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Summary

Initiation and maintenance of signaling centers is a
key issue during embryonic development. The apical
ectodermal ridge, a specialized epithelial structure and
source of Fgf8, is a pivotal signaling center for limb
outgrowth. We show that two closely relatedbuttonhead

like zinc-finger transcription factors, Sp8 and Sp9 are

expressed in the AER, and regulatd-gf8 expression and
limb outgrowth. Embryological and genetic analyses have

role as positive regulators ofFgf8 expression. Moreover, a
dominant-negative approach in chick and knockdown
analysis with morpholinos in zebrafish revealed their
requirement for Fgf8 expression and limb outgrowth, and
further indicate that they have a coordinated action on
Fgf8 expression. Our study demonstrates tha®p8and Sp9

via Fgf8, are involved in mediating the actions of Fgf10 and
Whnt/3-catenin signaling during vertebrate limb outgrowth.

revealed thatSp8and Sp9are ectodermal targets of Fgfl0
signaling from the mesenchyme. We also found that Wifi/
catenin signaling positively regulatesSp8 but not Sp9
Overexpression functional analyses in chick unveiled their

Key words: Apical ectodermal ridge, Sp transcription faétgfg,
Fgf10, Wnt, Vertebrate limb

Introduction morphology of the limb (reviewed by Capdevila and Izpisua
Belmonte, 2001; Niswander, 2003; Tickle, 2002a). Among

Understanding the molecular mechanisms that control hoW\ese signaling centers in the limb bud, the AER, which is a
outgrowth of different tissues and organs of the embryo ar@\e [ i

. - i : . . ickened epithelial structure positioned at the distal edge of
established and maintained is one of the major questions in t limb bud at the dorsoventral boundary, is pivotal for
study of embryonic development. The advent of molecular anﬁ1ai :

. . ) ; ; ntaining limb outgrowth. Surgical removal of the AER
genetic techniques have provided powerful tools with which t9aq its in cell death in the mesenchyme and abrogates limb

dissect the ways in which transcription factors and Sig”alingutgrowth (Dudley et al., 2002; Rowe et al., 1982; Sun et al.,
molecules are used to allow neighboring cells to communicatgboz)_ The importance and necessity of the AER in limb
and adopt positional information, which are provided by the,,tgrowth is a conserved feature of vertebrate development as
action of embryonic signaling centers. The signaling centergystrated in mice, chick and zebrafish (Grandel and Schulte-
direct the primordia of tissues and organs towards outgrow{nerker, 1998; Tickle, 2002b). Despite recent extensive studies,
and pattern formation for proper morphogenesis. Formation anfle molecular and genetic mechanisms that control initiation
maintenance of signaling centers should be tightly regulatend maintenance of the AER in these model organisms is far
spatially and temporally, in order for them to control tissugrom being understood.
development properly. Although there are many different model The morphogenesis of the AER can be divided into two
systems in which, by the action of signaling centers, moleculgrocesses.
and genetic mechanisms of outgrowth have been studied, the(1) The induction of AER precursor cells in the surface
vertebrate limb is one of the best-understood models. ectoderm that will migrate toward the dorsoventral boundary
Limb outgrowth requires the formation and maintenance oind form the AER. These cells start to express fibroblast
three different signaling centers: the apical ectodermal ridggrowth factor 8 Egf8), a member of the Fgf superfamily that
(AER) controls proximodistal growth; the zone of polarizingacts as an essential signaling molecule involved in vertebrate
activity, which is located in the posterior mesenchyme isimb outgrowth (Crossley et al., 1996b; Lewandoski et al.,
responsible for anteroposterior pattern formation; and th2000; Moon and Capecchi, 2000; Vogel et al., 1996).
non-ridge ectoderm directs formation of the dorsoventral axis. (2) Maturation of the AER that results in formation of the
Their coordinated action constructs the three-dimensionaharacteristic, thickened structure (Loomis et al., 1998). The
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initial induction of AER precursor cells depends on the activityfull-length mouseSp8was obtained by combining an EST clone and
of Fgfl0 emanating from the lateral plate mesoderm (Min et PCR clone, and mou§p9was obtained as EST clones. Zebrafish
al., 1998; Ohuchi et al., 1997; Sekine et al., 1999). In th§p8andsp9wgre obtained by screening a 24-hours post fe_rtilization
absence ofgf10, no Fgf8 expression is detected, indicating ("P) cDNA library (Stratagene) andFACE. The screening of

that induction of the AER precursor cells does not take plac braries and PCR were carried out by following standard procedures.
and the AER is not formed e nucleotide sequences of chiBp8 chick Sp9 mouse Sp9

zebrafishsp8and zebrafisisp9 are deposited in GenBank with the

_In addition, ectodermal Wifi/catenin signaling and Bmp s ccession Numbers AY591906, AY591907, AY591908, AY591904
signaling are essential for inductionfaff8 expression in AER 44 Ay591905, respectively.

precursors (Ahn et al., 2001; Barrow et al., 2003; Kengaku et

al., 1998; Pizette et al., 2001; Soshnikova et al., 2003). The situ hybridization and cartilage staining

AER precursors migrate to the dorsoventral boundary, andhick Sp8andSp9probes were derived from a partial open reading
form a structurally distinguishable AER by apical compactiorframe covering 3o the Zn-finger domain andBTR in order to avoid
(Loomis et al., 1998). Secreted from the AER, Fgf8 signal§ross hybridization. The mouS@8probe contains 1 kb of thelBTR

to the underlying mesenchyme, and Fgfl0 produced by tHend theSp9probe contains 750 bp covering th&J5R and partial
distal mesenchyme in turn signals to the AER, resulting i {(?rr':’ S?Lj?réhiggdugz?ea}s'n'Czh?grzg]fggggildb?gﬁspég%e;rﬁ;)eegehrg’\fed
;S;ﬁq?gisr?smtehnet g)f(ptgessrigﬁ'pé?%icﬁoiﬁge(é?‘i%?]?cé g(_),plghg een described previously (Ng et al.,, 2002; Vogel et al., 1996).

, - : ebrafishprx1 was cloned by RT-PCR and confirmed by nucleotide
Xu et al., 1998). This positive-feedback loop, mediated bBéequencir?g (Accession Nurr):ber BC053228). Y

different splicing isoforms dfgfr2 (Arman et al., 1999; Ornitz  Chick and mouse embryos were examined by whole-mount in situ
et al., 1996), maintains the AER and limb outgrowth. Furthenybridization and Alcian green cartilage staining as described (Vogel
studies have shown that WpHzatenin activity is also required et al., 1996). Zebrafish embryos were examined by whole-mount in
for maintainingFgf8 expression in the AER (Barrow et al., situ hybridization as described (Ng et al., 2002).

