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D ominant optic atrophy (DOA, OMIM 165500) is the
most common inherited optic neuropathy (1), with

prevalence estimates of 1:12,000 in Denmark (2) and

1:25,000 in North East England (3). Inherited optic neu-
ropathies carry a poor visual prognosis and have a significant
detrimental impact on the quality of life, with high rates of
psychological distress and great societal costs (4–7).

DOA was first described in a British family by Batten in
the 19th century (8) and confirmed in larger studies of
German families by Jaeger (9) and of Danish families by
Kjer (10). These studies demonstrated an autosomal dom-
inant inheritance of isolated optic atrophy, which was clin-
ically and genetically distinct to the maternally inherited
Leber hereditary optic neuropathy (LHON, OMIM
535000), (11). Patients with DOA typically suffer an insid-
ious, progressive, and bilateral visual loss starting in early
childhood (12).

Fundus examination in DOA typically shows temporal
pallor of the optic discs (Fig. 1A), corresponding with
reduced retinal nerve fiber layer (RNFL) thickness of the
papillomacular bundle visible on optical coherence tomog-
raphy (OCT) imaging (Fig. 1B) (13). OCT angiography
shows reduced blood flow in the temporal region of the
optic disc (14–16). Macular OCT demonstrates thinning
of the ganglion cell layer (Fig. 1C) (17), and perimetry
usually shows bilateral central or centrocaecal scotoma
(Fig. 1D). These clinical features illustrate that the loss of
retinal ganglion cells (RGCs), particularly in the papillo-
macular bundle, is central to DOA pathogenesis. Approxi-
mately 20% of patients with DOA also have multisystemic
features (“DOA plus”) such as sensorineural hearing loss,
peripheral neuropathy, myopathy, spastic paraplegia, mul-
tiple sclerosis–like illness, and chronic progressive external
ophthalmoplegia (18,19).

There is marked interfamilial and intrafamilial vari-
ability in the severity of the disease, with visual acuities
ranging from normal to detection of hand movements
only. Half of all DOA patients fail the driving standards
and are registered legally blind (12). The source of this
variability is not fully understood, and it is likely to be due
to a combination of environmental, genetic, and other
factors.
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Although an increasing number of nuclear-encoded gene
variants are being identified as the cause of DOA (20),
70%–90% of patients carry variants in the autosomal gene
OPA1 (3q29, OMIM 605290) (21,22). The OPA1 gene is
large, spanning .90 kbp of genomic DNA (23), and com-
posed of 30 exons (Fig. 2). The transcript (NM_015560.2(O-
PA1)) is alternatively spliced into 8 different isoforms, and they
are translated to Long- (120 kDa) and Short- (80 kDa) forms
of OPA1 (24,25). The resulting OPA1 protein is a ubiqui-
tously expressed dynamin-like GTPase protein that has a mito-
chondrial targeting sequence (MTS, Fig. 2), which facilitates
mitochondrial import (26). Once incorporated into the inner

mitochondrial membrane, OPA1 regulates a number of mito-
chondrial functions, including mitochondrial fusion, bioener-
getics, mitophagy, and stabilization of the respiratory chain
complexes (27). Therefore, DOA is considered to be a mito-
chondrial disease, despite the autosomal location of the most
common causative gene (27). Other genes that cause DOA are
also important for mitochondrial function; these genes have
been described in recent reviews (20,27,28).

There are more than 500 variants in the OPA1 gene that
are likely thought to be pathogenic (23,29). Of these, 28%
are missense and mostly in the GTPase domain (29). A
further 24% of these genes cause aberrant splicing: 22%

FIG. 1. Typical ophthalmological features in a patient with OPA1-positive DOA. A. Color photograph of the right optic disc in a
patient with DOA caused by an OPA1 variant. The disc is diffusely pale with the pallor being more prominent temporally. B.
Optical coherence tomography (OCT) imaging of the right optic disc demonstrating loss of the retinal nerve fiber layer par-
ticularly temporally. C. Macular OCT of right eye showing substantial RNFL thinning. D. Gray scale of perimetry obtained using
a automated 30-2 SITA-Fast (Swedish Interactive Thresholding Algorithm) protocol demonstrating a dense asymmetric
scotoma. E, F. Total deviation and pattern deviation of the same visual field. A dense superior scotoma is visible that extends
into the inferior hemifield. DOA, Dominant Optic Atrophy; RNFL, Retinal Nerve Fibre Layer.
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cause frameshifts, 15% nonsense, and 7% structural vari-
ants (29). Most of these pathogenic variants lead to pre-
mature termination of translation, and they are therefore
likely to be null alleles, which is consistent with the reduced
OPA1 protein concentrations seen in patient-derived fibro-
blasts (30). Therefore, haploinsufficiency has been proposed
to be the primary disease mechanism in OPA1-linked DOA
(27). Haploinsufficiency (HI) is a mechanism of dominance
where one normal copy of the protein is insufficient to
maintain its normal cellular function (Fig. 3) (31). Hence,
when there is one null allele, a disease phenotype results. By
contrast, dominant-negative (DN) effects are cases where
the abnormal protein interferes with the function of the
wild-type protein (Fig. 3) (31). An increasing number of
OPA1 variants have been shown to result in DN effects.
Predominantly, these are missense with a few isolated in-
frame splice variants also described, both of which are asso-
ciated with a more severe phenotype (32,33).

Understanding the molecular pathogenesis of OPA1-
linked DOA may shed light on other diseases too. There
is a growing body of evidence linking mitochondrial dys-
function with the neurodegenerative processes contributing
to the development and progression of glaucoma (34), Par-
kinson’s disease (35), and late-onset dementias (36), includ-
ing Alzheimer’s disease (37). Therefore, investigating the
pathogenesis of DOA provides a powerful model system
that has broader significance in advancing our understand-
ing of other major neurodegenerative disorders. Character-
ization of the unique susceptibility of RGCs in DOA will
also aid our understanding of other optic neuropathies, such
as glaucoma, and guide the development of targeted thera-
pies. In this perspective, we describe how the clinical pre-
sentation of patients with DOA sheds light on the
molecular pathogenesis of this disease. We then outline
how our understanding of this disease process is being
enhanced by the use of increasingly sophisticated model
systems, which are revealing potential therapeutic targets.

PATHOGENESIS

Patients with DOA typically develop insidious bilateral
visual loss, generalized dyschromatopsia, and temporal disc
atrophy. This points toward a specific dysfunction of RGCs,
particularly those constituting the papillomacular bundle.
Despite OPA1 being a ubiquitously expressed gene, RGCs
appear particularly vulnerable to the effects of genetic var-

iants. This may be because of the intrinsic structural prop-
erties of RGCs that make them susceptible to mitochondrial
dysfunction. The axons of RGCs are very long—approxi-
mately 50 mm in humans (99% of their total cell volume),
and they transmit around 15 action potentials per second
(38). RGC axons run along the inner surface of the retina,
through the lamina cribrosa, along the optic nerve, optic
chiasm, and optic tract before synapsing in the lateral genic-
ulate nucleus. The intraocular portion of the RGC is unmy-
elinated in order to facilitate transparency and retinal light
penetration. Therefore, action potentials cannot rely on the
energy-conserving saltatory conduction intraocularly, and
so, a large amount of adenosine triphosphate (ATP) is
required for the management of Na+ and K+ gradients. As
a consequence, RGCs have a high metabolic requirement,
and they are particularly dependent on mitochondrial aer-
obic respiration (39). RGC axons are myelinated after pass-
ing through the lamina cribrosa, so action potential
propagation becomes less energetically demanding outside
the eye. Consistent with this, mitochondria are distributed
more densely in the intraocular portions of the RGC axons
compared with the extraocular portions (40–42). At the
lamina cribrosa, there is a transition zone between unmy-
elinated and myelinated axons; mitochondrial structure here
appears to be very dynamic, involving both intramitochon-
drial and intermitochondrial membrane modifications (27).

