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Astrocytes provide neurons with diffusible factors that promote synapse formation and maturation. In particu-
lar, glypican-4/GPC4 released from astrocytes promotes the maturation of excitatory synapses. Unlike other
secreted factors, GPC4 contains the C-terminal GPl-anchorage signal. However, the mechanism by which
membrane-tethered GPC4 is released from astrocytes is unknown. Using mouse primary astrocyte cultures
and a quantitative luciferase-based release assay, we show that GPC4 is expressed on the astrocyte surface
via a GPIl-anchorage. Soluble GPC4 is robustly released from the astrocytes largely by proteolytic shedding
and, to a lesser extent, by GPIl-anchor cleavage, but not by vesicular release. Pharmacological, overexpres-
sion, and loss of function screens showed that ADAM9 in part mediates the release of GPC4 from astrocytes.
The released GPC4 contains the heparan sulfate side chain, suggesting that these release mechanisms pro-
vide the active form that promotes synapse maturation and function. Overall, our studies identified the release
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Astrocyte-derived diffusible factors regulate synapse development and function. However, the regulatory
mechanism underlying the release of astrocyte-derived factors is poorly understood. Noting that, unlike
many other secreted factors, glypican-4/GPC4 is GPl-anchored, we characterized the release mechanism
of GPl-anchored GPC4 from astrocytes and identified the releasing enzyme. Heparan sulfated GPC4 is ro-
bustly released from the astrocytes largely by proteolytic shedding. In particular, ADAM9 in part mediates
the release of GPC4 from astrocytes. Our study provides an enzymatic mechanism for releasing GPC4 from
astrocytes and will provide a novel opportunity to understand the regulatory mechanism of neuron-glia
\communication for synaptogenesis. /
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mechanisms and the major releasing enzyme of GPC4 in astrocytes and will provide insights into understand-
ing how astrocytes regulate synapse formation and maturation.

Key words: ADAMY; astrocyte; glypican-4; GPI anchor; heparan sulfate; synaptogenesis

Introduction

Surface shedding is a mechanism by which specific sur-
face proteins are cleaved and an ectodomain is released into
the extracellular space. The shedding or release of surface
proteins have been found to play important roles in various bi-
ological functions (Lichtenthaler et al., 2018). Ectodomain
shedding can act to stop activity of proteins at the mem-
brane, such as removing cell surface receptors or cell adhe-
sion proteins, as in the case of N-cadherin (Reiss et al., 2005).
Alternatively, shedding can release an active protein from the
cell surface to act as a long range, diffusible signaling factor
such as syndecan-1 in FGF-2 activation during wound heal-
ing (Kato et al., 1998). In this context, shedding can allow for
temporally and spatially regulated release or activity of a bio-
molecule. In other cases, shedding acts as a molecular
switch, changing the signaling function of the protein from
one role while anchored to the surface membrane to another
when shed. For example, membrane-anchored TNF-a can
activate TNFR2 on direct cell to cell contact to activate anti-
inflammatory pathways, however when shed, TNF-« acts as
a paracrine signal to drive proinflammatory TNFR1 signaling
(Grell et al., 1995). In other cases, released proteins can
change the signaling functions of related receptor complexes,
such as when released soluble «CNTFR converts the LIF re-
ceptor complex and transduces CNTF signaling in the cells
that are not normally responsive to CNTF (Davis et al., 1993).

The release of surface proteins also been shown to play
important roles in synapse development (Lichtenthaler et
al., 2018). For example, Nogo-66 receptor ectodomain
shedding drives excitatory synapse formation in vivo (Sanz
et al., 2018). Proteolytic shedding of cell adhesion molecules
causes the structural and functional modifications of synap-
ses (Bajor and Kaczmarek, 2013; Nagappan-Chettiar et al.,
2017). Glypican-4/GPC4 has been identified as a cell sur-
face protein sufficient to drive neuronal synaptogenesis in
vitro (Allen et al., 2012). GPC4 is a GPl-anchored protein
(Filmus et al., 2008) and highly expressed in astrocytes
(Cahoy et al., 2008; Zhang et al., 2014). Notably, GPC4

Received February 17, 2021; accepted July 15, 2021; First published July 22,

2021.

The authors declare no competing financial interests.

Author contributions: K.H. and S.P. designed research; K.H. performed
research; K.H. and S.P. contributed unpublished reagents/analytic tools; K.H.
and S.P. analyzed data; K.H. and S.P. wrote the paper.

This work was supported by the National Institutes of Health Grant
RO1NS102444 (to S.P.).

Acknowledgements: We thank Joosang Park for maintaining the mouse
colony and experimental assistance; Williams, Shepherd, Sundquist labs for
materials, equipment, and advice; and University of Utah Core facilities.

Correspondence should be addressed to Sungjin Park at sungjin.park@
neuro.utah.edu.

https://doi.org/10.1523/ENEURO.0069-21.2021
Copyright © 2021 Huang and Park
This is an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International license, which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is
properly attributed.

July/August 2021, 8(4) ENEURO.0069-21.2021

expressed in astrocytes are released from the cell and the
released GPC4 facilitates synapse maturation in vitro (Allen
et al., 2012). While GPC4’s downstream mechanism of ac-
tion of signaling through RPTPs been characterized (Farhy-
Tselnicker et al., 2017), little is known about how GPC4 is
shed or released from astrocytes. A better understanding of
the release mechanism of GPC4 offers insights into the syn-
aptogenic role of astrocytes in neuronal development and
could lead to novel therapeutic targets for synaptopathic
disorders such as autism, schizophrenia, Down syndrome,
and epilepsy (Dowling and Allen, 2018; Wilson and Newell-
Litwa, 2018).

GPl-anchored proteins can be released from the pro-
ducing cells via multiple mechanisms, which include pro-
teolytic shedding, GPl-anchor cleavage, and vesicular
release (Muller, 2018). There are GPl-anchored proteins
which are shed through proteolytic mechanisms such as
metalloprotease-mediated shedding of Prion protein and
UL16 binding proteins, MHC Class I-related molecules
(Fernandez-Messina et al., 2010; Linsenmeier et al.,
2018). GPl-anchored proteins can also be shed through a
lipase-based cleavage mechanism (Park et al., 2013; van
Veen et al., 2017). In this context, unlike proteolytic shed-
ding which releases an ectodomain fragment, an entire
protein is released from the cell. GPl-anchored proteins
have also been shown to associate with a vesicular mem-
brane or lipid particle while becoming separated from the
cell (Muller, 2018).

The mechanism by which GPC4 is released has impli-
cations to the role GPC4 plays in downstream signaling.
GPC4 is posttranslationally modified with heparan sulfate
side chains at residues near the C terminus of the protein.
These heparan sulfate side chains are necessary for the
known synaptogenic signaling functions of GPC4 (Allen et
al., 2012; Condomitti et al., 2018). Thus, identification of
the released form of GPC4 is critical to understand how
astrocyte-derived GPC4 regulates synaptogenesis.

Here, we show that GPC4 is released from the cell sur-
face of astrocytes in vitro. We observed that GPC4 is re-
leased predominantly via proteolytic shedding, and to a
lesser extent by GPIl-anchor cleavage, but not by vesicu-
lar release. The released GPC4 contains heparan sulfate
attachment, suggesting that both release mechanisms
preserve the synaptogenic activity of GPC4 in the extrac-
ellular space. We also identify ADAM9 as a proteolytic
sheddase for GPC4. Overall, these observations show
that astrocytes release heparan sulfate containing GPC4
by multiple mechanisms.

