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Abstract

Oligodendrocytes form myelin sheaths that surround axons, contributing to
saltatory conduction and proper central nervous system (CNS) function. Oligodendrocyte
progenitor cells (OPCs) are generated during the embryonic stage and differentiate into
myelinating oligodendrocytes postnatally. Ddx20 is a multifunctional, DEAD-box
helicase involved in multiple cellular processes, including transcription, splicing,
microRNA biogenesis, and translation. Although defects in each of these processes result
in abnormal oligodendrocyte differentiation and myelination, the involvement of Ddx20
in oligodendrocyte terminal differentiation remains unknown. To address this question,
we used Mbp-Cre mice to generate Ddx20 conditional knockout (cKO) mice to allow for
the deletion of Ddx20 from mature oligodendrocytes. Mbp-Cre;Ddx20 cKO mice
demonstrated small body sizes, behavioral abnormalities, muscle weakness, and short
lifespans, with mortality by the age of 2 months old. Histological analyses demonstrated
significant reductions in the number of mature oligodendrocytes and drastic reductions in
the expression levels of myelin-associated mRNAs, such as Mbp and Plp at postnatal day
42. The number of OPCs did not change. A thin myelin layer was observed for large-
diameter axons in Ddx20 cKO mice, based on electron microscopic analysis. A
bromodeoxyuridine (BrdU) labeling experiment demonstrated that terminal
differentiation was perturbed from ages 2 weeks to 7 weeks in the CNS of Mbp-
Cre;Ddx20 cKO mice. The activation of mitogen-activated protein (MAP) kinase, which
promotes myelination, was downregulated in the Ddx20 cKO mice based on
immunohistochemical detection. These results indicate that Ddx20 is an essential factor
for terminal differentiation of oligodendrocytes and maintenance of myelin gene

expression.
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1. INTRODUCTION

The myelin sheath is a lipid-rich structure that surrounds axons and
contributes to saltatory conduction, increasing the speed of action potential
propagation and permitting the rapid transfer of information over long distances
(Lemke, 1988; Peles & Salzer, 2000). Oligodendrocytes form myelin sheaths in the
central nervous system (CNS), whereas Schwann cells perform this role in the
peripheral nervous system (PNS), and oligodendrocytes may also be involved in the
metabolic support of axons through the provision of lactate (Lee et al., 2012; Mot,
Depp, & Nave, 2018). Myelination is a finely orchestrated process controlled by
multiple factors, including extracellular signaling molecules and intracellular
signaling pathways (Jessen & Mirsky, 2008). Disorders of dysmyelination and
demyelination have been identified at both the CNS and PNS levels (Berger, Moser,
& Forss-Petter, 2001; Jessen & Mirsky, 2008; Mahad, Trapp, & Lassmann, 2015;
Nave, Sereda, & Ehrenreich, 2007), and understanding myelination mechanism may
improve interventions for the treatment of these diseases by identifying strategies for
the promotion of myelinating processes (Franklin & ffrench-Constant, 2008).

During embryonic development, oligodendrocyte progenitor cells (OPCs) are
generated in multiple restricted domains of the embryonic neural tube, after which
they migrate throughout the entire neural tube (Cai et al., 2005; Spassky et al., 1998;
Vallstedt, Klos, & Ericson, 2005). The terminal differentiation from OPCs to mature
oligodendrocytes occurs during the postnatal stage (Takebayashi & Ikenaka, 2015).
Recently, OPCs were found to continue producing mature oligodendrocytes, even in
the adult brain (Dimou, Simon, Kirchhoff, Takebayashi, & Gotz, 2008; Rivers et al.,

2008). Both in vitro and in vivo studies have suggested that neuronal activity

John Wiley & Sons, Inc.
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promotes OPC proliferation and adaptive myelination in the mammalian brain
(Barres & Raff, 1993; Etxeberria et al., 2006; Gibson et al., 2014; Wake, Lee, &
Fields, 2011), which might be involved in motor-skill learning (Xiao et al., 2016).
Oligodendrocyte development is regulated by multiple intracellular factors in
response to extracellular signaling. Some transcription factors are known to be
involved in OPC specification or oligodendrocyte terminal differentiation; for
example, Olig2 is involved in OPC specification (Lu et al., 2002; Takebayashi et al.,
2002; Zhou et al., 2002), whereas Myrf (Emery et al., 2009) and Sox10 (Stolt et al.,
2002) are involved in the transcription of myelin-related genes. MicroRNAs
(miRNAs), which regulate translational efficiency and mRNA stability, are also
essential for proper oligodendrocyte development (Zhao et al., 2010). The regulation
of RNA splicing is also critical for oligodendrogenesis (Wang et al., 2008; Darbelli,
Choquet, Richard, & Kleinman, 2017). Defects in any of these cellular processes
have been demonstrated to results in abnormal oligodendrocyte differentiation and
myelination.

The DEAD-box protein, Ddx20 (also known as Gemin3 or DP103), regulates
multiple biological processes, including transcription, mRNA splicing, and
translation. Ddx20 has been reported to negatively regulate the Egr2 (Krox20)
transcription factor-mediated gene expression of myelin protein zero (Mpz) during
the Schwann cell myelination (Gillian & Svaren, 2004; LeBlanc, Jang, Ward,
Wrabetz, & Svaren, 2006). Ddx20 is a major component of the survival motor neuron
(SMN) complex, which is essential for the regulation of RNA splicing (Charroux et
al., 1999; Gubitz, Feng, & Dreyfuss, 2004). Importantly, mutations in SMN proteins,

identified in spinal muscular atrophy (SMA) patients, result in significantly reduced
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interactions with Ddx20 (Charroux et al., 1999). Ddx20 regulates miRNA biogenesis,
and miRNAs, in turn, regulate translation. The mouse Ddx2(0 gene encodes an 825-
amino-acid (aa) protein, featuring a conserved RNA helicase domain (106406 aa)
and protein-protein interacting domains [369-547 aa for SMN interactions; the C-
terminus region for transcription factors, such as Egr2 and steroidogenic factor 1
(SF1)] (Campbell et al., 2000; Curmi & Cauchi, 2018; Ou et al., 2001). Other Ddx
family members have also been demonstrated to be involved in oligodendrogenesis:
DdxS5 regulates Mbp mRNA translocation (Hoch-Kraft et al., 2018), and Ddx54 has
been reported to regulate oligodendrocyte differentiation (Zhan et al., 2013).
However, the role of Ddx20 in the terminal differentiation of oligodendrocyte
remains unknown, partly because the total Ddx20 KO mouse is lethal by the four-cell
stage (Mouillet et al., 2008).

In the present study, we performed the conditional deletion of Ddx20 gene
expression in myelinating cells using Mbp-Cre transgenic mice. The Mbp-Cre; Ddx20
conditional knockout (cKO) mice demonstrated small body sizes after weaning,
motor abnormalities, muscle weakness, and short lifespans, with mortality by the age
of 2 months. Histological analyses in the CNS demonstrated significant reductions in
Plp and Mbp mRNA expression levels and the formation of thin myelin sheaths
around large-diameter axons. The numbers of OPCs and Gpr!7-positive myelinating
oligodendrocytes remained intact in the CNS of Mbp-Cre;Ddx20 cKO mice.
Bromodeoxyuridine (BrdU) labeling experiments demonstrated perturbations in the
differentiation from OPCs to mature oligodendrocytes. Our data indicate that Ddx20
is an essential factor for terminal differentiation of oligodendrocytes and maintenance

of myelin gene expression.
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2. MATERIALS AND METHODS

2.1 Animals

In the Ddx20x allele, two loxP sites are introduced into upstream and downstream of
exon2 which contain first ATG sequence. We used Mbp-Cre transgenic mice (MBPCre-
9 line, RBRCO01461, MGI:2450460, Niwa-Kawakita, Abramowski, Kalamarides,
Thomas, & Giovannini, 2000), Z/EG mice (MGI:3046177, Novak, Guo, Yang, Nagy, &
Lobe, 2000). The day of birth was defined as postnatal day zero (P0). Male and female
mice at 2, 3, and 6 weeks of age were used. The mice were maintained at 22 + 2°C and
60% humidity in a 12-hr light/12-hr dark cycle under ad libitum feeding conditions. All
procedures were approved by the Animal Research Committees of Niigata University and
the Guide for the Care and Use of Laboratory Animals of the Institute for Laboratory

Animal Research was followed.

