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Hereditary Spastic Paraplegia Type 43 (SPG43) is Caused
by Mutation in C19orf12
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ABSTRACT: We report here the genetic basis for a form
of progressive hereditary spastic paraplegia (SPG43) previously described in two Malian sisters. Exome sequencing revealed a homozygous missense variant (c.187G>C;
p.Ala63Pro) in C19orf12, a gene recently implicated in
neurodegeneration with brain iron accumulation (NBIA).
The same mutation was subsequently also found in a
Brazilian family with features of NBIA, and we identified another NBIA patient with a three-nucleotide deletion (c.197_199del; p.Gly66del). Haplotype analysis revealed that the p.Ala63Pro mutations have a common
origin, but MRI scans showed no brain iron deposition
in the Malian SPG43 subjects. Heterologous expression
of these SPG43 and NBIA variants resulted in similar
alterations in the subcellular distribution of C19orf12.
The SPG43 and NBIA variants reported here as well as
the most common C19orf12 missense mutation reported
in NBIA patients are found within a highly conserved,
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extended hydrophobic domain in C19orf12, underscoring
the functional importance of this domain.
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Hereditary spastic paraplegias (HSPs) are heterogeneous neurological disorders (SPG1-57) characterized by progressive spasticity
and weakness in the lower limbs [Harding, 1993]. The estimated
prevalence is about 3–9/100,000 in most populations [Blackstone
et al., 2011; Erichsen et al., 2009; Silva et al., 1997]. All modes
of inheritance have been described, but dominant HSPs are most
common in North America and northern Europe, whereas recessive
forms are predominant in North Africa, the Middle East, and the
Mediterranean region [Erichsen et al., 2009; Harding, 1993; Silva
et al., 1997]. Over 30 recessive HSPs have been described, and over
20 of the disease genes have been identified to date.
In HSPs, axons of the corticospinal tracts and posterior columns
of the spinal cord are impaired in a length-dependent manner. The
cellular pathophysiology of HSPs involves several functional areas, including organellar membrane shaping and traffic, mitochondrial function, myelination, and lipid and cholesterol metabolism
[Blackstone et al., 2011; Blackstone, 2012]. Some HSP proteins have
been implicated in more than one of these areas. For example,
SPG4, the most common form of HSP, is caused by mutations in
SPAST (MIM #604277), the gene encoding spastin, an ATPase involved in endoplasmic reticulum (ER) morphogenesis, endosomal
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trafficking, BMP signaling, cytokinesis, and cytoskeletal regulation
[Hazan et al., 1999].
We previously described a consanguineous Malian family with
recessive HSP in which two sisters presented at the age of 7 and
12 years with gait difficulty, spasticity, and peripheral neuropathy,
and shared a region of extended homozygosity on chromosome
19 [Meilleur et al., 2010]. Five years after the initial examination,
the older patient had severe atrophy and decreased sensation in
the arms and legs, and reduced-to-absent reflexes, but no cognitive decline, facial and bulbar weakness, or vision loss. Brain MRI
of one of the affected sisters showed no abnormalities, in particular no brain iron deposits (Fig. 1A). DNA from an affected
sister was used to perform exome sequencing as previously described [Landouré et al., 2012], and we identified a homozygous
missense sequence variant in the coding region of the C19orf12
gene (NM 001031726.3; MIM #614297) at position c.187G>C
(Supp. Fig. S1), predicting the amino-acid substitution p.Ala63Pro
(http://databases.lovd.nl/shared/variants/C19orf12). Sequencing of
298 Malian controls did not show the homozygous sequence variant. The sequence variant was also not seen in 951 samples in the
R cohort [Biesecker et al., 2009]. Interestingly, the variant
ClinSeq
was found in three of 3,836 African-American alleles (but none of
8,222 European-American alleles) in the NHLBI Exome Sequencing Project database (http://evs.gs.washington.edu/EVS/). We subsequently sequenced the full coding region of C19orf12 in 16 Australians, 46 French, 195 Americans, and 170 Japanese presenting
with diverse HSP types, and none had the c.187G>C variant or any
other detectable variant in the gene. Thus, C19orf12 mutation is
likely a rare cause of autosomal recessive HSP.
While this work was in progress, mutations in C19orf12 were reported in a series of patients with neurodegeneration with brain
iron accumulation (NBIA) [Hartig et al., 2011]. NBIA is a heterogeneous neurological disorder caused by mutations in a range
of genes, some of which display allelic heterogeneity [Paisan-Ruiz
et al., 2009]. It is characterized primarily by extrapyramidal features,
with spasticity and optic atrophy. Psychiatric symptoms and cognitive decline have been reported in some cases [Hartig et al., 2011].