The RGCs that make up the papillomacular bundle may
be particularly vulnerable due to their more limited blood
supply (14), increased exposure to oxidative stress generated
by passage of light (43), and the relatively smaller caliber of
the parvocellular RGC axons, which may physically restrict
the transport and maintenance of mitochondria (44).
Intrinsically photosensitive RGCs (ipRGCs) appear to be
resistant to degeneration in this disease and in many animal
models of neuronal damage (45–47). This is consistent with
the finding that patients with DOA appear to have pre-
served physiological diurnal rhythms and pupillary light
reflexes (45) because ipRGCs are crucial for circadian
entrainment and nonvisual light perception (48–50). The
reasons for this are not fully understood but may involve
their relatively large diameter axons (44,51) or the expres-
sion of neuroprotective genes (52). The ipRGCs also
uniquely express melanopsin as their light-sensitive pigment
(53,54), but because ipRGCs are still spared in melanopsin
knockout models of DOA, melanopsin expression in itself is
less likely to be the cause of this resistance (55).

FIG. 2. The OPA1 gene. The human OPA1 gene contains 30 exons. The translated protein consists of a mitochondrial
targeting sequence (MTS), transmembrane domains (TM), coiled-coil domains (CC), GTPase, middle domain and a G-protein
effector domain (GED).
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Most pathogenic OPA1 variants are haploinsufficient,
such as c.2708_2711del, which is the commonest (23).
This means that the variant results in a null allele, and
the one remaining unaffected allele is insufficient to func-
tionally compensate for this loss. Consistent with this,
experimentally knocking out or reducing expression of
OPA1 results in mitochondrial structural and functional
abnormalities (56–62), whereas overexpression is protective
against apoptotic insults (56,63). However, it is believed
that supraphysiological overexpression of OPA1 may be
toxic (64).

Some OPA1 variants exert pathogenic effects through
dominant-negative mechanisms. For example, missense
and possibly in-frame splicing variants such as c.2356-
1G.T, which results in abnormal splicing, could manifest
in dominant negativity by affecting OPA1 oligomerization
(33). This is important because missense variants and those
in the GTPase region of OPA1 generally result in more
severe DOA phenotypes and increased chance of extraocular
features (19).

This distinction is important because different therapeu-
tic approaches are needed for gene therapies (Fig. 3). An
understanding of the transcriptional effects of variants is
critical before the design of genetic modification strategies

such as antisense oligonucleotides (ASOs). For instance, an
ASO strategy aiming to upregulate wild-type (WT) tran-
script expression may not function in the context of a dom-
inant negative variant, for which a knockdown of the
disease-causing allele may be more appropriate. Gene ther-
apies are therefore likely to be time consuming and costly to
develop, with new variants having to be modeled to ascer-
tain their transcriptional and translational impact. Critical
to facilitating this modeling is the establishment of robust
disease models, which will be addressed in the next section.

MODELING SOLUTIONS

Novel disease-causing variants in OPA1 are constantly being
reported, highlighting the marked genetic heterogeneity of
this particular disease (23,29,65). To facilitate personalized
genetic treatments, and to improve our understanding of
DOA pathogenesis, a number of modeling solutions have
been implemented (Fig. 4).

In silico models have been used to predict the pathogenic-
ity of novel missense variants (23) and the effects of splice site
variants (33,66). However, it remains challenging to determine
the translational consequences of the predicted transcripts, and
in vitro models provide an excellent way to validate these

FIG. 3. Haploinsufficiency and dominant negative effects. Haploinsufficiency (HI) occurs when one copy of the gene is a null
allele, so it is not expressed at a sufficient level to facilitate normal function of the protein. In OPA1 variants, this results in
mitochondrial structural fragmentation, impaired adenosine triphosphate generation, and increased susceptibility to cell
death. Therapeutically, this can be addressed by stimulating the expression of the remaining normal allele to protect or
rescue mitochondrial function. Dominant negative (DN) effects are manifested when the product of an allele is a protein that
interferes with the function of the normal allele. This may require targeted inhibition of the mutant allele in addition to
stimulation of the remaining allele to restore normal cell physiology.
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findings (66). As described above, the pathogenesis of DOA is
centered around mitochondrial dysfunction, and so cell-based
models can be ideal for exploring the haploinsufficiency and
dominant-negative effects of OPA1 variants.

Patient-derived fibroblasts and mouse embryonic fibro-
blasts provide convenient in vitro model systems to
interrogate patient-specific OPA1 variants and their impact
on cellular physiology (33,67,68). However, this method
may overlook tissue-specific actions of OPA1. Alternatively,
somatic cells may be harvested from patients, for example,
from the skin and then reprogrammed to achieve pluripo-
tency. These induced pluripotent stem cells (iPSCs) may be
used to create retina organoids (69–72) or specific RGC
cultures (73–77). iPSC-derived RGCs also provide an excel-
lent resource for drug screening and development of cellular
therapies, in a patient-focused manner, avoiding the ethical
issues surrounding the use of embryonic stem cells (78,79).

In vivo mouse models have also been used in the field of
DOA research (27). Although the mouse Opa1 genetic
sequence is 96% similar to the human OPA1, there are
important molecular differences. Humans have 8 isoforms
of OPA1, whereas mice only have 4 (80). This is important
because the correct balance of isoforms has been shown to
be important for cellular function (25). This is of particular
concern when developing gene therapies. Furthermore,
mouse models demonstrate RGC loss primarily due to
OPA1 haploinsufficiency, and the insight into the
dominant-negative effects of OPA1 variants in humans
remains limited (27).

One of the strengths of in vivo studies compared with
in vitro studies is the ability to assess the effects of OPA1
gene variants on visual function (81). There are well-
established behavioral assays to assess vision in mice. How-
ever, these should be interpreted within the context of the
mouse anatomy in that they do not have a fovea or papil-
lomacular bundle (81), despite the fact that the mouse
retina closely resembles the peripheral retina in primates
(82). Indeed, it remains unclear whether mice have the
same range of RGC subtypes as humans (81). Therefore,
mouse models may not recapitulate all aspects of human
DOA pathogenesis and visual function. Three major mouse
models have been created to model OPA1 DOA: Opa1+/del

(83), Opa1+/STOP (84), and Opa1+/delTTAG (85). Zebrafish
and Drosophila are also useful model organisms that have
been used to explore DOA pathogenesis (86–88), and the
uses of each have been previously reviewed (27).

However, more recently rhesus macaques with a disease-
causing variant in OPA1 have been identified at the
California National Primate Research Center (89). In these
nonhuman primates, peripapillary retinal nerve fiber layer
thickness and retinal ganglion cell function were decreased,
consistent with a DOA phenotype. Fortune et al (90)
described idiopathic bilateral optic atrophy in rhesus
macaques with RGC loss and dysfunction, but a genetic
cause has not been identified. A similar syndrome exists
in cynomolgus macaques (91), although this may be due
to a variant in WFS1, which is the main causative gene in
Wolfram syndrome, another form of inherited optic

FIG. 4. Challenges, models, and potential solutions. A therapeutic pipeline for DOA has proven challenging to advance due
to the complexity and heterogeneity of the genetic basis of the disease. Various models have been used to better understand
the underlying pathophysiology, ranging from in silico hypothesis generation to observational and interventional clinical trials
in humans. Each model system has its own advantages and disadvantages, but when used together, exciting new thera-
peutics can be developed and validated. Current strategies involve the identification of neuroprotective agents that can
prevent and restore vision in patients affected with DOA. Gene therapy techniques include the use of viral vectors to replace
or correct genes, as well as block and replace gene expression modulation to address dominant negative effects. Finally,
cell-based therapies may one day provide a way to regenerate RGCs that have already been lost, although significant hurdles
remain. DOA, Dominant Optic Atrophy; RGC, Retinal Ganglion Cell.
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neuropathy (92). These spontaneous models recapitulate
important clinical features of DOA and serve as valuable
translational models to advancing novel therapeutic strate-
gies for this disease.

