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ABSTRACT

All morphogens of the Hedgehog (Hh) family are synthesized as

dual-lipidated proteins, which results in their firm attachment to the

surface of the cell in which they were produced. Thus, Hh release

into the extracellular space requires accessory protein activities. We

suggested previously that the proteolytic removal of N- and C-

terminal lipidated peptides (shedding) could be one such activity.

More recently, the secreted glycoprotein Scube2 (signal peptide,

cubulin domain, epidermal-growth-factor-like protein 2) was also

implicated in the release of Shh from the cell membrane. This

activity strictly depended on the CUB domains of Scube2, which

derive their name from the complement serine proteases and from

bone morphogenetic protein-1/tolloid metalloproteinases (C1r/C1s,

Uegf and Bmp1). CUB domains function as regulators of proteolytic

activity in these proteins. This suggested that sheddases and

Scube2 might cooperate in Shh release. Here, we confirm that

sheddases and Scube2 act cooperatively to increase the pool of

soluble bioactive Shh, and that Scube2-dependent morphogen

release is unequivocally linked to the proteolytic processing of

lipidated Shh termini, resulting in truncated soluble Shh. Thus,

Scube2 proteins act as protease enhancers in this setting, revealing

newly identified Scube2 functions in Hh signaling regulation.
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Shedding, Scube

INTRODUCTION
All proteins of the Hedgehog (Hh) family act as powerful

morphogens and growth factors during metazoan development.

In vertebrates, the Hh family member Sonic Hedgehog (Shh) is

essential for the patterning of the ventral neural tube (Briscoe et al.,

2001), for specifying digit identities (Ahn and Joyner, 2004; Harfe

et al., 2004) and for axon guidance (Charron et al., 2003). In the

adult, Hh pathway activation has been implicated in maintaining

the stem cell and cancer stem cell niche (Zhao et al., 2009), and in

the progression of various cancers (Theunissen and de Sauvage,

2009; Yauch et al., 2008; Zhao et al., 2009). Despite these

important roles, various aspects of Hh function remain unclear.

The mode of Hh dispersal in tissues is especially intriguing; all

Hh family members are released from the cells in which they are

produced, despite having covalent N- and C-terminal lipid

modifications (Peters et al., 2004) that result in strong

association of Hh proteins with the cell membrane, and the

cholesterol-dependent formation of multimeric clusters (Ohlig

et al., 2011; Vyas et al., 2008). For initial cholesterol attachment,

Shh precursor proteins (called ShhNC, for Shh unprocessed N-

terminal signaling and C-terminal autoprocessing domains)

undergo internal cleavage that is catalyzed by the Shh C-

terminal autoprocessing domain (ShhC, Fig. 1) (Bumcrot et al.,

1995; Lee et al., 1994; Liu, 2000; Tabata and Kornberg, 1994).

Because ShhNC uses intein-related coupled cleavage and

cholesterol esterification (in which extein 1 is ShhN, extein 2 is

cholesterol and the intein is ShhC), all resulting 19-kDa proteins

generated from the 45-kDa Shh precursor are C-terminal

cholesterylated (Liu, 2000; Martı́ et al., 1995; Porter et al.,

1996a; Porter et al., 1996b). The second lipid modification of Hh

proteins is the attachment of palmitic acid to the conserved N-

terminal cysteine (C85 in fly Hh, C25 in murine Shh) through the

primary amine that is exposed after cleavage of the signal peptide

(Pepinsky et al., 1998). Such Hh palmitoylation occurs through a

thioester intermediate, followed by a spontaneous rearrangement

to form the amide. Therefore, Shh proteins lacking N-terminal

cysteine (C25S or C25A) are cholesterol-modified but remain

unpalmitoylated (Hardy and Resh, 2012). Hh N-acylation

requires the expression of a separate gene product, called Hh

acyltransferase (Hhat) (Amanai and Jiang, 2001; Chamoun et al.,

2001; Lee and Treisman, 2001; Micchelli et al., 2002), a

membrane-bound O-acyltransferase (MBOAT) family member.

The dual-lipidated fully active Shh product is called ShhNp

(Shh N-terminal processed signaling domain). Lipidated Hhs

multimerize on the surface of the cells in which they are

expressed (Vyas et al., 2008) and are released despite their

hydrophobic modifications, whereas other lipidated proteins

normally remain tethered to the membrane. Notably, efficient

N-palmitoylation is crucial for the binding of the morphogen to

its receptor, Patched (Ptc), because unpalmitoylated proteins

(Shh expressed in Hhat mutants, or in cysteine to serine or alanine

mutants, ShhNpC25S/A) are 10–306 less active than wild-type

proteins in vitro and in vivo (Chamoun et al., 2001; Lee et al.,

2001). The questions of how Hh lipidation and activity are linked,

and how Hh is released despite its dual lipidation are

controversial points. Suggested mechanisms include movement

by lipoprotein particles (Panáková et al., 2005) and transport by

cellular extensions called cytonemes (Bischoff et al., 2013; Roy

et al., 2011).

Recently, Scube2-mediated ShhNp extraction and ShhNp

ectodomain shedding from the cell surface have also been proposed

(Creanga et al., 2012; Dierker et al., 2009; Ohlig et al., 2011; Ohlig

et al., 2012; Tukachinsky et al., 2012). The latter mechanism involves
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A disintegrin and metalloprotease (ADAM)-mediated conversion of
cell-surface-tethered ShhNp multimers into truncated morphogen

clusters upon membrane-proximal proteolytic removal of
lipidated peptide termini (Dierker et al., 2009; Ohlig et al.,
2011). Shedding, however, not only removes lipidated peptide

anchors for morphogen solubilization but also activates ShhNp
(Fig. 1). Initially, in the cell-surface-bound cluster, N-terminal
peptides interact with (and block) adjacent binding sites for
the Shh receptor, Ptc (Bishop et al., 2009; Bosanac et al.,

2009; Farshi et al., 2011; Ohlig et al., 2011), inactivating the
unprocessed molecule. By removing N-terminal acylated
peptides, sheddases expose the Ptc-binding sites of solubilized

clusters and thereby couple Shh release to its activation (Fig. 1).
The essential role of N-palmitate for Hh biofunction is therefore
indirect; N-acylation is a prerequisite for the membrane-

proximal positioning and subsequent shedding of inhibitory N-
terminal peptides. Furthermore, by their continued association
with the cell membrane, N-palmitoylated inhibitory peptides are

completely removed from soluble clusters. Thus, any inhibition
of N-palmitoylation prevents N-terminal Hh processing and
results in the release of inactive proteins from producing cells
(Ohlig et al., 2011; Ohlig et al., 2012).

