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Hedgehog pathway modulation by glypican 3-conjugated
heparan sulfate
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ABSTRACT
Glypicans are a family of cell surface heparan sulfate proteoglycans
that play critical roles in multiple cell signaling pathways. Glypicans
consist of a globular core, an unstructured stalk modified with sulfated
glycosaminoglycan chains, and a glycosylphosphatidylinositol
anchor. Though these structural features are conserved, their
individual contribution to glypican function remains obscure. Here,
we investigate how glypican 3 (GPC3), which is mutated in
Simpson–Golabi–Behmel tissue overgrowth syndrome, regulates
Hedgehog signaling. We find that GPC3 is necessary for the
Hedgehog response, surprisingly controlling a downstream signal
transduction step. Purified GPC3 ectodomain rescues signaling
when artificially recruited to the surface of GPC3-deficient cells but
has dominant-negative activity when unattached. Strikingly, the
purified stalk, modified with heparan sulfate but not chondroitin
sulfate, is necessary and sufficient for activity. Our results
demonstrate a novel function for GPC3-associated heparan sulfate
and provide a framework for the functional dissection of
glycosaminoglycans by in vivo biochemical complementation.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Glypicans (GPCs) are a family of cell surface heparan sulfate
proteoglycans (HSPGs) deeply implicated in embryogenesis, adult
physiology and disease (Selleck, 1999; Filmus et al., 2008; Sarrazin
et al., 2011). GPCs were initially biochemically identified as a class
of glycosylphosphatidylinositol (GPI)-anchored cell surface
HSPGs, comprising a characteristic 64-kDa core protein (de
Boeck et al., 1987; David et al., 1990). Subsequent molecular
genetic studies revealed that vertebrates contain six GPC paralogs,
GPC1 to GPC6 (Filmus et al., 2008). Although the six GPCs
diverge considerably in primary sequence, they share a conserved
domain architecture, consisting of a globular N-terminal cysteine-
rich domain (Kim et al., 2011; Pei and Grishin, 2012; Svensson
et al., 2012), followed by a flexible C-terminal stalk, which hosts
multiple Ser-Gly attachment sites for sulfated glycosaminoglycan

(GAG) chains (Bourdon et al., 1987), and ending with the terminal
GPI anchor, which is embedded in the membrane. All vertebrate
GPCs are important regulators of cell growth and embryonic
development. GPC1 and GPC2 are required for brain development
(Stipp et al., 1994; Jen et al., 2009). GPC3, perhaps the best
characterized vertebrate GPC, is mutated in Simpson–Golabi–
Behmel syndrome, a disorder characterized by tissue overgrowth,
and renal medullary dysplasia with cyst formation (Pilia et al., 1996;
Shi and Filmus, 2009), phenotypes that are recapitulated by mouse
models of GPC3 loss (Cano-Gauci et al., 1999; Grisaru and
Rosenblum, 2001; Chiao et al., 2002). GPC4 is involved in cell
polarity during embryonic convergent extension (Topczewski et al.,
2001) and craniofacial development (LeClair et al., 2009). GPC5 is
implicated in cancer (Li et al., 2011) and kidney diseases (Grisaru
and Rosenblum, 2001; Roberts and Gleadle, 2008; Okamoto et al.,
2011, 2015), and GPC6 is important in bone development
(Campos-Xavier et al., 2009; Capurro et al., 2017).

Much of the present thinking about GPC function derives from
genetic studies of the two Drosophila GPCs, Division abnormally
delayed (Dally) (Nakato et al., 1995) and Dally-like protein (Dlp)
(Khare and Baumgartner, 2000), which regulate several of the
signaling pathways that orchestrate early metazoan development,
including Decapentaplegic (Dpp) (Jackson et al., 1997; Belenkaya
et al., 2004), Wingless (Wg)/Wnt (Lin and Perrimon, 1999; Tsuda
et al., 1999; Baeg et al., 2001; Franch-Marro et al., 2005; Han et al.,
2005), Hedgehog (Hh) (Desbordes and Sanson, 2003; Lum et al.,
2003; Han et al., 2004b; Yao et al., 2006; Williams et al., 2010) and
fibroblast growth factor (FGF) (Yan and Lin, 2007). Specifically,
the Drosophila GPCs regulate both the spread of morphogens
through embryonic tissues, as well as signaling responses in target
cells, though the two paralogs differ in their mode of regulation
within a given pathway, and in their requirement across different
pathways and developmental contexts (Häcker et al., 2005).

In addition to the importance of individual GPCs, genetic studies
have suggested a critical role for the attached GAG chains. In
Drosophila, mutants in GAG biosynthetic enzymes, such as
Sugarless (Binari et al., 1997; Häcker et al., 1997; Haerry et al.,
1997), Tout-velu (Ttv) (Bellaiche et al., 1998) and its relatives, Botv
and Sotv (Han et al., 2004a; Takei et al., 2004), and Sulfateless
(Lin and Perrimon, 1999), exhibit developmental phenotypes
overlapping with those caused by the loss of GPCs. Similarly,
mutations in the heparan sulfate biosynthetic enzyme EXT1 causes
hereditary multiple exostoses in humans (Ahn et al., 1995).

In spite of the striking developmental and disease phenotypes
caused by impaired GPC function, their molecular basis has
remained obscure. In particular, it is not known what accounts for
the different activities of GPC paralogs. One possible explanation is
that their GAG chains dictate context-specific interactions (Bülow
and Hobert, 2006). Heparan sulfate, the primary class of GPC-
attached GAGs, consists of a linear chain of repeating disaccharide
units, which can be modified by epimerization and by sulfation of
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four distinct sites, in combinatorial fashion. Moreover, the length of
heparan sulfate chains, as well as the extent, type and pattern of their
positional modification, can vary (Xu and Esko, 2014). Such
structural differences could direct the interaction of a single GPC
with multiple partners, an idea supported by the existence of ligand-
specific heparan sulfate substructures, such as those involved in
binding FGF2 (Turnbull et al., 1992).
Although considerable progress has been made in the structural

characterization of GAG chains (Prabhakar et al., 2009), methods
for the functional interrogation of specific GAG modifications have
been limited. Genetic ablation of GAG-modifying enzymes in
whole organisms (Townley and Bülow, 2011) or target cells
(Esko et al., 1985) affect multiple proteoglycan classes, each
including several family members. Similarly, mutagenesis of GAG
attachment sites of a proteoglycan (Williams et al., 2010) addresses
the effect of complete GAG loss, rather than that of discrete
elements of GAG substructure.
In this study, we develop a genetic and biochemical approach for

the precise functional interrogation of GAG substructure, focusing
on the role of GPC3 (Pilia et al., 1996; Cano-Gauci et al., 1999; Shi
and Filmus, 2009) in cell signaling. GPC3 has been implicated in
both Hh and Wnt signaling (De Cat et al., 2003; Capurro et al.,
2005; Song et al., 2005; Capurro et al., 2008; Li et al., 2011; Filmus
and Capurro, 2014; Capurro et al., 2015; Holtz et al., 2015; Capurro
et al., 2017; Kolluri and Ho, 2019), but the mechanism remains
unknown. We find that GPC3 is necessary specifically for Hh
signaling but not Wnt signaling. Surprisingly, GPC3 does not affect
the initial steps involved in vertebrate Hh pathway activation, which
occur in primary cilia (Bangs and Anderson, 2017). Instead, the
GPC3 requirement occurs downstream of ligand reception, at the
level of Gli proteins, the transcriptional effectors of the Hh pathway
(Aza-Blanc et al., 2000; Bai and Joyner, 2001). The purified
ectodomain of GPC3, when recruited artificially to the cell surface
of GPC3-deficient cells, rescues the Hh signaling defect. In contrast,
the soluble unattached GPC3 ectodomain exhibits a dominant-
negative effect on the Hh pathway. Using protein purified from a
panel of cells defective in different GAG biosynthetic enzymes, we
demonstrate that the GPC3 ectodomain activity requires heparan
sulfate but not chondroitin sulfate. Strikingly, the heparan sulfate-
modified unstructured stalk of GPC3 is sufficient to recapitulate
the activity of the entire protein, with the rest of the GPC3
molecule dispensable. These results define a novel role for GPC3-
derived heparan sulfate in Hh signaling, and outline a systematic
biochemical complementation strategy for the functional dissection
of GAG substructure.

RESULTS
GPC3 is necessary for Hh signaling
To test whether GPC3 is involved in the Hh pathway (Fig. 1A), we
inactivated Gpc3 in mouse embryonic fibroblasts (MEFs)
(Fig. S1A), using CRISPR/Cas9 (Table S1) (Ran et al., 2013).
We then measured the transcriptional response to Hh pathway
stimulation, by assaying induction of the Gli1 target gene
(Tukachinsky et al., 2010). As shown in Fig. 1B, when Gpc3KO

cells were treated with Shh, which activates Hh signaling by
inhibiting the patched1 (Ptch1) receptor, Gli1 induction was
significantly lower compared to wild-type cells. As GPC3 has
been proposed to compete with Ptch1 for Shh (Capurro et al., 2008),
we tested whether GPC3 and Shh interact. Contrary to previous
observations (Capurro et al., 2008), we were unable to detect
binding of Shh to GPC3 (Fig. 1C,D; Fig. S1B,C), and, furthermore,
GPC3 did not compete with Ptch1 for binding to Shh (Fig. 1E;

Fig. S1D), suggesting that the effects of GPC3 on Hh signaling are
not at the level of the Shh-Ptch1 interaction. Consistent with this
idea, Gpc3KO cells showed a blunted response even when the Hh
pathway was stimulated downstream of Ptch1 using smoothened
agonist (SAG; Chen et al., 2002), a synthetic compound that
directly activates Smo (Fig. 1B). These results indicate that GPC3 is
necessary for maximal Hh pathway activation, at the level of Smo or
downstream of it.