2003; Kawakami et al., 2001; Soshnikova et al., 2003). Our . )

current understanding of AER development implies that thlé/IUtant mice and zebrafish , ,

concerted signaling of these and possibly other growth facto ouse embryos deficient fétgf10 (Min et al., 1998; Sekine et al.,

leads to the activation of different transcription factors that i@oggg’ﬁgfelﬁgeu dkhggggf'@ynﬁtg:&gﬂgﬁnzr;(dhpS% ((ggfr?t'; eett ;‘ll"

turn elicit the instructions that permit proper limb developmenty,: Ng et al., 2002)jeckless(nkl) (Begemann et al., 2001) and

Among the different transcription factors involved in theseyackel(dak) (Grandel et al., 2000) have been described previously.
processes, it was recently shown, by gene targeting analysis,

that Sp§ abuttonheadbtd)-like zinc (Zn) finger transcription Viral production and injection into chick embryos

factor is required for maintaining, but not for initial induction The full-length mouseSp8 and Sp9 were subcloned intdcRCAS

of Fgf8 expression in AER precursor cells (Bell et al., 2003;BP(A) vector. In order to construct dominant-active and -negative

Treichel et al., 2003). The Sp family of transcription factorgorms of Sp8andSp9 a part of the open reading frame (from the

is united by a particular combination of a C2H2 type zn-Ptd domain to the termination codoAN-Sp8and AN-Sp9 was

finger DNA-binding domain andotd domain (Bouwman fused to a VP16 activation domain (VP16-) or an Engrailed-
i . oy . pressor domain (EnR-), and subcloned into R@ASBP(A)

and Ehlllprs]en, gOOZ,_dPhli!?sgn_ and Suske(,j &999)_ Ep'ﬂﬂt Sr\ﬁctor. The dominant-activ@-catenin clone has been described

members have been Identified in mouse and human. ou eviously (Capdevila et al., 1998). Retroviral production was

the necessity ofSp8 for mouse limb outgrowth has been performed as previously described (Vogel et al., 1996). Staging of

reported, it is largely unknown ho®p8interacts with the chick embryos was according to Hamburger and Hamilton (HH;

previously mentioned signaling pathways to maintain limbHamburger and Hamilton, 1951). Prospective limb fields of chick

outgrowth. For example, although Fgf10, Vgatatenin and embryos at HH stage 9-11 were infected with the viruseRBAS

Sp8 are factors that are required for AER maintenance ari#P(A)-alkaline phosphatase virus was used as a control and no

subsequent limb outgrowth, it is not clear whether they arghenotypic changes in gene expression or limb morphology were

sufficient or if other factors are also required. obser_ved. The |nJec§ed embryos were developed until desired stages

To gain further insights into the role of Sp genes during"d fixed for analysis.
vertebrate limb development, we have performed severgleaq and cell-pellet implantation

gxperlments. .They include the |Solat|0r] ofa ”d‘“e“"k? Zn- Heparin beads were soaked in Fgfl0 (1 mg/ml) or Fgf8 (1 mg/ml).
finger transcription facto§p9 Sp9contains atd domain and  AG_x beads were soaked in the Fgf receptor kinase inhibitor SU5402
Zn-finger domain that are highly homologous to thos8m#  (calbiochem), at 2 mg/ml in DMSO. The beads were implanted into
Using mouse, chick and zebrafish embryos, we have studigthge 19-21 developing chick limb buds as described previously
the embryonic expression pattern, regulation and rol8p8f (Kawakami et al., 2003). Chick embryonic fibroblasts were infected
and Sp9 during limb development. Botl$p8 and Sp9 are  with RCASBP(A)-Wnt3a(Kengaku et al., 1998), and implanted into
expressed in the AER, but regulated differently by Wnt and Fdimb buds as described previously (Wada et al., 1999). Control beads
signaling. Loss- and gain-of-function approaches revealed thgpaked in PBS or DMSO and chick embryonic fibroblasts RAIAS

both Sp8and Sp9 positively regulateFgf8 expression in the BP(A)-alkaline phosphatase were used at the same stage and no

; : : change in gene expression was observed. The manipulated embryos
AER and contribute to limb outgrowth in vertebrate embryosWere incubated for desired periods and processed for in situ