2.2 Genotyping

Mice were genotyped by polymerase chain reaction (PCR) using a primer mix that
amplifies the Ddx20"* allele and Mbp-Cre allele in a single reaction mixture. The control
Ddx20"* and Ddx20"" alleles was detected using the primers Ddx20-loxF; 5'-TAA GGC
GCG CAG TTG AAT TT-3"); Ddx20-loxR; 5'-AGA TTT ACT GAT GCC ACC AG-3',
which amplify 252bp fragments from Ddx20"" allele and 352bp fragments from Ddx20/"~
allele. The Mbp-Cre allele was detected using the primers CreP1; 5'-GCC TGC ATT ACC
GGT CGA TGC ACC G-3") and CreP2; 5'-AAA TCC ATC GCT CGA CCA GTT TAG
TTA CCC-3' primers, which amplify 644bp fragments (Tsuyjita et al. 1999). We used

Quick Taq HS DyeMix (Toyobo, Japan) and the PCR machines (PCR Thermal Cycler
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Dice Gradient, TaKaRa Bio; C1000 Touch Thermal Cycler, Bio-Rad). The PCR to detect
Ddx20"* and Ddx20"" allele was performed (94°C for 2 min, 30 cycles of 94°C for 30
sec, 60°C for 30 sec, and 72°C for 30 sec, followed by 72°C for 3 min). The PCR to detect
Mbp-Cre allele was performed under the following conditions (94°C for 2 min, 30 cycles

0f 94°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min, followed by 72°C for 3 min).

2.3. Preparations of tissue sections

Paraffin sections and cryosections were prepared as previously described (Horie et al.,
2014; Takebayashi et al., 2000), and then used for histological analyses. Mice were
anesthetized with an intraperitoneal injection of a lethal dose of sodium pentobarbital
(125 mg/kg body weight) and then perfused transcardially with approximately 2 mL of
0.01 M phosphate buffered saline (PBS) followed by 20-25 mL of 4% (w/v)
paraformaldehyde in PBS (4% PFA). Brains and spinal cords (cervical enlargement) were
removed and then immersed overnight in the 4% PFA and further incubated with 20%
sucrose in PBS at 4°C overnight. On the following day, an embedding procedure was
performed. For Ddx20 immunohistochemistry (IHC), we used unfixed cryosections:
brains were removed and immediately frozen in Tissue-Tek OCT compound (SAKURA).
For cryosections, 18-um-thick sections were cut using cryostat (CM1850 UV, Leica;
HMS525 NX, Thermo Fisher Scientific). For paraffin sections, consecutive 10-pm-thick
coronal sections of brains and transverse sections of the spinal cords were cut using a

rotary microtome (HM 325, MICROM; RM2245, Leica Microsystems).

2.4 Immunohistochemistry (IHC)
IHC on paraffin sections was performed as previously described (Horie et al., 2020;

8
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Takebayashi et al., 2000). Paraffin sections were deparaffinized with xylene, rehydrated
through a descending ethanol series, and immersed in distilled water. Then, sections were
pretreated with microwave irradiation (500 W for 5 min) in 10 mM citrate buffer (pH 6.0)
and then cooled to room temperature to enhance the immunoreactivity of primary
antibodies. After rinsing with Phosphate-buffered saline (PBS) for 15 min, the sections
were incubated with the primary antibodies diluted with 0.5% skimmed milk (Wako,
Osaka, Japan) in PBST (0.1% TritonX-100 in PBS) overnight at 4°C. After washing with
PBS for 15 min, the sections were incubated in 0.5% skimmed milk in PBST containing
secondary antibodies [peroxidase-labeled anti-mouse, anti-rabbit IgG (1:200, MBL,
Nagoya, Japan) or peroxidase-labeled anti-rat IgG (1:200, DAKO)], for 1 hour at 37°C,
and rinsed in distilled water for 15 min. Immunoreactivity was visualized in 50 mM Tris
buffer, pH 7.4, containing 0.01% diaminobenzidine tetrahydrochloride (DAB) and 0.01%
hydrogen peroxide for 5-15 min at 37°C. Sections were dehydrate through ethanol and
xylene and then coverslipped.

For fluorescent IHC, sections were initially rinsed in PBS and treated 10mM citrate buffer
(pH6.0) at 100°C for 5 min. After washing with PBS for 15 min, the sections were
incubated with 10% goat serum in PBST for permeabilization and blocking. Afterwards,
the sections were further incubated with primary antibodies in PBST containing 10% goat
serum overnight at 4°C. After rinsing with PBST for 15 min, the sections were incubated
with secondary antibodies conjugated to Alexa Fluor488 or Alexa Fluor594-conjugated
anti-rabbit, anti-mouse or anti-rat IgG (Invitrogen, 1:1000, USA) for 60 min at 37°C.
After rinsing with PBS for 15 min, the sections were incubated with 4’,6-diamidino-2-
phenylindole (DAPI, 1 pg/ml, Dojindo) for 10 min, then washed in the PBS for 10 min.

Following primary antibodies and dilutions were used for IHC: mouse monoclonal Olig2

John Wiley & Sons, Inc.
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antibody (1:500, clone, 211F1.1, Cat#MABNS50, Merck Millipore), rabbit polyclonal
anti-NG2 antibody (1:500, Cat#AB5320, Merck Millipore), mouse monoclonal CCl1
antibody (1:500, Cat#NB600-1021, Novus Biologicals), rat monoclonal anti-proteolipid
protein (PLP) antibody (1:50, clone AA3; Yamamura, Konola, Wekerle, & Lees, 1991),
rat monoclonal anti-myelin basic protein (MBP) (1:100, clone 12, Cat#ab7349, Abcam),
rabbit polyclonal anti-MBP antibody (1:2,000, Cat#16141, IBL), rabbit polyclonal anti-
glial fibrillary acidic protein (GFAP) (1:1,000, Cat#Z20334, DAKO; 1:10, Cat#422251,
Nichirei), mouse monoclonal anti-GFAP antibody (1:500, Cat#75-240, NeuroMab),
mouse monoclonal glutamine synthetase (GS) antibody (1:300, clone 6/Glutamine
Synthetase, Cat#610517, BD Transduction Laboratories), mouse monoclonal anti-NeuN
antibody (1:200, Cat#MAB377, Merck Millipore), rabbit polyclonal anti-Ibal (1:2,000,
Cat#019-19741, WAKO), rat monoclonal anti-CD68 antibody (1:200, Cat#MCA1957T,
Bio-Rad), rabbit monoclonal anti-CD11b (1:10,000, EPR1344, Cat#ab133357, Abcam),
rabbit polyclonal anti-Ddx20 (1:100, homemade antibody), rabbit monoclonal anti-
cleaved caspase-3 (1:800, Cat#9664, Cell Signaling Technology), rat monoclonal anti-
BrdU (1:300, Cat#ab6326, Abcam), rat monoclonal anti-green fluorescent protein (GFP)
antibody (1:2,000, clone GFO90R, Nacalai Tesque), rabbit polyclonal anti-GFP antibody
(1:30,000, Cat#598, MBL), chick polyclonal GFP antibody (1:1,000, Cat#GFP-1020,
Aves Labs), and rabbit polyclonal anti-phosho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
kinase (1:600, Cat#9101, Cell Signaling Technology).

Cell apoptosis was detected using the DeadEnd Colorimetric TUNEL System
(Cat#G7360, Promega).

Images were taken with a microscope (BX53, Olympus) connected with a CCD camera

(DP74; Olympus), or a confocal microscope (FV1200, Olympus).

