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Nucleus-Localized 21.5-kDa Myelin Basic
Protein Promotes Oligodendrocyte
Proliferation and Enhances Neurite
Outgrowth in Coculture, Unlike The
Plasma Membrane-Associated 18.5-kDa
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The classic myelin basic protein (MBP) family of central
nervous system (CNS) myelin arises from transcription
start site 3 of the Golli (gene of oligodendrocyte lineage)
complex and comprises splice isoforms ranging in nom-
inal molecular mass from 14 kDa to (full-length) 21.5
kDa. We have determined here a number of distinct
functional differences between the major 18.5-kDa and
minor 21.5-kDa isoforms of classic MBP with respect to
oligodendrocyte (OLG) proliferation. We have found
that, in contrast to 18.5-kDa MBP, 21.5-kDa MBP
increases proliferation of early developmental immortal-
ized N19-OLGs by elevating the levels of phosphoryl-
ated ERK1/2 and Akt1 kinases and of ribosomal protein
S6. Coculture of N2a neuronal cells with N19-OLGs
transfected with the 21.5-kDa isoform (or conditioned
medium from), but not the 18.5-kDa isoform, caused
the N2a cells to have increased neurite outgrowth and
process branching complexity. These roles were de-
pendent on subcellular localization of 21.5-kDa MBP to
the nucleus and on the exon ll-encoded segment,
suggesting that the nuclear localization of early minor
isoforms of MBP may play a crucial role in regulating
and/or initiating myelin and neuronal development in the
mammalian CNS. © 2012 Wiley Periodicals, Inc.
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In the central nervous system (CNS), myelin arises
from oligodendrocytes (OLGs), a highly diverse and
plastic lineage (Baumann and Pham-Dinh, 2001; Miller,
2002; Noble et al.,, 2004; Colognato and ffrench-
Constant, 2004; Bradl and Lassmann, 2010; Miron
et al,, 2011). The OLGs proceed through a regulated
differentiation pathway, culminating in myelination of
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axons (Pfeiffer et al., 1993; Miller, 1996). The OLG is
at the mature stage when myelin basic protein (MBP)
and proteolipid protein (PLP) are expressed, and exten-
sive processes and myelin-like sheets form and extend
around an axon. The MBP family comprises develop-
mentally regulated members arising from different tran-
scription start sites of the Golli (gene of oligodendrocyte
lineage) complex, with further differential splicing and
combinatorial posttranslational modifications (Campag-
noni et al., 1993; Pribyl et al.,, 1993; Givogri et al.,
2001). The “classic” MBP isoforms arise in more highly
differentiated and mature OLGs, from transcription start
site 3 of Golli, and comprise splice isoforms ranging in
nominal molecular mass from 14 to 21.5 kDa. These
MBPs are fundamental structural proteins of CNS mye-
lin, particularly the predominant (in mature myelin)
18.5-kDa isoform, being essential for myelin develop-
ment and stability (Readhead et al., 1990; Fitzner et al.,
2006; Simons and Trotter, 2007; Aggarwal et al.,
2011a,b; Simons et al., 2012).
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The 18.5-kDa MBP isoform is an intrinsically
disordered protein with numerous conformational
transitions and multiple binding partners, including
cytoskeletal proteins, calcium-activated calmodulin, and
SH3-domain-containing proteins, indicative of multi-
functionality (for review see Harauz et al., 2004, 2009;
Boggs, 2006, 2008; Harauz and Libich, 2009; Libich
et al.,, 2010). These associations and their functional
significance have recently been demonstrated in cellula
using  primarily  the conditionally immortalized
N19-OLG cell line, which closely resembles an imma-
ture OLG or its immediate precursor, particularly the
O2A progenitor (Foster et al., 1993, 1995; Verity et al.,
1993; Byravan et al., 1994). Thus, the N19-OLG cell
line is valuable for exploring MBP’s multifunctionality in
glia. We have shown 18.5-kDa MBP to inhibit calcium
influx into N19-OLGs (Smith et al., 2011), to interact
with Fyn to affect process development in these cells
(Smith et al., 2012a), and to associate with cytoskeletal
and SH3-domain proteins in membrane ruffles upon
phorbol ester stimulation (Smith et al., 2012b). The
mRNA for this isoform com]})rises a minimal 21-nucleo-
tide 3'-untranslated region (3’'UTR), that causes it to be
trafficked to the peripheral processes of developing
OLGs (Ainger et al., 1997). The translocation is believed
to aid in the immediate insertion of the highly positively
charged MBP directly into the OLG myelin membrane
(Hardy et al., 1996; Carson et al., 1998; Barbarese et al.,
1999; Maier et al., 2008). It has also been suggested that
the association of the basic protein with phosphatidyl-
inositol-4,5-bis-phosphate (PI|4,5]P2) plays a further role
in its membrane targeting (Nawaz et al., 2009). The dif-
ferential targeting of MBP mRNAs is essential for estab-
lishing and maintaining OLG polarity (Baron and Hoek-
stra, 2010; Simons et al., 2012).

The full-length 21.5-kDa transcript includes exon
IT (exon 6 in Golli numbering), and the 26-residue exon
[I-encoded segment is conserved in higher vertebrates
(Smith et al., 2012c). One of the primary differences
between the two classic MBP isoforms is that 21.5-kDa
MBP is targeted predominantly to the nucleus and 18.5-
kDa MBP to the cytoplasmic plasma membrane leaflet,
within OLGs (Colman et al,, 1990; Gillespie et al.,
1990; Staugaitis et al., 1990; Allinquant et al., 1991; de
Vries et al.,, 1997). The transport of exon Il-containing
MBP into the nucleus has been determined in HelLa
cells to be an active process (meaning that it is time,
temperature, and energy dependent; Pedraza et al.,
1997). However, threonine pseudophosphorylation of
18.5-kDa MBP can cause it to translocate to the nucleus
from the cytoplasm in N19-OLGs (Smith et al., 2012a,
cf. Boggs et al., 2006; Nardozzi et al., 2010). At high
N19-OLG density in culture, the 21.5-kDa isoform
translocated from the nucleus to the cytoplasm (Smith
et al., 2012b) and also after phorbol ester treatment of
low-confluence cultures (Smith et al., 2012a). We have
recently shown that the 21.5-kDa MBP isoform has a
nontraditional PY-nuclear localization signal (NLS) in
the 26-residue segment encoded by exon II (Smith

et al,, 2012¢). Classic MBP isoforms are thus another
example of proteins that play roles both at the plasma
membrane and in the nucleus (Benmerah et al., 2003).

The expression of exon II-containing MBP tran-
scripts 1s enriched during active early myelination in the
human and mouse and in immature OLGs in culture
(Barbarese et al., 1978; Kamholz et al., 1988; Jordan
et al., 1989; Pedraza, 1997; Pedraza et al., 1997) and has
been suggested to be associated specifically with differen-
tiation (de Vries et al., 1997). In geriatric rats, exon II-
lacking isoforms are virtually absent (Sugiyama et al.,
2002). Curiously, 21.5-kDa MBP is temporospatially
expressed in developing rat molars (Kim et al., 2008).
The functional implications remain unresolved, but it
was suggested that this might play a regulatory role in
the terminal histodifferentiation of odontogenic cells,
perhaps involving the release of neurotrophins and/or
neurotransmitters. It has been proposed that the exon II-
containing MBP isoforms, which are expressed early in
development, may have regulatory eftects on the myeli-
nation program, particularly because of their active trans-
port into the nucleus (Staugaitis et al., 1996; Pedraza
et al., 1997).

The current study has determined a number of dis-
tinct functional differences between the major 18.5-kDa
and minor 21.5-kDa isoforms of classic MBP with
respect to OLG proliferation and survival. We have
found that, in contrast to 18.5-kDa MBP, 21.5-kDa
MBP overexpression increases proliferation of early de-
velopmental immortalized N19-OLGs by elevating levels
of active ERK1/2 and Aktl kinases and of ribosomal
protein S6 (rpS6). Coculture of N2a neuronal cells with
N19-OLGs transfected with the 21.5-kDa isoform, but
not the 18.5-kDa isoform, caused the N2a cells to have
increased neurite outgrowth and process branching com-
plexity. The same phenomenon was observed in N2a
cells treated with conditioned medium from these N19-
OLGs. These roles of 21.5-kDa MBP are thus depend-
ent on subcellular localization to the nucleus, suggesting
that the nuclear localization of early minor isoforms of
MBP may play a crucial role in regulating and/or initiat-
ing myelin development in the rodent CNS.

MATERIALS AND METHODS
Plasmids

Previously described plasmids coding for RFP-tagged
versions of 18.5-kDa and 21.5-kDa recombinant murine
MBPs possessing a 3’ untranslated region (UTR), namely,
pERFP-C1-rmMBP-18.5C1-UTR and pERFP-C1-rmMBP-
21.5-UTR, were used throughout these investigations (Smith
et al.,, 2011, 2012a,b). For the 18.5-kDa isoform, the second
“C1” designation means that the protein emulates the
unmodified C1 component of MBP, which is highly post-
translationally modified in vivo (Kim et al., 2003; Harauz
et al., 2009; Harauz and Libich, 2009; Zhang et al., 2012).
The designation “UTR” means that a 21-nt 3UTR was
added to each gene (Smith et al., 2011). Henceforth, the pro-
teins encoded by these plasmids will usually be referred to
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more simply as 18.5-kDa MBP or 21.5-kDa MBP, keeping in
mind that they are fused to RFP at the N-terminus (RFP-
MBP-18.5 and RFP-MBP-21.5).

