Gas1 extends the range of Hedgehog
action by facilitating its signaling
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Cellular signaling initiated by Hedgehog binding to Patchedl has profound importance in mammalian
embryogenesis, genetic disease, and cancer. Hedgehog acts as a morphogen to specify distinctive cell fates
using different concentration thresholds, but our knowledge of how the concentration gradient is interpreted
into the activity gradient is incomplete. The membrane protein Growth Arrest-Specific Gene 1 (GAS1) was
thought to be a negative regulator of the Hedgehog concentration gradient. Here, we report unexpected genetic
evidence that Gas1 positively regulates Hedgehog signaling in multiple developmental contexts, an effect
particularly noticeable at regions where Hedgehog acts at low concentration. Using a combination of in vitro
cell culture and in ovo electroporation assays, we demonstrate that GAS1 acts cooperatively with Patched1 for
Hedgehog binding and enhances signaling activity in a cell-autonomous manner. Qur data support a model in
which GAS1 helps transform the Hedgehog protein gradient into the observed activity gradient. We propose
that Gas1 is an evolutionarily novel, vertebrate-specific Hedgehog pathway regulator.
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The Hedgehog pathway features a cholesterol and palmi-
tate modified, 19-kDa secreted Hedgehog protein (Porter
et al. 1996; Pepinsky et al. 1998). In mammals, Indian
Hedgehog (Ihh) and Sonic Hedgehog (Shh) encode two
proteins responsible for all early embryonic Hedgehog
function. “HH” will be used here to refer to properties
common to both. They elicit pathway activation prima-
rily through binding to the Patchedl (PTC1) protein,
which, in turn, allows the Smoothened (SMO) protein to
initiate a cascade of events leading to activity modula-
tion of the GLI transcription factor family and regulation
of downstream genes (Briscoe and Ericson 1999). Al-
though the majority of HH protein is believed to be
membrane bound, limiting it to local signaling, a small
fraction can become soluble and diffuse to long distances
(Zeng et al. 2001). The concentration gradient of the dif-
fusible HH is transformed into graded signaling
strengths in responding cells to specify them to an array
of cell fates. To achieve a defined pattern of cell types
within the target field, the contour of the gradient is
finely tuned by HH-binding proteins such as PTC1. Ptc1
is directly up-regulated by HH, thus providing a negative
feedback loop to limit the range of diffusion by present-
ing additional binding sites for HH (Chen and Struhl
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1996). The feedback loop predicts a sequestration of HH
near its source, creating a steep gradient (Saha and Schaf-
fer 2006). This causes a potential problem at the fringe of
the patterning field, where HH protein may not be con-
centrated enough for pathway activation and requires
signal enhancing mechanisms. Understanding the
mechanisms through which HH signaling strength is
regulated is of great importance for understanding not
only embryogenesis but also genetic diseases and cancers
caused by misregulated HH signaling (McMahon et al.
2003; Xie 2005; Kayed et al. 2006).

Gasl (Growth Arrest-Specific Gene 1) encodes a 37-
kDa, N-glycosylated, and glycosylphosphatidyl inositol
(GPI)-linked plasma membrane protein. It was first dis-
covered as a negative cell cycle regulator and tumor sup-
pressor in cultured cells (Schneider et al. 1988; Del Sal et
al. 1994; Evdokiou and Cowled 1998). We found that
GASI has a high affinity for HH and suggested that it has
a potential role in regulating HH signaling (Lee et al.
2001a). However, the role for Gas1 in HH signaling dur-
ing normal development has not been established. Here
we present a direct measure of the genetic interaction
between Gasl and Shh to demonstrate that Gasl is an
enhancer of HH signaling, particularly at a long distance
and/or at low concentrations. Combined with the find-
ing that HH signaling negatively regulates GasI expres-
sion, we propose a model in which GASI1 fine-tunes the
HH activity gradient.
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Results

Generation of the Gas1™*“* qgllele

To facilitate visualization and study the regulation of
Gas1 expression, we generated a mouse line in which the
Gas1 coding region is replaced by a LacZ gene. The LacZ
reporter activity reproduces the expression pattern of
Gas1 as previously obtained by in situ hybridization
(ISH) (Supplementary Fig. S1; Lee and Fan 2001). Mice
heterozygous for this mutant allele are phenotypically
normal, and homozygous mutant embryos have the
same phenotypes as the original Gas! mutant; for ex-
ample, defects in the limb and eye (Lee et al. 2001b; Liu
et al. 2002). This LacZ allele was used for all genetic
crosses in this study and is referred to as GasI~ for sim-
plicity.

Gasl and Shh interact genetically

Overexpression of Gas1 in tissue explants demonstrated
that it could function as an antagonist to HH signaling in
vitro (Lee et al. 2001a; Cobourne et al. 2004). To test this
in vivo, we sought to define the relationship between
Gas1 and Shh by genetic analysis. We generated mice
that were double heterozygous for Gasl™ and a mutant
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Age |Total n|Recovered Ratio
E9.5 | 398 21 0.053
E10.5 271 11 0.041
E13.5 | 45 0 0
- PO 221 0 0

allele of Shh (Gas1*/~;Shh*/~) (Chiang et al. 1996), which
were phenotypically normal. These mice were interbred
to obtain embryos of allelic combinations for analysis.
Morphological analysis of neonatal mice revealed that
Gas17/7;Shh*/~ mice have a single nostril as opposed to
the normal two found in GasI*/~;Shh*/~ and Gasi™/~
mice (Fig. 1A-C). Narrowing and fusion of midline facial
structures represents a mild holoprosencephaly, a birth
defect associated with impaired SHH signaling (Roessler
and Muenke 2003). Curiously, Gas1~/~;Shh™'~ pups were
not found at birth, suggesting embryonic lethality. We
found that the double mutants were only recovered at a
ratio (0.053) close to the Mendelian ratio (0.0625) at 9.5 d
of embryonic development (E9.5) (Fig. 1D), unlike
Shh™/~ or Gas1™/~ embryos, which can survive to term.
Gas17~/7;Shh™~ embryos were less frequently recovered
at E10.5, but were morphologically arrested at E9.5, in-
dicating lethality around E9.5.

Gross morphological examination of E9.5 embryos re-
vealed that the Gas1;Shh double mutants were more se-
verely affected than either single mutant. The double
mutants had a reduced size and inflated pericardium, and
failed to undergo proper embryonic turning, resulting in
a double-kink in the body axis or an L-shaped body axis
(Fig. 1E-H). They also had severe cardiac edema, presum-

Gas17;Shh*"

D Gas1”;Shh” Recovery

~l *Embryos are necrotic

Gas1/;Shh*

Figure 1. A genetic interaction exists between Gas1 and Shh. Neonatal control (A) and GasI1~/~ (B) mice have two nostrils (arrows),
while Gas1/-;Shh*/~ (C) mice have one (n = 5). (D) The table shows the recovery of Gas1~/~;Shh™~ embryos at different stages from
crosses between Gas1*/~;Shh*/~ mice. (E-H) Gross morphology comparison between day 9.5 embryos of different genotypes (as labeled):
The Gas17/~;Shh™/~ embryos have an inflated pericardium (arrowhead, ventral view) and a double-kinked body axis (open arrowheads,
lateral view with pericardium removed). (I-L) Hematoxylin and eosin staining of transverse sections at similar levels of the heart at
E9.5: For the Gas1~/-;Shh™/~ embryos, note the failed heart tube looping compared with the other genotypes; in the right panel of L,
the ventricle is not present at this level of section. (a) Atrium; (ed) edema; (ee) extra embryonic membrane; (la) left atrium; (lv) left
ventricle; (nt) neural tube; (pc) pericardium; (ra) right atrium; (v) ventricle. Bar: I -L, 200 pm.
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ably the cause of lethality. Histological analysis of trans-
verse sections at the level of the heart reveals a linear or
mostly linear heart tube in the Gas1~/~;Shh™~/~ embryos
(Fig. 1I-L), indicating a defect in left/right heart asym-
metry, a process dependent on combined SHH and IHH
signaling in the node (Zhang et al. 2001).