We next asked whether the GPC3 requirement is specific for the
Hh pathway. Previous studies suggested that GPC3 is required for
Wnt signaling (De Cat et al., 2003; Capurro et al., 2005; Song et al.,
2005). To test this possibility, we treated cells with Wnt3A and
measured expression of the Wnt pathway-specific target gene
Axin2. We observed no difference in Axin2 induction by Wnt3A
between wild-type and Gpc3KO cells (Fig. 1F), indicating that Wnt
pathway activation is unaffected by the loss of GPC3; this result is
also consistent with a recent report (Dubey et al., 2020). Taken
together, these data demonstrate that GPC3 is required for Hh
signaling but not Wnt signaling.

GPC3 is required for signaling downstream of Smo
We sought to determine more precisely where GPC3 acts in the Hh
pathway, by examining the dynamics of key pathway components in
the primary cilium (Fig. 1A), the subcellular site where the initial
steps in Hh signal transduction occur in vertebrate cells. In the
resting state of the Hh pathway, the Shh receptor Ptch1 is localized
to the primary cilium, inhibiting Smo and ensuring its exclusion
from the cilium. Upon binding Shh, Ptch1 is inhibited and removed
from the cilium, whereas Smo becomes active and accumulates in
the cilium (Rohatgi et al., 2007; Tukachinsky et al., 2016; Bangs
and Anderson, 2017; Petrov et al., 2017). In Gpc3KO cells, Ptch1
localization to cilia in the absence of stimulation and its Shh-
dependent removal from cilia occur normally (Fig. 1G,H), as does
activation-dependent accumulation of Smo in cilia (Fig. 1I,J). These
results indicate that loss of GPC3 does not impair Ptch1 and Smo
ciliary dynamics, suggesting that GPC3 might impinge on a
downstream step in Hh signaling.

We next investigated whether loss of GPC3 affects the Gli
proteins Gli2 and Gli3, the zinc finger transcriptional factors that
function as effectors of the Hh pathway (Dahmane et al., 1997; Aza-
Blanc et al., 2000; Bai and Joyner, 2001). In wild-type cells, active
Smo leads to Gli2 and Gli3 activation, and accumulation at the tips
of cilia (Kim et al., 2009; Tukachinsky et al., 2010; Wen et al.,
2010). Strikingly, in Gpc3KO cells, accumulation of Gli proteins at
ciliary tips is severely impaired (Fig. 1K,L), suggesting that GPC3 is
required for the coupling between active Smo and the downstream
Gli proteins.

Finally, we examined the consequence of GPC3 loss on the Gli3
protein. In the absence of Hh stimulation, full-length Gli3 (Gli3FL)
is processed into a shorter form (Gli3R), which functions as
repressor of the transcriptional output of the Hh pathway. Upon Hh
stimulation, Gli3R levels drop and the levels of the transcriptional
activator Gli3FL increase, causing increased transcription of Gli1
and accumulation of Gli1 protein. In Gpc3KO cells, we found that
Gli3R levels were reduced normally upon SAG stimulation
(Fig. 1M), suggesting that the observed inhibition of Hh signaling
is not due to repression through Gli3R.

Rescue of GPC3 knockout cells by purified protein
complementation
To demonstrate specificity of the Hh signaling defect of Gpc3KO

cells, we first tried rescue experiments by expressing full-length
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Fig. 1. See next page for legend.
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GPC3 (Fig. S1E,F). Although we could not establish MEF lines
stably expressing full-length GPC3, transient transduction failed to
reverse the defect (Fig. S1F); we speculate that this was due to non-
physiological levels of GPC3 expression (Fig. S1G). Therefore, we
turned to a purified protein complementation strategy for rescuing
Gpc3KO cells, which allows precise titration of the amount of added
GPC3 (Fig. 2A). Briefly, the entire ectodomain of GPC3 was
expressed and purified as a soluble secreted protein (GPC3-Ecto),
tagged with the ALFA peptide at the C terminus (GPC3-Ecto-
ALFA) (Fig. 2B). The ALFA peptide binds with sub-nanomolar
affinity to the nanobody ALFA-NB (Gotzke et al., 2019), an
interaction allowing the efficient recruitment of GPC3-Ecto-ALFA
to the surface of cells expressing a membrane-anchored ALFA-NB
(ALFA-NB::TM) (Fig. S2A); we used this system previously to

recruit to the cell surface the ectodomain of GAS1, another GPI-
anchored protein, like GPC3 (Wierbowski et al., 2020). When
Gpc3KO cells stably expressing ALFA-NB::TM were incubated
with purified GAG-modified GPC3-Ecto-ALFA, we observed
a dose-dependent rescue of recruitment of Gli proteins to
primary cilia in response to Hh pathway stimulation (Fig. 2C);
interestingly, too much GPC3-Ecto-ALFA was inhibitory
(Fig. S2B). Importantly, GPC3-Ecto-ALFA rescued signal-
dependent Gli1 transcription in Gpc3KO cells expressing ALFA-
NB::TM (Fig. 2D,E). As expected, rescue was dependent on both
ALFA tag and ALFA-NB::TM, as untagged GPC3-Ecto-ALFA did
not rescue Gpc3KO cells, and GPC3-Ecto did not rescue Gpc3KO

cells expressing ALFA-NB::TM. Together, these data demonstrate
that the function of GPC3 in Hh signaling requires its membrane
attachment, and, more generally, that surface recruitment of
ectodomains is an efficient strategy for reconstituting glypican
activity in cells, in a controlled manner.

Membrane-unattached GPC3 inhibits Hh signaling
In our rescue experiments, we noticed that purified GPC3-Ecto-
ALFA inhibited Hh pathway activation in wild-type cells (Fig. 2E).
This effect was also observed when wild-type cells were treated with
purified GPC3-Ecto (Fig. 2E), or when GPC3-Ecto was expressed
by viral transduction (Fig. S1F). Notably, GPC3-Ecto reduced the
Hh response of wild-type cells to the levels of Gpc3KO cells but did
not further reduce signaling in Gpc3KO cells (Fig. S1F); thus, the
inhibitory activity of GPC3-Ecto requires endogenous GPC3. Taken
together, these results suggest that GPC3-Ecto, when not membrane
anchored, inhibits Hh signaling, perhaps by acting in dominant-
negative fashion towards wild-type GPC3.

GAG modification is required for the effect of GPC3-Ecto in
Hh signaling
We next investigated the requirements for the inhibitory activity
of GPC3-Ecto on the Hh pathway. When affinity-purified GPC3-
Ecto was subjected to size-exclusion chromatography, we noticed
that it consisted of two pools: a broad high-molecular weight
fraction, corresponding to GAG-modified protein (GPC3-
EctoGAG+), and a defined monomeric species, corresponding to
unmodified protein (GPC3-EctoGAG−) (Fig. 2B). To determine the
role of GAG modification, we tested the effect of GPC3-EctoGAG+

and GPC3-EctoGAG− on Hh signaling. Only GPC3-EctoGAG+

inhibited pathway activation by Shh or SAG, with GPC3-EctoGAG−

exhibiting inactivity (Fig. 3A). Similarly, constitutive Hh signaling
that occurs in Ptch1−/− cells (Dahmane et al., 1997) was reversed
by GPC3-EctoGAG+ (Fig. S3A). Together, these results indicate that
the GAG modification of GPC3 is critical for its effect on Hh
signaling.

We performed a number of control experiments to assess the
specificity of GPC3-EctoGAG+ for the Hh pathway. We first
investigated whether the effect is specific to GPC3 or is general to
GAG-modified proteins. To address this, we purified the
ectodomain of syndecan 1 (SDC1), a member of another class of
cell surface HSPGs (Teng et al., 2012), and isolated the SDC1-
EctoGAG+ and SDC1-EctoGAG− fractions (Fig. S3B). Neither form
of SDC1 had an effect on the Hh pathway response (Fig. S3C),
confirming that the antagonistic effect is specific to GAG-modified
GPC3. We also tested the effect of the different GPC3-Ecto forms
on Wnt signaling. Neither GPC3-EctoGAG+ nor GPC3-EctoGAG−

had an effect onWnt pathway transcriptional output, as measured by
Axin2 expression (Fig. S3D), consistent with the specificity of
GPC3-EctoGAG+ to the Hh pathway.

