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Abstract

Leber’s hereditary optic neuropathy (LHON) is a mitochondrial disease mainly affecting retinal
ganglion cells (RGCs). The pathogenesis of LHON remains ill-characterized due to a historic
lack of effective disease models. Promising models have recently begun to emerge; however,

less effective models remain popular. Many such models represent LHON using non-neuronal
cells or assume that mutant mtDNA alone is sufficient to model the disease. This is problematic
because context-specific factors play a significant role in LHON pathogenesis, as the mtDNA
mutation itself is necessary but not sufficient to cause LHON. Effective models of LHON should
be capable of demonstrating processes that distinguish healthy carrier cells from diseased cells. In
light of these considerations, we review the pathophysiology of LHON as it relates to old, new and
future models. We further discuss treatments for LHON and unanswered questions that might be
explored using these new model systems.
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1. Introduction

Leber’s hereditary optic neuropathy (LHON) is a mitochondrial disease caused by a single
point mutation in mtDNA which results in electron transport chain (ETC) dysfunction.

It was the first heritable mtDNA disease to be discovered, with the landmark study by
Wallace et. al being published 1988.[1] LHON mainly affects retinal ganglion cells. It
causes adult-onset progressive and painless visual loss which begins in only one eye, but
usually manifests in the other eye within weeks. Eventually, visual acuity in both eyes
deteriorates to 20/200 or worse. Visual field defects progressively worsen for about 6 months
after onset and stabilize at around 9 months.

LHON is the most commonly diagnosed mitochondrial optic neuropathy with incidence

as high as approximately 1 in 30,000 in populations with European ancestry.[2,3] It is
estimated that as many as 1 in 9,000 individuals are carriers.[2] Young men are the
predominant demographic group presenting with LHON; onset of the disease is usually
around 20-30 years, and 80-90% of LHON patients are male.[4] There is currently no cure
for LHON and the visual loss is mostly irreversible. In the United States there is still no
approved treatment for the disease, however the European Union has recently approved a
new electron-carrying drug, Idebenone. [2] Gene therapy also shows potential as a future
treatment. However, these and other experimental treatments have only been shown to slow
disease progression or modestly restore visual function.

Retinal tissue has not been available for study due to obvious ethical reasons. Our lack

of suitable cell models for studying LHON, and therefore lack of understanding of the
pathophysiology of this disease, has been a significant obstacle in developing appropriate
treatment options. However, this limitation is soon to be lifted thanks to recent developments
in induced pluripotent stem cell (iPSC) technology. A new class of LHON cell models is
emerging: patient-specific retinal ganglion cells derived from iPSCs.

Prior cell models of LHON include peripheral blood from LHON patients, lymphoblasts,
fibroblasts, cybrids, and various animal cell lines. These models have been useful for
understanding general effects of ETC deficits, but they necessarily fail to represent cellular
processes that are unique to RGCs. Now that the cell type of interest is available for study,
it would be a grave error to continue using older, less suitable models for many future
experiments.

Furthermore, prior models of LHON focused only on point mutations in mtDNA and
neglected the effects of the nuclear genome on the pathogenesis of LHON. The low
penetrance of LHON suggests that a variety of compensatory mechanisms regulate
expression of the disease phenotype and these should not be ignored. Indeed, the primary
mtDNA mutations are necessary but not sufficient to cause LHON. One major benefit of
iPSC-derived RGC:s is the ability to study the differences in cells from affected individuals
and cells from unaffected carriers. In the following sections, we discuss the pathogenesis of
LHON, highlighting the limitations of older types of experimental models and emphasizing
the utility of the new model of patient-specific retinal ganglion cells obtained from iPSCs.
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LHON targets Retinal Ganglion Cells

Visual loss in LHON is directly related to injury of retinal ganglion cells (RGCs) and
ultimately becomes irreversible with RGC death. The mitochondrial dysfunction in LHON
targets RGCs selectively, and this selectivity can be explained by four main principles

(the first three being shared with neurons in general). Firstly, RGCs rely primarily on
oxidative phosphorylation (OXPHQS) for energy- not glycolysis (with some exceptions as
outlined later). Secondly, RGCs require a relatively large amount of energy to constantly
power ion pumps, maintain resting electrochemical gradients between action potentials,
synthesize neurotransmitters, mobilize synaptic vesicles, and buffer calcium.[5] Thirdly,

it appears that complex | mutations have a greater capability to induce ROS imbalance

in the neuronal microenvironment specifically, for reasons which are still being studied.

[6] Lastly- and unique to RGCs- is the lack of myelination over large lengths of axon.

The RGC axon is unmyelinated as it traverses the nerve fiber layer of the retina, and

only after the RGC penetrates the lamina cribrosa to enter the optic nerve does its axon
become myelinated. The unmyelinated portion of RGC axons is physiologically important
for transparency of the retina, but it significantly increases the energetic cost of firing action
potentials. Indeed, experiments have shown that a greater number of mitochondria are found
in unmyelinated regions of neurons compared to myelinated regions,[7] and that there are
also differences in the metabolic activities between unmyelinated and myelinated portions
of RGC axons.[8] Thus the high metabolic demand of RGCs, primary dependence on
OXPHOQOS, and increased susceptibility to ROS imbalance, creates a profound susceptibility
to mitochondrial dysfunction (Fig. 1). These features, and other unique properties of RGCs,
make it difficult to model LHON using other cell types.

Compared with other cells in the body, retinal ganglion cells are armed with additional,
unique mechanisms for managing localization and function of mitochondria. Both shared
and unique mechanisms may be involved in compensatory processes to protect RGCs
from ATP depletion or oxidative injury. Only when compensation is insufficient does the
clinical phenotype of LHON manifest. With that in mind, it is important to mention that
asymptomatic carriers may have subclinical ocular manifestations.

There is evidence that RGCs may have additional susceptibilities (or a lack of protective
mechanisms) compared with other cells that contribute to their unique vulnerability. For
example, melanopsin-expressing RGCs (mRGCs) are a particular subtype of RGCs which
play a role in circadian rhythm and pupillary light reflex rather than visual field sensation.
Although anatomically and energetically similar to other RGCs, mRGCs are somehow
resistant to mitochondrial dysfunction via a melanopsin-independent mechanism.[9] They
are usually spared in LHON,[9] which explains the phenomenon of preserved pupillary
response even in patients with severe visual loss. How mRGCs can be resistant to
mitochondrial dysfunction while other RGCs are not has yet to be determined. However,
these findings show that even very similar types of cells demonstrate significant variation in
susceptibility to mitochondrial dysfunction. Thus, cell types with even less in common with
RGCs, such as lymphoblasts or fibroblasts, may be very poor models for LHON.
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Finally, processes occurring during the acute phase of LHON are of particular clinical
interest but cannot be modeled without RGCs. After the onset of vision loss but before cell
death and irreversible loss, RGCs demonstrate an observable decrease in neuronal activity
specifically. Energy deficits reduce the RGCs’ ability to transport glutamate, decreasing
their capacity for excitatory output to higher visual brain centers. [10] Similarly, decreased
active transport of ions alters cell membrane potential and excitability. These features of
decreased RGC function could easily be measured in the lab and have clear correlation with
the clinical features of the disease. Such experiments would only be possible using RGCs.

3. Pathophysiology of LHON: much more than just a point mutation

3.1.

Introduction

The majority of LHON-causing mutations affect a single subunit of mitochondrial NADH
dehydrogenase (MTND), causing dysfunction of complex | of the electron transport chain
(ETC). Indeed, more than 90% of cases of LHON are associated with one of three specific
point mutations, with 70% of cases having the genotype m.11778G>A (MTND4) and

20% have the less common genotypes of either m.3460G>A (MTND1) or m.14484T>C
(MTND®).[4,11] The remaining 10% of LHON cases are associated with mutations in
MTNDS5, cytochrome B (MT-CYB), cytochrome C oxidase (MT-CO3), mitochondrially
encoded tRNA threonine (MT-TT), and mitochondrially encoded tRNA glutamic acid (MT-
TE).[12]

Complex I dysfunction in LHON is thought to trigger either (or both) of two pathological
processes: increased ROS production from electron loss to the milieu of the mitochondrial
matrix, or decreased ATP production leading to cell stress as it fails to meet energetic
demands. The case for ROS being the main cause of cell damage does appear more
compelling at the present, especially considering evidence that elevation of ROS is more
pronounced in the neuronal environment, which also may explain why mainly RGCs

are affected despite other tissues also having high energy demands.[6] Eventually the
dysfunction leads to either increased cytosolic cytochrome C and apoptosis mediated by
Fas and caspases,[13,14] or caspase-independent necroptosis from energy depletion.[15]

Much has been learned about the structure and function of the Electron Transport Chain

in recent years. One discovery that we highlight here is that of supercomplex formation
between certain complexes within the ETC. This is significant due to the inclusion

of complex I in two of the most common supercomplexes known to form in human
mitochondria; one which contains portions of complexes I, 111, and IV (sometimes referred
to as the respirasome); and a second containing portions of complexes I and I11. While

the function of these supercomplexes remains enigmatic, current hypotheses point toward
the supercomplexes enhancing electron flux, providing structural stability, regulating ETC
activity and modulating ROS production[16,17]. Combining the known dysfunction in
Complex I in LHON with the implications of this research leads us to believe that: 1)
electrons, and consequently additional energy production, may be lost as a result of the
supercomplex disruption, 2) ROS production may increase, and 3) the ETC may become
less effectively regulated or less stable. While additional research is needed to conclusively
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determine the outcomes of supercomplex disruption, this disruption probably plays a
variable part in LHON pathogenesis which depends on the precise mutation.

Fortunately, carrying an LHON-associated mutation doesn’t equate to a diagnosis of LHON.
In fact, the risk of optic neuropathy in male carriers is only 50%, and in females it is much
lower, at just 10%.[18] The incomplete penetrance in LHON suggests a strong dependence
on processes other than a simple protein deficiency to produce the phenotype of optic
neuropathy. As other authors have stated, mtDNA mutations are necessary but not sufficient
to cause LHON.[19] The efficacy (or inefficacy) of cellular compensatory responses to
LHON mutations depends on polymorphic variants in mitochondrial and nuclear genes, as
well as exposure to environmental factors.

