FIGURE 1: Magnetic resonance imaging of the cerebrum.
(A) T1-weighted image of the proband at 20 years shows
cerebral atrophy with ventricular dilatation and widening
of a subarachnoidal space. Disappearance of contrast be-
tween cortex and white matter, which suggested incom-
plete myelination throughout the cerebrum, was evident.
(B) T2-weighted image reveals diffuse hyperintensity in the
white matter, suggesting the arrest of myelination. Note
that the inner capsule, which is usually myelinated in the
neonate, was not myelinated in this patient.

mal. Molecular examinations excluded PLPI exonic mutations,
large duplications, and deletions.

Informed consent was obtained from the patient and fam-
ily members in accordance with human study protocols ap-
proved by the institutional review board of Kanagawa Children’s
Medical Center. Genomic DNA was extracted from peripheral
lymphocytes. A genome-wide single nucleotide polymorphism
(SNP) genotyping was undertaken for I11-1, I1I-3, IV-1, 1V-2,
V-1, and V-2 (Fig 2A) using the GeneChip Human Mapping
10K Array Xba 142 2.0 (Affymetrix, Santa Clara, CA) contain-
ing 10,204 SNPs according to the manufacture’s protocols (Sup-
plementary Materials and Methods). Polymerase chain reaction
and DNA sequencing are described in the Supplementary Ma-
terials and Methods (Supplementary Table 1).

Mammalian cell expression plasmids for the wild-type and
E189X murant human SOX10 cDNA were reported previ-
ously."” Luciferase reporter plasmids containing mouse Gje2
promoters (kindly provided from Dr M. Wegner) were utilized

FIGURE 2: Family pedigree, largest region of interest on
chromosome 1, and the CJC2 mutation. (A) Pedigree of
the Pelizaeus-Merzbacher-like disease family with the pro-
band (filled circle with arrow). DNA from IlI-1, 1lI-3, V-1,
V-2, V-1, and V-2 were used for single nucleotide poly-
morphism (SNP) genotyping. Carriers are indicated as cir-
cles with black dots. m = mutant allele; + = wild-type
allele. (B) The largest region of interest by homozygosity
SNP mapping at 1941-q42.2. The homozygous interval is
shown as a shaded square with SNP identifiers. The loca-
tion of GJC2 is shown with an arrow. The region between
rs2077982 and rs965917 was 18.2 Mb in size (University of
California, Santa Cruz genome browser coordinate, chro-
mosome 1: 215150317-233384165, February 2009 ver-
sion). (C) Sequencing chromatograms from the patient (V-2,
top), a carrier (IV-1, middle), and a normal control (bot-
tom). The c.-167A>G mutation in the promoter region of
CJC2 is shown with arrows.
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for site-directed mutagenesis (see Supplementary Materials and
Methods). We measured GJC2 transcriptional activity by lucif-
erase reporter assays using human glioblastoma U138 cells (see
Supplementary Materials and Methods). SOX10 binding affinity
was determined by electrophoretic mobility shift assay (EMSA)
using synthetic oligonucleotide probes and nuclear extracts from

HeLa cells transfected with pCMV-SOX10-E189X, as previ-
ously described.'®

Results

The largest region with homozygosity identified by SNP
genotyping on chromosome 1q42.13 was our primary fo-
cus for candidate gene scanning (see Fig 2B, Supplemen-
tary Table 2, Supplementary Fig 1). Among 115 refseq
genes mapped within this region, 34 gene products were
identified from mouse whole brain proteomics studies
(Supplementary Table 3).1%15 After we sequenced all cod-
ing regions and intron-exon boundaries of these 34 genes
to exclude any disease-causing mutations, we extended
our analysis to promoter regions. We found a homozy-
gous mutation, c.-167A>G, in the proximal promoter re-

