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Abstract: Myelin-forming oligodendrocytes in the vertebrate nervous system co-express the tran-
scription factor Sox10 and its paralog Sox8. While Sox10 plays crucial roles throughout all stages
of oligodendrocyte development, including terminal differentiation, the loss of Sox8 results in only
mild and transient perturbations. Here, we aimed to elucidate the roles and interrelationships
of these transcription factors in fully differentiated oligodendrocytes and myelin maintenance in
adults. For that purpose, we conducted targeted deletions of Sox10, Sox8, or both in the brains of
two-month-old mice. Three weeks post-deletion, none of the resulting mouse mutants exhibited
significant alterations in oligodendrocyte numbers, myelin sheath counts, myelin ultrastructure, or
myelin protein levels in the corpus callosum, despite efficient gene inactivation. However, differences
were observed in the myelin gene expression in mice with Sox10 or combined Sox8/Sox10 deletion.
RNA-sequencing analysis on dissected corpus callosum confirmed substantial alterations in the
oligodendrocyte expression profile in mice with combined deletion and more subtle changes in
mice with Sox10 deletion alone. Notably, Sox8 deletion did not affect any aspects of the expression
profile related to the differentiated state of oligodendrocytes or myelin integrity. These findings
extend our understanding of the roles of Sox8 and Sox10 in oligodendrocytes into adulthood and
have important implications for the functional relationship between the paralogs and the underlying
molecular mechanisms.

Keywords: glia; transcriptional control; myelin; Sox proteins; functional redundancy

1. Introduction

During ontogenetic development, oligodendrocytes arise via oligodendrocyte progeni-
tor cells (OPCs) from neuroepithelial precursor cells in the ventricular zone of the vertebrate
central nervous system (CNS) [1,2]. As part of their differentiation, oligodendrocytes form
myelin sheaths around axonal segments and thereby allow saltatory conduction and fast
information processing [3]. As a consequence, they are important components of neural
circuits in the CNS [4].

Over the years, several transcription factors have been identified that are part of the
oligodendroglial regulatory network and influence oligodendrocyte development and
myelination [5-7]. This includes the HMG-box transcription factor Sox10 and its close
relative Sox8 [5,8]. Both proteins are expressed throughout lineage development from
OPC to fully mature oligodendrocytes [5,9]. Although Sox10 has a strong influence during
all stages of oligodendroglial development [5], Sox8 loss causes only a mild delay of
differentiation in early postnatal oligodendrocytes [9]. The most prominent role of Sox8
in oligodendroglial cells has been established in mouse mutants with a constitutive Sox8
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deficiency and a Mog::iCre-induced Sox10 loss [10]. Oligodendroglial cells in these mice
lack Sox8 at all times and additionally lose Sox10 during the late stages of the myelination
process. While still normal at early phases of myelination, the expression of myelin genes
was heavily disturbed during the late phases of myelination in these mice. In contrast, mice
that carried only one or the other mutation did not exhibit any conspicuous abnormalities in
myelin gene expression. From these analyses, it was concluded that the remaining presence
of either Sox8 or Sox10 is sufficient to complete the already induced oligodendroglial
differentiation and maintain the differentiated state [10]. Due to the ability of Sox8 and
So0x10 to compensate the loss of the other, both factors appeared functionally redundant in
myelin-forming oligodendrocytes.

Here, we extended our analysis to adult mice and revisited the relationship of Sox8
and Sox10 by inactivating both factors in a tamoxifen-dependent manner at 2 months using
a Plp1::CreERT2 Bac transgene [11]. Previous studies on 4-month-old Sox10/"# Plp1::CreERT?2
mice (henceforth referred to as Sox10cko) have already shown that such mice develop a
severe peripheral neuropathy after approximately a month of tamoxifen treatment [12]. This
is due to the additional activity of the Cre transgene in peripheral glia and the known role
of Sox10 in Schwann cells [11,13,14]. Compared to this previous study, we included Sox8 in
the analysis. Using both Sox10/" and Sox8" alleles, we deleted both factors simultaneously
and after oligodendrocyte differentiation was completed so that all determined alterations
exclusively concerned maintenance issues. By the inclusion of expression profiling, our
goal was to gain novel insights into the relationship between Sox8 and Sox10 and the
mechanisms underlying their function.

2. Results
2.1. Ablation of Sox8 and Sox10 in Adult Oligodendrocytes is Efficient

To study the consequences of Sox8 and Sox10 inactivation in adult oligodendrocytes,
we combined floxed alleles for Sox8 and Sox10, either alone or in combination, with a
Plp1::CreERT2 transgene and treated these animals at two months of age (day 60) for
five consecutive days with tamoxifen. Under this regimen, severe dysfunctions of the
peripheral nervous system became evident after the third week in Sox10cko and Sox8"/!
Sox10"f! Plp1::CreERT2 (from now on referred to as dcko) mice. Consequently, analysis was
performed at 21 days post injection (dpi).

For the analysis, we focused on the corpus callosum as a representative white matter
tract. By staining the forebrain sections for Sox8, Sox10, and the third paralog of subgroup
E of the Sox family Sox9, we were able to show that 75.8 &= 0.6% of all cells in the corpus
callosum exhibited immunoreactivity for Sox8 in the control mice (Figure 1a,m). The num-
ber of cells with Sox10 expression was comparable and reached 71.2 £ 1.4% (Figure 1b,m).
In contrast, only 6.1 £ 0.4% of the cells in the corpus callosum were stained for Sox9
(Figure 1c,m).

When the same analysis was carried out in Sox8™/ Plp1-CreERT? (referred to as
Sox8cko) mice, similar values were obtained for the cells expressing Sox10 (72.7 & 1.0%) or
So0x9 (5.4 £ 0.3%), while the proportion of Sox8-expressing cells decreased to 5.2 + 0.8%
(Figure 1d—f,m). Similarly, the number of cells in Sox10cko mice with Sox8 (77.3 £ 0.7%)
or Sox9 (5.6 £ 0.6%) expression were comparable to those in the corpus callosum of the
control mice (Figure 1g,i,m). In these mice, the number of Sox10-expressing cells selectively
dropped to 5.9 £ 0.4% (Figure 1h,m). In the corpus callosum of the dcko mice, both the
number of Sox8-expressing and Sox10-expressing cells were similarly reduced (3.7 = 0.7%
and 5.4 & 1.2%, respectively), notably without an increase in the number of cells express-
ing Sox9 (Figure 1j-m). In line with these findings, the absolute numbers of Sox8- or
Sox10-expressing cells were likewise reduced in the corpus callosum of the corresponding
mouse mutants (Figure 1n). The Sox8 and Sox10 deletion in oligodendroglial cells reached
approximately 90-95% in the various mutants.
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Figure 1. Efficient gene inactivation in mutant mice. (a-1) Co-immunohistochemical stainings of the
corpus callosum from the control mice (ctrl, (a—c)), Sox8 mutant mice (Sox8cko, (d—f)), Sox10 mutant
mice (Sox10cko, (g-i)), and Sox8/Sox10 double-mutant mice (dcko, (j-1)) at 21 dpi, with antibodies
directed against Sox8 (a,d,g,j), Sox10 (b,e,h k), and Sox9 (c,f,il). Scale bar: 50 um. Microscope
enlargement: 200x. (m) Quantification of the percentage of Sox8-, Sox10-, or Sox9-expressing
cells among all cells in the corpus callosum (identified by DAPI stain) in the various mouse lines.
(n) The absolute numbers of cells expressing Sox8, Sox10, or Sox9 per mm? in the corpus callosum
of the various mouse lines. Bar graphs show the mean =+ standard error of the mean (n = 4). The
statistical significance relative to the controls was determined for each Sox protein by Student’s t-test
(***, p <0.001).

2.2. The Number and State of Oligodendroglial Cells Remain Unchanged upon Loss of Sox8
and Sox10

To characterize the consequences of the loss of Sox8 and Sox10, we first quantified
the number of Olig2-positive cells in the corpus callosum of the various mouse lines at
21 dpi. As evident from the representative pictures (Figure 2a—d) and corresponding
quantifications (Figure 2m), Olig2-expressing cells were comparable in number among all
mouse lines and made up 74.6-76.6% of all cells in the corpus callosum.

