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Purpose: To evaluate the long-term effects of mitochondrial gene transfer of mutant
human NADH ubiquinone oxidoreductase subunit VI (hND6T14484C) in the mouse eye.

Methods: Adult mice were injected intravitreally with mitochondrial-targeted adeno-
associated virus carrying either hND6T14484C or mitochondrial encoded mCherry. The
delivery andexpressionof the interest geneweredetectedbypolymerase chain reaction
(PCR), quantitative PCR (qPCR), and immunostaining. The pathologic effects of the
mutant gene in live mice were assessed with RNA-seq, serial spectral domain optical
coherence tomography (SD-OCT), and pattern electroretinogram (PERG).

Results: Delivered hND6 was found 30-fold greater than endogenous mouse ND6 in
microdissected retinal ganglion cells of hND6-injected mice. Compared to controls
injected with mCherry, PERG amplitude of hND6 mice dropped significantly at
3 (P= 0.0023), 6 (P= 0.0058), and 15 (P= 0.031)months after injection. SD-OCT revealed
swelling of the optic nerve head followed by the progressive retinal and optic nerve
atrophy in hND6mice. Furthermore, RNA-seq data showed a change in 381 transcripts’
expression in thesemice compared tomCherrymice. Postmortemanalysis showedhND6
mice had marked atrophy of the entire optic nerve, from the globe to the optic chiasm,
and a significant loss of retinal ganglion cells compared to age-matched control mice
(P = 1.7E-9).

Conclusions:Delivered hND6T14484C induces visual loss and optic neuropathy inmice,
the hallmarks of human Leber’s hereditary optic neuropathy (LHON).

Translational Relevance: Results from this studywill help establish a novel strategy not
only to generate an LHON animal model but also to provide a potential to treat this or
any other mitochondrial diseases.

Introduction

Mitochondrial dysfunction causes a broad spectrum
of human diseases that primarily affect the eye and
nervous system. Treatment for these devastating disor-
ders is inadequate in large part due to the absence
of relevant animal models to demonstrate preclini-
cal efficacy to the US Food and Drug Administra-
tion necessary to obtain an investigational new drug
permit. The most common primary mitochondrial
genetic disease is Leber’s hereditary optic neuropathy

(LHON),1,2 which was associated with a mitochon-
drial DNA (mtDNA) point mutation in 1988.3
Currently, 37 different causative point mutations
have been described,4 among them three primary
mutations that affect different subunits of respira-
tory complex I, ND1G3460A,5,6 ND4 G11778A,3 and
ND6T14484C,7,8 accounting for about 95% of LHON
cases. Patients develop acute or subacute painless loss
of central vision in both eyes, although one eye may be
affected 6 to 8 weeks before vision loss in the second
eye.4,9 Most symptomatic patients are male. Most
LHON cases are homoplasmic (all mtDNA molecules
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contain the mutation) for any of these mutations; still,
heteroplasmic cases (a mixture of mutant and wild-
type mtDNA) also exist, more frequently with either
ND1G3460A or ND6T14484C mutations.10,11 There
is no discernible phenotypic difference between the
heteroplasmic and homoplasmic patients.4 Common
to all cases of LHON is a progressive degeneration of
retinal ganglion cells (RGCs) and axons of the optic
nerve.

Animalmodels bearing the samemtDNAmutations
as found in patients with LHON are needed to
investigate the pathogenesis and test potential thera-
peutic strategies. However, generating genetic animal
models of LHON or any other mitochondrial diseases
is challenging because of difficulties in direct deliv-
ery and incorporation of genetic material within
mtDNA. Lin et al.12 generated a mouse model bearing
the equivalent of the human ND6G14600A P25L
mutation that causes human Leigh syndrome.13 While
their transgenic mice had a mild axonal loss in the
optic nerve, visual function was normal. In previ-
ous studies, we generated an LHON animal model
by allotopically expressing human ND4G11778A
R340H. With visual and RGC loss, our mouse
model had the hallmarks of human LHON.14–16
The Corral-Debrinski group used a similar strat-
egy to develop a rodent model by electroporating
allotopic mutant ND4.17,18 We, two groups, rescued
rodent models with injections of adeno-associated
viruses (AAVs) containing wild-type humanND4.This
work formed the basis for launching gene therapy
trials designed to test the safety and therapeutic
effects of the allotopically expressed human ND4 on
patients blinded from theND4G11778Amutation.19–24
Currently, there are no gene therapy trials for the
other LHON genotypes caused by ND1 or ND6
mutations.

