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Sox10 Cooperates with the Mediator Subunit 12 during
Terminal Differentiation of Myelinating Glia
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Several transcription factors are essential for terminal differentiation of myelinating glia, among them the high-mobility-group-domain-
containing protein Sox10. To better understand how these factors exert their effects and shape glial expression programs, we identified
and characterized a physical and functional link between Sox10 and the Med12 subunit of the Mediator complex that serves as a conserved
multiprotein interphase between transcription factors and the general transcription machinery. We found that Sox10 bound with two of
its conserved domains to the C-terminal region of Med12 and its close relative, Med12-like. In contrast to Med12-like, substantial
amounts of Med12 were detected in both Schwann cells and oligodendrocytes. Its conditional glia-specific deletion in mice led to terminal
differentiation defects that were highly reminiscent of those obtained after Sox10 deletion. In support of a functional cooperation, both
proteins were jointly required for Krox20 induction and were physically associated with the critical regulatory region of the Krox20 gene
in myelinating Schwann cells. We conclude that Sox10 functions during terminal differentiation of myelinating glia, at least in part by

Med12-dependent recruitment of the Mediator complex.

Introduction

Rapid saltatory conduction is essential for proper functioning of
the vertebrate nervous system and depends on myelination of
axons by specialized glia: Schwann cells in the peripheral nervous
system (PNS) and oligodendrocytes in the CNS. Myelination is a
tightly controlled process that requires reciprocal signaling be-
tween axon and glial cell; on the glial side, it leads first to induc-
tion and later to maintenance of a special gene expression
program.

Several transcription factors orchestrate the myelination pro-
gram in Schwann cells and oligodendrocytes; these include
Nfatc3/c4, the POU homeodomain transcription factor Oct6,
and the zinc finger transcription factor Krox20 (also referred to as
Egr2) in Schwann cells (for review, see Svaren and Meijer, 2008),
whereas the closely related bHLH proteins Oligl and Olig2, the
homeodomain protein Nkx2.2, and the Ndt80-domain-
containing Mrf regulate myelination in oligodendrocytes (for
review, see Li et al., 2009). Also involved in both cell types is the
high-mobility-group (HMG)-domain-containing transcription
factor Sox10 (Stolt et al., 2002; Finzsch et al., 2010; Frob et al.,
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2012). To better understand how these transcription factors co-
ordinate the myelination program, it is important to find out how
they interact with and influence each other within their regula-
tory network and how they communicate with epigenetic factors
and the basal transcription machinery.

Many cell-type-specific transcription factors communicate
with the basal transcription machinery via the Mediator complex,
which consists of ~30 subunits that are organized in three con-
stitutive subcomplexes and a fourth optionally present, regula-
tory subcomplex that modulates the interaction between
Mediator and RNA polymerase II (Borggrefe and Yue, 2011;
Conaway and Conaway, 2011). The regulatory subcomplex is
also referred to as the Srb8—11 or Cdk8 module and consists of
Cdks, cyclin C, Med12, and Med13.

Through gain-of-function and loss-of-function studies, the
Mediator and its subunits have been implicated in the develop-
ment of various cell types, tissues, and organs (Hentges, 2011).
Intriguingly, some subunits are preferentially associated with
specific developmental processes. For example, studies on Med12
revealed important contributions to the development of neural
crest, nervous system, cartilage, kidney, and endodermal organs in
vertebrate model organisms (Hong et al., 2005; Rau et al., 2006;
Wang et al., 2006; Shin et al., 2008; Rocha et al., 2010; Zhou et al.,
2012). Additional evidence for a role of Med12 in nervous system
development came from human genetics: Med12 mutations have
been identified as cause of intellectual disability syndromes, includ-
ing Opitz-Kaveggia syndrome, and as risk factor for psychotic ill-
nesses in Caucasians (Philibert, 2006; Risheg et al., 2007).

From phenotypic analyses of animal models and human pa-
tients, it is evident that Med12 is active in developing neurons.
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myelination process. Our study therefore
provides important mechanistic insights
into the pathway by which glial transcrip-
tion factors interact with the general tran-
scription machinery and instruct it to
activate the myelination program.

Materials and Methods

Plasmids. Bacterial expression plasmids for fu-

sion proteins between GST and Sox10 (Fig. 1A)
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1753-1941, corresponding to the N-terminal

half of the PQL domain (NPQL); amino acids B
1840-2057, corresponding to the C-terminal
half of the PQL domain (CPQL); and amino
acids 2058-2157, corresponding to the OPA
domain. In the context of pGEX-KG, several
CPQL deletion mutants (CPQL del1-del6; Fig.
2B) were generated using the QuikChange XL
Site-Directed Mutagenesis Kit (Stratagene),
and CPQL was further subdivided into
CPQL-1 (amino acids 1840-1913), CPQL-2
(amino acids 1911-1985), and CPQL-3 (amino
acids 1983-2057).

Several Sox10 and Med12l regions were also
produced in bacteria as in-frame fusions to
N-terminal tandem 6xHis and T7 epitope tags
using pET28-based vectors. This included
dimerization and HMG domain (Dim/HMG),
central conserved K2 domain, and C-terminal
transactivation domain (TA) for Sox10
(Weider et al., 2012), as well as the CPQL re-
gion and the complete C-terminal part (CT,
corresponding to amino acids 1753-2157) for
Med12l.

Eukaryotic expression vectors were based on the pCMV5 backbone
and allowed expression of the following proteins or protein fragments:
T7-tagged versions of full-length Med12, the Med12l CT and CPQL
fragments, and untagged versions of Oct6 (Wegner et al., 1993), Sox10
(Kuhlbrodt et al., 1998), Sox10AK2 (Schreiner et al., 2007), and
Sox10VP16, in which the coding sequence of the VP16 transactivation
domain was fused to amino acids 1-377 of rat Sox10. For gene-specific
knock-down, shRNA coding sequences were inserted in wild-type or
scrambled version into the pSuper vector according to the manufactur-
er’s instructions (Oligoengine). Wild-type shRNA sequences included
5'-GCAGCAATGTCTGAGACTAAG-3" (shM1) and 5'-GCAGTATGC
CACACACTTTCC-3" (shM2) for rodent Med12, 5'-GCATGCAGAGA
GATAGCATTA-3" (sh8) for rodent Cdk8, 5'-GGAGGAAGGCTGA
AACCATAC-3' (shl) for rodent MedI, and 5'-GCTATCTCCTCTGAA
GAAATC-3' (sh4) for rodent Med4.

The luciferase reporter plasmid carrying the Krox20 MSE was de-
scribed previously (Reiprich etal., 2010). In case of the Oct6 Schwann cell
enhancer (SCE), sequences corresponding to HR1a and HR2b elements
of the SCE (Jagalur et al., 2011) were amplified by PCR from mouse
genomic DNA and inserted into a pGL3-based luciferase plasmid in front
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Sox10and Med12linteract with each other. A, In addition to full-length Med12, Med12l, and Sox10, fragments
used in interaction studies are schematically represented. Numbers represent amino acid positions. Conserved regions
include the PQL and OPA domains in Med12 and Med12l and the Dim/HMG, K2, and TA domain of Sox10. B, Pull-down
assays were performed with Sox10 fragments immobilized as GST fusions on Sepharose beads and Med12I CT produced in
293 cell extracts. Detection of Med 121 T was by Western blot using an antibody directed against the T7 epitope tag. C, D,
Med12Ifragments NPQL, CPQL, and OPA were fused to GST and used in pull-down assays to precipitate full-length Sox10 (€)
or the conserved Dim/HMG, K2, and TA domains of Sox10 (D). Full-length Sox10 was generated in 293 cells, its conserved
domains as T7-tagged versions in bacteria. Antibodies directed against Sox10 or the T7 epitope tag were used to detect the
precipitated proteins by Western blot. Input corresponds to one-tenth of the amount of the protein used in the assay.
Control pull-down experiments were performed with GST only.

of the 0.2 kb minimal promoter of the mouse Oct6 gene (Renner et al.,
1996).