DEVISING THERAPEUTICS

Current and future treatment strategies for DOA can be
divided into 3 broad categories: pharmacological neuro-
protection, gene therapy, and cell-based regenerative ther-
apies (Fig. 4). A major focus has been on gene therapy
because this may halt neurodegeneration of RGCs in
DOA. Pharmacological neuroprotection aims to prevent
or slow damage to RGCs by providing antioxidants and
other compounds to slow the progression of the disease.
By contrast, cell-based regenerative therapies aim to replace
RGCs that have already been damaged.

Pharmacological neuroprotective strategies that are being
considered include idebenone, which is a synthetic analogue
of coenzyme Q10. Idebenone was approved by the
European Medicines Agency for the treatment of LHON
after acute visual loss (93,94). The results of a trial using the
mouse Opa1+/STOP model showed some deleterious effects
and a lack of efficacy (95), but a retrospective case series
showed some stabilization and recovery of visual acuity
(96). At the time of writing, there are further ongoing trials
testing idebenone in patients with DOA (Table 1).

Gene therapies have also been developed to deliver
neuroprotective factors like brain-derived neurotrophic
factor (BNDF) (97). However, as most cases of DOA are
caused by OPA1 variants, efforts to develop gene therapies
have focused on targeting the haploinsufficiency and
dominant-negative mechanisms contributing to RGC loss.

To address haploinsufficiency, gene replacement therapy
has been explored in a mouse model. This involved intra-
vitreal injections of an adenoassociated virus (AAV) vector
carrying human OPA1 cDNA into Opa1+/delTTAG mice
(98). Although this showed some protection of RGCs from
degeneration, the method did not provide a way to control
the level of OPA1 expression. This is a concern because
OPA1 overexpression may be deleterious to cell function
(64). The eye is uniquely advantaged in the field of gene
therapy because it is immunologically privileged and has a
relatively easy route of delivery through intravitreal injec-
tion. Voretigene neparvovec (Luxturna) is an AAV-delivered
gene therapy that is administered by subretinal injection to
replace the mutant RPE65 gene and halt retinal degenera-
tion (99). In 2017, voretigene neparvovec was the first
in vivo gene therapy to be approved by the US Food and
Drug Administration. In addition, encouraging results have
been seen in gene replacement therapy trials for LHON
(100,101).

Another gene augmentation strategy involving artificial
transcription factors (ATFs) may provide an alternative
method to boost the expression of the normal OPA1 allele.
ATFs are proteins composed of a specific DNA-binding
domain and a transcriptionally active domain that is prede-
signed to modulate transcription (102). ATFs and similar
RNA-based strategies can target various aspects of transcrip-
tion. In a recent in vitro study, engineered RNA-based
splicing factors were used to modulate splicing in the setting
of the c.1065+5G.A variant resulting in increased OPA1
expression levels (103).

Artificial expression of WT OPA1 could be combined
with a targeted knockdown of mutant transcripts in the

TABLE 1. Current clinical trials for DOA

Type Agent Title Trial Number

Observational N/A Rare Disease Patient Registry & Natural
History Study—Coordination of Rare

Diseases at Sanford (CoRDS)

NCT01793168

Observational N/A Advanced Characterization of Autosomal
Dominant Optic Atrophy

NCT01522638

Interventional BMSC Stem Cell Ophthalmology Treatment Study
II (SCOTS2)

NCT03011541

Interventional MSC Safety of Cultured Allogeneic Adult
Umbilical Cord Derived Mesenchymal Stem

Cells for Eye Diseases

NCT05147701

Interventional Idebenone Raxone Treatment for Patients With
Dominant Optic Atrophy due to OPA1 Gene

Variant

EudraCT 2019-001493-28

Interventional Idebenone Idebenone Versus Placebo in Dominant
Optic Atrophy

ACTRN12621000826842

Ongoing clinical trials as of August 2022. The following clinical trial registries were searched for “Dominant Optic Atrophy”: ClinicalTrials.
gov (https://www.clinicaltrials.gov/), EU Clinical Trials Register (https://www.clinicaltrialsregister.eu/ctr-search/search) and International
Clinical Trials Registry Platform (ICTRP; https://trialsearch.who.int/).

BMSC, bone marrow–derived stem cells; MSC, mesenchymal stem cells.
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setting of dominant negative variants. For example, small
interfering RNAs (siRNAs) can be used to target specific
RNA sequences, which leads to their degradation by means
of the RNA interference pathway (104). Antisense oligonu-
cleotides (ASOs/AONs) are smaller molecules usually made
from 8 to 50 nucleotides that can also be used to target
specific mRNAs for degradation, cause exon/pseudoexon
skipping, and other forms of altering transcription (105–
108). This strategy has shown potential in preclinical stud-
ies for cystic fibrosis (109), and some groups are developing
ASOs for DOA (110). However, treatments involving siR-
NA or ASO administration involve repeated dosing to
maintain a therapeutic level.

By contrast, genome editing would be a one-off
treatment to correct the disease-causing variant. For
example, the use of CRISPR-Cas9 to edit the OPA1 locus
in RGCs may provide an opportunity to correct variants
in vivo, thereby preventing further neurodegeneration.
Using this approach, an improvement in DOA phenotype
has been achieved in RGCs differentiated from iPSCs
derived from patients carrying pathogenic OPA1 variants
(111). However, several challenges will need to be overcome
to move this therapeutic strategy into clinical practice. First,
the homology-directed repair mechanisms often used in
CRISPR-Cas9 have a relatively low efficiency (112) mean-
ing that in vivo use would likely only correct a small num-
ber of RGCs. In addition, the current packaging constraints
of an AAV vector (w4.7 kb) make the inclusion of all of the
gene editing components required for CRISPR-Cas9 edit-
ing into a single vector challenging. Perhaps, the most
important potential barrier to clinical translation is the risk
of off-target effects, which have been reported as .50% in
some experiments (113). Unintended off-target effects in
oncogenes or cell repair genes present the greatest risk,
and this must be mitigated by robust screening before
human use. Despite these concerns, the eye does offer sev-
eral unique opportunities in the field of genetic therapies as
a result of its immune privilege and its ease of access with an
intravitreal injection (78).

The above methods focus on preventing or halting
degeneration of RGCs in DOA. Regenerative approaches
aim to replace cells that have already died using specific
cell types differentiated from patient-derived iPSCs,
which minimizes the risk of immune rejection. However,
there are several challenges to clinical translation of this
technique, not only replicating the accurate projection of
long RGC axons along the optic nerve toward the lateral
geniculate nucleus (114) but also cell survival, dendrite
extension, synapse formation with native cells, implanted
cell function, and integration to the degree that they
restore macroscopic retinotopic organization. In addition,
there are risks of genomic instability, teratogenicity, and
immunogenicity that need to be overcome before clinical
application (115–117). Nevertheless, several ongoing clin-
ical trials are testing potential therapies for DOA involving

stem cell injections that may provide a local neuroprotec-
tive effect (Table 1).