As Olig2 does not distinguish between adult OPCs and oligodendrocytes, we next
performed stainings and quantifications for Pdgfra, a protein that selectively labels the
OPC fraction. Using this marker, we identified 3.2-4.0% of all cells in the corpus callosum
as OPCs but failed to detect significant differences in the cell numbers between controls
and the various Sox mutant lines (Figure 2e-h,n). This result was confirmed by staining for
Sox6 (Figure 2i-1,0), whose expression in the corpus callosum of adult mice was effectively
restricted to OPCs [5]. Neither the total number of oligodendroglial cells nor the population
of OPCs was substantially affected after the individual or combined ablation of Sox8
and Sox10.
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Figure 2. Unchanged oligodendroglial cell numbers in mutant mice with Sox8 and Sox10 deletions.
(a-1) Immunohistochemical stainings of the corpus callosum from the control mice (ctrl, (a,e,i)), Sox8
mutant mice (Sox8cko, (b,£,j)), Sox10 mutant mice (Sox10cko, (¢,g,k)), and Sox8/Sox10 double-mutant
mice (dcko, (d,h,1)) at 21 dpi, with antibodies directed against Olig2 (a—d), Pdgfra (e-h), and Sox6
(i-1). Scale bar: 50 um. Microscope enlargement: 200x. (m—o) Quantification of the percentage
of cells expressing Olig2 (m), Pdgfra (n), or Sox6 (0) among all the cells in the corpus callosum
(identified by DAPI stain) of the various mouse lines. Bar graphs show the mean + standard error of
the mean (n = 4). No statistical significance was determined for any of the mutants or markers by

Student’s t-test.

2.3. Changes in Myelin Are Subtle after the Deletion of Sox8 and Sox10 in Adult Oligodendrocytes

The Bcasl (breast carcinoma amplified sequence 1) protein has been reported to be
preferentially expressed in newly generated oligodendrocytes in demyelinating lesions [15].
Following immunohistochemical staining, the intensity of the Bcas1 signal was comparable
between the corpus callosum of the control and Sox8cko mice, and exhibited a mild decrease
in the Sox10cko and dcko mice (signal intensities of 0.80 and 0.76 relative to 0.9 and 1.0 in
the Sox8cko and control mice; Figure 3a). However, this decrease did not reach statistical



Int. J. Mol. Sci. 2024, 25, 8754

50f18

signal intensity

| [__Mbp

Aspa

1.5=
1.0
0.5-
0.0-
Bcas1
N ctrl

significance (Figure 3a). Similar results were obtained in immunohistochemical stainings for
three major myelin proteins, i.e. the myelin basic protein (Mbp), the proteolipid protein 1
(PIp1), and the myelin oligodendrocyte protein (Mog). Only Sox10cko and dcko mice
showed a mild reduction in the Mbp, Plp1, and Mog signal intensities (Figure 3a,c—f). In
the case of Plpl, for instance, relative signal intensities were reduced by 22-24% in the
Sox10cko and dcko mice, but only by 3% in the Sox8cko mice relative to the controls. Again,
this reduction did not reach statistical significance for any of the markers. In contrast,
reductions in the number of aspartoacylase (Aspa) expressing oligodendrocytes in the
corpus callosum of the Sox10cko and dcko mice were statistically significant (Figure 3b,g—j).
They were more pronounced in the dcko mice (52 &= 2% of all cells compared to 74.0 = 1%
in the controls) than in the Sox10cko mice (64 + 7% compared to 74.0 £ 1% in the controls).
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Figure 3. Mild reductions in the myelin protein amounts in mutant mice with Sox8 and Sox10
deletions. (a) Quantification of signal intensities for Becasl, Mbp, Plpl, and Mog following im-
munohistochemical staining of the corpus callosum of the control (ctrl), Sox8 mutant (Sox8cko),
Sox10 mutant (Sox10cko), and Sox8/Sox10 double-mutant (dcko) mouse lines at 21 dpi. Bar graphs
show the mean =+ standard error of the mean (n = 4) for each genotype with intensities for the
control animals set to 1. (b) Quantification of the percentage of the Aspa-expressing cells among
all cells (identified by DAPI stain) in the corpus callosum of the various mouse lines. Statistical
significance relative to the controls was determined for each marker by Student’s t-test (*, p < 0.05;
** p <0.001). (c—j) Exemplary immunohistochemical stainings of the corpus callosum from the
control (c,g), Sox8cko (d,h), Sox10cko (e,i), and dcko (f,j) mice with antibodies directed against Mbp
(c—f) and Aspa (g—j). Scale bar: 50 pm. Microscope enlargement: 200x.

In line with persistently high levels of myelin proteins, electron microscopy on the
corpus callosum did not reveal any obvious structural alterations in the myelin sheaths of
the Sox8cko, Sox10cko, or dcko mice when compared to the controls (Figure 4a—d). There
was no increased occurrence of abnormal myelin structures or myelin debris. The number
of unmyelinated axons was not increased in any of the genotypes and ranged from 2.7 to
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2.2 unmyelinated axons per 100 um? (Figure 4e). Additionally, the g-ratio as a measure
of myelin thickness was comparable between all genotypes (0.85-0.86 in all genotypes),
not only when averaged over all axons (Figure 4f), but also when separately determined
for axons of small, middle, or large diameter sizes (Figure 4g—i). Even 21 days after
tamoxifen-induced gene deletion, the levels of the myelin proteins remained sufficient to
maintain intact and morphologically inconspicuous myelin sheaths in all mutant genotypes,
including dcko mice.
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Figure 4. Unaffected myelin sheaths in mutant mice with Sox8 and Sox10 deletions. (a—d) Electron
microscopic pictures of the sagittally cut corpus callosum from the control mice (ctrl, (a)), Sox8 mutant
mice (Sox8cko, (b)), Sox10 mutant mice (Sox10cko, (c)), and Sox8/Sox10 double-mutant mice (dcko,
(d)) at 21 dpi. Electron microscope enlargement: 3600 x. (e) Quantification of the absolute number of
unmyelinated axons per 100 pum? of sagittally cut corpus callosum in the various mouse mutants.
(f-i) Representation of the g-ratios in the corpus callosum of the controls and the various mouse
mutants, as determined over all axons (f) after binning of axons according to diameter size (g) or
presented for single axons in a scatter plot (h,i). (j—r) Inmunohistochemical stainings of the corpus
callosum from the control (j,n), Sox8cko (k,0), Sox10cko (1,p), and dcko (m,q) mice at 21 dpi, with
antibodies directed against Ibal (j—m) and Gfap (n—q), as well as the corresponding quantification
of signal intensities (r). Bar graphs show the mean =+ standard error of the mean (n = 4) for each
genotype, with intensities for the control animals set to 1. No statistical significance relative to the
controls was determined for any of the parameters or markers by Student’s ¢-test. Scale bar: 50 pm.
Microscope enlargement: 200x.

