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ABSTRACT

Background: Six candidate gene studies report a genetic association of DNA variants within the
paraoxonase locus with sporadic amyotrophic lateral sclerosis (ALS). However, several other large
studies, including five genome-wide association studies, have not duplicated this finding.

Methods: We conducted a meta-analysis of 10 published studies and one unpublished study of the
paraoxonase locus, encompassing 4,037 ALS cases and 4,609 controls, including genome-wide as-
sociation data from 2,018 ALS cases and 2,425 controls.

Results: The combined fixed effects odds ratio (OR) for rs662 (PON1 Q192R) was 1.09 (95% confidence
interval [CI], 1.02–1.16, p � 0.01); the genotypic OR for RR homozygotes at Q192R was 1.25 (95% CI,
1.07–1.45, p � 0.0004); the combined OR for rs854560 (PON1 L55M) was 0.97 (95% CI, 0.86–1.10,
p � 0.62); the OR for rs10487132 (PON2) was 1.08 (95% CI, 0.92–1.27, p � 0.35). Although the
rs662 polymorphism reached a nominal level of significance, no polymorphism was significant after multi-
ple testing correction. In the subanalysis of samples with genome-wide data from which population outliers
were removed, rs662 had an OR of 1.06 (95% CI, 0.97–1.16, p � 0.22).

Conclusions: In contrast to previous positive smaller studies, our genetic meta-analysis showed no
significant association of amyotrophic lateral sclerosis (ALS) with the PON locus. This is the largest
meta-analysis of a candidate gene in ALS to date and the first ALS meta-analysis to include data from
whole genome association studies. The findings reinforce the need for much larger and more collabo-
rative investigations of the genetic determinants of ALS. Neurology® 2009;73:16–24

GLOSSARY
ALS � amyotrophic lateral sclerosis; CI � confidence interval; GWAS � genome-wide association studies; OR � odds ratio;
SALS � sporadic ALS; SNP � single nucleotide polymorphism.

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive and devastating neurodegenerative
disorder that usually leads to death in only 2 to 5 years. Over 90% of ALS cases occur sporad-
ically and are hypothesized to result from a combination of risk from genes and environment.
Among candidate genes proposed as ALS susceptibility factors,1,2 recent attention has focused
on the paraoxonase gene family. Six recent case-control association studies document an asso-
ciation of polymorphisms in the paraoxonase locus, which includes the PON1, PON3, and
PON2 genes on chromosome 7 q 21.3-q22.1.3-8 However, one large candidate gene study and
five genome-wide association studies (GWAS) have not supported this association.6,9-13 These
conflicting results may reflect the relatively small sample sizes and the heterogeneity of single
nucleotide polymorphisms chosen for analysis in each report. We hypothesized that a meta-
analysis combining all available studies of the PON locus would increase the power to detect a
true association and that analyzing a small subset of PON polymorphisms from GWAS data
would reduce the multiple testing burden and increase the sensitivity for smaller effect sizes.
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Paraoxonase 1 (PON1) is an esterase that
metabolizes oxidized lipids and organophos-
phate insecticides such as chlorpyrifos, diazi-
non, and to a lesser extent parathion.14,15

Epidemiologic studies report an increased
risk for sporadic ALS (SALS) after exposure
to insecticides and pesticides.16-19 Genetic
variation across the paraoxonase gene locus
is believed to affect individual susceptibility
to these exogenous compounds, including
the PON1 coding variants L55M and
Q192R and the regulatory region polymor-
phisms C-108T and A-162G.20,21 PON2
and PON3 share with PON1 activity me-
tabolizing oxidized lipids,22 but do not me-
tabolize organophosphates.

To clarify the evidence linking the PON
locus to ALS, we performed a meta-analysis of
10 published association studies and one un-
published study of ALS that included para-
oxonase gene polymorphisms (table 1). To
reduce publication bias, we also actively
sought genotyping results from unpublished
data and from GWA studies. By combining
individual genotyping results, we were able to
eliminate duplicate samples between studies
as well as population outliers for a total of
4,037 ALS cases and 4,609 controls. This is
the largest genetic meta-analysis to date in
ALS and the first to include data from recent
genome-wide association studies.

