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Summary 

Limb patterning by Sonic hedgehog (Shh) is among the most highly touted and studied models of 

"morphogen" function1.  Yet how Shh instructs distinct digit types (index to little finger) remains 

controversial.  Both spatial concentration gradients2,3 and temporal signal integration4-6 have 

been proposed to explain how Shh patterns different digits, yet genetic studies in mouse 

suggested that Shh acts over a limited interval to specify digits7.  Here, we replaced the cell 

survival function of Shh during limb bud outgrowth and demonstrate that a transient, early pulse 

of Shh activity is necessary and sufficient for normal limb development.  Our lineage tracing of 

Shh response shows that Shh signals at very short-range during this time frame and patterns 

digits indirectly.  We demonstrate that Gli3, the major Shh nuclear transducer8,9, is functionally 

unaltered and cryptic pathway re-activation doesn't occur. Our findings are incompatible with 

either spatial or temporal signal integration models and indicate Shh initiates a relay mechanism.  

Using a genetic test for relay signaling, we unexpectedly discovered that Shh is required indirectly 

to specify digit 1 (thumb), previously thought to be exclusively Shh-independent10,11.   Our results 

uncover a unique digit 1 regulatory hierarchy, implicating Shh in digit 1 evolutionary adaptations, 

such as an opposable thumb.  These findings illuminate Shh function in the related contexts of 

limb development, regeneration, and evolutionary adaptation, and lay the groundwork for 

elucidating how Shh triggers a relay network that becomes rapidly self-sustaining.   
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Introduction       

The limb and neural tube have been mainstays for elucidating vertebrate Hedgehog morphogen 

function.  In contrast to neural tube, anterior-posterior (A-P) limb patterning involves a common 

set of cell types and tissues, producing distinct skeletal morphologies that are not based in cell 

fate changes per se.  Understanding how Shh specifies limb skeletal pattern is both central to the 

problem of structural morphogenesis and relevant to regenerative medicine.   Shh is secreted by 

posterior limb bud mesoderm cells defined functionally as the “zone of polarizing activity” (ZPA) 

and regulates the specification of distinct A-P digit types (d2-d5)12, excepting digit 1, which forms 

in the absence of Shh11.  Patterning is coupled with growth and, during its 2-day limb bud 

expression (Figure 1a), Shh regulates both digit types and numbers and is functionally highly 

conserved across tetrapod vertebrates1.     

 
Yet, despite intense investigation for over two decades, the mechanism by which Shh patterns 

digits remains controversial. Very disparate models have been proposed in different species that 

otherwise share similar gene regulatory networks governing limb development1-4,6,7.  

Morphogen-based models of Shh function derive from chick studies showing that changes in 

concentration or exposure duration can alter both the number and the types of digits specified, 

with the most posterior identities requiring the highest concentrations or longest exposure2,3,5,6.   

Lineage tracing of ZPA-descendant cells in both chick and mouse revealed that digits 4 and 5 

(d4,d5) arise from limb cells that previously expressed Shh4,13, leading to the proposal that 

temporal integration of short-range Shh, rather than long-range graded signaling, specifies 

different digit types.  More anterior cells become displaced away from the ZPA during A-P 

expansion, while Shh-expressing digit progenitors (d4,d5) remain, receiving the longest 

exposure4.  A variant of this temporal-expansion model proposed that Shh patterning and 

proliferation roles are integrated and digit progenitors become "promoted" successively to more 

posterior identities by continued Shh exposure during expansion6.  However, genetic lineage 

tracing of Shh response indicates that Shh-expressing ZPA cells become refractory to Shh over 

time10, seemingly at odds with temporal integration and promotion models.  We previously 

interrogated the temporal requirements for Shh function in mouse limb using a conditional Shh-

mutant7 and found Shh was required over a limited (~8h) interval to specify normal digits; 
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subsequent Shh removal resulted in progressive digit loss that reflected the normal temporal 

order in which they arise, rather than their A-P position.  We proposed a biphasic model in which 

Shh is required only briefly, perhaps as a spatial morphogen, for patterning (early phase), but 

over an extended time period to promote survival and expansion of digit progenitors (late phase). 

 

Results:    

 
A transient Shh pulse restores normal limb development with enforced cell survival.    

To test the biphasic model critically, we used a genetic strategy to uncouple the Shh requirement 

in digit patterning from growth, by enforcing cell survival to substitute for Shh late-phase 

function, and assessed digit formation.  The pro-apoptotic Bax/Bak genes14 were deleted in Shh 

conditional mutant limb buds exposed to only a transient early Shh pulse (using 

ShhC/C;Hoxb6CreER  allele hereafter referred to as Shh-CKO, and BaxC/C;Bak-/- alleles referred to 

as Bax-CKO; see extended data Table 1 for complete list of all crosses and genotypes used).  

Tamoxifen injection time to delete Shh was optimized (to E9.5+3hrs, Figure 1) so that Shh-CKO 

retaining one wild-type Bax allele (cell survival not restored) invariably displayed a Shh germ-line 

null (Shh-/-) skeletal phenotype (28/28).  This tamoxifen treatment (E9.5+3h, Figure 1b, extended 

data Figure 1a) precedes the normal Shh expression onset by about 8 hours; Shh activity in 

tamoxifen-treated embryos was reported by measuring direct Shh target RNAs (Gli1, Ptch1)8,9,15 

at 2-hour (~one somite) intervals post-tamoxifen (Figure 1b, extended data Figure 1a). A transient 

2-3 hour Shh activity window was detected in approximately half of the Shh-CKO embryos (7/15 

Ptch1, 4/10 Gli1, Figure 1b, extended data figure 1a); no activity was detected in the other half.   

 
Notably, limb bud cell survival was completely restored in 100% (11/11) of Bax-CKO embryos 

(extended data Figure 1b), but the Bax-CKO alone had no phenotypic effect on limb skeletal 

patterning (Shh+/C;Bax-CKO, Figure 1c).  In Shh-CKO;Bax-CKO embryos, blocking cell death 

rescued formation of from 3 to 5 digits with normal morphology in about half the embryos 

(18/31), while the remaining 50% retained the Shh-/- null mutant limb phenotype (Figure 1c), 

correlating well with the fraction of embryos that displayed transient, early Shh activity (Figure 

1b, extended data Figure 1a, Table 1). Half of the embryos lack any transient Shh expression and 
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are expected to generate a Shh null skeletal phenotype, as observed (13/31).  In Shh-CKO;Bax-

CKO embryos with rescued limbs (18/31), normal long bone morphology (tibia/fibula; zeugopod) 

was also restored (see also Figure 2c), and normal A-P polarity was clearly evident in both the 

long bones and digits, including distinctive d1 and d5 identities.  In contrast, all (100%) of sibling 

Shh-CKO embryos retaining one functional Bax allele (Shh-CKO;Bax+/C) had a Shh null limb 

phenotype with a single dysmorphic digit and malformed zeugopod (28/28, Figure 1c).  

