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Abstract—Background: Paraoxonases (PONs) are involved in the detoxification of organophosphate pesticides and chem-
ical nerve agents. Due to a reported possible twofold increased risk of ALS in Gulf War veterans and the associations of
PON1 polymorphisms with the neurologic symptom complex of the Gulf War syndrome, the authors investigated the
association between sporadic ALS (SALS) and PON gene cluster variants in a large North American Caucasian family–
based and case-control cohort (N � 1,891). Methods: Clinically definite and probable ALS was diagnosed according to the
revised El Escorial criteria, exclusion of family history of ALS, and SOD1 mutation analysis. Single nucleotide polymor-
phism (SNP) genotyping was done using TaqMan assays on ABI7900HT. Data were analyzed using SPSS, Haploview,
FBAT, and THESIAS. Results: A haploblock of high linkage disequilibrium (LD) spanning PON2 and PON3 was associ-
ated with SALS. The SNPs rs10487132 and rs11981433 were in strong LD and associated with SALS in the trio
(parents-affected child triad) model. The association of rs10487132 was replicated in 450 nuclear pedigrees comprising
trios and discordant sibpairs. No association was found in case-control models, and their haplostructure was different from
that of the trios with overall reduced LD. Resequencing identified an intronic variant (rs17876088) that differentiated
between detrimental and protective SALS haplotypes. Conclusion: This study demonstrates evidence of significant associ-
ation of variants in the Paraoxonase gene cluster with sporadic ALS and is compatible with the hypothesis that environ-
mental toxicity in a susceptible host may precipitate ALS.
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Although SOD1 accounts for 20% of familial ALS
(2% of all ALS), the etiology of sporadic ALS (SALS)
is unknown.1 SALS is hypothesized to be a complex
disorder in which disease is modulated by variations
in multiple genetic loci interacting with each other
and environmental exposures.

The human paraoxonases (PONs) are detoxifying
enzymes involved in the metabolism of a variety of
drugs, oxidized products of arachidonic acid, organo-
phosphates, neurotoxins, and arylesters.2,3 The ge-
netic locus encoding PON spans 140 kb on
chromosome 7q21.3 and contains the three members

of the PON gene family.4 PON1 and PON3 are ex-
pressed primarily in liver, while PON2 is expressed
widely including the brain and liver.2,5,6 Although
PON activity remains stable over time in a given
individual; there is 10- to 40-fold interindividual
variability.7-9 There are indications that this variabil-
ity may be under genetic control.8-10

Due to a reported possible twofold increased risk
of ALS in Gulf War veterans,11-14 and the associa-
tions of PON1 polymorphisms with the neurologic
symptom complex of the Gulf War syndrome,15-20 we
investigated the association between SALS and PON
gene cluster variants in a large North American
Caucasian family– based and case-control cohort
(N � 1,891).

Methods. Subjects. The data set consisted of 2,009 subjects
with 6% non-Caucasians who were removed at the analysis phase.
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Thus, the Caucasian cohort consisted of 1,891 subjects: 203 unaf-
fected parents-affected child triads (trios), 247 discordant sibpairs
(DSPs), 284 cases, and 504 spousal/community control subjects.
The subject and family ascertainment was conducted through clin-
ics in North America specializing in ALS. All patients diagnosed
with SALS were examined by a neurologist and met the revised El
Escorial criteria for the diagnosis of clinically definite or probable
ALS.21 Clinical information, including site of onset (bulbar/upper
motor neuron onset and spinal/lower motor neuron onset) and age
at onset of the patient (defined as the time at which the first
significant weakness occurred), was obtained at the time of exam-
ination. Informed consent was obtained for the study from all
participants. The data were collected according to protocols ap-
proved by our Institutional Review Board and met Health Insur-
ance Portability and Accountability Act standards of
confidentiality and disclosure.

Our strategy was to map the PON cluster first with a few
well-spaced single nucleotide polymorphisms (SNPs) in a case-
control and family-based testing cohort and identify the associa-
tion signal with genotype and haplotype analysis. The same
cohort was then densely fine-mapped to accurately localize the
signal and the association was validated by replication in our
entire cohort of 1,891 subjects (case-control and family-based mod-
els). We then resequenced the genes in the associated region to
identify functional variants.

