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Owing to their covalent modification by cholesterol and palmitate, Hedgehog (Hh) signaling proteins are localized
predominantly to the plasma membrane of expressing cells. Yet Hh proteins are also capable of mobilizing to and
eliciting direct responses from distant cells. The zebrafish you gene, identified genetically >15 years ago, was more
recently shown to encode a secreted glycoprotein that acts cell-nonautonomously in the Hh signaling pathway by
an unknown mechanism. We investigated the function of the protein encoded by murine Scube2, an ortholog of
you, and found that it mediates release in soluble form of the mature, cholesterol- and palmitate-modified Sonic
hedgehog protein signal (ShhNp) when added to cultured cells or purified detergent-resistant membrane micro-
domains containing ShhNp. The efficiency of Scube2-mediated release of ShhNp is enhanced by the palmitate
adduct of ShhNp and by coexpression in ShhNp-producing cells of mDispatchedA (mDispA), a transporter-like
protein with a previously defined role in the release of lipid-modified Hh signals. The structural determinants
of Scube2 required for its activity in cultured cell assays match those required for rescue of you mutant zebrafish
embryos, and we thus conclude that the role of Scube/You proteins in Hh signaling in vivo is to facilitate the

release and mobilization of Hh proteins for distant action.
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The Hedgehog (Hh) signaling pathway plays critical roles
in embryonic growth and patterning in organisms rang-
ing from insects to mammals and also functions post-
embryonically in tissue homeostasis (Beachy et al. 2004;
Varjosalo and Taipale 2008). Furthermore, inappropriate
activity of the Hh signaling pathway has been linked to
tumor types that arise sporadically or in genetically pre-
disposed individuals (Teglund and Toftgard 2010). Re-
sponse to the Hh protein signal is mediated by Patched
(Ptch), a transporter-like 12-pass transmembrane protein
that inhibits the seven-transmembrane protein Smo (Wilson
and Chuang 2010). When present, the Hh protein signal
binds Ptch and blocks its inhibition of Smo, thus permit-
ting activation of an intracellular signal cascade that
results in execution of a transcriptional program mediated
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by the Ci/Gli family of latent cytoplasmic transcription
factors (Varjosalo and Taipale 2008).

The Hh protein signal heading this pathway is pro-
duced as a precursor that undergoes cleavage and choles-
terol modification in an autoprocessing reaction, and the
cholesterol-modified N-terminal signaling domain is fur-
ther modified by covalent addition of palmitate, mediated
by an acyltransferase (Mann and Beachy 2004; Buglino
and Resh 2008). These lipid modifications are particularly
well characterized for Drosophila Hh (Hh N-terminal
processed domain [HhNp]) and the mammalian Hedgehog
family member Sonic hedgehog (ShhNp), but likely are
conserved for all or most Hh family members (Mann and
Beachy 2004). The lipid adducts cause the mature Hh
signal to associate prominently with the plasma mem-
brane of expressing cells, yet the Hh signal can elicit
direct responses at considerable distances from the cells
in which it is produced. Thus, for example, Hh proteins
can elicit direct responses five to 10 cell diameters from
their site of production in the Drosophila wing imaginal
disc (~50 pm in wing imaginal disc) (Strigini and Cohen
1997; Zhu and Scott 2004; Eugster et al. 2007) and at sig-
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nificant distances from their sources within the developing
limb bud (~300 wm in limb bud) (Wang et al. 2000; Li et al.
2006) or neural tube (~50 wm in neural tube) (Briscoe et al.
2001; Chamberlain et al. 2008).

One factor involved in Hh release is the transporter-
like protein Dispatched (Disp), related to Patched in se-
quence and predicted transmembrane topology. In the
absence of Disp activity, HhNp is not released and accu-
mulates in Hh-producing cells (Burke et al. 1999). Loss of
Disp function in vertebrates also disrupts the release of
processed Hh proteins and produces a severe phenotype
equivalent to the loss of multiple Hh family members
(Caspary et al. 2002; Kawakami et al. 2002; Ma et al. 2002;
Nakano et al. 2004). Interestingly, a Hh N-terminal do-
main lacking cholesterol, which can be generated by ex-
pression of a truncated form of the Hh open reading frame,
can spread further from the site of biogenesis and elicit
ectopic Hh pathway activation (Porter et al. 1996a,b; Li
et al. 2006), thus eliminating the requirement for disp
function (Burke et al. 1999). Disp activity thus overcomes
the restriction of HhN release that is imposed by choles-
terol modification (Porter et al. 1996a,b; Li et al. 2006).
Palmitoylation of the Shh protein signal, on the other
hand, appears to promote its mobilization, as loss of
palmitoylation diminishes the range of Shh protein distri-
bution through an as yet uncharacterized mechanism
(Chen et al. 2004; Chamberlain et al. 2008).

We investigate here the Hh pathway function of verte-
brate Scube (signal sequence, cubulin domain, epidermal
growth factor-related) proteins, which contain nine EGF
repeats and one CUB domain that are linked by a highly
glycosylated spacer region (Grimmond et al. 2000, 2001;
Yang et al. 2002; Wu et al. 2004). While initially isolated
and characterized in mammals, a functional role for these
genes in development was suggested by the finding that
the you mutation in zebrafish disrupts the Scube2 gene
(Kawakami et al. 2005; Woods and Talbot 2005; Hollway
et al. 2006). Zebrafish “you class” developmental mutants
are grouped together based on the abnormal U-shaped
morphology of the somites and, in general, affect zebrafish
orthologs of mammalian Hh pathway components such as
Sonic hedgehog (sonic-you), Dispatched (chameleon), Smo
(slow muscle-omitted), and GIi2 (you-too) (van Eeden et al.
1996; Schauerte et al. 1998; Karlstrom et al. 1999; Chen
et al. 2001; Varga et al. 2001; Nakano et al. 2004). The
function in Hedgehog signaling of you, the index mutant
of the you class, however, remains elusive.

Clues to the function of the you gene product come
from transplantation of marked mutant or wild-type cells
into wild-type or mutant hosts. These studies showed that
rescuing gene function can be supplied from cells that
neither produce nor respond to Hh signals, thus indicating
cell-nonautonomy of action (Kawakami et al. 2005; Woods
and Talbot 2005). Furthermore, widespread expression of
Shh protein by injection of Shh mRNA at the one- to four-
cell stage activates Hh response equivalently in wild-type
and you mutant embryos; furthermore, morpholino-based
knockdown of zPtch1 efficiently activates Hh response in
you mutant embryos (Woods and Talbot 2005). These
results indicate that Hh biogenesis and signal transduction

2 GENES & DEVELOPMENT

machinery are not affected in you mutants (Woods and
Talbot 2005) and that the need for you gene function is
circumvented by ubiquitous Shh expression. The three
members of the murine Scube family in aggregate are ex-
pressed in many tissues at many stages of development.
Only mScubel, however, has been subjected to mutational
analysis, and the associated phenotypes of prenatal lethal-
ity, neural tube closure defects, or acrania and exencephaly
at birth (Tu et al. 2008) are inconclusive, although poten-
tially consistent with disruption of some aspects of Hh
signaling function.

