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Abstract: Inherited optic neuropathies (IONs) are rare genetic diseases characterized by progressive vi-
sual loss due the atrophy of optic nerves. The standard diagnostic workup involving next-generation
sequencing panels has a diagnostic yield of about forty percent. In the other 60% of the patients with a
clinical diagnosis of ION, the underlying genetic variants remain unknown. In this case study, we de-
scribe a potentially new disease-associated gene, NSUN3, for IONs. The proband was a young woman
with consanguineous parents. She presented with bilateral optic atrophy and nystagmus at the age
of seven years. Genetic testing revealed the homozygous variant c.349_352dup p.(Ala118Glufs*45)
in NSUN3, with a segregation in the family compatible with autosomal recessive inheritance. Addi-
tional functional analysis showed decreased NSUN3 mRNA levels, slightly diminished mitochondrial
complex IV levels, and decreased cell respiration rates in patient fibroblasts compared to healthy
controls. In conclusion, pathogenic variants in NSUN3 can cause optic neuropathy. Trio whole-exome
sequencing should be considered as a diagnostic strategy in ION cases where standard diagnostic
analysis does not reveal disease-causing variants.

Keywords: NSUN3; optic atrophy; inherited optic neuropathy

1. Introduction

Inherited optic neuropathies (IONs) are a group of rare genetic disorders characterized
by a progressive decline in visual function due to the degeneration of retinal ganglion
cells and subsequent optic atrophy. The underlying pathological mechanism predom-
inantly involves impaired mitochondrial function. Notable examples of IONs include
Leber’s hereditary optic neuropathy (LHON), dominant optic atrophy, and Wolfram(-like)
syndrome. Over the past decade, several novel genes associated with IONs have been iden-
tified [1–4]. Despite advancements in genetic testing, a considerable proportion (40–60%)
of patients suspected to have IONs still lack definitive genetic confirmation [5]. Some of
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these patients may harbor pathogenic variants in genes that have not yet been recognized
as being linked to IONs.

IONs can be caused by pathogenic variants occurring in either mitochondrial genes
or nuclear genes coding for proteins with a role in energy metabolism. NSUN3 is a
nuclear gene encoding a mitochondrial methyltransferase. NSUN3, or NOP2/Sun RNA
Methyltransferase 3, facilitates the methylation of cytosine at the mitochondrial tRNA
of methionine, specifically at the wobble position [6,7]. This process is vital for codon
recognition. Variants in NSUN3 have thus far been associated with combined oxidative
phosphorylation (OXPHOS) deficiency 48 in two individuals [7,8]. As a nuclear gene with
mitochondrial function, NSUN3 holds promise as a potential candidate gene associated
with IONs. However, to date, no (likely) pathogenic variants in this gene have been
reported in the literature in association with optic atrophy.

In this study, we described a patient with non-syndromic optic atrophy in the presence
of an autosomal recessive disease-associated variant in the NSUN3 gene. Functional studies
confirmed decreased mRNA levels and altered mitochondrial function.

2. Materials and Methods
2.1. Clinical Examination

Visual acuity was measured using Snellen charts. Visual fields were assessed with
Goldmann perimetry. OCT was conducted with Canon Xephilio OCT-A1 (Canon Inc.,
Kanagawa, Japan). Color vision was assessed with HRR Pseudoisochromatic Plates.
Pattern-reversal VEPs were recorded according to the ISCEV (International Society for
Clinical Electrophysiology of Vision) standard with the Espion E3 system (Diagnosys LLC,
Cambridge, UK) [9].

