906 - The Journal of Neuroscience, January 21,2015 - 35(3):906 919

Cellular/Molecular

Oligodendroglial Maturation Is Dependent on Intracellular
Protein Shuttling
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Multiple sclerosis is an autoimmune disease of the CNS resulting in degeneration of myelin sheaths and loss of oligodendrocytes, which
means that protection and electrical insulation of axons and rapid signal propagation are impaired, leading to axonal damage and
permanent disabilities. Partial replacement of lost oligodendrocytes and remyelination can occur as a result of activation and recruit-
ment of resident oligodendroglial precursor cells. However, the overall remyelination capacity remains inefficient because precursor cells
often fail to generate new oligodendrocytes. Increasing evidence points to the existence of several molecular inhibitors that act on these
cells and interfere with their cellular maturation. The p57kip2 gene encodes one such potent inhibitor of oligodendroglial differentiation
and this study sheds light on the underlying mode of action. We found that subcellular distribution of the p57kip2 protein changed during
differentiation of rat, mouse, and human oligodendroglial cells both in vivo and in vitro. Nuclear export of p57kip2 was correlated with
promoted myelin expression, higher morphological phenotypes, and enhanced myelination in vitro. In contrast, nuclear accumulation of
p57kip2 resulted in blocked oligodendroglial differentiation. Experimental evidence suggests that the inhibitory role of p57kip2 depends
on specific interactions with binding proteins such as LIMK-1, CDK2, Mash1, and Hes5 either by controlling their site of action or their
activity. Because functional restoration in demyelinating diseases critically depends on the successful generation of oligodendroglial
cells, a therapeutic need that is currently unmet, the regulatory mechanism described here might be of particular interest for identifying

suitable drug targets and devising novel therapeutic approaches.
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Introduction

In inflammatory demyelinating diseases such as multiple sclero-
sis (MS), myelin sheaths and oligodendrocytes are attacked and
damaged as a result of a misguided immune response. This auto-
immune process creates demyelinated lesions, which have im-
paired electrical signal transduction and are prone to axonal
degeneration throughout the CNS (Lassmann et al., 2007). Due
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to the restricted regeneration capacity of the CNS, recurring
demyelination inevitably results in permanent damage and func-
tional loss. However, in light of the increasing number of immu-
nomodulatory treatments available for the treatment of MS
disease activity, one of the main future treatment objectives is the
functional restoration of such demyelinated areas (Mullard,
2011). Endogenous myelin repair activities exist and, particularly
in early MS stages, demyelination can be counteracted by the
recruitment, activation, and differentiation of resident oligoden-
droglial precursor cells (OPCs) (Chang et al., 2000). Neverthe-
less, remyelination efficiency is generally low and repair gradually
fails as the disease progresses over time, ultimately leading to
significant clinical disability. This failure of remyelination was
shown to be mainly due to a blockade of oligodendroglial differ-
entiation and maturation processes (Wolswijk, 1998; Chang et
al., 2002; Kuhlmann et al., 2008; Kremer et al., 2011). A promis-
ing tactic in the search for regenerative approaches is to exploit
features of the naturally occurring repair process. Therefore,
identifying endogenous inhibitory pathways that can be targeted
for future remyelination therapies is a step toward this goal.

We previously identified a negative regulator of oligodendro-
genesis encoded by the p57kip2 gene (Kremer et al., 2009). As a
member of the cip/kip family, p57kip2 was originally described as
a cyclin-dependent kinase inhibitor, but several additional cellu-
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lar processes were shown to depend on cip/kip proteins (Besson
etal., 2008). Importantly, our observations revealed that p57kip2
is a potent inhibitor of both peripheral nervous system and CNS
glial cell differentiation and it appears to regulate adult neural
stem cell fate decisions (Heinen et al., 2008; Kremer et al., 2009;
Jadasz etal., 2012). In these studies, short hairpin RNA-mediated
gene suppression of p57kip2 was found to accelerate morpholog-
ical maturation and to promote myelin expression. However, the
mode of action of p57kip2 in interfering with cellular maturation
remains unknown.

In this study, we investigated the underlying molecular mech-
anism and found that the specific relocation of p57kip2 from the
nucleus to cytoplasm appears to be a key functional process.
Moreover, we identified four proteins that interact directly with
p57kip2 in oligodendroglial cells. We found that LIM kinase-1
(LIMK-1) and cyclin-dependent kinase 2 (CDK2) bind to
p57kip2 and their activity and role in the differentiation process
appear to depend on their subcellular localization. Conversely,
we detected interactions between p57kip2 and the transcription
factors Mash1 and Hes5. For Mash1, we demonstrated p57kip2-
dependent transactivation properties, whereas Hes5 was found to be
shuttled out of the nucleus along with p57kip2, thus neutralizing its
predominantly negative impact on myelin gene transcription.

Materials and Methods

Oligodendroglial cell culture. Generation of primary OPCs from postnatal
day zero (PO) cerebral rat cortices (Wistar rats of either sex) was per-
formed as described previously (Gottle et al., 2010). Anti-A2B5 staining
(catalog #MAB312R RRID:AB_11213098; Merck) revealed that the cul-
tures consisted of 98% oligodendroglial cells (data not shown). OPCs
were either kept in proliferation-supporting high-glucose DMEM-based
Sato medium (Life Technologies), supplemented with 10 ng/ml recom-
binant human bFGF (PeproTech) and 10 ng/ml recombinant human
PDGEF-AA (R&D Systems), or differentiation was initiated by Sato me-
dium depleted of growth factors and supplemented with 0.5% fetal calf
serum (PAA Laboratories). Recombinant human CXCL12 (R&D Sys-
tems) stimulation was performed at concentrations of 100 ng/ml in
differentiation medium. Ratjadone (Enzo Life Sciences) blocking exper-
iments were performed at a concentration of 0.5 ng/ml. Primary A2B5-
positive OPCs of human origin were purchased from 3H Biomedical and
cultured according to the supplier’s protocols.

Myelinating coculture. Dissociated neuron—oligodendrocyte cocul-
tures were obtained from embryonic day 16 (E16) rat cerebral cortex
(Wistar rats of either sex) (Pangetal., 2012). Cortical cells were plated on
15 mm poly-p-lysine (0.1 mg/ml)-coated coverslips (65,000 cells per
coverslip) and kept in myelination medium consisting of N2 and neuro-
basal medium (ratio 1:1; Life Technologies) including NGF (50 ng/ml)
and NT-3 (10 ng/ml) (both R&D Systems). After 10 d in vitro (DIV10),
insulin was excluded and the ratio of the insulin-free N2 to neurobasal
medium including B27 supplement was adjusted to 4:1. This myelination
medium was further supplemented with 60 ng/ml tri-iodo-thyronine
(T3; Sigma). Final concentrations of individual N2 medium components
(DMEM-F12 based, high glucose; Life Technologies) were insulin (10
ug/ml), transferrin (50 ug/ml), sodium selenite (5.2 ng/ml), hydrocor-
tisone (18 ng/ml), putrescine (16 ug/ml), progesterone (6.3 ng/ml), bi-
otin (10 ng/ml), N-acetyl-L-cysteine (5 wg/ml) (all Sigma), bovine serum
albumin (0.1%; Roth) and penicillin—streptomycin (50 units/ml; Life
Technologies). At DIV26, coverslips were washed with PBS, fixed with
4% paraformaldehyde, and processed for immunofluorescent staining.