In the analysis of Scube function presented here, we
focused on the Scube? ortholog of the zebrafish you gene
and found an activity in Hh protein release. This activity
generates a soluble form of dually lipid-modified ShhNp
protein in a manner enhanced by palmitate modification
and by the presence of Disp activity. Several portions of
the Scube2 protein are dispensable for the release of
ShhNp from cultured cells, and a minimal construct with
in vitro function in ShhNp release can also rescue you
zebrafish mutants, suggesting that Scube proteins func-
tion in vivo to release and mobilize Hh proteins for
signaling activity.

Results

Coexpression of Scube2 and Shh increases soluble
ShhNp protein levels and signaling activity
in cultured cell medium

To examine release of Shh protein signal, we analyzed
medium collected from HEK293S cells transfected with
a full-length Shh expression construct (Fig. 1A). These
cells have previously been used to characterize aspects of
Hedgehog protein biogenesis and release (Zeng et al.
2001; Chen et al. 2004). We were unable to detect ShhNp
protein by immunoblotting medium incubated with these
cells for 1 d, although 2 d of incubation produced a low
but detectable level of ShhNp (Fig. 1B, cf. lanes 1 and 3).
The level of ShhNp in the medium increased dramati-
cally upon cotransfection of Shh with Scube?2 (Fig. 1B,
lanes 2,4).

We also assayed these media for their ability to activate
the Hh pathway in Shh-LIGHT?2 cells, which contain stably
integrated Shh-responsive firefly luciferase and control
Renilla luciferase reporters (Fig. 1A; Taipale et al. 2000).
We found that expression of Scube2 dramatically enhanced
the otherwise low levels of pathway-stimulating activity,
particularly with medium conditioned by 2 d of incuba-
tion (Fig. 1B). In contrast, Scube2 expression exclusively
in responsive cells did not enhance the Hh-sensitive re-
porter activity of cells stimulated by ShhN-conditioned
medium (Supplemental Fig. 1).

We further characterized the Scube2-enhanced signaling
activity released into the medium from ShhNp-expressing
cells by subjecting such medium conditioned for 2 d to
ultracentrifugation at 100,000g for 2 h, conditions that
would be expected to sediment membrane-associated but
not soluble proteins. We found that this affected neither
the relative levels of ShhNp protein in the medium (Fig.
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1C, cf. lanes 4,5 and 3,2) nor its signaling activity (Fig. 1C).
We thus conclude that Scube2 augments the activity of
ShhNp-conditioned medium by increasing the amount of
soluble ShhNp and used medium cleared by centrifugation
at 100,000g for 2 h throughout the remainder of this work.

Scube? does not affect ShhNp stability

To determine whether Scube2 acts by increasing the sta-
bility of secreted ShhNp, we mixed medium containing
ShhNp with control medium or medium containing Scube2
protein. These media were harvested following incubation
with cells containing stably integrated and doxycycline-
inducible expression constructs for Shh or for Scube2 (Fig.
2A). The use of cells with a stably integrated, doxycycline-
inducible Shh expression construct allowed us to collect
more ShhNp in conditioned medium than with transiently
transfected cells (Fig. 1). We found that mixing conditioned
medium containing ShhNp with medium containing
Scube2 did not increase either the level of ShhNp detected
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Scube mediates Hedgehog signal release

by immunoblotting over time or the signaling activity in
Shh-LIGHT?2 cells when compared with ShhNp-containing
medium mixed with control medium lacking Scube2
(Fig. 2B). Taken together, these observations suggest that
Scube? does not act by stabilizing ShhNp in the medium
or by augmenting the potency of ShhNp signaling activity,
but by enhancing the release of ShhNp from Shh-express-
ing cells.

Soluble Scube2 enhances release of ShhNp
from Shh-expressing cells

In our previous experiment (Fig. 1), we noted that coex-
pression of Scube2 with Shh increased the level of ShhNp
protein and of signaling activity released into the medium.
Scube? has been reported to associate with the membranes
of cells expressing it in vitro (Yang et al. 2002), raising the
question of whether its function in releasing ShhNp may
require presentation in the context of an expressing cell.
We tested this possibility by harvesting soluble Scube2
protein in medium incubated with cells that inducibly
express Scube2 and then adding this medium to cells
inducibly expressing ShhNp (Fig. 2C). We found that
addition of exogenous Scube2 greatly enhanced the sig-
naling activity of medium incubated with cells express-
ing ShhNp and also increased the amount of ShhNp
protein detectable in the medium by immunoblotting
(Fig. 2D).

Figure 1. Scube2 coexpression with Shh increases the release
of soluble, active ShhNp protein. (A) Medium was harvested
from HEK293S cells transiently transfected with expression
plasmids for 3xFlag-tagged Scube2 or a control plasmid (see
the Materials and Methods) along with Shh (2:1 ratio of Scube2
to Shh), and centrifuged at 18,000g for 30 min, and signaling was
activity measured using Shh-responsive NIH-3T3 cells stably
transfected with firefly luciferase-based Shh pathway reporter
and Renilla luciferase constitutive reporter (Shh-LIGHT?2 cells).
Medium harvested 48 h post-transfection was centrifuged at
100,000¢ for an additional 2 h. (B) Signaling activities of ShhNp-
conditioned media collected from transfected HEK293S cells at
specified time points and incubated for 48 h with Shh-LIGHT2
cells at a fivefold dilution of conditioned media with DMEM
containing 0.5% calf serum. Relative reporter activities (firefly
luciferase/Renilla luciferase) were normalized to relative re-
porter activity produced by medium collected from HEK293
cells not transfected with the Shh-expressing construct (shown
in red here and throughout the study). Culture media and
whole-cell lysates harvested from HEK293S cells transiently
transfected with the indicated constructs were probed by
immunoblotting for expression of ShhNp (anti-ShhN antibody)
and 3xFlag-tagged Scube2 (anti-Flag antibody). Tubulin was used
as a loading control. Migration of molecular markers is in-
dicated. (C) Scube2 increases the activity of ShhNp-conditioned
medium by increasing the amount of soluble ShhNp in the
medium. Medium collected 2 d after transfection and centri-
fuged at 18,000g for 30 min was further centrifuged at 100,000g
for 2 h. The signaling activity of the medium was measured by
incubation with Shh-LIGHT2 cells, and protein levels were
analyzed by reducing SDS-PAGE and immunoblotting to detect
Scube2-3xFlag (anti-Flag) and ShhNp proteins (anti-ShhN).
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medium from parental cells; (2) ShhNp-conditioned
medium, with 50% ShhNp-conditioned medium
and 50% control conditioned medium; and (3)
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stability of secreted ShhNp. Signaling activity of
conditioned medium was measured at fivefold di-
lution with Shh-LIGHT2 cells. Signaling activity of
control conditioned medium incubated with cells
not expressing Shh was used for normalization.
Media samples were also probed for ShhNp (anti-
ShhN) and 3xFlag-tagged Scube2 (anti-Flag) by im-
munoblotting, with lysates from proportional frac-
tions of cell cultures probed for actin expression as
controls. (C) Experimental scheme to test for
Scube2-mediated release of ShhNp. Stably inte-

