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Abstract  

Oligodendroglial progenitor cells (OPC) are highly proliferative and migratory bipolar 

cells, which differentiate into complex myelin forming and axon ensheathing mature 

oligodendrocytes during myelination. Recent studies indicate that the oligodendroglial 

cell population is heterogeneous on transcriptional and functional level depending on 

the location in the CNS. Here, we compared intrinsic properties of OPC from spinal 

cord and brain on functional and transcriptional level. Spinal cord OPC demonstrated 

increased migration as well as differentiation capacity. Moreover, transcriptome 

analysis revealed differential expression of several genes between both OPC 

populations. In spinal cord OPC we confirmed upregulation of SKAP2, a cytoplasmatic 

adaptor protein known for its implication in cytoskeletal remodelling and migration in 

other cell types. Recent findings suggest that actin dynamics determine not only 

oligodendroglial migration, but also differentiation: Whereas actin polymerization is 

important for process extension, actin destabilization and depolymerization is required 

for myelin sheath formation. Downregulation or complete lack of SKAP2 in OPC 

resulted in reduced migration and impaired morphological maturation in 

oligodendrocytes. In contrast, overexpression of SKAP2 as well as constitutively active 

SKAP2 increased OPC migration suggesting that SKAP2 function is dependent on 

activation by phosphorylation. Furthermore, lack of SKAP2 enhanced the positive 

effect on OPC migration after integrin activation suggesting that SKAP2 acts as 

modulator of integrin dependent migration. In summary, we demonstrate the presence 

of intrinsic differences between spinal cord and brain OPC and identified SKAP2 as a 

new regulator of oligodendroglial migration and sheath formation.   
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Significance statement 

OPC play an important role in many still incurable diseases, such as multiple sclerosis, 

leukodystrophies or neurodegenerative diseases. Their heterogeneity in different CNS 

regions has recently been identified. Here, we observed increased migration and 

differentiation capabilities of OPC isolated from the spinal cord compared to brain OPC 

and confirmed differences in the transcriptome between these two cell populations. 

Furthermore, we identified SKAP2 as potential modulator of actin dynamics in 

oligodendrocytes. Whereas knockdown or lack of SKAP2 impairs migration and myelin 

sheath formation in mouse and human oligodendrocytes, overexpression of wildtype 

or constitutively active SKAP2 enhances the migratory capacity of murine 

oligodendrocytes. In summary, we present SKAP2 as modulator of cytoskeletal 

dynamics regulating OPC migration, differentiation and myelin sheath formation.  
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Introduction  

Oligodendrocytes are the myelin forming cells of the CNS. During CNS development 

oligodendroglial progenitor cells (OPC) are generated in three waves at different 

anatomical sites in spinal cord and brain (Kessaris et al, 2006). OPC migrate through 

the brain along blood vessels (Tsai et al, 2016), start to extent multiple and branched 

processes and finally form the myelin sheath which is prerequisite for saltatory 

conduction of action potentials. Recently published studies demonstrated that 

oligodendrocytes (OL) are heterogeneous on transcriptional levels and that individual 

oligodendroglial subtypes dominate in certain CNS regions (Marques et al, 2016; van 

Bruggen et al, 2017); however it is unknown whether these differences in 

transcriptional levels also result in functional differences. Previously, several studies 

focusing on OPC derived from either white or grey matter found differences regarding 

proliferation (Hill et al, 2013; Lentferink et al, 2018), susceptibility to inflammatory cues 

(Lentferink et al, 2018) and differentiation capacity (Vigano et al, 2013). Moreover, 

other studies identified intrinsic functional and transcriptomic differences between 

spinal cord and brain-derived OPC (Bechler et al, 2015; Horiuchi et al, 2017; Marques 

et al, 2018). 

The intracellular mechanisms driving oligodendroglial differentiation and myelin sheath 

formation have been extensively investigated during recent years (Franklin & 

Goldman, 2015; Simons & Nave, 2015; Kuhn et al, 2019), but only relatively little is 

known about the intracellular signaling cascades regulating oligodendroglial migration 

and how extracellular signals modify these intracellular pathways. Migration of OPC is 

controlled by extracellular molecules such as growth factors (e.g. FGFs, PDGF), 

guidance molecules (netrins, semaphorins) and chemokines (e.g. CXCL1), as well as 

by contact mediated mechanisms such as extracellular matrix molecules (for review 
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see (de Castro et al, 2013)). A major factor for motility of OPC are the dynamics of the 

actin cytoskeleton (for review see (Thomason et al, 2020)). Recent studies indicate 

that actin polymerization is required for OPC migration and process extension whereas 

myelin sheath formation and axon wrapping is characterized by actin destabilization 

and depolymerization (Nawaz et al, 2015; Zuchero et al, 2015; Snaidero et al, 2017). 

However, regulators of intracellular signaling pathways orchestrating actin dynamics 

in both migrating and myelin sheath forming oligodendrocytes have not been described 

(for review see (Brown & Macklin, 2020)). 

SKAP2 (src-kinase associated protein 2) is a cytoplasmic adapter protein that is 

expressed in several cell types such as lymphocytes, monocytes and neutrophils and 

which is required for global actin reorganization during cell migration (Alenghat et al, 

2012; Boras et al, 2017). SKAP2 that has been first described in 1998 (Marie-Cardine 

et al, 1998), contains a pleckstrin homology (PH) domain, multiple tyrosine 

phosphorylation sites, C-terminal Src-Homology 3 domain (SH3 domain) and an N-

terminal coiled-coil domain (Bureau et al, 2018). It interacts with different molecules 

implicated in integrin signaling events, including the adhesion and degranulation-

promoting adaptor protein (ADAP) and RAP1-GTP–interacting adaptor molecule 

(RIAM) (Asazuma et al, 2000; Königsberger et al, 2010; Alenghat et al, 2012; Boras et 

al, 2017).  

In this study, we observed increased migration and differentiation capabilities of OPC 

isolated from the spinal cord compared to brain OPC as well as differences in the 

transcriptome between these two cell populations confirming the presence of intrinsic 

differences between spinal cord and brain derived OPC. Furthermore, we demonstrate 

that knockdown or lack of SKAP2 impairs migration and myelin sheath formation in 

mouse and human oligodendrocytes whereas overexpression of wildtype or 

constitutively active SKAP2 enhances the migratory capacity of murine 
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oligodendrocytes. SKAP2 is regulated by phosphorylation in OPC probably involving 

FYN (FYN Proto-Oncogene, Src Family Tyrosine Kinase) as direct upstream activator. 

Moreover, integrin activation via pRGD reverses the positive effect of SKAP2 on OPC 

migration. In summary, we identified SKAP2 as a new and important regulator of 

oligodendroglial migration and myelin sheath formation in mouse and human 

oligodendrocytes.  
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Material and Methods  

Animals. For OPC isolation C57BL/6 mice or Skap-HOM mice (P6-9) were used. 

C57BL/6 were obtained from the Zentrale Tierexperimentelle Einrichtung (ZTE) of the 

university hospital of Münster. Skap-HOM mice (Togni et al, 2005) were kindly provided 

by Prof. Alexander Zarbock (Boras et al, 2017). All experiments were approved by the 

“Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen” (LANUV) 

and were performed according to the reference numbers 8.84.-02.05.20.12.286, 81-

02.05.50.17.017 and 84-02.04.2013.A029. 

Primary oligodendroglial cultures. Primary oligodendroglial progenitor cells (OPC) 

were isolated using the immunopanning method as described previously (Watkins et 

al, 2008). Briefly, dissociated mouse cerebrum or spinals cords were resuspended in 

panning buffer. To isolate OPC the single cell suspension was sequentially panned on 

two panning plates coated with anti-BSL 1 Griffonia simplificonia lectin (#L-1100, 

Vector Labs) and then incubated on a plate coated with anti-CD140a (#135902, 

Biolegend) for OPC selection. The adherent OPC were washed with PBS, scratched, 

and plated in 0.025% poly-L-lysine (PLL)-coated flasks (#P4707, Sigma). OPC-Sato 

medium was prepared by adding 100 U/mL penicillin, 10 µg/mL streptomycin (#P0781, 

Sigma), 292 µg/mL L-glutamine (#25030-024, Gibco), 100 µg/mL BSA (#A8806, 

Sigma-Aldrich), 100 µg/mL apo-transferrin (#T1147, Sigma-Aldrich), 60 ng/mL 

progesterone (#P8783, Sigma-Aldrich), 16 µg/mL putrescine (#P5780, Sigma-Aldrich), 

40 ng/mL sodium selenite (#31966-021, Invitrogen), 60 µg/mL N-acetyl-cystein 

(#A9165, Sigma-Aldrich), 10 ng/mL biotin (#B4639, Sigma-Aldrich), 5 µg/mL insulin 

(#I1882, Sigma-Aldrich), 5 µM forskolin (#F6886, Sigma-Aldrich), Trace element B 

(#99-175, Cellgro) diluted in DMEM high glucose (#31966-021, Invitrogen) containing 

2% B27 supplement with vitamin A (#12587010, Gibco). The cultures were maintained 
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under proliferating conditions by addition of 10 ng/ml PDGF-AA (#100-13A, Pepro-

Tech) and 5 ng/ml human NT3 (#450-03, Pepro-Tech). Differentiation of OPC was 

induced by replacing PDGF-AA by 10 ng/ml CNTF (#450-13, Pepro-Tech). The purity 

of oligodendroglial cultures was higher than 98 %.  

