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Brief Communications

PARKG6-linked autosomal recessive early-
onset parkinsonism in Asian populations

Y. Hatano, MD; K. Sato, MD, PhD; B. Elibol, MD, PhD; H. Yoshino, BS; Y. Yamamura, MD;

V. Bonifati, MD, PhD; H. Shinotoh, MD; M. Asahina, MD; S. Kobayashi, MD; A.R. Ng, MD;

R.L. Rosales, M3, PhD; S. Hassin-Baer, MD; Y. Shinar, PhD; C.S. Lu, MD; H.C. Chang, BS;

Y.H. Wu-Chou, PhD; F.B. Ata¢, PhD; T. Kobayashi, MD; T. Toda, MD, PhD; Y. Mizuno, MD);
and N. Hattori, MD, PhD

Abstract—The authors performed linkage analysis in 39 families with autosomal recessive early-onset PD (AR-EQPD)
negative for parkin and DJ-1 mutations. Eight families including three Japanese, two Taiwanese, one Turkish, one
Israeli, and one Philippine shewed evidence of linkage with PARKS with multipoint log of the odds (lod) score of 9.88 at

D1382732. The results indicate worldwide distribution of PARKS-linked parkinsonism.

NEUROLOGY 2004;63:1482-1485

The parkin gene, responsible for autosomal recessive
juvenile parkinsonism (ARJP), was identified in
1998.! Mutations of this gene have been detected in
approximately 50% of cases with autosomal recessive
early-onset Parkinson disease (AR-EQFD), indicat-
ing that this form is the most frequent among pa-
tients with familial PD.2 Recently, DJ-1 mutations
responsible for PARK7 were reported to cause an-
other type of AR-EOPD.? In contrast to PARKZ2, this
gene is unlikely to be of numerical significance in
clinical practice.* Thus, it is possible that other loci
are responsible for the remaining patients with AR-
EOPD. Based on this view, it is important to identify
the PARKS6 gene and to screen AR-EOPD families
with no parkin or DJ-1 mutations. The locus for
PARKS6 was identified on human chromosome 1p35-
p36 in several Buropean families.?® The clinical fea-
tures of PARKG6-linked AR-EOPD are similar to
those of PARKZ- or PARKT7-linked AR-EOFPD. How-
ever, PARK6-linked families frequently lack dysto-

nia at onset.®? Thus, the lack of dystonia at onset
might be a distinct sign for differentiating this form
from PARKZ2- or PARK7-linked AR-EOPD. To fur-
ther narrow the critical region for PARKS6-linked AR-
EOPD and to define the genotype-phenotype
correlations, we performed a linkage study in AR-
EOPD families without parkin and D.J-1 mutations.

Patients and methods. Patients and DNA preparation. Blood
samples and clinical information on patients were obtained from
their neurologists in several countries. Diagnesis of AR-EOPD
was adopted by the participating neurclogists. We investigated 39
AR-EQOPD families from seven countries, including 26 Japanese
families, 3 Taiwanese, 3 Israeli, 3 Turkish, 2 Moroccan, 1 Philip-
pine, and 1 Brazilian. In the present study, the subjects were from
families of consanguineous marriages or at least two affected sib-
lings in the same generation. The study was approved by the
ethics review cornmittee of Juntendo University. Blood samples
for genetic analysis were collected after obtaining an informed
consent from 60 patients and 24 unaffected relatives. DNA was
prepared using standard methods. None had mutations in parkin
or DJ-I gene. We analyzed parkir mutations by direct sequencing

See also pages 1350 and 1486
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Figure 1. Pedigree structure and haplotype analysis of the families. The affected individuals studied were born to con-
sanguineous parents in five families (Families A, B, C, D, and E) and fo non-consanguineous parents in three families
(Families F, G, and H). The parents were first cousins in Families A, B, C, D, and E. Haplotypes for 11 polymorphic
markers on Ip35-36 are shown. Telomeric to centromeric markers are arranged from top fo bottom. Disease-linked ho-
mozygous haplotypes are boxed in black. Heterozygous haplotypes shared by affected members of each faumily are marked
in dotted and diagonally striped boxes. The patient, C1, died in a traffic accident.

of the coding regions including exon-intron boundaries using pre-
viously described primers.! DJ-1 screening was also performed.®

Linkage analysis. We performed linkage analysis in 84 indi-
viduals, We used the polymorphic DNA markers 118433, D15199,
D182843, D1S2732, D152828, D1S478, D1S2702, D182734,
D152674, D152885, and D1S247 selected from the Center for
Medical Geneties, Marshfield Medical Research Foundation
(http://research.marshfieldclinic.org/genetics/). The primers were
labeled by fluorescence and the sequence GTTTCTT was placed on
the 5' end of reverse primers for definite genotyping. Pooled PCR
products were separated by electrophoresis on 5% polyacrylamide
gels on an ABI 377 DNA sequencer {(Applied Biosystems). Alleles
were sized by GENESCAN and scored with GENOTYPER soft-
ware. We used the GENEHUNTER program for multipoint para-
metric log of the edds (lod} scores to find the maximum lod score
for each marker. We assumed an autosomal recessive model with
complete penetrance in both sexes and a frequency of 0.001 for the
disease allele. Since the allele frequencies of the markers were not
known, lod scores were calculated by assuming equal allele
frequencies.

Results, Haplotypes were constructed using 11 microsat-
ellite markers in the PARKS region to a 12.5 ¢M interval.
Results are shown in figure 1. Families A, B,C, D, and E
showed homozygosity while compound heterozygosity was
suggested in Families F, G, and H, who shared the same
haplotypes with other affected siblings. Three families
were Japanese, two Taiwanese, and one each from Israel,
Turkey, and the Philippines. No common haplotype could
be detected in the families tested, thus excluding possible
single founder effect. Multipoint linkage analysis using the
full set of 11 markers, shown in figure 2, indicated a max-
imuam lod score of 9.882 at D1S2732, Multipoint lod scores
were >9.7 for five markers spanning ~6.4 ¢M, with mark-
ers D182732 and D1S2734 defining telomeric and centro-
meric boundaries.
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Figure 2. Multipoint linkage analysis of a 12.5 ¢M region
on 1p35-36. The maximum multipoint lod score of 9.882
was obtained ot DIS2732 (open arrowhead). We mapped
the disease locus to be within an 8.5 ¢M region extending
between markers D152843 and D132885 (solid arrow-
heads) by homozygosity mapping.
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Table Clinical features of the patients

