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Replicative errors, inefficient repair, and proximity to sites of
reactive oxygen species production make mitochondrial DNA
(mtDNA) susceptible to damage with time. We explore in vivo
allotopic expression (re-engineering mitochondrial genes and
expressing them from the nucleus) as an approach to rescue de-
fects arising from mtDNA mutations. We used a mouse strain
C57BL/6J(mtFVB) with a natural polymorphism (m.7778
G>T) in the mitochondrial ATP8 gene that encodes a protein
subunit of the ATP synthase. We generated a transgenic mouse
with an epitope-tagged recoded mitochondrial-targeted ATP8
gene expressed from the ROSA26 locus in the nucleus and
used the C57BL/6J(mtFVB) strain to verify successful incorpo-
ration. The allotopically expressed ATP8 protein in transgenic
mice was constitutively expressed across all tested tissues, suc-
cessfully transported into the mitochondria, and incorporated
into ATP synthase. The ATP synthase with transgene had
similar activity to non-transgenic control, suggesting success-
ful integration and function. Exogenous ATP8 protein had
no negative impact on measured mitochondrial function,
metabolism, or behavior. Successful allotopic expression of a
mitochondrially encoded protein in vivo in a mammal is a
step toward utilizing allotopic expression as a gene therapy in
humans to repair physiological consequences of mtDNA de-
fects that may accumulate in congenital mitochondrial diseases
or with age.

INTRODUCTION
Mitochondrial myopathies are a collective group of diseases predicted
to affect nearly 1 in 200 individuals1 that arise from mutations in the
nuclear DNA or the mitochondrial DNA (mtDNA) and adversely
impact the functions of the organelle. The human mtDNA is
16.5 kb and encodes 13 vital proteins in the respiratory chain. This
circular DNA also encodes 22 tRNAs and 2 rRNAs essential to trans-
lating the organelle genome. Mutations in the 13 respiratory complex
(oxidative phosphorylation [OXPHOS]) genes and their associated
non-protein coding genes tend to be associated with severe conse-
quences as they lead to disruption in the production of the core
subunits of the electron transport chain (ETC), thus introducing
instability into the subunit structure and causing loss of function.

Defects in OXPHOS can cause disease in any organ, but symptoms
occur predominantly in neurological, cardiovascular, and skeletal
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muscle tissue,2 organs whose cells are postmitotic and that rely on
high energy turnover for proper function. Leber hereditary optic
neuropathy (LHON)3,4 Leigh syndrome,5 mitochondrial encephalop-
athy,5 chronic progressive external ophthalmoplegia,6 and Kearns-
Sayre syndrome6,7 are examples of neurologic diseases linked to
mtDNAmutation. Other mtDNA diseases include non-hypoxic lactic
acidosis and Pearson marrow-pancreas syndrome.8 Somatic muta-
tions in mtDNA are also implicated in human aging.9

Current therapeutic approaches to address pathologies of mtDNA
mutations include using small molecules,10,11 cell and organelle
replacement techniques,12–14 gene editing, and gene therapy strate-
gies.15–17 Most of these approaches in the clinic are still palliative
and cannot address the root cause of these diseases. Nonetheless,
gene therapy using a recombinant adenovector for the ND4 gene in
isolated compartments such as the eye has been implemented with
apparent clinical benefit in LHON patients (ClinicalTrials.gov,
identifiers NCT03293524 and NCT02064569).

One major challenge in the field is the need for appropriate in vivo
models to evaluate the potential of such therapies. Many recent
advances in nuclear gene editing strategies are still to be proven
applicable in manipulating the mtDNA.18 Organelle DNA inheritance
patterns and maintenance impose further challenges in generating
in vivomodels. The mtDNA is maternally inherited and often exhibits
a state of heteroplasmy in disease states. Here, both wild-type and
mutant forms of mtDNA co-exist within cells and lead to a disease
phenotype when the mutant mtDNA copy number exceeds a critical
threshold. Severemutations that impairOXPHOS function are typically
non-viable and are eliminated early during development. For example,
transmitochondrial mice carrying two mutations (1) T6589C in COX1
and (2) 13885insC frameshiftmutation inND6, eliminated themore se-
vere ND6 13885insC frameshift mutation within four generations.19
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Similarly, efforts to generate in vivomouse models for the 4.7 kb com-
mon deletion mutation were unsuccessful beyond the F3 generation.20

Researchers are therefore limited to studying naturally occurring vari-
ants with mild phenotypes, for example, such as those observed due
to missense mutations in the ATP821 and ND6 genes.22 Alternatively,
researchers have also explored strategies like the co-expression or
over expression of mutant allotopic genes in addition to wild-type ver-
sions as in the case of ND423 and ATP6 transgenic mice23,24 to mimic
disease conditions such as Leber heriditary optic neuropathy (LHON)
and Neuropathy, ataxia, and retinitis pigmentosa (NARP). Mouse
modelsdescribing compromisedOXPHOS function innuclear encoded
mitochondrial subunits and other genes are reviewed elsewhere.25,26

Previously, using patient-derived cybrid cells null for the ATP8
protein, we showed that a codon-optimized allotopic gene construct
for the human ATP8 gene rescued several biochemical and functional
parameters upon stable integration into the nuclear genome.27 Here,
we use the ATP8 polymorphism (m.7778 G>T) observed in C57BL/
6J(mtFVB) mice to demonstrate gene therapy in vivo. In our hands,
some of the reported behavior phenotypes associated with this poly-
morphism, such as anxiety, could not be recapitulated. We took
advantage of the single-nucleotide polymorphism and the resulting
amino acid change from aspartic acid to tyrosine at position 5 in
the conserved N-terminal region of the protein to demonstrate the
utility of a gene therapy product. Using the safe harbor expression
approach,28 we placed a single copy of the codon-optimized mouse
ATP8 gene in the mouse ROSA26 locus. We show that germline
nuclear integration of a single copy of the allotopic mitochondrial
ATP8 gene is constitutively expressed across tissues, over time, and
is faithfully transmitted to the progeny for up to four generations.

RESULTS
Generation of transgenic mouse expressing optimized ATP8

from a safe harbor locus in the nucleus

To assess the feasibility of using allotopic nuclear expression of ATP8
in vivo, we generated a transgenic mouse model that expresses an
epitope-tagged and codon-optimized ATP8 mitochondrial gene
(oATP8) under the CAG promoter from the nucleus. The oATP8
construct (ATP5G1MTS-oATP8-FLAG) contains a codon-optimized
N-terminal mitochondrial targeting sequence (MTS) from nuclear-
encoded ATP synthase subunit ATP5G1 to facilitate transgene local-
ization29 and a C-terminal MYC and FLAG tag for immunodetection
(Figure 1A). Using TARGATT homologous recombination technol-
ogy,30 we inserted a single copy of the oATP8 construct via FC31
integrase and attPx3 docking sites into the mouse ROSA26 locus
on chromosome 6 in the C57BL/6J(mtC57BL/6J) strain (Figure 1B).

To assess the efficacy of allotopic expression as a gene therapy in vivo,
our aim was to test the ability of the exogenous oATP8 protein to
compete with an existing endogenous ATP8 mutant protein. The
FVB/NJmtFVB/NJ mouse (JAX strain no. 001800) strain is the only
available model harboring a spontaneous single-nucleotide polymor-
phism in the mitochondrial ATP8 gene. The ATP8 gene in this mouse
strain contains a transversion (m. 7778G-T) that results in an aspartic
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
acid to tyrosine substitution in the N terminus of the ATP8 protein.
This mutation does not produce a null model, as the mutant ATP8
protein is synthesized and incorporated into a fully assembled ATP
synthase complex. We utilized a conplastic C57BL/6JmtFVB/NJ/IbraJ
(JAX strain no. 010810; from here on C57BL/6J(mtFVB)) strain which
contains the mitochondrial FVB/NJ polymorphism with a C57BL/6J
nuclear genome, free frompotentialmodifiers that allows for the assess-
ment of the impact of themitochondrial mutation in the absence of any
confounding variation of the FVB/NJmtFVB/NJ nuclear genome.31

As mitochondria are maternally inherited, the conplastic model was
developed by crossingmale C57BL/6J(mtC57BL/6J) mice onto female
FVB/NJmtFVB/NJ mice to produce the C57BL/6J(mtFVB) mouse
that contains a C57BL/6J nuclear genome and an FVB/NJ mitochon-
drial genome.31We verified that the C57BL/6J(mtFVB) strain harbors
the FVB/NJ polymorphism using Sanger sequencing (Figure S1A). To
generate the C57BL/6J(mtFVB) carrying the oATP8 nuclear trans-
gene, we crossed female C57BL/6J(mtFVB) with male transgenic
C57BL/6J(mtC57BL/6J) (Figure 1C) mice. All animals generated
using the breeding scheme in Figure 1C were viable and fertile and
born at the expected Mendelian ratio without apparent abnormalities
in adult mice. About half the progeny, 48.2% ± 4.3% (SEM) and
49.8% ± 5.7% (SEM) in the C57BL/6J(mtC57BL/6J) and C57BL/
6J(mtFVB), respectively, were born transgenic. For the generation
of all experimental groups, non-transgenic and oATP8 transgene
littermates were used as controls (Figure 1C).

PCRanalysis of tailDNAusing specific primer sets corresponding to the
regions spanning the ROSA26 locus and oATP8 transgene showed that
successful recombination occurred in both the transgenic C57BL/
6J(mtC57BL/6J) and C57BL/6J(mtFVB) strains, but not in the litter-
mate non-transgenic controls (Figures 2A and S1B). Sanger sequencing
onpurifiedPCRproducts confirmed the correct sequences spanning the
ROSA26 locus and the oATP8 transgene (data not shown). We con-
ducted next-generation sequencing to verify oATP8 transgene location
and assess off-target random insertions. Next-generation sequencing
analysis revealed that a single copyof the oATP8 transgenewas correctly
inserted in the ROSA26 locus (NC_000072.7::113053020) (7 pair-end
reads spanning the insertion site were identifiedwith a confidence score
of 96). These results suggest the successful recombination of a single
copy of the oATP8 transgene into the C57BL/6J(mtC57BL/6J) and
C57BL/6J(mtFVB) mouse strains. The oATP8 transgene is transferred
in the C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB) strain offspring
for up to four generations (Figure 2B).

Exogenous optimized ATP8 is ubiquitously expressed, localizes

to mitochondria, and incorporates into the ATP synthase

complex

The expression of FLAG-tagged oATP8 protein was readily detected in
whole-cell lysates of the brain, liver, skeletal muscle, kidney, and spleen
in both male and female 12-week-old C57BL/6J(mtC57BL/6J) and
C57BL/6J(mtFVB) mice, but not in age-matched littermate non-trans-
genic animals (Figures 3A and 3C). Using denaturing western blots
probed for FLAG-tagged oATP8, we detected a single product at
er 2024



Figure 1. Generation of transgenic mouse expressing optimized ATP8 from a safe harbor locus in the nucleus

Schematic of the oATP8 construct (A) and diagram portraying the ɸC31-mediated recombination of the oATP8 construct into the mouse ROSA26 locus

(NC_000072.7::113052993) (B). An overview of the breeding scheme used to generate the experimental groups (C).
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�14 kDa corresponding to the processed exogenous oATP8 protein
(Figure S2A). Normalizing the protein band intensities to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) indicated that the relative
transgene expression levels are comparable in both C57BL/6J
Molecular T
(mtC57BL/6J) (Figure 3B) and C57BL/6J(mtFVB) (Figure 3D) mice,
with minor variations at the organ level and between replicates. To
determine the extent of the exogenous oATP8 protein fully localizing
to the mitochondria, we isolated the cytoplasmic and mitochondrial
herapy: Methods & Clinical Development Vol. 32 December 2024 3
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Figure 2. Confirmation of transgene in C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB)

Sequencing products utilizing primers spanning transgene and insertion site for identification of transgene and site-specific insertion into the ROSA26 locus (n = 6 animals)

(A). PCR results confirm the presence of the oATP8 construct within the fourth generation of mouse pups born from transgenic C57BL/6J(mtC57BL/6J) or C57BL/6J(mtFVB)

parents (B).
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fractions from 50-week-old mouse livers. Using denaturing western
blot, we determined that the FLAG-tagged oATP8 protein is fully com-
partmentalized to the mitochondrial fraction in both male and female
C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB) strains (Figure 4A).
The transgenic oATP8 protein intensities were normalized to either
the cytosolic marker phosphoglycerate kinase 1 (PGK1) or the mito-
chondrial marker, aconitase (ACO2) in respective samples (Figure 4B).

