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Protein Tyrosine Phosphatase 6 Mediates the
Sema3A-Induced Cortical Basal Dendritic Arborization
through the Activation of Fyn Tyrosine Kinase
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Leukocyte common antigen-related (LAR) class protein tyrosine phosphatases (PTPs) are critical for axonal guidance; however, their relation to
specific guidance cues is poorly defined. We here show that PTP-3, a LAR homolog in Caenorhabditis elegans, is involved in axon guidance
regulated by Semaphorin-2A-signaling. PTP8, one of the vertebrate LAR class PTPs, participates in the Semaphorin-3A (Sema3A)-induced
growth cone collapse response of primary cultured dorsal root ganglion neurons from Mus musculus embryos. In vivo, however, the contribution
of PTP& in Sema3A-regualted axon guidance was minimal. Instead, PTP6 played a major role in Sema3A-dependent cortical dendritic growth.
Ptp& '~ and Sema3a '~ mutant mice exhibited poor arborization of basal dendrites of cortical layer V neurons. This phenotype was observed
in both male and female mutants. The double-heterozygous mutants, Ptpd™ ~; Sema3a ™', also showed a similar phenotype, indicating the
geneticinteraction.In Ptp& '~ brains, Fyn and Srckinases were hyperphosphorylated at their C-terminal Tyr527 residues. Sema3A-stimulation
induced dephosphorylation of Tyr527 in the dendrites of wild-type cortical neurons but not of Ptpd ' ~. Arborization of cortical basal dendrites
was reduced in Fyn ~'~ as well as in Ptp& ™ ~; Fyn '~ double-heterozygous mutants. Collectively, PTPS mediates Sema3A-signaling through
the activation of Fyn by C-terminal dephosphorylation.
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The relation of leukocyte common antigen-related (LAR) class protein tyrosine phosphatases (PTPs) and specific axon guidance
cues is poorly defined. We show that PTP-3, a LAR homolog in Caenorhabditis elegans, participates in Sema2A-regulated axon
guidance. PTP3, a member of vertebrate LAR class PTPs, is involved in Sema3A-regulated cortical dendritic growth. In Sema3A
signaling, PTPO activates Fyn and Src kinases by dephosphorylating their C-terminal Tyr residues. This is the first evidence
showing that LAR class PTPs participate in Semaphorin signaling in vivo. j

ignificance Statement

Introduction

Semaphorins are a family of axon guidance molecules that regu-
late the axonal projection of specific neurons in both inverte-
brates and vertebrates (Raper, 2000; Pasterkamp, 2012; Worzfeld
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and Offermanns, 2014). Semaphorins are divided into seven classes
based on their species and primary structures (Semaphorin Nomen-
clature Committee, 1999). Semaphorin-2A (Sema2A) is a class 2
invertebrate secreted Semaphorin, which repulsively regulates the
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projection of motoneurons to target muscles in Drosophila (Matthes
etal.,, 1995; Winberg et al., 1998). Semaphorin-3A (Sema3A), a pro-
totype of class 3 vertebrate secreted Semaphorins, repels the axons
from dorsal root ganglion (DRG) and hippocampal neurons (Raper,
2000). Sema3A also regulates the dendritic development of cortical
and hippocampal pyramidal neurons (Fenstermaker et al., 2004;
Nakamura et al., 2009; Valnegri et al., 2015).

Plexins have been identified as principal receptors for Sema-
phorins (Tamagnone et al., 1999). In Caenorhabditis elegans,
Plexin-2 serves as a specific receptor for Sema2A (Nakao et al.,
2007). We have reported that Sema2A—Plexin-2 signaling regulates
the axon guidance of DD/VD motoneurons in nematodes (Naka-
mura et al, 2014). In vertebrates, Sema3A uses Neuropilin-1
(NRP1) as the primary receptor (Worzfeld and Offermanns, 2014).
Plexin-A forms a hetero-complex with NRP1 and acts as a signal
transducer of repulsive response of Sema3A (Takahashi et al., 1999).
This complex also regulates Sema3A-induced dendritic morpho-
genesis of cortical layer V pyramidal neurons (Valnegri et al., 2015).
Both mutant mice of Npn-1*"", which express a mutant NRP1
abolished Sema3A binding, and Plexin-A4 '~ exhibit less elaborate
basal dendrites (Gu et al., 2003; Tran et al., 2009). NRP1 also inter-
acts with neural adhesion molecule L1 to mediate Sema3A-signaling
in the projection of corticospinal tract (Castellani et al., 2000). It has
been shown that Fyn tyrosine kinase is involved in the Sema3A-
regulated dendritic branching and spine maturation of cortical py-
ramidal neurons (Morita et al., 2006). However, its activation
mechanism has yet to be revealed.

Leukocyte common antigen-related (LAR) class protein ty-
rosine phosphatases (PTPs) have been implicated as signaling
molecules of axon guidance and synapse formation (Chagnon et
al., 2004; Takahashi and Craig, 2013; Um and Ko, 2013; Stoker,
2015). In C. elegans, LAR homolog PTP-3 is involved in the com-
missural projection and dorsal fasciculation of DD/VD motor neu-
rons (Ackley et al., 2005). Drosophila LAR participates in the
innervation of ISNb motoneurons to ventral muscles and laminar-
specific targeting of photoreceptor R7 neurons (Ensslen-Craig and
Brady-Kalnay, 2004). Heparan sulfate proteoglycans, Syndecan and
Dally-like, bind Drosophila LAR and participate in motor axon-
guidance and synaptic development (Fox and Zinn, 2005; Johnson
et al., 2006).

In vertebrates, LAR class PTPs consist of three members: LAR,
PTP§, and PTPao. LAR acts as a receptor for heparan-sulfate pro-
teoglycans and guides peripheral sensory axons to the skin in
zebrafish (Wang et al., 2012). Chick PTPo interacts with heparan
sulfate proteoglycans in retinal basal membrane (Aricescu et al.,
2002). PTPo may modulate retinal axon growth and guidance in
visual system (Ledig et al., 1999; Johnson et al., 2001; Rashid-
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Doubell et al., 2002). In addition, LAR and PTPo bind chondroi-
tin sulfate proteoglycans to inhibit neurite outgrowth of CNS
neurons (Shen et al., 2009; Fisher et al., 2011). PTP8 may partic-
ipate in the projection of motor axons (Stepanek et al., 2005) as
well as in the dendritic growth of olfactory mitral cells (Shishi-
kuraetal.,2016). PTPdis also involved in spatial learning (Uetani
et al., 2000). In terms of synapse formation, specific ligands for
LAR class PTPs, such as IL-1 receptor accessory protein-like 1
(ILIRAPL1) and Slitrk, have been identified (Yoshida et al., 2011;
Takahashi et al., 2012). In contrast, the relation of LAR class PTPs
and particular axon and/or dendrite guidance molecules remains
to be defined.

We found that PTP-3, a LAR homolog in C. elegans, partici-
pates in Sema2A-regulated axon guidance. Murine PTP$ is in-
volved in Sema3A-regulated cortical dendritic growth. In
Sema3A signaling, PTP3 activates Fyn and Src kinases by dephos-
phorylating their C-terminal Tyr residues. The involvement of
LAR class PTPs in Semaphorin signaling may be preserved be-
yond species.

Materials and Methods

C. elegans strains, cultures, and phenotypic analyses. Bristol strain N2 was
used as the standard wild-type strain. mab-20(bx61), plx-2(ev775), ptp-
3(op147), and ptp-3(ok244) were provided from the Caenorhabditis
Genetics Center. plx-2(tm729) was provided by S. Takagi (Nagoya Uni-
versity, Nagoya, Japan). To visualize DD/VD neurons, wild-type and
those mutants were intercrossed with oxIs12[unc47::GFP]. Genotyping
primers and expected fragment size for each mutant are as follows:
plx-2(tm729), tm729-5f (5'-gactggaggtggaagatggtgaat-3'), tm729-wtr
(5'-ATCCATCATTGTCGCTGACCCTAA-3"), tm729-3r (5'-caacaaa
cggtaggacatctcaca-3'), wild-type (wt) 630 bp, tm729 329 bp; plx-
2(ev775), plx2-Q1742wt (5'-TCAGCCAACAACGTTTGCCTC-3"),
plx2-Q1742stop (5'-TCAGCCAACAACGTTTGCCTt-3'), plx2-ev775r
(5'-taaggcgcggattgaggeaag-3'), wt 355 bp, ev775 355 bp; ptp-3(op147),
opl147-5f (5'-ctgttcctgtcgcaataccatct-3"), opl47-3r (5'-gcttgatctcte-
gaacttcaggt-3'), tcl-rpt (5'-agtggatatctttttggecageact-3"), wt 650 bp,
op147 400 bp; ptp-3(ok244), ok244-left (5'-tagattgcaaccgacccaaac-3'),
ok244-right (5'-cttatccggatgcaatccagt-3"), ok244-wt (5'-ATGGTTT-
TACCACGCGATGAT-3"), wt 760 bp, 0k244 403 bp; mab-20(bx61),
mab20-P188wt (5'-TCAGCCAACAACGTTTGCCTC-3"), mab20-
P188L (5'-GAATCATCTGATCTACCGTCt-3"), mab20-bx61r (5'-
gccgagecaaaatggectact-3'), wt 519 bp, bx61 519 bp.

Phenotypic analysis of the DD/VD neuronal projection was described
previously (Nakamura et al., 2014). Strong allele mutants ( plx-2(tm729),
ptp-3(op147), and their double mutant) were cultured at 20°C. Weak
allele mutants (mab-20(bx61), plx-2(ev775), ptp-3(0k244), and their
double mutants) were cultured at 25°C because mab-20(bx61) is
temperature-sensitive. The gap (premature termination) and defascicu-
lation (including premature bifurcation) of the DD/VD dorsal nerve
cord were scored as irregular projection. Premature termination of cau-
dal projection of dorsal nerve cord, which does not reach above DD6 cell
body, was also treated as gap phenotype. In one assay, 30—40 animals
were examined and the penetrance was scored. At least seven indepen-
dent assays were performed in each strain. Images of DD/VD projection
were captured through 20X and 40X objective lenses equipped with an
AxioPlan 2 microscope (Carl Zeiss) and a Spot-2e CCD camera (Spot).