Lentiviral transduction of primary OPC. Production of murine ecotropic shRNA-

containing lentiviruses was performed in HEK293T cell line (DSMB). HEK293T cells 

were transfected using Fugene HD transfection reagent in a 3:1 reagent : DNA ratio 

with packaging plasmid 2 µg psPAX2 (a gift from Didier Trono, Addgene, #12260), 1 

µg murine ecotropic envelope plasmid pEnv(eco)-IRES-puro (Morita et al, 2000; 

Schambach et al, 2006) and 3 µg lentiviral transferplasmid. For knockdown 

experiments four pGFP-C-shLenti vectors containing different shRNAs against Skap2 

(Origene; see Table 1) were applied and scrambled shRNA was used as control 

(OriGene, #TR30021). For overexpression experiments, cDNA of SKAP2WT and 

SKAP2W336K (see Table 2) was transferred into pLEX_307 (Addgene #41392). For 

analysis of subcellular localization, lentiviral expression plasmid pSKAP2-mGFP 

(Origene #MR205468L2) was used. 

HEK293T supernatant containing virus particles was collected after 48 and 72 hours. 

Pooled supernatant was centrifuged (16-24 hours;12,300xg) using a centrifuge 

(5810R, Eppendorf) with an fixed angled-rotor (FA-45-6-30, Eppendorf) and the virus 

pellet was resuspended in OPC-Sato medium for 1 hour at 4°C on a shaker. Virus was 

either used freshly or was stored at -80°C for a maximum of 2 months. OPC were 

transduced with murine ecotropic shRNA-containing lentiviruses during replating. After 

24 hours of incubation, medium was changed to remove viral particles. Transduction 

efficiency was tested 72 hours after viral transduction. For migration, cells were seeded 

in a density of 3000 cells/well in a 12-well plate and analyzed after 72 hours of 
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transduction. To analyze differentiation 80,000 cells/well were seeded in 6-well plates 

and medium was changed 24 hours after transduction to differentiation medium.  

Preparation of pRGD-coated plates. Solid pRGD (#F8141, Sigma) was diluted in 

H2O (1 mg/ml) and stored in the dark at room temperature. Shortly before coating, 

pRGD was diluted in a final concentration of 20 µg/ml in 20 mM HEPES in HBSS 

(#14175053, Gibco) containing 0.025 % poly-L-lysine (pRGDHEP). As control coating 

PLL was diluted in 20 mM HEPES in HBSS (PLLHEP). Plates were incubated for 2 hours 

at 37°C and washed with ddH2O twice. Plates were always freshly prepared before 

use and not stored at 4° C. 

Preparation of matrigel-coated plates. Matrigel (#354263, Corning) was 

reconstituted by submerging the vial at 4°C over night and was diluted 1:5 in ice-cold 

knock-out DMEM (Cat.-No. 10829, Gibco) until material was evenly dispersed. The 

reconstituted matrigel was stored at -20°C upon use. Before plates were coated, 

matrigel was slowly thawed in knock-out DMEM 1:20 by pipetting up and down until 

matrigel was completely solved. Coated plates were stored at 4°C over night before 

use or for maximum 4 weeks.  

Stable integration of SON cassette in iPSC. For generation of an inducible SON-

iPSC line, we adapted a one-in-all vector strategy for genomic integration to a save 

genomic harbour (Pawlowski et al, 2017). Human iPSCs were targeted with two 

zincfinger nucleases integrating the expression cassette containing the SON 

transcriptions factors (Ehrlich et al, 2017) under control of a Tet-On inducible promotor 

(TRE3G), a transactivator (rtTA) under control of CMV promoter as well as a puromycin 

resistance for selection into the adeno-associated-virus-site 1 (AAVS1) locus on intron 

1 of chromosome 19 (Smith et al, 2008). pZFN-AAVS1_ELD, pZFN-AAVS1_KKR (both 

were a kind gift from Kosuke Yusa) and pSON-rtTA were transfected in a 1:1:1 ratio 
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using FugeneHD. At day 2, selection with puromycin was initiated and surviving single 

cells were expanded to colonies and genotyped by locus and puromycin PCR to 

determine correct integration of the construct and homozygosity (Primer for 

genotyping, see Table 5). After induction with 1 µg/ml doxycycline (#D9891, Sigma) 

expression of SOX10, OLIG2 and NKX2.2 was determined by RT-qPCR. 

Generation of smNPC from iPSC. Gene-targeted iPSC were differentiated into 

smNPC (referred to as NPC) applying a small molecule-based differentiation protocol 

(Reinhardt, Glatza, et al. 2013). Briefly, iPSC were cultured on mitomycin C (Sigma) 

inactivated mouse embryonic fibroblasts (EmbryoMax® PMEF, strain CF-1) in hESC 

medium consisting of Knockout DMEM (#10829-018, Invitrogen) with 20% Knockout 

Serum Replacement (#10828-028, Invitrogen), 1 mM β-mercaptoethanol (#31350-010, 

Invitrogen), 1% nonessential amino acids (#M7145, Sigma), 1% penicillin/streptomycin 

and 5 ng/ml bFGF. iPSC colonies were detached from MEF 3-4 days after splitting 

using 2 mg/ml collagenase IV. Colony pieces were collected by sedimentation and 

subsequently resuspended in hESC medium without bFGF but supplemented with 10 

μM SB-431542, 1 μM dorsomorphin, 3 μM CHIR99021 and 0.5 μM purmorphamine 

and cultured as embryoid bodies (EBs) in petri dishes. Medium was replaced at day 2 

with N2B27 medium consisting of 1:1 pre-mixed neurobasal medium (#21103-049) and 

DMEM/F12 (#21331-020, Gibco), 1% B27 supplement without vitamin A (#12587-010, 

Gibco), 0.5% N2 supplement (#17502-048, Gibco), 1% Pen/Strep (#P4333, Sigma), 

2 mM L-glutamine (#G7513, Sigma) containing the same small molecules as before. 

On day 4, SB-431542 and dorsomorphin were removed from N2B27 medium and 

150 μM ascorbic acid were added. On day 6, EBs were triturated into smaller pieces 

and plated onto matrigel-coated (#354263, Corning) 12-well plates in N2B27 medium 
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supplemented with 0.5 μM purmorphamine, 3 μM CHIR99021 and 150 μM ascorbic 

acid. 

Human NPC culture. NPC were cultivated as described before (Reinhardt et al, 2013). 

In short, different NPC lines were stored in liquid nitrogen and cultivated in NPC 

medium on matrigel-coated wells. For passaging of NPC, cells were detached by 

adding accutase (#A6964, Sigma) at 37°C for 10 min. After detaching cell suspension 

was diluted 1:10 in split medium containing 1% BSA fraction V (#15260-037, Gibco) in 

DMEM low glucose (#D5546, Gibco) and cells were pelleted at RT at 200 rcf for 5 min. 

Cells were resuspended in pre-warmed N2B27 medium containing 1 µM SAG 

(#11914, Cayman Chemical Company), 3 µM CHIR99021 (#1386, Axon MedChem) 

and 150 µM L-ascorbic acid (#A4544, Sigma). Every second day medium was 

refreshed to ensure proper nutrient supply. 

Differentiation of hiOL. NPC lines with a stable integration of the inducible SON 

expression cassette were used for differentiation of hiOL. Generally, the protocol 

published by Ehrlich et al.(Ehrlich et al, 2017) was used and only small adjustments 

for the stable cell lines were made. In short, NPC were seeded with a density of 

120,000 cells per well in a 12-well plate on matrigel. After 24 hours NPC were treated 

with N2B27 medium containing 1 µM SAG, 3 µM CHIR99021, 150 µM L-ascorbic acid 

and 1 µg/ml doxycycline (#D9891, Sigma) to initiate differentiation (day -2). Medium 

was switched to glial induction medium (GIM) supplemented with doxycycline to 

support differentiation (day 0). GIM contains 1% B27 supplement without vitamin A 

(#12587-010, Gibco), 0.5% N2 supplement (#17502-048, Gibco), 1% Pen/Strep 

(#P4333, Sigma), 2 mM L-glutamine (#G7513, Sigma), 1 µM SAG (#11914, Cayman 

Chemical Company), 200 µM L-ascorbic acid (#A4544, Sigma), 10 ng/ml T3 (#T6397, 

Sigma), 10 ng/ml IGF-1 (#100-11, Pepro Tech), 10 ng/µl PDGF-AA (#100-13A, Pepro-
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Tech), 10 ng/µl human NT3 (#450-03, Pepro-Tech) and 1:1000 Trace element B 

(#25022CI, Corning) diluted in DMEM/F12 (#21331-020, Gibco). At day 2 of 

differentiation medium was switched to glial differentiation medium (GDM) until end of 

differentiation. GDM contains 1% B27 supplement without vitamin A (#12587-010, 

Gibco), 0.5% N2 supplement (#17502-048, Gibco), 1% Pen/Strep (#P4333, Sigma), 2 

mM L-Glutamine (#G7513, Sigma), 200 µM L-ascorbic acid (#A4544, Sigma), 60 ng/ml 

T3 (#T6397, Sigma), 10 ng/ml IGF-1 (#100-11, Pepro Tech), 10 ng/µl human NT3 

(#450-03, Pepro-Tech), 200 µM dbcAMP (#D0627, Sigma) and 1:1000 Trace element 

B (#25022CI, Corning) diluted in DMEM/F12 (#21331-020, Gibco). At day 7 cells were 

plated to mouse laminin (#L2020, Sigma) coated well-plate formats and further 

differentiated until day 16 to day 21 in GDM. Medium was changed every second day 

to assure nutrient supply. 

