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Direct interaction with Hoxd proteins reverses Gli3-repressor
function to promote digit formation downstream of Shh
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Summary

Sonic hedgehog (Shh) signaling regulates both digit and physically with Gli3, and can convert the GIi3
number and identity, but how different distinct digit types  repressor into an activator of Shh target genes. Several
(identities) are specified remains unclear. Shh regulates 5'Hoxd genes, expressed differentially across the limb bud,
digit formation largely by preventing cleavage of the GIli3 interact physically with Gli3. We propose that a varying
transcription factor to a repressor form that shuts off  [Gli3]:[total Hoxd] ratio across the limb bud leads to
expression of Shh target genes. The functionally redundant differential activation of Gli3 target genes and contributes
5'Hoxd genes regulate digit pattern downstream ocdhhand  to the regulation of digit pattern. The resulting altered
Gli3, through as yet unknown targets. Enforced expression balance between ‘effective’ Gli3 activating and repressing
of any of several BHoxd genes causes polydactyly of functions may also serve to extend the Shh activity gradient
different distinct digit types with posterior transformations spatially or temporally.

in a Gli3(+) background, whereas, inGli3 null limbs,

polydactylous digits are all similar, short and dysmorphic,

even though endogenous 'Hoxd genes are broadly Key words: AP pattern, Digit formation, Limb development, Hoxd
misexpressed. We show that Hoxd12 interacts genetically genes, Gli3, Sonic hedgehog. Mouse

Introduction Gli3~~ embryos,Shhis expressed ectopically in the anterior

Digits arise as single chondrogenic condensations that latif'P bud (Masuya et al.,, 1995). Although de-regulaBith
segment and grow differentially to acquire defining featuresSXPression is a consequence of altered Gli3 fgnc;hon, '} IS not
such as the number, size and shape of their phalangi® Principle cause for polydactyly, becausé3~'=Shir
(segments) (Dahn and Fallon, 2000) (see reviews by Mariafflbryos are likewise polydactylous (Litingtung et al., 2002;
and Martin, 2003; Tickle, 2003). The pattern of different digitsi® Welscher et al.,, 2002). In bo@li3~™ and Gli3~=Shir'™

(I to V) that form from anterior (A; digit I, e.g. thumb) to limbs, the digits are indistinguishable, dysmorphic and of
posterior (P; digit V, e.g. little finger) is controlled by secretedndeterminate identity (Litingtung et al., 2002). Thus, other
Shh signals produced in the posterior limb bud mesoderd@ctors conferring normal digit identity, previously presumed
(reviewed by Ingham and McMahon, 2001; Mariani andt© be ma'|nly fqll-length Gli3 activator, are lacking or rendered
Martin, 2003; Tickle, 2003). Shh regulates both digit numbeponfunctional in these mutants. _ o
and identity in a dose-dependent manner; increasing levels of Several SHoxd genes are expressed in posterior-distal
Shh expand digit-forming capacity and specify more posterigdomains in the early limb bud mesoderm, and play roles in
digit identities (Yang et al., 1997; Lewis et al., 2001). The zindegulating digit number and pattern downstream of Shh (Dolle
finger transcription factor Gli3 is the direct intracellularet al., 1989; Nelson et al., 1996) (reviewed by Zakany and
mediator of Shh (Altaba, 1999; Dai et al., 1999; Shin et al.Puboule, 1999). Analysis of single- and compound-null
1999) (reviewed by Ingham and McMahon, 2001) and Shmutants has revealed extensive functional overlap between
signaling protects Gli3 from cleavage to a repressor forrdifferent 8Hox members, and indicates that they act in an
(Wang et al., 2000). Witho®hh Gli3 repressor predominates, additive, dose-dependent fashion (Fromental-Ramain et al.,
Shh/Gli3 target genes are repressed (Altaba, 1999; Dai et al996; Zakany et al., 1997, Wellik and Capecchi, 2003)
1999; Shin et al.,, 1999) and digit formation largely fails(reviewed by Zakany and Duboule, 1999). By contrast, forced
(Chiang et al., 2001; Kraus et al., 2001). Eliminating Gli3expression of individual 'Bloxd genes in the limb bud has
renders Shh dispensable for digit formation, but normal more dramatic consequences; elevatttakd1], Hoxd12 or
digit identity is lost and polydactyly occurs (Litingtung et al., Hoxd13 levels each cause duplications and transformations
2002; te Welscher et al.,, 2002). In addition to functioningof anterior digits to posterior identities (Morgan et al.,
antagonistically, Gli3 also repress8th expression and, in  1992; Knezevic et al., 1997H6xd13 (J. Innis, personal
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communication). We previously showed that Hoxd1l2 by cleavage of Gli3 TR witlBsEIl to produce a 426 aa run-off
transgene Tg-Hoxd13, expressed throughout the limb bud, protein, in vitro, with all zinc fingers (ZnF) deleted. Hoxd12
causes polydactyly and also ectopic anteBbhexpression polyclonal rabbit antibody was generated by immunization with the
(Knezevic et al., 1997)."Hoxd genes are downstream targetsHO_X‘_jlz'AHD/GSt f_usmn_proteln and afflnlty-purlfled_. The poncIonaI_
of Gli3, and their expression is broadly activated across th@finity-purified Gli3 antibody used for some experiments was a gift
early limb bud inGli3~- embryos (Zuniga and Zeller, 1999). 4rgr7n fC _Chlangt, or was generated using a Human GLI3/Gst (aa 1-
Yet in the Gli3~~ background, extended high-level Hoxd ) fusion protein as an immunogen.