Genotyping. Genomic DNA was extracted from whole blood
according to established protocols.22 High-throughput SNP geno-
typing was performed using Taqman assay in a 384-well format
on the ABI prism 7900HT sequence detection system (Applied
Biosystems). In each chamber of the 384-well plate, 10 ng of
genomic DNA was used. PCR primers and probes were obtained
from Applied Biosystems assays-on-demand service. Reactions
were run in 5-�L volumes using Taqman Universal PCR master
mix, primers, and probes. The amplification protocol was 95C for
10 minutes followed by 40 cycles of 95C for 5 seconds and 60C for
1 minute. Genotyping data were obtained using the ABI-PRISM
sequence detection system (SDS) software version 2.1.

Statistical analysis. Data were analyzed using the SPSS (Sta-
tistical Package for Social Sciences) Software Version 13.0 for
Windows (Gorinchem, The Netherlands). Case-control genotype
associations were assessed by �2 analyses. Association with sub-
phenotypes, such as site and age at onset, was explored using the
same approach. Kaplan-Meier curves were constructed for age-at-
onset data. Estimations of departures from Hardy-Weinberg equi-
librium (HWE) were calculated by �2 test. We considered nominal
p values �0.05 significant for the preliminary screen and fine-
mapping, aimed to localize the association signal. For the replica-
tion phase, we applied false discovery rate (FDR) as correction for
multiple testing.23

The transmission/disequilibrium test (TDT), as detailed in the
program FBAT version 1.5.5, was used for testing associations in
the trio and DSP groups as well as their combined analysis.24 The
test uses a modified �2 statistic to determine overtransmission of
an allele to an affected offspring. Haplotype frequencies and asso-
ciation statistics were estimated using an expectation maximiza-
tion algorithm incorporated in FBAT (HBAT routine) for the trios,
DSPs, and all nuclear pedigrees combined. THESIAS version 2.0
was used to estimate haplotype statistics for case-control groups.25

Haploview was used to calculate linkage disequilibrium (LD) sta-
tistics.26 The Tagger routine incorporated in Haploview was used
to select tagging SNPs for haplotype analysis.26 Redundant SNPs
with r 2 � 0.8 were removed before haplotype analysis.

To identify SNPs for replication in the entire cohort, SNPs
that, at the fine-mapping stage, independently demonstrated as-
sociation or were part of an associated haplotype were considered.
Two-locus haplotype analysis was done for all SNPs in the trio
and case-control models to define the LD pattern for the SNPs and
the strength of the association of their haplotypes. Associated
SNPs in high LD (r 2 � 0.60) with each other were taken to
represent a single signal, and only one of the SNPs, based on the
lowest p value (genotype and two-locus haplotype), was chosen for
replication. Furthermore, sliding window analysis was carried out
to identify the most significantly associated haploblocks. SNPs
comprising these haploblocks were analyzed for genotype and two-
locus haplotype significance, and only those SNPs that demon-
strated association were deemed valuable for replication.

HelixTree is propriety software for association studies of large

data sets.27 Haplotype estimation is implemented in HelixTree
using two independent methods (estimation maximization and
composite haplotype). Both methods have their own advantages,
but the expectation-maximization algorithm is more robust in the
absence of HWE. HelixTree is able to assign probability scores to
every sample for each haplotype estimated. This unique feature
allowed us to select samples for resequencing based on their esti-
mated haplotypes.

Results. The clinical characteristics of our patients and
controls are described (table 1). We further classified our
patients based on subphenotypes such as age at onset and
site of onset (bulbar, spinal, upper limb, and lower limb).
Arbitrarily taking the age at onset of 40 years as a cutoff,
we divided SALS probands into an early-onset subgroup
with age 40 years and younger and a late-onset group with
age older than 40 years. This cutoff has been used previ-
ously to show a genetic modifier effect.28

Preliminary screen. We screened 186 trios and 186
controls both of Caucasian ancestry only, with seven well-
spaced SNPs spanning the PON gene cluster (table 2). The
probands of the trios also served as cases in the case-
control analysis. In the trio analysis, the PON3 SNP9 (p �
0.014) and the PON2 SNP13 (p � 0.031) showed associa-
tion with SALS. The LD structure comprised two blocks of
high LD: one encompassing PON1 (block I) and the other
encompassing PON3 and PON2 (block II). These two
blocks were separated by a region of low LD. In block II,
there was a strong protective association of the haplotype
AACT (p � 7.14 � 10�5) with SALS, whereas the haplo-
type AGCC was found to be detrimental (p � 0.026). No
haplotype association was found in block I. In the case-
control model, no association of any SNP was found with
SALS. The haplotype CATT in block II was found to be
associated with SALS (p � 0.033).

