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Abstract

Therapies for genetic disorders caused by mutated mitochondrial DNA are an unmet need, in large 

part due barriers in delivering DNA to the organelle and the absence of relevant animal models. 

We injected into mouse eyes a mitochondrially targeted Adeno-Associated-Virus (MTS-AAV) 

to deliver the mutant human NADH ubiquinone oxidoreductase subunit I (hND1/m.3460G>A) 

responsible for Leber’s hereditary optic neuropathy, the most common primary mitochondrial 

genetic disease. We show that the expression of the mutant hND1 delivered to retinal ganglion 

cells (RGC) layer colocalizes with the mitochondrial marker PORIN and the assembly of 

the expressed hND1 protein into host respiration complex I. The hND1 injected eyes exhibit 

hallmarks of the human disease with progressive loss of RGC function and number, as well as 

optic nerve degeneration. We also show that gene therapy in the hND1 eyes by means of an 

injection of a second MTS-AAV vector carrying wild type human ND1 restores mitochondrial 

respiratory complex I activity, the rate of ATP synthesis and protects RGCs and their axons 

from dysfunction and degeneration. These results prove that MTS-AAV is a highly efficient gene 
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delivery approach with the ability to create mito-animal models and has the therapeutic potential 

to treat mitochondrial genetic diseases.
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Introduction

Mutations in mitochondrial DNA lead to a spectrum of neurodegenerative diseases for which 

no effective treatment exists. This is a group of untreatable disorders affecting the eye, 

nervous system and heart, some clinically characterized over a century ago, but they are 

now known to be a spectrum of molecularly defined diseases1. Leber’s hereditary optic 

neuropathy (LHON) is the most common primary mitochondrial genetic disease, leading 

to rapid blindness in children and young adults. More than 90% of LHON cases are 

caused by one of three point mutations in the mitochondrial DNA (mtDNA) (m.11778 

G>A, m.3460G>A, and m.14484 T>C) encoding for subunits ND4, ND1, and ND6 of 

the respiration complex I, respectively2, 3. Virtually all mammalian cells contain numerous 

mitochondria, and correspondingly numerous copies of mtDNA. The levels of mutated 

mtDNA can vary from 0 to 100%, a situation known as heteroplasmy (coexistence of mutant 

and wildtype mtDNA), or homoplasmy (all mtDNA are either mutant or wildtype). In 

LHON, over 85% of the cases are homoplasmic mutations4–6. Clinically, LHON is typically 

a monosymptomatic disease, characterized by a painless loss of central vision and swelling 

of retinal nerve fibers followed by optic atrophy and progressive loss of retinal ganglion 

cells (RGCs)7, 8. To date, no-FDA approved treatment is available for LHON or any 

other mitochondrial disorders, although several treatment modalities have been proposed, 

including palliative pharmacological treatments, molecular genetic therapies, and stem cell 

therapies9–12.

Numerous challenges hamper the development of novel treatments for mitochondrial 

diseases, including LHON, not least are difficulties targeting drugs and /or nucleic acids 

inside mitochondria and lack of model systems13. Tools to manipulate mtDNA are 

limited but several strategies have been developed. One such technique is called allotopic 

expression, which recodes a mitochondrial gene into the nuclear codon thereby allowing for 

protein expression in the cytoplasm and transportation into the mitochondria.

Guy et al14 was the first group to employ the allotopic expression of wildtype ND4 in 

cybrid cells, complementing the ND4/ m.11778G>A mutant protein. We15, 16 and Corral-

Debrinski et al17, 18 generated an LHON animal model with loss of visual function and 

RGC degeneration using allotopic expression of mutant human ND4(R340H). Vision loss 

and RGC degeneration in this LHON model could be rescued using a second AAV carrying 

allotopic wildtype ND415–18. This work formed the basis for launching gene therapy trials 

designed to test the safety and therapeutic efficacy of allotopically expressed human ND4 on 

patients carrying m.11778G>A mutation10, 11, 19–23.
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Another technique is to import specific restriction endonucleases or transcription activator-

like effector nucleases (TALENs) into the mitochondria to degrade mtDNA. This strategy 

has proved successful in inducing mtDNA heteroplasmic shift through the selective 

elimination of the mutated mtDNA in cybrid cells or germlines24. A recently developed 

technology based on mitochondrial-targeted TALEN guides deaminase facilitating a C to T 

or A to G base conversions25, 26.

In our earlier studies27, 28, we pioneered a novel approach to redirect the adeno-associated 

virus (AAV) virion into mitochondria through the addition of a mitochondrial targeting 

sequence (MTS) to capsid VP2 (MTS-AAV). Using this MTS-AAV, we delivered the wild 

type human ND4 gene to LHON cybrids homoplasmic for m.11778G>A mutation and 

rescued the LHON cybrid cells from defective cellular respiration. We also reported delivery 

of the wild type human ND4 into the adult rodent visual system, where vision loss and 

atrophy of the optic nerve induced by mutant R340H ND427, 28 was prevented.

