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Mitochondrial dysfunction in
optic neuropathies

Optic neuropathies are a heterogenous
group of inherited diseases affecting the
optic nerve. Axons of retinal ganglion
cells (RGCs) form the optic nerve, which
transmits visual information from the
retina to the visual cortex. Defects in
RGC function are associated with vision
impairment in glaucoma, Leber optic
atrophy (OMIM 535000), and other neu-
ropathies. Leber hereditary optic neurop-
athy (LHON) was the first reported mito-
chondrial DNA (mtDNA) disease (1), with
male patients being two to five times more
likely to develop blindness than females.
Color vision is severely affected in LHON
from early stages, and visual acuity can
deteriorate to 20/200 (legal blindness) or
only light perception. Some LHON patients
show extraocular phenotypes, such as car-
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Mitochondrial dysfunction or loss is evident in neurodegenerative diseases.
Furthermore, mitochondrial DNA (mtDNA) mutations associated with

NADH dehydrogenase subunits and nuclear gene mutations that affect
mitochondrial function result in optic neuropathies. In this issue of the

JCl, Del Dotto et al. and Piro-Mégy et al. identify heterozygous mutations

in nuclear-encoded mitochondrial single-strand binding protein 1 (SSBP1)

in patients with apparently dominant optic neuropathy with or without
extraocular phenotypes. Both research groups reported similar mitochondrial
findings in response to SSBP1 mutations. However, the specific SSBP1
mitochondria-associated function in retinal ganglion cells (RGCs) and the
resulting optic nerve remains unclear. We suggest that high expression

of SSBP1 during RGC differentiation is critical for mtDNA maintenance to
produce appropriate optic nerve connectivity and that SSBPT mutations

in dominant optic atrophy patients do not permit stable binding to N6-
methyldeoxyadenosine on the heavy strand involved with replication, leading
to disruptions of mtDNA and, eventually, optic nerve dysfunction.

diac conduction abnormalities, dystonia,
and multiple sclerosis-like illness. Autoso-
mal dominant optic atrophies (DOAs) are
caused by mutations in nuclear-encoded
OPA genes that affect diverse mitochon-
drial functions. DOAs present a much
earlier age of onset than LHON, yet most
patients report only mild to medium reduc-
tion in visual acuity, dyschromatopsia, and/
or abnormalities in visual evoked poten-
tials. Additional clinical phenotypes in
DOA may include hearing loss, peripheral
neuropathy, myopathy, ataxia, and chronic
progressive external ophthalmoplegia.
Maintenance of healthy mitochon-
dria requires recurring fission and fusion
for repairing damaged components and is
especially critical in neurons with extensive
axonal/dendritic processes because of high
local demands for energy and of metab-
olites (2). Nuclear genes provide almost
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all of the necessary mitochondrial pro-
teins, whereas the mitochondrial genome
encodes only 37 genes that are critical
for survival. LHON is exclusively caused
by mutations in the mitochondrial genes
encoding NADH dehydrogenase subunits
of complex 1; therefore, it exhibits a mater-
nal inheritance pattern. LHON mutations
exhibit low penetrance and varying prog-
nosis, indicating the need for additional
factors to produce clinical manifestations.
The most well-studied nuclear OPA gene
encodes intramitochondrial Dynamin
GTPase OPA1 (OMIM 165500), which par-
ticipates in maintenance of mitochondrial
genome integrity, replication and distri-
bution of mtDNA, mitochondrial fusion,
and energy metabolism (3). Mitonuclear
crosstalk is essential for numerous cellular
processes, yet how changes in mtDNA and
nuclear OPA mutations largely affect RGCs
and the optic nerve is unclear.

Nuclear protein influencing
mtDNA replication/repair

In this issue of the JCI, two reports, Del
Dotto et al. and Piro-Mégy et al. (4, 5), add
further mystery to the continuing saga of
the mitonuclear tango. Both groups iden-
tified a total of six different mutations in
a nuclear gene encoding mitochondrial
single-strand binding protein (SSBP1) in
multiple families with autosomal domi-
nant optic neuropathy (with and without
extraocular phenotypes). The two research
groups revealed different genetic trajecto-
ries, yet both reached the same conclusion
and presented similar biochemical find-
ings (using patient fibroblasts). Key points
include a marked depletion of mtDNA
with impaired replication rate, defective
mitochondrial structure and respiration,
modeling of SSBP1 predicting the effect of
the mutations, and the absence of SSBP1
tetramers (4, 5). Del Dotto and colleagues
were also able to reproduce some of the
disease-associated phenotypes in a zebra-
fish ssbpl-knockout model generated by
CRISPR-Cas9 (4). Another recent report
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Figure 1. SSBP1 mutations and mtDNA replication/repair in the retina. (A) Schematic of retinal architecture and time course of neuronal birth in mouse
retina. (B) SSBP1 gene expression in the developing mouse retina by bulk RNA-Seq (upper panel) and single-cell RNA-Seg. Plots were generated from
publicly available data on gene expression profiles (19, 20). *RGC dendritogenesis period (shown by dashed line) is based on gene profiles and not anatomy.
BC, bipolar cell. (€) A model of mitochondrial dysfunction/loss by SSBP1 mutations.

further validates SSBP1 as the bona fide
cause of DOA (6).