Sema2A—Plexin-2 binding assay. Sema2A-Fc-AP and Plexin-2 expres-
sion vectors were provided by S Takagi (Nagoya University, Nagoya,
Japan). PTP-3B (PTP-3 short isoform) construct was provided by B.D.
Ackley (University of Kansas, Lawrence, Kansas). The coding fragment
of PTP-3B without secretion signal was PCR-amplified with ptp3b-66f
(5"-atcggtaccGTACCATCAGCGCCTCGAAACTTCAAT-3")andptp3b-
endr (5'-atCTACGAGAAATTGTCATAGGCGGCTAGGT-3") primers
and cloned into a modified pSecTag2B vector harboring HA epitope.
Sema2A-Fc-AP protein was expressed in HEK293 stable cells and the
conditioned medium was concentrated. A 24 well plate was coated with
50 ug/ml poly-L-lysine and seeded with 1 X 10° HEK293T cells/plate.
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Table 1. Antibodies
Antibody (mAb clone) Company (Catalog #), RRIDs Dilution Application
B-Actin (AC-74), mouse mAb Sigma-Aldrich (A5316) 1:9000 IB
RRID: AB_476743
Fyn (FYN3), rabbit pAb Santa Cruz Biotechnology (sc-16) 1:5000 1B
RRID: AB_631528
HA (C29F4), rabbit mAb Cell Signaling Technology (3724) 1:5000 1B
RRID: AB_1549585
D2 domain of LAR class PTP, rabbit pAb This paper 1:100 [P from brain
LAR, goat pAb Santa Cruz Biotechnology (sc-1119) 1:400 with Canget A ICC(DRG)
RRID: AB_631874
LAR, mouse mAb BD Biosciences (610351) RRID: AB_397741 1:3000 IB (IP from brain)
MAP2, chick pAb Abcam (ab5392) 1:5000 ICC (cortical neuron)
RRID: AB_2138153
MAP2 (AP-2), mouse mAb Sigma-Aldrich (M1406) 1:3000 ICC (cortical neuron)
RRID: AB_477171
Myc (9E10), mouse mAb Sigma-Aldrich (M4439) 1:2000 1B
RRID: AB_439694 1:1000 ICC (DRG)
Neuropilin-1(D62C6), rabbit mAb Cell Signaling Technology (3725) 1:12,000 1B
RRID: AB_2155231
Plexin-A4 (C5D1), rabbit mAb Cell Signaling Technology (3816) 1:6000 1B
RRID: AB_2166410
PTP& (F34a6), rat mAb conditioned medium Shishikura et al., 2016 1:25 1B
1:500 IHC (brain coronal section)
1:500 ICC (cortical neuron)

PTP§, rabbit pAb

PTPo (17G7.2), mouse mAb
Src (32G6), rabbit mAb

Src (GD11), mouse mAb

pY416 Src (D49G4), rabbit mAb
pY527 Src, rabbit pAb

a-tubulin (DM1A), mouse mAb
Phosphotyrosine (4G10), mouse mAb
V5, mouse mAb

Secondary antibodies

AlexaFluor 488-, 594-, 647- labeled anti-mouse, rabbit, or chick

AlexaFluor 488-labeled streptavidin
Alexa488-labeled Phalloidin
Biotin-conjugated anti-rat
HRP-conjugated anti-mouse or rabbit
HRP-conjugated anti-rat
HRP-conjugated streptavidin

Mizuno etal., 1993
MédiMabs (MM-0020)
RRID: AB_1808357

Cell Signaling Technology (9935, 2123)

RRID: AB_2106047

Millipore (05-184)

RRID: AB_2302631

Cell Signaling Technology (9935, 6943) RRID: AB_10860245
Cell Signaling Technology (9935, 2105) RRID: AB_10829463

Sigma-Aldrich (T9026)
RRID: AB_477593
Millipore (05-321)
RRID: AB_309678
Invitrogen (R960—25)
RRID: AB_2556564

Invitrogen (A-11029, A11037, A-21244, etc)
Invitrogen (532354)

Invitrogen (A12379)

Invitrogen (31830)

GE (NA931V, NA934V)

Millipore (AP183P)

Perkin-Elmer (NEL700A001KT)

1:500 with Canget A
1:5000

1:3000

1:50 with Canget A
1:5000

1:1000 with Canget A

1:5000
1:5000
1:1000 with Canget A
1:5000

1:2000

1:10,000
1:2500

1:1000~1:2000
1:1000

1:1000

1:2000

1:10,000

1:5000

1:500

ICC(DRG)

IB (C0S-7)

IB (IP from brain)
ICC(DRG)

1B

ICC(DRG, cortical neuron)

1B
1B
ICC (DRG, cortical neuron)
1B

1B

1B
IcC

ICC

ICC (cortical neuron)
ICC

ICC (cortical neuron)
1B

1B

ICC (cortical neuron)

1B, Immunoblotting; ICC, immunocytochemistry; IHC, immunohistochemistry; IP, immunoprecipitation; RRIDs, Research Resource Identifiers.

The cells were transfected with mock-vector, Myc-Plexin-2, HA-PTP-
3B, or both. After 2 d of incubation, the cells were incubated with diluted
Sema2A-Fc-AP (0—10 nm) on ice for 2 h. Each well was washed with
Hanks balanced buffer supplemented with 20 mm HEPES NaOH, pH 7.0,
and 0.05% BSA five times, fixed with the mixture of 20 mm HEPES NaOH,
pH7.0, 150 mm NaCl, and 3.7% formaldehyde at RT for 10 min, and head-
inactivated at 67°C for 2 h in the presence of Hanks balanced buffer supple-
mented with 20 mm HEPES NaOH, pH7.0. Bound AP-probe was monitored
by enzymatic hydrolysis of para-nitrophenylphosphate (pNPP). Each well
was given 250 pul of pNPP solution (Sigma-Aldrich,N1891) and the plate was
incubated at RT for 1 d. Yellow-colored solution was collected, centrifuged,
and measured OD,,; with a 96-well plate reader. Specific binding was ob-
tained by subtracting the absorbance of mock-vector (nonspecific binding)
from other conditions.

Antibodies. The antibodies used in this study and their dilutions are
listed in Table 1. Anti-LAR class PTP polyclonal rabbit antibody was

raised against human PTP8 D2 domain (1620-1912 AA) and affinity-
purified through GST-mouse PTP8 D2 column. Anti-PTP8 ectodomain
rabbit polyclonal antibody was provided by K. Mizuno (Tokyo Metro-
politan Institute for Neuroscience, Tokyo, Japan). Anti-PTP8 ectodo-
main (FNIII-2, 3, 8) rat monoclonal antibody (F34a6) was described
previously (Shishikura et al., 2016).

Insitu hybridization. In situ hybridization of frozen tissue sections with
digoxigenin probes was performed as previously described (Nakamura et
al., 2009). The following antisense probes were generated using the cod-
ing regions of the cDNA indicated in parenthesis: LAR, mouse LAR
(26—446 AA); PTPS, mouse PTP8 A Isoform (1-341 AA); PTPo, mouse
PTPo (1-387 AA).

Plasmid construction. The coding fragment of human PTP$ intracellular
D2 domain (1620-1912 AA) was amplified with hD-1620f (5’-aaggatc-
cGTGCCAGCTAGAAACTTGTATG-3') and hD-endr (5'-aactcgagC-
TACGTTGCATAGTGGTCAAAG-3") primers and cloned into
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pGEX6P1 (GE Healthcare) to generate pGEX6P-hPTP8-D2. Expression
vectors of mouse LAR, PTPS8 (D Isoform), and PTPo were described
previously (Shishikura et al., 2016). PTP8 expression vector was used as a
template to construct PTP8-D1(C/S), a phosphatase-inactive mutant of
PTPS, where Cys1149 in the D1 catalytic domain was replaced with Ser
using primers mD-D1149Sr (5'-tgagct GTGTACCACCATTGGCCCTG-
CATC-3") and mD-D1151f (5'-GCTGGTGTTGGCAGAACTGGCT-
GCTTC-3'). The coding fragment of mouse PTP& wild-type or D1(C/S)
mutant was transferred to a pHSV vector for the preparation of recom-
binant herpes simplex viruses. Briefly, 2-2 cells were transfected with one
of the constructed pHSV vectors and subsequently infected with IE2
defective herpes-simplex virus (5d11.2). Mock virus was prepared with
the pHSV vector without any insertion. All constructs were confirmed by
DNA sequencing.

Mutant mice. Sema3a (RRID:MGI:3832572; Taniguchi et al., 1997;
Nakamura et al., 2009), Ptpd (RRID:MGI:3056784; Uetani et al., 2000;
Shishikura et al., 2016), and Fyn (RRID:MGI:2175035; Morita et al.,
2006) mutant mice were housed on a 12 h light/dark cycle in the animal
facility at Yokohama City University Graduate School of Medicine. These
mice were fed an autoclaved diet and given water. The mutant mice were
maintained as heterozygous on a C57BL/6 background. Homozygous or
double-heterozygous mutant mice were obtained by intercrossing the same
or different heterozygous mice. Genotyping was determined as described
previously (Morita et al., 2006; Nakamura et al., 2009; Shishikura et al.,
2016). GFP-M genotype was introduced to the mutant mice by intercrossing
with thy1-GFP-m (MGI:4941461; Feng et al., 2000). Integration of GFP-M
was confirmed by genotype PCR with gfp-5f (5'-AAGTTCATCTGC-
ACCACCG-3') and gfp-3r (5'-TCCTTGAAGAAGATGGTGCG-3') prim-
ers. All procedures were performed according to the guidelines outlined in
the Institutional Animal Care and Use Committee of the Yokohama City
University School of Medicine. The mouse experiments were approved by
the committee with the protocol No. “F-A-14-047". Throughout the exper-
imental procedures, all efforts were made to minimize the number of ani-
mals used and their suffering.

