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Background:Development ofmaturemyelinating oligodendrocytes requires the co-ordinatedmigration, proliferation, and
differentiation of oligodendrocyte progenitor cells (OPCs).
Results:OPCs lacking PTP� show enhanced proliferation and altered activity and/or expression of several signalingmolecules.
Conclusion: PTP�-dependent signaling limits OPC proliferation.
Significance: This provides insight into the molecular events that promote the cessation of proliferation to position OPCs for
differentiation.

Tightly controlled termination of proliferation determines
when oligodendrocyte progenitor cells (OPCs) can initiate dif-
ferentiation and mature into myelin-forming cells. Protein-ty-
rosine phosphatase � (PTP�) promotes OPC differentiation,
but its role in proliferation is unknown. Here we report that loss
of PTP� enhanced in vitro proliferation and survival and
decreased cell cycle exit and growth factor dependence of OPCs
but not neural stem/progenitor cells. PTP��/� mice have more
oligodendrocyte lineage cells in embryonic forebrain and
delayed OPC maturation. On the molecular level, PTP�-defi-
cient mouse OPCs and rat CG4 cells have decreased Fyn and
increased Ras, Cdc42, Rac1, and Rho activities, and reduced
expression of the Cdk inhibitor p27Kip1. Moreover, Fyn was
required to suppress Ras and Rho and for p27Kip1 accumula-
tion, and Rho inhibition in PTP�-deficient cells restored
expression of p27Kip1. We propose that PTP�-Fyn signaling
negatively regulates OPC proliferation by down-regulating Ras
and Rho, leading to p27Kip1 accumulation and cell cycle exit.
Thus, PTP� acts in OPCs to limit self-renewal and facilitate
differentiation.

Oligodendrocytes (OLs)2 are the myelin-forming cells of the
CNS. The development of oligodendrocyte progenitor cells
(OPCs) into mature OLs is a complex process requiring cessa-

tion of proliferation, cell cycle exit, expression of OL-specific
genes, and extension of processes and myelin sheets. Various
growth factors have been shown to regulate OL development,
such as platelet-derived growth factor (PDGF) and basic fibro-
blast growth factor (bFGF) (1) that co-operatively promote self-
renewal and survival and inhibit differentiation of OPCs (2–4).
PDGF induces OPCs to proliferate for a number of divisions,
thereby preventing premature differentiation (5, 6). bFGF
blocks terminal differentiation and myelin gene expression at
the late progenitor stage (7, 8). Moreover, bFGF canmaintain a
high level of expression of the PDGF receptor�, (PDFGR�), the
only PDGF receptor expressed in OLs (8, 9).
Receptor-like protein-tyrosine phosphatase � (PTP�) is a

widely expressed transmembrane protein with two intracellu-
lar catalytic domains. The major substrates of PTP� are Src
family kinases (SFKs) (10), which are activated by PTP�-cata-
lyzed dephosphorylation of the inhibitory phosphotyrosine
near the C terminus (11–14). PTP�-mediated SFK activation is
often carried out in response to ligand binding to receptors that
themselves do not possess catalytic activity (such as F3/contac-
tin, NCAM, NB-3, CHL1, integrins) (14–17), but also occurs
upon ligand activation of growth factor receptor-tyrosine
kinases (such as c-Kit, EGFR, PDGFR) (18, 19).
PTP� promotes OPC differentiation upon cessation of pro-

liferation (21). This raises the question of whether PTP� regu-
lates other processes that appropriately position OPCs to dif-
ferentiate, such as cell cycle exit. Indeed, PTP� has been shown
to have positive and negative roles in growth control, which
apparently depend on cell context. For example, PTP� overex-
pression activates Src and confers tumorigenic properties on
fibroblasts (11), while inducing G1 arrest in breast cancer cells
that reduces proliferation and delays tumor formation in vivo
(20). InOPCs, PTP� regulates Fyn activation and signaling dur-
ing differentiation (21). Fyn promotes growth arrest and differ-
entiation of keratinocytes (22) and neuroblastoma cells (23),
but its role in OPC proliferation is not well defined. Fyn is
reported to not be required for PDGF-mediated proliferation
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nor to be activated by FGF or PDGF treatment ofOPCs (24, 25).
However, Fyn expression and autophosphorylation in oligo-
dendroglial cells is increased by apotransferrin (26), which
inhibits themitogenic action of PDGF (27).We therefore inves-
tigated the role of PTP�, and PTP�-mediated Fyn signaling, in
proliferation and cell cycle regulation of OPCs.

EXPERIMENTAL PROCEDURES

Mice—The 129SvEv PTP��/� mice (13) were backcrossed
with C57BL/6 mice for 10 generations. PTP��/� and wild type
(WT) C57BL/6mice were housed under specific pathogen-free
conditions. Animal care and use followed the guidelines of the
University of British Columbia and the Canadian Council on
Animal Care, and were reviewed and approved by the Univer-
sity of British Columbia.
Cell Line and Primary Cell Cultures—The CG4 cell line was

kindly provided by Dr. Y. Feng (Emory University School of
Medicine) and maintained as described (21) in CG4 prolifera-
tionmedium (DMEM, 1%FBS, 5�g/ml insulin, 50�g/ml trans-
ferrin, 30 nM sodium selenite, 100�Mputrescine, 20 nM proges-
terone, 10 ng/ml biotin, 10 ng/ml PDGF, 10 ng/ml bFGF).
Primary mouse oligospheres and OPCs were generated from
neurospheres prepared from wild-type and PTP��/� mice as
described (21) and maintained in proliferation medium
(DMEM/F12, 25 �g/ml insulin, 100 �g/ml apo-transferrin, 20
nM progesterone, 60 �M putrescine, and 30 nM sodium selenite,
20 ng/ml PDGF-AA, 20 ng/ml bFGF) as oligospheres in suspen-
sion or as adherent OPCs on poly-DL-ornithine (PDLO, 50
ng/ml)-coated dishes or chamber slides.
Reagents, Antibodies, and Growth Factors—Reagents were

