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Abstract

Oligodendrocytes are generated via a two-step mechanism from pluripotent neural stem cells (NSCs): after differentiation
of NSCs to oligodendrocyte precursor/NG2 cells (OPCs), they further develop into mature oligodendrocytes. The first step
of this differentiation process is only incompletely understood. In this study, we utilized the neurosphere assay to investigate
NSC to OPC differentiation in a time course-dependent manner by mass spectrometry-based (phospho-) proteomics. We
identify doublecortin-like kinase 1 (Dclk1) as one of the most prominently regulated proteins in both datasets, and show
that it undergoes a gradual transition between its short/long isoform during NSC to OPC differentiation. This is regulated by
phosphorylation of its SP-rich region, resulting in inhibition of proteolytic Dclk1 long cleavage, and therefore Dclk1 short
generation. Through interactome analyses of different Dclk1 isoforms by proximity biotinylation, we characterize their indi-
vidual putative interaction partners and substrates. All data are available via ProteomeXchange with identifier PXD040652.
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Introduction

The central nervous system (CNS) contains a plethora of cell
types which are commonly grouped into two major catego-
ries, neurons and glia, each accounting for ~50% of cells [1].
Neurons are responsible for signal transduction and process-
ing of information, and many different sub-types are known
today, which can be distinguished by their function and/or
protein expression patterns, even within individual struc-
Institute for Biochemistry and Molecular Biology, Medical tures [2]. Glia provide multiple other functions f,Or, the (fen-
Faculty, University of Bonn, Nussallee 11, 53115 Bonn, tral nervous system and are commonly further divided into
Germany four main classes. Astrocytes support neurons, maintaining
metabolic and structural homeostasis; microglia function
as immune cells of the CNS; oligodendrocytes (ODs) form
myelin sheaths surrounding the axons of neurons, improv-
ing signal transmission and promoting neuronal repair and
development [1]; and NG2 cells—or oligodendrocyte pre-
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cursor cells (OPCs)—are mainly known for their ability to
differentiate into myelinating ODs [3]. It is estimated that
OPCs contribute 5-8% of total glial cells in the mature CNS
[4]. While the majority of white matter OPCs can differen-
tiate into ODs during an organism’s life span, most gray
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matter OPCs retain their phenotype during postnatal life,
implying other functions than acting as precursors for ODs
[5].

Loss or malfunction of ODs leads to severe diseases,
which can be classified in such with a genetic background,
the so-called leukodystrophies, and such induced by trauma
or autoimmune reactions, with multiple sclerosis being the
most prominent example [6, 7]. The common phenotype of
these disorders is the inability of formation, or the progres-
sive loss, of myelin sheaths, leading to impaired neuronal
signal transduction with severe consequences for the affected
individual [8]. In a healthy organism, the loss of ODs, and
the resulting demyelination, can be compensated by prolif-
eration of OPCs and their differentiation to ODs, resulting
in remyelination of axons. In demyelinating disorders, how-
ever, this ability is impaired, and OPCs, even though being
present at the site of demyelination, do not differentiate into
ODs [9].

OPC to OD differentiation is one out of two steps in the
transformation from pluripotent neural stem cells (NSCs) to
ODs: initially, NSCs differentiate into OPCs, which subse-
quently further differentiate into myelinating ODs [10]. A
better understanding of these differentiation processes holds
the promise to identify targets for therapeutic intervention
with respect to the generation of mature ODs, ultimately
facilitating increased rates of remyelination. While the mas-
ter regulators of the transition between these cell types have
been well-characterized [11], the systematic adaptation of
the proteome has only been addressed partially. Therefore, a
detailed understanding of the extent of proteome reorganiza-
tion is lacking and potential additional regulatory mecha-
nisms remain unexplored. The differentiation of OPCs to
ODs has been investigated in several transcriptomics/pro-
teomics studies, which partly can be attributed to the fact
that this process can be reproduced in vitro (summarized by
Schoor et al.) [12]. In contrast, NSC to OPC differentiation
has not been thoroughly investigated by unbiased screening
approaches so far, being limited, to our knowledge, to just
one proteomic analysis which compared the expression lev-
els of ~3000 proteins for in vitro cultivated human embry-
onic stem cells (ESCs), NSCs, OPCs, and glial progenitor
cells [13]. While these experiments were performed with
ESCs grown on a feeder layer of mouse embryonic fibro-
blasts (MEFs), two other studies investigated microRNA or
gene expression during NSC to OPC differentiation, respec-
tively, utilizing so-called neurospheres [14, 15].

Neurospheres are free-floating clusters of cells. They
are typically generated from mouse or rat cortical tissue-
derived cells which, after supplementation of the culture
medium with bFGF and EGF, give rise to neurospheres that
can be maintained in a progenitor state under cell culture
conditions [16]. In neurospheres, growth factor withdrawal
triggers differentiation into a mixture of different CNS cell
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types (astrocytes, neurons, and OPCs) [17], while treatment
with cell culture medium conditioned by the neuroblastoma
cell line B104 leads to the formation of so-called oligo-
spheres, which predominantly consist of OPCs [16]. This
is most likely due to the influence of PDGF, as inhibition
of PDGFR signaling was shown to suppress neurosphere to
oligosphere differentiation and formation of OPCs can also
be promoted by addition of PDGF to the culture medium
[18, 19]. As neurospheres/oligospheres allow for the gen-
eration of large numbers of OPCs in vitro, this practice is a
common approach to produce OPCs, especially from mice,
as the enrichment and cultivation of primary mouse OPCs
is difficult [16].

Neurosphere to oligosphere differentiation allows to
investigate the differentiation of NSCs to OPCs in vitro.
With respect to whole proteome analyses, this system has
the advantage that NSCs can be cultivated without the
need of a feeder layer and that a gradual increase of OPCs
is observed [16]. Therefore, no proteins/mRNAs of feeder
cells contaminate the sample, and the differentiation pro-
cess can be investigated in a time-course dependent man-
ner, allowing for the identification of co-regulated proteins
based on their abundance profiles [20]. Naturally, this cell
culture model cannot fully reflect the in vivo conditions. It
was shown, however, that the expression of marker proteins
(such as CNP, GalC, MBP, MAG, and PLP) during NSC to
OPC differentiation in vitro reflects their sequence in vivo
(rat cerebellum),; demonstrating that significant parts of the
differentiation program are intrinsic to these cells, and con-
firming the validity of studying this process in vitro [21].

In the current study, we investigated the differentiation
of neurospheres to oligospheres by quantitative mass spec-
trometry-based proteomics and phosphoproteomics, to pro-
vide systematic insights in this process on both the protein
expression and signal transduction level. Among others, we
identified the protein doublecortin-like kinase 1 (Dclkl) to
be highly regulated both on the protein and phosphorylation
site level. Further investigation revealed that differential pro-
teolytic processing of Dclk1 correlates with phosphorylation
in its SP rich region, resulting in different proteolytically
processed isoforms, for which we investigated putative inter-
action partners and substrates using proximity biotinylation.

Materials and methods
Neurosphere generation and differentiation

Breeding and handling of mice, as well as harvesting of tis-
sues, was performed in accordance with the policies regard-
ing animal handling and welfare of the state of North Rhine
Westphalia, Germany. Neurospheres were generated as
described elsewhere with some modifications [16]. Briefly,
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PO/P1 mice were decapitated, cortices isolated, and placed
in ice-cold HBSS. After removal of meninges, tissues were
chopped into small pieces with a razor blade and placed
into ice-cold neurosphere growth medium (NGM, DMEM/
F12 with 25 pg/ml insulin, 100 pg/ml Apo-transferrin,
20 nM progesterone, 60 pM putrescine, 30 nM sodium
selenite, 100 IU/ml penicillin, 100 IU/ml streptomycin,
2 mM L-glutamine, 20 ng/ml bFGF, and 20 ng/ml EGF).
For each brain, 0.5 ml of NGM was used. Cortex pieces
were further dissociated into single cell suspensions using
fire-polished Pasteur pipettes, passed through a 40 um cell
strainer, and counted using a hemocytometer. In each well of
a six-well plate, 4 ml of NGM were combined with 2 x 10°
cells, and plates were incubated at 37 °C with 5% CO,. Half
of the medium was replaced with fresh NGM every other
day. After ten days, neurospheres started to form, and after
14 days the differentiation process was induced using B104
neuroblastoma conditioned medium (B104 CM). For gen-
eration of B104 CM, B104 neuroblastoma cells were grown
in DMEM/F12 supplemented with 10% FCS, 100 IU/ml
penicillin, 100 IU/ml streptomycin, and 2 mM L-glutamine)
to full confluency. Subsequently, the cells were washed
with Puck’s balanced salt solution (8 g/l NaCl, 0.4 g/1 KCl,
0.09 g/l Na,HPO,-7H,0, and 1 g/ glucose), and N2 medium
(DMEM/F12 supplemented with 1 X N2 supplement,
Thermo Fisher Scientific, Waltham, MA) was added to the
cells. After four days the medium was collected, 1 pg/ml of
phenylmethylsulfonyl fluoride (PMSF) was added, and the
solution centrifuged for 30 min at 2000g, 4 °C. The super-
natant was filtered using a 0.22 pm sterile filter and divided
into aliquots which were stored at — 80 °C until further use.
For induction of differentiation, neurospheres were trans-
ferred to a fresh six-well plate containing 4.5 ml of NGM
and 1.5 ml of B104 CM. For a duration of two weeks, 25%
of the medium was replaced with B104 CM every other day.
At the individual time points, neurospheres were harvested
by centrifugation for 5 min at 50g, 4 °C.