In later studies29, we used this approach to introduce the mutant hND4 gene into mouse 

zygotes and generated a bona fide LHON mitomice carrying the human m.11778G>A 

mutation. Our results demonstrated that the translated hND4 protein assembled into host 

respiratory complexes, decreased respiratory chain function, and increased oxidative stress. 

The mitomice recapitulate the progressive RGC loss and optic nerve degeneration observed 

in the human form of the disease29, 30. In a more recent study31, we used the same approach 

to deliver human ND6/m.14484T>C into mouse eyes, which induced visual and RGC loss.

Given the biochemical and genetic heterogeneity of the disease, no single therapy is likely 

to exist for all LHON mutations. Currently, no animal model for ND1/m. 3460G>A exists 

and no gene therapy trials for LHON caused by ND1 or ND6 mutations are available. The 

studies presented here are part of our continuing efforts to study LHON disease mechanisms 

and pathophysiology and to develop possible treatment strategies. The results presented in 

this study further validate the technology’s applicability to facilitate a novel gene therapy for 

LHON and other mitochondrial genetic diseases.

Materials and Methods

Plasmids and AAVs.

sc-HSPCSB-hND1G3460A-mCherry was constructed as previously described27, 29. In brief, 

human ND1/m.3460G>A gene was fused in frame with Myc, and mitochondrial-encoded 

Cherry(mCherry) were cloned into scAAV backbones under the control of the mitochondrial 

heavy strand promoter including 3 upstream conserved sequence blocks (HSPCSB), where 

ND1G3460AMyc is followed by mCherry with a stop codon between two genes. mCherry 
cloned in the same scAAV backbone was used as a control (sc-HSPCSB-mCherry). Wild-

type human ND1fused in frame with Myc was cloned into the same AAV backbone 

used as positive control and the treatment for the disease caused by mutant ND1 (sc-

HSPCSB-hND1). The plasmids were purified using Qiagen endotoxin free maxiprep 

and then packaged with the VP2COX8 plus VP1, VP3 and helper plasmid PXX6 into 

recombinant virus: MTSAAV/sc-HSPCSB-hND1G3460A-mCherry, MTSAAV/sc-HSPCSB-

mCherry, and MTSAAV/sc-HSPCSB-hND1.
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Animals.

All animal procedures were performed in accordance with 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. For the intraocular injection of 

recombinant AAV, three months old DBA/1j mice were sedated by inhalation of 1.5% to 2% 

isoflurane. A local anesthetic (proparacaine HCl) was applied topically to the cornea, and 

a 32-gauge needle attached to a Hamilton syringe was inserted through the pars plana. 1 

μl of mitochondria targeting AAV carrying the mutant human ND1 (MTSAAV/sc-HSPCSB-

hND1G3460A-mCherry), or the mCherry (MTSAAV/sc-HSPCSB-mCherry ), or the wild 

type ND1 (MTSAAV/sc-HSPCSB-hND1) was injected into the eyes. For the treatment, 

the mice were first injected with mutant human ND1 and two days later were injected 

with wildtype hND1 (treated group) or mCherry (untreated group). PERGs and OCTs were 

performed at baseline, and 1, 3/4, 6/8 and 12/14 months after intravitreal AAV injections.

Based on one-way ANOVA, a sample size of N=9 would provide 80% power to detect 

a 20% effect size in RGC survival at a significance of p=0.05 in one (or more) of the 

groups. To reflect the male predominance of LHON, all animals used in this study were 

male DBA/1j mice started from 3 months old and randomly assigned to each study group. 

Data collection and analysis were done automatically or blinded by different individuals.

PERG and OCT.

Pattern electroretinogram (PERG) was performed as previously described.32, 33 In brief, 

mice were weighed and anesthetized with intraperitoneal (IP) injections of a mixture of 

ketamine (80mg/kg body weight) and xylazine (10mg/kg body weight) and were restrained 

by using a bite bar and a nose holder that allowed unobstructed vision and ocular stability. 

The animals were maintained at a constant body temperature of 37.6°C with a feedback-

controlled heating pad. Under these conditions, the eyes of mice were wide open and in a 

stable position with undilated pupils pointing laterally and upward. The ERG electrode had a 

diameter of 0.25mm (made of silver wire configured to a semicircular loop of 2-mm radius) 

and was placed on the corneal surface by means of a micromanipulator and positioned to 

encircle the pupil without limiting the field of view. Reference and ground electrodes were 

stainless-steel needles inserted under the skin of the scalp and tail, respectively. After setting 

the mice on the stage and before recording, a small drop of balanced saline solution was 

topically applied on the cornea to prevent drying. A visual stimulus of contrast-reversing 

bars (field area, 50° × 58°; mean luminance, 50 cd/m2; spatial frequency, 0.05 cycles/deg; 

contrast, 100%; and temporal frequency, 1 Hz) was aligned with the projection of the pupil 

at 20 cm distance. Eyes were not refracted for the viewing distance, because the mouse 

eye has a large depth of focus due to the pinhole pupil. Retinal signals were amplified 

