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SUMMARY

In developing limbs, numerous signaling molecules have to the presumptive wing region resulted in buds that did
been identified but less is know about the mechanisms by not expresssonic hedgehogShh) and developed into wings
which such signals direct patterning. We have explored that were severely truncated. This observation suggests
signal transduction pathways in the chicken limb bud. A that the expression ofShh depends on PKCs. Providing
cDNA encoding RACK1, a protein that binds and stabilizes ectopic SHH protein, RA or ZPA grafts overcome the
activated protein kinase C (PKC), was isolated in a screen effects of blocking PKC with chelerythrine and resulted in
for genes induced by retinoic acid (RA) in the chick wing a rescue of the wing morphology. Taken together, these
bud. Fibroblast growth factor (FGF) also inducedRACK1 findings suggest that the responsiveness 8hhto FGF is
and such induction ofRACK1expression was accompanied mediated, at least in part, by PKCs.

by a significant augmentation in the number of active PKC

molecules and an elevation of PKC enzymatic activity. This

suggests that PKCs mediate signal transduction in the limb  Key words: FGF, FGFR, Protein kinase C, RACK1, Retinoids, Sonic
bud. Application of chelerythrine, a potent PKC inhibitor, hedgehog, Chick

INTRODUCTION 1992; reviewed by Jaken, 1996; Newton, 1996; Murray et al.,
1997). They consist of a regulatory domain and a catalytic
Numerous signaling molecules that regulate vertebrate limomain that contains a substrate- and a RACK1-binding site.
development have been identified including sonic hedgehoghese sites are blocked in inactive PKC by autoinhibitory
(SHH), bone morphogenetic proteins (BMPs), fibroblassequences located in the regulatory domain (Mochly-Rosen et
growth factors (FGFs) and retinoic acid (RA; reviewed byal., 1995). Binding of PKC activators induces a conformational
Johnson and Tabin, 1997; Martin, 1998). The wealth othange that enables the binding of RACK1 to activated PKC
information on the signaling molecules themselves contrastonformeres, thereby exposing the substrate-binding site. The
with a more limited knowledge of the underlying signalingformation of a PKC/RACK1 complex thus stabilizes the
mechanisms. RA is required for early development (Helms etnzymatically active conformation of PKC and thereby
al., 1996; Lu et al., 1997; Niederreither et al., 1999) and wheanhances PKC activity.
applied to the limb bud induces an ectopic zone of polarizing Several experiments indicate that PKCs can transduce FGF
activity (ZPA; Noji et al., 1991; Wanek et al.,, 1991), signals. In cultured cells binding of FGFs to their receptors
presumably as a result of activatiSgh(Riddle et al., 1993), (FGFRs) activates phospholipasey@LCy) whose reaction
Bmp2 (Francis et al., 1994) andgf4 (Laufer et al., 1994; products in turn trigger activation of PKC (Burgess et al.,
Niswander et al., 1994). It is likely that in such RA-exposedl990). FGFR1 mutant mice, in which a tyrosine critical for the
tissue, genes and proteins are activated to mediate the feedbatkraction between FGFR and PLES mutated, have defects
loops involved in ZPA formation and limb growth. Using ain patterning of the anteroposterior axis (Partanen et al., 1998).
PCR-based subtractive screening technique, we searched fidiese data provide direct evidence for a role of the
genes that are activated upon ectopic RA exposure. We foulk@F/PLG/PKC signal transduction pathway in development.
RACK1 that encodes a receptor for activated C-kinase, An alternate pathway of FGF signaling not involving PKCs
protein that specifically binds and stabilizes activated proteinccurs through Ras/mitogen-activated protein kinase (Brunet
kinase C (PKC; Ron et al., 1994). and Pouyssegur, 1997; Kouhara et al., 1997).
PKCs are phospholipid-dependent serine threonine kinasesFGFs play an important role in limb outgrowth and
that regulate cell growth and differentiation (Clemens et alpatterning (reviewed by Martin, 1998). Local application of
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various FGFs to the interlimb flank induces an ectopic limtbuffer (pH 7.4), washed, dehydrated with graded ethanol, embedded
bud (Cohn et al., 1995; Ohuchi et al., 199gf10mutant mice in LR-Gold and sectioned at 70 nm. Sections were incubated with
lack an apical ectodermal ridge (AER), do not expFess primary antibody (Ab) against RACKl (IgM monoclonal Ab, diluted
and fail to form limbs (Min et al., 1998; Sekine et al., 1999).1:100, Transduction Lab, Lexington, KY) or autophosphorylated
Limb buds of mice that lack a functional FGFR2 do not expressKCa/PKCBII (Sweatt et al., 1998, diluted 1:30), initially for 2 hours
Fgf8 and Shh express a reduced level B§fL0, and fail to at 37°C and then overnight at 4°C. The attachment of the primary Ab

. . . was detected with a secondary Ab labeled with 10 nm gold. After
develop limbs (Deng et al., 1997; Partanen et al., 1998; XU &lgy ation with 0.25% glutaraldehyde, the sections were contrasted

al., 1998). Based on these data, Xu et al. (Xu et al., 1998) ha{nh yranyl acetate and lead citrate. The RKRKCBII antibody
proposed that FGF10 produced in the limb bud mesenchymgs raised against a phosphopeptide that contains two
activates FGFR2-1llb expressed in the AER. The ligand-boundutophosphorylation sites of PRIT, Thr634 and Thr641, a sequence
FGFR2-1llb then turns on FGF8 that is then secreted by thaso present in PK&

AER and binds to FGFR2-lllc in limb mesenchyme. The The attachment of gold particles in nuclear or cytoplasmic areas of

resultant activation of FGFR2-IlIc initiates the expression ofateral plate mesenchyme from either the FGF-treated lateral plate or
Shhand also maintains expressionFaff10. control lateral plate was analyzed with a Zeiss EM 902 microscope

An important finding of this study is that we were able toand a SIT 66-vidicon camera. To quantify gold tagging and to measure

. . . . AT - areas in randomly selected fields, the program AnalySIS version 2.1
causally link FGF signaling with PKC activation in the limb (Soft Imaging Software GmbH, Muenster, FRG) was used. The

bud. Specifically, we fou_nd that FGF applied with the. Ir]terl'mbr’naximeu size of each individual area analyzed was i and
lateral plate locally induced RACKI1 expression andmeasurements were carried out at 20,60@nagnification. Eight
furthermore, increased PKC activity (as revealed by PKGiiferent fields were analyzed per section and six sections were used
enzymatic assays and immunohistochemistry with an antibodyom three different embryos. Gold particles separated by less than 10
specific for activated PKC). When PKC activity was blockedhm from their neighbors were considered to belong to the same
by chelerythrine chloride, a potent inhibitor of PKCs, thecluster.

expression oBhhwas prevented and truncated wings formed. For light microscopy, embryos were fixed with 4% PFA/PBS for 2
This loss of limb structures could be reversed when RA, SHofgS;irlzbﬁittyAfOc?e %g?a%w:tzﬂdzgci%nza@zg J}g’m'grcsrsgsﬁq tg; Z”Jégtﬁ:“
protein or a ZPA were ectopically provided to inhibitor-treated™" el ; . . 0

buds. Based on these observations, we propose that in the liy d/95% ethanol for 2 minutes. Sections were stained by standard

. . . procedures. Primary antibodies: RACK1 (diluted 1:500). The
bud PKCs play a role in the regulationfihexpression. secondary antibodies were detected using a Tyramide Signal

Amplification kit (NEN, Boston, MA).

