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activity, along with AP generation in the hippocampal
formation. However, we cannot rule out the possibility
that additional ion channels (e.g., M-channels, Kir-channels,
and sodium leak channels) also participate in the regulation
of APP metabolism. Taken together, the current observa-
tions may provide new insights into the mechanisms
underlying the linkage between epileptic seizures and Ap
generation in AD.

Methods

Animals and human non-AD and AD brain samples

All animal studies were conducted in compliance with
the guidelines of the Animal Studies Committees of
Holdkaido University (Sapporo, Japan), Shiga University
(Shiga, Japan), and the National Institute of Biomedical
Innovation (Osaka, Japan). Mice were maintained under
a 12-h light/12-h dark cycle (lights on, 7:00 A.M.-7:00
P.M.), and provided with food and water ad libitum.
X1177/X11L**, X117#/X11L7", and X1177/X11L7" mice
have already been described [20,21]. HCN™" mice (stock
number 005034) were purchased from The Jackson
Laboratory (Bar Harbor, Maine). Male mice were used
for all experiments.

Brain samples containing the superior temporal gyrus
of cynomolgus monkeys (Macaca fascicularis) were
obtained from Shiga University of Medical Science and
the National Institute of Biomedical Innovation. The mon-
keys were housed in individual cages prior to the experi-
ment and were maintained according to institutional
guidelines for experimental animal welfare. Human brain
samples containing the superior temporal gyrus (Broadmann
area 22) were obtained from the Brain Bank for Aging
Research, the Tokyo Metropolitan Institute of Gerontology
(Itabashi, Tokyo, Japan). Human temporal cortical specimens
for the quantification of proteins were obtained from brains
that were removed, processed, and stored at ~80°C within
16 h postmortem at the Brain Bank at Tokyo Metropolitan
Institute of Gerontology. (Patients were placed in a cold
(4°C) room within 2 h of death.) For all brains registered
at the bank, written informed consent for their use for
medical research was obtained from the patient prior to
death or from the patient's family. Brain specimens were
collected from Broadmann area 22 (superior temporal
gyrus) for 12 AD patients (79.2+4.4 years of age) and 13
control patients (80.414.2 years of age) [48]. Detailed
descriptions of all subjects, including the relative protein/
tubulin ratio for each individual, are shown in Table 1.

Antibodies

Polyclonal rabbit anti-HCN1 antibody [25] and poly-
clonal rabbit anti-X11 UT153 antibody [21] have already
been described. Monoclonal mouse anti-tubulin DMI1A
antibody and polyclonal rabbit anti-c-Fos, rabbit anti-
Egr-1, and goat anti-HCN1 antibodies (sc-19706) were
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purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Characterization and demonstration of the
antigen-specificity of the goat anti-HCNI1 antibody
(sc-19706) is shown in Additional file 1: Figure S7.
Monoclonal mouse anti-X11L/mint2 and anti-PSD95
antibodies were purchased from BD Transduction Labora-
tories (Lexington, KY, USA). Anti-actin antibody and
the anti-HCN1 antibody, AB5884, were purchased from
Millipore (Billerica, MA, USA). Anti-FLAG M2 and poly-
clonal rabbit anti-APP cytoplasmic domain (N-terminus)
antibodies were purchased from Sigma-Aldrich (St. Louis,
MO, USA), and the anti-human APP extracellular domain
antibody (LN27) was purchased from Zymed (San
Francisco, CA, USA). Anti-FLAG M2 affinity gel and
FLAG peptide were purchased from Sigma-Aldrich,

Plasmid construction

Human APP695 (hAPP695) and FLAG-APP695 ¢cDNA
were inserted into the pcDNA3 plasmid at the HindIIl/
Xbal restriction sites to produce pcDNA3-hAPP695 and
pcDNA3-FLAG-hAPP695 [46]. The cDNA constructs
pcDNA3-hAPP sy (in which amino acids 652-695 of
hAPP695 are deleted) and pcDNA3.1-C99-FLAG (in
which the signal sequence of hAPP is inserted into the 5’
region of C99) were generated by PCR using pcDNA3-
hAPP695 as the template. The generated fragments were
ligated into pcDNA3-hAPP695 and pcDNA3.1-FLAG at
the BamHI/Xbal restriction site and the HindIIl/Xbal
restriction site, respectively. The pCl-muyrine HCN1 vec-
tor was a kind gift from Dr. Takahiro M. Ishii [49].

immunohistochemistry

Murine brain tissue sections were prepared and incu-
bated with primary antibodies as described [21]. The
sections were further incubated with goat anti-rabbit
IgG antibodies conjugated to biotin (Vector Laboratories,
Burlingame, CA, USA), followed by the ABC complex.
Peroxidase activity was revealed using diaminobenzidine
as the chromogen. Alternatively, sections were incubated
with donkey anti-mouse IgG coupled with Alexa Fluor
488, donkey anti-rabbit IgG coupled with Cy3, or donkey
anti-goat IgG coupled with Alexa Fluor 633 in phosphate
buffered saline (PBS) containing 3% bovine serum albumin
(BSA) for 2 h at room temperature. Sections were
mounted onto slides with Shandon Immu-Mount (Thermo,
Pittsburgh, PA, USA) and viewed under a BZ-9000 micro-
scope (Keyence, Woodcliff Lake, NJ, USA).

Immunoblotting and co-immunoprecipitation analysis

The cortices of wild type, X117/X11L*"*, X11*/*/X11L7,
X117/X11L7", HCN1*", and HCN1”" mice, and cyno-
molgus monkey brains (superior temporal gyrus) and
human post-mortem brains (superior temporal gyrus)
were homogenized in eight volumes of radioimmune
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precipitation assay buffer containing 0.5% (w/v) sodium
dodecyl sulfate (SDS) and a protease inhibitor mixture
(5 pg/ml chymostatin, 5 pg/ml leupeptin, and 5 pg/ml
pepstatin). The homogenates were lysed by sonication
on ice and centrifuged at 20,000 x g for 10 min at 4°C.
The resulting supernatants were used for immunoblot ana-
lysis. Proteins (10 pug per lysate) were separated via SDS
(wiv) polyacrylamide gel electrophoresis (SDS-PAGE) on
7.5% (w/v) polyacrylamide gels.

The cortex (from one mouse) and EC-rich region
(from five mice) from wild type and gene-null mice were
homogenized in eight volumes of HBS-T lysis buffer
(10 mM HEPES [pH 7.6] containing 150 mM NaCl, 5 mM
EDTA, 0.5% [v/v] Triton X-100, 5 pg/ml chymostatin,
5 pg/ml leupeptin, and 5 pg/ml pepstatin A). Homogenates
were then centrifuged at 20,000 x g for 10 min at 4°C. N2a
cells (~1 x 10° were transiently transfected with 0.8 pg
pcDNA3-FLAG-hAPP695, pcDNA3-hAPP695, pcDNA3-
hAPPpcy» or pcDNA3.1-C99-FLAG and 04 pg of
pCl-murine HCN1 using Lipofectamine 2000 (Invitrogen)
and cultured for 24 h in medium (DMEM) containing
10% (v/v) fetal bovine serum (FBS). Cells were har-
vested, lysed in lysis buffer (PBS containing 1.0% [v/v]
Triton X-100, 5 pg/ml chymostatin, 5 pg/ml leupeptin,
" and 5 pg/ml pepstatin A), and centrifuged for 5 min at 4°C.
The resulting supernatants were incubated with anti-
FLAG M2, anti-hAPP extracellular domain (LN27), anti-
HCN1, anti-X11, or anti-X11L/Mint2 antibody at 4°C for
2 h. Each immunocomplex was recovered with Dyna-
beads® Protein G (Invitrogen) and washed three times with
lysis buffer. The proteins were separated on 7.5% (w/v)
polyacrylamide gels, transferred onto nitrocellulose mem-
branes, and analyzed by immunoblotting with the indi-
cated antibodies. The immunoreactants were detected
using the ECL plus™ detection system (GE Healthcare,
Houston, TX, USA) and quantified using a Versa Doc
model 3000 (Bio-Rad, Hercules, CA, USA).

