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Abstract

Pelizaeus-Merzbacher disease (PMD) is an X-linked disorder caused by mutation in the PLP1
gene, which encodes the proteolipid protein of myelinating oligodendroglia. PMD exhibits
phenotypic variability that reflects its considerable genotypic heterogeneity, but all forms of the
disease result in central hypomyelination, associated in most cases with early neurological
dysfunction, progressive deterioration, and ultimately death. PMD may present as a connatal,
classic and transitional forms, or as the less severe spastic paraplegia type 2 and PLP null
phenotypes. These disorders are most often associated with duplications of the PLPI gene, but can
also be caused by coding and non-coding point mutations as well as full or partial deletion of the
gene. A number of genetically-distinct but phenotypically-similar disorders of hypomyelination
exist which, like PMD, lack any effective therapy. Yet as relatively pure CNS hypomyelinating
disorders, with limited involvement of the PNS and relatively little attendant neuronal pathology,
PMD and similar hypomyelinating disorders are attractive therapeutic targets for neural stem cell
and glial progenitor cell transplantation, efforts at which are now underway in a number of
research centers.
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Pelizaeus-Merzbacher disease (PMD; OMIM 312080) is a progressive and unremitting
congenital disorder of myelin formation, that results in severe neurological disability across
a variety of modalities, and for which there is no treatment. PMD was first described in
young boys presenting with nystagmus, spastic quadriparesis, ataxia and cognitive
impairment (Merzbacher, 1910; Pelizaeus, 1885). It is an X-linked disorder, such that boys
inherit the PMD mutation from their mothers, who are themselves typically unaffected,
though a maternal carrier state phenotype has been described (Hurst et al., 2006). While
pathologists long ago established that PMD was associated with deficient myelination, only
later did linkage studies reveal that PMD mapped to the Proteolipid Protein-1 (PLPI1)locus
at Xg21.3-q22 (Boespflug-Tanguy et al., 1994; Mattei et al., 1986). A series of subsequent
studies then established that PMD was indeed causally associated with mis-expression or
mutation of PLP1, one of the major constituents of central myelin, (Garbern et al., 1999).

PMD is a rare disorder that severely affects patients and their families. Its overall prevalence
ranges from 1:200,000-1:500,000 in the US, with international incidence ranging from
1:90,000-1:750,000 live births, depending upon the demographic (Hobson and Kamholz,
1993). Yet clinically, PMD comprises a relatively broad spectrum of disorders, whose
cardinal shared feature is the dysregulation of PLP1 expression and/or structure. In its
prototypic form, PMD is characterized by pendular nystagmus, head tremor, and systemic
hypotonia; with time, affected patients manifest some combination of mental retardation,
choreoathetosis, dystonia, cerebellar ataxia and long tract signs, especially corticospinal
dysfunction. There are a number of clinical phenotypes of PMD, most associated with
significant disability and typically resulting in premature death (Hudson et al., 2004).

Clinically, PMD has been classified into three major subtypes, according to the age of
presentation (Seitelberger et al., 1996). Connatal PMD (aka severe/early-onset) is the most
aggressive of PMD phenotypes. These patients can present at birth with nystagmus and
respiratory distress, often requiring ventilation, as well as extrapyramidal signs, laryngeal
stridor, feeding difficulties and optic atrophy. These infants are characterized by extreme
neonatal hypotonia, that may be so severe as to mimic spinal muscular atrophy (Kaye et al.,
1994). They rarely if ever achieve ambulation or develop speech, and their survival is
typically limited to the teen-age years. In addition, these patients may develop seizures,
though these are typically responsive to antiepileptic agents. Classic PMD presents before
the first year of age, with a failure to achieve motor milestones, followed by manifestation of
many of the same features as connatal PMD. Relative to the connatal form, the cognition and
speech of children with classic PMD may develop to a limited extent, and many children can
develop the ability to ambulate with assistance. The progression of disease slows by the end
of the first decade, and the life spans of affected patients vary from adolescence to young
adulthood. Transitional PMD combines clinical features of both the classic and connatal
forms (Garbern, 2006; Seitelberger, 1970). Two other less severe phenotypes were
subsequently described, including the spastic paraplegia syndrome and PLP1-null disease.
Spastic paraplegia type 2 (SPG2) (Saugier-Veber and Munnich, 1994) is of later onset than
the classic PMD, and is characterized by spasticity of the lower extremities that may co-exist
with varying degrees of cognitive impairment, nystagmus, ataxia, and dysarthria. The PLPI
null phenotype comprises the mildest of described PLP1-associated syndromes, and is
characterized by spastic paraplegia and a mild to moderate demyelinating peripheral
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neuropathy (Garbern et al., 1997; Garbern et al., 2002; Shy et al., 2003). Importantly, the
clinical heterogeneity of PMD reflects its genetic heterogeneity, in that PLPZ amplifications,
exonic and intronic deletions, and point mutations, have all been associated with the disease.