MATERIALS AND METHODS FGF and SHH treatments
Heparin acrylic beads (H5263, Sigma), about p@® in diameter,
RA treatment were soaked in a @l drop of 1 mg/ml recombinant human FGF2

All-transRA (10 pg/ml in DMSO) was applied to stage 20 (R&D Systems, Minneapolis, MN) or 0.87 mg/ml recombinant FGF4
(Hamburger and Hamilton, 1951) wing buds as described (Eichele arfd gift from Dr V. Rosen, Genetics Institute, Cambridge, MA) for at
Thaller, 1987). After 12 hours of treatment, the AER andleast 1 hour at room temperature. FGF-soaked beads were then
mesenchymal tissue adjacent to the bead was cut out in ice-cdldplanted into the interlimb flank of stage 14 embryo at somite 22/23
phosphate-buffered saline (PBS) and RNA was isolated with RNAzdevel, as described by Cohn et al. (Cohn et al., 1995). SHH protein
(Tel-Test, Friendswood, TX). Tissue used is composed of cells imas produced as previously described (Roelink et al., 1995). SHH was
which Shhwill be expressed as a result of RA treatment (Helms edelivered from heparin acrylic beads that were soaked for 5 hours in
al., 1996). 5 ul of a 5 mg/ml solution.

Poly(A)PCR and subtractive hybridization Protein kinase C assay

Poly(A)PCR amplification was carried out as described in Brady andfter 20 hours of FGF treatment in ovo, the interlimb lateral plate

Iscove (Brady and Iscove, 1994) and subtractive hybridizatiorsurrounding the FGF bead and the contralateral interlimb flank were

procedure was modified from a method described by Wang and Browdissected in ice-cold PBS. Tissue was homogenized as described

(Wang and Brown, 1991). cDNA obtained by poly(A)PCR was(Gonzalez et al., 1993). To determine PKC activity in lateral plate

digested withEcoRl and photobiotinylated EcoRI-digested and homogenates, PKC-specific substrate NG(28—-43) (Klann et al., 1993)

biotinylated cDNAs were used as a driver for subsequenwas incubated with g total protein for 5 minutes at 32°C. Co-

hybridization. 2.5ug tracer was mixed with 50g driver for a long  factor-dependent PKC activity is defined as activity observed in the

subtractive hybridization (LH). After LH, the residual tracer waspresence of co-factors (10QM calcium chloride, 320ug/ml

mixed with 25ug driver and subject to short hybridization and phosphatidylserine and 3Qig/ml dioctonoylglycerol) minus the

subtraction (SH). After three rounds of LH, SH and PCRautonomous PKC activity, defined as activity in the presence of 2 mM

amplification, the subtracted cDNAs were amplified by PCR. A finaEGTA.

PCR amplification cycle with a 2 hour extension time at 72°C ensured

that cDNAs were double stranded. The PCR products were subclon&C inhibitor treatment

into pBluescript vector resulting in a plasmid subtracted library. 600A\G1-X2 ion exchange beads of 2%06n diameter (BioRad) were

colonies were screened withP-labeled subtracted cDNAs, and 72 soaked overnight in 2@ of 6.5 mM chelerythrine chloride (BIOMOL,

positive clones were picked representing three different inserts.  Plymouth Meeting, PA). Stage 14 embryos were slightly stained with
) ] Neutral Red, two incisions that were made with a tungsten needle into

Immunohistochemistry the lateral plate at somite levels 15 and 20 and beads were pushed into

Immunohistochemistry at the electron microscope level with indirecthese incisions thereby contacting mesenchyme.

immunogold labeling was performed as described previously S

(Sierralta and Thole, 1992; Sierralta et al., 1995). Embryos were fixe@l Situ hybridization

with 4% paraformaldehyde/0.1% glutaraldehyde in 0.1 M phosphat8ynthesis of digoxigenin-tagged riboprobes fiegi4 (Nohno et al.,
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Fig. 1. Expression profile dRACK1during limb
development and its induction by ectopic FGF. (A) At
stage 13RACK1was expressed uniformly in the lateral |/
plate. (B) By stage 17 the expressiorR&CK1lwas '
augmented in the limb-forming region but was low in the
interlimb flank. (C,D) By stage 17, RACK1 protein
detected by immunostaining (brown deposit) was high in
the wing bud (C) but was low in the interlimb region (D), -
(E) RACK1was expressed in the limb buds of a stage 18
embryo. (F,G) RACK1 mRNA (F) and protein (G) in
sections through a stage 22 wing bud. (H) Ectopic
expression oORACK1(white arrows) induced by FGF
released from a bead (red arrow) was observed after 1
hours of treatment. (1,J) Two different embryos showing
strong ectopic expression BACK1(black arrows) upon
FGF4 treatment for 24 hours. (K) A plain heparin bead
(red arrow) did not inducRACK1 AER, apical
ectodermal ridge; dm, dermomyotome; ec, ectoderm; fl
forelimb; hl, hindlimb; if, interlimb flank; Ip, lateral
plate; m, mesenchyme.

1997),Fgf8 (Crossley et al., 1996)-gf10(Ohuchi et al.
1997) Msx-1 (Davidson et al., 1991)RACK1 (cDNA
encoding the entire coding region was used, genera
RT-PCR with the primers corresponding to the publi
chick RACK1sequence GenBank, A3392&el/NF«B
(Kanegae et al., 1998) anshh (Riddle et al., 199!,
Roelink et al., 1994) was carried out with a Stratagene RNAupregulated by RA. A screen with the subtracted probe
transcription kit. In situ hybridization was carried out as previouslyenriched for RA-induced cDNAs identified several upregulated
described (Albrecht et al., 1997). clones, one of which encoded a 340 bp fragment of the chicken

Western blotting RACK1gene (Guillemot et al., 1989).

