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F16. 4. Ndr2 protein and Drecipita-
tion of actin. (A) Ndr2 was detected in
100 pug of total brain homogenate using
Ah*20-4%0, Tn addition to a signal at the
predicted molecular mass of 54kD, back-
ground staining of several high and low
molecular weight proteins was seen in all
SDS-PAGE preparations. The lanes on o
the right show purified Ndr2 protein from i
the brain and hacterial MBP::Ndr2 fusion
protein, (B) Pull down assays with
MBP::Ndr2 fusion proteins precipitated
B-actin from brain protein extracts, Only
traces of B-actin were seen in MBP pre-
cipitates or after omission of amylose. In
contrast, we entirely failed to detect 8-tu-
bulin or mneurofilament proteins in
MBP:Ndr2 precipitates. For both, crude
brain protein extracts served as positive
controls. NF-L, neurofilament light chain.
C, B-actin was also co-precipitated with
Ndr2 through Ab**°-*° whereas only
background actin labeling was observed
when the primary antibody was omitted.
Analysis of precipitates with phospho-ser-
ine antibodies further suggests that a
considerable proportion of the precipi-
tated B-actin was phosphorylated.

A

Ndr-B

Brain protein

EGFP::Ndr2-transfected cells (78.1 = 22,1%) compared with

. EGFP controls (91.0 + 5.4%). Ser®®2Thr**2 double mutants
showed intermediate values (82.9 * 4.5%). The length of neu-
rites (mean + S.D. of célls with total neurite length of >100
pm: EGFP::Ndr2 216.7 + 64.6 jm, control EGFP 922.4 * 84.6
prii) and their branching pattern (e fr equency of first, second,
and third order branches) did not differ. To address putative
mechanisms of Ndr2 function, we determined protein serine
phosphorylation in PC12 cells on the first day of neurite out-
growth, i.e. before their development of significant differences
in neurite length. In our immunoblot analyses we could distin-
guish at least eight major phospho-serine protein bands, two of
which with molecular weights of 36 and 42 kDa showed a
higher degree of serine phosphorylation in Ndr2- -expressing
cultures than in EGFP and inutant Ndr2 contrels (Fig. 5D).
Quantification in triplicate experiments showed an increase of
the 42-kDa band to 218.7 * 45.1% of baseline values (i.e. in
floating cells) in EGFP::Ndr2-transfected cells, but no change
from baseline in phosphorylation of EGFP or Ser28%/Thr4?
mutant controls (96.0 + 10.6% and 82.9 + 18.7%, respectively,
between group comparison: p < 0.05). A similar, but not sta-
tistically significant change was observed for the 36 kDa signal
(EGFP::Ndr2: 278,6 = 151.5%, EGFP controls: 93.9 = 50.9%
mutant controls: 57.4 + 19.6%). Furthermore, a reduced phos-
phorylation of a double band at ~100 kDa. was observed inde-
pendently of neurite outgrowth in EGFP:Ndr2-transfected
cells (49.3 == 17.3% of control cell levels; p < 0.05), but not in
Ser?®%Thr**2 mutant controls (100.2 = 28.1% of control cell
levels).

Acute Transfection—Acute EGFP:Ndr2-transfected cells
also showed a greatly reduced adhesion and spreading on the
substrate (4.8 *= 3.0% with NGF, 3.3 = 3.3% without NGF),
compared with cells transfected w1th EGFP (35.5 = 8.3% with
NGF, 16.7 = 8.6% without NGF, p < 0.01 for both). In fact, cells
with the highest expression of EGFP::Ndr2 did not even attach
to the dish in these experiments. Mutated EGFP::Ndr2 had no
such effect (27.2 % 6.0% with NGF, 15.5 = 5.0% without NG,

At the same time we observed a reduction of neurite outgrowth -

(p < 0.01) in acutely EGFP::Ndr2-transfected cells (7.1 + 7.0%
with NGF, 8.3 = 3.3% without NGF) compared with EGFP
(65.4 = 7.0% with NGF, 23.8 * 9.9% without NGF, p < 0.01 for
both), contrasting the enhancement of neurite outgrowth in
stably transfected cell lines. Mutated EGFP:Ndr2 showed in-
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termediate effects depending on the stimulation with NGF
(35.1 & 9.0% with NGF, p < 0.01; 6.7 = 5.1% without NGF, not
significant).

DISCUSSION

To address the cellular and molecular processes that under-
lie memory consolidation and neural. plast1c1ty, we study gene
products that are expressed in the mouse amygdala after clas-

_sic fear conditioning (2). Here we-describe the cloning and -

functional characterization ‘of & novel setine/threonine kinase
expressed in the brain, Ndr2 (Stk38D), the" expression of which
is transiently increased in the amygdala: during the consolida-
tion of Pavlovian fear memory. Our experimeénts provide evi-
dence for an interaction of Ndr2:with the actin cytoskeleton
and its putative involvement in control of cell morphology and
differentiation in neuronal and neuronal-like cells.

A fragment of the Ndr2 8'-untranslated region was obtained
through subtractive hybridization cloning from the amygdala
of fear-conditioned mice (2). PCR- based gene expr ession anal-
ysis confirmed that Ndr2 transcript levels were transiently
elevated in the amygdala of fear-conditioned and psendo-con-
ditioned animals 6 h. after training and returned to baseline
within 24 h. Thus, during consolidation of fear memory, Ndr2
mRNA levels are 1egulated in the basalateral complex of the
amygdala in a learning- and stress-dependent manner, similar
to several other signal transduction and structural re-or gani-
zation factors (2). GenBank™ analysis suggests that transerip-
tion of the Ndr2 gené may be driven through cyclic AMP re-
sponse elements (CRE) or serum-responsive elements. These
are potential targets for the CRE-binding protein CRER and
the mitogen-activated protein kinase pathway in amygdala
neurons, respectively, which may explain the observed induc-
tion of gene expression after fear conditioning training.

Moderate induction of Ndr2 in two other areas concerned
with fear memory, the frontal cortex, and the hippocampus
(after pseudo-conditioning), indicates a more general role in
information storage in the fear-conditioning circuits and should
prompt further investigation. For example, a tendency for in-
creased Ndr2 expression in the hippocampus of pseudo-condi-
tioned animals may relate to a preferential storage of contex-
tual information in this training group. Due to a considerable
baseline expression and apparently distributed induction after
fear conditioning, changes in the expression of Ndr2 could not
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Fia. 5. Ndr2 facxhtates neurite outgrowth in the absence of
NGF and reduces cell spreading on the substrate. Photographs in
A show representative examples of EGFP: ‘Ndr2-transfected cells and
EGFP-transfected control cells, g'mwn for 1 day (Id) or-3 days (3d) in
the absence, or for 3 days inl the preserice of NGF (34 NGF). The graphs
summarize the difference hetween experimental groups in neurite out-
growth (B) and cell spr eading (C; n. = 6). Increased neurite growth was
particularly evident on day 3 thhout NGF treatiment, On the other
hand, a reduction of cell spreadmg was seen both in the presence and
absence of NGF. Both effects ‘were abolished in cells expressing mu-
tated Ndr2. D, increased protein serine phosphorylation was evident
during neurite outgrowth in cells transfected with EGFP::Ndr2. Arrows
indicate two proteins with molecular masses of ~36 and 42 kDa that
showed consistently increased phosphorylation and a double band at
~100 kDa with reduced phosphorylation compared with controls, The
graph préesents the increase of f-actin phosphorylation in different
lines, compared with baseline levels (mean = 8.E, n = 8).

be visualized by in situ hybridization or immunohistochemis-
try. In fact, expression of Ndr2 was also observed in various
cortical and subcortical brain areas that do not relate to the
fear conditioning cirenitry (Fig. 2).

Ndrl and Ndr2 belong to a family of growth-related protein
kinases, which are involved in proliferation and cellular differ-
entiation in yeast, Caenorhabditis elegans, Drosophile melano-
gaster, and mammals (11).- Several lines of evidence indicate
that molecular processes of growth and structural re-organiza-
tion indeed occur in the mammalian amygdala during consoli-
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dation of fear memory (16). In particular; thesé may involve
modifications at the actin. cytoskeleton, which are critical for
neural plasticity and memory formation (9). Previous observa-
tions of a differential expression of actin isoforms (2) and the
activation of p1608°CK (8) in the amygdala during or following
fear conditioning support this view. Findings in other organ-
isms indicate that Ndr kinases may be involved in pathways
that control such actin filament dynamics: the Ndr kinase
orthologue in D. melanogaster, Triconcerned, interacts with the
actin cytoskeleton and co-ordinates. growth of actin filaments

(17), and the Ndr kinasé orthologne in'.C. elegans, SAX-1,

shares function with the RhoA-GTPase 51gnallng pathway dur-
ing neurite formation (18). We, theréfore, focused our analysis
of Ndr2 function on a potential. association’ with the actin
cytoskeleton and on.actin-mediated functmns 1n a cellular
maodel of neuronal differentiation. .

