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Autosomal dominant optic atrophy (DOA) is the most com-
mon inherited optic neuropathy in the United Kingdom.
DOA has an insidious onset in early childhood, typically pre-
senting with bilateral, central visual loss caused by the preferen-
tial loss of retinal ganglion cells. 60%–70% of genetically
confirmed DOA cases are associated with variants in OPA1, a
ubiquitously expressed GTPase that regulates mitochondrial
homeostasis through coordination of inner membrane fusion,
maintenance of cristae structure, and regulation of bioener-
getic output. Whether genetic correction of OPA1 pathogenic
variants can alleviate disease-associated phenotypes remains
unknown. Here, we demonstrate generation of patient-derived
OPA1 c.1334G>A: p.R445H mutant induced pluripotent
stem cells (iPSCs), followed by correction of OPA1 through
CRISPR-Cas9-guided homology-directed repair (HDR) and
evaluate the effect of OPA1 correction on mitochondrial
homeostasis. CRISPR-Cas9 gene editing demonstrated an effi-
cient method of OPA1 correction, with successful gene correc-
tion in 57% of isolated iPSCs. Correction of OPA1 restored
mitochondrial homeostasis, re-establishing the mitochondrial
network and basal respiration and ATP production levels.
In addition, correction of OPA1 re-established the levels of
wild-type (WT) mitochondrial DNA (mtDNA) and reduced
susceptibility to apoptotic stimuli. These data demonstrate
that nuclear gene correction can restore mitochondrial homeo-
stasis and improve mtDNA integrity in DOA patient-derived
cells carrying an OPA1 variant.
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INTRODUCTION
Autosomal dominant optic atrophy (DOA) is the most prevalent in-
herited optic neuropathy within the United Kingdom, affecting
approximately 1 in 25,000 people.1 DOA has an insidious onset dur-
ing the first two decades of life, initially presenting as bilateral central
vision loss, dyschromatopsia, and optic disc pallor due to gradual
retinal ganglion cell (RGC) loss and optic nerve degeneration.2,3
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60%–70% of genetically confirmed cases of DOA are caused by path-
ogenic variants in OPA1, which encodes a ubiquitously expressed
GTPase protein localizing to the inner mitochondrial membrane
(IMM).1 Over 250 known pathogenic variants in OPA1 have been re-
ported,4 with missense variants within the GTPase domain associated
with an increased susceptibility to developing DOA plus (DOA+), a
multisystemic syndromic form of the disease with extraocular fea-
tures, such as sensorineural hearing loss and ataxia in addition to
visual failure,2 possibly due to a dominant-negative effect.5 However,
it remains unclear why RGCs are preferentially vulnerable to reduced
OPA1 function.

OPA1 functions as a mitochondrial pro-fusion protein that regulates
fusion of the mitochondrial network and the cristae morphology of
the IMM.6 Unsurprisingly, OPA1 disease-associated variants are
associated with an increased fragmentation of the mitochondrial
network and disruption of the IMM structure.7–9 Generation of
DOA mouse models through targeted Opa1 disruption, resulting in
truncation of OPA1 and haploinsufficiency, further confirmed the ef-
fects seen in cell models.6,10 OPA1 is also an important regulator of
cellular bioenergetic output,11 with evidence demonstrating that
loss of OPA1 function results in reduced bioenergetic output,
including reduced levels of adenosine triphosphate (ATP) synthe-
sis.8,9,12 Bioenergetic reduction is likely due to mitochondrial respira-
tory chain complex instability, primarily of complex I and ATP
synthase, reduced efficiency of mitochondrial electron flux, and
disturbed cristae structure.12 Recently it has been demonstrated
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that all 8 splice isoforms of humanOPA1 are capable of rescuing ATP
synthesis within Opa1 null mouse embryonic fibroblasts (MEFs), in-
dependent of their ability to rescue mitochondrial morphology,
suggesting that functional fusion alone is not essential for OPA1-
mediated regulation of energy output.13

OPA1 is also important for maintaining mitochondrial DNA
(mtDNA) integrity. OPA1 interacts with mtDNA nucleoids through
exon 4b binding to mtDNA D-loops, and decreased expression of
exon 4b isoforms significantly reduced mtDNA copy number and
inhibited mtDNA distribution throughout the mitochondrial
network.13,14 Furthermore, DOA patient cells exhibit reduced
mtDNA copy number12,15,16 and accumulate somatic mtDNA mu-
tations.16–19 Given that mtDNA encodes for key components of the
respiratory chain, OPA1 variants exert a significant detrimental ef-
fect on mitochondrial biogenesis and mtDNA stability. In addition,
reduced OPA1 function has been shown to increase cellular suscep-
tibility to apoptotic stimuli,12,20 predisposing cells to intrinsic and
extrinsic toxic insults.