(10,000-fold) and band-pass filtered (1–30 Hz). Three consecutive responses to 600 contrast 

reversals each were recorded. The responses were superimposed to check for consistency 

and then averaged. The PERG is a light-adapted response. To have a corresponding index of 

outer retinal function, a light-adapted flash ERG (FERG) was also recorded with undilated 

pupils in response to strobe flashes of 20 cd/m2/s superimposed on a steady background 

light of 12 cd/m2 and presented within a Ganzfeld bowl. Under these conditions, rod activity 

is largely suppressed while cone activity is minimally suppressed. Averaged PERGs were 
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automatically analyzed to evaluate the major positive and negative waves by Sigma Plot 

(Systat software Inc., San Jose, CA). Retinal images were visualized with in vivo spectral-

domain (SD) OCT (Bioptigen, Inc. Durham, NC) and were analyzed with semiautomated 

custom software written using MATLAB software (MathWorks, Inc. Natick, MA)34.

Laser microdissection and PCR.

The injected mouse retinas were fixed overnight at 4°C in 4% PFA/PBS and equilibrated 

in 30% sucrose/PBS overnight at 4°C. After embedding into optimal cutting temperature 

(O.C.T.) compound (Sakura, Torrance, CA ), the retinas were cut into 8 μm sections 

and placed onto director slides (Expression Pathology, Rockville MD). Laser capture 

micro-dissection (LCM) was performed using a Leica LMD6500 (Leica Microsystems Inc, 

Buffalo Grove, IL). Cells from the RGC, inner and outer nuclear layers were excised and 

collected respectively for DNA extraction (DNeasy blood and tissue kit, Qiagen, Hilden, 

Germany). PCR was performed with primers F 5’ AATTTCCACCAAACCCCCCC3’ and R 

5’ GCCTGCGGCGTATTCGATGT3’, and qPCR was performed with primers: hND1 F 5’ 

AGAACACCTCTGATTACTCCT3’ and R 5’ TTCGGTTGGTCTCTGCTA 3’; mND1 F5’ 

CATTGTTGGTCCATACGG3’ and R 5’ TGCTAGTGTGAGTGATAGG3’.

Immunohistochemistry.

Mice were anesthetized with isoflurane/oxygen and perfused transcardially with PBS 

followed by 4% paraformaldehyde in PBS. Longitudinal retinal sections were used 

for staining. The following antibodies were used: anti-Porin (ab15895 Abcam, 1:400, 

Waltham, MA), anti-mCherry [1C51] (ab125096, Abcam, 1:500), donkey anti-rabbit IgG 

488 (A21206, Invitrogen, 1:600, Waltham, MA), and donkey anti-mouse IgG 546 (A10036, 

Invitrogen, 1:600). Images were taken with a Leica TCS SP5 confocal microscope (Leica 

Microsystems Inc, Buffalo Grove, IL).

Blue Native/PAGE and Immunoblotting.

Blue Native (BN)/PAGE was performed using the Invitrogen NativePAGE Gel system 

with minor modifications. In brief, mitochondria from pooled retina were enriched and 

used for BN-PAGE gel as described27. Electrophoresis was performed according to the 

manufacturer’s specifications (Invitrogen). BN-PAGE strips were equilibrated and applied 

to the 2D SDS gel as described by Invitrogen. Samples were separated in the second 

dimension and transferred to PVDF membranes (Immobilon; Millipore, Burlington, MA) 

using the semitransfer system (Bio-Rad, Hercules, CA). The following antibodies were used: 

anti-Myc [Y69] (ab32072, abcam, 1:500), anti-NDUFS4 [2C7CD4AG3] (ab87399, abcam, 

1:1000) and anti-NDUFB6 [21C11BC11] (ab 110244, abcam, 1:1000). Secondary probing 

with anti-mouse (32230, ThermoFisher, 1:5000) or anti-rabbit HRP-conjugated antibodies 

(32260, ThermoFisher, 1:5000) was performed for 1 h, followed by detection using ECL 

reagents (ThermoFisher) and a FUJI Film Imaging system.

Respiratory chain function.

Mice were euthanized two months after injection, and the optic nerves and retinas were 

collected. Assays for complex I activity were performed in triplicate using a complex I 
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enzyme activity microplate assay kit (Abcam). The rate of ATP synthesis was measured in 

triplicate by chemiluminescence with a modified luciferinluciferase assay in homogenized 

optic nerves or retinas digitonin-permeabilized with the complex I substrates malate and 

pyruvate in real time with an Optocom I luminometer (MGM Instruments, Hamden, CT). 

In brief, the optic nerves or retinas were put in 1.5mL Buffer A (150 mM KCL, 25 mM Tris-

HCL, 2 mM EDTA, 0.1% BSA, 10mM K3PO4, 0.1mM MgCL2, PH 7.4) and homogenized 

for 10 seconds (optic nerve) or 1min (retina) with Omni TH at 19500rpm. A 100 μL aliquot 

of the cell suspension was used for each assay. Protein concentration of each suspension was 

quantitated using the protein assay kit (Bio-Rad).

Optic Nerve Diameters and Axons Counts.

