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PERSPECTIVE

Role of pleiotrophin-protein tyrosine 
phosphatase receptor type Z signaling 
in myelination

Myelination is an essential feature of the vertebrate nervous 
system that provides electrical insulation to axons, thereby 
facilitating the transmission of nerve impulses. Deficiencies 
in myelination in diseases such as multiple sclerosis (MS) 
lead to serious neurological disorders. Most MS patients ini-
tially exhibit a relapsing-remitting disease course that even-
tually converts to a secondary progressive form of the disease 
with incomplete recovery. Therefore, it is important to elu-
cidate not only the causal reason for failure to remyelinate, 
but also the intrinsic regulatory mechanism(s) underlying 
successful myelination in the central nervous system (CNS).

Dysregulated protein tyrosine phosphorylation has been 
implicated in the development of a large number of human 
diseases, including cancer, diabetes, and inflammation. Pro-
tein tyrosine phosphorylation is dynamically regulated by 
two enzyme superfamilies: protein tyrosine kinases (PTKs) 
that catalyze the addition of phosphate, and protein tyrosine 
phosphatases (PTPs) that remove phosphate groups from 
substrates. Oligodendrocyte precursor cells (OPCs) are the 
principal source of myelinating oligodendrocytes. Several 
lines of evidence have indicated that protein tyrosine phos-
phorylation is involved in the signal transduction pathway 
leading to the differentiation of OPCs to oligodendrocytes 
and myelin formation.

The Src PTK family member, FYN kinase is the most 
prominent family member involved in oligodendrocyte 
differentiation and myelin formation. Fyn-knockout mice 
exhibit marked hypomyelination in the brain, and FYN ac-
tivity is up-regulated during oligodendrocyte differentiation. 
FYN induces the tyrosine phosphorylation of p190RhoGAP, 
a GTPase-activating protein (GAP) for Rho GTPase, thereby 
suppressing Rho/ROCK signaling and leading to the mat-
uration of oligodendrocytes and myelination (Wolf et al., 
2001). These findings suggest that the down-regulation of 
PTP activity for p190RhoGAP promotes oligodendrocyte 
differentiation and myelination or remyelination in demye-
linating lesions.  

One such candidate is protein tyrosine phosphatase re-
ceptor type Z (PTPRZ) (also called PTPζ), a receptor-type 
PTP (RPTP), which is the most abundant RPTP molecule 
in A2B5-positive human white matter progenitor cells 
(WMPCs). A previous study reported that a lentiviral 
short-hairpin RNA for PTPRZ abolished the expansion of 
undifferentiated WMPCs and promoted their oligodendro-
cyte differentiation in cell cultures (Sim et al., 2006). Three 
isoforms have been generated by alternative splicing from 
the single PTPRZ gene: two transmembrane isoforms, PT-
PRZ-A and PTPRZ-B, and the secretory isoform PTPRZ-S 
(this isoform is also known as phosphacan) (Figure 1A).  The 
three isoforms expressed in the CNS are highly glycosylated 
by chondroitin sulfate (Chow et al., 2008). Regarding down-
stream signaling pathways, we developed a genetic method 
to screen for PTP substrates named the “yeast substrate-trap-
ping system” based on the yeast two-hybrid system and suc-

cessfully identified several substrates for PTPRZ (Kawachi 
et al., 2001). Among these molecules, we found that PTPRZ 
preferentially dephosphorylates the consensus sequence mo-
tif, E/D-E/D-E/D-X-I/V-pY-X (X is not an acidic residue) 
in its physiologically relevant substrates (Fujikawa et al., 
2011), such as p190RhoGAP at Y1105, paxillin at Y118, G 
protein-coupled receptor kinase-interactor 1 (GIT1) at Y554, 
and membrane-associated guanylate kinase WW and PDZ 
domain-containing 1 (MAGI1) at Y373. PTPRZ receptor pro-
teins undergo metalloproteinase- and γ-secretase-mediated 
proteolytic processing on the cell surface, and are ultimately 
converted to the cytoplasmic PTPRZ fragment (Z-ICF) (Chow 
et al., 2008). Very recently, we found that Z-ICF is highly de-
tected in rat C6 glioblastoma cells, and the catalytic activity is 
associated with the malignancy of the glioblastoma cells (Fu-
jikawa et al., 2016). In peripheral tissues, gastric mucosal cells 
also express a nonproteoglycan form of PTPRZ-B though at 
lower levels, where PTPRZ functions as the receptor of VacA, 
a cytotoxin secreted by Helicobacter pylori for gastric ulcer 
(Fujikawa et al., 2003).  