Fig. 1. Endogenous GPC3 is necessary for Hh pathway activation.
(A) Schematic of the Hh pathway. Left: in the absence of signaling, Ptch1 in
primary cilia inhibits Smo activation and localization to cilia. Right: upon
pathway activation by Shh, Ptch1 is inhibited and exits from cilia, whereas Smo
becomes active and accumulates in cilia. Smo activates Gli proteins, which
accumulate at ciliary tips. Active Gli proteins turn on the transcriptional targets
of the pathway, including Gli1. (B) Wild-type (WT) or Gpc3KO MEFs were
incubated with Shh, SAG (1 µM) or control medium for 24 h, and Hh signaling
was measured by qRT-PCR forGli1. Data are mean±s.e.m. of three replicates
andwere normalized from 0% (untreated) to 100%activation of the Hh pathway
by saturating SAG. Hh pathway activation by Shh and SAG was significantly
decreased in the absence of GPC3. (C) Fluorescently labeled unlipidated Shh
was incubated with HEK293T cells transiently transfected with eGFP-tagged
GPC3, GPC5 or control receptors, and bound ligand was quantified by
fluorescence microscopy. Cdon, Boc and Hhip (left), as well as Ptch1 and a
single-chain variant of the anti-Shh monoclonal antibody (scFv5E1)
(Wierbowski et al., 2020) (right), were used as positive controls, and Smo was
used as negative control. Data are normalized between binding to the negative
control (0%) and the highest bound signal (100%). Boxplots represent the
median and the first and third quartiles of binding. At least 200 cells were
measured per condition. Neither GPC3 nor GPC5 binds unlipidated Shh.
(D) As in C but using fluorescently labeled palmitoylated Shh. At least 1000
cells were measured per condition. Neither GPC3 nor GPC5 binds
palmitoylated Shh. (E) As in C, except binding of palmitoylated Shh to Ptch1
was measured after preincubation of Shh with purified GPC3 ectodomain
(GPC3-Ecto) or control competitors. Data are normalized between binding to
Smo (negative control, 0%) and binding to Ptch1 in the presence of control
competitor (100%). At least 1000 cells were measured per condition. GPC3-
Ecto does not compete with Ptch1 for Shh binding. Shh binding was competed
by scFv5E1 or by excess unlipidated Shh. (F) Wild-type orGpc3KOMEFs were
incubated with Wnt3A-conditioned medium or control medium for 24 h, and
Wnt signaling was measured by qRT-PCR for Axin2. Wnt pathway activation
by Wnt3Awas normal in the absence of GPC3. Data are mean±s.e.m. of three
replicates. (G)Wild-type orGpc3KOMEFs stably expressing Ptch1-eGFPwere
incubated with Shh as in B, and ciliary intensity of Ptch1 was measured by
immunofluorescence microscopy. Cilia were detected by staining for
endogenous Arl13B. Ptch1 is green, Arl13B is red. In both wild-type and
Gpc3KO cells, Shh induces Ptch1 exit from cilia. (H) Quantification of the
experiment in G. Data are mean±s.d. (300-400 cilia were measured per
condition). (I) As inG butmeasuring ciliary levels of endogenous Smo following
treatment with SAG (1 µM). Smo is green, Arl13B is red. In both wild-type and
Gpc3KO cells, SAG causes normal ciliary accumulation of Smo. (J) As in H but
quantifying the experiment in I (300-400 cilia were measured per condition).
(K) As in G but measuring ciliary intensity of endogenous Gli proteins. The anti-
Gli antibody recognizes both full-length Gli2 and Gli3 (Tukachinsky et al.,
2010). Gli is green, Arl13B is red. In the absence of GPC3, Gli proteins did not
localize to the tips of cilia and their ciliary recruitment in response to SAG was
greatly reduced. (L) As in H but quantifying the experiment in K (300-400 cilia
were measured per condition). (M) As in B but cells were analyzed by
immunoblotting for Gli3. Blotting for tubulin served as loading control. In the
absence of GPC3, Gli3R was cleared normally by Hh pathway stimulation.
Blots shown are representative of three experiments. *P<0.05; ****P<0.0001;
n.s., not significant (two-tailed paired t-test). AU, arbitrary units. Scale bar:
1 μm (shown in G, also applies to I and K).
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We further tested the idea that GPC3-EctoGAG+ acts in a dominant-
negative fashion by comparing its effects to those caused by GPC3
loss. Several results indicate that cells treated with purified GPC3-
EctoGAG+ behave like Gpc3KO cells. GPC3-EctoGAG+ had no effect

on Shh-induced exit of Ptch1 from cilia (Fig. 3B), or Smo
accumulation in cilia (Fig. 3C). Importantly, GPC3-EctoGAG+

drastically reduced SAG-induced ciliary accumulation of Gli
proteins (Fig. 3D), indicating that GPC3-EctoGAG+ affects a step

Fig. 2. Purified GPC3-GAG (+) recruited to the cell surface rescues loss of endogenous GPC3. (A) Cartoon illustration of Gpc3KO MEFs expressing the
membrane-bound ALFA nanobody (NB) construct ALFA-NB::TM, used to recruit GPC3-Ecto-ALFA to the cell surface. (B) Affinity-purified GPC3-Ecto fused to
HaloTag was separated by size-exclusion chromatography to isolate GAG-modified and GAG-unmodified fractions. The indicated fractions were analyzed by
SDS-PAGE and Coomassie staining. The bracket indicates the high molecular weight imparted by GAGmodification of GPC3-Ecto. Gel shown is representative
of three experiments. The y axis shows absorbance at 280 nm, expressed in mAU. (C)Gpc3KO MEFs stably expressing ALFA-NB::TM were incubated with SAG
(1 µM) for 6 h in the presence of the indicated concentrations of purified GPC3-Ecto-ALFAGAG+. Ciliary intensity of endogenous Gli proteins was measured by
immunofluorescencemicroscopy. Recruitment of GPC3-Ecto-ALFAGAG+ to the cell surface rescued signal-dependent accumulation of Gli at ciliary tips in a dose-
dependent manner. Data are mean±s.d. (300-400 cilia were measured per condition). (D) Cartoon illustration of the experiment in E. (E) Wild-type (WT) MEFs,
Gpc3KO MEFs or Gpc3KO MEFs stably expressing ALFA-NB::TM were incubated with SAG (1 µM) for 24 h in the presence or absence of 50 nM purified GPC3-
Ecto-ALFAGAG+ or GPC3-EctoGAG+. Hh pathway output was measured by qRT-PCR for Gli1. Data are mean±s.e.m. of three replicates. Hh pathway activation is
rescued when GPC3-Ecto-ALFAGAG+ is recruited to the cell surface. *P<0.05; n.s., not significant (two-tailed paired t-test). AU, arbitrary units.
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downstream of Smo, as observed for Gpc3KO cells. Finally, GPC3-
EctoGAG+ had no effect on Gli3FL and Gli3R levels but inhibited
signal-dependent Gli1 protein accumulation (Fig. 3E), as seen with
Gpc3KO cells. In summary, the parallel phenotypes of Gpc3KO cells
and wild-type cells treated with GPC3-EctoGAG+ support the idea that
the GAG-modified GPC3 ectodomain functions in a dominant-
negative fashion to antagonize Hh signaling.

Activity of GPC3-EctoGAG+ in the Hh pathway requires
heparan but not chondroitin sulfate
We took advantage of the activity of exogenously added purified
GPC3-Ecto to dissect the biochemical requirements for GPC3
function. Specifically, we used this system to test the role of specific
GAGmodifications, a question impossible to address unambiguously
by genetic approaches in cell culture or whole organisms.

Fig. 3. Purified GPC3 ectodomain inhibits Hh signaling as dominant negative. (A) Wild-type MEFs treated with GPC3-EctoGAG+ or GPC3-EctoGAG− were
incubated with SAG (1 µM) or Shh for 24 h, and Hh pathway output was measured by qRT-PCR for Gli1. GPC3-EctoGAG+ inhibits Hh signaling in wild-type MEF
cells. Data aremean±s.e.m. of three replicates. (B)Wild-typeMEFs stably expressing Ptch1-eGFPwere incubatedwith Shh for 24 h in the presence or absence of
1 µM of purified GPC3-EctoGAG+ or GPC3-EctoGAG−, and ciliary intensity of Ptch1 was measured by immunofluorescence microscopy. Cilia were detected by
staining for endogenous Arl13B. GPC3-EctoGAG+ andGPC3-EctoGAG− had no effect on Shh-induced Ptch1 exit from cilia. Data aremean±s.d. (300-400 cilia were
measured per condition). (C) As in B but treating wild-type MEFs with SAG (1 µM) and measuring the intensity of endogenous Smo in primary cilia. GPC3-
EctoGAG+ and GPC3-EctoGAG− had no effect on SAG-induced ciliary accumulation of Smo. Data are mean±s.d. (300-400 cilia were measured per condition).
(D) As in C but measuring the intensity of endogenous Gli proteins in primary cilia. GPC3-EctoGAG+ abolishes Gli recruitment to ciliary tips by Hh pathway
activation, whereas GPC3-EctoGAG− has no effect. Data are mean±s.d. (300-400 cilia were measured per condition). (E) As in D but cells were analyzed by
immunoblotting for Gli1 andGli3. Blotting for tubulin served as a loading control. GPC3-EctoGAG+ did not block the reduction in Gli3R levels caused byHh pathway
activation but blocks the accumulation of Gli1. Blots shown are representative of three experiments. *P<0.05; n.s., not significant (two-tailed paired t-test). AU,
arbitrary units.
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Fig. 4. Heparan sulfatemodification is required for the effect of GPC3 onHh signaling. (A) Schematic of the pathways for glypicanmodification with heparan
sulfate (teal) or chondroitin sulfate (brown). B3GAT3 functions in the synthesis of the tetrasaccharide linker shared between chondroitin sulfate and heparan
sulfate. CSGALNACT1 and 2 function in CS biosynthesis, whereas EXT1 functions in HS biosynthesis. (B) GPC3-Ecto was expressed and purified from
HEK293T cells of the indicated genetic backgrounds [wild-type (WT), EXT1KO, CSGALNACT1,2KO, or B3GAT3KO]. The proteins were then digested with
heparinase I, II and III (H), chondroitinase (C), or both, for 4 h at room temperature. The reactions were analyzed by SDS-PAGE and Coomassie staining. In wild-
type cells, GPC3-Ecto was modified with both heparan sulfate and chondroitin sulfate chains. The choice of expression host cells allowed modification of GPC3-
Ecto with heparan sulfate, chondroitin sulfate or both. GPC3-Ecto also underwent incomplete Furin-mediated proteolytic cleavage into two fragments (38 and
22 kDa; see Fig. S4F). Band notation is as follows: GAG+, GAG-modified full-length ectodomain andC-terminal cleavage product; GAG−, full-length ectodomain,
uncleaved; N, N-terminal Furin cleavage product; C, chondroitinase; H1, heparinase I; H2, heparinase II; H3, heparinase III; C−, GAG−C-terminal Furin cleavage
product; NS, nonspecific degradation product. See Fig. S4F for schematic. Gels shown are representative of three experiments. (C) Wild-type MEFs were
incubated with SAG (1 µM) or control medium for 24 h in the absence or presence of the indicated differentially GAG-modified purified GPC3-Ecto (1 µM). Hh
signaling was measured by qRT-PCR for Gli1. GPC3-Ecto required heparan sulfate chains to inhibit Hh signaling. Data are mean±s.e.m. of three replicates.
*P<0.05; n.s., not significant (two-tailed paired t-test).
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Heparan sulfate and chondroitin sulfate are two broad subfamilies
of GAGs attached to proteoglycans (Kusche-Gullberg and Kjellen,
2003; Filmus et al., 2008; Prydz, 2015; Fig. 4A). Although most
HSPGs and chondroitin sulfate proteoglycans (CSPGs) carry either
heparan sulfate or chondroitin sulfate, others can carry both types
of chains (Filmus et al., 2008; Prydz, 2015). Indeed, we observed
that purified GPC3-Ecto preparations contained both heparan
sulfate and chondroitin sulfate (Fig. 4B). To determine which class
of GAG modification is required for GPC3 function in Hh signaling,
we generated HEK293T cells lacking enzymes necessary for the
attachment of heparan sulfate, chondroitin sulfate or both. Heparan
sulfate chains were ablated by knocking out exostosin-1 (EXT1),
a glycosyltransferase that catalyzes heparan sulfate elongation
(McCormick et al., 2000; Presto et al., 2008). Chondroitin sulfate
chains were ablated by knocking out chondroitin sulfate
N-acetylgalactosaminyltransferase 1 and 2 (CSGALNACT1 and
CSGALNACT2), which are needed for chondroitin sulfate
attachment. Heparan sulfate and chondroitin sulfate were removed
together by knocking out beta-1,3-glucuronyltransferase 3 (B3GAT3),
which is needed for the attachment of bothGAGs to proteins (Fig. 4A;
Kusche-Gullberg and Kjellen, 2003). We then stably expressed and
purified GPC3-Ecto from these knockout cells (Fig. S4A-D). To
confirm the identity of attached GAG chains, we treated purified
GPC3-Ecto proteins with recombinant heparinase (I, II and III),
chondroitinase or both, and assayed the protein by SDS-PAGE. We
observed that GPC3-Ecto purified from wild-type cells, when treated
with either heparinase or chondroitinase, retained high-molecular
weight GAG-modified material (Fig. 4B); however, treatment with
both enzymes removed all GAG modifications (Fig. 4B), suggesting
that purified GPC3-Ecto contains both heparan sulfate and
chondroitin sulfate. As expected, GAG modification of GPC3-Ecto
secreted from EXT1KO cells was removed by chondroitinase, whereas
GAG modification of GPC3-Ecto secreted from CSGALNACT1,2KO