OPC transfection and assessment of morphology. OPC transfections
were performed using NanoJuice transfection reagent (Merck) in prolif-
eration medium as described previously (Gottle et al., 2010). For trans-
plantation of primary OPCs onto neuron—oligodendrocyte cocultures,
cells were transfected using the Nucleofector II device and the Basic
Neuron Small Cell Number Nucleofector Kit (all Lonza). At DIV16,
transfected primary oligodendrocyte precursors (100,000 cells per cov-
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erslip) were added to the coculture. Transfection with overexpression
constructs pIRES (empty control vector), pIRES_p57 (wild-type p57kip2
overexpression vector), and pIRES_NLS [overexpression of p57kip2
with mutated nuclear localization sequence (NLS)] were performed in
combination with the pcDNA3.1-HygB-citrine expression vector (yel-
low fluorescent protein; Heikal et al., 2000) in a 5:1 ratio (Heinen et al.,
2008) to visualize cells. In general, when gene modulation was applied,
only transfected cells were scored and these cells were identified by means
of the cotransfected citrine (yellow fluorescent protein) expression vec-
tor. To assess the degree of cellular maturation, transfected (yellow fluo-
rescent) cells only were scored and analyzed by fluorescence microscopy
(Zeiss Axioplan) while applying an evaluation tool based on morpholog-
ical cell parameters (processes, branches) and distinguishing simple, me-
dium, and high morphologies, as described previously (Kremer et al.,
2009; Gottle et al., 2010). Overexpression of Mash1 (pIRES_Mash1) and
p57kip2 (pIRES_p57) was performed in the presence of a 10-fold smaller
amount of the reporter plasmid tdTomato (Castro et al., 2006). This
combination allowed us to assess the transactivation properties of this
transcription factor directly because only transfected cells were analyzed.
Experiments with transfected cells were performed at least three times
(exact numbers are specified in the figure legends) and, on average, 763
cells were counted for each experiment (exact numbers are indicated in
the figure legends).

Immunostaining. Fixed cells were permeabilized with PBS containing
0.01% Triton X-100 (Sigma) and unspecific staining was blocked with
10% normal goat serum or donkey serum (Sigma) for 40 min (Géttle et
al., 2010). Cells were then incubated with primary antibodies in PBS
overnight at 4°C using the following dilutions: mouse anti-adenomatosis
polyposis coli [clone CC1, 1/1000 (rat), 1/300 (human); GeneTex, cata-
log #GTX16794 RRID:AB_422404], mouse anti-galactocerebroside C
(GalC, 1/500; catalog #MAB342, RRID:AB_94857; Millipore), mouse anti-
myelin oligodendrocyte glycoprotein (MOG, 1/1000, catalog #MAB5680
RRID:AB_1587278; Millipore), mouse anti-myelin basic protein (MBP)
and anti-2',3'-cyclic-nucleotide 3’-phosphodiesterase (CNPase) anti-
bodies (1/500, catalog #SMI-94R-500 RRID:AB_10124143, Covance,
and 1/1000, catalog #SMI-91R-500 RRID:AB_510038, Covance, respec-
tively), rabbit anti-p57kip2 [1/500 (rat, human); catalog #P0357 RRID:
AB_260850; Sigma-Aldrich], rabbit anti-LIMK-1 (1/500; catalog
#611748 RRID:AB_399224; BD Biosciences), mouse anti-CDK2 (1/75,
catalog #GTX22363 RRID:AB_369268; GeneTex), mouse anti-Sox10 (1/
100; catalog #MAB2864 RRID:AB_2195180; R&D Systems), rabbit anti-
Hes5 (1/500; catalog #ab25374 RRID:AB_448776; Abcam), mouse anti-
Hes5 (1/200, catalog #CABT-18331MH RRID:AB_11397757; Creative
Biomart), rat anti-platelet-derived growth factor receptor a (PDGFRe,
1/500, catalog #16-1401-82 RRID:AB_529483; eBioscience), goat anti-
PDGFRa (1/400, catalog #GT15150-100 RRID:AB_1610460; Acris Anti-
bodies), and mouse anti-Mash1 (1/200; Nakatani et al., 2013). Fixed
cocultures were blocked with PBS containing 0.5% Triton X-100 and 2%
normal goat serum and then incubated overnight in 0.1% Triton X-100
and 2% normal goat serum containing primary antibodies anti-MBP
(1/250), anti-p57kip2 (1/500), and chicken anti-BIII-tubulin (1/1000;
catalog #TUJ RRID:AB_2313564; Aves Labs). After 24 h, coverslips were
washed with PBS and then incubated with secondary antibodies in PBS
for 2 h: Alexa Fluor 488 (catalog #A11001 RRID:AB_10566289 and cat-
alog #A11034 RRID:AB_10562715; Life Technologies ), Alexa Fluor 405
(catalog #A31553 RRID:AB_221604; Invitrogen), Alexa Fluor 594 (cata-
log #A11005 RRID:AB_10561507 and catalog #A11037 RRID:AB_
10561549; Life Technologies), and DyLight 405-conjugated antibodies
(catalog #603-146-126 RRID:AB_1961602; Rockland Immunochemicals),
all dilutions 1/500. Nuclei were stained with 4',6-diamidin-2-phenylindol
(DAPL; Roche). Images (20X; Zeiss Axionplan2 microscope) were cap-
tured using the same light intensity and filters for all images to be com-
pared and processed with Axiovision 4.2 software (RRID:SciRes_000111;
Zeiss). The analysis was done using Java software (ImageJ, RRID:nif-
0000-30467/Wright Cell Imaging Facility, RRID:nif-0000-30471). Im-
munopositive cells were counted in nine randomly chosen fields per
coverslip. The total number of cells per field was determined by DAPI
staining. Experiments were performed at least three times (exact numbers
are specified in the figure legends) and, on average, 7242 cells were counted
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for each experiment (exact numbers are indicated in the figure legends). For
quantification, the number of immunopositive cells was compared with the
total cell number and expressed as percentage (mean * SEM).

Proximity ligation assay. Direct protein—protein interactions were in-
vestigated by means of a proximity ligation assay (PLA) (Soderbergetal.,
2006) using Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma). Cells
were rapidly washed with ice-cold PBS and then fixed at room tempera-
ture for 10 min in 4% paraformaldehyde. Cells were further rinsed 3 X 3
min with PBS containing 0.1% Triton X-100 (Sigma) and then washed
3 X 2 min with 0.05% Tween 20 in TBS to allow permeabilization. Next,
one droplet (40 ul) of Duolink II blocking solution was added to each
coverslip, followed by incubation in a preheated humidity chamber for
1 h at 37°C. The blocking solution was then tapped off and cells were
incubated for 1 h at 37°C with primary antibodies (dilutions as described
above). Duolink anti-rabbit PLUS and anti-mouse MINUS secondary
antibodies and red detection reagents were used and antibody incuba-
tion, ligation, amplification, and washing steps were performed accord-
ing to the supplier’s manual. Coverslips were then incubated with 50
ug/ml phalloidin (Sigma) for visualization of cells, dried, mounted using
Duolink Mounting Media with DAPI, and analyzed using Axiovision 4.2
software (Zeiss) and image processing and analysis in Java software
(Image], RRID:nif-0000-30467/Wright Cell Imaging Facility, RRID:
nif-0000-30471).