We then asked if the exogenous oATP8 protein was incorporated into
the ATP synthase by analyzing isolated mitochondria from a
12-week-old mouse liver using blue native (BN)-polyacrylamide gel
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
electrophoresis (PAGE). The expressed FLAG-tagged oATP8 protein
integrated into monomeric and dimeric ATP synthase in both
C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB) strains (Figure 4Ci),
as the FLAG-tagged oATP8 bands co-migrate with endogenous ATP
synthase subunits ATP5O/OSCP (ATP synthase peripheral stalk sub-
unit OSCP) (Figure 4Cii) and ATP6 (mitochondrially encoded ATP6)
(Figure 4Ciii). The expression of oATP8 does not affect ETC subunit
levels or assembly, specifically of GRIM-19 (complex I subunit),
SDHB (succinate dehydrogenase complex iron sulfur subunit B; com-
plex II subunit), CORE-2 (ubiquinol-cytochrome c reductase core
protein 2; complex III subunit), and CO2 (mitochondrially encoded
er 2024
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cytochrome c oxidase II; complex IV subunit) (Figures S2Bi–S2Biv).
The following data demonstrate that the exogenous oATP8 gene is
constitutively expressed, translated, and targeted in vivo into the cor-
rect mitochondrial complex in all the tissues we checked.

Stable expression of exogenous oATP8 with time

Weproceeded to ask whether exogenous oATP8 has prolonged expres-
sion with time. Using RT-qPCR, we quantitatively assessed the RNA
expression levels of exogenous oATP8 with time in brain. We found
that exogenous oATP8 RNA expression did not significantly change
between 6- and 50-week-old animals in both strains assessed
(Figures 5A and 5B). We evaluated whether stable mRNA expression
with time was reflected in stable exogenous oATP8 protein abundance.
Whole-cell liver lysates from6-, 12-, 30-, and50-week-old animalswere
probed for FLAG-tagged oATP8 via denaturing western blot. Both
male and female C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB)
strains expressed the exogenous oATP8 protein up to age 50 weeks
(Figure 6A). Overexpression of an exogenous protein may negatively
regulate endogenous protein expression. Using RT-qPCR, we tested
the impact of exogenous oATP8 expression on endogenous ATP8
and ATP6 levels. Nuclear oATP8 expression did not significantly alter
the levels of endogenousATP8 (Figure5C)orATP6mRNA(Figure S3).
At the protein level, probing for endogenous and exogenous ATP8 re-
vealed that the exogenous FLAG-tagged ATP8 was consistently ex-
pressed at higher levels in C57BL/6J(mtFVB) transgenic mice
compared with wild-type C57BL/6J(mtC57BL/6J) transgenic mice
(Figure 6A). For ratiometric analysis, we normalized the endogenous
and exogenous ATP8 protein intensities to GAPDH (Figure 6B). The
apparent ratios of oATP8/ATP8 (Figure 6C) indicated that the propor-
tion of transgenic ATP8 was significantly higher in the C57BL/
6J(mtFVB) transgenic mice, with statistical significance observed at
later timepoints (30 and 50weeks).However, we observed considerable
variation in the transgene intensities between replicates, particularly in
the C57BL/6J(mtC57BL/6J) control samples. To mitigate variations in
the efficiencies of tissue lysis, we performed a similar experiment with
purified mitochondria. Mitochondria from non-transgenic controls
and transgenic C57BL/6J(mtC57BL/6J) or C57BL/6J(mtFVB) liver
samples (n = 3) were purified using Dounce homogenization as
described in the materials and methods. Using denaturing PAGE we
estimated the apparent ratio of oATP8/ATP8 in the mitochondrial ly-
sates (Figure 6D). The intensitieswere normalized to themitochondrial
marker aconitase (Figure 6E). It is evident that the transgenic oATP8 is
approximately twice the amount of the endogenous ATP8 in the
C57BL/6J(mtFVB) transgenic mice relative to C57BL/6J(mtC57BL/
6J) transgenic mice, suggesting better incorporation of oATP8 in the
FVB mitochondria (Figures 6E and 6F). We did not observe statistical
significance in the wild-type transgenic mitochondria despite appre-
ciable transgene expression across samples. It is important to empha-
Figure 3. Exogenous optimized ATP8 is ubiquitously expressed

Denaturing PAGE western blots from processed liver, brain, heart, skeletal muscle, kidn

6J) (A) and C57BL/6J(mtFVB) (C) mice expressing the oATP8 protein. The C-terminal FLA

protein. GAPDH was used as a loading control. Approximately twenty-five micrograms

means ± standard error of the mean. The immunoblot bands of oATP8 were quantified
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size that densitometry analysis of western blots is a semiquantitative
technique and determining the exact ratios of oATP8/ATP8 warrants
further analysis using alternative methods.

Preliminary mass spectrometry analysis using HPLC LC-MS/MS stra-
tegies indicated that peptides spanning V28SSQTFPLAPSPK40 and
I58YLPHSLPAQQ67 in the ATP8 protein were readily detected and
could be used to distinguish transgenic and endogenousATP8proteins.
Particularly, the sequence I58YLPHSLPAQQ67 is converted to
I58YLPHSLPAQQLEQK71 upon the addition of the FLAG tag. The
values for the peptides obtained with and without the FLAG tag
comparedwith an internal control such asV28SSQTFPLAPSPK40 could
report the levels of endogenous ATP8 and exogenous oATP8 quantita-
tively. We generated heavy atom stable isotope-labeled I58YLPHSL^^
PAQQ67 (L^^ with 13C6) and I58YLPHSLPAQQLEQK^^71 (K^^
with 13C6,

15N2) peptides to use as synthetic peptides in enhancing
the signal. Unfortunately, the variants in the endogenous peptides
were not detected by mass spectrometry, presumably because of inade-
quate ionization in the assay.Therefore, their relative quantitation in the
ATP synthase complex was not possible. In addition, we also generated
stable isotope-labeled MPQLDTSTWFITIISSMITLFILFQLK^^ and
MPQLTTSTWFITIISSMITLFILFQLK^^ peptides (K^^ with 13C6,
15N2) to enhance the signal for the N-terminal region of the ATP8 pro-
tein reflecting the aspartic acid to tyrosinemutation at the fifth position;
however, these peptides were not detected in our mass spectroscopy
assays.

Exogenous expression of the oATP8 protein does not negatively

impact mitochondrial function, physiology, or behavior

To assess whether the exogenous oATP8 protein impacts mitochon-
drial function, we used an in-gel ATPase activity assay to determine
whether ATP hydrolysis occurred in monomeric and dimeric forms
of the ATP synthase (Figure 7A). In-gel ATP hydrolysis activity
was comparable among non-transgenic and transgenic samples
tested. Using the Agilent XFe Seahorse, we quantitatively assessed
the impact of the exogenous oATP8 protein on maximal ATP hydro-
lysis activity (Vmax), substrate concentration giving reaction rate of
1/2 Vmax of the ATP synthase to ATP (Km), ATP-linked respiration,
maximal respiration, and oligomycin sensitivity. Maximal ATP
hydrolysis activity (Vmax) and Km (ATP) of the ATP synthase were
not significantly changed between the transgenic and non-transgenic
groups in isolated liver mitochondria (Figure 7B; Table S1). ATP-
linked respiration (state 3) and maximal respiration (state 3u) were
not affected in isolated liver and skeletal muscle mitochondria
(Figures 7D and 7E). Lastly, the IC50 of oligomycin in isolated liver
mitochondria was not significantly changed when comparing trans-
genic C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB) animals to
the relevant non-transgenic controls (Figure 7C; Table S2).
ey, and spleen of 12-week-old non-transgenic and transgenic C57BL/6J(mtC57BL/

G epitopewas immunodetected with mouse anti-FLAG antibody against the oATP8

of protein was loaded per lane (n = 5 biological replicates). Values are expressed as

by densitometry analysis (using ImageJ), normalized to GAPDH (B and D).
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Figure 4. Transgenic optimized ATP8 localizes to mitochondria and incorporates into ATP synthase complex

Cytoplasmic (Cyto.) and mitochondrial (Mito.) fractions were isolated from liver from 50-week-old transgenic C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB) mice.

Denaturing PAGE western blots were used to assess the compartmentalization of oATP8 to the mitochondria by probing for oATP8 using mouse anti-FLAG, cytosolic

contents using rabbit anti-PGK1, andmitochondrial protein usingmouse anti-ACO2. GAPDHwas used as a loading control. The animal ID alongside the gender (“M” for male

and “F” for female) is listed at the top of the lanes. Cytoplasmic fractions were runwith�50 mg protein andmitochondrial fractions with�35 mg protein per lane (n = 4 biological

replicates; 2 males and 2 females) (A). The immunoblot bands of oATP8 were quantified by densitometry analysis (using ImageJ), normalized to aconitase for mitochondrial

fractions, and to PGK1 for cytoplasmic fractions (B). Values are expressed as means ± standard error of the mean. Blue Native PAGE western blots using 25 mg protein from

purified liver mitochondrial fractions of 12-week-old non-transgenic and transgenic C57BL/6J(mtC57BL/6J) and C57BL/6J (mtFVB mice). Integration of oATP8 into ATP

synthase complex was detected by ATP synthase complex monomer (*) and dimer (**) formation using mouse anti-FLAG antibody (Ci). ATP5O/OSCP (Cii), and ATP6 (Ciii)

were probed as controls for ATP synthase complex proteins (n = 3 animals).
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Figure 5. Stable expression of transgenic oATP8 with time

Quantitative RT-PCR detection of mRNA levels for transgenic oATP8 and endoge-

nous ATP8 from brain of 50-week-old mice. Transgenic oATP8 was normalized to

ACTIN (A) andCOX10, a nuclear-encodedmitochondrial gene (B). Endogenous ATP8

mRNA was normalized to COX3, a mitochondria-encoded gene (C) (n = 3–4 animals,

performed in triplicate). Transgenic oATP8 levels were not detected in non-transgenic

animals (data not shown). Error bars show SEM. two-way ANOVA was performed.
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To further assess the safety of the allotopic gene therapy, we sought to
determine whether exogenous oATP8 construct or protein negatively
impacted mouse physiology and behavior. We conducted a series of
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
behavioral assays in animals between age 6 and 9 weeks (Figure 8A).
We utilized the open-field and elevated plus maze to assess changes in
anxiety levels, exploratory behavior, or locomotion. To ensure there
were no systemic metabolic defects with this gene therapy approach,
we conducted the Promethion metabolic cage assay to monitor for
systemic metabolic changes, feeding and drinking behavior, and
general locomotion. We also tested whether exercise capacity and
tolerance were altered using the treadmill exhaustion test. Our results
show that the presence of the transgene did not significantly change
any of the aforementioned parameters (Figure 8A; Tables S3–S9).
The weight of the transgenic animals was not significantly altered
from their non-transgenic controls up to age 50 weeks (Figure 8B).
Since gene therapy can elicit host immune responses, we assessed
mouse plasma samples via inflammatory cytokine assay as an
additional means to characterize the safety of our approach. The
transgenic animals did not show significant changes in plasma
inflammatory cytokine levels compared with their relevant
non-transgenic controls (Figure 8C). Furthermore, global proteome
analysis of liver mitochondria purified from gender-controlled,
non-transgenic, and transgenic mice did not reveal any major
changes (Figure S4). The proteins Plbd1 and Glb1 were upregulated
in male C57BL/6J(mtC57BL/6J) transgenic mice compared with their
non-transgenic counterparts (Figure S4i) and Actb was upregulated
in female C57BL/6J(mtC57BL/6J) non-transgenic mice compared
with female transgenic mice (Figure S4ii). Elevated levels of proteins
Maoa, Acss3, and Dhodh were observed in male C57BL/6J(mtFVB)
non-transgenic mice compared with their transgenic cohorts. Plbd1
and Hba were upregulated in male C57BL/6J(mtFVB) transgenic
mice when compared with control C57BL/6J(mtFVB) male mice
(Figure S4iii). In addition, the proteins Actb, Coro1a, Lcp1, Oxct1,
and Pkm were all upregulated in female C57BL/6J(mtFVB) non-
transgenic mice compared with female mutant transgenic mice
(Figure S4iv).

