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Abstract
Autosomal dominant optic atrophy (ADOA) is an important cause of irreversible visual impairment in children and ado-
lescents. About 60–90% of ADOA is caused by the pathogenic variants of OPA1 gene. By evaluating the pathogenicity of 
OPA1 variants and summarizing the relationship between the genotype and phenotype, this study aimed to provide a refer-
ence for clinical genetic test involving OPA1. Variants in OPA1 were selected from the exome sequencing results in 7092 
cases of hereditary eye diseases and control groups from our in-house data. At the same time, the urine cells of some optic 
atrophy patients with OPA1 variants as well as their family members were collected and oxygen consumption rates (OCR) 
were measured in these cells to evaluate the pathogenicity of variants. As a result, 97 variants were detected, including 94 
rare variants and 3 polymorphisms. And the 94 rare variants were classified into three groups: pathogenic (33), variants 
of uncertain significance (19), and likely benign (42). Our results indicated that the frameshift variants at the 3′ terminus 
might be pathogenic, while the variants in exon 7 and intron 4 might be benign. The penetrance of the missense variants was 
higher than that of truncation variants. The OCR of cells with pathogenic OPA1 variants were significantly lower than those 
without pathogenic variants. In conclusion, some variants might be benign although predicted pathogenic in previous studies 
while some might have unknown pathogenesis. Measuring the OCR in urine cells could be used as a method to evaluate the 
pathogenicity of some OPA1 variants.

Keywords Autosomal dominant optic atrophy · OPA1 · Variant · Pathogenicity

Introduction

The OPA1 gene encodes a protein that localizes to the inner 
mitochondrial membrane and regulates several important 
cellular processes, including those that stabilize the mito-
chondrial network, regulate oxidative phosphorylation, and 
confer protection from apoptosis by preventing cytochrome 
c oxidase release (Olichon et al. 2002; Frezza et al. 2006; 
Zanna et al. 2008; Varanita et al. 2015; Liu and Chan 2017). 

Pathogenic variants in OPA1 cause optic atrophy 1 (OMIM 
165500), the most common form of autosomal dominant 
optic atrophy, affecting 1:10,000 to 1:40,000 people in the 
general population (Cohn et al. 2007; Yu-Wai-Man et al. 
2010a; Almind et al. 2012). With the application of next-
generation sequencing, a growing number of OPA1 variants 
was detected. Interpreting the pathogenicity of these variants 
remains challenging. Therefore, a systematic analysis of the 
relationship between the OPA1 genotype and phenotype as 
well as some function studies may be of significant benefit 
for both clinical and research efforts.

There are 31 exons in OPA1, namely exon 1 to 29, exon 
4b, and exon 5b. Among them, exon 29 is non-protein-cod-
ing. The alternate splice patterns in exon 4, exon 4b and exon 
5b result in 8 transcript isoforms (Fig. 1).

The eight isoforms are ubiquitously expressed but differ 
in amount depending on the tissues and organs. In human 
retina, the expression levels of transcripts containing 4b and 
5b are relatively low, while consist mainly of the isoform 
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1 (NM_015560.2) (Delettre et al. 2001). Most variants are 
described in the transcript isoform 1 and this transcript is 
originally identified and most frequently used.

After the precursor proteins are imported through the 
outer mitochondrial membrane and inner mitochondrial 
membrane by translocases, the membrane-anchored OPA1 
long forms are generated. Afterwards, the isoforms contain-
ing the exon 4b are totally processed into the soluble short 
forms in the mitochondrial intermembrane space. Long 
forms mainly involve in mitochondria fusion whereas short 
forms are more essential in energetics. Thus, the complete-
ness of OPA1 isoforms is necessary for mitochondria under 
different circumstances (Del Dotto et al. 2017).

As of October 2020, 567 unique OPA1 variants were 
reported to cause ADOA or related diseases in OPA1 locus-
specific database (https:// datab ases. lovd. nl/ shared/ genes/ 
OPA1) supported by the Leiden Open Variation Database 
v.3.0 (LOVD) (Fokkema et al. 2011; Le Roux et al. 2019). 
The majority of OPA1 variants are truncation variants, 
including nonsense, frameshift, and splicing site variants, 
while 27.9% (158/567) are missense variants. However, it is 
difficult to know whether a variant is pathogenic by in silico 
analysis alone, especially for isolated cases or for families 
with incomplete penetrance. Besides, the predicted results 
are sometimes unable to explain the clinical variations 
among patients. Therefore, a systematical analysis and sum-
mary of underlying OPA1 genotype–phenotype correlations 
is expected both in clinical genetics and follow-up studies.

