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Abstract 

Autosomal dominant optic atrophy (DOA) is the most common inherited optic neuropathy, 

characterised by the preferential loss of retinal ganglion cells (RGCs), resulting in optic nerve 

degeneration and progressive bilateral central vision loss. Over 60% of genetically confirmed DOA 

patients carry variants in the nuclear OPA1 gene, which encodes for a ubiquitously expressed, 

mitochondrial GTPase protein. OPA1 has diverse functions within the mitochondrial network, 

facilitating inner membrane fusion and cristae modelling, regulating mitochondrial DNA maintenance 

and coordinating mitochondrial bioenergetics. There are currently no licensed disease-modifying 

therapies for DOA and the disease mechanisms driving RGC degeneration are poorly understood. Here, 
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we describe the generation of isogenic, heterozygous OPA1 null iPSC (OPA1+/-) through 

CRISPR/Cas9 gene editing of a control cell line, in conjunction with the generation of DOA patient-

derived iPSC carrying OPA1 variants, namely, the c.2708_2711delTTAG variant (DOA iPSC), and 

previously reported missense variant iPSC line (c.1334G>A, DOA+ iPSC) and CRISPR/Cas9 corrected 

controls. A two-dimensional (2D) differentiation protocol was used to study the effect of OPA1 variants 

on iPSC-RGC differentiation and mitochondrial function. OPA1+/-, DOA and DOA+ iPSC showed no 

differentiation deficit compared to control iPSC lines, exhibiting comparable expression of all relevant 

markers at each stage of differentiation. OPA1+/- and OPA1 variant iPSC-RGCs exhibited impaired 

mitochondrial homeostasis, with reduced bioenergetic output and compromised mitochondrial DNA 

maintenance. These data highlight mitochondrial deficits associated with OPA1 dysfunction in human 

iPSC-RGCs, and establish a platform to study disease mechanisms that contribute to RGC loss in DOA, 

as well as potential therapeutic interventions.  
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Introduction 

The inherited optic neuropathies (IONs) comprise a range of genetically diverse disorders characterised 

by the preferential loss of retinal ganglion cells (RGCs), optic nerve degeneration and progressive 

bilateral visual loss. Autosomal dominant optic atrophy (DOA) is the most common ION, with an 

estimated minimum prevalence of 1 in 25,000 (1). DOA typically presents with insidious visual loss 

during the first two decades of life, bilateral central scotomas and optic disc pallor caused by the loss 

of RGCs within the papillomacular bundle (2). Most DOA patients experience progressive visual loss 

and approximately half will be registered legally blind by the 5th decade of life (2). Although visual loss 

and optic atrophy are the defining features of DOA, a subgroup of patients develop a multisystemic 

syndromic form of the disease, known as DOA plus (DOA+), with additional extraocular features 

including sensorineural hearing loss and ataxia (3, 4). 

Over 60% of all genetically confirmed cases of DOA are caused by variants in the optic atrophy 1 gene 

(OPA1; 3q28-q29; OMIM 605290; 2), which encodes a ubiquitously expressed dynamin-related 

mitochondrial GTPase that is anchored to the inner mitochondrial membrane (IMM)(5). Over 500 

unique OPA1 variants have been identified, with over 80% believed to be pathogenic (6). The majority 

of variants are thought to generate null alleles, causing premature termination codons (PTC) or loss of 

function variants that result in haploinsufficiency (7); a hypothesis further supported by the 

identification of patients carrying large-scale OPA1 deletions (8, 9). Missense variants within the OPA1 

GTPase domain are associated with a higher risk of developing DOA+ due to a putative dominant-

negative effect (4). Despite the advances in our understanding of the genetic basis of DOA, the specific 

sensitivity of RGCs to OPA1 mutations, especially given the high levels of gene expression within other 

neuronal tissues, such as the brain and auditory neurons (10), remains unclear. 

OPA1 is a multifunctional protein that plays a key role in mitochondrial network organisation, 

promoting IMM fusion and regulating cristae morphology (11-13). As expected, OPA1 dysfunction is 

associated with increased mitochondrial network fragmentation and aberrant IMM structure (11, 13, 
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14, 15,16 ). OPA1 also functions as a key regulator of mitochondrial bioenergetic output (17, 18) with 

DOA-associated variants shown to impair mitochondrial oxidative phosphorylation (OXPHOS) and 

adenosine tri-phosphate (ATP) synthesis (14, 15, 19). Reduced mitochondrial bioenergetics is likely 

driven by mitochondrial respiratory chain complex instability, primarily of complex I and V (ATP 

synthase), reduced efficiency of mitochondrial electron flux and disturbed IMM cristae structure (19, 

20).  

Furthermore, OPA1 regulates mitochondrial homeostasis via the maintenance of mitochondrial DNA 

(mtDNA) integrity, through interaction of OPA1 with mtDNA displacement loops. Decreased 

expression of OPA1 significantly affects mtDNA copy number and distribution throughout the 

mitochondrial network (20, 21). Analysis of mtDNA quality in DOA patient-derived samples and 

mouse models of DOA demonstrated reduced mtDNA copy number and the accumulation of somatic 

mtDNA mutations when compared to WT cells (19, 22-26). As such, OPA1 disease-associated variants 

exert a detrimental effect on mitochondrial homeostasis, since mtDNA encodes for key components 

required for mtDNA replication and mitochondrial respiratory chain assembly. In addition, OPA1 

dysfunction has been shown to disrupt mitophagy (27) and increase cellular susceptibility to apoptotic 

stimuli (19, 28). 

A key challenge for DOA research is the inherent difficulty in obtaining patient retinal tissue samples 

to effectively evaluate the pathogenic disease mechanisms driving RGC loss (1). In vitro disease 

modelling advances have increased our ability to generate physiologically relevant DOA models to 

further understand OPA1 disease variants. This is of particular significance given that RGCs and the 

optic nerve are the sole affected tissue in most patients. Therefore, studies of non-physiologically 

relevant cell lines may not allow the complete pathological picture to be evaluated. Similarly, rodent 

models of DOA also have inherent drawbacks since rodent retinas do not contain a macula with a 

defined papillomacular bundle, which is particularly vulnerable in DOA.  

Recently, we demonstrated that CRISPR/Cas9 gene correction of DOA-associated induced pluripotent 

stem cells (iPSCs) can restore mitochondrial homeostasis, improving mtDNA maintenance, ATP 
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production and reducing susceptibility to apoptosis (29). A number of other studies have also 

demonstrated the feasibility of generating DOA patient-derived iPSC carrying OPA1 variants (30-32); 

however they did not investigate the disease mechanisms associated with OPA1 dysfunction. To-date, 

there has been one report of iPSC-derived-RGC DOA modelling, showcasing an OPA1 c.2496+1G>T 

splice site mutation predicted to cause mis-splicing of OPA1 transcripts (33). Analysis of OPA1 mutant 

iPSCs demonstrated increased cellular apoptosis when compared to wild-type (WT) controls, as well 

as an RGC differentiation deficiency, with an inability to form neural precursor cells (NPCs) and 

ultimately RGCs. However, OPA1 variant iPSCs could be driven towards an NPC and RGC lineage 

with the addition of noggin or oestrogen during the differentiation process. Therefore, further study of 

OPA1 variants in in vitro RGCs is required to clarify the mechanisms that contribute to their preferential 

loss in DOA. 

Here, we describe the generation of an isogenic OPA1 heterozygous knockout iPSC line through 

CRISPR/Cas9 gene editing alongside the generation of DOA patient-derived iPSC. We validated the 

generation of in vitro iPSC-derived RGCs (iPSC-RGCs) harbouring OPA1 variants, demonstrating that 

OPA1 variants have no detrimental impact on the ability of iPSC to differentiate towards an RGC 

lineage. In iPSC-derived RGCs, OPA1 variants impaired iPSC-RGC mitochondrial function, including 

respiratory output and mtDNA maintenance.  
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Results 

Generation of OPA1 knockout and patient-derived iPSC 

In order to study the effect of OPA1 reduction on RGC health we established an isogenic heterozygous 

OPA1 knockout (KO) cell line through the simultaneous reprogramming and CRISPR/Cas9 gene 

editing of an otherwise healthy fibroblast cell line to model haploinsufficiency OPA1 variants. 

CRISPR/Cas9 gRNAs were designed to target OPA1 exon 2 (Figure 1A) and simultaneously 

nucleofected into WT cells along with episomal reprogramming vectors. iPSC colonies were manually 

isolated and OPA1 mutation was confirmed through alignment of the OPA1 exon 2 to the WT sequence 

(Figure 1B), with 7/52 iPSC clones demonstrating heterozygous OPA1 gene editing (OPA1+/- iPSC). 

No homozygous OPA1 KO clones were generated. In addition to the isogenic cell lines, we generated 

iPSC from a patient-derived fibroblast cell line carrying a heterozygous c.2708_2711delTTAG variant 

in OPA1 exon 27 (DOA iPSC), which is the most common OPA1 variant in DOA and is confirmed to 

cause OPA1 haploinsufficiency (7, 34). Sequencing of the region surrounding OPA1 exon 27 confirmed 

the presence of the c.2708_2711delTTAG in both patient-derived fibroblasts and iPSCs (Figure S1A). 

Following the generation of both iPSC lines immunofluorescence (IF) staining confirmed the 

expression of pluripotency markers, NANOG, OCT4, SSEA4 and TRA-1-60 in OPA1+/- iPSCs (Figure 

1E) and DOA iPSCs (Figure S1B), indicating successful induction of endogenous stem cell circuitry. 

The pluripotent status of both OPA1+/- and DOA iPSCs was further analysed using the TaqMan 

scorecard assay, which compares gene expression of naïve iPSCs and following the undirected 

differentiation of embryoid bodies. This confirmed the pluripotent nature of both OPA1+/- and DOA 

iPSC lines (Figure S1C,D). 

