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parkin mutations are the most common identified
cause of Parkinson’s disease (PD). It has been
suggested that patients with young-onset PD be
screened for parkin mutations as a part of their
clinical work-up. The aim of this study was to
assess parkin mutation frequency in a clinical
setting, correlate genotype with phenotype, and
evaluate the current justification for clinical
parkin testing. Patients were selected from a
movement disorder clinic based on diagnosis of
PD and onset age�40 years.parkinwas genotyped
by sequence and dosage analysis for all 12 exons.
Key relatives and controls were screened for
identified mutations. Mutations were found in 7/
39 patients. Two patients were compound hetero-
zygous; five were heterozygous. Mutations
included deletions in exons 2, 3, and 8, duplica-
tions in exons 2–4, and 9, and P437L substitution.
Seventy-eight percent of mutations were dele-
tions/multiplications. A novel substitution (R402W)
was found in one patient and in one control.
None of the point mutations found in patients
were detected in 96 controls. parkin phenotypes
were consistent with idiopathic PD. In conclu-
sion, parkin mutations are common in the clinic
setting: 10% of PD patients had early-onset and
18% of them had parkin mutations. However, if
parkin is recessive, only 5% of early-onset cases
who had compound mutations could be attributed
to this locus. Mutation frequency was 0.12 (95% CI
0.04–0.19). parkin cases can present as typical
idiopathic PD, distinguishable only by molecular
testing. Seventy percent of parkin cases were
heterozygous. It is unclear whether heterozygous
mutations are pathogenic. parkin-based diagno-

sis and counseling require a better understanding
of the mode of inheritance, penetrance, and
carrier frequencies. � 2004 Wiley-Liss, Inc.
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INTRODUCTION

Once believed to be non-genetic, Parkinson’s disease (PD)
has proved to be a heterogeneous disorder with a significant
genetic component. In the past 7 years, more than 10 genetic
loci have been linked to PD [Gwinn-Hardy, 2002; Kruger et al.,
2002], four of which have been identified, and many of the
mutations have been characterized. Mutations in a-synuclein
[Polymeropoulos et al., 1997] and ubiquitin carboxy-terminal
hydrolase L1 [Leroy et al., 1998] cause autosomal dominant
PD. Mutations in parkin [Kitada et al., 1998] and DJ-1
[Bonifati et al., 2003] are associated with early-onset recessive
PD. parkin is the most common single-gene cause of PD known
to date.

Localized on chromosome 6 (PARK2 on 6q25-27), parkin is a
large gene with 12 exons and a 1,395 base-pair (bp) open
reading frame [Kitada et al., 1998]. The protein product,
Parkin, functions as an ubiquitin E3 ligase in the proteosome
degradation pathway [Shimura et al., 2000]. Over 80 parkin
mutations have been identified, spanning all exons. The
mutations include point mutations, as well as deletions and
duplications that range in size from a few bp to multiple whole
exons [West et al., 2002]. DNA sequence analysis can detect
only a subset of mutations. Quantitative gene-dosage analysis
is required for detection of heterozygous and compound
deletions and multiplications, which comprise 60–80% of all
parkinmutations [Hedrich et al., 2001; Kann et al., 2002; West
et al., 2002; Foroud et al., 2003; Oliveira et al., 2003].

parkin was originally discovered as the genetic locus for
autosomal recessive juvenile parkinsonism, a rare disorder
that is characterized by onset <20 years, slow disease pro-
gression, and marked responsiveness to levodopa. The recent
expansion of parkin screening to the more common forms of
PD has uncovered mutations in patients and families with
varied clinical and pathological phenotypes, including families
with seemingly autosomal dominant inheritance [Klein et al.,
2000; Maruyama et al., 2000; Lucking et al., 2001; Kobayashi
et al., 2003], and an autopsy-confirmed parkin family with
Lewy bodies [Farrer et al., 2001]. The age of onset range has
also been expanded, from juvenile and early-onset to beyond
age 70 [Lucking et al., 2000; Foroud et al., 2003; Oliveira et al.,
2003]. Although parkin mutations were presumed recessive,
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recent evidence suggests that heterozygous mutations may
also be pathogenic, or may confer increased susceptibility to
typical late-onset PD [Farrer et al., 2001; Hedrich et al., 2002;
Hilker et al., 2002; West et al., 2002; Oliveira et al., 2003].