Materials and Methods

Animals

All animal care and experiments were conducted in ac-
cordance with NIH guidelines and the IACUC committee
of the University of Utah (protocol no. 21-02004). C57BI6/
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J mouse lines were maintained under the normal housing
conditions with food and water available ad libitum and
12/12 hour (h) light/dark cycle in a dedicated facility. All
primary astrocyte cultures were generated using neonatal
wild-type (WT) mice of either sex.

Cell culture

Heterologous cell experiments were conducted using
HEK293T cells. Cells were grown in culture media: DMEM
(Invitrogen 11965-092), 10% FBS (Invitrogen 16140071),
1% sodium pyruvate (Invitrogen 11360070), 1% penicillin/
streptomycin (Invitrogen 15140-122). For Biochemistry
experiments, cells were seeded between 0.15 and 0.2 mil-
lion cells/well in PEI coated 12-well plates. Plasmid con-
structs (pCAG nHA GPC4; see Table 1) were transfected
with Fugene (Promega E2691)/opti-MEM mixture according
to manufacturer protocols; 24 h after transfection, culture
media is changed to serum-free DMEM for biochemical ex-
perimental conditions.

Astrocyte culture was generated from P2 mice of either
sex. P2 mouse cortexes are dissected and incubated in a
Papain solution for 30 min at 37°C. The tissue is then
washed with glial media [MEM (Mediatech 15-010-CV),
10% horse serum (HyClone SH30074.03), 1% penicillin/
streptomycin/glutamine (Invitrogen 10378-016)] before
pipette dissociation and filtering through a 70 um strainer.
Astrocytes are plated on a Poly-D lysine (Millipore A-003-
E)/collagen (Advanced BioMatrix 5005-100ML)-coated
T75 flask (Fisher 07-202-000). Astrocytes are grown to
confluency, with complete media changes every 3-4d.
Once confluent, astrocytes are harvested with an 8 min
TrypLE digestion and resuspended in glial media.
Astrocyte cell suspension is nucleofected using the
Lonza Nucleofector 4D system at 3-ug plasmid DNA per
construct (pZac2.1 Nluc-GPC4, pZac2.1 Nluc-GPC4°°°,
pZac2.1 Nluc-GPC4™, pZac2.1 Nluc-Prion, pSilencer 1.0
U6 shRNA; see Table 1), pCMV3 C-HA ADAM9 (Sino
Biological MG50044-CY), pCS2 cHA3 mADAM10 (Park et
al., 2013) with setting CL-133, before being plated on Poly-
D lysine/collagen-coated 12-well plates and allowed to
grow to confluency for biochemical experiments. Once
confluent, glial media is changed to DMEM high-glucose
(Invitrogen 11960069) media for biochemical assays and
experimental treatments.

Cloning

GPC4 was cloned from mouse cDNA library from RT-
PCR and inserted into a pCAG vector (Table 1, set 1). An
HA tag was inserted after GPC4’s signal peptide sequence
by long primer (Table 1, set 2). This construct, pCA N-HA
GPC4, was used for HEK293T cell experiments. Nluc-
GPC4 was developed by insertion of Nanoluciferase (Nluc;
from Addgene plasmid #66579) after the cleavage site of
the GPC4 signal peptide (Table 1, set 3), then cloning the
resulting construct into a pZac2.1 GFABC1D vector
(Addgene 92281; Table 1, set 4). A secreted form of GPC4
(Nluc-GPC4°%°) was generated by introducing a stop
codon before the C-terminal GPl-anchorage signal. A
transmembrane form of GPC4 (Nluc-GPC4™) was gener-
ated by replacing the C-terminal GPI anchorage signal with
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rat CD2 transmembrane protein (NM_012830.1). Two PCR
amplicons including the GPC4 lacking the C-terminal GPI-
anchorage signal and CD2 antigen lacking the N-terminal
signal peptide were served as the PCR templates to pro-
duce chimeric DNA, which is further subcloned into
pZac2.1 GFABC1D vector. Nluc-Prion was cloned from
RT-PCR of mouse cDNA library and inserted into
pZac2.1 GFABC1D vector (Table 1, set 5). shRNA con-
structs were designed in silico, and cloned into pSilencer
1.0 U6 with long primers (Table 1, sets 6, 7, and 8 for
control, Adam9, and Adam10, respectively).

Pharmacology

Astrocytes were cultured as described above. Before
treatment, the media of astrocytes were changed to
serum-free media and incubated overnight. Astrocytes
are then changed into fresh serum-free media with and
without treatment (25 um GM6001) and incubated for 3 h
before collection and astrocytes are lysed for biochemical
analysis or luciferase assay.

Phosphoinositide phospholipase C (PI-PLC) is a bacte-
rial enzyme that robustly cleaves GPI-anchored proteins
from the cell surface membrane. For biochemical assays,
PI-PLC is added to cell culture media for 0.5-3 h for acute
treatment or overnight for chronic treatment. Both time
frames result in near complete release of all GPl-anchored
proteins from the cell surface.

Toxicity assay

Cell death in primary astrocyte cultures was assayed
using the Lonza ToxiLight Cytotoxicity BioAssay kit
(Lonza LT17-217). Briefly, 20 pl of cultured media was col-
lected, and mixed with 100-ul kit detection reagent.
Samples were incubated for 5min, then luminescence
was measured with a plate reader. Higher levels of lumi-
nescence are driven by the release of adenylate kinase
from damaged cells, which react with ADP and luciferase
in the assay buffer to produce bioluminescence. A toxic
concentration of Edelfosine (50 umv) was used as a positive
control for cell death.

