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Summary

Parkinson disease (PD) is a common neurodegenerative
condition associated with degeneration of dopaminergic
neurons in the zona compacta of the substantia nigra.
There is increasing evidence that genetic factors play a
role in the etiology of PD, although genetic heterogeneity
is likely. An autosomal dominant syndrome with many
similarities to sporadic PD has been mapped to 4q21-
22 in a large Italian pedigree and has been found to be
due to mutation of the alpha-synuclein gene. However,
this gene appears to account for only a minority of PD,
and a susceptibility locus for autosomal dominant par-
kinsonism has recently been mapped, on 2p13. Auto-
somal recessive juvenile parkinsonism (JP), which shows
marked clinical similarity to PD, maps to 6q25.2-q27.
We found linkage to this region in a group of 15 families
from four distinct ethnic backgrounds. A full genomic
screen excluded other candidate regions. We have con-
structed a detailed genetic map of the linked region and
have mapped the position of the manganese superoxide
dismutase gene (SOD2). Recombination events restricted
the JP locus to a 6.9-cM region and excluded SOD2.
The apparent homozygosity for null alleles at D6S955
in one family suggested a deletion and finer localization
of the JP locus.
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Introduction

Parkinson disease (PD) affects 1.6% of those 165 years
of age (de Rijk et al. 1997). It is characterized clinically
by rigidity, bradykinesia, and tremor. Pathology studies
have demonstrated selective degeneration of dopami-
nergic neurons in the substantia nigra of the midbrain,
but the etiology of PD remains unknown. Community-
based (Marder et al. 1996) and clinic-based (De Michele
et al. 1996) studies support the importance of an in-
herited component in its pathophysiology, and an au-
tosomal dominant form of inheritance seems likely
(Maraganore et al. 1991; Lazzarini et al. 1994). Poly-
meropoulos et al. (1996) mapped a locus for a rapidly
progressive, early-onset, autosomal dominant form of
familial PD (MIM 168601) to 4q21-q23 and, subse-
quently, identified a mutation in the alpha-synuclein gene
as its cause (Polymeropoulos et al. 1997). They found
no alpha-synuclein mutations in a group of 50 sporadic
cases of PD. A second susceptibility locus for autosomal
dominant inheritance of parkinsonism recently has been
localized to 2p13 (Gasser et al. 1998).

Patients and families affected with parkinsonism in
the earlier decades of life (early-onset or juvenile par-
kinsonism [JP]) have long been considered separately
from PD. Other than an earlier age at onset, the clinical
characteristics of JP closely mirror those of classical PD,
with rigidity, bradykinesia and tremor, and a slow pro-
gressive course (Ishikawa and Tsuji 1996; Yamamura et
al. 1996). Both diurnal fluctuation of symptoms and
mild dystonia are common in JP. Initial response to ther-
apy is usually good, but on-off phenomena and dopa-
induced dyskinesia often develop early. Results of fluo-
rodopa positron-emission tomography (Snow et al.
1993) have shown changes similar to those seen in PD.
In contrast, the pathology and pattern of inheritance in
JP seem different from those in PD. Pathology studies
have shown that the affected brain regions in JP are
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similar to those in PD, but without the characteristic
Lewy bodies (Mizutani et al. 1991; Takahashi et al.
1994) that are the hallmark of PD. In 140% of reported
index cases of JP, there is a family history of the con-
dition (Nygaard 1993). There has been a high frequency
of parental consanguinity in these families, and the re-
currence risk of JP is virtually confined to the siblings
of cases (Yamamura et al. 1973; Tanaka et al. 1991;
Ishikawa and Tsuji 1996).