10
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2.5 In situ hybridization

In situ hybridization (ISH) was performed on paraffin sections. The deparaffinized
sections were rehydrated in ethanol and rinsed with PBS. The sections were fixed in 4%
PFA. Following washing with PBS twice, the sections were treated with 1 pg/mL
proteinase K in Tris-based buffer [SO mM Tris-HCI (pH 7.6), 5 mM EDTA] for 60 min,
and then rinsed in PBS. After fixation in 4% PFA in PBS and acetylation in 0.1 M
triethanolamine (pH 8.0) containing 0.25% acetic anhydride for 10 min, the sections were
prehybridized at 65°C for 3 h with a hybridization solution [50% formamide, 5 x saline
sodium citrate (SSC) (1 x SSC is 0.15 M NaCl, 0.015 M sodium citrate in
diethylpyrocarbonate-treated water), 0.2 mg/mL yeast tRNA, 0.1 mg/mL heparin, 1 x
Denhardt’s solution, 0.2% Tween 20, 0.1% CHAPS, and 5 mM EDTA]. The sections
were then incubated with a hybridization solution containing diluted Digoxigenin (DIG)-
labeled RNA probe at 65°C overnight.

The hybridized sections were washed three times with 1 x SSC and 50% formamide at
65°C for 15 min (wash I) and 30 min (wash II), and with 0.1 x SSC at 65°C for 30 min
(wash III). The sections were washed twice in maleic acid buffer [0.1 M maleic acid
(pH 7.5), 0.15 M NacCl and 0.1% Tween 20] for 30 min at room temperature and
incubated with alkaline phosphatase-conjugated sheep anti-DIG antibody (1:2,000,
Roche Diagnostics, Manheim, Germany) in overnight at 4°C. They were then washed in
maleic acid buffer three times for 30 min each, and incubated with the color
development solution [50 pg/mL 4-nitro blue tetrazolium chloride and 175 pg/mL 5-
bromo-4-chloro-3-indolyl-phosphate (Roche Diagnostics)] in alkaline phosphatase

buffer [0.1 M Tris-HCI (pH 9.5), 0.05 M MgCl,, 0.1 M NaCl and 0.1% Tween 20] for

11
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3—10 h in the dark. The following probes generated from mouse cDNA were used: Plp
(Kagawa et al., 1994); Mbp (BC004704, nt 544-1975); Pdgfroa (Ma, Matsumoto,
Tanaka, Takebayashi, & Ikenaka, 2006); Gpri7 (BC070439, nt 270-945); Gfap

(BC139357, nt 157-1426). Sections were counterstained by nuclear fast red (Fluka).

2.6 Western blot analysis

Proteins were extracted from the corpus callosum and the cervical spinal cord in RIPA
buffer [SO mM Tris-HCI (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate,
0.1% SDS, protease inhibitor cocktail (Complete Mini; Roche, Mannheim, Germany),
and phosphatase inhibitor cocktail (PhosSTOP EASYpack; Roche)]. The lysates were
sonicated by BioRuptor II (Cosmo Bio, Japan) and then centrifuged at 15,000 rpm for 15
min at 4°C. The supernatants were then collected. Protein concentrations were determined
using BCA Protein assay kit (TaKaRa Bio, Japan). The samples were boiled in Sodium
dodecyl sulfate (SDS) sample buffer [2% SDS, S0mM Tris-HCI (pH6.8), 10% glycerol,
6% B-mercaptoethanol, 0.01% bromophenol blue] for 5 min at 95°C. The denatured
lysates were separated by electrophoresis (24mA for 75 min) in 5-20% SuperSep™ Ace
agarose gels (Fujifilm Wako Pure Chemical Corp., Japan) and transferred to Hybond-P
PVDF 0.45 (GE Healthcare, IL, USA; 250 mA for 100 min). Following blocking with
2% skim milk in TBST (25mM Tris-HCI, 137mM NaCl, 2.7mM KCl, 0.05% Tween 20,
finally adjusted to pH7.5), the membrane was incubated with rabbit polyclonal
anti-GFAP (1:1,000, Nichirei, Japan), rabbit polyclonal anti-MBP (1:1,000, IBL), mouse
monoclonal anti-B-actin (1:1,000, AC-15, Sigma) overnight at 4°C. After washing with
TBST for 5 min three times, the membrane was reacted with the secondary antibody

conjugated to horseradish peroxidase (1:2,000, Cell Signaling Technology).

12
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Immunoreactivity was visualized by Western Lightning Plus-ECL enhanced
chemiluminescence substrate (PerkinElmer, MA, USA) or ImmunoStar LD (Fujifilm
Wako Pure Chemical Corp.). Images were acquired using the C-DiGit blot scanner (LI-
COR Biosciences, NE, USA). Signal intensities from immunoreactive bands were
determined by  densitometric =~ measurement  using  Image]  software

(https://imagej.nih.gov/ij/).

2.7. BrdU labeling experiment

For labeling of proliferating cells, BrdU experiment was performed as previously
described (Bu, Banki, Wu, & Nishiyama, 2004). 5’-Bromo-2-deoxyuridine (BrdU;
Sigma-Aldrich, St. Louis, MO) was intraperitoneally injected into control and Ddx20
cKO mice (n=3 mice per each genotype; 50 mg/kg in saline). In short-term labeling
experiment, BrdU was injected once at postnatal day 14 (P14) and then mice were
sacrificed 6 hours later. In the long-term labeling experiment, BrdU was injected at three
successive days (P13, P14 and P15), and then mice were sacrificed at postnatal day 42

(P42).

2.8. Reverse transcription-quantitative PCR (RT-qPCR) and semi-quantitative RT-
PCR

RT-gqPCR was performed as described previously (Hayakawa-Yano et al., 2017) with
minor modification. Briefly, total RNA was extracted from cervical spinal cord of 21 and
42 postnatal days (P21 and P42) mice and corpus callosum of P42 mice using RNeasy
Mini Kit (Qiagen). One pg total RNA was reverse transcribed by SuperScript III First-

Strand Synthesis System (Thermo Fisher Scientific). The RT-qPCR was performed using

13
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StepOnePlus real-time PCR detection system (Applied Biosystems). The results were
obtained by the AACt method. The mRNA levels of Pdgfra, Olig2, Mbp, and Plp were
normalized to the mRNA level of the house-keeping gene Actb. The primer sequences are
as following: Olig2 (Olig2 F 5'-TCC CCA GAA CCC GAT GAT CTT-3'; Olig2 R 5'-
CGT GGA CGA GGA CAC AGT-3"); Pdgfra (Pdgfra F 5'-AGA GTT ACA CGT TTG
AGC TGT C-3'; Pdgfra R 5'-GTC CCT CCA CGC TAC TCC T-3'); Mbp (Mbp F 5'-
AAT CGG CTC ACA AGG GAT TCA-3"; Mbp R 5'-TCC TCC CAG CTT AAA GAT
TTT GG-3"); Plp (Plp F 5'-TGA GCG CAA CGG TAA CAG G-3'; Plp R 5'-TTC CCA
AAC AAT GAC ACA CCC-3"). Semi-quantitative RT-PCR for detecting splicing
variants was performed with PCR Thermal Cycler Dice (TaKaRa Bio). The primer
sequences are as following: Plp Ex2—Ex4 (Plp exon2 F 5'-GGC CAC TGG ATT GTG
TTT CT-3"; Plp exon4 R 5°’-GAC TGA CAG GTG GTC CAG GT-3'); Mag Ex11-ExI13
(Mag exonll F 5'-GCT TCT CAG GGG GAG ACA AC-3'; Mag exonI3 R 5’- CAG GGT
GTA GCT GTC CTT GG-3"); Mbp ExI-Ex3 (Mbp exonl F 5'-CTC AGA GTC CGA

CGA GCT TC-3'; Mbp exon3 R 5'-GTT TTC ATC TTG GGT CCG GC-3").