The morphological defects described above for
Gas17/~;Shh™'~embryos are similar to but not as severe as
those described for Smo~~ and Shh™~/~;Ihh™/~ embryos,
both of which have a complete loss of early embryonic
HH signaling (Zhang et al. 2001). These correlations and
genetic interactions described above lead us to propose
that Gas1 acts positively in HH signaling, instead of the
previously proposed antagonistic relationship obtained
in vitro (Lee et al. 2001a; Cobourne et al. 2004).

Gasl facilitates HH signaling in the neural tube
and somite

To define Gas1’s genetic contribution to HH signaling at
the molecular level, we examined the somites and neural
tube of Gasl”/~ and Gasl”/~;Shh™/~ embryos. The
somites are the embryonic precursors that form the ver-
tebrae and ribs, while the neural tube forms the spinal
cord at the trunk level. HH signaling regulates the pat-
tern of gene expression along the dorso-ventral axis of
both systems. SHH is the primary source, secreted first
from the notochord located just ventral to the neural
tube, and then from the floorplate after it is induced by
the notochord (Fig. 2U; Litingtung and Chiang 2000a).
Localized HH positively regulates downstream gene ex-
pression in the ventral portions of the somites and neural
tube, and negatively regulates genes to restrict their ex-
pression to the dorsal somite and neural tube. If Gas1
acts positively in HH signaling, then when Gas1 func-
tion is removed, we expect to observe reductions in ven-
tral marker expression and expansions in dorsal marker
expression.

To monitor the dorso-ventral polarity of the somite at
the forelimb level of E9.5 embryos, we used Paxl, a
ventral marker activated by HH, as well as Pax3 and
PAX7, dorsal markers repressed by HH (Fan and Tessier-
Lavigne 1994). In the Gas1~/~ somite, the Pax1 domain
appeared not to extend as far dorsally compared with the
Gas1*/~;Shh*/~ control (Fig. 2A,B), while the domains of
Pax3 and PAX7 appeared normal (Fig. 2E,F,L]). In the
Shh™/~ embryo, residual HH signaling to the somite is
still present due to partial compensation by IHH secreted
from the endoderm located ventral to the notochord
(Zhang et al. 2001). As published, we found that there
was Pax1 expression in the Shh~/~ somite, but at a re-
duced level and more ventrally restricted (Fig. 2C), while
Pax3 and PAX7 expression was ventrally expanded (Fig.
2G,K; Chiang et al. 1996). In the Gas1~/~;Shh™/~ embryo,
Pax1 expression was absent, suggesting a loss of HH
pathway activation in the somites (Fig. 2D). Consistent
with this, Pax3 and PAX7 expression in the double mu-
tant expands farther ventrally than in the Shh mutant
(Fig. 2H,L). These results suggest that GasI acts posi-
tively in HH signaling to the somites, and that its ge-
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netic contribution is particularly significant when the
somite is only exposed to low-level HH signaling as in
the Shh mutant.

HH primarily secreted from the notochord specifies
multiple cell types in the ventral neural tube in a con-
centration-dependent manner (Ericson et al. 1995a,b;
Tanabe et al. 1995; Briscoe et al. 1999). Among these cell
types, the floorplate requires the highest HH concentra-
tion (via a contact-dependent process), while the p0 pro-
genitors require the lowest (Briscoe et al. 2001; Pierani et
al. 2001). Based on the above findings, we examined
markers known to be indicative of low-level HH signal-
ing: Dbx1, which is expressed specifically in the pO pro-
genitors, and Pax3 and PAX7, which are restricted to the
dorsal neural tube due to repression by HH (Ericson et al.
1996). Importantly, the expression domains of these
genes are encompassed by the Gasl expression domain
(data not shown). In the E9.5 Gas1~/~ embryo at the fore-
limb level, the Dbx1 expression domain was ventrally
expanded (Fig. 2M,N; Supplementary Fig. S2). The
ventral boundaries of Pax3 and PAX7 expression shifted
slightly ventrally as well (Fig. 2E,F]L]J; Supplemen-
tary Fig. S2). Quantitation of marker expression bound-
aries and additional marker analysis were performed
to document the neural tube defect of Gasi~/~ and
Gas1™/~;Shh*/~ embryos in Supplementary Figure S2.
These data collectively indicate that in the Gas1~/~ back-
ground, there is reduced HH signaling.

As previously described, Dbx1 expression in the
Shh™/~ neural tube was shifted ventrally to the midline
(Fig. 20) accompanied by the ventral expansion of Pax3
and PAX7 expression (Fig. 2G,K; Litingtung and Chiang
2000b; Wijgerde et al. 2002). This Dbx1-positive domain
is most likely mediated by diffusible IHH from the en-
doderm (Zhang et al. 2001; Wijgerde et al. 2002). In the
Gas17/-;Shh~/~ neural tube, there was a complete lack of
Dbx1 expression (Fig. 2P), and Pax3 and PAX7 expres-
sion expanded farther ventrally to encompass the entire
neural tube (Fig. 2H,L). Thus, although the defect of the
Gas1™/~ neural tube is subtle, Gasl’s contribution to
IHH signaling becomes clear in the sensitized Shh~/~
background. This conclusion is further confirmed by the
expression of the HH target Ptc1 (Goodrich et al. 1996;
Marigo and Tabin 1996), which becomes progressively
more ventrally restricted from the Gas1*/~;Shh*/~, to the
Gas17/~, the Shh™/~, and finally the Gas1~/~;Shh™/~ geno-
type (Fig. 2Q-T). There remains residual PtcI expression
in the Gas17/~;Shh™~/~ neural tube, likely due to its basal
transcription level.