Besides PMD, a number of other disorders have been described which share similar patterns
of congenital hypomyelination, but arise from mutations in genes other than PLPI (reviewed
in (Pouwels et al., 2014; Vanderver et al., 2015)). The clinical and radiological distinctions
among these disorders remain subtle and differential diagnosis challenging, despite recent
significant improvements in their recognition. Ultimately, genetic analysis has clarified and
continues to unravel the nature and heterogeneity of these congenital hypomyelinations.
Individually rare, these disorders include the PMD-like disease associated with mutations in
the gap junction protein connexin 47 GJC2 gene (OMIM 608803) (Abrams et al., 2014;
Gotoh et al., 2014; Orthmann-Murphy et al., 2009), hypomyelination with atrophy of the
basal ganglia and cerebellum caused by mutations in the dystonia-associated 4-tubulin
TUBB4A gene (OMIM 602662) (Pizzino et al., 2014), SOXI0-associated hypomyelination
(OMIM 602229), and others; altogether, 14 hereditary hypomyelinating leukodystrophies
have thus far been classified as such in a phenotypic series (OMIM PS312080 (Pouwels et
al., 2014). While these conditions have been described as principally or entirely disorders of
CNS myelin, most are sufficiently rare as to remain relatively uncharacterized. As such, the
extent to which these hypomyelinating disorders may exhibit either peripheral or autonomic
nervous system involvement is unclear, an issue with significant therapeutic implications, as
CNS-directed cell replacement therapy may prove limited in its utility for those diseases
with significant PNS pathology, absent effective concurrent treatment of the latter. Similarly,
some of these disorders may be associated with significant extra-neurological and systemic
manifestations, which will ultimately require treatment approaches beyond cell replacement.

iPSC and mouse models of mutant PLP1-associated oligodendroglial

dysfunction

PMD can be caused by PLPI mutations resulting in copy number amplifications and over-
expression as well as loss-of-function. Different animal models have been developed which
reflect its heterogeneous genetics and pathology; these include mice expressing
supernumerary copies of the PLP1 gene (Clark et al., 2013; Kagawa et al., 1994; Readhead
et al., 1994), missense mutation with a HSP-like phenotype (Griffiths et al., 1990;
McLaughlin et al., 2006), and PLP1 deletion (Klugmann et al., 1997). Despite the limitation
of murine models - among which is that they may be too short lived to allow the proper
assessment of cell-based therapies - they nonetheless provide useful platforms within which
to test the efficiency of a broad range of putative treatment strategies.

Induced pluripotent stem cells (iPSCs) have evolved as a new tool to assess pathological
mechanisms and therapeutic responses on a patient-specific basis. iPSCs and their derived
glial progenitors and oligodendrocytes may be produced from affected patients, and used to
study the effect of different mutations 7n vitro and /n vivo. In fact, iPSCs generated from
PMD patients with missense mutations have been successfully differentiated into
oligodendrocytes with recapitulation of PMD pathology (Numasawa-Kuroiwa et al., 2014).
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In particular, these oligodendrocytes have manifested ER stress and progressed to apoptotic
death, validating the hypothesis derived from mouse models that protein misfolding-
associated ER stress accompanying PLP1 gain-of-function mutations might trigger
oligodendroglial loss in PMD (Dhaunchak and Nave, 2007) (Dhaunchak et al., 2011; Lin
and Popko, 2009). This in turn has led to studies of agents that might rescue
oligodendroglial phenotype, by mitigating unfolded protein response-mediated cell loss. As
such, a variety of small molecule-based treatment strategies to this end have been proposed,
that have been variably directed at lowering PLP1 expression (Prukop et al., 2014),
supplementing the diet with cholesterol to promote PLP incorporation into the cell
membrane (Saher et al., 2012), and enhancing the ability of the endoplasmic reticulum to
clear misfolded proteins (Yu et al., 2012). While several of these strategies have shown
promise in preclinical models, none of these disease-modifying strategies based on targeting
PLP1 clearance or trafficking have yet advanced to clinical trials. More broadly, different
small molecule-based therapeutic approaches would presumably be required to treat
different PMD phenotypes, since clinically-significant disease can result from PLPZ
depletion, as in the PLP1 null syndrome, just as well as from gain-of-function and protein
misfolding. As a result, and to establish a more universally-applicable, genotype-
independent platform for treating this rare disorder, a number of investigators have focused
on the potential utility of cell-based therapeutics for replacing diseased PMD
oligodendrocytes with their wild-type and/or genetically- corrected counterparts.