As a first step, we determinied the mtracellular ]ocahzatlon of
EGFP::Ndr2 fusion protems in d.lfferentlated PC12 cells and
acutely isolated cortical: neurons. We-could - show - that
EGFP::Ndr2 co-localizes with actin filaments at the somata, at
some sites of eell contact, mcludmg synapges, at the growth
cones and filopodia of PC12 cells, as well as in dendrites,
spines, and outgrowing axons of cortical neurons. This labeling
pattern matcheés the distribution of Ndr2 jmmunchistochemi-
cal preparatlons from ‘the brain and was sensitive to disruption
of actin filaments with latruncuhn B. Data from our.immuno-
pr ecipitation and pull- down experiments indicate: that Ndr2 is
indead able fo bind (phospho )-actin. Interestmgly, hlghly over-
expressing cells- showed n agoumulation. of EGFP :Ndr2 in
granule-dike striichires’ Eumllar to those repmted vecently by
Deévroe and co-workers (13), in‘addition to-actin filaments. The
composition of these ‘graniilar structures and the mechanisms
of Ndr2 assoc1at10n ‘with different mtracellu]ar compartments
Temain to e mvestlgated

In the course.of otr lo¢alization expenments we .also ob-
tained evidence for an irivolvement of Ndr2 in actin-mediated
cellular functions; in- that: cells” expressing EGFP:Ndr2 dis-
played consistently reduced spreading on . the subst1 ate.
Spreading of PC12 cells ¢.g. after RhoA activation, is typically
accompanied by the formatlon of focal adhesions and stress
fibers (19). However, focal adhesions generally were devoid of
EGFP::Ndr2 in our experiments. This exclusion from stabilized
contact sites and the reduced spreading suggest that Ndr2 may
negatively regulate substrate adhesion in differentiated PC12
cells, possibly by reducing the stability of actin-dependent con-
tact sites. Reduced PC12 cell adhesion, by virtue of a reduced
contact inhibition; may also explain the increased proliferation
of these eells (20).in line with the observation that inhibition of
the potential Ndr-kinase activator S100B (21) both induces
flattening of glia cells and reduces their proliferation (22).

Some S100 proteins are also potent inducers of neurite out-
growth (23). In fact, we found that EGFP::Ndr2 in stably trans-
fected cell lines facilitated the formation of short neuritic pro-
cesses in the absence of NGF, although it did not enhance
NGF-indueced outgrowth nor affect the length or complexity of
neuritic trees in NGF-treated cells. Acutely transfected cells on
the contrary showed reduced neurite outgrowth both in the
presence and absence of NGF.

We believe that facilitation of neurite outgrowth through
Ndr2 is limited by the simultaneous reduction of matiix adhe-
sion, and that high expression levels after acute transfection
precluded neurite outgrowth in our experiments. This can be
explained with an enhancement of actin dynamics through
Ndr2 resulting in competing cellular effects. The kinase ap-
pears to be well suited to translate Ca®* signals, which are
critical for both NGF-dependent and NGF-independent neurite
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outgrowth, to the actin cytoskeleton (12). In fact, several con-
served regulatory amino acid motifs indicate that the Ndr2
protein is a site of convergence for Ca®*/8100, protein kinase A,
and mitogen-activated protein kinase signaling pathways, all
of which are involved in neurite outgrowth in PC12 cells (22—
25), as well as amygdalar processes during fear memery con-
solidation (reviewed in Ref. 4).

In support of this view we finally found that the facilitatory
effect of Ndr2 on NGF-independent neurite outgrowth was
preceded by increases of phosphorylation in at least two pro-
teins, one of which co-migrated with g-actin. We are currently
identifying hyperphosphorylated proteins in Ndr2-expressing
cells and investigating their role in Ndr2-induced neurite out-
growth. So far we could show that Ndr2-mediated cellular
effects are dependent on its kinase activity: double mutation of
the activity-controlling phosphorylation sites at Ser282 and at
Thr**? (12) counteracted the Ndr2-induced reduction of cell
spreading and changes in neusite outgrowth, as well as asso-
ciated changes in protein phosphorylatior. Protein kinases and
phosphatases play key roles in cytoskeleton re-arrangement
during cellular growth and differentiation, For example, phos-
phorylation through protein kinase A has been shown to sta-
bilize actin monomers and to prevent filament formation,
whereas protein kinase C increases the incorporation of actin
into filaments (26, 27). Our data indicate that Ndr2 by control-
ling actin phosphorylation and actin filament dynamics may
play an important role in cell adhesion and neurite outgrowth.

Several molecular and cellular processes have been identi-
fied that are involved in increased activity and synchronization
of projection neurons in the lateral amygdala after fear condi-
tioning (4). Other molecular changes provide evidence for
learning-related structural plasticity in the amygdala (16).
However, memory-related synaptogenesis or changes in spine
density like in the hippocampus (28, 29) have not yet been
demonstrated in the amygdala. Its widespread expression in
the brain, the learning-coordinated induction in the amygdala,
and its molecular characteristics make Ndr2 a highly interest-
ing molecular target for the analysis of actin-mediated cellular
processes related to morphological re-organization and fear
memory consolidation.
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Abstract

Mitochondrial dysfunction associated with mutant mitochondrial DNA (mtDNA) has been suggested in bipolar disorder, and comorbidity
with nenrodegenerative diseases was often noted. We examined the entire sequence of mDNA it six subjects with. bipolar disorder having
comorbid somatic symptoms suggestive of mitochondrial disorders and found several uncharacterized homoplasmlc NONSYNonymous
nucleotide substitutions of mtDNA. Of these, 3644C was found in 5 of 199 patients with bipolar disorder but in none of 258 controls p=
0.015). The association was significant in the extended samples [bipolar disorder, 9/630 (1.43%); controls, 1/734 (0,14%); p=0.007]. On the
other hand, only 5 of 25 family members with this mutation developed bipolar disorder, of which 4 patients with 3644C had comorbid
physical symptoins, The 3644T—C miutation converts amino acid 113, valine, to alanine in the NADH-ubiquinone dehydrogenase subunit 1,
a subunit of complex 1, and 113 valine is well conserved from Dr osophila to 61 mammalian species, Usmg transmitochondrial cybrids,
3644T—C was shown to decrease mitochondrial membrane potential aid complex I act1v1ty compared with haplogroup-matchéd controls.
According to human mitochondrial genome polymorphism daiabases, 3644C was not found in centenarians but was found in 3% of patients
with Alzheimer disease and 2% with Parkinson disease. The result of modest functional impairment caused by 3644 T—C suggests that this
mutation could increase the risk for bipolar disordet.
© 2004 Elsevier Inc. All rights reserved.

Kepwords: Bipolar disorder; MtDNA 3644T—C; Association study; Mitochondrial membrane potential; Coniplex 1 activity

Bipolar disorder is a major mental disorder characterized
by recurrent manic and depressive episodes affecting about
1% of the population. The contribution of muttiple genetic

# Corresponding author. Fax: +81 48 467 6947. faciors in the etiology of bipolar disorder is known from
E-mail address: kato@brain.riken.gojp (T. Kato). studies of twins, adoptions, and families. Although recent

0888-7543/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/.ygeno.2004.08.015
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studies suggested several candidate polymorphisms, such as
Val 311 of the brain-derived neurotrophic factor [1,2] and
the ~116G polymorphism of X-box binding protein 1 [3],
the pathophysiological mechanisms of bipolar disorder have
not yet been totally elucidated. Mitochondrial dysfunction in
bipolar disorder was initially suggested by altered brain
energy metabolism detected by.3'P maghetic resonance
spectroscopy [4] and was recently supported by the altered
gene explessmns of mitochondria-related genes revealed by
DNA microarray ‘analysis in the postmortem brain [5] The
comorbldxty of bipolar disorder or depression and a
mitochondrial disorder, ehromc—progresswe external ‘oph-
thalmoplegia (CPEO) [6-8], also, .suggests’ that mxtochon—
drial dysfunction can cause bipolar disorder. It was pomted

out that some families of blpolar disorder were seen in-the -

maternal lineage [9], suggestmg that mltochondnal 'DNA
may have a pathophysiological role in bipolar dlsorder The
anthors previously reported an association between bipolar
disorder and two mitochondrial DNA (mtDNA) polymor-
phisms, 5178C and 10398A, in Japanese subjects [10]. A
similar trend of association with 10398A was also reported
in Caucasians [11]. These two polymotphisms convert:
amino acids in the subunits of complex I (NADH:ubiqui-
none oxidoreductase). NDUFV2; a tiucleai-enicoded: com-
plex I subunit gene, was also associated Wwith bipolar
disorder [12]. These results suggest that other genetic
variations of complex I subunits in m{DNA. aré also risk
factors for bipolar disorder.

Human m{DNA is inherited only maternally and encodes
13 protein subunits of the respiratory chain, including 7
complex I subunit genes, 22 tRNAs, and rRNAs [13]. It has
been reported {14] that heteroplasmic tRNA mutations of
miDNA ate related to neuromuscular diseases such as
mitochondrial - myopathy, encephalopathy, lactic acidosis
and stroke-like episodes (MELAS), and myoclonus epilepsy
with ragged—led fibers: Large-scale deletions are related. to
CPEO. On the other hand, there are missense mutations of
miDNA -related: to diseases, such as neurogenic muscle

weakness, ataxia, and retinitis pignientosa; Leigh encephal- .

opathy; and Leébér heledltary optic neuropathy (LHON).
Most are heteroplagniic, a mixturé of nmtant and wild-type
mfDNA, but sometimes these mitations can be homoplas-
mic in patients. The homoplasmic mutation of 1555A—G in
the tRNA coding region related to inherited hearing loss
caused by aminoglycoside toxicity is well described [15,16].
Alterations in ntDNA have also been studied in patients
with Parkinson disease and Alzheimer disease [17,18]. The
phenotypes of mitochondrial diseases are diverse and
overlapping. The same mtDNA mutation can produce quite
different phenotypes, while different mutations can produce
similar phenotypes. The mutations or polymorphisms
associated with bipolar disorder, if any, may also cause
overlapping phenotypes and become a risk factor for other
disorders.