Histology and immunohistochemical staining for Ibal showed no signs of microglial
activation or increased immune cell infiltration (Figure 4j-m,r). Additionally, immunohisto-
chemical staining for Gfap was comparable among all genotypes, with signal intensities
varying no more than 7% among all genotypes. There were no signs of astroglial activation
or astrogliosis in any of the mutant genotypes (Figure 4n-r).
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2.4. Gene Expression Changes Substantially in the Adult Oligodendrocytes of Sox10cko and
Dcko Mice

Considering the fact that myelin proteins rank among the most stable proteins in the
mammalian CNS, we reasoned that much of the myelin proteins present at 21 dpi were
generated before tamoxifen-dependent gene ablation and therefore mask the effects of gene
loss. To bypass this complication, we focused on myelin gene transcripts as a proxy for the
newly generated myelin proteins. Interestingly, in situ hybridizations for Plp1 and Mog
transcripts revealed significant reductions in the number of transcript-positive cells in the
corpus callosum of the Sox10cko mice, and there were even stronger reductions in the dcko
mice (Figure 5a,c,d,e,g-i). In contrast, the number of Plpl-positive and Mog-positive cells
was comparable to controls in the corpus callosum of the Sox8cko mice (Figure 5a,be fi). A
reduction in Mbp, Plp1, Mog, and Fa2h transcripts was also detected for the Sox10cko and
dcko mice when cDNA was prepared from total corpus callosum RNA and analyzed by
qRT-PCR (Figure 5j). By the same approach, we were also able to confirm the reduction in
Sox8 and Sox10 transcripts in the mutants where the genes were targeted by Cre activity.
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Figure 5. Altered expression of the myelin genes in mutant mice with Sox8 and Sox10 deletions.
(a—i) In situ hybridization of the corpus callosum from the control (ctrl, a,e), Sox8 mutant (Sox8cko,
b,f), Sox10 mutant (Sox10cko, ¢,g), and Sox8/Sox10 double-mutant (dcko, d,h) mice at 21 dpi with
antisense probes directed against Plp1 (a—d) and Mog (e-h), as well as corresponding quantifications
(i). The bar graph shows the absolute numbers of the transcript-positive cells per mm? in the corpus
callosum of the various mouse lines as the mean =+ standard error of the mean (n = 4) for each
genotype. Scale bar: 50 um. Microscope enlargement: 200 x. (j) Expression of the Sox8, Sox10, Mbp,
Mog, Plp1, and Fa2h in the corpus callosum from the control and mutant mice, as determined by
quantitative RT-PCR. Values represent the mean relative expression levels =+ standard error of the
mean (n = 4 per genotype), with transcript levels of each marker set to 1 in the controls. Statistical
significance relative to the controls was determined for each marker by Student’s t-test (***, p < 0.001).
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Based on the fact that the consequences of gene deletions were much more readily
detectable on the transcript level, we decided to use corpus callosum RNA for a more
global expression profiling exercise. In this approach, we compared expression patterns
in the control mice to those in the Sox8cko, Sox10cko, or dcko mice by RNA sequencing.
Analysis of the sequencing data revealed that the transcript levels for Sox8 and Sox10 were
approximately equivalent in the adult control oligodendrocytes, with 147.6 £ 13.1 specific
transcripts per million transcripts (TPM) for Sox8 and 198.5 £ 15.1 TPM for Sox10. RNA
sequencing also confirmed the efficient gene deletion in the various mouse lines. Sox§
transcript levels were reduced to 23.2 + 4.2 TPM in mice with oligodendrocyte-specific Sox8
ablation. A comparable reduction to 15.3 & 1.6 TPM was observed for the Sox10 transcripts
in the mice with Sox10 deletion. Intriguingly, Sox9 transcript levels remained around
28-52 TPM in all samples, independent of whether Sox8, Sox10, or both were deleted.

As evident from the principal component analysis (PCA) plots, there was a clear
difference in the expression profiles between the control mice and the Sox10cko or dcko
mice, whereas the difference between the controls and the Sox8cko mice was much less
pronounced (Figure 6a—c). Additionally, the expression profiles of the mice with individual
Sox8 or Sox10 deletions were distinct from each other, as well as from the dcko mice
(Figure 6d-f).

Quantitative analysis of the differentially expressed genes (DEGs) also showed that
the overall changes in the expression profile were considerably smaller for Sox8cko mice
than for the other mutants. While ~10% of all genes expressed in the corpus callosum of the
dcko mice qualified as DEGs (as defined by a log2-fold change of >4-0.75, p-value of <0.05,
and a mean base count of >20 TPM), this number dropped to ~6% for the Sox10cko mice
and a mere ~3% for the Sox8cko mice (Figure 6g—i). Interestingly, the downregulated genes
outnumbered the upregulated genes in both Sox10cko and dcko mice. In contrast, the
number of upregulated genes was comparable to the number of downregulated genes
among the DEGs identified in the Sox8cko mice.

DEGs with very high probability (—log10 p-value > 20) were exclusively observed in
the samples from the Sox10cko and dcko mice, and they were not present in the samples
from the Sox8cko mice, as evident from the Volcano plots (Figure 6j-1). Notably, the highest
rates of upregulation or downregulation (log2fold change of >+5) were restricted to DEGs
from the dcko mice.

Gene set enrichment analysis (GSEA) further revealed that the loss of Sox8 primarily
affected the general organization of chromatin and microtubules, as well as the DNA and
cell cycle characteristics (Figure 7a). Similar terms were annotated when gene ontology
(GO) analysis was performed on the upregulated genes (Figure 7b). For the GO analysis
of the downregulated genes, terms were related to axon guidance, ion transport, or signal
transduction (Figure 7c). Intriguingly, neither GSEA nor GO analysis revealed a specific
link to glial cells.

In contrast, analogous GSEA on the Sox10cko mice detected alterations in gene sets
associated with regulation of gliogenesis and glial cell differentiation (Figure 7d). There was
again no clear link to the glia-related processes among the few terms that were retrieved
by GO analysis of the genes upregulated in the Sox10cko samples (Figure 7e). In contrast,
when the genes downregulated in Sox10cko mice underwent GO analysis, terms related
to myelination, axon ensheathment, and oligodendrocyte development were significantly
enriched in addition to a regulation of gliogenesis and glial cell differentiation (Figure 7f).
Not surprisingly, the link to glial biology, oligodendrocytes, and ensheathment was even
more prominent in GSEA on dcko mice (see Figure 7g, also note the higher p-values than in
Figure 7d). In the GO analysis, these terms segregated exclusively with the downregulated
genes (compare Figure 7h,i). For the downregulated genes, additional terms appeared in
the GO analysis that were related to lipid biosynthesis and cholesterol metabolism and thus
highly relevant to myelination and myelin maintenance (Figure 7i). In contrast, the GO
analysis on the upregulated genes in the dcko mice did not yield terms related to glial cells
or myelin but revealed a link to the altered regulation of (neuronal) apoptosis (Figure 7h).
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Terms related to astrocytes, microglia, inflammation, or other immune-related terms were
not identified in the GSEA or GO analysis for any of the mouse mutants.
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Figure 6. Changed expression profiles in the corpus callosum of mice with oligodendrocyte-specific

deletions of Sox8 and Sox10. (a—f) PCA plots showing pairwise comparisons of the results from
the control (ctrl), Sox8 mutant (Sox8cko), Sox10 mutant (Sox10cko), and Sox8/Sox10 double-mutant
(dcko) mice obtained by RNA sequencing of corpus callosum samples. (g—i) Pie charts summarizing

the number of upregulated (red) or downregulated (blue) differentially expressed genes (DEGs, as

defined by a log2-fold change of >=+0.75, p-value of <0.05, and a mean base count of >20 gene-specific

transcripts per million transcripts) in the corpus callosum of the Sox8cko (g), Sox10cko, (h) and dcko
mice. (j—1) Graphical representation of the DEGs in Sox8cko (j), Sox10cko (k), and dcko (1) mice
according to the p-value and log2-fold change (logfc) in Volcano plots.



