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Pathophysiology and emerging
therapeutic strategies in Pelizaeus—
Merzbacher disease
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Introduction: Pelizaeus—Merzbacher disease (PMD) is an X-linked recessive
disorder caused by mutations in the proteolipid protein 1 (PLP1) gene,
which encodes PLP1 and DM20. PMD is characterized by a defect in myelin
formation associated with PLP1 gene mutations (i.e., exonic and intronic
mutations, duplication, or deletion of the entire gene). A combination of
magnetic resonance imaging (MRI) and genetic testing is essential to diag-
nose PMD. The disease phenotype manifests due to the loss of PLP/DM20
function or the toxicity of mutant PLP/DM20 or overexpressed PLP/DM20.
Areas covered: Potential approaches at the RNA level include restoring cor-
rect splicing with oligonucleotides and decreasing PLP1 expression using a
transcriptional activator antagonist. Two approaches used in mouse models
that have clinical potential include cholesterol supplementation and use of
compounds that decrease the excessive unfolded protein response (UPR) in
the endoplasmic reticulum (ER). Two types of cell-based therapy, bone mar-
row transplantation and stem cell engraftment, were recently employed
safely in humans.

Expert opinion: Elucidation of PMD pathophysiology has enabled several
recent therapeutic approaches. Administration of cholesterol or curcumin
in mouse models of PMD reportedly extends survival time. Stem cell
therapies await evaluation of long-term effectiveness and safety in
patients with PMD.

Keywords: endoplasmic reticulum (ER), hypomyelinating leukodystrophy (HLD), induced
pluripotent stem cells (iPSCs), oligodendrocyte precursor cell (OPC), Pelizacus—Merzbacher
disease (PMD), umbilical cord blood transplantation (UCBT), unfolded protein response (UPR)

Expert Opinion on Orphan Drugs (2015) 3(12):1447-1458

1. Introduction

In 1885, Friedrich Pelizacus, a German physician, issued a clinical report on a
family in which multiple males manifested nystagmus and spastic quadriplegia;
Ludwig Merzbacher subsequently published a pathological report on myelin
deficiency in 1910. In 1957, Seitelberger established this clinical-pathological
entity as Pelizacus—Merzbacher disease (PMD).[1-3] The combination of the
discovery of the proteolipid protein 1 (PLPI) gene as a causative factor for
PMD and emerging magnetic resonance imaging (MRI) enabled the diagnosis
of PMD without pathological evidence.[4,5] Initially, it was unclear why the
majority of patients with suspected PMD lacked PLP1 coding mutations;
genomic duplication of the entire PLPI gene was subsequently identified as
the major cause of PMDI[6,7]. In the past two decades, a growing number of
clinical entities related to PMD have been recognized.[8-10] These conditions
are collectively called hypomyelinating leukodystrophies (HLDs), and share
common features of defect in myelin formation in the central nervous system

10.1517/21678707.2015.1106315 © 2015 Taylor & Francis e-ISSN 2167-8707
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Article highlights.

® Pelizaeus—-Merzbacher disease (PMD): X-linked recessive
disorder caused by mutations in the proteolipid protein 1
(PLPT) gene.

e Approaches for the treatment of PMD caused by PLP1
missense mutations:

1) Splicing restoration by exon skipping: use of mor-
pholino antisense oligonucleotides.

2) Altering signal transduction: screening for drugs
that improve oligodendrocyte precursor cell differ-
entiation, which is inhibited by PLP1.

3) Attenuation of endoplasmic reticulum (ER) stress:
curcumin and chloroquine to lessen ER stress.

e Approaches for PLP1 duplication or overexpression:

1) Cholesterol diet: restore its deficiency produced by
overexpression.

2) Lowering PLP1 expression: the nuclear progester-
one receptor antagonist lonaprisan for transgenic
mice; miR-20a administration to decrease endo-
genous PLP1 expression due to binding to its puta-
tive binding site in the PLP 3'UTR.

® Approaches for both PLPT missense mutations and duplica-
tion:
Cell-based therapy, bone marrow transplantation and
oligodendrocyte progenitor cell transplantation.

This box summarizes key points contained in the article.

(CNS).[11,12] HLDs differ from demyelinating leukody-
strophies, in which myelin is initially formed and then is
progressively destroyed. Therefore, clinical regression is
commonly observed in demyelinating leukodystrophies
(e.g., Alexander disease and adrenoleukodystrophy).