Two additional plasmids coding for RFP-tagged 18.5-
kDa MBP containing a 2xNLS (nuclear-localization signal,
amino acids KKKRK), and for RFP-tagged 21.5-kDa MBP
containing a 2xNES (nuclear export signal, amino acids
LQLPPLERLTL) were used for relocalization experiments in
this study (Fig. 1A). To produce the 2xNLS insert, the primers
NLS-Fp (5-CCGGAAAGAAGAAGAGAAAGAAGAAGAAG
AGAAAGT-3') and NLS-Rp (3-TTTCTTCTTCTCTTTCT
TCTTCTTCTCTTTCAGGCC-5) were annealed together.
To produce the 2xNES insert, the primers NES-Fp (5'-CCG
GACTGCAGCTGCCGCCGCTGGAACGCCTGACCCCT
GCTGCAGCTGCCGCCGCTGGAACGCCTGACCCTGT-3)
and NES-Rp (5'-CCGGACAGGGTCAGGCGTTCCAGCGGC
GGCAGCTGCAGCAGGGTCAGGCGTTCCAGCGGCGGCA
GCTGCAGT3') were annealed together. To anneal the oligo-
nucleotides, a thermal cycler was programmed for a 1°C/min
decreasing gradient temperature profile beginning at 94°C and
ending at 65°C, with a final hold at 4°C. After this annealing
process, a further reaction was used to phosphorylate the
5'-ends of the annealed complementary oligonucleotides. Each
100-pl reaction contained 50 pl of the annealed oligonucleo-
tide PCR, 10 pl of 10 X T4 polynucleotide kinase bufter
(New England Biolabs, Mississauga, Ontario, Canada), 1.3 pl
of 2.55 mM ATP, 2.5 pl of T4 polynucleotide kinase, and
36.2 pl MilliQ H,O. The resulting reaction was precipitated,
purified, and ligated into the previously constructed pERFP-
Cl-rmMBPC1-UTR  and pERFP-C1-rmMBP21.5-UTR
plasmids (Smith et al.,, 2011). The resulting constructs were
confirmed by sequencing (Laboratory Services Division, Uni-
versity of Guelph). Henceforth, the proteins encoded by these
new plasmids will be referred to simply as RFP-2xNLS-
MBP-18.5 and RFP-2xINES-MBP-21.5.

Culture, Transfection, Fluorescence Microscopy, and
Live-Cell Imaging of N19-OLGs

The cell culture of the immortalized N19-OLG line
(Foster et al., 1993, 1995; Verity et al.,, 1993; Byravan et al.,
1994), transfection, fluorescence and immunofluorescence mi-

croscopy, and live-cell imaging were performed as previously
described (Smith et al., 2011, 2012a,b,d).

Statistical Analyses of Proliferation

For proliferation assays, bromodeoxyuridine (BrdU)
incorporation was measured from 15 randomly selected fields
from three separate experimental replicates, and the numbers
of BrdU-positive cells were counted for each field of view. A
paired t-test (P = 0.05) was used to determine that the dupli-
cate sample sets did not differ significantly. Afterward, the
recorded measurements from each duplicate experiment were
grouped into a larger sample set of n = 60. The N19-OLGs
from each experiment were then compared with one another
using an ANOVA table (P = 0.05), and the means of cach
variant and the SEM for each trait were determined. The dif-
ference in means was further analyzed using the Tukey means
comparison test (P = 0.05) to determine which treatments
were different from one another.
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Western Blotting

Western blots of N19-OLG lysates were performed as
previously described (Smith et al., 2011). The following anti-
bodies were obtained from commercial sources: rabbit anti-
Akt (pan; Cell Signaling, Beverly, MA; catalog No. 4691),
used at 1/1,000 dilution; rabbit antiphospho-Akt-Ser473 (Cell
Signaling; catalog No. 4060), 1/2,000 dilution; rabbit anti-
p44/42 MAPK (ERK1/2; Cell Signaling; catalog No. 4695),
1/500 dilution; rabbit antiphospho-p44/42 MAPK (ERK1/2-
Thr202/Tyr204; Cell Signaling; catalog No. 4370), 1/1,000
dilution; rabbit anti-bovine neurofilament (Serotec, Bicester,
United Kingdom; catalog No. AHP245); mouse anti-MBP
monoclonal  (Chemicon, Temecula, CA, catalog No.
MAB382; or Covance, Berkeley, CA, catalog No. SMI99);
mouse anti-GAPDH (Applied Biological Materials, Rich-
mond, British Columbia, Canada; catalog No. G041), 1/1,000
dilution; goat anti-rabbit (Alexa Fluor 488; Invitrogen, Carls-
bad, CA); and rabbit IgG peroxidase conjugate (Sigma, St.
Louis, MO; catalog No. A-9169).

Lysates were pooled from six transfections to account
for differences between treatments. Western blots were
detected wusing an enhanced chemiluminescence (ECL
Advance Western Blotting Detection kit; GE Healthcare Life
Sciences, Montréal, Québec, Canada).

ELISA for Ribosomal Protein S6, p38 MAPK,
SAPK/JNK, and Their Phosphorylated Forms

Protein lysates were collected from N19-OLG cell cul-
tures 48 hr after transfection. Lysates from 18 separate trans-
fections were pooled together and were used for ELISA at
protein concentrations ranging from 0.1 to 1.0 mg/ml
(PathScan Total S6 Ribosomal Protein Sandwich ELISA Kit;
catalog No. 7203; PathScan Phospho S6 Ribosomal Protein
[Ser 235/236] Sandwich ELISA Kit; catalog No. 7205; PathS-
can Phospho-SAPK/JNK [Thr183/Tyr185] Sandwich ELISA
Antibody Pair; catalog No. 7217; PathScan Phospho-p38
MAPK [Thr180/Tyr182] Sandwich ELISA Kit; catalog No.
7946). The ELISA was performed according to the manufac-
turer’s instructions (Cell Signaling). ELISA substrate detection
was made via an automated microplate fluorescence reader
(Polarstar Omega; BMG Laboratory Technologies, Ortenburg,
Germany). Results shown are the mean and SEM of triplicate
measurements made on the same protein lysate from each
pooled treatment.

Coculture of N2a Neuronal Cells With N19-OLGs

For N2a/N19 cocultures, N19-OLGs were transfected
with the desired construct and were exposed to the transfec-
tion reagent for 48 hr. After this transfection period, the me-
dium was removed, and the cell cultures were washed twice
with 2 ml Dulbecco’s modified Eagle medium (DMEM) con-
taining 10% fetal bovine serum (FBS), and then the medium
was replaced. The N2a cells were trypsinized and plated at a
density of 1.0 X 10° cells/ml and were cultured for an addi-
tional 48 hr at 37°C prior to fixation and microscopy. After
transfection, the medium was removed, and the cell cultures
were washed twice with 2 ml DMEM containing 10% FBS.
The cells were then trypsinized in 75 pl of 0.25% trypsin,
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Fig. 1. Classic MBP constructs, subcellular targeting, and proliferation
assays. A: Schematic diagram of the RFP-tagged 18.5-kDa and 21.5-
kDa MBP constructs, and their complementary reverse localization
variants, that were used throughout this study to distinguish whether
the nuclear localization of MBP, or the isoform specificity, was
required for phenotypic gain of function. The inclusion of exon II in
the 21.5-kDa isoform and the minimal 21-nt 3’-untranslated region
(UTR) are also shown for completeness. B: Fluorescence micrographs
of cultured N19-OLGs 3 days posttransfection expressing 18.5-kDa
or 21.5-kDa MBP isoforms and their complementary reverse localiza-
tion variants (red). The 2xINLS signal added as a linker between RFP
and 18.5-kDa MBP traffics the protein to the nucleus, whereas the
2xNES added to 21.5-kDa MBP exports the protein out of the
nucleus to the cytoplasm and plasma membrane. C: Cultured
N19-OLGs expressing the four MBP constructs were processed for
BrdU incorporation following a 24-hr BrdU pulse (BrdU adminis-
tered between 48 hr and 72 hr posttransfection). The BrdU was
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detected using immunohistochemical diaminobenzidine staining. D:
The percentage of total cells incorporating BrdU was determined by a
blinded observer counting 10 random fields in three different experi-
ments. A statistically significant increase in number of cells incorpo-
rating BrdU of 13% (**P = 0.05) was observed for RFP-MBP-21.5,
and no increases in cell proliferation were seen in cultures transfected
with either RFP-MBP-18.5 or RFP-2xNLS-MBP-18.5. Cell cultures
transfected with RFP-2xNES-MBP-21.5 did not show any increases
in cell proliferation, supporting the conclusion that the nuclear
localization of 21.5-kDa MBP is required for cell proliferation. The
18.5-kDDa MBP isoform, when localized to the nucleus, also did not
increase the rate of cell proliferation, suggesting that this process
requires the presence of the exon II-encoded segment. A color version of
this figure can be found in the online version of this article. Scale bars =
20 pm in row 1; 50 pm in rows 2, 3. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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subsequently plated in the neuronal cell culture dishes, and
grown for an additional 48 hr prior to fixation and micros-
copy.