In this study, variants of OPA1 were selected from 7092 
probands with hereditary eye diseases and control groups 
who underwent whole exome sequencing (WES) or targeted 
exome sequencing (TES). In total, 97 variants were identi-
fied including 94 rare variants and 3 polymorphic variants. 
Among them, 33 variants were pathogenic while 8 patho-
genic variants were novel. Detailed phenotypic analysis and 
family cosegregation were performed in the 36 families with 
pathogenic OPA1 variants. In addition, all variants from the 

published literature as well as those in OPA1 locus-spe-
cific database were reevaluated. Unexpectedly, some vari-
ants including missense and truncation variants might be 
benign although previously reported to be damaging. In the 
meantime, measurements of the oxygen consumption rates 
(OCR) of urine cells were applied to provide a noninvasive 
and alternative way to evaluate the pathogenicity of OPA1 
variants, which might be useful in addition to conventional 
online bioinformatics analyses. The results in this study 
may be of assistance not only for OPA1 alone but also for 
some other genes in autosomal dominant inheritance. And 
this study suggests that a detailed and systematical evalua-
tion for a specific gene is valuable especially when genetic 
tests are more and more commonly applied in the clinical 
applications.

Materials and methods

Patient recruitment

Patients and their family members with OPA1 variants as 
well as control groups were recruited from the Pediatric and 
Genetic Clinic of the Zhongshan Ophthalmic Center (ZOC). 
All patients underwent routine ophthalmological examina-
tion, and selected patients had fundus photograph, electro-
retinogram, and optical coherence tomography. The study 
conformed to the tenets of the Helsinki Declaration, and 
was approved by the ZOC institutional review board. Writ-
ten informed consent was obtained from all participants or 
their guardians prior to the collection of clinical data, venous 
blood and urine samples.

Variant acquisition

Variants in OPA1 were selected from the exome sequenc-
ing results in 7092 cases which consisted of 298 cases who 

Fig. 1  A schematic of transcript 
variants of OPA1. The transcript 
isoform 1 (NM_015560.2) is 
the original and most frequently 
used while the transcript iso-
form 8 (NM_130837.2) is the 
longest and the most complete, 
which contains 31 exons with 
2 additional exons of 4b and 5b 
compared to transcript variant 1

https://databases.lovd.nl/shared/genes/OPA1
https://databases.lovd.nl/shared/genes/OPA1
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suffered from optic atrophy, 6302 cases of other hereditary 
eye diseases (including inherited retinal dystrophy, early-
onset high myopia, familial exudative vitreoretinopathy 
et al.) as well as 492 normal controls from our in-house data. 
The variants in nuclear DNA were detected using whole 
exome sequencing or targeted exome sequencing as we pre-
viously described (Wang et al. 2019; Li et al. 2020). The tar-
geted exome sequencing was based on the custom-designed 
ophthalmic targeted sequencing panel that targets 126 genes 
commonly detected in Chinese families with different forms 
of hereditary eye diseases. These genes including OPA1 
accounted for more than 95% of the causative genes detected 
in our previously analyzed cases (Jiang et al. 2014; Xu et al. 
2015, 2016). On the other hand, variants in mitochondrial 
DNA were directly detected by Sanger sequencing.

Variant nomenclature

OPA1 variants were described according to the transcript 
isoform 8 (accession number NM_130837.2) which rep-
resenting the longest transcript contains two additional 
exons of 4b and 5b compared to the transcript isoform 1 
(NM_015560.2). Since exon 4b and 5b were referred to iso-
form 1, the coding exons were named 1–30, instead of 1–4, 
4b, 5, 5b, and 6–28. The nomenclature was in accordance 
with the recommendations of the Human Genome Variation 
Society (HGVS, version 2.0, http:// varno men. hgvs. org) (den 
Dunnen et al. 2016).

Variant evaluation

Variants detected in OPA1 by exome sequencing were ini-
tially filtered as described in our former studies (Jiang et al. 
2014). All candidate pathogenic variants were confirmed by 
Sanger sequencing. The consequences of missense variants 
were predicted by PolyPhen-2 (http:// genet ics. bwh. harva rd. 
edu/ pph2/), SIFT (http:// sift. jcvi. org), PROVEAN (http:// 
prove an. jcvi. org/ genome_ submit_ 2. php), Combined Anno-
tation-Dependent Depletion (CADD, https:// cadd. gs. washi 
ngton. edu/, version 1.4) and Rare Exome Variant Ensemble 
Learner (REVEL, https:// sites. google. com/ site/ revel genom 
ics/). Afterwards, to make the predictions specific, the scores 
of CADD and REVEL for every OPA1 missense variant in 
the Genome Aggregation Database (gnomAD, https:// gno-
mad. broad insti tute. org) were obtained. The weighted per-
centiles were then calculated based on the scores and allele 
numbers. The percentiles of 90% were applied as cut-off 
scores between pathogenicity and non-pathogenicity (26.4 
in CADD and 0.817 in REVEL). A missense variant was 
regarded as computationally pathogenic if deleterious pre-
dictions came from no less than four types of online tools 
accordingly. Every variant that could potentially affect a 
splice site was evaluated by Berkeley Drosophila Genome 

