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Leukodystrophies are a class of rare inherited central nervous system (CNS)
disorders that affect the white matter of the brain, typically leading to progressive
neurodegeneration and early death. Hypomyelinating leukodystrophies are characterized
by the abnormal formation of the myelin sheath during development. POLR3-
related or 4H (hypomyelination, hypodontia, and hypogonadotropic hypogonadism)
leukodystrophy is one of the most common types of hypomyelinating leukodystrophy
for which no curative treatment or disease-modifying therapy is available. This review
aims to describe potential therapies that could be further studied for effectiveness in
pre-clinical studies, for an eventual translation to the clinic to treat the neurological
manifestations associated with POLR3-related leukodystrophy. Here, we discuss the
therapeutic approaches that have shown promise in other leukodystrophies, as well as
other genetic diseases, and consider their use in treating POLR3-related leukodystrophy.
More specifically, we explore the approaches of using stem cell transplantation, gene
replacement therapy, and gene editing as potential treatment options, and discuss their
possible benefits and limitations as future therapeutic directions.

Keywords: POLR3-related leukodystrophy, 4H leukodystrophy, hypomyelination, gene therapy, gene editing,
cell therapy

INTRODUCTION

Leukodystrophies are a class of heterogeneous inherited neurological diseases characterized by
the predominant impairment of the central nervous system (CNS) white matter, with specific
involvement of glial cells (Vanderver et al., 2015; Van Der Knaap and Bugiani, 2017). Affected
patients typically present in childhood or adolescent years with psychomotor regression and/or

Abbreviations: 4H, hypomyelination, hypodontia, hypogonadotropic hypogonadism; AAV, adeno-associated virus; CNS,
central nervous system; CRISPR, clustered short regularly interspaced palindromic repeats; DTI, diffusion tensor imaging;
GPC, glial progenitor cell; HLD, hypomyelinating leukodystrophy; LD, leukodystrophy; MRI, magnetic resonance imaging;
MRS, magnetic resonance spectroscopy; NAA, N-acetylaspartate; NSC, neural stem cell; nc-RNAs, non-coding RNAs;
OPC, oligodendrocyte progenitor cell; POLR3, RNA polymerase III; POLR3-HLD, POLR3-related hypomyelinating
leukodystrophy; RNA, ribonucleic acid; tRNAs, transfer RNAs.
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neuropsychiatric manifestations. Magnetic resonance imaging
(MRI) patterns, followed by genetic investigations, are
used to confirm diagnoses (Parikh et al., 2015). Most
leukodystrophies run a progressive disease course, with
slow to rapid deterioration after onset, ultimately leading
to an early death. Collectively, leukodystrophies affect
approximately one in 7,500 individuals, however, there are
many different subtypes with varying individual incidence
rates (Bonkowsky et al., 2010; Parikh et al., 2015; Adang et al.,
2017). Next-generation sequencing has proven to be a valuable
first-line diagnostic tool for determining the genetic basis
of the disease, and has facilitated the discovery of a variety
of causal genes encoding proteins with diverse biological
functions (Boycott et al., 2014; Srivastava et al., 2014; Vanderver
et al., 2016). Although some leukodystrophies have successful
restorative treatments if started early following diagnosis
[i.e., pre-or early symptomatic stages (Krivit et al., 1999;
Krivit, 2004; Van Den Broek et al., 2018)], most treatments
address specific clinical features, providing supportive care
(Adang et al., 2017).

Hypomyelinating leukodystrophies (HLDs) are a defined
subcategory of leukodystrophies, characterized by defects in
initial myelin production and formation during development
(Costello et al., 2009; Pouwels et al., 2014; Wolf et al.,
2020). HLDs are diagnosed using MRI patterns, notably
involving hyperintensity of the white matter compared to
gray matter on T2 weighted imaging, and variable signal
(i.e., hyperintensity, hypointensity, or isointensity) of white
matter on T1 weighted imaging compared to gray matter
structures (Schiffmann and Van Der Knaap, 2009; Steenweg
et al., 2010; Barkovich and Deon, 2016). Hypomyelination can
be diagnosed in a single MRI in children older than 2 years
of age, but not in younger children. Indeed, in children below
2 years, the diagnosis of hypomyelination (vs. myelination
delay) requires that myelination does not progress between
two MRIs taken 6 months apart, with the second performed
after 2 years of age (Schiffmann and Van Der Knaap, 2009;
Steenweg et al., 2010; Pouwels et al., 2014). As myelination
of most key brain areas is virtually complete by 2 years
of age, a lack of progression in myelin development seen
at this age will likely result in permanent hypomyelination
(Steenweg et al., 2010).

Classically, HLDs were primarily known to be caused by
pathogenic variants in genes encoding for proteins directly
associated with the development, structure, or integrity of the
myelin sheath. For example, the prototypical HLD Pelizaeus-
Merzbacher disease results from pathogenic variants in PLP1,
a gene encoding a structural myelin protein (Garbern, 2007).
However, a recently growing class of white matter disorders
encompasses those caused by pathogenic variants in proteins
that play key roles in transcription and translation. For example,
pathogenic variants in several genes encoding for aminoacyl
tRNA synthetases (e.g., DARS1, RARS1, EPRS1) are known to
cause HLDs (Park et al., 2008; Taft et al., 2013; Wolf et al., 2014a;
Ognjenović and Simonović, 2018; Mendes et al., 2018).

Within the category of white matter disorders caused by
defects in transcription/translation-related genes is POLR3-