Scube2 glycoproteins (Signal sequence, cubulin domain,
epidermal growth factor 2) also release Shh from transfected
293T cells (Tukachinsky et al., 2012) and HEK293S cells

(Creanga et al., 2012). Scube2 is a member of the you-class
mutants in zebrafish (Shh is encoded by the sonic-you gene in this
species) (Schauerte et al., 1998). In vitro, Xenopus laevis

(x)Scube2 increases Shh solubilization by direct extraction of
hydrophobic lipid adducts from the membrane and continued
sequestration of these lipids from the aqueous phase
(Tukachinsky et al., 2012). By contrast, Scube2D, a C-terminal

truncation mutant lacking a cysteine-rich and CUB (C1r/C1s,
Uegf and Bmp1) domain, does not release Shh (Creanga et al.,
2012; Tukachinsky et al., 2012). As one established role of CUB

domains is to regulate the assembly of protease–protease-
substrate complexes, we hypothesized that Scube2 activity and
Shh shedding might be linked. To distinguish between Scube2-

linked and Scube2-independent Shh shedding, we analyzed the
release of cholesterol-anchored (unpalmitoylated) ShhNpC25S

and ShhNpC25A (Hardy and Resh, 2012), and the release of

dual-membrane-anchored ShhNp from Hhat-expressing cells.
Consistent with reported results (Creanga et al., 2012;

Tukachinsky et al., 2012), we found that xScube2 and human
(h)Scube2 both increased ShhNpC25S and ShhNpC25A

solubilization. However, xScube2 did not release dual-lipidated

ShhNp, and hScube2 showed only limited activity. Notably,
hScube2- or xScube2-solubilized morphogens always lacked their
lipidated peptide termini, suggesting that Scube2 activity is
strictly linked to proteolytic Shh processing at the cell surface.

Indeed, Scube2-mediated Shh solubilization was further
enhanced by activated shedding, suggesting that although
Scube2 activity clearly contributes to Shh solubilization, this

can be bypassed by increased proteolytic activity that results in
the same processed morphogens. This finding is consistent with
other CUB-domain proteins acting as protease enhancers, and

resolves the apparent contradiction between sheddase- and
Scube2-mediated Shh release in vitro.

RESULTS
ShhNp clusters dissociate into proteins with different
electrophoretic mobilities
Both in vertebrates and in Drosophila melanogaster, N-

palmitoylation of Hh proteins is absolutely required for
unimpaired binding to the Ptc receptor and for biofunction.
Therefore, thorough biochemical characterization of recombinant

Shh must avoid any effects caused by an insufficient level of
post-translational palmitoylation. It is known that strong Shh
expression in mammalian or insect cells exceeds the

palmitoylation capacities of endogenous Hhat (Pepinsky et al.,
1998). By contrast, Shh expression in cultured mammalian
cells using a moderately active (non-viral) promoter increases
dual lipidation (Taipale et al., 2000). By semi-quantitative

reverse transcriptase (RT)-PCR, we confirmed low or virtually
absent hhat expression in HEK293 and Bosc23 cells (Fig. 2).
Even after repeated rounds of nested PCR, hhat expression

was only detected in CHO-K1 cells and, at very low levels,
in Bosc23 cells. By contrast, dispatched (Disp) mRNA was
expressed in all cell lines. This suggests that transfection of

HEK293 and Bosc23 cells with Shh constructs under the control
of a strong (viral) promoter results in substantial amounts of
unpalmitoylated (but fully cholesterylated) ShhNp. This scenario

Fig. 1. Model of Shh N-palmitoylation and release. Biosynthesis of ShhNp. The processing of the 45-kDa ShhNC precursor is coupled to cholesterol
(C) esterification of all 19-kDa Shh signaling domains generated in the process, resulting in their firm tethering to the cell membrane. Subsequent morphogen
multimerization blocks Shh-receptor-binding sites (red circles) by N-terminal peptides. N-palmitoylation (P) of these peptides is catalyzed by Hhat. Impaired
palmitoylation [due to insufficient Hhat expression, lack of acyltransferase activity (HhatD/D) or lack of the acceptor cysteine (ShhNpC25S/ShhNpC25A)] leaves N-
terminal peptides unmodified. This impairs membrane-proximal positioning and the processing of Cardin-Weintraub (CW) motifs (blue), resulting in soluble
clusters with their receptor-binding sites still blocked (bottom). The molecular mass of unprocessed proteins thus remains comparable to that of cell-bound
precursors, and both forms are detected by a-CW antibodies (bottom, right). By contrast, proteolytic CW processing couples Shh solubilization with the removal
of inhibitory N-terminal peptides (top). The associated reduction in the molecular mass of immunoblotted soluble proteins is confirmed by reduced a-CW
antibody reactivity (top, right). Partial N-palmitoylation of clusters leads to a higher-molecular-mass band representing a-CW-antibody-reactive unprocessed
proteins and a lower-molecular-mass band representing a-CW-antibody-unreactive processed products. Polyclonal a-Shh antibodies detect processed and
unprocessed proteins.
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was confirmed in both cell lines (supplementary material Fig.
S1A).

Hhat coexpression enhances ShhNp processing
and biofunction
To increase the N-acylation of recombinant protein, we
employed bicistronic mRNA constructs for the coupled

expression of ShhNp and Hhat in Bosc23 cells (Fig. 3A).
ShhNp was also expressed from pIRES in the absence of

exogenous Hhat (Fig. 3A). We then determined the relative
ShhNp acylation levels by reverse-phase high-performance
liquid chromatography (HPLC) on a C4 column (Pepinsky

et al., 1998). As shown in Fig. 3B, negative control ShhNC25S

lacking both N-linked palmitate and C-linked cholesterol eluted

Fig. 2. Dispatched, scube2 and hhat mRNA expression in Bosc23, HEK293 and CHO-K1 cells. Results of semi-quantitative RT-PCR analyses are shown.
For low-abundance transcripts, results of a second (nested) PCR are also shown. Note that hhat expression is low or absent in all cell lines. By contrast,
control Hhat-transfected cells (CHO-K1Hhat or Bosc23Hhat) express hhat under normal culture conditions and under serum-free conditions (-FCS). Note that
dispatched mRNA was detected in all cell lines, but scube2 was not detected in Scube2-untransfected Bosc23 cells. Actin served as a loading control. Hhat c,
scube c and disp c are positive controls (hhat, scube2 and disp cDNAs).

Fig. 3. ShhNp/Hhat coexpression increases N-terminal palmitoylation and processing. (A) pIRES constructs for transfection of Bosc23 cells. ShhNp
translation from bicistronic mRNA was cap-dependent, Hhat translation was cap-independent. P, promotor; IRES, internal ribosomal entry site; pA,
polyadenylation site. As a control, Shh was expressed from the same vector without Hhat (pIRES-Shh). (B) Analysis of ShhNp lipid modifications by reverse-
phase HPLC. Lysates of cells expressing non-lipidated ShhNC25A, cholesterol-modified ShhNpC25A (indicated by ‘C’) and ShhNp in the presence or
absence of exogenous Hhat were eluted from a C4 column by using an increasing acetonitrile gradient. Fractionated proteins were precipitated and analyzed by
SDS-PAGE and immunoblotting. Elution profiles are expressed relative to the highest protein amount in a given fraction (set to 100%). pIRES-Shh-Hhat-
expressed proteins show enhanced N-palmitoylation (indicated by ‘P&C’). The majority of ShhNp expressed in the absence of exogenous Hhat is only
cholesterol modified. (C) Dose-dependent MbCD-induced ShhNp shedding from Bosc23 cells. Conditioned media and the corresponding cell lysates were
analyzed by immunoblotting using anti-Cardin-Weintraub antibodies (a-CW) and anti-Shh (a-Shh) antibodies. pIRES-Shh-Hhat-expressed products were
N-terminally processed during release, as shown by their reduced molecular mass and impaired a-CW antibody reactivity (asterisks). To better
demonstrate processing during release, grayscale blots were inverted and colored (green, a-Shh signal; red, a-CW signal). Yellow or orange signals in merged
blots thus denote the unprocessed protein fraction. Green signals confirm the removal of (most) N-terminal CW residues from processed proteins.
N-terminal Shh processing in the absence of exogenous Hhat was limited, as indicated by a predominant yellow (upper) band. (D) Processed ShhNp (from
pIRES-Shh-Hhat-transfected cells, green) is significantly more active than comparable amounts of ShhNp expressed in cells lacking exogenous Hhat
expression (pIRES-Shh). Levels of Shh-induced alkaline phosphatase activity in C3H10T1/2 cells are measured as absorption at 405 nm, serving as a readout
for C3H10T1/2 differentiation. Data are expressed in arbitrary units and shown as means6s.e.m. **P,0.01. One representative result out of three independent
experiments is shown.
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first (in fraction 22), and cholesterylated ShhNpC25S eluted in
fraction 26. Notably, about 75% of pIRES-Shh-expressed

protein also eluted in fraction 26, suggesting single cholesterol
modification (‘C’ in Fig. 3B), and only about 25% of pIRES-
Shh-expressed protein was detected in fractions 27 and 28,
where the dual-modified form would be expected to elute