Project splice site prediction (BDGP, http:// www. fruit fly. org/ 
seq_ tools/ splice. html) and Human Splicing Finder (HSF, 
http:// www. umd. be/ HSF3/ HSF. html). Through analysis of 
bioinformatics prediction, gnomAD allele frequency com-
parison, genotype–phenotype, cosegregation and previous 
studies, combined with the ACMG (American College of 
Medical Genetics and Genomics) standards (Richards et al. 
2015), the pathogenicity of OPA1 variants was classified and 
the phenotypes of patients with pathogenic OPA1 variants 
were evaluated.

A variant was identified as pathogenic when the follow-
ing criteria were met: (1) a truncation variant detected in 
ADOA patients, (2) a missense variant detected in ADOA 
patients with computationally pathogenic predictions. While 
a variant detected in non-ADOA patients with pathogenic 
predictions was regarded as VUS (variant of uncertain sig-
nificance). And the rest were considered as likely benign.

Review of reported OPA1 variants

The reported OPA1 variants were searched in the PubMed 
(https:// pubmed. ncbi. nlm. nih. gov/) and the OPA1 locus-spe-
cific database (https:// datab ases. lovd. nl/ shared/ genes/ OPA1) 
(Fokkema et al. 2011; Le Roux et al. 2019) until October 
2020 with “OPA1” as the key word. The frequency, patho-
genicity and potential genotype–phenotype correlations were 
summarized based on data from PubMed.

Isolation and culture of human urine cells

Sterilized containers were used for mid-stream urine collec-
tion as previously described (Dorrenhaus et al. 2000). Exfo-
liated cells were centrifuged and washed with PBS (Thermo 
Fisher Scientific, Waltham, MA, USA) containing 1% peni-
cillin–streptomycin (Thermo Fisher Scientific). The cells 
were then suspended with REGM (Renal Epithelial Cell 
Growth Medium) (Lonza, Basel, Switzerland) before being 
transferred to 6-well plates coated with 1% Matrigel (Corn-
ing, Corning, NY, USA) and cultured in an incubator with 
37 °C and 5%  CO2. The medium was replaced every other 
day. Visible cell colonies appeared routinely after 5–7 days. 
The urine cells were passaged by addition of 0.25% trypsin 
(Thermo Fisher Scientific) containing 1 mM EDTA when 
the cell density reached an 80–90% confluence, usually in 
less than 3 weeks.

Measurement of mitochondrial respiration 
parameters

An Agilent Seahorse XF Cell Mito Stress Test Kit (Agi-
lent, Wilmington, DE, USA) was applied to analyze mito-
chondrial function by measuring the oxygen consumption 
rates (OCR) with a Seahorse XF24 Flux Analyzer (Seahorse 

http://varnomen.hgvs.org
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org
http://provean.jcvi.org/genome_submit_2.php
http://provean.jcvi.org/genome_submit_2.php
https://cadd.gs.washington.edu/
https://cadd.gs.washington.edu/
https://sites.google.com/site/revelgenomics/
https://sites.google.com/site/revelgenomics/
https://gnomad.broadinstitute.org
https://gnomad.broadinstitute.org
http://www.fruitfly.org/seq_tools/splice.html
http://www.fruitfly.org/seq_tools/splice.html
http://www.umd.be/HSF3/HSF.html
https://pubmed.ncbi.nlm.nih.gov/
https://databases.lovd.nl/shared/genes/OPA1
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Bioscience, Billerica, MA, USA). 8 ×  104 cells were seeded 
in 24-well culture microplates in REGM medium (Lonza) 
24 h prior to the assay to achieve an adherent monocellular 
layer no less than 90% confluence based on our preliminary 
experiments. Cells were applied after the second passage to 
insure their viability. The assay medium was prepared by 
supplementing Seahorse XF DMEM medium with 1 mM 
pyruvate, 2 mM glutamine, and 10 mM glucose, warmed 
to 37  °C, and adjusted pH to 7.4. Solutions of 1.5 μM 
oligomycin, 2.0 μM FCCP (Carbonyl cyanide-4 [trifluo-
romethoxy] phenylhydrazone), 0.5 μM Rot/AA (Rotenone, 
and Antimycin A) were loaded into the sensor cartridge in 
ports A, B, and C successively as per the manufacturer’s 
instructions. OCR measurements were initiated every 8 min, 
resulting in 3 measurements in each stage. All the meas-
urements were completed in approximately 95 min. The 
calculations used in this test were demonstrated as follows: 
basal respiration = (measurement prior to injection of oli-
gomycin) − (measurement after injection of Rot/AA); ATP 
production = (measurement prior to injection of oligomy-
cin) − (measurement after injection of oligomycin); spare 
respiratory capacity = (maximum respiration) − (basal res-
piration). Since the samples were measured in six different 
batches, cells from a control without known pathogenic vari-
ants related to mitochondria were applied in every batch to 
normalize all the data to reduce variabilities between micro-
plates as many as possible. Normalization was performed 
according to protein content of the normal control in every 
batch as the manufacturer guided (Divakaruni et al. 2014). 
Measurements of the normal control were baselined to the 
same parameter values via the instrument software, other 
measurements were shifted proportionally to make them 
comparable.