METHODS This meta-analysis complies with the recommen-

dations of the Meta-analysis Of Observational Studies in Epide-

miology Group.

Included studies. Our analysis included all SNP association

studies of the PON locus in sporadic ALS conducted before

August 1, 2008. To accomplish this task, the MEDLINE and

PubMed databases were searched using keywords relating to the

paraoxonase genes (e.g., “paraoxonase,” “PON,” “PON1,”

“PON2,” “PON3”) or genome-wide analysis (“genome-wide,”

“whole genome”) in combination with ALS (e.g., “amyotrophic

lateral sclerosis,” “ALS,” “motor neuron disease”). To reduce the

likelihood of publication bias, unpublished data, negative data

from candidate gene studies, and GWAS data were also actively

sought. We identified seven candidate gene studies, of which

three assayed functional polymorphisms3,5,6 and four used tag-

ging single nucleotide polymorphisms (SNPs).4,7-9 All of the au-

thors of these studies were contacted to request individual

genotyping results; genotypic and phenotypic information was

available for inclusion from six of these candidate gene studies,

totaling 3,403 ALS cases and 3,654 controls (table 1).3,5-9 One

published candidate gene study,4 which reported an association

based on an affected patient-parent trio cohort using paraoxo-

nase tagging SNPs, was excluded because raw data were not

made available for this analysis.4 However, the case-control arm

of that same study found no association with ALS and therefore

exclusion of these data are unlikely to have affected our results.

To reduce the likelihood of publication bias, we also searched

both unpublished data and negative data in the form of GWA

studies using the methods above. Five published10-13,35 and one

unpublished23 genome-wide studies were identified. The authors

of five of these studies10,12,13,23,35 provided individually genotyped

Illumina chip data for pooling in our analysis. One study was

excluded because the PON region was only assayed using pooled

DNA in the discovery phase11 and thus individual genotypes

could not be utilized. After elimination of identified duplicate

samples, a total of 2,041 cases and 2,468 controls were included

in the overall analysis from the GWA studies. These samples

were used in the subanalysis of GWAS data from which popula-

tion outliers were also removed.

Data abstraction. The following information was abstracted

from each study: study design, geographic location, ethnicity of

participants, inclusion criteria, numbers of cases and controls,

DNA extraction and genotyping methods, SNPs tested, fre-

quency of genotypes, consistency of genotype frequencies with

Hardy-Weinberg equilibrium, and proportion of men. Confir-

mation of genotype frequencies and genotyping procedures was

achieved by requesting individual genotyping data. In the few

instances in which genotype frequencies provided by the investi-

gators in tabular data differed slightly from published figures, the

tabular data were used. The diagnosis of ALS was limited to

definite or probable by El Escorial criteria and individuals with a

diagnosis of possible or atypical ALS were excluded from the

combined raw genotyping analysis.24,25 Ethnic origin was limited

in almost all of the studies to white Caucasians of European

ancestry; in the combined analysis, other ethnicities were ex-

cluded because genotype frequencies vary substantially between

Caucasian and African and Asian populations.