2. Epidemiology and genetics of PMD

The prevalence of PMD in the population is estimated at
1:200,000 to 1:500,000 in the US.[13] The incidence of
PMD is -0.13/100,000 live births in Germany.[14] In
Japan, PMD is estimated to occur in approximately 0.26/
100,000 live male births .[15]

3. PLP1gene structure and function

31 Gene structure

Human PLPI contains seven exons that encode the 276-
amino acid PLP1 and its alternative splicing product,
DM20 (Figure 1A).[16,17] DM20 lacks the 35 amino
acids derived from the latter half of PLPI exon 3 (exon
3B). The PLP1 coding sequence is highly conserved among
species. PLP1/DM20 is the most abundant myelin protein,
and the amino acid sequence of PLP is conserved among
human, mouse, rat and pig.[18]

3.2 Gene expression

Expression of PLP and DM20 is spatially and temporally
regulated.[19-21] Oligodendrocytes express PLP during the
postnatal period and into adulthood; DM20 is preferentially
expressed during the embryonic stage in many cell types. In
postnatal oligodendrocytes, the ratio of PLP1 message to
DM20 is ~3:1. Preferential PLP1 splicing in adult oligoden-
drocytes is mediated by highly conserved splicing enhancers
present in intron 3.[22] For high PLP1 expression, ~200 bp
upstream of the transcription start site is sufficient; however,
transcriptional regulation is not fully under the control of the
5" promoter region and intron 1 likely contains regulatory
elements.[19, 63, 64] PLP1 mRNA is relatively stable and its
estimated half-life in primary mixed glial culture is more than
24 h.[23,24] The developmental expression pattern of PLP1
is  mainly regulated at the transcriptional level.
Transcriptional factors bind to the 5’ promoter region and
modulate PLP1 mRNA expression. These factors include the
zinc finger protein Ying Yang 1 (YY1),[25] thyroid hormone
receptor-B (THR-B), peroxisome proliferator-activated recep-
tor (PPAR),[26] myelin transcriptional factorl (MyT1),
homeobox protein Nkx-2.2 (Nkx2.2) and sex determining
region Y-box 10 (SOX10). The 3’ untranslated region
(3'UTR) of the PLP transcripts contains binding sites for
RNA-stabilizing factors present in oligodendrocytes.[24]

3.3 Protein structure and function

The PLP protein and its splice isoform, DM20, contain four
transmembrane segments, with both N- and C-termini situ-
ated in the cytosol. Two extracellular loops are opposed at
the myelin plasma membrane (Figure 1C) and contribute to
homophilic binding.[27,28] Plpl deficiency results in the
loss of myelin compact laminar structure in mice and delays
the central conduction time in humans.

4. The clinical background of PMD

4.1 Geno-phenotypic correlation between the PLP1
mutation and the natural history of PMD

Disease severity differs considerably among individuals depend-
ing on the degree of CNS hypomyelination.[13] Patients with
connatal PMD, the most severe form, initially manifest nystag-
mus and stridor soon after birth.[29] Some patients also exhibit
seizures. Spasticity and dystonia of the extremities are prominent
and can mask the cerebellar symptoms. These symptoms may
lead physicians to misdiagnose PMD as cerebral palsy. Patients
with connatal PMD never gain head control or the ability to sit.
Compared with their severe motor impairment, verbal compre-
hension is relatively good and patients often understand simple
words, whereas verbal expression is very limited. Amino acid
substitutions, particularly those in evolutionarily conserved resi-
dues, usually cause this severe phenotype.[13]

Expert Opinion on Orphan Drugs (2015) 3(12)
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Figure 1. Structure of the myelin proteolipid protein (PLP)/DM gene and protein. PLP contains seven exons that encode the
276-amino acid PLP1 and its alternative splicing product, DM20 (Figure 1A, B). DM20 lacks the 35 amino acids derived from
the latter half of exon 3 (exon 3B; open rectangle; Figure 1A) and part of the PLP1 intracellular loop (open circle; Figure B).
PLP and its splice isoform, DM20, contain four transmembrane protein segments, with both N- and C-termini situated in the
cytosol (Figure 1B) and two opposing extracellular loops in the myelin plasma membrane (Figure 1C).

In classic PMD, the most common form of the disease,
nystagmus becomes apparent at a few months of age.[13,36]
Hypotonia is noticed in infancy. Exaggerated deep tendon
reflexes with pathological reflexes as well as occasional dys-
tonic posture and athetosis point to the cerebral pathology.
In later infancy, patients exhibit truncal ataxia and spastic
quadriparesis. Patients usually gain the ability to sit, and
some are able to stand and walk with support. Cerebellar
dysfunction, which manifests as dysmetria and intention
tremor, is also observed. Typically, PLPI duplication and
amino acid substitutions located in less-conserved residues
cause the classic form of PMD.

PLPI-specific exon 3B mutations cause the mildest form
of PMD, where patients can walk with assistance.[13] Some
patients are diagnosed with X-linked spastic paraplegia type 2
(SPG2), an allelic disease to PMD.[9,30] Both of these
conditions represent the milder end of the clinical spectrum.