FIGURE 3: Functional consequence of the c.-167A>G
point mutation in the GJC2 promoter. (A) Schematic dia-
gram of the luciferase reporter constructs of mouse Gjc2
promoter region utilized in this study. Exon 1b contains
the major transcription start site (thick arrow), whereas
exon 1a contains the minor site (dotted arrow). GJC2-727-
luc contains a full proximal promoter, whereas GJC2-371-
luc lacks exon 1a and the upstream portion and GJC2-583-
luc lacks exon 1b. Two SOX10 binding site, D and E, are
shown as shaded ovals with a thick arrow pointing to site
D, where the mutation was identified. (B) Sequences of the
probes used for electrophoretic mobility shift assays (EM-
SAs). Top: wt probe containing the wild-type site D
(square). Middle: Pt-A>G probe carrying c.-167A>G muta-
tion (arrow). Bottom: mutD probe in which site D was
changed to abolish SOX10 binding. (C) Transcriptional ac-
tivities of different GJC2 promoter constructs carrying ei-
ther wt, Pt-A>G, or mutD at site D shown as fold changes
obtained by presence or absence of SOX10 determined by
luciferase reporter assay. Note that the wt constructs for
727-luc and 371-luc, harboring the major start site in exon
1b, were activated by SOX10 >5-fold. In contrast, a much
smaller effect was observed when either Pt-A>G or mutD
was introduced. The 583-luc constructs, which only harbor
a minor transcription start site, remain inactivated by
SOX10 regardless of changes in site D. Each bar repre-
sents average = standard deviation. Each experiment was
performed 3x, each in triplicate. Results from a represen-
tative experiment were shown. (D) DNA binding affinity of
each probe (shown in B) was determined by EMSA using
nuclear extracts from Hela cells transfected with plasmid
expressing truncated SOX10 protein (E189X) or empty
plasmid (as a negative control). The wt probe showed a
strong binding to E189X SOX10 protein, which retains en-
hanced DNA binding ability (arrow). In contrast, we ob-
served no binding of the mutant probes, either mutD or
Pt-A>G. Asterisks show nonspecific binding. Free probes
were observed at the bottom of the picture.
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gion of GJC2 that segregated with PMLD in the family
members (see Fig 2A and C) and was absent in 122 nor-
mal Japanese chromosomes. Analysis of this region in 10
additional female PMLD patients without mutations in
the open reading frame of GJC2 detected no abnormali-
ties.

Interestingly, this mutation is located within a crit-
ical SOX10 binding site (designated as site D) in the syn-
tenic mouse Gjc2 proximal promoter and diminishes the
consensus of the SOX binding sequence (AACAATG to
AACAGTG, Fig 3A and B). Based on this, we predicted
that this mutation disrupts G/C2 promoter activity and
measured transcription in vitro using a luciferase reporter
system. Because the region harboring the mutation is
highly conserved across mammals,'® we introduced this
mutation into well-studied mouse Gje2 promoter con-
structs (see Fig 3A and B). The ¢.-167A>G point muta-
tion in the SOX10 binding site dramatically decreased
transcription to levels similar to a completely disrupted
SOXI10 binding site D (see Fig 3C). These findings sug-
gest that the c¢.-167A>G point mutation found in our
patients results in a diminished GJC2 transcription.

Based on these results, we hypothesized that this
mutation altered SOX10 binding affinity to site D and
tested this by EMSA. Because full-length SOX10 has a
low binding affinity that is difficult to distinguish from
background noise, we used a C-terminus truncation ver-
sion of SOX10, E189X, which retains the HMG binding
domain and has enhanced binding affinity.'® Introduc-
tion of the c.-167A>G mutation into site D resulted in a
complete loss of E189X SOX10 binding (see Fig 3D).
Therefore, combined with the preceding observations, we
find that the c.-167A>G mutation abolishes SOX10
binding to the GJ/C2 promoter, resulting in a dramatic
attenuation of the G/C2 transcription.

Discussion
GJC2 encodes Cx47, a member of the connexin family.