We have performed linkage studies in 15 families,
from four distinct ethnic backgrounds, that have auto-
somal recessive JP. Our full-genome screen, in three Jap-
anese families, mapped the locus responsible for JP to
6q25.2-27, with a maximum pairwise LOD score of
3.11 for D6S1035. At that time, Matsumine et al. (1997)
reported the results of a candidate-gene approach to in-
vestigate the role of the manganese superoxide dismutase
gene (SOD2) in JP. Although they could not identify any
SOD2 mutations in affected individuals, they found link-
age of JP to a 17-cM region containing the gene, on
6q25.2-q27. We have now extended our observations to
show cosegregation in four ethnic groups, with a max-
imum pairwise LOD score of 11.60, 1 cM from marker
D6S1599. Recombination events between the JP locus
and a marker within SOD2 specifically excluded this
gene. The genomic screen excluded regions containing
other candidate genes, as well as susceptibility loci on
4q21-22 and 2p13. We have established a detailed ge-
netic map of the linked region, which localized the JP
locus to a 6.9-cM region bounded by D6S1277 and
D6S1579.

Subjects and Methods

This study was approved by the institutional review
board at Columbia-Presbyterian Medical Center. All
family members gave informed consent prior to their
participation in the study. In each case, the diagnosis of
parkinsonism was made by the family’s attending neu-
rologist, but inclusion within the study required both
the presence of three of the four most typical clinical
features (bradykinesia, rigidity, rest tremor, or dystonia)
and a typical JP course over a follow-up period of x5
years. Ten families (F1–F10; fig. 1) were from Japan.
Families F2–F4 (Yamamura et al. 1973) and F5 (includ-
ing histopathological findings from F5) (Yamamura et
al. 1993) have been reported elsewhere. Four of the fam-
ilies were known to be consanguineous. Two families
(F11 and F12; fig. 2), one of which was consanguineous,
were from Turkey. Two families (F13 and F14; fig. 2)
were from the United States, of northern European de-
scent, and had no known consanguinity. One family
(F15; fig. 2), which had several instances of intermar-
riage, was from Saudi Arabia.

All families were judged to show the characteristic

features of JP, including early age at onset (mean 23.6
years), with rigidity, bradykinesia, rest tremor, or foot
dystonia. Previous reports had shown a mean age at
onset of years for autosomal recessive JP (Ta-∼ 28 � 8
naka et al. 1991; Ishikawa and Tsuji 1996). The upper
age limit for onset of JP in this study was therefore set
at 45 years ( , calculated on the basis ofmean � 2 SD
previous reports). Affected individuals had a disease
course of x5 years, with characteristic progression
marked by dopa responsiveness, diurnal fluctuation, and
a high frequency of dopa-related dyskinesia. There were
a total of 34 affected individuals (21 female and 13 male)
among 61 siblings examined. With the exception of F13,
all families showed either consanguinity or several af-
fected members of a single sibship with unaffected par-
ents. This is consistent with an autosomal recessive mode
of inheritance.

DNA was extracted from either venous blood samples
or lymphoblastoid cell lines, and genotyping was per-
formed according to standard protocols (Nygaard et al.
1993). The genomic screen used commercially available
primers for 217 short tandem repeats (STRs), with an
average interlocus separation of 22 cM and an average
heterozygosity of 80% (Research Genetics). Locus map
distances were obtained from genetic maps published by
the Center for Medical Genetics, Marshfield Medical Re-
search and Education Foundation. Additional prim-
ers—for example, to amplify an STR within the SOD2
gene (GenBank L34215)—were designed by use of pub-
lished genomic sequences. All families were genotyped
by use of X- and Y-chromosome markers, to verify iden-
tity and paternity. Apparently non-Mendelian inheri-
tance of marker alleles was verified by repeat reactions;
if this did not resolve the problem, the genotype was
attributed to a new mutation, and the data were omitted
from analysis. If an aberrant genotype pattern was ob-
served for markers within the linked region (an apparent
“null” allele), reactions were repeated with redesigned
primer pairs, under varying PCR conditions. When this
resolved an apparent null allele, all genotyping was re-
peated with optimal primers and under optimized PCR
conditions.