grated, tetracycline-inducible cells were used to prepare control or Scube2-containing medium as described in A. After 12 h of
doxycycline treatment, medium from parental or Shh-expressing cells was replaced with control or Scube2-conditioned medium and
incubated for the indicated periods of time. ShhNp-conditioned medium was centrifuged at 18,000g for 30 min, and the resulting
supernatant was further centrifuged at 100,000g for 2 h. Activity measurements were carried out with Shh-LIGHT2 cells and 20-fold
dilution of conditioned media with DMEM containing 0.5% calf serum. (D) Scube2 stimulates the release of ShhNp protein
and signaling activity. Shh-expressing cells were incubated with control or Scube2-containing conditioned medium. Signaling activity
of control conditioned medium was used for normalization. Scube2-containing conditioned medium increased signaling activity by
~10-fold and also increased the release of ShhNp, as detected by immunoblotting (performed as described in B).

Scube?2 surmounts the restriction of ShhNp release
imposed by cholesterol modification

To better understand the mechanism by which Scube2
enhances ShhNp release, we analyzed its effect on altered
forms of Shh that are not processed normally. One of
these variants, ShhN, introduces a stop codon after the site
of processing (G198), thus producing a truncated protein
and preventing autoprocessing and the associated choles-
terol modification that is mediated by the C-terminal
domain (Mann and Beachy 2004). A second variant alters
Cys25 to Ser (C25S), thus permitting normal autopro-
cessing and cholesterol modification while preventing
N-terminal palmitoylation (Pepinsky et al. 1998; Chamoun
et al. 2001). In an experiment in which Scube2-conditioned
medium was added to cells containing stably integrated
expression constructs (Fig. 3A), we noted for ShhN that
neither signaling activity nor release into the medium is
much affected by the addition of Scube2 (Fig. 3B, lanes 1-6).
In contrast, the ShhC25S mutant was more efficiently
released into the medium in the presence of Scube2 (Fig.
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3B, lanes 13-18), although the overall level of protein re-
leased was much lower than that of wild-type ShhNp
(Fig. 3B, cf. lanes 14,16,18 and 8,10,12); as previously re-
ported, the ShhNpC25S protein lacks activity in cul-
tured cell signaling assays. Similar results were noted
for HEK293 cells transiently cotransfected for coexpres-
sion of Shh or ShhC25S with or without Scube2 (Supple-
mental Fig. 2). These results suggest that Scube2 activity is
critical for the release of processed Shh proteins that are
cholesterol-modified. We note, however, that palmitoyla-
tion may play a role in this release, as wild-type ShhNp
appears to be released more efficiently than ShhNpC25S
(Fig. 3B).

Palmitate modification of ShhNp enhances
Scube2-mediated release

To explore further the potential role of palmitoylation of
ShhNp in Scube2-mediated release, we examined the rate
of ShhNp release from cells stably transfected for in-
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Figure 3. Role of lipid modification in Scube2-mediated release
of the Shh signal. (A) HEK293 Flp-In T-REX cells were used to
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After 24 h of incubation with doxycycline-containing medium
to induce protein expression, cells were incubated with control
or Scube2-conditioned medium prepared as in Figure 2C and
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dramatically increases release of signaling activity from cells
expressing ShhNp but not ShhN. The signaling activity of the
medium was measured at 20-fold dilution using Shh-LIGHT?2 cells.
The signaling activity of the control conditioned medium was used
for normalization. Immunoblotting of medium and whole-cell
lysates using anti-ShhN (ShhN, ShhNp, or ShhNpC25S) and
anti-Flag (Scube2-3xFlag) indicates that ShhN does not re-
quire Scube2 for its release in the medium and that palmitate
modification augments Scube2-mediated release of ShhINp.

Cells

ducible expression of Shh and ShhC258S. This was accom-
plished by inducing expression of these cells for 6 h, then
blocking new protein synthesis with cycloheximide, while
at the same time adding control conditioned medium or
conditioned medium containing soluble Scube2. We then
monitored release of ShhNp into the medium as a function
of time.

We noted that, in the absence of Scube2, ShhNpC25S
is released into the medium more rapidly than ShhNp
(Fig. 4A, cf. lanes 2,6,10,14 and 1,5,9,13), consistent with
previous results reported for an altered form of Drosophila
Hh (Hh C85S) that lacks palmitoylation (Chamoun et al.
2001). In contrast, however, we noted that levels of ShhNp
increased more rapidly in the medium and decreased
more rapidly in cells in the presence of Scube2 (Fig. 4A, cf.
lanes 3,7,11,15,19,23 and 4,8,12,16,20,24). The release in-
dex for the N-terminal signaling domain ([ShhNp|medium/
[ShhNp]ceps), plotted as a function of time (Fig. 4B), thus
shows that although the presence of a palmitate adduct is not
absolutely required for Scube2-mediated release of ShhINp,
its presence significantly accelerates the rate of release.

Scube mediates Hedgehog signal release

Palmitate modification of ShhNp enhances interaction
with Scube?2

To further examine the basis for the effect of the palmitate
adduct, we immunopurified ShhNp or ShhNpC25S from
detergent-solubilized cells using anti-Shh 5E1 antibody
coupled to Affigel beads. These immunocomplexes were
then used to precipitate soluble Scube2. We found that
Scube2 was precipitated approximately threefold more
efficiently by ShhNp as compared with ShhNpC25S when
assayed by either immunoblotting or Coomassie stains of
precipitated proteins (Fig. 4C). This palmitate-dependent
enhancement of the physical interaction between Scube2
and ShhNp seems likely to be the basis for enhanced
Scube2-mediated release from cultured cells of ShhNp as
compared with ShhNpC25S.

Scube2 mediates in vitro release of ShhNp from
detergent-resistant membrane microdomains

The dually lipid-modified ShhNp protein is associated with
detergent-insoluble glycolipid-enriched domains (DIGs)
(Taipale et al. 2000), also termed membrane microdomains
or lipid rafts. This association has also been demonstrated
for ShhNpC25S, which is cholesterol- but not palmitate-
modified (Chen et al. 2004). We tested whether Scube2 can
release ShhNp from these lipid microdomains in a cell-free
system by incubating DIGs from Shh- or ShhC25S-express-
ing cells with control or Scube2-containing conditioned
medium, then assaying for soluble ShhNp by immuno-
blotting or signaling assays (Fig. 5A). We found that 3 h or
18 h of incubation with Scube2-containing medium sig-
nificantly increased the amount of ShhNp released from
DIGs in soluble form (Fig. 5B, cf. lanes 4,10 and 3,9) and
also increased the amount of soluble signaling activity. In
contrast, the level of soluble ShhNpC25S was not in-
creased by incubation with Scube? (Fig. 5B, cf. lanes 6,12
and 5,11). These results are consistent with our previous
experiments demonstrating enhancement of Scube2-me-
diated release by palmitate modification and further dem-
onstrate that Scube2 activity can be assayed in a cell-free
context in vitro.

