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Protein-tyrosine phosphatase receptor type Z (PTPRZ) is pre-
dominantly expressed in the developing brain as a CS proteogly-
can. PTPRZ has long (PTPRZ-A) and short type (PTPRZ-B)
receptor forms by alternative splicing. The extracellular CS moi-
ety of PTPRZ is required for high-affinity binding to inhibitory
ligands, such as pleiotrophin (PTN), midkine, and interleukin-
34; however, its functional significance in regulating PTPRZ
activity remains obscure. We herein found that protein expres-
sion of CS-modified PTPRZ-A began earlier, peaking at approx-
imately postnatal days 5-10 (P5-P10), and then that of PTN
peaked at P10 at the developmental stage corresponding to
myelination onset in the mouse brain. Ptu-deficient mice con-
sistently showed a later onset of the expression of myelin basic
protein, a major component of the myelin sheath, than wild-type
mice. Upon ligand application, PTPRZ-A/B in cultured oligo-
dendrocyte precursor cells exhibited punctate localization on
the cell surface instead of diffuse distribution, causing the inac-
tivation of PTPRZ and oligodendrocyte differentiation. The
same effect was observed with the removal of CS chains with
chondroitinase ABC but not polyclonal antibodies against the
extracellular domain of PTPRZ. These results indicate that the
negatively charged CS moiety prevents PTPRZ from spontane-
ously clustering and that the positively charged ligand PTN
induces PTPRZ clustering, potentially by neutralizing electro-
static repulsion between CS chains. Taken altogether, these data
indicate that PTN-PTPRZ-A signaling controls the timing of
oligodendrocyte precursor cell differentiation in vivo, in which
the CS moiety of PTPRZ receptors maintains them in a mono-
meric active state until its ligand binding.

Myelination is an essential feature of the vertebrate nervous
system that electrically insulates axons, thereby enabling the
salutatory transmission of nerve impulses. Oligodendrocyte
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precursor cells (OPCs)? are the principal source of myelinating
oligodendrocytes (1). 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 kinase in the Src
tyrosine kinase family is the most prominent member involved
in OPC differentiation and myelin formation (2). FYN activity is
up-regulated during oligodendrocyte differentiation (3, 4), and
Fyn-knock-out mice exhibit hypomyelination in the brain (5, 6).
FYN phosphorylates p190 RhoGAP, a GTPase-activating pro-
tein (GAP) for Rho GTPase, to suppress Rho/ROCK, resulting
in the maturation of oligodendrocytes and myelination (7, 8).

PTPRZ is the most abundant receptor-type protein-tyrosine
phosphatase (RPTP) in OPCs (9, 10). PTPRZ dephosphorylates
p190 RhoGAP, thereby acting as a counterpart of FYN (11, 12).
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 oligo-
dendrocyte differentiation (11). Consistent with the earlier
onset of CNS myelination, oligodendrocytes appear earlier in
primary cultures from Ptprz-deficient mice than from wild-
type mice (11).

Three PTPRZ isoforms are generated by alternative splicing
from a single PTPRZ gene: two transmembrane isoforms,
PTPRZ-A and PTPRZ-B, and one secretory isoform, PTPRZ-S
(13-15). PTPRZ-A and -B protein expression levels are down-
regulated by metalloproteinase or plasmin-mediated digestion
under physiological conditions (16, 17). Therefore, the full-
length PTPRZ-A protein is rarely observed in the adult mouse
brain, and its resultant extracellular fragment (Z,-ECF) is
detected at the same molecular size as PTPRZ-S (17). PTPRZ-S,
also known as phosphacan, is one of the major CS proteogly-
cans in the extracellular matrix of the brain (18).

All three isoforms expressed in the CNS are heavily modified
with CS chains (17, 19). We and others identified growth fac-

2The abbreviations used are: OPC, oligodendrocyte precursor cell; PTPRZ,
protein-tyrosine phosphatase receptor type Z; CS, chondroitin sulfate;
PTN, pleiotrophin; GAP, GTPase-activating protein; RPTP, receptor-type
protein tyrosine phosphatase; MBP, myelin basic protein; HB-GAM, hepa-
rin-binding growth-associated molecule; MK, midkine; NG2, neural/glial
antigen 2 chondroitin sulfate; chABC, chondroitinase ABC; P, postnatal
day; BHK, baby hamster kidney.
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Role of CS Chains in Regulating PTPRZ Receptor Activity
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FIGURE 1. Accelerated differentiation of cultured OPCs by treatments
with PTN, MK, and IL-34. A, a primary culture of mixed glial cells obtained
from wild-type (Ptprz™’*) and Ptprz-deficient (Ptprz~/~) mouse brains in dif-
ferentiation medium without (con) or with PTN, MK, or IL-34 (100 nm each).
After 6 days, cells were fixed with formalin and stained with anti-NG2 pro-
teoglycan (OPCs, red) and anti-MBP (oligodendrocyte, green) antibodies in
conjunction with the DAPI labeling of nuclei (blue). Scale bars, 100 um. The
bottom scatter plots show the ratio of MBP-positive cells to NG2-positive cells
from Ptprz*’* mice (left) and Ptprz”’ mice (right), in which each circle corre-
sponds to an independent cell culture (n = 5 each). ¥, p < 0.05, significantly
different from the control group by Student’s t test. B, OL1 cells cultured for 10
days in differentiation medium without (con) or with PTN, MK, or IL-34 (100 nm
each). Cells were fixed and stained with anti-NG2 and anti-MBP, as in A. Scale
bars, 100 um. The scatter plot shows the ratio of MBP-positive to NG2-positive
cells (n = 5each).**, p < 0.01, significantly different from the control group by
Student’s t test.