Cell therapeutic strategies for the treatment of PMD

Since endogenous oligodendrocytes are genetically defective in PMD, their replacement
with exogenous, wild type cells would seem a potentially effective therapeutic strategy. In
particular, intracerebral transplantation of glial progenitor cells has developed as an
attractive strategy for restoring lost or deficient myelin in PMD patients. This approach
attempts to rescue the disease phenotype outright, by replacing mutant cells in principle with
either allogeneic or genetically-corrected iPSC-derived autologous oligodendrocytes
carrying a normal copy of the PLP1 gene. The ability of human oligodendrocyte progenitor
cells (OPCs), derived from either second trimester fetal brain tissue (Windrem et al., 2004;
Windrem et al., 2008) or pluripotent cells (Wang et al., 2013) to rescue the shiverer model of
congenital hypomyelination suggested the feasibility of using human OPC transplants to
treat the hypomyelination of PMD (Goldman, 2011; Goldman et al., 2008; Keyoung and
Goldman, 2007), as well as a broader range of myelin diseases (Duncan et al., 2008;
Goldman et al., 2012). Yet despite their attractiveness as therapeutic reagents, OPCs have
not yet progressed to the clinic. Their proliferative potential seems limited in vitro (Nunes et
al., 2003), and treatments using purified OPCs require either predictable sources of human
fetal tissue — an increasing rarity in today’s sociopolitical environment — or pluripotent cell
sources, the clinical use of which pose technical and regulatory challenges yet to be
surmounted.

As a more practical alternative, human neural stem cell (NSC) grafts have been assessed as a
potential cellular substrate for replacement in PMD on the basis of their production of
oligodendrocytes /in vivo in shiverer mice (Mitome et al., 2001; Uchida et al., 2012; Yandava
et al., 1999). The availability of clinical-grade NSCs provided the basis for a first-in-man
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phase 1 open-label study (NCT01005004) of direct NSC transplantation into the brain of
four connatal PMD patients who ranged from 9 months to 5 years of age (Gupta et al.,
2012); all carried missense mutations in transmembrane (TM) domains, two in TM2 and two
in TM4. This trial was designed primarily to assess the safety of intracerebral delivery of
banked, serially-passaged human fetal brain-derived NSCs. Each boy received two
intracerebral injections on each side of the brain into the forebrain white matter, for an
intended total of total of 3x108 cells/child. The transplanted boys were immunosuppressed
after transplant using tacrolimus for 9 months. The children were then followed for at least a
year, with serial magnetic resonance imaging (MRI) and spectroscopy, and both neurological
and neurophysiological exams.

The trial investigators reported a favorable safety profile at 1-year after transplantation, by
both clinical and radiological evaluation (Gupta et al., 2012). They also reported some
evidence of local and durable changes by MRI in the transplanted regions. Using diffusion
tensor imaging (DTI), radial and axial diffusivity fell, while fractional anisotropy rose,
suggesting diminished freedom of water movement in the plane of axonal fascicles. This
result is suggestive of and consistent with myelin ensheathment of axons, but it is not in
itself definitive; the patients’ lack of clinical deterioration during this period and mild
increase in MRI-assessed myelination were well within the range of the natural development
of PMD children (Wishnew et al., 2014), the clinical variability among whom is significant.
As such, the donor-derivation of any new myelin in these subjects, and hence the
myelination competence of neural stem cell allografts in humans, remains to be established -
ultimately via post-mortem histological analysis. In the meantime, these index patients will
continue to be monitored to establish the safety of their grafts, using clinical, radiographic,
and neurophysiological outcome measures, all of which will be assessed for at least 5-years
after transplant in a long-term follow up study (NCT01391637). Assuming an acceptable
safety profile at 5-years, progression to a phase 2 efficacy study is a possibility. While such a
study would ideally comprise an observational control arm matched as closely as possible to
age and genotype, this level of precision will be difficult to achieve in an ultra-rare disorder.
Such a study would need to be able to deliver much higher numbers of NSC (e.g., 109),
wider cell distribution and measures of donor-derived myelin such as enhanced nerve
conduction in transplanted regions. Challenges to a phase 2 study of NSC in PMD include
the scarce patient population and difficulties of transporting severely disabled children, high
costs of the procedure hospitalization and short- and long-term monitoring. Indeed, are NSC
the “best” cells to transplant in PMD, or might more lineage-restricted glial oligodendrocyte
progenitor cells be more suited to the task? This topic is the source of much debate, but
needs to be addressed in future pre-clinical and ultimately clinical studies that directly
compare human purified NSCs and OPCs, as well as hESC- and hiPSC-derived cells to
define the optimal cellular vector, stage at administration, and dose range, for treating PMD
or other myelin disorders.