Affinity purification of FLAG-sAPP from N2a conditioned
medium and immunoprecipitation of APP-HCN1 complex
N2a cells (~8.8 x 10% were transiently transfected with
5 ug pcDNA3-FLAG-hAPP695 using Lipofectamine 2000
(Invitrogen) and cultured for 24 h in 8 mL of medium
{(DMEM) containing 10% (v/v) FBS. FLAG-sAPP was col-
lected from the conditioned culture medium by using
50 uL of anti-FLAG M2 affinity gel. The collected FLAG-
sAPP that was bound to the gel was washed twice with
wash buffer I (20 mM Tris—HCI [pH 8.0], 1 M NaCl, and
0.1% Triton X-100) and twice with wash buffer II (50 mM
Tris—HCl [pH8.0], 150 mM NaCl, 1% Triton X-100, 0.05%
SDS, and 5 mM EDTA). Collected FLAG-sAPP was then
eluted from the affinity gel with 20 pg FLAG-peptide and
subjected to immunoblotting and Coomassie brilliant blue
(CBB) staining to ascertain the degree of purification.
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FLAG-sAPP or FLAG-peptide coupled to anti-FLAG
M2 affinity beads were then incubated for 2 h at 4°C
with HBS-T-soluble lysates derived from wild type N2a
cells or N2a cells transiently overexpressing HCN1. The
beads were washed three times with HBS-T lysis buffer.
The proteins bound to the beads were separated on 7.5%
(w/v) polyacrylamide gels, transferred onto membranes,
and analyzed by immunoblotting with the indicated anti-
bodies. The immunoreactants were detected using the
ECL plus™ detection system (GE Healthcare) and quanti-
fied using a Versa Doc model 3000 (Bio-Rad).

Quantification of AB40 and AB42

Endogenous murine AP was measured as described pre-
viously [21] using cortices dissected from 4-month-old
mice. Murine AB40 and AP42 were measured using a
sandwich ELISA (sELISA) system (mouse/rat AB40 and
AP42 assay kit, Immuno-Biological Laboratories (IBL),
Fujioka, Japan). N2a cells (~2 x 10°) were transiently
transfected with 0.2 pg pcDNA3-FLAG-hAPP695 and
0.1 pg pCl-murine HCN1 using Lipofectamine 2000
(Invitrogen) and cultured in medium (DMEM) contain-
ing 10% (v/v) FBS. After 24 h, cells were incubated in
fresh medium for an additional 4 h with or without 10 uM
ZD7288 (Tocris Bioscience, Bristol, UK). Human AB40
(hAB40) and hAB42 secreted into the culture medium
during the 4-h incubation were quantified using the
SELISA system.

Electroencephalogram recording

To obtain free-moving cortical electrocorticogram record-
ings, recording and reference electrodes were screwed onto
the skull over the temporal (anterior = -3.1 mm, lateral =
2.5 mm, relative to bregma) and occipital regions of the
murine brain. Recordings were continuously made using a
cortical electroencephalogram linked to a telemetry sys-
tem (Unimec, Usmate Velate, Italy) throughout the experi-
ment [50].

th current recording

All experiments were performed in a blinded manner.
Mice (12-14 weeks old) were anesthetized with halo-
thane (Takeda Chemical Industries) and then sacrificed
by decapitation. The brain was rapidly removed and im-
mediately placed in a cold (4°C) cutting solution, which
contained 234 mM sucrose, 2.5 mM KCl, 1.1 mM
NaH,PO,, 10 mM MgSO4 26 mM NaHCO;, 12 mM
glucose, and 0.5 mM CaCl,. Horizontal slices (300 pm
thick), which included the EC and the hippocampus, were
prepared using a vibratome (VT1000S, Leica, Nussloch,
Germany). During recording, individual slices were trans-
ferred to a submerged recording chamber and continu-
ously perfused with artificial cerebrospinal fluid (ACSF)
maintained at 30-32°C. The ACSF contained 125 mM
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NaCl, 25 mM KCl, 1.1 mM NaH,PO,, 1.0 mM MgSO;,
26 mM NaHCO3;, 12 mM glucose, and 2.0 mM CaCl, and
was saturated with 95% O, and 5% CO,. Whole-cell
patch-clamp recordings were obtained from principal ex-
citatory cells in layer 1I of the EC. The patch pipettes were
filled with an intracellular solution containing 30 mM
K-methanesulfonate, 6 mM NaCl, 0.2 mM EGTA, 10 mM
HEPES, 4 mM Mg-ATP, 0.3 mM Na3-GTP, and 10 mM
phosphocreatine-Tris (pH 7.3). In layer II cells of the EC,
the hyperpolarization-induced and “slowly-activating” in-
ward currents in the voltage-clamp mode mainly con-
sisted of Ih currents [51]. When Ih currents were studied
in the voltage-clamp mode, membrane potentials were
first held at —-65 mV, and then voltage steps with a dur-
ation of 7 s were applied from -55 mV to -125 mV
(10 mV increments), after which the holding potentials
were allowed to return to —-65 mV to obtain the tail cur-
rents. The amplitudes of the tail currents at 50 ms after
the end of the final voltage step were analyzed to obtain
the Ih currents. In all electrophysiological analyses,
pooled data were represented as the mean + SEM.

Statistical analysis

Statistical analyses were performed using a two-tailed
Mann-Whitney ll-test, a one-way analysis of variance
followed by Tukey’s multiple comparison test, or the
two-tailed Pearson'’s correlation coefficient. All analyses
were conducted with GraphPad Prism 5 software.

Additional files

Additional file 1: Figure $1. Simultaneous recording of
electrocorticogram in epilepsy model mice and corresponding movie. A
representative electrocorticogram recorded during the interictal period in
13-week-old X117/ X117 mice (n = 4) is shown. The underlined region
indicates the time frame of the corresponding movie (Movie $3).

Figure S2. Individual data of th currents density in entorhinal cortex layer
Il neurons of wild-type and X11s-null mice. (4) Indicidual data of Ih
current density. Blue indicate the data of mouse #1 and red indicate
mouse #2. (B) Mean, SD, SEM, and count number of A. P Value of
Student's t-test (#1 vs #2) shown in bottom line. (C) Distribution and
average of current density of A. Closed symbols indicate the data of
mouse #1 and opened symbols indicate mouse #2 (mean + SEM).
Figure S3. HCN1 levels in the EC-rich region of the brains of X117#/X11L
*+ and X11s mutant mice. (A} Isofation of the EC-rich region from a
horizontal slice (300 pm thick) of murine brain. Brain slices from 13-week-
old X1TH4/X11LH*, X1 H4/X11L7, X117/, and X1177X11L7 mice
were prepared in ice-cold PBS using a vibratome (VT1200S; Leica)

(left panel). The ECich region (EC) was separated from each slice as
indicated (right panel). (B, €) Quantification of HCN1 in the EC-rich
region. Horizontal slices were homogenized in eight volumes of
radioimmune precipitation assay buffer containing 0.5% (w/v) SDS and a
protease inhibitor mixture (5 pg/mi chymostatin, 5 ug/ml leupeptin, and
5 ug/ml pepstatin), subjected to sonication on ice, and centrifuged at
20,000 x g for 10 min at 4°C. (B) The resulting supernatants (each
containing 10 pg protein) were analyzed by SDS-PAGE on 7.5% (w/v)
polyacrylamide gels, followed by immunaoblotting with anti-HCN1, anti-
X11, anti-X11L, and anti-tubulin antibodies (n = 4). (€} The HCN1 level
was normalized to the tubulin level to give the relative HCN1/tubufin
ratio for each genotype (mean + SEM, n = 4). Figure S4. Altered
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Movie S3 were simultaneously recorded.
L

distribution of the HCN channel in X117/X11L7" mice, (4) Low-power
images of horizontal brain sections from 13-week-old wild type

AT /X1ILY*: upper panels) and X117/X11L7 (Lower panels) mutant
mice were immunostained with an anti-HCN1 antibody (n=3). Scale bar,
300 pm. (B) Representative high-resolution images of horizontal brain
sections from 13-week-old X117</X11L™* (g, O and X1T7/X11L" (b, o)
mice were subjected to immunostaining with an anti-HCNT antibody

{a, b) and Nissl stain {c, d). (€} Quantitative analysis of HCN1
immunoreactivity in the EC of 13-week-old wild type (X11**/X11L*/%)
and X117/X11L7 mutant mice. The intensity of the HCN1
immunoreactivity in the areas enclosed by the open boxes in A was
measured using NIH Image J software. Scale bar, 50 pm.

