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An example in which cells with abnormal mitochon-
dria directly cause tissue damage is seen in the mitochon-
drial morphologic abnormalities in arteriolar smooth
muscle cells. Patients 1, 4, and 7 showed arteriolar
hyalinosis without having DM. Earlier reports have shown
arteriolar lesions similar to those in our cases.®!! Arteriolar
hyalinosis in non-DM-associated mitochondrial nephro-
pathy shows arteriolar smooth muscle cells containing
marked proliferating mitochondria. This may be a back-
ground of mitochondrial abnormality-induced arteriolar
changes.

In conclusion, we showed that GSECs in kidney
tissue may represent abnormal mitochondrial accumula-
tion, as revealed by the high mutant load using PCR. This
suggests that GSECs may become a new diagnostic marker
to identify secondary FSGS associated with mitochondrial
diseases and that it may be useful in avoiding unnecessary
noneffective therapy, such as steroids in FSGS.
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A novel microdeletion of 14q13.1q13.3 was identified in a patient with developmental delay and intractable
epilepsy. The 2.2-Mb deletion included 15 genes, of which TULIPT (approved gene symbol; RALGAPA1)was
the only gene highly expressed in the brain. Western blotting revealed reduced amount of TULIP1 in cell
lysates derived from immortalized lymphocytes of the patient, suggesting the association between TULIP1
haploinsufficiency and the patient's phenotype, then 140 patients were screened for TULIP1 mutations and
four missense mutations were identified, Although all four missense mutations were common with parents,
reduced TULIP1 was observed in the cell lysates with a P297T mutation identified in a conserved region

Brain among species. A full-length homolog of human TULIP1 was identified in zebrafish with 72% identity to

Developmental delay
Epilepsy

Human

Zebrafish

human. Tulipl was highly expressed in zebrafish brain, and knockdown of which resulted in brain
developmental delay. Therefore, we suggest that TULIP] is a candidate gene for developmental delay.

Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.

Submicroscopic chromosomal aberrations are considered to com-
prise up to 15% of all mutations underlying monogenic diseases [1].
Microarray-based comparative genomic hybridization (aCGH) has
accelerated to identify such submicroscopic genomic alterations, and
many new microdeletion syndromes have been established [2].
Whereas interstitial deletion of 14q13 is rare and only a few patients
have been reported. By use of aCGH analyses, we identified a unique
14q13.1q913.3 microdeletion in a patient with developmental delay and
intractable epilepsy. Of the 15 genes identified in the microdeletion
region, TULIP1 (approved gene symbol: RALGAPA1)was the only one
known to be predominantly expressed in normal brain tissue [3]. To
evaluate the contribution of TULIP1 to the patient's neurological
symptoms, zebrafish embryos with morpholino knockdown system
was used as a model organism [4]. Our results suggest that TULIPI is a
candidate gene for developmental delay and epilepsy.

* Corresponding author. Fax; +81 3 3352 3088.
E-mail address: yamamoto@imcir.twmu.acjp (T. Yamamoto).

Results
Molecular cytogenetic analyses of 14q13.1q13.3 deletion

For patient 1 (P1), a 2.2-Mb_microdeletion of 14q13.1q13.3
(33,462,439//35,694,522) was identified using aCGH (Fig. 1). Two-
color fluorescent in situ hybridization (FISH) analysis: confirmed the
deletion of 14q13.1q13.3 by the loss of the RP11-26M6 and RP11-
35M15 signals (Fig. 2A). Retrospective evaluation of chromosomal G-
banding previously provided normal karyotype showed reasonable
finding with loss of white band (Fig. 2B). FISH analysis using the same
probes revealed that both parents lacked the deletion (data not shown),
which indicated de novo deletion‘in P1. The final karyotype was arr cgh
14q13.1q13.3(33,462,439-35,694,522) x 1.ish(RP11-557015-+ RP11-
26M6— RP11-35M15—,RP11-81F13+ RP11-112H5+ ) de novo.

To confirm the biological parent-child relationships, microsatellite
marker analysis was performed on P1 family members. The results
sufficiently verified the biological relationships in this family
(Supplementary Table 1) and tevealed that P1 had only one peak of
D14S70, which is within the deletion region; this peak was common
only with the mother and there was no common peak of D14570 with

0888-7543/8 - see front matter. Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.
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Fig. 1. The result of aCGH showing chromosomal deletion of 14q13.1q13.3 on Chromosome View (upper) and Gene View (bottom). Blue rectangles indicate the region of genomic
copy number aberrations. In Gene View, the deletion region was expanded. Axial dimension indicates the physical location on chromosome 14, and vertical dimension indicates log,
ratio of intensity. Spots indicate the location of probes. Black bars indicate the locations of the known genes. Red and green bars indicate the locations of BAC clones used for FISH

analyses. ltalic characters indicate gene symbols,

the father (Fig. 2C). These data indicated that the paternally derived
allele at this locus was deleted in P1.

Detailed clinical phenotype of P1

At the time of the study, P1 was a 7-year-old girl. Her birth weight
was 3038 g and her head circumference at birth was 36 cm; there were

14

no documented neonatal events. At 2 months, she suffered a seizure
that continued for a couple of minutes; at that time she opened her eyes
and both eyes and arms moved upward and were fixed. Because similar
seizures occurred three times during the next 2 h, she was hospitalized.
Brain computed tomography (CT) scan and electroencephalography
(EEG) revealed no abnormalities. Seizures were refractory to epilepsy
medication and occurred a couple of times per day. Similar to West

101 91 e %7

C
P1

Ny
195 97 Ll
!
i
Wy A1 108
191 18 183 0 109
aer ae

Fig. 2. Molecular cytogenetic analysis of the deletion of 14q13.1q13.3 in P1. (A) FISH analysis using RP11-112H5 (SpectrumOrange) and RP11-35M15 (SpectrumGreen) probes
indicated the deletion by the loss of green signal. (B) G-banded chromosome 14 of P1 exhibited deletion of the white band (arrow). {C) GeneMapper analysis of microsatellite marker
data indicated that the D14S70 band was only commeon to P1 and her mother (see also Supplementary Table 1),
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syndrome, her seizures were composed of a series of attacks and
occurred once a weelk after the patient reached 3 months of age.

When she was 9 months old, P1 was referred to our institution for
treatment of the intractable seizures. There were no dysmorphic
features. At that time, she was alert but her reaction to her
surroundings was poor. Her eyes could not follow a moving target.
Hypotonia was obvious but muscle power was enough to move
against gravity. There was no symptom of cranial nerve damage. Tonic
convulsions with eye movements and upward movement of the arms
were observed intermittently. Blood screening tests, including those
for inborn error of metabolism, revealed no abnormalities. The EEG
showed a diffuse 8 wave and a high voltage 8 burst during brief tonic
seizures (Supplementary Fig. 1A). However, there were no paroxys-
mal findings in intermittent phases. Brain magnetic resonance
imaging (MRI1) showed mild brain atrophy (Supplementary Fig. 1B
and C). Brain single photon emission computed tomography (SPECT)
showed no areas of hypoperfusion (data not shown). The results from
other electrophysiological examinations, including auditory brain
response (ABR), visual evoked potential (VEP), somato-sensory
evoked potential (SSEP), conduction velocity (MCV), and sensory
verve conduction velocity (SCV), were within normal limits (data not
shown). Conventional chromosomal examination at 9 months of age
indicated a normal female karyotype with 46,XX. At 5 years of age, her
developmental level was evaluated using the Enjoji Scale of Infant
Analytical Development (ESID) and her developmental quotient was
determined to be 32 [5].

TULIP1 screening of additional patients with neurological disorders

Information regarding the genes within the deletion region of P1
was accumulated from the UCSC genome browser (http://www.
genome.ucsc.edu/); 15 genes were identified in the 2.8-Mb deleted
region (Fig. 1). Among the 15 genes, TULIPT was the only gene known
to be predominantly expressed in the brain. Thus, TULIP1 was examined
as the candidate gene responsible for the clinical symptoms of P1.