Int. J. Mol. Sci. 2024, 25, 8754

10 of 18

a

9

01

01

GSEA

chromosome organization
chromosome segregation

sister chromatid segregation

nuclear chromosome segregation
mitotic cell cycle

cell division

cell cycle process

mitotic cell cycle process

mitotic cell cycle phase transition

cell cycle phase transition

mitotic nuclear division

post translational protein modification
organelle fission

microtubule cytoskeleton organization
protein DNA complex organization

S e |
2 3 4
~log10 (p-value)

GSEA Sox10cko

heart process

vascular process in circulatory system
circulatory system process

regulation of membrane potential
actomyosin structure organization
regulation of gliogenesis

defense response to bacterium

sex differentiation

glial cell differentiation

adaptive immune response

regulation of canonical wnt signaling pathway

negative regulation of nervous system development

negative regulation of apoptotic signaling pathway
response to oxidative stress
monocarboxylic acid metabolic process

2 3 4

~log10 (p-value)

01
~log10 (p-value)

GSEA dcko

regulation of epithelial cell apoptotic process
circulatory system process

glial cell development

oligodendrocyte development

glial cell differentiation

gliogenesis

il&ti6R 6F GE s SarataH
gulation of peptide secretion

o
regulation of insulin secretion

insulin secretion

hormone transport

vascular process in circulatory system
regulation of protein secretion

signal release

ensheathment of neurons
oligodendrocyte differentiation

2.3 4

e

h

GO

cell cycle

up

mitotic spindle assembly

cell cycle process

cell division

mitotic cell cycle process

positive regulation of exit from mitosis
spindle assembly

mitotic spindle organization

regulation of nuclear division

regulation of exit from mitosis
spindle organization

regulation of mitotic nuclear division

T
02 46 8
~log10 (p-value)

GO Sox10cko up

chloride transmembrane transport
meiotic sister chromatid cohesion
membrane hyperpolarization

multicellular organismal homeostasis

T
012345
~log10 (p-value)

GO dcko up
multicellular organismal process
circulatory system process
vascular process in circulatory system
system process
cellular response to endogenous stimulus

regulation of tube diameter
regulation of blood vessel diameter

regulation of tube size

high-density lipoprotein particle assembly
compartment pattern specification

negative regulation of neuron death

L e e |
0246810
~log10 (p-value)

microtubule cytoskeleton organization involved in mitosis

central nervous system neuron differentiation

negative regulation of stress fiber assembly

negative regulation of actin filament bundle assembly

negative regulation of neuron apoptotic process

positive regulation of multicellular organismal process

regulation of multicellular organismal process

f

GO

axon guidance

down

neuron projection guidance
hormone transport

regulation of biological quality
cell surface receptor signaling pathway
ion transport

transmembrane transport
chemical homeostasis

signal transduction

peptide hormone secretion
regulation of hormone levels
multicellular organismal process
developmental process
hormone secretion

system process

T rr11
0246810
~log10 (p-value)

GO Sox10cko down

myelination

axon ensheathment

ensheathment of neurons

regulation of gliogenesis

positive regulation of gliogenesis

regulation of multicellular organismal process
positive regulation of myelination

oligodendrocyte development

regulation of multicellular organismal development
negative regulation of axon extension

positive regulation of glial cell differentiation
regulation of oligodendrocyte differentiation
positive regulation of oligodendrocyte differentiation
regulation of developmental process

regulation of glial cell differentiation

02 46 8
~log10 (p-value)

GO dcko down

lipid biosynthetic process

axon ensheathment

ensheathment of neurons
myelination

cholesterol metabolic process
secondary alcohol metabolic process
sterol metabolic process

steroid metabolic process

lipid metabolic process

sterol biosynthetic process
cholesterol biosynthetic process
secondary alcohol biosynthetic process
small molecule biosynthetic process
regulation of gliogenesis

steroid biosynthetic process

0 5101520
-log10 (p-value)

Figure 7. Altered cellular processes in the corpus callosum of mice with oligodendrocyte-specific

deletion of Sox8 and Sox10. (a—i) Gene set enrichment analyses (GSEA; (a,d,g)) and gene ontology

(GO,) studies on the upregulated (b,e,h) and downregulated (¢ f,i) differentially expressed genes (as

defined by a log2-fold change of >=+0.75, p-value of <0.05, and a mean base count of >20 gene-specific

transcripts per million transcripts) according to the RNA-sequencing data from the corpus callosum
of the Sox8 mutant (Sox8cko, (a—c)), Sox10 mutant (Sox10cko, (d—f)), and Sox8/Sox10 double-mutant
(dcko, (g—i)) mice. The top 15 terms (if present) according to adjusted p-values are listed. Terms

related to glia are labeled in dark red, those related to lipid and cholesterol metabolism are in light

red; all others are in gray.

When analyzing the RNA-sequencing results for the expression levels of key genes
related to myelin or lipid metabolism, we detected a substantial downregulation in the
samples from the dcko mice (Figure 8a-1). In the RNA from the corpus callosum of the
Sox10cko mice, the expression of a few of these key genes remained unaffected (e.g., Mal,
see Figure 8e), while the expression of most was lower than in the control samples. The
transcript amounts for the genes with reduced expression in the Sox10cko mice were
usually closer to those in the controls than the dcko mice. However, for certain genes, the
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reductions in the Sox10cko mice were fairly close to those observed in the dcko mice (e.g.,
Aspa, Enpp6, or Ugt8a; see Figure 8g,e,l). Strikingly, none of the genes related to myelin or
lipid metabolism exhibited reduced expression levels in the Sox8cko mice. Instead, some
genes even showed increased expression.
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Figure 8. Altered expression of select genes in the corpus callosum of the Sox8 mutant (Sox8cko),
Sox10 mutant (Sox10cko), and Sox8/Sox10 double-mutant (dcko) mice. (a-1) Expression levels of Mbp
(a), Plp1 (b), Mog (c), Mag (d), Mal (e), Opalin (f), Aspa (g), Fa2h (h), Elovl1 (i), Enpp6 (j), Gal3st1 (k),
and Ugt8a (1) in the control, Sox8cko, Sox10cko, and dcko mice according to RNA-sequencing data
and are represented as gene-specific transcript per million transcripts (TPM). Statistical significance
relative to the controls was determined for each marker by Student’s t-test (*, p < 0.05; **, p < 0.01;
and ***, p < 0.001).

A comparison of the upregulated or downregulated DEGs between Sox8cko on the
one side and Sox10cko or dcko on the other side further revealed that there was virtually no
overlap (i.e., <1% of the sum of DEGs in both compared mouse mutants) (Figure 9a,b,d,e).
In contrast, the overlap between Sox10cko and dcko amounted to 16% of all DEGs for
the upregulated genes and 42% for the downregulated genes (Figure 9¢,f). The strong
alterations in the expression of the genes relevant for the oligodendrocytes and myelin in
the dcko mice were partially already present at moderate levels in the Sox10cko mice but
not in the Sox8cko mice.
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Figure 9. Comparison of the expression changes in mice with oligodendrocyte-specific deletion of
Sox8 and Sox10. (a—f) Venn diagrams showing the overlap of upregulated (a—c) and downregulated
(d—f) genes between the Sox8 mutant (Sox8cko) and Sox10 mutant (Sox10cko) mice (a,b); Sox8cko and
Sox8/S0x10 double-mutant (dcko) mice (c,d); or the Sox10cko and dcko (e,f) mice. Jointly deregulated
genes were defined as genes that are similarly up or downregulated in both mutant mice with a
p-value < 0.05 and achieving a log2fold deregulation of >3-0.75 in at least one mutant.

3. Discussion

Previous studies had shown that Sox8 is co-expressed with Sox10 at all times of
oligodendroglial development, but has only limited influence on lineage progression, the
induction of terminal differentiation, and the myelination process despite its close structural
resemblance to Sox10 [9]. Sox8 appears to become more relevant only at late stages of the
developmental myelination process, as indicated by the fact that the combined deletion
of both Sox8 and Sox10 is necessary to severely affect late-stage myelination [10]. In the
current study, we compare the role of these two related Sox transcription factors on myelin
maintenance in the forebrain of two-month-old mice.

By using floxed Sox8 and Sox10 alleles in combination with a tamoxifen-inducible
Plp1-CreERT2, we inactivated both genes in the myelin-forming oligodendrocytes of the
CNS. In the corpus callosum, oligodendroglial cells make up approximately two thirds to
three quarters of all cells [3]. From our immunohistochemical quantifications and RNA-seq
results, we can conclude that the deletion of both genes in oligodendroglial cells was
similarly efficient and amounted to approximately 90-95% in the various mutants. The
remaining Sox8- and Sox10-expressing cells likely correspond to adult OPCs as activity of
the Cre recombinase is restricted to the oligodendrocyte stage and is not present in OPCs.