Lentiviral transduction of hiOL. Production of human lentivirus was performed as 

described for murine virus (see above); however supernatant was only collected once 

after 72 hours post-transfection and 1.5 hours of ultracentrifugation (200,000 x g) was 

performed to pellet the virus. N2B27 medium was added to virus pellet and incubated 

without suspending at 4°C over night. Virus pellet was resuspended and stored in 

aliquots at -80°C. hiOL were transduced at day 8 of differentiation using 2.5 µL/mL 

virus. After 72 hours cells were checked for lentiviral plasmid expression.   

FACS of human hiOL. Cells were detached with accutase (#A6964, Sigma) at 37°C 

for 10 min., resuspended in split medium (1% BSA fraction V in DMEM low glucose) 

and centrifuged for 5 min. at 200 rcf. Cell number was determined using a Neubauer 

chamber. 98 µL of FACS buffer (0.5 % BSA in PBS) and 2 µL anti-O4-PE antibody 

(#130-118-978, Miltenyi Biotech) were added per 106 cells. After incubation at 4°C for 

10 min. cells were washed in 1 ml FACS buffer and centrifuged under same condition 
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as before. Pellet was again resuspended in appropriate volume of FACS buffer. Until 

analysis cells were stored on ice and were singularized before FACS procedure using 

a 35 µm nylon mesh cell strainer. Cells were sorted and analyzed using 

FACSMelody™ cell sorter (BD Bioscience) and the FACSChorus Software (Version 

1.3 ©Becton Dickinson 2016). 

Cell migration assays. Cell migration was analyzed using the xCELLigence system 

that measures changes in impedance. In the upper chamber of a CIM-Plate 16 (ACEA 

Biosciences), 50,000 cells/well were plated. To analyze the migratory behaviour of 

mouse oligodendrocytes CIM-plates were coated with PLL or PLL/pRGD as described 

above. To stimulate OPC migration, 30 ng/ml PDGF-AA was added in the lower 

chamber. Impedance was measured every 15 min. for 24 hours and migration was 

quantified as relative cell index according to manufacturer’s protocol (xCELLigence, 

RTCA DP Analyzer, RTCA software 1.2, ACEA Biosciences). For each condition 4-6 

technical replicates were included and experiments were performed with minimum 3 

biological replicates. For analysis of xCELLigence data, a linear mixed model was 

applied (Shek & Ma, 2011). Statistical evaluation was performed with SPSS Statistics 

24 (IBM). Mean relative cell index of technical replicates was calculated as percentage 

for each condition. The formula below describes the generation of individual growth 

curves (IGC) for both conditions including all biological replicates: 

𝑟CI𝑐𝑜𝑛𝑡𝑟𝑜𝑙(t) =∝𝑐𝑜𝑛𝑡𝑟𝑜𝑙× 𝑡2 + β𝑐𝑜𝑛𝑡𝑟𝑜𝑙 × 𝑡 + γ + 𝑅𝑐𝑜𝑛𝑡𝑟𝑜𝑙         

𝑟𝐶𝐼𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡(𝑡) = 𝑟𝐶𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙(𝑡) +∝𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡× 𝑡² + 𝛽𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 × 𝑡 + 𝛾 + 𝑅𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 

Based on our data those functions were computed for the control group (rCIcontrol(t)) 

with γ describing the intercept, β the linear slope and α the square slope. R was the 

residual outcome of each individual replicate from the model. The lower R, the better 

did the curve describe the data set. For rCItreatment(t) the function was calculated in 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 11, 2021. ; https://doi.org/10.1101/2021.04.22.439972doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.22.439972


15 
 

dependency of rCIcontrol(t). Cell index data were then transformed as curve function, 

which was statistically evaluated. Curves were compared to each other by computing 

a differential function and analyzing the parameters of initial slope (further referred as 

M*time) and slope over time (further referred as M*time2) and p values < 0.05 were 

considered significant. 

For analysis of undirected migration, live cell imaging was performed (JuLI TM Br, 

VWR); images were taken every 5 min. over 24 hours. Cells were manually tracked to 

assess velocity and migrated distance using ImageJ and the MtrackJ Plug-in (Meijering 

et al, 2012). For experiments using murine OPC 1000-2000 cells were seeded in a 12-

well plate using either PLL or pRGD coating. For analysis of human OL 3000-4000 

cells were seeded on wells coated with 5-10 µg/ml mouse-laminin (#L2020, Sigma) 

and 0.025 % poly-L-lysine (#P4707, Sigma) at day 7 of differentiation. hiOL were 

transduced at day 8 and migration was analyzed at day 11 (72 hours post 

transduction). 

Morphological analysis. Brightfield images were taken during differentiation using a 

Leica DMI6000 B inverted microscope. Pictures were taken 6, 24, 30 and 48 hours 

after onset of differentiation. At least 150 cells per time point and condition were 

classified by the following criteria: 0-2 processes (OPC), multiple branching (immature 

OL) or sheath formation (mature OL). Exemplary images for each condition are 

depicted in Fig. 3A. For evaluation of OPC process length under proliferating 

conditions, brightfield images were analyzed by manually measuring the longest 

protrusion per OPC using ImageJ. 

BrdU incorporation assay. Cells were cultured in a density of 3000 cells per coverslip 

and incubated with 20 µM BrdU (#B23151, Molecular Probes) in OPC-Sato medium 

for 6 hours. BrdU pulses were analyzed 0-6 hours, 24-30 hours, and 48-54 hours after 
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plating. Cells were fixed for 10 min. with 4% paraformaldehyde and permeabilized 

using 0.5% Triton-X for 10 min. After washing, cells were treated with cold 1M HCl for 

10 min. and neutralized with Borat buffer for 10 min. Subsequent immunocytochemistry 

was performed as described below. For quantification 3 coverslips per time point were 

analyzed and percentage of BrdU+ cells was determined.  

3D cell culture using nanofibers. Nanofiber inserts (Nanofiber solutions, 700nm, 

aligned; 24-Well Inserts, #242402) were coated using 0.01% w/v Poly-L-lysine-FITC 

labeled (#P3069, Sigma Aldrich) diluted in ddH2O at 4°C over night. Inserts were 

washed twice with PBS and cells were seeded in densities of 10,000 cells per well and 

cultured under proliferating conditions for 24 hours. Differentiation was initialized by 

addition of CNTF and cells were differentiated for 72 hours. Nanofibers inserts were 

fixated and stained similar to glass coverslips as described below (see 

Immunocytochemistry). Experiments were performed with in technical duplicates with 

4 biological replicates (n = 4). For each replicate, minimum of 10 oligodendrocytes 

were imaged by using a confocal microscope in a 400x magnification. For evaluation 

of cell morphology and fiber ensheathment images were analyzed using a machine-

based learning algorithm (in collaboration with Yu Kang T. Xu (Xu et al, 2019)).  

Immunocytochemistry (ICC). For ICC cells were cultivated on 10 mm glass 

coverslips and fixed for 10 min. with 4% paraformaldehyde. Cells were permeabilized 

using 0.5 % Triton-X for 10 min. and washed three times with PBS. Cells were blocked 

with 5 % FCS (#S0115, Biochrome) in PBS and incubated with primary antibodies over 

night at 4 °C (Table 3). The next day cells were washed three times and afterwards 

Alexa-Fluor-conjugated secondary antibody was applied for 1 hour at room 

temperature. Subsequently, cells were washed three times with PBS and then 

mounted in Roti® Mount FluorCare Dapi mounting medium (#HP20.1, Dako). Cells 
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were visualised on a Zeiss LSM700 confocal microscope using ZEN software. To 

quantify the results of ICC at least 100-150 cells were quantified as percentage of DAPI 

positive cells for each condition and every independent experiment. 

