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Summary

Development of myelin-forming oligodendrocytes in the evident from the fact that Sox8 bound to naturally
central nervous system is dependent on at least two occurring Sox10 response elements, was able to form
members of the Sox family of high-mobility-group- DNA-dependent heterodimers with Sox10 and activated
containing transcription factors. Sox9 is involved in  Sox10-specific oligodendrocytic target genes in a manner
oligodendrocyte specification, whereas Sox10 is required similar to Sox10. However, Sox8 expression levels were
for terminal differentiation. We show that oligodendrocytes  significantly lower than those for Sox10. Resulting
in the spinal cord additionally express the highly related differences in protein amounts might be a main reason for
Sox8. In Sox8-deficient mice, oligodendrocyte development the weaker impact of Sox8 on oligodendrocyte development
proceeded normally until birth. However, terminal and for unidirectional compensation of the Sox8 loss by
differentiation of oligodendrocytes was transiently delayed Sox10.

at early postnatal times. Sox8-deficient mice thus exhibited

a similar, but less severe phenotype than did Sox10-

deficient mice. Terminal oligodendrocyte differentiation  Supplemental data available online

was dramatically delayed in Sox8-deficient mice with only

a single functional Sox10 allele hinting at redundancy  Key words: Sry, High-mobility-group, Sox10, Redundancy, Gene
between both Sox proteins. This redundancy was also dosage, Oligodendrocyte

Introduction by related factors is one of the most plausible explanations for

Transcription factors of the Sox protein family represenfn® lack of a severe phenotype in Sox8-deficient mice.
important developmental regulators in vertebrates as well a2/PPorting such an assumption, most Sox8-expressing cells
invertebrates (Wegner, 1999). With sequencing of theif® also positive for either Sox9 or Sox10 (Sock et al., 2001).
genomes completed, it is now evident that there are 20 S¢R case of the male gonad, for example, Sertoli cells express
proteins in mice and humans (Schepers et al., 2002). SSOX8 as W_eII as Sox9 (_Schepers et al., 2003). If functlon_al
proteins can be divided into 10 groups numbered A-J, witgompensation mde_ed exists between the three Sox E proteins,
groups B-F being represented by at least one member fhmust be' npn—reuprocal as both Sox9- and SoxlO—d.ef|C|ent
Drosophilaand in all vertebrate model organisms (Bowles efhice exhibit severe developmental defects despite the
al., 2000; Wegner, 1999). continued presence of Sox8. o

Sox8 has been recently identified as a member of Sox groupWe have previously noted that Sox8 expression in the
E (Pfeifer et al., 2000; Schepers et al., 2000) and shar&§veloping spinal cord is indicative of an expression in the
extensive sequence homology with Sox9 and Sox10, the otheligodendrocyte lineage (Sock et al., 2001). These glial cells
two members of this group of Sox proteins (Wegner, 1999pf the central nervous system arise from neural stem cells in a
Sox9 and Sox10 have been characterized extensively for théiimited domain of the ventral ventricular zone (Pringle and
involvement in chondrogenesis, male sex determination, neurRichardson, 1993), which earlier gives rise to motoneurons
crest development and gliogenesis, respectively (Bi et al(Briscoe etal., 1999). From this pMN domain, oligodendrocyte
1999: Britsch et al., 2001; Foster et al., 1994: Herbarth et aprogenitors spread throughout the whole spinal cord as
1998b; Pingault et al., 1998; Southard-Smith et al., 1998; Stoftmbryogenesis proceeds. At the end of embryogenesis, they
et al., 2003; Stolt et al., 2002; Wagner et al., 1994). accumulate in the marginal zone and start to differentiate.

Although expression pattern and behaviour in cell culturderminal differentiation of oligodendrocytes peaks during the
systems are indicative of Sox8 functions in the male gonad arfidst postnatal weeks, and is characterized by the production of
in skeletal muscle (Schepers et al., 2003; Schmidt et al., 2003yge amounts of lipids and a limited set of myelin proteins
analysis of Sox8-deficient mice has so far failed to reveauch as myelin-associated glycoprotein (Mag), myelin basic
severe defects in the development of major organ systempsotein (Mbp) and proteolipid protein (Plp) (Lemke, 1988).
(Sock et al., 2001). Redundancy and functional compensatidrhe resulting formation of myelin sheaths around axons allows



2350 Development 131 (10) Research article

rapid saltatory conductance in the central nervous systemicroscope (DMIRB) equipped with a cooled MicroMax CCD

(CNS). camera (Princeton Instruments, Stanford, CA). Quantificatio- of
Recently, several transcription factors have been identifiegelactosidase was performed on extracts prepared by homogenization

as cell-intrinsic regulators of oligodendrocyte developmentof freshly dissected spinal cords using a chemilumines@ent

These include the Oligl and Olig2 bHLH proteins'galactosmase detection assay (Roche Biochemicals).

neurogenins and Nkx2.2 (!_u etal., 2002; Nieto et al., 2001; Qg culture, RT-PCR and luciferase assays

et al., 2001; Takebayashi et al., 2002; Zhou and Anderso 2A neuroblastoma cells were maintained in Dulbecco’s Modified