Western botting

Media samples were mixed with 4x gel loading buffer
(200 mm Tris, 8% SDS, 24% glycerol, and 0.04% bromo-
phenol blue, pH 6.8), while lysate samples were created
by lysing cells with 1x gel loading buffer and syringe
lysing. Where necessary, astrocyte conditioned media
(ACMs) samples were concentrated 20x in 10 kDa cutoff
centrifuge protein concentrators (Thermo Fisher Scientific
88517) to enrich for WT GPC4 before mixing with gel load-
ing buffer. Samples were loaded into 10% gels and run at
140 V for 70 min, then transferred at 100 V for 60 min on
PVDF membranes. Membranes were blocked for 1 h with
5% milk in TBST (100 mwm Tris, 150 mm NaCl, and 0.1%
Tween 20, pH 7.5) before placed in primary antibody: HA
(BioLegend 901501), GAPDH (Cell Signaling Technology
2118S), IGFBP2 (Cell Signaling Technology 3922S), Niuc
(R&D Biosystems MAB100261), and CD9 (Abcam ab92726).
Blots were probed with HRP-conjugated secondaries
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Table 1: Primers used
Set FP/RP Primer sequence Gene name Vector backbone
Set 1 FP CGATGGCCGGCCACCATGGCACGCTTAGGCTTGCTC Gpc4 pCAG GPC4
RP GCACTTCCGAGCAACTTTTC
Set 2 FP CCACCATGGCACGCTTAGGCTTGCTCGCGCTCCTCTGCACCCTGGCCG Gpc4 (endogenous signal peptide) pCAG GPC4
CGCTCAGCGCCTCGCTGCTGGCTGATATCGCGGAGCT
RP CCGCGATATCAGCCAGCAGCGAGGCGCTGAGCGCGGCCAG
GGTGCAGAGGAGCGCGAGCAAGCCTAAGCGTGCCATGGTGGCCGG
Set 3 FP TCGCTGCTGGCTGATATGGTCTTCACACTCGAAGATTTCG Nano luciferase pCAG GPC4
RP CTTGAGCTCCGCGATCTTATCGTCGTCATCCTTGTAAT
CCGCCAGAATGCGTTCGCACAG
Set 4 FP ATAGGCTAGCCTCGAGACCATGGCACGCTTAGGCTTG Nluc-GPC4 pZac2.1 Nluc-GPC4
RP CCGGGTCGACTCTAGATTATCTCCACTCTCCCTGCAC
Set 4A RP ATCGTCTAGATCATTACTTGTACAGCTCGTCCAT Nluc-GPC4™
Set 5 FP ATTCTGGCGTCCGGAAAAAAGCGGCCAAAGCCTGGA Prion pZac2.1 Nluc-Prion
RP TCCAGGCTTTGGCCGCTTTTTTCCGGACGCCAGAAT
Set 6 FP AATTCGCGCCTAGGTCCGAACCCCGTTCGGACCTAGGCGCGAATTATTITT shRNA control pSilencer 1.0 U6
RP AATTAAATTCGCGCCTAGGTCCGAACGGGGTTCGGACCTAGGCGCGAATTGGCC
Set7 FP ACAAGAACCACAATTACTAGATCAAGAGTCTAGTAATTGTGGTTCTTGTATTTIT Adam9 shRNA1 pSilencer 1.0 U6
RP AATTAAAAATACAAGAACCACAATTACTAGACTCTTGATCTAGTAATTGTGGTTCTTGTGGCC
Set 7A FP GCCAATAACGTCTGCATTTTCAAGAGAAATGCAGACGTTATTGGCATTTTT Adam9 shRNA2 pSilencer 1.0 U6
RP AATTAAAAATGCCAATAACGTCTGCATTTTCAAGAGAAATGCAGACGTTATTGGCGGCC
Set 8 FP GCAAATGATACCCTTACAGTTTCAAGAGAACTGTAAGGGTATCATTTGCATTTTT Adam10 shRNA1 pSilencer 1.0 U6
RP AATTAAAAATGCAAATGATACCCTTACAGTTCTCTTGAAACTGTAAGGGTATCATTTGCGGCC
Set 8A FP GGAAGACAGTTCAACCTACGATCAAGAGTCGTAGGTTGAACTGTCTTCCATTTTT Adam10 shRNA2 pSilencer 1.0 U6
RP AATTAAAAATGGAAGACAGTTCAACCTACGACTCTTGATCGTAGGTTGAACTGTCTCCGGCC
Set 9 FP GGGGTGTGTAACAGCAATAAG ADAM9 Sequencing primers
RP CAAGGGGGACGATTAGGAAG
Set 10 FP AACAGGCTTATCGCTATG ADAM10 Sequencing primers
RP CTGCTGCTGACTTCTAAT
Set 11 FP CTGGAGAAACCTGCCAAGTA GAPDH Sequencing primers
RP AGTGGGAGTTGCTGTTGAAG

[mouse (Jackson ImmunoResearch 715-035-151), rabbit
(Jackson ImmunoResearch 705-035-003), rat (Jackson
ImmunoResearch 112-035-003)]. Blots were developed
using a chemiluminescent substrate (Thermo Scientific
34580).

Luciferase assay

Promega Nanoluc Furimazine is diluted 1:50 in assay
substrate:assay buffer, then diluted 1:4 in 1x PBS. Media
samples are cleared by centrifugation and 20 pl of sample
are loaded in 96-well plate wells. Lysate samples are gen-
erated by treatment of 1x passive lysis buffer (Promega
E1941) to 12-well plate cultures, and 20 pl of sample are
loaded in 96-well plate wells. Luminescence of individual
wells was read in a plate reader after injection of 100 pl
Furimazine. Average luminescence value is calculated
and normalized to either pretreatment or lysate samples
as a transfection control.

Biotinylation

Cells are cooled on ice, then washed with PBS ++
(PBS, 1 mm CaCly,, and 0.5 mm MgCl,, pH 7.4) before 10-
min incubation of Sulfo-NHS-SS-biotin (Invitrogen 21331;
1 mg/ml in PBS+ +). Biotin washed off with PBS+ +, then
quenched with cold glial media, then washed again in
PBS before incubated in serum-free media for 5 h at
37°C. Incubation media collected, then cleared by centrif-
ugation; 300l 1:1 slurry strepavidin beads (Invitrogen
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29201) were prepared with a 1x RIPA (150 mm NaCl, 1%
P-40, 0.5% NaDOC, 0.1% SDS, and 25 mwm Tris) wash,
two wash buffer rinses (40 mm Tris, pH 7.6) before resus-
pended in wash buffer as 1:1 slurry; 40 pl 1:1 slurry used
per 900 ul media sample and incubated together with ro-
tation at 4°C for 1 h. Beads are spun down, supernatant is
collected for analysis, then beads are washed with 1x
wash buffer. Bead fraction is resuspended in elution
buffer (2 m NaCl and 40 mwm Tris, pH 8) and slurry is used
for Western blot and Nluc assays.

Ultracentrifugation

Astrocytes are grown after nucleofection in T75 flasks
until confluent. Astrocytes are incubated in serum-free
media for 24 h before media is collected and subjected to
serial centrifugations (10 min 300 x g, 10min 2000 x g,
30min 10,000 x g). A 1.5 h, 100,000 x g centrifugation
pellets extra cellular vesicles (Konoshenko et al., 2018).
The supernatant and pellet are collected for Nluc assays
and Western blot analysis.

Toxin pulldown

a-Toxin (AT) plasmid was generously provided by
Yeongjin Hong at the Chonnam National University, Korea
(Shin et al., 2006). BL21 cells (Fisher NC9122855) ex-
pressing a-toxin are pelleted and resuspended in 0.5x
RIPA (75 mm NaCl, 0.5% P-40, 0.25% NaDOC, 0.05%
SDS, and 12.5 mwm Tris) before being sonicated. Cell
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Data structure

Data (normality test) Type of test Power

Figure 2D, lysate measurement of Nluc-GPC4 with and without PI-PLC treatment Yes Unpaired t test Cohen’s d=7.29, p <0.0001

Figure 2D, media measurement of Nluc-GPC4 with and without PI-PLC treatment Yes Unpaired t test Cohen’s d=3.00, p < 0.0001

Figure 2E, overnight release of GPC4 compared with Prion, normalized to lysate Yes Unpaired t test Cohen’s d =3.59, p <0.0001

Figure 3A, live surface Biotinylation of GPC4 release over time Yes ANOVA; Tukey’s multiple Cohen’s d =1.012, p < 0.0001
comparisons

Figure 3B, ultracentrifugation of Nluc-GPC4 in ACMs Yes Unpaired t test Cohen’s d =7.829, p < 0.0001

Figure 3C, pulldown of Nluc-GPC4 by « Toxin Yes ANOVA; Tukey’s multiple Cohen’s d=7.659, p <0.0001
comparisons

Figure 4A, reduction of Nluc-GPC4 by protease inhibitor GM6001 Yes Unpaired t test Cohen’s d=1.118, p =0.0003

Figure 4B, reduction of Nluc-GPC4 release by Adam9 shRNA1 KD Yes ANOVA; Tukey’s multiple Cohen’s d =1.832, p < 0.0001
comparisons

Figure 4B, reduction of Nluc-GPC4 release by Adam9 shRNA2 KD Yes ANOVA; Tukey’s multiple Cohen’s d =2.63, p <0.0001
comparisons

Figure 4C, fold gene expression by gPCR for shRNA KD experiments Adam9 shRNA1 Yes One-sample t test Cohen’s d =1.393, p=0.0190

Figure 4C, fold gene expression by gPCR for shRNA KD experiments Adam9 shRNA2 Yes One-sample t test Cohen’s d =0.799, p=0.1076

