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Gli1 can rescue the in vivo function of Gli2
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SUMMARY

In mice, three Gli genes are thought to mediate sonic actually required, and indicates that in specific situations,
hedgehog (Shh) signaling collectively. Mis-expression Shh can modulate the ability of Glil to activate target
studies and analysis of null mutants for each gene have genes. Furthermore, expression of both copies @lil in
indicated that the Gli proteins have different functions. In  place of Gli2 does not disrupt spinal cord patterning, but
particular, Glil appears to be a constitutive activator, and does result in new gain-of-function defects that lead to
Gli2 and Gli3 have repressor functions. To determine the lethality. We show that the defects are enhanced wheali3
precise functional differences betweerGlil and Gli2, we  function is reduced, demonstrating that an important
have expressedslil in place of Gli2 from the endogenous difference betweenGlil and Gli2 is the ability of Glil to
Gli2 locus in mice. Strikingly, a low level ofGlil can rescue antagonizeGli3 function.

all the Shh signaling defects irGli2 mutants; however, only

in the presence of a wild-typeShh gene. These studies

demonstrate that only the activator function of Gli2 is  Key words: Gli3, Neural patterning, Mouse, Mutants

INTRODUCTION repression of class Il transcription factors (Briscoe et al., 2000;
Stone and Rosenthal, 2000). However, it is not clear at the
Inductive signals play crucial roles in patterning andmolecular level hov&hhfunctions to regulate differentially the
development of the central nervous system (CNS). One kegxpression of these transcription factors.
signaling molecule, sonic hedgehog (Shh), is initially Shh belongs to the broader Hedgehog (Hh) family of
expressed in the axial mesoderm, including the notochord arsijnaling molecules. The molecular mechanisms of Hh
prechordal plate that underlie the neural plate (Echelard et asignaling pathway have been worked out in greatest detail in
1993). Shortly after the neural tube closes, Shh also Brosophila (Hammerschmidt et al., 1997; Ingham, 1998).
expressed in the floor plate, a structure that lies at the ventrat the end of the pathway is the zinc-finger-containing
midline of the spinal cord and much of the brain. Loss-oftranscription factor Cubitus interruptus (Ci), which appears to
function and gain-of-function studies have demonstrated théte required for all aspects of Hh signaling Dmosophila
Shh is a signal that is both required to specify most ventrgMethot and Basler, 2001). Hh signaling controls Ci protein
neuronal cell fates and sufficient to induce them (Chiang et alactivity at the post-translational level, such that in the absence
1996; Ericson et al., 1996; Pierani et al., 1999; Roelink et algf Hh signaling, Ci is processed into a truncated repressor
1995). However, inappropriate activation of the Shh pathwagorm, CR, which can inhibit some Hh target genes (Aza-Blanc
has been implicated in tumors such as basal cell carcinoma aeidal., 1997; Robbins et al., 1997). In the presence of Hh
medulloblastoma (Goodrich et al., 1997; Grachtchouk et alsignaling, the proteolytic processing of Ci is inhibited, and
2000; Nilsson et al., 2000; Oro et al., 1997; Reifenberger et afyrthermore, Hh stimulates the maturation of Ci into a labile
1998; Xie et al., 1998). activator, Cf (Methot and Basler, 1999; Ohlmeyer and
In vitro explant assays have shown that Shh is able to indu¢&lderon, 1998). Loss diih function results in all Ci being
the formation of distinct ventral cell types in a concentratiorconverted into (, thus resulting in a more severe phenotype
dependent manner; floor plate cells are induced at higim hh mutants than irci mutants, which do not have i
concentrations, and motoneurons and three distinct class@dethot and Basler, 2001).
of ventral interneurons (V1-V3) at progressively lower Three homologs ofCi, Glil, Gli2 and Gli, have been
concentrations (Ericson et al., 1997). Recent evidence furth@entified in human and mouse (Hui et al., 1994; Ruppert et
suggests that this induction is achieved by Shh differentiallgl., 1990). The Gli proteins share high homology in their five
regulating the expression of cell intrinsic determinants, suchinc-finger domains, but limited homology outside of this
as induction of class | homeobox transcription factors andegion (Matise and Joyner, 1999). Gain-of-function studies in
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embryos have been used in an attempt to compare tle&her mutant alone, suggesting ti@&tl and Gli2 have few
properties of the three Gli genes in vivo. Ectopic expression afverlapping functions (Park et al., 200@li2;Gli3 mutant
Gli1, but notGli2 or Gli3, can induce the expression of a floor analysis revealed overlapping functions of the two genes in
plate marker, HNH3 (Foxa2 — Mouse Genome Informatics) in skeletal and lung development, probably reflecting similar
the dorsal CNS of mouse and frog embryos (Hynes et al., 1997 pressor functions of the two proteins (Hardcastle et al., 1998;
Lee et al., 1997; Marine et al., 1997; Park et al., 2000; Sasaklo et al., 1997; Motoyama et al., 1998). By contr@sit,;Gli3
et al., 1999). When expressed in flies, Glil also functions atouble mutants do not appear to have an enha@igdl
an activator in Hh signaling (Aza-Blanc et al., 2000; vonphenotype (Park et al., 2000). Because of redundancy in some
Mering and Basler, 1999). Whe@li2 or Gli3 are injected aspects of gene function and differences in the gene expression
together withGli1, they inhibit the ectopic activation function patterns of the thre@li genes, the mutant analysis in mice does
of Glil (Ruiz i Altaba, 1998). This may reflect that Gli2 andnot provide a direct in vivo comparison of the differ&it
Gli3 have N-terminal repressor domains (Dai et al., 1999%unctions.
Sasaki et al., 1999; Yoon et al.,, 1998). Gli2 has also been Gene mis-expression studies can provide a quick assay to
shown to function as a weak activator in transgenic flies, anghalyze the potential function of a protein, but the results do
in frog embryos, Gli2 can induce motoneuron developmentot necessarily determine what the gene normally does during
(Aza-Blanc et al., 2000; Ruiz i Altaba, 1998). Gli3, however,development. For example, ectopic expressidaldfhas been
has been shown to function as a repressor in Hh signaling &#hown to be able to induce floor plate development, and yet
fly and frog embryos (Aza-Blanc et al., 2000; Ruiz i Altaba,Glil is not required in vivo for floor plate development.
1998; von Mering and Basler, 1999). Of the three Gli genesZonversely, ectopiGli2 expression does not induce floor plate
only Glil expression is dependent on and can be activated lgrmation, butGli2 is required for floor plate development in
Shh (Grindley et al., 1997; Hynes et al., 1995; Lee et al., 199The mouse CNS. Given the many essential roles the Shh
Litingtung and Chiang, 2000; Marigo et al., 1996; Rowitch efpathway plays in mammalian development and disease, it is
al., 1999). Taken together, the mis-expression studies suggésly to test directly in vivo wheth@&lil andGli2 have different
that the three Gli proteins have primarily different functions. functions in transducing Shh signaling. We addressed this

Biochemical studies have shown that Gli3 can be processegiestion directly by replacing tt&li2-coding sequences with
like Ci into an N-terminal form, both in fly imaginal disc cells those ofGlil using a gene targeting knock-in approach (Hanks
and mouse and chick limbs (Aza-Blanc et al., 2000; Wang et al., 1995) that ensures tl@lil is expressed in precisely the
al., 2000). Furthermore, the proteolytic processing of Gli3 wasame way a$li2 in the right places and at the right times
found to be regulated by Hh signaling, such that in the presendering embryonic development and postnatally. Given the
of Hh signaling this processing is blocked (Aza-Blanc et al.different biochemical properties and genetic functions of Glil
2000; Wang et al., 2000). Interestingly, even though Glizand Gli2, a prediction was that replacemenGb® with Glil
contains both activator and repressor domains, the processiwguld result in activation oShhtargets inGli2-expressing
of frog Gli2 in fly imaginal disc cells was found to be cells, resulting in the formation of excess floor plate in the
independent of Shh (Aza-Blanc et al., 2000), whereas whe@NS. Strikingly, our studies show that a low level3ifl can
Gli2 was over-expressed in COS cells, no processing wagplace allGli2 functions and rescue the embryonic lethality
detected (Wang et al., 2000). By contrast, Glil does not appeaf Gli2 mutations. When both copies @fi2 are replaced with
to be processed in mouse extracts, or when ectopicall@lil, however, lethality occurs due to new gain-of-function
expressed in COS7 cells or fly imaginal discs (Aza-Blanc edefects, despite CNS patterning being normal. We show that
al., 2000; Dai et al., 1999; Park et al., 2000). the defects are at least in part du&tid interfering withGli3