CONCLUSION

DOA caused by OPA1 variants is the commonest inherited
optic neuropathy in the general population, resulting in pro-
gressive blindness in children and young adults. The patho-
physiological links connecting OPA1 mutations with the
peculiar selective vulnerability of RGCs have not yet been
fully established, which has limited the therapeutic develop-
ment for this disorder. Although the underlying pathogenesis
has an heterogenous and often complex molecular basis, it is
characterized by a final common pathway of mitochondrial
dysfunction that is preferentially deleterious to RGCs, ulti-
mately resulting in optic nerve degeneration and visual loss.
Recent advances in our understanding of this process have
been driven by a concurrent maturation of in silico, in vitro,
and in vivo models, which is providing a wealth of exciting
novel therapeutic targets, not only for DOA but also more
broadly for other optic neuropathies and neurodegenerative
diseases that are also thought to be driven, at least partly, by
impaired mitochondrial biogenesis.

REFERENCES
1. Newman NJ, Biousse V. Hereditary optic neuropathies. Eye.

2004;18:1144–1160.
2. Thiselton DL, Alexander C, Morris A, Brooks S, Rosenberg T,

Eiberg H, Kjer B, Kjer P, Bhattacharya SS, Votruba M. A
frameshift mutation in exon 28 of the OPA1 gene explains the
high prevalence of dominant optic atrophy in the Danish
population: evidence for a founder effect. Hum Genet.
2001;109:498–502.

3. Yu-Wai-Man P, Chinnery PF. Dominant optic atrophy: novel
OPA1 mutations and revised prevalence estimates.
Ophthalmology. 2013;120:1712–1712.e1.

4. Kirkman MA, Korsten A, Leonhardt M, Dimitriadis K, De Coo IF,
Klopstock T, Griffiths PG, Hudson G, Chinnery PF, Yu-Wai-Man P.
Quality of life in patients with leber hereditary optic neuropathy.
Invest Ophthalmol Vis Sci. 2009;50:3112–3115.

5. Eckmann-Hansen C, Bek T, Sander B, Larsen M. Vision-
related quality of life and visual ability in patients with
autosomal dominant optic atrophy. Acta Ophthalmol.
2022;100:797–804.

6. Deloitte Access Economics. The socioeconomic impact of
inherited retinal dystrophies (IRDs) in the United Kingdom
[Internet]. Retina Int. 2019. Available at: https://www2.
deloitte.com/content/dam/Deloitte/au/Documents/
Economics/deloitte-au-economics-cost-illness-irds-uk-
030919.pdf. Accessed July 02, 2022.

7. Bailie M, Votruba M, Griffiths PG, Chinnery PF, Yu-Wai-Man P.
Visual and psychological morbidity among patients with
autosomal dominant optic atrophy. Acta Ophthalmol.
2013;91:e413–e414.

8. Batten. A family suffering from hereditary optic atrophy. Trans
Ophthalmol Soc U K. 1896;6:125.

9. Jaeger W. Hereditary optic atrophy with dominant
transmission; with special reference to the associated color-
sense disorder. Albrecht Von Graefes Arch Ophthalmol.
1954;155:457–484.

10. Kjer P. Infantile optic atrophy with dominant mode of
inheritance: a clinical and genetic study of 19 Danish families.
Acta Ophthalmol Suppl. 1959;164(suppl 54):1–147.

Wong et al: J Neuro-Ophthalmol 2023; 00: 1-11 7

Perspective

D
ow

nloaded from
 http://journals.lw

w
.com

/jneuro-ophthalm
ology by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsI
H

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 05/12/2023

https://www2.deloitte.com/content/dam/Deloitte/au/Documents/Economics/deloitte-au-economics-cost-illness-irds-uk-030919.pdf
https://www2.deloitte.com/content/dam/Deloitte/au/Documents/Economics/deloitte-au-economics-cost-illness-irds-uk-030919.pdf
https://www2.deloitte.com/content/dam/Deloitte/au/Documents/Economics/deloitte-au-economics-cost-illness-irds-uk-030919.pdf
https://www2.deloitte.com/content/dam/Deloitte/au/Documents/Economics/deloitte-au-economics-cost-illness-irds-uk-030919.pdf


11. Yu-Wai-Man P, Griffiths PG, Hudson G, Chinnery PF. Inherited
mitochondrial optic neuropathies. J Med Genet.
2009;46:145–158.

12. Yu-Wai-Man P, Griffiths PG, Chinnery PF. Mitochondrial optic
neuropathies—disease mechanisms and therapeutic
strategies. Prog Retin Eye Res. 2011;30:81–114.

13. Asanad S, Tian JJ, Frousiakis S, Jiang JP, Kogachi K, Felix CM,
Fatemeh D, Irvine AG, Ter-Zakarian A, Falavarjani KG, Barboni
P, Karanjia R, Sadun AA. Optical coherence tomography of the
retinal ganglion cell complex in Leber’s hereditary optic
neuropathy and dominant optic atrophy. Curr Eye Res.
2019;44:638–644.

14. Balducci N, Ciardella A, Gattegna R, Zhou Q, Cascavilla ML,
La Morgia C, Savini G, Parisi V, Bandello F, Carelli V, Barboni
P. Optical coherence tomography angiography of the
peripapillary retina and optic nerve head in dominant optic
atrophy. Mitochondrion. 2017;36:60–65.

15. Himori N, Kunikata H, Inoue M, Takeshita T, Nishiguchi KM,
Nakazawa T. Optic nerve head microcirculation in autosomal
dominant optic atrophy and normal-tension glaucoma. Acta
Ophthalmol. 2017;95:e799–e800.

16. Inoue M, Himori N, Kunikata H, Takeshita T, Aizawa N, Shiga
Y, Omodaka K, Nishiguchi KM, Takahashi H, Nakazawa T. The
reduction of temporal optic nerve head microcirculation in
autosomal dominant optic atrophy. Acta Ophthalmol.
2016;94:e580–e585.

17. Corajevic N, Larsen M, Rönnbäck C. Thickness mapping of
individual retinal layers and sectors by spectralis SD-OCT in
autosomal dominant optic atrophy. Acta Ophthalmol.
2018;96:251–256.

18. Lenaers G, Hamel CP, Delettre C, Amati-Bonneau P, Procaccio
V, Bonneau D, Reynier P, Milea D. Dominant optic atrophy.
Orphanet J Rare Dis. 2012;7:46.

19. Yu-Wai-Man P, Griffiths PG, Gorman GS, Lourenco CM, Wright
AF, Auer-Grumbach M, Toscano A, Musumeci O, Valentino ML,
Caporali L, Lamperti C, Tallaksen CM, Duffey P, Miller J,
Whittaker RG, Baker MR, Jackson MJ, Clarke MP, Dhillon B,
Czermin B, Stewart JD, Hudson G, Reynier P, Bonneau D,
Marques W Jr, Lenaers G, McFarland R, Taylor RW, Turnbull
DM, Votruba M, Zeviani M, Carelli V, Bindoff LA, Horvath R,
Amati-Bonneau P, Chinnery PF. Multi-system neurological
disease is common in patients with OPA1 mutations. Brain.
2010;133:771–786.

20. Jurkute N, Majander A, Bowman R, Votruba M, Abbs S,
Acheson J, Lenaers G, Amati-Bonneau P, Moosajee M, Arno
G, Yu-Wai-Man P. Clinical utility gene card for: inherited optic
neuropathies including next-generation sequencing-based
approaches. Eur J Hum Genet. 2019;27:494–502.

