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Abstract

Myelination is an essential feature of the vertebrate nervous system that electrically insulates axons,
thereby enabling the saltatory conduction of nerve impulses. Oligodendrocyte precursor cells (OPCs)
are the principal source of myelinating oligodendrocytes. The protein tyrosine phosphorylation of
various signaling molecules, which is reversibly regulated by Protein tyrosine kinases (PTKs) and
protein tyrosine phosphatases (PTPs), is crucial for regulating OPC differentiation to
oligodendrocytes.

FYN plays essential roles in the induction of OPC differentiation by

phosphorylating multiple distinct substrates including p190RhoGAP. Protein tyrosine phosphatase
receptor type Z (PTPRZ) is one of the most abundant PTPs in OPCs. PTPRZ dephosphorylates
p190 RhoGAP, thereby acting as a counterpart of FYN.
Three PTPRZ isoforms are generated by alternative splicing from a single gene: two
transmembrane isoforms, PTPRZ-A and PTPRZ-B, and one secretory isoform, PTPRZ-S (or
phosphacan). All isoforms are heavily modified with chondroitin sulfate chains, and identified as
chondroitin sulfate proteoglycans (CSPGs) in the central nervous system. The chondroitin sulfate
moiety on their extracellular domain of PTPRZ is essential for achieving high-affinity binding sites
for the endogenous ligands such as pleiotrophin (PTN). It has been revealed that PTPRZ functions
to maintain OPCs in an undifferentiated state. The inhibition of PTPase by its ligand pleiotrophin
(PTN) promotes OPC differentiation; however, the substrate molecules of PTPRZ involved in the
differentiation have not yet been elucidated in detail.
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I herein demonstrated that the tyrosine phosphorylation of AFAP1L2, paxillin, ERBB4, GIT1,
p190RhoGAP, and NYAP2 was enhanced in OPC-like OL1 my laboratory established cells by a
treatment with PTN: OL1 cells are OPC-like cells established by my laboratory. Among them,
AFAP1L2, an adaptor protein involved in the PI3K-AKT pathway, exhibited the strongest response
to PTN. Therefore, I focused on AFAP1L2 in my study.
PTPRZ dephosphorylated AFAP1L2 at tyrosine residues in vitro and in HEK293T cells.
Immunoprecipitation experiments showed that AFAP1L2 stably associated with the intracellular
region of PTPRZ (Z-ICR). Because a public database search suggested fourteen potential tyrosine
phosphorylation sites in AFAP1L2, I generated a series of AFAP1L2-F13-Y mutants, in which these
tyrosine residues are replaced to phenylalanine residues except for one site.

Co-

immunoprecipitation experiments detected the binding of wild-type and F13-Y54 AFAP1L2 to p85α
of PI3K, indicating that Tyr-54 is the primary phosphorylation site for its association with p85α. The
co-transfection of wild-type PTPRZ-B, but not the catalytically-inactive Cys to Ser (CS) mutant,
significantly reduced the tyrosine phosphorylation levels of the eleven mutants, in which AFAP1L2F13-Y54 and –F13-Y56 showed the most prominent decreases.
In OL1 cells, the knockdown of AFAP1L2 or application of a PI3K inhibitor, LY294002
suppressed cell differentiation as well as the induced phosphorylation of AKT and mTOR induced by
PTN.

PTN also induced ERK1/2 phosphorylation and RhoA activation in OL1 cells, whereas

LY294002 did not affect these responses, excluding the possibility of the non-specific actions of this
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reagent. These results suggested that AFAP1L2-dependent PI3K-AKT-mTOR activation is one of
the key downstream reactions of PTN-PTPRZ signaling during OPC differentiation.
My laboratory previously reported the earlier onset of the expression of myelin basic protein
(MBP), a major protein of the myelin sheath, as well as the earlier initiation of myelination in neonatal
brains in Ptprz-deficient (null) mice than in wild-type mice. To assess the physiological significance
of its PTPase activity, I generated a Ptrpz knock-in mouse harboring a catalytically-inactive CS
mutation in its PTPase domain. The phosphorylation levels of AFAP1L2, AKT, and mTOR were
higher, and the expression of oligodendrocyte markers, including MBP and myelin regulatory factor
(MYRF), was stronger in CS knock-in brains than in wild-type brains on postnatal day 10; however,
these differences mostly disappeared in the adult stage. Adult CS knock-in mice exhibited earlier
remyelination after cuprizone-induced demyelination through the accelerated differentiation of OPCs.
These phenotypes in CS knock-in mice were similar to those in Ptprz-deficient mice.
In summary, I revealed that the PTN-PTPRZ signal stimulates OPC differentiation partly by
enhancing the tyrosine phosphorylation of AFAP1L2 to activate the PI3K-AKT pathway. PTNinduced PTPRZ inactivation regulates multiple signaling pathways, in cooperation with FYN kinase,
as a hub molecule that is essential for oligodendrocyte differentiation and myelination.
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Abbreviations

AFAP1L2

actin filament-associated protein 1-like 2

bFGF

basic fibroblast growth factor

BrdU

5'-bromo-2-deoxyuridine

CAH

carbonic anhydrase-like domain

CBB

Coomassie brilliant blue

chABC

chondroitinase ABC

CNS

central nervous system

CSPG

chondroitin sulfate proteoglycan

DAPI

4', 6-diamidino-2-phenylindole

DMEM

Dulbecco’s modified Eagle’s medium

DTA

diphtheria toxin A

DTT

dithiothreitol

ERBB4

erb-b2 receptor tyrosine kinase 4

ERK

extracellular signal-regulated kinase

FBS

fetal bovine serum

FNIII

fibronectin type III domain

FRTL-5

Fischer Rat Thyroid cell line

Gapdh

Glyceraldehyde-3-phosphate dehydrogenase

GIT1

G protein-coupled receptor kinase interactor 1

HEK293T

Human embryonic kidney cells 293 T

HGF

Hepatocyte growth factor

HRP

horseradish peroxidase

IHC

immunohistochemical

IP

immunoprecipitation
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MAGI1

membrane-associated guanylate kinase, WW and PDZ domain-containing 1

MAPK

mitogen-activated protein kinase

MBP

myelin basic protein

MEK

mitogen-activated protein kinase kinase

mTOR

The mammalian target of rapamycin

MYRF

myelin regulatory factor

N-CAM

neural cell adhesion molecule

Neo

neomycin

NG2

neural/glial antigen 2 chondroitin sulfate

NRG1

neureglin1

NYAP2

neuronal tyrosine-phosphorylated phosphoinositide-3-kinase adaptor 2

OPC

oligodendrocyte precursor cell

P

postnatal day

PBS

phosphatase buffered saline

PDGF

platelet-derived growth factor

PI3K

phosphoinositide 3-kinase

PTN

pleiotrophin

PTK

protein tyrosine kinase

PTP

protein tyrosine phosphatase

PTPRZ

protein tyrosine phosphatase receptor type Z

PVDF

polyvinylidene fluoride

p85α

Phosphatidylinositol 3-kinase regulatory subunit alpha

RhoA

ras homolog family member A

RhoGAP

Rho GTPase-activating protein

ROCK

Rho-associated coiled-coil containing protein kinase

RT-PCR

reverse transcription PCR
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SDS-PAGE

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SPF

specific pathogen-free

TBS

Tris-buffered saline

TH

thyroid hormone

TJP2

tight junction protein 2

TMB

tetramethylbenzidine

TrkA

Tropomyosin receptor kinase A

TUNEL

Terminal deoxyribonucleotidyl transferase-mediated dUTP-digoxigenin nick

end labeling
UBR3

ubiquitin protein ligase E3 component n-recognin 3

U87MG

Uppsala 87 Malignant Glioma

WAVE1

Wiskott-Aldrich syndrome protein family member 1
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Chapter I
General introduction
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I. 1 Protein tyrosine phosphatase receptor type Z (PTPRZ)
Protein tyrosine phosphorylation is one of the critical mechanism for signal transduction, and
reversibly regulated by protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs).
Receptor-like PTPs (RPTPs) are a structurally and functionally diverse family of enzymes comprised
of 8 subfamilies (Andersen et al., 2001).

Most RPTPs have a structure composed of a unique

extracellular domain, a single transmembrane domain, and either one or two intracellular catalytic
PTP domains.

In the latter case, the membrane proximal PTP domain (PTP-D1) exhibits PTP

activity, whereas the distal PTP domain (PTP-D2) has negligible or no catalytic activity (Andersen et
al., 2001).
Protein tyrosine phosphatase receptor type Z (PTPRZ, also called PTPz) is a member of the
R5 RPTP subfamily together with PTPRG (PTPg). The D2 of PTPRG has been postulated to be
essential for “head-to-toe” inactive dimer formation (Barr et al., 2009).

PTPRZ and PTPRG

structurally resemble each other and consist of a carbonic anhydrase (CAH)-like domain and
fibronectin type III-like domain extracellularly, as well as two phosphatase domains intracellularly
with a canonical PDZ-binding motif (-Ser-Leu-Val) located at their carboxyl terminal ends (Fujikawa
et al., 2007b; Kawachi et al., 1999).

However, their tissue distribution differs: PTPRG is

ubiquitously, but PTPRZ is predominantly, expressed in the central nerves system (CNS).
Three isoform proteins of PTPRZ are generated by alternative splicing from a single Ptprz
gene; the two transmembrane isoforms PTPRZ-A and PTPRZ-B and the secretory isoform PTPRZS corresponding to the extracellular portion of PTPRZ-A (also known as phosphacan or 6B4
10

proteoglycan), all of which are expressed as chondroitin sulfate proteoglycans in the brain (Canoll et
al., 1996; Chow et al., 2008c; Nishiwaki et al., 1998, and references cited therein). PTPRZ-A and B protein expression levels are down-regulated by metalloproteinase or plasmin-mediated digestion
under physiological conditions (Chow et al., 2008a; Chow et al., 2008b). Therefore, the full-length
PTPRZ-A protein is rarely observed in the adult mouse brain, and its resultant extracellular fragment
(ZA-ECF) is detected at the same molecular size as PTPRZ-S (Chow et al., 2008b). The receptor
isoforms are now further subdivided into two submembers, “conventional PTPRZ-A or -B” and “exon
16-deleted PTPRZ-ADex16 or -BDex16”, respectively (Fujikawa et al., 2017a). In this paper, I refer to
both sets collectively as “PTPRZ-A or-B” for the reader's convenience.

