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Soluble form of Lingo2, an autism spectrum disorder-associated
molecule, functions as an excitatory synapse organizer in
neurons
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Autism Spectrum Disorder (ASD) is a developmental disorder characterized by impaired social communication and repetitive
behaviors. In recent years, a pharmacological mouse model of ASD involving maternal administration of valproic acid (VPA) has
become widely used. Newborn pups in this model show an abnormal balance between excitatory and inhibitory (E/I) signaling in
neurons and exhibit ASD-like behavior. However, the molecular basis of this model and its implications for the pathogenesis of ASD
in humans remain unknown. Using quantitative secretome analysis, we found that the level of leucine-rich repeat and
immunoglobulin domain-containing protein 2 (Lingo2) was upregulated in the conditioned medium of VPA model neurons. This
upregulation was associated with excitatory synaptic organizer activity. The secreted form of the extracellular domain of Lingo2
(sLingo2) is produced by the transmembrane metalloprotease ADAM10 through proteolytic processing. sLingo2 was found to
induce the formation of excitatory synapses in both mouse and human neurons, and treatment with sLingo2 resulted in an
increased frequency of miniature excitatory postsynaptic currents in human neurons. These findings suggest that sLingo2 is an
excitatory synapse organizer involved in ASD, and further understanding of the mechanisms by which sLingo2 induces excitatory
synaptogenesis is expected to advance our understanding of the pathogenesis of ASD.
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INTRODUCTION
Autism Spectrum Disorder (ASD) is a neurodevelopmental
disorder that typically begins in childhood. The DSM-5, the most
widely used diagnostic tool for ASD, defines it as a broad concept
that includes impairments in social communication and the
presence of restricted and repetitive activities and interests. The
number of individuals diagnosed with ASD is increasing, with an
estimated prevalence of 1–2% [1–7]. Despite this, the underlying
causes of ASD are not yet understood and there are no
established diagnostic methods or pharmacological treatments
based on the underlying pathogenesis.
The balance between excitatory and inhibitory synapses,

known as the excitatory/inhibitory (E/I) balance, has been
proposed to be important for normal brain development and
function. This idea is supported by evidence that E/I balance is
disrupted in several brain disorders, including ASD [8]. For
example, 10-30% of individuals with ASD experience epilepsy

caused by the excessive synchronized firing of neurons, and a
reduction in GABAergic signaling has been observed in
individuals with ASD [9, 10]. In addition, research using
optogenetics has shown that stimulation of excitatory neurons
in the prefrontal cortex, thought to be involved in social
behavior, decreases sociality, whereas stimulation of inhibitory
neurons does not alter sociality in mice [11]. This strongly
supports the E/I balance hypothesis that disruption of the E/I
balance in an excitatory-dominant state leads to ASD-like
behavior.
Valproic acid (VPA) is a commonly used antiepileptic and

mood-stabilizing drug [12]. VPA affects the activity of GABAer-
gic inhibitory neurons and regulates gene expression by
inhibiting histone deacetylase (HDAC) [13]. A Danish study
found that exposure to VPA during pregnancy increased the risk
of developing ASD [14]. A prospective 11-year study showed
that VPA monotherapy as well as the use of multiple drugs
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including VPA increased the prevalence of neurodevelopmental
disorders [15]. Studies in rodents have also examined the
effects of maternal exposure to VPA and observed symptoms of
ASD, such as impaired social communication and repetitive
behaviors [16–20]. While in the general population autism is
four times more common in males than in females, the
prevalence of autism in children exposed to VPA during
pregnancy is characterized by an even (1:1) male to female
ratio [21]. Similarly, in rodents, maternal challenge with VPA
induces autistic-like phenotypes in both male and female
offspring [20]. Electrophysiological studies have shown that the
density of NMDA receptors in neocortical regions is increased in
VPA-treated rats, resulting in enhanced long-term potentiation
(LTP) [22]. Electrophysiological studies have also shown that
maternal VPA treatment increases the frequency and amplitude
of miniature excitatory postsynaptic currents (mEPSCs) in the
amygdala [23]. In the prefrontal cortex, an increase in excitatory
synapses, as well as activated microglia and activated astro-
cytes have been observed [24]. In addition, at the molecular
level, the expression of excitatory synaptic-related molecules
such as PSD-95, α-CaMKII, and vGlut1 is increased [25, 26].
Synapse formation and synaptic remodeling are critical for the

formation of accurate neural circuits during development and
throughout life [27]. Synapse organizer proteins, including cell
adhesion molecules such as Neuroligin and Neurexin, and
secreted proteins such as Hevin, play a role in synapse formation
[28, 29]. Neuroligin binds to neurexin at the presynapse to induce
synapse formation, while secreted factors such as FGF22 and FGF7
have been reported to induce excitatory and inhibitory synapses,
respectively [30]. Recent research has shown that synaptic
organizer proteins are more strongly correlated with the devel-
opment of ASD [31].
We identified the novel excitatory synapse organizer protein,

Lingo2, from the culture supernatant of primary cultured
neurons in the valproic acid (VPA) maternal administration ASD
model mouse. We demonstrated that Lingo2 is cleaved by
ADAM10, resulting in the secretion of soluble Lingo2, and that
this soluble Lingo2 induces abnormalities in excitatory synapse
formation not only in mouse primary cultured neurons but also
in excitatory neurons derived from human iPSCs. Hence,
soluble Lingo2 might serve as a potential therapeutic target
for ASD.