Current therapeutic options to treat DOA are limited. Idebenone, a
ubiquinone analog, has been shown to protect against visual loss in
Leber hereditary optic neuropathy (LHON), a clinically related con-
dition also characterized by preferential RGC loss.21 Retrospective
off-label clinical trials in OPA1-related DOA patients have suggested
some potential benefit of idebenone, with treated patients demon-
strating recovery of visual parameters compared to untreated pa-
tients;22 however, a placebo-controlled trial in an Opa1 mouse
model showed only a transient benefit of idebenone treatment.23

Gene therapy presents a promising option, as the majority of
OPA1-related DOA is associated with haploinsufficiency.24 Expres-
sion of human OPA1 under the CMV promoter in an Opa1 mouse
model increased RGC survival and improved visual function.25

However, there is concern that OPA1 expression must be carefully
controlled, as too much OPA1 may have detrimental effects.26

Recent evidence from a gene therapy study in LHON patients
demonstrated significant bilateral visual improvements, demon-
strating the feasibility of gene therapy for treating inherited optic
neuropathies.27,28

The opportunity to correct the genetic mutation in situ presents an
exciting therapeutic prospect. CRISPR-Cas9 technology revolution-
ized the gene editing field, enabling rapid and efficient correction of
genetic mutations through a variety of techniques, such as homol-
ogy-directed repair (HDR).29 CRISPR-Cas9 gene editing provides
an opportunity for in vitro correction of patient-derived cells, gener-
ating isogenic cell lines to facilitate and enhance our knowledge of
pathogenic mutation disease mechanisms. To date, there are no re-
ports on the correction of OPA1 or the effect of genetic correction
on mutant-associated phenotypes. Here, we describe the CRISPR-
Cas9 correction of a patient-derived OPA1 induced pluripotent
stem cell (iPSC) line and show that nuclear gene correction can
restore mitochondrial homeostasis, including mtDNA stability and
cellular bioenergetics.
RESULTS
Generation of OPA1 mutant iPSCs and isogenic controls via

CRISPR-Cas9

To establish and characterize a human DOA disease model, dermal
fibroblasts from an affected individual with DOA harboring a
missense variant c.1334G>A: p.R445H (DOA-iPSC), which is associ-
ated with DOA+, in the OPA1 GTPase domain, were re-programmed
to iPSCs alongside wild-type (WT) control fibroblasts using non-inte-
grating episomal plasmids and nucleofection.30 The presence of the
heterozygous OPA1 missense variant was confirmed in DOA-iPSCs
(Figure S1A). RT-PCR analysis of DOA-iPSC confirmed the induc-
tion of endogenous self-renewal genes OCT4, L-MYC, SOX2, and
LIN28, while episomal plasmid expression was negligible at passage
1 (see Lin28 P1 lane 2) and undetectable by passages 10 and 15 (Fig-
ure S1B), confirming the loss of episomal plasmids. To investigate
pluripotency, DOA-iPSCs were analyzed via immunofluorescence
(IF) staining for the presence of embryonic stem cell markers. IF anal-
ysis confirmed protein expression of OCT4 and NANOG, localized to
the cell nucleus, and cell surface expression of both SSEA4 and TRA-
1-60 (Figure S1C).

Following their generation, DOA-iPSCs were corrected using
CRISPR-Cas9 gene editing technology combined with a single-
stranded DNA (ssDNA) repair template.31,32 Two CRISPR-Cas9
guides were designed to direct the Cas9 endonuclease to cut as close
as possible to theOPA1 c.1334G>A variant (Figure 1A), cutting 15 bp
upstream and 14 bp downstream of the point variant, respectively.
Both guide RNAs (gRNAs) targeting the OPA1 c.1334G>A mutation
were selected using a web-based software tool (Benchling), which en-
ables the design of optimal gRNAs through algorithms to predict on-
target and off-target activity.33,34 ssDNA templates were designed to
asymmetrically overlap the Cas9-induced dsDNA break site and to
correct the A>G variant at position c.1334 while inducing synony-
mous changes at the Sp.Cas9 gRNA protospacer-adjacent motif
(PAM) site required for Cas9 activity, thus preventing further cleav-
age of OPA1 (Figure 1A). To validate the specificity of both gRNAs,
iPSCs were nucleofected with ribonucleotide protein (RNP) com-
plexes containing the OPA1-targeting gRNAs or non-targeting
gRNAs. Genomic DNA (gDNA) was subsequently extracted and a
T7EI assay was completed, demonstrating that both OPA1 gRNAs
induced gene editing events within the target region, whereas both
non-targeting gRNAs failed to do so (Figure 1B).

Subsequently, DOA-iPSCs were nucleofected with RNP complexes
and the corresponding ssDNA templates. iPSCs were allowed to
expand before analysis of gDNA extracted from pooled single cells
was used to determine CRISPR-Cas9-mediated OPA1 editing and
correction efficiency through TIDER analysis. Sanger sequencing
traces of pooled, edited gDNA were uploaded into the TIDER online
algorithm to estimate the frequency of total RNP cutting efficiencies
and HDR editing in all transfection conditions.35 This analysis
confirmed that both gRNAs promoted OPA1 gene editing, demon-
strating the total RNP cutting efficiency, an estimation of all HDR
and non-homologous end joining (NHEJ) events induced by the
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targeted dsDNA breaks, for gRNA 2 (73%) was significantly higher
than gRNA 1 (41%; Figure 1C). However, HDR enhancer (HDRe)
significantly improved the editing efficiency of gRNA 1, up to 73%,
whereas it had little to no effect on gRNA 2 (Figure 1C). Analysis
of the HDR editing efficiencies supported these findings, demon-
strating an HDR editing of 24% for gRNA 1, while gRNA 2 exhibited
an editing efficiency of approximately 60% (Figure 1D). Again, both
gRNAs exhibited increased editing efficiency with the addition of
HDRe, an increase to 40% and 70% HDR efficiency for gRNA 1
and 2, respectively (Figure 1D). Therefore, iPSCs transfected with
both gRNA 2 and template 2, with and without HDRe, were selected
for further clonal isolation due to the significantly higher levels of suc-
cessful HDR editing.

