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Myopathic mitochondrial DNA depletion syndrome

associated with biallelic variants in L/G3

Federica Invernizzi,! Andrea Legati,! Alessia Nasca,' Eleonora Lamantea,! Barbara
Garavaglia,! Mjriana Gusic,>* Robert Kopajtich,>3 Holger Prokisch,?? Massimo Zeviani,*>

Costanza Lamperti! and Daniele Ghezzi'

Author affiliations:

1 Unit of Medical Genetics and Neurogenetics, Fondazione IRCCS Istituto Neurologico Carlo

Besta, 20126 Milan, Italy

2 Institute of Human Genetics, School of Medicine, Technische Universitdt Miinchen, 81675

Munich, Germany

3 Institute of Neurogenomics, Helmholtz Zentrum Miinchen, 85764 Neuherberg, Germany
4 Department of Neurosciences, University of Padova, 35128 Padova, Italy

5 Venetian Institute of Molecular Medicine, 35128 Padova, Italy

6 Department of Pathophysiology and Transplantation, University of Milan, 20122 Milan, Italy

Correspondence to: Daniele Ghezzi
Fondazione IRCCS Istituto Neurologico "C.Besta", Via Temolo 4, 20126 Milano, Italy

E-mail: daniele.ghezzi@istituto-besta.it or daniele.ghezzi@unimi.it

Bonora et al.! reported three families with subjects affected by a mitochondrial
neurogastrointestinal encephalopathy (MNGIE) phenotype due to recessive mutations of LIG3,
encoding Ligase IIl, an enzyme present in both nucleus and mitochondria. A common
molecular feature was reduced amount of mitochondrial DNA (i.e. mtDNA depletion).
Affected subjects showed a quite variable severity, highlighted by the different age of symptom
onset ranging from first months of age, until childhood/youth.
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We describe here two baby siblings (S1 and S2) harbouring biallelic variants in LI/G3, with
neonatal-onset of a rapidly fatal myopathy, thus expanding the spectrum of this new genetic
disease. One of the variants in these new cases selectively affects the mitochondrial isoform of
Ligase III, preserving the nuclear isoform, indicating that failure to maintain physiological
mtDNA plays a key role in this disease.

The two babies belonged to a non-consanguineous Italian family (Fig. 1A). S1 presented at
birth with severe hypotonia, cardio-respiratory distress (APGAR 1/3), and was immediately
intubated. She had very high levels of lactate in plasma (6.1mM, n.v. 0.7-2.1), CSF (7.3mM,
n.v. <2.1) and urine (2400mMol/mol creatine, n.v. <35). The EMG revealed myopathic
features, while the EEG showed disorganized electric activity, possibly secondary to hypoxia.
Despite admission in the NICU, she died after 17 days. An autoptic muscle biopsy showed
numerous lipid vacuoles, a prevalence of hypotrophic fibers, and severe deficiency in
Cytochrome ¢ Oxidase staining, suggesting a mitochondrial myopathy. Biochemical activity
of the oxidative phosphorylation (OXPHOS) complexes (C) in muscle show defects of C-I, 111,
IV and V (<5%, 9%, <5% and 32% of controls, respectively). In fibroblasts, only the activity
of C-V was reduced (45%). The third child of the family (S2), born at 36 weeks of gestation,
presented at birth with a very serious condition, leading to a fatal outcome within hours.
Biochemical study on amniocytes showed C-IV decreased activity (56% of the control mean).
No additional material was available from this baby.

Analysis of DNA extracted from S1 muscle showed no multiple mtDNA deletions but marked
mtDNA depletion (Fig. 1B-C). Hence, a diagnosis of mtDNA depletion syndrome (MDS) was
made. MDS is an early-onset autosomal recessive disorder. To date, MDS pathogenic variants
were found in diverse nuclear genes, including genes encoding enzymes of the mtDNA
replication machinery, as well as genes encoding proteins controlling balanced mitochondrial
nucleotide pool.?