We recently revealed that PTPRZ functioned negatively in 
FYN-p190RhoGAP signaling by investigating Ptprz-deficient 
mice in which the first exon of the Ptprz gene is replaced by 
LacZ, being completely null for the expression of all PTPRZ 
isoforms (Kuboyama et al., 2012, 2015). In Ptprz-deficient 
mice, the amounts of myelin basic protein (MBP) and my-
elinated axons in the brain were significantly larger than those 
in wild-type animals at postnatal day 10 when myelination 
occurs, but were similar at 3 months, suggesting a suppressive 
role for PTPRZ in myelination during CNS development 
(Kuboyama et al., 2012). Consistent with the earlier onset of 
CNS myelination, the proportion of OPCs (NG2 proteogly-
can-positive cells) in primary cultures obtained from the Pt-
prz-deficient newborn mouse brain was lower on in vitro day 
6 than that in the wild-type control, while that of MBP-posi-
tive oligodendrocytes was markedly higher (Kuboyama et al., 
2012). 

Two animal disease models have been widely accepted for 
studying the clinical and pathological features of MS lesions. 
Experimental autoimmune encephalomyelitis (EAE) is a 
T-cell-mediated inflammatory CNS demyelination model 
that is generated by immunization with the myelin/oligo-
dendrocyte glycoprotein (MOG), and the cuprizone model 
of demyelination is induced, particularly in the corpus 
callosum in the brain, by a T-cell-independent mechanism 
through feeding of the copper chelator cuprizone. Adult 
Ptprz-deficient mice were less susceptible to the induction 
of EAE than wild-type controls (Kuboyama et al., 2012), 
though the number of T-cells and macrophages/microglia 
infiltrating the spinal cord did not differ between the two 
genotypes. Furthermore, cuprizone-fed Ptprz-deficient mice 
exhibited severe demyelination and axonal damage in the 
corpus callosum, similar to wild-type mice, whereas remy-
elination in Ptprz-deficient mice after cuprizone-induced 
demyelination was significantly accelerated (Kuboyama et 
al., 2015). Accelerated remyelination was attributed to the 
higher differentiation potential of OPCs because the number 
of oligodendrocyte-lineage cells recruited to the demyelinat-
ed area was not altered (Kuboyama et al., 2015).  

We and others previously identified growth factors such 
as pleiotrophin/heparin-binding growth-associated mole-
cule (HB-GAM), midkine, and interleukin-34 as inhibitory 
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Figure 2 Protein tyrosine phosphatase receptor-type Z (PTPRZ) inhibitors 
are potential remyelination drugs. 
The inhibition of PTPRZ stimulates the differentiation of oligodendrocyte 
precursor cells (OPCs) in the lesioned area and promotes remyelination. 
Therefore, the development of inhibitory compounds of PTPRZ enzymatic 
activity is promising and anticipated. For details, see the text. 

Figure 1 Protein tyrosine phosphatase receptor-type Z (PTPRZ).
(A) Schematic representation of PTPRZ isoforms. The three isoforms expressed in the central nervous system (CNS) are highly glycosylated in the 
extracellular region by chondroitin sulfate (CS) chains. Domains of the core proteins are highlighted in different colors: CAH (red), carbonic an-
hydrase-like domain; FNIII (blue), fibronectin type III domain; PTP-D1 (yellow) and PTP-D2 (orange), protein tyrosine phosphatase domain. The 
catalytic activity is retained in the membrane-proximal PTP-D1, but not in the distal PTP-D2. (B) Ligand-induced dimerization model of PTPRZ. 
In this model, receptors exist in equilibrium between monomer and dimer conformations. Binding of extracellular ligands including pleiotrophin, 
midkine, and interleukin-34 induces dimerization (or olimerization) of the receptors, thereby causing the inactivation of the cytoplasmic enzyme. 
The CS moiety of PTPRZ is important for achieving the high-affinity binding of pleiotrophinto PTPRZ (Maeda et al., 1996; Chow et al., 2008; 
Kuboyama et al., 2015).

ligands for PTPRZ (Figure 1B: Maeda et al., 1996; Fukada et 
al., 2006; Kuboyama et al., 2015). Among these ligands, only 
the expression of pleiotrophin was found to be induced in 
the brain upon demyelination, and gradually disappeared 
with remyelination (Kuboyama et al., 2015). Pleiotrophin 
was detected in affected cortex neurons and their axon fibers 
in the cuprizone model. Since pleiotrophin colocalized with 
the synaptic vesicle marker, synapsin 1, the relevant neurons 
are presumed to release pleiotrophin from their demyelin-
ated axons. The treatment of a primary culture of wild-type 
mouse brain cells with pleiotrophin did not induce oligo-
dendrocyte maturation by itself, but enhanced thyroid hor-
mone-induced oligodendrocyte differentiation (Kuboyama 
et al., 2015). Of note, the differentiation of Ptprz-deficient 
cells was not further potentiated by pleiotrophin (Kuboyama 
et al., 2015). Pleiotrophin released from demyelinated fibers 
in vivo may stimulate the differentiation of OPCs recruited in 
the demyelinated area in a PTPRZ-dependent manner.