The increasing number of reports of parkin mutations in
patients with common forms of PD suggests a wider involve-
ment of parkin in PD than was once believed. These reports
raise questions concerning the prevalence ofparkinmutations,
and whether patients with idiopathic PD, at least those with
early-onset, should be screened for parkin as a part of their
clinical work-up [Khan et al., 2003]. Analysis of parkin
mutations is complex and expensive. Routine clinical genetic
testing would not be justified if mutations were rare in the
clinical setting. Many studies report that parkin mutations
are common in early-onset PD. For example, in one study of
early-onset PD, 49% of families with recessive inheritance and
18% of isolated cases had parkin mutations [Lucking et al.,
2000]. Most published estimates, however, are based on special
populations selected for genetic studies (e.g., consanguineous
families, sib-pairs, and early-onset recessive families in which
parkin mutations are most prevalent); hence, the mutation
rates may have been inflated by selection bias [Kitada et al.,
1998; Lucking et al., 2000; Foroud et al., 2003; Oliveira et al.,
2003]. A community-based study found parkin mutations in
9% of German patients with onset age <50 years [Kann et al.,
2002]. The single clinic-based study published to date reports
a carrier frequency of 4%, but the authors did not perform
gene-dosage studies, and could thus have missed a substantial
number of heterozygous and compound deletions and duplica-
tions [Chen et al., 2003]. Here, we report the results of a
comprehensive parkin mutation analysis in a clinical setting.
We studied every clinic patient who had the diagnosis of
idiopathic PD with early age at onset, and who agreed to
participate in the study, regardless of family history. We
sequenced all 12 exons and performed quantitative gene-
dosage analysis for all exons, to detect homozygous, hetero-
zygous, and compound deletions, multiplications, and point
mutations. This study represents a first step in assessing the
justification for parkin screening in the clinical settings.

MATERIALS AND METHODS

Patients

Study subjects were patients who were seen by neurologists
at the movement disorder clinic at Oregon Health & Science
University (OHSU), and had received a clinical diagnosis of PD
according to the British Parkinson’s Disease Brain Bank
criteria except that family history was not an exclusion criteria
[Hughes et al., 1992]. The majority of patients are living, thus
lack pathological confirmation.

Subjects were initially identified and invited to join the study
solely on the basis of having the diagnosis of PD, regardless of
age at onset or family history. Informed consent was obtained
with Institutional Review Board (IRB) approval from OHSU.
Each subject was asked to provide a family history and a blood
sample for DNA preparation. Family history was obtained
using a self-administered questionnaire, and if positive for PD
or other neurological disorders, they were verified by neuro-
logical examination of the family members or by review of
existing medical records. Key family members were identified
and enrolled with IRB-approved informed consent. Ages at
onset were recorded upon entering the study and were cross-
checked against the earlier medical records. Early-onset was
defined as �40 years because parkin mutations are predomi-
nantly found in this group [Lucking et al., 2000].

Four hundred forty two patients with diagnosis of PD
were enrolled in the study and donated DNA (431 Caucasian,
1 Asian, 1 African-American, 3 Hispanic, 5 native American,

1 mixed ethnicity). For 43 subjects, age at onset was un-
ambiguously established at or before age 40. Four of 43 subjects
had insufficient DNA hence were excluded. parkin analysis
included 39 subjects (22 male, 17 female), representing all
consenting clinic patients with diagnosis of PD, early-onset,
and sufficient DNA. We did not investigate patients with later
onsets because at the time the literature suggested that parkin
mutationswere not involved in late-onsetdisease [Oliveri etal.,
2001]. All 39 subjects analyzed were Caucasian, residing in the
Pacific Northwest. Their ages at onset ranged from 7 to 40
years (32.6� 8.1 years). Their ages at enrollment/blood draw
ranged from 36 to 81 years (52.5� 9.9 years).

Controls

Ninety-six unaffected Caucasian volunteers were used as
control subjects. Like the patients, controls were Caucasians
from the Pacific Northwest. They were ascertained and
enrolled under protocols approved by the IRB of the University
of Washington. Their ages at enrollment and blood draw
ranged from 18 to 72 years (37.9� 12.1 years).

parkin DNA Sequence Analysis

To identify point mutations, we sequenced both DNA strands
of all 12 exons of theparkin gene. Genomic DNA from blood was
used. Primer pairs for amplification and sequencing have been
described previously [Kitada et al., 1998]. Exons along with
50–100 bp of flanking intronic sequences were PCR-amplified,
agarose gel-purified (Gene-clean III, Bio101), and directly
sequenced by dye-terminator cycle sequencing (ABI, Big-Dye)
using an ABI377 sequencer. Nucleotide changes that had been
found in patients were screened for in controls, by sequencing
the entire exon, or by a restriction assay for the specific change.