tors, such as pleiotrophin (PTN)/heparin-binding growth-as-
sociated molecule (HB-GAM) (12, 20 —-22), midkine (MK) (23),
and IL-34 (24) as inhibitory ligands for PTPRZ. The CS moiety
of PTPRZ is essential for achieving high-affinity binding sites
for PTN, MK, and IL-34 (20, 23, 24). PTN has been shown to
inactivate the intracellular catalytic activity of PTPRZ-B by
inducing molecular oligomerization in baby hamster kidney
(BHK)-21 cells (22). We recently demonstrated that PTN
enhanced thyroid hormone-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 (12, 25).

We established the oligodendrocyte-lineage cell line, OL1,
from the p53-knock-out mouse brain (12). Immature OL1
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FIGURE 2. Induction of PTPRZ clustering on the surface of OL1 cells by
PTN, MK, and IL-34. A, OL1 cells treated without (con) or with PTN, MK, or
IL-34 (100 nm each) for 1 h. Cells were fixed with formalin, but the membrane
permeabilization step was omitted to prevent antibody staining of the cyto-
sol. Anti-PTPRZ-S, a rabbit polyclonal antibody, recognizes an extracellular
epitope of PTPRZ. The bottom picture in each column is an enlarged view of the
rectangular region in the middle. Arrowheads, anti-PTPRZ-S-positive puncta.
Scale bars, 100 um (top and middle pictures) and 10 um (bottom pictures),
respectively. B, the overall tyrosine phosphorylation pattern and protein
expression of p190 RhoGAP in OL1 cells treated as described in A. The extracts
were analyzed with anti-phosphotyrosine (PY20) and anti-p190 RhoGAP,
respectively (left). The Tyr-1105 phosphorylation and protein amount of p190
RhoGAP in immunoprecipitates were detected using anti-Tyr(P)-1105 and
anti-p190, respectively (top right). In the bar graph (bottom right), the phos-
phorylation levels were normalized to the protein amount. The graph shows
the arbitrary densitometric units of Tyr-1105 phosphorylation levels relative
to the average of the control group. Data are the mean = S.E. (error bars) from
four independent experiments. *, p < 0.05; **, p < 0.01, significantly different
from the control group by Student's t test. DIC, differential interference con-
trast; IP, immunoprecipitation.

cells are neural/glial antigen 2 chondroitin sulfate (NG2) pro-
teoglycan-positive OPC-like cells that express PTPRZ-A and
PTPRZ-B as CS proteoglycans; however, their expression
decreases after differentiation into oligodendrocytes, although
PTPRZ-B remains weakly detectable (12). Immature OL1 cells
treated with PTN show increased p190 RhoGAP phosphoryla-
tion and significantly enhanced thyroid hormone-induced dif-
ferentiation to oligodendrocytes (12). Therefore, we postulated
that the catalytic activity of PTPRZ maintains OPCs in an
undifferentiated state, and PTN-induced PTPRZ inactivation
releases this blockage of cellular differentiation (12). However,
the ligand-receptor combination in PTPRZ inactivation in CNS
myelination during development and the detailed regulatory
mechanism of PTPRZ currently remain unclear.
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FIGURE 3. Developmental expression profiles of PTPRZ and related molecules in the mouse brain. A, Western blotting to analyze the expression patterns
of oligodendrocyte-lineage cell markers (NG2 and MBP), FYN kinase, PTPRZ isoforms (PTPRZ-A, PTPRZ-S, and PTPRZ-B), and PTPRZ ligands (PTN, MK, and IL-34)
inthe whole mouse brainatP1,P5,P10,P15,P30,and P90, respectively. In analyses of NG2 and PTPRZ, brain extracts were treated with chABC before SDS-PAGE;
no obvious bands of PTPRZ-A, -B, or -S were detected without the chABC treatment, as described previously (19). The graph below each blot shows the arbitrary
densitometric units of the detected signal intensity normalized to the value at P1. Data are the mean = S.E. (error bars) (n = 4 animals/group). B, Coomassie

Brilliant Blue (CBB) staining was used to verify the applied protein amounts.

We herein identified PTN as the physiological PTPRZ-
A/B ligand for oligodendrocyte differentiation during CNS
development and revealed the functional involvement of
the CS moiety in PTPRZ inactivation by PTN through
oligomerization.

Results

Inactivation of PTPRZ with Its Inhibitory Ligands Leads to OPC
Differentiation in Cultures—We first examined whether inhibi-
tory ligands for PTPRZ receptors equally promote OPC differen-
tiation. In primary mixed glial cells from the wild-type mouse