2002; Zhou et al., 2001). Sox proteins also feature prominently,yie's Medium containing 5% fetal calf serum, and transfected using
during development of these cells. Early specification ofyperfect reagent (Qiagen). Stable N2A cell clones capable of
oligodendrocyte progenitors requires Sox9 (Stolt et al., 2003}oxycycline-dependent, inducible Sox8 expression were generated as
Once specified, oligodendrocyte progenitors express both Soyx8eviously described for Sox10 (Peirano et al., 2000). RNA from these
and Sox10, and can cope with loss of either protein (Stolt eglls was prepared in both the induced (Sox8 positive) and uninduced
al., 2003; Stolt et al., 2002). A role for Sox10 becomes evideriBox8 negative) state. After reverse transcription to cDNA, semi-

is naturally extinguished in oligodendrocytes. In Sox10+!P. Mbp andf-actin. For luciferase assays, N2A cells were
ransfected transiently in duplicates in 24-well plates with 200 ng of

deficient spinal cords, only few oligodendrocyte progenitor#

tart t i tei ith del d kineti d Juciferase reporter plasmid and 200 ng of effector plasmids per well.
start 1o express myelin proteins wi elayed kinetcs and Iflciterase reporters containing a long version (positions —656 to +31)

amounts insufficient for myelination (Stolt et al., 2002). Theyng 3 short version (positions —256 to +31) ofittep promoter were
residual myelin gene expression in Sox10-deficient spinalsed (Stolt et al., 2002). Effector plasmids corresponded to pCMV5-
cords is compatible with the existence of a third activitybased expression plasmids for Sox8 (Schmidt et al., 2003) and Sox10
besides Sox9 and Sox10 with overlapping expression arn@uhlbrodt et al., 1998a). Cells were harvested 48 hours post-
function. In view of its possible expression in thetransfection, and extracts were assayed for luciferase activity (Stolt et
oligodendrocyte lineage (Sock et al., 2001), Sox8 is aal., 2002).

attractive candidate. lts role during O“gOdendrocyteProtein extracts and electrophoretic mobility shift assay

development in the spinal cord is addressed in the preseIl:3>t<tracts from transfected N2A cells (10 cm dishes) ectopically

study. expressing full-length or shortened Sox8 and Sox10 proteins, were
prepared as described (Kuhlbrodt et al., 1998b). For electrophoretic
i mobility shift assays, protein extracts were incubated with 0.5 ng of
M_atenals and methods ) 32p-labeled oligonucleotide probes for 20 minutes on ice in al 20
Animal husbandry and genotyping reaction mixture containing 10 mM Hepes (pH 8.0), 5% glycerol, 50

Mice with a Sox&<°Z allele (Sock et al., 2001) were kept as mM NaCl, 5 mM MgCs, 2 mM DTT, 0.1 mM EDTA, 4ig of bovine
heterozygotes in the presence or absence SBxd (7cZ allele on a  serum albumin, and2g of poly(dGdC) as unspecific competitor. The
mixed C3H/C57BI6J background (Britsch et al., 2001). For theollowing oligonucleotide probes were used: sites 1-3 fromMbp
generation of embryos and pups during this st&bx&°Z+ mice promoter (Stolt et al., 2002) and the prototypic dimeric binding site
were crossed withSox#cZ*, Sox16cZ* mice. Genotyping was C/C from the Protein zero promoter (Peirano et al., 2000; Peirano and
performed by PCR as described (Britsch et al., 2001; Sock et aM/egner, 2000; Schlierf et al., 2002). For supershift experiments, 0.1

2001). ul of antisera were additionally added after 10 minutes, and incubation
] o ) ) was continued for a further 10 minutes. Samples were loaded onto
Tissue preparation, immunohistochemistry, X-Gal native 4% polyacrylamide gels and electrophoresed iKTBE (45
staining, in situ hybridization and quantification of B- mM Tris/45 mM boric acid/1 mM EDTA, pH 8.3) at 120 V for 1.5
galactosidase hours. Gels were dried and exposed for autoradiography.

Embryos (from 12.5 dpc to 18.5 dpc) and pups (at postnatal days 1,

3 and 7) were obtained from staged pregnancies. Spinal cords qu?esults

additionally dissected from adult animals. After fixation in

paraformaldehyde, genotyped, age-matched tissues were sectioned3pinal cord expression of Sox8 is restricted to the
a cryotome. Sections (30m) were used for immunohistochemistry, gligodendrocyte lineage

20 um sections for X-Gal staining and in situ hybridization accordlng\ﬂ/e have generated a mouse model in which the complete open

to standard protocols as previously described (Stolt et al., 2003; Sto .
et al., 2002). For better comparison, all shown spinal cord sections arr%adlng frame of th&ox8gene has been replaced bjaaZ

from the forelimb level. For immunohistochemistry, the following Marker gene (Sock et al., 2001). The design of this m8tar&
primary antibodies were used in various combinations: anti-Mbgllele Sox&c%) matches closely that of o@ox1&<Z allele
mouse monoclonal (1:100 dilution, Chemicon), anti-GFAP mousdBritsch et al., 2001). In both mouse straifigyalactosidase
monoclonal (1:100 dilution, Chemicon), anti-NeuN mouseexpression faithfully recapitulates expression of the
monoclonal (1:500 dilution, Chemicon), anti-Mag mouse monoclonatorresponding Sox gene as evident from comparison of in situ
(undiluted, gift of U. Bartsch, Hamburg University), anti-Olig2 rabbit hybridization with gene-specific riboprobes and X-gal staining.
antiserum (1:2000 dilution, gift of H. Takebayashi, Kyoto University),\\/e exploited theB-galactosidase marker to visualize Sox8
anti-Sox10 rabbit antiserum (1:100 dilution) (Stolt et al., 2003), anti'expression in the developing spinal cord Sufx&/12°Z mice

B-galactosidase rabbit antiserum (1:500 dilution, ICN) or [@nti- . : X :
galactosidase goat antiserum (1:500 dilution, Biotrend). SecondawhICh have previously been shown to be viable, fertile and

antibodies conjugated to Cy2 and Cy3 immunofluorescent dye‘é/’ithOUt severe CNS phenotype (Sock et al., 2001).