Fifteen months after intraocular injections, optic nerves were dissected from 1 mm behind 

the globe to the optic chiasm. For axon counting, eight transmission electron micrographs 

were photographed by a masked observer at a magnification of 1500 X for each optic nerve 

specimen. The diameter and number of axons were then manually counted by a masked 

observer. Axons were identified by a clear axoplasmic cytoskeleton or surrounding electron 

dense myelin sheath. A total of 3,889 axons were counted for mCherry-injected controls, 

5,238 axons for mutant hND1 injected mice, and 6,947 axons for treated mice.

Statistical Analysis.

Statistical analyses were performed using the Graphpad Prism software. Two groups were 

compared using two-tailed t-tests. Multiple groups were compared using one-way ANOVA 

analysis of variance; Tukey’s multiple comparisons test, Generalized Estimating Equation 

(GEE) with two main effects Age and Group, and the interaction between Age and Group. 

P values of <0.05 were considered significant. Values were expressed as means ± standard 

deviation (SD).

Results

Expression of human ND1/m.3460G>A in mouse retina following intravitreal injection of 
MTS-AAV2

Even though the mitochondrial double membrane has proven to be a formidable barrier 

in targeting nucleic acids to the organelle, viruses, naked DNA, and RNA are observed to 

traverse the membranes35–38. To generate a mouse model carrying human mutated ND1, 

we cloned the human ND1/m.3460G>A gene linked to a Myc epitope followed by a stop 

codon (without a tRNA) and mitochondrial encoded mCherry into a self-complementary 

AAV serotype 2 (AAV2) backbone (mut-hND1)( Fig 1A), as described in the Materials and 

Methods section. The same AAV construct without ND1 was used as a control (mCherry). 

All resultant constructs were packaged into mitochondrial targeting AAVs (MTS-AAVs), 

and the generated AAVs were injected intravitreally into mouse eyes. To reflect the male 

predominance of LHON, all mice used in this study were male. Ten days after injection, 

PCR analysis of mtDNA extracted from the retina using hND1 specific primers revealed the 

presence of the expected amplicon only in mutant hND1 injected mice but not in control 

mice (Fig1B). Sanger DNA sequencing and alignment to mutant and wild-type human ND1 
confirmed that the PCR fragments were human ND1/m.3460 G>A (Fig1C, D).
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Quantitative PCR performed on micro-dissected cells revealed that the ratio of human ND1 
level to that of endogenous mouse counterpart was 24:1 in cells of the ganglion cell layer 

(RGC). This ratio, however, was only 3:1 in cells of the inner nuclear layer (INC) and 2:1 

in cells of the outer nuclear layer (ONC) in the injected mice (Fig. 1E). Immunostaining 

revealed that mCHERRY was only expressed in the RGC layer and colocalized with the 

mitochondrial marker, PORIN (Fig1F). These results are consistent with previous reports 

that AAV2 efficiently infects RGCs after intravitreal injection of adult rodent eyes, as these 

cells have high expression of heparan sulphate proteoglycans (the primary receptor of AAV2 

in their membranes39–42).

To further determine whether the expressed mutant human ND1 protein integrates into the 

murine respiration complex I, the retinal mitochondria from 20 injected eyes was pooled 

and two-dimensional blue native PAGE western blots were run. The blots probed with an 

anti-MYC antibody, identified a band around 64kD that represents ND1MYC-mCHERRY 

(Fig S.1). The ND1MYC-mCHERRY fusion may have been generated by the lack of 

the correct secondary structure required by mitochondrial RNase P and nucleases for 

precise endonucleolytic excision of mitochondrial mRNAs by processing tRNAs from 

the primary transcript43–46. We then labeled the MYC-stained membrane with antibodies 

against NDUFS4 (S4) and NDUFB6 (B6) subunits of complex I and observed that they 

migrated in the same vertical plane as signals seen with the MYC antibody, suggesting that 

human ND1/m. 3460G>A protein assembles into the murine complex I (Fig 1G).

Mutant hND1 induces progressive retinal degeneration in mice eyes

To determine whether the expressed mutant hND1 can induce retinal atrophy in the mice, 

a phenotype observed in human LHON, we injected 30 mice (54 eyes) randomly with MTS-

AAV delivered mutant hND1(n=27) or mCherry (n=27) and used spectral domain-optical 

coherence tomography (SD-OCT) to measure the thickness of the ganglion cell plus inner 

plexiform layers (RGC+IPL) in live animals. We observed swelling of the optic nerve head 

and adjacent RGC + IPL 4 months after injection of mutant hND1, which is characteristic 

of early human LHON. The optic nerve head swelling diminished, and progressive thinning 

of RGC+IPL was seen from 8 months to 14 months after the injection. (Fig 2a Right 

two panels). These finding are characteristic of human LHON in later atrophic stages. 