related hypomyelinating leukodystrophy (POLR3-HLD), which
is now considered one of themost commonHLDs (Schmidt et al.,
2020). POLR3-HLD is caused by biallelic pathogenic variants
in genes encoding subunits of the transcription complex RNA
polymerase III (POLR3), namely POLR3A, POLR3B, POLR1C,
and POLR3K (Bernard et al., 2011; Tétreault et al., 2011;
Daoud et al., 2013; Thiffault et al., 2015; Dorboz et al., 2018).
POLR3 is responsible for the transcription of several non-coding
RNAs (nc-RNAs) which have significant roles in translation and
gene expression programs, including transfer RNAs (tRNAs),
5S ribosomal RNA, 7SL and 7SK RNAs, some microRNAs,
vault RNAs, and a variety of small nucleolar RNAs, including
U6 snRNA (Dieci et al., 2007, 2013; White, 2011; Wu et al.,
2012; Lesniewska and Boguta, 2017). As the genes associated
with POLR3-HLD have been discovered relatively recently and
attempts at generating an animal model were predominantly
unsuccessful (Choquet et al., 2017, 2019b), the cellular and
molecular mechanisms underlying the white matter pathology of
this disease are largely unknown. Research is ongoing regarding
the investigation of the pathophysiology of POLR3-HLD; recent
modeling of the disease has been accomplished in yeast (Moir
et al., 2020), as well as in a conditional mouse model (pre-print
data, not yet peer-reviewed; Merheb et al., 2020). Moreover,
a variety of different types of pathogenic variants are known
to cause POLR3-HLD, including nonsense, missense, intronic,
synonymous, and splice site variants, as well as large exonic
deletions, and small insertions or deletions (Bernard et al.,
2011; Tétreault et al., 2011; Potic et al., 2012; Terao et al.,
2012; Daoud et al., 2013; Takanashi et al., 2014; Wolf et al.,
2014b; Gutierrez et al., 2015; Thiffault et al., 2015; La Piana
et al., 2016; Jurkiewicz et al., 2017; Richards et al., 2017; Al
Yazidi et al., 2019; Gauquelin et al., 2019; Harting et al., 2020;
Hiraide et al., 2020b; Perrier et al., 2020). It is hypothesized
that loss of POLR3 function disrupts the transcription of
tRNAs, thereby resulting in dysregulation of global translation
during peak periods of myelin development which require
synthesis of large amounts of proteins (Pfeiffer et al., 1993;
Elbaz and Popko, 2019). An alternative hypothesis involves
hypofunction of POLR3 causing impairments in the production
of specific nc-RNAs required for the formation of myelin
(Choquet et al., 2019a).

Due to the classic phenotypic presentation of patients
involving hypomyelination, hypodontia, and hypogonadotropic
hypogonadism, POLR3-HLD is also referred to as 4H
leukodystrophy. Before the discovery of the causal genes for
POLR3-HLD, four other disorders with a similar set of clinical
and MRI features were previously described: ataxia, delayed
dentition, and hypomyelination (ADDH; Wolf et al., 2007;
Wolff et al., 2010); tremor-ataxia with central hypomyelination
(TACH; Bernard et al., 2010, 2011; Tétreault et al., 2011;
Tetreault et al., 2012); leukodystrophy with oligodontia (LO;
Atrouni et al., 2003; Chouery et al., 2011); and hypomyelination
with cerebellar atrophy and hypoplasia of the corpus callosum
(HCAHC; Sasaki et al., 2009; Saitsu et al., 2011; Bernard and
Vanderver, 2017). Moreover, the clinical phenotype of patients
with POLR3-HLD has been extensively characterized via
large cohort studies, with the most notable features stemming
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from neurological dysfunction due to hypomyelination (Wolf
et al., 2014b; Gauquelin et al., 2019). The typical MRI pattern
associated with POLR3-HLD involves diffuse hypomyelination
with relative preservation (T2-weighted hypointensity) of
the dentate nuclei, anterolateral nuclei of the thalami, globi
pallidi, pyramidal tracts at the level of the posterior limb
of the internal capsules, and the optic radiations (La Piana
et al., 2014; Vrij-Van Den Bos et al., 2017). Thinning of
the corpus callosum and cerebellar atrophy have also been
noted in a proportion of cases (La Piana et al., 2014; Vrij-
Van Den Bos et al., 2017). Neurological features resulting
from hypomyelination typically manifest as developmental
delay and motor impairment from progressive cerebellar
features, such as gait ataxia, tremor, dysmetria, and dysarthria
(Bernard and Vanderver, 2017; Figure 1). Extrapyramidal
features, most commonly dystonia, have also been reported
(Osterman et al., 2012; Al Yazidi et al., 2019), along with
pyramidal features such as spasticity, and cognitive features
such as learning difficulties and intellectual disability (Wolf
et al., 2014b; Bernard and Vanderver, 2017; Gauquelin et al.,
2019). Non-neurological features typically involve myopia,
abnormal dentition, and endocrine abnormalities including
hypogonadotropic hypogonadism, associated with arrested,
delayed, or absent puberty, and short stature (Wolf et al., 2014b;
Pelletier et al., 2020; Figure 1).

Recently, the spectrum of severity and the associated clinical
and MRI features of POLR3-HLD expanded significantly,
from very mild to extremely severe. Very mild presentations
include asymptomatic young adults, or patients with intellectual
disability and milder hypomyelination on MRI compared to
the typical phenotype, discovered incidentally during unrelated
investigations (Wolf et al., 2014b; Degasperis et al., 2020; Perrier
et al., 2020). Isolated hypogonadotropic hypogonadism without
evidence of hypomyelination has also been described on the mild
end of the POLR3-HLD spectrum (Richards et al., 2017). Patients
with the severe form of POLR3-HLD present much earlier
compared to the typical phenotype, exhibiting developmental
regression, failure to thrive, and severe dysphagia in the first
few months of life, with some passing in early childhood due
to respiratory complications (Wu et al., 2019; Harting et al.,
2020; Perrier et al., 2020). These patients also present with a
unique MRI phenotype, in fact not meeting the criteria for
hypomyelination, but primarily showing neuronal involvement
in specific brain regions (predominantly the putamen and
thalamus) with some evidence of insufficient myelin deposition
(Perrier et al., 2020). It is hypothesized that the neuronal
presentation is likely linked to a specific splicing variant in
POLR3A, given the common neuronal phenotype shared with
other patients harboring the same, or an adjacent, splicing variant
in a homozygous or compound heterozygous state (Azmanov
et al., 2016; Minnerop et al., 2017; Wu et al., 2019; Harting
et al., 2020; Hiraide et al., 2020a). In sum, it is clear that the
pathophysiology underlying POLR3-HLD is complex as a broad
range of phenotypes are associated with hypomorphic POLR3.
In this review article, we will focus on the potential therapeutic
options for the classic and most common phenotype, specifically
concentrating on hypomyelination.

POLR3-RELATED LEUKODYSTROPHY:
APPROACHING TREATMENT OPTIONS

With the advent of MRI pattern recognition and improvements
in genetic technologies in the last decade, diagnostic rates for
leukodystrophies, including POLR3-HLD, have risen in parallel.
An important goal for POLR3-HLD research now lies in the
determination of quantifiable markers of disease progression.
Indeed, before therapeutic options can be considered, clinical
outcome measures and surrogate markers of disease progression
must be established and deemed accurately quantifiable. These
markers are critical for assessing the effectiveness of treatment
efficacy in future clinical trials. Advanced neuroimaging
techniques, such as diffusion tensor imaging (DTI), pose
an interesting route for measurement of improvements in
myelination (Aung et al., 2013; Pouwels et al., 2014; Koob et al.,
2016; Poretti et al., 2016; Sarret et al., 2018; Van Rappard et al.,
2018). The heterogeneity of POLR3-HLD presents an additional
limitation for assessing the effectiveness of different therapies as
difficulties could arise when comparing the progression rate of
phenotypes between patients. Thus far, the clinical experience
of most patients with POLR3-HLD presents a relatively similar
disease course according to the gene which is mutated. Indeed,
those with pathogenic variants in POLR1C present with the most
severe disease course, followed by POLR3A, and then POLR3B
(Wolf et al., 2014b; Gauquelin et al., 2019). The comparative
severity of patients with pathogenic variants in POLR3K cannot
yet be determined as clinical information has only been published
on two patients (Dorboz et al., 2018). In recent years, it
has become clear that natural history studies concerning the
delineation of disease progression and identification of surrogate
markers are of the utmost importance (Pouwels et al., 2014).
Hence, it is essential to complete these studies in parallel to
pathophysiological investigations for clinical trials of potential
therapies to progress.