DISCUSSION
The allotopic expression of mitochondrial genes is defined as the re-
engineering of functional mitochondrial genes and their expression
from the nucleus. Challenges to successful allotopic expression have
been described previously, including (1) the engineering and nuclear
integration of an optimized construct to express from the nucleus, (2)
the targeting of an exogenous cytosolic protein to the mitochondria,
and (3) the functional assembly and rescue of a mutant mitochondrial
phenotype.32 Our previous work has addressed several of these chal-
lenges as we have shown that mitochondrial genes require codon
optimization for robust expression from the nucleus33 and demon-
strated how simultaneous allotopic expression of two mitochondrial
genes, the minimally recoded ATP6 and the codon-optimized
ATP8, can rescue a patient-derived cybrid model null for the ATP8
protein.27

The concept of allotopic expression was initially tested in yeasts34–36

and plants37 to target soluble proteins into the mitochondrion, and
was later adapted for membrane proteins.38 Nagley et al. were the first
to implement allotopic expression for mtDNA proteins by recoding
er 2024
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the yeast ATP8 gene for the nuclear DNA code. Their work demon-
strated successful restoration of respiratory growth in ATP8-null
cells.39 Subsequently, several studies describing the transition of
mtDNA genes to the nuclear-cytosolic machinery have been reported
in unicellular eukaryotes and mammalian systems with varying suc-
cess. The therapeutic potential of this strategy is actively being
explored for more common mtDNA mutations, such as those in
the ATP6 and ND4 genes. Mutations in the ATP6 gene result in clin-
ically diverse symptoms including NARP and Leigh’s syndrome due
to compromised ATP synthase activity. Allotopic expression of ATP6
in patient cybrids with specific mutations such as the mt.8993T>G or
(mt.8529G>A) shows promise and can restore partial function.27,29,40

Bilateral injection of lenadogene nolparvovec (an AAV-engineered
allotopic ND4 gene) in the eyes of LHON patients carrying the
m.11778G>A MT-ND4 mutation improved visual acuity and has
shown excellent safety profile.41

Successful allotopic expression of mtDNA-encoded genes requires
optimization of important coding and non-coding elements such as
(1) mandatory changes to the gene sequence to synchronize nuclear-
cytosolic translation, (2) appending a suitableMTS to target the protein
to the mitochondria, and (3) appropriate 50 and 30 UTR sequences in
regulating transcription and translation. We and others have used
the mitochondrial targeting sequence from the ATP5G127,29,33 COX
VIII42 and COX 1043,44 nuclear mitochondrial genes to target mamma-
lian ATP8, ATP6, ND1, ND4, or ND6 proteins with varying effi-
ciencies. A recent study by Chin et al. screened 31 combinations of
MTSs reflecting specific properties such as species origin, length,
charge, and hydrophobicity of the MTSs or by attaching two or more
MTSs in tandem to achieve proper targeting. Particularly, attaching a
long MTS such as the one from Zea mays mitochondrial inner mem-
brane protein 4-hydroxybenzoate polyprenyltransferase (116 amino
acids) seemed beneficial in targeting the human allotopic ATP6
construct and showed OXPHOS function recovery in Leigh’s model
ATP6 8993T>G mutant cybrids.43 Similarly, appending a triple
chimeric MTS from Z. mays and human mitochondrial genes to the
codon-optimized ND3 gene was able to rescue complex I function in
patient fibroblasts with two different mutations, the m.10197G>C or
the m.10191T>C missense mutation, in theMT-ND3 gene.45 Our pre-
vious studies indicate that nuclear codon optimization for all the
mtDNA genes significantly improves translation and association with
mitochondria; however, the appended MTS, in this case that of
ATP5G1, was not always efficiently processed.33 Only 8 of the 13
Figure 6. Distribution of transgenic versus endogenous ATP8

Denaturing PAGE western blots of mouse liver tissue from 6-, 12-, 30-, and 50-week-old

(A, right panel). The immunoblot bands of oATP8 and endogenous ATP8 were quantifie

oATP8 and endogenous ATP8 were calculated (C). Denaturing PAGE western blots of m

6J) and C57BL/6J(mtFVB) mice (D). The immunoblot bands of oATP8 and endogeno

aconitase (E) and the ratio of oATP8 and endogenous ATP8 were calculated (F). Appro

animal ID alongside the gender (“M” for male and “F” for female) is listed at the top of th

antibody and endogenous ATP8 was immunodetected with rabbit anti-ATP8 antibody

fractions. Error bars show SEM. (B) Two-way ANOVA with �Sı́dák’s multiple comparisons

comparisons: p > 0.05, *p = 0.0205, **p = 0.00015. (E) Two-way ANOVAwith �Sı́dák’smu

p > 0.05; NS, not significant.

10 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
codon-optimized genes showed stable expression. In general, proteins
targeted to the inner membrane of mitochondria have been identified
to employ both N-terminal cleavable and internal non-cleavable se-
quences for their efficient import into mitochondria. Further studies
examining the hydrophobicity of cargo proteins, their topology after
import into the inner membrane, and their assembly into OXPHOS
complexes are crucial for determining the optimal conditions for suc-
cessful allotopic expression.

More than 1,100 genes of the mitochondrial proteome are nuclear-en-
coded, translated on cytosolic ribosomes, and subsequently imported
into mitochondria. Increasing evidence suggests that eukaryotic
cells use multiple mechanisms—co-translational, pre-translational,
and post-translational—to target cargo proteins to mitochondria. Se-
quences in the 30 UTR have been particularly identified to play an
important role in localizing a subset of mRNAs to the outer mitochon-
drial membrane for a co-translational import.46 More recently, using
proximity ligation studies Fazal et al. further delineate a ribosome-
dependent or -independent mechanism for the localization of such
mRNAs to the outer mitochondrial membrane.47 The ribosome-inde-
pendent mechanism likely utilizes specific RNA binding proteins such
as PUM (pumilio RNA binding family member), CLUH (clustered
mitochondria homolog), and SYNJ2BP (synaptojanin 2 binding pro-
tein) that bind to specific regions in the 30 UTR preventing premature
translation of such RNAs until they reach their destination. Appending
the SOD2 30 UTR to allotopic ATP648 or the Cox 10 30 UTR to complex
I (ND1, ND4) and ATP synthase (ATP6) genes improved the expres-
sion and targeting of their respective proteins.44,49 However, appending
several other putative 30 UTRs to allotopic COX2 or the truncated
version of ND4 mRNAs similarly did not increase mitochondrial
colocalization in other studies.43

The potential for using allotopic expression in treating mtDNA disor-
ders requires the demonstration of its feasibility and safety in an an-
imal model. In this study, we generated and characterized a mouse
model in the C57BL/6J(mtC57BL/6J) and the C57BL/6J(mtFVB)
strains that allotopically express a single copy of the transgenic
oATP8 mitochondrial gene from the mouse ROSA26 safe harbor
locus. This is the first time that whole-body expression of a mitochon-
drial gene from a defined locus in the nucleus has been implemented.
Previous approaches have predominantly used recombinant adenovi-
ruses to target specific organs, such as the eye, expressing allotopic
ND4,23 ATP6,24 or ND150 transgenes. In these studies, the allotopic
transgenic C57BL/6J(mtC57BL/6J) mice (A left panel) and C57BL/6J(mtFVB) mice

d by densitometry analysis (using ImageJ), normalized to GAPDH (B) and the ratio of

ouse liver mitochondria from non-transgenic and transgenic C57BL/6J(mtC57BL/

us ATP8 were quantified by densitometry analysis (using ImageJ), normalized to

ximately fifty micrograms of protein was run per lane (n = 3 animals per group). The

e lanes. FLAG-tagged oATP8 protein was immunodetected with mouse anti-FLAG

. GAPDH and ACO2 were used as loading controls for nuclear and mitochondrial

: p > 0.05, **p = 0.0018, ****p% 0.0001. (C) Two-way ANOVA with �Sı́dák’s multiple

ltiple comparisons: p > 0.05, *p = 0.0114. (F) Unpaired t test withWelch’s correction.
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ATP6 gene was randomly incorporated into the nuclear genome of
C57BL/6 or B6(B6SJLF1) backgrounds.24 We utilized the safe harbor
integration system to precisely control the transgene’s nuclear loca-
tion, copy number, and the surrounding 50 and 3’ UTR elements.
Despite these controls, we observed variability in transgene levels
across different organs and samples. The organ-level variation in
transgene expression could be attributed to varying demands for
mitochondrial biogenesis and function. Tissues such as the heart
and brain rely more on oxidative phosphorylation for their energy de-
mands, whereas the spleen is less so. The sample level variations could
be due to selective pressures such as transcriptomic changes sur-
rounding the transgene, although we observed appreciable transgene
expression in all samples tested. The mROSA26 locus was originally
identified in mouse ESCs for stable expression of promoter-less trans-
genes using lentivirus knockin screens51; however, this locus is in the
third intron region of the THUMPD3 gene that is yet to be character-
ized. In humans, this region is also surrounded by proto-oncogenes
that could influence transgene expression.52 Recent advances in
genomics and epigenetics guided identification of genomic safe har-
bors accounting for human population variations53,54 could uncover
neutral regions in the human genomemore suited for stable transgene
expression.

Using this approach, we found sustained allotopic expression of
oATP8 in animal models up to 50 weeks. This exogenous oATP8
protein is ubiquitously expressed, localizes to the ATP synthase in
the mitochondria, and does not disrupt endogenous ATP synthase
assembly, mitochondrial function, or the measured aspects of sys-
temic behavior and physiology. We also observed that the transgene
and the exogenous oATP8 protein do not elicit an inflammatory host
immune response. The absence of detectable differences between
transgenic and non-transgenic animals highlights that allotopic
gene therapy for the ATP8 gene is feasible and safe to use in vivo.
However, ATP8 is a small protein (�8 kDa) in the mitochondrial
genome with a single transmembrane domain. The applicability of
this approach to other mtDNA genes may require a case-by-case vali-
dation, considering factors such as protein length, number of trans-
membrane domains, and the efficiency of import and targeting to
their respective OXPHOS complexes. Mitochondrial proteome
analysis for liver mitochondria purified from transgenic and non-
transgenic mice did not show any discernible changes indicating
that the expression of the allotopic ATP8 protein is well tolerated
and does not result in adverse proteostasis.
Figure 7. Exogenous expression of oATP8 protein does not negatively impact

In gel activity analysis in 12-week-old non-transgenic and transgenic C57BL/6J(mtC5

chondria were purified and �25 mg mitochondrial protein was used for clear native-PA

synthase monomer and dimer formation (Ai and Aii). Quantitative assessment of ATP h

male mice (B). The Vmax and Km of ATP synthase to ATP substrate was calculated with th

in GraphPad Prism. Values are means ± SEM (n = 5 animals) (Table S1). ATP synthesis a

mitochondria from 9- to 12-week-old male mice. Error bars show SEM. Two-way AN

mitochondria, n = 3 for skeletal muscle mitochondria) (D and E). The sensitivity of the ATP

are means ± SEM (n = 3 animals) (C). Lines were fit using “Non-linear fit: [Inhibitor] vs. no

were calculated (Table S2).
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The capacity of the exogenous protein to integrate and compete with
an existing endogenous mutant protein, the likely scenario in many
mitochondrial diseases, warrants further investigation in vivo. We
addressed this question using western blotting. By comparing the
apparent ratios of transgenic ATP8 with endogenous ATP8, normal-
ized to a mitochondrial marker such as ACO2, our data suggest that
transgenic ATP8 integrates as well as, or better than, in the C57BL/
6J(mtFVB) strain compared with the C57BL/6J(mtC57BL/6J) strain.
This might be attributed to enhanced protein stability of transgenic
ATP8 in the FVB strain due to differences in the aspartic acid substi-
tution at the fifth position. In contrast, in the C57BL/6J(mtC57BL/6J)
strain, the apparent levels of transgenic and endogenous ATP8 were
comparable and did not show significant differences.