Whole exome sequencing in S1 revealed the presence of a heterozygous nonsense variant in
LIG3 (NM_013975.4: c.[86G>A], p.[W29%*]), as the best candidate according to the patient’s
phenotype. The variant was confirmed in S2 DNA extracted from amniocytes, and also in the
father and in one unaffected sibling, thus excluding a de novo dominant mutation (Fig. 1A).
Only thanks to a multiomics approach performed on S1 fibroblasts, we recently identified the
second LIG3 variant in S1 [Individual OM91786 in Kopajtich et al.’], compatible with a
recessive trait; RNA sequencing showed aberrant splicing of exon 9 and a further whole
genome sequencing identified one extremely rare heterozygous deep intronic variant

(c.[1611+209G>Al]). LIG3 transcript expression was reduced in RNA sequencing data® and by
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quantitative PCR; accordingly, proteomics studies showed a residual amount of 56% for the
LIG3 protein.? In S1 fibroblast treated with Ethidium Bromide, mutant cells showed impaired
recovery of induced mtDNA depletion,? as also reported by Bonora et al.! for other LIG3-
mutant fibroblasts. Finally, genetic screening in the family confirmed segregation, with S2
carrying both variants, and the intronic variant present in the mother and absent in the two
healthy siblings (Fig. 1A).

The human LIG3 contains two putative starting codons; the upstream ATG is the translation
initiation site for the mitochondrial isoform (Fig. 2). The DNA sequence between the two
ATGs encodes an amphipathic helix, which resemble already known mitochondrial targeting
signal (MTS) peptides.®> Notably, the variant p.W29* identified in our family is located in the
MTS; hence, the creation and translation of a transcript may still start from the second ATG,
thus allowing the synthesis of the nuclear isoform, despite the presence of an early stop codon.
Accordingly, proteomics data showed that half of the LIG3 protein is left, likely reflecting the
nuclear isoform translated from the allele with the nonsense variant. In contrast, the second
allele with the splice defect impairs both isoforms.

Clinical and molecular features, in particular mtDNA depletion, of all the patients with L/G3
pathogenic variants fit well with the proposed role of Ligase III. Indeed, despite DNA ligases
play a central role in nuclear DNA replication and repair, many works have highlighted the
involvement and requirement of Ligase III in the maintenance of mtDNA integrity. Concerning
the phenotype, MDS are heterogencous and wusually classified as myopathic,
encephalomyopathic, hepatocerebral or neurogastrointestinal.>® The latter is the only one with
a later onset, in adolescence or early adulthood. Affected subjects from two families described
by Bonora et al.! presented the first symptoms as teenagers. Patients from the third family had
an infantile onset (both at 2 months of age), with a fatal outcome at 2 years for one while the
other was still alive at 3 years. All patients were characterized by chronic intestinal pseudo-
obstruction and neurological involvement, with leukoencepalopathy, epilepsy and stroke-like
episodes.

Our two siblings had a more severe form of myopathic MDS, leading to neonatal death. In
contrast to the other patients, in our cases the EEG alterations were probably secondary to
respiratory distress due to muscle weakness and hypotonia, as they had never been able to
breathe autonomously. Moreover, no sign of gastrointestinal dysmotility were reported.
Considering all the reported L/G3 mutant patients (Fig. 2), it is difficult to identify easy
genotype/phenotype correlations. Our patients showed the most severe phenotype, despite the

presence of a mutation affecting only the mitochondrial isoform. This finding indicates that the
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specific presentation in our cases was mainly due to impairment of the mitochondrial isoform
of Ligase III rather than to defects in the nuclear or both isoforms.

The less severe subjects carried variants affecting both mitochondrial and nuclear LI/G3
isoforms: compound heterozygosity for a nonsense (or predicted nonsense) variant and a
missense change in the carboxyl-terminal domain was present in the subjects with milder
phenotypes (Family 1 and 2 in Bonora et al.!); the presence of an allele in which the DNA
ligase domain is preserved, could be a possible explanation for that the milder phenotype.
Contrariwise, family 3 harbored a missense variant in the DNA ligase domain was found,
together with a premature stop codon variant. Immunoblot analysis of three patients’ cells
(from the three families) showed a marked and similar decrease in LIG3 protein levels, but the
quality/specificity of the used antibody were questionable and the minimum detection limit
was not assessed. A residual amount of functional protein (below the detection threshold),
could explain the diverse clinical presentation and severity of the LIG3-related diseases.