Null mutations in the three mouse Gli genes have beefunction. Finally, as Glil can act as a constitutive activator, we
identified or generated. Surprisingly, mice that &8kl  tested whether expression @fil in place ofGli2 can rescue
function are phenotypically normal (Park et al., 2000) (C. Bthe Shhmutant phenotypes and fou@dil in this context was
B. and A. L. J., unpublished). Mice with mutationsGti2, insufficient to rescue the ventral spinal cord.
however, die at birth and have defects in floor plate and V3
interneuron development, as well as many abnormalities in
many other tissues including the skeleton and lungs (Ding @IATERIALS AND METHODS
al., 1998; Matise et al., 1998; Mo et al., 1997; Motoyama et
al., 1998; Park et al., 2000). The lack of floor plateGii2 cDNA constructs
mutants indicate§li2 acts downstream dBhhto induce at  MouseGlil (Park et al., 2000) ar@li2 (Hughes et al., 1997) cDNAs
least some ventral genes. By contrast, mice with a mutation gbrresponding to the coding regions were tagged at theirds with
Gli3 (extra toesGli3Xt) have dominant dorsal brain defects a FLAG epitope (Sigma) by PCR and confirmed by sequencing. These
and polydactyly, but have a relatively normal spinal cord (Dind-LAG tags could be detected in transfected cells but could not be
et al., 1998; Theil et al., 1999). As t6i3 mutant defects are detected by western blot or by immunostaining in mouse embryos
similar to Shhgain-of-function defects, Gli3 may functions to gggigi’?ga;h;dg ge;esdea'é?'zz- frT;‘r; nclgtlé(lt%rggflssiglIoiglglﬁd
repress Shh targets. Indeed, $hh;Gli3 double mutants, S! was excis -acr (Vv etal, :
motoneurons develop n the spinal cord, indicating that 41 1UHength mousEl2 & UTR s epufen by SRACE and
CrL.JC'aI function of Shh is to inhibit the repressor activity Ofprocessing, three tandem repeats of 250 bp of SV40 polyA signal were
Gli3, to allow motoneuron development (Litingtung andgqgged to the'®nd of all constructs.
Chiang, 2000).

Interestingly, Gli1;Gli2 double homozygous mutant mice Generation of knock-in mice
have only slightly more severe CNS and lung phenotypes thabenomic DNA containing the first three exonsGif2 was isolated
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from a 129SvEv genomic phage library (Stratagene). To make tHacZ and a FLAG-tagged Gli2 protein were also targeted into
targeting vectors, a 3.2 KbanHI fragment (from a 5Banti to 74 the same site in th&li2 locus, using the same targeting
bp before the AUG) was used as’afn and a 6 ki€lal fragment  strategy (Fig. 1B). The targeting vector used in the experiments
(from 39 bp after the ATG to & Glal site) was used as a&@m (Fig.  contained a floxed neomycin-resistant gema) downstream

1A). 1ki, 2ki andlzki constructs (Fig. 1B) were then inserted into theof the inserted cDNA for positive selection.

targeting vector. Theneo cassette is in the opposite orientation Following electroporation of each vector into W4 ES cells

compared with the endogenoB$i2 gene. W4 ES cells (Auerbach et -
al., 2000) were grown, electroporated and subjected to doub@‘uerbaCh et al.,, 2000), Southern blot analysis usirE8 3

selections as described (Matise et al., 2000). Targeted clones wé?@bes identified correctly targeted clor_1es (Fig. 1C and see
identified byBarHI restriction enzyme digestion and Southern blotMaterials and Methods). At least two independent targeted
analysis with a ‘3external probe, giving a wild-type band of >13 kb alleles were transmitted through the germline for each allele
and a mutant band of about 11 kb (Fig. 1C). The same blot was théollowing ES cell chimera formation (Papaioannou and

reprobed with a'Gnternal probe, giving a >13 kb wild-type band and Johnson, 2000). Since all the initial mice that were made had
4.7 kb (Lki), 10.3 kb Rki) and 3.2 kblgki) target locus bands. Three g neo cassette, they were designated with an n (for example

targeted cell lines for each vector were then injected into C57 BL/6¢|i2n1ki, for Glil knock-in intoGli2 with neg. Theneogene

blastocysts (Papaioannou and Johnson, 2000). Chimeras were bigde targeted alleles was then removed by crossing the mice

with Black Swiss Webster outbred mice and 129S6/SvEv inbred micg, NLS-CREexpressing transgenic mice. The resulting mice

(Taconic) to establishiFheterozygotes. Two independent germline - . ;
transmitting mouse lines were established for each knock-in construéﬁCk'ng theneo cassette were designated without an n (for

PCR analysis was used to routinely genotype knock-in animals &xample Gli21k).
e e, 11 ) T D e e i ook 127 are ol
AGCGTGCCTCCCAGATGACAGG: P3, AGACTGCCTTGGG- and lacZ knock-in mutants (- Gli2/?') have defects
AAAAGCG; P4, GTCTTGCCTGAATAGACTGTGGGTGAATCC.  similar to  Gli2? mutants

Breeding and genotyping dBli2™ and Shh mutants were as |t was expected that insertion of an exogenous cDNA into the
described (Chiang et al., 1996; Mo et al., 19G)3*U* mice were  sacond exon of th&li2 genomic locus would result in the

obtained from Jackson Laboratory and heterozygous mice wer NA beina exor reciselv in th me manner h
identified by their characteristic limb phenotypes (Hui and JoyneréD being expressed precisely in the same manner as the

1993). Mice were kept and analyzed on an outbred Swiss Webstngc’genougz'II2 gene. Fur_thermore, it was expected t_hat the
strong polyadenylation signal downstream of the inserted
background. . — . i
cDNA would terminate transcription after the inser@® 3
Immunohistochemistry and RNA  in situ analysis UTR. Insertion of dacZ cDNA into theGli2 genomic locus
Embryos were fixed in 4% paraformaldehyde for 20 minutes at 4°should therefore generate a n@li2 allele, whereas inserting
before embedding. Frozen sections were cut giri2as describped a Gli2 cDNA should result in a normal allele.
previously (Matise et al., 1998). Monoclonal antibodies (obtained Gli2Z'd mutants, which lack the exons encoding the zinc-
from the Developmental Studies Hybridoma Bank, University offinger DNA-binding domains 3-5, have no floor plate, small
lowa) for the following proteins were used: Shh, HRF8Ikx2.2,  |yngs that lack the accessory lobe, a lack of notochord

|s|1/2,dPax6, F;%XL(E“CSO”b? gl.,dl?%). JCVSK'CO”jll‘gated a”g'mousr“%gression and skeletal abnormalities (Ding et al., 1998; Matise
secondary antibody was oblained from Jackson 'mmNUNORESEAray 5| ~1998: Mo et al., 1997; Motoyama et al., 1998; Park et

1:500. | i H % ki
grgDqu;?];g agg()cogzgﬁzr;vzrseséﬁggred via a Hamamatsu COOac.jl, 2000). To address whether the r@li2'24i allele produced