(‘P&C’ in Fig. 3B). By contrast, .70% of Hhat-coexpressed
ShhNp (referred to herein as ShhNp/Hhat) eluted in fraction
28, characteristic of the dual-lipidated protein. Thus, pIRES-

mediated coexpression of the acyltransferase and the ligand
increases the throughput of post-translational palmitoylation.
Because of the essential functional roles of N-palmitate in Hh

biology (Chamoun et al., 2001; Chen et al., 2004), we employed
Hhat and ShhNp coexpression for all further ShhNp release and
bioactivity assays in vitro.

First, we confirmed that the proteolytic processing of cell-
tethered ShhNp was increased as a consequence of increased N-
palmitoylation. Where indicated, methyl-b-cyclodextrin (MbCD)
was added to activate endogenous cell-surface sheddases (Dierker

et al., 2009; Kojro et al., 2001; Matthews et al., 2003; Nishie
et al., 2012; Parkin et al., 2004; von Tresckow et al., 2004; Walev
et al., 2000; Zimina et al., 2005). This treatment resulted in two

soluble ShhNp proteins, of differing electrophoretic mobilities,
derived from one cellular precursor. Hhat coexpression increased
the proportion of the higher electrophoretic mobility protein in

solution (Fig. 3C, lower panels). To prove that N-terminal
processing of these proteins was occurring, blots were stripped
and re-incubated with anti (a)-CW antibodies raised against the

N-terminal Cardin-Weintraub peptide K33RRHPKK39 (see
Fig. 1) (Ohlig et al., 2012). a-CW antibodies still bind to the
C-terminal CW-peptide fragment R35HPKK39, but do not detect
H36PKK39 CW peptides that lack amino acid R35 (supplementary

material Fig. S1B). Therefore, a-CW antibodies detect soluble
proteins lacking up to ten N-terminal amino acids, whereas the
proteolytic removal of additional amino acids abolishes the

binding of these antibodies. Indeed, as shown in Fig. 3C, a-
CW antibodies detected unprocessed soluble Shh, but did not
detect truncated proteins released from Hhat-co-transfected

Bosc23 cells. For better visualization of N-terminal Shh processing
in this and subsequent experiments, a-Shh- and a-CW-incubated
blots were electronically inverted, false-colored and merged.
Comparable binding of a-Shh antibodies (green) and a-CW

antibodies (red) thus marks unprocessed proteins in yellow, and
polyclonal a-Shh antibody binding, combined with strongly
impaired a-CW antibody binding, confirms N-terminal protein

processing (Fig. 3C).
Our model of coupled ShhNp truncation and activation

predicted that the processed ShhNp released from Hhat-

coexpressing cells would have the strongest bioactivity. To
test this possibility, we used the Shh-responsive murine cell
line C3H10T1/2 (Nakamura et al., 1997) (supplementary material

Fig. S2). As shown in Fig. 3D, truncated ShhNp strongly
induced the production of alkaline phosphatase as a readout
for C3H10T1/2 differentiation (1.37160.36 arbitrary units
for ShhNp/Hhat compared to 0.23560.015 arbitrary units

for ShhNp clusters of both processed and unprocessed protein,
P,0.01, n56, 6s.e.m). By contrast, media from mock-
transfected cells (0.1860.005 arbitrary units) were inactive.

Thus, we confirmed that N-palmitate plays an essential yet
indirect role in the conversion of cell-bound ShhNp clusters
into Ptc-binding soluble forms, and that Hhat activation increases

this conversion (Fig. 1).

Sheddases release dual-lipidated ShhNp from
producing cells
The data from two recent studies suggest that Shh is secreted
by the sequential action of Dispatched and Scube2, possibly
through disruption of cholesterol-membrane interactions (Creanga
et al., 2012; Tukachinsky et al., 2012). This is supported by

efficient xScube2-mediated release of cholesterol-modified (but
unpalmitoylated) HaloTag proteins from the cell surface
(Tukachinsky et al., 2012). These reports prompted us to

directly compare sheddase- and xScube2-mediated ShhNp
release from transfected cells (Fig. 4A). To this end, Bosc23
cells were Shh-transfected in the presence or absence of Hhat and

together with xScube2 or xScube2D, the latter lacking the C-
terminal CUB-domain (Tukachinsky et al., 2012). After 30 h,
cells were washed and serum-free medium was added, and the

cells were incubated for a further 14 h to allow protein
expression. Where indicated, 400 mg/ml MbCD was also added
to induce shedding. After 14 h, the media were ultracentrifuged
and subjected to SDS-PAGE and immunoblotting. Cell lysates

were analyzed for Shh expression, and a-hemagglutinin (a-HA)
antibodies were used to confirm the expression of HA-tagged
xScube2 and xScube2D proteins. Under these conditions,

we did not observe significant xScube2-mediated ShhNp
release in the absence of MbCD (Fig. 4A, lanes 5, 6, 11, 12).
By contrast, MbCD strongly increased morphogen solubilization

independently of Scube2 function. Consistent with the data
shown in Fig. 3C, solubilized ShhNp that was coexpressed with
Hhat showed reduced a-CW antibody reactivity (Fig. 4A).

Moreover, little ShhNp was released from Hhat-coexpressing
Bosc23 cells, suggesting that the N-terminal processing of N-
palmitoylated proteins might constitute a rate-limiting step in Shh
release (Fig. 4A, compare lanes 1–4 to lanes 7–10). ImageJ

quantification of immunoblotted soluble and cell-bound proteins
revealed strongly impaired ShhNp/Hhat solubilization, independent
of Scube2 function (the amount of soluble proteins as a percentage

of the amount of cell-tethered proteins: ShhNp/Hhat 103%66%,
ShhNp 500%630%, P50.0002, n53). Another independent
experiment showed similar results (ShhNp/Hhat 112%612%,

ShhNp 670%663%, P,0.0001, n58).
Next, we assayed the bioactivities of solubilized proteins at the

concentrations shown in Fig. 4A. Processed (lanes 1–4) and
mixed processed and unprocessed (lanes 7–10) clusters induced

C3H10T1/2 differentiation to comparable levels, despite the
excess of mixed processed and unprocessed ShhNp (Fig. 4B,
upper panel). This is explained by the enhanced bioactivity of

processed ShhNp and the inactivity of the unprocessed protein
fraction. Protein normalization prior to C3H10T1/2 incubation (to
rule out concentration-dependent morphogen effects) supports

this result (Fig. 4B, lower panel). Thus, we confirmed that N-
terminally processed clusters are significantly more active than
comparable amounts of largely unprocessed proteins. Note that

the N-terminal CW sheddase target site also represents the
binding site for heparan sulfate proteoglycans on the surface of
Shh-producing cells (Chang et al., 2011; Farshi et al., 2011; Vyas
et al., 2008); this suggests a possible mode of regulation of Shh

release.