21. Almind GJ, Ek J, Rosenberg T, Eiberg H, Larsen M, Lucamp L,
Brøndum-Nielsen K, Grønskov K. Dominant optic atrophy in
Denmark—report of 15 novel mutations in OPA1, using a
strategy with a detection rate of 90%. BMC Med Genet.
2012;13:65.

22. Ferré M, Bonneau D, Milea D, Chevrollier A, Verny C, Dollfus
H, Ayuso C, Defoort S, Vignal C, Zanlonghi X, Charlin J-F,
Kaplan J, Odent S, Hamel CP, Procaccio V, Reynier P, Amati-
Bonneau P. Molecular screening of 980 cases of suspected
hereditary optic neuropathy with a report on 77 novel OPA1
mutations. Hum Mutat. 2009;30:E692–E705.

23. Weisschuh N, Schimpf-Linzenbold S, Mazzola P, Kieninger S,
Xiao T, Kellner U, Neuhann T, Kelbsch C, Tonagel F, Wilhelm
H, Kohl S, Wissinger B. Mutation spectrum of the OPA1 gene
in a large cohort of patients with suspected dominant optic
atrophy: identification and classification of 48 novel variants.
PLoS One. 2021;16:e0253987.

24. Delettre C, Griffoin JM, Kaplan J, Dollfus H, Lorenz B, Faivre
L, Lenaers G, Belenguer P, Hamel CP. Mutation spectrum and
splicing variants in the OPA1 gene. Hum Genet.
2001;109:584–591.

25. Del Dotto V, Fogazza M, Carelli V, Rugolo M, Zanna C. Eight
human OPA1 isoforms, long and short: what are they for?
Biochim Biophys Acta Bioenerg. 2018;1859:263–269.

26. Delettre C, Lenaers G, Griffoin JM, Gigarel N, Lorenzo C,
Belenguer P, Pelloquin L, Grosgeorge J, Turc-Carel C, Perret E,
Astarie-Dequeker C, Lasquellec L, Arnaud B, Ducommun B,
Kaplan J, Hamel CP. Nuclear gene OPA1, encoding a
mitochondrial dynamin-related protein, is mutated in
dominant optic atrophy. Nat Genet. 2000;26:207–210.

27. Lenaers G, Neutzner A, Le Dantec Y, Jüschke C, Xiao T,
Decembrini S, Swirski S, Kieninger S, Agca C, Kim US,
Reynier P, Yu-Wai-Man P, Neidhardt J, Wissinger B. Dominant
optic atrophy: culprit mitochondria in the optic nerve. Prog
Retin Eye Res. 2021;83:100935.

28. Newman NJ, Yu-Wai-Man P, Biousse V, Carelli V.
Understanding the molecular basis and pathogenesis of
hereditary optic neuropathies: towards improved diagnosis
and management. Lancet Neurol. 2023;22:172–188.

29. Le Roux B, Lenaers G, Zanlonghi X, Amati-Bonneau P,
Chabrun F, Foulonneau T, Caignard A, Leruez S, Gohier P,
Procaccio V, Milea D, den Dunnen JT, Reynier P, Ferré M.
OPA1: 516 unique variants and 831 patients registered in an
updated centralized Variome database. Orphanet J Rare Dis.
2019;14:214.

30. Zanna C, Ghelli A, Porcelli AM, Karbowski M, Youle RJ,
Schimpf S, Wissinger B, Pinti M, Cossarizza A, Vidoni S,
Valentino ML, Rugolo M, Carelli V. OPA1 mutations
associated with dominant optic atrophy impair oxidative
phosphorylation and mitochondrial fusion. Brain.
2008;131:352–367.

31. Veitia RA, Caburet S, Birchler JA. Mechanisms of mendelian
dominance. Clin Genet. 2018;93:419–428.

32. Zaninello M, Palikaras K, Naon D, Iwata K, Herkenne S,
Quintana-Cabrera R, Semenzato M, Grespi F, Ross-Cisneros
FN, Carelli V, Sadun AA, Tavernarakis N, Scorrano L. Inhibition
of autophagy curtails visual loss in a model of autosomal
dominant optic atrophy. Nat Commun. 2020;11:4029.

33. Harvey JP, Yu-Wai-Man P, Cheetham ME. Characterisation of
a novel OPA1 splice variant resulting in cryptic splice site
activation and mitochondrial dysfunction. Eur J Hum Genet.
2022;30:848–855.

34. Hu X, Dai Y, Zhang R, Shang K, Sun X. Overexpression of
optic atrophy type 1 protects retinal ganglion cells and
upregulates parkin expression in experimental glaucoma.
Front Mol Neurosci. 2018;11:350.

35. Rani L, Mondal AC. Emerging concepts of mitochondrial
dysfunction in Parkinson’s disease progression: pathogenic
and therapeutic implications. Mitochondrion. 2020;50:25–
34.

36. Bannwarth S, Ait-El-Mkadem S, Chaussenot A, Genin EC,
Lacas-Gervais S, Fragaki K, Berg-Alonso L, Kageyama Y, Serre
V, Moore DG, Verschueren A, Rouzier C, Le Ber I, Augé G,
Cochaud C, Lespinasse F, N’Guyen K, de Septenville A, Brice
A, Yu-Wai-Man P, Sesaki H, Pouget J, Paquis-Flucklinger V. A
mitochondrial origin for frontotemporal dementia and
amyotrophic lateral sclerosis through CHCHD10 involvement.
Brain. 2014;137:2329–2345.

37. Burté F, Carelli V, Chinnery PF, Yu-Wai-Man P. Disturbed
mitochondrial dynamics and neurodegenerative disorders.
Nat Rev Neurol. 2015;11:11–24.

38. Yu D-Y, Cringle SJ, Balaratnasingam C, Morgan WH, Yu PK, Su
E-N. Retinal ganglion cells: energetics, compartmentation,
axonal transport, cytoskeletons and vulnerability. Prog Retin
Eye Res. 2013;36:217–246.

39. Ito YA, Di Polo A. Mitochondrial dynamics, transport, and
quality control: a bottleneck for retinal ganglion cell viability in
optic neuropathies. Mitochondrion. 2017;36:186–192.

40. Barron MJ, Griffiths P, Turnbull DM, Bates D, Nichols P. The
distributions of mitochondria and sodium channels reflect the
specific energy requirements and conduction properties of the
human optic nerve head. Br J Ophthalmol. 2004;88:286–
290.

41. Bristow EA, Griffiths PG, Andrews RM, Johnson MA, Turnbull
DM. The distribution of mitochondrial activity in relation to
optic nerve structure. Arch Ophthalmol. 2002;120:791–796.

8 Wong et al: J Neuro-Ophthalmol 2023; 00: 1-11

Perspective

D
ow

nloaded from
 http://journals.lw

w
.com

/jneuro-ophthalm
ology by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsI
H

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 05/12/2023



42. Yu Wai Man CY, Chinnery PF, Griffiths PG. Optic
neuropathies–importance of spatial distribution of
mitochondria as well as function. Med Hypotheses.
2005;65:1038–1042.

43. Osborne NN, Núñez-Álvarez C, Del Olmo-Aguado S, Merrayo-
Lloves J. Visual light effects on mitochondria: the potential
implications in relation to glaucoma. Mitochondrion.
2017;36:29–35.

44. Pan BX, Ross-Cisneros FN, Carelli V, Rue KS, Salomao SR,
Moraes-Filho MN, Moraes MN, Berezovsky A, Belfort R Jr,
Sadun AA. Mathematically modeling the involvement of axons
in Leber’s hereditary optic neuropathy. Invest Ophthalmol Vis
Sci. 2012;53:7608–7617.

