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Fine-mapping and candidate gene investigation
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Herein, we investigate whether single-nucleotide polymorphisms (SNPs) across the PARK10 locus are
associated with susceptibility to Parkinson’s disease (PD) or age at onset (AAO) of disease. One hundred
and eighty-eight SNPs were genotyped across the PARK10 locus in 180 PD patients and 180 controls from
central Norway (stage 1). We then used the linkage disequilibrium (LD) structure from stage 1 to select 75
SNPs for genotyping in 186 patients and 186 controls from Ireland (stage 2). Nineteen SNPs were selected
from this and previous studies for follow-up in an extended Norwegian series (530 patients and 1142
controls), the Irish series and a US series (221 patients and 221 controls) (stage 3). After correction for
multiple testing, markers within ubiquitin specific peptidase 24 (USP24) are significantly associated with PD
within Norwegian, Irish, and US series combined (rs13312: odds ratio (OR) 0.78, P<0.001; rs487230: OR
0.80, P=0.001). Independently, the association for rs13312 is strongest in the extended Norwegian series
(OR 0.76, P=0.005), although not significant after correction for multiple testing (P<0.003 is considered
significant). ORs in the Irish series are almost identical, and a similar but a weaker effect was observed for
the US series. No marker showed consistent association with AAO. Our data indicate that genetic variability
in USP24 is associated with PD. Although our work extends and confirms a previous report, the observed
effect size does not explain the PARK10 linkage peak.
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Introduction
Parkinson’s disease (PD; OMIM no. 168600) is a common
neurodegenerative disease affecting ~2% of people aged
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65 years and older.! Linkage studies have identified several
genetic forms of PD over the past decade; however, the
cause of disease in the majority of PD patients remains
unknown. Several linked PARK loci still await the identi-
fication of the pathogenic gene.

Hicks et al* linked a locus on chromosome 1p32
(PARK10, OMIM %606852) to late-onset PD in Iceland
with a logarithm-of-odds (LOD) score of 4.9. Markers
D1S2874 and D1S475 define an LOD minus one (LOD-1)
interval of ~8Mb around the peak. Analyzed under an
additive model, carriers of one or two ‘at-risk’ alleles
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have an estimated 30 times and 59 times the risk of
developing PD, respectively, compared with noncarriers.>
Interestingly, Li et al® linked a directly overlapping locus
using age at onset (AAO) as a quantitative trait of PD in
sib-pairs from the US Caucasian population (LOD score 3.4).

Several studies have investigated the PARK10 locus for
single-nucleotide polymorphisms (SNPs) that are asso-
ciated with susceptibility to PD or AAO, nominating
several genes: human immunodeficiency virus type I enhancer
binding protein 3 (HIVEP3), eukaryotic translation initiation
factor 2B, subunit 3 gamma (EIF2B3), embryonic lethal,
abnormal vision-like 4 (ELAVL4), and ubiquitin specific
peptidase 24 (USP24).*~8 A recent genome-wide association
study in PD identified two PARK10 SNPs in high linkage
disequilibrium (LD) within the CUB domain containing
protein 2 (CDCP2) gene.’ Despite comprehensive efforts
by us and other groups, this finding could not be
replicated.'®='S Furthermore, a gene expression study
recently highlighted ring finger protein 11 (RNFI11) as a
PARKI0 candidate gene.'® It remains unresolved whether
any of these candidate genes can account for the PARK10
linkage or are involved in the etiology of PD.

Population history and genetic data tell us that Iceland’s
heritage is primarily of Scandinavian descent, with a minor
Celtic matrilineal component.!'”!® Assuming that the
PARK10 mutation predates the settlement of Iceland from
the ninth century and onward, we hypothesized that the
1p32 PD susceptibility gene may be identified in
Scandinavian or Celtic PD patients. Consequently, we
fine-mapped the PARKI0 LOD-1 interval in Norwegian
(stage 1) and Irish (stage 2) patient—control series. In stage

STAGE 1
Fine-mapping 188 SNPs in
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3, we used an extended series from Norway, the Irish series,
and a Caucasian series from the United States to follow-up
associated SNPs, and those SNPs in candidate genes
reported to be associated with susceptibility to PD or
AAO (Figure 1).

