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Background: The nature of proteoglycans that function as co-receptors for Sonic Hedgehog (Shh) is not known.
Results: Glypican 5 and 2-O-sulfo-iduronic acid are expressed in neural precursors, adjacent to primary cilia. Elimination of
these components reduce Shh signaling.
Conclusion: Glypican 5 bearing 2-O-sulfo-iduronic acid at the nonreducing ends is a Shh co-receptor.
Significance: Attributes of Shh co-receptors have been identified.

Sonic Hedgehog (Shh) signaling is crucial for growth, cell fate
determination, and axonal guidance in the developing nervous
system. Although the receptors Patched (Ptch1) and Smooth-
ened (Smo) are required for Shh signaling, a number of distinct
co-receptors contribute to these critical responses to Shh. Sev-
eral membrane-embedded proteins such as Boc, Cdo, and Gas1
bind Shh and promote signaling. In addition, heparan sulfate
proteoglycans (HSPGs) have also been implicated in the initia-
tion of Shh responses. However, the attributes of HSPGs that
function as co-receptors for Shh have not yet been defined.
Here, we identify HSPGs containing a glypican 5 core protein
and 2-O-sulfo-iduronic acid residues at the nonreducing ends of
the glycans as co-receptors for Shh. These HSPG co-receptors
are expressed by cerebellar granule cell precursors and promote
Shh binding and signaling. At the subcellular level, these HSPG
co-receptors are located adjacent to the primary cilia that act as
Shh signaling organelles. Thus, Shh binds toHSPG co-receptors
containing a glypican 5 core and 2-O-sulfo-iduronic acid to pro-
mote neural precursor proliferation.

Hedgehog (Hh)4 proteins are critical, evolutionarily con-
served morphogens that pattern developing tissues and pro-
mote growth of stem/precursor cells (1). Biochemical and
genetic studies identified Patched (Ptch1) and Smoothened
(Smo) as core components of canonical Hh receptors and
demonstrated that Hh ligands directly bind Ptch1 to initiate
signaling (2, 3). Subsequently, several additional Hh-inter-
acting proteins have been identified, including the Hedge-
hog-interacting protein, CAM-regulated/down-regulated by
oncogenes (CDO), brother of CDO (BOC), and growth arrest-
specific 1 (GAS1). In vertebrates, CDO, BOC, and GAS1 are
receptors that positively regulate multiple functions of Hh
ligands, including cell fate specification, progenitor prolifera-
tion, and maintenance (4–8), whereas Hedgehog-interacting
protein negatively regulates such functions (9, 10). InDrosoph-
ila and vertebrates, proteoglycan core components and glycan-
synthesizing enzymes are critical forHh responses (11–14), and
Hh interacts with proteoglycans to promoteHh responses (15–
17), suggesting that heparan sulfate proteoglycans (HSPGs) can
also function as co-receptors for Hh ligands.
Shh is theHh ligandmost widely expressed in the developing

mammalian nervous system, and this ligand is critical for nor-
mal development. Shh binds several receptors, including Ptch1,
Ptch2, CDO, BOC, Gas1, and HSPGs. Although the proteins
that function as receptors for Shh arewell defined, the nature of
the cell surface proteoglycan receptors that bind Shh and con-
tribute to intracellular signaling is not yet understood. Pro-
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teoglycans contain long, linear, negatively charged glycosami-
noglycan chains attached to a variety of core proteins. Several
core proteins, including perlecan, glypican 3, and glypican 5 in
vertebrates and Dally and Dally-like protein in invertebrates,
have been implicated in Hh interactions (14, 18–21). Intrigu-
ingly, glypican 5 has been implicated in positive effects, whereas
glypican 3 has been associated with negative effects on Shh
signals (19, 21, 22). The glycosaminoglycans attached to these
core proteins are necessary for binding to Shh, but specific fea-
tures of the glycans that are responsible for binding to Shh are
not known.
Heparan sulfates, the glycosaminoglycans that interact with

Shh (12, 19, 23, 24), are composed of repeating disaccharide
units of N-acetyl-D-glucosamine (GlcNAc) and D-glucuronic
acid (GlcUA) linked via a �1–4-glycosidic bond. Individual
monosaccharides are modified in specific patterns as follows:
GlcNAc can be deacetylated and sulfated at the N-, 3-O-, and
6-O-positions, whereas glucuronic acid can be epimerized to
L-iduronic acid and sulfated at the 2-O-position (25). Thus, pro-
teoglycans exhibit immense structural variation.
Here, we identify features of proteoglycan receptors that

bind Shh and are needed for neural precursor cell proliferation.
Consistent with previous studies in tumor cells, glypican 5 is a
core protein of these receptors (14, 19, 26, 27). Importantly,
sulfation of iduronic acid residues at the nonreducing ends of
glycosaminoglycan chains attached to glypican 5 promotes
binding to Shh and Shh-dependent proliferation. Thus, HSPGs
that contain glypican 5 and 2-O-sulfo-iduronic acid function as
Shh co-receptors. We find that these receptors are expressed
by proliferating cerebellar granule cells; at the subcellular
level, these receptors are adjacent to primary cilia, organelles
critical for Shh signaling. Together, these data indicate that
proteoglycans, with specific core components and particular
glycan modifications, are critical for binding Shh and regu-
lating proliferation.