obtained from Sigma-Aldrich Canada (Oakville, ON, Canada)
unless otherwise indicated. DNase I was purchased from Invit-
rogen Canada (Burlington, ON, Canada). Anti-PTP� antise-
rum has been described previously (28). Antibodies to PCNA,
Olig2, O4, NG2, Ras, PDGFR�, and phosphotyrosine (4G10)
were purchased from Millipore (Billerica, MA). Antibodies to
phosphoTyr527-Src was purchased from BIOSOURCE
(Camarillo, CA). Antibodies to Fyn, FAK, Rac1, Cdc42, and p27
were purchased from BD Transduction Laboratories (San Jose,
CA). Antibodies to cleaved caspase-3, phosphoSer473-Akt,
Akt, phosphor-Thr202/Tyr204-ERK1/2, ERK, phosphor-
Thr183/Tyr185-JNK were purchased from Cell Signaling.
Antibody to p120RasGAP and p21Cip/WAF1 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody to
actinwere purchased fromSigma-AldrichCanada. Antibody to
Rho was purchased from Stressgen Biotechnologies (Victoria,
BC, Canada). Antibody to Ki-67 was purchased from Dako
Canada (Burlington, ON, Canada). Secondary antibodies con-
jugated with Alexa Fluor 488 or 594 (Molecular Probes) were
purchased from Invitrogen Canada. Human recombinant
PDGF-AA, bFGF, and EGF were purchased from PeproTech
(Rocky Hill, NJ).
BrdU Incorporation Assay—BrdU incorporation assay was

performed using the In Situ Cell Proliferation Kit, FLUOS
(Roche, Mannheim, Germany).
Immunofluorescence Labeling, Immunoblotting, Immuno-

precipitation—These procedures were performed as previously
described (21). Cell lysateswere preparedwithRIPA lysis buffer

(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% sodium deoxy-
cholate, 1%Nonidet P-40, 0.1% SDS, 1mMEDTA, 2mM sodium
orthovanadate, 50 mM sodium fluoride, 10 �g/ml aprotinin, 10
�g/ml leupeptin, 1 mM PMSF) or Nonidet P-40 lysis buffer
(RIPA lysis buffer without sodium deoxycholate and SDS).
siRNA Transfection—The following siRNAs (Dharmacon,

Chicago, IL) were used: Control (siCONTROL Non-Targeting
siRNA Pool 2 D-001206-14-20), PTP� (ON-TARGETplus
SMARTpool L-080089-01-0050, Rat PTPRA, NM_012763) and
Fyn (ON-TARGETplus SMARTpool L-089444-00-0010, Rat
Fyn, NM_012755). CG4 cells were seeded in CG4 proliferation
medium (3 � 104/cm2). After overnight attachment, cells were
incubated with 20 nM siRNA and Lipofectamine RNAiMax
(Invitrogen Canada) in OPTI-MEM I (Cat. 31985, Invitrogen)
for 16–18 h followed by incubation in CG4 proliferation
medium for indicated times.
Ras and Rho Family GTPase Activity Assays—Ras activity

was measured by GST-Raf1 RBD (Ras-binding domain) pull-
down assays performed using the Ras Activation Assay Kit
(Upstate, Temecula, CA). Rho activity was measured by GST-
RhBD (Rhotekin-binding domain) pull-down assays performed
using the Rho Activation Assay Kit (Upstate). Rac1 and Cdc42
activities were measured by GST-PBD (PAK-binding domain)
pull-down assays (29). Cells were lysed on ice by adding RIPA
lysis buffer directly onto the cells. Cell lysates (50–100�g) were
incubated with 10 �g of GST-PBD bound to glutathione-Sep-
harose beads. Samples were washed with lysis buffer and then
immunoblotted with anti-Rac1 and Cdc42 antibodies. Lysates
were directly immunoblotted to determine the total amount of
Ras, Rho, Rac1, or Cdc42 proteins. Levels of active Ras, Rho,
Rac1, and Cdc42 were normalized to those of total Ras, Rho,
Rac1, and Cdc42.
Data Analysis—Densitometric quantification of immunob-

lots and cell differentiation data were statistically analyzed
using ANOVA (single factor). Data obtained from three inde-
pendent experiments are expressed as the mean � S.D. *, p �
0.05; **, p � 0.01.

RESULTS

PTP� Negatively Regulates OPC Growth and Growth Factor
Dependence—Cell proliferation and differentiation are highly
coordinated processes during development. If cells persist in
the cell cycle, they do not differentiate properly. We used cul-
tured primary OPCs isolated from WT and PTP�-null
(PTP��/�) mouse embryos to investigate the function of PTP�
in progenitor cells as a regulator of proliferation, cell cycle
exit, and survival. We first examined the growth of WT and
PTP��/� OPCs as oligospheres. Dissociated oligospheres
(OPCs) were cultured in OPC proliferation medium for 5
days, and the newly formed oligospheres were examined. As
shown in Fig. 1A, PTP��/� oligospheres were larger than
WT oligospheres. The oligospheres were counted and their
size was measured, revealing that PTP��/� cells formed
more oligospheres, and that large (�100 �m) oligospheres
comprised a significantly higher proportion of the total
PTP��/� oligosphere population than of the WT oligo-
sphere population, suggesting that loss of PTP� may
increase OPC self-renewal capability. The original oligo-
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spheres were derived from dissociated neurospheres, and
neurospheres are motile and aggregate in culture (30). To
rule out the possibility that the larger PTP��/� oligospheres
resulted from enhanced aggregation, or from the association
of larger sized but similar numbers of individual cells, WT
and PTP��/� oligospheres were collected and dissociated,
and total cell numbers were counted. The total cell number
obtained from the dissociated PTP��/� oligosphere popula-
tion was higher than that obtained from the total WT oligo-
sphere population (Fig. 1A), indicating a faster rate of
PTP��/� cell growth. To verify that PTP��/� OPCs also
grow faster thanWTOPCs in adherent culture, oligospheres
were dissociated and seeded on PDLO-coated dishes in OPC
proliferation medium for 2 weeks. PTP��/� OPCs grew to a
higher density and formed larger colonies compared with
WT OPCs (Fig. 1B). These results indicate that the growth
rate of PTP��/� OPCs is faster than WT OPCs.