 
These data indicate that a transient early Shh pulse (~2-3h) suffices to specify digit progenitors, 

but not to maintain progenitor cell survival. We next asked if a short Shh pulse is even necessary 

to specify digit progenitors if cell survival is enforced, using crosses with a non-conditional Shh 

null mutant completely devoid of any Shh activity (Shh-/-;Bax-CKO; Figure 1c).  Cell death was 

completely blocked (9/9, extended data Figure 1b), but enforced cell survival failed to rescue any 

digit or normal long bone formation in Shh-/-;Bax-CKO limbs (0/18, Figure 1c, extended data Table 

1),  even using non-conditional Bax/Bak mutant alleles (Shh-/-;Bax-/-;Bak-/-) to ensure complete 

Bax/Bak inactivation in Shh-/- (0/6 skeletal rescue; extended data Table 1).  These results indicate 

that an early, transient Shh pulse is both necessary and sufficient to specify normal digit and long 

bone formation.  After this transient pulse, sustained Shh activity can be substituted by Bax/Bak 

removal, implying that later stage Shh acts mainly to support cell survival and limb bud expansion.   

 
Rescue of Shh loss by enforced cell survival is not due to Hh pathway re-activation.      

Biochemical and functional analyses of Shh-CKO;Bax-CKO embryos established that the observed 

rescue of normal limb development was not due to Shh pathway re-activation.  First, assay of 

direct Shh target Ptch1 (0/7, 0/9) and Gli1 (0/7) RNAs at early and late patterning stages failed to 

detect any Hh ligand or pathway recovery in Shh-CKO;Bax-CKO embryos (Figure 2a, extended 

data Figure 2).  Shh prevents processing of Gli2/Gli3 nuclear effectors from full-length activators 

(Gli2FL/Gli3FL; GliA) to truncated repressors (Gli2R/Gli3R) of Shh targets16-18.  Release from Gli3 

repression plays the main role in most Shh limb target regulation8,9,19.  Consequently, key limb 

target activation may occur ligand-independently without reporter activation via Gli3R removal 

or functional antagonism20,21.  Hand2, which induces ZPA/Shh by antagonizing Gli322, is directly 

repressed by Gli3R15 and remained absent from rescued Shh-CKO;Bax-CKO early (10/10) and later 
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(10/11) stage limb buds (Figure 2a).   

 
Gli3R activity can also be modulated at the protein level, by altered processing or 

degradation16,18. Although Bax/Bak removal in wildtype limb buds has no impact on skeletal 

patterning, pro-survival Bcl2 family members sequester SuFu, a negative Hh pathway modulator, 

away from its Gli-processing activity23.  Bax/Bak removal could elevate the free Bcl2 pool to 

generate a Gli3R deficit, rescuing Shh mutant limbs.  We examined Gli3 protein levels in early 

individual limb buds (E10.75, Figure 2b).  Gli3FL/Gli3R ratios in Shh-CKO;Bax-CKO were 

unchanged from Shh-/-;Bax-CKO limb buds, and both were equally reduced compared to Shh-

expressing controls (Figure 2b), indicating that rescue was not secondary to reduced Gli3R 

protein levels.   

 
To assess if the "effective" repressor activity of Gli3R protein might be altered in rescued limb 

buds without quantitative changes20,21, we compared the effect of Bax/Bak removal with genetic 

Gli3 dosage reduction in both Shh-CKO and Shh-/- limbs.  Complete Gli3 loss alone rescues limb 

development in Shh-/- embryos8,9, albeit with synpolydactyly.  However, reduced Gli3 dosage 

(Shh-/-;Gli3+/-) has a modest phenotypic effect (Figure 2c).  In the Shh-/- with loss of one Gli3 allele, 

zeugopod morphology was improved and several small digit rudiments formed (Gli3+/-, 8/8); in 

contrast, no change in the Shh-/- phenotype was observed when only Bax/Bak was removed (Bax-

CKO, 0/18, compare Figures 2c and 1c).  Furthermore, removing Bax/Bak in the Shh-/-;Gli3+/- limb 

did not improve limb skeletal phenotype beyond the effect of Gli3 dosage reduction alone (Figure 

2c, 10/10), suggesting that Bax/Bak removal did not impact “effective” Gli3R levels significantly.  

Whereas Bax/Bak removal had little effect but Gli3 dosage had a profound effect on the Shh-/-, 

the reverse holds for the Shh-CKO (see arrows, Figure 2c).  The Shh-CKO;Gli3+/-  was 

phenotypically identical to the Shh-/-;Gli3+/- (12/12; Figure 2c).  In contrast, in Shh-CKO;Bax-CKO 

limbs both zeugopod and between 3-5 digits with normal morphologies and clear A-P polarity 

were restored (18/31; Figures 1c, 2c).  Together, these results argue strongly against altered Gli3R 

function per se as a mechanistic basis for rescue of normally polarized limb development in the 

early Shh-CKO by enforced cell survival. 
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Expression of outgrowth and patterning regulators is sustained in early Shh-CKO with enforced 

cell survival.     

To understand how digit patterning is restored by transient Shh exposure, we examined 

expression of major downstream targets that regulate limb bud outgrowth (AER/Fgf 

signaling24,25) and digit patterning (5'Hox genes26-29).  Unlike Hand2 and direct GliA targets (Ptch1, 

Gli1), their expression is maintained in a subset of Shh-CKO;Bax-CKO embryos, roughly 

correlating with observed 50% frequencies of detectable transient Shh activity early, and skeletal 

rescue at late stages (Figures 1,2, extended data Figures 1,2).  In the remainder, expression 

profiles in Shh-CKO;Bax-CKO resembled that of Shh-/-;Bax-CKO (Figure 2, extended data Figure 2).    

 
In the null Shh-/-, hindlimb Fgf8 expression declines after E10.511, related to loss of the direct Shh 

target Grem1, which plays a key role in AER/Fgf8 maintenance25.  Shh-/-;Bax-CKO limb buds 

likewise lacked early and late Grem1 expression (absent in 5/5 and 4/4, Figure 2a) and by E11.5 

had clearly reduced Fgf8 expression (3/3, extended data Figure 2).  In contrast, a subset of Shh-

CKO;Bax-CKO embryos retained early and late Grem1 expression (4/10 and 3/7, Figure 2a), and 

maintained Fgf8 late (3/7, extended data Figure 2).   The Fgf8-regulated target, Cyp26b1, required 

for retinoic acid clearance to enable distal limb bud progression30, was also maintained in Shh-

CKO;Bax-CKO (4/6) but declined in Shh-/-;Bax-CKO by E11.5 (3/3, extended data Figure 2).  Jag1, 

a direct target that marks Shh-dependent early mesenchymal limb progenitors31,32, failed to be 

expressed in Shh-/-;Bax-CKO (4/4), but expression was maintained in a subset of Shh-CKO;Bax-

CKO limb buds both early and late (2/6 and 2/5, extended data Figure 2).     