3.2. Mitochondrial polymorphism and haplogroup

3.3.

Haplogroup, a unique set of mitochondrial polymorphisms defining a phylogenetic group,
has been shown to play a role in LHON penetrance. Furthermore, specific haplogroups show
increased penetrance only for certain LHON mutations. For example, haplogroup B5al
tends to have increased risk of visual loss compared to other haplogroups in patients with the
G11778A genotype.[20] Similar associations are seen for haplogroups J2 with A11778G,

J1 with T14484C, and K with G3460A,; while the risk is decreased for haplogroup H with
G11778A.[21]

A recent study of four distinct Italian families with many diseased members across multiple
generations found that none of the affected individuals possessed a primary LHON mutation.
Sequence analysis of the patients demonstrated multiple mtDNA polymorphisms involving
different MTND subunits, however, none of the variants are known to be individually
pathogenic. Interestingly, all of the polymorphic sites except one were involved in a single
functional region of complex 1.[22] These results go beyond suggesting that mitochondrial
polymorphism plays a role in the variable penetrance of LHON. They indicate that specific
combinations of polymorphic mitochondrial genes may be sufficient to actually cause
LHON. At the present, how different mtDNA polymorphisms affect the penetrance of
LHON is an area deserving greater attention.

Interactions with Nuclear genes

The mitochondrial proteome consists of over 1,000 distinct proteins and peptides, but only
14 of them are known to be encoded by mtDNA. These include the 13 mitochondrial

ETC complex subunit proteins and the peptide humanin. Stated otherwise, nuclear DNA
encodes over 90% of proteins involved in mitochondrial function. Complex I is of particular
interest in LHON; of its 45 identified subunits, 38 are encoded by nDNA and only 7 by
mtDNA.[23] Of note, emerging evidence suggests that some mitochondrial transcripts are
exported to cytosolic translational machinery and translated there. Nevertheless, nuclear
DNA encodes the majority of structural proteins and all the regulatory ones involved

in mitochondrial function. Nuclear-encoded proteins play the larger role in regulation

of the mitochondrial processes that compensate for mitochondrial dysfunction, including
mitochondrial biogenesis, transport and mobility, fission and fusion, and mitophagy.
Nuclear-encoded transcription factors may also play a role in regulating mitochondrial
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function; they are imported into mitochondria and directly regulate the expression of
mitochondrial genes.[24] For example, nuclear transcription factors indirectly regulate
levels of nuclear respiratory factor (NRF) proteins, which control expression of the
mitochondrial respiratory chain subunits.[24] Therefore, polymorphisms in nuclear-encoded
transcription factors or any of the respective genes implicated in compensatory processes
could potentially contribute to the pathogenesis of LHON. Sex, another trait controlled by
nuclear genes, also plays a role in LHON and contributes to estrogen expression. The effects
of estrogen will be discussed in a later section.

3.4. Environmental Factors

In LHON, the interaction of genotype with environment plays a large role in penetrance of
the disease. Certain environmental insults are thought to either increase the oxidative stress
on RGCs and lower the disease threshold or cause direct injury to RGCs and exacerbate their
energetic demands. Drugs and medications appear to be the predominant factors increasing
LHON penetrance, however certain dietary compounds and nutritional deficiencies have also
been found to promote LHON pathogenesis.

Alcohol, nicotine, and recreational drugs are thought to increase penetrance of LHON via
increased oxidative stress.[25] Much research has been done on smoking in particular,
indicating that it directly induces oxidative stress, reduces mtDNA copy number, and
reduces complex | and complex IV activity leading to increased risk of visual failure and
perhaps even acting as the sole trigger for onset of LHON in healthy carriers.[25,26] Aging
is also linked with elevated ROS and lower mtDNA copy number[27] and likely plays a role
in LHON. The effects of these exposures on RGCs can be inferred from the aforementioned
studies, however verification in RGCs remains to be performed.

Interestingly, another type of damaging exposure to which RGCs are uniquely vulnerable
stems from lack of myelination, an important functional property which makes them
transparent to light. Increased exposure to short-wavelength blue light of the visible
spectrum may contribute to mitochondrial damage in RGCs,[28] perhaps via generation
of ROS.

Physical forms of damage including head trauma, increased intraocular pressure, and
intraocular surgery are also associated with onset of LHON.[29-31] Although the precise
mechanism is unknown, it is reasonable to speculate that the inflammation and stress
responses may play a role.

Medications with mitochondrial toxicity are also implicated in LHON. Nucleoside analog
reverse transcriptase inhibitors (nRTIs) used in the treatment of HIV tend to also target
mitochondrial gamma polymerase.[32] Likewise, many antimicrobials targeting the bacterial
ribosome have cross-reactivity with the mitochondrial ribosome or electron transport

chain complexes. Erythromycin, Ethambutol, linezolid, chloramphenicol, aminoglycosides,
and tetracyclines have been clinically linked with increased penetrance of LHON.

[32] Other medications that lack clinical data but theoretically might cause increased
penetrance on LHON include psychotropics, statins, analgesics, beta blockers, antivirals,
chemotherapeutics, and diabetes medications.[32]
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Diet may also play a role in penetrance. For instance, severe vitamin B12 deficiency alone
is sufficient to cause optic neuropathy in individuals free of LHON mutations. Therefore, a
less severe B12 deficiency could precipitate LHON in healthy carriers, an idea supported by
clinical evidence.[33] Also noteworthy is that certain food-derived compounds inhibit ETC
function and may promote pathogenic mechanisms of LHON. Capsaicin from hot peppers
and rolliniastatin-1 from the custard apple / soursop plant decrease oxygen consumption and
increase caspase 3 activity in osteosarcoma cybrids with the mG3660A mutation.[34]

4. Mitochondrial regulation in RGCs: Considerations for cell models of

LHON

4.1.

4.2.

Introduction

Many processes are involved in compensation for mitochondrial dysfunction. Nuclear genes
encode the proteins involved in these processes. Polymorphisms in these genes likely
explain the variable penetrance of LHON. Thus, there should be demonstrable differences
between LHON-diseased individuals versus carriers in terms of compensatory processes
and their regulatory proteins. Although many mitochondrial dynamic processes have been
characterized either in RGC models of optic neuropathies or in other neuron models, it is
unclear which processes are most important in LHON. In the following sections, we briefly
review various mechanisms of mitochondrial regulation, frequently referring the reader to
a more thorough review on mitochondrial dynamics conducted previously by Ito and Di
Polo.[5] We also suggest a dichotomy in these processes based on whether they could be
represented in other cell types or only in RGC models of LHON (Fig. 2).

Modeling LHON without RGCs: Potential processes and pitfalls

This section discusses mechanisms of mitochondrial regulation that might be modeled in
other cell types. However, caution should be used when modeling these processes without
RGCs since many of them may be regulated differently in RGCs. Many of the findings
discussed below suggest that current opinions regarding LHON may need to be re-validated
in RGC models.

4.2.1. Changes in ETC complex activity—Because the vast majority of LHON cases
are associated with mutations affecting complex | of the ETC, many studies have aimed to
characterize complex | enzymatic function, as well as the function of complexes 1l -V and
the overall rate of respiration. Old and new studies agree that the rate of maximal respiration
is decreased in cells with LHON mutations, however experiments characterizing changes in
enzymatic activity of different ETC complexes have delivered mixed results.

A multitude of studies in lymphoblasts, cybrids, and fibroblasts has shown decreased
maximal respiratory rate for each of the 3 major genotypes of LHON, but either decreased
or little change in complex | enzymatic activity. These older results are somewhat at odds
with new results from the first study in human iPSC-derived retinal ganglion cells, which
showed that RGCs from unaffected G11778A carriers had higher complex | enzymatic
activity compared to controls.[19] On the other hand, genetically identical iPSCs showed
no significant difference in complex | enzymatic activity between unaffected carriers,
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affected patients, and controls.[19] These conflicting results demonstrate the influence of
patient phenotype and the variety of cell models on the presentation of LHON. Additional
experiments in RGCs compared with other cells with identical genome should be conducted
to clarify the discrepancy regarding changes in complex | activity.

In an older study, complex Il activity in the peripheral blood of LHON patients with the

m. G11778A mutation was significantly increased compared to controls. These results have
not yet been revisited in RGCs. Comparison of changes in complex Il activity between
unaffected carriers and affected patients might also yield new insights.

4.2.2. Mitochondrial biogenesis—Mitochondrial biogenesis is the process by which
a cell synthesizes new mitochondria, accomplished by translation of both nuclear and
mitochondrial transcripts as well as replication of mtDNA.[5] Mitochondrial biogenesis

is a mechanism for compensating for mitochondrial damage or responding to metabolic

or oxidative stress, and it is driven by the signaling molecule PGC1-a.[5] As the master
regulator of biogenesis, PGC1-a stimulates downstream NRF1 and NRF2, as well as PPAR
and estrogen-related receptors. Increased mtDNA copy number usually suggests increased
mitochondrial biogenesis. In iPSC derived RGCs, increased mtDNA copy number was
associated with increases in mitochondrial transcription factors and PGC1-a.[19]

Compensatory mitochondrial biogenesis has been implicated in neurodegenerative disorders
specifically, characterized as a quantitative increase in mitochondrial mass as an attempt

to overcome a qualitative mitochondrial deficiency.[5,35] Evidence from animal models
suggests that compensatory biogenesis can differ significantly depending on the precise
stimulus, with either increased or decreased levels of PGC1-a..[5] Aging has been associated
with decreased mtDNA copy number but increased levels of PGC1-a, suggesting damage
and loss of mtDNA with compensatory increase in biogenesis.[27,36] In an asymptomatic
carrier of LHON, aging could theoretically exacerbate mtDNA loss and eventually exceed
the biogenesis capacity, leading to pathology. Thus, age-related changes in mitochondrial
biogenesis and mtDNA copy number could explain the adult onset of LHON.