Statistical analysis

Data were reported in means ± standard deviation. Statisti-
cal significance was evaluated by one-way analysis of vari-
ance (ANOVA) among the groups using SPSS 21.0 (IBM, 
Armonk, NY, USA). The minimum level of significance 
was set at P < 0.05. Multiple comparisons tests were made 
between groups with the method of Bonferroni.

Results

OPA1 variants in probands

A total of 97 variants were detected from 7092 probands 
with hereditary eye diseases and control groups, includ-
ing 94 rare variants and 3 polymorphic variants. These 94 
rare variants consisted of 68 missense variants, 4 nonsense 
variants, 16 splicing variants, 5 frameshift deletions, and 

1 in-frame deletion. Notably, 3 variants including 2 mis-
sense variants and 1 in-frame deletion were detected in exon 
7 which was absent in transcript isoform 1 (Table 1). The 
pathogenicity of 94 rare variants was evaluated based on the 
phenotypes of probands, bioinformatic predictions, frequen-
cies in gnomAD database, family cosegregation and previ-
ous reports under the standards of ACMG. As a result, 33 
were pathogenic, 19 were variants of uncertain significance 
and 42 were likely benign. 33 pathogenic variants, including 
8 novels, were detected in 36 families. Most of these patho-
genic variants were truncation variants (60.6%, 20/33), the 
rest were missense variants distributed mainly in the GTPase 
domain (61.5%, 8/13). Particularly, the splicing variant of 
c.556 + 2 T > G in intron 4 might be benign although it had 
very strong evidence of pathogenicity according to ACMG 
standards. And the in-frame deletion of c.712_714del in 
exon 7 might be benign as well (Fig. 2a, Table 1). 

Phenotypes of patients with pathogenic OPA1 
variants in 36 families

There were 36 probands from 36 families with pathogenic 
variants. 34 were diagnosed with ADOA, 1 with optic atro-
phy in autosomal recessive inheritance and 1 suffered from 
LCA-like oculopathy. The ages of onset of ADOA probands 
ranged from 2 to 27 (9.7 ± 5.7, mean ± SD). The ADOA 
probands complained of visual impairment without self-
reported hearing loss or other neurological complications. 
No significant correlations were observed between visual 
impairment and different sex or variant types. In the ADOA 
family, the penetrance of truncation variants was 82.9% 
(34/41) while the penetrance of missense variants was 97.1% 
(33/34) (Fig. 3, Table 2, Supplementary figures).

Frequency and genotype–phenotype correlations 
of OPA1 variants in literature

As of October 2020, about 567 OPA1 variants were listed in 
the OPA1 locus-specific database, of which most were trun-
cation variants (61.3%, 358/567). Of the 567, 406 OPA1 
variants were reported in the PubMed. Most variants were 
truncation variants (62.8%, 255/406) and the vast major-
ity of variants (97.0%, 394/406) were detected in patients 
with optic atrophy including ADOA, optic atrophy plus syn-
drome and Behr syndrome (Fig. 2b, Supplementary table). 
Optic atrophy plus syndrome was more common in patients 
with missense variants than those with truncation variants, 
while those with gross insertions or deletions manifested as 
ADOA without other neurological complications conformed 
to cosegregation.
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Biallelic variants in OPA1

There were 5 probands with biallelic variants in this study 
and 21 more in former studies. The proband with homozy-
gous variant of c.356 T > C showed typical optic atrophy 
while his heterozygous parents were asymptomatic. This 
variant might be tolerated in heterozygous status but patho-
genic in homozygous status. Measurements of the OCR in 
urine cells were taken in this family to evaluate the patho-
genicity of this variant. As with the proband of c.[305A > G]; 
[c.2873_2876del], he was diagnosed with LCA-like ocu-
lopathy because of poor vision and extinguished ampli-
tudes in ERG. However, the correlation between the heavily 
impaired vision and these variants needed further investiga-
tions (Table 3).