The soluble ShhNp released by Scube?2 is dually
lipid-modified

Scube2 can overcome cholesterol-mediated membrane
tethering of ShhNp, and this Scube2-mediated release is
enhanced by palmitate modification, suggesting that
Scube2 may exert its effects primarily on mature, dually
lipid-modified ShhNp. To test this hypothesis, we exam-
ined the modified state of soluble protein released by
Scube2 from ShhNp-expressing cells using conditions
previously established for reverse-phase HPLC analysis
on a C4 matrix (Chamoun et al. 2001). Under these con-
ditions, we are able to distinguish unmodified ShhN, ShhN
proteins singly modified by either cholesterol or palmitate,
and dually modified ShhN (Supplemental Fig. 3).

To obtain sufficient protein quantities for chromatogra-
phy, we used immunoprecipitation to concentrate ShhNp
from medium incubated with cells transfected for expres-
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at the indicated time points were immunoblotted with
anti-ShhN antibody (ShhN) and anti-Flag (Scube2-
3xFlag), with tubulin as a loading control. The migra-
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sion of Shh and either containing or lacking Scube2. As
previously noted, the use of medium containing Scube2
significantly increased the level of ShhNp and the signal-
ing activity in the medium. The immunoprecipitations
made use of Affigel beads conjugated with the anti-Shh
monoclonal antibody 5E1 and were judged to be effective
based on the presence of the majority of ShhNp in the
pellets and by its depletion from the medium, with the
latter assessed by both signaling assays and immuno-
blotting (Fig. 6A,B).

ShhNp immunoprecipitated from medium was recov-
ered from the Affigel-5E1 matrix by detergent elution and
acetone precipitation and then subjected to reverse-phase
HPLC analysis. We noted that the majority of the ShhNp
from medium lacking Scube2 eluted in fractions character-
istic of single modification by cholesterol, with a minority
of the protein eluting as a dually modified species (Fig.
6C, top). In sharp contrast, although a similar level of
ShhNp single modification by cholesterol was present in
the Scube2-containing medium, the great majority of the
protein eluted like ShhNp dually modified by cholesterol
and palmitate (Fig. 6C, bottom). Our analysis shows that
although some dually modified ShhNp is released in
soluble form from cultured cells, Scube2 in the medium
can specifically increase the amount of soluble, dually
modified ShhNp that is released.
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tion of the molecular markers is indicated. (B) Autora-
diograms in A were quantified using Image], and the
release index ([ShhNP|medium/[ShhNpDJeens) was plotted
for ShhNp and ShhNpC25S in the presence or absence
of externally added Scube2. (C) The palmitoyl adduct
of ShhNp increases binding of Scube2. Control, Shh-
expressing, or Shh C25-expressing HEK293 Flp-In T-Rex
cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer (see the Materials and Methods), and
lysates were incubated for 12 h with increasing quan-
tities (1%, 2X, and 3X) of anti-Shh antibody (5E1)
immobilized on Affigel 10 beads. Beads were washed
and incubated for 4 h with Scube2-containing medium,
and precipitated proteins were eluted with denaturing
sample buffer and analyzed by SDS/PAGE followed by
immunoblotting (top panel) or Coomassie staining
(middle panel). (Bottom panel) Quantification of
Scube2-3xFlag and ShhNp/ShhNpC25S from scanned,
Coomassie-stained gels with Image] software showed
that Scube2 is more efficiently precipitated from me-
dium by beads loaded with ShhNp as compared with
ShhNpC25S.

Scube2-mediated release of ShhNp is facilitated
by Dispatched

The role of the Disp protein in the release of cholesterol-
modified Hh proteins from producing cells is well estab-
lished in Drosophila and vertebrates (Burke et al. 1999;
Caspary et al. 2002; Kawakami et al. 2002; Ma et al. 2002;
Nakano et al. 2004). In order to examine the role of Disp in
Scube2-mediated release, we made use of mouse embry-
onic fibroblasts (MEFs| derived from DispA~/~ mutant
embryos (Ma et al. 2002). These cells were retrovirally
transduced in two stages (Fig. 7A). In the first stage, cells
were transduced with a virus containing an expression
cassette for Shh linked by an internal ribosome entry site
(IRES) to GFP or with the parental retrovirus contain-
ing IRES-GFP alone. Positive selection by FACS for GFP
expression was used to ensure viral transduction and eli-
minate cells in the top 5% or the bottom 5% of GFP ex-
pression. In the second step of transduction, these cells
were transduced with a virus containing an expression
cassette for DispA linked by an IRES to CD8 or with the
parental retrovirus containing IRES-CDS8 alone. Positive
selection by FACS for CD8 expression was again used to
ensure viral transduction and eliminate cells in the top 5%
or the bottom 5% of CD8 expression. From these sequen-
tial transductions, cell populations expressing Shh alone,
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Figure 5. Scube2 increases the release of ShhNp from lipid rafts
in a cell-free assay. (A) Experimental scheme to test for Scube2-
mediated release of ShhNp protein in a cell-free assay. Lipid rafts
(DIGs) isolated from HEK293 Flp-In T-REX cells expressing Shh
or ShhC25S were purified by sucrose gradient fractionation and
incubated with control or Scube2-containing conditioned me-
dium prepared without serum for the indicated periods of time.
(B) Signaling activities of supernatants obtained by incubation of
ShhNp- or ShhNpC25S-containing lipid rafts with control or
Scube2-containing conditioned medium for 3 h or 18 h and
centrifuged at 100,000¢g for 2 h were analyzed with Shh-LIGHT2
cells at threefold dilution. DIG pellets and supernatants were
probed for ShhNp (anti-ShhN) and Scube2-3xFlag (anti-Flag) by
immunoblotting, with DIG pellets probed also for Flotillin-1 as
loading controls. The migration of the molecular markers is
indicated. Scube2-containing conditioned medium increases the
signaling activity of ShhNp supernatants up to fourfold, and the
presence of palmitate modification increases the Scube2-medi-
ated release of ShhNp protein from DIGs in a cell-free assay.

Disp alone, or Shh and Disp together were cultured for
further analysis and incubated with medium containing
or lacking Scube2.

We found that cells lacking Disp function released only
minimal levels of ShhNp protein and signaling activity,
even in the presence of Scube2 (Fig. 7B, lanes 3,4), as com-

Scube mediates Hedgehog signal release

pared with cells expressing DispA and incubated in the
presence of Scube2 (Fig. 7B, lane 6). We conclude from these
results that Scube2-mediated release of soluble ShhNp from
cultured cells is facilitated by the action of Disp.

