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Shh signaling during mouse development
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Hedgehog (Hh) signaling is critical for patterning and growth during mammalian embryogenesis.
Transcriptional profiling identified Growth-arrest-specific 1 (Gas1) as a general negative target of Shh
signaling. Data presented here define Gasl as a novel positive component of the Shh signaling cascade.
Removal of Gas1 results in a Shh dose-dependent loss of cell identities in the ventral neural tube and facial
and skeletal defects, also consistent with reduced Shh signaling. In contrast, ectopic Gasl expression results
in Shh-dependent cell-autonomous promotion of ventral cell identities. These properties mirror those of Cdo,
an unrelated, cell surface Shh-binding protein. We show that Gas1l and Cdo cooperate to promote Shh
signaling during neural tube patterning, craniofacial, and vertebral development. Overall, these data support a
new paradigm in Shh signaling whereby positively acting ligand-binding components, which are initially
expressed in responding tissues to promote signaling, are then down-regulated by active Hh signaling, thereby

modulating responses to ligand input.
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Nearly all developmental decisions during embryogen-
esis are regulated by a relatively small number of fami-
lies of secreted growth factors and morphogens, includ-
ing fibroblast growth factors (Bottcher and Niehrs 2005),
Wnts (Logan and Nusse 2004), transforming growth fac-
tor-p family members (Massague 1998), and Hedgehog
(Hh) proteins (McMahon et al. 2003). Importantly, these
secreted ligands often act on cells at a significant dis-
tance from their source (Ashe and Briscoe 2006), and, in
the case of Wnts and Hh, these ligands also undergo vari-
ous lipid modifications that regulate both their range and
level of activity (Miura and Treisman 2006). Understand-
ing how the trafficking, turnover, and signaling levels of
these factors are regulated in the extracellular matrix
and at the cell surface are critical for a complete mecha-
nistic understanding of their actions.

Hh proteins in the mouse are initially generated as
45-kDa precursor proteins that subsequently undergo au-
tocatalytic cleavage and concomitant cholesterol modi-
fication and palmitoylation. The resulting N-terminal
19 kDa, dually lipidated, secreted molecule is respon-
sible for all known Hh signaling activity (Ingham and
McMahon 2001). Of the three mammalian Hh family
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members (Indian, Desert, and Sonic), Sonic Hedgehog
(Shh) has been the most widely studied, in large part
because of its role as a morphogen in two key develop-
mental events—the regulation of digit number and po-
larity, and the specification of ventral cell identities in
the developing CNS (for review, see McMahon et al.
2003).

In the developing neural tube, Shh is initially ex-
pressed in the notochord underlying the ventral neural
tube; as development progresses, Shh autoinduces a sec-
ondary domain of Shh production within the floor plate
(FP) of the neural tube at the ventral midline (Echelard et
al. 1993). Several lines of evidence indicate that Shh acts
in a concentration-dependent manner to specify all ven-
tral cell types of the developing neural tube (for review,
see Jessell 2000; Briscoe and Ericson 2001; McMahon et
al. 2003). Specifically, Shh represses (Class I genes; e.g.,
Pax6, Pax7) or induces (Class II genes; e.g., Nkx2.2,
Olig2) the expression of several transcription factors at
distinct concentration thresholds. Subsequent cross-re-
pressive interactions between these regulatory factors
sharpen the boundaries between different progenitor do-
mains within the ventral neural tube (Briscoe et al.
2000). Importantly, even relatively small (approximately
twofold) changes in Shh concentration result in the
specification of distinct cell types (Ericson et al. 1997).

Such strict requirements for the level of Shh protein
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raises the question of how the levels and activity of Shh
ligand are regulated such that each ventral cell type is
specified at the correct position and in the appropriate
numbers within the developing neural tube. One answer
lies in mechanisms that exist at the cell surface to regu-
late the distribution of Shh. Pioneering studies in Dro-
sophila demonstrated that Patched (Ptc), the Hh recep-
tor, acts not only to transduce a Hh signal, but is also a
target of Hh signaling that acts as a negative feedback
regulator. The up-regulation of Ptc in response to a Hh
signal sequesters ligand, limiting its spread in respond-
ing tissues and modifying the response at a given posi-
tion in the target field (Chen and Struhl 1996). In verte-
brates, both Patched1 (Ptchl) (Goodrich et al. 1997) and
Hedgehog-interacting protein-1 (Hhip1), which encodes
a vertebrate-specific Shh-binding protein (Chuang and
McMahon 1999), are up-regulated in response to Shh sig-
naling. Their combined actvities restrict the distribution
of Shh ligand during neural tube patterning, ensuring the
correct specification of all ventral cell identities in their
appropriate position (Jeong and McMahon 2005). In op-
position to the above-mentioned negative feedback
mechanisms, recent work has identified two additional
Shh-binding cell surface proteins, Cdo and Boc, as nega-
tive targets of Shh signaling that function to positively
regulate Shh signaling (Okada et al. 2006; Tenzen et al.
2006; Yao et al. 2006; Zhang et al. 2006).

One hypothesis that emerges from these reports is that
the levels of Shh protein at the cell surface are controlled
by transcriptional up-regulation of negative feedback
components such as Ptchl and Hipl, and concomitant
down-regulation of positively acting Shh-binding pro-
teins such as Cdo and Boc. While previous mutational
analyses have established the importance of Ptchl and
Hip1 in the general negative regulation of Hh signaling
(Goodrich et al. 1997; Chuang and McMahon 1999;
Milenkovic et al. 1999; Chuang et al. 2003; Jeong and
McMahon 2005), genetic analysis of Cdo and Boc have
revealed only limited, tissue-specific roles for these
structurally related proteins in the promotion of Shh sig-
naling (Cole and Krauss 2003; Okada et al. 2006; Tenzen
et al. 2006; Zhang et al. 2006). Although it is possible
that semiredundant functions of Cdo and Boc are respon-
sible for the relatively mild effects on Shh signaling, an-
other possibility is that other, unidentified components
compensate for their loss of function. Interestingly, tran-
scriptional profiling experiments identified Growth-ar-
rest-specific 1 (Gas1l) as a gene commonly down-regu-
lated in response to Shh signaling in multiple tissues, a
transcriptional signature shared with Cdo and Boc (T.
Tenzen and A.P. McMahon, in prep.).