We also analyzed the expression of the closely related Sox9 in the corpus callosum
and noted that the number of Sox9-expressing cells was substantially lower than the
number of oligodendroglial cells. This agrees with previous reports that Sox9 occurs in
oligodendroglial cells during developmental myelination but not in the adult brain, where
its occurrence is restricted to astrocytes [16,17]. Interestingly, neither the number of Sox9-
expressing cells nor the overall level of Sox9 transcripts changed in any of the mutants. This
suggests that there is no compensatory upregulation of Sox9 in oligodendrocytes following
the deletion of Sox8, Sox10, or both. This is an important observation because such an
upregulation could mask the gene-deletion effects.

Tamoxifen-dependent induction of the Plp1-CreERT?2 transgene also caused efficient
gene ablation in the peripheral nervous system. The loss of Sox10 in particular led to
severe peripheral problems that also limited our window of analysis in the central nervous
system to three weeks after tamoxifen injection. At 21 dpi, the myelin ultrastructure in
the corpus callosum appeared intact in all mouse mutants, independent of whether Sox8,
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S0x10, or both were inactivated. Reductions in the amounts of myelin proteins in the corpus
callosum were mild and exclusively observed in the Sox10cko and dcko mice. Furthermore,
the three myelin proteins analyzed were still present at very high levels such that the
observed reductions failed to reach statistical significance. A more pronounced decrease
was detected in the Sox10cko and dcko mice for Aspa, a protein that is restricted to mature
oligodendrocytes. The findings suggest that a fraction of the oligodendrocytes no longer
expressed the Aspa protein.

We believe that our inability to detect dramatic changes in the myelin structure or
severe reductions in myelin proteins was mainly due to the known stability of myelin
and its components in the adult brain [18,19]. That myelin was still sufficiently stable at
the time of analysis was further supported by the results from the immunohistochemical
stainings of Ibal, Gfap, or Sox9. These stainings were all inconspicuous and did not exhibit
increased signal intensities or numbers of marker-positive cells, which would be indicative
of inflammatory responses to myelin changes, such as microgliosis or astrogliosis [20].

In contrast to the mild changes in the amounts of myelin proteins and in the myelin
structure, more substantial alterations were detected in the transcript levels of the myelin-
related genes in the corpus callosum of the Sox10cko and dcko mice. In particular, the
RNA-sequencing results suggest that there was a significant difference in the extent to
which the expression of the myelin-related genes was reduced in the Sox10cko and dcko
mice. The pronounced reductions in the dcko mice allowed the prediction that myelin
maintenance would be affected at later times. The myelin-related changes in the Sox10cko
mice were much milder such that it is unclear if and when such changes would lead to
an overt demyelinating phenotype in the mouse. The clear-cut difference in the observed
changes between the dcko and Sox10cko mice confirms the joint requirement of Sox8 and
Sox10 for myelin maintenance. Similar results have been described in a previous study for
late-stage myelination during the early postnatal period [10]. Our present study extends
the previous findings to mature oligodendrocytes of the adult brain.

Due to the substantial alterations observed in the dcko mice, we had expected to
find at least mildly disturbed expressions of myelin-related genes in both the Sox8cko and
Sox10cko mice. However, the Sox8cko mice did not exhibit any alterations in the expression
of genes related to myelin or lipid metabolism. In fact, the overall changes in the expression
profile were very subtle when compared to the controls. Furthermore, there was hardly any
overlap between the genes differentially expressed in the Sox8cko mice on the one hand
and Sox10cko or dcko mice on the other. Therefore, it was not immediately obvious how
Sox8 contributes to myelin maintenance in adult oligodendrocytes.

Around birth, Sox8 is expressed at substantially lower levels in oligodendroglial cells
than Sox10, and this difference in expression may explain the lesser impact of Sox8 on
oligodendrocyte differentiation and the initiation of myelination [9]. For adult oligoden-
drocytes, however, our RNA-sequencing data show that transcript levels for Sox8 and
Sox10 are comparable such that the differences in amounts are an unlikely explanation for
the different influence on myelin gene expression at this stage. While we are aware that
there is no strict correlation between transcript and protein levels, the signal intensity in
immunohistochemical stainings also indicates that Sox8 amounts in adult oligodendrocytes
are substantial.

With comparable levels of Sox8 and Sox10 in adult oligodendrocytes, it is not immedi-
ately obvious why strong alterations in the expression of myelin-related genes are observed
only in the absence of both closely related Sox proteins when Sox8 deletion has no influence
on its own. It seems that the loss of Sox8 remains without consequence in the context of
myelin-related gene expression as long as Sox10 is still present. Once Sox10 is lost, however,
Sox8 seems to be able to take over at least part of the functions normally performed by
Sox10. This suggests that differences exist between the closely related paralogous proteins.

While we cannot exclude that Sox8 and Sox10 recognize different target sites and
have distinct functions, we favor a model in which the two proteins are functionally
similar and generally bind to the same target sites. Assuming the presence of comparable
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amounts of Sox8 and Sox10 protein in mature oligodendrocytes and a total amount of
combined Sox8 and Sox10 protein that exceeds the demand for myelin maintenance and
the number of binding sites in target genes, Sox10 could simply be more efficient than
Sox8 in exerting these common functions and thus outcompetes Sox8. As the domains
involved in DNA-binding (i.e., the high-mobility-group domain and the dimerization
domain) are virtually identical between Sox8 and Sox10 [21], the two proteins are likely
to have a similar affinity for the same target sites. However, the two proteins differ
substantially in their transactivation domains. As a consequence, Sox8 may be less efficient
than Sox10 in integrating into active transcriptional complexes, interacting with partnering
transcription factors, or recruiting chromatin modifiers or remodelers that are required for
myelin maintenance [22,23]. Under normal conditions in mature oligodendrocytes, both
Sox8 and Sox10 may bind to their target sites and the overall target gene activation will be
the average of the weaker activation by Sox8 and the stronger activation by Sox10. When
Sox8 is lost, target gene activation may not be affected or even slightly increased because
Sox10 no longer competes with Sox8. When Sox10 is lost, the remaining amounts of the
less efficient Sox8 will be insufficient to fully maintain normal expression levels. Dramatic
reductions will, however, require the loss of both proteins.

In several other cell types, Sox8 is co-expressed with Sox9 [24-26]. As already men-
tioned, Sox9 is highly related to Sox8 and Sox10, and it represents the third paralog of
group E of the Sox family of transcription factors. Co-expression occurs, for instance, in
sex determination, Sertoli cells, and chondrocyte development. In these processes, Sox9
is usually a driving force [27], whereas the effects of Sox8 are often more subtle [24-26].
Therefore, the relationship between Sox8 and Sox9 in these tissues is reminiscent of the
one between Sox8 and Sox10 in oligodendrocytes. Similar patterns of co-expression and
partial functional redundancy have also been observed for paralogous Sox proteins from
other groups, including group B1, group C, and group D [28-31]. In all these cases, it will
be interesting to see whether there are similarities in the underlying molecular mechanisms
that determine the partial functional redundancy.

4. Materials and Methods
4.1. Mice

The mice with inducible knockouts of Sox8, Sox10, or both in adult oligodendrocytes
were generated by a combination of loxP sites containing (floxed) Sox8 (Sox8°%) [24] and
S0x10 (Sox10/10%) [14] alleles with a tamoxifen-inducible CreERT2 recombinase under the
control of Plp1 regulatory sequences (Plp1-CreERT2) [11]. Mice homozygous for the floxed
alleles that lacked Plp1-CreERT2 served as controls. Genotyping was performed as de-
scribed previously [11,14,24]. The mice were kept under standard housing conditions with
12:12 h light—-dark cycles and continuous access to food and water in accordance with
animal welfare laws and ethical regulations. To induce the Cre recombinase, mice were
injected with 200 pL of a 10 mg/mL tamoxifen solution on five consecutive days starting
on postnatal day (P) 60. Tissue was collected 21 days post induction (21 dpi) from the
adult mice.

Animals used for histological stainings and electron microscopy were sacrificed by
exposure to carbon dioxide before perfusion with 4% paraformaldehyde (for histology) or
4% paraformaldehyde, 2.5% glutaraldehyde (for electron microscopy), and the dissection of
brains. For immunohistochemistry and in situ hybridization, tissues underwent additional
overnight fixation in 4% paraformaldehyde followed by extensive washing with phosphate
buffered saline (PBS) and cryoprotection in 30% sucrose. Embedding and freezing at
—80 °C were performed before cryotome sectioning. Both males and females were used.

