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Parkinson’s Disease Genetics Study Group, the European Consortium on Genetic Susceptibility in
Parkinson’s Disease
...............................................................................................................................
See end of article for
authors’ affiliations
.......................
Correspondence to:
Dr Maria Martinez, Unité
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Objective: To undertake a full genome-wide screen for Parkinson’s disease susceptibility loci.
Methods: A genome-wide linkage study was undertaken in 227 affected sibling pairs from 199 pedigrees
with Parkinson’s disease. The pedigree sample consisted of 188 pedigrees from five European countries,
and 11 from the USA. Individuals were genotyped for 391 microsatellite markers at ,10 cM intervals
throughout the genome. Multipoint model-free affected sibling pair linkage analyses were carried out
using the MLS (maximum LOD score) test.
Results: There were six chromosomal regions with maximum MLS peaks of 1 or greater (pointwise
p,0.018). Four of these chromosomal regions appear to be newly identified regions, and the highest MLS
values were obtained on chromosomes 11q (MLS = 1.60, at 91 cM, D11S4175) and 7p (MLS = 1.51, at
5 cM, D7S531). The remaining two MLS peaks, on 2p11–q12 and 5q23, are consistent with excess
sharing in regions reported by other studies. The highest MLS peak was observed on chromosome 2p11–
q12 (MLS = 2.04, between markers D2S2216 and D2S160), within a relatively short distance (,17 cM)
from the PARK3 region. Although a stronger support of linkage to this region was observed in the late age
of onset subgroup of families, these differences were not significant. The peak on 5q23 (MLS = 1.05, at
130 cM, D5S471) coincides with the region identified by three other genome scans. All peak locations fell
within a 10 cM distance.
Conclusions: These stratified linkage analyses suggest linkage heterogeneity within the sample across the
2p11–q12 and 5q23 regions, with these two regions contributing independently to Parkinson’s disease
susceptibility.

arkinson’s disease is the second most common neurodegenerative disorder after Alzheimer’s disease, affecting
2% of the population above 65 years of age. It is
characterised by resting tremor, rigidity, slowness of movement, and postural instability. The main pathological hallmark of this disorder is a pronounced loss of dopamine
producing neurones within the substantia nigra. In most
cases, Parkinson’s disease is a sporadic disorder of unknown
aetiology. Familial cases do, however, exist, as do several rare
Parkinson’s disease families displaying a Mendelian mode of
transmission, either dominant or recessive. The identification
of rare monogenic variants has contributed substantially to
our understanding of the underlying molecular mechanisms.
To date, eight loci have been implicated in monogenically
inherited forms of Parkinson’s disease, but only four of the
causative genes have been identified. Four loci explain
recessive forms with early onset: PARK2 (parkin gene) on
chromosome 6q251 2; and PARK9,3 PARK6 (PINK1 gene),4 5
and PARK7 (DJ-1 gene)6 7 on chromosome 1p36 and 1p36–
p35, respectively. Two genes have been identified in
Mendelian forms with dominant transmission: PARK1/
PARK4 (a synuclein gene), and PARK5 (ubiquitin carboxyterminal hydrolase L1 gene), located on chromosome 4q21
and 4p14 respectively.8–10 The remaining loci have been
mapped on chromosomes 1p32 (PARK10), 2p13 (PARK3),
and 12p11 (PARK8),11–13 mostly under a presumed dominant
model. However, the genetic aetiology of the common forms
of familial Parkinson’s disease remains mostly unknown.
One locus (PARK11) on chromosome 2q36 has recently been
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implicated,14 and PARK3 has been suggested to affect age of
onset.15
To obtain further evidence for genetic susceptibility loci,
five genome linkage screens have been undertaken in four
large independent cohorts of sibling pairs and small nuclear
families. All but one dataset originated from the USA.
Although these studies failed to provide definite evidence
for linkage to any locus, they suggested several positive
regions.11 16–19 Most of the regions with the best evidence for
linkage were not consistent across studies. However, some
other regions with less evidence for linkage appear to have
been reported by at least two study groups. For instance, nonparametric LOD scores of .1 have been reported on
chromosome 5q in three datasets.11 17 18
Because of the large number of tests in genome-wide
approaches, positive findings require confirmation in other
independent panels of families originating from different
geographical areas and using similar methods for ascertainment, disease definition, and statistics. We therefore undertook a full genome-wide screen for Parkinson’s disease
susceptibility loci using model-free affected sibling pair
methods in our European and American collection of
199 multiplex pedigrees, ascertained through a definite
Parkinson’s disease case.