Generation of mice, tissue preparation, immunohistochemistry, and in
situ hybridization. Med12*“N"! mutant embryos were generated by
crossing Med121°¥/1°% females (Rocha et al., 2010) with males expressing
Cre recombinase from the CNPI locus (Lappe-Sietke et al., 2003). They
were recovered by Cesarean section at 18.5 d post-coitum (dpc) from
staged pregnancies and genotyped as described previously (Lappe-Siefke
etal., 2003; Rocha et al., 2010). Tissue underwent fixation with 4% para-
formaldehyde before transfer to 30% sucrose and freezing in Tissue
Freezing Medium (Leica). Next, 10 wm cryotome sections at the forelimb
level were used for immunohistochemical stainings (Stolt et al., 2003)
with the following primary antibodies: guinea pig anti-Sox10 (1:1000
dilution; Maka et al., 2005), rabbit anti-Olig2 (1:500 dilution; Millipore),
rabbit anti-Pdgfra (1:200 dilution; Santa Cruz Biotechnology), rabbit
anti-Gprl7 (1:5000 dilution; Cayman Chemical), rabbit anti-Mrf (1:500
dilution; Julia Hornig and Michael Wegner, unpublished data), rabbit
anti-Mbp (1:500 dilution; Neomarkers), rabbit anti-Sox2 (1:200 dilu-
tion; Thein et al., 2010), rabbit anti-Oct6 (1:2000 dilution; Renner et al.,
1994), rabbit anti-Krox20 (1:200 dilution; Covance), and mouse anti-
Nkx2.2 (1:5000 dilution; Hybridoma Bank). For antibodies directed
against Nkx2.2 and Gpr17, signal intensity was enhanced by using the
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cytes were cultured in defined medium con-
taining bFGF and PDGF and differentiated as
described previously (Louis et al., 1992).

The 293 cells were transfected on 100 mm

Dim/HMG e 4

del1

plates with 10 ug of pPCMV5-based expression
plasmids using polyethylenimine and har-

vested 48 h after transfection for preparation of
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protein extracts (Wissmiiller et al., 2006).
OLN93 and S16 cells were also grown on 100

mm plates to obtain protein extracts.
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Luciferase assays were performed in S16 cells
grown on 35 mm plates and transfected in du-
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plicates with Superfect reagent according to the
manufacturer’s protocol (Qiagen). Standard
amounts of transfected plasmids per plate were
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performed with GST only.

TSA-Plus Fluorescence system (PerkinElmer). Secondary antibodies
were coupled to Cy3 or Alexa Fluor 488 fluorescent dyes (Dianova).
Samples were documented with a Leica DMI 6000B inverted microscope
equipped with a DFC 360FX camera (Leica).

For in situ hybridizations, 14 um cryotome sections from the forelimb
level of mouse embryos were used with DIG-labeled antisense riboprobes
specific for Mbp, Plp, and Mpz as described previously (Stolt et al., 2002).
Samples were analyzed and documented with a Leica MZFLIII stereomi-
croscope equipped with an Axiocam (Zeiss).

Cell culture, transient transfection, extract preparation, and luciferase
assays. Human 293 embryonic kidney cells, rat S16 Schwann cells (Toda
et al., 1994), and rat OLN93 oligodendroglial cells (Richter-Landsberg
and Heinrich, 1996) were maintained in DMEM containing 10% fetal
calf serum. Rat CG4 oligodendroglial cells and rat primary oligodendro-

The interaction between Sox10 and Med 12l is mediated by multiple conserved regions in both proteins. A, Pull-down
assays were performed with the Sox10 transactivation domain immobilized as GST fusion on glutathione Sepharose beads and the
T7-tagged Dim/HMG domain of Sox10 in the absence (top) or presence (bottom) of CPQL. B, Microdeletions del1—del6 were
introduced into CPQL as outlined. Numbers define the deleted regions. C, Pull-down assays with GST fusions carrying CPQL and its
deletion variants served to map the contact points for the Sox10 TA domain in Med12l. D, The interaction interface between the
Sox10 Dim/HMG domain and Med 12l was investigated in pull-down assays with GST fusions carrying the CPQL subfragments 1-3
(Fig. 1A). The proteins to be pulled down are listed on the left of each panel and were all supplied as bacterially produced and
purified versions. Detection was by Western blot using an antibody directed against the T7 epitope present in all proteins.
Generally, input corresponds to one-tenth of the amount of the protein used in the assay. Control pull-down experiments were

2027 © 2037 gsured 48 h after transfection. In transfections

with pSuper constructs, luciferase activities
were normalized to luciferase activities ob-
served with empty pCMV5 and the pSuper
construct. Transfections were done at least
three times. Analysis was performed with
GraphPad Prism 5 software.

To achieve reproducibly high transfection
efficiencies of >50% for RNA studies in the
S16 cell line, cells were transfected with 5 ug of
pSuper plasmids using the Xfect Transfection
Reagent (Clontech) according to the manufac-
turer’s protocol before RNA was prepared by
the TRIzol method (Life Sciences Advanced
Technologies).

Quantitative PCR analysis. RNA samples
from mouse spinal cord, mouse sciatic nerve,
untreated or transfected S16 cells, OLN93 cells,
CG4 cells, primary Schwann cells, and oligo-
dendrocytes were reverse transcribed and used
to analyze expression levels by quantitative
PCR (qPCR) on a Bio-Rad CFX96 Real Time
PCR System. The following primer pairs were
used: 5'-GGACGCTACTGAGTCACCTGG-3’
and 5'-CCCAACAGTTCAATGTTTCAC-3’
for mouse and rat Medi2, 5'-ATTGCAGAG
TTTGACTCATTC-3" and 5'-AAAGCGGAC
ATATGGGACCAC-3' for mouse Med12l, 5'-
AACCGGAGCGACTGTGTACAG-3" and 5'-
GCTCAAGATTCTGAAGAATGC-3" for rat
Medi12l, 5-AGGCCCCTTTGACCAGATGA-3'
and 5'-AAGATGCCCGCACTCACAAT-3' for
mouse Krox20, 5'-AGGGTTGCGACAGGA
GGT-3" and 5'-GGTGCGGATGTGAGTGGT-3’
for rat Krox20, 5'-GAAAACTGCAGTGGGAGGAAG-3" and 5'-GTA
GGGGCTCCTCCTTGAAG-3' for mouse Nfatc4,5'-GGTCACCATGTG
GTCCTCGGATG-3" and 5'-AGGGTCTGAGAGGTCAATGCCAGG-3’
formouse YyI,and 5'-GAGAATGTTCAGAAACAGTGG-3" and 5'-GAA
ATAGGTAGTGGAGCTGG-3' for mouse Gpr126. Transcript levels were
normalized to B-actin. To be able to compare expression levels of Med12 and
Med12l directly in the same RNA sample, regions of similar size (~200 bp)
and with similar distance to the 3" end (~2 kbp) were amplified from each
transcript with primers of comparable efficiencies. Primer efficiencies were
determined on cloned templates using the Bio-Rad CFX Manager software.
They were all well over 90% and similar to each other.