expression is not associated with the production of distinGrotein interaction assays

digit identities, as is seen in a wild-type background. Thesst-fusion proteins loaded onto glutathione-sepharose beads were
assumption is that the presence of the full-length Gli3 activatasiocked with 2% BSA, and bound #S-labeled in vitro translated

is entirely responsible for such phenotypic differences. Weroteins (Promega TNT) as indicated. For co-immunoprecipitation
present evidence that Gli3 and Hoxd12 interact genetically ar(do-IP) assays from transfected cells, cells were lysed [lysis buffer:
physically, and that this interaction modulates Gli3 repressof0 mM HEPES (pH 7.5), ImM EDTA, 250 mM NacCl, 0.5% NP-40,

function. By extension to othetHioxd members, this finding Protéase inhibitors] on ice for 25 minutes with trituration, lysates were
provides a foundation for understanding howaoxd protein entrifuged at 5000 rpm for 5 minutes, and the supernatants bound to
C]%rotein G Agarose loaded with affinity-purified anti-Hoxd12 or

might function semi-quantitatively to regulate digit pattern and, . o ified anti-N peptide-Gli3 (Dai et al., 1999) antibodies.

identity, and also has implications for how polydactyly Maypsund proteins were detected on western blots with anti-Xpress-tag

arise in certain human syndromes caused by mutationgyirrogen), anti-Hoxd12, or anti-Hoxbl (Covance) antibodies. For
expected to produce a constitutive repressor form of Gli3.  co-IP of endogenous embryonic proteins, limb bud tissues (see below)
were dissected in PBS, pooled and lysed as above (~150 limb

M ial d hod buds/ml), except that the lysis buffer salt concentration was increased

aterials and methods to 420 mM NaCl. The Hoxd12 antibody used for co-IP was covalently
Analysis of mouse embryos cross-linked to beads (Pierce co-IP kit) and bound proteins were
The generation, characteristics and genotyping of aloxd12ine, detected with affinity-purified antl-.GI|3. Chick embryp protein lysates
and procedures for in situ hybridization and skeletal analysis of/€re made from separated anterior- or posterior-third early (stage 22)
embryos, were all previously described (Knezevic et al., 1997). Thémb buds, or from later distal digital arch region, including
Gli3-Xt line was obtained from Jackson Laboratories and genotypegPndensations and interdigit mesenchyme (stage 27/28), that was used
as described (Litingtung et al., 2002; Buscher et al., 1998). Compourfdther intact or separated into anterior and posterior halves. In control
hemizygousTg-Hoxd12Gli3*~ embryos were generated in crosses&XPeriments (not shown), Gli3 protein expression profiles in posterior
betweenTg-Hoxd12(inbred FVB/N) andXt"~ (inbred C3H) mice. limb b.ud halves from stage.21-24 were very S|m|!ar to those in
Tg-Hoxd12;Gli3"- embryos were generated by crossing live born F1posterior thirds, and clearly displayed a very high ratio of full-length
Tg-Hoxd12Gli3*~ mice (FVB/N-C3H mix) withXt"~ mice (inbred (O repressor forms. All tissue lysates were prepared and analyzed on
C3H). Embryos from a large series of test crosses were first analyze$estern blots as previously described (Wang et al., 2000; Litingtung
to rule out effects due to genetic variation from the mixed F1€t al., 2002), using polyclonal affinity-purified anti-Hoxd12, anti-
background on the phenotype Bg-Hoxd12and ofXt~. In primary ~ Hoxd13 or anti-Gli3 antibodies.
crosses between wild-type FVB/N aXtt’~ (inbred C3H), the typical .
Xt-phenotype (single extra digit 1, all limbs) was consistently-rr"’lnSfectlon agsays i )
observed (23/45 total progeny). In primary crosses between wild-typgF-1 cells (chick embryo fibroblast line, ATCC) were transfected
C3H and Tg-Hoxd12 (inbred FVB/N), all Tg-Hoxd12 progeny (Qiagen Superfept) as |nd|cqted. For reporter assays, Ptc/luc ($h|n et
displayed wild-type limb phenotypes, except for a single embryo wittl- 1999) or 8Gli/luc (Sasaki et al., 1997) values were normalized
a triphalangeal digit 1 in one hind limb (1/52 Tg positives). Thel® PSV/RL (Promega dual reporter system). All reporter assays were
Gli3~ limb phenotype, evaluated on mixed background, was als@erformed in dupllcatg, and at Ie:_is.t.three independent experiments
found to be indistinguishable from the inbred C3H background [1§Vere performed to verify reproducibility.

i3 - - i N
Gli3~~embryos from crosses of KXt~ (FVB/N-C3H mix)]. Immunofiuoresence co-localization

Expression plasmids and antibodies Co-transfected DF-1 cells were fixed in 4% paraformaldehyde, then
Hoxd12/Gst fusion proteins contained chick Hoxd12 sequences O-incubated with Anti-Xpress (for tagged Gli3) and affinity-purified
terminal to Gst as follows: FL (full length), amino acids (aa) 9-266:anti-Hoxd12 antibodies, followed by anti-rabbit-FITC and anti-
AHD (homeodomain deleted), aa 9-151; and HD (homeodomain), d8ouse-Alexa Red secondary antibodies. Immunofluoresence was
167-266. In all transfection experiments, the full-length proteindetected using a Zeiss Axiovert microscope €10@ oil immersion),
constructs included aa 1-266 expressed in pSG5. Full-length Hoxa@nd compared with control cultures of cells transfected singly with
and Hoxb1 were also expressed from pSG5 (DiRocco et al., 199@ither the full-length Hoxd12 or the Gli3-TR expression vector; no
Hoxd12 mutated in the homeodomain (HD) to inactivate DNAdifferences in cellular localization were observed (data not shown).
binding capacity (mtHD) contained a two residue conservativéconfocal images were generated using a Zeiss LSM 510.
substitution of WF to AA (aa 245-246) in helix 3 of the HD, generated