The N2a cell cultures grown in monoculture were also
treated with conditioned media removed from MBP-trans-
fected N19-OLG cultures. In this experiment, N2a cells were
plated either at low density (0.2 X 10° cells/ml) or at high
density (1.0 X 10° cells/ml) and were supplemented with a
1:1 ratio of conditioned medium from N19-OLG cultures af-
ter 48 hr of transfection. These conditioned NZ2a cultures
were cultured for an additional 48 hr at 37°C prior to fixation
and microscopy.

RESULTS

Nuclear Localization and the Exon II-Encoded
Segment of 21.5-kDa MBP Increase the Rate of
N19-OLG Proliferation in Contrast to the Classic
18.5-kDa MBP Isoform

In N19-OLGs in culture, the 21.5-kDa MBP
splice isoform is targeted predominantly to the nucleus
and unmodified 18.5-kDa MBP to the cytoplasmic
plasma membrane leaflet (Smith et al., 2011, 2012a—c).
These two constructs have been previously described
(Smith et al., 2011) and are shown schematically in Fig-
ure 1A. In this study, two additional constructs were
generated utilizing the SV40 large T-antigen monopar-
tite nuclear localization signal (NLS; ie., KRKKK) or
the leucine-rich nuclear export signal (NES; ie.,
LQLPPLERPTL; Kalderon et al., 1984; Wen et al,
1995). Signal linkers were inserted between the RFP
and MBP genes in the fusion proteins, either a 2xNLS
sequence within RFP-MBP-18.5 to override its inherent
plasma membrane targeting signals or a 2xINES sequence
within RFP-MBP-21.5 to override its inherent nuclear
targeting (Fig. 1A). The proteins encoded by these new
plasmids were named RFP-2xNLS-MBP-18.5 and RFP-
2xNES-MBP-21.5, respectively. Figure 1B demonstrates
that the localization patterns of these four constructs
were as expected.

We found next that expression of 21.5-kDa MBP
in the immature N19-OLG line increases N19-OLG
proliferation, in contrast to 18.5-kDa MBP (Fig. 1C).
To assess the rate of cell proliferation, we exposed the
N19-OLG culture transfected with either 21.5-kDa or
18.5-kDa MBP to bromodeoxyuridine (BrdU) for 48 hr
posttransfection and cultured the cells for an additional
24 hr. There was a statistically significant 13% increase
in BrdU incorporated into the nuclei of N19-OLG cul-
tures expressing 21.5-kDa MBP compared with the
REFP control (Fig. 1D).

We next assessed whether the nuclear localization
of MBP was responsible for the differences seen in N19-
OLG proliferation and whether 18.5-kDa MBP was ca-
pable of increasing cell proliferation if localized to the
nucleus. When RFP-2xNES-MBP-21.5 was expressed
in N19-OLGs, there was no increase in BrdU-positive
cells, in contrast to RFP-MBP-21.5, demonstrating that
the nuclear localization of 21.5-kDa MBP, and not just
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its expression within the cell, was necessary for the
observed increase in cell proliferation (Fig. 1C,D). Fur-
thermore, RFP-2xNLS-MBP-18.5 did not cause
increases in cell proliferation based on BrdU nucleotide
incorporation.

Taken together, these results indicate that 21.5-
kDa MBP localization within the nucleus is responsible
directly or indirectly for stimulating cell proliferation and
also that these proliferative effects are splice isoform spe-
cific and require the segment encoded by exon II, inso-
far as 18.5-kDDa MBP was unable to induce increases in
cell proliferation when localized to the nucleus.

Overexpression of 21.5-kDa MBP Increases the
Phosphorylation of ERK1/2 and Aktl

With an observed increase in cell proliferation in
N19-OLG cultures expressing 21.5-kDa MBP, we next
probed the activity of several convergent and regulatory
proteins that can control cell proliferation. The mitogen-
activated protein kinases (MAPKSs) are activated by phos-
phorylation cascades, and they, in turn, phosphorylate
seryl and threonyl residues in their downstream substrates
(Raman et al.,, 2007; Plattner and Bibb, 2012). The
MAPKSs participate in intrinsic messenger cascades, inte-
grating a number of signal transducers that regulate cel-
lular processes, including cell differentiation, prolifera-
tion, and death (Crews et al., 1992; Matsuda et al,
1992; Errede et al., 1995; Lewis et al., 1998; Plotnikov
et al.,, 2011). The MAPKs comprise extracellular signal-
regulated protein kinases (ERKs), p38 MAPKs, and
c-Jun NH2-terminal kinases, all of which are functional
in oligodendrocytes (for review see Startha and Kim,
2001a,b; Bhat et al., 2007; Fragoso et al., 2007; Haines
et al., 2008; Chew et al., 2010). The ERKs in particular
have been demonstrated to participate in oligodendro-
cyte differentiation (Stariha et al., 1997; Younes-Rapozo
et al.,, 2009; Fyfte-Maricich et al., 2011; Guardiola-Diaz
et al., 2012; Ishii et al., 2012; Sun et al., 2012; Xiao
et al., 2012).

Fluorescence immunostaining for phosphorylated
ERK1/2-Thr202/Tyr204 of nontranstected cultures, or
of cultures transfected with RFP or RFP-MBP-18.5,
showed that they had low levels (blue on the colorimet-
ric grading scale) of phospho-ERK1/2 (Fig. 2, right).
The phospho-ERK1/2 was present in the cell body and
processes, with less in the nuclei, of nondividing cells,
indicated by speckled DAPI staining in the nucleus (Fig.
2, left), but was mainly in the nucleus of dividing cells,
indicated by homogeneous and condensed DAPI staining
of the nuclei (Fig. 2, left, dividing cells indicated by
arrowheads). However, cultures transfected with RFP-
MBP-21.5 had 100-200 times (green to red on the
colorimetric grading scale) more phospho-ERK1/2 in
the nuclei of dividing cells than in nondividing cells in
the culture or in the nontranstected cultures or cultures
transfected with other variants. They also had low
levels of phospho-ERK1/2 in the cell body and cyto-
plasm in contrast to dividing cells in the other cultures.
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Fig. 2. Immunofluorescence micrographs of N19-OLG cultures trans-
fected with RFP-MBP constructs. All images were acquired using strict
image acquisition settings that were the same for each micrograph. Staining
of DNA in nuclei with DAPI (blue) is shown in the left panels. Nondivid-
ing cells have nuclear speckles, whereas dividing cells have more homoge-
neous, concentrated staining because of condensed DNA (arrowheads).
Antiphospho-ERK1/2-Thr202/Tyr204 antibody staining is shown in the
right panels in which the images were pseudocolored, with higher intensity
pixels represented as warmer colors and lower intensity pixels as cooler
colors, as indicated by the colorimetric gradient scale. Fluorescence
immunostaining of cultures transfected with RFP-MBP-21.5 for pERK1/
2-Thr202/Tyr204 revealed that both transfected and nontranstected
N19-OLG cells in culture had 100200 times elevated levels of phospho-
ERK1/2 in the nuclei during mitosis compared with nontransfected cells or
with cells transtected with RFP or other MBP variants. A color version of
this figure can be found in the online version of this article. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Interestingly, imaging for RFP-MBP (not shown) in
cultures examined in other experiments revealed that
both transfected and nontransfected N19-OLG cells
present in the RFP-MBP-21.5-transfected culture had
elevated levels of phospho-ERK1/2 in the nuclei during
mitosis. This observation suggested that the transfected
cells secreted a factor that affected the nontransfected
cells. The dramatic increase in phospho-ERK1/2 in
transfected N19-OLG cultures was dependent on the
nuclear localization of 21.5-kDa MBP, insofar as cultures
expressing RFP-2xNES-MBP-21.5 did not have
increased levels of phosphorylation compared with the
RFP control cultures. Conversely, transfection with the
MBP-18.5 variant containing an NLS (RFP-2xNLS-
MBP-18.5) did not cause increased phospho-ERK1/2 in
the nuclei of dividing cells (Fig. 2, right).