MATERIAL AND METHOD
Cell culture, biochemical, and molecular biological experiments
were performed as previously described [32–39]. All methods
were performed in accordance with the relevant guidelines and
regulations. Detailed protocols for antibodies, compounds, and
immunological methods are described in the Supplementary
Information.

Animal
The animal care and use procedures were approved by the
Institutional Animal Care and Use Committee/ethics committee of
the Graduate School of Pharmaceutical Sciences, The University of
Tokyo (protocol no. P29-31). Mice for primary cultures were
purchased from SLC (Japan). Prenatal VPA exposure has
performed as previously described [25]. Briefly, pregnant ICR
mice were purchased from Japan SLC, Inc. VPA (SIGMA) was
suspended in 0.9% saline. The dosage was 600 mg/kg and
adjusted according to the body weight of the dam on the day
of injection. Treated dams received a single subcutaneous
injection on gestational day 13 (embryonic 13 days) and control
dams received a single injection of saline. Those dams were
housed individually and allowed to raise their litters. The offspring
were used for experiments on indicated timing. Both male and
female mice were used in the experiment.

Generation of iPSC-derived neural cells
Studies with human Ngn2 knock-in (KI) iPSCs were approved by the
Ethics Committee on Human Tissues and Genome Research
at Shionogi & Co., Ltd. (approval number KS17-027, KS18-016,
KS19-023 and The University of Tokyo/Office for Life Science
Research Ethics and Safety. Feeder-free 201B7 human iPSCs were
purchased from iPS Academia Japan Inc [40, 41]. Ngn2 Knock-In
iPSCs were generated as previously described [42]. Differentiation
of iPSCs to neural progenitors (NPs) and neurons in adherent
culture was performed as previously described with slight
modification [37]. Briefly, on day 0, confluent iPSCs were passaged
onto Matrigel-coated dishes and cultured in AK03N medium
(Ajinomoto). On day 1, doxycycline was added to the medium to
induce the expression of Ngn2. On day 2, an equal volume of N2
medium was added to the AK03N medium, and N2 Medium was
used on days 3-4. On day 5, an equal amount of NB medium was
added to the N2 medium, and NB medium was used on days 6-8.
From day 5, cytosine arabinoside (AraC) was added to the medium
to inhibit the proliferation of NPs. N2 medium contains DMEM/F12,
1X N2 supplement (Invitrogen). 1X NEAA (Invitrogen), mouse
laminin (0.20 µg/ml), NT-3 (10 ng/ml), and BDNF (10 ng/ml). NB
medium contains Neurobasal, 1X B-27 supplement (Invitrogen), 1X
GlutaMAX-1 supplement (Invitrogen), mouse laminin (0.2 µg/ml),
NT-3 (10 ng/ml), and BDNF (10 ng/ml). From day 11, Brainphys
Neuronal Medium and SM1 supplement (Stem Cell Technology)
was used to promote further neural maturation.

Secretome Protein enrichment with click sugars (SPECS)
Metabolic labeling and purification of Azido sugar-labeled proteins
were conducted as previously described [43, 44] with slight
modification. In brief, 10 million neurons were plated. After four
DIV, neurobasal medium was exchanged for neurobasal medium
supplemented with 50 μM tetraacetyl-N-azidoacetyl mannosamine
(ManNAZ). After two days, conditioned media were collected,
filtered through a 0.45 µm PVDF Millex filter (Millipore, Darmstadt,
Germany), and concentrated using a VivaSpin 20 centrifugal
concentrator (30 kDa) at 4 °C. Non-metabolized ManNAZ was
removed from the VivaSpin 20 columns by centrifugation at
5000 g at 4 °C. The retentate was rinsed with 20ml ddH2O three
times. In the final step, we added 100 µM of DBCO-S-S-PEG3-Biotin
and 0.2% formic acid diluted in 500 µl ddH2O to the retentate to
biotinylate the metabolically azide-labeled glycoproteins. Columns
were incubated overnight at 4 °C. Non-reactive DBCO-S-S-PEG3-
Biotin was removed by filling the retentate with 20ml of
pH 7.5 Tris buffer and centrifuged at 5000 x g at 4 °C. The
Vivaspin 20–30 k columns were centrifuged twice and the
retentate was diluted in 20ml of ddH2O. Finally, the retentate
was diluted in 5 ml of 2% SDS in PBS after the last centrifugation.

