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Abstract

Human SOX10 mutations lead to various diseases including Waardenburg syndrome, Hirschsprung disease, peripheral
demyelinating neuropathy, central leukodystrophy, Kallmann syndrome and various combinations thereof. It has been
postulated that PCWH as a combination of Waardenburg and Hirschsprung disease, peripheral neuropathy and central
leukodystrophy is caused by heterozygous SOX10 mutations that result in the presence of a dominantly acting mutant SOX10
protein in the patient. One such protein with postulated dominant action is SOX10 Q377X. In this study, we generated a
mouse model, in which the corresponding mutation was introduced into the Sox10 locus in such a way that Sox10 Q377X is
constitutively expressed. Heterozygous mice carrying this mutation exhibited pigmentation and enteric nervous system
defects similar to mice in which one Sox10 allele was deleted. However, despite presence of the mutant protein in Schwann
cells and oligodendrocytes throughout development and in the adult, we found no phenotypic evidence for neurological
defects in peripheral or central nervous systems. In the nervous system, the mutant Sox10 protein did not act in a dominant
fashion but rather behaved like a hypomorph with very limited residual function. Our results question a strict genotype-
phenotype correlation for SOX10 mutations and argue for the influence of additional factors including genetic background.

Introduction

The transcription factor Sox10 is an important regulator in neu-
ral crest and central nervous system (CNS) in all vertebrates so
that mutation or deletion of the Sox10 gene lead to severe devel-
opmental disturbances (1). In humans, SOX10 mutations are
usually sporadic and heterozygous. They may cause several dis-
eases, including Waardenburg syndrome as a melanocyte de-
fect, Hirschsprung disease as a defect of the enteric nervous
system, peripheral demyelinating neuropathy as a Schwann

cell defect, central dysmyelinating leukodystrophy as an oligo-
dendrocyte defect, and Kallmann syndrome as a defect in olfac-
tory ensheathing cells, that prevents migration of neurons from
the olfactory placode into the CNS and thereby interferes with
production of gonadotropin releasing hormone from these neu-
rons in the hypothalamus (2-6). Frequently patients suffer from
a combination of these defects. The most common syndrome
observed is Waardenburg-Hirschsprung disease; the most dra-
matic is PCWH where Peripheral demyelinating neuropathy
and Central dysmyelinating leukodystrophy are combined with
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Waardenburg and Hirschsprung diseases. Corresponding
Online Mendelian Inheritance in Man (OMIM) numbers are
#609136, #611584 and #613266.

Depending on the severity of myelin defects in peripheral
nervous system (PNS) and CNS, PCWH patients exhibit variable
symptoms that often include delayed motor and cognitive de-
velopment, cerebral palsy, ataxia, spasticity, congenital nystag-
mus, hyporeflexia, distal sensory impairments and distal
muscle wasting.

Determinants of the exact disease phenotype are still not
completely clear but include the genetic background. At least in
the decision between isolated Waardenburg or Waardenburg-
Hirschsprung disease the same mutation can give rise to both
(7). Additionally, the exact type of SOX10 mutation appears to
play arole (2, 8).

Numerous disease-causing missense, nonsense, frameshift
and deletion mutations have been identified for SOX10 (7).
A comparison of the SOX10 nonsense and frameshift mutations
has led to the observation that mutations in the last exon are
frequently associated with PCWH, whereas their occurrence in
the preceding exons usually correlates with Waardenburg,
Hirschsprung or Waardenburg-Hirschsprung diseases (2). In vi-
tro experimental evidence argued that differential susceptibility
of mutant transcripts to nonsense-mediated decay (NMD) may
lie at the bottom of this phenomenon, as nonsense and frame-
shift mutations often escape NMD when localized in the last
exon. The altered proteins generated from these transcripts
may then exert a dominant function and cause PCWH. In
all other cases, proteins may not be produced, resulting in
haploinsufficiency and a milder disease phenotype such as
Waardenburg, Hirschsprung or Waardenburg-Hirschsprung
syndrome that is also observed following heterozygous SOX10
deletion. Although differential NMD susceptibility of mutant
transcripts represents an attractive hypothesis, there is little
in vivo evidence so far.

In principle, such evidence may be obtained in model organ-
isms as Sox10 function is highly conserved in vertebrates with
homozygous loss or inactivation leading to developmental de-
fects in oligodendrocytes of the CNS and several neural crest
lineages including melanocytes, cells of the enteric nervous sys-
tem and peripheral glia such as Schwann cells and olfactory
ensheathing cells (9-14).

Recently, Ito et al. (15) generated a mouse model in which a
PCWH-associated mutant SOX10 protein is produced from a
BAC transgene. The underlying SOX10 mutation (SOX10
€.1400del12) deletes 12 base pairs in the last exon at the end of
the open reading frame including the stop codon and thereby
extends translation into the 3’ UTR so that 82 amino acids are
added to the carboxyterminus (16). With increasing number of
transgene copies, animals exhibit a delay in the differentiation
of Schwann cells and oligodendrocytes, and a hypomyelinating
phenotype that is more prominent in the CNS than in the pe-
ripheral nerve (15). This study supports a causal link between
the presence of the mutant SOX10 protein and the PCWH phe-
notype. However, the mutant SOX10 protein is special in that it
carries additional amino acids, whereas most other mutations
in the last exon lead to truncated proteins without the carboxy-
terminal transactivation domain. Additionally, the mutant
S0OX10 is expressed on top of normal levels of wild-type Sox10
in transgenic animals. This contrasts with the situation in pa-
tients where the mutant allele replaces one of the normal
alleles.

Therefore, we initiated a complementary study on a muta-
tion that leads to a truncated SOX10. To test whether expression
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of a truncated Sox10 would result in a PCWH-like disease phe-
notype in mice, we have generated a mouse model in which the
Q377X nonsense mutant is expressed from the Sox10 locus. This
mutant has been associated with neurological phenotypes in
the affected human patients including delayed development,
cerebral palsy, ataxia and congenital nystagmus (4). The Q377X
mutant lacks the complete carboxyterminal transactivation do-
main and may thus be expected to interfere with the function of
wild-type Sox10 and to exert a dominant effect.

Results

Generation of mice expressing the Sox10 Q377X mutant

Using homologous recombination in mouse ES cells, we have
previously generated several alleles in which we have replaced
the protein-coding exons 3-5 from the Sox10 gene by a single
exon that contains the continuous open reading frame for wild-
type or mutant Sox10 proteins (17, 18). This exon is faithfully
spliced to the preceding two exons. The resulting mRNA is
translated in the expected spatiotemporal pattern and in wild-
type levels (17, 18).