Immunoblot analysis. Sex of analyzed mice are as follows: wild-type,
three females; Ptpd /=, one male, two females. Mice (1 month) were
killed with deep anesthetization with diethyl ether. Dissected brains were
immediately frozen in liquid N, and stored at —80°C. Each brain (cere-
brum to oblongata) was homogenized in 5 ml of homogenization buffer
(50 mm HEPES NaOH, pH7.4, 150 mm NaCl, 1 mm EDTA, 1 mm
Na;VO,, 10% glycerol, 1000-fold diluted protease inhibitor cocktail
(Sigma-Aldrich, P8340), and 5 mm CH;COOI). The samples were placed
on ice for 30 min, supplemented with 1 mm DTT, and stored at —80°C
until use. The homogenates (500 ng) were suspended in 500 ul of RIPA
buffer (20 mm Tris HCI, pH7.4, 150 mMm NaCl, 5 mm EDTA, 0.5 mm
Na;VO,, 10% Glycerol, 1% Triton X-100, 0.25% deoxycholate, 0.1%
SDS, and protease inhibitors) and centrifuged. The solubilized fractions
(20 g, each sample) were subjected to immunoblot analyses with vari-
ous antibodies listed in Table 1.

Immunoprecipitation. HEK293T cells were cotransfected with PTP6-
Myc and HA-NRP1 or HA-Plexin-Al. After 2 d of incubation, cells were
lysed with IP150 buffer (20 mm Tris HCL, pH7.4, 150 mm NaCl, 5 mm
EDTA, 1 mm NaF, 0.5 mm Na;VO,, 1% Triton X-100, protease inhibi-
tors) and centrifuged. The solubilized fractions were mixed with anti-c-
Myc agarose at 4°C O/N. The beads were washed with IP150 buffer and
analyzed on immunoblots with anti-HA (1:5000) and anti-Myc (1:2000).
For immunoprecipitation of HA-tagged proteins, anti-HA beads
(Roche, 11 815016 001) were used. Mouse brains from PO were homog-
enized in the homogenization buffer. After removing the nuclei fraction
by low speed centrifugation (500 X g), the supernatant was ultra-
centrifuged at 100,000 X g for 60 min. The pellet was suspended in the
lysis buffer (20 mm HEPES NaOH, pH 7.4, 50 mm NaCl, 0.5% Triton
X-100, protease inhibitors) and the solubilized fraction was separated by
centrifugation. The fraction (200 ul, ~1 mg) was mixed with 300 ul of
IP150 buffer, precleared with protein-A agarose beads (10 ul) for 2 h at
4°C, then mixed with 5 ug of anti-LAR class PTP rabbit IgG or pre-
immune IgG for O/N at 4°C. The immune complex was recovered with
the addition of protein-A agarose beads (5 ul). The beads were exten-
sively washed with IP150 buffer and analyzed on immunoblots with
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anti-NRP1 (1:12,000), anti-Plexin-A4 (1:6000), anti-LAR (1:3000), anti-
PTPS (F34a6, 1:25), and anti-PTPo (1:3000).

Primary culture of DRG neurons. Eight-well glass chambers (*154534,
Nunc) were coated with poly-L-lysine (100 ug/ml) and laminin (8 g/
ml). Dissected DRG explants from wild-type or Ptpd mutant embryos
(E16-E18) were incubated in the mouse DRG medium (neurobasal me-
dium supplemented with 2% B27, 1 mm GlutaMax, and 10 ng/ml NGF)
at 37°C for 1 d. In some experiments, transfection of siRNA or infection
of recombinant HSV was performed and incubated further by 1-2 d. The
explants were stimulated with AP-Sema3A (Takahashi et al., 1999) for
5-30 min and fixed with either PBS pH 7.4 containing 2% formaldehyde
and 10% sucrose for collapse assay or PBS supplemented with 2% para-
formaldehyde (PFA) for immunocytochemistry.

siRNA transfection. Three different siRNAs against mouse PTPS and
PTPo were synthesized and purchased from Integrated DNA Technolo-
gies. The sequences are available upon request. Mouse LAR siRNA mix-
ture (sc-35794) was purchased from Santa Cruz Biotechnology. These
siRNAs suppressed the targeted-PTP expression in COS-7 cells (see Fig.
2Ba). Weak oft-target effects of these siRNAs within the LAR family were
also observed. Transfection of the siRNA mixture into mouse wild-type
DRG explant was performed with DharmaFECT-3 (Thermo Scientific).
In brief, 140 pmol of siRNA was mixed with 6 ul of the transfection
reagent in 220 ul of Neurobasal medium. The aliquot of the mixture (25
ul) was added to one well (250 ul) containing a DRG explant. After 4 h
incubation at 37°C, the medium was replaced with the fresh mouse DRG
medium. The DRG explants were further incubated for 2 d and stimu-
lated with AP-Sema3A for 25 min. The knockdown of protein expression
in DRG was confirmed by immunocytochemistry (Fig. 2Bb—Bd).

Rescue study. After 1 d incubation of the DRG explants from Ptpd
mutant embryos, HSV-PTP8-V5 or HSV-PTP8-D1(C/S)-V5 were in-
fected and incubated for an additional day. The explants were stimulated
with AP-Sema3A (0.05-0.3 nm) for 25 min. Growth cone collapse was
scored. The expression of exogenous PTP& was confirmed by anti-V5
immunocytochemistry (data not shown).

Growth cone collapse assay. Fixed explants were stained with Alex-
aFluor 488-conjugated phalloidin (1:500 dilution). Fluorescently labeled
growth cone morphology was examined through 20X (for DRG axons)
or 40X (for entorhinal axons) objective lenses and scored either col-
lapsed (without lamellipodium and less than three filopodia) or noncol-
lapsed (with lamellipodia or >2 filopodia). In one assay, 50—180 growth
cones of each explant were scored. The n values in the figure legends
indicate the number of explants in one condition. In each condition,
8-26 explants were examined. Growth cone morphologies were cap-
tured through a 40X objective lens with an Olympus IX-70 inverted
microscope and a CCD camera.

Dil trace of entorhino-hippocampal projection. Brains were dissected
from PO—P2 newborn mice and fixed with 4% PFA/PBS at 4°C for 1 week.
Each brain was injected a small Dil crystal to the entorhinal cortex area
and incubated at 37°C for 14-28 d in the presence of 4% PFA/PBS (Supeér
and Soriano, 1994; Pozas et al., 2001). The brains were embedded in the
3% agarose/PBS and sliced in sequential horizontal sections (100 wm)
with a MicroSlicer (Dosaka EM). The sections were counter-stained with
3 uM bisbenzimide to visualize the hippocampal layers and mounted to
slide glass. The trace was recorded with a CCD Camera through X10
object lens. Projection of Dil-labeled entorhinal axons in stratum radia-
tum (sr) was scored as irregular projection. The following genotypes and
animals were examined: wild-type, 16; Ptp‘o‘*/*, 10; Ptpd == 9;
Sema3a™t’~, 14; Sema3a~'~, 5; and Ptp8+/7; Sema3a™’", 9. The “over-
projection” phenotype in Ptpd '~ was scored as follows. The width of
Dil-labeled hippocampal alveus was measured at the middle of CA1 in
the horizontal section, which showed the largest width in a series of
sequential sections from each brain. Nine animals of each genotype
(wild-type and Ptpd ~/~) were examined. The average of wild-type width
was normalized to 100%.

Morphological analysis of cortical basal dendrites. Sex of analyzed mu-
tant mice are as follows: wild-type, 1 male, 2 females; Ptp6+/ ~, 3 males, 2
females; Ptpd /=, 1 male, 2 females; Sema3a™’", 3 females; Sema3a ',
1 male, 1 female; Ptp8+/7; Sema3a™t’”, 3 females; Fyn”i 2 males;
Fyn /=, 2 males, 1 female; Ptpb‘”*; Fyn”i 2 females. The mutant
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mice introduced GFP-M genotype (1 month) were killed using diethyl
ether and transcardially injected 10 ml 4% PFA/PBS. Brains were surgi-
cally removed, fixed with 4% PFA/PBS at 4°C O/N, and embedded in 3%
agarose/PBS. Coronal sections (100 um) were sliced from the specimens
using a MicroSlicer and collected in PBS. The sections were mounted on
a slide glass with Fluoromount. Using a Zeiss LSM-510 confocal micros-
copy, images of basal dendrites from GFP-labeled pyramidal neurons in
the cortical layer V of motor to sensory areas were taken through a 20X
objective lens. For each genotype, 2031 neurons were selected from two
to three independent mouse brains. The basal dendrites of the neurons
were traced >100 wm from the center of the cell body with the aid of Fiji,
an ImageJ derivative. In each traced neuron, the elaboration of basal
dendrites by Sholl analysis (Sholl, 1953) and the total length of the den-
drites were examined with Fiji.

