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Disrupted SOX10 Regulation
of GJC2 Transcription Causes
Pelizaeus-Merzbacher-Like
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Mutations in the gap junction protein gamma-2 gene,
GJC2, cause a central hypomyelinating disorder;
Pelizacus-Merzbacher-like disease (PMLD; MIM311601).
Using a homozygosity mapping and positional candidate
gene approach, we identified a homozygous mutation
{c.-167A>G) within the GJC2 promoter at a potent
SOX10 binding site in a patient with mild PMLD. Func-
tionally, this mutation completely abolished the SOX10
binding and attenuated GJC2 promoter activity. These
findings suggest not only that the SOX10-to-GJC2 tran-
scriptional dysregulation is a cause of PMLD, but also
that GJC2 may be in part responsible for the central
hypomyelination caused by SOX10 mutations.
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Congenital hypomyelinating disorders are a heteroge-
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cephalopathies, most of which are inherited disorders of
myelin formation. The prototype condition is Pelizaeus-
Merzbacher disease (PMD; MIM312080), an X-linked
disorder caused by mutations in the proteolipid protein 1
gene (PLPI).! Patients with PMD have nystagmus, im-
paired motor development, ataxia, choreoathetotic move-
ments, dysarthria, and progressive spasticity. However,
~20 to 50 % of patients clinically diagnosed with PMD
have no detectable abnormalities in the PLPI gene, and
some have a distinct disease, Pelizaeus-Merzbacher-like
disease (PMLD; MIM311601).

Mutations in the gap junction protein gamma-2
gene (GJC2, also known as Cx47 or GJA12) have been
reported as a cause of PMLD.”"® Twenty-four different
mutations (8 frameshift, 10 missence, 5 nonsense, and 1
missense/insertion alterations) have been reported to date,
and most if not all result in a loss of channel function.”””

By combining homozygosity mapping and a candi-
date gene approach, we found a homozygous mutation
that disrupts a SOX10 transcriptional activation site in
the GJC2 promoter region in a family showing a mild
PMLD phenotype. SOX10 is an high mobility group
(HMG) family transcription factor that plays a critical
role in peripheral nervous system (PNS) and CNS my-
elination. In addition, a subset of SOXI0 mutations
cause peripheral and central hypomyelination, Waarden-
burg syndrome, and Hirschsprung disease (PCWH;
MIMG609136).'° This study reports the first case of
PMLD caused by a mutation in the G/C2 promoter and
suggests that SOXI0 transcriptional regulation of G/C2
plays a critical role in CNS myelination.

Patients and Methods

Detailed clinical information of a Japanese female patient with
PMLD, who is now 25-years-old, was previously reported.’' In
brief, her healthy parents were second cousins. She had congen-
ital pendular nystagmus as a neonate, but otherwise developed
normally and was educated at a normal school. At the age of 10
years, she developed a spastic gait that worsened and made her
wheelchair bound by the age of 12 years. Her disease progressed
to mild athetosis of the upper limbs and ataxia by age 13 years
and dysarthria by age 15 years. She cannot speak and under-
stands only easy commands now. Brain magnetic resonance im-
aging at age 15 and 20 years showed diffuse hyperintensity of
white matter on T2-weighted images with interval progression
of brain atrophy (Fig 1). Electrophysiological examinations
showed extensive nerve conduction slowing in the CNS, al-
though this was less severe than usually seen in male patients
with PMD."! Peripheral nerve conduction velocities were nor-