using Quick Change mutagenesis (Stratagene). The resulting protei

was expressed at the same level as wild type, but was non-functioﬁzl<';\5]le3l'|Its

in gel shift and transfection assays using Hoxd12-consensus eleme®ti3-Hoxd12 genetic interaction

driven reporters (data not shown). Hoxd13/Gst included chick-. . . . . T
sequences encoding aa 112-309, and this fusion protein was also uﬁ'lﬁlnvestlgate the possible basis for phenotypic similarities and

as an immunogen to generate the Hoxd1l3 antibody. Gst-fusio erences r?su't'”g from Hoxd gain of function versals3
proteins were checked on gels to normalize the amounts of all fusiof@SS Of function, we analyzed progeny from crosses between
used in pull-down experiments (data not shown). Full-length ansli3*~ and Tg-Hoxd12mice using a weakly expressifigy-
truncated (TR, aa 1-674) Gli3-expressing constructs in pcDNA3.Hoxd12line (Knezevic et al., 1997) that, when hemizygous, has
(Shin et al., 1999) were used as described. Gli3 N-ZnF was generated abnormal phenotype alone (Fig. 1A). T8k null mutant
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limb bud,Shh

forelimb —— hindlimb
Fig. 1.Gli3 andHoxd12interact genetically -
during limb development. E17.5-18.5 limb
skeletons (left and middle two columns), and
E11.5-12.5 hindlimb bu&hhexpression (right
column) of (A) weakTg-Hoxd12ine (identical
to wild type, +/+), (B)Gli3*-, (C) Tg-
Hoxd12Gli3*~, (D) Gli3~-and (E)Tg-
Hoxd12Gli3~-embryos. Hindlimb long bones
(fe, femur; ti, tibia; fi, fibula) and digits (I-V) are |
marked forTg-Hoxd12 Extra digits (*) with
distinct identities are marked f@li3*~andTg-
Hoxd12Gli3*~. Anterior is top, posterior
bottom, for all panels except column 2 (anterior
right, posterior left)Gli3*~ (B) have only an
extra digit | (arrow), whereabg-Hoxd12Gli3*~
(C) have more extensive polydactyly with
posterior transformations and very distinct digit |
identities. By contrast, polydactyly Fg-
Hoxd12Gli3~-(E) is unchanged fromli3~-
(D); both have 7-9 forelimb and 5-7 hindlimb
digits that are all short and predominantly digit I-
like (see also Fig. 2). Note that in some cases the
posterior-mosGli3—"- digits show variable
cartilage staining in an otherwise clear,
amorphous region that is suggestive of a
rudimentary third (middle) phalanx formation
(e.g. D,E). In other instances (e.g. Fig. 2F), such
rudiments are completely absent from all digits.
Unlike digit phenotypes, long bone shortening
worsens progressively, and is severedign :
Hoxd12Gli3~~. NormalShhexpression (E11.5- E
12, right column) iffg-Hoxd12(A) andGli3*~
(B) is lost by E12.5, whereas soffig-
Hoxd12Gli3*~ (C) have broad, deregulat&th
at ~E12. By contrasT,g-Hoxd12Gli3~'~ (D) and
Gli3~- (E) both show only focal ectopfhh
(arrow) at E12.5.

(like +/+)

| 7g-Hoxd12 B>

aGlis*"

-Hoxd12: O]
Glig*"

Tg
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used is haplo-insufficient (Hui and Joyner, 1993; Buscher ederegulation ofShhwas apparent in some of the compound
al., 1998) andGli3*~ hemizygotes have a consistent, mild hemizygousTg-Hoxd12Gli3*~embryos, which showed broad
phenotype (single extra digit 1, all limbs; Fig. 1B). [The Shhmisexpression in one or both distal hindlimb buds (4/10
phenotypes of both these alleles were invariant in akmbryos, Fig. 1C). We cannot exclude a causative role for this
backgrounds generated by the crosses used (described Shhmisexpression in production of the polydactyly, but several
Materials and methods).] By contrast, the compoungoints argue against this. As is also the casaliBr'-embryos
hemizygous Tg-Hoxd12Gli3*~ embryos had much more (Zuniga and Zeller, 1999), ectop®hh expression occurred
severe digit phenotypes than the single hemizygotes for eitheglatively late (only seen after E12) and thus may be a
allele, including multiple digit duplications and posterior downstream consequence of alte@iB function, rather than
transformations (e.g. Fig. 1C, and Table 1). In the hindlimba cause of polydactyly. Furthermore, the frequenc\Slofi
where the transgenic promoter used drives uniform expressionisexpression in compound hemizygolg-Hoxd12Gli3*~
of Tg-Hoxd12 throughout the limb bud, 85% (22/26) of embryos was considerably lower than the incidence of
compound hemizygouBy-Hoxd12Gli3*-embryos had severe subsequent severe digit phenotypes observed [for hindlimbs:
phenotypes, whereas the remainder had a sifig*~ 5/20 (25%) limb buds versus 38/52 (75%) skeletons]. In
phenotype (only extra digit 1). Compound hemizygdigs forelimbs, ectopicShh expression was never detected even
Hoxd12Gli3*~ embryos also frequently displayed long bonethough severe digit skeletal phenotypes were sometimes seen
shortening (especially tibia) in hindlimbs. In the forelimb, (~50%, Table 1). This again suggests that althoGgin
where the promoter driving g-Hoxd12expression is more deregulation was a consequence of Gli3-Hoxd interaction,
postero-distally restricted and variable (Knezevic et al., 1997)t was not the primary cause for the skeletal abnormalities.
58% (15/26) of the compound hemizygotes had strong dighlthough not causative of digit phenotypes, tt&hh
phenotypes. misexpression occasionally seen in compound hemizyfgus
Although Shhwas normally expressed in bofly-Hoxd12  Hoxd12Gli3 *~embryos, but never in single hemizygotes, did
and Gli3*~ embryos (Fig. 1A,B), a strong synergistic suggest a genetic interaction (synergistic effect).



