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Abstract
The ATP/ADP ratio reflects mitochondrial function and has been reported to be influenced by the
size of the Huntington disease gene (HD) repeat. Impaired mitochondrial function has long been
implicated in the pathogenesis of Parkinson’s disease (PD) and therefore, we evaluated the
relationship of the HD CAG repeat size to PD onset age in a large sample of familial PD cases. PD
affected siblings (n=495) with known onset ages from 248 families, were genotyped for the HD CAG
repeat. Genotyping failed in 11 cases leaving 484 for analysis, including 35 LRRK2 carriers. All cases
had HD CAG repeats (range 15 to 34) below the clinical range for HD, although 5.2 percent of the
sample (n=25) had repeats in the intermediate range (the intermediate range lower limit=27; upper
limit=35 repeats), suggesting that the prevalence of intermediate allele carriers in the general
population is significant. No relation between the HD CAG repeat size and the age at onset for PD
was found in this sample of familial PD.
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Introduction
PD is a neurodegenerative disorder associated with the loss of neurons of several
neurotransmitter systems at many levels of the central and peripheral nervous systems. Its
principal symptoms, resting tremor, rigidity, bradykinesia and postural instability, arise from
loss of dopaminergic neurons of the substantia nigra. The estimated prevalence is
approximately 0.3%, with an average onset age of 60 years.1, 2 Although the majority of cases
of PD are of unknown etiology, some inherited forms have been identified.3 Five genes have
been cloned that identify monogenic forms of PD. These encode alpha-synuclein (PARK1)
4, parkin (PARK2) 5, PTEN-induced putative kinase 1 (PINK1) (PARK6)6, DJ-1 (PARK7)
7, and leucine-rich repeat kinase 2 (LRRK2) (PARK8) 8. Other loci, including PARK3, have
been identified, but genes at those sites have not yet been cloned.9 PARK110, PARK211,
PARK612, and PARK713 lead to an earlier onset of PD while the onset age for PARK814 is
similar to that seen for idiopathic PD.

Accumulating research has implicated mitochondrial dysfunction, possibly triggered by
nuclear genetic mutations, in PD pathogenesis.15, 16 We sought to investigate mechanisms
influencing mitochondrial function to evaluate their role in PD. Since the size of the triplet
repeat CAG in exon 1 of the HD gene influences the ATP/ADP ratio,17 a measure
mitochondrial function, the length of this triplet repeat may provide a biomarker of
mitochondrial function that influences age at onset of PD. Impaired mitochondrial function
has long been implicated in the pathogenesis of Huntington’s disease (HD [MIM 143100]),
18, 19, 20, 21 an autosomal dominant neurodegenerative disorder caused by an expanded CAG
repeat in exon 1. Among affected individuals, the repeat size is inversely related to the age of
onset of the disease,22 although other genetic modifiers may also influence HD onset.23
Notably, the relationship of ATP/ADP ratio to HD repeat size was not confined to the expanded
range (>35 repeats), but extends across the normal variation in HD repeats (8 to 35 repeats).
Seong et al. 17 proposed that the HD CAG repeat may fortuitously provide a mechanism to
evaluate the role of mitochondria in other diseases, such as PD, with potential mitochondrial
dysfunction. We have therefore evaluated the relationship of HD CAG repeat size to PD onset
age in a large sample of familial PD cases.
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Methods
Participants

The GenePD study is an ongoing study of familial PD which recruits families with at least two
cases of PD meeting diagnostic criteria.24 Participants were enrolled through thirty academic
centers or clinics (19 in the United States, three in Canada, two in Australia, two in Germany,
two in Italy, one in the United Kingdom, and one in Denmark).25 The protocol was reviewed
and approved by each center’s institutional review board. All participants were advised of the
risks of the study and provided written informed consent. Participants met the diagnostic
criteria for PD of the United Kingdom PD Society Brain Bank Criteria.26 Eligible participants
had at least one first degree relative meeting diagnostic criteria for PD. These familial cases
may represent several different modes of transmission (e.g. dominant or recessive forms) as
well as possible common environmental risk factors for PD. PD age of onset was described as
the youngest age when tremor, rigidity, or bradykinesia was noted by the patient or family. No
participants had been diagnosed with HD, and none had a familial history of HD. Participants
were screened for known PD causing genes. No cases carrying a-synuclein, DJ-1, or PINK1
mutations were found in this sample. Participants carrying parkin mutations were identified in
this sample but only the homozygous parkin carriers were excluded from this study.

Our initial study included 495 siblings with confirmed PD diagnosis and known onset ages
from 248 families. Genotyping of the HD gene failed in 11 of these cases leaving a final sample
of 484 siblings for analysis (Table 1). Thirty-five participants from 18 families were found to
be LRRK2 carriers and these were studied separately as “LRRK2 cases”. The remaining 449
non-LRRK2 carriers are termed “Familial PD” cases.