(Dianova) were used for detection. In situ hybridization was At12.5days post coitum (dpc), X-gal staining was restricted
performed with DIG-labeled antisense riboprobes for Mbp and PIWithin the spinal cord to a limited domain in the ventral part
(Stolt et al., 2002). Samples were analyzed and documented usiffjthe ventricular zone whose position is identical to or strongly
either a Leica TCS SL confocal microscope or a Leica invertedverlapping with the pMN domain (Fig. 1A). Two days later,
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Fig. 1. Sox8 expression in the embryonic spinal cord. Sox8-specific
B-galactosidase activity was detected colorimetrically using X-gal
substrate in transverse spinal cord sections from the forelimb regior
of Sox8/1acZmice at 12.5 dpc (A), 14.5 dpc (B), 16.5 dpc (C), 18.5
dpc (D) and postnatal day 3 (E).

[B-galactosidase-positive cells were no longer restricted to th
domain, but had dispersed throughout the parenchyma of tl
spinal cord in a pattern typical of glial progenitors (Fig. 1B).
The number of these mantle zone cells increased through 1¢
dpc (Fig. 1C). At 18.5 dp@-galactosidase-positive cells had
started to accumulate in the marginal zone (Fig. 1D) an S

continued to do so postn_atally (Fig. 1E) as expected if at IeaFig. 2.Cell type-restricted expression of Sox8 in the postnatal spinal
some belonged to the oligodendrocyte lineage. _cord. Imnmunohistological analysis of spinal cord frSoxg”acZ

The identity of the Sox8-expressing cells in the perinatamice at postnatal day 1 using antibodies ag@islactosidase
and early postnatal spinal cord was determined by cc(green)in combination with cell-type specific antibodies (red) NeuN
immunohistochemistry usin@-galactosidase as a marker for (A), GFAP (B), S108 (C), Olig2 (D), Sox10 (E) and Mbp (F).
Sox8 expression in combination with antibodies known to
identify the major cell types of the CNS. In these experiments,
we failed to detedB-galactosidase expression in cells labeledshown). From late embryogenesis onwards, oligodendrocytes
by the pan-neuronal marker NeuN indicating that Sox8 is ndhus constitute the main Sox8-expressing cell type in the
expressed in neurons (Fig. 2A). SimilarBsgalactosidase spinal cord, whereas there is no evidence for significant Sox8
expression was absent from cells positive for the gliakxpression in either neurons or astrocytes.
fibrillary acidic protein (GFAP) which marks the majority of o )
white matter astrocytes (Fig. 2B). The2Gainding protein  S0x8 is dispensable for progression of _
S10@ labels grey matter astrocytes as well as soméligodendrocyte development in the embryonic
oligodendrocyte  progenitors  (Richter-Landsberg  andpinal cord
Heinrich, 1995). Perinatally, only few of the SPI0 Using Olig2 as a marker for cells of the oligodendrocyte
expressing cells were also positive fdgalactosidase (Fig. lineage, we followed development of oligodendrocyte
2C). These double-labeled cells did not exhibit an astrocytgsrogenitors in the spinal cord of Sox8-deficient mice. By visual
like morphology, but rather resembled oligodendrocytenspection, we failed to detect significant differences between
progenitors. In agreement, expression [Bfyalactosidase spinal cords of Sox8-deficient mice and wild-type littermates
colocalized strongly with expression of both Olig2 and Sox1®oth with regards to the overall number and the distribution of
(Fig. 2D,E), which at this time exclusively label cells of theoligodendrocyte progenitors. Olig2 expression levels were also
oligodendrocyte lineage independent of their differentiatiorcomparable. These observations were corroborated at various
status. Mbp and Plp selectively mark the fraction ofdevelopmental stages from 14.5-18.5 dpc (Fig. 3A,B; data not
differentiating and differentiated oligodendrocytes. Again,shown) and confirmed using Sox10 as a second marker for the
nearly all Mbp- or Plp-positive cell somata were co-labeledligodendrocyte lineage (data not shown). Thus, progression
with antibodies againsp-galactosidase (Fig. 2F; data not of oligodendrocytes through embryonic development is normal
shown), indicating that Sox8 expression not only occurs iin the absence of Sox8.
developing oligodendrocytes, but is maintained throughout We have previously shown, that oligodendrocyte
and after differentiation. Processes of differentiateddevelopment is also normal in Sox10-deficient spinal cords
oligodendrocytes, by contrast, contained much lower, buluring these developmental phases (Stolt et al., 2002).
readily detectable amounts [@fgalactosidase whose presenceAccordingly, no significant differences were detected in this
is, however, masked in merged pictures by the strong Mbstudy betweenSox10/2cZ and either wild-type or Sox8-
immunoreactivity (Fig. 2F). A comparabl@galactosidase deficient spinal cords (Fig. 3C).
expression was also observed in the adult spinal cord (data notWe also generated and analyzed Sox8-deficient mice which
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Fig. 3.Oligodendroglial development in the embryonic spinal cord of mice car8angandSox10null alleles. Immunohistochemistry with
antibodies specific for the oligodendrocyte marker Olig2 (A-D), and in situ hybridization with probes spebifip {&-H) andPIp (I-L) were
performed on transverse sections from the forelimb region of embryos at 18.5 dpc. (A,E,l) Wild-type spinal cordSq@drdiacZspinal
cords; (C,G,K)Sox10/acZ spinal cords; (D,H,L)Sox#cZ/lacZ Sox10/1acZ spinal cords.