2.9 Electron microscopic (EM) analysis

Electron Microscopic analysis was performed as describe previously (Morizawa et al.,
2017) with minor modifications. Pieces of brain tissues fixed by the transcardial perfusion
of buffered 4% PFA were immersed in 0.IM PB containing 4% PFA and 0.5%
glutaraldehyde (pH 7.4) at 4 °C overnight, and 200-um-thick slices were cut with a
vibratome (VT-10008S, Leica). Tissues were washed with PBS, treated with 2% OsQO, in
0.15% K4[Fe(CN)g] for 1 h on ice, filtered 0.1% thiocarbohydrazide for 20 min and 2%

Os0, for 30 min at room temperature (RT). Tissues were then treated with lead aspartate

14
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solution at 70 °C for 30 min. Each of these treatments was followed by washing five times
with double distilled water for 10—15 min. Tissues were dehydrated in a graded series of
ethanol (60, 80, 90 and 95%, 5 min each), incubated with acetone dehydrated using a
molecular sieve, a 1:1 mixture of resin and acetone, and 100% resin, Quetol 812 (Nisshin
EM, Tokyo, Japan). The samples were placed in a mold, and cured at 70 °C for several
nights. Blocks from each group were trimmed and mounted on aluminum rivets or
sectioned and mounted on copper grids, and images were acquired in Merlin or Sigma
(Carl Zeiss, Germany) equipped with 3View (Gatan Inc., Pleasanton, CA, USA) or
HT7700 (Hitachi High Technologies, Japan). The acquired images were handled and

analyzed with ImageJ and F1JI software plugins.

2.10 Statistical analyses
To determine the statistical significance between two groups, data were analyzed by ¢-
test using Excel software or U-tests using Prism (GraphPad Software). For all tests, p <

0.05 was considered as statistically significant. Results are expressed as mean + standard

error (SE).

3. RESULTS

3.1 Assessments of cell types expressing Ddx20 and Cre recombination in mature
oligodendrocytes

Ddx20 was expressed in the multiple cell types in the CNS, neurons, astrocytes and
oligodendrocytes (Figure S1). To assess Cre-mediated recombination in the CNS of
Mbp-Cre transgenic mice, we crossed female Z/EG reporter mice with male Mbp-

Cre transgenic mice. Using immunohistochemistry, we confirmed the presence of

15
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Cre recombination-mediated GFP expression in CCl-positive mature OLs in the
Mbp-Cre; Z/EG mice at P14 (Figure S2a). No double-positive cells were observed
with an astrocyte marker (GFAP), a microglial marker (Ibal), or a neuronal marker

(NeuN) (Figure S2b—d).

3.2 Generation of mature oligodendrocyte-targeted Ddx20 ¢cKO mice

To generate a mature oligodendrocyte-targeted Ddx20 cKO mouse, we mated female
Ddx20/1ox mice with male Mbp-Cre; Ddx20"°** mice. Approximately one-fourth
of the progeny were Ddx20 c¢KO mice (Mbp-Cre;Ddx20M°/1o%), according to
Mendelian distribution. We used Ddx20/"*fx as control mice unless otherwise
described. To confirm the reduced expression of Ddx20) mRNA and Ddx20 protein
in oligodendrocyte lineage cells from Ddx20 cKO mice, we performed ISH and THC
using a Ddx2( antisense probe and anti-Ddx20 antibody, respectively (Figure 1). We
confirmed the reduced expression of Ddx2() mRNA in the corpus callosum of Ddx20
cKO mice compared with that in the corpus callosum of control mice at P42 (Figure
la and b). Furthermore, reduced number of Ddx20-positive cells were observed in
the corpus callosum of Ddx20 cKO mice compared with that of control mice (Figure
Ic—e). We confirmed reduced number of Ddx20+ Olig2+ double-positive
oligodendrocytes both in the gray matter and white matter of Ddx20 cKO mice

(Figure 1f)).

3.3 Gross phenotypes of the Ddx20 ¢cKO mice

The Mbp-Cre; Ddx20 cKO mice demonstrated postnatal growth retardation (Figure

2a—d). The body weights of the Ddx20 cKO mice increased comparably to those of
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control mice until P21, after which the body weights of Ddx20 cKO mice ceased to
increase. The Ddx20 cKO mice showed impaired motor functions and held their tails
high when they walked (Figure 2¢). They often demonstrated a hunched-back posture
at rest, starting at the age of 3 weeks. The Ddx20 cKO mice died prematurely, and
only thirty percent of Ddx20 cKO mice survived beyond 6 weeks of age, with almost
all Ddx20 cKO mice dying by approximately 8 weeks (Figure 2e). The Ddx20 cKO
mice also demonstrated muscle weakness, as assessed by the grip strength test at P42

(Figure 2f).

3.4 Reduced numbers of mature oligodendrocytes in the Ddx20 cKO mice

We performed histological analysis on the Ddx20 ¢cKO mice and found that the
number of Plp-positive mature oligodendrocytes in the spinal cord of Ddx20 cKO
mice was significantly decreased at P42 compared with the number in control animals
(Figure 3a—c). The expression level of Mbp mRNA was also significantly decreased
in the spinal cord of Ddx20 cKO mice at P42 compared with that in control animals
(Figure 3d and e). The number of Pdgfra-positive cells remained unchanged in the
Ddx20 cKO spinal cord at P42 compared to that of control animals (Figure 3f~h). At
P21, Plp and Mbp mRNA expression levels appeared comparable between Ddx20
cKO and control animals (Figure S3a—d, and 1), and the number of Pdgfra-positive
OPCs was also similar (Figure S3e and f). qPCR data indicated a slightly increased
level of Pdgfra mRNA in the Ddx20 cKO spinal cord at P21 compared with that in
control animals, although it is not statistically significant (Figure S3i). These data
suggest that Ddx20 is essential for the maintenance of myelin genes, such as P/p and

Mbp. Because the number of OPCs remained unchanged, whereas the number of
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mature oligodendrocytes decreased, these results raised a possibility that the terminal
differentiation of OPCs into mature oligodendrocytes was impaired. Therefore, we
performed ISH to detect Gprl7, which is transiently expressed in post-mitotic NG2-
expressing glial cells (Boda et al., 2011). The number of Gprl7-positive cells in the
Ddx20 cKO spinal cord remained unchanged at both P42 (Figure 3i—k) and P21
(Figure S3g and h) compared to that of the control, which suggest that entry into
terminal differentiation is not affected in the Ddx20 cKO mice. CC1 IHC confirmed
the decreased number of mature oligodendrocytes in the Ddx20 cKO spinal cord at
P42 (Figure S4a—c). PLP and MBP IHC demonstrated that positive signals for these
myelin proteins could be observed in the Ddx20 cKO spinal cord at P42 (Figure S4d-
g); however, the myelin sheath structure in the Ddx20 cKO mice appeared to be
irregular in shape and varied in size (Figure S4j and 1) compared with those in the
control mice (Figure S4i and k). The diameters of NF-positive axons were also
irregular in size in the Ddx20 cKO mice (Figure S4j and 1) compared with those in
the control mice (Figure S4i and k). It is of note that the levels of MBP protein in the
spinal cord were nearly equivalent between Ddx20 cKO mice and control mice at
P42 (Figure S4h). Because Ddx20 is reported to be a component of SMN complex,
which regulate mRNA splicing (Curmi & Cauchi, 2018), we next performed semi-
quantitative RT-PCR to check dysregulations of myelin gene splicing. We confirmed
that the Dm20 to Plp switch was partially perturbed in the Ddx20 cKO spinal cords
(Figure S5a and b). In addition, Mag exonl2 exclusion rate was increased in the
Ddx20 cKO spinal cords (Figure S5c and d). However, Mbp exon2 inclusion rate was
not changed (Figure S5e and f). These results suggest that Ddx20 regulate splicing

pattern of some myelin related genes.

18

John Wiley & Sons, Inc.