Statistical methods for meta-analysis. Owing to the heter-

ogeneity of studied polymorphisms in each report, we used three

methods to analyze risk for ALS attributable to each individual

PON locus polymorphism. First, we performed a meta-analysis

for each candidate SNP using the summary data from all studied

populations. Results were combined using either a fixed effects

(Mantel-Haenszel) model or random effects model depending

on the heterogeneity between studies. Heterogeneity was calcu-

lated using Cochran’s Q statistic and the I2 statistic, where I2

greater than 50% is considered significantly heterogeneous.26,27

Funnel plots were also generated to look for evidence of study

bias.28 Forest and funnel plots were generated using Review

Manager 4.2 (The Nordic Cochrane Center, Copenhagen, Den-

mark). We did not impute missing genotypes because of the

strong possibility of spurious findings.29

As a second method, we formally combined all available raw

genotyping results to calculate an association statistic for each

SNP. This allowed us to exclude individuals with atypical phe-

notypes or non-Caucasian ethnicity who had been included in

the original reports. Duplicates were eliminated in this analysis

using sample ID (as in the case of NIH Coriell samples used in

several studies)10 and by excluding samples with identity by de-

scent �0.75 based on an analysis of 10,000 SNPs from the

GWA studies (see below). This method also allowed us to exam-

ine risk using a variety of genetic association models. Logistic

regression and allelic and genotypic association tests were per-

formed using PLINK software.30,31
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Finally, we performed a third analysis restricted to data from
the whole genome association studies.10,12,13,23,35 Combining only
GWAS data allowed us to eliminate duplicate samples using
identity by descent �0.75, and to perform detailed population
stratification bias analysis and haplotype analyses. Population
structure refers to differences in allele frequencies due to varia-
tions in ancestry within a study population. Stratification bias
refers to a false genetic association due to differences in the pop-
ulation structures of the case and control populations, and can be
corrected by the exclusion of population outliers. Our GWA
dataset was subjected to stratification analysis using 10,000 un-
linked SNPs from other regions of the genome using PLINK,
which is greater than the minimum 200 unlinked biallelic mark-
ers required to test for differences in population stratification.32

Based on the distribution of pairwise genome-wide identity-by-state
distances, we applied complete linkage hierarchical cluster analysis.
As a result, 66 population outliers, defined as 3 SDs from the group
mean, were eliminated, leaving 2,018 cases and 2,425 controls.

All genotypes were tested for deviation from Hardy-
Weinberg equilibrium using PLINK software. Genetic associa-
tion tests were performed in PLINK including subsidiary

analysis of dominant, recessive, genotypic, and Cochrane-

Armitage trend tests. The per-allele OR (relative risk) of the rare

allele (i.e., R192) was calculated using the logistic regression

function of PLINK. Results were adjusted for multiple testing

using the Bonferroni correction using either PLINK or SAS soft-

ware (SAS Institute, Cary, NC) and visualized using Haploview

4.0.33,34 Bonferroni correction deflates the reported p value to

take into account the number of tests performed, using the for-

mula 1 � (1 � �)1/n (often approximated by �/n, where �

equals 0.05).

