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Neurodegeneration with brain iron accumulation (NBIA) are a
group of clinically heterogeneous neurodegenerative disorders asso-
ciated with mutations in different genes, which include PANK2,
PLA2G6, CP, FTL, C19orf12, WDR45, COASY, and FA2H [1,2]. Variants
of C19orf12 result in recessively inherited mitochondrial protein asso-
ciated neurodegeneration (MPAN), a typical but often clinically ag-
gressive NBIA [1]. Knockdown of C19orf12 orthologues CG3740 and
CG11671 in D. melanogaster induces neurodegeneration specific phe-
notype characterized by damage of brain tissue and abnormal loco-
motor function [3]. C19orf12 encodes a mitochondrial protein which
has four isoforms, the largest of which consists of 152 amino acids
(uniprot Q9NSK7-1). Most of the pathogenic variants have been iden-
tified in the last exon 3 of C19orf12 [1].

To date, 38 nonsense, frameshift, missense and splicing variants
(http://www.hgmd.cf.ac.uk/ac/gene.php?gene=C19orf12, accessed
April 2019) located in exons 2 and 3 of C19orf12 have been reported to
cause MPAN [1,4]. The missense variants are hypothesized to disturb
the sub-cellular localization of the protein, whereas other variants have
been predicted to result in loss of protein or produce truncated proteins
with or without wrongly incorporated amino acids. Over the years,
seven monoallelic variants of C19orf12 were reported to cause disease
in seven heterozygous individuals with MPAN. Six of these patients had
frameshift variants in exon 3, whereas the seventh was a carrier of a
missense variant in the same exon. It was hypothesized that frameshift
variants may confer gain-of-function effect and play a role in patho-
genesis of disorder in heterozygous individuals [1,5].

We recruited a family RDHT08 with three affected individuals. The
proband, II-5 (Fig. 1A) was born after an uneventful pregnancy and
achieved his early milestones adequately. Disease onset was at the age
of eight years, manifested with frequent falls. It progressed to tip toe
walking, hammer pes cavus toes, dystonic hands and feet, rigidity,
speech problem and decreased visual acuity at the age of sixteen. The
affected member II-4 was an 18 years old sister of the proband. She was
also affected at eight years of age. Apart from the phenotypes described
above, she experienced mild ataxia, sensory neuropathy and cognitive
impairment. The younger 15 years old sister II-6, had the same age of
onset and symptoms, but dystonia and difficulty in walking were more

severe. Brain magnetic resonance imaging (MRI) for the proband re-
vealed moderate periventricular white matter abnormalities (Fig. 1B)
and mild hypointesities in the globus pallidus (Fig. 1C).

The DNA of two affected siblings II-4 and II-5 was subjected to
whole exome sequencing. The candidate variants were prioritized and
segregation analysis was completed. A homozygous variant
c.199delG;p.(Ala67LeufsTer5) in C19orf12 (NM_001031726.3) was
found to segregate with the phenotype (Fig. 1D) in the three affected
individuals of the family, and was heterozygous in six unaffected car-
riers.

This variant was previously identified as one allele in a French NBIA
patient with another missense variant c.416 A > G;p.(Tyr139Cys) in
compound heterozygous form, and in homozygous form in two affected
MPAN patients [5,6], but no expression analyses were performed.
However, our experiments demonstrate that the level of mutant
C19orf12 mRNA is almost negligible in affected individuals with c.416
A > G;p.(Tyr139Cys) homozygous variant (Fig. 1E), which indicates
that the mutant allele will not give rise to a truncated protein. Our
results confirm that C19orf12 haploinsufficiency cannot be a me-
chanism of disease since all six individuals who are carriers of
c.199delG;p.(Ala67LeufsTer5) variant are unaffected (Fig. 1A). These
six individuals together with all other reported cases of more than se-
venty heterozygous unaffected obligate carriers and their unaffected
heterozygous children emphasize the fact that presence of half of the
normal levels of functional protein is enough to account for the wild-
type phenotype in these individuals. The high number of heterozygous
carriers who are completely unaffected, excludes the possibility of re-
duced penetrance of the variants.