RNA isolation and quantitative real-time PCR (qPCR). Total RNA from murine cells 

was isolated using peqGOLD Total RNA Kit (#12-6634, PeqLab). For RNA isolation of 

microarray probes, the Rneasy Mini Kit (#74104, Qiagen) was used. mRNA was 

transcribed into cDNA by reverse transcription reaction using High Capacity cDNA 

Transcription Kit (#4368814, Applied Biosystems) and the cDNAs were diluted to a 

final concentration of 0.75 ng/µl. All qPCR experiments were performed using Power 

SYBR™ Green PCR Master Mix (#4309155, Applied Biosystems). For 96-well 

microtiter plates StepOne Plus real time cycler (Applied Biosystems) and for 384-well 

microtiter plates a 7900 HT real-time cycler (Abi) was used. A standard qPCR protocol 

with 2 min. at 95 °C and 40 cycles of 30 sec. at 95 °C, 30 sec. at 55 °C and 30 sec. at 

72 °C was applied. The melting curve of each sample was measured to ensure 

specificity of the amplified products. All samples were processed as technical 

triplicates. Data were normalized using Rplp0 as an internal control and analyzed by 

the Pfaffl ΔΔCt method (Livak & Schmittgen, 2001). Primers used for qPCR are 

provided in Table 4. Relative expression levels were calculated using the 2−ΔΔCt method 

and normalized to biological reference samples.  

Microarray. Total mRNA samples were used on MouseWG-6 v2.0 Expression 

BeadChips by Illumina. Differential expression was analyzed using direct hybridization 

analysis with quantile normalization, no background subtraction and the Illumina 

custom error model. cOPC served as reference group. Samples were collected after 

one passage and 48 hours of cultivation under proilferative conditions. Microarray was 
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performed at the Core Facility Genomics at the University Hospital Muenster. Data 

analysis was performed using GenomeStudio (Illumina Inc. Version 2011.1).  

Experimental design and statistical analysis. All primary cell culture experiments 

were performed in technical triplicates and replicated minimum three times with 

biological independent samples (experiments performed with higher n-numbers are 

depicted in figure legends). Images used for morphological analysis or quantification 

of immunocytochemistry were taken randomly and from technical replicates (different 

wells or coverslips) in each independent experiment. Evaluation of images and cell 

counting were performed in a blinded fashion. All statistical analyses were performed 

using GraphPad Prism 5.03 (GraphPad Software Inc., San Diego, CA) or SPSS 

Statistics 24 (IBM). In text and figures the results are provided as means ± SEM if not 

mentioned otherwise. Experiments with n-numbers >7 were tested for Gauss 

distribution using the Anderson-Darling Test. According to this test, single comparisons 

were analyzed using two-tailed Student`s t-test. Multiple comparisons in the same data 

set were analyzed by Bonferroni-corrected (for selected groups) one- or two-way 

ANOVA tests. P values < 0.05 were considered significant (* p < 0.05, ** p < 0.01, *** 

p < 0.001).  
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Results  

Higher migration and differentiation capacity of scOPC compared to cOPC 

scOPC isolated from P6-8 mice displayed significantly increased undirected and 

directed migration capacities compared to cOPC as determined by live cell imaging 

and impedance measuring (Fig. 1A to E). Moreover, scOPC were characterized by 

longer protrusions compared to cOPC (Extendend data Fig. 1-1C). In contrast, we 

observed no differences in proliferation between the two cell populations as assessed 

by Ki67+ or BrdU-labelling (Extended data Fig. 1-1A-B and D). Oligodendroglial 

differentiation was induced by withdrawal of PDGF and addition of CNTF. After 48 

hours we observed a significantly higher number of MBP+ mature scOPC than MBP+ 

cOPC (Fig. 1G to H). In line with this observation, the numbers of PDGFRα+ OPC were 

significantly reduced in scOPC compared to cOPC cultures (Fig. 1I). Furthermore, the 

number of MBP- and PDGFRα- immature oligodendrocytes was slightly, but 

significantly lower in scOPC compared to cOPC suggesting that not only the transition 

from PDGFRα+ OPC to immature oligodendrocytes but also from immature to MBP+ 

mature oligodendrocytes was accelerated in scOPC. Interestingly, no differences in 

the expression of Mbp, Plp or Mag were detected (Extenden data Fig. 1-1E to G). In 

summary, our results demonstrate that scOPC have a higher migration and 

differentiation capacity than cOPC. 

SKAP2 is differentially expressed in scOPC and cOPC 

To gain insight how migration of scOPC is regulated on transcriptional level we 

compared the transcriptional profiles of scOPC and cOPC after induction of migration 

using 10 or 30 ng/ml PDGF-AA. Well-known OPC and OL marker genes, such as 

Olig1, Olig2, PDGFRα, Mbp, and Plp, were equally expressed in cOPC and scOPC 
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(Fig. 2B). In contrast, patterning genes indicating a caudal (e.g. Hoxa3, Hoxa5, Hoxa7, 

Hoxa9, Hoxc9) or rostral (e.g. Otx1, Foxg1, Moxd1) origin of the cells were differentially 

expressed as expected. We identified 78 additionally differentially expressed genes 

(Extended data Table 2-1), 50 of them were significantly up- and 28 significantly 

downregulated in scOPC compared to cOPC after triggering of oligodendroglial 

migration by PDGF-AA (Fig. 2A). We selected 15 candidate genes for further validation 

by qPCR analyzing the same cDNA samples used for the microarrays (Extendend data 

Fig. 2-2A and B) and could confirm 10 candidate genes (including Skap2). Using a 

second set of independent cDNA samples from scOPC (n = 3) and cOPC (n = 3) 8 

candidate genes were confirmed once more. Skap2, Eya1, Capn5, and Nr2e1 were 

differentially expressed in both validation approaches (Extended data Fig. 2-2C to J). 

In subsequent experiments we focused on Skap2 that has been described as 

modulator of actin dynamics and migration in other cell types (Alenghat et al, 2012; 

Ayoub et al, 2013; Tanaka et al, 2016). Skap2 expression increased significantly during 

oligodendroglial differentiation in vitro (Fig. 2C) as well as in the corpus callosum of 

C57BL/6 mice during developmental myelination (Fig. 2D).  

Knockdown or lack of SKAP2 reduces myelin sheath formation 

To further examine whether SKAP2 has an impact on differentiation and myelin sheath 

formation we downregulated Skap2 in oligodendrocytes using shRNAs and lentiviral 

transduction. Transduction efficiencies were in average 80 % resulting in a remaining 

Skap2 expression of approximately 30 % in OLSkap2sh compared to OLscr after 48 hours 

of differentiation (Extended data Fig.3-1). We analyzed process and myelin sheath 

formation in differentiating oligodendrocytes using a morphological score (Fig. 3A). 

After knockdown of SKAP2 we observed reduced formation of myelin sheaths in cOL 

(Fig. 3B) and scOL (Extended data Fig. 3-1G), however expression of Mbp and Plp1 
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were not affected (Extended data Fig. 3-1C to F). The use of a reporter plasmid in our 

knockdown experiments allowed us to analyze specifically transduced cells (Fig. 3C). 

The number of sheath forming tGFP+ cells was significantly reduced in cOLSkap2sh 

compared to cOLscr (Fig. 3D) whereas the number of cOLSkap2sh with multiple branches 

was significantly increased compared to cOPCscr (Fig. 3E). We did not observe a 

difference in the number of tGFP+O4+ or tGFP+MBP+ oligodendrocytes, further 

confirming that downregulation of SKAP2 does not affect the differentiation into O4+ 

and MBP+ mature oligodendrocytes (Extended data Fig. 3-2). We repeated the 

experiments by isolating oligodendrocytes from WT and SKAP2-deficient mice (Togni 

et al, 2005). cOLSKAP2-/- displayed branched processes and a reduced number of myelin 

sheath forming cells compared to cOLWT (Fig. 3F to G) similar to observations in scOL 

(Extended data Fig. 3-3F to G). Neither in scOL nor cOL lack of SKAP2 affected 

differentiation as determined by immunocytochemistry for MBP as well as qRT-PCR 

for Mbp and Plp respectively (Extended data Fig. 3-3A to D and Fig.3-4A to D). To 

analyze morphological differentiation in more detail in a 3D environment we cultivated 

OPC from wildtype and SKAP2-/- on PLL-FITC coated nanofibers for 48 hours. scOPC, 

but not cOPC aligned and wrapped around nanofibers in a reproducible manner; 

therefore we performed our subsequent experiments with scOPC. Using an unbiased 

machine-based learning algorithm (Xu et al, 2019) we found an increased number of 

processes and total process length per cell in SKAP2-/- oligodendrocytes supporting 

our previous findings from the 2D cultures (Fig. 3H to J). In summary, lack of SKAP2 

prevented sheath formation and led to a rather branched morphology of differentiated 

oligodendrocytes compared to wildtype cells. 
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Knockdown or lack of SKAP2 reduces migration 

To further elucidate the functional role of SKAP2 for migration we downregulated 

Skap2 in migrating OPC (Extended data Fig. 4-1). Downregulation of Skap2 resulted 

in reduced undirected migration velocity and total distance in cOPC and scOPC as 

determined by live imaging (Fig. 4A to D). Due to limited cell numbers after 

transduction, no analysis of directed migration using the xCELLigence system was 

performed. Instead we examined the migratory behaviour of scOPC and cOPC derived 

from SKAP2-/- mice. First, we analyzed the migration behavior of SKAP2-deficient 

cOPC (cOPCSKAP2-/-) and scOPC (scOPCSKAP2-/-) by cell tracking. Lack of SKAP2 in 

cOPC and scOPC resulted in slightly, but not significantly reduced undirected 

migration (Fig. 4E to H). Analysis of directed migration towards PDGF-AA using 

impedance measurements revealed decreased migration in SKAP2-deficient cOPC 

(Fig. 4I), but not scOPC (Fig. 4J). Lack of SKAP2 did not affect oligodendroglial 

proliferation in scOPC or cOPC as determined by Ki67 staining excluding decreased 

proliferation as cause for changes in impedance measurements (Extended data Fig. 