GST pull-down assay, coimmunoprecipitation, and Western blotting.
For GST pull-down assays, full-length proteins were produced in trans-
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fected 293 cells and used as whole-cell extracts. Sox10 and Med12l frag-
ments were made in BL21 DE3 pLysS bacteria and further purified by
affinity chromatography on glutathione-Sepharose 4B beads for GST
fusion proteins or Ni-NTA beads for 6xHis-tagged proteins. The gluta-
thione Sepharose 4B bound GST or GST fusion proteins were incubated
with cell extracts or 6xHis-tagged proteins for 2 h in buffer containing the
following (in mm): 4.3 Na,HPO,, 1.47 KH,PO,, 100 NaCl, and 2.7 KCl,
followed by repeated cycles of centrifugation and washing.

For coimmunoprecipitation, S16 and OLN93 cell extracts were diluted
1:5 in 10 mm HEPES, pH 7.9, 0.1 mm EDTA, 0.1 mm EGTA, 100 mm
NaCl, 10% glycerol, 10 ug/ml aprotinin, 10 pg/ml leupeptin, and 2 mm
DTT before the addition of rabbit antiserum against Sox10 (1:3000 dilu-
tion; Stolt et al., 2003) or control preimmune serum and protein A Sep-
harose CL-4B beads (GE Healthcare). After overnight incubation at 4°C
samples underwent repeated cycles of centrifugation and washing.

Bead-bound proteins in GST-pull-down assays and coimmunopre-
cipitations were eluted and size fractionated on polyacrylamide-SDS gels.
Detection was by Western blot using mouse antibodies directed against
the T7 epitope tag (1:10,000 dilution; Novagen), rabbit antisera against
Sox10 (1:3000 dilution), Med12 (1:5000 dilution; Novus Biologicals),
Med1 (1:200 dilution; Santa Cruz Biotechnology sc-8998), and Med15
(1:200 dilution; Santa Cruz Biotechnology sc-86730), as well as goat
antisera against Med13 (1:200 dilution; Santa Cruz Biotechnology sc-
12013) and Cdk8 (1:200 dilution; Santa Cruz Biotechnology sc-1521).

Chromatin immunoprecipitation. Chromatin was prepared from S16
cells after cross-linking of endogenous proteins to DNA and shearing as
described previously (Weider et al., 2012). Immunoprecipitation was
overnight at 4°C using Med12 antibodies or control immunoglobulins in
the presence of protein A Sepharose CL-4B beads pretreated with BSA
and salmon sperm DNA. After washing, cross-link reversal, proteinase K
treatment, phenol/chloroform extraction, and ethanol precipitation, the
amount of DNA from input and precipitated chromatin was quantified
by qPCR using the Bio-Rad CFX96 Real Time PCR system (Weider et al.,
2012). To detect various regions around the Krox20 gene the following
primer pairs were used: 5'-CCAGGCTGGAGATGAGAGTC-3" and 5'-
GTGTCCCACCCTCTGAAAAA-3" to amplify positions —2262 to
—2069 (—2region), 5'-ACAAACAAACAGCCCAGACC-3" and 5'-AAA
AATTACCCGCACTCACG-3" to amplify positions —742 to —585
(—0.6region),5'-CCAAGCCCGTATGCAAAT-3"and5"-CTCGCCCAG
CAATTAATGA-3' to amplify positions —149 to +24 around the tran-
scriptional start (TS region), 5'-AATCCACGAATGAGGAGGTG-3’ and
5'-GATCTGGAACCTAGCGATGC-3" to amplify positions +36184 to
+36352 (+36 region) and 5'-AGCCCTTCACAAAGCTGAAA-3’ and
5'-GGATTTCATCCTTGGCTTCA-3’ to amplify positions +39984 to
+40234 within the MSE.

Results
Sox10 interacts with Med12-like and its close relative Med12
A vyeast-two-hybrid screen for interactors of dimerization and
HMG domains of Sox10 led to the identification of the
C-terminal part of Med12-like (Med121). This region consists of
the proline-, glutamine-, and leucine-rich PQL and the adjacent
glutamine-rich OPA domain, and exhibits 67% amino acid sim-
ilarity to the corresponding region of Med12 (Fig. 1A). Although
little is known about Med12l, it may function similarly to Med12.
To confirm the yeast-two-hybrid result, we first performed
GST pull-down experiments. In these experiments, we tried to
precipitate the C-terminal region of Med12] (Med12l CT, corre-
sponding to amino acids 1753-2157; Fig. 1A) from extracts of
transiently transfected 293 cells by GST fusion proteins that
carried various domains of Sox10 and were immobilized on
glutathione-Sepharose beads. As expected from the yeast-two-
hybrid study, Med121 CT bound to a GST fusion protein contain-
ing dimerization and HMG domains (Dim/HMG) of Sox10 (Fig.
1B). Interestingly, Med 121 CT also interacted with the C-terminal
transactivation domain (TA) of Sox10, but not with its central
conserved region (K2).

Vogl, Reiprich et al. ® Sox10 and Med12 in Myelination

Interaction between the two proteins was also observed when
GST-Med12 fusion proteins were used (Fig. 1C). Sox10 was pulled
down from extracts of transfected 293 cells by a bacterially produced
GST fusion protein carrying the C-terminal half of the PQL domain
of Med12l (CPQL, corresponding to amino acids 1840-2057; Fig.
1C). In contrast, the N-terminal part of the PQL domain (NPQL,
corresponding to amino acids 1753-1941), and the OPA domain
(corresponding to amino acids 2058-2157) failed to pull down
Sox10 (Fig. 1C). These experiments map the interaction site within
Med12] between amino acids 1840 and 2057.

Interaction was also observed when Sox10 and Med12l do-
mains were both produced in bacteria and purified before the
GST pull-down experiment (Fig. 1D). The Dim/HMG and TA
domains of Sox10 both interacted with the CPQL region, but not
with the NPQL or OPA region, whereas the K2 domain of Sox10
failed to interact with any of these regions. From these results, we
conclude that Sox10 and Med12l can interact with each other
without eukaryote-specific posttranslational modifications, be-
cause these were absent in the bacterially expressed proteins.

Considering that the Dim/HMG and TA regions interacted
with the CPQL region of Med12l, we investigated whether bind-
ing of both Sox10 regions was mutually exclusive or if it could
occur simultaneously. We first verified by GST pull-down that
the two Sox10 regions did not already interact with each other
in the absence of Med12l. The Sox10 TA domain was fused to
GST and the Dim/HMG domain was produced in bacteria with
tandem 6xHis and T7 tags for purification and detection. When
these two bacterially expressed purified proteins were used in a
GST pull-down experiment, no interaction was detected (Fig. 24,
top). However, when a bacterially produced, T7-tagged protein
corresponding to CPQL was added, Dim/HMG was specifically
precipitated (Fig. 2A, bottom). This strongly suggests that both
Sox10 domains are able to simultaneously bind to the CPQL
region of Med12l.