Our laboratory has pioneered a novel approach
to redirect the AAV virion to mitochondria by
addition of a mitochondrial targeting sequence
(MTS) to the capsid VP2 (MTS-AAV).25,26 Using
the MTS-AAV, we introduced human ND4G11778A
gene into mouse zygotes and generated a bona fide
LHON mitomice bearing human ND4G11778A. The
translated human ND4 protein assembled into host
respiratory complexes decreased respiratory chain
function and increased oxidative stress. The ND4
mitomice recapitulated the progressive RGC loss and
optic nerve degeneration observed in patients with
LHON.27 Here, we use the MTS-AAV to deliver
human ND6T14484C into the mouse visual system
by intravitreal injection to generate a mouse model
of visual and RGC loss with the hallmarks of human
LHON.

Methods

Plasmids and AAVs

scHSPCSB-hND6T14484C-mCherry was
constructed as previously described.25,27 In brief,
human ND6T14484C gene fused in frame with
an HA tag was cloned into a self-complementary
AAV (scAAV) backbone under the control of
mitochondrial heavy strand promoter, includ-
ing three upstream conserved sequence blocks
(HSPCSB). Then, mitochondrial-encoded Cherry
(mCherry) containing a kozak sequence was
put downstream of ND6T14484CHA with a
stop codon between two genes (scHSPCSB-ND6
T14484CmCherry). Meanwhile, mCherry was cloned
in the same scAAV backbone and used as a control
(scHSPCSB-mCherry). The resultant plasmids were
packaged into recombinant MTS-AAVs.

Animals

All animal procedures were performed following
the National Institutes of Health Guide for Care and
Use of Laboratory Animals and the ARVO Statement
for the Use of Animals in Ophthalmic and Vision
Research. Intravitreal injections of 1 μL recombinant
MTS-AAVs were performed on 3-month-old DBA/1j
mice as previously described.14

RNA-Seq

RNA-seq was performed on the optic nerve of mice
injected with either mutant hND6 or mCherry AAVs
(three mice in each group). Total RNA was extracted
from the optic nerve of each mouse using the RNeasy
Mini Kit (Qiagen, Hilden, Germany). Sequencing was
carried out at the Sequencing Core of John P. Hussman
Institute of Human Genomics at the University of
Miami using the TruSeq Stranded Total RNA Library
Prep Kit (Illumina, San Diego, CA).

Data were analyzed using a previously published
pipeline.28 Briefly, after quality control, reads were
aligned to the mouse transcriptome (GRCm38;
Ensembl.org; in the public domain) and quantified
using the STAR aligner.29 Statistical significances
between the two groups were determined using
DESeq2 with a cutoff-adjusted P value of 0.05.30
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Pattern Electroretinography and Optical
Coherence Tomography

Pattern electroretinogram (PERG) was performed
as previously described.31,32 Averaged PERGs were
automatically analyzed to evaluate the significant
positive and negative waves by Sigma Plot (Systat
Software, San Jose, CA).Retinal imageswere visualized
using in vivo spectral domain optical coherence tomog-
raphy (SD-OCT) (Bioptigen, Durham, NC). Then the
average thickness of RGC+IPL of 100 scans covering
the whole retina was calculated using a semiautomated
custom software written with MATLAB software
(MathWorks, Natick, MA).