Wing buds from stage 20 chick embryos were dissociated into singleack 1 expression in the developing limb

cells with trypsin. These cells were cultured at 37°C in 0.5 m| DMEM_, . .
containing 10% fetal calf serum (Gibco-BRL) until they had at’[achedl.Durlng early embryogenesRACK1was broadly expressed in

Thereafter, medium with or without inhibitors (BIOMOL) was embryor_uc and extra-embryonic tissues including the lateral
added. Cells were harvested for protein isolation after 24 hourglate (Fig. 1A). From stage 17 onwar@ACK1ImRNA was
of culture. Proteins were analyzed on 12% SDS-PAGE gels an@und in a more restricted patterRACK1 mRNA was
electrophoretically transferred to a nitrocellulose membrane. Blotabundant in nascent limb buds with a much lower level of
were blocked and probed sequentially with (1) Ab againsexpression in the interlimb flank (Fig. 1B,E). Immunostaining
autophosphorylated PKCPKCBII (1:500) and (2) monoclonal of transverse sections using a monoclonal antibody revealed
antibody against PKE (IgG monoclonal from Transduction RACK1 protein throughout the limb bud mesenchyme, with
Lab, 1:250). Bands were visualized with horseradish peroxidasgsqa|is ynderneath the AER, the surface ectoderm and the AER
linked secondary ~antibodies and developed using enhan.c.eﬁgving increased immunoreactivity (Fig. 1C). Consistent with
chemiluminescence (Pierce). The density of each band was quantlflﬁq ISH data (Fig. 1B.E). interlimb lateral plat hibited litt]
with a StudioScan desktop scanner with NIH image software. tne a a'( 19. B, ), inter Imbjatéral plate exnibited fittie
immunoreactivity (Fig. 1D). In limb buds of stage 22 and older
ZPA grafts embryos,RACK1expression was higher in distal and dorsal
Limb buds were dissected, incubated in 2% trypsin for 20 minutes dmb bud mesenchyme than in more proximal tissue (Fig. 1F).
4°C, rinsed in PBS containing 1% bovine serum albumin. SmalRACK1 protein showed a similar distribution; it was highly
pieces of ZPA were cut out using a tungsten needle and placegkpressed in AER and ectoderm but was also found in distal
underneath the AER, which had been lifted by making an incisiomnd dorsal mesoderm (Fig. 1G).
between the AER and the underlying mesenchyme.

FGFs upregulate RACKZ1 expression in the interlimb

flank
RESULTS As RACK1 is expressed in proliferating limb mesenchyme, it
] ) may be associated with proliferation and thus be regulated by
Isolation of RACK1I from RA-treated wing buds growth factors. To test this possibility, beads soaked in either

To isolate RA-regulated genes in the developing limb bud, RAGF2 or FGF4 were placed into the lateral plate of a stage
was applied to the anterior margin of Hamburger-Hamiltorll4 embryo, opposite somite 22. At this stdgB8CK1 was
stage 20 chicken wing buds and after 12 hours of treatmentniformly expressed in the lateral plate but as the embryo
AER and mesenchyme adjacent of the RA-releasing bead wesntinued to develop towards stage 17, expression was
excised. In parallel, tissue adjacent to a control bead watownregulated in the interlimb lateral plate (Fig. 1E). However,
collected. Using a combination of poly(A)PCR- and a PCRafter a 12 hour treatment with FGR2=(2) or FGF4 1(=17),
based subtraction, a library was constructed enriched in genBA\CK1 expression surrounding the FGF bead was detected
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Fig. 2. Subcellular localization of RACK1
and the autophosphorylated forms of
PKCa/PKCBII. (A,B) RACK1 (A) and
PKCa/PKCBII (B) in wing bud
mesenchymal cells of a stage 16/17
embryo. (C,D) PK@/PKCBIl in a o
mesenchymal cell from an ectopic nascent
bud that developed from lateral plate '
treated with FGF4 (C) and in a cell on the'~ -~
contralateral side of the same embryo (D). -
In A-C, black arrows point at molecules at "
the nuclear pore; these areas are enlarged
in the inserts. Arrowheads in C,D indicate
clusters of gold particles. White arrows
point to the nuclear envelope. C,
cytoplasm; N, nucleus.

(Fig. 1H). This result was even m C; '
pronounced when FGF treatm

e T .;'%”t?*

extended over a period of 24 ho N
(Fig. 11,J;n=8). Control beads did n

induce expression of RACK1 in tiss L : S
around the implant (Fig. 1K). e N & 5 .
RACK1 protein colocalizes with . ' & A T sk
Biochemical binding data demonstr SRR b 4 A oAt T C

that RACK1 binds and stabiliz AV
activated PKC (Ron et al., 19¢ oy -
Rotenberg and Sun, 1998). RAC Bla?
has particularly high affinity for PK& e 2
and PK@; therefore, we examined n
immunohistochemistry whether t
activated form of PKC was al
expressed in RACK1-positive tissues. RACK1 was detectedn augmentation of PKC enzymatic activity and an increase in
using a monoclonal antibody, whereas PK&nd PK@II the number of activated PKC molecules in FGF-treated cells.
were visualized with a rabbit polyclonal antibody directedTo investigate this possibility, FGF4 was applied to interlimb
against a functionally critical autophosphorylation regionlateral plate and 24 hours later, PKC activity and the number
present in autophosphorylated forms of RK&nd PK@II of autophorsphorylated PKCZPKCBII molecules in tissue
(see Material and Methods; Sweatt et al., 1998). Upon activatsurrounding the bead was determined by in vitro PKC activity
binding PKCs will autophosphorylate (Mochly-Rosen andassays and quantitative immunogold electron microscopy.
Koshland, 1987) and this antibody will bind to such activated Lateral plate tissue homogenates exhibited autonomous
form of PKQx and PKQII. PKC activity (i.e. activity seen in the absence of co-factors,
Electron micrographs in Fig. 2A,B show mesenchymal cell€Ca* and phospholipids) and co-factor-dependent activity
of stage 16/17 wing bud tissue immunostained with théTable 1). There was no significant change in autonomous PKC
antibodies against RACK1 (Fig. 2A) and activated BKC activity between control and FGF-treated tissue. However, co-
PKCBII (Fig. 2B). RACK1 and activated PKZPKCpII are  factor-dependent PKC activity was significantly increased in
both present in the cytoplasm and in the nuclei. Gold particledSGF treated tissue. In five independent experiments, the ratio
attached to RACK1 or to activated PKC were associated withf co-factor and autonomous activity increased by 64% on FGF
nuclear pores (Fig. 2A-C, inserts), raising the possibility thatreatment (pairetttest,P<0.008). It is possible that we do not
RACK1 and activated PKC are transported between cytoplassee a greater increase in PKC activity because the tissue
and nucleus. The immunohistochemical analyses demonstrate
that RACK1 and activated PKC are present in the sam
subcellular compartments of the limb mesenchyme cells ar Table 1. Phosphorylation of NGgs-43)peptide by lateral

therefore have the potential to interact directly during limk plate homogenates
g9 rowth. Co-factor-
. . Autonomous dependent
PKC is activated by FGF PKC activity PKC activity _
FGF treatment of interlimb lateral plate sustaRACK1 (fmole/minutefig)  (fmole/minutefig) ~ Ratiots.d.
expression that would otherwise be downregulated (Fig. 1+ FGF treatedr=5) 406.906 806.658 2.2530.283

J). Because RACKI1 stabilizes activated PKC, there should k Control ¢=5) 435.536 534.968 1.3720.250
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A

Fig. 3. The effects of PKC inhibitors on PKC activation and limb  auto  pee
development. (A) Western blot (top panel) and quantification (lowghos. s =
panel) of activated PK&@@PKCBII in primary limb bud cell cultures PKC
treated with PKC inhibitors. 1, medium only; 2, 100 nM Go 6976; Efan
1uM Go 6976; 4, 1M chelerythrine chloride; 5, 130M PKC
chelerythrine chloride; 6, 30M sphingosine; 7, 30AM beta
sphingosine. In all cases, except for the low dose treatment with
chelerythrine chloride, PKC inhibitors were effective in reducing
PKCa/PKCBII autophosphorylation. Quantification of

PKCa/PKCBII autophosphorylation was achieved by densitometry.100% I

L .