Urine cells collection and OCR measurements

A total of 20 individuals from 15 families were recruited for 
this study (Fig. 4). They consisted of eight ADOA patients 
with OPA1 variants, four patients with optic atrophy because 
of variants in other genes related to mitochondria, three fam-
ily members without clinical symptoms, four patients with 
hereditary retinopathies not directly related to mitochondria, 
and a normal control.

Urine cell colonies from individual participants were 
observed 5–7 days after the isolation and subsequent culture. 
All the primary cells reached 80–90% confluence within 
3 weeks. The cells were passaged once and used for subse-
quent measurements (Fig. 5).

There were four major phases simulating different physi-
ological status during the OCR measurements, including 
the baseline before the injection of oligomycin, the meas-
urements after injection of oligomycin, the measurements 
after injection of FCCP and the measurements after injec-
tion of Rot/AA. Basal respiration, ATP production and 
spare respiratory capacity could be calculated afterwards 
(Fig.  6a). According to the results of the calculations, 
the OCR could be divided into four subgroups (I, II, III, 
and IV). Group I data included those of the most severely 
reduced mitochondrial OCR in the urine cells from patients 
with pathogenic variants directly related to mitochondria, 
including two with homozygous variants in NDUFAF5 
(F01-II:1 and F01-II:2), one with m.3460G > A in MT-ND1 
(F02-II:1), one with m.11778G > A in MT-ND4 (F03-II:1), 
and six with either heterozygous truncation variants or bial-
lelic variants in OPA1 ([c.1150-1G > C]; [=] in F04-I:2, 
[c.1377 + 2dup]; [=] in F05-II:1, [c.2661 + 3A > C]; [=] 
in F06-II:2, [c.2734C > T]; [=] in F07-II:1, c.[356 T > C]; 
[356 T > C] in F08-II:2, and c.[1150-1G > C]; [2814A > G] 
in F04-II:1), respectively. Group II data showed moder-
ately reduced mitochondrial OCR in the urine cells from 
patients with heterozygous missense variants in OPA1 Ta
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1 3

that were predicted to be pathogenic ([c.1337 T > G]; [=] 
in F09-I:2 and [c.1478A > G]; [=] in F10-II:1). Group III 
data showed normal OCR at basal respiration and ATP 
production but reduced OCR under stress (spare respira-
tory capacity) and included data from three asymptomatic 
carriers, including two with OPA1 missense variants pre-
dicted to be benign ([c.356  T > C]; [=] in F08-I:1 and 
[c.2814A > G]; [=] in F04-I:1) and one with a heterozy-
gous variant in NDUFAF5 ([c.836 T > G]; [=] in F01-I:1). 
Group IV data consisted of those from urine cells with a 
normal OCR obtained from a normal control (NC) and 
four patients with variants in genes not directly involved 
in mitochondrial metabolism, including one patient with 

Leber congenital amaurosis due to a homozygous variant 
in SPATA7 (c.[644_647del];[644_647del]), one patient 
with type I ocular albinism due to a hemizygous variant 
in GPR143 ([c.251-3 T > C]; [0]), one patient with reti-
nitis pigmentosa due to a hemizygous variant in RPGR 
([c.748  T > C]; [0]), and one patient with early-onset 
retinal degeneration due to biallelic variants in RPE65 
(c.[190C > G]; [200 T > G]) (Fig. 6b).

The cells from the 12 patients represented in data group I 
and group II, with optic atrophy, showed a significant reduc-
tion in OCR. The mean values of basal respiration, ATP 
production, and spare respiratory capacity for the group 
I patients were 42.2%, 30.6%, and 29.1%, respectively, 

Fig. 2  a The distribution and 
frequency of OPA1 variants 
identified in this study are 
shown in the mRNA sequence 
(Ref. NM_015560.2). The posi-
tion and frequency of patho-
genic variants are demonstrated 
above the schematic diagram of 
the mRNA while those likely 
benign variants are indicated 
below. b The distribution and 
frequency of OPA1 variants 
identified in previous stud-
ies are shown in the mRNA 
sequence (Ref. NM_015560.2). 
The position and frequency 
of reported truncation vari-
ants are demonstrated above 
the schematic diagram of the 
mRNA while those missense 
variants and in-frame insertions/
deletions are indicated below. 
The domains and exons are 
shown in the figure except for 
exon 31. This exon is omitted 
because it is noncoding, and no 
potential pathogenic variants 
are discovered in this exon so 
far. The domain sequences are 
represented below the exons. 
The domain which involves the 
cleavage of precursor protein is 
marked as yellow areas
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Table 3  Biallelic OPA1 variants in this and previous studies

No Status Position Nucleotide change Protein Inheritance Phenotype Other findings References