3-3E and Fig. 3-4E). In summary, the combined data from knockdown and knockout 

experiments demonstrate that SKAP2 regulates oligodendroglial migration and 

suggest that constitutive lack of SKAP2 in OPC is at least partly compensated. 

Knockdown of SKAP2 reduces migration of human iPSC derived 

oligodendrocytes in vitro  

To determine whether SKAP2 is also relevant for the migration of human 

oligodendrocytes, we analyzed SKAP2 in human induced pluripotent stem cell derived 

oligodendrocytes (hiOL) (Ehrlich et al, 2017). We confirmed an upregulation of SKAP2 

in hiOL compared to undifferentiated iPSC derived NPC (Extended data Fig.4-2A). 

Moreover, migration of hiOL was analyzed by cell tracking after lentiviral knockdown 
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using specific human SKAP2 shRNAs (OriGene). 72 hours after infection we confirmed 

a knockdown efficiency of 37.9 % residual SKAP2 expression (Extended data Fig.4-

2B). hiOLSKAP2sh displayed a significant reduced velocity compared to hiOLscr (Fig. 4K-

M) demonstrating that downregulation of SKAP2 decreases migration not only in 

murine but also human oligodendrocytes.  

SKAP2 regulates migration via its phosphorylation  

We further investigated whether increased SKAP2 expression or overexpression of an 

constitutive active form of SKAP2 influences oligodendroglial migration capacity as 

described for other cell types (Ayoub et al, 2013; Tanaka et al, 2016). We 

overexpressed wildtype SKAP2 (SKAP2WT) as well as a constitutive active mutant form 

of SKAP2 (SKAP2W336K) in murine cOPC (Fig. 5A). Overexpression of SKAP2WT 

resulted in a significant increase in undirected migration; this was further enhanced 

when constitutive active SKAP2W336K was overexpressed (Fig. 5B-D). FYN is also 

expressed in OPC (Sperber & McMorris, 2001) and it has been published that FYN is 

a direct upstream regulator of SKAP2 that phosphorylates SKAP2 at tyrosine 260 

(Ayoub et al, 2013). To determine whether FYN colocalizes with SKAP2 we performed 

double immunofluorescent staining. We tested several SKAP2 antibodies (SKAP55-R 

(C-9), sc-398285 Santa Cruz; SKAP2 rabbit polyclonal AB, 12926-1-AP ProteinTech; 

SKAP2 rabbit polyclonal, HPA037468 Atlas Antibodies), however all of them showed 

a staining signal in SKAP2-deficient murine oligodendrocytes suggesting an unspecific 

signal. To circumvent this problem, we transduced wildtype OPC with a plasmid 

expressing monomeric GFP-tagged SKAP2 (pSKAP2mGFP). We detected 

SKAP2mGFP in the cytoplasm as well as in the leading edge of OPC as well as in the 

terminal processes of differentiating oligodendrocytes. Moreover, SKAP2mGFP 

distribution overlapped with F-actin indicating a close proximity of SKAP2 to the actin 
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cytoskeleton (Fig. 5E). Co-staining with an antibody against FYN demonstrated 

colocalization of SKAP2 and FYN (Fig. 5F).  

SKAP2 is implicated in RGD-mediated oligodendroglial migration  

In other cell types such as macrophages SKAP2 mediates integrin induced migration 

(Alenghat et al, 2012). Integrins are αβ-heterodimeric receptors located in the cell 

membrane and expressed by oligodendroglial cells in a stage-dependent manner 

(O’Meara et al, 2011). Integrins can either be activated by inside-out or outside-in 

mechanisms. Half of the integrins recognize and bind the peptide sequence Arg-Gly-

Asp (RGD) leading to an outside-in integrin activation (Pierschbacher & Ruoslahti, 

1984; Gailit & Ruoslahti, 1988; Nieberler et al, 2017). Cultivating cOPCWT on a pRGD 

coated surface increased mean velocity of OPC significantly (Fig. 5G) suggesting a 

positive effect of integrin activation on oligodendroglial migration capacity. To 

determine whether SKAP2 is involved in RGD-mediated migration, we compared 

migration of WT and SKAP2-deficient cOPC on pRGD. Unexpectedly, cOPC from 

SKAP2-deficient mice showed an increased velocity and a stronger directed migration 

on pRGD coated wells compared to cOPCWT (Fig. 5G-I). In summary, our data suggest 

that RGD-induced outside-in activation of integrins enhance migratory capacity of 

cOPC and that SKAP2 acts as modulator downstream of integrin induced migration. 
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Discussion  

In this study, we demonstrate that scOPC display increased migration and 

differentiation capacities but no differences in proliferation compared to cOPC. We 

confirmed differential gene expression between both OPC populations and identified 

SKAP2 as potential regulator of cytoskeletal dynamics in oligodendrocytes. 

Knockdown or lack of SKAP2 results in reduced oligodendroglial migration and myelin 

sheath formation, whereas overexpression and phosphorylation of SKAP2 increases 

oligodendroglial migration. Moreover, SKAP2 is associated with the actin cytoskeleton 

and implicated in pRGD-mediated migration of OPC.  

OPC isolated from spinal cord and brain differ on a functional as well transcriptional 

level. scOPC and cOPC expressed typical caudal and rostral patterning genes, such 

as Hox genes in scOPC (Tumpel et al, 2009; Miguez et al, 2012; Philippidou & Dasen, 

2013) and Foxg1, Moxd1 and Otx1 in cOPC (Schilling & Knight, 2001; Takuma & 

Carina, 2017; Tsuneoka et al, 2017) demonstrating that the developmental origin of 

the two cell types persisted in vitro comparable to descriptions in previous publications 

(Horiuchi et al, 2017; Marques et al, 2018). On functional level we observed an 

accelerated differentiation of scOPC into MBP+ cells compared to cOPC. This is in line 

with the observation by Bechler and colleagues who described longer internodes 

formed by rat spinal cord OPC compared to cerebrum OPC (Bechler et al, 2015). 

However, our results are in contrast to an earlier publication reporting lower 

proliferation and reduced MOG expression as well as myelin sheath formation in rat 

scOPC compared to forebrain (Horiuchi et al, 2017). These contradicting results might 

be at least partly explained by different species, different cell culture techniques or 

different assays to analyze proliferation, differentiation and myelin sheath formation. 

Interestingly, we did not observe a difference in Mbp mRNA expression between 
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scOPC and cOPC despite significant differences in the number of MBP+ 

oligodendrocytes suggesting that accelerated differentiation of scOPC is not due to 

changes in myelin gene expression, but rather due to post-transcriptional modifications 

of myelin-associated genes or changes in cellular pathways regulating process and 

myelin sheath formation. 

To further dissect the molecular pathways underlying the functional differences 

between scOPC and cOPC we analyzed RNA expression patterns of scOPC and 

cOPC. SKAP2 was among the differentially expressed genes and has been described 

as regulator of actin cytoskeletal dynamics in diverse immune cell types (Bourette et 

al, 2005; Zhou et al, 2011; Alenghat et al, 2012). Intrinsic Skap2 expression was higher 

in scOPC compared to cOPC and associated with increased migratory capacity in 

scOPC. Whereas Skap2 knockdown led to a similar reduction of migration in scOPC 

and cOPC, a constitutive lack of SKAP2 did only affect cOPC, but not scOPC 

suggesting that compensatory mechanisms may be more pronounced in scOPC. 

However, knockdown as well as knockout of Skap2 prevented membrane spreading 

and myelin sheath formation in cOL and scOL in a comparable manner indicating that 

lack of SKAP2 cannot be compensated in the knockout situation.  

Overall, the combined results from our knockdown, knockout and overexpression 

experiments demonstrate that SKAP2 is a positive regulator of migration in mouse and 

human oligodendrocytes similar to its function in immune cells and fibroblasts 

(Alenghat et al, 2012; Ayoub et al, 2013; Tanaka et al, 2016). In these cell types SKAP2 

interacts with WASP (Tanaka et al, 2016) or SIRPα and ADAP (Alenghat et al, 2012) 

and mediates their recruitment to integrins regulating integrin-dependent cytoskeletal 

rearrangements and migration. In contrast, in glioblastoma cells SKAP2 acts as 

negative regulator of migration. Here, SKAP2 directly interacts with WAVE2 and 
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cortactin, thereby preventing their association with ARP2/3, inhibiting actin assembly 

and subsequent migration (Shimamura et al, 2013) suggesting that the outcome of 

SKAP2 for migration depends on its binding partners and involved signaling cascades. 