EXPERIMENTAL PROCEDURES

Microarray Fabrication—Synthetic glycans 1–13 were pre-
pared as described (28, 29). Glycan 14 was prepared by func-
tionalization of the deaminated 5-kDa heparin with 1,11-di-
amino-3,6,9-trioxaundecane by reductive amination. Glycans
were dissolved in sodiumphosphate buffer (50mM, pH 8.5) and
printed robotically using a piezoelectric spotting device (S11,
Scienion, Berlin, Germany) onto N-hydroxysuccinimide-ac-
tivated CodeLink slides in 75% relative humidity at 23 °C. All
samples were printed at four different concentrations (1,
0.25, 0.063, and 0.016 mM) in replicates of 10. Prior to the
experiment, slides were washed three times with water to
remove noncovalently attached carbohydrates from the sur-
face. Remaining succinimidyl groupswere quenched in 100mM

ethanolamine in sodiumphosphate buffer (pH 9, 50mM) for 1 h
at 50 °C. Slides were rinsed three times with water and dried by
centrifugation.
Microarray Binding Assay—Arrayed slides were blocked for

1 h with 100 �l of 1% (w/v) BSA and 0.01% (v/v) Tween 20 in
Tris-buffered saline, TBS (20 mM Tris/HCl, pH 7.4, 150 mM

NaCl, 2 mMCaCl2, 2 mMMgCl2), then washed three times with
TBS, and dried by centrifugation (5min, 200� g). Protein incu-

bation was performed with 100 �l with 20 �g of protein in TBS
with 0.01% (v/v) Tween 20. Inhibition solution contained 2.5
mM deaminated heparin. Slides were incubated with protein
solutions for 1.5 h at room temperature, washed three times
with TBS, and dried by centrifugation. For detection, 100 �l of
a fluorescent-labeled antibody solution was applied (1 �l of
Alexa Fluor 594 goat anti-mouse IgG in TBS containing 1%
(w/v) BSA and 0.01% (v/v) Tween 20) for 1 h in the dark. Slides
were washed three times with TBS and dried by centrifugation.
Microarray Detection and Signal Processing—Slides were

scannedwith an LS400 scanner and analyzed byArray-ProAna-
lyzer. Quantification of Alexa Fluor 594 binding signals was
carried out using GenePix PrO 7 software (Molecular Devices).
For data analysis, the mean intensity of each spot was used.
Signal background of each slide was subtracted from the
hybridization signal. An average of 10 spots on the same array at
250 �M glycan concentration was determined.
SPR Immobilization Procedure—Synthetic glycans 1–6 and

11 were covalently bound to the sensor surface using primary
amine coupling. HBS-N containing 0.005% (v/v) surfactant P20
was employed as running buffer. The carboxymethylated dex-
tranmatrix (CM5 chip) was activated at a flow rate of 10�l/min
using an 8-min injection pulse of an aqueous solution contain-
ingN-hydroxysuccinimide (0.05 M) andN-ethyl-N�-(dimethyl-
aminopropyl) carbodiimide (0.2 M). A solution of glycan (50
�g/ml) containing 1 mM hexadecyltrimethylammonium chlo-
ride was flowed over the activated surface for 8min at 5�l/min.
The remaining reactive groups on the chip surface were
quenched by injection of 1 M ethanolamine hydrochloride, pH
8.5, for 7.5 min at 10 �l/min. For each immobilized synthetic
glycan, a parallel flow cell was coupled with heparan sulfate/
heparin 12 as reference. The following binding levels were
established (in response units): glycan 1, 1100; glycan 2, 614;
glycan 3, 383; glycan 4, 300; glycan 5, 604; glycan 6, 702; 596;
glycan 11, 557; HS/heparin 12, �300.
SPR Binding and Inhibition Assay—HBS-N containing 0.005%

(v/v) surfactant P20 was used as running buffer. Protein solu-
tions containing 0.2 �M protein in HBS-N buffer were injected
into the analyte and the reference flow cell for 30 s at 20�l/min.
After sample injection, running buffer was flowed over the sen-
sor surface for 2 min to enable dissociation. Chip surface was
regenerated for the next sample by injection of the following
solutions for 1 min at 80 �l/min: 0.1% (w/v) SDS, 0.085%
(v/v) H3PO4, 1 M NaCl, and 0.1% (v/v) HCl. Response was
calculated as the difference in response units between ana-
lyte and reference flow cell and monitored as a function of
time (sensorgram).
Generation of Shh and ShhAla Ligand—Plasmid containing

full-length Shh was a generous gift of P. Chuang. Mutations to
generate the ShhAla allele were introduced by QuikChange
(Stratagene). Primer sequences were designed to introduce
the desired amino acid changes (R34A and K38A). Sense and
antisense mutagenesis primer sequences are as follows: 5�-GGC-
CTGGCAGAGGGTTTGGAAAGGCGCGCCACCCCGCAA-
AGCTGAC-3� and 5�-TCAGCTTTGCGGGGTGGCGCGC-
CTTTCCAAACCCTCTGCCAGGCC-3�. Plasmids containing
sequences for alkaline phosphatase-tagged N-terminal wild type
or ShhAlawere described previously (12).
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Plasmids containing full-length Shh and ShhAla were trans-
fected into HEK cells, and plasmids containing N-Shh:AP and
N-ShhAla:AP were transfected into HEK or COS7 cells, using
Lipofectamine2000 (Invitrogen). The 24-h serum-free condi-
tionedmediawere collected 60 hpost-transfection and concen-
trated 10-fold using AmiconUltra concentration devices with a
molecular weight cutoff of 10,000 (dually lipidated product) or
30,000 (AP-tagged ligand) (Millipore). Sample concentrations
were determined byWestern blot in comparison with Shh pro-
tein standards using anti-Shh antibody as follows: Shh N-19;
Santa Cruz Biotechnology, sc-1194, or by alkaline phosphatase
activity (12). Parallel preparations frommock-transfected HEK
cells were generated and used as vehicle controls to provide the
data for a Shh concentration of 0 ng/ml.
Heparin Plate Binding Assay—Heparin-coated plates (Lifes-

panTechnologies)werewashedwith 100�l/well binding buffer
(20 mM Tris/HCl, pH 7.4, 150 mM sodium chloride, 2 mM cal-
cium chloride, 2 mM magnesium chloride, .01% Tween 20) and
blocked with 100 �l/well of 1% BSA in binding buffer for 1 h at
RT. Blocking solution was removed and 100 �l of Shh ligands
were added (3.2 ng/�l) to each well and incubated for 1 h at RT.
Wells were washed (100 �l/well, three times for 5 min) with
binding buffer and then washed (100 �l/well, one time for 5
min) with alkaline phosphatase assay buffer (1160 �l of dietha-
nolamine, 8290 �l of water, 500 �l of 5 mg/ml BSA, 50 �l of 50
mMmagnesium chloride). 100 �l of substrate buffer (1160 �l of
diethanolamine, 7790 �l of water, 500 �l of 5 mg/ml BSA, 500
�l of 120 mM 4-nitrophenyl phosphate disodium salt hexahy-
drate, 50 �l of 50 mM magnesium chloride) was added to each
well and developed for 90–120 min at 37 °C. Absorbance was
read at 405 nm.
For enzymatic treatment, 0.04�g/�l of iduronate 2-sulfatase