2.2. DNA Sequencing

DNA was extracted from peripheral blood samples according to local protocols. Ge-
netic analysis was performed at the Department of Human Genetics, Amsterdam UMC,
the Netherlands. The entire exome was analyzed with next-generation sequence analysis
platform HiSeq 4000 (Illumina, San Diego, CA, USA). The intronic regions of the acceptor
and donor splice sites up to and including position +/− 6 were analyzed. The reads were
mapped against the reference genome (GRCh37/hg19) using BWA mem. Picard tools were
used to sort reads and mark PCR and optical duplicates. The GATK Toolbox was used
for further quality-control steps and variant calling. Last, SNPEff was used for functional
annotation of the variants. Based on the assumed inheritance models, the variants were
then assessed for predictive pathogenicity based on various parameters established by
standard protocols in line with national and ACMG guidelines [10,11].

Next-generation sequencing panel for inherited optic neuropathies (SeqCap EZ Hu-
man Exome Library v3.0, Roche NimbleGen, Pleasanton, CA, USA) included ACO2,
AUH, C12Orf65, CISD2, MFN2, MTPAP, NBAS, NDUFS1, NR2F1, OPA1, OPA3, RTN4IP1,
SLC25A46, SPG7, TIMM8A, TMEM126A, WFS1, and SLC24A1. Sequencing was performed
with HiSeq2500 Illumina (Illumina, San Diego, CA, USA). Alignment and variant filtering
were performed according to the same protocols mentioned before.

Mitochondrial mutations m.3460G>A (MT-ND1), m.11778G>A (MT-ND4), and
m.14484T>C (MT-ND6) associated with LHON were assessed via Sanger sequencing.

2.3. Tissue Sampling and Fibroblast Culture

Punch biopsy specimens were taken from the skin of the affected patient and a healthy
unrelated control. Fibroblast cell cultures were grown in M199 medium (Fisher Scien-
tific, Rockingham County, NH, USA) containing 10% fetal calf serum and 1% penicillin–
streptomycin. The cells used for the functional studies were from between the seventh and
tenth passages.

Extraocular muscle and retina were provided by the Corneabank Beverwijk, Nether-
lands. The Corneabank obtained permission from the donors for the harvest of the tis-
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sues and the use for research purposes in accordance with the international Declaration
of Helsinki.

2.4. RNA Sampling and Quantitative PCR

Total RNA was extracted from cultured patient dermal fibroblasts and the fibroblasts
of the healthy unrelated control with the RNeasy mini kit according to the protocols of
the manufacturer (Qiagen, Valencia, CA, USA). Complementary DNA was synthesized
from 100 ng of total RNA using oligo-dT primed reactions with Superscript III reverse
transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). β-actine primers (sequences
on request) were used to confirm the successful synthesis of cDNA. After electrophore-
sis on 2% agarose gels containing ethidium-bromide, PCR products were imaged using
the ChemiDoc MP imaging system (Biorad, Hercules, CA, USA). qPCR analysis was per-
formed using CFX Connect real-time PCR detection system (Biorad). Sequence for forward
primer NSUN3 was 5′-TGGGTCTGTTTGGAATCCTATT-3′ and the reverse primer was 3′-
TGCACCACCTTAAATCATTGTTAC-5′ [12]. qPCR reactions were performed in triplicate,
and normalization was performed with the 2(-delta delta C(T)) method with GAPDH as
reference gene.

2.5. Cellular Respiration Studies

Oxygen consumption rates (OCRs) were measured using the Seahorse XFe96 Ex-
tracellular Flux analyzer (Agilent, Santa Clara, CA, USA) as previously described by
Panneman et al. [13]. Fibroblasts from two different healthy volunteers were used as con-
trols. OXPHOS enzymes were measured and interpreted as previously reported in [13,14].

3. Results

The proband was a 14-year-old girl with an uneventful medical history. She had
consanguineous parents and a healthy younger brother. She was first examined by an
ophthalmologist at the age of 2 due to the suspicion of decreased visual acuity and was
diagnosed with myopia and strabismic amblyopia of the left eye. She received spectacles
and occlusion therapy for several years without any improvement in visual acuity. When
she was 7, she was referred to our tertiary center for further diagnostic evaluation.