To confirm these changes, the N19-OLG cell cul-
tures expressing RFP-MBP-18.5, RFP-2x-NLS-MBP-
18.5, RFP-MBP-21.5, or RFP-2xXNES-MBP-21.5 (Fig.
2) were harvested, and whole-cell lysates were examined
using Western blotting to assess the phosphorylation sta-
tus of several cell proliferation cascades, including the
p38a MAPK, SAPK/JNK, p44/42 MAPK (ERK1/2),
and Aktl (also known as protein kinase B; Hers et al.,
2011). Transfection of RFP alone, which served as a ve-
hicle control, caused noticeable increases in the phos-
phorylation status of several proteins as a result of the
transfection itself (Fig. 3). However, we detected a con-
siderable increase in phosphorylated ERK1/2-Thr202/
Tyr204 in cell cultures transfected with RFP-MBP-21.5
compared with RFP and RFP-MBP-18.5. We also
observed a smaller increase in the levels of pAkt-Ser473
in cell cultures transfected with RFP-MBP-21.5 com-
pared with RFP-MBP-18.5, RFP-2xNLS-MBP-18.5,
and RFP-2xNES-MBP-21.5. The NLS did not cause
18.5-kDa MBP to induce Akt or ERK phosphorylation,
but the NES prevented 21.5-kDa MBP from having this
effect and even decreased ERK phosphorylation relative
to RFP alone (Fig. 3). Compared with the RFP control,
no significant differences were seen in phosphorylated
p38 MAPK-Thr180/Tyr182 or SAPK/JNK-Thr183/
Tyr185 in cultures of N19-OLGs expressing MBP var-
iants (results not shown).

The 21.5-kDa MBP Isoform Increases the
Endogenous Levels of rpS6 and Its
Phosphorylation at Ser235/236

The small ribosomal subunit protein S6 (rpS6), S6
kinase, and the S6 signaling pathway play a key role in
the regulation of cell growth, proliferation, and size (for
review see Dufner and Thomas, 1999; Volarevic and
Thomas, 2001). Mitogens and extracellular growth fac-
tors can induce the activation of p70 S6 kinase, resulting
in downstream phosphorylation of the rpS6 ribosomal
protein. Phosphorylation of rpS6 correlates with an
increase in translation of mRINA transcripts that contain
an oligopyrimidine tract in their 5UTR (Peterson and
Schreiber, 1998). Overall, these events lead to a general
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Fig. 3. A: Western blots from N19-OLG whole cell lysates follow-
ing transfection with 18.5-kDa and 21.5-kDa MBP constructs and
their complementary reverse localization variants (lysates from six
separate transfections were pooled). Cells were transfected, and
lysates were harvested 72 hr posttransfection, pooled, and probed for
endogenous Akt, ERK1/2, pAkt-Ser473, and pERK1/2-Thr202/
Tyr204. B: Densitometry measurements from the Western analyses
in A were used to determine the ratio of the phosphorylated proteins

upregulation of the ribosomal biosynthetic machinery,
which can increase the capacity required for cell growth
and proliferation.

To examine whether the expression of 18.5-kDa
and/or 21.5-kDa MBP, and their complementary reverse
localization variants, affected total rpS6 ribosomal protein
and/or phospho-Ser235/236 rpS6, we next analyzed the
cell lysates of transfected N19-OLG cultures via ELISA
(Fig. 4). We found that transfection of RFP alone caused
a large increase in total endogenous rpS6 (Fig. 4A) and
also that it was highly phosphorylated at residues
Ser235/236 (Fig. 4B). However, transfection of RFP-
MBP isoforms caused similar increases in rpS6. The
expression of 21.5-kDa MBP caused a small but signifi-
cant increase in phosphorylation of S6 at residues

Journal of Neuroscience Research

to the total levels of Akt and ERK. Two equally loaded gels from
the same lysates were used for these experiments to avoid complica-
tions arising from membrane stripping. A small increase in the ratio
of pAkt-Ser473 in NI19-OLG cell cultures transfected with
RFP-MBP-21.5 compared with RFP-MBP-18.5, RFP-2x-NLS-
MBP-18.5, and RFP-2xNES-MBP-21.5 was observed, whereas a
considerable increase in the ratio of pERK1/2-Thr202/Tyr204 was
detected in cell cultures transfected with RFP-MBP-21.5.

Ser235/236 compared with the RFP control and 18.5-
kDa MBP, and this effect was prevented by the NES
(Fig. 4B,C). Localization of MBP-18.5 (RFP-2xNLS-
MBP-18.5) in the nucleus, however, decreased phospho-
rylation of rpS6. Also of interest was RFP-BG21, which
is a Golli protein that arises earlier in development prior
to classic MBP expression but has subcellular localization
patterns within the nucleus similar to the pattern
observed for 21.5-kDa MBP (Reyes and Campagnoni,
2002; Fulton et al., 2010). Transfection of RFP-BG21
also decreased phosphorylation of rpS6 relative to RFP
alone and to 18.5-kDa MBP. Taken as a whole, these
observations show further that 21.5-kDa MBP promotes
cell growth and proliferation via MAPK pathways,
unlike the 18.5-kDa MBP isoform, and that this process
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Fig. 4. The N19-OLG cell cultures were probed for levels of total
endogenous rpS6 ribosomal protein (A) and of rpS6 phosphorylated
at Ser235/236 (B) as detected by the PathScan Phospho-S6 Ribo-
somal Protein (Ser235/236) Sandwich ELISA Antibody Pair (Cell
Signaling; catalog No. 7205), following 72 hr posttranstection as
suggested by the manufacturer. The ratio of phospho-rpS6 (denoted
p-S6) to total rpS6 (denoted total S6) is shown in C. Lysates were

is dependent on its subcellular localization within the
nucleus.

N2a Cells Demonstrate Increased Branching
Complexity and Neurite Outgrowth When
Cocultured With N19-OLGs Expressing 21.5-kDa
MBP

The Neuro-2a neuroblastoma (N2a) cell line, previ-
ously used to examine cell proliferation, differentiation,
and neurite outgrowth (Brown et al., 1998; Sun et al.,
2010), was used in these studies to examine neuroglial
communication between N2a neurons and N19-OLGs
expressing different isoforms of MBP. Briefly, OLGs
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assayed at a protein concentration of 0.45 mg/ml and were pooled
from a total of 12 separate transfection experiments for each
construct. The absorbance readings were measured at 450 nm.
Compared with the RFP control and other variants, overexpression
and nuclear localization of RFP-MBP-21.5 increases phosphorylation
of the rpS6 ribosomal protein (p-S6).

were transfected with each construct coding for RFP-
MBP-18.5, RFP-MBP-21.5, or RFP. After 48 hr of
expression, the N19-OLGs were cocultured with the
N2A cells for an additional 48 hr. We observed that N2a
cells had increased branching complexity in cocultures
when 21.5-kDa MBP was expressed in N19-OLGs,
which was not evident in cocultures that were expressing
18.5-kDa MBP (Fig. 5A, arrowheads). We next wanted
to ascertain whether these changes in N2a phenotype
were mediated by cell—cell contact or through a soluble
trophic factor. We found that the observed increases in
N2a branching complexity, and neurite outgrowth,
occurred in regions of the culture chamber where N2a
cells were not in contact with N19 OLGs. They also

Journal of Neuroscience Research
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N2As+N19RFP-MBP-18.5

N2A+N19 RFPY

a-tubulin

control

Fig. 5. A: The N19-OLG cells transfected with different MBP iso-
forms grown in coculture with N2a neuronal cells. Cell cultures
were stained for endogenous tubulin (green), allowing the morpho-
logical distinction of tubulin-rich N2a neurons from N19-OLGs.
Overexpression of RFP and RFP-MBPs (red) can be observed in
N19-OLGs, and cell nuclei are labeled with DAPI (blue). The N19-
OLGs were exposed to transfection for 48 hr prior to trypsinization.
They were then transferred and plated at a density of 1.0 X 10°
cells/ml, together with N2a cells. The cocultures were grown for an
additional 48 hr at 37°C prior to fixation, staining, and microscopy.
The N2a neurons cocultured with N19-OLGs overexpressing the
21.5-kDa MBP isoform showed increases in neurite outgrowth and
process branching complexity compared with those cocultured with
N19-OLGs overexpressing 18.5-kDa MBP, RFP alone, or no trans-
fection control. This result, for cells with possible contact between
N2a cells and N19-OLGs (w/c), was also seen for N2a cells cocul-
tured with N19-OLGs overexpressing 21.5-kDa MBP that were cul-
tured in the same cell chamber, but in regions with no contact (n/c)
between N2a cells and N19-OLGs (OLG-N2a). B: The N2a cells
grown in monoculture and stained for neurofilament heavy chain
(green), imaged 48 hr after a 50% supplementation of conditioned
media from NI19-OLG cultures overexpressing 21.5-kDa MBP,

occurred in the presence of conditioned medium from
the N19 cells and thus were independent of N19-N2a
cell—cell contact (Fig. 5B,C). A change in process length
was not consistently observed. The N2a cells grown at
either high or low density in the presence of conditioned
medium also showed these changes, indicating further
that N2a cell-cell contact was also not required. These
results, in total, suggested that mitogens and/or trophic
factors secreted from the 21.5-kDa MBP-expressing
N19-OLGs were responsible for these changes in pheno-
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High density Low density

