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Cholesterol modification restricts the spread
of Shh gradient in the limb bud
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Sonic hedgehog (Shh) produced in the zone of polarizing activity
is the major determinant of anteroposterior development of the
amniote limb. The mature and active Shh protein is cholesterol-
modified at its C terminus, and the hydrophobic nature of the
modification requires the function of Dispatched (mDispA), a
seven-pass transmembrane protein, for Shh release from its source.
The current model suggests that the cholesterol moiety promotes
the spread of Shh gradient in the limb bud. However, this model
is inconsistent with findings in Drosophila and not in line with
current thoughts on the role of the cholesterol moiety in Shh
multimerization. Therefore, it remains unclear how the cholesterol
moiety affects the postrelease extracellular behavior of Shh that
relates to the shape of its activity gradient in responsive tissues.
Here, we report functional analyses in mice showing that Shh
lacking cholesterol modification (ShhN) has an increased propen-
sity to spread long-distance, eliciting ectopic Shh pathway activa-
tion consistent with target gene expressions and modulating the
level of Gli3 processing in the anterior limb mesoderm. These
molecular alterations are reflected in the mispatterning of digits in
ShhN mutants. Additionally, we provide direct evidence for the
long-distance movement of ShhN across the anteroposterior axis
of the limb bud. Our findings suggest that the cholesterol moiety
regulates the range and shape of the Shh morphogen gradient by
restricting rather than promoting the postrelease spread of Shh
across the limb bud during early development.
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ecreted molecules encoded by the Hedgehog (Hh) gene

family are key signals in regulating the growth and patterning
of invertebrate and vertebrate embryos (1-3). One of the
prominent features of Hedgehog ligands is the ability to act as
a classical morphogen in developing tissues. In vertebrates, this
feature is highlighted by the apparent requirement of Shh
signaling in the specification of positional information along the
anteroposterior axis of the limb bud (4, 5). The active Shh
protein ShhNp (p stands for “processed”) is doubly lipid-
modified, with a cholesterol moiety at its C terminus and a
palmitate at its N terminus (6, 7). The cholesterol moiety of
ShhNp is acquired as the Shh precursor undergoes intramolec-
ular cleavage reaction (8), and palmitate addition is catalyzed by
putative acyltransferase encoded by the Skinny hedgehog (Ski)
gene (9, 10). The palmitoylation of Shh appears to be important
to augment Shh activity, because mouse embryos exclusively
expressing Shh lacking palmitoylation (Shh®>S) have signifi-
cantly reduced patterning activity in the neural tube and the limb
(11). Similarly, embryos lacking Ski function also show pheno-
types resembling those of Hh loss-of-function in both Drosophila
and mouse (9-11).

ShhNp is tightly associated with cell membrane in tissue
culture cells (8, 12), and the hydrophobic nature of the choles-
terol modification requires the function of mouse Dispatched
(mDisp), a 12-pass transmembrane protein with a sterol-sensing
domain, in order for Shh to be released from its site of synthesis
(13-15). Work by others has indicated that Shh lacking choles-
terol moiety (ShhN) displays surprisingly restricted distribution
and activity in the limb bud and concluded that the cholesterol
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moiety is required for Shh to move away from cells close to the
zone of polarizing activity (ZPA) for long-distance signaling (16,
17). However, these findings are at odds with studies performed
in Drosophila imaginal discs (6, 18), where Hh lacking cholesterol
has extended range of movement and signaling. Studies by others
may have been hampered by the significantly lower Shh tran-
script level in the ZPA of ShhN mutants, compared with wild
type, which is apparent even at an early limb bud stage (16).
Therefore, it remains unclear how the cholesterol moiety affects
the postrelease extracellular behavior of Shh and how this builds
the range and shape of the Shh activity gradient during antero-
posterior patterning of the limb. Here, we show that cholesterol
modification of Shh is essential to the spatial regulation of Shh
signaling gradient during limb development. In contrast to
previous reports, we provide evidence that, in the absence of
cholesterol moiety, Shh spreads far from its site of synthesis,
eliciting ectopic pathway activation in the anterior limb margin.
The long-range effects of ShhIN are completely refractory to the
absence of mDispA function. Our data also indicate that the
long-range spreading of ShhN reduces local concentration that
significantly affects Shh pathway activity in the posterior limb
mesoderm. Our study reveals an essential role for cholesterol
moiety in restricting rather than promoting the Shh activity
gradient during limb development.