Variability in biogenesis capacity could be linked with the variable penetrance of LHON.
For example, mtDNA copy number was increased in peripheral blood samples from patients
with LHON mutations (Fig. 2A).[37] Interestingly, copy number of diseased individuals
was intermediate between asymptomatic carriers and controls, suggesting a poorer capacity
for biogenesis may contribute to development of the disease.[37] Another study of one
family with LHON suggested that the key factor associated with penetrance of the disease

in that particular family was the relative amount of mtDNA in blood samples.[38] Bianco

et. al has suggested that mtDNA copy number is a protective factor in LHON, however this
conclusion was challenged by other authors.[37,39] Elevation of mitochondrial copy number
has been proposed as a goal of therapy in mitochondrial optic neuropathies.[40]

4.2.3. Estrogen receptor activation—Although women are much less likely to

be affected by LHON, the mtDNA copy number of LHON-carrying women and men,
regardless of disease status, was virtually identical in peripheral blood samples.[41]
Furthermore, women with similar levels of mtDNA as affected males in peripheral blood
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were not affected by LHON.[41] However, estrogens are known to directly modulate
mitochondrial gene expression and are thought to promote biogenesis. It is interesting

to note that PGC1-a (the driver of mitochondrial biogenesis) aids in coactivation of the
estrogen-related receptor,[2] which shares homology with estrogen receptors but does not
appear to bind estrogens. Estrogens are also known to modulate reactive oxygen species in
mitochondria as signal transducing mechanisms, suggesting another potential mechanism of
mitochondrial control.[42]

In LHON osteosarcoma cybrids grown on galactose media, treatment with estrogens reduced
ROS overproduction, ameliorated mitochondrial morphology, reduced apoptosis, increased
cell viability, and restored mitochondrial membrane potential via beta estrogen receptor
activation and SOD2 upregulation. [43] In retinal ganglion cells the beta estrogen receptor
was found to localize to the mitochondrial network, suggesting that it may indeed influence
mitochondrial activity in RGCs.[43] In a recent case report, a post-menopausal woman
developed LHON very soon after discontinuing her estrogen replacement therapy. Dual
therapy with idebenone and estrogen replacement improved her vision loss by 1 month and
completely reversed her vision loss as early as 8 months later.[44] More research on the role
of estrogen in LHON is needed.

4.2.4. Fission and Fusion—Mitochondrial fission and fusion are opposing processes
used to modify mitochondrial morphology and regulate cellular energy metabolism and
proliferation. Mitochondrial fusion can occur under conditions of oxidative or other cell
stress associated with mitochondrial swelling and/or mitochondrial membrane damage.

In response, membranes of neighboring mitochondria fuse together to create a single
continuous network with a more voluminous lumen, making them more resistant to changes
in membrane potential and better able to continue making energy for the cell.[5] Fused
networks of elongated mitochondria have higher concentrations of ATP and are less easily
degraded by mitophagy.[5] Key genes involved in mitochondrial fusion are mitofusin 1
(MFN1) and mitofusin 2 (MFN2), which regulate fusion of the outer membrane, and optic
atrophy 1 (OPA1), which plays a role in cristae structure and facilitates fusion of the inner
membrane.[45] Dysfunction of these proteins causes a variety of neurodegenerative diseases
characterized mainly by optic atrophy targeting retinal neurons.

The purpose of mitochondrial fission on the other hand is to isolate damaged mitochondria
for mitophagy. However, excessive mitochondrial fission can lead to cytochrome c release,
translocation of Bax to the outer membrane, and potentially apoptosis.[5] Furthermore,
experiments in DBA 2J glaucoma mice suggest that mitochondrial fission in soma and

axons of RGCs produces small, dysmorphic mitochondria which are likely inefficient at ATP
production.[46] Fission is regulated by DRP1, a cytoplasmic protein that can be recruited to
join a complex in the outer membrane that induces fission.[5,45] Differential expression of
these and other factors regulating fusion and fission probably contribute to the pathogenesis
of LHON.

Fission and fusion also play a role in axonal transport of mitochondria, a neuron-specific
process.[5] Thus fusion, fission and mitophagy, and neuron-specific transport mechanisms
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are all linked. This means that non-neuronal cell models are missing an important part of an
interrelated network controlling mitochondrial morphology and distribution.

4.2.5. Mitophagy—Dysfunctional mitochondria such as those in LHON can produce
harmful ROS and trigger apoptosis. Defective mitophagy has already been associated with
a number of neurodegenerative disorders including ALS, normal-tension glaucoma, and
dementia.[5] Research in cybrids suggests that mitophagy also plays a role in LHON.[47]

Mitophagy is the only way a cell can dispose of damaged mitochondria and is essential for
maintaining a healthy mitochondrial population.[5,48] Regulated in part by mitochondrial
fission, mitophagy is the process by which mitochondrial material is transported to the
lysosome and degraded. Mitophagy generally targets mitochondria that are damaged beyond
repair via ubiquitination. Recently it was shown that the NIPSNAP1 and NIPSNAP2
proteins bind to autophagy-related proteins and recruit autophagy receptors to depolarized
mitochondria.[49] Subsequent accumulation of the proteins PINK-1 and Parkin leads to
sequestration of the damaged mitochondria in autophagolysosomes where they are degraded.
[50]

Some research has explored the mechanisms of decreased mitophagy in LHON and other
optic neuropathies. Lymphoblast cybrids with an ND5 LHON mutation demonstrated
decreased mitophagy via changes in autophagy protein light chain 3 and autophagic
substrate p62, with associated increases in cytosolic cytochrome c, caspase activity, and
apoptosis.[47] Results from aging DBA/2J glaucoma mice suggested that decreased number
of autophagolysosomes in RGC soma and axons might also contribute to the accumulation
of damaged mitochondria in a cell. [46]

It has been suggested that selective mitophagy might lead to reductions in mutation load

in heteroplasmic carriers. An interesting case report described a child affected with two
LHON mutations: heteroplasmic for an ND5 mutation and homoplasmic for an NDN4
mutation. Somehow, the child had spontaneous recovery during puberty. Percent of mtDNA
with the ND5 mutation before recovery in blood leukocytes was about 50%, but 3 years
after recovery the level was undetectable.[51] This suggests that selective mitophagy was
effective in eliminating the heteroplasmic gene. Although rare, other case reports have
demonstrated a reduction in mutation load in other patients.

From these data, a few considerations arise for modelling mitophagy in cell models of
LHON. Firstly, the proteins NIPSNAP1 and NIPSNAP2, which recruit autophagy receptors,
show different expression patterns in various tissues,[49] so the pathways regulating
mitophagy in neurons could be different from other cell types. Secondly, in addition

to classical mitophagy, neurons possess their own unique form of mitophagy called
transcellular mitophagy (discussed later).

4.3. Processes that can only be represented in RGC models of LHON

4.3.1. Mitochondrial axonal transport—In neurons, the dendrites, synaptic terminals,
and axon are highly energetically active. Because ATP diffuses poorly down the axon,
mitochondria themselves must be localized more densely in these regions of high energetic
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demand.[5] Neurons require special transport systems to deliver mitochondria to these
distant sites.[52] Mitochondrial transport in the axon is known to be mediated by
anterograde and retrograde motor proteins including kinesins and dyneins, respectively.
Many of these proteins attach to a single mitochondrion and “walk” it along the axonal
microtubules, a form of active transport.[52] Adaptor and anchor proteins modulate

the binding of these motor proteins and serve as “stop” and “go” signals.[53] For

example, syntaphilin is a protein that reduces the number of kinesin motors attached to

a mitochondrion, halting further travel down the axon and anchoring it in place presumably
to help power an area with increased energetic need.[5,54]

Although the role of motor proteins in mitochondrial transport is not well characterized

in RGCs specifically,[5] it is reasonable to speculate that mechanisms of mitochondrial
mobility are similar to mechanisms well-characterized in other neurons. Evidence has shown
that modification of mitochondrial axonal transport is possible and might have ameliorative
effects on neuronal function. For example, in axons of cortical neurons in vitro and also
sciatic nerve axons in vivo, reduction of syntaphilin expression improved signs of energy
depletion and supported axonal regeneration.[55]

The understanding of mitochondrial regulation as a scene of constant remodeling suggests a
potentially major role of mitochondrial transport in the pathogenesis of LHON. Time-lapse
imaging of the intraretinal portion of RGC axons demonstrated continuous anterograde and
retrograde transport of both fragmented and large tubular networks of mitochondria.[5,56] In
cone-rod homeobox deficient mouse RGCs, the observed increase in dendritic mitochondrial
transport suggested that mitochondrial mobilization may be a reaction to cell injury.[5,57]
Regions devoid of mitochondria have also been found in RGC axons in animal model

of glaucoma.[5,56] These results all suggest a role for mitochondrial transport in either
pathogenesis or protection from optic neuropathies such as LHON.

4.3.2. Transmitophagy—Transmitophagy, also known as transcellular mitophagy, is a
unique mechanism of mitochondrial degradation currently known to occur only in RGCs
(although it may also occur in other neurons). At the optic nerve head, the RGC axon
becomes myelinated and is also surrounded by astrocytes. In healthy RGCs, axolemmal
blebs containing damaged mitochondria bud from the axonal membrane and are taken up

by neighboring astrocytes, which degrade them in lysosomes.[58] Transmitophagy plays a
surprisingly important role in mitochondrial quality control; the number of mitochondria
degraded via this mechanism is roughly the same as the number degraded in the cell soma
in RGCs.[58] Although this process was first described in two publications from 2014-2015,
there have been no additional reports on the subject to our knowledge. Interestingly, a study
in retinal ganglion cells found that injection of retinal progenitor cells into the ganglion

cell layer in a rotenone mouse model of complex I dysfunction had protective effects on
phenotype. Although the cells did not differentiate into RGCs, many of the cells began to
express GFAP, suggesting differentiation into astrocytes. [59] It is tempting to speculate that
these astrocytes may have influenced mitochondrial quality control via ability to perform
transcellular mitophagy in a region of the retina that does not normally contain astrocytes.
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Additional research on this fascinating subject may have profound implications for LHON.
The glial cells in the optic nerve are astrocytes, whereas glial cells in the retinal nerve

fiber layer are Mueller cells. Since the nerve fiber layer is the region most susceptible

to mitochondrial dysfunction, and transport of damaged mitochondria many millimeters to
either the soma or the optic nerve would require significant energy expenditure, a similar
mechanism of transmitophagy involving Mueller cells could exist. Regardless, it is unknown
whether transmitophagy plays a role in in RGC disease states. Experiments using co-cultures
of iPSC-derived RGCs and glia (or additional work in animal models) may be useful in
answering these questions.