Figure S5. Complex formation of HCNT with APP in N2a cells treated
with ZD7288. FLAG-APP and HCN1 were transiently overexpressed in N2a
cells (~1 x 10% with (+) or without () 10 uM ZD7288. To standardize the
amount of plasmid transfected into the cells, an empty vector {~) was
added to yield 1.2 pug of plasmid in total. The cell lysates were subjected
to immunoprecipitation with anti-FLAG M2 antibody. Immunocomplexes
were detected by immunoblotting with anti-HCN1 and anti-FLAG
antibodies. Figure $6. Covariance analysis of various protein levels in the
brain of cynomolgus monkeys. (A-H) Levels of HCN1, APP, AB40, and
AB42 in the brain (superior temporal gysus) of 4-37-year-old cynomolgus
monkeys were quantified by immunoblotting and sELISA assay. Protein
levels were normalized to tubulin levels or to tissue weight to give the
relative protein/tubulin ratio for immunoblotting and the relative protein/
tissue weight ratio for sELISA. () Correlation between age and APP level
(n = 39, 1 = 08156, ***p < 0.0001). (B) Correlation between HCNT and
APP levels (n = 39, r = —0.3796, *p = 0.0086). (C, D) Correlation between
HCNT and AB40 levels (n = 39, r = —0.2878, *p = 0.0421). An enlarged
view of {C) in the 0 to 1,000 f mol/mg tissue range is shown in (D)

{E, F) Correlation between HCN1 and AR42 levels (n = 39, r = ~0.2913,
*p = 0.0401). An enlarged view of (£} in the 0 to 400 f mol/mg tissue
range is shown in (F). (G} Correlation between APP and AB40 (n = 39,
r= 02993, p = 0.072). (H) Correlation between APP and Af342 levels

(n = 39, r = 03714, *p = 0.0236). Statistical analysis was performed using
the two-tailed Pearson's correlation coefficient. Figure S7. Specificity of
the polyclonal goat anti-HCN1 antibody. (A) Competition analysis using
glutathione-S-transferase (GST) fused to the 60-amino acid carboxy!
terminal region of murine HCN1 (mHCN1 C60). This region of the protein
contains the epitope for the goat anti-HCN1 antibody used in this study
(sc-19706: Santa Cruz Biotechnology). Brain lysates (10 ug protein)
derived from HCN1** and HCN1™" mice and cynomolgus monkeys were
subjected to immunablot analysis. The anti-HCN1 antibody was pre-
incubated with 20 pg GST alone or GST-mHCN1 C60 recombinant
protein at 4°C for 2 h. The pre-incubated antibody was then reacted with
the immunoblots. HCN1 was detected in HCN1™* mouse and monkey
brains when the antibody was pre-incubated with GST alone, but not
when the antibody was pre-incubated with GST-mHCN1 C60. (B) Titer
comparison between anti-HCNT antibodies, Brain lysates (10 ug protein)
were subjected to immunoblot analysis with two commercial anti-HCN1
antibodies (sc-19706, Santa Cruz Biotechnology; and AB5884, Millipare).
(©) Specificity of goat anti-HCN1 antibody (sc-19706) for
immunohistochemical analysis. (a, b) Representative images of
horizontal brain sections showing the hippocampal formation in
13-week-old HCNT** (@) and HCN17 (b) mice stained with goat anti-
HCN1 antibody, followed by donkey anti-goat IgG coupled with FITC.
(¢, d) Magnified view of the squares in (@) and (b). HCN1 signals (green)
observed in HCN1*/* mice were absent in HCN17* mice. Nuclei
counter-stained with DAPI are shown in blue. Scale bars, 300 um (g, b),
50 um (c, d).

Additional file 2: Movie S1. Spontaneous epileptic seizures in X117/
X11L7 mice. The electrocorticogram of Supplementary Figure S1 and
Movie S3 were simultaneously recorded.

Additional file 3: Movie $2. Spontaneous epileptic seizures in X117/
X111 mice. The electrocorticogram of Supplementary Figure S1 and
Movie S3 were simultaneously recorded.

Additional file 4: Movie $3. Spontaneous epileptic seizures in X117/
X111 mice. The electrocorticogram of Supplementary Figure S1 and
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CI90ORF72 Repeat Expansion in Amyotrophic
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Background: In the Kii peninsula of Japan, high preva-
lences of amyotrophic lateral sclerosis (ALS) and par-
kinsonism-dementia complex have been reported. There
are 2 major foci with a high prevalence, which include
the southernmost region neighboring the Koza River (Ko-
zagawa and Kushimoto towns in Wakayama prefec-
ture) and the Hohara district (Mie prefecture).

Bbjective: To delineate the molecular basis of ALS in
the Kii peninsula of Japan, we analyzed hexanucleotide
repeat expansion in the chromosome 9 open reading frame
72 (C9ORF72) gene, which has recently been identified
as a frequent cause of ALS and frontotemporal dementia
in the white population.

Desigmn: Case series.

Seffing: University hospitals.

Patients: Twenty-one patients (1 familial patient and
20 sporadic patients) with ALS from Wakayama prefec-

ture, and 16 patients with ALS and 16 patients with par-
kinsonism-dementia complex originating from Mie pre-

fecture surveyed in 1994 through 2011 were enrolled in
the study. In addition, 40 probands with familial ALS and
217 sporadic patients with ALS recruited from other areas
of Japan were also enrolled in this study.

Meain Outcome Measvres: After screening by repeat-
primed polymerase chain reaction, Southern blot hy-
bridization analysis was performed to confirm the ex-
panded alleles.

Reswlis: We identified 3 patients with ALS (20%) with
the repeat expansion in 1 of the 2 disease foci. The pro-
portion is significantly higher than those in other re-
gions in Japan. Detailed haplotype analyses revealed an
extended shared haplotype in the 3 patients with ALS,
suggesting a founder effect.

€emelusiens: Our findings indicate that the repeat ex-
pansion partly accounts for the high prevalence of ALS
in the Kii peninsula.
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MYOTROPHIC LATERAL SCLE-
rosis (ALS) is a devastat-
ing neurodegenerative dis-
order primarily affecting
. 2= motor neurons. Although
the prevalence of ALS is basically similar
around the world, an extraordinarily high
prevalence rate has been reported in the
southern coast areas of the Kii peninsula
of Japan as well as in the island of Guam
and in West New Guinea."* In the Kii pen-
insula, there are 2 major foci with a high
prevalence, which include the southern-
most region neighboring the Koza River
(Kozagawa and Kushimoto towns) and the
Hobhara district (Figure 1).
Detailed epidemiologic studies in these
2 areas started in the 1960s revealed that
the prevalence rates of ALS were 100 to
150 times higher than those in other re-
gions in Japan.' Follow-up studies re-
vealed that the prevalence rates of ALS in

these areas seemed to decrease in the
1980s, but they are still substantially higher
in these regions than in other regions in
Japan.®®

Intensive clinical and neuropatho-
logic studies have been conducted in the
Hohara district and its vicinity (Minami-
ise town and Shima city), and the major
pathologic findings have been described
to consist of neurofibrillary tangles widely
distributed in the brain and spinal cord,
confirming the diagnosis of ALS/
parkinsonism-dementia complex
(ALS/PDC).*® Although epidemiologic
studies in the Hohara district have sug-
gested the involvement of genetic com-
ponents, the molecular basis of ALS or ALS/
PDC in these 2 areas in the Kii peninsula
remains to be elucidated.!%!