Family B Family F (the Family G Family H
Family A Family B Family C Family D (Israel) Philippines} {Taiwan) (Taiwan)
(Japan), {(Japan), (Turkey), (Japan),
Characteristics Al B1 C1 D1 E1l E2 F1 F2 F3 Gl G2 HlI H2
Age at onset, ¥ 30 23 28 33 33 25 32 27 27 19 18 56 485
Disease duration, y 17 15 8 8 17 21 19 23 18 24 22 14 19
Sex M F F F M M F F F F F F M
Clinical presentation
Resting tremor - + PT - - + + + + + — +
Rigidity + + + + - + + + +
Bradykinesia + + + + + + + + + +
Postural instability + + - - - + + + — - +
Frozen gait - - — - + n — _ _ _
Wearing off _ + + - + + + + + + + +
On/off - - - + + - - - - _ _
Asymmetry at onset + + + + - - - * + — - +
Levodopa-induced dyskinesia + - - + - + - +
Sleep benefit - + + - + - - - + - -
Dystonia at onset - - - + - - - - - - + - -
Hyperreflexia + + + o+ - + - - - - - — —
Psychosis - HA - - DE 8C - - - - - - HA
Dementia - - - - + - - - - - - - —
Other special comment, FE DBS
UPDRS III {on/off) 1777 2077 6134 713 29/7T1 12/16 9/30 25/66 7/59 16/33 8/24 30/44 36/51

All subjects had a good clinical response to levodopa.

PT = postural tremor; HA = hallucination; DE = depression; SC = like schizophrenia; FE = festination; DBS = deep brain stimula-
tion; UPDRS = Unified Parkinson’s Disease Rating Seale; 7 = information could not be obtained.

The table summarizes the clinical characteristics of the
eight families (13 patients, mean * 8D age at onset 30 +
10.7 years, range 18 to 56 years). Every family presented
with at least two cardinal features out of resting tremor,
bradykinesia, rigidity, and postural abnormality. In addi-
tion to the clinical features of parkinsonism, some of the
affected members had various neurclogic signs and symp-
toms such as levodopa-induced dyskinesia, sleep henefit,
dystonia at onset, and hyperreflexia. No other clinical
gigns (gaze palsy, ataxia, rapid progregsion of disease, and
pathologic reflex) were found.

Discussion. Our results indicate that PARKS-
linked AR-EOPD is not only distributed in Europe
but also in Asia. Five of 39 families tested showed
evidence of linkage with PARK6 as homozygous.
Families ¥, @&, and H did not show homozygosity,
indicating that they may be compound heterozygotes
or not linked to this region.

PARKG-linked AR-EOPD was first reported in
nine European families.®” The characteristics of
PARKS6-linked AR-EOPD included wide range age at
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onset, slow progression, lack of dystonia at onset,
and lack of sleep benefit, resembling late-onset PD.5¢
Families A, F, and H also showed slow progression,
lack of dystonia at onset, and sleep benefit, indicat-
ing similarity to the European families reported
previously.’” With regard to the PARK6-linked AR-
EOPD in Japanese families (Families A, B, and D),
they showed little similarities to Japanese patients
with ARJP. These families were rather similar to the
phenotypes of PARK6E-linked AR-EOPD in European
families degeribed in the original report.®

The affected individual in Family C was heterozy-
gous at marker 152885, thus defining the centro-
meric limit of the disease gene interval at this
marker. In addition, a recombinationy event for the
telomeric border was observed at D1S2843 in Family
A, indicating a reduction of the critical region to 8.5
cM flanked by markers D1S2843 and D1S5S2885.
Moreover, this region is smaller than that described
in the original report.®

Before identification of D.J- 7 mutations, some fam-
ilies were found to share the haplotypes at two re-
gions of PARKS and PARK?7 due to the proximity of




both loci. Thus, it is difficult to distinguish the fami-
lies based on each locus. However, after identifica-
tion of DJ-I mutations, it became possible to
separate PARKS6 from PARK7 using DJ-I mutation
studies,

In the PARKG region, several genes have been
mapped so far. The genes for USP31 (ubiguitin spe-
cific protease 31), HTR6 (serotonin receptor), and
ECEI1 (neprilysin activity) are located in this locus.
Considering the pathogenesis of PD, these genes
may be candidate genes for PARK6G. USP31 is re-
lated to the proteasome system that may be involved
in the pathogenesis of PD. HTR6 gene is highly ex-
pressed in the striatum and C267T polymorphism in
this gene was agsociated with increased risk for the
development of PD.2 Reduced neprilysin activity may
cause Alzheimer disease® and the similar mechanism
may be related to PD.

These potential candidate genes and numerous
other genes located in PARKS region should be in-
vestigated in PARK6-linked families.
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Novel PINK1 Mutations in

Early-Onset Parkinsonism
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PINKI was recently found to be associated with PARKG
as the causative gene. We performed mutation analysis in
eight inbred families whose haplotypes link to the
PARKG region. We identified six pathogenic mutations
(R246X, H271Q, E4A17G, L347P, and Q239X/R492X) in
six unrelated families. All sites of mutations were novel,
suggesting that PINKI may be the second most common
causative gene next to parkin in parkinsonism with the
recessive mode of inheritance.

Ann Neurol 2004;56:424—427

The primary cause of Parkinson’s disease (PD) is still
unknown despite recent progress in research on the
molecular mechanism of loss of dopaminergic neurons.
Although most patients with PD are sporadic, identi-
fication of causative genes of the rare monogenic forms
of PD or parkinsonism could provide important in-
sights into the understanding of disease pathogenesis,
To date, four genes have been identified as the caus-
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ative genes for familial parkinsonism: murations of
a-synuclein and UCH-LI in autosomal dominant forms
of parkinsonism and mutations of parkir and DJ-I in
autosomal recessive forms. Among the monogenic
forms of parkinsonism, mutations of parkin have been
detected in approximately 50% of cases with autosomal
recessive early-onset parkinsonism (AREP).! Although
DJ-1 mutations responsible for PARK7 wete reported
to cause another type of AREP,? it is unlikely to be of
numerical significance in clinical practice.®> Thus, it is
possible that other loci are responsible in the remaining
patients with AREP.

Recently, mutations of PINKI were detected as the
causative gene for PARKG.* We also performed linkage
analysis in 39 families with AREP who were negative
for parkin and DJ-1 murations. Eight of these families
showed evidence of linkage with PARKG. PINKI is lo-
cated only 324kb from the I182732 at which we ob-
tained multipoint log of the odds score of 9.88.° To
define the genotype—phenotype relationship, we per-
formed mutation analysis for PINKI in these families.