Results

Shh Lacking Cholesterol Moiety Has Extended Range of Signaling. In
an effort to address the function of the Shh cholesterol moiety
in regulating Shh gradient, we generated a line of conditional
mice expressing ShhN in a Cre recombinase-dependent manner.
The design of these mice is aimed at circumventing embryonic
lethality and RNA instability potentially associated with non-
sense-mediated RNA decay caused by premature translational
termination (19). The modified Shh locus (referred to as Shhfox)
contains an upstream loxp sequence in-frame with the Shh
processing domain, followed by a downstream loxp sequence
soon after the termination codon (see Fig. 7, which is published
as supporting information on the PNAS web site). Therefore, in
the absence of Cre recombinase, the cholesterol-modified ShhN
will contain additional loxp-derived residues at the C terminus.
Because Shh/*/* is fully viable with no discernable phenotypes,
it is unlikely that the presence of these additional loxp-derived
residues will alter ShhN behavior or exert dominant effect on
wild-type Shh protein. Moreover, limb skeletal patterns of
homozygous Shh/* embryos remain relatively unaffected (see
Fig. 8, which is published as supporting information on the PNAS
web site), although they die shortly after birth. The presence of
an upstream loxp sequence between the signaling and processing
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Fig. 1.  ShhN elicits ectopic Shh pathway activation and target gene expres-
sions in the hindlimb bud. (A-0) Whole-mount in situ hybridization of E10.5
wild-type (A-E), ShhN* (K-0), and ShhN~ (F-J) hindlimb buds, examining the
expression of Shh and its target genes Ptch1, Glil1, Gre, Hoxd13, and Fgf4, as
indicated. Black arrows denote ectopic activation of Shh target genes in the
anterior limb margins. Also note that the expressions of G/i1 and Hoxd13 (G
and /) can be detected in a diffused pattern in the midregion of ShAN* and
ShhN~ limb-bud mesoderm (yellow arrows).

domains appears to reduce the efficiency of Shh precursor
processing, as noted, with an insertion of a gfp sequence at a
similar location in Drosophila Hh (20).

To generate embryos expressing ShhN, we intercrossed
Shhfoxe and Sox2-Cre mice that express Cre uniformly in the
epiblast and all embryonic derivatives under the control of Sox2
enhancer (21). The Sox2-Cre line has been successfully used to
globally delete gene functions, including Shh (21, 22). Complete
excision of ShhC in early limb buds was confirmed by crossing to
ZEG reporter mice as well as by PCR analysis (Fig. 7).

To determine whether ShhN is capable of long-range signal-
ing, we examined patterns of Shh target gene expressions in
ShhN limbs. The expressions of Ptchl and Glil provide direct
and sensitive readouts of Shh pathway activation (23, 24). In
contrast to wild-type limbs, we observed ectopic expressions of
Glil and weak but detectable Ptchl in the anterior limb margin
of both fore- and hindlimb buds expressing ShhN (Fig. 1, black
arrows and Fig. 9, which is published as supporting information
on the PNAS web site), in either Sh#AN~or ShhN* background,
regardless of the absence or presence of ShhNp. Furthermore,
noticeable Glil expression is also activated in a diffuse pattern
across the ShAN mutant limb mesoderm (Fig. 1G, yellow arrow).
As an additional readout of Shh signaling, we examined patterns
of other Shh-regulated genes that are normally expressed in
posterior limb margins. Consistent with ectopic Shh pathway
activation, the expressions of Gremlin (Gre), Hoxd13, and Fgf4
are also activated in anterior limb mesoderm and the apical
ectodermal ridge (AER) at the distal tip of the limb bud (Fig. 1).
Thus, these findings suggest that ShhN is capable of long-range
signaling.