hybridization analysis.
Materials and methods Morpholino injections

Cloning of Sp8and Sp9 from mouse, chick and zebrafish Morpholino oligo nucleotides were designed by and obtained from
Chick Sp8and Sp9were obtained by screening cDNA libraries. The GeneTools LLC (Eugene, OR). The zebrafig® morpholino lies
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Sp2
Sp1
Sp3
B Btd domain Zn finger domain
Sp9 GRATCDCPNCQEAFRI GPAG- - ASTRRKGLHSCHT PGCGKVYGKTSHL KAHT RWHTGER PFVCNWLFCGKRE TRSDEL ORHT RTHTGEKRFACPVCNKREMRSDHL SKHTKTH
e e e ettt eaateeeteenateettanatee e aaanaaeateaeanaaeaateatnateateaaateet aaannnnaerann v...
D-Spl
Sp7
Sp5 Fig. 1. Phylogenetic analysis and
2;11 comparison of deduced amino
Spl acid sequences of the Sp family.
gfé (A) The deduced amino acid
sequences of mouse Sp genes
C together withDrosophila btdand
Hs Sp8 MLAATONKTGSPSPSPSSL SDSSSSFGKGPHPIKRSSSSS -~ SASCNVVGSSLSSFGVSGASRNGGSSSAAAAMAAAAAAAAAL VSDSF SCGGSPGSSAF SLTSSSAMAAAAAMAAAASSSPF ;
Mn Sp8 MUATONKTGSPSPSPSSL SDSSSSFGKGPHPIKRSSSSS -~ SGSCNVVGSSLSSFGVSGASRNGGSSSAAAAMAMAAAAAAL VSDSFSCGGSPGSSAFSLTSSSAMMAAAAMAAASSSPF Drosophila SpZare analyzed by
Gg p8 MLAATONKTGSPSPSPSAL SDSASSFGKGFHPKRS SSSSSASAGSCGAVGSGLPGFGVAGAARNGS S ---~AAAAAAAAAAAAL VSDSFSCGGSPGSSAFSLTSS - CLUSTAL-W program.
Dr 5p8 MUAATCNKTGSPSPSPSSTSDNSSSFGKGFHPKR - -----ATASSCS-LGSSLSSF -~ TRNGGG : :
Hs Spo MATSTL GEEPRFGTTPLAMLAATCNKIGNTSP-L TTLPESSAFAKGGFHPAKRSSSSON--------L GSSL SGFAVATGGRGSGGLAGGSGAANSAFCLASTSPTSSAFSSDYGG (B) Amino acid sequence
ﬁ i mws,“fﬁ?mﬁ%ﬁm%%ﬁmﬁmﬁ L GSSLPGFTVATSRSTSG-LTTTTGAGNSAFCLASTSPTSSAFSAEYSS alignment of the conserved
¥ ST - TTTOGACUSISISSAIES oo region of the Sp family, from the
Hs S8 ANDYSVRQAPGVSGGSGRGGGGAGRSSAHSQDGSHOPVITSKVHTSVDGLOGIYPRVAMAHPYESFKPSHPGLGAAGEVGSAGASWADVGAGHTDVGNPNSAAAL PGSLHPAAGGLQTSLHSPLGGYNSDYSGLSHSAFSSG btd domain to the Zn-finger
_____ . . .
Mn Sp8  ANDYSVFQAPGVSGGSGGGGGGGGGESGAHSQDSSHOPVFTSKVHTSVDGL QGTYPRVGVAHPYE SWFKPSHPGLGAAADVGSAGASSMDVGAGHTDVONPNGAAAL PGSLHPAAGGL QTSLHSPL GGYNSDYSGLSHSAFSSG---—- domain. Identical residues, when
Gg P8 ANDYSVFQAP-—-GSAGGGGGGGGGAGGAAGQEANHQPVITSKVHASVEGLOGIYPRVGMAHPYESWFKPSHPGLAAG-EVGSAGASSMDVGAGNTDVQSPNGAAAL PGSL HPAAGGLOSSL HSPLGGYNSDYSGL GHSAFGGG--—- ; indi
Dr Sp8 GNDYSVFQTS-VS--=-=--—=—===—-] NNSQEPSHQPMFLSKVHTSVDSLQSIYPRMSVAHPYE SNFKSSHPGIPTG-DVGTTGASAWDVGAGNIDVONPNGAA-LQTSLH--SGGLQTSLHSPLGGYNSDYSSLSHSAFSTS-—--- Compared Wlth Spg’ are Indlcated
Hs SO - -~ L FSNSAAAAAAAAGVSPQEAGGQSAFTSKVHTTAADGLYPRVQMAHP YESYKSGFHSTL AAGEVTNGAASSIDVHS SPGSLEVONPAG-GLQSSLHSGAPQASL HSQL GTYNPDF SSLTHSAFSSTGLGSS by dots. Gaps in the sequence,
MnSp - LFSNSAAAAAAAGYSPOEAGGSAF TSKVHTTAADGL YPRVGVAHPYESWYKSGRHSTLAAGEV TNGAAS SHIDVHS SPGSWLEVQNPAG-GLQSSLHSGAPQASLHSQL GTYNPDF SSLTHSAFSSTGLGSS indicated by dashes. are
o - LN TSVSSQDS-GQSAFTSKVHS- SADTLYPRVGHAHPYESHYKSGFHSTT-SGDVANG-ASTWADVHTNPGSILEVQNPAG- TLQSSLHSGTPQA- THSQL SGYNPDF SSL THSAFSSTGISP- introd q 5{ ' ,
Introduced to Improve sequence
Hs Sp8  ~-ASSHLLSPAGOHLMDGFKPVLPGSYPDSAPSPLAGAGGSMLSAGPSAPL GGSPRSSARRY SGRATCDCPNCOEAERL GPAGASLRRKGLHSCHIPGCGKVY GRTSHLKAHLRAHTGERPFVONALFCGRRFTRSDELQRHLRTHTGEK alignment. Théotd domain and
Mn Sp8  ~-ASSHLLSPAGGHLVDGFKPVLPGSYPDISAPSPLAGAGSSM_SAGPAAQL GGSPRSSARRYSGRATCDCPNCQEAERL GPAGASL RRKGLHSCHIPGCGKVYGKTSHLKAHL RHTGERPFVCNAL FCGRRFTRSDEL QRHLRTHTGEK Zn-finger domains are indicated
g S8 ~-ASSHLLSPAGOHLMDGFKPVLPGSYPDSAPSPLAGAGGSML GGGPAAPL SASPRSSARRY SGRATCDCPNCOEAERL GPAGASLRRKGLHSCHIPGCGKVYGKTSHLKAHLRAHTGERPFVICNAL FCGKRFTRSDELQRHLRTHTGEK . . .
Dr Sp8  -~-ASPHLLTTG-QHLVDGFKPVLS-SYPDSSPSPLGGAGGSM. TGGPTASLAGSPRSSARRYSGRATCDCPNCQEAERL GPAGASLRRKGLHSCHIPGCGKVYGKTSHLKAHLRAHTGERPFVCNAL FCGRRFTRSDEL QRHLRTHTGEK by lines above the amino acid
Hs Sp9 AAAMASHLL STSQHLLAQDGFKPVLPSYSDSSAAVAAAAASAMI SGAAAAAAGGS SARSARRY SGRATCDCPNCQEAERL GPAGASLRRKGL HSCHIPGCGKVYGKTSHLKAHLRWHTGERPFVONWL FCGKRFTRSDELQRHLRTHTGEK Sequences (C) Allgnment Of
Mn Sp9  AAMASHLLSTSCHLLAQDGFKPVLPSYSDISSAAANAASAMISGAAAAAAGGS SARSARRY SGRATCDCPNCQEAERL GPAGASL RRKGLHSCHIPGCGKVYGKTSHLKAHL RHTGERPFVCNAL FCGRRFTRSDEL QRHLRTHTGEK R :
6g 50 RRYSGRATCDCPNCQEAERL GPAGASL RRKGLHSCHIPGCGKVYGKTSHLKAHL RAHTGERPFVCNAL FCGXRFTRSDEL QRHLRTHTGEK deduced amino acid sequences of
DrSpO  ~-TASHLLSTSQHLLTQEGFKTVIPTY TDASATNAMISG-------- ASSGIGTSSRSSRRYSGRATCDCPNCOEAERL GPAGASLRRKGLHSCHIPGCGKVYGKTSHLKAHL RHTGERPFVCNNL FCGKRFTRSDEL QRHLRTHTGEK Sp8andSp9from human KHomo
Btd damain Zn finger domain A
sapiens Hs), mouseNlus
Hs Sp8  RFACPVONKRAVRSDHL SKHVKTHSGGGGGGGSAGSG----SGAKKGSDTDSEHSAAGSPPCHSPELLQPPEPG-RNGLE .
Mn p8 ~GGGKKGSDTDSEHSAGSPPCHSPEL LQPPEPGRNGLE musculusMm), chick Gallus
Gg Sp8  RFACPVONKRAVRSDHL SKHVKTHS GPGGAGGPGGGGPGPGPGGKKGSDTDSEHSAAGSPPCHSPELLPPPEPGHRNGLE ga”us Gg) and Zebraﬁsl‘ﬂamo
Dr Sp8  RPACPVONKRAVRSDHL SKHVKTHSAGGSSGSGSGA- - -SGBRGSDTDSEHSVPGSPSCHSPDLL QAPESVPTTGWNGRASSLD . .
Hs SO -~ GGGKGSDSDTDASNLETPRSESPDLILHDSGVSAMRAMAMAAMMAAASAGGKEMSGPNDS rerio, Dr). Thebtd domain and
Mn Sp9 - GGKKGSDSDTDASNLETPRSESPDL TLHISGVSAARAMAMMAAMAAAAMSAGGKEAASGPADS _fi i
fieed padisiioy _the_Zn finger _domalns are
Dr SpO  RFACPVONRAVRSDHLSKHIKTHTAG-~---------— GGGKGSDSDTDTSNLETPRSESPELTLEG/NPRVIVKDQSPHHES indicated by lines.

from nucleotide position —1 to +24, relative to the translation start siteexpressed in the AER, which containedbtd-like Zn-finger

S-TTTGTTACACGTCGCAGCCAACATG-3 ~domain. Screening cDNA libraries resulted in isolation of
The zebrafishsp9 morpholino sequence lies from nucleotide ¢|gnes encoding three differelit-like genesSp8 Sp5and a

position —-14 to +11, relative to the translation start site: 5 novel Zn finger-containing clone. We termed this new clone

CTATAAAACATAGCTGGCTTGTGTG-3. chick Sp9 based on the fact the clone contairt#cadomain
The standard control oligonucleotide available from GeneTools was d CoH2-t Zn-fi d . h teristic d .
used. The morpholinos were solubilized ixDanieu’s solution and an “hype  Zi-linger - domain, - Characterisic - aomains

injected into one-cell stage zebrafish embryos at a range of 5-@Pnserved in Sp family members, and that its deduced amino
ng/embryo (Ng et al., 2002). acid sequence of the C-terminal region was different from that

of Sp8 (Fig. 1). Previous analysis, including a large-scale
systematic characterization of mouse transcriptome, identified

Results Sp8(Bouwman and Philipsen, 2002; Ravasi et al., 2003). The
Identification of two closely related Sp genes, Sp8 analyses, however, did not identBp9 To clarify whetheSp9
and Sp9 exists in other vertebrates, we searched databases and found a