To generate the mutant Sox10 Q377X allele (Sox10%7%), we
employed a similar strategy (Fig. 1A-D). We inserted the com-
plete open reading frame for the Sox10 Q377X variant into exon
3in such a way that the translation start for the mutant was at
the wild-type position, and deleted all wild-type sequences be-
hind the translation start (Fig. 1A). Additionally, we inserted a
floxed neomycin cassette with three polyadenylation sites into
intron 2. This stopflox cassette causes premature termination of
transcription and thus prevents protein production from the
mutant Sox10 locus.

Using homologous recombination, we generated ES cell
clones that had one mutant Sox10 allele (Sox10%") with stopflox
cassette (Fig. 1B). Sox10"" mice were produced from one cor-
rectly recombined ES cell clone (Fig. 1C). Inmunohistochemistry
on Sox10%*! embryos at E12.5 confirmed that no Sox10 protein
is produced from this allele (Fig. 1E). Cre-mediated removal of
the stopflox cassette was performed to convert the Sox10° allele
into the Sox10*7% allele (Fig. 1A and D). In contrast to their
Sox109V5 counterparts, Sox10°77%77X embryos exhibited Sox10
immunoreactivity at E12.5 (Fig. 1E). Signal intensity appeared
highly similar for immunoreactive cells in wild-type and
Sox10%77%377X embryos. However, numbers of immunoreactive
cells were only comparable in the CNS but not in dorsal root
ganglia and other parts of the PNS because of tissue-specific cell
loss (9). Western blots on spinal cord tissue at E18.5 confirmed
that a truncated Sox10 variant was produced in Sox10%7%/377X
embryos instead of the wild-type protein (Fig. 1F).

Ideally, expression levels of the Sox10*7* allele should
closely resemble that of the wild-type allele. For quantification,
we prepared RNA from spinal cord at E18.5 as a tissue where the
number of Sox10-expressing cells is unchanged in Sox10°77%/377X
embryos, and performed quantitative rtPCR. First, we deter-
mined the total amount of Sox10 transcripts using primers that
recognized the Sox10*7¥ as well as the wild-type allele. These
experiments indicated that Sox10 transcript levels are 1.35-fold
higher in Sox10*”7%*/3”7X embryos than in wild-type embryos and
1.2-fold higher in Sox10*/*’7X embryos (Fig. 1G). Primers that se-
lectively recognized the Sox10%”7* allele only detected Sox10
transcripts in Sox107*77X and Sox10%7%/¥”7X embryos, whereas
primers for the wild-type allele only detected transcripts in
wild-type and Sox10*/*””X embryos (Fig. 1H and I). At the same
time, transcript levels for the Sox10 paralogs Sox8 and Sox9
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Figure 1. Generation of mice with a Sox10*’/* allele. (A) Schematic representation (from top to bottom) of targeting construct, Sox10 wild-type locus, mutant locus be-
fore Cre recombination (corresponding to the stopflox allele Sox10%") and Sox10*”7% allele after Cre recombination. The Sox10 exons (Ex I-V) and the mutant Sox10
Q377X open reading frame are shown as boxes. The 4.3 and 1.5 kb regions of homology between wild-type locus and targeting vector and introns 3 and 4 are depicted
as thick black lines, vector backbone sequences as thin lines, and surrounding genomic regions not contained in the targeting construct as dashed lines. Restriction
sites for BamHI (B), EcoRV (E) and SaclI (S) are shown, as are the locations of the 5" and 3’ probes and the start codon of the Sox10 gene (ATG). The arrowheads below
wild-type and mutant Sox10 loci indicate the locations of primers 1-5 used for PCR genotyping. neo, neomycin resistance cassette; 3x pA, polyadenylation signal; loxP,
recognition sites for Cre recombinase; PGK, phosphoglycerate kinase promotor; TK, herpes simplex virus thymidine kinase gene cassette. (B) Southern blot analysis of
DNA from heterozygous (+/fl) and wild-type (+/-+) ES cells digested with BamHI and EcoRV for use of the 3’ probe, and with Sacl for the 5’ probe. The size of bands cor-
responding to the wild-type (4.9 kb for the 3’ probe and 7.9 kb for the 5' probe) and the Sox10% allele (2.6 kb for the 3' probe and 10.7 kb for the 5' probe) are indicated.
(C, D) PCR genotyping of wild-type (+/+), Sox10™" (+/5fl) and Sox107/*”7% (4/377X) animals at weaning. DNA fragments indicative of the wild-type are 0.6 kb (C) and 0.5
kb (D), whereas the PCR product for the Sox10¥ allele (C) is 0.4 kb and the one for the Sox10°”7% allele (D) 0.6 kb. (E) Immunohistochemistry of transverse sections from
wild-type (+/+4), Sox109V5 (Sfl/Sfl) and Sox10%77%/377% (377X/377X) mice at E12.5 with antibodies directed against Sox10. The circumference of the spinal cord is indicated
by a dotted line. The inlay in the upper left corner shows a magnification of the pMN domain of the ventral spinal cord. Size bars, 100 pm. (F) Western blot analysis of
spinal cord extract from Sox10%7%/377X and wild-type embryos at E18.5 with antibodies directed against Sox10 and Gapdh as loading control. (G-K) Amounts of total
Sox10 (G), Sox10 Q377X (H), wild-type Sox10 (I), Sox8 (J) and Sox9 (K) transcripts were compared in spinal cord tissue of wild-type (+/+, black bars), Sox10*/377% (+/377X,
white bars) and Sox10°77%/377X (377X/377X, gray bars) embryos at E18.5 by quantitative rtPCR. After normalization to Rpl8, transcript levels in wild-type (G, I-K) or
Sox10%77%/377X (H) embryos were arbitrarily set to 1 and levels in all other gentoypes were expressed relative to it + SEM (n = 3). Differences to the respective controls
were statistically significant as indicated (Student’s t test; *P <0.01; ***P < 0.001).
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Figure 2. Analysis of Schwann cell development in perinatal peripheral nerves
of Sox10%7%377X mice. (A-I) Immunohistochemistry was performed on spinal
nerves of wild-type (+/+; A, D, G), Sox10°77%X/477%X (377X/377X; B, E, H) and
Sox104<#aZ (_/_. C, F, 1) mice at E18.5 with antibodies directed against Sox10
(A-C), Oct6 (D-F), Krox20 (G-I) and p-galactosidase (inlay in C). The nerve area is
marked by dotted lines. Size bars, 100 pm.

remained unaltered (Fig. 1J and K). If anything, exchange of the
wild-type allele by the Sox10%””* allele thus causes a modest in-
crease in Sox10 expression levels.

Similar to Sox10-deficient (Sox10"%4%) mice (9), Sox10°77%/377%
mice were not viable. They died immediately after birth so that
analysis of homozygous animals had to be restricted to pre- and
perinatal stages.

