
appears to be an extensive variable (i.e., one 
that grows linearly with the system size). These 
variables are nonextensive in the randomized 
networks. The existence of such variables may 
be a unifying property of evolved or designed 
systems. The decrease of the concentration C 
with randomized network size S (Fig. 3) qual- 
itatively agrees with exact results (2, 26) on 
Erdos-Renyi random graphs (random graphs 
that preserve only the number of nodes and 
edges of the real network) in which C - 1/S. In 
general, the larger the network is, the more 
significant the motifs tend to become. This 
trend can also be seen in Table 1 by comparing 
networks of different sizes. The network motif 
detection algorithm appears to be effective even 
for rather small networks (on the order of 100 
edges). This is because three- or four-node sub- 
graphs occur in large numbers even in small 
networks. Furthermore, our approach is not 
sensitive to data errors; for example, the sets of 
significant network motifs do not change in any 
of the networks upon addition, removal, or 
rearrangement of 20% of the edges at random. 

In information-processing networks, the 
motifs may have specific functions as elemen- 
tary computational circuits (11). More general- 
ly, they may be interpreted as structures that 
arise because of the special constraints under 
which the network has evolved (27). It is of 
value to detect and understand network motifs 
in order to gain insight into their dynamical 
behavior and to define classes of networks and 
network homologies. Our approach can be 
readily generalized to any type of network, 
including those with multiple "colors" of edges 
or nodes. It would be fascinating to see what 
types of motifs occur in other networks and to 
understand the processes that yield given motifs 
during network evolution. 
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GLI3 

Pascal te Welscher,1 Aimee Zuniga,1 Sanne Kuijper,2 
Thijs Drenth,l Hans J. Goedemans,l Frits Meijlink,2 Rolf Zellerl* 

Distal limb development and specification of digit identities in tetrapods are 
under the control of a mesenchymal organizer called the polarizing region. Sonic 
Hedgehog (SHH) is the morphogenetic signal produced by the polarizing region 
in the posterior limb bud. Ectopic anterior SHH signaling induces digit dupli- 
cations and has been suspected as a major cause underlying congenital mal- 
formations that result in digit polydactyly. Here, we report that the polydactyly 
of Gli3-deficient mice arises independently of SHH signaling. Disruption of one 
or both Gli3 alleles in mouse embryos lacking Shh progressively restores limb 
distal development and digit formation. Our genetic analysis indicates that SHH 
signaling counteracts GLI3-mediated repression of key regulator genes, cell 
survival, and distal progression of limb bud development. 
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The Hedgehog (Hh) signaling pathway con- 
trols many key developmental processes dur- 
ing animal embryogenesis (1). In Drosophila 
embryos, all known functions of Hh signaling 
are mediated by the transcriptional effector 
Cubitus interruptus (Ci) (2). Several ho- 
mologs of Hh and Ci have been identified in 
higher vertebrates. In particular, Sonic 
Hedgehog (SHH) and the Ci homolog GLI3 
are required for vertebrate limb development 
(3-6). GLI3 acts first during the initiation of 
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limb bud development and before the activa- 
tion of SHH signaling in posterior restriction 
of the basic helix-loop-helix transcription 
factor dHAND. dHAND in turn prevents 
Gli3 expression from spreading posteriorly 
(Fig. 1A, panel 1) (7). In addition, GLI3 
restricts the SHH-independent early expres- 
sion of 5'HoxD genes and Gremlin to the 
posterior mesenchyme (8). Subsequently, 
dHAND functions in the activation of Shh 
expression (9). Limb bud morphogenesis is 
then controlled by reciprocal interactions of 
two signaling centers (Fig. 1A, panel 2): the 
polarizing region, an instructive organizer lo- 
cated in the posterior limb bud mesenchyme, 
and the apical ectodermal ridge (AER). SHH 
signaling by the polarizing region in combi- 
nation with bone morphogenetic proteins 

