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Abstract

We previously reported a linkage region on chromosome 10q for age-at-onset (AAQO) of Alzheimer (AD) and Parkinson (PD) diseases.
Glutathione S-transferase, omega-1 (GSTO1) and the adjacent gene GSTO2, located in this linkage region, were then reported to associate with
AAO of AD and PD. To examine whether GSTO1 and GSTO2 (hereafter referred to as GSTO1h) are responsible for the linkage evidence,
we identified 39 families in AD that lead to our previous linkage and association findings. The evidence of linkage and association was
markedly diminished after removing these 39 families from the analyses, thus providing support that GSTO1h drives the original linkage
results. The maximum average AAO delayed by GSTO1h SNP 7-1 (rs4825, A nucleotide) was 6.8 (+4.41) years for AD and 8.6(£5.71) for
PD, respectively. This is comparable to the magnitude of AAO difference by APOE-4 in these same AD and PD families. These findings
suggest the presence of genetic heterogeneity for GSTO1h’s effect on AAO, and support GSTO1h’s role in modifying AAO in these two

disorders.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

We have previously reported that a variation in the glu-
tathione S-transferase omega-1 genes (GSTO1) modifies the
age-at-onset (AAO) of Alzheimer (AD) and Parkinson (PD)
diseases [8]. Our study found that the Alal40Asp (rs4825,
SNP 7 in Li et al. [8]) polymorphism in exon 4 of GSTO1
was significantly associated with the AAO of both AD and
PD (P=0.007 for AD and P=0.026 for PD, respectively).
In terms of an allelic effect on AAO, we reported that the A
nucleotide change at SNP 7 (SNP 7-1 allele), resulting in the
less common aspartate (Asp) amino acid change, is associ-
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ated with a later AAO. This association of GSTO1 with AAO
of AD was recently corroborated by others [5].

A second polymorphism, lying in the promoter (SNP 9,
rs2297235) of GSTO2, was also found to be highly asso-
ciated with AAO in both disorders (P=0.005 for AD and
P=0.042 for PD, respectively). GSTO2 lies adjacent to
GSTOI, and SNPs 7 and 9 are in strong linkage disequi-
librium (LD) (2 =0.89 by Li et al. [8] and ?=1.0 by Per-
legen (http://genome.perlegen.com) [4]), implying that the
observed associations were actually the same event. Thus,
owing to the strong LD between these two markers, it is diffi-
cult to differentiate between the roles of GSTO1 and GSTO2
on this AAO effect. GSTO1 was the main focus of our previ-
ous report for several reasons. First, GSTO1 is significantly
differentially expressed in AD hippocampus versus control
[8]. Second, GSTO1 has been shown to be involved in the
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processing of interleukin 1-B, a proinflammatory cytokine
and known to be overexpressed in AD and PD brains [8].
Finally, SNP 7 has been shown to affect the functional activ-
ity of the enzyme versus some substrates [11]. To date, little
data is available related to the function of GSTO2. Therefore,
it is difficult to assess the potential biological role of GSTO2
in AD and PD. For the purpose of this study, which is to
measure the effect of this association, we will refer to this
association as the GSTO1 haplotype (GSTO1h), acknowl-
edging the potential contributions of either or both genes.

To support our initial report, we use three different
approaches to further investigate the role of GSTO1h in both
AD and PD. First, the methodology used for the previous
association analysis, the orthogonal model (OM) [1] and
Monks—Kaplan method (MK) [10] from the QTDT program
do not provide an estimate of how many years the polymor-
phisms of GSTO1h shift the AAO. To evaluate this effect,
we used several different approaches to compute and con-
firm the AAO difference between SNP 7-1 carriers and SNP
7-22 individuals for each family and examined their distri-
butions in the overall data set, as well as other stratified data
sets related to the association results.