Sequence analysis of the entire coding region of TULIP1, which
contains 41 exons, was performed using originally accumulated
40 patients' samples and the 100 research resource samples. Four
individual missense mutations were identified (Supplementary
Fig. 2). Patient 2 (P2) had a ¢.889C>A nucleotide alteration in exon
9, which is predicted to result in a P297T amino acid substitution. This
proband's father had the same alteration. Patient 3 (P3) and his father
had a ¢.1055A>G (D352G) mutation in exon 10. Patient 4 (P4) and her
mother had a ¢.1531G>A (A511T) mutation in exon 12, Patient 5 (P5)
and his father had a ¢.3132T>G (F914C) mutation. Thus, all of the four
missense mutations were inherited from healthy parents. Each of the
identified missense mutations was negative in 200 normal controls.
The entire coding region of TULIP1 remaining allele of P1 was
sequenced and was wild type.

P2 presented with severe mental retardation and intractable
epilepsy derived from bilateral perisylvian polymicrogyria. P4
suffered West syndrome in infancy, and manifested intractable
epilepsy and moderate mental retardation. P3 and PS5 showed
moderate mental retardation, but no epilepsy (their family trees are
shown in Supplementary Fig. 3).

Analysis of TULIP1 expression

Western blotting using polyclonal rabbit anti-TULIP1 antibody was
performed and reduced TULIP1 levels were confirmed in immortal-
ized lymphocytes lysates from P1 and P2 (Fig. 3).
[dentification of zebrafish tulip1

In zebrafish, a homolog of human TULIP1 was previously predicted
according to genomic information, but the gene has not yet been
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Fig. 3. Western blot analysis of TULIP1 expression. Cell lysates from immortalized
lymphocytes derived from the patients indicated at the top were analyzed by Western
blotting using a rabbit anti-GARNL1 (TULIP1) polycional antibody. P1 and P2 exhibited
reduced TULIP1 expression {upper panel). 3-Actin levels were evaluated as a control
(lower panel).

isolated. Therefore, we cloned and sequenced the cDNA encoding
tulip1 from zebrafish, Using RT-PCR, we identified two splice variants
of tulip1, tulip1.1 and tulip1.2, which sequences were deposited into
GenBank (accession AB476643 and AB476644). The shorter variant
(tulip1.1) consisted of 6201-bp and encoded a 2066-residue protein,
and the longer variant (tulipl.2) was 6318-bp and encoded a 2105
residue protein. Information from the.zebrafish genomic map
revealed that zebrafish tulip1 was on chromosome 17 and consisted
of 41 exons. In addition, two splicing variants were identified based on
alternate usage of exon 40. Although the tulip1.2 variant lacks exon
40, this variant is longer than tulip1.1 because exon 40 contains a stop
codon. This exon-intron structure and alternative splicing of exon 40
are common to human and mouse TULIPT {3}, suggesting that tulip1 is
conserved through vertebrate evolution.

The deduced zebrafish Tulip1.1 and Tulip1.2 protein sequences
exhibited 72% identity to the corresponding splicing variants from
both human and mouse, and the zebrafish splice variants each
contained a Rap/Ran-GAP domain (aa 1848-aa 2027), two putative
transmembrane domains (aa 1184-aal1206, aa 1370-aal392), two
putative coiled-coil motifs (aa 10-aa 37, aa 1738-aa 1770) and one
leucine zipper motif (aa 1074-aa 1088), all of which are also found in
human and mouse TULIP1 proteins at the same positions [3].
Collectively, these results suggested that zebrafish tulipl.1 and tu-
lip1.2 are structural and functional homologs of human TULIP1.

To carry out tulip! knockdown in zebrafish using morpholino
antisense oligos, precise 5’ UTR nucleotide sequence information was
needed. Thus, we performed 5’ RACE to determine the sequence of the
tulipl 5’ UTR in our zebrafish strain. Based on the obtained sequence
of a 64-nucleotide fragment immediately upstream of the transla-
tional initiation site, the residue at the 5’ terminus of this sequence
was guanine, whereas the residue of the position in the genomic
database was cytosine. This nucleotide alteration was supposed to be
the result of m7G 5’ cap structure. Therefore, this fragment means to
be a full length of the 5’ UTR.

Spatial expression patterns of tulipl during zebrafish
embryonic development

To determine the spatial expression pattern of tulip? in zebrafish,
whole-mount in situ hybridization of tulip! mRNA was performed. At
the two-cell stage, tulip] mRNA was distributed throughout the two
blastomeres (Fig. 4A), indicating that this mRNA was deposited
maternally. At the shield stage, after the launch of zygotic gene
expression, tulip] mRNA was expressed equally in whole blastomeres
(Fig. 4B) and this ubiquitous expression pattern was retained during
gastrulation and continued until the middle of the segmentation
period (Figs. 4C and D). Later in development, distribution of tulip1
mRNA shifted anteriorly and was restricted to the head region of
embryos (Figs. 4E-G), suggesting a role for tulipl in zebrafish head
development.
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H

Fig. 4. Expression and functional analyses of tulip1 in zebrafish. (A~G) In situ hybridization of tulip] mRNA during development. At the two-cell stage, tulip] mRNA was deposited

maternally {(A) and expressed ubiquitously until the middle of the segmentation period (

B, shield stage; C, bud stage; D, 18 somite stage). Distribution of tulipl mRNA was shifted

anteriorly and restricted in head region of embryos (E, 24 h post-fertilization (hpf); F, 48 hpf; G, 72 hpf). (J, O, P) Knockdown of tulip1 caused developmental delay of the head and
brain. Live whole embryos (H-]) and head cross sections corresponding to the midbrain (K, M, 0) and hindbrain (L, N, P) of wild type (H, K, L), control MO-injected (1, M, N) and
tulipl MO-injected (], O, P) embryos at 72 hpf. Dorsal is at the top (E-P) and rostral is to the left (E-}).

Gene knockdown of tulipl causes severe developmental retardation of
the brain

To investigate whether tulip1 is involved in brain development, we
performed gene knockdown of tulip? in zebrafish using morpholino
antisense oligos (MO). At 72 h post-fertilization (hpf), tulipt MO1-
injected embryos (Fig. 4]) exhibited hypomorphic heads compared to
wild type or control MO-injected embryos (Figs. 4H-I), whereas trunk
development was relatively normal. In addition, approximately half of
all morphants had an enlarged pericardium and increased yolk
extension thickness (see representative morphant; Fig. 4]). To
investigate whether these defects were caused by the gene-specific
knockdown of tulip1 or not, tulip1 MO2, which is another morpholino
antisense oligo and non-overlapping with tulipl MO1, was used.
Microinjection of tulipl MO2 did not give rise to an enlarged
pericardium and rarely caused thickening of the yolk sac (data not
shown). Therefore, the heart and the yolk defects are not specific to
tulip! knockdown, In contrast, tulip! MO1 and MO2 caused equivalent
growth retardation of the head suggesting that this defect was caused
by the specific knockdown of tulip? (Figs. 5A and B).