SASBMB

AUGUST 26, 2016+ VOLUME 291+-NUMBER 35

brain, OPC differentiation was augmented by the addition of MK
and IL-34 as well as PTN, as described previously (12) (Fig. 14, top
pictures and left graph). In contrast, the ligand-induced enhance-
ment of differentiation was not observed in Ptprz-deficient pri-
mary cells (Fig. 14, bottom pictures and right graph) because they
originally showed greater differentiation without the PTN stimu-
lation (11). The three inhibitory ligands exerted the same effects on
NG2-positive oligodendrocyte-lineage OL1 cells in the culture
(Fig. 1B), which express the two receptor isoforms, PTPRZ-A and
PTPRZ-B, as CS proteoglycans (12).
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We previously reported that PTPRZ-B expressed exoge-
nously in BHK-21 cells exhibit a punctate distribution follow-
ing a treatment with PTN (22); therefore, we herein examined
the cell surface distribution of PTPRZ receptors (PTPRZ-A/B)
in OL1 cells after the ligand treatments. Immunocytofluores-
cence staining revealed that PTPRZ-A/B were diffusely distrib-
uted on the cell surface in the absence of ligands; however, they
exhibited a punctate appearance when exposed to PTN, MK, or
IL-34 (Fig. 2A). Consistent with these results, the phosphoryla-
tion of p190 RhoGAP at Tyr-1105, which is dephosphorylated
by PTPRZ (12, 26), was enhanced by the treatments with all of
the ligands (Fig. 2B). These results indicated that the inhibitory
ligands for PTPRZ have the common ability to promote OPC
differentiation under our culture conditions.

PTN Expression Is Strongly Induced at the Onset of Myelina-
tion in the Neonatal Brain—To define the PTPRZ isoform and
endogenous ligand involved in CNS myelination during devel-
opment, we examined the expression profile of PTPRZ isoform
proteins and their ligand molecules in the mouse brain by
Western blotting analyses (Fig. 3). The expression of the NG2
proteoglycan, a marker of OPCs, was detected from postnatal
day 1 (P1), peaked at P10, rapidly decreased thereafter, and
became almost negligible at P30. In contrast, MBP, a mature
oligodendrocyte marker, appeared from P15. FYN kinase, the
expression of which reportedly increases with the initiation of
myelination, showed the strongest expression at P10, corre-
sponding to the onset of myelination in mouse brain develop-
ment (27).

In the three splicing isoforms of PTPRZ, the expression of the
long receptor form PTPRZ-A and secretory PTPRZ-S
increased after birth, peaked at approximately P5 and P15,
respectively, and then decreased toward adulthood; here, of
note, the extracellular proteolytic fragment of PTPRZ-A also
shows 300 kDa, corresponding to the band of PTPRZ-S (16). In
contrast, the short receptor form PTPRZ-B gradually increased
from P1 to P30 and maintained its expression level until P90;
here it should be noted that the expression of PTPRZ-B is due to
the increase of neurons and astrocytes after birth (see below).
None of the bands of any of the core proteins were detected on
Western blots without the removal of their CS chains by chon-
droitinase ABC (chABC), indicating that all PTPRZ isoforms
were predominantly expressed as CS proteoglycans in the
brain. Only PTN among the ligand molecules tested showed a
peakat P10, corresponding to the onset of myelination, whereas
MK and IL-34 were maintained at constant levels. Thus, the
combination of PTN and PTPRZ-A appears to mainly contrib-
ute to the onset of myelination in vivo.

PTN Is the PTPRZ Ligand Responsible for OPC Differentia-
tion during Brain Development—We found that MBP staining
in the corpus callosum at P15 was significantly weaker in Ptn-
deficient mice than in wild-type mice (Fig. 44) but reached the
same intensity levels by P90 (Fig. 4B). Immunostaining intensi-
ties on sections were consistent with the amounts of MBP pro-
teins in whole brain extracts by Western blotting (Fig. 4, C
and D). Therefore, a Ptn deficiency appeared to cause a delay
in the onset of myelination. Consistent with this result,
Ptprz-deficient mice exhibited the early onset of myelination
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FIGURE 4. Late onset of MBP expression and myelination in the Ptn-defi-
cient mouse brain. A and B, immunohistochemical (/HC) staining of MBP in
wild-type (Ptn*/") and Ptn-deficient (Ptn~/~) mouse brains at P15 (A) and P90
(B). The bottom pictures are enlarged views of the rectangular region in the top
panels. Scale bars, 1 mm (top pictures) and 200 uwm (bottom pictures), respec-
tively. The scatter plot shows the arbitrary densitometric units of the intensity
of MBP staining in the corpus callosum (n = 6 animals each), and the data
were normalized to the average of the wild-type group. **, p < 0.01 by
Student’s ttest. Cand D, Western blotting analyses (WB) of MBP in the cerebral
cortices of Ptn*’* and Ptn™’~ mice at P15 (C) and P90 (D). The protein
amounts applied were verified by Coomassie Brilliant Blue (CBB) staining.
Because the murine MBP has four isoforms with molecular masses ranging
from 21.5to 14 kDa, and their expression patterns change during myelination
(51), we scanned all bands detected and quantified them as total MBP con-
tent. The graph shows the arbitrary densitometric units of total MBP relative
to the averaged value for the wild type. Data are the mean = S.E. (error bars)
(n = 4 animals for P15, n = 3 animals for P90). *, p < 0.05; **, p < 0.01,
significantly different from the Ptprz*/* mouse by Student’s t test.

(11). These findings strongly indicate that PTN-induced
PTPRZ inactivation controls the timing of myelination in the
postnatal brain.
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Role of CS Chains in Regulating PTPRZ Receptor Activity

The CS Moiety of PTPRZ Is Essential for the Inhibition of OPC
Differentiation by Maintaining the Active Monomeric Form of
PTPRZ—Previous studies reported that a treatment with
chABC stimulated OPC differentiation in vitro (28 —30); how-
ever, the target molecule of chABC on OPCs has not yet been
identified. We assessed the functional significance of the CS
moiety of PTPRZ by using OL1 cells, in which the PTPRZ iso-
forms are expressed as CS proteoglycans as in the brain (see
below).