Recently, GGGGCC hexanucleotide re-
peat expansion in the chromosome 9 open
reading frame 72 (C9ORF72) gene has
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Figure 1. Map of Kii peninsula of Japan and distribution of patients with amyotrophic lateral sclerosis (ALS) and parkinsonism-dementia complex (PDC). The
southernmost area neighboring the Koza River (Kozagawa and Kushimoto towns) and the Hohara district and its vicinity (Minamiise town and Shima city) shown
in the figure are 2 disease foci. The circles represent examined patients with ALS. The filled-in circles designate patients with the repeat expansion in C90RF72.
The triangles represent patients with the PDC phenotype. Each symbol indicates the proband in the family when multiple affected family members were observed.
Patients with hexanucleotide repeat expansion in C90RF72 are concentrated in the southernmost Kii peninsula.

been identified as the causative mutation in familial and
sporadic ALS and frontotemporal dementia (OMIM
105550).1*!* Given the potential clinical overlapping
among ALS, frontotemporal dementia, and ALS/PDC, we
investigated the GGGGCC hexanucleotide repeat expan-
sion in C9ORF72 in patients with ALS and PDC from the
Kii peninsula.

_ METHODS

SUBJECTS AND DNA EXTRACTION

Sixteen patients with ALS and 16 patients with PDC originat-
ing from Mie prefecture and 21 patients (1 familial patient and
20 sporadic patients) with ALS from Wakayama prefecture sur-
veyed in 1994 through 2011 were enrolled in the study. In ad-
dition, a total of 40 probands with familial ALS and 217 spo-
radic patients with ALS recruited from other areas of Japan were
also enrolled in this study.'* Genomic DNA was isolated from
patients’ blood leukocytes, lymphoblastoid cell lines, or autop-
sied brains using standard procedures. Written informed con-
sent was obtained from all of the participants or the families of
the deceased patients. The study was approved by the institu-
tional review boards of the participating institutions.

REPEAT-PRIMED POLYMERASE
CHAIN REACTION ANALYSIS

Because the expansion is too large to detect by a standard poly-
merase chain reaction, screening by repeat-primed polymerase
chain reaction was performed, as reported previously.!? Frag-
ment analysis was performed using an ABI PRISM 3130x] se-
quencer and GeneScan software (Life Technologies).

SOUTHERN BLOT HYBRIDIZATION ANALYSIS

To independently confirm the repeat expansion in C9ORF72,
Southern blot hybridization analysis was conducted, as de-
scribed previously.*

HAPLOTYPE ANALYSIS

To investigate the possibility of a founder effect associated with
the expanded alleles in COORF72, we genotyped the patients with
expanded alleles using Genome-wide Human SNP array 6.0 (Af-
fymetrix). Genotypes were called and extracted using Genotyp-
ing Console 4.0 (Affymetrix). In addition, we performed direct
nucleotide sequence analysis of 42 single nucleotide polymor-
phisms to compare the haplotype with the Finnish haplotype.'*
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Abbreviations: ALS, amyotrophic lateral sclerosis; CT, computed
tomography; LMN, lower motor neuron; nEMG, needle electromyography;
UMN, upper motor neuron.

Because all the patients were singletons, we reconstructed the
haplotypes using the homozygosity haplotype method.®

STATISTICAL ANALYSIS

The Fisher exact test was used to compare the frequencies of
the repeat expansion in patients with ALS from Kii peninsula
and those from other regions in Japan.

— s

Patients with hexanucleotide expansion in COORF72 were
identified in the Kii peninsula of Japan. We screened a total
of 37 patients with ALS and 16 patients with PDC identi-
fied in the Kii peninsula using repeat-primed polymerase
chain reaction analysis. Three of the patients with ALS (pa-
tients 1-3) showed the characteristic sawtooth-like elec-
trophoresis pattern (Figwre 2A). Southern blot hybrid-
ization analysis of the genomic DNA from the 3 patients
further confirmed the presence of expanded alleles
(Figure 2B).

Interestingly, the 3 patients with ALS with the expan-
sion were from the southernmost Kii peninsula neigh-
boring the Koza River (Kozagawa and Kushimoto towns),
which is 1 of the 2 disease foci. When confined to the
southernmost Kii peninsula, 3 of the 15 patients with ALS
(20%) showed the repeat expansion. In contrast, 30 pa-
tients from the Hohara district and its vicinity did not
reveal the repeat expansion. Mutational analyses of the

Abbreviation: ALS, amyotrophic lateral sclerosis.

40 probands with familial ALS and the 217 sporadic pa-
tients with ALS from other areas of Japan revealed only
1 patient with a family history of ALS, which were in-
cluded as the summary data in the meta-analysis study.'*

The clinical characteristics of the patients are shown in
Talble 1. Family history of ALS was present only in pa-
tient 2, whose sibling was also diagnosed as having ALS.
There were no family histories of ALS and related disease
in the other 2 patients. They showed both upper and lower
motor neuron signs. Two of the patients had lower limb~
onset ALS, whereas 1 patient had bulbar-onset ALS. Pa-
tient 1 showed moderate cognitive decline, and mild brain
atrophy was detected on computed tomographic scans. None
of the patients showed parkinsonism. There were no ob-
viousinverse correlations between the age at onset and the
size of expanded alleles, as determined by Southern blot
hybridization analysis.

Haplotype analysis using a high-density single nucleo-
tide polymorphism array revealed an extended shared hap-
lotype spanning 3.3-63 Mb in the 3 patients with ALS,
although the kinships among the 3 patients were not evi-
dent (Figure 2C). The findings strongly suggest that the
expanded alleles in this region originated from a com-
mon founder. As just described, we found only 1 pa-
tient with the repeat expansion in COORF72 in the 40 pro-
bands with familial ALS (2.5%) collected in other regions
in Japan.** The haplotype of this patient with ALS shares
a 410-kb segment with the Kii 9p-haplotype. When the
Kii 9p-haplotype was compared with the Finnish hap-
lotype, a common haplotype of 130 kb was observed.'*

—

We identified the hexanucleotide repeat expansion in
CY0ORF72 in the 3 patients from the southernmost Kii pen-
insula neighboring the Koza River. The frequency of pa-
tients with expanded alleles was 20% (3 of 15) in this
area. In the study of the other cohort of ALS collected
mainly in areas around Tokyo, we found only 1 patient
with the repeat expansion in C9ORF72 in the 40 pro-
bands with familial ALS (2.5%) and none in the 217 spo-
radic patients with ALS.** Although the number of pa-
tients examined in the southernmost Kii peninsula was
small, virtually all the affected patients in this region were
enrolled based on a continued epidemiologic study con-
ducted by the authors (T.K. and S.Y.) in this region. More-
over, the difference in the frequency of patients carry-
ing the repeat expansion in CIORF72 is statistically
significant (Table 2). Thus, our findings in this study
emphasize that patients with ALS with the repeat expan-
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sion in C9ORF72 are concentrated in the southernmost
Kii peninsula with a founder effect.