Limited knowledge of the exact pathophysiological
mechanisms underlying POLR3-HLD also poses a challenge for
the evaluation of the most effective treatment options. When
specific mechanisms are implicated in genetic diseases, it is
possible to focus on targeting alternative pathways in treatment
approaches, in order to overpass the mechanism containing
the defective protein (Greene and Voight, 2016). Although
the cellular pathophysiological mechanisms associated with
POLR3-HLD have yet to be uncovered, studies have shown
that mutations in POLR3 subunits can cause disruptions on
several molecular levels. For example, mutational mapping
onto specific protein domains suggests association with specific
mechanisms of dysfunction, including modification of the
catalytic cleft structure, impaired POLR3 complex assembly,
perturbed interactions between subunits, and interference
within POLR3 complex binding to DNA (Bernard et al.,
2011; Tétreault et al., 2011; Girbig et al., 2020; Ramsay et al.,
2020). Additionally, protein localization studies have shown
that disease-causing POLR1C variants can alter assembly
and nuclear import exclusively of POLR3, resulting in a lack
in binding to POLR3 target genes (Thiffault et al., 2015).
Protein expression studies on patient fibroblasts and brain
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FIGURE 1 | Schematic showing the neurological and non-neurological clinical features that are associated with RNA polymerase III (POLR3)-related, or 4H
(hypomyelination, hypodontia, hypogonadotropic hypogonadism) leukodystrophy. Neurological abnormalities typically include cerebellar, pyramidal, extrapyramidal,
and cognitive features. Teeth and endocrine abnormalities are also common.

tissue also demonstrate a decrease in POLR3A abundance
(Bernard et al., 2011). Finally, functional studies of POLR3A
mutations associated with POLR3-HLD have demonstrated
transcriptional defects when introduced in both yeast and
human cells (Choquet et al., 2019a; Moir et al., 2020). Further
research on molecular pathways and other POLR3 interactors
will be valuable in determining whether suppression of upstream
POLR3 inhibitors, such as MAF1 (Reina et al., 2006; Johnson
et al., 2007; Bonhoure et al., 2020; Vorländer et al., 2020),
are appropriate for future treatments. It is also possible that
a small molecule screening approach could identify drugs
for the treatment of specific molecular mechanisms, such
as upregulation of complex assembly cofactors or signaling
molecules for nuclear import of POLR3 (Cloutier and
Coulombe, 2010; Lesniewska and Boguta, 2017; Willis and
Moir, 2018). However, further research is required in this
avenue before a molecular target approach can be considered
for the repair of myelin in POLR3-HLD. Currently, as the
pathophysiological processes underlying POLR3-HLD are
not well known, potential therapeutic approaches can be
considered in a general manner, by focusing on the replacement
of defective cells (i.e., oligodendrocytes), or directly restoring
POLR3 function. Specifically, this could be accomplished by:
directly transplanting stem cells containing functional protein
to migrate and replicate in damaged areas, using gene therapy
techniques to deliver gene products and restore the functional
protein in damaged cells, or repairing genetic variants in
damaged cells via delivery of gene editing constructs (Helman
et al., 2015; Gordon-Lipkin and Fatemi, 2018; Figure 2).
This review discusses these strategies as potential avenues for
treatment of POLR3-HLD, specifically considering its cellular

neuropathology and discussing the benefits and limitations of
treatments that have been successful in other leukodystrophies,
as well as those currently being developed for clinical trials in
other genetic diseases.

Myelination and POLR3-Related
Leukodystrophy Cellular Pathology
Myelination is a dynamic process, involving many signaling
cues, proteins, and enzymes, that begins in utero. The formation
of myelin begins in the CNS with the development and
migration of oligodendrocyte progenitor cells (OPCs), which
extend their processes to contact neuronal axons and begin
ensheathment (Michalski and Kothary, 2015). Upon initial
axon-glial contact, key myelin membrane components are
synthesized and transported to begin the extension of the
processes around the axon (Emery, 2010; Mitew et al., 2014). As
the processes wrap the axons and begin to compact into several
thin layers, the OPCs develop into mature oligodendrocytes,
thereby forming the myelin sheath (Baron and Hoekstra,
2010). Compacted myelin allows for rapid propagation of
action potentials between neurons, while also providing
structural protection to axons. Additionally, complex networks
of microtubules in the myelin membrane support the high
metabolic demand of the axon by facilitating the transport
of proteins, metabolites, and other molecules (Roth et al.,
2006; Lee et al., 2012). Typically, myelin deposition begins
during the 4th month of gestation in utero, and myelination
of most major tracts is essentially complete by 2 years of
age (Dietrich et al., 1988; Van Der Knaap and Valk, 2005).
Myelination continues on a smaller scale into the first and
second decades of life, with an increase of approximately 12%
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FIGURE 2 | Summary of the therapy approaches that could be explored for use in pre-clinical studies, and eventually translated in clinical trials to treat RNA
polymerase III (POLR3)-related leukodystrophy, including cell transplantation therapy, gene transfer therapy, and gene editing techniques.

in total white matter volume to age 22 (Giedd et al., 1999).
Additional changes in white matter volume into adulthood
are both regionally and temporally associated with cognitive
development and synaptic plasticity, and are also likely associated
with axonal factors including pruning, branching, and packing
(Sampaio-Baptista and Johansen-Berg, 2017).

Neuropathological investigations of the typical phenotype of
POLR3-HLD suggest a complex pathologic process, however,
the most prominent feature remains insufficient myelin
deposition. The two published cases of typical POLR3-HLD
pathology revealed a marked loss of oligodendrocytes,
with severity varying in different brain regions (Vanderver
et al., 2013; Wolf et al., 2014b). Moderate axonal loss
was evident, thought to be secondary to white matter
abnormalities due to its apparent proportionality to
lack of myelin. Despite the uniform hypomyelinating
pattern seen on MRI, it has been hypothesized that
POLR3-HLD is a complex heterogenous leukodystrophy
with prominent neuroaxonal and glial involvement
(Vanderver et al., 2013).