Previously, we have shown how only a fraction of allotopically
expressed mitochondrial protein integrates into the proper
mitochondrial complex.27,33 In our mouse models, we observe that
the majority of the exogenous oATP8 protein is processed and local-
ized into the mitochondria. In addition, we have found that the
expression of the oATP8 transgene does not alter transcription levels
of endogenous ATP8 in 6- and 50-week-old animals.

We recognize that a limitation of the generated models is the overex-
pression of the exogenous oATP8 protein compared with endogenous
levels of ATP8. To incorporate transcriptional regulation of the
transgenic construct, future studies on transcriptional regulation of
the mitochondrial genome by the mitochondria and nucleus must be
completed. In addition, our model does not demonstrate functional
rescue of a dysfunctional phenotype due to a mitochondrial mutation.
There is a lack in animal models with specific mtDNAmutations that
systemically elicit behavioral or functional alterations without being
deleterious, it is difficult therefore to functionally assess for systemic
rescue using allotopic expression in vivo. In our study, we utilized
the conplastic C57BL/6J(mtFVB)mouse strain with a naturally occur-
ring ATP8 missense mutation that exhibits mild phenotypes not
significantly different from C57BL/6J(mtC57BL/6J) animals.31 Previ-
ously, behavior studies comparing the conplastic C57BL/6J(mtFVB)
mice with the wild-type mitochondrial variant indicated an elevated
anxiety phenotype in theC57BL/6J(mtFVB)mice.31Other pathophys-
iological observations, such as increased reactive oxygen species in the
b cells of the pancreas, have also been reported in these mice. This
polymorphism was also observed to confer resistance to acute mo-
dels of liver failure55 and experimental autoantibody-induced skin
mitochondrial function

7BL/6J) and C57BL/6J(mtFVB) mice to detect ATPase activity. Mouse liver mito-

GE. ATPase activity was documented and stained with Coomassie to detect ATP

ydrolysis activity was performed using isolated liver mitochondria from 12-week-old

e 95% confidence interval (CI). Lines were fit using “Non-linear fit: Michaelis-Menten”

nd maximal respiratory capacity were monitored in isolated liver and skeletal muscle

OVA was performed with no significant differences between groups (n = 5 for liver

synthase to oligomycin was assessed by monitoring ATP hydrolysis activity. Values

rmalized response – Variable slope” in GraphPad Prism and IC50 values and 95% CI
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inflammations,56 indicating altered cellular metabolism without
affecting theOXPHOS activity. In our hands,we could not recapitulate
the anxiety phenotype in the C57BL/6J(mtFVB) mice. There were no
differences in exploratory behavior, locomotion, or anxiety using the
open-field and the elevated maze tests between the C57BL/6J and
the mtFVB mitochondrial background strains.

The pathological effects of mtDNA mutations that arise with age
extend beyond localized regions, highlighting the necessity for more
systemic and global approaches. The development of this gene ther-
apy technology in vivo provides the opportunity to demonstrate the
rescue of whole-body function in models that exhibit pathological
mtDNA mutations.

MATERIALS AND METHODS
Antibodies

The following antibodies were used in this study: anti-FLAG (cat. no.
F1804, Millipore Sigma, Burlington, MA), anti-ATP8 polyclonal
(mitochondrially encoded ATP8; cat. no. PA5-109987, Thermo
Fisher Scientific, Waltham, MA), anti-SDHB (succinate dehydroge-
nase complex iron sulfur subunit B; cat. no. AP19974b, Abcepta,
San Diego, CA), anti-ATP6 (mitochondrially encoded ATP6; clone
no. 1G7-1G2, mAbdx, Eugene, OR), anti-CO2 (mitochondrially en-
coded cytochrome c oxidase II; cat. no. PA5-102933, Thermo Fisher
Scientific), anti-ATP5O/OSCP (ATP synthase peripheral stalk sub-
unit OSCP; cat. no. TA804572, Origene Technologies, Rockville,
MD), anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase;
cat. no. G9545, Sigma-Aldrich, St. Louis, MO), anti-PGK1 (phospho-
glycerate kinase 1; cat. no. A14039, Abclonal, Woburn, MA), anti-
GRIM19 (cat. no. ab110240, Abcam, Fremont, CA), anti-CORE-2
(ubiquinol-cytochrome c reductase core protein 2; cat. no. ab14745,
Abcam), anti-ACO2 (aconitase 2; cat. no. TA500824, Origene Tech-
nologies). Horseradish peroxidase-conjugated secondary antibodies
to mouse (cat. no. G21040), rabbit (cat. no. A16023), and goat (cat.
no. G21040) was obtained from Life Technologies (Carlsbad, CA).

Mice

Four-week-old male and female C57BL/6J (strain no. 000664) and fe-
male C57BL/6J-mtFVB/NJ/IbraJ [C57BL/6J(mtFVB)] (strain no.
010810) were purchased from The Jackson Laboratory (Bar Harbor,
ME). The C57BL/6J nuclear background was maintained on the
C57BL/6J(mtFVB) strain by backcrossing female C57BL/6J(mtFVB)
animals to C57BL/6J(mtC57BL/6J) males.31 All lines used in the
studies were in the C57BL/6J nuclear background strain.

All mice in the colony were housed 2–5 per cage at 22�C ± 0.5�C un-
der specific pathogen-free conditions in a 12-h light/12-h dark cycle
and had free access to food and water. Cages and bedding were
changed once per week. Standard mouse chow diet was obtained
Figure 8. Influence of exogenous oATP8 on physiology and behavior

Schematic representing the timeline of behavioral assays conducted (A). Animal weight

(n = 4 animals), and 50 weeks (n = 6–8 animals) (B). Heatmap portraying the ELISA res

mice (C).
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from Envigo (2018 Tekland Global 18% protein diet, cat no. 2918).
In all the studies, efforts were made to use equal numbers of male
and female mice within each experimental group. The following
groups were used in this study: (1) C57BL/6J(mtC57BL/6J), (2)
C57BL/6J(mtFVB), (3) C57BL/6J(mtC57BL/6J) transgenic, and (4)
C57BL/6J(mtFVB) transgenic.

All experiments involving the use of mice were reviewed and
approved by the Institutional Animal Care and Use Committee
(IACUC) of the Buck Institute and conducted with strict adherence
to the National Institutes of Health Animal Care and Guidelines
under protocol A10226.

Generation of ATP8-expressing transgenic mice

We generated a transgenic mouse model expressing an optimized
ATP8 (oATP8) sequence in the mouse ROSA26 locus, allowing stable
ubiquitous expression of the transgene while mitigating potential
insertion site side effects that may occur with random transgene inte-
gration. We used the TARGATT technology developed by Applied
Stem Cell (ASC, Milpitas, CA) to integrate a large transgene into
the ROSA26 safe harbor locus by pronuclear injection.30 In brief,
the codon-optimized transgene sequence ATP5G1MTS-oATP8-
FLAG (oATP8 construct) under the CAG promoter was subcloned
into the TARGATT system vector designed to facilitate ɸC31 inte-
grase-mediated recombination at the ROSA26 locus. ASC has
developed a C57BL/6J ROSA26-3attP mouse line by knocking in
three tandem attP sites via CRISPR-Cas9 into the ROSA26 locus.
The oATP8 construct contains attB docking sites for ɸC31 inte-
grase-mediated recombination. The ɸC31 mRNA (50 ng/mL) along
with the oATP8 construct (5 ng/mL) was microinjected into the
pronucleus of 153 zygotes in the C57BL/6J ROSA26-3attP mouse
line, and the injected zygotes were implanted into six CD1 foster
mice. Successful oATP8 construct integration in the founder mice
was identified with PCR analyses of genomic DNA using primers tar-
geting optimized ATP8 and the TARGATT insertion site. After PCR
screening, five males and one female positive founders (transgenic
oATP8 mice) were identified. All mice produced by ASC had a
C57BL/6J genetic background. Male transgenic oATP8 mice were
crossed with female conplastic mice C57BL/6J(mtFVB) at the
Buck Institute to produce mice with an optimized ATP8 transgene
expression in animals with the FVB/NJ mitochondrial background.
The transgenic and non-transgenic animals used were littermates.
All the mice produced were viable, fertile, and born at the expected
Mendelian ratio without apparent abnormalities in adult mice.

Design of mouse ATP8 transgene

The sequence for themouse ATP8 gene was recoded for nuclear-cyto-
solic translation. The mitochondrial targeting sequence, including the
first 66 amino acids for the mouse ATP5G1 gene, was appended at the
was monitored at 9 weeks (n = 8 animals), 18 weeks (n = 7–14 animals), 30 weeks

ults of a pro-inflammatory cytokine assay conducted on plasma from 12-week-old
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50 end. This chimeric construct was codon optimized (GenScript
Biotech, Piscataway, NJ) and cloned under a CAG promoter and
the SV40 poly(A) 30 UTR.

Preparation of mouse genomic DNA for genotyping and PCR

Two millimeters of mouse tail tissue was cut and placed into PCR
Eppendorf tubes at 4�C. DNA was extracted using the KAPA
Biosystems Mouse DNA Extraction Kit (KR0385) according to the
manufacturer’s protocol. For genotyping by PCR, serial primer pairs
were used as listed in (Table S10). KAPA2G Fast (HotStart) Genotyp-
ingMix (KR0385) was used according to the manufacturer’s protocol.
The following PCR conditions were used: 95�C for 5 min; 95�C for
15 s, 60�C for 15 s, 72�C for 15 s (35 cycles); and 72�C for 5 min.
A 1% agarose gel was used for electrophoresis.

RNA and cDNA preparation

Approximately 50 mg of frozen mouse brain tissue (n = 3–4) from
each experimental group was individually added to 600 mL of TRIzol
(Invitrogen). Brain tissues were disrupted using a handheld electric
homogenizer (Model H100, Waverly) until the tissue was fully
homogenized. The homogenized tissue was vortexed, then left to
incubate for 2–3 min, then centrifuged at 12,000 � g for 15 min.

RNA frommouse brains was processed using a Quick-RNAMiniPrep
Kit (Zymo Research, Irvine, CA) according to the manufacturer’s
guidelines. RNA from the Zymo-spin IIICG column was eluted using
25 mL of DNAse/RNAse-free water by centrifugation for 1 min at
12,000 � g. The quantity and quality of mouse RNA samples were
determined using a NanoDrop 1000 spectrophotometer (Thermo
Scientific, Waltham, MA). Total RNA (1 mg) from mouse brain was
used in a total reaction volume of 20 mL containing 4 mL of iScript
Reverse Transcription Supermix (Bio-Rad, Hercules, CA) to synthe-
size cDNA according to the manufacturer’s guidelines. cDNA was
stored at �20�C before carrying out quantitative RT-PCR.

qRT-PCR

A 10 mL reaction volume containing 50 ng of cDNA, 500 nM of
forward and reverse primer, and 5 mL of SensiFAST SYBR No-ROX
Kit (BIOLINE, Meridian Biosciences, Cincinnati, OH) was used in
a qPCR reaction performed using a LightCycler 480 Real-Time
PCR System (Roche Applied Science). The primer pairs used
for RT-qPCR are listed in Table S11. For the mouse liver samples,
fold changes in gene expression were determined using the 2(–DDCt)

method. Gene expression for nuclear encoding genes was normalized
to b-actin and COX10. p values were calculated using a two-way
ANOVA with Sidak’s multiple comparisons test using the GraphPad
Prism 10.2 software. Mitochondrially encoded genes were normalized
to COX3. A no-reverse transcriptase control was included in each re-
action set to rule out non-specific priming.