Following the establishment of OPA1+/- iPSC line, OPA1 expression was quantified through qPCR 

and western blot analysis. qPCR analysis demonstrated an approximate 45% reduction in total OPA1 

transcripts in the OPA1+/- iPSC line when compared to isogenic WT cells, comparable to that of DOA 

iPSCs that also showed an approximate 45% reduction in expression (Figure 1D). Inhibition of 
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nonsense mediated decay (NMD) by emetine, a translation inhibitor that blocks NMD, significantly 

increased OPA1 expression in both OPA1+/- and DOA iPSCs when compared to untreated iPSCs 

(Figure 1D). Western blot analysis of 3 independent OPA1+/- iPSC lines, all harbouring PTC mutations 

in OPA1 exon 2, confirmed an average reduction in OPA1 protein expression of 48% ±8.8% (Figure 

1E,F). Following WB analysis, OPA1+/- iPSC line 3 was selected for further experimentation. Finally, 

the predicted top 10 off-targets analysed through Sanger sequencing. No off-target affects were 

determined in the selected OPA1+/- cell line (Figure S2). 

In vitro differentiations of iPSC-RGCs 

Following the generation of OPA1+/- and DOA iPSCs we optimised the in vitro differentiation of iPSC-

RGCs using a previously established small-molecule 2D differentiation protocol (35), which enabled 

the rapid generation of iPSC-RGCs through a stepwise differentiation method. In order to determine 

the efficiency of iPSC differentiation towards a retinal and RGC lineage, a time course of retinal and 

RGC associated gene induction was determined in comparison to undifferentiated WT iPSCs (Figure 

2A). WT iPSCs were initially dissociated to single cells and plated in E8 Flex media, followed by 

transition to N2B27 media on day 0 (D0) (Figure 2A) and addition of small molecule compounds on 

D1. By D7, iPSCs had expanded, generating a confluent sheet of cells (Figure 2A) that was associated 

with a significant induction of important eye field transcription factors (EFTFs) RAX, PAX6 and LHX2 

(Figure 2B) required for retinal progenitor cell (RPC) development. The EFTF VSX2 showed a slower 

onset, with a more moderate increase at D7 (Figure 2B). EFTF expression was maintained at D21, with 

a moderate reduction in RAX expression and further increases in VSX2, LHX2 and PAX6 expression 

(Figure 2B). 

By D21, axonal projections began to appear in differentiation cultures, which could be identified in 

cell-free areas as the cells contracted into clusters (Figure 2A). Additionally, when compared to naïve 

iPSCs (harvested at D-1), there was significant upregulation of ATOH7, a pro-neural gene required for 

RGC specification that results in RGC depletion when ablated (Figure 2B)(36, 37). By D35, substantial 

axonal projections had developed (Figure 2A), coupled with further bunching or contraction of cells 
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into dense clusters. The propensity for presumptive iPSC-RGCs to cluster was used to isolate them 

from other cells in the culture. D35 cultures were treated with Accutase to dissociate the heterogeneous 

cell sheet, allowing the removal of non-clustered cells that dissociated into singlets whilst allowing 

extraction of presumptive iPSC-RGCs, which were resistant to dissociation medium, for replating. 

Isolated neuronal clusters were subsequently cultured for a further 7 days until D42. At this time point, 

iPSC-RGC clusters had developed extensive axonal networks (Figure 2A). Analysis of markers 

typically associated with post-mitotic, mature RGCs demonstrated a slower induction compared to 

EFTFs (Figure 2B), indicative of downstream activation during differentiation. BRN3B showed a 

moderate reduction in expression at D7 when compared to D-1 iPSCs, but was significantly increased 

at D21, followed by a further increase at D42 (Figure 2B). In addition, ISL1, a BRN3B synergistic gene 

required for RGC development (38, 39), showed a statistically significant increase at D21 and a further 

increase at D42 (Figure 2B). γ-synuclein (SNCG), a gene identified as a specific marker of RGCs (40), 

was initially reduced at D7, before a significant increase in expression at D21 and D42 (Figure 2B). 

Together, these results suggest successful induction of developmental and RGC specific transcriptional 

pathways during the course of differentiation. 

OPA1 mutation does not inhibit RGC specification 

Given the previous reports suggesting OPA1 variants affect the ability for stem cell differentiation (28, 

40), we investigated whether OPA1 haploinsufficiency impairs the ability of iPSC to RGC 

differentiation. As such, OPA1+/- iPSCs were differentiated in parallel with isogenic WT iPSCs to 

allow for the specific comparison of cell lines that differ solely at the OPA1 genetic locus. Analysis of 

genes required for RPC development and early RGC specification demonstrated no significant 

differences in expression between OPA1+/- and WT iPSCs at any differentiation time point (Figure 

3A,B). Similarly, there were no significant differences in expression of the RGC markers BRN3B, ISL1 

and SNCG (Figure 3C-E), and by D42 there was significant expression of all three markers with WT 

differentiations demonstrating 99.1 ± 27.1, 559.4 ± 144 and 9.4 ± 2.6-fold change for BRN3B, ISL1 and 

SNCG respectively when compared to naïve iPSCs (Figure 3C-E). Similarly, OPA1+/- differentiations 
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demonstrated 74.6 ± 25.8, 593.4 ± 143.1 and 9.2 ± 4.8-fold change, respectively, BRN3B, ISL1 and 

SNCG when compared to OPA1+/- iPSCs (Figure 3C-E). IF staining also confirmed similar distribution 

of BRN3A, ISL1 and SNCG positive cells between OPA1+/- and WT iPSC-RGCs (Figure 3F-H), also 

demonstrating expression of BRN3B (Figure 3F), neuronal cytoskeletal proteins β-III tubulin (TUBB3; 

Figure 3G) and neurofilament heavy chain (NFH; Figure 3H). To confirm that OPA1 variants do not 

have a detrimental impact on iPSC-RGC differentiation, we used the patient-derived DOA iPSC line 

and a previously reported iPSC line harbouring the c.1334G>A missense variant, which was established 

from a patient with a DOA+ phenotype (DOA+ iPSCs)(29). qPCR analysis supported the data from the 

isogenic cell lines, demonstrating no significant differentiation shortfalls for either DOA or DOA+ 

iPSCs when compared to WT controls, with comparable expression of BRN3B, ISl1 or SNCG in their 

respective iPSC-RGC cultures (Figure 4A-C).  

Following quantification of iPSC-RGC differentiation, OPA1 expression was analysed in iPSC-RGCs 

through qPCR, demonstrating a significant increase in OPA1 levels during differentiation. Isogenic WT 

and OPA1+/- iPSC-RGCs exhibited a 60% and 40% increase in OPA1 expression when compared to 

naïve iPSCs (Figure 4D). OPA1+/- iPSC-RGCs maintained a similar expression profile to their iPSC 

counterparts, demonstrating an approximate 50% reduction in OPA1 mRNA levels when compared to 

WT iPSC-RGCs (Figure 4D). As with the isogenic iPSC pair, both patient-derived DOA and DOA+ 

iPSC-RGCs demonstrated significant induction of OPA1 expression, showing increases of 

approximately 55% and 47%, respectively when compared to naïve iPSC (Figure 4D). Again, DOA 

iPSC-RGCs maintained the OPA1 expression pattern demonstrated in naïve iPSC, with an approximate 

45% reduction in total OPA1 mRNA when compared to WT iPSC-RGCs (Figure 4D). DOA+ iPSC-

RGCs demonstrated a significant increase of OPA1 when compared to both OPA1+/- and DOA iPSC-

RGCs (Figure 4D), however, this was not significantly higher than WT iPSC-RGCs. Collectively, these 

results suggest that OPA1 variants alter the expression of OPA1 in iPSC-RGCs, but these reductions do 

not impact on the ability of iPSC to differentiate in vitro into iPSC-RGCs. Importantly, these results 

also highlight the higher levels of expression of OPA1 within RGC populations, potentially indicating 

why RGCs are selectively vulnerable to OPA1 expression changes caused by OPA1 variants. 
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Finally, in order to confirm the maturation of in vitro iPSC-RGCs and test for the presence of other cell 

types, RT-PCR analysis was used to determine the expression of genes required for neuronal function 

and genes specific for retina cell lineages (Figure S3A). RT-PCR for mature neuronal markers 

demonstrated significant upregulation of cytoskeletal components (TAU, NFL, NFM, TUBB3) neuronal 

RNA splicing factors (NEUN, ELAVL3), axonal guidance (NRP1, ROBO2, DCC) and genes associated 

with synaptic function (SYNTAXIN, SNAP25, VAMP2; Figure S3A). In addition, we found no evidence 

of other post-mitotic retinal cell lineages when D42 iPSC-RGC cultures were assessed by RT-PCR for 

non-RGC retinal associated genes, most notably photoreceptors (RCVRN, ARR3, NRL) and Müller glial 

cells (CRALBP), within the terminal differentiation culture (Figure S3B). 

OPA1 dysfunction inhibits RGC bioenergetics and mtDNA maintenance 

Previous reports investigating OPA1 variants in non-RGC cell lines have demonstrated a significant 

impact on mitochondrial function and bioenergetics (20, 23, 41). Therefore, we investigated the effect 

of OPA1 dysfunction in iPSC-RGCs through Seahorse bioenergetic analysis, utilising the OPA1+/-, 

DOA iPSC and the previously generated DOA+>WT iPSC lines (29). Generation and analysis of iPSC-

RGC bioenergetic profiles (Figure 5A) demonstrated that OPA1 variants caused significant deficits in 

basal respiration in iPSC-RGCs, with all three OPA1 variant lines showing statistically significant 

reductions in basal OCR levels when compared to WT controls (Figure 5B). DOA iPSC-RGCs 

demonstrated a significantly higher level of basal respiration than both OPA1+/- and DOA+ iPSC-

RGCs (Figure 5B). CRISPR/Cas9 correction of the DOA+ variant also had a significant impact on basal 

RGC respiration, with both DOA+>WT1 and >WT2 iPSC-RGCs demonstrating a significantly higher 

basal OCR when compared to DOA+ iPSC-RGCs (Figure 5B). However, DOA+>WT2 iPSC-RGCs 

had reduced basal respiratory rate when compared to control WT iPSC-RGCs (Figure 5B). 