In this study, we hypothesized that there are some
homoplasmic mutations or polymorphisms increasing the

tisk for bipolar disorder and other signs and symptoms
related to mitochondrial impairment. To identify such
nucleotide substitutions of mDNA, we sequenced the entire
16.6-kb mtDNA. of patients with comorbidity of bipolar
disorder and somatic symptoms frequently associated with
mitochondrial disorders. Among. newly identified nonsy-
nonymous  nueleotide substitutions in these patients, the
3644T—C at NADH-ublqumone dehydrogenase subunit 1
(ND1), decreasmg mitochondrial ‘membrane potential and
complex T activity, was agsociated w1th blpolar disorder, The
comorbldlty with bipolar disorder was present in most of
these -cases but their phenotypes ‘were various. It was
suggested that this mutatlon could increase risks for bipolar
dlsordel with syndromic comorbldlty

Reguilts :and discussion

Unir epm ted homoplasmzc mtDNA base subsntunons in

patzents

We examined the entire mtDNA sequence of six patients
with- blpo]al disorder and somatic symptoms suggestive of
mitochondrial dlsorders, stich as ptosis, optic neuropathy,
cardlomyopathy, and’ myoclonus (Table 1). None of them
could be diagnosed as known mitochondrial diseases, such
as MELAS, CPEO, and LHON, because of the reasons as
described under Case reports. Five of them had a family

" history of mood disorder compatible with maternal inher-

itance. Every patient had several base substitutions com-
pared with the revised Cambridge Reference Sequence
[13,19]. The average number of base substitutions in each
mdmdual was 32.5 £ 6.9 (mean + 8D), and that of
nonsynonymous base substifutions was 5.5 + 2.1. We
consulted the MITOMAP database (htfp; //wwwmjtomap
orz,/) [20,211, and two mutations were p10v1smnally reported
in relation to mitochondrial diseases, 11084A—G (MELAS)
and 12311T—C (CPEO). We also found four nonsynon-
ymous nucleotide substitutions; 3644T—C, 4705T—C,
13651AG, and 13928G—T, which were 1ot registered
in”the MITOMAP, all of which were in the complex 1
subunits. We confitrmed that these base substitutions were
homoplasmlc by the PCR restrletlon-length polymorphism
method (PCR-RFLP).

To identify the mtDNA base substitutions having
pathophysiological significance, we examined whether
these base substitutions were found in 96 Japanese
centenatians using the nitSNP database (Human Mito-
chondrial Genome Polymorphism Database in Japan,
http://www.giib.orjp/mtsnp/index_e html) [22]. We
regarded the base substitutions found in centenarians as
having minimum pathophysiological significance. Base
substitutions 4705T—C, 11084A—G, 12311T—C, and
13651A—G were found in centenarians, while two base
substitutions, 3364T—C and 13928G—T, were not found
in centenarians.
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Table 1
Patients and unreported nucleotide substitutions of mitochondria DNA

Case  Diagnosis Gender  Age at onset  Clinical manifestations MiDNA substitutions
Physical symptoms Family history Unreported  Provisionally
. diseass related
1 Bipolar I disorder F 17 Optic neuritis Mo, deptession 13651A—G
Bipolar I disorder M 30 Cerebral infarction * Bro, bipolar disorder
Dilated cardiomyopathy MoSib, psychotic NOS
3 Bipolar I disorder M 50 Ptosis MoSib, depression 12311T—=C (CPEO)
Epilepsy
Cardiac arthythmia
4 BipolarI disorder F - 24 Epileptic EEG Bro, bipolar disorder 11084A—G (MELAS)
Sis, NOS
5 Bipolar I disorder M 57 Ptosis Sporadic 3644T—C
Musclé weakness :
NIDDM
Multiple ‘cerebral mfarchon
6 Bipolar I disorder M 35 Ptosis Sib, depression 4705T—C
=1 3928G—’T

Abbreviations: Mo, mother; Bro, brother; Sis, sister; Sib, sibling; MoSib, mothér’s sxblmg, psychoﬁc NOS psychonc dJsorde1 fiof oﬂlervvlse spec1ﬁcd

Association study of mtDNA base substitutions

To know whether these two base substitutions, 3644T—C
and 13928G—T, are associated with bipolar disorder, we
used two sets of the study subjects The initial association
study consisted of 199 patients with blpolar disorder and 258
healthy volunteers. An additional independent sample set in
COSMO (Collaborative Study of Mood Disorder) consisted
of 431 patients . with blpolm d1smder and- 476 healthy
volunteers, was ‘also used. To examine whether there is a
hidden population stricture, we- perfonned stratification
ana1y51s on the initial samples using elght polymorphlsms
[31 using -the method of Pritchard et al. [”3] and no
subpopulation was found for either patlents ot controls. We
performed a similar stratification analysis using 20 SNPs in
169 Japanese samples, including COSMO samples, and
found no subpopulation. We further ana]yzed the straifica~
tion in 169 Japanese samples using 374 iicrosatellite

Table 2
Association study using independent sample sets and haplogroups

markers and found no hidden subpopulation (Yaﬁléda et al.,

- manuscript in preparation). Thus, we concluded that there is

no hidden subpopulation in our Japanese samples. Six
patients exammed for ‘the entire mtDNA" -Sequence were
ingluded. in. ‘the first sample set, becat e they developed
comorbld somatxc symptoms after ﬂle d1agn031s of blpolar
disorder;

We genotyped at 3644 and 13928. by PCR RFLP in the
initial sample set (Table 2). Base 3644C was found in 5 of
199 Japanese patients w1ﬂ1 bipolar- d1301der in’ the first
sample set,’ mcludmg the proband (case 5 in Table 1, II-1
of family A" in Fig. ‘1), but* in none of the controls (p =
0015) (Table 2). Among other 4 patients, 1 had non-
insulin-dépendent diabetes mellitus (NIDDM); 1 had
headache, and 1 had tremor suggestive of neurological
impairment. In their famlly members, only 5 of 25
members - in the same ‘maternal lmeages, who were

- assumed to havé the same ‘ge'notype, 3644C, developed

Base at 3644: All samples

Haplogroup D (5178A/10398G)

T C p value T C p valus
Inifial sample set
Patients 97.5% (194) 2.5% 5) 94.4% (68) 5.6% 4
Controls 100.0% 258) 0.0% 0 0.015*% 100.0% (97) 0.0% 0) 0.003*
Independent sample set
Patients 99.1% (427) 0.9% “) 98.3% (171 1.7% (3)
Controls 99.8% 475) 0.2% 1)) 0.197 100.0% (192) 0.0% ) 0.106
Total sample set
Patients 98.6% (621) 1.4% ) 97.2% (239) 2.8% )
Controls 99.9% (733) 0.1% n 0.007* 100.0% (289) 0.0% ) 0.004*

Each number in parentheses shows the real number of subjects. The p value was given by Fisher’s exact test.

* Statistically significant.
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Fig. 1. Pedigrees of the plobands with bipolar dxsorder and mitochondrial 3644C mutafion, Arrows indicate the probands with blpolar dlsorder Closed squares
and circles indicate the panents with bipolar disorder or other mental disordeis as follows: D, 1-2 had a psychotic dJsorder not otherwxse specified, 11-2 had
schizotypal personality disorder. Their comorbidities were as follows: A, TI-1 had muscle weaknéss, pt031s and NIDDM (case 5 in Table 1); C, 1-1, had
essential fremor; D, T1-1, had NIDDM,; E, 1-2, 11-1, I-3, and II-1 had headache. To maintain the anonymity of the pedigrees, the sexes of the unaffected sIblmgs

are not shown.

b1polar disorder, of which 4 patlents with 3644C had
.comorbld phys1cal symptoms and ‘one had only bipolar
disordeér. Mutatmn 3644T—C converts. amino acid 113
Valing in the putative third transmeiribrane region of ND1,
the protein. subunit of complex I, to alanine, This 113
valine i is well conserved from Drosophild to 61 mamma-
lian species. There was no difference in the frequency of

13928G">T [13 of 199 patlents ‘with bipolar disorder ~

(6. 5%) and 19 of 258 ‘controls (7.4%), p = 0804 by
F1sher ] exact test] Muta’ﬂon 13928G—T changes the 531
serine into 1soleuc1ne ini the ND5 subunit and it was not
conserved even among mammahan speties.

We further analyzed 3644T—*C as a candidate risk factor
for blpolal disorder using the independent sample set
obtained from COSMO Wh11e 4 additional individuals
having 3644C were found among the patients, only 1 of the
476 controls had 3644C. Although this difference in
frequency was not statistically significant (p = 0.197), this
is likely due to the low statistical power to detect the
difference (0.29). In the analysis of total samples having
higher statistical power (0.79), 3644C was significantly
more conumon in bipolar disorder thau in the. controls (p =
0.007) (Table 2).

Since mtDNA is highly polynlorphlc other polymor-
phisms possibly confounded the association analysis. To
minimize the effects of other polymorphisms, we catego-
rized these samples into mitochondrial DNA haplogroups
and the association analysis was repeated in each hap-
_ logroup. Seven patients with 3644C were assigned to the
Asian haplogroup D characterized by 5178A/10398G [22],
which we reported as an anti-risk haplotype for bipolar
disorder {10]. The 3644C was significantly associated with
bipolar disorder in haplogroup D (Table 2). On the other
hand, only 1 control subject and 2 patients with 3644C were

,[2 of 187 patxents ,(l lA;

ssified into haplogroup ‘M. character} ;ed by 5178C/
10398G, and" 1o - ass6ici -was found in- a"logroup M
nd 1§ of 233 controls (0 4%) p=

0.5 88] B

We conclude that 3644C was assoc1ated w1th bipolar
disorder for the follong réasons: 3644T—C was associ-
ated with blpolal dlsorder in the m1t1al case- conhol study;
this' substitition convel“cs well—conserved amiig ac1d 113
vahne to alanine: in ND1. A’ snmlal trend was obsewed in
the lndependent samples although there was no significant
difference, p0551bl due to the -small numbe1 of subjects
rephcatmg the’ :ma’ﬂon In. the analy51s of the total
sample set havmg enough statlstlcal power to detect a
difference, 3644C was s1gn1ﬁcantly assomated with b1pola1
dlso1del The s1gn1ﬁcant association: Between 3644C and
bipolar disorder remained in haplogtoup-matched case-
control analysis.

