The Journal of Neuroscience, September 21, 2011 - 31(38):13485—-13499 - 13485

Neurobiology of Disease
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Mental retardation (MR) and autism are highly heterogeneous neurodevelopmental disorders. IL-1-receptor accessory protein-like 1
(ILIRAPL1) is responsible for nonsyndromic MR and is associated with autism. Thus, the elucidation of the functional role of ILIRAPL1
will contribute to our understanding of the pathogenesis of these mental disorders. Here, we showed that knockdown of endogenous
ILIRAPLI in cultured cortical neurons suppressed the accumulation of punctate staining signals for active zone protein Bassoon and
decreased the number of dendritic protrusions. Consistently, the expression of ILIRAPLI in cultured neurons stimulated the accumu-
lation of Bassoon and spinogenesis. The extracellular domain (ECD) of ILIRAPLI was required and sufficient for the presynaptic
differentiation-inducing activity, while both the ECD and cytoplasmic domain were essential for the spinogenic activity. Notably, the
synaptogenic activity of ILIRAPL1 was specific for excitatory synapses. Furthermore, we identified presynaptic protein tyrosine phos-
phatase (PTP) 8 as a major ILIRAPL1-ECD interacting protein by affinity chromatography. ILIRAPL1 interacted selectively with certain
forms of PTP& splice variants carrying mini-exon peptides in Ig-like domains. The synaptogenic activity of ILIRAPL1 was abolished in
primary neurons from PTP8 knock-out mice. ILIRAPL1 showed robust synaptogenic activity in vivo when transfected into the cortical
neurons of wild-type mice but not in PTPS knock-out mice. These results suggest that ILIRAPL1 mediates synapse formation through
trans-synaptic interaction with PTP8. Our findings raise an intriguing possibility that the impairment of synapse formation may underlie

certain forms of MR and autism as a common pathogenic pathway shared by these mental disorders.

Introduction

Mental retardation (MR) and autism are highly heterogeneous
neurodevelopmental disorders. MR, defined as a failure to de-
velop cognitive abilities, is the most frequent cause of serious
handicap in children and young adults (Chelly and Mandel,
2001). A number of genes associated with X-linked MR have been
identified by positional-cloning strategies (Chelly et al., 2006;
Ropers, 2006; Chiurazzi et al., 2008). Autism is comprised of a
clinically heterogeneous group of disorders, collectively termed
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“autism spectrum disorders (ASDs),” that are characterized by
severe deficits in socialization, impaired communication, and a
limited range of interests and behavior (Abrahams and Ge-
schwind, 2008; Levy et al., 2009). Although ASD is highly herita-
ble, the identification of susceptibility genes has been hindered by
the heterogeneity of the syndrome. Recently, rare variants in can-
didate genes have been reported (Pinto et al., 2010; Gilman et al.,
2011;Levyetal., 2011; Sanders et al., 2011; Voineagu et al., 2011).

Nonsyndromic MR is characterized by reduced cognitive
function without any other clinical features, thus providing the
most direct approach to specifically study the neurobiology of
cognition and pathogenesis of MR. IL1-receptor accessory
protein-like 1 (ILIRAPLI) was initially identified as the product
of an X-linked gene responsible for a nonsyndromic form of MR
(Carrié et al., 1999). Subsequently, the ILIRAPLI gene was also
shown to be associated with autism (Piton et al., 2008). The ob-
servation that mutations in ILIRAPLI may lead to MR, autism, or
both is in line with recent studies noting an overlap of genetic loci
in susceptibility to these disorders (Jamain et al., 2003; Durand et
al., 2007; Kim et al., 2008; Berkel et al., 2010; Laumonnier et al.,
2010). In fact, cognitive impairment is common in autism, and
~70% of autistic individuals suffer from MR (Fombonne, 1999).
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Although the underlying causes of these mental disorders are
extremely heterogeneous, molecular alterations in monogenic
disorders may identify common pathogenic pathways shared by
MR or autism or both (Bill and Geschwind, 2009). Thus, the
elucidation of functional roles of ILIRAPL1 will contribute to
our understanding of the pathogenesis of MR and autism.
ILIRAPLLI regulates N-type voltage-gated calcium channel and
neurite elongation in PC12 cells through the neuronal calcium
sensor-1 (Bahi et al., 2003; Gambino et al., 2007) and synaptic
localization of PSD-95 by controlling c-Jun terminal kinase
(JNK) activity (Pavlowsky et al., 2010). The JNK/PSD-95 path-
way was implicated in impaired hippocampal long-term poten-
tiation and the decrease of hippocampal dendritic spines
observed in ILIRAPL1 knock-out mice (Pavlowsky et al., 2010).
On the other hand, we found that in zebrafish presynaptic
IL1RAPLI regulates synapse formation in vivo of olfactory sen-
sory neurons by stimulating both synaptic vesicle accumulation
and morphological remodeling of the axon terminals (Yoshida
and Mishina, 2008). Here, we examined the possible role of
IL1RAPLLI in synapse formation of mammalian cortical neurons.
Our results suggest that ILIRAPL1 mediates synapse formation
through trans-synaptic interaction with presynaptic protein ty-
rosine phosphatase (PTP) 8. These results imply that the impair-
ment of synapse formation may underlie the pathogenesis of
certain forms of MR and autism.

Materials and Methods

Construction of expression vectors. The entire coding sequences of mouse
IL1IRAPLI, IL-1R type 1 (IL-1R1), N-cadherin, neuroligin (NLGN) 1,
PTP8, PTPOA6, leukocyte antigen-related (LAR) A6B~, LARA,
LARA "B ,PTPcA B, PTPcA ~, and netrin-G ligand (NGL)-3 were
cloned into pcDNA3 vector (Invitrogen) or pcDNA3-TOPO vector
(Invitrogen) to yield pILIRAPLI, pIL-1R1, pN-cadherin, pNLGNI,
pPTPS, pPTPSAG, pLARAGB ~, pLARA ~, pLARA "B, pPTPgA B~
pPTPoA ~, and pNGL-3, respectively. Coding sequences of PTP6B ~,
PTP8A6B ~, PTPSA3, PTPSA3B —, PTPSA —, PTPSA B, and LARA6
were generated by PCR-based mutagenesis using pPTP8, pPTPSA6, or
PLARAG6B ™ as templates. The coding sequence of pre-protrypsin signal
peptide followed by FLAG tag was ligated with the coding sequence of
IL1IRAPLI, IL-1R1, and NLGNT1 lacking signal peptide to obtain FLAG-
IL1RAPLI, FLAG-IL-1R1, and FLAG-NLGN1 coding sequences, respec-
tively. The coding sequence of cytoplasmic domain of FLAG-ILIRAPL1
was swapped with that of FLAG-IL-IR1 to produce the FLAG-
cytoplasmic domain (CPD)-swap coding sequence. The coding sequence
of extracellular and transmembrane domains of FLAG-ILIRAPL1 was
swapped with that of FLAG-IL-1R1 to produce the FLAG-extracellular do-
main (ECD)-swap coding sequence. The coding sequences of Toll/IL-1 re-
ceptor (TIR) and C-terminal domains of FLAG-ILIRAPL1 were swapped
with those of FLAG-IL-1R1 to produce FLAG-TIR-swap and FLAG-CT-
swap coding sequences, respectively. The coding sequences of ILIRAPLI,
FLAG-ILIRAPLI, FLAG-IL-1R1, FLAG-CPD-swap, FLAG-ECD-swap,
FLAG-TIR-swap, FLAG-CT-swap, FLAG-NLGN1, and N-cadherin were
cloned into the multicloning site of pPEGFP-CAGMCS (Uemura et al., 2010)
to yield pEGFP-CAG-ILIRAPL1, pEGFP-CAG-FLAG-ILIRAPL1, pEGFP-
CAG-FLAG-IL-1R1, pEGFP-CAG-FLAG-CPD-swap, pEGFP-CAG-FLAG-
ECD-swap, pEGFP-CAG-FLAG-TIR-swap, pEGFP-CAG-FLAG-CT-swap,
pEGFP-CAG-FLAG-NLGNI1 and pEGFP-CAG-N-cadherin, respec-
tively. The entire coding sequences of PTP§ and PTPSA ~B ~ were cloned
into the multicloning site of pRFP-CAGMCS (Uemura et al., 2010) to
yield pRFP-CAG-PTP8 and pRFP-CAG-PTPSA ~B ~, respectively. The
coding sequences of mouse ILIRAPLI and NGL-3, except for signal
peptides, were cloned into pDisplay vector (Invitrogen) to yield the ex-
pression vectors for hemagglutinin (HA)-tagged mouse ILIRAPL1 and
NGL-3 (pDisplay-ILIRAPLI and pDisplay-NGL-3), respectively. DNA
fragments encoding the extracellular domain of mouse ILIRAPL1 and
that of NGL-3 were amplified by PCR with primers, 5'-CTCGAGATCT
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GAAGGTTGTGACTAAAAGAGG-3" and 5'-AGCGGCCGCTCGTTTA
TGAAGGAGAACACTGG-3',and 5'- CTCGAGATGCTGGTGGGGGC
GGTG-3" and 5'-GCGGCCGCGGTGGTCTTCATGACATCG-3’ using
pILIRAPL1 and pNGL-3, respectively, as templates. The amplified frag-
ments were cloned into the XhoI-NotI sites of pEB6-Igk-Fc (Uemura
and Mishina, 2008) to yield pEB6-ILIRAPL1-ECD-Fc and pEB6-NGL-
3-ECD-Fc. Oligonucleotides 5'-GGCCCATCACCATCACCATCACTG
A-3"and 5'-GGCCTCAGTGATGGTGATGGTGATG-3' were annealed
and ligated into the NotI site of pEB6-IL1IRAPL1-ECD-Fc to yield pEB6-
IL1IRAPL1-ECD-His. DNA fragments encoding the extracellular do-
mains of PTP8 and PTPSA ~ B~ were amplified with primers, 5'-GCTA
GCCACCATGCCGTTGACAAACTGCAG-3" and 5'-AAGCTTCCTCT
TCGTCTGTGATTGG-3', using pPTPS and pPTPS6-A B~ as
templates, and were cloned into Nhel-Eco4711I sites of pAP-tag5 vector
(GenHunter Corporation) to yield pPTP8-ECD-MH and pPTPSA "B ™~ -
ECD-MH, respectively.