In addition, analysis of maximal respiration demonstrated significant deficits for both OPA1+/- and 

DOA+ iPSC-RGCs (Figure 5C). DOA iPSC-RGCs showed no significant reduction in maximal 

respiration when compared to WT iPSC-RGCs and also demonstrated significantly higher levels than 

both OPA1+/- and DOA+ iPSC-RGCs (Figure 5C). Similarly, CRISPR-corrected DOA+>WT1 and 
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>WT2 iPSC-RGCs displayed significantly higher levels of maximal respiration compared to DOA+ 

iPSC-RGCs, although this was significantly lower than WT iPSC-RGCs (Figure 5C). Analysis of ATP 

production further confirmed the effects of the OPA1 variants on RGC bioenergetics, with OPA1+/-, 

DOA and DOA+ iPSC-RGCs having significantly reduced levels of ATP production when compared 

to WT iPSC-RGCs (Figure 5D), whilst DOA iPSC-RGCs also demonstrated higher levels of ATP 

production than DOA+ RGCs (Figure 5D). Both CRISPR-corrected DOA+>WT1 and >WT2 iPSC-

RGCs both demonstrated significantly higher levels of ATP production when compared to DOA+ iPSC-

RGCs and this was not significantly different to the WT control, unlike both basal and maximal 

respiration (Figure 5D). 

In addition to quantifying the effect of OPA1 mutation on iPSC-RGC bioenergetic output, we explored 

the effect of OPA1 mutation on mtDNA maintenance in iPSC-RGCs. Previous studies have established 

that dysfunctional OPA1 results in mtDNA instability (23-26). As such, we investigated the effect of 

OPA1 variants on mtDNA maintenance in iPSC-RGC cultures via LR-PCR and qPCR, enabling 

detection of both large- and small-scale deletions alongside mtDNA copy number changes. LR-PCR 

did not detect any large-scale mtDNA rearrangements in all iPSC-RGC genotypes, with a clear band 

produced at 10 kb and no further PCR products observed in the gel when compared to a heteroplasmic 

mitochondrial cybrid cell line that had significant mtDNA deletion (Figure 6A). Following LR-PCR, 

qPCR analysis demonstrated significantly reduced levels of WT mtDNA in both DOA and DOA+ 

iPSC-RGCs, indicative of minor deletions or mutations within the qPCR region, when compared to WT 

iPSC-RGCs (Figure 6B), with 92.7 ± 19.3% and 91.8 ± 22.3% versus 100.0 ± 15.5% WT mtDNA levels 

respectively (Figure 6B). No significant differences were detected in OPA1+/- iPSC-RGCs. However, 

CRISPR/Cas9 gene corrected DOA+>WT1 and >WT2 iPSC-RGCs showed significant restoration of 

WT mtDNA levels when compared to DOA+ iPSC-RGCs, with DOA+>WT1 and DOA+>WT2 iPSC-

RGCs showing 99.3 ± 19.7% and 101.4 ± 43.2% WT mtDNA levels respectively (Figure 6C). No 

significant changes of mtDNA copy number were detected in iPSC-RGCs (Figure 6C).  
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Discussion 

Current cell models of IONs lack the tissue specificity required to understand the disease mechanisms 

associated with RGCs, the primary affected cell type. The advent of iPSC technology, CRISPR/Cas9 

gene editing and advances in in vitro differentiation have significantly increased our ability to accurately 

and specifically model IONs, which have previously proven challenging. Here, we report the generation 

of isogenic heterozygous OPA1 KO iPSCs derived from an otherwise healthy fibroblast cell line using 

simultaneous CRISPR/Cas9 gene editing and cellular reprogramming. In addition, we produced DOA 

patient-derived iPSCs harbouring the most common pathogenic OPA1 variant (c.2708_2711delTTAG) 

seen in patients with DOA. Subsequently, we investigated the ability for OPA1 variant cell lines to 

generate in vitro iPSC-RGCs using a previously described in vitro differentiation protocol, which 

demonstrated that these OPA1 iPSC lines were fully able to differentiate towards an RGC fate. Using 

this model, we demonstrate that iPSC-RGCs harbouring OPA1 variants have significantly impaired 

mitochondrial bioenergetic output and reduced mtDNA maintenance, highlighting important disease 

mechanisms associated with DOA that have previously not been characterised in human RGC 

populations. 

Previous studies have suggested that OPA1 variants impede neuronal development in in vitro 

differentiation models (28, 40). Here, isogenic OPA1+/- and WT cell lines were differentiated 

simultaneously through a modified 2D differentiation protocol. Importantly, isogenic cell lines remove 

inter-individual genetic heterogeneity from differentiation systems, allowing the specific study of 

isolated genetic changes and their impacts on developmental processes. A previous study of DOA 

patient-derived iPSCs carrying an OPA1 splice variant were unable to generate RGCs due to an inability 

to generate NPCs (33), a process that is, in part, regulated by PAX6 and LHX2 (42, 43). In contrast, 

temporal qPCR analysis in our study demonstrated significant upregulation of genes associated with 

NPC development during the early stages of differentiation, with significant upregulation of the EFTFs 

PAX6, LHX2, and RAX. In addition, analysis of isogenic ESCs carrying a heterozygous CRISPR/Cas9 

OPA1 variant also confirmed the ability for OPA1+/- cells to successfully generate NPCs (28). 
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It should be noted that the previous study suggested the addition of Noggin, a BMP antagonist, as a 

factor capable of rescuing the differentiation of RGCs for their DOA patient-derived iPSC lines (33). 

Conversely, the protocol used here, which is based on a previously published protocol (35), alongside 

studies by others (44, 45), include dorsomorphin, another BMP antagonist, or an equivalent within their 

differentiation protocols for the generation of RGCs. Studies of animal models have also confirmed the 

requirement of BMP inhibition during retinal development. Treatment of ectodermal explants or stem 

cells extracted from frog (Xenopus) and mouse with noggin induces retinal fate and drastically increased 

EFTF expression, including Pax6 and Lhx2 (46, 47). Thus, it can be argued that noggin-induced BMP 

inhibition is likely to be an essential requirement for RGC differentiation. 

Furthermore, analysis of terminal differentiation markers, ATOH7, BRN3B, ISL1 and SNCG, which are 

essential for RGC development (48), demonstrated no significant differences for OPA1+/- iPSCs, 

which was further corroborated by analysis of two independent DOA patient-derived iPSC lines. This 

demonstrates that regardless of the type of variant, OPA1 dysfunction does not impact differentiation 

ability. The lack of a clear developmental deficit was also suggested by the TaqMan Scorecard assay, 

demonstrating the competence of OPA1+/- iPSCs for differentiating into the three primary germ layers 

when compared to WT iPSC and a reference panel of iPSC and embryonic stem cells (ESC). 

In addition, studies of iPSC-derived neurons have highlighted potential disease mechanisms of OPA1 

variants associated with neuronal populations. Analysis of iPSC-derived dopaminergic neurons and 

ESC-derived neurons, harbouring OPA1 variants or CRISPR/Cas9 OPA1 edits, suggested OPA1 

dysfunction reduces neuronal OXPHOS, increases mitochondrial fragmentation, and impairs stem cell 

neuronal differentiation (28, 33, 49, 50). Although these studies have provided some insight into the 

specific disease mechanisms associated with neuronal loss, further study of OPA1 mutations in RGCs 

is required to clarify the mechanisms that contribute to their preferential loss in DOA. 

A number of studies have generated iPSCs carrying OPA1 variants (30-32); however, to date no study 

has analysed the bioenergetic consequences of OPA1 variants in human iPSC-RGCs. Previous analysis 

of patient-derived iPSCs carrying an OPA1 variant, associated with Parkinson disease, showed that 
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when differentiated into dopaminergic neurons or into neural precursor cells they demonstrated 

significant reductions in basal respiration, maximal respiration and ATP output for haploinsufficient 

variant cells when compared to WT controls (49, 51). Furthermore, knockdown of OPA1 within ex vivo 

rat primary cortical neurons revealed a significant reduction in basal and maximal respiration, 

associated with an approximate 70% reduction in protein level (41). The results presented in this study 

further expand on and concur with these studies by analysing the effect of multiple OPA1 variant types 

in human iPSC-RGCs, demonstrating deficiencies in basal respiration and ATP production for all 

variants, and reduced maximal respiration for OPA1+/- and DOA+ iPSC-RGCs. Importantly, corrected 

DOA+>WT1 and DOA+>WT2 iPSC-RGCs also demonstrated significant improvements in 

mitochondrial respiration when compared to DOA+ iPSC-RGCs. It is unclear why the corrected 

DOA+>WT iPSC-RGCs lines showed lower maximal respiration than the control line. This is unlikely 

to be related to the gene correction as the iPSCs showed higher maximal respiration than a panel of 

control iPSCs (29). Therefore, it could reflect some type of compensation in the patient line which is 

manifesting differently in the iPSC-RGCs or inter-individual variation between iPSC-RGCs.  