4.3.3. Local mitochondrial biogenesis—In most cells, mitochondrial biogenesis
takes place adjacent to the nucleus for reasons of quality control and other spatial proximity
advantages. [60] The process of biogenesis in the neuronal soma may operate under the
same principles. However, replenishing synaptic or dendritic mitochondria via biogenesis
in the far-distant soma seems highly disadvantageous. Even fast axonal transport at a rate
of ~40 mm / hour would be too slow to shuttle certain mitochondrial proteins which have
half-life of ~30 min.[53] Like transmitophagy, local mitochondrial biogenesis is a shortcut
around energy-expensive and time-consuming axonal transport. In the process of local
biogenesis, mitochondrial proteins are produced via enhanced translation directly from local
mMRNA in the dendrites or axon. Both replication and translation of mtDNA also occur in
the axonal compartment, indicating the presence of nuclear-encoded transcription factors
necessary for mitochondrial biogenesis.[53] Although local mitochondrial biogenesis is
likely important in LHON-diseased RGCs, pathways regulating local biogenesis in healthy
or diseased RGC:s are ill-characterized.

4.3.4. Metabolic regulation in response to noxious stimuli—The energy
demands of retinal cells (including photoreceptors) is higher than that of virtually any other
cell type in the body, including the brain.[61] Yet, the retina has anatomical constraints
limiting the amount of blood it can receive to help maintain the relative transparency of the
retina for clear vision. Given this extreme demand and the relatively limited supply of blood
to the retina, it follows that metabolic regulation should be significantly altered in RGCs
compared to other cell types throughout the body (Fig. 3). Examples of these differences
have been highlighted in studies exploring the protective mechanisms utilized by RGCs in
order to survive pathological insults. For instance, during the first few hours of ischemia,
RGCs are resilient to necrotic changes through upregulation of factors which promote
glycolysis, angiogenesis, vasodilation, and erythropoiesis.[61,62] This capacity of RGCs
differs significantly even from neurons in the brain, where even 5 minutes of ischemia could
prove fatal for certain vulnerable populations.[63] The brain uses several compensatory
mechanisms to withstand ischemic events, however these are different and less effective
compared with those of RGCs. Another interesting observation is that other types of mtDNA
mutations affect tissues with seemingly less energetic susceptibility but spare RGCs, such as
in the case of mitochondrial myopathies. Thus the mechanisms of metabolic regulation in
RGCs during times of stress, while not fully understood, may be quite significant from other
cells and these differences may be important for a RGC model of LHON.
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RGCs also possess unique signaling pathways that function to inhibit or promote specific
metabolic processes. One example is the use of the Wnt3a pathway which inhibits apoptosis
due to minor to moderate insults including increased pressure (such as in glaucoma). While
this signaling pathway is shared by the CNS as well as several other tissues, not all tissues
express this pathway to the extent typical of RGCs.[64] Another example is the utilization
of neurotrophic growth factors and other metabolic cell signaling molecules to upregulate
nerve regrowth pathways (such as axon regeneration). These factors include mTOR, bFGF,
and CXCL12. Regrowth of injured RGCs also requires a proper environment composed of a
myriad of factors including the inhibition of growth-inhibitors and electrical stimulation.[65]
This unique set of circumstances and metabolic growth regulators is specific to neurons of
the CNS. However, RGCs, as a subset of CNS neurons, seem to have even more difficulty in
surviving axotomy and forming new axons with proper target finding and circuit formation
abilities than most, if not all, other CNS neurons.[66] This information suggests that RGCs
respond to various pathologies with unique metabolic regulatory pathways that are unique
from those of any other cell of the body, even compared with CNS neurons.

4.3.5. Tissue specific cell death due to reactive oxygen species—Reactive
oxygen species (ROS) are usually formed as by-products of normal physiological processes,
in particular the mitochondrial respiratory chain. However, they can also be produced from
enzymatic reactions, photochemical processes, or harmful exposure to ionizing radiation or
heavy metals. Low levels of ROS are part of physiologic functions including host defense
and gene expression, however when production is excessive, they can cause oxidative stress,
leading to DNA breakage. This over-production occurs due to an imbalance between cellular
generation of ROS and oxidative defense mechanisms.

Superoxide radicals are typically the result of an electron leak from the mitochondrial
transport chain, specifically at complexes | and 111 during oxidative phosphorylation.
Superoxide then dismutates to Hydrogen Peroxide (H202), which penetrates the cell
membrane and forms the hydroxyl radical (OH*).[67] Under normal conditions, excessive
ROS are dealt with by antioxidants, which convert superoxide to oxygen, and H202 to water
and oxygen. However, if there is uncontrolled ROS production, mitochondrial dysfunction or
antioxidant deficiency, generation of ROS may exceed clearance, and ROS are themselves
pro-oxidant, ultimately leading to oxidative stress.[68]

Mitochondrial DNA (mtDNA) is located close to the inner membrane an area that lacks the
protection of histones and has a high transcription rate, and so this DNA is more susceptible
to oxidative damage and breakage. mtDNA damage can result in further respiratory chain
dysfunction and increase membrane permeability, leading to a cycle of ROS over-production
and continuing oxidative stress. If this cycle cannot be interrupted, and if the subsequent cell
damage cannot be adequately repaired, the feared consequence is apoptosis. In LHON, there
is selective damage to smaller RGCs, a process which is not well understood.[69] Theorized
mechanisms include enhanced H202 production, with resultant superoxide generation
triggering an intercellular apoptosis signal in select RGCs.[70] Some previously tested
LHON models showed overproduction of ROS and decreased mitochondrial membrane
potential, with additional models showing an increased sensitivity to the effects of H202,
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[68] The lack of a conclusive reason as to why RGCs are selectively damaged in LHON is a
driving factor in many recent studies of the disease.

5. Models of LHON: Limitations and Future perspectives

5.1. Introduction
From the information in the previous sections, six important points guiding a choice of a
model of LHON seem to emerge:

1. Compensatory responses play as import of a role in the pathogenesis of LHON
as the primary mutation itself.

2. To be relevant to the pathogenesis of LHON, a compensatory process must occur
in RGCs.

3. Some important compensatory processes which occur in RGCs do not occur in
other cells.

4, When comparing LHON carriers and afflicted LHON patients, there are
observable differences in these processes.

5. In an individual patient, one, none, or multiple mechanisms of compensation
could be at work.

6. Different unaffected carriers may possess different combinations of response
mechanisms.

From these postulates, it follows a poor model of LHON would be a single non-RGC line
with no difference from healthy cells except for the LHON mutation. On the other hand, a
theoretical “best model” would include RGCs and other retinal cells, would represent not
only the LHON mutation but also those cellular compensatory responses that distinguish
carriers from affected patients, and would do so using cells or tissues from many different
patients to account for multiple potential combinations of mechanisms across patients.

In reality, different experimental models lie on a spectrum between these two extremes.
Below, we briefly review experimental models of LHON to demonstrate their utility or
limitations in modeling LHON. For a more in-depth discussion of cell models prior to the
advent of iPSC-derived RGCs, we refer the reader to a review conducted previously by
Jankauskaite et al, which also discusses key experiments using different models that have
shaped current opinions regarding the pathogenesis of LHON.[71]

5.2. Current cell models and limitations

5.2.1. Blood cells—The primary use of blood cells has been for investigating mtDNA
content. Blood cell models of LHON come in two forms: peripheral blood samples and
patient-derived lymphoblast cultures immortalized by Epstein Barr virus. The appeal of
these models is that they represent the nuclear genome of LHON patients, are inexpensive
and easily obtained, and a sufficient cell mass for quantitative analysis of mtDNA

content is easily procured.[71] Growth on glucose-free galactose media induces oxidative
phosphorylation, therefore lymphoblasts have also been used to study ETC function and
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oxidative stress, although there are better models for this that are also fairly easily obtained.
[71]

There are many limitations to using blood cells to study LHON. Basic ETC function might
be modeled successfully using these cells. However, from our previous discussion we see
that they may be a poor approximation of mitochondrial dynamic processes in RGCs,
including biogenesis and mtDNA copy number. Furthermore, viral immortalization and the
hyperproliferative state of lymphoblasts drive major changes in cell metabolism.[71] Other
limitations of lymphoblasts are their sensitivities to temperature, pH, growth medium, and
amount of time in culture.[71]

5.2.2. Fibroblasts—Compared with blood cells, fibroblasts are slightly better models
of LHON. Fibroblasts are thought to have more similarities with RGCs and can be
cultured from skin biopsy without viral transformation.[71] Like blood cells, an advantage
of using fibroblasts is the representation of the nuclear genome of an LHON-afflicted
patient. Cultured fibroblasts have been used to study protein expression, ATP production,
and the effects of environmental factors in LHON,[71] as well as respiration and ETC
complex function.[72] However, like blood cells, a major drawback of fibroblasts is that
they completely fail to represent neuron-specific mechanisms of mitochondrial regulation.
Other challenges of using biopsy-derived fibroblasts is that it take several weeks to culture
sufficient cells for experimentation,[71] and the cells have a limited proliferative lifespan.