While the above results suggest that Gas1 facilitates
HH signaling, it is also possible that Gas1 regulates HH
expression. To test this, we examined the expression of
I[HH and Shh. We found that IHH production in the en-
doderm is similar between the Gas1/~;Shh™/~ embryo
and the Shh™/~ embryo (Fig. 2W,X), supporting that in the
Shh™/~ embryo, Gasl facilitates IHH signaling to the
neural tube and somites. In Gas1~/~ embryos, we found
normal levels of Shh expression in the notochord. Inter-
estingly, we found a narrow, triangular-shaped floor-
plate instead of the normal wedge shape, reflected by a
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Gas1*;Shh*

Figure 2. Compensation provided by IHH
signaling in the Shh™/~ background is elimi-
nated in Gas1~/~;Shh™/~ embryos. (A-D) Pax1
ISH (n=11). (E-H) Pax3 ISH (n=15). (I-L)
PAX7 IHC (n = 9). (M—P) Dbx1ISH (n = 5). (Q-
T) Ptc1 ISH (n = 11). Arrowheads indicate the
dorsal or ventral extent of gene expression;
lines in E-H indicate the domain size of Pax3
and PAX?7. (U,V) Shh ISH (n = 3); brackets in-
dicate the width of Shh-expressing floorplate
cells; images are at 2x higher magnification.
(W,X) IHH THC (n = 2); arrows indicate the
apical localization of THH protein. All sec-
tions are transverse at the forelimb level of
E9.5 embryos. Genotypes are labeled on top of
each panel. Not shown are Gasl*/~;Shh™/~
embryos, which display a variable but inter-
mediate phenotype between Shh~/~ and
Gas17/-;Shh™/~. Axis: Dorsal is up, ventral is
down. Bars: all except for U,V, 100 um; U,V,
50 pm.

reduced Shh expression domain (Fig. 2U,V). This sug-
gests that Gas1 aids SHH signaling from the notochord
to induce the floorplate. Gas1 is expressed throughout
the entire neural tube at earlier stages of development
during floorplate induction (data not shown; see below),
consistent with a role for Gas1I in floorplate induction.
However, the relative contribution to the Gas1~/~ neural
tube phenotype at E9.5 caused by the lack of Gas1 versus
a secondary consequence of the reduced size of the Shh-
positive floorplate is not clear.

Gasl facilitates low-level SHH signaling in the Iimb

The above-described phenotypes suggest that either
Gas1 generally facilitates HH signaling or that Gas1 acts
preferentially with IHH. To test whether Gas1 also fa-
cilitates SHH, we examined the developing limbs, an
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established system for studying SHH signaling without
input from other HH homologs. A current model for the
role of SHH in patterning digit number and identity
along the anterio—-posterior (A/P) axis states that digit 1
is SHH-independent; digit 2 and the anterior part of digit
3 receive only diffusible SHH; and digits 4 and 5 and the
posterior part of 3 are specified at least in part by the
different lengths of time exposed to local SHH signaling
(Chiang et al. 2001; Kraus et al. 2001; Ahn and Joyner
2004; Harfe et al. 2004). If Gas1 also facilitates SHH sig-
naling, we would expect impaired digit specification by
removing Gas1 function.

To test this, skeletal preparations of neonatal
Gas1*/~;Shh*/~, Gas1~/~, and Gas1~/~;Shh*/~ limbs were
performed. Digit numbers on limbs were scored as hav-
ing either a normal five digits, four, or 4.5 (five digits
with digit 2 being fused to either digit 1 or 3). When



compared with Gas1*/~;Shh*/~ controls, Gas1/~ limbs
had an overall reduced size, a disproportionately smaller
digit 2 (Supplementary Fig. S3), and hypodactyly at a low
penetrance (5% of forelimbs and 41% hindlimbs had 4.5
digits; 42% of hindlimbs were missing digit 2) (Fig. 3, cf.
A,D and B,E), similar to the previously reported Gasl
mutant (Liu et al. 2002). While the size of the limb re-
mained constant, the digit 2 hypodactyly phenotype be-
came exacerbated when Shh dosage was reduced in the
Gas17/~;Shh*/~ background (16% of forelimbs had 4.5
digits; 84% of forelimbs and 100% of hindlimbs were
missing digit 2) (Fig. 3C,F). Our rationale for suggesting
that 2 is the identity of the missing digit is based on the
morphology of the remaining digits and time-course

Gas1*;Shh*-

Gas1” Gas1”;Shh*"

Figure 3. Gas1~/~;Shh*/~ limbs have reduced range of SHH sig-
naling. (A-F) Alcian blue-stained (for cartilage) and alizarin red-
stained (for bone) neonatal forelimb (F.L.) and hindlimb (H.L.)
autopods of Gas1*/~;Shh*/~ (A,D) (n = 22), Gas17/~ (B,E) (n = 22),
and Gas17/~;Shh*/~ (C,F) (n = 19) genotypes. (G-R) Whole-mount
ISH of E10.5 forelimb buds: (G-I) Fgf4 (n = 6). (J-L) Grem (n = 3).
(M-O) Ptcl (n=7); Glil (not shown; n = 5); arrowheads mark
the anterior boundary of expression. (P-R) Shh (n = 5). Axis: An-
terior is up, posterior is down. Bars: A-F, 1 mm; G-R, 100 um.

Gasl facilitates Hedgehog signaling

analysis revealing that a digit at the digit 2 position
never forms in the Gas1~/~;Shh*/~ genotype (Supplemen-
tary Fig. S3 and legend). The Gasl™/~;Shh*/~ limbs
closely resemble those hypomorphic for Dispatched (in a
Displvromorph/= shh+/~ background), which are defective
in long-range SHH signaling and specifically lack digit 2
(Harfe et al. 2004). Together, these results support the
model that Gas1 facilitates long-range SHH signaling in
the limb.

If this hypothesis is correct, then we expect to find a
reduction in the expression of SHH downstream genes in
the E10.5 limb bud, an early time period when SHH acts
upon the limb. Shh is expressed in a posterior region of
mesenchyme known as the Zone of Polarizing Activity
(ZPA) (Fig. 3P). From E9.25, a stage prior to Shh expres-
sion in the ZPA, to E11.5, Gas1 is not expressed in the
posterior mesenchyme (see below; Liu et al. 2002). Ptc1
and GIil are SHH target genes, while Fgf4 and Grem are
indirectly activated, but their expression is also indica-
tive of the range of SHH signaling. All are expressed in
the mesenchyme, except for Fgf4, which is expressed in
the Apical Ectodermal Ridge. Whole-mount ISH for
these target genes reveals a more posteriorly restricted
expression domain in the Gas?~/~ limb bud when com-
pared with the Gas1*/~;Shh*/~ limb bud (Fig. 3, cf. G,J,M
and H,K,N; data not shown). A further restriction is seen
in the Gas1™/~;Shh*/~ limb bud (Fig. 3LL,0O; data not
shown). Importantly, target gene expression in the pos-
terior regions close to or in the ZPA was unaffected,
regions where Gas1 is not expressed. Shh expression is
not reduced in the Gas1~/~;Shh*/~ limb when compared
with that in the Gas1*/~;Shh*/~ limb, indicating that the
results of the marker analysis are not caused by Shh
down-regulation (Fig. 3P,R). Therefore, our molecular
analysis supports that Gasl is required for the full
range of SHH signaling in the limb. More specifically,
Gas1 facilitates SHH signaling where it is expressed,
which in the case of the limb bud corresponds to regions
reached by only long-range and thus low-level SHH sig-
naling.