As the neurological manifestations of POLR3-HLD are
likely a direct result of the lack of myelin, strategies focusing
on restoration of myelin are ideal therapeutic considerations.
Moreover, this could be accomplished by replacement of
myelinating oligodendrocytes via direct delivery of progenitor
cells, or by gene therapy aiming at restoring the missing
protein in endogenous oligodendrocytes and their progenitors.
However, as the neuropathological mechanisms underlying
hypomyelination in POLR3-HLD are still undetermined, it is

difficult to conclude which option would be most successful in
phenotypic remediation. To expand, it is currently unknown how
and why cells of the oligodendrocyte lineage in POLR3-HLD
are dysfunctional, and whether a defect in proliferation,
migration, differentiation, signaling, or the production of
myelin per se causes hypomyelination. Additionally, it is
possible that a combination of cell types may be involved
in the disease pathogenesis of POLR3-HLD, and therapies
involving the direct target of glial lineages will only be partially
effective. Given that POLR3 is ubiquitously expressed, it is
conceivable that hypofunction of the protein in cell types
other than those that directly produce myelin could play
a role in disease pathogenesis. As the white matter of the
brain has a complex composition involving the lipid-rich
neuron-wrapping myelin sheath composed of oligodendrocytes,
as well as astrocytes and microglia that provide structural
and trophic support, it can be difficult to focus on specific
strategies for its repair without concrete knowledge of the
cellular pathogenesis of POLR3-HLD. Gathering more insight
into the developmental role of POLR3 in myelin-producing
cells and other neural cells, in addition to pathophysiological
mechanisms of mutant POLR3 subunits, will allow the
field to advance therapeutic strategies based on a deeper
understanding of the underlying biology. It is important to
note that each therapeutic approach has unique potential
benefits and limitations, with the stage of disease progression
and patient age remaining strong factors in considering
the potential for therapeutic efficacy (Helman et al., 2015;
Gordon-Lipkin and Fatemi, 2018).
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CELL-BASED THERAPIES:
TRANSPLANTATION AS TREATMENT FOR
LEUKODYSTROPHIES

Cellular therapies, which involve the transplantation of stem
cells into an affected individual, offer an attractive approach
for treating HLDs. Stem cells can self-renew and differentiate
into different lineages, including OPCs, and therefore could
directly repopulate lost host cells for the regeneration of myelin
in leukodystrophies. Generally, the therapeutic mechanisms of
cellular therapy can be two-fold, including direct replacement
of lost host cells via migration of transplanted cells to
repopulate defective tissues, and transplanted cells acting as
a source of functional exogenous enzymes (De Feo et al.,
2012). While delivery of stem cells for the treatment of
neurological diseases has been achieved via both intravenous
and intracerebral administration techniques, only the latter could
be applicable for the treatment of POLR3-HLD. Intravenous
stem cell therapy, including bone marrow transplantation or
hematopoietic stem cell transplantation, has been used in
treating other monogenic neurological diseases based on the
notion that monocytes could migrate through the blood-brain
barrier to the CNS tissue and secrete active enzyme for cellular
uptake by dysfunctional host cells, as well as differentiate
into microglia and/or astrocytes that could inherently provide
trophic support for diseased cells or regulate inflammation
(Krivit et al., 1995; Priller et al., 2001; Asheuer et al., 2004;
Sun and Kurtzberg, 2018). While this approach has been
used in leukodystrophies that are associated with enzyme
deficiencies [e.g., globoid cell leukodystrophy or Krabbe disease
(Escolar et al., 2005; Wright et al., 2017; Laule et al., 2018),
adrenoleukodystrophy (Peters et al., 2004; Mahmood et al., 2007;
Matsukawa et al., 2020), and metachromatic leukodystrophy
(Martin et al., 2013; Musolino et al., 2014; Boucher et al., 2015;
Groeschel et al., 2016)], it is not applicable for treatment of
the hypomyelinating phenotype associated with POLR3-HLD as
neither the POLR3 enzyme complex nor its subunits are secreted
extracellularly for reuptake, andmyelination would be dependent
on the delivery of functional OPCs or earlier lineages. Therefore,
intracerebral administration of stem cells of neural lineage
poses the most likely route for exploration in the treatment
of POLR3-HLD.

Neural Stem Cell Transplantation and
Remyelination
Neural stem cells (NSCs) are multipotent neural cells that give
rise to radial glial progenitor cells, which can, in turn, give
rise to neuron and glial cell populations, making them an
attractive cell type for transplantation in the leukodystrophy
setting (Brüstle et al., 1997; Temple, 2001; Zhao and Moore,
2018). During neural development, gradients of specific signaling
molecules guide the fate of NSCs and provide positional
information to form different regions of the brain (Wolpert,
1994; Temple, 2001). In the CNS, NSCs also have a temporal
differentiation component, where the response to growth factors
is altered over time, as the cells undergo repeated asymmetric

divisions to first produce neurons, followed by glia (Qian
et al., 2000; Okano and Temple, 2009). In the postnatal brain,
NSC production and neurogenesis are restricted to certain
brain areas but primarily occur in the subventricular zone
(Gonzalez-Perez, 2012).

Several mouse models of dysmyelination and
hypomyelination have shown that intracerebral-transplanted
NSCs are effective in remyelinating the myelin-deficient brain
(Duncan et al., 2011). Explored extensively is the shiverer
mouse model, which exhibits dysmyelination and a motor
phenotype due to a deletion in the Mbp gene, encoding for
myelin basic protein, which is required for the formation
of major dense lines in compact myelin (Privat et al., 1979;
Roach et al., 1985). When transplanted into shiverer mice,
NSCs can differentiate and remyelinate the brain, promoting
recovery of their ataxic phenotype and prolonging survival
(Yandava et al., 1999; Low et al., 2009; Uchida et al., 2012).
Additionally, when transplanted into the shiverer spinal cord,
exogenous transplanted NSCs can ensheath axons, form
compact myelin, and improve nerve conduction (Eftekharpour
et al., 2007; Mothe and Tator, 2008; Buchet et al., 2011).
Studies on rodent models of Pelizaeus-Merzbacher disease
have shown similar results; following NSC transplantation,
Plp1-transgenic mutant mice undergo remyelination of the brain
with the production of compact myelin (Marteyn et al., 2016;
Gruenenfelder et al., 2020). Additionally, engraftment of NSCs
into the white matter tracts of hypomyelinated mutant myelin-
associated glycoprotein and nonreceptor-type tyrosine kinase
Fyn (MAG/Fyn) mice produced mature oligodendrocytes and
improvements in myelination (Ader et al., 2001, 2004). These
studies provide evidence that mammalian NSCs can undergo
functional integration into the CNS white matter, promoting
remyelination and offering potential as a therapeutic approach
in hypomyelinating disorders. Besides direct remyelination, it is
also thought that NSC transplantation can offer an additional
advantage through a neuroprotective effect via the release
of trophic factors, which promote tissue repair and protect
endogenous cells from further damage (De Feo et al., 2012).