The Establishment of Ectopic Shh-Expressing Cells in the Anterior ShhN
Limb Margin. The relatively enhanced Shh pathway activation in
the anteriormost margin (Fig. 1, black arrows) is likely attributed
to subsequent maintenance of long-range ShhN signal through
establishment of an ectopic Shh-expressing domain via an Shh-
Fgfs positive-feedback loop (25, 26). Because RNA in situ
hybridization is not sensitive enough to detect a small population
of Shh-expressing cells, we used a Shh-Cre line that we had
generated (Y. Litingtung and C.C., unpublished work), which
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Fig.2. EctopicShhexpressioninthe anterior margin of the limb bud atE11.5.
The Shh-expressing cells and their descendants are marked by /acZ reporter
gene in ShhCre;Rosa26R (A) and ShhCre/Shhfloxc;Rosa26R (B) embryos. Note
the presence of ectopic Shh-expressing cells only in the anterior margins of
ShhN mutant limb buds (arrow).

expresses Cre under the control of endogenous Sk promoter
and also abolishes Skh function. Accordingly, the phenotype of
the homozygous Shh-Cre line is indistinguishable from Shh '~
embryos. A similar Shh-Cre line was used to follow patterns of
Shh-expressing cells and their descendents in the limb by lacZ
reporter expression by using R26R mice (27). Consistent with
higher Shh pathway activity, we find that Shh expression has,
indeed, been activated in the anterior margin of Shif*/ShhCre
limbs at embryonic day (E)11.5 (Fig. 2, arrow).

ShhN Spread Far from the ZPA and Affects Shh Pathway Activity in the
Limb. In addition to ectopic Shh pathway activation, we observe
a clear reduction in the normal levels of Shh target gene
expressions in the posterior limb mesoderm, closer to the site of
ShhN synthesis (Fig. 1). The AER of ShAN~ limbs also shows
reduced and discontinuous Fgf4 expression (Fig. 1J), consistent
with reduced Gre expression, which is required to stabilize the
expression of Fgf4 by antagonizing Bmp signaling (28). In
forelimb development, which precedes that of the himblimb,
reduced expressions of Shh target genes in the posterior limb
buds are more pronounced (Fig. 9), as expected from prolonged
disruption of the Shh-Fgfs positive-feedback loop (25, 26). The
reduction in target gene expressions is not due to low Shh
transcript level, because significant Shh expression is detected in
the ZPA (see Fig. 3). Thus, these reductions are likely attributed
to lower Shh protein concentration in the ZPA as a result of
long-range spreading of Shh.

To provide direct evidence for long-range ShhN movement,
we examined Shh protein distribution in the limb bud. As
reported, ShhNp protein is distributed in a graded fashion with
highest level in the ZPA, followed by a gradual decline as the
protein spreads anteriorly up to one-third of the limb bud (29)
(Fig. 3D). By contrast, we find that in ShAN limbs, ShhN protein
is detected across the anterior/posterior axis up to the anterior
limb margin (Fig. 3 E and F), suggesting that ShhN has increased
propensity to spread far from its site of synthesis. Indeed, we
observe reduction of ShhN protein in the ZPA of ShAN~ limbs,
consistent with reduced Shh pathway activation in the posterior
limb mesoderm. Interestingly, long-range ShhN protein is pref-
erentially distributed in the distal limb mesoderm close to the
ridge, suggesting that this region may be more permissive to
ShhN spreading or that ShhN is rapidly cleared from the
proximal mesoderm. Our findings provide strong evidence that
ShhN has extended range of movement across the limb bud.

Reduction of Gli3R Formation in ShhN-Expressing Limb Buds. Control
of Gli3 proteolytic processing by Shh signal is a critical deter-
minant of anterior/posterior limb polarity (30-32). In early limb
buds, cells away from the source of Shh signal respond by

PNAS | April 25,2006 | vol. 103 | no.17 | 6549

DEVELOPMENTAL
BIOLOGY



Fig.3. ShhN hasincreased propensity to spread across the anterior/posterior
axis of the limb bud. Shh RNA (A-C) and protein (D-F, green) distributions in
wild type (A and D), ShhN~ (B and E), and ShhN™ (C and F) limb buds at E10.5.
The limb buds in D-F were counterstained with Hoescht's dye (red).

generating Gli3 truncated forms (Gli3R), which are known to
repress transcription; in cells close to the source, generation of
Gli3R is actively inhibited (33). To determine the effects of ShhN
on Gli3 processing, we examined the relative distribution of Gli3
full-length (Gli3-190) and Gli3R in anterior and posterior halves
of ShhN limbs by Western blot analysis using a Gli3-specific
antibody (30). Consistent with long-range movement of ShhN, a
high Gli3R/Gli3190 level, normally observed in anterior halves,
is reduced by as much as 50% in ShAN~ and 75% in ShhN*
mutants (Fig. 4). By contrast, posterior halves of ShAN~ limbs
show a clear reduction of Gli3190 concomitant with a moderate
increase in Gli3R level, in accord with the reduced ShhN level
and target gene expressions near the ZPA.