In the course of our experiments to characterize clonemouse EST clone (Accession Number AW494427 in NCBI
involved in chick limb development, we isolated a clonedatabase) and a human sequence (hCT1831218 in Celera
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A B Cc I' D 'i E sy Fig. 2. Embryonic expression pattern $p8in chick,
mouse and zebrafish. (A-M) Chick embryos showing
expression oSp8from dorsal views (A-E,H-J,M) with the
\ 4 » anterior towards the top, a lateral view (G), and transverse
\ @ HH15  sections (F,K,L). (N-R) Mouse embryos showing

f Fags expression oSp8from lateral views (N-Q) and a dorsal

HH5 HH7 HH8 HH9 / from lateral views (S-V,X,Y) and a dorsal view (W) with
G . A L the anterior towards the left. Pre- and early-somitogenesis
H J
mhb !
~ \ (A), stage 7 (B), stage 8 (C) and stage 9 (D) 33
- ~ expression in the surface ectoderm of the limb-forming
/ field (arrowheads) at HH stage 15. (F) Al8@ section of
HH17 HH21
N 0 R expression in the surface ectoderm (arrowheads) and in the
- mhh’ neural tube. (G) Head region of the embryo in E showing
.‘r- ectoderm in the forelimb field at HH stage 16 (H) and stage
17 (1). (J)Sp8expression in the AER at HH stage 21. In
a HH stage 21 embryo shows a signal in the AER and the
th H surface ectoderm (K) and signal in the proliferating
E8.75 1 E9. 5 = hhm E9.5 E10.5 interneuron (L) Sp8expression in the forelimb AER at HH
12 hpf (S), 16 hpf (T) and 20 hpf (Wp8expression in
pectoral fin buds (arrowhead) at 36 hpf (V) and 48 hpf (W).
fold at 36 hpf (X) and 48 hpf (Y). d, dorsal side; f,
forebrain; fl, forelimb; mhb, midbrain/hindbrain boundary;

-2 view (R). (S-Y) Zebrafish embryos showisg8expression
. AF stage expression of chi@p8was detected at HH stage 5
HH15 HH16 HH28 the embryo in (E) at the forelimb level, showing the
\ the expression in the MHEp8expression in the surface
situ hybridization on 14im sections at the forelimb level of
stage 28 (M). Mous8p8expression at E8.75 (N) and E9.5
(0). (P,Q) The signal in the forelimb-forming region was
detected in the ventral ectoderm at E9.5. The embryonic
stage in P is slightly earlier than that of Q. (R) StrSpg
expression in the AER at E10.5. ZebraBgi@expression at
The expression in the fin bud was observed in the apical
n, Hensen'’s node; tb, tail bud; v, ventral side.

database). Based upon the deduced amino acid sequeneealed that mous&p8 and Sp9 are closely related to

we concluded that these sequences encdig@l(Fig. 1). Drosophila SpXFig. 1A). Sp8 contains characteristic Ser-rich,

Subsequently, we screened a zebrafish cDNA library andla-rich and Gly-rich stretches in its N-terminal domain. The

obtained two closely related Zn finger-containing cloneszebrafish Sp8 is slightly different from the other Sp8 sequences

Sequence analysis revealed that these clones show a highits N-terminal region, and is shorter than the others (Fig.

degree of similarity to the mouSp8andSp9genes (Fig. 1C). 1C). The Sp9 sequence contains Ser-rich and Ala-rich domains

Our analyses indicate th&p9is a novel Zn finger containing in its N-terminal region; however, it does not contain the Gly-

btd-like factor expressed in human, mouse, chick and zebrafistich domain found in Sp8. Both Sp8 and Sp9 contain a Gly-
We found thaSp9and Sp3are arranged in close proximity rich sequence in the regiont® the Zn-finger domain. In all

on mouse chromosome 2 (293 kb away) with their promotersf the Sp8 and Sp9 sequences analyzed in this study, the amino

facing each other, similar 8p8Sp4(chromosome 12)$pt  acid sequences from thd domain to the Zn-finger domain

Sp7(chromosome 15) an8p2Sp6(chromosome 11) (Bell et are identical except for one amino acid (Fig. 1B). The high

al., 2003). We also found th&pb5is located close t&p3 but  degree of conservation of amino acid sequences among

on the opposite side to whe®p9is located and also further different species hints at their importance in vertebrate

away from Sp3 than Sp9is (2564 kb). A similar gene evolution.

arrangement was also observed with hurBaitSp9 genes. ) )

The arrangement of Sp genes revealed that eight genes &ipression pattern of - Sp& in chick, mouse and

arranged in a pair-wise manner on four different chromosomegebrafish embryos

and Sp5 appears to be in a position that is independent ofin order to understand the rolesSg8andSp9 we first decided

the other Sp genes. This arrangement suggests that Sp geteeanalyze their embryonic expression pattern in chick, mouse

arose from a common ancestor by tandem duplication arehd zebrafish embryos by in situ hybridization.

chromosomal duplication, as proposed for other gene families Sp8 expression was detected in early stages of chick

(Agulnik et al., 1996). embryos as an oval and 2 stripes at HH stage 5 (Fig. 2A), which
The highly homologous Zn finger domain made it difficult became two lateral stripes at HH stage 7, running along the

to compare amino acid sequences of Sp8 and Sp9 with othemteroposterior body axis from the head ectoderm to the

Sp family members within the domain (Fig. 1B). Phylogenetianterior region of the primitive streak (Fig. 2B). At HH stage

analysis of deduced amino acid sequences of mBp%eSp9 8, strong expression in the anterior neuroectoderm, which

together with twdrosophilaSp family memberdytdandSpl  forms the central nervous system, was observed (Fig. 2C), and



! | "

e

R

Fig. 3. Embryonic expression pattern $p9in chick, mouse and
zebrafish. (A-1) Chick embryos showing expressioSp®from

dorsal views (A-C,E,H,); a lateral view (D) with the anterior towards
the top; a frontal view (F) with the dorsal towards the top; and a
transverse section (G). (J-L) Mouse embryos showing expression o

Sp9from dorsal views. (M-S) Zebrafish embryos showsp§
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neural tube. The signal in the neural tube marks proliferating
neural cells, and is excluded from the dorsal and ventral region
(Fig. 2F). The expression in the limb field became confined to
the distal region of the limb at HH stage 16 and 17, with still
scattered signal visible in the surface ectoderm of the limb bud
(Fig. 2H,I). Sp8is strongly expressed in the AER and weakly
in the ectoderm in the developing limb bud at HH stage 21 (Fig.
2J,K). At this stage, the neural tube expression was restricted
to proliferating interneurons with a reversed triangle shape, and
excluded from the dorsal-most and ventral-most regions (Fig.
2L). The expression in the AER was detected throughout later
stages of limb development (Fig. 2M).

A similar expression pattern was observed in mouse and
zebrafish embryos. Mou&p8expression was detected in the
forebrain, midbrain/hindbrain boundary and neural tube (Fig.
2N,O; Bell et al., 2003; Treichel et al., 2003). At the stage of
limb bud outgrowthSp8is expressed in a scattered manner in
the ventral ectoderm (Fig. 2P,Q), and is later confined to the
AER (Fig. 2R). In zebrafistsp8was detected in the forebrain,
prospective midbrain/hindbrain boundary, tail bud, and neural
keel and neural tube in the somitogenesis stages (Fig. 2S-U).
sp8is expressed in the pectoral fin bud, and the signal is
restricted to the apical fold, a structure corresponding to the
AER in chick and mouse embryos (Fig. 2V-Y).

Overall, the expression pattern $p8is conserved among
the different vertebrate species studied. In particular, the
expression in the limb buds, forebrain, midbrain/hindbrain
boundary and neural tube suggests B@8has a conserved
role in the development of these structures during mouse, chick
and zebrafish embryogenesis.