 
Several 5'Hox genes regulate patterning downstream of Shh26,28.  Hoxd13 and Hoxa13, critical for 

digit specification27,29, are both expressed only at late stages and at low levels in Shh-/-;Bax-CKO 

(3/3, 4/4) compared to controls (Figure 2a, extended data Figure 2).  Low level distal Hoxa13 

expression was already detected early in a fraction of Shh-CKO,Bax-CKO hindlimb buds (6/10), 

and became robust at later stages (5/8, Figure 2a). Hoxd13 expression was absent early, but was 

clearly detected at the onset of the distal footplate 5'Hoxd expansion phase33 (4/7, E11.5, Figure 

2a), well prior to the late digit condensation stage expression at E12.5 that resumes in both the 

Shh-/- null11 and Shh-/-;Bax-CKO (extended data Figure 2).  Hox11 paralogs play a key role in 
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zeugopod patterning and growth34, which is also highly perturbed in the Shh-/- but restored in 

Shh-CKO;Bax-CKO hindlimbs (tibia/fibula, Figure 1c).  While early Hoxd11 expression in Shh-/-;Bax-

CKO (2/2) was similar to controls the second phase distal expansion was undetectable (2/2). In 

contrast, Hoxd11 was maintained at control levels both early and late in a subset of Shh-CKO;Bax-

CKO limb buds (5/5, 2/7, extended data Figure 2).  Shh inhibition in short term mouse limb bud 

cultures suggested that some Shh targets are maintained if Shh activity is curtailed, as we showed 

here (eg. Grem1, Jag1), but others, particularly 5'Hoxd genes, require sustained Shh activity for 

their continued expression19,32.  Yet we found that second phase distal 5'Hoxd expansion was 

preserved in about half of Shh-CKO;Bax-CKO embryos, correlating well with the fraction 

displaying early transient Shh activity and late skeletal rescue.  Normal development does not 

progress in short-term limb bud cultures, precluding analysis of the 5'Hoxd second phase 

following early Shh removal.   5'Hoxd genes act mainly during this distal expansion phase to 

determine digit identity by regulating late stage interdigit signaling centers35, so the sustained 

late phase 5'Hoxd activation likely suffices for morphogenesis of normal distinct digit types in 

Shh-CKO;Bax-CKO embryos.   

 
These results indicate that expression of targets important for both limb bud outgrowth and 

patterning are sustained by a transient pulse of Shh with enforced cell survival, providing a basis 

for the phenotypic rescue of limb development, but do not address the issue of how transient 

Shh activity leads to stable, A-P-graded target expression in the limb. 

 
Rescued digits in the early Shh-CKO arise from cells that have not responded directly to Shh.   

The short 2-3h pulse of Shh activity required for normal limb development if cell survival is 

enforced is not readily explained by temporal signal integration models.  However, this short time 

window could still be compatible with transient activity of a spatially graded morphogen. 

Transient, pre-steady state morphogen effects, operating at onset of a signaling gradient, have 

been proposed and experimentally validated for Hh signaling in the drosophila wing disc 36.  To 

determine if Shh signals as a long-range morphogen during this early time window, we compared 

the lineage of Shh-producing/ZPA and Shh-responding cells present at early stages immediately 

after Shh expression onset during normal development. 
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We performed lineage tracing using crosses that include both ShhCreER/+ and Gli1CreER/+ knock-in 

alleles to genetically mark cells (RosaLacZ reporter activation; Fig 3a) that had either produced 

or responded to Shh signal, respectively4,10. Sibling embryos that expressed a single CreER allele 

were analyzed from the same litter, to ensure Shh production-response comparisons at identical 

embryonic ages and tamoxifen exposure times.  A single tamoxifen dose was given at closely 

spaced early times spanning Shh expression onset (Figure 3b); limb buds were collected at E12.5-

13.5, after digit rays formed and descendant cell contributions to different digit condensations 

(LacZ+) could be easily scored (Figure 3a).   

 
Surprisingly tamoxifen-induced Cre activation revealed that, at early times (when a transient Shh 

pulse with enforced cell survival restores normal limb development), Shh only acts very short-

range.  For tamoxifen treatment prior to E10.25, Shh response (Gli1CreER activity) was confined 

to cells that later give rise to digits 4 and 5 (Figure 3a).  Longer-range signaling was not detected 

until later tamoxifen-induction times, initially extending toward digit 3 (E10.25) and later also 

including digit 2 (E10.5) territories (Figure 3a).  However, tamoxifen treatment at a much earlier 

stage, E9.5+3h (Fig 1b), provides a transient Shh pulse that is both necessary and sufficient to 

specify formation of all 5 digits if cell survival is enforced.  During this time interval, the lineage 

tracing results demonstrate that Shh activity acts only short-range; Shh response is limited to the 

Shh-producing ZPA, and can only directly impact progenitors giving rise to digits 4-5.  

Consequently, other "Shh-dependent" digit progenitors must respond indirectly to downstream 

Shh targets that act non-autonomously, implying an indirect relay mechanism (Figure 3b-blue).  

Notably however, at later stages Shh does act as a long-range signal (E10.5, Figure 3a,b-green-

hatched), apparently in its role supporting cell survival.  

 
Shh is required indirectly to specify digit 1 (thumb).     

To test if Shh acts via a relay to specify non-ZPA digits, we used a genetic strategy (diagrammed 

in Figure 4a) to activate Shh targets autonomously only in the ZPA and ask if any non-ZPA-derived 

digits are rescued in the complete absence of Shh ligand (Shh null). Cell-autonomous pathway 

activation was achieved using a constitutively-active form of Smoothened (SmoM2), a membrane 
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GPCR essential for Shh pathway transduction37.  The ShhCre knock-in allele4 was used to activate 

expression of a conditional SmoM2 transgene (RosaSmoM2)38, restricting SmoM2 and Shh target 

activation to the ZPA (Shhcre;RosaSmoM2/+; referred to as Shh-SmoM2+), and evaluated in the Shh 

null background (Shhcre/-). 

 
Enforced Shh-response by SmoM2 in the ZPA affects Ihh-regulated targets and cartilage 

differentiation39, precluding morphologic evaluation of posterior, ZPA-descendant (d4,d5) digits.  

However, in otherwise "wildtype" embryos, Shh-SmoM2+ (Shhcre/+;RosaSmoM2/LacZ) did not alter  

normal morphology/identity of non-ZPA digits (d1-d3) in most embryos (60/64). In a small 

percentage (~5%; 4/64), anterior digit duplications occurred, associated with induction of an 

ectopic, anterior Shh/ZPA focus (detected by RosaLacZ reporter; extended data Figure 3a). 