Immunofluorescence microscopy

Neurospheres were enzymatically and mechanically dissoci-
ated using accutase and fire polished Pasteur pipettes, and
3 x 10° cells/well were seeded on poly-L-ornithine-coated
coverslips located in 24 well plates. Cells were incubated
for 12 h either in NGM (neurospheres harvested at day 0) or
NGM/B104 CM (neurospheres harvested at day 3, 6, and 9)
containing 20 uM forskolin. Subsequently, coverslips were
washed three times with 1 X phosphate buffered saline (PBS)
and fixed with 4% paraformaldehyde in 1 x PBS, followed
by permeabilization using 0.2% Triton X-100 (except for
Ng2-staining). Coverslips were blocked using 2% normal
goat serum and stained using the following primary antibod-
ies in blocking solution overnight: anti-Ng2 (1:100, rabbit

pAb, AB5320 Merck Millipore, Burlington, MA), anti-beta
III tubulin (1:100, mouse mAb, T-1315, Dianova, Ham-
burg, Germany), anti-Gfap (1:100, mouse mAb, AB10062,
Abcam, Cambridge, UK), anti-F4/80 (1:100, rat mAb,
American Type Culture Collection, LGC Promochem, Ted-
dington, UK), anti-Nestin (1:100, mouse mAb, 556309,
BD Pharmingen, San Diego, CA), and anti-MBP (1:100,
rat mAb, ab7349, Abcam). The next day, coverslips were
washed with 1 X TBS followed by incubation with DAPI
(4,6-diamidino-2-phenylindol) and the respective second-
ary antibodies in blocking solution for 90 min at RT in the
dark: anti-rabbit-Cy3 (1:600, goat, 111-165-144, Dianova),
anti-mouse-Alexa488 (1:600, goat, A11017, Invitrogen,
Carlsbad, CA), anti-mouse-Alexa546 (1:400, goat, A11018,
Invitrogen), and anti-rat-Dylight488 (1:800, goat, 112-485-
167, Dianova). After incubation, cover slips were washed
with 1 X TBS, water, and ethanol followed by a drying step
at RT for 10 min. Subsequently, they were mounted with
Prolong Gold (Thermo Fisher Scientific) on specimen slides,
incubated over night at 4 °C, and images were taken with an
Axiovert 100 M (Zeiss, Oberkochen, Germany) equipped
with an AxioCamHR camera. Exposure times were adjusted
based on secondary antibody controls. All images were
recorded using the Plan Apochromat 20 X/0.8 objective with
the filter sets 01, 10, and 15, and analyzed using AxioVision
SE64 (Zeiss).

Cell culture, cloning, and site-directed mutagenesis

All cells were cultured at 37 °C with 5% CO,. HEK293,
HeLa, NIH/3T3, and NIH/3T3 Tet-On 3G (Takara Bio,
Kusatsu, Japan) cells were cultured in DMEM, C6 glioblas-
toma cells in DMEM/F12, and B35 neuroblastoma cells in
DMEM-GlutaMAX (Thermo Fisher Scientific). All media
were supplemented with 10% FCS, 100 IU/ml penicillin,
100 IU/ml streptomycin, and 2 mM L-glutamine (with the
exception of DMEM-GlutaMAX). For NIH/3T3 Tet-On
3G cells, the growth medium furthermore contained G418
(100 pg/ml) and protein expression was induced using
doxycycline (0.05 pg/ml). Fetal neural stem (fns) cells [22]
were cultured in NS-A medium (Euroclone, Milan, Italy)
containing 10% DMEM/F12, 1 x N2 supplement, 100 TU/
ml penicillin, and 100 IU/ml streptomycin. Oli-neu cells
[23] were cultivated in DMEM supplemented with 1 X N2
supplement, 5 mg/l insulin, 0.5 uM triiodothyronine,
0.5 uM L-thyroxine, 1% horse serum, 100 IU/ml penicillin,
100 IU/ml streptomycin, 2 mM L-glutamine, and 10 mM
HEPES pH 7.4. For SILAC experiments, cells were cul-
tured in SILAC DMEM (Thermo Fisher Scientific) sup-
plemented with 10% dialyzed FCS, 100 IU/ml penicillin,
100 IU/ml streptomycin, and either unlabeled or heavy
labeled lysine/arginine (Lys: ’C('°N,, Arg: 3C('°N,) for
at least 5 passages. For cloning and RT-PCR the following
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primers were used: Dclk1-short (FW: AGGCTCTGGCTC
TTGGCTAT, RV: CAGCAAAATTTCCGTCTCCT), Dclk-
long (FW: AAAAAGCTTATGTCGTTCGGCAGAGAT
ATG, RV: AAAGGATCCTTAAAAGGGCGAATTGGG),
Dclk1-S305/307D (FW: GCCCAGGACCTTCCCGGAGAG
ACAAGGACCCAGCCTCCACCAGCTCAG, RV: CTG
AGCTGGTGGAGGCTGGGTCCTTGTCTCTCCGGG
AAGGTCCTGGGC), Dclk1-S305/307A (FW: GCCCAG
GACCTTCCCGGAGAGCCAAGGCCCCAGCCTCCA
CCAGCTCAG, RV: CTGAGCTGGTGGAGGCTGGGG
CCTTGGCTCTCCGGGAAGGTCCTGGGC), Dclkl-
S$330/332/334/337D+T336D (FW: GCTCTCTACTCC
ACGCTCGGGCAAGGATCCAGATCCAGATCCCGA
CGACCCAGGAAGCCTGCGGAAGCAGAGGA, RV: TCC
TCTGCTTCCGCAGGCTTCCTGGGTCGTCGGGATCTG
GATCTGGATCCTTGCCCGAGCGTGGAGTAGAGAGCO),
Dclk1—S330/332/334/337A+T336A (FW: GCTCTCTAC
TCCACGCTCGGGCAAGGCTCCAGCTCCAGCTCCCGC
CGCCCCAGGAAGCCTGCGGAAGCAGAGGA, RV: TCC
TCTGCTTCCGCAGGCTTCCTGGGGCGGCGGGAG
CTGGAGCTGGAGCCTTGCCCGAGCGTGGAGTAG
AGAGC), Dclk1-pTRE3G (FW: TTTACGCGTATGGAA
CAAAAACTCATCTCAGAAG, RV: AAAGCTAGCTTA
CTTGTCGTCATCGTCTTTGTAGTCCTTGTCGTCATC
GTCTTTGTAGTCAAAGGGCGAATTGGGGG), BirA*-
subclonning (FW: AAAATGCATATGGAACAAAAACTC
ATCTCAGAAG, RV: AAAAAGCTTCTCTGCGCTTCT
CAGGGA), BioID-SK (FW: AAAAAGCTTGATGAAAGT
GAATGTCGAGTGG), BiolD-K (FW: AAAAAGCTTGTT
TGCAGCTCAATGGATGA), BioID-DSK (FW: AAAAAG
CTTATGTCGTTCGGCAGAGATATG, RV: AAAGGATCC
AAAGGGCGAATTGGG), BioID-DS (RV: TTTGGATCC
CTAAGACTCTTCCCTCCTCCATCO).

The Dclkl gene was amplified by PCR from a cDNA
library generated from P1 mouse whole brain extracts and
cloned into an expression vector under control of the TRE3G
promoter. Site directed mutagenesis was performed as
described elsewhere [24]. Briefly, the melting temperature
of mutation primers was designed to be >80 °C and PCR
products were digested by Dpnl for 4 h at 37 °C, followed by
transformation of bacteria and midi prep purification of plas-
mids. Cells were transfected using TurboFect transfection
reagent (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. After 24 h, medium was replaced
with doxycycline-containing medium (0.05 pg/ul). Cells
were incubated another 24 h and then either harvested or,
after medium exchange, grown for an additional day.

For BiolD experiments, fusion constructs of different
DCLKI1 domains and BirA* were generated by PCR and
cloned into a vector under control of an RSV promotor and
used for transfection of NIH3T3 cells. Briefly, cells were
seeded in 10 cm dishes and cultivated 24 h to reach 70-90%
confluence. For transfection, 10 ug purified plasmid DNA,
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20 pl TurboFect, and 1 ml DMEM were combined and vor-
texed immediately. Then, the mixture was incubated 20 min
at RT, and added dropwise to the cells. Cells were harvested
by scraping in ice-cold 1 X PBS, pelleted by centrifugation at
500g, 4 °C for 5 min and flash frozen using liquid N.

SDS-PAGE and immunoblotting

Tissues/cells/neurospheres/oligospheres were resuspended
in 4% SDS, 0.1 M HEPES pH 7.4, incubated at 95 °C for
10 min, and sonicated for 1 min at an amplitude of 60%
(UP50H, Hielscher, Teltow, Germany). For neurosphere
and oligosphere samples, incubation at 95 °C was repeated
after sonication. Lysates were centrifuged at 20,000g, RT
for 30 min, the clear supernatant transferred to a new tube,
and the protein concentration determined using the DC
protein assay (BioRad, Hercules, CA). Equal amounts of
protein were combined with 4 X sample loading buffer (4%
B-mercaptoethanol, 8% SDS, 40% glycerol, 4% bromophe-
nol blue, 240 mM Tris—HCI pH 6.8) to a final concentra-
tion of 1 X, incubated for 10 min at 95 °C, and proteins
were separated using SDS-PAGE. Proteins were blotted to
0.45 pm nitrocellulose membranes and blocked using either
5% non-fat milk or 3% BSA in Tris-buffered saline with
0.05% Tween 20 (TBS-T). The following primary antibodies
were incubated with the blots overnight at 4 °C in block-
ing solution: anti-myc-tag (1:5000, rabbit pAb, ab9106,
Abcam, UK), anti-Dclk1 (1:1000, rabbit pAb, ab31704,
Abcam, UK), anti-Padi2 (1:1000, rabbit pAb, 12110-1-AP,
Proteintech Group, Rosemont, IL), anti-Pura (1:1000, rabbit
pAb, ab79936, Abcam, UK), anti-FLAG-tag (1:5000, mouse
mAb, F1804, Sigma-Aldrich, St. Louis, MO), anti-alpha-
tubulin (1:2000, rabbit pAb, 600-401-880, Rockland Immu-
nochemicals, Gilbertsville, PA), anti-alpha-tubulin (1:5000,
mouse mAb, T5168, Sigma-Aldrich) and anti-beta-actin
(1:5000, mouse mAb, A5316, Sigma-Aldrich). Pur-A and
alpha-tubulin mouse were incubated as a 1:1 mixture. Blots
were washed thrice with TBS-T and incubated with one of
the following secondary antibodies for 1 h at RT:HRP-goat
anti-rabbit (1:5000, goat pAb, 111-035-003, Dianova, Ger-
many) or HRP-goat anti-mouse (1:5000, goat pAb, 115-035-
044, Dianova, Germany). For detection of protein biotinyla-
tion, membranes were incubated with HRP-Streptavidin
(1:10,000, 21126, Thermo Fisher Scientific) in 3% BSA,
1 X PBS-T and washed 6 X with 1 X PBS. Specific binding
was detected by enhanced chemoluminescence using Clarity
Western ECL Substrate (BioRad, Hercules, CA) and visual-
ized with a FUSION SOLO 4 M system (Vilber Lourmat,
Eberhardzell, Germany).
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MS sample preparation, TMT labeling, and peptide
fractionation

