutive production of a low
level of Gli activator function and indirectly leads to the
impaired negative regulation of Hh signaling. In either case
the ectopic activation of Hh target genesga mutants could
be explained ifigu mutations also affect Gli-mediated
repression of Hh target genes in cells more distant from tr

source of Hh signals.

ent

The zinc-finger protein Dzipl is disrupted in
mutants

To further understand how theju mutation affects Hh
signaling, we sought to identify thgu gene. Fine genetic
mapping placedgu in a small region on linkage group 6 that
contained dzipl as a possible candidate gene (Fig. 6A).
Homologs ofdzipl are present in human, mouse and othepoint mutations leading to changes in the protein sequence at
vertebrates, but the function of these proteins in developmeamino acid 371 ifguts294€and amino acid 454 igut™793(Fig.

has not yet been characterized. Sequence analysigigf  6B-D). Both of these mutations introduce premature stop
cDNA amplified from wild-type andgu embryos revealed codons and result in the C-terminally truncated Igu/Dzipl

igu
ptct

C

A NLS  zing inger Allernative exon (20 aa)
bination fn l I, an 454v 876aa
- 07422 1/422 21422 I ’ i || ” |
——— 50kb 3
: 217212 f f PEST PEST
26624  unp172 SOx21 fjgSe1t 213556 ts294e  tm79%
4 n b b i b D
—— 4— ————p NYD-5p28 p3s-2G4
claudini0 claudini0 abocd . —* erbB3 Ty - Sth
i ARF3— ="  non-muscle MPFYDNVYYPYPSDPPGTHSSAGIPSLLSSPOSQPSSGSOSRPAPSTHSGPLTSSGASTS 60
dzipt s0X21 =% +—FK-506 myosin heavy chain
binding protein Ipnipsxmsnm INAVDVDRVACEMDFQALQERINAVTFCSVEGERCHRCQSPY 120
NLS
pPp— BUSM 216 BUSM 20486 0B 157G18 DPALIKLFRLAQLTVEYLLHSQDCLS ISLOAAEERLLAEAREREQICVOLOKKTODAKAL 180
Zinc finger
BUSM 52118 BUSM 150112 0B 2619 KEELKQRKK I IASQDAMFSAGISANY HKCOHCERAFMNASFLOSHMORRHPSEFDMKLMT 240
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Fig. 6. The zinc-finger gendziplis disrupted ingu mutants. (A) Genetic map @u mutation relative to known genes in the region. P1

artificial chromosome (PAC) clones (below) and predicted ORFs (arrows in the middle) are shown. (B) Sequence ferogramerssengiag n
mutations inguts2%4eandigutm792alleles. (C) Schematic view of the structure of predicted Igu/Dzip1 protein. A conserved domain (yellow box)
has 51% identity with the human DZIP1. Putative nuclear localization signal (NLS), zinc finger (red boxes) and PEST doenaine¢hlare
shown. (D) Amino acid sequence of zebrafish Igu/Dzipl protein. The NLS (gray), zinc finger (yellow) and positions of nonagoss mut
(green) are highlighted. The N-terminal conserved domain is boxed. PEST sequences are underlined.
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pcDNA-igu (WT) pcDNA-igu (ts294e) iected N gzt
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Fig. 8.Rescue ofgu mutant phenotype bigu/dziplmRNA and
permissive nature of Igu/Dzipl proteins. (A-J) Injection of wild-type
igu/dzipImRNA. Nearly alligu embryos injected with wild-type

Fig. 7. Subcellular localization of Igu/Dzip1 proteins in cultured igu/dzipImRNA completely recovered the normal expression of Hh
cells. (A-C) Transfection of a construct encoding the His-tagged ~ target genes (A-E), includingtclexpression at 14 hpf (Ajk2.2
Igu/Dzip1 protein into NIH3T3 cells. Wild-type Igu/Dzipl proteins  &Xpression at 30 hpf (Bpfclexpression at 30 hpf (C, D) aedlat
(A) are located in the cytoplasm and enriched in punctate vesicles. 30 hpf (E) (compare with Fig. 1). Wild-type embryos injected with