Individual iPSC clones were manually isolated and cultured for a
further 7 days before Sanger sequencing. Correctly edited clones
were identified by G homozygosity at position c.1334 and introduc-
tion of synonymous changes at the PAM site (Figure 1E). Following
correction of the c.1334G>A variant, quantitative PCR (qPCR) anal-
ysis was utilized to determine the effect of gene correction on OPA1
expression. Both independent DOA>WT iPSC lines showed similar
levels of OPA1 expression compared to DOA-iPSCs, which was a
moderate, non-significant increase when compared to WT control
iPSCs (Figure 1F). This suggests the 1334G>A variant is not driving
elevated levels of OPA1 transcript in the DOA-iPSCs. Subsequently,
western blot analysis for OPA1 protein showed a non-significant in-
crease in OPA1 levels for both DOA and DOA>WT iPSCs when
compared to endogenous WT cells (Figures 1G and 1H), correlating
with the increase observed in OPA1 mRNA and suggesting that the
R445H amino acid substitution does not affect protein level.

Finally, to determine if CRISPR-Cas9 editing introduced off-target ef-
fects, gRNA 2 target sequence was analyzed via the Off-Spotter pro-
gram for regions with high sequence-homology to the gRNA target.
The top 5 potential off-target sites were determined (Table S1) and
amplified through PCR for both DOA-iPSCs and corrected DOA-
WT iPSCs. PCR products were Sanger sequenced and aligned on
Figure 1. CRISPR-Cas9-directed gene correction of OPA1 c.1334G>A in DOA p
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Benchling. Edited iPSC lines showed no evidence of off-target muta-
tions when compared to unedited DOA-iPSCs (Figure S2; Table S1).

Gene correction of OPA1 rescues mitochondrial network

structure

We subsequently investigated if CRISPR-Cas9 gene correction could
restore mitochondrial network morphology using an endogenous
control iPSC line, along with non-edited isogenic DOA-iPSCs and
two independently isolated OPA1 c.1334G>A-corrected DOA-iPSC
clones (termed DOA>WT1 and DOA>WT2). Confocal imaging of
mitochondrial networks stained with an anti-TOMM20 antibody
demonstrated significant levels of mitochondrial fragmentation in
DOA-iPSCs when compared with endogenous WT control cells
and DOA>WT iPSCs (Figure 2A). Analysis of mitochondrial net-
works using Mitochondrial Network Analysis (MiNa),36 a semi-auto-
mated ImageJ plugin, enabled quantification of network parameters,
demonstrating significantly higher levels of individual mitochondria
and mitochondrial networks for DOA-iPSCs when compared to
both DOA>WT or control iPSCs (Figure 2B), indicative of greater
mitochondrial fragmentation. In addition, DOA-iPSCs demonstrated
significantly reduced levels of network branches (Figure 2C) and
significantly shorter network branch length (Figure 2D) when
compared to both control and DOA>WT iPSCs. These data suggest
gene correction has restoredmost of the DOAmitochondrial network
parameters to control cell levels. However, DOA>WT iPSCs had
significantly higher levels of mitochondrial branches than the control
cells, but these were significantly shorter (Figures 2C and 2D), sug-
gesting a network that has greater connectivity but with slightly
shorter branches. These differences could reflect physiological cell
line variations in otherwise healthy network parameters.

CRISPR-Cas9 correction of OPA1 restores mitochondrial

bioenergetic function

To determine if correction of DOA-iPSCs had downstream effects on
mitochondrial function, four WT control iPSC lines from indepen-
dent individuals, along with DOA-iPSCs and DOA>WT iPSC lines
were analyzed by Seahorse technology to determine rescue of
atient-derived iPSCs

by homology-directed repair (HDR). Two gRNAs—gRNA1 and gRNA2—were de-

(purple arrow). For each gRNA, complementary ssDNA HDR templates (blue) were
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. Bars represent average expression relative to theWT control ± standard error of the
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Figure 2. Mitochondrial network analysis in DOA-iPSC and CRISPR-Cas9-corrected DOA-WT iPSCs

(A) Representative confocal images of control, DOA, and DOA>WT iPSCs stained with anti-TOMM20 to identify mitochondrial networks. Scale bars represent 10 mm. (B)

Quantification of the mitochondrial network composition, determined as total components, individual mitochondria (mitochondria that have no branches), and mitochondrial

networks (interconnected or branched mitochondria). (C) Mean branches per mitochondrial network (counts). (D) Mean network branch length, the distance between two

branch points in a mitochondrial network. Red bar denotes mean ± SEM. n = minimum 30 individual iPSCs from at least 3 separate cell preparations. *p < 0.05, **p < 0.005,

***p < 0.001, ****p < 0.0001 versus DOA iPSCs or indicated cell lines.
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mitochondrial respiratory chain function. Seahorse bioenergetic oxy-
gen consumption rate (OCR) profiles were generated for WT control
lines, DOA-iPSC, and DOA>WT1 and DOA>WT2 iPSCs (Fig-
ure 3A). Injection of compounds targeting the mitochondrial respira-
tory transport chain caused alterations to OCR levels: oligomycin
caused reduced levels of OCR, carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP) uncoupled the respiratory transport chain
causing a rapid increase of OCR, and, finally, antimycin A and rote-
none injection caused a reduction in OCR level (Figure 4A).