Figure 4C, fold gene expression by gPCR for shRNA KD experiments Adam10 shRNAT Yes One-sample t test Cohen’s d =10.33, p < 0.0001

Figure 4C, fold gene expression by gPCR for shRNA KD experiments Adam10 shRNA2 Yes One-sample t test Cohen’s d =1.089, p =0.0444

Figure 4D, induction of Nluc-GPC4 release by Adam9 Overexpression Yes ANOVA; Tukey’s multiple Cohen’s d =3.482, p < 0.0001
comparisons

Figure 5A, heparinase treatment of Nluc-GPC4 vs Control Yes One-sample t test Cohen’s d =2.93, p =0.0365

Figure 5B, pulldown of Nluc-GPC4 by « Toxin in PI-PLC control vs basal release conditions Yes Unpaired t test Cohen’s d =0.390, p =0.9467

Extended Data Figure 1-1, cytotoxicity assay of PI-PLC treatment Yes ANOVA; Tukey’s multiple Cohen’s d =0.907, p=0.964
comparisons

Extended Data Figure 1-1, cytotoxicity assay of Edelfosine treatment Yes ANOVA; Tukey’s multiple Cohen’s d =2.870, p < 0.0001
comparisons

Extended Data Figure 2-1, lysate measurement of Nluc-GPC4-TM with and without PI-PLC treatment Yes Unpaired t test Cohen’s d =0.49, p=0.19

Extended Data Figure 2-1, media measurement of Nluc-GPC4 = TM with and without PI-PLC treatment Yes

Unpaired t test

Cohen’s d =0.50, p=0.27

extract is filtered and incubated with washed TALON
beads (Takara 635501) at 4°C for 30 min. After washing,
AT-coated TALON beads are resuspended as 1:1 slurry in
wash buffer (20 mm Tris, 500 mm NaCl, pH7.9), and 60 pl
of slurry is added to 900 pl of media samples and incu-
bated for 1 h at 25°C. Beads are pelleted by centrifuga-
tion, supernatant is collected, beads are washed with
wash buffer before being resuspended as a 1:1 slurry in
wash buffer and used in Nluc assays.

DEAE pulldown

DEAE-Sepharose beads (Sigma DFF100-50ML) are
prepared with sequential high and low salt washes (2 m
NaCl, 40 mwm Tris, pH 8.0, and 40 mwm, Tris pH 7.6, respec-
tively) before resuspended as a 1:1 slurry in wash buffer.
Media containing Nluc-GPC4 was added to DEAE 1:1
slurry, and incubated at room temperature with rotation
for 2 h. Media-DEAE mixture is centrifuged and superna-
tant is collected while the DEAE pellet is washed once
with 10x bed volume wash buffer before wash buffer is
aspirated. Nluc-GPC4 is eluted from DEAE beads with
high salt (40 mm Tris and 2 m NaCl, pH 8) at room tempera-
ture for 30 min with mild agitation. Eluted Nluc-GPC4 in
elution buffer is collected and used for luciferase assay.

Heparinase treatment

Samples containing Nluc-GPC4 were treated with
Heparinase Il (NEB P0735S) and Heparinase Ill (NEB
P0O737S) overnight at 37°C, then subject to DEAE pull-
down described above, before luciferase activity was
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assayed. Untreated samples were similarly incubated at
37°C and used as controls for Heparinase treatment for
the DEAE pulldown and luciferase assay.

Quantitative PCR (qPCR)

Astrocytes were harvested 4 d after shRNA nucleofec-
tion and subjected to RNA extraction using TRI Reagent
Solution (Invitrogen, AM9738). 1 ug of extracted RNA was
used for the RT reaction using PrimeScript High Fidelity
RT-PCR kit (Takara, R022A), according to the manufac-
turer®©s instruction. 0.5 pl from the total 20 pl cDNA eluent
was mixed with each 0.22 um Adam9 primers (Table 1, set
9), Adam10 primers (Table 1, set 10), or Gapdh (Table 1,
set 11) with 23 pl SYBR Select Master Mix (Applied
Biosystems, 4472908). The PCR was conducted with
total 40 cycles (20 s at 95°C, 20 s at 58°C, and 40 s at
72°C), using a Life Technologies QuantStudio 12K Flex in-
strument at the Genomics Core Facility, a part of the
Health Sciences Cores of the University of Utah. Adam
mRNA levels in the shRNA nucleofection was normalized
by that of Gapdh and was compared with shRNA control
nucleofection conditions.

Statistical analyses

Statistics were performed using GraphPad Prism soft-
ware version 9 (Table 2). Experiments with two groups
were compared with unpaired t tests and 95% confidence
intervals (Cls) were calculated for group means and the
difference between means. Experiments with three or
more groups were compared with ANOVA and Tukey’s
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multiple comparisons, and 95% Cls were calculated for
group means and the differences between means. One-
sample t tests were used for Figures 4C, 5A to calculate the
difference between control and experimental groups. All
data are plotted as mean, with error bars denoting 95% Cls
and all individual data points plotted. For all experiments,
the n numbers shown refer to the number of replicates,
while N numbers refer to the number of biological replicates.

Results

GPC4 is expressed on the astrocyte surface via a GPI-
anchor.

In silico analysis indicates that GPC4 contains the N-
terminal signal peptide and C-terminal hydrophobic patch
and is predicted to be a GPIl-anchored protein (Fig. 1A).
To directly test whether GPC4 is GPI-anchored on the cell
surface, we first examined whether GPC4 is released
from the cell surface by the application of PI-PLC, a bac-
terial GPI-anchor cleaving enzyme (Chen et al., 1998). N-
terminal HA-tagged GPC4 was transfected into HEK293T
cells, and media were collected with and without PI-PLC
treatment (Fig. 1B). PI-PLC treatment greatly facilitated
the release of GPC4, indicating that GPC4 is GPI-anch-
ored on the HEK293T cell surface. Interestingly, GPC4
was detected in the medium by Western botting without
PI-PLC treatment, suggesting constitutive release of
GPC4 from the HEK293T cells.

Next, we tested whether endogenous GPC4 expressed
on the astrocytes is GPl-anchored. Primary astrocytes
from mouse cortex were treated with or without PI-PLC
overnight and collected ACMs was assayed for shed
GPC4. Because of the poor antigenicity of GPC4, we con-
centrated the ACM for Western bottings (see Materials
and Methods) Consistent with observations in heterol-
ogous cells, PI-PLC treatment on astrocytes greatly facili-
tated the shedding of endogenous GPC4 into the media
(Fig. 1C). In contrast, PI-PLC treatment did not increase
the secretion of IGFBP2 from astrocytes. Interestingly,
PI-PLC treatment also slightly increased the level of
thrombospondin 1 (TSP1) in the culture medium, an as-
trocyte secreted protein involved in synaptogenesis
(Christopherson et al., 2005). This result suggests that a
portion of secreted TSP1 is associated with GPl-anch-
ored proteins on the astrocyte surface. TSP1 is known to
bind surface heparan sulfate, and a portion of secreted
TSP1 from astrocytes may be recruited on the astrocyte
surface, possibly as a mechanism to control the diffusion
of secreted TSP1 (Feitsma et al., 2000). To further test
whether PI-PLC treatment non-specifically releases cellular
contents from astrocytes, we performed a cell toxicity
assay. Overnight treatment of astrocytes with PI-PLC did
not affect the cell viability, while edelfosine treatment (50 uwm,
1 h), which induces apoptosis by activating Fas/CD95 re-
ceptor and PLC inhibition (Mollinedo et al., 2004), caused
astrocyte cell death (Extended Data Fig. 1-1).