Crucially, this work demonstrates a previously uncharacterised bioenergetic deficit within human RGCs 

and thus provides greater understanding of the specific disease mechanisms potentially leading to RGC 

loss. Due to their unique anatomical morphology, RGCs have high metabolic demands and they depend 

on efficient OXPHOS for most of their energy requirements (52, 53), thus making neuronal populations 

exquisitely susceptible to OXPHOS deficits and reduced ATP production. Deficits in mitochondrial 

OXPHOS are commonly associated with both genetic and sporadic neurodegenerative diseases, 

including Leigh syndrome, Parkinson Disease and multiple sclerosis (54-56). In particular, RGCs are 

believed to have remarkably high metabolic needs due to their long axonal pathways and their lack of 

myelination in the retina before the lamina cribosa (57). It is, therefore, not surprising that both inherited 

and acquired optic neuropathies, including Leber hereditary optic neuropathy (LHON) and glaucoma, 

demonstrate deficits in mitochondrial bioenergetics that drive RGC loss (58-61). 
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Conversely, a recent study of isogenic OPA1+/- ESCs suggested that heterozygous OPA1 knockout 

does not impair mitochondrial respiration of ESCs or in vitro neurons, which was postulated to be a 

result of ESCs and in vitro neurons retaining approximately 50% OPA1 expression (28). However, both 

haploinsufficient cell lines within this study showed similar levels of OPA1 mRNA reduction whilst 

OPA1+/- iPSCs demonstrated an approximate 50% reduction in protein. Analysis of the mitochondrial 

networks in the previously reported OPA1+/- ESC demonstrated no clear gross morphological 

abnormalities, with only moderate changes to cristae structure. However, our previous study of DOA+ 

iPSCs found significant levels of mitochondrial fragmentation when compared to WT and 

CRISPR/Cas9 corrected cell lines, which was also in agreement with the study of iPSC-derived neurons 

(49). This may therefore suggest that due to the lack of mitochondrial morphological changes, the 

OPA1+/- ESC were unlikely to exhibit bioenergetic alterations. Importantly, the differences between 

our results and previous studies demonstrate the importance of conducting context specific modelling 

for understanding the disease mechanisms associated with DOA disease progression. The data 

presented here further support dysfunctional mitochondrial bioenergetics as a significant contributor to 

RGC degeneration. A better understanding of why specific neuronal populations are impacted by OPA1 

variants and the specific downstream effects of energy deficit on neuronal survival could have broader 

significance for other neurodegenerative diseases associated with RGC loss. 

In addition to RGC bioenergetics, the effect OPA1 variants on mtDNA maintenance was evaluated in 

iPSC-derived RGC populations. OPA1 is thought to play a role in maintaining the mitochondrial 

genome by anchoring mtDNA through direct interaction of exon 4b and the mtDNA D-loop (21, 62). 

In accordance with a number of previous studies (23-26), analysis of mtDNA in in vitro cultured cells 

demonstrated a significant reduction in mtDNA WT levels for both DOA and DOA+ iPSC-RGCs. 

Interestingly, although CRISPR/Cas9 heterozygous KO of OPA1 resulted in a trend to reduce WT 

mtDNA levels, this was not significant. The lack of significant mtDNA defects in our OPA1+/- cell 

line suggests that mtDNA defects may be acquired over time and the relatively short period of time our 

cell line has harboured an OPA1 defect may not be sufficient for the clonal expansion of mtDNA 

mutations to high levels (63). However, our previously generated DOA+>WT cell lines demonstrated 
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significantly restored mtDNA quality in iPSC-RGCs. Although a number of previous studies have 

demonstrated altered mtDNA copy number associated with OPA1 variants (15, 19, 22, 23, 25), in this 

study we found no significant differences in mtDNA copy number amongst in vitro iPSC-RGCs, 

although the DOA+ line was trending to be reduced. The loss of mtDNA integrity is a common 

phenotype associated with neurodegenerative diseases, including Parkinson Disease and Alzheimer 

Disease (64-66). The development of methods to counter mtDNA genome instability may prove a useful 

strategy for reducing the degeneration of RGCs within DOA patients (4, 25). 

Interestingly, one previous study suggested that only OPA1 mutations associated with DOA+ drive 

mtDNA defects (27). In our study, both DOA (c.2708_2711delTTAG) and DOA+ (c.1334G>A) 

variants were associated with decreased WT mtDNA levels, suggesting that both missense and 

haploinsufficient mutations impaired mtDNA quality control. In addition, restoration of GTPase 

function through CRISPR/Cas9 gene correction restored WT mtDNA levels, further indicating the 

importance of a functional GTPase domain in mitochondrial homeostasis (20). Thus, the data presented 

here supports the theory that OPA1 missense variants within the GTPase domain have a detrimental 

impact on mtDNA integrity, further supporting the hypothesis that GTPase point mutations exert an 

enhanced deleterious effect due to a dominant-negative effect. 

In conclusion, we have produced a series of OPA1 iPSC lines that model haploinsufficient and potential 

dominant-negative disease with paired isogenic controls. We have used these cell lines to further define 

the pathogenic mechanisms associated with DOA. Both OPA1+/- iPSC and DOA patient-derived iPSCs 

showed no impaired ability to differentiate into RGCs in vitro. Importantly, we demonstrate that iPSC-

RGCs carrying OPA1 variants exhibit typical phenotypic hallmarks associated with OPA1 dysfunction, 

most notably, impaired mitochondrial bioenergetic output and mtDNA instability. These novel 

observations obtained from in vitro human RGC models of DOA provide further insight into the 

complex disease mechanisms that precipitate RGC loss and optic nerve degeneration, ultimately 

causing progressive visual loss. The generation of isogenic cell lines and patient-derived iPSCs provides 

an invaluable resource to further investigate the pathological consequences of specific OPA1 variants 
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and importantly, to investigate the potential benefit of new therapies, including gene therapy, for 

patients with DOA.  
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Materials and Methods 

CRISPR/Cas9 gene editing of OPA1 

Isogenic OPA1 knockout stem cells were produced following a simultaneous reprogramming and 

CRISPR/Cas9 gene editing protocol (67), by targeting OPA1 in otherwise healthy human dermal 

fibroblasts, of neonatal origin (HDFn). Guide RNAs (gRNAs) were designed to target OPA1 exon 2 

(Table S1) and cloned into the pSpCas9(BB)-2A-GFP (PX458; gift from Feng Zhang; Addgene plasmid 

#48138), according to a previously described protocol (68). Control HDFn were grown to 90% 

confluency in fibroblast growth media (DMEM with 10% FBS, 1% non-essential amino acids and 1% 

penicillin-streptomycin; all Gibco) and dissociated with 0.05% Trypsin-EDTA (Gibco). 1×106 cells 

were isolated, resuspended in Nucleofector solution from Cell Line Nucleofector Kit R (Lonza) 

containing 1 μg of each episomal reprogramming vector (69) and 2 μg of the OPA1 targeting PX458 

plasmid. Following nucleofection, cultures were maintained until the presence of iPSC colonies 

emerged. Individual clones were mechanically isolated and placed into individual wells of a geltrex-

coated 12-well plate. 

Clonal iPSC lines were subsequently expanded, before DNA extraction using the Wizard SV genomic 

DNA extraction kit (Promega) following the manufacturer’s instructions. The CRISPR/Cas9 target 

region was expanded using primers OPA1 exon 2 (Table S2) and analysed by Sanger sequencing to 

detect the presence or absence of CRISPR/Cas9 induced mutations by aligning the sample sequence 

data to the OPA1 reference sequence (ENST00000392438, ensemble.org) on Benchling 

(Benchling.com). gRNA off-target sites (Table S3) were predicted using Off-Spotter 

(https://cm.jefferson.edu/Off-Spotter/) (70), and the top 10 off-targets expanded by PCR (Table S2) 

before Sanger sequencing using the forward primer and alignment on Benchling (Benchling.com) to 

confirm the presence or absence of mutations. 
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Generation of patient-derived iPSC 

DOA patient-derived iPSCs were generated as previously described (29), using a skin biopsy taken 

from an affected individual with isolated optic atrophy and carrying a heterozygous OPA1 

c.2708_2711delTTAG:p.R905* variant. Informed consent was obtained following the tenets of the 

Declaration of Helsinki. Ethical approval was granted by the Yorkshire and The Humber - Leeds 

Bradford Research Ethics Committee (REC reference: 13/YH/0310). The presence of the OPA1 

mutation was confirmed in DOA patient-derived iPSCs via Sanger sequencing using primers OPA1-

ex27 forward and OPA1-ex27 reverse (Table S2). 

iPSC culture 

Once generated, iPSCs were maintained in E8 Flex medium (Gibco) on Geltrex coated plates. iPSCs 

were passaged using enzyme free cell dissociation buffer (Gibco) and manual separation twice-weekly, 

and maintained in a 5% CO2 incubator at 37 °C. 

In vitro differentiation of retinal ganglion cells 

Differentiation of iPSC-RGCs was based on a previously published protocol by Sluch et al. (2017) with 

minor modifications. Undifferentiated iPSCs were maintained in Geltrex-coated T25 flasks in E8 flex 

media until the day of differentiation (Day -1). On D-1, iPSCs were washed with PBS and dissociated 

to single cells using TrypLE Express for 15 minutes at 37 °C, cells were scraped and resuspended in 

E8 flex media containing 5mM blebbistatin before seeding onto 1% Matrigel (Corning) coated plates 

at 52,000 per cm2. The day after plating, designated as D0, media was changed for N2B27 media (1:1 

mix of DMEM/F12 and Neurobasal media with 1X GlutaMAX Supplement, 1X (v/v) antibiotic-

antimycotic (A/A), 1% N2 supplement, and 2% B27 supplement; all Gibco). N2B27 was kept at 4°C 

for a maximum of 1 week. The following day, D1, small molecules were added to cells in fresh N2B27 

media and fed every other day with a complete exchange of N2B27 media, except if a small molecule 

was required to be added or removed. Small molecules were added on the following days at the final 
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concentrations indicated: Dorsomorphin (1 μM, Stratech) and IDE2 (2.5 μM, Peprotech), for D1 to D6, 

Nicotinamide (10 mM, Sigma) for D1 to D10, Forskolin (25 μM, Peprotech) for D1 to D30 and DAPT 

(10 μM, Abcam). Differentiation cultures were maintained 37 °C in 5% CO2. Upon reaching D35 

presumptive RGCs were purified by extracting “neuronal clusters” from the heterogeneous cell culture. 

Cells were washed with PBS and dissociated with Accutase (Sigma) for 30-45 minutes at 37 °C. 

Cultures were subsequently resuspended in N2B27 media, triturated and strained twice using a 70 μm 

nylon strainer (Falcon) to remove single cells. Cell clusters were retained and washed with PBS before 

resuspension in N2B27 media and centrifugation at 0.1 g. Afterwards, neuronal clusters were plated on 

1% Matrigel in N2B27 media and cultured for a further 5-10 days for analysis. 

