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To introduce DNA into mitochondria efficiently, we fused adeno-
associated virus capsid VP2 with a mitochondrial targeting se-
quence to carry the mitochondrial gene encoding the human NADH
ubiquinone oxidoreductase subunit 4 (ND4). Expression of WT ND4
in cells with the G11778A mutation in ND4 led to restoration of
defective ATP synthesis. Furthermore, with injection into the rodent
eye, human ND4 DNA levels in mitochondria reached 80% of its
mouse homolog. The construct expressed in most inner retinal neu-
rons, and it also suppressed visual loss and optic atrophy induced by
a mutant ND4 homolog. The adenoassociated virus cassette accom-
modates genes of up to ~5 kb in length, thus providing a platform
for introduction of almost any mitochondrial gene and perhaps
even allowing insertion of DNA encompassing large deletions of
mtDNA, some associated with aging, into the organelle of adults.

M itochondrial dysfunction underlies a large number of diseases
as well as aging (1-4). Many of these conditions arise from
point mutations or deletions in the mitochondrial genome. Others
can appear from mutations in nuclear genes that are required for
mtDNA replication, oxidative phosphorylation (OXPHOS), and
structure of the organelle (1, 5, 6). There is currently no effective
remedy for any of these disorders, especially for those caused by
mutations in the mitochondrial genome (5, 7-9). To date, more
than 200 pathogenic mtDNA mutations have been identified that
are associated with a large spectrum of clinical phenotypes, many of
which are fatal (10, 11).

Most mutations associated with early blindness do not signif-
icantly alter life span. A connection between Leber’s hereditary
optic neuropathy (LHON) and mtDNA was firmly established in
1988, when Wallace et al. (12) reported a homoplasmic nucle-
otide transition from guanosine to adenosine at position 11778
that resulted in an arginine-to-histidine substitution in ubiqui-
none oxidoreductase (NADH) subunit 4 (ND4) of complex I.
Most LHON cases are associated with mutations in one of three
mitochondrial genes that encode subunits of complex I of the
mitochondrial respiratory chain (13, 14). This enzyme contains 7
subunits encoded by mtDNA that are intimately associated with
the inner mitochondrial membrane and 35 subunits encoded by
nuclear DNA and imported into the organelle (15). Approxi-
mately half of all patients with LHON have the G11778A mu-
tation, making it an attractive target for mtDNA gene transfer.

The double membrane and autonomous gene expression system
of mitochondria pose challenges to the functional complementa-
tion of mutant genes within the organelle. Although there are
several reports describing DNA import into mitochondria by
means of nucleic acid-protein conjugation, electroporation, or
bacterial conjugation, there remain significant obstacles to cor-
recting any mtDNA mutation in living animals: There is no de-
livery system for DNA into mitochondria, and there are no
selectable markers for mitochondrial transformation (16-21). Still,
there is some recent evidence for recombination between mtDNA
molecules (22), which could enable gene replacement. Although
a natural DNA mitochondrial import has been reported in isolated
rat liver mitochondria (23) and in plants (24), exogenous DNA
cannot be transfected into mitochondria by conventional techni-
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ques (25, 26). Therefore, the most important challenge at present
is the development of procedures for introducing DNA into mi-
tochondria, ideally in intact cells or living tissues.

In this report, we describe redirection of the adenoassociated
virus (AAV) virion to mitochondria by addition of a mitochondrial
targeting sequence (MTS) to the capsid to deliver the WT human
ND4 gene in the mitochondrial genetic code for rescue of the
defective respiration of LHON G11778A cybrids. We also report
in vivo testing for the presence and expression of the human ND4
in the adult rodent visual system, where it prevented visual loss
and atrophy of the optic nerve induced by the mutant ND4 allele.

Results

MTS-Modified AAV for Import of DNA into Mitochondria. We asked
whether the addition of an MTS to an AAV capsid protein could
redirect import of AAV to mitochondria so as to deliver its DNA
cargo, the ND4 subunit gene in this case, directly to the organelle.
Mitochondrial ND4 can only be translated in the mitochondria
and not on cytoplasmic ribosomes, because the TGA codon at
amino acid 16, which encodes for tryptophan in the mitochondria,
is a stop codon in the nuclear genetic code (Fig. 14).

AAV is a single-stranded (ss) DNA parvovirus with a 4.7-kb
genome and a particle diameter of 21 nm. The AAV genome
consists of two genes, REP and CAP, which encode the non-
structural REP proteins (REP78, REP68, REP52, and REP40)
and the capsid proteins (VP1, VP2, and VP3), respectively. Flanking
these two genes are the inverted terminal repeat (ITR) sequences
that provide all the cis-acting sequence required for replication,
packaging, and integration (27).

The VP2 capsid protein of AAV serotype 2 can tolerate large
peptide insertions at the N terminus (28). We directed the AAV
virion toward the mitochondria by addition of the 23-aa cytochrome
oxidase subunit 8 (COX8) presequence fused in-frame to the N
terminus of GFP into the AAV2 capsid ORF. The COX8GFP
coding sequence was ligated into AAV capsid VP2 gene at a unique
Eagl site in residue 138 within the VP1-VP2 overlap. This insertion
did not substantially reduce infectivity of the recombinant AAV
(29), because we achieved relatively high titers [1.08 x 10! vector
genomes (VG)/mL] for this presumably mitochondria-targeted
AAV. It should be noted that VP2 is not essential for the in-
fectivity of AAV and that in the AAV capsid, only 3 of 60 subunits
are VP2. To direct expression of exogenous WT human ND4 in
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Fig. 1. Nucleic acid analysis of infected LHON cell cultures. (A) lllustration
shows that amino acids with their respective codons for human ND4 in the
mitochondrial genetic code would result in a stop codon at amino acid 16 in
the nuclear genetic code but not in the mitochondria, where this same TGA
codon encodes for the amino acid tryptophan. For ND4 expression in the
cytoplasm, the TGA codon must be changed to TGG, which encodes for
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the organelle, we linked a mitochondrial promoter, the heavy strand
promoter (HSP), to the N terminus of ND4 cDNA to an AAV
backbone (pTR-UF11) that contained AAV2 ITRs. For immuno-
detection, we linked a FLAG epitope to the C terminus of ND4.

MTS AAV Delivers WT Human ND4 DNA to Cultured G11778A Mutant
Cells. The resulting plasmid pTR-UF11-ND4FLAG packaged
into the COX8 MTS AAV capsid was delivered to cybrid cell lines
containing mitochondria with 100% mutated human G11778A
ND4 (29). This same ND4 construct packaged in AAV without
the MTS on VP2 was used as a control. Two days following in-
fection, we selected for infected G11778A cybrid cells expressing
the MTS-delivered WT ND4 using glucose-free galactose media.
Cybrids without rescue die in this restrictive media (29, 30).
Following 5 d of selection in restrictive media, cells were ampli-
fied for 2 wk in normal glucose media (Fig. 1B); the mitochondria
were then isolated, and their DNA was extracted.