Animals. Mice were fed ad libitum with standard laboratory chow and
water in standard animal cages under a 12 h light/dark cycle. Mice of
either sex were used for the experiments unless otherwise specified. All
animal procedures were approved by the Animal Care and the Use Com-
mittee of Graduate School of Medicine, the University of Tokyo (Ap-
proval no. 1721T062).

Cell cultures, transfection, and coculture assay. Primary cortical and
hippocampal cultures were prepared from mice at postnatal day 0 (P0) or
embryonic day 16 essentially as described previously (Uemura et al.,
2004). The cortical and hippocampal cells were placed on coverslips
coated with 30 ug/ml poly-1-lysine and 10 ug/ml mouse laminin at a
density of 2-5 X 10 and 2 X 10° cells/well, respectively. The cells were
cultured in Neurobasal-A supplemented with 2% B-27 supplement (In-
vitrogen), 5% FCS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 0.5
mM L-glutamine for 24 h, and then were cultured in the same medium
without FCS. Cultures of HEK293T cells were maintained as described
previously (Uemura et al., 2004). Expression vectors were transfected to
HEK293T cells using FuGene6 transfection reagent (Roche). After 2 d of
culture, the transfected cells were washed with PBS containing 2 mm
EDTA and incubated with the same buffer at 37°C for 10 min. Dispersed
cells were plated onto cortical neurons at day in vitro (DIV) 14. After 24 h
of coculture, cells were fixed for immunostaining. ILIRAPL1-ECD-Fc,
IL-1R1-ECD-Fc, and Fc proteins were bound to Protein A-conjugated
magnetic particles (smooth surface, 4.0—4.5 wm diameter; Spherotech).
Beads coupled with ILIRAPL1-ECD-Fc, IL-1R1-ECD-Fc, or Fc proteins
were added to cortical and hippocampal neurons (DIV8). After 24 h,
cultures were fixed for immunostaining. Cultured neurons at DIV12
were transfected with expression vectors using NeuroMag transfection
reagent (OZ Biosciences) according to the manufacturer’s instructions
and were fixed at DIV14 for immunostaining. For neuron—neuron co-
culture assay, cortical neurons from ICR mice at PO were first transfected
with pEGFP-CAGMCS or pEGFP-CAG-FLAG-IL1RAPLI by electropo-
ration using Nucleofector and mouse Nucleofector kit (program G-013;
Amaxa Biosystems) and placed on coverslips at the density of 1 X 10°?
cells/well. Then cortical neurons from Ptprd */* or Ptprd ~'~ mice at PO
were placed on the transfected cells at a density of 3 X 107 cells/well. The
cultures were fixed at DIV9 for immunostaining.

Immunostaining. Immunostaining of primary neuronal cultures
and neuron—fibroblast cocultures was performed as described previ-
ously (Uemura et al., 2004; Uemura and Mishina, 2008) using chicken
anti-FLAG (Kamiya Biomedical), goat anti-ILIRAPL1 (R&D Sys-
tems), rabbit anti-ILIRAPLI (custom-made antibody, Sigma), rabbit
anti-pan-cadherin (Sigma), rabbit anti-MAP2 (Millipore Bioscience
Research Reagents), mouse anti-gephyrin (Synaptic Systems), rabbit
anti-Synapsin 1 (Millipore), mouse anti-Taul (Millipore Bioscience
Research Reagents), rabbit anti-vesicular glutamate transporter
(VGIuT) 1 (Miura et al., 2006), mouse anti-Bassoon (Stressgen), goat
anti-vesicular GABA transporter (VGAT) (Miyazaki et al., 2003), rab-
bit anti-Shankl (provided by Dr. Y. Hata, Tokyo Medical and Dental
University, Tokyo, Japan) and rabbit anti-Shank2 (provided by Dr. M. Wa-
tanabe, Hokkaido University, Sapporo, Japan) antibodies as primary
antibodies. For secondary antibodies, Alexa Fluor 488-, 555-, and 647-
conjugated anti-IgG antibodies (Invitrogen) and Cy3- and Cy5-conjugated
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anti-IgG antibodies (Jackson ImmunoResearch) were used. For detection of
magnetic beads coated with Fc fusion proteins, FITC-conjugated anti-
human Fcy antibody (Jackson ImmunoResearch) was used.

Small interfering RNA-mediated knockdown. siRNAs against Il1rapl] were
custom synthesized (Stealth RNAA, Invitrogen). The sense sequences of siR-
NAs were as follows: silllrapl1-1, 5'-CAGUGGAGAUGUCAGUCCUUUA
AUU-3'; silllrapll-2, 5-UAGAUCAAAGUAAGCGGCUGAUUAU-3'.
For control siRNA, Stealth RNAi Negative Control kit (Invitrogen) was
used. Expression vector for res-FLAG-ILIRAPL1 (pEGFP-CAG-res-
FLAG-ILIRAPL1) was generated by substituting the IlIrapll coding se-
quences5’ -CAGTGGAGATGTCAGTCCTTTAATT-3"and5' -TAGATCAA
AGTAAGCGGCTGATTAT-3' of pEGFP-CAG-FLAG-ILIRAPLI with 5'-
TTCAGGCGACGTATCACCGCTGATC-3"and5' -TGGACCAGTCCAAA
AGATTAATCAT-3', respectively. Cultured neurons at DIV10 were
transfected with a mixture of siRNAs (60 pmol total/well) and expression
vectors (1 ug/well) using NeuroMag transfection reagent, and were fixed
at DIV14 for immunostaining.

Affinity chromatography. Brains of mice at P§—P20 were homogenized
in buffer A (0.1 M NaCl, 4 mm KCl, 5 mm CaCl,, 2.5 mm EDTA, 20 mm
NaHCO;, 20 muM Tris-HCI, pH 7.5, 0.1 g/l PMSF, 1 mg/L leupeptin, 1
mg/L pepstatin A, and 1 mg/L aprotinin). CHAPS (3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate) was added to a final concen-
tration of 2% (w/v) and dissolved under stirring at 4°C for 1 h. The
extract containing ~1 g of protein was diluted with an equal volume of
buffer A and chromatographed on the affinity columns (ILIRAPLI-
ECD-Fcand Fcattached to Protein A-Sepharose). Columns were washed
with buffer A and eluted with a gradient of NaCl from 0.1 to 2.0 M using
AKTApurifier (GE Healthcare). Fractions were analyzed by SDS-PAGE,
negative staining, and immunoblotting. For mass spectrometry analysis,
proteins eluted at ~0.8 M NaCl were separated by SDS-PAGE and nega-
tively stained. Bands were cut and subjected to in-gel reduction, alkyla-
tion, and digestion with trypsin followed by analysis by liquid
chromatography-tandem mass spectrometry (LC-MS/MS), as described
previously (Uemura et al., 2010).

