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Summary

Progress in unraveling the genetic origins of healthy
aging is tempered, in part, by a lack of replication of
effects, which is often considered a signature of false-
positive findings. We convincingly demonstrate that the
lack of genetic effects on an aging-related trait can be
because of trade-offs in the gene action. We focus on the
well-studied apolipoprotein E (APOE) e2/3/4 polymor-
phism and on lifespan and ages at onset of cardiovascular
diseases (CVD) and cancer, using data on 3924 partici-
pants of the Framingham Heart Study Offspring cohort.
Kaplan—-Meier estimates show that the e4 allele carriers
live shorter lives than the non-e4 allele carriers (log
rank = 0.016). The adverse effect was attributed to the
poor survival of the e4 homozygotes, whereas the effect
of the common e3/4 genotype was insignificant. The e3/4
genotype, however, was antagonistically associated with
onsets of those diseases predisposing to an earlier onset
of CVD and a later onset of cancer compared to the non-
e4 allele genotypes. This trade-off explains the lack of a
significant effect of the e3/4 genotype on survival; adjust-
ment for it in the Cox regression model makes the detri-
mental effect of the e4 allele highly significant
(P = 0.002). This trade-off is likely caused by the lipid-
metabolism-related (for CVD) and nonrelated (for cancer)
mechanisms. An evolutionary rationale suggests that
genetic trade-offs should not be an exception in studies
of aging-related traits. Deeper insights into biological
mechanisms mediating gene action are critical for under-
standing the genetic regulation of a healthy lifespan and
for personalizing medical care.
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Introduction

The rapidly growing elderly population worldwide raises serious
concerns about increasing the healthy lifespan (Olshansky et al.,
2007; Sierra et al., 2008). Because longevity and various aging-
related traits are heritable (Vijg & Suh, 2005; Martin et al.,
2007), understanding the role of genes in regulating such traits
could be a basis for major breakthroughs in addressing this
problem.

A currently prevailing hypothesis in genetic association studies
of complex traits, including aging-related diseases and pheno-
types, is that they can be caused by common genetic variants
(Christensen et al., 2006; Cutler & Mattson, 2006; Gibson,
2009). However, decades of candidate-gene studies and recent
substantial investments in genome-wide association studies
(GWAS) following the ‘common disease — common variant’
hypothesis have not yet provided major breakthroughs.
Although GWAS have revealed about 2000 genome-wide asso-
ciations at P < 5x 1078 for multiple complex traits (http:/
www.genome.gov/gwastudies), these genetic effects are very
modest (Gorlov et al., 2008; Gibson, 2009; Goldstein, 2009;
Plomin et al., 2009), explaining only a small fraction of genetic
variability in susceptibility to such traits (Frazer et al., 2009).
Genome-wide association studies have also failed to identify
common risk alleles that substantially affect human longevity
(Lunetta et al., 2007; Beekman et al., 2010; Newman et al.,
2010).

Candidate-gene studies have been more successful in that
they identified several common allelic variants [e.g., of APOE
(Christensen et al., 2006; Salvioli et al., 2006), CETP (Barzilai
et al., 2003; Koropatnick et al., 2008), FOXO3A (Willcox et al.,
2008; Flachsbart et al., 2009) genes] which could explain mod-
est susceptibility to the aging-related traits and predisposition to
long life in humans. Such modest progress in finding genes
involved in regulation of human aging is surprising because
numerous aging-related genes have been identified in lower
organisms (Kenyon, 2005; Cutler & Mattson, 2006; Greer & Bru-
net, 2008). Possible explanations of such a modest progress
include a high complexity of biological functions of such genes
in the human organism (Goh et al., 2007; Martin et al., 2007)
and the lack of an evolutionary program directly working against
aging-related traits with postreproductive manifestation (Di
Rienzo & Hudson, 2005; Vijg & Suh, 2005).
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A vivid example is the apolipoprotein E (APOE) common poly-
morphism (e2, e3, and e4), which is one of the best studied
polymorphisms in humans. The APOE polymorphism is shown to
be involved in regulation of numerous geriatric diseases includ-
ing cognitive impairment, Alzheimer’s disease (AD), atheroscle-
rosis, stroke, diabetes, cancer. (Smith, 2002; Farlow et al.,
2004; Moore et al., 2004; Jofre-Monseny et al., 2008). Studies
show that this polymorphism can be also associated with lon-
gevity because the proportion of carriers of the e4 allele in the
oldest-old population is found to be smaller compared to that in
adult controls (Christensen et al., 2006; Jacobsen et al., 2010).
One cross-sectional study (Gerdes et al., 2000) explained large
differences in frequencies of the e2 and e4 alleles in adults and
centenarians by minor differences in age-specific risks of death
suggesting the role of the APOE as a frailty gene rather than lon-
gevity gene. Another study of a large sample of elderly Canadi-
ans did not reveal, however, significant association between the
APOE polymorphism and frailty (Rockwood et al., 2008).