I. 2 Binding molecules to the extracellular region of PTPRZ
It has been identified growth factors such as pleiotrophin (PTN)/heparin-binding growth-associated
molecule (HB-GAM) (Fukada et al., 2006; Kawachi et al., 2001; Kuboyama et al., 2015; Maeda et
al., 1996), midkine (MK) (Maeda et al., 1999), and interleukin-34 (IL-34) (Nandi et al., 2013) as
inhibitory ligands for PTPRZ. The chondroitin sulfate moiety of PTPRZ is essential for achieving
high-affinity binding sites for PTN, MK, and IL-34 (Maeda et al., 1999; Maeda et al., 1996; Nandi et
al., 2013). PTN has been shown to inactivate the intracellular catalytic activity of PTPRZ-B by
inducing molecular oligomerization in baby hamster kidney (BHK)-21 cells (Fukada et al., 2006).
PTPRZ-S is one of the extracellular matrix (ECM) and perineuronal net molecules serving as a
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substratum for multiple cell adhesion molecules including F3/contactin, N-CAM, or TAG1 (Xu et al.,
2014).

I. 3 Substrates for PTPRZ
My laboratory previously reported a genetic method to screen for PTP substrates named the ‘yeast
substrate-trapping system’ based on the yeast two-hybrid system with two modifications (Fukada et
al., 2005; Kawachi et al., 2001): the conditional expression of a PTK to tyrosine-phosphorylate the
prey protein, and screening using a substrate-trap PTP mutant as bait.

Using this method, my

laboratory has successfully identified several substrate candidates for PTPRZ, including G proteincoupled receptor kinase-interactor 1 (GIT1), GTPase-activating protein for Rho GTPase
(p190RhoGAP), membrane-associated guanylate kinase, WW and PDZ domain-containing 1
(Magi1), and PDZ and coiled-coil motif containing (Gopc, also called PIST) (Fukada et al., 2006;
Fukada et al., 2005; Kawachi et al., 2001). Afterwards, my laboratory has already proved that a
number of molecules are indeed physiological substrate molecules for PTPRZ, including
p190RhoGAP (Fukada et al., 2006; Kuboyama et al., 2012b; Tamura et al., 2006), G protein-coupled
receptor kinase-interactor 1 (GIT1) (Fujikawa et al., 2011; Kawachi et al., 2001), paxillin (Fujikawa
et al., 2011; Muramatsu et al., 2004), membrane-associated guanylate kinase, WW and PDZ domaincontaining 1 (MAGI1) (Fukada et al., 2006), ERBB4 (Fujikawa et al., 2007a), and TrkA (Shintani
and Noda, 2008).

In addition, the motif for substrate specificity of Ptprz was determined by

examining the contribution of respective amino acid side chains. The consensus motif of substrate
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site for Ptprz thus identified is Glu/Asp-Glu/Asp-Glu/Asp-Xaa-Ile/Val-pTyr-Xaa (Xaa is not an acidic
residue) (Fujikawa et al., 2011). This sequence is quite different from Glu/Asp-pTyr-pTyr-Arg/Lys
identified for the substrate site of PTP1B (Myers et al., 2001). Although initially viewed as broadspecificity ‘housekeeping’ enzymes, PTPs are actually highly selective enzymes.

I. 4 Physiological functions of PTPRZ
Ptprz-null knockout (Ptprz-KO) mice lacking the expression of all three isoforms were established in
our laboratory (Shintani et al., 1998).

They are apparently healthy and show no obvious

morphological abnormalities in the brain at the adult stage; however, various phenotypes were
identified in this knockout mice afterword.

Ptprz-KO mice exhibit the early onset of

oligodendrocyte differentiation and myelination in the developing brain (Kuboyama et al., 2012a;
Kuboyama et al., 2015; Kuboyama et al., 2016).

They show a reduced disease severity in the

experimental autoimmune encephalomyelitis model (Kuboyama et al., 2012b) and accelerated
remyelination in the cuprizone model (Kuboyama et al., 2015; Kuboyama et al., 2016). Behavioral
and neurological studies identified impairments in spatial and contextual learning and memory
functions (Niisato et al., 2005; Tamura et al., 2006). In peripheral tissues, gastric mucosal cells
express PTPRZ-B isoform, though at lower levels. Ptprz-KO mice are resistant to gastric ulceration
caused by VacA, a cytotoxin secreted by Helicobacter pylori (Fujikawa et al., 2003).
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I. 5 Role of PTPRZ in oligodendrocyte differentiation and myelination
The myelination of axonal fibers provides electrical insulation to axons, which facilitates the
transmission of nerve impulses, and functions to maintain long-term axonal integrity (Funfschilling
et al., 2012; Griffiths et al., 1998; Lee et al., 2012). In the CNS, oligodendrocyte precursor cells
(OPCs) are the principal source of oligodendrocytes for the formation of myelin sheaths during
development and in the remyelination of demyelinated axons in adulthood (Buffo and Rossi, 2013).
Previous studies reported that protein tyrosine phosphorylation is crucially involved in the signal
transduction mechanism for OPC differentiation into mature oligodendrocytes and myelin formation.
FYN tyrosine kinase, a SRC family PTK, plays the most important role for OPC differentiation and
myelination (Kramer-Albers and White, 2011; Lu et al., 2005).

FYN activation drives OPC

differentiation by coordinately regulating several downstream pathways including the Rho-ROCK
(Kramer-Albers and White, 2011), MEK-ERK (Colognato et al., 2004; Perez et al., 2013; Xie et al.,
2016), and phosphoinositide 3-kinase (PI3K)-AKT (Colognato et al., 2004; Flores et al., 2008;
Goebbels et al., 2010) pathways. Consequently, Fyn-deficient mice show hypomyelination in the
brain (Cui et al., 2005; Umemori et al., 1999).
PTPRZ is the most abundant RPTP in OPCs (Ranjan and Hudson, 1996; Sim et al., 2006).
PTPRZ dephosphorylates p190RhoGAP, thereby acting as a counterpart of FYN (Kuboyama et al.,
2012b; Kuboyama et al., 2015). The amounts of myelin basic protein (MBP) and myelinated axons
in the brain at postnatal day 10, when myelination occurs, are significantly higher in Ptprz-deficient
mice than in wild-type animals, indicating a suppressive role for PTPRZ in oligodendrocyte
14

differentiation (Kuboyama et al., 2012b). Consistent with the earlier onset of CNS myelination,
oligodendrocytes appear earlier in primary cultures from Ptprz-deficient mice than from wild-type
mice (Kuboyama et al., 2012b).
My laboratory established an oligodendrocyte-lineage cell line, OL1, from a p53-knockout
mouse brain (Kuboyama et al., 2015).

Immature OL1 cells are OPC-like cells expressing

neural/glial antigen 2 chondroitin sulfate (NG2) proteoglycan. They also express PTPRZ-A and
PTPRZ-B as chondroitin sulfate proteoglycans; however, their expression decreases after
differentiation into oligodendrocytes, although PTPRZ-B remains weakly detectable (Kuboyama et
al., 2015). Immature OL1 cells treated with PTN show increased p190RhoGAP phosphorylation and
significantly enhanced thyroid hormone (TH)- induced differentiation to oligodendrocytes
(Kuboyama et al., 2015).

It have been demonstrated that PTN enhanced TH-induced OPC

differentiation in a primary culture of glial cells from wild-type mice, but not Ptprz-deficient mice,
indicating that its effects are mediated by PTPRZ (Fujikawa and Noda, 2016; Kuboyama et al., 2015).

I. 6 Outline of this thesis
In order to completely elucidate the PTN-PTPRZ signaling mechanisms involved in OPC
differentiation, I first examined the effects of a PTN stimulation on the tyrosine phosphorylation levels
of substrates and substrate candidates using OL1 cells. In the cell-based assay, AFAP1L2 exhibited
the greatest increase in tyrosine phosphorylation following the PTN treatment.

AFAP1L2, an

adaptor protein of 130 kDa, is associated with the p85α subunit of PI3K through the phosphorylation
15

at Tyr-54, thereby activating the PI3K-AKT pathway without altering ERK1/2 phosphorylation
(Lodyga et al., 2009; Yamanaka et al., 2012). I revealed that AFAP1L2 was one of the bona fide
substrates for PTPRZ, and coupled the PTN-PTPRZ signal to the PI3K-AKT-mTOR pathway for
OPC differentiation. I also verified the in vivo relevance of these results by generating knock-in
mice carrying a catalytically inactive Cys to Ser mutation in the Ptprz gene.
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Chapter II
Identification of AFAP1L2 as PTPRZ
substrate using OPC-like OL1 cells
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II. 1 Introduction

My laboratory has already identified a number of physiological substrate molecules for PTPRZ,
including p190RhoGAP (Fukada et al., 2006; Kuboyama et al., 2012b; Tamura et al., 2006), G
protein-coupled receptor kinase-interactor 1 (GIT1) (Fujikawa et al., 2011; Kawachi et al., 2001),
paxillin (Fujikawa et al., 2011; Muramatsu et al., 2004), membrane-associated guanylate kinase, WW
and PDZ domain-containing 1 (MAGI1) (Fukada et al., 2006), ERBB4 (Fujikawa et al., 2007a), and
TrkA (Shintani and Noda, 2008). In these substrate molecules, the amino acid sequences of the
typical dephosphorylation site by PTPRZ are conserved (Fujikawa et al., 2011).

Consequently,

other substrate candidates have been suggested by the previous database search (Fujikawa et al., 2011),
such as actin filament-associated protein 1-like 2 (AFAP1L2/XB130), neuronal tyrosinephosphorylated phosphoinositide-3-kinase adaptor 2 (NYAP2), ubiquitin protein ligase E3
component n-recognin 3 (UBR3), and tight junction protein 2 (TJP2/ZO-2).
To identify the downstream targets of the PTN-PTPRZ signal for OPC differentiation, I herein
examined the effects of a PTN stimulation on the tyrosine phosphorylation of substrate candidates for
PTPRZ using OL1 cells as an OPC model. Immature OL1 cells express full-length PTPRZ-A and
short PTPRZ-B receptor isoforms to maintain the undifferentiated state, and their inhibitory ligand
PTN releases the PTPRZ-mediated differentiation blockage; through inactivation of their phosphatase
activities.