To further delineate the interacting region in CPQL, we intro-
duced several microdeletions (Fig. 2B). These deletions were cho-
sen such that ~10 consecutive amino acids with a high degree of
conservation between Med12] and Med12 were removed. When
the resulting GST-CPQL fusions were incubated with the TA
domain of Sox10, interactions remained unaffected by deletions
dell-del4 (Fig. 2C). In contrast, CPQL del5 and del6 had lost
their ability to bind the TA domain of Sox10. This maps the
interface for TA domain recognition between amino acids 2002
and 2037 of Med12l.

We also performed analogous experiments with the Dim/
HMG domain of Sox10; however, none of the deletions abolished
the interaction of the Dim/HMG domain with CPQL (data not
shown). This suggests that either none of the deleted regions is
involved in the interaction or that there are multiple contacts for
Dim/HMG within CPQL, each sufficient to mediate interaction
in GST pull-down assays. To differentiate between these possibil-
ities we divided CPQL into CPQL-1 (corresponding to amino
acids 1840-1913), CPQL-2 (corresponding to amino acids 1911-
1985), and CPQL-3 (corresponding to amino acids 1983-2057)
(Fig. 1A). When these CPQL subfragments were produced as
GST fusions and tested for their ability to pull-down the Dim/
HMG domain, both CPQL-2 and CPQL-3, but not CPQL-1, were
able to interact (Fig. 2D). This indicates that there are at least two
separate contact regions for Dim/HMG between amino acids
1911 and 2057 of Med12l.

Considering the high degree of conservation between Med121
and Med12 in the interacting region, it seemed likely that Sox10



Vogl, Reiprich et al. ® Sox10 and Med12 in Myelination

A B
IP NG IP N
& s wB & s
wB N S N ¢ L) &
Sox10  —" — Sox10  — -—
AK2
Med12 Il [ Med12 - -
C D Sox10
P « ©
S & ©
wB & Q> O &
& & &
AR R N UEIR o
Octé s it Nl
Med12 === v S
meatz I :
E 0.08 7 sciatic nerve F o.08 T spinal
cord
0.06 A 0.06 A
£ £
8 8
s 0.04 4 ° 0.04 4
£ 0.02 o g 002
x x
[} [
0.00 LA amm umal .ﬁ .I:I 0.00 -
w1 w2 w3 w4 ad emb w1
G 0.08 7 Sschwann H 0.08 7 oligos B Med12
cells
[ Med121
0.06 0.06 -
£ £
° °
o 0.04 - S 0.04
g :
& 0.02 - £ 0.02 4 -
% 2 g 0.02 s T
0.00 - 0.00 - T T T T
SC S16 pOL doL CG4 OLN93
Figure 3.  Sox10 and Med12 interact and are coexpressed in glia. A—, Full-length, T7-tagged Med12 was coexpressed with

Sox10 (A), Sox10AK2 (B), or Oct6 (C) in 293 cells and analyzed for its ability to interact with these proteins in coimmunoprecipi-
tation (IP) assays. Antisera directed against Sox10 (cSox10) or Oct6 («Oct6) and preimmune serum (PI) were used. Top, Western
blot (WB) detection of Sox10 (4,B) or Oct6 (C). Bottom, Western blot detection of Med12 using specific antibodies. Input corre-
sponds to one-tenth of the amount of the protein used in the assay. D, Conserved Sox10 regions Dim/HMG, K2, and TA were fused
to GST and used in pull-down assays to precipitate T7-tagged Med12. Med 12 in the precipitate was detected by Western blot using
an antibody directed against the T7 epitope. E-H, Expression levels of Med12 (black bars) and Med12/ (white bars) were deter-
mined by qRT-PCR in RNA prepared from sciatic nerve () during postnatal weeks 1,2, 3, and 4 (w1, w2, w3, w4) and in the adult
(ad), from embryonic (emb) and postnatal (w1) spinal cord (F), from primary Schwann cells (SC) and the S16 Schwann cell line (G),
and from primary oligodendrocytes kept under proliferating (pOL) or differentiating (dOL) conditions, as well as CG4 and OLN93 cell
lines (H). Transcript levels were normalized to 3-actin levels in the respective samples. For each RNA source, RT-PCRs were
performed on at least three independent samples.

also interacted with Med12. To confirm this assumption, we
overexpressed T7-tagged full-length Medl12 and full-length
Sox10 in 293 cells and performed coimmunoprecipitation exper-
iments. Med12 was specifically detected in the precipitate ob-
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tained with an anti-Sox10 antiserum, but
not with preimmune serum (Fig. 3A).
Med12 was also coprecipitated when
Sox10 was replaced by a version that
lacked the K2 domain (Sox10AK2; Fig.
3B). In contrast, no interaction was evi-
dent between Med12 and the Oct6 tran-
scription factor after ectopic expression
of both proteins in 293 cells and precip-
itation with an anti-Oct6 antiserum
(Fig. 3C). Extracts from Medl2-
transfected 293 cells were also used in
pull-down studies with fusions between
the GST and Sox10 regions (Fig. 3D). As
was observed previously for the
C-terminal part of Med12l, full-length
Med12 also interacted with the Dim/
HMG region and the TA domain of
Sox10, but not with the K2 domain. We
therefore conclude that Medl12 and
Med12l interact similarly with Sox10.

Interaction between Sox10 and Med12
occurs in glial cells under

physiological conditions

For a protein-protein interaction to be
physiologically relevant, both proteins
have to occur in the same cells. Because
Sox10 is prominently expressed in glial
cells of the nervous system (Kuhlbrodt et
al,, 1998), we analyzed by qRT-PCR
whether these cells also express MedI2]
and MedI2. By choosing primer pairs of
comparable location, properties, and effi-
ciencies, and by normalizing to B-actin,
transcript levels could be compared for
each gene between samples and between
Med12] and Med12. The sciatic nerve as a
Schwann-cell-enriched PNS region ex-
hibited a robust MedI2 expression at all
analyzed time points with only little fluc-
tuation (Fig. 3E). MedI2] was also de-
tected in the sciatic nerve, but at
significantly lower levels. Compared with
the sciatic nerve, the amount of MedI2
transcripts was lower in the spinal cord
as an oligodendrocyte-rich region of the
CNS (Fig. 3F). MedI2 transcripts were
found both in late embryonic and in
early postnatal spinal cord. Amounts of
Med12] transcripts were again lower
than those for Med12; however, the dif-
ference was less pronounced than in the
sciatic nerve.