For a genomic screen, the three Japanese families with
known consanguinity (F4–F6; fig. 1) were selected as
those likely to be maximally informative. The region
identified in this screen was then tested by use of ad-
ditional, closely spaced markers and all available fam-
ilies. To assist in the estimation of allele frequencies, 10
Japanese controls were also genotyped for markers in
the linked region. In view of the complexity of the family
structure, only one of the affected sibships in F15 was
included with the other families, for pairwise and mul-
tipoint analyses (see fig. 2).

Two-point analyses were performed by use of the
MLINK option of FASTLINK 4.0 (Cottingham et al.
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Figure 1 Ten Japanese pedigrees (F1–F10) used to show linkage to 6q25.2-q27. F4–F6 were used for an initial genomic screen. All
individuals shown with a pedigree number were genotyped. Affected family members are denoted by blackened squares and circles. Inferred
haplotypes for markers D6S1035, SOD2, D6S1579, D6S305, D6S955, D6S1599, D6S1277, and D6S1273 are shown for affected individuals;
those in italics have been inferred from other family data. Haplotypes that are shared by all affected members of a family are boxed; those for
which affected individuals show homozygosity are indicated by the thicker vertical bars. Haplotypes that are shared between families (i.e.,
between F5 and F7 and between F6 and F8) are also indicated (by asterisks [*] and number signs [#], respectively). Data for D6S955 in F1
and for D6S1599 in F3 are not shown; genotypes suggested null alleles in members of these families.

1993; Becker et al. 1998). Multipoint LOD scores and
marker-allele haplotypes were generated by use of
GENEHUNTER (Kruglyak et al. 1996). The entire data
set, including all of F15, was also analyzed by use of
SIMWALK2 (Sobel and Lange 1996). This program can
generate approximate multipoint location scores for
complex pedigrees, with all consanguinity and marriage
loops intact. Homogeneity analyses used the HOMOG
program (Ott 1991). Linkage disequilibrium was con-
sidered by use of the method of Risch et al. (1995).
Marker-allele frequencies were estimated by allele count-
ing within our data. An autosomal recessive model of

transmission was specified, with a JP-gene frequency of
.001 and a penetrance of .90. An individual was clas-
sified as unaffected only if he or she had been examined,
did not fulfill any of the diagnostic criteria for JP, and
was 145 years of age. All others were classified as “un-
known” with regard to JP status. Individual II.1 in F14
had late onset (age 165 years) of parkinsonism, and V.3
in F15 had a short history of dystonia with diurnal fluc-
tuation but had developed no other symptoms of JP and
had not received treatment. These two individuals were
also classified as “unknown” with regard to JP status.

A detailed genetic map of the candidate region was
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Figure 2 Turkish (F11 and F12), American (F13 and F14), and Saudi Arabian (F15) families genotyped for markers across the linked
region on 6q25.2-q27. All individuals shown with a pedigree number were genotyped. Affected family members are denoted by blackened
squares and circles. Inferred haplotypes for markers D6S1035, SOD2, D6S1579, D6S305, D6S955, D6S1599, D6S1277, and D6S1273 are
shown for affected individuals; those in italics have been inferred from other family data. Haplotypes that are shared by all affected members
of a family are boxed; those for which affected individuals show homozygosity are indicated by the thicker vertical bars. Individual D in F15
is shown twice and represented a further instance of intermarriage. V.3 in F15 had possible JP but was assigned “unknown” status for purposes
of linkage analysis. In view of the complexity of the family structure, the part of F15 enclosed by the dotted line was not included along with
all other families for purposes of pairwise (MLINK) and multipoint (GENEHUNTER) analyses. All of F15 was included in the analysis using
SIMWALK2.

constructed on the basis of the genotyping of 61 of the
CEPH reference families (Dausset et al. 1990), and these
data (1,036 meioses) were analyzed by use of MultiMap
(Matise et al. 1994). The map order was also verified
by use of the Stanford G3 radiation-hybrid panel (Re-
search Genetics [Cox et al. 1990]).