RNA extraction and cDNA synthesis 

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s 

instructions. First strand cDNA synthesis was completed using the Tetro cDNA synthesis kit (Bioline) 

and diluted to a final volume of 50 ng starting RNA per 100 μl H2O. 

RT-PCR and qPCR 

RT-PCR analysis of cDNA was completed using 2X GoTaq green master mix (Promega) and 0.5 μM 

forward and reverse primers (Table S2) and 5 μl cDNA per reaction. RT-PCR reactions were incubated 

in a thermocycler for a total of 28-30 cycles, before gel electrophoresis in a 2% agarose gel with 

Safeview nucleic acid stain (NBS Biologicals). 

Quantitative PCR (qPCR) was completed utilising the SYBR Green method run on a Quantstudio 6 

Flex real-time PCR system (Thermofisher). A master mix was prepared containing 10 μl of 2X LabTAQ 

hi-rox green master mix (Labtech) and 0.4 μM forward and reverse primers (Table S2), and combined 

with 5 μl of cDNA sample, with each sample was loaded in triplicate. qPCR data was collected in 

QuantStudio Real-Time PCR software (Applied Biosystems) and raw data exported to Microsoft Excel. 
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Data were quantified using the delta-delta Ct (Ct) method, using the geometric mean of two reference 

genes, GAPDH and ACTIN.  

Immunofluorescence and imaging 

Cellular proteins were detected using indirect immunofluorescence analysis. Samples were washed with 

1X Phosphate Buffered Saline (PBS; Oxoid) and fixed for 10 minutes at RT in 4% paraformaldehyde 

(ThermoFisher) diluted in PBS. Samples were permeabilised for 15 minutes at RT in 0.1% triton X-

100 (Sigma) in PBS, followed by blocking in block buffer (PBS containing 10% (v/v) normal donkey 

serum and 0.3% (w/v) bovine serum albumin). Primary antibodies (Table S4) were incubated overnight 

at 4 °C in 1:1 block buffer:PBS, negative controls were performed without primary antibodies. After 

primary incubation samples were washed with PBS and incubated in corresponding AlexaFluor 488 or 

555 secondary antibodies in 1:1 block buffer:PBS for 1-2 hours at RT. Nuclei were visualised with 

DAPI (Sigma) for all images. After staining cells were washed and mounted with Dako fluorescent 

mounting medium (Dako) or Vectorshield® Vibrance Antifade mounting medium (Vector 

Laboratories) and left to set over night at RT. All images were obtained using Carl Zeiss LSM700 or 

LSM710 laser-scanning confocal microscope (Zeiss) or a Leica TCS SP8 MP confocal microscope 

(Leica Microsystems). Images were exported from Zen imaging software and prepared using FIJI 

(imagej.net/Fiji) and InkScape (Inkscape.org).  

Assessment of mtDNA deletion and copy number 

To detect possible mtDNA deletions, Long range PCR (LR-PCR) was used to target the major arc of 

the mitochondrial genome, as previously described (29). 

Quantification of mtDNA deletion levels and mtDNA copy number was conducted as previous (29), 

using primers designed to enable quantification of mtDNA genes, MTND1 and MTDN4, and nuclear 

DNA encoded genes, B2M and GAPDH (Table S2). iPSC-RGC clusters were seeded onto 1% Matrigel 

(Corning) coated 24 well plates 5-7 days before DNA extraction. Total DNA was extracted using the 
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Wizard® SV Genomic DNA Purification System following the manufacturer’s instructions. A total of 

50 ng DNA was loaded per qPCR reaction, loaded in triplicate. mtDNA copy number analysis was 

completed using the Ct method and presented as percentage of control mtDNA copies.  

Mitochondrial bioenergetic assessment 

Live assessment of cellular bioenergetics was performed using the Seahorse XFe96 extracellular flux 

analyser (Seahorse Bioscience) following the manufacturer’s instructions. iPSC-RGC clusters were 

seeded onto 1% Matrigel coated plates 3-5 days prior to analysis. On the day of experimentation, cell 

media was changed to XF base media approximately 60 minutes before analysis and incubated at 37 °C 

in a CO2 free incubator. The Seahorse XFe96 machine was calibrated before measurement of 

mitochondrial respiration (oxygen consumption rate, OCR). After baseline measurements cells were 

treated with 1.5 µM Oligomycin, 1 µM carbonyl cyanide p-triflouromethoxyphenylhydrazone (FCCP) 

and 0.5 µM rotenone and antimycin-A. Once completed, cells were lysed with 

radioimmunoprecipitation assay buffer (RIPA) buffer plus 2% proteinase inhibitor cocktail (PIC; 

Sigma) and total protein determined with a Pierce bicinchoninic acid (BCA) Assay Kit (Thermofisher). 

Data were subsequently analysed using Wave software (Seahorse Bioscience) and raw data exported to 

Microsoft Excel. 

Statistical analysis  

Statistical analysis was completed using GraphPad Prism 6 software (GraphPad Inc.) using a Student’s 

T-test or One-way AVONA with a Tukey’s multiple comparison test. Results are represented as 

arithmetic mean ± standard error of the mean (SEM) unless otherwise stated. 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bioenergy


U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

24 

 

Author contributions 

P.E.S. designed and performed experiments, analysed data, and wrote the manuscript draft. K.J., R.G., 

D.O., G.S. and T.N. assisted with experiments. P.E.S., P.Y.W.M. and M.E.C. conceived the hypothesis 

and designed the experiments. P.Y.W.M. and M.E.C. directed the study design, and secured funding 

support. J.P.C. edited the manuscript. P.E.S., P.Y.W.M. and M.E.C. drafted the manuscript. All authors 

edited the draft manuscript. 

Funding 

This work was supported by Moorfields Eye Charity. MEC is supported by the Wellcome Trust, 

Foundation Fighting Blindness (United States), Moorfields Eye Charity, and Fight for Sight (United 

Kingdom). PYWM is supported by an Advanced Fellowship Award (NIHR301696) from the UK 

National Institute of Health Research (NIHR) and by a Clinician Scientist Fellowship Award 

(G1002570) from the Medical Research Council (United Kingdom), and also receives funding from 

Fight for Sight (United Kingdom), the Isaac Newton Trust (United Kingdom), Moorfields Eye Charity, 

the Addenbrooke's Charitable Trust, the National Eye Research Centre (United Kingdom), the 

International Foundation for Optic Nerve Disease (IFOND), the UK National Institute of Health 

Research (NIHR) as part of the Rare Diseases Translational Research Collaboration, the NIHR 

Cambridge Biomedical Research Centre (BRC-1215-20,014), and the NIHR Biomedical Research 

Centre based at Moorfields Eye Hospital NHS Foundation Trust and UCL Institute of Ophthalmology. 

The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR, or the 

Department of Health. 

Acknowledgements 

We thank Dr. Joshua Harvey for his assistance in preparing the manuscript. 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

25 

 

Conflicts of interest 

The authors declare no conflicts of interest. 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

26 

 

References 

1 Harvey, J.P., Sladen, P.E., Yu-Wai-Man, P. and Cheetham, M.E. (2022) Induced Pluripotent 

Stem Cells for Inherited Optic Neuropathies-Disease Modeling and Therapeutic Development. J. 

Neuro-ophthalmol., 42, 35-44. 

2 Yu-Wai-Man, P., Votruba, M., Burte, F., La Morgia, C., Barboni, P. and Carelli, V. (2016) A 

neurodegenerative perspective on mitochondrial optic neuropathies. Acta. Neuropathol., 132, 789-806. 

3 Lenears, G., Hamel, C., Delettre, C., Amati-Bonneau, P., Procaccio, V., Bonneau, D., Reynier, 

P. and Milea, D. (2012) Dominant optic atrophy. Orphanet J. Rare Dis., 7. 

4 Yu-Wai-Man, P., Griffiths, P.G., Gorman, G.S., Lourenco, C.M., Wright, A.F., Auer-

Grumbach, M., Toscano, A., Musumeci, O., Valentino, M.L., Caporalli, L. et al. (2010) Multi-system 

neurological disease is common in patients with OPA1 mutations. Brain, 133, 771–786. 

5 Yu-Wai-Man, P. and Chinnery, P.F. (2013) Dominant optic atrophy—Novel OPA1 mutations 

and revised prevalence estimates. Ophthalmology, 120, 1712. 

6 Le Roux, B., Lenaers, G., Zanlonghi, X., Amati-Bonneau, P., Chabrun, F., Foulonneau, T., 

Caignard, A., Leruez, S., Gohier, P., Procaccio, V. et al. (2019) OPA1: 516 unique variants and 831 

patients registered in an updated centralized Variome database. Orphanet J. Rare Dis., 14, 214. 

7 Weisschuh, N., Schimpf-Linzenbold, S., Mazzola, P., Kieninger, S., Xiao, T., Kellner, U., 

Neuhann, T., Kelbsch, C., Tonagel, F., Wilhelm, H. et al. (2021) Mutation spectrum of the OPA1 gene 

in a large cohort of patients with suspected dominant optic atrophy: Identification and classification of 

48 novel variants. PloS one, 16, e0253987-e0253987. 

8 Marchbank, N.J., Craig, J.E., Leek, J.P., Toohey, M., Churchill, A.J., Markham, A.F., Mackey, 

D.A., Toomes, C. and C.F., I. (2002) Deletion of the OPA1 gene in a dominant optic atrophy family: 

evidence that haploinsufficiency is the cause of disease. J. Med. Genet., 39, e47. 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

27 

 

9 Fuhrmann, N., Alavi, M.V., Bitoun, P., Woernie, S., Auburger, G., Leo-Kottler, B., Yu-Wai-

Man, P., Chinnery, P.F. and Wissinger, B. (2009) Genomic rearrangements in OPA1 are frequent in 

patients with autosomal dominant optic atrophy. J. Med. Genet., 46, 136-144. 

10 Alexander, C., Votruba, M., Pesch, U.E.A., Thiselton, D.L., Mayer, S., Moore, A.T., 

Rodriguez, M., Kellner, U., Leo-Kottler, B., Auburger, G. et al. (2000) OPA1, encoding a dynamin-

related GTPase, is mutated in autosomal dominant optic atrophy linked to chromosome 3q28. Nat. 