additionally lacked on8ox10allele Gox#cZ/lacZ Sox107ac2),  terminally differentiating oligodendrocytes at this stage of
Mice deficient for both Sox8 and Sox10 could not be obtainedpinal cord development (Stolt et al., 2002).

for the stages analyzed in this study due to early embryonic Loss of a singlé&Sox10allele also led to a decrease in both
lethality (C.C.S., P.L. and M.W., unpublished data). Embryonidvibp- and Plp-expressing cells (Fig. 3G,K). According to our
spinal cords fromSox&cZ/lacZ Sox16/2¢Z mice exhibited a  quantifications, Sox1072°Z spinal cords exhibited a 53-
normal number of oligodendrocytes at 16.5 dpc and 18.5 d@0% reduction at 18.5 dpc. Terminal differentiation of
as judged from Olig2 and Sox10 expression (Fig. 3D; data naligodendrocytes is thus slightly stronger affected in Sox10
shown). Additionally, the distribution of oligodendrocyte heterozygous than in Sox8-deficient mice (Fig. 4C).
progenitors throughout the spinal cord was indistinguishable When both mutations were combined BoxgcZ/lacZ
from those in control genotypes. Direct quantification of Olig2-Sox106/2Z mice, expression of Mbp and Plp was severely
positive cells in spinal cord sections of the various genotypaegduced. Almost no terminally differentiating oligodendrocytes
from comparable axial levels confirmed that there is navere detected at 18.5 dpc by these markers in spinal cords of
significant difference between genotypes in the number ddox&cZ/lacZ Sox106/2cZ mice (Fig. 3H,L; Fig. 4C), arguing

Olig2-positive cells at 18.5 dpc (Fig. 4A). that both Sox proteins cooperate during this process.

) ) ) o To analyze whether terminal oligodendrocyte differentiation
Sox8 influences terminal differentiation of is permanently or transiently affected, in situ hybridization
oligodendrocytes in cooperation with the related studies of myelin gene expression were continued in the
Sox10 postnatal spinal cord. At postnatal day 3, we still observed a

Sox8-deficient mice are viable (Sock et al.,, 2001) and thueduction in Mbp- and Plp-expressing cells in both Sox8-
allow terminal differentiation of oligodendrocytes to be deficient and Sox10 heterozygous spinal cords relative to the
followed from late embryonic stages throughout postnatalild type (Fig. 5A-C,E-G). Despite Olig2-positive cell
development by in situ hybridization using probes specific fonumbers comparable with the wild type (Fig. 4B), Mbp- and
myelin genes such as Mbp. At 18.5 dpc, beginning MbgPlp-expressing cells were similarly reduced in Sox8-deficient
expression in marginal zone cells marked the onset of terminahd Sox10 heterozygous mice by ~30% (Fig. 4D). Decreased
differentiation in wild-type embryos (Fig. 3E). Mbp- expression of Mbp and Plp was confirmed on the protein level
expressing cells were also present in Sox8-deficient spinfdr both genotypes by immunohistochemistry (see Fig. S1A-
cords, but in reduced numbers (Fig. 3F). Similar results wer€,E-G at http://dev.biologists.org/supplemental/). Because of
obtained by in situ hybridization with a Plp-specific probe (Figthe preferential occurrence of both myelin proteins in
31,J). Direct quantification on spinal cord sections confirmed aligodendrocyte processes and forming myelin sheaths, it is
42-50% reduction of Plp- and Mbp-positive cells in Sox8-impossible to tell from immunohistochemical analyses whether
deficient mice (Fig. 4C). Thus, terminal differentiation of signal reduction is due to reduced numbers of expressing cells
oligodendrocytes is influenced by the presence of Sox8, but not also due to reduced cellular expression levels. At postnatal
strictly dependent on it. By comparison, previous analyses afay 3, both Sox8-deficient and Sox10 heterozygous spinal
Sox10-deficient mice had noted a near complete absence adrds also exhibited weakened immunoreactivity for Mag (see
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Fig. 4. Quantification of oligodendrocyte marker gene expression in
the spinal cord of mice carryirfspx8andSox10null alleles. The
number of Olig2-positive cells (A,B), Plp-positive (white bars) or
Mbp-positive (black bars) cells (C,D) was determined at 18.5 dpc
(A,C) and postnatal day 3 (B,D) in wild-type (+/8pxdrcz/lacz
Sox10/1acZ andSoxdpezllacz Sox10672cZ spinal cords, as indicated
below the bars. At least 15 separatqi@®sections from the

forelimb region of two independent embryos were counted for each
genotype. Data are presented as meanzts.e.m. Differences from the
wild type were statistically significant for all mutant genotypes in
C,D, as determined by Studenttest P£<0.001).
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Fig. S1I-K at http://dev.biologists.org/supplemental/), which
unlike Mbp and Plp is not under direct Sox10 control (Stolt et
al., 2002).