SHH signaling inhibits the processing of the GLI3 (190
kDa) transcription factor into smaller forms (83 and 75
kDa), which function as strong transcriptional repressors
(GLI3-R) (Wang et al. 2000). For patterning of digit num-
ber and identity, it is thought that the primary action of
the SHH gradient in the limb bud is to establish a coun-
tergradient of the ratio of the GLI3-R to unprocessed
GLI3 (GLI3-R:GLI3-190) (Litingtung et al. 2002). In the
absence of GIi3, limbs form an array of seven to nine
digits, each without a clear identity; this is observed re-
gardless of the presence of Shh—that is, GIi3 is epistatic
to Shh (Litingtung et al. 2002). Based on the above results
that Gas1 facilitates HH signaling in the limb, we pre-
dict GIi3 to also be epistatic to Gas1 in digit patterning.
To test this, we analyzed GIli3~/~ and Gasl™/~;Gli3~/~
limb digit patterns by skeletal preparation and observed
that the polydactyly phenotype of GIi3~/~ limbs is indis-
tinguishable from that of Gas1~/~;GIli3~/~ limbs, consis-
tent with our hypothesis (Fig. 4A). Additionally, we pre-
dict to observe increases in the processing of GLI3-190 in
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Figure 4. GlIi3 is epistatic to GasI in digit patterning,
and Gas1 inhibits GLI3 processing. (A) Alcian blue- and
alizarin red-stained E16.5 forelimb (F.L.) and hindlimb
(H.L.) autopods of GIi3”/~ and Gas1”/-;GIli37/~ limbs B
(n=5). Bar, 1 mm. (B) Diagram depicting how E10.5

limb buds were dissected. (C) Western blot analysis for

GLI3 on indicated genotype and limb bud halves. (A)
Anterior; (P) posterior. GLI3-190 and GLI3-R bands are

as labeled. A GIi3~/~ limb bud was used for a control.

Blots were stripped and reprobed for a-tubulin for a
loading control. Asterisks indicate nonspecific bands.

(D) Western blot repeated for three embryos of each
genotype and band intensity quantified. GLI3-R:GLI3-

190 ratios are indicated.

E10.5 limb buds that correlate with the phenotypes of
the Gas1™/~ and Gas1~/~;Shh*/~ limbs. To test this, we
harvested E10.5 limb buds, dissected each into anterior
and posterior halves (Fig. 4B), and performed Western
blot analysis using an antibody that recognizes all GLI3
forms (Fig. 4C). The intensity of the GLI3-190 and
GLI3-R bands was quantified and normalized to a-tubu-
lin, and the GLI3-R:GLI3-190 ratio was calculated (Fig.
4D). Similar to previously reported results, we found that
the ratio was 9.3 in the anterior of control limb buds and
3.1 in the posterior (Wang et al. 2000). Importantly, in
the Gas1/~ and Gas1~/~;Shh*/~ buds, these ratios were
increased by approximately twofold and threefold, re-
spectively. How the measured changes of GLI3 isoform
ratios in the mutant limbs are translated into the final
digit patterns remains unresolved. However, the genetic
and biochemical analyses above demonstrate that the
relationship between Gasl and GIi3 is consistent with
Gasl facilitating HH signaling.

Gasl enhances the activity of SHH

Taken together, our genetic analysis strongly supports a
model in which Gas1 is required for the complete range
of HH signaling. We next investigated two possible
mechanisms for how GAS1 could facilitate HH signal-
ing, which are not necessarily mutually exclusive. First,
GASI could enhance the diffusion or transport of HH
protein to cells distant from the source of HH synthesis.
Second, after HH has arrived at a target cell, GAS1 could
enhance the ability of HH to induce signal transduction;
that is, HH activity. To differentiate between these two
possibilities, we first examined the distribution of SHH
in E10.5 limb buds in the various allelic combinations of
Gas1 and Shh using immunohistochemistry (IHC), an
established method used to determine the range of SHH
diffusion (Gritli-Linde et al. 2001; Lewis et al. 2001;

1236 GENES & DEVELOPMENT

Anterior

Posterior

Gli3* Gas1:Gliz"- C

¢ 4 - 70 GasT™; Gast1”;

4
’

o sh*' Gast*  Shh
»” 4 AP AP A P GI3
., &, 250 kDm— —GLI3-190
e, NN et g

150 KD '
e s |t .t P

100 KDB—
SrTREs = |cur

L
%%, .-
H.L. é»— ot ol
. . s
LN % — —— ——— = —-Tubulin

o

W GLI3-190 mGLI3-R

w
o

-
{= ]
|

Relative GLI3 levels

9.3 3:1 18.9 6.9 32.6 8.6
A P A B A P

Gas1";Shh*" Gas1” Gas17;Shh*

_‘
O
£
o

Harfe et al. 2004). We found no detectable difference in
the domain of SHH between the Gas1*/~;Shh*/~ and
Gas17/-;Shh*/~ genotypes (Fig. 5A) in contrast to the re-
duced SHH domain observed in the Disp™»omerh/= ghh+/~
limb bud (Harfe et al. 2004). Western blot analyses of
E10.5 limb buds also showed that total SHH protein is
not reduced in the Gas1~/~;Shh*/~ limb bud when com-
pared with Gas1*/~;Shh*/~, indicating that SHH produc-
tion and stability are not altered (data not shown). How-
ever, since IHC may not be sensitive enough to detect
the entire range of SHH distribution, it is possible that a
subtle change in SHH diffusion might escape our detec-
tion.

The lack of evidence for a change of SHH diffusion in
the Gasl mutant limbs led us to test whether GASI
enhances SHH signaling activity. We chose to use an in
vitro system uncomplicated by dependence on SHH dif-
fusion. NIH3T3 cells with a stably integrated HH-re-
sponsive luciferase reporter gene driven by GLI-binding
sites (NIH3T3-GLI-Luc) were transfected with either
control or targeted short interfering RNA (siRNA)
against the Gas1 transcript. This method lowered GAS1
levels by ~90% with siRNA against GasI but not with
control siRNA (Fig. 5B, inset). We then exposed these
cells to various concentrations of SHH (conditioned me-
dia containing SHH N-terminal product, SHH-N with-
out cholesterol modification) and assayed for HH respon-
siveness. Between the low concentrations of SHH-N
tested, 0.75-12 nM, HH responsiveness is approximately
twofold reduced when GASI1 is down-regulated, com-
pared with cells transfected with control siRNA (Fig. 5B).
At concentrations >12 nM, the control cell’s HH re-
sponse becomes saturated, while the GAS1 down-regu-
lated cells continue to show progressive increases in HH
responsiveness. At 24 nM, the difference in fold induc-
tion between the control and GAS1 down-regulated cells
becomes statistically insignificant. The physiological
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relevance of SHH concentrations above the saturation
threshold determined for the NIH3T3 cell line is un-
known. It is also unclear how much further a reduction
in SHH responsiveness would be observed if the siRNA
treatment removed all GAS1 protein. Nonetheless, our
results suggest that GAS1 indeed enhances HH signaling
activity.