Non-neural cell therapeutics for PMD: A cautionary note

Other proposed cell-based therapies for PMD must similarly be based upon strong
mechanistic footings, and be grounded in rigorous, peer-reviewed preclinical studies.
However, in an age where there is optimism about the potential benefits of “stem cells,”
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broadly defined, centers in the US and other countries are offering untested and often
unfounded procedures to affected PMD children and their often desperate parents. These
include autologous or allogeneic hematopoietic stem cell (HSC) and umbilical cord-derived
cell infusions (UCSC) (Wishnew et al., 2014). Although such HSC and UCSC grafts may
provide benefits in selected enzymatic disorders of myelin (Biffi et al., 2013; Escolar et al.,
2005; Martin et al., 2013; Solders et al., 2014), there is scant rational basis for their use in
structural disorders of myelin formation and processing, like PMD. Indeed, no credible or
appropriately-controlled data exist that such non-neural phenotypes mediate CNS cell
replacement. Given their lack of either rational mechanism or credible pre-clinical data,
along with the real risks of myeloablation and CSF infusion, the financial burdens placed
upon already stressed families, and the human tragedy intrinsic to the delivery of false hope
to vulnerable parents, we believe that such approaches lack medical justification.

Towards future cell-therapies using pluripotent ESC- or iPSC-derived

myelinating cells

As noted, the use of fetal tissue-derived NSCs and OPCs is problematic, given the difficulty
in sourcing and qualifying these cells, and hence of expanding their availability to significant
number of patients. As a result, it seems likely that future efforts in CNS cell replacement
will focus on the use of hESC and hiPSC-derived NSCs and OPCs. Pluripotent cell sources
have the theoretical advantages of extensive expansion capacity, homogeneity and
predictability. In addition, iPSCs allow for targeted genetic correction using new nuclease-
mediated targeted gene editing technologies, such as CRISPR/Cas9 (Li et al., 2014). Patient-
derived iPSCs in particular will enjoy the distinct advantage of permitting genetic editing
and correction of underlying mutations — in this case correction of ALAZ point mutations or
excision of supernumerary PLPI copies. As such, genetic correction of mutant patient
derived iPSCs followed by their glial induction and intracerebral transplantation may permit
autologous transplantation, and may prove an attractive option for these disorders (Fox et al.,
2014).

That said, there are many practical barriers to be overcome. First, iPSCs show line-to-line
heterogeneity, and require extensive screening, necessitating significant expenditures in both
time and resources for their derivation. While iPSCs have unlimited growth potential, the
cells can accumulate genetic mutations such as single base pair mutations, and even gross
karyotypic abnormalities (Hussein et al., 2013; Ji et al., 2012; Sugiura et al., 2014). Defined
media will have to be developed that optimally support iPSC survival and growth, to
minimize the preferential selection of genetically abnormal cells. Second, the science of
precise and safe genetic correction of human cells remains a work-in-progress, and the
regulatory environment surrounding such genetically modified and reprogrammed lines
remains uncertain, in particular when high efficiency targeted nucleases are employed that
have potential off-target effects. Third, hESC and hiPSC-derived cells may have more
tumorigenic potential than tissue-derived NSCs or OPCs, and preparative protocols need to
ensure that transplanted pools not include undifferentiated or incompletely differentiated
cells, that might become neoplastic after injection. As a result, despite the long-term
advantages of using pluripotent cell-derived NSCs and OPCs, clinical progression in the
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treatment of PMD and similar myelin deficiencies in the near-term may yet still include
human CNS-derived allografts of myelinogenic cells, whether of NSCs or OPCs.

More broadly, PMD and other early disorders of central myelin formation and maintenance
share a lack of normally myelinogenic oligodendroglia, and a dearth of available treatment
options. As a result, these disorders may serve as especially attractive proofs-of-principle for
establishing the clinical efficacy of cell-based therapy for myelin repair in the human brain.
To capitalize upon this broad translational opportunity though, further research is needed to
understand the genetic basis, precise phenotypes and natural histories of these
hypomyelinating leukodystrophies, as well as the optimal cell types that might be employed
for their rescue. If successful in this limited but challenging patient population, then we
might anticipate the broader adoption of this strategy across the entire range of disorders for
which white matter failure or loss is causally involved, pediatric and adult alike.