In-gel digestion and LC-MS/MS analysis
The SPECS experiments were performed after treatment with or
without valproic acid each in triplicate, and proteins biotinylated
in SPECS experiments were pulled down using Streptavidin
Sepharose High Performance (GE Healthcare) and eluted by
heating the beads in 1× LDS Sample Buffer (Thermo Fisher
Scientific) containing 2.5% (v/v) 2-mercaptoethanol at 70 degrees
for 10 min.
The samples were run on a Bolt 4–12% Bis-Tris Plus gel (Thermo

Fisher Scientific) until the dye front reaches the center of the gel.
The gel was stained with a Colloidal Blue Staining Kit (Thermo
Fisher Scientific) and subjected to in-gel digestion followed by an
LC-MS/MS analysis (Medical ProteoScope, Inc., Japan). In-gel
digestion was performed as described previously [45]. Briefly, a
region from the top of the gel to the top of the albumin band and a
region from the bottom of the albumin band to the 25 kDa marker
were cut out. The gel slices were further dissected into 1-mm
square cubes and destained in water. The gel pieces were treated
with dithiothreitol and iodoacetamide for carbamidomethylation of
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cysteine residues and then digested with trypsin for 16 h at 37
degrees. The tryptic peptides were extracted from the gel pieces
and dried down.
The dried peptides were resolubilized in solvent A (water:

acetonitrile: trifluoroacetic acid (TFA)= 98: 2: 0.1 by volume). The
one-fourth of the samples were purified on a nano HPLC column
(particle size: 3 μm; inner diameter: 100 μm; length: 15 cm)
(L-column Micro; Chemical Evaluation and Research Institute,
Japan), at a constant flow rate of 500 nL/min, with a gradient
5–35% B in 100min; solvent A: water/acetonitrile/formic acid
98:2:0.1 (v:v:v); solvent B: water/acetonitrile/formic acid 10:90:0.1
(v:v:v) on Paradigm MS4 (Michrom Bioresources). The MS analysis
was performed on an LTQ Orbitrap XL mass spectrometer (Thermo
Fisher Scientific) with the top 10 acquisition method: MS
resolution 30,000, between 300 and 1500m/z.
Raw MS data were processed using Progenesis QI for

proteomics version 2.0 (Nonlinear Dynamics), and searches
were performed against the Mouse SwissProt database
together with a database of common contaminants provided
by the Global Proteome Machine Organization (https://
www.thegpm.org/crap/) on Mascot (Matrix Science). Enzyme
specificity was set to semi-trypsin, up to 2 missed cleavages
were allowed for protease digestion, and the search included
cysteine carbamidomethylation as a fixed modification and
oxidation of methionine as a variable modification. Peptide
tolerance was set to +/− 5 ppm, and MS/MS tolerance was set
to +/− 0.5 Da. The peptide identification was performed with a
false discovery rate of 0.01. The abundance of a protein was
calculated by integrating the intensity of unique peptides
assigned to the protein. All identified proteins were listed in the
supplementary table.

Hippocampal slice culture
To prepare slice cultures, P6 mouse brains were sectioned into
400-μm-thick horizontal slices using a DTK-1500 vibratome
(Dosaka, Kyoto, Japan) in aerated, ice-cold Gey’s balanced salt
solution (GBSS) containing 36mmol/L glucose, as previously
described [46] Briefly, the entorhinohippocampal regions of the
slices were dissected out and incubated for 60–90minutes at 4 °C
in a cold incubation medium containing minimal essential
medium (MEM), 9.0 mM Tris, 22.9 mM HEPES, and 63.1 mM
glucose supplemented with penicillin and streptomycin. Following
incubation, the slices were placed on Omnipore membrane filters
(JHWP02500; Merck Millipore, Billerica, MA, USA) on doughnut
plates (Hazai-Ya, Tokyo, Japan) [47] in a solution containing 50%
MEM, 25% horse serum (26050-088; HS, heat-inactivated and filter-
sterilized, Gibco, Grand Island, NY, USA), 25% HBSS, 6.6 mM Tris,
16.9 mM HEPES, and 4.0 mM NaHCO3 supplemented with
29.8 mM glucose and 1% gentamicin sulfate solution (16672-04;
Nacalai Tesque, Kyoto, Japan). Finally, the slices were cultured at
35 °C in a humidified incubator with 5% CO2 and 95% air. The
culture medium was changed twice a week. At 6 and 7 days
in vitro (DIV), 10 nM recombinant sLingo2 or PBS (5 μl per slice)
was treated in a drop-wise manner.

Quantification
The percentage of excitatory and inhibitory synapses was
measured in the following way. The merge area of vGlut1 and
synaptophysin, the merge area of vGat and synaptophysin, and
the area of synaptophysin were measured. The percentage of
excitatory and inhibitory synapses was measured by dividing the
merged area by the area of synaptophysin.
Excitatory synapses in hippocampal slice culture were analyzed

using the following procedure. Z-series images were collected at
0.33 μm intervals. The stacked images were analyzed using
ImageJ. vGlut1 channels were processed with the “Subtract
background” command and thresholded using the Moments
method. The puncta whose areas were bigger than 0.1 μm2 were

defined as vGlut1+ synapses. To eliminate the areas of cell soma
from ROI, NeuroTrace channels were thresholded using the Huang
method, and the areas with more than 2 μm2 were calculated. The
mean fluorescent intensity within each punctum besides the
NeuroTrace+ area was measured using the particle analysis
command and averaged per image.