The mice used for RNA preparation were anaesthetized with isoflurane and then sacri-
ficed by cervical dislocation. The study was approved by responsible local committees and
government bodies (University Erlangen-Niirnberg, Veterindramt Stadt Erlangen TS-2/2021
Bioch. und Pathobioch. and Regierung von Unterfranken, RUF-55.2.2-2532-2-1735).
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4.2. Tissue Stainings

The immunohistochemistry on 10 pm-thick sections was performed on slides using
the following primary antibodies: rabbit anti-Bcasl (Synaptic System, Gottingen, Ger-
many, #445-003, 1:1000 dilution); rabbit anti-Gfap (Neo Markers, Portsmouth, NH, USA,
#RB-087-A, 1:300 dilution); rabbit anti-Ibal (WAKO, Richmond, VA, USA, #019-19741,
1:250 dilution); rabbit anti-Plp1 (Abcam, Cambridge, UK, #AB28486, 1:500 dilution); rabbit
anti-Sox9 (made in house, 1:1000 dilution) [17]; rabbit anti-Olig2 (Millipore, Billerica, MA,
USA, #AB9610, 1:1000 dilution); mouse anti-Olig2 (Millipore, #MABN50, 1:500 dilution);
goat anti-Aspa (US Biological, Salem, MA, USA, #1.3051757, 1:1000 dilution); goat anti-Mog
(Abcam, #AB115597, 1:500 dilution); goat anti-Pdgfra (R&D Systems, Minneapolis, MN,
USA, #AF1062, 1:50 dilution); goat anti-Sox10 (made in house, 1:1000 dilution) [32]; guinea
pig anti-Sox10 (made in house, 1:1000 dilution) [10]; guinea pig anti-Sox6 (made in house,
1:1000 dilution) [31]; guinea pig anti-Sox8 (made in house, 1:1000 dilution) [10]; and rat
anti-Mbp (Serotec, Neuried, Germany, #MCA409S, 1:500 dilution). Secondary antibodies
were coupled to Cy3 or Cy5 (Dianova, Hamburg, Germany) fluorescent dyes. Nuclei
were counterstained with 4,6-diamidine-2-phenylindole (DAPI). For in situ hybridiza-
tion, 10 pm-thick cryotome sections were incubated with digoxigenin-labeled antisense
riboprobes specific for Plpl and Mog, as described in [10]. Stainings were analyzed and
documented with a DMI6000 B inverted microscope equipped with a DFC 360FX camera
(Leica, Wetzlar, Germany).

4.3. Electron Microscopy

After perfusion of the mice at 21 dpi (81 days) with a 4% paraformaldehyde and 2.5%
glutaraldehyde solution, the brains were dissected and sagittally cut. Sample processing
followed established protocols and included post-fixation in 2% osmium tetroxide, de-
hydration in ascending steps of ethanol and acetone, and embedding in epon [14]. After
trimming, as well as ultrathin sectioning and staining with uranyl-acetate and lead citrate,
images were acquired at a nominal magnification, as indicated in the figure legend, with a
LEO 906E transmission electron microscope (Carl Zeiss Microscopy, Oberkochen, Germany)
at 60 kV acceleration voltage.

4.4. RNA Sequencing

For RNA sequencing, the corpus callosum was dissected from 4 controls and
4 tamoxifen-injected knockout animals per strain on dpi2l. The mice were sacrificed,
and their brains were collected, briefly rinsed in cold PBS, and frozen on dry ice. Using
a razor blade, the cerebellum was removed, and the remaining frozen sample was cut
coronally into five even sections. From Sections 2 to 4, the corpus callosum was dissected
under a stereomicroscope. After collection of the tissue, samples were dissociated using
a gentleMACS Dissociator, and the total RNA was extracted by a Trizol-based protocol.
Contaminating DNA was removed by treatment with DNAse I before determining the
quantity, purity, and quality on an Agilent 5300 Fragment Analyzer (Agilent Technologies,
Santa Clara, CA, USA). Between 1 pg and 2 pg total RNA per sample were used for library
preparation using the NEBNext Ultra II RNA Library Prep Kit for Illumina (NEB, Ipswich,
MA, USA) in accordance with the manufacturer’s instructions. The libraries underwent
paired-end sequencing, generating an average of 50 million reads per library. Mapping onto
the mouse genome mm10 was conducted with STAR aligner (v2.5.2b), and the unique gene
hit counts were calculated by using feature counts from the Subread package v1.5.2. DE-
Seq2 was employed for statistical analysis. Data were deposited in GEO and are accessible
under GSE269122.

The GO analysis of upregulated and downregulated genes was performed using the
Gene Ontology enrichment, analysis, and visualization tool GOrilla [33]. Gene signatures
with alterations consequent to Sox8/50x10 gene inactivation were identified using the Gene
Set Enrichment Analysis (GSEA) tool from the Broad Institute (Cambride, MA, USA) [34].
To characterize the state of oligodendrocytes, the transcript levels of genes coding for
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myelin proteins (Mbp, Plp, Mog, Mag, Mal, and Opalin), those associated with the mature
state (Aspa and Enppb6), or those coding for lipid metabolic enzymes (Fa2h, Elovl1, Enpp6,
Gal3st, and Ugt8a) were consulted.

4.5. Quantitative RT-PCR (qRT-PCR)

RNA was prepared as described above. After the reverse transcription to cDNA with
an oligo-dT primer and Moloney Murine Leukemia Virus reverse transcriptase (NEB),
quantitative PCR was performed using a PowerUp SYBR Green Mastermix (Thermo
Fisher Scientific, Waltham, MA, USA, A25743) with the following primers: Fa2h (5'-
TCTGTCTCCTCTCTCCCTGC-3" and 5-CCCTTCTTGGCTTCAGGAGG-3'); Gapdh (5'-
CTTGCTCAGTGTCCTTGCTG-3' and 5-CCCACTCTTCCACCTTCGAT-3'); Mbp
(5'-CCAAGTTCACCCCTACTCCA-3’ and 5'-TAAGTCCCCGTTTCCTGTTG-3'); Mog (5'-
AGGCCTTGTATTCCTCTTCCTGC-3' and 5'-GCTCCAGGAAGACACAACC ATCA-3');
Plp1 (5'-GCTCCTGGTGTTTGCCTGCTC-3' and 5-CACCCACAAACGCAGCAATAAA-3');
Sox8 (5'-ACCCGCATCTCCATAACGCA-3’ and 5'-TGGTGGCCCAGTTCAGTACC-3'); and
Sox10 (5'-ACAGCAGCAGGAAGGCTT CT-3' and 5'-TGTCCTCAGTGCGTCCTTAG-3').
All samples were processed as technical triplicates. Transcript levels were normalized to
Gapdh and the data were analyzed by the AACt method.

4.6. Quantifications and Statistical Analysis

The results from independent animals, experiments, or separately generated samples
were treated as biological replicates (n > 4). Quantifications of signal intensities and
cell numbers in the immunohistochemical stainings and in situ hybridizations, as well
as the g-ratio determination (defined as the ratio of the outer diameter of the myelin
sheath to the axon diameter) and quantification of unmyelinated axons, were performed
using Fiji Image] software (version 2.1.0/1.530). For the immunohistochemical stainings
and in situ hybridizations, the corpus callosum of each animal was analyzed on three
separate sections. On each section, quantification was performed in three areas of the
corpus callosum (one near the midline and one near each lateral edge). For determination
of the g-ratio and the number of unmyelinated axons, three electron microscopic images
per animal were analyzed. To determine whether the differences in cell numbers were
statistically significant, a two-tailed Student’s t-test was performed using GraphPad Prism
software version 8 (*, p < 0.05; **, p < 0.01, ***, p < 0.001).

