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Figure 2. Haplotype Analysis and Minimum Candidate Region of HMSN-P

(A) Haplotypes were reconstructed for all the families with the use of SNP array data and microsatellite markers. Previously reported
candidate regions are shown as “Kansai 2007” and “Okinawa 2007.""¢ Because families 1 and 2 are distantly related, an extended shared
common haplotype was observed on chromosome 3, as indicated by a previous study.® A reassessment of linkage analysis with high-
density SNP markers revealed a recombination between rs4894942 and 151104964 in family 2, thus refining the telomeric boundary
of the candidate region in Kansai families (designated as “Common haplotype shared between families 1 and 2). Furthermore, a shared
common haplotype (3.3 Mb with boundaries at 1s16840796 and rs1284730) between families 3 and 4 was found, defining the minimum

candidate region.

<
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Figure 3. Identification of Causative Mutation

(A) Exome sequencing revealed that only one novel nonsynonymous variant is located within the minimum candidate region. Direct
nucleotide-sequence analysis confirmed the mutation, ¢.854C>T (p.Pro285Leu), in TFG in both Kansai and Okinawan families. The

mutation cosegregated with the disease (Figure 1A).

(B) Schematic representation of TFG isoform 1. The alteration (p.Pro285Leu) detected in this study is shown below.
(C) Cross-species homology search of the partial TFG amino acid sequence containing the p.Pro285Leu alteration revealed that Pro285 is

evolutionally conserved among species.

pneumonia at 67 years of age.” Immunohistochemical
observations employing a TFG antibody (Table S8) re-
vealed fine granular immunostaining of TFG in the
cytoplasm of motor neurons in the spinal cord of neuro-
logically normal controls (n = 3; age at death = 58.7 =
19.6 years old) (Figure 4A). In the HMSN-P patient, in
contrast, TFG-immunopositive inclusion bodies were de-
tected in the motor neurons of the facial, hypoglossal,
and abducens nuclei and the spinal cord, as well as in
the sensory neurons of the dorsal root ganglia, but were
not detected in glial cells (Figures 4B—4D). A small number
of cortical neurons in the precentral gyrus also showed
TFG-immunopositive inclusion bodies (Figure 4E). Serial
sections stained with antibodies against ubiquitin or TFG
(Figure 4F) and double immunofluorescence staining
(Figure 4G) demonstrated that TFG-immunopositive inclu-
sions colocalized with ubiquitin -deposition. Inclusion
bodies were immunopositive for optineurin in motor
neurons of the brainstem nuclei and the anterior horn of
the spinal cord,® as well as in sensory neurons of the dorsal
root ganglia (data not shown). These data strongly indicate
that HMSN-P is a proteinopathy involving TFG.

Because HMSN-P and ALS share some clinical character-
istics, we then examined whether neuropathological
findings of HMSN-P shared cardinal features with those
of sporadic ALS."*'® Immunohistochemistry with a TDP-
43 antibody revealed skein-like inclusions in the remain-
ing motor neurons of the abducens nucleus and the
anterior horn of the lumbar cord (Figures 4H-4I). Phos-
phorylated TDP-43-positive inclusions were also identified
in neurons of the anterior horn of the cervical cord and
Clarke’s nucleus (Figures 4]-4K). In contrast, TFG immu-
nostaining of spinal-cord specimens from four patients
with sporadic ALS (their age at death was 72.3 + 7.4 years
old) revealed no pathological staining in the motor
neurons (data not shown). Double immunofluorescence
staining revealed that many of the TFG-immunopositive
round inclusions in the HSMN-P patient were negative
for TDP-43 (Figure 4L), whereas a small number of
inclusions were positive for both TFG and TDP-43
(Figure 4M). In addition, to investigate morphological
Golgi-apparatus changes, which have recently been found
in motor neurons of autopsied tissues of ALS patients,'”
we conducted immunohistochemical analysis by using

(B) Disease haplotypes in the Kansai and Okinawan kindreds are indicated below. Local recombination rates, RefSeq genes, and the
linkage disequilibrium map from HapMap JPT (Japanese in Tokyo, Japan) and CHB (Han Chinese in Beijing, China) samples are shown
above the disease haplotypes. When disease haplotypes of the Kansai and Okinawan kindreds are compared, the markers nearest to TFG
are discordant at markers 48.5 kb centromeric and 677 bp telomeric to the mutation within a haploblock, strongly supporting the inter-

pretation that the mutations have independent origins.
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Figure 4. TFG-Related Neuropathological Findings

(A) TFG immunostaining (with hematoxylin counterstaining) of a motor neuron in the spinal cord of a neurologically normal control.
A high-power magnified photomicrograph (inset) shows fine granular staining of TFG in the cytoplasm. The scale bars represent 20 pm
(main panel) and 10 ym (inset).

(B-E) TFG-immunopositive inclusions of the neurons (with hematoxylin counterstaining) in the hypoglossal nucleus (B), anterior horn
of the spinal cord (C), dorsal root ganglion (D, arrows), and motor cortex (E, arrow) of the patient with the TFG mutation. The scale bars
represent 20 ym (B-D) and 50 pm (E).

(F and F') Serial section analysis of the facial nucleus motor neuron showing an inclusion body colabeled for TFG (F) and ubiquitin (F’).
The scale bars represent 20 pm.

(G-G") Double immunofluorescence microscopy confirming colocalization of TFG (green) and ubiquitin (red) in an inclusion body of
a motor neuron in the hypoglossal nucleus. The scale bars represent 20 pm.

(H and I) TDP-43-positive skein-like inclusions in the motor neurons of the abducens nucleus (H) and anterior horn of the lumbar cord
(I). The scale bars represent 20 pm.

(J and K) Phosporylated TDP-43-positive inclusion bodies in the cervical anterior horn (J) and Clarke’s nucleus (K). The scale bars repre-
sent 20 pm.

(L-L") Round inclusions (arrows) positive for TFG (green) but negative for TDP-43 (red). The scale bars represent 20 pm.
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Figure 5. Formation of Cytoplasmic TDP-43 Aggregation Bodies
in Cells Stably Expressing Mutant p.Pro285Leu TFG

The coding sequence of TFG cDNA was subcloned into pBluescript
(Stratagene). After site-directed mutagenesis with a primer pair
shown in Table S9, the mutant cDNAs were cloned into the BamHI
and Xhol sites of pcDNA3 (Life Technologies). Stable cell lines
were established by Lipofectamine (Life Technologies) transfec-
tion according to the manufacturer’s instructions. Established
cell lines were cultured under the ordinary cell-culture conditions
(37°C and 5% CO,) for 5-6 days and were subjected to immuno-
cytochemical analyses. Neuro-2a cells stably expressing wild-
type TFG (A), mutant TFG (p.Pro285Leu) (B), and a mock vector
(C) are shown. TDP-43-immunopositive cytoplasmic inclusions
are absent in the cells stably expressing wild-type TFG or the
mock vector (A and C); however, TDP-43-immunopositive cyto-
plasmic inclusions were exclusively demonstrated in cells stably
expressing mutant TFG (p.Pro285Leu), as indicated by arrows
(B). Similar results were obtained with HEK 293 cells (not shown).
Scale bars represent 10 pm.

a TGN46 antibody. It revealed that the Golgi apparatus was
fragmented in approximately 70% of the remaining motor
neurons in the lumbar anterior horn. The fragmentation of
the Golgi apparatus was prominent near TFG-positive
inclusion bodies (Figures 4N—4R). In summary, we found
abnormal TDP-43-immunopositive inclusions in the
cytoplasm of motor neurons, as well as fragmentation of
the Golgi apparatus in HMSN-P, confirming the overlap-
ping neuropathological features between HMSN-P and
sporadic ALS.

