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ABSTRACT

Objective: Mutations in both alleles of parkin have been shown to result in Parkinson disease (PD).
However, it is unclear whether haploinsufficiency (presence of a mutation in only 1 of the 2 parkin
alleles) increases the risk for PD.

Methods: We performed comprehensive dosage and sequence analysis of all 12 exons of parkin in
a sample of 520 independent patients with familial PD and 263 controls. We evaluated whether
presence of a single parkin mutation, either a sequence (point mutation or small insertion/deletion)
or dosage (whole exon deletion or duplication) mutation, was found at increased frequency in
cases as compared with controls. We then compared the clinical characteristics of cases with 0,
1, or 2 parkin mutations.

Results: We identified 55 independent patients with PD with at least 1 parkin mutation and 9
controls with a single sequence mutation. Cases and controls had a similar frequency of single
sequence mutations (3.1% vs 3.4%, p � 0.83); however, the cases had a significantly higher rate
of dosage mutations (2.6% vs 0%, p � 0.009). Cases with a single dosage mutation were more
likely to have an earlier age at onset (50% with onset at �45 years) compared with those with no
parkin mutations (10%, p � 0.00002); this was not true for cases with only a single sequence
mutation (25% with onset at �45 years, p � 0.06).

Conclusions: Parkin haploinsufficiency, specifically for a dosage mutation rather than a point mu-
tation or small insertion/deletion, is a risk factor for familial PD and may be associated with earlier
age at onset. Neurology® 2009;73:279 –286

GLOSSARY
ADL � Activities of Daily Living; GDS � Geriatric Depression Scale; MLPA � multiplex ligation-dependent probe amplifica-
tion; MMSE � Mini-Mental State Examination; PD � Parkinson disease; UPDRS � Unified Parkinson’s Disease Rating Scale.

Parkinson disease (PD; MIM 168600) is the second most common neurodegenerative disease.
Mutations in 5 genes have been identified to segregate with PD in a mendelian fashion.
Alterations in 3, PRKN (parkin), DJ-1, and PINK1, are typically transmitted with autosomal
recessive inheritance, whereas alterations in the other 2, SNCA and LRRK2, are inherited in an
autosomal dominant fashion. Mutations in these 5 genes seem to be causative in less than 5%
of patients.1

More than 100 different parkin mutations have been reported and are found in all 12 exons
of the gene.2 Point mutations as well as copy number variation (i.e., deletions and duplications
of entire exons, hereafter referred to as “dosage” changes) have been identified as pathogenic
mutations.3-11 Harboring 2 parkin mutations typically leads to juvenile-onset (ages 15–25
years) or early-onset (�45 years) forms of PD.5,6 Several previous studies have hypothesized
that haploinsufficiency, or the presence of a mutation in only 1 of 2 parkin alleles, may lead to
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an increased risk of PD. If true, this would
suggest that parkin may be both a causative
and a susceptibility gene.11-14

We have performed both sequencing and
dosage analysis of all parkin exons in a sample
of controls and sequentially recruited familial
PD cases, allowing us to obtain unbiased esti-
mates of the frequency of parkin mutations in
controls as well as cases with a family history
of PD.

METHODS Subjects screened (n � 520). PD families
were ascertained as part of an ongoing genetic study through a
pair of siblings, both of whom were reported to have PD. The
study was approved at each site’s institutional review board. The
first 520 families out of a total of 735 recruited were included in
the present study, and a single affected individual from each
family, typically the proband, was selected to be comprehen-
sively screened for parkin mutations. Results of parkin screening
for 127 of these individuals have been previously reported.9,11 All
participants were seen by a movement disorder specialist at 1 of
59 Parkinson Study Group sites located throughout North
America. Each participant completed a uniform clinical assess-
ment that included the Unified Parkinson’s Disease Rating Scale
(UPDRS) Parts II (Activities of Daily Living) and III (Motor
Exam),15 Schwab and England score,16 Hoehn and Yahr stage,17