The mitochondrial genome is ~16 kb (Fig. 1C). Our HSP-
ND4FLAG construct is ~1.5 kb (Fig. 1D). Agarose gel electro-
phoresis of the extracted mtDNA showed that in addition to the
endogenous mtDNA (~16 kb), a smaller band (~1.5 kb), compa-
rable to the size of HSP-ND4FILAG, was seen with COX8 AAV-
delivered ND4 (Fig. 1E, gel lane 2) that was not observed in cells
infected with AAV lacking the MTS (Fig. 1E, gel lane 3). This
finding suggests that episomal HSP-ND4FL.AG DNA was present in
mitochondria of the MTS AAV-infected cybrids but was absent in
mitochondria of cybrids infected with VP2 AAV without the MTS.

To test these DNA preparations for the WT ND4 allele de-
livered by the mitochondria-targeted AAV vector, we designed
PCR primers flanking the H-strand promoter and flanking ND4.
Using these primers, amplification of endogenous mtDNA would
produce a gene product >10 kb (Fig. 1C). In contrast, our WT
human ND4 with H-strand promoter should produce a 1.4-kb
product (Fig. 1D). Using an extension time of 2 min to avoid

tryptophan in the nucleus (allotopic expression). (B) Following 5 d of selec-
tion in restrictive media and 2 wk of growth in normal media, homoplasmic
G11778A cybrids infected with WT ND4 packaged with COX8GFP VP2
exhibited better growth in standard glucose media compared with those
infected with AAV VP2 lacking the MTS. (C) With a sense PCR primer
flanking the H-strand promoter and antisense primer flanking the 3’end of
ND4, the amplificant of endogenous mouse mtDNA would be greater than
10 kb. (D) In contrast, with our construct, amplification of the H-strand
promoter adjacent to human ND4 would be ~1.4 kb. (E) Agarose gel elec-
trophoresis of mtDNA isolated from COX8GFP VP2 (lane 2) or VP2 trans-
fected G11778A cells (lane 3) shows that in addition to endogenous mtDNA
(16 kb), a smaller band likely representing our mitochondria-targeted HSP-
ND4FLAG was only seen with COX8GFP VP2 transfection. Lane 1 is the mo-
lecular weight standards. (F) With an extension time of 2 min, PCR of mtDNA
isolated from homoplasmic G11778A cells infected with ND4 delivered by
COX8 VP2 revealed a 1.4-kb band (arrow) several weeks after growth in
restrictive media (lanes 2-5). No PCR product was obtained from the VP2-
delivered ND4 lacking the MTS (lane 6). PCR amplification of ND4 plasmid
DNA is shown in lane 7. Lane 1 is the molecular weight standards. (G) II-
lustration of WT ND4 showing the two SfaN1 restriction sites that should cut
twice, with the largest digestion product being 915 bp. With the second
SfaN1 site lost in mutant G11778A ND4, a larger 1.2-kb fragment would be
generated by digestion with SfaN1. (H) SfaN1 digestion of the above PCR-
amplified HSP-ND4 DNA revealed a 915-bp band indicating the presence of
two SfaN1 sites in the PCR product (lane 2). Lane 1 is the molecular weight
marker. (/) RT-PCR of RNA isolated from mitochondrial pellets performed
with the forward primer nested in ND4 and the reverse primer nested in the
FLAG epitope revealed the expected 500-bp band only in LHON cybrids that
received the COX8 VP2 AAV (lane 2) but not in RNA isolated from cybrids
that received the VP2 construct lacking the MTS (lane 3). Expression of the
endogenous ATP8 gene is seen in both samples (150-bp bands in lanes 2 and
3). Lane 1 is the molecular weight standards. (J) Bar plot of quantitative RT-
PCR results comparing transcription of the human ND4 (hND4) introduced by
the MTS AAV with the control shows an almost fourfold elevation. The ND4
mRNA level was indicated as a ratio to that of endogenous mitochondrial
human ND1 gene (hND1).
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amplifying the endogenous mtDNA, we tested for the imported
WT ND4 in mitochondria. PCR amplification of the mtDNA,
isolated from cells containing ND4 delivered with COXS8 VP2,
resulted in a product of 1.4 kb expected from the HSP adjacent
to ND4, that is, the AAV-delivered gene (Fig. 1F, gel lanes 2-5).
This product was not observed in cells infected with AAV lacking
the MTS (Fig. 1F, gel lane 6).

This finding suggests that our modified AAV vector delivered
the WT ND4 allele to the mitochondria. If so, a SfaNI digest on
the PCR product should cut twice, with the largest digestion
product being 915 bp (Fig. 1G), because there are two SfaNI sites
in WT ND4. With the second site lost in mutant G11778 A ND4,
a 1.2-kb fragment would be seen (12). The SfaNI digest revealed
a 915-bp band, indicating the presence of two SfaNI sites in the
PCR product (Fig. 1H, gel lane 2). Thus, the WT ND4 allele was
delivered to the mitochondria by the MTS-modified AAV.

Transcription of this template was tested next. RT-PCR of
RNA isolated from mitochondrial pellets performed with the
forward primer nested in ND4 and the reverse primer nested in
the FLAG epitope revealed the expected 500-bp band only in
cybrids that received the COX8 VP2 (Fig. 1/, gel lane 2) but not
from RNA isolated from cybrids that received the VP2 AAV
construct lacking the MTS (Fig. 17, gel lane 3). Transcription of an
endogenous mitochondrial gene (ATP8, 150-bp band) is apparent
in both samples (Fig. 1/, gel lanes 2 and 3). Quantitative RT-PCR
revealed that the levels of ND4 mRNA introduced by the MTS-
targeted AAV were almost fourfold greater than the transcription
of the same gene in control cells, which was indicated as a ratio to
mRNA levels of the endogenous mitochondrial ND1 complex I
subunit gene (Fig. 1J). These findings confirmed transcription of
the MTS-delivered WT ND4FLAG allele in cultured cells.