Abbreviations: ASP, affected sibling pair; IBD, identical by descent;
LOD, logarithm of odds; MLS, maximum LOD score; UPDRS, unified
Parkinson’s disease rating score
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Clinically definite Parkinson’s disease: the presence of at least
three of four cardinal signs (bradykinesia, rigidity, rest
tremor, asymmetry of signs of onset); at least 30%
improvement with levodopa treatment; and absence of
exclusion criteria (supranuclear gaze palsy, Babinski sign,
cerebellar signs, dyspraxia, prominent and early urinary
symptoms, mini-mental state examination (MMSE) score
of less than 24/30 within two years of onset);
Probable Parkinson’s disease: three of the four cardinal signs,
or two of the cardinal signs and at least 30% improvement
with levodopa treatment, and absence of exclusion
criteria;
Possible Parkinson’s disease: doubtful diagnosis, with two of
four cardinal signs and unclear response to levodopa
treatment.

In all countries the individuals with Parkinson’s disease
were examined and interviewed by a movement disorder
specialist in a hospital or at their home, using a standardised
protocol. All index cases were videotaped. Most families with
transmission of the disease compatible with autosomal
recessive inheritance and age of onset before 45 years in at
least one patient in the family were tested for parkin
mutations. Forty families carrying mutations in the parkin
gene were excluded before the genome scan study. For
comparison of frequencies and means among patients from
different countries we used Pearson’s x2 tests and analysis of
variance (ANOVA) running on SPSS software. The ‘‘on’’ and
‘‘off’’ UPDRS (unified Parkinson’s disease rating score)20 and
Hoehn and Yahr21 scores were defined as follows: ‘‘on’’
means L-dopa treatment; ‘‘off’’ means after having interrupted L-dopa treatment from the evening before evaluation.
Molecular analyses
Genotyping was carried out at the Centre National de
Génotypage. The linkage marker set MD 10 (Applied
Biosystems, Foster City, California, USA) formed the core
marker set for the genome-wide screen. These 391 microsatellite markers, labelled with fluorescent dyes (FAMTM,
HEXTM, NEDTM), are distributed at an average marker
density of 10 cM (roughly every 10 million bases in the
genome) and have an average heterozygosity of 75%. The
internal size standard is fluorescently labelled with a fourth
dye (ET-ROXTM 400, Amersham Biosciences, Amersham,
Buckinghamshire, UK). CNG has developed a protocol
allowing the co-amplification of up to six of these markers
in a single reaction to be robust using dual 384-well
GeneAmpH PCR 9700 cyclers (Applied Biosystems) and an
automated procedure for polymerase chain reaction (PCR)
and purification set-up. All PCR reaction mixes were
prepared with a 96-tip head Automation Partnership
BasePlate liquid handling robot. PCR were carried out with
4 ml of DNA (diluted to 5 ng/ml) + 6 ml of PCR mix. The PCR
fragments obtained were pooled and purified before separation on automatic sequencers. All the steps to perform the
pooling and G50 purification were done using a 96-tip head