Findings of data abstraction. A total of 13 relevant studies

were identified, of which 11 were included (table 1). Studies

were conducted primarily in the United States and Europe, and

all included samples were white/Caucasian from Poland, Austra-

lia, the United States, England, Ireland, Holland, Canada,

France, or Sweden. All 11 included studies were case-control

retrospective studies with controls drawn at random from ap-

proximately general populations, except for two studies which

also included spousal controls.5,6 Only the French controls used

in one study were not age- and gender-matched.23 Two studies3,5

Table 1 Characteristics of included studies

Study

Sporadic ALS Controls

No. Description No. Description Platform

No. of
PON SNPs
assayed

3 185 Polish definite or probable ALS 437 Polish unrelated
controls

Restriction fragment
length polymorphism

3

5 143 Australian definite or
probable ALS, sporadic
ALS cases

143 Australian controls Applied Biosystems
SNaPshot® assay

6

9 822 British sporadic ALS
including atypical ALS

872 British unrelated
controls

GoldenGate assay 42

10 276 Corriell white/not Hispanic
ALS

271 Corriell white/not
Hispanic controls

Illumina 550K SNP chips 29

6 221 Irish sporadic probable or
definite ALS

202 Irish controls KASPar PCR system 7

35 221* Irish sporadic probable or
definite ALS*

211* Irish controls* Illumina 550K SNP
chips

29

8 835 US sporadic definite or
probable ALS

924 US race- and
gender-matched
controls

Applied Biosystems
Assays on Demand

20

12, 13 461 Dutch definite or probable
ALS

450 Dutch controls Illumina 300K SNP chip 27

7 1,197* Probable or definite ALS from
France,* Quebec, and Sweden

1,076* Controls from
France,* Quebec,
and Sweden

Applied Biosystems
Assays on Demand

20

23 1,821* Boston,* French,* English,*
NIH,* and Dutch* samples

2,258* Control Boston,*
French,* English,*
NIH,* and Dutch*
samples

Illumina 300K SNP
chip

27

Totals 6,182 Total ALS 6,844 Total controls

2,008 Duplicate ALS samples*† 2,135 Duplicate control
samples*†

114 Inadequate phenotype data 57 Inadequate phenotype
data

23 Outliers† 33 Outliers†

4,037 Total pooled ALS samples 4,609 Total pooled
control samples

*Includes duplicate samples identified by source and ID number (i.e., the two studies by Cronin et al. used the same ALS samples).
†Determined using 10,000 single nucleotide polymorphisms from genome-wide association studies.
SNP � single nucleotide polymorphism; ALS � amyotrophic lateral sclerosis.
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used restriction fragment length polymorphism with standard
restriction enzymes (AlwI or DpnII for PON1 Q192R and
NlaIII for PON1 L55M and DdeI for PON 2 C311S). One
candidate gene study also used the Applied Biosystems
SNaPshot® assay (Foster City, CA),5 one candidate study used the
KASPar PCR system (KBiosciences, UK),6 one used the Golden-
Gate assay on an Illumina BeadArray station (San Diego, CA),9 and
the remaining candidate gene studies used TaqMan SNP Assay
probes (Applied Biosystems).7,8 All of the genome-wide association
studies included used Illumina Infinium II SNP Chip assays, either
the Human Hap550K6,10 or the HumanHap 300K SNP chips12,13,23

(Illumina), which facilitated the pooling of data across all sites.
Combining the individual genotyping data, after sub-

tracting duplicate samples and population outliers, there were
8,646 individuals with confirmed phenotypic information,
for a total of 4,037 cases and 4,609 controls. Across the GWA
studies, there were 25 SNPs genotyped in common in 2,018

ALS subjects and 2,425 controls (after exclusion of overlap-

ping samples and outliers). This included case-control popu-

lations from the United States, Ireland, the United Kingdom,

France, and The Netherlands.

RESULTS Meta-analysis and pooled genotype data for
PON1 coding variants and promoter polymorphisms.
Among the coding and regulatory region PON1 poly-
morphisms with known putative functional effects, the
Q192R polymorphism (rs662) was the most studied; it
was included in 11 studies (9 distinct study popula-
tions) for a total of 4,151 cases of ALS (65.4% men)
and 4,727 controls (66.7% men).3,5-10,12,23 The candi-
date SNP study6 and GWAS study35 of Cronin et al.
used the same study population, as did the two articles

Figure 1 Forest plots of nine studies of PON1 rs662 and six studies of rs854560

Study numbers refer to reference numbers. Published numbers include some duplicate samples, not included in the combined
raw genotyping analysis. Areas of squares are proportional to the effective sample size, horizontal lines indicate confidence
intervals (CI), and shaded diamonds denote grand totals. The horizontal axis is plotted on a log10 scale. (A) Forest plot of paraoxo-
nase PON1 Q192R/rs662 polymorphism in amyotrophic lateral sclerosis. The left side of the figure shows a forest plot based on
the odds ratios (ORs) for the arginine allele in each study. The right side of the graph shows a forest plot based on the frequency
of RR homozygotes from the same studies. The overall ORs for both were calculated using a fixed effects model due to low
heterogeneity. Cochran’s Q statistic (a test of heterogeneity which follows a �2 distribution) for the allelic analysis was not
significant (12.12 with 8 degrees of freedom, p � 0.15) and the I2 statistic equaled 35% (less than 50%). For the analysis of RR
homozygotes, Cochran’s Q statistic equaled 5.71 with 8 degrees of freedom (p � 0.68) and the I2 statistic equaled 0%. (B)
Funnel plot of the nine studies included in the rs662 analysis. The vertical axis shows the standard error of the log OR for each
study, while the horizontal axis, the OR, is again plotted in a log10 scale. (C) Forest plot of the PON1 L55M/rs854560 polymor-
phism in amyotrophic lateral sclerosis. The overall OR was calculated using a random effects model due to significant heteroge-
neity (Cochran’s Q statistic � 12.26 with 5 degrees of freedom, p � 0.03, and I2 � 59.2%).
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by van Es et al.,12,13 and therefore their populations were
included only once. We used a fixed effects model to
analyze the published results for PON1 Q192R (rs662)
because the amount of heterogeneity was not significant
among the nine included studies (p � 0.15). The fixed-
effects odds ratio (OR) for the R allele was 1.09 (95%
confidence interval [CI], 1.02–1.16, p � 0.01) (figure
1A, left). The recessive model (RR genotype) had an