Because the externally hypomorphic head in the zebrafish
morphants was similar to the abnormality of the brain observed in
P1, serial sections of the head were prepared from tulip] MO-injected
zebrafish embryos to examine specific brain morphology aberrations.
In the normal zebrafish midbrain, the brain ventricle was positioned
on the section that crossed the middle of the eyes at 48 hpf (Fig. 5C).
This ventricle was obstructed around 60 hpf (Fig. 5E) and completely
buried until 72 hpf in wild type (Fig, 4K) and control MO-injected (Fig.
4M} zebrafish. In the normal zebrafish hindbrain, the rhombic lip at
48 hpfwas thin and the groove of the medulla oblongata was opened
wide (Fig. 5D). The rhombic lip thickened with progressive embryonic

development and, as a result, the groove of the medulla oblongata was
almost fully occluded at 72 hpf in wild type (Fig. 4L) and control MO-
injected (Fig. 4N) zebrafish. In contrast, in tulipl MO-injected
embryos, the brain ventricle in the midbrain at 72 hpf was
unobstructed (Fig. 40). Similarly, a thin rhombic lip and widely
opened groove of the medulla oblongata was observed in the
hindbrain at 72 hpf (Fig. 4P). These results indicated that the
development of the brain in tulip] MO-injected embryos at
72 hpf (Fig. 40, and P) corresponded to that of the wild type
embryo at 48-60 hpf (Figs. 5C-F), and suggested that tulipl
knockdown results in brain developmental delay by >12 h (also
compare Figs. 5C-D vs, H-I and compare Figs. 4K-L vs. Figs. 5)-K).
Whole-body developmental delay was less severe than brain
developmental delay; tulip! MO-injected embryos at 72 hpf were
clearly as progressed as wild type embryos at 60 hpf (Fig. 5G).
Collectively, these results indicated that gene knockdown of tulip]
caused severe and specific brain developmental delay.

Discussion

Using aCGH, we identified a previously uncharacterized chromo-
somal deletion of 14q13.1q13.3 in a female patient with develop-
mental delay and intractable epilepsy. Familial analysis indicated that
the deletion occurred de novo. In the literature, there are at least 19
reported cases with deletions near 14q13, and the deletion identified
in the present patient (P1) is the smallest among them (Fig. 6) [6-13]
Clinical findings of available 10 of these previously reported cases are
summarized in Table 1. The common manifestations of the 14q13.2
deletion are developmental delay and mild microcephaly (Table 1).In
the 2.2-Mb deletion in P1, 15 genes are included according to the 2006
build (Fig. 1).
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C

Fig. 5. tulip! knockdown analyses of zebrafish. Zebrafish embryos at 48 hpf injected by tulipl MO1 (A) and MO2 (B) showed similar hypemorphic head. Cross section of the brain of
wild type (C-F) and tulip] MO1 embryo (H-K); midbrain (C, E, H, }) and hindbrain (D, F, 1, K). Wild type embryos at 48 hpf (C, D) correspond to tulip] MO1 embryos at 60 hpf (H, 1),
and wild type embryos at 60 hpf (E, F) correspond to tulipl MO1 embryos at 84 hpf (1 K), which indicate developmental delay. (G) Wild type embryo at 60 hpf.

Schwarzbraun et al. considered TULIPI as the candidate gene for domains [3], which is also contained in TSC2, one of the genes
the neurological phenotypes of deletion 14q13, and analyzed the responsible for tuberous sclerosis. Since haploinsufficiency of TSC2
genomic structure and the function [3]. According to the study, TULIP1 can affects neurological functions [3], Schwarzbraun et al. analyzed
was expressed ubiquitously in pre- and postnatal human tissues. The the sequence of TULIPT in a family with idiopathic basal ganglia
nucleotide sequence of TULIP! was predicted to encode Rap-Gap calcification (IBGC; Fahr disease), but found no association between
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Fig. 6. Chromosome 14 schematic (upper) with the each size of deletions from previously reported patients and P1. Black and gray bars indicate confirmed and suspected deletion
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TULIPT mutation and idiopathic basal ganglia calcification. Whereas,
the similarities between TULIP1 and TSC2 led us to hypothesize that
TULIP1 might be associated with the idiopathic developmental delay
and epilepsy.

In the present study, reduced TULIP1 levels were observed in cell
lysates from immortalized lymphocytes derived from P1 (Fig. 3).
Subsequent mutation analyses identified no TULIPT mutation on the
remaining allele. This evidence indicates that TULIP! expression is
allele-dose dependent, making TULIPT a credible candidate gene for
the phenotype of P1. We therefore analyzed the entire TULIP1 coding
region from 140 subjects with developmental delay and/or epilepsy.
From this second screening, four individual TULIP1 missense muta-
tions were identified in four patients (Supplementary Fig. 2), and two
of them were located within conserved sequence region among
mammalian species (Supplementary Fig. 4). However, all four
missense mutations were inherited from their healthy parents
(Supplementary Figs. 2 and 3).

To confirm whether TULIP1 deletion influenced the phenotypic
appearance of P1, we used a zebrafish knockdown system in which
expression of the zebrafish homolog of TULIP1 was artificially
depressed, We first identified and sequenced the full-length cDNA
of zebrafish tulip? including the 5’ and 3’ UTRs; the zebrafish and
human sequences shared 72% identity. In situ hybridization revealed
that Tulip1 was expressed in the wild type zebrafish forebrain and
tulip1 knockdown resulted in brain developmental delay but normal
whole body development. These findings are comparable to that
observed for P1, who had TULIPI deletion and manifested severe
developmental delay, intractable epilepsy, and mild cerebral atrophy.

Kamnasaran et al. reported six patients associated with holopro-
sencephaly and common 14q13 microdeletion, which is overlapped
with that of the present patient (P1) (Fig. 6) {14]. In spite of common
deletions, penetrance of holoprosencephaly was not 100%, which
may depend on the parental origin of the deletion. Uniparental
disomy of chromosome 14 (UPD14) resuits in a distinctive
phenotype with developmental delay and dysmorphic features
depending on the parental origin {15,16]. Although the imprinting
locus of UPD14 is far from the 14q13 locus, we cannot deny the
possibility that penetrance of holoprosencephaly is influenced by the
allele origin,

As same as this manner, TULIPI may be influenced by genomic
imprinting. Although the missense mutation P297T was shared with
P2 and her healthy father, western blotting analyses showed reduced
TULIP1 expression in immortalized lymphocyte cell extracts from P2,
If TULIP1 was transcribed only from the paternal allele, P2 would only
be able to synthesize the mutated protein [17]. The evidence that
chromosomal deletion of 14q13.q13.3 in P1 was derived from
paternal allele may support this hypothesis. Therefore, we cannot
rule out possible pathogenicity of familial missense mutations
identified in this study.

Materials and methods
Materials

After informed consent based on the permission of the ethical
committee of Tokyo Women's Medical University, peripheral blood
samples of 300 patients with idiopathic mental retardation and/or
epilepsy of unidentified etiology were accumulated to investigate
potential genomic copy number aberrations using aCGH. In some
cases of chromosomal aberrations, blood samples were also obtained
from both parents of the patient. The samples in which no genomic
copy number aberrations were identified were used in the second
screening to identify whether gene-specific mutations were present.
In this study, 40 samples derived from patients with neurological
symptoms including developmental delay and/or epilepsy were used
for the second screening. An additional 100 subjects, which were

determined by aCGH to be negative for chromosomal aberrations and
other known disease-causing mutations, including mutation of FMR1,
AFF2, PQBP1, ARX, MECP2, ATRX, RPS6KA3, IL1RAPL1, TSPAN?7, OPHNI1,
PAK3, ACSL4, AGTH2, ARHGEFS, GDI1, SLC6A8, FIS]1, ZNF41, and DLG3,
were provided by the consortium of Research Resource for Mental
Retardation supported by the Ministry of Welfare, Labor, and Health
of Japan [18]. One hundred DNA samples from peripheral blood
lymphocyte of healthy Japanese volunteers and one hundred
Caucasian DNA samples (Caucasian Panel of 100 (HD100CAU); Coriell
Institute for Medical Research, USA) were also used for the population
study.

aCGH analysis

Genomic DNA was extracted from peripheral blood using the QIA
quick DNA extraction kit (Qiagen, Hilden, Germany). Genomic copy
number aberrations were analyzed using the Human Genome CGH
Microarray 105A chip (Agilent Technologies, Santa Clara, CA)
according to the method described elsewhere [19-22]. Briefly,
500 ng patient and reference DNA from healthy Japanese individuals
were digested with restriction enzymes, Alu | and Rsal (Promega,
Madison, WI). Cy-5 (patient) or Cy-3 dUTP (reference) were
incorporated using Klenow fragment. The array was hybridized with
labeled patient and reference DNA in the presence of Cot-1 DNA
(Invitrogen, Carlsbad, CA) and blocking agents (Agilent Technologies)
for 40 h at 65 °C, washed and scanned on the scanner (Agilent
Technologies). Data was extracted using Agilent Feature Extraction
software ver 9 with the default settings for aCGH analysis. Statistically
significant aberrations were determined using the ADM-II algorithm
in CGH Analytics software version 3.5 (Agilent Technologies). Break-
points were defined as the start and stop location of the first and last
probes, respectively, included in the algorithmically determined
region of deletion,

