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Abstract
Pelizaeus-Merzbacher disease (PMD) is an X-linked recessive disorder caused by abnormalities in the gene PLP1. Most
females harboring heterozygous PLP1 abnormalities are basically asymptomatic. However, as a result of abnormal patterns
of X-chromosome inactivation, it is possible for some female carriers to be symptomatic. Whole-exome sequencing of a
female patient with unknown spastic paraplegia was performed to obtain a molecular diagnosis. As a result, a de novo
heterozygous single-nucleotide deletion in PLP1 [NM_000533.5(PLP1_v001):c.783del; p.Thr262Leufs*20] was identified.
RNA sequencing was performed in a patient-derived lymphoblastoid cell line, confirming mono-allelic expression of the
mutated allele and abnormal inactivation of the wild-type allele. The patient-derived lymphoblastoid cell line was then
treated with VX680 or 5azadC, which resulted in restored expression of the wild-type allele. These two agents thus have the
potential to reverse inappropriately-skewed inactivation of the X-chromosome.

Introduction

To date, many genes responsible for hypomyelinating leu-
koencephalopathies (HLDs) have been identified [1]. HLD
inheritance patterns depend on the affected genes. The
proteolipid protein 1 gene (PLP1), located on Xq22.2,
was first identified as the gene responsible for the most
common HLD, Pelizaeus-Merzbacher disease (PMD; MIM
#312080) [2]. As PLP1 is located on the X-chromosome,
PMD is inherited as an X-linked recessive trait.

Accordingly, most of the affected patients with PMD are
male, while females harboring heterozygous PLP1
abnormalities typically remain asymptomatic. Therefore,
when new female patients with HLD are encountered, genes
other than PLP1 are suspected to be the cause. For example,
the gap junction protein gamma 2 gene (GJC2) is related to
an autosomal recessive trait [3], whereas the tubulin beta 4A
class IVa gene (TUBB4A) is related to an autosomal
dominant trait [4]. In addition to these genes, it is possible
for heterozygous female carriers of PLP1 abnormalities to
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present clinical manifestations. This phenomenon is thought
to be the result of abnormal patterns of X-chromosome
inactivation (XCI).

Herein, we report a case of a Japanese girl with spastic
paraplegia and delayed myelination, which was caused by a
de novo heterozygous PLP1 frameshift mutation. Treatment
of patient-derived lymphoblastoid cells with the chemical
agents VX680 or 5azadC in vitro successfully reversed the
abnormal XCI and restored expression of the wild-type
allele.

Materials and methods

Materials

This study was performed in accordance with the Declara-
tion of Helsinki and was approved by the Ethics Committee
of our institution. After receiving written informed consent,
we obtained blood samples from the patient and both
parents.

Molecular analysis

Genomic DNA was extracted from the patient’s peripheral
blood using a standard protocol. Whole-exome sequencing
was performed using trio samples, including parental sam-
ples as described previously [5]. Briefly, a SureSelect
Human All Exon V6 kit (Agilent Technologies, Santa
Clara, CA) and a HiSeq2500 (Illumina, San Diego, CA)
with 125-bp paired-end reads were used for exon capture
and sequencing, respectively. Reads were aligned to
CRCh37 using the Burrows-Wheeler Aligner (http://bio-
bwa.sourceforge.net/). Variants were called using the
GATK Unified Genotyper and using ANNOVA (http://a
nnover.openbioinfomatics.org/en/latest/).