We evaluated an NBIA patient at the NIH Clinical Center under
the auspices of the NIH Undiagnosed Diseases Program. The subject presented at the age of 4 years with speech difficulty followed
by progressive spasticity and impaired walking. On examination,
he had dysarthria, psychomotor slowness, brisk reflexes, mild weakness and atrophy in the distal extremities, and small, pale optic discs.
Electromyography showed denervation changes over multiple body
segments, worse distally, consistent with a motor neuropathy. Brain
MRI imaging showed symmetrical excess iron deposition in the
globus pallidus (Fig. 1B). Exome sequencing identified a previously
reported in-frame deletion in the coding region of the C19orf12
gene (c.197 199del, p.Gly66del) [Deschauer et al., 2012].
We also evaluated a consanguineous Brazilian family in which
two affected siblings presented with walking difficulties at the age of
14 and 15 years. Their clinical examinations showed spasticity, distal
wasting, weakness, reduced sensation, and visual loss with bilateral
optic atrophy. They became wheelchair-bound in their mid-thirties.
Electrodiagnostic studies showed an axonal sensory and motor neuropathy, and MRI scans showed evidence of brain iron deposits in
the globus pallidus (Supp. Fig. S2). The younger sibling had memory loss and depression, but the older sibling had no psychiatric
features. Using the GEM.app software [Gonzalez et al., 2013] to analyze exome sequencing data, we identified the same variant seen in
the Malian family (Ala63>Pro). An analysis of the markers around
the C19orf12 locus showed that the Malian and Brazilian families
had a shared haplotype, indicating that the variants likely have a
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Figure 1. MRI and genetic characterization of SPG43 and NBIA. A:
Brain MRI images of a SPG43 subject with the homozygous C19orf12
mutation c.187G>C, p.Ala63Pro. B: MRI images of a NBIA patient with
the homozygous C19orf12 deletion c.197_199GGG, p.Gly66del. The white
arrow indicates iron deposition. C: Schematic diagram of C19orf12, with
the hydrophobic sequence in blue, and a protein sequence alignment
of C19orf12 in various species (amino acid numbers refer to the human
sequence). The SPG43 and NBIA mutations cause amino acid changes
at Ala63 and Gly66, respectively, both highly conserved residues (in red,
asterisks above).

common origin (Supp. Table S1). The Ala63 and Gly66 residues are
conserved across a wide range of species including mammals, fish,
and insects, indicating functional importance (Fig. 1C).
Computational analyses (http://www.predictprotein.org/) predict that the Ala63 and Gly66 residues are within a membrane
domain. The extended nature of this hydrophobic domain and the
presence of single or paired Pro residues within the region in all
known species further raises the possibility that this domain forms
a hydrophobic hairpin, as has been described in many ER proteins
mutated in other HSPs, including the three most common forms

Figure 2. C19orf12 localizes to the ER, and the SPG43 and NBIA mutations alter its subcellular distribution. A: COS7 cells expressing HA-tagged
wild-type (WT) or p.Ala63Pro mutant C19orf12 were costained for endogenous calreticulin, an ER protein (red). B: Quantification of the subcellular
distribution of C19orf12 in cells expressing Myc-tagged, wild-type C19orf12 or C19orf12 containing the SPG43 mutation p.Ala63Pro, the NBIAassociated mutants p.Gly69Arg and p.Gly66del, or two known polymorphisms (p.Val52Ile and p.Leu55Phe). Cells with C19orf12 clearly at the ER or
mitochondria were counted (n = 3 trials, with >100 cells per trial). C and D: Cells expressing HA-tagged wild-type or p.Ala63Pro mutant C19orf12
(green) were coimmunostained for calreticulin (red) and DAPI (blue) (D) and their distributions quantitated (C) as in panel B. Data represent the
means ± SEM of three independent, blinded experiments. C-term, C-terminal; N-term, N-terminal. ∗∗∗ P < 0.001. Bars, 20 μm.

[Blackstone, 2012]. In any case, the p.Ala63Pro mutation is very
likely to be disruptive. We found that, in cultured cells, recombinant N-terminally tagged wild-type C19orf12 had a complex and
variable distribution. In many cells, it colocalized closely with the ER
marker calreticulin, whereas in some other cells, C19orf12 appeared
to localize more to mitochondria (Fig. 2A and Supp. Fig. S3A).