(IDS (Elaprase) Shire Pharmaceuticals) or vehicle in 50 �l of
binding buffer, pH 4.5, were added to wells for 2 h at 37 °C.
Plates were processed as described above. For competition
studies, complex glycans isolated from the urine of patients
with mucopolysaccharidosis type II were added together with
ligand (100 �l total volume) to the wells for 1 h (RT).
Primary Granule Cell Precursor (GCP) Cultures—Cerebella

from P6 mice were dissected; meninges were removed, and tis-
sue was incubated in 20 units/ml papain with 100 units/ml
DNase (Worthington) for 30min at 37 °C. Tissue digestion was
quenched with ovomucoid protease inhibitor solution and
GCP media (1:1). (The ovomucoid protease inhibitor solution
contained the following: ovomucoid protease inhibitor (Wor-
thington, 3.75 mg/ml) with BSA (3.75 mg/ml) and DNase (250
units/ml) (Worthington); GCP media contained the following:
B-27 (1�, Invitrogen, 17504044), 20 mM NaCl, 100 units/ml
penicillin, 100 �g/ml streptomycin (Invitrogen, 15140122) in
Neurobasal (Invitrogen, 21103049).). Cells were washed and
dissociated by serial trituration in DMEM/F-12 (1:1). After
panning, dissociated cells were counted and plated in GCP
media in 12-well plates (2� 106 cells/well) coatedwith 0.0015%
poly-L-ornithine (Sigma, P4957) and 10 �g/ml laminin (Invit-
rogen, 23017015). Recombinant enzyme (IDS (3.5 �g/ml)) or
vehicle control were added at the time of plating, and cells were
incubated for 1 h at 37 °C. 1 h after plating, 300 ng/ml of Shh,
ShhAla, or vehicle was added. Volumes of Shh in concentrated

conditionedmedia were matched. RNAwas harvested 6 h after
stimulation.
Quantitative RT-PCR—RNA was purified from GCP cul-

tures using RNAqueous-4-PCR (Ambion). RNA samples were
treated with DNase I (Ambion). cDNAwas generated using the
high capacity cDNA archive kit (Applied Biosystems). TaqMan
quantitative PCR was performed on an Applied Biosystems
7700 quantitative PCR instrument with Sequence Detector
Software. The following primer and probe mixes from Applied
Biosystems were used: GAPDH, Ptch1, Gli1, Gli2, Gli3, Mycn
(N-Myc), Cyclin D1, and Cyclin D2.

Samples were run in triplicate, and the mean of the triplicate
values was taken as the transcript level. Transcript levels (S)
were normalized to GAPDH transcript levels (G) (31) in the
same cDNA sample. Each figure represents the mean of 3–6
independent experiments. Significance was calculated by two-
tailed z test.
In Vitro Proliferation Assay—GCPs were prepared as stated

above. IDS (3.5 �g/ml) or vehicle was added at the time of
plating, and cells were incubated for 1 h at 37 °C. 1 h after
plating, 300 ng/ml prepared Shh, ShhAla, or vehicle was added.
18–24 h after plating, cells were gently resuspended in Ca2�

and Mg2�-free PBS, triturated until a single cell suspension,
fixed for 30 min in cold 70% ethanol (4 °C), and rinsed in PBS,
0.5% BSA. Cells were centrifuged and then resuspended in 500
�l of PI/RNase Staining Buffer (BD Biosciences, 550825) for 1 h
at 37 °C. Percentage of cells in S-phase was assessed by FACS
analysis. Values were normalized to cultures stimulated with
vehicle.
Immunocytochemistry—6 � 105 dissociated P6 GCPs were

plated onto poly-L-ornithine- and laminin-coated 12-mm glass
coverslips (Bellco). Cells were stimulated with Smoothened
agonist (300 nM, Alexis Biochemicals, 270–426-M001) for 24 h
and fixed with 4% paraformaldehyde. Cold EtOH was applied
for 5 min, and cells were rinsed with PBS. For visualization of
glycosaminoglycan sulfations using phage display antibodies,
nonspecific antibody bindingwas blocked by incubating cells in
PBS/BSA (0.1% (w/v)) for 20 min (RT). The periplasmic frac-
tion, containing the single chain antibody, was diluted in PBS/
BSA and then applied at 1:2.5 (AO4B08V, MW3G3V3, or
HS4E4V) for 1.5 h at RT. Cultures were rinsed with PBS (three
times for 10min) and then incubated for 1 h (RT) with amouse
anti-vesicular stomatitis virus glycoprotein-Cy3 antibody
diluted in PBS/BSA (Sigma, C7706, clone P5D4, 1:250). Cul-
tures were rinsed with PBS (two times for 10 min) and then
fixedwith 4% paraformaldehyde (30min, 4 °C). After this initial
staining and PBS rinses (three times for 10 min), cells were
permeabilized and blocked for 60 min (RT) in PBS/NGS/BSA/
Triton (10% normal goat serum, 1% BSA, 0.1% Triton in PBS)
and then incubated in primary antibodies (diluted in block)
overnight at 4 °C. The following primary antibodies were used:
rabbit anti-adenylyl cyclase III (C-20, Santa Cruz Biotechnol-
ogy, sc-588, lot J1007, 1:400) and/or rabbit anti-�-tubulin
(Sigma, T5192, 1:400). Staining was visualized with Alexa
Fluor 488-labeled secondary antibodies (Invitrogen) and
DAPI counterstain. Cultures were mounted in Prolong Gold
antifade reagent (Invitrogen P36934).
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For visualizing Shh binding, GCP cultures were prepared as
above and then treated with or without IDS for 1 h. Cells were
then stimulatedwith full-lengthwild type Shh, ShhAla (150, 300,
and 450 ng/ml), an equivalent volume of vehicle, or no addition
for 6 h. Cells were fixed and immunostained with rabbit anti-
Shh (Abcam) and Alexa� 546-conjugated goat anti-rabbit IgG
(Molecular Probes) and DAPI. Images were taken with Nikon
Eclipse E800 microscope equipped with a Spot Camera under
the control of the imaging software (Nikon NIS-Element BR
2.30, SP4 (Build 387), Roper Scientific version 5.03). Fluores-
cence intensity was calculated using ImageJ software (ImageJ
1.46j; National Institutes of Health) to measure the mean fluo-
rescent intensity (normalized to background) associated with
cultured cells in each condition. Approximately 50–70 cells in
4–6 fields were measured for each condition.
Immunohistochemistry—The antibodies used are as follows:

rabbit anti-Shh (Abcam, ab73958, 1:175), mouse anti-glypican
5 (R&D Systems, MAB2607, 1:50), and goat anti-glypican 3
(Santa Cruz Biotechnology, sc-34096, 1:100). After hydration
with PBS (15 min), nonspecific antibody binding was blocked
by incubating slides in 5%NGS, 1% BSA in PBS for 1 h. Primary
antibodies in block were applied overnight at 4 °C. Staining was
visualized with Alexa Fluor 546- or 488-labeled secondary anti-
bodies (Invitrogen, 1:400) and DAPI counterstain.
For staining with phage display antibodies, 12-�m cryostat

sections were hydrated with PBS for 15 min. Nonspecific anti-
body binding was blocked by incubating slides in PBS/BSA
(0.1% (w/v)) for 20min (RT). The periplasmic fraction, contain-
ing the single chain antibody, was diluted in PBS/BSA and then
applied at 1:2.5 (AO4B08VorHS4E4V) for 1.5 h at RT. Sections
were rinsed with PBS (three times for 10 min) and then incu-
bated for 1 h (RT) with a mouse anti-VSV glycoprotein-Cy3
antibody diluted in PBS/BSA (Sigma, C7706, clone P5D4,
1:250). Sections were rinsed with PBS (two times for 10 min),
counterstained with DAPI, rinsed with PBS (three times for 10
min), dried with ethanol, and coverslipped (Immunomount,
Thermo Electron Corp., 9990402). For co-staining using phage
display antibodies, stainingwith the phage display antibodywas
done subsequent to staining with the other primary antibody.
For PI-PLC treatment, 12-�m sagittal cryosections from P6

BALB/c pups were treated with PBS or 500 milliunits/ml of
phosphatidylinositol-specific phospholipase C (PI-PLC) (Sigma,
P5542) inPBS, first for1hat37 °Candthenovernightat4 °C.After
PBS washes (three times for 5 min), nonspecific binding was
blocked with PBS/BSA (1% (w/v)) for 1 h at RT.
Organotypic Slice Culture—Cerebella from P6 C57BL/6,

Shh�/�, ShhCtl/Ctl, or ShhAla/Ala littermates were washed in
cold dissection buffer (Hanks’ balanced salt solution, pH 7.4,
containing 36 mM glucose, 15 mM HEPES, and 24 mM KCl),
embedded in 2–4% low melting point agarose in dissection
buffer, and 100–200-�m thick midsagittal slices were cut with
a vibrating microtome (VT1000S; Leica, Wetzlar, Germany)
and transferred to porousmembrane inserts (Millipore) inGCP
media containing IDS (3.5 �g/ml) or vehicle control and were
maintained in a 37 °C, 5% CO2 humidified incubator for 16 h.
Slices were fixed (30 min, 4 °C) in 4% paraformaldehyde. Orga-
notypic slice cultures were immunostained using anti-Shh at
1:50. Quantification of the EGL and the upper molecular layer

(ML)was done by averaging themean fluorescence in each area
obtained using ImageJ, and the averagemean fluorescent inten-
sity of EGL was compared with that of the ML.
Shh Quantification—Organotypic slice cultures were estab-

lished, and tissue was lysed in Tris buffer (50 mM Tris, pH 7.4,
150 mM NaCl, 1% (v/v) Nonidet P-40, 0.25% (w/v) sodium
deoxycholate, 1mMDTT, 10mMNaF, 1mM sodiumorthovana-
date, 1 mM PMSF, protease inhibitors) for 2 h at 4 °C. Suspen-
sions were centrifuged for 1 h at 13,000 rpm at 4 °C. Samples
were subjected to SDS-PAGE and blotted with anti-Shh (Cell
Signaling, 2287) or anti-pan-actin (Cell Signaling, 4968).
Proliferation in Organotypic Slices—Culture procedure above

was used; for the last 2 h of enzyme or vehicle treatment, slices
were incubated with 30 �g/ml of BrdU. After fixation, slices
were permeabilizedwith 0.4%TritonX-100 and 5%NGS inPBS
for 20min, treated with 2 NHCl for 30min at 37 °C, followed by
0.1M sodiumborate two times for 10min and a PBS rinse. Slices
were blocked for 1 h in blocking solution (5%NGS, 0.1% Triton
X-100 in PBS) and then incubated in anti-BrdU (BD Biosci-
ences 555627, 1:50) in blocking solution overnight at 4 °C.
Staining was visualized with anti-mouse Alexa Fluor 546-la-
beled secondary antibody and DAPI counterstain. Images were
taken on Zeiss LSM 510 META confocal microscope with a
Plan-Apochromat �63/1.4 oil objective. Optical sections of
1–4�mwere taken through the slice, and amaximum intensity
projection was generated.
For shRNA Knockdown Experiments—GCPs were grown as

neurospheres and infected with lentivirus constructs. GCPs
were infected with control GFP shRNA or glypican 5 shRNA
with Polybrene (8 �g/ml) and SAG (300 nM) for 24 h. After
infection, media were changed to remove the Polybrene for 3
days, and then cells were treated as stated above for Shh binding
quantification, phage display immunohistochemistry, or quan-
titative RT-PCR.
Statistical Analysis—Significance was assessed using two-

tailed Student’s t test or two-tailed z test for normalized data,
with a Bonferroni correction for multiple comparisons.