Gas1 encodes a 45-kDa GPI-anchored cell surface pro-
tein that binds Shh with high affinity (K4 ~ 6 nM) (C.S.
Lee et al. 2001a). Gasl was initially described as an an-
tagonist of Shh signaling, based on ectopic expression
studies in the developing somite (C.S. Lee et al. 2001a)
and tooth (Cobourne et al. 2004). Paradoxically, the phe-
notypes reported for Gasl mutant mice reveal eye (C.S.
Lee et al. 2001Db), cerebellar (Liu et al. 2001}, and limb
deficiencies (Liu et al. 2002) that are more consistent
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with reduced Shh signaling (Wang et al. 2002; Harfe et al.
2004; Lewis et al. 2004).

To address whether Gasl functions to promote or an-
tagonize Shh signaling, we examined the role of Gas1 in
the Shh-mediated specification of ventral cell types and
other Shh-dependent patterning events. This study es-
tablishes that Gasl functions in vivo to promote Shh
signaling during embryogenesis. Additionally, we dem-
onstrate overlapping roles for Gasl and Cdo in the posi-
tive regulation of an appropriate transcriptional response
to Shh signaling in Shh target fields. Overall, these find-
ings suggest a new paradigm of Shh signaling where the
negative transcriptional regulation of positively acting,
cooperative Shh-binding components constitutes part of
the dynamic response to a Shh morphogen.

Results

Gasl is a negative target of Shh signaling
that is initially expressed in Shh-responsive tissues

Multiple transcriptional profiling analyses were per-
formed at several stages of early mouse development
(embryonic days 8.5-10.5 [E8.5-E10.5]) in distinct Shh
target fields. These data, which will be presented in de-
tail elsewhere (T. Tenzen and A.P. McMahon, in prep.),
identified a number of genes with common, tissue-inde-
pendent signatures of Shh signaling activity. Of those
genes commonly repressed by Shh signaling, GasI stood
out as a general negative target of Shh regulation, a result
consistent with the original description of Gasl expres-
sion (C.S. Lee et al. 2001a). To confirm that Gasl is, in
fact, a general negative target of Shh, in situ hybridiza-
tion analysis of Gasl expression was performed at E8.5
on wild-type, Smo~~, and Ptchl™~ embryos (Fig. 1).
Gasl1, which is normally strongly expressed in surface
ectoderm of the headfold region and somites (Fig. 1A), is
up-regulated in Hh loss-of-function Smo ™/~ embryos (Fig.
1B), while its expression is almost completely abolished
in Hh gain-of-function Ptch1~~ embryos (Fig. 1C), as ex-
pected for a general negative target of Shh signaling.

To more closely examine the expression of Gasl in
Shh-responsive tissues in conjunction with Shh-medi-
ated patterning, we used a novel Gas1*““ allele (Marti-
nelli and Fan 2007) in which the entire coding region of
Gasl is replaced by a tau-LacZ fusion protein (Callahan
and Thomas 1994). Whole-mount and section views of
B-galactosidase activity (Fig. 1ID-AA) reveal that Gas1 is
present throughout the neural tube at E8.5, including
low levels of notochord expression (arrows in Fig. 1F,J).
Additionally, Gasl expression correlates temporally
with the Shh-dependent specification of ventral neural
cell fates, as assayed by expression of Nkx6.1, a marker
of the vp2, vpMN, and vp3 neural progenitor domains
(Fig. 1K). One day later, in E9.5 embryos, Gasl is re-
stricted to more dorsal regions, although expression still
overlaps the dorsal-most subset of Shh-responsive,
Nkx6.1" cells (Fig. 1L-S). At E10.5, Gas1 expression re-
mains dorsally restricted, and includes an additional do-
main of expression in commissural axons that project
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Figure 1. Gas] is a general negative target of Hedgehog signal-
ing that is expressed in the ventral CNS during early stages of
neural tube patterning. Analysis of Gasl expression in wild-
type (A), Smo~/~ (B), and Ptchl~~ (C) eight- to 10-somite mouse
embryos. Black arrowheads highlight Gasl expression in
somites. Whole-mount LacZ stain of wild-type (D,L,T) and
Gas1*/~ (H,P,X) embryos at the indicated stages. Embryos were
sectioned at the forelimb level (for E9.5 and E10.5) and stained
with DAPI (E,I,M,Q,U,Y), anti-B-gal (F,J,N,R,V,Z), and anti-
Nkx6.1 (G,K,0,5,W,AA). Dashed lines in R, S, Z and AA denote
the ventral limit of Gas1 expression in adjacent sections follow-
ing antibody staining for B-galactosidase. Arrows in F and ] de-
note notochord. Arrowhead in Z indicates Gasl-expressing
commissural axons. Bars: F,N,V, 50 pm.

ventrally from the dorsal neural tube to cross the FP (Fig.
1Z, arrowhead) via a Shh-dependent guidance process
(Charron et al. 2003; Okada et al. 2006). These results
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demonstrate that in the neural tube Gas1 is initially pre-
sent in all Shh-responsive cells at the outset of Shh sig-
naling, but gradually becomes more dorsally restricted,
as the levels of Shh increase and the Shh signaling do-
main expands, consistent with Gasl being a negative
target of Shh regulation.

Craniofacial and skeletal defects in Gas1™/~
and Gas1~/~; Shh*/~ embryos

To address the potential involvement of Gasl in Shh
signaling, GasI/~ embryos were analyzed. At E18.5,
Gas1 mutants are easily identified by their small eyes
(micropthalmia) (C.S. Lee et al. 2001b) and generally re-
duced body size. Skeletal analysis of the heads of Gas1~/~
E18.5 embryos indicates several defects consistent with
reduced Hh signaling (Jeong et al. 2004), including a trun-
cated maxilla, reduced parietal bone, and disrupted tym-
panic bone (Fig. 2A-C).