RNA preparation, cDNA synthesis, and quantitative RT-PCR. RNA pu-
rification, cDNA synthesis, and determination of gene expression levels
by means of quantitative real-time RT-PCR were all performed as de-
scribed previously (Gottle et al., 2010). Primer sequences were deter-
mined using PrimerExpress 2.0 software (Life Technologies) and tested
for the generation of specific amplicons (sequences are available upon
request). GAPDH and ODC were used as reference genes and relative
gene expression levels were determined according to the AACt method
(Life Technologies). Each sample was measured in quadruplicate.

Cuprizone-mediated demyelination in the corpus callosum. Cuprizone-
mediated demyelination of adult female C57BL/6 mice was induced as
described previously (Cate et al., 2010). After 4 weeks of cuprizone chal-
lenge, recombinant human BMP4, mouse noggin (both R&D Systems)
dissolved in artificial CSF at a dose of 400 ng/d, or artificial CSF only was
delivered into the lateral ventricle by mini-osmotic pumps (ALZET
model 1007;; Durect) at a 0.50 ul/h flow rate using Brain Infusion Kit ITI
for 5 d of infusion with continued cuprizone challenge, as described
previously (Cate et al., 2010). Brain tissue was collected, cryosectioned,
and stained as described previously (Cate et al., 2010). All cell counts and
area analyses were performed blind to experimental treatment. Immu-
nopositive cells and area measures were quantified as described previ-
ously (Cate et al., 2010) and data are expressed as mean per square
millimeter = SEM. Images (20X) were taken from 3—6 sections 50 wm
apart for each animal at locations between —0.46 and —1.22 mm bregma
with the midline corpus callosum (CC) at the epicenter and lateral bor-
ders determined by the image width.

Plasmid construction. Overexpression of wild-type rat p57kip2/
Cdknlc (GenBank accession number gi: 76257399) was achieved using
the pIRES_p57 expression vector containing an EcoRI-EcoRI fragment
of the rat p57kip2 ¢cDNA cloned into pIRES2-EGFP vector (BD Biosci-
ences) as described previously (Heinen et al., 2008). Point mutations
(887-CAAGCG-892 to 887-GCGGCG-892) were induced by means of
artificial gene generation (custom design manufactured by GeneArt).
This mutated fragment was cloned into pIRES2-EGFP vector to generate
the pIRES_NLS expression vector harboring substituted amino acids
K291 and R292 to A291 and A292, respectively, within the predicted NLS
sequence 291-KRKR-294. Sequence verification was done by GeneArt.

Yeast two-hybrid analysis. Yeast two-hybrid screening was performed
by Hybrigenics Services (http://www.hybrigenics-services.com). The
coding sequence for rat p57kip2/Cdknlc (GenBank accession number gi:
76257399) was PCR amplified and cloned into pB29 as an N-terminal
fusion to LexA (N-Cdknlc-LexA-C). The construct was verified by se-
quencing the entire insert and used as a bait to screen a random-primed
rat hippocampus cDNA library constructed into pP6. pB29 and pP6
derive from the original pBTM116 (Vojtek and Hollenberg, 1995;
Béranger et al., 1997) and pGADGH (Bartel, 1993) plasmids, respec-
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tively. We screened 116 X 10° clones (12-fold the complexity of
the library) using a mating approach with YHGX13 (Y187 ade2-
101::1oxP-kanMX-loxP, mata) and L40AGal4 (mata) yeast strains as de-
scribed previously (Fromont-Racine et al., 1997). We selected 63 His+
colonies on a medium lacking tryptophan, leucine, and histidine. The prey
fragments of the positive clones were amplified by PCR and sequenced at
their 5’ and 3’ junctions. The resulting sequences were used to identify the
corresponding interacting proteins in the GenBank database using a
fully automated procedure. A confidence score was attributed to each
interaction as described previously (Formstecher et al., 2005).
Statistical analysis. Data are presented as mean = SEM and significance
was assessed by two-sided Student’s t test, unpaired comparison for
means (GraphPad Prism, RRID:rid_000081). The experimental groups
were considered significantly different at *p < 0.05, **p < 0.01, and
**p < 0.001; n represents the number of independent experiments.

Results

In addition to a transient downregulation of p57kip2 expression
within the spinal cord during the course of MOG-induced exper-
imental autoimmune encephalomyelitis, nuclear export and cy-
toplasmic accumulation of p57kip2 protein was observed in
oligodendroglial cells (Kremer et al., 2009). We examined the CC
of mice using confocal laser-scanning microscopy to evaluate
p57kip2 protein expression in resident PDGFRa-positive OPCs
(Fig. 1). This demonstrated that resident OPCs either exhibited
nuclear (Fig. 1A-A"""") or, more rarely, cytoplasmic p57kip2
signals (Fig. 1B-B’""’") in healthy adult mice. Collectively, these
findings suggest that, in addition to gene regulation, nucleocyto-
plasmic protein shuttling might also be involved as a regulatory
mechanism of p57kip2’s inhibitory function.

To investigate whether such a functional correlation exists, we
examined protein localization in the context of the cuprizone-
induced demyelination model, an established in vivo mouse
model of demyelination and remyelination (Matsushima and
Morell, 2001). Previous studies revealed that, after cuprizone-
induced demyelination of wild-type C57BL/6 mice CC, bone
morphogenetic proteins (BMPs) interfere with remyelination,
whereas BMP antagonists such as noggin can promote oligoden-
drocyte generation and remyelination (Sabo et al., 2011). We
therefore determined the consequences of modulated BMP
signaling on p57kip2 expression in the demyelinated CC. To gen-
erate a correlation with oligodendroglial differentiation, we de-
termined whether the properties of p57kip2 expression changed
during cuprizone-mediated demyelination and remyelination
with BMP and noggin infusion. After 4 weeks of cuprizone-
induced demyelination, mini-osmotic pumps were implanted
and BMP4, noggin, or vehicle was infused into lateral ventricles
for another 5 d. This analysis revealed an increase in the number
of OPCs with strong nuclear p57kip2 signals in BMP4-infused
versus vehicle-treated mice (Fig. 1C-C"',D-D"’,F). In contrast,
noggin-infused mice displayed a significantly lower number of
cells with nuclear p57kip2 signals (Fig. 1E-E"’,G), indicating that,
in this paradigm as well, nuclear export of p57kip2 correlates with
progression along the oligodendroglial lineage.