The best-characterized mitogens for OPCs are PDGF and
bFGF (1), and both PDGF and bFGF are survival factors for
OPCs (2, 4). In the oligosphere culture system, cells undergo
self-renewing cell division in OPC proliferation medium,
which contains PDGF and bFGF.We determined if PTP��/�

OPCs are hypersensitive to PDGF/bFGF stimulation. As
shown in Fig. 1C, WT and PTP��/� OPCs cannot form new
spheres in the absence of these growth factors, but PTP��/�

OPCs can form more and larger new spheres at lower con-
centrations of growth factors than WT OPCs. This indicates
that PTP��/� OPCs are hypersensitive to PDGF/bFGF, but
that PTP� loss did not render oligosphere formation growth
factor-independent.
PTP� Negatively Regulates OPC Proliferation, Cell Cycle

Entry, and Survival in Response to PDGF/bFGF—The accumu-
lation of large numbers of PTP��/� OPCs may result from an
increase in cell proliferation, a decrease in cell cycle exit and/or

FIGURE 1. Increased growth and self-renewal of OPCs in the absence of PTP�. A, dissociated oligospheres were seeded in proliferation medium for 5 days.
Bright-field images were taken and the numbers of oligospheres larger than 40 �m and 100 �m were counted. For cell counting, oligospheres were dissociated
and live cells were counted by trypan blue exclusion. Scale bar, 140 �m. B, dissociated oligospheres were seeded on PDLO-coated dishes in proliferation
medium for 2 weeks. Cells were washed and stained with crystal violet (upper panel) and bright-field images were taken (lower panel). Scale bar, 70 �m.
C, dissociated oligospheres were seeded in medium with 0, 2.5, 5, and 10 ng/ml each of PDGF and bFGF for 5 days. The bright-field images shown are
representative of two independent experiments. Scale bar, 140 �m.
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a decrease in cell death. To address which mechanism is
affected by PTP� to regulate OPC growth, we assessed these
parameters inWT and PTP��/� OPCs.WT and PTP��/� oli-
gosphereswere dissociated and seeded on PDLO-coated cham-
ber slides in proliferationmedium for 2 days followedby culture
in freshmediumwith or without PDGF/bFGF for another 24 h.
BrdU incorporation was significantly increased in PTP��/�

OPCs compared with WT OPCs in the presence or absence of
PDGF/bFGF (Fig. 2A). Ki-67 is a protein associated with prolif-
eration that is present in cells that are within the cell cycle but
not in cells that have exited the cell cycle. To address whether
PTP� regulates cell cycle exit, immunofluorescent staining
with antibody against Ki-67was performed. This demonstrated
that more PTP��/� cells than WT cells are in the cell cycle in

the presence of PDGF/bFGF (Fig. 2B). In addition, the percent-
age of Ki-67-positive WT cells decreased by 19.1% when the
cells were cultured in the absence of PDGF/bFGF, while the
percentage of Ki-67-positive PTP��/� cells only decreased by
4.7% when these growth factors were absent (Fig. 2B). This
indicates that PTP��/� cells aremore resistant to PDGF/bFGF
withdrawal-induced cell cycle exit. We next determined if
PDGF/bFGF-mediated survival is altered in PTP��/� OPCs.
For this, apoptosis was induced by withdrawal of supplement
(including insulin) for 24 hwhilemaintaining PDGF/bFGF, and
the cells were labeled with the apoptosis marker, cleaved
caspase-3. While the percentages of apoptotic cells in WT and
PTP��/� OPCs cultured under normal conditions (with sup-
plement) showed a significant but small difference (WT, 26%;
PTP��/�, 21%), the withdrawal of supplement differentially
enhanced apoptosis in the two cell types. The percentage of
apoptotic WT OPCs increased to 45%, while the percentage of
apoptotic PTP��/�OPCs rose to only 25% (Fig. 2C). Therefore,
PDGF/bFGF-mediated survival is increased in PTP��/�OPCs.
Lack of PTP� Does Not Affect Proliferation of Neural Stem/

Progenitor Cells—The inhibitory effect of PTP� onOPC prolif-
eration raised the question of how early PTP� is expressed dur-
ing development and whether it regulates the proliferation and
cell cycle exit of cells at an earlier stage of differentiation. It has
been shown that PTP� mRNA is not detectable in undifferen-
tiatedmouse embryonic pluripotent stem cells (P19 embryonic
carcinoma cells), but is expressed in neuroectoderm-like cells
(retinoic acid-treated P19 derivatives) (12). Therefore, the
expression of PTP� protein in neurospheres composed of neu-
ral stem/progenitor cells was determined and compared with
that in oligospheres composed of OPCs. PTP� protein and its
potential substrate Fyn were detectable in neurospheres, but at
lower levels than in oligospheres (3.3-fold less PTP�, 1.9-fold
less Fyn; n � 2) (Fig. 3A). We next examined the expression of
the proliferation marker PCNA in WT and PTP��/� neuro-
spheres and oligospheres. As shown in Fig. 3B, in contrast to the
different expression levels of PCNA in WT and PTP��/� oli-
gospheres, PCNA expression levels are similar in WT and
PTP��/� neurospheres, suggesting that PTP� does not have a
significant role in regulating proliferation of neural stem/pro-
genitor cells in response to EGF/bFGF. This finding was con-
firmed by determining BrdU incorporation and Ki-67 positiv-
ity, revealing that PTP� ablation does not significantly affect
proliferation and cell cycle exit of neural stem/progenitor cells
(Fig. 3C).
PTP� Negatively Regulates the Activities of Ras and the Rho

Family Small GTPases Cdc42, Rac1, and Rho, in Primary
OPCs—Activation of PDGFR� promotes proliferation and
inhibits premature differentiation of OPCs (5, 6). No difference
in PDGFR� expression was detected between PTP��/� and
WT oligospheres or OPCs (data not shown). Ras proteins are
important downstream effectors of growth factor receptor-ty-
rosine kinase signaling pathways (31), and Ras plays an impor-
tant role in oligodendrocyte development (32–34). We found
that Ras activities were increased in both PTP��/� oligo-
spheres and OPCs compared with the WT cells (Fig. 4A), sug-
gesting that PTP� negatively regulates Ras activity in OPCs.