This apparent role of Disp in facilitating Scube2-mediated
release of soluble ShhNp raises the question of whether
Disp is expressed and active in HEK293 cells, where we
carried out previous assays of Scube2 action (see above).
We indeed noted the presence of DispA mRNA in HEK293
cells by RT-PCR (data not shown). To determine whether
this mRNA produces functional Disp protein, we intro-
duced DispA-AAA (Fig. 7C), a form of DispA altered in
residues known to be critical for Disp function (Ma et al.
2002) and reported to exert a negative trans-dominant ef-
fect on wild-type Disp when overexpressed (Etheridge et al.
2010). We noted that DispA-AAA cotransfection with Shh
indeed reduced the level of soluble ShhNp and signaling
activity released from HEK293 cells in either the presence
or absence of Scube2 added to the medium (Fig. 7D, cf.
lanes 3,4 and 1,2).

Structural determinants required for Scube2 function
in releasing ShhNp

Previous studies showed that Scube2 can interact with
ShhN via the CUB domain (Tsai et al. 2009) and that
secretion of Scube2 is mediated by the spacer region
C-terminal to the EGF repeats and by the Cys-rich domain
preceding the CUB domain (Yang et al. 2002; Tsai et al.
2009). With a series of Scube2 truncation alleles (Fig. 8A;
Supplemental Fig. 4), we confirmed that the spacer and
Cys-rich repeats contribute to secretion from expressing
cells (Fig. 8B; Supplemental Fig. 4). Also consistent with
previous findings that the CUB domain can interact with
ShhN, we found that the CUB domain was essential for
release of ShhNp protein and signaling activity (Fig. 8B).
The minimal construct sufficient for function in our ShhNp
release and signaling assays was Scube2AEGF, which con-
tains the spacer region, the Cys-rich domains, and the CUB
domain (Fig. 8A,B).

We tested our observation from cell culture that EGF
repeats are not required for Scube2 activity in Hh signal-
ing in vivo by performing a functional assay in zebrafish
for zShh signaling activity. Zebrafish you mutants lack
myod expression in adaxial mesoderm cells, which is
indicative of a loss of zShh signaling (Lewis et al. 1999;
Woods and Talbot 2005; Hollway et al. 2006). We injected
mRNA encoding wild-type or truncated forms of zScube2
lacking the EGF repeats into embryos from you/+ inter-
crosses and examined myod expression in adaxial meso-
derm cells (Fig. 8C). We found that all embryos homozy-
gous for you (n = 26) lacked myod expression in adaxial
cells at the 12-somite stage (Fig. 8C, left column). When
injected with 50 pg of wild-type zscube2 mRNA, 100%
(n =29) of embryos homozygous for you showed rescued
expression of myod in adaxial cells (Fig. 8C, middle col-
umn). Similarly, 93% (n = 60) of you mutant embryos that
were injected with 50 pg of zscube2AEGF mRNA showed
wild-type expression of myod in adaxial cells (Fig. 8C, right
column). Thus, the zScube2 construct lacking the EGF
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Figure 6. Soluble ShhNp released by Scube2 is dually lipid-
modified. (A) HEK293S cells transiently transfected (24 h) with
expression plasmids for 3xFlag-tagged Scube2 or control plasmid
along with Shh (2:1 ratio) were incubated for 4 d with medium
lacking transfection reagent. After harvesting, medium was
centrifuged at 100,000g for 2 h and incubated with immobilized
anti-ShhN (5E1 antibody linked to Affigel 10 beads) for 24 h. The
signaling activity of the medium before (green) and after (blue)
incubation with anti-ShhN beads was analyzed by incubation
with Shh-LIGHT?2 cells at fivefold dilution. Note that the signal-
ing activity is depleted by incubation with anti-ShhN beads. (B)
Culture medium before and after incubation with anti-ShhN
beads, immunoprecipitated protein, and whole-cell lysate (with
actin as a loading control) was immunoblotted for ShhNp (anti-
ShhN). Note the efficiency of ShhNp depletion from the medium.
(C) Lipid modification of ShhNp as determined by reverse-phase
HPLC. ShhNp immunoprecipitated from conditioned medium as
in B was analyzed by reverse-phase HPLC in a C4 column
developed with a gradient of increasing acetonitrile in water
containing 0.1% trifluoroacetic acid to determine the degree of
ShhN lipid modification. Fractions eluted from reverse-phase
HPLC were analyzed by immunoblotting after vacuum-drying
and resolubilization with 1X protein sample buffer. Representative
elution fractions are shown, and elution standards were charac-
terized by reverse-phase HPLC analysis of ShhNp, ShhNpC25S,
ShhN, and ShhNC25S proteins (Supplemental Fig. 3). ShhNp-
conditioned medium prepared in the presence of Scube2 contains
increased levels of dually lipidated ShhINp (Shhgf‘g?

repeats was as effective as wild-type zScube2 in rescuing
adaxial myod expression in you mutants.

Discussion

Scube2/you acts by mediating the release
of Hh proteins

A genetic screen published >15 years ago identified a
group of zebrafish mutants characterized by the abnormal

8 GENES & DEVELOPMENT

U-shaped appearance of somites due to defects in the spec-
ification of slow muscle fibers and the absence of horizon-
tal myoseptum. These mutants, named you class mutants,
were eventually shown to disrupt embryonic Hedgehog
signaling, as first suggested by the demonstration that the
sonic-you (syu) mutant inactivates the zebrafish sonic
hedgehog gene (Schauerte et al. 1998). Other genes dis-
rupted in you class mutants (you-too, chameleon, and slow
muscle-omitted) were found to encode known components
of the Hh pathway previously identified in Drosophila
(Cubitus interruptus, dispatched, and smoothened, respec-
tively) (Karlstrom et al. 1999; Chen et al. 2001; Varga et al.
2001; Nakano et al. 2004). The eponymous you mutant of
this class, however, has no Drosophila ortholog (Kawakami
et al. 2005; Woods and Talbot 2005; Hollway et al. 2006),
and the molecular mechanism of its function in vertebrate
Hedgehog signaling remained elusive.

Given that you appears to encode a secreted protein and
that rescuing function of the you* gene could be supplied
from cells that neither produce nor respond to Hh signals
(Woods and Talbot 2005), we tested the possibility that the
you" protein may act cell-nonautonomously in mediating
the release of the lipid-modified Hedgehog protein. Indeed,
we found that the Scube2 protein encoded by a mammalian
ortholog of you can stimulate the release of ShhNp into
the medium of cultured cells expressing Shh. This en-
hanced release of ShhNp in soluble form was detected by
increased protein levels and signaling activity in culture
medium conditioned by cells expressing Shh; the Scube2
protein could be provided by either cotransfecting Scube2
with Shh or adding soluble Scube2 protein to the medium
of Shh-expressing cells. Importantly, Scube2 was unable to
stabilize ShhNp or enhance the responsiveness of stimu-
lated cells.