5.2.3. Cybrids—Cybrid (cytoplasmic hybrid) cells are created by fusion of enucleated
cell fragments, such as cytoplasts or platelets, with cells completely devoid of mitochondria,
known as p0 cells. Many p0 lines exist, derived from HeLa cells, neuroblastomas,
osteosarcoma, small cell lung cancer, and other cell types. Cybrid technology is unique

in that it enables researchers to study different combinations of and potential interactions
between mtDNA and nDNA. For example, an LHON cybrid could be as simple as
combining diseased mtDNA with nuclear DNA from a healthy cell. This type of cybrid
model would have little advantage over lymphoblasts, however. On the other hand, cybrid
lines with various nuclear genotypes but the same mtDNA genotype might help characterize
different mechanisms of compensation in LHON carriers. For example, a more recent

study produced mutation-free cybrid fibroblasts with the nuclear genome of affected LHON
patients but mtDNA replaced with wild-type.[73] Experiments in yet another configuration
of cybrids was able to explore the role of haplogroup in LHON, with cybrids bearing various
mtDNA genotypes but sharing the same nuclear genotype.[74] Cybridization can also be
used to produce cell lines with varying degrees of heteroplasmy, which can be helpful in
determining the pathogenicity threshold of mutations.[71,75]

Although there are many roles for cybrids in the study of LHON, there are also many
limitations. Like lymphoblasts, p0 cells are in a hyperproliferative state with altered cellular
metabolism.[71] The cybridization process itself also leads to altered cell physiology;

in fact, one study demonstrated that the cybridization process alone led to changes in
expression of hundreds of genes.[76] And again, because p0 cells are created from
transformed tumor cells, these may be models of processes of mitochondrial regulation

that occur uniquely in RGCs.
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5.2.4. Non-iPSC-derived RGC models—Before the development of iPSC-derived
RGCs, a few RGC models of LHON had been devised. For example, the RGC-5 model
was developed almost 20 years ago, purportedly comprised of rat retinal ganglion cells.
Unfortunately, a number of studies were conducted using this cell line before it was
discovered that it was a mouse and not a rat line as originally thought, neither did it express
important RGC markers.[71]

Also noteworthy is a different RGC cell model created by transforming mouse retinal
ganglion cells in vivo using methods similar to emerging gene therapies, which use viral
transformation to induce allotopic expression of wild-type mitochondrial gene in affected
patients. In contrast, the virus used for this model contained mutant m. G11778A ND4
which induced allotopic expression of an LHON-causing gene in otherwise healthy mouse
retinas in vivo.[77] The transformed retinas showed signs of optic neuropathy on optical
coherence tomography (OCT) and histopathological analysis.[77] Such a transformation
process could also be performed in cultured RGCs to create another cell model of LHON,
although with the development of iPSC-derived RGCs such a model might be obsolete.

5.3. The emerging class of iPSC-derived RGC models

5.3.1. New models and considerations—To our knowledge, three iPSC-derived
RGC models have been developed to date. The first model, reported by Wong et. al in
2017, was developed using cells from an affected patient and a carrier which were both
homoplasmic for two mutations, m. T14484C and m. T4160C.[73] Another model reported
by Wu et. al in 2018 used cells from one carrier and one affected patient both homoplasmic
for the m. G11778A mutation.[19] On the other hand, a new line developed by the present
authors (unpublished results) is also comprised of cells from a carrier and an affected patient
with immediate familial relation and approximately 75% heteroplasmy for the m. G11778
mutation. The application of cybrid technology to iPSC-derived RGCs is another useful
iteration of this class of models. For example, Wong et. al generated an isogenic control for
their experiments by generating cybrid LHON RGCs with wildtype mtDNA.[73]

All of these models offer clear advantages over other types of cell models. RGCs are the
best choice for modeling LHON since they are the cell type comprising the affected tissue.
Furthermore, the ability to isolate cells from living patients using iPSC technology allows
for easy access to tissue from carriers and affected individuals alike. This allows for different
potential configurations of iPSC-derived RGC systems, which will each have their own
strengths and weaknesses. For example, one advantageous property of the line developed by
Wong et. al is the presence of two pathologic mutations; treatments proven effective in this
cell line would suggest efficacy in patients with either mutation. However, the presence of
two pathogenic mutations is also an important limitation for studying the pathogenesis of
LHON because the effects of either mutation individually are confounded with the other in
this model.

An advantage of the models reported by both Wu et al. and Wong et al. is that they

are homoplasmic, representing the majority of LHON patients. However, there may be
advantages to studying LHON in a model of heteroplasmic RGCs. Nuclear-encoded
disparities may confound results when the affected and carrier cell lines have different
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nuclear genomes. One way to control nDNA is to use cybrid RGCs such as the ones
developed by Wong et. al., enabling the comparison of cells with either WT or LHON
mtDNA but identical nNDNA. However, a major limitation of this model is the harsh effect
of the cybridization process on cell metabolism and gene expression. For some experiments,
heteroplasmic cells may prove more useful. A heteroplasmic RGC model could be used to
demonstrate differences in the handling of mutated mtDNA versus healthy mtDNA within
the same cell. On the other hand, rather than controlling for nDNA and using mtDNA as

a dependent variable, a converse approach might involve controlling for mtDNA to study
the effects of nDNA. The use of two cell lines with different patient phenotypes but highly
similar nDNA would be helpful in isolating key nuclear-encoded processes responsible for
the pathology of LHON. This is another significant advantage of our cell model.

5.3.2. Limitations of iPSC-derived RGCs for modeling LHON—AII of the

RGC lines mentioned above share certain limitations. None is a perfect model for all
variants of LHON, since clinical outcomes and pathophysiology differ according to the
precise mutation. Another limitation is that the harvesting and differentiation of iPSCs

can be difficult and time-consuming. Furthermore, because there are potentially multiple
mechanisms of compensation related to polymorphisms in nuclear genes, it is difficult to
generalize results from a single cell line to represent the entire population. Finally, there may
be components of the disease process that cannot be modeled in RGCs alone, but would be
best represented in tissue models.

The experiments in LHON m. G11778A iPSC-derived RGCs by Wu et al reported
controversial findings and highlighted a potential limitation of their model. Previous studies
in both heteroplasmic and homoplasmic blood cells found higher levels of mtDNA in
carriers compared to affected patients, and both were higher than controls (Fig. 2A-C).
[37,78] The experiments in RGCs agreed that mutant cells have higher mtDNA content
compared to controls; however, RGCs from the affected patient had higher mtDNA content
than the carrier cells- opposite to the findings described previously in blood cells (Fig
2D).[19] The RGCs in the model system used by Wu et al were derived from two patients
homoplasmic for m. G11778A from the same family, however the closeness of the genetic
relation was not specified in their publication. On one hand, the discrepancy could be due

to an unfortunate choice of a cell donor pair, with the affected individual having a higher
biogenesis capacity and the carrier having lower capacity compared to the population mean
for each group. If the donors used by Wu et. al were distant relatives, this might suggest

that cell lines developed from first-degree relatives might be preferable for cell systems
modeling LHON to minimize genetic differences. On the other hand, these data may suggest
that peripheral blood is a poor choice of model for studying mitochondrial biogenesis in
LHON. Indeed, recent work has suggested that mtDNA maintenance and replication can be
highly tissue specific, with different mechanisms in tissues that naturally rely predominantly
on OXPHOS.[79] Regardless, this discussion demonstrates the utility of minimizing genetic
heterogeneity between healthy and diseased cells when developing a RGC model of LHON.

In general, RGCs may be more effective for modeling LHON than other neuron models
of different neurodegenerative diseases. Indeed, the unmyelinated state of naked RGCs in
culture is comparable to that of the nerve fiber layer (NFL) of the retina which it is meant to
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model. However, the roles of other retinal cells including Miiller, bipolar, and amacrine cells
cannot be studied in cultures of RGCs only and this is a significant limitation. A recent study
in complex | deficient mice suggested that other retinal cells may be important in mediating
the inflammation and subsequent vision loss during the acute phase of LHON.[80] Distal to
the lamina cribrosa, RGC axons do become myelinated and also interact with astrocytes. As
discussed previously, the transmitophagy mediated by astrocytes has been shown to play a
significant role in mitochondrial quality control.

Another limitation is that LHON is not restricted to affecting only RGCs; it can also result
in degeneration of other neurons in the visual pathway and in rare cases it can affect various
other bodily tissues.

5.3.3. Animal models of LHON—Most of the research on LHON has been performed
in cell models. Indeed, research at the cellular level has been ongoing since approximately
1980, while the first transgenic animal model did not appear until around 2010. Furthermore,
at the present, not every major LHON mutation has a corresponding animal model. Below,
we review existing animal models of LHON. We present these models in order of increasing
similarity to affected human retinal tissue in LHON.

Without using transgenic methods, complex | dysfunction in animals was achieved

using treatment with exogenous mitochondrial toxin. In 2010, a group devised a model
involving intraocular injection of rotenone, a complex I inhibitor.[81] This induced an optic
neuropathy comparable to LHON. The relative simplicity of implementing this model makes
it attractive for exploratory experiments on complex | function.

In 2008 a transgenic mouse model of severe complex | deficiency was developed via
double-knockout of Ndufs4, a nuclear-encoded gene which is necessary for either assembly
or stability of complex 1.[82] This mutation caused visual loss and encephalomyopathy
leading to death at around 7 weeks age, along with other symptoms comprising a severe
phenotype that may be more consistent with Leigh’s syndrome than LHON. Regardless, the
model is useful for studying complex | deficiency which is the root of LHON pathogenesis.
Complex I activity in submitochondrial particles from these mice was undetectable, however
complex-I driven oxygen consumption was only reduced by half.[82] These mice were
used to study processes associated with retinal ganglion cell death and demonstrated the
role of immune and inflammatory markers in vision loss due to complex I deficiency.[83]
Experiments in Ndufs4 mice have also shown that the loss of amacrine cells may precede
RGC loss in LHON.[84] These animals were also used to evaluate repurposed drugs for
efficacy in treatment of optic neuropathies.[84]

Also in 2008, another mouse model was generated by inducing mtDNA mutations in mouse
germline cells. This mutant mouse line possesses the ND6 mutation G13997A which is
equivalent to the rare human mutation G14600A, making this model more consistent with
the genetic etiology of LHON compared with the Ndufs4 model.[85] However, the ND6
mice also possess another less consequential mutation in the cytochrome ¢ oxidase subunit

I gene which reduces oxidative phosphorylation by complex 1V in homoplasmic cells by
about 50%, which is a disadvantage of the model. These mice did not display an overt
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phenotype, but did show reduction in complex | activity of 10-30% in brain, heart, liver,
and muscle tissue.[85] Electroretinogram studies in these animals showed reduced retinal
function, and tissue analyses demonstrated axonal swelling, demyelination, accumulation
of abnormal mitochondria in optic nerve fibers.[86] Importantly, mitochondrial analyses in
these animals showed normal ATP production but increased ROS production, offering some
new evidence to help answer the long-standing question of whether the exact mechanism of
cell damage in LHON is increased ROS, low ATP, or both.[86]

Two other mouse models of LHON have been developed using a unigue design involving
expression of human pathologic complex | subunits. These models may perhaps be the
closest approximation of human LHON pathogenesis of the animal models currently
available. The first of these involved intraocular injection of a viral vector to induce allotopic
expression of mutated human ND4, which was sufficient to trigger optic neuropathy in the
mice.[77,87] A whole-mouse version of this model was subsequently created using gene
insertion with a mitochondrial-targeted viral vector and germline mitochondrial transfer.
This created a line of transgenic mice expressing mutant human ND4.[88] Importantly, these
animals were used to evaluate the potential for gene therapy in the treatment of LHON.
Using an adeno-associated virus vector containing wild-type human ND4, the optic atrophy
phenotype of these mice was successfully reversed. These results paved the way for the
human trials of AAV-delivered ND4 which are now under way.[89]

Although each of the above models is quite excellent individually, there are limitations to
our current arsenal of animal models. First of all, the selection of causative mutations in this
arsenal is somewhat discordant from the mutations found in human population. For example,
although there are models of the most common LHON mutation, m G11778A (ND4), there
are no animal models corresponding to the other two very common mutations m. G3460A
(ND1) or m. T14484C (ND6). And secondly, results from animals are unavoidably different
from results that would be obtained in human models. Thus experiments in mouse models
might be performed in parallel with experiments in iPSC-derived RGCs for cross-validation.