We called 3644C a “mutation,” because its frequency was
very low (0.14% in 734 controls and 0.7% in 1364 total
samples examined), it conveited a well-conserved amino
acid, and it appeared in at least two independent hap-
logroups. However, this mutation is not sufficient to cause
bipolar disorder because 3644C was found in 1 healthy
volunteer, and only 5 of 25 members in the same maternal
lineages, all of whom were assumed to have 3644C,
developed .bipolar disorder. Among these patients, comor-
bidity in 4 patients with bipolar disorder was heterogeneous:
2 had NIDDM, 1 headache, and 1 tremor suggestive of
neurological impairment. The other patient had only bipolar
disorder. It means that 3644C cannot be a risk factor for
comorbid symptoms seen in these patients but could be a
risk factor for bipolar disorder, if not a causative nmtation.
Bipolar disorder is a multigenic disease and one type of

- mutation in mtDNA can cause various phenotypes. We
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postulate that synergistic effects of other risk factors and
3644C could cause bipolar disorder.

Functional analyses in cybrids with 3644C

To evaluate the fimctional consequences of 3644T—C,
we generated cell lines of the transmitochondrial hybrids,
“cybrids,” using the platelets derived from the subjects.
Different from heteroplasmic mutations in the regions of
tRNAs and- protéin subunits, functional impairmient asso-
ciated with homoplasmic mutation has not been well
established. In ‘the case of heteroplasmic mutation, two
cybrid cell lines with different nucleotides at one particular
position of mtDNA could be generated and analyzed. On the
other hand, in the case of: homoplasmlc mutation, ‘it ‘was
impossible toidentify such a pair of cell lines. To minimize
the effects of other polymorphisms, we compared cybrids
with 3644C with haplogroup-matched controls for func-
tional studies. A total of 24 cybrid cell lines were obtained
from the initial sample set, and 9 cybrid cell lines belonged
to haplogroup D, 5178A/10398G (Table 3). Among the 9
cell lines, only 2 were from patients with 3644C (1I-1 in
family D and -2 in family E, in Fig. 1) and 7 were from
subjects with 3644T (3 patients with bipolar disorder and 4
controls). We ‘could not obtain other samples with 3644C
because of ethical reasons.

Mitochondrial membrane potential (MMP) was meas-
ured using JC-1, a fluorescent cationic dye, which accunu-
lates in mitochondria and changes its emission from
wavelength 527 nm (monomer) to 590 nm (aggregates)
depending.on the mitochondrial membrane potential, and a
fluorescence-activated cell sorter (FACS), and it distin-
guished well the difference between control cybrids and
p®206 cells lacking mfDNA: while 82.9 + 9.9% (mean +
SD, N = 12) of the cybrids from control subjects were
polarized, only 13.2 & 7.7 (mean + SE of three measure-
ments) of the p°206 cells were polarized (Fig. 2, left and

right, respectively). This indicated that our measwrement
method is sensitive enough to detect the difference in MMP.
The percertage of polarized cells was significantly
decreased in cybrids with 3644C [51.7 & 6.6 and 67.0 +
43% (means + SE), respectively] compared with hap-
logroup-matched cybrids (df = 8, p = 0.04 by Mann-
Whitney U test) (Table 3). There was no significant
difference between cybrids of bipolar disorder and controls
nor between cybrids of other haplogroups.

Subsequently, the activities of complexes I (rotenone-
insensitive), 111, and TV in thé electron-transport chain were
measured using the citrate synthase. activity as the reference
(Table 4). The activity of p206 cells was measured to
assess nonspemf ¢ activity: ‘The 3644C gloup consisted of
two cybrid- cell “lines. Whlle ‘there wds no .significant
dlfference between complex I 'and comp]ex IV activities
(p>0.1), complex 1 activity of the two cybrids.with 3644C
tended to be lower than four haplogroup-matched control
cybrids (df = 5, p = 0.06 by Mann-Whithey U test).
Decreased MMP could be explained by reduced complex I
activity since MMP s maintained by the efflux of protons
from the mitochondrial matrix, in which complex I plays an
important role. MMP generated by the proton gradient is the
driving force of not only ATP synthesis but also Ca®" uptake

“across the mitochondrial inner menibr'ane‘ We hypothesized

that impaired - mitochondrial Ca** "uptake caused altered
calcium signaling in bipolar disorder. Our result of
decreased MMP in cybrids - with 3644C supports our
hypothesis.

Interestingly, the miSNP database [22] showed that
while 3644C was not found in 96 centenarians, it was
found in 3.1% (3/96) of patients with ‘Alzheimer disease
and 2.0% (2/96) of patients with Parkinson disease. These
findings suggested a possibility that 3644C is a risk factor
common to bipolar disorder and neurodegenerative dis-
orders, rather than a causative mutation only for bipolar
disorder. If 3644C is also a risk factor for neurodegener-

Table 3
Mitochondrial membrane potential (MMP) of 24 cybrid cell lines

N Age (C/B) Gender MMP
Diagnosis
Contro} 12 48.0 +£ 9.2 6/6 829+ 9.9
Bipolar disorder 12 41.8 +11.4 6/6 712 +£11.0
Bipolar disorder with 3644T 10 40.7 £12.0 5/5 80.8 + 7.0
Bipolar disorder with 3644C 2 42, 53 171 59.4 +£10.9%
Haplogroup
10398A-5178C~3644T 7 43.6 = 10.6 /3 3/4 819+ 8.6
10398G-5178C-3644T 8 41.6 £ 10.7 4/4 4/4 808 + 9.5
10398G-5178A-3644T 7 48.9 + 105 4/3 3/4 833+ 85
10398G-5178A-3644C 2 42,53 072 1/1 59.4 £10,9%%
p° cells 1 13.21

C/B numbers of control/bipolar disorder; gender, number of men/ivomen. The p value was given by the Mann-Whitney U test.

p 0.053 vs 3644T, 0.08 vs controls.
= 0.04 vs 3644T, 0.03 vs all other haplogroups.
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ative disorders, the mechanism might be explairied by a
disruption of MMP that causes apoptosis. It is also
compatible with the rediction of complex I activity in
platelets- or altered calcium signaling in cybrids derived
from patients with Parkmson disease or Alzheimer disease
[24—26] Neuropathologlcal studies of blpolal disorder
also showed a decreased number of neurons in post-
mortem brains [27,28]. It was pointed out that having
b1pola1 disorder increases the risk of Alzheimer disease
[29,30] and Parkinson disease [31]. Two mood stabilizers,
lithium and valproate, are known to have antiapoptotic
effects by increasing Bel-2 [3 2] "These findings. are also
compatlble with the possibility that 3644C is a risk factor
common to bipolar disorder and neurodegenerative dis-
orders.

One might have a concern that 3644C is not a risk
factor for bipolar disorder but associated with physical
symptoms Although the initial patient had several
physical symptoms suggestive of mitochondrial disorder
such as ptosis, muscle weakness, NIDDM, and cerebral
infarction, other patients carrying 3644C had no or one
nonspecific comorbid symptom. Thus, the apparent
association between bipolar disorder and 3644C cannot
be explained by the secondary phenomenon due to
physical symptoms. However, it cannot be tuled out that
these patients carrying 3644C have some subtle mito-
chondria-related symptoms that were not clinically appa-
rent. In fact, there are reports of patients with pathogenic
mtDNA mutations such as 3243A—G who showed
psychotic symptoms at first and developed mitochondrial
diseases later [33,34]. It might be possible that detailed
physical examinations, for example, glucose tolerance test
or close neurological examinations, would reveal subtle
comorbid somatic symptoms. Needless to say, we need to
address whether the 3664C substitution is associated with
somatic symptoms alone. In the foture, it is needed to
look carefully at the phenotype and the clinical course of
these subjects and investigate whether 3644C is associated

with bipolar disorder or a blpolal disorder-somatic
sympton- subtype. -

Func_tlonal impairment was. reported also in the homo-
plasmic niutation, 1555A->G, in maternally inherited
hearing loss [15,16]. The' 11778A mutation of LHON,
which is usually heteloplasmic ‘but sometimes homoplas-
niic, was also shown to ‘cause a modest rediiction in
complex I activity, [35]. It was pointed. out that the nuclear.
background potentially affects thé expression of mtDNA
polymorphlsms [36]. Further study " using ‘cybrids with
another nuclear background would be - interesting, The
miechanism of how the VI13A ‘amino acid. substitution
caused by 3644T—C in NDI decreases complex I activity
canniot be explained since the stractire and function of each
protein subunit are not yet well known. In' particular, it
remains unclear how complex I franslocates protons across
the mitochondrial inner membrane coupled to. electron
transfer, In sumniary, 3644T—C is a rare base substitution
of mtDNA but induces modest impairment of complex I
activity and becomes a risk factor for bipolar disorder.