Fine-mapping. Having found an association signal, we
genotyped additional SNPs in the PON gene cluster to
localize the signal. An interesting biologic candidate gene
400 kbp upstream of the PON gene cluster on the negative
strand is dynein, cytoplasmic, intermediate polypeptide 1
(DNCI1). We genotyped three HapMap-tagged SNPs in

Table 1 Clinical characteristics of SALS patients and control
subjects

Age (mean � SD) Gender (M/F) Total (no.)

Trio probands 39.8 � 9.5 136/67 203

DSP probands 53.3 � 11.9 135/112 247

Sporadic cases 55.6 � 13.6 172/112 284

Controls 60.5 � 14.8 199/305 504

Bulbar onset* 53.7 � 14.7 73/62 135

Spinal onset* 49.2 � 13.2 318/191 509

UL onset* 46.7 � 13.4 196/89 285

LL onset* 52.3 � 12.3 111/98 209

EOALS 33.8 � 5.2 156/71 227

LOALS 56.4 � 10.4 286/221 507

* Complete subphenotype data were not available on all sporadic
ALS patients.

SALS � sporadic ALS; DSP � discordant sib pairs; UL � upper
limb; LL � lower limb; EOALS � early-onset ALS; LOALS �
late-onset ALS.
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DNCI1 as well. Thus, a total of 17 SNPs were genotyped in
the region on 744 Caucasian subjects (186 trios and 186
controls). The results verified the preliminary screen and
showed that the signal was localized to PON2-PON3, a
region in extensive LD (figure E-1 on the Neurology Web
site at www.neurology.org).

In the trio group, apart from SNPs 9 and 13, no other
SNP showed an association with SALS. These SNPs were
in moderately high LD (r2 � 0.75). Thus we considered
their association to represent a single signal in the PON
cluster with which both these SNPs were in LD. Because
SNP9 had greater genotype and haplotype significance (ta-
bles 2 and 3) than SNP13, we removed SNP13 from the
haplotype analysis to minimize redundancy.

By sliding window analysis, we found that SNPs 9, 10,
11, and 14 comprised a haploblock (encompassing the
PON2-PON3 region) that strongly associated with SALS.
Two haplotypes in this block were found to be associated
with SALS: GCCA was detrimental (p � 0.017), whereas
ACCA was protective (p � 0.001). These two haplotypes
differed only at SNP9, indicating that the G allele was
detrimental and the A allele was protective.

In the case-control model, the haplotype ACAA compris-
ing of SNPs 9, 10, 11, and 14 showed a minor association
with SALS (p � 0.037), whereas none of the 17 SNPs
showed genotype association. A trend toward an associa-
tion was found with SNP11, a coding nonsynonymous SNP
(�2 � 2.67), which was confirmed by SNP12 (�2 � 3.05)
found to be in high LD with SNP11 (r 2 � 0.99). SNPs 10
and 14 showed no genotype association in the case-control
or the trio model.

Replication of association. The association signal in
the PON cluster was most strongly accounted for by SNPs
9 and 11. These SNPs, apart from comprising the associ-

ated haploblock, independently showed two-locus haplo-
type associations with several of the SNPs in the trio
group (table 3). Although the haplotype signal was much
reduced and had a different pattern in the case-control
model compared to the trio group, SNP9 continued to show
increased haplotype significance with SNPs 10 through 14.
SNP12, which is in high LD with SNP11 also showed in-
creased haplotype significance with several SNPs in PON3
(table 3). Thus, we genotyped SNP9 and SNP11 on our
entire cohort of Caucasian subjects (N � 1,891) to replicate
the association signal.

Family based. Addition of 17 Caucasian trios (total
n � 203) to the preliminary data set increased the signifi-
cance for SNP9 (G allele, Z score � 2.843, p � 0.0045, FDR
cutoff � 0.025). The DSP group (n � 247) did not show
association (Z score � 1.223, p � 0.22, FDR cutoff �
0.025). When DSPs were combined with trios as 450 nu-
clear pedigrees, the association of the G allele was even
stronger (Z score � 2.944, p � 0.0032, FDR cutoff �
0.0083), demonstrating that there was additional informa-
tion in the DSPs that was not independently significant
due to smaller sample size. SNP11 remained not signifi-
cant in the trio (p � 0.69), DSP (p � 0.76), and pedigree
models (p � 0.62). Haplotype analysis of SNP9 and SNP11
using HBAT showed significant associations (table 4).