MTS AAV Capsid Localizes Within Mitochondria, Where the Delivered
WT Human ND4 Is Translated in Cultured Cells. Fluorescence mi-
croscopy of cells infected with VP2 AAV containing GFP with-
out the MTS revealed nuclear and cytoplasmic expression of
GFP that did not associate with mitochondria (Fig. 24). In
contrast, cells infected with the COX8GFP VP2 MTS AAV
revealed punctate and perinuclear expression of GFP (Fig. 2B)
suggestive of mitochondrial localization. An antibody (A20)
recognized fully assembled AAYV virions (Fig. 2C) in a COX8GFP
fluorescent cell (Fig. 2D) that was colabeled by silver-enhanced
A20 immunogold (Fig. 2F). This finding suggested that the MTS
AAV virion was targeted to the mitochondria.

Next, we looked for translation of the MTS-delivered WT
human ND4 gene within the organelle. Because the TGA codon
at amino acid 16 that encodes for mitochondrial tryptophan is
a stop codon in the nucleus, mitochondrial ND4 cannot be
synthesized outside the mitochondria (Fig. 14). Three days fol-
lowing infection with the MTS AAYV, a neuronal cell line (31)
with large mitochondria containing G11778 A-mutated mtDNA
showed perinuclear COX8GFP capsid (Fig. 2F) and perinuclear
ND4FLAG synthesis (Fig. 2G) with colocalization in two cells
(Fig. 2H). The adjacent ND4FLAG-expressing cells without VP2
COXS8GFP fluorescent capsid suggests that transfer of MTS-
delivered ND4FLAG cDNA may proceed in adjacent dividing
cells that were not infected with the nonreplicating fluorescent
AAV viral particles. Expression of ND4FLAG suggests that the
delivered WT ND4 was synthesized inside the organelle.

We wondered whether the MTS AAYV virion entered into the
mitochondria or whether DNA was released at the mitochon-
drial outer membrane, where the natural competence of the
mitochondria to DNA would lead to internalization (23). Be-
cause fluorescence microscopy with a mitochondrial probe, such
as MitoTracker Green, was unable to tell us whether the MTS
AAYV was stuck to the outer mitochondrial membrane or entered
the mitochondria and to prove that the translation of ND4FLAG
was confined to the mitochondria, we used transmission EM.
In these COX8GFP VP2 AAV-infected cells, we found that
GFP immunogold was located inside the mitochondria starting
1 d after infection (Fig. 2I). Two days after infection, FLAG-
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Fig. 2. Microscopy of infected cell cultures. (A) Fluorescence microscopy of
293T cells infected with VP2 AAV containing GFP without the MTS reveals
nuclear and cytoplasmic expression of GFP. (B) Cells infected with the
COX8GFP VP2 MTS AAV show punctate and perinuclear expression of GFP. A
light micrograph (C) shows that the A20 antibody recognized fully assem-
bled AAV virions in a COX8GFP fluorescent cell (D) colabeled by silver-en-
hanced A20 immunogold (E). A neuronal cell line, with large mitochondria
containing G11778A mutated mtDNA, shows perinuclear COX8GFP (F) and
perinuclear NDAFLAG (G). (H) Colocalization of COX8GFP and ND4FLAG is
seen in two of these cells. (/) Transmission electron micrograph of cells
infected with COX8GFP VP2 AAV containing the WT mitochondrial ND4 DNA
reveals that silver-enhanced GFP immunogold was present in many mito-
chondria (arrows). GFP immunogold was also evident in the nucleus (N) of
the cell to which the virus typically translocates. (J) In a COX8GFP VP2 AAV
mitochondrial ND4-infected cell, FLAG-tagged immunogold (arrows) was
clearly evident within mitochondria (arrows). (K) Control stained with only
the secondary antibody, conjugated to immunogold, shows no background.
(L) In another MTS AAV-infected cell, perinuclear mitochondria contained
the ND4FLAG immunogold particles. N, nucleus.

tagged immunogold was confined to the interior of mitochondria
of cells infected with COXS8GFP VP2 AAV containing the WT
mitochondrial ND4FLAG gene (Fig. 2 J and L). A control
stained with only the secondary goat antibody shows no back-
ground immunogold (Fig. 2K). Therefore, the COX8 MTS
GFPVP2 AAV capsid protein entered mitochondria where the
HSP-ND4FLAG DNA was likely released and the chimeric
ND4FLAG protein was synthesized within the organelle.

Next, we looked for assembly of the AAV-delivered WT ND4
subunit into respiratory complex 1. Using 1D blue native PAGE
(BN/PAGE) loaded with a large amount of mitochondrial pro-
tein (250 pg), the ~1,000-kDa complex I is evident in the blue gel
for control (Fig. S14, lane 2) and MTS AAV ND4FLAG-
infected cells (Fig. S14, lane 3). Immunoblotting of the trans-
ferred proteins stained for the nuclear-encoded NDUFA9 sub-
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unit of complex I shows NDUFAQ signal in both uninfected (Fig.
S1A4, lane 4) and infected (Fig. S14, lane 5) mitochondrial pel-
lets. Although a FLAG signal is not visualized in mitochondrial
pellets of uninfected cells (Fig. S14, lane 6), a FLAG signal is
seen in MTS AAV-infected cell mitochondria reacted with the
FLAG antibody (Fig. S14, lane 7). Thus, the MTS AAV-trans-
ferred ND4FLAG assembled into complex 1.

ND4 Restores Defective ATP Synthesis of MTS AAV-Infected LHON
Cells. If the WT ND4 is integrated into functional respiratory
complexes, the defective respiration of LHON cells would be re-
stored to normal levels. Because complex I is reduced only slightly
in LHON cybrids and it is not significantly different from control
cybrids with 100% WT ND4 mtDNA, complex I activity meas-
urements were not a useful indicator for determining whether
respiratory function was restored (29). Rather, to explore whether
the imported ND4 was functional, we measured the end point of
OXPHOS: the production of ATP using the complex I substrates
malate and pyruvate. Relative to cells with WT ND4, ATP syn-
thesis is reduced by approximately half in LHON cells (29). To
perform this assay, we infected homoplasmic G11778A cybrid
cells with the MTS ssAAV-delivered WT ND4 but got only a 48%
increase in ATP synthesis relative to controls (P = 0.04).