Expression pattern of
zebrafish embryos

Sp9 expression was not detected in early stages of chick
development (HH stage 3-7). A strong signal was detected at

Sp9 in chick, mouse and

{iH stage 8 in the neural groove and anterior part of the

regressing Hensen's node (Fig. 38p9expression showed a

expression from lateral views (M-O,Q,R) and a dorsal view (P) with restricted pattern in the nervous system, I&gg but is

the anterior towards the left, and a transverse section (S). Sp&ck

excluded from the forebrain (Fig. 3B-D). The expression was

expression at HH stage 8 (A), stage 9 (B), stage 10 (C) and stage 18etected in the anterior hindbrain (Fig. 3B,C), which will be
(D). (E,F)Sp9expression in the AER at HH stage 21. (G) Transverseconfined to the midbrain/hindbrain boundary at HH stage 13

section of the limb in E shows the signal in the AER and surface

(Fig. 3D). In the developing limb, it is expressed in the AER

ectoderm. (HBpYis expressed in a small area in the anterior margin gnq weakly in the distal surface ectoderm (Fig. 3E-G). Unlike

(arrow) in addition to the AER at HH stage Sp9expression was

restricted to the anterior and posterior edges of the autopod at HH

stage 31 (I). Mous8p9was detected in the AER and the surface
ectoderm at E10.5 (J), E11.5 (K) and E13.0 (L). Zebrafiéh
expression at 12 hpf (M) and 16 hpf (Njp9expression in the

Sp8 Sp9is expressed in a small area in the anterior border at
HH stage 27 and later (Fig. 3H). After HH stage 28, expression
in the AER disappears, and the transcripts start to be detected
in the anterior and posterior edges of the autopod, but are

pectoral fin (arrowhead) at 36 hpf (0,Q) and 48 hpf (P,R,S). (S) An &xcluded from the distal edge (Fig. 3l).

pum transverse section of the pectoral fin bud of the embryo in P,
showing thesp9expression in the ectoderm. d, dorsal side; mhb,

midbrain/hindbrain boundary; v, ventral side.

In mouse embryo§p9was detected in the AER during limb
development as well as in the distal region of the ectoderm, in
a similar manner to that of the chick (Fig. 3J-L). In zebrafish,
sp9is expressed in the forebrain, unlike in the chick and
mouse, and in the prospective midbrain/hindbrain boundary

at HH stage 9Sp8is expressed in the most anterior region ofduring early somitogenesis (Fig. 3M,N), which is narrower

the forebrain, midbrain, neural groove and Hensen’s node (Fithan that o6p8 As development proceedsis also detected
2D). The expression in the midbrain was later confined to thi@ the hindbrain, as well as in the apical fold of the developing
midbrain/hindbrain boundary, a signaling center that controlpectoral fin, and this expression extends proximally, as
midbrain development (Fig. 2G) (Chi et al., 2003; Crossley etompared with that o6p8 (Fig. 30-R). A section ofsp9

al., 1996a; Lee et al., 1997). At HH stage 15-16, the expressidrybridized embryos shows its strong expression in the basal
of Sp8was broadly observed in the surface ectoderm of thstratum of the pectoral fin ectoderm (Fig. 3S) (Grandel and
limb-forming fields (Fig. 2E,F, arrowheads), in addition to theSchulte-Merker, 1998). Lik&p§ the conserved expression of
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Fig. 4. Expression oép8andsp9in the fin bud was downregulated *\* y
in the zebrafish mutants with fin defects. (A-C) Dorsal views of the Sp8 Sp8 Sp8 Sps =

expression pattern gp8at 40 hpf. (D-F) Dorsal views of the
expression pattern ep9at 40 hpf. (A) Expression ap8in the —Control _+FGF10 Control —+ 5002

pectoral fin bud of a wild type embryo (black arrowheads). The J K

expression in the pectoral fin bud was downregulated (red ~ (

arrowheads) imst(B) anddak (C) mutants, while a normal 5

expression in the neural tube was still detected. (D) Expression of ?

sp9in the pectoral fin bud (black arrowhead) of a wild-type embryo. Sp9 Spo Sp9 . Sp9

The expression in the pectoral fin bud was downregulated (red
arrowheads) imst(E) anddak (F) mutants, while a normal
expression in the brain was still detected.

Fig. 5.Fgf10 signaling regulateSp8andSp9 Dorsal views o5p8
expression (A,B) an8p9expression (C,D) in E9.5 mouse embryos.
(E-H) Dorsal views o5p8expression in chick limb buds. (I-

Sp9in the AER in mouse, chick and zebrafish embryos alludel) Dorsal views (1,J) and ventral views (K,L) 8p9expression in

limb development. (A-D) Sp8andSp9expression detected in wild-type mouse embryos

(A,C, black arrowheads), was significantly downregulategiii 0~
Mutant analysis indicates that expression of ~ Sp8 embryc:st(lz, Dh_r eél asrro""hea‘.’s)'.'”:ﬁ'a”ta}ion of Iig(fjlo-soalijeq t:ﬁads
. . upregulated chic expression in the surface ectoderm and in the

and Sp9 correlates with proper limb outgrowt-h o AFI)ERgafter 6 hours FEF; cgmpare with the contralateral control, E).

It has recently been reported ti&i8has a role in maintaining jmplantation of SU5402-beads downregulated expression of chick

Fgf8 expression and limb outgrowth in mice (Bell et al., 2003;Sp8in the AER after 24 hours (red arrowhead in H; compare with

Treichel et al., 2003). In order to examine whe®@dalso has the contralateral control, G). Implantation of Fgf10-beads

a role in limb development, as well as to examine possiblupregulated chiclsp9expression in the surface ectoderm and in the

molecular and genetic interactionsSg8andSp9with known  AER after 6 hours (J; compare with the contralateral control, I).

Slgnallng pathways |nvolved |n I|mb development, we madelmpl.antauon of SU5402-beads doWnregUIated.eXpreSS|0n of Ch|Ck

use of zebrafish pectoral fin mutants. We initially analyzsid fgﬁg&igﬁi?{g 2K4) h’gfrgsv\fg‘zggs”%wé‘iagr:g :-Scir?é?f;reet‘r’]"gh the

mutants, animals that bear a point mutat!on |rttbh5_cod|ng ..anterior margin of th’e expression domain., The as’terisks in

sequence that results in a loss of function mutation (Garritc "y | indicate implanted beads

et al., 2002; Ng et al., 2002). Tbx5 is a mesenchymal factc = " '

required for limb bud initiation and outgrowth as an upstrean

regulator offgf10in the pectoral fin field (Ahn et al., 2002; Ng defects in fin/limb development are associated with their

et al., 2002). We observed significant downregulatiosp®  downregulation. The specific mutationshstandnkl indicates

andsp9expression in pectoral fin budshadtmutants at 40 hpf that both sp8 and sp9 are ectodermal factors downstream

(Fig. 4B,E), when compared with wild-type embryos (Fig.of tbx5, a mesenchymal factor required for proper limb

4A,D). This result placesp8andsp9downstream ofbx5in  outgrowth.

limb development, and suggests tepPas well assp8 must

play a role in normal limb outgrowth. Similar results wereFgf10 signaling regulates both ~ Sp8 and Sp9

obtained by usingkl mutant embryos (data not shown), which €xpression

carry a mutation in thealdh2 gene (Begemann et al., 2001). The Wnt and Fgf signaling pathways are two of the major

Given thatnkl mutation lies upstream of tbx5 function in the pathways that positively contrélgf8 expression in the AER

pectoral fin formation, it further confirms thgt8andspQare  (reviewed by Kato and Sekine, 1999; Martin, 1998; Tickle

ectodermal factors downstream of mesenchymal signals. and Munsterberg, 2001; Yang, 2003). We therefore wanted to
We also studiedakmutant embryos, where fin buds start toinvestigate whether the expressiorSpBandSp9is regulated

grow but their outgrowth fails to be maintained (Grandel et alby these two signaling pathways.