To confirm this result with an alternate method, we
transiently transfected NIH3T3 cells with the GLI-lucif-
erase reporter and an expression construct for short hair-
pin RNA (shRNA) against a region in the Gasl 3’ un-
translated region (UTR) that is a different sequence from
that used above. At a concentration of SHH-N just below
the threshold of maximal response (10 nM), we find a
similar approximately twofold reduction in reporter ac-
tivity when Gas1 transcripts were targeted by shRNA
compared with the empty shRNA vector control or to
shRNA against YFP (Fig. 5C). Conversely, cotransfection
with an expression construct for mouse Gasl (mGas1)
causes a modest increase in the HH response, while ex-
pression for a GPI-anchored YFP has no effect. Impor-
tantly, the decrease in HH responsiveness caused by
shRNA against GasI can be rescued by coexpressing a
mGasl cDNA without the shRNA target sequence.
Similarly, an expression construct for human Gasl
(hGas1), which is not a target for the shRNA, could also
rescue the HH response, indicating that hGas1 can func-
tion in a similar way as the mGas1 (Fig. 5C). Thus, we
conclude that GASI activity is required for maximal HH
response in NIH3T3 cells.

Because GAS1 binds to HH at the cell surface (Lee et

PTC1 CDO

+Ptcidi2 pressing various effector genes and/or
shRNA against Gasl (as labeled) in the
presence or absence of 10 nM SHH-N. (D)
SHH-N-AP-binding assay of COS cells ex-
pressing Gas1 and/or Ptc1, as well as other
control genes are as labeled. They were as-
sayed for binding to SHH-N-AP or AP
alone, as determined by the picomoles
bound (Y-axis) (input = 1.25 nM). In B-D,
all assays were performed in triplicate; er-
ror bars = 1 standard deviation.

al. 2001a), we predict that it acts either at the level of
PTC1 or SMO. To test this, we used the above cell cul-
ture reporter system to place GAS1 in the HH pathway
relative to PTC1 and SMO. As expected, when an acti-
vating form of Smo, SmoM?2 (Buttitta et al. 2003), was
expressed in the NIH3T3 cells, the HH pathway was
strongly activated independently of HH (Fig. 5C). Either
overexpressing Gas1 or knocking down Gas1 did not al-
ter the activity of SmoM2 in the presence or absence of
HH, suggesting that GAS1 acts at or above the level of
SMO. Conversely, when a non-HH-binding form of Ptc1,
delta-loop2-Ptc1 (Ptc1dI2) (Briscoe et al. 2001), was ex-
pressed, HH-dependent pathway activation through the
endogenous receptor PTC1 was repressed. While reduc-
ing GASI did not alter the dominant effect of Ptc1dI2 as
expected, expressing more Gas1 did partially rescue HH
responsiveness, indicating that the effect of Ptc1dI2 can
be overcome by Gasl overexpression. Taken together,
we place GAS1 function above the level of SMO and
likely at or below the level of PTCI.

Activation of the HH pathway by HH-PTC1 binding
has been proposed to be determined by the ratio between
unbound and bound PTC1 (Casali and Struhl 2004). If so,
our rescue data predict that increasing GAS1 levels in-
creases the HH-bound PTC1 fraction to overcome the
critical ratio required for pathway activation. To inves-
tigate this, COS cells transiently expressing either
GAS1, PTCI, or simultaneously GAS1 and PTC1 were
exposed to conditioned media containing the SHH-N-
alkaline phosphatase (SHH-N-AP) fusion protein that al-
lows for quantification of binding (Lee et al. 2001a). As
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predicted, cells expressing either GAS1 or PTCI1 bind
SHH-N-AP at levels 2.3-fold and 9.5-fold, respectively,
greater than cells expressing either GPI-anchored YFP or
SMO (Fig. 5D). When both GAS1 and PTC1 were ex-
pressed, the amount of SHH-N-AP bound was 29.5-fold
higher than in the control cells, an amount greater than
the sum of binding provided by GAS1 and PTCI indi-
vidually. This indicates that the two proteins display
synergism in SHH-N-AP binding and suggests that the
positive action of GAS1 on HH signaling results from an
increase in binding of HH to PTC1. Recently, Thog was
shown to bind Hh and mediate Hh signaling in Dro-
sophila (Yao et al. 2006). The mammalian ihog homolog
is Cdo. As a positive control, we confirmed the ability of
CDO to bind to SHH-N-AP (6.8-fold) and demonstrated
the synergistic binding between CDO and PTC1 (53.0-
fold) (Fig. 5D, as predicted in Yao et al. 2006). However,
we did not observe a synergistic binding of SHH-N-AP
between GAS1 and CDO (8.5-fold, approximately equal
to the sum of binding providing by GAS1 and CDO in-
dividually). This suggests that GAS1 and CDO function
independently of each other to facilitate PTC1 binding to
SHH-N.

Increasing Gasl expression enhances HH
responsiveness in the neural tube

The above results predict that increasing Gasl expres-
sion should be able to enhance HH signaling in vivo. To
test this directly, we turned to the chick neural tube to
take advantage of a powerful gene delivery tool; that is,
electroporation. In the chicken neural tube, the Gasl
expression pattern (Lee and Fan 2001) and HH-dependent
specification of ventral cell types are similar to those in
the mouse (Briscoe and Ericson 1999). We first assessed
markers that represent the two ends of the diffusible HH
signaling spectrum: PAX7, whose ventral boundary
marks the lowest limit of HH signaling readout; and

Figure 6. Gasl expression alters the po-
sition of neuronal progenitors in the neu-
ral tube. Chick trunk neural tube was elec-
troporated  with  GasIN/A-IRES-GFP
(A-D) or Gas1-IRES-GFP (E-L) plasmids
and analyzed for GFP (B,D,F,H,],L), PAX7
(A,E,I), and NKX2.2 (C,G,K) by double im-
munofluorescence (green for GFP, and red
for PAX7 or NXK2.2) on the same sec-
tions. Each pair of images (A and B, C and
D, etc.) is from the same section; n = 10
for each pair. I-L are at 2x higher magni-

Gas1N/A

PAX7

-IRES-GFP

NKX2.2, which labels the p3 progenitors (located just
dorsal to the floorplate) (Briscoe and Ericson 1999). For
expression, we constructed an expression plasmid with
mGas1 cDNA followed by an internal ribosomal entry
site-green fluorescent protein (IRES-GFP) cassette to
monitor GasI-expressing cells. The control plasmid ex-
presses a mutant form of GAS1 with an amino acid 155
glutamine (N) to alanine (A) change (i.e., GasIN/A),
which is surface presented but not N-glycosylated and
displays minimal SHH binding (Lee et al. 2001a). When
the GasIN/A expression plasmid was electroporated
into the left side of the chick neural tube, we saw no
alteration of PAX7 (Fig. 6A,B) or NKX2.2 (Fig. 6C,D) ex-
pression domains compared with the control right side.
In contrast, when the GasI-expressing plasmid was used,
we observed repression of PAX7 when GFP was present
in the dorsal neural tube (Fig. 6E,F). When almost all
cells on the electroporated side were GFP-positive, ectop-
ic NKX2.2-positive cells could be found halfway up the
neural tube, accompanied by reduced NKX2.2 levels at
the normal p3 position (Fig. 6G,H). In neural tubes with
segregated GFP-positive cells, we found that the PAX7-
repressed domain was always within the GFP-positive
domain (Fig. 6I,]), whereas ectopic NKX2.2-positive cells
were always GFP-positive (Fig. 6K,L). Similar marker
analysis was performed for HNF38, OLIG2, NKX6.1, and
PAX6 in Supplementary Figure S4, and the results are
consistent with the conclusions described above. Addi-
tionally, we observed that when Gas1 was overexpressed
in only the ventral neural tube, inhibition of HH signal-
ing dorsal to the GFP-positive domain was observed (data
not shown), a result probably due to sequestration of HH.