Src and pY527-Src immunocytochemistry. DRG explants from Ptpd
mutant embryos (E16—E17) were stimulated with 0.1 nm AP-Sema3A for
5-30 min. The explants were fixed with PBS containing 2% PFA and 10%
sucrose for 1 h, then rinsed twice with Tris-buffered saline (25 mwm Tris
HCl, pH7.4, 137 mm NaCl, 2.68 mm KCI) supplemented with 0.1% Tri-
ton X100 (TBST). After blocking with TBST 5% normal goat serum
(NGS) for 4 h, the explants were exposed to anti-pY527-Src rabbit pAb
(1:1000) and anti-Src mouse mAb (1:667) diluted with Can Get Signal A
(NKB-501, Toyobo) at 4°C O/N. The explants were rinsed with TBST
three times and subsequently exposed to anti-rabbit IgG-conjugated Al-
exaFluor 488 (1:1000) and anti-mouse IgG-conjugated AlexaFluor 594
(1:1000) diluted with TBST 1% NGS at 4°C O/N. The explants were
washed with TBST for five times and were mounted coverslip with Fluo-
romount. Confocal images of growth cones were taken through a 63X
objective lens with Zeiss LSM-510 microscopy. Captured images were
analyzed with Image]. In each condition, 24—-30 growth cones were se-
lected, the boundary of each growth cone was manually traced, and the
intensity of the selected area was scored. The ratio of pY527 and Src
(pY527/Src) in nonstimulated growth cones was treated as 100%. The
average of relative ratio from five independent experiments was statisti-
cally analyzed.

Primary culture and immunocytochemistry of cortical neurons. Cortical
neurons from wild-type or Ptpd '~ E14 embryos were plated on glass
coverslips coated with poly-L-lysine at a density of 1 X 10* cells/well in a
4-well dish, and grown in Neurobasal medium supplemented with 2%
B27, 1 mm GlutaMax, 50U/ml penicillin and 50 pg/ml streptomycin for
8 d. The neurons were fixed in 2% PFA/PBS for 30 min and rinsed once
with PBS. The samples were incubated with PBS and 0.1% Triton X100
(PBST) containing 0.3% H,O, for 30 min and subsequently blocked with
PBST with 5% skim milk and 5% NGS at RT for 1 h. The specimens were
incubated with anti-PTP8 rat mAb (F34a6, 1:500 dilution) and anti-
MAP2 chick pAb (1:5000) in TBST 2.5% NGS for O/N at 4°C. To en-
hance PTP&-immunoreactive signal, tyramide Signal Amplification
system (Perkin-Elmer, NEL700A001KT) was used. Briefly, the samples
were incubated with biotin-conjugated anti-rat IgG secondary antibody
(1:2000) for 1 h, with streptavidin-HRP (1:500) for 50 min, and with
diluted tyramide-biotin for 10 min at RT. The bound probes were visu-
alized with the mixture of AlexaFluor 488-conjugated streptavidin (1:
1000) and AlexaFluor 594-goat anti-chick antibody (1:1000) in TBST
2.5% NGS for 3 h at RT. Immunostaining of pY527-Src and Src was also
performed in the same condition as the DRG explants. In this case, MAP2
was labeled with anti-MAP2 chick pAb (1:10,000) and anti-chick 1gG-
conjugated with AlexaFluor 647 (1:1000). Confocal images of the immu-
nostained cortical neurons were taken through a 40X objective lens with
Zeiss LSM-510 microscopy. For dendritic growth assay, dissociated cor-
tical cultures were stimulated with Sema3A (0.3 nm) at 6 DIV for 1 d.
Fixed specimens were immunostained with anti-MAP2 mAb (1:3000)
and AlexaFluor 488-conjugated anti-mouse I1gG (1:3000). Stained im-
ages were captured through a 20X lens and analyzed with the aid of Fiji.

Experimental design and statistical analysis. All experiments were per-
formed with appropriate controls such as mock-transfected cells and
wild-type animals. Two-tailed unpaired ¢ test, one-way ANOVA with
post hoc Tukey—Kramer test, and Fisher’s exact test were used. Unpaired
t test was performed with Microsoft Excel Mac, 2011. One-way ANOVA
with post hoc Tukey—Kramer test was examined with Excel add-in soft-
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ware StatCel3 (OMS Publishing). Statistical significance of the post hoc
test was given as either *p < 0.05 or **p < 0.01 due to the specification of
the software. Fisher’s exact test was performed with R v3.3.2.

C. elegans studies (Fig. 1 B, C): one-way ANOVA with post hoc test was
used. Immunoreactivity of RNAi-treated cells (Fig. 2Be): two-tailed un-
paired ¢ test was used. Growth cone collapse assays (Figs. 2D,3 A, C, 6G):
unpaired ¢ test was used for the comparison of two groups (Fig. 3A).
One-way ANOVA with post hoc Tukey—Kramer test was used to examine
more than two conditions (Figs. 2D, 3C, 6G). Analyses of entorhino-
hippocampal projection: thickness of hippocampal alveus was examined
with unpaired ¢ test. The penetrance of irregular entorhinal projection in
mutants was examined with Fisher’s exact test (Table 2). The numbers
of Dil-traced brains are indicated in the Dil trace of entorhino-
hippocampal projection section. Sex of these specimens could not be
determined because they were newborn mice. Analyses of dendritic
length (see Figs. 5M, 0, 7G): one-way ANOVA with post hoc Tukey—
Kramer test was performed. Sema3A-induced pY527 dephosphorylation
(see Figs. 6F, 7B): the difference of relative pY527/Src ratio between
wild-type and Ptp8 '~ was examined with unpaired ¢ test (see Fig. 6E) or
one-way ANOVA (see Fig. 7B). Numbers and sexes of the animals used
for dendritic analyses (see Figs. 5M, 7G) are described in the Morpho-
logical analysis of cortical basal dendrites section. Note that different
animals of Ptpd*/~ were examined in Figures 5M and 7G. Other num-
bers and statistical results are described in the figure legends and Results.

Results

PTP-3, a LAR homolog in C. elegans, is involved in
Sema2A-Plexin-2 signaling

The phenotypic similarity of aberrant DD/VD projection in ptp-3
(Ackley et al., 2005) and plexin-2 (plx-2) or semaZa (mab-20)
mutants (Nakamura et al., 2014) suggests possible involvement
of LAR class PTPs in Semaphorin—Plexin signaling. Therefore, we
examined the genetic interaction of ptp-3 and plexin-2 in nema-
todes. Although the defect of DD/VD dorsal nerve cord was
3.57 * 0.95% in wild-type, the irregular projection was increased
in ptp-3(op147) (14.5 = 3.2%) and plx-2(tm729) (13.4 = 1.9%;
Fig. 1A,B), confirming the earlier reports (Ackley et al., 2005;
Nakamura et al., 2014). The double-mutant plx-2(tm729) ptp-
3(op147) showed similar severity in the defect (13.5 = 2.1%) to
single mutants (Fig. 1 A, B). The difference of wild-type and these
mutants was statistically significant (F; 55y = 4.66, p = 0.0092,
ANOVA). Because plx-2(tm729) is a null mutant (Nakao et al.,
2007) and ptp-3(op147) is a strong allele due to the deletion of
phosphatase domains (Harrington et al., 2002), the absence of
genetic augmentation suggests that these two genes may act in the
same Sema2A-signaling cascade. Genetic interaction of the weak
allele mutants, mab-20(bx61), plx-2(ev775), and ptp-3(0k244),
was also examined (Fig. 1C). As mab-20(bx61) is temperature-
sensitive, the single and double mutants were cultured at 25°C.
This temperature generated a weak background defect of DD/VD
projection in wild-type animals, but no augmentation was observed
in the single weak-allele mutants. In contrast, the double-weak mu-
tants, mab-20(bx61);plx-2(ev775), mab-20(bx61);ptp-3(0k244), and
plx-2(ev775) ptp-3(0k244) showed significant augmentation
(F6.43) = 9.60, p < 0.0001, ANOVA) of the guidance defect in
DD/VD dorsal nerve cord (Fig. 1C). Thus, sema2a (mab-20),
plx-2, and ptp-3 genetically interact to regulate DD/VD axonal
projection in C. elegans.

We next examined the physical interaction of Plexin-2 and PTP-3.
HA-tagged PTP-3 and Myc-tagged Plexin-2 were coexpressed in
HEK293T cells and subjected to HA-immunoprecipitation. Coprecipi-
tation of Myc-Plexin-2 with HA-PTP-3 confirmed the direct inter-
action of the two proteins (Fig. 1D). As Plexin-2 is a Sema2A
receptor, the effect of PTP-3 on Sema2A-Plexin-2 interaction was
tested. Sema2A-Fc-AP, a probe of Sema2A fused with human IgG Fc
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Involvement of PTP-3 in Sema2A-Plexin-2 signaling in C. elegans. A, Dorsal nerve cord of DD/VD neurons in wild-type (wt), plx-2(tm729), ptp-3(op147), and plx-2(tm729) ptp-

3(op747). DD/VD neurons were visualized by oxls12 [unc-47::gfp]. In wild-type, DD/VD neurons form a single and continuous dorsal nerve cord. Both single mutants, plx-2(tm729) and ptp-
3(op147), exhibit a “gapped” dorsal nerve cord (arrowheads), which represents premature termination of DD/VD neurons. The double-mutant of plx-2(tm729) ptp-3(op147) also shows a similar
phenotype. Scale bars, 50 um. B, Scored graph of the irreqularity of DD/VD dorsal nerve cord. Single strong-allele mutants of plx-2(tm729) and ptp-3(op747), and the double-mutant plx-2(tm729)
ptp-3(op147) show similar penetrance of the gap defect. Each bar represents average == SEM (wild-type, 8; plx-2(tm729), 7; ptp-3(op147), 10; plx-2(tm729) ptp-3(op147), 7 assays). One-way
ANOVA with post hoc Tukey—Kramer test compared with wild-type. *p << 0.05. (, Genetic interaction of the weak-allele mutants. Wild-type animals, single weak-allele mutants, mab-20(bx67),
plx-2(ev775), ptp-3(0k244), and their double mutants were cultured at 25°C. These double mutants show increased penetrance of the gap defect. Each bar represents average = SEM (7 assays,
exceptmab-20(bx67);ptp-3(0k244), 8 assays). One-way ANOVA with post hoc Tukey—Kramer test compared with wild-type and the single mutants. *p << 0.05, **p << 0.01. D, Interaction of Plexin-2
and PTP-3 proteins. HA-PTP-3 and Myc-Plexin-2 (PIx-2) were coexpressed in HEK293T cells. Myc-Plexin-2 is coimmunoprecipitated with HA-PTP-3. E, F, AP-fused Sema2A binding assay was done
with HEK293T cells expressing Plexin-2 with or without PTP-3. Sema2A-Fc-AP binding to Plexin-2 with or without PTP-3. In this experiment, the AP probe binds to Plexin-2 with a Kd of 16.0 nm
(E). Coexpression of PTP-3 augments the Sema2A-Fc-AP binding to Plexin-2 with a Kd of 4.68 nm (F, solid line), whereas the probe does not bind to PTP-3 (F, dotted line).

region and human placental alkaline phosphatase, bound to
Plexin-2 with a Kd of 12.5 * 1.66 nm (Fig. 1E). Coexpression of
PTP-3 augmented Sema2A-Fc-AP binding to Plexin-2 to yield a Kd
0f4.53 + 0.65 nM (Fig. 1F, solid line). In contrast, no direct binding
to PTP-3 was observed (Fig. 1F, dotted line). Thus, PTP-3 may act as
a coreceptor of Plexin-2 in Sema2A signaling in C. elegans.