45. La Morgia C, Ross-Cisneros FN, Sadun AA, Hannibal J,
Munarini A, Mantovani V, Barboni P, Cantalupo G, Tozer KR,
Sancisi E, Salomao SR, Moraes MN, Moraes-Filho MN,
Heegaard S, Milea D, Kjer P, Montagna P, Carelli V.
Melanopsin retinal ganglion cells are resistant to
neurodegeneration in mitochondrial optic neuropathies.
Brain. 2010;133:2426–2438.

46. Fogo GM, Shuboni-Mulligan DD, Gall AJ. Melanopsin-
containing ipRGCs are resistant to excitotoxic injury and
maintain functional non-image forming behaviors after insult
in a diurnal rodent model. Neuroscience. 2019;412:105–
115.

47. Pérez de Sevilla Müller L, Sargoy A, Rodriguez AR, Brecha NC.
Melanopsin ganglion cells are the most resistant retinal
ganglion cell type to axonal injury in the rat retina. PLoS One.
2014;9:e93274.

48. Kofuji P, Mure LS, Massman LJ, Purrier N, Panda S, Engeland
WC. Intrinsically photosensitive retinal ganglion cells (ipRGCs)
are necessary for light entrainment of peripheral clocks. PLoS
One. 2016;11:e0168651.

49. Mure LS. Intrinsically photosensitive retinal ganglion cells of
the human retina. Front Neurol. 2021;12:636330.

50. La Morgia C, Carelli V, Carbonelli M. Melanopsin retinal
ganglion cells and pupil: clinical implications for neuro-
ophthalmology. Front Neurol. 2018;9:1047.

51. Kim K-Y, Rios LC, Le H, Perez AJ, Phan S, Bushong EA,
Deerinck TJ, Liu YH, Ellisman MA, Lev-Ram V, Ju S, Panda SA,
Yoon S, Hirayama M, Mure LS, Hatori M, Ellisman MH, Panda
S. Synaptic specializations of melanopsin-retinal ganglion
cells in multiple brain regions revealed by genetic label for
light and electron microscopy. Cell Rep. 2019;29:628–
644.e6.

52. Tran NM, Shekhar K, Whitney IE, Jacobi A, Benhar I, Hong G,
Yan W, Adiconis X, Arnold ME, Lee JM, Levin JZ, Lin D, Wang
C, Lieber CM, Regev A, He Z, Sanes JR. Single-cell profiles of
retinal ganglion cells differing in resilience to injury reveal
neuroprotective genes. Neuron. 2019;104:1039–1055.e12.

53. Berson DM, Dunn FA, Takao M. Phototransduction by retinal
ganglion cells that set the circadian clock. Science.
2002;295:1070–1073.

54. Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira EF,
Rollag MD. A novel human opsin in the inner retina. J
Neurosci. 2000;20:600–605.

55. González-Menéndez I, Reinhard K, Tolivia J, Wissinger B,
Münch TA. Influence of Opa1 mutation on survival and
function of retinal ganglion cells. Invest Ophthalmol Vis Sci.
2015;56:4835–4845.

56. Cogliati S, Frezza C, Soriano ME, Varanita T, Quintana-
Cabrera R, Corrado M, Cipolat S, Costa V, Casarin A, Gomes
LC, Perales-Clemente E, Salviati L, Fernandez-Silva P,
Enriquez JA, Scorrano L. Mitochondrial cristae shape
determines respiratory chain supercomplexes assembly and
respiratory efficiency. Cell. 2013;155:160–171.

57. Frezza C, Cipolat S, Martins de Brito O, Micaroni M,
Beznoussenko GV, Rudka T, Bartoli D, Polishuck RS, Danial
NN, De Strooper B, Scorrano L. OPA1 controls apoptotic
cristae remodeling independently from mitochondrial fusion.
Cell. 2006;126:177–189.

58. Griparic L, van der Wel NN, Orozco IJ, Peters PJ, van der Bliek
AM. Loss of the intermembrane space protein Mgm1/OPA1

induces swelling and localized constrictions along the lengths
of mitochondria. J Biol Chem. 2004;279:18792–18798.

59. Meeusen S, DeVay R, Block J, Cassidy-Stone A, Wayson S,
McCaffery JM, Nunnari J. Mitochondrial inner-membrane
fusion and crista maintenance requires the dynamin-related
GTPase Mgm1. Cell. 2006;127:383–395.

60. Del Dotto V, Mishra P, Vidoni S, Fogazza M, Maresca A,
Caporali L, McCaffery JM, Cappelletti M, Baruffini E, Lenaers
G, Chan D, Rugolo M, Carelli V, Zanna C. OPA1 isoforms in the
hierarchical organization of mitochondrial functions. Cell Rep.
2017;19:2557–2571.

61. Jang S, Javadov S. OPA1 regulates respiratory
supercomplexes assembly: the role of mitochondrial swelling.
Mitochondrion. 2020;51:30–39.

62. Lee H, Smith SB, Yoon Y. The short variant of the
mitochondrial dynamin OPA1 maintains mitochondrial
energetics and cristae structure. J Biol Chem.
2017;292:7115–7130.

63. Varanita T, Soriano ME, Romanello V, Zaglia T, Quintana-
Cabrera R, Semenzato M, Menabò R, Costa V, Civiletto G,
Pesce P, Viscomi C, Zeviani M, Di Lisa F, Mongillo M, Sandri
M, Scorrano L. The OPA1-dependent mitochondrial cristae
remodeling pathway controls atrophic, apoptotic, and
ischemic tissue damage. Cell Metab. 2015;21:834–844.

64. Cipolat S, de Brito OM, Dal Zilio B, Scorrano L. OPA1 requires
mitofusin 1 to promote mitochondrial fusion. Proc Natl Acad
Sci U S A. 2004;101:15927–15932.

65. Xie Y, Xiao T, Xu K, Zhang X, Li Y. Mutation screening of OPA1 in
a cohort Chinese patients with suspected autosomal dominant
optic atrophy. Invest Ophthalmol Vis Sci. 2019;60:414.

66. Weisschuh N, Marino V, Schäferhoff K, Richter P, Park J,
Haack TB, Dell’Orco D. Mutations at a split codon in the
GTPase-encoding domain of OPA1 cause dominant optic
atrophy through different molecular mechanisms. Hum Mol
Genet. 2022;31:761–774.

67. Del Dotto V, Fogazza M, Musiani F, Maresca A, Aleo SJ,
Caporali L, La Morgia C, Nolli C, Lodi T, Goffrini P, Chan D,
Carelli V, Rugolo M, Baruffini E, Zanna C. Deciphering OPA1
mutations pathogenicity by combined analysis of human,
mouse and yeast cell models. Biochim Biophys Acta Mol
Basis Dis. 2018;1864:3496–3514.

68. Cretin E, Lopes P, Vimont E, Tatsuta T, Langer T, Gazi A,
Sachse M, Yu-Wai-Man P, Reynier P, Wai T. High-throughput
screening identifies suppressors of mitochondrial
fragmentation in OPA1 fibroblasts. EMBO Mol Med.
2021;13:e13579.

69. Capowski EE, Samimi K, Mayerl SJ, Phillips MJ, Pinilla I,
Howden SE, Saha J, Jansen AD, Edwards KL, Jager LD, Barlow
K, Valiauga R, Erlichman Z, Hagstrom A, Sinha D, Sluch VM,
Chamling X, Zack DJ, Skala MC, Gamm DM. Reproducibility
and staging of 3D human retinal organoids across multiple
pluripotent stem cell lines. Development.
2019;146:dev171686.

70. Nakano T, Ando S, Takata N, Kawada M, Muguruma K,
Sekiguchi K, Saito K, Yonemura S, Eiraku M, Sasai Y. Self-
formation of optic cups and storable stratified neural retina
from human ESCs. Cell Stem Cell. 2012;10:771–785.