The clinical features of the patients with the repeat ex-
pansion are indistinguishable from those with conven-
tional ALS. Moderate cognitive decline was present in 1
patient, whereas none of them showed parkinsonism
(Table 1). Because autopsy findings of patients with the
repeat expansion are unavailable, further investigations
will be certainly needed to address the relationship be-
tween the ALS with the repeat expansion in C9ORF72
identified in the southernmost Kii peninsula and ALS/
PDC identified in the Kii peninsula.

However, it should also be noted that the repeat ex-
pansion did not account for all the ALS cases, even in
the southernmost Kii peninsula. It is also of interest that
patients with the repeat expansion were not identified
in the Hohara district or other areas of Wakayama and
Mie prefectures. Taken together, our study demon-
strates that the patients with the repeat expansion are con-
centrated in the southernmost Kii peninsula, but simul-
taneously raises the possibility of genetic heterogeneities
even in these 2 regions in the Kii peninsula where ALS
is prevalent.

In summary, we identified that the COORF72 repeat
expansion is concentrated in the patients with ALS in the
Kii peninsula. Our finding suggests that the repeat ex-
pansion partly accounted for the high prevalence of ALS
in the Kii peninsula of Japan.
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Articles

Frequency of the C9orf72 hexanucleotide repeat expansion
in patients with amyotrophic lateral sclerosis and
frontotemporal dementia: a cross-sectional study

Elisa Majounie*, Alan E Renton*, Kin Mok, Elise G P Dopper®, Adrian Waite*, Sara Rollinson*, Adriano Chio*, Gabriella Restagno®, Nayia Nicolaou*,
Javier Simon-Sanchez*, John Cvan Swieten*, Yevgeniya Abramzon, Janel O Johnson, Michael Sendtner, Roger Pamphlett, Richard W Grrell,

Simon Mead, Katie C Sidle, Henry Houlden, Jonathan D Rohrer, Karen E Morrison, Hardev Pall, Kevin Talbot, Olaf Ansorge, The Chromosome 9-ALS/FTD
Consortiumt, The French research network on FTLD/FTLD/ALSY, The ITALSGEN Consortiuntt, Dena G Hernandez, Sampath Arepalli, MarioSabatell,
Gabriele Mora, Massimo Corbo, Fabio Giannini, Andrea Calvo, Elisabet Englund, Giuseppe Borghero, Gian Luca Floris, Anne M Remes

Hannu Laaksovirta, Leo McCluskey, John Q Trojanowski, Vivianna M Van Deerlin, Gerard D Schellenberg, Michael A Nalls, Vivian EDrory, Chin-Song Lu,
Tu-Hsueh Yeh, Hiroyuki Ishiura, Yuji Takahashi, Shoji Tsuji, Isabelle Le Ber, Alexis Brice, Carsten Drepper, Nigel Williams, Jonine Kirby, Pamela Shaw,
John Hardy, Pentti] Tienari®, Peter Heutink*, Huw R Morris*, Stuart Pickering-Brown*, Bryan | Traynor*

Summary
Background We aimed to accurately estimate the frequency of a hexanucleotide repeat expansion in C90rf72 that has been
associated with a large proportion of cases of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD).

Methods We screened 4448 patients diagnosed with ALS (El Escorial criteria) and 1425 patients with FTD (Lund-
Manchester criteria) from 17 regions worldwide for the GGGGCC hexanucleotide expansion using a repeat-primed
PCR assay. We assessed familial disease status on the basis of self-reported family history of similar neurodegenerative
diseases at the time of sample collection. We compared haplotype data for 262 patients carrying the expansion with
the known Finnish founder risk haplotype across the chromosomal locus. We calculated age-related penetrance using
the Kaplan-Meier method with data for 603 individuals with the expansion.

Findings In patients with sporadic ALS, we identified the repeat expansion in 236 (7-0%) of 3377 white individuals from
the USA, Europe, and Australia, two (4-1%) of 49 black individuals from the USA, and six (8 - 3%) of 72 Hispanic individuals
from the USA. The mutation was present in 217 (39-3%) of 552 white individuals with familial ALS from Europe and the
USA. 59 (6-0%) of 981 white Europeans with sporadic FTD had the mutation, as did 99 (24-8%) of 400 white Europeans
with familial FTD. Data for other ethnic groups were sparse, but we identified one Asian patient with familial ALS (from
20 assessed) and two with familial FTD (from three assessed) who carried the mutation. The mutation was not carried by
the three Native Americans or 360 patients from Asia or the Pacific Islands with sporadic ALS who were tested, or by
41 Asian patients with sporadic FTD. All patients with the repeat expansion had (partly or fully) the founder haplotype,
suggesting a one-off expansion occurring about 1500 years ago. The pathogenic expansion was non-penetrant in individuals
younger than 35 years, 50% penetrant by 58 years, and almost fully penetrant by 80 years.

Interpretation A common Mendelian genetic lesion in C9rf72 is implicated in many cases of sporadic and familial
ALS and FTD. Testing for this pathogenic expansion should be considered in the management and genetic counselling
of patients with these fatal neurodegenerative diseases.

Funding Full funding sources listed at end of paper (see Acknowledgments).

Introduction cases);”* genome-wide association studies have

Amyotrophic lateral sclerosis (ALS) is a fatal neuro-
degenerative disease characterised by rapidly pro-
gressive paralysis and death from respiratory failure,
typically within 3 years of symptom onset. The disease
is inherited in about 5% of cases, following a clear
Mendelian pattern, whereas most cases are classified as
sporadic because they seem to arise at random.’
Substantial progress has been made in understanding
the genetic underpinnings of familial ALS.? By contrast,
the causes of sporadic or idiopathic ALS are far less
well understood. Mutations in the known familial ALS
genes—SODI1, FUS, and TDP-43—occur only rarely in
sporadic cases (each accounting for less than 1-0% of
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identified few risk loci, and these have proved difficult
to replicate.®

Frontotemporal dementia (FTD) is a degenerative
disorder of the frontal and anterior temporal lobes, and
is a common form of dementia affecting individuals
younger than 65 years. The syndrome is characterised
clinically by initial behavioural disturbances, followed
by cognitive decline leading to dementia and death
within a median of 7 years from symptom onset. Akin
to ALS and other neurodegenerative diseases, a large
proportion (~60-0%) of these cases are categorised as
sporadic, and the causes of this idiopathic form of
disease are largely unknown. A growing consensus
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suggests that ALS and FTD form part of a continuum
of mneurological diseases that share a common
pathological background, consisting of TAR DNA-
binding protein 43 (TDP-43)-positive inclusions within
the CNS.*

We recently reported that a large hexanucleotide repeat
expansion located within the non-coding portion of
C91f72 is the cause of chromosome 9-linked ALS
and FID.® This genetic lesion accounted for a large
proportion (~40-0%) of familial cases of ALS and FTD.
The same mutation was present in nearly a quarter of
apparently sporadic cases of ALS and FID in the
genetically homogeneous Finnish population, and in
4.1% of sporadic cases of ALS and 3-0% cases of sporadic
FTD from the USA. However, these estimates were based
on relatively small cohorts drawn from a small number
of institutions.

These findings prompted us to aim to estimate
the frequency of this C9orf72 hexanucleotide repeat
expansion more accurately, in a large cohort of European
and US patients with sporadic ALS and sporadic FTD.
We also examined the occurrence of this mutation in
diverse non-white populations around the world.

Methods

Participants and study design

In this cross-sectional study, we screened 4448 patients
diagnosed with ALS and 1425 patients diagnosed with
FID from 17 distinct regions worldwide. The appendix
shows ethnic origin and clinical features of the patients.
3860 patients had sporadic ALS, 1022 had sporadic FTD,
588 had familial ALS, and 403 had familial FTD. Data for
401 Finnish patients with ALS, 233 other Europeans with
familial ALS, 75 Finnish patients with FTD, 340 Dutch
patients with FID, and 420 English patients with FTD
have been published previously.™* All these cohorts were
analysed to provide a comprehensive assessment of the
global frequency of the expansion.