PTN enhances TH-induced OL1 differentiation however, it does not induce OL1 (or

OPC) differentiation by itself (Kuboyama et al., 2015).
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Under TH-induced differentiation

conditions, I treated OL1 cells for 1 hr with or without PTN and estimated increases in the tyrosine
phosphorylation levels of the substrates and substrate candidates of PTPRZ.
I focused on AFAP1L2, an adaptor protein of 130 kDa, because it showed the most prominent
increase in PTN-induced tyrosine phosphorylation. AFAP1L2 contains the amino acid sequence DE-E-Y(54)-I-Y(56)-M in the N-terminal region, which is well matched to the substrate motif of
PTPRZ (Fujikawa et al., 2011). The phosphorylation at Tyr-54 in the YxxM motif is involved in the
association of AFAP1L2 with the p85α of PI3K, which leads to the activation of PI3K-AKT signaling
(Lodyga et al., 2009; Yamanaka et al., 2012). To examine the relationship between AFAP1L2 and
PTPRZ, I investigated the effects of PTPRZ enzyme activity on tyrosine residues of AFAP1L2 in
vitro, and co-expression experiments in HEK293T cell.
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II. 2 Materials and methods

Primary antibodies.
Rabbit antibodies against phosphorylated Tyr-1105 of p190RhoGAP (anti-pY1105) (Tamura et al.,
2006), Tyr-554 of GIT1 (anti-pY554) and polyclonal antibodies against the extracellular region of
PTPRZ (anti-PTPRZ-S) (Fujikawa et al., 2011) were described previously.
available antibodies used in the present study were as follows:

The commercially

anti-AFAP1L2 (Abcam, Cat#

ab113718), anti-ERBB4 (Santa Cruz Biotechnology, Cat# sc-283), anti-pY416 of FYN (Cell
Signaling Technology, Cat# 2101), anti-pY527 of FYN (Cell Signaling Technology, Cat# 2105S),
anti-FYN

(Cell

Signaling

Technology,

Cat#

4023;

Sigma-Aldrich,

Cat#

P2992

for

immunoprecipitation), anti-GIT1 (BD Biosciences, Cat# 611396; Santa Cruz Biotechnology, Cat#
sc-13961 for immunoprecipitation), anti-MAGI1 (Santa Cruz Biotechnology, Cat# sc-11523), antiMAGI2 (Millipore, Cat# AB9878), anti-NYAP2 (Santa Cruz Biotechnology, Cat# sc-139514), antip190RhoGAP (BD Biosciences, Cat# 610150; Cell Signaling Technology, Cat# 12164 for
immunoprecipitation), anti-pY118 paxillin (Cell Signaling Technology, Cat# 2541), anti-paxillin (BD
Biosciences, Cat# 610051), anti-phosphotyrosine, PY20 (Abcam, Cat# ab16389), anti-RhoA
(Cytoskeleton, Cat# ARH03), anti-TJP2 (Santa Cruz Biotechnology, Cat# sc-11448), anti-UBR3
(Santa Cruz Biotechnology, Cat# sc-244561), anti-GFP (MBL International, Cat# 598), anti-FLAG
(Sigma-Aldrich, Cat# F7425; Sigma-Aldrich, Cat# F3165 for immunoprecipitation) and anti-MYC
(Rockland, Cat# 600-401-381).
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OL1 cell culture
The preparation of mouse oligodendrocyte-lineage OL1 cells was described previously (Kuboyama
et al., 2015). OL1 cells (2.0 × 104 cells) were cultured on a poly-L-ornithine-coated 3.5-cm plastic
dish with “basal medium” containing knock-out DMEM/F12 supplemented with 1× GlutaMAX, 1×
StemPro Neural Supplement, 20 µg/ml of basic fibroblast growth factor (bFGF; Wako Pure
Chemical), and 10 µg/ml of PDGF-AA under a humidified chamber at 37°C with 5% CO2.
Recombinant human PTN produced in yeast (Fukada et al., 2006) was used in the experiment.

Western blotting
Protein samples, such as cell or tissue extracts, immunocomplexes precipitated with Protein GSepharose, and RhoA precipitated with Rhotekin beads were separated on a 5 to 20% gradient gel
(cat# E-R520L, ATTO Bioscience & Technology) by SDS-PAGE, followed by semi-dry
electroblotting onto a PVDF membrane (Immobilon-P, Millipore). After blocking with 4% non-fat
dry milk and 0.1% Triton X-100 in TBS, the membranes were incubated overnight with the respective
antibodies. Regarding the probing of tyrosine phosphorylated proteins, 1% BSA and 0.1% Triton
X-100 in TBS were used as blocking solution, with which antibodies were diluted. The binding of
these antibodies was visualized with respective secondary horseradish peroxidase (HRP)-conjugated
antibodies (GE Healthcare) and a chemiluminescent substrate (Luminata forte western HRP substrate,
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Millipore), and detected using a CCD video camera system (Ez-capture MG, ATTO Bioscience &
Technology).
Mammalian expression plasmids
The mammalian expression plasmids, pZeoPTPζ for PTPRZ-B (Kawachi et al., 2001) and pZeoPTPζCS for its phosphatase-inactive CS mutant (Fujikawa et al., 2011), were described previously.
pCAG-EGFP-PtprzICR-WT, -CS, -DA, and -CS mutants for the expression of EGFP-fused PTPRZICR proteins (the wild type and its mutants) were generated by an in-frame insertion of its
corresponding cDNA into the pCAG vector (Niwa et al., 1991). The construct pFLAG-AFAP1L2
for FLAG-tagged AFAP1L2 was generated by inserting the full-length cDNA of mouse AFAP1L2
(GenBank accession no. NM_001177797) into the pcDNA-FLAG vector (Fukada et al., 2006).
pMyc-p85a for the MYC-tagged p85a construct was generated by inserting the full-length cDNA of
mouse p85a (phosphoinositide-3-kinase regulatory subunit 1, GenBank accession no.
NM_001077495) into the pcDNA vector. cDNAs were prepared by RT-PCR from mouse brain
total RNA. The expression constructs for the AFAP1L2 mutant proteins were generated from its
parent plasmids using a QuikChange Multisite-directed Mutagenesis kit (Stratagene).

v-src-HEK293T cell culture and DNA transfection
v-src-HEK293T cells stably expressing v-Src were developed and maintained in our laboratory
(Fujikawa et al., 2011). Cells (3 × 105 cells) were cultured on a 3.5-cm dish coated with rat tail
collagen in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, Cat# 11995)
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supplemented with 10% fetal bovine serum (FBS) (cat #171012, Nichirei Biosciences) in a
humidified incubator at 37˚C with 5% CO2. After an overnight cultivation, cells were transfected
with 0.8 µg of a pZeoPTPζ, pZeoPTPζ-CS, or control pZeo vector, together with 0.07 µg pFLAGAFAP1L2 using the standard calcium phosphate technique. After 6 hrs, medium was changed to
fresh culture medium and further cultured for 48 hrs.

Protein extraction and chondroitinase (chABC) digestion
Mouse brains or cultured cells were extracted with 1% Nonidet P-40 in TBS (10 mM Tris-HCl, pH
7.4, 150 mM NaCl) containing 1 mM vanadate, 10 mM NaF, and protease inhibitors (EDTA-free
Complete, Roche Applied Science). Regarding the detection of PTPRZ proteins, brain extracts (10
µl) were mixed with an equal volume of 0.2 M Tris-HCl, 60 mM sodium acetate, and 10 mM EDTA,
pH 7.5 with 250 micro-units of chABC (cat #C3667, Sigma-Aldrich) at 37°C for 1 hr.

Immunoprecipitation
After precleaning the extracts with Protein G-Sepharose (GE Healthcare), samples were subjected to
immunoprecipitation using a combination of antibodies and Protein G-Sepharose beads.

In vitro PTPase assay
Recombinant human PTPRZ1 enzyme proteins (the whole intracellular region of human PTPRZ1)
were prepared as previously described (Fujikawa et al., 2016; Fujikawa et al., 2017b). FLAG-tagged
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AFAP1L2 proteins expressed in v-src-HEK293T cells were immunoprecipitated using anti-FLAG
beads. The immunocomplex on beads was washed, and bound proteins were solubilized in assay
buffer (50 mM Tris, 50 mM Bis–Tris, and 100 mM acetate, pH 6.5, containing 100 µg/ml BSA, 5
mM DTT, and 0.1% Tween 20) (Fujikawa et al., 2017a). The enzymatic reaction was initiated by
adding appropriate amounts of recombinant PTP proteins with or without SCB4380, a PTPRZ
inhibitor (Fujikawa et al., 2016), and incubating at 37 °C for 5 min. The reaction was terminated by
rapid dilution and washing with ice-cold TBS containing 1 mM vanadate.

The tyrosine

phosphorylation of AFAP1L2 proteins was then analyzed by Western blotting.

Image and statistical analyses
Quantitative image analyses were performed using Adobe Photoshop CS6 software (Adobe
Photoshop). Statistical analyses were performed using IBM SPSS Statistics 25 software (SPSS).
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II. 3 Results

The PTN treatment increased the tyrosine phosphorylation of AFAP1L2, paxillin, ERBB4, GIT1,
p190RhoGAP, and NYAP2 in a descending order; however, marked changes were not detected in
MAGI1, TJP2, or MAGI2 (Figure II-1a). The tyrosine phosphorylation of UBR3 was not detectable
by Western blotting. Among the molecules that showed elevated tyrosine phosphorylation, paxillin
(Fujikawa et al., 2011), ERBB4 (Fujikawa et al., 2007a), GIT1 (Fujikawa et al., 2011; Kawachi et al.,
2001), and p190RhoGAP (Tamura et al., 2006) have already been verified as physiological PTPRZ
substrates. The tyrosine phosphorylation of p190RhoGAP in OPCs was previously shown to be
regulated by FYN (Liang et al., 2004) and PTPRZ (Kuboyama et al., 2012b) and the activity of Fyn
is also shown to be regulated by tyrosine phosphorylation. However, PTN did not affect the tyrosine
phosphorylation of FYN (Figure II-1a, two lanes at the bottom). Changes in the overall tyrosine
phosphorylation pattern in cellular proteins were not detected (Figure II-1b). Taken together with
the finding that the PTN-induced enhancement of OPC differentiation was not observed in Ptprzdeficient primary glial cells (Kuboyama et al., 2015), these results supported PTN-induced increases
in the phosphorylation of these proteins being due to the inactivation of PTPRZ, but not the activation
of FYN.
When AFAP1L2 was exogenously expressed in HEK293T cells with constitutively active vSrc, AFAP1L2 proteins were strongly tyrosine-phosphorylated (Figure II-2a,b).

The tyrosine

phosphorylation levels of AFAP1L2 following the co-expression of wild-type PTPRZ-B were lower
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than in mock- or CS (PTP-inactive) mutant-transfected cells (Figure II-2a,b). In vitro experiments
revealed that recombinant PTPRZ enzyme proteins efficiently dephosphorylated AFAP1L2 proteins,
and this dephosphorylation was inhibited by the selective PTPRZ inhibitor, SCB4380 (Figure II-2c).
I also investigated the interaction between the entire intracellular region of PTPRZ (Z-ICR)
and AFAP1L2 by co-immunoprecipitation. v-src-HEK293T cells were co-transfected with FLAGtagged AFAPIL2 and green fluorescent protein (EGFP)-fused Z-ICR.