the Mini-Mental State Examination (MMSE),18 the Geriatric
Depression Scale (GDS),19 and the Blessed Functional Activity
Scale (Blessed).20 In addition, a diagnostic checklist with inclu-
sion criteria consisting of clinical features highly associated with
autopsy-confirmed PD and exclusion criteria consisting of clini-
cal features highly associated with non-PD pathologic diagnoses
was used to classify individuals as having either verified PD
(90%) or nonverified PD (10%).21 DNA was obtained from pe-
ripheral blood.

Cases used in association analyses (n � 420). To avoid
bias from population stratification, association analyses were
limited to self-reported white, non-Hispanic individuals who
met criteria for verified PD and did not harbor a known LRRK2
mutation.22-24 Of the 520 individuals screened, 29 were not of
white, non-Hispanic descent, 50 did not meet criteria for veri-
fied PD, and 33 had previously been identified to harbor an
LRRK2 mutation.22-24 Some PD cases fulfilled more than 1 of
these exclusion criteria. The final analyzed data set included 420
independent cases.

Controls screened (n � 263). The control sample consisted
of 270 neurologically normal individuals obtained from the Na-
tional Institute of Neurological Disorders and Stroke Human
Genetics DNA and Cell Line Repository (Camden, NJ; DNA
panels NDPT002, NDPT006, NDPT009). Data from a prior
genome-wide association study verified that these individuals
were unrelated.25 Individuals not of white, non-Hispanic descent
(n � 2) and controls reporting a family history of PD in a first or
second degree relative (n � 5) were excluded. All controls pro-
vided appropriate written informed consent for storage and fu-
ture use of their samples. The final analyzed data set included
263 independent controls.

Parkin sequencing. PCR and sequencing primers were de-
signed using the chromosome 6 genomic contig sequence

NT_007422.13 enabling PCR/sequencing of all 12 coding ex-
ons and corresponding intron/exon boundaries of parkin. Typi-
cally, 80 ng of each genomic DNA was PCR amplified in a
40-�L reaction using conditions empirically determined for each
primer pair as previously described.26 The resulting PCR prod-
ucts were purified using the QIAquick 96 PCR purification kit
(QIAGEN, Santa Clara, CA) and sequenced on an ABI 3730
DNA analyzer using the Applied Biosystems (Foster City, CA)
BigDye Terminator Kit, version 1.1. DNA sequences were
aligned and analyzed using Sequencher 4.5 (Gene Codes Corpo-
ration, Ann Arbor, MI). All missense mutations were analyzed
using SIFT (http://blocks.fhcrc.org/sift/SIFT.html) to predict in
silico whether the amino acid change would be deleterious or
benign.

Parkin dosage analysis using MLPA. Multiplex ligation-
dependent probe amplification (MLPA) was performed with
100 ng of genomic DNA according to manufacturer’s instruc-
tions using the P051 and P052 Salsa MLPA Parkinson probe sets
(MRC-Holland, Amsterdam, The Netherlands). This probe set
includes probes for all parkin exons, and 10 of the 12 exons have
a duplicate probe. Probe amplification products were run on an
ABI 3730xl DNA Analyzer using GS500 size standard (Applied
Biosystems). MLPA peak plots were visualized using Genemap-
per Software version 3.7 (Applied Biosystems), and nonnormal-
ized values for peak height and peak area were then exported to
an Excel template. Normalization of data and calculation of dos-
age ratios was performed as described at www.mrc-holland.com/
MLPA%20analysis.htm. A dosage ratio value of �0.7 was used
as the boundary for deletions, and �1.35 was used as the bound-
ary for duplications.