Electrophysiology
Whole-cell voltage-clamp recordings were performed in iPSC-
induced neuronal cells. Induced neuronal cells were transferred to
a recording chamber and perfused a bath solution of HEPES buffer
consisting of 130 mM NaCl, 2.5 mM KCl, 2.0 mM CaCl2, 1.0 mM
MgCl2, 10 mM HEPES, 10mM d-Glucose. Glass pipettes (2-5 MΩ)
were filled with an intracellular solution containing the following:
130 mM K-Gluconate, 2.0 mM NaCl, 20 mM HEPES, 4.0 mM MgCl2,
0.25 mM EGTA, 4.0 mM Mg-ATP, 0.4 mM GTP-Tris. The pH was 7.3
(Adjusted with KOH). For mEPSC recordings, 1.0 μM tetrodotoxin
was added to the bath solution to block Na+ currents.

Statistical analysis
All samples were analyzed in a randomized manner. No statistical
methods were used for the sample size. No animal was excluded
from the analysis. Experimenters were blind to drug treatments. For
quantitative analyses, the student t-test was used for comparisons
between two-group data, and the Tukey test was used for multiple-
group comparisons. If other statistical methods were used, they
were described in the legend. Statistical analyses were performed
by Kyplot or Excel software. In the figures, statistical results were
indicated by absolute p values. A p-value < 0.05 was considered to
have a significant difference. The exact mean values, SEMs, F- and
p-values for ANOVA, and p-values for post-hoc test are reported in
the Supplementary Information.

RESULTS
Maternal VPA-treated primary neurons secreted the
excitatory presynapse organizer
Maternal treatment with valproic acid (VPA) has been shown to
result in the development of autism spectrum disorder (ASD)-like
phenotypes, such as impaired social communication and repeti-
tive behaviors, in mouse models. In these animals, alterations
in the excitatory-inhibitory (E/I) ratio have been observed in
electrophysiological analyses. However, the effect of maternal VPA
administration on synaptogenesis in neurons is not well under-
stood. To investigate this, we examined the protein expression
levels of synapse-related molecules in primary cultured neurons
derived from VPA-treated pregnant mice at 6 days in vitro (DIV6)
(Fig. 1A). We found that prenatal VPA administration resulted in a
marked increase in the expression of the excitatory presynaptic
marker molecule vesicular glutamate transporter 1 (vGlut1), while
the expression of the inhibitory presynaptic marker vesicular
GABA transporter (vGat) was unchanged (Fig. 1B, C). Immunocy-
tochemical analyses using anti-vGlut1 and vGat antibodies were
used to quantify the formation of excitatory and inhibitory
synapses, respectively. Consistent with the biochemical analysis,
the area of vGlut1-positive puncta was significantly increased,
whereas the area of vGat-positive puncta remained unchanged
(Fig. 1D, E).
To identify the molecule(s) responsible for the VPA-induced

increase in excitatory presynapses, we tested the synaptogenic
activity of conditioned medium from primary cultured neurons of
VPA-treated maternal fetuses (CM-VPA) in primary cultured
neurons separately seeded from wild-type mice (Fig. 1F). CM-
VPA treatment increased the expression of vGlut1 but did not alter
the expression of vGat (Fig. 1G, H). Furthermore, the addition of
CM-VPA increased the area of vGlut1-positive puncta (Fig. 1I, J).
Notably, this increase in excitatory synaptic puncta was abolished
by boiling CM-VPA, while the percentage of vGat-positive puncta
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remained unchanged. These results suggest that CM-VPA contains
presynaptic organizer protein(s) that enhance the formation of
excitatory synapses in primary neurons.

Lingo2 expression level was increased in the VPA maternal
administration model
To identify the VPA-induced synaptic organizer protein, we
performed a quantitative secretome analysis using the Secretome

Protein Enrichment with Click Sugars (SPECS) method, which
overcomes several limitations of secretome analysis, such as the
low concentration of secreted proteins and contamination by
serum and cytoplasmic proteins in the culture medium [43]. After
the metabolic labeling of glycans with azide-labeled sugar in living
cells, newly glycosylated proteins were selectively biotinylated by
a 2+ 3 cycloaddition reaction. Subsequently, biotin-labeled
secreted proteins were specifically detected by the avidin-biotin
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reaction on the beads. Using the SPECS method, several proteins
were identified as substrate proteins for shedding proteases, such
as BACE1 and ADAM10 [43, 44]. We used the SPECS method to
comprehensively analyze the secretory proteins in CM-VPA. After
comparison with the secretome of primary neurons derived from
wild-type mice, we found that the levels of three candidate
proteins were altered (Fig. 2A and supplementary table). Of these,
leucine-rich repeat and immunoglobulin domain-containing
protein 2 (Lingo2) were of particular interest. LINGO2 is a gene
identified in the human chromosome 9p21.1 region as an
ortholog of LINGO1 [48]. The role of LINGO2 in central nervous
system functions is not well understood. In addition, copy number
variations (CNVs) in the LINGO2 gene have been reported in ASD

