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Background: Mitochondrial membrane protein–associated neurodegeneration (MPAN) mostly arises as an autosomal recessive disease and is caused by variants in the chromosome 19 open reading frame 12 (C19orf12) gene. However, a few C19orf12 monoallelic truncating de novo variants have been reported and segregated as autosomal dominant traits in some cases.
Methods: We performed whole-exome sequencing and analyzed genes related to neurodegeneration associated with brain iron accumulation for pathogenic variants. The identified variants were confirmed by Sanger sequencing and tested using in silico tools.
Results: The patient had an onset of depression at the age of 22 years, which rapidly progressed to severe dystonia, dementia, and bladder and bowel incontinence. Neuroimaging showed hypointensity in the substantia nigra and the globus pallidum, with additional frontotemporal atrophy. Genetic analysis revealed a single complex de novo variant [c.336_338delinsCACA (p.Trp112CysfsTer40)] in the C19orf12 gene.
Conclusion: This study enriches the genetic spectrum and clinical features of C19orf12 variants and provides additional evidence of the variable inheritance pattern of MPAN.
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INTRODUCTION
Mitochondrial membrane protein–associated neurodegeneration (MPAN; OMIM: 614298) is a subtype of neurodegeneration with brain iron accumulation (NBIA) characterized by dystonia, spastic paraparesis with muscle weakness, cognitive decline progressing to dementia, neuropsychiatric symptoms, and optic atrophy (Olgiati et al., 2017). Brain magnetic resonance imaging (MRI) showed an excessive accumulation of iron in the basal ganglia and substantia nigra of an NBIA patient (Svetel et al., 2021). Usually, chromosome 19 open reading frame 12 (C19orf12) displays an entirely autosomal recessive pattern of inheritance in well-characterized cases of MPAN (Hartig et al., 2011); however, a few apparent monoallelic truncating variants in C19orf12 exon 3 have been reported (Hogarth et al., 2013; Deutschländer et al., 2017; Monfrini et al., 2018).
This report describes a female MPAN patient experiencing onset of depression and identified with a single complex de novo variant [c.336_338delinsCACA (p.Trp112CysfsTer40)] in C19orf12. This case broadens the mutation spectrum and clinical phenotypes associated with C19orf12 variants and provides additional evidence of the variable inheritance pattern of MPAN.
CASE PRESENTATION
The patient was born to a non-consanguineously married couple, met the normal developmental milestones, and had an unremarkable family history (Figure 1A). At the age of 22 years, she presented with a depressed mood and was referred to a psychiatrist. She was subsequently diagnosed with depression; however, antidepressants were ineffective. At 23, she began complaining of a mild tremor in both upper limbs and had difficulty with fine motor skills. A computed tomography scan of the brain showed hyperdensity in the bilateral globus pallidum. At 24, she manifested with gait imbalance, slowed movements, and frequent falls. The symptoms were progressive, and by 26 years, she presented with cognitive decline, dystonia, rigidity, and spasticity. There were no seizures or optic atrophy, and a neurological examination showed moderate dysarthria, cervical dystonia, severe upper limb tremors, spastic limb hypertonia and muscle weakness, patellar hyperreflexia, and bilateral Babinski sign. An MRI of the brain on T2WI and FLAIR showed hypointensity in the substantia nigra and globus pallidum and hyperintense streaking of the medial medullary lamina between the globus pallidum internus and externus (Figure 1B). After a 2-year follow-up, she was immobile and non-verbal, developed obvious bladder and bowel incontinence, was in a wheelchair, and was unable to perform activities of daily living.
[image: Figure 1]FIGURE 1 | Clinical characteristics and mutation analysis of the family in this study. (A) Pedigree of the family in this study. Black symbol denotes the proband. (B) Brain MRI results: red arrows show hypointensity in the substantia nigra and globus pallidum along with additional frontotemporal atrophy. (C) Sanger sequencing results of the C19orf12 gene: red arrows indicate the locations of the mutations. (D) C19orf12 variants in the MPAN proband and frequency diagram of protein mutations. The locations of the W112 and D114 sites are indicated via red arrows.
MATERIALS AND METHODS
Ethical Compliance
This study was approved by the Medical Ethics Committee of The First Affiliated Hospital of Anhui University of Chinese Medicine (Hefei, China). Informed written consent was obtained from all participants.
Whole-Exome Sequencing and Validation
Genomic DNA of the patient and her parents was extracted from EDTA-anticoagulated blood, whole-exome sequencing was performed, and genes related to NBIA were analyzed for pathogenic variants. The identified variants were confirmed by Sanger sequencing. To determine whether C19orf12 variants were located in two different alleles, a fragment containing the two variants was cloned into the pEGFP-C1 vector, and 10 different clones were sent for sequencing. The primer sequences are shown in Supplementary Table S1.
Variant Interpretation
C19orf12 variants were compared with the list of reported pathogenic variants in the Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/gene.php), gnomAD (v3.1.1; http://gnomad-sg.org/), and Ensembl Blast/BLAT (http://asia.ensembl.org/index.html). The pathogenicity of the variants are shown in Supplementary Table S2, which was assessed with SIFT (http://provean.jcvi.org/protein_batch_submit.php), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), and MutationTaster (https://www.mutationtaster.org/). Homology comparisons were conducted by VarSite (https://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/VarSite/GetPage.pl?home=TRUE) to explore whether the mutated region was conserved.