To determine the degree of GPIl-anchorage of GPC4 on
the astrocyte cell surface, we performed a surface biotiny-
lation assay, which allows for labeling of all surface pro-
teins at the time of biotinylation. PI-PLC pretreatment
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Figure 1. GPC4 is expressed on the astrocyte surface via a
GPI-anchorage. A, Diagram of GPC4 sequence, protein, and
posttranslational modifications. GPC4 contains an N-terminal
signal peptide and GPI-anchor signal peptide for GPI-anchor at-
tachment. Mature GPC4 is subject to furin cleavage, intrachain
di-sulfide bonds, heparan sulfate attachment, and GPI-anchor-
age to the cell surface membrane. B, Western blotting of HA
tagged GPC4 construct expressed in HEK293T cells. The ~37-
kDa band shows the HA tagged N-terminal GPC4 in the reduc-
ing condition. PI-PLC treatment in HEK293T cells drives robust
release of GPC4; however, GPC4 is detected in media in the
absence of PI-PLC. C, Western blotting of concentrated ACMs
for endogenous GPC4, IGFBP2, and TSP1, with and without PI-
PLC treatment. PI-PLC treatment strongly facilitates release of
endogenous GPC4 from astrocytes. D, Biotinylation of surface
GPC4 shows that pretreatment of PI-PLC removes endogenous
GPC4 from the cell surface of astrocytes. Extended Data Figure
1-1 supports Figure 1.

o-IGFBP2 |

o-TSP1

removed the biotinylated GPC4 from the cell lysate (Fig.
1D). These results indicate that GPC4 is expressed on the
astrocyte surface predominantly via GPIl-anchor.

The release of GPC4 from astrocytes
Proteomic analysis of ACM showed that GPC4 is highly
enriched in the astrocyte secretome, ranking 20th in
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Figure 2. Luciferase assay for quantifying the release of GPC4 from astrocytes. A, Nluc is inserted at the N terminus, after the en-
dogenous signal peptide, to preserve GPC4 trafficking. B, Primary astrocytes were nucleofected with Nluc-GPC4 and treated with
and without PI-PLC. Western botting with a-Nluc antibody showed the expected 20 kDa size shift in the N-terminal fragment. PI-
PLC treatment facilitates the release of Nluc-GPC4, confirming the GPI-anchorage of the construct. C, Representative trace of one
experiment showing the linear kinetics of GPC4 release from astrocyte culture (R* = 0.998). Error bars indicate the standard error of
the mean. D, Astrocytes expressing Nluc-GPC4 were incubated in fresh media with and without PI-PLC for 3 h, and Nluc signal was
measured in the cell lysate and media. Nluc signal was normalized to untreated lysate conditions for each biological replicate. PI-
PLC treatment resulted in the decrease in the luciferase activity of the cell lysate and the corresponding increase in the activity in
the media. These data show Nluc-GPC4 is quantitative in measuring released versus surface pools of GPC4. Error bars indicate
95% ClI of the mean here and in following graphs. The requirement of the GPI-anchorage for PI-PLC-dependent release of GPC4 is
shown in Extended Data Figure 2-1. E, The release rate (media over lysate activity) of Nluc-GPC4 and Nluc-Prion was normalized to

Nluc-GPC4 release. Nluc-GPC4 is released ~2-fold more than Nluc-Prion (t test p < 0.0001, Cohen’s d =3.59); ***p < 0.001.

Greco and colleagues, and ranking 28th in our mass spec
analysis (data not shown; Greco et al., 2010). However,
GPC4 undergoes extensive posttranslational modifica-
tions, including GPl-anchorage, convertase-mediated
cleavage, disulfide-linkage, glycosylation, and heparan
sulfate attachment (Fig. 1A; Filmus et al., 2008), which
may cause the poor antigenicity. To quantify release ki-
netics of GPC4 from astrocytes, we generated a Nluc fu-
sion protein construct after the endogenous signal
peptide of GPC4 (Nluc-GPC4; Fig. 2A). Nluc is a small
(20 kDa) and bright luciferase reacting with a specific
substrate, Furimazine (FMZ; Heise et al., 2013).
Attaching the signal peptide to the N terminus of Nluc ef-
ficiently delivers the fusion protein into the secretory
pathway. The secreted Nluc shows a linear lumine-
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scence in a wide range of Nluc concentration in the me-
dium, which is suitable for quantifying the release of the
membrane-tethered protein.

We examined the processing, trafficking, and kinetics
of the construct as well as the posttranslational modifi-
cations important for GPC4 function. We nucleofected
the Nluc-GPC4 construct under an astrocyte-specific
GFABC1D promoter into astrocytes and measured the
release of Nluc-GPC4 into the medium. Western botting
with Nluc antibody showed the expected ~20 kDa shift
of N-terminal fragment of GPC4 (Fig. 2B). Further, the
treatment of PI-PLC robustly releases Nluc-GPC4 into
the medium, indicating that N-terminal fusion of Nluc
does not affect the GPI anchorage and surface expres-
sion of GPCA4. It is also possible that PI-PLC treatment
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indirectly regulates the release of other types of proteins.
For example, release of RECK, a GPIl-anchored metallo-
protease inhibitor from the cell surface can de-repress
the surface sheddase, which in turn facilitates the shed-
ding of non-GPI anchored proteins (Park et al., 2013). To
test whether the release of Nluc-GPC4 by PI-PLC re-
quires the GPl-anchorage, we generated a transmem-
brane form of GPC4 by replacing the C-terminal GPI-
anchorage signal with a rat CD2 transmembrane protein
(Nluc-GPC4™). PI-PLC treatment did not affect the re-
lease of Nluc-GPC4™ in astrocytes (Extended Data Fig.
2-1). This result further supports that PI-PLC treatment
does not cause toxicity nor non-specific release of cellu-
lar proteins. Interestingly we observed linear accumula-
tion of Nluc-GPC4 signal into the medium at the naive
state (R? = 0.998), further demonstrating the quantitative
nature of the Nluc-GPC4 (Fig. 2C). Next, we measured
the release rate of GPC4 per surface-tethered pool of
GPC4. The amount of the surface pool of GPC4 is calcu-
lated by the reduction of Nluc-GPC4 signal in the cell ly-
sate and the corresponding increase in the medium
signal on PI-PLC treatment (Fig. 2D). We observed that
27% of the surface GPC4 is released into the medium
over 3 h, which indicates that ~9% of the surface-ex-
pressed pool is released per hour at the naive state.

Noting the high release rate of GPC4, we compared the
release rate of Prion, another GPI-anchored protein abun-
dantly expressed in astrocytes (Cahoy et al., 2008; Zhang
et al., 2014). The release rate (luminescence of the me-
dium normalized to that of the cell lysate) of Nluc-GPC4 is
>2-fold higher than that of Nluc-Prion, suggesting that
even in this overexpression system, specific release
mechanisms exist for different GPI anchored proteins and
feature differential release kinetics (mean difference 95%
Cl = —0.7588 to —0.4107, Cohen’s d=3.92, p <0.0001;
Fig. 2E). Overall, Nluc-GPC4 retains posttranslational
modifications of endogenous GPC4, including furin cleav-
age, and GPIl-anchorage, and allows for rapid, non-de-
structive measurement of protein release from the cell
surface into the media.