Preparation of purified mitochondrial DNA and Sanger

sequencing

Weprepared purifiedmtDNA from conplastic animals to verify for ho-
moplasmy of the mitochondrial 7778 G-T mutation in the ATP8 gene.
Molecular T
Mitochondrial DNA was isolated from approximately 50 mg of mouse
brain or liver tissue using the DNeasy Blood and Tissue kit from
QIAGEN (Hilden, Germany). The region spanning the mutation was
PCR amplified using mouse-mtDNA-7611-forward (50GTGGAT
CTAACCATAGCTTTATGCCC30) and mouse-mtDNA-8052-reverse
(50GAGACGGTTGTTGATTAGGCG3ʹ). The resulting PCR product
(441 bp) was gel purified and subjected to Sanger sequencing (Seque-
tech, Mountain View, CA).

Preparation of genomic DNA for Sanger sequencing and next-

generation sequencing

To verify for construct insertion in the ROSA26 locus, we conducted
next-generation sequencing.

Genomic DNA from�50 mg of brain tissue from the transgenic mice
was fragmented to an average size of �350 bp and subjected to DNA
library creation using established Illumina paired-end protocols. The
Illumina Novaseq 6000 platform (Illumina, San Diego, CA) was
utilized for genomic DNA sequencing in Novogene Bioinformatics
Technology (Beijing, China) to generate 150-bp paired-end reads
with a minimum coverage of 10� for �99% of the genome (mean
coverage of 30�).

The original image data generated were converted into sequence data
via base calling (Illumina pipeline CASAVA v.1.8.2) and then
subjected to a quality control procedure to remove unusable reads
by fastp with the parameters as “-g -q 5 -u 50 -n 15 -L 150 –min_
trim_length 10 –overlap_diff_limit 1 –overlap_diff_percent_limit
10”: (1) discard the adapter-containing reads and force poly(G) tail
trimming, (2) discard the paired reads when uncertain nucleotides
(N) constitute more than 10% of either read, (3) discard the
paired reads when low-quality nucleotides (base quality less than
5, Q % 5) constitute more than 50% of either read.

Sequencing reads were aligned to the reference genome using the
Burrows-Wheeler Aligner with default parameters.57 Subsequent
processing, including duplicate removal was performed using
samtools and PICARD (http://picard.sourceforge.net).

The raw SNP/InDel sets are called by GATK with the parameters as
”–gcpHMM 10 -stand_emit_conf 10 -stand_call_conf 30”. Then we
filtered these sets using the following criteria: SNP: QD < 2.0,
FS > 60.0, MQ < 30.0, HaplotypeScore >13.0, MappingQuality
RankSum < �12.5, ReadPosRankSum < �8.0 INDEL: QD < 2.0,
FS > 200.0, ReadPosRankSum < �20.0. Breakdancer was used for SV
detections with the parameters as “-q 20 -c 4”.58,59 ANNOVAR was
used for functional annotation of variants. The UCSC known genes
was used for gene and region annotations.60

To assess the read distribution along the construct insertion site and the
construct, we extracted the contiguous sequences that span 5 kb before
and 5 kb after the construct insertion site (NC_000072.7:113053020),
the reads that mapped to the construct, and the reads that mapped
to the TARGATT insertion site using SOAPdenovo software.61 We
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further confirmed the presence of the construct in the ROSA26 locus
using the program blastn62 to align the contiguous sequences mapped
to the construct and insertion site to the ROSA26 locus on the mouse
reference genome (GRCm3963).

Construct insertion into the ROSA26 locus was further ascertained by
Sanger sequencing using the proprietary primers specific to the
ROSA26 locus provided by Applied Stem Cell (Milipitas, CA). The
following PCR conditions were used: 95�C for 5 min; 95�C for 30 s,
60�C for 30 s, 72�C for 50 s (35 cycles); and 72�C for 5 min. The
PCR QIAquick Gel Extraction Kit (QIAGEN, cat. no. 28704) was
used to purify and concentrate the PCR product excised from the
1% agarose gel.

Cardiac puncture, plasma sample collection, and mouse tissue

harvesting

Upon euthanasia with CO2, a terminal cardiac puncture was per-
formed by inserting a 23–27 gauge needle and a 1 cc syringe between
the left ventricle and septum of the heart. Blood was collected into
1.3 mL microcentrifuge tubes with EDTA (1.6 mg EDTA/mL) and
stored at 4�C. About 200–500 mL of blood was collected per mouse.
Blood was centrifuged at 13,000 rpm using a fixed-angle rotor centri-
fuge (Eppendorf) for 5 min at 4�C. The resulting supernatant is desig-
nated plasma. Plasma was immediately transferred into a clean 1.5mL
tube and stored at�80�C until use. After cardiac puncture and blood
sample collection, the liver, spleen, brain, skeletal muscle (gastrocne-
mius and soleus), heart, and kidney were isolated and immediately
flash frozen in liquid nitrogen and then stored at �80�C until use.

Isolation of mitochondria from liver tissue

Liver mitochondria were prepared from mice using established
methodswith few amendments.64 In brief, micewere euthanized using
CO2 and the liver was rapidly removed and placed in an isolation me-
dium composed of 250 mM sucrose, 5 mM Tris-HCl, 2 mM EGTA
(pH 7.4) at 4�C. Liver tissue (0.2–0.3 g) was finely chopped into 2-
to 3-mm pieces and homogenized using a 7 mLDounce tissue grinder
with loose pestle clearance (0.089–0.14 mm) using five consecutive
strokes. Cellular debris was removed by centrifuging homogenized tis-
sue at 700 � g for 10 min at 4�C using a fixed-angle rotor (Beckman
Centrifuge J250). Following centrifugation, fat/lipid was carefully
aspirated, and the remaining supernatant was carefully transferred
through two layers of cheesecloth to a new tube and centrifuged at
8,000 � g for 10 min at 4�C to pellet the mitochondria. The superna-
tant following this spin was decanted into a separate tube, centrifuged
again at 8,000� g for 10min, and saved separately as the “cytoplasmic
fraction” at�80�Cuntil use. The light-brown edge (composed of dead
mitochondria, microsomes) of the mitochondrial pellet was removed
using the edge of a pestle and the darker pellet was resuspended in
isolation medium and centrifuged again at 8,000 � g for 10 min at
4�C. The final mitochondrial pellet was resuspended in isolation me-
dium, stored at 4�C, and used within 1–3 h for subsequent Seahorse
experiments or stored at �80�C until use in other assays. Protein
was assessed using Biuret assay.65 Typically,�6.0mg ofmitochondrial
protein (100 mL volume) was obtained from a single mouse liver.
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Isolation of mitochondria from skeletal muscle tissue

Skeletal muscle mitochondria were isolated from the mouse hin-
dlimbs in 4�C Chappell-Perry medium 1 (CP-1; 100 mM KCl,
50 mM Tris, 2 mM EGTA [pH 7.4] at 4�C) and Chappell-Perry me-
dium 2 (CP-2; CP1 supplemented with 0.5% [w/v] fatty acid-free
BSA, 5 mM MgCl2, 1 mM ATP, and 250 units/100 mL protease
type VIII [pH 7.4]) following established methods.66

Mitochondrial respiration measurement and analysis

We measured rates of oxygen consumption using the XFe96 Agilent
Seahorse Analyzer (Seahorse Bioscience) in mitochondrial assay
solution (MAS) composed of 70 mM sucrose, 220 mM mannitol,
10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, and
0.2%(w/v) fatty acid-free BSA (pH7.2) at 37�C. Stocks of succinate,ma-
late, glutamate, and ADP (1M) weremade in ROwater and adjusted to
pH 7.2 with potassium hydroxide. Stocks of 4 mM FCCP (carbonyl cy-
anide 4-(trifluoromethoxy) phenylhydrazone), 4 mM rotenone, 10mg/
mL oligomycin, and 2 mMmyxothiazol were made in 95% ethanol.

We conducted a mitochondrial stress test following established
protocols.67 Mitochondrial respiratory control was measured
by sequentially exposing mitochondria to a final concentration of
2mMADP (state 3), 2mg/mL oligomycin (state 3o), 4mMFCCP (state
3u), and 2.5 mM myxothiazol (non-mitochondrial respiration). To
measure maximal respiratory capacity, we simultaneously exposed
the mitochondria to 2 mg/mL oligomycin and 4 mM FCCP in the first
injection. We quantified the respiratory control ratio using these met-
rics after subtracting rates with myxothiazol in each well (RCR, state
3/state 4o, or state 3u/state 4o). ADP, oligomycin, FCCP, and myxo-
thiazol were loaded into the injection ports in a volume of 20 mL.
We adhered 1mg of isolated livermitochondria or 1mg of isolated skel-
etal muscle mitochondria per well in a volume of 20 mL of MAS buffer
by centrifuging the plate in a swinging bucket rotor at 2,000 � g for
20 min at 4�C. After centrifugation, 100 mL of MAS buffer with
substrate, 10 mM succinate, and 2 mM rotenone, warmed to 37�C,
was added to each well. Prior to running the assay, we titrated the total
amount ofmitochondrial protein plated to ensure that the linear range
of mitochondrial response to stimuli was within the dynamic range of
the instrument. We also carefully titrated the FCCP exposure to the
mitochondria to ensure maximal respiratory capacity was captured.

The Wave software (Agilent) was used to extract rates of oxygen con-
sumption. Protein values (mg/well) were used to normalize the rates of
oxygen consumption in each well. Mix and measurement cycles were
completed twice per segment after calibration and equilibration. Each
segment consisted of a mix (1 min), wait (1 min), and measurement
(3 min) period repeated for each injection port.

ATP hydrolysis activity

We monitored hydrolase activity of the F1FO complex by measuring
pH changes in the XFe96 Agilent Seahorse Analyzer (Seahorse Biosci-
ence). The hydrolysis of ATP to ADP generates H+ and acidifies the
experimental medium, therefore oligomycin-sensitive changes in
the acidification rate of the medium can be attributed to the activity
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of the F1FO catalyzing hydrolysis. To access matrix enzymes without
the need for facilitated transport across the inner membrane, we used
alamethicin to form non-selective pores permeable to solutes up to
3 kDa (�10–20 Å) for unrestricted delivery of substrates.68 We pur-
chased alamethicin from Sigma (A4665) and kept it as a 25 mg/mL
stock solution in ethanol at�20�C. To determine the optimal alame-
thicin concentration, we titrated alamethicin in an NADH-driven
respiration experiment in the XFe96 Agilent Seahorse Analyzer, as
described previously.68

Liver mitochondria (4 mg/well) were assayed in an amended MAS
medium (220 mM mannitol, 70 mM sucrose, 10 mM MgCl2, 2 mM
HEPES, 1 mM EGTA, 0.2% [w/v] fatty-acid-free BSA [pH 7.2] at
37�C) supplemented with 1 mM FCCP (item no. 15218; Cayman
Chemical), 1 mM rotenone (R8875, Sigma), 1 mM myxothiazol
(T5580, Sigma), and 10 mg/mL of alamethicin in a total volume of
120 mL. Where indicated, mitochondria were initially exposed to
20 mM Mg-ATP (A9187, Sigma). Mg-ATP was also initially titrated
to determine the Km of the F1FO complex. Oligomycin (2 mg/mL)
(Cayman Chemical) in a volume of 20 mL was added acutely via the
injector port of the Agilent Seahorse Analyzer at 7� the final concen-
tration. The IC50 of oligomycin at the F1FO complex was calculated by
titrating the oligomycin concentration. Proton production rates were
calculated by fitting to a pH standard curve generated by serial injec-
tions of HCl from the injection ports, as described previously.69 The
Wave software (Agilent) was used to extract acidification rates.
Protein values (mg/well) were used to normalize the rates in each well.