At her ophthalmologic examination, the patient had esotropia of the left eye and a
rotatory nystagmus in both eyes. Her best corrected visual acuity (BCVA) was 0.68 LogMAR
(Snellen 20/100) and 1.0 LogMAR (Snellen 20/200) for the right and left eye, respectively.
Visual field testing showed bilateral central scotomas (Figure 1A). An HRR color vision test
revealed severe red–green color vision disturbance.

We diagnosed her with bilateral optic atrophy because of pale optic discs on fun-
doscopy, attenuated ganglion cell and retinal nerve fiber layers on optical coherence to-
mography (OCT), and small and delayed pattern visual evoked potential (VEP) responses
(Figure 1A).

Examination by a pediatric neurologist, including MRI scans of the brain, revealed no
neurological explanation for the optic atrophy. The patient had a relatively stable visual
acuity during follow-up; the BCVA at her last follow-up at age 13 was 0.39 LogMAR
(Snellen 20/50) in the right eye and 0.92 (Snellen 20/200) in the left (Figure 1B).

Trio whole-exome sequencing revealed a novel homozygous loss-of-function vari-
ant, c.349_352dup p.(Ala118Glufs*45), in NSUN3. Segregation analysis showed that both
healthy parents and the healthy brother were heterozygous carriers of this variant, sug-
gesting the autosomal recessive mode of inheritance. Other genetic causes of ION were
ruled out with a next-generation sequencing panel (18 genes for ION) and analysis of
mitochondrial DNA to exclude LHON.
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Figure 1. (A.1) Color fundus photograph showing bilateral pale optic disks. (A.2) The thickness of the
ganglion cell layer and the retinal nerve fiber layer were bilaterally decreased on OCT. (A.3) Goldman
perimetry showing bilateral absolute central scotomas. x marking: size and the intensity of the used
stimuli. (A.4) Pattern reversal visually evoked potential (VEP) measurements showed a delayed p100
(blue arrow) with decreased amplitude, indicating optic neuropathy. (B) Visual acuity remained
stable during follow-up period.
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We performed additional assays to assess the functional consequences of the afore-
mentioned variant. To investigate the effect of the variant at RNA level, we performed
RT–PCR analysis on RNA isolated from patient fibroblasts and compared this with control
fibroblasts. We also investigated NSUN3 expression in different control tissues and found
variable expression of NSUN3 mRNA in the retina, extraocular muscle, and fibroblasts
(Figure 2A). Patient fibroblasts showed the least amount of expression among the ana-
lyzed tissues. Quantitative PCR analysis confirmed the significantly decreased amount
of NSUN3 mRNA in comparison to the healthy controls (M∆ct control = 7.8, SD = 0.24;
M∆ct patient = 9.5, SD = 0.24; t(4) = −8.1, p = 0.001) (Figure 2B).
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Figure 2. (A) Reverse transcription PCR (RT PCR) results for NSUN3 RNA in fibroblasts, extraocular
muscle, and human retina. Top, RT–PCR with NSUN3-specific primers on various samples. Bottom,
RT–PCR with B-actin primers as a control. RT–PCR products of mRNA were obtained from the
following human tissues (from left to right): 1. extraocular muscle; 2. fibroblasts of a healthy control;
3. fibroblasts of the patient who carried the NSUN3 variants, ninth passage; 4. fibroblasts of the
patient with the NSUN3 variants, tenth passage; 5. human retina. (B) The results of quantitative PCR
showed decreased NSUN3 mRNA in patient fibroblasts compared to healthy controls with GAPDH
as housekeeping gene.