Effects of Sox10 Q377X on peripheral nerves and
PNS myelin

To study the consequences of Sox10 Q377X expression on pe-
ripheral nerves, we first analyzed spinal nerves of Sox10°77%/377X
embryos at E18.5 and compared them with those of age-
matched wild-type and Sox10“?"% embryos (Fig. 2A-]). At this
time, wild-type spinal nerves contain a high number of Sox10-
positive Schwann cells (Fig. 2A). Most of them have already en-
tered the promyelinating stage and are Oct6-positive (Fig. 2D).
Some have even progressed to the myelinating stage as evident
by their Krox20 expression (Fig. 2G). In contrast, spinal nerves of
Sox10'9?%Z embryos are devoid of Schwann cells as judged
by the absence of B-galactosidase, Oct6 or Krox20 expression
(Fig. 2C, F and I). This has been previously described and is due
to a failure of Schwann cell specification in the absence of Sox10
(9). Age-matched spinal nerves of Sox10%”7%/37X embryos are
distinct from those of wild-type and Sox10'%#'%Z embryos.
Schwann cells are detected by expression of the mutant Sox10
but in substantially reduced numbers (Fig. 2B). In fact, only
12+1 Schwann cells were found per 100 pm-long proximal
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nerve sections in Sox10%7%*77X embryos as compared with
54 + 1 in the wild-type (n=3; P <0.001). Oct6 and Krox20 expres-
sion is completely missing along nerves of Sox10>77%/377X em-
bryos arguing that the remaining Schwann cells are severely
delayed in their capacity to differentiate or incapable of differ-
entiation (Fig. 2E and H). Peripheral nerves of Sox10*”7%/*”7X mice
are also thinner in CNS-proximal regions (2.7 = 0.5-fold; n=3)
and sometimes appear defasciculated in more distal regions
(Fig. 2 and data not shown). These PNS defects likely contribute
to the perinatal death of Sox10%”7%*”7X mice.

Postnatal analysis had to be restricted to Sox1 mice.
On a gross morphological level, Sox10™>””7 mice phenotypically
resembled Sox107%Z mice on a comparable genetic back-
ground. When backcrossed on a C3H background, a white belly
spot was fully penetrant in Sox10"/>””% mice and Sox10/% mice
from second generation onwards, whereas < 5% of Sox10*/%77%
and Sox107'%“ mice succumbed to a megacolon around the
time of weaning (19). These phenotypic alterations correspond
to Waardenburg and Hirschsprung symptoms observed in hu-
man patients heterozygous for the mutation.

To check for additional phenotypic changes that are indica-
tive of peripheral neuropathies, we investigated the PNS in
Sox10"/377X mice. Most of the analyses were performed on the
sciatic nerve as a well-studied peripheral nerve. First, we com-
pared Sox10 expression levels in wild-type and Sox10™*”7% nerve
tissue. Quantitative rtPCR studies showed that total amounts of
Sox10 transcripts in the sciatic nerve were nearly identical in
both genotypes at P8, whereas the amount of wild-type tran-
scripts was halved (Fig. 3A and B). This argues that wild-type
and mutant allele are expressed at similar levels in the nerve.
Amounts of Sox8 transcripts were also comparable between
genotypes and Sox9 transcripts remained undetectable in
Sox10™%77% nerve tissue, indicating that the Sox10 mutation did
not cause a compensatory upregulation of paralogous Sox genes
(Fig. 3C and D).

Phenotypic analysis of the sciatic nerve was performed at P3
and P7 as times when myelination is ongoing, P21 as an age
where myelination is complete, and P60 as a stage of myelin
maintenance. At all stages sciatic nerves of Sox10™*”7% mice
were compared with those of wild-type mice and Sox10*/1%
mice with the Ilatter representing the haploinsufficient
situation.

At P3, the number of Sox10-expressing Schwann cells in the
sciatic nerve of Sox10**7% mice closely resembled the wild-
type (Fig. 3E, F and Q). Numbers in Sox10*"* mice were slightly
reduced by 16% (Fig. 3G and Q). However, this reduction did not
reach statistical significance and likely reflects a problem of de-
tection as Sox10 levels and intensity of the Sox10 signal are sub-
stantially lower in Sox10™'% mice. The number of myelinating
Schwann cells are comparable among all three genotypes as no
differences were detected for Krox20, Mbp or Mpz as markers
for these cells (Fig. 3H-P and R-T).

We failed to detect substantial numbers of Sox2-positive
cells in the sciatic nerve of any genotype (Fig. 3U). In the
wild-type, expression of Sox2 as a marker for the immature
Schwann cell stage is dramatically reduced before birth, and
its postnatal presence is usually associated with pathological
alterations or regenerative events. The absence of Sox2 in
sciatic nerves of Sox107*”7% and Sox10*%“ mice at P3 argues
against major disturbances of Schwann cell development at
this time. This conclusion is also supported by the number
of Ibal-positive macrophages in the nerves of Sox10**”7% and
Sox10*1%% mice, which is low and comparable to the wild-
type (Fig. 3V).

O-/377x
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Figure 3. Analysis of Schwann cell development in the early postnatal sciatic
nerve of Sox10*/*’7* mice. (A-D) Quantitative rtPCR was performed to determine
the amounts of total Sox10 (A), wild-type Sox10 (B), Sox8 (C) and Sox9 (D)

Similar studies were also carried out at P7, P21 and P60 (Fig. 4A-
E). None of the analyzed Schwann cell markers pointed to alter-
ations in number (Sox10, Fig. 4A) or differentiation status (Krox20
versus Sox2, Fig. 4B and C). Expression of myelin genes such as
Mbp and Mpz was comparable among the three analyzed geno-
types at all time points (Fig. 4D and data not shown). Inflammatory
changes were not detected and numbers of Ibal-positive macro-
phages were not higher in sciatic nerves of Sox10**”7X and Sox10"/
1aZ mice than wild-type mice (Fig. 4E and data not shown).

Ultrastructural analysis of sciatic nerves at P60 failed to re-
veal substantial differences among genotypes (Fig. S5A). The dis-
tribution of large and small caliber axons was comparable for
sciatic nerves of Sox10%%77X, Sox107'%? and wild-type mice
(Fig. 5B). G ratios pointed to a similar thickness of the myelin
sheaths (Fig. 5C and D). Remak bundles looked normal in the
mutation-carrying heterozygous Sox107*7%X and Sox10*/1%
mice (Fig. 5A). We conclude from our histochemical, histological
and ultrastructural analyses that development and mainte-
nance of Schwann cells and PNS myelin are normal in Sox10*/
377X and Sox10™1%°Z mice.