Patients and methods
Patients

All PD patients (n=924) were examined and observed
longitudinally by an experienced movement disorder
specialist (TL, JMG, RJU, ZKW, or JOA). Assessment of
motor symptoms was carried out according to the Unified
Parkinson’s Disease Rating Scale and Hoehn and Yahr
staging.'”*° The diagnostic evaluation was based on
clinical information, disease development, and response
to levodopa, with PD diagnosed according to published
criteria.?! Patients with atypical symptoms, LRRK2 muta-
tions, or early-onset patients with parkin mutations were
excluded. The controls reported no history of neurodegen-
erative disease; however, they were not all neurologically
examined. The Norwegian exploratory series (stage 1)
consisted of 180 patients and 180 age- (+4 years),
gender-, and ethnicity-matched controls originating from
central Norway. Mean age was 69 £ 10 standard deviation
(SD) years (range; 49-96) for both patients and controls.
Mean AAO in patients was 57 £ 11 SD years (range 25-88).
The male-to-female ratio was 1.4:1 in both patients and
controls. Three controls and six patients were eliminated
from the Stage 1 Norwegian series due to diagnostic
uncertainty during follow-up or inconsistent genotypes

STAGE 2
Fine-mapping 75 ‘tagging’
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Figure 1

Follow-up on associated SNPs
from Stage 1 and 2, and SNPs
from previous studies in 924 PD
patients and 1536 controls
(An extended series from
Central Norway, the Irish
and a US series)

180 PD patients and 180 controls | —— SNPs from Stage | in 186 PD
from Central Norway patients and 186 controls
from Ireland
STAGE 3

Study overview. Stage 1: fine-mapping of the PARKT0 locus in patients and controls from central Norway. Stage 2: fine-mapping of

‘tagging’ SNPs in patients and controls from Ireland on the basis of the LD structure obtained from controls in the Norwegian exploratory series.
Stage 3: Replication of 19 candidate SNPs from stages 1, 2 and candidate SNPs from previous studies in an extended series from central Norway, the

Irish series and a Caucasian US series.
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for markers. The addition of 356 patients and 965
unmatched controls resulted in 530 PD patients and 1142
controls from the same geographical region in central
Norway being included in the extended Norwegian series
(stage 3). Mean age in the extended series was 72+ 11 SD
years (range 29-98) for patients and 73+11 SD (range
29-98) for controls. Mean AAO in patients was 59+ 11 SD
years (range 25-88). The male-to-female ratio was 1.6:1 in
patients and 0.9:1 in controls.

Irish samples (stage 2) included 186 patients and 186
controls matched for age ( + 4 years), gender, and ethnicity,
with a mean age of 61 +12 SD years (range 33-90) in both
patients and controls. The male-to-female ratio was 0.6:1 in
both patients and controls, and the mean AAO in PD cases
was 50+ 11 SD years (range 18-77). Thirteen patients were
eliminated from the Stage 2 Irish series due to diagnostic
uncertainty during follow-up or inconsistent genotypes for
markers, resulting in 173 PD patients and 173 age- and
gender-matched controls in stage 3. Mean age in both
patients and controls was 61 12 SD years (range 33-90),
whereas mean AAO in patients was 49%11 SD years.
Information regarding AAO was not available for 44 (25%)
of the Stage 3 Irish patients.

The US samples (Stage 3) included 221 Caucasian
patients and 221 age- (£4 years), gender-, and ethnicity-
matched controls. Mean age was 70+ 10 SD years (range
36-89) in both patients and controls. The male-to-female
ratio was 0.9:1 in both patients and controls, and the
mean AAO in patients was 62+ 12 years (range 23-85).
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Differences between the Norwegian, Irish, and US samples
were evident, with a younger AAO and a higher proportion
of female patients in the Irish series. Participants provided
informed consent and the ethical review boards at each
Institution involved approved the study.