Semi-automated quantification showed that the thickness of RGC+IPL increased from 79.9 

+/−10.6um at baseline to 84.5+/−24.2um at 4 months after injection, then dropped to 

67.6+/−3.7um at 8 months(p<0.05), and continually dropped to 64.8+/−2.3um at 14 months 

(p<0.05) after injection (Fig 2C). We did not find any qualitative change in the thickness of 

RGC+IPL from baseline to 4-, 8- and 14-month after the injection of mCherry. (Fig 2A Left 

two panels, Fig 2B).

Mutant hND1 induces vision loss in the mice

Given that RGCs are the most vulnerable cell type in patients with LHON mutations, 

we next determined whether intravitreal injection of mutant hND1 in mouse eyes induced 

RGC dysfunction using pattern electroretinograms (PERGs), a sensitive electrophysiologic 

measure for RGC function.
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No differences were observed in PERG amplitude between the two groups of mice prior to 

intravitreal injections (Fig 3 A, B); however, we found a statistically significant decrease 

in the PERG amplitude at 1 month (1m) after the injection of mutant hND1 relative to the 

age-matched control mice injected with mCherry (p=0.011, Fig 3 C, D). This decrement 

persisted at 3m (p=0.019, Fig3 E, F), 6m (p=0.020, Fig3 G, H), and 12m (p=0.010, Fig 3 

I, J) after mutant hND1 injection. Using the Generalized Estimating Equation, an unbiased 

non-parametric method to analyze longitudinal correlated data, we found the mean PERG 

amplitude significantly decreased with age in both groups (p<0.000). However, mutant 

hND1-injected mice showed a larger (p<0.001) and faster (p<0.034) decrease in PERG 

amplitude compared to mCherry-injected control mice (Fig 3K).

Suppression of the vision loss by mito-targeted wild type ND1

To detect the amelioration of LHON symptoms by intravitreal delivery of a second MTS-

AAV2 carrying wild-type hND1, we injected another 32 mice (64 eyes) with MTSAAV 

delivered mutant hND1 and two days later randomly divided them into treated and untreated 

groups. The treated group (n=34) received MTS-AAV delivered wildtype hND1, and the 

untreated group (n=30) received MTS-AAV delivered mCherry. Using the Generalized 

Estimating Equation, we found a progressive decline in PERG amplitude in both groups; 

however, the treated mice showed a significant slower reduction in the amplitude than the 

untreated mice (p=0.028), and the difference between the two groups became statistically 

significant at 12m after injection (p=0.005)(Fig3L).

Rescue of local energy deficiency induced in the mice by mito-targeted wild type ND1

Although the genetic defects associated with LHON are well characterized, the pathogenesis 

remains poorly understood. One of the most common hypotheses about the disease is that 

mtDNA mutations disrupt essential polypeptide subunits of complex I and lead to ATP 

production impairment, resulting in apoptosis of the retinal ganglion cells (RGCs)8, 47–53. 

To determine whether delivered mutant hND1 induced local ATP deficits in the mice, we 

measured complex I activity and the rate of ATP synthesis driven by complex I substrates 

malate and pyruvate in the retina and the optic nerve two months after injection. Complex 

I activity and the rate of ATP synthesis were not significantly reduced in the retina of 

mutant hND1 injected mice compared to that of mCherry injected control mice (Fig S. 

2). This insignificance might be due to a small fraction of RGCs in the retina (<6%). 

However, the complex I activity in the optic nerve of mutant hND1 injected mice decreased 

significantly to 0.06±0.05 OD450/min/mg relative to 0.17±0.06 OD450/min/mg of mCherry 
injected control mice (p<0.001) (Fig 4A). Additionally, the rate of complex I-dependent 

ATP synthesis in the optic nerves of mutant hND1 injected mice was also significantly 

decreased to 325±192 nmol/min/mg relative to 623±153nmol/min/mg of mCherry injected 

mice (p<0.05) and relative to 763±9 nmol/min/mg of wildtype hND1 injected positive 

control mice (p<0.05) (Fig 4B). Intravitreal injection of a second MTS-AAV carrying wild 

type hND1 significantly increased complex I activity to 0.15±0.02 OD450/min/mg (p<0.01) 

and the rate of ATP synthesis to 734±337 nmol/min/mg (p<0.05) in the optic nerve relative 

to untreated mice (Fig 4A, B).
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Mutant hND1 causes loss of axons and RGCs

To better characterize the pathophysiological mechanism linked to the defects in mutant 

hND1 injected mice, we performed post-mortem histological analysis 15 months after 

intravitreal injections. Marked atrophy of the entire optic nerve from the globe to the optic 

chiasm was found prominent in eyes injected with mutant hND1 but not in eyes injected 

with mCherry from 8 (Fig 4C) and became more pronounced at 15 months after injection 

(Fig S3). This result is consistent with the observation in SD-OCT. Light microscopy of 

the retina performed 15 months after injection demonstrated that mutant hND1 injected 

mice had fewer cells expressing RBPMS, a pan-RGC marker, than age-matched mCherry-

injected control mice. Gene therapy with wildtype alleles preserved more RGCs in the 

retina than untreated mice (Fig 4D upper panel). RGC quantification revealed a 39% RGC 

loss in mutant hND1-injected mice relative to the mCherry-injected control mice (2360 

±887 vs. 3856±743 cells /mm2, P< 0.01). Treatment with wildtype hND1 preserved 29% 

more RGCs than untreated mice (3052±748 vs. 2360 ±887 cells/mm2, p<0.05), although 

the cell number is still significantly lower than that of the mCherry-injected control mice 

(P<0.05, Fig 4E). Ultrastructural analysis revealed that the optic nerves of the mutant 

hND1 injected mice had many cystic spaces and electron-dense debris where axons were 

degraded. In contrast, age-matched control and treated mice exhibited numerous axons (Fig. 