Whole-mount RNA in situ hybridization and X-gal staining were the same phenotypes as @22 allele, homozygousli2'
performed as previously described (Matise et al., 1998). The in sittmbryos were examined and compared \@tt27'd mutants.
probes used were f@lil andGli2 (Hui et al., 1994). In wild-type embryos, Shh and HNBZire both expressed in

the notochord and floor plate. In the spinal cor@tp!zkizki
E10.5 embryos, as @li2z'd/zfdembryos, no cells were present

RESULTS that expressed Shh and HNF&ig. 2G,H) (Matise et al.,
) . ) o 1998). In addition, the number of Nkx2.2 expressing V3
Generation of three lines of ~ Gli2 knock-in mice interneurons that are normally adjacent to the floor plate was

A powerful approach to test whether two proteins have similagreatly reduced in botli2 mutants (Fig. 2I) (Matise et al.,
biological functions is to determine whether one protein cai998). With the absence of floor plate cells and V3
compensate for the lack of the other in vivo. In mice, this camterneurons, the Isl1/2-expressing motoneurons occupied the
be done by using the knock-in gene targeting technique thaentral midline of the twdsli2 mutant spinal cords (Fig. 2J)
involves replacing the coding sequence of one gene with th@¥atise et al., 1998). The expression of dorsal markers of the
of another (Hanks et al., 1995). To determine whe@tdrcan  spinal cord, such as Pax6 and Pax7, however, were largely
compensate for a lack @li2 function, 56 bp ofGli2 exon 2, unaffected in bothGli2 mutants (Fig. 2K,L) (Matise et al.,
including the ATG, were replaced with a FLAG-taggelil ~ 1998). Furthermore, the lungs of E18562/2k1zki embryos, as
cDNA (Fig. 1A). To ensure proper translation and processingn Gli2zdzdembryos, were reduced in size and the accessory
of theGlil fusion transcriptGli2 3' UTR sequences and three lobe was missing. In addition, the notochord was situated close
copies of an SV40 polyadenylation signals were placetb the spinal cord in bot&li2 mutants (data not shown).
downstream of theGlil cDNA-coding sequences. We have  To further confirm that th&li2!Zki allele and the previously
previously shown that this Glil protein construct is translatedeneratedGli2Z'd allele have the same defects, compound
in COS7 cells like other Glil proteins (Hynes et al., 1997Gli2'Zk/zfd mutant embryos were generated and analyzed at
Sasaki et al., 1999), and can induce HBIF8dorsal midbrain E10.5 and E12.5. As expected, the floor plate, the lungs and
cells in transgenic mice (Park et al., 2000). cDNAs encodinthe notochord had the same phenotype as either mutant alone
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Fig. 1.Knock-in gene targeting strategy. (A) T@42 locus, targeting vector and knock-in alleles (third and fourth diagrams) with and without

nea The first three exons @&li2 are shown as boxes, with white boxes representing untranslated exons and black boxes representing translated
exons. The cDNA represents either i 2ki or Izki (shown in B). CRE-mediated recombination was used to removetieassette in the

knock-in alleles in mice. P1-P4 represent primers for PCR genotyping. (B) Knock-in cDNA constructs. All cDNAs coi@iih3he TR

followed by three SV40 polyA signals. (C) Typical ES cell Southern blot analysis. Genomic DNA from ES cells was digestethlitnBa

probed with 5and 3 probes. Different knock-in constructs gave different hybridization bands. Size in kb is shown on the left.

(Fig. 2M-R) (Matise et al., 1998; Park et al., 2000). Thesavhether they were normal. Three lines of germline transmitting
studies, together with the design of (BE2!zk allele, suggest mice were established and maintained on both inbred and
that bothGli2z'd and Gli2!zki represent null alleles. outbred backgrounds. Intercrosses of heterozygous mice
Expression ofacZ from theGli2 allele inGli2n'zkior Gli2!zk  produced homozygous knock-in mice at a normal Mendelian
embryos exactly replicated the norn@li2 expression pattern frequency, and these animals appeared normal in all respects
(data not shown and see Fig. 4, Fig. 5). To further test wheth€fable 1). Taken together, these studies demonstrated a
an inserted cDNA was expressed like endoger@isusing  successful knock-in gene targeting strategy \@li2 function
our targeting strategy, homozygoB$22K mice expression a being abolished by insertion of a cDNA into exon 2 and
Gli2 cDNA from theGli2 allele were generated to determine expression of the cDNA precisely inGli2-like manner.
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Fig. 2.HomozygousGli2!zkiizki embryos have defects in ventral spinal cord development at E10.5, sin@li24&/2fdmutants. InGli2'zk

mutant spinal cords (G-L), the floor plate cells that express Shh and3x&®st (G,H). Nkx2.2-expressing V3 interneurons are greatly

reduced in number(l). Loss of floor plate also results in a ventral expansion of Isletl/2- (J) and Pax6- (K) expressiny efweBsion is
unaffected (L). White arrowhead represents ventral limit of Pax6 or Pax7 expression domain. (M,N) E10.5 spinal cord btaimési gt

antibody for motoneurons. The floor plate fails to develdpligZk/zZdembryos, and motoneurons occupy the ventral midline.

(0,P) Hematoxylin and Eosin staining of E12.5 spinal cord. The notochord (indicated by black arrow) fails to r&ji284¢4i embryos.

(Q,R) E12.5Gli2'7/zfdembryos have smaller lungs without an accessory lobe. The margins of the spinal cord and spinal canal are outlined by
broken white lines. The margin of lungs is outlined by broken black lines. Scale bamlif®-E,D-K; 78um in F,L; 130um in M,N.

Gli1 can replace the embryonic requirement for Gliz expressed in place oBli2, we examined the embryonic
To test directly whetheGlil can substitute foGli2 function  expression ofGlil by RNA in situ hybridization. At E10.5,
in vivo, the phenotypes @li2 mice carrying theslil knock-  Glil is normally expressed in the ventral spinal cord only near
in alleles were examined. As a first step to ensureGlihtvas  the floor plate, and in the posterior limb bud mesenchyme

Gh.szi/+

Fig. 3.Gli1 is expressed in th@li2 Glil Glil
domains from the knock-in allele.
(A,C,E,G) Whole embryos and
(B,D,F,H) high-power images of the
limbs of the same embryos.

(A,B) Wild-type E10.5 embryo stained
with aGlil probe. (C,D) Wild-type
embryo stained with &li2 probe.

(E,F) Gli21ki* embryo stained with a
Gli1 probe. (G,H)Gli21k/1kiembryo
stained with &lil probe.Glil is
expressed in thélil (white arrows in
F,H) andGli2 (between red arrowheads
in F,H) expression domains. Note the
elevatedGlil expression in H
compared with F.

Gﬁzlkfllki

Gli2 Glil
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Table 1. Mouse breeding Gli2 1killzki
Offspring genotype
Parental cross Gligkirki Gligkir+ Gli2++
Gli22k+ x Glig2ki+ 38 91 38
Gli21ki+ x Gligizki+ 18¥ 38t 24
Gli2niki+ x Gligniki+ 5 49 29
Gli21ki+ x Gli21ki+ 0 29 12