Subcellular redistribution of p57kip2 during spontaneous
differentiation of cultured oligodendroglial cells

We then studied the dynamics of p57kip2 protein localization
during spontaneous differentiation of cultured primary oligo-
dendroglial cells. Differentiation was induced by means of
growth factor withdrawal, which demonstrated that, over the
course of 9 d, the number of cells with p57kip2 expelled from
the nucleus steadily increased (Fig. 2A-D"). Because oligoden-
droglial differentiation is reflected by the regulation of specific
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Figure 1. Subcellular localization of p57kip2 in the CC of healthy and diseased adult mouse brain. Immunostaining of
p57kip2+/PDGFRac+ OPCs in healthy adult wild-type C57BL/6 mouse CC. OPCs either displayed nuclear (A-A"""";
arrowheads) or cytoplasmic p57kip2 localization (B—B’"""; arrows). Immunostaining of p57kip2 +/PDGFRa+ OPCs in
the CC of cuprizone-challenged mice infused with vehicle ((-C"’), BMP4 (D-D""), or noggin (E-E"'). Arrows indicate
PDGFRa+ OPCs with nuclear p57kip2. F, G, Numbers of OPCs displaying a nuclear p57kip2 signal in the CC of mice treated
with cuprizone for 4 weeks after infusion of vehicle, BMP4 (400 ng/d) or noggin (400 ng/d) for 5 d. F, Upon BMP4 infusion,
an increase in the number of OPCs with nuclear p57kip2 signals was observed, whereas noggin infusion led to a decreased
number of OPCs with strong nuclear p57kip2 signals (G). Scale bars: A—B’""" 10 um; (—E’' 50 pm. Data are means =
SEM (n = 3,4in F,n = 5, 4in G; total number of counted cells: 8750; t test: *p << 0.05).
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markers, we performed double immu-
nofluorescent staining for p57kip2 in
combination with the oligodendroglial
precursor marker PDGFRa (Fig. 2E, K-
K''"), the early myelin marker CNPase
(Fig. 2F, L-L"""), the late myelin marker
MBP (Fig. 2G, M-M"""), and the oligo-
dendrocyte marker adenomatosis polyposis
coli gene product (clone CC1; Fig. 2 H,N-
N'"") as well as MOG (Fig. 2,0-O"""). In
culture, OPCs with nuclear and with cyto-
plasmic p57kip2 signals were observed
(Fig. 2K=K"""). However, our experiment
clearly demonstrated that the number of
PDGFRa-positive cells that displayed cy-
toplasmic p57kip2 signals decreased dur-
ing the differentiation process because of
the previously described downregulation
of PDGFRa during differentiation (Bou-
langer and Messier, 2014). This process
was accompanied by the accumulation of
maturation markers such as CNPase,
MBP, CCl1, and MOG (Fig. 2L-0"""). In
particular, we observed that, among those
oligodendroglial cells that expressed mat-
uration markers, the percentage of cells
with cytoplasmic p57kip2 protein was
significantly increased (Fig. 2F-I). We
then looked at the distribution of cellular
morphologies after 6 d in culture because
primary oligodendroglial cells are hetero-
geneous in terms of their maturation de-
gree. Cellular morphology determination
(as previously introduced by Kremer et
al., 2009) revealed that, among morpho-
logically advanced cells, the number of cells
with translocated p57kip2 was substantially
increased (Fig. 2J,P-Q""""). Therefore,
we concluded that spontaneous oligo-
dendroglial differentiation in vitro is accom-
panied by nucleocytoplasmic transport of
p57kip2.

p57kip2 localization in myelinating
neuron-oligodendrocyte cocultures

We further examined whether p57kip2
nuclear export correlates with myelin
sheath generation. To this end, in vitro
myelination-competent neuron-—oligo-
dendrocyte cocultures were established
(Pang et al., 2012). According to the pub-
lished protocol, cocultures were fixed af-
ter DIV26 and then processed for staining
with antibodies directed against the neu-
ronal marker BIII-tubulin, as well as the
markers MBP, CC1, and p57kip2 (Fig. 3).
Immunofluorescence revealed that mature
cells either expressing CC1 (Fig. 3G-L"") or
having established MBP-positive myelin-
ated segments (Fig. 3A—F'"") exhibited cyto-
plasmic p57kip2 signals, whereas CC1- and
MBP-negative cells had strong nuclear
p57kip2 signals.
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Figure 2.  Distribution of p57kip2 during spontaneous differentiation of cultured OPCs. A, Percentage of oligodendroglial cells displaying nuclear (white bars) or cytoplasmic (dashed bars)
p57kip2 localization over the course of 9 d. The number of oligodendroglial cells with p57kip2 expelled from the nucleus steadily increased (B—D"). Double staining for p57kip2/PDGFRc after 1d
(K-K"""), p57kip2/CNPase after 1d (L—L""""), p57kip2/MBP (M—M"""), and p57kip2/CC1 (N-N""") after 3 d and p57kip2/MOG (0—0'"") after 6 d in culture. p57kip2 translocation from the
nucleus (arrowheads) to the cytoplasm (arrows) could be observed in some precursor cells (K—K''") and during differentiation in cells having acquired the expression of maturation markers
(L-0""").E, Significantly fewer PDGFRcx-positive OPCs display cytoplasmic p57kip2 signals as opposed to nuclear signals (white bars: cells with nuclear p57kip2; dashed bars: cells with cytoplasmic
p57kip2), whereas the percentage of oligodendroglial cells with CNPase, MBP, MOG, or CC1 expression was significantly increased in cells with translocated p5S7kip2 protein (F—I).J, Morphological
dlassification of oligodendroglial cells cultured for 6 d and determination of the percentage of cells with nuclear (white bars) and translocated/cytoplasmic p57kip2 signals (dashed bars). P-Q"""’,
Representative citrine (yellow fluorescent protein) expressing oligodendroglial cells with “simple” and “high” morphological complexity, respectively, and corresponding p57kip2 localizations (red).
Data are means derived from n = 4 experiments == SEM (total number of counted cells: 27,937 in 4; 12,997 in E; 2450in F; 22911in G; 3653 in H; 2828inI; 425 in J; ttest: **p << 0.01, ***p << 0.001).

Scale bars, 20 um.

Nucleocytoplasmic p57kip2 translocation correlates with
promoted OPC differentiation in culture

In a subsequent series of experiments, we determined whether
cytoplasmic p57kip2 is also a feature of chemokine-promoted
OPC differentiation and to what extent modulation of nuclear
shuttling directly affects oligodendroglial maturation processes.
We identified a putative nuclear export sequence (NES; 43-
LGRELRMRLAEL-56) within the CDK inhibitory domain of
p57kip2 (NESbase analysis; la Cour et al., 2003). NESs are recog-
nized by the chromosome region maintenance 1 (CRM1, expor-
tin 1; Ossareh-Nazari et al., 1997). OPCs were stimulated with the
chemokine CXCL12 to examine the subcellular distribution of
p57kip2 under differentiation-promoting conditions (Gottle et
al., 2010) and, in parallel, ratjadone, a specific CRM1 inhibitor
(Koster et al., 2003), was applied to the cells. The bars shown in
Figure 4, E and ], illustrate the percentage of cells expressing
either CNPase, marking very late stage precursors and immature
oligodendrocytes, or CC1, a marker for mature oligodendro-
cytes, under four treatment conditions. Upon CXCL12 stimula-
tion, the expression of CNPase and CC1 was increased. Within
each bar, the dashed area indicates the subfraction of cells with
cytoplasmic p57kip2 localization. Under control conditions,
almost similar percentages displayed either p57kip2 pheno-
type, whereas more CXCLI2-stimulated cells expelled
p57kip2 from the nucleus (the dashed area is 2.6-fold the size

of the nondashed area for CNPase-positive cells and 4.3-fold
larger for CC1-positive cells). Importantly, pharmacological
blockade of CRM1-mediated nuclear export inhibited sponta-
neous (i.e., nonstimulated) and CXCL12-promoted OPC dif-
ferentiation and was accompanied by a nuclear accumulation
of p57kip2.