PTP6 participates in Sema3A-induced growth cone collapse
in mouse neurons

As Sema3A is prototypic vertebrate Semaphorin, which exhibits
repulsion for wide-range neurons, the involvement of LAR class
PTPs in Sema3A-signaling was investigated. In situ hybridization
analysis revealed that the mRNAs for LAR, PTP8 and PTPo were
expressed in Sema3A-sensitive neurons, including DRG, cortical
plate, and hippocampal formation in late (E16—E17) embryonic
stages (Fig. 2A). PTP& expression in hippocampal CAl region
was limited compared with the expression in cortical plate. This
trend is consistent with previous reports (Schaapveld et al., 1998;
Shishikura et al., 2016). Functional involvement of these PTPs in

Sema3A-signaling was examined next, by gene silencing with
small interfering RNA (siRNA; Fig. 2B). The siRNAs against LAR,
PTPS, or PTPo suppressed the targeted-PTP expression in
COS-7 cells, however, weak off-target effects within the LAR fam-
ily were also observed (Fig. 2Ba). Mouse E16 DRG explants were
transfected with one of these siRNAs and the knockdown of pro-
tein expression was confirmed by immunocytochemistry (Fig.
2Bb-Bd). Suppression of the protein expression was similar be-
tween the targets (Fig. 2Be). Although none of the siRNA trans-
fection affected the growth cone morphology, Sema3A-induced
growth cone collapse response was attenuated in neurons trans-
fected with PTP8 siRNA, and not with LAR or PTPo siRNA (Fig.
2C,D). The difference of PTPS RNAi and other conditions was
statistically significant (F(555, = 20.1, p < 0.0001, ANOVA).
Physical interaction of PTPS and Sema3A-receptor components
was assessed by immunoprecipitation. Transiently expressed
PTP8-Myc was coimmunoprecipitated with HA-NRP1 or HA-
Plexin-Al from HEK293T cells (Fig. 2E). LAR-Myc and PTPo-
Myc also associated with HA-NRP1 or HA-Plexin-A1l in the same
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Figure2. Involvement of PTP&in Sema3A-induced growth cone collapse response. 4, In situ hybridization for LAR, PTPS, and PTPa-mRNAs in mouse E17 nervous system. LAR, PTPS, and PTPo
areexpressed in DRG and spinal cord. These mRNAs are also expressed in cortical plates and hippocampal formation. Scale bars, 100 pem. CP, Cortical plate; EC, entorhinal cortex; Sub, subiculum; CA1,
(A1 region of hippocampal plate; DG, dentate gyrus. Ba, Suppression of transiently expressed Myc- or V5- tagged LAR, PTP8, and PTPorin C0S-7 cells with cotransfection of their specific SiRNAs.
Immunoblotting with anti-mycor anti-V5 antibodies revealed that the siRNAs against LAR, PTPS, or PTPo suppressed targeted proteins. Weak off-target effects of these siRNAs within the LAR family
were also noticed. Anti-tubulinimmunoblots were done as loading controls. Bb—Bd, Reduction of immunoreactive signal in siRNA transfected neurons. Mouse DRG neurons were transfected with
the control siRNA, LAR, PTPS, or PTPor siRNAs. The cells were immunostained with the indicated specific antibodies (red) and AlexaFluor 488-Phalloidin (green). Scale bars, 10 m. Be, Quantified
graph. Bar graph indicates the intensity of PTP-immunoreactive signals in growth cones. In each condition, 30 —50 growth cones were analyzed. The intensity in control siRNA-transfected neurons
was treated as 100%. The immunoreactive signal of each member decreased by 50— 60% in specific siRNA transfected cells. Unpaired ¢ test between control and target siRNA (LAR: t55) = 9.05,
p <0.0001; PTPS: tg) = 6.76,p << 0.0001; PTP0 g5 = 4.36, p < 0.0001). ***p < 0.001. ¢, RNAi knockdown of LAR class PTPs in DRG neurons. E17 mouse DRG neurons were transfected with
indicated siRNAs. NC represents negative control. After 2 d of incubation, cells were treated with 0.1 nm AP-Sema3A for 30 min. Growth cones were stained with AlexaFluor 488-Phalloidin.
Introduction of PTPS siRNA but not LAR or PTPor iRNA suppresses Sema3A-induced growth cone collapse. Scale bar, 10 um. D, Quantified graph. Each bar represents the average = SEM (NC, 11;
LAR, 8; PTP3, 10; PTPar, 11 explants from more than four independent cultures), one-way ANOVA with post hoc Tukey—Kramer test compared with other conditions treated with AP-Sema3A.
*¥p < 0.01. E, Coimmunoprecipitation of HA-NRP1 and HA-Plexin-A1 (PlexA1) with PTP&-Myc from HEK293T cells. The cells were transfected with the indicated expression vectors and subjected
to anti-Myc immunoprecipitation. HA-NRP1 and HA-Plexin-AT were coprecipitated with PTP3-Myc. F, Coimmunoprecipitation of NRPT with LAR class PTPs from mouse brain. NRP1, but not
Plexin-A4 (PlexA4), was coimmunoprecipitated with LAR class PTPs from the solubilized mouse E16 brain membrane fractions.

system (data not shown). Endogenous LAR class PTPs in PO
mouse brains were immunoprecipitated with NRP1 from
detergent-solubilized membrane fractions (Fig. 2F). As copre-
cipitation of Plexin-A4 from the brain was not clearly observed
(Fig. 2F), the interaction of LAR class PTPs and Plexin-A may be
dynamic and/or transient in vivo.

We next evaluated Sema3A-induced collapse activity for
PtpS '~ DRG neurons. As expected, the response was attenuated

in E17 DRG neurons from Ptpd '~ compared with the neurons
from wild-type (Fig. 3A). To determine whether the catalytic
activity of PTP8 is required for Sema3A-signaling, we examined a
rescue study. Cultured DRG explants from E16-E17 Ptpd™ ™ or
Ptpd ™'~ were infected with recombinant herpes simplex virus
harboring V5-tagged PTP8 wild-type or phosphatase-inactive
D1(C/S) mutant. DRG neurons from Ptpd '~ infected with
mock vector were less sensitive to Sema3A-stimulation compared
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Figure 3.  Involvement of enzymatic activity of PTPS in Sema3A-signaling. A, Dose—response of Sema3A-induced growth cone collapse of embryonic DRG neurons from E17 wild-type and
Ptpd '~ mice. The sensitivity was attenuated in the knock-out DRG neurons compared with wild-type neurons. Each point represents the average == SEM (n = 12). Unpaired t test between
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1.64 nw: £53) = 3.12, p = 0.0048). *p < 0.05, **p << 0.01. B, Rescue experiments with HSV-PTPS wt and D1(C/S) phosphatase-inactive mutant (C/S). Primary cultured DRG neurons from E16
Ptp8™/~ and Ptpd ~/~ embryos were infected with recombinant HSV harboring PTP wild-type or D1(C/S) mutant. Sema3A-induced collapse response was examined. Overexpression of
PTP&-wild-type but not D1(C/S) mutant in Ptpd ~/~ neurons rescues Sema3A-sensitivity. Scale bar, 10 wm. €, Scored graph. mock, Mock vector; C/S, D1(C/S) mutant. Each bar represents the
average = SEM (n = 1011, each condition from 5 independent cultures). Blue bars, no stimulation; red bars, 0.03 nu AP-Sema3A stimulation. One-way ANOVA (F s 5, = 12.27,p << 0.0001) with
post hoc Tukey—Kramer test. *p << 0.05, **p << 0.01.

Table 2. Penetrance of ectopic projection of entorhinal axons in stratum radiatum

Ptpd™’;
Wild-type Pipd ™t~ Ptpd—/— Sema3a™’/~ Sema3a™’~ Sema3a™’/~
Irregular 4 5 7 7 5 6
Normal 12 5 2 7 0 3
Irregularity, % 25 50 71.8 50 100 66.7
Fisher's exact test (vs wild-type) p value — 0.234 0.0168* 0.257 0.00619** 0.0872

*9 < 0.05,p < 0.01.

with the neurons from Ptpd*/~ with the
same infection (Fig. 3B,C). Re-expression
of PTP&wild-type but not of PTP8-D1(C/S)
in Ptp8 '~ neurons rescued Sema3A-sensi-
tivity (Fig. 3B,C). Although statistically
insignificant, PTPS8-D1(C/S) tended to
inhibit Sema3A-collapse response in hete-
rozygous neurons in a dominant-negative
manner (Fig. 3B,C). These results suggest
that PTP& mediates Sema3A signaling via its
phosphatase activity.