B N2A+N19untransfécted

N2A+N19 untransfected

neurofilament

CM-RFP-MBP-21.5

demonstrated increased branching complexity, but not a consistent
change in process length, compared with the control. This result
shows that this phenotype is attributable to a secreted factor from
N19-OLG cultures overexpressing 21.5-kDa MBP and that N19-
OLG-N2a cell—cell contact is not required. The N2a cells, at both
high and low density, were affected similarly by conditioned media
from N19-OLG cultures overexpressing 21.5-kDa MBP, indicating
that N2a—N2a cell—cell contact is also not required. C: Quantifica-
tion of branching complexity from cell cultures shown in B. The
N2a cultures supplemented with conditioned media from N19-OLG
cultures overexpressing 21.5-kDa MBP demonstrated a statistically
significant threefold increase in secondary process branching (exam-
ples shown in micrographs, with branching indicated by arrowheads)
compared with the control. Values represent mean * standard devia-
tion for four experiments with 80 cells counted per experiment. *P
= 0.05 by Student’s t-test. Micrograph at left shows a cell that was
categorized as having secondary (2°) branching, and that at right is
an example of a cell that was characterized as having only primary (1°)
branching. A color version of this figure can be found in the online
version of this article. Scale bars = 100 pm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

type by some extracellular signaling mechanism. It has
been reported previously that nontransfected N19 cells
cocultured with PC12 cells caused neurite outgrowth as
a result of release of growth factors, both nerve growth
factor (NGF) and brain-derived neurotrophic factor
(BDNF; Byravan et al., 1994). However, we did not
observe this effect with N2a cells. It occurred only when
the N2a cells were cocultured with N19 cells transfected
with 21.5-kDa MBP or with conditioned medium from
21.5-kDa  MBP-transfected N19 cells. Nevertheless,
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NGF and BDNF are likely candidates to be confirmed in
future studies (Du et al., 2006; Van’t Veer et al., 2009;
Xiao et al., 2010, 2012).

DISCUSSION

Here we have studied further the role of the 21.5-
kDa MBP isoform, which has an additional 26 amino
acids encoded by exon II of the classic MBP gene that
cause it to translocate to the nucleus (Smith et al.,
2012¢). Although both 18.5-kDa and 21.5-kDa isoforms
are intrinsically disordered, one notable difference may
be that the 21.5-kDa isoform has greater potential to
dimerize in vitro because of a single cysteinyl residue
encoded by exon II (Nye et al., 1995); its in vivo qua-
ternary structure is unknown. The exon II-encoded seg-
ment also has a higher positive charge density (propor-
tion of basic residues) than segments encoded by other
exons (Hill et al., 2005; Hill and Harauz, 2005), which
may affect its interactions with nuclear proteins. The in
vitro interactions of 21.5-kDa MBP with cytoskeletal
proteins and with phospholipid membranes are not
appreciably different from those of 18.5-kDa MBP
(Boggs et al., 2000, 2005; Hill et al., 2005; Hill and
Harauz, 2005), but the former isoform may have difter-
ent targets in vivo, including in the nucleus.

[t has been reported that transfection of 21.5-kDa
MBP into human hepatoma carcinoma (Hep-G2) cells
resulted in increased proliferation and blocking of apo-
ptotic pathways (Pan et al., 2009). Here, using BrdU
incorporation, we have shown that 21.5-kDa MBP pro-
motes cell proliferation in N19-OLGs in contrast to the
18.5-kDa MBP isoform and that loss of its subcellular
localization from the nucleus abolishes this phenotype in
tissue culture (Fig. 1). Furthermore, when the major
18.5-kDa isoform of MBP was directed to the nucleus,
we did not observe proliferation in culture, which sug-
gests that there are some features specific to the exon II-
encoded sequence or other developmental cues that may
be required for increases in cell proliferation.

The onset of expression of 21.5-kDa MBP occurs
at the developmental stage at which OPC/O2A cells
transition into immature OLGs, in which positive regu-
lation of cell proliferation of potential myelinating OLGs
would be important. The OPC/O2A cells respond to a
number of growth factors such as platelet-derived
growth factor (PDGF-a), neurotrophin (NT-3), and
fibroblast growth factor (FGF) that promote self-renewal
and proliferation. Further exposure of OPC/O2A cells
to cytokines, such as transforming growth factor-3
(TGF-B) or brain-derived neurotrophic factor (BDNF)
can regulate the balance between self-renewal and OLG
differentiation (Noble et al., 1988; McKinnon et al.,
1990, 1993; Louis et al., 1993; McTigue et al., 1998;
Baron et al., 2000).

We have also found here that 21.5-kDa MBP
expression in  N19-OLGs increases the levels of
phosphorylated ERK1/2, Aktl, and rpS6 (Figs. 2—4).
Activated (i.e., phosphorylated at Thr202/Tyr204)

ERK1/2 MAP kinases have been shown to respond to a
number of extracellular stimuli or cues, including mito-
gens, growth factors, and cytokines (Roux and Blenis,
2004; Baccarini, 2005; Meloche and Pouysségur, 2007),
and are implicated in oligodendroglial differentiation
(Younes-Rapozo et al, 2009; Fyfte-Maricich et al,,
2011; Ishii et al., 2012; Xiao et al., 2012). It has also
been shown that ERK1/2 activation must be sustained
until late G1 phase for successtul S-phase entry (Yama-
moto et al., 2006). In the current study, we have
observed significant increases in ERK1/2 activation in
cells that were undergoing mitosis in N19-OLG cell cul-
tures that were transfected with 21.5-kDa MBP. There
was an increase in ERK1/2 activation during mitosis in
all dividing N19-OLGs, even those not expressing 21.5-
kDa-MBP. These data suggest that this activation
response may be due to a secreted factor, which might
have also increased BrdU incorporation in nontrans-
tected cells in the MBP-21.5-transfected culture.

The p90 ribosomal S6 kinases (RSKs) are down-
stream of the Ras/ERK1/2 signaling cascade and have
been shown to phosphorylate rpS6 exclusively at
Ser235/236 in vitro and in vivo using a mammalian tar-
get of rapamycin (mTOR)-independent mechanism
(Roux et al., 2007). Our data are consistent with these
previous reports in that we observe increases in the
phosphorylation of rpS6 at Ser235/236 in N19-OLG
cultures expressing 21.5-kDa MBP. It has been estab-
lished that activation of the ERK1/2 pathway by growth
factors, or by conditionally active Raf-1, induces an im-
mediate increase in ribosomal RNA transcription,
whereas inactivation of the pathway by MEK1/2 inhibi-
tors suppresses basal and stimulated ribosomal transcrip-
tion (Stefanovsky et al., 2001). It is reasonable to
hypothesize that the 21.5-kDa MBP isoform may be
modulating cell proliferation and cell cycle progression
through the ERK1/2 regulated signaling pathway and an
mTOR-independent mechanism (cf. Tyler et al., 2009;
Guardiola-Diaz et al., 2012).

CONCLUSIONS AND OUTLOOK

Previously, the exon II-containing MBP isoforms
(21.5-kDa and 17.22-kDa in the mouse) have been
shown to have high expression levels only in
developing OLGs (Barbarese et al., 1978). The 21.5-
kDa isoform has been localized to the nucleus in vari-
ous cell lines (Colman et al., 1990) but also to ““deter-
gent-insoluble” myelin fractions (Pfeiffer et al., 1993)
and more specifically to the radial component of
mature myelin, where it has been found to be enriched
along with myelin 2',3’-cyclic nucleotide 3’-phosphodi-
esterase (CNP), actin, and tubulin (Karthigasan et al.,
1994, 1996). We have also shown earlier that, although
21.5-kDa MBP was localized primarily to the nucleus
of N19-OLGs, it partially redistributed to the cytosol
and to membrane ruffles on stimulation with phorbol
ester (Smith et al., 2012b) and also partially redistrib-
uted to the cytosol after culture at high cell density
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(Smith et al.,, 2012a). The exon Il-containing 21.5-
and 17.22-kDa MBP isoforms may have specific func-
tional, and not solely structural, roles at different stages
of myelination, in the radial component of mature
myelin (see discussion in Boggs, 2006; DeBruin and
Harauz, 2007) and in the OLG nucleus or cytosol and
membrane under different conditions.

Here we show further that nuclear localization of
21.5-kDa MBP stimulates proliferation of N19-OLGs
through the ERK1/2, Aktl, and ribosomal protein S6
pathways and promotes neurite outgrowth and branch-
ing by N2a cells through secretion of a soluble trophic
factor, such as BDNF or NGF. This study thus suggests
that the nuclear localization of early minor isoforms of
MBP may play a crucial role in regulating and/or initiat-
ing myelin and neuronal development in the mammalian
CNS.

