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Abstract

We present the case of a 26 year-old man who developed normally until he began having difficulty walking at age 12. He sub-
sequently became unable to stand at 15 years old and exhibited mental regression and generalized tonic convulsions by age 20. Mag-
netic resonance imaging revealed incomplete myelination of cerebral white matter, which resembled that of Pelizaeus-Merzbacher
disease. By sequencing the proteolipid protein 1 (PLPI) gene, we found a novel mutation (c.352_353delAG (p.Gly130fs)) in the lat-
ter half of exon 3 (exon 3B) that is spliced out in the DM20 isoform. Exon 3B mutations are known to cause a mild phenotype since
they do not disturb DM20 production. Mutations that truncate PLP1 correlate with a mild phenotype by activating the nonsense-
mediated decay mechanism that specifically detects and degrades mRNAs containing a premature termination codon. This atten-
uates the production of toxic mutant PLP1. The very mild presentation in the present case seems to be derived from the unique
nature of the mutation, which preserves DM20 production and decreases mutant PLP1.
© 2009 Elsevier B.V. All rights reserved.

Keywords: Pelizaeus-Merzbacher disease; Proteolipid protein 1; PLPI

1. Introduction into plasma membrane presumably via four mem-

brane-spanning domains with both amino- and car-

Proteolipid protein (PLP) 1 and its splice isoform
DM?20 are encoded by the PLPI gene. PLP1/DM20
proteins are major components of myelin expressed in
oligodendrocytes in central nervous system (CNS) [1].
PLP1/DM20 translated in the endoplasmic reticulum
(ER) is transported to the cell surface and integrated
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boxy-terminal ends on cytoplasmic side. Owing to its
strong hydrophobicity, PLP1/DM20 can form a stable
compact myelin sheath in cooperation with other myelin
proteins [1]. Expression of PLP1 and DM20 are spatially
and temporally regulated. DM20 expresses preferen-
tially in embryonic stages in a variety of cell types,
whereas PLP!l expresses postnatally in oligodendro-
cytes. Both PLP1 and DM20 constitute the predominant
protein in myelin [2].

Pelizacus-Merzbacher disease (PMD) is a severe X-
linked recessive disorder caused by mutations of the
PLPI gene [1]. A deficiency in PLP1/DM20 at the cell
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membrane by PLP1 mutation leads to the arrest of mye-
lination. Moreover, mutant PLP1 elicits a response in
the ER, which attempt to refold the misfolded mutant
PLP1/DM 20 protein [3]. However, if the level of mis-
folded protein exceeds the controllable limit within the
ER quality control system, apoptotic signals are trans-
duced from ER [3]. This cellular process is reflected in
developmental regression and atrophy of the CNS.

Exonic or intron/exon boundary mutations are found
in 20-30% of PMD patients and phenotypes are severer
than other mutations such as total deletion and duplica-
tion of PLPI. An exception has been observed in the lat-
ter half of exon 3 (exon 3B) of PLPI [4-8). Mutations
within this region are predicted not to disturb DM20
expression and function. Mutations that truncate
PLPI are related to a mild phenotype presumably by
activating the nonsense-mediated decay (NMD) path-
way, a mechanism that specifically detects and degrades
mRNAs containing a premature termination codon [9].
This attenuates the production of mutant PLPI1 levels
and thus likely lessens the ER stress responses. In this
report, we present a PMD patient with a very mild phe-
notype. We identified a novel PLPI gene mutation that
is predicted to preserve DM20 production and results in
a frame-shifted mutant PLPI protein.

2. Materials and methods
2.1. Patient

This 26 year-old boy was born uneventfully at full
term to Japanese parents. He was born with a body
weight of 3660 g and an Apgar score of 9/9 at 1 and
5 min. No stridor or nystagmus was noted. He gained
head control at 4 months, could sit without support at
8 months, and could walk without assistance at 4 years.
He was pointed out spasticity of lower limbs and EEG
abnormalities at | year. He was treated with carbamaz-