Neurospheres were resuspended in ice-cold lysis buffer
[0.5% NP-40, 50 mM HEPES, 10% Glycerol, 150 mM KCl,
1 mM MgCl,, and 1 X cOmplete protease inhibitor cock-
tail (Roche Diagnostics, Mannheim, Germany)] at a pellet
to buffer ratio of 1:10 (v/v) and lyzed by sonication with
3% 30 s cycles at an amplitude of 80% on ice. After cen-
trifugation at 20,000g, 4 °C for 30 min, the supernatant was
transferred to a new tube, the protein concentration deter-
mined using the DC protein assay, and 130 pg of protein
were precipitated by CHCl;/MeOH followed by in solution
digested as described elsewhere [25]. Briefly, protein pellets
were resuspended in 0.1 M TEAB/0.1% RapiGest (Waters,
Milford, MA), reduced with 5 mM DTT and alkylated with
20 mM acrylamide [26]. The reaction was quenched by addi-
tion of 5 mM DTT and 1.5 pg of trypsin (Promega, Madi-
son, WI) was added to the sample. Digestion was carried
out overnight at 37 °C followed by TMT 6plex labeling the
following day. TMT labels (Thermo Fisher Scientific) were
dissolved in 41 ul ACN, added to the respective samples,
mixed by vortexing, and incubated for 90 min at RT. The
reaction was stopped by addition of 8 pl 5% hydroxylamine
in 0.1 M TEAB pH 8.5 and incubation for 15 min at RT.
After combination of samples, the amount of acetonitrile
was reduced to < 5%, TFA added to a final concentration
of 0.1%, and the combined sample desalted using 10 cc
Oasis HLB cartridges (Waters). The eluate fraction was
dried using a vacuum centrifuge and resuspended in 3.6 ml
ampholyte solution (pI 3—10, GE Healthcare, Chicago, IL).
Offgel fractionation was performed using a 3100 OFFGEL
fractionator (Agilent, Santa Clara, CA) in the 24-fraction
setup using pl 3—10 IPG strips (GE Healthcare) for 50 kVh.
Individual fractions were desalted using Stage Tips[27] and
dried using a vacuum centrifuge.

Dimethyl labeling, SCX fractionation,
and phosphopeptide enrichment

Neurosphere lysis, digestion and strong cation exchange
(SCX) fractionation were performed as described else-
where [28]. Briefly, neurosphere pellets were resuspended
in 10 volumes of ice-cold lysis buffer (§ M urea, 75 mM
NaCl, 50 mM HEPES pH 8.2, 1| mM sodium fluoride, 1 mM
p-glycerophosphate, 1 mM sodium orthovanadate, 10 mM
sodium pyrophosphate, 1 mM PMSF, and 1 X cOmplete
protease inhibitor) and immediately mixed by pipetting fol-
lowed by sonication for 2 X 30 s at 80% amplitude on ice.
Lysates were centrifuged for 10 min at 2500g, 4 °C and
the supernatants were transferred to new tubes. Protein
concentration was determined using the DC Protein Assay
and 3 mg of starting material were used for each sample.

Disulfide bridges were reduced using 5 mM DTT for 25 min
at 800 rpm, 56 °C in a thermomixer and alkylated using
20 mM acrylamide for 30 min at RT in the dark [26]. The
reaction was quenched by addition of 5 mM DTT for 15 min
at RT and samples diluted 1:5 with 25 mM HEPES pH 8.2.
CaCl, was supplemented to a final concentration of 1 mM,
trypsin was added at an enzyme-to-substrate ratio of 1 to
200 (w/w), and digestion was carried out overnight at 37 °C.
The next day, 3plex dimethyl labeling was carried out as
described elsewhere [29]. Briefly, for each mg of peptides in
the digestion solution, 32 pl 20% formaldehyde and 160 ul
0.6 M sodium cyanoborohydride were added to the samples.
The light channel was labeled with CH,0/NaBH;CN, the
medium channel with CD,0/NaBH;CN, and the heavy chan-
nel with *CD,0/NaBD,CN for 1 h at RT. The reaction was
quenched using 23 ul 28% NH,OH/mg peptides and acidi-
fied with 16 pl FA/mg peptides. Subsequently, the individual
channels were combined, desalted using 400 mg Oasis HLB
cartridges (Waters), and the eluate fraction dried using a
vacuum centrifuge. SCX fractionation was performed using
an AKTA Purifier system (GE Healthcare) equipped with a
100 mm X 9.4 mm PolySULFOETHYL A column (PolyLC,
Columbia, MD) at a flow rate of 2 ml/min at 8 °C. The fol-
lowing solvents were used: solvent A: 7 mM KH,PO,, pH
2.65, 30% ACN; solvent B: 7 mM KH,PO,, pH 2.65, 30%
ACN, 350 mM KCI; solvent C: 50 mM K,HPO,, pH 7.5,
500 mM NaCl. pH values were adjusted by phosphoric acid
prior to the addition of organic solvents. Initially, the column
was equilibrated with a linear gradient from water to 100%
C in 2 min, 100% C for 16 min, and a linear gradient from
100% C to water in 2 min. After priming for 40 min with
100% A, samples (peptides resuspended 500 pl of solvent A)
were loaded, followed by a washing step for 4 min at 100%
A. Peptides were eluted with a linear gradient from 100%
A to 70% A/30% B in 48 min and 0% A/100% B in 2 min
followed by 8 min at 100% B, a linear gradient to water in
2 min and finally 8 min of water. In total, 12 fractions (12 ml
each) were collected, lyophilized, and desalted using 10 mg
Oasis HLB cartridges. The eluate fractions were dried using
a vacuum centrifuge and resuspended in 500 ul of 5% TFA,
80% ACN, 1 M glycolic acid [30]. TiO, beads (Sachtleben,
Duisburg, Germany) were added to the sample at a pep-
tide to bead ratio of 1:6 (w/w) and incubated for 15 min at
1200 rpm, RT. Beads were pelleted by centrifugation for
1 min at 13,000g, RT and the supernatant was transferred
to another tube. The beads were washed sequentially with
1 ml 80% ACN, 1% TFA and 1 ml of 20% ACN, 0.1% TFA
followed by drying using a vacuum centrifuge. Phosphopep-
tides were eluted from the beads by incubation with 200 ul
1% NH,OH for 15 min at 1200 rpm, RT. The supernatant
was transferred to a fresh tube, acidified with 10 ul FA, and
desalted using 10 mg Oasis HLB cartridges.
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Cell culture, proximity biotinylation, and biotin/
phosphopeptide enrichment

NIH/3T3 cells were transfected with the individual BirA*-
Dclk1 fusion proteins or an empty vector. After 24 h the
medium was changed and biotin was added at a final con-
centration of 50 uM, followed by an incubation for 24 h.
Cells were washed with ice-cold PBS, harvested by scrap-
ing, transferred to a microtube, and pelleted by centrifuga-
tion for 5 min at 1000g, 4 °C. Cell pellets were resuspended
in ice-cold lysis buffer (50 mM Tris—HCI pH 7.4, 500 mM
NaCl, 2% Triton-X100, 0.4% SDS, 5 mM EDTA, 1 mM
DTT, 1 xcOmplete protease inhibitor and 1 X PhosSTOP
phosphatase inhibitor cocktail (Roche Diagnostics)) in a
pellet to buffer ratio of 1:10 (v/v). Samples were sonicated
for 40 s with an amplitude of 60%, followed by incubation
on a tumbling shaker for 1 h at 12 rpm, 4 °C. Subsequently,
the lysates were centrifuged for 30 min at 20,000g, 4 °C,
the clear supernatants were transferred to new tubes, and
the protein concentrations were determined using the DC
Protein assay. For each condition, 1 mg of protein were com-
bined for the heavy SILAC labeled sample (control) and the
light SILAC labeled sample (transfected with individual con-
structs), followed by enrichment of biotinylated proteins by
Streptavidin Sepharose High Performance affinity resin (GE
Healthcare). For all steps, beads were pelleted by centrifu-
gation for 1 min at 3000g, RT. Streptavidin beads (150 pl
slurry/sample) were washed three times with 150 pl lysis
buffer, the sample added to the beads, and the mixture incu-
bated overnight on a tumbling shaker at 12 rpm, 4 °C. Beads
were washed for 10 min, 800 rpm, at RT with a thermomixer
using sequentially 1 ml of the following buffers: twice 2%
SDS, 100 mM HEPES, pH 7.6; once 0.1% sodium deox-
ycholate, 1% Triton-X100, 500 mM NaCl, 1 mM EDTA,
50 mM HEPES, pH 7.5; once 250 mM LiCl, 0.5% NP-40,
0.5% sodium deoxycholate, 1 mM EDTA, 10 mM Tris—HCl,
pH 8.1; and twice 50 mM NaCl, 50 mM Tris—HCl pH 7.4.
Subsequently, proteins were reduced on the beads using
10 mM DTT, 100 mM HEPES pH 8 for 30 min at 800 rpm,
56 °C, and alkylated for 30 min with 25 mM acrylamide
at RT. The reaction was quenched by addition of 10 mM
DTT and incubation at RT for 10 min. Subsequently, 2.5 pg
trypsin/mg protein (amount of input before biotin enrich-
ment) were added and samples adjusted to a final volume of
300 ul with 100 mM HEPES pH 8. Digestion was carried
out overnight at 800 rpm and 37 °C in a thermomixer. Sub-
sequently, peptides were extracted two times from the beads
with 300 ul 5% ACN, 0.1% FA, and the combined extracts
desalted with 10 cc Oasis HLB cartridges. Eluate fractions
were dried using a vacuum centrifuge and double phospho-
peptide enrichment with TiO, was performed as described
elsewhere [31]. Briefly, samples were resuspended in 5%
TFA, 80% ACN, 1 M glycolic acid. TiO, beads were added
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to the sample at a peptide to bead ratio of 1:6 (w/w). The
mixture was incubated for 15 min at 1200 rpm, RT on a ther-
momixer, the beads pelleted by centrifugation for 1 min at
13,000g, RT, and the supernatant transferred to another tube
(flow through fraction). The beads were washed sequentially
with 80% ACN, 1% TFA as well as 20% ACN, 0.1% TFA
and dried using a vacuum centrifuge. Phosphopeptides were
eluted from the beads with 200 ul 1% NH,OH for 15 min
at 1200 rpm, RT, the supernatant was transferred to another
tube, acidified with FA, and dried using a vacuum centri-
fuge. Samples were re-solubilized using 70% ACN, 0.1%
TFA, and TiO, beads were added at a peptide to bead ratio
of 1:6 (w/w). The beads were washed with 50% ACN, 0.1%
TFA, dried using a vacuum centrifuge, and phosphopeptides
were eluted from the beads using 1% NH,OH, followed by
acidification with FA and desalting using Stage tips [27].
Flow through fractions were dried using a vacuum centri-
fuge, resuspended in 1% ACN, 0.1% FA, and desalted using
10 cc Oasis HLB cartridges.