At postnatal day 7, however, terminal oligodendrocyte
differentiation in spinal cords dox#&cZ/1acZ gand Sox106/1acZ
mice became comparable with the wild type as judged both
by in situ hybridization analysis (Fig. 5I-K,M-O) and
immunohistochemistry (see Fig. S1M-O0,Q-S,U-W at
http://dev.biologists.org/supplemental/) arguing that the
reduced rate of terminal oligodendrocyte differentiation
observed in these genotypes at late embryonic stages and
during the first postnatal days is a transient feature. The
transient character of the terminal differentiation defect also
explains why myelin abnormalities or ensuing neurological
problems have not been observed f&ox16/2°Z or
SoxgpezilacZ mice,

Postnatal mortality amongox&cZ/lacZ Sox106/2°Z mice is
high. Nevertheless, some mice survive for several days so that
oligodendrocyte development can be followed in this genotype
throughout the first postnatal week. Although spinal cord cells
positive for Mbp or Plp transcripts appeared during postnatal
development, their number remained strongly reduced at both
3 and 7 days after birth (Fig. 5D,H,L,P). At postnatal day 3,
the number of Plp- or Mbp-expressing cells was only 10-
15% compared with the wild type (Fig. 4D). Co-
immunohistochemistry with antibodies directed against Mbp,
Plp or Mag all supported the conclusion that terminal
differentiation of oligodendrocytes is severely affected in
SoxdpczllacZ 5ox106/2¢Z mice (see Fig. S1D,H,L,P,T,X at
http://dev.biologists.org/supplemental). SomBoxgpcZ/lacz
Sox10/acZ exhibited unsteady movements and action tremor,
pointing to hypomyelination of the CNS. Although our results
point to a severe delay rather than a complete block in

oligodendrocyte differentiation, we do
not know whether oligodendrocyte

differentiation would ever be robust

P3
MBP

PLP

MBP

P7

. SoxglacZllacZ . .
wildtype SoxglacZliacz Sox10*acZ enough for significant myelin
Sox10*2¢2 formation to occur in the CNS of

= D Sox#czliacZ 5ox10/a¢Z mice. During

b4 this study, Sox#cz/lacZ  5ox10/lacz

4

%

mice did not survive past postnatal
day 8 (data not shown). In fact, the
oligodendrocyte defect and ensuing
hypomyelination might be one of the

H reasons for the high postnatal
mortality of these mice.

Fig. 5.In situ hybridization studies of
L terminal oligodendrocyte differentiation
in early postnatal spinal cords of mice
carryingSox8 andSox10null alleles. In
situ hybridization with probes specific for
Mbp (A-D,I-L) and Plp (E-H,M-P) were
performed on transverse spinal cord
sections from the forelimb region at
postnatal day 3 (A-H) and postnatal day 7
(I-P). (A,E,I,M) Wild-type spinal cords;
(B,F,J,N),Sox&cZlacZgpinal cords;
(C,G,K,0),Sox10/12cZ gpinal cords;
(D,H,L,P), Sox&cz/lacZ Sox1@/1acZ
spinal cords.
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site1 site2 site3

Sox8 is capable both of binding to myelin gene A
promoters and interacting with Sox10

One of the mechanisms by which Sox10 is able to influenc ~ '

terminal differentiation of oligodendrocytes is through direct *|: ' i “ b

binding to myelin gene promoters and transcriptiona i v

regulation of myelin gene expression (Stolt et al., 2002). Sox1 n

interacts with three binding sites in the proximal part of the m-— *; NN L~ — HHH“
Mbp promoter which together mediate its Sox10-depender ¢

activation (Stolt et al., 2002). Two of these sites (sites 2 and «

bind a single Sox10 molecule, whereas site 1 is cooperative

bound by two Sox10 molecules (Stolt et al., 2002). When ge ;

retardation assays were performed with these sites and extra

that contain either full-length Sox10 or full-length Sox8, we “ M m
obtained characteristic protein-DNA complexes on all thret et I Py I

sites (Fig. 6A). Addition of antibodies directed against Sox1( s A A e
selectively supershifted the Sox10-containing complex. In i i i T o
reciprocal manner, antibodies specific for Sox8 led to ¢ B site2 i cic'
selective supershift of the Sox8-specific complex and left th

Sox10 complex unaffected, indicating that Sox8 was indee

contained within the complex. The mobility obtained for the

Sox8-specific complexes was very similar to that obtained fc
the corresponding Sox10 complexes in good agreement wi ot b bed b i
the fact, that both proteins have very similar sizes. It is als
evident that the mobility of those complexes obtained with sit:
1 was lower than those obtained with either site 2 or site 3 (Fi “
6A). In case of Sox10, this lower mobility is due to cooperative
binding of two molecules (Stolt et al., 2002). We conclude
from the nearly identical mobility of the Sox8-containing
complex that Sox8 also binds to site 1 as a dimer. “
With  Sox8 and Sox10 being co-expressed in
oligodendrocytes (Stolt et al., 2003), these Sox proteins a oo 2t * % om0 b

expected to encounter each other on target gene promoters.

low Sox protein levels, both Sox8 and Sox10 independentlyig. 6. Competition and interaction of Sox8 and Sox10 on bona fide
bound to monomeric sites as paradigmatically shown in abinding sites from target gene promoters. (A) Electrophoretic
electrophoretic mobility shift assay with both full-length Sox8mobility shift assays with the Sox10-binding sites 1-3 fromMibe

and a shortened Sox10 protein on site 2 (Fig. 6B). Increasinmgomoter (Stolt et al., 2002) as probes, and extracts fro_m transfected
the amount of one Sox protein (Sox10 in Fig. 6B) led td\2A cells-expressing full-length Sox8 and Sox10 proteins as
increased displacement of the other Sox protein (Sox8 in Fi dicated below the lanes. Antibodies directed against SB:&&8)

6B), showing that Sox8 and Sox10 compete for binding o r Sox10 (-Sox10) were added to some reactions during the
mor,10meric sites incubation period as indicated. m, bound monomer; d, bound