Anti-FLAG

immunoprecipitation showed that AFAP1L2 stably associated with wild-type Z-ICR (Figure II-3),
suggesting recognition mechanism between AFAP1L2 and the ICR of PTPRZ. However, the DA
substrate-trapping mutant of Z-ICR (Kawachi et al., 2001) exhibited a significantly higher binding
ability than the wild type, suggesting that PTPRZ recognizes AFAP1L2 as a substrate through
phospho-Tyr recognition in the substrate protein by the catalytic domain.

Regarding the latter,

PTPRZ is known to associate with PDZ domain-containing proteins, including MAGI1/3 and PSD95,
through the C-terminal PDZ-binding motif in PTPRZ (Fujikawa et al., 2011). However, the PDZbinding-motif mutant (SA mutant) of PTPRZ showed no significant difference in its association with
AFAP1L2 (Figure II-3).
A public database search (PhosphoSitePlus) (Hornbeck et al., 2015) suggested that AFAP1L2
contains fourteen potential tyrosine phosphorylation sites (see Figure II-4a).

I transfected v-src

HEK293T cells with an expression plasmid for FLAG-tagged AFAP1L2-F14, in which all fourteen
tyrosine residues were replaced with phenylalanine residues, and found that this replacement
expectedly resulted in the complete disappearance of tyrosine phosphorylation (compare “F14” with
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“WT” in Figure II-4b). Next, I generated a series of AFAP1L2-F13-Y mutants, in which individual
phenylalanine residues were reconverted to tyrosine residues.

Experiments to assess

phosphorylation and dephosphorylation at each site using these AFAP1L2 mutants showed that
phosphorylation occurred at thirteen sites other than Tyr-673 in v-src HEK293T cells (Figure II-4b).
Co-immunoprecipitation experiments detected the binding of wild-type and F13-Y54 AFAP1L2 to
MYC-tagged p85α of PI3K, indicating that Tyr-54 is the primary phosphorylation site for its
association with p85α (Figure II-4c). The co-transfection of wild-type PTPRZ-B, but not the CS
mutant, significantly reduced the tyrosine phosphorylation levels of the eleven mutants, in which
AFAP1L2-F13-Y54 and -F13-Y56 showed the most prominent decreases (Figure II-4d). Consistently,
recombinant PTPRZ proteins more efficiently dephosphorylated AFAP1L2-F13-Y54 than AFAP1L2F13-Y383 in vitro (Figure II-5), indicating that the SH2 domain-binding motif was indeed the major
dephosphorylation site of PTPRZ.
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II. 4 Discussion

The results obtained demonstrated that PTN increased tyrosine phosphorylation levels in AFAP1L2,
paxillin, ERBB4, GIT1, and NYAP2 as well as p190RhoGAP (Kuboyama et al., 2012b; Kuboyama
et al., 2015; Kuboyama et al., 2016). Among these, AFAP1L2 showed the most prominent increase
in tyrosine phosphorylation upon the PTN treatment.
FYN plays essential roles in the induction of OPC differentiation by phosphorylating multiple
distinct substrates including p190RhoGAP (Kramer-Albers and White, 2011).

PTN-PTPRZ

signaling may modulate the activity of a set of downstream targets of the FYN-regulated signaling
pathways. My laboratory recently reported that PTN-induced PTPRZ inactivation enhanced the
tyrosine phosphorylation levels of p190RhoGAP in OL1 cells and promoted the differentiation of
OL1 cells (Kuboyama et al., 2015). The tyrosine phosphorylation of p190RhoGAP enhances GAP
activity, thereby suppressing the Rho-ROCK pathway involved in the control of process formation in
oligodendrocytes (Kramer-Albers and White, 2011; Liang et al., 2004).

The expression of

dominant-negative RhoA induced the extension of oligodendrocyte processes, whereas the
introduction of constitutively-active RhoA hindered process formation in rat primary cultured OPCs
(Liang et al., 2004), indicating that the FYN–p190RhoGAP-Rho-ROCK pathway controls
morphological changes in mature oligodendrocytes. PTPRZ dephosphorylates p190RhoGAP as a
counterpart of FYN without affecting the tyrosine phosphorylation of FYN itself (Kuboyama et al.,
2012b) (Figure II-1).
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PTPRZ preferentially dephosphorylates phosphotyrosine in the consensus motif sequence,
E/D-E/D-E/D-X-I/V-pY-X (X is not an acidic residue), in physiologically relevant substrates, such
as p190RhoGAP at Tyr-1105, paxillin at Tyr-118, GIT1 at Tyr-554, and MAGI1 at Tyr-373
(Fujikawa et al., 2011). Here, I identified AFAP1L2 as another substrate of PTPRZ which may be
involved in the regulation of OPC differentiation. AFAP1L2 was efficiently dephosphorylated by
PTPRZ and the two proteins co-immunoprecipitated, indicating that AFAP1L2 is a native substrate
for PTPRZ. I identified phosphorylated Tyr-54 in AFAP1L2 as the primary site for p85α binding,
and demonstrated that PTPRZ efficiently dephosphorylated AFAP1L2, particularly at Tyr-54 and
Tyr-56. It would be important to note that AFAP1L2 was recently identified among the top 50
oligodendrocyte-specific proteins (Sharma et al., 2015).
The effect of PTN on PTPRZ (peaking at 30 to 60 min) (Fukada et al., 2006) is considerably
slower than that of EGF (epidermal growth factor) or PDGF (platelet-derived growth factor) on their
receptor tyrosine kinases and their substrate molecules (usually peaks at ~ 5 min). The extracellular
portion of PTPRZ is highly modified with negatively-charged chondroitin sulfate chains which
prevent PTPRZ from spontaneous clustering (Kuboyama et al., 2016). The number of chondroitin
sulfate chains attached to 6B4 proteoglycan (another name of PTPRZ-S secretary isoform of which
structure corresponds to the extracellular portion of PTPRZ-A) was estimated to be 24 chains per core
protein molecule (Maeda et al., 1995). Mouse PTPRZ-A and -S contain 31 potential chondroitin
sulfate attachment sites (Ser-Gly or Gly-Ser) within the extracellular region.

Based on simple

calculations, the short receptor PTPRZ-B containing 13 potential sites is expected to be modified with
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10 chondroitin sulfate chains per molecule.

Accumulated binding of positively-charged PTN

gradually neutralizes electrostatic repulsion between chondroitin sulfate chains, thereby inducing
clustering of PTPRZ receptor isoforms, which leads to the inactivation of its intrinsic PTPase as the
next step (Kuboyama et al., 2016). This appears to be a reason for the slower response to PTN. In
my experience, it is difficult to detect the ligand effect of PTN on PTPRZ in some of the commonly
used cell lines including HEK293T. I think that this may be due to a distinct sugar modification
profile from that in OPCs: The chondroitin sulfate modification of PTPRZ-B is markedly weak in
HEK293T (Chow et al., 2008b). The high affinity binding of positively-charged ligands to PTPRZ
depends on chondroitin sulfate chains (Maeda et al., 1999; Maeda et al., 1996), and their sulfation
patterns: Binding affinity of PTN is strong for chondroitin sulfate-E/D, moderate for chondroitin
sulfate-C, and very weak for chondroitin sulfate-A (Maeda et al., 2003).
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II. 5 Figures

Figure II-1 PTN-induced tyrosine phosphorylation in substrate candidates for PTPRZ in OL1
cells. (a) Tyrosine phosphorylation levels in substrates and substrate candidates for PTPRZ. OL1
cells were treated with or without PTN for 1 hr. Cell extracts were immunoprecipitated with each
respective antibody, and then subjected to Western blotting analyses.

The phosphorylation of

paxillin (Tyr-118), GIT1 (Tyr-554), p190 (Tyr-1105), and FYN (Tyr-416 and Tyr-527) was analyzed
using the respective phosphorylation site-specific antibodies.
monoclonal antibody against phosphotyrosine (PY20).

Other data were obtained using a

The bar plot on the right side shows

phosphorylation levels as arbitrary densitometric units relative to those of the non-treated group.
Data are the mean ± S.E. (error bars) of three to six independent experiments. *, p < 0.05; **, p <
0.01, significantly different from the non-treated control group by Welch’s t-test.
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(b) Overall

tyrosine phosphorylation of total cellular proteins.

The left panel shows the overall tyrosine

phosphorylation pattern of OL1 cell extracts analyzed using PY20, and the right shows Coomassie
Brilliant Blue (CBB) staining to verify the applied protein amounts.
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Figure II-2 Dephosphorylation of AFAP1L2 by PTPRZ in cells.

(a) Overall tyrosine

phosphorylation of cellular proteins and the expression of proteins. An expression construct for
FLAG-tagged AFAP1L2 was transfected into v-Src-HEK293T cells (Fujikawa et al., 2011) together
with wild-type PTPRZ-B (ZWT), its PTP-inactive Cys-1934 to Ser mutant (ZCS), or control vector
(Moc). After 48 hrs, cells were incubated in serum-free medium for 3 hrs. Cell extracts were
examined using PY20, rabbit anti-PTPRZ-S (for PTPRZ-B proteins), and anti-FLAG (for flagAFAP1L2 proteins). (b) Tyrosine phosphorylation levels of AFAP1L2. FLAG-tagged AFAP1L2
proteins immunoprecipitated from cell extracts using the anti-FLAG antibody were analyzed using
PY20 and anti-AFAP1L2 antibodies. The scatter plot shows the signal intensity of PY20 staining
relative to the moc control, in which each circle corresponds to an independent cell culture (n = 6).
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**, p < 0.01, significant difference between the indicated groups using a one-way analysis of variance
(ANOVA) with Bonferroni’s post hoc tests. (c) In vitro dephosphorylation of AFAP1L2 by PTPRZ.
FLAG-tagged AFAP1L2 proteins purified by immunoprecipitation with anti-FLAG beads were
incubated with human PTPRZ-ICR proteins in the presence or absence of SCB4380.

Tyrosine

phosphorylation levels were examined by Western blotting using PY20 and anti-AFAP1L2
antibodies. The scatter plot shows the signal intensity of PY20 staining relative to the non-treated
control, in which each circle corresponds to an independent assay (n = 3). *, p < 0.05; **, p < 0.01,
significant difference between the indicated groups using a one-way analysis of variance (ANOVA)
with Bonferroni’s post hoc tests.
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Figure II-3 Co-immunoprecipitation experiments of AFAP1L2 and PTPRZ in cells. EGFPfused wild-type PTPRZ-ICR (WT), its CS, or Asp-1902 to Ala (DA), or Ser-2314 to Ala (SA) mutant
was expressed in v-Src-HEK293T cells with or without FLAG-tagged AFAP1L2.