Second, if GSTO1h is the gene that provided our initial
AAO linkage results to chromosome 10q [9], then stratifying
the data set based on the association results should affect the
linkage results. Here, we have identified a set of AD families
that contribute to both linkage results of chromosome 10q
and association results of GSTO1h.

Finally, in our previous linkage study of AAO in AD [9],
we found no evidence to suggest that the linkage results were
driven by families from any specific ascertainment center.
Here, we examined whether the same conclusion holds for
our association study.

2. Materials and methods
2.1. Data set

The AD data set used in the previous GSTO1h association
study [8] includes 606 multiplex and 105 discordant sibpairs
families (N="711 total AD families, hereafter referred to as
the association data set), in which 441 families (437 multi-
plex and 4 singleton families) were included in the previous
genomic screen study [9] (Table 1). There were 173 families
ascertained through Indiana Alzheimer’s Disease Research

Table 1
Summary of family data

Number of families

Overall data  Positive subset  Negative subset®

Linkage data set 449 215 234
Association data set 711 128 104
Both data sets 441 39 45

 Positive/negative subsets were based on the family specific LOD score
(for linkage) and MK score (for association).

Center National Cell Repository (IADRC), 399 from the
National Institute of Mental Health (NIMH), and 139 from
Duke University and collaborators (Duke). The PD data set,
which was also used in the previous study mentioned above,
included 282 multiplex families and 16 discordant sibpairs
[8]. In this study, we examined the four SNPs, 5 (rs11191972),
6 (1s2164624), 7 (rs4925), and 8 (rs1147611) (Table 4 in Li
et al. [8]), genotyped for GSTO1 in the AD data set. A subset
of analysis focused primarily on SNP 7 in both AD and PD
because it provided the strongest significant association with
AAO and is a part of GSTO1h.

2.2. Dissecting linkage and association signals in AD

In our previous genomic screen study, there were 18
microsatellite markers genotyped on chromosome 10. The
reported linkage peak for AAO of AD was at D10S1237 with
the highest LOD score of 2.39 [9]. To identify the subset
of families that influence both linkage and association sig-
nals, we computed LOD scores using the PEDLOD analysis
in SOLAR and the Monks—Kaplan statistic (hereafter called
MK score) based on the Tgp and Tps described by Monks and
Kaplan [10] for each family. The family-specific LOD score
was computed based on D10S1237. The family-specific MK
score was computed based on the presence of SNP 7-1 allele
(SNP 7-1 allele is associated with later AAO in the families).
Clearly, the number of informative families for computing
the MK score is affected by SNP 7-1 allele frequency and the
availability of AAO information.

To dissect the relationship between association and link-
age signals in the original linkage data set, we performed two
sets of analysis. First, we applied the same association tests
to the data set previously used for the AD AAO linkage study
[9] as well as the subsets of families with positive and neg-
ative LOD scores. Second, we applied an ad hoc approach
to search for a set of families that potentially influence both
linkage and association. That is, we removed a set of fami-
lies from the linkage data set that have both positive MK and
LOD scores. We then performed SOLAR linkage analysis on
this new data set and compared the results to the previously
reported linkage results on chromosome 10. We also applied
the same approach to the AD association data set previously
used for studying GSTO1 [8]. In other words, we removed
the same set of families from the association data set and
tested it by the OM and MK methods.

2.3. The effect on AAO by SNP 7

We evaluated the differences in AAO attributed to SNP
7 in three AD data sets: the overall AD data set, the pos-
itive association subset representing the families with SNP
7-1 allele associated with later AAO (families with positive
MK scores), and the set of families that showed both posi-
tive linkage and association signals. Within each family, we
computed the average AAO for SNP 7-1 carriers (11 and 12)
and SNP 7-22 subjects, respectively, and their difference. We,
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then, obtained the average and standard deviation of AAO dif-
ferences between SNP 7-1 carriers and SNP 7-22 individuals
for each data set.