Since earlier studies showed decreased mitochondrial respiration as a result of pathogenic
NSUN3 variants, we explored whether evidence of such decreased activity could also be
found in the current patient [7]. Indeed, the measurement of OXPHOS enzyme levels
showed slightly decreased levels of complex IV (Figure 3). A cellular respiration assay via
seahorse respirator showed a decreased oxygen consumption rate compared to two healthy
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controls (Figure 3). The oxygen consumption rate through the whole assay can be found in
Supplementary Figure S1.
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4. Discussion

In this study, we described the association of the homozygous variant c.349_352dup
p.(Ala118Glufs*45) in the NSUN3 gene with ION. Functional studies showed decreased
respiratory function in patient-derived fibroblasts. Segregation analysis revealed the car-
riership of the NSUN3 variant in the healthy parents and brother, in line with autosomal
recessive inheritance. Together, these findings support the potential of NSUN3 as a disease-
associated gene for ION.

The function of NSUN3 was recently uncovered by three different research groups [6,7,10].
In 2016, Van Haute and co-workers demonstrated that low NSUN3 expression leads to
mitochondrial translation deficits [7]. They also reported the first patient with combined
respiratory chain deficiency due to compound heterozygous loss-of-function NSUN3 vari-
ants. In the same year, Nakano and co-workers showed reduced mitochondrial protein
synthesis in NSUN3 knockout cells [6]. Finally, Haag and co-workers emphasized the
role of NSUN3 in methylation at the wobble position and localized the NSUN3 protein in
mitochondria [10]. All three studies described the function of NSUN3 in the methylation
of mt-tRNAMet and underlined the importance of this chemical modification for efficient
mitochondrial translation.

Currently, two probands are described in the literature with NSUN3 variants and
mitochondrial disease, but optic atrophy has not been described in these cases [7,8]. The
first patient had two truncating variants (p.Glu42Valfs*11 and p.Arg99*) in exon 3, and
presented with combined developmental disability, microcephaly, external ophthalmople-
gia, nystagmus, muscular weakness, failure to thrive, and increased lactate levels. Patient
fibroblasts showed decreased NSUN3 mRNA levels compared to healthy controls and pa-
tient muscle homogenate displayed combined OXPHOS deficiency [7]. The second patient
was an 8-month-old boy born to consanguineous parents, who presented with hypotonia,
muscle weakness, lactic acidosis, seizures, and global developmental delay [8]. This patient
carried two biallelic, likely pathogenic missense variants in exon 3 of NSUN3. Including
our study, all reported pathogenic variants have been located in exon 3, which may be a
common location for pathogenic variants in NSUN3.

The phenotype of our patient with ION differs from the earlier-reported patients, who
had a severe phenotype in accordance with global respiratory dysfunction. In contrast, our
patient had optic atrophy and nystagmus, and functional studies only showed decreased
levels of complex IV. Phenotypic variability is a well-known phenomenon in IONs. In
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LHON, for example, a small fraction of patients present with severe phenotypes overlap-
ping with other mitochondrial diseases such as MELAS (mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes), while most LHON patients develop isolated optic
atrophy [13]. This difference in phenotypic severity is attributed to the different variants,
differences in the copy number of mitochondrial DNA, and possible gender-specific protec-
tive mechanisms [13]. Functional studies in the fibroblasts of the current patient revealed
decreased mRNA levels but not a complete depletion. The presence of truncated protein
at diminished levels might offer compensation for the deleterious effects within certain
tissues, thus potentially accounting for the observed milder phenotype. The exact cause of
the phenotypic differences in NSUN3 mutations remains to be elucidated.

5. Conclusions

Specific variants in NSUN3 are associated with isolated ION. More studies are needed
to explore the pathophysiological processes behind disease-causing variants in the NSUN3
gene. In cases where initial diagnostic approaches do not yield a likely disease-associated
gene, trio whole-exome sequencing should be considered to detect rare variants or new
disease-associated genes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/genes15050530/s1, Figure S1: Whole Seahorse assay.