Preparation of Sindbis viral particles. The entire coding sequence of
enhanced yellow fluorescent protein (EYFP) was inserted immediately
before the stop codon of mouse ILIRAPLI to produce the coding se-
quence of ILIRAPLI-EYFP. The coding sequence of pre-protrypsin sig-
nal peptide followed by FLAG tag was ligated with the coding sequence of
PTPé lacking signal peptide to obtain FLAG-PTP8 coding sequence. The
coding sequences of EGFP, EYFP, ILIRAPL1-EYFP, and FLAG-PTPS
were cloned into pSinRep5 (Invitrogen) to yield pSinRep-EGFP,
pSinRep-EYFP, pSinRep-ILIRAPL1-EYFP, and pSinRep-FLAG-PTPS,
respectively. These vectors were then used as the template for in vitro
transcription using SP6 RNA polymerase (Invitrogen). The RNA tran-
script and the helper RNA from a DH (26S) cDNA template (Invitrogen)
were cotransfected into baby hamster kidney cells by electroporation.
Twenty-four hours after transfection, the culture medium was harvested
to obtain the infectious particles of Sindbis virus.

Coimmunoprecipitation. Cultured cortical neurons at DIV9 (5 X
10°© cells) were infected with Sindbis virus for FLAG-PTPS or that for
EGFP. After 24 h of infection, cells were lysed with radioimmunopre-
cipitation (RIPA) buffer (50 mm Tris-HCI, pH8.0, 150 m™m NaCl,
0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40) containing
protease inhibitors (Complete EDTA-free; Roche). Soluble fractions
were incubated with anti-FLAG M2 agarose (Sigma), and the agarose
was washed five times with RIPA buffer. Proteins were eluted from the
agarose by boiling in SDS sample buffer, separated by SDS-PAGE, and
analyzed by Western blotting with goat anti-ILIRAPL1 and rabbit
anti-FLAG (Sigma) antibodies.

Cell surface binding assay. Expression vectors pPTP8, pPTPSB —, pPTPSA6,
pPTPSAGB ~, pPTPSA3, pPTPSA3B ~, pPTPSA ~, pPTPSA "B ~, pLARAG,
pLARA6B ~, pLARA ™, pLARA B, pPTPoA B, and pPTPoA ™ were
cotransfetced with pEGFP-C1 (Clontech) into HEK293T cells. Transfected
cells were incubated with ILIRAPLI-ECD-Fc (35 ug/ml), NGL-3-
ECD-Fc (60 pg/ml), or Fc (15 pg/ml) in HBSS containing 2 mm CaCl,
and 1 mm MgCl, for 1 h at room temperature. After washing, cells were
fixed with 4% PFA, immunostained with goat anti-PTP§ (Santa Cruz
Biotechnology) and rabbit anti-human IgG (Rockland), and incubated
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with Alexa Fluor 555-conjugated donkey anti-rabbit IgG and Alexa Fluor
647-conjugated donkey anti-goat IgG (Invitrogen). For binding assay of
IL1IRAPL1 and NGL-3 to PTP§, HEK293T cells transfected with pPTP&
were incubated with 0.1 um ILIRAPL1-ECD-His in the presence of 0.03,
0.1, 0.3, 1.0, or 3.0 um NGL-3-ECD-Fc or ILIRAPL1-ECD-Fc for 1 h.
After washing, cells were fixed with 4% PFA, incubated with goat anti-
PTP6 and mouse anti-His (Millipore) antibodies and immunostained
with Alexa Fluor 555-conjugated donkey anti-mouse IgG and Alexa
Fluor 647-conjugated donkey anti-goat IgG antibodies.

Cell aggregation assay. HEK293T cells were transfected with coexpres-
sion vectors pEGFP-CAG-ILIRAPL]1 pRFP-CAG-PTPS, and pRFP-
CAG-PTPSA B . After 2 d, the cells were washed with PBS followed by
incubating with PBS containing 2 mm EDTA at 37°C for 10 min. Care-
fully triturated cells were mixed at a density of 4.0 X 10 cells/ml. Cells
were incubated in 1.5 ml microcentrifuge tubes at room temperature
with rotation in a total volume of 400 ul of HBSS containing 2 mm CaCl,
and 1 mm MgCl,. After 20 min, fluorescence images were taken.

Preparation of recombinant proteins and surface plasmon resonance
binding analysis. Soluble recombinant ILIRAPLI1-ECD-Fc, NGL-3-
ECD-Fc¢, Fc, PTPS-ECD-MH, and PTPSA B~ -ECD-MH were pre-
pared as described previously (Uemura and Mishina, 2008) by
transfection of respective expression vectors into the Freestyle 293 cells
(Invitrogen). PTP8-ECD-MH and PTPSA ~ B ~-ECD-MH were purified
from culture medium by Talon metal affinity resin (Clontech) and dia-
lyzed against HBSS or artificial CSF [(in mm) 10 sucrose, 150 NaCl, 3 KCI,
1.4 CaCl,, 0.8 MgCl,, 0.8 Na,HPO,, 0.2 NaH,PO,]. Surface plasmon
resonance (SPR) binding assay was conducted on a Biacore 3000 biosen-
sor equipped with a sensor chip CM5 (GE Healthcare). Anti-human Fc
antibodies were covalently immobilized over independent flow cells us-
ing Human Antibody Capture Kit (GE Healthcare). ILIRAPL-ECD-Fc
was captured in flow cell 2 to generate the ILIRAPL-ECD-Fc sensor
chips. Untreated flow cell 1 served as a reference. Binding analysis was
performed at 25°C in a running buffer of 10 mm HEPES, pH 7.4, 150 mm
NaCl, 0.005% surfactant P20, 2 mm CaCl,, and 1 mm MgCl,. PTP6-
ECD-MH or PTPSA ~B ~-ECD-MH in the running buffer was injected
in the order of increasing concentration. Each sample was flowed over
the chip surface for 3 min at a flow rate of 25 ul/min, followed by a 2 min
dissociation phase. Data analysis was performed using BIAevaluation
software, version 4.1. The responses were analyzed by steady-state kinet-
ics to calculate the dissociation constant (K,).

RT-PCR and sequencing analyses of splice variants of PTPS, LAR, and
PTPg. RT-PCR was performed using mRNAs prepared from P11 mouse
brains with primers 5'-GGTACCAAGCTGCTGGTTCATGCCG-3" and
5'-GGGCTATTGCTTCAATGACC-3' for PTPS, 5'-AGACCCTGAGAT
CTCTTGG-3', and 5'-CTCTTTGGTCAGTTCCTCG-3’ for LAR, and
5'-CCATTGACTTTGACGAGAGC-3' and 5'-GGAGTTGACAGCTGA
CACC-3' for PTPo. Amplified DNA fragments were cloned into pCRII-
TOPO vector (Invitrogen), and 50 clones randomly picked up for each
gene were sequenced to estimate the populations of splice variants.

Structure modeling. The structural model was generated with SWISS-
MODEL (Arnold et al., 2006) (http://swissmodel.expasy.org/). The amino
acid sequence of Ig-like domains (amino acid residues 21-321) of PTP8 was
submitted to SwissModel Automatic Modeling Mode (http://swissmodel.
expasy.org/workspace/index.php?func=modeling_simplel). The structure
of the I-BAND fragment 167-169 from TITIN (PDB ID 2rikA) (von
Castelmur et al., 2008) was selected as a template for modeling. The obtained
alignment was imported into Swiss-Pdb Viewer 4.0.1 (Guex and Peitsch,
1997) (http://www.expasy.org/spdbv/) and manually optimized.

Dil labeling. Dil labeling was performed essentially according to Kim
et al. (2006). Briefly, brains were fixed with 1.5% PFA and coronally
sectioned into 200 wm slices. Solid Dil crystals were applied onto layer
2/3 of the somatosensory cortex. The slices were incubated in PBS at
room temperature for 12 h, fixed again with 4% PFA for 30 min, and
washed in PBS three times. Basal dendrites of the pyramidal neurons in
cortical layer 2/3 were randomly sampled and imaged with a confocal
laser-scanning microscope (TCS SP5; Leica, zoom setting; 5, z step; 0.17
um) using a Leica 63 X water lens (numerical aperture, 1.20). Dendritic
spines were identified and counted in the 3D projection images. When
dendritic spines were too crowded to separate them from each other, we
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turned to serial stack images to delineate individual spines. By scrolling
through the stack of different optical sections, individual spine heads
could be identified. All dendritic protrusions with a clearly recognizable
neck were counted as spines.