RESULTS

Glypican 5 Is the Core Protein of the Shh Proteoglycan Re-
ceptor—Several proteoglycan core components have been
implicated in binding Shh and mediating biological responses,
including perlecan, glypican 3, and glypican 5 (18, 19, 32). As
shown in Fig. 1, glypicans 3 and 5 are both expressed in the
developing cerebellum. However, glypican 5 is enriched in
granule cell precursors located in the EGL, the mitogenic niche
of the cerebellum (Fig. 1A), whereas glypican 3 is predomi-
nantly expressed by post-mitotic cells within the internal gran-
ule cell layer (IGL) (Fig. 1B). Although other glypicans, perle-
cans, and syndecans are expressed in the cerebellum (data not
shown), glypican 5 is appropriately expressed to promote Shh-
proliferative responses, suggesting that it might serve as a core
component of the Shh proteoglycan receptor involved in neural
precursor proliferation.
As shown in Fig. 1C, exogenous full-length Shh protein binds

to cultured cerebellarGCPs across a physiological range of con-
centrations.When glypican 5 expression is reduced by shRNA-
mediated knockdown in GCPs, the ability of these cells to bind
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Shh is substantially impaired (Fig. 1, D and E). Induction of the
Shh target genes, Gli1 and Ptch1, provide a specific indicator
of Shh response. Knockdown of glypican 5 decreases Shh-de-
pendent induction of these target genes in GCPs (Fig. 1F).
Together, these data indicate that glypican 5 is needed for Shh
binding and Shh responses and demonstrate that this mem-
brane-attached protein functions as a core component of a Shh
co-receptor on neural precursors.
Shh Interacts with Glycans Containing 2-O-Sulfo-iduronic

Acid—Although glypican 5 provides the protein core of an Shh
co-receptor, it is the attached glycan chains that are responsible
for direct binding to Shh (19). To determine whether there is
specificity in the glycan components of the Shh receptor, we
used glycan microarrays containing a library of synthetic gly-
cans that mimic the structures found in heparan sulfate pro-
teoglycans (Fig. 2A). To focus on biologically relevant binding,
we examined binding of wild type Shh and Shh with mutations
in the Cardin-Weintraub motif (ShhAla) (12). The ShhAla

mutant (R34A andK38A) exhibits decreased binding toHSPGs
without defects in affinity for Ptc receptors (12). Among the
synthetic glycans bearing a single sugar residue (structures
11–13), we find that glycans with sulfation at the 2-O-position
of iduronic acid bind to Shh tagged with alkaline phosphatase
(Fig. 2B). These data suggest that 2-O-sulfation of iduronic acid
is important for Shh binding. Similarly, binding of Shh to more
complex structures in the microarray depends on the presence
of 2-O-sulfo-iduronic acid; complex structures containing 2-O-
sulfo-iduronic acid (1, 2, 5, 6, 7, 10, 14) bind Shh, regardless of
the sulfation status of other positions (Fig. 2B). These data sug-
gest that Shh interacts with specific glycans that contain 2-O-
sulfated iduronic acid.
Although glycan microarrays allow rapid screening of bind-

ing to several distinct disaccharide motifs, they do not provide
detailed real time information on binding. Furthermore, there
is variation in the extent to which different glycans are success-
fully immobilized on the array,making quantificationmore dif-
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ficult. Therefore, we carried out binding studies using surface
plasmon resonance (SPR) tomonitor binding of Shh to glycans.
In these studies, we used mature Shh ligand that is dually lipi-
dated and shed from producing cells (31) rather than the Shh-
alkaline phosphatase fusion constructs used for high through-
put rapid screening in array analysis. The AP-tagged Shh and
the biologically mature Shh ligand show equivalent heparan
sulfate proteoglycan binding (data not shown). In agreement
with the microarray results, all glycan structures containing a
sulfate group at the 2-O-position of iduronic acid bind Shh (1, 2,
5, 6, 7, 10, 11, 14), whereas structures desulfated at this position
do not (Fig. 3A). In contrast, ShhAla shows little binding to
structures sulfated at the 2-O-position of iduronic acid (Fig.
3A). Notably, although glycan 6, which contains 2-O-sulfated
iduronic acid, showed low but detectable levels of Shh binding
in the array, specific bindingwas readily apparent by SPR. Thus,
the comparatively low level of binding seen in the array may
reflect issues in immobilization of glycan 6. Together, these
array studies and SPR analyses demonstrate that sulfation at the
2-O-position of iduronic acid is a critical feature of glycans that
bind the Cardin-Weintraub motif of Shh.
Nonreducing Ends of Glycans Are Critical for Shh Binding—

We used competition binding assays to further examine the
role of glycans containing 2-O-sulfated iduronic acid in Shh
binding. Shh binding to heparin plates can be inhibited with
excess heparin in a dose-dependent fashion (23). We evaluated
the effects of heparin and biological heparan sulfate glycosami-
noglycans at 2.5 �M, a concentration where heparin sulfates
abrogate specific binding to heparin plates (Fig. 3B). Complex
glycans isolated from the urine of patients with an IDS defi-
ciency (mucopolysaccharidosis type II) uniformly contain 2-O-
sulfated iduronic acid at the nonreducing ends (30). As shown
in Fig. 3B, these heparan sulfate glycans compete with heparin
attached to the plates for Shh binding. In contrast, when these
same glycans are digested with IDS to desulfate the 2-O-posi-
tion of the nonreducing end iduronic acid, they no longer com-
pete for binding (Fig. 3B). Thus, glycans with 2-O-sulfo-idu-
ronic acid at the nonreducing end mediate binding to Shh.
To determine whether 2-O-sulfation found on the terminal