To exclude that the observed effects were driven by apoptosis,
we also investigated cell death rates. No differences occurred
among control and treated (CXCL12, ratjadone) cells (data not
shown). With respect to our previous results demonstrating that
CXCL12 also accelerated morphological maturation, we then in-
vestigated the association between p57kip2 translocation and
morphometric changes. We focused our attention on oligoden-
droglial cells featuring “medium” and “high” morphology stages
(see panel below Fig. 2), given that these were mainly displayed in
the presence of CXCL12 (Fig. 4K). Again, CXCL12 exposure
increased the percentage of cells displaying a higher morpho-
logical phenotype compared with control cells, and this
increase was accompanied by a greater percentage of p57kip2-
translocated cells. Both morphological maturation and
p57kip2 translocation were efficiently blocked by ratjadone.
These observations therefore suggested that oligodendroglial
differentiation relies on functional export activities including
translocation of p57kip2.
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In vitro myelinating cocultures. A—J, Representative pictures of neuron— oligodendrocyte cocultures fixed and stained at DIV26, displaying active myelination of SBllI-tubulin-positive

axons (G/). B, MBP-positive oligodendrocyte (arrow) and MBP-positive myelinated segments (asterisks). Myelin was formed by oligodendrocytes with cytoplasmic p57kip2 signals (arrow in
D,F—F''"), but not by cells with nuclear accumulation of p57kip2 (arrowhead in D,E-E'""). G—J, Moreover, in this coculture pS7kip2 expression could be confined to oligodendroglial cells and
(C1-positive oligodendrocytes also exhibited cytoplasmic p57kip2 localization (J, arrow, L-L"""). Scale bars, 30 wm.

Colocalization of p57kip2 with binding proteins during OPC
differentiation in culture

Because cytoplasmic localization of p57kip2 appears to exert a
beneficial effect on oligodendroglial differentiation, we investi-
gated the underlying mode of action. We studied two known
protein-binding partners of p57kip2, LIMK-1 (Yokoo et al.,
2003) and CDK2 (Caillava et al., 2011). Additional glial binding
partners were identified by performing a yeast two-hybrid screen
of a rat hippocampus c¢cDNA library according to Fromont-
Racine et al. (1997). Using the full-length construct of p57kip2
(aa 14-343; gi: 76257399) as bait, library screening of 116 X 10°
clones (12-fold the complexity of the library) revealed 63 inter-
actions representing 6 additional preys (binding proteins).
Among these proteins, the most promising candidate was Mash1
(gi: 11693147) due to its previous description as a transcription
factor involved in oligodendrogenesis (Nakatani et al., 2013).
Description of the remaining five identified binding proteins
awaits experimental confirmation and will be presented else-
where. To determine whether the impact of p57kip2 on OPC
differentiation is attributed to the interaction with these specific
binding partners either within the cytoplasm or the nucleus, dou-
ble immunofluorescent staining was performed and analyzed by
confocal laser-scanning microscopy (Fig. 5). This analysis re-
vealed almost completely overlapping subcellular distributions of

p57kip2 together with LIMK-1 (Fig. 5A,D-D'"",E-E""") and
p57kip2 with CDK2 (Fig. 5B, F-F'',G-G"""), indicating that these
two proteins cosegregate with p57kip2. Subcellular localizations
of LIMK-1 and CDK?2 also overlapped with p57kip2 in CXCL12-
stimulated and ratjadone-treated cells (data not shown). How-
ever, p57kip2 and Mashl were only overlapping in immature
oligodendroglial cells with nuclear p57kip2 signals, whereas
upon p57kip2 translocation, Mashl remained in the nucleus
(Fig. 5C,H-H""",]-I'""). This could be interpreted as meaning
that the separation of Mash1 and p57kip2 could influence the
transactivation properties of Mash1, whereas p57kip2-mediated
translocation of LIMK-1 and CDK2 could regulate kinase sub-
strate accessibility.

Proximity ligation assay for p57kip2 and binding partners

To confirm the physical interactions between p57kip2 and the
identified binding partners in situ, a PLA (Soderberg et al., 2006)
was performed. PLA is an extension of coimmunofluorescence in
which secondary antibodies are conjugated to short DNA se-
quences. These can then be ligated by the addition of two oligo-
nucleotides given that they are within 40 nm distance of each
other, amplified, and detected by labeled complementary DNA
probes. For these experiments, cells were either kept in differen-
tiation medium for 1 d (Mash1) or stimulated with CXCL12 for
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3 d (CDK2, LIMK-1, and Hes5). Positive
PLA events resulted in distinct red fluo-
rescent spots and confirmed that p57kip2
and CDK2 (Fig. 6A—A"") and p57kip2 and
LIMK-1 (Fig. 6B-B'") interact with each
other in both the cytoplasm and the nu-
cleus. Nuclear PLA signals for p57kip2
and Mashl could also be detected in im-
mature oligodendroglial cells compared
with negative single-antibody back-
ground controls (Fig. 6C-C'"). Control
experiments using an antibody directed
against the oligodendroglial O4 surface
antigen did not generate PLA signals (data
not shown).

p57kip2-mediated reduction of Mash1
transactivation properties
Because Mash1 was previously shown to
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be an important transcriptional regulator
of oligodendroglial specification and dif-
ferentiation (Parras et al., 2007; Sugimori
et al., 2008; Nakatani et al., 2013), we in-
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Mash1 activity. Upon forced expression of 0% T
this transcription factor (pIRES_Mashl), «©
primary oligodendroglial cells displayed ©
elevated levels of CNPase positivity (Fig.
7A-D'") and MBP positivity (data not
shown), confirming that this transcriptional
regulator positively influences cellular mat-
uration. Mashl-induced differentiation
was prevented by the forced expression of
p57kip2 (pIRES_p57). To assess whether
p57kip2 can inhibit Mash1-mediated tran-
scriptional activation, we used a reporter
plasmid in which tdTomato expression was
under the control of Delta™ enhancer di-
rectly responding to Mashl1 (Castro et al.,
2006). We quantitated tdTomato transcript
levels by means of real-time RT-PCR (Fig.
7E) and demonstrated that Mash1-induced
reporter activity was significantly decreased
in the presence of p57kip2.
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Pharmacological blockade of CRM1-mediated nuclear export. Immunofluorescent staining of cultured oligodendro-

glial cells for p57kip2 and CNPase (A-D) and p57kip2 and CC1 (F—I) after 1d in culture, revealing a correlation between p57kip2