Our results support a conclusion distinct from that of
a previous report, which suggested that Scube2 acts to
enhance Shh response (Tsai et al. 2009). These previous
experiments showed increased pathway activity when
Shh-LIGHT?2 cells transfected with Shh were additionally
cotransfected with Scube2, but did not distinguish be-
tween Scube2 expression in Shh-producing or responding
cells; our experiments now clearly show that Scube2 has
its effect only when it is present with cells expressing Shh
and not if it is present only with responding cells. Our
results are fully consistent with the zebrafish data dem-
onstrating that you*/Scube2 function can rescue you mu-
tant embryos when supplied from cells that do not respond
to Hh signals (Woods and Talbot 2005). Further support for
ShhNp release as the major mode of Scube2 action in Hh
signaling is provided by our structure/function analysis
(Fig. 8), in which Scube2-mediated release of soluble ShhNp
from cultured cells in vitro is strongly correlated with the
ability to rescue the you mutant phenotype in vivo.

Mechanism of Scube2 action

Covalent linkage of the mature Hh signal to both palmi-
tate and cholesterol raises the question of how the long-
range action of a morphogenic protein bearing dual lipid
modifications is achieved. We therefore investigated the
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Figure 7. Scube2-mediated release of ShhNp is
facilitated by Dispatched. (A) Experimental scheme
to test for the role of DispA in the Scube2-mediated
release of ShhNp. DispA~/~ MEF cells transduced
with a MIGR1 retrovirus-based construct expressing
Shh-IRES-GFP or IRES-GFP were FACS-sorted for
GFP. Next, GFP+ cells were transduced with DispA-
IRES-CD8 or IRES-CD8 and FACS-sorted for CD8.
These cells were incubated with control or Scube2-
containing conditioned medium for 2 d. (B) Scube2
stimulates the release of ShhNp protein and signal-
ing activity only in the presence of DispA. The
signaling activity of media collected from DispA~"~
cells transduced with the indicated expression con-
structs and incubated with Scube2- or control condi-
tioned medium was analyzed with Shh-LIGHT? cells
at twofold dilution. Media and whole-cell extracts
were probed for ShhNp (anti-ShhN), 3xFlag-tagged
Scube2 (anti-Flag), and 3xMyc-tagged DispA (anti-
Myc) by immunoblotting, with tubulin used as
a loading control. The migration of the molecular
markers is indicated. In the presence of DispA,
Scube2-containing conditioned medium increased
signaling activity by approximately fourfold and in-
creased the level of released ShhNp detectable by
immunoblotting. (C) Experimental scheme to test
effect of the DispA-AAA dominant-negative.
HEK?293S cells cultured in six-well plates were tran-
siently transfected with 1:6:15 (w/w/w) ratios of
plasmids expressing Shh, Scube2, and DispA-AAA,
respectively. The signaling activities of medium
collected 4 d post-transfection were analyzed by
incubation with Shh-LIGHT?2 cells. (D) Scube2-me-
diated release of ShhNp in the medium is reduced by
expression of DispA-AAA. Signaling activities of
media samples were measured with Shh-LIGHT2
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cells at fivefold dilution. Culture medium and
whole-cell lysates were probed by immunoblotting
for expression of ShhNp (anti-ShhN antibody),

3xFlag-tagged Scube2 (anti-Flag antibody), and 3xMyc-tagged DispA-AAA (anti-Myc antibody). Note that the signaling activity and the
release of ShhNp into the medium were decreased by coexpression of DispA-AAA.

covalent state of ShhNp in its soluble, active form, as re-
leased by Scube?, using HPLC separation to indicate hydro-
phobicity and the extent of lipid modification. We found
that the bulk of ShhNp released by Scube2 is dually lipid-
modified; in fact, our evidence indicates that N-terminal
acylation of ShhNp actually plays a positive role in
Scube2-mediated release of ShhNp in a soluble, active
form (see below). How the hydrophobic character of dual
lipid adducts is accommodated in the soluble form of
ShhNp released by Disp/Scube remains to be determined.
One possibility is the formation of a micelle-like complex
with a hydrophobic core of interacting lipids, as previously
suggested (Zeng et al. 2001; Chen et al. 2004).

Some reports have suggested that the release and activ-
ity of modified Hh proteins is dependent on sheddase-
mediated removal of N-terminal amino acids and palmitate
(Dierker et al. 2009; Ohlig et al. 2011). The Disp/Scube-
mediated mechanism of release we describe here is distinct
from this view of Shh signal activation by a sheddase
(Dierker et al. 2009; Ohlig et al. 2011) in that (1) the form
of the signal released by Disp/Scube retains its N-terminal

amino acids and palmitate adduct, and (2) the presence/
absence of Scube modulates release of ShhNp by 10-fold to
20-fold (Figs. 2D, 3B, 4B) as compared with an approxi-
mately twofold change in the presence/absence of shed-
dases (Dierker et al. 2009; Ohlig et al. 2011). We note that
the retention of palmitate and N-terminal amino acids in
the Disp/Scube-mediated mechanism we characterize is
consistent with previous studies demonstrating a high
signaling activity for purified, N-terminally acylated forms
of the Shh signal (Pepinsky et al. 1998; Taipale et al. 2000).
Sheddase-mediated removal of N-terminal amino acid
residues and palmitate from ShhNp is an intriguing mode
of possible regulation, but establishing its physiologic or
pathological significance in Hh signaling may require
genetic analysis like that for you in the zebrafish, which
clearly indicates a physiological function for Scube pro-
teins in vertebrate Hh signaling.

Previous work has shown that Dispatched plays a critical
role in the mobilization of the Hedgehog signal in vivo
(Burke et al. 1999; Caspary et al. 2002; Kawakami et al.
2002; Ma et al. 2002; Nakano et al. 2004), and some
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evidence has been presented for the action of Dispatched
in releasing ShhNp from cultured cells in a soluble form in
vitro (Ma et al. 2002). A more recent report suggests that
Dispatched acts by facilitating the transfer of modified
ShhNp directly from one cell to another (Etheridge et al.
2010). This requirement for cell-cell contact in Disp func-
tion is not supported by Drosophila genetic studies, which
clearly demonstrate a requirement for disp function ex-
clusively in Hh-producing cells (Burke et al. 1999). Our
studies further demonstrate that mammalian Disp can
contribute to the Scube2-mediated release of a soluble,
active form of the ShhNp protein in the absence of cell-
cell contact. The cell contact-dependent mechanism of
Disp-mediated release suggested by Etheridge et al. (2010)
nevertheless could operate in some biological settings. The
absence of a Scube ortholog in Drosophila suggests that
the activity of Dispatched in mediating the release of the
Drosophila Hh signal may be independent of a Scube
ortholog, possibly due to the unique composition of Droso-
phila detergent-insoluble lipid microdomains (Rietveld
et al. 1999).