Since significant association was also found between SNP
7 and AAO of PD, we applied the same approaches described
above to examine the AAO differences between SNP 7-1
carriers and SNP 7-22 individuals within each family for PD.
That is, we examined both the overall PD data set and a subset
of families with SNP 7-1 allele associated with late AAO of
PD for the AAO differences.

We also examined the AAO differences due to Apolipo-
protein E (APOE) in our data sets. APOE is a confirmed
gene that affects the risk and AAO of AD [3] and PD [7].
In addition, the AAO effect of APOE was also confirmed
by our previous genomic screen study with a LOD score of
3.28 [9]. APOE possesses three functional polymorphisms
(APOE-2, -3, and -4), in which individuals who carry APOE-
4 alleles tend to have an earlier AAO (opposite to SNP 7-
1 allele). Therefore, the magnitude of years that APOE-4
accelerates the onset of the disease will provide us a baseline
to evaluate the effect size of SNP 7 on AAO of AD and
PD. Similarly, we computed the family-specific MK score
based on the allele counts of APOE-4 and then identified
a subset of families representing APOE-4 allele associated
with early AAO (the positive association subset) for AD and
PD, respectively. The AAO differences were computed for
APOE-4 carriers versus non-APOE-4 carriers and APOE-44
individuals versus non-APOE-4 carriers in the overall data
set and the positive association subset.

2.4. The effect of ascertainment centers

In order to evaluate whether families from any specific
ascertainment center are the driving force of the GSTO1h
association, we first examined whether the association results
of GSTO1h changed by incorporating the ascertainment cen-
ter as a covariate in the QTDT OM analysis [1]. Second, we
stratified the analysis by ascertainment sites in order to evalu-

Table 2

ate the association of GSTO1h within each data set. We used
both OM and MK methods in the stratification analysis.

3. Results

Among the 449 families used in our previous linkage study
of AD [9] (hereafter referred to as the linkage data set), the
PEDLOD analysis identified 215 families with positive LOD
score (positive linkage subset) and 234 families with negative
LOD score (negative linkage subset). Among 711 AD fami-
lies in the association data set, we identified 232 families that
are informative for computing MK scores at SNP 7, in which
128 families show positive MK scores (positive association
subset) and 105 families show negative MK scores (negative
association subset). Overall, only 39 families (15 TADRC,
21 NIMH, and 3 DUKE) from the positive association subset
overlap with the positive linkage subset (Table 1).

Both SNP 7 and SNP 8 showed significant association
with AAO in the linkage data set (e.g. P=0.004 for SNP 7
and 0.019 for SNP 8 by OM method, Table 2) and marginally
significant results in positive linkage subset (P=0.036 for
SNP 7 and 0.042 for SNP 8 by OM method). A marginally
significant result was also observed for SNP 7 in the negative
linkage subsets (P =0.05 by OM method). Interestingly, SNP
8 became significant in both the linkage data set and the posi-
tive linkage subset, which was not observed in the association
data set. The families in the linkage data sets may contribute
stronger association signals of GSTO1 than those additional
families included in the association data set.

The SOLAR linkage analysis was performed on the link-
age data set without the 39 families that show both positive
linkage and association signals. Fig. 1 depicts the multipoint
results of chromosome 10 from the original genomic screen
of AAO in AD [9] and the new data set that excludes the 39
families from the linkage data set, respectively. Similar mul-
tipoint curves were observed in both linkage analyses, but
the linkage peak was markedly diminished after removing

Results of family-based association tests for AAO using the orthogonal model (OM) [1] and Monks—Kaplan method (MK) [10] for the overall data set, each

ascertainment site (NIMH, IADRC, and DUKE), and linkage data sets

Data set (no. of families) Method GSTO1
SNP 5 SNP 6 SNP 7 SNP 8
AD association data set (711) OM 0.185 0.176 0.007 0.096
MK 0.281 0.117 0.023 0.132
OM with covariate at center® 0.227 0.259 0.011 0.143
NIMH (399) OoM 0.617 0.488 0.024 0.067
MK 0.556 0.319 0.05 0.068
IADRC (173) OoM 0.093 0.153 0.177 0.179
MK 0.133 0.166 0.204 0.345
DUKE (139) OM 0.68 0.862 0.689 0.351
MK 0.765 0.564 0.773 0.557
AD linkage data set (449) OM 0.365 0.389 0.004 0.019
MK 0.419 0.460 0.003 0.018