Fluorescence in situ hybridization (FISH) analysis

Metaphase or prometaphase chromosomes were prepared from
phytohemagglutinin-stimulated peripheral blood lymphocytes
according to standard techniques. Four bacterial artificial chromosome
(BAC) clones RP11-557015 (14q13.1; 32,770,543//32,934,772),
RP11-26M6 (14q13.2; 34,404,823//34,591,592), RP11-35M15
(14q13.2; 35,104,496//35,263,440) and RP11-81F13 (14q13.3;
36,297,744/ /36,467,869) that mapped around 14p13.2 were selected
from the in-silico library build 2006 (UCSC Human genome browser,
March 2006, http://genome.ucsc.edu/) and were purchased from
Invitrogen (Germany). Clone RP11-112H5 (14q32.33; 105,798,044/ /
105,952,495) was used for the marker of chromosome 14.

FISH analyses were performed using a combination of two BAC
clones with the target clone and the marker clone [22]. Briefly, slide-
mounted chromosomes were hardened at 65 °C for 150 min and then
denatured in 70% formamide containing 2x standard saline citrate
(SSC) at 70 °C for 2 min, and then dehydrated at —20 °C in ethanol.
1.5 pg of BAC clone DNA extracted using GenePrepStar PI-80X
(Kurabo, Osaka, Japan) was labeled with SpectrumGreen TM-11-
dUTP or SpectrumOrange TM-11-dUTP (Vysis, Downers Grove, IL) via
nick translation and denatured at 70 °C for 5 min in the probe
hybridization mixture including 50% of formamide, 2 SSC, and 10%
dextran sulfate. Then, it was applied on the chromosomes, and
incubated at 37 °C for 16 h. Slides were washed twice in 50%
formamide containing 2 x SSC at 43 °C for 15 min, 2 xSSC for 5 min,
1xSSC for 5 min, 0.1% (v/v) Triton X-100/4xSSC for 5 min with
shaking, 4 x SSC for 5 min, then 2 x SSC for 5 min and then mounted in
antifade solution (Vector, Burlingame, CA) containing 4',6-diamino-2-
phenylindole (DAPI). Photomicroscopy was performed under a
microscope equipped with a quad filter set containing single band
excitation filters (Leica Microsystems, Tokyo, Japan).
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Microsatellite marker analysis

Familial relationships and the origin of the 14q13.1q13.3 deletion
for P1 were analyzed using the PRISM Linkage Mapping Set Panel 20
(Applied Biosystems Inc, Foster City, CA), which includes the primer
sets of 14 microsatellite markers D145261, D145283, D145275,
D14S70, D14S288, D14S276, D14S63, D14S258, D14S74, D14S68,
D145280, D14S65, D145985 and D145292. PCR amplification using
True Allele PCR Premix (Applied Biosystems Inc.) was performed
according to the manufacture’s protocol {23]. Then, the products were
separated using the 3130x! Genetic Analyzer (Applied Biosystems Inc.)
and analyzed by GeneMapper software (Applied Biosystems Inc.).

Mutation screening of the TULIP1 coding region

All 41 TULIP1 exons from each patient were amplified by PCR
using originally designed primers located on the both neighboring
intronic sequences (Supplementary Table 2) according to the
standard method. All amplicons were subjected to direct sequencing
using the BigDye Terminator Cycle Sequencing kit (Applied Biosys-
tems Inc.) according to the manufacturer's protocol. Sequencing
reactions were separated using a 3130x! Genetic Analyzer (Applied
Biosystems Inc.).

Because exon 33 was too large to analyze in the same manner with
the other exons, it was divided into several parts. However, primers
based on the exonic sequence could not be used for PCR due to the
existence of the pseudogene of TULIP1 which had quite similar
sequences. When we use the primers on the coding region of exon 33
for PCR amplification, both the true TULPI and pseudo TULIP1 were
amplified. To circumvent this difficulty, the entire exon 33 was PCR
amplified by both neighboring intron-based primers, which cannot
amplify exon 33 of the pseudogene of TULIP1, and used as a template
for direct sequencing using sequential exon-based primers.

Western blotting

Immortalized lymphocytes were collected by centrifugation at
1400 x g and homogenized in sample buffer (50 mM Tris-HCl, pH 6.8,
2% sodium dodecyl sulfate (SDS), and 10% (v/v) glycerol) by
sonication. B-Mercaptoethanol and bromophenol blue were added
to cell lysates at final concentrations of 6% (v/v) and 0.003%,
respectively. Proteins were resolved by SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Immobilon; Millipore, Bill-
erica, MA). Membranes were blocked in phosphate buffered saline
(PBS) containing 10% nonfat milk and 0.05% (w/v) Tween 20 for 1 h at
room temperature. Membranes were then incubated with rabbit
polyclonal anti-GARNL1 (TULIP1) (1:100 dilution, HPA00851: Atlas
Antibodies, Sweden) or anti-B-actin monoclonal antibody (1:5000
dilution, A5441; Sigma, MO) overnight at 4 °C, Membranes were
washed three times in PBS containing 0.05% Tween 20 and then
incubated in HRP-conjugated secondary antibody for 1 h at 37 °C.
Membranes were washed as before and signals were detected using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher
Scientific Inc,, Rockford, IL) and FUJl RAS3000 (FUJI Film, Tokyo,
Japan).

Zebrafish maintenance

Adult zebrafish (Danio rerio) were maintained at 28.5 °C under
14 h light/10 h dark cycle conditions. Embryos from natural crosses
were collected a few minutes after spawning and cultured at 28.5 °C in
water containing 0.006% NaCl and 0.00025% methylene blue. Embryos
were staged according to morphology and hours post-fertilization
(hpf) as described [4]. For in situ hybridization, N-phenylthiourea was
added to culture water at a final concentration of 0.003% to avoid
pigmentation of larvae,

Cloning of zebrafish tulip1

The sequence of the zebrafish tulipl ¢DNA has been previously
predicted using genomic data (GenBank accession XM_679242). In this
study, the cDNA corresponding to the open reading frame (ORF) of tulip 1
was cloned by reverse transcription-polymerase chain reaction (RT-
PCR) using primers designed based on the predicted sequence. Briefly,
total RNA was extracted from 14 somite stage embryos using the RNeasy
Mini Kit (Qiagen}, and cDNA was synthesized using the Omniscript RT
Kit (Qiagen) according to the manufacturer's instructions. All PCR
amplification reactions were performed using KOD plus DNA polymer-
ase (TOYOBO, Osaka, Japan). The 5’ and 3’ untranslated regions were also
cloned by the rapid amplification of cDNA ends (RACE) method using the
5'-RACE Core Set (TAKARA, Otsu, Japan). (The sequences of the primers
used in this study are shown in Supplementary Table 3.)

Whole mount in situ hybridization of tulip]l RNA

Whole-mount in situ hybridization was performed as described {4].
Briefly, digoxigenin-labeled antisense RNA probes, complementary to
four partially overlapping regions of zebrafish tulip1, were synthesized.
These probes corresponded to the following regions of tulip?; nt 511-
1526, nt 1303-2337, nt 3714-4733 or nt 4527-5644 (relative the
transcriptional start site GenBank accession AB476643 and AB476644).
Because these four probes displayed identical staining patterns, they
were used as a mixture. To enhance the contrast of the signal of tulip1 in
shield and bud stage embryos, specimens were soaked in transparency
reagent (2:1 mixture of benzyl benzonate/benzyl alcohol).