Unexpectedly, enforced cell-autonomous pathway activation in the ZPA of Shhcre/-;Shh-SmoM2 

rescued formation of a morphologically normal digit 1 at high frequency (60-70%; 21/32 limbs) 

in both Shhcre/- fore- and hindlimbs (Figure 4b).  This rescued "digit 1" was not ZPA-derived (LacZ 

reporter-negative), but arose from anterior limb bud progenitors (5/5; Figure 4c), and was 

unrelated to cryptic Ihh or Dhh ligand or downstream pathway activation (Gli1 - 0/8; Ptch1 - 0/10; 

extended data Figure 3c). 

 
Digit 1 specification is thought to be Hh-independent, based on a persistent digit 1-like structure 

in Shh null hindlimbs11 and the normal lack of direct Shh-response in the digit 1 progenitor 

territory10 (see also Figure 3).  However, whereas our lineage analysis clearly demonstrates that 

the morphological digit 1 rescued in the Shhcre/-;Shh-SmoM2 arises from anterior non-ZPA limb 

cells, we found that the single dysmorphic digit present in the Shh null mutant (Shhcre/-) is actually 

descended from posterior ZPA (LacZ+) d4/d5 progenitor cells (Figure 4c, extended data Figure 

3a).  Consistent with digit 1 identity, Hoxa13, which is critical for digit 1 specification27,29,40, and 

is absent or greatly reduced in ShhCre/- (0/4, Figure 4d, forelimb shown), was restored across the 

distal limb bud in the Shhcre/-;Shh-SmoM2+ (6/6; Figure 4d).  A late digit 1-specific marker 

(Uncx4.1) was also expressed in the rescued digit domain of Shhcre/-;Shh-SmoM2 (6/8), but not in 

ShhCre/- (0/4; extended data Figure 3b).  Together, these results strongly argue that a bona fide 

digit 1 is restored in the Shhcre/-;Shh-SmoM2, and indicate that digit 1 specification is actually Shh-
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dependent, requiring an indirect signal activated downstream of Shh-response in the ZPA.  

 
Several factors may explain why digit 1, but not other non-ZPA digits (digit 2,3) were restored by 

Shh-SmoM2.  Shh function in cell survival is still absent, and considerable apoptosis still present in 

the Shhcre/-;Shh-SmoM2+ limb buds (extended data Figure 3d), but enforcing cell survival (ShhCre/-

;Bax-/-;Bak-/-;Shh-SmoM2+; extended data Table 1) did not rescue any further digit formation 

besides digit 1 (8/8).  Failure to rescue digits 2-3 may reflect a requirement for an early proliferative 

signal that is not restored, and/or a problem inherent in the timing of enforced Shh-response in ZPA 

cells (induced by ShhCre only after normal Shh expression onset).  Additionally, activation is restricted 

to Shh-producing cells, which are mosaic in the early ZPA (Figure 3a); complete relay signaling may 

require target activation in adjacent non-Shh producing cells within the ZPA region.  The SmoM2 

allele also results in uniform, non-physiologic levels of autonomous pathway activation that might 

interfere with some normal target gene expression requiring different Shh activity levels.   

 
DISCUSSION:     
 
Our genetic rescue reveals two distinct roles for Shh in the limb: a transient (2-3hr), early 

requirement that is critical to specify all digits, and a sustained requirement to promote cell 

survival.  This transient Shh pulse is both necessary and sufficient for normal limb morphogenesis, 

if the role of Shh in maintaining cell survival is substituted (Bax/Bak removal).  Yet genetic lineage 

tracing shows that Shh acts only short-range and Shh-response is restricted to ZPA-derived digit 

progenitors (d4-d5) during the same time interval that suffices to specify all digits, indicating that 

Shh does not act as a limb morphogen and that non-ZPA digits (d1-3) are specified indirectly by 

a Shh-induced signal relay (Figure 4e).  Furthermore, although the digit 4/5 territory (ZPA) 

responds directly to Shh signaling early, digit 4/5 specification likewise requires only transient 

Shh exposure.  Unexpectedly, long-range Shh signaling occurs only at later limb bud stages and 

acts to sustain cell survival across the digit 2-5 territories.  This late stage signaling over extended 

distances may be facilitated by filopodia capable of transporting Shh ligand long-range in limb 

bud41.   

 
Uncovering the mechanisms that sustain gene activation after transient Shh exposure will be an 
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important future focus to illuminate how Shh patterns the developing limb.  Stable alterations in 

target gene expression following transient Shh exposure could involve several, non-mutually 

exclusive mechanisms including chromatin and/or DNA modifications and relay mechanisms 

incorporating lock-on circuitry42.  Target de-repression plays a major role in the limb, and recent 

work suggests that Shh targets are poised for expression as soon as Gli3-mediated repression is 

alleviated43.  A transient burst of Shh activity could trigger a self-reinforcing bi-stable switch42 if 

activating factors that reinforce target expression also block re-introduction of repressive marks 

by Gli3R.  Furthermore, our results clearly implicate non-cell autonomous relay signals that act 

downstream of transient Shh activity to specify non-ZPA derived digits.  Relay signals can become 

self-sustaining through either double-positive or double-negative feedback loops. For example, 

Tbx5 is required only transiently in the limb to initiate a self-sustaining Fgf10-Fgf8 positive 

feedback loop44,45. 

 
Digit identity is morphologic in nature, arising in distinct organization of the same tissues and not 

based in cell fate differences, features suggesting progressive specification.  Indeed, work in both 

chick and mouse models indicates that late interdigit signaling centers35,46-48  impinge on digit tip 

progenitors to regulate phalanx formation and determine final digit identities.  Shh may regulate 

digits specified at particular A-P limb positions through relay signals that establish late signaling 

centers (Figure 4e). Yet, a relay mechanism is incompatible with Shh acting either as a traditional 

morphogen or by temporal integration, as supported by gain-of-function chick studies showing 

graded effects1-3. Loss-of-function chick studies entail cyclopamine5,6,49, which blocks all 

Hedgehog ligands, and whose effects in ovo extend from early Shh into phalanx-forming stages 

(see Figure 3 in ref.49), also affecting digit tip Ihh expression.   Reduced Ihh causes phalangeal loss 

phenotypes48,50 that can score as digit identity changes attributed to Shh loss. Reduced cell 

survival due to Shh inhibition in these experiments may also impact late-stage digit 

morphogenesis (phalanx formation).  Notably, some chick studies have also suggested a role for 

relay mechanisms in Shh signaling; in particular, a membrane-tethered Shh ligand could still 

induce posterior digit formation at a distance3, and several papers have implicated Bmps as 

secondary signals modulating digit identity downstream of Shh2,47,51.  The discrepancy between 

mouse and chick remains to be explored.   
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Our genetic assay for relay signals revealed that digit 1 (d1), like other anterior digits (d2,d3), is 

actually Shh-dependent. But previous work clearly demonstrated that direct Shh signaling 

selectively prevents formation of d1 territory, and that a complex regulatory circuit repressing 