Recently, the safety of allogeneic NSC intracerebral
transplantation in humans was investigated in a phase I
clinical trial including four young patients with Pelizaeus-
Merzbacher disease, who were monitored over the course of
5 years (Gupta et al., 2012, 2019). The primary goal of this
study was to assess the safety profile of the transplantation
of allogeneic NSCs derived from human fetal brain tissue
using intracerebral injections. Using MRI guidance, cells were
delivered via four bilateral frontal burr holes to the deep
white matter of the centrum semiovale or corona radiata, and
patients underwent an immunosuppression regime. A 1-year
evaluation determined that the procedure was well-tolerated
without clinical or radiological adverse effects, and after 5-
years, no tumor formation was evident and no other long-term
adverse effects were noted. However, two patients had an
immune response and developed donor-specific leukocyte
antigen alloantibodies, pointing to the importance of monitoring
immune response in future studies. Serial MRI and magnetic
resonance spectroscopy (MRS), including DTI, were performed
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for evaluation of remyelination, where signal changes were
observed at the injection sites and some distant regions in each
patient through the second year following transplantation. In the
three patients who were studied up to year 5, persistent increased
signal changes were noted, however, they were described as
patchy and subtle, and could not be guaranteed conclusive
evidence of remyelination. Although further studies are required
to optimize transplantation efficacy, this study provides support
for the safety of intracerebral transplantation of progenitor cells
for repopulation of myelin in HLDs.

Should the transplanted NSCs be successful in migrating,
signaling, and differentiating to form functional myelin in
humans, this therapeutic approach would be optimal to treat
the diffuse hypomyelination seen in POLR3-HLD. However,
in considering the described rodent studies of remyelination
followingNSC transplantation, results should be interpreted with
caution for their translation to the clinical setting as rodents have
a much lower proportion of subcortical white matter in relation
to cortical volume compared to humans (Schoenemann et al.,
2005; Hofman, 2014). Therefore, transplantation in humans
would more heavily depend on the severity of hypomyelination
and the extent to which exogenous cells must migrate and
reproduce. Moreover, to effectively correct CNS functioning via
remyelination in humans, experimental studies on higher-order
mammals, such as primates, would allow for a more comparable
result in terms of determining the optimal dosage and regions
of transplantation.

Glial Progenitor Cell Transplantation: A
Targeted Lineage
Glial progenitor cells (GPCs), which are further patterned
from NSCs towards a glial fate, have also been explored as
a candidate for cerebral transplantation in leukodystrophies
(Osorio and Goldman, 2016; Goldman, 2017; Chanoumidou
et al., 2020). Similar to NSCs, GPCs can be generated from
pluripotent stem cells or harvested and purified from fetal brain
tissue for transplantation (Nunes et al., 2003; Monaco et al.,
2012). Many studies have successfully performed intracerebral
transplantation of glial cells in animal models and shown their
effectiveness in remyelination (Duncan, 2005; Franklin and
Ffrench-Constant, 2008; Goldman, 2011). Notably, several
studies involving the transplantation of human glial lineage-
specific cells into shiverer mice show consistent results, with
evidence of robust remyelination, prolonged survival, and
phenotypic rescue (Windrem et al., 2004, 2008, 2014, 2020;
Izrael et al., 2007; Mariani et al., 2019). These results provide
support for clinical exploration of this treatment, revealing that
GPCs have a migratory potential and can effectively differentiate
in vivo when transplanted into another host. Comparative
efficacy between specific lineages in transplantation therapy
remains to be confirmed; in one study, both NSCs and OPCs
were able to remyelinate and produce compact myelin in
both Pelizaeus-Merzbacher disease Plp1-overexpressing and
shiverer immunodeficient mouse models, however, in the
transgenic Plp1-overexpressing mice, NSCs more notably
promoted survival and prolonged lifespan, whereas in shiverer
mice, OPC transplantation promoted a slightly longer lifespan

compared to NSCs (Marteyn et al., 2016). Nonetheless, it
is important to note that the microenvironment within the
CNS tissue likely had a significant impact on survival, with
neuroinflammation being downregulated in NSC-grafted
mice, which is an important consideration in therapy for
Pelizaeus-Merzbacher disease due to the known inflammatory
component of disease pathogenesis (Marteyn et al., 2016).
Likewise, when OPCs were co-transplanted with mesenchymal
stem cells (MSCs) into shiverer mice, the immune response
was minimized and increased oligodendrocyte engraftment,
myelination, and maturation was evident (Cristofanilli et al.,
2011). Therefore, immune response could prove to be an
additional important consideration when evaluating the
effectiveness of stem cell therapy, and would be noteworthy to
explore in POLR3-HLD pathogenesis before the development of
therapeutic strategies.

Induced Pluripotent Stem Cells:
Patient-Derived Cell Therapy Approaches
GPCs generated from induced pluripotent stem cells (iPSCs)
have also been investigated as a prospect for cell therapy and
transplantation in white matter diseases (Fox et al., 2014;
Chanoumidou et al., 2020). iPSC-derived cells provide an
additional advantage as they harbor the genetic background
of the individual from whom they originate, thereby adding a
patient-specific approach to cell-based therapies. iPSCs can be
generated via direct reprogramming of somatic cells using a
series of pluripotency factors, reverting them into a stem-like
fate with the ability to renew indefinitely or differentiate into
the desired lineage (Takahashi and Yamanaka, 2006; Takahashi
et al., 2007). Patient-specific cells with a renewable potential are
especially appealing for the treatment of genetic disorders as
they can be expanded to a large number before transplantation
and downstream differentiation, and importantly they can evade
the possible immunologic rejection that accompanies allogeneic
stem cell transplantation. However, before iPSC-derived
GPCs can be considered in a clinical setting, there are several
limitations to consider and study, including the possibility of
tumor formation, as well as potential safety concerns of gene
editing required for correction of disease-causing mutations in
patient cells, including off-target effects, immunotoxicity,
and DNA damage toxicity (Neofytou et al., 2015;
Uddin et al., 2020).