SKAP2 is an adaptor protein with many binding sites and a variety of binding partners 

regulating its activity and conformational changes (Zhou et al, 2011; Alenghat et al, 

2012; Ayoub et al, 2013; Tanaka et al, 2016; Bureau et al, 2018). This is in line with 

our observation that SKAP2 acts generally as a positive regulator of oligodendroglial 

migration, but negatively affects OPC migration after integrin activation by stimulation 

with pRGD. Our results suggest that integrin-dependent and independent mechanisms 

regulate OPC migration and that both pathways are modulated by SKAP2. Future 

experiments focusing on protein interactions with respect to SKAP2 activation using 

PLA or Pull-down assays may help to dissect further the SKAP2 signalling network in 

oligodendroglial cells.  

One mechanism of SKAP2 activation is phosphorylation of tyrosine-260 which is 

essential for cell migration of mouse embryonic fibroblasts; phosphorylation of SKAP2 

by FYN positively affects migration and dephosphorylation by PTP-PEST results in 

defective migration (Ayoub et al, 2013). In our study overexpression of SKAP2WT and 

SKAP2W336K increased migration of OPC; however, the effect of SKAP2W336K was 

significantly stronger than the effect of SKAP2WT corroborating that phosphorylation of 

SKAP2 further promotes OPC migration. So far, it is unclear whether in 

oligodendrocytes regulation of SKAP2 activity is mediated by FYN and/or PTP-PEST 

as well. We confirmed that FYN colocalizes with SKAP2 in OPC supporting the 

hypothesis that SKAP2 and FYN interaction contributes to regulation of 

oligodendroglial migration. FYN has been identified to be involved in process 

outgrowth and ATP-induced migration of OPC (Klein et al, 2002; Bauer et al, 2009; 
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Feng et al, 2015) as well as PDGF-AA dependent directed migration via cyclin-

dependent kinase 5 (Cdk5) and WAVE2 (Miyamoto et al, 2008). Therefore, it can be 

hypothesized that in oligodendrocytes FYN and SKAP2 may be members of a common 

signalling network involving WAVE2 and directly targeting the actin cytoskeleton. The 

close proximity of SKAP2 and FYN to F-actin suggests further their involvement in actin 

dynamics and cytoskeletal rearrangements, which are both important prerequisites for 

cell migration as well as myelin sheath formation.  

In migrating OPC dynamic formation and stabilization of processes is in balance with 

retraction and process destabilization. At early differentiation pre-oligodendrocytes 

become multipolar by stabilizing formed processes (Brown & Macklin, 2020). 

Subsequently, disintegration of cell processes by actin destabilization enables 

membrane spreading and formation of a 2-dimensional sheath structure which are 

typical hallmarks of OL differentiation in vitro (Barateiro & Fernandes, 2014; Thomason 

et al, 2020).  

The regulation of the balance between actin stabilization and destabilization in 

processes of oligodendroglial cells is not fully understood. Our data demonstrate that 

SKAP2 is involved in the regulation of membrane spreading and myelin sheath 

formation; lack of SKAP2 impairs the transition from multipolar OL to sheath forming 

OL without affecting other hallmarks of maturation like MBP expression indicating a 

positive effect of SKAP2 on actin destabilization and subsequent process 

disintegration.  

In oligodendrocytes actin polymerization is important for process extension and 

migration whereas actin destabilization and depolymerization is required for myelin 

sheath formation (Nawaz et al, 2015; Zuchero et al, 2015). Our results substantiate 

that SKAP2 is involved in both cellular processes. Similarly, mTOR has been identified 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 11, 2021. ; https://doi.org/10.1101/2021.04.22.439972doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.22.439972


29 
 

as upstream regulator of actin reorganization affecting both, process extension as well 

as myelin sheath formation (Musah et al, 2020). Interestingly, the mTOR regulated 

proteome includes also FYN (Tyler et al, 2011) providing a potential link to upstream 

activation of SKAP2. Moreover, a signaling network involving N-WASP as key 

regulator of ARP2/3-driven actin polymerization and myelination has been described 

indicating another possible mechanism involving SKAP2 as adaptor (Katanov et al, 

2020). Taken together, we hypothesize that SKAP2 is most important during phases 

of highest actin turnover and functions as adaptor protein, which associates with either 

F-actin directly mediating its stability or different binding partners modulating actin 

polymerization and depolymerization, respectively (Fig. 6). To understand to which 

extent SKAP2 affects actin reorganization in OPC and at different stages of 

oligodendroglial differentiation further experiments e.g. actin polymerization assays are 

required.  

 

In conclusion, we demonstrated that OPC from brain or spinal cord have intrinsic 

properties with respect to migration and differentiation further supporting the notion of 

regional oligodendroglial heterogeneity. Furthermore, we identified SKAP2 as an 

important regulator of oligodendroglial migration and myelin sheath formation in mouse 

and human oligodendrocytes. To which extent SKAP2 contributes to OPC migration in 

vivo and under pathological conditions needs to be investigated in future studies. 

Further dissecting the molecular cascades regulating SKAP2 function might results in 

potential drug targets enhancing oligodendroglial migration and/or myelin sheath 

formation in demyelinating diseases such as multiple sclerosis.    
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Figure legends 

 

Fig. 1 OPC from spinal cord have different migration and differentiation capacity compared to OPC from 

cerebrum 

PDGFRα+ OPC were isolated from cerebrum and spinal cord. Exemplary cell tracking of scOPC and 

cOPC (A and B). Mean velocity and total migrated distance was increased in scOPC compared to cOPC 

after 24 hours of monitoring; statistic testing by unpaired t-test, p = 0.0008 for velocity and p = 0.0053 

for total distance (C and D). Scheme to describe the experimental set-up to analyze directed migration 

towards a PDGF-AA gradient (E). scOPC displayed an increased migration rate towards PDGF-AA 

compared to cOPC, statistic testing by linear mixed model (F). ICC for MBP after 48 hours of 

differentiation, scale bar 100 µm (G). Quantification of MBP+, PDGFRα+ and PDGFRα-/MBP- 

oligodendroglial lineage cells, p-values: 0.0102 for MBP+, 0.0048 for PDGFRα+ and 0.0489 for PDGFRα-

/MBP- (H to J).   

 

Fig. 2 Differential gene expression between cOPC and scOPC and identification of Skap2 upregulation 

during oligodendroglial differentiation in vitro and in situ 

Dot plot of all analyzed genes depicts upregulation of patterning genes e.g. Foxg1 for cOPC and Hoxa7 

for scOPC and further differential expressed genes between cOPC and scOPC. Red lines indicate 

threshold of 2-fold differential expression, red dots are genes upregulated in cOPC and blue dots 

upregulated in scOPC (A). Heat map showing selected oligodendroglial genes indicates no significant 

differences in expression between scOPC (n = 3) and cOPC (n = 3) (B). Skap2 gene expression is 

upregulated during oligodendroglial differentiation in vitro, statistical testing by unpaired t-test with 

p = 0.007 (C) and myelination of the corpus callosum in vivo; 1-way ANOVA p < 0.0001, Bonferroni 

multiple comparison test (D). 
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Fig. 3 Knockdown and knockout of SKAP2 in oligodendrocytes impairs morphological maturation and 

myelin sheath formation 

Typical morphology of differentiating oligodendrocytes is presented (A); for morphological analysis using 

brightfield images cells were categorized as multiple branching or sheath forming OL. cOPC transduced 

with Skap2 shRNA displayed a reduced number of sheath forming cells (cOL: 50.89% ± 3.6 vs. 

34.12% ± 5.8) and more cells remained as multiple branched cells (cOL: 37.23% ± 5.1 vs. 

55.06% ± 6.7). Statistical analysis was performed with Two-way ANOVA and Bonferroni post-test with 

* p < 0.05 (n = 4) (B) Morphology of transduced tGFP+ and O4+ cOL was evaluated. Scale bar 100 µm 

(C). Downregulation of SKAP2 results in a decreased number of sheath forming cells  with 44.24% ± 2.7 

in cOLscr compared to 22.08% ± 4.2 in cOLSkap2sh (D) and a higher number of cells with multiple branches 

with 54.87% ± 3.8 in cOLscr and 74.01% ± 4.1 in cOLSkap2sh (E). Quantifications demonstrate significantly 

reduced numbers of cOLSkap2-/- forming sheaths compared to cOLWT (31.63% ± 2.2 compared to 

54.2% ± 2.1) (F). Brightfield images display reduced numbers of cOLSkap2-/- forming sheaths after 

48 hours, scale bar 100 µm (G). Exemplary image of scOLWT and scOLSKAP2-/- after 72 hours 

differentiation on PLL-FITC labeled 3D nanofibers. Scale bar 50 µm (H). Results of individual cell image 

analysis by machine-based learning algorithm are shown for number of processes per cell, unpaired t-

test p = 0.0011 (I) and total process length per cell, unpaired t-test, p = 0.0079 (J). 
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Fig. 4 Lack of SKAP2 decreased migration of murine OPC as well as iPSC derived human oligodendrocytes 

(hiOL) 

Lentiviral knockdown of Skap2 led to a reduced migratory capacity in cOPC as well as scOPC (n = 7) 

(A to D). Mean velocity in cOPC decreased from 0.30 ± 0.01 to 0.23 ± 0.02 µm min-1, p  =  0.009 (A) and 

in scOPC from 0.30 ± 0.019 to 0.24 ± 0.014 µm min-1, p = 0.0293 (C). Total migrated distance after 24 

hours was also decreased in cOPC from 430.6 ± 22.64 to 330.4 ± 28.19 µm, p = 0.0169 (B) and in 

scOPC from 430.0 ± 27.69 to 347.7 ± 20.45 µm, p = 0.0342 (D). Undirected migration of SKAP2-

deficient OPC indicated a trend of decreased mean velocity (p = 0.0585) and migrated distance in cOPC 

(p = 0.1335) (n = 4) as well as in scOPC (E to H). Directed migration towards a PDGF-AA gradient was 

significantly decreased in cOPCSkap2-/- compared to cOPCWT (n = 3) (I), but not in scOPC (J). Exemplary 

image of MBP+ hiOL at day 21 of differentiation, scale bar 20 µm (K). Evaluation of directed migration 

showed a decreased velocity and total distance of SKAP2 shRNA treated hiOL compared to scrambled 

shRNA hiOL, p = 0.0107, n = 6 (L and M). 