*ki represents eithelki, n1ki, 2ki or Izki allele.
TGli21ki*+ andGli2lzki+,
G2 1kiflzki

surrounding the zone of polarizing activity (ZPA) (see Fig.
3A,B). By contrastGli2 is expressed at E10.5 throughout the
spinal cord, except for in the floor plate, and throughout th
limb bud, except for in the ZPA (see Fig. 3C,D). In
heterozygousslil knock-in embryos@li21ki*) in additionto P 2
the normalGlil expression domain in the posterior limb bud,
ectopic weakGlil expression was detected throughout the — Gli2lki/+ Gli2lzkillzki Gli2 1kiflzki
anterior limb bud in a similar pattern to thaGif2 (Fig. 3E,F).
Expression ofGlil from the Gli2 knOCk"n. a”e.le. Comam.mg floor plate defects. I®1i2 mutant embryos, the floor plate cells are
neowas lower (data not ,Sh?(Wn)- ExpressioGifl in theGli2 isqing (Fig. 2G-L). At E10.5, ectopic expression of one copy of
domain in homozygousli2? 'embryos increased as expected,Gji1 in theGli2 domain results in rescue of the ventral spinal cord
whereas the level of expression of endogen@iis in the  defect, as assessed by immunohistochemical staining for Shh,
posterior limb appeared unchanged (Fig. 3G,H). Furthermor@ikx2.2 and Islet1/2 (A-C) or by X-gal staining@li21k/zki embryos
in sections ofGli21k1zki skin, aGli2-coding sequence cDNA (D-F). (A-C,F)Gli21kilzk embryos, (D)Gli2'2k* embryo and
probe did not detect any signal, whereas ectoplil  (E) Gli2"?k/zkiembryo. Red asterisk indicates floor plate that does not
expression was detected in cells that normally exi384C. expresdacZ from theGli2 allele. The margins of the spinal cord and
B. B., Marc Fuccillo and A. L. J., unpublished). spinal canal are outlined by broken lines. Scale baruh®0

To address whether one copy @il can replace the
function of Gli2 during developmentGli2niki- and Gli21k/-  phenotypically normal at weaning and were present at
(where ‘—' indicates the nullacZ knock-in allele) embryos Mendelian ratio, but later develop a mild hair defect.Gd
were generated. Whereas the floor plate is missing in E10v@as only weakly expressed from B&2 allele containingneq
embryos lackingsli2 function, the floor plate appeared normal these results show that a low level @fil is sufficient to
in Gli2 knock-in embryos. Furthermore, Shh was expressed aompensate for alGli2 function during development and
in wild-type embryos in both the notochord and the floor plat@ostnatally. Furthermore, as Glil is reported not to have
of Gli2 knock-in embryos (Fig. 4A and data not shown).repressor function (Sasaki et al., 1999), these results suggest
The Isl1/2-expressing motoneurons and Nkx2.2-expressintpat only the activator form of Gli2 is required during
interneurons also occupied the appropriate ventralateral areaerhbryonic development.
the spinal cord in th&li21ki- and Gli2"1ki* mutant embryos As an additional test of whether any repressor form of Gli2
instead of the midline area (Fig. 4B,C, and data not shown). lis required in Shh signaling, we examined whether removing
addition, the normal ventral domain &fli2 expression, as Gli2 rescues any of thBhhmutant defects. However, unlike
detected by X-gal staining for ti@li2'zki allele, was restored Gli3~—Shhr’~ mutants, Gli27—Shh’~ E10.5 embryos rE4)
in Gli21k/- embryos, as indicated by an absence of blu@ppeared similar t&§hhmutant embryos, with cyclopia (Fig.
staining in the floor plate oBli21k/- embryos and staining 5C,G) and loss of ventral cell types including floor plate cells,
throughout the ventral region @li2 null mutants (Fig. 4D-F). interneurons and motoneurons in the spinal cord (Fig.
As generation of the floor plate has been shown to depend 6&,G,K). Collectively, these results demonstrate that unlike
Shh signaling anéli2 function (Ding et al., 1998; Matise et GIli3, any Gli2 repressor form that is produced does not play a
al., 1998), the appearance of a floor plat&ii2k/-~embryos significant role in repressin@hh targets, at least in the
showed that aspects of Shh signaling had been restored in fhresence of two norm#&li3 alleles.
spinal cord. Thus, one copy@fil in place ofGli2 can replace
Gli2 function. Dorsoventral (D/V) pattering of the spinal cord

To determine whether one copy 6lil can rescue other appears normal in homozygous knock-in embryos
defects caused by loss®fi2 function, we examined the lungs €xpressing Gli1 from the Gli2 allele
and notochord ofsli21ki~ and Gli2ntki- embryos at E12.5. In the developing vertebrate spinal cord, all dorsal progenitor
Indeed, the accessory lobe, which is abserlig mutants, cells express the homeobox transcription factors Pax3 and
was restored irGli2 knock-in embryos, and the notochord Pax7. In the ventral spinal cord, five distinct classes of
regressed just as in wild-type embryos (data not shownjprogenitor cells express distinct combinations of transcription
Furthermore, Gli2niki- mice were born at a Mendelian factors, probably as a response to different concentrations of
frequency and appeared to be phenotypically normabhh (Briscoe et al., 2000; Ericson et al., 1997). Furthermore,
throughout life (Table 1).Gli21k/~ mice also appear ectopic expression of human or mouBkl can induceShh

Fig. 4. Expression of one copy @lil can rescue th&li2 mutant
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Shi™" Gli2HKH gpp~l- Gl ™l gpp

;Shh™

Izki/+

Gli2™"* .shi”

Gli2

Fig. 5.Loss ofGli2 does not rescue tt&hhmutant defects and expressionGifl from theGli2 allele can only partially rescue t&éah
forebrain mutant defects at E10.5. (A,E) Wild-type embryos. (85~ embryos. (C,GEli2!zk/1zki Shir/-embryos. (D,H)Gli21k+;Shir/~
embryos. IrShi-embryos, the telencephalic vesicles are fused (arrows in B,F). In h@figdli*-;Shir’-embryos, the telencephalic
vesicles are partially separated. The embryo in D represents the most fully rescued embryo. (E-H) Higher magnificaticheziews of
telencephalic regions of the same embryos as in (A-D), shown in frontal view. F is a frontal view, in order to visuatik®tiseearation of
the two vesicles, and the broken red lines in E,H indicate the midlineldtZ)s expressed isli2'2k* andGli2!zki/*;Shit’-embryos at E8.5
(1,J) and sections at E10.5 (K,L). DRG, dorsal root ganglion. The margins of the spinal cord are outlined by brokenSealdires: 5Qum.

target genes in dorsal regions of the developing mouse braim Shh and HNH3 expression (Fig. 7G,H). We further
(Hynes et al., 1997; Park et al., 2000; Sasaki et al., 199%xamined the Nkx2.2-expressing V3 interneurons and Isl1/2-
These facts prompted us to examine whether ectopiexpressing motoneurons, both of which lie dorsal to the floor
expression ofslil throughout the spinal cord in homozygous plate cells and can be induced by low levels of Shh. Indeed,
knock-in embryos, which express a higher leveGtfi than  both V3 interneurons and motoneurons appeared to be
in Gli21ki- embryos, has any effect on D/V patterning of thegenerated correctly iGli21k/1ki embryos (Fig. 71,J). Taken
spinal cord. together, these studies demonstrate that the expression of a

Pax7, which is expressed by all dorsal progenitor cells ihigher level ofGlil throughout the spinal cord (except in the
wild-type embryos, was still expressed only in the dorsal haffioor plate after E8.5, see Fig. 5K) at normal physiological
of Gli21killkiempryos (Fig. 7L), suggesting that the generatiorievels forGli2 does not disturb the generation and patterning
of dorsal progenitor cells was not perturbed. Theof lateral and dorsal neurons in any obvious manner. This
differentiation of the floor plate, ventral interneurons andsuggests that the Shh signaling pathway was not ectopically
motoneurons was then examined. @1i21k/lki embryos, activated and raised the possibility that Shh signaling might
expression ofGlil throughout the lateral and dorsal spinalmodulate the ability of Glil to function in the early ventral
cord did not result in excess floor plate differentiation, basedpinal cord.
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ik Gli2™8 - .shn'-

WwT Shh'/' GI:'E'/-;Shh

Is11/2

Fig. 6.Loss ofGli2 does not rescue the
Shhmutant defects and expression of

Glil from theGli2 allele in the neural

plate does not rescue the ventral spinal

cord defects irBhhmutant embryos.