Page 18 of 66



Page 19 of 66 GLIA

GLIA

3.5 Ddx20 ablation impairs the terminal differentiation of oligodendrocytes

To investigate the differentiation capacity of proliferating OPCs, we performed BrdU
labeling experiments. In a short-term labeling experiment, we injected BrdU at P14
and analyzed BrdU-positive cells 6 h later (Figure 4a), which demonstrated that
proliferating cells were equivalent between the spinal cords of control mice and those
of Ddx20 cKO mice (Figure 4b—d). We also analyzed BrdU+ Olig2+ double-positive
oligodendrocyte lineage cells, and the numbers of these cells were equivalent
between the spinal cords of control mice and those of Ddx20 cKO mice (Figure 4e—
g). This result was confirmed by counting the number of BrdU+ NG2+ double-
positive OPCs (Figure S6a—g). In a long-term labeling experiment, we injected BrdU
once per day, at P13, P14, and P15, and analyzed BrdU-positive cells at P42 (Figure
4h). Although it is not statistically significant, the total number of BrdU-positive cells
slightly increased in the spinal cord of Ddx20 cKO mice (Figure 4i—k); however, the
number of BrdU+ CC1+ double-positive cells was dramatically decreased compared
with those of control mice (Figure 4l1-n). These data showed that OPCs in the spinal
cord of Ddx20 cKO mice formed at P14 produced a low number of mature
oligodendrocytes at P42. Consistent with these data, BrdU+ GS+ double-positive
astrocytes were increased at P42 in the spinal cord of of Ddx20 cKO mice (Figure
S7b—f), however BrdU+ Ibal+ double-positive microglia were unchanged (Figure
S7g—k). The increased number of TUNEL-positive apoptotic cells were observed at
P42 in the white matter of Ddx20 cKO spinal cords (Figure S8c, d, and f), but this is
not obvious in the Ddx20 cKO spinal cords at P14 (Figure S8a, b, and e). Collectively,

these data strongly suggested that OPC proliferation was intact and that the terminal
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differentiation of oligodendrocytes was impaired and increased cell death occur in

Ddx20 cKO mice.

3.6 Electronic microscopic analysis of the spinal cord

The obtained IHC data prompted us to perform an electron microscopic analysis to
observe the myelin ultrastructure. We found that the myelin sheath thickness
associated with large-diameter axons (>2 um) in the Ddx20 cKO mice was
significantly decreased at P42 (Figure 5b and d) compared with that of littermate
control mice (Figure 5a and c). In contrast, the thickness of the myelin sheath
surrounding small-diameter axons (<2 pm) appeared to remain intact in Ddx20 cKO
mice, similar to that observed in the control mice (Figure Sa—d). We confirmed these
observations by performing a G ratio analysis (Figure 5e and f). To investigate early
myelin formation, we also performed an electron microscopic analysis on the spinal
cords at P14, and then, observed almost equivalent myelination in the Ddx20 cKO
spinal cord compared to that of control (Figure S9a and b). These results indicate that
the conditional deletion of Ddx20 from myelinating oligodendrocytes leads to the
abnormal myelin structures in the large-diameter axons during the terminal

differentiation.

3.7 Molecular function of Ddx20 during the terminal differentiation of
oligodendrocytes

To investigate the molecular mechanisms that underlie the phenotype of thin myelin
sheath formation in Ddx20 cKO mice, we investigated the activation of Erk1/Erk2

signaling in the spinal cord because the activation of these MAP kinase (MAPK)
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proteins has been suggested to be involved in determining myelin thickness (Ishii et
al., 2014; Ishii et al., 2019). The phospho-p44/42 MAPK (pMAPK) IHC data
demonstrated increased signals in the astrocytes of the Ddx20 cKO spinal cord
(Figure 6b) compared with that of the control (Figure 6a). In addition, when we
carefully observe the spinal cord, we noticed pMAPK-positive ring structures in the
white matter, which were confirmed to be myelin sheaths using double IHC for
pMAPK and PLP (Figure 6¢). The numbers of these ring structures surrounding NF-
positive axons were dramatically reduced in spinal cords from Ddx20 ¢KO mice,
compared with those in the spinal cords of control mice, at P42 (Figure 6d and e).
These data suggested that myelination was perturbed not only due to defects in
myelin protein synthesis but also due to reductions in MAPK signaling, which

regulates myelin thickness (Ishii et al., 2014).

3.8 Astrocytic and microglial responses in the spinal cords of Mbp-Cre; Ddx20 ¢cKO
mice

Finally, we investigated astrocytic and microglial responses in the Ddx20 cKO spinal
cords at P42. Immunostaining with astrocytic markers (GFAP and GS) demonstrated

a slight upregulation in GFAP signal intensity in the Ddxc20 cKO spinal cord
compared with that in the control spinal cord (Figure 7a—g), suggesting that the
astrocytes had become reactive. The increase in GFAP expression in the Ddx20 cKO
spinal cord was also confirmed by Western blotting analysis (Figure 7e). These data
were consistent with the astrocyte morphology staining revealed by pMAPK THC
(Figure 6a and b). It is reported that MAPK activation is involved in the astrocytic

activation and proliferation in a variety of pathological conditions (Li et al., 2016;
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Webster et al., 2006). In contrast, immunostaining with the microglial marker Ibal
clearly demonstrated the activated morphology of microglia (Figure 7i) in the Ddx20
cKO spinal cord compared with that in the control spinal cord (Figure 7h). Microglial
activation was also confirmed by the IHC detection of an activated microglial marker,
CDl11b, also known as the a-chain of macrophage antigen complex-1 (Mac-1)
(Figure 7j and k; Hou et al., 2020; Zhou et al., 2018). CD11b-positive microglia are
reported to be involved in the modulation of inflammation in the pathological brains
(Frieler etal., 2015; Yang et al., 2018). Although reactive astrocytes were not obvious
at P14 and P21 (Figure S10a—d), microglial activation in the white matter could be
observed as early as P14 by both Ibal and CD11b IHC (Figure S10e-1), which
indicated that microglia might be sensitive to the abnormal terminal differentiation
of Ddx20-KO oligodendrocytes. It is of note that the microglia with activated
morphology contain myelin proteins (Figure 71-0), suggesting phagocytosis of
myelin. It is consistent with our observation of increased TUNEL-positive apoptotic

cells in the Ddx20 cKO spinal cords (Figure S8).

4. DISCUSSION

In the present study, we generated Ddx20 cKO mice in which we were able to delete
Ddxc20 from myelinating cells. The Ddx20 cKO mice demonstrated small body sizes
after weaning, motor dysfunctions, muscle weakness, and short lifespans, with
mortality within 2 months of age. Histological analyses demonstrated significant
reductions in Plp and Mbp mRNA expression and the formation of thin myelin
sheaths surrounding large-diameter axons. The numbers of OPCs and Gpr!7-positive

myelinating oligodendrocyte cells remained unchanged in the CNS of Ddx20 cKO
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mice compared to those in control mice. We also confirmed the perturbation of
differentiation from OPCs into mature oligodendrocytes by BrdU labeling
experiments. Our data indicate that Ddx20 is an essential factor for terminal

differentiation of oligodendrocytes and maintenance of myelin gene expression.