 

Fig. 5 Function of SKAP2 in oligodendroglial migration is dependent on phosphorylation and SKAP2 

colocalizes with FYN and F-Actin 

Schematic overview of experimental set-up for evaluation of SKAP2 overexpression is presented (A). 

Overexpression of SKAP2WT as well as SKAP2W336K increased mean velocity of OPC compared to 

control, p-values 0.0138 and 0.0282 (B and C) and direct comparison between SKAP2WT and 

SKAP2W336K showed higher velocity of OPC expressing constitutively active SKAP2W336K, p-value 0.0024 

(D). Expression of mGFP-tagged SKAP2 in OPC and differentiated oligodendrocytes showed an 

accumulation of SKAP2 in expanding processes and a colocalization with F-actin. Scale bar 20 µm (E). 

mGFP-tagged SKAP2 and FYN displayed a partial colocalization in processes and lammelipodia. Scale 

bar 20 µm (F). Mean velocity of OPC was increased on pRGD-coated surface compared to PLL in both 

cOPCWT (p  =  0.014) and cOPCSKAP2-/- (p = 0.0062) evaluated by Student’s t-test (G). Undirected 

migration was increased on pRGD in cOPCSKAP2-/- compared to cOPCWT (H). Direct migration evaluated 

by xCELLigence was increased in cOPCSKAP2-/-  compared to cOPCWT on pRGD coating evaluated by 

linear mixed model (I). 
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Fig. 6 SKAP2 is involved in OPC migration as well as myelin sheath formation in oligodendrocytes 

Schematic overview of actin dynamics in OPC and during oligodendroglial differentiation. Migrating OPC 

increased actin polymerization but low f-actin stability enables continuous formation and retraction of 

processes. With increasing actin stability formed processes can be sustained and differentiation is 

initiated. After multiple branches are formed actin stability decreases and increasing actin 

depolymerization facilitates membrane spreading and myelin sheath formation.  

 

Tables: 

Table 1 List of shRNA sequences used for knockdown of SKAP2 in murine OPC and hiOL 

Table 2 List of plasmids  

Table 3 List of antibodies  

Table 4 List of primers used for qPCR 

Table 5 List of genotyping primers 
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Extended data legends: 

Fig. 1-1 Proliferation and morphology of scOPC and cOPC  

Double-staining with F-Actin and Ki67 and BrdU. Scale bars 100 µm (A). Quantification of Ki67+ nuclei 

did not reveal a difference in proliferative capacity of both OPC types; approximately 80% of OPCs are 

Ki67+ after 24 hours in vitro (B). Process length was determined using ImageJ. scOPC develop longer 

protrusions under proliferating conditions; unpaired t-test p<0.0001 (C). BrdU incorporation assay was 

performed and analyzed after different time points of fixation (6h, 30h or 54h); no significant difference 

in number of BrdU+ OPCs (D). qPCR did not show a significant difference in expression level of myelin-

associated genes Mbp, Plp1 and Mag (E-G). Exemplary brightfield images of differentiated cOL and 

scOL in 2D culture. Scale bar 100 µm (H). Quantification of morphology during differentiation is shown 

(I). 

 

Fig. 2-1 Validation of microarray candidate genes 

Validation of differentially expressed genes where further verified by qPCR with original microarray 

probes (n = 3). Statistical analysis was performed with an unpaired Students’ t-test of each gene with 

significances indicated * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 (A,B). New independent OPC samples 

isolated from P6-8 pups and cultured for a maximum of 6 days without passaging were analyzed by 

qPCR. Skap2 (p = 0.0273), Spata13 (p = 0.04), Capn5 (p = 0.0166), but not Nptx2 (p = 0.9515) were 

significantly upregulated in scOPC (C-F) while Eya1 (p = 0.0122) and Nr2e1 (p < 0.0001) but not, Dbc-

1 (p = 0.1367) and Gria2 (p = 0.1234) were significantly downregulated in scOPC (G-J). 

 

Table 2-1 List of differentially expressed genes 

List of differentially expressed gene probes sorted by probe rank and relative fold change using cOPC 

as reference group. Fold change indicates upregulation (>2) or downregulation (<0.5) of genes in scOPC 

compared to expression in cOPC. Differential expression was analyzed using direct hybridization 

analysis with quantile normalization, no background subtraction and the Illumina custom error model.  
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Fig. 3-1 Differentiation of cOL and scOL after SKAP2 knockdown 

Knockdown efficiency of Skap2 during differentiation was evaluated in cOL (A) as well as scOL (B). Mbp 

and Plp1 expression was not different at any time point in neither cOL (C) nor scOL (D) after Skap2 

knockdown. scOPC transduced with Skap2 shRNA displayed a reduced number of sheath forming cells 

(53.82%  ±  4.3 vs. 38.41% ± 3.1) and more cells remained mainly as multiple branched cells 

(36.39%  ±  4.1 vs. 47.24%  ±  2.9). Statictical analysis using Two-way ANOVA and Bonferroni post-test 

with * p  <  0.05 (n = 3) (G). 

 

Fig. 3-2 Quantification of differentiation in tGFP+ cells after lentiviral transduction 

Transduction efficiency was comparable for cOLscr and cOLSkap2sh determined by tGFP+ cells 

(68.85% ± 3.0 for cOLscr and 73.12% ± 9.3 cOLSkap2sh) (A). Differentiation into O4+ cells was determined 

for tGFP+ cells in both conditions (58.79% ±  3.4 for cOLscr and 53.8% ± 6.5 cOLSkap2sh) (B). 

Differentiation into MBP+ cells was not different in both conditions (17.39% ± 3.3 for cOLscr and 

13.7% ± 3.6 cOLSkap2sh) (C). 

 

Fig. 3-3 Lack of SKAP2 in scOPC affects myelin sheath formation but not myelin associated gene expression or 

proliferation 

Myelin-associated genes Mbp and Plp1 were not differentially expressed during differentiation in 

scOLSkap2-/- compared to scOLWT (A,B). Immunofluorescent staining with MBP, PDGFrα and DAPI was 

performed after 48 hours differentiation and no obvious difference in the number of MBP+ cells was 

determined (C,D). Number of Ki67+ cells was similar for scOPCSKAP2-/- and scOPCWT (E). The number of 

sheath forming cells was significantly reduced in scOLSkap2-/- (18.22% ± 2.3) compared to scOLWT 

(32.44% ± 3.8) (F). Statistical analysis was performed with Two-way ANOVA and Bonferroni post-test 

with * p < 0.05 (n = 3). Exemplary brightfield images display reduced numbers of scOLSkap2-/- forming 

sheaths after 48 hours, scale bar 100 µm (G). 
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Fig. 3-4 Lack of SKAP2 in cOL did not affect myelin-associated gene expression and proliferation 

Myelin-associated genes Mbp and Plp1 were not differentially expressed during differentiation in 

cOLSkap2-/- compared to cOLWT (A,B). Immunofluorescent staining with MBP, PDGFrα and DAPI was 

performed after 48 hours differentiation and no obvious difference in the number of MBP+ cells was 

determined (C,D). Number of Ki67+ cells was similar for cOPCSKAP2-/- and cOPCWT (E). 

 

Fig. 4-1 Knockdown efficiency of SKAP2 in cOPC and scOPC 

Knockdown of Skap2 in OPC reduced Skap2 expression to 39.5% ± 7.1 in cOPC and 32.2% ± 1.8 in 

scOPC compared to scrambled control after 48 hours.  