2000). We observed significant downregulatiosm8andsp9 Fgfl0 is essential for inducing and maintainirfegf8

at 40 hpf when compared with wild-type embryos (Fig. 4C,F)expression and AER formation during limb development. In

This result further supports the involvemenspBandsp9in order to analyze whether Fgf signaling also regulates

fin outgrowth. expression oSp8and Sp9 we first analyzed their expression
These analyses show that expressionsp8 and sp9 in Fgfl107~ mouse embryos. We observed downregulation of

correlates with fin/limb development in zebrafish, andSp8andSp9in embryos lackindg-gf10(Fig. 5A-D). This result
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provides genetic evidence that initial inductiorspBandSp9 Control cells Wnt3a-cells

in the ectoderm depends on Fgf10 signaling from the later: B 3

plate mesoderm, and further confirms the result obtained t * "

zebrafish pectoral fin mutant analysis (Fig. 4). \ 4
In order to examine the role of Fgf signaling in a spatially

and temporally controlled manner, we carried out ar A

experiment in which Fgf protein and the Fgf receptor inhibitol

were applied in the developing chick limb. Implantation of _RCAS-dominant active 5-catenin

beads soaked with Fgfl0 in the anterior distal region of th - ) -

limb resulted in upregulation of bo®p8and Sp9at 6 hours

post-implantation {=18/23 and 15/20 forSp8 and Sp9

respectively). The expression domainS@8and Sp9in the

AER was extended in the Fgfl0-bead-implanted limb, whe!

compared with the contralateral control limb (Fig. 5E,F,1,J). Ir Wwild type - LRP6
addition, bothSp8 and Sp9 were upregulated in the broad F
region exclusively in the limb ectoderm. We also examined th ‘\ »

effect of Fgf8-soaked beads in the expressioBpgand Sp9 { \ '
in the developing chick limb. However, we did not observe ~
significant changes in their expression at 6 and 12 hours po: »

implantation (data not shown). These results indicate the

Fgf10 signaling emanating from the mesenchyme is sufficier Wiid typs Dkck *
for expression ofSp8and Sp9in the ectoderm. To further G H -
examine the requirement of Fgf signaling in their expressio Vs
in the AER, we implanted beads soaked with a Fgf receptc :

tyrosine kinase inhibitor, SU5402. Twenty-four hours posi L Lt L
implantation, expression 08p8 and Sp9 are significantly l AN
downregulated in close proximity to the beads (Fig. 5G,H,K,L

n=7/9 andn=6/8 for Sp8andSp9 respectively). These results Fig. 6. Wnt signaling regulateSp8expression. (A) Implantation of a
demonstrate that Fgf signaling is necessary and sufficient fcontrol cell pellet had no effect @p8expression in the chick limb

expression of botSp8and Sp9in the ectoderm. bud. (B) Implantation of &/nt3aexpressing cell pellet induc&p8
expression in the ectoderm_ (arrowh_eads). A_ste_risks indicate pellets.
Whnt signaling regulates  Sp8, but not Sp9 expression (C) Injection of RCAS dominant-actifizcatenin induce&p8

. - . . expression in the wide region of ectoderm. (D) Electron microscopic
Wnt3g which signals through thé-catenin pathway, is anglysis of RCAS domina?nt-actiﬁecatenin-irsjez:ted limkp- P
expressed in the AER precursors and the established AER catenin activity induced ectopic ridge-like spikes. The insetin D is a
the developing chick limb, and has been demonstrated icloser view of the ectoderm. (E,Ep8expression in the forelimb
regulateFgf8 expression (Kawakami et al., 2001; Kengaku etbud in wild-type (E) and.rp6=/-(F) embryos at E10.5. Tt&p8
al., 1998). In order to examine the role of the \Bhttenin  expression domain in E and F are labeled with black and red
signaling pathway orsp8and Sp9expression, we implanted arrowheads, respectively. (G,Bp8expression in the forelimb bud
cells expressingvnt3ainto the anterior distal tip of the chick in wild-type (G) andDkk1’~(H) embryos at E12.5. IDKk1'~
limb bud at HH stage 19-21. This manipulation resulted jrembryos, th&p8expression is stronger in the AER (blue arrow) and
induction of ectopic expression 8p8in the limb ectoderm in  ectopically induced outside the AER (blue arrowhead).
close proximity to the implanted cell pellet, at 6 and 12 hour.
post-implantation {=2/6 at 6 hours, and=5/6 at 12 hours;
Fig. 6A,B). Moreover, retrovirus-mediated overexpression obembryos, including total absence of limb bud outgrowth, severe
dominant-activé3-catenin resulted in ectopic induction®®8  truncation of limbs and truncations of the posterior part of the
in a broad region of the chick limb ectodem=%/5; Fig. 6C), body. We chose embryos with no gross morphological defects,
which was associated with the formation of ectopic ridge-liken order to avoid possible misinterpretation because of
structures (Fig. 6D). Contrary to what was observed &8  secondary effects. In E10/5p6~- embryos, we observed
we did not observe significant changes in the expressisp®f downregulation ofSp8 expression in the AER (Fig. 6E,F).
in the limb ectoderm after the same experiments werParticularly, the domain of expression was shorter when
performed (data not shown). compared with that of the wild-type limb. Second, we used
In mouse embryos, althoughint3ais not expressed during DkkI’~ embryos as a gain of function approach. DKkl is
limb development, another Wnt gengnt3is expressed in the an extracellular Wnt antagonist, arfétcatenin-dependent
ectoderm and regulates limb development (Barrow et alsignaling is upregulated iBkk1’— embryos (Mukhopadhyay
2003). To further gain insights into the regulationSpBand et al., 2001). We observed a stron@m8expression in the
Sp9expression by the Wifd/catenin signaling pathway, we AER and ectopiSp8expression outside the AER in 12.5 dpc
performed the following experiments in mouse embryos. FirsDkk17- embryos (Fig. 6G,H). However, in bothp6-- and
we usedLrp67/— embryos for a loss-of-function approach. Dkki’-embryos, we did not observe significant changes in the
Lrp5/6 is a component of a Wnt-receptor complex that iexpression ofSp9 (data not shown). These results provide
required for canonicaB-catenin-dependent signaling (He et genetic evidence that Wf@ttatenin signaling positively
al., 2004). We observed a variety of phenotype&rpgb’-  regulatesSpg but notSp9 Furthermore Wnit regulation &p8
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Q

—

Control sp8 morpholino sp9 morpholino

VP16-AN-Sp8 VP‘IG-AN-SpQ Fig. 7. Sp8andSp9regulateFgf8
expression and limb outgrowth. Frontal
views (A-C,E,F) and a dorsal view (D) of
Fgf8 expression in chick limb buds with
the anterior towards the top. (G,H) Dorsal
views of chick forelimbs with the anterior
towards the top. (I-L) Dorsal views of
chick forelimb skeletons. (M-R) Dorsal
EnR-AN—Sp& EnR-AN'-SpQ Control EnR-AN-Sp8 views of zebrafish embryos with the
H anterior towards the left. (A-F) Injection
of virus was made on the right side; the
left side serves as the contralateral
control. Injection oRCAS-Sp8A) and
RCAS-Sp¥B) resulted in an expansion
(arrowheads) of thEgf8 expression
Control VP16-AN-Sp8 EnR-AN-Sp8 EnR-AN-Sp9 domain in the developing limb. Injection
I g \ ; of RCAS-VP1@AN-Sp8(C) andRCAS-
P VP16AN-Sp9(D) resulted in the
elongation of the AER marked by the
elongated expression domain
(arrowheads) ofgf8. Injection ofRCAS-
EnNRAN-Sp8(E) andRCAS-EnRAN-Sp9
(F) resulted in downregulation 6G8
expression (arrowheads) in the limb.
(G,H) Injection ofRCAS-EnRAN-Sp8caused an indentation
(H, arrowhead), whereas control injection had no effect (G).
(1,9) Injection ofRCAS-VP16AN-Sp8caused ectopic digit
formation in the anterior domain (J, blue arrowheads) when
compared with the control (I). (K,L) Injection BICAS-EnRAN-
Sp8andRCAS-EnRAN-Sp9caused hypoplasia of the limb, such
Control sp8 morpholino  sp9 morpholino as the formation of a small spike with unidentifiable elements (K,
] red arrowhead) and loss of cartilage elements (L, red
arrowheads). (M-Ofgf8 expression at 36 hpf injected with a
B : control morpholino (M)sp8morpholino (N) angp9morpholino
, (O). sp8andsp9morpholinos downregulate€fdf8 expression in
the fin buds (red arrowheads). The embryos represent the typical
‘faint signal’ phenotype. (P-R)rx1 expression in zebrafish
injected with a control morpholino (Fp8morpholino (Q) and
sp9morpholino (R) at 36 hpsp8morpholino andp9morpholino perturbed fin outgrowth, as visualizedbyl expression in the fin
mesenchyme (red arrowheads).