To improve rescue, we turned to a self-complementary (sc)
AAV vector. Because scAAV exhibits more efficient trans-
duction than sSAAV (32) and contains both positive and negative
strands of ND4FLLAG DNA, we cloned the WT ND4FLAG
from pTR-UF11mitoND4FLAG in a scAAV backbone still un-
der the control of the HSP (sc-HSP-ND4FLAG). The sc-HSP-
ND4FLAG plasmid packaged with COX8GFP VP2 AAV or
VP2 without the MTS was used to infect G11778A cybrids.
Following 5 d of selection in restrictive media, homoplasmic
G11778A cybrids infected with ND4 packaged with scCOX8 VP2
or VP2 lacking the MTS, the GFP negative control or the allo-
topic p1-ND4 positive control was reseeded in 96-well plates and
cultured for up to 5 d in either glucose-free galactose or glucose
media. Given that cybrids with the mutant G11778A ND4 do not
survive in restrictive media containing galactose (33), cell via-
bility in culture was measured based on luciferin-luciferase—in-
duced ATP luminescence indicated as a percentage of that of the
corresponding cells grown in high-glucose media. Cells infected
with ND4 packaged with the MTS-tagged COX8VP2 showed
more ATP luminescence compared with packaging with VP2
lacking the MTS (VP2-ND4) or a control scAAV-GFP lacking
WT human ND4 (Fig. S1B). The differences began to be sig-
nificant on day 2 (P = 0.05) and became more so on day 5 (P =
0.001). The allotopic construct pl-ND4, previously shown to
rescue these cells to levels statistically indistinguishable from WT
cells with normal mtDNA, was used as a positive control for com-
parisons of rescue by the COX8 MTS-delivered ND4 gene (29).

Using the kinetic assay, we found the rate of ATP synthesis
increased fourfold in response to the WT ND4 allele delivered by
scCOX8 VP2-ND4 (50.5 nM ATP per minute per 10° cellsg
compared with scVP2-ND4 (12.5 nM ATP per minute per 10
cells) (P = 0.046). These in vitro results illustrate that exogenous
WT ND4 rescues cultured cells from defective respiration at-
tributable to the mutant ND4.

Stable Transmission of Human ND4 in Mice. Next, we examined
whether the mitochondria-targeted AAV would lead to the im-
port of exogenous DNA in animals. The right eyes of mice re-
ceived injections into the vitreous body of sc-HSP-ND4FLAG
packaged by COX8 VP2 AAV or VP2 AAYV lacking the MTS.
Injections of scCAAV-GFP into the left eyes served as controls.
Mice were killed between 1 wk and 6 mo after intraocular
injections. In retinal flat mounts stained with the III p-tubulin
antibody to identify retinal ganglion cells (RGCs) (Fig. 34),
evidence of the expression of the ND4FLAG chimera was ap-
parent (Fig. 3B). The ND4FLAG chimeric protein had a peri-
nuclear distribution surrounding the nuclei of RGCs counter-
stained with DAPI. The ND4FLAG chimera colocalized with
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Fig. 3. Microscopy and immunoblotting of MTS AAV-infected retina and
optic nerve. A retinal flat mount stained with the anti-lll g-tubulin antibody
(A) identified RGCs in which evidence of expression of the ND4FLAG chimera
was apparent (B). The NDAFLAG chimera had a perinuclear distribution
surrounding the nuclei of RGCs counterstained with DAPI. (C) ND4FLAG
chimera colocalized with MitoTracker Green in RGCs identified by Ill p-tu-
bulin as shown in A. (D) Longitudinal retinal sections were counterstained
with MitoTracker Green. ND4FLAG was evident in cells of the RGC layer (E),
and it colocalized with MitoTracker Green (F). RGCs labeled by the anti-lll
B-tubulin antibody (G) also expressed the ND4FLAG chimera (H) that colo-
calized with MitoTracker Green (/). In a flat-mount preparation, RGCs la-
beled by the Brn3a antibody had a perinuclear distribution of ND4FLAG (J)
that colocalized with mitochondria immunolabeled by an antibody against
porin (K). (L) ND4FLAG chimeric protein colocalized with porin. This finding
was confirmed by software showing the peaks of FLAG immunofluorescence
(red) colocalized with those of porin (green). (M) Bar plot shows that the
number of NDAFLAG-expressing cells increased from almost half of Thy1.2-
positive RGCs at 1 wk (1WK) to almost 90% at 1 mo (1M) to 2 mo (2M) after
injection. (N) Immunoblotting of ND4FLAG protein in the retina could be
detected up to 6 mo after intraocular injection (lane 2). Lane 1 is the mo-
lecular weight standards. Transmission EM of lightly fixed LR White resin-
embedded optic nerves revealed silver-enhanced ND4FLAG immunogold
(arrows) within optic nerve mitochondria (O) that were identified by mito-
chondrial SOD2 immunogold (arrows) (P).

MitoTracker Green (Fig. 3C) in RGCs identified by III p-tubulin
in Fig. 34. In longitudinal retinal sections counterstained with
MitoTracker Green (Fig. 3D), ND4FLAG was evident in cells of
the RGC layer (Fig. 3E) and it colocalized with MitoTracker
Green (Fig. 3F). RGCs labeled by the anti-III p-tubulin anti-
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body (Fig. 3G) also expressed the ND4FLAG chimera (Fig. 3H),
and they colocalized with MitoTracker Green (Fig. 37). RGCs
immunostained with Brn3a had a perinuclear distribution of
NDA4FLAG (Fig. 3J) that colocalized with mitochondrial porin
(Fig. 3K), as also demonstrated by colocalization software analysis
of fluorescent intensity (Fig. 3L). The fraction of ND4FLAG-
expressing cells increased from almost 50% at 1 wk to ~90%
of Thyl.2-positive RGCs 1 to 2 mo after injection (Fig. 3M).
ND4FLAG expression could be detected up to 6 mo after intra-
ocular injection (Fig. 3N), the longest interval studied. Trans-
mission EM revealed silver-enhanced ND4FLAG immunogold
in optic nerve mitochondria (Fig. 30) that were also labeled by
an endogenous mitochondrial protein, manganese superoxide
dismutase (MnSOD) (Fig. 3P). Therefore, MTS AAV infection
resulted in expression of the ND4FLAG transgene in mitochondria
of live animals.

To determine if the mitochondria-associated virus transferred
human ND4FLAG DNA, mtDNA and nuclear DNA were
extracted from the retinas and optic nerves of mice 3 d and 9 d after
intraocular viral injections. PCR for ND4FLAG gave the expected
1.4-kb band for the retinas and optic nerves of COX8-targeted
ND4FLAG and in the retinas but not for the optic nerves of
untargeted ND4FLAG (Fig. 44). Quantitative PCR assay showed
that in the retinal mitochondrial fraction (COX8-RM), human
ND4 was ~80% of its mouse homolog at 9 d after injection (Fig.
4B). Eatlier, at day 3, human ND4 levels were much lower, except
in the nuclear fraction of the untargeted AAV (Fig. 4C), where
virus without modifications in VP2 normally delivers its DNA. The
corresponding DNA sequences confirmed that PCR products were
human ND4, further supporting that exogenous ND4 was imported
into optic nerve mitochondria in mice by a mitochondria-targeted
AAV. These findings indicate that the MTS-modified AAV is ef-
ficient at delivering its DNA cargo to mouse mitochondria in vivo.

