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Autosomal dominant optic atrophy (DOA) is an inherited optic neuropathy that results in progressive, bilateral visual acuity loss and
field defects. OPAT is the causative gene in around 60% of cases of DOA. The majority of patients have a pure ocular phenotype, but
20% have extra-ocular features (DOA +). We report on a patient with DOA + manifesting as bilateral optic atrophy, spastic
paraparesis, urinary incontinence and white matter changes in the central nervous system associated with a novel heterozygous
splice variant NM_015560.2(0OPAT):c.2356-1 G > T. Further characterisation, which was performed using fibroblasts obtained from a
skin biopsy, demonstrated that this variant altered mRNA splicing of the OPAT transcript, specifically a 21 base pair deletion at the
start of exon 24, NM_015560.2(0OPA1):p.Cys786_Lys792del. The majority of variant transcripts were shown to escape nonsense-
mediated decay and modelling of the predicted protein structure suggests that the in-frame 7 amino acid deletion may affect OPA1
oligomerisation. Fibroblasts carrying the c.2356-1 G > T variant demonstrated impaired mitochondrial bioenergetics, membrane
potential, increased cell death, and disrupted and fragmented mitochondrial networks in comparison to WT cells. This study
suggests that the c.2356-1 G > T OPAT splice site variant leads to a cryptic splice site activation and may manifest in a dominant-

negative manner, which could account for the patient’s severe syndromic phenotype.

European Journal of Human Genetics (2022) 30:848-855; https://doi.org/10.1038/s41431-022-01102-0

INTRODUCTION

Autosomal dominant optic atrophy (DOA [OMIM 165500]) is the
most common inherited optic neuropathy in the general
population with an estimated minimum prevalence of 1 in
25,000 [1]. Patients typically present in early childhood with
progressive bilateral irreversible loss of vision. However, the visual
loss associated with DOA is highly heterogenous, ranging from 6/6
to detection of hand movement vision [2]. Although dysfunction is
restricted to the retinal ganglion cells (RGCs) and optic nerve
degeneration in most patients, ~20% of patients demonstrate
extraocular features, the commonest of which are sensorineural
hearing loss, peripheral neuropathy and ataxia [1, 3].

Most cases of DOA (> 60%) are caused by variants in the OPAT
gene, which encodes for a multimeric GTPase protein that localises
to the inner mitochondrial membrane [1]. There is an expanding
list of nuclear-encoded genes associated with both dominant and
recessive inherited optic neuropathies, including, WFS1, OPA3,
SSBP1, ACO2, MFN2, SPG7, NR2F1, SLC25A46 and DNAJC30 [4].

OPAT localises to 3928-g29 and it spans over 60 kb with 30
exons and 8 isoforms produced by alternative splicing. Over 400
potential pathogenic variants of OPAT have been reported
(https://www.lovd.nl/OPAT), with the majority of disease asso-
ciated variants being single heterozygous variant; although
compound homozygous and heterozygous variants have also
been identified, often presenting earlier in life due to their more
severe phenotypes [5, 6]. Homozygous OPAT null mutations are

thought to be embryologically lethal, at least in mice [7, 8].
Pathogenic OPAT variants are diverse, both with respect to type
and the domain affected. In a North of England cohort, variants
were characterised as missense (15.4%), nonsense (15.4%), splice
site (38.4%) and deletions (30.8%) [1]. Many variants in OPAT are
thought to manifest as premature termination codons (PTCs) that
result in nonsense-mediated decay (NMD), leading to reduced
protein and a haploinsufficient disease mechanism [9]. However,
some variants have been hypothesized to exert a dominant-
negative effect on the wild-type (WT) allele [3]. The majority of
these variants are thought to be missense variants with the
mutant transcript likely escaping NMD and the altered protein
interfering with the function of WT protein. This correlates
clinically with the observation that missense variants and those
involving the central GTPase domain carry a significantly higher
risk of a more severe multisystemic DOA + phenotype [3].
Missense variants may give rise to proteins that escape protein
folding quality control and their subsequent dominant-negative
effect could enhance the loss of OPAT function resulting in non-
RGC cell types being affected. Splice site variants, however, are
classically associated with pure optic atrophy (pOA) presumably
because most cause exon skipping or intron retention, leading to
truncations or insertions with frame shifts, and PTCs with
subsequent haploinsufficiency [10-13].

