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A novel mutation in the proteolytic domain of LONP1
causes atypical CODAS syndrome

Takehiko Inui!, Mai Anzai!, Yusuke Takezawa!’2, Wakaba Endo!, Yosuke KakisakaZ, Atsuo Kikuchi?,
Akira Onuma?, Shigeo Kure?, Ichizo Nishino?, Chihiro Ohba’, Hirotomo Saitsu®, Naomichi Matsumoto®

and Kazuhiro Haginoyal?

Cerebral, ocular, dental, auricular, skeletal (CODAS) syndrome is a rare autosomal recessive multisystem disorder caused by
mutations in LONPI. It is characterized by intellectual disability, cataracts, delayed tooth eruption, malformed auricles and
skeletal abnormalities. We performed whole-exome sequencing on a 12-year-old Japanese male with severe intellectual disability,
congenital bilateral cataracts, spasticity, hypotonia with motor regression and progressive cerebellar atrophy with hyperintensity
of the cerebellar cortex on T2-weighted images. We detected compound heterozygous mutation in LONP1. One allele contained
a paternally inherited frameshift mutation (p.Ser100GInfs*46). The other allele contained a maternally inherited missense
mutation (p.Arg786Trp), which was predicted to be pathogenic by web-based prediction tools. The two mutations were not found
in Exome Variant Server or our 575 in-house control exomes. Some features were not consistent with CODAS syndrome but
overlapped with Marinesco-Sjogren syndrome, a multisystem disorder caused by a mutation in S/L1. An atypical mutation site

may result in atypical presentation of the LONP1 mutation.
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INTRODUCTION
Cerebral, ocular, dental, auricular, skeletal (CODAS) syndrome
(MIM 600373) is a rare autosomal recessive inherited multisystem
disorder. It is characterized by developmental delay, cataracts, delayed
tooth eruption, malformed auricles and skeletal abnormalities.)? Tts
clinical spectrum ranges from typical cases with five major features to
atypical cases with only two or three major features. CODAS
syndrome phenotypes were recently found to be caused by mutations
in LONPI, a gene encoding a mitochondrial adenosine triphosphate
(ATP)-dependent protease.!=

Marinesco-Sjogren syndrome (MSS; MIM 248800) is a rare
autosomal recessive inherited multisystem disorder.* The clinical triad
consists of early onset bilateral cataracts, cerebellar ataxia and
intellectual disability.”> Myopathy, motor regression, pyramidal signs,
skeletal abnormalities and hypogonadism are seen at variable
frequencies.’ Using brain magnetic resonance imaging (MRI), hyper-
intensity of the cerebellar cortex on T2-weighted images is the most
specific and striking finding.” Recently, mutations in SILI, a gene
encoding nucleotide exchange factors that function in the endoplasmic
reticulum, were identified as the main cause of MSS.® SILI mutations
are detected in 60% of typical MSS cases but the mutation rate is lower
than 3% in atypical MSS cases, suggesting that other genes are
responsible for the atypical cases.*

Here we report a case of atypical CODAS syndrome with hetero-
zygous mutations in LONPI. Early onset bilateral cataracts, intellectual
disability, hypotonia with motor regression and progressive cerebellar
atrophy with high intensity on MRI were consistent with MSS. This
case reveals that the mutation of LONPI can present similar features
with that of SILI.

CASE REPORT

The proband is a 12-year-old male, born to healthy, non-consangui-
neous parents. He has one healthy brother. He was born by cesarean
section due to placenta previa at 36 weeks of gestation. No asphyxia
was recorded. His birth weight, length and head circumference were
2324¢ (0.6 s.d.), 42.6cm (-1.5 s.d.) and 32.5cm (4+0.3 s.d.),
respectively. Imperforate anus with rectovesical fistula and bilateral
congenital cataracts were diagnosed at birth and were operated twice
on at 1 day and 3 months, respectively.

He was referred to our hospital because of developmental delay at
10 months. Physical examination revealed short stature, hypotonia and
spasticity of lower extremities. No facial dimorphism, including micro-
cornea, auricular or teeth deformities, was seen. At 1 year 6 months, he
could crawl but could not sit alone nor speak coherent words. At 2 years,
he regressed and could not crawl. At 2 years 10 months, he presented
with brief tonic seizures, which were controlled with valproate. Electric
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Figure 1 (a-d) Brain MRI of the case. (a, b) Hyperintensity of the cerebellar cortex on T2-weighted images was visible at 10 months. (c, d) Progressive
atrophy of cerebellar cortex and caudate and hyperintensity of the cerebellar cortex on T2-weighted images was seen at 5 years. (e) Skeletal radiography of
the patient’s knees at 12 years. Epiphyseal dysplasia in both femoral metaphysis was seen.

encephalogram showed rare spikes. At 8 years, a gastrostomy was placed
for progressive swallowing difficulties. At 9 years, he presented with
intermittent choreoathetotic movement.

MRI performed at 10 months and 5 years showed progressive
atrophy of the cerebellar cortex and caudate, with hyperintensity of the
cerebellar cortex on T2-weighted images (Figures la—d). He had
normal serum creatine kinase, amino acid, lactate, pyruvate, tandem
mass spectroscopy and karyotype. Nerve conduction time and
brainstem auditory evoked potentials were also normal. Skeletal
radiography showed epiphyseal dysplasia on both knees (Figure le).
Sanger sequencing denied SILI mutation.