cells was removed by heparinase (Fig. 4B). Finally, GPC3-Ecto
secreted from B3GAT3KO cells contained only unmodified core
protein (Fig. 4B). Thus, purified GPC3-Ecto is typically modified
with a mix of heparan sulfate and chondroitin sulfate but selectively
bears either modification when isolated from cells defective for the
other branch of GAG biosynthesis.
We used the GPC3-Ecto variants purified above to dissect the role

of heparan sulfate and chondroitin sulfate modification.We found that
GPC3-EctoGAG+ from CSGALNACT1,2KO cells (i.e. heparan sulfate
modified) inhibited Hh pathway activation to a similar level as GPC3-
EctoGAG+ from wild-type cells (Fig. 4C), whereas GPC3-EctoGAG+

from EXT1KO cells (i.e. chondroitin sulfate modified) or GPC3-Ecto
from B3GAT3KO cells (i.e. unmodified) had a weaker effect than
GPC3-Ecto fromwild-type orCSGALNACT1,2KO cells. As there was
no significant difference between GPC3-Ecto from EXT1KO cells and
B3GAT3KO cells, it would appear that heparan sulfate modification is
the key contributing modification that causes Hh pathway inhibition.
Similar results were obtained for the effect of GPC3-Ecto on
constitutive Hh signaling in Ptch1−/− cells (Fig. S3A). Chondroitin
sulfate-modified, heparan sulfate-modified and unmodified GPC3-
Ecto had no effect on Wnt signaling (Fig. S4E), which is again
consistent with the specific role of GPC3 towards the Hh pathway.
Together, these data suggest that heparan sulfate modification is
necessary for the effect of GPC3-Ecto on Hh signaling.

The GAG-modified unstructured stalk of GPC3 is necessary
and sufficient for Hh pathway antagonism
Finally, we investigated which part of GPC3-Ecto is responsible for
its activity on Hh signaling. All GPCs contain a large globular core

domain and a flexible GAG-modified stalk (Kusche-Gullberg and
Kjellen, 2003; Filmus et al., 2008; Prydz, 2015). To assay each
portion of GPC3 separately, we purified a version of GPC3-Ecto
carrying N- and C-terminal affinity tags, and a PreScission protease
site between the globular core and the stalk (GPC3-EctoPreScission;
Fig. 5A). This fusion protein was cleaved with PreScission, and the
resulting core and stalk fragments were affinity purified (Fig. 5B)
and tested separately in signaling assays. We found that the GAG-
modified stalk protein potently inhibited Hh signaling in both wild-
type (Fig. 5C) and Ptch1−/− cells (Fig. S3A), and the globular core
had a slight but not statistically significant effect on signaling
(Fig. 5C). Importantly, unmodified stalk purified from B3GAT3KO

cells was inactive (Fig. 5D) compared to the GAG-modified GPC3
stalk. These results indicate that the GPC3 stalk region, with its
associated heparan sulfate, is necessary and sufficient for activity.

The experiments above cannot rule out that the GPC3 globular
core might direct GAG modification of the stalk during
biosynthesis. To investigate this possibility, we performed domain
swaps between GPC3 and GPC1 or GPC2 (Fig. 5E), two GPCs that
have no effect on Hh signaling when added as purified ectodomains
(Fig. 5F). We found that purified chimeras containing the GPC3
stalk (GPC1core-GPC3stalk-Ecto and GPC2core-GPC3stalk-Ecto)
inhibited Hh signaling but the reciprocal chimeras were inactive
(Fig. 5F). Together, these results demonstrate that the stalk region of
GPC3 is necessary and sufficient for directing its own heparan
sulfate modification, which is required for its effect on Hh signaling.

DISCUSSION
GPCs have long been implicated in cell-cell signaling and tissue
homeostasis, yet their mechanisms remain obscure. In this study, we
investigated the role of GPC3 in Hh signaling. We found that cells
lacking GPC3 exhibit greatly reduced Hh pathway activation, and
that the soluble GPC3 ectodomain acts in dominant-negative
fashion, phenocopying the effect of GPC3 loss on Hh signaling
(Fig. 6B). Interestingly, recruiting the GPC3 ectodomain to the cell
surface rescues the full Hh response, indicating that membrane
attachment is critical for the role of GPC3 in promoting Hh
signaling (Fig. 6A). Surprisingly, epistatic analysis indicated that
the upstream steps in Hh pathway activation are unaffected by
GPC3, as both Shh-mediated inhibition of Ptch1 and subsequent
Smo activation occurred normally. In contrast, activation of
downstream Gli proteins was severely affected by GPC3
inhibition, as evidenced by the defective recruitment of full-
length Gli to cilia in response to Smo activation and by the reduced
Gli-driven transcriptional output of the Hh pathway. Together, these
results define a novel glypican-dependent pathway that modulates
the strength of Hh signaling in responding cells.

Our results differ from previous studies of GPCs, which reported
both positive (Li et al., 2011; Wilson and Stoeckli, 2013; Capurro
et al., 2017) and negative (Capurro et al., 2008) roles in Hh
signaling. To our knowledge, all these previous studies posited that
GPCs act at the level of Shh reception by responding cells. In studies
showing a positive role of GPCs in Hh signaling, GPCs were
proposed to enhance Shh recruitment to cells (Witt et al., 2013), or
Shh binding to Ptch1 (Li et al., 2011; Wilson and Stoeckli, 2013;
Capurro et al., 2017). In instances of Hh antagonism, GPCs were
proposed to compete with Ptch1 for binding to Shh (Capurro et al.,
2008). We did not detect GPC3 binding to Shh, or an effect of GPC3
on the Shh-Ptch1 interaction. Moreover, we found that GPC3
inhibition affects not only Hh pathway activation by Shh but also
downstream activation, at the level of Smo. Finally, we observed a
specific defect in the ciliary recruitment of Gli proteins, and Ptch1
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and Smo ciliary dynamics were unaffected by GPC3 inhibition.
Together, our results suggest that GPC3 is required for Hh signaling
at a step subsequent to Smo activation, likely at the level of coupling
between active Smo and Gli proteins.
GPC3 is mutated in Simpson–Golabi–Behmel syndrome, with

75% of GPC3 lesions being large deletions, frameshifts and
truncating nonsense mutations; most of these mutations likely cause

GPC3 loss or misfolding (Vuillaume et al., 2018). Interestingly,
among the few characterized GPC3 missense mutations, one occurs
in the sequence encoding the GPI anchor, resulting in the
production of heparan sulfate-modified GPC3 ectodomain
(Vuillaume et al., 2018); this disease mutant is consistent with the
dominant-negative effect that we observed with purified GPC3-
EctoGAG+.

Fig. 5. See next page for legend.
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How might GPC3 regulate the Hh pathway? Although the
molecular events that connect GPC3 to Gli protein activation remain
to be elucidated, our results permit some speculation on the
mechanism of GPC3. Previous work identified GPR161 as a
repressor of Hh signaling epistatic to Smo, acting at the level of
Gli3R. In the absence of GPR161, Gli3R is completely lost
(Mukhopadhyay et al., 2013); in contrast, GPC3 inhibition did not
change in Gli3R levels, suggesting that GPC3might not be involved
in the GPR161 branch of the Hh pathway. The phenotype of GPC3
inhibition, characterized by normal Smo entry into cilia but loss of
Gli recruitment, resembles that caused by the loss of the KIF7
kinesin (Endoh-Yamagami et al., 2009; He et al., 2014) or one of its
upstream regulators, such as DLG5 (Chong et al., 2015) or PPFI1A/
PP2A (Liu et al., 2014). One possibility is that GPC3 acts in a signal
transduction process upstream of one of these factors; for example,
to control KIF7 phosphorylation and thus the regulation of Gli
proteins in cilia. Finally, another possibility is that GPC3 might
function as a scaffold that brings together other factors on the cell
surface to promote a signaling event that impacts Gli recruitment to
cilia; such a scaffolding role would explain the inhibitory effect of

abnormally high expression of full-length GPC3, or the dominant-
negative effect of purified GPC3 ectodomain.