Shh expression-response in the anterior limb bud is essential for d1 specification1,52,53.  In contrast 

to other digits specified by Shh-induced relay signals, the digit 1 territory remains outside the 

range of Shh signaling response during the entire expansion phase when Shh maintains cell 

survival, which must be sustained differently. Why impose such a complex regulatory hierarchy 

for d1 specification (Figure 4e), involving repression by direct Shh signaling, but requiring an 

indirect Shh-dependent relay signal?   We propose that the unique control and consequent delay 

in d1 specification enabled its independent evolution by uncoupling its regulation and 

morphogenesis from that governing other digits.  Such regulatory uncoupling would facilitate the 

evolution of an opposable thumb, as well as related grasping/clutching adaptations important 

for arboreal tetrapods, including birds and mammals.   
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Methods 

 
Mouse lines and tamoxifen injection: 

All animal studies were carried out according to the ethical guidelines of the Institutional Animal 

Care and Use Committee (IACUC) at NCI-Frederick under protocol #ASP-17-405. The Shh-floxed54, 

Shh null55, Bax-flox;Bak-/-14, and Gli3 (Xt-J)56 mutant lines, and the Hoxb6CreER57, ShhCre, 

ShhCreER4, Gli1CreER10, RosaSmoM238, RosaLacZ58, and RosaEYFP59 mouse lines were all 

described previously.  Bax-deleted (Bax+/-) mice were generated by crossing Bax-flox males with 

Prrx1Cre60 females to produce germ-line recombination.  A detailed summary of the crosses used 

to generate embryos for different experiments and outcomes is provided in extended data Table 

1.   For timed matings, noon on the date of the vaginal plug was defined as E0.5. For phenotypic 

rescue with Hoxb6CreER, pregnant mice were injected intraperitoneally with a single dose of 3mg 

tamoxifen (Sigma, T-5648) and 1mg progesterone61 (Watson, NDC 0591-3128-79) at E9.5+3hrs 

and embryos were collected at times indicated.  For lineage tracing with ShhCreER and Gli1CreER, 

a single dose of 0.5mg tamoxifen was injected at the times indicated. 

 
Whole mount in situ hybridization: 

Hybridizations were carried out following a previously described detailed protocol62.  Embryos 

were fixed in 4% paraformaldehyde overnight, washed in PBS, gradually changed to absolute 

methanol and bleached with 5% H2O2. Embryos with different genotypes were treated together, 

in one tube, with 20ug/ml proteinase K for 8-16 mins based on the embryo age (this step was 

omitted for Fgf8 probe). Gene-specific, digoxigenin-UTP labeled probes were synthesized from 

cDNA templates, and incubated with embryos in hybridization buffer with 50% formamide 

overnight at 70oC. The embryos were then washed with a series of buffers and incubated in 

alkaline-phosphatase-conjugated anti-digoxigenin antibody overnight at 4oC.  After washing with 

0.1% Tween in Tris buffered saline, embryos were incubated in BM purple (Sigma, 11442074001) 

to detect hybridized RNA. 

 
Skeletal staining: 

For skeletal staining63, embryos were collected at E15.5-E18.5 and fixed in absolute ethanol 
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overnight, followed by acetone overnight, and by staining in alcian blue/alizarin red in 95% 

ethanol overnight.  After clearing in 1% KOH in H2O for several hours followed by 1% KOH in 20% 

glycerol, embryos were stored and imaged in 50% glycerol.  

 
Lysotracker staining: 

Embryos were collected in PBS and immediately incubated in lysotracker red (Sigma) in PBS with 

calcium and magnesium for 30 mins at 37oC. Embryos were then washed in PBS and fixed in 4% 

paraformaldehyde overnight at 4oC. Embryos were washed in PBS, transferred to absolute 

methanol in graded steps and cleared in benzyl alcohol/benzyl benzoate (BABB) solution to 

visualize staining.  

 
Western blot and quantification analysis: 

For western blot analysis, hindlimb buds from individual E10.75 embryos were dissected and 

lysed in 1x NuPAGE LDS sample buffer with 2% SDS and proteinase inhibitors. Reducing agent 

was added and samples were heated to 95 oC for 10 mins before loading. Two hindlimb buds 

(from 1 embryo) were loaded per lane, and electrophoresed in NuPAGE 3-8% Tris-Acetate protein 

gels. Proteins transferred to nitrocellulose membranes were probed with either affinity-purified 

polyclonal rabbit anti-Gli320 or goat polyclonal anti-Gli3 (R&D, AF3690) and mouse anti-vinculin 

(Sigma, V9264) and visualized with fluorescent secondary antibodies (LI-COR IRDye 800CW, 926-

32211, anti-rabbit green; 926-32214, anti-goat green; and with #680RD, #926-68072, anti-mouse 

red) using LI-COR Odyssey CLx. Bands were quantified with Image Studio software.   

 
Beta-galactosidase (LacZ) staining: 

Embryos were fixed in 2% paraformaldehyde with 0.2% glutaraldehyde for 1h, washed in PBS 

with 0.1% Tween and stained with XGal (1mg/ml) in PBT and 2mM MgCl2, 5mM Ferro-CN, 5mM 

Ferri-CN, at 37 oC for several hours. 
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Figure legends: 

 
Figure 1.  A transient pulse of Shh activity is both necessary and sufficient to specify all digits if 

cell survival is enforced.  

a, Diagram of Shh expression timeline in wildtype mouse hindlimb buds at successive embryo 

stages, with Shh/ZPA in green. Axis orientation for early limb buds, digit condensation (E12.5) 

and late skeletal (E16.5) stages indicated at left.  Hindlimb Shh expression initiates at E10 and 

ceases around E12 (~48 hrs). Duration of patterning by Shh (~2-3 hrs) compared to cell 

survival/expansion role in outgrowth (48 hrs) summarized from results in b,c below. 

b, Assay of Shh activity (direct response) by Ptch1 RNA expression after tamoxifen treatment (at 

times post-treatment indicated by timeline) in control (Shh+/c;Bax-CKO, upper panels) and in Shh-

CKO;Bax-CKO hindlimb buds (lower panels).  Note that Shh expression initiates at about 6-8 hrs 

after the time of tamoxifen injection (a).  No activity was detected in either control (n=9) or Shh-

CKO;Bax-CKO hindlimbs at 4h after tamoxifen dosage (n=7). Shh activity was first detected at 6h 

after tamoxifen injection in a subset of control (7/12, arrow) and in Shh-CKO;Bax-CKO (7/15, 

arrow) embryos, and became consistent and robust by 8hr in control (n=12, arrow), but was 

absent in all Shh-CKO;Bax-CKO embryos (n=10).  Limb buds in all panels oriented with anterior at 

top and distal at right. so, somite.      

c, Skeletal staining (E16.5) following Bax/Bak and Shh removal by tamoxifen (given at E9.5+3h, as 

in b).  In control hindlimbs with Bax/Bak function present (Bax [+], Bax+/c; upper panels) all Shh-

CKO embryos (28/28) have a single digit structure with phenotype the same as Shh null (Shh-/-). 