Gene-Dosage Assays

To identify exon deletions and duplications, we analyzed
gene dosage using real-time fluorescence-based PCR (ABI 7700
Sequence Detector). Amplification of subject genomic DNA was
performed using fluorescently labeled probes (50 FAM or VIC,
30 TAMRA) and Taqman Universal PCR Mix (ABI) [Maruyama
et al., 2000; Tsuang et al., 2002]. parkin exon amplifications
were multiplexed under standard conditions with an 84 bp
fragment of a single-copy human b-actin gene (Genbank
accession number XM_004814) as an internal control. A stan-
dard curve was generated for each parkin exon and for b-actin
using 0, 5, 15, 55, and 220 ng of control human genomic DNA.
The number of PCR cycles required before the ABI 7700 detects
each parkin exon product (CT value) was plotted against
the corresponding exon standard curve, thus calculating the
relative parkin copy number. The copy number for each exon
was normalized to the single-copy actin gene within each
multiplexed reaction and to a normal control reference
individual, allowing an estimate of the number of copies of
parkin. Optimal threshold levels for each primer set were
maintained between plate analyses. All controls and samples
were analyzed in triplicate.

R402W Restriction Digest Assay

Because we found a novel substitution, R402W, in one
patient, we developed a restriction digest assay to detect it.
A BsiWI site encompassing the mutated nucleotide was
artificially introduced, by changing the underlined nucleotides
in the reverse detection primer: R402W R 50-GGTTTCTTT-
GGAGGCTGCTTCCGTAC-30. PCR amplification with the
11F/R402W R primer set amplifies a 156 bp product, where
the normal A allele digests withBsiWI, yielding two fragments
of 22 and 134 nt, and the mutant T allele does not digest. PCR
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reactions were performed in 25 ml reaction volumes, and
restriction digests were carried out directly in the PCR buffer
with the addition of 10� restriction enzyme buffer (2.9 ml), and
10 U of enzyme. Fragments were resolved by gel electrophor-
esis using 4% Nusieve gels with ethidium bromide.

Haplotype Analysis

One patient and her sister (kindred C, Fig. 1) had a 40 bp
deletion in exon 3, as did two previously published families,
Ph and Pw [Farrer et al., 2001]. To determine if the E3 40 bp
deletion haplotype that we found was the same as the E3 40 bp
deletion haplotype in the published families, we genotyped
six members of kindred C, including three affected and three
unaffected subjects, for nine markers within and spanning
the parkin locus on 6q25.2-27. Genotyping was performed
as previously published for the following markers: D6S437,
D6S1581, D6S305, D6S980, D6S1599, D6S1277, D6S264, and
D6S1027 [Farrer et al., 2001].

RESULTS

Seven of the 39 patients analyzed had parkin mutations
(Table I). DNA sequence analysis identified two known
mutations in three patients (P437L and 40 bp del 438–477), a
novel variant (R402W), and several polymorphisms (Table II).
P437L and del 438–477 were not found in the 96 controls
and have been previously reported as pathogenic changes
[Farrer et al., 2001; Hedrich et al., 2002]. Gene-dosage analysis
identified five patients with deletions or duplications. These
included deletions in exons 2, 3, and 8, and duplications in
exons 2–4, and 9 (Table I). Deletions and duplications com-
prised 78% of the mutations. parkin mutation frequency in
early-onset PD was 0.12 (95% confidence interval: 0.04–0.19).