Marker selection and genotyping

We used a three-stage design to investigate the PARKI10
locus (Figure 1). Stage 1: the original fine-mapping was
performed by genotyping a set of SNPs spanning the
PARK10 locus in a subset of 180 patients and 180 matched
controls from central Norway. Additional SNPs were then
selected on the basis of the empirical LD structure obtained
from controls in the first set of markers. This procedure was
repeated several times to ensure coverage of the locus (see
Figure 2 and statistical analysis section below). Stage 2: 75
SNPs spanning the PARKIO locus were selected and
genotyped in the Irish series on the basis of the LD
structure obtained from Norwegian controls in stage 1. We
have previously shown that the LD structure within the
PARK10 locus is similar in Norwegian and Irish controls.'?
Stage 3: SNPs were selected for genotyping in the follow-up
either on the basis of evidence of association (P<0.05) in
the fine-mapping sets or because they were candidate genes
based on previous reports. These SNPs were genotyped in
an extended Norwegian series (530 PD patients and 1142
controls), including the samples genotyped in stage 1, the
Irish samples (identical to stage 2), and the patient-control
series from the United States. Only SNPs with minor allele

0 v - -
5000 6000 7000 8000 9000

10000 11000 12000 13000 14000

Figure 2 Metric LDU map of the top LOD—1 interval of the PARKTO locus between markers D152874 and D15475. The LDU map provides
information about LD patterns in the region. LDUs have an inverse relationship with LD with regions of extensive recombination having many LDUs. All
SNPs genotyped during the fine-mapping part of the study are represented, including five SNPs in the ELAVL4 gene and 28 SNPs within the CDCP2
gene loci previously reported®'3. The candidate genes HIVEP3 and EIF2B3 are located in the telomere of this interval, and thus not included in the

figure.

European Journal of Human Genetics



frequency (MAF) over 1% among all series combined were
included in the final association analysis (stage 3).

Genotyping for the original fine-mapping in the
Norwegian and Irish series (stages 1 and 2) was done by
PCR and restriction enzyme digest or by using TagMan
chemistry on an ABI7900 genetic analyzer. Genotyping of
new variants and SNPs in candidate genes (stage 3) was
performed on the Sequenom MassArray iPlex platform
(primer sequences available on request). Duplicate samples
were included for genotype quality control.

Statistical analysis

Numerical variables were summarized with the sample
mean, SD, and range. As a statistical control for systematic
genotyping error, evidence for departure from Hardy-
Weinberg equilibrium was assessed for each variant. For
the Norwegian, Irish, and US matched series, individual
associations between PD and each marker were measured by
odds ratios (ORs), and corresponding 95% CIs were obtained
from single-variable conditional logistic regression models.
For the Norwegian extended series and combined series
(extended Norwegian, Irish, and US), individual associations
between PD and each marker were measured by ORs and
95% Cls obtained from logistic regression models adjusted
for age, sex, and series (combined series only). In PD
patients, linear regression models adjusted for sex were used
to examine individual associations between AAO and each
marker, separately for each series. Samples genotyped for
markers in stages 1 and 2 were not included in the stage 3
follow-up genotyping for the same markers (Table 1). LD
between markers in study controls was assessed with
pairwise r*-values as implemented in the Haploview soft-
ware.?? In addition, a metric LD unit (LDU) map was
constructed.?® For each family of statistical tests, adjustment
for multiple testing using the single-step minP procedure
was performed,®* with 10000 permutations of genotype
labels to determine the level of significance that controls the
family-wise error rate at 5%.2* P-values less than or equal to
this level are considered significant.