Materials and methods
Subjects

Patients with bipolar disorder were diagnosed according
to the DSM-III-R or DSM-IV criteria by at least two

Table 4
Enzyme activities of electron-transport chain of cybrids with 3644C and
controls

Control 3644C pPeells p value*
{mean = SD), (mean + SD),
N=4 N=2

Complex 1/CS 1447 + 543 7.64 £ 0.08 482 0.06

Complex II/CS  32.15 4+ 1278 2112 £ 272 736 0.36
Complex IV/CS  39.74 £ 11.24 2921 £ 697 0.76 0.36

* The p value was calculated using the Mann-Whitney U test.
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interview sessions by two senior psychiatrists and a
consensus diagnosis was made. Their family history of
mental disorder was assessed by interviewing the proband
and available relatives. Control subjects were recruited from
the staff or students of participating . institutes and their
friends, who reported themselves to be healthy. Written
informed consent was obtained from all subjects. This study
was approved by the ethics committees of RIKEN and all
patticipating institutes. ‘

The study sub]ects for the -initial assocratlon study
consisted -of 199 patlents with bipolar disorder (143
bipolar I and 56 bipolar. 1, 76 ‘male and 123 female,
49.8 years of age on average) and 258 healthy volunteers
(129 male and . 129 female -33.0.yeats of age on average)
An’ additional 1ndependent sample set. i, COSMO ' con-
srsted of 431 patients with brpolar dlsorder (214 male and
217 female, 49.5 years: of age on: average) and 476 healthy

- volunteers (226 male and 250 female, 50.4 yeais of age on
avelage)

Six patrents with bipolar disorder with somatic symptoms
suggestive of mitochondrial disordérs wete chosen from the
first sample set for examination of the entire mtDNA. They
had been recriited in our bipolar disorder study based on
our inclusion criteria, havmg DSM-IV bipolar disorder by
consensus dlagnoses after - two nonstructured interview
sessions with senior psychlatnsts and exchision . criteria,
Kaving no chmcally rémarkable neurological diseases, head
trauma, or ¢omorbid Axis T diagnoses. Characteristics of
these six subjects.are listed below and summanzed m the
Table 1.

The transmitochondrial cybrids for the following func-
tional analyses were generated from 24 subjects in the initial
samples, including two patients with 3644C.

Case reports

Case 1, 38-yeai~old female, is a patient with bipolar 1
disorder without psychotic features. She had the first episode
of mania wrth psychomotor agitation and confusion at age
17. Atage 27, she was admiitted to a hospltal due to bilateral
optic neuritis. ‘She had 1o other symptoms suggestive of
multiple - sclerosis. Her optic feuritis was improved by
steroid therapy, and final d1agnos1s was idiopathic optic
neuropathy. Because she had no relatives with optic neuro-
pathy ahd her symptoms were reversible, Leber disease was
not consideted by the attendant ophthalmologist.

Case 2 is a 61-year-old male diagnosed as having bipolar
I disorder. At age 30, he had the onset of mania with mood-
incongruent psychotic features. At age 60, after being
discharged from a psychiatric hospital, he was admitted to
a hospital due to stroke, Brain imaging revealed infarctions
in the cerebellum and the brain stem. During this hospital-
ization, chest X-ray showed enlarged heart and he was
diagnosed as idiopathic dilated cardiomyopathy. He also had
renal failore. His attendant physician did not suspect
mitochondrial disease.

» Pl
pathologrcal ‘He also sh

Case 3 is a 56-year-old male diagnosed with bipolar I
disorder. At age 49, he had the onset of depression
characterized by dep1esslve mood, fatrgabrhty, retardation,
insomnia, and suicidal t:hought At age 52, he suddenly
became manic. Dunng this manic episode, he caused a motor
vehiéle accident. He was admitted to0 a psyclnatnc ward for
the treatment of mania. After the first admission, he had
generalized tonic clonic seizutes: Although electroencepha-
logiaphy (EEG) recordmg showed no signs of epilepsy, he
was: chnrcally dlagnosed as havmg eprlepsy ‘At age 54, he
complamed of swollen' eyehd g d__"medrcal examination did
not show any-signs’ of renalffarlure ‘He also complamed of
muscle Weakness ancl dan eplsode of fal]mg down due to

d’ some tendency of disturbed
movement of the eyes, but it was also fluctuating atid He did
not have diplopia. Muscle weakness was not objectively
present. Based on these clinical examinations, the néurologist
ruled out mitochondrial disease ﬁom differential diagnosis
and. Judged that further invi gation- was not necessary.
Electrocmdlogram indicat upraventucular extrasystole
but it was 1iot. cllnlcallyr markable, . .«

Case 4 is a 46-year. nale: dragnosed w1th bipolar I
disorder, At age 24, she had. the Jonset of mama At age 40,
she. began rapid- cycling.. During her i
ization, EEG' 1ecord1_g showed eplleptlc abnormahty
However, she-did not have any signs ot symptoms of
epilepsy and was" not dragnosed as, eprleptrc '

Case 5 is 57-year—old male dlagnosed as-having bipolar
I disorder. He had the onset of a manic episode at age 50.
Since his clinical representation resembled confusion
caused by organic mental disorder, he received lumbar
puncture by a neurologist during psychiatric hospital-
ization, which showed elevated cerebrospinal fluid protein
levels. The neurolog1st also noted miuscle weakness and
slight pt031s on the left eyelrd However ‘these' symptoms
were improved w1thout any treatment and s subsequent
manic episodes were. typical Thanic syndrome without any
addltlonal neurologlcal features .or psychotlc features He
was finally diagnosed as havmg brpolar 1 disorder. After
the onset of bipolar disorder, he was dmgnosed as having
non- msulrn—dependent diabetes mellitus. His cranial mag-
netic fesonance image showed miultiple subcortrcal silent
infarction.

Case 6 is a 38-year-old male having bipolar I disorder.
His clinical record was published elsewhere [37]. He
complained of ptosis during antipsychotic treatimient. Both
a neurologist and an ophthalmologist examined and
diagnosed him as not having any mitochondrial disease,
since his sign was transient and not clinically remarkable.

MtDNA sequencing

Total DNA was extracted from peripheral blood
leukocytes by standard protocols. Entire mDNA sequenc-
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ing was performed as préviously described [38] with some
modifications. In short, each DNA saniple was diluted to
10 pg/ml, and nested PCR -was performed PCR was
initially-performed to obtain two long PCR products, 6 and
11 kb of mfDNA; the second PCR was desxgned as a set
of three overlappmg fragments from the fitst 6-kb PCR
product and six fragiments - from ‘the ﬁrst ll-kb PCR
prodiict. After the second PCR, the products were treated
w1th a Squrrect PCR Cleanmg krt (Qhrogene Carlsbad,

CA, USA) accordmg to the manufacturer ] plotocol Both

strands of these fragments ere then sequenced with the
’ & cing- kit (Applied Bio-
' _}USA) and “ABI Prism" 3700

was tead ‘at »least three trm : 1nclud1ng"”at least once for

each strand
‘ Gé’nazypi;ig'

The two base substitutions of mtDNA, 3644T—C and
,13928G—->T weie genotyped usmg the PCR-RFLP method
and sequencitig. The enzymes and: expenmental condltlons
for the PCR- RFLP were as follows: 3644 was ‘genotyped by
rirmeis 5-GTAGAATGATGGCTAGGGTGACT-3 and 5-
’TCTAGCCACCTC ACG- -3 and the réstriction
‘enzyme Tail (Fermentas) 13928 by 5-CATACTCGGATTC-
"TACGCTA-3), 5 TTTAGGTAATAGCTTTTCTA-3’ and
Niel (Takara Bio, Inic. Shrga, Japan) MitDNAs 5178C—A
and ]0398A—>G weie genotyped to determine the hap-
'logroups Gcnotyp of 5178C—A and 10398A—G were
exammed as prevrously descnbed [lO] ‘

G’enerat'ion of cybrids

The 143B TK™ p%206 cell line, lacking mtDNA and
estabhshed by ng and Attard1 [39], was used for
generatmg cybnds Platelets of pat1ents and controls were
separated from peup eral blood " atid fused with p%206
~cells using’ 40% polyethylen‘ ~glycol 1500 (Slgma) as
prevrously described [40], We used DMEM: (Gibco BRL)
containing . 10% FBS (fetal bovine serum; Gibco BRL),
pemc1llm/sl1eptomycm pymvate (Gibeo BRL) and uri-
dine. (S1gma) as the growth medium for p° cells, For the
selection of transmitochondrial ¢ybrid “cell Tines; we used
DMEM . .containing 10% dialyzed FBS, penicillin/strepto-
mycih, ard pyravate, After the harvest of individual
cybrid cell lines, the integration of mtDNA was con-
firmed by Southern blot analysis using 18S - ribosomal
RNA repeating units as a reference [41]. The identity of
the mtDNA of the “cybrids with that of the donor was
. verified by sequencing the D loop and genotyping several
polymorphisms. For Southern blot analysis, we used the
ECL Labeling and Detection System according to the
manufacturer’s protocol (Amersham Biosciences Corp.,
NJ, USA). Cybrids were stored in liquid nitrogen for
further experiments.

jsysters). Each- mtDNA site

Measurement of MMP using JC-1

MMP was estlmated using JC-1 (Molecular Probes,
Eugene OR) and ﬂow cytometry, Cybnds stored in liquid
nitre ogen were ‘thawed and mcubated inan atmosphere of 5 %
CO; at. 37 Cin i
streptomycm and yruvate Cells(l >< 106) wele trypsi-

"nizéd aid’ harvested in ‘10-ml of DMEM contalmng 10%

FBS W shed w1th:PBS (phosphate-buffered salme) once,

performed in triplicate for each’ cell’ line. The cells with

-polarized mitoctiondria were. deﬁned by an 1ntens1ty tatio of

590 nm/527 N above 0. 2

buffer ‘[2 10 mM D-mannltol 7l ml\/l sucrose 1 mM EGTA
0.5% bovine serum albumin (fatty acid free); 5 mM Hepes
pl—l 7. 2] the cells were suspended m5 ml of. lsolahon buffer.