Unique PMD phenotypes are associated with PLP1 null
syndrome.[31-33] Patients often lack nystagmus, and exhibit
mild neurological phenotypes in the beginning. However,
patients present with symptoms that are unique to this geno-
type, including length-dependent peripheral axonal neuropathy
and spasticity, mainly in the legs. In addition, regression begins
around adolescence, and patients typically become wheelchair-
bound in their second decade. Patients with PLPI null syn-
drome live longer than patients with PLPI duplication.[34]

Cailloux et al. proposed a classification system based on
the clinical severity of PMD by evaluating patients’ maximal
motor achievements [36](Figure 2). Patients with Form 0
never gain head control, whereas patients with Form 1 can
achieve head control. Form 2 includes 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
autonomously. This last form overlaps with the clinical phe-
notype of SPG2, an allelic disorder of PMD.[35]

4.2 Radiographic features of PMD

During the first 2 years of life, myelination occurs and
extends spatially from the spinal cord to the brain, from
central to peripheral areas, and from the occipital to the
frontal lobes. During this process, white matter changes
from hypointense to hyperintense in T1-weighted images
and from hyperintense to hypointense in T2-weighted
images, compared with gray matter [36](Figure 3A-E). In
patients with PMD, white matter MR images either remain
isointense or become slightly hyperintense compared with
gray matter in T1-weighted images; white matter is diffusely
hyperintense in T2-weighted images [37](Figure 3F). In
PMD, the white matter is typically less myelinated than
that observed in normal neonates. Although a predominant
feature of PMD is hypomyelination, white matter atrophy
also reflects clinical severity in patients. Quantitative white

Expert Opinion on Orphan Drugs (2015) 3(12)
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Connatal Classical
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Missense mutation

Figure 2. Genetic-phenotypic correlation among PMD and PLP1 gene mutations. PMD and X-linked spastic paraplegia 2 are
allelic disorders caused by PLPT mutations. Connatal PMD belongs to a clinicopathological subgroup that falls at the severe
end of this disease. X-linked SPG2 represents a milder form of the disease. Clinical severity grades are as follows: Form 2, able
to maintain a sitting position; Form 3, can walk with support; and Form 4, can walk autonomously.

matter volume correlates with disease severity and would be
useful not only for following the natural history of the
disease, but also for evaluating the effect of therapies.[38]

4.3 Diagnosis of PMD

To aid in the diagnosis of potential PMD, MRI studies are
recommended in male infants with hypotonia, nystagmus,
exaggerated deep tendon reflexes, and primary reflexes such
as the Babinski reflex that persist for more than 6 months.
Diffuse and homogeneous hypomyelination on the MRI is
distinctive  and  characteristic  of PMD.[12,13,39]
Neurophysiological examinations, including evoked potential
studies (e.g., auditory brain response or somatosensory
evoked potentials), are helpful in the diagnosis of PMD, as
they reveal conduction defects in the CNS.[29] Peripheral
nerve conduction velocity measurements should be con-
ducted to distinguish PMD from other HLDs in which
both CNS and peripheral nervous system myelination are
compromised.[13] Strong indicators of PMD include the
absence of atrophy in the basal ganglia or cerebellum (as
determined by MRI) and chromosomal aberrations other
than at the PLP1 locus (particularly terminal deletion of
18q, which is 18q- syndrome) in conjunction with normal

thyroid hormone levels (free T3). For a diagnosis of PMD,
PLP1 dosage should be initially examined using fluorescence
in situ hybridization, quantitative polymerase chain reaction,
multiplex ligation-dependent probe amplification or array
comparative genomic hybridization to determine if PLPI is
duplicated, the most frequent cause of PMD.[13] If PLPI
duplication is excluded, DNA sequencing that covers all
exons and neighboring intronic regions is required.

5. Animal models of PMD

A number of PMD animal models have served as critical
tools in understanding disease mechanisms and in developing
potential therapies for PMD.[40-42] Major molecular and
cellular mechanisms undetlying PMD were uncovered in
studies using these animal models.[43] Both spontaneous
and genetically modified mutants were established in a vari-
ety of animal species, including dog, rabbit, rat and, most
importantly, mouse.

Spontaneous mutants mostly harbor point mutations
within coding exons or splicing junctions, leading to amino
acid substitutions or exonic rearrangement. Of these, jimpy
(p) and myelin synthesis deficit (msd) are well-studied models

Expert Opinion on Orphan Drugs (2015) 3(12)

- 126 -



Downloaded by [Reprints Desk Inc] at 20:08 22 December 2015

Therapeutic strategies in Pelizaeus—Merzbacher disease

Figure 3. The myelination process over the first 2 years as visualized with a T2 magnetic resonance imaging sequence.
Panels show normal myelinating processes at 0, 3, 6, 12 and 19 months of age (A-E). A patient with Pelizaeus-Merzbacher
disease shows no progression of myelination at 3 years of age (F; PLP1 duplication). (Courtesy of Noriko Aida, Kanagawa

Children’s Medical Center.)

of severe PMD.[42,44] These mice have severe neurological
manifestations that lead to premature death. Dramatically
reduced myelin sheath volume and fewer mature oligoden-
drocytes are observed in the brains of these models, which
likely result from the increased rate of oligodendrocytic
apoptotic cell death. In contrast, the rumpshaker (rsh)
mouse, shaking (sh) pup and paralytic tremor (pz) rabbit
serve as models of a milder form of PMD and SPG2.
[40,45,46] These animals display a less-severe phenotype
and survive into adulthood. Milder hypomyelination and a
reasonable number of oligodendrocytes are observed in the
brains of these model animals. Some of these mutants (jp,
msd and rsh) mirror mutations in human PMD/SPG2
patients with corresponding clinical severities, and therefore
serve as models to study the molecular and cellular basis of
phenotypic variations.