We previously reported a 60-year-old woman with a DOA +
phenotype characterised by multiple sclerosis-like features who
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Table 1. Primers used in PCR, RT-PCR and gPCR reactions.

Gene Exon Forward Primer Reverse Primer

OPA1 24 TCCCTGGGTTTTCTACCCTC GGCAAAGGTCTAGGTCGGTTT

OPAT 22-26 ACAGCAATGGGATGCAGCTAT CATGCGCTGTATACGCCAAA

OPA1 24-26 AACCACAGTCCGGAAGAACCTTGAAT TTTGCGGTGATAGCAAGCA

OPA1 qPCR CGACCCCAATTAAGGACATCC GCGAGGCTGGTAGCCATATTT
GAPDH 9 CCCCACCACACTGAATCTCC GGTACTTTATTGATGGTACATGACAAG
ACTB 4 CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG

was found to carry a NM_015560.2(0OPA1):c.2356-1G>T splice
site variant hereafter referred to as c.2356-1G>T [14]. The
patient presented with a spastic gait and increased lower limb
tone and ankle clonus with brisk reflexes. Visual acuity was 6/9 in
both eyes with dyschromatopsia and temporal optic disc pallor.
An MRI scan showed multiple high T2 signal lesions in the brain
and spinal cord and unmatched oligoclonal bands were detected
in the cerebrospinal fluid. Dermal fibroblasts were established
from a skin biopsy and used for in vitro modelling of this OPA1
variant.

MATERIALS AND METHODS

In silico modelling

Splice site predictions were performed using MaxEnt (http://www.
hollywood.mit.edu/), Human Splicing Finder, Genomis (http://www.umd.
be/Redirect.html), Cryp-Skip (https://www.cryp-skip.img.cas.cz/), NetGene2
(https://www.services.healthtech.dtu.dk/) and Splice Al (https://www.
spliceailookup.broadinstitute.org) [15-18]. Protein modelling was per-
formed with Phyre2 (http://www.sbg.bio.ic.ac.uk/) [19]. Proteins were
displayed using EzMol (http://www.sbg.bio.ic.ac.uk/ezmol/).

Cell culture

The patient provided informed consent for dermal fibroblasts to be
established from a skin biopsy (NRES Committee, Yorkshire and The
Humber - Leeds Bradford Research Ethics Committee (REC 13/YH/0310).
Fibroblasts were grown in DMEM media (Gibco, Thermo Fisher, Waltham,
Massachusetts, United States) supplemented with 10% foetal bovine
serum (FBS) (Gibco) with 1% non-essential amino acids (Gibco) and 1%
penicillin-streptomycin (Gibco) at 37 °C and 5% CO,. WT fibroblast cell lines
(Human Dermal Fibroblasts (HDF)) were used as controls.

Genotype and transcript analysis

DNA extraction from fibroblasts was performed using the Wizard Genomic
DNA Purification Kit (Promega, Madison, Wisconsin, United States) as per
the manufacturer’s protocol, followed by sequencing to confirm the OPA1
genotype [20]. RNA extraction (Qiagen, Hilden, Germany) and RT-PCR
(Bioline, London, United Kingdom) were performed as per the manufac-
turer's protocol [21, 22]. Samples were then analysed using gel
electrophoresis with 4% agarose followed by Sanger sequencing for cDNA
confirmation. Quantitative PCR (gPCR) with and without emetine for 4 h
(100 pug/ul) was used to quantify OPAT transcript number. GAPDH and
ACTB were used as controls (Table 1).