Mice with a double knockout of FcRvy (the y-
chain of immunoglobulin Fc receptors) and Fyn (a
nonreceptor tyrosine kinase) were found to be resistant
to cuprizone-induced demyelination (Seiwa et al.,
2007). The levels of phosphorylated 21.5-kDa MBP in
particular were found to be decreased in such mice as
well as in mice exhibiting demyelination from age or
cuprizone treatment. Of interest also is a recent, inde-
pendent study in which it was shown the Golli iso-
forms stimulate oligodendrocyte progenitor cell prolifer-
ation in the remyelinating adult mouse brain after
cuprizone withdrawal (Paez et al., 2012). The roles of
the classic 21.5-kDa MBP isoform and its phosphoryl-
ated forms, in myelination and remyelination after
cuprizone or other causes of demyelination, require
further study. In summary, the 21.5-kDa MBP isoform
increases proliferation of early developmental N19-
OLGs; levels of phosphorylated ribosomal protein S6
and of active ERK1/2 and Aktl kinases are increased;
these phenomena are abolished when nuclear import is
inhibited; and N2a neurite outgrowth is increased in
coculture with N19-OLGs.

ACKNOWLEDGMENT'S

The authors are grateful to Dr. Ray Lu for gener-
ous use of his epifluorescence microscope and to Mrs.
Janine Voyer-Grant for superb technical support. N.J.
is the recipient of an INSERC University Faculty
Award, an Early Researcher Award from the Govern-
ment of Ontario, and a New Investigator Award from
the Kidney Research Scientist Core Education and
National Training (KRESCENT) Program and is a
Tier 2 Canada Research Chair. G.H. is a Tier 1 Can-
ada Research Chair. G.S.T.S. was a recipient of a Doc-
toral Studentship from the Multiple Sclerosis Society of
Canada. The authors have no conflicts of interest to
declare.

REFERENCES

Aggarwal S, Yurlova L, Simons M. 2011a. Central nervous system mye-
lin: structure, synthesis and assembly. Trends Cell Biol 21:585-593.

Journal of Neuroscience Research

Aggarwal S, Yurlova L, Snaidero N, Reetz C, Frey S, Zimmermann ]J,
Pahler G, Janshoft A, Friedrichs J, Muller DJ, Goebel C, Simons M.
2011b. A size barrier limits protein diffusion at the cell surface to gen-
erate lipid-rich myelin-membrane sheets. Dev Cell 21:445-456.

Ainger K, Avossa D, Diana AS, Barry C, Barbarese E, Carson JH. 1997.
Transport and localization elements in myelin basic protein mRNA. J
Cell Biol 138:1077-1087.

Allinquant B, Staugaitis SM, D’Urso D, Colman DR. 1991. The ectopic
expression of myelin basic protein isoforms in Shiverer oligodendrocytes:
implications for myelinogenesis. J Cell Biol 113:393-403.

Baccarini M. 2005. Second nature: biological functions of the Raf-1 “ki-
nase.” FEBS Lett 579:3271-3277.

Barbarese E, Carson JH, Braun PE. 1978. Accumulation of the four mye-
lin basic proteins in mouse brain during development. ] Neurochem
31:779-782.

Barbarese E, Brumwell C, Kwon S, Cui H, Carson JH. 1999. RNA on
the road to myelin. ] Neurocytol 28:263-270.

Baron W, Hoekstra D. 2010. On the biogenesis of myelin membranes:
sorting, trafficking and cell polarity. FEBS Lett 584:1760-1770.

Baron W, Metz B, Bansal R, Hoekstra D, de Vries H. 2000. PDGF and
FGEF-2 signaling in oligodendrocyte progenitor cells: regulation of pro-
liferation and differentiation by multiple intracellular signaling pathways.
Mol Cell Neurosci 15:314-329.

Baumann N, Pham-Dinh D. 2001. Biology of oligodendrocyte and mye-
lin in the mammalian central nervous system. Physiol Rev 81:871-927.

Benmerah A, Scott M, Poupon V, Marullo S. 2003. Nuclear functions
for plasma membrane-associated proteins? Traffic 4:503-511.

Bhat NR, Zhang P, Mohanty SB. 2007. p38 MAP kinase regulation of
oligodendrocyte differentiation with CREB as a potential target. Neu-
rochem Res 32:293-302.

Boggs JM. 2006. Myelin basic protein: a multifunctional protein. Cell
Mol Life Sci 63:1945-1961.

Boggs JM. 2008. Myelin basic protein. Hauppauge, NY: Nova Science
Publishers.

Boggs JM, Rangaraj G, Koshy KM, Mueller JP. 2000. Adhesion of acidic
lipid vesicles by 21.5 kDa (recombinant) and 18.5 kDa isoforms of
myelin basic protein. Biochim Biophys Acta 1463:81-87.

Boggs JM, Rangaraj G, Hill CMD, Bates IR, Heng YM, Harauz G.
2005. Effect of arginine loss in myelin basic protein, as occurs in its dei-
minated charge isoform, on mediation of actin polymerization and actin
binding to a lipid membrane in vitro. Biochemistry 44:3524-3534.

Boggs JM, Rangaraj G, Gao W, Heng YM. 2006. Effect of phosphoryla-
tion of myelin basic protein by MAPK on its interactions with actin and
actin binding to a lipid membrane in vitro. Biochemistry 45:391-401.

Bradl M, Lassmann H. 2010. Oligodendrocytes: biology and pathology.
Acta Neuropathol 119:37-53.

Brown A, Jolly P, Wei H. 1998. Genistein modulates neuroblastoma cell
proliferation and differentiation through induction of apoptosis and reg-
ulation of tyrosine kinase activity and N-myc expression. Carcinogene-
sis 19:991-997.

Byravan S, Foster LM, Phan T, Verity AN, Campagnoni AT. 1994. Mu-
rine oligodendroglial cells express nerve growth factor. Proc Natl Acad
Sci U S A 91:8812-8816.

Campagnoni AT, Pribyl TM, Campagnoni CW, Kampf K, Amur-Umar-
jee S, Landry CF, Handley VW, Newman SL, Garbay B, Kitamura K.
1993. Structure and developmental regulation of Golli-mbp, a 105-kil-
obase gene that encompasses the myelin basic protein gene and is
expressed in cells in the oligodendrocyte lineage in the brain. J Biol
Chem 268:4930-4938.

Carson JH, Kwon S, Barbarese E. 1998. RNA trafficking in myelinating
cells. Curr Opin Neurobiol 8:607-612.

Chew L], Coley W, Cheng Y, Gallo V. 2010. Mechanisms of regulation
of oligodendrocyte development by p38 mitogen-activated protein ki~
nase. ] Neurosci 30:11011-11027.



12 Smiith et al.

Colman DR, Staugaitis SM, D’Urso D, Sinoway MP, Allinquant B, Ber-
nier L, Mentaberry A, Stempak JG, Brophy PJ. 1990. Physiologic prop-
erties of myelin proteins revealed by their expression in nonglial cells.
Ann N'Y Acad Sci 605:294-301.

Colognato H, firench-Constant C. 2004. Mechanisms of glial develop-
ment. Curr Opin Neurobiol 14:37—-44.

Crews CM, Alessandrini A, Erikson RL. 1992. The primary structure of
MEK, a protein kinase that phosphorylates the ERK gene product. Sci-
ence 258:478-480.

de Vries H, de Jonge JC, Schrage C, van der Haar ME, Hoekstra D.
1997. Differential and cell development-dependent localization of mye-
lin mRNAs in oligodendrocytes. ] Neurosci Res 47:479-488.

DeBruin LS, Harauz G. 2007. White matter rafting—membrane micro-
domains in myelin. Neurochem Res 32:213-228.

Du Y, Lercher LD, Zhou R, Dreyfus CF. 2006. Mitogen-activated pro-
tein kinase pathway mediates eftects of brain-derived neurotrophic fac-
tor on differentiation of basal forebrain oligodendrocytes. J Neurosci
Res 84:1692-1702.

Dufner A, Thomas G. 1999. Ribosomal S6 kinase signaling and the con-
trol of translation. Exp Cell Res 253:100-109.

Errede B, Cade RM, Yashar BM, Kamada Y, Levin DE, Irie K, Matsu-
moto K. 1995. Dynamics and organization of MAP kinase signal path-
ways. Mol Reprod Dev 42:477-485.

Fitzner D, Schneider A, Kippert A, Mobius W, Willig KI, Hell SW,
Bunt G, Gaus K, Simons M. 2006. Myelin basic protein-dependent
plasma membrane reorganization in the formation of myelin. EMBO ]
25:5037-5048.

Foster LM, Phan T, Verity AN, Bredesen D, Campagnoni AT. 1993.
Generation and analysis of normal and shiverer temperature-sensitive
immortalized cell lines exhibiting phenotypic characteristics of oligoden-
drocytes at several stages of differentiation. Dev Neurosci 15:100-109.

Foster LM, Landry C, Phan T, Campagnoni AT. 1995. Conditionally
immortalized oligodendrocyte cell lines migrate to different brain
regions and elaborate ‘“‘myelin-like” membranes after transplantation
into neonatal shiverer mouse brains. Dev Neurosci 17:160-170.

Fragoso G, Haines JD, Roberston J, Pedraza L, Mushynski WE, Almazan
G. 2007. p38 Mitogen-activated protein kinase is required for central
nervous system myelination. Glia 55:1531-1541.

Fulton D, Paez PM, Campagnoni AT. 2010. The multiple roles of mye-
lin protein genes during the development of the oligodendrocyte. ASN
Neuro 2:¢00027.