Cholesterylated unpalmitoylated ShhNpC25A is solubilized
by xScube2
We next investigated the xScube2-mediated solubilization of
cholesterol-modified proteins (Tukachinsky et al., 2012). To this

end, we compared the relative solubilization of ShhNp/Hhat
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(dual-membrane-anchored), ShhNp (mixed cluster consisting of
processed and unprocessed morphogen) and unpalmitoylated
ShhNpC25A [only cholesterol-anchored (Hardy and Resh, 2012)]

in the presence or absence of 400 mg/ml MbCD and xScube2 or
xScube2D. xScube2, but not xScube2D, slightly enhanced the
release of cholesterylated, N-terminally unprocessed ShhNpC25A

both in the presence (Fig. 5A, lane 11) and absence (Fig. 5A, lane
5) of MbCD. The release of N-palmitoylated proteins, however,
was not increased by xScube2 (Fig. 5A, lanes 1, 3, 7, 9). By
contrast, the sheddase activator MbCD enhanced the release and

N-truncation of ShhNp/Hhat, as indicated by a molecular mass
shift and the loss of a-CW antibody reactivity (Fig. 5A, lanes 7–
8). Consistent with the removal of inhibitory N-terminal peptides

from the solubilized cluster, truncated ShhNp/Hhat showed the
strongest Shh pathway activation in C3H10T1/2 cells, and ShhNp
expressed in the absence of Hhat showed limited processing and

activity (Fig. 5B). The bioactivities of unprocessed ShhNpC25A

were even further reduced (1.360.02 and 1.760.1 arbitrary units
for ShhNp/Hhat, P50.0003 and 0.0005, n53; 0.960.005 and
0.8660.14 arbitrary units for ShhNp, P50.001 and 0.027, n53;

and 0.2860.03 and 0.4360.09 arbitrary units for ShhNpC25A,
P50.047 and 0.03, n53, after protein normalization, 6s.e.m.,
Fig. 5B, lower panel). As observed earlier (Fig. 4A), the amount

of soluble ShhNpC25A was ,3–12-fold higher than the amount of
soluble ShhNp [soluble protein amount as a percentage of the

amount of cell-tethered proteins: ShhNp/Hhat 50%67%, ShhNp
191%62%, ShhNpC25A 580%646% (Fig. 5A)]. The same result
was obtained from ShhNp- and ShhNpC25A-expressing CHO-K1

and CHO-K1 Hhat cells. These results support the selective
release of ShhNp C-termini by xScube2, and they show that
this process is further enhanced by MbCD. This suggests that

xScube2 and sheddase activities at Shh C-termini are independent
but additive, or that xScube2 and sheddases cooperate to mediate
ShhNpC25A release.

xScube2 enhances C-terminal shedding of ShhNpC25A

To distinguish between these two possibilities, we monitored the
release of ShhNpC25A carrying N- and C-terminal HA tags

(Fig. 6A). The addition of the tags resulted in the production
of an extended ShhNpC25A;HA C-terminal membrane anchor,
N190SVAAKSG-YPYDVPDYA-G198 (in which G198 represents

the cholesterol-modified glycine and the italicized letters
represent the tag), and the ShhNpC25A;DHA fragment
N190-YPYDVPDYA-G198 upon deletion of the C-terminal Shh
fragment. As a control, we expressed HAShhNpC25S (Ohlig

et al., 2011). This construct carried an internal HA tag between
residues G32 and the first CW residue, K33, resulting in the N-
terminal sequence S25GPGRGFG-YPYDVPDYA-KRRHPKK39.

All morphogen variants lacked the palmitate acceptor C25,
resulting in the secretion of monolipidated (cholesterylated)

Fig. 4. xScube2- and sheddase-mediated ShhNp release from Hhat-overexpressing cells. (A) Bosc23 cells were transfected with pIRES-Shh-Hhat or
pIRES-Shh together with xScube2 or inactive xScube2D. After 30 h, cells were washed, and serum-free DMEM was added for 14 h in the presence or absence
of 400 mg/ml MbCD. MbCD strongly induced N-terminal truncation of Hhat-coexpressed ShhNp (lanes 1–4), as shown by reduced a-CW antibody reactivity of
soluble proteins (asterisk, green bands in the merged color picture). MbCD strongly released N-terminally unprocessed ShhNp as well (lanes 7–10, yellow
bands). xScube2 did not enhance ShhNp release [lanes 3, 5, 9 and 11 (xScube2) versus lanes 4, 6, 10 and 12 (xScube2D)]. Note that lipidated ShhNp was
strongly enriched on the surface of Hhat-coexpressing cells, indicating that membrane-associated N-palmitate restricts the release of unprocessed and
incompletely processed clusters. (B) All conditioned media (as shown in A) induced C3H10T1/2 cell differentiation to comparable levels, despite higher amounts
of (largely) unprocessed soluble proteins in media from Hhat-negative cells (for fully processed ShhNp/Hhat the data are 1.760.2, 1.660.02, 1.4560.022 and
2.1660.14 arbitrary units, mock 0.2260.02 arbitrary units, P#0.0004; and for mixed ShhNp the data are 2.360.08, 2.5660.22, 1.360.2 and 1.960.33 arbitrary
units, P#0.0012). After protein normalization, N-processed forms showed significantly elevated bioactivities [for largely processed ShhNp/Hhat the data are
1.8620.2, 1.7620.2, 1.6620.02 and 2.2620.14 arbitrary units, P#0.0004; for ShhNp alone (only partially processed) the data are 0.7260.03, 0.8160.06,
0.6560.1 and 0.8660.14 arbitrary units, P#0.0027]. The data show the means6s.d. *P,0.05, **P,0.01 and ***P,0.0003. One representative result out of
three independent experiments is shown.
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proteins. The proteins were expressed for 6 h in serum-free

DMEM as described previously (Tukachinsky et al., 2012), and
were analyzed by immunoblotting together with the Bosc23 cell
lysate. The deletion of the C-terminal Shh fragment strongly

impaired the release of ShhNpC25A;DHA (the ratio of soluble

to cell-bound protein was 1.15660.3 arbitrary units for
ShhNpC25A;DHA compared to 6.260.8 arbitrary units for
HAShhNpC25S; P50.0001; n58) (Fig. 6B,C). However, the

Fig. 6. xScube2 enhances C-terminal ShhNp processing. (A) A model of the protein structure of Shh, showing that the extended membrane-anchored Shh
C-terminal peptide represents an accessible sheddase target site (Protein Data Bank ID1VHH). Expressed proteins include N-terminally HA-tagged
HAShhNpC25A, ShhNpC25A;HA carrying a C-terminal HA insertion (blue) and ShhNpC25A;DHA, where the C-terminal peptide (red) is replaced by the tag.
(B) Proteins were expressed in Bosc23 cells and the release of soluble versus cell-bound forms was compared. The replacement of the Shh C-terminal
amino acids with HA, but not HA insertion, strongly impaired Shh release. Data show the means6s.d. ***P,0.001; n.s., non-significant. (C) Immunoblot
analyses of cell-tethered proteins (cell) and those released into serum-free DMEM after 6 h (medium) using a-ShhN and a-HA antibodies. No MbCD was added.
Soluble 21.4-kDa HAShhNpC25A was recognized by both antibodies; 19.6-kDa truncated ShhNpC25A;DHA and ShhNpC25A;HA were detected by a-ShhN
antibodies but not by a-HA antibodies. Bands are artificially colored to reveal the proteins recognized by the different antibodies. Note that the additional Scube2-
released protein fraction was also C-terminally processed (asterisks). Arrowheads denote unprocessed proteins not fully removed by ultracentrifugation.
Data shown are one representative result out of eight independent experiments.