SSBP1 is part of the mtDNA replica-
tion, maintenance, and repair machinery,
together with the mitochondrial poly-
merase (POLy), mtDNA helicase (TWIN-
KLE), and mtRNA polymerase (POLRMT)
(7, 8). mtDNA replication is proposed to
initiate at the origin of the heavy (H) strand,
and DNA synthesis then proceeds to pro-
duce a new H-strand (9). SSBP1 binds as a

tetramer to the displaced parental H-strand
to protect it against nucleases, prevent sec-
ondary structure formation, and stimulate
TWINKLE’s helicase activity as well as
increase the processivity of POLy (10, 11).
Retrograde translocation of mitochondri-
al SSBP1 into the nucleus as a response to
proteotoxic stresses helps in cell survival
and maintenance of mitochondrial mem-
brane potential by augmenting heat shock
factor HSF1 (12). Functional relevance of
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SSB proteins has been suggested in DNA
damage response (13).

Mitochondrial dysfunction as well as
single-strand breaks have commonly and
independently been associated with neuro-
degeneration (14-16). High penetrance of
optic neuropathies in patients with SSBPI
mutations raises a number of questions,
the primary one being, why are only RGCs
and the optic nerve, and not other neurons,
affected? Is mitochondrial maintenance
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and damage response machinery different
in RGCs? Are specific subtypes of RGCs
more affected? Why is there no involvement
of other CNS neurons even though dysreg-
ulation of mitochondrial biogenesis and
mitochondrial DNA depletion have been
observed in Parkinson’s neurons (17, 18)?

A model suggesting how SSBP1
mutations affect mitochondrial
function

The mammalian retina has five major
types of neurons, and RGCs are among the
first cells born during development (Figure
1A). High expression of SSBPI is evident at
E12 at the time of RGC birth in both bulk
and single-cell RNA-Seq data, with lower
transcript levels observed in mature retina
(Figure 1B and refs. 19, 20). We therefore
hypothesize that SSBP1 is needed for mito-
chondrial biogenesis during early RGC dif-
ferentiation. Notably, mitochondria enter
RGC dendrites before branching patterns
are established, and the dendritic mito-
chondria gradually become enriched (>15-
fold) near branch points (21). Thus, RGCs
appear to require mitochondria in order to
maintain the synaptic landscape. Without
healthy mitochondria, the ability of RGCs
to transmit visual information might be
compromised, likely leading to the sco-
tomas that patients report. Disruption of
mitochondrial fusion in Opal”~ mice is
reported to result in shortened mitochon-
dria, which accumulate in proximal RGC
dendrites; and the number of excitatory
synapses and branches of RGC dendrites
decline with age (22), further highlighting
the importance of mitochondrial fusion for
dendritic and synaptic integrity.

To explain how SSBPI mutations
affect mitochondrial function, especially
in developing RGCs, we propose a model
shown in Figure 1C, as follows. Genome-
wide mapping studies have uncovered
asymmetric enrichment of N6-methyl-
deoxyadenosine (6mA) clusters on the
H-strand of mtDNA, and 6mA could desta-
bilize double-stranded DNA, promoting
the recruitment of SSBP1 (23). Increased
accumulation of 6mA disrupts oxidative
phosphorylation (23) and might lead to
impaired response to stress and proba-
bly neuropsychiatric disorders (24). We
hypothesize that the harsh environment
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in the mitochondria results in enhanced
accumulation of 6mA on the H-strand of
mtDNA and that mutant SSBP1 protein is
unable to form stable tetramers, leaving
it vulnerable to damage. Increased accu-
mulation of 6mA, combined with mutant
SSBP1, could result in errors (including
depletion) during mtDNA replication and/
or repair, eventually leading to mitochon-
drial dysfunction or loss. Future studies
directed at protecting single-stranded
DNA for error-free mtDNA repair or
replacement of the damaged H-strand
DNA would help in maintaining healthy
mitochondria and designing a treatment
of optic atrophies.
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