Laser Microdissection and Polymerase Chain
Reaction

The injected mouse retinas were fixed overnight
at 4°C in 4% paraformaldehyde (PFA)/phosphate-
buffered saline (PBS) and equilibrated in 30%
sucrose/PBS overnight at 4°C. After embedding into
Optimal Cutting Temperature Compound (OCT), the
retinas were cut into 8-μm sections and placed onto the
director slides (Expression Pathology, Rockville, MD).
Laser capture microdissection was performed using
a Leica LMD6500. DNA was extracted from cells in
the RGC and inner and outer nuclear layers using the
DNeasy blood and tissue kit (Qiagen).

Polymerase chain reaction (PCR) primers: 5′-
AATTTCCACCAAACCCCCCC-3′, 5′-TCCCG
AATCAACCCTGACCC 3′.

Quantitative PCR (qPCR) primers: hND6: 5′-
TGATGGGGTGGTGGTTGTGG-3′; 5′-AAGCCC
CCGCACCAATAGG-3′; mND6: 5′-TTGGTTGGT
TGTCTTGG-3′; 5′-CACCAAACCCTAAAACC-3′.

Immunohistochemistry

Mice were perfused transcardially with PBS
followed by 4% PFA in PBS. For whole-mount retinal
staining, mice were injected intravitreally with 1 μL
MitoTracker Deep Red (500 nM) 20 minutes before
the perfusion. Eyeballs were enucleated and fixed in
4% PFA for 15 minutes. The retina was dissected out,
put in 30% sucrose overnight at 4°C, and used for
staining. The following antibodies were used: anti-
HA (1:500; Abcam, Cambridge, MA), anti-RBPMS
(1:200; PhosphoSolutions, Aurora, CO), anti-active
CASPASE3 (1:200; Abcam), anti-rabbit IgG 546
(1:600; Invitrogen, Carlsbad, CA), anti-mouse IgG
488 (1:600; Invitrogen), and anti–guinea pig 647
(1:600; Invitrogen). Imagines were taken with a Leica
TCS SP5 confocal microscope.

Respiratory Chain Function

The optic nerves were dissected out right after
the euthanasia. Assays of complex I activity were
performed in triplicate using complex I enzyme activity
microplate assay kits (Abcam). The rate of adenosine
triphosphate (ATP) synthesis was measured in tripli-
cate by chemiluminescence with a modified luciferin-
luciferase assay as described previously.25,27 Synthe-
sized ATP was detected in real time with an Optocom I
luminometer (MGM Instruments, Hamden, CT). The
protein concentration of each suspension was quanti-
tated using the protein assay kit (Bio-Rad, Hercules,
CA).

Statistical Analysis

Statistical analyses were performed using the
GraphPad Prism6 software (GraphPad Software,
La Jolla, CA). Two groups were compared using two-
tailed t tests, and multiple groups were compared using
one-way analysis of variance, and Tukey’s multiple
comparisons test, with P values of <0.05 considered
significant. Values were expressed as means ± SDs.