4D lower panel). Quantitative analysis revealed 52% more demyelinated optic nerve axons 

in untreated mice than in controls, while wildtype hND1 treatment decreased the number of 

demyelinated axons by 27% compared to untreated mice (Fig S4). However, the difference 

between groups was not statistically significant (p=0.0800), due to the small sample size and 

considerable variation. To further analyze the distribution of axons, we manually measured 

the diameter of every axon that was imaged as described in the materials and methods. 

The proportion of axons in every bin of 0.1μm was calculated relative to the total existing 

axons counted of each eye. Compared to age-matched mCherry injected control mice, 

mutant hND1 injected untreated mice displayed a shift toward larger axons with the highest 

distribution around 0.9μm. In contrast, wildtype hND1 treatment shifted the curve back to a 

similar position as the control mice (with the highest distribution around 0.7μm) (Fig 4F). 

Ordinary one-way ANOVA and multiple comparisons analysis revealed that untreated mice 

had a significantly lower number of axons with diameters of 0.7–0.8 μm compared to control 

and wildtype ND1 treated mice (p=0.008, Fig S. 5A). Instead, those mice had significantly 

more axons with diameters of 1.2–1.4 μm than that of treated and control mice (p=0.001, Fig 

S. 5B, C). Together, these data suggest that delivered wildtype hND1 prevented the demise 

of small axons that are preferentially lost in human LHON54.

Discussion

The development of effective treatment for mitochondrial diseases, including LHON, 

has been hindered by the absence of animal models that bear the same genotypes 

and corresponding disease phenotypes. We injected a mito-targeted AAV2 vector into 

mouse eyes to generate a murine model carrying mitochondrially encoded human NADH 

dehydrogenase 1 gene mutation m. 3460G>A. The injected mice displayed the most 

common features of LHON, including loss of visual function, progressive demise of RGCs, 

and loss of axons comprising the optic nerve.
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Among the three LHON primary mutations, namely m.11778G>A, m.3460G>A, and m. 

14484T>C55, 56, the ND1/m.3460G>A mutation has been generally accepted as the most 

severe pathogenic variant having the worst visual recovery rate compared to others. ND4/
m.11778G>A eyes have an intermediate but still highly significant impairment in visual 

function and poor visual prognosis, and ND6/ m.14484T>C has the greatest likelihood of 

spontaneous visual recovery and better prognosis57 58. However, visual recovery for LHON 

with any mitochondrial mutation is usually incomplete, if it even occurs58.

Data generated here as well as in our previous studies28, 31 demonstrate that each of these 

three pathogenic mitochondrial variants can induce a progressive loss of RGC functions 

in intravitreally injected mice, as measured longitudinally with pattern electroretinogram 

(PERG). However, the onset of symptoms varied between different mitochondrial mutations. 

Mice injected with human ND1/m.3460G>A showed a 26% reduction in PERG amplitude 

1 month after injection compared to age-matched control mice (P = 0.011). Similarly, 

mice injected with human ND4/m.11778G>A also showed a significant decrease (23%) in 

PERG amplitude (P < 0.04) at the same time point28. However, mice injected with human 

ND6/m.14484T>C showed only a slight reduction (14%) in PERG amplitude that was 

not statistically significant at 1-month post-injection (P = 0.089), but became statistically 

significant at 3 months post-injection (p=0.0023)31.

As LHON mutations disrupt key subunits of complex I, RGC dysfunction and loss have 

been interpreted as secondary to changes in the mitochondrial respiratory chain, although 

biochemical studies show that respiratory chain defects in the disease are more subtle than 

those seen in other mitochondrial genetic disorders58. The m.3460G>A mutation changes an 

alanine to threonine within a highly conserved region of ND1 with a predicted alpha-helical 

secondary structure. This region is directly involved in the ubiquinone reductase activity 

of Complex I. Mice injected with human ND1/ m. 3460G>A showed severe deficiency in 

the cellular respiration function in the optic nerve compared to those injected with human 

ND4/m.11778 G>A28 or ND6/m. 14484 T>C31. We found that mutant hND1 induced a 65% 

reduction in complex I activity relative to the age-matched controls, while mutant ND4 only 

induced a decrease of 52%28. Mutant ND6 caused a slight but not statistically significant 

reduction in activity31. These results are strikingly similar to what has been reported in 

most in vitro biochemical studies, where ND1/m.3460G>A showed a severe reduction of 

60–80% in complex I activity compared to the other two mutations, ND4/m.11778G>A and 