Parkin dosage analysis using real-time PCR. All dele-
tions and duplications identified using MLPA were verified us-
ing real-time PCR. Applied Biosystems’ Assay by Design service
was used to design fam-labeled TaqMan gene expression assays
for each exon of parkin. Genomic DNA samples were quanti-
tated by Pico Green fluorescence in triplicate with the Quant-iT
PicoGreen dsDNA Kit (Molecular Probes, Eugene, OR). After
quantitation, 50 ng of genomic DNA was used in a real-time
absolute quantitation assay for the parkin exon in question, per-
formed on the 7300 Real Time PCR System (Applied Biosys-
tems). Assays were performed as 25-�L reactions in triplicate,
with each genomic DNA sample being done in duplicate for the
parkin exon in question. After real-time PCR, data were analyzed
with the ABI Sequence Detection Software, RQ Study upgrade,
version 1.2.3 (Applied Biosystems). Quantitation of the target
amount in DNA samples was accomplished by measuring the Ct
value and comparing it with a standard curve. Quantitation for
study samples was then compared with those of control samples
known not to have exonic deletions/duplications.

Statistical analysis. The common variants S167N, V380L,
and D394N, previously shown to be benign polymor-
phisms,5,27,28 were not coded as mutations in these analyses.

The Fisher exact test was used to evaluate the first hypothe-
sis: the presence of a single parkin mutation increased the risk of
PD. Analyses were also performed classifying the single parkin
mutation as either a dosage or sequence mutation and tested
whether the presence of each of these different types of muta-
tions individually increased the risk of PD.

The second hypothesis tested was that individuals with
parkin mutations (either 1 or 2) had different clinical charac-
teristics (i.e., age at onset, UPDRS subscores, MMSE, GDS,
Hoehn and Yahr stage) compared with those cases without a
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parkin mutation. The groups with 2 parkin mutations and 1
parkin mutation were compared independently with the con-
trol group. Linear and logistic regression models were used,
where relevant.

RESULTS A total of 520 consecutive, independent,
familial PD cases were screened for parkin mutations
using both direct sequencing and MLPA analysis (ta-
bles 1 and 2). Mutations, defined as any variant
found in �1% of all control chromosomes and that
change the amino acid sequence, were identified in
55 patients (10.6% of familial PD cases) (table 3).
The percentage of individuals with parkin mutations
was higher when symptoms began in earlier decades:

33% for those with onset between ages 11 and 20
years, 47% for onset between 21 and 30 years, 52%
for onset between 31 and 40 years, 14% for onset
between 41 and 50 years, 2% for onset between 51
and 60 years, 7% for onset between 61 and 70 years,
and 5% for onset at age �71 years (tables e-1 and e-2
on the Neurology® Web site at www.neurology.org).
Of those harboring at least 1 parkin mutation, 27
had a mutation in both alleles (11 homozygous, 16
compound heterozygous), and 28 had a mutation de-
tected in only 1 of the 2 alleles (12 dosage mutations,
16 sequence mutations). The most common muta-
tion detected in our PD cohort was the cis deletion of
exons 3–4 (13% of observed mutations), followed by
P437L (11%) and R275W (10%). All other muta-
tions each represented less than 10% of the total
number of mutations observed (tables e-1, e-2, 2,
and 3).

Nine of the 263 controls were heterozygous carri-
ers of a single parkin sequence mutation (table 2).
The most common mutations detected in the control
sample were A82E, R275W, and P437L, with 2 in-
stances of each. MLPA analysis yielded no parkin
dosage changes in the controls (tables e-1 and e-2).
Controls carrying a parkin variant did not have a sig-

Table 1 Sample demographics

Source Type n

Mean age at onset for
cases or examination
for controls (range) % Male

PROGENI (all samples screened for
parkin mutations)

Cases 520 59.3 (18–88) 58.1

PROGENI (white non-Hispanic
with verified PD and no LRRK2
mutations)

Cases 420 60.3 (21–84) 59.5

NINDS Human Genetics Resource
Center (Coriell)

Controls 263 69.5 (55–88) 48.3

PD � Parkinson disease; NINDS � National Institute of Neurological Disorders and Stroke.