epine for 14 years. No seizures occurred during that per-
iod. He could speak a few words at 2 years of age. He
attended a special class in normal elementary and junior
high school. He had no difficulties in daily conversation
and writings. The patient began having difficulty walk-
ing at 12 years of age and became unable to stand at
15 years. He showed frequent urination and was diag-
nosed as neurogenic bladder at 15 years. MRI taken at
that time revealed only mild ventricular enlargement.
Myelination was not evaluated because of the motion
artifact. At age 20, he showed signs of mental regression
and began speaking fewer words. He exhibited general-
ized tonic convulsions and was treated with valproic
acid at 24 years. He was subsequently referred to a hos-
pital for evaluation. He was not small for his ages with a
height of 167 cm and a weight of 54 kg. He could con-
versate with combining two words. He showed no nys-
tagmus and exhibited alternating outer-nystagmus and
oculomoter apraxia. He could walk with assistance.
His muscle tone was hypertonic in the upper limbs.
Clumsiness was observed with all extremities displaying
exaggerated tendon reflexes and bilateral extensor plan-
tar responses. Speech was slurred and dysmetry with ter-
minal oscillation and dysdiadochokinesis were observed.
Routine laboratory examinations revealed no biochemi-
cal abnormalities in the level of serum ammonia, lactate
and pyruvate, very long chain fatty acids, or arylsulfa-
tase A. Nerve conduction velocities and electromyo-
graphic studies were all normal. Measurement of
auditory evoked brain responses revealed only wave I.
MRI revealed a completion of myelination in the T1 sig-
nal. Myelination in the white matter was incomplete in
the T2 signal (Fig. 1).

2.2. Genomic DNA sequencing

Genomic DNA from this patient was prepared from
white blood cells using the Wizard Genomic DNA puri-

Fig. 1. Magnetic resonance imaging (MRI) at 26 year-old patient shows disappearance of contrast between cortex and white matter (A) on a Tl-
weighted image. T2-weighted image shows the incompletion of myelination in the white matter (B).
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fication kit (Promega, Madison, WI USA). PCR of
seven exons and promoter regions of the PLPI gene
was performed as previously described [10]. Subsequent
sequencing analyses of the PCR fragments were per-
formed by direct sequencing using the Big Dye Termina-
tors vl.1 Cycle Sequencing kit (Applied Biosystems
Foster City, CA). Duplication was screened by FISH
as described [10].

3. Results
By direct sequencing of the patient’s PLPI gene

exons, exon/intron boundaries and a promoter region,
we found a novel mutation in exon 3: ¢.352_353delAG

(p.Glyl130fs) (Fig. 2). No other sequence alterations
were found and this mutation was not detected in more
than 200 alleles. This two nucleotide deletion occurs in
the latter half of exon 3 (exon 3B), which is not involved
in DM20 mRNA production (Fig. 3). FISH analysis
showed normal copy numbers in this patient.

4, Discussion

Pelizaeus-Merzbacher disease belongs to leukodys-
trophies, one of a group of disorders that affect the white
matter of the CNS. Genetic defects in PLP1/DM20, the
most predominant myelin proteins, causes dual pathol-
ogy: defects in CNS myelin formation (dysmyelination)
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Fig. 2. Splicing the PLP! gene into PLPI mRNA and DM20 mRNA. (A) Schematic presentation of PLP/ gene structure. (upper panel) PLP1 gene
is composed of seven exons. (lower panel) mRNA of PLP1/DM20 differs in only the latter half of exon 3 that is spliced out for the production of
DM?20 mRNA. (B) Two nucleotide deletion and subsequent frame shift in the Patient. Novel mutation in exon 3B, ¢.352_353delAG (p.Gly130fs),

causes the frame shift in PLP/ mRNA.

A

PLP1

DM20

0000 %0 0

Fig. 3. Deduced PLPI gene products; PLP1 and DM20. (A) Wild-type PLP1 (upper) and DM20 (lower) which are thought to include 4 membrane-
spanning domains, Thirty-five intracellular amino acids (gray circle; between arrow head) are facking in DM20. One circle corresponds to one amino
acid. (B) PLP! and DM20 of the patient. (upper) A two nucleotides deletion in exon 3B, ¢.352_353delAG (p.Gly130fs), causes a frame shift (arrow)
and extension that are composed of 82 nonsense peptides. (lower) DM20 is identical to wild-type in this patient.
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and oligodendrocytes cell loss via apoptosis. PLP1 and
DM20 are required for myelin compaction. Mutations
in the PLPI gene, such as total deletion and truncation
mutations, cause an inability to form normal myelin,
which is easily revealed by diffuse high signals in all
CNS white matter in T2-weighted MRI scans. Since
PLPI/DM20 are constitute more than 50% of the pro-
tein in oligodendrocytes, mutant PLP1/DM20 cause
the excessive ER stress responses and subsequent cell
death that can be visualized by MRI/CT as brain
atroplhy.