In hindlimbs with Bax/Bak function absent (Bax [-], Baxc/c; lower panels), about half of the Shh-

CKO embryos (18/31) have between 3-5 normal digits and normal zeugopod elements (tibia, 

fibula), but all Shh null embryos (Shh-/-, n=18/18) with Bax/Bak removal retain the null mutant 

phenotype . Right most panel shows an example of Shh-CKO;Bax-CKO with 5-digit phenotype.  All 

limb skeletons oriented with anterior (digit 1) at left and distal at top of panel. Ti: tibia; Fi: fibula. 

 
Figure 2. Rescued digit formation in Shh-CKO;Bax-CKO embryos is not due to pathway re-

activation, but expression of targets implicated in outgrowth and patterning is maintained. 

a, RNA expression of genes monitoring Shh pathway activity (Hand2, Ptch1) and Shh targets that 
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regulating outgrowth/patterning (Grem1, Hoxa13, Hoxd13) at E10.5-10.75 and at E11.5, after Shh 

removal by tamoxifen at E9.5+3h (as in Fig. 1b). Bax/Bak function absent (Bax-CKO) in all embryo 

genotypes.  No Hand2 or Ptch1 is detected in Shh-CKO;Bax-CKO hindlimb buds or in Shh null (Shh-

/-;Bax-CKO).  Grem1 and Hoxa13 expression at both E10.75 and E11.5, and Hoxd13 late phase 

distal expression at E11.5 are sustained in a subset (about 50%) of Shh-CKO;Bax-CKO hindlimbs, 

in contrast to Shh-/-; Bax-CKO. Mutant numbers analyzed giving the result shown are indicated in 

each panel.  In remaining Shh-CKO;Bax-CKO embryos, expression is unchanged from Shh-/-; Bax-

CKO (absent, markedly reduced).  All limb buds oriented with anterior at top and distal at right.  

b, Immunofluorescence quantitation of Gli3 full-length (Gli3 FL) and repressor (Gli3 R) protein at 

E10.5, following Bax/Bak and Shh removal as in Fig 1b.  Typical blot shown to left with anti-Gli3 

(green) and anti-vinculin (red) shows elevated Gli3R in Shh-CKO;Bax-CKO and Shh-/-;Bax-CKO 

compared to control (Shh+/-;Bax-CKO).   Immunofluorescence quantification of Gli3 FL/R ratio 

shown to right in bar-graph; N indicates numbers of independent samples (single hindlimb pairs) 

analyzed for each genotype.  Gli3 FL/R is equivalently reduced in Shh-CKO;Bax-CKO (p=0.00002) 

and in Shh-/-;Bax-CKO (p=0.001) compared to control hindlimb buds , and Gli3 FL/R shows no 

significant difference between Shh-CKO;Bax-CKO and Shh-/-;Bax-CKO (p=0.48).  ***, p <0.001.     

c, Effect of Gli3 dosage reduction (Gli3+/-) on Shh-CKO and Shh-/- skeletal phenotypes (E16.5). 

Unlike Bax/Bak removal (Bax-CKO), Gli3 dosage reduction alone results in a Shh-CKO phenotype 

that is unchanged from Shh-/-;Gli3+/-, and fails to restore normal limb morphology (arrow bar).  

Further removal of Bax/Bak in Shh-/-;Gli3+/- (center panel) did not change the skeletal phenotype 

from Shh-/-;Gli3+/-.  Numbers analyzed with the phenotype shown are indicated at bottom of each 

panel.   All limb skeletons oriented with anterior (digit 1, tibia) at left and distal at top of panel.  

 
Figure 3. Lineage tracing of Shh expression and response in wild-type embryos at time of Shh 

expression onset.   

a, Distribution of RosaLacZ reporter+ descendant cells after a single Tamoxifen dose injected at 

stages indicated.  Embryos were collected several days later at E13.5 to visualize hindlimb digit 

rays and identify contribution of descendants to each digit (data summarized in b).  Both ShhCreER/+ 

and Gli1CreER/+ alleles were present in single crosses to enable comparison of descendants from 

Shh-expressing (ShhCreER/+;RosaLacZ/LacZ, top row) and Shh-responding (Gli1CreER/+;RosaLacZ/LacZ, 
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bottom row) cells in sibling embryos (positive for a single Cre allele) under identical conditions 

(embryo age, tamoxifen dose).  Tamoxifen treatment at E9.5 or E9.75 (time window when 

transient Shh activity restores normal limb development in Shh-CKO;Bax-CKO) shows that direct 

Shh-response is limited to the digit 4, 5 territory.  Long-range response in digit 2-3 territory 

becomes prominent later, by E10.5.   All limb buds oriented with anterior (digit 1) at left and 

distal at top of panel.   

b,  Summary diagram of data in (a) shows tamoxifen activity time window (red bar) overlap with 

Shh expression/response (solid/hatched green in hindlimb outlines) and the digit contributions 

of ZPA or Shh-responsive descendants (to right) for each tamoxifen injection time analyzed in (a).  

Effective tamoxifen duration was estimated to be about 12 hours (from ref78 and data in Figs 1b, 

extended data Figure 1a). Tamoxifen injected at 12 hours (E9.5) or 6 hours (at E9.75) before Shh 

expression onset (at ~ E10 in hindlimbs) result in narrow CreER activity duration times (short red 

bars in top 2 rows), that label an early population of Shh-expressing (ZPA; panel a-top row) and 

direct responding (panel a-bottom row) cells during the Shh activity time window necessary and 

sufficient for normal digit specification (Fig. 1). These early responding cells only contribute to d4 

and d5 (hatched green in the left diagram of E13.5 hindlimb), indicating d2 and d3 are specified 

by indirect mechanism (blue). Cells respond to late Shh, important for cell survival/growth, 

contribute to d2 – d5 (hatched green in the right diagram of E13.5 hindlimb).  

 
Figure 4. Relay signals downstream of enforced Hh-response in ZPA domain restore normal 

digit 1 formation in Shh-/- null limbs. 

a, Schematic of strategy to detect relay signals from ZPA.  ShhCre knock-in (KI), mutant allele 

crossed with Shh+/-;RosaSmoM2 activates Shh-response in the ZPA of Shh null limb bud (Shhcre/-) 

cell-autonomously.  Phenotypic changes in non-ZPA digits would require a non-autonomous 

downstream signal (relay). 

b, Skeletal phenotypes (E16.5) of Shh null limbs with enforced Shh-response (SmoM2 active in 

ZPA domain). A normal digit 1 (d1) is restored in both forelimbs and hindlimbs in Shhcre/-;Shh-

SmoM2+ embryos with high efficiency (21/32; right panels). Note that posterior digits (4, 5) are 

dysmorphic and uninterpretable due to constitutive Hedgehog pathway activation during 

chondrogenic differentiation (see also Extended data Figure 3).  Limbs oriented with anterior at 
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left and distal at top of panel.  