2342 Development 131 (10)

Table 1. Limb phenotypes offg-Hoxd12;Gli3"~embryos

Research article

Forelimb digits

Hindlimb digits

Tibia
Embryo Left Right Left Right shortened
1 Xt-like 1,2%,2,3,4,5 2*2*2,3,4,5 1,2*,2,3,4,5 +
2 Xt-like Xt-like Xt-like 2*1,2,3,4,5 +
3 1,2%,2,3,4,5 Xt-like 2*%1,2,3,4,5 2%1,2,3,4,5 +
4 Xt-like 1,2%,2,3,4,5 Xt-like 2*1,2,3,4,5 +
5 Xt-like Xt-like Xt-like Xt-like
6 Xt-like Xt-like 2*%1,2,3,4,5 2*1,2,3,4,5 +
7 Xt-like Xt-like Xt-like Xt-like
8 Xt-like 1,2%,2,3,4,5 2*%1,2,3,4,5 2*,2%,1,2,3,4,5 +
9 Xt-like Xt-like Xt-like 2*%1,2,3,4,5
10 1,2*,2,3,4,5 Xt-like 2*,2*1,2,3,4,5 1,2%,2,3,4,5
11 Xt-like 1,2%,2,3,4,5 2*%,2,3,4,5 2*,2*,2,3,4,5
12 1,2*,2,3,4,5 Xt-like 2*,2,3,4,5 2*1,2,3,4,5 +
13 Xt-like 1,1,1,2,3,45 2*2*2,3,4,5 2*2*2,3,4,5 +
14 Xt-like Xt-like 2%,2*2,3,4,5 2%,2*,2,3,4,5 +
15 Xt-like 1,1,1,2,3,45 Xt-like 2%1,2,3,4,5
16 Xt-like 1,1,2%,2,3,4,5 2%1,2,3,4,5 1,2%,2,3,4,5
17 Xt-like Xt-like 2*2*2,3,4,5 2*,2*,2,3,4,5
18 Xt-like Xt-like 2*,2*1,2,3,4,5 2*,2%1,2,3,4,5 +
19 1,2*,2,3,4,5 Xt-like 2*%1,2,3,4,5 1,1,1,2,3,4,5
20 1,2*,2,3,4,5 Xt-like Xt-like Xt-like
21 Xt-like 1,2%,2,3,4,5 Xt-like 2*2%1,2,3,4,5 +
22 Xt-like Xt-like 2%,2*2,3,4,5 2%,2*,2,3,4,5 +
23 Xt-like 1,2%,2,3,4,5 2*%1,2,3,4,5 1,2%,1,2,3,4,5 +
24 Xt-like 1,2%,2,3,4,5 2*,2*1,2,3,4,5 2%1,1,2,3,4,5 +
25 Xt-like Xt-like 1,1,1,2,3,4,5 Xt-like
26 Xt-like Xt-like Xt-like Xt-like
Total Xt-like 11 NA
Total more severe 15 22 14

*Mouse digits 2-4 are all triphalangeal, of a similar size, and consequently are difficult to distinguish. Therefore, lgatulitebarztylous digits have
arbitrarily been designated as digit 2* (when they are triphalangeal) to distinguish them from the biphalangeal digitidréutyiieal ofGli3*~ embryos.
Xt-like, single extra anterior digit 1 indistinguishable from that observed with the hemizgg8tis Xt allele.

NA, not applicable (tibia of wild type and Gli3 are indistinguishable).

Gli3-Hoxd12 genetic interaction in digit formation indistinguishable fromGli3--, both with respect to digit