Our results indicate that GPC3 is acutely required for Hh pathway
activation. Recruitment of GPC3 ectodomain to the surface of
Gpc3KO cells rescues Gli recruitment to cilia tips in less than 6 h.
Thus, changes in GPC3 function are translated over a relatively short
timescale into corresponding changes in Hh pathway activation,
possibly suggesting a transcription-independent mechanism for
downstream Hh pathway modulation by GPC3.

Our functional analysis of purified GPC3 constructs afforded
several mechanistic insights. First, GPC3 activity depends critically
on its modification with GAG chains. Though purified GPC3-Ecto
is modified with both heparan sulfate and chondroitin sulfate, we
found, using protein purified from cells lacking one or both GAG
biosynthetic pathways, that only the heparan sulfate-modified protein
is active in Hh signaling. Deletion analysis surprisingly revealed that
the GPC3 stalk region is necessary and sufficient for directing its own
modification with heparan sulfate, and for its effect on Hh signaling.
Although we observed that the GPC3 globular core is dispensable for
the dominant-negative effect on the Hh pathway, we cannot rule out
the possibility that putative endogenous binding partners might
interact not only with stalk-associated heparan sulfate chains but also
with theGPC3 core. Interestingly, we found that, in contrast toGPC3-
Ecto, the ectodomains belonging to GPCs GPC1 and GPC2 are
inactive in Hh signaling. This observation suggests that the discrete
molecular structure of glypican-associated heparan sulfate –
including the position, pattern and extent of sulfation – may differ
between glypican family members. Further characterization of
GPC3-associated heparan sulfate, together with functional assays of
GPC3 purified from cells deficient in finer-scale heparan sulfate
substructure biosynthesis, will be required to define the precise
molecular requirements for GPC3 function.

Previous studies of GPCs employed genetic and molecular
approaches with limited ability to precisely manipulate the GAG
structure of individual GPCs. The present approach, relying on
separate systems for GPC biosynthesis and functional interrogation,
provides a powerful and general framework for mechanistic
dissection. The availability of comprehensive collections of GAG
biosynthesis knockout cells (Chen et al., 2018) should greatly
facilitate expression and purification of proteoglycans bearing
precisely edited GAG chains. Additionally, the heterologous cell-
surface recruitment assay we describe can serve as a general
platform for biochemical complementation of proteoglycan loss of

Fig. 5. The GAG-modified GPC3 stalk is necessary and sufficient for Hh
pathway antagonism. (A) Schematic of the GPC3-Ecto variant with an
engineered PreScission protease cleavage site between the core and stalk
domains (GPC3-EctoPreScission). The fusion is FLAG tagged on the N terminus
(to isolate the core domain after cleavage, FLAG-GPC3core) and HPC tagged
on the C terminus (to isolate the stalk region, HPC-GPC3 stalk). (B) Affinity-
purified GPC3-EctoPreScission (lane 1) was cleaved with PreScission protease
(lane 2), followed by purification of the core domain (lane 3) and stalk (lane 4)
by FLAG and HPC affinity, respectively. Proteins were analyzed by SDS-
PAGE and Coomassie staining. Following protease cleavage, the globular
core collapsed to defined bands (lane 3), whereas the stalk region migrated as
a high molecular weight smear (lane 4) due to GAGmodification. Gel shown is
representative of three experiments. (C) Wild-type (WT) MEFs were incubated
with SAG (1 µM) in the absence or presence of the indicated purified proteins
(1 µM) for 24 h. Hh signaling was measured by qRT-PCR for Gli1. The GAG-
modified GPC3 stalk potently inhibited Hh signaling, in contrast to the
unmodified globular core. Untreated is no treatment. Cells were kept in DMEM.
(D) As in C but with incubation with GPC3 stalk expressed and purified from
B3GAT3KO cells. The unmodified GPC3 stalk did not inhibit Hh signaling.
(E) Schematic of GPCs GPC1, GPC2 and GPC3, and the chimeric GPCs
generated by domain swapping. (F) As in C but with incubation with purified
chimeric GPCectodomains. Hh signaling antagonism required the presence of
the GPC3 stalk.; Ctrl, cells treated with the buffer for the purified protein;
UT, untreated. Data are mean±s.e.m. of three replicates. *P<0.05; n.s., not
significant (two-tailed paired t-test).

Fig. 6. Model of GPC3 function in Hh signaling. (A) Endogenous GPI-anchored GPC3 promotes Hh signaling at the level of Gli proteins. (B) Loss of GPC3
impairs Hh signaling.
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function. Together, these approaches should catalyze functional
studies of proteoglycans with an unprecedented level of mechanistic
detail, leading to important basic scientific and therapeutic insights.

MATERIALS AND METHODS
Cell lines
Human embryonic kidney cells (HEK293T; ATCC) and MEFs (gift from
Dr Jim R. Woodgett, Lunenfeld-Tanenbaum Research Institute, Toronto,
Canada) were grown in Dulbecco’s modified Eagle’s medium (DMEM),
with 10% (v/v) fetal bovine serum (FBS) and penicillin/streptomycin.
Stable cell lines were generated by infection with lentiviruses expressing
genes of interest. Briefly, genes of interest were subcloned into the third-
generation lentiviral vector pHAGE (Mostoslavsky et al., 2006), which was
used to produce lentiviruses in HEK293T cells, as described previously
(Wierbowski et al., 2020). Lentiviruses were mixed with 1 µg/ml
hexadimethrine bromide (Sigma-Aldrich) and were used to infect the
desired target cells. 48 h post-infection, stably transduced cells were isolated
by selection with blasticidin (InvivoGen) or puromycin (InvivoGen).

CRISPR/Cas9 gene editing
Guide RNA (gRNA) sequences were designed to target murine Gpc3,
human EXT1, human CSGALNACT1, human CSGALNACT2 and
human B3GAT3 (http://chopchop.cbu.uib.no). Synthetic oligonucleotides
(Integrated DNATechnologies) containing gRNA sequences were annealed
and cloned into the pX459 vector (Ran et al., 2013). Parental cells were
transfected with the gRNA-expressing plasmids, and were transiently
selected with puromycin. The cells were then plated and grown clonally.
Genomic DNA was extracted from individual clones, and the gRNA target
loci were PCR amplified, followed by sequencing using an MiSeq
instrument (Illumina). Characterization of CRISPR-induced genomic
lesions of the null clones used in this study is shown in Table S1.

Antibodies and chemicals
Primary antibodies for immunoblotting were used at 1 µg/ml in blocking
solution, consisting of TBST [10 mM Tris (pH 8), 150 mMNaCl and 0.2%
Triton X-100] supplemented with 5% non-fat dry milk. Primary antibodies
for immunoblots were as follows: goat anti-Gli1 (R&D Systems, AF3455;
1:500); goat anti-Gli3 (R&D Systems, AF3690; 1:500); and mouse
monoclonal anti-tubulin (Sigma-Aldrich, T6199; DM1; 1:1000). Anti-
goat IgG and anti-mouse IgG horseradish peroxidase-conjugated secondary
antibodies (GE Healthcare) were used (1:5000 dilution) in blocking
solution. For immunofluorescence, primary and secondary antibodies
were used at 1 µg/ml in TBST supplemented with 5% bovine serum
albumin. Primary antibodies for immunofluorescence were as follows:
rabbit anti-GFP (1:1000) (Petrov et al., 2020); chicken anti-Arl13B (1:2000)
(Petrov et al., 2020); rabbit anti-Gli2/3 (1:500) (Tukachinsky et al., 2016);
and goat anti-Smo (1:1000) (Nedelcu et al., 2013). Fluorophore-conjugated
secondary antibodies were as follows: donkey anti-chicken IgY-Alexa Fluor
647 (Jackson ImmunoResearch); donkey anti-goat IgG-Alexa Fluor 594
(Jackson ImmunoResearch); and donkey anti-rabbit IgG-Alexa Fluor 488
(Thermo Fisher). SAG (≥98%) was obtained from Axxora.

Hh and Wnt ligands
Shh-conditioned medium was produced as described previously (Nedelcu
et al., 2013). Briefly, an expression construct encoding the first 197 amino
acids of human Shh cloned in the pCS2 vector was transiently transfected
into HEK293T cells, using polyethyleneimine. The next day, the medium
was replaced with DMEM, and the cells were incubated for 48 h. The
conditioned medium was collected, centrifuged to remove cellular debris
and then used in signaling assays. Wnt3A-conditioned medium was
produced using L cells stably expressing mouse Wnt3A (American Type
Culture Collection). After reaching confluency, the cells were incubated in
DMEM supplemented with 1% FBS for 48 h. The medium was harvested,
centrifuged and used in Wnt signaling assays.

DNA constructs
Constructs were generated by PCR and were subcloned into the lentiviral
pHAGE vector, driven by a human CMV promoter. The pHAGE constructs

were used to produce lentiviruses for generating stable cell lines. The
construct for expressing mouse Ptch1 tagged with eGFP at the C terminus
has been described previously (Tukachinsky et al., 2016). Additional eGFP-
tagged receptor constructs for cell-based ligand-receptor binding
experiments, including Cdon, Boc and membrane-anchored single chain
variable fragment 5E1 antibody (scFv5E1), have been described previously
(Wierbowski et al., 2020). The genes used in this study were as follows:
human GPC1 (NM_002081.3); human GPC2 (NM_152742.3); mouse
GPC3 (NM_016697.3); human GPC4 (NM_001448.3); human GPC5
(NM_004466.6); human GPC6 (NM_005708.5); human SDC1 (NM_
001006946.2); and human Hhip (NM_022475.3). The Hhip expression
construct consisted of the human calreticulin signal sequence, one copy of
eGFP and a flexible (GGGSGGGT)3 linker, followed by the entire Hhip
sequence after the portion encoding the N-terminal signal sequence. Full-
length GPC expression constructs consisted of the influenza hemagglutinin
signal sequence, one copy of eGFP or the FLAG or human protein C (HPC)
epitope, followed by the GPC sequence after the portion encoding the N-
terminal signal sequence. Constructs for expressing secreted fusion proteins
(comprising entire GPC ectodomains or portions thereof ) consisted of the
following: signal sequence (endogenous or from influenza hemagglutinin),
the GPC fragment, a flexible (GGGSGGGT)3 linker, the mutant bacterial
dehalogenase HaloTag7 (Ohana et al., 2009) and one copy of the HPC
epitope. Some constructs also included PreScission protease cleavage sites
for tag removal. Details of the new expression plasmids used in this study are
provided in Table S2.