These vesicles are also enriched with the lysosomal protein Lamp1 Wild typeigu/dzipImRNA did not show any defects in Hh target
(B, C). (D-F) Transfection of a construct encoding the His-tagged 9€ne expression (F=IK-T) Injection of mutant mRNA that encodes

Igu/Dzip1¢s294¢ mutant protein. The truncated mutant Igu/Dzip1 ~ truncatedgu/dziplproteins. Expression of mutant Igu/Dzipl does

proteins (D) are distributed in the cytoplasm and enriched in nuclei. "ot affect Hh target gene expressionigin mutants (K-O) or wild-

(C,F) Merged images, in which nuclei are stained wit+4 type embryos (P-T). (A,D,F,|,K,N,P.S) Dorsal views and other panels

diamidino-2-phenylindole (DAPI). are §|de views. Expresspn patterns in A-J are |dent|cal to those seen
in wild-type embryos, while those in K-O are identicaigio mutant
embryos (see Fig. 1 for comparison).

proteins. Sequence analysis of the Igu/Dzipl protein predicts

a single zinc-finger domain, a nuclear localization signal

(NLS) and two potential PEST sequences that may serve &gu/Dzipl protein, which lacks the PEST sequences but retains

signals for rapid protein turnover (Rechsteiner and Rogershe NLS, is strongly enriched in nuclei (Fig. 7D-F). Because a

1996). The N-terminal domain of Igu/Dzipl, including the single zinc-finger domain does not bind to DNA, it is likely

NLS and zinc-finger domain, has a significant highetthat Igu/Dzipl is involved in protein-protein interactions.

homology (51% amino acid identity) to human DZIP1 thanindeed, human DZIP1 has been suggested to interact with

does the remainder of the protein. In situ expression analydBAZ, a protein required for spermatogenesis (Moore et al.,

showed thatigu/dziplis expressed throughout the embryo2003). Therefore, our results raise the possibility that

starting at 12 hours (data not shown), consistent witligihe Igu/Dzipl might regulate the stability or the nuclear

mutation affecting multiple tissue types. translocation of other proteins, including Gli proteins or other

This predicted protein structure suggested that Igu/Dziptomponents of the Hh signaling pathway.

may localize in the cytoplasm and/or nucleus. To characterize o . ) )

the subcellular localization of Igu/Dzipl, we expressed wildgu is a permissive factor in Hh signaling

type and mutantigu/dzipl in cultured cells. Wild type To further confirm thatiziplis the gene mutated igu, and

Igu/Dzipl is present in the cytoplasm, and is found ato gain insights into the molecular nature of ifnemutations,

especially high levels in large vesicles (Fig. 7A). Theseve injecteddzipl mRNAs into wild-type andigu mutant

vesicles correspond to lysosomes and/or endosomes basedeonbryos (Fig. 8). Injection of wild-typazipl mRNA (50 pg)

the co-localization with the lysosomal protein Lamp1 (Hughesnto igu embryos dramatically rescued tiget phenotypes both

and August, 1981) (Fig. 7B,C). By contrast, the mutanin the neural tube and somites of almost all mutant embryos

Table 2.dzipImRNA rescuesigu phenotypes

ptc1(12-14 hpf) ptc1(30 hpf) en1(30 hpf) nk2.2(30 hpf)
RNA injected Normal igu like Normal  igulike Normal igu like Normal igu like
dzip150 pg 19 0 (0%) 145 1 (1%) 101 0 (0%) 132 2 (2%)
dzip1 (igus2949 50 pg 19 5 (21%) 53 19 (26%) 36 11 (23%) 58 21 (27%)
dzip1 (igus2949 250 pg 19 5 (21%) 23 7 (23%) 16 7 (30%) 22 5 (19%)

Embryos were obtained froigu/+ incrosses. Expected genotypes were 5%, 50%igu’* and 25% homozygous wild type. Percentages in parenthesis
represent the ratios of embryos wiiio-type gene expression to the total embryo tested for respective gene expressions. All of these embryos were confirmed to
haveigu/igu genotype.
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(Fig. 8A-E; Table 2), consistent wittizipl being the gene A Wild type
disrupted irigu mutants. Despite the dramatic rescue ofdhe +Hh -Hh
phenotype, no effect was observed upon injectiordzipl Hh
mRNA into wild-type embryos (Fig. 8F-J), suggesting that
Igu/Dzipl is a permissive factor in Hh signaling. Importantly,
the injection of mutantizipl MRNA into igu embryos [(Fig. .
8K-0) or into wild-type embryos (Fig. 8P-T)] did not alter the