4.1 The roles of RNA helicases in OL myelination and neural development

Ddx20 is a multifunctional protein with an RNA helicase domain, and one of the well-
known functions of Ddx20 is the formation of the SMN complex to regulate mRNA
splicing via the generation of the spliceosome. Because the proper regulation of mRNA
splicing is important for oligodendrocyte differentiation (Wang et al., 2008; Darbelli,
Choquet, Richard, & Kleinman, 2017), the dysregulation of splicing is likely to contribute
to abnormal oligodendrocyte differentiation in Ddx20 cKO mice. We detected
dysregulation of myelin gene splicing, which was similar to that in quaking viable (gk")
mice, classical demyelination mutants (Wu, Reed, Grabowski, & Artzt, 2002). Although
oligodendrocyte development and CNS myelination were unaffected in SMA model mice
(Smnl”-; SMN2 mice) (O'Meara et al., 2017), SMN2 may be able to compensate for the
loss of Smnl function. In mouse genome, only one Smn gene, Smnl, is encoded, and
Smnl KO mice show early lethality at the peri-implantation stage (Schrank et al., 1997).
The Ddx20 KO mice showed an even more severe phenotype (lethality by the 4-cell stage)
compared with that for Smnl KO mice, suggesting that Ddx20 likely has additional
functions, in addition to the regulation of mRNA splicing via SMN complex formation.
Ddx20 has been reported to regulate transcription or translation via the direct binding to
transcription factors or miRNA biogenesis (Gillian & Svaren, 2004; Hutvagner & Zamore,

2002; Mourelatos et al., 2002). Ddx20 has been reported as a major component of
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miRNA-containing ribonucleoprotein complexes (miRNPs), which also contain e[F2C2
(Argonaute 2; Ago2) (Hutvagner & Zamore, 2002). We are currently unable to exclude
the possibility that the dysregulation of transcription and translation also contribute to the
abnormal oligodendrocyte differentiation observed in Ddx20 cKO mice. Other members
of the Ddx family have been reported to be involved in oligodendrocyte development.
For example, Ddx5 binds Mbp mRNA and affects the post-transcriptional regulation of
MBP (Hoch-Kraft et al., 2018). Ddx54 has also been implicated in myelination based on
knockdown experiments (Zhan et al., 2013). Loss-of-function mutations in DDX59
(Salpietro et al., 2018) and DDX3X (Kellaris et al., 2018; Lennox et al., 2020) result in
human genetic diseases; therefore, some unidentified human genetic disease(s) may also

be associated with hypomorphic mutations in DDX20.

4.2 Abnormal myelin structures in the CNS of Ddx20 ¢cKO mice

In the CNS of Ddx20 cKO mice, decreased expression levels of Mbp and Plp mRNA
were observed, although the expression levels of the MBP and PLP proteins appeared to
be intact at P42 (Figure 3, Figure S4). We think two possible explanations for these
phenomena. One explanation is regulation of mRNA stabilization by RNA binding
proteins and/or trans-acting factor: stability of Mbp mRNA is regulated by Qki protein
(L1, Zhang, Li, & Feng, 2000) and that of Plp mRNA is regulated by miRNA through the
3" untranslated region (Mallon & Macklin, 2002; Wang & Cambi, 2012). Since CCl
recognize Qki7 protein (Bin, Harris, & Kennedy, 2016), CC1 IHC data suggest that Qki7
is down-regulated in the Ddx20 cKO spinal cord (Figure S4a, b). Ddx20 is also reported
to be involved in miRNA biogenesis (Donker, Mouillet, Nelson, & Sadovsky, 2007;

Hutvagner & Zamore, 2002). Therefore, it is possible that Mbp mRNA and Plp mRNA
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are unstable in the OL of Mbp-Cre;Ddx20 cKO mice. Second explanation is time lag
between Cre recombination and decrease of protein amount: OPCs in the Ddx20 cKO
brain express Ddx20 mRNA and Ddx20 protein because Ddx20* allele is intact until this
stage. Then, disruption of Ddx20/°* alleles occur by Cre recombination in myelinating
oligodendrocytes, which results in the downregulation of Ddx20 mRNA and Ddx20
protein. Mbp and Plp mRNA are expressed in the Ddx20 cKO oligodendrocytes at P14
(Figure S3). Although the amounts of mRNAs reduced rapidly, however, the amounts of
myelin proteins reduced very gradually in the short term due to relatively stable features
of myelin proteins (Fischer, & Morell, 1974; Sabri, Bone, & Davison,1974). The myelin
sheaths surrounding large-caliber axons tended to show a more severe phenotype (thin
myelin) than that observed for smaller axons, likely because larger-diameter axons tend
to have thicker myelin sheaths (Sherman & Brophy, 2005), which requires the
cooperation of more abundant myelin proteins. Myelin thickness has been reported to be
regulated by MAPK signaling (Ishii, Furusho, Dupree, & Bansal, 2014). In the spinal
cord of Ddx20 cKO mice, reduced numbers of phospho-MAPK-positive myelin sheath
structures (Figure 6¢c—) were observed compared with those in the control mice. In
addition, MAPK signaling has been reported to regulate OPC differentiation (Suo, Guo,
He, Gu, & Xie, 2019). Since FGF and BDNF are reported to be involved in the
myelination of oligodendrocyte and MAPK is one of downstream pathways of these
receptors (Ishii, Furusho, Macklin, & Bansal, 2019; Peckham et al., 2016), the
involvement of the FGF or BDNF signaling pathway(s) would be interesting to

investigate in Ddx20 cKO mice.

4.3 Contributing factors to the postnatal lethality of Ddx20 ¢cKO mice
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Ddx20 cKO mice have small body weights and die within 2 months. The short lifespan
observed for Ddx20 cKO mice may be due to the abnormalities observed in mature
oligodendrocytes. Previously, jimpy mice, which feature a mutation in Plp, a major
myelin gene in the oligodendrocytes, were reported to die with a similarly short life span
(within 4 weeks of age). However, Ddx20 cKO mice do not demonstrate epileptic seizures
or lower-limb paralysis, which are characteristic of the late stage of jimpy mice (Ikeda et
al., 2018). In order to assess the effect of myelination of Schwann cells, we performed
EM analysis on the sciatic nerve of Ddx20 cKO and control mice at P42 and observed
that it is almost comparable to control (data not shown). This result is consistent to the
previous report that Cre recombination is observed in the oligodendrocyte but not in the
Schwann cells of the Mbp-Cre9 transgenic mice (Niwa-Kawakita, Abramowski,
Kalamarides, Thomas, & Giovannini, 2000). Ddx20 ¢cKO might also have endocrine
dysfunctions because of Cre recombination in the pituitary gland and testis of the Mbp-
Cre transgenic mice (Niwa-Kawakita, Abramowski, Kalamarides, Thomas, &
Giovannini, 2000). In line with these ectopic expressions, the mouse 1.3kb-Mbp promoter,
used in the Mbp-Cre transgenic mice, was reported to lack regulatory elements that
restrict its expression to the nervous system (Asipu, Mellor, & Blair, 2001). Therefore,
we cannot rule out the possibility that abnormalities other than oligodendrocyte could

also contribute to the short life span observed for Ddx20 cKO mice.
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FIGURE LEGENDS

FIGURE 1 Cre-mediated Ddx20 deletion in the oligodendrocyte lineage.

(a-b) Ddx20 ISH in the coronal sections of Ddx20*/x (control) (a) and Mbp-
Cre;Ddx20xflox (Ddx20 cKO) (b) forebrain at P42. Ddx20 expression was markedly
reduced in the corpus callosum of Ddx20 cKO mice (b) compared with that of control
mice (a, arrowheads) (n=3 mice in each genotype). (c—j) Double IHC for Ddx20 and Olig2
in the coronal section of forebrain at P42 (n=3 mice in each genotype). Ddx20 signals
(green) were negative or low in the Olig2-positive cells within the corpus callosum, but
positive in the neurons within the cerebral cortex. Ddx20 single positive cells in the
cerebral cortex were considered as neurons based on morphology. (e,j) Bar graphs
showing the number of Ddx20 positive cells (e) or Ddx20+ and Olig2+ double-positive
cells (j) per section in the corpus callosum and cerebral cortex (0.05 mm?, mean + SEM).
Statistical analysis was performed by two-tailed, unpaired ¢-test. ***, p<0.001. CC:
corpus callosum, Cx: cortex. Scale bars: 50 um (a,b), 100 pm (c,d, f-i). Ctrl: control,

Ddx20 cKO: Mbp-Cre; Ddx20 cKO.

FIGURE 2 Generation of Ddx20"~ allele and retarded growth of Mbp-Cre,; Ddx20 cKO
mice.

(a) Schematic illustrating the strategy for the generation of Ddx20"* allele.
Construction of alleles and vectors for the mouse Ddx20 genes: the wild type
genome, targeting vector, flox-neo allele, floxed allele, and deleted allele.
Arrows indicate primers for the distinction between the wild-type allele and

the Ddx20"~ allele. (b) A typical image of Ddx20 ¢cKO mouse and littermate control

40

John Wiley & Sons, Inc.