limb bud development and before the activa- 
tion of SHH signaling in posterior restriction 
of the basic helix-loop-helix transcription 
factor dHAND. dHAND in turn prevents 
Gli3 expression from spreading posteriorly 
(Fig. 1A, panel 1) (7). In addition, GLI3 
restricts the SHH-independent early expres- 
sion of 5'HoxD genes and Gremlin to the 
posterior mesenchyme (8). Subsequently, 
dHAND functions in the activation of Shh 
expression (9). Limb bud morphogenesis is 
then controlled by reciprocal interactions of 
two signaling centers (Fig. 1A, panel 2): the 
polarizing region, an instructive organizer lo- 
cated in the posterior limb bud mesenchyme, 
and the apical ectodermal ridge (AER). SHH 
signaling by the polarizing region in combi- 
nation with bone morphogenetic proteins 

www.sciencemag.org SCIENCE VOL 298 25 OCTOBER 2002 www.sciencemag.org SCIENCE VOL 298 25 OCTOBER 2002 827 827 



REPORTS 

[Extra-toes (Xt)] (3, 13) and several related 
syndromes in humans (14). The associated 
polydactylous phenotypes have so far been at- 
tributed to ectopic Shh expression (13) and 
anteriorly expanded 5'Hoxd expression (8). In 
the absence of SHH signaling, full-length GLI3 
is proteolytically cleaved to a smaller protein 
(GLI3-83) (15). Such truncated forms of GLI3 
protein have repressor activity (16, 17). How- 
ever, SHH signaling inhibits GLI3 processing, 
which may allow the full-length protein to func- 
tion as a transcriptional activator (18, 19). Bio- 
chemical analysis showed that long-range SHH 
signaling and inhibition of GLI3 processing in 
limb buds (Fig. 1A, panel 2) result in formation 
of an anterior-to-posterior graded distribution 

Fig. 1. (A) InteractionsSHH Dep 
of key regulators of ()Prior to SHH ( SHH Dependent 
vertebrate limb devel- 
opment: T Reciprocal 
antagonism of GLI3 
and dHAND prepat- 
terns the limb bud 
mesenchyme before 
activation of SHH sig- 
naling. ( dHAND is re- 1 
quired to activate Shh dH 
expression by polariz- 

d 

ing region cells. SHH dED 
signaling inhibits the 
processing of GLI3 to 
GL13-83, which acts as 
transcriptional repres- B SHH independent 
sor (GL13R). SHH posi- 
tively regulates 5'HoxD 
(5'HOX) gene and 
Gremlin (GRE) expres- v v sion in distal mesen- Wt G3 
chyme. The SHH-FGF 
feedback loop between 
the polarizing region 
and the AER is estab- 
lished through Grem- Shh Shh G13 
lin-mediated BMP an- 
tagonism. Only the SHH dependent interactions relevant C 
to the present study 
are shown. (B) Skeletal 
stains of forelimbs 
[embryonic day 16.5 
(E16.5)] of Shh and 
Gli3 single- and dou- Wt AIx Shh Shht AIx4 
ble-mutant mouse 
embryos (28). Arrow- 
heads point to well- D TUNEL 
formed elbow joints. 
Genotype labels: Wt, 
wild-type; Gli3+/-, 
one allele of Gli3 inac- 
tivated, arrow points 
to small ectopic carti- 
lage condensation; 
Gli3-/-, Gli3-deficient; Shh-/-, Shh-deficient; Shh-/-, Gli3+/-, Shh-/- lacking in addition one 
functional Gli3 allele; Shh-/-, Gli3-/-, forelimb of a double-homozygous embryo. (C) Skeletal stains 
of hindlimbs (E14.5) of Shh and Alx4 single- and double-mutant mouse embryos. Genotype labels: 
Alx4-/-, Alx4 deficient, arrowhead points to a duplicated preaxial digit 2 (phenotype is 100% 
penetrant in hindlimbs); Shh-/-, arrowhead points to the one digit formed; Shh-/-, Alx4-/-, hindlimb 
of a double homozygous embryo. (D) Detection of apoptotic cells (29) in forelimb buds of Shh-/- 
embryos (E10.75, 38 to 39 somites) lacking one or both Gli3 alleles. Shown are representative 
sections at similar levels (anterior-dorsal is to the left and posterior-ventral is to the right). Anterior 
is to the top and posterior to the bottom in all panels. Arrowheads point to the AER. TUNEL, 
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling. 