Results

Human ND6T14484CWas Delivered into Cells
of the Ganglion Cell Layer of the Mice

Human ND6T14484C linked to an HA tag and
mCherry (hND6T14484C) was cloned into an AAV
backbone (Fig. 1A). The same AAV backbone carry-
ing only mCherry was used as a control. All resul-
tant constructs were packaged into MTS-AAVs. In
one group of 10 animals (unilateral injection group),
mice were injected with hND6T14484C into one eye
and mCherry into the fellow eye. In another group
of 26 animals (bilateral injection group), mice were
randomly divided into two groups and injected with
either hND6T14484C ormCherry in both eyes (Supple-
mentary Table S1). To reflect themale predominance of
LHON, all mice were male. Ten days after intravitreal
injections, qPCR performed on microdissected cells
revealed that the ratio of hND6 level to that of endoge-
nous mouse ND6 was 31 in cells of the ganglion cell
layer (GCL). This ratio, however, was only 1 in cells of
the inner nuclear layer (INL) and 6 in cells of the outer
nuclear layer (ONL) in hND6T14484C-injected mice
(Fig. 1B). These findings were consistent with previous
reports that AAV2 efficiently infects RGCs after intrav-
itreal injection of adult rodent eyes.33–35 No hND6
was detected in any retinal layer of mCherry-injected
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Figure 1. Delivery and expression of hND6T14484C in the retinal ganglion cells of the injected mice. (A) Schematic of an AAV construct
where the hND6T14484C gene fusedwith theHA epitope tagwas cloned into a self-complementary AAV backbone, under the control of the
mitochondrial heavy strand promoter, including three upstream conserved sequence blocks (HSPCSB) of the D-loop responsible for replica-
tion. Afluorescencemarker,mitochondrial encodedmCherry, was cloneddownstreamof themutantgenewith a stop codonTAG inbetween.
(B) qPCR on microdissected cells showed that hND6 was 31 times of endogenous mouse ND6 in the retinal GCL, 1 time in the INL, and
6 times in the ONL. (C) Using the forward primer targeted to HSPCSB and reverse primer targeted to human ND6, the PCR showed bands
with expected size in the whole retina (RetinaND6, lane 7) and microdissected cells from the retinal GCL (lane 2), INL (lane 3), and ONL
(lane 4) of mutant hND6-injected mice but not in any layer or whole retina (RetinamC) of the control mouse (lanes 5, 6, 8). (D) Sequencing
confirmed the amplified band was hND6T14484C (arrow, the bluish wave). (E) PCR sequence aligned to plasmids carrying wild-type hND6
and hND6T14484C respectively further confirmed that the PCR product was themutant hND6T14484C (arrow). (F) Representative immunos-
taining of the wholemount and longitudinal section of a retina showed that HAwas expressed in cells in the RGC layer and colocalized with
a MitoTracker Deep Red. Scale bars: 10 μm.

mice. PCR using primers targeting the hND6T14484C
construct showed bands of the expected size in the
whole retina (Fig. 1C, lane 7) and microdissected cells
from the GCL, INL, and ONL in mutant hND6-
injected mice (Fig. 1C, lanes 2–4). No bands were
found in the whole retina or microdissected cells
from the GCL and INL in control mice (Fig. 1C,
lanes 5, 6, and 8). Sequencing and alignment to the
mutant and wild-type hND6 confirmed that the PCR
product was hND6T14484C (Figs. 1D, 1E). Immuno-
histochemistry showed that HA staining was colocal-
ized with MitoTracker Deep Red. The HA-expressing
cells were located only in the ganglion cell layer of
hND6T14484C-injected mouse retinas (Fig. 1F).

Mutant hND6 Causes Retinal Degeneration

SD-OCT can be used to visualize layers of the retina
in live animals. As the mouse retinal ganglion cell layer