Antibody staining of E10.5 embryos

for Isl1/2, HNF3 and Nkx2.2. In wild- Nkx2.2
type embryos, Nkx2.2-expressing
interneurons and Isl1/2-expressing
motoneurons are expressed in the
ventralateral spinal cord (A,E), and

HNF3p is expressed in the floor plate

(I). These markers are not expressed in
Shh'=(B,F,J) orGli2="-Shh'/-

embryos (C,G,K). In addition, HNF3p
expression of one copy &flil in the

place ofGli2 in Shhmutant embryos

does not rescue these ventral cell types
(D,H,L). Scale bar: 5¢um.

Expression of Gli1 from the GIi2 locus does not and mesoderm (Hui et al., 1994). By E&Hi2 expression can
rescue the Shh mutant spinal cord defects be seen in many ectoderm and mesoderm-derived tissues
To test whether expression®fil from theGli2 locus requires including the midline of the neural plate. At this stage)dh&
Shhto induce a floor plate, as do@$i2, we examined spinal domains inGli2'2k/*:Shir’~ embryos were similar to those in
cord patterning irGli21k"* mice that had a muta@hhgene. If  Gli2'zki*;Shh-embryos (Fig. 51,J). By E10.§1i2/2K/*:Shir/~

Glil has a constitutive activator function in vivo, th&fil ~ embryos are much smaller thadli2!zk/*;Shi~ embryos,
should be able to rescue tBehmutant defects. We monitored and have fused telencephalic vesicles (data not shown).
the expression d&li2 in Shhmutants using th€li2'a¢Zknock-  Nevertheles$acZ was expressed in all tissuesShhmutants.

in allele to ensure thaGlil would be expressed in the Furthermore, despite the loss of many ventral tissues in the
appropriate cells in the ventral neural plat&bhmutantsGli2  spinal cord of3l1i2'zki*; Shiv'- mutants)acZ was still expressed
expression normally starts at E7.5 in the embryonic ectoderthroughout the spinal cord (Fig. 5L).

Shh HNF3f3 Nkx2.2 Isl1/2 Pax6

Fig. 7. Expression of two copies &lil1 from theGli2 allele does not result in spinal cord patterning defects. Immunoflurorescent staining of
Shh, HNF®, Nkx2.2, Isl1/2, Pax6 and Pax7 in E1GE21K/+ embryos (A-F), o6Gli21k/kiembryos (G-L). The size of each mutant used for
the analysis was slightly different. White arrowhead indicates the ventral limit of the Pax6 or Pax7 expression domais®fMergipinal

cord and spinal canal are outlined by broken lines. Scale bapm00
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When one copy 06lil was expressed from th&li2 allele o nlkimlki Gl MR )
in E10.5 or E11.5Shh mutant embryos, the head of the Gli2"", 3 months Gz Glio" k-
embryos was found to be only slightly larger tharShir/~
embryos (10/10). Moreover, in only 50% of the embryos (5/10
development of the diencephalic vesicles was only slighth
rescued, based on the finding that grossly the diencepha
vesicles were partially separated into two vesicles (Fig. 5E-H
The generation of a floor plate and ventral neurons in the spin .
cord was then examined in E10G&i21k/*;Shir’- embryos. A B 15g 29g
Strikingly, no floor plate, V3 interneurons or motoneurons
could be detected iB1i21k/*;Shir'-embryos (Fig. 6). Similar
results were obtained when Gli21k/1k:Shiv’~ embryo was
examined. These results demonstrated that wGéh is
expressed from th&li2 allele, a normaShhgene is required
for Glil to activateShhtarget genes in the spinal cord. { /

IKil+ . i3

Gli2™M* . GLiz* 6 weeks Glizt"* Gli2

Homozygous Gli21ki mice die due to gain-of-function
effects

Although Gli2ki~ animals are found at the expected| € ' d
Mendelian frequency and live to old age and breed, they weie . N . .
found to develop a skin defect after 3 months of age (data npjd: 8. Gli2 knock-in mice expressinglil develop hair defects,

shown, but see Fig. 8A). ASli2ntki- animals that also lack ) Gli2™™* mice develop hair defects at three months of age.

. , O : (B) Gli2nki* mice are normal, where&@&li2"k/n1kimice develop
Gli2 function but express a lower level @fil in place ofGli2 hair defects and are much smaller tai2nk/* littermates. Shown

do not develop a hair defect, this suggested the phenotypeggs months of age, th@li2nkinkimouse weighed 15 g and the
due to a gain-of-function effect oBlil mis-expression. Gli2niki* mouse weighed 29 g. (C) Removal of one cop@lis

Consistent with thisGli21k/* animals also were found to enhances the hair loss defec@hi21ki*;Gli3*-mice at 6 weeks of
develop a similar phenotype tGli2ki- animals, which age. (D) Expression of one copy®fil from theGli2 allele
included a gradual loss of hair starting on the dorsal neck arehhances the polydactyly @ii21k/*;Gli3*/~ mice.
proceeding caudally down the back after the animals reached
about three weeks of age (Fig. 8A). The hair loss got worse
with time, and at about 5 months, some mice had no haénother protein, in particular Gli3. A&li3 is normally
around the neck (data not shown). By contrast, heterozygoespressed at a distance &hhexpressing cells and the
Glil knock-in mice with aneocassette present in the knock- processing of Gli3 into an N-terminal truncated form in mouse
in allele Gli2n1ki'+) did not develop a hair defect (Fig. 8B). embryos is inhibited bghh(Wang et al., 2000), Gli3 is likely
The finding that the hair defect developed3ii2lk/* and  normally primarily present in a repressor form. As Glil is not
not Gli2n1ki* adult mice suggested that an increase in the levalleaved and does not have repressor function, co-expression of
of Glil in place ofGli2 leads to skin defects. To further test Glil and Gli3 in the same cells @li21k/* mice could lead to
this, Gli2"1k/"* mice were intercrossed to obtain homozygousmutual antagonism.
Gli2nikinlkimjce., While some homozygou@li2ntkiniki mice To test whether any part of th@li21ki* gain-of-function
were obtained at weaning age, they were present at a redugqatenotype is due to Glil interfering with Gli3 function, we
frequency (Table 1). Furthermore, homozygous mice thatompared the phenotype dBli3*~ mice with that of
survived to adulthood had several defects, the most obvious &i21k/+:Gli3*~ mice. The most obvious phenotypeGiti3*-
which was extreme loss of hair. Shortly after weaning immice is mild postaxial polysyndactly of the forelimbs and
homozygous mice, when the second cycle of hair growtpreaxial polysyndactly of the hindlimb (Hui and Joyner, 1993).
normally begins, hair loss was seen on the dorsal neck area aidikingly, Gli21k+/~Gli3*~ double heterozygous mice showed
in many cases the skin became exposed (Fig. 8B). Most of tlkesevere hair loss that occurred throughout the body by six
Gli2nikinlkimjce that survived to weaning died by 3 months ofweeks of age (Fig. 8C), and ti@li3*~ polydactyly was
age (5/5). At this age, surviving mice were about 40% smalleznhanced (Fig. 8D). In addition, female double heterozygous
than their wild-type littermates, and they had a stiffness anchice died by six weeks of age=3), and all the male mice
lack of coordination of their hindlimb. Furthermore, whenwere sterile 1t=5). As the enhanced phenotypes seen in
Gli21ki* mice lackingneowere intercrossed, no homozygous Gli21k/*;Gli3*~ double heterozygotes are reminiscent of the
Gli21kiltki mice were found at weaning (Table 1), showing thagain-of-function phenotypes seen in homozygGlignikiniki
the phenotype becomes worse and leads to lethality &ithe mice, these results provide genetic evidence @lét can
expression level increases to the normal level produced froantagonize th&li3 function.
two Gli2 alleles.