Connexins are components of gap junctions, intercellular
channels that allow ions and small molecules to pass
across neighboring plasma membranes. Gap junctions
have diverse functions, including the propagation of elec-
trical signals and metabolic cooperation. Two hemichan-
nels, each built up of 6 connexin protein subunits on op-
posing cell membranes, form the channel. Astrocytes and
oligodendrocytes are coupled by gap junctions con-
structed predominantly of GJC2 (Cx47) and Cx43." Be-
cause Cx47 proteins carrying PMLD-causing mutations
cither fail to reach the membrane or have reduced trans-
port activity, loss of function is likely the mechanism un-
derlying the CNS hypomyelination in PMLD.”” Herein
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we report the first GJC2 promoter mutation,'® c.-
167A>G, in a patient with PMLD, and this is associated
with allelic transcription failure.

Our female patient had nystagmus, spasticity, and
choreoathetosis, clinical symptoms common to PMD and
PMDL. However, she attained normal motor and intel-
lectual developmental milestones. Because only é (11 of
33) of PMLD patients with G/C2 mutations have walked
unsupported,”” her clinical manifestation was mild and
overlaps with that of spastic paraplegia phenotype. Of
note, she lost her motor and cognitive abilities within a
few years, accompanied by progressive brain atrophy (see
Fig 1). Such acute regression has rarely been observed in
PMD and is more characteristic of PMLD secondary to
GJC2 mutations.®

A recent study showed that SOX10 directly regu-
lates G/C2 by binding to its proximal promoter.'® Site D,
the SOX10 binding site in which our mutation was iden-
tified, plays a predominant role in G/C2 promoter activ-
ity,'® and the c.-167A>G mutation we identified reduces
its affinity for SOX10 and abolishes G/C2 transcription.
These findings suggest that SOX10 regulation of G/C2 via
site D is essential for proper GJC2 expression and that its
failure causes PMLD. Presumably, the relatively milder
clinical phenotype observed in our patient results from
reduced but not completely abolished transcriptional ac-
tivity, allowing translation of a small amount of normal
Cx47 protein.

This constitutes the second disorder associated with
dysregulation of a SOX10 target gene. Previously, muta-
tions within the SOXJ0 binding site of the G/BI pro-
moter have been shown to cause demyelinating peripheral
neuropathy.

Together the peripheral neuropathy and PMLD
provide a partial understanding of the clinical manifesta-
tions of PCWH patients. Because these patients have
SOX10 mutations,'® we predict that the expression of
both G/C2 and GJ/BI is impaired. Impaired expression of
both of these genes would, at least in part, respectively
account for the de-’hypomyelination of the CNS and
PNS observed in PCWH. Based on this, we predict that
impaired expression of other target genes of SOX10 is re-
sponsible for the Hirschprung disease and other Waarden-
burg features.

In conclusion, we identified the first case of PMLD
caused by a mutation in the G/C2 promoter. Because this
mutation disrupts SOX10 regulation of G/C2 transcrip-
tion, we hypothesize that SOX10 regulation of transcrip-

ton plays a major role in nervous system myelination.

253



ANNALS of Neurology

Acknowledgments

This study was supported by grants-in-aid for scientific
research from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan (H.O., K.I.), Takeda Sci-
ence Foundation (H.Q.), Yokohama Foundation for Ad-
vancement of Medical Science (H.O.), and Kanagawa
children’s hospital (K.K., H.O.), and Health Labor Sci-
ences Research Grants from the Ministry of Health, La-
bor, and Welfare, Japan (H.O., K.K.,, N.M., K.L).

We thank Dr M. Wegner for kindly providing us
plasmid DNAs and Drs C. Boerkoel, C. du Souich, and
P. Atkins for their critical reviews.

Potential Conflicts of Interest

Nothing to report.

References

1. Inoue K. PLP1-related inherited dysmyelinating disorders:
Pelizaeus-Merzbacher disease and spastic paraplegia type 2.
Neurogenetics 2005;6:1-16.

2. Uhlenberg B, Schuelke M, Ruschendorf F et al. Mutations in the
gene encoding gap junction protein alpha 12 ({connexin 46.6)
cause Pelizagus-Merzbacher-like disease. Am J Hum Genet.
2004;75:251-260.