FIGURE 2. Increased proliferation, decreased cell cycle exit and apoptosis
of OPCs in the absence of PTP�. A, WT and PTP��/� OPCs were seeded on
PDLO-coated chamber slides in proliferation medium for 2 days. Cells were
cultured in the presence (�GF) or absence (�GF) of PDGF/bFGF for 24 h. BrdU
was added 4 h prior to fixation. Cells were immunostained with antibodies
against BrdU. B, WT and PTP��/� OPCs were seeded on PDLO-coated cham-
ber slides in proliferation medium for 2 days. Cells were cultured in the pres-
ence (�GF) or absence (�GF) of PDGF/bFGF for 24 h and immunostained with
antibody against the proliferation marker Ki-67. C, WT and PTP��/� OPCs
were seeded on PDLO-coated chamber slides in proliferation medium for 2
days. Cells were cultured in the presence or absence of supplement for 24 h.
Cells were immunostained with antibody against cleaved caspase-3. A–C, at
least 1500 cells were counted for each group. Scale bar, 40 �m.
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Ras can activate at least three types of downstream effectors/
signaling pathways; the Rho family small GTPases, mitogen-
activated protein kinase (MAPK) and Akt pathways (35). We
next determined which of these were affected by PTP� abla-
tion. Using GST-PBD pull-down assays tomeasure the levels of
active GTP-bound Cdc42 and Rac1 demonstrated that
PTP��/� OPCs exhibit increased activities of Cdc42 and Rac1
(Fig. 4B). Also, Rho activity was significantly increased in
PTP��/� OPCs, as detected using GST-RBD pull-down assays
(Fig. 4B). However, the phosphorylation of Akt at Ser-473, that
of ERK (extracellular signal-regulated kinase 1/2) at Thr202/
Tyr204 and that of JNK at Thr183/Tyr185 were not affected in
OPCs by the absence of PTP� after culturing in proliferation
medium for 2 days (Fig. 4C). The p38MAPK phosphorylation
was low in theOPCs (data not shown), as has been described by
others (36), and could not be reliably analyzed. These results
indicate that PTP� negatively regulates the activities of the Rho
GTPases Rho, Rac1, and Cdc42, but does not affect the phos-
phorylation status of Akt, ERK, and JNK in this cell culture
condition and time point of investigation.
PTP� Up-regulates the Expression of p27Kip1 Protein—The

cell cycle inhibitory protein p27Kip1 (p27) plays a critical role in

cell cycle regulation in response to factors in the extracellular
environment, such as growth factors and the extracellular
matrix. As cultured OPCs proliferate, p27 progressively accu-
mulates and eventually promotes cell cycle exit (37, 38). Signal-
ing pathways active in proliferating cells can limit p27 up-reg-
ulation. For example, Ras activation is required for the
suppression of p27 levels throughout the cell cycle (39). On the
other hand, p27 can also regulate Ras activation by preventing
Grb2-SOS complex formation (40). Overexpression of p27

FIGURE 3. Lack of PTP� does not affect proliferation and cell cycle exit in
neural stem cells. A, PTP� protein level is higher in oligospheres than in
neurospheres. PTP�, Fyn, and actin protein amounts were determined by
immunoblotting cell lysates. The results shown are representative of those
from two independent experiments. B, PTP�, PCNA, and actin protein
amounts were determined by immunoblotting cell lysates. The band inten-
sity of PCNA was normalized to that of actin. C, WT and PTP��/� neuro-
spheres were dissociated and seeded on PDLO/gelatin-coated chamber
slides in neural growth medium for 1 day. BrdU was added 2 h prior to fixation.
Cells were immunostained with antibodies against BrdU and Ki-67. At least
600 cells were counted for each group. Scale bar, 40 �m.

FIGURE 4. Increased activities of Ras and Rho family small GTPases,
Cdc42, Rac1, and Rho, in PTP��/� OPCs. A, amounts of activated Ras iso-
lated from cell lysates by GST-Raf-1 RBD pull-downs (left panel), or of total Ras
in WCL (right panel), were determined by immunoprobing with anti-Ras anti-
body. The band intensity of GTP-bound Ras was normalized to that of Ras in
WCL. B, amounts of activated Cdc42 and Rac1 isolated from cell lysates by
GST-PBD pull-downs (left panels), or of total Cdc42 and Rac1 in WCL (right
panels), were determined by immunoprobing with anti-Cdc42 and Rac1 anti-
bodies. The amounts of activated Rho isolated from cell lysates by GST-RhBD
pull-downs (left panels), or of total Rho in WCL (right panels), were determined
by immunoprobing with anti-Rho antibody. The band intensities of GTP-
bound Cdc42, Rac1, and Rho were normalized to that of Cdc42, Rac1, and Rho
in WCL, respectively. C, phosphorylation of ERK1/2 at T202/Y204, that of Akt at
S473 and that of JNK1/2/3 at T183/Y185 were determined by immunoblot-
ting with anti-ERK1/2 phospho-T202/Y204, anti-Akt phospho-S473 and anti-
JNK1/2/3 phospho-T183/Y185 antibodies, respectively. The band intensity of
phospho-ERK1/2, that of phospho-Akt and that of phospho-JNK1/2/3 was
normalized to that of ERK1/2, Akt, and JNK1/2/3, respectively.
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reduces cell proliferation and self-renewal and promotes cell
death in neural progenitor cells (41). In oligodendrocyte lineage
cells, p27 is a crucial regulator of the decision to withdraw from
the cell cycle (42). Therefore, we determined if p27 expression
is altered in PTP��/�OPCs. As shown in Fig. 5A, decreased (by
about 30%) p27 expression was detected in PTP��/� oligo-
spheres and OPCs, indicating that PTP� may up-regulate p27
expression to promote cell cycle exit. Since accumulation of
p27 is required for OPC differentiation (38, 42–44) and since
PTP��/� OPCs fail to differentiate with proper timing (21),
p27 expression was monitored before and after differentiation.
As shown in Fig. 5B, differentiation induction bymitogen-with-
drawal andT3 exposure induced p27 accumulation in bothWT
and PTP��/� cells, but a lower expression of p27 was observed
in both PTP��/�OPCs and differentiatingOLs comparedwith
WT cells. These results suggest that PTP� promotes OPC dif-
ferentiation, at least partially, by facilitating p27 accumulation
and cell cycle exit, leading to decreased self-renewing prolifer-
ation and increased cell fate commitment.
PTP� Negatively Regulates Multiple Signaling Pathways and

