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Abstract
In addition to genetic effects on disease risk, age-at-onset (AAO) of Alzheimer’s disease (AD) is
also genetically controlled. Using AAO as a covariate, a linkage signal for AD has been detected on
chromosome 14q32 near the a1-antichymotrypsin (ACT) gene. Previously, a signal peptide
polymorphism (codon -17A>T) in the ACT gene has been suggested to affect AD risk, but with
inconsistent findings. Given that a linkage signal for AAO has been detected near ACT, we
hypothesized that ACT genetic variation affects AAO rather than disease risk and this may explain
the previous inconsistent findings between ACT genetic variation and AD risk. We examined the
impact of the ACT signal peptide polymorphism on mean AAO in 909 AD cases. The ACT
polymorphism was significantly associated with AAO and this effect was independent of the APOE
polymorphism. Mean AAO among ACT/AA homozygotes was significantly lower than that in the
combined AT+TT genotype group (p=0.019) and this difference was confined to male AD patients
(p=0.002). Among male AD patients, the ACT/AA genotype was also associated with shorter disease
duration before death as compared to the ACT/AT + TT genotypes (p=0.012). These data suggest
that the ACT gene may affect AAO and disease duration of AD.

1. Introduction
Alpha-1-antichymotrypsin (ACT), also known as serine proteinase inhibitor A3 (SERPINA3),
is an acute phase reactant protein that is believed to be involved in the pathogenesis of
Alzheimer’s disease (AD). ACT is a major component of neuritic plaques [1] and it promotes
the assembly of amyloid-ß peptide (Aß) into filaments [13] and its deposition in the brain
[16,18] and it also affects cognitive impairment [17]. Compared to controls, ACT levels are
elevated in the cerebrospinal fluid of AD patients [3,12] and elevated levels are also associated
with AD severity [3]. Originally our group reported that the ACT/codon -17*A allele was
associated with AD risk in an APOE-dependent fashion [7], however, subsequent studies
showed inconsistent results [4,25]. Additional evidence that the ACT/-17*A allele may be
functional comes from data implicating this allele in deleterious cerebral glucose metabolism
[5], severity of cerebral amyloid angiopathy [24] and its enhanced secretion from astroglial
cell lines [19]. Despite these data, the role of ACT genetic variation in AD risk has not gained
special attention mainly because of the inconsistent association data and the apparent lack of
linkage signal on chromosome 14q32, where the ACT gene resides. Recently linkage analysis
methods have been developed that allow covariates to be included in the analysis, thus enabling
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the detection of additional linkage signals that might be undetectable using conventional
linkage methods. Age-at-onset (AAO) is an important covariate for AD and is also highly
heritable [2,9]. Using AAO as a covariate for risk of AD, a linkage signal with lod score of
1.89 was detected on chromosome 14q32 near D14S1015 [20], which is within 2 Mb of the
ACT gene.

To test the hypothesis that ACT genetic variation affects AAO of AD, we examined the impact
of the ACT signal peptide polymorphism at codon -17 (A>T) on mean AAO in 909 AD cases.
We also examined if this polymorphism is associated with disease duration.

2. Materials and Methods
2.1. Subjects

The study sample comprised 909 AD cases (67% women; 33% men) with AAO ranging from
60-91 years and mean AAO of 72.19 ± [SE] 0.21 years. All AD cases were recruited by the
University of Pittsburgh Alzheimer’s Disease Research Center and their use for genetic studies
was approved by the University of Pittsburgh Institutional Review Board. All cases were
clinically evaluated and satisfied NINCDS/ADRDA criteria for probable AD [14].

2.2. Genotyping
ACT and apolipoprotein E (APOE) genotyping were performed as described elsewhere [6,7].

2.3. Statistical Analyses
The mean AAO between different genotype groups was compared using a general linear
models approach including the effects of ACT genotype (AA vs. AT + TT), APOE genotype
(APOE*4 carriers vs. non-APOE*4 carriers), APOE by ACT genotype interaction, sex and sex
by ACT genotype interaction. A priori, we decided to analyze ACT genotype data as two groups
(AA vs. AA + TT) based on results of our previous studies (7). Statistical analyses were
performed using the R software environment
(http://www.maths.lth.se/help/R/.R/doc/html/index.html) which is similar to S-plus. Kaplan-
Maier survival analysis was also used to compare the AAO between genotypes. The disease
duration was estimated by subtracting the AAO from the age at death and then mean disease
duration was compared among ACT genotype after adjusting for the effects of sex and APOE
genotype. Data on disease duration were available on 157 AD patients.

3. Results
A regression analysis including ACT genotype, APOE genotype, sex, sex by ACT genotype
interaction and ACT by APOE genotype interaction revealed that ACT (p=0.033), APOE
(p<0.0001) and sex by ACT genotype (p=0.059) were significantly associated with AAO of
AD. There was no statistically significant interaction between ACT and APOE (p=0.54).