Table 2 Sequence mutations identified*

No. alleles/No. chromosomes (frequency)

Exon Nucleotide change Protein change SIFT prediction Cases Controls

2 c.98G�A R33Q Benign 1/1,040 (0.001) 0/526 (0)

2 c.101-102delAG Q34fs (�4 amino acids) 4/1,040 (0.004) 1/526 (0.002)

2 c. 155delA N52fs (�28 amino acids) 3/1,040 (0.003) 0/526 (0)

3 c. 235G�T E79X 1/1,040 (0.001) 0/526 (0)

3 c.245C�A A82E Benign 1/1,040 (0.001) 2/526 (0.004)

3 c.247A�G T83A† Benign 0/1,040 (0) 1/526 (0.002)

3 c.337-376del P113fs (�51 amino acids) 6/1,040 (0.006) 0/526 (0)

3 c.400insCCA P133dup† 1/1,040 (0.001) 0/526 (0)

4 c.518C�T T173M Deleterious 1/1,040 (0.001) 0/526 (0)

4 IVS4 535G -9T�A† 2/1,040 (0.002) 0/526 (0)

5 c.574A�G M192V Benign 1/1,040 (0.001) 0/526 (0)

6 c.633A�T K211N Deleterious 1/1,040 (0.001) 0/526 (0)

6 c.718C�T T240M Benign 2/1,040 (0.002) 0/526 (0)

7 c.766C�T R256C Benign 1/1,040 (0.001) 1/526 (0.002)

7 c.823C�T R275W Deleterious 8/1,040 (0.008) 2/526 (0.004)

8 c.930G�C E310D Benign 1/1,040 (0.001) 0/526 (0)

9 IVS9 1083�1delG† 1/1,040 (0.001) 0/526 (0)

9 IVS9 1083�5G�T 1/1,040 (0.001) 0/526 (0)

12 c.1289G�A G430D Deleterious 1/1,040 (0.001) 0/526 (0)

12 c.1310C�T P437L Benign 9/1,040 (0.009) 2/526 (0.004)

*Among 520 familial Parkinson disease (PD) cases and 263 controls screened.
†A novel, not previously reported mutation.
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nificantly earlier age at examination (69.4 years vs
69.5 years for those not harboring a parkin muta-
tion); however, those carrying a variant predicted to
be deleterious by the program SIFT (table 2) tended
to be younger at examination (57, 60, 73 years)
(table e-1).

Within the 420 unrelated white, non-Hispanic,
familial PD cases, the frequency of mutations in only
1 of the 2 parkin alleles was 5.7% (24 PD cases), with
3.1% having a single change detected by sequence
analysis and 2.6% having a single dosage change
identified by MLPA (table 4). In comparison, only 9
controls carried a parkin mutation (3.4% of con-
trols), with none being a dosage mutation. Overall,
cases were not more likely than controls to carry a
mutation in only 1 of 2 parkin alleles (5.7% vs 3.4%,
p � 0.20). However, when the type of parkin muta-

tion was compared, there was a higher frequency of a
single parkin dosage mutation in the cases than in the
controls (2.6% vs 0%, p � 0.009). The frequency of
each individual sequence and dosage mutation was
too low to provide sufficient power to test for associ-
ation with each mutation separately.