GPC4 is released from the astrocyte cell surface

How is GPIl-anchored GPC4 is released from astro-
cytes? GPl-anchored proteins can be released from the
cell via multiple mechanisms, which include (1) secretory
pathway bypassing surface expression because of cleav-
age during processing in the secretory pathway, e.g., by
GPLD1 (Hettmann et al., 2003; Park et al., 2013); (2) vesic-
ular releases such as in exosomes or lipid associated par-
ticles (Muller, 2018; Dobrowolski et al., 2020); (3) GPI-
anchor cleavage on the cell surface (Park et al., 2013; van
Veen et al., 2017); and (4) proteolytic shedding. Thus, we
tested each possibility.

We first tested whether extracellular GPC4 at the basal
state is shed from the cell surface or directly secreted
without being retained on the astrocyte surface mem-
brane. To test this possibility, we conducted a live surface
biotinylation assay wherein astrocytes cell surface pro-
teins were biotinylated before being allowed to recover
and incubate at 37°C for 5 h. Incubation media was then
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collected and assayed for biotinylated GPC4. If GPC4 is
secreted directly from secretory pathways, the majority of
collected GPC4 should not be biotinylated. Instead, we
found that the ratio of biotinylated over total released
GPC4 is similar between the basal state and the PI-PLC
condition, which selectively releases the surface-bound
pool (Fig. 3A). In contrast, a secreted form of Nluc-GPC4
(GPC4%°°), which lacks the C-terminal GPl-anchorage sig-
nal, is secreted without being biotinylated. While we ex-
pected the PI-PLC treatment condition to result in a
maximal biotinylation ratio, the biotinylation ratio of the
basal release was slightly higher than that of PI-PLC con-
ditions (mean difference between basal vs PI-PLC 95% CI
=—0.3189 to —0.1594, Cohen’s d=1.012, p =0.0079). PI-
PLC treatment rapidly removes all surface GPC4, which
may facilitate the surface incorporation of newly synthe-
sized, un-biotinylated GPC4. This would increase the re-
lease of un-biotinylated GPC4 by PI-PLC during the 5-h
incubation as compared with untreated control. Together,
these data demonstrate that GPC4 is released from the
astrocyte surface membrane and not directly from a se-
cretory pathway (Fig. 3A).

GPC4 is not released through an extracellular vesicle
mechanism

Several GPIl-anchored proteins are enriched in the ex-
tracellular vesicles (Vidal, 2020). These vesicular GPI-
anchored proteins retain the lipid tail and are associated
with membrane structure. We tested for the possibility
that GPC4 is released through an extra vesicular fraction
like some GPI anchored proteins such as CNTFR (Choi et
al., 2021). In this model of release, GPl-anchored GPC4 is
expressed on the cell surface, and released while still
bound to the membranes of extracellular vesicles either
through exosomal or ectosomal pathways. To test this,
media from astrocytes expressing Nluc-GPC4 were se-
quentially centrifuged, first to separate large particles
such as floating cells and cell debris, then to isolate the
vesicular fraction by ultracentrifugation (Konoshenko et
al., 2018). We measured luciferase activity in the super-
natant and pellet fractions, which correspond to soluble
protein and vesicle associated fractions, respectively,
and normalized the measurements to luciferase activity
in the input sample. Luciferase activity shows no
change between input and supernatant fractions, with
no detection in the vesicular pellet fraction. To validate
the ultracentrifugation assay, we tested the pellet frac-
tion and confirmed enrichment of exosomal protein
CD9 (Fig. 3B). Together, these data show minimal
GPC4 presence in vesicular fractions, suggesting that
extracellular vesicles are not the major route of GPC4
release in astrocytes.

GPC4 is partially released through a GPI-anchor lipase

A GPl-anchor lipase such as GDE family enzymes and
GPLD1, cleaves the GPI anchor via PLC and PLD mecha-
nism, respectively, and leaves the sugar core attached to
the C terminus of the released protein. In contrast, a pro-
teolytic cleavage would release a GPC4 ectodomain
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Figure 3. Characterizing the release mechanism of GPC4 using Nluc-GPC4. A, After biotinylating the surface proteins of astrocytes
expressing Nluc-GPC4, cells were further incubated in the fresh medium for 5 h. The released Nluc-GPC4 is collected from the me-
dium, and the ratio of biotinylation of the released Nluc-GPC4 was measured (luciferase activity of avidin pulldown over medium
input). As a control for the release from the cell surface, PI-PLC were treated during the incubation time. Both basal and PI-PLC in-
duced GPC4 release occur from the cell surface. GPC4°°°, which does not contain the GPl-anchor signal peptide and is thus not
GPI-anchored, is directly secreted without membrane attachment and lacks biotinylation (basal vs PI-PLC ANOVA p=0.0079,
Cohen’s d=1.012). B, Ultracentrifugation of ACMs containing Nluc-GPC4 was used to test for GPC4 association with extracellular
vesicles as a potential release mechanism. Supernatant (soluble) fraction and pellet (vesicular) fraction Nluc were normalized to
input Nluc luminescence. Nluc-GPC4 did not associate with the pellet (vesicular) fraction. An exosome marker, CD9, was enriched
in the pellet (vesicular) fraction (t test p < 0.0001, Cohen’s d =7.829). C, alpha toxin (AT), which binds to the glycan core of GPI-an-
chors, was used to pull down GPI-anchored proteins released through lipase activity. PI-PLC, lipase released Nluc-GPC4 is used as
a positive control, while GPC4°°°, lacking a GPI anchor, is used as a negative control. Nluc-GPC4 pulled down by AT is normalized
to input Nluc-GPC4 measurements. Basal release shows partial binding to AT, indicating that ~30% of Nluc-GPC4 is released
through a lipase mechanism (PI-PLC vs basal release ANOVA p <0.0001, Cohen’s d =7.659); **p <0.01, **p < 0.001.

fragment that lacks the GPIl-anchor. Noting that AT, a
bacterial GPl-anchor binding protein, recognizes the
sugar motif of the GPI-anchor (Hong et al., 2002; Shin et
al., 2006), we developed a pulldown assay that isolates
the species containing the core domain of the GPl-anchor
among the released pool (Fig. 3C). We expressed AT-His
in Escherichia coli and purified it with metal resins. To test
between these possibilities, we first assayed the percent-
age of released GPC4 with GPIl-anchor residues using a
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pulldown experiment. Surprisingly, we found that in com-
parison to our positive PI-PLC control, which releases the
surface GPC4 through GPIl-anchor lipase activity, consti-
tutively released GPC4 is only partially captured by AT-
coated beads (mean difference between PI-PLC control
vs basal release 95% Cl = —0.4897 to —0.7146, Cohen’s
d=7.659, p <0.0001; Fig. 3C). This suggests that while
some GPC4 is released through lipase activity of the
GPI anchor, a majority of GPC4 is released through a
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mechanism that removes the GPI anchor from the re-
leased form.

GPC4 is partially released through a proteolytic
mechanism

The results of the AT pulldown immediately suggest
proteolytic cleavage as the primary mechanism by which
GPC4 is released from the astrocyte cell surface. We first
examined the effect of protease inhibitors on GPC4 re-
lease. In line with our model of proteolytic cleavage, we
observed ~30% reduction in GPC4 release after treat-
ment with a metalloprotease inhibitor GM6001, an inhibi-
tor of Zn catalyzed proteases, including MMP and ADAM
family proteases (mean difference 95% CI = —0.5445 to
—0.1723, Cohen’s d=1.118, p =0.0003; Fig. 4A; Webber
et al., 2002).