Mispatterning of Digits in ShhN Embryos. We next examined the
effects of ShhN on the specification of anteroposterior digit
identities. Despite significant reduction of Gli3R/Gli3190
levels in anterior halves of the ShAN~ limb mesoderm, the
limbs develop only five digits with clearly identifiable digits 4
and 5 (Fig. 5 B and E). The identity of the central digit cannot
be unambiguously assigned because of defective development
of carpal and tarsal bones that are normally associated with the
central digit; however, digit length and condensation pattern
are suggestive of digit 3 (see Figure 10, which is published as
supporting information on the PNAS web site). In the fore-
limb, digit 2 is replaced with a biphalangeal digit characteristic
of digit 1. In the hindlimb, the identity of the digit immediately
anterior to the central digit is suggestive of digit 2, based on the
ossification pattern of its tarsal bone (Fig. SE, arrowhead),
although it lacks the characteristic triphalanges. The lack of
preaxial polydactyly and defective digit 2 in SAAN~ limbs are
likely attributed to the reduction of Shh protein near the ZPA,
which, in turn, destabilizes the posterior AER. Because pal-
mitoylation is required for Shh activity, we cannot exclude the
possibility that ShhN is less efficiently palmitoylated and, thus,
also contributes to the defective AER or that additional
C-terminal residues could render ShhN less potent. However,
it should be noted that fusion of a foreign protein to the C
terminus of ShhN did not appear to diminish its biological
activities (34, 35).

The long-range effect of ShhN on limb patterning becomes
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Fig. 4. Long-range ShhN signal regulates Gli3 processing in the limb. (A)

Protein extracts from E10.5 wild-type, ShhN*, and ShhN~ limb buds of anterior
(A) and posterior (P) halves were immunoblotted and incubated with a
Gli3-specific antibody recognizing full-length (Gli3-190) and repressor forms
(Gli3R) of Gli3. (B) Histograms showing relative Gli3R/Gli3—-190 ratio in ante-
rior and posterior halves of wild-type and ShhN limb buds. Levels of Gli3—190
and Gli3R were normalized to an internal nonspecific control band (asterisk).
Note significant reduction of GIi3R in the anterior halves of ShhN limbs
compared with wild type.

more evident when the AER is stabilized in SAAN™ limbs, which
develop six to seven digits per limb with complete formation of
digits 2-5 (Fig. 5 C and F). The identity of ectopic digits can be
difficult to assign; however, the presence of triphalanges and
associated metatarsal elements in the anterior hindlimb digits
indicates that the ectopic digits possess identities that are more
posterior than digit 1, the anteriormost digit.

The Long-Distance Effect of ShhN Is Independent of ShhNp Activity
and mDispA Function. Although preaxial polydactyly observed in
ShhN* limbs is consistent with an extended range of ShhN signal,
we cannot rule out the possibility that the formation of ectopic
digits is due to long-range ShhNp activity. For example, ShhNp
may compete with ShhN for long-range movement, as previously
proposed to explain the dominant phenotype of SAAN™ limbs
(16). To resolve this issue, we took advantage of mDispA =/~
mutants that are deficient in releasing ShhNp to target fields.
Therefore, in ShhN*;mDispA~'~ mutant limbs, long-range pat-
terning effects of Shh will be primarily attributed to ShhN
activity. Although previous studies showed that mDispA is
dispensable for ShhN activity in the spinal cord, addressing its
role in the release of ShhN in the limb has been hindered by the
inability of ShhN to signal long-range from the ZPA in the
presence or absence of mDispA (17). Therefore, to shed light on
this intriguing observation, we first examined the effects of ShhN
on patterns of Shh target gene expressions in mDispA ™'~ mutant
limbs. As shown in Fig. 6, the expression patterns of Shh target
genes in ShhN*;mDispA~'~ limbs resemble those of ShhAN~.
Ptchl, Glil, and Gre all show ectopic expressions in the anterior
limb mesoderm, whereas their posterior expression domains are
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Fig. 5. The expression of ShhN causes abnormal development of digits.
Skeletal analysis of E18.5 wild-type (A and D), ShhN~ (B and E), and ShhN* (C
and F) digits. (B and E) ShhN~ limbs develop five digits with defective digit 2.
A small cartilaginous outgrowth adjacent to the presumptive forelimb digit 1
is evident (B, arrow). (C and F) ShhN* limbs develop six to seven digits with
complete formation of digits 2-5. Note that digit 1 in the hindlimb is replaced
by digits with more posterior characteristics (F, asterisks).