Table 1 presents mean AAO among APOE genotypes. As expected, the lowest AAO was in
the 4/4 genotype and the highest AAO in the 2/2 genotype. The sex-adjusted mean AAO was
about three years lower among APOE*4 carriers than non-APOE*4 carriers (70.96 ± 0.28 vs.
73.96; p<0.0001). However, this difference between APOE*4 carriers and non-APOE*4
carriers was more pronounced among females (70.97 ± 0.32 vs. 74.57 ±0.38; p<0.0001) than
males (70.92 ± 0.42 vs. 72.66 ± 0.62; p=0.017). The APOE genotype explained 5.7% of the
phenotypic variation in AAO. Kaplan-Maier survival analysis revealed a gene-dosage effect
of the APOE*4 allele on AAO (Fig. 1A).
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APOE-adjusted mean AAO among ACT genotypes is presented in Table 2. Because there was
a suggestive sex by ACT genotype interaction effect in the regression model, mean AAO is
also presented separately for males and females. Mean AAO was significantly lower in the AA
genotype than the combined AT and TT genotypes in the total sample (71.41 ± 0.38 vs. 72.48
± 0.23; p=0.019) and furthermore, this difference was significant in males (70.01 ± 0.64 vs.
72.42 ± 0.41; p=0.009) but not females (72.14 ± 0.47 vs. 72.49 ± 0.28; p=0.131). Although
there was no statistically significant interaction between ACT and APOE, we also examined
the impact of ACT genotype on AAO based on the presence or absence of the APOE*4 allele
in the combined sample (Table 2). The mean AAO was significantly lower between ACT/AA
homozygotes and ACT/AT+TT genotypes among APOE*4 carriers only (p=0.015). As noted
above, the mean AAO difference between APOE*4 carriers and non-APOE*4 carriers is about
3 years. However, this difference is influenced by the ACT genotype such that within the
APOE*4 carriers the ACT/AA, AT and TT genotypes have 3.75, 2.81 and 2.62 years lower
AAO, respectively, than the corresponding ACT genotypes within non-APOE*4 carriers.
Kaplan-Maier survival analysis (Fig. 2B–D) also showed that ACT/AA genotype had lower
AAO than ACT/AT + TT genotypes (p=0.066) and this difference was significant among
APOE*4 carriers (p=0.016) but not among non-APOE*4 carriers (p=0.61).

We also examined the impact of ACT genotypes on the disease duration (age at death – AAO)
after adjusting for the effect of APOE. While there was no difference among females, the
disease duration was significantly shorter (p=0.021) among male ACT/AA patients (disease
duration 7.69 ± 0.81 years) than AT (10.13 ± 0.61 years) and TT (11.61 ± 1.26 years).
Comparison of ACT/AA homozygote with combined ACT/AT + TT genotypes showed about
a 3 year difference in disease duration (7.69 ± 0.81 vs. 10.67 ± 0.61; p=0.012). While there
was no impact of the APOE polymorphism on disease duration in the total sample (p=0.20),
disease duration among females was shorter in APOE*4 carriers than non-APOE*4 carriers
(8.74 ± 0.52 vs. 10.56 ± 0.55; p=0.028). These gender-specific effects of ACT and APOE on
disease duration are analogous to those seen for AAO.

4. Discussion
New emerging data indicate that in addition to disease risk, genetic factors also affect AAO of
AD [2,9] with an estimate of heritability of AAO >40% [9]. Identification of genes for AAO
may help to delay the onset of disease, which could save billions of dollars in healthcare cost.
In addition to disease risk, APOE also affects variation in AAO. However, the APOE genetic
variation explains only 4 to 9% of the variation in AAO [2,21]. A simulation study has
suggested that in addition to APOE, seven additional genes with effect size ranging from <1%
to 57% may influence the AAO of AD [2], but their identity is unknown. Using AAO as a
covariate, Olsen et al. [20] reported a linkage signal within 2 Mb of the ACT gene on
chromosome 14q32. In their baseline model without AAO as a covariate, they obtained no
linkage signal (lod score = 0.0), but they did obtain a suggestive linkage signal (lod score =
1.89) when AAO was used as a covariate. Several studies have examined the role of the ACT
signal peptide polymorphism (−17 A>T) with AD risk, but the results have been inconsistent.
In the current investigation, we tested the hypothesis that the ACT signal peptide polymorphism
affects AAO rather than the risk of AD, and that this hypothesized relationship might explain
the previous inconsistent association data between ACT genotypes and AD risk. Indeed, we
found that the ACT signal peptide polymorphism has moderate, but significant impact on AAO.
The ACT/AA homozygotes were associated with lower mean AAO than the other two ACT
genotypes and this effect was independent of the APOE polymorphism. Overall, the ACT
polymorphism explained 0.7% of the phenotypic variation in AAO, which is less than the
contribution of the APOE polymorphism on AAO (5.7%) in this sample. However, this 0.7%
contribution of the ACT polymorphism to AAO is consistent with the simulation results in
which two of the seven postulated genes have <1% effect each on AAO [2].
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Previously, Talbot et al. [22] reported a similar lowering, but non-significant (p=0.06), effect
of he AA genotype of the ACT signal peptide polymorphism on AAO in 202 AD cases,
however, this association was significant among APOE*4 carriers (p=0.012). On the other
hand, Licastro et al. [11] reported that the TT genotype of the ACT signal peptide
polymorphisms was associated with lower AAO among an unspecified number of late-onset
AD cases (>65 years) of the total 281 AD cases examined. Using data on 909 late-onset AD
cases, we observed a significant association between ACT genotypes and AAO (p=0.019).
Similar to the report by Talbot et al. [22], the ACT/AA genotype was associated with a lower
AAO of AD. Furthermore, when the ACT genotypes were stratified by APOE genotype, the
significant association was confined to APOE*4 carriers, which was also confirmed by Kaplan-
Maier survival analysis. Our data revealed that the significant impact of the ACT polymorphism
on AAO was confined to male AD patients, in which the AA homozygotes had AAO more
than two years earlier than the other two genotypes (70.01 ± 0.64 vs. 72.42 ± 0.41; p=0.002).
In addition to having earlier AAO, male AD patients with the AA genotype also had about 3
years shorter disease duration before death than male AD patients with the other two genotypes
(7.69 ± 0.81 vs. 10.67 ± 0.61; p=0.012). These data suggest that the ACT polymorphism is not
only associated with AAO but also with disease duration in a gender-specific manner.