5.4. Future Perspectives in modeling LHON

5.4.1. Verifying old results with new models—As discussed above, many studies
key to our current understanding of LHON were performed in less-than-ideal model
systems. Results from these studies, particularly those involved in characterization of
pathogenesis, mitochondrial regulation, and mechanisms of experimental treatments, should
be verified in newer models. For example, a major question raised earlier in this review

was whether increased mtDNA copy number is truly a protective factor in LHON. A study
in blood cells supported this theory, showing an increase in mtDNA in carriers compared

to affected patients. However, a study in human iPSC-derived RGCs reported decreased
mtDNA copy number in carrier cells compared to affected cells. A future experiment should
analyze the mtDNA copy number in peripheral blood from cell donors themselves and
compare it with the mtDNA copy number in their own iPSC-derived RGCs.

Studies using models such as blood cells have also been used to characterize heteroplasmy,
mitophagy, and biogenesis. Another potential study involving both blood and RGCs from
the same donors might be useful for determining whether the degree of heteroplasmy in
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blood cells mirrors that of RGCs, or if they differ significantly. Whether the effect is
different among carriers, affected patients, and controls could also be explored.

Another important question is whether estrogen can explain the disparate penetrance
between the sexes. Although results in other cell models are compelling, this protective
effect of estrogen should be verified in RGCs. Once this is done, the respective mechanism
could potentially be elucidated.

There are many other experiments deserving replication in RGCs. The precise effects of
cigarette toxins, the mechanisms by which certain medications can trigger LHON, the
consequences of certain dietary compounds and vitamin deficiencies, and the effects of
experimental treatments should all be cross-validated in RGCs.

5.4.2. Unanswered Questions

5.4.2.1. Pathogenesis and Penetrance: Many important questions regarding LHON
remain unanswered, with two being of utmost importance. Firstly, the exact insult leading to
RGC loss in LHON is still poorly defined. Publications by other authors have suggested that
the primary lesion may on the one hand be excessive oxidative stress, or on the other hand
simply a severe energy deficit. Experiments in neurons favor the idea that increased ROS
may be the primary issue.[6] The signaling properties of ROS have recently been gaining
greater attention, and the role of ROS in regulating cell metabolism and inflammation could
be relevant to this discussion[90]. A possibility deserving consideration is that abberancies
in ROS balance could drive pathologic changes in energy metabolism in LHON diseased
cells, linking both of the aforementioned theories. This possibility should be explored
further.

Despite our lack of clarity on this key subject- the primary insult causing cell loss in LHON-
many therapies are already being tested in LHON patients. We agree with Lopez-Sanchez et.
al., who noted that “this is surprising and is a research area that should be better addressed
to aid rational drug development.”[2] Likewise, research studies have relied on assumptions
regarding the mechanism of RGC insult to make further conclusions about the pathogenesis
of LHON. In a very recent publication, the authors went so far as to create a mathematical
model of superoxide diffusion and axonal degeneration in RGCs. And yet, the authors
admitted that it is still not certain that toxic levels of superoxide are truly the direct cause

of the axonal degeneration.[91] The causal relationship between superoxide levels and cell
degeneration has not yet been demonstrated in LHON RGCs, despite these cells being
available for at least 2 years.

Secondly, the processes which differentiate healthy carriers from diseased individuals have
yet to be characterized. This question alone may represent the next decade of LHON
research, as it spawns a host of additional questions. Are there multiple distinct processes
that could potentially rescue a cell from a LHON mutation? If so, which combinations

are sufficiently protective? Which genes or proteins mediate these processes, and what

new therapeutic targets could be used for designing future treatments? The starting point

for exploring these questions lies in the experimental characterization of axon- and soma-
localized mitochondrial biogenesis, mitochondrial transport and mobility, fission and fusion,
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mitophagy, and transmitophagy in LHON RGCs. Additionally, we know that even members
of the same haplogroup may have a different haplotype, or exact set of all polymorphisms.
Haplotypes from different haplogroups could have independently developed the same
polymorphic mutation after the phylogenetic divergence of their haplogroups. Future studies
might aim to find any polymorphisms, independent of haplogroup, which are associated with
increased prevalence of LHON. With the current advances in bioinformatics, there might
also be the possibility of grouping polymorphisms with similar effects on protein structure
or function to gain even greater insight.

In the first such experiment to be performed in patient-specific RGCs, Wu et al astutely
used RNA microarray analysis to compare expression of genes between diseased cells

and carriers. They found that 235 and 348 transcripts were overexpressed while 228 and
532 genes were underexpressed in carriers and diseased cells, respectively. However, gene
ontology analysis suggested that the main biological processes differentially expressed in
these cell populations were mostly related to cell cycle regulation- a seemingly strange
result. Future experiments characterizing mRNA transcripts might involve RNASeq, which
is preferred to RNA microarray. However, analysis of RNA transcript levels may not be
sufficient for analyzing changes in gene expression in LHON, since altered gene expression
in response to cell stress may occur primarily at the translational level (see prior section
titled “local mitochondrial biogenesis™). Thus, in addition to RNASeq analysis, future
studies on gene expression in RGCs should include proteomic analysis.

5.4.2.2. The potential role of NRF1 and SCNG in astrocyte-mediated mitophagy and
axonal maintenance in LHON RGCs: Existing literature and preliminary results from

the studies by Wu et al suggest a novel mechanism of variable penetrance in LHON that
deserves further attention. The nuclear-encoded proteins NRF1 and NRF2 drive expression
of the mitochondrial respiratory chain subunits and play different roles in mitochondrial
quality control and response to oxidative stress.[24] NRF1 also drives the expression of
genes responsible for neurite outgrowth.[92] In NRF1 knockout mice, the most drastically
reduced protein in RGCs was gamma-synuclein (SCNG),[93] which is involved in the
axonal cytoskeleton and signal transduction pathways. In the study by Wu et al, diseased
cells had shorter and fewer neurites with slightly increased levels of SNCG, while the carrier
cells had normal neurites and highly increased expression of SNCG.[19] It is tempting

to think that in carriers, enhanced production of SNCG compared to diseased patients in
response to increased NRF1 may be directly responsible for the difference in phenotype.
Considering that SNCG plays a protective effect in acute axonal insult,[94] and that it

drives increased phagocytic activity of astrocytes at the optic nerve head,[95] SNCG may
play a role in regulating transmitophagy. As discussed previously, transmitophagy is a
mitochondrial quality control process involving astrocyte-mediated phagocytosis in the optic
nerve head. Future studies using /77 vivo and RGC models should be aimed at further
characterizing the pathway involving NRF1, SNCG, and astrocyte function.

5.4.2.3. The potential role of estrogens, ROS, and AMPK signaling in LHON
RGCs: Another potential mechanism differentiating carriers and diseased patients,
previously suggested by other authors,[5] may involve the AMPK pathway. Some interesting
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results from iPSCs shed light on this hypothesis. Wu et al found a 23% decrease in catalase
expression in affected RGCs and a 57% decrease in carriers compared to healthy cells. Their
conclusion from this data was sensible- that decreased antioxidant defense contributes to the
pathogenesis of LHON.[19]

However, we propose another potential interpretation. There was increase in SOD2
expression in carriers compared to both controls and diseased patients.[19] Together,
decreased catalase expression but increased SOD2 expression would favor increased
hydrogen peroxide levels. AMPK, an important cell energy regulator, is activated by
hydrogen peroxide. Perhaps upregulation of SOD2 and downregulation of catalase is
important for driving hydrogen peroxide-mediated AMPK activation, an important regulator
of cell energetics. Indeed, hydrogen peroxide-dependent enhancement of cell energetic
biogenesis via AMPK is a phenomenon which has been described in other cell types
(unpublished results). Interestingly, AMPK regulates levels of PGC-1a, the driving signal
for mitochondrial biogenesis. AMPK directly phosphorylates PGC-1a and induces PGC-1a
gene expression at its promoter. Thus, differential expression of antioxidant enzymes
between carriers and affected patients may drive differences in mitochondrial biogenesis,

an important compensatory mechanism in LHON.

This theory could potentially explain the protective effect of estrogens as well. Estrogens are
known for regulating mitochondrial function, and one mechanism by which they accomplish
this is modulation of ROS levels.[96] In fact, the modulation of ROS levels by estrogens

is used as a mechanism of signal transduction in a variety of cell types.[42] In LHON
osteosarcoma cybrids, estrogen treatment increased expression of SOD2 and improved
phenotype of the cells. Unfortunately, catalase levels were not measured in the study.

Future studies should explore the relationship between levels of SOD1, SOD2, catalase, and
ROS with cell energetics, AMPK pathway activation, and mitochondrial biogenesis, and
whether this is modulated by estrogen in LHON RGCs. In addition, how these theorized
mechanisms relate to the unclear reason behind selective RGC death due to ROS production
and antioxidant defense failure, is a potentially important area of study.

5.4.2.4. Other questions: Many other topics may yield pearls of knowledge. An
investigation of what parts of the cell first show energy deficits or increased ROS, or

where they are most severe, may have anatomic implications for administration of future
therapies. Studies identifying cellular processes that indicate impending or increased risk of
RGC failure might have implications in prophylactic treatment of healthy carriers. Likewise,
identification of the processes that mark the transition from reversible to irreversible damage
to RGCs may be useful in differentiating between treatments that slow the progression of
LHON versus those that prevent additional vision loss. Markers of decreased RGC function
that might be useful dependent variables in such investigations include but are not limited

to levels of glutamate transport, cell membrane potential, action potential amplitude and
frequency, and cell excitability.

