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Abstract: Pathogenic variants in the MT-ATP6 are a well-known cause for maternally inherited
mitochondrial disorders associated with a wide range of clinical phenotypes. Here, we present
a 31- year old female with insulin-dependent diabetes mellitus, recurrent lactic acidosis and
ketoacidosis recurrent infections with suspected immunodeficiency with T cell lymphopenia and
hypogammaglobulinemia as well as proximal tetraparesis with severe muscle and limb pain
and rapid physical exhaustion. Muscle biopsy and respiratory chain activities were normal.
Single-exome sequencing revealed a variant in the MT-ATP6 gene: m.9143T>C. Analysis of further
specimen of the index and mother (segregation studies) revealed the highest mutation load in muscle
(99% level of mtDNA heteroplasmy) of the index patient. Interestingly, acute metabolic and physical
decompensation during recurrent illness was documented to be a common clinical feature in patients
with MT-ATP6 variants. However, it was not mentioned as a key symptom. Thus, we suggest that
the clinical spectrum might be expanded in ATP6-associated diseases.
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1. Introduction

Pathogenic mitochondrial DNA (mtDNA) variants are associated with a wide range of clinical
phenotypes, often involving multiple organ systems. Mitochondria are known to be the “powerhouse of
the cell”, by providing cellular energy (adenosine triphosphate (ATP)). One indispensable component
of this is complex V (CV, ATP-synthase), which is composed of 15 structural and two assembly
subunits encoded by both the mitochondrial DNA (mtDNA; ATP6 and ATP8) and nuclear genome
(15 subunits) [1]. The MT-ATP6 gene encodes for a subunit of the key enzyme complex V [2].

Variants in MT-ATP6 are a well-known cause for maternally inherited mitochondrial disorders
associated with a continuous spectrum of clinical phenotypes [2,3], e.g., clinically grouped into
Leigh syndrome (LS) [4,5], neuropathy, ataxia and retinitis pigmentosa syndrome (NARP) [6,7],
Charcot–Marie–Tooth (CMT) disease-like pure peripheral neuropathy [8], and spinocerebellar ataxia
(SCA) with upper motor neuron signs [9,10].

A recent cohort study reported novel findings associated with MT-ATP6 variants, e.g., an overlap
in some patients with non-syndromic neurological manifestation and in asymptomatic individuals.
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Furthermore, patients across all subtypes harbouring an MT-ATP6 variant tend to have recurrent acute
metabolic and physical decompensation during illness [3].

Here, we present a novel variant in the MT-ATP6 gene in a 31- year old female with the clinical
leading symptoms of proximal tetraparesis, insulin-dependent diabetes mellitus, recurrent lactic
acidosis, and ketoacidosis during recurrent infections. As in most cases with MT-ATP6 variants,
muscle biopsy and respiratory chain activities were normal. Single-exome sequencing revealed
a homoplasmic variant in the MT-ATP6 gene: m.9143T>C. Segregation studies were performed
in different samples of the index patient and her mother, who did not show any evidence for a
neuromuscular disorder. Interestingly, the m.9143T>C variant is reported on mitoMAP and GenBank
(GQ119047) as a variant [11]. However, no clinical information was given and the mutation is not
reported as pathogenic.

The presented case extends the phenotypic spectrum of reported MT-ATP6 mutations by recurrent
infections and immunodeficiency as a possible key symptom.

2. Materials and Methods

2.1. Clinical Description

Here, we present a 31- year old female who developed insulin-dependent diabetes mellitus at the
age of 26 years. From there on, she suffered from recurrent lactic- and ketoacidosis, recurrent infections,
sometimes requiring ventilation as well as severe muscle and limb pain and rapid physical exhaustion.
Her medical history included bronchial asthma as well as suspected polyglandular autoimmune
syndrome with type I diabetes mellitus with insulin pump therapy and autoimmune thyroiditis.
She had a pulmonary artery embolism, suspected immunodeficiency with T cell lymphopenia and
hypogammaglobulinemia, intervertebral disc herniation (L5/S1 left) requiring surgery as well as a
bilateral cataract operation in the 30th year of life.