Injection of recombinant proteins and viruses in vivo. The guide cannula
(26 gauge; Plastics One) was implanted above the somatosensory cortex
(anteroposterior —1.0 mm, mediolateral +2.2 mm from bregma) of
mice at P15 under anesthesia with 2.5% isoflurane. Animals were mon-
itored postoperatively until mobile and were allowed to recover for 2 d.
We injected recombinant proteins (16 ug of ILIRAPLI-ECD-Fc and 7
ugofFcin 2—8 ul of artificial CSF) into the somatosensory cortex of mice
at P17 through the internal cannula (33 gauge; Plastics One) via polyeth-
ylene tubing to microsyringes at a flow rate of 0.1 ul/min using a micro-
injection pump (CMA/100; Carnegie Medicin). Injected mice were fixed
for Dil labeling at 24 h after injection. Dil crystals were applied onto layer
2/3 of the somatosensory cortex within 500 wm from the injection site.
Two microliters of a virus solution with or without recombinant proteins
(16 ug of PTP3-ECD-MH, PTPSA ~B ~-ECD-MH, or AP-MH) was in-
jected into the somatosensory cortex of mice at P17 at a constant flow rate
of 0.3 ul/min, and the glass micropipette was left in place for an addi-
tional 3 min before being slowly withdrawn. For animals injected with
both virus solution and recombinant proteins at P17, recombinant pro-
teins (16 ug of PTP6-ECD-MH, PTPSA ~B -ECD-MH, or AP-MH)
were injected again into the same sites with the glass micropipette using
the same procedures at P18. Injected mice were fixed for immunohisto-
chemistry with anti-VGluT1 antibody at 48 h after injection of virus
particles.

Image acquisition and quantification. Images were collected from at
least three separate experiments. Images of cell surface binding assay and
fibroblast-neuron or beads—neuron coculture experiments were ob-
tained with a confocal laser-scanning microscope (TCS SP5; Leica) under
constant conditions as to laser power, iris, gain, z-steps, and zoom setting
throughout the experiments, and all quantitative measurements were
performed with Image] 1.36b software. For the quantification of accu-
mulation of immunostaining signals of presynaptic marker proteins in
cocultures, optical mean densities within a circle of 30 wm diameter
enclosing transfected HEK293T cells or those within a circle of 7 um
diameter enclosing coated beads were measured. Then, the optical
mean densities of the surrounding regions within circles of 40 and 14
um diameters were measured and subtracted as background signals
for HEK293T cells and beads, respectively. We confirmed that the
background signals for presynaptic proteins were comparable among
experiments to monitor the culture conditions. For quantification of
the numbers of dendritic protrusions and Bassoon and Shank2
puncta, z-series optical sections of cortical or hippocampal neurons
were projected by the brightest point method, and the thickest den-
drite was chosen for measurements. The thickness of dendrites was
comparable in each condition. Numbers of dendritic protrusions
ranging from 0.5 to 8 um and Bassoon and Shank2 puncta on EGFP-
labeled dendritic shafts and protrusions were counted manually in a
blind manner with respect to expression vectors transfected. For the
quantification of immunostaining signals of VGluT1 on the basal
dendrites of cortical layer 2/3 pyramidal neurons infected with Sind-
bis virus, the ratio of the optical mean density of staining signals
within rectangles (6 X 20 um) enclosing the basal dendrite and that of
surrounding regions in cortical layer 2/3 was measured. In all exper-
iments in vivo, image acquisition and quantification were performed
in a blind manner with respect to genotypes of mice and viruses
injected. Statistical significance was evaluated by Student’s f test or
one-way ANOVA followed by post hoc Tukey’s test.

Results

IL1IRAPLI1 mediates synapse formation in cultured

cortical neurons

Immunocytochemical staining with anti-ILIRAPL1 antibody
showed that endogenous ILIRAPLI clusters were distributed in
the dendrites of cultured cortical neurons and were partially
overlapped with postsynaptic Shankl clusters (Fig. 1A). On the
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other hand, only weak staining signals were partly observed in the
axons of cortical neurons (data not shown). We examined
whether the knockdown of endogenous ILIRAPLI by siRNAs
affects the synapse formation. We generated siRNAs directed
against the mouse I/1rapll and tested their efficacy by immuno-
staining of endogenous ILIRAPL1 of cortical neurons (Fig. 1 B).
When the siRNAs against Il1rapl] were transfected into cultured
cortical neurons at DIV10, we observed strong reduction of both
punctate staining signals for Bassoon along the dendrites and the
number of dendritic protrusions (Fig. 1C). There were significant
differences in the staining signals of Bassoon and the number of
protrusions between siRNA- and control siRNA-transfected neu-
rons (p < 0.01) (Fig. 1 D,E). Transfection of an expression vector
for an siRNA-resistant form of mouse ILIRAPLI tagged with
FLAG epitope at the N terminus (res-FLAG-IL1RAPL1) together
with the siRNAs restored the synapse formation of cortical neu-
rons as estimated by the accumulation of punctate staining sig-
nals for presynaptic Bassoon and the density of dendritic
protrusions (p < 0.01) (Fig. 1C-E). Consistently, expression of
FLAG-ILIRAPL1 in cultured cortical neurons increased the
staining signals of Bassoon and Synapsin 1 and the number of
protrusions from the dendrites of cortical neurons (p < 0.01)
(Fig. 1G-I) (data not shown). Similar results were obtained in
cultured hippocampal neurons (data not shown). These results
suggest that postsynaptic ILIRAPL1 plays a role in presynaptic
differentiation and dendritic spine formation in cortical and hip-
pocampal neurons.

IL1RAPLI belongs to a novel class of the TIR family (Carrié et
al., 1999). ILIRAPLLI protein consists of three Ig-like domains, a
single transmembrane segment, the TIR domain, and the
C-terminal domain. Mouse IL-1R1 sharing similar domain
structures and 27% amino acid sequence identity with ILIRAPL1
(Sims et al., 1988) exerted little effect on the accumulation of
Bassoon and the number of dendritic protrusions. We con-
structed domain-swap mutants between ILIRAPLI and IL-1R1
to examine whether the distinct domains of ILIRAPL1 mediate
the increase in the number of protrusions and enhanced accumu-
lation of Bassoon (Fig. 1 F). Swapping the CPD of ILIRAPL1 with
that of IL-1R1 abolished the stimulatory effect on the number of
protrusions but retained the enhancement effect on Bassoon ac-
cumulation (Fig. 1G-I). On the other hand, swapping both the
ECD, comprising three Ig-like domains, and the transmembrane
segment of ILIRAPLI with those of IL-1R1 abolished the stimu-
latory effect on both the accumulation of Bassoon and the num-
ber of protrusions. Thus, the stimulatory effect of ILIRAPL1 on
the presynaptic differentiation requires its ECD, while both the
ECD and CPD are indispensable for the increment of dendritic
protrusions.

The CPD of ILIRAPL1 comprises the TIR and C-terminal
domains. Swapping the TIR domain of ILIRAPLI with that of
IL-1R1 abolished the stimulatory effect on the number of den-
dritic protrusions (Fig. 1J,K). On the other hand, swapping the
C-terminal domain of ILIRAPL1 with that of IL-1R1 hardly af-
fected the enhancement effect on the number of dendritic pro-
trusions (Fig. 1],K). Expression of FLAG-ILIRAPLI in cultured
cortical neurons also increased the staining signals of excitatory
postsynaptic marker Shank2 (Fig. 1],L). Swapping either the TIR
or C-terminal domain abolished the enhancement effect on
Shank?2 accumulation (Fig. 1],L). Thus, the TIR domain in the
CPD of ILIRAPLI is responsible for the regulation of dendritic
protrusions, while both the TIR and C-terminal domains are
required for the accumulation of postsynaptic Shank2.
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Figure1. Effectsof ILTRAPL1 on synapse formation. A, Immunostaining of cultured cortical neurons with antibodies against ILTRAPL1, MAP2, and Bassoon (top) and with those against ILTRAPL1,
Shank1, and Bassoon (bottom). B, Efficacy of siRNAs against //7rap!7 in cultured cortical neurons. Cortical neurons were transfected with siRNAs against // Trapl1 together with an expression vector
for EGFP and were immunostained for ILTRAPLT. siRNAs against // Trap/ T reduced ILTRAPLT staining signal intensity by 80% compared with control siRNA. C, Reduction of numbers of Bassoon puncta
and dendritic protrusions of cultured cortical neurons by siRNAs against //7rapl1 and rescue by res-FLAG-ILTRAPL1. D, E, Effects of siRNA treatments on the numbers of Bassoon puncta (D) and
dendritic protrusions (E) along dendrites of cortical neurons. n = 52, 52, and 20 neurons for control siRNA, siRNA against //7rap/7 mRNA, and siRNA against // Trap/T mRNA with res-FLAG-ILTRAPLT,
respectively. F, Schematic structures of FLAG-ILTRAPL1, FLAG-IL-TR1, and their swap mutants. G, Effects of IL1RAPL1/IL-TR1 swap mutants on dendritic protrusions and Bassoon puncta in cultured
cortical neurons. H, I, Numbers of Bassoon puncta (H) and dendritic protrusions (/) along dendrites of cortical neurons transfected with EGFP, FLAG-ILTRAPL1, FLAG-CPD-swap, FLAG-ECD-swap, and
FLAG-IL-1R1 (n = 28—40 neurons). J, Effects of TIR and C-terminal domain-swap mutants on dendritic protrusions and Shank2 puncta in cultured cortical neurons. K, L, Numbers of dendritic
protrusions (K) and Shank2 puncta (L) along dendrites of cortical neurons transfected with EGFP, FLAG-ILTRAPLT, FLAG-TIR-swap, and FLAG-CT-swap (n = 1930 neurons). All values represent
mean = SEM. **p << 0.01, ***p << 0.001, Tukey's test. Scale bars, 10 m.
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Figure 2.