Results

The genomic screen with three consanguineous Jap-
anese families (F4–F6) identified a region with a maxi-
mal two-point LOD score of 2.83 for marker D6S441.
Further analyses, with additional markers for this re-
gion, confirmed linkage, with a pairwise LOD score of
3.11 for marker D6S1035. The close proximity of this

locus to SOD2 (Church et al. 1992), an important can-
didate gene for JP, led us to look for a genetic marker
for this gene. We designed a primer pair to amplify an
STR within SOD2. Seven additional Japanese families
were then genotyped by use of this and all other markers
reported to localize within the candidate region. We con-
firmed cosegregation with JP in all 10 families, with a
maximal pairwise LOD score of 8.44, 1 cM from marker
D6S1599 (table 1).

There was a recombination between the SOD2 marker
and the JP locus in F7 (individual II.2). A second re-
combination event, between D6S1277 and JP, was ob-
served in a different member of this family (individual
II.6). CEPH-family genotypes allowed us to map 10
markers, including SOD2, to unique positions across the
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Table 1

Pairwise LOD Scores for Markers across 6q25.2-q27 in 10 Japanese
Families with Autosomal Recessive JP

MARKER

PAIRWISE LOD AT RECOMBINATION FRACTION OF

.0 .01 .05 .1 .2 .3 .4

D6S419 �.18 2.84 3.86 3.73 2.71 1.48 .45
D6S959 �3.68 .44 1.82 1.98 1.49 .81 .25
D6S437 �3.01 �.78 .62 .95 .81 .43 .11
D6S363 6.27 6.56 6.35 5.63 3.92 2.17 .72
D6S1035 6.42 8.17 7.84 6.87 4.69 2.60 .90
SOD2 2.62 4.95 5.38 4.90 3.39 1.80 .54
D6S1579 7.72 7.52 6.73 5.75 3.86 2.11 .69
AFMb281wf1 2.48 2.96 3.10 2.82 1.98 1.11 .36
AFMa155td9 5.84 5.70 5.15 4.45 3.05 1.70 .55
D6S1550 4.18 4.08 3.68 3.18 2.20 1.25 .43
D6S253 5.14 5.60 5.51 4.91 3.43 1.89 .56
D6S411 4.43 4.29 3.78 3.17 2.04 1.09 .37
D6S305 6.66 7.09 6.88 6.12 4.30 2.43 .82
D6S955 2.21 2.62 2.74 2.44 1.61 .81 .23
D6S1599 8.08 8.44 8.08 7.14 4.96 2.75 .88
D6S1277 �1.20 1.19 2.44 2.52 1.87 1.00 .28
D6S1273 �4.47 .56 2.91 3.30 2.64 1.48 .42

Table 2

High-Resolution Genetic Map of Markers across the Linked Region
on 6q25.2-q27

Markera

Recombi-
nation

Fractionb

Map
Distancec

(cM) Colocalizing Marker(s)d

D6S419 .010 .0 D6S959
D6S437 .019 .9 D6S363
D6S1035 .002 2.9
SOD2 .003 3.0
D6S1579 .017 3.3
D6S1550 .002 5.1 AFMb281wf1, AFMa155td9
D6S305 .012 5.2 D6S253, D6S411
D6S955 .005 6.4
D6S1599 .031 6.9
D6S1277 .010 10.2
D6S1273 11.2

a Order is from most centromeric to least centromeric.
b Distance to next marker listed.
c From first marker listed (distances are derived by means of the

Haldane function).
d Shown in order of decreasing heterozygosity. Radiation-hybrid

mapping suggested the following map order for colocalizing markers:
(AFMa155td9/AFMb281wf1)-D6S1550-(D6S253/D6S411)-D6S305.

candidate region (LOD 13.0) and suggested that D6S955
was most likely to lie between D6S1559 and D6S305
(table 2). The marker position was supported by radi-
ation-hybrid mapping, which placed D6S955 with LOD
13.0. Using this detailed map, we restricted the JP locus
to a 7.2-cM region bounded by recombination events at
D6S1277 and SOD2, in F7. Multipoint analyses pro-
duced a maximal LOD score of 11.20, at the position
of D6S1579 (fig. 3).