The above results demonstrate the following points:
First, ectopic GAS1 can enhance HH signaling and alter
the response gradient in the neural tube; second, this
activity of GASI depends on its HH-binding property;
and third, GASI1 appears to enhance HH signaling in a
cell-autonomous manner. Together with the data that

GFP

NKX2.2
C

GFP

fication than A-H. Brackets indicate al- Gas1
tered domains of PAX7 or NKX2.2, arrows
indicate corresponding PAX7-negative and -IRES-GFP

GFP-positive domains, arrowheads denote
NKX2.2 and GFP doubly positive cells,
and open arrowheads indicate the ventral
midline.
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GASI and PTCI1 display synergistic binding to SHH, our
data strongly support the possibility that GASI facili-
tates HH binding to PTC1 to enhance HH responsive-
ness in receiving cells.

Shh regulates Gasl expression

The above data indicate that Gas1 acts as a positive regu-
lator of HH signaling. Somewhat counterintuitively,
Gas1 expression levels negatively correlate with HH sig-
naling levels; that is, PtcI expression. This expression
pattern implies that Gas1 is repressed by high-level HH
signaling, which may represent a HH self-imposed regu-
latory loop to modulate its own signaling activity. To
test this, we used the LacZ gene knocked into the Gas1
locus to report for Gas1 expression by X-gal staining. In
the E9.5 Gas1*/~;Shh*/~ embryo at the trunk level, X-gal
staining was present in the dorsal neural tube and
somites (Fig. 7A). We noted that the staining was
throughout the neural plate at the tail region, and be-
came progressively dorsally restricted in more anterior
sections (Supplementary Fig. S5), suggesting that in-
creasing HH levels gradually repress Gasl expression.
Consistent with this, X-gal staining was found in the

HH protein HH activity GAS1

Gas1*;Shh*- Gas1*;Shh™

A B G activation
threshold
B .
o wild type
H
ES
o Gas1”
=
increased
GAS1

Distance

Figure 7. HH signaling negatively regulates Gasl expression.
Gas1 expression was determined by X-gal staining in E9.5 neu-
ral tubes at forelimb level (A,B), E10.5 limb buds viewed dor-
sally (C,D), and E8.0 nodes viewed ventrally (E,F). Genotypes are
labeled on top of each panel. (G-I) Model for the role of Gas1 in
transforming a hypothetical HH concentration gradient to an
activity gradient. The Y-axis represents the magnitudes of three
gradients: HH concentration (black line), HH activity (red
dashed line), and GAS1 levels (blue dashed line). The X-axis
represents a HH source and the distance from that source. The
shape of the HH protein gradient is based in part on mathemati-
cal modeling (Saha and Schaffer 2006). GAS1 levels have direct
implications for HH activity gradients and the distance from the
HH source (green line) where the activation threshold (dashed
gray line) for a hypothetical target gene is reached. For simpli-
fication, the contributions of other known HH-modifying pro-
teins are not included in this model.

Gasl facilitates Hedgehog signaling

entire neural tube and somites of Gas1*/~;Shh™/~ em-
bryos at all levels (Fig. 7B; data not shown). The presence
of Gasl in the early neural plate prior to its down-
regulation likely helps SHH secreted from the notochord
to induce the floorplate, explaining the partial floorplate
defect in the Gasl mutant (Fig. 2V; Supplementary
Fig. S2).

In the E10.5 Gas1*/~;Shh*/~ forelimb buds, X-gal stain-
ing was present in a gradient counter to that of
high levels of HH signaling, but the staining in the
Gas1*/~;Shh™'~ embryo was throughout the entire limb
bud (Fig. 7C,D). Thus, Gas1 and Ptc1 are oppositely regu-
lated by HH signaling: Gas1 is down-regulated and Ptcl
is up-regulated. Despite this, the GasI and Ptc1 expres-
sion domains overlap in the middle regions of the limb
bud (Lee et al. 2001a; data not shown), a location where
low-level HH is known to act. We propose that at the
regions where it is expressed, GASI exerts its activity to
facilitate HH-PTCI1 binding and enhance HH activity.
The enhancement of specifically low-level HH signaling
distant from the HH source in the limb bud is presum-
ably due to a lack of Gasl expression in the posterior
mesenchyme even prior to ZPA formation, consistent
with a lack of phenotype in the Gas1~/~ posterior limb.
How Gasl1 expression is restricted from the posterior
limb bud prior to Shh expression is currently unknown.

The above results led us to re-examine whether Gas1
expression, regulation, and function for left/right heart
asymmetry follow the same logic as for the neural tube,
somite, and limb. Indeed, in E8.0 embryos, Gas1 expres-
sion inferred from X-gal staining was found in cells sur-
rounding and posterior to the node, where HH signaling
is crucial for specifying left-right asymmetry (Fig. 7E;
Zhang et al. 2001). In the Gas1*/~;Shh™/~ embryo, X-gal-
positive cells were found within the node (Fig. 7F), con-
sistent with GasI expression being negatively regulated
by HH signaling. Gas1~/~;Shh™/~ embryos had a further
intensified X-gal signal accompanied by a lack of detect-
able Ptcl expression in the node, supporting that the
left-right asymmetry defect noted in the Shh™/~;Gas1~/~
embryo is due to a further reduction in HH signaling
compared with the Shh™/~ embryo (Supplementary Fig.
S6). Based on the regulation of Gasl, we propose that it
is a negative feedback mechanism to restrain HH signal-
ing activity.

Discussion

We show here that Gas1 is a positive regulator of HH
signaling in all five developmental contexts examined.
Retrospectively, the microphthalmia (Lee et al. 2001b)
and reduced cerebellum size (Liu et al. 2001) of the Gasl
mutant are likely also due to reduced HH signaling as
Shh plays important roles in both contexts. The pleio-
tropic involvement of Gasl in HH-directed embryonic
patterning implies that it is an integral component of the
HH pathway. To extend our findings, we propose that
Gas1 may well be a modifier locus for the holoprosen-
cephaly caused by reduced HH signaling and also possi-
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bly an enhancer of tumorigenesis associated with in-
creased HH signaling.

GAS1’s HH-binding property and its ability to enhance
HH activity are reminiscent of the recently described
CDO and BOC proteins (Tenzen et al. 2006; Zhang et al.
2006), which are homologs of Thog and Boi, respectively,
in Drosophila (Yao et al. 2006). Like Thog (Yao et al. 2006)
and CDO (this study), GAS1 can also synergize with
PTCI to bind HH. Although their expression and regu-
lation are similar, there are differences between Gasl
and Cdo/Boc. For example, Cdo is expressed in the E9.5
notochord and floorplate, indicating that it is not regu-
lated in the exact same manner as Gasl. Additionally,
the Cdo mutant phenotype appears limited to defects in
midline structures (Zhang et al. 2006) and a delay in
myogenesis (Cole et al. 2004), while the Boc mutant phe-
notype appears limited to axon guidance (Connor et al.
2005; Okada et al. 2006). Perhaps the lack of complete
loss of HH signaling in each single mutant is because
these genes are able to partially compensate for each
other in places where they are coexpressed. This possi-
bility has been examined between Gas1 and Cdo in the
accompanying study (Allen et al. 2007).

