AMERICAN JODURNAL OF

medical genetics

Submicroscopic Deletion in 7q31 Encompassing
CADPSZ and TSPAN12 in a Child With Autism Spectrum

Disorder and PHPV

Nobuhiko Okamoto,** Yoshikazu Hatsukawa,? Keiko Shimojima,® and Toshiyuki Yamamoto®

'Department of Medical Genetics, Osaka Medical Center and Research Institute for Maternal and Child Health, Osaka, Japan

ZDepartment of Ophthaimology, Osaka Medical Center and Research Institute for Maternal and Child Health, Osaka, Japan

*Institute for Integrated Medical Sciences, Tokyo Women’s Medical University, Tokys, Japan

Received 23 August 2010; Accepted 8 March 2011

We performed array comparative genomic hybridization utiliz-
ing a whole genome oligonucleotide microarray in a patient
with the autism spectrum disorders (ASDs) and persistent hy-
perplastic primary vitreous (PHPV). Submicroscopic deletions
in 7q31 encompassing CADPSZ (Ca®"-dependent activator pro-
tein for secretion 2) and TSPANI2 (one of the members of the
tetraspanin superfamily) were confirmed. The CADPS2 plays
important roles in the release of neurotrophin-3 and brain-
derived neurotrophic factor. Mutations in TSPANI2 are a
relatively frequent cause of familial exudative vitreoretino-
pathy. We speculate that haploinsufficiency of CADPS2 and
TSPANI2 contributes to ASDs and PHPV, respectively.
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INTRODUCTION

Autism spectrum disorders (ASDs OMIM 9%209850) are complex
neurodevelopmental conditions characterized by social communi-
cation disabilities, no or delayed language development, and ste-
reotyped and repetitive behaviors. A number of studies have
confirmed that genetic factors play an important role in ASDs.

About 10% of ASDs are associated with a Mendelian syndrome
(e.g., fragile X syndrome, tuberous sclerosis and Timothy
syndrome). Cytogenetic approaches revealed a high frequency of
large chromosomal abnormalities (3—7% of patients), including the
most frequently observed maternal 15q11-13 duplication (1-3% of
patients). Association studies and mutation analysis of candidate
genes have implicated the synaptic genes NLGN3(Neuroligin3
OMIM*300336), NLGN4 (OMIM*300427) [Jamain et al., 2003],
SHANK3 (OMIM*606230)[Durand et al., 2007; Moessner et al.,
2007], NRXNI(Neurexinl MIM + 600565) [Kim et al.,, 2008],
SHANK2 (OMIM*603290) [Berkel et al., 2010], and CNTNAP2
(MIM*604569) [Alarcdn et al., 2008; Arking et al., 2008] in ASDs.
There is increasing evidence that the SHANK3-NLGN4-NRNX1
postsynaptic density genes play important roles in the pathogenesis
of ASDs.
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Recently, on association between de novo copynumber variation
(CNV) and ASDs was revealed. Sebat et al. [2007] performed
comparative genomic hybridization (CGH) on the genomic DNA
from ASD patients and unaffected subjects to detect de novo
CNV. As a result, they identified CNV in 12 out of 118 (10%)
patients with sporadic ASD and confirmed de novo CNV were
significantly associated with ASDs. Marshall et al. [2008] performed
a genome-wide search for structural abnormalities in 427 unrelated
ASD patients using SNP microarray analysis and karyotyping. De
novo CNV were found in approximately 7% and approximately 2%
of idiopathic families with one ASD child, or two or more ASD
siblings, respectively. These authors discovered a CNV at 16p11.2
with an approximate frequency of 1%. Glessner et al. [2009]
reported the results from a whole-genome CNV study of many
European ASD patients and controls and found several new sus-
ceptibility genes encoding neuronal cell-adhesion molecules, in-
cluding NLGNTI and ASTNZ, and genes involved in the ubiquitin
pathways, including UBE3A, PARK2, REWD2, and FBX040. The
investigators suggested that two gene networks, neuronal cell-
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adhesion and ubiquitin degradation, that are expressed within the
central nervous system contribute to the genetic susceptibility of
ASDs.

The International Molecular Genetic Study of Autism Consor-
tium [1998] previously identified linkage loci on chromosomes 7
and 2, which were termed AUTS1 and AUTS5, respectively. Further
genetic studies have provided evidence for AUTS1 being located on
chromosome 7q [The International Molecular Genetic Study of
Autism Consortium 2001]. Screening for mutations in six genes
mapping to 7q, CUTLI, SRPK2, SYPL, LAMBI, NRCAM, and
PTPRZ1 in 48 unrelated individuals with autism led to the identi-
fication of several new coding variants in the CUTLI, LAMBI, and
PTPRZ1genes [Bonora et al., 2005].