Patients with ALS were diagnosed according to the
El Escorial criteria,® and patients with FTD were
diagnosed according to the Lund-Manchester criteria.*
We classified patients’ disease as familial in nature on
the basis of a diagnosis of ALS or FID in any other
family member (irrespective of relationship), as
reported at the time of sample collection. We based
ethnic and racial classification on self-reports from
patients at the time of sample collection. Case numbers

5.4% (4-0-7-1)

Hispanic

Black

Native American
Total (USA)
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8:3% (3:1-17-3)
4.1% (0-5-14-0)
0% (0-0-70-8)
55% (42-71)
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362% (28-8-44-1)

37-6% (33-7-41-6)

listed for European countries and Australia and the
Middle East refer to self-reported white individuals
from that region. Italian data are from a population-
based cohort that had been collected through the
Piemonte ALS Registry, an ongoing population-based
epidemiological study of ALS based in northwestern
Italy.” The remaining cohorts were recruited through
medical centres and from repositories in various
countries.

We also screened 2585 neurologically healthy control
individuals from Australia (213 patients), Finland (478),
Germany (309), the Human Gene Diversity Panel (300),
mainland Italy (354), Sardinia (87), and the USA (844) for
presence of the pathogenic repeat expansion. 1167 of
these individuals have been reported elsewhere.” None
of the control individuals had been diagnosed with ALS,
FTD, dementia, or any other neurodegenerative disease.
Ethics committees from the respective institutions
approved the study, and written informed consent was
obtained from all patients and control individuals.

Procedures

We used our previously described® repeat-primed
PCR assay to screen patients and control individuals
for the presence of the chromosome 9p21 GGGGCC
hexanucleotide repeat expansion (see appendix for
technical details). The assay allows samples to be
categorised into those that carry a pathogenic repeat
expansion (>30 repeats) and those that carry only wild-
type alleles (<20 repeats).
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251% (20-9-29-6)

For haplotype analysis, we analysed genome-wide
single-nucleotide polymorphism (SNP) data from
262 patients who carried the repeat expansion. We
previously reported the identification in the Finnish
population of a 42-SNP founder haplotype across the
232 kb block of chromosome 9p21 where the pathogenic
hexanucleotide expansion was ultimately established.>”
In this study, we used a custom perl sofiware script
to compare unphased sample genotype data with the
42-SNP founder risk haplotype.*

We estimated mutation ages for all populations
separately with the DMLE+ version 2.3 Bayesian linkage
disequilibrium gene mapping package.® Mutation ages
were iterated for 10000 burn-in iterations and a further
10000 iterations of the maximum-likelihood model. To
obtain generalisable estimates of age of the repeat per
population, we used median values of binned estimates
passing the o threshold of 0-05 per iteration.

Statistical analysis

We calculated 95% Cls for proportions with the Clopper-
Pearson exact method. We estimated penetrance of the
GGGGCC hexanucleotide repeat expansion in relation to
the patients’ age on the basis of data available for
603 mutant-gene carriers with the Kaplan-Meier method
using the survival package within R statistical software
(version 2.9.0), but substituting patient age at symptom
onset for survival time.” We assessed differences between
groups with the ¥2 test for discrete variables such as sex,
family history, and site of onset.
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Figure 1: Finnish risk haplotypes across the chromosome 9p21 region in 262 patients with amyotrophic lateral sclerosis and the C9orf72 mutation

The previously identified Finnish risk haplotype is shown below the graph (27 357 278-27 589 746 bp; NCBI build 36; 42 single nucleotide polymorphisms [SNPs]).*®
Underneath the haplotype is a binary representation of the same data, with red circles at SNP positions where the haplotype has the less common allele at that site. In
the graph, individual patients are shown as horizontal lines showing the extent to which they share the risk haplotype. The vertical black dashed line shows the
location of the C9orf72 hexanucleotide repeat expansion. Recombination rates (centimorgans per megabase [¢M/Mb]) from phase 2 Centre d'Etude du

Polymorphisme Humain (CEPH) samples of HapMap are shown with a grey line.

Role of the funding source

The sponsors of the study had no role in study design,
data collection, analysis, or interpretation, writing of
the report, or in the decision to submit the paper for
publication. All authors had full access to all the data in
the study and had final responsibility for the decision to
submit for publication.

Results

Table 1 and the appendix show the frequency of the
CYorf72 hexanucleotide repeat expansion in patients
diagnosed with sporadic ALS and sporadic FTD from
different geographical regions. Data for 289 patients
with sporadic ALS and 605 with sporadic FTD have been
reported elsewhere.®” The pathogenic expansion was
identified in 236 (7-0%) of 3377 white patients from the
USA, Europe, the Middle East, and Australia, two (4-1%)
of 49 black patients from the USA, and six (8-3%) of
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72 Hispanic patients from the USA who were diagnosed
with sporadic ALS. The rate of the pathogenic expansion
was lower in sporadic FID: 59 (6-0%) of 981 white
patients from Europe carried the mutation. By contrast,
the GGGGCC repeat expansion was not present in
patients of Native American, Asian, or Pacific Islander
origin who had sporadic disease (table 1), although this
might reflect the smaller size of the cohorts screened in
these populations.

In addition to sporadic cases, we screened 588 familial
cases of ALS and 403 familial cases of FID for the
presence of the C9orf72 repeat expansion (table 2,
appendix). Of these, 345 patients with familial ALS and
230 with familial FTD have been reported elsewhere.™2
Overall, 221 (37-6%) of 588 patients with familial ALS
and 101 (25-1%) of 403 patients with familial FID
carried the genetic lesion, reinforcing our previous
findings that this mutation was responsible for an
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unparalleled proportion of cases of these diseases.” We
identified one Japanese individual diagnosed with
familial ALS who carried the hexanucleotide repeat
expansion. We also showed that one patient with
familial FTD from Lund, Sweden, carried the expansion,
suggesting that the chromosome 9p21 genetic lesion
might be responsible for the geographical cluster of
patients with FTD noted in that region.”

Of 2585 neurologically healthy control samples
screened for the C9orf72 repeat expansion, five (0-2%)
were carriers: two were previously reported elderly
individuals from Finland,”® and the other three were
individuals younger than 40 years from Germany and the
USA (appendix).

Within Europe, the highest mutation frequency was
noted in the Finnish population (21-1% of patients with
sporadic ALS and 18-8% of patients with sporadic FTD).”
About 6% of patients with sporadic ALS from Germany
and England carried the expansion, whereas Italian
patients with ALS had a lower rate (4-1%). 7-8% of
patients with sporadic ALS from the genetically isolated
island population of Sardinia had the mutation and the
Dutch population had the lowest detected rate observed
in European countties (2-2% of sporadic cases of FID).
White populations from Australia and the USA had an
intermediate rate, with about 5-0% of patients with
sporadic ALS carrying the pathogenic repeat expansion,
perhaps because of the population and immigration
histories of these countries.

Haplotype analysis suggested that every patient carrying
the pathogenic GGGGCC repeat expansion also shared
the Finnish founder risk haplotype, at least in part
(figure 1). Furthermore, patients with sporadic and
familial disease carried the same founder risk haplotype.
These findings suggest that the pathogenic hexanucleotide
repeat expansion in C90rf72 might have occurred on one
occasion in human history and subsequently disseminated
throughout these populations. Analysis of haplotype
sharing between these cases estimated the age of C9orf72
repeat expansion to be about 1500 years old (representing
a median of 100.5 generations [IQR 57-6-127-6],
assuming a generation is 15 years old).