Acknowledgments

Citations

The authors wish to dedicate this review to the memory of our colleague Dr. James Garbern, a pioneer in the
modern clinical investigation of Pelizaeus-Merzbacher disease.

Funding: Dr. Goldman is supported by NINDS, NIMH, the National Multiple Sclerosis Society (NMSS), New York
Stem Cell Science (NYSTEM), the Mathers Charitable Foundation, the Dr. Miriam and Sheldon G. Adelson
Medical Research Foundation, CHDI, the Lundbeck Foundation, and the Novo Nordisk Foundation. Dr. Osorio is
supported by the Child Neurology Society, and Dr. Windrem by NINDS. Dr. Rowitch acknowledges support from
the European Leukodystrophy Association, NMSS, Howard Hughes Medical Institute and the NIH/NINDS. Dr.
Tesar is supported by the New York Stem Cell Foundation and the NINDS. Dr. Wernig is supported by the New
York Stem Cell Foundation, the Morgridge Faculty Scholarship program of the Child Health Research Institute at
Stanford, the European Leukodystrophy Association, the NMSS, the Steinhart-Reed Foundation, the California
Institute of Regenerative Medicine, and the NIH.

Abrams CK, Scherer SS, Flores-Obando R, Freidin MM, Wong S, Lamantea E, Farina L, Scaioli V,
Pareyson D, Salsano E. A new mutation in GJC2 associated with subclinical leukodystrophy.
Journal of Neurology. 2014; 261:1929-1938. [PubMed: 25059390]

Biffi A, Montini E, Lorioli L, Cesani M, Fumagalli F, Plati T, Baldoli C, Martino S, Calabria A, Canale
S, et al. Lentiviral hematopoietic stem cell gene therapy benefits metachromatic leukodystrophy.
Science. 2013; 341:1233158. [PubMed: 23845948]

Boespflug-Tanguy O, Mimault C, Melki J, Cavagna A, Giraud G, Pham-Dinh D, Dastugue B,
Dautigny A. Genetic homogeneity of Pelizaeus-Merzbacher disease: tight linkage to the
proteolipoprotein locus in 16 affected families. PMD Clinical Group. Am J Hum Genet. 1994;
55:461-467. [PubMed: 7915877]

Clark K, Sakowski L, Sperle K, Banser L, Landel CP, Bessert DA, Skoff RP, Hobson GM. Gait
Abnormalities and Progressive Myelin Degeneration in a New Murine Model of Pelizaeus-
Merzbacher Disease with Tandem Genomic Duplication. Journal of Neuroscience. 2013; 33:11788—
11799. [PubMed: 23864668]

Dhaunchak AS, Colman DR, Nave KA. Misalignment of PLP/DM20 transmembrane domains
determines protein misfolding in Pelizaeus-Merzbacher disease. J Neurosci. 2011; 31:14961-14971.
[PubMed: 22016529]

Dhaunchak AS, Nave KA. A common mechanism of PLP/DM20 misfolding causes cysteine-mediated
endoplasmic reticulum retention in oligodendrocytes and Pelizaeus-Merzbacher disease.
Proceedings of the National Academy of Sciences (USA). 2007; 104:17813-17818.

Duncan ID, Goldman S, Macklin WB, Rao M, Weiner LP, Reingold SC. Stem cell therapy in multiple
sclerosis: promise and controversy. Multiple Sclerosis. 2008; 14:541-546. [PubMed: 18562508]

Stem Cells. Author manuscript; available in PMC 2017 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osorio et al.

Page 8

Escolar ML, Poe MD, Provenzale JM, Richards KC, Allison J, Wood S, Wenger DA, Pietryga D, Wall
D, Champagne M, et al. Transplantation of umbilical-cord blood in babies with infantile Krabbe's
disease. N Engl J Med. 2005; 352:2069-2081. [PubMed: 15901860]

Fox 1J, Daley GQ, Goldman SA, Huard J, Kamp TJ, Trucco M. Stem cell therapy. Use of differentiated
pluripotent stem cells as replacement therapy for treating disease. Science. 2014; 345:1247391.
[PubMed: 25146295]

Garbern JY, Cambi F, Shy M, Kamholz J. The molecular pathogenesis of Pelizaeus-Merzbacher

disease. Arch Neurol. 1999; 56:1210-1214. [PubMed: 10520936]

Garbern JY. Pelizaeus-Merzbacher disease: Genetic and cellular pathogenesis. Cell Mol Life Sci.
2006; 64:50-65.