2.2. Histopathology and Activities of Respiratory Chain Complexes

Cryostat sections were cut from transversely orientated muscle blocks from the vastus lateral
muscle of the patient and subjected to standard histological and histochemical analysis including COX
(cytochrome C oxidase), succinate dehydrogenase (SDH) and COX-SDH oxidative enzyme reactions.
Respiratory chain complex activities were determined spectrophotometrically according to standard
protocols [12].

2.3. Molecular Genetic Studies

Exome sequencing and mtDNA analysis using off-target reads was performed as previously
described [13]. For this purpose, DNA was extracted from peripheral whole blood. In brief,
exome enrichment was done using an Agilent SureSelect Human All Exon Kit V6 (Santa Clara, CA,
USA) and libraries were sequenced on an Illumina (San Diego, CA, USA) NovaSeq 6000. The mtDNA
reads were aligned to the revised Cambridge Reference Sequence (rCRS) with the Burrows–Wheel
Aligner (BWA) 0.7.5a using the mem algorithm. Variant calling was carried out with GATK 3.8.
Variant filtering included a filter for putative biallelic non-synonymous variants (missense-, frameshift-,
nonsense-, stoploss- and aplice-variants) with a minor allele frequency (MAF < 0.01) as well as
heterozygous variants (MAF < 0.001). The latter were ranked based on a phenotype filter. For this
purpose, an Online Mendelian Inheritance in Men (OMIM) full-text search was conducted with the
search term “mitochondrial” and the respective gene from the results were queried for variants.
The phenotype-based search could not identify (likely) pathogenic variants in genes associated with
mitochondrial disorders in OMIM.
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2.4. Determination of mtDNA Heteroplasmy Levels (RFLP Analysis)

For restriction fragment length polymorphism (RFLP) analysis, total DNA was extracted from
different samples using the peqGOLD tissue DNA Mini Kit (Peqlab Biotechnologie GmbH, Erlangen,
Germany) according to the manufacturer’s instructions. The presence of this variant m.9143T>C was
determined by restriction digestion of the 220 bp PCR amplified product obtained using a forward
5′ ACC ATT AAC CTT CCC TCT ACA C 3′ and a reverse 5′ GAG GTC ATT AGG AGG GCT GAG A
3′ primer with TseI (New England Biolabs GmbH (NEB), Frankfurt am Main, Germany). The digested
products were separated on agarose gels. The amplified fragments containing the mutation yielded
two fragments of 67 and 153 bp, while the amplified wild-type fragment remained undigested (due to
the loss of the restriction site). Triplet-analysis of mtDNA heteroplasmy (signal intensity of the bands)
was carried out with ImageJ software.

2.5. Ethical Statement

The index patient and the mother gave written informed consent for study inclusion prior to
analysis. The study was conducted in accordance with the Declaration of Helsinki and was approved
by the Ethics Committee of the University Ulm (Project identification code 20/10) and of the Technical
University in Munich.

3. Results

3.1. Clinical Findings

Clinical examination revealed mild proximal tetraparesis (upper extremities: MRC 4/5,
lower extremities: MRC 3/5) with a positive Gowers’ phenomenon and residual sensorimotor L5 / S1
radiculopathy on the left leg with mild paresis of the foot-lifting (MRC 4/5) and lowering (MRC 4/5).
No ptosis or ophthalmoplegia were found. Achilles tendon reflex could not be triggered on the left,
the remaining deep tendon reflexes were normal and symmetrical and pathological reflexes could not
be provoked. Muscle MRI (thigh muscles) showed normal findings. CK (creatine-kinase) was found to
be normal (33 U/l; norm < 145U/l) even during metabolic decompensation and infections.

Neuropsychological examination revealed substantial cognitive impairment with reduced
cognitive processing speed and dysfunction of attention, memory and word-finding. There were
indications of relevant depressive symptoms. Conception, spontaneous speech, and social behaviour
were inconspicuous.