Is Required for p27 Accumulation in CG4 OPCs—CG4 cells
were used for subsequent investigation of PTP�-dependent sig-
naling in oligodendrocyte precursor/progenitor cells because
of the following reasons. First, some of the primary OPCs dif-
ferentiate spontaneously, leading to a heterogeneous popula-
tion of cells. Second, a large number of the limited and difficult
to prepare primary OPCs is required for biochemical studies to
elucidate molecular signaling mechanisms. Third, it is difficult
to synchronize the primary OPCs without inducing differenti-
ation, therefore, some signaling events are difficult to manipu-
late and monitor. To study PTP�-dependent signaling in
response to PDGF/bFGF stimulation, CG4 cells were trans-
fected with control siRNA and PTP� siRNA and starved over-
night, followed by stimulation with CG4 proliferation medium
for 3 h. Unaltered PDGFR expression (data not shown) and the

increased activities of Ras and the Rho GTPases, Rac1, Cdc42,
andRhowere confirmed in PTP�-knockdownCG4 cells (Fig. 6,
A andB). Phosphorylation of Akt, ERK, and JNKwas also deter-
mined by immunoblotting. In contrast to the results obtained
with primaryOPCs, the phosphorylation of Akt at Ser-473, that
of ERK at Thr202/Tyr204 and that of JNK at Thr183/Tyr185
were up-regulated 3 h after stimulation in PTP�-knockdown
CG4 cells (Fig. 6C). However, after stimulation for 24 h, the
phosphorylation of these molecules decreased compared with
3 h, and exhibited no significant difference between control and
PTP�-knockdown CG4 cells. These results suggest that PTP�
negatively and transiently regulates growth factor-mediated
phosphorylation of Akt, ERK, and JNK in CG4 cells. The
expression of p27 was also monitored in CG4 cells stimulated
for 3 h and 24 h. As shown in Fig. 6D, the p27 expression level is
similar in control siRNA and PTP� siRNA-treated CG4 cells
after stimulation for 3 h. However, after 24 h stimulation, the

FIGURE 5. Decreased expression of p27 in PTP��/� OPCs and differenti-
ating OLs. A, p27 expression was determined by immunoblotting with anti-
p27 and anti-actin antibodies, and quantified (graph) for OPCs. B, WT and
PTP��/� mouse oligospheres were dissociated and seeded on PDLO-coated
dishes for 2 days in OPC proliferation medium (day 0) followed by incubation
for the indicated times in OPC differentiation medium (day 2). The expression
of p27 was determined by immunoblotting with anti-p27 and anti-actin anti-
bodies. A and B, band intensity of p27 was normalized to that of actin.

FIGURE 6. PTP� negatively regulates Ras, Rho GTPases, MAPK, and Akt
and is required for p27 accumulation in CG4 cells. A and B, control siRNA or
PTP� siRNA treated cells were stimulated with CG4 proliferation medium for
3 h. The amount of Ras, Rac1/Cdc42, and Rho in the pull-down assay as well as
in the WCL was determined by immunoblotting with anti-Ras, anti-Rac1, anti-
Cdc42, and ant-Rho antibodies, respectively. The numbers at the bottom
show the relative amounts of GTP-bound protein normalized to the amount
of that protein in the lysate as calculated after densitometric quantification.
C, control siRNA or PTP� siRNA-treated cells were stimulated with CG4 prolif-
eration medium for 3 h or 24 h. Phosphorylation of ERK1/2 at T202/Y204, Akt
at S473 and JNK1/2/3 at T183/Y185 at 3 h was determined by immunoblot-
ting with anti-ERK1/2 phospho-T202/Y204, anti-Akt phospho-S473, and anti-
JNK1/2/3 phospho-T183/Y185 antibodies, respectively. D, control siRNA or
PTP� siRNA-treated cells were stimulated with CG4 proliferation medium for
3 h or 24 h. PTP� and p27 expression was determined by immunoblotting
with anti-PTP�, anti-p27 and anti-actin antibodies. The numbers at the bot-
tom show the relative band intensities of p27 after normalization to the actin
signal.

PTP� Negatively Regulates OPC Self-renewal

12534 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 15 • APRIL 6, 2012



p27 protein level increased in control CG4 cells, but not in
PTP�-knockdown CG4 cells (Fig. 6D). Therefore, in accord
with findings in OPCs, PTP� negatively regulates the activities
of Ras and RhoGTPases, Rac1, Cdc42, and Rho, and is required
for p27 accumulation in OPCs.
Fyn Is Required for Ras and Rho Inactivation and Accumula-

tion of p27 and p21 in CG4 Cells—Because SFKs are substrates
of PTP�, we investigated if SFKs are responsible for the inhibi-
tion of OPC growth. Treatment of CG4 cells with the SFK
inhibitors SU6656 (2 �m and 10 �M) or PP2 (2 �m and 10 �M)
resulted in a decrease in the number of cells, suggesting that
SFKs are required for CG4 growth (data not shown). This result
is similar to previous findings that SFKs are required for PDGF-
induced OPC proliferation (45, 46).
Fyn has been reported to promote growth arrest and differ-

entiation of keratinocytes (22) and neuroblastoma cells (23),
suggesting a role of Fyn in cell cycle regulation. It has been
shown that fewer oligodendroglial cells (O4-positive pro-OLs)
developed in Fyn�/� mixed glia cell cultures (47), suggesting
that Fyn may be required for oligodendrocyte lineage commit-
ment. Because Fyn is an important substrate of PTP� and we
have shown that Fyn activity is decreased in proliferating
PTP��/� primary OPCs (as evidenced by the �2-fold higher
phosphorylation at the inhibitory Tyr-528 site) (21), we next
determined if Fyn is involved in PTP�-mediated signaling that
inhibits CG4 OPC proliferation and promotes cell cycle exit.
We first confirmed that Fyn activity is reduced in PTP�-knock-
down CG4 cells stimulated with growth factors (Fig. 7A). We
then determined if ablation of Fyn results in hyperactivation of
Ras and Rho. As shown in Fig. 7, B and C, Ras and Rho activity
increased in both PTP�-knockdown and Fyn-knockdown CG4
cells, suggesting that PTP� may act through Fyn to inactivate
Ras and Rho.
Fyn, Ras, and Rho have been implicated in regulating p27

expression. Overexpression of Fyn results in increased expres-
sion of p27 (22). Microinjection of oncogenic Ras reduces p27
expression (39). Inhibition of Rho, by either lovastatin or C3
exoenzyme, increases the translational efficiency of p27mRNA
(48). Therefore, it is possible that PTP� activates Fyn to inacti-
vate Ras and Rho, leading to increased p27 protein expression.
In keeping with this scenario, p27 protein levels were similar in
control cells and cells in which PTP� and Fyn expression was
silenced at the earlier time of 3 h stimulation, but at 24 h stim-
ulation the p27 level more than doubled in control cells, but did
not significantly increase in PTP�-knockdown or Fyn-knock-
downCG4 cells.Moreover, the p27 level was significantly lower
in PTP�-knockdown and in Fyn-knockdown CG4 cells com-
pared with control cells at 24 h stimulation (Fig. 7D). These
results suggest that PTP� may act through Fyn to promote Ras
and Rho inactivation and p27 accumulation.
Another cyclin-dependent kinase inhibitor, p21Cip1 (p21), is