disaccharide promotes binding to Shh, we used IDS in concert
with the heparin plate binding assay (23) to further probe the
specificity of Shh-glycan interactions. When the heparin plate
is pretreated with IDS, which selectively removes a single 2-O-
sulfate from iduronic acid at the nonreducing end of glycan
chains (30), binding of Shh is reduced (Fig. 3C). Together, these
data indicate that Shh binds to glycans wherein 2-O-sulfated
iduronic acid is present at the nonreducing end.
Specific Proteoglycans Are Co-receptors for Shh—To consider

whether 2-O-sulfo-iduronic acid at the nonreducing ends of
glycans is important for Shh binding to proteoglycans in a bio-
logical context, we treated cerebellarGCPswith IDS.As shown,
IDS treatment reduces the amount of Shh that binds to precur-
sor cells across a range of Shh stimulation (Fig. 4, A and B).
ShhAla binds less well to cells than does wild type Shh, due to
impaired binding to HSPGs (12, 23, 24). We find that IDS has a
smaller effect on ShhAla binding. Thus, 2-O-sulfo-iduronic acid
at the nonreducing end of glycans is a critical feature of the
proteoglycan receptor for Shh expressed by cerebellar GCPs.
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Furthermore, the Cardin-Weintraub domain of Shh, which is
mutated in ShhAla, promotes binding to glycans that contain
2-O-sulfo-iduronic acid at the nonreducing end.
To determine whether the newly identified glycan epitopes

are attached to glypican 5 core proteins, we reduced expression
of glypican 5 in GCPs using shRNA, and we then treated the
cells with IDS. As shown in Fig. 4, B and C, treatment with IDS
and shRNA for glypican 5 exhibit a nonadditive effect on bind-
ing of Shh. The overlapping effects of glypican 5 knockdown
and IDS treatment suggest that HSPGs that function as Shh
co-receptors contain a glypican 5 core protein and attached
glycan chains that have 2-O-sulfo-iduronic acid at the nonre-
ducing end.
If these newly identified glycan structures are indeed essen-

tial components of the proteoglycan co-receptor for Shh, they
should be needed for biological responses to Shh, as well as for
Shh binding. In the developing cerebellum, Shh promotes gran-
ule cell precursor proliferation (35) and regulates expression of
a gene program that includesGli1 and Ptch1, as well asGli 2–3,
Mycn (MYCN1), Cyclin D1 (Ccnd1), and Cyclin D2 (Ccnd2)
(36–38). In ShhAla/Ala mice, where Shh interactions with gly-
cans are specifically abrogated due to mutations of the Cardin-
Weintraub motif, cerebellar precursor cell proliferation is
reduced and the transcriptional program is altered (23). We
isolated precursor cells from postnatal day 6 wild type mice,

treated the cells with IDS to remove 2-O-sulfate from nonre-
ducing end iduronic acid residues, and then stimulated the cells
with Shh. Treatment with IDS, which decreases Shh binding to
glycans, reduces Shh-dependent induction ofGli1 and Ptch1 by
more than 40%. For comparison, pretreatment with an antago-
nist of the canonical Shh receptor Smoothened, NVP-LDE225,
decreasesGli1 and Ptch1 induction in this assay by 80 and 60%,
respectively (Fig. 4D). As shown in Fig. 4E, IDS treatment or
genetic knockdown of glypican 5 each reduce Shh-dependent
changes in gene expression. Furthermore, IDS and shRNA for
glypican 5 exhibit a nonadditive effect on Shh-induced changes
in gene expression. Taken together, these data indicate that
HSPGs that function as Shh co-receptors tomediate changes in
gene expression contain a glypican 5 core component and
attached glycan chains with 2-O-sulfo-iduronic acid at the
nonreducing ends.
To determinewhether the biological effects of IDS and glypi-

can 5 knockdown on gene induction are due to reduced binding
of Shh that is mediated by the Cardin-Weintraub motif, we
again pretreated cerebellar cultures with IDS, then stimulated
with Shh, ShhAla, or chlorobenzothiophene-containing Shh-
pathway agonist (SAG) that directly binds and activates
Smoothened (39). Cleavage of the 2-O-sulfate by IDS impacts
Gli1 and Ptch1 induction in response to Shh but does not pre-
vent responses to ShhAla or to SAG (Fig. 4F). Thus, this co-re-
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ceptor promotes binding of Shh and initiation of a biological
response by interacting with the Cardin-Weintraub motif of
Shh, and it does not affect signaling steps subsequent to Smo
activation.
Proliferation of neural stem/precursor cells is the biological

response that is most dependent on Shh-proteoglycan interac-
tions and is altered by the ShhAla mutation in vivo (23). As
shown, Shh-dependent proliferation is reduced in cerebellar
precursor cell cultures treated with IDS, whereas proliferation
in response to ShhAla is not affected by IDS (Fig. 4G). Taken
together, these data indicate that specialized proteoglycan
receptors, characterized by a glypican 5 core and 2-O-sulfated
iduronic acid at the nonreducing end, bind Shh via the Cardin-
Weintraub motif and promote Shh-dependent transcription
and proliferation.
Shh Proteoglycan Receptors Are in the Cerebellar EGL—To

examine the tissue localization of the endogenous proteoglycan
co-receptors that bind Shh, we used a set of well characterized
phage display antibodies that recognize particular glycan
epitopes (40, 41). Specificity of the phage display antibodies is
based on the pattern of disaccharide sulfation and acetylation
and is also affected by chain length. Two of these antibodies,
AO4B08V and MW3G3V, depend on 2-O-sulfo-iduronic acid
for binding (42, 43). We found that AO4B08V and MW3G3V
immunostain precursor cells in the EGL of the P6 cerebellum
(Fig. 5A). Thus, glycans containing 2-O-sulfo-iduronic acid can
be visualized on precursor cells of the EGL in vivo.
To determine whether the 2-O-sulfo-iduronic acid-contain-