If the skeletal defects observed in Gas1~/~ embryos re-
flect reduced levels of Shh signaling, then lowering the
dosage of Shh would be expected to enhance these phe-
notypes. To test this prediction, Gasl; Shh compound
mutants were analyzed. While Gas1*/~; Shh*/~ embryos
appear phenotypically normal (Fig. 2D), Gas1™/~; Shh*/~
embryos are severely reduced in overall body size (data
not shown) and display pronounced skeletal defects (Fig.
2E) that are significantly more severe than those seen in
Gas1™~ embryos. Additionally, Gas1~/~; Shh*/~ embryos
display other defects not seen in Gas1™/~ embryos, the
most obvious of which are a profound truncation of the
mandible (Fig. 2E) and axial skeletal deficiencies that
include severely reduced ossification centers in vertebral
bodies, and partial fusion of the intervertebral discs (data
not shown). These phenotypes are reminiscent of mice
that lack the Hh-specific transcriptional effector Gli2
(Mo et al. 1997).

Examination of the limbs of GasI~/~ embryos also re-
veals an apparent reduction in Shh signaling, a pheno-
type first observed by Martinelli and Fan (2007). In the
limb, digit 1 is Shh-independent, while all other digits
are Shh-dependent (Chiang et al. 2001; Lewis et al. 2001).
Of these, only digit 2 is completely dependent on se-
creted Shh; digit 3 is a mosaic of cells, a subset of which
originate from Shh-expressing cells, while digits 4 and 5
are wholly derived from Shh-producing cells (Harfe et al.
2004). Importantly, Gas1 is expressed in the anterior
two-thirds of the developing limb bud mesenchyme
starting at E9.0 (Liu et al. 2002). In Gasl~/~ embryos,
forelimb digits 2 and 3 are fused, while digit 2 or 3 is
completely absent from the hindlimbs of Gasi™~ em-
bryos (Supplementary Fig. 1). Reduction of Shh dosage in
Gas1~~; Shh*/~ embryos enhances the forelimb defect
such that now one digit (2 or 3) is completely absent. In
contrast to the digits, the long bones of E18.5 Gas1™/~
embryos are overtly normal (data not shown), suggesting
that there is not a significant effect on Thh-dependent
long bone growth in Gasl mutants at this stage.

Given the severe craniofacial defects observed at
E18.5, Gas1™/~ and Gas1™/~; Shh*/~ embryos were exam-
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Figure 2. Genetic interactions between Gas1 and Shh result in craniofacial defects and abnormal forebrain patterning. Lateral view
of E18.5 embryonic heads (A-E) following Alcian Blue (cartilage) and Alizarin Red (bone) skeletal staining. Black arrowheads denote
maxillary processes; white arrowheads indicate mandibular components. Asterisks in A-E identify the parietal bone. (F-]) Frontal view
of E10.5 embryonic heads. Brackets highlight the medial nasal processes. (K-O) In situ hybridization detection of Nkx2.1 expression
in E9.5 embryonic forebrain. Arrows point to forebrain, while asterisks in K-O designate thyroid gland. Bars: A,F,K, 50 pm.

ined at earlier developmental time points to determine
when these defects first manifest themselves. At E10.5
Gas1~/~ embryos display partial fusion of the medial na-
sal processes (Fig. 2F-H), a phenotype similar to that of
Cdo™~ embryos (Tenzen et al. 2006; Zhang et al. 2006).
Consistent with the increased severity of the facial phe-
notypes at E18.5, this phenotype is enhanced in Gas1~'~;
Shh*/~ compound mutants, leading to a complete fusion
of the medial nasal processes (Fig. 21,J). Interestingly, a
similar genetic interaction is observed between Cdo and
Shh (Tenzen et al. 2006). These early facial phenotypes
likely represent a secondary outcome stemming from an
initial failure of Shh patterning of the rostral forebrain
(Jeong et al. 2004). The reduced expression of the Shh-
dependent transcriptional regulator Nkx2.1 (Pabst et al.
2000) in the ventral telencephalon of Gasl™~ embryos
(Fig. 2K-M) and the further diminished expression in
Gas1™~; Shh*/~ embryos (Fig. 2N,0) supports this view.

Loss of Gasl results in a Shh dosage-dependent loss
of ventral cell identities in the ventral neural tube

Shh signaling during development is best understood
with respect to its role in patterning of the ventral neural
tube. To explore the effects of Gasl on Shh-dependent
neural tube patterning we initially examined presump-
tive spinal cord regions at the forelimb level in E10.5
embryos. At the ventral midline, specification of FP cells
requires the highest level of Shh signaling (Roelink et al.

1995) for the localized expression of FoxA2, itself a direct
transcriptional regulator of Shh (Epstein et al. 1999;
Jeong and Epstein 2003). When FoxA2 is first activated at
the ventral midline, its expression overlaps with Nkx2.2,
a determinant of ventrolateral vp3 interneuron progeni-
tors (Jeong and McMahon 2005). Elevated FoxA2 levels
and loss of Nkx2.2 within FP progenitors correlates with
cells assuming a typical polarized FP morphology and
transcriptional activation of Shh. Thus, FP induction is a
dynamic process wherein a mature FP identity is
Nkx2.27, FoxA2*, Shh™". Initial examination showed that
FoxA2 is present in Gasl™~ embryos (Fig. 3A,CE).
Analysis of FoxA2 and Nkx2.2, however, revealed that
their expression is almost completely overlapping at a
time when Nkx2.2 is normally ventrolaterally restricted
(Fig. 3K-S), suggesting that FP specification is incom-
plete. Quantitation of FoxA2*, Nkx2.2* cell number re-
vealed a highly significant difference in the number of
double-positive cells between wild-type and Gas1™/~ em-
bryos (Fig. 3T). Consistent with this view, Shh is also
variably reduced or entirely absent from midline cells
(Fig. 3, cf. F and B,D) of Gas1™/~ embryos. In addition,
while reduction of Shh dosage has no effect on FoxA2
expression in Gas1*/~; Shh*/~ embryos (Fig. 3G), Gas1™/;
Shh*/~ embryos exhibit a complete loss of FoxA2* cells
(Fig. 3I). Importantly, Shh expression at the midline is
also lost in all Gas1~~; Shh*/~ embryos (Fig. 3H,J). Thus,
FP specification is dependent on Gasl action in a Shh
dosage-dependent manner.
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Figure 3. Compromised FP specification in Gas1~/~ embryos is exacerbated by reducing Shh dosage. Antibody detection of FoxA2 (red;
A,C,E,G,I) and Shh (green; B,D,F,H,]) in forelimb-level sections of E10.5 Gas1; Shh embryos. Inset in F denotes variable FP expression
of Shh seen in Gas1~/~ embryos. Double staining of wild-type (K,L,M), Gas1*~ (N,O,P), and Gas1~~ (Q,R,S) embryos with FoxA2 (red)
and Nkx2.2 (green). (T) Quantitation of FoxA2, Nkx2.2 double-positive cells. Error bars represent the mean = SD of three different
embryos. P-values calculated from comparison of wild-type and Gasi~/~ data by two-tailed Student’s t-test are listed. (N.S.) Not

significant (p > 0.5). Bar: A, 50 pm.