Studies on the development of iPSC-derived oligodendrocytes
have progressed in the past decade, leading to increased
discussion of their utility in treating neurological diseases
(Chanoumidou et al., 2020). One of the first studies of human
iPSC-derived OPCs aimed to investigate their myelinating
potential in the lysolecithin-induced demyelinated rat optic
chiasm, in which remyelination was evident following
transplantation, reinforcing the potential for iPSC-derived
cell transplantation (Pouya et al., 2011). Following this
direction, further studies were completed transplanting human
iPSC-derived cells into the shiverer mouse, revealing that
iPSC-derived OPCs can migrate and robustly myelinate
brain tissue (Sim et al., 2011; Wang et al., 2013; Ehrlich
et al., 2017). iPSC-derived cell transplantation has also
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proven effective in other neurodegenerative disease models;
transplantation studies using a mouse model for Huntington’s
disease recently demonstrated that iPSC-derived NSCs
were capable of ameliorating their motor phenotype and
differentiating into region-specific neurons without tumor
formation, thereby providing the foundation for use of
iPSC-derived cells in future studies of neurological diseases
(Al-Gharaibeh et al., 2017).

Using a direct approach to replace myelin in the brain
via NSCs, GPCs, or OPCs is an option to consider further
studying in POLR3-HLD, however, studies are needed to
first determine the pathophysiological mechanisms underlying
hypomyelination. The use of autologous patient-specific iPSCs
is also an attractive approach due to the decreased risk of
transplant rejection. In these circumstances, the concern for
donor cell rejection would be limited given that the patient-
derived cells are nonimmunogenic, and therefore suppression of
the immune system could be avoided. Moreover, iPSCs offer an
accessible and renewable source of patient-derived cells, making
them an optimal option for transplantation, provided that the
potential for tumor formation is deemed very low risk. Further
research into the potential for genetic correction of iPSCs from
POLR3-HLD patients would be required to determine whether
restoration of myelin would be possible with iPSC-derived
OPC transplantation.

GENE TRANSFER THERAPY:
CONSIDERATIONS IN
LEUKODYSTROPHIES

Historically, the concept of gene therapy evolved from
gene transfer experiments which suggested that supplying
functional transgenes to cells with corresponding dysfunctional
counterparts might provide therapeutic benefit (Rogers, 1959,
1966, 1971; Rogers and Pfuderer, 1968; Terheggen et al., 1975;
Friedmann, 2001; Wirth et al., 2013). Gene therapy as a field has
grown beyond gene transfer therapy, to encompass techniques
such as oligonucleotide and mRNA therapy (Bennett, 2019;
Kowalski et al., 2019; Setten et al., 2019) as well as gene editing
(discussed below). Typically, gene transfer therapy is divided
into ex vivo and in vivo approaches that make use of different
viral vectors for delivery of genetic material to cells. Ex vivo
gene therapy usually involves removing hematopoietic stem cells
from the body and administering a gene therapy vector (often
lentiviral) in vitro before re-infusing treated cells into the patient.
It is methodologically similar to bone marrow transplantation
therapy and has overlapping applications, with the advantage
of obviating the need for long-term immunosuppression
required after bone marrow transplantation. Ex vivo gene
therapy of this type has been used successfully to treat X-linked
adrenoleukodystrophy (Cartier et al., 2009, 2012; Eichler
et al., 2017) and metachromatic leukodystrophy (Biffi et al.,
2013; Sessa et al., 2016) if administered early. Ex vivo gene
therapy using hematopoietic stem cells is not a viable option
for POLR3-HLD due to the primary defect in POLR3 activity
in brain tissues, especially because the complex is not secreted

and has a primarily non-metabolic function. However, ex
vivo gene therapy may have an application using iPSCs, if
treated cells are subsequently differentiated to a glial lineage
and delivered into the brain. Limitations would involve
similar factors to those described above (i.e., safety, route
of transplantation, migration, and differentiation capacity).
Primarily, in vivo gene transfer has been applied successfully
to treat specific leukodystrophies, and may be a candidate
modality for the treatment of POLR3-HLD. Here, we will focus
on in vivo gene transfer data, which represents a majority of
the literature and clinical experience with gene therapy directly
targeting the brain in leukodystrophies, such as Canavan’s
disease and metachromatic leukodystrophy. As our knowledge
of POLR3-HLD pathology continues to evolve, so too will
opportunities to advance tractable strategies for developing a
disease-modifying treatment.

In vivo Approaches to Gene Therapy
In considering in vivo gene therapy, several viral vectors have
been proposed to achieve transgene delivery, but thus far,
the most clinically successful has been adeno-associated virus
(AAV). In vivo gene therapy for leukodystrophies began with
an AAV trial for Canavan disease, an autosomal recessive
leukodystrophy caused by mutations in the ASPA gene,
encoding the enzyme aspartoacyclase which functions to degrade
N-acetylaspartate (NAA) in the brain (Janson et al., 2002).
AAV2-ASPA treatment was supported by concurrent pre-clinical
rodent studies suggesting human ASPA gene transfer to Canavan
mice and rats resulted in decreased NAA concentrations
in brain tissue, along with decreased seizure frequency and
histopathological improvements (Matalon et al., 2003; Mcphee
et al., 2005). These findings were translated into a clinical
trial. Long term follow-up in a cohort of 28 patients, 13 of
which were treated by intraparenchymal delivery of AAV2-ASPA
to six sites in the brain, demonstrated a good safety profile
with the most common adverse events (i.e., small subdural
hemorrhage, postoperative fever) most likely associated with
the neurosurgical aspect of the treatment, and no adverse
events occurring after 90 days of follow-up (Leone et al.,
2012). AAV2-ASPA was shown to decrease NAA in the brain,
as measured by MRS, as well as the slow progression of
brain atrophy, and was considered to have been associated
with adequate safety and moderate overall clinical efficacy
that warranted further clinical trials (Leone et al., 2012).
This early AAV trial was instrumental in demonstrating the
enhanced safety profile of AAV for in vivo gene therapy
in leukodystrophies.