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 II-1, III-3, IV-1, IV-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 mutant 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 lil-1, -3, V-1,
IV-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 1q41-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 ¢.-167A>G mutation in the promoter region of
CJC2 is shown with arrows.
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for site-directed muragenesis (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).'*'> 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, ¢.-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 GJC2 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 c.-167A>G point muta-
tion in the SOX10 binding site dramatically decreased
transcription to levels similar to a completely disrupted
SOX10 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 G/C2 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 G/C2 promoter, resulting in a dramatic
attenuation of the GJC2 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
either 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 % (11 of
33) of PMLD patients with GJC2 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 promorer.'® Site D,
the SOX10 binding site in which our mutation was iden-
tified, plays a predominant role in GJC2 promoter activ-
ity,16 and the c.-167A>G mutation we identified reduces
its affinity for SOX10 and abolishes GJC2 transcription.
These findings suggest that SOXI10 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 SOXI0 binding site of the GJ/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 GJC2 and GJBI 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 GJC2 promoter. Because this
mutation disrupts SOX10 regulation of G/C2 transcrip-
tion, we hypothesize that SOX10 regulation of transcrip-

tion plays a major role in nervous system myelination.
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Congenital Cerebral Hypomyelination—Pelizaeus-Merzbacher
Disease and Associated Disorders

Ken Inoue, MD, Akiko Iwaki, Kenji Kurosawa, MD, Jun-ichi Takanashi, MD,
Kimiko Deguchi, MD, Toshiyuki Yamamoto, MD and Hitoshi Osaka, MD
Department of Mental Retardation and Birth Defect Research, National Institute of Newroscience,
National Center of Newrology and Psychiatry, Kodaira, Tokyo (KI, KD) ;
Medical Institute of Bioregulation, Kyushu University, Fukuoka (AI)
Departments of Genetics (KK) and Newrology (HO), Kanagawa Children’s Medical Center, Yokohama, Kanagawa |
Division of Pediatrics, Kameda Medical Center, Kamogawa, Chiba ur
Institute for Integrated Medical Sciences, Tokyo Women's Medical University, Tokyo (TY)

Congenital cerebral hypomyelination includes a group of genetic disorders, such as Pelizaeus-Merzbacher disease {PMD), and is
characterized by hypomyelination of the cerebral white matter. Until recently, no classification system was available for congenital hypo-
myelination disorders that are clinically and genetically excluded for PMD. However, the establishment of new disease cntities with gene
discoveries has generated a clinical need for a new classification and diagnostic critéria for this group of disorders. Here, we review the
recent findings on congenital cerebral hypomyelination, which includes 11 diseases, with a novel disease classification and diagnostic cri-

teria with flow charts. B
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Mutations in POLR3A and POLR3B Encoding RNA
Polymerase Il Subunits Cause an Autosomal-Recessive
Hypomyelinating Leukoencephalopathy

Hirotomo Saitsu,!* Hitoshi Osaka,2 Masayuki Sasaki,3 Jun-ichi Takanashi,4 Keisuke Hamada,5
Akio Yamashita,6 Hidehiro Shibayama,” Masaaki Shiina,5 Yukiko Kondo,! Kiyomi Nishiyama,!
Yoshinori Tsurusaki,! Noriko Miyake,! Hiroshi Doi,! Kazuhiro Ogata,> Ken Inoue,3

and Naomichi Matsumoto®*

Congenital hypomyelinating disorders are a heterogeneous group of inherited leukoencephalopathies characterized by abnormal
myelin formation. We have recently reported a hypomyelinating syndrome characterized by diffuse cerebral hypomyelination with
cerebellar atrophy and hypoplasia of the corpus callosum (HCAHC). We performed whole-exome sequencing of three unrelated individ-
uals with HCAHC and identified compound heterozygous mutations in POLR3B in two individuals. The mutations include a nonsense
mutation, a splice-site mutation, and two missense mutations at evolutionally conserved amino acids. Using reverse transcription-PCR
and sequencing, we demonstrated that the splice-site mutation caused deletion of exon 18 from POLR3B mRNA and that the transcript
harboring the nonsense mutation underwent nonsense-mediated mRNA decay. We also identified compound heterozygous missense
mutations in POLR3A in the remaining individual. POLR3A and POLR3B encode the largest and second largest subunits of RNA
Polymerase III (Pol IIT), RPC1 and RPC2, respectively. RPC1 and RPC2 together form the active center of the polymerase and contribute
to the catalytic activity of the polymerase. Pol Il is involved in the transcription of small noncoding RNAs, such as 58 ribosomal RNA
and all transfer RNAs (tRNA). We hypothesize that perturbation of Pol III target transcription, especially of tRNAs, could be a common

pathological mechanism underlying POLR3A and POLR3B mutations.