To explore more fully the role of Gasl in ventral neu-
ral tube patterning, specification of vp3 (Nkx2.2") inter-
neuron progenitors and pMN (Olig2*) motorneuron pro-
genitors was examined in GasI~~ and Gasl™/~; Shh*/~
embryos (Fig. 4). Specification of vp3 progenitors re-
quires a significantly higher level of Shh signal than
PMN progenitors (Ericson et al. 1997), in agreement with
the more dorsal position of the pMN progenitor pool.
Nkx2.2" vp3 progenitors are significantly reduced in
Gas1™~ embryos (Fig. 4A-L), and further reduced in
Gas1™~; Shh*/~ embryos (Fig. 4M-U). In contrast, while
Olig2* pMN progenitors are not significantly affected in
Gas1~/~ embryos (Fig. 4K), they are dramatically reduced
in Gas1™/~; Shh*/~ embryos (Fig. 4S,V), though their rela-
tive position dorsal to Nkx2.2* progenitors is preserved
(Fig. 4L,T). Surprisingly, Olig2* cell numbers are in-
creased in GasI*/~; Shh*~ embryos (Fig. 40) compared
with wild-type littermates (Fig. 4C), suggesting that both
Gasl and Shh levels are critical for proper specification
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of ventral cell identities. Overall, these data suggest that
although cells may be exposed to reduced levels of Shh,
or are less able to respond to Shh, the graded response to
Shh appears to be maintained. Additionally, examina-
tion of other markers of neural progenitor cell specifica-
tion that are positively (Isl1* pMN, Enl* v1, or Nkx6.1"
vp2, pMN, vp3) or negatively (Pax6, Pax7) regulated also
show modified expression consistent with reduced Shh
signaling (Supplementary Fig. 2; data not shown). Impor-
tantly, despite the strong expression of Gasl in dorsal
domains, specification of general dorsal cell identities
(Pax6*, Pax7*) and specific Msx1" roof plate (data not
shown) and Math1* dpl progenitors (Supplementary Fig.
2) is normal in both Gas1™~ and Gas1~/~; Shh*/~ em-
bryos. Overall, these results are consistent with Gasl
functioning to specifically modulate the level of Shh sig-
nal that cells are exposed to during neural tube pattern-
ing.

The reduction of vp3 progenitors in Gasl/~; Shh*/~
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Figure 4. Reduced Olig2* and Nkx2.2*
cell specification in E10.5 Gasl; Shh
compound mutants. DAPI (AE,I,M,Q),
Nkx2.2 (red; B,F,J,N,R), and Olig2 (green;
C,G,K,0,S) detection in forelimb-level
E10.5 sections of Gasl; Shh embryos.
(D,H,L,P,T) Nkx2.2 and Olig2 merged im-
ages are shown. Quantitation of numbers
of Nkx2.2* (U) and Olig2* (V) cells in
Gas1*/~ (dark-gray bars), Gas1™~ (light-
gray bars), and Gas1~/~; Shh*/~ (white bars)

mGas1¥-
oGas1/-
OGas17/~; Shh*/-

p=0.0056 E10.5 embryos. Error bars represent the
I mean + SD of three different embryos. P-
I values calculated from comparison with

Gas1*~ data by two-tailed Student’s t-test
are listed. (N.S.) Not significant (p > 0.1).

embryos is consistent with the phenotype of GIli2~/~
mice (Ding et al. 1998; Matise et al. 1998) that also fail to
specify a Shh-expressing FP. However, Gas1™/~; Shh*/-
embryos display an additional phenotype, a dramatic re-
duction in Olig2" pMN progenitors at E10.5. To deter-
mine whether the loss of Olig2* cells results from an
initial failure in pMN specification, or in the later pro-
liferation or maintenance of progenitors, we examined
Gas1~/~; Shh*/~ embryos at E9.5 (Fig. 5). Examination of
the FP marker FoxA?2 in Gas1™/~ and Gas1™/~; Shh*/~ em-

Bar: B, 50 pm.

bryos at E9.5 suggested that FP specification initiated
relatively normally. However, only a few, weakly posi-
tive FoxA2* cells were detected in Gas1™~; Shh*/~ em-
bryos (Fig. 5A,D,G). Decreased Nkx2.2 expression was
detected in Gas1™~ embryos (Fig. 5B,E); this phenotype
was also enhanced by reducing Shh dosage in Gasl™/;
Shh*/~ embryos (Fig. 5H). In contrast, Olig2 specification
did not appear to be dramatically altered in Gasi™’;
Shh*/~ embryos at E9.5 (Fig. 5C,F,I). Together these data
suggest that Gasl promotion of Shh signaling is required
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Figure 5. Reduced FoxA2' and Nkx.2%,
but not Olig2* cell specification in E9.5
Gas1; Shh compound mutants. Forelimb-
level sections of E9.5 wild-type (A-C),
Gas1™~ (D-F), and Gas1™~; Shh*/~ (G-I
embryos were examined for FoxA2 (green;
A,D,G), Nkx2.2 (red; B,E,H), and Olig2
(C,F,I) expression. Bar: A, 50 um.

for initial specification of FP and vp3 cells functions
while attenuation of Shh signaling in a Gas1™~ back-
ground argues for an ongoing Gas1-Shh dependence be-
yond initial specification for the proliferation or mainte-
nance of ventral progenitor domains.