Cell extracts

were subjected to immunoprecipitation with an anti-FLAG antibody, and analyzed by Western
blotting using anti-GFP and anti-FLAG antibodies. The scatter plot shows the signal intensity of
anti-GFP staining, in which each circle corresponds to an independent cell culture (n = 6). *, p <
0.01, significant difference between the indicated groups using a one-way ANOVA analysis of
variance with Bonferroni’s post hoc tests.
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Figure II-4 Identification of tyrosine phosphorylation sites in AFAP1L2 and their
dephosphorylation by PTPRZ.
constructs.

(a) Schematic representation of AFAP1L2 and the mutant

Numbers correspond to amino acid residues of mouse AFAP1L2. PH, Pleckstrin36

homology domains. (b) Tyrosine phosphorylation of AFAP1L2 mutants. Expression constructs
for FLAG-tagged wild-type AFAP1L2 or its mutants were transfected into v-Src-HEK293T, and their
tyrosine phosphorylation levels were analyzed, as shown in Figure II-2b. The blots shown are a
representative of two independent experiments with similar results. (c) Co-immunoprecipitation
experiments. FLAG-tagged AFAP1L2 or its mutants were expressed in v-Src-HEK293T cells with
MYC-tagged p85a.

Cell extracts were subjected to immunoprecipitation with an anti-FLAG

antibody, and analyzed by Western blotting using anti-AFAP1L2 and anti-MYC antibodies. The
blots shown are a representative of two independent experiments with similar results.

(d)

Dephosphorylation of AFAP1L2 mutants by PTPRZ. FLAG-tagged AFAP1L2 or its mutants were
transfected together with the wild-type or CS PTPRZ-B, or control vector.

The tyrosine

phosphorylation of AFAP1L2 proteins was analyzed as above. The bar plot on the right side shows
the signal intensity of PY20 staining relative to the moc control. Data are the mean ± S.E. (error
bars) of three independent experiments. *, p < 0.05; **, p < 0.01, significantly different from the
moc control in each group using a one-way ANOVA with Bonferroni’s post hoc tests.
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Figure II-5 In vitro dephosphorylation of AFAP1L2 by PTPRZ. FLAG-tagged AFAP1L2 F13Y54 and -Y383 proteins purified by immunoprecipitation with anti-FLAG beads were incubated with
human PTPRZ-ICR proteins, and tyrosine phosphorylation levels were examined, as shown in Figure
II-2c. The scatter plot shows the signal intensity of PY20 staining relative to the non-treated control,
in which each circle corresponds to an independent assay (n = 3).
significant difference between the two groups by Welch’s t-test.
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*, p < 0.05; **, p < 0.01,

Chapter III
AFAP1L2 is the key substrate molecule
coupling PTN-PTPRZ signal to the PI3KAKT pathway and involved in
oligodendrocyte differentiation
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III .1 Introduction

In the previous chapter, AFAP1L2 was identified as a substrate for PTPRZ. AFAP1L2 reportedly
plays important roles in tumor progression by promoting cell proliferation, survival, motility and
invasion in various cancer cells (Lodyga et al., 2010; Shiozaki et al., 2011). The PI3K-AKT-mTOR
pathway is known to be involved in OPC differentiation and myelin formation (Cui et al., 2005;
Kramer-Albers and White, 2011; Tyler et al., 2009; Yu et al., 2011). PTN-treated oligodendrocytelineage cells increased the phosphorylation of the substrate molecules of PTPRZ, such as p190
RhoGAP by the inhibition of PTPRZ, and significantly enhanced TH-induced differentiation to
oligodendrocytes (Kuboyama et al., 2015). In order to investigate cellular functions of AFAP1L2 in
OPC differentiation, I performed knockdown experiments with AFAP1L2 siRNA and investigate the
role of AFAP1L2 in cell proliferation, survival, and differentiation under TH-induced differentiation
conditions with or without PTN.
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III. 2 Materials and methods

Primary antibodies
The commercially available antibodies used in the present study were as follows: anti-pS473 of AKT
(Cell Signaling Technology, Danvers, MA, Cat# 4060), anti-AKT (Cell Signaling Technology, Cat#
9272), anti-pT202/pY204 of ERK1/2 (Cell Signaling Technology, Cat# 4370), anti-ERK (Cell
Signaling Technology, Cat# 4695), anti-MBP (Santa Cruz Biotechnology, Cat# sc-13914), anti-NG2
proteoglycan (Millipore, Cat# AB5320), anti-pS2448 of mTOR (Cell Signaling Technology, Cat#
5536), and anti-mTOR (Cell Signaling Technology, Cat# 2983).

OL1 cell culture and siRNA transfection
OL1 cells (2.0 × 104 cells) were cultured on a poly-L-ornithine-coated 3.5-cm plastic dish with
“differentiation medium” containing knockout DMEM/F12 (cat #12660, Life Technologies),
supplemented with 1× GlutaMAX (cat #35050, Life Technologies), 1× StemPro Neural Supplement
(cat #A1050801, Life Technologies), 10 µg/ml of platelet-derived growth factor (PDGF-AA; cat
#163–19731, Wako Pure Chemical), and 30 ng/ml thyronine and thyroxine (cat #T2752 and T2376,
Sigma-Aldrich), or “basal medium”, and 10 µg/ml of PDGF-AA under a humidified chamber at 37°C
with 5% CO2. Recombinant human PTN produced in yeast (Fukada et al., 2006) and LY294002
(cat #9901, Cell Signaling Technology) were used in the assay. In gene silencing experiments, 5 ×
104 cells cultured on a 3.5-cm dish for 5 days were transfected with 100 pmol of siRNA in 700 µl of
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Opti-MEM using 3 µl of HiPerFect Transfection Reagent (cat #301704, QIAGEN) according to the
manufacturer’s instructions. After 6 hrs, medium was changed to differentiation (or basal) medium
for experiments.
AFAP1L2

siRNAs were ordered and purchased from Nippongene, Tokyo, Japan.

sequences

of

siRNAs

used

were

as

follows:

sense,

The
5′-

UCACCAUGGUUAAGCUACA(dTdT)-3′; antisense, 5′-UGUAGCUUAACCAUGGUGA(dTdT).
Universal Negative Control siRNA (Nippongene) was used as a negative control.

rhotekin pull-down assays
Active GTP-bound RhoA was precipitated from cell extracts using Rhotekin-RBD beads in a RhoA
Pull-down Activation Assay Biochem Kit (cat #BK036, Cytoskeleton).

Immunocytofluorescence cell staining
Cells were fixed with 4% paraformaldehyde in PBS (4.3 mM Na2HPO4, 1.4 mM KH2PO4, 137 mM
NaCl, and 2.7 mM KCl at pH 7.4) for 30 min. Fixed cells were permeabilized and blocked with 4%
non-fat dry milk and 0.1% Triton X-100 in TBS, and then incubated with the respective primary
antibodies at 4°C overnight.

Bound primary antibodies were visualized with Alexa Fluor-

conjugated secondary antibodies (Life Technologies) by the standard procedure.
photomicrographs were taken with an LSM 700 confocal microscope (Zeiss).
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Digital

Terminal deoxyribonucleotidyl transferase (TDT)-mediated dUTP-digoxigenin nick end
labeling (TUNEL) assay
In apoptosis assays, siRNAs were co-transfected with an mCherry expression plasmid (Fujikawa et
al., 2015) to identify transfected cells.

Apoptotic cells were identified using a TUNEL in situ

apoptosis detection kit (Takara Bio) according to the manufacturer’s instructions.

Fluorescein

(FITC)-labeled dUTP and mCherry signals were observed and photographed under a fluorescence
microscope (Biozero BZ-8000, Keyence).

Cell Proliferation Assay
The proliferation of OL1 cells was assessed by quantifying the incorporation of 5'-bromo-2deoxyuridine (BrdU) using the cell proliferation ELISA BrdU kit (Roche) according to the
manufacturer’s instructions. BrdU incorporation was evaluated using a HRP-conjugated anti-BrdU
antibody with tetramethylbenzidine (TMB) substrate.

The absorbance of oxidized TMB was

measured at 450 nm using a spectrofluorometer (FI-4500, Hitachi).
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III.3 Results

PTN reportedly stimulates the proliferation of several types of cancer cells through other receptors,
including ALK (Papadimitriou et al., 2016).

I examined the effects of suppressing AFAP1L2

expression in OL1 cells by siRNA knockdown (Figure III-1a).

PTN significantly increased the

incorporation of BrdU in OL1 cells; however, this was not affected by the knockdown of AFAP1L2
(Figure III-1b).

I cannot exclude the possibility that the increased incorporation of BrdU is

attributable to a p53 deficiency in OL1 cells, which were established from p53 knockout mice
(Kuboyama et al., 2015). PI3K/AKT signaling plays a pivotal role in the suppression of apoptosis
in multiple cell types (Hanahan and Weinberg, 2000). Consistently, the knockdown of AFAP1L2
significantly increased apoptosis in OL1 cells under differentiation conditions irrespective of the
presence or absence of PTN (Figure III-1c). On the other hand, PTN induced AKT phosphorylation
in OL1 cells (Figure III-1d), as previously reported in U87MG glioblastoma cells (Powers et al., 2002).
However, the knockdown of AFAP1L2 prevented the PTN-induced phosphorylation of AKT (Figure
III-1d) and mTOR (Figure III-1e), a downstream molecule of AKT, which correlated with the
suppression of PTN-induced OL1 differentiation (Figure III-1f).

These results suggest that

AFAP1L2 couples the PTN signal to the activation of AKT and mTOR, thereby activating OL1
differentiation.
The PI3K inhibitor, LY294002 suppressed PTN-induced AKT phosphorylation in OL1 cells
in a concentration-dependent manner (Figure III-2a): AKT phosphorylation returned to its baseline
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level at 1.0 µM.

LY294002 at 1 µM canceled both the enhancement in PTN-enhanced OL1

differentiation (Figure III-3a) and PTN-induced AKT phosphorylation (Figure III-3b). PTN also
induced ERK1/2 phosphorylation and RhoA activation in OL1 cells, whereas LY294002 did not affect
these responses (Figure III-2b), excluding the possibility of the non-specific actions of this reagent.
These results suggested that AFAP1L2-dependent PI3K-AKT-mTOR activation is one of the key
downstream reactions of PTN-PTPRZ signaling during OPC differentiation.
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III. 4 Discussion

In OL1 cells, the knockdown of AFAP1L2 increased apoptosis in OL1 cells, whereas PTN did not
significantly affect apoptosis. And the knockdown of AFAP1L2 impaired PTN-induced AKT and
mTOR phosphorylations and PTN-induced OPC differentiation.