ILTRAPLY triggers excitatory presynaptic differentiation. 4, B, Cocultures of cortical neurons and HEK293T cells expressing EGFP, ILTRAPL1, FLAG-NLGN1, or N-cadherin

were immunostained for Bassoon (red) and each effector molecule (blue) (A) and for VGIuT1 (red) and VGAT (blue) (B). C—E, Intensity of staining signals for Bassoon (€), VGIuT1 (D), and
VGAT (E) on the surface of HEK293T cells expressing EGFP, ILTRAPL1, FLAG-NLGN1, or N-cadherin (n = 15-20 HEK293T cells). F-H, Cocultures of cortical neurons and Fc- or
ILTRAPL1-ECD-Fc-coated beads were immunostained for Bassoon (F), VGIuT1(G), or VGAT (H). I-K, Intensities of staining signals for Bassoon (1), VGIuT1 (J), and VGAT (K') on the surface
of Fc- and ILTRAPL1-ECD-Fc-coated beads (n = 10— 42 beads). All values represent mean = SEM. **p << 0.01, Tukey's test; ***p < 0.001, Student’s ¢ test. Scale bars: 4, B, 10 um;

F-H,5 pm.

The ECD of ILIRAPLI is sufficient to trigger excitatory
presynaptic differentiation

We further examined the synaptogenic activity of ILIRAPLI by a
neuron-fibroblast coculture assay (Scheiffele et al.,, 2000).
HEK293T cells transfected with ILIRAPL1 were seeded on the
top of cultured cortical neurons. After 24 h of coculture, we de-
tected numerous punctate signals for Bassoon and VGIuT1 on
the surface of HEK293T cells expressing ILIRAPLI (Fig. 2A,B).
Immunostaining signals for ILIRAPL1 and Bassoon were well
merged on the surface of transfected HEK293T cells. There were
significant differences in the intensities of staining signals for
Bassoon and VGluT1 between control and ILIRAPL1-expressing
cells (p < 0.01) (Fig. 2C,D). However, staining signals for VGAT
on the surface of HEK293T cells expressing ILIRAPL1 were as
marginal as those of control cells (Fig. 2 E). In contrast, HEK293T
cells expressing FLAG-NLGNI1 showed punctate staining signals
for both VGIuT1 and VGAT on their surface. These punctate
signals of axon terminals were hardly detectable on the surface of
HEK293T cells expressing N-cadherin and control HEK293T
cells expressing EGFP alone. These results suggest that ILIRAPLI
triggers excitatory presynaptic differentiation in vitro. The ECD

of ILIRAPL1 fused to the Ig constant region (ILIRAPL1-ECD-
Fc) was coated onto beads of 4—4.5 um diameter. Coated beads
were applied to cultured cortical neurons. After incubation for
24 h, we detected numerous punctate staining signals for Bassoon
and VGIuT]1 on the surface of ILIRAPL1-ECD-Fc-coated beads,
but staining signals for VGAT on the surface of ILIRAPL1-ECD-
Fc-coated beads were as marginal as those of control beads (Fig.
2 F-K). Similar results were also obtained in cultured hippocam-
pal neurons (data not shown). These results suggest that the ECD
of ILIRAPLL is sufficient to induce presynaptic differentiation.

Isolation of ILIRAPL1-ECD interacting protein

Then, the question arises how ILIRAPLI exerts its synaptogenic
activity. We speculate that ILIRAPLI may exert its synaptogenic
activity by interacting with presynaptic proteins since its ECD is
required and sufficient to induce presynaptic differentiation. To
examine the issue, we isolated ILIRAPL1-ECD binding proteins
by affinity chromatography using ILIRAPL1-ECD-Fc or Fc pro-
tein immobilized on Protein A-Sepharose beads. Total mouse
brain proteins solubilized in CHAPS were loaded onto the affin-
ity columns. Columns were extensively washed and eluted with
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Figure 3.  Affinity purification of ILTRAPL1-ECD-interacting protein. A, SDS-PAGE and
negative staining of total mouse brain proteins solubilized in CHAPS (lane 2), flow-
through fraction (lane 3), last wash fraction (lane 4), and elution fractions with 0.1 t0 2.0
m NaCl (lanes 5-12) of ILTRAPL1-ECD-Fc column. B, Negative staining and immunoblot
analysis of purified proteins (elution fraction corresponding to lane 8 in A) with anti-PTP&
antibody. Numbers on the left indicate the size of molecular weight markers. Slices of
negatively stained SDS-PAGE gel were digested with trypsin and analyzed by LC-MS/MS.
Identified peptide sequences of E- and P-subunits of PTP& and their scores of Mascot
searches are shown.

gradient of NaCl from 0.1 to 2.0 M. SDS-PAGE and negative
staining of the fractions revealed ILIRAPL1-ECD-Fc binding
proteins of ~80 and 90 kDa (Fig. 3A, asterisks). These proteins
were digested with trypsin, subjected to LC-MS/MS, and identi-
fied as the phosphatase subunit (P-subunit) and extracellular
subunit (E-subunit) of PTP& based on the matching of 17 and 19
peptides, respectively (Fig. 3B). Immunoblot analysis using an
antibody against the C terminal of PTP§ confirmed that the pro-
tein band of ~80 kDa in the eluate from ILIRAPL1-ECD-Fc
column corresponds to the P-subunit of PTP8.

We examined the interaction between ILIRAPL1 and PTP8 by
cell surface binding assay. HEK293T cells transfected with expres-
sion vectors for PTPS and EGFP were incubated with soluble
ILIRAPLI-ECD-Fc to test their ability to interact with ILIRAPLI.
We found robust immunofluorescent signals for IL1IRAPLI-
ECD-Fc on the surface of HEK293T cells transfected with PTP& but
not on those expressing EGFP alone (Fig. 4A). Furthermore, when
cultured cortical neurons were transfected with PTP8 tagged with
FLAG epitope (FLAG-PTP§), endogenous ILIRAPLI protein was
coimmunoprecipitated together with FLAG-PTP$ by an antibody
against FLAG (Fig. 4B).

To determine whether heterophilic binding between the
ECD of ILIRAPLI and the ECD of PTP& mediates cell adhe-
sion, we incubated HEK293T cells transfected with ILIRAPL1
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and EGFP and those transfected with PTP8 and RFP (Fig.
4C). The transfected cells aggregated into large clumps, which
suggests that ILIRAPL1 and PTP& function as heterophilic
cell adhesion molecules. Neither HEK293T cells expressing
IL1IRAPL1 nor those expressing PTPS showed homophilic
aggregation.

To quantify the interaction between ILIRAPL1 and PTP§, we
used SPR binding assay. Increasing concentrations of PTP8-ECD
tagged with Myc and His epitopes at the C terminus (PTP§-ECD-
MH) were injected over the ILIRAPL1-ECD-Fc-tethered chip
surface (Fig. 4 D). Analysis of the steady-state kinetics of the sen-
sorgrams showed a K, of 0.3 uM, indicating a high-affinity inter-
action between ILIRAPL1 and PTPé.

We compared the binding abilities of ILIRAPL1 and NGL-3
to PTP& since it was reported that NGL-3 interacts with PTP& in
addition to LAR and PTPo (Woo et al., 2009; Kwon et al., 2010).
HEK293T cells transfected with an expression vector for PTP8
were incubated with soluble ILIRAPL1-ECD-Fc or NGL-3-ECD-
Fc. We detected immunofluorescent signals for both ILIRAPLI-
ECD-Fc and NGL-3-ECD-Fc on the surface of HEK293T cells
expressing PTPS (Fig. 4E). However, the intensity of staining
signals for ILIRAPL1-ECD-Fc was much stronger than that for
NGL-3-ECD-Fc (p < 0.001) (Fig. 4F). Moreover, NGL-3-
ECD-Fc hardly affected the interaction between PTPé and
ILIRAPLI1-ECD tagged with His epitope (ILIRAPL1-ECD-His)
(Fig. 4G).