Morpholino oligos and microinjection

Morpholino antisense oligos (MOs) were purchased from Gene
Tools, LLC. The sequences of the two non-overlapping MOs used in
this study were as follows: tulip! MO1, 5'-GAGATGTTTTGAAGAGC-
TAATGATA-3'; tulipl MO2, 5'-TCTTCCGTTAATTCCCTCAAACATG-3'.
We also used the following control MO that does not match any
zebrafish gene: 5-AAACGTCTCTTGACTCTCCGCGATG-3’. MOs were
dissolved in Danieau solution (5 mM HEPES, pH 7.6, 58 mM Nacl,
0.7 mM K, 0.4 mM MgSO,, and 0.6 mM Ca(NO;),) to a final
concentration of at 10 ug/pl and stored at —20 °C. MOs were
microinjected at 3 ng/nl as described [4].

Preparation of zebrafish head sections

Zebrafish embryos in appropriate stages were fixed in PBS
containing 4% paraformaldehyde (PFA) at 4 °C overnight. The fixed
embryos were gradually dehydrated with ethanol and then com-
pletely dehydrated using 2-propanol. Dehydrated embryos were
soaked in xylene and embedded following transfer to Paraplast Plus
embedding medium (McCormick Scientific, St. Louis, MO) under
microscopic observation. Specimens were cut into serial sections
(7 ym) and stained using Mayer's hematoxylin and eosin solutions.
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Supplemental Fig. 1: Clinical evaluation for P1 with a 14q13.1q13.3 deletion. (A)
Electroencephalography indicating high voltage 0 bursts during convulsions.
T1-(C) and T2-(D) weighted brain MRIs at the age of 3 years indicating diffuse
mild brain atrophy.
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Supplemental Fig. 2: Sequence analysis of TULIPI indicating single missense
mutations in four individuals. The portion of each TULIP1 sequence containing
the missense mutation is shown with the predicted amino acid sequence at the top.
Proband identification numbers are indicated at left (boxes).
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Supplemental Fig. 3: Family trees of the patients with deletions or mutations of
TULIPI. Squares represent males and circles represent females. Filled squares and
circles indicate the patients with developmental delay. m: TULIPI mutation.
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Supplemental Fig. 4: Comparison of mammalian TULIP1 amino acid sequences.
Regions of the amino acid sequence containing the single TULIPI missense
mutations identified in four mentally retarded patients are shown. Arrows indicate
the position of the missense mutations. P297 and F914 are conserved among
species, but D352 and A511 are not.
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A: Homo sapiens NP_055805

B: Pan troglodytes (chimpanzee) XP_001140817

C: Macaca mulatta (rhesus monkey) XP_001088522

D: Mus musculus (house mouse) NP_001106185

E: Rattus norvegicus (Norway rat) XP_001079197

F: Monodelphis domestica (gray short-tailed opossum) XP_001363188
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a riskfactor for AD.

The evidence for the role of mitochondria in Alzheimer's disease (AD) has been well investigated, based
on the amyloid hypothesis and its relation to the mitochondrial dysfunction due to oxidative stress. How-
ever, contrasting reports describe an unclear picture on the relationship between AD and mitochondrial
DNA (mtDNA) variations. Therefore, we analyzed complete mtDNA sequences from 153 AD patients and
129 normal control subjects to determine if inherited mtDNA polymorphisms or rare variants, or both
contribute to the etiology of late-onset AD. The results reported herein indicate that inherited mtDNA
common polymorphisms could not be the single major causes of AD but that some rare variants in the
protein-coding-region may have protective effects for high-risk populations with the APOE e4 allele. Fur-
thermore, our results support the idea that the np956-965 poly-c insertion and 856A>G variant might be

© 2009 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Alzheimer's disease [AD (MIM 104300)] is the most common
neurodegenerative disorder, characterized clinically by progressive
cognitive decline, and pathologically by the presence of senile pla-
ques composed primarily of amyloid-p peptide (AB) and neurofi-
brillary tangles made up mainly of hyperphosphorylated tau
protein. Almost all cases are sporadic and non-familial, with a com-
plex etiology that is intertwined with genetic and environmental
risk factors. Decades of research have provided evidence for only
a single gene, apolipoprotein E (APOE), as the major genetic risk
factor for sporadic AD.

There is evidence of a role for mitochondria in AD based on the
amyloid hypothesis and for a relationship between AD and mito-
chondrial dysfunction due to oxidative stress (Pereira et al.,
2005; Cacabelos et al, 2005; Chen et al., 2006; Crouch et al,
2007; Grazina et al,, 2006). Moreover, many observations suggest
that mitochondrial genetic abnormalities contribute to the patho-
genic amyloid metabolism in sporadic AD and that Ap oversecre-

* Corresponding author. Address: Department of Biostatistics, Harvard School of
Public Health, 655 Huntington Avenue, Boston, MA 02115, USA, Tel.: +1 617 432
2416; fax: +1 617 432 5619.

E-mail address: nyamaguc@hsph.harvard.edu (N, Tanaka).

tion stimulated by mitochondrial dysfunction would serve a
critical role in the pathogenesis of the disease (Nunomura et al,,
2001; Pratico et al., 2001; Reddy et al,, 2004; Beal, 2004; Khan
et al., 2000).

The putative role of mtDNA polymorphisms in AD pathogenesis
is supported by higher incidence of AD in the mothers of the pro-
bands, which has been connected with the maternal inheritance of
mtDNA (Beal, 1998; Bonilla et al, 1999). Mitochondrial SNPs
(mtSNPs) and/or their clusters (haplogroups) are thought to affect
susceptibility to AD by influencing mitochondrial metabolism
(Chagnon et al., 1999; Carrieri et al,, 2001). Therefore genetic epi-
demiological studies have been used to ascertain the presence of
pathogenic rare variants or polymorphisms of mtDNA. In addition
to the report of a relationship between oxidative phosphorylation
(OXPHOS) performance and mitochondrial haplogroups (Ruiz-
Pesini et al, 2000), more genetic epidemiological studies on
mtDNA of mostly Caucasian populations have reported associa-
tions between mtDNA common polymorphisms or mtDNA haplo-
groups and AD (Chagnon et al, 1999; Carrieri et al, 20071;
Mancuso et al., 2007; Fesahat et al., 2007; Maruszak et al., in press;
van der Walt et al., 2004). However, these associations still remain
unclear (Grazina et al., 2006; Howell et al., 2005), because haplo-
groups are defined by using common polymorphisms in each
ethnic group (Torroni et al.,, 1996), The distribution of mtDNA allele
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frequency varies considerably with the population studied, which
implies that haplogroup analysis is insufficient across populations.

Identifying AD-specific mtDNA mutations has been more of a
challenge. At present, eight different mtDNA point mutations or
variations have been reported either in only AD patients or at high-
er frequencies in AD patients than in control subjects (Grazina
et al,, 2006). However, as well as the haplogroups analysis, the con-
tribution of inherited mitochondrial rare variants to the pathogen-
esis of AD is also unclear, because most of the association studies
have not been replicated in other populations.

Additionally, there are only a few research studies that have ex-
plored the association between AD and the non-coding control re-
gion (CR), although variants localized in this region have been
reported to be related with aging (Edris et al., 1994; Wang et al.,
1997; Coskun et al., 2003, 2004).

As the impact of mtDNA polymorphisms or rare variants on AD
etiology remains controversial, we analyzed the complete mtDNA
sequences of Japanese AD patients and their age-matched Japanese
control subjects to determine the contribution of inherited mtDNA
variations, polymorphisms or rare variants, to the etiology of late-
onset AD.