is too thin for SD-OCT dependable resolution, we
measured the thickness of the RGC and the inner
plexiform layers (RGC + IPL). We found swelling of
the optic nerve head and the adjacent RGC + IPL,
compatible with early human LHON, began 1 month
after intravitreal injections of hND6T14484C. The
swelling persisted up to 4 months after injection. These
findings are also compatible with early human LHON.
Later, we detected progressive thinning of the RGC +
IPL (Fig. 2A), as seen in later atrophic stages of human
LHON. Semiautomated quantification showed that
the thickness of RGC + IPL increased significantly
1 month after injection (85.5 ± 10.8 μm vs.
72.14 ± 2.0 μm at baseline, P < 0.05), then dropped at
4 months (79.7 ± 21.6 μm) and continually dropped to
65.0 ± 8.1 μm at 8 months (P < 0.001) and 62.3
± 8.4 μm at 14 months (P < 0.01) after injec-
tion (Fig. 2C). We did not find any qualitative
change in RGC + IPL thickness from baseline
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Figure 2. hND6T14484C causes retinal degeneration. Representative SD-OCT images and the corresponding three-dimensional (3D) thick-
ness of RGC-IPL maps of twomice injected withmutant ND6 (A) and onemouse injected withmCherry (B). Each SD-OCT image (OCT image)
represents one scan of a retina where the RGC+IPL layers were highlighted in between two blue lines, and the corresponding 3D map (3D
Thickness of RGC+ IPL) was generated from100OCT images covering onewhole retina using a semiautomated custom software developed
fromMATLAB software (MathWorks). (A) InmutantND6-injectedmice, optic nerve head swellingwas detected as early as 1month (1m) after
the injection, and the swelling could persist up to 4months (4m) after the injection followed by a progressive loss of the RGC+ IPL layers. (B)
No abnormality was seen in themCherry-injected control mice during the entire experimental period. (C) Quantification of the thickness of
the RGC+ IPL layers. Semiautomatic quantification (n= 10 in each group) showed a significant increase in the thickness of RGC+ IPL layers
followed by a progressive decrease of this thickness in mutant hND6-injected mice. The difference in the thickness of RGC + IPL between
baseline (B.L.) and 1month (1m), 8months (8m), and 14months (14m) after injectionwas significant (P< 0.05, 0.001, and 0.01, respectively).
The differences in the thickness between 1mand 8mor 14mwere also significant (P< 0.001). Meanwhile, compared to age-matched control
mice, mice injected with mutant hND6 showed a significant thinning of the RGC + IPL layers at 8m (P < 0.05) and 14m (P < 0.05).
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Figure 3. Vision loss is inducedbyhND6T14484C. Scatterplots of PERGamplitudes and averagedwaveformsof allmice tested in eachgroup
showed no significant difference between themice bilaterally injectedwith hND6T1448C (n= 20 eyes) and themice bilaterally injectedwith
mCherry (n = 20 eyes) at the baseline (A, B) and 1 month (1m) after injection (C, D). However, the difference became statistically significant
at 3 months (3m, P = 0.0023, E, F), 6 months (6m, P = 0.0058, G, H), and 15 months (15m, P = 0.031, I, J) after injection. (K) A bar graph
(n = 10) showed a gradual decrease in PERG amplitude in eyes unilaterally injected with hND6T14484C compared to eyes unilaterally
injected with mCherry (control). The decrease became significantly at 3 months (3m, P = 0.001) and 9 months (9m, P = 0.027) after
injection.

to 1, 4, 8, and 14 months after the injection of
mCherry (Figs. 2B, 2C). Meanwhile, compared to
age-matched control mice (mCherry), mice injected
with mutant hND6 (ND6T14484C) showed signifi-
cant reductions in RGC + IPL thickness at 8 months
(P < 0.05) and 14 months (P < 0.05) after the injection
(Fig. 2C).

Expression of Mutant hND6 Causes Visual
Loss

Given that RGC appears to be the vulnerable
cell type in patients with LHON mutations, we used
PERGs to determine whether hND6T14484C induces
RGC dysfunction in mice. The PERG is a measure
of visual and RGC function. For mice that had bilat-

eral injections, we did not find statistically signifi-
cant differences in PERG amplitude between the two
groups of mice before intravitreal injections (Figs. 3A,
3B) and at 1 month after injection (Figs. 3C, 3D).
However, we found a statistically significant decrease
in the PERG amplitude at 3 months after the injection
of mutant hND6 relative to the age-matched control
mice injected with mCherry (P = 0.0023; Figs. 3E,
3F). This decrement persisted at 6 months (P =
0.0058; Figs. 3G, 3H) and 15 months (P = 0.031)
after the hND6T14484C injection (Figs. 3I, 3J). Consis-
tently,micewith unilateral injections showed a decrease
in PERG amplitude in the eye injected with mutant
hND6 compared to the eye injected withmCherry. The
decrease became statistically significant at 3 months
(P = 0.001) and 9 months (P = 0.027) after injection
(Fig. 3K).
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Respiratory Chain Function in
hND6T14484C-Injected Mice