Whole-exome sequencing identified compound heterozygous muta-
tions in LONPI. One allele contained a paternally inherited frameshift
mutation (NM_004793.3:c.296dup, p.(Ser100GInfs*46)). The other
allele contained a maternally inherited missense mutation
(NM_004793.3:c.2356C>T, p.(Arg786Trp)), which was predicted
to be pathogenic by web-based prediction tools (Supplementary
Table S1). Arg786 is evolutionarily conserved from humans to insects
in Lon protein sequences (Supplementary Figure S1). The two
mutations segregated with the disease in the family, and were not
found in Exome Variant Server (http://evs.gs.washington.edu/EVS/) or
in our 575 in-house control exomes. The ¢.296dup mutation was not
registered in EXAC database (http://exac.broadinstitute.org/), but the
¢.2356C>T was found in 9 of 119692 alleles. No mutations were
found in CTDPI.

DISCUSSION

We report a patient with bilateral congenital cataracts, developmental
delay, progressive cerebellar atrophy, hypotonia with motor regression
and choreoathetotic movement. Because of the presence of the clinical
triad, hypotonia with motor regression and characteristic MRI findings,
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he was suspected of having MSS. Mutations in SILI were excluded by
Sanger sequencing and whole-exome sequencing. Other differential
diagnoses, including congenital cataracts, facial dysmorphism and
neuropathy, were ruled out based on the clinical and genetic features.

In this case, we detected mutations in LONPI. Auricle malforma-
tion and delayed tooth eruption were not present. Regression,
involuntary movement and cerebellar atrophy with high intensity on
MRI have not been reported in CODAS syndrome, so this case was
not consistent with typical CODAS syndrome.

LONPI codes for Lon protease, a multi-functional mitochondrial
enzyme with diverse roles, including (1) elimination of misfolded and
oxidatively damaged proteins, (2) chaperone-like assembly of protein
complexes within the respiratory chain and (3) regulation of
mitochondrial gene expression.! Various allele combinations that
result in alteration of LON function are thought to cause variations
in the presentation of symptoms.' In typical CODAS syndrome with
five major features, pathogenic mutations cluster near the ATPase
domain, but in atypical CODAS syndrome without five major features,
the mutations spread to other domains.'= In this case, one mutation
was a missense mutation in the proteolytic domain, and the other was
a frameshift mutation in the N-terminal domain (Figure 2), which
may result in atypical presentation of the LONPI mutation. So far,
some LONPI mutations in the ATPase domain are reported to result
in reduced enzyme activity. There is no report about correlation
between mutations other than in the ATPase domain and enzyme
activity. Further studies are needed to confirm how mutations besides
ATPase domain affect biochemically.

The intellectual disability, cerebellar atrophy, hypotonia and regres-
sion were common to other mitochondrial diseases.” Congenital
cataracts and movement disorders are sometimes seen in other
mitochondrial disorders. It is plausible that dysfunction of LON,
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Figure 2 Functional domains of the human LON subunit. Reported mutations and the mutation identified in this case are shown. Missense mutations are
shown above the schematic; frameshift and nonsense mutations are shown below. The black circles indicate the mutations of typical CODAS syndrome, the
white triangles indicate the mutations of atypical CODAS syndrome and the arrow indicates the mutations of this case. Each circle, triangle, and arrow
represents each mutation. Mitochondrial targeting sequence, N-terminal domain, ATPase domain and a proteolytic domain. A full color version of this figure

is available at the Journal of Human Genetics journal online.

a mitochondrial chaperone enzyme, results in mitochondrial dysfunc-
tion and could show similar characteristics.

Some features in this case were not consistent with CODAS
syndrome but overlapped with MSS, including cerebellar atrophy
with high intensity in MRI, regression and spasticity. Most MSS cases
are caused by a mutation in SILI, a gene encoding nucleotide
exchange factors of the endoplasmic reticulum. Mitochondria and
endoplasmic reticulum have multiple contact sites forming specific
domains, and dysfunction of SILI causes decreased levels of many
mitochondrial membranes and membrane-binding proteins.!® In fact,
the mitochondrial architecture is altered in Sill-depleted mice.!' In
addition, one of the SILI mutation-negative atypical MSS patients was
associated with a mitochondrial DNA depletion disorder caused by
AGK mutation.* AGK encodes acylglycerol kinase, a mitochondrial
membrane protein that acts as a multi-substrate lipid kinase.'?
Moreover, AGK expression is decreased by SIL1 depletion.!” In this
case, LONPI mutations probably caused some features consistent with
MSS due to mitochondrial dysfunction. This is the first case showing
that a LONPI mutation overlaps with some features of MSS. This case
also suggests a correlation between MSS and mitochondrial dysfunc-
tion, although more cases are required for confirmation.

In conclusion, we show that LONPI mutations exhibit atypical
presentation with CODAS syndrome. Some features are consistent
with MSS, which may be caused by mitochondrial dysfunction.
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