Transgenic overexpression and knockout animals are
examples of genetically modified animals.[47-51]
Transgenic mice mimic PMD caused by a duplication
mutation. Transgenic mice harboring either Plpl cDNA
or Dm20 were initially reported; however, genomic trans-
genic mice were subsequently established using cosmid
clones. These mice express both Plpl and Dm20 under a
native PlpI promoter, but the transgenes are expressed from
autosomal chromosomes wherein the transgenes are inte-
grated. A genomic duplication at the Plp! locus on the X

chromosome was recently generated using recombineering
technology in mice, revealing X-linked inheritance.[41]
The phenotype of these overexpressing mice varies depend-
ing on the gene dosage. In each line, heterozygous mice
(i.e., low copy number) have a milder phenotype than do
homozygous mice (i.e., high copy number), suggesting a
gene dosage effect. Conversely, a mild phenotype character-
ized by abundant myelin and an almost normal number of
oligodendrocytes is observed in PlpI null mice. These mice
also mimic the phenotype of patients with PLPI deletions
or null mutations.

6. Pathophysiology of PMD

PLP1 is synthesized in the ER and transported through the
Golgi complex (Figure 4).[52,53] During this vesicular trans-
port, PLP1 associates with cholesterol and forms myelin rafts
enriched in cholesterol and galactosylceramide; these myelin
rafts are recruited to the plasma membrane to form myelin.
PLP1 is unique in that it is abundantly expressed in maturating
oligodendrocytes; more than half of the entire protein generated
in mature oligodendrocytes is PLP1. Therefore, it is not surpris-
ing that both qualitative and quantitative changes in the PLPI
gene cause marked ER stress in addition to oligodendrocyte and
neuronal cell death in PMD patients.[54]
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Figure 4. Normal and abnormal trafficking of PLP1. PLP1 is synthesized in the endoplasmic reticulum (ER) and transported
through the Golgi complex (Figure 4A). PLP1 associates with cholesterol and forms myelin rafts enriched in cholesterol (Ch),
which are recruited to the plasma membrane to form myelin. Modification of PLP1 at Golgi apparatus, where myelin lipid
and protein components assemble, is essential for normal trafficking to the membrane. If PLP1 is deleted, PLP1 function is
lost (Figure 4B). When PLPT is mutated via an amino acid substitution, misfolded PLP1 is trapped in the ER, and therefore
does not reach the membrane, resulting in loss of function at the cell membrane. Moreover, misfolded PLP1 elicits the
apoptotic unfolded protein response (UPR; Figure 4C). PLP1 overexpression may impair cholesterol trafficking from the ER

and Golgi to the plasma membrane (Figure 4D).

When PLP1 is mutated due to an amino acid substitu-
tion, the protein is unable to fold properly and becomes
misfolded. Such aberrant proteins cannot traffic to the
Golgi apparatus, and consequently are trapped in the ER.
The large amount of abnormally accumulated misfolded
PLP1 protein induces ER stress.[55-57] In response, cells
activate an intracellular signal transduction pathway collec-
tively known as the unfolded protein response (UPR). The
UPR increases the ER protein-folding capacity, reduces
global protein synthesis and enhances ER-associated degra-
dation to maintain ER homeostasis for survival. However,
if the burden overwhelms the UPR capacity, the apoptotic
cell death pathway is activated. Three ER transmembrane
sensor proteins initiate the UPR signaling pathways: ino-
sitol-requiring enzyme 1, protein kinase RNA-like endo-
plasmic reticulum kinase and activating transcription factor
6. These pathways work together to regulate genes in
either an adaptive or an apoptotic manner.[58,59] The

high PLP1 expression level eventually overloads the matur-
ating oligodendrocytes and leads to a rapid increase in ER
stress, UPR activation and oligodendrocyte cell death.
Activation of the UPR due to PLPI mutations has been
demonstrated in cultured cells, model animals and, most
recently, in oligodendrocytes derived from induced plur-
ipotent stem cells (iPSCs) generated from PMD patient
cells carrying missense mutations. The degree of UPR
activation appears to relate to PMD disease severity; muta-
tions associated with connatal PMD induce greater ER
stress, while those associated with SPG2 result in subtler
changes.[55] Activation of the apoptotic branch of the
UPR is thought to correlate with oligodendrocytes cell
death in PMD. However, evidence exists that depleted
levels of C/EBP homology protein, caspase 12, or activat-
ing transcription factor 4, which function in the UPR
apoptotic branch, do not rescue the phenotype of PLPI
mutant mice.[60] This suggests the possibility that other
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pathomechanisms may also contribute to disease
manifestation.