Typically, patients with PMD show neonatal nystag-
mus and developmental delay that becomes apparent
during infancy. Impairments of motor functions involve
spastic paresis from the defect in the corticospinal tract,
intention tremor from abnormalities in the cerebellar
pathway, and choreoathetosis and rigidity due to basal
ganglia dysfunction. Although all patients exhibit men-
tal retardation, psycho-intellectual development is
greater than motor development. Lesions are restricted
in the myelinated portion in the CNS but disease sever-
ity varies constderably.

Cailloux et al. graded the clinical severity of PMD
patients by their maximal motor achievements. Patients
with Form 0 never gain head control ability, whereas
patients with Form 1 can achieve head control. Form
2 includes the patients who are able to maintain a sitting
position. Form 3 includes patients who can walk with
support, while patients with Form 4 can walk autono-
mously. This last form overlaps the clinical phenotype
of X-linked spastic paraplegia type 2, the allelic disease
to PMD [8]. The patient described in the present case
report belongs to Form 4, the mildest symptom group.

Amino acid substitutions, especially conserved amino
acids in DM20/PLP1 within species, usually cause a
severe phenotype [6]. Duplication of PLP1 causes a
milder form, in which patients gain head control or sit-
ting ability. Two types of mutations cause the mildest
form of PMD. One type is total gene deletion, a trunca-
tion mutation that does not cause the mutant PLP1 that
elicit the ER stress responses, and the second is the
PLPI-specific exon 3B mutation.

Here, we described a patient with a mild form of
PMD who could speak meaningful words and walk
independently until 15 years of ages. He had two nucle-
otide deletions within exon 3B which are spliced out
during DM20 messenger RNA production. This muta-
tion preserves the expression and function of DM20
protein. Moreover, this mutant protein is much shorter
than wild-type PLP (277/241aa). It should easily be
degraded via the activation of nonsense-mediated decay
(NMD) pathway, a mechanism that specifically detects
and degrades mRINAs containing a premature termina-
tion codon. The very mild phenotype observed is prob-
ably due to the dual effect of mutation: conservation of
DM20 and the inability to elicit an ER stress response.

Thirteen different mutations have been reported in
exon 3B (c.384C>G, 385C>T, 388C>T, 409C>G,
409C>T, 410delG, 418C>T, 430A>T, 434G>A,
441A>T, 442C>T, 446C>T). Twelve of them are one
nucleotide changes and are predicted to preserve
DM20 expressions. Clinical presentations are reported
in 9 cases and 6 fit the criteria of Form 4, reinforcing
the importance of DM20 function in addition to
PLPI1. Thus far, only one example of an exon 3B muta-
tion that causes normal DM20 and truncated PLP1 has
been reported (440delG; R137fsX8) [6]. This mutation
caused two patients with Form 3 and one with Form
4. Our case is the second examples of an exon 3B muta-
tion that produce normal DM20 and truncational PLP1.
Our case, together with reports of other exon 3B muta-
tions, supports the hypothesis that frame-shift muta-
tions of PLPI in exon 3B underlies the very mild
phenotype in PMD.
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Abstract

Pelizaeus—-Merzbacher disease (PMD; MIM#312080) is a rare X-linked recessive neurodegenerative disorder. The main cause of
PMD is alterations in the proteolipid protein | gene (PLPI) on chromosome Xq22.2. Duplications and point mutations of PLP!
have been found in 70% and 10-25% of all patients with PMD, respectively, with a wide clinical spectrum. Since the underlining
genomic abnormalities are heterogeneous in patients with PMD, clarification of the genotype-phenotype correlation is the object
of this study. Comprehensive genetic analyses using microarray-based comparative genomic hybridization (aCGH) analysis and
genomic sequencing were applied to fifteen unrelated male patients with a clinical diagnosis of PMD. Duplicated regions were fur-
ther analyzed by fiber-fluorescence in situ hybridization (FISH) analysis. Four novel and one known nucleotide alterations were
identified in five patients. Five microduplications including PLP] were identified by aCGH analysis with the sizes ranging from
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174 to 951-kb. The directions of five PLP/ duplications were further investigated by fiber-FISH analysis, and all showed tandem
duplications. The common manifestations of the disease in patients with PLPI mutations or duplications in this study were nystag-
mus in early infancy, dysmyelination revealed by magnetic resonance imaging (MR1I), and auditory brain response abnormalities.
Although the grades of dysmyelination estimated by MRI findings were well correlated to the clinical phenotypes of the patients,
there is no correlation between the size of the duplications and the phenotypic severity.