SDS-PAGE and immunoblotting
Protein samples were separated by SDS-PAGE on 4-20% gradient gels
(Mini-PROTEAN TGX, Bio-Rad). Gels were soaked in transfer buffer
[48 mM Tris (pH 9.2), 39 mM glycine, 1.3 mM SDS and 20% methanol],
and were blotted by semi-dry transfer (Trans-Blot SD, Bio-Rad) onto
nitrocellulose membranes (Millipore). For immunoblotting, the membranes
were incubated for 30 min in blocking solution, followed by overnight
incubation at 4°C with primary antibodies. Following three washes with
TBST at room temperature, the membranes were incubated with secondary
antibodies in blocking solution for 1 h at room temperature. The membranes
were then washed three times with TBST and twice with TBS [10 mM Tris
(pH 8) and 150 mMNaCl], followed by chemiluminescent detection (ECL,
PerkinElmer).

Immunofluorescence microscopy
MEFs were plated on 12-mm diameter gelatin-coated round glass
coverslips, in 24-well plates, at a density of 105 cells per well. Following
overnight incubation, the complete medium was replaced with serum-free
DMEM to induce ciliogenesis. After 24 h, the cells were treated with the
indicated factors in serum-free DMEM for another 24 h. The cells were then
fixed in PBS with 3.7% formaldehyde for 30 min at room temperature.
Following permeabilization with TBST, endogenous Smo, endogenous
Gli2/3 or overexpressed Ptch1-eGFP was detected by immunofluorescence
microscopy. Cells were co-stained for endogenous Arl13B to detect primary
cilia. The stained coverslips were mounted in PBS with 50% glycerol and
were imaged using a Nikon TE2000E wide-field epifluorescence
microscope equipped with an OrcaER camera (Hamamatsu) and a 40×
PlanApo 0.45NA air objective (Nikon), as described previously (Nedelcu
et al., 2013). For each condition, MetaMorph software (Molecular Devices)
was used to acquire z-series consisting of five focal planes for at least 30
fields of view for fluorescence channels corresponding to Arl13B, and Smo,
Gli2/3 or GFP. The z-series were used to generate maximum intensity
projections, which were analyzed using custom image analysis scripts
written in MATLAB (MathWorks). Briefly, cilia were segmented by local
adaptive thresholding of Arl13B images and, for each cilium, background-
corrected fluorescence intensity for Smo, Gli2/3 or eGFP fluorescence
intensity was calculated. Data are presented as mean±s.e.m. across three
biological replicates. P<0.05 was considered significant.

Fluorescent Shh ligands
Alexa Fluor594-labeled unlipidated Shh was produced as described
previously (Petrov et al., 2021). Briefly, mouse Shh N-terminal signaling
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domain (amino acids 24-198) was expressed in bacteria as a glutathione S-
transferase (GST) fusion and was purified on glutathione agarose (GE
Healthcare). Following cleavage of the GST tag with thrombin, Shh was
purified by chromatography on heparin agarose (GE Healthcare) using a
linear NaCl elution gradient [0.15 M to 1 MNaCl, in 25 mMphosphate (pH
7.2)]. Purified Shh was supplemented with TCEP (10 mM, pH 7.5) and
incubated for 3 h at room temperature with a threefold molar excess of Alexa
Fluor 594-maleimide (Thermo Fisher Scientific) to label the N-terminal
cysteine. Unreacted Alexa Fluor 594-maleimide was removed on a NAP-10
desalting column (GE Healthcare). Tetramethylrhodamine (TMR)-labeled
palmitoylated Shh was produced as described previously (Wierbowski et al.,
2020). Briefly, human Shh N-terminal signaling domain (amino acids 24-
197), tagged C-terminally with HaloTag7 and HPC epitope, was expressed
in mammalian cells and purified via anti-HPC affinity chromatography from
conditioned medium. The protein was then incubated for 1 h at room
temperature with a fivefold molar excess of HaloTag TMR ligand
(Promega), followed by removal of the unreacted dye on a NAP-5
desalting column (GE Healthcare).

Cell-based Shh binding assays
HEK293T cells plated in poly-D-lysine-coated wells were transfected with
the eGFP-tagged receptor constructs and were grown for 48 h. The cells
were incubated in OptiMEM with Alexa Fluor594-labeled unlipidated Shh
or TMR-labeled palmitoylated Shh for 1.5 h at 37°C. For competition
experiments, the fluorescent Shh ligand and the competitor [purified
unlipidated Shh, scFv5E1 anti-Shh single-chain antibody (Wierbowski
et al., 2020) or GPC3-Ecto] were pre-incubated before addition to cells for
30 min at room temperature. After incubation, the cells were washed with
OptiMEM and were fixed in PBS with 3.7% formaldehyde for 30 min at
room temperature. Fixed cells were washed twice with PBS and imaged by
fluorescence microscopy using a 10× PlanApo 0.45NA objective (Nikon).
For each condition, ligand and receptor images were acquired for four fields
of view (MetaMorph software, Molecular Devices). Images were analyzed
as described previously (Wierbowski et al., 2020). Briefly, cells were
segmented based on the eGFP signal, and the background-subtracted
fluorescence intensity of the Shh ligand was calculated. Bound ligand is
measured as the ratio of total Shh intensity to area for each segmented cell,
and is represented as a boxplot spanning from the first to the third quartile of
the distribution. For statistical testing, the median bound ligand was
calculated for three random non-overlapping subsets of the cell population
measured for each condition. Ordinary one-way ANOVA, with Dunnett’s
multiple comparisons test, was performed on the sets of three medians to
calculate P-values, using the first condition (Smo in Fig. 1C,D, and control
competitor for Fig. 1E) as the reference sample.

qRT-PCR
MEF lines were plated in triplicate in six-well plates and, after reaching
confluency, were serum starved overnight. Afterwards, the cells were treated
with the indicated factors in DMEM for 24 h. Total RNAwas isolated using
TRIzol (Thermo Fisher Scientific), after which the RNA was treated with
DNase I (Promega), followed by a second round of TRIzol purification. The
RNA was reverse transcribed using Luna SuperScript (New England
Biolabs) and random hexamers. To measure Hh pathway activation, the
target geneGli1 and the control gene cyclophilinwere measured with Power
SYBRGreen (Thermo Fisher Scientific), as described previously (Liu et al.,
2014). The primer sequences are listed in Table S3. Control cells were
treated with storage buffer [20 mM Na-HEPES (pH 7.5) and 200 mM
NaCl] that was used to preserve the purified proteins. The comparative Ct
method (Schmittgen and Livak, 2008) was used to compute the expression
of Gli1 relative to cyclophilin. Data for Hh pathway activation was
normalized from 0% (untreated) to 100% (saturating amounts of the Smo
agonist SAG). Data are presented as mean±s.e.m. across three biological
replicates. P<0.05 was considered significant.

Protein expression and purification
Secreted proteins (GPC ectodomains and fragments thereof, and scFv5E1)
were stably expressed in HEK293T cells and affinity purified from
conditioned medium using their C-terminal HPC tags. Briefly, cell lines

producing the desired protein fusion were grown in DMEM with 10% FBS,
in 10-20 15-cm plates, until they reached confluency. The medium was then
changed to DMEM with 1% FBS, and three collections were performed,
each over 48 h. Conditioned medium was supplemented with CaCl2 to
2 mM and centrifuged (5000 g) and filtered (0.22 μm) to remove debris. The
conditioned medium was loaded onto an anti-HPC affinity column,
followed by extensive washing with TBS with 2 mM CaCl2. Bound
protein was eluted in elution buffer [20 mM Na-HEPES (pH 7.5), 200 mM
NaCl, 5 mM EDTA and 100 µg/ml HPC peptide]. Eluted protein was
concentrated using centrifugal filter units (10-kDa cutoff, Millipore) and
further purified by size-exclusion chromatography (Superdex 200 10/300
GL column, GE Healthcare). Appropriate fractions were collected, pooled,
concentrated using centrifugal filter units, flash-frozen and stored at −80°C
until use.

Genes encoding heparinases I, II and III (bt4675, bt4652 and bt4657)
(Cartmell et al., 2017), and chondroitinase (bt3350), were cloned from
Bacteroides thetaiotaomicron genomic DNA. Sequences encoding the
enzymes lacking signal peptides were subcloned into the pGEX bacterial
expression vector (GE Healthcare). GST-tagged proteins were expressed in
BL21 DE3 pLysS Escherichia coli cells (Novagen) and purified as soluble
proteins, according to the manufacturer’s instructions. The activity and
specificity of GST-tagged recombinant enzymes were confirmed by
performing enzyme kinetic assays (measuring A232 absorbance) on
porcine intestinal heparin (Sigma-Aldrich) or chondroitin sulfate A
(Sigma-Aldrich) substrates. Purified proteins and activity assays are
shown in Fig. S5, with specific activity measurements reported in Table S4.
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Fig. S1. Related to Figure 1 

(A) WT or Gpc3KO MEFs were serum-starved for the indicated time, and levels of mGPC3 transcript were

measured by qRT-PCR. Bars show average fold-change for three replicates, and error bars show SEM. * 

denotes statistical significance, p<0.05. mGPC3 transcripts are present in WT, but not Gpc3KO, MEFs. Serum 

starvation increases mGPC3 transcript levels. 

(B) Representative fluorescence micrographs for the experiment quantified in Figure 1B, showing expression of

eGFP-tagged receptors (top) and corresponding binding of AlexaFluor 594–labeled unlipidated Shh (bottom). 

Scale bar = 50µm. 