To further investigate the effect of mutant TFG in
cultured cells, stable cell lines expressing wild-type and
mutant TFG (p.Pro285Leu) were established from neuro-
2a and human embryonic kidney (HEK) 293 cells as previ-

ously described.'® Established cell lines were cultured
under the ordinary cell-culture conditions (37°C and 5%
CO,) for 5-6 days and were subjected to immunocyto-
chemical analyses. The neuro-2a cells stably expressing
wild-type or mutant TFG demonstrated no distinct differ-
ence in the distribution of endogenous TFG, FUS, or
OPTN (data not shown). In contrast, cytoplasmic inclu-
sions containing endogenous TDP-43 were exclusively
observed in the neuro-2a cells stably expressing untagged
mutant TFG, but not in those expressing wild-type TFG
(Figure 5). Similar data were obtained from HEK 293 cells
(data not shown). Thus, the expression of mutant TFG
leads to mislocalization and inclusion-body formation of
TDP-43 in cultured cells.

TFG was originally identified as a part of fusion oncopro-
teins (NTRK1-T3 in papillary thyroid carcinoma,'® TFG-
ALK in anaplastic large cell lymphoma,?® and TFG/NOR1
in extraskeletal myxoid chondrosarcoma®'), where the
N-terminal portions of TFG are fused to the C terminus
of tyrosine kinases or a superfamily of steroid-thyroid
hormone-retinoid receptors acting as a transcriptional
activator leading to the formation of oncogenic products.
Very recently, TFG-1, a homolog of TFG in Caenorhabditis
elegans, and TFG have been discovered to localize in endo-
plasmic-reticulum exit sites. TFG-1 acts in a hexameric
form that binds the scaffolding protein Secl6 complex
assembly and plays an important role in protein secretion
with COPII-coated vesicles.?? It is noteworthy that muta-
tions in genes involved in vesicle trafficking?*?* (such
genes include VAPB, CHMPZ2B, alsin, FIG4, VPS33B,
PIP5SKIC, and ERBB3) cause motor neuron diseases,
emphasizing the role of vesicle trafficking in motor neuron
diseases. Thus, altered vesicle trafficking due to the TFG
mutation might be involved in the motor neuron degener-
ation in HMSN-P. The presence of TFG-immunopositive
inclusions in motor neurons raises the possibility that
mutant TFG results in the misfolding and formation of
cytoplasmic aggregate bodies, as well as altered vesicle
trafficking.

An intriguing neuropathological finding is TDP-43-
positive cytoplasmic inclusions in the motor neurons;
these inclusions have recently been established as the
fundamental neuropathological findings in ALS.'*!* Of
note, expression of mutant, but not wild-type, TFG in
cultured cells led to the formation of TDP-43-containing
cytoplasmic aggregation. These observations are similar

(M-M") An inclusion immunopositive for both TFG (green) and TDP-43 (red) is observed in a small number of neurons. The scale bars

represent 20 pm.

(N) Normal Golgi apparatus in the neurons of the intact thoracic intermediolateral nucleus. The scale bar represents 20 pm.
(O and P) Fragmentation of the Golgi apparatus with small, round, and disconnected profiles in the affected motor neurons of the

lumbar anterior horn. The scale bars represent 20 pm.

(Q-R") Immunohistochemical observations of the Golgi apparatus and TFG-immunopositive inclusions employing antibodies against
TGN46 (red) and TFG (green), respectively. The scale bars represent 10 pm.

(Q) Normal size and distribution (red) in a motor neuron without inclusions.

(R-R”) The Golgi apparatus was fragmented into various sizes and reduced in number in the lumbar anterior horn motor neuron with
TFG-positive inclusions (green). The fragmentation predominates near the inclusion (arrow), whereas the Golgi apparatuses distant from

the inclusion showed nearly normal patterns (arrow head).
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to what has been described for ALS, where TDP-43 is
mislocalized from the normally localized nucleus to the
cytoplasm with concomitant cytoplasmic inclusions.
Cytoplasmic TDP-43 accumulation and inclusion forma-
tion have also been observed in motor neurons in familial
ALS with mutations in VAPB (MIM 608627) or CHMP2B
(MIM 600795).25%¢ Furthermore, TDP-43 pathology has
been demonstrated in transgenic mice expressing mutant
VAPB.?” Although the mechanisms of mislocalization of
TDP-43 remain to be elucidated, these observations suggest
connections between alteration of vesicle trafficking and
mislocalization of TDP-43. Thus, common pathophysio-
logic mechanisms might underlie motor neuron degenera-
tions involving vesicle trafficking including TFG, as well as
VAPB and CHMP2B. Because TDP-43 is an RNA-binding
protein, RNA dysregulation has been suggested to play
important roles in the TDP43-mediated neurodegenera-
tion.?® Furthermore, recent discovery of hexanucleotide
repeat expansions in C9ORF72 in familial and sporadic
ALS/FTD (MIM 105550)%°2Y emphasizes the RNA-medi-
ated toxicities as the causal mechanisms of neurodegener-
ation. Observations of TDP-43-positive cytoplasmic inclu-
sions in the motor neurons of the patient with HMSN-P
raise the possibility that RNA-mediated mechanisms
might also be involved in motor neuron degeneration in
HMSN-P.

In summary, we have found that TFG mutations cause
HMSN-P. The presence of TFG/ubiquitin- and/or TDP-43-
immunopositive cytoplasmic inclusions in motor neurons
and cytosolic aggregation composed of TDP-43 in cultured
cells expressing mutant TFG indicate a novel pathway of
motor neuron death.

Supplemental Data

Supplemental Data include three figures and nine tables and can
be found with this article online at http://www.cell.com/AJHG/.
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Genotype-phenotype correlations
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ABSTRACT

Background Autosomal recessive hereditary spastic
paraplegias (AR-HSP) constitute a heterogeneous group
of neurodegenerative diseases involving pyramidal tracts
dysfunction. The genes responsible for many types of
AR-HSPs remain unknown. \We attempted to identify the
gene responsible for AR-HSP with optic atrophy and
neuropathy.

Methods The present study involved two patients in a
consanguineous Japanese family. Neurologic examination
and DNA analysis were performed for both patients, and
a skin biopsy for one. We performed genome-wide
linkage analysis involving single nucleotide polymorphism
arrays, copy-number variation analysis, and exome
sequencing. To clarify the mitochondrial functional
alteration resulting from the identified mutation, we
performed immunoblot analysis, mitochondrial protein
synthesis assaying, blue native polyacrylamide gel
electrophoresis (BN-PAGE) analysis, and respiratory
enzyme activity assaying of cultured fibroblasts of the
patient and a control.