1 Hom Exon 3 c.356 T > C p.(Phe119Ser) AR Optic atrophy – This study
2 C-het Intron 11 c.1150-1G > C p.(?) AD ADOA – This study

Exon 28 c.2814A > G p.(Ile938Met)
3 C-het Exon 20 c.1934G > A p.(Arg645Gln); p.(?) AD ADOA Extinguished 

ERG
This study

Exon 28 c.2810G > A p.(Arg937His) Talipes equino-
varus

4 C-het Exon 2 c.305A > G p.(Tyr102Cys) AD LCA-like – This study
Exon 29 c.2873_2876del p.(Val958Glyfs*3)

5 C-het Exon 23 c.2212C > T p.(Arg738Cys) AD ADOA – This study
Intron 29 c.2983 + 6 T > C p.(?)

6 C-het Exon 2 c.190_194del p.(Ser64Aspfs*7) AD ADOA – Chen et al. (2013)
Exon 13 c.1294G > A p.(Val432Ile)

7 C-het Exon 10 c.937G > A p.(Glu326Lys) AD ADOA Dyschromatopsia Pesch et al. (2001)
Exon 10 c.1033C > T p.(Arg345Trp)

8 C-het Exon 11 c.1102_1104delinsGA p.(Ile368Glu) AD ADOA – Cohn et al. (2007)
Exon 14 c.1337 T > G p.(Leu446Arg)

9 C-het Exon 22 c.2022_2023delinsT p.(Leu675Phefs*13) AR Optic atrophy Sensorimotor 
disorder

Lee et al. (2016)

Exon 29 c.2878G > A p.(Arg959Gln) Cataract
10 Hom Exon 12 c.1180G > A p.(Ala394Thr) AR Spastic ataxia Mental retarda-

tion
Rubegni et al. 

(2017)
11 C-het Exon 14 c.1369G > A p.(Val457Met) AR Behr syndrome – Amati-Bonneau 

et al. (2009)
Exon 29 c.2873_2876del p.(Val958Glyfs*3)

12 C-het Exon 14 c.1311A > G p.(Ile437Met) AR Behr syndrome Nystagmus Carelli et al. (2015)
Intron 19 c.1870 + 1G > T p.(?)

13 C-het Intron 27 c.2779-2A > C p.(?) AR Behr syndrome Nystagmus Rubegni et al. 
(2017)

Exon 28 c.2809C > T p.(Arg937Cys) Mental retarda-
tion

14 C-het Exon7 c.740G > A p.(Arg247His) AD OA plus syn-
drome

– Yu-Wai-Man et al. 
(2010b)

Exon 10 c.1019A > G p.(Gln340Arg)
15 C-het Exon 8 c.800_801del p.(Lys267Argfs*4) AD OA plus syn-

drome
– Yu-Wai-Man et al. 

(2010b)
Exon 19 c.1807G > A p.(Val603Ile)

16 C-het Exon 14 c.1311A > G p.(Ile437Met) AD OA plus syn-
drome

Nystagmus Amati-Bonneau 
et al. (2009)

Exon 29 c.2873_2876del p.(Val958Glyfs*3)
17 C-het Exon 14 c.1311A > G p.(Ile437Met) AD OA plus syn-

drome
Nystagmus Nasca et al. (2017)

Exon 2 c.190_194del p.(Ser64Aspfs*7)
18 C-het Exon 14 c.1311A > G p.(Ile437Met) AD OA plus syn-

drome
Ptosis Nasca et al. (2017)

Exon 29 c.2962G > T p.(Val988Phe)
19 C-het Exon 14 c.1311A > G p.(Ile437Met) AD OA plus syn-

drome
– Bonifert et al. 

(2014)
Exon 14 c.1316_1317insA p.(Asn440Lysfs*14)

20 C-het Exon 14 c.1311A > G p.(Ile437Met) AD OA plus syn-
drome

– Bonifert et al. 
(2014)

Exon 26 c.2635C > T p.(Arg879*)
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compared with those for the group IV patients, while those 
for the group II patients were 63.2%, 59.3%, and 43.6%, 
respectively, compared with those for the group IV patients. 

Group III patients showed no significant changes in basal 
respiration (P > 0.05) or ATP production (P > 0.05) but 
an approximate 67% level of spare respiratory capacity 

Hom homozygous, C-het compound heterozygous, AD autosomal dominant, AR autosomal recessive, OA optic atrophy, ERG electroretinogram, 
LCA Leber congenital amaurosis, – not applicable

Table 3  (continued)

No Status Position Nucleotide change Protein Inheritance Phenotype Other findings References

21 C-het Exon 14 c.1311A > G p.(Ile437Met) AD OA plus syn-
drome

– Bonifert et al. 
(2014)

Exon 19 c.1834C > T p.(Arg612*)
22 C-het Exon 14 c.1311A > G p.(Ile437Met) AD OA plus syn-

drome
– Bonifert et al. 