Sema3a -/-

wild-type

Figure 4.  Entorhino-hippocampal projection in Ptp& and Sema3a mutants. A, Wild-type. The projection was restricted in the
stratum lacunosum-moleculare (sim). B, Ptpd ~/ . The ectopic axons innervated the stratum oriens (so) and pyramidal cell layer

PTP& participates in entorhinal-
hippocampal projection, but not in a
Sema3A-dependent manner

We analyzed several axonal projections in

(sp) from hippocampal white matter (al, arrows). Irregular projection of single axons from slm to stratum radiatum (sr) is also
noticed (arrowheads). €, Sema3a ~/~. The irregular projection of single axons from slm to stratum radiatum (sr) is present in
Sema3a '~ brains (arrowheads); however, the ectopic projection from white matter (B, arrows) is absent. al, Hippocampal
alveus (white matter); so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum; sim, stratum lacunosum-moleculare. Scale
bars, 50 pum.

Ptpd~'~ mice along with wild-type or
heterozygous littermates to explore the
involvement of PTPS in Sema3A-mediated in vivo axon guid-
ance. The peripheral projection of sensory fibers in E13 Ptp8 '~
embryos was almost identical to wild-type (data not shown, available
onrequest). Previous studies showed the predominant expression of
PTP6 in the CNS (Sommer et al., 1997; Shishikura et al., 2016).
Before analyzing the axonal projection in CNS, we examined in vitro
collagen-gel repulsion assay of several Sema3A-sensitive forebrain
regions including entorhinal cortex and hippocampal CA1 (Ché-
dotal et al., 1998; Steup et al., 1999; Pozas et al., 2001). We found that
the axons from knock-out entorhinal explants were less sensitive to
Sema3A in the repulsion assay as well as in growth cone collapse
assay (data not shown, available on request).

We then examined the entorhino-hippocampal projection by
Dil-tracing. In wild-type brains, the entorhinal axonal projection
was restricted to the stratum lacunosum-moleculare and hip-
pocampal alveus in CA1 region (Fig. 4A). In contrast, Ptpd '~
entorhinal axons irregularly invaded into the stratum radiatum
from the stratum lacunosum-moleculare (Fig. 4B, arrowheads).
The hippocampal alveus of Ptpd ~/~ was strongly labeled with Dil
(Fig. 4B, al). Furthermore, many fibers in the alveus turned into
the stratum radiatum through the pyramidal cell layer (Fig. 4B,
arrows). We measured the width of Dil-labeled alveus and found
that the width in Ptp8 '~ (122.2 * 6.5%, n = 9) was significantly
larger than in wild-type (100.0 £ 7.1%, n = 9; t,¢) = 2.30, p =
0.035, unpaired ¢ test). We termed this phenotype “over-
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Figure 5.  Dendritic arborization of cortical layer V pyramidal neurons in Ptp& mutant mice. A, B, Immunohistochemistry of PTP& in cerebral cortex. Coronal sections (motor area) from wt and
Ptp ' brains (3 weeks) were immunostained with anti-PTPS mAb. PTP8 is predominantly expressed in cortical layers I1/1ll and V in wt (4). Corpus callosum (cc) also shows strong signal
(A). These signals are reduced in Ptp8 ~/~ specimens (B). Scale bars, 100 wm. €, D, Immunocytochemistry of PTP& and MAP2 in primary cultured cortical neurons. Dissociated cortical neurons from
wild-typeand Ptp& ~/~ embryos (E14) were cultured on PLL-coated glass coverslips for 8 d. PTP& and MAP2 expressed in the neurons were visualized with green and red signals, respectively. PTP&
is colocalized with MAP2 in the dendritic neurites of wild-type neurons (C). PTP& s also present in dendritic growth cones (€, arrows). These signals are absent in Ptpd ~/~ neurons (D). Scale bars,
50 m. E-J, Dendritic arborization of cortical layer V pyramidal neurons. The pyramidal neurons were visualized by intercrossing GFP-M with wt, Sema3a, and Ptp& mutant mice. Wild-type, 6 -9
thick, and long basal dendrites are arborized from the pyramidal neurons (E). Ptp® ~/~ and Sema3a /™ display thin and short arborization of basal dendrites (F, G). PtpS™/ ~ and Sema3a™ ~
single-heterozygotes show normal development of basal dendrites (H, 1). Ptpd ™ ~; Sema3a™/ ~ double-heterozygous mutants exhibit retarded growth of cortical basal dendrites (/). Scale bars,
50 wm. K, L, Sholl analysis. Average * SEM of 2431 different pyramidal neurons from three independent animals are shown. The complexity of cortical (Figure legend continues.)
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projection”. Sema3a '~ brains also showed ectopic entorhinal
fibers in the stratum radiatum (Fig. 4C, arrowheads; Pozas et al.,
2001), but over-projection was absent.

Because the ectopic projection of entorhinal axons into stra-
tum radiatum is a shared phenotype in Ptpd '~ and Sema3a '~
we examined the penetrance of this phenotype in both homozy-
gotes as well as in single- and double-heterozygote mutants. As
shown in Table 2, the penetration was significantly increased in
both homozygous mutants compared with that in wild-type. In
addition, Ptpd™/~, Sema3a™~ and Ptpd™’ ~; Sema3a™’ ~ also ex-
hibited the irregular projection; however, those penetrations
were statistically insignificant compared with wild-type. Thus, in
vivo, the contribution of PTP8 in Sema3A-regulated entorhino-
hippocampal projection is thought to be limited. Other Sema3A-
signaling components, such as Plexin-A4 and/or L1, may play a
critical role in this axon guidance.

PTPd is involved in Sema3A-regulated dendritic growth of
cortical pyramidal neurons

The protein expression of PTP8 in mouse brain was increased in
the postnatal telencephalon, including cortical plate and hip-
pocampal formation (Shishikura et al., 2016). In rodents, den-
dritic arborization and synaptic generation of cortical and
hippocampal neurons proceed during the first month of postna-
tal stage (Meller et al., 1968; Minkwitz and Holz, 1975). It has
been shown that both Plexin-A4 '~ and Npn-1"*" mice exhibit
poor elaboration of the basal dendrites of cortical layer V pyra-
midal neurons (Gu et al., 2003; Tran et al., 2009). Immunohisto-
chemistry revealed that mouse neocortex predominantly
expressed PTP8 in layers II/IITand V as well as in corpus callosum
(Fig. 5A,B). In addition, PTPS was localized in the dendritic
neurites and their growth cones of primary cultured cortical neu-
rons from E14 wild-type embryos, but not from Ptpd '~ (Fig.
5C,D). We thus examined the cortical dendritic arborization of
Ptpd mutant mice. To visualize layer V cortical pyramidal neu-
rons in vivo, Ptpd mutant mice were crossbred with a thy1-GFP-m
transgenic mouse line, which expresses GFP in a small subset of
pyramidal neurons (Feng et al., 2000). Wild-type showed that
thick and long basal dendrites were arborized from the layer V
pyramidal neurons (Fig. 5E). In contrast, thin and short dendrites
were elaborated from Ptpd '~ pyramidal neurons (Fig. 5F). As
expected, Sema3a '~ showed a similar phenotype to Ptpd '/~
(Fig. 5G). Sholl analysis and total length of basal dendrites re-
vealed poor development of cortical layer V basal dendrites in
Ptpd '~ as well as in Sema3a '~ compared with wild-type (Fig.
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(Figure legend continued.) layer V' basal dendrites in Ptp8 ~/~ (K, blue) and Sema3a '~ (K,
red) is decreased compared with wild-type (K, black). Ptp8+/ “:Semaza™ (L, green) also
shows a similar reduction. M, Total length of basal dendrites of each genotype. Sema3a ~'~
and Ptp& '~ exhibit shorter length of basal dendrites than wild-type or single heterozygotes.
The total length of Ptp8™/ ~; Sema3a™ ~ double-heterozygotes is also shorter than that of
Semasa™’~, Ptp&™~, or wt. One-way ANOVA (F s 17, = 17.05, p < 0.0001) with post hoc
Tukey—Kramer test (wt: 30; Ptpd ~/~:29; Sema3a '~ : 24; Ptp& ™ ~:29; Sema3a *'~:30;
Ptp&™*/ ~;Sema3a '~ :31neuronsfrom 3 independent animals, each genotype). **p << 0.01.
N, Dendritic outgrowth of primary cultured cortical neurons. Dissociated cortical neurons from
wtand Ptpd ~'~ embryos (E17) were cultured for 6 d and then stimulated with Sema3A (0.3
nm) for 1 d. The cells were immunostained with MAP2 to visualize dendritic branches. The
dendritic growth of wt neurons but not of knock-outs is facilitated with Sema3A-stimulation.
Scale bar, 50 .um. 0, Total dendritic length. Bar graphs indicate average = SEM. One typical
example is shown. Other three independent cultures gave similar results. One-way ANOVA
(Fi3,120) = 6.41,p = 0.00046) with post hoc Tukey—Kramer test (wild-type none: 31; wild-type
Sema3A: 28; Ptpd ~'~ none: 35; Ptp& '~ Sema3A: 30 neurons). *p < 0.05, **p < 0.01.
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5K, M). Cortical pyramidal neurons from Ptpd*’~; Sema3a™’~
double-heterozygous mice also exhibited less elaborate basal
dendrites compared with those of single heterozygotes (Fig. 5SH—
J,L,M). In addition, Sema3A-stimulation of primary cultured
cortical neurons induced the dendritic growth of wild-type neu-
rons, but not of Ptp8_/ ~ neurons (Fig. 5N,O). These results
indicate that PTP§ genetically interacts with Sema3A to promote
the dendritic arborization of cortical pyramidal neurons.