To confirm RNA expression, a lymphoblastoid cell line
(LCL) was established using Epstein–Barr virus transfor-
mation. Following this, total cellular RNA was extracted
and harvested using a QIAGEN RNeazy Mini kit (QIA-
GEN, Hilden, Germany). A DNase mini kit (QIAGEN) was
used to eliminate contaminating DNA, and pure cDNA was
produced by reverse-transcription (RT) using a superscript
VILO cDNA Synthesis kit (Thermo Fisher Scientific,
Waltham, MA, USA). The PLP1 cDNA was amplified
using nested RT-PCR. The first and second rounds of PCR
were performed using KOD-FX (Toyobo, Osaka, Japan)
and TAKARA EX-Taq (Takara Bio Inc., Kusatsu, Japan),
respectively. In the first PCR step, we used the following
primers: PLP1 nested-F1: 5′-CAAGGTTTGTGGCTC
CAACCTTCTG-3′ and PLP1 nested-R1: 5′-AGCATTG
TAGGCTGTGTGGTTAGAG-3′. In the second PCR step,
a different set of primers was used (PLP1 nested-F2:

5′-CCATCTGCAAAACAGCTGAG-3′ and PLP1 nested-
R2: 5′-GCCTCGCTATTAGAGAAAGG-3′).

XCI status was analyzed through methylation-specific
PCR of the human androgen receptor gene (HUMARA), as
described elsewhere [6, 7].

Manipulation of XCI status

We performed in vitro drug treatment of the LCL derived
from the patient to determine whether the XCI status could
be treated in accordance with previously reported methods
[8]. Two compounds were used: VX680 (an Aurora kinase
inhibitor) and 5azadC (a methyltransferase inhibitor). Both
chemicals were dissolved in dimethyl sulfoxide (DMSO) to
create 5 mM stocks. The LCL was seeded at 60,000 cells
per well in six-well plates on day 2. Drug treatment
occurred 48 h after seeding, on day 0. In addition to the
DMSO control, we treated the patient’s LCL with either
VX680 or 5azadC. The drug concentrations used were 2.5,
5, and 10 μM. Total cellular RNA was then harvested on
day 3. Subsequently, RNA sequencing was performed using
RT-PCR amplicons as described above. These experiments
were performed on three independent replicates. As the
expression levels could not be measured with Sanger
sequencing, the results were qualitatively evaluated to
determine whether they showed mono-allelic or bi-allelic
expression levels.

Results

Patient reports

A 7-year-old girl is the second child of healthy, non-con-
sanguineous, Japanese parents. Her elder sister is healthy.
After an uneventful pregnancy, the patient was born at
38 weeks of gestation with a birth weight of 2908 g. She
was able to hold her head up at 5 months, roll over on her
other side at 6 months, and walk with support at 12 months
of age. As she could not walk unsupported by the age of
20 months, her parents took her to a hospital for a con-
sultation. At that time, mild spasticity was observed. Brain
magnetic resonance imaging (MRI) first revealed the
patient’s delayed neuronal myelination (Fig. 1a); mildly
delayed neuronal myelination was also observed at 3 years
of age (Fig. 1b). From these findings, she was diagnosed
with spastic paraplegia associated with delayed myelination.
At 5 years of age, her intelligence quotient was evaluated to
be 82. However, she was suspected of having attention-
deficit hyperactivity disorder owing to observed distraction
and disconnection. Behavioral abnormalities, such as
aggressive behavior and self-injurious activity were not
observed.
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At present, her height is 114.4 cm (−1.1 SD), and her
weight is 21.4 kg (−0.4 SD). She still shows clinical signs
of spastic paraplegia, but no symptoms of nystagmus or
cerebellar ataxia are apparent. There are no dysmorphic
features and no visceral abnormalities. She has never had
episodes of epilepsy. She has a normal female karyotype of
46,XX. Duplication of the peripheral myelin protein 22
gene (PMP22) was not observed by fluorescence in situ
hybridization analysis. Findings from brainstem auditory
evoked potentials and spinal MRI were unavailable.

Experimental analysis

Whole-exome sequencing using trio samples revealed a de
novo single-nucleotide deletion: NM_000533.5
(PLP1_v001):c.783del; p.Thr262Leufs*20. This finding
was confirmed by Sanger sequencing (Fig. 2a). The iden-
tified deletion was located on exon 7, which is the last exon
in PLP1. As most females with PLP1 mutations are
asymptomatic carriers, the patient’s XCI status was ana-
lyzed using DNA extracted from the patient’s peripheral
blood. The patient showed only a single peak of the PCR
amplicon for HUMARA (data not shown). This indicates a
homozygous pattern for this variant and, as a result, we
could not identify, which allele was activated. Thus,
HUMARA was an inappropriate analytical method for
assessing XCI in this patient.