Comparison of four independent control cell lines demonstratedno sig-
nificant differences for basal respiration, maximal respiration, and ATP
production (Figure S3); as such, subsequent analysis utilized grouped
control data. Analysis of bioenergetic profiles demonstrated significant
differences between the DOA-iPSCs and control cell lines. DOA-iPSCs
exhibited significantly reduced basal respiratory rate when compared to
both WT control lines and corrected DOA>WT1 and DOA>WT2 cell
lines, both of which were similar toWT control lines (Figure 3B). Simi-
larly, DOA-iPSC had a significantly reduced level of maximal respira-
tion versus control and corrected DOA>WT cell lines (Figure 3C).
Interestingly, the level of maximal respiration for one DOA>WT cell
linewas significantlyhigher than the groupedcontrol iPSCs (Figure3C).
Analysis of ATP production demonstrated significantly reduced levels
of ATP production for DOA-iPSCs when compared to control iPSCs
(Figure 3D), while CRISPR-Cas9 gene correction restoredATPproduc-
tion in bothDOA>WT1 andDOA>WT2, demonstrating levels of ATP
production equivalent to that of the WT iPSC lines (Figure 3D).
436 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Correction of OPA1 restores WT mitochondrial DNA levels

Next, we determined whether OPA1 c.1334G>A variant impacted
mtDNA integrity and analyzed if nuclear gene correction could
restore mtDNA homeostasis. Initial analysis of iPSCs via long-range
PCR (LR-PCR) demonstrated no clear product indicating mtDNA
deletions for any iPSCs when compared to a positive control (Fig-
ure 4A). In contrast, subsequent qPCR demonstrated significant
levels of mtDNA deletion in DOA-iPSCs when compared toWT con-
trol iPSCs, with a reduction to 83.8% ± 5.5% of WT mtDNA levels
(Figure 4B). Interestingly, CRISPR-Cas9 gene editing of OPA1 had
a significant impact on WTmtDNA composition. Both CRISPR-cor-
rected DOA>WT1 and DOA>WT2 iPSCs showed restored levels of
WT mtDNA back to that of control cells, showing 98.5% ± 4.3%
and 99.4% ± 6.7% of WTmtDNA levels, respectively, a significant in-
crease when compared to DOA-iPSC (Figure 4B). Analysis of
mtDNA copy number, defined by the ratio of MTND1 to nuclear
DNA, showed no significant differences across the 4 cell lines, sug-
gesting the OPA1 variant does not induce copy number changes in
iPSCs (Figure 4C).

Correction ofOPA1 reduces apoptosis susceptibility associated

with OPA1 variants

Finally, the effect of CRISPR-Cas9 OPA1 correction on the suscep-
tibility of iPSCs to apoptotic stimuli was investigated. Control,
DOA, and DOA>WT iPSCs were treated with staurosporine, an
apoptosis inducer, and apoptosis was quantified via flow cytometry
using Annexin V and propidium iodide (PI). After 8 h of



Figure 3. Seahorse analysis of DOA-iPSC and

CRISPR-Cas9-corrected DOA-WT iPSCs

(A) Seahorse oxygen consumption rate (OCR) profiles were

generated using the Seahorse XFe96 Analyzer for WT

control (mean of 4 independent lines), DOA-iPSCs, and

DOA>WT1 and DOA>WT2 iPSC lines. 1 mM oligomycin,

1 mM FCCP, and 0.5 mM antimycin A and 0.5 mM rotenone

were injected at designated time points. Symbols represent

mean OCR ± SEM. (B–D) Analysis of bioenergetic profiles

reveals the respiratory phenotype of iPSC lines. DOA-

iPSCs have lower levels of basal respiration (B), maximal

respiration (C), and ATP production (D) thanWT control and

CRISPR-corrected DOA>WT1 and DOA>WT2 iPSC lines.

n = at least 57 replicates per cell line, from a minimum of 3

separate experiments. Bars represent mean OCR ± SEM.

*p < 0.05, ****p < 0.0001 versus DOA-iPSCs or indicated

cell lines.
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treatment, DOA-iPSCs demonstrated significantly higher levels
of Annexin V-positive and PI-negative cells when compared to
control and DOA>WT iPSCs (Figures 5A and 5C), indicating an
increase in “early” apoptotic cells in DOA-iPSCs at this time point.
By 24 h of staurosporine treatment, DOA-iPSCs demonstrated a
significantly higher percentage of Annexin V-positive and PI-pos-
itive “late” apoptotic cells, when compared to control and
DOA>WT iPSCs (Figures 5B and 5D). This effect was further eval-
uated through analysis of lactate dehydrogenase (LDH) release, a
cytosolic enzyme released during cellular apoptosis. When treated
with staurosporine, DOA-iPSCs demonstrated significantly higher
levels of LDH release when compared to control and DOA>WT
iPSCs (Figure 5E), confirming the significantly higher levels of
cytotoxicity for staurosporine in DOA-iPSCs and the reduced sus-
ceptibility to apoptosis conferred by gene correction in DOA>WT
iPSCs.

DISCUSSION
Despite our current knowledge surrounding the function of OPA1
in mitochondrial homeostasis, therapeutic options for DOA
remain limited. The discovery of CRISPR-Cas9 gene editing tech-
nology has revolutionized the disease modeling field, enabling
efficient generation of isogenic cell lines carrying disease-specific
mutations. Here, we report the successful implementation of a
gene editing approach for HDR-mediated correction of an OPA1
variant in iPSCs derived from DOA patient-derived fibroblasts.
DOA-iPSCs were targeted for gene correction using CRISPR-
Cas9 and a ssDNA repair template to enable HDR. Analysis of
treated iPSC populations demonstrated that HDR was attained
with efficiencies up to 70%, enabling rapid and efficient isolation
of DOA>WT iPSC clones. Importantly, variant correction had sig-
Molecular Thera
nificant downstream benefits on mitochondrial
homeostasis, restoring mitochondrial network
fusion and bioenergetic function. In addition,
functional restoration of WT mtDNA levels
was observed following correction of a nu-
clear encoded gene. Importantly, CRISPR-Cas9 gene correction
removed the susceptibility of iPSCs to apoptotic stimuli.