The importance of palmitate modification

The importance of palmitate modification for Scube2
release of ShhNp is suggested by the dramatic difference
in Scube2 enhancement of ShhNp release from cells ex-
pressing wild-type Shh as compared with ShhC258S (Figs.
3, 4A,B). This difference extends to our cell-free assay, in
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Spacer region {} Cys-rich domain > CUB domain | 3xFlag

Figure 8. Structure-function analysis of Scube2
function in vitro and in vivo. (A) Schematic
diagram shows 3xFlag-tagged Scube2 deletion
constructs used for this analysis. (B) Signaling
activity of medium from HEK293S cells tran-
siently cotransfected with expression plasmids
for Shh and wild-type or deleted 3XFlag-tagged
Scube2 (1:2 ratio) was measured with Shh-
LIGHT? cells at fivefold dilution. For immuno-
blotting analysis of these samples, see Supple-
mental Figure 4. Secretion of Scube2 protein
variants into culture medium as detected by
immunoblotting is indicated (+ or —). (C) Rescue
of you mutants by microinjection of zscube?2
mRNA constructs. (Top row) Wild-type embryos
show adaxial expression of myod (white arrow-
heads). (Bottom left) You mutant embryos lack
adaxial myod expression (white arrowhead). In-
jection of full-length zscube2 mRNA (middle
column) and zscube2AEGF mRNA (right col-
umn) rescues the expression of myod in adaxial
cells in you mutants (white arrowheads).

which Scube2-mediated release of ShhNp from DIGs de-
pends critically on the presence of palmitate for optimal
efficiency (Fig. 5B). The mechanistic basis of this dif-
ference is suggested by more efficient binding of Scube2
to immobilized ShhNp as compared with immobilized
ShhNpC25S (Fig. 4C); improved release of acylated ShhNp
thus appears to be stimulated by favorable binding in-
teractions between Scube2 and the acyl chain modifica-
tion of ShhNp, although we note that Scube2 also shows
reasonable albeit lower affinity for ShhNpC25S, which
lacks acylation (Fig. 4C).

These results are consistent with and account for pre-
viously reported observations that the palmitate group
not only enhances ShhNp potency (Pepinsky et al. 1998;
Chamoun et al. 2001; Kohtz et al. 2001; Lee and Treisman
2001; Micchelli et al. 2002; Chen et al. 2004), but also
facilitates the release or transport of ShhNp in the extra-
cellular milieu (Chen et al. 2004; Chamberlain et al. 2008).
The experiments in Chamberlain et al. (2008) are partic-
ularly striking, as they demonstrate that ShhNp produced
in the notochord can spread through the extracellular
matrix, traverse the neuroepithelium, and enter the
lumen of the neural tube; the Shh protein is unable to
do so, however, when acylation of ShhNp is disrupted by
mutation of the Skn acyltransferase (Chen et al. 2004,
Chamberlain et al. 2008).

Given the importance of palmitoylation in the release
and movement of the ShhNp protein, it is interesting to
note that Wnt proteins are palmitoylated and that, at
least in Drosophila, EGF proteins are also palmitoylated
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(Willert et al. 2003; Miura et al. 2006; Takada et al. 2006).
Recently, Mulligan et al. (2012) showed that Swim, a se-
creted Wingless (Wg)-interacting molecule, augments long-
range Wg signaling in Drosophila imaginal discs and
demonstrated that Swim acts by maintaining the solubil-
ity of lipid-modified Wg in the medium. This finding
supports the hypothesis that lipid-modified morphogens
may use additional factors for their release into and trans-
port through the hydrophilic extracellular milieu. Inter-
estingly, our structure/function analysis of Scube? indi-
cates that the EGF repeats are dispensable for release of
ShhNp in vitro and for Hh pathway function in vivo. These
repeats thus could be involved in activities other than the
release of ShhNp; as the Scube2AEGF construct lacking
these repeats remains active in releasing acylated ShhNp,
it is conceivable that these other activities may involve
other acylated proteins.

Materials and methods

DNA constructs

All constructs used for cell culture experiments were built using
mouse sequences. Constructs expressed in mammalian HEK293S
cells were cloned into the pcDNA3.1 vector (Invitrogen) that con-
tains the CMV promoter. Shh constructs in pcDNA3.1 were gen-
erated by PCR amplification and subcloning of a restriction
fragment digested with Notl and Xhol.

Full-length mScube2 was built using two distinct cDNA clones
(BC152820.1 and NM_020052) to have a domain architecture
similar to that of zScube2 (NP_001014813). mScube2 expression
constructs were tagged at the C terminus with the 3xFlag epitope
or 1xMyec. Of note, the mScube2 construct lacking amino acids
171-281—including a putative furin cleavage site, R(274)XKRR—
retains the entire activity of full-length mScube2. Constructs
expressing either GFP or mWIF-1 were used as transfection controls
with similar results. The mWIF-1 cDNA, NM_011915.2, expres-
sion construct in pcDNA3.1 was generated by PCR amplifica-
tion and subcloning of a restriction fragment digested with
Notl and Xhol.

Constructs expressed in HEK293 Flp-In cells were built in
pcDNAS5/FRT/TO vector (Invitrogen) by PCR amplification and
subcloning of a restriction fragment digested with Notl and Xhol.

Constructs expressed in DispA’/ ~ MEFs were cloned into
MIGR vector. mDispA ¢cDNA optimized for protein expression
was amplified by PCR and subcloned after digestion with Xhol
into MIGR-CD8, which contains a multiple cloning site followed
by an IRES-CDS8 cassette. Sonic hedgehog cDNA was cloned into
MIGR-GFP, which contains an IRES-GFP cassette downstream
from the multiple cloning site.

Constructs used to synthesize mRNA for zebrafish embryo
injections were built in pCS2* that contains a SP6 promoter.
PCR products of Myc-tagged zScube2 and zScube2 AEGF were
digested with Xhol and Xbal.

Cell culture and Hh reporter assay

HEK293S (American Type Culture Collection [ATCC]) cells were
grown in DMEM supplemented with 10% (v/v) FBS (Invitrogen).
NIH-3T3 and Shh-LIGHT?2 cells were grown in DMEM supple-
mented with 10% (v/v) bovine calf serum (Atlanta Scientific).

DispA~'~ MEFs (Ma et al. 2002) were grown in DMEM
supplemented with 10% (v/v) FBS.

Scube mediates Hedgehog signal release

HEK293 Flp-In T-REX cells (Invitrogen) were used to generate
isogenic stable cell lines. HEK293 Flp-In T-REX cells were grown
in DMEM supplemented with 10% (v/v) FBS tetracycline-free
(Clontech), blasticidin (15 pg/mL; Invitrogen), and Zeocin (100
pg/mL; Invitrogen). Hygromicin (75 pg/mL; Roche) was used to
select stably transfected cells. Doxycycline (1 wg/mL; Sigma) was
used to induce expression of inserted genes. Cycloheximede (50 wg/
mL; Sigma) was used to inhibit protein biosynthesis in these cells.

Scube2-conditioned medium was prepared by incubation of
HEK?293 Flp-In T-REX cells carrying a stably integrated Scube2-
3xFlag expression construct with DMEM (Invitrogen) containing
2% FBS and doxycycline (1 wg/mL; Sigma) for 48 h. HEK293 Flp-
In T-REX parental cells were used to prepare control conditioned
medium using a medium formulation identical to that for Scube2-
conditioned medium. Of note, similar results were used when FBS
was omitted from the medium.