 Including index of ascertainment centers as a covariate in the OM method.
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Fig. 1. Comparison of the multipoint linkage results for AAO on chromosome 10 using the full linkage data set [9] (dot line), the same data set without the 39
families showing positive association and linkage information (solid line), and the same linkage data set without families with positive MK scores (93 families)

(dash-dot line).

the 39 families. To reinforce the significant effect of these
39 families, we also performed the same analysis by exclud-
ing all families with positive MK scores that overlap with
the linkage data set (93 out of 128 families). The multipoint
linkage curve falls between the ones from the above two link-
age analyses (Fig. 1) suggesting that 39 families have the
strongest effect on the linkage signals observed in chromo-
some 10q. Furthermore, the association tests performed on
the data set (672 families) that excludes the 39 families from
the association data set did not detect any significant results
in all four GSTO1 SNPs either (e.g. P=0.338 for SNP 7 by
MK method). The significantly different results derived from
these two data sets (with and without the 39 families) sug-
gest that these 39 families are the driving force of both linkage
and association observed in chromosome 10q and GSTO1h
for AAO in AD.

Clinical review of the 39 families revealed more multi-
generation families when compared to the 45 families with
negative LOD and MK scores (Table 1). The average number
of affected individuals per family was similar between the
39 families (2.6 per family) and the 45 “negative” families
(2.4 per family). However, the intra-family AAO correlation
is smaller in the 39 families than the 45 families (0.15 versus
0.22), which implies larger within-family AAO variation in
the 39 families data set.

The pattern of the average AAO difference between SNP
7-1 carriers and SNP 7-22 subjects for each AD data set is
the following: 1.6 (£7.17) years for the overall AD data set
(232 informative families); 6.8 &= 4.41 years for the positive
association subset (128 families); 7.9 + 4.78 years for the 39
families that showed positive association and linkage signals

(Fig. 2). We also computed the average AAO differences by
SNP 7-1 allele using 282 multiplex PD families that were
previously studied [8]. As described earlier, the MK score
can be computed only in the informative families, that is,
families whose siblings have AAO information and carry dif-
ferent numbers of SNP 7-1 allele. In our PD data set, only
57 families were informative for SNP 7-1 allele and 35 fami-
lies showed positive association with AAO. The reduction of
informative families is consistent with the frequency of SNP
7-1 allele (31.6%) in PD. The number of years that SNP 7-1
allele delays the onset of PD is similar to AD with a larger
standard deviation, that is, 1.9 +11.01 years in the overall
PD and 8.6 ==5.71 years in the positive association families.

In the overall AD data set, there are 156 families in which
at least one individual carried an APOE-4 allele. The average
AAO difference between APOE-4 carriers and their non-
APOE-4 siblings is 2 &= 6.98 years. This difference increases
to 4.7+ 8.21 years when we compared APOE-44 individu-
als with their non-APOE-4 siblings. A clear dose effect by
APOE-4 was observed. However, the average AAO differ-
ence increases even more in a set of 96 families that show
positive association between APOE-4 and early AAO of AD,
that is, 6.3 +4.44 years between APOE-4 carriers and their
non-APOE-4 siblings. Only 9 out of 96 positive associated
families have APOE-44 individuals, in which the average
AAO difference between APOE-44 and non-APOE-4 carri-
ers was 10.8 +5.16 years.