It is also possible that there is a specific context-de-
pendent requirement for each of the genes to mediate
HH signaling. The differential requirement for Gas1 ver-
sus Cdo/Boc in different contexts may not be surprising
because CDO/iHog and BOC/Boi are highly related Fi-
bronectin type IIl repeat-containing proteins, while
GASI belongs to the Glial Cell-Derived Neurotrophic
Factor Receptor a (GDNFRa or GFRa) family (Cabrera et
al. 2006). Sequence alignments between GFRa-domain-
containing genes of various species predicted that Cae-
norhabditis elegans and honey bee genomes might have
a Gas1 homolog (Schueler-Furman et al. 2006). However,
the single N-glycosylation site in GAS1 required for HH
binding is conserved among vertebrate GASI proteins
but not found in the presumed invertebrate GAS1 pro-
teins, suggesting that invertebrate GAS1 homologs do
not function in the HH pathway. Perhaps through con-
vergent evolution, Gas1 has acquired the ability to bind
HH and enhance its signaling similarly to the conserved
Cdo/Boc family and may be a novel addition to the HH
signaling core pathway in vertebrates. Interestingly,
GASI still retains the ability to modulate GDNF signal-
ing. Given that SHH is involved in adult neurogenesis
(Ahn and Joyner 2005) and that GDNF is a potent neu-
roprotective factor (Schueler-Furman et al. 2006), Gas1
may have evolved to be a nodal point for the convergence
of these two important signaling pathways in the adult
brain.

The observed negative regulation of Gas1 by HH sig-
naling is in stark contrast to the positive regulation of
PTC1 by HH signaling. PTC1 up-regulation has been
proposed to attenuate HH diffusion and provides self-
imposed regulation on its distance of action. Conversely,
our data support a model in which HH down-regulates
GASI to restrain its own activity. As HH concentration
increases, Gasl is correspondingly down-regulated to a
level appropriate for the required magnitude of signaling
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amplification. This does not preclude that GAS1 can en-
hance local signaling. For example, the presence of GAS1
in the early neural plate prior to its down-regulation ap-
pears to be required for complete floorplate induction by
SHH from the notochord. A caveat to this model is that
in the posterior limb, where due to an unknown mecha-
nism, Gas1 is not expressed prior to Shh expression in
the ZPA and therefore cannot facilitate local signaling
(Liu et al. 2002). Previous studies using explants of pre-
somitic mesoderm (Lee et al. 2001a) and mandibular
mesenchyme (Cobourne et al. 2004) found that overex-
pressed GASI inhibited SHH signaling. It is possible that
explants cultured in vitro lost the capacity to regulate/
provide additional components necessary for GAS1 to
act positively. However, a more likely explanation is
that the inhibitory effects seen were due to sequestration
of SHH by excessive GAS1, since under certain condi-
tions we also observed a non-cell-autonomous inhibitory
effect of GASI1 in our electroporation assay (Allen et al.
2007; data not shown). It appears that how the HH re-
sponse is modulated by GAS1 is dependent on the levels
of GAS1 and HH, and possibly the cell type. Whether in
vivo contexts exist where high levels of GASI can in-
hibit HH signaling is an intriguing possibility.

In our model, upon GAS1 gradient formation, the HH
concentration gradient is steeper than its activity gradi-
ent, owing to the enhancement by GAS1 (Fig. 7G). When
Gasl is removed, the HH activity gradient becomes
close to the HH protein gradient (Fig. 7H). Conversely,
when Gas1 levels are increased, the contour of the HH
activity gradient becomes inflated (Fig. 7I). In both al-
tered situations, shifts in the positions of the cell types
being specified will occur. Thus, simultaneous up-regu-
lation of a repressor (PTC1) and down-regulation of an
enhancer of HH activity (GAS1) may not be essential for
creating a signaling gradient per se, but can be instru-
mental to further refine multiple thresholds within the
target field governed by HH, likely part of an evolution-
ary process for building the increasing intricacy of ver-
tebrate form and function.

Materials and methods

Generation of mutant Gasl mice

See Supplementary Figure 1.

Generation of embryos

Mutant alleles of Shh (Chiang et al. 1996) and Gas1 were main-
tained on a mixed 129/Sv; C57BL6/J background. Noon of the
vaginal plug date was considered E0.5. Genotypes were deter-
mined by PCR with yolk sac DNA using the following primers:
for the Gasl wild-type allele, 5-TACTGCGGCAAGCTTTT
CAACGG-3' and 5-AGCGCGCTGCTCGTCGTCATATTC-
3'; for the Gasl mutant allele, 5'-ACTACGCGTACTGTGA
GCCAGAG-3' and 5-AGTGACCAGCGAATACCTGTTCC-
3'; for the Shh wild-type allele, 5'-GACCATGTCTGCACACT
TAGGTTCC-3' and 5'-GAAGGCCAGGAGGAGAAGGCTC
AC-3’; for the Shh mutant allele, 5'-CGTGCAGTTCACTCA
CAAGGCACT-3' and 5'-ACGAGTTCTTCTGAGGGGATC-3'.



Histology/LacZ stains

For histology, embryos were fixed in methacarn, embedded in
paraffin, sectioned at 6 um, and stained by hematoxylin and
eosin (Surgipath). For LacZ stains, embryos were fixed in glu-
taraldehyde and stained in X-gal or S-gal as described (Hogan et
al. 1994).

ISH

ISH on paraffin sections (10 pm) using digoxigenin-UTP (DIG)-
labeled antisense probes was performed for Pax1, Pax3 (Fan and
Tessier-Lavigne 1994), Ptcl (gift from M. Scott, Stanford Uni-
versity, Stanford, CA), and Dbx1. The template for Dbx1 probe
synthesis was a PCR-amplified 2-kb mouse Dbx1 ¢cDNA using
the primer sequences 5'-GGTTACCAGGATACTGAGCCAAA
GAG-3' and 5'-AAAATAATGAGA GGGACACAGCCAGC-3/,
cloned into pCR-TOPOII (Invitrogen), and transcribed by T7.
Images were photographed using DIC microscopy. Whole-
mount ISH using DIG-labeled antisense probes was performed
following standard procedures (Wilkinson 1992) for Fgf4, Glil
(gifts from C.C. Hui, Sick Kids, University of Toronto, Toronto,
Ontario, Canada), Grem (gift from R. Zeller, Utrecht University,
Utrecht, The Netherlands), Shh (gift from A. McMahon, Har-
vard University, Cambridge, MA), and Ptc1. Images were pho-
tographed using a dissecting microscope.