Automation Partnership BasePlate robot. Two microlitres of
the purified product were transferred to a 96-well plate and
mixed with 3 ml of MegaBace loading cocktail (for one
reaction: 2.75 ml H2O+0.25 ml ET-ROXTM 400). The purified
dye labelled fragments were separated according to size on
Amersham Biosciences MegaBACE 1000 96-capillary sequencers. After injection (45 seconds at 3 kV) the samples were
run for 65 minutes at 10 kV, using data collection software
(Instrument Control Manager, version 2.1).
Genotype interpretation and quality control
After collection, raw data from runs were transferred to an
independent team for blinded analysis. First, automatic
genotyping was undertaken, based on a series of software
processes implemented in Genetic Profiler software (version
1.1) applied to the raw MegaBACE data: trace processing,
fragment sizing, allele calling, and assigning genotype quality
scores. Briefly, DNA fragment sizes are estimated by
identifying the peak intensities for each sample using
internal DNA standards of known fragment sizes (ETROXTM 400). Fragments of similar estimated size for the
same markers in the 96 samples of a single run are clustered,
providing an allele assignment. A quality score is assigned to
each genotype, based on a measure of the deviation of the
observation from the median value for the allele, weighted by
the standard deviation of the distribution over all observations. Before statistical analysis, rigorous genotype quality
assurance was carried out to ensure accurate binning of
alleles. Consistency of the data with Mendelian inheritance
and lack of recombination between loci was evaluated using
PEDCHECK22 and other purpose written software. The
genetic position of the markers was determined from the
sex-average map of the Marshfield Research Foundation. We
estimated marker allele frequencies from the data using the
computer program ILINK from VITESSE.23
Statistical linkage methods
All linkage analyses were carried out using a narrow
definition of disease—that is, subjects with definite or
probable Parkinson’s disease were coded as affected, whereas
all remaining subjects were considered as having an
unknown disease phenotype. Multipoint model-free affected
sibling pair (ASP) linkage analyses were undertaken using
the MLS LOD score test,24 as implemented in the SIBS
qualitative trait mapping option of the GENEHUNTER v2.1
program,25 which provides likelihood based test statistics for
linkage. At any chromosomal location, the likelihood L of the
observed marker information among affected sibling pairs is
maximised as a function of the proportion of pairs sharing
two, one, or no alleles identical by descent (IBD), and is
compared—through a likelihood ratio test—with the likelihood of the marker data under the null hypothesis of no
linkage:
T = 2 ln[L(z2, z1, z0)/L(J, K, J)]
The likelihood is maximised under the possible triangle
constraints among the z parameters (2z0(z1 and z1(1/2),
and the resulting distribution of T is a mixture of x2 results
with one and two degrees of freedom.26 The statistic can also
be reported as a LOD score: MLS = T/2 en(10). For X
chromosome marker data, the likelihood ratio test is a
function of one parameter only:
T = 2 lnL(z1, 12z1)/L(K, K))
The resulting distribution of T is a x2 distribution with one
degree of freedom. As creating all possible ASPs from families
with more than two (r.2) affected siblings may underestimate the p values in the far tail of the statistic
distribution,27–29 we computed multipoint MLS scores using
all possible pairs (r(r21)/2) and weighted the information
provided by each pair by 2/r.30 Because the X chromosome
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Families
Multiplex families were ascertained through an index case
with a definite clinical diagnosis of Parkinson’s disease
originating from five European countries (France, United
Kingdom, Netherlands, Germany, and Italy), and from the
USA. The same clinical criteria were used for inclusion of
the European and American families. All but two of the
American families were of European descent; the two
remaining being Hispanic from Chile. Index cases were
collected from specialised movement disorders clinics.
Diagnostic criteria were established as follows:
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Country

Pedigrees (n)
Parkinson’s disease relatives (n)
Definite/probable/possible cases (n)
Non-Parkinson’s disease siblings
examined (n)
Age at examination, number of cases
Mean (SD) (years)
Range (years)
Age of onset, number of cases
Mean (SD) (years)
Range (years)
UPDRS +off, number of cases
Mean (SD) score
UPDRS ++on, number of cases
Mean (SD) score
Hoehn &Yahr* off, number of cases
Mean (SD) score
Hoehn &Yahr* on, number of cases
Mean (SD) score
Parkinsonian triad
Tremor at rest (n)
Rigidity (n)
Bradykinesia (n)
Dose of L-dopa, number of cases
Mean (SD) dose (mg)

DE

FR

IT

NL

UK

US

Total

30
70
67/2/1

72
181
158/9/14

28
63
55/6/2

26
58
55/3/0

32
77
76/0/1

11
22
23/7/2

199
471
424/27/20

39
62
70.4 (8.5)
45 to 87
61
56.7 (10.3)
34 to 77
10
48.6 (16.2)
28
27.1 (12.6)
NA

77
162
67.5 (10.8)
32 to 86
160
57.5 (12.2)
24 to 80
49
31.8 (18.5)
119
23.3 (14.6)
49
2.8 (1.3)
126
2.4 (0.99)

24
56
69.4 (8.4)
50 to 86
56
59.7 (9.1)
38 to 84
12
46.2 (24.4)
44
34.0 (16.1)
3
2.5 (0.5)
54
2.98 (0.96)