Open-field assay

We used the open-field (TruScan 2) assay to assess for locomotor and
anxiety behavior. The open-field apparatus is 7 inches (17.78 cm) by
7 inches (17.78 cm) by 12 inches (30.48 cm) in size. Six-week-old
male and femalemice were used from each of the experimental groups.
Animals were acclimated to the testing room for 30–60 min prior to
testing. Room lighting was kept consistent during acclimation and
testing. Each mouse was left undisturbed in the apparatus for a
10min period. The observer would sit behind a tall nylon curtain panel
to avoid being identified as an external cue. Eachmousewas tested three
times over three consecutive days. All behavior experiments were con-
ducted at the same timebetween8 a.m. and 1p.m. during the light phase
in a dimly lit room. TruScan 2 software was used to record and analyze
animal behavior. Open-field assays were analyzed by assessing locomo-
tive activitywithin various areas in the open-field arena. Locomotive ac-
tivity can be quantified via speed, time spent, or total distance. Analysis
of the open-field data was completed blind to the experimental groups.
To quantify anxiety behavior, the followingmetrics were calculated: (1)
total distance moved, or time spent in the center field, and (2) total dis-
tance moved, or time spent in the marginal/outer field. Differences in
locomotion were assessed by calculating (1) total distance moved in
the entire arena and (2) total number of moves in the entire arena.

Elevated plus maze

The elevated plus maze was used to assess anxiety behavior. The
elevated plus maze apparatus consists of four arms of 15 inches
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(38.1 cm) in length and 2 inches (5.08 cm) width each. Two opposing
arms are enclosed in opaque 6.5 inch (16.51 cm) high side and end
walls. The center of the maze is 2 by 2 inches (5.08 � 5.08 cm).
The elevation of the structure is 30.5 inches above the ground. The
structure was surrounded by tall nylon curtain panels to avoid having
the observer being identified as an external cue. EthoVision XT 15
Software was used to record and assess animal behavior. Seven-
week-old male and female mice were used from each of the experi-
mental groups. Animals were acclimated to the testing room for
30–60 min prior to testing. Room lighting was kept consistent during
acclimation and testing. Mice were put into the central position of the
maze facing an open arm and left undisturbed for 10 min. Their
behavior was recorded using a video camera and later analyzed by a
blinded observer. For all mice, testing was performed between 8
a.m. and 1 p.m. to minimize the influence of the time of day. Two an-
imals that slipped off the platform were excluded from the analysis.
We tested anxiety based on the following parameters: (1) percentage
of entries into open arms, (2) percentage of time spent in open arms,
and (3) distance traveled in open arms. Locomotor activity was deter-
mined as (1) total entries into open and closed arms, (2) entries into
closed arms, and (3) distance traveled in closed arms.

Treadmill

We used the treadmill (E8700TS series Panlab Harvard Apparatus) to
assess for non-voluntary fatigue-like behavior in mice. Nine-week-old
female and male animals from all experimental groups were used in
this study by following previously published protocols70 with several
amendments. The treadmill apparatus consists of five lanes, inclined
at 10�, with an electric shock administered at 2 mA as an external
motivator. We defined the criterion for fatigue as spending five
continuous seconds in the designated fatigue zone on the treadmill
apparatus (i.e., one body length region ranging from the rear of the
treadmill including the shock grid). Prior to the assay, animals were
trained on utilizing the platform. During the training phase, animals
were allowed to explore the platform for 3 min. Afterward, the tread-
mill speed was gradually increased to 12 m/min by 1.2 m/min incre-
ments every minute for 10 min. This training phase was repeated on
the following day. The animals were returned to their cages for 24 h
before the testing phase of the assay. During the testing phase,
the treadmill speed was initiated at 10 m/min and brought to
15 m/min after 5 min. Afterward, the treadmill speed was gradually
increased by 3 m/min increments every 2 min until no mice remained
on the platform. Animals were weighed before and after the exercise
assay. The time spent and distance run on the platform were recorded
and normalized to the animal’s respective weight.

Metabolic cage

We monitored changes in metabolic function of mice in standard
(22�C) conditions using the Promethion Metabolic Cage system.
Metabolic function was monitored using the following parameters:
(1) food and water consumption, (2) volumes of O2 consumed and
CO2 produced, (3) total distance moved, and (4) total movement in
the activity wheel. Eight-week-old mice were individually housed
under a 12/12-h light/dark cycle with free access to food and water
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for 3 days. Animals were acclimated to being singly housed in their
standard housing room for 3 days prior to beginning the metabolic
cage experiment. We excluded the first 24 h as the animals were
acclimating to the metabolic cage. Metabolic data were subset for
analysis by light and dark cycle and statistically analyzed using the
CalR Analysis Tool.71

Plasma cytokine assay

Plasma levels of the cytokines GM-CSF, IFN-g, IL-1b, IL-2, IL-4,
IL-6, IL-10, IL-12p70, MCP-1, and TNF-a were determined using a
Multiplexing LASER Bead Assay (Mouse Cytokine Array, Chemo-
kine Array 10-Plex [MDF10], Eve Technologies, Canada).

Homogenization of mouse tissues using RIPA lysis buffer

Mouse tissues were dissected and processed at The Buck Institute.
Stainless steel beads (250 mg) (Next Advance, 0.9 2MM BLND
RNASE SS BEAD 4ML. SKU SSB14BRNA) were weighed and added
to tubes (Axygen; SKU: ST-150-C-S) filled with 200 mL of lysis buffer
(1� RIPA buffer [100 mL]: 5 mL of 1 M Tris [pH 7.4], 1 mL Triton
X-100, 1 g Na-deoxycholate [0.25%], 3 mL of 5 M NaCl, 200 mL of
0.5M EDTA [pH 8]). Frozen tissues were thawed on ice and
25–30 mg of tissues was weighed and added to fresh 1.5 mL tubes.
Tissues were homogenized at speed 8–10 for 5–7 min (speed and
time is dependent on tissue type) using a Next Advance Bullet Blender
Storm 24 Place Bead Homogenizer (SKU: BBY24M). Tissue lysate
was transferred to new 1.5 mL tubes, diluted 1:3 using lysis buffer,
and stored at �80�C until future use. One Complete Mini Protease
Inhibitor Cocktail Tablet (Sigma-Aldrich, 11836153001) and
100 mL of 100 mM PMSF was added to 10 mL of lysis buffer before
starting the experiment.

Protein estimation and SDS-PAGE for mouse tissue lysates

A Pierce BCA Protein Assay Kit (Pierce, cat. no. 23227) was used for
the estimation of protein content. Tissues were diluted 1:3 (10 mL
tissue + 20 mL of RO water) and 10 mL of sample was added to each
well of amicroplate in triplicates. Absorbance at 562 nmwasmeasured
to estimate protein concentration using a plate reader. Equivalent
amounts (25–30 mg/well) of tissue lysates were analyzed on 12%
SDS NuPage PAGE gels. Immunoblotting for the epitope tags (anti-
FLAG), mitochondrial proteins (anti-ATP5O/OSCP and anti-aconi-
tase), and cytosolic marker/loading control (anti-PGK1 and anti-
GAPDH) were achieved using specific antibodies as described above.

BN-PAGE for mouse mitochondria

BN-PAGE was performed on 3%–12%Native PAGE gels (Invitrogen,
Carlsbad, CA). Purified mouse liver mitochondria were washed
once by diluting into Liver Mito Isolation Medium (250 mM sucrose,
10 mM Tris, 1 mM EGTA) followed by centrifugation at 10,000 � g
for 5 min at 4�C. Pellets were lysed by incubating in 2� BN lysis
buffer (40 mM HEPES KOH [pH 7.4], 100 mM NaCl, 2 mM
EDTA, 20% glycerol, 2 mM PMSF, 2� PIM) and 2% digitonin
(v/v) for 30 min on ice. The lysates were centrifuged at 17,000 � g
for 30 min. Supernatants were transferred into new tubes and Serva
CBG 250 (5 mg/mL) (10� solution: 50 mg/mL Serva CBG 250 in
18 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
0.5 M e-aminocaproic acid and 0.1 M Bis-Tris [pH 7.0]) was added
to supernatants. The samples were further cleared by centrifugation
at 10,000 rpm for 5 min at 4�C prior to loading on gels (25 mg
protein/lane). Immunoblotting was performed by transferring the
proteins onto PVDF membranes by tank transfer.

In-gel ATPase activity

In-gel ATPase activity was prepared as described previously.27 Puri-
fied mitochondria from mouse liver tissues were prepared similarly
to that for BN-PAGE. Following lysis and centrifugation, the super-
natant was transferred to fresh 1.5 mL Eppendorf tubes and glycerol
was added to supernatants for a final concentration of 5%. The sam-
ples were then cleared by centrifugation at 10,000 rpm for 5 min at
4�C prior to loading on gels. Clear native-PAGE (CN-PAGE) was
performed on 3%–12% native PAGE gels (Invitrogen). After 1 h incu-
bation in equilibration buffer (35 mM Tris-base, 70 mM glycine
[pH 8.3]), the gel was incubated for 2 h in ATP synthase complex
assay buffer (35 mM Tris-base, 70 mM glycine, 14 mM MgSO4,
8 mM ATP, 0.2% Pb(NO3)2) with gentle shaking (60 rpm) at room
temperature (RT). To visualize total protein load in the gel, Coomas-
sie stain (GelCode Blue Stain Reagent; Thermo Fisher Scientific, cat.
no. 24590) was added and developed over 1 h.

Proteomic analysis

Protein digestion and desalting

Aliquots of 200 mg protein lysates for each sample were brought to the
same overall volume of 100 mL with water, reduced using 20 mM
dithiothreitol in 50 mM TEAB at 50�C for 10 min, cooled to RT
and held at RT for 10 min, and alkylated using 40 mM iodoacetamide
in 50 mM TEAB at RT in the dark for 30 min. Samples were acidified
with 12% phosphoric acid to obtain a final concentration of 1.2%
phosphoric acid. S-Trap buffer consisting of 90% methanol in
100 mM TEAB at pH �7.1, was added and samples were loaded
onto the S-Trap micro spin columns. The entire sample volume
was spun through the S-Trap micro spin columns at 4,000 � g and
RT, binding the proteins to the micro spin columns. Subsequently,
S-Trap micro spin columns were washed twice with S-Trap
buffer at 4,000 � g and RT and placed into clean elution tubes. Sam-
ples were incubated for 1 h at 47�C with sequencing-grade trypsin
(Promega, San Luis Obispo, CA) dissolved in 50 mM TEAB at a
1:25 (w/w) enzyme:protein ratio, and then digested overnight at 37�C.

Peptides were sequentially eluted from micro S-Trap spin columns
with 50 mM TEAB, 0.5% formic acid (FA) in water, and 50%
acetonitrile (ACN) in 0.5% FA. After centrifugal evaporation, samples
were resuspended in 0.2% FA in water and desalted with Oasis 10-mg
Sorbent Cartridges (Waters, Milford, MA). The desalted elutions
were then subjected to an additional round of centrifugal evaporation
and re-suspended in 0.1% FA in water at a final concentration of
1 mg/mL. Four microliters of each sample were diluted with 2%
ACN in 0.1% FA to obtain a concentration of 200 ng/mL. Two micro-
liters of synthetic peptides (equimolar addition, 1,000-fold dilution)
were added to each sample, thus bringing up the total volume to
20 mL.72
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Synthetic ATP8 peptides

Details for synthetic ATP8 peptides are provided below. All synthetic
peptides were obtained from Vivitide (Louisville, KY) with >99% iso-
topic purity. The synthetic peptide (1) IYLPHSL^^PQQ contains a sta-
ble isotope-labeled leucine residue (L^^with 13C6) with >98% chemical
purity. The synthetic peptide (2) IYLPHSLPQQLEQK^^ contains a
stable isotope-labeled lysine residue (K^^ with 13C6,

15N2) with >98%
chemical purity. The remaining synthetic peptides (3) VSSQTFP
LAPSPK^^, (4)MPQLDTSTWFITIISSMITLFILFQLK^^, and (5)MP
QLTTSTWFITIISSMITLFILFQLK^^ each contain a stable isotope-
labeled lysine residue (K^^ with 13C6,

15N2) with 95% chemical purity.
Synthetic peptides were diluted in 2%ACNand 0.1%FA inH2O forMS
analysis. Peptides were dissolved to obtain a concentration of 1 mg/mL
and diluted 1,000-fold before being added to prepared digests. Peptides
1–3 were combined as one aliquot and peptides 4 and 5 were combined
as another aliquot.We aimed to use these synthetic peptides to quantify
the relative expression of allotopically expressed ATP8 protein and
endogenous ATP8 protein in the intact ATP synthase of transgenic
mice using mass spectrometry.