(C) As in (B), but for the experiment quantified in Figure 1C, showing binding of TMR-labeled palmitoylated

Shh (bottom). Scale bar = 50µm. 

(D) As in (C), but for the experiment quantified in Figure 1D. Scale bar = 50µm.

(E) Cartoon representation of full length (FL) and ∆GPI GPC3 constructs.

(F) WT or Gpc3KO MEFs, transduced with constructs expressing GPC3 FL or GPC3 ∆GPI, were incubated with

SAG (1µM) or control media for 24 hours, and Hh signaling was measured by qRT-PCR for Gli1. GPC3∆GPI 

expression inhibits Hh signaling in WT cells. Bars show average fold-change for three replicates, and error bars 

show SEM. * denotes statistical significance, p<0.05. 

(G) mGPC3 transcript levels were measured by qRT-PCR in WT MEFs, Gpc3KO MEFs, and Gpc3KO MEFs

transduced with a lentivirus expressing GPC3 FL. Bars show average fold-change for three replicates, and error 

bars show SEM. * denotes statistical significance, p<0.05. 



Fig. S2. Related to Figure 2.  

(A) Gpc3KO MEFs expressing ALFA-NB::TM were incubated for 24 hours with 50 nM FLAG-tagged GPC3-

ALFA-EctoGAG+ or SDC1-EctoGAG+ (negative control), followed by anti-FLAG immunofluorescence 

microscopy, with or without permeabilization with 1% Triton X-100. GPC3-ALFA-EctoGAG+ is recruited to 

cells expressing ALFA-NB::TM. 

(B) Gpc3KO MEFs expressing ALFA-NB::TM were incubated with SAG (1µM), in the presence of the 

indicated concentrations of purified GPC3-Ecto-ALFAGAG+ for 6hrs. Ciliary intensity of endogenous Gli protein 

was measured by immunofluorescence microscopy. 100-150 cilia were measured per condition. While 50 nM 

GPC3-Ecto-ALFAGAG+ rescues Gli recruitment to cilia, 500 nM GPC3-Ecto-ALFAGAG+ is inhibitory. 
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Fig. S3. Related to Figure 3 

(A) Ptch1-/- MEF cells were incubated with the indicated purified proteins (1µM) for 24 hours, and Hh pathway 

activity was measured by qRT-PCR for Gli1. HS-modified GPC3-Ecto and stalk domain antagonize constitutive 

Hh pathway activation. GPC3-Ecto proteins purified from EXT1KO or from B3GAT3KO cells (CS-modified and 

unmodified, respectively) are inactive. Bars show average fold-change for three replicates, and error bars show 

SEM. * denotes statistical significance, p<0.05. 

(B) GPC3-Ecto and SDC1-Ecto fused to HaloTag were expressed in HEK293T cells and were affinity purified 

from conditioned media. The proteins were then separated by size-exclusion chromatography, to isolate GAG-

modified and GAG-unmodified fractions, which were analyzed by SDS-PAGE and Coomassie staining. Arrows 

indicate relevant protein species in each gel lane. 

(C) WT MEFs were incubated with Shh or control media for 24 hours, in the absence or presence of the 

indicated purified proteins (1µM). Hh signaling was measured by qRT-PCR for Gli1. SDC1-Ecto has no effect 

on Hh signaling, while GPC3-Ecto inhibits signaling in a GAG-dependent manner. Bars show average fold-

change for three replicates, and error bars show SEM. * denotes statistical significance, p<0.05. 

(D) As in (C), but with Wnt3A treatment and assaying Wnt pathway activation by qRT-PCR for Axin2. GAG-

modified and unmodified GPC3-Ecto has no effect on Wnt signaling. Bars show average fold-change for three 

replicates, and error bars show SEM. * denotes statistical significance, p<0.05. 
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Fig. S4. Related to Figure 4 

(A) UV trace for size exclusion chromatography of GPC3-Ecto, affinity-purified from media conditioned by

WT HEK293T cells (left). The indicated fractions were analyzed by SDS-PAGE and Coomassie staining 

(right). 

(B) As in (A), but with GPC3-Ecto secreted by Ext1KO cells.

(C) As in (A), but with GPC3-Ecto secreted by CSGALNACT1,2KO cells.

(D) As in (A), but with GPC3-Ecto secreted by B3GAT3KO cells.

(E) WT MEFs were incubated with Wnt3A or control media for 24 hours, in the absence or presence of GPC3-

Ecto proteins (1µM), expressed and purified from the indicated cells. Wnt signaling was measured by qRT-PCR 

for Axin2. Bars show average fold-change for three replicates, and error bars show SEM. * denotes statistical 

significance, p<0.05. n.s =p>0.05. 

(F) Cartoon representation of GPC3 cleavage by Furin, related to Figure 4B.



Fig. S5. Related to Materials and Methods 

(A) GST-tagged B. thetaiotaomicron heparinase I (bt4675) was purified by glutathione affinity 

chromatography followed by gel filtration on a Superdex 200 26/60 column. Protein species well separated 

from the void volume were pooled, concentrated, and analyzed by SDS-PAGE and Coomassie staining. 

(B) As in (A), but for B. thetaiotaomicron heparinase II (bt4652). 

(C) As in (A), but for B. thetaiotaomicron heparinase III (bt4657). 

(D) As in (A), but for B. thetaiotaomicron chondroitinase ABC (bt3350).  

(E) Purified recombinant enzymes (20 μg) from (A)-(D) were incubated with 1 mg/mL porcine intestinal 

heparin in a total volume of 1 mL, and liberation of unsaturated non-reducing ends was quantified over time by 

continuous measurement at A232. Data (thick, light line) are fit with a linear regression (thin, dark line), used 

to calculate the specific activities reported in Table S4. Heparinase I (left) and heparinase II (see inset, right) 

act on heparin. Heparinase III, which acts on less highly sulfated HS substrates, and chondroitinase ABC are 

inactive against the heparin substrate. 

(F) As in (E), except assaying enzyme activity on chondroitin sulfate A. Only chondroitinase ABC exhibits 

activity in this assay. 
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Table S1. Generation of null cell lines by CRISPR-Cas9 

Target Gene 
gRNA 
# 

NCBI 
Reference 
Sequence 

Target Site 
Description gRNA Sequence 

gRNA 
Orientation 

Associated 
Plasmid 

Associated Cell 
Line 

B3GAT3 1 NM_012200 Exon 3 TTCCGCTGCTCGACACCACG antisense pBMW673 BMW170.41 

EXT1 1 NM_000127 Exon 1 GCCAGAAATGATCCGGACTG antisense pBMW606 BMW171.17 

CSGALNACT1 1 NM_001130518 Exon 4 GGGTGCAGGCCAACATGTAC antisense pBMW703 BMW301.16 

CSGALNACT2 1 NM_018590 Exon 2 GCCAAACTACCCAGTGAGTA sense pBMW704 BMW301.16 

Gpc3 1 NM_016697 Exon 2 TGAGTTCCATACTCGCAGAC antisense pYCL1 YCL1.24 

Gpc3 2 NM_016697 Exon 3 TGCGGTGGTTATTGCAATGT sense pYCL2 YCL1.24 

Target Gene gRNA # Direction Barcode Sequence Target Recognition Sequence 

B3GAT3 1 Forward ACACTCTTTCCCTACACGACGCTCTTCCGATCT CCTCCTCTTCACACACCTGG 

B3GAT3 1 Reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT CAAAGTAGACGACTCCTTGGGT 

EXT1 1 Forward ACACTCTTTCCCTACACGACGCTCTTCCGATCT TTGTCTCGCCCTTTTGTTTTAT 

EXT1 1 Reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT AAATGTGCACGCTGGAATC 

CSGALNACT1 1 Forward ACACTCTTTCCCTACACGACGCTCTTCCGATCT TTCCTGAATGATGATGGTTCG 

CSGALNACT1 1 Reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TGGTACCCCTCCTTCCCC 

CSGALNACT2 1 Forward ACACTCTTTCCCTACACGACGCTCTTCCGATCT ACAAAGAGCAAGCACCTAGTGA 

CSGALNACT2 1 Reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT CTTTTCTTCAGGATGGCGAGT 

Gpc3 1 Forward ACACTCTTTCCCTACACGACGCTCTTCCGATCT CAACATGCTGCTCAAGAAAGAT 

Gpc3 1 Reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT GCCATTGAACAGTACATCGAAA 

Gpc3 2 Forward ACACTCTTTCCCTACACGACGCTCTTCCGATCT ACACTACCGACCACCTCAAGTT 

Gpc3 2 Reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TACTTGTCGATCTCCACCACAC 

gR
NA 
# Allele 1 Sequence 

Allele 
1 
Type 

Allel
e 
1 % 
Align
ed 
Read
s Allele 2 Sequence 

Allele 2 
Type 

Allele 
2 % 
Aligne
d 
Reads Allele 3 Sequence 

Allele 
3 
Type 

Allel
e 
3 % 
Align
ed 
Read
s 

1 
AGCCTGGCTG//TGGGT
GGGGA 

68-nt
deleti
on 51% 

CGTG-
TGTCGAGCAGCGGAA 1-nt deletion 26% 

CGTGG(G)TGTCGAGC
AGCGGAA 

1-nt
inserti
on 23% 

1 
GCACCACCCC//CCGCT
TCCCG 

20-nt
deleti
on 92% 

GGCTTGCACC//[CCC]CC
CCGCTTCC 

20-nt
deletion / 3-
nt mutation 8% -- -- -- 

1 
CTGTGCTATC//ACTGC
CCAGG 

53-nt
deleti
on 74% 

GTA--
TGTTGGCCTGCACCC 2-nt deletion 26% -- -- -- 

1 
GCCAAACTACCCAGT
GA(A)GTA 

1-nt
inserti
on 100% -- -- -- -- -- -- 

1 
GTCTGCGAGTATGG
AACTCA 

wild-
type 72% GT----------GGAACTCA 

10-nt
deletion 28% -- -- -- 

2 
TGCG-
TGGTTATTGCAATGT 

1-nt
deleti
on 35% 

TGCGG(G)TGGTTATTGC
AATGT 

1-nt
insertion 30% 

TGCGGT---
TATTGCAATGT 

3-nt
deleti
on 35% 
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Table S2. List of expression constructs 