Both sciatic nerve and spinal cord
contain cell types other than Sox10-
expressing glia. To confirm colocalization
with Sox10 at the cellular level, we per-
formed additional RT-PCR analyses on

RNA from Schwann cell and oligodendrocyte cultures. In RNA
from cultured primary Schwann cells and the S16 Schwann cell
line, Med12 was present in substantial amounts (Fig. 3G). In
contrast, amounts of Med12l transcripts were at the detection
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limit. This difference in expression levelis A
compatible with previous findings from
microarray studies (Buchstaller et al,
2004). Cultured primary oligodendro-
cytes also expressed Med12 at robust levels
independently of whether they were kept
under proliferating or differentiating con-
ditions (Fig. 3H). Again, this supports
previous data from expression profiling
studies that failed to detect substantial
changes in Med12 transcript levels during
oligodendroglial development (Dugas et
al., 2006; Nielsen et al., 2006). Compara-
bly strong Med12 expression was observed
in CG4 and OLN93 as two oligodendro-
glial cell lines (Fig. 3H ). For Med12l, tran-
scripts were detected in RNA from
primary oligodendrocytes and CG4 cells,
but not in RNA from OLN93 cells. When
present, transcript levels were again lower
for Medi2l than for Med12. From these
results, we conclude that Med12 is coex-
pressed with Sox10 in Schwann cells and
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oligodendrocytes. In contrast, Med12l oc-
curs at lower levels in oligodendrocytes
and may even be absent from Schwann
cells. Considering the expression profiles
and the lack of antibodies and mouse mu-
tants for Med12l, we chose to focus all fur-
ther studies on Med12.

The presence of Sox10 and Med12 in
Schwann cells and oligodendrocytes prompted us to perform co-
immunoprecipitation on extracts from S16 and OLN93 cells (Fig.
4A,B). After precipitation of endogenous Sox10 from these ex-
tracts with specific antibodies, we detected not only Sox10 in the
precipitate (Fig. 4A, B, top), but also endogenous Med12 (Fig.
4 A, B). Neither protein was detected when preimmune antise-
rum was used instead of the Sox10 antiserum. These results
suggest that the interaction between Sox10 and Med12 occurs
under physiological conditions and at physiological concen-
trations in Schwann cells and oligodendrocytes.

Considering that Med12 has unique functions not attributed
to other subunits of the Mediator complex and usually occurs as
part of the CDK8 module (Borggrefe et al., 2002), we also ana-
lyzed whether other subunits of the CDK8 module were coim-
munoprecipitated with Sox10. Indeed, Med13 and Cdk8 were
also found in the precipitate (Fig. 4A, B), indicating that Sox10
can interact with the complete CDK8 module in Schwann cells
and oligodendrocytes.

The CDKS8 module can reversibly associate with the other
three constitutive modules of the Mediator complex to modulate
its coactivator function in a repressive or stimulatory manner
(Donner et al., 2007; Knuesel et al., 2009a; Belakavadi and Fond-
ell, 2010). In addition, the CDK8 module has functions apart
from the rest of the Mediator complex (Ding et al., 2008; Knuesel
et al., 2009b). Precipitates obtained from Schwann cells or oli-
godendrocytes with an anti-Sox10 antiserum also contained
Med1 from the middle module and Med15 from the tail mod-
ule of the Mediator complex (Fig. 4A,B). This suggests an
ability of Sox10 to interact with the complete Mediator com-
plex in both glial cell types; at the same time, it does not
exclude that Sox10 may also interact with the isolated CDK8
module or Med12 protein.

S16

Figure 4.

OLN93

Sox10interacts with Med12 and the Mediator complex under physiological conditions. 4, B, Coimmunoprecipitation
(IP) of endogenous Med12 and other mediator subunits with anti-Sox10 antiserum (ceSox10) or preimmune serum (Pl) from $16
(A) and OLN93 (B) cell extracts. Top, Western blot (WB) detection of Sox10. Bottom panels probe the presence of Med12, Med13,
(dk8, Med1, and Med15 in the precipitate using antibodies specifically directed against the respective protein. Input corresponds
to one-tenth of the amount of the protein used in the assay.

Mice with glia-specific Med12 deletion exhibit defects in glial
differentiation and myelin gene expression

If the physical interaction is functionally relevant, Med12 should
have a role in the development of Schwann cells and oligoden-
drocytes. To test this hypothesis in vivo, we deleted Med12 in the
mouse. Considering that Med12-deficient mice already die be-
fore the end of gastrulation and that hypomorphic mutants al-
ready exhibit severe and early defects in the developing nervous
system that may impede the analysis of glial development at later
time points, we chose to delete the X-chromosome-linked Med12
gene specifically in the already specified glial lineages using the
recently described floxed Med12 allele (Rocha et al., 2010) and a
CNPI-Cre knock-in allele (Lappe-Siefke et al., 2003). These were
combined in a Med12"Y CNP1 /<t genotype, hereafter referred
to as Med12*“N"!, Similar to CNP1 itself, Cre recombinase is
already expressed very early during Schwann cell development,
whereas its expression in developing oligodendrocytes is delayed
and only sets in at the promyelinating stage shortly before the
cells start to undergo terminal differentiation.

Med12”“NP! mice died shortly after birth, so analysis was
confined to the embryonic and perinatal stages. The cause of
death is unknown, but is unlikely to result from the phenotype
observed in glial lineages. At embryonic day 15.5, Med12* “N"!
embryos did not exhibit any obvious alterations of glial cell de-
velopment in the PNS or CNS (data not shown). At this time,
Med12 was already deleted from most Schwann cells, whereas it
was still expressed in the vast majority of oligodendroglial
cells. In the latter, Med12 deletion became detectable only at
embryonic day 18.5 and was restricted at this stage to a frac-
tion of oligodendroglial cells found in the marginal zone,
which is consistent with the onset of Cre expression in promy-
elinating oligodendrocytes.



Vogl, Reiprich et al. ® Sox10 and Med12 in Myelination

wt Med124CcNP1
A\( = w,"—‘" .:,-""' |- B ------
g = o “M
= o \ 7
% i
N |} o M“ N g5 Yk B s SRR AN v ol = 2
o B ,.;"' - m\ o S
= ; C{Pf — \ N
Q \k
re)
=
i ' -
G 3 & prt H £,
\'i." 2
2 . y >
oS,
..'Q:_ s Y T
N PRI ~ '-'7",“’; b
I 125 -+ J 125 -
100 -
L2 75-
)
(3]
& 50
=
N
25 -
0-
wt ACNP1 wt ACNP1

Figure 5. Myelin expression is absent from mouse PNS and CNS in the absence of Med12. A—H, In situ hybridizations were
performed on wild-type embryos (4,C,E,G) and Med12 ¥ littermates (B,D,F,H) at embryonic day 18.5 with probes directed
against Mbp (A,B,EF), Mpz (C,D), and Plp (G,H ). Shown are spinal nerve (A—D) and spinal cord (E-H) in transverse section. Size
bars correspond to 200 wm with the bar in D being valid for A-D and the one in H for E-H. I, J, Quantification of Mbp- and
Plp-positive cells in the wild-type and mutant spinal cord at embryonic day 18.5. Numbers in the wild-type spinal cord were set to
100%. At least five separate 14 um sections from the forelimb region of two independent embryos were counted for each
genotype. Data are presented as mean == SEM. Differences from the wild-type were statistically significant as determined by the
Student’s t test (p = 0.001).
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ment in Med12*“N*! mice until their

time of death, we performed in situ hy-
bridizations with probes directed against
several myelin-gene-specific transcripts
on embryos at 18.5 dpc. Although Mbp
and Mpz transcripts were readily detected
in spinal nerves of wild-type embryos,
Med12“NP! littermates exhibited almost
no expression of either myelin gene (com-
pare Fig. 5A,C and Fig. 5B, D). Similarly,
Mbp and Plp transcripts were present in
the marginal zone of the thoracic spinal
cord at this age in the wild-type, but
largely absent from the spinal cord of
Med122“N' embryos (compare Fig.
5E,G with Fig. 5F,H). We detected only
rarely a few Mbp-positive or Plp-positive
cells in the Med12*“N*' spinal cord.
Quantification confirmed the dramatic
difference between these genotypes (Fig.
51,]). These findings allow us to conclude
that terminal differentiation and myelin
gene expression is disturbed in both
Schwann cells and oligodendrocytes of
Med12* “NP! mice.