Genotyping
Each participant provided a blood sample for the purpose of DNA genotyping. DNA extraction
occurred on site for samples collected at Washington University in St. Louis, Germany,
Australia, and Milan. For all other locations, blood samples were shipped to the Center for
Human Genetic Research at the Massachusetts General Hospital, where DNA was extracted.
27 All genotyping was performed by the ABI 3730 DNA Analyzer (Applied Biosystems, Foster
City, CA, http://www.appliedbiosystems.com/). CAG repeat sizes were determined by
polymerase chain reaction of the number of CAG trinucleotide repeats responsible for the
HD gene, using a modified protocol that eliminated an adjacent proline (CCG) repeat.28, 29

Statistical analysis
The mean, median, standard deviation and range of CAG repeats were calculated for the entire
sample and separately for the LRRK2 cases and the other familial PD cases. Association to PD
onset age was examined by (1) studying the larger CAG repeat carried by each participant, (2)
by dichotomizing at the median CAG length of larger repeat and (3) studying the sum of both
repeats. The average age of onset of PD was compared by larger repeat size and by high repeat
size versus low repeat size determined by having at least one repeat greater than 19 versus
having only repeats sizes of 19 or less. Generalized estimating equation (GEE) models were
used to test the association between repeat size and PD onset age to account for repeated
observations within a family. Models were tested predicting PD onset age by larger repeat size,
high repeat size versus low repeat size and by the sum of repeat sizes.

Results
The median HD CAG repeat size among the 484 study participants was 17 with a standard
deviation of 3.15 and a range of 9 to 34. The maximum CAG repeat size (larger of the two
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alleles) ranged from 15 to 34 and had a median of 19. The distribution of CAG repeats was
similar between the LRRK2 and other familial PD cases (Table 2).

Alleles with repeats above 26 units are considered “intermediate” and may be prone to
expansion into the clinical range of 40 or more repeats with paternal transmission.30 In this
sample, there were twenty-five participants (5.2%) with repeats above 26 CAG units (eight
with 27 CAG repeats, three with 28, one with 29, five with 30, three with 32, three with 33,
and two with 34).

Of the 449 familial PD cases not carrying a LRRK2 mutation, 196 (43.7%) had a HD repeat
size greater than 19 while 253 (56.3%) participants had repeats of 19 or less. Mean PD onset
age was 62.3 and 62.4, respectively (Table 2). Among the 35 participants with a LRRK2
mutation, 14 (40%) had HD repeats greater than 19, and the remaining 21 (60%) participants
had repeats smaller than or equal to 19. Mean PD onset age was 61.6 and 60.0, respectively.
The mean PD onset age for participants with HD repeat sizes greater than 19 was not
statistically different from participants with repeat sizes less than 19, regardless of LRRK2
status (p=0.92 for Familial PD and p=0.60 for LRRK2 PD).

Examining the larger CAG repeat size as a continuous variable also showed no effect of repeat
size on PD onset age for either the familial PD (GEE effect estimate= 0.06 and p-value =0.73)
or LRRK2 PD (GEE effect estimate= −0.36 and p-value =0.55). Figure 1 illustrates the absence
of effect of the larger HD CAG repeat size on the onset age of PD among the familial PD
sample.

Association between PD onset age and both repeats was also studied by examining the sum of
both repeats and no significant difference was seen for either the Familial PD sample (GEE
effect estimate= 0.02 and p-value =0.86) or the LRRK2 sample (GEE effect estimate= 0.06
and p-value =0.90).

Discussion
In this analysis of familial PD cases recruited by the GenePD study, the CAG repeat size in
the HD gene is not associated with the age at onset of PD. All cases had HD CAG repeats
(range 15 to 34) below the clinical range for HD, although 5.2 percent of the sample had repeats
in the intermediate range (27 to 35 repeats), suggesting that the prevalence of intermediate
allele carriers in the general population is significant.

While several working hypotheses propose a link between huntingtin and mitochondrial
dysfunction31, 32 others have suggested that the pathogenesis of HD does not involve a defect
in energy metabolism. 33 Seong et al. 26 observed that persons with HD may show reduced
mitochondrial ATP/ADP ratios in damaged neurons. Dysfunction within the mitochondrial
electron transport chain occurs in victims of both PD and HD, suggesting a shared dysfunctional
pathway.15, 24 It was hypothesized that the various alleles of the HD gene, which have been
shown to influence the onset age of HD,21 might also influence the onset age of PD. Although
PD and HD may be linked by potential defects in mitochondrial function and CAG repeat
length may correlate with mitochondrial function, we did not find a relationship between CAG
repeat size and age of PD onset. This suggests that PD and HD are probably not related and
that huntingtin is not implicated in PD. These findings suggest that the process(es) that yield
altered energetics and loss of neurons in PD are distinct from the mechanism by which the
HD CAG repeat regulates mitochondrial function.
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Figure 1.
The box plot shows the median and 25th and 75th percentiles with whiskers extending to the
5th and 95th percentiles of the onset age of PD for each CAG repeat length.
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Table 1
Summary statistics including average age of onset and sex distribution for LRRK2 and other Familial PD cases.

Number of cases Number of Families Percent male Average age of onset

Total 484 248 57.0 62.2

Familial PD 449 230 57.9 62.4

LRRK2 PD 35 18 45.7 60.7

Both LRRK2 and Familial PD cases have similar onset ages, although the proportion of male cases is greater for the Familial PD sample.
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Table 3
Comparison of PD cases with CAG repeats ≤ 19 versus cases with CAG repeats > 19.

N Mean age (± S.D.) Age range

Familial PD

 Larger repeat >19 196 62.3 ± 10.6 25 – 84

 Larger repeat ≤19 253 62.4 ± 11.3 27 – 88

LRRK2 PD

 Larger repeat >19 14 61.6 ± 8.2 50 – 75

 Larger repeat ≤19 21 60.0 ± 10.7 43 – 77

The Familial PD sample and the LRRK2 PD sample show no significant difference in onset age between the high repeat size and low repeat size categories.
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