patients, and genetic analysis using single-cell RNA sequencing
data suggested that LINGO2 expression correlates with the clinical
severity of ASD [49–51]. We also confirmed increased protein
expression of Lingo2 in the cell lysates of primary neurons derived
from fetuses exposed to maternal VPA administration (Fig. 2B, C),
although the mRNA levels of Lingo2 were unaltered (Fig. 2D).
These data suggest that the level of Lingo2 is regulated by protein
metabolism in VPA-induced model neurons.

Lingo2 was cleaved by ADAM10 to secrete a soluble form
of Lingo2
We identified peptides derived from Lingo2 in CM-VPA,
although Lingo2 is a type 1 transmembrane protein. Therefore,

Fig. 1 Maternaly VPA-treated neurons secrete excitatory synapse-inducing factor(s). A Schematic depiction of this experiment. 600mg/kg
VPA or saline was injected by i.p. into the pregnant mouse. B Immunoblot analysis of relative expression levels of synaptic proteins in mouse
primary neurons obtained from maternal VPA-treated pups. C Quantification of the relative expression levels of synaptic proteins in B) (n= 3-4,
Mean ± SEM, by Student’s t-test, n.s. indicates P > 0.05). Saline, saline-treated neuron; VPA, VPA-treated neuron’s medium. The expression of the
vGlut1 was significantly increased, but the expression of the vGat was unchanged. D Immunocytochemical analyses of maternal VPA-treated
primary neurons stained for synaptophysin, vGat, and vGlut1. Scale bar = 10 μm. E Quantification of vGlut1- and vGat-positive presynapse
areas in D (n= 20, Mean ± SEM, by Student’s t-test, n.s. indicates P > 0.05). The area of vGlut1 positive puncta increased significantly, while the
area of vGat positive puncta did not change. F Schematic depiction of this experiment. G Immunoblot analysis of synaptic protein levels in
wild-type primary neurons treated with the conditioned medium of maternal VPA-treated neurons. Saline, Saline-treated neuron; VPA,
VPA-treated neuron’s medium. H Immunoblot quantification of synaptic protein levels in B) (n= 5, Mean ± SEM, Student’s t-test, standardized
by β3-tubulin). I Immunocytochemical analysis of vGlut1-, vGat-, and synaptophysin in wild-type primary neurons treated with the conditioned
medium. Scale bar = 10 µm. J) Quantification of vGlut1- and vGat- positive presynapse areas in I (n= 15, MEAN ± SEM, One-way ANOVA was
performed to assess the overall differences among groups. Post-hoc comparisons were conducted using Tukey’s Honest Significant
Differences (HST) test, standardized by synaptophysin).

Fig. 2 Lingo2 expression level is increased in the Maternally VPA-treated neuron. A Volcano plot of the quantitative comparison between
the secretomes of maternal VPA treated and Saline treated neurons of 3 experiments identified 145 proteins. Secretome proteins that are
significantly changed are marked as red dots. Significantly changed protein: p < 0.05 (-log10 > 1.3). B Immunoblot analysis of mouse primary
neurons obtained from maternal VPA-treated pups. C Quantification of Lingo2 protein level in C (n= 6, Mean ± SEM). Lingo2 protein level was
increased in maternal VPA-treated neurons. D Quantification of Lingo2 mRNA level (n= 5, Mean ± SEM). Lingo2 mRNA level was unchanged in
maternal VPA-treated neurons.
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we hypothesized that it undergoes proteolytic processing to
release the extracellular region into the conditioned medium.
This metabolism is observed in other type 1 transmembrane
proteins, such as APP and neuroligin [39, 52], which are cleaved
at the juxtamembrane region by A disintegrin and metallopro-
teinase domain-containing proteins (ADAMs), releasing their
extracellular domains. To study the protein metabolism of
Lingo2, we overexpressed N-terminally HA-tagged Lingo2 in
HEK 293A cells. The results showed that full-length HA-Lingo2
was detected as 95 and 110 kDa doublet bands in the cell
lysates and a soluble form of HA-Lingo2 (sLingo2) of 80 kDa was
found in the conditioned medium (Fig. 3A). The production of
sLingo2 was reduced by the administration of GM6001, a broad-
spectrum metalloproteinase inhibitor, suggesting that Lingo2 is
cleaved by metalloproteinases to secrete sLingo2 (Fig. 3A). We
also overexpressed HA-Lingo2 in primary mouse neurons and
evaluated the effects of several metalloproteinase inhibitors;
a broad-spectrum metalloproteinase inhibitor GM6001, the