The clinical features of the parkin mutation-
positive and mutation-negative PD individuals were
remarkably similar (table 5). The core symptoms of
PD (bradykinesia, rest tremor, muscular rigidity, and
postural instability) were all found at comparable
rates. There was no difference in the proportion of
individuals classified as verified PD (87.3% of muta-
tion carriers vs 90.8% of noncarriers, p � 0.46). PD
cases with a single dosage mutation were more likely
to have an earlier age at onset (�45 years) compared
with those with no parkin mutations (p � 0.00002),
but the same could not be said for those with only a
single sequence mutation (p � 0.06). Individuals
with 2 mutations had a significantly earlier onset
than those with only 1 mutation (p � 0.0008),
though this too was different for sequence (p �

0.001) and dosage mutations (p � 0.02). No other
clinical feature (other than ethnicity) differed be-
tween those that carried 2 mutations vs 1 mutation.
As shown previously,29 there was no association be-
tween harboring 1 or 2 parkin mutations and depres-
sive symptomatology (GDS score � 10) when
individuals showing signs of cognitive impairment
(MMSE � education-specific threshold) were ex-
cluded from analysis (p � 0.19).

DISCUSSION Interpreting the clinical significance
of parkin mutations has been problematic because of
the large number of different mutations that have
been identified in the gene.1 Truncating or frame-
shift mutations likely lead to a loss of enzyme func-
tion, whereas the effect of missense, synonymous and
variants near splice sites may not have as obvious an
effect on enzyme function. It has not been conclusively
shown whether a mutation on only 1 of the 2 alleles
affects the risk for PD.11-14,27 Here we provide evidence
that certain types of mutations in the heterozygous state
are more likely to increase risk than others. Specifically,
a single copy of a deletion or duplication was found in
2.9% of cases and none of the controls (p � 0.009). PD
cases carrying a single dosage change were more likely to
have onset before age 45 years (50% compared with
10% of those without parkin mutations, p � 0.00002);
however, cases carrying a single sequence mutation were
no more likely to have onset before age 45 years than
those without a mutation (25% vs 10%, p � 0.06).
These data suggest that dosage changes in parkin play a
larger role in disease susceptibility than do sequence
mutations.

Table 3 Dosage mutations identified*

No. alleles/No. chromosomes (frequency)

Exon Alteration Cases Controls

2 Deletion 2 4/1,040 (0.004) 0/526 (0)

2 Deletion 2–3 4/1,040 (0.004) 0/526 (0)

2 Duplication 2 1/1,040 (0.001) 0/526 (0)

2 Duplication 2–4 2/1,040 (0.002) 0/526 (0)

2 Triplication 2–4 1/1,040 (0.001) 0/526 (0)

3 Deletion 3–4 11/1,040 (0.011) 0/526 (0)

3 Deletion 3–6 1/1,040 (0.001) 0/526 (0)

4 Deletion 4 1/1,040 (0.001) 0/526 (0)

4 Deletion 4–5 1/1,040 (0.001) 0/526 (0)

4 Deletion 4–6 1/1,040 (0.001) 0/526 (0)

4 Duplication 4 2/1,040 (0.002) 0/526 (0)

5 Deletion 5 1/1,040 (0.001) 0/526 (0)

5 Deletion 5–6 2/1,040 (0.002) 0/526 (0)

5 Duplication 5–8 1/1,040 (0.001) 0/526 (0)

6 Deletion 6 2/1,040 (0.002) 0/526 (0)

7 Duplication 7 1/1,040 (0.001) 0/526 (0)

8 Deletion 8–9 1/1,040 (0.001) 0/526 (0)

*Among 520 familial Parkinson disease cases and 263 controls screened.

Table 4 Association between parkin carrier status and Parkinson disease

Cases*
(n � 840
chromosomes)

Controls
(n � 526
chromosomes) p Value

Two parkin mutations 17 (4.0%) 0 (0.0%) 0.0005

One parkin mutation 24 (5.7%) 9 (3.4%) 0.20

Single sequence
mutation

13 (3.1%) 9 (3.4%) 0.83

Single dosage
mutation

11 (2.6%) 0 (0.0%) 0.009

*Analyses were limited to 420 white non-Hispanic Parkinson disease cases without a
known LRRK2 mutation.
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There is also heterogeneity of effect with regard to
missense mutations. At one end of the spectrum are
several common variants previously shown to be be-
nign polymorphisms (S167N, V380L, D394N)5,27,28