LC-MS/MS analysis

Dried peptide samples were resuspended in 5% FA, 5% ACN
or 50 mM citrate[32] (phosphopeptide enriched samples)
and analyzed by UHPLC-MS/MS using either an LTQ
Orbitrap Velos in combination with an EASY-nL.C 1000 or
an Orbitrap Fusion Lumos in combination with an Ultimate
3000 RSLCnano System (all Thermo Fisher Scientific). For
both systems, in-house manufactured spray tips were used.
Tips were generated from 100 um ID/360 um OD fused sil-
ica capillaries with a P2000 laser puller (Sutter Instrument,
Novato, CA), and packed with 5 pm/1.9 pm ReproSil-Pur
120 C18-AQ particles (Dr. Maisch, Ammerbuch-Entringen,
Germany) to a length of 30 cm/50 cm for the Orbitrap Velos/
Fusion Lumos, respectively. For Orbitrap Velos analyses,
peptides were loaded on the analytical column with solvent
A (0.1% FA, 5% DMSO) at a flow rate of 1 ul/min, and
separated with 60 min or 90 min linear gradients from 99%
solvent A, 1% solvent B (0.1% FA, 5% DMSO, 94.9% ACN)
to 65% solvent A 35% solvent B at a flow rate of 400 nl/min.
Eluting peptides were ionized in the nanosource of the mass
spectrometer in the positive ion mode at a cone voltage of
1.6 kV. Survey scans were acquired in the Orbitrap analyzer
from m/z 400 to 1200 with a resolution of 30,000 or 60,000
followed by fragmentation of the 10 most abundant ions by
either CID and analysis in the LTQ, or HCD and analysis in
the Orbitrap for dimethyl- and TMT-labeled samples, respec-
tively. Only multiply charged ions were selected for frag-
mentation, the repeat count was set to one and the dynamic
exclusion was set to 60 and 90 s for 60 min/90 min gra-
dients, respectively. For phosphopeptide enriched samples,
multi stage activation (MSA) was enabled for neutral-loss
of phosphoric acid. For Orbitrap Fusion Lumos analyses,
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peptides were loaded to the analytical column with 100%
solvent A (0.1% FA in water) at a flow rate of 600 nl/min,
and peptides separated with 120 min linear gradients from
95% solvent A, 5% solvent B (0.1% FA, 90% ACN) to 65%
solvent A, 40% solvent B at a flow rate of 300 nl/min. Elut-
ing peptides were ionized in the positive ion mode at a cone
voltage of 2 kV and survey scans acquired in the Orbitrap
analyzer from 375-1500 m/z at a resolution of 60,000. The
most intense ions were fragmented by HCD (charge states
between +2 and 4 7) in the top speed mode (3 s cycle time)
with a dynamic exclusion of 60 s and fragment ions analyzed
in the Orbitrap at a resolution of 30,000. For both systems,
prior to loading of phosphopeptide-enriched samples, the
analytical column was equilibrated with three injections of
50 mM citrate.

MS data analysis

NPC to OPC differentiation—TMT-based whole proteome
analysis

Data were processed using ProteomeDiscover 2.4.0.305
(Thermo Fisher Scientific) in combination with Mascot 2.6.1
(Matrix Science Ltd, London, UK). After recalibration of
precursor masses with the Spectrum Files RC node (MS1/
MS?2 tolerances: 20 ppm/0.02 Da) using a non-linear regres-
sion model, spectra were searched against UniProt Mus mus-
culus (55,192 entries, release date 06/2019) in combination
with two databases containing common contaminants [CRAP
(crapome.org) and MaxQuant contaminants (maxquant.
org)] in a reverse-decoy approach. Trypsin/P was selected
as enzyme and up to two missed cleavages allowed. Mass
tolerances were 10 ppm (MS1) and 20 mmu (MS2). Propi-
onamide (Cys) and TMT6plex (peptide N-Term, Lys) were
defined as fixed modifications, and oxidation (Met) as well
as acetyl (protein N-term) as variable modifications. Identi-
fied peptide spectrum matches (PSMs) were validated by the
Percolator node based on g values and target FDRs of 1%/5%
(strict/relaxed). The combined PSMs were aggregated to
peptides and proteins according to the principle of strict
parsimony and finally filtered at 1% FDR on the peptide
and protein level. For peptide/protein quantification, TMT
reporter ion signals were extracted at the MS2 level with
a tolerance of 20 ppm using the most confident centroid.
Subsequently, the following filters were applied for peptide
selection: unique and razor; reporter abundance based on:
automatic; co-isolation threshold: 30%; average reporter
S/N: 10. The resulting protein table was filtered for mas-
ter proteins, exported, and further analyzed using R version
3.5.3 (R Core Team, R Foundation for Statistical Comput-
ing, Vienna, Austria) with the R packages openxlsx (version
4.1.5), amap (version 0.8-18), and limma (version 3.42.2)
[33]. After removal of contaminants, protein intensities

were log2-transformed and batch effects between replicates
reduced by normalization. The signal intensities of each of
the TMTplexes (one 6plex experiment corresponding to one
biological replicate) were individually normalized with the
LOESS method [34]. To take effects between individual
TMTplex batches into account, a linear regression model
was calculated, that considers both the log2 protein intensi-
ties and the batch information. The coefficients of the model
are estimators for the batch effects and this batch effect esti-
mation was performed for each protein separately. Finally,
the corresponding batch effects of individual proteins were
subtracted from their log2-intensities, resulting in increased
comparability between TMTplexes. Paired t-tests were per-
formed for day O relative to the other time points, consider-
ing in each test only proteins with at least three valid values
per comparison. Proteins with less values were removed and
no missing value imputation was performed. P-values were
adjusted for multiple testing using the Benjamini—Hochberg
procedure[35] and values < 0.05 were considered to be sig-
nificant. Fold changes were calculated as mean difference
between sample pairs. For proteins with a significant result
in at least one comparison (adjusted p-value <0.05), mean
log2-intensities were calculated across all replicates of the
same day and z-scored. These values were used for cluster
analysis (hierarchical clustering with complete linkage and
Spearman correlation distance). For each cluster, gene ontol-
ogy (GO) analyses were performed for biological process,
cellular component, and molecular function using topGO
(version 2.38.1) with all proteins in the data set as back-
ground. For each GO term, fold-enrichment values were cal-
culated as the frequency ratio of the term in the cluster and
the background. Graphics were created using the R packages
ggplot2 (version 3.3.1) [36], gplots (version 3.1.1) and scales
(version 1.1.1). To visualize regulation of proteins related
to the categories “transcription” and “kinase”, UniProt key-
words were added via Perseus and line plots generated for
individual keywords in GraphPad Prism.

NSC to OPC differentiation—dimethyl-based
phosphoproteome analysis

Raw files were processed with MaxQuant[37] version
1.6.14.0 in combination with UniProt Mus musculus
(63,666 entries including isoforms, release date 04/2020)
and MaxQuant’s internal contaminant database with the fol-
lowing settings: precursor ion tolerance (first/main search):
20/4.5 ppm, MS/MS tolerance (ITMS): 0.5 Da, peptide/pro-
tein FDR: 0.01, site FDR: 0.01, minimal peptide length: 7,
minimal score for modified peptides: 40. The enzyme speci-
ficity was set to Trypsin/P (specific or semi-specific) with
two missed cleavage sites. Acetylation (protein N-term),
carbamylation (N-term), oxidation (Met) and phoshospho
(Ser/Thr/Tyr) were defined as variable modifications, as well
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as propionamide (Cys) as fixed modification. For quantifi-
cation, 3plex dimethyl-labeling was defined and both the
re-quantify and the match between runs option were enabled
with default settings. MaxQuant txt output files (“Protein-
Groups” and “Phospho(STY)Sites””) were used for further
bioinformatics analysis with Perseus[38] 1.6.15.0 and R
4.1.2 (+tidyverse package) [39, 40]. The protein groups
table was filtered for contaminant, identified by-site, and
reverse hits. Afterwards, normalized abundance ratios were
log2-transformed and proteins without quantitative informa-
tion removed from the dataset. Contaminants and reverse
hits were removed from the phosphosites table, followed
by filtering for class I sites (localization probability > 0.75).
Abundance information derived from singly, doubly and
multiply phosphorylated peptides was separated (multiplic-
ity splitting), log2-transformed, and sites without quantifica-
tion removed. Finally, regulated phosphosites were defined
for individual comparisons (day 7/ day 0, day 14/ day O,
day 14/ day 7) based on a log2 fold change cut-off of + 1
in both replicates. To gain further insights into regulated
phosphosites, annotation enrichment analyses of UniProt
keywords were conducted using the Fisher exact test (Ben-
jamini—Hochberg, FDR: 0.02, relative enrichment: protein)
with the whole dataset as background. In addition, sequence
pattern analyses were performed using IceLogo [41] in com-
bination with the precompiled Swiss-Prot Mus musculus ref-
erence set as background. Line plots for proteins with the
UniProt keywords “transcription” and “kinase” were gener-
ated in GraphPad Prism.