ADAM10 and ADAM17 inhibitor INCB3619 [39], and the
ADAM10 inhibitor GI254023X [53]. sLingo2 production was
abolished by all inhibitors (Fig. 3B – C), suggesting that Lingo2
is cleaved by ADAM10. To determine which ADAM is
responsible for the cleavage of Lingo2, we generated shRNA
lentiviral vectors targeting Adam9, Adam10, and Adam17 and
confirmed the reduction of the mRNA level of each ADAM
protease. The amount of sLingo2 was abolished by Adam10
knockdown, but not by Adam9 or Adam17 (Fig. 3D, E).
Consistent with this, systematic proteomic analysis of
Adam10-deficient neurons using SPECS also revealed that
Lingo2 is one of the ADAM10 substrates [44]. Thus, these
results suggest that ADAM10 cleaves Lingo2 in primary neurons
(Fig. 3F).
ADAM10 cleaves its substrates at the juxtamembrane region

[54]. Based on the molecular weight of sLingo2 and the enzymatic
character of ADAM10, we hypothesized that Lingo2 is cleaved
at the stalk region (i.e., 501-545 aa) located between the

Fig. 3 Proteolytic processing of Lingo2. A Immunoblot analysis of the cell lysate and medium of the Lingo2 overexpressed HEK293A cells
treated with or without metalloprotease inhibitor, GM6001. The soluble form of Ligno2 was diminished by the treatment of GM6001.
B Immunoblot analysis of the cell lysate and medium of the Lingo2 overexpressed mouse primary neuron treated with or without
metalloprotease inhibitory. C Quantification of sLingo2 protein level in mouse primary neurons. (n= 5, Mean ± SEM, One-way ANOVA was
performed to assess the overall differences among groups. Post-hoc comparisons were conducted using Tukey’s HST test). The soluble form of
Ligno2 was diminished by the administration of GM6001, INCB,3619, and GI254023X. D Immunoblot analysis of the cell lysate and medium of
the Lingo2 overexpressed and ADAM family knockdown mouse primary neurons. E Quantification of sLingo2 protein level in mouse primary
neurons. (n= 5, Mean ± SEM, One-way ANOVA was performed to assess the overall differences among groups. Post-hoc comparisons were
conducted using Tukey’s HST test, *p < 0.05). The soluble form of Lingo2 was diminished by knockdown of the ADAM10. F Schematic
representation of Lingo2 and its processing. G Locations of deletion mutants at the stalk region of Lingo2. H Immunoblot analysis of the cell
lysate and medium of the mutant Lingo2-expressing HEK293 cells. Note that no expression of Δ534-545 mutant was observed. I Immunoblot
analysis of the cell lysate and medium of the mutant Lingo2-expressing HEK293 cells.
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immunoglobulin-like domain and the transmembrane domain. To
narrow down the cleavage site, we systematically examined the
proteolytic processing of HA-Lingo2 with deletion mutations at
the stalk region (Fig. 3G) in HEK293A cells. HA-Lingo2 production
was significantly reduced in the Δ501-511 and Δ512–522 mutants
(Fig. 3H). Expression of the HA-Lingo2 was reduced by the deletion
near the transmembrane domain (i.e., Δ534-545). We further
generated microdeletion mutants at 501–511 and found that the
Δ508–511 mutant failed to release HA-sLingo2 (Fig. 3I). Taken
together, 508-522 aa at the stalk region of Lingo2 is critical for
sLingo2 generation.

The soluble form of Lingo2 functions as the excitatory
presynapses organizer in mouse primary neurons
To investigate the ability of sLingo2 to induce excitatory
synaptogenesis, we tested the synaptogenic activity of recombinant
HA-sLingo2-V5His purified from the conditioned medium of HA-
sLingo2-V5His overexpressing HEK 293A cells (Fig. 4A). Treatment of
primary mouse neurons with 10 nM HA-sLingo2-V5His resulted in a
significant increase in the expression level of the excitatory
presynaptic marker vGlut1 and no change in the expression level
of the inhibitory presynaptic marker vGat (Fig. 4B, C). This effect was
also confirmed by immunocytochemical analysis, which showed an
increase in the area of vGlut1-positive presynaptic puncta and no
change in the area of vGat-positive presynaptic puncta (Fig. 4D, E).
To analyze the functional role of sLingo2, sLingo2 was administered
to hippocampal slice cultures [46, 47], in which local-circuit synaptic
interactions are preserved. Consistent with the result of primary
cultures, treatment of 10 nM recombinant HA-sLingo2-V5His
resulted in a significant increase in the expression level of vGlut1
(Fig. 4F, G). Next, to determine whether full-length Lingo2 can
induce the formation of excitatory synapses, we co-cultured
HEK293A cells overexpressing HA-Lingo2-V5His with primary
cultured neurons and assessed their impact on excitatory synapse
formation. However, no induction of excitatory synapses was
observed on cells expressing HA-Lingo2-V5His (data not shown).
These results indicate that sLingo2 selectively induces the
formation of excitatory presynapses in mouse primary neurons.
Because the expression level of endogenous Lingo2 was