We found eight previously reported polymorphisms, and
one novel rare variant (Table II). The novel R402W substitu-
tion was found in one patient and in one control. Both
individuals were heterozygous. It is not clear if this change is
associated with disease, or is simply a rare variant. We could

Fig. 1. Haplotype analysis of kindred C. To determine if the parkin E3
40 bp deletion in kindred C is within the same haplotype as the E3 deletions
in the Ph and Pw families [Farrer et al., 2001], we used identical
chromosomal markers encompassing and within parkin to genotype six
family members, including the two affected siblings with compound parkin
mutations, the unaffected parents, a paternal uncle with parkinsonism and
a maternal uncle with tremor. Marker locations are from the sex averaged

Marshfield map, http://research.marshfieldclinic.org/Map_Markers/maps/
IndexMapFrames.html. Genetic distances, as listed, between the markers
were derived from a human chromosome 6 genomic contig containing parkin
(Genbank accession no. NT_007422). Haplotypes were manually recon-
structed. The Ph and Pw shared haplotype is shown in the figure. Solid
symbol, PD; hatched symbol, tremor; a, current age; o, onset age.
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not determine if it segregated with disease because the patient
had a negative family history. The control subject with this
substitution had no apparent neurological symptoms and
reported no family history of neurological disease.

Of the 39 early-onset cases genotyped, 16 had a positive
family history, 22 were sporadic, 1 was unknown. The 7 among
the 39 who had parkin mutations included four of 22 sporadic
cases and three of 16 familial cases. Two patients had
compound heterozygous mutations; five were heterozygous.
None of the patients had homozygous mutations. None of the
subjects with parkin mutations have had autopsy documenta-
tion. We studied the key relatives of parkin carriers to set
phase, to study segregation of the mutations in the families,
and to correlate genotype with phenotype, as described below
for each case.

Subject C 201 (Kindred C)

Onset age 8, compound heterozygous (40 bp del E3 and del
E3), positive family history (Fig. 1). Subject C 201 had a 40 bp
deletion in E3 on one chromosome and a deletion of the entire
E3 on the other chromosome. The proband (C 201) and her
sister (C 203) were diagnosed with early-onset PD, and their
paternal uncle (C 101) had the diagnosis of late-onset PD
(Fig. 1). Ages at onset were 8, 14, and 64 years, respectively.
We performed full parkin sequence and dosage analysis on
the affected sister (C 203) and screened the paternal uncle
(C 101), the unaffected parents (C 103 and C 104), and a
maternal uncle with isolated tremor (C 107). The affected sister

(C 203) had the same compound heterozygous genotype as
did the proband. The parents were heterozygous; one had the
40 bp deletion, the other had the E3 deletion. The paternal
uncle with late-onset PD had no parkin mutations. The
maternal uncle with tremor did not have any mutations,
either.

The 40 bp deletion (del 438–477) has been previously
reported to lie within a conserved haplotype in two other
families (Ph and Pw) [Farrer et al., 2001]. To determine if
kindred C in our study had the same founder haplotype,
we genotyped six members of the kindred with the same nine
markers used by Farrer et al. [2001] to establish haplotype.
The 40 bp deletion haplotype in kindred C, as depicted in
Figure 1, is not the same as the haplotype of the Ph and Pw
kindreds, except for two markers at 30 end of the deletion
(D6S1599 and D6S980). Allele 131, which is shared by the
three families, is the commonest allele of D6S1599 with
the frequency of 0.5. Allele frequencies for D6S980 are not
available. All three families are Caucasian of European decent:
Pw is German, Ph is Irish, kindred C is Swedish and English.
Although the extended haplotypes are not identical, a common
old ancestry cannot be excluded.

The proband (C 201) developed dystonia in the right foot at
age 8, which became generalized over the following 2 years.
Hyperreflexia, rigidity, and tremor were noted. She was
treated with pyridoxine and trihexyphenidyl (up to 100 mg/
day) with some improvement in symptoms. The dystonia was
slowly replaced by PD (fine postural tremor, rigidity, and
marked bradykinesia). At age 24 she was started on dopami-
nergic agents, first a dopamine agonist and then carbidopa/
levodopa, which resulted in a dramatic improvement. From
age 28 to 39 (present age) she has had no dystonia and only
parkinsonism (‘‘off’’ Hoehn and Yahr stage 4) complicated by
marked levodopa-induced motor fluctuations and dyskinesia.
She takes 1,050 mg of levodopa per day. The proband’s younger
sister (C 203, younger by 5 years) developed dystonia which
manifested as ill-defined difficulty with running, carrying one
shoulder higher and a mild tremor in her hands at age 14.
At age 20, she was recognized to have parkinsonism and
dystonia, and levodopa treatment was initiated. When first
seen in our clinic at age 24 she had spasmodic dysphonia,
writer’s cramp, mild rigidity, and asymmetric bradykinesia.
At age 33 (present age) she has spasmodic dysphonia and
parkinsonism (‘‘off’’ Hoehn and Yahr stage 3) that is treated
with 1,800 mg of levodopa per day. Treatment is complicated by
levodopa-induced motor fluctuations and dyskinesia. Neither
sister has been able to tolerate dopamine agonists because they
induce hypomanic behavior.