Hh signaling assays were carried out using Shh-LIGHT?2 cells.
Hh-conditioned medium prepared as indicated was incubated with
confluent Shh-LIGHT? cells growing in 24-well plates for 3648 h.
Luciferase activities were measured using Dual-Luciferase Reporter
assay (Promega) and a Centro XS3 (Berthold) luminometer.

Retroviral infection

DispA~'~ MEF cells with an integrated MIGR1 vector expressing
either GFP or Shh linked by an IRES to GFP were generated by
retroviral infection followed by FACS selection of GFP-express-
ing cells. The viral supernatants were obtained by harvesting
media from Phoenix ampho packaging cells transfected with
MIGRI1 IRES-GFP or MIGR1 Shh-IRES-GFP expression constructs.
DispA~'~ MEEF cells were plated at a density of 10% cells per well
of 24-well plates, and 24 h later, cells were transduced with the
viral supernatants using spin infection at 2000g for 1 h at 30°C
with 6 pg/mL polybrene (Sigma).

DispA~'~ MEF cells with stably integrated IRES-GFP or Shh-
IRES-GFP expression cassettes were transduced with a virus
containing an expression cassette for DispA linked by an IRES to
CD8 or with the parental retrovirus containing IRES-CD8 alone
using the procedure described above followed by FACS selection
of CD8-expressing cells.

Western blotting

Protein expression analysis of cultured cells transfected with
expression plasmids using Fugene HD (Roche) were performed
by harvesting cells and conditioned medium for reducing SDS-
PAGE and immunoblotting. Whole-cell protein extracts were
prepared by solubilization in radioimmunoprecipitation assay
(RIPA) buffer containing 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA,
and protease inhibitor cocktail (Roche). Medium was spun for 30
min at 18,000g to remove cell debris (followed, when mentioned,
by an additional centrifugation at 100,000g for 2 h). Samples from
both cell lysates and medium were mixed with sample buffer
(Fermentas) containing DTT (50 mM final concentration) and
analyzed by reducing SDS-PAGE followed by immunoblotting.
Antibodies used for this study were as follows: anti-ShhN rabbit
polyclonal (Porter et al. 1996b), anti-Flag M2 mouse monoclonal
(Sigma), anti-HA (Covance), anti-tubulin mouse monoclonal (E2,
ATCC), anti-CD8 coupled with Alexa 647 (BD Pharmingen), and
anti-actin mouse monoclonal (Santa Cruz Biotechnology).

Lipid raft isolation

Lipid rafts (DIGs) were isolated from control, Shh-expressing,
and ShhC25S-expressing HEK293 Flp-In T-REX cells. Cells were
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grown in 150-mm dishes and lysed in buffer containing 10 mM
NaH,PO, (pH 6.5), 150 mM NaCl, 1% Triton X-100, and a
cocktail of protease inhibitors at 4°C (Taipale et al. 2000). Whole-
cell extracts were then mixed with the same volume of 80% su-
crose to generate 40% sucrose lysate solution. Two sucrose density
steps, 16.5 mL of 36% sucrose and 7 mL of 5% sucrose, were layered
onto 14 mL of 40% sucrose lysate, and centrifugation was carried
out in a Beckman Ti45 rotor at 35,000 rpm for 24 h at 4°C. Raft-
containing fractions were visually identified and collected. Sucrose
from these fractions was diluted by adding 4 vol of phosphate-
buffered saline (PBS) (10 mM NaH,POj, at pH 6.5, 150 mM NaCl),
and rafts were precipitated by centrifugation. Rafts were resus-
pended in PBS and divided in equal volumes into 1.5-mL tubes. PBS
was exchanged with Scube2-containing or control conditioned
medium by centrifugation. Of note, Scube2-containing or control
conditioned medium did not contain serum. After incubations
with Scube2-containing or control conditioned medium for the
indicated periods of time, rafts were harvested by centrifugation at
18,000g for 30 min. After incubation with protein sample buffer
containing DTT for 10 min at 100°C, rafts were analyzed by
SDS-PAGE followed by immunoblotting. Supernatants were
centrifuged at 100,000g for an additional 2 h, and samples
were collected for signaling activity measurements and ex-
pression analysis by SDS-PAGE followed by immunoblotting.

Reverse-phase HPLC analysis of mammalian
Hedgehog proteins

HEK?293S cells growing in 10-cm? dishes were transfected with
expression plasmids for Shh, ShhN, ShhC25S, ShhNC25S, Scube2-
3xFlag, or control. Three days post-transfection, media and cells
were harvested. Medium (6 mL) was centrifuged at 3000g for
30 min followed by 100,000g for 2 h. After centrifugation, me-
dium was incubated overnight with anti-Shh monoclonal
antibody (5E1) immobilized on Affigel 10 beads (Bio-Rad). The
next day, beads were washed and eluted by incubation with 1X
reducing sample buffer (Invitrogen) for 15 min at 37°C. Eluted
proteins were acetone-precipitated. Whole-cell protein extracts
were prepared from 10-cm? dishes by solubilization with 1 mL
of RIPA buffer containing a cocktail of protease inhibitors (Roche)
for 30 min at 4°C. After centrifugation at 18,000¢ for 30 min to
remove insoluble material, 100 pL of whole-cell protein extract
was acetone-precipitated.

Protein precipitates were resuspended with 35 L of (1,1,1,3,3,3)
hexafluoro-2-propanol and solubilized with 70 uL of 70% formic
acid followed by brief sonication. For reverse-phase HPLC, we used
an acetonitrile: water gradient with 0.1% trifluoroacetic acid and
C-4 column. Elution samples were vacuum-dried, resolubilized
in 1X reducing sample buffer, and analyzed by SDS/PAGE
(Chamoun et al. 2001).

RNA synthesis and microinjection of zebrafish embryos

The full-length zscube2 and zscube2AEGF constructs were line-
arized with Notl, and mRNA was synthesized using the SP6
mMessage mMachine kit (Ambion). Final RNA was diluted in
ultrapure water, and Phenol Red was added to a concentration
of 5 mg/mL. The solution was adjusted so that the total mRNA
injected into each embryo was 50 pg and the volume injected was
1 nL. After injection, embryos were maintained under standard
conditions and staged according to Kimmel et al. (1995).

In situ hybridization and genotyping

Embryos were dechorionated by hand and then fixed at the
12-somite stage in 4% PFA overnight at 4°C. In situ hybridization
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for myod expression was performed using standard methods
(Thisse and Thisse 2008) with an antisense myod probe (Weinberg
et al. 1996). Embryos were scored on the basis of myod expression
in adaxial cells and were genotyped by PCR (forward primer,
AGATCATTGCGGCAGTGGA; reverse primer, GCACCCTT
CAATAATCTTCTTCTT) followed by a restriction digest with
Hpy8I. The mutant band ran at 200 base pairs (bp), while the
wild-type band ran at 185 bp.
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