The addition of chABC to the culture medium removed
almost all CS chains of PTPRZ receptors but not those of
PTPRZ-S in OL1 cells (Fig. 5A). Here it is conceivable that
chABC would have less access to PTPRZ-S embedded in the
extracellular matrix between the cell and the culture dish. We
found that the chABC treatment induced the punctate localiza-
tion of PTPRZ (Fig. 5B) and increased the phosphorylation of
p190 RhoGAP at Tyr-1105 (Fig. 5C), as was the case for the
ligand treatments with or without chABC. The enhancement of
OPC differentiation by the chABC treatment was of a magni-
tude similar to that caused by PTN (Fig. 5). PTN did not exert
additive effects on PTPRZ clustering (Fig. 5B), PTPase activity
(Fig. 5C), or OPC differentiation caused by the chABC treat-
ment (Fig. 5D), suggesting that the removal of CS chains from
cell surface proteins and the ligand stimulation of PTPRZ share
a common mechanism for OPC differentiation.

We previously reported that anti-PTPRZ-S, which binds to a
protein epitope in the extracellular region of PTPRZ, acts as a
ligand mimic for PTPRZ-B expressed in BHK-21 cells (22).
However, in OL1 cells, anti-PTPRZ-S did not induce the clus-
tering of PTPRZ receptors (Fig. 6A4) and did not increase p190
RhoGAP phosphorylation (Fig. 6B). Consistent with these
results, OPC differentiation was not enhanced by anti-PT-
PRZ-S (Fig. 6C). As expected, no additive effect was observed to
those caused by the chABC treatment (Fig. 6).

We examined the reason why the ligand-like effect of anti-
PTPRZ-S was not observed in OL1 cells by comparing CS mod-
ifications in PTPRZ between OL1 cells and BHK-21 cells. West-
ern blotting indicated that PTPRZ-A and -B expressed in OL1
cells were both highly modified with CS chains (Fig. 7, A and C).

FIGURE 5. Enhanced oligodendrocyte differentiation in OL1 cells by the
enzymatic removal of CS chains. A, OL1 cells treated with PTN (100 nm),
chABC (6.25 microunits/ml), or vehicle (con) for 1 h. To examine CS modifica-
tions in PTPRZ proteins in cultured cells, cell extracts were treated with (+) or
without (—) chABC before being applied to SDS-PAGE and subjected to West-
ern blotting (WB) with anti-PTPRZ-S. The protein amounts applied were veri-
fied by Coomassie Brilliant Blue (CBB) staining. B, OL1 cells treated with the
indicated combination of PTN (100 nm) and chABC (6.25 microunits/ml) for
1 h. After formalin fixation, cells were stained with anti-PTPRZ-S without
membrane permeabilization, as in Fig. 2A. Arrowheads, punctate stains. Scale
bars, 100 um (top and middle pictures) and 10 wm (bottom pictures), respec-
tively. C, overall tyrosine phosphorylation pattern, protein amount of p190
RhoGAP, and Tyr-1105 phosphorylation of p190 RhoGAP. OL1 cells were
treated as described in Band analyzed as in Fig. 2B. The arbitrary densitomet-
ric units of Tyr-1105 phosphorylation levels normalized to the average of the
control (nontreated) group are shown. Data are the mean = S.E. (error bars)
from four independent experiments. *, p < 0.05; **, p < 0.01, significantly
different from the control group by Student'’s t test. D, OL1 cells were cultured
in differentiation medium containing the indicated combinations of PTN and
chABC for 10 days. Their differentiation was analyzed as in Fig. 1B. Scale bars,
100 wm. The scatter plot shows the ratio of MBP-positive cells to NG2-positive
cells (n = 5 each from five independent cell cultures). **, p < 0.01, significant
difference between the indicated groups using analysis of variance with Bon-
ferroni’s post hoc tests. IP, immunoprecipitation.
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the middle. Arrowheads, punctate stains of PTPRZ receptor forms. Scale bars,
100 wm (top and middle pictures) and 10 um (bottom pictures), respectively. B,
overall tyrosine phosphorylation pattern, protein amount of p190 RhoGAP,
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In BHK-21 cells, which do not endogenously express PTPRZ
proteins (22), PTPRZ-A was a fully CS-modified form when
exogenously expressed; however, the degree of the CS modifi-
cation in PTPRZ-B was much weaker than that in OL1 cells
(Fig. 7, Band C).

We found that anti-PTPRZ-S did not induce the patchy dis-
tribution of PTPRZ-A from its diffuse distribution on the cell
surface in BHK-21 cells, whereas the PTN and chABC treat-
ments induced clustering (Fig. 84). On the other hand, the clus-
tering of PTPRZ-B was induced in BHK-21 cells by all three
treatments (Fig. 8B). The clustering of PTPRZ receptors corre-
lated with the inhibition of their PTPase activities, leading to
increases in the tyrosine phosphorylation of p190 RhoGAP (Fig.
8, C-E). Neither treatment affected p190 phosphorylation in
mock transfectants. Anti-PTPRZ-S did not induce PTPRZ-A/B
clustering when they were highly modified by CS, whereas PTN
did. Therefore, PTN, but not anti-PTPRZ-S, likely functions to
reduce CS-mediated repulsion between the PTPRZ receptor
forms.