Genet., 26, 211-215. 

11 Song, Z., Chen, H., Fiket, M., Alexander, C. and Chan, D.C. (2007) OPA1 processing controls 

mitochondrial fusion and is regulated by mRNA splicing, membrane potential, and Yme1L. J. Cell 

Biol., 178, 749. 

12 Olichon, A., Baricault, L., Gas, N., Guillou, E., Valette, A., Belenguer, P. and Lenears, G. 

(2003) Loss of OPA1 Perturbates the Mitochondrial Inner Membrane Structure and Integrity, Leading 

to Cytochrome c Release and Apoptosis. J. Biol. Chem., 278. 

13 Davies, V.J., Hollins, A.J., Piechota, M.J., Yip, W., Davies, J.R., White, K.E., Nicols, P.P., 

Boulton, M.E. and Votruba, M. (2007) OPA1 deficiency in a mouse model of autosomal dominant optic 

atrophy impairs mitochondrial morphology, optic nerve structure and visual function. Hum. Mol. 

Genet., 16, 1307-1318. 

14 Amati-Bonneau, P., Guichet, A., Olichon, A., Chevrollier, A., Viala, F., Miot, S., Ayuso, C., 

Odent, S., Arrouet, C., Verny, C. et al. (2005) OPA1 R445H mutation in optic atrophy associated with 

sensorineural deafness. Ann. Neurol., 58, 958-963. 

15 Zanna, C., Ghelli, A., Porcelli, A.M., Karbowski, M., Youle, R.J., Schimpf, S., Wissinger, B., 

Pinti, M., Cossarizza, A., Vidoni, S. et al. (2008) OPA1 mutations associated with dominant optic 

atrophy impair oxidative phosphorylation and mitochondrial fusion. Brain, 131. 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

28 

 

16 Alavi, M.V., Bette, S., Schimpf, S., Schuettauf, F., Schraermeyer, U., Wehrl, H.F., Ruttiger , 

L., Beck, S.C., Tonagel, F., Pichler, B.J. et al. (2007) A splice site mutation in the murine Opa1 gene 

features pathology of autosomal dominant optic atrophy. Brain, 130, 1029-1042. 

17 Suárez-Rivero, J.M., Villanueva-Paz, M., de la Cruz-Ojeda, P., de la Mata, M., Cotán, D., 

Oropesa-Ávila, M., de Lavera, I., Álvarez-Córdoba, M., Luzón-Hidalgo, R. and Sánchez-Alcázar, J.A. 

(2017) Mitochondrial Dynamics in Mitochondrial Diseases. Diseases, 5, 1. 

18 Patten, D.A., Wong, J., Khacho, M., Soubannier, V., Mailloux, R.J., Pilon‐Larose, K., 

MacLaurin, J.G., Park, D.S., McBride, H.M., Trinkle‐Mulcahy, L. et al. (2014) OPA1‐dependent cristae 

modulation is essential for cellular adaptation to metabolic demand. EMBO J., 33, 2676-2691. 

19 Kushnareva, Y.E., Gerencser, A.A., Bossy, B., Ju, W.-K., White, A.D., Waggoner, J., Ellisman, 

M.H., Perkins, G. and Bossy-Wetzel, E. (2013) Loss of OPA1 disturbs cellular calcium homeostasis 

and sensitizes for excitotoxicity. Cell Death. Differ., 20, 353-365. 

20 Del Dotto, V., Mishra, P., Vidoni, S., Fogazza, M., Maresca, A., Caporali, L., McCaffery, J.M., 

Cappelletti, M., Baruffini, E., Lenaers, G. et al. (2017) OPA1 Isoforms in the Hierarchical Organization 

of Mitochondrial Functions. Cell Rep., 19, 2557-2571. 

21 Yang, L., Tang, H., Lin, X., Wu, Y., Zeng, S., Pan, Y., Li, Y., Xiang, G., Lin, Y.-F., Zhuang, 

S.-M. et al. (2020) OPA1-Exon4b Binds to mtDNA D-Loop for Transcriptional and Metabolic 

Modulation, Independent of Mitochondrial Fusion. Front Cell Dev Biol, 8. 

22 Kim, J.Y., Hwang, J.-M., Ko, H.S., Seong, M.-W., Park, B.-J. and Park, S.S. (2004) 

Mitochondrial DNA content is decreased in autosomal dominant optic atrophy. Neurology, 64. 

23 Chen, L., Liu, T., Tran, A., Lu, X., Tomilov, A.A., Davies, V., Cortopassi, G., Chiamvimonvat, 

N., Bers, D., Votruba, M. et al. (2012) OPA1 Mutation and Late-Onset Cardiomyopathy: Mitochondrial 

Dysfunction and mtDNA Instability. J. Am. Heart Assoc., 1, e003012. 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

29 

 

24 Amati-Bonneau, P., Valentino, M.L., Reynier, P., Gallardo, M.E., Bornstein, B., Boissiere, A., 

Campos, Y., Rivera, H., de la Aleja, J.G., Lommarini, R.C.L. et al. (2008) OPA1 mutations induce 

mitochondrial DNA instability and optic atrophy ‘plus’ phenotypes. Brain, 131, 338-351. 

25 Yu-Wai-Man, P., Sitarz, K.S., Samuels, D.C., Griffiths, P.G., Reeve, A.K., Bindoff, L.A., 

Horvath, R. and Chinnery, P.F. (2010) OPA1 mutations cause cytochrome c oxidase deficiency due to 

loss of wild-type mtDNA molecules. Hum. Mol. Genet., 19, 3043–3052. 

26 Hudson, G., Amati-Bonneau, P., Blakely, E.L., Stewart, J.D., He, L., Schaefer, A.M., Griffiths, 

P.G., Ahlqvist, K., Suomalainen, A., Reynier, R. et al. (2008) Mutation of OPA1 causes dominant optic 

atrophy with external ophthalmoplegia, ataxia, deafness and multiple mitochondrial DNA deletions: a 

novel disorder of mtDNA maintenance. Brain, 131, 329-337. 

27 Liao, C., Ashley, N., Diot, A., Morten, K., Phadwal, K., Williams, A., Fearnley, I., Rosser, L., 

Lowndes, J., Fratter, C. et al. (2017) Dysregulated mitophagy and mitochondrial organization in optic 

atrophy due to OPA1 mutations. Neurology, 88. 

28 Caglayan, S., Hashim, A., Cieslar-Pobuda, A., Jensen, V., Behringer, S., Talug, B., Chu, D.T., 

Pecquet, C., Rogne, M., Brech, A. et al. (2020) Optic Atrophy 1 Controls Human Neuronal 

Development by Preventing Aberrant Nuclear DNA Methylation. iScience, 23, 101154. 

29 Sladen, P.E., Perdigão, P.R.L., Salsbury, G., Novoselova, T., van der Spuy, J., Chapple, J.P., 

Yu-Wai-Man, P. and Cheetham, M.E. (2021) CRISPR-Cas9 correction of OPA1 c.1334G>A: p.R445H 

restores mitochondrial homeostasis in dominant optic atrophy patient-derived iPSCs. Mol. Ther-Nucl. 

Acids., 26, 432-443. 

30 Galera-Monge, T., Zurita-Díaz, F., Moreno-Izquierdo, A., Fraga, M.F., Fernández, A.F., 

Ayuso, C., Garesse, R. and Gallardo, M.E. (2016) Generation of a human iPSC line from a patient with 

an optic atrophy ‘plus’ phenotype due to a mutation in the OPA1 gene. Stem Cell Research, 16, 673-

676. 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

30 

 

31 Zurita-Díaz, F., Galera-Monge, T., Moreno-Izquierdo, A., Corton, M., Ayuso, C., Garesse, R. 

and Gallardo, M.E. (2017) Establishment of a human DOA 'plus' iPSC line, IISHDOi003-A, with the 

mutation in the OPA1 gene: c.1635C>A; p.Ser545Arg. Stem Cell Research, 24, 81-84. 

32 Zhang, X.-H., Xie, Y., Xu, K. and Li, Y. (2021) Generation of an induced pluripotent stem cell 

line BIOi002-A from a patient with autosomal dominant optic atrophy. Stem Cell Research, 53, 102278. 

33 Chen, J., Riazifar, H., Guan, M.-X. and Huang, T. (2016) Modeling autosomal dominant optic 

atrophy using induced pluripotent stem cells and identifying potential therapeutic targets. Stem Cell 

Res. Ther., 7. 

34 Yu-Wai-Man, P., Griffiths, P.G., Burke, A., Sellar, P.W., Clarke, M.P., Gnanaraj, L., Ah-Kine, 

D., Hudson, G., Czermin, B., Taylor, R.W. et al. (2010) The Prevalence and Natural History of 

Dominant Optic Atrophy due to OPA1 Mutations. Ophthalmology, 117, 1538-1546.e1531. 

35 Sluch, V.M., Chamling, X., Liu, M.M., Berlinicke, C.A., Cheng, J., Mitchell, K.L., Welsbie, 

D.S. and Zack, D.J. (2017) Enhanced Stem Cell Differentiation and Immunopurification of Genome 

Engineered Human Retinal Ganglion Cells. Stem Cells Transl. Med., 6, 1972-1986. 

36 Brown, N.L., Patel, S., Brzezinski, J. and Glaser, T. (2001) Math5 is required for retinal 

ganglion cell and optic nerve formation. Development, 128, 2497-2508. 

37 Moshiri, A., Gonzalez, E., Tagawa, K., Maeda, H., Wang, M., Frishman, L.J. and Wang, S.W. 

(2008) Near complete loss of retinal ganglion cells in the math5/brn3b double knockout elicits severe 

reductions of other cell types during retinal development. Dev. Biol., 316, 214-227. 