ﬁttmg pestle 207 passes were apphed to th' 'cell suspension
on ice, which was centrifuged at 700g for 7 min at 4°C. The
supernatant was cenirifuged at 10,000 for 7 min at4°C, and
the mitochondrial pellet was obtained. The pellet was
suspended in 250 mM sucrose, divided into. aliquots, and
kept at ~80°C until use, Activities of complexesl 111, and
1V were measured as: prevrously descubed [43] Rotenone-
sensitive complex I act1v1ty was measured by- the chanige in
absorptron of decylublqumone All samples were measured
within - 1 month from preparatlon The . act1v1ty of each
complex was corrected by citrate synthase activity: All the
chemical, “products for these assays Wwere “obtained from
Sigma. We used a UVnnn1124O spectrophotorieter (Shi-
madzu, Kyoto Japan) for thrs experiment.
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Association of Mitochondrial Complex I Subunit Gene
NDUFV2 at 18p11 with Bipolar Disorder in Japanese
and the National Institute of Menta;lHealth ?Ped_nglrees

Shinsuke Washizuka, Kazuya lwamoto, An-a Kazuno, Chihiro:Kaki‘uchi,V KanakQ‘Mor’i,‘ Mizue Kametani,
Kazuo Yamada, Hiroshi Kunugi, Osamu Tajima, Tsuyoshi Akiyama, Shinichiro Nanko, Takeo Yoshikawa,
and Tadafumi Kato

Background: Linkage with 18p11 is one of the replicated findings in molécular genetics of bipolar disorder. Becatise mitochondrial
dysfunction bas been suggested in bipolar disorder, NDUFV2 at 18p11, encodmg a subuaiit of the complex I reduced wicotinamide
adenine dinucleotide (NADH) ubiquinone oxidoreductase, is a candidate gene for this disorder, We previotisly 1ep07’red that a
polymoiphism in the upstream region of NDUFV2, —602G> A, was assoczm‘ed with bzpolm dzsorder I Japanese sub]ecrs however,

Junctiorial significance of —G02G> A was not known.

Methods: We screened the further upstream region of NDUFV2. We pe; formed a. case-control study in ]apanese panents with bipolar

disorder and control subjects and a transmission disequilibriuni test i 104 pareiit and p;obcmd trios ‘of the Natioial Institute of
Mental Health (NIMF) Genetics nitiative pedtg1 ees. We also performed the proiioter assay to exaniine functional consequence of the
—602G> A polymorphism.

Results "The =~ 6G02G> A polymorphism was found fo alter the promoter activity. We Jound that the other haplotype block surrounding
—3542G> A was associated with bipolar disorder. The association of the baplotypes conszstmg of = 602G> A and =3542G> A
polymorphisms with bipolar disorder was seen both in Japanese case=conirol samples and NIMH trios.:

Conclusion: Together these findings indicate that the polymoiphisms in the promoter wgzon of NDUFV2 are a génetic risk factor for

bipolar disorder by affecting promoter activity.

Key Words: Bipolar disorder, haplotype, mitochondria, NADH
ubiduinone oxidoreductase, promoter assay, transmission disequi-
librium test

he etiology of bipolar disorder (BD) is still unknown, but family,

twin, and adoption studies strongly suggest the involvement of

genetic iisk factors (Goodwin and Jamison 1990). Linkage
studies have revealed a iumber of loci to be linked with BD. Of those,
several investigators confirmed 18p11 as one susceptibility loci for BD
(Berrettini et al 1997; Gershon et al 1996; Nothen et al 1999; Stine et al
1995; Turecki et al 1999). Nominally significant linkage of BD with
chromosome 18 was also found in a récent extensive meta-analysis
(Segurado et al 2003). Thus, 18p is one of the targets of the genetic
association study of BD.

We have proposed a mitochondrial dysfunction hypothesis of
BD (Kato and Kato 2000) on the basis of the following evidence:
altered brain energy metabolism in patients with BD detected by
phosphorus-31 magnetic resonance spectroscopy (Kato et al 1993),
increased ratio of the mitochondrial DNA (mtDNA) deletion in the
brains of patients with BD (Kato et al 1997), association with mtDNA
polymorphisms causing amino acid substitutions in the subunits of
complex T (reduced nicotinamide adenine dinucleotide [NADH]:
ubiquinone oxidoreductase; Kato et af 2001).
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Complex ' catalyzes the transfer of e]eCn ons from NADH to
ubiquinone and the largest and most comphcﬁed enzyme in the
mitochondrial electron transport ¢hain, consisting of at least 43
subunits. Whereas seven subunits of, complex I are coded in the
mitDNA, the. others are coded in ‘the riuiclear genome (Simeitink et
al-2001). Of those; NDUFVZ is located at 18p11 (de Coo et al
1995; Hattori et al 1995) and isa candidate geiie for BD. Reécently,
Nakatani et al (2004) exafiined the gene expression patterns in
the frorital cortex and hippocampus in animal models of depres-
sion and leported that NDUFV2was one of two génes altered in
both regions, Moreover, Karry ef al (2004) reported that protein
levels of 24kDa subunit of complex I encoded by NDUFV2 were
altered in the autopsied brains of BD patients. These findings
suggested a possible role of NDUFV2 in mood disorders.

We previously screened miutations and polymorphisms in all
exons and the 1-kb upstream region of NDUFV2 in BD patients
and repoited that a polymorphism, ~602G> A, in the upstream
region was significantly associated with BD in Japanese (Washi-
zuka et al 2003). The mRNA expression of NDUFV2 was also
significantly decreased in the lymphoblastoid cells of patients
with bipolar I disorder.

In this study, we further screened the 4kb-upstream region of

. the NDUFV2 and examined the association with BD in a Japanese

case—control samples. Furthermore, we performed a promoter
assay to examine the functional significance of the —602G> A
polymorphism, which determines the major haplotypes associ-
ated with BD. Weé then examined whether a similar association
was found in the National Institute of Mental Health (NIMH)
Initiative Genetics Bipolar Pedigrees by the haplotype transmis-
sion disequilibrium test (TDT).

Methods and Materials

Japanese Case-Control Samples )
The subjects with BD were 189 unrelated patients (117
women and 72 men, 136 with bipolar T disorder (BDD and 53

BIOL PSYCHIATRY 2004;56:483—489
© 2004 Society of Biological Psychiatry
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with bipolar- I disorder (BDII; 49.8 * 13.8 _years) who were P/; AAR 83 E 28R
followed at the hospitals or clinics participating in this study. RN R
Their age at onset was 34.9 = 13.4 years. Consensus dxagnosxs by OO N N N N NN L
at least'two senior psychiatrists according to the DSM-IV criteria R '
was made for each patient using a nonstructured interview and 9l LG
by revxewmg médical records. The 222 vinrelated control sub]ects AL 828R3IFYLD 2
(117 women and 105 men, 30.2 % 8.3 years old) were recruited (4 "E "ili n:'_ A "fll J Nﬁ NH L
from hospital . staff and students.. Control subjetts -were not | - ' Q
assessed for psychiatiic symptoms by any str uctured interview
method, but they showed good social functioning and reported <;: :
themselves to be in good health. All the subjects were Japanese Al 386858 ®8
with characteristics as described previously .(Washizuka et al 1 I T O Y |
2003). The objective of this study was cleaily- explained, and Tl LLALLLLY AR
written informed consent was obtained from all subjects: R
Genomic DNA was extracted from leukocytes using standard =) .
methods. There was no evidence for the presence of ‘population "X g g} 9 3 & 8_ T Rea
substructure in either control subjects or BD using the method of 3 I R R |
- Prichard (2000; Kakiuchi-et al’ 2003). The €thics committeés of the % AU BLE [ “:]_ &R R
Brain Sciérice Institute and part1c1patmg institutes app1 oved thlS F )
study.
Il mo Mmoo Low o
NIMH Genetics Initiative Pedigrees Q : "'l’ ‘; '; 'I'l’ ‘; 2 'E °’;' ‘;l“
‘Foi TDT, 105 trio samples (94 trios with BDI probands and 11 St P NN LA N AR A
trios with BDII probands) were obtained from NIMH Genetics N ; Q=5
Initiative Bipolar Pedigrees: Each trio was obtained froma larger
NIMH family independent of each other. Of those, results of = 5o :
genotyping were inconsistent with the parent—child relationship G 228 22835
iri one pedlgree with BDI. Thus, this pedigree was omxtted from g_ SN s S N
the analysxs 2lawaa ynbhan
Mutation Screening of the NDUEV2 Gene by Sequeiicing
Polymorphlsms of the upstréam region of the NDUFV2 (Gen- LX N8 S S
Bank accession number NT.010859) were screened i 20 ran- S BRI R R cl,l‘ C{? clyl\-:‘—" ";
domly selected Japanese subjects (9 BDI, 3 BDII, and 8 control 2 “!'1 A “fli N S h A 5
subjects). For the scanning of the 5'- upstream region, the I = A » oA
followmg primer sets were -used: 5'-TATAGGTCATGAACT-
CAAAAAGACG and 5'-GCCACACTGTTCACCTTCC. These prim- W _
€rs amphfled 2 3983bp product, Polymierase chain reacticti (PCR) S Al mo 883%srhud
was performed in a 25-uL volume containing 20 ng of genomic 2 E, o Ty o T
DNA4, .2 pmol/L of each primer, 100 pmol/L of each dNTP, 12.5 = % L pnipbbanag
L of 2 X GC buffer I (Takara, Shiga, Japan), and 1.25 units of ]
LA-Taq DNA polymerase (Takara). After an initial denaturation at £
95°C for 2 min, 27 cycles consisting of 30 sec at 94°C, 30 sec at E V) oo
62°C, and 4 min at 72°C were performed. An extension at 72°C £ Al s BSo8853%
for 5 min followed. Sequencing of the PCR products was :g: S I LU
coriducted using the BigDye terminator sequencing kit (Applied 2 Pl Qhnbhhabin
Biosystems, Foster City, California) and an ABI 3700 DNA o )
sequencer (Applied Biosystems). For this analysis, 15 sequence g
primers were used. gn 3 2888uunegs
9 2afaaaaw
Genotyping S ﬁ b g x ~IQI g g g JQ!
Tive single nucleotide polymorphisms (SNPs) detected in the 2 ! Sa=a
screening analysis, —3542G> A, —3245T> C, —30417> G, 03;
—2694A> G, and —1020G> T, were genotyped in Japanese 21 5.
samples and NIMH bipolar pedigrees. For genotyping of the g é ol
R X > £ T O N O = = N O
former four polymorphisms, genomic DNA was amplified by Sl BE=| MMNMoT TN/
using the upstream primer 5 AAACTAGCCCTTCCA’ITCT CCTT Sl £
and the downstream primer 5'-CCTTCTTGTCTCATIGGCT- 3
TACA. These primers amplified a 1547bp product. We performed £
PCR in a 15-pul volume containing 15 ng of genomic DNA, .1 & % AR ARovo<y
pmol/L of each primer, 25 pmol/L of each dNTP, 1.5 pL of 10 X :; Ohegs [) ﬁ é ,_/} "
Ex-Taq buffer (Takara), and .72 units of Ex-Tag DNA polymerase % ANSB8SRAE )
(Takara). After an initial denaturation at 95°C for 2 min, 35 cycles £ [
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Table 2. Genotypic and Allele Distributions of the Additional NDUFV2 Gene Polymorphisms and —602G>>A in Japanese Controls and BipolarPatients