In analysis of age-related penetrance (figure 2), the
pathogenic expansion was non-penetrant in carriers who
were younger than 35 years of age, increasing to 50%
penetrance by 58 years, and to almost full penetrance
by 80 years. We noted no difference between disease
penetrance according to familial status, ALS or FID
diagnosis, sex, or age of symptom onset in patients with
ALS or FID (appendix).

Table 3 shows clinical details of patients carrying
the hexanucleotide repeat expansion. Patients with ALS
and the pathogenic repeat expansion were more likely
to be female (p=0-0008), have a family history of disease
(p<0-0001), and to have bulbar-onset disease (p=0-0011)
than were patients who did not carry the expansion.
Patients with FTD carrying the repeat expansion were
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Figure 2: Age-related penetrance of the GGGGCC hexanucleotide repeat expansion in C9orf72

Kaplan-Meier analysis of 603 mutant-gene carriers (212 patients with familial amyotrophic lateral sclerosis,

234 with sporadic amyotrophic lateral sclerosis, 99 with familial frontotemporal dementia, 53 with sporadic
frontotemporal dementia, and five neurologically healthy controls). Age-related penetrance (ie, the proportion of
mutant-gene carriers with manifestations of the disease by a given age) rose steadily, from 10% in patients
younger than 45 years to almost 100% by the age of 80 years. The dotted lines shows the age at which 50% of the
cohort developed symptoms. Vertical blue lines show censored events.

232 (50-1%)

resentation
Bulbar
Limb

139 (33:1%)
281 (66-9%)

933 (26-0%)
2655 (74-0%) -
685 (65-6%)

Behavioural variant 106 (85-5%)

Progressive 11(8-9%) 165 (15-8%)
non-fluent aphasia

Semantic dementia 7 (5-6%)

195 (18-6%)

also more likely to have a family history of disease
(p<0-0001) and to present with behavioural variant FTD
(p<0-0001).

Discussion v

Our data show that the C9orf72 hexanucleotide repeat
expansion is the most frequent cause of sporadic ALS
and sporadic FID identified thus far, accounting for
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about 5-0-7-0% of cases in white Europeans, Americans,
and Australians in our large cohort. These frequency
rates were slightly higher than were estimates from
smaller cohorts obtained at one institution.’ Before
identification of the genetic lesion underlying
chromosome 9-linked ALS and FTD, mutations in the
SOD1 gene were the most common known genetic
cause of sporadic ALS (accounting for 0-7% of cases in
a population-based cohort),’ whereas mutations in the
PGRN gene were the most common known cause of
sporadic FTID (3-0-4-0% in clinic referral series).” The
high frequency of the pathogenic expansion in our
cohort is consistent with previous genome-wide
association studies that identified the association signal
on chromosome 9p21 as the only replicable locus in the
sporadic form of ALS and FID.*** Our findings
confirm the importance of genetics in the pathogenesis
of the idiopathic form of these neurodegenerative
diseases.

Our haplotype data suggest that the pathogenic
GGGGCC hexanucleotide repeat expansion in C9orf72
arose from a one-off mutation event'™” that occurred
about 1500 years ago. The geographical distribution of
the mutation suggests that the mutation appeared in
northern Europe and spread from there. Alternatively,
the high frequencies in Finland and other isolated
populations could be explained by the history of these
communities. Finland and Sardinia are comparatively
isolated regions, and have genetically homogeneous
populations that originated from a small number of
founders.” Genetic drift has had a large influence on
allele frequencies in these populations and could explain
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the high occurrence of the mutation in these geographical
isolates.

Recognition that all patients carrying the C9orf72 repeat
expansion share a common ancestor has important
implications for the interpretation of global frequency
data for this mutation. Although the hexanucleotide repeat
expansion is common in white Europeans, it is also
present in black and Hispanic populations in the USA and
individuals from Israel. This finding probably reflects the
scale and nature of past human migration and inter-
marriage between ethnic groups. Similarly, the relative
absence of the pathogenic hexanucleotide repeat in India,
Asia, and the Pacific Islands might be explained by the
greater physical distances of these regions from Europe,
and the consequentlack of admixture between populations.
Notably, the one Japanese patient who we identified as a
carrier of the C9orf72 expansion carried the Finnish risk
haplotype, reinforcing the notion that the expansion
occurred on one occasion in the past.

The sharing of a common risk haplotype in the
C901f72 region of chromosome 9p21 in patients with
sporadic and familial ALS suggests that these apparently
sporadic cases are actually cryptically related familial
cases. This scenario might have occurred for several
reasons, including unfamiliarity with the pedigree on
the part of the patient or neurologist or because previous
generations might have died at a young age before
onset of neurological symptoms. The median age at
onset in patients with the expansion was 57 years, and
life expectancy in the USA began to exceed this point
only in the early 1940s.* Furthermore, the incomplete
penetrance of the mutation, in which not all individuals
carrying the expansion manifest a clinical phenotype,
might be a contributing factor in apparently sporadic
disease. Indeed, we have reported symptom onset in
the ninth decade of life in patients carrying the
expansion and also encountered two elderly,
neurologically healthy individuals with the expansion.
Thus, the penetrance of this mutation seems to be
complete only at a late stage of life, which is an
observation of particular relevance for genetic
counselling of healthy individuals carrying the
expansion. The molecular biological substrate
underlying this variability in age at onset is unclear: it
might be driven by differences in expansion lengths
between patients, by age-related methylation across the
locus, or by genetic factors elsewhere in the genome.

We compared our results with those of previous
studies that reported the frequency of the C9orf72
hexanucleotide repeat expansion in the pathogenesis of
ALS and FTD (panel). Data were available from seven
studies (appendix). Our study screened one of the
largest cohorts of cases of ALS and FTD assessed to
date, and also provides an initial report of the frequency
of the pathogenic repeat expansion in non-white
patients, a detailed examination of the haplotype across
the locus, and an initial estimate of age-related disease

www.thelancet.com/neurology Vol 11 April 2012



Articles

penetrance in a large group of individuals carrying the
expansion.

Our data have implications for the clinical care of
patients diagnosed with ALS and FTD. The dlinical
standard of care is to offer genetic testing to patients
reporting a family history of ALS or FTD,” and to reassure
patients classified as having sporadic disease that their
relatives are not at increased risk of neurodegeneration.
On the basis of an analysis of 191 Irish patients with ALS,
Byrne and colleagues™ suggested that genetic testing for
the C90rf72 repeat expansion is unnecessary in affected
individuals without a family history of disease or
substantial cognitive impairment. By contrast, we believe
that genetic testing is a valuable technique for accurate
diagnosis of the two disorders and in the decision-making
process for patients and their families. The discrepancy
between these two views might stem from differences in
how sporadic and familial disease were defined in the
two studies. Accumulation of sufficient data is an
important step towards answering this key question for
management of patients. In view of the large number of
patients who carry the repeat expansion, investigators
and clinicians should at least consider a focused debate
on this issue.