(high to low) of the truncated GLI3-83 protein 
with repressor activity (15). 

To identify the essential function(s) and to 
study the phenotypic consequences of these 
GLI3-SHH interactions, we analyzed the limb 
development of Shh and Gli3 double-mutant 
embryos (20) (Fig. 1B). The limbs of Gli3- 
deficient (Gli3-'-) embryos are polydactylous 
(Fig. 1B) (13), whereas one fused forearm (ze- 
ugopod) bone and no digit arch (autopod) form 
in limbs of Shh-deficient (Shh--) embryos (Fig. 
lB) (5, 6). Disruption of one Gli3 allele in 
Shh-deficient (Shh--, Gli3+-) embryos im- 
proves distal limb development, as two ze- 
ugopodal bones and rudimentary digits form 
(Fig. 1B). The limbs of double-homozygous 
(Shh--, Gli3-/-) mouse embryos are gross-mor- 
phologically indistinguishable from the limbs 
of Gli3- embryos (Fig. lB and fig. Sl). This 
genetic analysis establishes that the polydac- 
tylous limb phenotype of Gli3-deficient embry- 
os is not caused by ectopic SHH signaling as 
previously assumed (13). Another molecularly 
well-studied mouse mutation with a polydac- 
tylous phenotype is Strong's Luxoid (Lst), 
which is caused by disruption of the transcrip- 
tion factor Alx4 (Alx4-/-, Fig. 1C) (21). In 
wild-type limb buds, Alx4 is expressed in the 
anterior mesenchyme, and a functional anterior 
SHH signaling center is established in the limb 
buds of Alx4-/- embryos that is similar to the 
one in Gli3-/- embryos. In contrast to Gli3, no 
rescue of distal limb development is observed 
in limbs lacking Shh and Alx4 (Fig. 1C) (20). 
These results establish that two different mech- 
anisms can cause polydactyly. The polydactyly 
of Alx4/- mice depends on SHH signaling, 
whereas the polydactyly of Gli3-- mice is SHH 
independent. The limb phenotype of Gli3-/- 
mouse embryos is similar to that of talpid 
chicken embryos (22). Biochemical evidence 
shows that GLI3-83 repressor levels are sub- 
stantially reduced in talpid mutant embryos 
(15), which indicates that this polydactyly may 
also occur independent of SHH signaling (22). 

The results shown in Fig. 1B reveal that 
SHH-independent restoration of distal limb de- 
velopment in Shh-- embryos is Gli3-dose de- 
pendent. Because massive cell death occurs in 
limb buds of Shh-/- embryos (Fig. 1D) (5), the 
progressive restoration of distal limb develop- 
ment (Fig. 1A) may be due to improved cell 
survival. Indeed, apoptosis is reduced in limb 
buds of Shh-- embryos lacking one functional 
Gli3 allele but is still higher than apotosis in 
wild types (Fig. ID). The low levels of apopto- 
tic cells in limb buds of double homozygous 
embryos are, however, comparable to the levels 
in wild-type (Fig. 1D) and Gli3-deficient em- 
bryos (23). 

To exclude the possibility that ligand- 
independent activation ofintracellular SHH sig- 
nal transduction restores limb development in 
Shh and Gli3 double mutant embryos (Fig. 1B), 
we analyzed the expression of the SHH tran- 
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(BMPs) and their antagonists instruct limb 
skeletal patterning, most likely by regulating 
the expression of 5'HoxD transcription fac- 
tors (Fig. 1A, panel 2) (10, 11). The BMP 
antagonist Gremlin mediates a signal relay 
from the polarizing region to the AER (12), 
and fibroblast growth factor (FGF) signaling 
by the AER maintains the polarizing region 
to enable progression of limb bud morpho- 
genesis (SHH-FGF feedback loop) (10, 11). 