Subject Counts (%)
Polymorphisms Controls BP Total BPI BRIl pValue®
—3542G>A
Genotype G/G 15 (.07) 25.(13) 13 (.09) 12 (.23)
G/A 102 (46) 80 (42) 637(46) 17 (32) .02
A/A 104 (47) 85 (45) 61 (45) 24 (45)
P Value .09 62 .003
Allele G 132 (30) 130(.34) 89 (32) 41 (39) 21
: A 310 (.70) 250 (.66) 185 (.68) 65 (61)
PValue 20 50 .08
~3245T>C g c
Génhotype /T 15:(07) 24 (13) 12(09) 12 (:23)
T/C 101:(47) 80 (42) 64(47) 16 (.30) .01
c/C 97.(46) 84 (45) 59 (44) 25 (47)
PValue 14 80 .002
Allele T 131 (31) 128 (.34) 88 (.33) 40 (.38) 38
C 295 (.69) 248 (66) 182 (67) 66 (62).
P Value 32 61 20
—3041T>G
Genotype T 106 (49) 98 (.52) 73 (.54) 25 (47)
. T/G ~88(40) 86 (46) 60 (44) 26 (49) .009
G/G 23(11) 4(02) 2(02) 2(.04)
PValue .001 ,002 23
‘Allale T 300 (.69) 282 (.75) 206 (.76) 76 (72) a2
G 134 (31) 94 (,25) 64 (.24) 30 (28)
P Value 07 .04 .63
—~2694A>G
Genotype A/A . 16 (.07) 24 (13) 12 (.09) 12 (23)
AG 99 (46) 79 (42) 62 (46) ©17(32) .03
G/G 100 (47) 84.(45) 60 (.45) 24 (45)
PValue .19 86 .006
Allele A 131 (31) 128 (:34) 88 (33) 40-(:38) 38
' G 295 (.69} 248 (.66) 182 (.67) 667(.62)
PValue 32 61 20
~1020G>T
Genotype G/G 160 (.72) 131 (69) 93 (.66) 38(72)
G/T 58 (.26) 52(.28) 39(29) 13 (.25) 77
T 4(02) 6 (:03) 4(03) 2(03)
PValue 64 62 .60
Allele G 378 (.85) 314 (83) 275 (83) 80 (.84) 66
T 66 (15) 64 (.17) 47 (17) 17 {.16)
P Value A4 39 76
—602G>A7
Genotype G/G 17 (.08) 27 (.14) 15 (11) 12 (.23)
G/A 106 (48) 77 (41) 60 (.44) 17 (32) .02
AA 99 (44) 85 (45) 61 (45) 24 (45) ‘
P Value 07 51 .003
Allele G 140 (.32) 131 (:35) 90 (.33) 41(39) 37
A 304 (68) 247 (65) 182 (67) 65 (.61)
PValue . 34 66 15

BP, bipolar disorder
“Data of Washizuka et al (2003).

bDifferences in genotype distributions or allele frequencies among patients with BPI, BPII, and controls,

consisting of 30 sec at 94°C, 30 sec at 61°C, and 2 min at 72°C
were petformed. An extension at 72°C for 3 min followed.

For genotyping of the —1020G> T polymorphism, the primer
sets were used as follows: 3'-ACCAAGGCATTTGGTATCTATTCT
and 5-ATGTTTGTTTGGTTATCTCTGGAAA. We performed PCR
in a 25-pL volume containing 25 ng of genomic DNA, .1 pmol/L
of each primer, 25 pmol/L of each dNTP, 2.5 L of 10 X Ex-Tag
butfer, and 1.2 units of Ex-Taq DNA polymerase. After an initial

denaturation at 93°C for 2 min, 35 cycles consisting of 20 sec at
94°C, 30 sec at 60°C, and 30 sec at 72°C were performed. An
extension at 72°C for 3 min followed.

In addition, our previously reported polymorphisms of the
NDUFV2 gene (—796C> G, ~795T> G, —602G> A, —2337> C,
and 86C> T were also genotyped in NIMH samples. The primer
set and the PCR condition that were used in genotyping of these
SNPs are shown in our previous article (Washizuka et al 2003).
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Figure 1. Haplotype assodiations in Japanese case control samples: (a)
three-marker haplotype analysis; (b) two-marker haplotype analysis. Pvalue
indicates the global P analyzed using COCAPHASE program. Gray squares
indicate statistically significant global p value.

Sequencing of the PCR products was conducted using the
BigDye terminator sequencing kit (Applied Biosystems) and an
ABI 3700 DNA sequencer (Applied Biosystems).

Statistical Procedures

Deviations from Hardy-Weinberg equilibrivm (HWE) were
evaluated by use of the Arlequin program (hitp://anthropologie.
Unige .Ch/artequin/methods.himD. Genotype distributions and al-

lele frequencies between patients and control subjects were com-

puted using Fisher’s Exact Probability Test, which was applied using
SPSS software (SPSS, Tokyo, Japan). For other analyses, UNPHASED
programs (COCAPHASE and TDTPHASE; htrp://www sfcgramre.ac.
uk/~fdudhrid/software/unphased,) were used. The normalized LD
coefficient D' and the squared correlation coefficient +* were
calculated using COCAPHASE program. For TDT of NIMH trio
samples, the McNemar Test was used. For the computation of
haplotype frequencies, evaluation of haplotypic distributions, and
TDT analysis of the multimarker haplotypes, the COCAPHASE and
TDTPHASE programs were used. To evaluate the data appropri-
ately, we reanalyzed the significant result using the permutation test
implemented in COCAPHASE and TDTPHASE. Sequences were
searched for potential transcription factor binding sites using the
Match program Chttp://vww.gene-regulation.de/).

Promoter Assay

A 1106-bp fragment (—1111 to —6) of the upstream from the
initiation codon of the NDUFV2 gene was amplified by PCR and
cloned into the M/il/Bgll site of pGL3-Basic vector (Promega,
Madison, Wisconsin). Two kinds of reporter plasmids, having
either —602G or —602A were prepared. A 586-bp fragment
(—3591 to —6) lacking the —602G> A site was also amplified and
cloned into the same vector. Hela-§3 and HEK293 cells cultured
in a 96-well plate were transfected using Superfect (Qiagen,
Valencia, California) with .5 mg of the reporter plasmid, .05 mg
of a reference plasmid (pRL-TK), and the pGL3-Basic vector
cartying no insert. After 36 hours incubation, luciferase activities
were measured with the aid of Dual-Glo luciferase assay system
(Promega). Four independent experiments were performed for
each condition, and the mean and SEM values were presented.

Results

We previously reported that —602G> A, among four poly-
morphisms (—796C> G, —7937> G, —602G> A, —2337> C)in

www.elsevier.com/locate/biopsych

S. Washizuka et al

Hetas-3 HEK203
40 r T 12 l
1 ‘ I.«»__l‘
120 ¢ i
100 |
2 |l o 87T
Bgo || @
2 00 26t
B oo bl k5
& % 4 F
aE
20 b 2r
o L o0 LK

& g

Figure 2. Promoter assay. Promoter activity of three kinds of reporter plas-
mids, having —~602G or —602A and lacking the —602G>> A site, were exam-
ined by the luciferase assay. Two kinds of cells, Hela-S3 and HEK293, were
used. Four independent experiments were performed for each condition,
and the mean and SEM values were presented. The transcription activity of
the —602G construct was significantly higher than that of the —~602A in
both Hela-S3 and HEK293, The short construct lacking in the -602G> Asite
presented nearly equal activity of the —602A construct and hadsignificantly
smaller activity compared with ~602G constructs. **p < .01.*p <.05.+ p
=05,

the upstream region of NDUFV2, showed the significant associ-
ation with BD (Washizuka et al 2003). In this study, four novel
(—3542G> A, =3245T> C, —3041T> G, —2694A> G) and one
known (—1020G> T) polymorphisms were detected by se-
quencing the upstream region extending up to 3963 bp of the
transcription initiation site in the NDUFV2, We then genotyped
these polymorphisms in Japariese patients with BD (n = 189)
and control subjects (n = 222). The genotype frequencies of
these five polymorphisms were in HWE in control subjects,
although —30417> C polymorphism was not in BDI patients,
and —32457> G was not in BDII patients. There was no
significant difference of genotype frequencies of each SNP
between male and female subjects. Detected polymorphisms in
this study and in our previously reported polymorphisms
(=796C> G, =795T> G, —602G> A, —233T> C, and 86C> T)
were in strong linkage disequilibrium with each other (Table 1).