pBMW 
Identifie
r Vector 

Promot
er Short Name Full Transgene 

Eukaryo
tic 
Resistan
ce 
Marker 

Bacterial 
Resistance 
Marker Category 

Subcatego
ry Reference 

pBMW6
73 pX459 U6 B3GAT3KO 

hB3GAT3_CRISPR_KO_gRNA
1 Puro Amp 

CRISPR 
knockout 

GAG 
biosynthesi
s this paper 

pBMW6
06 pX459 U6 EXT1KO hEXT1_CRISPR_KO_gRNA1 Puro Amp 

CRISPR 
knockout 

GAG 
biosynthesi
s this paper 

pBMW7
03 pX459 U6 

CSGALNACT
1KO 

hCSGALNACT1_CRISPR_KO
_gRNA1 Puro Amp 

CRISPR 
knockout 

GAG 
biosynthesi
s this paper 

pBMW7
04 pX459 U6 

CSGALNACT
2KO 

hCSGALNACT2_CRISPR_KO
_gRNA1 Puro Amp 

CRISPR 
knockout 

GAG 
biosynthesi
s this paper 

pYCL1 pX459 U6 Gpc3KO mGpc3_CRISPR_KO_gRNA1 Puro Amp 
CRISPR 
knockout Gpc3KO this paper 

pYCL2 pX459 U6 Gpc3KO mGpc3_CRISPR_KO_gRNA2 Puro Amp 
CRISPR 
knockout Gpc3KO this paper 

pAS63 pCS2 
IE94-
CMV Smo mSMO-FL::fTEV-EGFP -- Amp 

binding 
experime
nts 

negative 
control 

Wierbows
ki et al., 
2020 

pAS58 
pHAG
E2 

CAG-
CMV Ptch1 mPTCH1-Del(C)Tail::fEGFP Blast Amp 

binding 
experime
nts 

positive 
control 

Wierbows
ki et al., 
2020 

pBMW1
77 

pHAG
E2 

CAG-
CMV Cdon 

hCDON-Del(C)TM1::hCDON-
Del(N)FNs::fTEV-EGFP Blast Amp 

binding 
experime
nts 

positive 
control 

Wierbows
ki et al., 
2020 

pBMW2
81 pCS2 

IE94-
CMV Boc 

hBOC-Del(C)TM1::hBOC-
Del(N)FNs::fTEV-EGFP -- Amp 

binding 
experime
nts 

positive 
control 

Wierbows
ki et al., 
2020 

pBMW2
41 pCS2 

IE94-
CMV Hhip EGFPf::hHHIP-FL -- Amp 

binding 
experime
nts 

positive 
control this paper 

pBMW3
04 

pHAG
E2 

CAG-
CMV scFv5E1::TM 

scFv5E1-LH::hCDON-
Del(N)FNs::fTEV-EGFP Blast Amp 

binding 
experime
nts 

positive 
control 

Wierbows
ki et al., 
2020; 
Maun et 
al., 2010 

pBMW2
43 pCS2 

IE94-
CMV GPC3 EGFPf::mGPC3-FL -- Amp 

binding 
experime
nts 

experiment
al sample this paper 

pBMW2
44 pCS2 

IE94-
CMV GPC5 EGFPf::hGPC5-FL -- Amp 

binding 
experime
nts 

experiment
al sample this paper 

pAS295 
pHAG
E2 

CAG-
CMV 

ALFA-
NB::TM 

HPC-NbALFA::hCDON-TM-
CTD Blast Amp 

stable 
mammali
an 
expressio
n 

ALFA-NB 
recruitment 
system 

Wierbows
ki et al., 
2020; 
Gotzke et 
al., 2019 

pAS283 
pHAG
E2 

CAG-
CMV GPC3 FLAG-mGPC3-FL Blast Amp 

stable 
mammali
an 
expressio
n 

Gpc3KO 
rescue this paper 

pAS173 
pHAG
E2 

CAG-
CMV GPC3-Ecto 

FLAG-HT7-PreSci::mGPC3-
Del(C)GPI Blast Amp 

stable 
mammali

Gpc3KO 
rescue this paper 
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an 
expressio
n 

pAS272 
pTWI
N T7lac 

unlipidated 
Shh SHH(C24A)-N -- Amp 

bacterial 
protein 
productio
n 

Shh ligand 
for binding 
experiment
s; 
competitor 
for Ptch1 
interaction 

Wierbows
ki et al., 
2020 

pBMW6
43 

pGEX-
2TK Ptac Heparinase I 

GST-
Thromb::B.theta.HeparinaseI -- Amp 

bacterial 
protein 
productio
n heparinases this paper 

pBMW6
44 

pGEX-
2TK Ptac Heparinase II 

GST-
Thromb::B.theta.HeparinaseII -- Amp 

bacterial 
protein 
productio
n heparinases this paper 

pBMW6
45 

pGEX-
2TK Ptac 

Heparinase 
III 

GST-
Thromb::B.theta.HeparinaseIII -- Amp 

bacterial 
protein 
productio
n heparinases this paper 

pBMW6
78 

pGEX-
2TK Ptac 

Chondroitina
se ABC 

GST-
Thromb::B.theta.Chondroitinase
ABC -- Amp 

bacterial 
protein 
productio
n 

chondroitin
ase this paper 

pAS48 pCS2 
IE94-
CMV Shh hSHH-N -- Amp 

transient 
mammali
an 
protein 
productio
n 

Shh 
conditioned 
medium 
production 

Wierbows
ki et al., 
2020 

pAS75 pCS2 
IE94-
CMV 

palmitoylated 
Shh hSHH-N::fHT7-PreSci-HPC -- Amp 

transient 
mammali
an 
protein 
productio
n 

Shh ligand 
for binding 
experiment
s 

Wierbows
ki et al., 
2020 

pBMW8
14 

pHAG
E2 

CAG-
CMV scFv5E1 scFv5E1::PreSci-fHT7-HPC Blast Amp 

stable 
mammali
an 
protein 
productio
n 

competitor 
for Ptch1 
interaction 

Wierbows
ki et al., 
2020 

pAS290 
pHAG
E2 

CAG-
CMV 

GPC3-Ecto-
ALFA FLAG-mGPC3-Ecto-ALFA Blast Amp 

stable 
mammali
an 
protein 
productio
n 

ALFA-NB 
recruitment 
system this paper 

pBMW6
37 

pHAG
E2 

CAG-
CMV SDC1-Ecto hSDC1-Ecto::PreSci-fHT7-HPC Blast Amp 

stable 
mammali
an 
protein 
productio
n 

negative 
control this paper 

pAS174 
pHAG
E2 

CAG-
CMV GPC3-Ecto 

mGPC3-Del(C)GPI::fHT7-
PreSci-HPC Blast Amp 

stable 
mammali
an 
protein 
productio
n 

experiment
al sample this paper 

pBMW6
97 

pHAG
E2 

CAG-
CMV 

GPC3-
EctoPreScission 

FLAG-mGPC3-
Core::PreSci::mGPC3-
Stalk::fHT7-HPC Blast Amp 

stable 
mammali
an 
protein 
productio
n 

cleavable 
GPC3-Ecto this paper 

pBMW6
75 

pHAG
E2 

CAG-
CMV GPC3-Stalk HPC-HT7-PreSci::mGPC3-Stalk Blast Amp 

stable 
mammali
an 
protein 
productio
n 

stalk 
sufficiency 
test this paper 
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pBMW5
54 

pHAG
E2 

CAG-
CMV GPC1-Ecto 

hGPC1-Del(C)GPI::fHT7-
PreSci-HPC Blast Amp 

stable 
mammali
an 
protein 
productio
n 

core 
necessity 
test this paper 

pBMW5
55 

pHAG
E2 

CAG-
CMV GPC2-Ecto 

hGPC2-Del(C)GPI::fHT7-
PreSci-HPC Blast Amp 

stable 
mammali
an 
protein 
productio
n 

core 
necessity 
test this paper 

pBMW8
33 

pHAG
E2 

CAG-
CMV 

GPC1core-
GPC3stalk-
Ecto 

hGPC1-Core::mGPC3-
Stalk::fHT7-PreSci-HPC Blast Amp 

stable 
mammali
an 
protein 
productio
n 

core 
necessity 
test this paper 

pBMW8
34 

pHAG
E2 

CAG-
CMV 

GPC3core-
GPC1stalk-
Ecto 

mGPC3-Core::hGPC1-
Stalk::fHT7-PreSci-HPC Blast Amp 
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an 
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test this paper 
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Stalk::fHT7-PreSci-HPC Blast Amp 
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test this paper 
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mGPC3-Core::hGPC2-
Stalk::fHT7-PreSci-HPC Blast Amp 

stable 
mammali
an 
protein 
productio
n 

core 
necessity 
test this paper 

Table S3. List of qRT-PCR primers 

Table S4. Specific activities of recombinant heparinases and chondroitinase 

Gene Protein Substrate Specific Activity
(pmol/min/µg) 

bt3350 
B. theta Chondroitinase ABC chondroitin sulfate A 38802.63 

heparin N.D. 

bt4675 
B. theta Heparinase I chondroitin sulfate A N.D. 

heparin 69500.00 

bt4652 
B. theta Heparinase II chondroitin sulfate A N.D. 

heparin 4057.89 

bt4657 
B. theta Heparinase III 

chondroitin sulfate A N.D. 
heparin N.D. 

Target Forward qPCR Primer Reverse qPCR Primer 
mGli1 TACCATGAGCCCTTCTTTAGGA GCATCATTGAACCCCGAGTAG 
mCyclo GGAGATGGCACAGGAGGAA GCCCGTAGTGCTTCAGCTT 
mAxin2 GCTCCAGAAGATCACAAAGAGC AGCTTTGAGCCTTCAGCATC 
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