; D . . . homodimer. Supershifted complexes are marked with an asterisk.
_ On dimeric sites, options are different (Fig. 6C). Wheng) Ejectrophoretic mobility shift assay with site 2 from Mbp
incubated alone with a dimer site, both a shortened Sox8 aigbmoter as probe and Sox8-containing N2A cell extract as protein

a long Sox10 version yielded one predominant complex witBource. Increasing amounts of a truncated Sox10 (MIC variant) (see
a mobility characteristic of the respective homodimer. Wheruhlbrodt et al., 1998b; Schlierf et al., 2002) were added to the
mixed, a new complex with intermediate mobility appearedreactions as indicated. (C) Electrophoretic mobility shift assay with
showing that heterodimerization between Sox8 and Sox10 hdlek prototypic dimeric Sox10-binding site C(@eirano and Wegner,
occurred. Thus, dimeric sites in target gene promoters allog000) and extracts from transfected N2A cells expressing a short

Sox8 and Sox10 to functionally interact with each other irY€rsion of Sox8 and a long version of Sox10 either alone or in
DNA-dependent heterodimers combination as indicated below the lanes. The heterodimer is

indicated by an arrowhead.
Sox8 directly activates expression of
oligodendroglial myelin genes

Given the fact that Sox8 recognizes bona fide Sox10 target sit¢®e approximately five- to sevenfold activation rates were
by itself and as heterodimers with Sox10, we analyzed whetheelow those obtained for Sox10, this difference was not
Sox8 would be able to activate thMbp promoter which has statistically significant. Similar activation rates were obtained
previously been shown to be responsive in transienh the presence of both Sox8 and Sox10 (data not shown).
transfections to Sox10 (Stolt et al., 2002). Luciferase Using a stable N2A cell line with doxcycline-dependent
expression was stimulated approximately eightfold by Sox1thducible Sox8 expression, we analyzed whether Sox8 would
when placed under the control of a long version or a sholie able to activate endogenous expression of myelin genes in
version of theMbp promoter (Fig. 7A). Luciferase expression a heterologous cell line as previously shown for Sox10 (Stolt
from theMbp promoter was also increased by Sox8. Althoughet al., 2002). As evident from semi-quantitative RT-PCR
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analyses, expression of both Plp and Mbp was elevated in t A
stable N2A cell line upon induction of Sox8, whereas

-
o

expression of thé-actin control remained unaffected (Fig. 9

7B). Endogenous Plp expression was activated stronger th 8

Mbp expression as similarly observed for Sox10 (Stolt et al c 7

2002). Thus, we conclude that Sox10 target genes can also -% 6

activated by Sox8. Side-by-side comparison of induction rate 3s

in stable N2A cell lines expressing either Sox8 or Soxi( £ 4

revealed somewhat lower induction rates for Sox8 (data n 3,

shown). This could point to the fact that Sox8 is a slightly £ 2

weaker transcriptional activator than Sox10. However, it i 1

difficult to quantitatively compare effects obtained in different 0 []

stable cell lines, especially considering that induced Sox f @ o -

levels appeared lower than induced Sox10 levels in th g % s 3

respective stable lines (data not shown). @ @
MBP long MBP short

Sox8 is expressed at lower levels than Sox10 in B
terminally differentiating oligodendrocytes

Given the fact that the sartaeZ-coding sequence was inserted

in almost identical manner in both t8ex8and theSox1docus Sox8 —
to yield theSox#°Z andSox1(cZ alleles, it should be possible

to compare expression levels of Sox8 and Sox10 in developir PLP —
oligodendrocytes through measurementspedalactosidase

amounts inSox8&'2°Z and Sox1672¢Z spinal cords, provided MBP _
expression levels do not undergo abrupt changes, that mig

not be reproducible bf-galactosidase with its long half-life. actin _
However, no such drastic changes in expression levels ha

been observed for Sox8 or Sox10 in oligodendrocytes (Sock
al., 2001: Stolt et al., 2002) (this study). C
At 14.5 dpc, B-galactosidase was produced at four-fold

higher amounts from th®ox10ocus than from th&ox8locus 225
(Fig. 7C). As development proceeded, this difference becan
less pronounced. At 16.5 dpc and 18.5 dpgalactosidase
expression from th&ox8locus reached 50-60% of the levels
obtained for Sox10 (Fig. 7C). At the onset of terminal
differentiation, Sox10 expression levels were thus
approximately twice as high as Sox8 levels. This differenc
vanished further in adult animals, where 85% of Sox10 level
were achieved for Sox8 (Fig. 7C). From 18.5 dpc onwdads, 25 1
galactosidase levels in spinal cords from mice with variou '_. ,_.
combinations ofacZ alleles corresponded to the additive value 0

obtained for the singl8ox&cZ andSox1cZ alleles (data not
shown), arguing that at these times Sox8 and Sox10 expressi

in oligodendrocytes are largely independent of each other. Fig. 7. Activation of myelin gene expression by Sox8, and
comparison of-galactosidase activities Box8/1acZ andSox10/1acz

spinal cords. (A) N2A cells were transfected with reporter plasmids
Discussion in which the luciferase gene was under control of a long (positions
. . . . —656 to +31) or a short (positions —256 to +31) version of the rat
Despite expression in many different cell types at importary,n, hromoter. Expression plasmids for Sox10 and Sox8 were co-
points of development, it has been difficult to determine theransfected as indicated below the bars. Luciferase activities in
function of Sox8 (Sock et al., 2001). Many of the expressiolextracts from transfected cells were determined in three independent
sites of Sox8 overlap with expression sites for either SoxSexperiments each performed in duplicates. Data are presented as fold
Sox10 or both (Schepers et al., 2003; Schmidt et al., 200inductionsts.e.m. with the activity of the promoter in the absence of
pointing to compensatory mechanisms between these proteiico-transfected Sox protein (=) arbitrarily set to 1. (B) RT-PCR
We show that in the late embryonicy ear|y postnata| ananalysis on cDNA obtainec_i from N2A cells inducibly expressing
adult spinal cord, Sox8 is selectively expressed in thS0X8. — Doxy, no doxycycline (Sox8 absent); + Doxy, doxycycline
oligodendrocyte lineage. At these times, we failed to dete@dded (Sox8 present). Transcript levelSok§ Plp, Mbp andf-