appears to be a conserved feature in vertebrate limBp8andRCAS-VP1@AN-Sp9resulted in a phenotype similar

development. to that of full-lengthSp8andSpQ The distal region of the limb

] ) bud was enlarged and the AER was elongated/29 and
Sp8 and Sp9 regulates Fgf8 expression and limb n=4/42 forVP16AN-Sp8andVP16AN-Sp9 respectively; Fig.
outgrowth in vertebrates 7C,D). Correlating with the expansion of the distal

To further investigate the roles &p8and Sp9during limb  mesenchyme phenotype, we observed ectopic digit formation
development, we used gain- and loss-of-function approach@&s some of the affected embryos at later stage8/25; Fig.
by using viral-mediated expression in chick embryos. First, w&J). These results show tHap8and Sp9act as activators of
overexpressed full-lengtBp8and Sp9throughout the entire Fgf8 expression during limb development.
limb bud, and observed expansion of the AER marked by an Next, we tried to examine the rolesj8andSp9by a loss-
expanded Fgf8-expressing domain (Fig. 7A,B). This of-function approach. Injection oRCAS-EnRAN-Sp8 and
phenotype was observed after overexpressing®udandSp9  RCAS-EnRAN-Sp9produced similar phenotypes, resulting in
(n=3/17 and 10/60, foBp8and Sp9 respectively). This result significant downregulation oFgf8 expression in the AER
indicates thatSp8 and Sp9 can positively regulate=gf8  (n=3/15 and n=11/28 for EnRAN-Sp8 and EnRAN-Sp9
expression and AER morphology. respectively; Fig. 7E,F). This downregulation Fgf8 could

The role ofSp8andSp9was also tested by using dominant- lead to a partial loss of the AER, which was associated with
active and dominant-negative constructs in wipBandSp9 an indentation phenotype iIIRCAS-EnRAN-Si8-injected
were fused to a VP16 or an EnR. We used a N-terminal-deletesinbryos (Fig. 7G,H). Correlating with hypoplasia of the AER,
form of Sp8 (AN-Sp§ and Sp9 (AN-Sp9 because of the we observed a variety of skeletal defects at later stages in
transgene size limitation of RCAS system (~2 kb) and to avoi@CAS-EnRAN-Sp8or RCAS-EnRAN-Sp9injected embryos.
possible interferences resulting from the repetitive amino acith the most severe cases, we observed a small projection (Fig.
sequence in the N-terminal domain (which might interfere wittvK). Where limbs should have formed, small cartilaginous
the activity of these constructs). InjectionREAS-VP1GN-  rudiments were observed. The shoulder griddle, which is not
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formed from the limb bud, appears normal. In the milder These results clearly indicate that downregulation of
phenotypes, even though the limb was formed, it lacked severfainction of eithersp8or sp9is sufficient to downregulatigf8
skeletal elements. Consistent with an indentation phenotypxpression and fin outgrowth. It also confirms the results
(Fig. 7H), Fig. 7L shows a phenotype lacking the radius andbserved in chick experiments with dominant-negative
digit Il. These results strongly support that b8ffBandSp9  constructs, and further indicates that the coordinated actions of
may act to maintain the expression of key signaling moleculesp8 and sp9 might be required foifgf8 expression in the
such ad-gf8, and the AER during limb development. zebrafish fin.

Because the frequency of phenotype is not very high (10-
39%), we carefully examined virus infection using RGAS Discussion
probe in embryos injected with the aforementioned viruses. In "=~ "~ ]
54-64% of embryos analyzed=(28-44), we observed widely ldentification of a novel Sp family gene,  Sp9
spread infection of RCAS viruses in the ectoderm, and widellzarge scale bioinformatic analyses have characterized Zn-
spread strong mesenchymal infection was observed in 25-36ffiger transcription factors in the mouse transcriptome,
of the embryos. Some embryos showed a phenotype with onigcluding Sp8 (Bouwman and Philipsen, 2002; Ravasi et al.,
infection to the ectoderm (data not shown). This analysi®003). Our experimental approach has identified an additional
together with lack of phenotype produced by conRGAS novel Zn finger transcription factog§p9 in human, mouse,
virus (e.g. RCAS-alkaline phosphatase60), indicates that chick and zebrafish, as well 8p8in chick and zebrafish. The
the phenotype observed was specific for each virus injecticBp family members are characterized by highly consdnte:d
experiment. domain and Zn-finger domain in their C-terminal region, which

The high degree of amino acid sequence conservatidninds to the GC box on DNA. There is only one amino acid
betweenSp8andSp9raised the possibility that the VP16- and difference between Sp8 and Sp9 in these regions. Moreover,
EnR-fusion constructs used, may act redundantly, and thbe amino acid sequence of this region is completely conserved
phenotype observed could be not specificSpBor SpQ To  among vertebrate species analyzed in this study. This high
address this possibility, and also to avoid redundancy betweelegree of sequence conservation during vertebrate evolution
Sp8and Sp9 we performed knock-down experiments in thesuggests not only th&p8and Sp9may have essential roles,
zebrafish using morpholinos. The effects g8 and sp9  but also that they may have redundant activities. The existence
morpholinos on the development of the pectoral fin wer®f Sp9in invertebrates has not yet been reported. However, the
analyzed using thigf8 andprx1 markersprx1lis known to be identification ofSp8in the beetle as an essential factor for limb
expressed broadly in the chick limb bud mesenchyme in aoutgrowth (Beermann et al., 2004), and the fact 8pican
AER-independent manner (Nohno et al., 1993), and was uséanctionally replacebtd in Drosophila(Treichel et al., 2003)
to visualize the morphology of the developing pectoral fin irindicates thatSp8/btd has a common role in appendage
this study. Injection of eithersp8 morpholino or sp9 development in vertebrates and invertebrates.
morpholino resulted in downregulation faff8 expression in ) )
the apical fold (Fig. 7M-O). As summarized in Table 1, weEvolution of Sp gene family
observed complete loss &§f8 expression in 10% o6p9 As previously demonstrated, the release of the mouse and
morphants and very fairfgf8 signal in 55% of morphants, human genome sequences revealed that Sp genes are arranged
resulting infgf8 downregulation in a total of 65% &fp9 in a paired manner on chromosom8stSp7 Sp2Sp6and
morphants at 36 hpf.sp8 morphants showed milder Sp4Sp8 Our analysis identifieBp9in close proximity to and
phenotypes, aniljf8 expression was downregulated in 33% ofin an opposite direction t8p3 Based upon the arrangement
the sp8 morphants. Fig. 7 shows the typical ‘faint signal’ of Sp genes on chromosomes, it is likely that a single
phenotype, in which the signal is nearly invisible (Fig. 7M-O).primordial gene underwent a tandem duplication event and
Consistent with downregulation fiff8 expression, injection of produced progenitor genes for tispl-Sp4dsubfamily and
eithersp8morpholino orsp9morpholino resulted in interfering  Sp6-Sp%ubfamily. Then whole-cluster duplication(s) might
with pectoral fin outgrowth as visualized by expressigoref ~ have taken place to generate four Sp clusters. This is also
(Fig. 7P-R). Moreover, we observed a synergistic effesp8f supported by the proposal that the diversity of the amino acid
morpholino andp9morpholino on the expressionfgff8. Co-  sequences outside the Zn-finger domain were created by gene
injection of sp8 morpholino andsp9 morpholino at a lower duplication (Kolell and Crawford, 2002). A similar scenario
dose (5 ng each) resulted in downregulatiofgtd expression to gene evolution has been proposed forTthg2 subfamily
in ~80% of morphants. Increasing the amount of morpholinogenes;Thx2-Thx5Agulnik et al., 1996). Our finding th&p5
(10 ng each) produced higher efficiency of downreguldtif§y  is not linked to other Sp genes supports a previously proposed
expression, anégf8 expression was completely abolished inevolutionary mechanism of Sp genes, in wHsgbmight be
more than half of morphants. an evolutionary link between the Sp family afidF family,