ing glycans in the EGL that are recognized by the phage display
antibodies are attached to glypican 5, we treated cerebellar
slices with PI-PLC to cleave the glycosylphosphatidylinositol
that links glypican 5 to the cell surface. Treatment with PI-PLC
abrogates immunostainingwithAO4B08V (Fig. 5B) and immu-
nostaining with antibodies to glypican 5 (Fig. 5D) to a level
comparable with control stainingwith secondary antibody only
(Fig. 5C). As PI-PLC releases all glycosylphosphatidylinositol-
linked components, including other glypicans, we asked
whether immunostaining with specific phage display antibod-
ies is affected by more selective interventions. As shown, after
shRNA-mediated knockdown of glypican 5 in dissociated
GCPs, immunostaining with antibodies to glypican 5 and with
AO4B08V (Fig. 5E) and MW3G3V (Fig. 5F) is greatly reduced.
Thus, glypican 5 constitutes a protein core of proteoglycans
that contain 2-O-sulfo-iduronic acid.
ShhCo-receptor Is Localized at the Base of PrimaryCilia—To

understand the role of the newly identified glycan receptor
motif at the cellular level, we immunostained precursor cells
with AO4B08V, a phage display antibody that recognizes 2-O-
sulfo-iduronate residues, and we examined the subcellular
localization of staining. The basal bodies of GCPs are readily

visualized with antibodies to �-tubulin or genetic labeling of
centrin (44), although the primary cilia can be detected using
antibodies to adenylate cyclase III (45, 46). We found that
AO4B08V immunostaining is located adjacent to the basal bod-
ies of primary cilia in control precursor cells or in precursor
cells treated with an activator of the Shh pathway, SAG (Fig.
6A). Similar results are seen with MW3G3V (Fig. 6B), a second
antibody that preferentially recognizes 2-O-sulfo-iduronic acid
residues (42, 43), and with antibodies to glypican 5 (Fig. 6C).
The glycan epitopes surround the small primary cilia, visualized
with antibodies to adenylate cyclase III (Fig. 6D). Thus, the pro-
teoglycan receptors encircle the primary cilia that are a major
site of Shh signaling. However, unlike Ptch1 and Smo (47–49),
the proteoglycan receptors do not relocalize following pathway
stimulation. Therefore, the proteoglycan co-receptors are
appropriately situated to concentrate Shh signaling at the base
of the primary cilia in a sustained fashion.
Shh Co-receptors Promote Precursor Proliferation in the

EGL—As shown above, proteoglycans with glypican 5 and with
2-O-sulfo-iduronic acid residues are expressed by precursors in
the EGL. To determine whether these endogenous proteogly-
cans enable binding and concentration of Shh in this mitogenic
niche, we treated cerebellar organotypic slices with IDS. IDS
removes 2-O-sulfate from nonreducing end iduronic acid resi-
dues and reduces endogenous Shh immunostaining in the EGL
(Fig. 7, A, B and D). Notably, the Shh-immunostaining pattern
in IDS-treated ShhCtl/Ctl slices resembles the pattern seen in
untreated ShhAla/Ala slices (Fig. 7, B and C) (23). Although IDS
treatment or the ShhAlamutation alters the distribution pattern
of Shh, these two interventions do not affect the overall level of
Shh protein in the cerebellum (Fig. 7, E and F).

Importantly, treatment of organotypic slice cultures with
IDS not only alters the Shh immunostaining pattern (Fig. 7, A
and B) but also reduces precursor cell proliferation in the EGL
(Fig. 7G). Although functions of many growth factors can be
influenced by sulfation motifs of proteoglycans (50, 51), our
data indicate that changes in proliferation after IDS treatment
are due to specific modulation of Shh binding to its proteogly-
can receptors, as proliferation of precursor cells in ShhAla/Ala
slice cultures is not altered by IDS (Fig. 7H). Thus, specialized
HSPG co-receptors promote Shh-dependent proliferation of
neural precursor cells within the cerebellar mitogenic niche.

DISCUSSION

Here, we identify proteoglycan receptors that promote Shh-
dependent signaling, and we show that they are appropriately
placed at both the tissue level and the subcellular level to medi-
ate responses to Shh. We find that glypican 5, with attached
glycosaminoglycan chains containing 2-O-sulfo-iduronic acid,
is enriched in cerebellar precursor cells that require Shh for

FIGURE 4. Sulfation of nonreducing end 2-O-iduronic acid enables Shh responses. A, mean fluorescent intensity of Shh staining associated with GCPs
pretreated with IDS and then stimulated for 6 h with Shh or ShhAla at 0, 150, 300, and 450 ng/ml (*, p � 0.05). Data in A include datasets from Fig. 1A. B, IDS
pretreatment reduces Shh binding. Shh immunostaining is shown in red (merge) or white; nuclei are counterstained with DAPI (blue). Scale bar, 32 �m.
Knockdown of glypican 5 also reduces Shh binding. C, mean fluorescent intensity of Shh bound to GCPs pretreated with control shRNA or shRNA to glypican
5. Data in C include datasets from Fig. 1D. D, mRNA in P6 GCPs stimulated for 6 h with Shh or vehicle control; pretreating cells with IDS attenuates Shh-depen-
dent increase in Gli1 and Ptch1 mRNA by 40%. Pretreating with a Smo inhibitor (NVP-LDE225, 500 �M) is shown for comparison (*, p � 0.05, n � 3). E,
shRNA-mediated knockdown of glypican 5 reduces Shh-dependent Gli1 and Ptch1 induction, and subsequent treatment with IDS has little additional effect.
Data in E include datasets from Fig. 1F. IDS pretreatment selectively modulates Shh-induced transcription (F) and proliferation (G) but does not affect
ShhAla-induced or SAG-induced response (*, p � 0.05, n � 4). n.s., not significant.
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proliferation.At the subcellular level, these proteoglycan recep-
tors are localized adjacent to primary cilia, which function as
critical organelles for Shh signal transduction.We demonstrate
that Shh binding and Shh responses are attenuated by genetic
manipulations that reduce expression of glypican 5 or by enzy-
matic treatments that desulfate iduronic acid residues at the
nonreducing ends of glycan chains. Together, these data indi-
cate that proteoglycans containing a glypican 5 core and 2-O-
sulfo-iduronic acid function as Shh co-receptors to promote
neural precursor proliferation.
The ubiquitous distribution and structural complexity of gly-