The increase in human ND4 over time suggests that the de-
livered DNA is being replicated rather than gradually released
from AAV particles (in which case the level of human ND4
would be constant). Our HSP-ND4FLAG construct excluded
mtDNA replication elements present within the D loop. There-
fore, HSP-ND4 DNA would be expected to diminish over time
rather than increase as we observed here. On the other hand, if
the delivered viral DNA integrated into the DNA of the mouse
mitochondrial genome, where replication elements are present
in the D loop, this would explain our observation of increasing
AAV-delivered ND4 with time.

Because the mouse ND4 and human ND4 are ~23% dissimilar,
we tested for homologous recombination by designing a forward
primer flanking the human ND4 and three reverse primers flank-
ing three different regions of mouse medina (P1, P2, and P3). With
DNA isolated from COXS8 or VP2 without an MTS-injected
mouse retina as a template, PCR revealed the expected band of
500 bp from each pair of primers. The corresponding DNA se-
quence showed that four were human ND4 and two were human—
mouse chimeras with human ND4 replacing mouse ND4 followed
by mouse mtDNA starting from position 11,519. Alignment of the
sequenced PCR products to the human or mouse mtDNA nu-
cleotide sequences shown in Fig. 4D and examination of DNA
sequencing chromatographs (Fig. 4E) revealed that COX8 MTS
VP2 delivered human ND4 upstream of the mouse tRNA histi-
dine, where human ND4 completely replaced murine ND4.

To investigate the possibility of homologous recombination of
human ND4 replacing mouse endogenous ND4, we used South-
ern blots. Our human ND4 probe hybridized to DNA isolated
from COX8 MTS-injected retinas failed to discriminate between
COX8-, VP2-, and GFP-injected eyes (Fig. S2). Thus, we were
unable to conclude that AAV-delivered human ND4 integrated
into mouse mtDNA.

Human ND4 Expression in the Mouse Eye Does Not Cause Visual Loss.
Because human ND4 and mouse ND4 are approximately three-
quarters homologous (Fig. 4D), we tested for an adverse con-
sequence of human ND4 expression in the murine retina. Using
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the pattern electroretinogram (PERG), which is a sensitive
measure of RGC function, we found no significant differences in
amplitude relative to uninjected eyes of normal animals (Fig. 5 4
and B). Thus, rodent visual function did not appear to be altered
by the import and expression of human ND4 (34).

MTS AAV Rescues Visual Dysfunction Caused by Mutated ND4. Next,
we wished to determine whether the delivered human ND4 would
rescue visual function caused by mutated R340H ND4 (35, 36).
For these experiments, we injected the right eyes of mice with WT
human ND4 delivered by either VP2 or mitochondria-targeted
COXS8GFP VP2. The left eyes received GFP in a similar AAV
backbone. Because there was no transgenic animal model with
mutated ND4 mtDNA available, both eyes were injected, 2 d later,
with allotopic R340H human mutant ND4 AAV, previously shown
to cause visual loss in rodents (35, 36). One month after the
double-AAV injections, electrophysiological function of mice was
assessed with the PERG, which reflects visual capability. As a re-
sult of the mutant ND4 allele, the PERG amplitude for the control
left eyes injected with both AAV-GFP and AAV containing mu-
tant R340H ND+4 decreased by 29% compared with eyes injected
with COX8-delivered WT ND4 and also injected with R340H
mutant ND4 AAV (P = 0.0151) (Fig. 5 C and D). The differences
between the contralateral control eyes and eyes injected with VP2-
delivered WT ND4 were not statistically significant. Therefore,
only the MTS-targeted, AAV-delivered WT human ND4 pre-
vented early visual loss induced by the mutant ND4.

MTS-AAV-Mediated Rescue of Mice Persists Long Term. To support
these results further, we performed another series of experiments.
Rather than compare differences between treated and untreated
eyes of the same animal, both eyes of the animal received the same
treatment in these experiments: injection of WT human ND4 de-
livered either by mitochondria-targeted COXS8GFP VP2, VP2, or
AAV-GFP (without WT human ND4). Two days later, both eyes of
all animals in all three groups were injected with allotopic R340H
human mutant ND4 AAV. Three months after the double-intra-
vitreal injections, the PERG amplitude of eyes injected with mito-
chondria-targeted ND4 was significantly increased compared with
the GFP control animals (P = 0.0064) (Fig. 5 E and F). Six months
after injection, the PERG amplitude in eyes injected with mito-
chondria-targeted ND4 was highly significantly increased compared
with the GFP control animals (P = 0.0006). More than a year after
the double-intravitreal injections, differences in PERG amplitude
between eyes injected with AAV-GFP and eyes injected with
COXS8-delivered WT ND4 were still highly significant (P = 0.0073)
(Fig. 5 G and H). These results suggest that MTS-targeted AAV
delivery of relevant exogenous DNA to mitochondria ameliorates
the functional consequences of the mutated ND4 homolog, causing
visual loss for almost the entire life span of the laboratory mouse.