Table 1. Summary of the effect o6p8morpholino and sp9morpholino on the expression ofgf8 in the pectoral fin bud

Percentage with Percentage with Percentage with
Treatment Dose n complete loss faint signal normal
Control morpholino 15 ng 150 0 5 95
sp8morpholino 15 ng 387 1 32 67
sp9morpholino 15 ng 220 10 55 35
sp8morpholino +sp9morpholino 5 ng of each 606 11 68 21

sp8morpholino +sp9morpholino 10 ng of each 152 51 45 4
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another Zn finger factor family whose primary structurestrongly suggest that both genes are able to actigié
of the Zn finger domain is related to that of Sp family butexpression as transcriptional activators (Fig. 7). This is also
lacks thebtd domain (Ravasi et al., 2003; Treichel et al.,supported by the complementary results obtained using EnR

2001). fusion constructs and morpholinos. The fact that the proximal

) . region of the=gf8 gene is GC-rich and includes several copies
Sp8 and Sp9 are differentially regulated by Fgf and of consensus Spl-recognition sequences (Brondani et al.,
Wnt signaling 2002) further suggests thap8and Sp9directly regulaté-gf8

While necessity ofSp8for maintaining Fgf8 expression in  expression in the limb.
mice has recently been demonstrated, its placement in theDuring mouse embryogenesis, the precursors of the AER
genetic cascade that permits normal limb outgrowth andriginate in the ventral ectoderm (Kimmel et al., 2000; Loomis
possible additional roles remained unknown. Furthermore, owt al., 1998). In the chick, these cells are distributed in the
identification of Sp9 a novelbtd-like gene generated a new wide range of the surface ectoderm, both dorsally and
guestion: doeSp9have a similar or distinct role fro®p& In  ventrally (Altabef et al., 1997; Michaud et al., 1997).
order to try to address these issues and to gain insights into thgerestingly, the distribution ddp8transcripts at the time of
mechanisms obp8andSp9action, we analyzed their possible Fgf8 induction correlates with the appearance of the AER
regulation by different signaling pathways known to play a keyrecursors. Expression ofp8 is detected in the AER
role during vertebrate limb development. precursors with a ventrally biased manner in mouse embryos
Genetic and embryological analyses have revealed théEig. 2P,Q) (Bell et al., 2003; Treichel et al., 2003), and in a
Fgfl0-Fgfr2b in tandem is pivotal for inducing the expressiorwide region of the surface ectoderm in chick (Fig. 2E,F). It
of Fgf8 in the AER precursor cells, migration of AER has been demonstrated tiaifr2b, the high-affinity receptor
precursors from the surface ectoderm to the dorsoventr&r Fgflo0, is expressed widely in the surface ectoderm (Arman
boundary, and formation of the AER (Gorivodsky and Lonaigt al., 1999). The expression patterr5p8 together with the
2003; Min et al., 1998; Ohuchi et al., 1997; Sekine et al., 1999ability of Sp8andSp9to induceFgf8 expression suggests that
This also maintains expression B§f8 in the AER in the Sp8contributes to the initial induction &fgf8 in mouse and
established limb (Arman et al., 1999; Xu et al., 1998). Ouchick. Consistent with this, lower levels Bff8 expression in
analysis using~gf107/~ embryos, as well as the manipulation the limb-forming area were observed $p8/~ embryos at
of chick embryos, revealed that bo®p8 and Sp9 are  E9.5, whenFgf8 expression becomes evident in the limb-
ectodermal targets of Fgfl0 signaling emanating from théorming field (Treichel et al., 2003). The initial expression of
mesenchyme during initiation and outgrowth of the limb budFgf8 was not abolished completely iSp8/~ embryos;
(Fig. 5). This is supported by zebrafish mutant analysis, wheteowever, this could be due to the redundant activitgps It
retinoic acid andtbx5 lie upstream of thdgfl0 signaling  will therefore be interesting to analyze double mutanSp&f
cascade in the mesenchyme (Begemann et al., 2001; Garrityagtd SpQ
al., 2002; Ng et al., 2002). In these mutant embrgp8and Our data not only support the previously shown requirement
sp9 are significantly downregulated (Fig. 4), which furtherof Sp8in the expression d¥gf8 and limb outgrowth, but also
supports the fact that the regulation €58 and sp9 by  demonstrate thaSp9 is required forFgf8 expression and
mesenchymal signals is a conserved feature during vertebrdimb outgrowth. Our experiment with sequence-specific
evolution. morpholinos excludes the possibility of redundant activity
In the ectoderm, Wrfttcatenin signaling is known to be a of the EnR fusion constructs (Fig. 7M-R). Therefore, the fact
crucial factor for induction and maintenancd-gf8 (reviewed that downregulation of eitheSp8 or Sp9 is sufficient to
by Yang, 2003). Unlike Fgfl0, however, we observeddownregulateFgf8 expression and limb outgrowth, as well
differential regulation ofSp8 and Sp9 by Wntf-catenin as the synergistic effects produced by co-injectionsp8
signaling in both chick and mouse embryos (Fig. 6). Althougimorpholino and sp9 morpholino on fgf8 expression in
we did not observe alteration 8p9expressionSp8expression  zebrafish, strongly support the argument that these Sp factors
was positively regulated by W@ttatenin signaling. The fact may cooperate during normal limb outgrowth. A similar
that Fgf10 signaling and Wicatenin signaling can induce scenario could take place in other regions of the embryo where
Fgf8 in the ectoderm raised the possibility that activation oboth genes are co-expressed, such as the midbrain/hindbrain
Sp8might be mediated through Fgf8 protein (Barrow et al.boundary.
2003; Kawakami et al., 2001; Kengaku et al., 1998; Ohuchi et )
al., 1997). This, however, does not seem to be the case, @gnclusion
exogenously applied Fgf8 could not indi&@BandSp9 while  Vertebrate limb outgrowth requires proper activity of the AER.
Fgf10 could. Our molecular and genetic analysis posi&p®& As such, induction and maintenance of the AER is a central
as a downstream factor of Fgf10 and \Brtatenin, whileSp9  issue for limb outgrowth and morphogenesis. Molecular and
is placed downstream of Fgfl0, but independent of B¥nt/ genetic approaches have revealed fgitl0, Wnt[(3-catenin

catenin. and Sp8are crucial factors for these processes. Our studies
o ) have identified a noveitd-like transcription factoSpQ Both

Sp8 and Sp9 regulate Fgfé expression in the limb Sp8and Sp9are regulated by Fgf10, ar@p8is additionally

development regulated by WnB-catenin signaling. Furthermore, our

Our gain- and loss-of-function analyses have unveiled a role oésults indicate thaSp8and Sp9 mediate the induction and
Sp9and a new role oSp8as positive regulators fdFgf8  maintenance ofFgf8 expression in the AER precursors and in
expression and AER formation. Our results with viralthe established AER, allowing proper limb/fin outgrowth in
constructs of full length and VP16-fused formsSpBandSp9  mouse, chick and zebrafish.
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