c, LacZ reporter expression in ZPA-derived lineage in E11.5 and E14.5 hindlimbs. At E14.5, 

although ZPA descendants extend anteriorly in Shhcre/-;Shh-SmoM2+(middle panels), the 

anterior-most digit is devoid of LacZ+ cells (5/5, arrow). In contrast, the single dysmorphic digit 

in Shh null (ShhCre/-; left panels) arises entirely from LacZ+ ZPA descendant cells (7/7). Close-up of 

footplate skeletal phenotypes (E16.5) shown in bottom row for comparison.  In all panels, limb 

buds and limbs are oriented with anterior (digit 1) at left and distal at top of panel.  

d, Hoxa13 RNA expression at E11.5 in distal limb buds is restored in Shhcre/-;Shh-SmoM2+ (6/6; 

middle panel, forelimb shown), but is absent in Shh null ( ShhCre/-; left panel forelimb).  All limb 

buds are oriented with anterior at top and distal at right of panel. 

e,  Model for digit specification by early Shh activity.  Shh is required transiently to specify non-

ZPA digits (d1-d3), including digit 1 (d1), by activating relay signals in the ZPA domain.  Prior work 

has shown that direct Shh signaling uniquely inhibits d1 specification52,53.  Together, direct 

repression and indirect promotion establish a unique regulatory network for d1 (thumb).  Unlike 

d1-d3, ZPA-descended digits (d4, d5) do respond directly to Shh signaling early, but whether this 

direct signaling is essential, or if relay signals also play a role in d4,d5 specification has not been 

excluded in this study.  We propose that the relay signaling initiated by early transient Shh activity 

plays a role in establishing late graded interdigit signaling centers that ultimately regulate final 

digit identity.  Continued late Shh activity is required for sustained cell survival during expansion 

of limb bud digit progenitors.      

 
Extended Data Figure legends: 

 
Extended Data Figure 1.  Duration of Shh activity and enforced cell survival in Shh-CKO;Bax-

CKO embryos. 

a, Assay of Shh activity (direct response) by Gli1 RNA expression after tamoxifen treatment (at 

times post-treatment indicated by timeline) in control (Shh+/c;Bax-CKO, upper panels) and in Shh-

CKO;Bax-CKO hindlimb buds (lower panels).  Note that Shh expression initiates at about 6-8 hrs 

after the time of tamoxifen injection.  No activity is detected in either control (n=10) or Shh-

CKO;Bax-CKO (n=9) hindlimbs at 3h after tamoxifen dosage.  Shh activity was first detected at 6h 
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after tamoxifen injection in a subset of control (6/10, arrow) and Shh-CKO;Bax-CKO (4/10, arrow) 

hindlimb buds, and became consistent and strong by 9h in control (n=9), but was absent in all 

Shh-CKO;Bax-CKO embryos (n=11).  Limb buds in all panels oriented with anterior at top and 

distal at right.  so, somite.  

b, Lysotracker staining for cell death at E10.75, following Bax/Bak and Shh removal with 

tamoxifen at E9.5+3h (as in panel a).  In control hindlimbs with Bax/Bak function present (Bax 

[+], Bax+/c; upper panels) all Shh-CKO embryos (10/10) have extensive apoptosis at the same level 

as Shh null mutant (Shh-/-, n=7). In hindlimbs with Bax/Bak function deleted (Bax [-], Baxc/c; lower 

panels), no apoptosis is detected in either Shh-CKO (11/11) or in Shh-/- null (9/9) hindlimb buds. 

Note that Hoxb6CreER is not expressed in somites, where apoptosis remains present.   Limb buds 

in all panels oriented with anterior at top and distal at right. 

 
Extended Data Figure 2. Expression of Shh target genes implicated in limb bud outgrowth and 

digit patterning, but not in Shh-pathway activity, is maintained in Shh-CKO;Bax-CKO.    

No expression of Gli1 is detected in Shh-CKO;Bax-CKO hindlimb buds or in Shh null (Shh-/-;Bax-

CKO) at E11.5, indicating a lack of Shh pathway reactivation.  In contrast, Fgf8, Jag1, Cyp26b1, 

and Hoxd11 expression at E10.75 and E11.5 are sustained in a subset (about 50%) of Shh-

CKO;Bax-CKO hindlimbs. In Shh-/-;Bax-CKO, Cyp26b1 and Hoxd11 expression were preserved at 

E10.75, but markedly reduced or lost by E11.5;  Fgf8 was still expressed, but at a reduced level 

by E11.5.  Fgf8 was only evaluated at E11.5 because expression is unaltered even in Shh-/- null at 

E10.7511.  Mutant numbers analyzed with the result shown are indicated in each panel. In 

remaining Shh-CKO;Bax-CKO embryos, expression was unchanged from Shh-/-;Bax-CKO.  The 

lower set of panels show Hoxd13 expression at E12.5, which is maintained in Shh-CKO;Bax-CKO 

with phenotypic rescue of footplate (4/4), and in the digit rudiment of litter mate Shh-CKO;Bax+/- 

hindlimbs (2/2) similarly to the Shh-/-;Bax-CKO. All limb buds oriented with anterior at top and 

distal at right.   

 
Extended Data Figure 3. A bona fide digit 1 is restored in Shhcre/-;Shh-SmoM2+ limbs and is not 

a consequence of cryptic anterior Hedgehog ligand/pathway activation.  

a, Skeletal staining (E17.5) and ZPA lineage tracing (E14.5) of control Shhcre/+;Shh-SmoM2 (Shh+) 
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embryos. In control Shhcre/+;Shh-SmoM2+, posterior digits are dysmporphic and uninterpretable 

because of constitutive Hedgehog pathway activation (brackets in middle 2 panels), and a small 

percentage of limbs have preaxial polydactyly (*, 4/64), related to ectopic anterior Shh activation 

revealed by ZPA lineage tracing at E14.5 (LacZ+, arrow). The single digit in Shh null arises entirely 

from ZPA descendants (right panels).  Ti: tibia; Fi: fibula.  Limb skeletons (and b panels) oriented 

with anterior (digit 1, tibia) at left and distal at top of panel.   

b, Uncx4.1 RNA expression in E14.5 forelimbs. Uncx4.1 is expressed exclusively in digit 1 in control 

forelimbs (Shh+/-; left panel), and is expressed in the rescued digit 1 in  Shhcre/-;Shh-SmoM2+ (6/8; 

middle panel, arrow), but is not detected in Shh-/- limbs (n=4; right panel).  

For (c) - (d), all limb buds are oriented with anterior at top and distal at right of panel. 

c, Ptch1 and Gli1 RNA expression in E11.5 forelimbs. Ptch1 and Gli1 are expressed in the posterior 

limb buds in Shhcre/-;Shh-SmoM2+, consistent with cell-autonomous Shh pathway activation in 

ZPA domain, but no expression is detected in the anterior limb bud (n=10, Ptch1; and n=8, Gli1).  

d, Lysotracker staining (for cell death) and LacZ+ (or EYFP+) detection of ZPA lineage in Shhcre/-

;Shh-SmoM2+ limb buds. Apoptosis persists in anterior non-ZPA descended limb bud in Shhcre/-

;Shh-SmoM2+ limb buds similar to Shh null (Shh-/-) at E10.75 and E11.5, but subsides by E12.5. 