Subject D 201

Onset age 37, compound heterozygous (del E2 and del E3),
positive family history. To determine if the deletions of E2 and
E3 were contiguous on the same chromosome, or if they were
compound heterozygous deletions, we analyzed genomic DNA
from the subject’s parents. Both parents carried heterozygous
deletions, one with an E2 deletion, and the other with an E3
deletion; therefore, D 201 carries compound heterozygous
parkin mutations.

The proband (D 201) had onset of symptoms at age 37 and
was diagnosed with PD at age 42. He had one affected uncle
who had an age at onset of 41 and was diagnosed with PD at
age 43. The uncle was deceased and no DNA was available.
D 201 has Hoehn and Yahr stage 2 parkinsonism with minimal
tremor and asymmetrical bradykinesia and rigidity. He was
started on carbidopa/levodopa at age 44; has been maintained
on low dose (75/300 mg/day) for 9 years with almost complete
abolition of his parkinsonism and no motor fluctuations or
dyskinesia.

TABLE I. parkin Mutations Identified in 7 of 39 Patients With
Early-Onset PD

Subject ID
Age of
onset Sex

Family
history Mutation 1 Mutation 2

C 201 8 F Positive 40 bp del E3 del E3
D 201 37 M Positive del E2 del E3
E 302 30–32 M Positive dup E2-4a a

F 201 25 F Negative del E8 Noneb

G 201 37 F Negative dup E9 Noneb

H 203 14 F Negative P437L E12 Noneb

I 201 37 F Negative P437L E12 Noneb

aUnable to set phase.
bSecond mutation was not detected by sequence analysis and dosage assays
for all exons.

TABLE II. parkin Polymorphisms and Their Frequencies in
Patients and Controls

Polymorphism

Frequency of rare allele
(no. of chromosomes tested)

Patients
(this study)

Controls
(this study)

Controls [Abbas
et al., 1999]

Coding sequence polymorphism
S167N 0.01 (78) 0.02 (158) 0.01 (166)
V380L 0.17 (78) 0.11 (154) 0.16 (90)
D394N 0.01 (78) 0.07 (152) 0.07 (180)
R402W 0.01 (78) 0.005 (192) —
Intronic polymorphism
IVS2þ 25t-c 0.26 (78) 0.27 (176) 0.19 (90)
IVS3-20c-t 0.12 (76) 0.07 (190) 0.10 (90)
IVS7-35a-g 0.38 (78) 0.47 (184) 0.27 (72)
IVS8þ 48c-t 0.13 (60) 0.19 (184) —
IVS7-68g-c 0.13 (78) 0.23 (182) —
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Subject E 302

Onset age 30–32, dup E2-4, positive family history. This
subject had the onset of right arm rest and postural tremor at
about age 30–32 and was diagnosed as having PD at age 34
when rigidity and bradykinesia were evident in the right arm.
He was started on levodopa at age 38 and when last seen at
age 52, he continued to respond to the drug (Hoehn and Yahr
stage 3) and experienced motor fluctuations and dyskinesia.
He suffered with depression. Proband has two affected sibs
(E 304 and E 305). E 304 had the onset of a rest and postural
tremor at age 27. Levodopa was initiated at age 34 and he now
has dyskinesia and motor fluctuations. Psychiatric evaluation
for depression and anxiety suggested that he had a schizoid
personality. E 305 had onset of prominent rest and postural
tremor at age 24. She was started on levodopa which reduced
the tremor but at age 39 she had fluctuations in response
and dyskinesia. Depression and anxiety with panic attacks
complicated her course.

Subject F 201

Onset age about 25, heterozygous, negative family history.
The subject had a heterozygous deletion in exon 8. Although
family history is negative for PD, F 201 has a half-sister with
isolated tremor. Suspecting that tremor may be a variable
expression of the same E8 deletion, we genotyped the half-
sister. She did not have the deletion. F 201 had the onset of
PD at around age 25 with an asymmetrical rest tremor followed
by rigidity and bradykinesia in the tremulous arm. Treatment
with levodopa improved her symptoms but at age 52, when last
seen, she experienced marked motor fluctuations with an ‘‘off’’
Hoehn and Yahr severity of 4 and prominent dyskinesia.