required for the differentiation of OPCs independently of cell
cycle withdrawal (49). Overexpression of Fyn leads to elevated
expression of p21 (22) and Rho is required for Ras-mediated
suppression of p21 expression (50). We determined if p21
expression also decreased in PTP�- and Fyn-deficient CG4
cells. As shown in Fig. 7E, the p21 level was significantly lower
in PTP�-knockdown and in Fyn-knockdown CG4 cells com-

pared with control cells at 24 h stimulation. These results sug-
gest that PTP�may act through Fyn to down-regulate the activ-
ities of Ras and Rho, leading to p21 accumulation and OPC
differentiation.
Inhibition of RhoRelieves the Suppression of p27Expression in

PTP�-silenced CG4 Cells—To investigate if PTP�-regulated
p27 expression was mediated by PTP� signaling through Rho,

FIGURE 7. PTP�-Fyn signaling negatively regulates the activaties of Ras
and Rho and promotes p27 and p21 accumulation in CG4 cells. A, control
siRNA or PTP� siRNA-treated cells were stimulated with CG4 proliferation
medium for 3 h. Fyn phosphorylation at Tyr-531 was analyzed by immuno-
precipitation with anti-Fyn antibody followed by probing with anti-Src phos-
pho-Tyr527 and anti-Fyn antibodies. The numbers at the bottom show Fyn
phosphorylation per unit Fyn as calculated after densitometric quantifica-
tion. B, control siRNA, PTP� siRNA, or Fyn siRNA-treated CG4 cells were stim-
ulated with CG4 proliferation medium for 3 h, and cell lysates were probed for
PTP�, Fyn, and actin. C, control siRNA, PTP� siRNA, or Fyn siRNA-treated cells
were stimulated with CG4 proliferation medium for 3 h. The amounts of acti-
vated Ras isolated from cell lysates by GST-Raf-1 RBD pull-downs (left panels),
or of total Ras in WCL (right panels), were determined by immunoprobing with
anti-Ras antibody. The amounts of activated Rho isolated from cell lysates by
GST-RhBD pull-downs (left panels), or of total Rho in WCL (right panels), were
determined by immunoprobing with anti-Rho antibody. The band intensities
of GTP-bound Ras and Rho were normalized to that of Ras and Rho in WCL,
respectively. D and E, impaired up-regulation of p27 and p21 in PTP�-knock-
down and Fyn-knockdown CG4 cells. Control siRNA, PTP� siRNA, or Fyn
siRNA-treated cells were stimulated with CG4 proliferation medium for 3 h or
24 h. The expression of p27 and p21 was determined by immunoblotting with
antibodies against p27, p21, and actin. The band intensities of p27 and p21
were normalized to that of actin. *, nonspecific binding.
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we determined if Rho inhibition affected PTP�-dependent p27
expression. We first tested the efficacy and specificity of the
Rho inhibitor G04,3 and found that 50 �M G04 inhibited Rho
but not Rac1 or Cdc42 in CG4 cells (Fig. 8A). In fact, G04 acti-
vated Rac1 and Cdc42. Treatment with G04 inhibited CG4 cell
proliferation (Fig. 8B). While perhaps involving additional fac-
tors besides p27 up-regulation, this observation supports a role
for Rho in regulating OPC proliferation. CG4 cells were treated
with control or PTP�-directed siRNA in the presence of G04
followed by stimulation with CG4 proliferation medium, and
then p27 expression was determined. G04 had no effect on p27
expression in the control cells, but restored the reduced p27
expression in PTP�-silenced cells to a level comparable to con-
trol cells (Fig. 8B). This suggests that inhibition of Rho by G04
counteracts the elevated Rho activity resulting from ablated
PTP� expression and thus inhibits Rho-mediated suppression
of p27.

Loss of PTP� Results in Increased Number of Oligodendrocyte
Lineage Cells in EmbryonicMouse Forebrain andDelayedMat-
uration of OPC into Myelin-forming Cells in Developing Mouse
Brain—We have shown that PTP� promotes oligodendrocyte
differentiation by activating Fyn signaling and that fewermyeli-
nated fibers are detected in PTP��/� mouse brain as deter-
mined by immunostaining of myelin basic protein (21). To
determine whether the growth of oligodendrocyte lineage cells
was abnormal and the maturation of OPCs into myelin-form-
ing cells was impaired in vivo, immunophenotypic analysis of
oligodendrocyte lineage cells in brain sections of WT and
PTP��/� mouse embryos at embryonic day 16 and that of WT
and PTP��/� mice at postnatal days 10 and 18 was conducted.
Immunofluorescence with antibody against Olig2 was used to
identify oligodendrocyte lineage cells. Double immunofluores-
cence with antibodies against NG2 and CC1 was used to iden-
tify progenitors and mature oligodendrocytes, respectively.
Images were acquired, the numbers of Olig2-positive, NG2-
positive and CC1-positive cells were counted, and the relative
proportion of NG2-positive and CC1-positive cells was calcu-
lated as a percentage of the total oligodendrocyte lineage pop-
ulation. At E16, more oligodendrocyte lineage cells in the fore-
brain of PTP��/� mouse embryos were observed compared
with that of WTmouse embryos (Fig. 9A), suggesting that lack

3 X. Shang, F. Marchioni, N. Sipes, C. R. Evelyn, M. Jerabek-Willemsen, S. Duhr,
W. Seibel, and Y. Zheng, submitted manuscript.

FIGURE 8. Pharmacological inhibition of Rho rescues p27 expression in
PTP�-deficient CG4 cells. A, CG4 cells were starved in the presence of G04
for 18 h, followed by stimulation with CG4 proliferation medium for 3 h. The
amount of activated Rho isolated from cell lysates by GST-RhBD pull-downs
(left panels), or of total Rho in WCL (right panels), was determined by immu-
noprobing with anti-Rho antibody. The amount of activated Cdc42 and Rac1
isolated from cell lysates by GST-PBD pull-downs (left panels), or of total Cdc42
and Rac1 in WCL (right panels), was determined by immunoprobing with anti-
Cdc42 and Rac1 antibodies. B, as in A, but the CG4 cells were cultured in
proliferation medium for 48 h. Cells were counted at the end of the starvation
period (0 h), and at 24 and 48 h after addition of proliferation medium. Rep-
resentative photographs (10� magnification) of the cells at 0 and 48 h are
shown (top), and cell numbers per 10 cm2 are depicted in the graph. C, CG4
cells were transfected with control or PTP� siRNA in the presence of G04 while
undergoing starvation for 18 h, followed by stimulation with CG4 prolifera-
tion medium for 24 h. The expression of p27 was determined by immunoblot-
ting with antibodies against p27 and actin. The band intensities of p27 were
normalized to that of actin.