On the other hand, neuronal activity might be used as an independent variable to study
cell stress. For example, whole-cell electrophysiology experiments might involve repeated
stimulation of action potentials in a single cultured RGC. Visualization of mitochondrial
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localization or markers of mitochondrial dynamics in real time over the course of repeated
electrical stimulation causing energetic stress might yield new insights into the neuron-
specific mechanisms of cell stress and compensation.

Melanopsin-expressing RGCs (mRGCs) may be another source of information about the
susceptibility or RGCs in LHON. Comparing ROS levels, cell signaling, and protein
expression in mMRGCs and RGCs could be informative, considering that mRGCs are usually
spared in LHON.

Finally, hybridized RGCs may be a powerful tool in the future of LHON research. The
ability to control for nDNA is useful for isolating elements of the disease process controlled
by the mtDNA mutation specifically. However, it would be prudent to determine the

extent of aberrant behavior due to the cybridization process before many experiments are
performed using this cell model. This could be accomplished via generation of a pg line
using patient derived cells, then “psuedo-cybridizing” the cells with the mtDNA from the
original RGC line, and then differentiating the cells into RGCs. Experiments comparing
the pseudocybrid RGCs with the genetically identical non-cybrid RGCs might help to
characterize the extent of aberration in the cybrid RGCs.

5.4.3. Future Models

5.4.3.1. Co-cultures and tissue engineering: Although iPSC-derived RGCs mark a great
improvement in the quality of experimental model for LHON, there is still the potential

for improvement. With iPSC technology, development of patient-derived cocultures to study
LHON is likely in the near future.

Advances in tissue engineering and 3D culture have brought about “organoid” RGC models,
which include many cell types in the retina growing in a highly organized way that closely
mirrors RGCs in vivo.[97] The primary advantage of this type of model includes the ability
to observe cell-cell interactions and capture features of the extracellular matrix.

The retinal organ-on-a-chip model is the most novel of the organoid models. This model
includes all the cell types used in organoid models grown on a layer of retinal pigmented
epithelial cells fixed on a chip. This model possesses all the same advantages of prior
organoid models, however it is the first retinal cell model that captures all the classical cells
type that belong to the retina. Another unique advantage of the organ-on-a chip model is that
it uses continuous nutrient supply to mimic physiologic perfusion.[98] This model could be
adapted using stem cells from LHON patients for diverse applications.

The retina is only half the story, however. As discussed previously, the optic nerve head is

a highly important site of mitochondrial regulation in RGCs. Thus, an opportunity exists for
future organoid models of mitochondrial optic neuropathies. A future model which captures
the cell-cell interactions with oligodendrocytes and astrocytes in the optic nerve head could
be useful for understanding mitochondrial processes occurring in RGC axons.

5.4.3.2. Exvivo models: Another type of future model may consist of ex vivo ocular
tissue. Ex vivo tissue models offer the advantage of providing complete, authentic retinal
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tissue, making them potentially superior even to organoid models. The major drawback to ex
vivo models is that their implementation is impractical. In whole eyes, cannulization of the
ophthalmic artery and perfusion with appropriate nutrient media can maintain viable retinal
function for only a number of hours after explant.[99] Alternatively however, small pieces
of retinal tissue can be isolated from ex vivo eyes and sustained in culture. This approach
yields greater duration of tissue viability post-explant; in one study, retinal explanted tissue
was sustained in culture for 14 days.[100] To our knowledge, the study of mitochondrial
optic neuropathy using intact human retinal tissue is unprecedented, mainly because of the
scarcity of diseased donor eyes and difficulty sustaining the tissue. However, techniques

to model LHON in wild-type animal models could be applied to ex vivo ocular tissue

from healthy donors. For example, application of a rotenone microsphere solution to a
whole healthy donor eye might simulate complex | dysfunction as it did in mouse retina in
vivo.[81] The associated visual dysfunction could be detectable using electroretinography,
which has been used in ex vivo animal eyes previously.[101] On the other hand, viral
transformation of ex vivo retinal tissue to express mutant mitochondrial proteins could be
accomplished using methods similar to those used in animal models previously. In fact, viral
transformation of ex vivo retinal explants to express GFP using an adeno-associated viral
vector has already been performed, quite recently.[100] Using the similar methods, but with
mutant ND4 instead of GFP, it might be possible to generate an ex vivo tissue model of
LHON.

6. Treatment of LHON: Challenges and opportunities

6.1.

Electron carriers and antioxidants

Currently, the only approved therapy for LHON in the world is idebenone. Idebenone was
approved for use in the European union in 2015, but is still under review in the United
States. Coenzyme Q10 (ubiquinone) and its analog idebenone are electron carriers that
scavenge free radicals and also deliver electrons to complex 111 of the ETC,[2,11] however
idebenone is clinically superior to CoQ10 because of better dietary absorption. Recent cell
studies show that a metabolite of idebenone, QS10, is potentially even more effective for
restoring complex | function and CoQ defects.[102] Another quinone derivative EPI-743
has also shown promising results in clinical trials.[103] Drugs in this class are thought to
have the greatest benefit when administered immediately at the onset of LHON; the goal
of therapy is to prevent disease progression. Reversal of vision loss by these drug has been
observed in some patients. Interestingly, the food dye methylene blue also has free radical
scavenging and electron carrier properties, however its effects in optic neuropathies have yet
to be investigated.[2]

On the other hand, most antioxidants in general protect against ROS but do not

ameliorate energetic deficits because they do not deliver electrons to the ETC. Exogenous
glutathione and carotenoids have shown protective effects via relief of oxidative stress.
[2,11] Mitochondria-targeted antioxidants have also been developed and may be promising
for treatment optic neuropathies such as LHON. For example, the drugs KH176 and

RTA 408 are mitochondrial antioxidants that have been tested recently in patients with
other mitochondrial diseases. Szeto-Schiller (SS) peptides are another unique class of
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mitochondrial free radical scavenger, which localize to the mitochondria at concentrations
approximately 1000-fold higher than the rest of the cell.[104] The SS peptide Elamipretide
(MTP-131) localizes to the mitochondria via interaction with cardiolipin, improves cell
energetics, and decreases reactive oxygen species, possibly by stabilizing the mitochondrial
membrane and cytochrome c.[105] Clinical trials have shown promising results in patients
with myopathy and heart failure,[105] and another clinical trial in LHON patients
specifically (NCT02693119) is scheduled for completion by next year.

6.2. Modulation of Mitochondrial Regulation

Pharmacological enhancement of mitochondrial dynamic processes is a promising approach
for treating LHON, however research on the efficacy of such treatments remains in
experimental stages. Potential mechanisms of these therapies include modulation of
biogenesis, fission and fusion, mitophagy, degree of heteroplasmy, as well as neuron-specific
mechanisms of mitochondrial mobility and quality control.

In either heteroplasmic or homoplasmic LHON, a higher proportion of mitochondria are
damaged, therefore increased mitophagy might help cells clear damaged mitochondria more
efficiently. In cybrids, pharmacological activation of mitophagy using rapamycin selectively
targeted damaged mitochondria and improved cell survival.[106] Ocular administration of
rapamycin or other mitophagy-inducing agents should be investigated in tissue or animal
models of LHON.

Similarly, targeting damaged mitochondria for mitophagy in heteroplasmic patients might
decrease the burden of mutated mtDNA and improve phenotype. Experimental therapies
take advantage of the distinct sequence of nucleotides to selectively lesion the mutant
mtDNA and allow the cell’s natural mitophagy machinery to dispose of the damaged
mitochondria. This has been accomplished in patient-derived cells, cybrids, and mice

using mitochondrially targeted transcription activator-like effector nucleases (mitoTALENS),
[107,108] mitochondrial zinc finger nucleases (mtZFNs),[109,110] and mitochondrially
targeted endonucleases, respectively.[111]

Increased mtDNA copy number has been observed in peripheral blood from carriers
compared to affected patients.[37] Therefore, enhancement of mitochondrial biogenesis

has been suggested as a treatment for LHON. The “master regulator” of mitochondrial
biogenesis, PGC1-a binds to NRF1, NRF2, peroxisome proliferator activated receptor
(PPAR), and estrogen-related receptors to stimulate increased expression of mitochondrial
transcription factor A (TFAM), which increases the synthesis and packaging of mtDNA.[2]
On the other hand, PPAR and AMPK are known to control PGC1-a levels.[4] Therefore,
drugs that act on proteins at different points along this cascade, including metformin,
fibrates, rosiglitazone, and 5-aminoimidazole-4-carboxamide ribonucleoside, and potentially
phytoestrogens might increase mitochondrial biogenesis.[4]

The balance between fission and fusion is also important in LHON pathogenesis. Over-
fragmentation of mitochondria due to excessive fission could contribute to mitochondrial
depletion. In a yeast model of OPA1 ortholog deletion, the re-purposed drug hexestrol
rescued both mitochondrial fragmentation and mtDNA depletion, while clomiphine also
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ameliorated mtDNA depletion.[112] Since mtDNA copy number and mitochondrial
fragmentation are phenotypical of diseased individuals, this therapeutic approach merits
further investigation.

Modulation of neuron-specific mitochondrial dynamic processes might also be a novel
therapeutic strategy in LHON. Transcellular mitophagy, local mitochondrial biogenesis,

and mitochondrial axonal transport have been sufficiently characterized such that future
experiments could explore their potential in treating LHON. To our knowledge, no work has
been done presently to explore these potential treatment approaches.

6.3. Gene therapies

Since LHON is a genetic disease, gene therapy is a fitting treatment strategy. Three main
types of gene therapies have been conceived for treating LHON. Gene replacement therapy
and germline mitochondrial replacement are two therapies that have been used clinically
with some success. Another potential therapy, mitochondrial gene editing, is still in its
infancy.