Results We identified a homozygous nonsense
mutation (c.394C>T, p.R132X) in C120rf65 in the two
patients in this family. This C120rf65 mutation was not
found in 74 Japanese AR-HSP index patients without any
mutations in previously known HSP genes. This mutation
resulted in marked reduction of mitochondrial protein
synthesis, followed by functional and structural defects in
respiratory complexes | and IV,

Conclusions This novel nonsense mutation in C720rf65
could cause AR-HSP with optic atrophy and neuropathy,
resulting in a premature stop codon. The truncated
C120rf65 protein must lead to a defect in mitochondrial
protein synthesis and a reduction in the respiratory
complex enzyme activity. Thus, dysfunction of
mitochondrial translation could be one of the pathogenic
mechanisms underlying HSPs.

INTRODUCTION

Hereditary spastic paraplegias (HSPs) comprise a
large and heterogeneous group of genetic disorders
mainly affecting the pyramidal tracts of the legs.
The cardinal pathological findings in HSPs are the
result of a dying back degeneration of the corti-
cospinal tracts in the spinal cord. The longest
fibres, innervating the lower extremities are mostly
affected. HSPs are divided into two subtypes that
comprise pure and complex forms. The pure form
of HSP is characterised by progressive bilateral leg
spasticity, weakness, exaggerated tendon reflexes
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and positive pathological reflexes, whereas the
complex form of HSP shows the following add-
itional symptoms: peripheral neuropathy, cerebellar
atrophy, thin corpus callosum, optic atrophy,
retinal degeneration, mental impairment, convul-
sions and extrapyramidal signs.’

HSPs can be inherited in an autosomal-dominant
(AD), autosomal-recessive (AR) or X-linked recessive
(XR) manner. To date, at least 52 spastic paraplegia
gene (SPG) loci have been assigned, and approxi-
mately 30 genes have been identified. The pure form
is usually transmitted as an AD trait, whereas the
complex form is transmitted as an AR or XR one.
The most common AD-HSP is SPG4 with the
spastin gene mutation, accounting for 40-45% of
AD-HSP?> Meanwhile, the most frequent AR-HSP
might be SPG11 with the spatacsin gene mutation,
showing a complex phenotype including dementia
and thin corpus callosum.® The genes most respon-
sible for AR-HSPs, however, remain unknown.

Several pathogenic mechanisms underlying HSPs
have been suggested. HSPs might result from dis-
ruption of the axonal transport of molecules, orga-
nelles and other cargos, which mainly affects the
distal parts of motor neurones.* Axonal transport
might be impaired by mutations of the SPAST
gene® and kinesin heavy chain KIFSA.5 An animal
model of spastin deletion shows progressive axonal
degeneration restricted to the central nervous
system leading to a late and mild motor defect.
The degenerative process is characterised by focal
axonal swelling associated with abnormal accumu-
lation of organelles and cytoskeletal components.”
The intracellular transport of molecules and orga-
nelles to and from nerve terminals also depends on
the mitochondrial function.

An abnormal mitochondrial function also leads
to several HSPs: SPG7 with the paraplegin gene
mutation and SPG13 with the heat-shock protein
60 (HSPD1) one. For instance, paraplegin is a part
of the metalo-protease AAA (ATPases associated
with diverse cellular activities) complex with
AFG3L2,° an ATP-dependent proteolytic complex
located at the mitochondrial inner membrane,
which controls protein quality and regulates ribo-
some assembly’ A homozygous mutation of
AFG3L2 also leads to spastic ataxia-neuropathy
syndrome (SPAX-5 in OMIM).! Paraplegin-
deficient mice are affected by distal axonopathy of
spinal and peripheral axons, characterised by
axonal swelling and degeneration caused by
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massive accumulation of organelles and neurofilaments, similar
to those observed in the animal model of spastin deletion.!*

Here, we report a novel homozygous nonsense mutation in
the chromosome 12 open reading frame 65 (C120rf65) gene in
patients with AR-HSP with optic atrophy and neuropathy
found on linkage analysis involving single nucleotide poly-
morphism (SNP) and exome sequencing. Furthermore, we
revealed that this mutation led to a mitochondrial translation
dysfunction in a patient (proband). This is the first report that
a C12orf65 mutation causes HSP

PATIENTS AND METHODS

Patients

The present study involved two patients from a family with
spastic paraplegia, optic atrophy and peripheral neuropathy
described elsewhere.? The family pedigree is shown in figure 1A.
The parents were first cousins. Two affected (IV-3 and 6) and
three unaffected members (III-1, 2 and IV-4) of the family under-
went neurological examinations and nerve conduction studies,
except for I11-2 and IV-4." Presently, the unaffected members are
all deceased.

Linkage analysis

Genomic DNA was extracted from blood samples from the two
affected individuals (IV-3 and 6) with written informed
consent (figure 1A), and then multipoint parametric linkage
analysis involving a SNP high-throughput linkage analysis
system (SNP HiTLink) was performed.’® With this system,
SNP chip data for the Mapping 100 k/500 k array set and
Genome-Wide Human SNP array 6.0 (Affymetrix, Santa Clara,
California, USA) can be directly imported and passed to a mul-
tipoint parametric linkage analysis programme Allegro."
Parametric LOD scores were calculated using Allegro V.2 with
the parameter setting of an AR mode] with 100% penetrance.

Copy-number variation detection

We performed array-based comparative genomic hybridisation
(aCGH) analysis for copy-number alteration detection in the
candidate gene areas. We developed custom aCGH arrays
against the candidate areas in the four chromosomes using a
Human Genome CGH Microarray Kit 244K (Agilent
Technologies, Santa Clara, California, USA) according to the
manufacturer’s protocol.”® '® We made one CGH probe every
160 bp on average against the candidate gene areas.:

Exome sequencing

We collected a blood sample from one affected individual (IV-6)
and performed massively parallel sequencing. Genomic DINA was
extracted from leukocytes from the case and then sheared. An
adaptor-ligated library was prepared and clustered on the cBOT
system (Illumina, San Diego, California, USA). Exon capture was
performed with a SureSelect Human All Exon kit (Agilent).
Paired-end sequencing was carried out on an Illumina Hiseq 2000
that generated 91-bp reads. For sequence alignment, variant
calling and annotation, the sequences were aligned with the
human genome reference sequence (hgl9 build) using a
Burrows-Wheeler Aligner. Substitution calling was carried out
with a Genome analysis tool kit (GATK). SNP calls were made
with a GATK Unified Genotyper, and indel calls were made with
a GATK IndelGenotyper V2. SNP calling was performed with ref-
erence to dbSNP131 and dbSNP134. All variants were annotated
with reference to consensus coding sequences (CCDS) (NCBI
release 20090902) and RefSeq (UCSC dumped 20101004).
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Sanger sequencing

The coding exons and flanking intronic sequences of C12orf65
were amplified using the genomic DNA of the patients, and
using an Marshall Scientific (MS) Research Thermal Cycler. The
primer sequences were as follows: Ex2-F: aac atg gca gac agt gca
ag, Ex2-R: ggc tga tcc cat tea cac tt, Ex3-F: ttc tga ggt cct gtc cat
ttt t, and Ex3-R: gcc cag ccg agt ttt att ct. Sanger sequencing
was performed according to an established standard protocol on
an Applied Biosystems (ABI) 3730 capillary sequencer (Applied
Biosystems, Carlsbad, California, USA). We sought additional
C12orf65 mutations by Sanger sequencing of the coding regions
of two exons and their flanking sequences of C120rf65 in 74
index Japanese AR-HSP patients without known HSP gene
(SPG1/2/3A/4/5/6/7/8/10/11/18/17/20/21/31/33) substitutions
established by the Japan Spastic Paraplegia Research
Consortium, and one case in a family with Charcot-Marie—
Tooth disease (CMT) and optic atrophy with AR transmission.
Genomic DNA samples from 200 Japanese subjects without
apparent neurologic disorders were also analysed as controls.