Page 40 of 66



Page 41 of 66

GLIA

GLIA

mouse at P42. (c) A typical image of walking-Ddx20 cKO mice and littermate control
mice at P42. Red arrows indicate tail rigidity of the Ddx20 ¢cKO mouse. (d) Growth curves
of Ddx20 cKO mice (n = 32, a blue line) and control mice (n=33, a black line). Line plots
represent mean + SEM. (e) Kaplan-Meier survival curves of Ddx20 cKO mice (n=11) and
control mice (n=11). Of eleven Ddx20 cKO mice, approximately 90% died within 7
weeks of age, with a peak between postnatal days 42 and 49. (f) Grip strength test of
forelimb in Ddx20 cKO mice and littermate control mice (n=10) at P42. Statistical
analysis was performed by two-tailed, unpaired #-test (d, f) and Log-rank test (e). ***,

p<0.001.

FIGURE 3 Decreased number of mature oligodendrocytes in the spinal cord of Mbp-
Cre; Ddx20 cKO mice.

(a,b) Plp ISH in the transverse sections of control (a) and Ddx20 cKO (b) spinal cords at
P42 (n=3 mice in each genotype). (c) Quantification of the number of Plp-positive mature
OLs in the anterolateral funiculus (per 0.05 mm?, mean + SEM). (d,e) Mbp ISH in the
transverse sections of control (d) and Ddx20 cKO (e) spinal cords at P42 (n=3 mice in
each genotype). Note that distribution pattern of MBP mRNA and that of Plp mRNA in
the control spinal cords are different because of intracellular transport of Mbp mRNA.
(f,g) Pdgfra ISH in the transverse sections of control (f) and Ddx20 cKO (g) spinal cords
at P42 (n=3 mice in each genotype). (h) Quantification of the number of Pdgfra-positive
OPCs in the anterolateral funiculus (per 0.05 mm?, mean + SEM). (i, j) Gpr17 ISH in the
transverse sections of control (i) and Ddx20 cKO (j) spinal cords at P42 (n=3 mice in each
genotype). (k) Quantification of the number of Gprl7-positive myelinating OLs in the

anterolateral funiculus (per 0.05 mm?, mean + SEM). (1) RT-qPCR data of Plp, Mbp,
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Olig2 and Pdgfra mRNAs in the spinal cords at P42 (n=3 mice in each genotype). Actb
was used as an internal control (mean = SEM). Statistical analysis was performed by two-
tailed, unpaired #-test. **, p<0.01; *** p<0.001; n.s., not significant. Scale bars: 50 um

(a-d, f,g,i,j,1,m).

FIGURE 4 Terminal differentiation of oligodendrocyte is perturbed in the Mbp-
Cre; Ddx20 cKO mice.

(a) Diagrams of the experimental timeline for BrdU short-term administration. (b—g)
Double IHC for BrdU and Olig2 in the transverse sections of control and Ddx20 cKO
spinal cords at P14 after short-term BrdU labeling experiments. Upper- and lower-panels
show the images with BrdU immunostaining (b,c) and BrdU+ Olig2+ double-
immunostaining (e,f), respectively. Yellow arrowheads indicate BrdU+ Olig2+ double-

positive cells. Bar charts indicate the average number of BrdU-positive cells (d) or BrdU+

Olig2+ double-positive cells per spinal cord section (g, mean = SEM, n=3 mice per group).

(h) Diagrams of the experimental timeline for BrdU long-term administration. (i-—n)
Double IHC for BrdU and CCI1 in the transverse sections of control and Ddx20 cKO
spinal cords at P42 after long-term BrdU labeling experiments. Upper- and lower-panels
show the images with BrdU immunostaining (i,j) and BrdU+ CCIl+ double-
immunostaining (1,m), respectively. Yellow arrowheads indicate BrdU+ CCI1+ double-
positive cells. Bar charts indicate the average number of BrdU-positive cells (k) or BrdU+
CC1+ double-positive cells (n) per section in control (n=4 mice) and Ddx20 cKO (n=3
mice) spinal cords (mean = SEM). Statistical analysis was performed by two-tailed,

unpaired #-test. **, p<0.01; n.s., not significant. Scale bars: 100 um (b,c,e,f,1,j,1,n).
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FIGURE 5 Thin myelin structure in the spinal cord of Mbp-Cre; Ddx20 cKO mice at P42.
(a—d) Electron microscopic analyses in the lateral funiculus of control (a,c) and Mbp-
Cre;Ddx20 cKO spinal cords (b,d) at P42 (n=3 mice in each genotype). Thin myelin
sheath was observed in the large-diameter axons in the Ddx20 ¢cKO mice. Scale bars: 20
um (a,b), 2 um (c,d). (e,f) G ratio analyses in small-diameter axons (< 2um) (e) and large-
diameter axons (> 2pum). The large-diameter axons have thin myelin in the Ddx20 cKO
mice. Statistics. The number of measured axons is indicated in the bottom. ***, p<0.001;

n.s., not significant in U-tests.

FIGURE 6 Erkl1/2 activation is reduced in the oligodendrocytes of the Ddx20 cKO
mice.

(a,b) IHC for pMAPK in control and Mbp-Cre; Ddx20 cKO spinal cords at P42. Insets
show the high-magnification images of pMAPK-positive cells. Black arrowheads indicate
the pMAPK-positive signals. Blue arrows indicate the pMAPK-positive astrocytic
processes. Scale bar, 50 pm. (¢) Double IHC for pMAPK and PLP in the ventromedial
funiculus of control and Ddx20 cKO spinal cords at P42. (d) Double IHC for pMAPK
and Neurofilament-H. Arrowheads indicate the axons (green) wrapped with pMAPK-
positive myelin structures (red). (e) Bar charts showing the average number of the axons
wrapped with pMAPK-positive OLs in the anterolateral funiculus of control and Ddx20
cKO spinal cords (per 0.05 mm?, mean + SEM, n=3 mice per group). Statistical analysis

was performed by two-tailed, unpaired #-test. *, p<0.05. Scale bars: 50 pm (a—c), 25 um

().

FIGURE 7 Responses of astrocytes and microglia in the spinal cord of Mbp-Cre; Ddx20
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cKO mice.

(a—d) GFAP IHC in the transverse sections of control (a,c) and Ddx20 cKO (b,d) spinal
cords at P42 (n=3 mice in each genotype). (¢) Western blot analysis using anti-GFAP
antibody in the spinal cords at P42 (n=3 mice in each genotype). B-actin was used as a
loading control. Bar chart shows the ratio of GFAP protein levels in Ddx20 cKO spinal
cords to those in control spinal cords. The density of GFAP was normalized against that
for B-actin. The density of the bands indicated by the red arrowheads was measured. (f,g)
GS IHC in the transverse sections of control (f) and Ddx20 cKO (g) spinal cords at P42
(n=3 in mice each genotype). (h,i) Ibal IHC in the transverse sections of control (h) and
Ddx20 cKO (i) spinal cords at P42 (n=3 mice in each genotype). (j,k) CD11b IHC in the
transverse sections of control (j) and Ddx20 cKO (k) spinal cords at P42 (n=3 in each
genotype). (I-o0) Immunohistochemical images showing the activated microglia engulfing
myelin in Ddx20 cKO brains at P42. Double immunostaining for Ibal and PLP (1, m) or
CD68 and MBP (n, 0) was performed (n=3 in each genotype). White arrowheads indicate
myelin fragments phagocytosed by activated microglia. Statistical analysis was
performed by two-tailed, unpaired #-test. **, p<0.01. Scale bars: 100um (a,b), S0pm

(c,d,f=k), 20um (1-o).

Supplementary FIGURE 1 Investigation of Ddx20 expression in neurons, astrocytes,
and oligodendrocytes in mouse spinal cords.
(a—j) Double-immunostaining for Ddx20 and NeuN (a—c), Ddx20 and GS (d—f), or Ddx20

and Olig2 (g—i) was performed in wild-type spinal cords at P42. Scale bars, 100 pm (a—

i.
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Supplementary FIGURE 2 Assessment of Cre recombination in oligodendrocyte
lineage.