Percent activity was normalized to PB@etected by a pan PKC

antibody. Lane 1 (no inhibitor added) was defined as 100% activity50%

(B) Treatment of the presumptive wing bud with chelerythrine

chloride produced a completely truncated wing. The scapula (s) was

shortened and the clavicle (cl) had a small protrusion (arrow). 1 2
(C) Contralateral wings were always normal showing humerus (h),

radius (r), ulna (u) and digits 2, 3, and 4.

analyzed is presumably larger than the domain of PK@om three different embryos revealed that more and larger
activation around the FGF-releasing bead. clusters of activated PKCPKCpIl were seen on the FGF-

A gold-tagged secondary antibody directed against th&eated side than on the control side (Table 2). In all cases there
antibody for the activated form of PKIPKCRII, permitted is a statistically significant increase (analyzed by ANOVA) of
direct electron microscopic visualization and counting ofthe abundance of gold particles pen?in the nucleus of FGF-
activated PKC molecules. Attachment of gold particles wasreated tissue, suggesting an increase in the number of activated
observed in the cytoplasm and in the nuclei of thePKCa/PKCBII molecules. Moreover, a significant increase
mesenchymal cells of the ectopic wing bud that developedias also seen in three out of six cases in the cytoplasmic
from FGF-treated lateral plate (Fig. 2C) and in control tissueompartment. FGF treatment increased the total number of
(Fig. 2D). activated PK@/PKCII molecules in the nucleus by 45% and

In FGF-treated cells, the gold particles were often clusteredhy 34% in the cytoplasm (Table 3). This table also shows that
indicating the formation of oligomeric protein complexesthere were more gold particles per cluster in the nuclei and
(compare Figs 2C,D). The gold-labeled antibodies used weytoplasm of FGF-treated cells. For example, five clusters
free of aggregates, as revealed by inspection of coated gridsntaining six gold particles were detected in the nuclei of
sprayed with these secondary antibodies only (data not showmGF-treated cells but such large clusters were absent in the
Counting of cluster number and cluster size in thin sectionsucleus of control cell. Likewise, 17 clusters of five gold

Table 2. The abundance of activated PK@/BII in FGF4-treated and normal lateral plate mesoderm
Section number
1 2 3 4 5 6
Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm

Particlegim?  4.60+1.25 4.72+1.26 3.89+0.44 2.87+0.53 4.85+2.10 3.85+1.02 4.26+0.59 3.91+1.53 5.76+0.45 5.65+1.49 6.3620.96 5.76+1.05
(meanzs.d.) in
FGF-treated
tissue
Particlegim? ~ 3.10+1.24 2.76+0.52 2.00+0.45 1.85+0.31 2.91+0.98 2.42+0.76 2.60+1.05 3.16+1.08 4.74+0.31 4.45+1.08 5.36+0.47 5.82+1.48
(meanzs.d.) in
control tissue
ANOVA t-test P<0.05 P<0.005 P<0.001 P<0.001 P<0.01 P<0.005 P<0.005 Not P<0.001  P<0.1 P<0.05 Not
(FGF treated significant significant
versus control)

In each section, eight fields were randomly selected from the FGF-treated side and eight fields from the contralaterajpsidieléolcere counted in
nucleus and cytoplasm. Sections 1 and 6 derive from one embryo; sections 2, 3 and 5 derive from another embryo; sentiartiirs &mbryo.

Table 3. Clustering and abundance of activated PK&/BII in normal or FGF4-treated lateral plate mesoderm
Number of ~ Number of ~ Number of  Number of = Number of

Total number  clusters clusters clusters clusters clusters Number of  Total area
of gold with 6 with 5 with 4 with 3 with 2 single gold analyzed
particles particles particles particles particles particles particles  pm?2Y

FGF treated (nuclear) 1175 5 17 32 48 149 490 237.99
Control (nuclear) 758 0 1 13 37 112 366 222.58
FGF treated (cytoplasm) 862 0 6 18 53 112 377 197.92

Control (cytoplasm) 621 0 3 10 26 78 332 191.95
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Fig. 4. Expression of various limb patterning genes in
chelerythrine chloride-treated wing buds. Embryos
treated with chelerythrine chloride were analyzed for
gene expression at the stage indicated. Green
asterisks mark the slow release beads and yellow
arrows point to the normal expression in untreated
buds. (A,B)Shhtranscripts were never detected in the
treated bud. (ClFgf4 expression in the AER of the
treated wing bud (red arrow) has lost its posterior
bias. (D) At stage 18&;gf10expression was not
markedly different between the treated (red arrow)
and the contralateral wing bud. (E) At stage 19,
FgflOexpression in the treated wing (red arrow) was
downregulated. (F) By stage Z4gf10mRNA was

not detectable in the treated bud. In the embryo
shown in G, the level d¥gf8 expression

in the AER of the treated wing bud is
reduced. By contrast in Hgf8

expression in the AER was not affected.
(I) Msx-1expression (red arrow). (J) The
size ofRel/NF«B expression domain

(red arrow) was reduced in the treated
wing bud.

Shh

particles were seen in the nuclei of FGF treated cells, whereass monitored by HPLC as a function of time. Only
there was only one such case in control cells. Taken togethehelerythrine chloride was absorbed and subsequently released
our experiments show that FGF increased RACK1 expressiofiom AG1-X2 at significant amounts over a time span of
augmented total PKC activity, increased the number ofpproximately 36 hours (data not shown). Therefore, such beads
activated PK@/PKCBII molecules as well as the size of presoaked in either 3.25 or 6.5 mM inhibitor were implanted into

oligomeric complexes. stage 14 embryos at the anterior and posterior boundaries of the
) ) S ) wing field. The resulting PKC inhibition led to buds that were

Blocking PKC signaling in wing tissue results in a significantly smaller (see Fig. 4) and wings were severely

truncated wing truncated in a majority of cases (Table 4, Fig. 3B). In all cases,