46
56
67.7 (9.2)
50 to 89
56
59.3 (9.5)
40 to 84
£NA

63
67
68.1 (8.5)
48 to 86
67
57.7 (10.3)
31 to 80
18
64.3 (18.4)
44
43.1 (21.6)
NA

0
20
71.9 (11.0)
46 to 87
18
60.1(11.8)
38 to 80
2
55 (75)
7
35.4 (21.6)
NA

56
2.5 (0.8)

NA

NA
NA

249
424
68.5 (9.7)
32 to 89
416
58.4 (11.0)
24 to 84
91
44.2** (23.3)
298
28.7** (16.5)
52
2.7 (1.2)
236
2.5 (0.97)

125/161
153/162
161/162
154
476 (231)

44/57
57/57
57/57
52
636 (358)

50/56
55/56
52/56
51
406 (196)

62/67
60/67
67/67
67
771 (518)

11/19
15/18
17/17
16
382 (470)

80%* (335/421)
93%* (392/421)
98%* (412/420)
398
538** (347)

NA

43/61
52/61
58/61
58
507 (263)

56
24.4 (6.9)
NA

*Hoehn and Yahr score for severity of handicap (Hoehn and Yahr, 1967): +off means after having interrupted L-dopa treatment from the evening before
evaluation; ++on means with L-dopa treatment.
*p,0.01, **p,0.001 for between country comparisons.
DE, Germany; FR, France; IT, Italy; NA, not assigned; NL, Netherlands; UK, United Kingdom; UPDRS, united Parkinson’s disease rating scale, motor subscore
(Fahn and Elton, 1987).

version of SIBS/GENEHUNTER program is not functional,
multipoint MLS values for X marker data were computed
using the LOD score from the affected-only sharing method,31
as implemented within ALLEGRO.32
For positive linkage regions (MLS .1), potential genetic
heterogeneity in our Parkinson’s disease data was investigated by means of the predivided x2 homogeneity test.33
Linkage homogeneity of two distinct samples can be tested by
computing twice the difference between the likelihood of the
whole sample and the summed likelihoods of the subsamples
(D). Under the null hypothesis of linkage homogeneity,
D is asymptotically distributed as x2 with n21 degrees of
freedom, where n is the number of estimated parameters.
Because of the triangle constraints in the MLS computations,
D is a mixture of two x2 distributions with two and three
degrees of freedom, respectively. Significance values of the
predivided x2 test were therefore assessed through simulations. From the total sample of families, each family was
assigned by random drawing to one of the two subsamples.
Multipoint MLS were computed in each simulated subsample
and the corresponding value of D recorded. The procedure
was repeated 500 times. The significance of the test was
obtained by the number of times D exceeded the observed
value over the total number of replicates.
Using Nyholt’s calculations,34 MLS thresholds of 1, 1.5, 2,
and 3 are associated, in our study, to pointwise nominal p
values of 0.026, 0.0075, 0.0022, and 0.0002, respectively. For
our chromosome X analyses, the corresponding pointwise
nominal p values are 0.016, 0.0043, 0.0012, and 0.0001,
respectively, as the likelihood is a function of only one
parameter. The theoretical genome-wide threshold values
required for claiming ‘‘suggestive’’ and ‘‘significant’’ linkage
in our study are MLS = 2.19 (2.45) (nominal p = 7.41024)
and MLS = 3.63 (3.93) (nominal p = 2.21025), respectively,
for autosomal (X) linkage analyses.34 35 These thresholds are
derived assuming an infinitely dense map of markers and
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independent sibling pairs with parental data. They also vary
according to the allele sharing method.
Our genome scan study is based on a sparse marker map,
parental marker data are often missing, and some families
have multiple affected siblings. Thus to clarify the interpretation of our linkage results, we used simulated data to
obtain empirical genome-wide significance levels. One
thousand replicates of the genome were generated under
the null hypothesis of no locus influencing the disease. In all
our simulations the family structures, number of subjects
genotyped, marker allele frequencies, and marker locations
were maintained as in the observed data. Each replicate
simulated genome was subject to SIBS/GENEHUNTER
multipoint linkage analysis and the number of multipoint
peaks at or above a given MLS threshold was stored. Distinct
peaks in the distributions of multipoint MLS scores were
defined as being at least 30 cM apart. The genome-wide
significance was obtained by deriving the expected number of
given MLS per genome screen. Empirical pointwise MLS
thresholds at a given map position were derived as the
proportion of replicates with at least one MLS above a given
value.
The power of the present genome scan study was estimated
by a similar approach. Replicate datasets were simulated
under the assumption of tight linkage (recombination
fraction = 0) between a marker (with five equally frequent
alleles) and a disease locus. Different genetic models were
considered by varying the relative sibling risk value, from 2 to
4. These figures were based on the reported estimates found
in common forms of familial Parkinson’s disease. The power
of the study to detect a particular MLS score was estimated as
the proportion of replicates with at least that MLS value.