Initial genotyping for markers AFMa342vb5
(D6S1599), UT1349 (D6S955), UT681 (D6S980), and
SOD2 showed either a non-Mendelian pattern of in-
heritance or persistent failure of amplification in one or
more families. Marker afm207wa1 (D6S411) also
showed a non-Mendelian pattern of inheritance in a
number of CEPH families. UT681, which was extremely
polymorphic in both groups, had a high mutation rate
(0.010 mutations/gamete/generation) in the CEPH fam-
ilies. The mutation rate for the other markers (0.0019
mutations/locus/gamete/generation) was consistent with
those in previous reports (Weber and Wong 1993). Since
it did not show stable inheritance, UT681 was not used
in linkage analysis. The use of alternative primers for
SOD2 (forward, CCA AGA GTT CAT GGC TGC; and
reverse, TTC TCC TGT AGG TAC AGA ATT GC) and
D6S411 (forward, TGG TTG ATT GAC CCA C) dem-
onstrated new alleles, which resolved apparent null al-
leles. Genotype data for D6S1599 in F3 showed non-
Mendelian inheritance consistent with a null allele. All
the affected individuals in F1 appeared to be homozy-
gous for a null allele of D6S955. The data for D6S1599
in F3 and for D6S955 in F1 were therefore excluded
from linkage analyses.

Haplotype analyses showed cosegregation of the
linked region with JP in each family. There was no ev-
idence of a founder effect, although the affected mem-
bers of F5 and F7, who were from the same geographical
region, had the same haplotype for markers D6S305,
D6S955, and D6S1599. F6 and F8 shared a different
JP-associated haplotype for these markers. The affected
members of F1 and F2 (families without known con-
sanguinity) were homozygous for marker alleles across
the linked region, suggesting that their parents may, in
fact, have a common ancestor. F5, which was consan-
guineous, showed segregation of marker alleles with JP,
without homozygosity. Haplotypes were also used to
compare the frequencies of marker alleles on JP-asso-
ciated and non–JP-associated chromosomes. There was
no obvious excess of a particular marker allele on JP-
associated chromosomes. The greatest difference was for
allele 10 of D6S1599, but this was not statistically sig-
nificant ( , ). There was, therefore, no2x � 0.13 P � .71
evidence of linkage disequilibrium. The same compari-
son was also made for the most common three-marker
haplotype, which showed no significant association.

All of the non-Japanese families were genotyped for
markers across the linked region. There was cosegre-
gation with JP in each of the other three ethnic groups.
Inclusion of these families produced a maximum two-
point LOD score of 11.60, 1 cM from D6S1599, and a
multipoint LOD score of 15.20 at the map position of
D6S1599 (fig. 3). Analyses of the entire data set (in-
cluding all of F15) by use of SIMWALK2 strongly sup-
ported linkage to this location. Homogeneity testing re-
vealed no evidence of genetic heterogeneity. There was
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Figure 3 Multipoint LOD scores for Japanese and all families,
across 6q25.2-q27.

recombination between the JP locus and markers
D6S1579–D6S419 in F13, supporting exclusion of
SOD2 from the linked region. A recombination event
between D6S1277 and JP in F15 confirmed the other
regional boundary. Haplotype analyses did not suggest
a founder effect in these groups. In F11, which was con-
sanguineous, JP-associated genotypes were concordant
across the entire region, but they were only homozygous
for markers telomeric to D6S253, suggesting a recom-
bination event between D6S253 and D6S305.

The genomic screen specifically excluded regions on
chromosomes 3, 11, 21, and 22, which contain genes
previously considered as candidate genes in familial par-
kinsonism (Gasser et al. 1994). The regions of 2p13
(Gasser et al. 1998) and 4q21-q22 (Polymeropoulos et
al. 1996), which have been linked to autosomal domi-
nant parkinsonism, were excluded also.