ND6/m.14484T>C, which had milder (20–50%) or inconsistent reduced activities (0–60%) 

respectively59–61. Meanwhile, the rate of ATP synthesis was sharply reduced in mutant ND1 
cybrids with nicotinamide adenine dinucleotide-dependent substrates, and a severe defect 

of brain bioenergetics was found in both heteroplasmic and homoplasmic individuals for 

the ND1 mutation62. However, an in vivo assay using magnetic resonance spectroscopy 

(MRS) showed that carriers with the ND4/m.11778G>A mutation showed a more severe 

reduction in ATP production in the brain and skeletal muscle than ND1/m.3460 G>A 
mutation58, 59, 63–65. Consistently, we found that mutant ND1 injected mice showed a lower 

reduction of 48% in the rate of complex I-dependent ATP synthesis in the optic nerve, 

compared with a 55% reduction in mutant ND4 injected mice.
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Using a second MTS AVV as gene therapy, we delivered wildtype alleles into mutant 

hND1-injected eyes. Our biochemical analysis of respiration function in the optic nerve of 

the rescued mice confirmed significantly improved mitochondrial biogenesis as assessed 

by complex I activity and the rate of ATP synthesis. Rescued mice showed improved 

visual function compared to non-rescued mice, as evaluated by PERG. In addition, 

histopathological and ultrastructural analysis confirmed the preservation of the retinal 

ganglion cells and small axons in the optic nerve of the treated mice.

Therapies for LHON, in common with most mitochondrial diseases, are inadequate. To 

date, only the allotopic expression approach has reached human testing for ND4/m. 

11778G>A mutation in the USA (NCT02161380)10, 20–23, China (NCT01267422)66, France 

(NCT02064569)11, 19. The French GenSight has moved into phase 3 trials in the USA and 

Europe (NCT02652767, NCT02652780, NCT03293524)11. This strategy involves recoding 

a full-length mitochondrial gene (the ND4) in standard genetic codes and importing the 

expressed protein from cytoplasm back to mitochondria with the help of mitochondrial 

targeting sequencing. Given the high hydrophobicity of the protein, its ability to cross 

the mitochondrial membrane and maintain long-term stable gene expression remains a 

limitation. In the clinical trial we performed on LHON using allotopically expressed ND4, 

gene therapy showed limited visual function improvement for patients with during of vision 

loss more than 12 months10, 20. Based on a similar experience in their phase I-II trial, the 

French Gensight study group excluded patients with more than a year of visual loss for 

inclusion into their phase 3 clinical trials11.Therefore, those patients with more than a year 

of visual loss may have no option for treatment using the allotopic approach. Although 

improved, most patients in the study cohorts remained with low vision and continued to 

be legally blind10, 11, 22, 66. Mitochondrial targeting AAV (MTSAAV) delivers exogenous 

genes directly into mitochondria, likely resulting in more efficient gene expression that may 

provide more gain in the vision for LHON patients. We are performing preclinical testing of 

MTSAAV-delivered ND4, under the support of a NIH grant, to gain regulatory approval of 

this therapy for human testing.

Results from this study demonstrate MTSAAV as a highly efficient gene delivery approach 

and will significantly benefit the translation of this mitochondrial targeted approach into 

future clinical trials for LHON patients carrying ND1/m.3460G>A, ND6/m.14484T>C 
mutation or other mitochondrial genetic diseases.

In conclusion, we delivered human ND1/m.3460G>A into the mouse eyes using 

mitochondrial targeting AAV, and the delivered DNA induced RGC loss, optic nerve 

atrophy, and local bioenergetic defects. Our demonstration that the mitochondrial disease 

phenotype was rescued by a second MTSAAV delivery with wild type ND1 gene supports 

the link between the disease phenotypes and mutant ND1 load. This study provides a 

promising basis for the treatment of LHON or other mitochondrial genetic diseases by gene 

therapy.
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Figure 1. Delivery and expression of hND1/m.3460G>A in mouse retinal ganglion cells (RGC)
(A). Scheme of an AAV construct where hND1/m.3460G>A fused with the Myc epitope 

tag was 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 replication. A fluorescence marker, mitochondrial 

encoded mCherry, was cloned downstream of the mutant gene with a stop codon TAG 

in between (B). qPCR on microdissected cells showed that hND1 load was 24 times of 

endogenous mouse ND1 in cells of the RGC layer (RGC), 3 times in the inner nuclear 

(INC), and 2 times in the outer nuclear (ONC) layer. (C). Using the forward primer 

targeted to HSPCSB and reverse primer targeted to human ND1, the PCR showed the 

band with expected size in the whole retina of mutant hND1 injected mice( Panel 1,2), 

not in mCherry injected control mice (panel 3). (D) Sequencing confirmed the amplified 

band was hND1/m.3460G>A (arrow). (E) PCR sequence aligned to plasmids carrying 

wild-type and mutant hND1 respectively further confirmed that the PCR product was the 

hND1/m.3460G>A (arrow). (F). Representative immunostaining of a retinal longitudinal 

section showed that mCherry was expressed in the cells in the RGC layer, and colocalized 
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with PORIN, a mitochondrial marker. (G) 2D BN-PAGE reacted against MYC, NDUFS4 