The human Ca*"-dependent activator protein for secretion 2
{CADPS2: OMIM*609978) is also located on chromosome 7q31,
which is within the AUTS1 locus [Cisternas et al., 2003]. It is a
member of the CAPS/CADPS protein family that regulates the

secretion of dense-core vesicles, which are abundant in the parallel

fiber terminals of granule cells in the cerebellum and play important
roles in the release of neurotrophin-3 (NT-3) and brain-derived
neurotrophic factor (BDNF) [Sadakata et al., 2007a,b,c]. BDNF is
indispensable for brain development and function, including the
formation of synapses. Cisternas et al. [2003] studied CADPS2
mutations in 90 unrelated autistic individuals, but identified no
disease-specific variants. However, Sadakata et al. [2007a] reported
that an aberrant, alternatively spliced CADPS2 mRNA that lacks
exon 3 (CADPS2 Delta exon3) is detected in some patients with
ASD.

Persistent hyperplastic primary vitreous (PHPV) is an ocular
malformation caused by the presence of a retrolental fibrovascular
membrane and the persistence of the posterior portion of the tunica
vasculosa lentis and the hyaloid artery. It is often accompanied by
microphthalmos, cataracts, and glaucoma. NDP (OMIM *300658,
X-linked) and FZD4 (OMIM *604579, dominant) were found to be
mutated in unilateral and bilateral PHPV [Shastry, 2009]. These
genes also cause Norrie disease and familial exudative vitreoretin-
opathy (FEVR), which share some clinical features with PHPV.
FEVR is a genetically heterogeneous retinal disorder characterized
by abnormal vascularization of the peripheral retina, which is often
accompanied by retinal detachment. Mutationsin the genes encod-
ing LRP5 (OMIM *603506, dominant and recessive) also cause
EEVR. Junge et al. [2009] showed that Tetraspaninl2 (Tspani2) is
expressed in the retinal vasculature, and loss of Tspanl2 pheno-
copies defects are seen in Fzd4, Lrp5, and Norrin mutant mice.
TSPANI12 is one of the members of the tetraspanin superfamily,
characterized by the presence of four transmembrane domains. It
constitutes large membrane complexes with other molecules. Ni-
kopoulos et al. [2010] applied next-generation sequencing and
found amutation in TSPAN12 (MIM*613168). Poulter etal. [2010]
described seven mutations that were identified in a cohort of 70
FEVR patients without mutations in three known genes. Mutations
in TSPAN12, which is at 7g31, are a relatively frequent cause of
FEVR.

We performed array comparative genomic hybridization (array-
CGH) utilizing a 44K whole genome oligonucleotide microarray in
a patient with the ASDs and PHPV. Submicroscopic deletions in
7q31 encompassing CADPS2 and TSPAN12 were confirmed. We

speculate that haploinsufficiency of CADPS2 and TSPANI2 con-
tributes to ASD and PHPV, respectively.

CLINICAL REPORT

The patient, a 3-year-old boy, was born to nonconsanguineous
healthy Japanese parents. His family history was unremarkable. He
was born at 40 weeks’ of gestation, his birth weight was 3,100 g, and
his birth length was 50.0 cm. After birth, congenital nystagmus was
noted, and he did not pursuit objects. An ophthalmological exami-
nation revealed bilateral PHPV. Cataract, glaucoma, and FEVR
were not present. His gross motor development was normal, and his
verbal development was delayed.

At 3 years of age, he came to our hospital for evaluation because
of developmental delay. On examination dysmorphic features
included a round face, low-set ears, broad eyebrows, apparent
hypertelorism, blepharophimosis, hypoplastic alae nasi, a long
philtrum, and a small mouth. His visual acuity was low, but he
could perform daily activities with some support. In addition,
impairment of social interaction, poor social skills, and strict
adherence to routine behaviors were noted. He showed stereotypic
movements and hyperactivity in his day care room. He was diag-
nosed as having an ASD according to the DSM-VI criteria. His DQ
was 76 according to standard Japanese method. At 3 years and
8 months of age, his height, weight, and head circumference were
88.6cm (—2.4SD), 11.7kg (—1.8SD), and 46.8cm (—2.4S.D),
respectively.

The results of routine laboratory tests were unremarkable.
G-banded karyotype analysis revealed the following karyotype:
46,XY,inv(4)(p14;q21). Electroencephalography (EEG) showed
occipital epileptic discharges. He was free from epileptic seizures.