RACKZ1 induction concomitant with PKC activation resulting the contralateral wings of treated embryos were normal (Fig.
from FGF treatment of interlimb lateral plate raises the3C), which indicated that the effect of the inhibitor at was local.
possibility that PKC mediates FGF signaling in the limb bud. S )
To test this hypothesis, we disrupted PKC signaling in th&KC inhibitor affects the expression of a subset of
presumptive wing region using PKC inhibitors. As such inhibitodimb patterning genes
experiments had previously not been carried out in embryo# an attempt to define the pathways for which PKC signaling
we first tested the efficacy of the competitive inhibitorsis required, we examined a series of molecular markers
chelerythrine chloride (Herbert et al., 1990), Go6976 (Martinyimplicated in limb development. The expressionStihwas
Baron et al., 1993) and sphingosine in primary limb buchot detectable in treated wing buds at any stage examined
mesenchyme cultures. Chelerythrine chloride and Go6976 a(e=11; stage 18-24; Fig. 4A,Brgf10expression was initially
both specific inhibitors for PKC, while sphingosine also inhibitsnot affected i§=8, Fig. 4D) but after stage 19 it was markedly
other kinases (Herbert et al., 1990; Martiny-Baron et al., 1993jlown-regulated n=11, Fig. 4E) and transcripts were not
To assess inhibitor efficacy, we measured the relative quantity detectable by stage 24=3, Fig. 4F). In a normal chick wing
activated PKC protein in cells after inhibitor treatment. Activatecbud Fgf4 expression is elevated posteriorly. In chelerythrine
PKCa/Bll was detected and quantified using the antibodychloride-exposed buds this gene was still expressed but the
against the autophosphorylated RKERKCBII. A Western blot  posterior bias of expression was lost (Fig. 46&10)
of protein extracts from limb bud cells cultured for 24 hours withsuggesting that the anteroposterior limb axis was affected. In
or without inhibitor present is depicted in Fig. 3A. Comparedhe case oFgf8 (n=6) some embryos showed overall reduced
with untreated tissue, the amount of activated &C was  expression in the AER (Fig. 4G), while others showed no
greatly reduced upon treatment withl Go6976 (lane 3), 130 significant decrease in the intensity of expression in the AER
UM chelerythrine chloride (lane 5) or 3Q®1 sphingosine (lane (Fig. 4H). The expression domains Mbx-1 and Rel/NF«B
7). By contrast, the amount of phosphorylated B30 was  encompass the progress zone (Ros et al., 1992; Bushdid et al.,
reduced by about 50% with a tenfold lower concentration 01998; Kanegae et al., 1998) and were similar in intensity in
Go06976 (lane 2) and sphingosine (lane 6). At the lowenon-treated and treated limbs at stage 20-22 (data not shown).
concentration chelerythrine chloride (lane 4) was not effectiveBy stage 24, the expression bfsx-1 (Fig. 4l, n=11) and
We conclude that at the higher concentration, all three inhibitoiRel/NF«B (Fig. 4J,n=6) could still be detected although the
effectively block PKC signaling in limb bud mesenchymeexpression domains themselves were much reduced in size,
cultures. reflecting the reduced size of the treated buds. Taken together,
Next, all three inhibitors were absorbed onto AG1-X2 beadthese experiments demonstrate that blocking PKC signaling
and released into 1 ml PBS. The amount of compound releashds specific effects on gene expression, leaving the expression
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Fig. 5.Rescue of chelerythrine chloride-treated limb A
buds by RA, a ZPA or SHH (A) Ectop&hh
expression in chelerythrine chloride treated wing
buds. A yellow arrow indicates normal postei$ith
expression in the left wing bud. A red arrow
indicates ectopiShhexpression induced by a now
buried RA bead implant indicated by a green
asterisk. (B) An example of the typical skeletal
pattern of 10-day-old RA-rescued wing. A complete
hand plate is produced, but reversed in polarity,
owing to the placement of the RA bead at the
anterior side of the wing bud. (C) Placement of
chelerythrine chloride beads (cc) and a SHH bead i
the wing bud. (D) Skeletal pattern of 10-day-old
ZPA-rescued wing. Polarity is reversed due to
placement of ZPA at anterior of wing bud. (E,F)
Skeletal patterns of 10-day-old SHH-rescued wings.
In E, polarity is reversed, owing to placement of
SHH bead at anterior side of the wing bud. 2, digit 2
3, digit 3; 4, digit 4; d, digit; f, forearm element; h,
humerus; r, radius; s, scapula; u, ulna.

of some genes largely unaffected, while others are eithemder the AER at the anterior margin of stage 20 wing buds

downregulated or are not expressed at all. that had been treated with chelerythrine chloride at stage 14.
o Embryos that were sacrificed at day 10 showed a result similar

Application of RA, ZPA grafts and SHH overcome to that of RA treatment. The ZPA implant rescued bud

PKC inhibition outgrowth and enabled the formation of distal wing structures.

The most striking and earliest effect of PKC inhibition weSpecifically, four of the six wings treated this way showed a
detected was the complete absenceSlofi expression. This reversal in polarity of the digit pattern (Fig. 5D). In a third
raises the possibility that PKC may contBihexpression. If  series of rescue experiment, SHH protein was applied to stage
this is the case, it should be possible to counteract PKE0 wing buds that had been treated with chelerythrine chloride
inhibition by providing ectopic SHH. This was achieved inat stage 14 (Fig. 5C). In several instances, this treatment
three ways: RA application (to indusél), grafting a ZPA and resulted in the formation of distal structures (Fig. 5E), although
application of SHH protein. In a first set of experiments, a RAwe never recovered a digit 4. Moreover, six out of 13 wings
releasing bead was implanted at the anterior margin of stagisplayed a hand plate with reversed polarity, in which digit 3
20 wing buds that had received (at stage 14) beads soakedwas anterior to digit 2 (Fig. 5F).
6.5 mM chelerythrine chloride. Because the RA bead was Collectively, these rescue experiments demonstrate that
implanted at the anterior margin, rescue should give rise to @oviding exogenous SHH to wing buds whose PKC signaling
wing with a reversed polarity, which can be clearly identifiechad previously been blocked, can in a significant number of
as patterned from an anteriorly located signaling center. Weases restore limb development. Because exogenous SHH can
found that RA applied to chelerythrine-treated wing budcounteract PKC inhibition, we conclude ti&ithis one of the
resulted in the induction ddhh Of 13 RA-treated embryos, main targets of PKC signaling.
eight embryos showed a well-formed right wing bud with a
prominent domain of ectopi§hhexpression at the anterior
margin (Fig. 5A). Moreover, a morphological analysis ofDISCUSSION
embryos that were sacrificed at day 10 showed a remarkable
rescue. Although buds not treated with RA invariably resultedVhen RA is applied locally to the chick limb bud it induces a
in truncations (Table 4), two thirds of the 30 RA-treated budZPA and this process involves the activation of various
produced a wing with a forearm and a hand plate. Of the 26ignaling molecules includin§hh Fgf4 andBmp?2 It is likely
cases, 15 developed wings that had digits 3 and 4 reversedtivat RA treatment also induces genes encoding signal
polarity, with 4 being anterior to 3 (Fig. 5B). transducers. We applied a PCR-based differential screening
In a second series of experiments, a ZPA graft was implanteédchnique to RA-treated chick wing buds and isolated RACK1,

Table 4. Patterns resulting from chelerythine chloride treatment

Humerus + Humerus +
Humerus + one or two one or two
Chelerythrine one or two forarm forarm
chloride Number of Humerus forarm elements+d  elements +d
concentration cases Truncation only elements or2 or2+3 Normal
6.5 mM 73 20 15 22 8 5 3