Immunoblotting

Mitochondria were isolated from primary fibloblasts from the
patient and two controls. Mitochondrial protein (10 ug per lane)
was fractionated by 12% NuPAGE Gel (Life Technologies) and
transferred to polyvinylidene fluoride (PVDF) membranes. The
filters were preincubated for 1 h with Block One (Nacalai), fol-
lowed by incubation for 1h with Can Get Signal solution 1
(Toyobo) containing C120rf65 antibodies (Abcam) or voltage
dependent anion channel (VDAC) antibodies (MitoSciences). The
filters were washed four times with phosphate-buffered saline
(PBS) containing 0.1% Tween 20, incubated for 1 h with Can Get
Signal solution 2 (Toyobo) containing horseradish peroxidase-
conjugated antirabbit or mouse immunoglobuline G (igG) (GE
Healthcare), and then washed with PBS containing 0.1% Tween
20. Protein bands were visualised using enhanced chemilumines-
cence (ECL) prime western blotting reagents (GE Healthcare).

Mitochondrial protein synthesis assaying'’

The patient’s (IV-6) skin fibroblasts were obtained by skin
biopsy with informed consent. Fibroblasts derived from two
non-mitochondrial disease cases were used as controls. (*°S)
Methionine, cysteine incorporation into mitochondrially
encoded groteins was analysed essentially as described previ-
ously,'® 1 using the patient’s and control fibroblasts in culture.
Semiconfluent cells in 6-well plates were labelled with (*°S)
EXPRESS protein labelling mix (Perkin Elmer) for 30 min, in
the presence of emetine (0.1 mg/ml) in methionine-free
DMEM supplemented with dialysed 10% fetal bovine serum
(EBS). The cells were lysed in 10 mM Tris-HCI (pH 7.5), 1 mM
EDTA, and 1% sodium dodecyl sulfate (SDS). Total cellular pro-
teins (10 pg/lane) were fractionated by 15-20% gradient
SDS-PAGE. The gel was stained with Quick-coomassie brilliant
blue (CBB) PLUS (Wako) and dried. The gel was exposed to an
imaging plate, and the labelled polypeptides were located with
a bioimaging analyser (BAS3000, Fuji Photo Film).

Blue native polyacrylamide gel electrophoresis (BN-PAGE)

and western blotting for immunodetection®®

Mitochondrial proteins were isolated from cultured fibroblasts
from patient IV-6.2' A mixture of mitochondrial proteins from
10 non-mitochondrial disease cases was used as a control. For
the detection of individual complexes, the mitochondrial frac-
tion (20pg protein) was solubilised with 0.5% (w/v)
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Figure 1 Family pedigree and sural A
nerve biopsy findings. (A) Family

pedigree. The proband (IV-6) and his I
older brother (IV-3) show the same

clinical phenotype. Other siblings are I
all deceased. The parents (lll-1 and 2),

who were first cousins, were

neurologically asymptomatic before 11

their death. Filled squares, affected
males; open squares, unaffected
males; open circles, unaffected

1 2

females; slashes, deceased; arrow,
proband; dots, examined subjects.
(B) Sural nerve biopsy findings. An
electron microscopic image of a sural
nerve from the proband revealed the
formation of an onion bulb-like
structure. Bar, 2 um.

n-dodecyl-B-D-maltoside, and for the detection of supercom-
plexes, the mitochondrial fraction (30 pg protein) was solubi-
lised with 1% (w/v) digitonin, respectively. Electrophoresis was
performed on 3-12% gradient polyacrylamide gels
(Invitrogen).?! # Following BN-PAGE, the gels were blotted
onto polyvinylidene fluoride membranes using an iBlot transfer
system (Invitrogen). Subunit-specific primary antibodies were
used to immunodetect protein complexes. The cocktail of
primary antibodies comprised NDUFA9 (complex I, Invitrogen)
(2.0 pg/ml), SDHA (complex II, Invitrogen) (0.02 pg/ml),
UQCRC2 (complex III, Abcam) (0.2 pg/ml), MTCO1 (complex
IV, Invitrogen) (0.2 pg/ml), and ATP5B (complex V, Invitrogen)
(2.0 pg/ml). After removing the cocktail of primary antibodies,
alkaline phosphatase-conjugated secondary antibodies were
added, and then chemiluminescent detection was performed
with a bicimaging system (LAS4000 mini, GE Healthcare).

Enzymatic activity of respiratory chain complexes?’

The enzymatic activity of individual mitochondrial respiratory
complexes was determined using the mitochondrial fractions
(1 pg protein) isolated from cultured fibroblasts from patient
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IV-6 and 10 controls according to Trounce et al*® with modifica-
tions. The activities of complexes I, II, IIl and IV were mea-
sured using a multiwell plate reader spectrophotometric system
(SPECTROstar Nano, BMG Labtech). Citrate synthase (CS)
activity was used for normalisation. All measurements were
performed in triplicate and averaged.

RESULTS

Clinical features

The proband (IV-6) was a 32-year-old man who was admitted
to our hospital for evaluation of slowly progressive weakness of
the lower extremities and decreased visual acuity. He noticed
the reduced visual acuity at age 7 years. At about age 10 years,
his leg weakness and drop feet led to a steppage gait. He could
not execute fine finger movement at age 16 years. On ophthal-
mologic examination, he exhibited 20/100 vision in the right
eye and 20/200 in the left one. Fundoscopic examination
demonstrated bilateral optic atrophy with central scotoma. On
neurologic examination, bilateral leg spasticity, and anterior
tibial muscle weakness and atrophy were noted. Mild distal
arm weakness without atrophy was observed. Tendon reflexes,

B
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Figure 2 Linkage analysis and mutation of C720r65 in the proband. (A) Linkage analysis. Linkage analysis involving single nucleotide
polymorphisms revealed the highest lod scores (about 1.8) in parts of chromosomes 2, 6, 12 and 13 (arrows). These four areas were thought to be
candidate areas in which the causative gene was located. (B) Mutation of C720rf65 in the proband. Sanger sequencing confirmed the homozygous
nonsense mutation (c.394C>T, p.R132X9) of the C120rf65 gene identified in the proband (IV-6). The affected brother (IV-3) showed the same

mutation.
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except for normal ankle jerks, were exaggerated in all extrem-
ities. Bilateral planter responses were flexion. Superficial and
vibratory sensations were diminished in the distal legs with a
glove and stocking distribution and preserved position sense.
The results of blood and cerebrospinal fluid examinations were
within normal ranges. The urine organic acid pattern was
normal. EEG, ECG and brain CT showed no remarkable find-
ings. A nerve conduction study disclosed mild decreases of
motor and sensory nerve conduction velocities in the upper
extremities, but they were not evoked in the lower extremities.
High-amplitude NMUs, and a reduced number of NMUs; were
observed in the extremities on needle -electromyography
(EMG). Motor-evoked potential examination revealed prolonga-
tion of the central motor conduction times in the corticospinal
tracts. Microscopic examination of a muscle biopsy specimen
showed grouped atrophy in the tibialis anterior muscle. A sural
nerve biopsy revealed a decreased number of nerve fibres of
large diameter, the formation of an onion bulb-like structure,
and endoneural fibrosis (figure 1B).