The discovery of novel AAV serotypes in nonhuman primates
and human tissues elucidated numerous aspects of AAV biology,
including their differences in tissue tropism, leading to an
explosion of studies exploring the use of naturally occurring
AAV serotypes and recombinant AAV (Gao et al., 2002,
2003, 2004). Importantly, the AAV serotypes identified in the
course of Dr. Gao and colleagues’ work especially AAV9,
have been studied for their utility in transducing brain tissues.
An important aspect surrounding the use of AAV9 for CNS
diseases involves its enhanced ability to target the CNS, which

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 January 2021 | Volume 14 | Article 631802

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Perrier et al. POLR3-Related Leukodystrophy: Therapeutic Approaches

allows for intrathecal or intravenous administration (Foust
et al., 2009; Mendell et al., 2017; Gessler et al., 2019). Most
notably, AAV9 was successfully used in a clinical trial for
spinal muscular atrophy (Mendell et al., 2017), resulting in
FDA approval of Zolgensmar, an intravenously delivered
gene therapy treatment. AAV9 has also recently demonstrated
effectiveness in a mouse model of Canavan disease (Gessler
et al., 2017), which played a role in promoting the rAAV9-
ASPA vector transitioning to a recent open-label clinical trial for
Canavan disease (CANaspire, ASPA Therapeutics). Finally, an
exciting recent AAV9 finding is the success of AAV9-GALC in
treating a canine model of globoid cell leukodystrophy or Krabbe
disease, improving myelination and extending lifespan more
than seven times beyond the typical life expectancy for model
animals (Bradbury et al., 2020). However, AAV9 is not known
to efficiently mediate significant transduction of oligodendrocyte
lineage cells.

A Clade E AAV serotype identified in 2004 (Gao et al.,
2004) called AAVrh.10, has been tested in the context of
metachromatic leukodystrophy on a small number of patients
(NCT01801709); however, the results of this trial have not been
released. The initial preclinical data for this study suggested
that intracerebral delivery of AAVrh.10-ARSA was superior
to AAV5 both in terms of the overall impact on the model
disease and its ability to transduce oligodendrocytes (Sevin
et al., 2006, 2007; Piguet et al., 2012), which led to further
safety and feasibility assessments in non-human primates leading
up to the clinical trial (Zerah et al., 2015). Importantly, in
the preclinical assessment, Sevin and colleagues evaluated the
direct impact of AAVrh.10 on oligodendrocyte transduction
using a GFP-containing vector and estimated that 9% of
oligodendrocytes in the striatum were transduced directly,
whereas 21% were found to contain ARSA enzyme after
administration of AAVrh.10-ARSA (Piguet et al., 2012). These
findings indicate that cross-correction of oligodendrocyte ARSA
enzyme levels via transduction of non-oligodendrocyte targets
plays a role in the observed improvement in oligodendrocyte
sulfatide levels and brain pathology (Piguet et al., 2012).
The AAVrh.10 trial excepted, in each of the mentioned
leukodystrophies in which in vivo gene therapy has been tested,
the putative improvement in oligodendrocyte function is thought
to occur through cross-correction. Indeed, most AAV capsids
are not known to efficiently transduce oligodendrocytes (Burger
et al., 2004; Cearley and Wolfe, 2006; Cearley et al., 2008;
San Sebastian et al., 2013). This fact has prompted studies
evaluating the use of oligodendrocyte-specific promoters to drive
expression in oligodendrocytes (Chen et al., 1998; Lawlor et al.,
2009) as well as the pursuit of novel recombinant capsids
with significant oligodendrocyte tropism as demonstrated in
rodents (Powell et al., 2016), and the characterization of
oligodendrocyte tropism in a novel naturally occurring AAV
capsid (Hsu et al., 2020). Taken together, these study results
indicate that AAV vector research continues to yield important
advances toward achieving both safety and efficacy for in vivo
gene therapy approaches to leukodystrophies. The increasing
focus on understanding how AAV technology can be used
to target oligodendrocyte lineage cells will be important

for the development of an in vivo gene therapy approach
to POLR3-HLD.

Currently, the POLR3-HLD disease population is divided
with the majority (≥90%) of patients having either biallelic
mutations in POLR3A or POLR3B (Bernard et al., 2011; Tétreault
et al., 2011; Daoud et al., 2013; Wolf et al., 2014b) and a minority
(<10%) having mutations in POLR1C (Thiffault et al., 2015;
Gauquelin et al., 2019) or POLR3K (Dorboz et al., 2018). In
the future, it may be possible to treat patients by grouping
according to the affected subunit and administering a vector
carrying the appropriate sequence in vivo. However, there are
three key challenges for developing an in vivo gene therapy
approach for POLR3-HLD that have not been addressed by
prior in vivo leukodystrophy gene therapy studies. The first
is the fact that in each of the previously mentioned diseases,
cross-correction is possible and beneficial due to the nature
of the defective enzymes and metabolites responsible for the
disease. In POLR3-HLD, cross-correction is improbable because
POLR3 subunits are unlikely to be secreted or transferred
between cells and also because pathogenesis likely does not
involve the accumulation of the enzymatic reactants (RNA
nucleotides), as they are used by other RNA polymerases, and
do not directly cause toxicity. Therefore, directly correcting
the oligodendrocyte lineage is an important aspect of a
putative gene therapy strategy for POLR3-HLD. Second, the
pathophysiological axis of POLR3-HLD is hypomyelination,
relating to a specific and yet poorly characterized deficit in the
oligodendrocyte lineage that may occur well before the cells
mature and myelinate the affected CNS regions. If the deficit
occurs primarily in the cellular precursors of oligodendrocytes
(i.e., a dividing cell population), the exponential dilution of
non-integrating vector genomes such as those transduced using
AAV is an important consideration. Third, attempts to produce
a representative animal model of POLR3-HLD in which to
perform pre-clinical testing have proven difficult (Choquet et al.,
2017, 2019b), and this barrier will need to be overcome to
properly test any novel therapeutic candidate. Recently, progress
in generating an animal model has been made using an Olig2-
Cre conditional double Polr3a mutant knock-in strategy, in a
recent pre-print which has yet to be peer-reviewed at the time
of writing (Merheb et al., 2020). Overcoming these challenges
would elucidate the potential for POLR3-HLD gene transfer,
and will also inform the future development of more advanced
and/or personalized (e.g., gene editing) therapeutic strategies
for POLR3-HLD.

GENE EDITING TECHNIQUES: A MODERN
APPROACH

Recently, gene-editing research has gained traction for its
utilization in the development of patient-specific therapies for
genetic diseases. While these techniques are not yet employed
in a large-scale clinical setting, they hold promise for treating
rare genetic diseases that are without curative therapies.
Moreover, the design of personalized therapies is a possibility
through the use of gene editing, a technique that can create
alterations in precise genomic locations to correct pathogenic
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variants. Yet, to establish translational gene editing strategies,
additional aspects must be investigated such as vehicles and
delivery methods of editing systems, optimization of editing
constructs, and elimination of off-target effects. Furthermore,
with correct optimization, genome engineering can lead to the
establishment of personalized therapies for diseases that are
otherwise challenging to treat.