Effects of Sox10 Q377X on spinal cord, brain and
CNS myelin

To extend our study to the CNS, we studied oligodendroglial cells
in the spinal cord and looked for signs of dys- or demyelination in
mice that express the Sox10 Q377X mutant protein. We started
out with an analysis of the spinal cord of Sox10*7**”7X embryos
at E18.5 in comparison to age-matched wild-type and Sox10'?/1%Z
embryos (Figs 6A-U and 7A-G). At this age, Olig2- and Sox10-
positive oligodendroglial cells are evenly distributed throughout
the parenchyma of the wild-type spinal cord (Fig. 6A and D).
These cells also express Sox9 and Sox8 (Fig. 6G and J). Most of the
cells furthermore correspond to Pdgfra-expressing oligodendro-
cyte precursor cells (OPCs) (Fig. 6M) rather than maturing Mbp
and Plp1-expressing oligodendrocytes (Fig. 6P and S).

When Sox10%#1%Z embryos were analyzed, no differences
were observed in number and distribution of Olig2-positive cells
(Figs 6C and 7A). The loss of Sox10 (Figs 6F and 7B) was not
appreciably compensated by increases of Sox9 or Sox8
(Figs 6I and L and 7C and D). There was no difference in the
number of Pdgfra-expressing OPCs (Figs 60 and 7E). What was
altered in the spinal cord of Sox10'#1% embryos was the num-
ber of cells that have already started to express myelin genes
such as Mbp and Plp1 (Figs 6R and U and 7F and G). These were
almost absent confirming previous results that Sox10 is re-
quired for myelin gene expression and the initiation of terminal
differentiation in oligodendrocytes (12, 20).

transcripts in the sciatic nerve of wild-type (+/+) and Sox10%/%”/X (4/377X) mice
at P8. After normalization to Rpl8, total and wild-type Sox10 as well as Sox8 tran-
script levels in wild-type mice were arbitrarily set to 1 and levels in Sox10"/%77%
mice were expressed relative to it+ SEM (A-C, n=3). Sox9 transcripts were not
detected (nd) (D, n=3). (E-P) Immunohistochemistry was performed on sciatic
nerves of wild-type (+/+; E, H, X, N), Sox10*/*”7 (+/377X; F, 1, L, O) and Sox10*/1%%
(+/—; G, J, M, P) mice at P3 with antibodies directed against Sox10 (E-G), Krox20
(H-J), Mbp (K-M) and Mpz (N-P). Size bar, 50 pm. (Q-V) From these and similar
stainings, quantifications of cells positive for Sox10 (Q), Krox20 (R), Mbp (S), Mpz
(T), Sox2 (U) and Ibal (V) were performed on sciatic nerves from three pups for
each genotype (n = 3) counting three separate sections. Presentations are as frac-
tion of all 4, 6-diamidin-2-phenylindole (DAPI)-positive cells in the nerve (Q R,
U, V) or as absolute cell numbers per mm? (S, T). Statistically significant differ-
ences between mutant genotypes and wild-type were determined by two-tailed
Student’s t-test (*P < 0.01).
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rate sections were counted for each nerve. Mice were treated as biological replicates (n=3). Presentations are as fraction of all DAPI-positive cells in the nerve (A-C, E)
or as absolute cell numbers per mm? (D). No statistically significant differences between heterozygous mutant genotypes and the wild-type were detected by two-tailed

Student’s t-test.

Olig2- and Sox10-positive oligodendroglial cells in the spinal
cord of Sox10*”7%*/377X embryos were also present in wild-type
numbers (Figs 6B and E and 7A and B). Sox9 and Sox8 expression
equaled wild-type levels (Figs 6H and K and 7C and D) and most
oligodendroglial cells were in the OPC stage as indicated by
Pdgfra expression (Figs 6N and 7E). Compared with the wild-
type, the number of Mbp and Plpl-expressing oligodendrocytes
was strongly reduced in Sox10%”7%377X mice (Fig. 6Q and T).
Despite the strong decrease, numbers were, however, substan-
tially higher than in Sox10#'Z embryos (Fig. 7F and G). This
was surprising as it points to residual function in the Sox10
Q377X mutant protein.

To assess the impact of the Sox10 Q377X mutant on postna-
tal oligodendroglial development and homeostasis, we again
had to turn to heterozygous mice. We first determined Sox10
expression levels in the spinal cord of Sox10"%”7% relative to
wild-type mice. Quantitative rtPCR revealed that amounts of all
Sox10 transcripts were comparable between genotypes, whereas
amounts of wild-type Sox10 transcripts were only half as high in
Sox107/3”7X mice than in wild-type mice at P8 (Fig. 8A and B).
There was no compensatory upregulation of Sox8 or Sox9 in the
spinal cord of Sox10™*”7% mice (Fig. 8C and D).

Time points chosen for the following analysis of oligoden-
drocyte development and homeostasis were identical to those
for Schwann cells in the PNS. Again, Sox10"%Z mice were in-
cluded. At P3, the number of cells marked by Olig2 and Sox10
and thus belonging to the oligodendroglial lineage were compa-
rable among all three genotypes (Fig. 8E-J, T and U). In contrast,
differences were detected for Plpl and Myrf as markers of cells
that have started differentiation and initiated myelin gene ex-
pression (Fig. 8K-P, V and W). Their number was decreased in
the spinal cord of Sox10**”7%* and Sox10"/'Z mice relative to the

wild-type (Fig. 8V and W). However, there was no differences be-
tween Sox10*%”7% and Sox10"/Z mice. The number of Pdgfra-
positive OPCs was comparable among all three genotypes
(Fig. 8Q-S and X). There were also no changes in the number of
Ki67-positive proliferating or cleaved caspase 3-positive cells
undergoing apoptosis (Fig. 8Y and Z).

As postnatal spinal cord development proceeds, more and
more oligodendroglial cells differentiate and produce myelin,
whereas the fraction of OPCs decreases until a steady state is
achieved at P60. The total number of oligodendroglial cells in
Sox10*%77% and Sox10*/? mice remained comparable to the
wild-type throughout postnatal spinal cord development
(Fig. 9A and B). OPC numbers also exhibited no major alterations
among genotypes (Fig. 9E). The minor differentiation defect
that we observed in Sox10™*”7X and Sox10*%“ mice at P3
(Fig. 8V and W) was no longer visible at any of the later stages
(Fig. 9C and D) arguing that oligodendroglial differentiation is
only transiently delayed in the heterozygous mice. There were
also no alterations in Gfap or Ibal immunoreactivity as indica-
tors of astrogliosis or microgliosis in the spinal cord of heterozy-
gous mice at any of the analyzed time points (data not shown).