Fig. 5. xScube2 releases cholesterylated yet unpalmitoylated ShhNpC25A. (A) Western blots of conditioned media from Bosc23 cells transfected with
pIRES-Shh-Hhat, pIRES-Shh or ShhNpC25A, together with xScube2 or xScube2D, using a-CW and a-Shh. Where indicated, MbCD was added to induce
shedding. The strongest MbCD-induced protein release was observed for ShhNpC25A (lanes 11 and 12, yellow signals in the merged color picture) in
combination with xScube2 (arrow). Amounts of soluble ShhNpC25A and ShhNp were increased over those of N-processed ShhNp derived from Hhat-expressing
cells (lanes 7 and 8, green signals). Load, gel-loading control [BSA (medium) and cellular proteins]. (B) MbCD-released proteins were bioactive (upper panel).
The levels of alkaline phosphatase expression induced by the conditioned media shown in A indicate that C3H10T1/2 cells are undergoing differentiation
and hence give a readout of morphogen bioactivity. Notably, low amounts of Hhat-coexpressed ShhNp showed strong bioactivities even in the absence of MbCD
(A, lanes 1 and 2). xScube2-released ShhNpC25A was much less active (A, lanes 5 and 6). After protein normalization, MbCD-released processed ShhNp/Hhat
showed significantly enhanced bioactivity compared with all other (largely unprocessed) proteins (lower panel). Lane 1, P50.01; lane 2, P50.001; lane 7,
0.0003; lane 8, P50.0005; lane 9, P50.0011; lane 10, P50.0027; lane 11, P50.03; lane 12, P50.047 when compared with unprocessed ShhNpC25S (lane 5).
Data are expressed as means6s.e.m. *P,0.05, **P,0.01 and ***P,0.001.
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insertion of the HA tag downstream of this peptide did not impair
ShhNpC25A;HA release (6.860.83 arbitrary units, P50.6, n58).

The reduced ShhNpC25A;DHA solubilization is best explained by
impaired proteolytic processing of the proline-rich HA-tag that
replaced the original sheddase target site, consistent with
strongly divergent physicochemical properties of the two

peptide sequences (GRAVI hydropathicity index of the HA-
tag is 20.9, versus 0.19 for the hydrophobic Shh C-terminus;
the pI of the HA-tag is 3.56, versus 8.47 for the Shh C-

terminus). These differences might impair the proteolytic
processing of recombinant Shh protein variants on the cell
surface.

Fig. 6C illustrates the proteolytic cleavage of C-terminal Shh
peptides during release. a-HA antibodies (blue) and a-Shh
antibodies (green) both detected N-terminally tagged
HAShhNpC25S in western blots of cell lysates and supernatants
(right lanes, bright blue signals in merged blots). This is
consistent with impaired N-terminal processing of
unpalmitoylated ShhNpC25S. By contrast, 22-kDa ShhNpC25A;HA

was truncated to a 19-kDa soluble form that completely lacked a-
HA antibody reactivity (Fig. 6C). Note that xScube2 enhanced
the C-terminal processing of ShhNpC25A;HA. The alternative

possibility of independent sheddase and xScube2 function was
never observed; additional ShhNpC25A;HA released by xScube2

always lacked a-HA antibody reactivity. The same result was
observed for xScube2-released ShhNpC25A;DHA (Fig. 6C, lane 1).

Human Scube2-enhances N- and C-terminal ShhNp shedding
In contrast to xScube2-enhanced Shh C-terminal release
(Tukachinsky et al., 2012), Creanga et al. reported that
mScube2 mediates the release of cholesterol- and palmitoyl-

modified Shh from HEK293S cells (Creanga et al., 2012). We
hypothesized that the observed difference might stem from the
use of amphibian versus mammalian Scube2 in a mammalian

expression system, and we tested this idea by coexpressing
ShhNp with FLAG-tagged human (h)Scube2 (Tsai et al., 2009).
As observed previously for xScube2, hScube2 solubilized non-

palmitoylated ShhNpC25S, and hScube2D (lacking the C-terminal
cysteine-rich- and CUB-domain) was less active (Fig. 7A). In
addition, we observed increased solubilization of dual-lipidated
ShhNp/Hhat and of N-palmitoylated non-cholesterylated ShhN/

Hhat into hScube2-conditioned serum-free medium after 6 h
(Fig 7A,B). Importantly, the majority of Scube2-solubilized
proteins lacked a-CW antibody reactivity, consistent with

Fig. 7. Release of vertebrate Hhs in the presence of Scube2, and of invertebrate Hhs in the absence of Scube2. (A) ShhNp processing is increased by
hScube2. Upper panel, western blots of Bosc23 cells transfected with pIRES-Shh-Hhat or ShhNpC25A, and co-transfected with hScube2 or hScube2D, using a-
Shh (green) and a-CW (red) antibodies . Bands are artificially colored to reveal the proteins recognized by the different antibodies. No MbCD was added. The
strongest protein release was observed for N-terminally unprocessed ShhNpC25A in combination with hScube2 (yellow signals). Notably, hScube2 also
increased ShhNp solubilization, linked to N-terminal processing (green band, asterisk). Lower panel, hScube2-solubilized truncated proteins were bioactive, as
defined by alkaline phosphatase expression by C3H10T1/2 cells in response to treatment with conditioned media from transfected Bosc23 cells. Data show the
means6s.d. ***P,0.001; n.s., non-significant. (B) ShhN lacking the C-terminal autoprocessing domain was coexpressed with Hhat in Bosc23 cells. This
generated palmitoylated and non-cholesterylated morphogens undergoing hScube2-dependent N-terminal processing during release (green band, asterisk).
(C) Immunoblot of HA-tagged Drosophila HhNp expressed in S2 cells, using a-Hh antibodies (green) and a-HA antibodies (blue). Bands are artificially colored to
reveal the proteins recognized by the different antibodies. No MbCD was added. Right: Immunoblot analysis of proteins released into serum-free S2 cell media
after 14 h. Solubilized 22-kDa HAHhNpC85S reacted with both antibodies, but truncated 19-kDa HhNpC85S;HA was only detected by a-Hh antibodies. Loss of a-HA
antibody reactivity is consistent with C-terminal shedding. The asterisk (*) indicates processed soluble protein lacking the HA-tag. One representative result out
of three independent experiments is shown.
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strong ShhNp bioactivity in the C3H10T1/2 reporter cells
(1.260.02 arbitrary units for ShhNp coexpressed with hScube2,

versus 0.4660.05 arbitrary units for ShhNp coexpressed with
hScubeD; P,0.0001; 0.3560.06 arbitrary units in the mock
control; n54; 6s.d.; Fig. 7A). We thus conclude that mammalian
hScube2 activates N-terminal and C-terminal shedding, whereas

xScube2 activity is restricted to the Shh C-terminus. Sequence
comparison of full-length hScube2 and xScube2 revealed 71%
sequence identity and 80% identity and similarity on the protein

level, and comparison of the CUB domains revealed 96%
sequence identity and 99% protein identity and similarity. This
is consistent with their conserved role in ShhNp release, and

suggests that the observed functional differences between
xScube2 and hScube2 are probably not explained by these
domains. Notably, the lack of Scube2 expression in Bosc23 cells

(Fig. 2) is consistent with ShhNp insolubility under normal
culture conditions, and with the increased release of ShhNp that is
mediated by the unspecific sheddase activator MbCD; the use of
MbCD might override the requirement for Scube2 function

(Figs 3–5).