To further characterize the defects,
we performed additional immunohisto-
chemical stainings on embryos at 18.5
dpc. We used antibodies directed against
Sox10 on peripheral nerves (Fig. 6 A, B).
These stainings indicated that the number
of Sox10-positive cells in the nerve is un-
altered in Med12*“N*' embryos. Anti-
bodies directed against the Sox2 and Oct6
transcription factors similarly failed to de-
tect any differences between wild-type
and Med12%“N?! embryos with Sox2 al-
ready downregulated and Oct6 being
widely upregulated in Schwann cells along
the nerve (Fig. 6C—F). This indicates that
Schwann cells had reached the promyeli-
nating stage of their development. In con-
trast, Krox20 expression was strongly
reduced in nerves of Med12*“N"! em-
bryos compared with their wild-type lit-
termates (Fig. 6G,H). Quantifications
confirmed the findings in all cases (Fig.
61,] and data not shown).

The dramatic reduction of Krox20 was
also confirmed on the transcript level in
quantitative RT-PCR studies on sciatic
nerves from 18.5 dpc wild-type and
Med12*“NP! embryos (Fig. 6K). In con-
trast, levels of YyI and Nfatc4 as two other
regulators of Schwann cell development
remained unaltered, whereas amounts of
Gprl26 transcripts were increased (Fig.
6K). Considering that Krox20 is the

A common denominator of Schwann cell and oligodendro-  main Schwann cell regulator with decreased expression in
cyte development is that both cell types start to induce the expres- ~ Med12* ““"! mice and that it is normally upregulated early dur-
sion of several major myelin genes, including Mbp, Mpz, and Plp  ing differentiation and required for the execution of the myelina-
around the time of birth as part of the terminal differentiation  tion program, it is concluded that Schwann cell development is
program. To assess whether there is an effect on glial develop-  specifically arrested at the onset of myelination.
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Immunohistochemical analyses were
also performed on oligodendroglial cells

Med12:CNP1

in the embryonic spinal cord at embry-
onic day 18.5. Olig2, as a marker of cells
belonging to the oligodendroglial lineage,
was indistinguishably present in the man-
tle zone and marginal zone of age-
matched wild-type and Med124N!
embryos (Fig. 7A-D; for location of de-
picted areas, Fig. 7U). The number and
distribution of Pdgfra-positive oligo-
dendrocyte precursor cells was also very
similar in wild-type and age-matched
Med122“NP! embryos (Fig. 7E-H); if
anything, there was a slight increase in the
number of Pdgfra-positive cells in the
marginal zone of Med12*“N"! embryos.
This suggests that oligodendroglial cells in
general, as well as the fraction of oligoden-
drocyte precursors, are not strongly af-
fected in number or distribution by the
Med12 deletion.

This was also confirmed by immuno-

Sox10

Oct6

histochemical stainings for Sox10 as an al- L i AGHPY
ternative marker for the oligodendroglial
lineage (Fig. 7I-L). The only conspicuous Figure 6.

difference between wild-type and age-
matched Med12%“N"! embryos was in
staining intensities. Those oligodendro-
cytes that started terminal differentiation
in the marginal zone of wild-type embryos
at 18.5 dpc were recognizable by higher
Sox10 amounts compared with oligoden-
drocyte precursors of the mantle or mar-
ginal zone (compare Fig. 7I and Fig. 7K).
In Med122 NP1 embryos, however, all
Sox10-positive cells exhibited comparable
staining intensities that further resembled those of oligodendro-
cyte precursors in the wild-type (Fig. 71,J,L). The missing up-
regulation of Sox10 in the marginal zone of the Med12*“N"!
spinal cord may be indicative of a failure to initiate terminal
oligodendrocyte differentiation. This assumption was confirmed
by strong alterations in the expression of terminal oligodendro-
cyte markers in Med12* “N"' embryos. Both Nkx2.2 and Gpr17
are induced at the very onset of the differentiation process, im-
mediately followed by Mrf (Qi et al., 2001; Chen et al., 2009;
Emery et al., 2009). Accordingly, all three proteins were detected
at 18.5 dpc in the marginal zone of the wild-type spinal cord (Fig.
7M,0,Q), but Gprl7 and Mrf were mostly absent from spinal
cords of Med12* NP1 littermates (Fig. 7N, P,R). In the absence of
these transcriptional regulators of the myelination program,
Mbp was also missing in the marginal zone of the Med12% N
spinal cord (Fig. 7S,T'). Similar to the situation in Schwann cells,
oligodendrocyte development thus appears to be stalled at the
very onset of terminal differentiation and myelination.

triplicate.

Med12 interacts functionally with Sox10 during terminal glial
differentiation and myelination

Considering that Med12 is similarly involved in terminal differ-
entiation of myelinating glia as Sox10 and that both proteins
interact physically, it seems reasonable to assume that these pro-
teins cooperate functionally during these processes. It has been
shown previously that Sox10 binds to the MSE enhancer of the
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In the absence of Med12, Schwann cells fail to upregulate Krox20 expression and do not induce the myelination
program. A—H, Immunohistochemistry was performed on spinal nerves of wild-type embryos (4,CE,G) and Med 12> """ litter-
mates (B,D,F,H) at embryonic day 18.5 with antibodies directed against Sox10 (4,B), Sox2 (C,D), Oct6 (E,F), and Krox20 (G,H).
Scale bar, 50 wm. I, J, Quantification of Oct6- and Krox20-positive cells as the percentage of total Sox10-positive Schwann cells in
wild-type and mutant spinal nerves at embryonic day 18.5. At least 10 separate nerve sections from two independent embryos
were counted for each genotype. Data are presented as mean == SEM. Differences from the wild-type were statistically significant
only for the number of Krox20-positive cells as determined by the Student’s t test (p = 0.001). K, Expression levels of the Schwann
cell regulators Krox20, Yy1, Nfatc4, and Gpr126 were determined by qRT-PCR in RNA prepared from sciatic nerve of wild-type
embryos (black bars) and Med12* ! littermates (white bars) at embryonic day 18.5. Transcript levels were normalized to
B-actin levels in the respective samples. For each RNA source, RT-PCRs were performed on three independent samples, each in

Krox20 gene in Schwann cells (Ghislain and Charnay, 2006;
Reiprich et al., 2010). If Sox10 and Med12 cooperate, we would
predict that Med12 is also located at the MSE enhancer. To test
this hypothesis, we performed chromatin immunoprecipitation
on S16 Schwann cells that actively transcribe Krox20 (Fig. 8A).
These experiments showed that the Krox20 MSE was significantly
enriched in chromatin precipitated with anti-Med12 antibody
relative to chromatin precipitated with control immunoglobu-
lins (Fig. 8B-D). A similar enrichment was also found for the
transcription start site of the Krox20 gene, but not for several
control fragments in the upstream or downstream regions of the
gene (Fig. 8 B, D). Therefore, like Sox10, Med12 is bound to the
MSE in S16 Schwann cells.