3.25 mM » 3 1 8 2 1 4
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a receptor for activated PKC that is highly conserved fronit regulates target gene expressiBel/NF«B is expressed in
Hydra (Hornberger and Hassel, 1997) to human (Guillemot ethe progress zone, and inhibition of KMB-by expression of
al., 1989). Binding of RACK1 to activated C kinases enhancesansdominant-negativeB protein represse8hhexpression
the ability of PKCs to phosphorylate their substrates (reviewednd resulted in truncated limbs (Bushdid et al., 1998; Kanegae

in Mochly-Rosen, 1995). et al., 1998). It is tempting to speculate that blocking of PKC
) o with chelerythrine results in a failure to degradd land
The role of RACK1/PKC in the developing limb bud consequently NfkB cannot enter the nucleus to exert its

RACKU1is also inducible by FGF applied to the interlimb flank,regulatory function. In addition tB, there are presumably
suggesting a link between FGF signaling and RACK1 functionadditional PKC substrates in the limb region that are
Furthermore, our biochemical and immunohistochemical studigshosphorylated as a result of FGF signaling.
of FGF-treated interlimb flank showed that FGF not only The failure to maintaiFgf10 expression in buds exposed
induced RACK1, but also resulted in an increase in PKC activityo chelerythrine could be due to the absence of SHH.
It has previously been shown that PKCs are activated By Ca Alternatively, maintaining-gf10expression could also directly
phosphatidylserine (PS) and diacylglycerol (DAG), which aregequire PKCs. Once limb buds are formed, a reciprocal
generated in response to FGFR-mediated activation ofy PLGnteraction between AER and ZPA sustain limb outgrowth
(Burgess et al., 1990). Activated PKC molecules are stabilize@willing, 1955; Rubin and Saunders, 1972). FGFs released
by binding to RACK1 (Mochly-Rosen et al., 1991; Ron andfrom the AER and SHH present in the ZPA are key molecular
Mochly-Rosen, 1994; Ron et al., 1994; Ron and Mochly-Rosemlayers that maintain bud outgrowth via a feedback mechanism
1995; Csukai et al., 1997). It thus appears that FGFs have tiloon et al., 2000; Sun et al., 2000). As is the case in early
effects in the limb bud: they activate PKCs via the FGFRYPLClimb development, AER-derived FGFs may act through
pathway and at the same time they increase the concentrationf@@FR2-1lic and it is possible that RACK1/PKC also transduce
RACK1. Such an increased concentration of RACK1 has ththe signal from this receptor at later stages of limb
benefit of stabilizing active PKC conformers and this enables development. This possibility is supported by the fact that
more efficient phosphorylation of PKC target proteins. RACK1 and activated PCK (H.-C. L. and G. E., unpublished)
Although we show that ectopic FGF increased PKC activityare both expressed in limb buds of stage 19 and older.
this does not prove that PKCs are required for normal limb Although an inhibition of PKC signal transduction by
development. Evidence for this comes primarily from ourchelerythrine results in striking and selective changes in gene
inhibitor studies showing that preventing PKC activationexpression, the cellular mechanisms by which this is achieved
resulted in wing buds that failed to expr&shand did not remains to be investigated. One possibility is that the inhibitor
maintain Fgf10 expression. Moreover, such PKC inhibitor- induces apoptosis. Note, however, expression of several genes
treated buds were markedly smaller and produced highlgharacteristic for the progress zone and the AER still occurs
dysmorphic wings. Importantly, supplying exogenous SHHarguing against global cell death. A more likely possibility is
reversed this outcome, suggesting that the chief consequencelwdt inhibition of PKCs reduces the rate of cell proliferation.
PKC inhibition is preventingshhexpression. The absence of This would explain the smaller size of the limb buds, and is
Shhprovides strong evidence for the absence of a ZPA. Hencepnsistent with the general view that PKCs regulate cell
PKC signaling seems to be required for the formation of a ZPAproliferation. Reduction in size could, however, also result
It has long been proposed that FGFs released from them the absence of a ZPA that has long been known to provide
ectoderm regulat&hhexpression. Specifically, it is thought proliferative signals to remainder of the bud (Cooke and
that FGF8 secreted by the presumptive AER binds to FGFRBummerbell, 1980). Another issue is that chelerythrine
llic in the mesenchyme and as a result of thisShlegene is  treatment predominantly affects gene expression in
activated (Grieshammer et al., 1996; Crossley et al., 1996; Xmesenchyme and not in the AER. Recall that the chelerythrine-
et al., 1998; reviewed by Martin, 1998). We posit that liganddelivering beads were implanted into flank mesenchyme and
bound FGFR2-lllc transmits its signal through a RACK1/PKChence had limited contact with the overlying ectoderm and the
complex. AlthoughFgf8 is still expressed in chelerythrine AER. This point is illustrated in Fig. 5C.
chloride-treated buds, the ligand-bound receptor does notln summary, the results presented here point to the
transmit the signal to th8hhgene. Note, however, that this importance of PKCs in mediating limb development. A major
explanation cannot fully account for the wing defects weunresolved issue concerns the nature of PKCs substrates in the
observe. Recent work shows that mice lackig8 in their  limb bud. Finding such substrates will help understanding the
limb buds exhibit delayed expression &hh and have mechanism by which PKCs signal not only during limb
dysmorphic limbs (Lewandoski et al., 2000; Moon anddevelopment, but also in the numerous other developmental
Capecchi, 2000). Defects are, however, not as severe asgrocesses in which FGFs are involved.
wings that form from chelerythrine-treated buds. Hence, it is
likely that PKC not only mediates FGF8/ FGFR2-llic signaling We thank Alexander Prokscha, Ingrid Boenig and Marianne
but is also required for additional pathways. The nature of theddichael for expert technical assistance, Drs Juan Carlos Izpista-

pathways remains elusive but most likely can be studied bgé!monte and Sumihare Noji for cDNA probes, and Drs Kerby C.
identifying PKC substrates berg, Kimberley Sweeney for comments on the manuscript. Dr J.

- David Sweatt and his colleagues provided the rabbit polyclonal

A PKC substrate of rele_vance in I'm.b deve_lopm_ent_ may b(g\ntibody against autophosporylated RK&hd PK@II and the advice
IkB, whose phosphorylation results in an inactivation andy pic activities assay. Genetics Institute, Cambridge, MA, provided
degradation ofKB in the kB/NF-kB complex (Steffan et al., us with recombinant FGF4 protein. This work was supported by a
1995 and references thereinkBl degradation results in a Grant from the Max-Planck Society and the National Institutes of
release of NB, which then translocates to the nucleus whergdealth to G. E. (HD 20209).



PKC in limb development 2459

REFERENCES (1998). Role of Rel/NB transcription factors during outgrowth of the
vertebrate limbNature392 611-614.

Albrecht, U., Eichele, G., Helms, J. A. and Lu, H.-C(1997). Visualization ~ Klann, E., Chen, S. J. and Sweatt, J. 1993). Mechanism of protein kinase

of gene expression patterns by in situ hybridizationMislecular and C activation during the induction and maintenance of long-term potentiation
Cellular Methods in Developmental Toxicologg. G. P. Daston), pp. 23-  Probed using a selective peptide substriatec. Natl. Acad. Sci. USB0,
48. Boca Raton: CRC Press. 8337-8341.