Discussion

We have conducted a full genomic screen in three Jap-
anese families with JP and have identified a single region
segregating with JP, on 6q25.2-27. This confirms the
finding reported by Matsumine et al. (1997), who had
implicated the same region on the basis of their exam-
ination of SOD2 as a candidate gene for JP. Furthermore,
our data from the Turkish, American, and Saudi Arabian
families extends to other ethnic groups the significance
that this region has for autosomal recessive JP. We have
constructed a detailed genetic map of the linked region
and have restricted it to a 6.9-cM region bounded by
recombination events at D6S1277 and D6S1579. We
have developed a polymorphic marker within SOD2 and
have identified recombination events between it and JP
in two of our families (F7 and F13), suggesting that
SOD2 is not the JP locus.

In our study group, only D6S1579 showed homozy-
gosity in all affected individuals. However, 6 of 15 of
the unaffected family members were also homozygous
for D6S1579, reflecting low heterozygosity of this
marker. The examination of marker-allele haplotypes
showed no evidence of a founder effect; nor was there
evidence of linkage disequilibrium, despite the high den-
sity of the markers. Homozygosity of marker alleles in
families not known to be consanguineous (F1 and F2)
suggested that the parents of affected individuals could
have a common ancestor. Shared marker-allele haplo-
types for D6S305, D6S955, and D6S1599, both in F5
and F7 and in F6 and F8, suggested the existence of a
common ancestor for each of these family pairs. F5,
which showed linkage but not homozygosity, could rep-
resent allelic heterogeneity of JP. Two of the consan-
guineous families studied by Matsumine et al. (1997)
also had apparent segregation without homozygosity.

Among the other families, a recombination at
D6S1579 was observed in F13 (North American). The
homozygosity of JP-associated genotypes in the consan-
guineous F11 (Turkish) was restricted to markers telo-
meric to D6S253. This suggests that the JP locus may
lie within the 5 cM between D6S253 and D6S1277.

For several markers in this study, apparent homozy-
gosity resulted from failure to amplify one or more al-
leles and was corrected by the design and use of alter-
native primers. In F1, D6S955 could not be amplified
for any of the affected family members, despite the use
of alternative primer pairings and PCR conditions. The
unaffected sibling showed heterozygosity for all markers
across the region. Only the mother was available for
genotyping, and she showed a single allele size for
D6S955. This could indicate the presence of a homo-
zygous microdeletion, including the D6S955 locus, in
affected members of F1. The maximum multipoint LOD
score was associated with D6S1599, with a three-
unit–LOD-score (Zmax-3) support interval of 2.9 cM
in the region between D6S1550 and D6S1277. The same
region was highlighted by shared haplotypes (between
F5 and F7 and between F6 and F8) and homozygosity
data (F11) and included the site of a possible homozy-
gous microdeletion, in F1. If JP in F1 resulted from such
a microdeletion, then the gene defect would lie within
the 1.7 cM between D6S305 and D6S1599.

Family studies of JP have suggested a major-gene effect
and an autosomal recessive mode of transmission. Our
genomic screen revealed a single region of interest, con-
sistent with these suggestions, and excluded all other
previously considered candidate regions (Gasser et al.
1994). The regions on 2p13 (Gasser et al. 1998) and
4q21-q23 (Polymeropoulos et al. 1996), which other
studies had linked to autosomal dominant forms of fa-
milial parkinsonism, were specifically excluded. We have
confirmed the finding, reported by Matsumine et al.
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(1997), that JP is indeed localized to 6q25.2-27. Our
data show recombination between JP and a marker
within SOD2, providing further evidence that SOD2 is
not the gene responsible for JP. Recombination events
limited the linked region to 6.9 cM. We have shown
both cosegregation with JP and genetic homogeneity of
JP in four ethnic groups, suggesting that this will prove
to be an important JP locus. A number of our obser-
vations suggested that particular attention should be di-
rected toward the region surrounding D6S955. Indeed,
Kitada et al. (1998) have now described deletions in a
novel gene within this region of 6q25.2-q27, in four
Japanese families with JP.

Note added in proof.—Additional clinical data from
the Japanese families reported here appear as part of an
independent study by Matsumine et al. (1998).
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