Neurography of the medial nerve, visually evoked potentials, and somatosensory evoked
potentials of the medial and tibial nerve revealed normal findings on both sides. Electromyography
detected a slightly increased number of turns at standard amplitude potentials, which was mostly
compatible with a primary myopathic process. Transthoracic echocardiography was inconspicuous.

The mother did not report any symptoms of muscle weakness and did not show any evidence for
a neuromuscular disorder during clinical examination nor any recurrent deterioration. Family history
was inconspicuous for neuromuscular disorders and metabolic diseases. The patient has one brother
who declined neurological examination and genetic testing.

3.2. Histopathology

Muscle biopsy of the vastus lateral muscle showed no myopathic or neurogenic changes.
There was no evidence of COX-deficient or ragged-red-fibres and only partially evidence for
subsarcolemmal accentuation.

Biochemical analysis of the muscle from the index patient showed normal activities of respiratory
chain complexes I, II/III, and IV as well as normal citrate synthase activity.
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3.3. Molecular Genetic Studies and Determination of mtDNA Heteroplasmy Levels

Exome sequencing revealed a variant in the MT-ATP6 gene: m.9143T>C (variant coverage:
22× and average coverage mtDNA: 52×) in a homoplasmic state which has not been published as
pathogenic before. The amino acid position is highly conserved across species reflected by a PhastCons
score of 0.978 and a PhyloP score of 3.94. The variant is predicted to disturb the C-terminal helical
trans-membrane domain. The highest level of heteroplasmy in the index patient was found in muscle
(99%) with lower levels present in urinary epithelial sediment (99%), buccal epithelial cells (96%),
hair shafts (96%) and blood (95%) as determined by RFLP (Figure S1). Levels of mtDNA heteroplasmy
detected in the patient’s mother are shown in Table 1.

Table 1. Segregation study to determine the level of mtDNA heteroplasmy (%) of the novel MT-ATP6
variant in the index patient and mother; values given as means (%) by triplet-analysis + SD.

Tissue Index Mother

Muscle 99 ± 1.1
Urinary

Epithelial Sediment 99 ± 1.5 96 ± 1.1

Buccal Epithelial Cells 96 ± 1.5 94 ± 1.6
Hair Shafts 96 ± 1.7 96 ± 3.1

Blood 95 ± 0.6 94 ± 0.7

4. Discussion

A disease causing variant in the MT-ATP6 gene was first described in 1992 [4]. Since then, several
cohort studies expanded the phenotypic spectrum, ranging from asymptomatic carriers to fatal early
onset and multisystemic diseases [2,3]. Several “variants of unknown significance” (VUS) have been
reported in the MT-ATP6 gene. Due to the absence of clinically available CV activity testing, it remains
challenging to fully assess if these variants contribute to clinical disease manifestations.

Interestingly, the reported m.9143T>C variant is listed on mitoMAP and GenBank (GQ119047)
as a variant in the Philippine population [11]. However, no clinical information was given and the
mutation is not reported as disease causing.

It is already known, that histochemical analysis of muscle biopsy and respiratory chain analysis are
usually normal in patients with pathogenic MT-ATP6 mutations, adding to the diagnostic challenges
in the respective patients [1,3]. Though, definite pathogenic MT-ATP6 variants are reported, in which
standard biochemical findings can be subtle or inconsistent [1].