The inactivation of PI3K with

wortmannin or LY294002 consistently impaired OPC differentiation to mature oligodendrocytes in
primary cultures (Cui et al., 2005; Kramer-Albers and White, 2011), and the exogenous expression
of constitutively active AKT in oligodendrocytes resulted in enhanced myelination in the CNS (Cui
et al., 2005; Yu et al., 2011).

LY294002 exerted similar effects to OL1 cells.

PTN-induced

PTPRZ inactivation was connected to the activation of the PI3K-AKT-mTOR pathway via AFAP1L2.
In oligodendrocyte-lineage cells, AFAP1L2-dependent PI3K-AKT activation may be positively
regulated by the kinase activity of FYN and negatively by the phosphatase activity of PTPRZ.
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III. 5 Figures

Figure III-1 Effects of AFAP1L2 knockdown on OL1 cell properties. (a) siRNA knockdown of
AFAP1L2. siRNA targeted against AFAP1L2 (Afap1l2) or a control (Con) was transfected into
OL1 cells. After 48 hrs of cultivation in basal medium, cell lysates were prepared. The upper

47

panel shows the amounts of AFAP1L2 proteins analyzed by Western blotting. The lower panel
shows CBB staining of the proteins applied.

The scatter plot shows the intensity of AFAP1L2

staining relative to the control cells from five independent experiments. **, p < 0.01, significantly
different from the control group by Welch’s t-test. (b,c) Effects of AFAP1L2 knockdown on cell
proliferation (b) and apoptosis (c). After 6 hrs of transfection, cells were cultured in differentiation
medium with or without PTN for 2 days.

Cell proliferation was evaluated by measuring the

incorporation of BrdU for the last 12 hrs of the culture. Apoptotic cells were stained using the
TUNEL method.

Scatter plots show the relative levels of BrdU incorporation to the non-treated

control group, and the percentage of FITC-labeled TUNEL-positive cells to siRNA-transfected,
mCherry-positive cells, in which each circle corresponds to an independent experiment (BrdU
incorporation, n = 3 each; TUNEL staining, n = 6 each). *, p < 0.05; **, p < 0.01, significant
difference between the indicated groups using a two-way ANOVA with Bonferroni’s post hoc tests.
(d,e) Effects of the AFAP1L2 knockdown on AKT and mTOR phosphorylation. After 48 hrs of
transfection, cells were treated with or without PTN for 1 hr, and the phosphorylation levels of AKT
at Ser-473 and amounts of AKT proteins, or the phosphorylation levels of mTOR at Ser-2448 and its
protein amounts were analyzed using cell extracts. The scatter plot shows the intensity of pS473 (d)
or pS2448 (e) staining relative to the control, in which each circle corresponds to an independent cell
culture (n = 6 each). *, p < 0.05; **, p < 0.01, significant difference between the indicated groups
using a two-way ANOVA with Bonferroni’s post hoc tests. (f) Effects of AFAP1L2 knockdown on
OL1 cell differentiation. After cell cultivation in differentiation medium with or without PTN for
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10 days, cell differentiation was analyzed by staining with anti-NG2 proteoglycan (oligodendrocyte
precursor cells, OPCs; red) and anti-MBP (oligodendrocyte; green) antibodies in conjunction with
the DAPI labeling of nuclei (blue). Scale bars, 100 µm. The scatter plot shows the ratio of MBPpositive cells to NG2-positive cells, with each circle corresponding to an independent cell culture (n
= 5 each).

**, p < 0.01, significant difference between the indicated groups using a two-way

ANOVA with Bonferroni’s post hoc tests.
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Figure III-2 Effects of LY294002 on PTN-induced activation in AKT, ERK, or Rho in OL1 cells.
(a) Effects of LY294002 on AKT phosphorylation. OL1 cells were treated with or without PTN for
1 hr, and the phosphorylation level of AKT at Ser-473 and amount of AKT proteins were analyzed
using cell extracts. The scatter plot shows the intensity of pS473 staining relative to the control, in
which each circle corresponds to an independent cell culture (n = 3 each). (b), Effects of LY294002
on ERK phosphorylation (left) and RhoA activation (right). OL1 cells were treated at the indicated
combinations for 1 hr, and ERK phosphorylation in cell extracts was examined using a specific
antibody against the phosphorylation site of ERK at Thr-202/Tyr-204 with an ERK antibody. The
activation of RhoA was examined using the GST-Rhotekin pulldown assay. Scatter plots show the
intensity of phospho-Thr-202/Tyr-204 or Rhotekin-bound RhoA (GTP-bound active form) bands
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relative to the control, in which each circle corresponds to an independent cell culture (n = 6 each).
**p < 0.01 between the indicated groups using a one-way ANOVA with Bonferroni’s post hoc tests.
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Figure III-3 Involvement of the AKT-PI3K pathway in the PTN-induced differentiation of OL1
cells.

(a) Effects of LY294002 on OL1 cell differentiation.

OL1 cells were cultured in

differentiation medium containing the indicated combinations of LY294002 (1 µM) and PTN (100
nM) for 10 days, and their differentiation levels were analyzed by the staining of NG2 and MBP
proteins, as in Figure III-1e. Scale bars, 100 µm. The scatter plot shows the ratio of MBP-positive
cells to NG2-positive cells, in which each circle corresponds to an independent cell culture (n = 5
each). **, p < 0.01, significant difference between the indicated groups using a two-way ANOVA
with Bonferroni’s post hoc tests. (b) Effects of LY294002 on AKT phosphorylation. OL1 cells
were treated with the indicated combination for 1 hr, and AKT phosphorylation was analyzed, as
shown in Figure III-1d. The scatter plot shows the intensity of pS473 staining relative to the control,
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in which each circle corresponds to an independent cell culture (n = 6 each). **, p < 0.01, significant
difference between the indicated groups using a two-way ANOVA with Bonferroni’s post hoc tests.
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Chapter IV
Generation and phenotype analyses of mice
carrying the inactive phosphatase knock-in
mutation of PTPRZ
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IV. 1 Introduction

In developing mouse brains, the expression of the PTPRZ-A isoform peaks on approximately
postnatal days 5 to 10 (P5 to P10), and the maximal expression of PTN occurs on P10, corresponding
to the onset of myelination, whereas midkine and interleukin-34 are maintained at constant levels
from the neonatal to adult stages (Kuboyama et al., 2016). Ptprz-deficient mice show the earlier
onset of the expression of MBP, a major component of the myelin sheath, than wild-type mice
(Kuboyama et al., 2012b); inversely, Ptn-deficient mice exhibit the later onset of MBP expression
(Kuboyama et al., 2016). These findings indicate that the ligand-receptor pair of PTN-PTPRZ-A
affects the timing of OPC differentiation in the developing brain (Kuboyama et al., 2016). The
p190RhoGAP-Rho-ROCK pathway has been identified as a downstream of PTPRZ for OPC
differentiation (Kuboyama et al., 2012b; Kuboyama et al., 2015; Kuboyama et al., 2016).
Previously, my laboratory reported the earlier onset of the expression of MBP, a major protein
of the myelin sheath, as well as the earlier initiation of myelination in neonatal brains in Ptprzdeficient (null) mice than in wild-type mice (Kuboyama et al., 2012b). To assess the physiological
significance of its PTPase activity, I newly generated a mouse line with a Cys-1930 to Ser (CS) point
mutation in the Ptprz gene.
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IV. 2 Materials and methods

Primary antibodies.
The commercially available antibodies used in the present study were as follows: anti-MYRF
(Millipore Cat# ABN45), anti-OLIG2 (Millipore Cat# AB9610), and anti-RPTPb (BD Biosciences
Cat# 610180).

Ethics statement and experimental animals.
All experimental animal protocols used in the present study were approved by the Institutional Animal
Care and Use Committee of the National Institutes of Natural Sciences (approval numbers: 15A096,
16A145, and 16A148) and RIKEN Kobe Branch (approval number: A2001-03-72), Japan. Ptprzdeficient mice (Shintani et al., 1998) and Ptprz-CS mice (see below) were backcrossed with the inbred
C57BL/6J strain (CLEA Japan) for more than ten generations. Mice were housed under specific
pathogen-free (SPF) conditions at a constant room temperature (23°C) and 50–55% humidity with an
8:00 to 20:00 light cycle. Four to 5 weeks after birth, three to four sex-matched mice were housed
in plastic cages (cage size: 12 × 21 × 12.5 cm) with paper-chip bedding, and food and water were
provided ad libitum. Adult male mice (2 to 4 months old) and juvenile mice (< postnatal 30 days,
gender unknown) were used in the present study. Mice were handled gently to minimize stress and
were quickly decapitated without anesthesia to obtain tissue samples for biochemical analyses in this
study. Paraformaldehyde fixation was performed under isoflurane anesthesia.
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Generation of the knock-in mouse
A

Ptprz

Cys1930

to

Ser

(CS)

knock-in

mouse

(Accession

No.

CDB0971K:

http://www2.clst.riken.jp/arg/mutant%20mice%20list.html) was generated as follows: Targeting
gene sequences were isolated from a C57BL/6J BAC library (BACPAC) by a homologous
recombination approach (Red/ET Recombineering, Gene Bridges), and inserted into a DT-ApA/loxP/PGK-Neo-pA/loxP

vector

http://www2.clst.riken.jp/arg/cassette.html).

(LARGE,

CDB,

RIKEN

The mutation of Cys-1930 to Ser was performed

using a commercial kit (KOD-Plus-Mutagenesis Kit, Toyobo): the positions of the amino acid
residues were referred to that of the mouse PTPRZ-A isoform (Genbank; NM_001081306).
Genotyping was performed on tail DNAs by PCR.

The primers used were (for their

positions, see Figure IV-1a); 5’-AGGTGAGTCTCAGAGCTGTTCTCCGA-3’ (forward primer) and
5’-GTTTAAGAACAAAGCAGTGCTATGTCTGTC-3’ (reverse primer). PCR products were 274
bp for the wild-type allele and 406 bp for the CS knock-in allele. PCR was performed with high
yield Taq DNA polymerase (Jena Bioscience), 0.5 µM primer pairs, and 100 ng tail DNAs in 15-µl
reactions.