Discussion

In the present study, we showed that inhibitory ligands for
PTPRZ commonly enhance OPC differentiation in cultures by
clustering PTPRZ receptors. Among these ligands, the expres-
sion level of PTN specifically and concomitantly increased at
the onset of CNS myelination during brain development,
together with CS-modified PTPRZ-A. In contrast to Ptprz-de-
ficient mice, which show the early onset of myelination (11),
delayed myelination was observed in Ptn-deficient mouse
brains. These results indicate that the inactivation of PTPRZ-A
by PTN is the molecular mechanism underlying the onset of
myelination in CNS development. The enzymatic removal of
the CS chains of PTPRZ also leads to the inactivation of PTPRZ
through molecular clustering and induces OPC differentiation,
indicating that the PTPRZ core protein originally has a cluster-
ing property when the CS modification is absent. These results
provide a novel insight into the roles of PTN and the CS moiety
in the regulation of PTPRZ signaling for OPC differentiation
and myelination.

We previously demonstrated that PTPRZ activity maintains
OPCs in an immature state by dephosphorylating p190
RhoGAP (11), which opposes the action of FYN tyrosine kinase
(7, 8). FYN activity is required for OPC differentiation (27), and
its expression peaks during myelination in brain development
(Fig. 3). Concomitant increases in FYN and PTPRZ-A just after
birth may prevent OPC differentiation until the appropriate
time during brain development. On the other hand, PTPRZ-B

and Tyr-1105 phosphorylation of p190 RhoGAP. OL1 cells were treated as
described in A and analyzed as in Fig. 2B. The graph shows the arbitrary den-
sitometric units of Tyr-1105 phosphorylation levels relative to the average of
the control group (without both chABC and a-PTPRZ-S). Data are the mean *
S.E. (error bars) from four independent experiments. ¥, p < 0.05; **, p < 0.01,
significantly different from the control group by Student’s t test. C, OL1 cells
cultured in differentiation medium containing the indicated combinations of
chABC, anti-PTPRZ-S, or control Igs for 10 days. Their differentiation was ana-
lyzed as in Fig. 1B. The scatter plot shows the ratio of MBP-positive cells to
NG2-positive cells (n = 5 each from five independent cell cultures). **, p <
0.01, significant difference between the indicated groups by analysis of vari-
ance with Bonferroni's post hoc tests. DIC, differential interference contrast;
IP, immunoprecipitation.
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FIGURE 7. €S modification of PTPRZ-A/B receptors endogenously
expressed in OL1 cells and those exogenously expressed in BHK-21 cells.
A and B, Western blotting of cell extracts prepared from immature OL1 cells
(A) and BHK-21 cells (B) with anti-PTPRZ-S. BHK-21 cells were transfected with
an expression construct of PTPRZ-A or PTPRZ-B. Cell extracts were treated
with (+) or without (—) chABC to examine the degree of their CS modification.
The protein band indicated by an arrowhead with the asterisk is an immature
(or abnormally processed) product of PTPRZ-A in the cell; they are typically
observed as described previously (17, 19). C, graph showing the degree of CS
modifications in PTPRZ-A and PTPRZ-B in the respective cells. The degrees of
CS modifications were calculated as follows: 1 — (band intensity of the
chABC-untreated sample/band intensity of the chABC-treated sample). Data
are the mean = S.E. (error bars) from three independent experiments. **, p <
0.01 by analysis of variance with Bonferroni’s post hoc tests.

gradually increased from P1 to P30 and maintained its expres-
sion level until P90 in the brain (Fig. 3), whereas both PTPRZ-
A/B protein levels are decreased in oligodendrocyte-lineage
cells after their differentiation (12). Interestingly, the expres-
sion profile of PTPRZ-B is very similar to that of glial fibrillary
acidic protein, a major marker protein of astrocytes (31). It
should be noted that PTPRZ is also expressed in neurons and
astrocytes (32), besides oligodendrocytes, suggesting that
PTPRZ-A/B play multiple roles in different cells in brain
development.

The extracellular region of PTPRZ is responsible for its bind-
ing with various secretory factors (such as PTN, MK, IL-34, and
basic fibroblast growth factor) (20, 23, 24, 33), extracellular
matrix proteins (tenascin-C and -R) (34), and cell adhesion
molecules (Nr-CAM, L1/Ng-CAM, F3/contactin, NCAM, and
TAG1/axonin-1) (35). Among these molecules, PTN, MK, and
IL-34 have been shown to function as inhibitory ligands against
the PTPase activity of PTPRZ receptor isoforms (12, 20, 21, 23,
24). The functional significance of the binding of other mole-
cules in PTPRZ signaling still remains unclear.
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When OPCs were treated with PTN, MK, or IL-34, all
enhanced cell differentiation in vitro by inducing PTPRZ clus-
tering on the cell surface (Figs. 1 and 2). During neonatal brain
development, only PTN proteins, and not MK or IL-34, exhib-
ited an increase at the onset of myelination (Fig. 3). Ptn-defi-
cient mice consistently exhibited delayed CNS myelination
(Fig. 4). Thus, PTN is considered to be a key regulatory mole-
cule that releases the blockage of OPC differentiation by
PTPRZ inactivation at the appropriate time and location. Con-
sistently, PTN expression has a sharp peak at P10, when CNS
myelination begins. PTN is reportedly expressed by neurons,
which differentiate earlier than glial cells during development
(36).