A dominant-negative effect or gain-of-function effect can be con-
sidered to be a pathomechanism for one of the reported monoallelic
variants of C19orf12, c.358dupG;p.(A120GfsX32), where the size of the
predicted mutant protein is expected to be the same as that of the wild-
type protein [6]. This variant was reported to cause young onset classic
MPAN in one patient and a relatively different phenotype of Parkin-
sonism and dementia in his deceased father [6]. A dominant-negative
effect of this c.358dupG;p.(A120GfsX32) variant can be only inferred
till functional assays are performed. Another reported monoallelic
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variant which could cause disorder by a dominant-negative effect is p.
(Gly69Arg). However, multiple heterozygous carriers of the same var-
iant have no phenotype [5].

Additional support for recessive nature of C19orf12 variants also
exist. The bi-allelic pathogenic variants c.191insG;p.(Val64GlyfsTer18),
c.199delG;p.(Ala67LeufsTer5) c.404insT;p.(Met135IlefsTer15) and

c.436-437insG;p.(Ala146GlyfsTer6) are predicted to add unique amino
acids to the protein before truncation (Fig. 1F), but do not cause
symptoms in heterozygous carriers. Furthermore, the unaffected het-
erozygous individuals with the variants c.404insT;p.(Met135IlefsTer15)
and c.436-437insG;p.(Ala146GlyfsTer6), are expected to have aberrant
proteins of 150 or 152 amino acids, respectively, a length

Fig. 1. Pedigree, MRI and sequence traces for family RDHT08.1A: Pedigree of family RDHT08. The genotypes for C19orf12 variant c.199delG; p.
(Ala67LeufsTer5) are indicated below the individual symbols of all participants. 1B: The axial section of brain showing moderate periventricular white matter
abnormalities from MRI of the brain for the proband. 1C: The MRI of the brain of the proband shows the coronal section of brain with hypointensities in the globus
pallidus (encircled). 1D: Partial sequence chromatograms indicating the wild type allele in a normal control, heterozygous family member and homozygous deletion
mutation c.199delG;p.(Ala67LeufsTer5) in an affected member with C19orf12 variant. The position of the mutation is indicated by an arrow. (Colored figure can be
viewed online). 1E: C19orf12 gene expression in family RDHT08. Lanes 1 and 2 show the results for nested RT-PCR on cDNA library using gene specific primers. A
201bp (arrow on left side) product was obtained from cDNA of two carriers of the variant, whereas lane 3 shows extremely reduced or no amplification of required
product from cDNA library of homozygous affected member. Lane 4, size standard. Lanes 5-7 show the amplification of GAPDH specific 496bp products from the
same cDNA samples (indicated with an arrow on the right side) as a positive control. 1F: All monoallelic and some reported bi-allelic mutations in C19orf12. The
variants shown above were reported as monoallelic. Variants shown below the gene structure are those which have been reported to cause disorder when they are bi-
allelic. Frameshift variants are shown in red colour, whereas missense and nonsense variants are in black. The variant shown in blue has been reported to cause
disease both as monoallelic as well as in bi-allelic condition. Variant reported in this study is indicated with an asterisk. (References for all variants: PMID 23269600,
22704260, 25962551, 29295770, 22508347, 23166001, 21981780). E1, E2, E3 represent exons 1 to 3, respectively of C19orf12. Slanting lines depict introns, and the
horizontal black lines upstream and downstream the coding regions depict the 5′ and 3′ untranslated regions, respectively. (Colored figure can be viewed online).
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approximately equal to or identical to that of the wild-type protein
[5,7]. This negates the hypothesis that aberrant C19orf12 protein could
act in a dominant-negative manner.

Detailed review of the reports where monoallelic variants in het-
erozygotes were suggested to be responsible for disease phenotype
shows the limitations in methodology of the studies. For example, the
C19orf12 heterozygous variant c.244 A > T; p.(Lys82Ter) was present
in an NBIA patient and in her unaffected mother as well. The authors of
the study suggested the presence of a second unidentified variant which
could account for the disorder in the patient [5] . There is a high chance
that in some studies, the second pathogenic allele in the same gene was
missed, perhaps due to it being located in the regulatory region or due
to large deletions within the second allele. Digenic inheritance could be
another, although a remote possibility for the disorder in these in-
dividuals affected with MPAN and having monoallelic C19orf12 var-
iants. Follow up of patients with monoallelic C19orf12 variants may
reveal a second pathogenic variant in the same or a different gene.
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