Generally, pathogenicity for mtDNA variants is proven by identifying the mtDNA variant to
be present in symptomatic patients in a heteroplasmic state, rather than homoplasmy, and mtDNA
variant heteroplasmy level in the affected patient being higher than in asymptomatic relatives [1].
Interestingly, it has already been shown that these approaches may be particularly problematic in the
specific case of MT-ATP6 variants [1]. In a recently published cohort study [3], the majority of patients
presented with variable non-syndromic features including ataxia, neuropathy and learning disability.
Maternal inheritance was confirmed in 39 families and demonstrated that tissue segregation patterns
and phenotypic threshold are variant dependent [3]. The difference of the mutant heteroplasmy
levels between different tissues (blood, urinary epithelial cells and buccal mucosal cells) was typically
<10% in the majority of MT-ATP6 variants reported in this study [3], which is in accordance to the
abovementioned study and our results. In another cohort study, heteroplasmy levels were high
in both clinically affected (mean 95%) and unaffected (mean 73%) individuals [2]. These findings
were again consistent with our results, where the index patient and mother showed > 90% level of
heteroplasmy in all tissues tested. However, it is already known, that the level of heteroplasmy did not
clearly correlate with disease severity in several mitochondrial diseases [2,14]. In MT-ATP6 variants,
homoplasmic variants were even found in asymptomatic probands [2]. Further, due to the rapid
heteroplasmy shifts that may occur in the level of MT-ATP6 mutation load, pathogenic variants may
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appear to be homoplasmic and carrier patients may express symptoms which can be rather subtle [1].
As a result, apparently unaffected relatives may have MT-ATP6 variant heteroplasmy levels that are
high as that seen in clinically affected members of the same family [1]. Moreover, mutation loads
of m.8993T>G [15–17], m.8993T>C and m.9185T>C overlap in some patients with non-syndromic
neurological manifestation and in asymptomatic individuals [3]. This is absolutely concordant with our
findings, where mother and index patient showed >90% level of heteroplasmy in all tested specimen.

Acute metabolic and physical decompensation during intercurrent illness was documented
in 27 patients harbouring a MT-ATP6 mutation [3] which was seen in the presented patient, too.
Interestingly, episodic metabolic decompensation (21/23 versus 6/36, p < 0.001) were significantly more
common in patients with LS compared to those without LS [3]. It is already known that immunity and
mitochondria (e.g., mitochondrial metabolism) are interlinked with each other [18,19], e.g., mitochondria
can regulate activation and transcription of immune cells, differentiation and survival of immune cells.
Furthermore, there is emerging evidence that both, autophagy and mitophagy play definitive roles in
the control of mitochondrial homeostasis and regulation of innate and inflammatory responses [20].
Appropriately it was reported that in a cohort of 221 paediatric patients with mitochondrial disease,
the global mortality rate was 14%, with sepsis (55%) and pneumonia (29%) being the two most common
causes of death [21]. Furthermore, there are some animal models, underlying the connection of
immunological dysfunction and mitochondrial diseases [22,23]. The presented index patient had a
history of recurrent lactic acidosis and ketoacidosis; an immunodeficiency with T cell lymphopenia
and hypogammaglobulinemia was suspected. However, it remains indistinct, if recurrent illness may
be a part of the MT-ATP6 mutation associated disease spectrum.

5. Conclusions

The present study provided important insights in the phenotypic spectrum of disease-causing
MT-ATP6 variants. Especially against this background, mitochondria are known to play a key role in
immunity and regulation of innate and inflammatory responses. It can be concluded that recurrent
infections and immunodeficiency may be a possible key symptom in MT-ATP6-related variants.

6. Limitations

Since the asymptomatic proband’s mother showed very similar, nearly homoplasmic values of
heteroplasmy, the pathogenicity of this variant is not easy to ascertain. Further functional studies are
needed to assign definitive pathogenicity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-9721/8/2/19/s1,
Figure S1: Determination of mtDNA heteroplasmy levels (RFLP analysis) in the index and patient’s mother on
agarose gels.

Author Contributions: Preparation of manuscript and interpretation of the data: D.L.U. and A.R.; experimental
work: L.M.S. and M.W.; clinical and histopathological workup: D.L.U. and A.R.; supervision and critical review:
A.C.L. and A.R. All authors have read and agreed to the published version of the manuscript.

Funding: D.L.U. receives funding from the Hertha–Nathorff–Programm (HNP) of the Ulm Medical University,
Germany. D.L.U. and L.M.S. are members of the German mitoNET funded by the German Ministry of Education
and Research.