MTS-AAV Ameliorates Murine Optic Atrophy Induced by Mutated
ND4. Postmortem analysis performed 1 y after intravitreal injec-
tions confirmed that the MTS-targeted AAV prevented optic at-
rophy induced by the mutant R340H ND4. With both eyes
injected with the mutant ND4, differences in optic nerve diameters
between those treated with COXS8-delivered WT ND4 relative
to mock treatment with AAV-GFP were highly significant (P =
0.0053) (Fig. 5I). As an additional control, we injected AAV-GFP
into the eyes of normal mice that received no other intraocular
injections. Comparisons of this normal group (injected only with
AAV-GFP) with those that received the mutant R340H ND4 and
mock treatment with AAV-GFP were also significant (P = 0.047).
Comparisons of the normal group with the COX8-treated eyes
that received the mutant ND4 showed the least differences.
Marked atrophy of the entire optic nerve from the globe to the
optic chiasm was prominent in eyes injected with AAV-GFP and
AAV containing mutant R340H ND4 (Fig. 5J and K). In contrast,
the contralateral optic nerves of eyes injected with COX8-de-
livered WT ND4 and also injected with R340H mutant ND4 AAV
were preserved. Histological cross-sections of the retrobulbar
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Fig. 4. Nucleic acid analysis of the infected rodent visual system. (A) Nine days after intraocular injections, PCR assay of mtDNA extracts probed for the
human ND4FLAG gave the anticipated 1.4-kb band for both the retinas and optic nerves of COX8-targeted ND4FLAG. The untargeted VP2 was also positive
for ND4FLAG in retinal mitochondrial (RM) extracts but was absent in optic nerve mitochondria (OM). (B) Quantitative PCR assay showed that in the retinal
mitochondrial fraction (COX8-RM), human ND4 was ~80% of its mouse homolog at 9 d postinjection. (C) Earlier, at day 3 postinjection, human ND4 levels in
mice mitochondria were much lower. (D) Alignment of the DNA sequences obtained from COX8 (COX8hybrid)- or VP2 (VP2hybrid)-injected eyes with human
or mouse ND4 and the sequencing chromatographs (COX8hybrid) (E) confirmed that the COX8 MTS VP2 delivered human ND4 in the infected murine optic
nerve and retina. The DNA sequences after the 3’ end of the human ND4 (COX8hybrid) are homologous to the mouse tRNA histidine. The mouse tRNA
histidine is just downstream of the murine ND4 in the mouse mitochondrial genome. cox8-OM, optic nerve mtDNA isolated from eyes injected with scAAV-
MND4FLAG containing the VP2 cox8MTS; cox8-ON, nuclear DNA isolated from the optic nerves eyes injected with scAAV-mND4FLAG containing the VP2
cox8MTS; cox8-RM, retinal mtDNA isolated from eyes injected with scAAV-mND4FLAG containing the VP2 cox8MTS; cox8-RN, nuclear DNA isolated from the
retinas of eyes injected with scAAV-mND4FLAG containing the VP2 cox8MTS; GFP-OM, optic nerve mtDNA isolated from AAV-GFP injected eyes; GFP-ON,
nuclear DNA isolated from the optic nerves of AAV-GFP-injected eyes; GFP-RM, retinal mtDNA isolated from AAV-GFP injected eyes; GFP-RN, nuclear DNA
isolated from the retinas of AAV-GFP-injected eyes; hND4, human ND4; mND1, mouse ND7; mND4, mouse ND4; vp2-OM, optic nerve mtDNA isolated from
eyes injected with scCAAV-mND4FLAG lacking the VP2 MTS; vp2-ON, nuclear DNA isolated from the optic nerves of eyes injected with scAAV-mND4FLAG

lacking the VP2 MTS; vp2-RM, retinal mtDNA isolated from eyes injected with scAAV-mND4FLAG lacking the VP2 MTS; vp2-RN, nuclear DNA isolated from the
retinas of eyes injected with scAAV-mND4FLAG lacking the VP2 MTS.
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segment of the optic nerve taken at the sites indicated by the
arrows confirmed that the MTS-targeted vector (Fig. 5 M and O)
prevented optic atrophy (Fig. 5 L and N), the hallmark of LHON,
induced by the mutant R340H ND4.

One year after intravitreal injections, transmission EM revealed
that relative to the complement of axons seen with COX8 MTS

empty spaces between remaining axons where axons degenerated
and were lost accounted for the cystic spaces seen by light mi-
croscopy. A normal optic nerve injected with only AAV-GFP
a year earlier is shown for comparison (Fig. 6D). Differences in
optic nerve axon counts between COX8 MTS scAAV-ND4—

treated eyes relative to treatment with VP2 scAAV-ND4 or mock
SCAAV-ND4 treatment (Fig. 64), axonal density was markedly  treatment with AAV-GFP were highly significant (P = 0.0178 and

reduced with mock treatment with AAV-GFP (Fig. 6B) or with P = 0.0032, respectively) (Fig. 6E). Differences between VP2
treatment with VP2 scAAV-ND4 lacking the MTS (Fig. 6C). The = scAAV-ND4 and AAV-GFP were not significant.
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Fig. 5. MTS AAV-mediated rescue of visual loss and optic atrophy of rodents. A scatterplot of amplitudes of individual animals (line = median value) (A) and av-
eraged waveforms (B) of PERGs done 7 wk after intraocular injections of scAAV2/COX8 VP2 containing human ND4FLAG revealed no loss of amplitude relative to
uninjected eyes of normal mice. One month after intraocular injections, a scatterplot of PERG amplitudes (C) and averaged waveforms (D) revealed that loss of visual
function induced by an allotopic R340H mutant ND4 was prevented by ocular injection of the COX8-targeted human ND4 AAV. At this time point, PERG amplitude
for the control left eyes injected with AAV-GFPand AAV containing mutant R340H ND4 decreased by 29% compared with eyes injected with COX8-delivered WT ND4
and also injected with R340H mutant ND4 AAV (P = 0.0151). Differences between the contralateral control eyes and eyes injected with VP2-delivered WT ND4 were
not significant. In another series of experiments, both eyes of the same animal received injections of WT human ND4 delivered either by mitochondria-targeted
COX8GFP VP2, VP2, or AAV-GFP. All eyes of these animals were also injected with R340H mutant ND4. Three months postinjection, a scatterplot (F) and averaged
waveforms (F) show that the protective effect of COX8-delivered human ND4 in preventing loss of vision relative to the GFP control animals was highly significant
(P =0.0064). Relative to these controls, differences between mice that received the VP2-delivered human ND4 were not significant (P = 0.339). Twelve months after
intravitreal injections, a scatterplot (G) and averaged waveforms (H) show that differences in PERG amplitude between eyes injected with AAV-GFP (and AAV
containing mutant R340H ND4) relative to COX8-delivered WT ND4-injected eyes (that were also injected with R340H mutant ND4 AAV) were still highly significant
(P =0.0073). Differences between eyes injected with COX8-delivered WT ND4 AAV (that were also injected with R340H mutant ND4 AAV) relative to eyes injected
with standard VP2 AAV containing the WT ND4 (that were also injected with R340H mutant ND4 AAV) were not significant. (/) Bar plot of postmortem optic nerve
diameter differences shows that with both eyes injected with the mutant ND4, differences in optic nerve diameters between those treated with COX8-delivered WT
NDA4 relative to mock treatment with AAV-GFPwere highly significant (**P=0.0053). As an additional control, we injected AAV-GFPinto the eyes of normal mice that
received no other intraocular injections and were killed 1y later. Comparisons of this normal group (injected only with AAV-GFP) with those that received the mutant
R340H ND4 and mock treatment with AAV-GFP were also significant (*P = 0.047). Comparisons of the normal group with the COX8-treated eyes that received the
mutant ND4 showed the least differences. (J and K) Gross specimens of two animals dissected 13 mo after intravitreal injections revealed significant thinning of the
entire mock-treated left optic nerve from the globe to the optic chiasm in eyes injected with AAV-GFP and AAV containing mutant R340H ND4, whereas the opposite
right eyes treated by injection of COX8-delivered WT ND4 (and also injected with R340H mutant ND4 AAV) were much thicker. Histology of cross-sections of the
retrobulbar segment of optic nerve taken at the sites indicated by the arrows confirmed the atrophy of the untreated left optic nerves (L and N), in contrast to the
preservation of optic nerve structure with treatment by COX8-delivered WT ND4 (M and O). (Scale bar, 100 um.) C, optic chiasm; L, left eye; R, right eye.
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Fig. 6. One year after intravitreal injections, a transmission electron micrograph shows that relative to the complement of axons seen with COX8 MTS scAAV-
ND4 treatment (A), axonal density is markedly reduced with mock treatment with AAV-GFP (B) or with treatment with VP2 scAAV-ND4 lacking the MTS (C).
The empty spaces between remaining axons where axons were lost accounted for the cystic spaces seen by light microscopy. (D) Micrograph of a normal optic
nerve injected with only AAV-GFP a year earlier is shown for comparison. (E) Bar plot shows that differences in optic nerve axon counts between COX8 MTS
scAAV-ND4-treated eyes relative to treatment with VP2 scAAV-ND4 or mock treatment with AAV-GFP were highly significant (*P = 0.0178; **P = 0.0032).
a, axon; e, empty spaces where axons were lost.