requires functional Gli3 number and morphology (8/8; Fig. 1D,E), not withstanding
Unlike the compound hemizygodig-Hoxd12Gli3*~, Gli3~  more severely shortened long bones. This result is consistent
(or likewiseTg-Hoxd12Gli3~~, see beloyembryos displayed with the fact that alGli3~- digits are similar and dysmorphic,
polydactylous digits that were largely indistinguishable, shortlespite the high level of endogenous Hoxd gene misexpression
and highly dysmorphic (Fig. 1D,E; Fig. 2). At E18.5,@li3~~  throughout Gli37- limb buds (Zuniga and Zeller, 1999;
digits had only a single ossification center, and an overallitingtung et al., 2002; te Welscher et al., 2002). Likewise,
appearance suggesting two malformed phalangeal segmeetstopic Shh expression inTg-Hoxd12Gli3~~ embryos was
(rather than the normal three present in all digits posterior teery similar to that seen iBli3~~embryos and was restricted
digit I, see Fig. 2D-F)Gdf5 expression, a marker for inter- to a small anterior focus in the limb bud (12/12 embryos; Fig.
phalangeal segmentation (Storm and Kingsley, 1996), wakD,E). The broadshhmisexpression apparent in a subset of
evaluated at E14.5 to confirm this impressiGuif5 staining  compound hemizygougg-Hoxd12Gli3*~ limb buds was not
revealed only one discrete, well-formed inter-phalangeabbserved in Tg-Hoxd12Gli3~~ embryos. Together, these
segment inGli3~~ digits; a second more proximal zone of results indicate thaffg-Hoxd12 requires the presence of
incomplete Gdf5 staining suggested an abortive attempt afunctional Gli3 protein (albeit at a reduced level) to exert
segmentation more proximally (Fig. 2A-C). ThugJi37~ effects on digit morphology and @hhexpression.
digits appear to have only two completely formed phalanges, o ) _
although the high degree of dysmorphology makes this difficultn vivo physical interaction between Gli3-Hoxd12
to ascertain (see, for example, the variable, middle phalankhe strong genetic interaction and synergiStit activation
rudiment in some digits in Fig. 1D,E) (see also Litingtung eseen only in compound hemizygouBg-Hoxd12Gli3*~
al., 2002). By contrast, the polydactylous digits in compoun@mbryos but not iTg-Hoxd12Gli3—~ embryos, suggested a
hemizygousTg-Hoxd12Gli3*~ embryos always had distinct possible physical interaction between Hoxd12 and Gli3. When
identities and very well-defined phalanges at both E14.5 antbuld Gli3-Hoxd interactions be physiologically relevant in the
E18.5 (compare Fig. 2B,E with C,F). developing limb? At early patterning stages, Hoxd transcripts
In contrast to the genetic interaction seen betw&gn are expressed in nested posterior domains that overlap
Hoxd12 and Gli3*~ in the compound hemizygote§,g- anteriorly withGli3, which is expressed in the anterior three-
Hoxd12Gli3~~ embryos had digital phenotypes that werequarters of the limb bud and is excluded from the posterior-
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E14.5 E18.5 expression of Indian hedgehog (Ihh) produced in chondrogenic
A D mesenchyme is just initiating. Therefore, interdigit GIi3
sl \ ;l protein was evaluated to determine which form prevails at this
¥
)

/4
&

-

r

+/

stage. In early limb buds, the ratio of repressor to full-length
Gli3 protein is dramatically regulated: high in the anterior and
low in the posterior limb bud (see Fig. 3B) (see also Wang
et al., 2000). The profile of Gli3 proteins present in
interdigit mesenchyme (Fig. 3B) was both qualitatively and
quantitatively very similar to Gli3 present in early anterior limb
bud, even when the posterior interdigit region was analyzed
separately. Thus, it is primarily the Gli3 repressor form that is
likely to be active in interdigit zones at these later stages. As
representatives of 'HBoxd members, Hoxd12 and Hoxd13
protein levels were also checked, and expression was evident
at both early (posterior limb bud) and late (interdigit) stages
(Fig. 3B).

Tg-Hoxd12; Gli3
b

Interaction between endogenous Hoxd12 and Gli3 proteins
was evaluated by co-immunoprecipitation from lysates of both
early limb buds and late distal limb buds (Fig. 3C). At early
stages, specific interaction of Hoxd12 was seen with both full-
length and truncated GIi3 in limb bud lysates. In lysates from
later distal interdigit zones, interaction was seen with truncated
Gli3; this was as expected, as only trace levels of full-length
# Gli3 are present at this stage.

Fig. 2. Comparison of hindlimb digital morphologies in wild-type ; . i ;
(+/+), Tg-Hoxd12Gli3*~ andGli3~~embryos byGdf5expression at 5?;‘:&?ic:ﬁqUIrements for Gli3-Hoxd protein

E14.5 (A-C), and skeletal staining at E18.5 (D-F). Anterior is top, ) ) ) o )
posterior bottom for all panels. At E14.5, band&df5expression To determine which protein domains in Gli3 and Hoxd12 were

in digits prefigure sites of future segmentation forming phalangeal necessary for interaction, various in vitro translated Gli3 and
joints (Storm and Kingsley, 1996). Both wild type (+/+; A) dig Hoxd12/Gst-fusion protein domains (Fig. 4A) were tested in
Hoxd12Gli3*~ (B) display one strong band of expression within pull-down assays (Fig. 4B). The N-terminal, Zn-finger-
digit I, and two bands in each of the more posterior digits (II-V). By containing region of Gli3 (Gli3 TR) and the C-terminal
contrastGli3—"~(C) has only one distinct band of expression and a homeodomain region of Hoxd12 (HD) interacted (Fig. 4B).
secor_1d_ ‘abortive’ zone, Wh_ich never forms a complete band across DNA-bridging did not explain this interaction, as a Gli3 N-
the digit (evaluated at multiple stages, data not shown). Note that, bYerminaI region lacking its zinc-finger DNA-binding domain