Overexpression of a mutated p57kip2
version promotes OPC differentiation
and in vitro myelination

Because ratjadone treatment targets CRM1
and thereby several proteins carrying a NES
are presumably missorted, we measured to
what degree the localization of p57kip2
protein only affects OPC differentiation.
For this purpose, we mutated the putative
NLS of p57kip2, which is limited to a classical monopartite KRKR
sequence inside the QT domain (Boulikas, 1993; Potikha et al.,
2005), to specifically prevent the entry of p57kip2 into the nu-
cleus. Within the predicted NLS 290-KRKR-295, amino acids
K291 and R292 were substituted with A291 and A292,
respectively, and the resulting mutant coding frame was used to
generate the mammalian expression vector pIRES_NLS. OPCs were
transfected with an empty control vector (pIRES), the full-length
wild-type p57kip2 overexpression construct (pIRES_p57), or

translocation from the nucleus (arrowheads) to the cytoplasm (arrows) and the abundance of CNPase and CC1 expression. E, J,
Determination of the percentage of CNPase- or CC1-positive cells upon CXCL12 exposure in the absence or presence of ratjadone.
This demonstrated a (XCL12-dependent promotion of cellular maturation and of cytoplasmic localization of p57kip2 [compare
white areas (nucleus) with dashed areas (cytoplasm) within the bar], which was abolished in the presence of ratjadone. In the
presence of ratjadone, most oligodendroglial cells expressing marker proteins exhibited a nuclear accumulation of p57kip2. K,
Determination of the percentage of oligodendroglial cells with “medium” and “high” morphological complexity after 3 din culture
inresponse to CXCL12 stimulation (gray bars), or (co)application of ratjadone (brown bars), revealing that nuclear export blockade
efficiently interfered with morphological maturation. Data are means derived from n = 3 experiments == SEM (total number of
counted cells: 15,649 in E; 12656 in J; 625 in K; t test: *p << 0.05, **p << 0.01, ***p << 0.001). Scale bars, 20 um.

PIRES_NLS together with a citrine expression vector (yellow flu-
orescent protein; Heikal et al., 2000) to label transfected cells.
Mitogen withdrawal was used to induce OPC differentiation;
cells were then fixed and subjected to immunofluorescent stain-
ing. Cells transfected with the NLS mutant mainly displayed a
cytoplasmic expression of p57kip2 (Fig. 8 A,C-C'"), confirming
that the mutation abolished NLS functionality. Conversely, over-
expression of the wild-type p57kip2 construct (pIRES_p57) re-
sulted in nuclear accumulation of p57kip2 proteins (Fig. 8 A,B—B'").
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Figure 5.  Colocalization of p57kip2 with oligodendroglial binding proteins. A—C, Evaluation of the percentage of oligodendroglial cells displaying different subcellular distribution pattern of
p57kip2 in combination with nuclear and/or cytoplasmic accumulation of LIMK-1 (A), CDK2 (B), and Mash1 (C), respectively, after 6 d in culture. The following distribution patterns of p57kip2 and
binding partner (bp) were examined: p57Kip2,,qiear/bPnuciears PS7KIP2cyoptasm/DPeytoptasmi PS7KIP2nuctear DPeytoptasms PI7KIDyroptasm/DPructear- -1 "', Representative images illustrating nuclear
(arrowheads) and cytoplasmic p57kip2 localization (arrows) within oligodendroglial cells after 6 d under differentiation conditions. Colocalization with both LIMK-1 (D—D""',E-E'"") and (DK2
(F-F'"",6—-G'"") was observed, whereas only nuclear coexpression of Mash1 and p57kip2 in immature oligodendroglial cells (H—H'"’, I-I""") was found. Scale bars, 20 .m. Data are means
derived from n = 6 experiments = SEM (total number of counted cells: 3353 in 4; 3858 in B; 2378 in C; t test: ***p << 0.001).
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Figure 6.  PLA-confirmed interactions among p57kip2 and (DK2, LIMK-1, Mash1, and Hes5. PLA of cultured oligodendroglial cells after 1d (Mash1) or 3 d (CDK2, LIMK-1, Hes5) under
differentiating culture conditions. Positive PLA events (red dots) are indicated by arrows and could be detected for CDK2/p57kip2 (A-A""), LIMK-1/p57kip2 (B—B'"), Mash1/p57kip2
(€-C'"), and Hes5/p57kip2 (D-D""). In negative antibody controls (E-E’"), no PLA events could be detected. Phalloidin was used to visualize cell bodies and processes. Scale bars,
20 wm.
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D

pIRES_p57+
pIRES_Mash1

Functional evaluation of Mash1 transactivation properties upon overexpression of p57kip2. A, Determination of the percentage of CNPase-positive oligodendroglial cells upon

combinatorial overexpression of an empty vector as control (pIRES), overexpression of Mash1 (pIRES_Mash1), and overexpression of p57kip2 (pIRES_p57) after 3 din culture. B—D"", Representative
immunofluorescent CNPase staining of cultured cells upon combinatorial gene overexpression. E, Quantitative real-time RT-PCR illustrating the relative expression levels of the Mash1 reporter
plasmid tdTomato upon combinatorial transfection of expression vectors pIRES (empty control), pIRES_Mash1, and pIRES_p57kip2. Data are means derived from n = 3 experiments == SEM (total

number of counted cells: 1177 in A4; t test: *p << 0.05, **p < 0.01). Scale bars, 30 m.

Transfected cells were then scored for CNPase (Fig. 8 D,E-F') and
MBP (Fig. 8G,H-I") protein expression. Whereas overexpression of
the wild-type p57kip2 protein decreased the percentages of cells with
myelin protein expression, overexpression of the NLS mutant
(pIRES_NLS) resulted in even higher degrees of myelin positivity
compared with control transfected cells.

To study the effect of the NLS mutant protein on the cellular
capacity to generate myelin sheaths, transfected cells were seeded
onto neuron—oligodendrocyte cocultures at a time point before
endogenous in vitro myelination could be observed (DIV17).
Nine days later, cocultures were fixed and stained for BIII-
tubulin and MBP. Transfected (and transplanted) cells were vi-
sualized by means of citrine vector cotransfection and the
generation of MBP-positive internodes by these cells was deter-
mined (Fig. 8J-L"""). Cells overexpressing NLS mutant formed
significantly more MBP-positive myelinated segments compared
with those overexpressing wild-type p57kip2 and even compared
with control transfected cells.