In line with immunohistochemical findings, ultrastructural
analysis of myelination in the spinal cord revealed no major ab-
normalities in the number and size distribution of axons, the
structure and compaction of myelin or the g ratio (Fig. 10A-D).
We thus conclude that myelination is largely normal in the spi-
nal cord of Sox10**”7% mice except for a mild transient delay in
the first postnatal days. This delay is comparable to the one ob-
served in Sox10™"%Z mice.

We completed our study by characterizing oligodendroglial
cells in the brain. We focused on the forebrain region and ana-
lyzed their number and their state of differentiation in cortex
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Figure 5. Electronmicroscopic analysis of the sciatic nerve in Sox10**”7X mice. (A) Sciatic nerve ultrastructure was similar in wild-type (+/+), Sox10"/%”” (+/377X) and
Sox10*/1%Z (+/—) mice at P60, each showing densely packed large caliber myelinated axons and interspersed Remak bundles. Size bar, 1 ym. (B-D) Morphometric analy-
sis of myelination in sciatic nerves of wild-type (+/+), Sox107*”7 (+/377X) and Sox10"" (+/—) mice at P60. Axon diameter and g ratio were determined in sciatic nerve
sections to analyze the relative distribution of axon diameters (B), the correlation of axon diameter and g ratio for single fibers (scatter blot in C) and the mean g ratio

per genotype (bar graph in D).

and corpus callosum at P7, P21 and P60. We did not detect any
significant differences in the number of Olig2-positive oligoden-
droglial cells among the three genotypes at any of the analyzed
time points (Fig. 11A and B). For Sox10, a slight reduction was
observed only at P7 in the corpus callosum of Sox10"/%Z mice
(Fig. 11C and D). Again, this is likely due to a detection problem
resulting from reduced Sox10 amounts per cell in this genotype.
Differentiating and myelin producing oligodendrocytes were
present in slightly lower numbers at P7 in both Sox10/*””% and
Sox107Z mice as evident from Myrf and Plpl expression
(Fig. 11E-H). The effect was on the verge of being statistically
significant. However, reductions were transient and no longer
observed at P21 or P60. The number of Pdgfra-positive OPCs

were similar in the three genotypes at all analyzed time points
(Fig. 111 and J). We conclude from these studies that the conse-
quences of heterozygous Sox10 mutation or loss are comparable
for the oligodendroglial population in forebrain and spinal cord.
No evidence was obtained for a dominant function of the Sox10
Q377X mutation in brain or spinal cord of Sox10*/*””% mice.

Discussion

In this study, we have generated mice that carry a Sox10%"7% al-
lele. In humans, this allele caused PCWH-like neurological
symptoms in the two heterozygously affected siblings in whom
it was identified (4). Considering the exclusive expression of
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Figure 6. Analysis of oligodendrocyte development in the spinal cord of Sox1
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mice. (A-L) Immunohistochemistry was performed on spinal cord tissue of wild-

type (+/+; A, D, G, J), Sox10%77%/377% (377X/377X; B, E, H, K) and Sox10'"#%% (_/—; C, F, 1, L) mice at E18.5 with antibodies directed against Olig2 (A-C), Sox10 (D-F), Sox9
(G-1) and Sox8 (J-L). (M-U) In situ hybridization was performed on spinal cord tissue of wild-type (M, P, S), Sox10*”7¥/377X (N, Q, T) and Sox10'%#1%<Z (O, R, U) mice at E18.5
with antisense riboprobes specific for Pdgfra (M-O), Mbp (P-R) and Plp1 (S-U). The ventral right segment of the spinal cord is shown, for immunohistochemical stainings

placed on a black background. Size bars, 100 pm.

Sox10 in myelinating glia of PNS and CNS and the phenotype in
Sox10-deficient mouse mutants (9, 12, 21), symptoms should be
caused by cell-intrinsic abnormalities in myelinating glia. Using
Sox10*/%”7* mice, we addressed the question whether the neuro-
logical phenotype of patients is reproduced in mice and can be
detected as abnormalities in Schwann cells, oligodendrocytes or
their myelin.

Sox10*/%Z mice do not exhibit abnormalities in peripheral or
central glia. They present with a combination of pigmentation
and enteric nervous system defects that are comparable to com-
bined Waardenburg-Hirschsprung disease (WS4) in human pa-
tients and typical for the haploinsufficient situation (3, 4, 9).
Detection of glial defects in Sox10*/*’”% mice would have sup-
ported the assumption that the mutant Sox10 protein exerts

dominant effects, and by extrapolation that the combination of
neurological symptoms with Waardenburg-Hirschsprung dis-
ease in PCWH is a result of the presence of such dominant
SOX10 proteins in patients.

Somewhat to our surprise, we failed to detect any evidence
for such dominant function in PNS or CNS. Despite clear evi-
dence for the presence of substantial amounts of the mutant
Sox10 protein and wild-type expression levels of the Sox10%"7%
allele, no major abnormalities were observed in Sox107/%77X
mice regarding development and maintenance of Schwann cells
and oligodendrocytes or regarding generation and homeostasis
of myelin. We only detected a slight and transient delay in oli-
godendroglial differentiation during the first postnatal days.
However, this was similarly observed in Sox10%'%Z mice as
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Figure 7. Quantification of oligodendroglial markers in the spinal cord of
Sox10*77%377X mice. (A-G) From immunohistochemical stainings and in situ hy-
bridizations similar to the ones presented in Figure 6, quantifications of cells
positive for Olig2 (A), Sox10 (B), Sox9 (C), Sox8 (D), Pdgfra (E), Mbp (F) and Plp1 (G)
were performed on spinal cord tissue from wild-type (+/+; black bars),
Sox10%77%/377% (377X/377X; white bars) and Sox10%*'*Z (—/—; gray bars) mice at
E18.5. Three mice were used for each genotype, and three separate sections
were counted for each nerve. Mice were treated as biological replicates (n=3).
Presentations are as absolute numbers of marker-positive cells per spinal cord
section (A, F, G) or as relative numbers (B-E) with marker-positive cells per sec-
tion in the wild-type arbitrarily set to 1. Statistically significant differences be-
tween heterozygous mutant genotypes and the wild-type were determined by
two-tailed Student’s t-test (*P < 0.05; **P < 0.01; ***P < 0.001).

previously reported (22), and thus cannot be taken as indication
for a dominant function of the Sox10 Q377X mutant protein.
The residual number of Schwann cells along the peripheral
nerves of Sox10%77¥/%77X embryos and the few differentiating
oligodendrocytes detected in the spinal cord rather argue for a
residual functionality of the mutant Sox10 protein.