Discussion homolog of a defective gene into the mitochondria of living cells in
Our work shows that fusing an AAV capsid protein with an MTS  the mouse visual system. Studies by others have conjugated an
makes an efficient delivery system for importing the functional ~MTS to exogenous proteins and small linear DNA, which en-

Yu et al. PNAS | Published online April 20, 2012 | E1245

7]
=2
=
o
v
<
=
o

GENETICS



hanced their delivery to mitochondria (29, 37), but that strategy
failed in cases of macromolecules and hydrophobic molecules,
including mtDNA and mitochondrial proteins (38). Liposome-
based carriers can import hybrid molecules into mitochondria of
whole cells, but this approach suffers from low efficiency and high
cytotoxicity (8, 25, 39). Mutated mtDNA can be removed from the
germ line by transfer of the spindle—chromosomal complex from
one egg to another that is enucleated and depleted of its mito-
chondria (40). A major limitation of this successful approach is
that it cannot be used after birth and the technique has not yet been
demonstrated to correct a mutated mtDNA phenotype.

In contrast, our MTS AAYV approach resulted in expression of
WT human ND4 that was translated in mitochondria, where it
suppressed visual loss and optic atrophy induced by the mutant
ND4 allele in rodents, thus suggesting that this approach may be
useful in humans long after birth. Still, many questions remain
to be answered. We are unsure of the exact mechanism of MTS
AAV-mediated DNA entry into mitochondria. The presence of
COXS8GFP VP2 capsid detected by ultrastructural analysis of GFP
suggests viral entry into the organelle where the ND4 DNA was
deposited. Although homologous recombination has allowed in-
sertion of foreign genes into the plant mitochondrial genome re-
quiring only flanking regions of the insert to be homologous to the
recipient mtDNA moiety (41), we were unable to confirm our PCR
data suggesting in vivo homologous recombination of human ND4
into the mouse mitochondrial genome by Southern blot analysis.
However, hybridization of the human probe to the endogenous
mouse mitochondrial genome suggests the possibility that such an
event may occur. Also, the increasing human ND4 DNA content
with increasing time following ocular gene injections suggests
replication of the MTS AAV-delivered human ND4. Because our
HSP-ND4 construct lacked replication elements, replication of
human ND4 would only occur if it had integrated into the mouse
mitochondrial genome, where the replication elements present in
the D-loop region would drive this event.

In summary, we were able to demonstrate expression of the MTS
AAV-delivered ND4 with rescue of ATP synthesis in cultured cells
as well as visual loss and optic atrophy in rodents for almost their
entire laboratory life span. The AAV cassette accommodates genes
up to ~3.3 kb (scAAV) or 5 kb (ssAAV) in length, thus providing
a platform for introduction of almost any mitochondrial gene, and
perhaps even allowing insertion of large kilobase deletions asso-
ciated with aging back into the adult vertebrae organelle. We look
forward to providing this delivery system to other laboratories for
confirmation of our results and for the benefit of the multitude of
patients afflicted by disorders caused by mutated mtDNA, for
whom there is currently no effective remedy.

Materials and Methods

Plasmids. To construct the fusion gene containing the mitochondrial pro-
moter, human WT ND4, and epitope tag, mtDNA was extracted from human
cells. Using the high fidelity of pfu Turbo DNA polymerase (Stratagene), the
1.4-kb mitochondrial-encoded ND4 gene was cloned into the Topo TA
cloning vector using a kit according to the manufacturer’s directions (Invi-
trogen). A final extension step using Taq DNA polymerase was also per-
formed. The QuikChange in vitro mutagenesis kit (Stratagene) was used to
add the FLAG epitope tag with appended AGA termination codon to the 3’
end of the ORF of the ND4 gene to obtain ND4FLAG. Base deletions and
substitutions in the reading frame ND4FLAG were corrected using the
QuikChange in vitro mutagenesis kit. The parent pTR-UF11 plasmid was
digested with Xbal and BamH1 to remove the GFP and neoR genes. The
Topo plasmid containing the mitochondrial ND4FLAG was also digested with
Xbal and BamH] for directional cloning into the similarly digested recipient
pTR-UF11 plasmid. The ND4FLAG insert was then ligated into the recipient
pTR-UF11 plasmid. This gave the desired plasmid, designated as pTR-UF11-
mND4FLAG. Next, we removed the hybrid CMV enhancer and chicken
p-actin promoter elements (used to drive gene expression in the nucleus)
from pTR-UF11-ND4FLAG using Kpn1 and Xba1l digests. We purchased
complementary oligonucleotides (Invitrogen) containing the mitochondrial
HSP, sequence 5-TAACCCCATACCCCGAACCAACCAAACCCCAAAGACAC-3,
with added linkers containing the Kpn1 restriction site at the 5" end and
Xba1 at the 3’ end of HSP. The annealed double-stranded HSP oligonucle-
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otide was directionally ligated into the pTR-UF11-ND4FLAG to give plasmid
pTR-UF11-HSP-ND4FLAG. The pTR-UF11 plasmid also contains flanking ITR
sequences that provide all the cis-acting sequence required for replication,
packaging, and integration of an ssAAV vector.