Determining the protease responsible for GPC4
shedding

GM6001 treatment significantly blocked the basal re-
lease of GPC4, indicating that Zn-dependent MMPs and
ADAM family proteases play a role in GPC4 shedding (Fig.
4A). To identify the protease that mediates GPC4 cleav-
age, we performed a gain of function screen with tissue
inhibitors of metalloproteinases (TIMPs) which inhibit
MMP and ADAM proteases (Brew and Nagase, 2010).
Overexpression of TIMP 1 and TIMP 3, which collectively
inhibit MMPs and ADAMs 10, 12, 17, 28, and 33, was un-
able to reduce release of GPC4 from astrocytes (data not
shown). These results suggest that GPC4 shedding may
be mediated by other proteases that are not inhibited by
TIMPs, which include ADAMs 8, 9, and 19 (Brew and
Nagase, 2010).

In parallel, we performed shRNA screens of ADAM pro-
teases (Adamts1, Adamts5, Adam9, Adam10, Adam17)
that are abundantly expressed in astrocytes (data not
shown; Li et al., 2019). Among ADAM family proteases we
tested, we observed that shRNAs against Adam9 signifi-
cantly reduced the release of GPC4 (Adam9 shRNAT
mean difference 95% Cl = —0.34 to —0.14, Cohen’s
d=1.832, Tukey’s p=0.0019; Adam9 shRNA2 mean dif-
ference 95% Cl = —0.33 to —0.19, Cohen’s d=2.68,
Tukey’s p = 0.0010; Fig. 4B). Consistent with our observa-
tions of TIMP overexpression, Adam10 shRNA produced
little effect on the release of GPC4 from astrocytes
(Adam10 shRNAT1 mean difference 95% CIl=0.172 to
—0.080, Cohen’s d=0.291, Tukey’s p=0.8999; Adam10
ShRNA2 mean difference 95% CIl=0.150 to —0.063,
Cohen’s d=0.315, Tukey’s p =0.8999; Fig. 4B).

gRT-PCR of wells transfected with a shRNA construct
showed knock-down efficiency ranging from 0.1- to 0.5-
fold except in one biological replication of Adam9
shRNA2 (Fig. 4C). Incomplete knock-down may cause
mild effect of Adam9 knock-down on GPC4 release.
Interestingly, reductions in Nluc-GPC4 release are consis-
tently seen in Adam9 shRNAs and not by Adam1i0
shRNAs. Since double nucleofection rate is near com-
plete within the transfected cells and the release rate of
Nluc-GPC4 is insensitive to the transfection rate after
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normalizing the luminescence in the lysate (data not
shown), knock-down of Adam9 within the same cells ex-
pressing Nluc-GPC4 may produce more consistent ef-
fects on Nluc-GPC4 release than overall reduction of the
mRNA level of the culture. Taken together, these results
indicate that ADAM9 in part mediates the release of Nluc-
GPC4.

To test whether ADAM9 is sufficient to induce the
release of GPC4 from astrocytes, we overexpressed
ADAMZ9 together with the Nluc-GPC4 reporter. Our re-
sults show that overexpression of ADAM9 and not
ADAM10 facilitated GPC4 release from astrocytes
(ADAM9 mean difference 95% Cl = —5.606 to —4.007,
Cohen’s d=3.482, p <0.0001; ADAM10 mean differ-
ence 95% Cl = —0.8448-0.7549, Cohen’s d=0.1542,
p=0.99; Fig. 4D). Taken together, these data show
that ADAM9 or its downstream effectors facilitate the
release of GPC4 from astrocytes.

Constitutively shed GPC4 predominantly contains the
heparan sulfate side chains

Heparan sulfate attachment to GPC4 plays a critical
role in downstream signaling, including known synapto-
genic functions through RPTPs and GPR158 (Condomitti
et al., 2018; Farhy-Tselnicker et al., 2017). Unlike GPI-an-
chor cleavage, which releases full-length protein, proteo-
lytic shedding could generate multiple extracellular
fragments. Thus, it is critical to determine whether the re-
leased GPC4 contains heparan sulfate attachment sites
after proteolytic shedding. To test heparan sulfate attach-
ment to released GPC4, we performed a pulldown assay
with an anion exchange column, which binds to the nega-
tive charge of heparan sulfate chain (Kojima et al., 1992).
As a positive control, we tested whether the surface
GPC4 contains heparan sulfate attachment. Treatment of
basal condition medium with heparanases reduced the
binding of nluc-GPC4 to the column (mean difference
95% Cl = —1.091 to —0.3206, Cohen’s d=4.153, one-
sample t test p=0.0365; Fig. 5A), indicating that DEAE
binding of GPC4 requires heparan sulfate attachment.
Interestingly, the released GPC4 in the basal condition
shows a similar binding affinity as that acutely released
from the cell surface by PI-PLC (mean difference 95% CI
= —0.2504-0.2181, Cohen’s d = 0.3909, p =0.9467; Fig.
5B). These results show that constitutively shed Nluc-
GPC4 from astrocytes contains the heparan sulfate modi-
fication, indicating that the cleavage site of GPC4 is
located downstream of heparan sulfate attachment sites.
Overall, the released GPC4 from astrocytes by either
mode contains the heparan sulfate posttranslational mod-
ification, which is required for its downstream signaling
for synapse development.

Discussion

Here, we show that GPC4 is expressed on the surface
membrane via GPl-anchorage in astrocytes. Our results
show that GPC4 is robustly released from the astrocyte
surface predominantly by a proteolytic and partially by a
lipase shedding mechanism. Soluble GPC4 released
by either mode contains the heparan sulfate post-
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Figure 4. ADAM9 mediates the release of GPC4 from astrocytes. A, GM6001 (25 um), an inhibitor of Zn?*-based proteases includ-
ing the MMP and ADAM family proteases, reduced the release of GPC4 (t test p=0.0003, Cohen’s d=1.118). B, shRNA knock-
down of Adam9 and not Adam10 reduces the release of Nluc-GPC4 in astrocytes (control vs Adam9 shRNAT Tukey’s p =0.0019,
Cohen’s d=1.832; control vs Adam9 shRNA2 Tukey’s p =0.0010, Cohen’s d =2.63; control vs Adam10 shRNA1 Tukey’s p =0.8999,
Cohen’s d=0.291; control vs Adam9 shRNA2 Tukey’s p=0.8999, Cohen’s d=0.315). C, qPCR data of astrocyte Adam9 and
Adam10 knock-down replicates. A-CT between Adam and Gapdh and AA-CT between control and target shRNA conditions were
used to determine the fold change in expression. One biological replicate for Adam9 shRNA2 did not show reductions in Adam9
gene expression. Adam9 shRNA1 one-sample t test p=0.0190, Cohen’s d=1.393; Adam9 shRNA2 p=0.1076, Cohen’s d=0.799;
Adam10 shRNAT p < 0.0001, Cohen’s d=10.338; Adam10 shRNA2 p =0.0444, Cohen’s d=1.089. D, ADAM9 overexpression, and
not ADAM10 overexpression (O/E), is capable of inducing the release of Nluc-GPC4 from astrocytes (control vs ADAM9 O/E ANOVA
p <0.0001, Cohen’s d=3.482); *p < 0.05, *p < 0.01, **p < 0.001, ns: not significant.

translational modification, which is necessary for GPC4
synaptogenic function. Further, our data identify ADAM9
as a protease that releases GPC4 from astrocytes.