Fyffe-Maricich SL, Karlo JC, Landreth GE, Miller RH. 2011. The
ERK2 mitogen-activated protein kinase regulates the timing of oligo-
dendrocyte differentiation. J Neurosci 31:843-850.

Gillespie CS, Trapp BD, Colman DR, Brophy PJ. 1990. Distribution of
myelin basic protein and P2 mRNAs in rabbit spinal cord oligodendro-
cytes. ] Neurochem 54:1556—1561.

Givogri MI, Bongarzone ER, Schonmann V, Campagnoni AT. 2001. Expres-
sion and regulation of golli products of myelin basic protein gene during in
vitro development of oligodendrocytes. ] Neurosci Res 66:679-690.

Guardiola-Diaz HM, Ishii A, Bansal R. 2012. Erk1/2 MAPK and
mTOR signaling sequentially regulates progression through distinct
stages of oligodendrocyte differentiation. Glia 60:476—486.

Haines JD, Fragoso G, Hossain S, Mushynski WE, Almazan G. 2008.
p38 Mitogen-activated protein kinase regulates myelination. J Mol
Neurosci 35:23-33.

Harauz G, Libich DS. 2009. The classic basic protein of myelin—con-
served structural motifs and the dynamic molecular barcode involved in
membrane adhesion and protein—protein interactions. Curr Prot Pept
Sci 10:196-215.

Harauz G, Ishiyama N, Hill CMD, Bates IR, Libich DS, Fares C. 2004.
Myelin basic protein—diverse conformational states of an intrinsically
unstructured protein and its roles in myelin assembly and multiple scle-
rosis. Micron 35:503-542.

Harauz G, Ladizhansky V, Boggs JM. 2009. Structural polymorphism and
multifunctionality of myelin basic protein. Biochemistry 48:8094-8104.

Hardy RJ, Lazzarini RA, Colman DR, Friedrich VL Jr. 1996. Cytoplas-
mic and nuclear localization of myelin basic proteins reveals heteroge-
neity among oligodendrocytes. ] Neurosci Res 46:246-257.

Hers I, Vincent EE, Tavare JM. 2011. Akt signalling in health and dis-
ease. Cell Signal 23:1515-1527.

Hill CMD, Harauz G. 2005. Charge effects modulate actin assembly by
classic myelin basic protein isoforms. Biochem Biophys Res Commun
329:362-369.

Hill CMD, Libich DS, Harauz G. 2005. Assembly of tubulin by classic
myelin basic protein isoforms and regulation by post-translational modi-
fication. Biochemistry 44:16672—-16683.

Ishii A, Fyffe-Maricich SL, Furusho M, Miller RH, Bansal R. 2012.
ERK1/ERK2 MAPK Signaling is required to increase myelin thickness
independent of oligodendrocyte differentiation and initiation of myeli-
nation. ] Neurosci 32:8855-8864.

Jordan C, Friedrich V Jr, Dubois-Dalcq M. 1989. In situ hybridization
analysis of myelin gene transcripts in developing mouse spinal cord. J
Neurosci 9:248-257.

Kalderon D, Richardson WD, Markham AF, Smith AE. 1984. Sequence
requirements for nuclear location of simian virus 40 large-T antigen.
Nature 311:33-38.

Kamholz ], Toffenetti J, Lazzarini RA. 1988. Organization and expression
of the human myelin basic protein gene. ] Neurosci Res 21:62-70.

Karthigasan J, Kosaras B, Nguyen J, Kirschner DA. 1994. Protein and
lipid composition of radial component-enriched CNS myelin. ] Neuro-
chem 62:1203-1213.

Karthigasan J, Garvey JS, Ramamurthy GV, Kirschner DA. 1996. Immu-
nolocalization of 17 and 21.5 kDa MBP isoforms in compact myelin
and radial component. ] Neurocytol 25:1-7.

Kim HJ, Kim Y], Kang JH, Jung JY, Kim MS, Kim W], Oh WM,
Hwang YC, Hwang IN, Choi NK, Lee EJ, Kim SH. 2008. Myelin ba-
sic protein is temporospatially expressed in developing rat molars. Eur J
Oral Sci 116:418-423.

Kim JK, Mastronardi FG, Wood DD, Lubman DM, Zand R, Moscarello
MA. 2003. Multiple sclerosis: an important role for post-translational
modifications of myelin basic protein in pathogenesis. Mol Cell Proteo-
mics 2:453—462.

Lewis TS, Shapiro PS, Ahn NG. 1998. Signal transduction through MAP
kinase cascades. Adv Cancer Res 74:49-139.

Libich DS, Ahmed MAM, Zhong L, Bamm VV, Ladizhansky V, Harauz
G. 2010. Fuzzy complexes of myelin basic protein—NMR spectro-
scopic investigations of a polymorphic organizational linker of the cen-
tral nervous system. Biochem Cell Biol [special issue on Protein Fold-
ing: Principles and Diseases] 88:143—155.

Louis JC, Magal E, Takayama S, Varon S. 1993. CNTF protection of
oligodendrocytes against natural and tumor necrosis factor-induced
death. Science 259:689-692.

Maier O, Hoekstra D, Baron W. 2008. Polarity development in oligo-
dendrocytes: sorting and trafficking of myelin components. ] Mol Neu-
rosci 35:35-53.

Matsuda S, Kosako H, Takenaka K, Moriyama K, Sakai H, Akiyama T,
Gotoh Y, Nishida E. 1992. Xenopus MAP kinase activator: identifica-
tion and function as a key intermediate in the phosphorylation cascade.
EMBO J 11:973-982.

McKinnon RD, Matsui T, Dubois-Dalcq M, Aaronson SA. 1990. FGF
modulates the PDGF-driven pathway of oligodendrocyte development.
Neuron 5:603—-614.

McKinnon RD, Piras G, Ida JA Jr, Dubois-Dalcq M. 1993. A role for
TGF-beta in oligodendrocyte differentiation. ] Cell Biol 121:
1397-1407.

McTigue DM, Horner PJ, Stokes BT, Gage FH. 1998. Neurotrophin-3
and brain-derived neurotrophic factor induce oligodendrocyte proliferation

Journal of Neuroscience Research



Nuclear-Localized 21.5-kDa MBP Promotes Oligodendrocyte Proliferation 13

and myelination of regenerating axons in the contused adult rat spinal
cord. J Neurosci 18:5354-5365.

Meloche S, Pouysségur J. 2007. The ERK1/2 mitogen-activated protein
kinase pathway as a master regulator of the G1- to S-phase transition.
Oncogene 26:3227-3239.

Miller RH. 1996. Oligodendrocyte origins. Trends Neurosci 19:92-96.

Miller RH. 2002. Regulation of oligodendrocyte development in the
vertebrate CNS. Prog Neurobiol 67:451-467.

Miron VE, Kuhlmann T, Antel JP. 2011. Cells of the oligodendroglial
lineage, myelination, and remyelination. Biochim Biophys Acta
1812:184-193.

Nardozzi JD, Lott K, Cingolani G. 2010. Phosphorylation meets nuclear
import: a review. Cell Commun Signal 8:32.

Nawaz S, Kippert A, Saab AS, Werner HB, Lang T, Nave KA, Simons M.
2009. Phosphatidylinositol 4,5-bisphosphate-dependent interaction of’
myelin basic protein with the plasma membrane in oligodendroglial cells
and its rapid perturbation by elevated calcium. ] Neurosci 29:4794-4807.

Noble M, Murray K, Stroobant P, Waterfield MD, Riddle P. 1988. Pla-
telet-derived growth factor promotes division and motility and inhibits
premature differentiation of the oligodendrocyte/type-2 astrocyte pro-
genitor cell. Nature 333:560-562.

Noble M, Proschel C, Mayer-Proschel M. 2004. Getting a GR ()P on
oligodendrocyte development. Dev Biol 265:33-52.

Nye SH, Pelfrey CM, Burkwit JJ, Voskuhl RR, Lenardo M]J, Mueller
JP. 1995. Purification of immunologically active recombinant 21.5 kDa
isoform of human myelin basic protein. Mol Immunol 32:1131-1141.

Paez PM, Cheli VT, Ghiani CA, Spreuer V, Handley VW, Campagnoni
AT. 2012. Golli myelin basic proteins stimulate oligodendrocyte pro-
genitor cell proliferation and differentiation in remyelinating adult
mouse brain. Glia 60:1078-1093.

Pan H, Ren SC, He XL, Wei YX, Wang RH, Yang Y, Liu J. 2009.
[The effects of human 21.5 kDa MBP gene on HepG-2 proliferation
and apoptosis] [in Chinese]. Sichuan Da Xue Xue Bao Yi Xue Ban
40:775=779.

Pedraza L. 1997. Nuclear transport of myelin basic protein. ] Neurosci
Res 50:258-264.

Pedraza L, Fidler L, Staugaitis SM, Colman DR. 1997. The active trans-
port of myelin basic protein into the nucleus suggests a regulatory role
in myelination. Neuron 18:579-589.

Peterson RT, Schreiber SL. 1998. Translation control: connecting mito-
gens and the ribosome. Curr Biol 8:R248-R250.