Mini-exon peptides in PTP6 determine interaction
with ILIRAPL1
Cloning and sequencing analyses of the Ptprd cDNA prepared
from the brains of mice at P11 revealed the existence of at least six
splice variants in the Ig-like domains of PTP§ (Fig. 5A). All vari-
ants have four fibronectin type I1I-like domains, consistent with a
previous report (Mizuno et al., 1994). The most abundant form
(PTPS) contains both mini-exon (me) A and meB peptides as
reported for human PTP§ (Pulido et al., 1995), while some vari-
ants contain 6 or 3 aa instead of meA peptide (PTPSAG6 or
PTP8A3), and others lack meA, meB, or both (PTPSA ™,
PTPSA3B ™, or PTPSA B ). Comparison of cDNA and
genomic DNA of the mouse Ptprd gene revealed that meA pep-
tide (ESIGGTPIR) is derived from two exons encoding 3 aa (ESI)
and 6 aa (GGTPIR). We expressed eight possible splice variants in
HEK293T cells and examined their binding ability to ILIRAPLI1.
Strong staining signals for ILIRAPL1-ECD-Fc were detected on
the surface of HEK293T cells expressing PTPS, PTPSB ~, or
PTPSAS6, but not on the surface of those expressing other splice
variants (Fig. 5B). The staining intensity was significantly stron-
ger on the surface of PTP&-expressing cells than PTPS6B - or
PTPSA6-expressing cells (Fig. 5C). These results suggest that the
meA and meB peptides of PTP§ are critical for the interaction
with ILIRAPLI. Consistently, HEK293T cells transfected with
ILIRAPL1 failed to form aggregates with those transfected
with PTP6A "B~ (data not shown). In SPR binding assay, no
significant responses were detectable between ILIRAPLI-
ECD-Fcand PTPSA "B~ -ECD-MH (data not shown). In fact,
LC-MS/MS identified the meA peptide in PTP8 protein puri-
fied by the affinity chromatography with ILIRAPL1-ECD (Fig.
3B). In a structure model of Ig-like domains of PTP8, the meA
and meB peptides appear to be prominent from the domains
(Fig. 5D).

PTPS, PTPo, and LAR share similar domain structures and
constitute a 2A subfamily of receptor-like PTPs (2A type RPTPs)
(Tonks, 2006). In the developing mouse brain, predominant
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variants of PTPo are lacking meA peptide,
and those of LAR are without meB peptide
(Fig. 5E). These PTPo and LAR variants
expressed in the brain failed to show any
significant binding signals for ILIRAPL1-
ECD-Fc (Fig. 5F, G). Thus, ILIRAPL1 ap-
pears to interact selectively with PTP6 in
the brain.

IL1RAPLI requires PTP& for induction
of presynaptic differentiation

To examine directly the role of ILIRAPL1-
PTP& interaction in synapse formation, we
seeded HEK293T cells transfected with
IL1IRAPL1 and EGFP on the top of cultured
cortical neurons prepared from PTPS
knock-out mice (Uetani et al., 2000). After
24 h of coculture, cells were immunostained
with antibody against Bassoon. We detected
numerous punctate staining signals for Bas-
soon on the surface of HEK293T cells ex-
pressing ILIRAPL1 when cocultured with
cortical neurons from wild-type mice (Fig.
6A). However, these punctate signals were
hardly detectable for cortical neurons pre-
pared from Ptprd '~ mice. Furthermore,
the intensity of signals was reduced in corti-
cal neurons prepared from Ptprd '~ mice
(p < 0.01) (Fig. 6D). Consistently,
ILIRAPL1-ECD-Fc-coated beads failed
to induce the accumulation of punctate
Bassoon signals around the beads when
cocultured with cortical neurons from
Ptprd ~/~ mice (data not shown). On the
other hand, staining signals on the surface of
HEK293T cells expressing FLAG-NLGN1
were comparable among Ptprd '™,
Ptprd*'~, and Ptprd '~ cultures (Fig.
6B,D). HEK293T cells expressing N-ca-
dherin showed marginal staining signals on
the surface when cocultured with cortical
neurons prepared from any of these mice
(Fig. 6C,D). These results suggest that
IL1RAPLI1 requires PTP$ for the induction
of presynaptic differentiation.

We next compared the synaptogenic
activities of ILIRAPL1 and NGL-3. HA-
tagged ILIRAPL1 (HA-IL1RAPL1) and
HA-tagged NGL-3 (HA-NGL-3) were ex-
pressed in HEK293T cells, and these cells
were cocultured with cortical neurons
form Ptprd *'* and Ptprd '~ mice. Stain-
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Figure4. Characterization of interaction between ILTRAPL1 and PTP8. 4, Cell surface binding assay. HEK293T cells transfected
with PTPS were incubated with soluble ILTRAPL1-ECD-Fc (top) or Fc (bottom) and immunostained for anti-PTP and anti-Fcy
antibodies. B, Interaction of ILTRAPL1T with FLAG-PTP& in cultured cortical neurons. Lysates of cultured cortical neurons infected
with Sindbis viruses for FLAG-PTP & or EGFP were immunoprecipitated with anti-FLAG antibody. Input lanes contain 2% of lysates
for immunoprecipitation experiments. €, Cell aggregation assay. Representative images of mixtures of HEK293T cells transfected
with EGFP and those with RFP and PTP 8 (left), HEK293T cells transfected with EGFP and ILTRAPL1 and those with RFP (middle), and
HEK293T cells transfected with EGFP and ILTRAPLT and those with RFP and PTP5 (right). More than three independent experi-
ments were performed for Band C. D, SPRanalysis. Interaction kinetics was measured by passing various concentrations (7.8, 15.6,
31.3,62.5,125,250, 500, 1000 nm) of purified PTPS-ECD-MH over ILTRAPL1-ECD-Fc captured on the surface of a sensor chip (left).
Steady-state kinetics of interaction between PTPS-ECD-MH and ILTRAPL1-ECD-Fc (right). E, Binding of NGL-3-ECD-Fc and
ILTRAPL1-ECD-Fc to HEK293T cells transfected with PTP8. F, Ratios of staining signals for Fc fusion proteins and PTPS on the
surface of HEK293T cells in E (n = 24 each). G, Competition assay. HEK293T cells transfected with PTPS were incubated with 0.1
M ILTRAPL1-ECD-His in the presence of 0—3.0 wm ILTRAPL1-ECD-Fc or NGL-3-ECD-Fc and immunostained with anti-His and
anti-PTP& antibodies (n = 20 each). All values represent mean = SEM. *p << 0.05, ***p << 0.001, Tukey's test. Scale bars: 4, E,
10 um; €, 200 pem.

ing signals for Synapsinl accumulated around HEK293T cells
expressing HA-NGL-3, but the intensities of staining signals were
comparable between Ptprd /" and Ptprd ~'~ cortical neurons.
Furthermore, the intensity of Synapsinl signals around
HEK293T cells expressing HA-NGL-3 was weaker than that
around HEK293T cells expressing HA-ILIRAPLI (p < 0.001)
(Fig. 6 E, F), despite that the amount of HA-NGL-3 expressed on
the surface of HEK293T cells was much higher than that of HA-
ILIRAPLI (p < 0.001) (Fig. 6G). These results suggest that the
synaptogenic activity of NGL-3 is much weaker than ILIRAPLI
and is not dependent on PTP§ in contrast to ILIRAPLI.

IL1RAPLI requires PTPo for induction of dendritic
protrusions and postsynaptic differentiation

To examine whether presynaptic PTP4 is involved in postsynap-
tic ILIRAPL1-mediated induction of dendritic protrusions and
postsynaptic differentiation, we labeled cortical neurons from
wild-type mice by electroporation with an expression vector for
EGFP and FLAG-ILIRAPLI or that for EGFP at DIVO and
sparsely plated them on dishes. The labeled neurons were then
cocultured for 9 d with cortical neurons from Ptprd ™" or
Ptprd '~ mice. Expression of FLAG-ILIRAPLI significantly in-
creased the number of dendritic protrusions and Shank2 staining
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Selective interaction of IL1RAPL1 with PTP & variants. A, Schematic structure of PTP& and amino acid sequences of splice variants in Ig-like domains. Populations of these

splice variants in brains of mice at P11 are indicated on the right. B, Binding of ILTRAPL1-ECD-Fc to HEK293T cells transfected with PTP & splice variants. €, Ratios of staining signals for
ILTRAPL1-ECD-Fc and PTP& splice variants in B (n = 10 HEK293T cells each). D, Structure models of Ig-like domains of PTPS. meA and meB peptides are indicated in magenta in ribbon
diagram (left). In the model with electrostatic potential (right) (red, positive potential; blue, negative potential), vicinities of the meA and meB peptides are electrostatically positive. E,
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signals of the transfected neurons when cocultured with cortical
neurons from Ptprd *'* mice (p < 0.01 and < 0.01) (Fig. 7A-C).
However, FLAG-ILIRAPLI failed to increase dendritic protru-
sions and Shank?2 staining signals in the coculture with cortical
neurons from Ptprd '~ mice. These results suggest that postsyn-
aptic ILIRAPLI requires presynaptic PTP§ for the induction of
dendritic protrusions and postsynaptic differentiation.