Garbern JY, Cambi F, Tang XM, Sima AA, Vallat JM, Bosch EP, Lewis R, Shy M, Sohi J, Kraft G, et
al. Proteolipid protein is necessary in peripheral as well as central myelin. Neuron. 1997:205-218.
[PubMed: 9247276]

Garbern JY, Yool DA, Moore GJ, Wilds IB, Faulk MW, Klugmann M, Nave K-A, Sistermans EA, van
der Knaap MS, Bird TD, et al. Patients lacking the major CNS myelin protein, proteolipid protein
1, develop length-dependent axonal degeneration in the absence of demyelination and
inflammation. In. Brain : a journal of neurology. 2002:551-561. [PubMed: 11872612]

Goldman SA. Progenitor cell-based treatment of the pediatric myelin disorders. Archives of
Neurology. 2011; 68:848-856. [PubMed: 21403006]

Goldman SA, Nedergaard M, Windrem MS. Glial progenitor cell-based treatment and modeling of
neurological disease. Science. 2012; 338:491-495. [PubMed: 23112326]

Goldman SA, Schanz S, Windrem MS. Stem cell-based strategies for treating pediatric disorders of
myelin. Hum Mol Genet. 2008; 17:R76-R83. [PubMed: 18632701]

Gotoh L, Inoue K, Helman G, Mora S, Maski K, Soul JS, Bloom M, Evans SH, Goto Y, Caldovic L, et
al. GJC2 promoter mutations causing Pelizaeus-Merzbacher-like disease. Mol Genet Metab. 2014;
111:393-398. [PubMed: 24374284]

Griffiths IR, Scott I, McCulloch MC, Barrie JA, McPhilemy K, Cattanach BM. Rumpshaker mouse: a
new X-linked mutation affecting myelination: evidence for a defect in PLP expression. J
Neurocytol. 1990; 19:273-283. [PubMed: 1694232]

Gupta N, Henry RG, Strober J, Kang SM, Lim DA, Bucci M, Caverzasi E, Gaetano L, Mandelli ML,
Ryan T, et al. Neural Stem Cell Engraftment and Myelination in the Human Brain. Science
Translational Medicine. 2012; 4:155ra137-155ral37.

Hobson, GM., Kamholz, J. PLP1-Related Disorders. In: Pagon, RA.Adam, MP.Ardinger, HH.Wallace,
SE.Amemiya, A.Bean, LJH.Bird, TD.Fong, CT.Mefford, HC.Smith, RJH., et al., editors.
GeneReviews(R). Seattle (WA): 1993.

Hudson, L., Garbern, J., Kamholz, J. Pelizacus-Merzbacher Disease. In: Lazzarini, R., editor. Myelin
Biology and Disorders. London: Elsevier; 2004. p. 867-886.

Hurst S, Garbern J, Trepanier A, Gow A. Quantifying the carrier female phenotype in Pelizaeus-
Merzbacher disease. Genetics in medicine : official journal of the American College of Medical
Genetics. 2006; 8:371-378. [PubMed: 16778599]

Hussein SM, Elbaz J, Nagy AA. Genome damage in induced pluripotent stem cells: assessing the
mechanisms and their consequences. Bioessays. 2013; 35:152-162. [PubMed: 23172728]

Ji J, Ng SH, Sharma V, Neculai D, Hussein S, Sam M, Trinh Q, Church GM, McPherson JD, Nagy A,
et al. Elevated coding mutation rate during the reprogramming of human somatic cells into
induced pluripotent stem cells. Stem Cells. 2012; 30:435-440. [PubMed: 22162363]

Kagawa T, Ikenaka K, Inoue Y, Kuriyama S, Tsujii T, Nakao J, Nakajima K, Aruga J, Okano H,
Mikoshiba K. Glial cell degeneration and hypomyelination caused by overexpression of myelin
proteolipid protein gene. Neuron. 1994; 13:427-442. [PubMed: 7520255]

Kaye EM, Doll RF, Natowicz MR, Smith FI. Pelizaeus-Merzbacher disease presenting as spinal
muscular atrophy: Clinical and molecular studies. In. Annals of Neurology. 1994:916-919.
[PubMed: 7998780]

Keyoung HM, Goldman SA. Glial progenitor-based repair of demyelinating neurological diseases.
Neurosurg Clin NA. 2007; 18:93-104.

Stem Cells. Author manuscript; available in PMC 2017 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osorio et al.