In mitochondria, Ligase III plays a number of different functions, including the crucial joining
of the 5° and 3’ termini of the nascent strands as a conclusive event of mtDNA replication and
base-excision repair (BER). Germline LIG3 deletion is early embryonic lethal in mice.’
Conversely, a 90% knockdown of LIG3 is sufficient to maintain the normal copy number of
mtDNA in HeLa cells, although these cells are unable to respond to exposure to DNA damaging
agents. It is thus possible that the normal levels of LIG3 in cells are apparently excessive to
efficiently cope with various mtDNA injuries, such as oxidative damages.® However, in case
of reduced amount of LIG3, mtDNA damages that are repaired in physiological conditions may
not be prevented, leading to extremely deleterious consequences.

The proximity of mtDNA to the OXPHOS system makes mtDNA particularly vulnerable to
damage and mutations (oxidized bases and DNA strand breaks) produced by reactive oxygen
species (ROS), which are intrinsic OXPHOS by-products. BER is the primary pathway to
repair ROS-induced mtDNA lesions. The mtDNA repair system is less efficient and less known
than the nuclear one. Several enzymes take part in the BER mediated repair process. The latter
step, mediated by Ligase III, is kinetically the rate-limiting phase in mitochondrial BER.
Therefore, cells overexpressing Ligase III respond better to oxidative stress. If BER is crippled,
DNA repair intermediates can arise, leading to DNA strand breaks, which block DNA
replication and transcription, affecting mitochondrial function.” The presence of mtDNA
damaging conditions, such as oxidative stress, could then trigger mitochondrial and cellular

demise, and cause the clinical manifestations.
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In conclusion, we identified peculiar cases with a combination of pathogenic variants that
distinguish between the mitochondrial and nuclear function of Ligase III. This genotype allows
us to conclude that the mitochondrial dysfunction led to disease in our patients. Moreover, we
confirmed that LI/G3 pathogenic variants are associated with MDS but also expanded the
clinical spectrum from a MNGIE-like syndrome with infantile/teenage onset to neonatal fatal

myopathy.

Data availability

Data about the analyses on mitochondrial DNA are available on the repository Zenodo:

https://doi.org/10.5281/zenod0.4923605.

For data related to the multiomics analyses, refer to Kopajtich et al.3
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Figure legends

Figure 1 Genetic analysis of LIG3 and mitochondrial DNA. (A) Family pedigree of subjects
1 and 2 (S1, S2), with the sequencing chromatograms depicting the genomic regions
corresponding to the exon 1 c¢.86G>A and the intronic c.1611+209G>A variants
(NM_013975.4), in different family members. The two LI/G3 variants segregated in the family.
(B) Evaluations of mtDNA by Next Generation Sequencing (NGS) in S1 muscle DNA, as
previously described by Legati et al.!%: IGV snapshot (left panel) and NGS reads quantification
(right panel) did not show any evidence of multiple mtDNA deletions. (C) Southern blot
analysis (left panel) and a graph reporting the ratio between reads aligned to mtDNA and
nuclear DNA (right panel), in muscle from S1 and controls (Ct). A marked reduction in mtDNA

amount in S1 compared to control mean was evident.

Figure 2 Schematic picture of LIG3 and reported pathogenic variants. Schematic structure
of the LIG3 gene and of the corresponding protein with both mitochondrial and nuclear
isoforms, starting from two alternative ATG. Variants identified in our family are in red,
variants described by Bonora et al.! are in black. Arrows indicate the positions in genomic
DNA (gDNA) or protein sequence. Light blue boxes are two domains of Ligase III where
missense variants are located: the ATP dependent DNA ligase and BRCT (BRCA1 C-terminus)

domains. Dotted lines indicate nonsense variants. MTS: mitochondrial targeting sequence.
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Figure 1. Genetic analysis of LIG3 and mitochondrial DNA
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Figure 2. Schematic picture of LIG3 and reported pathogenic variants
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