Ultrasound evaluation revealed echogenic bandsin the posterior
segments of both globes. Magnetic resonance brain imaging also
showed bilateral fibrous intraocular tissue (Fig. 1). However, no
specific findings were found in the CNS including the cerebellum.
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MATERIALS AND METHODS

After obtaining informed consent based on a permission approved
by the institution’s ethical committee, peripheral blood samples
were obtained from the patient and his parents. Genomic DNA was
extracted using the QIAquick DNA extraction kit (QIAgen, Va-
lencia, CA).

Array-CGH analysis was performed using the Human Genome
CGH Microarray 44K (Agilent Technologies, Santa Clara, CA), as
described previously [Shimojima et al., 2009].

Metaphase nuclei were prepared from penphelal blood
lymphocytes using standard methods and were used for FISH
analysis with human BAC clones selected from the UCSC
genome browser (http://www.genome.ucsc.edu), as described
elsewhere [Shimojima et al., 2009]. Physical positions refer to the
March 2006 human reference sequence (NCBI Build 36.1).

RESULTS

Using array-CGH analysis, genomic copy number loss was identi-
fied in the 7q31.31 region (Fig. 2). The deletion was 5.4 Mb in size
and included CADPS2 and TSPANI2, but not FOXP2. There were
no copy number changes in chromosome 4. FISH analyses con-
firmed the above deletion (Fig. 3). There were no deletions in either
parent indicating de novo occurrence.

DISCUSSION

We described a patient with an ASD and PHPV who demonstrated
submicroscopic deletion in chromosome 7q31.31. The deletion
resides in the AUTS1 locus on chromosome 7q. The deleted region
contained about 20 genes including CADPS2 and TSPAN12. Little
data are available about the association of other genes with devel-
opmental and ophthalmological disorders. We posit that haploin-
sufficiency of CADPS2 and TSPANI2 contributes to ASDs and
PHPYV, respectively. ’

Our patient fulfilled the DSM-VT criteria for an ASD. Poor eye
contact, impairment of social interaction, poor social skills with
strict adherence to routine, stereotypic movements, and hyperac-
tivity were noted. However, his intellectual disability was mild.
Ataxic movement was not observed.

There have been several reports of small deletions on chromo-
some 7q. Lennon et al. [2007] reported a young male with moderate
intellectual disability, dysmorphic features, and language delay who
had a deletion in the 7q31.1-7g31.31 region, which included the
FOXP2 gene. The patient demonstrated language impairment,
including developmental verbal dyspraxia, but did not meet the
criteria for autism. Cukier et al. [2009] reported a chromosomal
inversion spanning the region from approximately 7q22.1 to 731
in autistic siblings. They suggested that an autism susceptibility
gene is located in the chromosome 7q22—-31 region. Dauwerse et al.
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[2010] characterized a de novo complex rearrangement of the long
arm of chromosome 7 in a female patient with moderate mental
retardation, anxiety disorder, and autistic features and suggested
that disruption of the C70rf58 gene contributed to the anxiety
disorder, and autistic features of their patient. The C70rf58 gene was
also deleted in our patient. However, there have been no basic
studies on the association of the C70rf58 gene and brain function.
Further studies are necessary on the role of the C70rf58 gene.

Sadakata et al. [2007b] studied the behavior of Cadps2—/— mice.
They showed impaired social interaction, hyperactivity, decreased
exploratory behavior, and/or increased anxiety in a novel environ-
ment and deficits in intrinsic sleep—wake regulation and circadian
rhythmicity. In addition, maternal neglect of newborns was a
striking feature. They identified that Cadps2—/— mice show defi-
cient release of NT-3 and BDNEF. Cerebellar development was
impaired in the mice. Sadakata et al. [2007a] found an aberrant
alternatively spliced CADPS2 mRNA that lacks exon 3 in some
autistic patients. Exon 3 was shown to encode the dynactin 1-
binding domain and affect axonal CADPS2 protein distribution.
Exon 3-skipped CADPS2 protein possesses almost normal BDNF
releasing activity but is not properly transported into the axons of
neocortical or cerebellar neurons. However, Eran et al. [2009]
observed no difference in prevalence of exon 3 skipping between
ASDs and control samples. They concluded that exon 3 skipping
represents a normal, minor isoform of CADPS2 in the cerebellum
and is likely not a mechanism underlying autism susceptibility or
pathogenesis. Our result may reinforce the evidence that CADPS2is
associated with ASDs.

Cisternas et al. [2003] studied CADPS2 gene mutations in 90
unrelated autistic individuals. However, they identified no disease-
specific variants. Their results indicate that CADPS2 mutations are
not a major cause of ASDs. However, although small deletions of
CADPS2as found in the present patient, might be rare, they support
the idea that CADPS2 abnormalities are associated with autism
susceptibility.