The AAO differences by APOE-4 in PD were not much
different from that in AD. In total, only 45 families are
informative for computing AAO differences based on APOE-
4. APOE-4 carriers show an average of 1.8+9.94 years
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Fig. 2. The distribution of AAO differences between the SNP 7-1 carriers and SNP 7-22 individuals in the overall AD data set, positive association subset, and

the 39 families with strong association and linkage signals.

earlier onset than non-APOE-4 carriers in PD. This differ-
ence increases to 8.4 + 6.58 years in a set of 23 families that
show positive association between APOE-4 and early AAO
of PD. Clearly, larger standard deviations were found in PD
than in AD, which are likely due to the small number of infor-
mative families in PD. We do not show the AAO differences
between APOE-44 and non-APOE-4 carriers for each family
here, because the number of informative families was very
small (three families).

Finally, we examined whether different ascertainment
centers have an effect on the association results of GSTO1h
in AD. Similar pattern of association results remain between
the analyses with and without center effect as a covariate in
AD data set. In other words, only SNP 7 showed significant
results (P=0.011, Table 2), suggesting that the correction of
multiple ascertainment sites does not influence the results of
GSTOLlh association with AAO in AD. This is consistent with
what we found in a previous linkage study of AAO of AD [9].
For the association analysis in each subset stratified by ascer-
tainment center, SNP 7 was found to be significant only in
the NIMH data set, but not in the IADRC and Duke data sets.
It is possible that NIMH families are more informative for
the markers demonstrating association between GSTO1h and
AAO. However, smaller sample sizes in IADRC and Duke
may be a reason for this inconsistency as well.

4. Discussion

We have previously reported three lines of evidence
including genetic linkage, gene expression, and allelic asso-
ciation as supporting a strong effect in modifying AAO in AD
and PD [8] for a GSTO1-GSTO2 haplotype (GSTO1h) [8]. In
addition, the biological function of GSTO1 suggests that this
is most likely the functional causal gene, although we can-

not rule-out GSTO2 at this time. GSTO1 has been reported
to be involved in the activation of interleukin-1p3 (IL-1B), a
fundamental component in the inflammatory response [6].
Benner et al. [2] has demonstrated that passive immunization
can significantly reduce the loss of dopamine neurons in the
MPTP mouse, providing further support to inflammation as a
modifier of neurodegeneration. In addition, recently Kolsch
et al. [5] has confirmed an association of GSTO1 with AAO
in AD, as well as vascular dementia and stroke, although with
the opposite allele for late AAO to the one that we originally
reported. We have rechecked our allele correlation results
and confirmed our original findings. The reason for this dif-
ference is not clear, but it could suggest that this SNP, while
a marker for the association, is not the actual causal factor.
In addition, Whitbread et al. [12] reported no association of
GSTOI and AAO in a case-control study of PD, in which they
only compare in overall AAO between genotypes. Given the
genetic heterogeneity and small AAO differences between
SNP 7 genotypes seen in our overall AD and PD data sets,
such a case-control study may have less power to detect the
AAO effect than family-based approaches.

Since linkage analysis is often the initial step in a gene
identification study, a frequently asked question is whether
the subsequent candidate gene identified by association tests
in the linkage peak explains the original linkage results. To
investigate this question for GSTO1h, we used the AD data
set to explore possible answers. We first computed the contri-
bution of association signals (the MK score) from each family
at the SNP 7, the main contributor to the significant associa-
tion results. Since SNP 7-1 allele showed positive association
with AAO by the MK test, it implies that the total positive
MK score is significantly greater than the total negative MK
score at SNP 7 when the SNP 7-1 allele is coded as the tar-
get allele. Presumably, there should be a set of families with
positive MK scores significantly influencing the association
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results in GSTO1h as well as the linkage results of chromo-
some 10.