PTPo dephosphorylates and activates Fyn

in Sema3A-signaling

We hypothesized that PTPS catalyzes tyrosine-dephosphorylation of
specific protein substrates in the Sema3A-signaling cascades (Fig.
3B,C). Loss of PTP8 in the knock-out mice would thereby result
in hyperphosphorylation of such substrates in vivo. Immuno-
blotting analysis with anti-phosphotyrosine-specific antibody re-
vealed that at least two proteins, of 100 and 60 kDa, were
hyperphosphorylated in Ptpd ~/~ brain homogenates (Fig. 6A).
Because we previously reported the involvement of Fyn tyrosine
kinase in Sema3A-signaling (Sasaki et al., 2002) and its molecular
size is ~60 kDa, we examined the phosphorylation of Fyn and the
related Src kinases in Ptpd mutant brains. As predicted, immu-
noprecipitated Src and Fyn from Ptpd ™'~ were hyperphospho-
rylated compared with those from either Ptpd ™/~ or wild-type
mice brains (Fig. 6B). This finding is also consistent with the
earlier observation (Chaudhary et al., 2015). It has been shown
that the kinase activity of Src and Fyn is regulated by the phos-
phorylation of several tyrosine residues. Whereas phosphory-
lated Y416 (pY416) augments the kinase activity, phosphorylated
C-terminal Y527 (pY527) binds to the intramolecular SH2-
domain of Src and Fyn to inhibit the kinase (Roskoski, 2005).
Using specific antibodies, we found that the Y527 residue was
predominantly phosphorylated in Ptpd '~ brains (Fig. 6C). In
cultured DRG neurons, the immunoreactive signal of pY527 was
localized in the growth cones as well as in the axonal shafts (Fig.
6D, top left). Sema3A-stimulation induced the rapid dephos-
phorylation of pY527 in wild-type or Ptpd ™/~ growth cones (Fig.
6D, top right), whereas pY527 phosphorylation was unchanged
in Ptpd ~'~ growth cones (Fig. 6D, bottom right). The intensity of
immunoreactive signals within the growth cones was analyzed
(Fig. 6E) by setting the ratio of pY527 and Src (pY527/Src) in
nonstimulated growth cones to be 100%. The pY527/Src ratio in
wild-type and Ptpd™*'~ (black solid line) was decreased after
Sema3A-stimulation, whereas the ratio in PtpS '~ (red dashed
line) was relatively unchanged. In addition, the growth cones
from double-heterozygous embryos Ptpd ™/~ and Fyn ™'~ were
less sensitive to Sema3A than from wild-type or single-
heterozygous mutants (F; 55y = 5.89, p = 0.0027, ANOVA; Fig.
6F,G). Thus, PTPS may dephosphorylate the pY527 residues
upon Sema3A-stimulation to activate Src and Fyn in growth
cones.

Genetic interaction of Ptpd and Fyn regulates the cortical
dendritic growth

We next examined the involvement of Src and Fyn-activation in
Sema3A-mediated cortical dendritic growth. Primary cultured
cortical neurons from E14 embryos were transiently stimulated
with Sema3A and immunostained with pY527-Src, Src, and
MAP2 antibodies. We found that the pY527-immunoreactive
signal was localized in the dendritic processes and growth cones
of wild-type neurons (Fig. 7A, top left, green signal). Sema3A-
stimulation reduced the pY527 signal in the dendrites (Fig. 7A,
top right). As expected, this response was not observed in
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Figure 6.  Dephosphorylation C-terminal Tyr527 residues of Src and Fyn by PTP&. 4, Hyperphosphorylated proteins in Ptp& mutant
mice. Whole-brain lysates from Ptp& mutant mice were blotted with anti-phosphotyrosine mAb (4G10). Two immunoreactive bands, 100
and 60 kDa, are hyperphosphorylated in Ptp& '~ compared with Ptp& ™ . B, Phosphorylation of Srcand Fyn. Immunoprecipitated Src
and Fyn from the indicated mutant mice were blotted with anti-phosphotyrosine mAb. Both Src and Fyn are hyperphosphorylated in
Ptp& '~ . C, Hyperphosphorylation of Y527-Stcin Ptp® ~/ . Lysates from the indicated mutant mice were blotted with anti-phospho-
Y416-Src (pY416) or anti-phospho-Y527-Src (pY527)-specific antibodies. The phosphorylation of Y527 is increased in Ptp® /™ brains.
D, Sema3A-induced dephosphorylation of pY527-Srcin DRG growth cones. The neurons from E16 —E18 Pp& mutant mice were stimulated
with AP-Sema3A (0.1 nm) and were double-immunostained with anti-pY527-specific pAb (green) and anti-Src mAb (red). Sema3A-
stimulation decreases pY527in PpS™ ~ neurons, but notin Ptpd /. Scale bar, 10 um. E, Scored graph. The intensity ofimmunore-
active signals within the growth cones was analyzed. The ratio of pY527 and Src (pY527/Src) in nonstimulated growth cones was treated as
100%. Each point represents the average = SEM (n = 5,independent experiments). The pY527/Srcratioin wt and Pp& ™~ (black solid
line) is decreased after Sema3A-stimulation, whereas the ratio in Pipd = (red dashed line) is relatively unchanged. Unpaired £ test
between */*, '~ and ~/~ (Smin:t,g = —3.57,p = 0.0073; 10min: 5y = —4.02,p = 0.0038; 30 min: ey = —3.16,p =
0.013). *p < 0.05, **p < 0.01. F, G, DRG neurons from Ptpd™” ~; Fyn ™/~ double-heterozygous are less sensitive to Sema3A
stimulation. One-way ANOVA with post hoc Tukey—Kramer test (wt: 7; PtpS ™ ~: 7, Fyn ™27, Ptps™/ ~; Fyn™ 13 explants
from 3 independent experiments). *p << 0.05. Scale bar, 10 m.

Ptpd '~ neurons (Fig. 7A, bottom). Quantification of pY527/Src
ratio in the dendritic processes confirmed that Sema3A induced
the dephosphorylation of pY527 in wild-type but not in Ptp& '~
neurons (Fig. 7B).
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Based on this Src/Fyn regulation, we
examined the cortical dendritic arboriza-
tion in Fyn '~ and Ptpd*/~; Fyn*'~
mutants. Compared with Fyn ™'~ or Pipd™/ ~
single-heterozygous brains, Fyn '~ and
the double-heterozygous brains showed
reduced arborization of the basal den-
drites of cortical layer V pyramidal neu-
rons (Fig. 7C-E). Quantitative analysis
confirmed the reduction of the dendritic
complexity and length in Fyn ™'~ and in
Ptpd™’~; Fyn™'~ mutants (Fig. 7F,G).
The phenotype in Fyn ~’~ was identical to
those in Sema3a '~ and Ptpd '~ (Fig.
5F,G). The phenotypic augmentation in
Ptpd*’~; Fyn™'~further supports the in
vivo interaction of PTP8 and Fyn (Fig. 7E-
G). Together, Sema3A, PTP§, and Fyn act
in the same signaling pathway to mediate
the dendritic growth of cortical pyramidal
neurons.

Discussion

Sema2A (mab-20) regulates epidermal
enclosure of the embryo, morphogenesis
of sensory rays of the male tail, and axon
guidance of DA/DB and SDQL neurons
(Roy et al., 2000; Chin-Sang et al., 2002;
Wang et al., 2008). We previously re-
ported that Sema2A and its receptor
Plexin-2 (plx-2) are involved in the guid-
ance and fasciculation of DD/VD neurons
in the dorsal nerve cord (Nakamura et al.,
2014). PTP-3, a LAR homolog PTP in C.
elegans, is also involved in the epidermal
enclosure, axon guidance of DA/DB and
DD/VD neurons, and synapse formation
(Chin-Sang et al., 2002; Harrington et al.,
2002; Ackley et al., 2005). The similar de-
fects in mab-20, plx-2, and ptp-3 mutants
prompted us to test the genetic interac-
tion of these genes. Because the ptp-
3(opl147) strong-allele mutant did not
augment the defect of DD/VD dorsal-
nerve cord in the plx-2(tm729)-null mu-
tant (Fig. 1A,B), these genes may act in
the same signaling pathway. This was
further confirmed by the phenotypic
augmentation in the weak allele double
mutants, which combine any two of
the following strains, mab-20(bx61), plx-
2(ev775), and ptp-3(ok244; Fig. 1C).
Immunoprecipitation studies also dem-
onstrated the physical interaction of
PTP-3 and Plexin-2 (Fig. 1D). Coexpres-
sion of PTP-3 and Plexin-2 formed high
affinity binding sites for Sema2A (Fig.
1E,F).Because LAD-2, the L1 homologin
C. elegans, interacts with Plexin-2 and
serves as a repulsive coreceptor for

Sema2A in SDQL neurons (Wang et al., 2008), PTP-3 may form
a Sema2A-functional receptor complex with Plexin-2 in DD/VD
neurons. Interestingly, in ptp-3(opI47) mutants, the catalytic