Ectopic Gas1 expression in the chick neural tube
results in Shh-dependent cell-autonomous promotion
of ventral cell identities

To directly test the ability of Gasl to promote Shh sig-
naling, a full-length Gasl construct was electroporated
into developing chick neural tubes (Fig. 6). In contrast to
electroporation of a control vector (Fig. 6A-D), electro-
poration of Gasl results in a significant cell-autonomous
dorsal expansion of Nkx6.1" and Nkx2.2" progenitors
(Fig. 6G-J; data not shown). Thus, Gasl overexpression
induces ectopic, Shh-dependent cell fates in the develop-
ing neural tube. Further, examination of Nkx2.2 and
Olig2 in the same section revealed cell-autonomous dor-
sal expansion of both cell types in Gasl electroporated
neural progenitors (Fig. 6C,D,1J). Importantly, the posi-
tions of ectopic Nkx2.2" and Olig2* cell identities rela-
tive to a ventral Shh signaling source are maintained
(arrows in Fig. 61]). These data suggest that a graded
response to Shh is still maintained, even in ectopic po-
sitions, when cells overexpress Gasl. Ectopic FoxA2 (Fig.
6, cf. K,L and E,F) in Gasl electroporated cells confirms
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that Gasl is able to promote the Shh-dependent expan-
sion of even the most ventral cell identities.

In addition to the dorsal expansion of Class II genes
(e.g., Nkx2.2, Nkx6.1) that are normally activated in re-
sponse to Shh signaling, Class I targets (e.g., Pax6, Pax7)
normally repressed at distinct Shh thresholds (Briscoe et
al. 2000) are also repressed at relatively more dorsal po-
sitions in cells ectopically expressing Gasl (Fig. 6M-T).
The cell-autonomous repression of Pax6 (Fig. 6Q,R) and
Pax7 (Fig. 6S,T) at the dorsal-ventral intersect, the dorsal
limit of Shh signaling (Wijgerde et al. 2002), but not at
significantly more dorsal positions, confirms the Shh-
dependent specificity of Gasl action. Finally, similar to
the effects of overexpression of the cell surface, Shh-
binding proteins Cdo and Boc (Tenzen et al. 2006), non-
cell-autonomous ventral expansion of Pax7 (Fig. 6S,T,
arrowhead) is also detected when a significant popula-
tion of Gasl electroporated cells are positioned just ven-
tral to the normal Pax7 domain, a result consistent with
Gasl sequestration of Shh ligand.

The promotion of Shh-dependent cell fates in the
chick neural tube following ectopic Gasl expression,
taken together with the high-affinity interaction be-
tween these two proteins (C.S. Lee et al. 2001a), strongly
suggests that Gasl functions at the level of Shh ligand to
promote Shh signaling. To directly test this idea, coelec-
troporation experiments were performed with GasI and
Ptch1#°°P2 3 variant of Ptchl that lacks Shh binding,
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Figure 6. Ectopic expression of Gasl promotes Shh-dependent cell fate specification in the developing chick neural tube. HH stage
19-22 chick neural tubes electroporated with pCIG (A-F,M-P) or Gas1-pCIG (G-L,Q-T) were sectioned at the forelimb level and
stained with antibodies raised against Nkx6.1 (red; A,B,G,H), Nkx.2 and Olig2 (red and blue, respectively; C,D,I,]), Nkx2.2 and FoxA2
(red and blue, respectively; E,F,K,L), Pax 6 (M,N,Q,R), and Pax7 (O,P,S,T). Arrows in G, H, I, ], K, and L indicate ectopic expression of
the indicated markers, while arrows in Q, R, S, and T denote repressed marker expression. Arrowheads in S and T identify non-cell-
autonomous ventral expansion of Pax7 expression. Asterisks indicate nonspecific antibody background present in the FP of some
sections. The results are representative of nine pCIG-electroporated embryos and 15 Gasl-pCIG electroporated embryos. Bar: A,

50 pm.

but retains the ability to inhibit Smo (Briscoe et al. 2001;
Tenzen et al. 2006). If Gasl functions at the level of
ligand, then its effects on Shh-mediated patterning
should be blocked by coexpression with Ptch121°°P2, As
expected, coelectroporation of Gas1 and a control vector
resulted in the cell-autonomous promotion of Class II
genes (e.g., Nkx6.1) (Fig. 7A-D), the cell-autonomous in-
hibition of Class I genes at the ventral limit of their
normal expression domains (e.g., Pax7, Pax6) (arrows in
Fig. 7I-L,Q-T), and the non-cell-autonomous expansion
of Class I genes due to ligand sequestration (arrowheads
in Fig. 7I-L,Q-T). In contrast, when coelectroporated
with Gas1, Ptch1*°°P? blocked both induction of Class
II genes (Fig. 7E-H) and repression of Class I genes (ar-

rows in Fig. 7M-P,U-X). Further, we observed a cell-au-
tonomous expansion of Class I genes to more ventral
positions (arrowheads in Fig. 7M-P,U-X) consistent with
the reduced Shh signaling that results from Ptchl21°°P2
expression. These data support a model where Gasl pro-
motes Shh-dependent cell fates through a Shh ligand-
binding-based mechanism (see Discussion).