The second case (IV-3), a brother of the proband, exhibited
essentially the same clinical phenotype. He noticed the visual
difficulty at age 7 years, the onset of slowly progressive muscle
atrophy in the lower extremities at age 10 years, and pes equi-
novarus deformities at age 12 years. Neurologic examination at
age 42 years showed bilateral optic atrophy with central scot-
omas and diminished visual acuity (10/200 on right and 16/200
on left). In the lower extremities, marked muscular atrophy,
spasticity and pes equinovarus were noted. Deep tendon
reflexes were exaggerated in all extremities with left patellar
clonus and extensor planter reflexes bilaterally. Superficial sen-
sation and vibration were diminished in a glove and stocking
distribution. Position sense was normal. Needle EMG showed
neurogenic patterns. A nerve-conduction study disclosed slight
decreases in motor nerve conduction velocities and normal
sensory nerve conduction velocities in the upper extremities,
but they were not evoked in the lower extremities.

Identification of candidate chromosome areas
We found linkages, that were not statistically significant, to chromo-

somes 2 (rs116837089-rs118552355), 6 (rs131535042-rs138306536), -

12 (1s119856515-rs125250432) and 13 (1s67990237-1s70707721),
with maximum cumulative logarithm of the odds (LOD) scores
of 1.8 (figure 2A). Array CGH analysis revealed no pathological
copy-number alterations in the four candidate chromosome areas.
These four areas contained neither previously identified HSP loci
nor CMT loci.

Exome sequencing allowed identification of the candidate

gene substitutions

The presence of consanguinity, and the fact that the parents
appeared asymptomatic, suggested that the patients had homo-
zygous disease-causing mutations, and therefore, a homozy-
gous autosomal-recessive model was applied. Exome
sequencing covered 98.65% of the target region, and the
average sequence depth on target was 41.47.

We identified three homozygous, non-synonymous single
nucleotide variants (c.394C>T (p.R132X) in C120rfé5,
c136G>A (p.E46K) in COQ5, and c.6599T>G (p.J2200S) in
KNTC1) in the chromosome 12 candidate area with reference
to dbSNP131. No such variations were detected in the chromo-
some 2, 6 and 13 areas. We could subsequently exclude the two
candidate gene mutations in COQ35 and KNTC1 as benign poly-
morphisms, because the two variants had been registered as
SNPs to the dbSNP134 and 1000 genomes (rs139585780:
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c136G>A in COQ5, A allele frequency=0.0112 and
rs140880563: ¢.6599T>G in KNTC1, G allele frequency=0.0056
in Japanese). The remaining candidate gene, C120rf65, was con-
firmed to have a homozygous nonsense mutation (c.394 C>T,
p.R132X) on Sanger sequencing in the two patients, IV-3 and 6
(figure 2B). This nonsense mutation was not found in 200
Japanese control genomic DNAs.

Mitochondrial respiratory function is impaired by the mutation

in C120rf65

Very recently, two homozygous C12orfé5 1 bp deletion muta-
tions were identified in patients with Leigh syndrome, optic
atrophy and ophthalmoplegia.** The C120rf65 protein shows
high sequence similarity to mitochondrial class I peptide
release factors (RFs), and it has been reported that mutations
in C120rf65 cause a mitochondrial translation defect. Analysis
of the assembly of mitochondrial phosphorylation complexes
showed decreases of complexes I, III, IV and V. This disease
entity is called combined oxidative phosphorylation deficiency
7 (COXPD7) (online Mendelian inheritance in man (OMIM)
#613559). To determine how this nonsense mutation affects
the mitochondrial function, we first performed immunoblot
analysis and mitochondrial protein synthesis assaying of
patient fibroblasts. Immunoblot analysis showed that a smaller
C1201rf65 protein was generated in the patient’s fibroblasts
than the wild-type protein in controls (figure 3A). Marked
reductions of the synthesised polypeptides were observed in
patient IV-6 compared with those in controls (16% for COX I
and COX II, figure 3B), implying the aberrant statuses of
respiratory complexes. Actually, complexes I and IV were
severely impaired in their enzymatic functions (29% and 13%,
respectively, figure 4A), and holoenzyme structures (the average
value for two experiments, 17% and 23%, respectively, figure
4B) in patient IV-6, probably due to the mitochondrial transla-
tion defect, as shown in figure 3B. Furthermore, the amounts
of respiratory supercomplexes that consist of complexes I, III
and IV were also significantly reduced in patient IV-6 (about
30%, figure 4B). Thus, the disrupted protein integrity (function
and structure) of complexes I and IV, which is closely asso-
ciated with the aberrant mitochondrial bioenergetics in patient
IV-6, would constitute the molecular pathogenicity in a patient
carrying a mutation in C120rf65.

DISCUSSION
In the present study, we identified a novel C120rf65 nonsense
mutation (c.394C>T, p.R132X) in patients with spastic para-
plegia with optic atrophy and neuropathy with AR inheritance
(SPG55). The possibility remains that there is another
undetected mutation in the four candidate chromosome areas
because the exome sequencing did not cover all exons in the
areas. However, our patients carried the nonsense mutation of
C120rf65 that had been identified as the causative gene for the
neurological disorder COXPD7. In COXPD7, it had been
reported that deletion mutations of C12orf65 lead to a decrease
in mitochondrial translation and combined oxidative phosphor-
ylation (OXPHOS) deficiencies. In the present study, we clearly
demonstrated that a nonsense mutation of C12orf65 led to a
mitochondrial protein synthesis defect and respiratory complex
enzyme activity reduction, similarly. Thus, the spastic paraple-
gia phenotype in our patients could be a novel and distinct clin-
ical entity based on the C120rf65 mutation.

The C120rf65 protein is considered to belong to the mito-
chondrial class I peptide RFs.?* This protein is a soluble matrix,
one that is not coprecipitated with mitochondrial ribosomes,?’