3. Bugiani M, Al Shahwan S, Lamantea E et al. GJA12 mutations in
children with recessive hypomyelinating leukoencephalopathy.
Neurology. 2006;67:273-279.

4. Wolf NI, Cundall M, Rutland P et al. Frameshift mutation in
GJA12 leading to nystagmus, spastic ataxia and CNS dys-/
demyelination. Neurogenetics. 2007;8:39-44.

5. Salviati L, Trevisson E, Baldoin MC et al. A novel deletion in the
GJA12 gene causes Pelizaeus-Merzbacher-like disease. Neuroge-
netics. 2007;8:57-60.

6. Henneke M, Combes P, Diekmann S et al. GJA12 mutations are
a rare cause of Pelizaesus-Merzbacher-like disease. Neurology.

2008;70:748-754.

7. Orthmann-Murphy JL, Salsano E, Abrams CK et al. Hereditary
spastic paraplegia is a novel phenotype for GJA12/GJCZ muta-
tions. Brain. 2009;132:426-438.

8.  Wang J, Wang H, Wang Y et al. Two novel gap junction protein
alpha 12 gene mutations in two Chinese patients with Pelizaeus-
Merzbacher-like disease. Brain Dev. 2009, doii10.1016/
j.braindev.2009.03.013.

9. Orthmann-Murphy JL, Enriquez AD, Abrams CK, Scherer SS.
Loss-of-function GJA12/Connexind7 mutations cause Pelizaeus-
Merzbacher-like disease. Mol Cell Neurosci. 2007;34:629-641.

10. Pingault V, Bondurand N, Kuhlbrodt K et al. SOX10 mutations in
patients with Waardenburg-Hirschsprung disease. Nat Genet.
1998;18:171-173.

11. Nezu A, Kimura S, Uehara S et al. Pelizaeus-Merzbacher-like
disease: female case report. Brain Dev. 1996;18:114-118.

12. Inoue K, Khajavi M, Ohyama T et al. Molecular mechanisms for
distinct neurological phenotypes conveyed by allelic truncating
mutations. Nat Genet. 2004;36:341-369.

13. Inoue K, Ohyama T, Sakuragi Y et al. Translation of SOX10 3'
untranslated region causes a complex severe neurocristopathy by

254

14.

20.

generation of a deleterious functional domain. Hum Mol Genet.
2007;16:3037-3046.

Taylor CM, Marta CB, Claycomb RJ et al. Proteomic mapping
provides powerful insights into functional myelin biology. Proc
Natl Acad Sci U S A. 2004;101:4643-4648.

Wang H, Qian WJ, Chin MH et al. Characterization of the mouse
brain proteome using global proteomic analysis complemented
with cysteinyl-peptide enrichment. J Proteome Res. 2006;5:
361-369.

Schlierf B, Werner T, Glaser G, Wegner M. Expression of con-
nexind7 in oligodendrocytes in regulated by the Sox10 transcrip-
tion factor. J Mol Biol, 2006;361:11-21.

Orthmann-Murphy JL, Freidin M, Fischer E et al. Two distinct
heterotypic channels mediate gap junction coupling between as-
trocyte and oligodendrocyte connexins. J Neurosci. 2007;27:
13949-13957.

Ruf N, Uhlenberg B. Analysis of human altemative first exons
and copy number variation of the GJA12 gene in patients with
Pelizaeus-Merzbacher-like disease. Am J Med Genet B Neuro-
psychiatr Genet. 2009:150B:226-232.

Bondurand N, Girard M, Pingault V et al. Human Connexin 32, a
gap junction protein altered in the X-linked form of Charcot-
Marie-Tooth disease, is directly regulated by the transcription
factor SOX10. Hum Mol Genet. 2001;10:2783-2795.

Houlden H, Girard M, Cockerell C et al. Connexin 32 promoter
P2 mutations: a mechanism of peripheral nerve dysfunction. Ann
Neurol. 2004;56:730-734.

Volume 68, No. 2



A"Ptirn,

L