PTN protein levels were lower than the detection limit in
normal adult brain tissues (Fig. 3; see also Ref. 37); however, we
recently found that PTN expression is activated in the adult
mouse brain when demyelination is induced by feeding the cop-
per chelator, cuprizone; PTN expression was induced in
affected cortex neurons and their axon fibers in the corpus cal-
losum (12). PTN released from damaged fibers appears to stim-
ulate the differentiation of OPCs recruited to the demyelinated
area (12).

Regarding the regulatory mechanism of PTPRZ activity, a
“head-to-toe” dimerization model was recently proposed based
on the x-ray crystal structure of the intracellular region of
PTPRG (38), another R5 family member, which has high
sequence identity to PTPRZ. Although we and others showed
that ligand binding induces the inactivation of its PTPase by
dimerization through the cluster formation of PTPRZ recep-
tors on the cell surface (12, 21, 22, 39), the molecular mecha-
nism promoting dimer and cluster formation by the ligand
binding has remained unclear. In this regard, the punctate
PTPRZ staining observed by confocal microscopy may also
reflect other mechanisms, such as compartmentalization in
lipid rafts or some other microdomains. Further experiments
are thus needed to reveal the detailed relationship between the
dimer (oligomer) formation and the inactivation by single-mol-
ecule fluorescence techniques.

In brain tissues, the extracellular regions of PTPRZ isoforms
are highly modified with CS chains (17, 19). To the best of our
knowledge, there have been no cell lines that express PTPRZ
receptors in their fully modified forms with CS chains, similar
to those in the brain. We recently established the immature
oligodendrocyte OL1 cell line, which expresses PTPRZ recep-
tors in the fully CS-modified form (12). As described for pri-
mary cultured OPCs (28, 30), a chABC treatment of OL1 cells
also enhanced their differentiation (Fig. 5). We herein demon-
strated that enzymatic CS removal was sufficient to induce
PTPRZ clustering and inactivation, thereby enhancing the
tyrosine phosphorylation level of p190 RhoGAP (Fig. 5). CS
chains consist of repeating disaccharide units of GlcA and Gal-
NAc with sulfate groups at various positions on sugar chains
(29). Due to electrostatic repulsion between negatively charged
glycosaminoglycan moieties (40), the receptor isoforms of
PTPRZ may stay as monomers (Fig. 9).

PTN and MK resemble each other and constitute a distinct
growth factor family. They have positive charged regions that
are involved in binding to highly sulfated CS chains (23, 41, 42).
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FIGURE 9. Schematic representation of the role of the CS chains in regulating PTPRZ activity. The protein domains of PTPRZ are highlighted in different
colors as follows. Blue, carbonic anhydrase-like domain; black, fibronectin type Ill domain; brown, a serine, glycine-rich domain; pink and gray, protein-tyrosine
phosphatase domains PTP-D1 and PTP-D2, respectively (52, 53). Catalytic activity is retained in membrane-proximal PTP-D1, but not in distal PTP-D2. The
extracellular regions of PTPRZ-A/B are highly modified with CS chains in brain tissues and OPCs. In contrast, a lower CS modification was observed when
PTPRZ-B was exogenously expressed in BHK-21 (the present study) and HEK293T cells (54) and in endogenous PTPRZ-B expressed in stomach tissue (55) and
C6 glioblastoma cells (56). PTPRZ-A and PTPRZ-S contain a long serine, glycine-rich domain extracellularly that is thought to be the CS attachment region.
However, this domain is largely deleted in the short receptor isoform PTPRZ-B (52), which may underlie the difference in the degree of CS modification. In the
head-to-toe dimerization model (38), PTPRZ receptors function to maintain equilibrium between monomers (active PTPase) and dimers (inactive). In the
present study, the high CS modification in PTPRZ was found to be essential for maintaining the monomeric active form, possibly by electrostatic repulsion, and,
at the same time, provided high-affinity ligand binding sites (20). The binding of extracellular ligands, such as PTN, MK, and IL-34, appears to neutralize the
negative charges of the CS chains of PTPRZ, which results in the induction of cluster formation, thereby causing the dimerization and inactivation of PTPase.
This is supported by the enzymatic removal of CS chains by chABC, also inducing PTPRZ clustering and inactivation. On the other hand, the ligand-like effect
of anti-PTPRZ-S, which binds to a protein epitope, is only observed in the lower CS-modified form.

Their binding may reduce the electrostatic repulsion of, or
induce conformational changes (43) to, CS chains and resul-
tantly shift them to the dimeric or oligomeric form in the cell
membrane (Fig. 9). This simple model explains why no further
potentiation by PTN was observed after the removal of CS (Fig.
5) and why PTPRZ clustering was not induced in OL1 cells with
the anti-PTPRZ-S antibody (Fig. 6). In BHK-21 cells, the anti-
PTPRZ-S antibody enhanced the clustering of PTPRZ-B on the
cell surface as well as PTN (Fig. 8; see also Ref. 22). This may be
because PTPRZ-B is weakly modified by CS chains in BHK-21
cells, in contrast to OL1 cells (Fig. 7), and the antibody can make
clusters of PTPRZ-B because of their weak repulsion.