We established immature oligodendrocytes (OL1 cells) 
from p53-knocout mice. They were strongly positive for 
the two receptor isoforms of PTPRZ-A and PTPRZ-B with 
chondroitin sulfate chains; however, their expression gradu-
ally decreased with differentiation, with only PTPRZ-B being 

weakly detectable in mature oligodendrocytes (Kuboyama 
et al., 2015). The chondroitin sulfate moiety of PTPRZ is 
known to be essential for achieving the high-affinity binding 
of its ligands, pleiotrophinand midkine (Maeda et al., 1996). 
Pleiotrophin binding leads to the inactivation of the intra-
cellular catalytic activity of PTPRZ by inducing receptor 
dimerization or oligomerization (Figure 1B: Fukada et al., 
2006; Kuboyama et al., 2015). Consistent with these find-
ings, the treatment of immature OL1 cells with pleiotrophin 
enhanced the phosphorylation of p190 RhoGAP at Y1105 
(Kuboyama et al., 2015). We found that pleiotrophin reduced 
the expression of NG2 proteins in OL1 cells, and resultantly 
enhanced thyroid hormone-induced differentiation to oli-
godendrocytes. Therefore, it is conceivable that the catalytic 
activity of PTPRZ functions to maintain OPCs in an undif-
ferentiated state, and the pleiotrophin-induced inactivation 
of PTPRZ releases this blockage (Kuboyama et al., 2015). 
Although the expression of extracellular ligands for PTPRZ 
other than pleiotrophin did not increase in the brain in the 
cuprizone demyelination model (Kuboyama et al., 2015), we 
found that midkine and interleukin-34 also enhanced OL1 
differentiation in vitro, similar to pleiotrophin (unpublished 
observations).  

First-line immunomodulatory treatments with interferon 
β and glatiramer acetate are the most common methods by 
which to reduce the frequency of relapses and slow the pro-
gression of the disabilities associated with MS. A recently ap-
proved therapy for relapsing MS is Fingolimod, the first oral 
sphingosine 1-phosphate receptor modulator to prevent the 
migration of selected lymphocyte subsets into CNS tissues 
(Figure 2; Brinkmann et al., 2010). These therapies effective-
ly control CNS inflammation in patients with MS; however, 
none are effective against the chronic progressive process. 
OPCs are still present at the demyelinated sites of MS pa-
tients, even at the progressive stage, but fail to differentiate. 
Therefore, therapeutic compounds that enhance remyelin-
ation from this quiescent OPC population are anticipated. 
The rationale for this concept has been demonstrated by 
improvements in the recovery outcomes of demyelinating 
mouse models with the administration of some agents that 
promote OPC differentiation, including an antibody for 
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LINGO-1, which is a negative regulator of FYN kinase in 
OPCs (Mi et al., 2007).

Unfortunately, endogenous inhibitory ligands such as 
midkine reportedly trigger relapses of EAE by increasing the 
number of autoreactive T-helper cells, possibly by activating 
its other receptor molecules, such as anaplastic lymphoma 
kinase, integrins, or low-density lipoprotein receptor-related 
proteins (Kadomatsu et al., 2013). Of note, serum levels of 
midkine are reportedly lower in MS patients than in healthy 
controls (Shaygannejad et al., 2014). The risk of the side 
effects of pleiotrophin and midkine to induce autoreactive 
T-cell responses may be reduced by their coadministration 
with immunosuppressant drugs such as Fingolimod and 
Natalizumab (Shaygannejad et al., 2014). However, the de-
velopment of selective inhibitors (chemical drugs) for the 
catalytic PTP domain of PTPRZ may be a more plausible 
and effective therapeutic strategy for demyelinating diseases 
(Figure 2).

As one of the more ambitious future strategies, the trans-
plantation of human stem cells (such as induced pluripotent 
stem cells, iPSCs)-derived OPCs may have potential applica-
bility to MS patients for remyelination. However, transplant-
ed OPCs may not fully differentiate because of the difficulty 
of their survival and deficiency in inhibitory ligands for 
PTPRZ in MS patients. Therefore, the pretreatment of iP-
SC-derived OPCs with an extracellular PTPRZ ligand such 
as pleiotrophin prior to transplantation may be useful for 
stimulating the differentiation of OPCs to oligodendrocytes.
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