Page 9

Klugmann M, Schwab MH, Puhlhofer A, Schneider A, Zimmermann F, Griffiths IR, Nave KA.
Assembly of CNS myelin in the absence of proteolipid protein. Neuron. 1997; 18:59-70.
[PubMed: 9010205]

Li M, Suzuki K, Kim NY, Liu GH, Izpisua Belmonte JC. A cut above the rest: targeted genome editing
technologies in human pluripotent stem cells. The Journal of biological chemistry. 2014;
289:4594-4599. [PubMed: 24362028]

Lin W, Popko B. Endoplasmic reticulum stress in disorders of myelinating cells. Nature neuroscience.
2009; 12:379-385. [PubMed: 19287390]

Martin HR, Poe MD, Provenzale JM, Kurtzberg J, Mendizabal A, Escolar ML. Neurodevelopmental
outcomes of umbilical cord blood transplantation in metachromatic leukodystrophy. Biol Blood
Marrow Transplant. 2013; 19:616—624. [PubMed: 23348427]

Mattei MG, Alliel PM, Dautigny A, E P, Pham-Dinh D, Mattei JF, Jolles P. The gene encoding for the
major brain proteolipid (PLP) maps on the g-22 band of the human X chromosome. Hum Genet.
1986; 72:352-353. [PubMed: 3457761]

McLaughlin M, Barrie JA, Karim S, Montague P, Edgar JM, Kirkham D, Thomson CE, Griffiths IR.
Processing of PLP in a model of Pelizaeus-Merzbacher disease/SPG2 due to the
rumpshakermutation. Glia. 2006; 53:715-722. [PubMed: 16506223]

Merzbacher L. Eine eigenartige familiar-hereditére Erkrankungsform (Aplasia axialis extracorticalis
congenita). Zeitschrift fir die gesamte Neurologie und Psychiatrie. 1910

Mitome M, Low HP, van den Pol A, Nunnari JJ, Wolf MK, Billings-Gagliardi S, Schwartz WJ.
Towards the reconstruction of central nervous system white matter using neural precursor cells.
Brain. 2001; 124:2147-2161. [PubMed: 11673317]

Numasawa-Kuroiwa Y, Okada Y, Shibata S, Kishi N, Akamatsu W, Shoji M, Nakanishi A, Oyama M,
Osaka H, Inoue K, et al. Involvement of ER Stress in Dysmyelination of Pelizaeus-Merzbacher
Disease with PLP1 Missense Mutations Shown by iPSC-Derived Oligodendrocytes. Stem cell
reports. 2014; 2:648-661. [PubMed: 24936452]

Nunes MC, Roy NS, Keyoung HM, Goodman RR, McKhann G, Jiang L, Kang J, Nedergaard M,
Goldman SA. Identification and isolation of multipotential neural progenitor cells from the
subcortical white matter of the adult human brain. Nature medicine. 2003; 9:439-447.

Orthmann-Murphy JL, Salsano E, Abrams CK, Bizzi A, Uziel G, Freidin MM, Lamantea E, Zeviani
M, Scherer SS, Pareyson D. Hereditary spastic paraplegia is a novel phenotype for GIA12/GJC2
mutations. Brain : a journal of neurology. 2009; 132:426-438. [PubMed: 19056803]

Pelizaeus F. Ueber eine eigenthiimliche Form spastischer L&hmung mit Cerebralerscheinungen auf
hereditarer Grundlage.(Multiple Sklerose). European Archives of Psychiatry and Clinical. 1885

Pizzino A, Pierson TM, Guo Y, Helman G, Fortini S, Guerrero K, Saitta S, Murphy JL, Padiath Q, Xie
Y, et al. TUBBA4A de novo mutations cause isolated hypomyelination. Neurology. 2014; 83:898—
902. [PubMed: 25085639]

Pouwels PJ, Vanderver A, Bernard G, Wolf NI, Dreha-Kulczewksi SF, Deoni SC, Bertini E,
Kohlschutter A, Richardson W, Ffrench-Constant C, et al. Hypomyelinating leukodystrophies:
translational research progress and prospects. Ann Neurol. 2014; 76:5-19. [PubMed: 24916848]

Prukop T, Epplen DB, Nientiedt T, Wichert SP, Fledrich R, Stassart RM, Rossner MJ, Edgar JM,
Werner HB, Nave K-A, et al. Progesterone antagonist therapy in a Pelizaeus-Merzbacher mouse
model. Am J Hum Genet. 2014; 94:533-546. [PubMed: 24680886]

Readhead C, Schneider A, Griffiths I, Nave KA. Premature arrest of myelin formation in transgenic
mice with increased proteolipid protein gene dosage. Neuron. 1994; 12:583-595. [PubMed:
7512350]

Saher G, Rudolphi F, Corthals K, Ruhwedel T, Schmidt KF, Lowel S, Dibaj P, Barrette B, Mobius W,
Nave KA. Therapy of Pelizaeus-Merzbacher disease in mice by feeding a cholesterol-enriched
diet. Nature medicine. 2012; 18:1130-1135.