SILAC-based BiolD-Dclk1 isoform interaction partner
analysis

Raw files were analyzed with MaxQuant against the same
database as described above including sequences of myc-
BioID (Plasmid #35700, Addgene, Watertown, MA) and
Streptavidin (P22629). The same search settings as used for
the dimethyl data were utilized with 2plex SILAC quan-
tification. The resulting proteinGroups and phosphosite
txt files were further processed with R 4.2.0 (+tidyverse
package). The protein group table was filtered as follows:
proteins with the tag “contaminants”, “identified by-site”,
and “reverse” were removed. For the phosphosite table, site
entries with the tag “contaminants” and “reverse hits”, as
well as entries with a localization probability <0.75 were
removed. Subsequently, signal intensities of light and heavy
channels were log2-transformed and the data filtered for
proteins/phosphosites with at least two valid SILAC light
values in any experimental group (BioID construct). Subse-
quently, missing values were imputed using the lowest value
in any sample (“min”-method, MsCoreUtils, version 1.10)
and light/heavy ratios calculated per replicate. Biotinylated
proteins/phosphosites were determined by filtering for all
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entries with at least two log2 ratios > 1 in any experimen-
tal group. Proteins/phosphosites specific for each BiolD-
Dclkl construct were extracted and functionally classified
by GO overrepresentation analysis against a global mouse
background using clusterProfiler (version 4.4.4) [42]. In the
case of multiple phosphosites on one protein, the protein
was only counted once for the enrichment. Enriched terms
were filtered for a Benjamini—~Hochberg FDR of <0.2 and a
p-value of <0.05 and redundant terms simplified by sematic
similarity (Jaccard similarity, minimal p.adjust>0.7). For
subsequent comparisons of individual BioID-Dclkl con-
structs, the SILAC light non-imputed log?2 intensities were
utilized. The most suitable method for normalization was
determined via the NormalyzerDE-package (version 1.14.0)
[43], and samples normalized (protein groups=cyclic
LOESS, phosphosites =RLR). Finally, missing SILAC
light channel intensities were imputed by the "MinProp"
method, and differentially abundant proteins/phosphosites
determined by a moderated t-test using linear modeling,
as this test was shown to outperform the classic t-test for
small sample sizes (limma trend, version 3.52.4). Entries
were deemed significantly regulated when they showed an
Benjamini—Hochberg-adjusted p-value of <0.05 and an aver-
age log2 fold change >10.58I. Regulations were visualized
in volcano plots and heatmaps using the EnhancedVolcano
(version 1.14.0) and the pheatmap-package (version 1.0.12,
Manhattan distance, complete linkage clustering), respec-
tively. For functional analysis, GO-annotation overrepre-
sentation analyses were conducted with clusterProfiler as
described above, but with all biotinylated proteins as local
background.

Results

Differentiating neurospheres consist predominantly
of NSCs and OPCs

We generated neurospheres from mouse PO cortices and dif-
ferentiated them to oligospheres by addition of B104 cell-
conditioned medium for 15 days. To characterize the com-
position of spheres at individual time points, we performed
immunofluorescence analyses for markers of NSCs, OPCs,
and other major cell types of the CNS, by dissociation of
spheres and plating of the resulting single cells on cover
slips. We were only able to cultivate dissociated spheres up
to day 9 of the differentiation process, cells from later time
points (12 and 15 days) did not yield viable adherend cul-
tures. Based on the detection of cell type-specific marker
proteins, we observed mainly NSCs and OPCs, as well as
small numbers of astrocytes, in all preparations, but did not
detect any cells expressing markers for neurons, microglia,
or oligodendrocytes (Fig. 1a, Fig. S1). For NSCs, OPCs, and
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Fig. 1 Investigation of the cellular composition of differentiating
neurospheres. a Immunofluorescence analysis of dissociated spheres

during neurosphere to oligosphere differentiation. Marker proteins
shown are Ng2 (OPCs) and Nes (NSCs). b Quantification of cell type

astrocytes we quantified the abundance of the individual cell
types (Fig. 1b), detecting for undifferentiated neurospheres
89% NSCs, which gradually decreased to 75% at day 9.
While only 7% of cells were initially expressing the OPC
marker protein Ng2, this fraction increased to 58% at day 9,
reflecting a continuous increase in OPCs during the transi-
tion from neurospheres to oligospheres. This implies, that
a certain percentage of cells was positive for both Nes and
Ng2, which is in accordance with previous studies showing
that OPCs can express both proteins [44, 45]. Contaminating
Gfap-positive astrocytes only contributed a minor fraction
(1% to 11%) of cells at all time points.

Proteomic analysis of neurosphere to oligosphere
differentiation identifies common patterns
of protein regulation

For proteomic analyses, we differentiated neurospheres to
oligospheres over the course of 15 days in five independ-
ent biological replicates. We collected samples every third
day, resulting in six time points. After cell lysis, protein
extraction, and proteolytic digestion, peptides were TMT-
labeled, combined, fractionated by OFFGEL electrophore-
sis, and analyzed by LC-MS/MS (Fig. 2a). From 382,705
annotated peptide spectrum matches (PSMs), 6271 protein
groups were identified (both at 1% FDR, Fig. S2). Following
removal of contaminants and normalization, we determined
significantly regulated proteins in individual time points
relative to day O using paired t-tests (Table S1). Based on a
combination of an FDR-adjusted p-value (q-value) cut off
of 0.05 and a fold-change cut-off of 2, we identified con-
sistently increasing numbers of regulated proteins over the
course of the differentiation starting at day 9, and reaching
a maximum at day 15 with 380 up- and 154 down-regulated
proteins, respectively (Fig. S3). This included Hk1, Cntnl,
Clu, Atp1b2, and Plpl, which were reported in a previous

[ Ng2
I Gfap
Il Nestin

ns

Ng2 Gfap

Nestin

abundance during neurosphere to oligosphere differentiation. Marker
proteins used: Ng2 (OPCs), Gfap (astrocytes), and Nes (NSCs). For
each time point, cell type, and replicate 150 cells each were analyzed.
Shown are mean values + SEM, n=3 for Ng2 and Gfap, n=2 for Nes

transcriptomics study to be upregulated between rat neuro-
spheres and oligospheres (out of 27 upregulated proteins
reported in that study) [15].

To identify groups of proteins with similar regulatory
behavior, we performed hierarchical clustering based on
time-dependent changes in protein expression during neu-
rosphere to oligosphere differentiation, including all proteins
which changed significantly in at least one time point rela-
tive to day O (q-value <0.05, Table S1). Subsequently, we
assigned individual objects to clusters (agglomerative strat-
egy) based on Spearman correlation distance measures, fol-
lowed by iterative joining of similar clusters to result in the
most compact structure [46]. This resulted in seven clusters
with individual patterns of regulation (Fig. 2b, Table S1),
for which we further performed GO analyses (Fig. S4A-D).

Proteins contained in cluster one and four were upregu-
lated in the majority of time points, implying an OPC-spe-
cific expression or a role related to NSC to OPC differentia-
tion. Strikingly, most GO terms enriched in both clusters
were related to mitochondria, in particular to the respiratory
chain (Fig. S4A/D). Also, out of 438 mitochondrial proteins
which were considered for clustering (from 1075 detected in
the whole dataset), 74% were contained in these two clus-
ters. Cluster two, which presented the largest group of pro-
teins, contained continuously downregulated proteins. GO
analysis identified a strong enrichment in cell cycle regula-
tion and DNA replication, which is reflecting the transition
of highly proliferative NSCs to OPCs exhibiting markedly
lower division rates [47]. Furthermore, several complexes
related to splicing and RNA-binding proteins were included
in this cluster, indicating alterations of posttranscriptional
regulation of protein expression, a process which was shown
previously to be important for OD differentiation [48]. The
other clusters exhibited unique patterns with local maxima/
minima. While clusters five, six, and seven did not yield any
significant enrichment in the respective GO analyses, cluster
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three showed a strong overrepresentation of ribosomal pro-
teins and such related to ribosome-related metabolic pro-
cesses. Proteins contained in this cluster reached maximum
intensities at day 3, followed by a continuous decline and a
stabilization at later time points. This strong upregulation of
ribosomes in the early stages of NSC differentiation could
reflect a cellular demand for protein synthesis, enabling pro-
teome remodeling during NSC to OPC proteome transition.

It is well-established, that proteins related to DNA tran-
scription and kinases play an important role in NSC differ-
entiation [49]. We therefore extracted such annotated with
the respective UniProt keywords (226 and 126 proteins,
respectively, Fig. 2¢c, d, Table S1). Of the transcription-
related proteins, 118 were significantly regulated in at least
one time point, and three out of the ten most upregulated hits
at day 15 were shown previously to be related to OPCs/ODs:
Sirt2, which regulates oligodendroglial cell differentiation
[50]; Pura, a transcriptional regulator of myelin basic protein
(Mbp) expression [51]; and Phb2, which was connected to
proliferation regulation of cells of the oligodendroglial lin-
eage [52]. The top 10 downregulated transcription-related
proteins encompassed several members, which were impli-
cated in stem cell self-renewal, pluripotency, and (NSC/OD)
differentiation, such as Olig2, Yapl, Rbbp7, Lrrfipl, and
Zeb1 [53-57]. The remaining highly regulated proteins have,
to our knowledge, not been investigated with respect to this
process to date, presenting possible novel players in NSC
to OPC differentiation. Out of all kinases contained in the
dataset, 42 were significantly regulated in at least one time
point. The top up-/down-regulated proteins included Pdgfra,
a receptor tyrosine kinase which is known to be crucial for
the proliferation of OPCs, as well as Cdk1, Egfr, and Wnkl,
which were previously connected to OPC differentiation
[58-61]. For the remaining kinases, no connections to NSC
differentiation have been shown to date.

Finally, we confirmed the observed expression levels for
three selected proteins, namely doublecortin-like kinase
1 (Dclk1), the transcriptional activator protein Pur-alpha
(Pura), and the protein-arginine deiminase type-2 (Padi2)
by western blot (Fig. 2e, Fig. S4E), confirming their regula-
tion patterns in our TMT dataset.

Phosphoproteomic analysis of neurosphere
to oligosphere differentiation

As we observed high numbers of regulated kinases, we fur-
ther investigated changes in protein phosphorylation during
neurosphere to oligosphere differentiation (Fig. 3a). We col-
lected samples at day 0, 7, and 14, followed by MS sample
preparation and 3plex dimethyl labeling [29]. After pooling
of samples, peptides were fractionated using strong cation
exchange (SCX) chromatography, phosphopeptides enriched
by TiO,, and both eluate and flow through fractions analyzed

by LC-MS/MS. The resulting dataset contains 4988 protein
groups of which 2817 were phosphorylated. We identified
9551 unique phosphopeptides corresponding to 8608 phos-
phorylation sites. After removal of contaminants, we con-
sidered only class I sites (localization probability > 0.75),
resulting in 6398 sites (Table S2, Fig. S5), of which 663
were not reported previously in PhosphoSitePlus [62]. Sub-
sequently, we identified regulated phosphorylation sites
based on individual multiplicities, taking into consideration
if the respective site was identified in singly or multiply
phosphorylated peptides, and removed all entries without
valid ratios in both biological replicates. This resulted in
300 and 498 phosphosites with a > twofold upregulation,
and 280 and 512 phosphosites with a >twofold downregu-
lation, at day 7 and 14 relative to day 0, respectively (Fig. 3b,
Table S2). In contrast to the comparisons with day 0, the
number of regulated phosphorylation sites between day 14
and 7 was rather low (57 up- and 38 down-regulated), imply-
ing that the majority of changes in protein phosphorylation
are taking part in the first half of the differentiation process,
preceding the changes in protein expression observed in the
whole proteome dataset (Fig. 2, Fig. S3).