OR of 1.25 (95% CI, 1.07–1.45, p � 0.004) (figure
1A, right). Eliminating the discovery study by Slowik et
al.3 reduced the fixed effects OR for the R allele to 1.07
(95% CI, 1.0–1.15, p � 0.05). The funnel plot in fig-
ure 1B demonstrates no significant asymmetry to sug-
gest publication bias, due in part to the inclusion of
large published and unpublished negative studies, in-
cluding the GWAS. We calculate that the total sample

Table 2 Association testing of the seven most frequently assayed PON polymorphisms in 4,035 cases of sporadic amyotrophic lateral
sclerosis and 4,603 controls

SNP ID Test ALS Control �2 p Value
Adjusted
p value OR Lower Upper

rs854548 Allelic 0.25 (2,562) 0.24 (2,781) 0.84 0.358 1.00 1.04 0.95 1.14

PON1 Geno 151/967/1,444 165/1,005/1,611 1.51 0.471 1.00

Trend 1,269/3,855 1,335/4,227 0.85 0.358 1.00

Dom 1,118/1,444 1,170/1,611 1.34 0.248 1.00

Rec 151/2,411 165/2,616 0.00 0.952 1.00

rs662 Allelic 0.30 (3,978) 0.28 (4,560) 6.21 0.013 0.45 1.09 1.02 1.16

PON1 Geno 376/1,596/2,006 349/1,836/2,375 9.24 0.010 0.35

Trend 2,348/5,608 2,534/6,586 6.11 0.013 1.00

Dom 1,972/2,006 2,185/2,375 2.33 0.127 1.00

Rec 376/3,602 349/4,211 8.84 0.003 0.10

rs854560 Allelic 0.36 (3,323) 0.38 (3,385) 2.38 0.123 1.00 0.95 0.88 1.02

PON1 Geno 444/1,528/1,359 475/1,607/1,323 2.71 0.258 1.00

Trend 2,416/4,246 2,557/4,253 2.38 0.123 1.00

Dom 1,972/1,359 2,082/1,323 2.66 0.103 1.00

Rec 444/2,887 475/2,930 0.55 0.458 1.00

rs705381 Allelic 0.23 (2,330) 0.25 (2,124) 2.77 0.096 1.00 0.92 0.84 1.02

PON1 Geno 120/847/1,363 143/769/1,212 5.11 0.078

Trend 1,087/3,573 1,055/3,193 2.75 0.097 1.00

Dom 967/1,363 912/1,212 0.94 0.333 1.00

Rec 120/2,210 143/1,981 5.01 0.025 1.00

rs757158 Allelic 0.42 (2,637) 0.42 (2,864) 0.65 0.419 1.00 1.03 0.96 1.11

PON1 Geno 484/1,270/883 479/1,429/956 2.93 0.231

Trend 2,238/3,036 2,387/3,341 0.66 0.417 1.00

Dom 1,754/883 1,908/956 0.01 0.934 1.00

Rec 484/2,153 479/2,385 2.52 0.112 1.00

rs978903 Allelic 0.50 (2,065) 0.49 (2,226) 0.46 0.497 1.00 1.03 0.95 1.12

PON3 Geno 505/1,038/522 541/1,093/592 1.02 0.601

Trend 2,048/2,082 2,175/2,277 0.46 0.498 1.00

Dom 1,543/522 1,634/592 0.97 0.326 1.00

Rec 505/1,560 541/1,685 0.01 0.908 1.00

rs11981433 Allelic 0.42 (2,804) 0.44 (2,661) 3.35 0.067 1.00 0.93 0.86 1.01

PON2 Geno 491/1,376/937 504/1,322/835 3.38 0.184

Trend 2,358/3,250 2,330/2,992 3.38 0.066 1.00

Dom 1,867/937 1,826/835 2.59 0.108 1.00

Rec 491/2,313 504/2,157 1.87 0.171 1.00

Allelic values show minor allele frequency and total number of cases and controls. SNP rs662 was assayed in the greatest number of cases and controls.
SNP � single nucleotide polymorphism; ALS � amyotrophic lateral sclerosis; OR � odds ratio; Geno � genotypic test (i.e., AA/AG/GG); Trend � Cochrane-