Subject G 201

Onset age 37, heterozygous, negative family history. This
subject has a heterozygous duplication of exon 9. She had the
onset of PD at age 37 with right hand rest and postural tremor.
Over the following 15 years, the tremor has become severe and
bilateral, although asymmetric, as well as more generalized
bradykinesia and a shuffling gait. She started levodopa at age
48; within 2 years, motor fluctuations and dyskinesias, mainly
affecting the right extremities, have developed as well. At age
52 she has prominent rest and postural tremor when off and is
Hoehn and Yahr stage 3.

Subject H 203

Onset age 14, heterozygous single base substitution in exon
12 (P437L), negative family history. This patient has an
asymmetrical, slowly progressive, tremor predominant par-
kinsonism. At age 80, she was Hoehn and Yahr stage 3 with
asymmetrical rest tremor, rigidity, and bradykinesia despite
using no antiparkinson medications because she did not like
the subjective effects she experienced with levodopa.

Subject I 201

Onset age 36, heterozygous single base substitution in exon
12 (P437L), negative family history. She had the onset of PD at
age 36 with bradykinesia, rigidity and a postural tremor. She
was started on carbidopa/levodopa at age 38 and has had a
definite response but complicated by marked motor fluctua-
tions, dyskinesia and a peculiar ‘‘on’’ hypotonia and ataxic
state without dyskinesia. Currently at age 57, she has had a
unilateral pallidotomy, a subsequent bilateral subthalamic
stimulation, and continues to take 1,200 mg of levodopa per day
to control her parkinsonism which is Hoehn and Yahr stage 4
when ‘‘off’’.

DISCUSSION

In a movement disorder clinic, seven of 39 patients (18%)
with early-onset PD had parkin mutations. Early-onset cases
comprised 10% of the clinic’s patient population. Several of the
parkin cases presented as typical idiopathic PD, distinguish-
able only by mutation analysis. Two-thirds of the parkin-
positive patients were missed by DNA sequencing alone and
required detection by quantitative gene-dosage assays. Among
the parkin-positive cases, 71% were heterozygous, and 29%
were compound heterozygous. The carrier frequency (percen-
tage of early-onset subjects with one or two mutations) was
18%. Assuming a strictly recessive inheritance, only 5% of
patients with early-onset PD had a pathogenic parkin
genotype; the remaining 13% were heterozygous. Whether
these heterozygous parkin mutations were the cause of the
disease in these patients is unknown.

Recent studies have proposed that heterozygous mutations
may also be pathogenic, or may lead to later-onset disease
[Farrer et al., 2001; Hedrich et al., 2002; Hilker et al., 2002;
West et al., 2002; Oliveira et al., 2003]. The majority of
patients who have parkin mutations are heterozygous. In
prior studies, 60–75% of early-onset parkin-positive patients,
and 82% of late-onset parkin-positive patients were hetero-
zygous [Hedrich et al., 2002; Kann et al., 2002; West et al.,
2002; Foroud et al., 2003; Oliveira et al., 2003]. In our study,
71% of parkin-positive patients were heterozygous. The
mutations that we found in heterozygous patients have been
reported before in patients with single and compound muta-
tions and are considered pathogenic when occurring in com-
bination with another pathogenic mutation [Lucking et al.,
2000; Hedrich et al., 2001; Kann et al., 2002; West et al., 2002].
Whether these ‘‘pathogenic’’ mutations can cause disease in
the heterozygous state is unknown. Due to the enormity of the
gene and its intervening sequences, it has not been feasible to
fully analyze the intronic and regulatory sequences. Therefore,
it remains possible that the seemingly heterozygous subjects
have a second undetected mutation embedded in an intron or
other regulatory regions outside the coding sequence. It is also
possible that the presence of a single mutation in some patients
is coincidental, and unrelated to disease. Control subjects were
sequenced, but they were not tested for mutations involving
gene dosage. None of the point mutations found in our patients
were found in normal controls, in either the present study or
other published studies [Broussolle et al., 2000; Farrer et al.,
2001; Hedrich et al., 2002; Kann et al., 2002]. However, the
majority of mutations are heterozygous deletions and duplica-
tions detectable only by dosage analysis, for which there are no
data for normal controls in the literature. Thus, the carrier
frequency in normal control population is largely unknown and
it may not significantly exceed the frequency of heterozygous
patients. In short, the heterozygous genotypes could be the
cause of the disease, could be unrelated to disease, or could
only appear to be heterozygous because we were unable to
detect the second mutation.