(S4), and NDUFB6 (B6) subunits of complex I.
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Figure 2. Delivered hND1/m.3460G>A induces retinal degeneration
(A). Representative SD-OCT images and the corresponding 3D thickness of RGC-IPL 

maps of the same animal injected with mCherry (Left two panels) or mutant hND1 (right 

two panels). Each SD-OCT image (OCT image) represents one scan of a retina, and the 

corresponding 3D map of the RGC+IPL thickness (3D Thickness) was generated from100 

OCT images covering one whole retina using a semiautomated custom software developed 

from MATLAB software (MathWorks). In mutant ND1-injected mice, optic nerve head 

swelling was detected at 4 months (4m) post-injection followed by a progressive loss of 

the RGC+IPL layer’s thickness. No abnormality was seen in the mCherry-injected control 

mice during the entire experimental period. (B-C) Semiautomatic quantification (n=10 in 

each group, one-way ANOVA analysis of variance; Tukey’s multiple comparisons test) 

showed an increase followed by a progressive thinning of the RGC+IPL thickness in mutant 

hND1-injected mice (C) but not in mCherry-injected control mice (B).

Liu et al. Page 18

Gene Ther. Author manuscript; available in PMC 2022 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Vision loss induced by hND1/m.3460G>A is rescued by gene therapy allele
Scatterplot (A) of PERG amplitudes and averaged waveforms (B) of all mice tested in 

each group showed no significant difference at the baseline between the mice injected with 

mCherry and hND1/m.3460G>A. however, the difference became statistically significant at 

1 month (1m, p=0.011, C, D, two-tailed t-tests ), 3 months (3m, p=0.019, E, F, two-tailed 

t-tests), 6 months (6m, p=0.020, G, H, two-tailed t-tests), and 12 months (12m, p=0.010, I,J, 

two-tailed t-tests) after injection. (K). A histogram generated using Generalized Estimating 

Equation (GEE) analysis showed the mean PERG amplitude significantly decreased with 

age (p<0.000) but was on average smaller in mutant hND1-injected mice (p<0.001). The 

time course of age-related PERG changes was different in the two groups (Interaction month 

× group, p=0.034), indicating the decrease rate was faster in mutant hND1-injected mice 

than mCherry-injected controls. (L) A box plot using Generalized Estimating Equation 

(GEE) analysis showed that mice rescued with wildtype hND1(Treated) significantly 
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alleviated the decline in PERG amplitude compared to unrescued control mice (UnTreated) 

(p=0.028). Month 0 is the baseline, and the following are post injection.
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Figure 4. hND1/m.3460G>A causes loss of axons and RGCs
(A). Scatterplots showed that mice injected with hND1/m.3460G>A (mutant ND1) 

significantly decreased the complex I activity in the optic nerve compared to age-matched 

mCherry-injected control mice (mCherry). Using a second MTSAAV delivered wildtype 

hND1 (Treated) rescued the phenotype (one-way ANOVA analysis of variance; Tukey’s 

multiple comparisons test). (B). Scatterplots showed that the rate of complex I-depended 

ATP synthesis decreased significantly in the mice injected with hND1/m.3460G>A (mutant 

ND1) compared to control mice injected with mCherry (mCherry) or wildtype hND1 
(positive). Gene therapy using a second MTSAAV delivered wildtype hND1 significantly 

increased ATP synthesis (Treated) (one-way ANOVA analysis of variance; Tukey’s multiple 

comparisons test). (C). Gross specimen of a mouse dissected 8 months after injection of 

mutant hND1 revealed significant thinning of the entire optic nerve from the globe to 

the optic chiasm (mutND1); whereas the optic nerve in an age-matched mouse injected 
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with mCherry was much thicker (mCherry). (D) Representative immunostaining of retinal 

longitudinal sections using RBPMS (a pan-RGC marker) showed RGCs loss (top), and 

Transmission electron micrographs of the retrobulbar optic nerve showed the axon loss 

(bottom) in a mouse injected with hND1/m.3460G>A (MUTANT ND1) compared to a 

control mouse injected with mCherry (MCHERRY). Gene therapy using a second MTSAAV 

delivered wildtype hND1 (TREATED) significantly preserved RGCs and their axons. (E) 

Quantitation of RGCs in the mice injected with hND1/m.3460G>A(n=4) revealed significant 

loss relative to control mice injected with mCherry (n=6) (p<0.01) and mice rescued with 

wildtype hND1 (n=4) (p<0.05, one-way ANOVA analysis of variance; Tukey’s multiple 

comparisons test). (F). A histogram of the distribution of optic nerve axon diameters in 

control (mCherry), untreated (mutant ND1), and treated mice. The distribution of axonal 

diameters in the MTSAAV-hND1 -treated mice shows preservation of small diameter axons 

with a shift to larger diameter axons in the mice injected with mutant hND1(untreated mice).
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