Author Contributions: Conceptualization, C.d.M., M.M.v.G. and C.J.F.B.; methodology, C.d.M. and
J.B.t.B.; formal analysis, H.G.d.H., R.J.R. and J.B.t.B.; investigation, C.d.M.; resources, J.B.t.B.; data
curation, C.d.M.; writing—original draft preparation, C.d.M.; writing—review and editing, M.M.v.G.,
C.J.F.B., A.A.B., R.J.R. and N.I.W.; visualization, J.B.t.B.; supervision, M.M.v.G., C.J.F.B. and A.A.B.;
project administration, C.d.M.; funding acquisition, M.M.v.G. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was funded by Bartiméus Fonds, The Netherlands, with grant number 1219277.
The funder was not involved in the study design, the collection, analysis, and interpretation of data,
or the writing process.

Institutional Review Board Statement: This study was conducted in accordance with the Decla-
ration of Helsinki and approved by the medical ethical testing committee of Amsterdam UMC,
location AMC.

Informed Consent Statement: Written informed consent was obtained from the patient and her parents.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The authors thank Roos-Sanne Verkerk and Céline Koster for their technical
assistance in the laboratory experiments.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Abrams, A.J.; Hufnagel, R.B.; Rebelo, A.; Zanna, C.; Patel, N.; Gonzalez, M.A.; Campeanu, I.J.; Griffin, L.B.; Groenewald, S.;

Strickland, A.V.; et al. Mutations in SLC25A46, encoding a UGO1-like protein, cause an optic atrophy spectrum disorder. Nat.
Genet. 2015, 47, 926–932. [CrossRef] [PubMed]

2. Hanein, S.; Perrault, I.; Roche, O.; Gerber, S.; Khadom, N.; Rio, M.; Boddaert, N.; Jean-Pierre, M.; Brahimi, N.; Serre, V.; et al.
TMEM126A, encoding a mitochondrial protein, is mutated in autosomal-recessive nonsyndromic optic atrophy. Am. J. Hum.
Genet. 2009, 84, 493–498. [CrossRef]

3. Jurkute, N.; Leu, C.; Pogoda, H.M.; Arno, G.; Robson, A.G.; Nürnberg, G.; Altmüller, J.; Thiele, H.; Motameny, S.; Toliat, M.R.;
et al. SSBP1 mutations in dominant optic atrophy with variable retinal degeneration. Ann. Neurol. 2019, 86, 368–383. [CrossRef]
[PubMed]

4. Magrinelli, F.; Cali, E.; Braga, V.L.; Yis, U.; Tomoum, H.; Shamseldin, H.; Raiman, J.; Kernstock, C.; Rezende Filho, F.M.; Barsottini,
O.G.P.; et al. Biallelic Loss-of-Function NDUFA12 Variants Cause a Wide Phenotypic Spectrum from Leigh/Leigh-Like Syndrome
to Isolated Optic Atrophy. Mov. Disord. Clin. Pract. 2022, 9, 218–228. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/genes15050530/s1
https://www.mdpi.com/article/10.3390/genes15050530/s1
https://doi.org/10.1038/ng.3354
https://www.ncbi.nlm.nih.gov/pubmed/26168012
https://doi.org/10.1016/j.ajhg.2009.03.003
https://doi.org/10.1002/ana.25550
https://www.ncbi.nlm.nih.gov/pubmed/31298765
https://doi.org/10.1002/mdc3.13398
https://www.ncbi.nlm.nih.gov/pubmed/35141356


Genes 2024, 15, 530 8 of 8

5. Charif, M.; Bris, C.; Goudenège, D.; Desquiret-Dumas, V.; Colin, E.; Ziegler, A.; Procaccio, V.; Reynier, P.; Bonneau, D.; Lenaers, G.;
et al. Use of Next-Generation Sequencing for the Molecular Diagnosis of 1102 Patients With a Autosomal Optic Neuropathy.
Front. Neurol. 2021, 12, 602979. [CrossRef] [PubMed]

6. Nakano, S.; Suzuki, T.; Kawarada, L.; Iwata, H.; Asano, K.; Suzuki, T. NSUN3 methylase initiates 5-formylcytidine biogenesis in
human mitochondrial tRNA(Met). Nat. Chem. Biol. 2016, 12, 546–551. [CrossRef] [PubMed]