We performed UniProt keyword enrichment analyses for
proteins containing regulated phosphorylation sites via Fish-
er’s exact tests (Fig. 3c, Table S2), identifying an enrichment
of cell cycle regulation proteins in downregulated phospho-
rylation sites, concurrent with their depletion in upregu-
lated ones. In accordance with this finding, kinase motif
analysis of individual phosphorylation sites by Fisher exact
annotation enrichment for linear motifs (Table S2) revealed
cycline dependent kinase (CDK) motifs as top-regulated
categories of the downregulated phosphorylation sites of
both day 7 and day 14 relative to day 0, while no such pat-
tern was observed for upregulated sites. Furthermore, out of
the 33 phosphorylation sites identified for CDKs, 14 were
regulated > twofold in at least one comparison, which is in
accordance to Cdk1’s downregulation on the protein level
and a switch from proliferation to differentiation during the
transition from NSCs to OPCs. We then analyzed the amino
acid sequences adjacent to regulated phosphosites (Fig. S6).
While for both the up- and downregulated sites, mainly SP
sites with a basic residue in the -2/-3 position were enriched,
we furthermore observed an overrepresentation of A in posi-
tion -1 when comparing upregulated proteins between day
14 and day 7.

Analogous to the TMT dataset, we further manually
investigated proteins assigned with the keyword transcrip-
tion and kinase, for which we identified 707 and 295 class |
phosphorylation sites, respectively (Fig. 3d, e). The top ten
upregulated phosphorylation sites of transcription-related
proteins contained four sites located at proteins known to be
related to cells of the oligodendroglial lineage: Sox10, which
is essential for transcriptional control of oligodendrocyte
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Fig.3 Phosphoproteomic analysis of neurosphere differentiation. a
Experimental workflow for the phosphoproteomic analysis of neuro-
sphere to oligosphere differentiation (n=2). b Replicate-wise corre-
lation of log2 abundance ratios for individual phosphosites between
distinct time points. ¢ UniProt keyword analysis of proteins contain-
ing phosphorylation sites significantly regulated between time points

development [63], Myef2, which was shown to control OPC
differentiation [64], and Ctnnbl, which was found to play
a role in Wnt signaling-dependent regulation of oligoden-
drocyte development [65]. The top 10 downregulated sites
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related to this keyword included such located in Hnrnpab,
which is involved in neural stem cell differentiation and
myelination in ODs [66], and Sox1, whose downregula-
tion was shown to lead to enhanced OPC production [67].
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Intriguingly, to our knowledge, for the majority of these
phosphorylation sites no biological functions have been
reported to date.

The top ten regulated phosphorylation sites in kinases
originated from only four proteins, Dclk1 (6 phosphoryla-
tion sites), Cdk12/Cdk17 (3 phosphorylation sites), and
Wnk1. While Dclk1 upregulation correlated with protein
level changes, Wnkl1, which was the only protein among
the top ten regulated ones shown previously to be related to
OPC differentiation [61], presented with an inverse behavior
(upregulation of protein phosphorylation and downregula-
tion of protein levels). Downregulated sites found on the
OPC-related proteins Egfr and Cdk1 also behaved similar to
the whole protein levels. Additionally, we detected one site
each in Melk and Pak4, which were both found to play a role
in NSC proliferation/differentiation [68, 69].

Dclk1 isoform abundance correlates
with differentiation

Both, in the proteomic and the phosphoproteomic dataset,
we found peptides originating from Dclk1 (doublecortin-like
kinase 1) to be highly upregulated during neurosphere to
oligosphere differentiation. Dclk1 consists of two N-termi-
nal doublecortin (Dcx) domains, which are connected by an
SP-rich region to a C-terminal kinase domain with homol-
ogy to Ca®*/calmodulin-dependent kinases (Camk), but no
regulation through calmodulin [70]. Four main variants were
reported for Dclkl to date, with Dclkl1 long and short being
most abundant (Fig. S7A) [71]. While Dclk1 long locates
mainly to microtubules via its Dcx domains, its C-terminal
kinase domain (Dclk1 short) was shown to locate mainly to
the nucleus [72]. Expression of Dclk1 was investigated e.g.
in neurons and pancreatic cancer stem cells [73, 74], while,
to our knowledge, expression in cells of the oligodendroglial
lineage has not been reported previously.

Initially, we confirmed changes in Dclk1 expression levels
during neurosphere to oligosphere differentiation via west-
ern blot (Fig. 4a). While the intensity profile of Dclk1 long
correlated with the proteomics data (Fig. 4b), we observed
an inversely regulated abundance profile for Dclk1 short.
Densitometric quantification revealed a gradual increase
of Dclkl long during the differentiation from NSCs to
OPCs, while the abundance of Dclk1 short decreased at the
same time (Fig. 4c). This indicates a change in distribution
between individual Dclkl isoforms during the differentia-
tion process. Accordingly, manual investigation of individual
peptides revealed that only such located in the Dcx domain
(which is exclusive for Dclk1 long), were found to continu-
ously increase in intensity during differentiation (Fig. S7B).

In neurosphere to oligosphere differentiation, NSCs and
OPC:s present the start/end point, respectively. As surrogate
for pure populations of these cell types, we utilized NS

and Oli-neu cells [22, 23], and investigated the presence
of Dclk1 isoforms. Dclk1 short was detected almost exclu-
sively in fNS cells, while the same was true for Dclkl long
in Oli-neu cells (Fig. 4d). This implies that the individual
isoforms are specific for NSCs and OPCs, respectively, and
that the gradual transition observed in our dataset is related
to changing amounts of the individual cell types during dif-
ferentiation. This observation may reflect the cellular differ-
entiation status in general, as it was shown that Dclk1 short
is a marker for pluripotency in pancreatic cancer cells [74],
or may be related to commitment towards the oligodendro-
glial lineage. We therefore investigated various cell types as
well as cortical tissue (the starting material for neurosphere
generation) in order to assess if the presence of Dclk1 short/
long varies between cell types (Fig. S7C, D). For mouse
cortex, B104 neuroblastoma cells, and HEK293 cells, we
predominantly observed Dclk1 long, while C6 glioblastoma,
B35 neuroblastoma, and NIH/3T3 cells expressed both iso-
forms. This indicates that presence and abundance of Dclk1
varies across different types of cells, irrespective of their
relation to NSCs or the oligodendroglial lineage.

Individual Dclk1 isoforms can be formed by two different
mechanisms: alternative splicing, which can result in four
different major versions of Dclk1 (Fig. S7A), and proteolytic
cleavage, which was shown to generate Dclk1 short from a
Dclk1 long precursor [72, 74]. In order to delineate which
mechanism was responsible for the presence of the indi-
vidual isoforms in NS and Oli-neu cells, we investigated the
mRNAs corresponding to individual splice variants using
RT-PCR [75]. In both fNS and Oli-neu cells, we detected
equal mRNA levels of Dclkl long (Fig. 4e), while Dclk1
short was more abundant in NS cells (Fig. 4f). Although the
latter is in accordance with the pattern observed by western
blot (Fig. 4d), the absence of the Dclk1 long protein in NS
cells contradicts its mRNA levels. This implies that Dclk1
long is expressed in fNS cells, but is proteolytically cleaved
to result in Dclk1 short, which is therefore generated through
two mechanisms.

Phosphorylation of Dclk1 in the SP-rich domain
affects its proteolytic processing

Dclk1 was shown to be proteolytically processed by calpain
at two different cleavage sites located adjacent to the SP-rich
domain [72]. In our phosphoproteomics dataset, we identi-
fied 16 class I phosphorylation sites on Dclk1 (Table S3).
Nine of them were located in the highly conserved region
(between mouse, rat, and human) of the SP-rich domain
(AA 288-342) [76], and up to eightfold upregulated dur-
ing neurosphere to oligosphere differentiation (Fig. 5a). The
concurrent increase of Dclk1 long and phosphorylation of
the SP-rich domain could either be due to inactivation of
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Fig.4 Differential abundance of Dclkl isoforms in NSCs and OPCs.
a Western blot of analysis of Dclkl-expression during neurosphere
to oligosphere differentiation. Two distinct isoforms are observed
at~95 kDa and~55 kDa. b MS-based normalized Dclkl abundance
during neurosphere to oligosphere differentiation. Mean scaled
peptide intensities (n=7) of five unique Dclkl peptides+SEM.
*##%p <(0.001. ¢ Densitometric quantification of western blot analyses
of the abundance of individual Dclkl-isoforms during neurosphere

the cleaving protease followed by phosphorylation; or by
regulation of proteolytic cleavage by phosphorylation [77].

To investigate a possible effect of phosphorylation on pro-
teolytic Dclkl cleavage, we generated phosphomimetic (7S
to 7D) and -resistant (7S to 7A) versions of Dclk1 long for
the residues we found to be differentially phosphorylated in
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to oligosphere differentiation. Different exposure times were used for
individual isoforms (see Supplementary file 1 for uncropped blots).
Individual values were normalized to -actin. Shown are mean values
(n=4)+SD; statistical significance was determined using Welch’s
t-test; *p<0.05, **p<0.01. d Western blot analysis of Dclkl-iso-
forms in Oli-neu and fNS cells. e, f RT-PCR mRNA expression anal-
ysis of Dclkl-isoforms in Oli-neu and NS cells. DclkI-L Dclk1-long,
Dclkl-S Dclk1-short

the SP rich region (S305, S307, S330, S332, S334, T336,
and S337). To enable discrimination of endogenous Dclkl,
we fused myc- and FLAG-tags to the constructs’ N- and
C-termini, respectively. Constructs were expressed in
NIH/3T3-pTRE3G cells, since these cells contained both
Dclkl long and short (Fig. S7D), implying that they are able
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Fig.5 Phosphorylation in the SP-rich region regulates Dclkl cleav-
age. a Distribution of quantified Dclk1 class I phosphorylation sites
and regulation between individual time points of neurosphere to
oligosphere differentiation. Shown are mean log2 fold change val-
ues (n=2). b Western blot analysis of doxycycline-induced pulse-
chase expression for WT-, 7D- and 7A-Dclkl after 24 h and 48 h

to proteolytically process Dclk1. Following pulsed Dclk1
expression, we detected Dclk1 fragments of the 7A and the
7D Dclk1 versions after a chase period by western blotting
(Fig. 5b). While the phosphomimetic mutant (7D) resulted
in stabilization of Dclk1 long, the phosphoresistant version
(7A) showed increased proteolytic cleavage and consequen-
tially release of Dclkl1 short (Fig. 5¢). Furthermore, we iden-
tified varying molecular weights for Dclk1 short for the 7A
and 7D version, possibly indicating differences in calpain
cleavage [72] based on the phosphorylation status.

in NIH/3T3 pTR3G cells. Individual constructs were detected via a
C-terminal Flag-tag. Ctrl.: mock-transfected cells. ¢ Phosphomimetic
Dclk1 versions (7D) show reduced proteolytic cleavage of Dclkl in
the SP-rich region. Shown are mean values (n=3)+ SD; statistical
significance was determined using Welch’s t-test; *p <0.05

Identification of potential Dclk1 isoform-specific
interaction partners and substrates by proximity
biotinylation

The regulation of Dclkl proteolytic processing during
neurosphere to oligosphere differentiation implies distinct
functions of the individual isoforms. This could be related
to phosphorylation of substrates by the kinase domain
present in both isoforms, or the interaction with different
domains (Fig. S7A). As it was shown that Dclk1 long pri-
marily locates to microtubules, while Dclkl1 short is pre-
sent in both the cytoplasm and the nucleus [72], individual

@ Springer



260 Page 160f24

R.Hardt et al.