RosaLacZ or RosaEYFP Cre-reporters were used to mark ZPA lineage.  
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              Table 1.  list of genetic crosses, embryo numbers analyzed, and outcomes for experiments related to each figure. 
 
                                                                  Shorthand                                            Tam Tx                                       related to 
                               Alleles crossed:                         notation:             % Rescued†            time:    phenotype/analysis:  Figure: 

 †skeletal numbers refer to embryo numbers (left+right hindlimb both rescued) 
             *ED, extended data figure 
 
 
 

 
 

Shh+/C;Bax+/C;Bak-/-;Hoxb6CreER x  
                  ShhC/C;Bax C/C;Bak-/-;Hoxb6CreER 

Shh-CKO;Bax-CKO 
Shh-CKO;Bax+/c 

18/31 (Bax-hom); 
0/28 (Bax-het)   E9.5+3h Limb skeleton Fig. 1 

Shh+/-;Bax+/C;Bak-/-;Hoxb6CreER-hom x  
                 Shh+/-;Bax C/C;Bak-/- Shh-/-;Bax-CKO 0/18 (Bax-hom) 

E8.75- 
E9.5 limb skeleton Fig. 1 

Shh+/-;Bax +/-;Bak-/-   x    Shh+/-;Bax +/-;Bak-/- Shh-/-;Bax-/- 
0/6                       
(relative to Shh-CKO;Bax-CKO)     NA limb skeleton 

Same as 
 Fig.1 

Shh+/C;BaxC/C;Bak-/-;Hoxb6CreER x  
                ShhC/C;Bax C/C;Bak-/-;Hoxb6CreER  Shh-CKO;Bax-CKO NA-see Fig. 1, ED1*, text   E9.5+3h 

transient Shh activity 
detection Fig. 1,ED1 

Shh+/-;Bax+/C;Bak-/-;Hoxb6CreER-hom x  
                Shh-/C;Bax C/C;Bak-/-;Hoxb6CreER 

Shh-CKO;Bax-CKO   
Shh-/-;Bax-CKO NA-see Fig. ED1, text   E9.5+3h Cell survival Fig. ED1 

Shh+/-;BaxC/C;Bak-/-;Hoxb6CreER-hom x  
                Shh-/C;Bax C/C;Bak-/-;Hoxb6CreER 

Shh-CKO;Bax-CKO 
Shh-/-;Bax-CKO NA-see Fig. 2, ED2, text E9.5+3h 

Hh activity reporters:  
Hand2, Ptch1, Gli1 
Gli3 western Fig. 2,ED2 

Shh+/-;Gli3+/-;BaxC/C;Bak-/-;Hoxb6CreER-hom x  
                Shh+/-;Bax C/C;Bak-/-;Hoxb6CreER 
 
Shh+/-;Gli3+/-  x  ShhC/C;Hoxb6CreER 
 
Shh+/-;BaxC/C;Bak-/-;Hoxb6CreER-hom x  
                Shh-/C;Bax C/C;Bak-/-;Hoxb6CreER 

Shh-/-;Gli3+/-;BaxCKO 
                     
 

Shh-/-;Gli3+/-  
Shh-CKO;Gli3+/- 

 
Shh-CKO;Bax-CKO 

10/10 (relative to Shh-/-)   
  
   

8/8 (relative to Shh-/-)   
12/12 (relative to Shh-CKO)   
 
 

18/31 (relative to Shh-CKO)   
E9.5+3h  
or no tam 

limb skeleton - Gli3 dosage 
 modulation 
 
 
 
 
 Fig. 2 

Shh+/-;BaxC/C;Bak-/-;Hoxb6CreER-hom x  
                   Shh-/C;Bax C/C;Bak-/-;Hoxb6CreER 

Shh-CKO;Bax-CKO 
Shh-/-;Bax-CKO NA-see Fig. 2, text E9.5+3h 

Shh target gene  
expression:  Grem1, 
Hoxa13, Hoxd13 Fig. 2 

Shh+/-;BaxC/C;Bak-/-;Hoxb6CreER-hom x  
                   Shh-/C;Bax C/C;Bak-/-;Hoxb6CreER 

Shh-CKO;Bax-CKO 
Shh-/-;Bax-CKO NA-see Fig. ED2, text E9.5+3h 

Shh target gene  
expression:  Jag1, Fgf8,  
Cyp26b1,Hoxd11, Hoxd13 Fig. ED2 

ShhCreER/+;RosaLacZ/LacZ  x Gli1CreER/+;RosaLacZ/LacZ 

ShhCreER+  or 
Gli1CreER+ 
 

-51 embryos analyzed 
-60 embryos analyzed  
NA-see Fig. 3, text 

Various- 
see Fig 4 

Shh-expressing (ZPA) and  
Shh-responding lineages Fig. 3 

ShhCre/+;RosaLacZ/LacZ  x  Shh+/-;RosaSmoM2/SmoM2 

ShhCre/+;RosaLacZ/LacZ  x  Shh+/- 

ShhCre/-;Shh-SmoM2 
ShhCre/- 

 

21/32 (digit 1+)  
0/6 (digit 1+) 
NA-see Fig. 4, text NA 

Limb skeleton 
 
ZPA (LacZ) lineage, Hoxa13 in         Fig. 4 

ShhCre/+;Bax+/-;Bak-/-;RosaLacZ/LacZ  x   
                     Shh+/- ;Bax +/-;Bak-/-;RosaSmoM2/+   

ShhCre/-;Bax/Bak-KO; 
Shh-SmoM2 8/8  (only digit 1 restored) NA Limb skeleton 

Same as 
Fig. 4 

ShhCre/+;RosaLacZ/LacZ  x   Shh+/-;RosaSmoM2/+ 

ShhCre/+;Shh-SmoM2 
 
 
ShhCre/-;Shh-SmoM2 
ShhCre/- 

4/64  (ectopic ZPA, extra  
 X  duplicated anterior digit) 
  
 
NA-see Fig. ED3, text NA 

Limb skeleton 
ZPA (LacZ) lineage 
 
digit 1 marker: Uncx4.1 
Hh activity: Ptch1, Gli1  Fig. ED3 

ShhCre/+;RosaLacZ/LacZ  x  Shh+/-;RosaSmoM2/+ 

ShhCre/+;RosaEYFP/EYFP  x  Shh+/-;RosaSmoM2/+ 

ShhCre/-;Shh-SmoM2 
ShhCre/- 

 

-10 embryos analyzed   
- 6 embryos analyzed 
NA-see Fig. ED3, text NA 

ZPA (LacZ, EYFP) lineage;  
cell survival analysis 
 Fig. ED3 
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