Results
In our fine-mapping study, SNPs genotyped in the PARK10
LOD-1 interval are represented as an LDU map (Figure 2).%3
The 188 SNPs included should provide reasonable coverage
of the interval, as the mean LDU between markers was 0.40
(range, 0-3.0), with one marker for every 50kb. Associa-
tions between individual SNPs and susceptibility to PD in
the Norwegian series are shown in Supplementary Table 1
(stage 1; 180 PD patients and 180 controls). Associations
between 75 individual SNPs and susceptibility to PD in the
Irish series (stage 2) are shown in Supplementary Table 2.
We selected markers for further study on the basis of the
associations between SNPs and susceptibility to PD in the
Stage 1 Norwegian series (Supplementary Table 1):
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1s11579642 intragenic (OR: 1.49, P=0.042), rs2783175 in
the thioredoxin domain containing 12 (TXNDC12) gene (OR:
2.79, P=0.002), and rs1970951 in the glutathione peroxidase
7 (GPX7) gene (OR: 0.51, P=0.001). There was also
evidence for association between SNPs in an LD block
between 156662414 and 1s1242317. One associated SNP
(rs6588441) in the zyg-11 homolog B (ZYG11B) gene
(OR: 1.84, P=0.001) was in high LD (*=0.66-0.96) with all
other SNPs in this LD-block and was selected for follow-up
genotyping. The last SNP selected from the Stage 1
Norwegian series was 1s8990 located in the 24-dehydro-
cholesterol reductase (DHCR24) gene (OR: 0.58, P=0.052).
Two SNPs were also selected for genotyping on the basis of
the results in the Irish series (Supplementary Table 2):
rs734908 intragenic (OR: 0.64, P=0.015) and 15213498 in
the single stranded DNA binding protein 3 (§SBP3) gene (OR:
0.71, P=0.028). In addition, SNPs in HIVEP3, EIF2B3, and
USP24 were selected for follow-up genotyping as they
have been nominated in previous studies.>®® RNFI1
was recently characterized as a PARK10 candidate gene.
On the basis of HapMap data (http://www.hapmap.org),
we selected two RNF11 SNPs with MAF>0.1 for follow-
up genotyping.'® Finally, a coding SNP (rs3820198)
in the low-density lipoprotein receptor-related protein 8
apolipoprotein ¢ receptor (LRPS) gene was selected for
follow-up genotyping as a biological candidate.?® Thus, a
total of 19 SNPs were selected for follow-up genotyping in
the combined Norwegian, Irish, and US series (stage 3).
Associations between the 19 SNPs and susceptibility to PD
or AAO are shown in Tables 1 and 2, respectively. Allele
frequencies for the 19 SNPs genotyped in stage 3 are shown
in Supplementary Table 3.

In the stage 3 Norwegian series, all four SNPs in USP24
were associated with susceptibility to PD with estimated
ORs ranging from 0.76 to 0.81 (0.01>P>0.004) (Table 1).
However, only P-values <0.003 are considered statistically
significant after correction for multiple testing. ORs were
almost identical in the Irish series, and there was a similar,
although weaker, trend in the US series (Table 1).

Joint analysis of Norwegian, Irish, and US samples was
significant after correction for multiple testing for rs13312
(OR: 0.78, 95% CI: 0.67-0.90, P=0.0007) and rs487230
(OR: 0.80, 95% CI: 0.70-0.91, P=0.0013), whereas
15287235 (OR: 0.81, 95% CI: 0.71 - 0.93, P=0.0035) and
1s1165226 (OR: 0.86, 95% CI: 0.76-0.97, P=0.015)
showed the same trend. LD structure for USP24 SNPs is
shown in Figure 3. No other SNP was consistently
associated with susceptibility to PD across series, and there
were no SNPs that were consistently associated with AAO.

Discussion

Herein, we present the data from a fine-mapping and
candidate gene investigation of the PARK10 locus in PD.
SNPs were genotyped across the PARKIO locus in a
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Table 1 Association between single SNPs and susceptibility to PD in the follow-up series (stage 3)
US series (221 patients, Irish series (173 patients, Norwegian series