Pfeiffer SE, Warrington AE, Bansal R. 1993. The oligodendrocyte and
its many cellular processes. Trends Cell Biol 3:191-197.

Plattner F, Bibb JA. 2012. Serine and threonine phosphorylation. In:
Brady ST, Siegel GJ, Albers RW, Price DL, editors. Basic neurochem-
istry. Waltham, MA: Academic Press. p 467-492.

Plotnikov A, Zehorai E, Procaccia S, Seger R. 2011. The MAPK cas-
cades: Signaling components, nuclear roles and mechanisms of nuclear
translocation. Biochim Biophys Acta 1813:1619-1633.

Pribyl TM, Campagnoni CW, Kampf K, Kashima T, Handley VW, McMa-
hon J, Campagnoni AT. 1993. The human myelin basic protein gene is
included within a 179-kilobase transcription unit: expression in the immune
and central nervous systems. Proc Natl Acad Sci U S A 90:10695-10699.

Raman M, Chen W, Cobb MH. 2007. Difterential regulation and prop-
erties of MAPKs. Oncogene 26:3100-3112.

Readhead C, Takasashi N, Shine HD, Saavedra R, Sidman R, Hood L.
1990. Role of myelin basic protein in the formation of central nervous
system myelin. Ann N'Y Acad Sci 605:280-285.

Reyes SD, Campagnoni AT. 2002. Two separate domains in the golli
myelin basic proteins are responsible for nuclear targeting and process
extension in transfected cells. ] Neurosci Res 69:587-596.

Roux PP, Blenis J. 2004. ERK and p38 MAPK-activated protein kinases:
a family of protein kinases with diverse biological functions. Microbiol
Mol Biol Rev 68:320-344.

Journal of Neuroscience Research

Roux PP, Shahbazian D, Vu H, Holz MK, Cohen MS, Taunton ],
Sonenberg N, Blenis J. 2007. RAS/ERK signaling promotes site-spe-
cific ribosomal protein S6 phosphorylation via RSK and stimulates cap-
dependent translation. J Biol Chem 282:14056—14064.

Seiwa C, Yamamoto M, Tanaka K, Fukutake M, Ueki T, Takeda S,
Sakai R, Ishige A, Watanabe K, Akita M, Yagi T, Tanaka K, Asou H.
2007. Restoration of FcRgamma/Fyn signaling repairs central nervous
system demyelination. | Neurosci Res 85:954-966.

Simons M, Trotter J. 2007. Wrapping it up: the cell biology of myelina-
tion. Curr Opin Neurobiol 17:533-540.

Simons M, Snaidero N, Aggarwal S. 2012. Cell polarity in myelinating
glia: from membrane flow to diffusion barriers. Biochim Biophys Acta
1821:1146-1153.

Smith GST, Paez PM, Spreuer V, Campagnoni CW, Boggs JM, Cam-
pagnoni AT, Harauz G. 2011. Classical 18.5-and 21.5-kDa isoforms of’
myelin basic protein inhibit calcium influx into oligodendroglial cells,
in contrast to golli isoforms. ] Neurosci Res 89:467-480.

Smith GST, De Avila M, Paez PM, Spreuer V, Wills MK, Jones N, Boggs
JM, Harauz G. 2012a. Proline substitutions and threonine pseudophos-
phorylation of the SH3 ligand of 18.5-kDa myelin basic protein decrease
its affinity for the Fyn-SH3 domain and alter process development and
protein localization in oligodendrocytes. ] Neurosci Res 90:28—47.

Smith GST, Homchaudhuri L, Boggs JM, Harauz G. 2012b. Classic
18.5- and 21.5-kDa myelin basic protein isoforms associate with cytos-
keletal and SH3-domain proteins in the immortalized N19-oligoden-
droglial cell line stimulated by phorbol ester and IGF-1. Neurochem
Res 37:1277-1295.

Smith GST, Seymour LV, Boggs JM, Harauz G. 2012c. The 21.5-kDa
isoform of myelin basic protein has a non-traditional PY-nuclear-local-
ization signal. Biochem Biophys Res Commun 422:670-675.

Smith GST, Voyer-Grant JA, Harauz G. 2012d. Monitoring cleaved cas-
pase-3 activity and apoptosis of immortalized oligodendroglial cells using
live-cell imaging and cleaveable fluorogenic-dye substrates following po-
tassium-induced membrane depolarization. J Vis Exp 59:article 3422.

Startha RL, Kim SU. 2001a. Mitogen-activated protein kinase signalling
in oligodendrocytes: a comparison of primary cultures and CG-4. Int J
Dev Neurosci 19:427-437.

Stariha RL, Kim SU. 2001b. Protein kinase C and mitogen-activated
protein kinase signalling in oligodendrocytes. Microsc Res Techniq
52:680—-688.

Stariha RL, Kikuchi S, Siow YL, Pelech SL, Kim M, Kim SU. 1997.
Role of extracellular signal-regulated protein kinases 1 and 2 in oligo-
dendroglial process extension. ] Neurochem 68:945-953.

Staugaitis SM, Smith PR, Colman DR. 1990. Expression of myelin basic
protein isoforms in nonglial cells. J Cell Biol 110:1719-1727.

Staugaitis SM, Colman DR, Pedraza L. 1996. Membrane adhesion and
other functions for the myelin basic proteins. Bioessays 18:13—18.

Stefanovsky VY, Pelletier G, Hannan R, Gagnon-Kugler T, Rothblum
LI, Moss T. 2001. An immediate response of ribosomal transcription to
growth factor stimulation in mammals is mediated by ERK phosphoryl-
ation of UBF. Mol Cell 8:1063-1073.

Sugiyama I, Tanaka K, Akita M, Yoshida K, Kawase T, Asou H. 2002.
Ultrastructural analysis of the paranodal junction of myelinated fibers in
31-month-old-rats. ] Neurosci Res 70:309-317.

Sun X, Liu Y, Liu B, Xiao Z, Zhang L. 2012. Rolipram promotes
remyelination possibly via MEK-ERK signal pathway in cuprizone-
induced demyelination mouse. Exp Neurol 237:304-311.

Sun Y], Long DX, Li W, Hou WY, Wu Y], Shen JZ. 2010. Eftects of
avermectins on neurite outgrowth in differentiating mouse neuroblas-
toma N2a cells. Toxicol Lett 192:206-211.

Tyler WA, Gangoli N, Gokina P, Kim HA, Covey M, Levison SW,
Wood TL. 2009. Activation of the mammalian target of rapamycin
(mTOR) is essential for oligodendrocyte differentiation. ] Neurosci
29:6367-6378.



14 Smiith et al.

Van’t Veer A, Du Y, Fischer TZ, Boetig DR, Wood MR, Dreyfus CF.
2009. Brain-derived neurotrophic factor effects on oligodendrocyte
progenitors of the basal forebrain are mediated through trkB and the
MAP kinase pathway. ] Neurosci Res 87:69-78.

Verity AN, Bredesen D, Vonderscher C, Handley VW, Campagnoni
AT. 1993. Expression of myelin protein genes and other myelin com-
ponents in an oligodendrocytic cell line conditionally immortalized
with a temperature-sensitive retrovirus. ] Neurochem 60:577-587.

Volarevic S, Thomas G. 2001. Role of S6 phosphorylation and S6 kinase
in cell growth. Prog Nucleic Acid Res Mol Biol 65:101-127.

Wen W, Meinkoth JL, Tsien RY, Taylor SS. 1995. Identification of a
signal for rapid export of proteins from the nucleus. Cell 82:463—473.
Xiao J, Wong AW, Willingham MM, van den Buuse M, Kilpatrick TJ,
Murray SS. 2010. Brain-derived neurotrophic factor promotes central
nervous system myelination via a direct effect upon oligodendrocytes.

Neurosignals 18:186—202.

Xiao J, Ferner AH, Wong AW, Denham M, Kilpatrick TJ, Murray SS.
2012. Extracellular signal-regulated kinase 1/2 signaling promotes oligo-
dendrocyte myelination in vitro. ] Neurochem 122:1167-1180.

Yamamoto T, Yuyama K, Yamamoto H. 2006. Low concentrations of
nitric oxide (NO) induced cell death in PC12 cells through activation
of p38 mitogen-activated protein kinase (p38 MAPK) but not via
extracellular signal-regulated kinases (ERK1/2) or c-Jun N-terminal
protein kinase (JNK). Neurosci Lett 392:170-173.

Younes-Rapozo V, Felgueiras LO, Viana NL, Fierro IM, Barja-Fidalgo
C, Manhaes AC, Barradas PC. 2009. A role for the MAPK/ERK path-
way in oligodendroglial differentiation in vitro: stage specific effects on
cell branching. Int ] Dev Neurosci 27:757-768.

Zhang C, Walker AK, Zand R, Moscarello M, Yan JM, Andrews PC.
2012. Myelin basic protein undergoes a broader range of modifica-
tions in mammals than in lower vertebrates. ] Proteome Res
11:4971-4802.

Journal of Neuroscience Research