Patients and Methods

Eight families were chosen for PINKI mutation screening,
Three families were Japanese; two Taiwanese; and one each
from Israel, Turkey, and the Philippines. Families 4, B, C,
D, and E showed homozygosity at the PARKG region,
whereas com?ound heterozygosity was suggested in Fami-
lies F, G, and H in our linkage analysis.’ The clinical char-
acteristics of affected subjects are described in the previous
study (mean age at onser £SD), 30 % 10.7 years; range,
18-33 years).> The study was approved by the ethics re-
view committee of Juntendo University. After obtaining in-
formed consent, we performed mutation analysis of PINKI
by direct sequencing of the polymerase chain reaction prod-
ucts using the following primers: Ex2 forward
5"-CTGACCTCTCAGATCATTGAGTATTGT-3’, Ex2
reverse 3'- AATCTGTCTTTTCCTACCTACTTCCTG-
3', Ex3 forward 5'-GTTAAGACAGGTCATCTT-
ATCTCGAAG-3", Ex3 reverse 5'-CTACTGTCATA-
TCAGACACTGTACCAGG-3', Ex4 forward 35'-
GTACAGTACCTGGCACATAGCAAATCTA-3", Fx4
reverse 5'- CACTATAGCAAAGTTAGGGGATACA-
GAG-3', Ex5 forward 5'- CTCTTACTTCCTAATT-
TGAGGATGGTG-3’, Ex5 reverse 5'- ACTTAGAACA-
CAAAACCAGAGAGGAC-3', Ex6 forward 53'- AAAT-
CAAAGTCTCCTGGGGTATAAG-3', ExG reverse
5'- GTTTATGTGACAGGACTTGCATTCT-3', Ex7 for-
ward 5'- AGAATGCAAGTCCTGTCACATAAAC-3", Ex7
reverse 3'- GTAACTAGCCTTTACCTTCCTAACACAG-
3’, Ex8 forward 5'- ATAGAGGAGACTACTTACCT-
GGTTCAAG-3’, and Ex8 reverse 5'- AGACTGAACTCT-
CACTCAAGTTCTTCC. Primers for exon ! were used as
reported previously.® Dideoxy cycle sequencing was per-
formed with Big Dye Terminator Chemiscry (Applied Bio-
systems, Foster City, CA). This was followed by exon se-
quencing on ABI377 and 310 automated DNA sequence
analyzers (Applied Biosystems}. Although the haplotypes of

Published by Wiley-Liss, Inc., through Wiley Subscription Services



the affected members of Family F showed compound het-
erozygotes, we identified a homozygous point mutation in
exon 5. Considering this finding, it is possible that an ex-
onic deletion in the same exon takes place in other aileles
of the affected members of this family. Thetefore, we per-
formed gene dosage assay in Family F to exclude this pos-
sibility using TagMan real-time quantitative polymerase
chain reacrion. Primers and probes were designed by Assay-
by-Design Service {Applied Biosystems). Sequences of
primers and probes and the protocols are available upon
request,

Results

We identified four types of homozygous point mura-
tions (R246X, H271Q), E417G, and L347P) involving
exons 3, 4, 5, and 6 in PINKI of patients from five
unrelated families (Fig 1). We also detected two non-
sense mutations (Q239X and R492X) as a compound
heterozygote in a Taiwanese family (Family G) (Table).
All mutations cosegregated with the disease phenotype.
In addition, the mutations were not found in 200 nor-
mal Japanese chromosomes.

The site of nonsense mutation (c.736 C-to-T tran-
sition) was not identical to that reported recently,* sug-
gesting a novel mutation site. In addition, although the
same mutation was detected in different ethnic groups

(one in a Japanese and the other in an Israeli), these
families did not share a common haplotype, thus ex-
cluding the possibility of a single founder effect. This
finding indicartes that the point mutation (R246X) may
be a hot spot in PINK! mutations. Premature termi-
nation by this mutation could lead to 2 truncated pro-
tein that lacks 336 amino acids, including a highly
conserved protein kinase domain. Two Japanese and
one Filipino families carried missense mutations {c.813
C-to-A transversion, ¢. 1040 T-to-C transition, and
¢.1250 A-to-G transition) in exons 4, 5, and 6 result-
ing in the substitution of highly conserved amino acids
in the putative kinase domain, suggesting that this do-
main is of functional importance (Fig 2).

Although the affected members of Family F were
compound heterozygous, we identified 2 homozygous
missense mutation {c.1040 T-to-C). This finding sug-
gests that the affected members of this family are com-
pound heterozygotes with both a missense and an ex-
onic deletion in the same exon 5. However, we could
exclude this possibility because we could not detect the
heterozygous exonic deletion in exon 5 using the gene

dosage technique. Thus, we conclude that the affected

members of this family had a homozygous mutation.
For this mutation, we could not exclude the possibility
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Fig 1. Pedigree and chromarograms illustrating nonsense, missense, and compound heerozygote musations. Homozygous nonsense
mutations (R246X) in exon 3 of affected members (A1, El, and E2), Homozygous missense musations (H271Q, E417G, and
L347P) in exons 4, 5, and G from Families B, D, and F. Compound heterozygote mutation (Q239X/R492X) in exons 3 and 7 of
affecred members (G1 and G2). Heterozygote states were identified in healthy individuals in Families E (E3), B (B2), and F (F4),
One of the unaffected members in Family G (G3) had only a heterozygote mutation (Q239X). (circles) Women; (squares) men;
(solid symbols) homozygous affected individuals; (open symbols) healthy individuals. (asterisk) Complementary sequences are pre-

sented in exons 5, 6, and 7.
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Table. Mutations in the PINK1 gene

Nucleotide amino acid
Origin change change Exon  Zygosity Mutation type AAO DD

Family A Japan ¢.736 Co-T R246X 3 homo nonsense 30 17
Family B Japan c.813 C-to-A H271Q 4 homo missense 23 15
Family D Japan €.1250 A-10-G E417G 6 homao missense 33 8
Family E  Israel ¢.736 C-to-T R246X 3 homo nonsense 25,33 17,21
Family ¥ Philippines ¢.1040 T-to-C L3477 5 homo missense 27,27,32  18,19,23
Family G Taiwan ¢.715 Cto-T/ Q239%/R492X  3/7  comvhetero nonsense/ 18,19 22,24

c.1474 C-o-T nonsense

home = homozygous; com/hetero = compound heterczygote; AAQ = age at onset (years); DD = disease duration (years)

that this alteration is a rare polymorphism because we
could not screen for the muration among the same
races such as normal Filipino controls. However, we
consider this mutation to be pathogenic because of the
significance linkage to PARKG of this family,5 absence
of its mutation in 100 normal Japanese controls, and
the alteration of highly conserved amino acid among
several species.