Pathomechanisms underlying PLPI duplication have
not been completely elucidated. Why just twice the
amount of normal PLP1 (if each allele expresses a normal
amount of mRNA and protein) results in rapid oligoden-
drocyte cell death and severe dysmyelination is still a
mystery. However, recent studies have made significant
progress in elucidating the nature of excessive PLP1 using
cell culture systems and PLPI transgenic mouse models.
Unlike point mutations, PLP1 overexpression does not
activate the UPR, but leads to an altered distribution of
PLP1 within the cells. Instead of incorporating into the
myelin plasma membrane or myelin sheath, excessive
PLP1, accompanied by cholesterol, accumulates in the
cytoplasmic endosomes/lysosomes.[61,62] The association
of PLP1 with cholesterol appears to be critical. In mice
that lack cholesterol synthesis in oligodendrocytes, hypo-
myelination is observed due to low levels of myelin
protein gene expression, including PLP1.[63] In addition,
a recent preclinical study demonstrated that dietary sup-
plementation of high-dose cholesterol ameliorated the
hypomyelinating phenotype observed in PLPI transgenic
mice. These data further support the importance of cho-
lesterol metabolism in the pathology of PLPI duplica-
tion.[63]

In addition to lysosomal accumulation, it was shown
that overexpressed Plpl/PLPI can be inserted into mito-
chondria in mice and in humans, which may induce
metabolic dysfunction in oligodendrocytes.[64] Contribution
of the microglia-mediated inflammatory response is also likely
a major player in the pathophysiology of PMD, and repre-
sents another potential target for therapy.[65,66]

7. Induced pluripotent stem cells may serve as a
novel model system

Recently, two groups in Japan succeeded in establishing
iPSCs from patients with PMD. Numasawa and collea-
gues established iPSCs from two PMD patients carrying a
missense mutation, and differentiated them into oligo-
dendrocytes in vitr0.[67,68] In oligodendrocytes derived
from iPSCs harvested from PMD patients, mutant PLP1
proteins were mislocalized to the ER. In addition, an
association was observed between an increased suscept-
ibility to ER stress and an increased number of apoptotic
oligodendrocytes. Moreover, quantitative electron micro-
scopic analysis of the number of myelin lamellae per
myelinated fiber demonstrated the presence of drastically
reduced myelin formation accompanied by abnormal ER
morphology. Thus, this study demonstrated that ER
stress was involved in pathogenic dysmyelination of oli-
godendrocytes in PMD patients that carried the PLPI
missense mutation.

Therapeutic strategies in Pelizaeus-Merzbacher disease

8. Approaches and opportunities for the
treatment of PMD

81 Missense mutation

8.1.1 Splicing restoration

Exon skipping with oligonucleotides has been applied to
correct missplicing in several genetic diseases, such as con-
genital glycosylation disorders and neurofibromatosis types 1
and 2.[69] In PMD, Regis et al. found a single point muta-
tion in the latter part of exon 3, c. 436 C > G. This mutation
not only causes an amino acid substitution within PLP1-
specific peptides, but also generates putative exonic enhancer
elements, which may lead to a perturbed splicing pattern and
loss of the major PLP1 transcript (but not DM20). They
further designed a morpholino antisense oligonucleotide to
mask these novel splicing regulatory motifs, which resulted in
recovering the PLP1 transcript from murine oligodendroglial
Oli-neu cells transfected with the PLPI minigene harboring
this mutation.[70] This strategy could be applied to the
development of therapeutic strategies targeting mutations
that modify splicing regulatory elements.[70]

8.1.2 Altering signal transduction

Miyamoto et al. designed a retrovirus-mediated PLP1 expres-
sion vector, PLP1-IRES-ZsGreen, for transfection into pri-
mary oligodendrocyte precursor cells (OPCs) harvested from
embryonic day 15 rat cerebral cortices. They showed that
expression of PLP1 markedly inhibited OPC differentiation
in a concentration-dependent manner. They also established
a high-throughput screening (HTS) system to identify small
chemical compounds that improved differentiation of OPCs.
[71] Using this assay, they detected a subset of signaling
molecule inhibitors, including the extracellular signal-regu-
lated kinase (ERK) inhibitor U0126 and the mitogen-acti-
vated protein (MAP) kinase 1/2 (MAPKK or MEK1/2)
inhibitor PD98058, that significantly improved OPC differ-
entiation. OPC differentiation was also improved by inhibit-
ing ERK activity. ERK inhibition improved PLP1-induced
dysmyelination in co-cultured OPCs and dorsal root gang-
lion neurons. Thus, ERK inhibition helped to improve defec-
tive OPC differentiation induced by PLP1 expression,
suggesting that molecules belonging to the MEK1/2-ERK
signaling pathway may be novel PMD therapeutic targets.
As discussed later, there is no available functional assay
suitable for large-scale drug screening; therefore, visualization
of cell phenotypes in their system was valuable.[72]