RESULTS
The analysis of whole-exome sequencing data is shown in Supplementary Table S3, which identified two novel variants [c.336G > C (p.W112C) and c.338_339insA (p.D114Gfs*38)] in C19orf12 (NM_001031726) that were not present in gnomAD. Furthermore, neither of the variants were found in the parents of the patient (Figure 1C). VarSite showed that the variants were located in the highly conserved region of the C19orf12 gene across multiple species (Figure 1D). Supplementary Table S2 shows additional evidence for the pathogenicity of the two novel variations. According to the American College of Medical Genetics and Genomics guidelines, the frameshift variant c.338-339insA and missense variant c.336G > C can be classified as pathogenic (PVS1, PS2, PM2, PP3) and likely pathogenic (PS2, PM2, PP3), respectively.
Sanger sequencing confirmed that the two variants were located in the same allele (Supplementary Figure S1). However, given the unlikelihood that two de novo variants occur on the same allele, we treated these variants as a single complex de novo variant [c.336_338delinsCACA (p.Trp112CysfsTer40)].
DISCUSSION
MPAN is a classical form of NBIA and characterized by juvenile-onset and as a slowly progressive phenotype with dystonia, speech disturbances, cognitive decline, optic atrophy, and spastic paraparesis. However, psychiatric disturbances are relatively rare (Hartig et al., 2013; Schulte et al., 2013). Brain MRI results for MPAN are characterized by hypointensity in the substantia nigra and globus palladium (Hogarth et al., 2013), and neuroimaging confirmed hyperintense streaking in the medial medullary lamina, which is typical of MPAN and present in this case. Moreover, we found that additional frontotemporal atrophy was also present, which is an imaging feature associated with the end stages in MPAN individuals. In the present case, MPAN onset included depression at age 22, which progressed rapidly to severe dystonia, dementia, bladder and bowel incontinence, and brain atrophy within 4 years. Additionally, this patient did not have optic atrophy or blurred vision as compared with reports from other studies (de Vries et al., 2021; Langwinska-Wosko et al., 2016).
C19orf12 is a mitochondrial protein with a complex isoform involved in maintaining lipid homeostasis and membrane remodeling, with mutated variants capable of inducing oxidative stress and causing neuroinflammation (Hinarejos et al., 2020). However, it remains unclear how C19orf12 variants induce iron accumulation and orchestrate the MPAN phenotype. Ferroptosis may be a novel theory for the pathophysiologic mechanism of MPAN and might be related to lipid peroxidation and mitochondrial perturbation (Wang et al., 2019). To date, >50 C19orf12 variants have been reported in MPAN cases according to the Human Gene Mutation Database, and abundant evidence supports an autosomal recessive pattern. However, Monfrini et al. (2018) proposed a dominant negative effect associated with a C19orf12 variant in a patient with MPAN who carried a de novo heterozygous mutation. Additionally, Gregory et al. (2019) provided evidence of the molecular mechanism, suggesting the presence of a functional region in C19orf12 that contained a glycine zipper motif that could have a multimerization function (Gagliardi et al., 2015). The C19orf12 variant resulting in a protein truncated after amino acid 79 may retain the ability to multimerize with the protein from the wild-type allele; however, this version of the protein may still cause damage or induce degradation of the resulting protein complex, resulting in loss of function (Gregory et al., 2019). However, this would not explain a protein variant truncated after amino acid 76 (p.Met76Thrfs*3; NM_00103176.3) in patients with autosomal dominant MPAN. Thus, Rickman et al. (2021) considered “haploinsufficiency of isoform 3” as a potential mechanism of monoallelic MPAN, which results in a protein truncated after amino acid 75 and lacking the putative transmembrane region. Other studies subsequently confirmed an autosomal dominant mode of inheritance in MPAN (Fraser et al., 2021; Rickman et al., 2021).
A literature review focusing on age at onset, clinical features, and C19orf12 variant status [homozygous/compound heterozygous (Supplementary Table S1) and heterozygous patients (Table 1)] in MPAN cases indicated that 57 of 70 of cases presented with clinical signs of neurodegeneration before age 18. Moreover, we performed the analysis (Mann–Whitney test) and revealed homozygous/compound heterozygous C19orf12 mutations associated with MPAN cases had an earlier age at onset than heterozygous cases [biallelic vs. monoallelic: 9 ± 4 (range: 3–29 years) vs. 19 ± 16 (range: 1–55 years), p = 0.042]. Independent of the inheritance pattern, most MPAN cases are clinically similar, with the most common presenting symptoms being cognitive decline, gait difficulties, and optic atrophy, which occurred in 38, 34, and 21 of 70 cases, respectively.
TABLE 1 | Heterozygous C19orf12 mutations associated with MPAN cases in the medical literature.
[image: Table 1]As of December 2021, 17 monoallelic truncating variants have been described in patients with MPAN (Figure 2). In this case report, genetic analysis indicated a single complex variant of c.336_338delinsCACA (p.Trp112CysfsTer40) in C19orf12, which represents a de novo occurrence. This C19orf12 variant occurs at position 112 and subsequent codons, resulting in a series of 40 amino acid substitutions and causing early translation interruption during protein translation. Therefore, abnormal protein products are likely to escape nonsense-mediated mRNA decay and may have a significant negative impact on normally translated C19orf12 proteins.
[image: Figure 2]FIGURE 2 | Representation of MPAN-related C19orf12 variants. The variants shown above the gene structure are monoallelic, and those shown below are biallelic. The variant reported in this study is shown in bold.
In summary, we identified a single complex de novo variant of C19orf12 [c.336_338delinsCACA (p.Trp112CysfsTer40)] in an MPAN patient with a history of onset of depression that rapidly progressed to severe dystonia, dementia, and bladder and bowel incontinence. Additionally, a review of previously reported MPAN cases supported the novelty of this variant and provided additional evidence of the variable inheritance pattern associated with MPAN.
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