© 2009 Elsevier B.V. All rights reserved.

Keywords: Array-based comparative genomic hybridization (aCGH); Fiber-FISH; Fluorescence in situ hybridization (FISH); Pelizaeus-Merzbacher

disease (PMD); Proteolipid protein | (PLPI)

1. Introduction

Pelizacus—Merzbacher disease (PMD; MIM#312080)
is a rare X-linked recessive neurodegenerative disorder
characterized by early onset nystagmus and hypotonia
later evolving into spastic tetraparesis, dystonia, ataxia,
and developmental delay usually beginning in the first
year [1-3]. The main cause of PMD is alterations in
the proteolipid protein 1 gene (PLPI; MIM#300401)
on chromosome Xq22.2 [4-6], which encodes 2 proteins,
PLP1 and the splicing variant, DM20, both of which are
abundantly expressed in oligodendrocytes (3]. PLP1 is
thought to play a major role in myelin sheath formation
by promoting sheath compaction [7]. Within the hetero-
geneous group of dysmyelinating disorders, PMD
accounts for 6.5% of all cases [8].

It has been proposed that patients with PLPI-related
inherited dysmyelinating disorders should be clinically
divided into 3 subgroups in order of decreasing severity:
connatal, classic, and X-linked spastic paraplegia type 2
(SPG2; MIM#312920) [9]. Duplications of PLPI can be
found in up to 70% of all patients with PMD, indicating
that increased PLPI dosage is deleterious for normal
myelination [10,11]. Point mutations in PLPI have been
found in 10-25% of PMD cases with the entire clinical
spectrum [11], ranging from the most severe connatal
form to the least severe SPG2 form, depending on the
affected domain of the protein [9]. Although there are
characteristic clinical and radiological features of
PMD [1,12], molecular and/or cytogenetic analyses are
necessary for final diagnosis because PLPI is only
expressed in the central nervous system and there are
no practical biochemical tests available. The first step
in genetic testing should be a genomic dosage analysis
of PLPI because the major genetic aberration is dupli-
cation of PLPI. For this purpose, various methods have
been used, including southern blotting [6], quantitative
polymerase chain reaction (PCR) [13], fluorescence
in situ hybridization (FISH) [14], multiplex ligation-
dependent probe amplification (MLPA) [15], and multi-
plex amplifiable probe hybridization (MAPH) [16].
Recently, microarray-based comparative genome
hybridization (aCGH) has emerged as a novel technol-
ogy that enables detection and determination of the size
of the duplicated or deleted genomic intervals [17]. In

case of normal dosage of PLPI, nucleotide sequences
of PLPI should be examined [18]. Here, we report our
recent studies to develop comprehensive molecular and
cytogenetic analyses to diagnose patients with PMD
and to understand the pathogenic mechanism of PMD
and its correlation between clinical phenotypes.

2. Materials

Fifteen unrelated male patients (age span from 1 year
to 20 years old) with congenital dysmyelination were
referred to us for genetic diagnosis based on the clinical
diagnosis as PMD. Clinical information and radiographic
findings by magnetic resonance imaging (MRI) for the
patients were obtained from attending doctors. Based
on the approval by the ethics committee at the institution,
informed consents were obtained from patient’s families,
and peripheral blood samples were obtained from all
patients. Lymphoblast cell lines were established from
lymphocytes extracted from peripheral blood samples
by immortalization with Epstein-Barr virus. Three of
the fifteen patients (P1, P3, P4) had been diagnosed as
having PLPI duplications by previously performed com-
parative PCR amplification method (data not shown).

Genomic DNAs of the patients were extracted from
peripheral blood samples using the QIAquick DNA
Extraction Kit (QIAGEN, Hamburg, Germany). Meta-
phase or prometaphase chromosomes were prepared
from phytohemagglutinin-stimulated peripheral blood
lymphocytes or lymphocyte cell lines according to stan-
dard techniques.

One extra cell line (S1) that showed duplication of
Xp22.31 including steryl-sulfatase precursor gene (STS)
as determined by aCGH, was derived from a non-PMD
mentally retarded patient and used for fiber-FISH analy-
sis as a positive control of ST duplication.

Population-based control DNA  samples were
obtained from 100 healthy Japanese volunteers.

3. Methods
3.1. aCGH analysis

aCGH analysis, using the Human Genome CGH
Microarray 105A chip (Agilent Technologies, Santa
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