Several polymorphic variants were identified in nor-
mal Japanese controls. In exon 5, a2 homozygous
¢.1018G— A substitution (frequency: 10%, n = 100)
and a heterozygous c.1018G—>A substitution (fre-
quency: 44%, n = 100) were found. Another variant,

270
Human .. L APHPNIIR
Macaque --LAPHPNIIR
Monse - -LAPHPNIIR
Drosophila - - L PR|HPNIVC
Celegans - . # 4 4[HPNVVR
Anopheles gamblae - . # # P[HPN] VE
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350 420
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Fig 2. Alignment of PINK1 homologs showing the conserved
amino acid mutared in Families B, D, and F.
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a C—T homozygous substitudon (c.914C—T,
P305L), was found in all Japanese controls (frequency:
100%, n = 100) and IVS4-5 G—A was found as ho-
mozygous (frequency: 68%, n = 100} and heterozy-
gous (frequency: 29%, n = 100).

All patients with PINKI! mutations showed early age
at onset (mean age at onset £SD, 26.7£5.9 years;
range, 18—33 years), long disease duration (mean, 18.4
4.67 years), and good response to L-dopa.” There
were no distinet clinical signs that could distinguish
patients of homozygous mutation from those with
compound heterozygous mutation.

Discussion

Our results indicate that pathogenic mutations in
PINKI-positive AREP are not limited to Europeans
but occur also in Asians, suggesting that PINKI mu-
tation is the second most frequent next to parkin.
Different point mutations seem to be more frequently
responsible for the disease phenotype than are dele-
tions.

A homozygous mutation (L347P) was detected in
the affected members of the Filipino family of which
haplotypes at the PARKG region showed compound
heterozygotes, indicating thar the frequency of PINKI
mutations could be high next to the parkin muta-
tions.”

In this study, we could not identify the PINKT mu-
tation in the protein coding regions including the
splicing sites in a Turkish (Family C) and the other
Taiwanese families (Family H). Although we cannot
exclude the possibility that the patients may have ho-
mozygous mutation in the regulatory regions or intron
sequences that cause exon skipping, these families may
be linked to other loci. Indeed, homozygosity in the
PINKI-negative families spanned the PARKG and 9 re-
gions. Thus, these families may have an allelic disorder
in the PARKY gene because the clinical phenowype of
PARKY is a distinct entity from PARKG. We found,
based on the comparison between the PINKI-positive
and -negative families, that the clinical features are very



similar. It is difficult 1o distinguish PINKI-positive
AREP from the PINKI-negative one. In this regard,
the discovery of PINKI helps us to provide key clinical
information based on the differential diagnosis of
AREP. The characteristic clinical features of our
PINKI-positive families included slow progression and
lack of dystonia at onset except for two patients (D1
and G2), indicating similarity to the Italian families
described in the original report.® Although further
studies are needed to determine the frequency of dys-
tonia in PINKI-positive AREP, the lack of dystonia
might be a distinct clinical sign for differentiating this
form from parkin- or DJ-I-positive AREP. Further-
more, two affected members of Family E showed some
psychiatric problems at the onset of the disease. The
discase onset is slightly earlier than in patients of the
original report, indicating phenotypic variability.

Although PINK1 function is unknown, it originally
was reported to be upregulated by the tumor suppres-
sor gene, PTEN, in cancer cells.® Preliminary results
showed that the loss-of-function effect of PINKI
might be associated with mitochondrial dysfunction.
There has been considerable progress in our under-
standing of the molecular mechanisms of nigral degen-
eration; mitochondrial respiratory failure and oxidative
stress appear to play important roles in the progression
of the disease.” DJ-1 acts as an antioxidant protein,
and oxidative stress can damage the 26S proteasome in
which parkin acts as an ubiquitin ligase. Thus, all the
gene products in AREP may form a common cascade.
In summary, the novel mutations identified in this
study indicate that PINKI is a pathogenic gene in
AREP.
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Pathogenetic mechanisms of parkin in Parkinson’s disease

Nobutaka Hattori, Yoshikuni Mizuno

Context The cause and pathogenesis of Parldnson’s disease remain unknown; mitochondrial dysfunction, oxidative
damage, environmental factors, and genetic predisposition might all be involved. Identification of the causative genes
for familial Parkinson’s diseases allow study of the pathogenesis of the disease at the molecular level.

Starting point Katja Hedrich and colleagues studied 75 Serbian patients with early-onset Parkinson’s disease for DJ-1
mutations (Neurology 2004; 62: 389-94). One patient was a compound heterozygote and another had a heterozygous
exon deletion. DJ-1 mutations seem to be rare in this European population. By contrast, parkin mutations have been
found in about 50% of familial cases and in 10-20% of cases without a positive family history.

Where next The fact that parkin is a ubiquitin ligase gives special meaning to the molecular mechanism of neuro-
degeneration in general. In Parkinson's disease, Lewy bodies are immunoreactive for ubiquitin. Accurnulation of

‘abnormal proteins has also been seen in other neurodegenerative disorders. Disturbance of protein degradation by the

ubiquitin-proteasome system might have a critical role in neurodegeneration. Although o-synuclein mutations are
infrequent, o-synucdlein accumulates in Lewy bodies, and a-synuclein fibrils impair the 268 proteasome function.
UCH-L1 is alsp an abundant deubiquitylating enzyme, and its mutation is linked to PARKS. Furthermore, Dj-1 might
interact with SUMO-1 (small ubiquitin-like modifier), which can counteract ubiquitin and stabilise proteins against
degradation by the 265 proteasome. Uncovering the mechanisms of protein degradation should add importantly to

understanding the neurodegenerative process in these neurodegenerative diseases.

Parkinson’s disease is characterised pathologically by
selective degeneration of neurons in the substantia nigra
and locus coeruleus, and the presence of Lewy bodies in
the remaining neurons. Although the cause of the disease
remnaing unknown, the identification of genetic mutations
in several forms of familial Parkinson's disease has pro-
vided new insights into the mechanism of neuronal loss
in the substantia nigra.

In familial disease, parkin mutations are the most com-
mon cause of autosomal recessive early-onset parkinson-
ism, including the autosomal recessive juvenile disease.
The frequency of the mutation is estimated at 50% in
families with autosomal recessive early-onset parkinson-
ism.? The clinical features of the autosomal recessive
early-onset disease with parkin mutations are highly var-
iable compared with the juvenile disease. Autopsies on
patients with parkin-related diseases, except for one case,
commonly show lack of Lewy bodies,” suggesting that the
normal function of parkin is essential for the formation of
Lewy bodies. Also, the discovery that parkin is an ubi-
quitin ligase suggests that the ubiquitin-proteasome sys-
tem might have an important role in maintaining dopa-
minetgic neurons.?