Armitage trend test; Dom � dominant test (i.e., AA/AG�GG); Rec � recessive (i.e., AA�AG/GG).
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size of 4,151 ALS cases and 4,727 controls included in
the rs662 analysis provided 80% power to detect an
association with a relative risk of 1.1 at a significance
level of 0.01 and greater than 90% power to detect a
difference at a significance level of 0.05.36

Using the raw genotyping data, we excluded du-
plicate samples and samples with atypical pheno-
types, resulting in 3,978 confirmed cases and 4,560
controls. The overall OR for the R allele remained
1.09 (95% CI, 1.02–1.16, uncorrected p � 0.013);

for the homozygous recessive model, the OR was
1.21 (95% CI, 1.048 –1.39, uncorrected p �

0.0029). Similarly, logistic regression calculated that
the per-allele relative risk of the R192 variant for ALS
was 1.08 (95% CI, 1.02–1.16, p � 0.013). Table 2
includes allelic, genotypic, dominant, and recessive
models for the seven SNPs that were tested in at least
50% of the samples, shown graphically in figure 2,
three of which were in high linkage disequilibrium
with each other (D’). The R192 association was not
significant after correction for 35 genotypic tests for
the seven most commonly tested polymorphisms
(Bonferroni-corrected p value � 0.103, table 2).

The rs854560 (PON1 L55M) coding variant was
assayed in six studies totaling 3,323 ALS cases and
3,385 controls.3,5-9 There was a significant amount of
heterogeneity (I2 � 59%); therefore, we used a
random-effects model which takes additional ac-
count of study variation. The combined OR was
0.97 (95% CI, 0.86–1.10, p � 0.62) (figure 1C,
table 2). The combined OR for rs854560 using vali-
dated individual genotypes was 0.95 (95% CI, 0.88–
1.015, p � 0.12). The promoter SNP rs705381
(PON1 G-162A) had a pooled OR of 0.92 (95% CI,
0.84–1.01, p � 0.1) in 2,330 ALS cases and 2,124
controls from four studies5-8 (table 2). Regulatory
SNP rs705379 (PON1 T-108C) was only tested in a
total of 364 ALS cases and 345 controls and there-
fore was not included in this analysis.

Meta-analysis of PON2 and PON3 polymorphisms.
PON2 rs11981433 was included in three studies of
2,804 ALS cases and 2,661 controls7-9 for which the
combined OR was 0.93 (95% CI, 0.86–1.01, p �

0.07) (table 2). Combining 2,176 ALS cases and
1,934 controls from three studies6-8 for rs10487132
(PON2) produced an OR of 1.05 (95% CI, 0.96–
1.14, p � 0.31). PON2 C311S/rs7493/rs6954345
had an OR of 1.16 (95% CI, 0.99–1.36, p � 0.06)
in the pooled analysis of four studies.5-7,9 For a com-
plete list of SNPs tested in at least 25% of samples,
see table e-1 on the Neurology® Web site at www.
neurology.org). None of these 34 SNPs reached sig-
nificance after multiple testing correction.