E14.5, the proximal-mogkdf5expression band marking the . Lo . L
phalangeal-metatarsal joint region in wild-type embryos has alreadyStIII bound to a mutated Hoxd12 with inactivated DNA-binding

declined. At E18.5, wild type (D) antty-Hoxd12Gli3*- (E) have (mtHD). Gli3 interacted preferentially with certain classes of
distinguishable digits of varying size, with recognizable identites homeodomains (Fig. 4C). Gli3 bound to Hoxd11/12/13, but
based on size, shape and number of phalanges. By coGiiast; only bound minimally to Hoxb1l or Hoxal when challenged
digits (F) are all short, similar in appearance, and have ill-defined in assays containing bothHoxd (AbdB type) and 3Hoxa/b

phalanges with only a single ossification center. Arrows show (Lab type) proteins (Fig. 4C). Hoxd12 and Gli3 also co-

ossification centers for digit I (single) compared with digit Il-V (two  immunoprecipitated specifically and selectively when co-
centers), and brqckets show phalangeal.segments for digit | (2 expressed in transfected cells (Fig. 4D). Co-
segments) and digit Il (3 segments) in wild type. immunoprecipitation did not require Hoxd12 DNA-binding
activity, and, when challenged, Hoxd12 was again selectively
co-immunoprecipitated, even in the presence of co-transfected
most mesoderm (Dolle et al., 1989; Nelson et al., 1996; Mo @foxbl protein (Fig. 4D). Gli3 and Hoxd12 also co-localized
al., 1997; Schweitzer et al., 2000) (see also Fig. 3A). Latewithin the nucleus, but not the cytoplasm, of transfected cells
when digit condensations just begin to form, Hoxd transcriptéFig. 4E). Hence the interaction with Hoxd12 did not act to
are expressed in overlapping distal domains in the interdigiequester truncated Gli3-repressor protein in the cytoplasm,
regions, andsli3 RNA is also strongly expressed, uniformly because the bulk of Gli3 protein was still nuclear and displayed
throughout all of the interdigit zones (see Fig. 3A) (see alsa distribution comparable to Gli3 TR transfected alone (not
Dolle et al., 1989; Nelson et al., 1996; Mo et al., 1997). Thishown).
late expression overlap is potentially relevant to digit _ o )
patterning because digit identity/morphology can still beEffect of Hoxd12 on Gli3 transcriptional repression
regulated by interdigital mesenchymal signals at late stagd$he Shh receptdptcis also a direct transcriptional target of
(Dahn and Fallon, 2000). Full-length GIi3 is protected fromGli3, and is activated by Shh signals (Goodrich et al., 1996)
cleavage to repressor by Hedgehog signaling (Wang et a(reviewed by Ingham and McMahon, 2001). A previously
2000) (reviewed by Ingham and McMahon, 2001); however, itharacterized Ptc/luciferase reporter (Shin et al., 1999),
late interdigit zones the extent of such signaling is unclear, aghose basal expression is induced threefold by full-length
Shh expression in the posterior limb bud has declined an@dli3 and repressed up to 10-fold by the truncated repressor
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. . . . . T QLS
Fig. 3.Gli3-Hoxd expression overlap and interaction between A E10 E12.5 B ol 8
endogenous Gli3-Hoxd12 proteins. (A) Expressiolis, | A & & {‘59
and ofHoxd10/11/12/1RNA in nested posterior domains of I ——
buds (digit I-V, AP, indicated for Gli3). (B) Western blot | | 190KD> S bt gy e
comparing Gli3 protein in lysates from early chick (stage 22) ' v p

E10 (left panel) and interdigits of E12 (right panel) forelimb
anterior (A) or posterior (P) limb bud with late stage (27/28) v

Gli3

distal digit arch region containing interdigit (ID) mesenchyme, o Gli3

either intact or separated into A and P parts. Lower panels ‘-a , 83kD> u

show Hoxd12 and Hoxd13 proteins detected in the same x

lysates. Note these stages are comparable to mouse E10.5/E1£ . IOk g

(early) and E12/E12.5 (late); chick and mouse RNA and
protein expression profiles are generally similar (see Dolle et
al., 1989; Nelson et al., 1996; Mo et al., 1997; Schweitzer et
al., 2000; Wang et al., 2000; Litingtung et al., 2002). The ratio
of the short-repressor form of Gli3 protein (83 kDa) relative to

Hoxd1s &%

Hoxd11

)

full length (190 kDa) in late interdigits is similar to the anterior Hoxd12 -9

early limb bud profile, consistent with lack ®fihexpression

at this stage. In posterior early limb buds, Shh activity results oy ] ]

in a high ratio of full-length to repressor form of Gli3. p75kD = T C _EarlySebbud protele (IP):
is a Gli-related antigen of uncertain identity (Wang et al., 3 anti-Glis: ma Hi2AL Jhd
2000). (C) Co-immunoprecipitation (IP) of Gli3 and Hoxd12 =X 190kD> = —

from early (stage 22, upper panels) and late distal (stage 27/28,

lower panel) chick limb bud lysates, using immobilized anti- 83KD> - —

Hoxd12 or control purified 1gG for immunoprecipitation, and -

anti-Gli3 for detection of bound proteins. Endogenous Hoxd12

binds GIli3 from early limb bud, when both full-length (190kD) ' input +d12Ab  +igG
and repressor forms (83kD) of Gli3 are expressed, and from anti-Glia:

later interdigital zones, when mainly the repressor form of Gli3 83kD> @D =
protein is expressed.

Late interdigit protein (IP):

Hoxd13

form of Gli3 (Gli3 TR), was used to assess the effect obwing to reporter activation by higher Hoxd12 levels that
Hoxd12 binding to Gli3 on GIi3 target promoters in complicates interpretation of the results (data not shown).
transfection assays. In our hands, activation of the reporter by

full-length Gli3 was weak and variable, and the effect of co-. .
transfected Hoxd12 was likewise variable and difficult toDISCuSSIon

ascertain (Y.C. and S.M., unpublished). However, GIli3 TRThe results show a genetic interaction between’Hoxsl
reproducibly repressed basal expression, allowing evaluatianember andsli3 in regulating digit formation. Biochemical