Brady, G. and Iscove, N. N(1994). Construction of cDNA libraries from Kouhara, H., Hadari, Y. R., Spivak-Kroizman, T., Schilling, J., Bar-Sagj,
single cellsMeth. Enzymol225, 611-623. D., Lax, I. and Schlessinger, J(1997). A lipid-anchored Grb2-binding
Brunet, A. and Pouyssegur, J(1997). Mammalian MAP kinase modules: protein that links FGF-receptor activation to the Ras/MAPK signaling

how to transduce specific signaisssays Biochen®2, 1-16. pathway.Cell 89, 693-702.

Burgess, W. H., Dionne, C. A., Kaplow, J., Mudd, R., Friesel, R.,, Laufer, E., Nelson, C. E., Johnson, R. L., Morgan, B. A. and Tabin, C.
Zilberstein, A., Schlessinger, J. and Jaye, M1090). Characterization and (1994). Sonic hedgehog and Fgf-4 act through a signaling cascade and
cDNA cloning of phospholipase C-gamma, a major substrate for heparin- feedback loop to integrate growth and patterning of the developing limb bud.

binding growth factor 1 (acidic fibroblast growth factor) -activated tyrosine ~Cell 79, 993-1003.
kinase.Mol. Cell. Biol.10, 4770-4777. Lewandoski M., Sun X. and Martin G. R.(2000). Fgf8 signalling from the

Bushdid, P. B., Brantley, D. M., Yull, F. E., Blaeuer, G. L., Hoffman, L. H., AER is essential for normal limb developmeXat. Genet26, 460-463.

Niswander, L. and Kerr, L. D. (1998). Inhibition of NFkB activity results ~ Lu, H.-C., Revelli, J.-P., Goering, L., Thaller, C. and Eichele, G(1997).
in disruption of the apical ectodermal ridge and aberrant limb Retinoids signaling is required for the establishment of a ZPA and for the

morphogenesidNature 392, 615-618. expression ofHoxb-8 a mediator of ZPA formatiorDevelopmentl24,
Clemens, M. J., Trayner, |. and Menaya, J(1992). The role of protein kinase ~ 1643-1651. _

C isozymes in the regulation of cell proliferation and differentiatio@ell ~ Martin, G. R. (1998). The roles of FGFs in the early development of

Sci.103 881-887. vertebrate limbsGenes Devl2, 1571-1586.

Cohn, M. J., Izpistia-Belmonte, J. C., Abud, H., Heath, J. K. and Tickle, ~Martiny-Baron, G., Kazanietz, M. G., Mischak, H., Blumberg, P. M.,
C. (1995). Fibroblast growth factors induce additional limb development Kochs, G., Hug, H., Marme, D. and Schachtele, C1993). Selective
from the flank of chick embryo€ell 80, 739-746. inhibition of protein kinase C isozymes by the indolocarbazole GoGR76.

Cooke J. and Summerbell, D(1980). Cell cycle and experimental pattern ~ Biol. Chem268 9194-9197.
duplication in the chick wing during embryonic developméfiture 287, Min, H, Danilenko, D. M., Scully, S. A., Bolon, B., Ring, B. D., Tarpley, J.

697-701. E., DeRose, M. and Simonet, W. §1998).Fgf-10is required for both
Crossley, P. H., Minowanda, G., MacArthur, C. A. and Martin, G. R. limb and lung development and exhibits striking functional similarity to

(1996). Roles for FGF8 in the induction, initiation, and maintenance of chick Drosophila branchlessGenes Devi2, 3156-3161.

limb developmentCell 84, 127-136. Mochly-Rosen, D. and Koshland, D. E. J(1987). Domain structure and
Csukai, M., Chen, C.-H., De Matteis, M. A. and Mochly-Rosen, [¥1997). phosphorylation of protein kinase €.Biol. Chem5, 2291-2297.

The coatomer proteify’-COP, a selective binding protein (RACK) for Mochly-Rosen, D., Khaner, H. and Lopez, J(1991). Identification of

protein Kinase €. J. Biol. Chem272, 29200-29206. intracellular receptor proteins for activated protein kinasé’iGc. Natl.
Davidson, D. R., Crawley, A., Hill, R. E. and Tickle, C(1991). Position- Acad. Sci. USA8, 3997-4000.

dependent expression of two related homeobox genes in developifgochly-Rosen, D.(1995). Localization of protein kinases by anchoring

vertebrate limbsNature352, 429-431. proteins: a theme in signal transductiSgience268 247-251.

Deng, C., Bedford, M., Li, C., Xu, X., Yang, X., Dunmore, J. and Leder, Mochly-Rosen, D., Smith, B. L., Chen, C.-H., Disatnik, M.-H. and Ron, D.

P. (1997). Fibroblast growth factor receptor-1 (FGFR-1) is essential for (1995). Interaction of protein kinase C with RACKL, a receptor for activated
normal neural tube and limb developmeDeév. Biol. 185 42-54. C-kinase: a role inB protein kinase C mediated signal transduction.

Eichele, G. and Thaller, C. (1987). Characterization of concentration  Biochem. Soc. Tran23, 596-600.
gradients of a morphogenetically active retinoid in the chick limb Bud. Moon, A. M. and Capecchi, M. R.(2000). Fgf8 is required for outgrowth
Cell Biol. 105 1917-1923. and patterning of the limbslat. Genet26, 455-459.

Francis, P. H., Richardson, M. K., Brickell, P. M. and Tickle, C. Moon, A. M., Boulet, A. M., Capecchi, M. R.(2000). Normal limb
(1994). Bone morphogenetic proteins and a signaling pathway that development in conditional mutants of FgBevelopmeni27, 989-996.
controls patterning in the developing chick lintkevelopment.20, 209- Murray, N. R., Thompson, L. J. and Fields, A. P(1997). The role of protein
218. kinase C in cellular proliferation and cell cycle controlPlotein Kinase

Gonzalez, A., Klann, E., Sessoms, J. S. and Chen, S(1R93). Use of the C (ed. P. J. Parker and L. V. Decker), pp. 97-120. Austin, TX: RG Landes.
synthetic peptide neurogranin(28-43) as a selective protein kinase Sewton, A. C.(1996). Protein Kinase C: ports of anchor in the €alkr. Biol.
substrate in assays of tissue homogendtesl. Biochem215 184-189. 6, 806-809.

Grieshammer, U., Minowada, G., Pisenti, J. M., Abbott, U. K. and Martin, ~ Niederreither, K., Subbarayan, V., Dollé¢, P. and Chambon, P(1999).

G. R.(1996). The chick limbless mutation causes abnormalities in limb bud Embryonic retinoic acid synthesis is essential for early mouse post-
dorsal-ventral patterning: implications for the mechanism of apical implantation developmenhNat. Genet21, 444-448.
ectodermal ridge formatioevelopmenfi22 3851-3861. Niswander, L., Jeffrey, S., Martin, G. R. and Tickle, C.(1994). A positive

Guillemot, F., Billault, A. and Auffray, C. (1989). Physical linkage of a feedback loop coordinates growth and patterning in the vertebrate limb.

guanine nucleotide-binding protein-related gene to the chicken major Nature371, 609-612.

histocompatibility complexProc. Natl. Acad. Sci. US86, 4594-4598. Nohno, T., Kawakami, Y., Wada, N., Ishikawa, T., Ohuchi, H. and Noji,
Hamburger, H. and Hamilton, V. (1951). A series of normal stages in the  S. (1997). Differential expression of the two closely related LIM-class
development of the chick embrya. Morphol.88, 49-92. homeobox genes LH-2A and LH-2B during limb developm&nchem.