J Med Genet 2012;49:777-784. doi:10.1136/jmedgenet-2012-101212
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Figure 3 Immunoblot analysis of the A
patient’s fibroblasts and mitochondrial
protein synthesis assay. (A) Immunoblot
analysis of the patient’s fibroblasts.
Immunoblot analysis of the C120rf65
protein in two controls and the patient’s
fibroblasts. Mitochondrial protein
extracts (10 ug) were fractionated,
transferred to PVDF filters, and then
probed against C12o0rf65. VDAC was
used as a loading control. Immunoblot
analysis showed that a smaller C12orf65
protein (about 13 kDa) was generated in
the patient’s fibroblasts than the
wild-type proteins (about 17 kDa) in
controls. (B) Mitochondrial protein
synthesis assay. Fibrablasts from a
patient (IV-6) and two controls were
labelled with (*5S) EXPRESS protein
labelling mixing, and incorporated into
mitochondrial encoded proteins. The
fibroblasts were cultured with containing
medium in the presence of emetine, as
a cytosolic translation inhibitor. Total cell
proteins (10 ug) were fractionated by
15-20% gradient SDS-PAGE and
visualised by autoradiography. The
autographic image shows the marked
reduction of mitochondrial DNA
translation in the patient fibroblasts
compared with that in control
fibroblasts. The synthesised
polypeptides of combined oxidative |
and Il in the patient fibroblasts were
reduced to 16% in density compared
with those in the control fibroblasts.

15kD - §

and that has no peptidyl-tRNA hydrolase activity.?* Therefore,
although the actual function of C120rf65 is still not clear, it
might play a role in recycling abortive peptidyl-tRNAs that
have been prematurely released from ribosomes during polypep-
tide elongation. The nuclear C120rf65 gene comprises three
exons, and its protein-coding region comprises 501 bp derived
from its exons 2 and 3. The C120rf65 protein consists of 166
amino acids that include a RF-1 domain (amino acid numbers
53-146) and a glycine-glycine-glutamine (GGQ) motif (amino
acid numbers 71-73). Our patients had a homozygous non-
sense mutation (c.394 C>T) in exon 3, that is predicted to
result in a stop codon at 132. Previously reported COXPD7
patients had two homozygous deletion mutations (c.210delA
and c.248delT), and both mutations resulted in a premature
stop codon at 84 in exon 2.2

The RT-PCR product derived from the C120rfé65 mRINA was
not significantly reduced in COXPD7 patients®* or our patients
compared with that in normal controls (data not shown). We
suggest that truncated C12o0rf65 proteins were generated in
these COXPD7 and our patients (figure 3A). COXPD7 and our
patients share a few clinical symptoms, that is, optic atrophy
and peripheral neuropathy. We consider that our patients could
be included in COXPD7 with a different clinical phenotype.
However, the cardinal clinical feature in COXPD7 patients is
Leigh syndrome, while that in our patients is spastic paraplegia.
The former shows a more severe phenotype than the latter. We
found that our patient has a relatively larger C1201f65 protein

J Med Genet 2012;49:777-784. doi:10.1136/jmedgenet-2012-101212
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. - wild-type C120rf65 protein

- mutant C120rf65 protein

) - VDAC

(131 amino acids) than that in COXPD7 cases (83 amino
acids). Moreover, COXPD7 patient’s fibroblasts have been
reported to exhibit severe decreases in complexes I, IV and
V. Meanwhile, our patient’s fibroblasts showed decreases in
complexes I and IV, and a milder decrease in complex V. In
several reports, patients with mtDNA translation defects were
found to be associated with an unaffected amount of complex
Il or a milder decrease than of other complexes.?*? In the
case of COXPD7 patient’s fibroblasts, there was a milder
decrease in complex III, while our patient’s fibroblasts had an
unaffected amount of complex III. Therefore, our patients
might have a preserved C120rf65 protein function compared
with that in COXPD?7.

A study involving cultured neurones showed a complex
I deficiency could increase mitochondrial reactive oxygen
species (ROS) production, and increase neuronal death attenu-
ated by ROS scavengers.’® Accumulated intracellular oxidative
damage to neurones could be a causative mechanism for neuro-
degeneration caused by mitochondrial respiratory deficiencies.

To date, several HSP genes related to mitochondria have been
identified: paraplegin and HSPD1. The SPG31 protein, receptor
expression-enhancing protein 1 (REEP1), coordinates ER
shaping and microtubule dynamics,? although another report
has proposed that REEP1 is a mitochondrial protein.*? SPG7 is
an AR-complicated HSP resulting from paraplegin gene muta-
tions. The clinical features of SPG7 are varied with associated
symptoms: cerebellar signs, optic atrophy, distal amyotrophy
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A

Figure 4 Enzymatic activities of
respiratory complexes, and blue native
polyacrylamide gel electrophoresis

(BN-PAGE) and western blotting for 2
immunodetection. (A) Enzymatic

activities of respiratory complexes.

Isolated mitochondrial fractions (1 pg

protein) of cultured fibroblasts from 1

patient IV-6 and 10 controls were

subjected to spectrophotometry. The

activity of citrate synthase was used for

normalisation. All measurements were 0
performed in triplicate and averaged.

The enzymatic activities of complexes | B

and IV were severely decreased (29%

and 13%, respectively). (B). BN-PAGE a

and western blotting for

O Patiem

i = ml
| 1l

Control

@ Control

3%

iy v

immunodetection. (a) For the detection
of individual complexes, isolated

b R

Patient b
Control Patient

mitochondrial fractions (20 ug protein) 1
were solubilised with 0.5% (w/v)

n-dodecyl-B-D-maltoside, and then v >
electrophoresed on 3-12% gradient

polyacrylamide gels. The I >
subunit-specific primary antibodies

used were as follows: NDUFA9

(complex |, Invitrogen) (2.0 pg/ml),

SDHA (complex I, Invitrogen) (0.02 pg/ v »
ml}, UQCRC2 (complex lil, Abcam)

(0.2 pg/ml), MTCO1 (complex IV,

Invitrogen) (0.2 ug/ml), and ATP5B 1. >

{complex V, Invitrogen) (2.0 pug/ml).
Translocase of the outer membrane was
used as the loading control.
Immunoblot images show that the
amounts of complexes | and IV were
decreased to about 11% and 21% in
patient IV-6. (b) For the detection of
supercomplexes, isolated mitochondrial
fractions (30 pg protein) were
solubilised with 1% {w/v) digitonin, and
then electrophoresed on 3-12%
gradient polyacrylamide gels. The
subunit-specific primary antibodies
used were as follows: SDHA (complex
II, Invitrogen) (0.02 ug/ml) and UQCRC2
{complex Ill, Abcam) (0.2 pg/ml).
Immunoblot images show that the
amounts of supercomplexes that
consist of complexes |, lll and IV were
also reduced to about 30% in

patient IV-6.

and peripheral neuropathy. Our patients and SPG7 ones share
the symptoms of optic atrophy and neuropathy as well as
spastic paraplegia, although the paraplegin gene mutation was
not identified in this family.

Paraplegin is a nuclear-encoded mitochondrial protein. SPG7
fibroblasts have been demonstrated to exhibit reduced respira-
tory chain complex I activity.*® Complex I activity was also
reduced in our patient’s fibroblasts. Considering the above find-
ings, the present type of HSP has some clinical and biochemical
features in common with SPG7. Furthermore, there has been
one report of a defect of complex I activity in HSP patients
without SPG7 gene mutations,*® and another one with
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significant decreases in mitochondrial respirator{s chain com-
plexes I and IV in non-SPG4/SPG7 HSP families.™ These fam-
ilies might have a mutation in the C12orf65 genes responsible
for reduced mitochondrial respiratory chain complex activities.