(a—e) GFP reporter gene expression was examined on the parasagittal sections of Mbp-
Cre;Z/EG brainstems at P14. (a) Confocal images of double IHC for GFP and CCl1, a
mature oligodendrocyte marker. (b) Confocal images of double IHC for GFP and GFAP,
an astrocyte marker. (c) Confocal images of double IHC for GFP and Ibal, a microglia
marker. (d) Confocal images of double IHC for GFP and NeuN, a neuronal marker. Scale

bars: 50 um.

Supplementary FIGURE 3 Oligodendrocytic gene expression in the Mbp-Cre; Ddx20
cKO mice at P21.

(a,b) Plp ISH in the transverse sections of control (a) and Ddx20 cKO (b) spinal cords at
P21 (n=3 mice in each genotype). (c,d) Mbp ISH in the transverse sections of control (a)
and Ddx20 cKO (b) spinal cords at P21 (n=3 mice in each genotype). (e,f) Pdgfra ISH in
the transverse sections of control (¢) and Ddx20 cKO (f) spinal cords at P21 (n=3 mice in
each genotype). (g,h) Gprl7 ISH in the transverse sections of control (g) and Ddx20 cKO
(h) spinal cords at P21 (n=3 mice in each genotype). (i) RT-qPCR analyses of
oligodendrocytic genes at P21 (n=3 mice in each genotype). Actb was used as an internal
control. Statistical analysis was performed by two-tailed, unpaired #-test. n.s., not

significant. Scale bars: 100 um (a—h).

Supplementary FIGURE 4 Decreased number of CCl-positive mature
oligodendrocytes in the spinal cord of Mbp-Cre; Ddx20 cKO mice.
(a,b) CC1 IHC in the transverse sections of control (a) and Ddx20 cKO (b) spinal cords
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at P42 (n=3 in each genotype). (c) Bar charts showing the average number of CCl-
positive mature OLs in the anterolateral funiculus (per 0.05 mm?, mean = SEM, n=3 in
each genotype). (d,e) PLP IHC in the transverse sections of control (d) and Ddx20 cKO

(e) spinal cords at P42 (n=3 mice in each genotype). (f,g) MBP IHC in the transverse

sections of control (f) and Ddx20 cKO (g) spinal cords at P42 (n=3 mice in each genotype).

(h) Western blot analysis was performed using anti-MBP antibody in the spinal cords at
P42 (n=3 mice in each genotype). B-actin (Actb, 42 kDa) was used as a loading control.
Bar chart shows the ratio of MBP protein levels in Ddx20 cKO spinal cords to those in
control spinal cords (mean + SEM). The MBP protein levels were obtained by summing
the band intensities of the four isoforms (indicated by arrowheads). (i,j) Double IHC for
PLP and NF-H in the transverse sections of control (i) and Ddx20 cKO (j) spinal cords at
P42. (k,1) Double IHC for MBP and NF-H in the transverse sections of control (k) and
Ddx20 cKO (1) spinal cords. Statistical analysis was performed by two-tailed, unpaired ¢-

test. *** p<0.001; n.s., not significant. Scale bars, 100 pm (a,b, d—g); 10 pm (i-1).

Supplementary FIGURE 5 Splicing dysregulation of myelin-related genes in Mbp-
Cre; Ddx20 cKO mice.

(a—f) Semi-quantitative RT-PCR for the alternative splicing of Plpl (a), Mag (b), and
Mbp (c) mRNA in control and Ddx20 cKO mice at P42 (n = 3 mice per group). Bar charts
show the ratio of specific exon inclusion or exclusion in each mRNA (b, d, e, mean +
SEM). *, p<0.05; *** p<0.001; n.s., not significant. Signal intensities from
electrophoretic bands were determined by densitometric measurement using Imagel

software.
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Supplementary FIGURE 6 OPC proliferation is unchanged in Ddx20 KO spinal cords.
(a) Diagrams of the experimental timeline for BrdU short-term administration. (b—g)
Double THC for BrdU and NG2 in the transverse sections of control and Ddx20 cKO
spinal cords at P14 after short-term BrdU labeling experiments. Upper- and lower-panels
show the images with BrdU immunostaining (b,c) and BrdU+ NG2+ double-
immunostaining (e,f), respectively. Insets show representative of BrdU+ NG2+ double-
positive cells. Bar charts indicate the average number of BrdU-positive cells (d) or BrdU+
NG2+ double-positive cells per section (g, mean £ SEM, n=3 mice per group). (h)
Diagrams of the experimental timeline for BrdU long-term administration. (i—n) Double
[HC for BrdU and NG2 in the transverse sections of control and Ddx20 cKO spinal cords
at P42 after long-term BrdU labeling experiments. Upper- and lower-panels show the
images with BrdU immunostaining (i,j) and double IHC for BrdU and NG2 (I,m),
respectively. Bar charts indicate the average number of BrdU-positive cells (k) per section
in control (n=3 mice) and Ddx20 cKO (n=3 mice) spinal cords (mean = SEM). Statistical
analysis was performed by two-tailed, unpaired #-test. n.s., not significant. Scale bars: 100

um (b,c,e,f,i,j,l,m).

Supplementary FIGURE 7 BrdU incorporation in astrocytes and microglia of control
and Ddx20 cKO spinal cords.

(a) Diagrams of the experimental timeline for BrdU long-term administration. (b—f) BrdU
IHC (b,c) and GS and BrdU double IHC (d,e) after long-term BrdU labelling experiments.
GS and BrdU double positive cells per section were counted (f) in the control and Ddx20
cKO mice (n =3 mice each genotype). Insets indicate representative GS and BrdU-double

positive cells. (g—k) BrdU IHC (g,h) and Ibal and BrdU double IHC (i,j) after long-term
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BrdU labelling experiments. Ibal+ BrdU+ double positive cells per section were counted
(k) in the control and Ddx20 ¢KO mice (n = 3 mice each genotype). Insets indicate
representative Ibal and BrdU-double positive cells. Statistical analysis was performed by

two-tailed, unpaired z-test. *, p<0.05; n.s., not significant. Scale bars: 100 um (b—e, g—j).

Supplementary FIGURE 8 Apoptosis is induced in the spinal cords of Ddx20 cKO mice.
(a—d) Images showing TUNEL assay in the transverse sections of control (a,c) and Ddx20
cKO (b,d) spinal cords at P21 (a,b) and P42 (c,d) (n=3 mice in each genotype). (e, f) Bar
charts showing the average number of TUNEL-positive cells in (a—d, mean = SEM).
TUNEL-positive cells per section in the anterolateral funiculus of the spinal cords were
counted. Statistical analysis was performed by two-tailed, unpaired #-test. *, p<0.05; n.s.,

not significant. Scale bars: 20 um (a—d).

Supplementary FIGURE 9 Myelin structures in the spinal cord of Ddx20 cKO mice at
P14.

(a, b) Electron microscopic images showing the myelin structures in the lateral funiculus
of control (a) and Mbp-Cre;Ddx20 cKO spinal cords (b) at P14 (n=2 mice in each

genotype). Scale bar: 2 um.

Supplementary FIGURE 10 Reaction of astrocyte and microglia in the Mbp-Cre; Ddx20
cKO mice.

(a—d) GFAP IHC in the transverse sections of control (a,c) and Ddx20 cKO (b,d) spinal
cords at P14 (a,b) and P21 (c,d) (n=3 mice in each genotype). (e-h) Ibal IHC in the

transverse sections of control (e,g) and Ddx20 cKO (f,h) spinal cords at P14 (e,f) and P21

48

John Wiley & Sons, Inc.

Page 48 of 66



Page 49 of 66 GLIA

GLIA

(g,h) (n=3 mice in each genotype). (i-1) CD11b IHC in the transverse sections of control
(1,k) and Ddx20 cKO (j,l) spinal cords at P14 (i,j) and P21 (k,l) (n=3 mice in each

genotype). Scale bars: 50 pm (a—1).
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