Combined genome-wide association data. Restricting
the analysis to GWAS data permitted the elimination
of duplicate samples and testing for population strat-
ification using 10,000 unlinked SNPs from other re-
gions of the genome using PLINK. After excluding
1,460 duplicates and 66 outliers, there were 2,018
unique ALS subjects and 2,425 unique controls with
GWAS data (figure e-1 shows a multidimensional
scaling analysis of the remaining samples based on
identity-by-state distances). A total of 25 PON SNPs
were tested in common, none of which was signifi-

Figure 2 Association testing of seven single nucleotide polymorphisms within
the PON cluster in 4,035 cases of sporadic amyotrophic lateral
sclerosis and 4,603 controls

(A) Negative log10 of the unadjusted p value for each test in table 2 shown on y axis. (B) Exon
mapping of the three paraoxonase genes, including the chromosomal location. (C) Pairwise
linkage disequilibrium (D’) and log of the odds ratio (lod) values were calculated using Haplo-
view 4.0 for the seven tested single nucleotide polymorphisms. The color code on the Hap-
loview plot follows the standard color scheme for Haploview: white (D’ �1, lod �2); shades
of pink/red (D’ �1, lod �2); blue (D’ � 1, lod �2).
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cant after Bonferroni correction (table e-2 and figure
e-2). PON1 Q192R/rs662 was not significant in the
pooled stratification-corrected genome-wide dataset
(OR � 1.06, 95% CI, 0.97–1.16, p � 0.22); this
suggests that stratification bias could account for the
significant association noted in the combined analy-
sis above for this SNP. Sliding-window haplotype
analysis of the genome-wide data using PLINK soft-
ware did not identify a single haplotype that was sig-
nificantly associated with ALS after multiple test
correction (table e-3).30,31

DISCUSSION This meta-analysis of 11 genetic as-
sociation studies, involving 4,037 ALS cases and
4,609 controls, provides the most comprehensive as-
sessment so far of the relevance to ALS of polymor-
phisms within the paraoxonase locus. In addition, it
is the largest meta-analysis of ALS to date, and the
first to include genotyping data from recent genome-
wide association studies in ALS. By including
genome-wide studies, we were able to reduce publi-
cation bias. Our meta-analysis of all 11 studies found
a nominally significant overall OR for the G allele
(R192) of rs662 of 1.09 (95% CI, 1.02–1.16, p �

0.01). However, of the seven most commonly tested
SNPs, including several that had previously been re-
ported to be significant, no single variant, including
rs662, showed robust association with risk for SALS
after Bonferroni correction.

When our analysis was restricted to GWAS data
from which population outliers had been removed,
we found a lower nonsignificant OR for rs662 (1.06,
95% CI, 0.97–1.16, p � 0.22) than in our larger
analysis. Although the sample size and statistical
power of the genome-wide data were significantly
smaller (with only 65% power to detect a relative risk
of 1.1 at an alpha of 0.05), GWAS data allowed us to
explore the influence of population stratification on
our meta-analysis findings. The result suggests that
the greater effect size observed in the candidate stud-
ies may have been falsely positive due to stratifica-
tion. In our analysis of the genome-wide data, we
found no PON polymorphism or haplotype with a
Bonferroni-corrected p value below 0.05.

Our study has several limitations that must be
considered when interpreting its findings. First, it
was not possible to implement stratification control
for the candidate gene studies; however, this is un-
likely to result in a false negative finding unless there
is a reversal of association in different subpopulations
(Simpson’s paradox), which was not observed in the
forest plot of rs662. In addition, given that our anal-
ysis was limited to white Caucasians of European de-
scent, population-specific differences in PON SNP
frequencies, as described in African American popu-

lations with AD, would not be expected.37 Second,
some of the regulatory promoter polymorphisms for
PON1 were not tested in the majority of the samples.
Finally, because data on exposure to exogenous tox-
ins were only available in one study,5 we could not
control for the heterogeneity of environmental toxin
substrates across included populations.

Our meta-analysis suggests that common variants
across the PON locus do not alter risk for ALS, al-
though the rs662 polymorphism reached an uncor-
rected level of significance. The results also imply
that candidate gene studies in ALS are likely to dis-
cover false positive associations, possibly due to pop-
ulation stratification. This supports the inclusion of
unlinked genetic markers to test for stratification in
future candidate gene studies. It also supports the use
of unbiased association study data such as that gener-
ated in genome-wide analyses.
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articles and the editorial on the use of classification of levels of evidence published in Neurology.1-3
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