. . . .actin were compared semi-quantitatively using increasing numbers
expression in either astrocytes or neurons. In agreement Wl(n, n+3, N+6) Ofpamp”ficatiO?] cycles. —, >r/10 cD?\lA added.%C) The

previous observations about the general expression pattern 5o, nt of3-galactosidase present pay extract fronSoxg/iacz

Sox8 (Sock et al., 2001), oligodendrocytic expression Waghite bars) andox10/aZ (black bars) spinal cords was determined
already present before terminal differentiation, and maintaineat 14.5 dpc, 16.5 dpc, 18.5 dpc and in adult mice as indicated below

throughout and thereafter. This expression pattern is strongthe bars.

250 +
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—
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reminiscent of the related Sox10 (Stolt et al., 2002) anébor Sox8 and Sox10, as Sox10 compensates loss of Sox8 much
additionally shows a strong overlap with Sox9 (Stolt et al.more effectively than vice versa.
2003). Oligodendrocytes thus express all three group E SoxOne possible explanation for this non-reciprocal
proteins before terminal differentiation, and a combination oEompensation is that Sox8 can only substitute for Sox10 in
Sox8 and Sox10 from thereon. Despite this significant overlagpecific functions, so that Sox8 turns on only a subset of Sox10
in Sox gene expression, there are defined defects itarget genes. The failure to activate the full complement
oligodendrocyte development in Sox9- and Sox10-deficierdf Sox10 target genes would then be causative for the
spinal cords, with Sox9 playing a role in oligodendrocytesevere terminal differentiation defect in Sox10-deficient
specification (Stolt et al., 2003) and Sox10 being required fasligodendrocytes. Although it is impossible to discount such a
terminal differentiation (Stolt et al., 2002). model in the absence of the full list of oligodendrocytic target
Sox8-deficient mice are viable and reach a normal lifespagenes for both proteins, there is little evidence so far that would
without exhibiting overt neurological symptoms (Sock et al.favor this model as the main cause for the observed effects.
2001). Therefore, severe oligodendrocyte defects were notlf Sox8 activates more or less the same transcriptional
expected. There was, however, a transient delay in terminpfogram in oligodendrocytes as Sox10, it might do so less
differentiation ~and  myelination of spinal cord efficiently. One reason for a reduced efficiency could be a
oligodendrocytes. Delayed terminal differentiation hasreduced intrinsic transactivation capacity of the Sox8 protein
previously been observed in Nkx2.2-deficient mice and imelative to Sox10. Sequence conservation between Sox8
Olig1-deficient mice for oligodendrocytes (Lu et al., 2002; Qiand Sox10 proteins are significant within the respective
et al., 2001), and in Oct6-deficient mice for Schwann cells, the#ansactivation domains of both proteins but not as high as in
oligodendrocyte counterparts of the peripheral nervous systethe DNA-binding domain (Kuhlbrodt et al., 1998a; Schepers et
(Bermingham et al., 1996; Jaegle et al., 1996). Interestinglgl., 2000). Thus, it is at least conceivable that interaction with
we also found a differentiation delay irBox10/acZ  the transcription machinery, chromatin remodeling activities or
oligodendrocytes arguing that this process is as sensitive tanscriptional co-factors is qualitatively or quantitatively
Sox10gene dosage as the development of melanocytes and thiéerent between both Sox proteins, as suggested for Sox8 and
enteric nervous system (Britsch et al., 2001; Herbarth et alSox9 (Schepers et al., 2003). Our transient transfection data
1998a; Pingault et al., 1998; Southard-Smith et al., 1998). would not exclude such a model as maximal induction rates
The delay of terminal oligodendrocyte differentiation inobtained for saturating amounts of Sox8 were lower than those
Sox10/acZ spinal cords was drastically increased by theobtained for Sox10. However, induction rates did not differ
absence of Sox8, and still prominent BoxdrcZ/lacs enough to identify the intrinsic transactivation capacities of the
Sox10/acZmice at the end of the first postnatal week. Owingproteins as the main difference between Sox8 and Sox10 in
to lethality, we were unable to determine whether terminabligodendrocytes.
differentiation of oligodendrocytes would ever be sufficient Another explanation focuses on the lower expression levels
for sustained CNS myelination in this genotype. Retinabf Sox8 relative to Sox10 in oligodendrocytes as determined
transplantation of neural stem cells indicated that this is not tHey comparison of3-galactosidase activities iBox872°Z and
case for Sox10-deficient oligodendrocytes (Stolt et al., 2002B50x1072cZ mice. The difference is most pronounced during
Thus, it will be interesting to see in future experiments whethegarly oligodendrocyte development. However, even at the time
the terminal differentiation defect Box&cZ/acZ Sox16/2cZ  of terminal oligodendrocyte differentiation, we still detected
oligodendrocytes is as severe as iBox1cZlacZ g twofold higher expression level of tHaczSox10 allele.
oligodendrocytes. Although certainly oversimplifiedSox gene function in the
Our data argue that Sox8 and Sox10 perform redundantigodendrocyte lineage might be explained at first
functions during terminal differentiation of oligodendrocytes.approximation by a model in which the different expression
We have shown here that Sox8 is able to bind to a humbéavels of the respective Sox proteins are taken into account and
of bona fide Sox10 response elements in a manndunctions are regarded as approximately equal. Thus during
indistinguishable from Sox10. Additionally, Sox8 and Sox10terminal differentiation, on&ox10allele contributes roughly
bind cooperatively to some response elements as heterodimerse-third to the overalboxgene activity, whereas ort&ox8
in a manner similar to the respective homodimers. Thus, thesdlele accounts for one-sixth. If the total amount of Sox protein
is no evidence for differential DNA binding or promoter drops to approximately two-thirds (as is the case for the Sox10
recognition between both Sox proteins. In good agreemertgterozygote and the Sox8-deficient mouse), minor
Sox8 activated expression from tidp promoter in transient disturbances become evident in the form of a transient delay
transfections and induced expression from the endogenoo$ terminal differentiation. Severity of this defect increases
Mbp andPlIp genes in N2A cells in a manner similar to Sox10with decreasing amounts of residual Sox protein as is the case
(Bondurand et al., 2001; Peirano et al., 2000; Stolt et alafter combined losses &ox8andSox10alleles. This leads to
2002). Interestingly, we have previously observed in vivo ahe dramatically extended terminal differentiation delay in
weak residual Mbp expression in some Sox10-deficienBox@cZ/lacZ Sox10/acZ mice, in which the total amount of
oligodendrocytes (Stolt et al., 2002). As Sox8 was the onlyemaining Sox protein has dropped to approximately one-third.
remaining Sox E protein in the cells, the residual Mbp Although differences in expression levels are thus capable
expression might be attributed to the activity of Sox8. of explaining the different role of Sox8 and Sox10 during
Redundancy of structurally related transcription factors haterminal differentiation of oligodendrocytes, it is almost certain
been frequently observed. Usually, the redundant proteins camat there will be other modulating factors such as differences
fully compensate each other’'s loss so that their function is protein stability or, as already discussed, differences in
unmasked only after combined deletion. This is not the cadeansactivation capacities between both Sox proteins. Their
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contribution will be most easily revealed in mouse models in Absence of polyomavirus JC in glial brain tumors and glioma-derived cell