that were therefore excluded from analysis in the cur-
rent study. Other observed variants included in our
analyses may also be benign, but they are found at
such a low frequency that it is difficult to draw firm
conclusions about their pathogenicity. One such
variant, P437L, is predicted by the program SIFT to
be benign. This variant is found in 6 independent
cases within this familial cohort, and the 3 PD cases
that were homozygous for the variant tended to have
a later age at onset (ages 45, 70, 81 years; table 2). If
the allele is pathogenic, it would seem to result in
later onset PD as compared with other missense mu-
tations. When P437L and all other variants catego-
rized as “benign” by the SIFT algorithm were
excluded from analyses, the same conclusions are
reached—namely, single sequence mutations are

equally common in cases and controls (p � 0.75),
single sequence mutations are not associated with
early age at onset (22% with onset at �45 years com-
pared with 10% among those without a parkin muta-
tion; p � 0.26), and single dosage changes are more
common in cases than controls (p � 0.009). How-
ever, with benign mutations excluded and the 2 types
of mutations (sequence and dosage) combined, cases
had a higher frequency of a single parkin mutation
than controls (p � 0.02). These results suggest that
the variants predicted by SIFT as being benign are
likely to be correct; however, additional studies are
required to confirm the in silico predictions.

Individuals with 2 parkin mutations tended to
have earlier onset and consequently tended to have a
longer duration of disease. Significant differences in
other clinical characteristics were not seen in this
study. Hispanics made up a disproportionately
higher percentage of the individuals with 2 parkin
mutations as compared with their representation in

Table 5 Comparison of the clinical characteristics of the parkin mutation groups with the no parkin
mutation group*

Two parkin
mutations p Value

One parkin
dosage
mutation p Value

One parkin
sequence
mutation p Value

No parkin
mutation

n 27 12 16 465

Age at onset 40.5 1 � 10�7 50.9 0.04 56.2 0.32 60.7

Early onset (<45 y) 77.8% 1 � 10�22 50.0% 0.00002 25.0% 0.06 10.3%

Disease duration 20.9 0.0001 14.8 0.21 10.4 0.67 9.5

Verified PD 81.5% 0.11 100.0% 0.27 87.5% 0.66 90.8%

White 77.8% 0.0001 100.0% 0.44 93.8% 0.78 95.3%

Hispanic 18.5% 0.00001 0.0% 0.57 6.2% 0.37 2.6%

At least 1 parent reported to have
PD

25.9% 0.24 25.0% 0.39 31.2% 0.63 37.2%

LRRK2 G2019S carrier 0.0% 0.30 8.3% 0.52 0.0% 0.39 4.4%

Any LRRK2 mutation carrier 0.0% 0.25 8.3% 0.68 0.0% 0.33 5.6%

Hoehn and Yahr stage 2.6 0.40 2.4 0.64 2.3 0.54 2.5

Blessed Functionality score 3.3 0.25 2.7 0.16 2.8 0.16 4.0

UPDRS Part II (ADL) 14.0 0.74 12.3 0.57 12.8 0.73 13.5

UPDRS Part III (motor) 27.0 0.92 26.5 0.96 26.6 0.97 26.7

MMSE score 28.2 0.009 27.5 0.17 28.0 0.10 26.7

Depression symptomatology
(GDS >10)

7.1% 0.04 7.5% 0.34 8.1% 0.56 9.0%

Hallucination with drugs† 11.1% 0.03 33.3% 0.84 37.5% 0.56 30.6%

Hallucinations without drugs† 11.1% 0.50 8.3% 0.92 0.0% 0.25 7.5%

Bradykinesia 100.0% 0.38 100.0% 0.54 93.8% 0.47 97.0%

Rigidity 100.0% 0.16 100.0% 0.33 93.8% 0.87 92.6%

Instability 76.0% 0.17 58.3% 0.78 68.8% 0.60 62.3%

Rest tremor 80.0% 0.90 66.7% 0.31 81.2% 0.82 78.9%

*Among 520 familial Parkinson disease cases.
†Dopaminergic agent.
PD � Parkinson disease; UPDRS � Unified Parkinson’s Disease Rating Scale; ADL � Activities of Daily Living; MMSE �

Mini-Mental State Examination; GDS � Geriatric Depression Scale.
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the rest of the sample (12.1% of cases with 2 parkin
mutations vs 2.4% of cases with no parkin muta-
tions, p � 0.00001). All 6 Hispanic cases harboring
parkin mutations were from Puerto Rico. Particular
alleles were more common in the Puerto Rican cases; of
the 12 parkin alleles observed, 4 were cis deletions of
exons 3–4, 3 were N52fs (�28 amino acids) frameshift
mutations, 2 were R275W, 2 were cis deletions of exons
2–3, and 1 was the wild-type allele. If parkin mutations
are in fact more common in Puerto Rico or in the
greater Hispanic population at large, it is especially im-
portant that any genetic association analyses be per-
formed within a single population to avoid bias due to
population stratification. Overrepresentation of parkin
mutations in Hispanic populations has been noted pre-
viously,30 and the cis deletion of exons 3 and 4 was
found to be common among Puerto Rican cases.2

One subject with PD harbored both a heterozy-
gous deletion of exon 2 and an LRRK2 G2019S allele
(table 5). This individual met criteria for verified PD
and had onset at age 41 years. One sibling of this
individual had onset at 68 years and had the same 2
mutant alleles at LRRK2 and parkin, whereas the
other sibling had onset at 83 years and inherited only
the G2019S allele, suggesting that the mutant parkin
allele contributed to earlier disease onset.

In this study, we have used MLPA to screen for
whole exon deletions and duplications and con-
firmed every dosage change using real-time PCR.
Previously, we used semiquantitative fluorescent
multiplex PCR to identify parkin dosage muta-
tions.9,11 Several dosage changes reported in our pre-
vious studies9,11 did not replicate using the newer
more robust methods, including what seemed to be a
common deletion in exon 8. We have now deter-
mined that one of the primers used to amplify this
region annealed to a region containing a previously
unknown SNP, which resulted in the erroneously
observed exon deletion. In contrast, only 2 muta-
tions flagged by MLPA (deletion of exon 4, duplica-
tion of exon 9) did not validate using real-time PCR.

Phase could be determined conclusively for 89%
of individuals (including all heterozygous rearrange-
ments involving consecutive exons), and identity by
descent estimates from prior linkage data provided
supportive evidence for an additional 8% of individ-
uals (tables e-1 and e-2). Should any of the inconclu-
sive compound heterozygotes with dosage mutations
prove to have both variants on a single allele, this
would only strengthen the evidence that heterozy-
gous dosage mutations are associated with disease.

In the past, most studies of parkin have focused
on either sporadic or early-onset cases. Our study is
relatively unique in its ascertainment of familial PD,
and it is therefore likely to be enriched for a genetic

etiology. In addition, we have not limited our screen-
ing to cases below an age at onset threshold. For this
reason, we were able to show that parkin mutations
are present in individuals with an older age at onset
(tables e-1 and e-2). Therefore, a mutation in the
parkin gene should not be ruled out when evaluating
patients with a later age at onset, especially if they
have a family history of PD.

We have completed the largest study to perform
both sequencing and dosage analysis in cases and
controls. Given the high frequency of exon rear-
rangements in our sample, it is apparent that thor-
ough screening of the parkin gene must include
dosage studies. In this study, we were able to show
that while the frequency of single sequence mutations is
similar between cases and controls (even when variants
predicted to be benign were excluded), cases are much
more likely to harbor dosage changes, indicating that
this type of mutation may be more pathogenic.
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