It may be noteworthy that in Friedreich’s ataxia (FA),
another nuclear-encoded mitochondrial defect, there is corti-
cospinal degeneration. In rare cases, FA may present clinically
as spastic paraparesis.> 3

In conclusion, the present study allowed identification of a
C12orf65 gene mutation in AR-HSP with optic atrophy and neur-
opathy, and revealed a mitochondrial translation dysfunction
resulting in reduced enzyme activities of respiratory chain

J Med Genet 2012;49:777-784. doi:10.1136/jmedgenet-2012-101212
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complexes. Our study should provide additional insights into the
pathogeneses of HSPs or other neurodegenerative diseases involv-
ing mitochondrial gene mutations.
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Abstract Familial amyloidosis of the Finnish type (FAF) is
an autosomal dominant form of systematic amyloidosis
characterized by lattice corneal dystrophy, cranial neuropa-
thy, and cutis laxa. Although FAF has been frequently found
in the Finnish population, FAF is a considerably rare disor-
der in other regions. In this study, we examined the clinical
characteristics as well as the haplotypes of six Japanese
patients with FAF from five families. They showed the
typical clinical presentations of FAF, but we found a broad
range of ages at onset of neurological symptoms. All members
had the ¢.654G>A mutation in GSN. To evaluate the disease
haplotypes, high-density single-nucleotide polymorphism
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(SNP) arrays were used and disease-relevant haplotypes were
reconstructed. Haplotype analysis in the four apparently
unrelated families suggested a common founder haplotype.
In a sporadic FAF patient, however, the haplotype was dis-
similar to the founder haplotype. The present study demon-
strated that a founder mutation in most of the Japanese
families with FAF, except for a sporadic patient in whom a
de novo mutation event was suggested as the origin of the
mutation.

Keywords Gelsolin-related familial amyloidosis -
Haplotype analysis - SNP typing

Introduction

Familial amyloidosis of the Finnish type (FAF) is an auto-
somal dominant form of systemic amyloidosis, which was
first described in Finland [1]. FAF is clinically characterized
by lattice corneal dystrophy, progressive cranial and periph-
eral neuropathy, and cutis laxa [1]. In some patients, renal
and cardiac manifestations are observed [2]. It has been
reported that lattice corneal dysirophy can be observed in
patients as early as in their second decade, and cranial
neuropathy appears gradually after their third decade [2].
The amyloid fibril protein in FAF is composed of gelso-
lin, an actin-modulating protein [3]. Two missense muta-
tions in the gelsolin gene (GSN) on chromosome 9¢33.2
have been identified as the causative mutations. The
¢.654G>A transition substituting Asn for Asp at codon
187 is the first and most common mutation identified in
patients with FAF. This mutation has been identified in all
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the Finnish patients [4-9]. Interestingly, the same mutation
has also been identified in the Japanese patients [10—17] as
well as in affected American [4, 5, 18, 19], Spanish [20],
French [2], Dutch [21], Portuguese [22], British [23], and
Iranian [24, 25] families. The second mutation is the
¢.654G>T transversion leading to a p.Aspl87Tyr substitu-
tion and was found only in affected French, Danish, Czech,
and Brazilian families [2, 4, 5, 26] with similar clinical
manifestations.

A marked clustering of FAF has been observed in
Southern Finland [27]. The number of disease carriers
in the Finnish population has been estimated to be as
many as 1,000 [28]. In Finnish patients, the existence of
a strong founder effect has been demonstrated by hap-
lotype analysis [29].

To date, eight Japanese families with FAF have been
described, and intriguingly, all the patients carry the
¢.654G>A mutation, raising the possibility of a founder
effect in the Japanese FAF mutation as well. A previous
study revealed that two Japanese FAF families shared a
common haplotype, but the haplotype associated with the
two Japanese families was different from that associated
with Finnish families [29]. In that previous study, however,
only two families originating from neighboring regions
were recruited, and a limited number of DNA markers were
used. Thus, a more detailed analysis of the haplotypes
associated with Japanese FAF patients is required to confirm
whether a strong founder effect is present in the Japanese
FAF patients.

In this study, we conducted a clinical examination of six
patients with FAF including newly identified patients from
different regions of Japan. Furthermore, to investigate the
possibility of a founder mutation in these patients, we con-
ducted detailed haplotype analysis employing microsatel-
lites and high-density single-nucleotide polymorphism
(SNP) markers.

Subjects and methods
Patients and families

Six FAF patients (I11-6 and IV-4 of Family1, II-1 of Family
2, 1I-5 of Family 3, I1I-12 in Family 4, and II[-4 in Family 5,
shown as the dots in Fig. 1a) were enrolled in this study.
Individual I1I-12 of Family 4 was a descendant of a family
that was already reported previously [15]. Clinical informa-
tion of individuals I1I-6 of Family 1 [16] and II-5 of Family
3 [10] was partly reported previously. Molecular investiga-
tions were performed after written informed consent was
obtained from all the participating family members. The
study was approved by the institutional review board of
The University of Tokyo.

@ Springer

Mutational analysis of GSN

Genomic DNAs were extracted from peripheral blood leu-
kocytes in accordance with standard procedures. Exon 4 of
GSN was amplified using flanking intronic primers
(Supplementary Table 1). Direct nucleotide sequence anal-
ysis was performed using ExoSAP-IT (USB, Cleveland,
OH), a BigDye Terminator v3.1 kit, and XTerminator employ-
ing an ABI PRISM3100 sequencer (Life Technologies
Corporation, Carlsbad, CA).

Haplotype analysis

To determine the disease-associated haplotypes, high-
density SNP typing was carried out in the six individuals
(Fig. 1a), employing Genome-Wide Human SNP array 6.0
in accordance with the manufacturer's instructions (Affyme-
trix, Santa Clara, CA). The genotype of each individual was
determined using Genotyping Console 4.0 (Affymetrix).
Haplotypes were reconstructed manually by minimizing
the number of recombination events. When the genotypes
of the other family members were unavailable, we deter-
mined homozygosity haplotypes [30], employing SNPs with
minor allele frequencies (MAF)>3 %. In the six individuals
and additional four individuals indicated by stars in Fig. la,
we analyzed five microsatellite markers near GSN (GSN,
D9S103, AFMa061xd9, AFMal39xb9, and D9S282) that
have been analyzed in a previous study (Supplementary
Table 1) [29]. Allele frequencies of SNPs were obtained
from HapMap-JPT data. Linkage disequilibrium (LD) data
of HapMap-JPT and HapMap-CHB were used in this study
(http://www.hapmap.org/).

Results
Clinical presentations of newly identified patients
Family 1

The proband (I1I-6) noted bilateral blepharoptosis at the age
of 57 followed by the appearance of dysarthria and a small
voice. Blepharoptosis was retrospectively evident from old
pictures taken when the patient was approximately 30 years
of age. At the age of 61, the patient started to have dyspha-
gia. On examination at the age of 61, blepharoptosis, facial
weakness, dysarthria, dysphagia, tongue atrophy and fasci-
culations, and distal dysesthesia in the extremities as well as
cutis laxa and lattice corneal dystrophy were observed. At
that time, the molecular diagnosis of FAF was made [16]. At
the age of 70, blepharoplasty (levator resection) was per-
formed. From the age of 73, the patient had severe dysar-
thria and began to write messages to communicate with
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Fig. 1 Pedigree chart of A
Japanese families with FAF. a
Affected individuals are

indicated with filled symbols.