Nikopoulosetal. [2010] reported two missense mutations in five
of 11 FEVR families, indicating that mutations in TSPANIZ are a
relatively frequent cause of FEVR. Both residues are completely
conserved throughout vertebrate evolution. These authors sug-
gested that both haploinsufficiency and a dominant-negative effect
of the mutant TSPAN12 on the wild-type protein should be
considered as underlying disease mechanisms. Poulter et al.

12010) described mutationsin the TSPANI2 genein FEVR patients

and suggested that haploinsufficiency of TSPANI2 causes FEVR
because at least four of the seven mutations are predicted to lead to
transcripts with premature-termination codons that are likely to be
targeted by nonsense-mediated decay.

Recently, the Norrin/Frizzled4 signaling pathway that acts on the
on the surface of developing endothelial cells and controls retinal
vascular development is highlighted [Ye et al., 2010]. This pathway
is composed of Norrin, its transmembrane receptor, Frizzled4,
coreceptor, Lrp5, and an auxiliary membrane protein, Tspanl2.
The resulting signal controls a transcriptional program that regu-
lates endothelial growth and maturation. PHPV and FEVR are
associated with their pathogenesis. Our findings indicate that
haploinsufficiency of TSPAN12 is a plausible causative mechanism
for PHPV. It will be interesting to study TSPANI2 abnormalities in
PHPV without NDP and FZD4 mutations.

Singh et al. [2006] reported a voltage-gated potassium channel
gene mutation in a temporal lobe epilepsy patient, namely a Kv4.2
truncation mutation lacking the last 44 amino acids in the carboxyl
terminal. Kv4.2 channelis encoded by the KCND2 gene. We suggest
that the epileptic discharges on EEG reflect neuronal excitability
caused by haploinsufficiency of KCND2.

Shen etal. [2010] suggested that using chromosomal microarray
analysis to test for submicroscopic genomic deletions and dupli-
cations should be considered as part of the initial diagnostic
evaluation of patients with ASDs. Miller et al. [2010] suggested
that the use of chromosomal microarray is recommended as the
first-tier cytogenetic diagnostic test for patients with unexplained
developmental delay/intellectual disability, ASDs, or multiple con-
genital anomalies. In patients with ASDs and other anomalies,
chromosomal microarray may be the useful method to clarify the
underlying defect.
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Mutations in the gap junction protein gamma-2 gene,
GJC2, cause a central hypomyelinating disorder;
Pelizaeus-Merzbacher-like disease (PMLD; MIM311601).
Using a homozygosity mapping and positional candidate
gene approach, we identified a homozygous mutation
(c-167A>G) within the GJCZ promoter at a potent
SOX10 binding site in a patient with mild PMLD. Func-
tionally, this mutation completely abolished the SOX10
binding and attenuated GJCZ promoter activity. These
findings suggest not only that the SOX10to-GJC2 tran-
scriptional dysregulation is a cause of PMLD, but also
that GJC2 may be in part responsible for the central
hypomyelination caused by SOX710 mutations.
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Congenital hypomyelinating disorders are a heteroge-
neous group of central nerve system (CNS) leukoen-
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cephalopathies, most of which are inherited disorders of
myelin formation. The prototype condition is Pelizacus-
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, Pelizacus-Merzbacher-like
disease (PMLD; MIM311601).

Mutations in the gap junction protein gamma-2
gene (GJ/C2, also known as Cx47 or GJAI2) 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;
MIM609136)."° This study reports the first case of
PMLD caused by a mutation in the GJC2 promoter and
suggests that SOXJ0 transcriptional regulation of G/C2
plays a critical role in CNS myelination.

Patients and Methods

Derailed 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
o mild atherosis 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 martter 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 PLP] exonic murtations,
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 III-1, III-3, TV-1, TV-2,
V-1, and V-2 (Fig 2A) using the GeneChip Human Mapping
10K Array Xba 142 2.0 (Affymeurix, 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 SOXI0 <DNA 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 Pelizacus-Merzbacher-like disease family with the pro-
band (filled circle with arrow). DNA from IlI-1, 1I-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 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 ¢.-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 syntheric oligonucleotide probes and nuclear exiracts from
HelLa 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, 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 wildtype 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 femalé 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 Gje2 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 Gjc2 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 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
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 GJ/C2 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 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 SOXI0 directly regu-
lates GJ/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 GJC2 promoter activ-
ity,16 and the ¢.-167A>G mutation we identified reduces
its affinity for SOX10 and abolishes G/C2 transcription.
These findings suggest that SOX70 regulation of GJC2 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 G/C2 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 G/C2 promoter. Because this
mutation distupts 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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