Saugier-Veber P, Munnich A. La maladie de Pelizaeus-Merzbacher et une forme de paraplégie
spastique liée a I’X sont toutes deux associées au gene PLP. In. Med Sci (Paris). 1994:487.

Seitelberger, F. Handbook of Clinical Neurology, Pelizaeus Merzbacher disease. Elsevier; 1970.

Seitelberger F, Urbanits S, Nave KA. Pelizaeus Merzbacher disease. In. Neurodystrophies and
Neurolipidosis (Elsevier). 1996

Stem Cells. Author manuscript; available in PMC 2017 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osorio et al.

Page 10

Shy ME, Hobson G, Jain M, Boespflug Tanguy O, Garbern J, Sperle K, Li W, Gow A, Rodriguez D,
Bertini E, et al. Schwann cell expression of PLP1 but not DM20 is necessary to prevent
neuropathy. Annals of Neurology. 2003; 53:354-365. [PubMed: 12601703]

Solders M, Martin DA, Andersson C, Remberger M, Andersson T, Ringden O, Solders G.
Hematopoietic SCT: a useful treatment for late metachromatic leukodystrophy. Bone Marrow
Transplant. 2014; 49:1046-1051. [PubMed: 24797185]

Sugiura M, Kasama Y, Araki R, Hoki Y, Sunayama M, Uda M, Nakamura M, Ando S, Abe M. Induced
pluripotent stem cell generation-associated point mutations arise during the initial stages of the
conversion of these cells. Stem Cell Reports. 2014; 2:52-63. [PubMed: 24511470]

Uchida N, Chen K, Dohse M, Hansen KD, Dean J, Buser JR, Riddle A, Beardsley DJ, Wan Y, Gong X,
et al. Human neural stem cells induce functional myelination in mice with severe dysmyelination.
Sci Transl Med. 2012; 4:155ral136.

Vanderver A, Prust M, Tonduti D, Mochel F, Hussey HM, Helman G, Garbern J, Eichler F, Labauge P,
Aubourg P, et al. Case definition and classification of leukodystrophies and leukoencephalopathies.
Mol Genet Metab. 2015; 114:494-500. [PubMed: 25649058]

Wang S, Bates J, Li X, Schanz S, Chandler-Militello D, Levine C, Maherali N, Studer L, Hochedlinger
K, Windrem M, et al. Human iPSC-derived oligodendrocyte progenitor cells can myelinate and
rescue a mouse model of congenital hypomyelination. Cell Stem Cell. 2013; 12:252-264.
[PubMed: 23395447]

Windrem MS, Nunes MC, Rashbaum WK, Schwartz TH, Goodman RA, McKhann G, Roy NS,
Goldman SA. Fetal and adult human oligodendrocyte progenitor cell isolates myelinate the
congenitally dysmyelinated brain. Nature medicine. 2004; 10:93-97.

Windrem MS, Schanz SJ, Guo M, Tian GF, Washco V, Stanwood N, Rashand M, Roy NS, Nedergaard
M, Havton LA, et al. Neonatal chimerization with human glial progenitor cells can both
remyelinate and rescue the otherwise lethally hypomyelinated shiverer mouse. Cell Stem Cell.
2008; 2:553-565. [PubMed: 18522848]

Wishnew J, Page K, Wood S, Galvin L, Provenzale J, Escolar M, Gustafson K, Kurtzberg J. Umbilical
cord blood transplantation to treat pelizaeus-merzbacher disease in 2 young boys. Pediatrics. 2014;
134:e1451-e1457. [PubMed: 25287453]

Yandava BD, Billinghurst LL, Snyder EY. "Global" cell replacement is feasible via neural stem cell
transplantation: evidence from the dysmyelinated shiverer mouse brain. Proceedings of the
National Academy of Sciences of the United States of America. 1999; 96:7029-7034. [PubMed:
10359833]

Yu LH, Morimura T, Numata Y, Yamamoto R, Inoue N, Antalfy B, Goto Y, Deguchi K, Osaka H,
Inoue K. Effect of curcumin in a mouse model of Pelizaeus-Merzbacher disease. Mol Genet
Metab. 2012; 106:108-114. [PubMed: 22436581]

Stem Cells. Author manuscript; available in PMC 2017 February 17.



	Abstract
	iPSC and mouse models of mutant PLP1-associated oligodendroglial dysfunction
	Cell therapeutic strategies for the treatment of PMD
	Non-neural cell therapeutics for PMD: A cautionary note
	Towards future cell-therapies using pluripotent ESC- or iPSC-derived myelinating cells
	References