Western blotting

Cell fractions for protein blotting were obtained following differential
centrifugation at 4 °C, as previously described [23]. Cell samples were lysed
in radioimmunoprecipitation buffer (RIPA) consisting of 50 mM Tris (pH 8),
150 mM Nadl, 0.1% (w/v) SDS, 0.5% sodium deoxycholate and 1% NP-40.
Protein was quantified using a Pierce bicinchoninic acid assay (BCA)
(Thermo Fisher) and normalised according to a 2000-0 pg protein ladder.
Western blotting was performed with 15 ug of total cell protein taken from
mutant and control lines. The following antibodies were used: anti-OPA1
(NovusBio, Littleton, Colorado, United States), B-tubulin (Abcam, Cam-
bridge, United Kingdom) and LC3 (CellSignal, Danvers, Massachusetts,
United States). Secondary antibodies contained HRP-conjugated goat,
mouse or rabbit IgG (Thermo Fisher). To inhibit protein degradation,
fibroblasts were incubated for 6 h with 100 nM bafilomycin or DMSO in
fresh fibroblast media at 37 °C before protein extraction.
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Assessment of mitochondrial membrane potential
Mitochondrial membrane potential was assessed using tetramethylrhoda-
mine ethyl ester (TMRE)(Thermo Fisher) in combination with carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP). Cells were plated
into a black-walled clear flat bottomed 96-well plate (20,000 cells per well)
and cultured for Xh. A depolarization control (low mitochondrial
membrane potential/low TMRE signal) was created by incubating cells
with FCCP at 20 uM for 10 min at room temperature. Non-TMRE stained
controls were also included for both test cells and depolarization controls.
Cells were then incubated for 20 min in 200-1000 nM TMRE at 37 °C and
5% CO,. After incubation, cell media was aspirated and replaced in 100 pl
of PBS/0.2% BSA. This was aspirated and again resuspended in 100 pl of
PBS/0.2% BSA. Fluorescence was then measured using an excitation filter
set at 549 nm and emission at 575 nm. Fluorescence was calculated using
the following formula (Test Fluorescence - Negative Control)/(FCCP
fluorescence - negative FCCP fluorescence). Samples were run in
quadruplicate and data presented as means.

Cell death assessment

Cell death was assessed using an LDH Assay (Abcam). Cells were plated into
a 96-well plate (20,000 cells per well) and the following day tissue media was
exchanged to contain 200 mM of colbalt chloride and then incubated for 48
h. The assay was then performed as per the manufacturer’s protocol [24].
Three controls were used: (i) background control, providing a measure of
absorbance from the culture media; (ii) a low control (no cell lysis); and (iii) a
high control (10 pL of cell lysis solution (Triton x100) incubated in the tissue
medium). Cell death = (sample absorbance - low control) / (high control -
low control) x 100. Low control = normoxic environment. High control =
Triton x100 lysis buffer for 10 min. Prior to the assay being conducted, the
plate was centrifuged to remove any cell remnants from the tissue media
and the media was transferred to a fresh 96-well plate.

Seahorse XF-96 bioenergetics analysis

Bioenergetics assessment was performed in live fibroblasts seeded at
20,000 cells/well in 96 well plates using the Seahorse XFe96 extracellular
flux analyser (Agilent, Santa Clara, California, United States) as previously
described [25]. XF base media was supplemented with T mM pyruvate, 2
mM glutamine and 1 mM glucose pH 7.4. Cells were treated with 1.5 uM
Oligomycin, 1pM carbonyl cyanide p-triflouromethoxyphenylhydrazone
(FCCP) and 0.5uM rotenone (Aligent). Otherwise, the experiment was
performed as per the manufacturer’s protocol (https://www.agilent.com/
en/product/cell-analysis/how-to-run-an-assay). Subsequently, the tissue
culture plate was taken for protein quantification using the aforemen-
tioned BCA assay and measured in triplicate. Data was normalised to pg of
protein and was analysed using the proprietary Wave software (Agilent)
and exported to Prism (GraphPad, San Diego, California, United States).