To date, most of the data on the multifunctional roles of OPA1 have
come from the study of patient-derived fibroblasts or model cell
lines.9,13,17 Crucially, exogenous expression of OPA1 has been shown
to rescue variant-associated phenotypes, while OPA1 gene therapy
has shown promise as an effective strategy to prevent RGC loss.13,25

Recent clinical trials utilizing allotopic gene expression to replace
the mutant ND4 gene in LHON patients carrying the m.11778G>A
mtDNA mutation demonstrated significant bilateral visual improve-
ments, further highlighting the potential of gene therapy as a prom-
ising treatment option for the inherited optic neuropathies.27,28

However, overexpression of OPA1 also results in mitochondrial frag-
mentation, and therapeutic strategies must strike a delicate balance to
maintain mitochondrial homeostasis. As such, restoration of endog-
enous physiological levels of OPA1 function, through technologies
such as CRISPR-Cas9, provide an alternative approach that
capitalizes on endogenous cell machinery to regulate both total
expression and alternative splicing. Importantly, this allows cells to
regulate specific isoform expression to facilitate specific mitochon-
drial functions,13,14 demonstrated here with restoration of bioener-
getic output, the mitochondrial network, and mtDNA quality control.

Although this study provides a proof of concept in mitotic, rapidly
dividing cells, which could facilitate the reduction in dysfunctional
mitochondria, it further demonstrates the interconnection between
both nuclear and mitochondrial genomes.37 The protocol for gene
correction took approximately 4 weeks to generate corrected patient
iPSC lines; therefore, these cells went through a significant number of
doublings. However, it raises the question of how quickly post-mitotic
py: Nucleic Acids Vol. 26 December 2021 437
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Figure 4. Analysis of iPSCmtDNA quantity and quality

by LR-PCR and qPCR

(A) LR-PCR analysis of large-scale mtDNA deletions in the 4

iPSC lines. +ve, cybrid DNA with deleted mtDNA. B, no

DNA control. (B) Quantification of WT mtDNA levels (%) via

qPCR using mtDNA genes MTND4 and MTND1. MTND4

quantity was normalized to MTND1 levels and then to WT

control. N = 6 samples per genotype. Bars represent mean

WT mtDNA % ± SEM. ****p < 0.0001 versus DOA-iPSCs.

(C)OPA1mutation has no effect on mtDNA copy number in

DOA-iPSCs. MtDNA copy number was quantified by the

ratio of MTND1 versus the geometric mean of the number

copies of nuclear DNA genes GAPDH and B2M. n = 6

samples per cell line.
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cells could restore mitochondrial homeostasis following nuclear gene
correction, especially in cells with diffuse mitochondrial networks like
RGCs. Sarzi and colleagues previously demonstrated improved sur-
vival of RGCs in a mouse model of DOA after 8 months of OPA1
gene therapy.25 However, this model provided no intermediate time
points for mitochondrial rescue and did not examine the effects of
OPA1 rescue on mtDNA integrity. Importantly, we have demon-
strated that correction of an OPA1 variant associated with DOA
reduced sensitivity to apoptotic stimuli, suggesting that CRISPR-
Cas9 gene editing of RGCs may increase their survival within the
retina. However, CRISPR-Cas9 gene editing has its inherent limita-
tions. HDR, the method utilized to correct DOA-iPSCs within this
study, primarily acts during the S/G2 phases of cell division in mitotic
cells.38 It is therefore highly inefficient in post-mitotic neurons, which
presents additional challenges for efficient in vivo gene editing of
RGCs. Therefore, further research into in vivo gene augmentation
and CRISPR-Cas9 gene correction is required to establish the plausi-
bility for RGC gene editing and the time required for mitochondrial
homeostasis restoration in post-mitotic neurons.

The mitochondrial genome encodes 37 genes that are essential for
mitochondrial function.39 Disturbed mtDNA maintenance with loss
of mtDNA integrity is a pathological hallmark shared by a number
of neurodegenerative phenotypes, including monogenic diseases
caused by OPA1 mutations and more complex, late-onset neurolog-
ical diseases, such as Parkinson’s disease.12,15–19,40 In particular,
LHON, which is caused by specific mutations within the mitochon-
drial genome, highlights the detrimental effects of mutated mtDNA
on RGC health.41 Thus, the ability to restore mtDNA integrity is a
desirable therapeutic goal to rescue mitochondrial function.
Numerous studies have now demonstrated the feasibility of selec-
tively targeting mtDNA for gene editing, yet, mtDNA editing remains
problematic due to inefficient mitochondrial nucleotide import effi-
ciency.42 Most recently, CRISPR-free mtDNA editing has been
438 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
demonstrated utilizing a bacterial cytidine deam-
inase toxin that enables the precise, targeted
manipulation of mtDNA.43 In spite of this
advance, due to their somatic origins, mtDNA
mutations associated with DOA and other
neurodegenerative conditions are heterogeneous in nature and thus
impractical to selectively target for correction.40 Therefore, the possi-
bility of nuclear gene correction to restore WT mtDNA levels is a
promising prospect for a range of neurological conditions.