Case-control. There was no association for either SNP
in the independent case-control cohort of 284 cases and
504 controls (PSNP9 � 0.72, PSNP11 � 0.52). Haplotype
analysis using THESIAS also did not demonstrate associa-
tion (�2 � 2.42, 3 df, p � 0.12). Including all probands (n �
734) and controls (n � 504) did not change the association
statistics (PSNP9 � 0.41, PSNP11 � 0.19). Haplotype analy-
sis showed lack of association as well (�2 � 2.97, 3 df, p �
0.40). Subphenotype analysis (age at onset, site at onset)

Table 2 Association statistics of the genotyped polymorphisms in the trio and case-control models

NCBI ref. SNP no. Alleles HWE �2 case-control p �2 trios p

rs2237582† 1 A�G 0.76 0.086 0.7697 0.265 0.6069

rs662 2 C�T 0.36 0.498 0.4804 0.343 0.5583

rs854560 3 A�T 0.67 1.319 0.2508 1.573 0.2097

rs854565† 4 A�G 0.51 0.728 0.3936 0.444 0.5050

rs705382† 5 G, G 1.0 1.163 0.2808 2.063 0.1509

rs4141217 6 C�T 0.49 0.573 0.4489 0.143 0.7055

rs3757708† 7 G�T 0.42 1.588 0.2076 0.054 0.8164

rs978903 8 A�G 0.59 0.972 0.3243 0.277 0.5988

rs10487132† 9 A�G 1.0 2.015 0.1558 6.017* 0.0142*

rs2072200 10 C�G 0.47 0.655 0.4185 0.615 0.4328

rs6954345 11 C�G 0.99 2.676 0.1019 0.444 0.5050

rs2299263† 12 C�T 0.99 3.046 0.0810 1.043 0.3070

rs11981433† 13 C�T 0.52 0.09 0.7647 4.646* 0.0311*

rs2299267 14 A�G 0.21 0.62 0.4310 1.391 0.2383

rs1869050 15 A�T 0.49 1.994 0.1579 0.405 0.5245

rs1685818 16 G�T 0.08 1.066 0.3019 0.277 0.5988

rs2283010 17 A�G 0.98 3.261 0.0710 0.077 0.7815

* Significant p values.
† Single nucleotide polymorphisms genotyped for the preliminary screen.

NCBI � National Center for Biotechnology Information; SNP � single nucleotide polymorphism; HWE � Hardy-Weinberg equilibrium.
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also showed a lack of significance for both SNPs across all
models employed (table 5).

Resequencing. Using HelixTree, 25 SALS patients who
carried the detrimental haplotype GCCA and 16 patients
who carried the protective haplotype ACCA were identi-
fied. Of these, 10 patients were homozygous for GCCA,
whereas only two were homozygous for ACCA. We rese-
quenced all exons of PON3 and PON2 genes in these 12
patients to identify potentially functional variants. We
could not identify any new sequence change in PON2 or
PON3. None of the coding variants differed between these
two groups of patients. Apart from SNP9, an intronic SNP
in PON2 rs17876088 did differ between the two groups. All
10 patients homozygous for GCCA were also homozygous
for the C allele of rs17876088, whereas the patients ho-

mozygous for ACCA were homozygous for the A allele of
this polymorphism.

Discussion. This study demonstrates significant
evidence of association of variants in the PON gene
cluster with SALS. Our results identify a specific
genomic region and haplotypes within the PON locus
that may harbor biologically significant variant(s).
This region comprises the haploblock of high LD
spanning PON2 and PON3. The G allele of SNP9
(rs10487132) was consistently associated with SALS
in the family-based models. Inconsistency in replica-
tion is a well-recognized phenomenon in case-control
genetic association studies because testing allelic as-

Table 3 Two-locus haplotype p values for all genotyped polymorphisms in the trio and case-control

Case-controls

1 0.55 0.27 0.23 0.21 0.43 0.29 0.35 0.23 0.39 0.16 0.16 0.32 0.22 0.14 0.16 0.07

2 0.52 0.25 0.16 0.14 0.37 0.20 0.27 0.20 0.27 0.26 0.12 0.16 0.18 0.13 0.14 0.05*

3 0.29 0.24 0.26 0.08 0.17 0.16 0.13 0.09 0.18 0.11 0.11 0.34 0.13 0.08 0.19 0.06

4 0.30 0.17 0.42 0.29 0.35 0.21 0.25 0.12 0.30 0.08 0.08 0.21 0.35 0.16 0.25 0.11