FIGURE 9. Higher number of oligodendrocyte lineage cells in prenatal
PTP��/� mouse brain and delayed maturation of oligodendrocytes in
postnatal PTP��/� mouse brain. A, embryonic day 16 (E16) PTP��/� mouse
embryos have more oligodendrocyte lineage cells in the forebrain compared
with E16 WT mouse embryos. Brain sagittal sections of E16 mouse embryos
were immunostained with antibodies against Olig2. The numbers of Olig2-
positive cells in the thalamus region were counted. Scale bar, 85 �m. B, post-
natal day 10 (P10) PTP��/� mice have fewer mature oligodendrocytes in the
corpus callosum compared with P10 WT mice. Brain coronal sections of P10
and postnatal day 18 (P18) mice were immunostained with antibodies
against NG2 and adenomatous poliposis coli (APC, clone CC1). The numbers
of NG2-positive and CC1-positive cells in the central region of the corpus
callosum (about 0.03 mm2) were counted. Scale bar, 30 �m. A and B, two
sections/animal were counted. The values indicate mean � S.D. cell counts
obtained from two sections from three mice of each genotype per time point.
C, P10 PTP��/� mice have less O4 immunoreactivity in corpus callosum com-
pared with P10 WT mice. Brain coronal sections of P10 mice were immuno-
stained with antibodies against NG2 and oligodendrocyte marker O4. Scale
bar, 30 �m.
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of PTP� leads to increased proliferation and/or survival of oli-
godendrocyte lineage cells. At P10, the oligodendrocyte lineage
population in the corpus callosum of WT mice was composed
of 55.3%� 3.2%CC1-positive cells while in PTP��/�mice only
37% � 6.8% of the cells were CC1-positive (Fig. 9B). However,
the difference in CC1-positive populations between WT and
PTP��/� mice decreased by P18 (76.1%� 3.1% versus 66.7%�
3.4%, respectively) compared with P10, suggesting that the lack
of PTP�delayed but did not completely block thematuration of
oligodendrocyte lineage cells. This result was confirmed by
immunofluoresence using antibodies specific for NG2 and for
the lipid sulfatide recognized by O4 (Fig. 9C).

DISCUSSION

In this studywe investigated the role of PTP� in proliferating
OPCs prior to the induction of differentiation. PTP��/� OPC
proliferation is enhanced compared withWTOPCs, withmore
PTP��/� cells entering S phase and fewer exiting the cell cycle.
In addition, fewer apoptotic PTP��/�OPCs than WT cells are
detectable in proliferating cultures. PTP��/� OPCs have
enhanced sensitivity to and reduced dependence on the mito-
gens PDGF and bFGF, as they form new oligospheres in
response to lower concentrations of PDGF/bFGF than WT
OPCs, and are more resistant to PDGF/bFGF withdrawal-in-
duced cell cycle exit. Also, PTP�-null OPCs are more resistant
to supplement withdrawal-induced apoptosis. Altogether,
these observations indicate that PTP� functions as a negative
regulator of PDGF/bFGF-mediated OPC proliferation and sur-
vival. Proliferation of neurospheres, the progenitors of the oli-
gospheres/OPCs, was unaffected by the loss of PTP� expres-
sion. This suggests that this role of PTP� is cell lineage stage-
specific or specific to the PDGF/bFGF-regulated signaling
events that maintain proliferating oligospheres/OPCs, in con-
trast to the distinct EGF/bFGF-dependent signaling operating
during neural stem/progenitor cell proliferation and survival.
More OL lineage cells were present in the thalamus of PTP�-
null mouse embryos, supporting our observations that primary
PTP��/� OPCs grew faster in culture and generatedmore cells
than WT OPCs. Moreover, in keeping with enhanced OPC
growth and proliferation inhibiting the onset of differentiation,
the appearance of maturing OLs in corpus callosum was
delayed in PTP��/� mice.
To elucidate the molecular mechanisms by which PTP�

exerts these effects, we examined the effects of PTP� ablation
on several signaling molecules and pathways in primary WT
and PTP��/� OPCs and in the readily available and easier to
manipulate rat CG4OPC cell line. Ras was identified as a target
for PTP�, as in both cell systems Ras activity was up-regulated
in the absence or upon the loss of PTP�. Silencing PTP�
expression resulted in reduced Fyn activity in proliferatingCG4
cells, in accord with the reduced Fyn activation in PTP��/�

primary OPCs prior to differentiation (21). Furthermore,
directly abolishing Fyn activity in CG4 cells by silencing Fyn
expression resulted in enhanced Ras activity. These results
implicate Fyn as an intermediate in PTP�-dependent negative
regulation of Ras. How PTP�-activated Fyn suppresses Ras
activity in proliferating OPCs is unclear, but could involve up-
regulation or relocalization of RasGAP activities through phos-

phorylation of RasGAP-binding proteins. We eliminated focal
adhesion kinase (FAK) (52) as a mediator of increased seques-
tration of p120RasGAP in PTP��/� OPCs (data not shown),
but other candidates such as Cbp/PAG (53) require investiga-
tion. Enhanced Ras activity due to ablation of the RasGAP neu-
rofibromin (NF1) results in OPC hyperproliferation and
increased OPC numbers in vivo (32, 54). This suggests that the
analogous enhancement of Ras activity resulting from ablated
PTP�-Fyn signaling in PTP��/� OPCs is a key contributor to
their increased proliferation in vitro and the higher OPC num-
bers in PTP�-null mouse embryonic forebrain.
Ras signaling to promote cell proliferation and survival typi-