RESULTS
In all, 213 European or American pedigrees with a definite
case of Parkinson’s disease were ascertained. Thirteen of
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Table 1 Clinical characteristics of subjects with definite and probable Parkinson’s disease in 199 European and American
families
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these pedigrees were excluded because no secondary definite
or probable Parkinson’s disease case with DNA was available.
In all but one of the remaining 200 multiplex pedigrees, the
index case had at least one sibling with definite or probable
Parkinson’s disease and with DNA available.
The detailed clinical characteristics of all patients examined from the 199 pedigrees are given in table 1 according to
the country of recruitment. The total number of cases was
471, with 424 definite phenotypes (90%), 27 probable (6%),
and 20 possible (4%). Age of onset was known for 416
patients with either definite or probable Parkinson’s disease.
The mean (SD) age of onset was 58.4 (11.0) years (range 24
to 84) and of examination, 68.5 (9.7) years (range 32 to 89,
n = 424), without significant differences among the countries. The UPDRS20 ‘‘on’’ (p,0.001) and ‘‘off’’ (p,0.001),
as well as the Hoehn and Yahr score21 ‘‘on’’ (p,0.01),
determined for a subgroup of patients, were significantly
different among countries. This showed that the severity of
the disease varied among countries, despite the similar age
at examination and age of onset. This difference probably

reflects the small numbers of patients with Parkinson’s
disease in whom UPDRS and Hoehn and Yahr scores were
determined. The frequency of tremor at rest, ranging from
53% in the USA to 93% in the UK (p,0.001), and that of
rigidity ranging from 75% in the USA to 100% in Italy
(p,0.01), were significantly different among countries. This
reflects the variability of the predominant cardinal sign—
tremor or rigidity—and was not used to differentiate
subgroups of patients for the analysis.
The genome scan was carried out in the 199 multiplex
pedigrees including at least two affected siblings or halfsiblings genotyped (with definite or probable Parkinson’s
disease). The total number of subjects was 1159, including
735 with DNA available (422 affected and 313 unaffected).
The multiplex pedigrees contained an average of 5.8 subjects
and 2.3 affected individuals. The total number of ASPs
informative for linkage was 222 (208 independent) and 227
(213 independent) for autosomal and X linkage analyses,
respectively. The other affected relative pairs were four and
19 avuncular and cousins, respectively. Of the 422 affected
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Chromosome and
marker region

Position (cM)*

MLS (% IBD sharing)

Chromosome 2
D2S2216
Peak
D2S160

111
117
123

1.24 (56%)
2.04 (58%)
1.77 (57%)

Chromosome 5
D5S471

130

1.05 (57%)

Chromosome 6
D6S257
Peak
D6S460

80
85
90

1.37 (56%)
1.41 (55%)
1.14 (52%)

Chromosome 7
D7S531

5

1.51 (57%)

Chromosome 11
D11S4175

91

1.60 (56%)

Chromosome 19
D19S902

73

1.05 (56%)

*Sex average position derived from Marshfield Research Foundation.
Estimated value of IBD sharing data (IBD = z2+Kz1).
IBD, identical by descent.