We also discuss our results in relation to demyelinating dis-
eases, such as multiple sclerosis. Most multiple sclerosis
patients initially exhibit a relapsing-remitting disease course
that eventually converts to a secondary progressive form of the
disease with incomplete recovery (44). OPCs are present at
demyelinated brain regions in multiple sclerosis patients, even
at the progressive stage, but fail to differentiate at the latter
stage (45). CS proteoglycans are the major components of the

extracellular matrix of glial scars, which are known to be inhib-
itory to axonal regeneration (29, 46). Emerging findings have
indicated that CS proteoglycans also accumulate in the demy-
elinating sites of multiple sclerosis patients (47) and are consid-
ered to be inhibitory for remyelination by impairing OPC
recruitment, differentiation, and myelination (30). As one of
the possible functions of CS proteoglycans deposited in lesions
in multiple sclerosis, it is conceivable that they disturb the bind-
ing of PTN to PTPRZ.

Experimental Procedures

Reagents and Antibodies—Recombinant human PTN pro-
duced in yeast was described previously (48). Recombinant
mouse IL-34 was purchased from R&D Systems (catalogue no.
5195-ML). Human MK was from the Peptide Institute. chABC
was from Sigma-Aldrich (catalogue no. C3667). Anti-PTPRZ-
S, rabbit polyclonal antibodies against the extracellular region
of PTPRZ (16), and purified rabbit polyclonal antibodies
against phosphorylated Tyr-1105 of p190 RhoGAP (anti-
Tyr(P)-1105) (26) were described previously. The following are

FIGURE 8. Distinct effects of PTN, chABC, or anti-PTPRZ-S on PTPRZ clustering in BHK-21 cells. Aand B, BHK-21 cells transfected with an expression plasmid
for PTPRZ-A (A) and PTPRZ-B (B). Cells were treated with PTN (100 nm), chABC (6.25 microunits/ml), or anti-PTPRZ-S (10 wg/ml) for 1 h. Anti-PTPRZ-S staining of
PTPRZ receptors on the cell surface was performed as in Fig. 2A. Scale bars, 100 um (top and middle pictures) and 10 um (bottom pictures), respectively. The
bottom picture in each column is the enlarged view of the rectangular region in the middle. Arrowheads, punctate staining. C-£, BHK-21 cells transfected with
FLAG-tagged p190 RhoGAP along with the PTPRZ-A (C), PTPRZ-B (D), or mock control (E) plasmid. Cells were treated as above. The overall tyrosine phosphor-
ylation pattern and protein expression of FLAG-tagged p190 RhoGAP in cell extracts were analyzed with anti-phosphotyrosine (PY20) and anti-FLAG, respec-
tively (left). The Tyr-1105 phosphorylation of FLAG-tagged p190 RhoGAP immunoprecipitation was assessed using anti-Tyr(P)-1105 and anti-FLAG, respec-
tively (right). Tyr-1105 phosphorylation levels were normalized to the average of the control group. Data are the mean = S.E. (error bars) from four independent
experiments. ¥, p < 0.05; **, p < 0.01, significant difference between the indicated groups by analysis of variance with Bonferroni’s post hoc tests. DIC,
differential interference contrast; IP, immunoprecipitation.
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the specificities and sources of the commercially available anti-
bodies used in the present study: MBP (catalogue no. sc-13914,
Santa Cruz Biotechnology), NG2 proteoglycan (catalogue no.
AB5320, Millipore), FYN (catalogue no. P2992, Sigma-Al-
drich), RPTPS (a monoclonal antibody against the intracellular
domain of PTPRZ receptors, catalogue no. 610179, BD Biosci-
ences), PTN (catalogue no. ab79411, Abcam), MK (catalogue
no. sc-20715, Santa Cruz Biotechnology), IL-34 (catalogue no.
PRS4781, Sigma-Aldrich), p190 RhoGAP (catalogue no.
610150, BD Biosciences; catalogue no. 12164, Cell Signaling
Technology), phosphotyrosine (clone PY20; catalogue no.
ab16389, Abcam), and anti-FLAG (catalogue no. F7425,
Sigma-Aldrich).

Ethics Statement and Experimental Animals—All animal
experimental protocols used in this study were approved by the
Institutional Animal Care and Use Committee of the National
Institutes of Natural Sciences, Japan (approval numbers
14A151, 15A096, 16A145, and 16A148). All surgeries were per-
formed under isoflurane anesthesia, and all efforts were made
to minimize suffering. Ptprz-deficient mice (32) and Ptn-defi-
cient mice (49) were back-crossed with the inbred C57BL/6
strain for over 10 generations.

Primary Mixed Glial Culture—A primary mixed glial cell cul-
ture was performed as described previously (11). Cortex tissues
obtained from mouse brains on P1 were dissociated with
papain (Worthington), and cells (2.0 X 10* cells) were cultured
on a poly-L-ornithine-coated 35-mm dish with a differentiation
medium containing DMEM mixed 1:1 with Ham’s F-12
(DMEM/E-12; Life Technologies, Inc.), 1X GlutaMAX (Life
Technologies), 1X N2 supplement (Life Technologies), 10
pg/ml of the AA homodimeric form of platelet-derived growth
factor (PDGF-AA; Wako Pure Chemical), 0.5% FBS (Nichirei
Biosciences), 100 ug/ml BSA (Sigma-Aldrich), 10 nm biotin
(Sigma-Aldrich), and 30 ng/ml thyronine/thyroxine (Sigma-Al-
drich) in a humidified incubator at 37 °C with 5% CO,. On the
sixth day of culture, cells were fixed and stained with anti-NG2
(a specific marker for OPCs) and anti-MBP (a marker for
matured oligodendrocytes). Differentiation from OPC to oligo-
dendrocyte was expressed as the ratio of MBP-positive cells to
NG2-positive cells.