increased in primary neurons derived from fetuses treated with
VPA during pregnancy, we hypothesized that the knockdown of
Lingo2 would correct the abnormal excitatory synaptogenesis in
the VPA model. To investigate this, we performed Lingo2
knockdown using two Lingo2-targeting shRNAs. Immunoblot
analysis showed that maternal administration of VPA significantly
increased the expression of vGlut1, and Lingo2 knockdown
attenuated this increase (Fig. 5A, B). The expression of vGat,
however, remained unchanged. To further confirm these results,
we analyzed the number of vGlut1-positive puncta, a measure of
excitatory presynaptic formation, by immunocytochemistry on
Lingo2 knockdown primary neurons expressing GFP. We found
that the increased number of vGlut1-positive puncta induced by
maternal administration of VPA was attenuated by Lingo2
knockdown (Fig. 5C, D). These results suggest that reducing the
expression of Lingo2 can normalize excitatory presynaptic
formation in the VPA model.

The soluble form of Lingo2 increased excitatory synapses in
human iPSC-derived neurons
To explore the role of sLingo2 in human excitatory neurons, we
examined its effects on human iPSC-derived neurons. We used
a system that can induce differentiation into excitatory neurons
in a short time (2 weeks) by overexpressing Neurogenin-2 [55].
The differentiated excitatory neurons expressed neuronal
markers, including β3-tubulin (β3-tub), and excitatory post-
synaptic marker proteins, including Homer1. After the iPSCs
were fully differentiated into excitatory neurons, we adminis-
tered purified sLingo2 (Fig. 6A) and confirmed a significant

increase in the expression of Homer1, an excitatory postsynap-
tic marker (Fig. 6B, C), similar to that observed in primary mouse
neurons. To quantify excitatory synaptogenesis, we stained for
puncta co-staining with synapsin-1, a presynaptic marker, and
Homer1, a postsynaptic marker, and counted the density of
excitatory synapses on the dendritic marker Map2. Our results
showed that sLingo2 treatment resulted in a significant increase
in excitatory synaptic density (Fig. 6C), indicating that sLingo2 is
capable of inducing excitatory synapses in human iPSC-derived
excitatory neurons. To determine whether the increase in
excitatory synapses induced by recombinant sLingo2 affected
synaptic function, we measured miniature excitatory postsy-
naptic currents (mEPSCs) using the whole-cell patch-clamp
method (Fig. 6D). Our results showed that recombinant sLingo2
administration significantly increased the frequency of mEPSCs
without affecting the amplitude (Fig. 6E, F). Taken together, our
data indicate that sLingo2 functions as an excitatory synapse
organizer in human neurons.

DISCUSSION
This study identified that sLingo2, a proteolytic fragment of
Lingo2 by ADAM10, functions as an excitatory synapse organizer
in mouse and human neurons. sLingo2 is one of the plausible
pathogenic molecules in the maternal VPA administration mouse
model of ASD. Our results and previous genetic findings suggest
that Lingo2 is a novel ASD-associated synaptic protein affecting
the E/I ratio in neurons and is a potential therapeutic target.
SPECS analysis of conditioned medium from primary neurons

derived from the VPA model revealed increased levels of
sLingo2, which harbors the excitatory synapse organizer.
Consistent with a previous report indicating Lingo2 as an
ADAM10 substrate candidate, pharmacological and genetic
approaches identified ADAM10 as the enzyme responsible for
cleaving Lingo2 in primary neurons, similar to APP or neuroligins
[39, 44, 54]. Importantly, the expression of endogenous full-
length Lingo2 was significantly increased by VPA, which may
function as an HDAC inhibitor. However, we did not observe the
change in the level of Lingo2 mRNA, suggesting that the post-
translational mechanism, such as stability and/or degradation, of
Lingo2 protein, was affected by VPA. Further research on the
metabolic system of Lingo2 would provide a more precise
mechanism of the VPA-administered model. In the present
study, Lingo2 was identified from the CM of primary cultured
neurons derived from the cerebral cortex. However, Lingo2 is
widely expressed in the hypothalamus, hippocampus, cerebral
cortex, midbrain, and striatum, and may be involved in various
functional abnormalities [56]. In addition, the physiological
role(s) of Lingo2 in the central nervous system has not been
described, and the receptor for sLingo2 has not been identified.
Therefore, it is necessary to investigate Lingo2 function outside
of the cerebral cortex as well as identify the signaling
mechanism of sLingo2 at the molecular level in the future.
Through electrophysiological analysis, we also found that