71. Zhong X, Gutierrez C, Xue T, Hampton C, Vergara MN, Cao L-
H, Peters A, Park TS, Zambidis ET, Meyer JS, Gamm DM, Yau
K-W, Canto-Soler MV. Generation of three-dimensional retinal
tissue with functional photoreceptors from human iPSCs. Nat
Commun. 2014;5:4047.

72. VanderWall KB, Huang K-C, Pan Y, Lavekar SS, Fligor CM,
Allsop AR, Lentsch KA, Dang P, Zhang C, Tseng HC, Cummins
TR, Meyer JS. Retinal ganglion cells with a glaucoma
OPTN(E50K) mutation exhibit neurodegenerative phenotypes
when derived from three-dimensional retinal organoids. Stem
Cell Rep. 2020;15:52–66.

73. Sluch VM, Chamling X, Liu MM, Berlinicke CA, Cheng J,
Mitchell KL, Welsbie DS, Zack DJ. Enhanced stem cell
differentiation and immunopurification of genome engineered
human retinal ganglion cells. Stem Cells Transl Med.
2017;6:1972–1986.

Wong et al: J Neuro-Ophthalmol 2023; 00: 1-11 9

Perspective

D
ow

nloaded from
 http://journals.lw

w
.com

/jneuro-ophthalm
ology by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsI
H

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 05/12/2023



74. Sluch VM, Davis C-HO, Ranganathan V, Kerr JM, Krick K,
Martin R, Berlinicke CA, Marsh-Armstrong N, Diamond JS,
Mao H-Q, Zack DJ. Differentiation of human ESCs to retinal
ganglion cells using a CRISPR engineered reporter cell line.
Sci Rep. 2015;5:16595.

75. Chavali VRM, Haider N, Rathi S, Vrathasha V, Alapati T, He J,
Gill K, Nikonov R, Duong TT, McDougald DS, Nikonov S,
O’Brien J, Mills JA. Dual SMAD inhibition and Wnt inhibition
enable efficient and reproducible differentiations of induced
pluripotent stem cells into retinal ganglion cells. Sci Rep.
2020;10:11828.

76. Gill KP, Hung SSC, Sharov A, Lo CY, Needham K, Lidgerwood
GE, Jackson S, Crombie DE, Nayagam BA, Cook AL, Hewitt
AW, Pébay A, Wong RCB. Enriched retinal ganglion cells
derived from human embryonic stem cells. Sci Rep.
2016;6:30552.

77. Ohlemacher SK, Sridhar A, Xiao Y, Hochstetler AE, Sarfarazi
M, Cummins TR, Meyer JS. Stepwise differentiation of retinal
ganglion cells from human pluripotent stem cells enables
analysis of glaucomatous neurodegeneration. Stem Cells.
2016;34:1553–1562.

78. Harvey JP, Sladen PE, Yu-Wai-Man P, Cheetham ME. Induced
pluripotent stem cells for inherited optic neuropathies-
disease modeling and therapeutic development. J
Neuroophthalmol. 2021;42:35–44.

79. Sladen PE, Jovanovic K, Guarascio R, Ottaviani D, Salsbury G,
Novoselova T, Chapple JP, Yu-Wai-Man P, Cheetham ME.
Modelling autosomal dominant optic atrophy associated with
OPA1 variants in iPSC-derived retinal ganglion cells. Hum Mol
Genet. 2022;31:3478–3493.

80. Akepati VR, Müller E-C, Otto A, Strauss HM, Portwich M,
Alexander C. Characterization of OPA1 isoforms isolated from
mouse tissues. J Neurochem. 2008;106:372–383.

81. Huberman AD, Niell CM. What can mice tell us about how
vision works? Trends Neurosci. 2011;34:464–473.

82. Jeon CJ, Strettoi E, Masland RH. The major cell populations of
the mouse retina. J Neurosci. 1998;18:8936–8946.

83. Alavi MV, Bette S, Schimpf S, Schuettauf F, Schraermeyer U,
Wehrl HF, Ruttiger L, Beck SC, Tonagel F, Pichler BJ, Knipper
M, Peters T, Laufs J, Wissinger B. A splice site mutation in the
murine Opa1 gene features pathology of autosomal dominant
optic atrophy. Brain. 2006;130:1029–1042.

84. Davies VJ, Hollins AJ, Piechota MJ, Yip W, Davies JR, White
KE, Nicols PP, Boulton ME, Votruba M. Opa1 deficiency in a
mouse model of autosomal dominant optic atrophy impairs
mitochondrial morphology, optic nerve structure and visual
function. Hum Mol Genet. 2007;16:1307–1318.

85. Sarzi E, Angebault C, Seveno M, Gueguen N, Chaix B, Bielicki
G, Boddaert N, Mausset-Bonnefont A-L, Cazevieille C, Rigau V,
Renou J-P, Wang J, Delettre C, Brabet P, Puel J-L, Hamel CP,
Reynier P, Lenaers G. The human OPA1delTTAG mutation
induces premature age-related systemic neurodegeneration
in mouse. Brain. 2012;135:3599–3613.

86. Rahn JJ, Stackley KD, Chan SSL. Opa1 is required for proper
mitochondrial metabolism in early development. PLoS One.
2013;8:e59218.

87. Yu Y, Lee H-C, Chen K-C, Suhan J, Qiu M, Ba Q, Yang G. Inner
membrane fusion mediates spatial distribution of axonal
mitochondria. Sci Rep. 2016;6:18981.

88. Yarosh W, Monserrate J, Tong JJ, Tse S, Le PK, Nguyen K,
Brachmann CB, Wallace DC, Huang T. The molecular mechanisms
of OPA1-mediated optic atrophy in Drosophila model and
prospects for antioxidant treatment. PLoS Genet. 2008;4:e6.

89. Moshiri A, Nguyen T, Chen R, Stout T, Rogers J, Thomasy SM.
Retinal nerve fiber layer thickness in normal rhesus macques
and in animals with a polymorphism in OPA1. Invest
Ophthalmol Vis Sci. 2021;62:376.

90. Fortune B, Wang L, Bui BV, Burgoyne CF, Cioffi GA. Idiopathic
bilateral optic atrophy in the rhesus macaque. Invest
Ophthalmol Vis Sci. 2005;46:3943–3956.

91. Kuhlman SM, Rubin LF, Ridgeway RL. Prevalence of
ophthalmic lesions in wild-caught cynomolgus monkeys. Prog
Vet Comp Ophthalmol. 1992;2:20–28.

92. Yamamoto H, Hofmann S, Hamasaki DI, Yamamoto H,
Kreczmanski P, Schmitz C, Parel J-M, Schmidt-Kastner R.
Wolfram syndrome 1 (WFS1) protein expression in retinal
ganglion cells and optic nerve glia of the cynomolgus monkey.
Exp Eye Res. 2006;83:1303–1306.

93. Klopstock T, Yu-Wai-Man P, Dimitriadis K, Rouleau J, Heck S,
Bailie M, Atawan A, Chattopadhyay S, Schubert M, Garip A,
Kernt M, Petraki D, Rummey C, Leinonen M, Metz G, Griffiths
PG, Meier T, Chinnery PF. A randomized placebo-controlled
trial of idebenone in Leber’s hereditary optic neuropathy.
Brain. 2011;134:2677–2686.