Mass spectrometric analysis

Reverse-phase HPLC-MS/MS analyses were performed on a Dionex
UltiMate 3000 system coupled online to an Orbitrap Exploris 480
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).
The solvent system consisted of 2% ACN, 0.1% FA in water (solvent
A) and 80% ACN, 0.1% FA in ACN (solvent B). Digested peptides
(400 ng) were loaded onto an Acclaim PepMap 100 C18 trap column
(0.1 � 20 mm, 5 mm particle size; Thermo Fisher Scientific) over
5 min at 5 mL/min with 100% solvent A. Peptides (400 ng) were eluted
on an Acclaim PepMap 100 C18 analytical column (75 mm � 50 cm,
3 mm particle size; Thermo Fisher Scientific) at 300 nL/min using the
following gradient: linear from 2.5% to 24.5% of solvent B in 125 min,
linear from 24.5% to 39.2% of solvent B in 40 min, up to 98% of
solvent B in 1 min, and back to 2.5% of solvent B in 1 min. The
column was re-equilibrated for 30 min with 2.5% of solvent B,
and the total gradient length was 210 min. Each sample was acq-
uired in data-independent acquisition (DIA) mode.73,74 Full MS
spectra were collected at 120,000 resolution (Automatic Gain
Control [AGC] target: 3e6 ions, maximum injection time: 60 ms,
350–1,650 m/z), and MS2 spectra at 30,000 resolution (AGC target:
3e6 ions, maximum injection time: auto, normalized collision energy:
30, fixed first mass 200m/z). The isolation scheme consisted of 26 var-
iable windows covering the 350–1,650 m/z range with an overlap of
1 m/z.75

DIA data processing and statistical analysis

DIA data were processed in Spectronaut (version 17.6.230428.
55965) using directDIA. Data extraction parameters were set as dy-
namic and non-linear item response theory (iRT) calibrationwith pre-
cision iRT was selected. Data were searched against theMus musculus
reference proteome with 58,430 entries accessed on 01/31/2018
(UniProtKB-TrEMBL). DIA data were also searched against se-
quences for endogenous ATP8, transgenic ATP-8, and ATP-8 with
FLAG tag. Trypsin/P was set as the digestion enzyme and two missed
Molecular T
cleavages were allowed. Cysteine carbamidomethylation was set as a
fixed modification while methionine oxidation and protein N termi-
nus acetylation were set as dynamic modifications. Identification
was performed using 1%precursor and protein q value. Quantification
was based on the peak areas of extracted ion chromatograms of 3–6
MS2 fragment ions, specifically b and y ions, with local normalization
and q value sparse data filtering applied (Table S12). Differential pro-
tein expression analysis comparing (1)male control transgenic tomale
control non-transgenic, (2) female control transgenic to female con-
trol non-transgenic, (3) male mutant transgenic to male mutant
non-transgenic, or (4) female mutant transgenic to female mutant
non-transgenic was performed using a paired t test, and p values
were corrected for multiple testing using the Storey method.76 Specif-
ically, group-wise testing corrections were applied to obtain q values.
Protein groupswith at least twounique peptides, q < 0.01, and absolute
Log2(fold change) > 0.58 are significantly altered (Tables S13 and S14).

Statistical analysis

The overall statistical analyses for each test were performed with the
GraphPad Prism 10.0 software for Windows, Software (San Diego,
CA, www.graphpad.com) assuming a confidence interval (CI) of
95%. Data are presented as means ± SEM and analyzed using
two-Way ANOVA with Sidak’s multiple comparisons post-test or
one-way ANOVA with Tukey’s post-test for inter-group differences.
The significance level was set at a = 0.05. Vmax and Km values were
calculated with 95% CI using “Non-linear fit: Michaelis-Menten.”
IC50 values with 95% CI were determined through curve fitting using
GraphPad Prism 10 (version 10.2) with “Non-linear fit: [Inhibitor] vs.
normalized response – Variable slope” (Table S15).

DATA AND CODE AVAILABILITY
Raw data and complete MS datasets have been uploaded to the Mass Spectrometry
Interactive Virtual Environment (MassIVE) repository, developed by the Center for
Computational Mass Spectrometry at the University of California San Diego, and can
be downloaded using the following link: https://massive.ucsd.edu/ProteoSAFe/dataset.
jsp?task=368e5a7a28e84af5b0133da7ec9df5df (MassIVE ID no. MSV000093685;
ProteomeXchange ID: PXD047911).
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1 

Figure S1 

Figure S1: Chromatogram showcasing Sanger sequencing verification of the m.7778G-T 
polymorphism present in the mitochondrial genome of C57BL/6J(mtFVB) animals (S1A). 
Additional PCR results confirming the presence of the oATP8 construct in the nuclear genome 
(S1B).  
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Figure S2 

Figure S2: Schematic representation of the theoretical and observed molecular weights of the 
oATP8 protein when the ATP5G1 MTS is not fully processed (top) and when the MTS is 
cleaved (bottom) upon translocation into the mitochondria (S2A). Blue-Native PAGE western 
blots using 25 μg protein from mouse liver mitochondrial fractions of 12-week old non-
transgenic and transgenic C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB) strains (S2B) (n = 3). 
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Figure S3 

Figure S3: Quantitative RT-PCR detection of mRNA levels for endogenous ATP6 from brain 
from 50-week old mice.  Endogenous ATP6 mRNA was normalized to COX3, a mitochondria-
encoded gene (S3) (n = 3-4 animals, performed in triplicate). Error bars show SEM. Two-way 
ANOVA was performed; P = 0.0165. 
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Figure S4 

Figure S4: Volcano plot representing global proteomic profiles of 12-week old mice with the 
following comparisons: (S4i) Male Control Transgenic / Male Control Non-Transgenic; (S4ii) 
Female Control Transgenic / Female Control Non-Transgenic; (S4iii) Male Mutant Transgenic / 
Male Mutant Non-Transgenic; (S4iv) Female Mutant Transgenic / Female Mutant Non-
Transgenic (n = 3 animals). A total of 1688 proteins were detected.  Significantly altered proteins 
were determined using an absolute average log2ratio > 0.58 and Q value < 0.01. Labels represent 
genes. 
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Table S1: ATP Hydrolysis Activity 

Strain Vmax 95% CIa Km 95% CIa 
C57BL/6J(mtC57BL/6J) 189.5 168.3 – 213.9 2.799 1.583 – 4.563 
C57BL/6J(mtFVB) 201.8 184.4 – 221.1 3.426 2.369 – 4.799 
C57BL/6J(mtC57BL/6J) + oATP8 205 192.7 – 218.2 2.857 2.123 – 3.762 
C57BL/6J(mtFVB) + oATP8 216.6 196.6 – 239.0 3.319 2.197 – 4.817 

a 95% confidence interval  

Table S2: Oligomycin Sensitivity 

Strain IC50 95% CIa 
C57BL/6J(mtC57BL/6J) 0.4881 0.4208 – 0.5472 
C57BL/6J(mtFVB) 0.4641 0.3922 – 0.5325 
C57BL/6J(mtC57BL/6J) + oATP8 0.5125 0.4833 – 0.5421 
C57BL/6J(mtFVB) + oATP8 0.4287 0.3767 – 0.4718 

a 95% confidence interval  

Table S3: Open Field Test 

Parameters assessed using open field. C57BL/6J(mtC57BL/6J) (n=20), C57BL/6J(mtC57BL/6J) 
+ oATP8 (n=16), C57BL/6J(mtFVB), (n=20), C57BL/6J(mtFVB)+ oATP8 (n=18). Mean + SD
is described.

Metric C57BL/6J(mtC57
BL/6J) 

C57BL/6J(mtC57
BL/6J)   
+ oATP8

C57BL/6J(mtFV
B) 

C57BL/6J(mt
FVB)  
+ oATP8

Total Moves 386 + 14.4 383 + 21.8 387 + 20.5 397 + 26.6 

Total 
Distance (cm) 865 + 204 862 + 170 874 + 191 864 + 156 

Total 
Distance in 
Margin (cm) 

293 + 87.5 312 + 80.6 324 + 108 320 + 74.5 

Total 
Distance in 
Center (cm) 

209 + 88.0 182 + 70.8 181 + 58.9 190 + 68.1 
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Table S4: Elevated Plus Maze Test 

 

Parameters assessed using elevated plus maze. C57BL/6J(mtC57BL/6J) (n=16), 
C57BL/6J(mtC57BL/6J) + oATP8 (n=15), C57BL/6J(mtFVB), (n=17), C57BL/6J(mtFVB) + 
oATP8 (n=18). Mean + SD is described.  

 

Table S5: Metabolic Cage – Full Day Cycle 

Metric C57BL/6J(mtC57
BL/6J) 

C57BL/6J(mtC57
BL/6J) + oATP8 

C57BL/6J(mt
FVB) 

C57BL/6J(mtF
VB) + oATP8 

Total Distance 
(cm) 2780 + 676 2970 + 682 2620 + 599 2400 + 518 

Entries into 
Closed Arm 40.6 + 12.0 51.2 + 15.0 40.9 + 11.4 37.0 + 11.6 

Time in Closed 
Arm (seconds) 514 + 45.4 497 + 49.2 503 + 45.8 528 + 31.0 

Percent of Total 
Time in Closed 
Arm 

85.6 + 7.57 82.9 + 8.21 83.9 + 7.64 87.9 + 5.16 

Entries into 
Open Arm 15.2 + 7.72 21.1 + 16.1 14.4 + 8.54 11.9 + 6.04 

Time in Open 
Arm 
(seconds) 

34.1 + 26.9 39.5 + 26.0 33.3 + 24.5 27.2 + 15.8 

Percent of Total 
Time in Open 
Arm 

5.68 + 4.49 6.58 + 4.33 5.55 + 4.09 4.53 + 2.64 

Metric C57BL/6J(mtC57B
L/6J) 

C57BL/6J(mtC57B
L/6J) + oATP8 

C57BL/6J 
(mtFVB) 

C57BL/6J(mtF
VB)+ oATP8 

Total Distance 
(cm) 272 + 52.5 312 + 104 237 + 55.8 287 + 239 

Non-Wheel 
Activity 206 + 45.9 250 + 85.4 190 + 44.6 224 + 200 

Wheel Counts 7.97 + 4.34 7.20 + 6.34 9.69 + 6.52 7.31 + 4.46 

Energy Balance 17.7 + 5.27 21.9 + 3.87 19.9 + 3.35 17.3 + 8.82 

Energy 
Expenditure 0.381 + 0.0376 0.397 + 0.0285 0.362 + 

0.0535 0.396 + 0.0198 
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Parameters assessed using metabolic cage (n=8 animals). Mean + SD is described.  