reduced (Fig. 6; and see Fig. 11, which is published as supporting
information on the PNAS web site). Unlike in ShAN~ limbs, Fgf4
shows sustained expression in the AER (Fig. 6/), even though
ShhNp is restricted to the ZPA. Thus, the previously reported
dominant effect of ShAN™ is likely attributed to the long-range
signaling effect of ShhN. In sum, these results demonstrate that
long-range signaling by ShhN can occur without mDispA func-
tion and further establish that mDispA is dedicated to the
regulated release of cholesterol-modified Shh during normal
limb-bud development.

To determine whether ShhN is sufficient to elicit ectopic digits
in the absence of long-range ShhNp activity, we examined
skeletal patterns of ShAN*;mDispA~'~ embryos. mDispA~/~
single mutants normally die at or before E9.5, with phenotypes
resembling Smo~/~ embryos (13-15). In contrast
ShhN*;mDispA~'~ embryos survive to at least E18.5 and de-
velop six to seven digits per limb (Fig. 6 E and J), similar to
ShhN* limbs. All ShhN*;mDispA~'~ digits show segmentation
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Long-range signaling capacity of ShhN is independent of mDispA function. Whole-mount in situ hybridization of E10.5 wild-type (A-D) and

and calcification defects characteristics of Ih4 mutants (36),
implicating long-range function of Ihh in skeletal development.
Collectively, our results indicate that ectopic digits in SAAN™
limbs can be attributed primarily to long-range signaling activity
of ShhN.

Discussion

We have shown that cholesterol modification of Shh is essential
to the spatial regulation of Shh gradient and signaling in the limb
bud. The cholesterol moiety is thought to be required to promote
the spread of Shh in the limb bud because of the inability of ShhN
to signal beyond a few cells away from the ZPA (16, 17). In
contrast, our results clearly indicate that the cholesterol moiety
is necessary to limit rather than promote the spread of Shh across
the anteroposterior axis of the limb bud. This conclusion is based
on several observations in ShhN-expressing limbs: (i) Shh target
genes are ectopically expressed in the anterior margin of the limb
bud; (if) Gli3 repressor formation is significantly attenuated in
anterior halves of limb buds; (iii) Shh expression is ectopically
activated in the anterior limb margin via the Fgf-Shh positive-
feedback loop; (iv) ShAN* limbs display profound preaxial
polydactyly; and (v) ShhN protein is detected across the ante-
rior/posterior axis up to the anterior limb margin. Therefore, the
cholesterol moiety is critical in generating the defined Shh spatial
gradient, target gene expression domains, and Gli3R levels for
the correct specification of digit numbers and identities. The
observation that ShhN protein does not accumulate at high level
near the ZPA suggests that extended anterior spreading of ShhN
also significantly alters its local concentration and, thus, the
shape of the gradient (Fig. 6K).

The major difference between our findings and those reported
by Lewis et al. (16) is likely attributed to the level of ShhAN
expression in the ZPA. Previously, the effect on limb patterning
was studied in embryos expressing ShhAN from a gene-targeted
allele that harbored a stop codon at the cleavage site; heterozy-
gous ShhN embryos died soon after birth, and no stable line
could be generated (16). Eukaryotes ranging from yeast to
human use a surveillance mechanism, known as nonsense-
mediated mRNA decay, to detect and degrade mRNAs with
premature translation termination codons (19). Hence, previous
studies may have been hampered by the significantly lower Shh
transcript level in the ZPA of ShhN~ mutants compared with
wild type, that is apparent even in early limb buds (16). In
contrast, we generated the ShAN allele by conditionally deleting
the C-terminal processing domain of Shh protein that is neces-
sary for cholesterol modification of ShhN. This strategy not only
permits us to generate a stable ShaN conditional allele but also
circumvents potential RNA instability associated with nonsense-
mediated RNA decay. Indeed, we observed more robust ShAhN
transcript levels in the ZPA of early ShhN™ mutant limbs