A 0 100 200 300 400 500 600 700 E Protein Groups
Dclk1 L 1 1 1 Il Il Il 1
DSK  [[BmA ] foexi] Jocxe][sp [ Kinase [ ]
SK i BiAT [Tsp [ Kinase ]
K i BITAT [ Kinasse ]
B DSK SK K DS Ctrl.
. o] N 0 ] N (%] - N (%] | o N (%]
¥ ¥ ¢ ¥ €K K ¥ X KX X K &
130 kDa =
:::———-——--—- sp’:’cri'ﬁc
g 100 kDa = -— e e
g | ——— - G =
=
(=
©  55kDa =
40kDa= = = - B —
C
&
130 kDa =
o Construct
% 100 kDa = g:K
£ 70kDa-
=2
E 55 kDa P
o
‘g -
& 40kDa
35 kDa =
D BirA*-Dclk1 Non-phospho
SILAC-light
Biotin ¥ )
Lyse enrichment y | L TiO- -
\%\"‘/\ 2’ n
8¢ : )
Comblne * ' On-bead X %’\L‘a enrichment
" : oy
SILAC-heavy digestion . LC-MS/MS
Ctrl. Proteins Peptides Phospho
G
Construct
DSK
SK
K

@ Springer

z-score (column)
1.5

105



Proteomic investigation of neural stem cell to oligodendrocyte precursor cell differentiation...

Page 17 of 24 260

«Fig. 6 Investigation of Dclkl isoform-specific interactomes by prox-
imity biotinylation. a Fusion proteins of BirA* and different Dclk1-
domains for proximity biotinylation experiments. b Investigation of
fusion protein expression in NIH/3T3 cells via the constructs’ N-ter-
minal myc-tag. ¢ Investigation of proximity biotinylation for indi-
vidual fusion proteins in NIH/3T3 cells. d Workflow for (phospho-)
proteomic analysis of Dclk1-BirA* fusion protein interactomes (each
construct n=3). e Intensity distribution of protein groups identified
for the four individual Dclk1 constructs to be significantly regulated
relative to another construct. f Intensity distribution of phosphosites
identified for the four individual DCLK1 constructs to be signifi-
cantly regulated relative to another construct. g Z-scored log2 intensi-
ties of Dclkl phosphorylation sites in individual constructs. D Dcx
domain, K kinase domain, S SP-rich domain

isoforms are likely to form spatially restricted interaction
networks. To investigate the interactome of individual Dclk1
isoforms, we generated four BioID [78] constructs by fus-
ing the biotin ligase BirA* to the N-terminus of Dclk1 long
(DSK), its kinase domain (K), the SP rich + kinase domain
(SK), as well as the Dcx + SP rich domain (DS, Fig. 6a). We
expressed the individual fusion proteins in NIH/3T3 cells,
induced biotinylation, and confirmed construct expression as
well as interaction partner biotinylation by western blotting
(Fig. 6b, c). For mass spectrometric analyses, we included
heavy SILAC-labeled control cells to allow for discrimina-
tion between biotinylated and background proteins. Subse-
quently, we performed streptavidin affinity enrichment, on
bead digestion, and phosphopeptide enrichment, followed
by LC-MS/MS analysis of individual fractions (Fig. 6d).

Microtubule-bound and cytosolic/nuclear Dclk1
isoforms form unique interaction networks

For the interactome dataset, we identified 3424 proteins,
of which 1779 were enriched relative to the heavy SILAC
labeled control (Table S3, Fig. S8). For those proteins, we
performed principle component analysis (PCA) and unsu-
pervised hierarchical clustering/heatmap analyses, which
indicated a clear difference in the interactome of the indi-
vidual constructs (Fig. S8A, B). We observed a separation
of fusion proteins containing the Dcx domain (DS and
DSK) from such lacking it (K and SK), demonstrating dis-
tinct interactomes. To follow up on this, we performed GO
enrichment analysis for individual constructs, identifying as
top enriched categories microtubule-related processes, splic-
ing/mRNA processing, the proteasome, and myelin sheaths
(Table S3).

We then matched individual datasets, identifying 282 pro-
teins to be differentially abundant in at least one pairwise
comparison (Table S4, Fig. S9). Heatmap analyses of these
proteins revealed that such interacting with constructs of a
similar subcellular localization also showed similar patterns
(Fig. 6e). Interestingly, presence of the SP rich domain had
only minor effects on the interactome of the kinase domain,

which was underlined by the direct comparison of these two
datasets (Fig. S9A). For the comparison of microtubule-
localized constructs (DSK vs. DS), we found slightly higher
numbers of interaction partners for DS, which is lacking the
kinase domain (Fig. S9B). We observed the highest discrep-
ancies when we compared microtubule-localized to cytosolic
constructs (Fig. S9C-F), mainly due to proteins related to
microtubules as well as mitotic spindles (Table S4), which is
in accordance to previous findings [79, 80]. When consider-
ing all individual comparisons, we found 141 proteins which
were overrepresented for microtubule-localized constructs
(Fig. S9G) and 139 for cytosolic/nuclear fusion proteins
(Fig. S9H), of which 67 and 70 were overrepresented in at
least 2 comparisons, respectively.

Subsequently, we matched proteins found to be regulated
in all 4 comparisons (21 for microtubule and 17 for cyto-
solic/nuclear) to such altered in our TMT dataset (Fig. 2b,
Table S1). Nine of these proteins interacted stronger with
the microtubule-localized constructs (DS and DSK, Fig.
S9G), and eight with the cytosolic/nuclear fusion proteins
(K and SK, Fig. SOH). While the latter contained four pro-
teins locating to the nucleus, five of those interacting with
the microtubule-localized constructs were related to the
cytoskeleton, which is in accordance with Dclk1’s isoform
distribution. Interestingly, the cytosolic/nuclear group con-
tained Wnk1, which was already identified as on of the high-
est regulated kinases in the TMT dataset, both on the protein
and phosphorylation site level (Figs. 1d, 3e), and was shown
previously to be involved in the regulation of OPC differen-
tiation [61]. As we identified both Dclk1 short and Wnk1
to be downregulated during differentiation, and we found
Winkl to interact significantly more with Dclk1 short than
long, a functional connection could exist.

Phosphoproteomic analysis of Dclk1 isoform
interaction networks reveals potential substrates

In the phosphoproteomic analyses, we identified 2391 phos-
phopeptides from 1136 proteins, covering 3677 phosphoryl-
ation sites. Of those, 1952 were classified as class I phospho-
sites (localization probability > 0.75), including 1048 sites
which were enriched in > 2 replicates of the same BiolD-
construct > twofold relative to the control sample (Table S5,
Fig. S10). Matching of these phosphosites to such found
in the neurosphere to oligosphere differentiation dimethyl
dataset (Table S2) revealed an overlap of 618 sites. As we
were especially interested in potential substrates of Dclk1,
we focused for subsequent analyses on data from constructs
containing the Dclk1 kinase domain (DSK, SK, and K).
Global comparison of all phosphorylation sites, which
were significantly enriched relative to control samples, by
PCA and unsupervised hierarchical clustering/heatmap anal-
yses revealed a clear separation of the individual constructs’
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phosphoproteomes (Fig. S10A, B). GO analyses of individual
datasets identified similar categories as for proteins, with the
major discrepancy that no subunits of the proteasome were
identified, but proteins related to histone modification, which
were strongly overrepresented for K and SK (Table S5).
Interestingly, this contained also categories related to mRNA
processing and splicing, which is in accordance with a recent
study investigating putative Dclk1 substrates [81]. Subse-
quently, we directly compared phosphosites identified for
the different constructs. BirA*-SK yielded the largest num-
ber of overrepresented phosphorylation sites relative to the
other fusion proteins (Fig. 6F, Fig. S10C). Further, intensities
of phosphorylated peptides were markedly increased for SK
relative to K (Fig. S11A), while these constructs showed very
similar values for their interactome (Fig. 6e), implying a poten-
tial regulatory function of the SP-rich region with respect to
protein phosphorylation. This included, for example, S88 in
Lrrfipl, a protein which we also identified as one of the top
regulated proteins of the TMT dataset for the keyword tran-
scriptional regulation, and which was connected previously to
NSC differentiation (Fig. 3d) [53]. Also, for the comparison of
SK and DSK we observed a similar trend, while comparison of
the latter with K only showed a small number of differentially
abundant phosphorylation sites (Fig. S11B, C).

Finally, we matched phosphorylation sites which were
regulated at day 7 or day 14 relative to day O in the dimethyl
dataset to such identified in the Dclk1 BiolD experiments,
identifying 131 shared sites (Fig. S11D). We then individu-
ally matched experiments based on the expression of Dclk1
short/long during neurosphere to oligosphere differentiation
(Tables S2, S6). Of the microtubule-bound/dimethyl-upreg-
ulated sites (Fig. S11E), five were related to Dclk1’s SP rich
region, confirming the correlation between phosphorylation
in this part of the protein and the increase in Dclk1 long
abundance during NSC to OPC differentiation. Addition-
ally, S517 on microtubule-associated protein 4 (Map4) and
S454 on Map3k4 matched between both datasets. Interest-
ingly, inactivation of Map3k4 was connected to regulation of
epithelial-to-mesenchymal transition and cellular stemness
[82], providing a possible connection to the differential
abundance of Dclkl short/long in NSCs/OPCs, respec-
tively. For cytosolic-nuclear/dimethyl-downregulated sites
(Fig. S11F), we identified seven phosphorylation sites in
different proteins (S176 on Acinl, S1870 on Akap13, S133
on Eefld, S1969 on Jmjdlc, S88 on Lrrfipl, S216 on Mllt4,
and S2624 on Srrm?2). In accordance with a recently pub-
lished study identifying mRNA processing-related proteins
as putative substrates of Dclk1 [81], five of these proteins
were shown to be connected to splicing (Acinl and Srrm?2)
[83, 84], translation (Eefld) [85], and transcriptional regu-
lation (Lrrfipl and Jmjdcl) [86, 87]. Furthermore, Mllt4/
AFDN was shown to be involved in PDGF signaling [88]
and cell division [89], in line with the processes found to be
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regulated on both the protein and phosphorylation site level
in our datasets (Figs. 2, 3).