Ectopic anterior expression of SHH in limb 
buds induces digit duplications, and this ectopic 
expression is viewed as a major cause of limb 
polydactylous (extra digits) phenotypes (10, 
11). Spontaneous mutations affecting GLI3 
cause a severe congenital malformation in mice 
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Fig. 2. Expression of 
Glil (A) and dHAND 
(B) in limb buds of Shh 
and Gli3 single- and 
double-mutant em- 
bryos at E10.25 (32 to 
33 somites). All limb 
buds are oriented with 
anterior to the top 
and posterior to the 
bottom. Genotypes 
are as described in Fig. 
1B. 
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scriptional targets Patched (Ptc) and Glil (11, 
24). Neither Ptc (23) nor Glil were expressed 
in the limb buds of Shh-'- embryos lacking 
either one or both Gli3 alleles (Fig. 2A). The 
Gli3 dose-dependent improvement of limb de- 
velopment is also not linked to alterations of 
dHAND, because its expression remains poste- 
riorly restricted in limb buds of Shh--, Gli3+ 
embryos (Fig. 2B). The disruption of both Gli3 
alleles results in SHH-independent anterior 
dHAND expression during early limb develop- 
ment (Fig. 2B) (7). 

The SHH-FGF feedback loop is established 
through Gremlin-mediated BMP antagonism 
(Fig. 1A, panel 2). Gremlin and Fgf4 expres- 
sion are activated but not maintained in limb 

Ds" buds of Shh-'- embryos (Fig. 3) (12). Low 

Hoxdll A 

Go - 
* 

Fg 3(etDfrtlrcn4Shh xio he bu 

Fig. 3. (Left) Differential rescue of Gremlin expression in the limb bud 
mesenchyme and Fgf4 in the AER. Gremlin (mesenchyme) and Fgf4 (AER) in 
limb buds (E 10.75, 37 to 38 somites) are simultaneously detected. Asterisks 
indicate anterior margin of the limb buds. Arrowheads point to Fgf4 expres- 
sion in the AER. Genotypes are as described in Fig. 1B. Fig. 4. (Right) Gli3 
dose-dependent up-regulation of 5'HoxD and 5'HoxA expression in limb buds 
of Shh-/- embryos. All limb buds (E 10.75, 37 to 38 somites) are oriented with 
anterior to the top and posterior to the bottom. (A) Expression of Hoxd11. 
Arrowheads indicate the anterior expression boundary. (B) Expression of 
Hoxa13. (C) Expression of Hoxd13. Arrowheads in (B) and (C) indicate low 
expression of respective gene. Genotypes are as described in Fig. 1B. 
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levels of Gremlin but not Fgf4 transcripts are 
detected in limb buds of Shh-- embryos lack- 
ing one Gli3 allele (Fig. 3). In double-homozy- 
gous embryos, Gremlin and Fgf4 expression in 
limb buds is comparable to that in Gli3-/- em- 
bryos. The differential restoration of Fgf4 indi- 
cates that its induction may depend on a thresh- 
old of BMP antagonism. 

Hoxal 1 and Hoxdl 1 are essential to pattern 
the zeugopod, whereas Hoxal3 and Hoxdl3 are 
essential for autopod patterning (25). In Shh-/ 
limb buds, Hoxall remains expressed (23), 
whereas Hoxdl is rapidly down-regulated 
(Fig. 4A). The disruption of one Gli3 allele in 
Shh-- embryos partially restores Hoxdll ex- 
pression such that its anterior boundary in limb 
buds is located at a position similar to that in 
wild type (arrowheads, Fig. 4A). This restora- 
tion provides a likely molecular explanation for 
improved zeugopod development in Shh', 
Gli3+/- embryos (Fig. 1B). The expressions of 
both Hoxal3 and Hoxdl3 are low in limb buds 
of Shh-/- embryos (Fig. 4, B and C) (4-6). The 
additional inactivation of one Gli3 allele re- 
stores Hoxal3 expression to intermediate levels 
(Fig. 4B), whereas Hoxdl3 transcripts remain 
low (arrowhead, Fig. 4C). In limb buds of 
double homozygous embryos, all three 5'Hox 
genes are expressed at levels similar to those 
expressed in Gli3-/- embryos (Fig. 4, A to C). 
These results indicate that the progressive res- 
toration of distal limb development (Fig. 1B) is 
likely due to Gli3 dose-dependent restoration of 
the distal 5'Hoxa and distal 5'Hoxd expression 
domains in limb buds of Shh-- embryos. 