Mitochondrial network analysis

Fibroblasts were mounted on a glass chamber slide the day before fixation.
The following day cells were incubated with Mitotracker CMXRos (Thermo-
Fisher) at a concentration of 100 nM for 30 min at 37 °C. Cells were then
washed x2 with fresh warm media before being fixed with 4%PFA/Cell media
for 10 min at room temperature and then washed with PBS x3 for 5 min. Cells
were permeabilised with 0.1% Triton x-100 for 10 min and then washed with
PBS x3 for 5 min. Cells were stained with DAPI (1:5000 in a 1:1 mix of ddH,0
and PBS) for 2 min at room temperature. Cells were washed with PBS before
mounting with a glass cover slip and imaging. Imaging was performed using
a Leica Sp8 Confocal microscope using the x63 oil immersion objective.
Single cells z-stacks were taken using 0.5um steps. Maximal z-stack
projections were then produced using imaging software (FlJI). Deconvolution
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Table 2. Predicted effect of the c.2356-1 G>T OPA1 variant based on in silico splice site prediction tools.
Prediction Tool Splice Site Disruption New 3’ splice site prediction
MaxEnt WT; MAXENT 6.31, MM 4.51, WMM 4.11; ¢.2356-1G>T; ? Not predicted
MAXENT —2.28, MM —4.09, WMM —4.49
Human Splicing Finder, Genomnis MaxEnt Acceptor: 4.65 > —3.94 (—184.73%) ? Not predicted
HSF: Consensus values 73.74 > 45.87 (—37.79%)
Cryp-Skip P (52%) Most likely new 3’ splice site (AG) at c.2482
Pexsk (48%) (AGAAGATAGAT)
NetGene2 Most likely new 3’ splice site (AG) at c.2376
(CCAAGAAATGA)
Splice Al Acceptor Loss A0.98 (0-1) Pre-mRNA position: ¢.2356-1
Acceptor gain A0.68 (0-1) Pre-mRNA position: ¢.2376
MAXENT Maximum Entropy, MM Markov model, P, Probability of cryptic splice site activation, Pg,sx Probability of exon skipping, WMM Weight Matrix Model.
= o .
A B b &8 2 C
iy g £
.2356-1G>T Wt o ag - o
S S = =
Emetine Untreated Emetine  Untreated - . -
XX R R R R R R L gg [ I_‘
| Exon 23 ‘ Exon 24 | g S 100
445bp A 1A % E 50
w1 Ml [ 2%
TCGGACCCAAGAACAGTGTGTTCACAR 33
* 0
€.2356-1G>T || WT  ¢.2356-1G>T
------ 2—1b-p—- @8 Untreated [Z) Emetine
Fig. 1 Molecular characterisation of the c¢2356-1G > T splice site OPA1 variant. A Full length gel demonstrating an amplicon ~450 bp. No

other bands suggestive of exon skipping were detected in the presence of emetine. B RT-PCR followed by electrophoresis revealed a separate
band representing a shortened transcript in the c.2356-1 G > T cell lines. Heteroduplexes were digested with T7 endonuclease (1unit/3 pL of
PCR reaction) prior to loading. Gel extraction of the lower band and Sanger sequencing demonstrated at 21 bp deletion at the start of exon 24
(lower panel). € gPCR quantification of OPAT transcript in the presence of emetine. Data represents mean + SD of 3 biological repeats and 2
methodological repeats. Test results were normalised to GAPDH and ACTB controls. *p < 0.05. Error bars represent SD.

was performed using the Leica software. The following workflow was
performed to optimise the mitochondrial network analysis tool (MiINA).
Z-stack projections were colour split to isolate the red signal. Images were
then cropped to ensure only single cell analysis. Images were then binarized
and skeletonised before inversion and running of the MiNA analysis tool.
Mitochondrial number and volume were also assessed using un-skeletonised
images using the analyse particles tool.

Protein modelling

In silico analysis was used to model the WT and NM_015560.2(0OPAT):p.
Cys786_Lys792del protein using the PHYRE Protein Fold Recognition
Engine (Phyrez) [19]. Proteins were then displayed using the EzMol
molecular display wizard.

Statistical analysis

Statistical analysis was performed with Prism Version 8 (GraphPad). All the
results have been provided as mean with standard deviation (SD) values,
unless otherwise stated.

RESULTS

In silico modelling

A combination of in silico methods were used to predict the effect
of the c.2356-1G>T OPA1 variant on splicing, all of which
demonstrated a high likelihood of disruption of the AG 3’ splice
site (Table 2). Two prediction tools (NetGene2 and SpliceAl)
predicted a new splice site at position c.2376, 21 base pairs (bp)
downstream from the original splice site.

Transcript analysis

Genomic DNA Sanger sequencing of patient-derived fibroblasts
confirmed a single heterozygous G > T variant at nucleotide position
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€.2356-1 (data not shown). The analysis of fibroblast OPAT transcripts
by RT-PCR for a 445bp cDNA amplicon spanning exons 22-26
(Fw:ACAGCAATGGGATGCAGCTAT; Rv:CATGCGCTGTATACGCCAAA)
demonstrated an altered band pattern from the ¢2356-1G>
T cells on a 1% agarose gel. Pre-treatment of fibroblasts with
emetine to inhibit NMD of transcripts did not reveal additional gel
bands (Fig. 1A). Further separation using a 4% agarose gel revealed
two additional bands in the ¢.2356-1 G > T patient line separated by
~20bp which were resolved to 2 bands of equal density after
treatment with T7 endonuclease digestion prior to electrophoresis,
suggesting that the third band was a heteroduplex (Fig. 1B). Sanger
sequencing of the additional band revealed a cDNA product with
a 21 bp deletion (c.2356_2376del) at the start of exon 24, which
would result in the loss of 7 amino acids NM_015560.2(0PAT): p.
Cys786_Lys792del hereafter referred to as p.Cys786_Lys792del
(Fig. 1B). qPCR for OPAT transcript levels (Fw:CGACCCCAATTAAGGA
CATCC; Rv:GCGAGGCTGGTAGCCATATTT amplicon 102 bp) demon-
strated no statistically significant reduction in the c.2356-1G>T
fibroblasts compared with the WT control. However, OPAT transcript
levels were significantly increased in the ¢.2356-1 G > T fibroblasts in
the presence of the NMD inhibitor, emetine (Fig. 1C).