GPC4 was identified as an astrocyte-derived signaling
factor. The released GPC4 was shown to induce synapse
formation and maturation in cultured neurons (Allen et

July/August 2021, 8(4) ENEURO.0069-21.2021

al., 2012). Further study of astrocyte secreted GPC4
function identified a heparan sulfate-dependent interac-
tion between GPC4 and RPTP¢ and RPTP$ to drive neu-
ronal pentraxin 1 (NP1)-mediated recruitment of AMPA
receptors (Farhy-Tselnicker et al., 2017). GPC4 is also
expressed in neurons and presynaptic GPC4 has been
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Figure 5. The released Nluc-GPC4 includes the heparan sulfate side chain. A, Heparinase Il and lll treatment of media Nluc-GPC4
reduced the binding of GPC4 to DEAE anion exchange column, by removing the negatively charged heparan sulfate side chains
(one-sample t test p=0.0365, Cohen’s d=3.482). B, The surface Nluc-GPC4 released by PI-PLC showed similar binding to DEAE
as basal release GPC4, indicating that both lipase and protease release mechanisms contain the heparan sulfate modification and
are capable of known synaptogenic signaling functions (t test p =0.9467, Cohen’s d=0.390); *p < 0.05, ns: not significant.

found to play a role in the construction of mossy fiber
synapses in the hippocampus via postsynaptic GPR158
(Condomitti et al., 2018). Given the observed roles of
GPC4 in both a secreted form in astrocytes and in a cell
membrane-tethered form in neurons, the release of
GPC4 may play a distinct role in synaptogenesis de-
pending on the cell type. For example, the release of
GPC4 from astrocytes may facilitate the maturation of
nearby synapses in a non-cell autonomous manner.
Alternatively, release of GPC4 from the presynaptic
membrane may inhibit the synaptic adhesion of a specif-
ic type of synapse, such as hippocampal mossy fiber
synapses. Thus, elucidating the regulatory mechanism
of surface GPC4 is critical to understand the physiologi-
cal roles of GPC4 in synapse development.

To study the mechanism of GPC4 shedding, we found
that it was necessary to develop a new tool to counter the
poor antigenicity of GPC4. We developed a Nluc-based
GPC4 release assay, which results in a quantitative, sen-
sitive, and non-destructive assay capable of examining
the temporal dynamics of GPC4 release. By using this
method, we are able to distinguish the different modes of
GPC4 release.

Biotinylation assays showed that GPC4 is released
from the cell surface, not from the internal pool in the se-
cretory pathway. It is notable that several GPl-anchored
proteins are released with a lipid tail-intact form via lipid-
associated particles such as on an extracellular vesicle or
exosome (Muller, 2018). For example, exosomal GPC1
level is elevated in the serum of patients with pancreatic
cancer and is associated with poor prognosis (Melo et al.,
2015; Zhou et al., 2018). However, our results show that
vesicular release is not a major route of GPC4 release
from astrocytes and the majority of released GPC4 exists
as a soluble form.

The soluble released form of GPC4 is generated largely
by proteolytic shedding, which is partially blocked by
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GM6001, a pan-metalloprotease inhibitor. Our TIMP over-
expression and shRNA screens indicated that ADAM9 in
part mediates the shedding of GPC4 in astrocytes.
However, the magnitude of reduction is limited to 20-
30%, which suggests that there are other proteases work-
ing in parallel. Based on our GM6001 results, we expect
these proteases to be unaffected by zinc-dependent pro-
teolytic mechanisms, such as serine proteases like the
(TMPRSS) family, which are not inhibited by GM6001
(Lam et al., 2015).

Our data show that ADAM9 overexpression is capable
of shedding GPC4 from astrocytes. It is possible that
ADAMS9 induces GPC4 shedding through action on inter-
mediate substrates or activation of an intermediate prote-
ase. For example, ADAM9 plays roles in APP shedding
through regulation of surface expression and activity of
ADAM10 by acting as an ADAM10 sheddase (Moss et al.,
2011). We specifically examined the ability of ADAM10 to
shed GPC4, and found that neither overexpression nor
ShRNA knock-down of Adam10 is sufficient to impact
GPC4 shedding in astrocytes. Based on these results, we
favor the interpretation that GPC4 is a direct substrate of
ADAM9 but do not rule out intermediate actors in this
shedding mechanism.

AT pulldown assays showed that ~30% of soluble
GPC4 in the medium contains the core structure of the
GPl-anchor, indicating a GPI lipase activity on GPC4 in
astrocytes. There are several families of GPl-anchor li-
pases that releases GPl-anchored proteins. The glycer-
ophosphodiester phosphodiesterase (GDPD) family
and GPLD1 catalyze phospholipase-C (PLC) and PLD
cleavage of the GPI-anchor, respectively (Hettmann et
al., 2003; Park et al., 2013; van Veen et al., 2017).
Overexpression of GDE2/GDPD5 in neuroblastoma and
SH-SY5Y neuronal cells facilitates the release of GPC6
and decreases the surface level of GPC6 (Matas-Rico
et al., 2016; Salgado-Polo et al., 2020). Knock-down or
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knock-out of Gpc6 induces neuronal differentiation
similarly to the overexpression of GDE2, suggesting
that removal of surface GPC6 by GDE2 mediates the
neuronal differentiation in a cell-autonomous manner.
Interestingly, a recent study showed that the plasma
level of GPLD1 increases after exercise (Horowitz et al.,
2020). It is notable that overexpression of GPLD1 WT
but not a catalytic-dead mutant ameliorates age-related
cognitive impairment and enhances adult neurogenesis
in aged animals. These results underscore the signifi-
cant roles of the GPl-anchored proteins and their regu-
lation in neuronal development and function. The GPI
lipase that mediates GPC4 release in astrocytes re-
mains to be determined.

The synaptogenic function of GPC4 requires the pres-
ence of heparan sulfate side chain. These heparan sulfate
side chains are attached to residues proximal to the C ter-
minus and are thought to mediate binding to GPC4 recep-
tors (Allen et al., 2012; Farhy-Tselnicker et al., 2017;
Condomitti et al., 2018). While a lipase shedding mecha-
nism releases GPC4 intact, including the heparan sulfate
modification, proteolytic shedding releases a prodomain
fragment, and depending on the cleavage site, could
shed GPC4 with or without heparan sulfate modification.
Our results show that endogenously shed GPC4 is pulled
down by a DEAE anion exchange column at similar ratios
as PI-PLC lipase shed GPC4, suggesting that endoge-
nously shed GPC4 is heparan sulfate modified and capa-
ble of known synaptogenic functions.

Given our results, we expect both lipase and protease
shed GPC4 to be capable of functioning as a synaptogen-
ic factor. However, this raises questions as to why there
are multiple shedding mechanisms for GPC4 and whether
the GPI anchor posttranslational modification plays a role
in, or modifies GPC4 function. There could be differences
in stability between lipase and protease shed GPC4 in the
extracellular space. For example, unlike an ectodomain
fragment shed by a protease, the core GPI structure at-
tached to the C terminus of the protein released by a
GPl lipase may play a protective role against extracellu-
lar proteases, such as carboxypeptidase E, which is se-
creted by astrocytes (Ji et al., 2017; Klein et al., 1992). It
is also possible that the location and the upstream reg-
ulatory signals may differ between proteolytic and GPI
lipase enzymes, allowing for differential control of shed-
ding. In addition, given the heterogeneity of astrocyte
subpopulations, these activities may be achieved by
distinct astrocyte subtypes (John Lin et al., 2017).
Future investigations will be required to determine the
localization, regulation, and subtype-specific expres-
sion of the releasing enzymes.

Overall, our study demonstrates that soluble forms of
GPC4 are released from the astrocyte surface and contain
the heparan sulfate side chain. ADAM9 is a key enzyme
that mediates the release of GPC4 from astrocytes.
Since, unlike other secreted factors, GPC4 is released
from the cell surface by releasing enzymes, our study will
provide an opportunity in understanding the regulatory
mechanism by which astrocytes promotes synapse matu-
ration and function.
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