221 controls) 173 controls) (530 patients, 1142 controls)
Marker Physical Reason Estimated Estimated OR Estimated
(minor allele) position Gene selected OR (95% Cl) P-value (95% Cl) P-value OR (95% Cl) P-value
rs648178 (T) 41774750 HIVEP3 638 1.02 (0.76 - 1.38) 0.88 1.18 (0.79-1.77) 0.42 0.98 (0.83-1.17) 0.86
rs1105414 (A) 41917351 HIVEP3 68 0.92 (0.53-1.61) 0.78 1.15 (0.55-2.43) 0.71 0.87 (0.61-1.21) 0.41
rs661225 (C) 42082752 HIVEP3 68 0.91 (0.69-1.21) 0.52 0.80 (0.59-1.08) 0.14 1.09 (0.94-1.27) 0.24
rs263978 (A) 45135579 EIF2B3 8 0.95 (0.73-1.23) 0.69 0.74 (0.55-1.00) 0.048 1.05 (0.90-1.21) 0.54
rs12405721 (G) 45187020 EIF2B3 8 0.76 (0.54-1.08) 0.12 1.26 (0.84-1.90) 0.26 1.05 (0.87-1.26) 0.59
rs11579642 (T) 51241140 Intragenic Norwegian 0.90 (0.68-1.20) 0.47 1.26 (0.87-1.82) 0.23 1.10 (0.90-1.33) 0.36°
rs7526029 (G) 51481371 RNFT1 6 0.95 (0.61-1.49) 0.82 1.33 (0.68-2.60) 0.40 0.96 (0.75-1.21) 0.71
rs12404033 (G) 51502642 RNF11 16 0.90 (0.64-1.26) 0.55 1.02 (0.68-1.53) 0.92 0.88 (0.74-1.05) 0.15
rs2783175 (A) 52271449 TXNDC12 Norwegian 1.65 (0.84-3.22) 0.14 0.82 (0.41-1.67) 0.59 0.90 (0.58-1.38) 0.65°
rs1970951 (T) 52845042 GPX7 Norwegian 1.43 (0.97-2.10) 0.071 1.08 (0.74-1.58) 0.70 0.99 (0.79-1.23) 0.93°
rs6588441 (A) 52996082 ZYGI11B Norwegian 1.18 (0.89-1.57) 0.25 1.11 (0.82-1.49) 0.50 0.85 (0.70-1.02) 0.078°
rs3820198 (G) 53565239 LRP8 Candidate 0.98 (0.73-1.31) 0.88 0.90 (0.65-1.24) 0.51 1.06 (0.90-1.25) 0.47
rs734908 (G) 53716625 Intragenic Irish 0.97 (0.71-1.34) 0.87 0.64 (0.44-0.92) 0.015° 1.01 (0.85-1.19) 0.93
rs213498 (A) 54639762 SSBP3 Irish 1.11 (0.84-1.46) 0.48 0.71 (0.53-0.96) 0.028° 1.01 (0.87-1.18) 0.87
rs8990 (T) 55089006 DHCR24 Norwegian 0.59 (0.37-0.95) 0.031 1.97 (1.17-3.33) 0.011 1.12 (0.81-1.52) 0.49°
rs13312 (C) 55305330 Usp24 8 0.86 (0.63-1.17) 0.34 0.76 (0.54-1.06) 0.11 0.76 (0.63-0.92) 0.005
rs487230 (T) 55313762 Uspr24 5.8 0.90 (0.67-1.20) 0.46 0.75 (0.53-1.05) 0.093 0.79 (0.66-0.94) 0.008
rs1165226 (G) 55380593 UsP24 5.8 1.02 (0.79-1.32) 0.90 0.80 (0.58-1.10) 0.17 0.81 (0.70-0.95) 0.009
rs287235 (C) 55451087 UspP24 58 0.92 (0.69-1.22) 0.56 0.79 (0.57-1.11) 0.18 0.79 (0.66-0.94) 0.009

Estimated odds ratios and P-values result from single variable conditional logistic regression models (US and Irish series) or logistic regression models adjusted for age and sex (Norwegian

series).

®Indicates markers from Stage 1 that were analyzed only in additional stage 3 Norwegian patients (n = 356) and controls (n = 965). Estimated odds ratios correspond to an increase of one
minor allele. Following a single-step minP adjustment for multiple testing, P-values <0.0038 (US series), 0.0047 (Irish series), and 0.0030 (Norwegian series) are considered statistically
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PIndicates results that should not be considered as replication, as the same Irish samples were included in stage 2 for these markers.
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Table 2 Association between single SNPs and AAO of PD in the follow-up series (stage 3)

Norwegian patients (n=530)

Estimated regression

Irish patients (n=173)

Estimated regression

US patients (n=221)

Estimated regression

P-value

coefficient (95% Cl)

P-value coefficient (95% Cl) P-value

coefficient (95% Cl)

Gene

Physical position

Marker (minor allele)
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Estimated regression coefficients and P-values result from linear regression models adjusted for gender. Estimated regression coefficients are interpreted as the increase in mean age of PD

onset with an increase of one minor allele. Following a single-step minP adjustment for multiple testing, P-values<0.0029 (US sample), 0.0030 (Irish sample), and 0.0031 (Norwegian

sample) are considered as statistically significant.
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Figure 3 Haploview plot for SNPs in the USP24 gene. LD between
markers is measured by pairwise r* as calculated from 1142 Norwegian
controls. Black cells=high LD, gray cells=intermediate LD, White

cells=weak LD.

Norwegian (Stage 1) and Irish (Stage 2) PD patient-control
series (Figure 1). In stage 3, we investigated associated SNPs
from stages 1 and 2 and SNPs previously reported to be
associated with susceptibility to PD or AAO in an extended

follow-up sample.