sLingo2 increased the frequency of mEPSCs without affecting
the amplitude of mEPSCs in human iPSC-derived excitatory
neurons. The frequency of mEPSCs is commonly used as an
indicator of transmitter release at the presynaptic terminal, while
the amplitude indicates receptor density and sensitivity at the
postsynaptic membrane. Thus, the fact that only the frequency
was increased after sLingo2 administration suggests a strong
involvement of sLingo2 in presynaptic terminals. Our study
showed that sLingo2 promotes excitatory synapse formation in
both primary cultured mouse neurons and human iPSC-derived
excitatory neurons, suggesting that Lingo2 plays a role in
disrupting the E/I balance in the VPA model. However, it remains
unclear whether the increase in sLingo2 induces ASD-like behavior
in the animal model. Future studies will investigate whether in
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Fig. 4 Synaptic organizer activity of recombinant sLingo2. A Schematic depiction of this experiment. B Immunoblot analysis of synaptic
protein level in primary neuron treated with the recombinant sLingo2. C Quantification of synaptic protein level in B) (n= 6, Mean ± SEM,
Student’s t-test, standardized by β3-tubulin). The expression of the vGlut was increased in sLingo2-treated neurons. D Immunocytochemical
analysis of vGlut1, vGat, and synaptophysin in primary neurons treated with the sLingo2. Scale bar = 10 µm. E Quantification of vGlut1- and
vGat-positive presynapse area in D (n= 21–23, Mean ± SEM, Student’s t-test, standardized by synaptophysin). The relative vGlut1 puncta area
was increased by the administration of the sLingo2, but the relative vGat puncta area did not change. F Immunohistochemical analysis of
vGlut1 in hippocampal slice cultures treated with sLingo2. Scale bar = 10 µm. G Quantification of mean fluorescent intensity of vGlut1 in F)
(n= 8 (control) and 10 (sLingo2) slices from 4, 3 mice each, Mean ± SEM, Student’s t-test).
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utero injection of sLingo2 protein or expression vector into the
fetus can induce ASD-like behavior.
Several copy number variations (CNVs) of LINGO2 have been

independently reported in individuals with ASD [49, 50]. In
addition, analysis of RNA sequencing data from individuals with
ASD has shown that the clinical severity of ASD correlates with
LINGO2 expression [51]. These patient-based findings suggest that
altered LINGO2 expression may contribute to the development of
ASD. The present study suggests that increased expression of
Lingo2 in the VPA model is associated with an increase in sLingo2,
disrupting the E/I balance. Interestingly, point mutations in NgR1,
a potential receptor for sLingo2, have been reported in individuals
with schizophrenia, suggesting that the LINGO2-NgR pathway
may be involved in the development of neuropsychiatric disorders
[57]. Further, we found that the stalk region of Lingo 2 is cleaved
by ADAM10-mediated shedding. Notably, Δ523-533 mutant
showed an increased production of sLingo2 (Fig. 3H), suggesting
the possibility that mutations around the stalk region are
associated with ASD by affecting the shedding of Lingo2.
Mutation at the stalk region of TREM2 affects the risk of
Alzheimer’s by enhanced shedding of cell surface TREM2
[58, 59]. Thus, not only the total expression level but also SNPs/
mutations and signaling mechanisms that affect Lingo2

metabolism may impact the ASD risk, which is an issue for future
investigation.
This study suggests that abnormal levels of sLINGO2 in the

brain may cause aberrant excitatory synaptogenesis and increase
the risk of developing ASD. Knocking down Lingo2 expression to
reverse the VPA-induced increase in excitatory synapses suggests
that LINGO2 may be a potential target for the treatment of ASD.
Although genetic studies support this idea, it is not known
whether aberrant Lingo2 expression is associated with all ASD
patients. Therefore, monitoring of LINGO2 and/or sLINGO2
expression levels would be required for the development of a
LINGO2-targeted therapy. It is also anticipated that sLINGO2 levels
in biological fluids may be used in the future as a biomarker for
ASD. Following the diagnosis of LINGO2-related ASD, normal-
ization of LINGO2 function/levels may be a viable therapeutic
approach. Effective ways to inhibit sLINGO2 function include the
use of neutralizing antibodies against sLINGO2 and/or blocking its
receptor. Interventions targeting LINGO2-cleaving enzymes such
as ADAM10 may also provide a novel therapeutic approach,
although ADAM10 cleaves a variety of transmembrane proteins. In
the future, it will be necessary to elucidate the detailed
mechanism of excitatory synaptogenesis induced by sLINGO2 to
identify more specific targets for intervention.

Fig. 5 Lingo2 is required for VPA-induced excitatory synapse formation. A Immunoblot analysis of synaptic protein level in Lingo2
knockdown primary neuron from maternal VPA treated mouse. B Quantification of synaptic protein level in immunoblot (n= 6, Mean ± SEM,
One-way ANOVA was performed to assess the overall differences among groups. Post-hoc comparisons were conducted using Tukey’s HST
test, standardized by β3-tubulin). The expression of the vGlut1 was increased in VPA-treated mice and decreased by Lingo2 knockdown.
C Immunocytochemical analysis of vGlut1 in Lingo2 knockdown primary neuron from maternal VPA treated mouse. Scale bar = 10 µm.
D Quantification of vGlut1-positive puncta number in B (n= 20, Mean ± SEM, One-way ANOVA was performed to assess the overall differences
among groups. Post-hoc comparisons were conducted using Tukey’s HST test. *p < 0.05, ***p < 0.001). The number of the vGlut1 positive
puncta was increased by VPA maternal administration and decreased by Lingo2 knockdown.
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