We further examined the ability of PTP8 to induce postsyn-
aptic differentiation by fibroblast-neuron mixed culture assay.
HEK293T cells expressing PTPS were cocultured with cortical
neurons, and were immunostained for Shank2 and inhibitory
postsynaptic marker gephyrin. PTPS induced the accumulation
of staining signals for Shank2 but not for gephyrin (Fig. 8 A-D).
The addition of ILIRAPL1-ECD-Fc significantly suppressed the
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PTP& i required for induction of presynaptic differentiation by ILTRAPL1. A-C, Immunostaining for Bassoon of cocultures of cortical neurons derived from Ptprd */*, Ptprd ™/~ or

Ptprd /= mice and HEK293T cells expressing IL1RAPL1 (4), FLAG-NLGN1 (B), or N-cadherin (C). D, Intensity of staining signals for Bassoon on the surface of HEK293T cells expressing ILTRAPL1,
FLAG-NLGN1, and N-cadherin (n = 21-24). E, Immunostaining for Synapsin1 of cocultures of cortical neurons derived from Ptprd ™/ or Ptprd ~/~ mice and HEK293T cells expressing HA-ILTRAPL1
orHA-NGL-3. F, Intensities of staining signals for Synapsin1 on the surface of HEK293T cells expressing HA-ILTRAPL1 and HA-NGL-3 (n = 30 —32). G, Expression levels of HA-ILTRAPL1 and HA-NGL-3
on the surface of HEK293T cells. HEK293T cells transfected with HA-ILTRAPLT or HA-NGL-3 were immunostained with anti-HA under nonpermeabilized conditions. Intensities of fluorescent staining
signals were quantified (n = 32 and 35 for HA-ILTRAPL1 and HA-NGL-3, respectively). All values represent mean == SEM. **p << 0.01, ***p << 0.001, Tukey's test in D and F, and Student’s  test

in G. Scale bars, 10 m.

PTPé-induced accumulation of Shank2 staining signals (p <
0.001) (Fig. 8E,F). In contrast, NGL-3-ECD-Fc hardly affected
the PTP8-mediated postsynaptic differentiation. These results
suggest that PTP& has an activity to induce excitatory postsynap-
tic differentiation through ILIRAPLI.

IL1RAPL1-PTPd interaction is required for synapse
formation in vivo

To examine the significance of the interaction between
IL1IRAPLI and PTP$ in synapse formation in vivo, we injected
recombinant ILIRAPL1-ECD-Fc proteins into the developing
cerebral cortex of wild-type mice at P17. The injection of soluble
ILIRAPL1-ECD-Fc protein into the cerebral cortex of wild-type
mice significantly reduced the spine density of basal dendrites of
cortical layer 2/3 pyramidal neurons proximal to the injection site
as indicated by Dil labeling (p < 0.001) (Fig. 9A, B). Notably, the
extent of the decrease in the spine density by the injection of
ILIRAPL1-ECD-Fc was comparable to that observed in PTP§
knock-out mice (Fig. 9C,D). Furthermore, the suppressive effect
of ILIRAPL1-ECD-Fc on synapse formation in vivo was abol-
ished in PTP& knock-out mice (Fig. 94, B).

We further examined whether ILIRAPL1 stimulates syn-
apse formation in vivo using a Sindbis virus-mediated expres-
sion system. To monitor the infected neurons, we used
ILIRAPL1-EYFP, which was capable of stimulating the accu-
mulation of presynaptic marker proteins in cultured neurons
(data not shown). As shown in Figure 9, E and F, Sindbis
virus-mediated expression of ILIRAPLI-EYFP protein in vivo
in cortical layer 2/3 pyramidal neurons of wild-type mouse
strongly enhanced VGIuT1 staining signals around the basal
dendrites of infected neurons. However, the in vivo synapto-
genic activity of ILIRAPL1-EYFP was abolished in PTPS
knock-out mice (p < 0.001). Consistently, the injection of
soluble PTP8-ECD-MH protein into the cortical layer 2/3 sig-
nificantly suppressed the enhancement effect of ILIRAPLI1-
EYFP on VGIuT1 staining signals around the dendrites of cortical
layer 2/3 pyramidal neurons (Fig. 9G,H ). PTP6A ~B ~-ECD-MH
lacking the activity to interact with ILIRAPLI failed to suppress
the stimulatory effect of ILIRAPL1-EYFP on synapse formation.
These results suggest that the interaction of ILIRAPL1 and PTP$
is required for synapse formation in vivo.
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Figure 7. PTP& is required for increments of dendritic protrusions and Shank2 puncta by
ILTRAPL1. A, FLAG-ILTRAPL1 expressed in cortical neurons failed to increase dendritic protru-
sionsand Shank2 puncta in coculture with cortical neurons from Ptprd ~/~ mice. B, , Numbers
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test. Scale bar, 10 wm.

Discussion

Both MR and ASD are highly heritable neurodevelopmental
disorders characterized by marked genetic heterogeneity.
IL1RAPLI is responsible for MR (Carrié et al., 1999) and is
also associated with autism (Piton et al., 2008). Interestingly,
some genetic loci are also overlapping in susceptibility to these
disorders (Jamain et al., 2003; Laumonnier et al., 2004; Du-
rand et al., 2007; Kim et al., 2008; Berkel et al., 2010; Laumon-
nier et al., 2010). Thus, the elucidation of functional roles of
ILIRAPL1 will provide an important clue for identifying com-
mon pathogenic pathways shared by MR and autism (Bill and
Geschwind, 2009). Previously, we showed that presynaptic
ILIRAPLI1 plays a role in presynaptic differentiation of ze-
brafish olfactory sensory neurons in vivo by controlling both
synaptic vesicle accumulation and morphological remodeling
of axon terminals, which are mediated by IP;-dependent
Ca*"/calmodulin-protein kinase A signaling and neuronal
activity-dependent Ca’*/calmodulin signaling, respectively
(Yoshida and Mishina, 2005, 2008; Yoshida et al., 2009). Here,
we provide evidence that postsynaptic ILIRAPL]1 mediates
synapse formation in the forebrain through trans-synaptic in-
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teraction with presynaptic PTPS. Evidence is fivefold. First,
knockdown of endogenous ILIRAPL1 reduced the intensity of
punctate staining signals for active zone protein Bassoon and
the number of dendritic protrusions. Consistently, the expres-
sion of ILIRAPLLI in cultured cortical and hippocampal neu-
rons stimulated the accumulation of Bassoon and increased
the number of dendritic protrusions. Second, ILIRAPLI1
showed the activity to induce presynaptic differentiation of
cortical neurons in a neuron-fibroblast coculture assay. Nota-
bly, the synaptogenic activity of ILIRAPL1 was specific for
excitatory synapses. The ECD of ILIRAPLI was required and
sufficient for the induction of presynaptic differentiation.
Third, we identified PTPS as a major ILIRAPL1-ECD inter-
acting protein by affinity chromatography followed by LC-
MS/MS. In fact, PTPS was essential for ILIRAPLI1 to induce
presynaptic differentiation since the synaptogenic activity of
ILIRAPL1 was abolished in primary neurons from PTP8
knock-out mice. Fourth, ILIRAPL1 transfected into the cor-
tical neurons of developing mouse brain showed robust syn-
aptogenic activity, and this in vivo synaptogenic activity of
ILIRAPL1 was not detectable in PTP8 knock-out mice. Fi-
nally, both the ECD and CPD of ILIRAPL1 were indispensable
for the induction of dendritic protrusions and postsynap-
tic differentiation. Furthermore, ILIRAPL1 requires presyn-
aptic PTPé for the induction of spinogenesis and postsynaptic
differentiation. These results all together suggest that trans-
synaptic interaction between ILIRAPLI and PTP8 bidirection-
ally controls synapse formation of cortical and hippocampal
pyramidal neurons (Fig. 10). Synapse formation is the key step
in the development of neuronal networks. Precise synaptic
connections between nerve cells in the brain provide the basis
of perception, learning, memory, and cognition. Our results
suggest a link between synapse formation and mental disor-
ders. Consistently, failure in neuronal development is impli-
cated in the pathogenesis of mental disorders including MR
and autism (McAllister, 2007; Ramocki and Zoghbi, 2008;
Guilmatre et al., 2009). Thus, it is worthwhile to note that the
PTPRD encoding the trans-synaptic binding partner of
ILIRAPL1 could be a member of candidate genes susceptible
to MR and autism.