ShhNp

Amplitude X

ShhN
P Spread A

ShhN*;mDispA~'~ (F-J) forelimb buds, showing the expression of Ptch1 (A and F), Gli1 (B and G), Gre (C and H), and Fgf4 (D and /). Note ectopic expressions of
Shh target genes in the anterior margins of ShhN*;mDispA~/~ limb buds (arrows). (E and J) Skeletal analysis of E18.5 wild-type (E) and ShhN*;mDispA~'~ (J)
forelimb digits. Note that digit numbers and patterns resemble those of ShhN*. (K) A model depicting ShhNp and ShhN gradients in early limb buds.
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(Fig. 3). The difference in the level of ShAN may also explain the
observation that limb phenotypes of our ShAN~ and ShhN*
mutants are nearly identical to those reported by Lewis et al.
when ShhN alleles are expressed in a reduced Ptchl background.

How does the cholesterol moiety restrict Shh spreading upon
its release by mDispA? Previous tissue culture studies identified
an active soluble mutimeric form of ShhNp, which was proposed
to mediate intercellular movement of Shh in embryos (37). The
structure of ShhNp multimer was thought to be analogous to
micelles, with hydrophobic lipid moieties buried internally.
Accordingly, assembly of the Shh multimer depends critically on
the cholesterol moiety (11, 37). Although the biological rele-
vance of the multimer in vivo remains to be determined, we
speculate that multimerization of ShhNp not only renders ShhNp
soluble but also functions to increase local Shh concentration
and to limit ligand availability for long-range movement. This
notion is consistent with our observation that ShhN displays
increased capacity to spread across the anteroposterior axis of
the limb bud at the expense of reduced local concentration,
because the assembly of the Shh mutimeric complex would be
inhibited in the absence of the cholesterol modification.

Other means by which the cholesterol moiety could restrict
Shh spreading are through its interaction with receptors and
components of extracellular matrix. It was first demonstrated in
Drosophila that Ptc receptor not only functions to inhibit Hh
pathway activation but also to sequester Hh movement (38). The
latter property of Ptc appears to be associated with internaliza-
tion and degradation of Hh upon its binding to Ptc (20). The
observations that ShhN and ShhNp have comparable binding
affinities to Ptch (7) and that ShhN is readily endocytosed upon
Ptch binding (39) in vitro suggest that less efficient internaliza-
tion by responsive cells is unlikely to be the primary mechanism
for the long-range spreading of ShhN. In support of this argu-
ment, we observed enhanced ShhN signaling capacity by reduc-
ing the dosage of Ptch alleles as in ShAN—;Ptch™~ limb buds
(data not shown), presumably because of attenuation of Ptch-
mediated sequestration.

Recent findings in Drosophila have implicated the involvement
of large macromolecular complexes known as lipoproteins in the
intercellular transport of Hh (40). The central core of the
lipoprotein consists of cholesterol and apoprotein molecules
encased by an outer shell of phospholipids. Although the in-
volvement of similar lipoproteins in transporting Shh signaling
remains to be investigated, the low-density lipoprotein receptor
2 (Lrp2, megalin) has been shown to function as an endocytic
receptor for Shh in tissue culture cells (41). However, Lrp2 has
also been shown to bind other molecules including Bmp; thus, its
function is not limited to the Shh signaling pathway (42).
Intriguingly, the Lrp2 loss-of-function mutant does not display a
global alteration of Shh signaling but shows defects only in
ventral forebrain development (42). This finding suggests that
either lipoproteins have limited function in Shh signaling, or
other related receptors may compensate for Lrp2 function
analogous to Lrp5 and Lrp6 in the Wnt signaling pathway (43).
In any case, our ShhN mice will serve as an important reagent
for determining the role of cholesterol moiety in lipoprotein-
mediated Shh transport and endocytosis during embryonic
development.