38 Pan, L., Deng, M., Xie, X. and Gan, L. (2008) ISL1 and BRN3B co-regulate the differentiation 

of murine retinal ganglion cells. Development, 135, 1981-1990. 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

31 

 

39 Wu, F., Kaczynski, T.J., Sethuramanujam, S., Li, R., Jain, V., Slaughter, M. and Mu, X. (2015) 

Two transcription factors, Pou4f2 and Isl1, are sufficient to specify the retinal ganglion cell fate. PNAS, 

112, E1559-E1568. 

40 Surgucheva, I., Weisman, A.D., Goldberg, J.L., Shnyra, A. and Surguchov, A. (2008) γ-

Synuclein as a marker of retinal ganglion cells. Mol. Vis., 14, 1540–1548. 

41 Millet, A.M.C., Bertholet, A.M., Daloyau, M., Reynier, P., Galinier, A., Devin, A., Wissinguer, 

B., Belenguer, P. and Davezac, N. (2016) Loss of functional OPA1 unbalances redox state: implications 

in dominant optic atrophy pathogenesis. Ann. Clin. Transl. Neurol., 3, 408-421. 

42 Hou, P.S., Chuang, C.Y., Kao, C.F., Chou, S.J., Stone, L., Ho, H.N., Chien, C.L. and Kuo, H.C. 

(2013) LHX2 regulates the neural differentiation of human embryonic stem cells via transcriptional 

modulation of PAX6 and CER1. Nucleic Acids Res., 41, 7753-7770. 

43 Zhang, X., Huang, C.T., Chen, J., Pankratz, M.T., Xi, J., Li, J., Ying Yang, Y., LaVaute, T.M., 

Li, X.J., Ayala, M. et al. (2010) Pax6 is a human neuroectoderm cell fate determinant. Cell Stem Cell., 

7, 90-100. 

44 Gill, K.P., Hung, S.S.C., Sharov, A., Lo, C.Y., Needham, K., Lidgerwood, G.E., Jackson, S., 

Crombie, D.E., Nayagam, B.A., Cook, A.L. et al. (2016) Enriched retinal ganglion cells derived from 

human embryonic stem cells. Sci. Rep., 6, 30552. 

45 Deng, F., Chen, M., Liu, Y., Hu, H., Xiong, Y., Xu, C., Liu, Y., Li, K., Zhuang, J. and Ge, J. 

(2016) Stage-specific differentiation of iPSCs toward retinal ganglion cell lineage. Mol Vis, 22, 536-

547. 

46 Zuber, M.E., Gestri, G., Viczian, A.S., Barsacchi, G. and Harris, W.A. (2003) Specification of 

the vertebrate eye by a network of eye field transcription factors. Development, 130, 5155-5167. 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

32 

 

47 Lan, L., Vitobello, A., Bertacchi, M., Cremisi, F., Vignali, R., Andreazzoli, M., Demontis, 

G.C., Barsacchi, G. and Casarosa, S. (2009) Noggin Elicits Retinal Fate in Xenopus Animal Cap 

Embryonic Stem Cells. Stem Cells, 27, 2146-2152. 

48 Lyu, J. and Mu, X. (2021) Genetic control of retinal ganglion cell genesis. Cell Mol. Life Sci., 

78, 4417-4433. 

49 Jonikas, M., Madill, M., Mathy, A., Zekoll, T., Zois, C.E., Wigfield, S., Kurzawa‐Akanbi, M., 

Browne, C., Sims, D., Chinnery, P.F. et al. (2018) Stem cell modeling of mitochondrial parkinsonism 

reveals key functions of OPA1. Ann. Neurol., 83, 915-925. 

50 Iannielli, A., Ugolini, G.S., Cordiglieri, C., Bido, S., Rubio, A., Colasante, G., Valtorta, M., 

Cabassi, T., Rasponi, M. and Broccoli, V. (2019) Reconstitution of the Human Nigro-striatal Pathway 

on-a-Chip Reveals OPA1-Dependent Mitochondrial Defects and Loss of Dopaminergic Synapses. Cell 

Rep., 29, 4646–4656. 

51 Iannielli, A., Bido, S., Folladori, L., Segnali, A., Cancellieri, C., Maresca, A., Massimino, L., 

Rubio, A., Morabito, G., Caporali, L. et al. (2018) Pharmacological Inhibition of Necroptosis Protects 

from Dopaminergic Neuronal Cell Death in Parkinson’s Disease Models. Cell Rep., 22, 2066-2079. 

52 Ito, Y.A. and Di Polo, A. (2017) Mitochondrial dynamics, transport, and quality control: A 

bottleneck for retinal ganglion cell viability in optic neuropathies. Mitochondrion, 36, 186-192. 

53 Zheng, X., Boyer, L., Jin, M., Mertens, J., Kim, Y., Ma, L., Ma, L., Hamm, M., Gage, F.H. and 

Hunter, T. (2016) Metabolic reprogramming during neuronal differentiation from aerobic glycolysis to 

neuronal oxidative phosphorylation. eLife, 5, e13374. 

54 de Barcelos, I.P., Troxell, R.M. and Graves, J.S. (2019) Mitochondrial Dysfunction and 

Multiple Sclerosis. Biology (Basel). 8, 37. 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

33 

 

55 Wallace, D.C., Shoffner, J.M., Watts, R.L., Juncos, J.L. and Torroni, A. (1991) Mitochondrial 

oxidative phosphorylation defects in parkinson's disease. Ann. Neurol., 30, 332-339. 

56 Finsterer, J. (2008) Leigh and Leigh-Like Syndrome in Children and Adults. Pediatr. Neurol., 

39, 223-235. 

57 Wong-Riley, M. (2010) Energy metabolism of the visual system. Eye Brain., 2, 99–116. 

58 Catarino, C., Ahting, U., Gusic, M., Arcangela, I., Repp, B., Peters, K., Biskup, S., Livoniuse, 

B., Prokisch, H. and Klopstock, T. (2017) Characterization of a Leber's hereditary optic neuropathy 

(LHON) family harboring two primary LHON mutations m.11778G>A and m.14484T>C of the 

mitochondrial DNA. Mitochondrion, 36, 15-20. 

59 Lee, S., Sheck, L., Crowston, J.G., Van Bergen, N.J., O'Neill, E.C., O'Hare, F., Kong, Y.X.G., 

Chrysostomou, V., Vincent, A.L. and Trounce, I.A. (2012) Impaired Complex-I-Linked Respiration 

and ATP Synthesis in Primary Open-Angle Glaucoma Patient Lymphoblasts. Invest. Ophthalmol. Vis. 

Sci., 53, 2431-2437. 

60 Van Bergen, N.J., Crowston, J.G., Craig, J.E., Burdon, K.P., Kearns, L.S., Sharma, S., Hewitt, 

A.W., Mackey, D.A. and Trounce, I.A. (2015) Measurement of Systemic Mitochondrial Function in 

Advanced Primary Open-Angle Glaucoma and Leber Hereditary Optic Neuropathy. PLOS ONE, 10, 

e0140919-e0140919. 

61 Yu-Wai-Man, P., Turnbull, D.M. and Chinnery, P.F. (2002) Leber hereditary optic neuropathy. 

Journal of Medical Genetics, 39, 162-169. 

62 Elachouri, G., Vidoni, S., Zanna, C., Pattyn, A., H., B., Gaget, K., Yu-Wai-Man, P., Gasparre, 

G., Sarzi, E., Delettre, C. et al. (2011) OPA1 links human mitochondrial genome maintenance to 

mtDNA replication and distribution. Genome Res., 21, 12-20. 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

34 

 

63 Payne, B.A.I., Wilson, I.J., Yu-Wai-Man, P., Coxhead, J., Deehan, D., Horvath, R., Taylor, 

R.W., Samuels, D.C., Santibanez-Koref, M. and Chinnery, P.F. (2012) Universal heteroplasmy of 

human mitochondrial DNA. Hum. Mol. Genet., 22, 384-390. 

64 Bender, A., Krishnan, K.J., Morris, C.M., Taylor, G.A., Reeve, A.K., Perry, R.H., Jaros, E., 

Hersheson, J.S., Betts, J., Klopstock, T. et al. (2006) High levels of mitochondrial DNA deletions in 

substantia nigra neurons in aging and Parkinson disease. Nat. Genet., 38, 515-517. 

65 de la Monte, S.M., Luong, T., Neely, T.R., Robinson, D. and Wands, J.R. (2000) Mitochondrial 

DNA Damage as a Mechanism of Cell Loss in Alzheimer's Disease. Lab. Invest., 80, 1323-1335. 

66 Sanders, L.H., Laganière, J., Cooper, O., Mak, S.K., Vu, B.J., Huang, Y.A., Paschon, D.E., 

Vangipuram, M., Sundararajan, R., Urnov, F.D. et al. (2014) LRRK2 mutations cause mitochondrial 

DNA damage in iPSC-derived neural cells from Parkinson's disease patients: Reversal by gene 

correction. Neurobiol. Dis., 62, 381-386. 

67 Howden, S.E., Thomson, J.A. and Little, M.H. (2018) Simultaneous reprogramming and gene 

editing of human fibroblasts. Nature protocols, 13, 875-898. 

68 Ran, F.A., Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A. and Zhang, F. (2013) Genome 

engineering using the CRISPR-Cas9 system. Nat. Protoc., 8, 2281-2308. 

69 Okita, K., Matsumura, Y., Sato, Y., Okada, A., Morizane, A., Okamoto, S., Hong, H., 

Nakagawa, M., Tanabe, K., Tezuka, K. et al. (2011) A more efficient method to generate integration-

free human iPS cells. Nat. Methods, 8, 409-412. 

70 Pliatsika, V. and Rigoutsos, I. (2015) "Off-Spotter": very fast and exhaustive enumeration of 

genomic lookalikes for designing CRISPR/Cas guide RNAs. Biol Direct, 10, 4. 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

35 

 

Figures and figure legends 

 

Figure 1. Generation of isogenic OPA1 heterozygous knockout iPSC 

(A) Schematic of OPA1 exons 1-4 and expanded exon 2 sequence showing location of gRNA target 

sequences (underlined) and PAM sites (red). 
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(B) Sequence alignment of isolated iPSCs clones to the WT OPA1 sequence enables detection of 

CRISPR/Cas9 induced mutations (red/orange mis-aligned bases) surrounding the CRISPR/Cas9 gRNA 

cut site. 