Helms, J., Kim, C. H., Thaller, C. and Eichele, G(1996). Retinoic acid Biophys. Res. Commu®38 506-511.
signaling is required during early limb developmebevelopmentl22 Noji, S., Nohno, T., Koyama, E., Muto, K. and Ohyama, K(1991). Retinoic

1385-1394. acid induces polarizing activity but is unlikely to be a morphogen in the
Herbert, J. M., Augereau, J. M., Gleye, J. and Maffrand, J. P(1990). chick limb bud.Nature 350, 83-86.

Chelerythrine is a potent and specific inhibitor of protein kinagidchem. Ohuchi, H., Nakagawa, T., Yamauchi, M., Ohata, T., Yoshioka, H.,

Biophys. Res. Commuh72, 993-999. Kuwana, T., Mima, T., Mikawa, T., Nohno, T. and Noji, S.(1995). An

Hornberger, M. and Hassel, M. (1997). HYRACK1 from hydra vulgaris additional limb can be induced from the flank of the chick embryo by FGFA4.
encodes a highly conserved WD-repeat protein and is expressed Biochem. Biophys. Res. Commga9, 809-816.
differentially in interstitial and epithelial cell®ev. Genes EvoR06, 435- Ohuchi, H., Nakagawa, T., Yamamoto, A., Agara, A., Ohata, T., Ishimaru,

446. Y., Yoshioka, H., Kuwana, T., Nohno, T., Yamasaki, M., Itoh, N. and
Jaken, S.(1996). Protein kinase C isoenzymes and substi@tes.Opin. Cell Noji, S. (1997). The mesenchymal factor, FGF10, initiates and maintains

Biol. 8, 168-173. the outgrowth of the chick limb bud through interaction with FGF8, an
Johnson, R. L. and Tabin, C. J(1997). Molecular models for vertebrate limb  apical ectodermal factoRevelopmeni24, 2235-2244.

developmentCell 90, 979-990. Partanen, J., Schwartz, L. and Rossant, J1998). Opposite phenotypes of

Kanegae, Y., Tavares, A. T., Izpista-Belmonte, J.-C. and Verma, |. M. hypomorphic and Y766 phosphorylation site mutations reveal a function for



2460 H.-C. Lu and others

Fgfrl in anteroposterior patterning of mouse embr@geses Dewvl2, 2332- Sekine K., Ohuchi H., Fujiwara M., Yamasaki M., Yoshizawa T., Sato T.,

2344. Yagishita N., Matsui D., Koga Y., Itoh N. and Kato S(1999). Fgf10 is
Riddle, R. D., Johnson, R. L., Laufer, E. and Tabin, C(1993). Sonic essential for limb and lung formatioNat. Genet21, 138-141.

hedgehog mediates the polarizing activity of the ZBAll 75, 1401-1416.  Sierralta, W. D. and Thole, H. H. (1992). Immunogold labelling of the
Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S., Ruiz i cytoplasmic estradiol receptor in resting procine endometi@et. Tissue

Altaba, A., Tanabe, Y., Placzek, M., Edlund, T., Jessell, T. M. and Dodd, Res.270, 1-6.
J. (1994). Floor plate and motor neuron inductionvty-1, a vertebrate  Sierralta, W. D., Bonig, |. and Thole, H. H.(1995). Immunogold labelling
homolog of hedgehog expressed by the notochoed.76, 761-775. of estradiol receptor in MCF7 cell€ell Tissue Re79, 445-452.

Roelink, H., Porter, J. A., Chiang, C., Tanabe Y., Chang D. T., Beachy, P. Steffan, N. M., Bren, G. D., Frantz, B., Tocci, M. J., O'Neill, E. A. and
A. and Jessell, T. M.(1995) Floor plate and motor neuron induction by  Paya, C. V.(1995). Regulation ofB alpha phosphorylation by PKC- and
different concentrations of the amino-terminal cleavage product of sonic Ca(2+)-dependent signal transduction pathwdydmmunol.155 4685-

hedgehog autoproteolysiSell 81, 445-455. 4691.

Ron, D. and Mochly-Rosen, D(1994). Agonists and antagonists of protein Sun X., Lewandoski M., Meyers E. N., Liu Y. H., Maxson R. E., Jr
kinase C function, derived from its binding proteidsBiol. Chem269, and Martin, G. R. (2000). Conditional inactivation of Fgf4 reveals
21395-21398. complexity of signalling during limb bud developmeNat. Genet25,

Ron, D., Chen, C.-H., Caldwell, J., Jamieson, L., Orr, E. and Mochly- 83-86.

Rosen, D.(1994). Cloning of an intracellular receptor for protein kinase C: Sweatt, J. D., Atkins, C. M., Johnson, J., English, J. D., Roberson, E. D.,
a homolog of thé subunit of G proteinsdProc. Natl. Acad. Sci. US81, Chen, S.-J.,, Newton, A. and Klann, E.(1998). Protected-site
839-943. phosphorylation of protein kinase C in hippocampal long-term potentiation.

Ron, D. and Mochly-Rosen, D(1995). An autoregulatory region in protein J. Neurochem71, 1075-1085.
kinase C: the pseudoanchoring sReoc. Natl. Acad. Sci. US®2, 492-496. Wanek, N., Gardiner, D. M., Muneoka, K. and Bryant, S. V.(1991).

Ros, M. A., Lyons, G., Kosher, A., Upholt, W. B., Coelho, C. N. D. and Conversion by retinoic acid of anterior cells into ZPA cells in the chick wing
Fallon, J. F. (1992). Apical ridge dependent and independent mesodermal bud.Nature 350, 81-83.
domains of Ghox-7 and Ghox-8 expression in chick limb HDdgelopment ~ Wang, Z. and Brown, D. D.(1991). A gene expression scre@moc. Natl.

116, 811-818. Acad. Sci. USA8, 11505-11509.

Rotenberg, S. A. and Sun, X.-G(1998). Photoinduced inactivation of protein Xu, X., Weinstein, M., Li, C., Naski, M., Cohen, R. |., Ornitz, D. M. and
kinase C by dequalinium identifies the RACK-1-binding domain as a Leder, P. (1998). Fibroblast growth factor receptor 2 (FGFR2)-mediated
recognition siteJ. Biol. Chem273 2390-2395. reciprocal regulation loop between FGF8 and FGF10 is essential for limb

Rubin, L. and Saunders, J. W.(1972). Ectodermal-mesodermal interactions  induction.Developmeni25 753-765.
in the growth of limb buds in the chick embryo: constancy and temporaZwilling, E. (1955). Ectoderm-mesoderm relationship in the development of
limits of the ectodermal inductiolev. Biol.28, 94-112. the chick embryo limb budl. Exp. Zool128 423-441.