Glil antagonizes the normal repressor activity of DISCUSSION

Gli3

The gain-of-function defects seen @1i21k/* mice could be Based on the high degree of conservation of components of the
due to activation oShhtarget genes in inappropriate cells, Hh signaling pathway in different species, it is likely that
and/or due to Glil protein interfering with the function of collectively the Gli genes, likeCi in fly, are required to
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transduce all Shh signaling. The situation in mice is moreDNA or the same mougglil cDNA as used in the present
complicated, not only because there are three Gli genes, atudies was found to indu@&hhtarget genes when expressed
also because these three Gli proteins also appear to hawethe dorsal midbrain, a region that lacReh expression
different biochemical properties and the genes are regulated (&tynes et al., 1997; Park et al., 2000; Sasaki et al., 1999). A
different levels. For example, at the transcriptional level, Shlikely explanation for the difference in results is that in the
activates transcription ofGlil, whereas it represseGli3 previous transgenic studi€dil was expressed at higher levels.
(Grindley et al., 1997; Hynes et al., 1997; Lee et al., 19970ur finding that ectopic expression@lil from theGli2 allele
Marigo et al., 1996). At the level of translational control atdoes cause dominant defects indicates that in some tissues the
least, the humaGLI1 mRNA contains 3JTR sequences that level of Glil may be sufficient to activate target genes.

can inhibit translation (Jan et al., 1997). Finally, at the post- A possible reason why Shh is required &l to induce a
translational level, both Gli2 and Gli3, but not Glil, can befloor plate in our present study is that one functiorSlatiis
processed into repressors (Aza-Blanc et al., 2000; Dai et atg inhibit the processing of GIi3 into a repressor form in the
1999; Wang et al., 2000). A major challenge then, is twentral spinal cord (Litingtung and Chiang, 2000). This
understand how each Gli protein participates in mediating Shiunction may be required to allow Glil to activate appropriate

signaling. targets whei®lil is expressed at low levels. An alternative, or
] ) ] additional reason whghhcould be required to induce a floor
Gli1 can replace all necessary  Gli2 functions plate in Gli2ki- animals is that the Glil protein activator

One of the key observations of this study is t@dfL can function is enhanced by Shh signaling and this enhancement is
functionally substitute foGli2 in all processes. Unlike mis- required when Glil is present at low levels. A recent study in
expression studies, where it is difficult to control the timing,transgenic flies supports this conclusion (Aza-Blanc et al.,
level and location of gene expression, we subje@iedto the  2000). In anterior compartment cells that are far away from the
same precise controls that regulate the expression of ti#d border and do not receive Hh signaling, ectopic expression
endogenous$sli2 gene and asked wheth@lil andGli2 have  of frog Glil was able to activatdpp and ptc transcription.
similar in vivo functions. To our surprise, we found tkitl However, in cells in the posterior compartment of the imaginal
is able to rescue all th&li2 mutant phenotypes, including disc that receive Hh signaling, the ectopic frog Glil activity
defects in floor plate, lung and notochord developmentwas enhanced.
Furthermore@Glil is able to rescue the embryonic lethality of ] ) ] .
Gli2 mutants when expressed at low levels. These results afeGli2 repressor form is not required during mouse
consistent with previous studies showing that Glil and Glizlevelopment
recognize a common set of target genes, includiNg3B, Ptc  Genetic analysis showed th@ti2—~~Gli3*~ embryos have a
andGilil itself. In cell culture, both Glil and Gli2 can activate more severe polydactyly phenotype ti@i8*~ mutants alone
transcription of reporter genes containing Gli-binding sites(Mo et al., 1997), suggesting that Gli2 and Gli3 have
and in transgenic mice, ectopic expressiorstl or a form  overlapping repressor functions. Indeed, transfection studies
of Gli2 with a deletion in the N terminus activates expressiorhave shown that the N-terminal domain of Gli2 contains a
of the gene for HNH3 in the dorsal midbrain (Sasaki et al., repressor domain (Sasaki et al., 1999). In addition, when co-
1999). In transgenic flies, it has also recently been shown thetjected withGli1, Gli2 inhibits the activation function @lil
ectopic expression of both fr@glil andGli2 can activatelpp  (Ruiz i Altaba, 1998). Recent evidence in transgenic flies
and ptc expression (Aza-Blanc et al., 2000; von Mering andsuggests that, unlike Ci in fly, some Gli2 protein is
Basler, 1999). Interestingly, in each of these experiments, Glidonstitutively processed into a N-terminal repressor even in the
and Gli2 activated the targets with different efficiencies. presence of Hh (Aza-Blanc et al., 2000). By extrapolation, this
Given thatGlil can replaceGli2 in mice, it raises the would mean that in mouse embryos, in addition to full-length
guestion as to why endogend@Bl does not compensate for Gli2 being present, GI2should always be present. Given this,
a loss of Gli2 in mutant mice. One likely reason is that an important question was whether Gli@ays a major role in
transcription ofGlil is upregulated by Shh signaling (Grindley development.
et al., 1997; Hynes et al., 1997; Lee et al., 1997; Marigo et al., We addressed this question using two approaches. First, we
1996). If all Glil1 transcription is actually dependent on Shhasked whether removing GR2function alleviates theShh
signaling, then inGli2 mutants,Glil transcription would be mutant phenotypes, as does removaG8 (Litingtung and
decreased and unable to compensate for the ladBliagf  Chiang, 2000). If Gli? plays a role in repressing inappropriate
Indeed, in Gli2 mutant embryos, expression @lil is targets in the absence of Shh, then removingRGii2ould

downregulated (Ding et al., 1998). partially rescue theShh mutant phenotypes. We found,
o . _ however, that the phenotype 6i2-/5Shh~ double mutant
When GlIil is expressed from the ~ Gli2 locus it does embryos was grossly indistinguishable from tiSéah/-
notinduce Shh targets in the spinal cord in the phenotype. Thus, in spite of the fact ti@l2;Gli3 double
absence of Shh mutant analysis indicates that Gli2 does have a repressor

A surprising result of our studies was th@lil, when function, our studies show that Gtizloes not in fact have a
expressed in the dorsal spinal cord from @i locus, does critical function, at least whe@li3 is expressed normally. This
not alter DV patterning or inducghhtargets in ectopic sites. finding may indicate that in mice, processing of Gli2 to a
Furthermore, whelil was expressed from oi#i2 allele in  repressor form is indeed not regulated by Shh, whereas GIi3
Shhmutant embryos, a floor plate was not induced in the spiné. We also took a more direct approach to the question by
cord. On the surface, the results of our studies appear differemgplacingGli2 with the simple activatoGlil, and analyzing
from previous transgenic studies in which a hun@dl the phenotype of embryos and mice onG#2 mutant
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background. Such embryos would not have the represstmanscriptional control mechanisms prevéiit andGli3 from
function of Gli2 but would still have an activator function. We being expressed in the same cells. Nevertheless it is possible
showed thaGli2"1ki- and Gli21k- mice are fully viable and that in some disease states, such as in individuals with Gorlin’s
develop a normal floor plate, notochord and lungs. Takethat have heterozygous mutationsHMC, or in tumors that
together, these two studies show that the repressor form of Gli2ise from mis-regulation of Shh signaling, that Glil and Gli3

is not required in mice. In this respect, it is interesting to notare co-expressed and a mutual antagonism contributes to the
that CR is also dispensable during fly embryogenesis (Methophenotype.

and Basler, 1999).
We thank R. Hill for theGli2 cDNA, R. Palmiter for the nuclear
Glil has a function not shared with Gli2 lacZ cDNA, and D. Stephens, Q. Guo, M. Fuccillo and N. Shalts for

Our finding thatGli1 causes new defects in a dose-dependeﬁ?cmical assistance. We are grateful to W. Auerbach for advice on ES

. .. cell techniques and for providing tHéLS-Cre mice, and to the
manner when expressed from (B82 allele, shows that Glil ~(v)50m " ransgenic/ES cell chimera faciliies for making the

possesses an activity diﬁerem from Gli2. Our genetic StUdie(,Snimeric mice. We also thank Drs. C. Loomis, G. Fishell, A. Schier
demonstrate that the hair phenotype and other defects seemyiy \. zervas for critical reading of the manuscript. The monoclonal
adult Gli2 knock-in mice are due to a gain-of-function effect antibodies used in this study were obtained from the Developmental
of Gli1. First,Gli21/* animals that retain norm@lli2 function  Studies Hybridoma Bank. C. B. B. is supported by an NRSA
develop the same skin and hair defectsG#81%/~ animals.  postdoctoral fellowship (F32 HD08585), A. L. J. is an investigator of
SecondGli2 homozygous mutant animals that express a lowhe Howard Hughes Medical Institute. This research is funded by a
level of Glil from the neo containing allele have no hair grant from NIH.

defects. ThusGlil can compensate for any function@ii2 in
the skin and hair, only whe@lil is expressed at higher levels

are defects seemed. REFERENCES

. . . Auerbach, W., Dunmore, J. H., Fairchild-Huntress, V., Fang, Q.