2. Subjects and methods
2.1. Subjects

This case-control association study was approved by the Insti-
tutional Review Board of the National Center of Neurology and Psy-
chiatry (NCNP). Cases included outpatients who attended the
Memory Clinic of Musashi Hospital, NCNP (Asada et al., 2000).
The diagnosis of probable AD based on the NINCDS-ADRDA criteria
was made after detailed examination, including neuroimaging
(magnetic resonance imaging and single photon emission com-
puted tomography) and a series of neuropsychological batteries.
Cognitively intact spouses of patients were asked to take part in
our prospective cohort study of AD as the control subjects, who
were selected and matched based on sex and age (within a range
of 3 years). Information about both the AD patients and control
subjects was obtained by interviews of relatives, exclusively living
spouses or first-degree relatives, and when possible, multiple rela-
tives were interviewed to improve the accuracy of the data. To ana-
lyze complete mtDNA sequences, we randomly selected 200 AD
patients and 200 control subjects among 758 AD (267 men and
491 women) patients and 557 control (240 men and 317 women)
subjects, respectively. To explore sporadic late-onset AD objec-
tively, we excluded from statistical analysis those subjects whose
age at onset was less than 65 years. The backgrounds of the final
subjects, including 153 AD patients and 129 control subjects, are
shown in Table 1. In all of the subjects, the observed APOE geno-
types fitted with the expected Hardy-Weinberg equilibrium
(HWE) results (p = 0.96, AD; p = 0.98, control).

To categorize the variants into polymorphisms and rare variants,
we used additional data: the data for a young male group from the
mtSNP database (N = 96) and the controls who had been excluded

Table 1
Background of the subjects.
Control Patients with p-Value
(n=129) AD (n=153)
Age, mean + SD 726%56 768+ 56 <0.0001
Sex, No (%) female 75 (58.1) 100 (65.4) 0.213
APOE e4 carriers 32 (25.6) 69 (45.4) 0.0007
Smoking status, No (%) yes 48 (38.7) 52 (34.9) 0.515
Drinking status, No (%) yes 40 (32.0) 36 (24.2) 0.149
Education (years) 10.7+2.6 10.1+£2.38 0.060

from the analysis (i.e. N = 71, controls under 65 years old). The total
sample size for estimation of allele frequency was 296.

2.2. Direct sequencing of total mtDNA

DNA extraction, PCR and total mtDNA sequencing were done as
described previously (Akanuma et al.,, 2000). To minimize the ad-
verse effect of the nuclear pseudogene, we employed the long
PCR method to prepare the sequencing reaction template, After
two overlapping segments, such as S1 and L1, were amplified,
three overlapping fragments designed S2 (derived from $1), L2A
and L2B (from L1) were amplified by the AccuTaq LA Polymerase
(Sigma). We used the following oligonucleotide pairs for amplifica-
tion: S1, 5'-GAATCGGAGGACAACCAGTA-3'/5-GCGGGAGAAGTA
GATTGAAG-3', L1, 5-CTTAATTCCATCCACCCTCCTCTCCCTAGG-3 /
5'-CTTGTGCGGGATATTGATTTCACGGAGGATGG-3', S2, 5'-TCGGAG
GACAACCAGTAAGC-3'/5'-GATTGAAGCCAGTTGATTAGGG-3!, L2A,
5'-CCTAGGAGGCCTGCCCCCGC-3'(5'-GGGTTAACGAGGGTGGTAAGG
ATGGG-3" and 2B, 5'-ACCACAACACAATGGGGCTCACTCA-3'/5'-CG
GAGGATGGTGGTCAAGGG-3'. PCR parameters included; 96 °C at
10s followed by 40 cycles of 94°C for 155, 50°C for 5s, and
60°C for 4 min in the GeneAmp PCR System 2400 (PE Applied
Biosystems). PCR products were purified directly using Microspin
5-400 HR Columns (Amersham Pharmacia Biotech). With 96 pri-
mer sets designed for sequencing (35 primers for S1, 39 for L2A,
22 for L2B), we sequenced S2, L2A and L2B fragments using the
BigDye Terminator Cycle Sequencing Ready Reaction kit (PE Ap-
plied Biosystems). Unincorporated dye terminators were removed
by the MultiScreen 96-Well Filtration Plate (Millipore) and the
reaction product was analyzed by using an ABI 3700 automated se-
quencer according to the manufacturer's protocols,

- 2.3. Statistical analysis

The statistical significances of the differences between the AD
and control groups were determined with the chi-square () test
for categorical variables, and with the t-test for continuous vari-
ables. The HWE was tested by using the chi-square goodness-of-
fit test. The one-sample binomial exact test was used to determine
the thresholds of grouping the variants. Multiple logistic regression
analyses were performed to assess the associations of individual
minor polymorphisms or rare variants with the risk of AD, with
adjustment for the conventional risk factors, age, sex, educational
background, smoking status, alcohol consumption and APOE e4 al-
lele status. The difference in mean number of variations, rare vari-
ants, and Grantham's value between the AD and control groups
was examined by performing the Wilcoxson rank sum test. The
significance level for pair-wise comparison was set to 0.05.
Study-wide significance (Py,qy) was empirically evaluated by per-
mutation testing,

Assuming approximately 100 independent tests were per-
formed in this study, this sample has more than 50% power to re-
Jject the null hypothesis of no association of mtDNA variants with
AD at p <0.05 for 10% risk alleles with a 2.0 GRR, and more than
70% power for more than 20% risk alleles.

3. Results
3.1. Definition of mtDNA polymorphisms and rare variants

Sequence analysis of the entire mitochondrial genomes from
153 AD patients and 129 control subjects revealed a total of 962
variations. The distribution of variations among the protein-cod-
ing-region included single nucleotide variations as well as inser-
tions, deletions, and substitutions in the hypervariable regions.
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Out of the total variations, 840 (76%) variations have already been
reported and listed in the MITOMAP, a human mitochondrial gen-
ome database, or in the mtSNP database, a human mitochondrial
polymorphism database. Among those variations, we defined as
“rare variants” those with a minor allele frequency (MAF) of less
than 2% in control groups (N=296; 200 control subjects + 96
young males). We set the threshold at 2% because the left-sided
p-value computed for the allele with more than 2% frequency
was less than 0.05, which provides sufficient evidence to reject
the null hypothesis that the minor allele frequency in the popula-
tion was less than 1%. All other variations were defined as “poly-
morphisms”. Eventually, we determined 711 rare variants and
251 polymorphisms from our definitions.

3.2. Association of minor alleles of variants with AD

We presented 41 common polymorphisms of which the fre-
quency was more than 10% in the AD or control group and 17 vari-
ants that were previously reported (Supplementary Table 1).
Among the 41 polymorphisms observed, only the minor allele of
303_304insC polymorphism was found to be significantly, but
weakly associated with AD (p = 0.03). However, these results were
far from significant after permutation testing (Psyqy = 0.60). No
polymorphism had interaction effects with the APOE e4 allele
status.

Among these 58 variants, only two variants in the 125 rRNA re-
gion, the np956-965 insertion and 856A>G transition, were con-
firmed to have positive reproducible results. All other variants
either were not observed in our subjects or confirmed negative
association. Moreover, these two rare variants were the only obser-
vable mutations in the AD group and were previously reported by
Shoffner et al. (1993) and Tanno et al. (1998), though the number
of inserted base-pairs at the 956 position vary slightly: 5bp in
Shoffer's sample, 3 bp in Tannno's sample, and 3 bp and 4 bp in
our sample.

3.3. Association of the number of variants per person with AD

There was no statistically significant difference between AD and
control group for the number of variants or for that of rare variants

in the entire mtDNA (p = 0.37, 0.38). Analyzing each region sepa-
rately, we observed a few statistically significant differences be-
tween AD cases and the controls. In the region of the entire rRNA
and ATP8 genes, the number of variants was significantly larger
in the AD group than in the controls (p = 0.03, 0.02). On the con-
trary, the controls had more variants on average in the CO, region
than AD (p=0.02). Limiting the analysis to the rare variants, we
observed a statistically significant result only in the D-loop region
(p =0.028, Table 2).