Three main conclusions can be derived from our study:

(i) None of the SNPs associated with susceptibility to PD

(i)

in the fine-mapping study (stages 1 and 2) remained
significant in the follow-up sample (stage 3; see
Table 1). Thus, initial associations could be excluded
when the SNPs were genotyped in a larger sample set.
Most previously reported associations between SNPs
and susceptibility to PD or AAO within the PARKI10
locus could not be replicated in our study. We selected
a few of the most interesting SNPs from each
candidate gene in an attempt to directly replicate
previous associations (stage 3). This approach is in
agreement with recent recommendations for replica-
tion studies.’®?” From their fine-mapping study,
Oliviera et al® reported SNPs in HIVEP3 gene to be
associated with susceptibility to PD. In a recent study
by the same group, the association between HIVEP3
SNPs and PD was still present when genotyping an
extended series that included the original samples.®
We found no association between HIVEP3 SNPs and
PD (Table 1), including the most significant SNP from
Li et al,® 151105414 (previously known as 1s3856255).
Hence, our data do not support a role for HIVEP3 in
the etiology of PD. Furthermore, we could not
replicate the reported association between SNPs in
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EIF2B3 or USP24 and AAO (Table 2). Our group has
previously reported that SNPs in ELAVL4 are asso-
ciated with PD in the Irish series, but not in the
Norwegian or US series. This lack of consistency
makes ELAVL4 less likely as a candidate gene for
PARK10, although replication may be warranted for
ELAVL4 in samples of Celtic descent.*

(iii) USP24 SNPs are associated with susceptibility to PD in
the combined Norwegian, Irish, and US series after
correction for multiple testing, and ORs observed are
consistent with a previous report from the United
States.® Furthermore, Oliviera et al® found these USP24
SNPs to be associated with AAO in PD. This finding
must be interpreted with caution, as susceptibility to
PD and AAO are different traits. Taken together, these
results warrant follow-up of USP24 in independent
series. On the basis of the level of LD between the
USP24 SNPs included in this study, replicating the ‘top
hit’ (rs13312) may suffice (Figure 3). We estimate that
1050 PD patients and 1050 matched controls are
necessary in a follow-up study to detect ORs of 0.8 or
stronger with 80% power at the 5% significance level,
on the basis of the observed MAF in controls (>20%)
using an additive model.

There are limitations to our study. Although we con-
structed an LDU map to ensure coverage of the region
(Figure 2), not all genetic variability may be captured using
our strategy, as our fine-mapping lacks power to detect
subtle effects. There is an imbalance in gender between
patients and controls in the Norwegian series. To deal with
this, we have adjusted for gender in all logistic regression
models involving the Norwegians. Power calculations
show that 180 PD patients and 180 matched controls, as
used in Stage 1, had 80% power at the 5% significance level
to detect ORs of 1.9 or greater. This is with an additive
model assuming an MAF in controls of 10% or greater. Our
study is improved by the use of homogeneous patient—
control series from Norway and Ireland to fine-map the
PARK10 locus, as these populations represent the founders
of the Icelandic population where PARK10 was originally
linked.!”-!®

Since the positional cloning of parkin in autosomal
recessive young onset PD,?® the ubiquitin-proteasomal
system has been implicated in the etiology of PD. This
makes USP24 an interesting candidate beyond the fact that
the gene is located within the PARK10 locus. However, the
PARK10 linkage peak still remains unaccounted for, as we
observed effect sizes (ORs 0.78-0.8 for the minor allele,
corresponding to ORs 1.20-1.22 for the major allele) for
USP24 SNPs that are far below what one would expect on
the basis of the original linkage from Iceland. Hicks et al*
estimated a 30 times increased risk for carriers of one
disease allele. A possible explanation for the observed
association in this study is that these SNPs could be in weak
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LD with functional variants in USP24. The DeCODE group
could resolve this issue by screening USP24 for mutations
in PARK10-linked families. If no mutations are found, the
possibility remains that the gene has yet to be found, or
that the original PARKIO linkage is an artifact. Alterna-
tively, as we used an association approach and not linkage,
the USP24 gene may contain ‘risk-alleles’ that are indepen-
dent of the PARK10 linkage.
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