8.1.3 Attenuation of ER stress

Curcumin, a dietary compound derived from the curry spice
turmeric, has been tested in several rodent models of genetic
diseases caused by misfolded proteins, including cystic fibro-
sis, Charcot-Marie-Tooth neuropathy type 1 and retinitis
pigmentosa.[73—76] Yu and colleagues determined whether
curcumin could rescue the lethal phenotype of a PMD
mouse model, msd.[77] Curcumin was orally administered
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to msd mice from postnatal day 3. Oral curcumin treatment
extended survival by 25% and reduced oligodendrocytic
apoptosis. Conversely, no apparent improvements in motor
function, neurological phenotype or myelin formation were
observed. However, molecular mechanisms underlying this
curative effect remain undetermined.

Morimura et al. reported that an antimalarial drug, chlor-
oquine, can decrease the amount of an ER-accumulated
mutant PLP1 containing an alanine-243 to valine (A243 V)
substitution, which causes severe PMD in humans.[78]
Chloroquine attenuated the translation of mutant PLP1 by
increasing the phosphorylation of eukaryotic initiation factor
200 (elF-20) and decreased ER stress in Hela cells.
Chloroquine also attenuated ER stress in primary oligoden-
drocytes obtained from msd mice carrying the same A243 V
substitution. In the spinal cords of msd mice, chloroquine
inhibited ER stress and upregulated the expression of marker
genes of mature oligodendrocytes. These findings suggest
that ER stress attenuators, such as chloroquine, may repre-
sent a potential treatment for PMD.

Pharmacological chaperones have been recently extensively
investigated for their potential to refold misfolded proteins.
[79,80] If pharmacological chaperones can aid in the correct
folding of PLP1, they may potentially ameliorate the ER
stress observed in PMD due to missense PLPI mutations.

8.2 Duplication or overexpression

8.2.1 Cholesterol

PLP1 binds cholesterol, which is a major constituent of
membrane lipid raft microdomains.[81] Cholesterol accessi-
bility is the rate-limiting factor in CNS myelin synthesis. The
finding that PLP1 and cholesterol accumulate in late endo-
somes and lysosomes in PlpI-transgenic oligodendrocytes has
raised the possibility that the reduction of cholesterol in the
myelin membrane may play a role in the pathophysiology of
PLPI duplication.[61,82] Surprisingly, introduction of a
cholesterol-enriched diet in Plp1 transgenic mice resulted in
restoration of oligodendrocyte number and reduction of
intracellular PLP1 accumulation, which was accompanied
by improved myelination. Therefore, a cholesterol-enriched
diet may have potential as a viable therapeutic intervention

for PMD.[63]

8.2.2 Attenuating PLP1 expression

The nuclear progesterone receptor, ligand-activated zinc-fin-
ger protein, is a widely expressed transcription factor that is
present in oligodendrocytes.[83] This receptor is a member
of a much larger steroid receptor superfamily that binds to
palindromic response elements in the promoter regions of
steroid-responsive genes.[66] Progesterone and its receptor
are synthesized and expressed in neurons and glial cells.
(48,65,67—71] In vivo, daily progesterone injections upregu-
late Plpl mRNA in rat sciatic nerve, indicating that proges-
terone receptor binding sites may be present in the PLPI

promoter.[72-74,79] The nuclear progesterone receptor
antagonist lonaprisan was administered to Plpl transgenic
mice for 10 weeks, and then the clinical phenotypes were
assessed. Although Plpl mRINA levels were increased 1.8-fold
in PMD model mice compared with wild-type controls, daily
lonaprisan treatment reduced overexpression at the RNA
level to approximately 1.5-fold, which significantly improved
the poor motor phenotype observed in the PMD model
mice.[84]

In the developing nervous system, a small subset of short
RNA molecules is important in orchestrating the rapid
switch from OPCs to myelin-forming oligodendrocytes and
in regulating the synthesis of myelin structural proteins.[85]
Wang et al. examined the miRINA that controls PLP abun-
dance using the oligodendroglial cell line Oli-neu and in
enhanced green fluorescent protein-positive oligodendrocytes
ex vivo.[86] They identified 145 miRNAs that were expressed
during oligodendrocyte cell lineage progression. They
attempted to identify miRNAs that controlled PLP expres-
sion; therefore, they selected miRNAs characterized by lower
expression in differentiated vs. undifferentiated Oli-neu cells
and with one or more binding site(s) in the PLP 3'UTR.
When the PLP 3'UTR was fused to the luciferase gene,
reporter activity was reduced, suggesting that it negatively
regulated message stability or translation. Such suppression
was relieved by knockdown of miR-20a. Overexpression of
miR-20a decreased the expression of endogenous PLP in
primary oligodendrocytes and of the reporter gene.
Deletion or mutation of the putative binding site for miR-
20a in the PLP 3'UTR abrogated such effects, indicating that
miR-20a, a component of the cluster that controls oligoden-
drocyte cell number, regulates PLP gene expression through
its 3'UTR.[86]