3.4. Examination of the interaction effect of APOE and mtDNA rare
variants

For the entire coding-region, there were no significant differ-
ences in the mean of the number of rare variants between the
AD and the control groups. However, a possible interaction was ob-
served between the APOE e4 allele and the number of rare variants
to enhance AD risk (p = 0.035). For the individuals with the e4 al-
lele, the average number of rare variants in the coding-region in
the control group, 3.09, was significantly higher than that in the
AD group, 1.94 (p=0.036). For the e4 non-carriers, the average
number of rare variants for the AD patients was not different from
that in the control group. To explore how the rare variants modify
the AD risk in APOE e4 carriers, we calculated the odds ratios (ORs)
at the various cut-off points of the number of rare variants (Fig. 1).
The results suggested that the OR declined with more rare variants
and that APOE e4 had no effect in the group having more than two
rare variants (OR = 1.50, p = 0.39). In the subjects with 1 rare vari-
ants or none, OR was estimated to be 3.96 (p = 0.005). Thus, only
the e4 carriers in the control group had one more rare variant than
the AD group on average: and by limiting the analysis to non-syn-
onymous rare variants only, this tendency was the same.

Additionally, we explored which rare variant contributed to this
difference of the non-synonymous rare variants in the coding-re-
gion. The results from the analysis of each gene showed that there
were interaction effects with the APOE e4 allele in only two re-
gions, ND2 (OR =3.50, p<0.0001 without rare variants group;
OR = 0.79, p = 0.84 with rare variants group) and ND5 (OR=3.12,
p=0.0002 without rare variants group; OR=1.11, p =0.88 with
rare variants group).

Table 2
Distribution of the number of rare variant.
Region No. of variants  Control Case
observed in Mean Median SE Range Mean Median SE Range p-Value
(control/case)

All region 455/470 4,19 3 32 0-13 4.1 3 332 0-17 0.375

D-loop 70/68 0.85' 1 1.04 0-5 1.03" 1 1.29 0-6 0.028

rRNA 12SrRNA  16/21 0.16 (4] 0.48 0-3 0.26 0 0.63 0-3 0.135
16S5rRNA  16/17 0.19 0 0.41 0-2 0.18 [¢] 0.42 0-2 1

" AIlTRNA  32/38 0.34 0 0.66 0-4 0.44 0 0.76 0-3 0.29

tRNA All tRNA  23/39 0.24 0 0.48 0-2 0.25 0 047 0-2 0.83

Coding-region  All genes 2.5(0.92) 2(1) 2.15(1.07) 0-10(0-4) 2.3(0.71) 2(1) 2.08 (0.94) 0-13(0-5) 0.58(0.58)
ND1 22(26 0.21 (0.06) 0(0) 048 (0.24) 0-2(0-1) 0.23(0.09) 0(0) 0.53(0.29) 0-3(0-1) 0.19 (0.07)
ND2 32/23 034 (0.14) 0(0) 0.61(0.35) 0-2(0-1) 0.23(0.08) 0(0) 053(0.29) 0-3(0-2) 0.24(0.26)
Co1 35/33 0.32(0.05) 0(0) 0.57 (0.23) 0-2(0-1) 0.25(0.06) 0(0) 0.53(0.24) 0-2(0-1) 0.65 (0.29)
co2 17/14 0.19 (0.06) 0(0) 0.43(024) 0-2(0-1) 0.11(0.02) 0(0) 0.33(0.14) 0-2(0-1) 0.10(0.51)
ATP8 47 0.05(0.03) 0(0) 0.23(0.17) 0-1(0-1) 0.08 (0.03) 0(0) 0.31(0.20) 0-2(0-2) 0.96 (0.42)
ATP6 20/20 0.17 (0.11) 0(0) 0.45 {(0.40) 0-3(0-3) 0.14(0.04) 0(0) 0.37(0.19) 0-2(0-1) 0.66 (0.58)
Cco3 22/13 0.03(0.06) 0(0) 0.17 (0.27) 0-1(0-1) 0.01 (0.01) 0(0) 0.11(0.11) 0-1(0-1) 0.18 (0.23)
ND3 37 0.02() 0() 0.15() 0-1() 0.05 () [12¢) 0.21() 0-1() 048 ()
ND4L 4/10 0.05 (0) 0(0) 0.29 (0) 0-2 (0-0) 0.07 (0.01) 0(0) 03(0.11) 0-2 (0-1) 0.34 (0.26)
ND4 2526 0.27 (0.07) 0(0) 0.53(0.27) 0-3(0-1) 0.25(0.03) 0(0) 048 (0.18) 0-2 (0-1) 0.25 (0.18)
ND5 48/41 041(0.17) 0(0) 0.67 {0.45) 0-3(0-3) 0.40(0.18) 0(0) 0.62 (0.38) 0-3(0-1) 0.83 (0.78)
ND6 14{17 0.16 (0.05) 0(0) 0.39(0.23) 0-2(0-1) 0.14(0.05) 0(0) 039(0.22) 0-2(0-1) 0.34 (0.26)
cytb 33/32 0.30(0.10) 0(0) 0.58 (0.30) 0-3 (0-1) 027 (0.11) 0(0) 0.50(0.31) 0-2(0-1) 0.97 (0.76)

For coding-region, the distribution and p-value of the number of non-synonymous variations per person is shown in the parenthesis,
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Fig. 1. Estimated odds ratios shifting the cut-off values of the number of rare
variants per person. Odds ratios were estimated from the multivariate logistic
regression model, adjusted with age, sex, smoking status, drinking history and
educational backgrounds. At each cut-off value, x, the odds ratio was estimated
from the observations that have x or more rare variants in the mtDNA coding-
region.

4. Discussion

Even with ample evidence implicating a role of mitochondria in
the pathogenesis of AD, a conclusive association of mtDNA variants
with AD has yet to be made. So, we explored whether each mtDNA
variant was associated with AD in Japanese subjects. The results
show that (1) inherited mtDNA common polymorphisms cannot
be the single major cause of AD, (2) the np956-965 poly-c inser-
tion and 856A>G variant may increase the risk for AD, and (3) some
rare variants in the protein-coding-region may have protective ef-
fects in patients with the APOE e4 allele.

4.1. 303_304insC polymorphism, mtDNA rare variants in 125 ra and
AD

Among the identified 251 polymorphisms, none were reproduc-
ibly associated with AD. In our study, 303_304insC in CR was
weakly associated with AD at nominal levels, This length polymor-
phism has been recently identified as a frequent hotspot of rare
variants in human neoplasia (Parrella et al,, 2003) and reported
not to be a causative risk factor but an early event in colorectal
(Legras et al., 2008) and gallbladder (Tang et al., 2004) adenomas.
However, we are the first to report an association between this
303_304insC and the risk of AD. This poly-C insertion is known
as polycytosine with a thymine interruption, which has been re-
cently reported to generate quantitative and qualitative differences
in prematurely terminated transcripts (Asari et al., 2007). Hence,
the 303_304insC polymorphism might have changed the OXPHOS
efficiency. Further studies are needed to replicate the association
and to confirm the functional effects of this 303_304insC polymor-
phism on AD etiology.

The only rare variant observed in only AD patients was report-
edly the np956-965 insertion found among the European (Shoffner
et al, 1993) and Japanese populations (Tanno et al., 1998). The
insertion of cytosines would expand the size of a proposed loop
structure of the central region in the 12S rRNA and might alter
its function (Zwieb et al., 1981). This insertion occurs at the bound-
ary of helix22 and helix20 in Escherichia coli (E. coli) 165 RNA, and
consists of the platform of the structure of the 30S ribosomal sub-

unit (Wimberly et al., 2000). Compared to the region of the other
mammalian mitoribosome, this region is not highly conserved,
which suggests that its function would not be very important for
sustaining life. The mitoribosomal protein S8 combines with this
region in E. coli, whereas the human mitochondrial homologue of
58 has not yet been identified (Suzuki et al,, 2001), suggesting that
there might be a binding site of a protein that is specific to mito-
chondria in the region surrounding 956-965 in human mitochon-
drial 12S rRNA. In that case, the cytosine base insertion would
affect binding activity. Alternatively, since the ribosomal subunit
has an important role in the decoding process, it has been sug-
gested that variations in 12S rRNA result in translational misread-
ing and mitochondrial dysfunction. Although the frequency of the
insertion at 956-965 is very low in both populations, our results
suggest that this insertion could be one of the genetic risk factors
for AD.