Prior estimates of parkin carrier frequency for early-onset
PD have ranged widely from 4 to 49%, varying primarily by
patient selection criteria and mutation detection methods
used. If we consider the differences in subject selection and
inclusion criteria, and their expected consequences on results,
our findings are in line with prior reports. Carrier frequency in
our specialty clinic (18%) was higher than a community-based
study which included patients with onset ages up to 50 years
(9%) [Kann et al., 2002], similar to rates found for other isolated
or familial cases with early-onset PD (16–18%) [Lucking et al.,
2000; Hedrich et al., 2002; Oliveira et al., 2003], and lower than
rates in families with early-onset and recessive inheritance
(49%) [Lucking et al., 2000]. We found significantly more
parkin carriers among early-onset patients than did another
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recent clinic-based study, which found a carrier frequency of
only 4% in 27 patients screened [Chen et al., 2003]. The study
did not analyze gene dosage and therefore may have missed
some of the mutations. Our results would be comparable if
we had calculated the carrier frequency based only on the
mutations that were detectable by sequence analysis.

The majority of parkin mutations are found in patients
with early-onset PD, and yet, the majority (82% in our study) of
early-onset PD do not have parkin mutations. This under-
scores the heterogeneity within idiopathic PD, and the need for
further elucidation of additional causes. To further appreciate
the complexity of idiopathic PD, one should keep in mind that
early-onset PD is only a small subtype in the overall picture.
parkin mutations have been found in the more typical late-
onset disease, but their frequency appears to be much lower
[Foroud et al., 2003; Oliveira et al., 2003]. The causes of
common, late-onset PD are still unknown.

The clinical phenotype of parkin-positive patients was
remarkably similar to that of patients without parkin muta-
tions. Although certain features may be more common in
parkin families, parkin cases cannot be distinguished solely on
the basis of clinical features and require genetic testing
[Bonifati et al., 2001; Foroud et al., 2003; Khan et al., 2003;
Periquet et al., 2003]. Both the compound heterozygotes and
the heterozygotes had clinical features that are characteristic
of young-onset PD. Response to levodopa in all subjects was
generally excellent, although the complications of long-term
levodopa therapy were common and severe [Quinn et al., 1987;
Schrag et al., 1998]. Tremor often had postural and rest
components and was frequently prominent. Levodopa respon-
siveness and levodopa-induced complications were also com-
mon in the study of Lucking et al. [2000]. Two kindreds in
particular stood out among our clinic-based population.
Kindred C was marked by childhood and juvenile onset cases
with prominent dystonia, and kindred E had a large familial
component and very prominent tremor. Nevertheless, when
these subjects were seen in our clinic, the clinical picture was
consistent with idiopathic PD.

It has been proposed that parkin should be a part of diag-
nostic work-up for young-onset parkinsonism [Khan et al.,
2003]. The need for complex quantitative dosage assays
[Hedrich et al., 2001], the large size of the parkin gene [Kitada
et al., 1998], the wide variety of the mutations observed to date
[Abbas et al., 1999; West et al., 2002], and the frequent de novo
rearrangements [Periquet et al., 2001] all make parkin anal-
ysis technically difficult and expensive. Clinical interpretation
of results, particularly for heterozygous genotypes, is another
major challenge. parkin-based diagnosis may be informative
for a small subset of cases that have homozygous or compound
mutations. However, the majority of parkin-positive patients
are heterozygous, and the pathogenecity of heterozygous
mutations has not been established. No data are available on
sensitivity and specificity of these mutations. Consider a
patient with two parkin mutations who seeks counseling for
family planning: just a few years ago, when parkin was
presumed to be recessive, he would have been advised that his
children are not at risk, whereas in fact, depending on the
penetrance of heterozygous mutations, each child may be at
substantial risk. Wide application of clinical parkin testing
would be premature, until the mode of inheritance, penetrance
and population carrier frequencies are established. Determin-
ing the diagnostic and predictive value of parkin may be a
daunting task, if the nature and degree of disease association
vary by the type, dosage, and combination of mutations.
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