cans allow for participation in a variety of fundamental biolog-
ical processes (52). Here, we used a genetic approach in combi-

nation with chemical synthesis of defined glycans (29) to
identify motifs involved in Shh-HSPG interactions. Short syn-
thetic glycans used for microarrays and for surface plasmon reso-
nance binding studies, together with a comparison between the
wild type Shh and amutant isoformwith impaired glycan binding
(ShhAla), led to identification of glycan determinants critical for
biologically relevant interactions with Shh.
We complemented chemical approaches with enzymatic

methods that modify glycans on Shh-responsive cells, and we
then assessed changes in Shh binding and function. The
enzyme IDS selectively cleaves sulfate from the 2-O-position of
iduronic acid situated at the nonreducing end of a glycosamino-
glycan chain. We find that IDS attenuates Shh binding to pre-
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cursor cells and reduces responses to Shh, including target gene
induction and cell proliferation. Thus, proteoglycan receptors
for Shh contain 2-O-sulfated iduronic acid at the nonreducing
end of the glycosaminoglycan chains. Although sulfo-iduronic
acid residues are unusual at the nonreducing end of uncleaved
heparan sulfate chains (53), frame shifts in heparan sulfate bio-
synthetic enzymes may allow formation of such epitopes (54).
Alternatively, cleavage of the glycan chain by a heparanase
could give rise to a specialized Shh-binding epitope. It is notable
that the nonreducing end of glycans, which appears to be the
sites for Shh binding, are remarkably regulated during pro-
teoglycan synthesis (54, 55).
Although treatment with IDS alters binding and biological

responses to wild type Shh, IDS does not alter binding and
biological responses of a mutant isoform ShhAla, providing val-
idation that basic amino acids in the Shh Cardin-Weintraub

motif are important for binding to proteoglycan co-receptors
(12, 23, 24). Intriguingly, in Shh, a histidine and a proline resi-
due are in the middle of the highly basic Cardin-Weintraub
motif (amino acids 33–39, KRRHPKK); this may engender a
structural bend so that Shh “caps” the end of glycan chains
where a 2-O-sulfate is present (55). Detailed structural analyses
will be necessary to test this possibility.
Our studies identify glypican 5 as a core component of the

heparan sulfate proteoglycans that function as Shh co-recep-
tors in neural precursors. Previous studies indicated that glypi-
can 5 can also function as a core component in rhabdomyosar-
coma tumor cells; however, the nature of the attached
glycosaminoglycan chains that directly interact with Shh in
rhabdomyosarcoma was not identified (19). Here, we show
that glycan epitopes containing 2-O-sulfo-iduronic acid are
attached to glypican 5 proteins (Figs. 5 and 6), and interventions
that affect either the protein core or the sulfate modification
reduce Shh binding and Shh responses. Following genetic
knockdown of glypican 5, treatment with IDS has little addi-
tional effect on Shh binding or signaling (Fig. 4), providing fur-
ther evidence that glycosaminoglycan chains containing 2-O-
sulfo-iduronic acid and attached to glypican 5 mediate Shh
responses. Although treatmentwith IDSdoes not fully abrogate
Shh binding or Shh-dependent responses, the effects of IDS
phenocopy those observed in ShhAla/Ala mutant mice, where
cerebellar size is reduced, and are similar in magnitude to the
effect of mutating either Gas1 or Boc alone (4), indicating that
these effects are both statistically and biologically significant.
Multiple components of Shh signaling exhibit a distinctive

subcellular localization, as they are found at or near the primary
cilia (47, 48, 56).We find that proteoglycans containing a glypi-
can 5 core and glycan chains with 2-O-sulfo-iduronic acid are
localized near the base of the primary cilia both in unstimulated
and in Shh-stimulated neural precursors. In unstimulated cells,
the Ptch receptor is also near the base of the cilia (47). After
binding of Shh, Ptchmoves away from the cilia and Smo recep-
tors accumulate in the primary cilia and initiate a signal (47).
Thus, in contrast to Ptch and Smo, proteoglycan receptors
remain at the base of the cilia throughout stimulation. The
unvarying subcellular localization of proteoglycan receptors
may enable continuous recruitment and concentration of Shh
near the primary cilia on precursor cells within a mitogenic
niche. In this way, the proteoglycan receptor may alter the
kinetics or intensity of Shh signaling (23) and thereby augment
the biological response (57). The localization of proteoglycan
receptors adjacent to primary cilia is consistent with evidence
that these co-receptors contribute to transcriptional and pro-
liferative responses to Shh and may play a lesser role in func-
tions independent of the primary cilia such as chemotaxis and
neurite outgrowth (33).
The studies reported here identify critical attributes of pro-

teoglycans that function as Shh co-receptors in neural precur-
sor cells. A glypican 5 core component, with attached glycos-
aminoglycan chains containing 2-O-sulfo-iduronic acid at the
nonreducing end, binds Shh and promotes intracellular signal-
ing. Localization of these proteoglycan co-receptors adjacent to
the primary cilia is likely to be important for their role in Shh
signaling and proliferative responses. As the Shh pathway is
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FIGURE 6. Shh co-receptor proteoglycans surround primary cilia. Glycan
epitopes recognized by AO4B08V (A) or MW3G3V (B) are localized near basal
bodies, both in control and SAG-stimulated GCPs. Basal bodies are visualized
by GFP-tagged centrin or immunostaining with antibodies to �-tubulin. C,
glypican 5 staining shown in red (merge) or white is localized primarily around
the basal bodies as visualized by GFP-tagged centrin. Scale bar, 25 �m. D,
these glycan epitopes are adjacent to the primary cilia and visualized with
antibodies to adenylate cyclase III. Scale bar, 10 �m; arrows indicate basal
bodies.

Proteoglycan Receptors for Shh

SEPTEMBER 6, 2013 • VOLUME 288 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 26285



critical for normal brain development and for tumor growth,
identification of this co-receptor provides new therapeutic tar-
gets for developmental disorders and for Shh-dependent
cancers.
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