The results are surprising because we would have expected
that the presence of a mutant Sox10 that has retained its DNA-
binding ability but lost its major transactivation domain (23),
should at least interfere with the function of the wild-type
Sox10 protein. The simplest explanation for the lack of such a
dominant-negative function may be a dramatically lower ex-
pression of the mutant Sox10 relative to the wild-type version.
However, our immunohistochemical and rtPCR data argue
against that. We favor a different explanation. For one, the
Sox10 Q377X mutant has retained a second internal and weaker
transactivation domain, the so called K2 domain (17). This K2
domain is required for Schwann cell differentiation and also
has a minor impact on oligodendroglial differentiation and my-
elin gene expression in vivo (17). It may thus be responsible for
partial retention of transactivation capacity in the Sox10 Q377X
mutant. Such residual activity may also explain why myelin ex-
pression in the perinatal spinal cord of Sox10%77¥/@”7X embryos

is not as severely reduced as in Sox10""?'%Z embryos. It also has
to be taken into consideration that Sox10 performs many of its
functions as homodimer and possibly as heterodimer with the
related Sox9 and Sox8 (24, 25). Previous work had also shown
that a functional dimerization domain is essential for Sox10
function in Schwann cell differentiation and peripheral myeli-
nation in vivo (17). The Sox10 Q377X mutant is still capable of di-
merization. Heterodimers between wild-type and mutant Sox10
still contain a transactivation domain and such a dimer may
still be fully or partially active.

As surprising as they may be, our results are consistent with
previously published data on this and other Sox10 truncation
mutants. For one, the Sox10 Q377X mutant has previously been
tested for its impact on neural crest development in chicken fol-
lowing in ovo electroporation (26). Despite the very high levels
usually reached during electroporation for the ectopically ex-
pressed protein, these studies failed to reveal any evidence of a
dominant action for the Sox10 Q377X variant. Instead, it rather
behaved like an inactive protein.

Additionally, there have also been reports that the Sox10
frameshift mutation in Dom mice, that has been instrumental
in the original identification of Sox10 as a WS4-associated gene
(10, 11), leads to the production of a mutant Sox10 protein
in vivo. In this mutant, the first 193 amino acids are followed by
99 additional amino acids that are not normally found in Sox10
(27). Although it may have reduced DNA-binding activity, it is
generally capable of DNA-binding (26, 27). Still, Sox10*/%°™ mice
do not differ phenotypically from Sox10"/%? mice provided they
are kept on an identical genetic background. Thus, there is pre-
cedence that a Sox10 mutation that leads to a truncated protein
in vivo does not function in a dominant fashion in mice.

Our study thus comes to conclusions that are different from
Ito et al. (15) who analyzed the phenotypic consequences of ex-
pression of a SOX10 ¢.1400del12 transgene that produces a mu-
tant Sox10 with extended open reading frame. It has to be kept
in mind that this mutation is very different from the truncated
Sox10 Q377X analyzed in our study, and may thus behave differ-
ently. Additionally, it also needs to be emphasized that the ex-
perimental setup is different in the two studies. Whereas the
Sox10 Q377X allele in our study replaces a wild-type allele, the
SOX10 ¢.1400del12 transgene was expressed on the background
of two wild-type alleles.

Many studies provide evidence that Sox10 function is
strongly dose-dependent. As a result even overexpression of
wild-type Sox10 may cause phenotypic abnormalities, and the
study by Ito et al. (15) cannot distinguish between consequences
of overexpression of the mutant Sox10 and Sox10 overexpres-
sion per se.

Considering that we do not find abnormalities in glial cells
and myelin of PNS and CNS in heterozygous mice, it seems un-
likely that there is a strict correlation between nonsense-/
frameshift mutations in the last exon, escape from NMD of the
mutant transcript, expression of a dominant SOX10 and a
PCWH-like phenotype. Our results would rather argue that the
phenotypic manifestation of a particular SOX10 mutation is
multifactorial and that the genetic background and modifiers
are not only involved in the decision between Waardenburg,
Hirschsprung and Waardenburg-Hirschsprung disease (7) but
are also an essential factor in the manifestation of PCWH.

In this respect, it needs to be emphasized that our studies
were conducted in mice on a mixed, largely C3H background. As
modifiers are known to have a substantial impact on the pheno-
typic manifestation of Sox10 mutations in mice (4, 28, 29), we
cannot exclude that neurological symptoms would become
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Figure 8. Analysis of oligodendrocyte development in the early postnatal spinal cord of Sox10**””* mice. (A-D) Quantitative rtPCR was performed to determine the
amounts of total Sox10 (A), wild-type Sox10 (B), Sox8 (C) and Sox9 (D) transcripts in the spinal cord of wild-type (black bars) and Sox10*/%””% (white bars) mice at P8. After
normalization to Rpl8, transcript levels in wild-type mice were arbitrarily set to 1 and levels in Sox10™*’7* mice were expressed relative to it+SEM (n=4). (E-S)
Immunohistochemical stainings (E-J, N-S) and in situ hybridizations (K-M) were performed on spinal cord tissue of wild-type (+/+; E, H, X, N, Q), Sox10"*”7 (+/377X; F, 1,
L, O, R) and Sox10*%? (+/—; G, J, M, P, S) mice at P3 using antibodies directed against Olig2 (E-G), Sox10 (H-J), Myrf (N-P) and Pdgfra (Q-S) as well as Plp1-specific ribop-
robe (K-M). The ventral right segment of the spinal cord (E-P) or a region from the ventral gray matter (Q-S) are shown, for immunohistochemical stainings placed on a
black background. Size bars, 100 pm. (T-Z) From these and similar stainings, quantifications of cells positive for Olig2 (T), Sox10 (U), Plp1 (V), Myrf (W), Pdgfra (X), Ki67
(Y) and cleaved caspase 3 (Z) were performed on spinal cord sections from wild-type (+/+; black bars), Sox10*/*”7 (+/377X; white bars) and Sox101 (+/—; gray bars)
mice at P3. Three mice were used for each genotype, and three separate spinal cord sections were counted. Mice were treated as biological replicates (n=3).
Presentations are as absolute numbers of marker-positive cells per spinal cord section (T, V, Y, Z) or as relative numbers (U, W, X) with marker-positive cells per section

in the wild-type arbitrarily set to 1. Statistically significant differences between heterozygous mutant genotypes and the wild-type were determined by two-tailed
Student’s t-test (*P < 0.05; **P < 0.001).
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Figure 9. Analysis of oligodendrocytes in the postnatal spinal cord of Sox1
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mice. (A-E) From immunohistochemical stainings and in situ hybridizations similar to

the ones presented in Figure 8, quantifications of cells positive for Olig2 (A), Sox10 (B), Plp1 (C), Myrf (D) and Pdgfra (E) were performed on spinal cord tissue of wild-type
(+/+; black bars), Sox10*/*”7 (+/377X; white bars) and Sox10*/1% (+/—; gray bars) mice at P7, P21 and P60. Three mice were used for each genotype and time point, and
three separate sections were counted for each nerve. Mice were treated as biological replicates (n = 3). Presentations are as absolute numbers of marker-positive cells
per spinal cord section (A, C) or as relative numbers (B, D, E) with marker-positive cells per section in the wild-type arbitrarily set to 1. No statistically significant differ-
ence between heterozygous mutant genotypes and the wild-type was detected by two-tailed Student’s t-test.

apparent on a different genetic background in Sox10%/3””X mice.
Even if this is the case, this would only strengthen our conclu-
sion of a multifactorial cause for the exact disease phenotype
resulting from SOX10 mutations.