which Sox8is inserted into theSox10locus and therefore  lines.Glia 22, 415-420.

expressed at levels characteristic of Sox10. Herbarth, B., Plngal_JI_t, V., Bondurand, N., Kuhlbrodt, K., Hermans-

Borgmeyer, |., Puliti, A., Lemort, N., Goossens, M. and Wegner, M.

SOX8_ "?md Sox10 are not the only Struqtura"y related (1998b). Mutation of the Sry-related Sox10 gen®aminant megacolgn

transcription factors that are co-expressed during developmenta mouse model for human Hirschsprung diseRse. Natl. Acad. Sci. USA

of myelinating glia. The bHLH transcription factors Oligl 95, 5161-5165.

and Olig2 are both found in cells of the oligodendrocytelaegle. M., Mandemakers, W., Broos, L., Zwart, R., Karis, A., Visser, P.,

- P - A : Grosveld, F. and Meijer, D.(1996). The POU factor Oct-6 and Schwann
lineage and behave similarly in gain-of-function analyses. cell differentiation Science273 507-510.

Neverthe|?551 their delepion |ead_5 to different phenotypf}s in ﬂllgegle, M., Ghazvini, M., Mandemakers, W., Piirsoo, M., Driegen, S.,
mouse with loss of Olig2 leading to an early specification Levavasseur, F., Raghoenath, S., Grosveld, F. and Meijer, (2003). The
defect and loss of Oligl affecting maturation of POU proteins Brn-2 and Oct-6 share important functions in Schwann cell
oligodendrocytes (Lu et al., 2002). This argues that loss of developmentGenes Devl7, 1380-1391.

; - - . - ] Kuhlbrodt, K., Herbarth, B., Sock, E., Hermans-Borgmeyer, |. and
Ollgl 1S Com_pensated unldlrectlonally by Olng durmg early Wegner, M. (1998a). Sox10, a novel transcriptional modulator in glial cells.
phases of oligodendrocyte development. J. Neurosci18, 237-250.

Myelinating Schwann cells express Oct6 and the closelguhlbrodt, K., Schmidt, C., Sock, E., Pingault, V., Bondurand, N.,
related POU protein Brn2 with a similar developmental profile. Goossens, M. and Wegner, M(1998b). Functional analysis of Sox10

; ; s Mutations found in human Waardenburg-Hirschsprung patient®iol.
Analysis of mice deficient for both Oct6 and Brn2 and the Chem.273 23033-23038.

phenotypic rescue of Oct6-deficiency by ectopic B2 ¢mie G.(1988). Unwrapping the Genes of Myelieuronl, 535-543.
expression both support the notion that the two POUu, Q. R., Sun, T, Zhu, Z., Ma, N., Garcia, M., Stiles, C. D. and Rowitch,
proteins perform redundant functions (Jaegle et al., 2003).D. H. (2002). Common developmental requirement for olig function
Nevertheless, the delay in Schwann cell differentiation is more indicates a motor neuron/oligodendrocyte connecteil 109, 75-86.

; _Aafin ; : : ieto, M., Schuurmans, C., Britz, O. and Guillemot, F.(2001). Neural
pronounced in Oct6-deficient mice than in mice that lack Bmz@ bHLH genes control the neuronal versus glial fate decision in cortical

indicating that both proteins have a different importance during progenitorsNeuron29, 401-413.

Schwann cell development. There is also some indication thatirano, R. I., Goerich, D. E., Riethmacher, D. and Wegner, M2000).
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