Cycling conditions were 94 °C for 180 s, 32 cycles of 94 °C for 15 s, 60 °C for 30 s, and

72 °C for 60 s, followed by a final extension step at 72°C for 420 s.
CS knock-in mice were backcrossed over ten generations with C57BL/6J mice. CS knockin mice were fertile and viable and appeared indistinguishable from wild-type or Ptprz-deficient mice.
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cDNA synthesis and quantitative real-time PCR
Total RNA was isolated from brain tissues with TRIzol Reagent kit (Thermo Fisher Scientific).
cDNAs were synthesized using the PrimeScript RT reagent Kit with gDNA Eraser (Takara Bio), and
used as a template for real-time PCR using a commercial kit (TaKaRa One Step SYBR, Takara Bio)
on a real-time PCR system (StepOnePlus Real-Time PCR System, RRID:SCR_015805).

The

relative mRNA expression levels of the Ptprz-A, -B, and -S isoforms were calculated and normalized
to that of glyceraldehyde-3-phosphate dehydrogenase (Gapdh). The PCR primers used and sizes of
the

amplified

products

were

as

CAGGAGTATCCAACAGTTCAGAG-3’

follows:
and

Ptprz-A;

reverse

primer,

forward

primer,

5’-

5’-CTTCTCAGACTC

CAACCCCTC-3’ (89 bp). Ptprz-B; forward primer, 5’-CCTCCAGACCACTTGATTTG-3’ and
reverse primer for Ptprz-A (134 bp).

Ptprz-S; forward primer, 5’-AACCAGAAC

GTTCAACCATTTG-3’ and reverse primer, 5’-GAATAGGAATTAGTAACAAC-3’ (138 bp).
Gapdh; forward primer, 5’-ATGGTGAAGGTCGGTGTG-3’ and reverse primer, 5’-GTC GTT
GATGGCAACAATC-3’ (99 bp).

Immunohistochemistry staining
Perfusion fixation was performed under isoflurane anesthesia, and removed brains were immediately
immersed in 4% paraformaldehyde in PBS at 4˚C overnight, followed by paraffin embedding. Four
micrometer-thick deparaffinized sections were permeabilized and blocked with 4% non-fat dry milk
and 0.1% Triton X-100 in TBS for 30 min, and then incubated with the respective primary antibodies
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at 4˚C overnight.

Bound primary antibodies on tissue sections were visualized with HRP-

conjugated secondary antibodies along with the Dako liquid diaminobenzidine (DAB) chromogen
system (DAKO). Digital photomicrographs of individual specimens were taken with the Eclipse
microscope Ci-L with DS-Fi2 CCD (Nikon).

Cuprizone-induced demyelination and micro-computed tomography
Demyelination was induced in 2-month-old male mice by feeding powdered mouse chow containing
0.2% cuprizone (cat #. C9012, Sigma-Aldrich) for 6 weeks, and the normal pellet diet was then reinitiated for the induction of remyelination as described previously (Kuboyama et al., 2015;
Kuboyama et al., 2017).

Regarding micro-CT imaging, mouse brains were fixed with 4%

paraformaldehyde and immersed in a graded series of Histodenz (cat #. D2158, Sigma-Aldrich)
solutions. Specimens were scanned on the micro-CT system R_mCT2 (Rigaku) at 90 kV (160 µA)
with a 20-mm field of view, and data were reconstructed using OsiriX software (OsiriX Medical
Imaging Software). CT numbers were recorded from two regions of interest (four adjacent pixels
each) in the dorsal corpus callosum and cerebral cortex for each image.
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IV. 3 Results

Quantitative reverse transcription (RT)-PCR analyses revealed that the mRNA expression levels of
the three splicing isoforms (Ptprz-A, Ptprz-B, and Ptprz-S) were similar in the brains of wild-type,
heterozygous, and homozygous CS mutant mice (Figure IV-1b). Consistent with mRNA expression,
no significant differences were observed in the Western blot patterns of brain extracts with specific
antibodies against PTPRZ (Figure IV-1c to e). Thus, the CS mutation did not affect the expression
profiles of PTPRZ isoforms.

The full-length core protein (380 kDa) of PTPRZ-A was hardly

detected, as already described (Chow et al., 2008b), despite significant expression at the mRNA level
(see Figure IV-1b) (Chow et al., 2008b): PTPRZ proteins are targets for metalloproteinases (Chow et
al., 2008b) and plasmin (Chow et al., 2008a) under physiological conditions, and are proteolytically
cleaved into fragments, such as ZA-ECF, ZB-ECF, Z-ECF-100, -90, and -70, in the brain (Chow et al.,
2008a; Chow et al., 2008b).
Immunohistochemical staining and Western blotting analyses revealed that CS knock-in mice
as well as Ptprz-deficient mice showed stronger MBP expression in the corpus callosum on P10 than
wild-type mice (Figure IV-2a,c); however, similar levels were reached by P90 (Figure IV-2b,d).
Similar alterations were found in the protein expression level of the myelin regulatory factor MYRF
(also known as MRF or Gm98), a critical transcriptional regulator that is essential for oligodendrocyte
maturation and CNS myelination (Bujalka et al., 2013; Emery et al., 2009) (Figure IV-2e), while there
were no genotypic differences in the expression of OLIG2, a pan-oligodendrocyte lineage marker
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(Figure IV-2f). These results indicated that the regulation of OPC differentiation and myelination
by PTPRZ is entirely dependent on its PTPase activity.
I then compared the phosphorylation levels of AFAP1L2, AKT, and mTOR among the three
mouse groups. Consistent with MBP expression levels, the phosphorylation levels of AFAP1L2,
AKT, and mTOR were significantly higher in CS knock-in mice and Ptprz-deficient mice than in
wild-type mice on P10 (Figure IV-3a), while these genotypic differences disappeared at the adult
stage (Figure IV-3b). Similar tyrosine phosphorylation patterns were observed in p190RhoGAP
(Figure IV-3a,b), which is tyrosine phosphorylated by FYN for oligodendrocyte differentiation and
myelination (Wolf et al., 2001), and is dephosphorylated by PTPRZ (Kuboyama et al., 2012b;
Kuboyama et al., 2015; Kuboyama et al., 2016).
I further examined whether the PTPase of PTPRZ is also crucial for recovery from the
cuprizone (a copper chelator) model of demyelination, which is induced by cuprizone feeding,
because Ptprz-deficient mice show accelerated remyelination after the removal of cuprizone
(Kuboyama et al., 2015).

I performed the same experiments and found that CS knock-in mice

showed similar levels of the acceleration of remyelination to those of Ptprz-deficient mice (Figure
IV-4).
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IV. 4 Discussion

My laboratory previously reported that Ptprz-deficient mice, which lack all three isoforms, exhibited
the early onset of myelination in the developing brain and accelerated remyelination after
demyelinating lesions (Kuboyama et al., 2012b; Kuboyama et al., 2015). OPC differentiation was
shown to be inhibited on CSPG-coated culture dishes (Keough et al., 2016; Kuboyama et al., 2017).
CSPGs, including aggrecan, versican, and neurocan, are enriched in demyelinating plaques in
neurodegenerative diseases, such as multiple sclerosis (MS), and impair remyelination (Lau et al.,
2012). It is important to note that the three PTPRZ isoforms are all CSPGs (Chow et al., 2008a;
Chow et al., 2008b; Nishiwaki et al., 1998).

Thus, the inhibitory activity of PTPRZ on OPC

differentiation may partly be due to the function of chondroitin sulfate chains attached to the core
protein of PTPRZ. However, the phenotypes of MBP expression and remyelination observed in
phosphatase-inactive CS knock-in mice were similar to those in Ptprz-deficient mice (Figure IV-2 to
4).
Furthermore, the tyrosine phosphorylation levels of AFAP1L2 and p190RhoGAP were higher
in CS knock-in mice, as well as in Ptprz-deficient mice, than in wild-type mice on P10 (Figure IV-3).
These results indicate that the PTPase activity is predominantly involved in the PTN-PTPRZmediated regulatory mechanisms for OPC differentiation.

On the other hand, Huang JK et al.

reported accelerated axonal loss in another Ptprz knockout mouse line following lysolecithin-induced
acute demyelination in the spinal cord (Huang et al., 2012).
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Since PTPRZ proteins are also

expressed in astrocytes and neurons (Shintani et al., 1998), I cannot exclude the possible effects of
these cells on oligodendrocyte-lineage cells in knockout or CS knock-in Ptprz mutant mice.
Moreover, I demonstrated that CS knock-in mice and Ptprz-deficient mice exhibited similar
phenotypes; the enhanced tyrosine phosphorylation of AFAP1L2 and p190RhoGAP along with the
accelerated expression of MYRF and MBP in the developing brain, and accelerated remyelination in
the adult brain in the cuprizone model. AFAP1L2 and p190RhoGAP (as well as ERBB4) exhibited
expression peaks between P5 and P10 around the onset of myelination in mouse brains (Figure IV5).

PTPRZ-A, FYN, and PTN also reached their expression peaks on P5-10, P10, and P10,

respectively (Kramer et al., 1999; Kuboyama et al., 2016).

The expression of PTPRZ-A may

prevents OPC differentiation by FYN until ~P10, and the blockage of PTPRZ is released by the
expression of PTN. Thus, both AFAP1L2 and p190RhoGAP may be key downstream molecules of
FYN and PTPRZ that regulate myelination during development.
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IV. 5 Figures
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Figure IV-1 Ptprz Cys1930 to Ser (CS) knock-in mouse. (a) Strategy to generate a Cys1930 to
Ser knock-in in the Ptprz gene. Schematic representation of the exon structure coding for the PtprzA isoform. Each box indicates an exon with the exon number, and the final exon 30 containing the
3'-non-coding sequence is shown in light gray. Horizontal arrows indicate primer sites for PCR
genotyping.

CAH, carbonic anhydrase-like domain; FNIII, fibronectin type III domain; TM,

transmembrane region; PTP-D1 and -D2, tyrosine phosphatase domain 1 and 2. Neo, neomycinresistance gene cassette; DTA, diphtheria toxin A gene cassette. (b) mRNA expression of Ptprz
isoforms. Ptprz-A, Ptprz-B, and Ptprz-S mRNA levels in mouse brains (wt/wt, homozygous for the
wild-type allele; wt/cs, heterozygous; and cs/cs, homozygous for the CS mutant allele) were measured
by quantitative RT-PCR. They were normalized to Gapdh expression, and plotted as relative values
to wt/wt mice (n = 3 animals per group). (c-e) Protein expression of PTPRZ isoforms. In the brain,
the three PTPRZ isoforms (PTPRZ-A, -B, and -S) and their processed derivatives (ZA-ECF and ZBECF) are expressed as CSPGs, and the removal of the chondroitin sulfate chains by the chABC
treatment beforehand is necessary for resolving their core proteins by SDS-PAGE (Chow et al.,
2008a; Chow et al., 2008b). Western blot analyses of brain extracts treated with (+) or without (-)
chABC were performed using anti-PTPRZ-S (c), which recognizes the extracellular region of all three
isoforms, and anti-RPTPβ (d), which recognizes the PTP-D2 region. The protein amounts applied
were verified by CBB staining (e).
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Figure IV-2 Expression of oligodendrocyte markers in Ptprz mutant mouse brains. (a,b) AntiMBP staining of mouse brain tissue sections on postnatal days 10 (a) and 90 (b). Images show the
immunohistochemical (IHC) staining of wild-type (WT), Ptprz-deficient (KO), Ptprz Cys-1930 to
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Ser mutant knock-in (CS) mouse brains. The bottom images are enlarged views of the rectangular
regions in the top panels.
respectively.