Materials and Methods

Generation of Shhflox Mutant Mice. To generate conditional Shhfox
mice, loxp sites were inserted flanking the Shh processing
domain, which is situated in exon 3. To facilitate the insertion of
the 5" loxp sequence, we made a C750A nucleotide change at a
location two amino acids before the intramolecular cleavage site
of the Shh precursor by site-directed mutagenesis. This change
resulted in a silent amino acid substitution and the generation of
a BspEl site. The BspEl/BamHI fragment of exon 3 was
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subsequently replaced in-frame with a synthetic BspEI/BamHI
fragment containing a loxp sequence in addition to all of the
original sequences. This replacement generated 13 additional
amino acids between the N-terminal Shh signaling domain and
the Shh processing domain. A Pacl fragment, containing the
second loxp site, immediately followed by a Myc epitope tag with
stop codon and a frt-PGKneo-frt cassette, were then inserted 10
nucleotides downstream of the Shh stop codon in exon 3. A Myc
epitope tag was added in-frame with the second loxp sequence
to facilitate detection of ShhN after Cre-mediated recombina-
tion. However, we failed to detect Myc expression with a single
Myc epitope tag, even though ShhN is expressed (see Fig. 3). To
facilitate homologous recombination in ES cells, a diphtheria
toxin gene under the control of PGK promoter (PGK-dt) was
inserted upstream of the 4.7-kb 5’ homologous arm. The 3’
homologous arm is 4.5 kb in length. The resulting targeting
construct was electroporated into RI ES cells, and 400 neo-
resistant clones were selected. Southern blot analysis using a 1-kb
Xbal/Xhol probe situated outside of the targeting vector indi-
cated that ~5% of the clones underwent homologous recombi-
nation events with correct gene targeting (Fig. 7). Two of these
clones were microinjected into blastocysts to generate chimeras.
Two independent Shh/*< lines were subsequently established
from chimeras.

To remove the neo cassette, Shh/"*¢ mice were bred to a flpe
mouse (44), which carries an enhanced flp recombinase under
the control of an actin promoter. The absence of neo cassette was
confirmed by Southern blotting and PCR (data not shown). The
resulting mice, referred to as Shi/™°*, were maintained as het-
erozygotes, because homozygotes die soon after birth. To gen-
erate embryos exclusively expressing ShhN, Shh/x/+ mice were
bred to Shht/~;Sox2Cre mice (21, 45). Complete excision of the
Shh processing domain was confirmed by three primers (P1-P3)
located within or outside of the processing domain (Fig. 7). The
sequence of these primers is: P1, 5'-GTGTACCTGTCTCCTT-
TGGCACTC-3"; P2, 5'-TCTAGAGCGGCCATTCTCAC-
TATT; P3, TACCCGCTTCCATTGCTCAG-3'".

Staining and RNA in Situ Hybridization. Cartilage and bones were
stained with Alcian blue and Alizarin red (46). Whole-mount
RNA in situ hybridizations were performed as described in ref.
30. For Shh in situ hybridization, a probe that encompasses exons
1 and 2 of Shh ¢cDNA was used; thus, we cannot rule out the
possibility that null allele RNA may contribute to the in situ
signal in SAAN~ limb buds.

Immunohistochemistry and Western Analysis. Inmunohistochemis-
try on limb sections was performed as described in ref. 29, with
the following modifications: dissected E10.5 embryos were fixed
at 4°C for 8 h in EFA solution, which consists of 6 vol of 100%
ethanol, 3 vol of 37% formaldehyde and 1 vol of 100% acetic
acid. A series of 8-um paraffin sections from limbs of different
genotypes (n = 3 for each genotype) were collected onto slides,
which were then incubated in PBS containing 10% goat serum,
0.2% BSA, and 0.1% Triton X-100 for 1 h at room temperature
before an overnight incubation with anti-Shh antibody at 1:1,500
dilution (H-160; Santa Cruz Biotechnology). Detection was
performed by using biotinylated goat anti-rabbit antibody (Vec-
tor Laboratories) and a Tyramide Signal Amplification kit
(PerkinElmer) according to manufacturers protocols.

Protein lysate samples, 150 ug each, collected from anterior
and posterior limb-bud halves, were resolved on 7.5% SDS-
polyacrylamide gels. Gli3190 and Gli3R species were detected by
using a Gli3 N-terminal antibody as described in ref. 30.
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