Protein characterisation

Modelling of the p.Cys786_Lys792del protein indicated a loss of a
beta-strand and subsequent conformational change of the
terminal GTPase effector domain (GED). Western blotting was
suggestive of reduced, but greater than 50% OPAT expression in
the c2356-1G>T fibroblasts. Although the level of expression
was significantly increased after a 6-hour bafilomycin incubation,
it remained lower than WT levels (Fig. 2B, C). LC3Il was
upregulated in keeping with successful inhibition of autophagy.
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Fig. 2 Characterisation of the mutant p.Cys786_Lys792del OPA1 protein arising from the c.2356-1 G> T splice variant. A In silico 3D
modelling of the OPA1 protein derived from WT and ¢.2356-1 G > T transcripts. Residues predicted to be skipped in ¢.2356-1 G > T have been
highlighted in red on the WT protein. B Western blot of WT and ¢.2356-1 G > T fibroblast protein lysates after 6 h of incubation with 100 nM
DMSO or 100 nM Bafilomycin at 37 °C. Proteins stained for OPA1, beta-tubulin loading control and LC3Il. € OPA1 and LC3 densitometry
normalised to loading control. Mean +SD represent 3 biological repeats and 2 methodological repeats. *p <0.05, **P < 0.01. Errors bars
represent SD.
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Fig. 3 Investigation of mitochondrial bioenergetics with the Seahorse XF-96 platform. A Oxygen consumption rate (OCR) was calculated
for the patient and control cell lines. 1 pM oligomycin, 1 pM FCCP and 0.5 pM rotenone was used. Data was exported and normalised to
protein concentration using a BCA assay. N = 73. B Hypoxia-induced cell death assay. Graph represents the mean of technical triplicate values
and biological quadruplicates. C Mitochondrial membrane potential assay. TMRE F/Fgccp = (sample fluorescence - negative control) /
(depolarization control - depolarization negative control). Negative control =0nM of TMRE. Depolarization control =20 mM of FFCP for
10 min at RT. Graph represents the mean of technical triplicate values and biological quadruplicate. *p < 0.05, **p < 0.01, ***p < 0.005 and
***¥¥p < 0.001. Errors bars represent SD.

Mitochondrial bioenergetics

The impact of the ¢.2356-1G>T variant on mitochondrial
energetic output was investigated in fibroblasts with the Seahorse
XF-96 platform (Fig. 3A and Table 3). c.2356-1G>T fibroblasts
were compared with both male and female WT control lines.
Fibroblasts carrying the ¢.2356-1 G>T variant displayed signifi-
cantly reduced basal respiration, maximal respiration and

European Journal of Human Genetics (2022) 30:848 - 855

ATP-linked respiration compared with both control lines (Fig. 3A).
Non-mitochondrial respiration was significantly higher in the
¢.2356-1 G >T line compared with the Male WT line, but not the
Female WT line (Table 3). Mitochondrial membrane potential was
assessed using the mitochondrial membrane sensitive dye, TMRE.
The mutant OPAT fibroblasts had significantly reduced mitochon-
drial membrane potential (TMRE F/Frccp) compared with controls.
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Table 3. Key respiratory parameters from Seahorse XF-96 bioenergetics assay.
Bioenergetic Parameters (OCR) WT Male