Hh target gene expression (Table 2). Even a large amount \ @

wild-type or mutantzipl mRNA (250 pg) did not produce a @
dominant effect on Hh target gene expression (Table 2). Thu @

Igu/Dzipl, while being required for the proper regulation of ) .@ @d—.@

Hh signaling, is not sufficient to activate or repress Hh targe
genes, and is therefore a permissive factor in the Hh signalir
cascade -
arget genes

Discussion

Igu is necessary for the Hh-dependent activation of B igu mutants
Gli proteins +Hh J -Hh

The zebrafish Hh pathway mutamis/glil, yot/gli2, syu/shh Hh
andconall lead to a loss of Hh target gene expression in bot

the neural tube and in somites. Howeugu,is unigue among
midline mutants in that Hh target gene expression is reduce
in the ventral neural tube and brain, whereas in somites tt
expression of Hh target genes is expanded. Cyclopamir
treatments showed that the Hh-dependency of target ge
activation is lost ingu mutants. This is probably not due to the
activation of a different signaling pathway, as a decrease in C '@ ' @‘—.
activator function dtr/glil;igu double mutants) and/or an : 5 N
increase in Gli repressor functioyo/gli2;igudouble mutants)
suppressed all Hh target gene expressioguimutants. These Taroetganse Target gones
results suggest that Gli proteins are responsible for the ectoy nk2.2(-), en1(+), ptc1(+) nk2.2(-), en1(+). ptci(+)
expression of Hh target genesigu mutants, and that the Igu
protein functions upstream of Glil and Gli2 in the Hh signalingig. 9. Model of possible Igu function in Hh signaling. (A) In wild-
cascade. As Gli protein activities are regulated in response fghe embryos, Igu function is required for the positive and negative
Hh signals, the Hh-independent activation of target genes iegulation of Gli protein function in response to Hh signals.
igu mutants suggests that Igu is not a transcriptional cocomponents in green have activating functions, and those in red have
repressor or co-activator of Gli proteins. repressor functions. (B) Without the normal Igu/Dzip1 protein

Our examination of compound mutant phenotypes als@inction (light blue), Hh-dependent regulation is lost and Gli proteins
revealed that the activating ability of Gli proteins is generallycannot fully activate the expression of Hh target genes. In addition,
reduced inigu mutants, despite the apparent upregulation 0*he negative regulation of Hh signaling is also reduicedmutations

S - . f . could act directly on PKA-mediated negative regulation of Hh
enlandptclexpression in somites. This reduced Gli activator, ignals (broken arrows and lines in B) and/or could act indirectly,