cally involves activation of the MAPK ERK and PI3K/Akt.
PDGF induces the phosphorylation and activation of the
MAPKs ERK, JNK, and p38 in OPCs (36). Silencing PTP� in
CG4OPCs resulted in transiently increased ERK, Akt, and JNK
activities. However, ERK, Akt, and JNK activation appeared
normal in primary PTP��/� OPCs. Similarly, enhanced Ras
activity in hyperproliferating NF1�/� OPCs does not increase
ERK activity or phosphorylation of the PI3K/Akt/mTOR target
S6 (54). It is possible that we might have missed a window of
altered activity outside of which these kinase activities are
tightly limited by opposing negativemodulators. Further inves-
tigations of the temporal activities of these kinases in prolifer-
ating OPCs are needed to determine their roles in PTP�- and
Ras-dependent proliferation and survival.
PTP��/� OPCs exhibited enhanced activation of Rho, Rac1,

and Cdc42, indicating that PTP� negatively regulates these
GTPases in the proliferating cells. Interestingly, in differentiat-
ing OLs we previously showed that PTP� positively regulates
Rac1 and Cdc42 activation while still suppressing Rho activa-
tion (21), demonstrating that PTP� differentially controls Rac1
and Cdc42 activities in a process-specific (proliferation versus
differentiation) manner. The roles of Rho, Rac1, and Cdc42 in
OPC proliferation and survival are unknown, although Cdc42
activity is not critical for these processes (55). Rho functions in
PDGF-induced proliferation of glioma cells (56), and we find
that the Rho inhibitor G04 inhibits CG4 cell proliferation.
Increased activities of these GTPases correlate with increased
proliferation, survival, and decreased cell cycle exit in PTP�-
null OPCs, suggesting that they are PTP�-regulated down-
stream effectors of PDGF or bFGF that promote these pro-
cesses in OPCs. Silencing Fyn in CG4 cells mimicked the
silencing of PTP� to induce elevated Rho activity. Thus, PTP�-
directed Fyn-dependent signaling limits both Ras and Rho
activities in proliferating OPCs.
Expression of p27, amember of the CIP/KIP family of cyclin-

dependent kinase inhibitors (CKIs), is inhibited in PTP�-defi-
cient OPCs and CG4 cells. Increased levels of p27 that accumu-
late during OPC proliferation promote G1 arrest and cell cycle
withdrawal that is impaired in cultured p27-null OPCs, and
p27�/� mice have more proliferating OPCs (37, 38, 42, 57).
Conversely, p27 overexpression induces cell cycle arrest even in
the presence of mitogens, but is insufficient for differentiation
(58–60). Accordingly, the reduced p27 accumulation in the
absence of PTP� may be insufficient to permit OPC cell cycle
withdrawal, thus resulting in or contributing to the enhanced
proliferation of PTP��/� OPCs. Both p27�/� OPCs and
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PTP��/� OPCs exhibit enhanced mitogen sensitivity (37), fur-
ther supporting a functional linkage between PTP� and p27.

PTP� silencing in CG4 cells suppresses the expression of
another CIP/KIP protein, p21, suggesting that PTP�-mediated
elevation of p21 may play a role in promoting growth arrest or
differentiation. However, p21 was present at a very low level in
primary WT OPCs (data not shown) and its detection was
unreliable, so we were unable to determine if PTP��/� OPCs
showed a relative decrease in p21 to validate this protein as
PTP� target. Despite p21 promoting growth arrest inmany cell
types, its role in regulating OPC cell cycle progression is not
well understood. FGF2-up-regulated p21may promote S-phase
entry in OPCs (61). On the other hand, cultured p21�/� OPCs
exit the cell cycle normally and exist in normal numbers in
p21�/� mouse cerebellum, although their differentiation is
impaired (49).
The PTP� substrate Fyn promotes growth arrest and causes

up-regulation of p27 in keratinocytes (22). Moreover, active
Fyn induces G1 arrest and differentiation of neuroblastoma
cells (23), suggesting a role of Fyn in suppressing or terminating
proliferation prior to differentiation. Ablation of Fyn in CG4
cells results in decreased p27 protein level, indicating that
PTP� may down-regulate p27 protein expression through
dephosphorylating and activating Fyn. The mechanisms by
which Fyn regulates p27 expression remain unclear. Since
RhoA can down-regulate p27 protein levels post-transcription-
ally and post-translationally (48, 62), one possibility is that Fyn
may up-regulate p27 protein level by phosphorylating RhoGAP
to inhibit Rho-mediated suppression of p27 expression. Indeed,
ablation of Fyn resulted in increased Rho activity in CG4 cells.
Although we did not observe impaired phosphorylation of
p190RhoGAP in PTP�-null OPCs (21), PTP�-activated Fyn
might phosphorylate the brain-specific p200/p250RhoGAP
(63, 64). Additional evidence implicating PTP� and Fyn as reg-
ulators of Rho-dependent p27 expression is provided by our
demonstration that the Rho inhibitor G04 counteracts the sup-
pression of p27 expression that occurs upon silencing PTP�.
Together these results lead us to propose that PTP� activates
Fyn to down-regulate Rho and enhance p27 expression, thus
promoting cell cycle exit and limiting OPC proliferation.
Another non-exclusivemechanism by which PTP�-Fyn signal-
ing may regulate p27 involves the RNA-binding protein QKI.
Phosphorylation of QKI by Fyn alters QKI binding withmRNA
(65). QKI-6 and -7 induce G0/G1 cell cycle arrest in OPCs and
upregulate p27 expression by stabilizing p27 mRNA (51).
Therefore, Fynmay phosphorylate QKI to promote QKI-medi-
ated protection of p27 mRNA. In this scenario PTP� is also
envisaged to function as an activator of Fyn.
In summary, our study demonstrates an important role of

PTP� in negatively regulating growth factor-mediated prolifer-
ation, cell cycle entry and survival, and thereby self-renewal, in
OPCs. PTP� is required for Fyn activation in proliferating
OPCs and CG4 cells, and we have identified Ras and the Rho
GTPases Rac1, Cdc42 and Rho (and possibly Akt, ERK, and
JNK) as PTP� negative regulatory targets in proliferatingOPCs
and/or CG4 cells. Furthermore, we propose that PTP� inhibits
these processes at least partially by acting through Fyn to neg-
atively regulate growth factor-mediated activation of Ras and

Rho, leading to accumulation of p27 (schematically summa-
rized in Fig. 10). Therefore, loss of PTP� leads to enhanced
self-renewal and impaired differentiation of OPCs, thus affect-
ing myelination. In these ways, PTP� could also affect remyeli-
nation in oligodendrocyte-related diseases or development of
oligodendrogliomas.
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