Gas1 and Cdo cooperate to promote Shh signaling

Gasl promotion of Shh signaling in target cells in a Shh
dosage-dependent manner is similar to recent findings
on the roles of the structurally unrelated, Shh-binding
membrane proteins Cdo and Boc (Tenzen et al. 2006).
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Figure 7. Coexpression of Gasl and
Ptch121°°P2 blocks the Gasl-mediated pro-
motion of Shh-dependent cell fates. HH
stage 21-22 chick neural tubes electropor-
ated with Gasl-pCIG and pCIR (A-D,I-
L,Q-T) or Gasl-pCIG and Ptchl?lo°op2.
pCIR (E-H,M-P,U-X). Forelimb-level sec-
tions were examined for Nkx6.1 (blue;
C,G), Pax7 (blue; K,O), and Pax6 (S,W) ex-
pression. Gasl-expressing cells are visual-
ized with GFP (green), while pCIR and
Ptch141°°P2.pCIR-expressing cells are visu-
alized with anti-DsRed antibodies (red).
Arrows in A-D indicate Gasl/pCIR-ex-
pressing cells that ectopically express
Nkx6.1. Arrows in E-H indicate similarly
positioned cells that coexpress Gasl/
Ptch121°°P2 that do not express Nkx6.1. Ar-
rows in I-L and Q-T denote Gasl/pCIR-
expressing cells that down-regulate Pax7
and Pax6 expression, respectively; arrow-
heads indicate non-cell-autonomous ex-
pansion of Pax7 and Pax6. (M-P,U-X) Cells
that coexpress Gas/Ptch14°°P2 do not in-
hibit Pax7 and Pax6 expression (arrows).
Cell-autonomous expansion of Pax7 and
Pax6 is marked by arrowheads in M-P and
U-X. The results are representative of six
Gasl/pCIR-electroporated embryos and
eight Gasl/Ptch121°°P2 embryos. Bar: A,
50 pm.

Additionally, a recent study has identified Boc as a re-
ceptor for Shh in commissural axon guidance (Okada et
al. 2006). Given that Gasl1 is also expressed in commis-
sural axons (Fig. 1Z), we examined Gasl mutants for a
possible role in axon guidance. While GasI-expressing
axons project normally at E11.5 in GasI*/~ embryos
(Supplementary Fig. 3B,E), aberrant axonal projections,
visualized with anti-B-galactosidase antibody, are appar-
ent in Gas1~/~ embryos that are misrouted through the
Isl1/2* motor column (Supplementary Fig. 3A-H). It is
difficult at present to determine whether these projec-
tion defects are due directly to a loss of a Gas1-Shh-based
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mechanism of axon guidance or are secondary to defi-
ciencies in the specification of ventral populations—for
example, the FP—that are known to have Shh-indepen-
dent actions on commissural axon guidance.

Together, the above data raise the question of whether
Gasl, Cdo, and Boc might cooperate to augment Shh
signaling. To address this issue, Gasl ; Cdo*~ mice
were generated and crossed to obtain Gasl™’~; Cdo ™/~
double mutants (Fig. 8). Remarkably, an initial examina-
tion of facial development revealed a progressive in-

crease in the severity of nasal process fusion as Gas1 and
Cdo activity are removed (Fig. 8A-G), such that Gas1~/~;
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Figure 8. Gasl; Cdo compound mutants display severely reduced Shh signaling. (A-G) Nasal process defects in E10.5 Gas1; Cdo
embryos are shown. Brackets indicate the distance between nasal pits. (H) A Shh™~ E10.5 embryo is shown for comparison. Exami-
nation of Nkx2.2 (red) and Olig2 (green) expression in E10.5 Gas1; Cdo (I-O) and Shh™~ (P) forelimb-level sections. Forelimb-level
expression of FoxA2 (red; Q-X) and Shh (green; Y-Z,AA-FF) in E10.5 Gas1; Cdo and Shh™/~ embryos. In situ hybridization analysis of
the notochord marker CAIII in E9.5 Gas1; Cdo embryos (GG-MM). Discontinuous CAIII expression is detected in a Shh™~ E9.5
embryo (NN), indicative of notochord degeneration. Arrows in NN highlight the broken CAIII expression. Bars: A, 1 mm; I, 50 pm;
GG, 1 mm. For Gas1™~; Cdo~~ embryos, a total of five embryos were examined with similar results.

Cdo~~ embryos completely lack medial facial structures
and exhibit a marked holoprosencephaly, phenotypes
shared by Shh-null embryos (cf. Fig. 8H).

Molecular analysis of Shh, FoxA2, Nkx2.2 and Olig2
expression also revealed a progressive decrease in the
proportion of these cell types such that no cells express-
ing any of these markers are detected in Gas1™~; Cdo™/~
embryos (Fig. 8I-FF). Strikingly, and distinct from
Gas1™~; Shh*/~ and Cdo™’~; Shh*/~ embryos, Gasl™’;
Cdo~’~ embryos also display loss of Shh expression from
the notochord (Fig. 8Y-EE). While these data are consis-
tent with a Shh-independent loss of notochord integrity,
it is also possible that severely reduced Shh signaling is
responsible for this phenotype, since both Shh™~ em-
bryos and Dispatched 1 (Displ) mutants display defects
in notochord maintenance (Chiang et al. 1996; Kawa-
kami et al. 2002; Ma et al. 2002). To test this possibility,
the notochord-specific marker carbonic anhydrase III
(CAIII) (Lyons et al. 1991) was used to examine noto-
chord integrity in Gas1; Cdo embryos at E9.5 (Fig. 8GG-
MM). Importantly, the notochord is intact in E9.5 Gas1~/;

Cdo™~ embryos, suggesting that notochord formation
and maintenance is not affected in these mutants. In
contrast, examination of CAIII expression in Shh™/~ mu-
tants at E9.5 indicates a degenerating notochord (Fig.
8NN). Thus, although Gas1~/~; Cdo~’~ embryos display
quite severe defects, they do not recapitulate a complete
loss of Shh activity. This conclusion was confirmed by
the examination of craniofacial and vertebral defects at
E18.5 by skeletal analysis (Supplementary Fig. 4).
Gas1~/~; Cdo™/~ embryos display significantly more se-
vere craniofacial defects than Gas1™/~; Shh*/~ mutants,
with a marked loss of both mandibular and maxillary
components (Supplementary Fig. 4M). Additionally,
Gas1~~; Cdo™’~ embryos show fusion of cervical verter-
brae (Supplementary Fig. 4N, similar to loss of the Hh-
specific transcription factor Gli3 (Mo et al. 1997), though
the specification of vertebral components is distinct
from Shh™/~ embryos (Chiang et al. 1996). In Shh™’~ em-
bryos, all ventral vertebral components are absent,
whereas only ventral medial components are absent
from Gas1~/~; Cdo~’~ compound mutants. Further, in the
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limb, despite extensive overlap in the expression of Gas1
and Cdo (Liu et al. 2002; Tenzen et al. 2006), there ap-
pears to be no cooperativity between Gasl and Cdo with
regard to promotion of Shh signaling (Supplementary Fig.
5); the Gas1~/~ limb phenotype is similar to compound
Gas1™~; Cdo™~ mutants. Thus, while Gasl and Cdo are
likely to cooperate in promoting Shh signaling, there are
tissue-specific differences in the relative roles of these
factors in the Shh pathway.