Colocalization of binding proteins upon overexpression of
wild-type or mutant p57kip2 proteins

We next investigated whether the subcellular localization of
binding proteins was altered upon overexpression of either wild-
type or NLS mutant p57kip2 proteins. Immunofluorescent stain-
ing revealed that all cells expressed LIMK-1 (Fig. 9A-C'") and
CDK?2 (Fig. 9D-F'") and that they strictly followed the localiza-
tion pattern of p57kip2 proteins such as a cytoplasmic accumu-
lation after pIRES_NLS overexpression or a nuclear localization
upon overexpression of pIRES_p57. We also looked at the distri-
bution of Mash1 along with two other transcription factors that
were previously described to be functionally implicated in oligo-
dendroglial cells. Importantly, under all conditions, no cytoplas-
mic localization of Mashl could be observed. However, upon
overexpression of wild-type p57kip2, the number of Mashl-
expressing cells was significantly decreased, whereas overexpres-

sion of NLS mutant significantly increased the number of Mash1-
expressing cells (Fig. 9G-I'"), suggesting an additional effect
on expression levels. The percentage of Sox10-transcription-
factor-expressing cells was not affected by the different constructs
and served as a negative control (Fig. 9J-L'"). Finally, expression
of the oligodendroglial-differentiation-associated inhibitory
transcription factor Hes5 was studied to provide another control.
Unexpectedly, the staining revealed that it was also dependent on
the localization of transfected p57kip2 proteins (Fig. IM-O"").
Similar to CDK2 and LIMK-1, this regulator was also found in
both the cytoplasm and nucleus and shuttled along with the NLS
mutant p57kip2 protein. The forced accumulation of wild-type
p57kip2 protein, formerly shown to be inhibitory to oligoden-
droglial differentiation (Kremer et al., 2009), strongly increased
the nuclear presence of this transcriptional inhibitor. A direct
interaction between p57kip2 and Hes5 could then be confirmed
using PLA (Fig. 6D-D"").

p57kip2 localization in primary human oligodendroglial cells
Given the observed p57kip2 localization dynamics in primary
rodent oligodendroglial cells, we wondered whether a similar reg-
ulation could also be observed for primary human oligodendro-
glial cells (i.e., whether the assumed function is conserved in the
human p57kip2 protein). To determine this, we performed stim-
ulatory experiments with primary OPCs of human origin. In gen-
eral, human OPCs tend to mature slowly, which is why they were
stimulated for 7 d with differentiation-promoting factors such
as the chemokine CXCLI12 (Gottle et al., 2010) and tri-iodo-
thyronine (Barres et al., 1994). We clearly demonstrated that
these stimuli significantly increased the percentage of cells posi-
tive for GalC (Fig. 10A-B’"") and/or CC1 (Fig. 10C-D"""), thus
labeling maturing human oligodendroglial cells as described pre-
viously (Cui et al., 2012). Expression of GalC and CC1 was found
to be concomitant with an increased fraction of cells exhibiting
cytoplasmic p57kip2 localization (Fig. 104, C). In addition, pos-
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p57kip2 overexpression during OPC differentiation and in vitro myelination. A, Cytoplasmic p57kip2 localization in oligodendroglial cells either transfected with the wild-type

overexpression construct for p57kip2 (pIRES_p57; B—B"") or with the NLS mutant p57kip2 construct (pIRES_NLS; C—C'") after 24 h. D, G, Determination of CNPase- and MBP-positive cells after
transfection of control, wild-type, and NLS mutant p57kip2 constructs after 24 h (CNPase) and 72 h (MBP), respectively. Representative cells double stained for p57kip2/CNPase (E—F') and
p57kip2/MBP (H-I'); negative (arrowheads) and positive (arrows) for myelin expression. J, Inmunostaining revealed that overexpression of the p57kip2 NLS mutant protein increased the number
of oligodendrocytes generating MBP-positive internodes (asterisks) when seeded on neuron—oligodendrocyte cocultures compared with control or wild-type p57kip2 transfected cells. (K-L""")
Representative oligodendroglial cells without (pIRES_p57) and with myelin formation (pIRES_NLS) capacity. Data are means derived from n = 3 experiments = SEM (total number of counted cells:
475in A; 1471in D; 630 in G; 2024 in J; t test: *p << 0.05, **p << 0.01, ***p << 0.001). Scale bars, 20 m. OL, Oligodendrocyte.

itive PLA events (red dots) were detected, confirming that
p57kip2 and Hes5 (Fig. 10E-E'") interact with each other in both
the cytoplasm and nucleus. Nuclear PLA signals for p57kip2 and
Mash1 were also detected in immature oligodendroglial cells
(Fig. 10F-F'") compared with negative single-antibody back-
ground controls (data not shown). This observation strongly sug-
gests that this posttranscriptional regulatory process is also active
in human oligodendroglial cells.

Discussion

Several inhibitors associated with oligodendroglial differentia-
tion have been identified and are supposed to constrain myelin
repair in the adult CNS (Chang et al., 2002; Kuhlmann et al,,
2008; Kremer et al., 2011). Despite this increasing knowledge,

little is currently known about the functional properties of these
regulators. Data presented in this study reveal the mode of action
underlying the previously described inhibitory function of p57kip2
(Kremer et al., 2009) and suggest that the subcellular localization of
p57kip2 is key to this inhibitory role. Moreover, the observed inter-
actions with at least four different proteins indicate that multiple
cellular processes are controlled by p57kip2.

Our experiments revealed interactions with CDK2, LIMK-1,
and Hes5 and showed that these partners tightly follow p57kip2
between nucleus and cytoplasm. In differentiating oligodendro-
glial cells, CDK2 protein levels and kinase activity were shown to
be decreased compared with those of proliferating OPCs and
CDK2 loss was found to accelerate OPC differentiation in the
adult CNS (Caillava et al., 2011). This was interpreted as a func-
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Colocalization of binding proteins upon overexpression of wild-type or NLS mutant p57kip2 proteins. Examination of cytoplasmic localization of LIMK-1 (A—C'"), CDK2 (D—
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transcription factor Hes5 (M—0""), and percentage of cells positive for Sox10 (J-L'") and Mash1 (G—I""). LIMK-1, CDK2, and Hes5 follow subcellular translocation of p57kip2, whereas Sox10 and
Mash1 remained in the nucleus, the latter of which was downregulated and upregulated upon wild-type and NLS mutant p57kip2 overexpression, respectively. Data are means derived from n =
4 experiments == SEM (total number of counted cells: 677 in A; 569 in D; 541in G; 546 in J; 415 in M; t test: *p << 0.05, **p << 0.01, ***p << 0.001). Scale bars, 20 pm.

tional correlation between cell cycle exit and initiation of differ-
entiation. Nuclear exclusion, as we observed it, is likely to also
result in a differentiation boost and it remains to be shown to
what degree a directed CDK2 protein relocation precedes CDK2
downregulation during the differentiation process (Caillava and
Baron-Van Evercooren, 2012).

p57kip2 was described previously to interact directly with
LIMK-1 and thus affect filament turnover and dynamics (Yokoo
et al., 2003; Vlachos and Joseph, 2009) and we gathered prelimi-
nary evidence that, in myelinating glial cells of both peripheral
nervous system and CNS, this particular protein—protein inter-
action occurs (Heinen et al., 2008; Kremer et al., 2009). Here, we
confirmed this direct interaction and demonstrated that p57kip2
firmly controls LIMK-1 compartmental localization. Because nu-
clear LIMK-1 is unable to inhibit cytoplasmic cofilin, a negative
regulator of actin filament turnover, actin depolymerization is
enhanced. Conversely, actin polymerization was demonstrated
to be fundamental for Schwann and oligodendroglial cell matu-
ration in that pharmacological inhibition of actin polymerization

resulted in impaired process extension, axonal ensheathment,
differentiation, and myelination (Fernandez-Valle et al., 1997;
Bacon et al., 2007; Wang et al., 2008). Unexpectedly, evidence of
an additional interaction with the transcriptional regulator Hes5
emerged during our investigations. Hes5 was shown to prevent
terminal oligodendroglial differentiation and to repress the activ-
ity of CNS myelin promoters (Liu et al., 2006). Because it was
found to translocate from the nucleus to cytoplasm along with
p57kip2, this indicates that regulatory gene regions will be de-
prived of this transcriptional inhibitor, resulting in a transcrip-
tional activation of myelin and other genes.