of Hoxdl2 effects on GIi3 transcriptional activity. and transfection analyses further indicate that tHexs class
Surprisingly, co-transfection of low levels of Hoxd12 with protein interacts physically with Gli3 via the homeodomain, and
low levels of Gli3 TR converted the Gli3 repressor into ancan convert the truncated Gli3 repressor form into an activator
activator, with activity increasing according to the relativeof its target promoters (Fig. 5D). This suggests a model in which
Gli3:Hoxd12 ratio (Fig. 5A). This stoichiometry determines Gli3-responsive target promoter activity would depend, at least
whether activator (Gli3TR-Hoxd12 complex) or repressofin part, on the ratio of Gli3 to total Hoxd protein expression at
(free GIi3 TR) function prevails. The DNA-binding activity a given site. This model is consistent with the known functional
of Hoxd12 was not required for this effect, as activation wasverlap and additive effects ofHoxd genes (Zakany et al.,
comparable even when the DNA-binding mutant Hoxd12 wa4997) (reviewed by Zakany and Duboule, 1999), as cumulative
co-transfected with Gli3 TR (Fig. 5B). To further evaluaterecruitment of Hoxd proteins to bound Gli3 repressor protein
whether recruitment of Gli3 TR-Hoxd12 complexes to Gli3-would modify the overall effect on Gli3 target promoters.
regulated promoters requires only Gli3-binding sites oRather than a combinatorial Hox code, a quantitative Hox-
whether it might also depend on cryptic Hoxd12-bindingactivity gradient, determined by the total Hox protein relative
elements, a basal promoter driven solely by multimerized Glito Gli3 protein at a particular site (Fig. 3A; and shown
consensus elements (Sasaki et al.,, 1997) was assaysdhematically in Fig. 6), would modify ‘net’ Gli3 function
Whereas Gli3 TR alone repressed basal reporter expressida, regulate expression levels of GIli3 target promoters
co-expressing low levels of the Hoxd12 DNA-binding mutantdifferentially, and thereby potentially activate downstream Shh
not only prevented repression, but upregulated expressigrathway targets indirectly. The genetic evidence presented here
above the basal level in the presence of Gli3 TR (Fig. 5Ckuggests that Gli3-Hoxd interaction pertains mainly to the
Experiments in which the level of Gli3 TR was held constantegulation of digit morphogenesis. This is not unexpected for
while co-transfected Hoxd12 levels were increased likewisan interaction with Gli3 shared among several posterior Hox
showed a decline in repression activity; however, it was ngtroteins, given that some of théddxd members normally only
possible to vary Hoxd12 levels over a very broad rangegegulate digits physiologically (e.g. Hoxd13). In fact, the long
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Fig. 4. Domains necessary for A
Gli3-Hoxd interaction.

(A) Relevant Gli3 and Hoxd12
coding domains used in assays RFR [mtHD : WF—>AA]
shown in B-D. All input lanes — s ) activator | | -

show 5-10% of the assay input (

D). (B) The N-terminal Gli3 FLU s FL B o
domain interacts with the C- TR 11 iéea repressor AHDl_______ 151

terminal homeodomain (HD) of HD 167 266
Hoxd12 in normalized Gst pull- N-ZnF [t | 426

down assays. The HD-region in
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interaction with in vitro translate s
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panel) or truncated (TR; B, mid¢ | (180kD)-m == &=

panel) Gli3. Hoxd12 mutated in s Gli3 TR
DNA-binding function (mtHD) (TSKD)-plr  w=—w=—  —— i3 N-ZnF

and N-terminal GIi3 lacking zinc . - (45KD)~ e &
fingers (N-ZnF) still interact
(B, middle, right panels).
(C) 5Hox proteins interact with C
Gli3 preferentially over ‘3ox
proteins. Hoxd13(HD)/Gst fusiol
also binds GIi3 TR (C, left panel
I\{;tig?eg-GliS )TRI (prgcigitaf\ti( Gli3 | . _ Hoxdt1 N i o -

with Anti-Xpress) also binds full: - -

length IVT E|oxd11 (C, middle Hoxtiz 3 e y Homt -
panel). Hoxd12 binds
preferentially in assays challenc — bound
ﬁggg;{{éﬂéﬂ;%gnggxal or D Hoxd12 protein (IP): : Gli3 protein (IP): - + - +
(D) Hoxd12 and Gli3 co- input wt - mtHD wt AHD input
immunoprecipitate (IP) from co- anti-Gli3 : e em—
transfected cells. Full-length wili tag

type (wt) or mutant (mtHD) anti-HoXb1: e s
Hoxd12 binds co-transfected Gl
TR, whereas homeodomain- E
deleted Hoxd12AHD) does not
(D, left panel). A representative
input is shown; all inputs were
similar and Hoxd12 recovery in
IPs were equivalent (not shown)
Hoxd12 binds GIli3 TR
preferentially over co-transfected Hoxb1 (D, right panel). (E) Gli3 and Hoxd12 co-localize in transfected cell nucleileasinevetical
sections with FITC and Alexa Red antibodies. There are no differences in localization compared with the controls offeetisdtigingly
and expressing either Gli3 TR or Hoxd12 (full length) alone (data not shown).
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qinput

"
l

anti-Hoxd12: (D -_—
— S— _—

Gli3

bone shortening observed may represent a distinct dominamentribute to the specification of digit number and/or pattern
negative effect independent of Gli3 (see Goff and Tabin, 1997]Fig. 6). The observed polydactyly ensuing from the enforced
Gli3-Hox interactions may represent a recent evolutionargxpression of any one of the sever&éldxd members may then
acquisition that, together with the distal recruitment’'éfox  be the result of enhanced binding to Gli3, and mitigation of
genes, enables the development of the distal autopod with itspression in the early anterior limb bud. Enforced expression
multiple digits. As the distal autopod is probably a neomorphiof Hoxd12 does not result in any apparent change in the
structure of tetrapod vertebrates (e.g. Sordino et al., 1995), it &xpression pattern or levels of Gli3 transcripts (V.K. and S.M.,
not surprising that an interaction between the homologousnpublished). By contrast, Gli3 does normally repress, and so
DrosophilaCi and AbdB proteins has not been described.  restrict Hoxd expression to the posterior limb bud at early