Recently, the ACT signal peptide polymorphism has also been reported to be associated with
AAO of Parkinson’s disease [23]. This association between ACT polymorphism and AAO of
both AD and Parkinson’s disease is similar to that observed for APOE, because APOE also
affects AAO for both AD and Parkinson’s disease [8]. Our data suggest that the ACT gene
confers AD risk by affecting AAO of AD and this may explain the previous inconsistent reports
of an association between the ACT signal peptide polymorphism and AD risk. An alternative
explanation for the current observation is that the ACT signal peptide polymorphism may be
in linkage disequilibrium with a functional variant either within the ACT gene or in a nearby
gene. Recently, a polymorphisms in the ACT promoter (−51G>T) has been described that
affects ACT expression in transfected glial cell lines [15] and AD risk [10]. We found that
although this polymorphism is in strong linkage disequilibrium with the signal peptide
polymorphism, it was not associated with either the risk or AAO of AD (data not shown).
Because a linkage signal has been observed for AAO in the vicinity of the ACT gene [20], a
renewed interest in this region may help to determine if the ACT gene or a nearby gene affects
AAO for AD, and perhaps Parkinson’s disease.
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Figure 1.
Kaplan-Maier survival analysis for age-at-onset (AAO). The AAO is plotted against the
proportion unaffected by AD. (A) = Comparison of no copy of APOE*4 allele (2/2, 2/3, 3/3
genotypes), one copy of APOE*4 allele (2/4, 3/4 genotype) and two copies of APOE*4 allele
(4/4 genotype) on AAO. At age 70, 72.1% subjects with no APOE*4, 54.8% with one
APOE*4 and 31.7% with two APOE*4 are unaffected by AD (log rank 75.2, df = 5, p<0.0001).
(B) = Comparison of ACT/AA and AT + TT genotypes on AAO. At age 70, 61.2% subjects
with AT + TT genotype and 53.8% with AA genotype are unaffected by AD (log rank 3.4, df
= 1, p=0.066). (C) = Comparison of ACT genotype on AAO among APOE*4 carriers. At age
70, 54% subjects with ACT/AT + TT genotype and 42.4% with ACT/AA genotype are
unaffected by AD (log rank = 5.8, df = 1, p=0.016). (D) = Comparison of ACT genotype on
AAO among non-APOE*4 carriers (log rank 0.3, df = 1, p=0.61).
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Table 1
Sex-adjusted (± SE) mean age-at-onset (AAO) among APOE genotypes

APOE Genotype N AAO (year)

2/2 3 79.37 ± 2.91
2/3 33 72.57 ± 0.96
33 336 74.05 ± 0.34
2/4 24 71.68 ± 1.11
34 433 71.36 ± 0.29
44 80 68.59 ± 0.59

p<0.0001
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Table 2
APOE-adjusted mean age-at-onset (AAO) among ACT genotypes stratified by gender

N AA AT TT p-Value

Male 298 70.01 ± 0.64 (n = 81) 72.38 ± 0.52 (n = 144) 72.51 ± 0.68 (n = 73) 0.009 (0.002)*
Female 611 72.14 ± 0.47 (n = 155) 72.89 ± 0.34 (n = 292) 71.78 ± 0.49 (n = 164) 0.131 (0.522)*
Combined 909 71.41 ± 0.38 (n = 236) 72.73 ± 0.29 (n = 436) 72.01 ± 0.40 (n = 237) 0.021 (0.019)*†
Combined
APOE*4 carriers

537 69.92 ± 0.48 (n = 139) 71.56 ± 0.37 (n = 260) 70.90 ± 0.65 (n = 138) 0.029 (0.015)*

Combined non-
APOE*4 carriers

372 73.67 ± 0.63 (n = 97) 74.37 ± 0.46 (n = 176) 73.52 ± 0.65 (n = 99) 0.480 (0.595)*

*
p-value in parenthesis is based on comparison between AA vs. AT + TT groups

†
p-values in the combined sample are adjusted for sex and APOE genotype
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