Acknowledgments: We acknowledge the excellent technical assistance of Martina Leis (Muscle Laboratory of the
Department of Neurology, University Hospital Ulm, Germany). We acknowledge the financial support within the
funding programme Open Access Publishing by the German Research Foundation (DFG).

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

http://www.mdpi.com/2079-9721/8/2/19/s1


Diseases 2020, 8, 19 6 of 7

References

1. Ganetzky, R.D.; Stendel, C.; McCormick, E.M.; Zolkipli-Cunningham, Z.; Goldstein, A.C.; Klopstock, T.;
Falk, M.J. MT-ATP6 mitochondrial disease variants: Phenotypic and biochemical features analysis in 218
published cases and cohort of 14 new cases. Hum. Mutat. 2019, 40, 499–515. [CrossRef] [PubMed]

2. Stendel, C.; Neuhofer, C.; Floride, E.; Yuqing, S.; Ganetzky, R.D.; Park, J.; Freisinger, P.; Kornblum, C.;
Kleinle, S.; Schols, L.; et al. Delineating MT-ATP6-associated disease: From isolated neuropathy to early
onset neurodegeneration. Neurol. Genet. 2020, 6, e393. [CrossRef] [PubMed]

3. Ng, Y.S.; Martikainen, M.H.; Gorman, G.S.; Blain, A.; Bugiardini, E.; Bunting, A.; Schaefer, A.M.; Alston, C.L.;
Blakely, E.L.; Sharma, S.; et al. Pathogenic variants in MT-ATP6: A United Kingdom-based mitochondrial
disease cohort study. Ann. Neurol. 2019, 86, 310–315. [CrossRef] [PubMed]

4. Tatuch, Y.; Christodoulou, J.; Feigenbaum, A.; Clarke, J.T.; Wherret, J.; Smith, C.; Rudd, N.;
Petrova-Benedict, R.; Robinson, B.H. Heteroplasmic mtDNA mutation (T−−−−G) at 8993 can cause Leigh
disease when the percentage of abnormal mtDNA is high. Am. J. Hum. Genet. 1992, 50, 852–858. [PubMed]

5. Ruppert, V.; Nolte, D.; Aschenbrenner, T.; Pankuweit, S.; Funck, R.; Maisch, B. Novel point mutations in the
mitochondrial DNA detected in patients with dilated cardiomyopathy by screening the whole mitochondrial
genome. Biochem. Biophys. Res. Commun. 2004, 318, 535–543. [CrossRef] [PubMed]

6. Holt, I.J.; Harding, A.E.; Petty, R.K.; Morgan-Hughes, J.A. A new mitochondrial disease associated with
mitochondrial DNA heteroplasmy. Am. J. Hum. Genet. 1990, 46, 428–433. [PubMed]

7. Thorburn, D.R.; Rahman, J.; Rahman, S. Mitochondrial DNA-Associated Leigh Syndrome and NARP.
In GeneReviews((R)); Adam, M.P., Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Stephens, K.,
Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 1993.

8. Pitceathly, R.D.; Murphy, S.M.; Cottenie, E.; Chalasani, A.; Sweeney, M.G.; Woodward, C.; Mudanohwo, E.E.;
Hargreaves, I.; Heales, S.; Land, J.; et al. Genetic dysfunction of MT-ATP6 causes axonal Charcot-Marie-Tooth
disease. Neurology 2012, 79, 1145–1154. [CrossRef] [PubMed]

9. Pfeffer, G.; Blakely, E.L.; Alston, C.L.; Hassani, A.; Boggild, M.; Horvath, R.; Samuels, D.C.; Taylor, R.W.;
Chinnery, P.F. Adult-onset spinocerebellar ataxia syndromes due to MTATP6 mutations. J. Neurol. Neurosurg.
Psychiatry 2012, 83, 883–886. [CrossRef] [PubMed]