Basal Respiration 122+12.2

Maximal Respiration 171+23.0

ATP-linked Respiration 73.7£22.9

Non-mitochondrial Respiration 33.3+15.0%

WT Female c.2356-1G>T P-value

64.7 £9.7 20.6+13.7 P < 0.001
144+£123 96.0+17 P < 0.001

46.7 £10.0 10.0+14.3 P <0.001

61.4+10.2%* 55.1+15.7 P < 0.05% NS**

P-values represent independent comparisons between c.2356-1 G >T and both WT Male and WT Female lines unless otherwise specified with asterisk. OCR
Oxygen consumption rate (pMol/min/ug protein). N = 70. Values represent mean + SD.
*Comparison between WT Male and c.2356-1 G > T. **Comparison between WT Female and ¢.2356-1G>T.
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Fig. 4 Mitochondrial network analysis. A Representative images maximal z-stack projections of mitochondrial networks stained with
MitoTracker CMXRos. B Mitochondiral networks assessed after thresholding using the particle analysis tool. C Mitochondrial network analysis
of skeletonised images using the MiNA plugin. *p < 0.05, **P < 0.01, ***p < 0.005. N = 20. Scale bar 25 ym.

(Fig. 3B). Hypoxia induced with cobalt chloride treatment (200 pM
for 48 hours) led to a significantly increased rate of cell death in
the patient lines compared with controls (Fig. 3C).

Mitochondrial network analysis

Live fibroblasts were stained using MitoTracker CMXRos to
visualise mitochondrial networks and then fixed and imaged
using a confocal microscope. The mitochondrial network in
¢.2356-1 G > T cells were significantly more fragmented compared
with WT controls (Fig. 4A). Particle analysis of maximal z-stack
projections showed a significant decrease in network volume and
a significant increase in object number in the c.2356-1G>T line.
Further analysis of skeletonised mitochondrial networks demon-
strated a significant decrease in network branch length and the
number of branches in the ¢.2356-1 G >T line, but no significant
change in total mitochondrial mass (Fig. 4B, C).

DISCUSSION

Over 400 disease-causing variants in the OPAT gene have been
reported, with considerable heterogeneity with regards to type
and location [26]. Although these variants result in a wide
spectrum of disease severity, several genotype/phenotype corre-
lations have been described, in particular, the strong association
between more severe visual loss and a higher likelihood of
developing extraocular DOA + features with missense variants
affecting the catalytic GTPase protein domain [14, 27]. The
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majority of splice site OPA7 variants that have been characterised
to date appear to result in exon skipping or intron retention, with
resultant NMD of the variant transcripts [3, 28, 29]. Without
characterisation of the transcriptional effects of splice site variants,
they can be misclassified as synonymous, missense or nonsense
variants, which can affect disease prognostication and counselling
in the context of DOA [3, 30]. A number of in silico modelling tools
are available to predict the downstream effects of OPAT variants
on splicing [25, 31, 32]. However, in vitro studies have demon-
strated a wide variability of translational and transcriptional effects
of splice site variants, highlighting the limitations of in silico
prediction methods [10, 33].

All 5 in silico prediction tools indicated that the c.2356-1G>T
variant was likely to disrupt the acceptor splice site at the start of
exon 24. Some of the modelling also suggested cryptic splice site
activation at either nucleotide 2482 or 2376, which would result in
a 127 bp out-of-frame or a 21 bp in-frame deletion, respectively. In
frame variants may escape NMD and could exert dominant-
negative effects [34]. Since this mechanism is more closely
associated with a severe DOA + phenotype, differentiating
between these two possibilities is crucial to understanding the
molecular pathophysiology of the c.2356-1 G > T variant [10].

Transcript analysis of patient-derived fibroblasts carrying
¢.2356-1 G >T revealed an in-frame 21 bp deletion at the start of
exon 24, which escapes NMD resulting in a mutant protein that
lacks 7 amino acid residues, p.Cys786_Lys792del (Fig. 1), as
predicted by SpliceAl and NetGene2. This is an unusual
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consequence of splice site variants affecting OPA1, as similar
variants that cause in-frame amino acid deletions, for example,
c1065+5G>A and ¢.2356-8T>G, still appear to result in
haploinsufficiency [10].