cases with DNA, age of onset was known for 387. Mean age
of onset in families ranged from 29 to 80 years (average mean
age of onset in families = 58.3 years).
With a pointwise MLS threshold of .1, the power of our
study ranged from 59% to 96% when the sibling relative risk
varied from 2 to 4. However, with more conservative
significance thresholds (that is, MLS = 3), our power to
detect effect sizes of sibling relative risk 4 and 2 was only 59%
and 10%, respectively. Simulation analyses under the null
hypothesis of no linkage showed that multipoint MLS
thresholds of 1, 1.5, and 2 were associated to pointwise p
values of 0.018, 0.004, and 0.0015, respectively. Further,
simulation studies of our genome scan suggested that we
would expect to obtain, on average, one multipoint MLS of
1.62 per genome scan, while an MLS of 2.78 would be
expected to occur once in every 20 genome scans in the
absence of linkage. These therefore correspond to ‘‘suggestive’’ and ‘‘significant’’ thresholds for genome-wide significance. They are lower than the recommended thresholds
obtained with an infinitely dense marker map and in a
sample of 100 independent sibling pairs.35 The empirical
thresholds are specific to our study, given the family
structures, subjects with DNA, marker allele frequencies,
and marker positions as observed in our data.
Genome scan MLS results are shown in fig 1. We identified
six chromosomal regions with an MLS .1 (table 2)—on
chromosomes 2 (MLS = 2.04, position = 117 cM, between
markers D2S2216 and D2S160); 11 (MLS = 1.60, position =
91 cM at D11S4175); 7 (MLS = 1.51, position = 5 cM at
marker D7S531); 6 (MLS = 1.41, position = 85 cM between
markers D6S257 and D6S460); 5 (MLS = 1.05, position =
130 cM at D5S424); and 19 (MLS = 1.05, position = 73 cM at
D19S202).
We further carried out stratified linkage analyses in these
six chromosomal regions to search for genetic heterogeneity
within our Parkinson’s disease family sample. Our first goal
was to determine whether the evidence favouring linkage to
these regions depends on the family mean age of onset. We
used 60 years—the median of the observed mean age of onset
distribution—as the cut off age to define two subgroups of
families. Age of onset was unknown in 11 American families.
Of the remaining pedigrees, 95 (‘‘early’’) have a mean age of
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onset less than 60 years. The ‘‘late’’ subgroup included the
families with mean age of onset of 60 years or more (n = 93).
Excess of allele sharing was observed in both subgroups and
none of the x2 homogeneity tests reached significance (results
not shown). The most pronounced differences were observed
on chromosome 7, where excess allele sharing was higher in
the ‘‘late’’ subgroup (IBD = 61%, MLS = 1.70) than in the
‘‘early’’ one (IBD = 53%, MLS = 0.15), but these differences
were not statistically significant (p = 0.22).
We then examined the potential role of a Parkinson’s
disease susceptibility locus on chromosome 2, specifically its
contribution to the excess allele sharing observed in the other
five linkage regions. Families were stratified by their
estimated allele sharing rate (IBD_Chr2) in the 2p11–q12
region delimited by D2S2216 and D2S160. To identify
the most positively linked families, we used 75% as the
cut off value of IBD_Chr2. This subgroup was denoted
‘‘Chr2_linked’’ (n = 84 families). The remaining families
(n = 115) were combined into the ‘‘Chr2_unlinked’’ subgroup. Mean age of onset in the two subgroups was
comparable, at 59.47 (37 to 80 years) and 57.04 (29 to 75
years), respectively. Table 3 shows the linkage heterogeneity
results, with the MLS values for the two subgroups. As is
evident from table 3, estimates of excess allele sharing on
chromosomes 7, 6, 11, and 19 were not significantly different
in the subgroups, the significance being proportional to the
sample size. Evidence for linkage reached significance
between the subgroups on chromosome 5 (p = 0.046).
Evidence for linkage was greater in the ‘‘Chr2_unlinked’’
subgroup (MLS = 2.19, IBD = 61% at 78 cM) than in the
‘‘Chr2_linked’’ subgroup (MLS = 0.81, IBD = 58% at 133cM).