(2014)
Exon 17 c.1624G > A p.(Glu542Lys)

23 C-het Exon 8 c.826G > A p.(Glu276Lys) AD OA plus syn-
drome

Epilepsy Liao et al. (2017)

Exon 29 c.2873_2876del p.(Val958Glyfs*3)
24 C-het Exon 25 c.2518del p.(Gln840Serfs*15) AD OA plus syn-

drome
– Liao et al. (2017)

Exon 30 c.3034C > T p.(His1012Tyr)
25 Hom Exon 19 c.1601 T > G p.(Leu534Arg) AD OA plus syn-

drome
Cardiomyopathy Spiegel et al. 

(2016)
26 C-het Exon 14 c.1311A > G p.(Ile437Met) AD OA plus syn-

drome
– Zerem et al. (2019)

Exon 22 c.2128_2129dup p.(Lys711Serfs*16)

Fig. 4  The pedigrees of the individuals recruited for OCR measure-
ments. The individuals in this study were marked with *. The indi-
viduals with pathogenic NDUFAF5, MT-ND1 and MT-ND4 variants 

were demonstrated in orange, those with pathogenic OPA1 variants 
were in red, asymptomatic carriers in green and others without mito-
chondria related pathogenic variants in blue
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compared to that of the group IV patients. The five patients 
with other retinal degenerative conditions had OCR levels 
similar to those of the normal control for all the measure-
ments. No significant differences were detected among dif-
ferent individuals within each group (Fig. 6c–e).

The OCR decreased in cells with pathogenic variants 
directly related to mitochondria. In addition, these meas-
urements were related to the type and status of the variant 
in OPA1 since the cells with pathogenic missense variants 
demonstrated higher values than those with truncation vari-
ants or biallelic variants. In addition, the homozygous mis-
sense variant in OPA1 was associated with the same OCR as 
those with truncation variants in OPA1 and with variants in 
NDUFAF5, MT-ND1, or MT-ND4. The benign variants were 
related to impaired spare respiratory capacity under stress 
but not with basal respiration or ATP production.

Discussion

In this study, 94 rare OPA1 variants were detected in 7092 
probands with hereditary eye diseases and control groups 
by WES or TES. 33 pathogenic variants including 8 novel 
variants were discovered in 36 families while 34 manifested 
as ADOA. According to the ACMG standards and previous 
studies, the pathogenicity of truncation variants that lead 
to loss-of-function was relatively definite (Richards et al. 
2015). Therefore, the difficulty in evaluating the patho-
genicity of OPA1 variants lay mainly in that of missense 
variants. Two integrative bioinformatic prediction tools of 

CADD and REVEL as well as conventional online tools of 
Polyphen-2, SIFT and PROVEAN were applied for these 
missense variants. According to our analysis, the results 
indicated that the folllowing: (1) the heterozygous missense 
variants beyond the GTPase domain with the CADD and 
REVEL scores lower than the cut-off scores of 90% in gno-
mAD were likely benign; (2) the heterozygous variants in 
exon 7 (exon 5b referred to isoform 1) might be tolerated; 
(3) the splicing variants in intron 4 might be benign; (4) the 
frameshift variants at the 3′ terminus might be pathogenic 
with untruncated OPA1 protein; (5) some variants might be 
tolerated in heterozygous status but damaging in biallelic 
status, which was confirmed by the measurement of OCR 
in urine cells; (6) the types of variants seemed to have no 
correlation with the extent of vision impairment; (7) optic 
atrophy plus syndrome was more common in patients with 
pathogenic missense variants than in those with pathogenic 
truncation variants.

It was not uncommon to find an OPA1 variant in patients 
with hereditary eye disease other than ADOA, which pro-
posed the requirement to assess the pathogenicity of OPA1 
variants and to comprehend the genotype–phenotype corre-
lation of OPA1 variants. In some previous studies, although 
the variants were detected in patients with hereditary eye 
diseases, no family history was mentioned, and these vari-
ants were predicted benign by multiple online tools. There-
fore, their pathogenicity should be reevaluated cautiously. 
There was a frameshift insertion in exon 5 (c.577_578dup, 
exon 4b referred to isoform 1) in gnomAD of normal control, 
and no reports of adverse events so far in human because 