Discussion

Gas1 is a novel positive component of the Shh
signaling cascade

Following the initial identification of Gasl as a Hh-bind-
ing protein, subsequent in vitro experiments examining
the role of Gasl in Shh signaling led to the conclusion
that it functions as an antagonist of Shh signaling (C.S.
Lee et al. 2001a; Cobourne et al. 2004). However, several
lines of evidence presented in this study argue that Gasl
is a positive component of the Shh signaling cascade that
acts to promote Shh signaling in a Shh dosage-dependent
manner. First, analysis of GasI mouse mutants reveals
several defects including craniofacial, limb, and axon
guidance deficiencies that are reminiscent of reduced
Shh signaling. Second, detailed examination of ventral
neural tube patterning, a process that depends critically
on graded Shh signaling, also uncovers deficiencies in
both FP and vp3 progenitor cell specification in Gasl™/
embryos. Third, the craniofacial, limb, and neural tube
defects seen in Gasl mutants are all significantly exac-
erbated by reducing the Shh dosage. Finally, chick elec-
troporation experiments directly establish that Gasl is
capable of promoting Shh signaling in a cell-autonomous
manner; a result similar to that obtained by Martinelli
and Fan (2007). Importantly, these results are consistent
with previous reports examining Gasl function in other
tissues where removal of Gas1 also results in phenotypes
suggestive of reduced Shh signaling (C.S. Lee et al.
2001b; Liu et al. 2001, 2002). Overall, these data argue
strongly that Gasl is a novel positive component of the
Shh signaling cascade.

In contrast to the pronounced defects in Shh signaling,
however, no obvious abnormalities in Thh-dependent
long bone growth are detected in GasI mutant embryos.
This is somewhat surprising, given that Gasl binds Thh
with similar affinity to Shh (C.S. Lee et al. 2001a), and
that there seems to be significant overlap between Gasl
and Thh expression in developing bone (St-Jacques et al.
1999; K.K. Lee et al. 2001). It may be that, similar to loss
of Shh, reducing the Ihh dosage on a Gasl mutant back-
ground will be necessary to identify any Ihh-dependent
defects associated with the loss of Gas1.

Gas1 cooperates with Cdo to promote Shh signaling

In addition to the identification of Gasl as a positive
component of Shh signaling, data presented here suggest
that Gasl cooperates with Cdo, a structurally unrelated,
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cell surface Shh-binding protein, to promote Shh signal-
ing. How this occurs at the cellular level remains to be
determined. As both factors bind Shh, one attractive hy-
pothesis is that Gasl and Cdo may form a physical com-
plex together through Shh binding, and that this com-
plex promotes Shh signaling, possibly through ligand
presentation to the Shh receptor Ptch1. Future biochemi-
cal analyses examining whether such a complex is as-
sembled and if so, determining the nature of such a com-
plex will be critical next steps in understanding mecha-
nistically how these proteins function. Additionally,
given the recent report that the ciliary localization of the
Hh signaling molecule Smo is critical for its function
(Hacker et al. 2005), an examination of the subcellular
localizations of these proteins may yield significant in-
sight into their function. Considering that Gasl1 is a GPI-
anchored protein (Stebel et al. 2000), and that Cdo is a
transmembrane protein (Kang et al. 1997), an intriguing
possibility is that these proteins display distinct mem-
brane localizations in the absence of Shh, but that fol-
lowing ligand binding these proteins redistribute in order
to promote Shh signaling through Ptchl.

Surprisingly, despite the strong cooperation seen be-
tween Gasl and Cdo in the promotion of Shh signaling
during craniofacial and neural tube development, there
appear to be no such cooperative interactions in the
limb. This result is especially striking given the Shh-
specific limb defects seen in both Gas1~/~ and Gas1™~/";
Shh*/~ embryos, and that GasI and Cdo are expressed in
overlapping domains in the limb (Lee and Fan 2001; Ten-
zen et al. 2006). One explanation is that other molecules
with similar expression patterns and activity, notably
Boc, may compensate for the loss of Gasl and Cdo in the
limb. Alternatively, inherent differences may exist in
the reception and interpretation of Shh signals during
limb and ventral neural tube development that underlie
the contrasting phenotypes. Recent data from the limb
suggest that both the level and duration of Shh signal
exposure are critical for proper digit specification (Ahn
and Joyner 2004; Harfe et al. 2004). Importantly, in the
developing limb bud, Shh-expressing descendants con-
tribute to the majority of Shh-dependent digits, while in
the neural tube only FP cells ever express Shh and all
ventral neural progenitors are initially specified by a no-
tochord-derived Shh signal. In this regard, patterning of
the neural tube is clearly more reliant on a secreted Shh
signal. Thus, if Gasl and Cdo function to regulate cellu-
lar responses to secreted Shh ligand, then the mild digit
specification defects and severe ventral neural tube pat-
terning phenotypes seen in Gasl; Cdo compound mu-
tants are entirely consistent.

The data presented here, however, do suggest an im-
portant similarity between digit specification and ven-
tral neural tube patterning that has not been fully appre-
ciated previously: time. Comparison of GasI and Cdo
expression patterns indicates that they overlap only
briefly in the ventral neural tube and notochord during
early stages of neural patterning, yet analysis of Gas1~/;
Cdo~~ double mutants demonstrates a complete loss of
FP, vp3, and pMN progenitors, three cell types that de-



pend critically on Shh for proper specification. Addition-
ally, examination of pMN (Olig2*) cell specification at
different time points during neural tube patterning of
Gas1™~; Shh*/~ embryos suggests that these cells depend
on Shh signaling not only for initial specification signals,
but also for maintenance or expansion of cell fates post-
initial patterning. These data suggest strongly that time
is a critical factor controlling Shh-dependent patterning
of the ventral neural tube. Thus, there is a brief, but
important temporal window during ventral neural tube
patterning where coexpression of Gasl and Cdo is re-
quired for proper transduction of the Shh signal. This
temporal dependence contrasts with current models of
ventral neural tube patterning, where the level of Shh
exposure is of primary importance (Hooper and Scott
2005).