DISCUSSION
Our genome-wide scan has identified six chromosomal
regions positively linked to Parkinson’s disease, with LOD
score (MLS) values of more than 1. Two positive findings, on
chromosomes 2p11–q12 and 5q23, show evidence consistent
with excess sharing in regions reported by other genome
scans of Parkinson’s disease. Based on our simulation
genome-wide thresholds, we obtained one region with
‘‘suggestive’’ evidence for linkage (that is, MLS >1.62). The
expected genome-wide occurrence expectation, corresponding to our strongest MLS of 2.04, is 0.34. This means that one
would expect to see an MLS of 2.04 once in every 2.9 genome
scans. The finding on chromosome 11 (MLS = 1.60) fell just
short of genome-wide significance for suggestive linkage; the
estimated genome-wide occurrence expectation of an
MLS = 1.60 is 1.03.
The highest MLS value was observed on chromosome
2p11–q12 at 117 cM between D2S2216 and D2S160. The
same region was reported as the most significant in a sample
of 103 multiplex families by the GenePD study15 when
analysing age of onset in Parkinson’s disease (multipoint
LOD score = 2.08, position = 99 cM at D2S1777). Our peak is
observed at a more centromeric location but remains within a
relatively short distance (17 cM) to the PARK3 region.12 36 For
complex disorders, simulation studies have shown how far
from the peak the true susceptibility gene may be located.37
Thus the scatter in terms of position of linkage peaks from
our own and other groups in the PARK3 region is probably a
reflection of the high variability of linkage peaks in sibling
pair studies.
Interestingly, the GenePD study further reported significant association for age of onset with a more telomeric
marker D2S1394 (,90 cM) and at 10 cM of their linkage
peak. The results suggested that later age of onset was
associated with one allele of D2S1394. This allele was also
present in the haplotype shared by the patients in two
large pedigrees showing linkage to PARK3.36 More recently,
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Table 2 Genome scan affected sibling pair linkage
results: maximum multipoint LOD score (MLS) values .1

Genome-wide linkage scan for Parkinson’s disease

Linkage homogeneity testing by excess allele sharing at 2p11–q12

Chromosome

‘‘Chr2_linked’’ (n = 84)

‘‘Chr2_unlinked’’ (n = 115)

x2* (empirical p value)

Chromosome 5
MLS (%IBD)
Location (cM) (marker)

0.81 (58)
133 (D5S471)

2.19 (61)
78 (D5S647)

8.98 (0.046)

Chromosome 6
MLS (%IBD)
Location (cM) (marker)

0.69 (57)
92 (D6S460)

0.86 (57)
76 (D6S257)

0.64 (.0.50)

Chromosome 7
MLS (%IBD)
Location (cM) (marker)

0.72 (58)
133 (D7S486)

1.01 (57)
5 (D7S531)

1.01 (.0.50)

Chromosome 11
MLS (%IBD)
Location (cM) (marker)

2.08 (61)
77 (D11S937)

1.07 (59)
127 (D11S4151)

7.14 (0.13)

Chromosome 19
MLS (%IBD)
Location (cM) (marker)

0.46 (56)
73 (D19S902)

0.60 (56)
73 (D19S902)

0.05 (.0.50)

*x2 statistic for homogeneity of linkage among the two subgroups. Likelihood for the combined sample in table 2.
Proportion of alleles shared IBD by affected siblings.
IBD, identical by descent.

significant associations with other polymorphisms have been
identified in the GenePD data, but to a younger age of onset.38
The fine mapping study of 20 single nucleotide polymorphisms (SNPs) of genes located in the PARK3 region revealed
an association with SNP rs1876487, located in the predicted
promoter region of the sepiapterine reductase gene (SPR).
The more rare allele (T) was significantly associated with a
younger age of onset. If both true association and linkage
exist, then higher estimates of IBD rates are expected in the
subset of affected relatives from a specific tail of the age of
onset distribution. Evidence for linkage should vary with
family mean age of onset. The mean age of onset of
Parkinson’s disease in our family sample (58 years) is very
similar to those reported in other genome scan studies and
the GenePD study (60 years) as well as in the families linked
to PARK3 (59 years).12 Our stratified linkage analyses by
family mean age of onset showed, at 2p11–q12, both a higher
estimated sharing rate (62% v 55%) and MLS score (1.61 v
0.39) value in the ‘‘late’’ than in the ‘‘early’’ subgroup of
families. Figure 2 plots the corresponding multipoint MLS
values around the PARK3 locus and shows that subgroup
specific linkage peak locations are ,60 cM distant:
MLS = 1.72 at 85 cM near D2S2368 in ‘‘late’’ subgroup;
MLS = 1.11 at 142 cM near D2S112 in ‘‘early’’ subgroup.
These results tend to favour the hypothesis of a putative
PARK3 gene affecting Parkinson’s disease with late age of
onset. However, these differences were not statistically
significant and thus do not confirm a late (or young) age
of onset specific genetic effect. More studies are needed to
confirm or refute this hypothesis in other independent
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Figure 2 Multipoint MLS scores in the total and subgroup of families
with ‘‘early’’ and ‘‘late’’ mean age of onset around PARK3 locus.