Our paper has some limitations. First, the number
of patients from some geographical regions was small
and the mutational frequencies might change for those
ethnic groups as additional patients are screened.
Nevertheless, our data for more than 5000 patients with
ALS or FTD provide a reasonable estimation of C9orf72
global frequency. Second, although we have examined
the chromosome 9p21 haplotype in a large and diverse
cohort of individuals carrying the pathogenic expansion,
additional testing of carriers might reveal other
haplotypes, thereby indicating that the expansion arose
on more than one occasion. Nevertheless, our data
suggest that most expansion carriers share a common
ancestor.*” Third, we generated age-related penetrance
estimates on the basis of data from retrospective
cohorts, which potentially leads to overestimation of
penetrance. Additional prospective studies examining
family kindreds are necessary to confirm these
estimates. Finally, case classification as familial or
sporadic was done on the basis of clinical questioning
at sample collection. The level of scrutiny might have
varied between centres and countries, but re-collection
of this information for existing cohorts was mnot
feasible.
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Mutational analysis of familial and sporadic amyotrophic lateral
sclerosis with OPTN mutations in Japanese population
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Abstract

Our objective was to elucidate the genetic epidemiology of familial amyotrophic lateral sclerosis (FALS) and sporadic
ALS (SALS) with OPTN mutations in the Japanese population. Mutational analysis of OPTN was conducted in
18 FALS pedigrees in whom mutations in other causative genes have been excluded and in 218 SALS patients by direct
nucleotide sequence analysis. Novel non-synonymous variants identified in ALS patients were further screened in
271 controls. Results showed that although no mutations were identified in the FALS pedigrees, a novel heterozygous
non-synonymous variant ¢.481G>A (p.V161M) was identified in one SALS patient, who originated from the southern-
most part of the Kii Peninsula. The mutation was not present in 271 controls. As the clinical feature, the patient
carrying V161M showed predominantly upper motor neuron signs with slow progression. This study suggests that

mutations in OPTN are not the main cause of ALS in the Japanese population.

Key words: Motor neuron disease, amyotrophic lateral sclerosis, OPTN mutation, genetic analysis, V161M

Introduction

Molecular genetic research on amyotrophic lateral
sclerosis (ALS) has revealed a number of causative
genes for familial ALS (FALS), which include SOD1
(1), ALS2 (2,3), DCTNI1 (4), VAPB (5), CHMP2B
(6), ANG (7), TARDBP (8), and FUS (9,10). These
genes collectively account for approximately 30% of
FALS pedigrees (11). Mutations in these genes have
also been identified in some sporadic ALS (SALS)
patients, suggesting mutations with reduced pene-
trance or de novo mutations (12,13). Recently, hexa-
nucleotide repeat expansion within the C9ORF72
gene has been reported to be associated with a large
proportion of cases of ALS and frontotemporal
dementia (FTD) with wider European ancestry
(14-16). Mutations in UBQLN2 were also identified
to cause dominant X-linked juvenile and adult-onset
ALS and ALS/dementia (17). OPTN, which was

previously identified as the causative gene for rare
autosomal dominant familial primary open-
angle glaucoma (POAG), has been reported as the
causative gene for autosomal dominant and auto-
somal recessive FALS (18). Subsequent genetic epi-
demiological studies on OPTN mutations in different
cohorts have revealed that frequencies of mutations
in patients with FALS and SALS vary among cohorts,
from 0% to 4.35% (pedigree frequency) in those
with FALS, and from 0% to 3.54% (case frequency)
in those with SALS (18-23). Further analyses on
larger cohorts of various ethnic backgrounds will be
necessary to establish the genetic epidemiology
and clinical characteristics of ALS and the genotype-
phenotype correlations of ALS with OPTN mutations.
We conducted further mutational analysis of OPTN in
our cohorts to establish the molecular epidemiology of
ALS in patients with mutations in OPTN.
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Materials and methods

Thirty-five FALS pedigrees, 218 SALS patients, and
271 controls, all of whom were from the Japanese
population, were enrolled in this study. Of the 35
FALS pedigrees, 17 harbored causative mutations in
other causative genes for FALS with the autosomal
dominant mode of inheritance. The remaining 18
pedigrees consisted of 13 with the autosomal domi-
nant mode of inheritance, two pedigrees with affected
sibs with consanguinity, and three pedigrees with
affected sibs without consanguinity. The 218 SALS
patients, most of whom visited the University of
Tokyo Hospital, included 33 from Yamagata Prefec-
ture, on the northern part of Honshu island, and 15
from the Kii Peninsula, on the southern part of Hon-
shu island. The mean age at onset of the SALS
cohort was 58.9 years, and the male: female ratio was
3: 2. All of the genomic DNA samples were obtained
from the participants of this study with their written
informed consent, and this research was approved
by the Institutional Review Board of the University
of Tokyo.

Muzational analysis

Mutations in causative genes for FALS were ana-
lyzed employing a DNA microarray-based rese-
quencing system as described elsewhere (24) or a
direct nucleotide sequencing method conducted
using a BigDye Terminator ver. 3.1 cycle sequencing
kit on a 3100 ABI Prism Genetic Analyzer (Applied
Biosystems). All the coding exons of OPTN (exons
4-16) were amplified by genomic PCR using spe-
cific primers for each exon recently reported (18)
and further subjected to direct nucleotide sequence
analysis.

Mutations in other causative genes for FALS,
including SODI1, ALS2, DCTNI, VAPB, CHMP2B,
ANG, and TARDBR were firstly excluded employing
a DNA microarray-based resequencing system. Sec-
ondary, mutational analysis of FUS employing a
direct nucleotide sequencing method was performed.
The remaining samples were subjected to mutational
analysis of OPTN by direct nucleotide sequence
analysis.

The variants identified by the mutational anal-
ysis were evaluated using databases of dbSNP
(http://www.ncbi.nlm.nih.gov/SNP/index.html),
1000 Genomes Project (http://www.1000genomes.
org/), and Exome Sequencing Project (https://esp.
gs.washington.edu/). When novel non-synonymous
variants not registered in these databases were
identified, they were further screened in 271
controls by direct nucleotide sequence analysis.
The effect of amino acid changes caused by iden-
tified novel variants was predicted using the
PolyPhen-2 website (http://genetics.bwh.harvard.
edu/pph2/).

Results

Of the 35 FALS pedigrees enrolled in this study, 17
harbored causative mutations in other causative
genes for FALS including 14 SODI, two FUS, and
one TARDBP.The remaining 18 pedigrees were sub-
jected to mutational analysis of OPTN. Five variants
including four known SNPs and a novel synonymous
variant in exon 16 were identified (Table I). We did
not observe any causative mutations in OPTN in the
FALS pedigrees in our cohort.

In the 218 SALS patients, seven variants includ-
ing four known SNPs, two novel synonymous vari-
ants in exons 4 and 7, and one novel non-synonymous
variant in exon 6 not registered in dbSNPs, 1000
Genomes Project, or Exome Sequencing Project
were identified (Table II). Known causative muta-
tions for ALS were not identified in the SALS
patients. The novel heterozygous non-synonymous
variant of ¢.481G > A in exon 6 substituting methi-
onine for valine at amino acid position 161 (p.V161 M)
was identified in a SALS patient (Figure 1A, B). This
novel variant of V161 M was not present in 271 con-
trols (542 chromosomes). Although the amino acid
valine at position 161 was not necessarily highly con-
served among species (Figure 1C), the PolyPhen-2
prediction was possibly damaging with a score of
0.913.

Interestingly, the patient with V161M mutation
originated from the southernmost part of the Kii
Peninsula, where the prevalence of ALS is high
and patients with the ALS-parkinsonism-dementia

Table 1. Summary of OPTN variants identified in 18 FALS patients.

Amino acid Number of pedigrees Allele frequency

Exon SNP ID* Base changes Annotation changes (Allele frequency) (1000 Genomes)™*

4 rs2234968 c.102G>A Synonymous 3 homozygotes, (0.389) 0.182

1 heterozygote*

5 rs11258194 c.293T>A Non-synonymous p.-Met98Lys 1 heterozygote (0.028) 0.110
10 18523747 c.964A>G Non-synonymous p.Lys322Glu 18 homozygotes (1.000) 1.000
16 1875654767 c.1634G>A Non-synonymous p.Arg545GIin 2 heterozygotes? (0.056) 0.028
16 Novel c.1713C>T Synonymous 1 heterozygote (0.028) 0.000

*SNP ID is the single-nucleotide polymorphism identification obtained from dbSNP database.
**The allele frequencies in East Asian populations were obtained from 1000 Genomes Project (http://www.1000genomes.org/).
#One patient carried both the heterozygous ¢.102G > A variant and the heterozygous ¢.1634G > A variant.
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