functlon explains the loss of Hh S|gnallpg in the'neu'ral tUb? ossibly by causing the constitutive nuclear import of Gli proteins
igu mutants and suggests that Igu/Dzip1 function is requireghin arrows). The resulting constitutive, but weak, activating
for the full activation of Gli proteins in response to Hh signalssunction of Gli proteins is sufficient to induesmlandptclin broad
regions in somites. This same low level of activator function is not
Both positive and negative regulation of Hh sufficient to activate genes suchré.2in the ventral neural tube
signaling is impaired in  igu mutants the transcription of which requires a higher level of Hh signals.
Previous studies have shown that Hh signaling is tightly
regulated in the embryo, with different intracellular
mechanisms positively and negatively regulating Hh signal Although our analysis of compound mutants suggested that
transduction. Hh signaling is positively regulated through the¢he overall Gli activating function is reducedigu mutants, it
functions of Fu, Cos2 and Su(Fu) and the nuclear traffickings probably not due to the direct decrease of full-length Gli
of Gli/Ci proteins (see Fig. 9) (Monnier et al., 1998; Ding etproteins. Ifigu mutations simply lead to a reduction of full-
al.,, 1999; Kogerman et al., 1999; Methot and Basler, 2000ength Gli activators, then we would predict that injection of
Murone et al., 2000; Stegman, et al., 2000; Wang et al., 200@nPKA would still induce Hh responsive gene expression in
Negative regulation is thought to occur via PKA-mediatedgu mutants as it does in wild-type embryos. However, we
processing of Gli/Ci proteins into repressor isoforms in thdound that dnPKA injections did not induce Hh responsive
absence of Hh ligands (Lepage et al., 1995; Ohlmeyer argknes irigu mutants. This suggests that the positive regulation
Kalderon, 1998; Pan and Rubin, 1995; Hammerschmidt et abf Gli proteins, which may be either a modification of Gli
1996; Jiang and Struhl, 1998). proteins or nuclear trafficking, is disruptedigu mutants.
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We also showed thagu mutations reduce the ability of PKA when overexpressed in wild-type embryos. This, combined
to repress Hh target gene expressigimmutants were resistant with our mutant analysis, indicates that Igu/Dzip1 function is
to forskolin, which blocks Hh signaling by activating PKA. a permissive factor required for the regulation of Hh signaling,
This reduced sensitivity to forskolin treatment cannot beand that mutant Igu/Dzipl proteins do not function dominantly
simply explained by defects in the positive regulation of Glito interfere with the regulation of Hh signaling. These results
proteins. InDrosophilg it has been shown that mutations in support the idea that Igu/Dzip1 function is directly required for
PKA lead to the accumulation of Ci and the upregulation ofthe negative regulation of Gli proteins. However, we cannot
Hh signaling (Ohlmeyer and Kalderon, 1998). Likewise, the=xclude the possibility that Igu mutant proteins have a new
upregulation of target genesigu mutants may partly be due function that is masked in injected embryos by the presence of
to a defect in the negative regulation of Gli proteins. Takemhe wild-type protein. In fact, nuclear localization of mutant
together, our analyses suggest that both the positive amglu/Dzipl proteins in vitro could suggest a gained function for
negative regulation of Hh signaling is impairedgn mutants  the mutant Igu/Dzipl proteins. Although we attempted to

(Fig. 9). generate a loss-of-function phenotype by blocking Igu/Dzipl
. . translation with antisense morpholino oligonucleotides, these
Igu protein structure and function morpholinos produced no phenotype in wild-type embryos,

We showed that thégu gene encodes a single zinc-fingerand did not alter Hh target gene expressiongin mutants.
protein, Dzipl. Althoughigu/dzipl is conserved among Considering the weak and ubiquitous expression ofighe
vertebrate species such as human, mouse, rat, chicken and frggne and the permissive nature of Igu/Dzipl, it is possible that
we could not identify a homologous gene [mosophila ~ small amounts of Igu/Dzipl proteins are sufficient for normal
Considering the high degree of conservation in the Hidevelopment, and that morpholinos are therefore unable to
signaling pathway during evolution, a functionally equivalentblock expression sufficiently to produce a phenotype. Further
protein may present in invertebrates, though the sequenb&chemical analysis of Igu/Dzipl will be needed to fully
might be highly diverged. Intriguingly, human postaxial elucidate its function.

polydactyly type A2 (PAPA2), a congenital defect that is

caused by the ectopic activation of Hh signaling (Villavicencio We thank R. Geisler for providing unpublished primer sequences
et al., 2000), maps to a region containing human DZIP1 dpr ESTs, the zebrafish community for providing probes and H.
13g32. DZIP1 might be the gene disrupted in PAPA2. Yakushi for fish care. We also thank A. F. Schier and W. S. Talbot for

. . . . - . eritical reading of the manuscript. Lampl antibody was obtained from
Single zinc-finger domain proteins are not thought to b'nc?he Developrgnental Studies pHybridcg)ma Bank)./ This work was

.DNA’ mstead they are implicated in medlatlng prgte'n'pmte_'rkupported by grants from the Ministry of Education, Culture, Sports,

interactions. The presence of PEST domains in the Dzipdcience and Technology of Japan (MEXT) and the Kato Memorial

protein sequence suggests that the protein may be a target f§science Foundation to A.K., and by NIH RO1NS39994 (R.O.K.).

rapid degradation and is consistent with our observation that

Igu/Dzipl accumulates in lysosomes in cultured cells. TheSﬁ f

facts suggest the possibility that Igu/Dzipl is involved in ererences
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