Interestingly, Pavlowsky et al. (2010) reported a significant
decrease in dendritic spine density and excitatory synapses in the
hippocampus of ILIRAPL1 knock-out mice. They showed that
ILIRAPLLI interacts with PSD-95 through the C terminus and
regulates the synaptic localization of PSD-95 by controlling JNK
activity and PSD-95 phosphorylation. Thus, the alterations of the
JNK pathway in ILIRAPL1 knock-out mice was suggested to lead
to a mislocalization of PSD-95 and a reduction in dendritic spine
density and excitatory synapses. On the contrary, they also re-
ported that the interaction of ILIRAPL1 with PSD-95 is not re-
quired for exogenous ILIRAPLI-dependent increases of the
density of spines and synapses. We here showed that the TIR
domain but not the C-terminal domain of ILIRAPL1 was re-
sponsible for the spinogenesis. Although it is known that the
juxtaposition of TIR domains of IL-1 receptor family proteins
induced by ligand binding recruits canonical IL-1 signaling mol-
ecules IRAK and MyD88 to activate the transcription factor
NEF-«B and the mitogen-activated protein kinase (MAPK) path-
ways (Dunne and O’Neill, 2003), the dimerization of the TIR
domain of ILIRAPLI does not activate NF-«B and MAPK path-
ways (Born et al., 2000; Khan et al., 2004). Thus, the TIR domain
of ILIRAPL1 may recruit signaling molecules other than the
canonical IL-1 signaling molecules. Furthermore, presynap-
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tic PTP& is required for the postsynaptic

IL1IRAPLI1 to exert spinogenic activity. FP
Notably, the injection of ILIRAPLI1-
ECD into the cortices decreased the
spine density to a similar extent as ob-
served in PTP& knock-out mice. The
synapse-organizing role of ILIRAPL1
through the interaction with PTPS well
explains the reduction of dendritic
spine density and excitatory synapses in
ILIRAPL1 knock-out mice.

Recent studies showed that mutations C
in some genes, including NLGN3, NLGN4X,
NRXNI, SHANK2, and SHANK3 in addi-
tion to ILIRAPLI, are associated with au-
tism and MR, noting the overlap of
genetic loci in susceptibility to these men-
tal disorders (Jamain et al., 2003; Lau-
monnier et al., 2004; Durand et al., 2007;
Kim et al., 2008; Berkel et al., 2010).
NLGNSs are involved in proper synapse
maturation and function, although they
are dispensable for the initial formation of
synaptic contacts (Siidhof, 2008). Neur-
exins (NRXNs) interact with NLGNs as
trans-synaptic cell adhesion molecules
(Stidhof, 2008), and SH3 and multiple
ankyrin repeat domains (SHANKSs) are
scaffolding proteins in excitatory synapses
(Sheng and Kim, 2000). The role of
NRXNs in synapse formation in vivo is in-
dicated by our recent finding that the
trans-synaptic interaction between NRXN
and glutamate receptor 62 through Cblnl
mediates synapse formation in the cere-
bellum (Uemura et al., 2010). Shank pro-
teins promote the maturation of dendritic
spines (Sala et al., 2001). Thus, we suggest
that synapse formation and synapse mat-
uration processes represent one of the
common pathogenic pathways shared by
MR and autism.

We showed that the developing
mouse brain expressed at least six vari-
ants of PTP8 derived from alternative
splicing at three small exons encoding
meA and meB peptides. Analysis of
binding activities of all possible variants
revealed that meA and meB peptides in
the Ig-like domains of PTP& were criti-
cal for the interaction with ILIRAPLI.
Interestingly, the meA and meB pep-
tides appear to form positively charged prominences from the
domains in a structure model of Ig-like domains of PTP§ according
to Titin (Fig. 5D). PTP8 shares similar domain structures with PTPo
and LAR, constituting 2A type RPTPs (Tonks, 2006). PTPoand LAR
expressed in the brain were lacking meA or meB peptide and failed to
show any significant binding activity for ILIRAPL1. These results
suggest that ILIRAPL1 selectively interacts with specific variants of
PTP& among 2A type PTPs and the mini-exon peptides of PTP§
represent protein codes for the specificity of synapse formation
through the frans-synaptic interaction between ILIRAPL1 and
PTPo.
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In contrast to the highly selective interaction of ILIRAPL1
with specific variants of PTPS among 2A type RPTPs, NGL-3
interacts with all members of 2A type RPTPs and induces
presynaptic differentiation of cultured rat hippocampal neu-
rons (Woo et al., 2009; Kwon et al., 2010). Under the condi-
tions we used, however, the synaptogenic activity of NGL-3
was considerably smaller than that of ILIRAPL1 and appeared
to be independent of PTP& since the activity was unaltered in
cortical neurons from PTP& knock-out mice. Although
NGL-3 might influence the interaction of ILIRAPL1 and
PTPS, NGL-3-ECD hardly affected the binding of ILIRAPL1-
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Figure9. Interaction of ILTRAPL1 and PTP& mediates synapse formation in vivo. A, PTP8-dependent decrease in the spine density of basal dendrites of cortical layer 2/3 pyramidal neurons by injection of
ILTRAPL1-ECD-Fc. B, Spine densities of basal dendrites of cortical layer 2/3 pyramidal neurons of wild-type and Ptprd ~/~ mice injected with Fc and ILTRAPLT-ECD-Fc (n = 25-37 neurons from two or three
mice). C, Decrease in spine density of basal dendrites of cortical layer 2/3 pyramidal neurons in Ptprd —/~ mice. D, Spine densities of basal dendrites of cortical layer 2/3 pyramidal neurons of Ptprd */™,
Ptprd /=, and Ptprd ~'~ mice (n = 37— 48 neurons from three animals each). £, Immunostaining signals for VGIuT1 along the basal dendrites of cortical layer 2/3 pyramidal neurons expressing ILTRAPL1-
EYFPinPtprd /™ and Ptprd /'~ mice. F, Relative densities of immunostaining signals for VGIUT1 along the basal dendrites of cortical layer 2/3 pyramidal neurons expressing ILIRAPL1-EYFPin Ptprd */* and
Ptprd ~'~ mice (n = 15 neurons from one animal each). Immunostaining signals along the dendrites of the pyramidal neurons expressing EYFPin Ptprd ™/ mouse serve as control (n = 15 neurons from one
animal). G, Immunostaining signals for VGIuT1 along the basal dendrites of cortical layer 2/3 pyramidal neurons expressing IL1RAPL1-EYFP in the presence of AP-MH, PTPSA ~B ~-ECD-MH, or PTP&-ECD-MH.
Immunostaining of the pyramidal neurons expressing EYFP serve as control. H, Relative densities ofimmunostaining signals for VGluT1 along the basal dendrites of cortical layer 2/3 pyramidal neurons expressing
ILTRAPL1-EYFPin the presence of AP-MH, PTPGA ~ B ~-ECD-MH or PTPS-ECD-MH (n = 24 —26 neurons from two mice each). Inmunostaining signals along the dendrites of the pyramidal neurons expressing
EYFP serve as control (n = 13 neurons from one animal). All values represent mean == SEM. **p << 0.01, and ***p << 0.001, Student’s ¢ testin B and Tukey's testin D, F, and H. Scale bars, 5 um.

directionally. Furthermore, PTPo regulates the synapse num-
g U ber of zebrafish olfactory sensory neurons (Chen et al., 2011).
N TIR Interestingly, the interaction of TrkC and PTPo was partly
o“, < ogr affected by the insertion of meB peptide into the Ig-like do-
mains of PTPo (Takahashietal., 2011). On the other hand, the
first two fibrinectin-3-like domains of LAR and PTPo were
responsible for the interaction with NGL-3 (Kwon et al.,
g 2010). These studies, together with our findings, suggest that
diverse forms of 2A type RPTPs may provide presynaptic
molecular codes for synapse formation by interacting with
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ECD to PTP& expressed in HEK293T cells. Recently, Taka-
hashi et al. (2011) reported that neurotrophin receptor
tyrosine kinase (Trk) C selectively interacts with PTPoamong
2A type RPTPs and induces excitatory synapse formation bi-

NLGNSs to mediate synapse formation in a variant-specific manner
(Siidhof, 2008; de Wit et al., 2009; Ko et al., 2009; Uemura et al.,
2010). The diversity of synaptogenic molecules would be required
for the selective formation of the huge numbers of synapses in the
brain. An intriguing question is whether these molecules involved in
the pathogenesis of mental disorders affect primarily specific net-
works in the brain.
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