Cell Culture and DNA Transfection—The preparation of
mouse oligodendrocyte-lineage OL1 cells was described previ-
ously (12). In the differentiation assay, OL1 cells (2.0 X 10*
cells) were cultured on a poly-L-ornithine-coated 35-mm plas-
tic dish in knock-out DMEM/F-12 (Life Technologies) supple-
mented with 1X GlutaMAX, 1X StemPro neural supplement
(Life Technologies), 10 ng/ml PDGEF-AA, 10 nm biotin, and 30
ng/ml thyronine/thyroxine. On the 10th day of culture, differ-
entiation from OPC to oligodendrocyte was assessed as above.

Hamster kidney BHK-21 cells that have been maintained in
our laboratory were used. BHK-21 cells were cultured in
DMEM (Life Technologies) supplemented with 10% FBS. The
mammalian expression plasmids, pZeo-PTP¢-A (for full-length
rat PTPRZ-A) (16), pZeoPTP{ (for PTPRZ-B) (21), and
pFLAG-p190 (for FLAG-tagged p190 RhoGAP) (50) were
described previously. DNA transfection was carried out using
Lipofectamine 2000 reagent (Thermo Fisher Scientific) accord-
ing to the manufacturer’s directions.
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Ligand, Antibody, or chABC Treatments of Cultured Cells—
Stock solutions of PTN, MK, IL-34, and anti-PTPRZ-S were
made as 100 ug/ml with PBS (4.3 mm Na,HPO,, 1.4 mm
KH,PO,, 137 mm NaCl, and 2.7 mm KCl at pH 7.4) containing
100 pg/ml BSA. A lyophilized powder of chABC was reconsti-
tuted to 25 units/ml according the manufacturer’s instructions.
They were stored at —30 °C until use. Before cell treatments,
these stocks were diluted in the cell culture medium to the
desired concentrations and immediately applied to the cells by
replacing the old medium.

Immunocytofluorescence and Immunohistochemistry Stain-
ing—Cells were fixed with 4% paraformaldehyde in PBS for 30
min. Mouse brains were removed and immediately immersed
in 4% paraformaldehyde in PBS at 4 °C overnight and then sub-
jected to paraffin embedding. Fixed cells or deparaffinized sec-
tions (3 wm) were permeabilized and blocked with 4% nonfat
dry milk and 0.1% Triton X-100 in TBS (10 mm Tris-HCI, pH
7.4, 150 mm NaCl) for 30 min and then incubated with the
respective primary antibodies at 4 °C overnight. To detect
PTPRZ, fixed cells were microwaved in 10 mm citrate buffer
(pH 6.0) at 98 °C for 5 min as an antigen retrieval step. Bound
primary antibodies on tissue sections were visualized with
HRP-conjugated secondary antibodies along with the Dako lig-
uid diaminobenzidine chromogen system. In immunocytofluo-
rescence staining, Alexa Fluor-conjugated secondary antibod-
ies (Life Technologies) or DyLight amine-reactive dyes
(DyLight 488 NHS Ester, Thermo Fisher Scientific) were used
according to the standard procedure. Digital photomicro-
graphs of individual specimens were taken with the Eclipse
microscope Ci-L with a DS-Fi2 CCD camera (Nikon), Biozero
BZ-800 (Keyence), or LSM 700 confocal microscope (Zeiss).

Extraction of Tissues and Cells and chABC Digestion of the
Extracts—For Western blotting and immunoprecipitation
experiments, mouse brains or cultured cells were extracted
with 1% Nonidet P-40 in TBS containing 1 mm vanadate, 10 mm
NaF, and protease inhibitors (EDTA-free Complete, Roche
Applied Science). When extracts were subjected to chABC
digestion, tissues or cells were extracted with 1% Nonidet P-40
in TBS containing protease inhibitors (Complete, Roche
Applied Science), and 10-pul aliquots were mixed with an equal
volume of 0.2 M Tris-HCl, 60 mm sodium acetate, 10 mm EDTA,
pH 7.5, containing 250 microunits of chABC or not (control),
for 1 hat 37 °C.

Immunoprecipitation and Western Blotting—After preclean-
ing the extracts with Protein G-Sepharose (GE Healthcare), the
extracted samples were subjected to immunoprecipitation with
a combination of anti-p190 RhoGAP and Protein G-Sepharose
beads or with anti-FLAG M2 magnetic beads (catalogue no.
M8823, Sigma-Aldrich), and the immunocomplexes were then
separated by SDS-PAGE, followed by semidry electroblotting
onto a PVDF membrane. After blocking with 4% nonfat dry
milk and 0.1% Triton X-100 in TBS, the membranes were incu-
bated overnight with the respective antibodies. The binding of
these antibodies was detected with Luminata Forte Western
HRP substrate (Millipore). To detect tyrosine phosphorylated
proteins, 1% BSA and 0.1% Triton X-100 in TBS was used as a
blocking solution, and antibodies (PY20 or anti-Tyr(P)-1105)
were diluted with this blocking solution.
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Image and Statistical Analyses—Quantitative image analyses

were performed using Image]J software (National Institutes of
Health) or Adobe Photoshop CS6 software (Adobe Systems).
Statistical analyses were performed using IBM SPSS Statistics
version 20 software.
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