The optic nerve is highly dependent on oxida-
tive phosphorylation and is adversely impacted by
oxidative stress. Therefore, we measured complex
I activity and the rate of ATP synthesis driven
by malate and pyruvate in the optic nerve of the
injectedmice using chemiluminescence with amodified
luciferin-luciferase assay. Complex I activity was not
significantly reduced in the optic nerves of mutant
hND6-injected mice (0.188 ± 0.100 OD450/min/mg,
n = 5) compared to that of mCherry-injected control
mice (0.248 ± 0.190 OD450/min/mg, n = 5, P = 0.35).
Additionally, compared to mCherry-injected control
mice (n = 7), the rate of complex I–dependent ATP
synthesis was not significantly reduced in the optic
nerves of mutant hND6-injected mice (n = 6, 421 ±
413 mmol ATP/min/mg protein vs. 526 ± 218 mmol
ATP/min/mg protein of control mice, P = 0.73). Our
findings in mice were consistent with previous reports
that ND6T14484C is associated with a mild effect on
complex I activity.36

Mutant hND6 Causes Loss of Axons and RGCs

Postmortem analysis was performed 15 months
after the injections. Gross dissections revealed marked
atrophy of the entire optic nerve from behind the globe
to the optic chiasm in eyes injectedwith hND6T14484C
relative to eyes injected with mCherry (Fig. 4A).
Histopathology of the retina revealed a loss of cells
in the RGC layer and a thinner IPL of eyes injected
with mutant hND6 (Fig. 4B) in comparison to eyes
injected with mCherry (Fig. 4C). Total cell counting
in the RGC layer revealed that mutant hND6-injected
mice had 28% fewer cells than age-matched control
mice (4834± 455 cells/mm2, vs. 6713± 1083 cells/mm2,
P = 0.0209, Fig. 4D). Consistent with cell count-
ing, immunohistochemistry with a pan-RGC marker,
RBPMS showed mice injected with mutant hND6
had fewer RGCs (Fig. 4E) in comparison to mCherry
control mice (Fig. 4F). Quantitative analysis revealed a
36% loss of RGCs in these mutant hND6-injected mice
(n = 3, 2455 ± 773 cells/mm2 vs. 3856 ± 743 cells/mm2

in controls, P = 1.7E-9, Fig. 4G).

Mutant hND6 Causes Apoptosis in RGCs

We found that active Caspase 3 was abundantly
expressed in the RGC layer in hND6 bilateral injected
mice 15 months after injection (Figs. 4H, 4I). These
mice had 61% cells in the RGC layer positive for active
CASPASE 3 staining (Fig. 4L), while the control mice

only had 16%positive cells (P= 3.74E-5, Figs. 4L–4N).
Ultrastructural analysis showed cells in the RGC layer
of hND6T14484C-injected mice had condensation of
the cytoplasm and nuclear chromatin consistent with
apoptosis (Fig. 4M). Whole transcriptome sequencing
(also known as RNA-seq) was performed using total
RNA extracted from mouse optic nerve, the RGC’s
axons, at 1 month after the injection of hND6T14484C
(n = 3) or mCherry (n = 3). The sequencing showed
an increase in the expression of 277 transcripts and a
decrease in the expression of 104 transcripts in hND6-
injected mice in comparison to mCherry-injected mice
(Supplementary Fig. S1). Closer inspection of the
RNA-seq data shows several increased transcripts
are related to the regulation of oxidative stress and
apoptosis. These transcripts include SOD1 (superox-
ide dismutase 1), PRDX1 (peroxiredoxin 1), TMBIM6
(BAX inhibitor 1), PINK1 (PTEN-induced kinase 1),
ROMO1 (reactive oxygen species modulator 1), and
so on. Their expression increased by 28% to 73%
in hND6-injected mice compared to mCherry-injected
mice, suggesting this increase might be due to the
elevated reactive oxygen species (ROS) level in the cell
(Supplementary Table S2, Supplementary Table S3).
Meanwhile, using EnrichRwith the list of genes upreg-
ulated in hND6 compared to mCherry, an overrepre-
sentation of genes was found in the pathway “cellu-
lar response to oxidative stress” (GO:0034599, adjusted
P = 0.0011) and in the Gene Ontology pathway
“positive regulation of intrinsic apoptotic signaling
pathway” (GO: 2001244, adjusted P = 0.00128).37,38
This same finding was confirmed using gene set enrich-
ment analysis, an enrichment analysis method that
uses ranking of genes rather than proportions tests
(adjusted P = 0.018 and 0.023, Figs. 4N, 4O).39,40
Taken together, these findings indicate that apoptosis
rates were increased in the RGCs and optic nerve of
hND6T14484C-injected mice in comparison to control
mice.