CRISPR-Cas9 Editing System
Since the discovery of its potential for human genome editing
in 2013, clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas gene-editing technology has been
heavily investigated for its use in studying and treating
genetic diseases (Cong et al., 2013; Jinek et al., 2013). The
CRISPR-Cas system harnesses the cellular machinery involved
in the adaptive immune response of bacterial cells against
viral particles (Horvath and Barrangou, 2010). This highly
specific system can target precise genomic regions and has
revolutionized modern genetic research for its capability
to easily manipulate the human genome. While different
systems have been engineered using a series of CRISPR/Cas
components and types of Cas nucleases, the Cas9 nuclease has
been most commonly used in genetic editing of mammalian
cells (Makarova and Koonin, 2015). In combination with a
single guide-RNA (sgRNA), Cas9 can be programmed to target
and cleave complementary DNA sequences, which can be
subsequently repaired using a donor DNA template strand and
the intrinsic homology-directed repair mechanism (Mali et al.,
2013; Ran et al., 2013; Yang et al., 2014). Thus, given that the
proper cell type is targeted, it is possible to use CRISPR-Cas9
technology to genetically correct mutations causing
monogenic diseases, bringing to light its ability to facilitate
phenotypic repair.

CRISPR-Cas9 editing has been successfully used in
many in vitro and in vivo studies to both explore disease
pathophysiology through the creation of transgenic or
knock-out models, and investigate treatment methods via
targeted gene editing and correction of genetic mutations
(Rodríguez-Rodríguez et al., 2019). For example, in an initial
study using a murine model of hereditary tyrosinemia, injection
of CRISPR-Cas9 components into the liver led to phenotypic
rescue, demonstrating the potential for genetic correction
in vivo (Yin et al., 2014). Additionally, studies using the
mdx murine model for Duchenne muscular dystrophy have
shown that delivery of CRISPR-Cas9 constructs, both at the
germline level with injection into zygotes and postnatally with
delivery via AAV9, can lead to phenotypic improvements
(Long et al., 2014). In vitro and in vivo studies have also
been completed using CRISPR-Cas9 to correct mutations
associated with Huntington’s disease, with promising results
demonstrating that suppression of mutant alleles can alleviate
motor phenotypes in mice (Shin et al., 2016; Kolli et al.,
2017; Monteys et al., 2017; Yang et al., 2017). In the field of
HLDs, a recent study has demonstrated that CRISPR-Cas9
mediated germline suppression of Plp1 in the severe jimpy
mouse model of Pelizaeus-Merzbacher disease leads to increased
myelination and restored lifespan (Elitt et al., 2020). Most

recently, the first clinical trials of CRISPR-Cas9 therapies have
launched, with ex vivo approaches centering around cancer
immunotherapy, as well as gene disruption of hematological
disorders including sickle-cell anemia and β-thalassemia
(Li et al., 2020; Rosenblum et al., 2020; Uddin et al., 2020).
Additionally, an in vivo approach has been employed in Leber
congenital amaurosis, a monogenic disease associated with
childhood blindness, involving the delivery of AAV5-packaged
CRISPR-Cas9 constructs directly to the retina (Maeder et al.,
2019). As these trials progress and with the assessment of
long-term outcomes and safety, this gene-editing technology
could show powerful potential for use in treating many classes
of diseases. Moreover, research involving gene editing with
CRISPR-Cas9 techniques in the CNS is constantly evolving;
innovations and improvements to the editing system focus
on optimizing editing efficiencies and reducing off-target
effects, as well as exploring delivery methods via biological
vesicles, nanoparticles, or viruses (Cota-Coronado et al., 2019;
Sandoval et al., 2020).

While rapidly advancing, gene editing techniques would have
to be studied in vitro and in vivo for their use in correcting
the POLR3-HLD phenotype before they can be considered
as a potential therapeutic approach. It is noteworthy that
the use of CRISPR-Cas9 technology is not effective for the
correction of all mutation types associated with POLR3-HLD
(i.e., large exonic deletions, synonymous variants, some splice
site variants), and this therapeutic approach would have to be
considered on a patient-specific level. Moreover, this technique
is still in the early experimental stage of study and before
it can be considered in a clinical setting, its benefits and
downfalls as a therapeutic tool must be explored along with the
most optimal delivery methods and its potential in correcting
cells of the CNS. In speculating on the use of gene editing
therapy to treat the cellular pathogenesis associated with POLR3-
HLD, this therapy may or may not be applicable depending
on the stage of oligodendrocyte lineage that is defective.
Moreover, if future studies find that early OPC proliferation
or migration ability is not severely affected, and pathogenesis
predominantly concerns the formation of myelin itself (due
to transcriptional defects causing lack of protein availability
for myelin membrane formation), the delivery of CRISPR
constructs for genetic correction of myelinating cells could
show high potential for phenotypic remediation. However,
there are many other potential scenarios in which different
cell types or mechanisms could be affected (e.g., differentiation
of NSCs to a glial fate, impairments in migration of OPCs,
maturation of OPCs into oligodendrocytes, signaling between
different cell types and/or other mechanisms for formation,
wrapping, or compaction of the myelin membrane itself).
Thus, without knowledge on the cellular pathophysiology, it
is to be determined whether correcting cells after birth and
the initial waves of OPC production/migration during the
in utero period of myelin development would be applicable.
Knowledge of disease pathogenesis would help predict the
probability of success for delivery of gene editing constructs
at certain stages of the disease progression, and whether
myelination is possible.
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CONCLUSION: THE FUTURE OF
POLR3-HLD THERAPIES

Along the front of therapy development for rare inherited
neurological disorders, advances in cell therapy, gene therapy,
and gene editing techniques have all presented exciting
results in recent years. Combination approaches have also
been considered, including the use of gene transfer or
editing of stem cells for transplantation to improve disease
phenotypes (Ricca et al., 2015; Meneghini et al., 2017). In
considering POLR3-HLD, much information remains to
be uncovered regarding the pathophysiology of the disease
and whether myelin restoration is possible. As pathological
studies demonstrate that oligodendrocytes are primarily
affected in POLR3-HLD, this review provided a cell-specific
approach to the consideration of therapies. However, disease
pathogenesis may involve other cell types, which could
also be targeted in combination. The described therapies
offer potential options for exploration, and future studies
in both cellular and animal models to investigate their
effectiveness and mechanisms would prove to be beneficial.
Moreover, developing disease biomarkers and tangible
clinical outcome measures are of utmost importance to
evaluate therapeutic efficacy and successfully translate pre-
clinical findings into the clinical setting. Ongoing research
on POLR3-HLD pathophysiology will surely provide a
backbone for ascertaining which therapy approaches could
provide the most beneficial results, and ultimately uncover
the avenues for potential clinical trial development to improve
patient outcomes.
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