C-terminal HhNp shedding in Drosophila S2 cells is
independent of Scube2
We wondered whether Hh shedding occurs in organisms that
completely lack Scube protein function. To answer this question,

we expressed C-terminally HA-tagged Drosophila HhNp in
Drosophila S2 cells, and analyzed the cell-bound and soluble
material as described above. Notably, C-terminal cholesterol

modification and N-palmitoylation (at amino acid C85 in
Drosophila) are conserved between vertebrate and invertebrate
Hh family members (Chamoun et al., 2001; Guerrero and Chiang,
2007). However, Scube proteins are present only in vertebrates

(Tukachinsky et al., 2012). This raises the question of how
invertebrates secrete Hh. As shown in Fig. 7C, a-Hh and a-HA
antibodies detected HAHhNpC85S and HhNpC85S;HA in cell lysates.

In solution, HAHhNpC85S (N-terminally HA-tagged and
cholesterylated) was also detected by both a-HA antibodies and
a-Hh antibodies, consistent with impaired N-terminal shedding of

unpalmitoylated proteins. By contrast, HhNpC85S;HA (the C-
terminally HA-tagged and cholesterylated protein) was truncated
to 19-kDa soluble forms that were not detected by a-HA
antibodies, as shown previously for the vertebrate ortholog.

Thus, for the first time, we demonstrate the proteolytic shedding
of cholesterylated HhNp from invertebrate cells. This finding
explains the recent observation of bioactive sterol-free Hh

morphogens in vitro and in Drosophila (Palm et al., 2013). We
conclude that, in Drosophila S2 cells, C-terminal processing of
the Hh morphogen occurs in the absence of Scube2, consistent

with the suggested role of Scube2 as a sheddase enhancer.
Consistent with deep phylogenetic divergence between
vertebrates and insects, and with the lack of any Scube ortholog

in the fly, exogenous xScube2 or hScube2 proteins failed to
increase HhNp release from transfected S2 cells (supplementary
material Fig. S3).

To exclude possible processing artifacts caused by the inserted

HA tags, we next analyzed dual-lipidated ShhNp/Hhat, C-
lipidated ShhNpC25A and non-lipidated ShhNC25S;*190 (the latter
mimicking C-terminal truncation at position N190) by reverse-

phase HPLC (Pepinsky et al., 1998). As already shown in
Fig. 3B, cell-tethered monolipidated and dual-lipidated proteins
could be easily distinguished from non-lipidated forms (Fig. 8A).

To directly test delipidation during solubilization, proteins were

secreted into serum-free medium for 12 h, ultracentrifuged to
remove membranous remnants, and were then processed as

described above for the cell pellet. As expected, the most soluble
ShhNp/Hhat and ShhNpC25A co-eluted with ShhNC25S;*190

(Fig. 8A). All three elution peaks showed comparable tailing,
possibly owing to unspecific secondary retention effects or

residual silanol interactions (supplementary material Fig. S4).
Nevertheless, our finding that the majority of solubilized ShhNp/
Hhat and ShhNpC25A eluted in fractions that were characteristic

of the non-lipidated morphogen confirms the loss of cholesterol
by C-terminal proteolytic processing (and loss of palmitate by N-
terminal proteolytic processing). The comparable elution profiles

of solubilized monolipidated ShhNpC25A;HA and dual-lipidated
ShhNp/Hhat expressed in the presence of xScube2 (Fig. 8B)
further support our findings. Finally, fully processed ShhNp that

was released in the presence of xScube2 (inset in Fig. 8C)
showed the strongest bioactivity in C3H10T1/2 cells [1.183
arbitrary units, P50.0001 for ShhNp/Hhat coexpressed with
xScube2; 0.460.036 arbitrary units, P50.0006 for ShhNp

coexpressed with xScube2; 0.260.0005 arbitrary units, P50.45
for ShhNpC25S coexpressed with xScube2; 0.2160.014 arbitrary
units for mock; all n56; 6s.d.) even at the unadjusted

concentrations shown in the inset (Fig. 8C).
Finally, we employed gel-filtration chromatography to test our

hypothesis versus the alternative model in which continued

ShhNp–xScube2 association is a prerequisite for Shh
solubilization (Tukachinsky et al., 2012). The underlying idea
was that if continued Shh–xScube2 interactions in solution shield

cholesterol from the aqueous environment, then monomeric
(20 kDa) lipidated ShhNp should never be present in solution,
and a substantial portion of coexpressed 112-kDa xScube2 should
colocalize with ShhNp. However, under the serum-free

condititions employed, this was not the case; Shh that was
solubilized by xScube2 was largely monomeric in solution
(Fig. 8D), consistent with a previous report (Chen et al., 2004).

By contrast, the size distributions of xScube2 and xScube2D were
highly variable (Fig. 8E), consistent with Ca2+-modulated,
epidermal growth factor (EGF)-domain-mediated Scube

aggregation in solution (Tu et al., 2008). Taken together, these
observations suggest an alternative to models of lipid-mediated
transport in micelles or continued equimolar xScube2–Shh
complexation, because both would predict ShhNp complexes of

.100-kDa and the absence of monomeric ShhNp in solution. We
explain the loss of the terminal peptides and associated lipids
from monomeric soluble Shh by cell-surface shedding, and

postulate that Scube2 enhances this process (Fig. 8F).

DISCUSSION
In this work, we show that the post-translational N-acylation of
Bosc23-overexpressed Shh is incomplete under normal culture
conditions. The coexpression of ShhNp and the N-acyltransferase

Hhat in Bosc23 cells restores Shh N-palmitoylation and
processing, resulting in enhanced biofunction of the morphogen
compared with that of incompletely acylated or unmodified
clusters. Moreover, we found that the amount of soluble

ShhNpC25A significantly exceeded the amount of soluble dual-
lipidated protein. This suggests that N-palmitoylated peptides
contribute to the association of Shh with cell membranes and that

their processing might control Shh release. This is consistent with
enhanced plasma membrane association of Spitz, an N-acylated
EGF-like molecule in flies (Miura et al., 2006), and with

increased Drosophila HhNp release upon RNAi-mediated
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knockdown of Ski (Hh) acyltransferase activity in vivo (Chamoun

et al., 2001). Therefore, any functional analysis of ShhNp release
and activation requires a careful choice of expressing cells and
culture conditions. To this end, we established an IRES-based
Hhat/ShhNp coexpression system that eliminates the post-

translational palmitoylation bottleneck and that allowed for the
production of authentic, fully biologically active morphogens.