To further exploit S16 cells as a system with which to study
Med12 interaction with Sox10, we generated two shRNAs di-
rected against rodent Med12. After validation of these shRNAs in
Med12-transfected 293 cells (Fig. 8E) and in S16 cells (Fig. 8F),
we first studied their impact on endogenous Krox20 expression.
In agreement with all other data, both Med12-specific stRNAs
substantially reduced Krox20 levels in S16 cells, whereas a scram-
bled version failed to do so (Fig. 8G). We further performed
reporter gene assays in S16 cells by transient transfection of a
luciferase gene under control of the Krox20 MSE (Fig. 8H-K). As
described previously (Reiprich et al., 2010), this luciferase re-
porter is activated by cotransfected Sox10 (Fig. 8H ). Activation
was substantially reduced in the presence of either shRNA di-
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Figure 7.  In the absence of Med12 oligodendrocytes fail to induce the myelination program. Immunohistochemistry was performed on transverse spinal cord sections of wild-type embryos

(A,CEG,1KM,0,Q.5) and Med12 > “Flittermates (B,D,F,H.J,L,N,P,R,T) atembryonic day 18.5 (4—R) orimmediately after birth (S, T) with antibodies directed against Olig2 (4-D), Pdgfra (E-H),
Sox10 (I-L), Nkx2.2 (M,N), Gpr17 (0, P), Mrf (Q,R), and Mbp (S,T). Photographs were taken both from the mantle zone (A,B,E,F,1.J) and the marginal zone (C,D,G,H,K-T) of the ventral spinal cord

as schematically indicated in U. Scale bar, 50 m.

rected against Med12, whereas a shRNA with scrambled sequence
had no effect (Fig. 8H ). This suggests that Sox10 depends, at least
in part, on Med12 for Krox20 induction.

The MSE-containing luciferase reporter was also activated
when wild-type Sox10 was replaced by a chimeric version in
which its C-terminal TA domain was replaced by the transactiva-
tion domain of VP16 (Fig. 8I). Intriguingly, activation by the
Sox10-VP16 fusion was refractory to the presence of MedI2-
specific shRNA. VP16 predominantly interacts with the Mediator
complex via the Med25 subunit (Mittler et al., 2003), so that its
presence provides an alternative docking site and relieves depen-
dence on Med12.

It had also been shown previously that Sox10 cooperates with
Oct6 on the MSE to activate Krox20 expression (Ghislain and
Charnay, 2006; Reiprich et al., 2010). The presence of Med12-
specific ShRNA during transfection also decreased the level of
synergistic activation (Fig. 8]), suggesting that the presence of
Oct6 could not compensate for the reduced ability of Sox10 to
interact with the Med12 subunit.

Sox10-dependent activation of the MSE-containing luciferase
reporter was also sensitive to shRNAs directed against Cdks,
Med1, or Med4 (Fig. 8K). All of these shRNAs were prevalidated
for their ability to reduce the respective mediator subunits in S16
cells (data not shown). These results further support the notion
that the whole Mediator complex is recruited by Sox10 to the
MSE via its interaction with Med12.

A slightly earlier target for Sox10 in Schwann cells is the Oct6
gene (Jagalur et al., 2011). Therefore, we also studied the impact
of Med12 on the Sox10-dependent activation of the Oct6 gene,
which is mediated by SCE through its HRIa and HR2b elements
(Jagalur et al., 2011). Upon cotransfection in S16 cells, Sox10
stimulated luciferase reporter genes under control of the HR1a
and the HR2b elements (Fig. 8L, M); however, activation was
refractory to the presence of Med12-specific sShRNA. This is con-
sistent with the normal Oct6 expression in Schwann cells of
Med12* “NP! mice and indicates that Sox10 target genes do not all
rely to the same extent on Med12 for their activation.

Discussion

Sox10 has been identified as an essential component of the tran-
scriptional network that regulates the development of myelinat-
ing glia in PNS and CNS (Britsch et al., 2001; Stolt et al., 2002;
Finzsch et al., 2010); this includes prominent roles in terminal
differentiation and the myelination program. Furthermore, re-
cent studies have suggested that Sox10 exerts at least part of its
function through recruitment of the chromatin remodeling ma-
chinery in differentiating glia (Weider et al., 2012). Here we pro-
vide evidence that another facet of Sox10 function depends on its
interaction with the Mediator complex. Our studies suggest that
the interaction between Sox10 and the Mediator complex is at
least in part conferred by its Med12 subunit. This was inferred
from the physical interaction between Sox10 and Med12, the
strong resemblance of glial defects observed in the absence of
Med12 or Sox10, and the impact of Med12 downregulation on
Sox10-dependent gene activation. Intriguingly, Med12 and
Sox10 were both implicated by association studies in schizophre-
nia (Aston et al., 2005; Iwamoto et al., 2005; Philibert, 2006),
further arguing for a link between these factors.

As inferred from the impact of both factors on Krox20 expres-
sion, the interaction between Sox10 and Med12 appears to have
an activating effect during Schwann cell differentiation. All avail-
able data suggest that Sox10 recruits the complete Mediator com-
plex via interaction with Med12, which as a well known
coactivator facilitates preinitiation complex assembly and leads
to increased transcription of Krox20 and possibly other genes that
are induced during terminal differentiation. Considering the
many additional effects of the Mediator complex on transcrip-
tion and chromatin structure and the existence of Mediator-
independent functions of the Cdk8 module (Malik and Roeder,
2010; Borggrefe and Yue, 2011; Conaway and Conaway, 2011),
additional mechanisms may well be at work.