Gene replacement for ND4-mutant LHON patients involves a nuclear-targeted viral vector
carrying wild-type human ND4 with an added mitochondrial targeting sequence. Multiple
clinical trials exploring the safety and efficacy of this treatment have been completed or
are currently under way. A recent study of 53 patients with the 11778 mutation given
ocular treatment of an ND4-expressing adeno-associated virus described improvement (not
reversal) in roughly half of patients as measured at 1 and 3 months post-treatment.[113]
Visual field improvement after AAV2-ND4 gene therapy has been seen even in patients
with disease duration > 2 years.[114] Concerns have been raised that improvement in some
patients could be due to spontaneous recovery and not the gene therapy, however. Although
the results from these studies are groundbreaking for the treatment of LHON, they also
indicate room for improvement.

Mitochondrial replacement is a preventive treatment involving the replacement of egg

or embryo cytoplasm with cytoplasm from another cell donor containing wild-type
mitochondria.[115] The term “three-parent baby” has been used to describe children
conceived using this technique. This technique may have unforseen limitations, however.
Using maternal spindle transfer, it is difficult to obtain embryonic cells with 100% donor
mtDNA haplotype; the resulting embryonic cells usually contain very low levels of the
original maternal mtDNA.[115] Interestingly, recent studies have shown that gradual loss
of donor mtDNA and reversal to the nuclear DNA-matched haplotype can occur after
mitochondrial replacement, although the prevalence of this is low.[115]

With the growing popularity of the CRISPR/Cas9 gene editing system, a mitochondrially
targeted version, mitoCas9, was subsequently developed.[116] Although there are other
systems for editing mtDNA, the mitoCas9 system has many advantages. However, one
important limitation of mitoCas9, is the unpredictable off-target activity, which marks an
obstacle for trial in human patients. To date, studies using mitoCas9 in either cells or animal
models of LHON have yet to be performed. However, it was recently demonstrated that
AAV-delivered CRISPR/Cas9 can effectively perform gene editing in RGCs.[117]
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6.4. Other potential therapies

In a prior section of this review, we discussed how low-wavelength visible blue light is
thought to contribute to ROS production and could exacerbate LHON. On the other hand,
red or near-infrared light therapy has demonstrated significant neuroprotective effects in
models of retinal damage by increased mitochondrial membrane potential, complex 1V
activity, and ATP production.[118] Eyeglasses that filter blue light but transmit red light
could be helpful in either prophylaxis or slowing the progression of LHON. Further research
is needed on this topic.

The mitochondrial permeability transition pore plays an important role in cell death.
Because the drug cyclosporine blocks this channel, it was thought to have therapeutic
potential for LHON.[119] However, results from a recent clinical trial found that it was
ineffective for preventing second-eye involvement.[119]

A growing body of research suggests that drastic alterations in metabolism or respiration
may have implications for treating the mitochondrial dysfunction in LHON. For example, it
has been proposed that caloric restriction and a ketogenic diet may have neuroprotective
effects, increase mitochondrial biogenesis, increase antioxidant defense, enhance ATP
levels, and potentially enhance complex | function.[120] Exercise and intermittent fasting
are linked with mitochondrial biogenesis and neurogenesis, having protective effects
against neurodegenerative disease.[121] For example, aerobic endurance training increases
mitochondrial mass in muscle, presumably due to the effects of temporary hypoxia.[122]
Interestingly, chronic hypoxia in a mouse model of complex | deficiency prevented the onset
of neurodegenerative disease and extended survival.[123] In fact, chronic exposure to 11%
02 in the Ndufs4 mice not only protected against development of disease, but reversed

the disease completely even when administered as a near-death intervention.[124] Whether
hypoxia might reverse blindness in other animal models of LHON, and how these results
might be applicable in human patients, are questions that require further research.

Apart from these therapies, more research into cocktail therapy approaches may be
warranted. Given that LHON is a multifactorial disease, we note that a multi-drug approach
has been efficacious when used to combat other multifactorial diseases, such as certain types
of cancers. This approach continues to improve as recent studies highlight how advances

in drug delivery systems, such as the emergence of nanotechnology in chemotherapeutic
cocktail delivery, have helped overcome some pharmacokinetic obstacles in order to boost
the synergistic effects of multi-drug therapies.[125] While little research has been done

in this area with regard to LHON, combinations of mitochondrial drugs may yield more
favorable results than single-drug trials.

Finally, stem cell therapies may be the key for treating LHON. One study in rotenone-treated
mice found that application of retinal progenitor cells to the ganglion cell layer had a
protective effect on the retina but this improvement was due to differentiation into GFAP-
expressing glial cells, not the generation of new RGCs.[59] In patients with irreversible
RGC loss, regeneration of RGCs may be the only method for restoring vision loss. There are
two main research objectives that will be important for making such a treatment possible.
The first is maintaining cell viability while ensuring delivery to correct location in the retina.
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[11] The second is stimulating axonal pathfinding such that the transplanted cells follow the
optic nerve to synapse in the proper location and maintain correct retinotopic mapping.[11]

7. Conclusion

Leber’s hereditary optic neuropathy (LHON) is a debilitating disease that causes near-
blindness suddenly and unexpectedly in men during their most productive years of life.

No treatments for LHON are currently indicated for use in the United States. However,

two promising treatments may soon be integrated into clinical practice: intraocular gene
replacement therapy using a viral vector and thrice-daily oral idebenone, an electron carrier
and antioxidant.

While these treatments represent major advancements in the clinical management of LHON,
the results from their respective clinical trials suggest that these treatments alone are not
able to stop the progression of vision loss or recover vision in most patients. Oddly, the
precise mechanism by which LHON causes optic neuropathy remains poorly characterized
despite major advances in field, such as the generation of iPSC-induced retinal ganglion cell
models or the characterization of neuron-specific mechanisms of mitochondrial regulation.
Our review suggests that complacency with old models and perpetuation of old assumptions
may be two factors impeding our progress in understanding the pathogenesis of this disease,
and therefore our ability to develop effective treatments.

ETC dysfunction in LHON primarily affects retinal ganglion cells. Elements of
mitochondrial regulation that take place exclusively in the axon likely play a major role

in LHON, but they have been under-explored because they cannot be modeled in other cell
types. These elements include glia-mediated transcellular mitophagy, local mitochondrial
biogenesis via increased translation of local mMRNA, and modulation of mitochondrial axonal
transport and mobility. Greater attention must be given to these processes and their role

in the pathogenesis of LHON. The mechanism behind mtDNA point mutations leading to
production of reactive oxygen species, and how these lead to selective RGC apoptosis, is
also ripe for study. In addition, classic elements of mitochondrial dynamics that can be
modeled in other cell types may be regulated differently in neurons.

The conceptualization of LHON as a simple disease owing to just a point mutation has
also impeded our progress. Whether a carrier develops the disease greatly depends on the
presence of environmental risk factors and protective mechanisms which are encoded in both
the rest of the mtDNA as well as the nDNA genome. The gene-environment interactions
that can influence development or progression of visual loss in these individuals is not
clear, though select studies do suggest an association with tobacco use, and a weaker

link to heavy alcohol consumption. The identification of the precise risk factors and
protective mechanisms is an area ripe for discovery- and with great reward. An improved
understanding of the cellular processes which differentiate healthy LHON-carrying RGCs
from LHON-diseased RGCs will be paramount for developing new, effective therapies.
After all, these compensatory processes are effective at preventing LHON in the 50% of
men and 90% of women who carry LHON mutations but do not develop the disease.
Thorough analysis of these “treatments”, devised by nature, could enable us to overcome
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this devastating illness. Furthermore, the study of the pathogenesis of LHON, particularly
the role of oxidative stress in causing selective RGC death, could lead to advancements

in our understanding of the mechanisms behind other similar causes of blindness, ranging
from other disease involving mtDNA mutations (e.g. Pearson’s syndrome, Kearns-Sayre)
to non-mitochondrial causes of optic nerve damage (e.g. traumatic, glaucomatous). With
the ongoing development of both suitable human cell models and recent improvements in
experimental mouse models, including the development of iPSC-induced RGCs, we may at
last have the tools to accomplish these goals.
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Highlights:
. The importance of context in Leber’s hereditary optic neuropathy (LHON).
. Limits of current LHON cell model systems
. Mouse models for LHON

. New models of LHON which would promise effective treatments
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Figure 1: LHON selectively targets retinal ganglion cells
In contrast to most other somatic cells, neurons depend highly on oxidative phosphorylation

and not glycolysis for cellular ATP production under normal physiologic conditions. This
makes them more vulnerable to the effects of mitochondrial dysfunction. Neurons are also
more metabolically active, with the dendrites, synaptic terminals, and especially the axon
being regions of high ATP demand. Retinal ganglion cells (RGCs) have a unique anatomical
distinction from typical CNS neurons, however. The entire course of the axon through the
retinal nerve fiber layer remains unmyelinated. Only after penetrating and passing posterior
to the collagenous lamina cribrosa do oligodendrocytes myelinate RGC axons to form the
optic nerve. This extensive lack of myelination makes RGCs especially demanding for a
constant supply of ATP- and especially prone to injury when the supply is cut off.
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Figure 2: Mitochondrial Regulation in LHON: Choosing a cell model
Various processes are involved in the production, quality control, and degradation of

damaged mitochondria in retinal ganglion cells. Some of these processes are shared

with many types of cells in the body. These include mitochondrial biogenesis, fission,
fusion, and mitophagy. Other processes are unique to neurons and provide a means

of overcoming energetic challenges associated with axonal length. At the present, local
biogenesis, modulation of mitochondrial mobility along the axon, and transmitophagy have
been identified as mechanisms occurring uniquely in retinal ganglion cells (or neurons in
general).
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Figure 3: Unique metabolic responses to noxious stimuli in retinal ganglion cells
Because of the extreme energy demand and limited supply of blood to the retina, unique

metabolic pathways are used in retinal ganglion cells (RGCs) compared to other cell types
in response to injury. Left: the Wnt3a pathway is used by RGCs to protect against apoptosis
during periods of stress from increased intraocular pressure in glaucoma. Middle: RGCs
secrete factors involved in glycolysis, angiogenesis, vasodilation, and erythropoiesis which
make them highly resistant to necrosis after hypoxic-ischemic injury. Right: RGCs employ
the mTOR, bFGF, and CXCL12 pathways for axonal regeneration. These pathways and
other such metabolic pathways may be important for modeling the pathogenesis of LHON.
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