Materials and Methods

Construction of targeting vectors, gene targeting,
generation and genotyping of mouse mutants

Sequences corresponding to a neomycin resistance cassette
with flanking loxP sites and the open reading frame for the mu-
tant Sox10 Q377X protein were placed between 5 and 3’ Sox10
genomic regions as homology arms (4.3 and 1.5 kb, respectively)
in the context of a pPNT vector backbone as described (9, 17).
The targeting vector thereby replaced the Sox10-coding exons
3-5 by a continuous Sox10 reading frame with Q377X mutation
(Fig. 1A). The simultaneous insertion of a floxed neomycin
cassette in intron 2 prevents transcription of all downstream
sequences including the Sox10 Q377X open reading frame so
that the initially generated Sox10%" allele is a null allele.

The construct was linearized with Pacl and electroporated
into E14.1 ES cells followed by selection with G418 (400 pg per ml)
and gancyclovir (2 uM). Selected ES cell clones were screened by
southern blotting with a 0.6 kb 3’ probe, which recognized a 4.9 kb
fragment in case of the wild-type allele and a 2.6 kb fragment in
case of the mutant allele in genomic DNA digested with BamHI
and EcoRV (Fig. 1B). Appropriate integration of the 5 end of the
targeting construct was verified using a 0.6 kb 5’ probe on ES cell
DNA digested with Sacl. This probe hybridized to a 10.7 kb frag-
ment in the mutant allele as opposed to a 7.9 kb fragment in the
wild-type allele (Fig. 1B). Four ES cell clones were obtained that

exhibited a correctly recombined allele. Two of these targeted ES
cells clones were injected into C57Bl/6] blastocysts to generate
chimeras. Germline transmission was achieved in chimeras from
one ES cell clone. In the resulting heterozygous mice, the neomy-
cin resistance cassette was removed by Ella::Cre-mediated recom-
bination (30). This converts the Sox10%" null allele into the
Sox10%77% allele from which the Sox10 Q377X mutant is expressed
(Fig. 1A). Sequencing of genomic DNA from the altered Sox10 locus
confirmed that no additional unintended mutations were intro-
duced during cloning. The generation of mutant mice and their
analysis were approved by the responsible local committees and
government bodies.

Genotyping of the original Sox10%" and the final Sox10%7% al-
lele was routinely performed on DNA from tail tips or yolk sacs
by PCR. In case of the Sox10%" allele one forward (5'-GAGGCCT
CCTACCCTAACCC-3') and two reverse primers (5'-CCCACACTA
CACCGACCAG-3' and 5-AATCGGAACCCTAAAGGGAGC-3') at
the end of exon V (primers 1-3 in Fig. 1A) were used. A 634 bp
fragment was indicative of the wild-type allele, a 355 bp frag-
ment of the Sox10%" allele (Fig. 1C). For the Sox10%7* allele, two
primers (5'-TCAGTCTCGGCTGTCCAGCC-3' and 5-CCTGATCCC
AACCGTCTCTA-3; primers 4 and 5 in Fig. 1A) were used with lo-
cation in intron 2 upstream and downstream the loxP site that
remains after Cre-mediated recombination. A 525 bp fragment
was indicative of the wild-type allele, a 628 bp fragment of the
Sox10*”7* allele (Fig. 1D).

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. They were kept
as heterozygotes and backcrossed on a C3H background. Both
males and females of generations F2-F5 were used for
the study.
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Figure 10. Electronmicroscopic analysis of spinal cord in Sox10*/%77%

mice. (A) White matter ultrastructure was similar in spinal cord of wild-type (+/+), Sox10

+/377

(+/377X) and Sox10*/1%? (1/—) mice at P60, each showing densely packed myelinated axons. Size bar, 1 um. (B-D) Morphometric analysis of myelination in spinal
cord tissue of wild-type (+/+), Sox10%/3”7 (+/377X) and Sox10*/1? (4/—) mice at P60. Axon diameter and g ratio were determined in spinal cord sections to analyze
the relative distribution of axon diameters (B), the correlation of axon diameter and g ratio for single fibers (scatter blot in C) and the mean g ratio per genotype

(bar graph in D).

Quantitative rtPCR

RNA was prepared from mouse spinal cord and sciatic nerves at
E18.5 and P8, reverse transcribed and used to analyze expres-
sion levels by quantitative PCR on a Biorad CFX96 Real Time
PCR System. Each spinal cord was separately analyzed, whereas
sciatic nerves from two individuals were pooled to obtain suffi-
cient RNA. The following primer pairs were used 5-ACCT
CCACAATGCTGAGCTC-3" and 5'-CCAGGTGGGCACTCTTGTAG-3'
for all Sox10 transcripts, 5'-ACAGCAGCAGGAAGGCTTCT-3 and
5-TGTCCTCAGTGCGTCCTTAG-3' for wild-type Sox10, 5'-ATCGA
CTTCGGCAATGTGGA-3" and 5-GGGATCCTCTAGCTTAGGCG-3'
for the Sox10*”7* allele, 5'-ACCCGCATCTCCATAACGCA-3' and
5'-TGGTGGCCCAGTTCAGTACC-3' for Sox8 and 5-GAACAGAC
TCACATCTCTCC-3' and 5-TGCTGCTTCGACATCCACAC-3' for
Sox9. Transcript levels were normalized to Rpl8.