 

Table S6: Metabolic Cage – Light Cycle 

 

Oxygen 
Consumption 77.0 + 7.59 80.5 + 5.71 73.2 + 10.8 80.4 + 4.10 

Carbon Dioxide 
Production 69.6 + 7.01 72.5 + 5.52 66.2 + 9.82 72.0 + 3.57 

Respiratory 
Exchange Ratio 0.894 + 0.0132 0.893 + 0.0161 0.898 + 

0.0183 0.888 + 0.0181 

Hourly Food 
Intake 18.1 + 5.24 22.3 + 3.88 20.3 + 3.35 17.7 + 8.81 

Hourly Water 
Intake 6.25 + 1.11 6.02 + 1.12 5.25 + 1.30 5.95 + 0.987 

Metric C57BL/6J(mtC57
BL/6J) 

C57BL/6J(mtC57
BL/6J) + oATP8 

C57BL/6J(mt
FVB) 

C57BL/6J(mtF
VB) + oATP8 

Total Distance 
(cm) 258 + 51.1 296 + 97.6 225 + 52.9 271 + 227 

Non-Wheel 
Activity 197 + 45.6 238 + 80.2 180 + 42.3 212 + 190 

Wheel Counts 2.49 + 1.98 2.13 + 1.72 2.52 + 1.98 1.45 + 1.22 

Energy Balance 4.68 + 1.93 6.25 + 1.97 5.52 + 0.941 6.17 + 3.85 

Energy 
Expenditure 0.347 + 0.0394 0.361 + 0.0209 0.327 + 

0.0448 0.363 + 0.0200 

Oxygen 
Consumption 70.9 + 8.06 73.6 + 4.23 66.7 + 9.14 74.4 + 4.26 

Carbon Dioxide 
Production 61.3 + 6.90 63.8 + 3.94 57.8 + 8.04 63.6 + 2.98 

Respiratory 
Exchange Ratio 0.859 + 0.00945 0.862 + 0.0156 0.862 + 

0.0215 0.851 + 0.0158 

Hourly Food 
Intake 5.02 + 1.91 6.61 + 1.98 5.85 + 0.937 6.53 + 3.85 

Hourly Water 
Intake 1.96 + 0.599 1.84 + 0.657 1.39 + 0.621 1.70 + 0.522 
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Parameters assessed using metabolic cage only during the light cycle (n=8 animals). Mean + SD 
is described.  

 

Table S7: Metabolic Cage – Dark Cycle 

 

Parameters assessed using metabolic cage only during the dark cycle (n=8 animals). Mean + SD 
is described.  

 

 

 

 

 

Metric C57BL/6J(mtC57
BL/6J) 

C57BL/6J(mtC57
BL/6J) + oATP8 

C57BL/6J(mt
FVB) 

C57BL/6J(mtF
VB) + oATP8 

Total Distance 
(cm) 13.0 + 2.77 14.2 + 4.43 12.1 + 3.31 14.3 + 11.5 

Non-Wheel 
Activity 9.87 + 2.38 11.4 + 3.68 9.67 + 2.66 11.1 + 9.62 

Wheel Counts 0.622 + 0.393 0.554 + 0.547 0.863 + 0.705 0.645 + 0.423 

Energy Balance 0.572 + 0.181 0.664 + 0.147 0.678 + 0.185 0.518 + 0.311 

Energy 
Expenditure 0.0189 + 0.00251 0.0190 + 0.00235 0.0192 + 

0.00423 
0.0209 + 
0.000968 

Oxygen 
Consumption 3.79 + 0.501 3.82 + 0.473 3.86 + 0.852 4.20 + 0.202 

Carbon Dioxide 
Production 3.56 + 0.490 3.56 + 0.447 3.62 + 0.785 3.92 + 0.175 

Respiratory 
Exchange Ratio 0.932 + 0.0200 0.927 + 0.0201 0.936 + 

0.0181 0.928 + 0.0242 

Hourly Food 
Intake 0.591 + 0.180 0.683 + 0.148 0.697 + 0.188 0.539 + 0.311 

Hourly Water 
Intake 0.194 + 0.0388 0.180 + 0.0361 0.184 + 

0.0320 0.206 + 0.0418 
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Table S8: Treadmill Exhaustion Assay: 

 

Parameters assessed using treadmill exhaustion assay. Each of the values are normalized to body 
weight. C57BL/6J(mtC57BL/6J) (n=7), C57BL/6J(mtC57BL/6J) + oATP8 (n=14), 
C57BL/6J(mtFVB), (n=8), C57BL/6J(mtFVB) + oATP8 (n=13). Mean + SD is described. 

 

Table S9: Fertility of Transgenic Animals is not Affected: 

 
 
 
 
 
 
 
 
 
 
 

Metric C57BL/6J(mtC57
BL/6J) 

C57BL/6J(mtC57
BL/6J) + oATP8 

C57BL/6J(mt
FVB) 

C57BL/6J(mtF
VB) + oATP8 

Total Time 
(seconds/g) 67.0 + 18.3 50.5 + 14.7 69.9 + 8.73 58.5 + 11.4 

Distance (cm/g) 22.6 + 7.73 15.5 + 7.12 24.6 + 3.43 18.2 + 6.25 

Parent 
 (Male) 

Parent 
(Female) 

Average 
No. 
Offspring 
(Total) 

SEM 

Average 
No. 
Offspring 
(Male) 

SEM 

Average 
No. 
Offspring 
(Female) 

SEM 

C57BL/6J(mt
C57BL/6J) 

C57BL/6J(mt
FVB) 6.38 0.47 3.44 0.33 3.12 0.29 

 
C57BL/6J(mt
C57BL/6J) + 
oATP8 

C57BL/6J(mt
C57BL/6J) 6.70 0.40 2.89 0.33 4.00 0.57 

C57BL/6J(mt
C57BL/6J) 

 
C57BL/6J(mt
C57BL/6J) + 
oATP8 

5.40 0.71 3.20 0.28 3.14 0.37 

C57BL/6J(mt
C57BL/6J) + 
oATP8 
 

C57BL/6J(mt
FVB) 7.71 0.44 3.88 0.37 3.50 0.50 
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Table S10: Genotyping PCR primers 
 
Primer Name Sequence PCR Product 

Size 

CAG - Forward 
PolyA - Reverse 

5’GCCTCTGCTAACCATGTTCATGCCTTCTTC3’ 
5’ATGTGGTATGGCTGATTATGATCAGTTATCTAG
3’ 

714 bp 

425N - Forward 
CAG - Reverse 

5’GGTGATAGGTGGCAAGTGGTATTCCGTAAG3’ 
5’CATATATGGGCTATGAACTAATGACCCCGT3’ 447 bp 

ROSA26 - 
Forward* 
CAG - Reverse 

ASC Proprietary Sequence (AST-2006-MT150-a) 
5’CATATATGGGCTATGAACTAATGACCCCGT3’ 635 bp 

PolyA - Forward 
ROSA26 - 
Reverse* 

5’CTAGATAACTGATCATAATCAGCCATACCACAT
3’ 
ASC Proprietary Sequence (AST-2006-MT150-d) 

687 bp 

 
* Proprietary primers acquired from ASC.  
 
Table S11: Quantitative RT-PCR primers 

Primer Name Sequence 

COX3-Forward 
COX3-Reverse 

5’ACACATGATCTAGGAGGCTGC3’ 
5’AAGCTTGGAGGATGGTGAAGT3’ 

COX10-Forward 
COX10-Reverse 

5’GAAGAAAGGCTTTGGCCGTG3’ 
5’GGCCGCAACAAGTCCTAGAT3’ 

Endo-ATP8-Forward* 
Endo-ATP8-Reverse* 

5’TGCCACAACTAGATACATCAACA3’ 
5’AGGTGCCAGTGGGAATGTTT3’ 

Exo-ATP8-Forward* 
Exo-ATP8-Reverse* 

5’GCTGGACACCTCTACATGGTT3’ 
5’TCACCTTCATTGTGGTCAGGG3’ 

ATP6-Forward 
ATP6-Reverse 

5’GCAGTCCGGCTTACAGCTAA3’ 
5’GGTAGCTGTTGGTGGGCTAA3’ 

*Endo-ATP8= mitochondrially encoded ATP8; Exo-ATP8= exogenous allotopic ATP8 
 

Table S12: Mass Spectrometry of all samples using direct-DIA quantification. 

Table S13: Mass Spectrometry Protein Quantification data 
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Table S14: Mass Spectrometry Peptide Quantification data 

Table S15: Statistical analysis 

Figures/Tables Tests 

Fig 3A: ATP8 expression in different tissues, 
C57BL/6J (mt C57BL/6J) and C57BL/6J (mt 
C57BL/6J) + oATP8 

Values are expressed as means ± standard 
error of the mean 

Fig 3B: oATP8 expression in different tissues, 
C57BL/6J (mt FVB) and C57BL/6J(mt FVB)+ 
oATP8 

Values are expressed as means ± standard 
error of the mean 

Fig 4A: ATP8 expression in mitochondrial 
fractions 

Values are expressed as means ± standard 
error of the mean 

Fig 5A: Quantitative RT-PCR detection of 
mRNA levels for transgenic oATP8 normalized 
to Actin 

Error bars show SEM. Two-way ANOVA 
was performed 

Fig 5B: Quantitative RT-PCR detection of 
mRNA levels for transgenic oATP8 normalized 
to Cox10 

Error bars show SEM. Two-way ANOVA 
was performed 

Fig 5C: Quantitative RT-PCR detection of 
mRNA levels for endogenous oATP8 normalized 
to Cox3 

Error bars show SEM. Two-way ANOVA 
was performed 

Fig 6B oATP8 and endogenous ATP8 expression 
in mouse liver tissue from 6-, 12-, 30-, and 50-
week-old transgenic C57BL/6J(mtC57BL/6J) 
and C57BL/6J(mtFVB) mice 

Error bars show SEM.Two-way ANOVA 
with Šídák's multiple comparisons. P > 
0.05: NS (not significant); P = 0.0018: **; 
P ≤ 0.0001: ****. 

Fig 6C Apparent oATP8/ATP8 ratio in mouse 
liver tissue from 6-, 12-, 30-, and 50-week-old 
transgenic C57BL/6J(mtC57BL/6J) and 
C57BL/6J(mtFVB) mice 

Error bars show SEM.Two-way ANOVA 
with Šídák's multiple comparisons. P > 
0.05: NS (not significant); P = 0.0205: *; P 
= 0.00015: **. 

Fig 6E: oATP8 and endogenous ATP8 expression 
in mouse liver mitochondria from transgenic 
C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB) 
mice 

Error bars show SEM.Two-way ANOVA 
with Šídák's multiple comparisons. P > 
0.05: NS (not significant); P = 0.0114: *. 

Fig 6F: Apparent oATP8/ATP8 ratio in mouse 
liver mitochondria from transgenic 
C57BL/6J(mtC57BL/6J) and C57BL/6J(mtFVB) 
mice 

Error bars show SEM. Unpaired t test with 
Welch’s correction. P > 0.05: NS (not 
significant). 
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Fig 7B Quantitative assessment of ATP 
hydrolysis activity from liver mitochondria from 
12-week-old male mice 

Vmax and Km values were calculated with 
95% CI 

Fig 7C Oligomycin sensitivity IC50 values were calculated with 95% CI 

Fig 7D: ATP synthesis and maximal respiratory 
capacity were monitored in isolated mitochondria 
from 9 - 12-week-old male mice 

Error bars show SEM. Two -way ANOVA 
was performed 

Fig 7E: ATP synthesis and maximal respiratory 
capacity were monitored in skeletal muscle 
mitochondria from 9 - 12-week-old male mice 

Error bars show SEM. Two -way ANOVA 
was performed 

Figure S3 Quantitative RT-PCR detection of 
mRNA levels for endogenous ATP6 from brain 
from 50-week old mice 

Error bars show SEM. Two-way ANOVA 
was performed; P = 0.0165. 

Table S1 ATP Hydrolysis Activity Vmax and Km values were calculated with 
95% CI 

Table S2 Oligomycin sensitivity IC50 values were calculated with 95% CI 

Table S3 Open Field Test Values are expressed as means ± SD  

Table S4 Elevated Plus Maze Test Values are expressed as means ± SD  

Table S5 Metabolic Cage – Full Day Cycle Values are expressed as means ± SD  

Table S6 Metabolic Cage – Light Cycle Values are expressed as means ± SD  

Table S7 Metabolic Cage – Dark Cycle Values are expressed as means ± SD  

Table S8 Treadmill Exhaustion Assay Values are expressed as means ± SD  

Table S9 Fertility of Transgenic Animals is not 
Affected 

Values are expressed as means ± SD  

Table S12 Mass Spectrometry of all samples 
using direct-DIA quantification 

a paired t-test, and p-values were corrected 
for multiple testing, using the Storey 
method 

Table S13 Mass Spectrometry Protein 
Quantification data 

a paired t-test, and p-values were corrected 
for multiple testing, using the Storey 
method 

Table S14 Mass Spectrometry Peptide 
Quantification data 

a paired t-test, and p-values were corrected 
for multiple testing, using the Storey 
method 
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