Our study provides genetic evidence for an 
important sequential interaction of GLI3 with 
dHAND and SHH. The SHH-independent na- 
ture of the digit polydactyly in Gli3- limb 
buds is most likely a direct consequence of the 
early anterior expansion of the expression of 
"posterior" genes such as 5'Hoxd genes (7, 8). 
The scapula and stylopod (not affected in Shh-/ 
embryos) (5, 6) may be patterned by the genetic 
interaction of GLI3 with dHAND before the 
activation of SHH signaling (Fig. 1A, panel 1) 
(7). In limb buds of Shh-'- embryos, Gli3 ex- 
pression expands posteriorly, concurrent with 
the down-regulation of "posterior" genes and 
the onset of apoptosis (5, 6, 12), which cause 
the "shut-down" of distal limb development 
and antero-posterior patterning. The Gli3-dose- 
dependent restoration of cell survival and limb 
bud development in Shh-- embryos indicates 
that, in wild-type limb buds, SHH counteracts 
GLI3 to enable progression of outgrowth and 
patterning. The polarizing region is propagated 
distally, and SHH signaling is up-regulated via 
the SHH-FGF feedback loop (Fig. 1A, panel 2) 
(11, 12). Such up-regulation of SHH signaling 
should increasingly inhibit GLI3 processing 
and should result in a graded GLI3-83 repressor 
distribution as shown biochemically (15). The 
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of SHH targets (18, 19). Although the SHH- 
GLI3 interactions enable distal limb develop- 
ment and formation of a digit arch, additional 
signals such as BMPs participate in specifi- 
cation of digit identities (26). Lastly, aspects 
of the dorso-ventral neural tube patterning 
(disrupted in Shh-/- embryos) are also re- 
stored in mouse embryos mutant for both Shh 
and Gli3 (27). This shows that regulation of 
GLI3 by SHH signaling (and vice versa) is of 

general functional importance during embry- 
onic development. 
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Timing Requirements for 

Insulin/IGF-1 Signaling in 

C. elegans 
Andrew Dillin,* Douglas K. Crawford, Cynthia Kenyont 

The insulin/IGF-1 (where IGF-1 is insulin-like growth factor-1) signaling path- 
way influences longevity, reproduction, and diapause in many organisms. Be- 
cause of the fundamental importance of this system in animal physiology, we 
asked when during the animal's life it is required to regulate these different 

processes. We find that in Caenorhabditis elegans, the pathway acts during 
adulthood, to relatively advanced ages, to influence aging. In contrast, it reg- 
ulates diapause during development. In addition, the pathway controls lon- 

gevity and reproduction independently of one another. Together our findings 
show that life-span regulation can be dissociated temporally from phenotypes 
that might seem to decrease the quality of life. 
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In C. elegans, mutations that decrease the ac- 
tivity of DAF-2, an insulin/IGF-l-like receptor, 
or downstream phosphatidylinositol 3-kinase, 
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phosphoinositide-dependent kinase, or AKT 
(also known as protein kinase B) signaling 
components prolong youthfulness and double 
the life-span of the animal. The DAF-2 pathway 
influences other processes as well. All daf-2 
examined mutations increase resistance to oxi- 
dative stress and delay reproduction (some al- 
leles also reduce fertility). Strong daf-2 muta- 
tions cause juvenile animals to enter a state of 
diapause, called dauer, instead of growing to 
adulthood. All of these mutant phenotypes re- 
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