(C) Isogenic OPA1+/- iPSCs demonstrate nuclear localisation of ESC markers NANOG and OCT4 

with membrane/cytoplasmic localisation of SSEA4 and TRA-1-60. Scale bars = 100µm and 40 µm for 

inset. 

(D) Expression of total OPA1 in CRISPR/Cas9 edited OPA1+/- and patient-derived DOA iPSCs, with 

and without emetine, a NMD inhibitor. OPA1 expression was normalised to the geometric mean of 

GAPDH and ACTIN before normalisation to WT expression. n = 4 individual iPSC RNA preparations, 

**** p<0.0001. 

(E) Analysis of OPA1+/- iPSCs OPA1 protein expression via western blot. OPA1 antibody detects 

short and long isoforms of OPA1 at ~100 kDa. β-tubulin reference protein, 55 kDa, used for 

normalisation of OPA1 expression. 

(F) Three individual OPA1+/- iPSC cell lines show significantly reduced levels of OPA1 protein 

expression compared to the WT control iPSC, after normalisation to reference protein β-tubulin. Bars 

represent mean ± SEM, n = 3 biological replicates from 3 independent western blots, * p<0.05, ** 

p<0.01, *** p<0.001. 
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Figure 2. In vitro differentiation of iPSC-RGCs. 

(A) Representative phase contrast images of iPSC-RGC differentiation showing cellular morphology 

at distinct time points during retinal differentiation. D21, black arrows highlight regions with axonal 

projections.  Scale bars = 250 µm. 

(B) Temporal gene expression during iPSC-RGC differentiation at day (D) D-1, D7, D21 and D42 of 

control RGC differentiation cultures to determine expression of key RGC genes involved in early 

development (VSX2, RAX, LHX2, PAX6), the specification of RGCs (ATOH7) and terminal RGC 

differentiation (ISL1, BRN3B, SNCG). Gene expression was first normalised to the geometric mean of 
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GAPDH and ACTIN, and then normalised to D-1 undifferentiated iPSC. Bars represent mean expression 

± SEM. n = 3-4 RNA samples per time point from 3-4 independent differentiations. *** p<0.001, **** 

p<0.0001. 
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Figure 3. OPA1 haploinsufficiency does not impair in vitro iPSC-RGC differentiation. 

(A-D) Temporal qPCR analysis of key RGC transcription factors PAX6, RAX, LHX2 and ATOH7 (A) 

and terminal RGC genes BRN3B (B), ISL1 (C) and SNCG (D) at D-1, D7, D21 and D42 in WT control 

and OPA1+/- differentiations. Gene expression was first normalised to the geometric mean of GAPDH 

and ACTIN expression, and then normalised to D-1 undifferentiated iPSC to determine fold change. 

Bars represent mean expression ± SEM. n = 3-4 RNA samples per time point from 3-4 independent 

differentiations. ** p<0.005, *** p<0.01, **** p<0.001. 

(E-G) Immunofluorescent analysis of OPA1+/- and control iPSC-RGCs at D42 to confirm expression 

of terminal differentiation markers. RGCs express transcription factors BRN3A and BRN3B (E), ISL1 

(F) and SNCG (G) and cytoskeletal proteins neurofilament (NFH) and βIII tubulin (TUBB3) (F,G). 

Cell nuclei identified with DAPI. Scale bars = 40 µm. 

 

Figure 4. Characterisation of in vitro iPSC-RGCs generated from DOA patient-derived iPSC.  

(A-C) Temporal qPCR analysis of key RGC transcription factors BRN3B (A), ISL1 (B) and SNCG (C) 

at D-1, D7, D21 and D42 in WT control, DOA and DOA+ iPSC differentiations. DOA and DOA+ iPSC 

demonstrated no significant impairment in terminal RGC gene expression when compare to WT iPSC.  

Gene expression was first normalised to the geometric mean of GAPDH and ACTIN expression, and 

then normalised to D-1 undifferentiated iPSC to determine fold change. Bars represent mean expression 
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± SEM. n = 3-4 RNA samples per time point from 3-4 independent differentiations. *** p<0.001, **** 

p<0.0001. 

(D) Quantification of total OPA1 expression in OPA1+/-, DOA and DOA+ iPSC-RGCs via qPCR. All 

cell lines demonstrate significant upregulation of OPA1 in iPSC-RGC cultures when compared to naïve 

D-1 iPSC. OPA1+/- and DOA iPSC-RGCs demonstrate significantly reduced OPA1 expression 

compared to WT iPSC-RGCs. OPA1 expression was first normalised to the geometric mean of GAPDH 

and ACTIN expression, and then normalised to D-1 undifferentiated WT iPSC to determine fold change. 

Bars represent mean expression ± SEM. n = 3-4 RNA samples per time point from 3-4 independent 

differentiations.  * p<0.05, ** p<0.01, *** p<0.001 **** p<0.0001. 

 

Figure 5. Seahorse bioenergetic analysis of 2D-RGCs. 
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(A) Oxygen consumption rate (OCR) was determined using the Seahorse XFe96 Analyzer for WT, 

OPA1+/-, DOA, DOA+, DOA+>WT1 and DOA+>WT2 iPSC-RGCs. 1.5 μM oligomycin, 1 μM FCCP 

and 0.5 μM antimycin A and 0.5 μM rotenone were injected at the indicated time points. Symbols 

represent mean OCR ± SEM. 

(B-D) Analysis of Seahorse bioenergetic profiles reveals the respiratory phenotype of OPA1 variant 

iPSC-RGC cultures. OPA1 variant cell lines have lower levels of basal respiration when compared to 

WT cells (B). Isogenic OPA1 mutant cell lines show reduced levels of maximal respiration, the level of 

OCR after FCCP injection, when compared to WT cell lines (C). ATP production is reduced in OPA1 

variant cell lines, and restored with CRISPR/Cas9 gene correction of the DOA+ variant (D). Bars 

represent mean OCR ± SEM. n = 6 experimental replicates. Bars represent mean OCR ± SEM. * p<0.05, 

** p<0.01, *** p<0.001, **** p<0.0001. 

 

Figure 6. Analysis of mtDNA quality in iPSC-RGCs. 

(A) A 9.9 kb region spanning the major arc of mtDNA was expanded via LR-PCR. No major mtDNA 

deletions were detected in OPA1 variant iPSC-RGCs. Each lane represents an individual DNA sample 

from 3 separate iPSC-RGC differentiations. +ve denotes cybrid cell line with known mtDNA deletion. 

H2O = water only control. 
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(B) qPCR analysis of iPSC-RGCs revealed reduced levels of WT mtDNA in DOA and DOA+ iPSC-

RGCs, whilst CRISPR/Cas9 corrected DOA+>WT1 and >WT2 returned to WT levels. Bars represent 

mean ± SEM. n = 5-8 individual iPSC-RGC DNA samples. * p<0.05, ** p<0.01. 

(C) mtDNA copy number analysis of 2D-RGCs demonstrates no significant alterations in OPA1 variant 

cell lines. Bars represent mean ± SEM.  
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Abbreviations 

2D – two dimensional 

A/A – antibiotic/antimycotic 

ATP – adenosine tri-phosphate 

BCA – bicinchoninic acid 

bp – base pair 

Cas9 – CRISPR associated protein 9 

cDNA – complementary deoxyribonucleic acid 

CRISPR – Clustered regularly interspaced short palindromic repeats 

Ct – cycle threshold value 

D – day 

DAPI – 4’,6-diamidino-2-phenylindole dilactate 

DMEM – Dulbecco’s Modified Eagle Medium  

DNA – deoxyribonucleic acid 

DOA – dominant optic atrophy 

DOA iPSCs – patient fibroblast derived iPSCs carrying an OPA1 c.2708delTTAG variant 

DOA+ – dominant optic atrophy plus  

DOA+ iPSCs – patient fibroblast derived iPSCs carrying OPA1 c.1334G>A variant 

DOA+ iPSCs>WT1/2 – patient fibroblast derived iPSCs corrected with CRISPR/Cas9, line 1/2 

DPBS – Dulbeccos phosphate buffered saline 

EFTF – eye field transcription factor 

ESCs – embryonic stem cells 

FBS – foetal bovine serum 

FCCP – carbonyl cyanide p-triflouromethoxyphenylhydrazone 

gDNA – genomic DNA 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddac128/6597093 by guest on 15 June 2022



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

44 

 

gRNA – guide ribonucleic acid 

HDFn – human dermal fibroblasts, neonatal origin 

hESC – human ESC 

IF – immunofluorescence 

IMM – inner mitochondrial membrane 

InDel – Insertion or deletion 

iPSCs – induced pluripotent stem cells 

iPSC-RGCs – retinal ganglion cells derived from iPSCs via in vitro differentiation 

kb – kilobase 

kDa – kilodalton 

LHON – Leber hereditary optic neuropathy 

LR-PCR – long range-PCR 

mRNA – messenger ribonucleic acid 

mtDNA – mitochondria DNA 

NMD – nonsense mediated decay 

NPCs – neural precursor cells 

OCR – Oxygen consumption rate 

OPA1+/- iPSCs – CRISPR/Cas9 edited, heterozygous OPA1 knockout iPSCs 

OXPHOS – oxidative phosphorylation 

PAM – protospacer adjacent motif 

PBS – phosphate buffered saline 

PCR – polymerase chain reaction 

PIC – proteinase inhibitor cocktail 

PTC – premature termination codon 

qPCR – quantitative polymerase chain reaction 

RGCs – retinal ganglion cells 
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RIPA – radioimmunoprecipitation assay buffer  

RNA – ribonucleic acid 

RPC – retinal precursor cell 

RT – room temperature 

RT-PCR – reverse transcriptase polymerase chain reaction 

SEM – standard error of mean 

v/v – volume by volume 

WT – wild type 

w/v – weight by volume 
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