Introduction of a small RNA molecule that negatively
regulates PLP1 mRNA expression, such as miR-20a, might
be a viable approach for gene therapy in PMD. Evidence
exists demonstrating that an AAV9-delivered short hairpin
RNA effectively reduced mutant superoxide dismutase 1
(SOD1) expression and increased survival time in a mouse
model of amyotrophic lateral sclerosis.[87]

9. Cell-based therapy

91 Bone marrow transplantation
Umbilical cord blood transplantation (UCBT) has been suc-
cessfully applied in several inherited metabolic diseases,
including lysosomal and peroxisomal storage disorders.[88]
The effect appears to be mediated by enzyme replacement
from engrafted cells. UCBT is most commonly administered
in adrenoleukodystrophy, where its mechanism of efficacy is
unclear.[89]

Wishnew and colleagues recently reported on the clinical
course of two young boys with PMD, the first known patients
to receive UCBT as a therapy.[90] One PMD patient with
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PLPI duplication received UCBT at 9 months; he has been
followed up for 7 years. The second PMD patient with a
splicing mutation, ¢.697-54_711delinsTTTATTT, received
UCBT at 25 months and was followed up for 1 year. After
UCBT, both patients showed some myelination revealed by
MRI. Due to the small number of patients and the lack of
negative controls for comparison, it is difficult to assess the
effectiveness of this treatment. However, PMD is a disorder of
myelin structural protein and a potential mechanism for efficacy
is lacking,

9.2 Stem cell therapy: oligodendrocyte progenitor cell
transplantation therapy

A phase 1 study was performed to evaluate the safety of and
to detect evidence for myelin formation after human CNS
stem cell (HuCNS-SC) therapy.[91] Patients received an
injection of allogeneic HuCNS-SCs into the white matter
of the frontal lobe following 9 months of immunosuppres-
sion. There were no serious side effects. Minimal gains in
neurological function were observed in three subjects. These
phase 1 findings indicate a favorable safety profile for
HuCNS-SCs in subjects with PMD. To assess myelination,
MRI and MR diffusion tensor imaging were employed to
quantify differences in the magnitude and direction of water
motion. The acquired images suggested the presence of dur-
able cell engraftment and donor-derived myelin in the small
areas of white mater surrounding the injection sites.

9.3 iPS-based therapy

With advances in iPS technology, reprogrammed somatic
cells can be pursued as a cell source for use in replacing
patient cells, as well as a model for use in recapitulating
disease mechanisms 7z vitro.[92] In 2015, a clinical trial
began to determine if the epithelial sheet derived from
iPSCs harvested from a patient could repair damaged retinas
in patients with age-related macular degeneration.[93,94]
Using a patient’s own induced cells minimizes immune rejec-
tion and myeloablative chemotherapy; ethical issues are also
curtailed. However, in congenital genetic diseases such as
PMD, the mutated gene should be edited before autologous
transplantation. Additionally, it is unclear whether injected
stem cells can ameliorate myelination defects in all areas of

the CNS.

10. Conclusion

Considerable progress regarding PMD has been made over
the past two decades. Subsequent to the discovery of PLPI
as a genetic cause of this disease, distinct pathophysiological
mechanisms attributable to PLPI were revealed, including
loss-of-function, gain-of-toxicity due to missense mutations,
and the effects of copy number overexpression. In PMD
mouse models, several compounds used for treatment have

Therapeutic strategies in Pelizaesus—Merzbacher disease

generated encouraging results; moreover, stem cell/bone
marrow transplantation has been introduced as the first
cell-based therapy. However, evidence is lacking regarding
treatments that are effective in ameliorating the PMD phe-
notype in patients. Future therapy should be aimed to lessen
the various brain pathologies and lengthen the survival of
PMD patients.

A single approach may not be sufficient and combination
therapy may be necessary to combat this devastating disorder.

1. Expert opinion

One of the major focuses of current and future research on
PMD is the development of new therapies. The efficacy of
three drugs has been tested using mouse models. Treatment
with cholesterol or lonaprisan was effective in Plp] transgenic
mice.[63,84] Curcumin treatment resulted in prolonged sur-
vival times in a model mouse harboring a PlpI missense
mutation [77]; curcumin treatment also improved the
motor phenotype of the transgenic mice.[95] These candi-
date chemicals are waiting to be tested in clinical studies.