5. Conclusions

Despite certain limitations, our current study confirms beyond doubt the involvement
of both Sox8 and Sox10 in the expression of myelin-related genes and myelin maintenance,
as well as the unequal contribution of these two paralogs. Additionally, it provides evidence
that the relationship between both proteins and their molecular mode of action is much
more complex than expected. Most results can be explained by a model in which Sox8 and
Sox10 are present in adult oligodendrocytes in non-limiting amounts and perform very
similar functions but with different efficiencies, possibly due to different interactions or
interaction efficiencies with other transcription factors, transcriptional co-regulators, or
regulatory chromatin molecules. As a consequence, a loss of Sox8 will have no effect on the
expression of genes jointly targeted by Sox8 or Sox10, and it might even lead to a slightly
increased expression. In contrast, a loss of Sox10 will result in minor reductions in the
expression of joint target genes, with dramatic changes only visible upon loss of both Sox8
and Sox10. However, further analysis in future investigations will be required to validate
this model. Additionally, we would like to point out that SOX8 is a known genetic risk
locus for multiple sclerosis [35]. Whether and how this relates to our findings remains to
be elucidated.

Author Contributions: Conceptualization, E.S. and M.W.; methodology, L.M.].; software, LM.].;
validation, L.M.]. and E.S.; formal analysis, L.M.].; investigation, L.M.]. and U.S.-S.; resources, M.W.;
data curation, L.M.].; writing—original draft preparation, L.M.]. and M.W.; writing—review and



Int. J. Mol. Sci. 2024, 25, 8754 17 of 18

editing, U.S.-S., VL, E.S. and M.W,; visualization, L.M.].; supervision, M.W.; project administration,
M.W,; funding acquisition, V.L. and M.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation)-270949263 / GRK2162 grant to M.W. and the National Institute of Arthritis and
Musculoskeletal and Skin Diseases R01 AR72649 grant to V.L.

Institutional Review Board Statement: The animal housing conditions and the study protocol
were implemented in accordance with animal welfare laws and ARRIVE guidelines. The study
was approved by the responsible local committees and government bodies (University Erlangen-
Niirnberg, Veterindramt Stadt Erlangen TS-2/2021 Bioch. und Pathobioch. and Regierung von
Unterfranken, RUF-55.2.2-2532-2-1735).

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data generated or analyzed during this study are included
in this published article or were deposited in GEO under accession number GSE269122 [https:
/ /www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE269122] (accessed on 5 August 2024).

Acknowledgments: The present work was performed by Lisa Mirja Jorg in fulfillment of the require-
ments for obtaining the Doctor rerum naturalium degree. Lisa Mirja Jorg is a graduate student of the
research training group 2162 ‘Neurodevelopment and Vulnerability of the Central Nervous System’
of the Deutsche Forschungsgemeinschaft (DFG GRK2162).

Conflicts of Interest: The authors declare that there are no conflicts of interest.

References

1. Rowitch, D.H. Glial specification in the vertebrate neural tube. Nat. Rev. Neurosci. 2004, 5, 409-419. [CrossRef] [PubMed]

2. Cristobal, C.D.; Lee, H K. Development of myelinating glia: An overview. Glia 2022, 70, 2237-2259. [CrossRef] [PubMed]

3.  Stadelmann, C.; Timmler, S.; Barrantes-Freer, A.; Simons, M. Myelin in the Central Nervous System: Structure, Function, and
Pathology. Physiol. Rev. 2019, 99, 1381-1431. [CrossRef] [PubMed]

4. Buchanan, ].; da Costa, N.M.; Cheadle, L. Emerging roles of oligodendrocyte precursor cells in neural circuit development and
remodeling. Trends Neurosci. 2023, 46, 628-639. [CrossRef] [PubMed]

5. Sock, E.; Wegner, M. Using the lineage determinants Olig2 and Sox10 to explore transcriptional regulation of oligodendrocyte
development. Dev. Neurobiol. 2021, 81, 892-901. [CrossRef] [PubMed]

6.  Elbaz, B.; Popko, B. Molecular Control of Oligodendrocyte Development. Trends Neurosci. 2019, 42, 263-277. [CrossRef] [PubMed]

7. Emery, B.; Lu, Q.R. Transcriptional and Epigenetic Regulation of Oligodendrocyte Development and Myelination in the Central
Nervous System. Cold Spring Harb. Perspect. Biol. 2015, 7, a020461. [CrossRef] [PubMed]

8. Wittstatt, J.; Reiprich, S.; Kuspert, M. Crazy Little Thing Called Sox-New Insights in Oligodendroglial Sox Protein Function. Int. J.
Mol. Sci. 2019, 20, 2713. [CrossRef]

9. Stolt, C.C.; Lommes, P; Friedrich, R.P.; Wegner, M. Transcription factors Sox8 and Sox10 perform non-equivalent roles during
oligodendrocyte development despite functional redundancy. Development 2004, 131, 2349-2358. [CrossRef]

10. Turnescu, T.; Arter, J.; Reiprich, S.; Tamm, E.R.; Waisman, A.; Wegner, M. Sox8 and Sox10 jointly maintain myelin gene expression
in oligodendrocytes. Glia 2018, 66, 279-294. [CrossRef]

11. Leone, D.P; Genoud, S.; Atanasoski, S.; Grausenburger, R.; Berger, P.; Metzger, D.; Macklin, W.B.; Chambon, P.; Suter, U.
Tamoxifen-inducible glia-specific Cre mice for somatic mutagenesis in oligodendrocytes and Schwann cells. Mol. Cell Neurosci.
2003, 22, 430-440. [CrossRef] [PubMed]

12.  Bremer, M.,; Frob, F; Kichko, T.; Reeh, P.; Tamm, E.R.; Suter, U.; Wegner, M. Sox10 is required for Schwann cell homeostasis and
myelin maintenance in the adult peripheral nerve. Glia 2011, 59, 1022-1032. [CrossRef] [PubMed]

13.  Britsch, S.; Li, L.; Kirchhoff, S.; Theuring, F.; Brinkmann, V.; Birchmeier, C.; Riethmacher, D. The ErbB2 and ErbB3 receptors and
their ligand, neuregulin-1, are essential for development of the sympathetic nervous system. Genes Dev. 1998, 12, 1825-1836.
[CrossRef]

14.  Finzsch, M,; Schreiner, S.; Kichko, T.; Reeh, P.; Tamm, E.R.; B6sl, M.R.; Meijjer, D.; Wegner, M. Sox10 is required for Schwann cell
identity and progression beyond the immature Schwann cell stage. J. Cell Biol. 2010, 189, 701-712. [CrossRef] [PubMed]

15. Fard, M.K; van der Meer, E; Sanchez, P.; Cantuti-Castelvetri, L.; Mandad, S.; Jakel, S.; Fornasiero, E.F.; Schmitt, S.; Ehrlich, M.;
Starost, L.; et al. BCAS1 expression defines a population of early myelinating oligodendrocytes in multiple sclerosis lesions. Sci.
Transl. Med. 2017, 9, 419. [CrossRef]

16.  Finzsch, M.; Stolt, C.C.; Lommes, P.; Wegner, M. Sox9 and Sox10 influence survival and migration of oligodendrocyte precursors
in the spinal cord by regulating PDGF receptor {alpha} expression. Development 2008, 135, 637-646. [CrossRef]

17. Hassel, L.A.; Frob, E; Kiispert, M.; Hillgdrtner, S.; Arnold, P.; Huang, W.; Kirchhoff, F.; Wegner, M. Differential activity of

transcription factor Sox9 in early and adult oligodendroglial progenitor cells. Glia 2023, 71, 1890-1905. [CrossRef]