For the reason stated above, RNA sequencing of PLP1 in
the patient’s LCL was performed. As the expression of
PLP1 in LCLs is cryptic [9] and PLP1 mRNA is difficult to
amplify in a single round of PCR, a nested-PCR method
was used instead [10]. Sanger sequencing of the amplified
PLP1 showed only the sequence derived from the mutated
allele (Fig. 2b). This indicated that there was an unfavorable
skewed inactivation of the wild-type allele, leading to
clinical manifestations in this female patient. Generally,

skewed inactivation is indicated when one of two alleles is
predominantly inactivated by >80%.

Next, an in vitro experiment was performed to attempt to
reverse the XCI by treating the patient-derived LCL with
VX680 or 5azadC. After culturing, the number of live cells
was slightly reduced by the addition of VX680 or 5-aza-dC.
This may indicate that these compounds have cytotoxic
effects (Table 1). After harvesting the cells, bi-allelic PLP1
mRNA expression of both wild-type and mutated alleles
was confirmed in multiple replicates (Fig. 2c), indicating
successful reactivation of the wild-type allele.

Discussion

In this study, whole-exome sequencing was performed in a
female patient with spastic paraplegia associated with
delayed myelination, and a de novo PLP1 mutation was

Fig. 2 Results of the molecular analyses. a Electropherograms of
Sanger sequencing for PLP1 exon 7. Genomic DNA derived from the
patient and her parents were used for sequencing. Only the patient
showed a single-nucleotide deletion, indicating that this is a de novo
occurrence. b Sanger sequencing of RT-PCR products only shows the
presence of the mutated allele. c RNA sequencing after chemical
treatment demonstrates the successful reactivation of silenced wild-
type alleles (asterisks). I; control, II; 5-aza-dC 2.5 μM, III; VX680
2.5 μM, and IV; 5-aza-dC 5 μM

Fig. 1 Brain magnetic resonance images of the patient. a At
20 months, there is myelination of only the corpus callosum and the
basal ganglia, indicating delayed myelination. b At 3 years, delayed
myelination is still observed in the deep-white matter
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identified. However, it was uncertain whether or not the
identified heterozygous PLP1 mutation was actually related
to the patient’s phenotype, because most females with het-
erozygous PLP1 mutations are clinically recognized to be
asymptomatic, healthy carriers. However, in rare cases,
female carriers may develop clinical symptoms, with great
variability.

Until now, at least 19 female patients have been reported
as symptomatic carriers of PLP1 abnormalities [11–21]
(Table 2). Some patients showed only spasticity, but other
patients showed full manifestations of PMD. Very rare
cases of late-onset spastic paraplegia and adult-onset pro-
gressive leukodystrophy with dementia have been also
reported [22]. Such clinical variability is considered to be a
result of variable XCI patterns, which can affect the phe-
notypic severity, ranging from severe to transiently symp-
tomatic or asymptomatic [13].

Intra-familial clinical variabilities have also been noted.
In 1995, Hodes et al. [11] reported three carrier females
amongst three generations of a family. Among them, only
one female child was affected by motor developmental
delay and hypomyelination, while her mother and grand-
mother (also carriers) showed no symptoms related to PLP1
abnormalities. This intra-familial clinical variability is also
caused by variable XCI patterns in individuals.

Previously, there were six reports in which carrier
females were analyzed for their XCI status (Table 2). As
shown by Woodward et al. [12], nine asymptomatic carrier
females showed skewed XCI patterns in favor of the wild-
type gene. This indicates that asymptomatic carrier females
escape clinical onset through near-complete silencing of the
alleles containing PLP1 abnormalities. On the other hand,
six affected females possessed random (not skewed) XCI
patterns. In these cases, affected alleles are randomly acti-
vated in cells and patients are unable to escape clinical
manifestations. However, XCI patterns do not completely
correlate with clinical symptoms; as reported by Woodward
et al. [12], three asymptomatic carrier females had random

(not skewed) XCI patterns. Furthermore, as shown by
Carvalho et al. [16], XCI patterns are variable among dif-
ferent tissues (XCI patterns were different in blood and
buccal cells derived from the same individuals). Thus, there
is no consistency in XCI patterns and an examination of
XCI may be an unsuitable diagnostic tool for female carriers
of PMD [12].