Scale bars, 1 mm (top pictures) and 200 µm (bottom pictures),

The scatter plot shows the arbitrary densitometric units of the intensity of MBP

staining in the corpus callosum in each animal normalized to the average of the WT group (n = 6
animals per group).

**, p < 0.01, significantly different from the WT mouse using a one-way

ANOVA with Dunnett’s post hoc test. (c,d) Amounts of MBP proteins on postnatal days 10 (c) and
90 (d). The panels show the Western blotting of the cerebral cortices of WT, KO, and CS mouse
brains with the CBB staining of applied proteins. Murine MBP has four isoforms (21.5 to 14 kDa),
the expression patterns of which change during development (Boggs, 2006).

All MBP bands

detected were quantified in total relative to the WT in each experiment (n = 6 animals per group).
**, p < 0.01, significantly different from the WT group using a one-way ANOVA with Dunnett’s post
hoc test.

(e,f) Western blotting of MYRF proteins (e) and OLIG2 (f) in WT, KO, and CS mouse

brains on postnatal days 10 and 90. MYRF proteins exist as the full-length (~150 kDa) and a
truncated cleavage product (~80 kDa) (Bujalka et al., 2013), and, thus, all MYRF bands detected were
quantified in total. The scatter plot shows signal intensities relative to the control, in which each
circle represents a relative value to the WT in each experiment (n = 6). **, p < 0.01, significantly
different from the WT group using a one-way ANOVA with Dunnett’s post hoc test.
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Figure IV-3 AKT, AFAP1L2, and p190RhoGAP phosphorylation in mouse brains.

(a,b)

Phosphorylation levels of AKT, mTOR, AFAP1L2, and p190RhoGAP on postnatal days 10 (a) and
90 (b). Brain extracts prepared from WT, KO, and CS mice were subjected to analyses of overall
tyrosine phosphorylation patterns, and the protein amounts of AFAP1L2 and p190RhoGAP (the
most-left panels). Phosphorylation levels of AKT and mTOR (the second and third panels from the
left) were examined using cell extracts, and the tyrosine phosphorylation levels of AFAP1L2 (third
panels from the left) and p190RhoGAP (the most-right panels) were investigated in the
immunoprecipitates of brain extracts. Scatter plots show signal intensities normalized to wild-type
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controls (n = 6 animals per group). *, p < 0.05; **, p < 0.01, significantly different from the WT
group using a one-way ANOVA with Dunnett’s post hoc test.
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Figure IV-4 Remyelination after cuprizone-induced demyelination.

Micro-computed

tomography (micro-CT) images of cuprizone-treated mouse brains. Mice were fed a cuprizonecontaining diet for 6 weeks (0 weeks) to induce demyelination, followed by spontaneous
remyelination with the removal of cuprizone from the diet (1, 3, and 5 weeks). Normal mice were
maintained on the regular diet. Images show the coronal plane reconstruction of micro-CT scans of
the dorsal corpus callosum of Histodenz-immersed brains derived from WT, KO, and CS mice.
Scale bars, 1 mm. After feeding the cuprizone-containing diet, differences between CT numbers in
the dorsal corpus callosum and cerebral cortex decreased because demyelinated areas showed high
penetration of the contrast reagent (compare “normal” vs “0”)(Kuboyama et al., 2015). Damage
gradually recovered after a return to the normal diet (compare “0” vs “1”, “3”, and “5”). The lower
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scatter plots show relative differences normalized to the averaged value of normal diet-fed wild-type
mice (n = 6 animals per group). Each circle corresponds to the average value of the two regions
from an individual mouse. *, p < 0.05; **, p < 0.01, significantly different from the WT group using
a one-way ANOVA with Dunnett’s post hoc test.
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Figure IV-5 Developmental expression profiles of target candidate molecules of PTN-PTPRZ
signaling in the mouse brain. Tissue extracts prepared from the brain tissues of C57BL/6J mice at
the respective postnatal days were subjected to Western blotting analyses using specific antibodies
against each indicated protein. The scatter plots below each blot show the arbitrary densitometric
units of the signal intensity normalized to the value on postnatal day 1 (n = 4 per each age).

72

Chapter V
Summary and conclusion
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V. 1 Discussion

In this study, I revealed that AFAP1L2 was a major PTPRZ substrate, and PTPRZ efficiently
dephosphorylated at Tyr-54 as the primary site involved in the binding of p85α to AFAL1L2. PTNPTPRZ signal increased the Tyr-phosphorylation level in AFAP1L2 and thereby activated the PI3KAKT-mTOR pathway for oligodendrocyte differentiation.

I here summarize other tyrosine

phosphorylation-enhanced molecules by the PTN stimulation than AFAP1L2 and discuss about their
conceivable roles in oligodendrocyte differentiation (Figure V-1). Among the substrate molecules
for PTPRZ previously identified, PTN-induced tyrosine phosphorylation was detected in GIT1,
paxillin, and ERBB4 in OL1 cells (see Figure II-1).
GIT1 functions as a scaffold for MEK1 to activate ERK1/2 in focal adhesions, which regulates
cell migration (Yin et al., 2004; Yin et al., 2005). Src activates GIT1 and stimulates its association
with

ERK

in

focal

adhesions.

In

A7r5

smooth

muscle

cells,

cyclic

phosphorylation/dephosphorylation at Tyr-554 in GIT1 (by Src and PTPRZ) is crucial for coordinated
cell motility, which is regulated through dynamic interactions between GIT1 and paxillin/Hic-5
(Fujikawa et al., 2015).
Paxillin associates with ERK through the Src-mediated phosphorylation of Tyr-118 in paxillin
(Ishibe et al., 2003), which is the dephosphorylation site by PTPRZ (Fujikawa et al., 2011). Tyr118 phosphorylation by Src regulates the hepatocyte growth factor (HGF)-stimulated ERK
association, which is critical for HGF-stimulated epithelial morphogenesis, including cell spreading
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and process branching (Ishibe et al., 2003). Thus, GIT1 and paxillin may function as scaffold proteins
to enhance the MEK-ERK pathway in oligodendrocyte differentiation.
Previous studies suggested that the neureglin1 (NRG1)–ERBB4 signal prevents apoptosis and
enhances the survival of OPCs during differentiation (Colognato et al., 2004; Nave and Salzer, 2006).
Axonally-bound or secreted NRG1 binds to ERBB, and promotes OPC survival by activating the
PI3K-AKT pathway (Mitew et al., 2014). However, in the presence of laminins on myelinating
axon tracts, ERBB receptors associate with α6β1 integrins in the plasma membrane of OPCs and
stimulate MAPK-driven differentiation signals (Colognato et al., 2004).

Fyn-depleted

oligodendrocytes do not show increases in survival in response to NRG1 (Colognato et al., 2004),
indicating that the survival signal driven by laminin and NRG requires FYN.

Previous studies

reported that PTN and its family member, midkine, bound to integrins (Mikelis et al., 2009;
Muramatsu et al., 2004), and midkine promoted the complex formation of PTPRZ with α6β1 or α4β1
integrins (Muramatsu et al., 2004). PTPRZ/Integrin/ERBB4 may form multiple receptor complexes
during OPC differentiation.
Although there is currently no evidence to show the dephosphorylation of NYAP2 by PTPRZ,
this may also be important. NYAP2 is a member of a Neuronal Tyrosine- phosphorylated Adaptor
for the PI3K family (NYAP), which is predominantly expressed in neurons (Yokoyama et al., 2011);
almost no expression was observed in rat CG4 oligodendrocyte cells, whereas NYAP2 was expressed
in mouse oligodendrocyte-lineage OL1 cells. Of note, tyrosine phosphorylation was enhanced by
PTN (Figure II-1), NYAPs are tyrosine-phosphorylated by FYN, phosphorylated NYAPs interact
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with the p85a subunit of PI3K and activate PI3K, and this links PI3K signaling to the WAVE1
complex (Yokoyama et al., 2011).

Future studies are needed to establish whether NYAP2 has

similar functions to AFAP1L2.
Previous studies reported that malignant gliomas strongly expressed PTPRZ (Muller et al.,
2003; Ulbricht et al., 2003). As more clinically relevant findings, it was recently reported that
transcripts encoding PTPRZ were highly expressed in individual cells by single-cell RNA sequencing
of primary human glioblastomas, and analyses of intratumoral heterogeneity annotated PTPRZ as the
major positive regulator of cancer stemness in vivo (Patel et al., 2014). PTPRZ has been shown to
play roles in cell migration and adhesion in variegated cells including neuronal, glial, and gastric
mucosal cells (Fujikawa et al., 2015; Fujikawa et al., 2003; Maeda and Noda, 1998). Ptprzknockdown glioblastoma cells exhibited decreases in cell migration and proliferation in vitro and
tumor size in vivo (Bourgonje et al., 2014; Foehr et al., 2006; Fujikawa et al., 2015; Fujikawa et al.,
2003; Muller et al., 2003; Nishiwaki et al., 1998; Patel et al., 2014; Ulbricht et al., 2003; Ulbricht et
al., 2006).

On the other hand, pathway analysis showed that the top ranked disease related to

AFAP1L2 is cancer, and the top molecular and cellular functions are cellular growth and proliferation,
and cell cycle (Shiozaki et al., 2011). This time I identified AFAP1L2-mediated coupling of the
PTN-PTPRZ signal to the PI3K-AKT pathway. This finding may provide new findings in cancer
research as well.
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In summary, I revealed that the PTN-PTPRZ signal stimulates OPC differentiation partly by
enhancing the tyrosine phosphorylation of AFAP1L2 to activate the PI3K-AKT pathway.

PTN-

induced PTPRZ inactivation regulates multiple signaling pathways, in cooperation with FYN kinase,
as a hub molecule that is essential for oligodendrocyte differentiation and myelination.
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V. 2 Figure

Figure V-1 Proposed target molecules mediating the PTN-PTPRZ signal downstream.
Detailed explanations and interpretations are provided in the Discussion section. Arrows indicate
the activation and blunt arrows indicate the inhibition of target molecule function. PTPRZ substrate
molecules are marked with gray boxes.
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