5 0.20 0.09 0.09 0.09 0.27 0.19 0.25 0.19 0.14 0.10 0.11 0.12 0.16 0.12 0.11 0.07

6 0.05* 0.12 0.14 0.16 0.07 0.15 0.37 0.26 0.12 0.11 0.05* 0.13 0.16 0.13 0.23 0.10

7 0.03* 0.09 0.10 0.18 0.01* 0.07 0.18 0.17 0.05* 0.06 0.04* 0.09 0.06 0.06 0.15 0.05*

8 0.03* 0.10 0.08 0.16 0.05* 0.53 0.07 0.20 0.09 0.08 0.05* 0.15 0.12 0.10 0.18 0.09

9 0.04* 0.03* 0.005* 0.04* 0.02* 0.006* 0.0005* 0.004* 0.04* 0.06 0.04* 0.02* 0.05* 0.09 0.11 0.05*

10 0.29 0.31 0.19 0.12 0.09 0.46 0.60 0.47 0.005* 0.10 0.10 0.32 0.25 0.11 0.26 0.10

11 0.06 0.03* 0.08 0.27 0.02* 0.25 0.69 0.25 0.005* 0.55 0.09 0.13 0.09 0.05* 0.09 0.02*

12 0.05* 0.02* 0.08 0.14 0.008* 0.08 0.46 0.06 0.0005* 0.31 0.33 0.09 0.08 0.06 0.08 0.02*

13 0.05* 0.06 0.04* 0.06 0.05* 0.003* 0.0004* 0.003* 0.01* 0.01* 0.003* 0.0006* 0.35 0.26 0.32 0.19

14 0.10 0.14 0.14 0.18 0.05* 0.31 0.51 0.37 0.01* 0.27 0.36 0.20 0.02* 0.16 0.28 0.07

15 0.34 0.40 0.05* 0.19 0.08 0.34 0.44 0.29 0.02* 0.09 0.15 0.09 0.07 0.11 0.06 0.04*

16 0.40 0.40 0.10 0.34 0.33 0.23 0.29 0.21 0.001* 0.16 0.28 0.26 0.01* 0.19 0.58 0.09

17 0.21 0.18 0.12 0.16 0.19 0.17 0.21 0.11 0.01* 0.27 0.38 0.29 0.03* 0.23 0.07 0.12

SNP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Trios

* Significant p values.

All single nucleotide polymorphism pair combinations were tested for association using haplotype family based association test (HBAT)
for the trio group and Haploview for the case-control group. The lowest p values for the haplotypes with a frequency �0.01 are tabu-
lated. Retesting of the trio group two-locus statistics with Haploview showed high concordance with HBAT.

Table 4 HBAT haplotype (SNP9 and SNP11) statistics for SALS trios, discordant sibpairs and pedigrees

Haplotype Frequency FDR cutoff
Trios Z (p)

F � 203; n � 609
DSP Z (p)

F � 247; n � 494
Pedigrees Z (p)

F � 450; n � 1,133

H1 0.371 0.0167 �3.0 (0.0027)* �1.50 (0.15) �3.26 (0.0011)*

H2 0.354 0.0333 2.74 (0.0062)* 1.24 (0.22) 2.85 (0.0043)*

H3 0.274 0.0500 0.5 (0.61) 0.28 (0.78) 0.58 (0.56)

Numbers in parentheses indicate p values.

* Significant.

FDR cutoff � false discovery rate p value cutoff for multiple testing; F � the number of nuclear families included in the analysis; n �
the number of subjects analyzed; f � haplotype frequency; Z � haplotype family based association test (HBAT) Z statistic.
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sociation with disease using unrelated case-control
samples is prone to selection bias and population
stratification.29 A family-based design protects
against such spurious associations. The TDT over-
comes the problem of an adequate match between
the controls and the cases by using family members
as comparison groups. Moreover, TDT tests for link-
age and association simultaneously and a positive
result indicates that a susceptibility allele is nearby.
We could replicate the association with SNP9 by ad-
dition of trios and discordant sibpairs. Our case-
control models, however, remained negative despite
our large sample size. This may be due to hidden
population substructure, significant age difference
between the two groups (table 1), or any other un-
matched variable(s) resulting in a different LD struc-
ture than in the trio model (table 3). On
resequencing, another intronic polymorphism in
PON2 was identified that could differentiate be-
tween the protective and the detrimental haplotypes;
however, no coding variation could account for the
association. This pattern of association appears to be
complex and a combination of several variants (hap-
lotype) across the PON cluster may be needed to
confer susceptibility to ALS.