In silico protein modelling of p.Cys786_Lys792del predicted the
loss of a B-strand and subsequent conformational change of the
GED domain, which is thought to be involved in homo-
dimerization [35]. Without the introduction of a PTG, it is unlikely
that NMD would be activated, in keeping with our observation of
only a small effect of NMD inhibition by emetine. Nevertheless, a 7
amino acid deletion could lead to protein misfolding and activate
protein quality control and degradation pathways, such as
lysosomal protein degradation, which has been shown to be the
primary route through which misfolded OPAT protein is eliminated
[36, 371. Protein blotting of c.2356-1 G > T fibroblasts showed more
than 50% of WT OPAT1 levels. Furthermore, inhibition of this protein
degradation pathway using bafilomycin showed only modest
increases in OPA1 protein expression. Given that bafilomycin
inhibits the primary mechanism through which misfolded OPAT is
thought to be degraded, this finding suggests that the reduced
€.2356-1 G > T OPAT1 protein levels could be accounted for by inter-
patient variability or a small decrease in transcript number rather
than significant OPAT degradation, and therefore suggests that
some of the p.Cys786_Lys792del protein escapes degradation.
Although further experimental confirmation is needed, it is
possible that the p.Cys786_Lys792del protein is therefore leading
to disease via a dominant-negative effect. Given the location of this
deletion in the central dynamin domain, it could potentially
interfere with OPA1 protein oligomerisation, which is critical to its
function as a mitochondrial fusion protein and failure of which has
been implicated in neurodegeneration [38]. OPAT oligomerisation
also has an important role in maintaining mitochondrial cristae
structure, which helps to maintain the stability of the mitochon-
drial respiratory chain and also prevents the inappropriate release
of pro-apoptotic cytochrome C molecules [39].

We sought to characterise the effect of the c2356-1G>T
variant on mitochondrial function. Given the role of OPAT in
regulating mitochondrial cristae structure, it is not surprising that
OPA1 variants have been shown to impair mitochondrial
bioenergetics in cell and animal models [25, 31, 32]. Patient-
derived fibroblasts carrying the ¢.2356-1G>T splice site variant
had significantly impaired mitochondrial respiration parameters
compared with WT controls. Fibroblasts carrying ¢.2356-1G>T
demonstrated reduced basal, maximal and reserve respiratory
capacity consistent with the observation from other cell lines
carrying OPAT variants [25]. We additionally noted a significant
difference between male and female controls lines which may be
due to inter-individual variability and/or donor-age effects.
Nevertheless, the observed difference between control and
patient lines supports a significant bioenergetic deficit due to
the ¢.2356-1G>T variant. OPAT variants also typically impair
mitochondrial membrane potential causing further disruption of
mitochondrial energetic output and dynamics [40, 41], but how
this translates to RGC loss particularly under conditions of
heightened physiological stress remains unclear. Artificial stresses
such as hypoxia, starvation or glutamate excitotoxicity have been
used in vitro to study cell death [39]. Significantly higher levels of
cell death were observed in fibroblasts with the c.2356-1G>T
splice site variant following a chemical hypoxic challenge using
cobalt chloride, which has been used previously to model hypoxia
by stabilising HIF-1a [42]. Hypoxia is a frequently utilised cell
stressor as it results in an increase in reactive oxygen species and
inhibits mitochondrial respiratory chain activity, which are already
impaired by OPAT variants [43].

Assessment of mitochondrial networks are a useful marker of
mitochondrial function, particularly in the context of OPAT variants
because of the central role of OPAT in regulating mitochondrial
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dynamics [44]. Mitochondria are highly dynamic organelles,
continually undergoing fusion and fission and the state of the
mitochondrial network is particularly important in regulating
mitochondrial quality control, response to metabolic stress and
bioenergetics [45]. Fibroblasts carrying the ¢.2356-1 G > T variant
demonstrated a more fragmented network that had shorter and
less numerous branches.

One of the critical challenges in further understanding the
pathophysiology of DOA is how different OPAT variants contribute
to the highly variable phenotype seen in affected patients.
Unravelling this complexity is crucial for more accurate genetic
counselling and the development of targeted genetic therapies,
such as gene augmentation or the use of antisense oligonucleo-
tides [46]. Splice site OPAT variants can result in unexpected
transcript effects that are not usually studied as part of routine
diagnostic testing. In the current study, we used a combination of
in silico modelling and in vitro experimental studies on patient-
derived fibroblasts to demonstrate that the ¢.2356-1G > T splice
site variant disrupts the 3’ splice site with activation of an in-frame
cryptic acceptor splice site. Given the lack of evidence of
significant OPA1 protein degradation in fibroblasts, we speculate
that this particular OPAT variant could causing the severe
multisystemic DOA + phenotype due to a dominant-negative
effect. Further evidence to support this putative mechanism could
be obtained by direct expression of the mutant p.Cys786_Lys792-
del protein in an appropriate in vitro cell model already expressing
a full complement of the functional WT OPAT to demonstrate
impaired mitochondrial function due to pathological interference.
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