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE269122
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE269122
https://doi.org/10.1038/nrn1389
https://www.ncbi.nlm.nih.gov/pubmed/15100723
https://doi.org/10.1002/glia.24238
https://www.ncbi.nlm.nih.gov/pubmed/35785432
https://doi.org/10.1152/physrev.00031.2018
https://www.ncbi.nlm.nih.gov/pubmed/31066630
https://doi.org/10.1016/j.tins.2023.05.007
https://www.ncbi.nlm.nih.gov/pubmed/37286422
https://doi.org/10.1002/dneu.22849
https://www.ncbi.nlm.nih.gov/pubmed/34480425
https://doi.org/10.1016/j.tins.2019.01.002
https://www.ncbi.nlm.nih.gov/pubmed/30770136
https://doi.org/10.1101/cshperspect.a020461
https://www.ncbi.nlm.nih.gov/pubmed/26134004
https://doi.org/10.3390/ijms20112713
https://doi.org/10.1242/dev.01114
https://doi.org/10.1002/glia.23242
https://doi.org/10.1016/S1044-7431(03)00029-0
https://www.ncbi.nlm.nih.gov/pubmed/12727441
https://doi.org/10.1002/glia.21173
https://www.ncbi.nlm.nih.gov/pubmed/21491499
https://doi.org/10.1101/gad.12.12.1825
https://doi.org/10.1083/jcb.200912142
https://www.ncbi.nlm.nih.gov/pubmed/20457761
https://doi.org/10.1126/scitranslmed.aam7816
https://doi.org/10.1242/dev.010454
https://doi.org/10.1002/glia.24373

Int. J. Mol. Sci. 2024, 25, 8754 18 of 18

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

Chapman, T.W,; Hill, R.A. Myelin plasticity in adulthood and aging. Neurosci. Lett. 2020, 715, 134645. [CrossRef]
Sampaio-Baptista, C.; Johansen-Berg, H. White Matter Plasticity in the Adult Brain. Neuron 2017, 96, 1239-1251. [CrossRef]
Franklin, RJ.M.; Simons, M. CNS remyelination and inflammation: From basic mechanisms to therapeutic opportunities. Neuron
2022, 110, 3549-3565. [CrossRef]

Schepers, G.E.; Taesdale, R.D.; Koopman, P. Twenty pairs of Sox: Extent, homology, and nomenclature of the mouse and human
Sox transcription factor families. Dev. Cell 2002, 3, 167-170. [CrossRef] [PubMed]

He, D.; Marie, C.; Zhao, C.; Kim, B.; Wang, J.; Deng, Y.; Clavairoly, A.; Frah, M.; Wang, H.; He, X.; et al. Chd?7 cooperates with
Sox10 and regulates the onset of CNS myelination and remyelination. Nat. Neurosci. 2016, 19, 678-689. [CrossRef]

Parras, C.; Marie, C.; Zhao, C.; Lu, Q.R. Chromatin remodelers in oligodendroglia. Glia 2020, 68, 1604-1618. [CrossRef] [PubMed]
Molin, A.N.; Contentin, R.; Angelozzi, M.; Karvande, A.; K¢, R.; Haseeb, A.; Voskamp, C.; de Charleroy, C.; Lefebvre, V. Skeletal
growth is enhanced by a shared role for SOX8 and SOX9 in promoting reserve chondrocyte commitment to columnar proliferation.
Proc. Natl. Acad. Sci. USA 2024, 121, €2316969121. [CrossRef] [PubMed]

Barrionuevo, F; Scherer, G. SOX E genes: SOX9 and SOX8 in mammalian testis development. Int. J. Biochem. Cell Biol. 2010, 42,
433-436. [CrossRef]

Koopman, P. Sex determination: A tale of two Sox genes. Trends Genet. 2005, 21, 367-370. [CrossRef] [PubMed]

Ming, Z.; Vining, B.; Bagheri-Fam, S.; Harley, V. SOX9 in organogenesis: Shared and unique transcriptional functions. Cell. Mol.
Life Sci. 2022, 79, 522. [CrossRef] [PubMed]

Bergsland, M.; Werme, M.; Malewicz, M.; Perlmann, T.; Muhr, J. The establishment of neuronal properties is controlled by Sox4
and Sox11. Genes Dev. 2006, 20, 3475-3486. [CrossRef] [PubMed]

Bylund, M.; Andersson, E.; Novitch, B.G.; Muhr, J. Vertebrate neurogenesis is counteracted by Sox1-3 activity. Nat. Neurosci. 2003,
6,1162-1168. [CrossRef]

Bhattaram, P.; Penzo-Méndez, A.; Sock, E.; Colmenares, C.; Kaneko, K.J.; DePamphilis, M.L.; Wegner, M.; Lefebvre, V. Organo-
genesis relies on Sox4, Sox11, and Sox12 for survival of neural and mesenchymal progenitor cells. Nat. Commun. 2010, 1, 9.
[CrossRef]

Stolt, C.C.; Schlierf, A.; Lommes, P; Hillgédrtner, S.; Werner, T.; Kosian, T.; Sock, E.; Kessaris, N.; Richardson, W.D.;
Lefebvre, V.; et al. SoxD proteins influence multiple stages of oligodendrocyte development and modulate SoxE protein function.
Dev. Cell 2006, 11, 697-710. [CrossRef] [PubMed]

Wiist, H.M.; Wegener, A.; Frob, F,; Hartwig, A.C.; Wegwitz, F,; Kari, V.; Schimmel, M.; Tamm, E.R.; Johnsen, S.A.; Wegner, M.; et al.
Egr2-guided histone H2B monoubiquitination is required for peripheral nervous system myelination. Nucleic Acids Res. 2020, 48,
8959-8976. [CrossRef] [PubMed]

Eden, E.; Navon, R;; Steinfeld, I.; Lipson, D.; Yakhini, Z. GOrilla: A tool for discovery and visualization of enriched GO terms in
ranked gene lists. BMIC Bioinform. 2009, 10, 48. [CrossRef] [PubMed]

Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, TR,;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545-15550. [CrossRef]

Lill, C.M.; Schjeide, B.M.; Graetz, C.; Ban, M.; Alcina, A.; Ortiz, M.A ; Perez, ].; Damotte, V.; Booth, D.; Lopez de Lapuente, A.; et al.
MANBA, CXCR5, SOX8, RPS6KB1 and ZBTB46 are genetic risk loci for multiple sclerosis. Brain 2013, 136, 1778-1782. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.neulet.2019.134645
https://doi.org/10.1016/j.neuron.2017.11.026
https://doi.org/10.1016/j.neuron.2022.09.023
https://doi.org/10.1016/S1534-5807(02)00223-X
https://www.ncbi.nlm.nih.gov/pubmed/12194848
https://doi.org/10.1038/nn.4258
https://doi.org/10.1002/glia.23837
https://www.ncbi.nlm.nih.gov/pubmed/32460418
https://doi.org/10.1073/pnas.2316969121
https://www.ncbi.nlm.nih.gov/pubmed/38346197
https://doi.org/10.1016/j.biocel.2009.07.015
https://doi.org/10.1016/j.tig.2005.05.006
https://www.ncbi.nlm.nih.gov/pubmed/15949865
https://doi.org/10.1007/s00018-022-04543-4
https://www.ncbi.nlm.nih.gov/pubmed/36114905
https://doi.org/10.1101/gad.403406
https://www.ncbi.nlm.nih.gov/pubmed/17182872
https://doi.org/10.1038/nn1131
https://doi.org/10.1038/ncomms1008
https://doi.org/10.1016/j.devcel.2006.08.011
https://www.ncbi.nlm.nih.gov/pubmed/17084361
https://doi.org/10.1093/nar/gkaa606
https://www.ncbi.nlm.nih.gov/pubmed/32672815
https://doi.org/10.1186/1471-2105-10-48
https://www.ncbi.nlm.nih.gov/pubmed/19192299
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/brain/awt101

	Introduction 
	Results 
	Ablation of Sox8 and Sox10 in Adult Oligodendrocytes is Efficient 
	The Number and State of Oligodendroglial Cells Remain Unchanged upon Loss of Sox8 and Sox10 
	Changes in Myelin Are Subtle after the Deletion of Sox8 and Sox10 in Adult Oligodendrocytes 
	Gene Expression Changes Substantially in the Adult Oligodendrocytes of Sox10cko and Dcko Mice 

	Discussion 
	Materials and Methods 
	Mice 
	Tissue Stainings 
	Electron Microscopy 
	RNA Sequencing 
	Quantitative RT-PCR (qRT-PCR) 
	Quantifications and Statistical Analysis 

	Conclusions 
	References