We employed our ShhNp/Hhat coexpression system to test two

conflicting concepts of Scube2-mediated ShhNp release (Creanga
et al., 2012; Tukachinsky et al., 2012); whereas Creanga et al.
reported that palmitoylation enhances mScube2-mediated ShhNp

release (Creanga et al., 2012), Tukachinsky et al. showed that the
secretion of unrelated HaloTag proteins fused to the cholesterol-
esterified eight C-terminal amino acids of Shh was enhanced by

xScube2 (Tukachinsky et al., 2012), suggesting that cholesterol is
the main determinant for xScube2-dependent ShhNp release.
Consistent with this, we observed xScube2-enhanced release of
cholesterylated ShhNpC25A, HAShhNpC25A, ShhNpC25A;DHA and

ShhNpC25A;HA into serum-free medium, but we failed to observe
xScube2-dependent solubilization of N-acylated ShhNp/Hhat
under various experimental conditions. By contrast, ShhNp/

Hhat solubilization was enhanced by mammalian Scube2

(Creanga et al., 2012). Importantly, we observed that both
Scube activities were CUB-domain-dependent and were strictly
linked to proteolytic substrate processing during release. Thus, we
suggest that the Scube2 CUB domain (Tsai et al., 2009;

Tukachinsky et al., 2012) might prime cell-tethered morphogens
for processing, as has been described for the procollagen C-
proteinase enhancers PCPE-1 and PCPE-2 (Blanc et al., 2007).

PCPEs are CUB-domain-containing extracellular glycoproteins
that stimulate the C-terminal processing of fibrillar procollagens
(Blanc et al., 2007; Takahara et al., 1994), but which are devoid of

intrinsic proteolytic activity. PCPEs enhance the proteinase
activity of tolloid (TLD) by the binding of the CUB-domain to
the substrate (Blanc et al., 2007; Takahara et al., 1994).

Importantly, this property alone accounts for the enhancing
activity of PCPEs. The CUB domain derives its name from
complement serine proteinases (C1r, C1s, MASP-1, MASP-2,
MASP-3), and bone morphogenetic protein-1 and tolloid

metalloproteinases (BMP-1, mTLD, mTLL-1 and mTLL-2)
(Blanc et al., 2007). An essential role of CUB domains in these
proteins is to mediate protease–protease-substrate complex

Fig. 8. Solubilized ShhNp lacks both terminal lipids. (A) Reverse-phase HPLC elution profiles of dual-lipidated ShhNp (indicated by ‘P&C’), cholesterol-
modified ShhNpC25A (indicated by ‘C’) and truncated unlipidated ShhNC25S;*190. In contrast to the cellular forms, the majority of soluble ShhNp/Hhat and
ShhNpC25A co-eluted with ShhNC25S;*190, demonstrating the loss of both terminal lipids during release (lower panel). Elution profiles are expressed relative to the
highest protein amount (set to 100%). (B) Analysis as described in A for proteins coexpressed with xScube2. Solid line, cell bound Shh; dashed line, soluble
material. (C) Hhat-coexpressed ShhNp (inset) was strongly bioactive. Data show the means6s.d. ***P,0.001; n.s., non-significant. (D,E) Gel-filtration
chromatography shows substantial amounts of monomeric ShhNp in solution. By contrast, xScube2 and xScube2D were largely multimeric in solution
(E). (F) Simplified model for the conversion of membrane-bound ShhNp into soluble proteins. We suggest that surface-tethered ShhNp forms multimeric clusters
with the Ptc-binding sites (mostly) blocked. Proteolytic processing results in the removal of inhibitory N-terminal peptides and the activation of Ptc-binding
sites. Dispatched-assisted Scube2-mediated extraction of the Shh lipid anchors might prime terminal sheddase target sites for subsequent processing.
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assembly (Gaboriaud et al., 2007). These similarities suggest that
the function of Scube CUB domains might resemble that of CUB

domains in BMP-1/TLD-mediated activation of the transforming
growth factor b (TGF-b)-like proteins BMP2 and BMP4 in
vertebrates and decapentaplegic (dpp) in arthropods.

Indeed, biochemical and molecular studies have revealed

physical interactions between Scube3 CUB domains and TGF-b1
(Yang et al., 2007), and have identified permissive roles of full-
length Scube1 on BMP2 activation, possibly through the

recruitment of as-yet-unidentified proteases (Tu et al., 2008).
Consistent with the latter, the deletion of the Scube1 C-terminal
cysteine motif and the CUB domain by targeted disruption in the

mouse results in defects in brain patterning that resemble those in
mice lacking the BMP antagonist Noggin (McMahon et al., 1998;
Tu et al., 2008). Based on these data, we suggest that Scube2

CUB domains might also function in morphogenetic patterning
and regulated protease recruitment and activation.

This is supported by the fact that Scube2 activity is a positive
component of the Hh pathway in vivo (Creanga et al., 2012; Tsai

et al., 2009). It is known that the loss of Scube2 activity in the
zebrafish embryo leads to mild defects in Hh signal transduction
(Hollway et al., 2006), and that simultaneous knockdown of all

three Scube genes in triple-morpholino embryos phenocopies a
complete loss of embryonic Hh function (Johnson et al., 2012).
Notably, impaired Scube function in vivo was bypassed by

increased ligand expression; the injection of shh mRNA into
scube triple-morpholino embryos rescued you-mutant phenotypes,
and a moderate (fourfold) increase in shh mRNA induced wild-

type-like ectopic expression of Shh target genes in triple-
morpholino embryos (Johnson et al., 2012). These in vivo

observations are incompatible with published models of Scube-
mediated Shh extraction and continued association during

transport, because any Scube1–3 extraction and transport
blockade would not be bypassed by increased amounts of
ligand. By contrast, baseline Shh processing in the absence of

external regulators is influenced by the frequency of random
protease–substrate encounters, which depends on the
concentrations of both proteins. Scube enhancer function thus

explains the tissue-restricted, mild phenotypes in you-class
zebrafish mutants (Kawakami et al., 2005) and in Scube-
deficient mice (Tu et al., 2008; Xavier et al., 2013). Finally,
Scube enhancer function is consistent with the lack of Scube

orthologs in Drosophila (Tukachinsky et al., 2012). Thus, we
suggest that the transfer of ShhNp from Disp to Scube2
(Tukachinsky et al., 2012) facilitates the proteolytic processing

of lipidated Hh peptides. Scube2-mediated release of HaloTag
proteins linked to the cholesterylated eight-amino-acid Shh
fragment (Tukachinsky et al., 2012) suggests that the Shh

globular domain is not required for this process. However, it is
conceivable that the emerging dual role of Scube proteins as
regulators of opposing Shh and BMP gradients requires common

molecular properties that might be sensed by the Scube cysteine-
rich and CUB domains.