samples of Parkinson’s disease cases, especially in samples
of unrelated cases. So far, the reported associations to age of
onset have been identified in a single dataset, showing
positive linkage to age of onset variability. Appropriate
statistical inference of association testing in the presence of
linkage using related cases might be challenging especially
when parental marker data are missing and when few
unaffected siblings with DNA are available, as it is the case in
most Parkinson’s disease families.39
Three other genome scan studies for Parkinson’s disease
have reported linkage to the same chromosome 5q23.11 17 18
Peak locations were all reported within a 10 cM distance. The
Duke study17 and the deCODE study in Iceland11 reported
peaks at D5S816 (139 cM, multipoint LOD score = 1.50) and
at D5S666 (135 cM, multipoint LOD score = 1.6) respectively,
which are ,9 and 5 cM telomeric to our peak at D5S471
(130 cM). The Parkinson Study Group18 reported a peak
(multipoint LOD score = 0.5 to 1.6) near our same marker
D5S47.
Overall, except for PARK3, no evidence for linkage was
observed in our family sample to any of the reported PARK
loci (fig 1). Our peak on chromosome 6p11 does not overlap
the PARK2 region (the parkin gene is at 6q34, ,100 cM to
D6S257).
Our genome screen suggests four new regions—on
chromosomes 11q, 7p, 6p, and 19q—with MLS .1. The
strongest results were obtained on chromosomes 11q and 7p.
None of these regions has been reported in other genomewide linkage studies of Parkinson’s disease.11 16–19 We note,
however, that the Duke genome scan study for Parkinson’s
disease age of onset40 reported a multipoint LOD score of 1.88
at D6S1017, which is less than 30 cM apart from our peak.
The chromosome 19 peak maps at the position of apolipoprotein E, and several studies have reported an association
between Parkinson’s disease and apolipoprotein E2.41 This
may therefore underlie this linkage peak.
From our linkage homogeneity testing, we have shown
that the reported linkages in the six identified regions are not
significantly explained by a specific mean age of onset of
Parkinson’s disease. Stratified analyses by evidence for
linkage on 2p11–q12 suggested that, in our Parkinson’s
disease sample, 2p11–q12 and 5q23 linkage regions may
independently contribute to Parkinson’s disease susceptibility. Interestingly, the 5q23 region encompasses the location
of the synphilin-1 gene, a protein shown to interact in vivo
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with a synuclein and parkin, and a component of Lewy
bodies, the pathological hallmark of Parkinson’s disease.42
In conclusion, our genome-wide scan study has implicated
six chromosomal regions in Parkinson’s disease susceptibility. None of the identified regions satisfies genome-wide
statistical criteria (p,0.05) for ‘‘significant’’ linkage.
Nevertheless, these results merit further investigation,
especially the two regions—2p11–q12 and 5q23—where
excess allele sharing has now been consistently reported in
several independent Parkinson’s disease family datasets. Two
challenging issues for genome scan studies of complex
disorders are the well known multitest problem with the
likely high rate of false positive findings but also the lack of
replication of a specific linkage result.43 None of the published
genome scan studies found linkage to these regions at the
genome-wide significance of p = 0.05, although the studies
were based on a similar and substantial number of affected
sibling pairs (,200). Nonetheless, there is agreement that
replication studies are essential to distinguish true from false
positive linkage findings. Thus consistent replications of
specific linkage areas—even at relatively modest significance
levels—are, in our opinion, of major interest. In our view,
there is now sufficiently compelling evidence to undertake
detailed mapping studies of these two regions. It is also clear
that much larger datasets are probably required to find
statistical evidence for significant linkage. To this end, we are
developing the follow up study of the 5q23 area, with linkage
analysis of additional microsatellite markers as well as
association testing of polymorphisms in positional candidate
genes, in collaboration with the Parkinson Study Group. The
analyses from this global genetic consortium will be done in
the largest Parkinson’s disease family sample to date (more
than 700 affected sibling pairs), and other groups are invited
to participate. All genotypic data that will be generated by
this consortium will be made available in a public setting to
the scientific community.
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