Mutations in parkin

Autosomal recessive juvenile parkinsonism is character-
ised by eatly-onset parkinsonism (before 40 years of age,
average 26-1 years), mild dystonia, diurnal fluctuation,
transient improvement of motor disability after sleep or
rest, a good response to levodopa, and less frequent rest-
ing tremor compared with sporadic Parkinson’s disease,
With the recognition of the various parkin mutations in
autosomal recessive early-onset parkinsonism, the clinical
features of parkin-related diseases can be similar to thoge

of late-onset sporadic Parkinson’s disease, including the
age of onset and cardinal features such as postural instab-
ility, resting tremor, rigidity, and akinesia.

There are 12 exons spanning 1-4 Mb in parkin, en-
coding a 465-aminoacid protein with moderate homology
to ubiquitin at its aminoterminus {ubiquitin-like domain,
Ubl) and two RING finger motifs (RINGs) at the carboxy-
terminus. Various parkin mutations have been identified,
including exonic deletion, insertions, and several mis-
sense mutations.*” Mutations in parkin are not limited to
a particular area or race. In fact, eatly-onset patkinsonism
with parkin mutations is the most frequent form of
familial Parkinson’s disease. In addition to homozygous
mutations, compound heterozygous states, representing
different mutations in each allele, are also not uncommeon
in young patients with apparently sporadic discase. Com-
pound heterozygotes are difficult to detect by conventional
PCR because of the large size of this gene, but can be
quantitatively identified by the gene-dosage technigue.
Point mutations are infrequent in Japanese patients com-
pated with whites, although exonic deletions are
common. Katja Hedrich and colleagues® studied
75 Serbian patients with early-onset Parkinson’s disease
for Dj-1 mutations. Cne patient was a compound hetero-
zygote and another had a heterozygous exon deletion.
Thus DJ-1 mutations seem te be rare in this European
population compared with parkir mutations.

The cornmon hot spots for exonic deletions are from
exons 2 to 5. By confrast, point mutations have been
found from exons 6 to 12, where the two RING finger
motifs and the in-between RINGs are located. The clinical
phenotypes of parkin-related diseases are expanding. For
instance, slowly progressive cerebellar ataxia has been re-
ported.” Also, more than a few patients who had psych-
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iatric or behavioural symptoms were found to have parkin
mutations. These atypical clinical symptoms appear be-
fore or after the onset of parkinsonism.”

Carriers of parkin mutations may have a Parkinson’s
disease phenotype. Indeed positron-emission tomography
with fluorodopa revealed reduction of uptake even in car-
riers.’ Furthermore, heterozygous parkin mutations that
seem to be transmitted dominantly have been identified
in multiple generations," which suggests that parkin-
velated diseases might be sometimes dominantly in-
herited. Single heterozygous mutations in exon 7 might
also act as susceptible alleles for the late-onset form of
parkin-related diseases." And the association™ of parkin
haploinsufficiency in sporadic Parkinson’s disease further
implicates the role of parkin in the more common form of
the disease. The single heterozygous state might exert
haploinsufficiency effects rather than dominant negative
effects. By contrast, some mis-sense mutations tight
have a dominant negative effect as mis-sense mutations
in functional demains (Ubl or RINGS),” resulting in an
earlier onset than with mutations in other regions,

Function of parkin and pathogenesis of
parkin-related diseases

The ubiquitin-proteasome pathway is important in pro-
tein processing and degradation, and contributes to qual-
ity control of proteins in cells. Ubiquitin is attached coval-
ently to target proteins. Protein ubiquitination is catalysed
by three enzymes, EI {ubiquitin-activating enzyme}, E2
{ubiquitin-conjugating enzyme), and E3 ubiquitin ligase.
Mutations in parkin result in a loss-of-funcion of E3.
Subsequently, substrates for parkin accumulate within
dopaminergic neurons, potentially leading to nigral neur-
onal death, and it is important to identify such substrates.

Nine candidate proteins are degraded by parkin
(table)."* Other proteins also interact with parkin, such
as E2s, multiprotein ubiquitin-ligase complex (eg,
cullin-1)," CASK/Lin2, which acts as a scaffolding protein
containing postsynaptic PDZ? actin  filaments*
y-tubulin,® and Rpn 10, which is the binding site for
proteasomal proteins. Although further research is need-
ed to elucidate the funciional role of the RINGs of parkin,
the presence of the proteins listed in the table suggests
that parkin might interact with various proteins, including
substrates.

Animal parkin-knockout models can help to elucidate
the mechanism of parkin-related diceases. Mice that are
poarkin-null have motor and cognitive deficits and in-
hibition of amphetamine-induced dopamine release and
glutamate neurotransmission.” These mice have high
concentrations of dopamine in the litbic areas of the
brain, and have a shift of dopamine metabolism towards
monoamine oxidase. The finding on monoamine oxidase
suggests the presence of oxidative stress in parkin-related
diseases (figure). Additionally, parkin-null mice show
accumulation of patkin substrates, but steady-state con-
centrations of CDCrel-1, synphilin-1, and «-synuclein,
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<DCrel-1 ’ Exacytosis (dopamine storage?)
CDCrel-2 :
. Pael receptor Stress inendoplasmic reticulum {unfolded protein -
response)
O-glycosylated a-synuclein Eewy-body fermation
* Synphifin-1 Lewy-body formation
CyclinE Apoptosis {kainate excitoxication}
" e/ tubulin Microtubules {assembly dysfunction)
p38 subunit aminoacyl-tRNA synthesis {protein biosynthesis) :
Synaptotagmin X) Fusfon or docking, synaptic functions
Parkin-interacting proteins - ) el
UbcHZ, UbcHB, Ubeb/7, E2
Ubcq
Actin fitament Morphology
CASKIUnZ POI-containing seaffoiding protein
Cullin-1 Muitiprotein ligase
+-tubulin Centresome
Rpn 10 Binding of parkin to proteascmal proteins
PDZ=postsynaptic density-95, disc large, zona occudens.
 Table: Candidate substrates for parkin

which are substrates for parkin, are not aitered.® A dro-
sophila model with inactivated orthologue of human
parkin showed muscular degeneration and mitochondrial
pathology,® which suggests a physiological role for parkin
at a mitochondrial level.® However, it remains to be seen
why muscular degeneration but not neurodegeneration is
observed in this model, although it may represent differ-
ences between mice and drosophila.