MATERIALS AND METHODS
Cloning and expression of recombinant proteins
Shh and Hhat constructs were generated from murine cDNA

(NM_009170) and human cDNA (BC_117130) by using PCR. PCR

products (Shh nucleotides 1–1314, corresponding to amino acids 1–438

of ShhNp; nucleotides 1–594, corresponding to amino acid 1–198 of non-

cholesterylated monomeric ShhN; and Hhat nucleotides 1–1481,

corresponding to amino acids 1–493) were ligated into pDrive (Qiagen,

Hilden, Germany), sequenced, and re-ligated into pcDNA3.1 (Invitrogen,

Carlsbad, CA) for the expression of secreted, lipidated 19-kDa ShhNp in

Bosc23 cells, which are derived from HEK293 cells. Tagged and

untagged Drosophila Hh (NM_001038976) was cloned into pUAST-attP

(Invitrogen), and was expressed under serum-free conditions in

Drosophila Schneider S2 cells. ShhNpC25A (Hardy and Resh, 2012)

was generated by site-directed mutagenesis (Stratagene, La Jolla, CA).

Where indicated, ShhNp was expressed in a hemagglutinin (HA)-tagged

form. Primer sequences can be provided upon request. Xenopus xScube2

cloned into pCS2+ was a kind gift from Adrian Salic (Tukachinsky et al.,

2012), and human Scube2 was a kind gift from Ruey-Bing Yang (Tsai

et al., 2009). Hhat cDNA (NM_018194) was obtained from ImaGenes

(Berlin, Germany) and cloned into pIRES (ClonTech, Mountain View,

CA) for bicistronic ShhNp/Hhat and ShhN/Hhat coexpression in the same

transfected cells. This resulted in N-palmitoylated, C-cholesterylated or

N-palmitoylated non-cholesterylated proteins, respectively.

Cell culture and protein analysis
Bosc23 cells were cultured in DMEM (PAA, Cölbe, Germany) with 10%

fetal calf serum (FCS) and 100 mg/ml penicillin-streptomycin, and they

were transfected by using PolyFect (Qiagen). S2 cells were cultured in

Schneider’s Drosophila medium (Gibco, Darmstadt, Germany) and were

transfected using Effectene (Qiagen). CHO-K1 cells were cultured in

DMEM/F12 (PAA), and stable Hhat-expressing clones were generated by

using G418 selection, followed by the isolation of individual stable

transfectants. Cells were cultured for 36 h, the medium was changed and

ShhNp was secreted into serum-free medium for various time periods.

Where indicated, methyl-b-cyclodextrin (MbCD, Sigma-Aldrich) was

added at 100–1000 mg/ml in serum-free DMEM. Proteins that were

secreted into serum-free medium were precipitated by using

trichloroacetic acid (TCA). All proteins were analyzed by 15% SDS-

PAGE, followed by western blotting onto polyvinylidene fluoride

(PVDF) membranes. Ponceau S staining of PVDF membranes after

blotting or Coomassie staining of gels were performed as loading

controls. Blotted proteins were detected by using monoclonal a-HA

antibodies (mouse IgG, Sigma, St Louis, MO), polyclonal a-FLAG

antibodies (Sigma), polyclonal a-Shh antibodies (goat IgG; R&D

Systems, Minneapolis, MN) or polyclonal a-CW antibodies directed

against the heparan sulfate (HS)-binding CW sequence (rabbit IgG, Cell

Signaling, Beverly, MA). Incubation with peroxidase-conjugated

donkey-a-goat-, donkey-a-rabbit- or donkey-a-mouse-IgG (Dianova,

Hamburg, Germany) was followed by chemiluminescent detection

(Pierce). Photoshop was used to convert grayscale blots into merged

RGB pictures for improved visualization and quantification of N-

and C-terminal peptide processing (a-Shh-detected proteins were

always labeled green, a-CW-detected proteins were red and HA-tags

were blue).

Chromatography
Unimpaired ShhNpC25A multimerization upon expression in Bosc23 cells

was confirmed by gel-filtration analysis using a Superdex200 10/300 GL

column (GE Healthcare, Chalfont St Giles, UK) equilibrated with PBS at

4 C̊ for fast protein liquid chromatography (FPLC) [Äkta Protein Purifier

(GE Healthcare)]. Eluted fractions were TCA precipitated, resolved by

15% SDS-PAGE and immunoblotted. Signals were quantified by using

ImageJ. Reverse-phase HPLC was performed as described previously

(Pepinsky et al., 1998), on a C4-300 column (Tosoh, Tokyo, Japan) and

an Äkta Basic P900 Protein Purifier. Briefly, Bosc23 cells were

transfected with expression plasmids for Shh and monolipidated or

unlipidated mutants. At 2 days post transfection, cells were lyzed on ice

in RIPA buffer containing complete protease inhibitor cocktail (Roche,

Basel, Switzerland), ultracentrifuged, and the soluble whole-cell extract

was acetone precipitated. Serum-free media obtained after overnight Shh

expression were treated in the same way. Protein precipitates were

resuspended in 35 ml of 1,1,1,3,3,3-hexafluoro-2-propanol and

solubilized with 70 ml of 70% formic acid, followed by sonication. For

reverse-phase HPLC, a 0–70% acetonitrile-water gradient containing

0.1% trifluoroacetic acid was used at room temperature for 30 min.

Elution samples were vacuum dried, resolubilized in reducing sample
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buffer, and analyzed by SDS-PAGE and immunoblotting. Signals were

quantified using ImageJ.

Shh reporter assays
C3H10T1/2 cells (Nakamura et al., 1997) were grown in DMEM

supplemented with 10% FCS and antibiotics. At 24 h after seeding, Shh-

conditioned media were mixed 1:1 with DMEM containing 10% FCS

and antibiotics, and were applied to C3H10T1/2 cells in 15-mm plates.

To some samples, 2.5 mM cyclopamine, a specific inhibitor of Shh

signaling, and 1 mg/ml of Shh-neutralizing antibody 5E1 (Ericson et al.,

1996) were added as controls to confirm the specificity of the assay.

Generally, owing to variable expression levels, mutant and wild-type

proteins were adjusted to comparable levels before the induction of

C3H10T1/2 differentiation. Cells were lysed at 5–6 days after induction

(in 20 mM HEPES, 150 mM NaCl, 0.5% Triton X-100, pH 7.4), and

osteoblast-specific alkaline phosphatase activity was measured at

405 nm after the addition of 120 mM para-nitrophenolphosphate

(Sigma) in 0.1M glycine buffer, pH 9.5. Assays were always

performed in triplicate.

RT-PCR
For RT-PCR analysis of Disp, Scube and Hhat mRNA expression, TriZol

reagent (Invitrogen) was used for RNA extraction from various cultured

cell types, and a first strand DNA synthesis kit (Thermo, Schwerte,

Germany) was used for cDNA synthesis. PCR was performed by running

35 cycles using intron-spanning species-specific primer pairs (sequences

can be provided upon request). Scube2 PCR was performed by running

40 cycles. In some cases, nested PCR was conducted to further amplify

the signal.

Statistical analysis
Proteins on blots were quantified by using ImageJ. Relative protein

release in a given experiment was calculated following quantification as

the amount of solubilized protein divided by cellular expression, and was

expressed as a percentage (soluble protein/corresponding cellular

protein6100). All statistical analysis was performed in Prism using

Student’s t-test (two-tailed, unpaired, CI 95%). All error estimates are

standard deviations of the mean (s.d.).

Bioinformatics
The crystal structure of murine Shh (Protein Data Bank ID 1VHH) (Hall

et al., 1995) was displayed by using the PyMOL Molecular Graphics

System, v1.3, Schrödinger, LLC. Physicochemical parameters of HA

amino acids and Shh C-terminal amino acids were determined using

ProtParam. CLC Sequence Viewer 5 was used for sequence visualization.
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