A model for cell surface regulation of Shh signaling

A critical aspect of Gasl promotion of Shh signaling is
that Gas1 expression is down-regulated as Shh signaling
levels increase. The same is true for Cdo and Boc, which
are also general negative targets of Shh (Tenzen et al.
2006). Importantly, these expression patterns are in di-
rect contrast to the transcriptional up-regulation of the
negative Shh signaling components Ptchl and Hhipl,
which sequester Shh ligand and block signaling (Jeong
and McMahon 2005). A synthesis of these data suggests
the following model: Cell surface molecules that pro-
mote Shh signaling are initially expressed on Shh-re-
sponsive cells, sensitizing cells to even low levels of Shh
ligand; as the level of Shh signaling increases, there is a
transcriptional down-regulation of these positive compo-
nents, and a concomitant up-regulation in the expression
of negative feedback components, thus providing mul-
tiple mechanisms to tightly control both the range and
level of Shh signal that is necessary for proper neural cell
specification.

Importantly, the transcriptional regulation of these
components is not an all or nothing response; instead, it
is dynamically modified within the target field. For ex-
ample, while Gas1 expression is lost in the most ventral
cell types as development proceeds, its expression is
maintained in Shh-responsive cells more dorsally that
require lower levels of Shh signal for proper specifica-
tion. Here, continued expression of Gasl is clearly criti-
cal for mediating a robust response to the normal levels
of Shh ligand that regulate cell identities in this position.
This is evident from the dramatic loss of progenitor cell
numbers when Shh dosage is decreased on a Gasl mu-
tant background. Additionally, an examination of Boc
and Cdo expression demonstrates that although their
transcripts are dorsally restricted during neural tube
specification, Cdo expression is preserved within the FP
and its activity there is required at a late stage for main-
tenance of FP integrity (Tenzen et al. 2006), suggesting
an ongoing role for these Shh signaling components in
maintaining Shh expression in midline cells even after
the initial establishment of Shh signaling. Overall, these
data suggest that patterning of the ventral neural tube
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depends critically on both the level and duration of Shh
action, and that Gasl and Cdo comprise two key com-
ponents that cooperate to regulate both aspects of this
vital developmental process.

Materials and methods

Mice

The Gas1*°“ allele (referred to here as Gas1) was generated by
Dr. C.M. Fan’s laboratory (Carnegie Institution of Washington,
Baltimore, MD). For details of the allele, please see the accom-
panying paper by Martinelli and Fan (2007). Cdo (Cole and
Krauss 2003), Ptch1 (Goodrich et al. 1997), Shh (St-Jacques et al.
1998), and Smo (Zhang et al. 2001) mutant mice have all been
described previously. Cdo mice were maintained on a 129/Syv;
C57BL6/] background, while Gasl and Shh mice were main-
tained predominantly on a C57BL6/] background. Noon of the
day on which a vaginal plug was detected was considered EO.5.

Chick electroporation

Gas1 was cloned into the pCIG vector (Megason and McMahon
2002) to enable coexpression of Gasl with GFP to visualize
electroporated cells. Ptch1%°°P? constructs have been described
previously (Tenzen et al. 2006). Electroporations were per-
formed essentially as described previously (Tenzen et al. 2006).
Gasl-pCIG and pCIG were injected into the neural tubes of
Hamburger-Hamilton (HH) stage 10-12 chicken embryos at
concentrations of 1.0 pg/uL in PBS with 50 ng/pL Fast Green.
For coelectroporation experiments, either Gas1-pCIG and pCIR
or Gasl-pCIG and Ptch®°°P2.pCIR were injected at concentra-
tions of 0.75 pg/uL for each construct. Approximately 48 h fol-
lowing electroporation, embryos were recovered and fixed in
4% paraformaldehyde for subsequent immunofluorescent
analysis.

In situ hybridization and immunofluorescence

Whole-mount digoxigenin in situ hybridization was performed
as described (Wilkinson 1992). For immunofluorescent analysis,
specimen collection, processing, and staining were performed
essentially as previously described (Wijgerde et al. 2002; Jeong
and McMahon 2005). Briefly, embryos were collected, fixed for
90 min in cold 4% paraformaldehyde, washed overnight at 4°C
in PBS, cryoprotected overnight at 4°C in PBS containing 30%
sucrose, and frozen in OCT (Tissue-Tek). Twelve-micron sec-
tions were then cut for subsequent immunofluorescent analy-
sis. During immunostaining, the following antibodies were
used: rabbit-anti-g-gal (1:10,000, Cappel), mouse anti-FoxA2
(1:20, Developmental Studies Hybridoma Bank [DSHB]), mouse
anti-Shh (1:20, DSHB), mouse anti-Nkx2.2 (1:20, DSHB), mouse
anti-Pax6 (1:20, DSHB), mouse anti-Pax7 (1:20, DSHB), rabbit
anti-Nkx6.1 (1:600, gift of J. Jensen), mouse anti-Math1 (1:20,
DSHB), mouse anti-Nkx6.1 (1:20, DSHB), rabbit anti-Olig2
(1:5000, gift of H. Takebayashi), rabbit anti-Nkx2.2 (1:4000, gift
of T. Jessell), mouse anti-Isl1/2 (1:20, DSHB), rabbit anti-DsRed
(1:700, Clontech). Nuclei were visualized with DAPI (1:30,000,
Molecular Probes). Alexa 488, 568, and 633 secondary antibod-
ies (1:500, Molecular Probes) were visualized on a Zeiss LSM510
confocal microscope. For quantitation of neural cell progeni-
tors, at least two sections from three embryos of each genotype
were counted. Statistical analyses were performed using a two-
tailed Student’s t-test.
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Skeletal analysis and whole-mount LacZ staining

All skeletons were prepared according to a modified Alcian
Blue/Alizarin Red staining protocol (Kessel et al. 1990; Wallin et
al. 1994). Whole-mount detection of B-galactosidase activity
was performed using X-gal (Shelton Scientific) as described pre-
viously (Whiting et al. 1991).
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