Fig. 5  Phase-contrast light 
micrograph of human urine 
cells. The cell colonies could 
be observed 5–7 days after 
isolation (a). All the primary 
cells reached an 80–90% conflu-
ence within 3 weeks (b, c), and 
were passaged and used for the 
subsequent study (d). Scale bar 
500 µm
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of variants in this exon. More follow-up studies would be 
expected to understand their significance. Furthermore, two 
missense variants in exon 7 (exon 5b referred to isoform 
1) detected in former studies might be benign and further 
investigations of their significance in ADOA were expected. 
As with the variant of c.740G > A, it was detected in patients 
of ADOA with biallelic variants (Yu-Wai-Man et al. 2010b). 
This variant alone might not be pathogenic. And the variant 
of c.768C > G was detected in a patient who had recovered 
vision with age which showed inconsistent with usual course 
of ADOA (Cornille et al. 2008). The possible reason for 
this might be that the isoforms of OPA1 proteins with exon 
7 (exon 5b referred to isoform 1) play a less important part 
in retina (Delettre et al. 2001). Notably, there were two non-
ADOA probands with the splicing variant of c.556 + 2 T > G 
in intron 4 in this study. It was considered pathogenic in one 
study (Zhang et al. 2017), but there were no follow-up cases 
reported or included in the OPA1 database. According to 

the latest researches, some soluble OPA1 isoforms without 
exon 1 to exon 4 were found in the mitochondrial intermem-
brane space (Del Dotto et al. 2017), so some heterozygous 
splicing variants in intron 1 to intron 4 that lead to exon 
skipping, shortening with a minor length change in protein 
might be tolerated, their impact and pathogenicity should 
be reevaluated.

The pathogenic variants in OPA1 were first reported in 
ADOA patients by Alexander and Delettre at the same time 
(Alexander et al. 2000; Delettre et al. 2000). In subsequent 
studies, it was noticed that ADOA patients might be com-
bined with other neuromuscular symptoms, called optic atro-
phy plus syndrome which was more common in patients with 
pathogenic missense variants (Amati-Bonneau et al. 2009). 
It was presumed to be the consequence of dominant-nega-
tive-effect. In addition, the patients with the same variant of 
c.2873_2876del manifested different degrees of nonsense-
mediated mRNA decay, which indicated the involvement of 

Fig. 6  The OCR measurements of the individuals in this study. The 
measurements were initiated every 8 min, thrice in each stage, 5 wells 
for each individual. a The OCR measurement of each individual. b 

The OCR measurement of each group demonstrated in mean values. 
c Basal respiration of each individual. d ATP production of each indi-
vidual. e Spare respiratory capacity of each individual



860 Molecular Genetics and Genomics (2021) 296:845–862

1 3

other regulatory factors (Delettre et al. 2001). This might 
help to explain the phenotypic heterogeneity in patients with 
the same variant. Several pathogenic frameshift variants in 
the penultimate exon of exon 30 in the last 50 base pairs at 
the 3′ terminus were detected both in this study and previous 
studies. These variants were predicted to resist to nonsense-
mediated mRNA decay and have a high likelihood of an 
expressed protein in almost normal length (Lejeune and 
Maquat 2005; Hug et al. 2016). Therefore, the pathogenic-
ity might be different from other truncation variants which 
involved in haploinsufficiency.

In this study, five patients with biallelic OPA1 vari-
ants were found. The missense variants they carried were 
found in asymptomatic family members and were classified 
as benign based on our criteria. However, we found that 
patients with biallelic variants had an earlier age of onset and 
lower vision acuity than members of the same family with 
truncation variants. The patient with homozygous variant 
exhibited optic atrophy while his heterozygous family mem-
bers were asymptomatic. It was unclear what role these vari-
ants played in the occurrence of the disease. But these vari-
ations seemed to show synergistic or superimposed effects 
in clinical phenotypes. At the same time, when measuring 
the OCR of urine cells, the values of cells with biallelic 
variants were lower than that of cells with heterozygous vari-
ants from their family members. Further investigations were 
needed clarify the underlying mechanism.

In conclusion, the pathogenic variants in OPA1 causing 
ADOA were mainly truncation variants and missense vari-
ants in the GTPase domain both in this study and previous 
studies. Furthermore, some variants might be benign accord-
ing to our analysis, although they were considered patho-
genic in previous studies especially the missense variants 
beyond the GTPase domain with low CADD and REVEL 
scores or some splicing variants in intron 1 to intron 4. In 
addition, the penetrance of the missense variants was higher 
than that of truncation variants, and the missense variants in 
patients with biallelic variants seemed to play an important 
part in the occurrence of the disease. Finally, measuring the 
oxygen consumption rates in urine cells was a specific test 
to evaluate the effects of variants on mitochondrial function. 
It could be used as a method to evaluate the pathogenicity of 
some OPA1 variants. Our detailed and systematical evalua-
tion might be of assistance not only for OPA1 alone but also 
for some other genes in autosomal dominant inheritance. 
And a comprehensive variant evaluation for a specific gene 
is valuable and indispensable especially when genetic tests 
are increasingly important in the clinical applications.
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