Symbols with a line indicate

deceased individuals.

Individuals indicated by dots

are clinically investigated in the

study and are genotyped using

dense single-nucleotide
polymorphism and microsatel-

lite markers. Microsatellite

markers are also genotyped in
individuals indicated by stars.

For confidentiality purposes

gender is not indicated. b The I
residences of the families are

Family 1 (P746)

' Family 2 (P5770)

Family 3 (P6377)

Family 5 (P5826)

shown

others. The patient died of a malignancy at the age of 76, at
which age when restricted eye movement was observed. The
offspring (IV-4) was found to have lattice corneal dystrophy
at the age of 28, but did not have any neurological symp-
toms at the age of 43.

Family 2

11I-1 noted bilateral blepharoptosis at the age of 67. At the
age of 77, the patient consulted an ophthalmologist for
progressive loss of visual acuity, who pointed out cataract
and lattice corneal dystrophy: Because facial weakness and
masseter weakness were also observed, the clinical diagno-
sis of FAF was made. On examination at the age of 78, the
patient became aware of hypesthesia at the distal portion of
the extremities, although the patient did not show weakness
in the extremities. The patient’'s tendon reflexes were atten-
vated. There were no other affected individuals in this

I %‘é’,@%ﬁ’

1 /4
7

.

Family 5

family. The father and mother of the patient died without
any symptoms indicative of FAF at the ages of 85 and 97,
respectively.

Family 3

1I-5 noted decreased sweating at the age of approximately
40 years. Neurological examination at the age of 70 revealed
facial weakness, hypoglossal nerve palsy, distal paresthesia,
and autonomic dysfunction [10]. At the age of 87, bulbar
palsy including dysphagia progressed, but limb weakness
was not evident.

Family 4
I1I-12 complained of blepharoptosis, progressive facial weak-

ness, dysesthesia around the mouth, dysarthria, and mild
paresthesia of extremities at the age of 55. Decreased tendon
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On chromosome 9¢33.2  Haplotypes associated with GSN mutation Allele frequency Marker LD block
iti (HapMap
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Fig. 2 FAF-relevant haplotypes of five families. FAF-relevant
haplotypes around a GSN locus constructed using SNPs and
microsatellite markers are shown. Allele frequencies of SNPs
used and LD blocks of HapMap JPT+CHB samples are indicat-
ed. Families 1 and 3 shared a substantially large region of
1.87 Mb in their FAF-relevant haplotypes with the centromeric
and telomeric boundaries defined by rs16909449 and rs16911180,
respectively (blue thick line). Families 4 and 5 also shared a
common haplotype of 1.11 Mb defined by rs7857454 and GSN
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c.654 (blue line). When the shared haplotype of Families 4 and 5
is compared with that of Families 1 and 3, it is evident that a
haplotype of 439 kb defined by rs10818477 and GSN c.654 is
commonly shared by these four families (dofted blue line). How-
ever, Family 2 shares only a small segment of 196 kb at most
with Families 1, 3, 4, and 5 with the centromeric and telomeric
boundaries defined by rs306784 and rs1098528, respectively
(red arrow)
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reflexes in the extremities and lattice corneal dystrophy were
also observed, but the patient did not show cutis laxa.

Family 5

11I-4 detected facial weakness and blepharoptosis at the age
of 70. From the age of 75, the patient started to show
weakness of the extremities. On examination at the age of
80, abducens nerve palsy, atrophy of the masseter muscle,
and decreased deep sensation in the lower extremities were
noted. Lattice corneal dystrophy and cutis laxa were also
present. Skin biopsy showed amyloid deposition around
sweat glands as well as vascular vessels.

The residences of the five families are summarized in
Fig. 1b.

Mutational analysis

Mutational analysis of GSN confirmed that all six patients
had the c.654G>A (p.Aspl87Asn) mutation.

Haplotype analysis

The haplotypes of the five families were constructed
employing dense SNPs and microsatellite markers (Fig. 2).
Families 1 and 3 shared a substantially large region of
1.87 Mb in their FAF-relevant haplotypes with the centro-
meric and telomeric boundaries defined by rs16909449 and
1516911180, respectively. Families 4 and 5 also shared a
common haplotype of 1.11 Mb defined by rs7857454 and
GSN ¢.654G>A. These four families shared a 439-kb seg-
ment of the haplotypes. In contrast, the patient with sporadic
FAF in Family 2 only shared a 196-kb segment of the
haplotype at most defined by rs306784 and rs10985281
with those of Families 1, 3, 4, and 5, which contained only
two haploblocks.

When the boundaries of the individual disease-relevant
haplotypes and the haploblocks obtained by LD analysis
were compared, findings suggest that the boundaries are
localized to the boundaries of the haploblocks (Fig. 2),
indicating that haplotype boundaries are associated with
high recombination events.

Discussion

In this study, we found that all the patients in the five
families carry the p.Aspl87Asn mutation (¢c.654G>A) in
GSN which is the same mutation as that found in the
Japanese FAF patients in previous studies [10-17]. The
clinical presentations of our patients included cutis laxa,
lattice corneal dystrophy, and multiple cranial neuropathies.
Blepharoptosis and facial weakness were the most common

neurological findings among the patients. Weakness of the
masseter muscle and weakness of the extremities were
observed in two of the four patients aged over 70, suggest-
ing that masseter weakness and extremity weakness are late
manifestations. Notably, the disease onset of III-4 of Family
5 was substantially late (in the 70s). Analysis of the clinical
information on the patients in the literature and those
enrolled in this study revealed that the ages at onset of the
initial clinical symptoms are broadly distributed between the
first and the seventh decades, while cranial neuropathies are
later manifestations with the age at onset distributed
between the 40s and 70s (Fig. 3a). These observations
suggest that the distribution of ages at onset is substantially
broad despite all the patients sharing the same mutation.
Because we found the same mutation in all the patients,
we then carried out haplotype analysis to explore the possi-
bility of a founder mutation. The four apparently unrelated
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Distribution of ages at onset
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Fig. 3 Ages at onset of clinical symptoms of FAF patients and cumu-
lative ages at onset. a Distribution of the ages at onset of the FAF
patients with the heterozygous p.Asp187Asn mutation described in the
literature [4, 8, 10-19, 22, 24, 31, 32-36] and those of the patients
described in this study are shown. The distribution of ages at onset of
initial clinical symptoms associated with FAF is shown by red bars and
that of cranial neuropathies is shown by biue bars. b The cumulative
age at onset of the initial clinical symptoms associated with FAF in all
the patients with the heterozygous p.Asp187Asn mutation described in
the literature (n=38) [4. 8. 10-19, 22, 24, 31, 32-36] and those of the
patients described in this study (n=6). The analysis shows that 72.7 %
of the patients develop symptoms by 50s, 95.4 % by 60s, and all the
patients by 70s. indicating that the heterozygous p.Aspl187Asn muta-
tion is completely penetrant by 70s
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