Most importantly, while it is clear that Lewy-body
formation generally does not occur in parkin-related dis-
eases, Lewy bodies were identified in one patient with
compound heterozygous mutations,” which suggests that
some parkin mutants with mis-sense mutations might

parkin
v 3
Proteasome No mutations Loss-of-fynction
or chaperone mutations
dysfunction T T
ct-synyclein Accumulation of ? No Lewy
Oxidative aggregation as substrates bodies
— 75 M
stress toxic ¢ b
Ub (1) - synphilin-1
Alteration of
Mitochondrial ¥ dopamine !
dysfunction Lewy metabolism (Dopa-
bodies or DA quinone}
Ubiquitin, 14-3-3
of parkin and "
substrates such
as synphifin-1 LCe" death —I Cell death l

Figure: Model for pathogenesis of Park 2 and sporadic Parkinson's disease

Lewy bodies need parkin for thier formation, By contrast, Park2 lacks Lewy-body formation, suggesting that
accumulation of substrates inhibits aggregation of ce-synuclein {Lewy bodies). In Parkinson’s disease, proteasome
dysfunction, oxidative stress, and mitochondrial dysfunction could induce aggregation of a-gynuclein, with
subsequent formation of intermediate filaments of a-synudlein. Finally, Lewy bodies are formed although whether
theirformation is cytotoic is debatable. UB=ubiguitin, Dopa=3,4-dihydroxyphenylalanine, DA=dopamine.
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have ubiquitin-ligase activities. Although the pathological
findings in the brains of patients with parkin-related

discases include severe neuronal loss and ghiosis in the -

substantia nigra, several atypical findings have been re-
ported, such as accumulation of tau protein as neuro-
fibrillary tangles in the substantia nigra, locus coeruleus,
red nucleus, and posterior hypothalamus, and neuro-
fibrillary tangles and thorn-shaped astrocytes in frontal,
temporal, and parietal cortices.! Accumulation of tau
protein as tufted astrocytes, but not neurofibrillary tan-
gles, was reported in a patient with compound hetero-

Zygous mutations.” In this respect, part of the pathology

of parkin-related diseases resembles that of progressive

supranuclear palsy, which suggests that tau may be one
of the parkin-interacting proteins.

To investigate the toxicity of the substrates for parkin,
drosophilia is a suitable model for elucidating the mech-
anism of dopaminergic neuronal loss. Transgenic flies
that express human PAEL receptors (PAEL-R), a parkin
substrate, under conditions of altered parkin activity
show age-dependent selective degeneration of dopamin-
ergic neurons, despite equal levels of expression of
PAEL-R in all neurons.” This Pael-R-mediated neuro-
toxicity in dopaminergic neurons was attenuated by co-
expression of human parkin, and exacerbated by blocking
the activity of endogenous parkin by RNA interference.
Overexpression of parkin can also suppress o-synuclein-
induced toxicity.¥ However, drosophila has neither
PAEL-R nor o-synudein proteins, Thus the null
background of the ectopic expression of both proteins
induces neuropathological changes in the dopaminergic
systern, which is corrected to some extent by co-
expression. of parkin. These findings suggest that parkin
probably has a central role in maintaining dopaminergic
neurons. In other words, parkin is an essential protein for
the survival of dopaminergic neurons.

‘We have no conflict of interest to declare.

References

1 KitadaT, Asakawa S, Hattori N, et al. Mutations in the parkin gene
cause autosomal recessive juvenile parkinsonism. Nature 1998; 392:
60508,

2 MoriH, Kondo T, Yokochi M, et al. Pathologic and biochernical
studies of juvenile parkinsonism linked to chromosome 6q.

Neurology 1998; 51: 890-92,

3  Shimura H, Hattori N, Kube S, et al. Familial Parkinson disease gene
product, parkin, is a ubiquitin-protein ligase. Nat Genet 2000; 25:
302-05.

4  Hattori N, Matsumine H, Kitada T, et al. Molecular analysis of a
novel ubiquitin-like protein (PARKIN) gene in Japanese families with
AR-JP. Ann Neurol 1998; 44: 93541,

5  Liicking CB, Duur A, Bonifati V, et al. Association between
early-onset Parkinson’s disease and mutations in the perkin gene.

N Engl | Med 2000; 342: 1560-67.

6  Periquet M, Latouche M, Lohmann E, eta, Parkin mutations are

frequent in patients with isolated early-onset parkinsonism.
Brain 2003; 126: 1271-78.
7 Khan NL, Graham E, Critchley P, et al. Parkin disease: a phenotypic

study of a large case series. Brain 2002; 126: 1279-92.
8 Hedrich X, Djarmati A, Schafer N, etal. DJ-I (PARK?) mutations are

10

11

12

13

14

15

16

17

18

19
20

21

22

23

24

25

26

27

29

30

E1]

32

33

less frequent than Parkin (PARKZ) mutations in early-onset Parkinson
disease. Neurology 2004; 62: 389-94.

Hilker R, Klein C, Ghaemi M, et al. Positron emission tornographic
analysis of the nigrostriatal dopaminergic system in familial
parkinsonism associated with mutations in the parkin gene.

Ann Newrol 2000; 49: 367-76.

Klein C, Pramstatler PP, Kis B, et al. Parkin deletions in a family with
adult-onset, tremor-dominant parkinsonism; expanding the
phenoatype. Ann Neurol 2000; 43: 65-71.

Oliveira SA, Scott WK, Martin ER, et al. Parkin mutations and
susceptibility alleles in late-onset Parkinson’s disease. Ann Neurol
2003; 53: 624-29,

West AD, Maraganore D, Crook ], et al. Functional assodation of the
parkin gene promoter with idiopathic Parkinson’s disease.

Hum Mol Genet 2002; 11; 2787-92,

Lohmann E, Periquet M, Bonifati V, et 2. How much phenotypic
variation can be attributed to parkin genotype? Ann Neurol 2003; 54:
17685,

Zhang Y, Gao ], Chung KK, etal. Parkin functions as an E2 dependent
ubiquitin-protein ligase and promotes the degradation of the synaptic
vesicle associated protein, CDCrel-1,

Proc Natl Acad Sci USA 2000; 97: 13354-59.

Imai Y, Soda M, Inoue H, et al. An unfolded putative transmembrane
polypeptide, which can lead to endoplasmic reticutum stress, isa
substrate of Packin. Cell 2001; 105: §91-02.

Chung KK, Zhnag ¥, Lim KL, et al. Parkin ublquitinates the
a-synudein-interacting protein synphilin-1. Nat Med 2001; 7: 1144-50.
Shimwura H, Schlossmacher MG, Hattori N, et al. Ubiquitination of 2
new form of alpha-synuclein by parkin from human brain:
implication for Parkinson's disease. Science 2001; 293: 263-69.
Staropoli JF, McDermott C, Martinat C, et al. Parkin is a compenent of
an SCF-like ubiquitin ligase complex and protects postmitotic
neurons form kainite excitotoxicity. Newrort 2003; 37: 735-49.