PON cluster variants have previously been associ-
ated with other neurodegenerative and vascular dis-
orders including Alzheimer disease (AD),30

Parkinson disease,31 coronary artery disease,32 and
stroke.33,34 The missense coding polymorphisms
Q192R (SNP2), L55M (SNP3) in PON1 and C311S
(SNP11) in PON2 have been most often implicated in
these disorders; however, we did not find these to be
associated with ALS and neither did a recent study
on AD.30 However, as part of haplotypes with SNP9,
these SNPs may confer susceptibility to ALS, as
shown for SNP11 and by two-locus haplotype analy-
sis (table 3).

Although the mechanism by which PON genes
may increase susceptibility to ALS is not clear, sev-
eral studies have previously implicated PON1 poly-
morphisms, serum levels, and activity in the
neurologic manifestations of organophosphate
poisoning.15-20 These studies, unlike ours, did not
comprehensively explore the genetic variation in the

PON cluster but were rather limited to a few coding
variants in one or two genes. There is extensive LD
in the PON cluster region, allowing the association
signal to be picked up by different variants depend-
ing on the population under study, the genetic model
employed, and the statistical methodologies. More-
over, ALS risk may in fact be modulated by a PON
cluster haplotype rather than a single variant in a
single gene. Recently, reports describe a possible
twofold increased risk of developing ALS in Gulf War
veterans.11,12 These studies had drawbacks in de-
sign,13,14 but hint toward a war related environmen-
tal exposure (organophosphate pesticides and
chemical nerve agents such as sarin) in a genetically
susceptible host,10 as a possible etiologic factor. Al-
though our sample was not analyzed for inclusion of
Gulf War veterans, our finding of a robust associa-
tion in the PON gene cluster is consistent with the
hypothesis of environmental toxicity in a susceptible
host precipitating ALS.

Enzymatic characterization of the purified PONs
has revealed them to be lactonases, with overlapping
substrates (e.g., aromatic lactones) and also distinc-
tive substrate specificities.2 The PON gene family
shows high similarity in their structural characteris-
tics and has 65% identity at the amino acid level,35

and 81 to 95% nucleotide conservation across mam-
malian species.35-37 These findings suggest an impor-
tant concerted physiologic role(s) for PONs.

PON1 hydrolyzes the toxic oxon metabolites of a
number of organophosphate insecticides such as
parathion, diazinon, and chlorpyrifos and even nerve
gas agents such as sarin and soman.38 Crystalliza-
tion studies showed that amino acid variation in var-
ious parts of the PON1 structure markedly shifts its
substrate specificity and reactivity.39 Thus, certain
substrates are metabolized rapidly, whereas others
more slowly. A well-known example is the Q192R
(SNP2) polymorphism where the Q form is more effi-
cient at hydrolyzing diazoxon, sarin, and soman,
whereas the R form more efficiently hydrolyzes para-
oxon produced from the insecticide parathion.38

The complex pattern of association revealed in our
study may be due to the intricate variability of sub-
strate specificity of PONs. Different classes of envi-
ronmental exposures (e.g., sarin and paraoxon) may
be having the same effect, albeit through different
genetic polymorphisms as is known for the Q192R
variant.2,38 In such a case, consistent association with
a single variant may be difficult to replicate as in our
case-control model. Multiple splice variants as in
PON2 may enhance this complexity.40 It has been
shown that measuring enzyme activity and serum
levels has additional value in delineating this com-
plexity and may provide further insights into the
role of PONs in ALS.41,42 Thus, SNP genotyping in
the intergenic regions of the PON gene cluster and
its replication, gene expression, gene-gene interac-
tion, and PON serum/enzymatic studies may help
elucidate the complexity of PON cluster association
with ALS.

Table 5 Association of SALS subphenotypes with PON SNPs 9
and 11

SALS subphenotype
rs10487132
SNP9 � 2 (p)

rs6954345
SNP11 � 2 (p)

Bulbar/spinal onset 3.43 (0.18) 5.71 (0.06)

UL/LL onset 1.87 (0.39) 1.14 (0.57)

EOALS/LOALS 3.93 (0.14) 1.72 (0.42)

Age at onset* 0.31 (0.58) 1.22 (0.27)

* Age at onset was analyzed as a quantitative trait by Kaplan-
Meier procedure. Log-rank test with 1 df is reported.

SALS � sporadic ALS; UL � upper limb; LL � lower limb;
EOALS � early-onset ALS; LOALS � late-onset ALS.
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