Antag(?nlsm betweeh Glil and 'GIIB . . o . Auerbach, A. B., Huszar, D. and Joyner, A. L(2000). Establishment and

One direct mechanism by which Shh signaling inhibits GIli3 chimera analysis of 129/SvEv- and C57BL/6-derived mouse embryonic

repressor activity is by inhibiting the proteolytic processing of stem cell linesBiotechnique29, 1024-1028.

Gli3 into GliR (Aza-Blanc et al., 2000; Wang et al. 2000)_Aza-BIanc, P., Ramirez-Weber, F. A., Laget, M. P., Schwartz, C. and

Another possible mechanism for’anta 6nizin @Wbuid be Kornberg, T. B. (1997). I_Droteolysis that is inhibited by_hedgehog targets
p . . L g g : . Cubitus interruptus protein to the nucleus and converts it to a rep@stor.

for Shh to activateGlil transcription, thus allowing GIlil 89 1043-1053.

protein to compete with Gli3. Our data provide geneticAza-Blanc, P., Lin, H., Ruiz i Altaba, A. and Komberg, T. B.(2000).

evidence that the latter possibility occurs in vivo. Mice Expression of the vertebrate Gli proteins in drosophila reveals a distribution

. - - -~ 1Ki of activator and repressor activiti€sevelopmeni27, 4293-4301.
expressing one copy @lil from the Gli2 allele Gli2'<"*) Briscoe, J., Pierani, A., Jessell, T. M. and Ericson, J(2000). A

have only a mild hair loss that becomes obvious around threeénomeodomain protein code specifies progenitor cell identity and neuronal
months of age. However, if one copy®li3 is removed from fate in the ventral neural tub€ell 101, 435-445.
these mice@li21%/+:Gli3*"), then theGli21k/*+ hair phenotype  Chiang, C., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal,
becomes much more extreme. In addition. 1B&3*- H._ and B(_eachy, P A.(1996). Cyclopia ar_1d defective axial patterning in
vd v b G2t ~Gli3 - ! d mice lacking Sonic hedgehog gene functiNature 383 407-413.
polydactyly .ecomes_ worse. I Gl mice do not Dai, P., Akimaru, H., Tanaka, Y., Maekawa, T., Nakafuku, M. and Ishii,
have an obvious hair phenotype or enhanced polydactyly, as. (1999). Sonic Hedgehog-induced activation of the Glil promoter is
plausible explanation is that Glil can antagonize Gli3 function mediated by GLI3J. Biol. Chem274, 8143-8152. _
when both proteins are expressed in the same cells in VB 2 10Cv e Lo oty e, e analing and Iack of loor plate
Th.ese dat.a further. demonstrate tha‘.t Glil is not equwalent todifferentiation in Gli2 mutant miceDevelopmeni 25 2533-2543.
Gli2, asGli2 andGli3 are expressed in the same cells and ar@chelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J.,
not normally antagonistic. McMahon, J. A. and McMahon, A. P.(1993). Sonic hedgehog, a member
Surprisingly, it appears that Glil can antagonize GIli3 of a family of putative signaling molecules, is implicated in the regulation

ion i ; ; of CNS polarity.Cell 75, 1417-1430.
function in some cell types, such as the skin, but not in other, ficson. 1., Morton. S.. Kawakami. A.. Roelink. H. and Jessell. T. M.

SEJCh as (_:e"S in the do,rsal Spln’g'll. cord. It is possible _tha (1996). Two critical periods of Sonic Hedgehog signaling required for the
different tissues have different critical thresholds for &li3  specification of motor neuron identigell 87, 661-673.

and/or thatGlil is ectopically expressed at different levels inEricson, J., Briscoe, J., Rashbass, P., van Heyningen, V. and Jessell, T. M.
the various tissues. Alternatively, Glil and Gli3 may not (1997). Graded sonic hedgehog signaling and the specification of cell fate in

- - -.the ventral neural tub€old Spring Harb. Symp. Quant. BiéR, 451-466.
recognize all the same targets and the differences are specglg;drich’ L. V... Milenkovic, L, Higgins, K. M. and Scott, M. P.(1997).

to certain cell types. _ ~ Altered neural cell fates and medulloblastoma in mouse patched mutants.
A question arises as to whether such a mechanism functionsscience277, 1109-1113.
in vivo during normal development. By E10.5 in mouseGrachtchouk, M., Mo, R., Yu, S., Zhang, X., Sasaki, H., Hui, C. C. and

; ; i _ Dlugosz, A. A.(2000). Basal cell carcinomas in mice overexpressing Gli2
embryos, expression ofslil and Gli3 is largely non in skin. Nat. Genet24, 216.217.

OVe”apP'”g’ POSS'bW 'be'cause Shh S|gn_a“r_]g le_ads t@rindley, J. C., Bellusci, S., Perkins, D. and Hogan, B. 1(1997). Evidence
repression of5li3 transcription, as well as activation Gfil. for the involvement of the Gli gene family in embryonic mouse lung
Furthermore, if Glil normally antagonizes the repressor developmentDev. Biol.188 337-348.
activity of Gli3, then it would be expected tH@li1-=Gli3*~  Hammerschmiat, M. r?rgo"v A and McMahon, A. P-(1897). The word

. : accoraing to hel genogrends Genets, -21.
double mutants would have a partlally I:eS.CG‘hG phenotype. I-lgAnks, M., Wurst, W., Anson-Cartwright, L., Auerbach, A. B. and Joyner,
At least at a gross level, however, this is not the case (Parka L. (1995). Rescue of the En-1 mutant phenotype by replacement of En-

et al., 2000), suggesting that in normal development, 1 with En-2.Science269, 679-682.



5172 C. B. Bai and A. L. Joyner

Hardcastle, Z., Mo, R., Hui, C. C. and Sharpe, P. T(1998). The Shh  Nilsson, M., Unden, A. B., Krause, D., Malmqwist, U., Raza, K.,
signalling pathway in tooth development: defects in Gli2 and Gli3 mutants. Zaphiropoulos, P. G. and Toftgard, R.(2000). Induction of basal cell
Developmenf25 2803-2811. carcinomas and trichoepitheliomas in mice overexpressing GPEkdc.

Hughes, D. C., Allen, J., Morley, G., Sutherland, K., Ahmed, W., Prosser, Natl. Acad. Sci. USA7, 3438-3443.

J., Lettice, L., Allan, G., Mattei, M. G., Farrall, M. et al. (1997). Cloning  Ohlmeyer, J. T. and Kalderon, D.(1998). Hedgehog stimulates maturation
and sequencing of the mouse Gli2 gene: localization to the Dominant of Cubitus interruptus into a labile transcriptional activat@ature396, 749-
hemimelia critical regionGenomics39, 205-215. 753.

Hui, C. C. and Joyner, A. L. (1993). A mouse model of greig Oro, A. E., Higgins, K. M., Hu, Z., Bonifas, J. M., Epstein, E. H., Jr and
cephalopolysyndactyly syndrome: the extra-toesJ mutation contains an Scott, M. P.(1997). Basal cell carcinomas in mice overexpressing sonic
intragenic deletion of the Gli3 gendat. Genet3, 241-246. hedgehogScience276, 817-821.