Identification of Dclk1 isoform-specific
phosphorylation and proteolytic processing sites

With respect to Dclkl itself, we detected a total of 16 phos-
phorylation sites in the BiolD experiments (Fig. 6g). As
individual constructs differ in their Dclkl domains and
subcellular localization, we investigated the effect of these
factors on the abundance of the protein’s individual phos-
phorylation sites. In accordance with the dimethyl quanti-
fication dataset and its overlap with the BioID experiments
(Figs. 5a, S11E), we identified pronounced phosphorylation
of the SP-rich region for the microtubule-located full-length
protein (DSK), while the cytosolic/nuclear SK samples
showed reduced phosphopeptide intensities in this region.
This implies that microtubule-bound Dclkl undergoes a
spatially restricted phosphorylation in the SP-rich region,
which is in line with impairment of its proteolytic cleavage,
and therefore release of the kinase domain. At the same time,
both non-microtubule-bound proteins (K and SK), presented
with increased phosphorylation levels in the kinase domain.
As these sites are located outside of the active center of
the kinase domain [81], their biological function remains
unclear at this point.

Based on the BiolD dataset, we further investigated
Dclk1 proteolytic cleavage sites by semi-tryptic searches
(Table S7). Focusing on the SP-rich region, we observed
two amino acid stretches presenting with a ladder struc-
ture (Fig. S12). Such patterns could either originate from
proteolytic cleavage without strict amino acid specificity,
or in-source fragmentation of peptides during electrospray
ionization. In order to exclude the latter, we matched the
retention time profiles of peptides originating from the same
region and excluded amino acid stretches directly adjacent
to proline. For the first region (Fig. S12A), this resulted in
SVNG (residues 313-316) and SQLS (residues 320-323),
and for the second region (Fig. S12B) in ISQH (residues
346-349) and LSST (residues 356-359) as possible cleavage
sites, respectively. We then matched these results with pre-
dicted calpain cleavage sites for Dclk1 [90]. Strikingly, out
of five high scoring sites for the SP-rich region (Table S7),
two matched with the regions for which we observed semi-
tryptic peptides (S323 and S357, both with a score of 0.96
and p-value <4.1e—5) while two of the other reported sites
coincided either with a tryptic cleavage site (R342) or were
located in a peptide which was below the minimal length for
detection (Q384), preventing their analysis in our dataset.
While none of the predicted cleavage sites was found to be
phosphorylated in our datasets, they were located within the
phosphorylated region ranging from S305-S352.
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Discussion

In the current study, we utilized the neurosphere assay to
investigate NSC to OPC differentiation. To our knowledge,
only one other study, which focused on the differentiation
of NSCs to neurons, analyzed neurospheres using quanti-
tative proteomics to date, achieving a similar performance
with regard to protein identification and quantification [91].
Initially, we performed immunofluorescence analyses of
dissociated spheres, confirming that the majority of cells
expressed markers for NSCs and OPCs with minimal con-
tamination from other glia or neurons, and a gradual transi-
tion between cell types during the differentiation process.
Both the purity and differentiation kinetics are in line with
previous analyses of neurospheres/oligospheres, indicat-
ing successful differentiation [16, 92]. In agreement with
a gradual transition between cell types, cluster two of our
TMT-dataset contained mainly proteins which are related to
DNA replication and cell division, whose continuous down-
regulation is indicative of cell cycle exit. Simultaneously, we
observed an upregulation of proteins involved in mitochon-
drial energy production (cluster one). This could be related
to an increased energy demand during protein/lipid biosyn-
thesis for the pronounced morphological changes observed
during OPCs formation. Interestingly, cluster four, which
contains the majority of ribosomal proteins, does not match
this pattern of continuous up-/downregulation, and presents
only in early time points with high values, followed by a
strong decline. This could possibly be due to an initial boost
in protein biosynthesis as part of a massive rearrangement
of the cellular proteome upon induction of differentiation.
In total, we identified > 500 proteins which were signifi-
cantly regulated, including both well-known players, con-
firming the validity of our data, as well as novel proteins
which have not been connected with NSC to OPC differ-
entiation yet. The relatively subtle continuous up-/down-
regulation of protein levels, with no statistically significant
changes at day 3/day 6 relative to day 0, was followed by
strong upregulation in the following time points. This is in
contrast to our phosphoproteomic analysis, in which phos-
phorylation site abundance changed dramatically between
day 0 and day 7, but remained largely constant for the fol-
lowing week. This implies that signal transduction path-
ways were already fully activated at day 7, possibly acting
as driving factors of cellular transformation, and retained
their activity in the following seven days. Importantly, we
identified several proteins which were regulated both in the
TMT-quantified whole proteome and the dimethyl-quantified
phosphoproteome, presenting both scenarios where protein
and phosphorylation level were co-regulated, resulting in
no relative change of phosphorylation of that protein, and
such with inverse behavior. This includes several kinases

and transcription-related proteins which were connected
previously to the oligodendroglial lineage, as well as such
involved in cellular proliferation and differentiation. For
example, we identified two strongly upregulated phospho-
rylation sites on Sox10 (S24 and S45), which is known for
its role in oligodendroglial lineage differentiation [63]. Phos-
phorylation at these residues, which are highly conserved
between mouse and human, was shown to affect stability
and transcriptional activity of Sox10 [93], but no connection
to NSCs or OPCs was demonstrated so far. They could pos-
sibly play a role in the regulation of Sox10 activity during
NSC to OPC differentiation, e.g. through regulation of pro-
tein stability or DNA binding. We also detected differential
protein abundance/phosphorylation levels of several Cdks,
Cdk-interacting proteins, and Cdk inhibitors (Cdkl, 2, 3, 5,
16, and 17 as well as Cdkn1b and CdknZ2aip). Interestingly,
it has been shown that regulation of cell cycle and differen-
tiation are interlinked [94], implying possible functions for
these regulatory events both with respect to NSC prolifera-
tion and NSC to OPC differentiation.

One of the most prominently upregulated proteins in
both datasets was Dclk1, which belongs to the doublecortin
gene family, encompassing at least 11 known paralogues in
human and mouse [76]. Dclkl was shown to occur in vari-
ous isoforms, which have been related to different cell types
and biological functions. For example, Dclk1 long has been
shown to regulate neuronal migration and actin structure
in a redundant fashion with doublecortin, which shows a
high sequence similarity to its N-terminal domain [73, 95].
Furthermore, it was demonstrated that it is able to control
spindle formation during mitosis in the developing brain
[80]. These findings match our BiolD datasets, in which we
detected proteins related to microtubule depolymerization
and spindle formation as highest-enriched GO categories for
the comparison of Dclk1 short and long. Furthermore, Dclk1
has been shown to play important roles in various types of
cancer. It was, for example, demonstrated that Dclk1 short is
the most abundant isoform in colon adenocarcinomas, while
normal colon tissues mainly contained Dclk1 long [74], and
Dclk1 was established as marker for intestinal, renal, and
liver cancer [96-98]. Our observation that Dclk1 short is the
dominant isoform in pluripotent highly proliferative NSCs
(neurospheres/fNS cells), while the lineage-committed
OPCs contained mainly Dclk1 long (oligospheres/Oli-neu
cells), is in line with a possible correlation of Dclk1 short
and cellular pluripotency/proliferation. Our findings indicate
that this could be based on both transcriptional and proteo-
lytic generation of Dclkl short. The latter would indicate
that modulation of Dclk1 phosphorylation/proteolysis could
be a possible target for therapeutic intervention.

Our phosphoproteomic data indicate that the proteolysis-
dependent Dclk1 isoform transition depends on its phos-
phorylation status in the SP-rich region, which we could
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confirm by site-directed mutagenesis experiments, providing
first evidence for this regulatory mechanism in Dclk1. This
region, which is frequently also referred to as PEST domain
(proline (P)/glutamic acid (E)/serine (S)/threonine(T)-rich
domain), was shown previously to facilitate proteolytic
cleavage (and degradation) of proteins [99, 100], and its
phosphorylation has been shown to regulate proteolytic deg-
radation [101], further supporting the proposed mechanism.
Additionally, it was shown that Dclkl1 is cleaved by calpain,
facilitating the release of Dclk1 short, and the authors pre-
dicted that this proteolytic event takes place in the SP-rich
region [72]. In line with this proposed mechanism, we iden-
tified two potential regions of Dclk1 proteolytic processing
in the SP-rich region in vivo. In addition, we were able to
identify distinct amino acid residues matching bioinformati-
cally predicted calpain cleavage sites.

To identify putative interactors and substrates, we per-
formed proximity biotinylation experiments in combination
with (phospho-) proteomic analyses for individual Dclk1
isoforms. This revealed individual interactomes for Dclk1
long and short, which, in accordance with the subcellular
localization of the individual constructs, were dominated by
cytoskeletal and nuclear proteins, respectively. Interestingly,
we identified markedly higher numbers of phosphoryla-
tion sites for cytosolic/nuclear-localized Dclk1 constructs
compared to such which are microtubule-bound, implying
increased kinase activity of Dclk1 short. This could provide
a possible explanation for its suggested role in the regulation
of cancer stem cell pluripotency [74], as its localization to
microtubules seems to strongly reduce the phosphorylation
of certain substrates in our setup. Along this line, out of the
seven proteins which we detected to be phosphorylated in a
similar fashion between the whole phosphoproteome and the
BiolD dataset for Dclk1 short, four were shown previously
to be related to cancer. Of those, Lrrfipl/Gcef2, which was
also identified as one of the most highly regulated transcrip-
tion-related candidates on the protein and phosphorylation
site level in our large scale datasets, was demonstrated to
play a role in colorectal cancer metastasis [102], which cor-
relates with the reported overexpression of Dclk1 short in
this type of cancer [74].

With respect to NSC to OPC differentiation, it is conceiv-
able that increased kinase activity of Dclk1 short plays a
similar role, promoting pluripotency and proliferation, which
could play a role in the maintenance of NSC identity.
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