In this study, the mRNA expression of PLP1 in a patient-
derived LCL was analyzed, revealing that only the mutated
allele was expressed. This suggests that the wild-type PLP1
allele is completely inactivated, and only the mutated allele
is activated. Thus, skewed XCI in this patient was con-
sidered to be the reason this patient is symptomatic, and the
final diagnosis of the patient as a symptomatic carrier of a
PLP1 abnormality was made.

Although the single-nucleotide deletion identified in this
study has never been reported previously, it is considered to
be disease-causing as it is predicted to lead to a frameshift.
Generally, mRNAs containing premature termination
codons are degraded by nonsense-mediated RNA decay
(NMD), which leads to a loss-of-function of the protein.
However, mRNAs with premature termination codons near
the stop codon can escape NMD [23]. The deletion identi-
fied in this study is located in the last exon and near the stop
codon, causing a 60-bp (20 amino-acid) elongation from the
site of the single-nucleotide deletion and creating a new
termination codon. Thus, the total length of the abnormally
elongated PLP1 mRNA in this patient is 846-bp (estimated
to be 282 amino acids), compared to the normal
PLP1 mRNA length of 831-bp (277 amino acids). This
abnormal PLP1 mRNA may escape NMD and result in the
expression of an abnormal PLP1 protein, which could
provide a gain-of-function rather than a loss-of-function of
PLP1 in cells.

It is well known that the clinical severity of PMD in
patients is related to the different types of PLP1 abnorm-
alities [2, 22]. Connatal PMD (the most severe type) is
caused by the cytotoxic effects of misfolded PLP1 in

Table 1 Results of therapeutic
trials for cultured cells

n Control DMSO VX680 5-aza-dC

2.5 μM 5 μM 10 μM 2.5 μM 5 μM 10 μM

Cell count ( x 105)

1 2.5 2.1 1.4 1.6 1.4 2.3 2.6 2

2 2.7 2.2 4.8 1.2 1.4 1.4 1.6 1.8

3 2.6 2.6 2.4 1.2 2.1 1.3 1.1 2.2

PLP1 expression

1 M - - M/W - M M/W M/W

2 - - M/W M/W - - M/W M/W

3 - - - M/W - M/W M -

M only mutated allele expressed, M/W both mutated and wild-type alleles expressed, - failed to detect
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oligodendrocytes, which is mostly due to missense muta-
tions, indicating a gain-of-function mechanism. Classical
PMD (the milder and most common type) is generally
caused by PLP1 duplications resulting in excess protein,
indicating a gain-of-function mechanism similar to that
found in the connatal type. PLP1 null mutations, including
large deletions and nonsense mutations, are related to
spastic paraplegia (considered to be a milder form of PMD).
However, all of these classifications are applied only in
cases of male PMD patients. In cases of female carriers with
clinical manifestations, clinical severity depends instead on
XCI patterns. Thus, in the current female patient, we cannot
determine if the mechanism of disease is a gain-of-function
or loss-of-function.

Previously, several studies have been performed to
treat abnormal XCI patterns in patients. For this purpose,
several epigenetic activators have been tested for their
ability to reactivate the expression of genes that have been
silenced by XCI [8, 24–26]. Confirming previous studies’
findings, we were able to reactivate the silenced wild-type
allele in cultures of the patient’s LCL through treatment
with VX680 or 5azadC. As VX680 and 5azadC have
cytotoxic effects, these compounds cannot be clinically
used in patients. However, this study suggests that in the
future there is potential for other small molecules to be
developed for the treatment of disorders related to
abnormal XCI.
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