In early limb buds, predominantly anteriGti3 expression stages (Zuniga and Zeller, 1999); this regulatory relationship
and posterior Hoxd expression clearly overlap at their bordessill serve to limit the extent of overlap and interaction between
(Fig. 3A). Some Gli3 repressor form is present in the mid-limkihe Gli3 repressor and Hoxd proteins in the wild-type early
bud region (Wang et al., 2000) where the Gli3-Hoxd overlapimb bud. However, the same simple regulatory hierarchy is
occurs. The co-expression of Hoxd members along with thelearly not operational at later stages in the normal limb bud,
Gli3 repressor in this border-zone could serve to modifjpecause the interdigital expression of the endogenous Gli3
(extend anteriorly) the effective Shh activity gradient across theepressor and Hoxd members overlaps quite extensively in the
early limb bud anteroposterior (AP) axis, and could therebyvild-type embryo (e.g. Fig. 3A,B).
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Fig. 5.Hoxd12 converts Gli3 repressor into an activator. (A,B) A 4 kb Ptc promoter/luciferase reporgey,(Ovas co-transfected with
varying amounts of Gli3 TR repressor (5-80 ng), with or without 25 ng of full-length Hoxd12 wild type (wt; A) or homeodomtaain(mij

B). (C) Delta-crystallin basal promoter with eight Gli consensus elemeriYuciferase (1.519) co-transfected with full-length mt Hoxd12
(25 ng) and varying amounts of Gli3 TR (2.5-20 ng). (D) The transfection results are most consistent with a model in whimiui@li3
Hoxd12 to Gli3-target DNA-binding sites, and the bound Hoxd12 converts Gli3 TR into an activator of the Gli3-target promoters i
stoichiometric fashion that is independent of Hoxd12 DNA binding.

Fig. 6.Hoxd and Gli3 limb early limb bud: late limb bud/interdigits:

expression suggest a m‘ﬂ:gs{;‘” Gli3a TR
guantitative model for repressor

" : A
modification of Gli3
repressor function by total
Hoxd10/11/12/13 protein ':‘:{"e"ﬁ:}f
expression. Schematics shc increasing —+ | [Hoxd-Gli3] —» ! late GIi3 targets?
the expected gradient of =t [Hcg;% Gliz] —» *SHH.-'Ghs targets complexes 1
Gli3:[total Hoxd] complexes o Wmmg — '“‘erd'gl"s’g“a's?
across the limb bud AP axis (number. pattern) digit identity?
at early (left) and late p (morphology, size)

interdigit (right) stages, and SHH 25 Hoxd
possible Gli3-regulated . RS e
processes that may be affected by the varying Gli3-Hoxd stoichiometry across the limb bud. This model is compatible mith the kn

functional overlap, and the incremental additive effects of posterior Hox genes in regulating digit morphogenesis (e gt 21aked§7).

Indeed, some features of digit identity/morphology are Gli3-Hoxd interactions may also have implications for
determined late. Manipulation of interdigit mesenchyme indigit abnormalities in certain human syndromes arising from
chick has revealed that adjacent interdigit regions instruct digihutations inGLI3. Pallister-Hall Syndrome (PHS) and Post-
anlage to develop different distinct identitites (Dahn andAxial Polydactyly (PAP) behave semi-dominantly (reviewed
Fallon, 2000), as judged by the number of phalangeal segmeriitg Biesecker, 1997), and arise from mutations expected to
formed. The responsible interdigit signaling factors remain t@roduce a truncated, constitutive-repressor form of GLI3
be elucidated, but any regulation by Shh must be very indirectAltaba, 1999; Dai et al., 1999; Shin et al., 1999). Recent
as Shhexpression has subsided by this stage. Expression ofouse and chick models for PHS (Bose et al., 2002; Meyer
several Hoxd genes persists late in the interdigits, along withnd Roelink, 2003) confirm the constitutive-repressor
the GIi3 repressor (Fig. 3A), and this interaction could play dunction of this mutatedsli3 gene in many developmental
role in positively regulating the expression of late-secretegrocesses, where the homozygous PHS allele causes
interdigit signals that determine different digit identities (Fig.phenotypes resemblingShi'= (Shh/Gli3 targets are
6). In this manner, Gli3-Hoxd interactions could function eitherepressed). However, surprisingly, the PHS allele does not
to indirectly sustain the Shh pathway at these later stages, bipck the Shh pathway in the limb, but instead results in
alternatively, to regulate novel (non-Shh mediated) targets. polydactyly with non-identical digits (Bose et al., 2002).
major focus for future work will be determining the relative Whether or not suclGli3 mutations behave as dominant
contributions and potential roles of early and later Gli3-Hoxdepressors during limb development may depend on their
interactions in regulating digit formation and morphogenesisinteractions with Hoxd genes. In the limb, where Hoxd genes
Considering the redundancy of the posterior Hox genes, suee uniquely expressed, the function of an otherwise
approaches will entail a mutational analysis of GIi3 residuedominant-repressor GIli3 mutant could be modified by an
mediating the interaction. enhanced Hoxd-interaction affinity.
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