 

Fig. 4-2 SKAP2 expression in hiOL and knockdown efficiency of hSKAP2 shRNA 

SKAP2 expression increased significantly during differentiation from NPC to hiOL, unpaired t-test 

p = 0.0145 (A). Evaluation of SKAP2 expression by qPCR showed a residual expression of 37.9% 72 

hours after lentiviral knockdown (B) 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Table 1 

vector notation shRNA sequence cat. No 

pGFP-C-shLenti 

shRNA mSkap2 A 
GGAGCGATAAAGACAAGCAACAGAAAGGT TL503013 A 

pGFP-C-shLenti 

shRNA mSkap2 B 
CATTTGTGGCAGACACACTGAAAGGAGAA TL503013 B 

pGFP-C-shLenti 

shRNA mSkap2 C 
AAAGCCTACCTAATGGAGATGTATGATAT TL503013 C 

pGFP-C-shLenti 

shRNA mSkap2 D 
GGAAAGAGGAGAATTATATGATGACGTTG TL503013 D 

pGFP-C-shLenti 

shRNA hSkap2 A 
TCCACTAACAAGCAGTCAACCAATAGATG TL309634 A 

pGFP-C-shLenti 

shRNA hSkap2 B 
ATTAGGAACCTGTTGGCAGATGTTGAAAC TL309634 B 

pGFP-C-shLenti 

shRNA hSkap2 C 
ATGAGTCAGGATAGTGTCCATCACACCTC TL309634 C 

pGFP-C-shLenti 

shRNA hSkap2 D 
GCAATAGATGGCTACAGTGTCAGAATGAA TL309634 D 
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Table 2 

no. plasmid name source Purpose 

1 psPAX2 Addgene #12260 Lentiviral packaging 

2 pEnv(eco)-IRES-puro Prof.Dr.KitamuraA Lentiviral packaging 

3 pLEX_307 (lentiviral backbone) Addgene #41392 Lentiviral transfer plasmid 

4 pLEX_307_mCherry Marc Ehrlich 
Lentiviral expression plasmid 

with reporter 

5 pGFP-C-shLenti OriGene #TR30021 
Lentiviral knockdown, 

scrambled control 

6 pGFP-C-shLenti (mSkap2) 
OriGene #TL503013 

A-D 

Lentiviral knockdown of 

Skap2 (mouse) 

7 pGFP-C-shLenti (hSkap2) 
OriGene #TL309634 

A-D 

Lentiviral knockdown of 

SKAP2 (human) 

8 pMaxGFP Lonza 
Control plasmid for 

transfection 

9 pMIGII_Skap2-IRES-eGFP 
Marc Boras (Boras et 

al., 2017) 
cDNA template 

10 pMIGII_Skap2W336K-IRES-eGFP 
Marc Boras (Boras et 

al., 2017) 
cDNA template 

11 pLEX_SKAP2WT This paper 
Lentiviral transduction, 

SKAP2WT expression 

12 pLEX_SKAP2W336K This paper 
Lentiviral transduction, 

SKAP2W336K expression 

13 pSKAP2-mGFP 
Origene 

#MR205468L2 

Lentiviral transduction, 

SKAP2 expression 

14 pZFN-AAVS1_ELD Addgene #159297 Gene targeting 

15 pZFN-AAVS1_KKR Addgene #159298 Gene targeting 

16 pSON-rtTA This paper Gene targeting 
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Table 3 

primary antibody  species dilution company cat. Number purpose 

Anti-Tag(CGY)FP rabbit 1:2500 evrogen AB121 IF 

CD140a (PDGFrα) mouse 1:300 Santa Cruz sc-338 IF 

CD140a APA5 rat 1:300 Biolegend 135902 Primary OPC 

FYN mouse 1:100 ThermoSc. MA1-19331 IF 

GFP rabbit 1:1000 Abcam Ab6556 IF 

G3G4 (BrdU) mouse 1:4 DSHB AB 2314035 IF 

Ki-67 rabbit 1:100 Abcam AB16667 IF 

MBP rat 1:200 abcam Ab7349 IF 

NOGO-A rabbit 1:100 Millipore AB5664P IHC/IF 

OLIG-2 rabbit 1:100 IBL 18953 IHC/IF 

O4 mouse 1:100 Merck MAB345 IF 

O4-APC mouse 1:10 Miltenyi 

Biotec 

#130-118-978 FACS 

SKAP55-R (C-9) mouse 1:50 Santa Cruz sc-398285 IF/IHC 

SKAP2 rabbit 1:1000 ProteinTech 12926-1-AP IF/IHC 

tGFP rabbit 1:5000 evrogen AB513 IF 

Secondary 

antibody 

Species Dilution Company Cat. number Purpose 

Alexa Fluor 488 anti-

rabbit 

goat 1:250 Jackson 111-545-144 IF 

Cy3 anti-mouse goat 1:250 Jackson 715-165-150 IF 

Cy3 anti-rat goat 1:250 Jackson 112-165-167 IF 

Cy3 anti-rabbit goat 1:250 Jackson 111-165-144 IF 

IgG anti-rat goat 1:333 Dianova 112-005-003 OPC 
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Table 4 

Gene name Sequence 

Capn5 
Fwd: 5’ CTCCAACTGCCGGGAACTAC 3’ 

Rev: 5’ TCCTGTTGGGGAGTCCTTGA 3’ 

Cspg4 
Fwd: 5’ GAACGCATCAGCCACCGTAA 3’ 

Rev: 5’ GGACGCTTCTTCCTGGTTTC 3’ 

Dbc-1 
Fwd: 5’GTATCTCAGTGCAGCCCTCC 3’ 

Rev: 5’ AACGGGCAAACTCCCTGTAT 3’ 

Ednrb 
Fwd: 5’ GATGTGTAAGCTGGTGCCCT 3’ 

Rev: 5’ AGCCACCAATCTTTGGCTGT 3’ 

Eya1 
Fwd: 5’ CCCTACCCCTTCCTCACAAAC’ 3’ 

Rev: 5’ TGCCCACAATGCACCATAGGA 3’ 

Fgf-1 
For: 5’ GGACACCAGCACATTCAG 3’ 

Rev: 5’ AAAAGCCCTTCGGTGTCCAT 3’ 

Fgfr2 
For: 5’AATCTCCCAACCAGAAGCGTA 3’ 

Rev: 5’ CTCCCCAATAAGCACTGTCCT 3’ 

Gria2 
Fwd: 5’ AGGACTACGGCAGAAGGAGT 3’ 

Rev: 5’ CTGCGAGGTTAACCGCATTTC 3’ 

Irx3 
Fwd: 5’ CCGTCCCGTCCCAAGAAC 3’ 

Rev: 5’CCAACATGATCTTCTCGCCC 3’ 

Mag 
Fwd: 5’ ACCGCCTTCAACCTGTCTGT 3’ 

Rev: 5’ CTCGTTCACAGTCACGTTGC 3’ 

Mbp 
Fwd: 5’ GTACAAGGACTCACACACGAGA 3’ 

Rev: 5’ GTTCGAGGTGTCACAATGTTCT 3’ 

MoxD1 
Fwd: 5’ CAGAGTGGTCGAATTCAAGGCA 3’ 

Rev: 5’ ACAGAAGTCACAAGCCCTGG 3’ 

Nptx2 
For: 5’ AAGTGTCCCTTCCTCTCCGT 3’ 

Rev: 5’ TGTGCGACCTTGTCGTTGA 3’ 

Nr2e1 
Fwd: 5’ CCGGATCAACAAGCCGCATT 3’ 

Rev: 5’ CTTGTCTACGGGGCATCCTC 3’ 

Pdgfra 
Fwd: 5’ GAGCATCTTCGACAACCTCTACAC 3’ 

Rev: 5’ CCGGTATCCACTCTTGATCTTATT 3’ 

Plp1 
Fwd: 5’ CAAGACCTCTGCCAGTATAG 3’ 

Rev: 5’ AGATCAGAACTTGGTGCCTC 3’ 

Rplp0 
Fwd: 5’ CGACCTGGAAGTCCAACTAC 3’ 

Rev: 5’ ATCTGCTGCATCTGCTTG 3’ 

Skap2 
Fwd: 5’ CAGACACGATTTCCTTAGCCTC 3’ 

Rev: 5’ GGTAGCCAGCCTTTATGACAAA 3’ 

Snca 
Fwd: 5’ GAGTTCTTCAGAAGCCTAGGGA 3’ 

Rev: 5’ AGTTTTGGAACCTACATAGAGGA 

Spata13 
Fwd: 5’ ACACCCAGGTAGAGGATGTG 3’ 

Rev: 5’ CACCTCCATCTGAAGAGACATT 3’ 

Tgfbp2 
Fwd: 5’ AATGGCTCTCCTTCGACGTG 3’ 

Rev: 5’ AGGTGCCCATCAATACCTGCAA 3’ 
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Table 5 

Primer name Sequence 5’3’ 

AAVS1 genome 3’ rev TGC AGG GGA ACG GGG CTC AGT CTG A 

AAVS1 genome 5’ for CTG TTT CCC CTT CCC AGG CAG GTC C 

Neomycin sense GATGCCGCCGTGTTCC 

Neomycin antisense GCCCCTGATGCTCTTCGTC 

Puromycin rev TCG TCG CGG GTG GCG AGG CGC ACC G 

SKAP-HOM anti-sense ACTGCTTTGCTGGGGGTGGTGTT 

SKAP-HOM sense CCTGCGGCCTTTGATGGTG 
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