10. Sikorska, M.; Sandhu, J.K.; Simon, D.K.; Pathiraja, V.; Sodja, C.; Li, Y.; Ribecco-Lutkiewicz, M.; Lanthier, P.;
Borowy-Borowski, H.; Upton, A.; et al. Identification of ataxia-associated mtDNA mutations (m.4052T>C
and m.9035T>C) and evaluation of their pathogenicity in transmitochondrial cybrids. Muscle Nerve 2009, 40,
381–394. [CrossRef] [PubMed]

11. Tabbada, K.A.; Trejaut, J.; Loo, J.H.; Chen, Y.M.; Lin, M.; Mirazon-Lahr, M.; Kivisild, T.; De Ungria, M.C.
Philippine mitochondrial DNA diversity: a populated viaduct between Taiwan and Indonesia? Mol. Biol. Evol.
2010, 27, 21–31. [CrossRef] [PubMed]

12. Gellerich, F.N.; Deschauer, M.; Chen, Y.; Muller, T.; Neudecker, S.; Zierz, S. Mitochondrial respiratory rates
and activities of respiratory chain complexes correlate linearly with heteroplasmy of deleted mtDNA without
threshold and independently of deletion size. Biochim. Biophys. Acta 2002, 1556, 41–52. [CrossRef]

13. Wagner, M.; Berutti, R.; Lorenz-Depiereux, B.; Graf, E.; Eckstein, G.; Mayr, J.A.; Meitinger, T.; Ahting, U.;
Prokisch, H.; Strom, T.M.; et al. Mitochondrial DNA mutation analysis from exome sequencing-A more
holistic approach in diagnostics of suspected mitochondrial disease. J. Inherit. Metab. Dis. 2019, 42, 909–917.
[CrossRef] [PubMed]

14. Scholle, L.M.; Zierz, S.; Mawrin, C.; Wickenhauser, C.; Urban, D.L. Heteroplasmy and Copy Number in the
Common m.3243A>G Mutation-A Post-Mortem Genotype-Phenotype Analysis. Genes (Basel) 2020, 11, 212.
[CrossRef]

15. Posey, J.E.; Rosenfeld, J.A.; James, R.A.; Bainbridge, M.; Niu, Z.; Wang, X.; Dhar, S.; Wiszniewski, W.;
Akdemir, Z.H.; Gambin, T.; et al. Molecular diagnostic experience of whole-exome sequencing in adult
patients. Genet. Med. 2016, 18, 678–685. [CrossRef] [PubMed]

16. Ciafaloni, E.; Santorelli, F.M.; Shanske, S.; Deonna, T.; Roulet, E.; Janzer, C.; Pescia, G.; DiMauro, S. Maternally
inherited Leigh syndrome. J. Pediatrics 1993, 122, 419–422. [CrossRef]

17. Carelli, V.; Baracca, A.; Barogi, S.; Pallotti, F.; Valentino, M.L.; Montagna, P.; Zeviani, M.; Pini, A.; Lenaz, G.;
Baruzzi, A.; et al. Biochemical-clinical correlation in patients with different loads of the mitochondrial DNA
T8993G mutation. Arch. Neurol. 2002, 59, 264–270. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/humu.23723
http://www.ncbi.nlm.nih.gov/pubmed/30763462
http://dx.doi.org/10.1212/NXG.0000000000000393
http://www.ncbi.nlm.nih.gov/pubmed/32042921
http://dx.doi.org/10.1002/ana.25525
http://www.ncbi.nlm.nih.gov/pubmed/31187502
http://www.ncbi.nlm.nih.gov/pubmed/1550128
http://dx.doi.org/10.1016/j.bbrc.2004.04.061
http://www.ncbi.nlm.nih.gov/pubmed/15120634
http://www.ncbi.nlm.nih.gov/pubmed/2137962
http://dx.doi.org/10.1212/WNL.0b013e3182698d8d
http://www.ncbi.nlm.nih.gov/pubmed/22933740
http://dx.doi.org/10.1136/jnnp-2012-302568
http://www.ncbi.nlm.nih.gov/pubmed/22577227
http://dx.doi.org/10.1002/mus.21355
http://www.ncbi.nlm.nih.gov/pubmed/19626676
http://dx.doi.org/10.1093/molbev/msp215
http://www.ncbi.nlm.nih.gov/pubmed/19755666
http://dx.doi.org/10.1016/S0005-2728(02)00305-5
http://dx.doi.org/10.1002/jimd.12109
http://www.ncbi.nlm.nih.gov/pubmed/31059585
http://dx.doi.org/10.3390/genes11020212
http://dx.doi.org/10.1038/gim.2015.142
http://www.ncbi.nlm.nih.gov/pubmed/26633545
http://dx.doi.org/10.1016/S0022-3476(05)83431-6
http://dx.doi.org/10.1001/archneur.59.2.264
http://www.ncbi.nlm.nih.gov/pubmed/11843698