The genotype and allele distributions of the polymorphisms
in Japanese population are shown in Table 2. The data for
—602G> A polymorphism were cited from our previous paper
(Washizuka et al 2003). Statistically significant differences in
genotype distribution were observed between patients with BD
and control subjects for —30417> G (p = .001). The ~3542G>
A, —3245T> G, and —2694A> G polymorphisms showed signif-
icant genotypic association with BDII (p = .003, p = .002, and p
= 006, respectively). These SNPs tended to be associated with
BD or BDII even after Bonferroni correction. There was also a
nominally significant difference in allelic distiibution of
=30417> G polymorphism between patients with BDI and
control subjects (p = .04).

Haplotype analysis consisting of all 10 polymorphisms re-
vealed a statistically significant association in Japanese samples
(global p <C .0001). To explore which part of the NDUFT2 gene
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Table 3. Estimated Haplotype Frequencies of NDUFV2 in Japanese Analyzed by Using the COCAPHASE Program

Haplotype® Case Frequency Control Freguency X P Value Common
A-A 244 64 270 .61 .34 .55 +
G-A 3 008 31 07 2035 <0001 +
A-G 4 01 37 .08 23.81 <.0001 +
G-G 127 33 99 22 10.79 001 +
Global P <2.0001

(<.0001)®

“Haplotypes of ~3542G>A and —602G>>A,

*The global Pvalue in parentheses shows the global significance by permutation test,

contributes most to this overall association, we employed the
sliding window approach in which each set of .two or three
consecutive polymorphlsms were tested for association with BD
(two- or three-marker haplotype analysis), This analysis showed
evidence of association with BD in two lifhited regions around
—3542G> A'and —602G> A (most_significant haplotype p <
.0001, global P <.0001, and most 51gn1f1C'mt haplotype p = .008,
global p= 001, for the threé- mznkex analysxs and global p<
0001 and global p = 002, respectively, for the two-marker
analysis; Figute 1.

Because these two SNPs were located at the ptative pro-
inoter region, we supposed that these polymorphisms might alter
the . transcription activity. At the beginning, we. prepared a
3983bp fragment containing those two polymorphisms and tried
to ligate this fragment into the pGL3-bisic vector; this was not
successful, however, Then we éxamined whether the —602G> A
polymorphisim had functional sxgmﬁcance Based on our. previ-
ous amlysxs mdlcatmg that ‘the ‘two major haplotypes, C-T-A-T
and C-T-G-T (COIlSlStmg of =796C> G, ~795T> G, ~602G> A,
and —-2337> C polymoxp]nsms of NDUFVZ) were associated
with BD, constructs ‘of these two haplotypes were dnalyzed.
Promoter actmty was. ex*unmecl in two cell lines, Hela-$3 and
HEK293.. The transcription activity of the —602G construct was
significantly higher thdn that of the —602A both in Hela-83 and
HEK?293 (p =-.03 for Hela-S3, and » = .05 for HEK293). The short
construct lacking in thé =602G3 A site preséntéd nearly equal
activity of the —602A construct but had significantly smaller
activity compared with the —602G construct (p = .0009 and p =
.005, respectively; Figure 2).

Because we could not experimentally examine the functional
significance of the —3542G> A, we examined whether this site
affects the putative binding sites of transcription factors using the
Maitch pi ogram. The —3542G> A was predicted to be within the
putative binding site for HSF (heat shock transcription factor).
HSF1 is known to affect the expression of several other nuclear
encoded mitochondrial complex I subunit genes (e.g., NDUFBS,

NDUFA10, NDUFAB1, and NDUFSD). Recently, the binding se-
quence of HSF1 was well characterized (TTA7/ClIG/AIGAANNT-
TCIT/ }; the bases s1m11a1 to this site of NDUFV2 promoter was
italicized; Trinklein. et al 2004). When the —3542 site is G, the
core sequence of putative binding site for HSF1, GAA, is lost, and
probability of bmdmg was predicted to. be decreased

Thus; the ﬁequency of haplotypes con51st1ng of ~3542G> A
and =602G>"A polymorph1sms was also estimated, Distributions
of haplotype frequenmes differed 31gnxf1cantly between patients
with BD and control subjects (global << .0001) (Table 3).

" Among the haplotypes, the G-G haplotype was mgmﬁcanﬂy

more fr equently seen in BD (p = 001) ‘Whereas-G-A and A-G
lnplotypes were significantly less comrhon in patients with BD
compared with coritrol sub]ects (p < ;:0001), The results were
basically similar when younger control subjects were excluded to
match-ages of tlie. sub]ects

We then petformed a TDT in NIMH Genetxcs Initiative Bipolar
Pedlgrees The " distributions of genotypes of “all. 10- detected
polymorphlsms of the probands; fathers, and mothers were in
HWE. We'could not detect any allele that: was sngmfxc'mtly
overtransmifted from pitients to affected offsprmg in the NIMH
trio s'lmples of BD (Table 4.

We then examined the t1ansm1551on of haplotypes consisting
of =3542G>'A and —602G> A polymorphisms from patients to
affected offspririg by using TDTPHASE program. We found
significant association of the NDUFV2 haplotypes with BD
(global p < .0001). Two haplotypes (G-A and A<G) tended to be
undertransmitted in parénts—proband trios of NIMH samples
(nominal p =".04 and p = .01, respectively; Table 3).

Discussion

We identified four novel polymorphisms (~3542G> A,
—3245T> G, —30417> C, and —2694A> G) associated with BD

- in this study. Haplotype analysis revealed that two haplotype

blocks surrounding the —3542G> A and ~602G> A polymor-

Table 4. Transmlssnon Diseqjuilibrium Test in National Institute of Mental Health Initiative Bipolar Pedlgrees

. Number of
Polymorphism Allele Tr NotTr Ratio X P Trios
—3542G>A G 20 27 74 1.04 30 85
—3245T>C T 20 30 67 200 15 91
-3041T>G T 39 44 -89 30 58 90
—~2694A>G A 19 26 73 1.08 29 81
—1020G>T G 10 16 63 138 23 95
~796C>G C 42 48 .88 40 52 94
—~602G>A G 31 24 1.29 89 34 98
—2337>C T 43 50 86 52 46 99
86C>T C 34 25 1.36 1,37 24 99

Tr, transmitted.
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Table 5. Transmission of Haplotypes in National Institute of Mental Health Initiative Bipolar Pedlgrees Analyzed by using TDTPHASE

Haplotype?® Tr Frequency Not Tr Frequency )(2 PVaIue Common
A-A 146 .84 137 80 1.61 20 +
G-A <01 ; <.01 3 .02 4.18 .04 +
A-G <.01 <.01 4 .02 559 .01 +
GG 26 15 28 16 .08 76 +
Global P : 01(11)°

“Haplotypes of =3542G>A and —-602G=>A,

“The global P value in parentheses shows the global significance by permutatlon test,

phisiis were associated with BD. The haplotype of these two
SNPs were s1gmf1cantly associated with BD in Japanese subjects.
In NIMH trios, no individual SNP was dsséciated, and the
overtransmission of the risk haplotype mJapanese G-G, was not
observed, Although the obsewed trefid of undertransmiission of
two hap]otypes G-A and A-G, might be dile to the $mall himbet
of tiios, it is noteworthy that thé trends of undert nsﬁnssxon of
these two haplotypes seen in the NIMH bipdlar trio" samples were
in the’ same direction to the significarit decrease of thésé haplo-
types in Japanese BD subjects.

Although the mechanism by which —602A> G Changed the
promoter activity is unknown, it would be of iriterest to note that
the —602G polymoiphism loses the putative, bmdmg site of a
transéription factor, - p300 (CCACTC) The - finding: that the
—G602G haplotype is more common in BD; although yielding a
significantly higher promoter activity; i apparently inconsistent
with our mitochondrial dysfunction hypothésis in BD; however,
the direction of change of profnoter activity- in the Iucxferase
.assay cannot be directly comparéd. with. that i vivo. Pirst,
promoter activity can be affected by neighboring sequences
because several transcription fictors form a céiiiplex. When
only a part of the promoter sequerice is subclored into the
luciferase vector, as in this study, the promoter activity does
not d1rectly repr esent the activity in vivo. Second, regulation
of gene expression is complex. Although we repotted that
mRNA expfession of NDUFVZ wis décieased in the Tympho-
blastoid cells, Karry et al (2004) reported that the protein
encodeéd by NDUFV2 was up-regulated in autopsied BD
brains. Thus, it cannot be concluded what kind of mitochondrial
dysfunction is caused by polymorphisms of NDUFV2 promoter.
Even though the direction of the change may not represent the
promoter activity in vivo, the results of promoter assay indicate
that this region has some functional activity only when the —602
position is-G: »

We could not- determine whether —3542G> A “affects pro-
moter activity, and this would be a worthwhile topic for future
study. Because it has been reported that lithium enhances HSF1
activity (Carmichael et al 2002), it would be particularly interest-
ing to examine the effects of HSF1.

Tt is most important to test whether the association of NDUFV2
with BD is replicated using independent BD case~control or trio
samples. In addition, 18p11 is a common linkage locus for BD
and schizophrenia (Berrettini 2000; Lewis et al 2003), and mRNA
and protein expression of NDUFV2 is also altered in schizophre-
nia (Karry et al 2004). It would thus be interesting to examine the
association between NDUFV2 and schizophrenia.

In conclusion, the haplotypes consisting of —3542G> A and
~602G> A polymorphisms in the upstream region of NDUF12
were associated with BD commonly in two ethnicities. Together
with altered promoter activity, these findings indicate the role of
NDUFV2 as a genetic risk factor of hipolar disorder,
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