IHC

SHH and THH IHC was performed using Sainte Marie’s fixative
(Gritli-Linde et al. 2001). The primary antibody (Ab80) was pro-
vided by A. McMahon and used at a 1:500 dilution, followed by
biotinylated goat anti-rabbit (Vector Laboratories) antibody
(1:500). For other THC, embryos were cryosectioned (10 pm)
following a 45-min fixation in 4% paraformaldehyde/phosphate
buffer (pH 7.2) at 4°C. PAX6, PAX7, NKX6.1, NKX2.2, and
HNF38 mouse monoclonal antibodies (DSHB) were used at a
1:10 dilution. Antibodies against DBX1 and GSH1/2 were gifts
from T. Jessell (Columbia University, New York, NY) and
M. Goulding (Salk Institute, La Jolla, CA), respectively. Rabbit
anti-OLIG2 was purchased from Chemicon. Appropriate HRP-
conjugated secondary antibodies (Vector Laboratories) were
used at 1:500. For visualization, DAB color development was
used. Images were photographed using DIC microscopy.

Skeleton preparation

Harvested limbs were incubated in water overnight. Skin was
removed following a 10-min incubation at 65°C, then limbs
were fixed in ethanol for 5 d and acetone for 2 d, and stained for
3 d in 67% ethanol/5% glacial acetic acid/23% H,O with
0.005% (w/v) Alizarin Red S (Sigma) and 0.005% (w/v) Alcian
Blue 8GX (Sigma). Tissue was cleared with 1% (w/v) KOH, then
serially switched to increasing amounts of glycerol. Photo-
graphs were taken in 100% glycerol using a dissecting micro-
scope.

Western blots

E10.5 limb buds were harvested and dissected into halves then
lysed in 15 pL of ice cold RIPA buffer plus protease inhibitors.
Nuclei were removed by centrifugation, and lysates were re-
solved by 5% SDS-PAGE. Immunoblotting was performed using
rabbit GLI-3 H-280 (Santa Cruz Biotechnology) followed by
HRP-conjugated secondary antibody and ECL detection (Amer-
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sham). Band intensities were quantified with ImageQuant TL
(Amersham Biosciences).

Cell culture, conditioned media (CM), and transfection
assays

COS, 293T (ATCC), NIH3T3, and NIH3T3-GLI-Luc cells (gift
from P. Beachy, Stanford University, Stanford, CA) were cul-
tured in DMEM (high glucose) with 10% fetal bovine serum,
penicillin, and streptomycin (Invitrogen). Control and SHH-N
CM were produced by 293T cells transfected with 12 pg of pRK5
and 12 pg of pRK5-SHH-N (Fan et al. 1995), respectively, plus
30 pL of Fugen6 HD (Roche) in a 10-cm dish. CM was collected
for five consecutive days. The activities of SHH-N were deter-
mined by applying CM to NIH3T3-GLI-Luc cells for 48 h and
assaying for luciferase activity (Promega) using D-luciferin
(Sigma). Fold induction was calculated as luciferin light-emit-
ting units from extracts of cells exposed to SHH-N CM/control
CM after normalization to total protein. SHH-N concentrations
were determined by side-by-side comparison using Western
blotting and measuring the band intensity of SHH-N in the CM
relative to serially diluted known amounts of bacterially pro-
duced SHH-N (BCA assay; Pierce).

For siRNA transfection assays, we used modified synthetic
siRNA from Invitrogen (Stealth RNAi). Cells were transfected
in 12-well dishes at ~80% confluence with 14.7 uL of 20 uM
siRNA and 3 pL of Lipofectamine 2000 (Invitrogen). For control,
Stealth RNAi Negative Control Medium GC was used. For
siRNA against Gas1, equal amounts of the following sequences
were used: 5-GCUGCAGAGAUAACCGGCUGAUCUA-3’
and 5'-CGGCUGAUCUAUACUGCCAGCUCUA-3'. Two days
after transfection, SHH-N CM was applied, and cells were har-
vested for luciferase assays 2 d later.

For shRNA assays, parental NIH3T3 cells were used. The
PRNATiIn-H2.1/Hygro (GenScript) vector was used for expres-
sion. Of three short hairpins tested, two were effective in
knocking down mGAS]1 in stable lines (by hygromycin selec-
tion). Their double-stranded regions correspond to nucleotides
936-954 (in the coding region) and nucleotides 1990-2010 (in
the 3’ UTR) of mGas1 (NM 008,086). The results shown here
are from the latter (named O3). The sequence of sShRNA against
YFP was as described (Yao et al. 2006). Cells in a 12-well dish
were transfected using 7 uL of Perfectin (Gelantis) with 1 pg of
PRNATIn-H2.1/Hygro or pRNATin-H2.1/Hygro-O3, together
with 0.25 pg of a GLI-Luc reporter (Buttitta et al. 2003), 0.25 ng
of pSV-bgal (GIBCO), and 1 pg of an effector plasmid per well.
The effector plasmids are pTK (modified from pRL-TK; Pro-
mega), pTK-GPI-YFP, pTK-mGasl, pTK-hGasl, pcDNA3-
SmoM?2, and pTK-Ptc1dI2. Ptc1dI2 was a gift from G. Struhl
(Columbia University, New York, NY), and SmoM2 was from
Genentech. Thirty-six hours after transfection, SHH-N or con-
trol CM was applied; 36 h later, cells were harvested for lucif-
erase and B-gal (using o-nitrophenyl B-D-galactopyranoside
[Sigma], followed by OD,,0nm) assays. Fold induction was cal-
culated as described above after normalization to B-gal activity.

For the surface binding assay, COS cells in six-well dishes
were transfected with 2 pg of expression vectors with 5 puL of
Fugen6 HD per well. pcDNA3-GPI-YFP, pcDNA3-Gasl,
pcDNA3-Ptc1, pcDNA3-Smo, and pcDNA-Cdo were used. The
Ptc1 ¢cDNA was a gift from M. Scott. GPI-YFP was a gift from
M. Edidin (Johns Hopkins University, Baltimore, MD). The Cdo
cDNA was from an .LM.A.G.E. clone. Forty-eight hours after
transfection, SHH-N-AP and control AP CM were applied.
SHH-N-AP and AP CM, and ligand binding and bound AP ac-
tivity measuring (using p-nitrophenyl phosphate [Sigma], fol-
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lowed by OD,4gsnm) conditions were as described (Lee et al.
2001a).

Chick neural tube electroporation

mGasl and mGasIN/A (Lee et al. 2001a) were cloned into a
pCIG-IRES-GFP vector (gift from A. McMahon) to construct
pCIG-mGas1-IRES-GFP  and pCIG-mGas1N/A-IRES-GFP.
Hamilton and Hamberger (HH) stage 11-12 chick embryos
(SPAFAS) were injected with expression plasmids at 0.75 pg/uL
into the neural tube, followed by five pulses of 30 V at 50 msec
per pulse with 950-msec intervals, and then incubated to stage
20-22. Embryos with visible GFP autofluorescence in the spinal
cord (trunk level) were processed for immunofluorescence using
the primary antibodies described above, and to GFP (Torre
Pines; rabbit polyclonal, 1:1000), and followed by goat anti-
mouse (rhodamine-conjugated, 1:500) and goat anti-rabbit (fluo-
rescein-conjugated, 1:500) secondary antibodies. Slides were
mounted in Flouromount G (Southern Biotechnology) and pho-
tographed using fluorescent microscopy.
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