94. Carelli V, La Morgia C, Valentino ML, Rizzo G, Carbonelli M,
De Negri AM, Sadun F, Carta A, Guerriero S, Simonelli F,
Sadun AA, Aggarwal D, Liguori R, Avoni P, Baruzzi A, Zeviani
M, Montagna P, Barboni P. Idebenone treatment in Leber’s
hereditary optic neuropathy. Brain. 2011;134:e188.

95. Smith TG, Seto S, Ganne P, Votruba M. A randomized,
placebo-controlled trial of the benzoquinone idebenone in a
mouse model of OPA1-related dominant optic atrophy reveals
a limited therapeutic effect on retinal ganglion cell
dendropathy and visual function. Neuroscience.
2016;319:92–106.

96. Romagnoli M, La Morgia C, Carbonelli M, Di Vito L, Amore G,
Zenesini C, Cascavilla ML, Barboni P, Carelli V. Idebenone
increases chance of stabilization/recovery of visual acuity in
OPA1-dominant optic atrophy. Ann Clin Transl Neurol.
2020;7:590–594.

97. Osborne A, Wang AXZ, Tassoni A, Widdowson PS, Martin KR.
Design of a novel gene therapy construct to achieve sustained
brain-derived neurotrophic factor signaling in neurons. Hum
Gene Ther. 2018;29:828–841.

98. Sarzi E, Seveno M, Piro-Mégy C, Elzière L, Quilès M, Péquignot
M, Müller A, Hamel CP, Lenaers G, Delettre C. OPA1 gene
therapy prevents retinal ganglion cell loss in a dominant optic
atrophy mouse model. Sci Rep. 2018;8:2468.

99. Russell S, Bennett J, Wellman JA, Chung DC, Yu Z-F, Tillman A,
Wittes J, Pappas J, Elci O, McCague S, Cross D, Marshall KA,
Walshire J, Kehoe TL, Reichert H, Davis M, Raffini L, George LA,
Hudson FP, Dingfield L, Zhu X, Haller JA, Sohn EH, Mahajan VB,
Pfeifer W, Weckmann M, Johnson C, Gewaily D, Drack A, Stone
E, Wachtel K, Simonelli F, Leroy BP, Wright JF, High KA, Maguire
AM. Efficacy and safety of voretigene neparvovec (AAV2-
hRPE65v2) in patients with RPE65-mediated inherited retinal
dystrophy: a randomised, controlled, open-label, phase 3 trial.
Lancet. 2017;390:849–860.

100. Yu-Wai-Man P, Newman NJ, Carelli V, Moster ML, Biousse V,
Sadun AA, Klopstock T, Vignal-Clermont C, Sergott RC,
Rudolph G, La Morgia C, Karanjia R, Taiel M, Blouin L,
Burguière P, Smits G, Chevalier C, Masonson H, Salermo Y,
Katz B, Picaud S, Calkins DJ, Sahel J-A. Bilateral visual
improvement with unilateral gene therapy injection for Leber
hereditary optic neuropathy. Sci Transl Med.
2020;12:eaaz7423.

101. Newman NJ, Yu-Wai-Man P, Carelli V, Moster ML, Biousse V,
Vignal-Clermont C, Sergott RC, Klopstock T, Sadun AA,
Barboni P, DeBusk AA, Girmens JF, Rudolph G, Karanjia R,
Taiel M, Blouin L, Smits G, Katz B, Sahel J-A, LHON Study
Group. Efficacy and safety of intravitreal gene therapy for
leber hereditary optic neuropathy treated within 6 months of
disease onset. Ophthalmology. 2021;128:649–660.

102. Segal DJ, Dreier B, Beerli RR, Barbas CF. Toward controlling
gene expression at will: selection and design of zinc finger
domains recognizing each of the 59-GNN-39 DNA target
sequences. Proc Natl Acad Sci. 1999;96:2758–2763.

103. Jüschke C, Klopstock T, Catarino CB, Owczarek-Lipska M,
Wissinger B, Neidhardt J. Autosomal dominant optic atrophy:
a novel treatment for OPA1 splice defects using U1 snRNA
adaption. Mol Ther Nucleic Acids. 2021;26:1186–1197.

104. Anthony K. RNA-based therapeutics for neurological
diseases. RNA Biol. 2022;19:176–190.

105. Rinaldi C, Wood MJA. Antisense oligonucleotides: the next
frontier for treatment of neurological disorders. Nat Rev
Neurol. 2018;14:9–21.

10 Wong et al: J Neuro-Ophthalmol 2023; 00: 1-11

Perspective

D
ow

nloaded from
 http://journals.lw

w
.com

/jneuro-ophthalm
ology by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsI
H

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 05/12/2023



106. Bennett CF. Therapeutic antisense oligonucleotides are
coming of age. Annu Rev Med. 2019;70:307–321.

107. Liang X-H, Shen W, Sun H, Migawa MT, Vickers TA, Crooke
ST. Translation efficiency of mRNAs is increased by antisense
oligonucleotides targeting upstream open reading frames.
Nat Biotechnol. 2016;34:875–880.

108. Liang X-H, Sun H, Shen W, Wang S, Yao J, Migawa MT, Bui H-
H, Damle SS, Riney S, Graham MJ, Crooke RM, Crooke ST.
Antisense oligonucleotides targeting translation inhibitory
elements in 5’ UTRs can selectively increase protein levels.
Nucleic Acids Res. 2017;45:9528–9546.

109. Sasaki S, Sun R, Bui H-H, Crosby JR, Monia BP, Guo S. Steric
inhibition of 5’ UTR regulatory elements results in upregulation
of human CFTR. Mol Ther. 2019;27:1749–1757.

110. Venkatesh A, Li Z, Christiansen A, Lim KH, Kach J, Hufnagel
R, Aznarez I, Liau G. Antisense oligonucleotide mediated
increase of OPA1 expression using TANGO technology for the
treatment of autosomal dominant optic atrophy. Invest
Ophthalmol Vis Sci. 2020;61:2755.

111. Sladen PE, Perdigão PRL, Salsbury G, Novoselova T, van der
Spuy J, Chapple JP, Yu-Wai-Man P, Cheetham ME. CRISPR-

Cas9 correction of OPA1 c.1334G.A: p.R445H restores
mitochondrial homeostasis in dominant optic atrophy patient-
derived iPSCs. Mol Ther Nucleic Acids. 2021;26:432–443.

112. Ling X, Xie B, Gao X, Chang L, Zheng W, Chen H, Huang Y,
Tan L, Li M, Liu T. Improving the efficiency of precise genome
editing with site-specific Cas9-oligonucleotide conjugates. Sci
Adv. 2020;6:eaaz0051.

113. Zhang X-H, Tee LY, Wang X-G, Huang Q-S, Yang S-H. Off-
target effects in CRISPR/Cas9-mediated genome
engineering. Mol Ther Nucleic Acids. 2015;4:e264.

114. Crair MC, Mason CA. Reconnecting eye to brain. J Neurosci.
2016;36:10707–10722.

115. Yoshihara M, Oguchi A, Murakawa Y. Genomic instability of
iPSCs and challenges in their clinical applications. In:
Ratajczak MZ, ed. Stem Cells: Therapeutic Applications.
Cham: Springer International Publishing, 2019:23–47.

116. Ben-David U, Benvenisty N. The tumorigenicity of human
embryonic and induced pluripotent stem cells. Nat Rev
Cancer. 2011;11:268–277.

117. Zhao T, Zhang Z-N, Rong Z, Xu Y. Immunogenicity of induced
pluripotent stem cells. Nature. 2011;474:212–215.

Wong et al: J Neuro-Ophthalmol 2023; 00: 1-11 11

Perspective

D
ow

nloaded from
 http://journals.lw

w
.com

/jneuro-ophthalm
ology by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsI
H

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 05/12/2023