In addition to conventional pharmaceutical strategies, gene
therapy and neural stem cell (NSC) transplantation are par-
ticular interests. For PLP1 null mutations, delivery of PLP1
via gene therapy is a compelling option. Small RNA mole-
cules that function to decrease PLPI mRNA expression may
be effective in cases of PLPI duplication. The adeno-asso-
ciated viral vector (AAV) appears to be an optimal vehicle for
such gene delivery into the CNS.[96] The PLP1 open read-
ing frame is 834 bp, which is smaller than the upper limit
required for AAV insertion (i.e., ~4.3 kb). AAV predomi-
nantly persists in episomes, and thus the risk of cancer
occurrence is low. Thereby, it is ideal for gene therapy in
pediatric patients.

AAV exhibits low immunogenicity and continues to be
expressed long term (>10 year) in non-dividing post-mitotic
neuronal cells.[82] AAV recognizes cell surface glycans,
which are abundant in neuronal and glial cells. There are
11 naturally occurring AAV serotypes, and more than 100
variants of AAV.[97] Each serotype exhibits preferential trop-
ism for neurons, oligodendrocytes, astrocytes or ependymal
cells. Because of this, it is necessary to select available variants
ot engineer a viral capsid to induce PLP1 expression in a cell-
type-specific manner.

Direct viral injections into the brain parenchyma result in
a high level of transgene expression, which leads to remark-
able improvement in patients with aromatic L-amino acid
decarboxylase (AADC) deficiency.[96,98] Contrary to
AADC supplementation, which only requires local expression
in the basal ganglia, PLP1 is expressed in all oligodendrocytes
present in CNS white matter. Therefore, systematic delivery
of AAV is required to elicit therapeutic effects in individuals.
Recent studies showed that AAV injection into the cere-
brospinal fluid via intraventricular or intrathecal delivery
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efficiently penetrated ependymal cells and brain parenchyma
in mice and large animals. Further preclinical studies are
warranted that focus on the development of systematic
AAV delivery and high-efficiency serotype selection with
specificity for oligodendrocytes.

Much attention has also been paid to cell transplantation
therapy using NSCs.[99] The major challenges involved in
NSC therapy include the choice of stem cells to be used and
the appropriate transplantation method, along with valida-
tion of the safety and survival of grafted cells. Fetal-tissue-
derived allogenic NSCs have been under phase I clinical
study in congenital neurological diseases.[99] These studies
of infantile neuronal ceroid lipofuscinosis and PMD showed
that allogenic NSCs are safe. Furthermore, examination of
the brains from three patients who died due to underlying
disease in a study of ceroid lipofuscinosis showed evidence of
engraftment, migration and long-term survival of the grafted
cells. Other stem cells, including iPS-derived NSCs, adult
tissue-derived stem cells and different types of ES-derived
NSCs, have been tested in preclinical transplantation studies
for their remyelination efficacy in model animals.

The benefits of stem cell therapy should outweigh the
known risks of surgery and vigorous immune ablation ther-
apy. Furthermore, it is unlikely that transplanted neighboring
stem cells fully compensate for structural abnormalities in the
PLP1/DM20 protein through the CNS myelin. Although
NSCs have potential for use in therapy, they have not yet
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produced significant results for PMD treatment and require
more basic and translational study.

To translate gene and cell-based therapies successfully into
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essential. Moreover, earlier initiation of such therapies may
result in better prognosis before marked progression of oli-
godendrocyte cell death occurs. To achieve optimal results in
clinical trials, diagnostic program systems must be established
and PMD patients must be added to the registry during the
early stages of the disease.
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Abstract

A patient with an unusually mild form of Pelizaeus-Merzbacher disease was studied. Clinically, mild developmental delay with
acquisition of assisted walking at 16 months and mild spastic tetraplegia were evident, but no nystagmus, cerebellar, or extra-
pyramidal signs were present. PLP] mutation analysis revealed a nucleotide substitution adjacent to the acceptor site of intron
3, NM_000533.4:¢.454-9T>G. Expression analysis using the patient’s leukocytes demonstrated an additional abnormal transcript
including the last 118 bp of intron 3. In silico prediction analysis suggested the reduction of wild-type acceptor activity, which pre-
sumably evokes the cryptic splicing variant. Putative cryptic transcript results in premature termination, which may explain the mild
clinical phenotype observed in this patient.
© 2015 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Pelizacus-Merzbacher disease (PMD) is a rare X-
linked recessive disorder caused by mutations of the
PLPI gene, which encodes a major myelin membrane
protein in the central nervous system [1]. Consequently,
PMD is characterized by arrest of myelination that
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Tel.: +81 285 58 7366; fax: +81 285 44 6123.
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clinically results in psychomotor developmental delay
and various neurological symptoms including nystag-
mus, spastic tetraplegia, dystonia, and cerebellar and
extrapyramidal symptoms. One characteristic feature
of PMD is the wide spectrum of clinical severity.
Patients with the most severe form show essentially no
achievement in developmental milestones, while those
at the mildest end attain unsupported walking with
well-preserved intellectuality.

Different PLPI] mutations give rise to PMD [1].
Genomic duplication is the most common mutation,
accounting for 60-70% of patients, while exonic or

0387-7604/© 2015 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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