Discussion

ND6T14484C is the least deleterious LHON
mutation as patients with this mutation typically
have a better outlook for spontaneous visual recovery
than the other two primary mutations (ND4G11778A
and ND1G3460A).41–43 Mice injected with human
ND6T14484C showed only a 14% reduction in PERG
amplitude at 1 month after injection compared
to age-matched control mice. This reduction is
not statistically significant (P = 0.089), whereas
mice injected with human ND4G11778A showed
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Figure 4. hND6T14484C causes loss of axons and RGCs. (A) Gross specimen of a unilateral injected mouse dissected 15 months after injec-
tion revealed significantly thinning of the entire optic nerve from the globe (arrow) to the optic chiasm (C, arrow) in the eye injected with
hND6T14484C (ND6) but not in the eye injectedwithmCherry (mC). (B, C) Lightmicroscopy images of longitudinal retinal sections performed
15months after the injection of mutant hND6 show that the retina has fewer cells in the RGC layer (RGC) and a thinner IPL of hND6-injected
mice (B) compared to age-matched control mice injected withmCherry (C). However, no obvious difference was seen in other layers of the
retina between the twomice, including INL, outer plexiform layer (OPL), andONL. (D) Quantification (n= 3 in each group) shows a significant
difference in cell number in the RGC layer between the two groups of mice (P = 0.0209). (E, F) RBPMS, a pan-RGC marker staining, showed
fewer RGCs in mutant hND6-injected mice (E) compared to age-matched mCherry injected mice (F). (G) RGC quantification (n = 3 in each
group) shows a significant difference in RGC cell number between the two groups of mice (P = 1.7E-9). (H–K) Active CASPASE3 staining
shows more positive cells in the RGC layer (arrows) of mice injected with mutant hND6 (H, I) compared to age-matched control mice (J, K).
(L) Quantification (n = 3 in each group) showed the difference in cell number positive for active CASPASE3 was highly significant between
the two groups of mice (P = 3.74E-5). (M) A representative transmission electron microscope image of a mouse retina shows cells in the
RGC layer undergoing apoptosis 15 months after the injection of mutant hND6 (arrows). (N) Gene set enrichment analysis (GSEA) enrich-
ment plot of cellular response to oxidative stress (GO:0034599). Genes in the pathway are significantly enriched in the hND6 samples (zero
cross at 7907 in rank-ordered data set, adjusted P = 0.018). EnrichR analysis of this pathway was also significant (adjusted P = 0.0011). (O)
GSEA enrichment plot of positive regulation of intrinsic apoptotic signaling pathway (GO: 2001244). Genes in the pathway are significantly
enriched in the hND6 samples (adjusted P = 0.023). Scale bars: 20 μm (B, C, E, F, H, J); 10 μm (I, K); 4 μm (M).