Ren Y, Zhao J, Feng . Parkin binds to a-tubulin and increases their
ubiquitination and degradation. | Neurosci 2003; 23: 3316-24.

Cortl 0, Hampe €, Koutnikova H, et al. The p38 subunit of the
aminoacylRNA synthase complex is a parkin substrate.

Hum Mol Genet 2003; 12: 1427-37,

Huynh DP, Scoles DR, Neuyen D, et al. The autosomal recessive
juvenile Parkinson disease gene product, parkin, interacts with and
ubiquitinates synaptotagmin Xi. Hum Mol Genet 2003; 12: 2587-97.
Choi P, Snyder H, Petrucelli L, et al. SEPTS_v2 is a parkin-binding
protein. Brain Res Mol Brain Res 2003; 117: 179-89.

Fallon L, Moreau F, Croft BG, et ak. Parkin and CASK/LIN-2 assodate
via a PDZ-mediated interaction and are co-localized in [ipid rafts and
postsynaptic densities in brain J Biol Chem 2002; 277: 486-91.

Huynh DP, Scoles DR, Ho TH, etal. Parkin is associated with actin
filaments in neuronal and nonneuronal cells. Ann Neurol 2000; 48:
73744,

Zhao ], Ren Y, Jiang Q, Feng |. Parkin is recruited to the centrosome
in response to inhibition of proteasomes. J Cell Sci 2003; 116: 4011~19.
Sakata B, Yamaguchi Y, Kurimoto E, et al, Parkin binds the Rpn10
subunit of 268 proteasomes through its ubiquitin-like domain.
EMBO Rep 2003; 4: 301-06.

Itier J-M, Thanez P, Mena MA, et al. Parkin gene inactivation alters
behaviour and dopamine neurotransmission in the mouse.

Hum Mol Geret 2003; 12: 2277-91.

Goldberg MS, Fleming 5M, Palacine JJ, et al. Parkin-deficient mice
exhibit nigrostriatal deficits but not loss of dopaminergic neurons.

J Biol Chern 2003; 278: 43628-35.

Greene JC, Whitworth AJ, Kuo I, et al. Mitochondrial pathology and
apoptotic musde degeneration in Drosophila parkin mutants.

Proc Natl Acad Sci USA 2003; 100; 4078-83.

Datics F, Corti O, Lucking CR, et al. Parkin prevents mitochoridrial
swelling and cytochrome ¢ release in mitochondria-dependent cell
death. Hum Mol Genet 2003; 12 517-26.

Farrer M, Chan P, Chen R, et al. Lewy bodies and parkinsonism in
farnilies with purkin mutations, Ann Newrol 50: 203-300, 2001.

van de Warrenburg BP, Lammens M, Lucking CB, et al. Clinical and
pathclogic abnormalities in a family with parkinsenism and perkin
gene mutations. Newrology 2001; 56: 555-57.

Yang T, Nishimura I, Imai Y, et al, parkin suppressed dopaminergic
neuron-selective neurotoxicity induced by Pael-R in Drosophila,
Neuron 2003; 37: 91124,

The Lancet is a weekly subscription journal. For further informatien on how to subscribe please contact our Subscription Department
Tel: +44 {0) 1865 843077 Fax: +44 (0} 1865 843970 Email: custserv@lancet.com
North America Tel: +1 (800) 462 6198 Fax: +1 (800) 327 9021 Email: USLancetCS @elsevier.com

Printed in UK

by Lynhurst Press Ltd

© 2004 Elsevier Limited
32 Jamestown Road London NW1 7BY UK.



Mitochondrial Genome Variation in Eastern Asia
and the Peopling of Japan
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To construct an East Asia mitochondrial DNA (mtDNA) phylogeny, we sequenced the complete mitochondrial
genomes of 672 Japanese individuals (http://www.giib.or.jp/ mtsnp/index_e.html}. This allowed us to perform a
phylogenetic analysis with a pool of 942 Asiatic sequences. New clades and subclades emerged from the Japanese
data. On the basis of this unequivocal phylogeny, we classified 4713 Asian partial mitochondrial sequences, with
<10% ambiguity. Applying population and phylogeographic methods, we used these sequences to shed light on the
controversial issue of the peopling of Japan. Population-based comparisons confirmed that present-day Japanese have
their closest genetic affinity to northern Asian populations, especially to Koreans, which finding is congruent with
the proposed Continental gene flow to Japan after the Yayoi period. This phylogeographic approach unraveled a
high degree of differentiation in Paleolithic Japanese. Ancient southern and northern migrations were detected based
on the existence of basic M and N lineages in Ryukyuans and Ainu, Direct connections with Tibet, paralle! to those
found for the Y-chromosome, were also apparent. Furthermore, the highest diversity found in Japan for some
derived clades suggests that Japan could be included in an area of migratory expansion to Continental Asia. All the
theories that have been proposed up to now to explain the peopling of Japan seem insufficient to accommeodate fully
this complex picture.

[Supplemental material is available online at www.genome.org.]

Recent analysis of global mitochondrial DNA diversity in hu-
mans based on complete mtDNA sequences has provided com-
pelling evidence of a human mtDNA origin in Africa (Ingman et
al. 2000). Less than 100,000 years ago, at least two mtDNA hu-
man lineages began to rapidly spread from Africa to the Old
World (Maca-Meyer et al. 2001). The archaeological records attest
that humans reached Japan, at the eastern edge of Asia, around
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30,000 years ago (Glover 1980). At that time, Japan was con-
nected to the Continent by both northern and southern land
bridges, enabling two migratory routes. As early as 13,000 years
ago, pottery appeared in Japan and Siberia for the first time in the
world (Shiraishi 2002). Subsequent technical improvements gave
rise to the Japanese Neolithic period known as the Jomon period,
in which the population growth was considerable. Later, Conti-
nental people arrived in Japan from the Korean peninsula, initi-
ating the Yayoi period, with this migration reaching its maxi-
murm at the beginning of the first millennium.