The p.Ala63Pro missense mutant showed a dramatically different,
more generalized distribution throughout the cytoplasm in a majority of cells, similar to p.Gly66del and another commonly reported
NBIA mutant (p.Gly69Arg) [Hartig et al., 2011] (Fig. 2A and B
and Supp. Fig. S3B). However, known polymorphisms in healthy
controls, p.Val52Ile and p.Leu55Phe, which are also in the predicted membrane domain, did not alter the subcellular localization
(Fig. 2B). The position of the epitope tag did not appear to influence these findings, since expression of an N-terminally HA-tagged
C19orf12 protein gave results similar to those of C-terminal Myc-

tagged C19orf12 for both the wild-type and p.Ala63Pro mutant
proteins (Fig. 2C and D).
A previous NBIA study localized C19orf12 to mitochondria
[Hartig et al., 2011]. Our studies of recombinant wild-type C19orf12
show a complex localization to a variety of organelles, primarily the
ER but also the mitochondria (Fig. 2 and Supp. Fig. S2A). In future
studies, it will be important to investigate the localization of the endogenous C19orf12 protein in more detail, with a particular focus
on ER, mitochondria, and ER–mitochondrial contact sites.
SPG43 is an autosomal recessive spastic paraplegia with a presentation that includes distal amyotrophy, whereas NBIA is characterized by extrapyramidal and psychiatric features, optic atrophy,
cognitive decline, and brain iron deposits in addition to spasticity.
In this study, we show that C19orf12 mutation can present with or
without typical features of NBIA, that is, that it can cause spastic paraplegia with lower motor neuron features (SPG43) without
HUMAN MUTATION, Vol. 34, No. 10, 1357–1360, 2013
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vision loss and brain iron accumulation, as in the Malian family, or
with vision loss and evidence of brain iron accumulation but without extrapyramidal features (dystonia and parkinsonism), as in the
Brazilian family. These findings are an important extension of the
phenotype previously reported with C19orf12 mutation [Hogarth
et al., 2013] to include HSP and formes frustes of NBIA.
The differences in phenotype could be due to different genetic
or environmental modifiers in the Malian and Brazilian families.
With the shared haplotype around the locus, the p.Ala63Pro mutation likely has a common origin and other variations within the
gene are unlikely, but there could be different modifiers elsewhere
in the genome. Alternatively the phenotypic differences could be
stochastic. It is unlikely that they are due to a difference in the evaluations, since both families had thorough neurological exams and
MRI brain scans. The presence of the heterozygous p.Ala63Pro mutation in about one in 1,300 African-American alleles indicates that
it may be a rare, previously unidentified cause of spastic paraplegia
or NBIA in homozygotes in this population.
One of the pathogenic themes of recessive HSP mutations
is abnormality of intracellular membrane trafficking, a process important for the maintenance of long corticospinal axons
[Blackstone, 2012; Reid and Rugarli, 2010]. C19orf12 is predicted
to be a membrane-bound protein [Hartig et al., 2011], with a
long hydrophobic domain extending from approximately aminoacid residues 42–75. As with the mutations described in this study,
mutations in most patients with NBIA cluster within the predicted
helical membrane domain, highlighting its potentially important
functional role. The mutations identified here and the p.Gly69Arg
mutation described in other patients with NBIA, but not known
polymorphisms in the predicted membrane domain, disrupt the
subcellular distribution of C19orf12, indicating that the altered localization of the disease-causing mutations may contribute to the
pathologic mechanism.
Although the cellular functions of C19orf12 remain unclear, an
interesting parallel is seen with the clinical spectrum of FA2H (MIM
#611026) mutations. This gene is mutated in SPG35 as well as NBIA
and leukodystrophy [Kruer et al., 2010]. The FA2H gene product
functions in fatty acid synthesis; the C19orf12 mutation characterized here alters subcellular localization of C19orf12 to the ER and
may affect similar pathways. Furthermore, the phospholipase A2
gene PLA2G6 (MIM #603604) is mutated in autosomal recessive
NBIA, and this enzyme is involved in the metabolism of complex
lipids [Lamari et al., 2013]. Although patients with NBIA present
with features not seen in the SPG43 siblings, some overlapping
findings are present, indicating that mutations in C19orf12 can also
present across a neurological disease spectrum. Further functional
and localization studies of C19orf12 should shed light on any common cellular mechanisms by which the mutations result in common
clinical manifestations, and other genetic or environmental factors
that account for the phenotypic differences.
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