Congenital hypomyelinating disorders form a heteroge-
neous group of central nervous system leukoencephalo-
pathies that is characterized by abnormal myelin forma-
tion. Although these conditions are readily recognized
by brain magnetic resonance imaging (MRI), many cases
are not diagnosed correctly.! Several syndromes affecting
myelination, such as hypomyelination with hypodontia
and hypogonadotropic hypogonadism (4H) syndrome
(MIM 612440) and hypomyelination with atrophy of
the basal ganglia and cerebellum (H-ABC) (MIM
612438), have been described.>> We have recently
reported a hypomyelinating syndrome characterized by
diffuse cerebral hypomyelination with cerebellar atrophy
and hypoplasia of the corpus callosum (HCAHC).°
Individuals with HCAHC do not show hypodontia or
atrophy of the basal ganglia, which are observed in 4H
syndrome and H-ABC; however, diffuse hypomyelina-
tion, atrophy, or hypoplasia of the cerebellum and corpus
callosum are overlapping features of these three
syndromes, suggesting that there might be a common
underlying pathological mechanism.

Here, we report on four individuals with HCAHC
from three unrelated families (Figure 1A; Table 1). Clinical

information and petipheral blood or saliva samples were
obtained from the family members after obtaining written
informed consent. Experimental protocols were approved
by the Institutional Review Board of Yokohama City
University. To identify pathogenic mutations, we per-
formed whole-exome sequencing of three probands from
three unrelated families (individuals 1, 3, and 4). DNAs
were captured with the SureSelect Human All Exon 50Mb
Kit (Agilent Technologies, Santa Clara, CA) and sequenced
with one lane per sample on an [llumina GAIlx (Illumina,
San Diego, CA) with 108 bp paired-end reads. Image
analysis and base calling were performed by sequence
control software real-time analysis and CASAVA software
v1.7 (lllumina). A total of 90,014,368 (individual 1),
86,942,264 (individual 3), and 92,168,758 (individual 4)
paired-end reads were obtained and aligned to the human
reference genome sequence (GRCh37/hgl9) with MAQ’
and NextGENe software v2.00 with sequence condensa-
tion by consolidation (SoftGenetics, State College, PA).
This approach resulted in more than 88% of target exomes
being covered by ten reads or more (see Table S1, available
online). Single nucleotide variants (SNVs) were called with
MAQ and NextGENe. Small insertions and deletions were
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Figure 1. Mutations in POLR3B and POLR3A
(A) Pedigrees of four kindreds with HCAHC are shown. We identified four mutations in POLR3B encoding RPC2 in three individuals from

two unrelated families and two mutations in POLR3A encoding RPC1 in one family. The segregation of each mutation is shown.

(B) Schematic representation of RPC2 (upper) and RPC1 (lower) proteins with Pfam domains (from Ensembl). Locations of each amino-
acid-altering mutation are depicted with electropherograms. All of the missense mutations occurred at evolutionally conserved amino
acids. Homologous sequences were aligned with the CLUSTALW website.

(C-F) 3D representations of RPC1 and RPC2 mutations. Mutated amino acids in RPC1 and RPC2 are shown along with their equivalent
positions in the homologous RPB1 and RPB2 subunits of RNA Polymerase II (amino acid and its position in parenthesis). The structure
and positions of mutations are illustrated by PyMOL with the crystal structure (PDB accession number 3GTP). RPB3, RPB9, and RPB11
subunits, which are specific to RNA Polymerase II, have been omitted from the figure. RPB1 is shown in green, RPB2 in sky blue, RPBS in
yellow, RPB6 in dark blue, RPB8 in pink, RPB10 in orange, RPB12 in purple, DNA in brown, and RNA in red. Amino acids that interact

with mutated amino acids are also shown.
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