Hui, C. C., Slusarski, D., Platt, K. A., Holmgren, R. and Joyner, A. L. Papaioannou, V. and Johnson, R.2000). Production of chimeras by
(1994). Expression of three mouse homologs of the Drosophila segmentblastocyst and morula injection of targeted ES cell$&Géme Targeting: A
polarity gene cubitus interruptus, Gli, Gli-2, and Gli-3, in ectoderm- and Practical Approach(ed. A. L. Joyner), pp. 133-175. New York: Oxford
mesoderm-derived tissues suggests multiple roles during postimplantation University Press.

developmentDev. Biol.162, 402-413. Park, H. L., Bai, C., Platt, K. A., Matise, M. P., Beeghly, A., Hui, C. C.,

Hynes, M., Porter, J. A., Chiang, C., Chang, D., Tessier-Lavigne, M., Nakashima, M. and Joyner, A. L.(2000). Mouse Glil mutants are viable
Beachy, P. A. and Rosenthal, A.(1995). Induction of midbrain but have defects in SHH signaling in combination with a Gli2 mutation.
dopaminergic neurons by Sonic hedgehdguron15, 35-44. Developmeni27, 1593-1605.

Hynes, M., Stone, D. M., Dowd, M., Pitts-Meek, S., Goddard, A., Gurney, Pierani, A., Brenner-Morton, S., Chiang, C. and Jessell, T. M(1999). A
A. and Rosenthal, A.(1997). Control of cell pattern in the neural tube by  sonic hedgehog-independent, retinoid-activated pathway of neurogenesis in

the zinc finger transcription factor and oncogene Ghduron19, 15-26. the ventral spinal cordCell 97, 903-915.

Ingham, P. W. (1998). Transducing Hedgehog: the story soEMBO J.17, Reifenberger, J., Wolter, M., Weber, R. G., Megahed, M., Ruzicka, T.,
3505-3511. Lichter, P. and Reifenberger, G.(1998). Missense mutations in SMOH in
Jan, E., Yoon, J. W., Walterhouse, D., lannaccone, P. and Goodwin, E. B. sporadic basal cell carcinomas of the skin and primitive neuroectodermal

(1997). Conservation of the C.elegans tra®dTR translational control. tumors of the central nervous systédancer Res58, 1798-1803.
EMBO J.16, 6301-6313. Robbins, D. J., Nybakke, K. E., Kobayashi, R., Sisson, J. C., Bishop, J. M.
Lee, J., Platt, K. A., Censullo, P. and Ruiz i Altaba, A(1997). Glil is a and Therond, P. P.(1997). Hedgehog elicits signal transduction by means
target of Sonic hedgehog that induces ventral neural tube development.of a large complex containing the kinesin-related protein costaét? 90,
Developmeni24, 2537-2552. 225-234.
Litingtung, Y. and Chiang, C. (2000). Specification of ventral neuron types Roelink, H., Porter, J. A., Chiang, C., Tanabe, Y., Chang, D. T., Beachy,
is mediated by an antagonistic interaction between Shh and IEi3. P. A. and Jessell, T. M(1995). Floor plate and motor neuron induction by
Neurosci.3, 979-985. different concentrations of the amino-terminal cleavage product of sonic

Marigo, V., Johnson, R. L., Vortkamp, A. and Tabin, C. J.(1996). Sonic hedgehog autoproteolysiGell 81, 445-455.
hedgehog differentially regulates expression of GLI and GLI3 during limbRowitch, D. H., St.-Jacques, B., Lee, S. M., Flax, J. D., Snyder, E. Y. and

developmentDev. Biol.180, 273-283. McMahon, A. P. (1999). Sonic hedgehog regulates proliferation and
Marine, J. C., Bellefroid, E. J., Pendeville, H., Martial, J. A. and Pieler, T. inhibits differentiation of CNS precursor cells.Neuroscil9, 8954-8965.
(1997). A role for Xenopus Gli-type zinc finger proteins in the early embryonidRuiz i Altaba, A. (1998). Combinatorial Gli gene function in floor plate and
patterning of mesoderm and neuroectodéviech. Dev63, 211-225. neuronal inductions by Sonic hedgehBgvelopmeni25 2203-2212.
Matise, M., Auerbach, W. and Joyner, A. L.(2000). Production of targeted Ruppert, J. M., Vogelstein, B., Arheden, K. and Kinzler, K. W.(1990).
embryonic stem cell clones. (Bene Targeting: A Practical Approaghd. GLI3 encodes a 190-kilodalton protein with multiple regions of GLI
A. L. Joyner), pp. 101-132. New York: Oxford University Press. similarity. Mol. Cell Biol. 10, 5408-5415.

Matise, M. P., Epstein, D. J., Park, H. L., Platt, K. A. and Joyner, A. L.  Sasaki, H., Nishizaki, Y., Hui, C., Nakafuku, M. and Kondoh, H(1999).
(1998). Gli2 is required for induction of floor plate and adjacent cells, but Regulation of Gli2 and Gli3 activities by an amino-terminal repression

not most ventral neurons in the mouse central nervous syB&mlopment domain: implication of Gli2 and Gli3 as primary mediators of Shh signaling.
125 2759-2770. Developmeni26 3915-3924.

Matise, M. P. and Joyner, A. L.(1999). Gli genes in development and cancer. Stone, D. and Rosenthal, A.(2000). Achieving neuronal patterning by
Oncogenel8, 7852-7859. repressionNat. Neurosci3, 967-969.

Mercer, E. H., Hoyle, G. W., Kapur, R. P, Brinster, R. L. and Palmiter, R. Theil, T., Alvarez-Bolado, G., Walter, A. and Ruther, U.(1999). GIi3 is
D. (1991). The dopamine beta-hydroxylase gene promoter directs required for Emx gene expression during dorsal telencephalon development.
expression of E. coli lacZ to sympathetic and other neurons in adult Developmeni26 3561-3571.
transgenic miceNeuron7, 703-716. von Mering, C. and Basler, K.(1999). Distinct and regulated activities of
Methot, N. and Basler, K.(1999). Hedgehog controls limb development by  human Gli proteins in Drosophil&urr. Biol. 9, 1319-1322.
regulating the activities of distinct transcriptional activator and repressowang, B., Fallon, J. F. and Beachy, P. A(2000). Hedgehog-regulated

forms of Cubitus interruptugell 96, 819-831. processing of Gli3 produces an anterior/posterior repressor gradient in the
Methot, N. and Basler, K. (2001). An absolute requirement for Cubitus  developing vertebrate limiCell 100, 423-434.

interruptus in Hedgehog signalinQevelopmeni28 733-742. Xie, J., Murone, M., Luoh, S. M., Ryan, A., Gu, Q., Zhang, C., Bonifas,
Mo, R., Freer, A. M., Zinyk, D. L., Crackower, M. A., Michaud, J., Heng, J. M., Lam, C. W,, Hynes, M., Goddard, A. et al. 1998). Activating

H. H., Chik, K. W., Shi, X. M., Tsui, L. C., Cheng, S. H. et al.1997). Smoothened mutations in sporadic basal-cell carcindfature391, 90-

Specific and redundant functions of Gli2 and Gli3 zinc finger genes in 92.

skeletal patterning and developmebéevelopmeni24, 113-123. Yoon, J. W.,, Liu, C. Z., Yang, J. T., Swart, R., lannaccone, P. and
Motoyama, J., Liu, J., Mo, R., Ding, Q., Post, M. and Hui, C. C(1998). Walterhouse, D. (1998). GLI activates transcription through a herpes

Essential function of Gli2 and Gli3 in the formation of lung, trachea and simplex viral protein 16- like activation domaih.Biol. Chem273 3496-
oesophagudNat. Genet20, 54-57. 3501.