For validating our findings of an association between AD and 1
cytosine insertion at 303 in D-loop, 856A>G variant and 956-961
insertion variations in 12S rRNA, we extracted and compared fre-
quency data from the mtSNP database and mitochondrial disease
controls (Table 3). Using all Japanese AD cases and controls data,
we estimated the crude odds ratio for 303-304insC to be 1.7
(p=0.01), which was almost equal to that estimated from our
case-control study data only. More than three cytosine insertion
variations at 956-965 were observed in the Japanese young male
group (1/96), Japanese Parkinson's disease [MIM168600] group
(1/96), Japanese non-insulin-dependent diabetes mellitus (NID-
DM) [MIM121853] group (6/192) and the group of Saami and Ber-
bers (Achilli et al., 2005) (2/39), as well as in the AD group (6/250).
The frequency of insertion variants with more than three cytosines
was high in the NIDDM group. Also, the 856A>G variant was ob-
served in the NIDDM group and the obese young male group. It
is now widely recognized that NIDDM and AD share several com-
mon abnormalities including impaired glucose metabolism, in-
creased oxidative stress, insulin resistance and amyloidogenesis
(de la Monte and Wands, 2005; Hoyer, 1998, 2002; Zhao and
Townsend, 2009; Cole and Frautschy, 2007). Our findings suggest
that these rare variants in the 125 rRNA are related to the activity
of OXPHOS that leads to a common pathological condition in AD
and NIDDM.

4.2. The number of mtDNA rare variants, APOE, and AD

Our results showed that the genes from the control group had
more replacement substitutions than those in the AD group, where
areas mtDNA from the AD group had a higher frequency of rare
variants in the non-coding-regions than the control group. The re-
sults are in agreement with those of Elson et al. (2006), whose
analysis of the entire mtDNA coding-region of Caucasian AD pa-
tients against a control group showed no evidence for an etiologi-
cal role of haplogroup-associated polymorphisms. Although our
results were reproducible, it is not clear why more rare variants
were observed in protein-coding-region in the control group than
in the AD one.

Our result suggested that the rare variants in ND2 gene was the
most susceptible to AD, furthermore, these variants modified the
effect of APOE e4 allele status on the development of AD. Although
the APOE e4 allele is strongly linked to AD pathology, its mode of
action is unknown; though several mechanisms have been pro-
posed (Buttini et al., 1999; Holtzman et al., 2000; Ji et al,, 2002;
Nathan et al., 1994; Tesseur et al., 2000; Raber et al., 2000).
Through interactions with the Ap peptide, APOE e4 polymorphism
may increase Ap deposition in plaques and impair its clearance.
However, APOE may act through other pathways that may or
may not involve AB. Some recent hypotheses on the contribution
of the APOE e4 to the pathogenesis of AD suggest that fragments
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Table 3

Frequency of rare variants that observed in AD group and neither in the control group nor young japanese men reported with mtSNP database.

Locus variation

N 303-315 956-964 856
del insc  inscc insccc del insc t-occcec toececC t—CCC Lo CC t-C a-g
Japanese
Patients with AD 154 1 82 13 2 0 0 1 1 0 1 0 1
AD in mtSNP 96 0 43 27 0 0 1 0 3 1 0 0 2
All Japanese AD group 250 1 125 40 2 o 1 1 4 1 1 o] 3
% 100 0.4 50.0 16.0 08 00 04 0.4 1.6 0.4 0.4 0.0 1.2
AD controls 200 2 89 26 0 4] 2 1] 0 0 0 0 1
Young male 96 0 37 21 0 0 2 4] 0 1 0 0 0
All Japanese control group 296 2 126 47 0 0 4 0 0 1 0 0 0
% 100 14 42,6 159 0 0 1.4 0 0 0.7 0 0 0
Patients with PD 96 3 42 15 0 0 o ¢] 0 1 0 2 0
Centenarian 96 3 44 22 1 0 2 4] 0 o 0 1 1
Patients with NIDDM 192 1 81 40 1 4] 3 1 1 4 5 1 1
Obese young male 9% 2 44 10 1 0 1 0 1 0 0 0 4
mtSNP
Ingman (Nature 408: 708, 2000) 86 0 34 7 0 0 0 0 0 Y 0 0 0
Finnila (Am ] Hum Genet 68: 1475, 2001) 192 2 104 18 0 0 0 0 0 0 4] 0 0
Herrnstadt (Am J Hum Genet 70; 1152, 2002) 560 - - - - 2 2 4] 0 0 0 [} 0
Kong {Am | Hum Genet 73: 671, 2003) 48 1 20 1 [t} 0 1 0 0 0 [4] 0 0
Palanichamy (Am J Hum Genet 75: 966, 2004) 75 0 27 10 0 0 0 0 0 0 0 0 0
Achilli (Am ] Hum Genet 75: 190, 2004) 62 4] 25 12 0 0 0 0 0 0 0 0 0
Thangaraj (Science 308: 996, 2005) 15 0 0 0 0 0 0 0 0 0 0 0 0
Achilli, Rengo, et al. (Am ] Hum 39 0 14 0 o 1 0 0 2 0 0 0 0
Genet 76: 883, 2005)
All reference group 1557 12 435 145 3 9 1 4 5 4 0
% 100 0.8 279 93 02 02 06 0.06 0.3 0.3 0.3 03 0

of processed APOE can disrupt mitochondrial regulation of energy
and glucose metabolism in neurons (Mahley et al., 2006). 1t is re-
ported that the APOE4 genotype could modulate the effect of
mtDNA haplogroups (Carrieri et al., 2001; Maruszak et al., in press).
However, we did not observe an interaction effect of APOE with
any common polymorphisms. We speculate that the distribution
of rare variants might be related to haplogroups. Thus some inher-
ited combination of multiple rare variants may cause some specific
expression that defects the harmful effects of APOE e4. In this re-
gard, further study on various ethnic populations and expression
analysis might be needed.

4.3. Study limitations

The sample size of our study was not large enough for detecting
0.5% or much less rare variants, so we would likely miss pathogenic
mutations. However, there is a high possibility that most rare vari-
ants in the Japanese population were detected in our samples, be-
cause we identified more variants than previously reported in the
mtSNP database.

This study did not address the role of mtDNA heteroplasmy in
AD. Acquired somatic mtDNA rare variants in tissues of relevance
to AD would not have been detected in the blood samples, yet
blood DNA typically exhibits much less heteroplasmy than non-
dividing tissues (Jazin et al., 1996). In the 284 DNA samples tested,
three (1.1%) samples had one or more ‘heteroplasmic’ calls.
Although the significance of these heteroplasmic mutations is un-
known, their frequency was negligible. Thus, mtDNA heteroplas-
mic variants would not have significantly influenced our results.

5. Conclusions

The present results indicate that inherited mtDNA common
polymorphisms must not be single major cause of AD but the rare
variants detected in the protein-coding-region may have protec-
tive effect for high-risk population carrying the APOE e4 allele. This

suggests one possibility that inherited mtDNA feature would relate
in synaptic function rather than in amyloid protein processing di-
rectly. Furthermore, our results raised the possibility that the
961T>C causing a poly-C stretch at 956-965 and the 856T>G vari-
ant might be the risk for AD. Further investigations along these
lines will be important for understanding the pathogenesis of AD
and the associated defect in mitochondrial energy production.

Web resources

Further information on mtDNA is available at Mitomap: http://
www.mitomap.org/ and mtSNP database: http://www.mtsnp.tmi-
g.or.jp/mtsnp/index.shtml,
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