A different behavior was observed for Mash1, which appears
to be bound and inhibited by p57kip2, but was not found to
translocate out of the nucleus. Nevertheless, p57kip2 was clearly
shown to block Mashl1 transcriptional activity, thus providing a
functional explanation of how maturation-related gene expres-
sion can be controlled by its nuclear presence. Moreover, the
observed counter-regulation of Mashl expression upon wild-
type versus NLS mutant p57kip2 overexpression (Fig. 9) suggests
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p57kip2 subcellular localization in primary human oligodendroglial cells. 4, Quantification of the percentage of GalC- (€) and CC1-positive cells in absence or presence of stimuli such

as (XCL12 and/or tri-iodo-thyronine. The fraction of oligodendroglial cells with cytoplasmic p57kip2 localization is represented by the dashed areas. Data are means derived from n = 3
experiments == SEM (total number of counted cells: 3553in 4;6612in C; t test: **p << 0.01).B—B""’,D-D""", Representative cells displaying the association between maturation marker expression
and nuclear export of p57kip2. Arrowheads mark immature and arrows mark mature oligodendroglial cells. Scale bars, 20 um. E-F'’, PLA of cultured oligodendroglial cells after 3 d in culture.
Positive PLA events (red dots) are indicated by arrows and could be detected for Hes5/p57kip2 (E—E’ ") and Mash1/p57kip2 (F—F'"). Phalloidin was used to visualize cell bodies and processes. Scale

bars, 10 m.

that a positive feedback loop exists and that accessory factors such
as p57kip2 (or others) influence Mash1 protein levels.

Our observations thus suggest a dual mode of action. Kinase-
binding partners such as LIMK-1 and CDK2 appear to travel with
p57kip2 and, as a result, their site of action and access to sub-
strates will change and affect their role. Conversely, interactions
with the transcription factors Mash1 and Hes5 appear to control
target gene transcription. Because they both belong to the basic
helix-loop-helix family of transcriptional regulators, we specu-
late that they compete for the same DNA-binding sites and that
activation or inhibition of target genes is controlled by p57kip2.

To what degree these processes reflect the whole or main
mode of action is currently unresolved. Further functional vali-
dation of additional detected binding partners will clarify
whether other proteins centered around the p57kip2 protein are
functional constituents of this negative regulatory process.

Our experiments also revealed that overexpression of a
cytoplasm-restricted variant of p57kip2 (NLS) is as effective in

promoting the differentiation process as the previously shown
short hairpin RNA-dependent gene suppression (Kremer et al.,
2009). This suggests that the prevention of localization of cyto-
plasmic proteins in the nucleus is as important as the control of
gene transcription. Which of the two mechanisms is rate limiting
in regard to the inhibitory role of p57kip2 remains to be clarified
in future experiments.

We clearly demonstrated that this mechanism is also valid for
primary human oligodendroglial cells in that their maturation is
also accompanied by nuclear export of p57kip2. This observation
is of particular interest because, in a recent study of established
MS lesions, no evidence of a p57kip2 translocation in white mat-
ter OPCs could be found (Pfeifenbring et al., 2013). Apart from
the possibility that MS tissue preservation might interfere with
the antibody-mediated detection of the lower density p57kip2
signals, this could also have a functional implication and indicate
that prevented or slowed myelin repair could suffer from averted
p57kip2 export. It remains to be clarified whether in the adult
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human brain only certain conditions, time windows (disease-
course or age related), or areas (white vs gray matter) allow for
subcellular relocation of p57kip2 in oligodendroglial cells to oc-
cur or if this capacity is restricted to cultured human cells only
(Fig. 10). If p57kip2 translocation is restricted or blocked, the
ongoing presence of p57kip2 is likely to interfere with myelin
repair activities in the adult brain, even more so because protein—
protein interaction data showed that in human cells as well,
p57kip2 binds to Mash1 and to Hes5 (Fig. I0E-F'"). Therefore, if
translocation cannot take place anymore, such cells would defi-
nitely be stalled in the differentiation process.

Regulated protein localization appears to be a more general
mechanism involved in glial cell differentiation. Of particular
interest is a recent report on inadequate nucleocytoplasmic trans-
port activities that affect MS progression. TAT-interacting pro-
tein 30 kDa (TIP30) was found to be induced within OPCs in MS
lesions and to block nucleocytoplasmic transport of Notchl-
intracellular domain, leading to inhibited OPC differentiation
and subsequent remyelination failure (Nakahara et al., 2009).
Other proteins in addition to TIP30 and p57kip2 also display
multiple intracellular distributions and data on changes in sub-
cellular localization of p27kip1, Olig2, or Oligl indicate a func-
tional involvement in the glial repair process (Arnett et al., 2004;
Magnus et al., 2007; Shen et al., 2008). It therefore remains to be
shown how the specific nuclear export of p57kip2 is regulated on
the molecular level and to what degree posttranslational modifi-
cations account for this process. Identification of rate-limiting
signals is also of biomedical interest because such knowledge
could aid the use of our findings in the development of therapies
promoting myelin repair. Currently, it can only be speculated
whether protein import (NLS) or export (NES) motifs or specific
protein—protein interfaces (between p57kip2 and binding part-
ners) could serve as suitable targets. Nevertheless, the disclosed
regulatory mechanism underlying the role of p57kip2 is notewor-
thy. Apart from the functional implication, subcellular localiza-
tion of oligodendroglial p57kip2 could also serve as a biomarker
for differentiation-competent cells. This must certainly be evalu-
ated in greater detail and using more sophisticated human tissue
analyses featuring, for example, cortical remyelination (Chang et
al., 2012). Finally, regulated protein shuttling and subsequent
redistribution or regulation of binding partners must also be con-
sidered in the ongoing analysis of the in vivo function of p57kip2.

In conclusion, our data provide strong evidence that nuclear
exclusion of p57kip2 is a crucial process in oligodendroglial dif-
ferentiation either during CNS development or for the regenera-
tion of injured or diseased fiber tracts. Pharmacological means to
specifically address p57kip2 localization or its physical interac-
tion with partner proteins will therefore constitute an important
step toward the development of a remyelination therapy.
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