Here, we identified 39 families that strongly affect the link-
age results of chromosome 10 [9] and the association results
of GSTO1h [8], supported by the following two experiments:
(1) the peak LOD score of chromosome 10 dropped from 2.39
to 0.72 after removing these 39 families from the linkage data
set; (2) the SNP 7 of GSTO1 was no longer significant in the
QTDT analysis when these 39 families were excluded from
the association data set (P =0.338). We believe that the strate-
gies presented here for identifying a set of families that link
both linkage and association signals are potentially useful for
other similar studies.

Since the MK test detected a positive association between
SNP 7-1 and AAO, one may expect that all families with
positive MK scores showed the strongest effect on the linkage
results. However, we observed only a marginal decrease of
LOD score by excluding this set of families (93 families)
from the linkage data set (Fig. 1). This is likely due to the
fact that 54 out of the 93 families had negative linkage signals.
This points out that not all families with a positive association
MK score at SNP 7-1 allele are also having strong linkage
signals to AAO in AD in the linkage region of chromosome
10g. Our analysis showed that the 39 families represent the
subset that impacts both linkage of chromosome 10q and
association of GSTO1h with AAO in AD. This would suggest
further heterogeneity in the AD phenotype, at least in terms
of modifying factors, with a subset of families being more
influenced by the GSTO1h than others.

In practice, it is more important to quantify GSTO1h’s
effect on delaying the onset of AD than to simply report sig-
nificant P-values from association tests. However, the answer
is potentially confounded by the level of genetic heterogene-
ity in the data and how informative the family is for the SNPs
involved. Therefore, in considering all the SNP 7-1 carriers,
the delay of AAO in AD is only 1.6 years on average, but with
a large standard deviation (£7.17). However, for all families
with positive association signal with the SNP 7-1 allele (128
families), the SNP 7-1 carriers showed 6.8 years on average
later onset than SNP 7-22 individuals with a much smaller
standard deviation (£4.41), which explains the homogeneity
in this subset.

Similar average AAO differences were observed in PD,
but the standard deviation of AAO differences was larger in
PD than AD (11.01 versus 7.17 in the overall data sets). It
should be noted that our PD data set is much smaller than AD,
and this could explain why association results of GSTO1h on
AAO were more moderate in PD than in AD. Interestingly,
we found the magnitude of GSTO1h’s effect on AAO of AD
and PD is comparable to APOE. This finding is encouraging,
because it demonstrates that the effect size of GSTO1h on
AAO is actually quite strong. However, APOE should still
account for more of an overall genetic effect than GSTO1
because of its role in controlling both risk and AAQ, and the
strong dose effect by APOE-4 that we have not yet observed
in GSTO1.

Our overall analysis showed that the 39 families with pos-
itive association and linkage signals are the key members
contributing to the finding of linkage of chromosome 10q and
GSTOLlh association with AAO in AD. While it is important
to further dissect the clinical similarity among these 39 fam-
ilies, we took the first step to examine the AAO information
in this set of families. The average AAO of these 39 families
was 73 (£7.5), which is similar to the overall average of AAO
in the association data set (71.5 = 8.1) and linkage data set
(72.8 = 6.8). However, the average AAO difference between
SNP 7-1 carriers and SNP 7-22 individuals increases to 7.9
years in the 39 families. Furthermore, the intra-family AAO
variance is greater in these 39 families than the 45 families
(negative linkage and association families). Clearly, the vari-
ation of AAO among siblings in these 39 families leads to
the significant association between SNP 7-1 and late AAO of
AD.

In summary, we have presented several analytical
approaches that allow us to provide additional insightful
information about GSTO1hin AD and PD. The delay of AAO
by GSTOL1h can be as long as 13 years in both AD and PD.
We believe that the effect size of GSTOI is large as it delays
onset in a similar scale to APOE-4, which plays a different
role in accelerating onset of AD and PD. We have previously
presented an association analysis of GSTOI by treating the
number of APOE-4 allele as a covariate and found that the
association results of GSTO1 were not affected by APOE
[8]. This evidence further demonstrates the important role of
GSTOI and GSTO2 in modifying AAO of AD and PD.
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