Interestingly, rescue of mtDNA integrity via nuclear gene correction
has previously been demonstrated following correction of LRRK2
mutant cells via zinc-finger nucleases.44,45 However, the exact mech-
anism behind this rescue remains unclear, given the typical cytosolic
localization of LRRK2. Conversely, our data demonstrate the restora-
tion of mitochondrial homeostasis through genetic correction of a
canonical nuclear-encoded mitochondrial protein. Recent research
has demonstrated that OPA1 maintains mtDNA integrity through
direct interaction of exon 4b and the mitochondrial D-loop,
anchoring mtDNA within the mitochondrial inner membrane to
facilitate replication and distribution.14 Furthermore, expression of
OPA1 mutants incapable of GTP hydrolysis does not restore mtDNA
content in Opa1�/� mouse embryonic fibroblasts, indicating a func-
tional GTPase domain is required for mtDNA stability.13 Our data
confirm these findings, as we identified moderate reduction of WT
mtDNA in our DOA-iPSCs, which were restored upon gene correc-
tion. Furthermore, these data support the theory that GTPase point
mutations produce a dominant-negative effect,17 reducing the func-
tional capabilities of WT OPA1 for maintaining mtDNA stability.

Overall, we have shown that correction of OPA1 successfully rescues
the pathological mitochondrial phenotypes typically associated with
mutations in this nuclear gene, notably mitochondrial fragmentation,
impaired mitochondrial bioenergetic output, mtDNA instability, and
apoptotic susceptibility. Generation of isogenic cell lines provides an
invaluable opportunity to dissect the disease mechanisms associated
with specific OPA1 variants, which will facilitate the development
of targeted treatments for this currently untreatable form of inherited
optic neuropathy caused by mitochondrial dysfunction.



Figure 5. CRISPR-Cas9 gene correction of OPA1 reduces susceptibility to apoptotic stimuli

(A and B) Representative flow cytometry analysis of control, DOA, and DOA>WT iPSCs following (A) 8 h, or (B) 24 h of treatment with 10 nM staurosporine. iPSCswere labeled

with early apoptosis marker Annexin V and late apoptosis marker propidium iodide (PI). (C and D) Quantification of (C) early apoptotic Annexin V+/PI� and (D) late apoptotic

Annexin V+/PI+ iPSCs after (C) 8 h or (D) 24 h of treatment with 10 nM staurosporine. N = 3 samples per cell line. Bars represent mean percent of Annexin V+/PI� cells ± SEM.

*p < 0.05, **p < 0.005 versus DOA-iPSCs. (E) LDH release quantification after treatment of iPSCS for 24 h with 10 nM staurosporine, determined as percentage of cellular

cytotoxicity per cell line. n = 3 samples per cell line. Bars represent mean cytotoxicity ± SEM. *p < 0.05, **p < 0.005 versus DOA-iPSCs.
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MATERIALS AND METHODS
Cell reprogramming and CRISPR-Cas9 gene editing

Primary fibroblasts were established from a skin biopsy taken from an
affected individual with DOA+ and carrying a heterozygous OPA1
c.1334G>A: p.R445Hvariant. Informed consentwas obtained following
the tenetsof theDeclarationofHelsinki. Ethical approvalwasgrantedby
the Yorkshire and The Humber-Leeds Bradford Research Ethics Com-
mittee (REC reference: 13/YH/0310). Two commercial control human
dermal fibroblasts were obtained fromATCCand Sigma-Aldrich, while
one in-house control cell line was acquired from an otherwise healthy
individual, and subsequently reprogrammed to iPSCs alongside DOA
fibroblasts, as previously described.30 Fibroblasts were nucleofected
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with episomal vectors encoding reprogramming factors, followed by
clonal iPSC isolation. Presence or absence of the OPA1 variant was
confirmed in iPSCs via Sanger sequencing (primers OPA1 ex 14; Table
S2). One commercial control iPSC line was obtained from Gibco.

CRISPR-corrected DOA-iPSCs were generated via HDR of OPA1
c.1334G>A using CRISPR-Cas9 RNP targeting of OPA1 exon 14
and ssDNA repair templates. CRISPR-Cas9 gRNAs and ssDNA tem-
plates were designed using Benchling CRISPR design software.
gRNAs were designed to target as close as possible to the 1334G>A
point variant in OPA1 exon 14 (Table S3) and to maximize on-target
and minimize off-target activity, according to the algorithms devel-
oped by Doench et al.34 and Hsu et al.33 Once designed, gRNAs
were ordered as two-component CRISPR RNA (crRNA) and trans-
activating CRISRPR RNA (tracrRNA; Integrated DNA Technologies,
IDT) for downstream assembly. ssDNA HDR templates were de-
signed in accordance with previously optimized specifications31,32

and ordered as Ultramer oligos chemically modified to include phos-
phorothioate bonds between the first 3 and last 3 nucleotides. All re-
agents were purchased from IDT; gRNAs were purchased as crRNAs
and tracrRNAs, respectively.

Following their design,OPA1-targeting gRNAs were validated through
the use of a T7 endonuclease I (T7EI; NEB) assay, which cleaves DNA
heteroduplexes, following the manufacturer’s instructions. Briefly,
DOA-iPSCs were nucleofected with RNPs targeting either OPA1
(OPA1 gRNA 1 and 2) or non-targeting gRNAs or Cas9 only. 48 h after
nucleofection, gDNA was extracted, and the target region surrounding
the c.1334G>Amutation was amplified using standard PCR techniques
(primers, Table S2) before heteroduplex formation on a thermocycler.
15 mL of heteroduplex product was subsequently treated with 1 mL of
T7EI, incubated for 30 min at 37�C. T7EI-treated heteroduplex reac-
tions were resolved on a 2% agarose gel alongside untreated reactions
to determine OPA1 gRNA specificity.