Diseases 2020, 8, 19 7 of 7

18. Angajala, A.; Lim, S.; Phillips, J.B.; Kim, J.H.; Yates, C.; You, Z.; Tan, M. Diverse Roles of Mitochondria in
Immune Responses: Novel Insights Into Immuno-Metabolism. Front. Immunol. 2018, 9, 1605. [CrossRef]
[PubMed]

19. Tiku, V.; Tan, M.W.; Dikic, I. Mitochondrial Functions in Infection and Immunity. Trends Cell Biol. 2020, 30,
263–275. [CrossRef] [PubMed]

20. Mohanty, A.; Tiwari-Pandey, R.; Pandey, N.R. Mitochondria: the indispensable players in innate immunity
and guardians of the inflammatory response. J. Cell Commun. Signal. 2019, 13, 303–318. [CrossRef] [PubMed]

21. Eom, S.; Lee, H.N.; Lee, S.; Kang, H.C.; Lee, J.S.; Kim, H.D.; Lee, Y.M. Cause of Death in Children With
Mitochondrial Diseases. Pediatr. Neurol. 2017, 66, 82–88. [CrossRef] [PubMed]

22. Kapnick, S.M.; Pacheco, S.E.; McGuire, P.J. The emerging role of immune dysfunction in mitochondrial
diseases as a paradigm for understanding immunometabolism. Metab. Clin. Exp. 2018, 81, 97–112. [CrossRef]
[PubMed]

23. Quadalti, C.; Brunetti, D.; Lagutina, I.; Duchi, R.; Perota, A.; Lazzari, G.; Cerutti, R.; Di Meo, I.; Johnson, M.;
Bottani, E.; et al. SURF1 knockout cloned pigs: Early onset of a severe lethal phenotype. Biochim. Biophys.
Acta Mol. Basis. Dis. 2018, 1864, 2131–2142. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fimmu.2018.01605
http://www.ncbi.nlm.nih.gov/pubmed/30050539
http://dx.doi.org/10.1016/j.tcb.2020.01.006
http://www.ncbi.nlm.nih.gov/pubmed/32200805
http://dx.doi.org/10.1007/s12079-019-00507-9
http://www.ncbi.nlm.nih.gov/pubmed/30719617
http://dx.doi.org/10.1016/j.pediatrneurol.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27843091
http://dx.doi.org/10.1016/j.metabol.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29162500
http://dx.doi.org/10.1016/j.bbadis.2018.03.021
http://www.ncbi.nlm.nih.gov/pubmed/29601977
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Clinical Description 
	Histopathology and Activities of Respiratory Chain Complexes 
	Molecular Genetic Studies 
	Determination of mtDNA Heteroplasmy Levels (RFLP Analysis) 
	Ethical Statement 

	Results 
	Clinical Findings 
	Histopathology 
	Molecular Genetic Studies and Determination of mtDNA Heteroplasmy Levels 

	Discussion 
	Conclusions 
	Limitations 
	References