With this archaeclogical framework in mind, it was of an-
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thropological interest to us to know whether the modern Japa-
nese are the result of an admixture between the Paleolithic-
Neolithic aborigines and more recent immigrant populations,
whether the indigenous population gradually evolved to give rise
to the modern Japanese, with subsequent colonizations having
strong cultural infiuences but only minor demographic impact,
or even whether the late Neolithic waves entirely replaced the
indigenous residents. Morphometric data obtained from the re-
mains of Japanese Paleolithic people are more in accordance with
a southern origin for these first immigrants. Subsequent morpho-
logical studies on modern indigenous {northern Ainu and south-
emn Ryukyuans) and mainland Japanese favored an admixture
model in which the former would be descendants of the Paleo-
lithic Japanese and the latter derived from the Continental im-
migrants who gave rise to the Yayoi period (Hanihara 1991).
Genetic analysis using classical markexs assigned a definitive
northern origin to the Upper Paleolithic inhabitants of Japan;
but whereas some authors favored a homogeneous background
for all modern Japanese (Nei 1995), others claimed that although
Upper Paleolithic and Yayoi period immigrants had probably a
northern Asian origin, they were genetically differentiated
(Omoto and Saitou 1997). The application of molecular markers
to define maternal and paternal lineages to the peopling of Japan
confirmed the dual admixture model but added some interesting
novelties. For example, the study of Y-chromosome markers led
to the discovery of remarkable Korean and Tibetan influences on
the Japanese population (Hammer and Horai 1995); and mtDNA
HVS-I sequences also confirmed the Korean input {(Horai et al.
1996) and closer affinities of the Japanese to Tibetans than to
southern Asians (Qian et al. 2001). In guantitative estimations of
maternal admixture, it was found that ~65% of the mainland
Japanese gene pool was derived from Continental gene flow after
the Yayoi period. However, the indigenous Ainu from the north-
ern island of Hokkaido and the Ryukyuans from southern Oki-
nawa showed <20% Continental specificity, pointing to them as
the most probable descendants of the Jomon people. The fact
that these indigenous groups were, in turn, genetically weil dif-
ferentiated indicated a notable degree of heterogeneity and/or
isolation among the eatly Japanese immigrants (Horai et al.
1996). However, two handicaps of these studies are the incom-
plete representation of Asian populations and the relatively small
sample size of those analyzed, which weakens the reliance on the
relative affinities found by genetic distance methods (Helgason et
al. 2001). For mtDNA there are currently enough HVI/HVII data
from eastern Asia, including japan, to test the validity of the
above-mentioned results. However, these sequences have been
assorted into different clades following different insufficient cri-
teria or even have not been classified at all. Furthermore, the
phylogenetic confidence of results based only on sequences from
the noncoding region (HVI, HVII) has been recently questioned
(Bandelt et al. 2000). This is mainly due to the frequent occur-
rence of parallel mutations in independent lineages that confuse
the correct classification, a source of error that is increased be-
cause the basal motif in the noncoding region for the two mac-
rolineages that expanded throughout Asia is the same (16223). In
addition, as the noncoding region has not evolved at a constant
rate across all human lineages, it is considered inappropriate to
use this region for dating evolutionary events (Ingman et al.
2000; Finnilé et ai. 2001).

To make reliable use of this important source of available
data on the mtDNA noncoding region to contrast the maternal
structure and to determine the most probable origin of the mod-
ern Japanese, we have undertaken the following approach: First,
we used a set of complete mtDNA sequences of 672 Japanese
individuals to create a phylogenetic network (Bandelt et al. 1999)
that related them to other complete sequences, already pub-

lished, belonging to the major haplogroups proposed by others
(Torroni et al. 1992, 1996; Macaulay et al, 1999; Yao et al. 2002a).
Biscriminative positions in the noncoding region, defining ad-
ditional Asian subhaplogroups, were then used to further classify
766 previously published Japanese partial sequences. For this
purpose we also included other unambiguously assorted se-
quence data reported by other research groups (Derbeneva et al.
2002b; Yao et al. 2002a), These HVI sequences thus pooled were
then compared with other published Asian sequences. Finally,
using all of these classified sequences, we tested the relative af-
finities of modern Japanese and Continental Asians using global
distance methods and phylogeographic approaches framed at
different age levels.

RESULTS

Eastern Asia Phylogeny Based

on Complete mtDNA Sequences

The phylogenetic network constructed with the complete
mtDNA sequences fully coincides with those previously pub-
lished at worldwide (Maca-Meyer et al. 2001; Herrnstadt et al.
2002) or regional scale (Kong et al. 2003), Moreover, their main
branches are well supported by high bootstrap values on a neigh-
bor-joining tree (Supplemental material, condensed by more
than 40% bootstrap values).

From the L3 African trunk, two early branches came out of
Africa and radiated extensively, originating superhaplogroups M
and N, which were defined by the basic mutations depicted in
Figures 1A and 2, respectively. Representatives of both superhap-
logroups reached Japan. The construction of these phylogenetic
trees by using our Japanese complete sequences and other pub-
lished Asian sequences (Table 1) resulted in a better definition of
the known haplogroups and in the identification of new clades at
different phylogenetic levels. Characteristic HVI motifs and di-
agnostic RFLPs in the coding region, and coalescence ages for
these haplogroups and subhaplogroups are given in Supplemen-
tal Tables A and B. To contribute to the unification of the mito-
chondrial nomenclature, we revised the previously proposed
haplogroups by adding the following new information.

Subdivisions Within Macrohaplogroup M

Haplogroup D

Haplogroup D has been defined by the specific RFLP — 5176 Alul
(Torroni et al. 1992). Studies on Native American HVI sequences
permitted further subdivision of D into subgroups D1 by muta-
tion 16325 and D2 by mutation 16271 (Forster et al. 1996). Ad-
ditional subdivisions into subhaplogroups D4 and D5 have been
proposed for Asian lineages (Yao et al. 2002a), These investigators
characterized D4 by position 3010. Two additional mutations,
8414 and 14668, have been proposed to define D4 (Fig. 1B;
Kivisild et al. 2002). Whereas these two [atter mutations seem to
be rare events, 3010 has also been independently detected in
haplogroups H and J. A new branch at the same phylogenetic
level as D4 and D5 has been detected in Japan (Fig. 1B). It is
characterized by mutations 709, 1719, 3714, and 12654 and was
named Dé6. The subdivision of D4 into subgroups D4a and D4b
was proposed on the basis of the distinctive mutational motif
152, 3206, 14979, and 16129 for the first and 10181 and 16319
for the second (Kivisild et al. 2002). Both subclades have been
detected in our Japanese sample. From our data it can be deduced
that mutation 8473 is also basal for D4a. In relation to DB4b it
seemns that its ancestral branch is defined by the 8020 substitu-
tion {Fig. 1B). Consequently, the D4b subgroup proposed by Yao
et al. (2002a) should be renamed D4bl harboring 15440 and
15951 as additional basic mutations. A new subgroup character-
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