Nucleofection of DOA-iPSCs with OPA1-targeting RNP and ssDNA
donors was performed following the IDT protocol. Briefly, RNP:gRNA
complexes were prepared following IDT guidelines and mixed with
200,000 single-cell DOA-iPSCs in P3 Primary Cell Nucleofector solu-
tion (Lonza) containing 4 mM Electroportation Enhancer (IDT). Sam-
ples were subsequently nucleofected using a Lonza 4D-nucleofector
with X-unit (Lonza), using electroporation program CA-137. Post-nu-
cleofection iPSCs were seeded onto 24-well plates coated with 0.5 mg/
cm2 rhLaminin 521, with or without 30 mMHDRe (IDT), and cultured
until passage. iPSCs were passaged twice, first into a 6-well plate for
6 days of culture, followed by a second passage with serial dilution at
4,000, 2,000, 1,000, 500, 250, and 125 cells per well to generate single-
cell-derived iPSC colonies. During the second expansion of iPSCs,
gDNA was used, in combination with an overlap-PCR-generated tem-
plate (primers, Table S4), to estimate the efficiency of HDR within the
nucleofected cell population via TIDER (http://shinyapps.
datacurators.nl/tider/). Individual iPSC colonies were isolated from
the condition with the highest HDR frequency and further cultured
before gDNA extraction and Sanger sequencing to screen for gene edi-
440 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
ted clones. Correctly edited colonies were identified by sequence align-
ment on Benchling.

Finally, off-targets with the highest homology to designed gRNAs were
predicted via Off-Spotter (https://cm.jefferson.edu/Off-Spotter/). The
top 5 off-targets were expanded by PCR (Table S4) before Sanger
sequencing and alignment on Benchling (https://www.benchling.
com/) to confirm absence of mutations.
RNA extraction and cDNA synthesis

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN) ac-
cording to the manufacturer’s instructions. First strand cDNA syn-
thesis was completed using the Tetro cDNA synthesis kit (Bioline)
using 100 ng total RNA per reaction.
PCR, RT-PCR, and qPCR

PCR amplification of genomic DNA was performed using 2� GoTaq
green master mix (Promega) and 0.5 mM forward and reverse primers
(Tables S2, S4, and S5), loaded with 100 ng total gDNA. PCR reac-
tions were incubated in a thermocycler for a total of 35 cycles before
analysis via gel electrophoresis.

RT-PCR analysis of cDNAwas completed using 2�GoTaq greenmas-
termix (Promega) and 0.5 mM forward and reverse primers. cDNAwas
diluted 1:5 with ddH2O and 5 mL used per reaction. RT-PCR reactions
were incubated in a thermocycler for a total of 28–30 cycles.

qPCR was completed using the SYBR Green method run on a Quant-
studio 6 Flex real-time PCR system (Thermo Fisher). cDNA samples
were diluted to 50 ng RNA/100 mL ddH2O and 5 mL used per reaction
(primers, Table S6), each sample was loaded in triplicate, qPCR data
were collected in QuantStudio Real-Time PCR software (Applied Bio-
systems), and raw data were exported to Microsoft Excel. Data were
normalized to the geometric mean of two reference genes, GAPDH
and ACTIN.
Mitochondrial bioenergetic assessment

Live assessment of cellular bioenergetics was performed using the
Seahorse XFe96 extracellular flux analyzer (Seahorse Bioscience)
following the manufacturer’s instructions. Cells were seeded at
30,000 cells onto laminin-coated (3.33 mg/mL) plates 48 h prior to
analysis. On the day of experimentation, cell medium was changed
to XF base media approximately 60min before analysis and incubated
at 37�C in a CO2-free incubator. The Seahorse machine was calibrated
before beginning measurement of mitochondrial respiration (OCR).
After baseline measurements, cells were treated with 1 mM oligomy-
cin, 1 mM FCCP, and 0.5 mM rotenone and antimycin-A. Once
completed, cells were lysed with radioimmunoprecitation assay
(RIPA) buffer plus 2% proteinase inhibitor cocktail (PIC) and total
protein determined with a Pierce BCA Assay Kit (Thermo Fisher).
Data were subsequently analyzed using Wave software (Seahorse
Bioscience) and raw data exported to Microsoft Excel.

http://shinyapps.datacurators.nl/tider/
http://shinyapps.datacurators.nl/tider/
https://cm.jefferson.edu/Off-Spotter/
https://www.benchling.com/
https://www.benchling.com/
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Assessment of mtDNA deletion and copy number

To detect possible mtDNA deletions, LR-PCR was used to target the
major arc of the mitochondrial genome, as previously described.18,19

Total DNA was isolated from cell cultures and 50 ng combined with a
2� master mix consisting of 12.5 mL GoTaq Long PCR (Promega)
and 0.2 mM of both forward and reverse primers targeting a 10 kb
mtDNA fragment (Table S7). Amplifications were incubated in a
thermocycler at the following conditions: 2 min at 95�C; 35 cycles
of 95�C for 30 s, 58�C for 30 s, and 68�C for 10 min; and a final exten-
sion of 11 min at 68�C. LR-PCR reaction products were analyzed on a
0.7% agarose gel containing SafeView and visualized on BioRad
ChemiDoc XRS+.