7. Van Haute, L.; Dietmann, S.; Kremer, L.; Hussain, S.; Pearce, S.F.; Powell, C.A.; Rorbach, J.; Lantaff, R.; Blanco, S.; Sauer, S.;
et al. Deficient methylation and formylation of mt-tRNA(Met) wobble cytosine in a patient carrying mutations in NSUN3. Nat.
Commun. 2016, 7, 12039. [CrossRef]

8. Paramasivam, A.; Meena, A.K.; Venkatapathi, C.; Pitceathly, R.D.S.; Thangaraj, K. Novel Biallelic NSUN3 Variants Cause
Early-Onset Mitochondrial Encephalomyopathy and Seizures. J. Mol. Neurosci. 2020, 70, 1962–1965. [CrossRef] [PubMed]

9. Odom, J.V.; Bach, M.; Brigell, M.; Holder, G.E.; McCulloch, D.L.; Mizota, A.; Tormene, A.P.; International Society for Clinical
Electrophysiology of Vision. ISCEV standard for clinical visual evoked potentials: (2016 update). Doc. Ophthalmol. 2016, 133, 1–9.
[CrossRef] [PubMed]

10. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [CrossRef] [PubMed]

11. Wallis, Y.; Payne, S.; McAnulty, C.; Bodmer, D.; Sistermans, E.; Robertson, K. Practice Guidelines for the Evaluation of Pathogenicity
and the Reporting of Sequence Variants in Clinical Molecular Genetics; Association for Clinical Genetic Science & Dutch Society of
Clinical Genetic Laboratory Specialists: London, UK, 2013; pp. 1–16.

12. Haag, S.; Sloan, K.E.; Ranjan, N.; Warda, A.S.; Kretschmer, J.; Blessing, C.; Hübner, B.; Seikowski, J.; Dennerlein, S.; Rehling, P.;
et al. NSUN3 and ABH1 modify the wobble position of mt-tRNAMet to expand codon recognition in mitochondrial translation.
EMBO J. 2016, 35, 2104–2119. [CrossRef] [PubMed]

13. Panneman, D.M.; Wortmann, S.B.; Haaxma, C.A.; van Hasselt, P.M.; Wolf, N.I.; Hendriks, Y.; Küsters, B.; van Emst-de Vries, S.;
van de Westerlo, E.; Koopman, W.J.H.; et al. Variants in NGLY1 lead to intellectual disability, myoclonus epilepsy, sensorimotor
axonal polyneuropathy and mitochondrial dysfunction. Clin. Genet. 2020, 97, 556–566. [CrossRef] [PubMed]

14. Rodenburg, R.J. Biochemical diagnosis of mitochondrial disorders. J. Inherit. Metab. Dis. 2011, 34, 283–292. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fneur.2021.602979
https://www.ncbi.nlm.nih.gov/pubmed/33841295
https://doi.org/10.1038/nchembio.2099
https://www.ncbi.nlm.nih.gov/pubmed/27214402
https://doi.org/10.1038/ncomms12039
https://doi.org/10.1007/s12031-020-01595-8
https://www.ncbi.nlm.nih.gov/pubmed/32488845
https://doi.org/10.1007/s10633-016-9553-y
https://www.ncbi.nlm.nih.gov/pubmed/27443562
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.15252/embj.201694885
https://www.ncbi.nlm.nih.gov/pubmed/27497299
https://doi.org/10.1111/cge.13706
https://www.ncbi.nlm.nih.gov/pubmed/31957011
https://doi.org/10.1007/s10545-010-9081-y
https://www.ncbi.nlm.nih.gov/pubmed/20440652

	Introduction 
	Materials and Methods 
	Clinical Examination 
	DNA Sequencing 
	Tissue Sampling and Fibroblast Culture 
	RNA Sampling and Quantitative PCR 
	Cellular Respiration Studies 

	Results 
	Discussion 
	Conclusions 
	References