We then inserted HSP-ND4FLAG into a scAAV backbone. The parent SC-
trs-smCBA-hGFP plasmid was digested with Kpn1 and BamH1 to remove the
hybrid CMV enhancer and small chicken g-actin promoter elements as well as
GFP. The insert containing HSP-ND4FLAG was digested out of pTR-UF11-HSP-
ND4FLAG using restriction enzymes Kpn1 and BamH1 and it was then li-
gated into the recipient scAAV backbone generating the construct sc-HSP-
ND4FLAG containing flanking ITRs.

To generate an AAV directed toward the mitochondria, we added an MTS
to the ORF of VP2, one of the three capsid proteins that constitute an AAV
virion. This MTS-targeted VP2 was generated by linking the 23-aa MTS
presequence of COX8, 5-ATGTCCGTCCTGACGCCGCTGCTGCTGCGGGGCTT-
GACAGGCTCGGCCCGGCGGCTCCCAGTGCCGCGCGCCAA-3, in-frame to GFP.
Eagl linkers were added to the COX8GFP insert. The parent VP2 plasmid with
an Eagl site inserted at residue 138 within the VP1/VP2 overlap region was
digested with Eagl. The COX8GFP was ligated into the mutant VP2 parent
plasmid. This created the plasmid designated COX8GFP VP2. Construction of
the mutant VP2 parent plasmid and the GFP containing VP2 mutant plasmid
without the MTS has been described previously (28).

AAVs. The ssAAV2 pTR-UF11-HSP-ND4FLAG or scAAV2/sc-HSP-ND4FLAG, or
a control scAAV2-GFP, was produced by the plasmid cotransfection method
(42). The plasmids were amplified and purified by cesium chloride gradient
centrifugation and then packaged with the VP2 COX8GFP or standard VP2
plus VP1, VP3, and helper plasmid PXX6 (3-fold excess) into AAV2 re-
combinant virus by transfection into human 293 cells with standard proce-
dures. In brief, the crude iodixanol fractions were purified using the
Pharmacia AKTA FPLC system, the virus was then eluted from the column
with 215 mM NaCl (pH 8.0), and the recombinant AAV (rAAV) peak was
collected. The rAAV-containing fractions were then concentrated and
buffer-exchanged in Alcon balanced salt solution with 0.014% Tween 20,
with a Biomax 100-K concentrator (Millipore). Virus was then titered for
DNase-resistant viral genomes by real-time PCR relative to a standard. Finally,
the purity of the virus was validated by silver-stained SDS/PAGE, assayed for
sterility and lack of endotoxin, and then aliquoted and stored at —80 °C.

Cell Culture, Transfection, and Infection. Human embryonal kidney cells (293T),
homoplasmic G11778A cybrid cells, or neuronal G11778A NT-2 cells (with
large mitochondria) were infected with AAV vectors or transfected with sc-
HSP-ND4FLAG, PXX6 (3-fold excess), VP1, VP3, VP2, or VP2COX8GFP plasmid
DNAs and cultured in complete high-glucose medium (DMEM) for 2 d. Cells
were then transferred to galactose medium for selection at 5 d and recul-
tured in complete high-glucose media until reaching the desired confluence
to conduct other experiments. Cells were trypsinized and counted with an
automated Coulter Z-100 particle counter.

Immunostaining. Cells were cultured on plastic chamber slides and fixed in 4%
paraformaldehyde. Injected mice were perfused with PBS followed by 4%
paraformaldehyde. Whole retinas or longitudinal retinal sections were used
for immunostaining. The following antibodies were used: Cy3-conjugated
FLAG (1:100; Sigma), Porin (1:100; Abcam), Thy1.2 (1:1,500; Sigma), Brn3a
(1:100; Santa Cruz Biotechnology), Ill B-tubulin (TUJI, 1:200; Covance), A20
(1:100; Sigma), MnSOD (1:100; Abcam), GFP (1:100; Sigma), NADH de-
hydrogenase subunit 4 (1:480; Abcam), and secondary antibodies that in-
cluded anti-rat488, anti-mouse488, anti-mouseCy5, anti-rabbit 647, anti-
rabbit Cy3 (1:600; Invitrogen) or anti-mouse IgG conjugated to immunogold
that was enhanced with a kit according to the manufacturer’s specifications
(Ted Pella, Inc.). Images were visualized with a Leica TCS SP5 confocal mi-
croscope. FLAG-positive cells and Thy1.2-immunopositive RGC counts were
performed on the longitudinal sections. The total cell count was an average
of the counting data performed on longitudinal sections of the retina per
40-mm? area. The images were captured with a video camera mounted on
a fluorescent microscope at a magnification of 400x for counting of the
cells. Immunogold labeling was also evaluated by transmission EM.

BN/PAGE and Immunoblotting. BN/PAGE was performed based on the method
of Calvaruso et al. (43). We used the Invitrogen NativePAGE Gel system with
minor modifications. Cell pellets (10%) were washed twice with cold PBS and
resuspended in 600 pL of cold mitochondrial extract buffer [0.25 mM sucrose,
20 mM Hepes, 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA (pH 7.4)]. After being
homogenized, lysed cells were centrifuged at 4 °C at 750 x g for 3 min, fol-
lowed by spins at 3,500 x g for 3 min and 5,000 x g for 3 min. Supernatant was
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collected and centrifuged for 30 min at 20,000 x g at 4 °C to collect mitochon-
dria. The crude mitochondrial pellets were washed twice with cold PBS and
resuspended in 100 pL of cold 1x NativePAGE sample buffer containing 2.5%
digitonin (Invitrogen), 1% 2-mercaptoethanol (Bio-Rad), and 1 mM protease
inhibitor (Invitrogen). After being mixed by pipetting up and down and by in-
version, the mitochondrial pellet was sonicated three times for 15 s each time
and kept on ice for 30 min before being centrifuged at 20,000 x g for 30 min at
4 °C. The supernatant was used for the NB/PAGE gel. Electrophoresis was per-
formed according to the manufacturer’s specifications (Invitrogen). Gels were
transferred to PVDF membranes (Immobilon; Millipore) using the semitransfer
system (Bio-Rad), incubated in proteinase K (1 pg/uL; Qiagen) for 5-6 min, and
then washed three times in PBS. For 1D Western blot, the transferred membrane
was incubated in 8% acetic acid for 15 min, rinsed with deionized water, and air-
dried. The dried membrane was rewetted with methanol and rinsed with
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deionized water before immunodetection. After blocking with 5% milk (Bio-
Rad), the following antibodies were used: anti-FLAG (1:1,000; Sigma), anti-ND4
(1:200; Santa Cruz Biotechnology), and mouse monoclonal anti-NDUFA9 anti-
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detection using electrochemiluminescence reagents (Amersham) and a FUJIFilm
imaging system.
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