Quantification of mtDNA copy number, WT, and mtDNA deletion
levels was adapted from previous studies.18 Total DNA was extracted
using a Wizard SV Genomic DNA Purification System (Promega)
following the manufacturer’s instructions. qPCR was completed as
above using primers designed to enable quantification of mtDNA
genes, MTND1 and MTDN4 (Table S8), and nuclear DNA-encoded
genes, B2M and GAPDH (Table S8). Sample DNA was diluted to
10 ng/mL and a total of 50 ng total DNA loaded per reaction. Each
sample was loaded in triplicate and run on a Quantstudio 6 Flex
Real-Time PCR system, with data collected in QuantStudio Real-
Time PCR software. Reaction conditions were as follows: 3 min at
95�C followed by 40 cycles of 10 s at 95�C then 1 min at 62.5�C. Anal-
ysis was completed using the DDCt method to calculate WT mtDNA
levels, whereMTND4 was the target gene andMTND1 was the refer-
ence gene. MTND4 levels were first normalized to MTND1 levels
before samples were normalized to WT control levels to determine
WT mtDNA percentage. MtDNA copy number was calculated using
the following equation: copy number = 2(2�DCt), whereMTND1 was
the target gene and the geometric mean of GAPDH and B2M used as
reference genes.

Mitochondrial network analysis

Mitochondrial network analysis was based on previously published
studies.36,46 iPSCs were dissociated using TrypLE express and seeded
at 10,000/cm2 in glass-bottomed dishes (Ibidi) or chamber slides
(Thermo Fisher) and cultured at 37�C in 5% CO2 for 24 h. Subse-
quently, iPSCs were fixed in 4% paraformaldehyde for 10 min at
room temperature, permeabilized in 0.1% Triton X-100 for 10 min
at room temperature, and blocked for 1 h in 3% bovine serum
albumin and 10% normal donkey serum dissolved in Dulbecco’s
phosphate-buffered saline (DPBS). Mitochondrial networks were
subsequently stained using a primary antibody targeting TOMM20
(Santa Cruz) and incubated at 4�C overnight, followed by incubation
with a donkey anti-mouse Alexa Fluor 488 or 555 secondary anti-
body, incubated at room temperature for 2 h. Finally, nuclei were
identified using DAPI (2 m/mL) and mounted using Vectashield
Vibrance mounting media (Vector Labs).

Confocal imaging for fragmentation analysis was completed using a
Leica SP8 inverted Laser Scanning Confocal Microscope (Leica Mi-
crosystems), with a 63� oil immersion lens and automated image de-
convolution through Huygens software (Scientific Volume Imaging).
Quantification was completed in at least 30 cells from 3 individual cell
preparations using an image pre-processing pipeline46 and the MiNa
toolset.36 After image acquisition, cells were individually cropped and
pre-processed by using ImageJ functions: Subtract background
(Radius 50 pixels), Sigma filter plus (4, 2, 0.2), CLAHE (64, 256, 2),
median filtering (radius = 10), make binary, despeckle, and remove
outliers (2, 50). MiNa raw data, including network composition
(number of branched networks and number of individuals, mito-
chondria without branches), mean network size (number of branches
per network), and mean network branch length (mm), were trans-
ferred to Microsoft Excel before analysis.
Flow cytometry analysis of iPSC apoptosis and TMRE

incorporation

Analysis of iPSC susceptibility to apoptotic stimuli was carried out us-
ing Annexin V-FITC (fluorescein isothiocyanate) and PI (Bio-
Legend), according to the manufacturer’s instructions. Briefly, iPSCs
were seeded as single cells at a density of 25,000/cm2. 24 h after seed-
ing, cells were treated with 10 nM staurosporine (Sigma) or DMSO
for either 8 or 24 h at 37�C in 5% CO2. iPSCs were then dissociated
with TrypLE express for 15 min, pelleted at 300� g, and subsequently
resuspended in binding buffer with 5 mL Annexin V-FITC and 5 mL
PI. Cells were incubated in the dark at room temperature. Following
staining, cells were washed with binding buffer and analyzed on a BD
LSR Fortessa X-20 (BD). FlowJo software (FlowJo) was used for anal-
ysis and illustration of flow cytometry data, with population gates
determined using unstained and single-stained positive control
samples to determine positive and negative populations for either
Annexin V or PI before application of gates to experimental samples.
LDH cytotoxicity assay

Quantification of cellular LDH release was completed using the Cyto-
toxicity Detection Kit Plus (Roche) following the manufacturer’s
guidelines. Briefly, iPSCs were seeded as single cells at a density of
25,000 cells per well of a 96-well plate. 24 h after seeding, iPSCs
were treated with 10 nM staurosporine or DMSO vehicle and incu-
bated for a further 24 h at 37�C in 5% CO2. Following treatment,
iPSCs were centrifuged at 300 � g for 5 min before 100 mL of super-
natant was transferred to a fresh 96-well plate. Supernatants were sub-
sequently incubated with 100 mL of reaction mixture for 30 min at
room temperature, before reactions were stopped using 50 mL stop so-
lution. Reactions were quantified using a Safire Microplate reader
(Tecan), using absorbance wavelength of 492 nm and reference
wavelength 630 nm. Staurosporine cytotoxicity was calculated as fol-
lows: cytotoxicity % = (experimental value� low control)/(high con-
trol � low control) � 100, where low control samples are iPSCs
treated with DMSO and high control samples are iPSCs lysed with
1% Triton X-100 1 h before quantification.
Statistical analysis

Statistical analysis was completed using GraphPad Prism 6 software
(GraphPad) using a one-way AVONA with a Tukey’s multiple
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comparison test. Results are represented as arithmetic mean ± stan-
dard error of the mean (SEM) unless otherwise stated.
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