a significant decrease (23%) in PERG amplitude
at the same time point (P < 0.04). The functions
of the ND6 subunit remain elusive, except for its
role in complex I assembly.44,45 Structure analysis

showed that mt.14484 is not a highly conserved
position in ND6 protein, although it locates in the
most conserved region of predicted transmembrane
helix C.42
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Mice in this study injected with hND6T14484C
showed a mild decrement in the complex I activity
and ATP synthesis that was not statistically significant.
This result is strikingly similar to the in vitro reduc-
tion in respiration rate, where the respiration rate was
lowered by about 10% to 20% in leukocytes and the
lymphoblast cell line established by Epstein-Barr Virus
(EBV) transformation of leukocytes isolated from
patients homoplasmic forND6T14484C.36,46 However,
biochemical data for the ND6T14484C mutation
are conflicting. Normal respiration rate was also
reported in cybrids derived from the EBV-transformed
lymphoblasts. Meanwhile, reports on the effects of
the mutant ND6 on complex I activity are controver-
sial too. Normal complex I activity has been reported
in fibroblasts,41 platelets,42 the lymphoblast cell line,
and the lymphoblast-derived cybrids homoplasmic
for ND6T14484C.36 Meanwhile, decreased complex
I activity has also been reported in the leukocytes
of patients homoplasmic for the mutation, where
complex I activity was reduced to about 40% of
control values.46 In vivo phosphorus (31P) magnetic
resonance spectroscopy (p-MRS) studies showed that
ND6T14484C induced a 47% decrease in the maximal
rate of mitochondrial ATP synthesis in skeletal muscle;
however, the reduction did not differ between the
affected and unaffected subjects homoplasmic for the
mutations.47–49 These results suggest that other factors,
in addition to ATP deficiency, influence the LHON
phenotypic expression.

We found a pronounced increase in active
CASPASE 3 expression in cells of the RGC layer
in the mice injected with hND6T14484C. Similarly,
Lin et al.12 found an increase in complex I ROS
production during forwarding electron flow in both
liver and brain mitochondria of their ND6 P25L mice.
In addition, Giordano et al.50 found elevated ROS
levels in an osteosarcoma-derived cybrid harboring
the ND6T14484C mutation in galactose medium, and
treatment with 7β-ostradiol led to the activation of
the antioxidant enzyme superoxide dismutase and
reduced apoptosis. In our data, the expression of
antioxidant enzymes increased in the optic nerve at
1 month after the injection of mutant hND6 when
RGC did not lose function as detected using PERG.
However, swelling of the optic nerve head and the
adjacent RGC + IPL was found in these mice using
SD-OCT. Ample evidence suggests that RGCs actively
transport messenger RNAs into their axons and trans-
late locally during the functional maintenance of the
axons.51–54 It is, therefore, reasonable to assume that
mutant hND6-induced oxidative stress in the RGCs
and their axons, as well as the elevated oxidative stress,
eventually induced cell death in the retina. However,

we cannot exclude RNA contamination from glial cells
in the optic nerve. Further studies will be needed to use
microdissected RGCs to address whether the elevated
oxidative stress initiated in these cells.

In conclusion, we generated an LHON mouse
model for the first time carrying hND6T14484C. The
mice showed reductions in PERG amplitudes, progres-
sive thinning of the RGC + IPL layers, and a loss
of RGCs and their axon characteristics of human
LHON. These mice will be an essential tool to study
LHON pathogenesis and test potential treatments for
the disease. We will use this model to test the thera-
peutic effects of MTS-AAV–delivered wild-type allele
and then move on to stages of a trial. Future direc-
tions include generating a transgenic animal model
by blastocyst injections of mutant ND6, as we have
previously done for ND4. This work is needed because
intravitreal injection of MTS-AAVs allows for deliv-
ery of the mutated gene of interest (hND6T14484C)
only into the injected eye but not even into the
contralateral eye. In contrast, blastocyst injection of
MTS-AAVs delivers the mutated gene of interest to
all tissues/organs. However, the load of interest gene
varied between the tissues with the highest level in the
RGCs and optic nerves.27 Meanwhile, the RNA-seq
data showed changes in many nuclear genes that will
benefit us to explore the effects of impaired mitochon-
drial function on nuclear gene expression and identify
new therapeutic targets for the disease.
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