7136 - J. Neurosci., July 26, 2017 - 37(30):7125-7139

A none Sema3A B
*
120 1 = none
« Sema3A

5100 1
g
O 80 A
X
1
® 60
=4
N
= 40
N
wn
>
2 20

wild-type  Ptps-/-

i e 1600 -
12 ~*=Fyn-/- B
- o PtpS+/- = 1400
O i LT : =
810 /Lll 5 =o=PtpS+/-;Fyn+/- 42-) 1200 - *k
[0) + @ *%
€ 8 2 .0 1000 -
5 ; =
s 5 ; T 800 1
o ]
o °
IS < 600 1
3 4 1]
S 400 A
2 a
0 : e 0
0 50 100 150 200 250 Fymt- Fyns- Pips+/ Pips+/;
) Fyn+/-
Radius (um)
Figure7. Geneticinteraction of Ptp&and Fyn in cortical dendritic growth. A, Sema3A-induced dephosphorylation of pY527-Src

in cultured cortical dendrites. The cortical neurons from E14 wild-type and Ptp& '~ embryos were cultured for 7 d and stimulated
with AP-Sema3A (0.3 nw) for 10 min. The cells were immunostained with anti-pY527 (green), anti-Src (red), and anti-MAP2 (blue)
antibodies. Sema3A-stimulation decreases pY527 in wild-type neurons, but notin Ptp& . Scale bar, 10 um. B, Scored graph.
The intensity of immunoreactive signals in the dendritic processes was analyzed. The graph represents one typical result. The ratio
of pY527 and Src (pY527/Src) in nonstimulated wt neurons was treated as 100%. The pY527/Src ratio in wt is decreased after
Sema3A-stimulation, whereas the ratio in Ptpd ~/ is relatively unchanged. Each bar represents the average + SEM. One-way
ANOVA (F (3 46) = 4.15, p = 0.011) with post hoc Tukey—Kramer test (wt none: 12; wild-type Sema3A: 12; Pipd /" none: 12;
Ptpd ~'~ Sema3A: 14 neurons). *p << 0.05. Four independent experiments gave similar results. C—E, Layer V/ cortical neurons of
Fyn ™= (0),Fyn ~'~ (D), and Ptp& ™ ~; Fyn '~ (E) visualized by GFP-M. Scale bars, 50 wm. F, Sholl analysis. Average + SEM
of 2030 different pyramidal neurons from two independent animals are shown. Fyn '~ and Ptp&™” ~; Fyn ™/~ exhibit less
arborized basal dendrites than Fyn */~ or Ptp&™ ~, indicating genetic interaction of the two genes. G, Total length of basal
dendrites. The length of Fyn —/~ and PtpS ~/~; Fyn™/~ are shorter than those of Fyn™”~or Ptp8™” . One-way ANOVA
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D1 phosphatase domain of PTP-3 is
disrupted, but the extracellular and trans-
membrane regions are preserved (Har-
rington et al., 2002). Overexpression of
PTP-3 short isoform in ptp-3(op147) res-
cues the premature termination of
DD/VD neurons (Ackley et al., 2005).
Therefore, PTP-3 may mediate Sema2A-
signaling by its catalytic activity.

We demonstrated the involvement of
murine LAR class PTP in Semaphorin-
signaling in vitro with primary cultured
neurons. The knockdown of PTPS§, one
of the members of vertebrate LAR class
PTPs, suppressed Sema3A-induced growth
cone collapse response in mouse DRG neu-
rons (Fig. 2C, D). DRG axons from E17
Ptpd '~ embryos showed attenuated
Sema3A-sensitivity compared with wild-
type neurons (Fig. 3A). In addition, re-
expression of PTPS wild-type but not
phosphatase-inactive mutant in Ptpd ™/~
DRG neurons restored the sensitivity (Fig.
3 B,C). These data reveal a role for the enzy-
matic action of PTP8 in Sema3A-signaling.

However, PTPS may not be an essen-
tial component for Sema3A-regulated in
vivo axon guidance. Peripheral projec-
tions of sensory fibers were normal in
PtpS ™'~ embryos (data not shown). Al-
though the projection of entorhinal axons
into hippocampal CALl stratum lacunosum
moleculare was disorganized in Ptpd ™~/ as
well as in Sema3a~'~ homozygous brains
(Fig. 4A—C), these irregular projections were
not observed in Ptpd*"; Sema3a™'”
double-heterozygous brains (Table 2). In
addition, the over-projection phenotype of
Ptpd~'~ mice was absent in Sema3a”'".
These results suggest that in vivo contribu-
tion of PTPS in Sema3A-regulated axon
guidance is limited. Because over-projec-
tion is unique to Ptpd '~ (Fig. 4B), PTPS
would be involved in the signaling of other
guidance cues that restrict entorhinal axons
into hippocampal alveus and suppress en-
tering CA1 region.

In contrast to the minor contribution
of PTPS in Sema3A-regulated axon guid-
ance, significant genetic interaction of
Sema3a and Ptpd was observed in the ar-
borization of cortical dendrites. Both
Sema3a™'~ and Ptpd~'" as well as
Ptp8*/~; Sema3a™'~ double-heterozygous
mice exhibited poor development of the
basal dendrites of layer V cortical pyramidal
neurons (Fig. 5). This is consistent with pre-

<«

(Fi3.99) = 29.52, p < 0.0001) with post hoc Tukey—Kramer
test (Fyn /72 29; Fyn ' ~: 24; Pp& ™/ 71 20; Ptp& T
Fyn™/~:30 neurons). **p < 0.01.
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vious finding that primary cultured GFP-transfected Sema3a '~
neurons showed poor dendritic development (Fenstermaker et al.,
2004). The less elaborate dendritic growth of cortical pyramidal neu-
rons has also been reported in Sema3A-receptor mutants such as
Npn-1*"*" mice, which express a mutant NRP1 abolished Sema3A
binding, and Plexin-A4 ~/~ mice (Gu et al., 2003; Tran et al., 2009).
In addition, PTP8 physically interacts with NRP1 in mice brains
(Fig. 2F). Thus, PTP8 may act as a major signaling mediator of
Sema3A-regulated basal dendritic growth of cortical pyramidal
neurons.

Arescue experiment showed that the catalytic activity of PTP8
is required for Sema3A-signaling (Fig. 3 B,C). Immunoblotting
analysis of Ptpd '~ brains suggested that PTP8 dephosphorylates
the C-terminal regulatory tyrosine residue Y527 of Fyn and the
related kinase Src in vivo (Fig. 6A—C). This dephosphorylation
breaks the interaction between the N-terminal SH2 and the
C-terminal domain, allowing the activation of the kinase (Ros-
koski, 2005; Chaudhary et al., 2015). In primary cultured neu-
rons, Sema3A-stimulation led to the dephosphorylation of Y527
in the DRG growth cones as well as in the cortical dendrites from
wild-type but not from Ptpd '~ (Figs. 6 D, E, 7 A, B). As our ear-
lier observation showed that Sema3A induces the dendritic
branching of primary cultured cortical neurons through Fyn-
activation (Morita et al., 2006), PTPé may activate Fyn and Src by
the C-terminal dephosphorylation in Sema3A-signaling. This is
further supported by the genetic interaction of Ptpd and Fyn in
the basal dendritic growth of cortical neurons in vivo (Fig. 7C-G).
As Ptpd /7, Eyn~'", and Ptp8"’~; Fyn™’ " showed the similar
phenotype to Sema3a~'~, PTP§, and Fyn may form a signaling
axis to mediate Sema3A-induced cortical dendritic growth.

Fyn activates cyclin-dependent kinase 5 (Cdk5) by phosphor-
ylation (Sasaki et al., 2002), which subsequently phosphorylates
CRMPI1 and CRMP2, the downstream molecules of Sema3A-
intracellular signaling (Brown et al., 2004; Uchida et al., 2005;
Cole et al., 2006). Because Crmpl '~ and Sema3a™’~;
Crmpl™~ mutants also show less elaborate cortical basal den-
drites (Yamashita et al., 2007; Makihara et al., 2016), PTP8 may
regulate CRMP1 via Fyn-Cdk5 phosphorylation cascade. Other
kinases, such as focal adhesion kinase, MAPK, and thousand-
and-one-amino acid kinase 2 (TAOK2), have been shown to be
involved in Sema3A-signaling and dendritic growth (Bechara et
al., 2008; Schlomann et al., 2009; de Anda et al., 2012). As the
overexpression of TAOK2 in Npn-1"""" restores the arboriza-
tion of cortical basal dendrites (de Anda et al., 2012), investiga-
tion of PTP8 and TAOK2 relation would be of interest in the
future.

Because several proteins were hyperphosphorylated in
Ptpd~'~ brains (Fig. 6A), PTP8 may catalyze multiple proteins
other than Fyn and Src in Sema3A signaling. Mitchell etal. (2016)
recently reported the phosphoproteomic analysis of C. elegans
ptp-3 (RB1878) mutant, which contains a premature stop codon
before the phosphatase domain. Interestingly, several proteins,
such as Cdk5, FER and MAPK, which have been shown to be
involved in Sema3A signaling (Mitsui et al., 2002; Sasaki et al.,
2002; Bechara et al., 2008), are hyperphosphorylated in the ptp-3
mutant (Mitchell et al., 2016). PTP-3 may dephosphorylate these
activated kinases to facilitate the turnover of phosphorylation-
mediated intracellular signaling. Combination of phosphopro-
teomic analysis of Ptpd ™'~ specimens and live-imaging of
identified PTP§ substrates in cultured neurons would further
reveal the role of PTP6 in Sema3A-mediated dendritic growth.

In conclusion, we demonstrate that the involvement of LAR
class PTPs in soluble Semaphorin signaling is widely conserved in
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both nematodes and mammals. Whereas invertebrate PTP-3 is
involved in Sema2A-regualted axon-guidance, vertebrate PTP&
contributes to Sema3A-induced cortical dendritic growth in vivo.
These PTPs mediate the signaling through their enzymatic activ-
ity. In mammalian neurons, Fyn is a major downstream molecule
of PTPS. It has been shown that presynaptic LAR class PTPs
interact with postsynaptic ligands, including ILIRAPL1 and
Slitrk, to mediate synapse formation (Yoshida et al., 2011; Taka-
hashi and Craig, 2013; Um and Ko, 2013). Heparan sulfate pro-
teoglycan Glypican-4 also binds PTPo to maintain excitatory
synapse development (Ko et al., 2015). In addition, PTPo and
LAR mediate the inhibitory action of chondroitin-sulfate pro-
teoglycans in the injured CNS (Shen et al., 2009; Fisher et al.,
2011). Together, PTPS and its two related PTPs may serve as hub
proteins to integrate multiple different extracellular cues in axon-
guidance, dendritic growth, synapse formation, and nerve-
regeneration. Revealing the crosstalk between Semaphorins and
other extracellular ligands of LAR class PTPs would provide fur-
ther insights into neural network formation and maintenance.
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