Med12 has been shown previously to influence nervous sys-
tem development (Hong et al., 2005; Rau et al., 2006; Wang et al.,
2006; Rocha et al., 2010; Zhou et al., 2012). However, previous
studies have focused on gross morphological aspects of nervous
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Figure8. Sox10and Med12 cooperate functionally in Schwann cells. 4, Detection of Krox20 transcripts in S16 cells by RT-PCR and consecutive gel electrophoresis of PCR products. — indicates a
water control. B—D, Chromatin immunoprecipitation was performed on chromatin prepared from S16 Schwann cells with antibodies directed against Med12 and control IgGs. gRT-PCRs were
performed on immunoprecipitated chromatin to determine the relative enrichment of several regions from the Krox20 gene locus in the Med12 precipitate over the control. Experiments were
performed at least three times with each PCRin triplicate. The regions probed by gRT-PCR (—2, —0.6, TS, +36, MSE) and their relative location to the Krox20 gene are depicted in B. The enrichment
obtained for each region relative to the IgG control is summarized in C, and D shows a representative chromatin immunoprecipitation experiment performed in triplicate for the Krox20 MSE with
input chromatin and chromatin precipitated by control IgG or anti-Med12 antibodies. — indicates a water control. E, Determination of shRNA efficiencies by Western blot with anti-Med12
antibodies using extracts from 293 cells transfected with mouse Med12 in the presence of pSuper-based expression plasmids. In addition to the empty expression plasmid, versions were used that
contained Med12-specific shRNAs (shM1and shM2) or an shRNA with scrambled sequence (scr). Acetylated tubulin (acTub) served as a loading control. F, G, Determination of shRNA efficiencies by
gRT-PCR on RNA prepared from S16 cells transfected with expression plasmids for Med12-specific (shM1 and shM2) or srambled (scr) shRNAs. After normalization to 3-actin, Med12 (F) and Krox20
(@) expression levels in $16 cells transfected with scrambled shRNA were set to 1, and expression levels in the presence of Med12-specific sShRNAs were expressed relative to it. Error bars represent
the differences between two biological replicates with PCR on each sample performed in triplicate. H—M, Transient transfections were performed in 516 cells with luciferase reporters under the
control of the Krox20 MSE (H—K), the HR1a (L), or the HR2b (M) element of the Oct6 SCE. As indicated below the lanes, expression plasmids were added to some transfections. These included
expression plasmids for Sox10 (H,J,K,L,M), a Sox10VP16 fusion protein (/), and Oct6 (/), as well as for shRNAs directed against Med12 (shM1 and shM2), Cdk8 (sh8), Med1 (sh1), Med4 (sh4), or
containing a scrambled version (scr). Luciferase activities in extracts from transfected cells were determined in three experiments each performed in duplicate. The luciferase activity obtained in the
absence of cotransfected transcription factor plasmid, but in the presence of shRNA, was arbitrarily set to 1 and the fold inductions were calculated for all other samples relative to it. Data are
presented as mean == SEM. Differences between activation rates were statistically significant for Med72-specific shRNA-containing transfections in H and J, and for Cdk8-, Med1- and Med4-specific
shRNA-containing transfections in K according to the Student’s ¢ test (p = 0.001).

system development or specifically on the development of neu-  need to be induced; these include Krox20 in Schwann cells and
rons. The present study is the first to focus on glial cells. Our ~ Nkx2.2, Gprl7, and Mrf in oligodendrocytes. The arrest there-
deletion strategy allowed us to analyze Med12 during oligoden-  fore preceded the eventual induction of myelin gene expression.
drocyte and Schwann cell development. In both types of myeli- Disturbances in myelin gene expression and developmental

nating glia, Med12 turned out to be required for terminal  myelination will lead to different phenotypic manifestations de-
differentiation. In fact, terminal differentiation became stalled at ~ pending on the severity of the defect. Abnormalities of the corpus
the very onset, when central regulators of the myelination process ~ callosum that are regularly observed in patients with Opitz-
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Kaveggia syndrome (Risheg et al., 2007) represent one such man-
ifestation. It is thus tempting to speculate that the disease-causing
Med12 mutations in Opitz-Kaveggia interfere with the role of
Med12 in CNS myelination as defined in this study.

Med12 deletion in our mouse model occurred late during
oligodendrocyte development. Therefore, we may have missed
earlier additional functions of Med12. In contrast, deletion in
Schwann cells had already taken place in the immature Schwann
cell stage. Nevertheless, immature Schwann cells progressed nor-
mally into the promyelinating stage, as indicated by Sox2 down-
regulation and Oct6 induction, before they became arrested at
the onset of the myelinating stage. We conclude from this finding
that Med12 becomes essential only during the final phases of
Schwann cell development. This contrasts with the function of
Sox10, which is required throughout Schwann cell development
(Finzsch etal., 2010; Bremer et al., 2011; Frob et al., 2012). Several
scenarios could explain these different requirements for Med12
and Sox10. For example, it can be envisaged that Sox10 interacts
directly or indirectly with different subunits of the Mediator
complex and that the importance of these interactions varies in
different stages of Schwann cell development. In this scenario, the
Med12 interaction would become decisive only at the onset of
terminal differentiation. We have shown previously that the K2
domain of Sox10 similarly gains importance when Schwann cells
start to activate their differentiation program (Schreiner et al.,
2007). However, despite these similarities, there is no obvious
functional link between the K2 domain of Sox10 and Med12,
because the K2 domain is not involved in the Med12 interaction
and its deletion does not interfere with the ability of Sox10 to
interact with Med12.

Functional redundancy between Med12 and Med12l could be
another confounding factor. Considering the lack of data on
Med12], this is difficult to evaluate. The ability of Sox10 to inter-
act with both Med12 and Med12l is compatible with such an
assumption; however, the relatively low Medl12l levels in
Schwann cells suggest somewhat against it.

Sox10 is not the only Sox protein reported to interact with
Med12. Sox2 has been proposed to interact with Med12 in em-
bryonic stem cells, and there is evidence that Med12 modulates
the function of Sox32 during endoderm development in ze-
brafish (Shin et al., 2008; Tutter et al., 2009). However, the most
data exist for Sox9, which has been shown to physically and func-
tionally interact with Med12 in vitro and in vivo during chondro-
genesis and neural crest and inner ear development (Zhou et al.,
2002; Rau et al., 2006). Furthermore, of these Sox proteins, Sox9
is the most closely related to Sox10. Considering the substantial
degree of conservation between their C-terminal transactivation
domains, it is not surprising that Sox10, like Sox9, interacts with
Med12 via this region. It is also fairly expected that the interacting
region in Med12 is the same for both proteins, even more so
because the PQL domain of Med12 appears to provide the major
contact surface for many different transcription-related proteins
(Kim et al., 2006; Zhou et al., 2006; Ding et al., 2008). Interest-
ingly, however, the previous study on Sox9 focused on the trans-
activation domain and therefore did not detect the Dim/HMG
region as a second site of contact with Med12. Considering the
high degree of Dim/HMG conservation between Sox9 and Sox10,
the interaction between the Dim/HMG region and Med12 likely
occurs for Sox9 as well. The interaction of Med12 with TA do-
main and Dim/HMG region furthermore appears to occur simul-
taneously. Because both interactions involve the PQL domain of
Med12, the TA and Dim/HMG regions must be close to each
other in the three-dimensional structure of the Sox10 holopro-
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tein or be brought into close proximity by interaction with
Med12 to create a common contact surface. It is also tempting to
speculate that, under physiological conditions, the interaction
between Sox10 and Med12 may only reach sufficient stability
once contacts are established with both regions of Sox10.

According to a recent study, Sox9 not only interacts with
Med12, but also with Med25 via Wwp2 (Nakamura et al., 2011).
If conferrable to Sox10, this would support the previously men-
tioned assumption that Sox10 may be able to establish multiple
contacts with the Mediator complex that may then be used at
different times of glial development.

Finally, our data indicate that, at least in differentiating
Schwann cells, Sox10 functions by recruiting both the BAF re-
modeling complex and the Mediator complex to the Schwann-
cell-specific MSE enhancer of the Krox20 gene. The relationship
between these processes is currently unknown. It will be interest-
ing to see in future studies whether chromatin remodeling is a
precondition for Mediator binding or if binding of an isolated
CDK8 module or Mediator complex may even be involved in
chromatin remodeling. Similarly intriguing is the question of
whether these complexes compete for Sox10 or could even be
present at the same time. Whatever the answer, the present study
provides important insights into the participation of the Media-
tor complex and the recruitment of the general transcription
apparatus in glial differentiation and myelination.
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