Immunohistochemistry and in situ hybridization

Mice were collected as embryos on embryonic day (E) 12.5 and
E18.5, as pups on postnatal day (P) 3 and P7, as adolescents at
P21 and as young adult at P60. For analysis, tissue was fixed in
4% paraformaldehyde, transferred to 30% sucrose and frozen in
Tissue Freezing Medium (Leica). Ten micrometre cryotome sec-
tions of spinal cord (at forelimb level), forebrain (level of hippo-
campal formation) or sciatic nerve (proximal part) were used for
immunohistochemistry (18, 31). The following primary antibod-
ies were applied: guinea pig anti-Sox10 antiserum (1:1000 dilu-
tion) (19), guinea pig anti-Sox8 antiserum (1:1000 dilution) (32),
rabbit anti-Olig2 antiserum (1:1000 dilution, Millipore), rabbit
anti-Oct6 antiserum (1:1000 dilution) (33), rabbit anti-Iba 1 anti-
serum (1:250 dilution, Wako), rabbit anti-Sox9 antibodies (1:2000
dilution) (31), rabbit anti-Pdgfra antiserum (1:300 dilution,

20z Iudy 01 uo 3senb Aq £0291.8+/8.201/9/.2Z/o101E/Bwy/Wwod dno-olwspede//:sd)y Woij papeojumo(


Deleted Text: analyse 
Deleted Text: analysed
Deleted Text: :
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: ,
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: 10
Deleted Text: &micro;m
Deleted Text: :
Deleted Text:  
Deleted Text: , 
Deleted Text: , ref.
Deleted Text:  
Deleted Text: , 
Deleted Text: ,
Deleted Text: ref. 
Deleted Text:  
Deleted Text: , 
Deleted Text:  
Deleted Text: , 
Deleted Text: , ref.
Deleted Text:  
Deleted Text:  
Deleted Text: , 
Deleted Text: , ref.
Deleted Text:  

1090 | Human Molecular Genetics, 2018, Vol. 27, No. 6

| cortex
A 600
L]
o 4004
Q
+
N T =
2 2004
(®)
0-
P7 P21 P60
C 1.57

Sox10+ cells
(rel.)
[=1 -
e & o

P7 P21 P60
E 600
[}
3 400
Q
'E 200+
- Al
(I ] m
P7 P21 P60
G 1.57
i)
o _1.01
(3 By
2
2 0.51
o
o-
P7 P21 P60
| 600 |
0
8 400
®
-
=)
°
o

[ HRE -

200 “._'_I_‘LI
0-
P7

P21 P60

B

corpus callosum

20007
15001

Olig2+ cells
—
(41 (=
k=4 (=]
e 9

—_—

P7 P21 P60

-
G

Sox10+ cells
(rel.)
(=1 -
© & ©°

P7 P21 P60
20007
« 1500
E
émoo
Z 500 I
0-
P7 P21 P60
1.5

Plp1+ cells
(rel.)

(=] -
e & 8

»

P7 P21 P60
J 2000 -
w
Q = +/-
® 10001
o
3
S 500

T

P7 P21 P60

[=]

Figure 11. Analysis of oligodendrocytes in the postnatal forebrain of Sox10/*”7* mice. (A-J) From immunohistochemical stainings and in situ hybridizations, quantifi-
cations of cells positive for Olig2 (A, B), Sox10 (C, D), Myrf (E, F), Plp1 (G, H) and Pdgfra (I, J) were performed on forebrain tissue of wild-type (+/+; black bars), Sox10*/>””
(+/377X; white bars) and Sox107 (+/—; gray bars) mice at P7, P21 and P60. Cortex (A, C, E, G, I) and corpus callosum (B, D, F, H, J) were separately analyzed. Three
mice were used for each genotype and time point, and three separate sections were counted for each region and brain. Mice were treated as biological replicates.
Presentations are as absolute numbers of marker-positive cells per mm? (A, B, E, F, 1, J) or as relative numbers (C, D, G, H) with marker-positive cells per section in the
wild-type arbitrarily set to 1. Statistically significant differences between heterozygous mutant genotypes and the wild-type were determined by two-tailed Student’s

t-test (*P <0.05).

Santa-Cruz Biotechnology), rabbit anti-Krox20 antiserum
(1:200 dilution, Covance), rabbit anti-Myrf antiserum (1:1000
dilution) (20), rabbit anti-cleaved caspase 3 antiserum (1:200
dilution, Cell Signaling Technology), rabbit anti-Ki67 antise-
rum (1:500 dilution, Thermo Fisher Scientific), goat anti-Sox2
antiserum (1:500 dilution, Santa Cruz Biotechnology), goat
anti-B-galactosidase antibodies (1:500 dilution, Bio Trend),
mouse anti-Gfap monoclonal antibodies (1:500 dilution,
LabVision/NeoMarkers), rat anti-Mbp antibodies (1:500 dilu-
tion, Serotec) and chicken anti-Mpz antibodies (1:2000 dilu-
tion; Aves Labs). Secondary antibodies were coupled to Cy3,
CyS5 (Dianova) or Alexa488 (Millipore) fluorescent dyes. Nuclei
were counterstained with 4/, 6-diamidin-2-phenylindole.

Samples were documented with a Leica DMI 6000B inverted
microscope (Leica) equipped with a DFC 360FX camera
(Leica).

For in situ hybridization, 10 pm cryotome sections from spi-
nal cord were incubated with DIG-labeled antisense riboprobes
specific for Pdgfra, Mbp and Plp1 as described (12, 34). Samples
were analyzed and documented with a Leica MZFLIII stereomi-
croscope equipped with an Axiocam (Zeiss).

Electron microscopy

Spinal cord and sciatic nerve from P60 mice was processed for
transmission electron microscopy as described (18). Briefly,
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dissected tissues underwent fixation in cacodylate-buffered fix-
ative containing 2.5% paraformaldehyde and 2.5% glutaralde-
hyde, followed by postfixation in cacodylate-buffered 1%
osmium ferrocyanide, dehydration and embedding in Epon
resin. Ultrathin sections (50 nm thickness) were stained with
uranyl acetate and lead citrate and examined with a Zeiss Libra
electron microscope (Carl Zeiss, Inc.). From electron microscopic
picture, axon diameters and g ratios were determined as de-
scribed (18).

Protein extracts and western blotting

Whole-cell protein extracts were prepared from spinal cord tissue
of embryos at E18.5 as described (21). Protein extracts from wild-
type and homozygous mutant littermates were size-fractionated
on polyacrylamide-SDS gels, blotted onto nitrocellulose mem-
branes and analyzed by western blotting using antisera against
Sox10 (1:1000 dilution) and Gapdh (1:3000 dilution, Santa Cruz
Biotechnology), protein A coupled to horseradish peroxidase (Bio-
Rad) and Luminol reagent for chemiluminescent detection.

Quantification and statistical analysis

For quantification of cell numbers, areas and g ratios, at least
three spinal cord, brain or nerve sections from independent em-
bryos or mice of each genotype were counted. All statistical
analysis was performed with Prismé6 software (GraphPad) or
Excel 2016 (Microsoft Office). Statistically significant differences
were determined by Student’s t test.
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