The APOE gene has been extensively studied for its associa-
tions with various reproductive-age-related traits including lipid
metabolism, oxidative stress, and inflammation (Finch, 2007;
Jofre-Monseny et al., 2008). Given the broad biological role of
the APOE gene (Mahley, 1988; Jofre-Monseny et al., 2008), it
can be involved in regulation of various aspects of aging (Finch
& Morgan, 2007; Bonomini et al., 2010; Finch, 2010). Specifi-
cally, the e4 allele is associated with elevated plasma cholesterol
and low-density lipoprotein levels (Mahley, 1988); it typically
promotes inflammation and is associated with higher oxidative
stress, which can cause cardiovascular diseases (CVD) and neu-
rodegenerative diseases later in life (Eichner et al., 2002; Jofre-
Monseny et al., 2008). Furthermore, the role of the e4 allele in
human development is increasingly recognized. For instance, it
has been shown that healthy juveniles carrying the e4 allele have
a thinner entorhinal cortex (a major component of brain mem-
ory network) which might predispose to Alzheimer’s disease
(Shaw et al., 2007).

The APOE polymorphism has unique evolutionary-developed
human-specific functions (Finch, 2010). Specifically, the e4 allele
is considered as an ancestral variant with the e3 allele spread
uniguely in humans (Fullerton et al.,, 2000). Despite its broad
adverse effects on various traits, the e4 allele is still common in
human population (Drenos & Kirkwood, 2010). Therefore, this
allele might also be beneficial. This is the essence of the Charles-
worth’s (Charlesworth, 1996) and Martin’s (Martin, 1999)
hypothesis, who suggested that the e4 allele had been subject
to balancing evolutionary selection because of its potential pro-
tective role on other traits. For instance, several studies have
shown that the e4 allele could be protective against some infec-
tious diseases (Oria et al., 2005, 2007) and a lipophilic virus
(Charlesworth, 1996). The e4 allele can be also protective
against liver damage caused by the hepatitis C virus (Wozniak
et al., 2002; Fabris et al., 2005). Epidemiological studies also
suggest a protective role of the e4 allele on such postreproduc-
tive trait as macular degeneration (Klaver et al., 1998; Souied
et al., 1998; Thakkinstian et al., 2006).

Nevertheless, the effect of even such a well-studied gene on
survival remains controversial [see, e.g., (Little et al., 2009; Pan-
za et al., 2009) and references therein]. Survival is the most
important phenotype, because it summarizes the entire life
course of individuals. If, for instance, a study documents an
effect of a certain genetic variant on a life-threatening aging-
related trait but its effect on survival is uncertain (as in the case
of the APOE), it might well be because such a genetic variant
can exhibit pleiotropy with trade-off in the effects on different
causes of death. More generally, a lack of replication of a
genetic effect on a complex (non-Mendelian) aging-related phe-
notype in various populations and settings could be because of
trade-off in the gene action on different risk factors for such a
phenotype rather than because of false-positive findings.

The aim of this work is to test the above hypothesis by com-
paring the effects of the APOE e2/3/4 polymorphism on sur-
vival, lifespan, and ages at onsets of major causes of death in
developed countries, i.e., CVD and cancer (all sites but skin),
using data from the Framingham Heart Study Offspring (FHSO)
cohort followed up for about 36 years.

Materials and methods

Study design and population

The FHSO cohort was launched in 1971, i.e., 22 years after the
original Framingham Heart Study (FHS) cohort (launched in
1948). The study design has been described by Dawber et al.
(1951), Feinleib et al. (1975), and Splansky et al. (2007). Briefly,
the FHSO respondents (N = 5124) aged 5-70 were biological
descendants (N = 3514), their spouses (N = 1576), and adopted
offspring (N = 34) of the FHS participants. The publicly released
limited-access FHSO data available for this study have pheno-
typic information assessed at six FHSO examinations performed
in 1971-1975, 1979-1982, 1984-1987, 1987-1990, 1991-
1995, and 1996-1997. The FHSO participants have been fol-
lowed for the onset of CVD, cancer, and death through regular
examinations at the FHS clinic, surveillance of hospital admis-
sions, and death registries (Splansky et al., 2007; Govindaraju
et al., 2008) for up to about 36 years, currently through 2007.
Biospecimens were collected in the late 1980s and through
1990s (Cupples et al., 2007). The procedure used for the APOE
genotyping in the FHSO is described in Lahoz et al. (2001). Infor-
mation on the APOE e2/3/4 polymorphism in the FHSO was
available for 3924 subjects.

Analysis

Associations of the APOE polymorphism with survival, longevity,
and ages at onset of CVD (diseases of heart and stroke) and can-
cer (all sites but skin) were primarily characterized by Kaplan—
Meier empirical age patterns. Kaplan—-Meier estimates were
complemented by evaluation of the relative risks (RRs) of death
using the proportional hazard Cox regression model. An individ-
ual's age, e.g., age at baseline plus time elapsed since the
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baseline examination through 2007, was used as a time variable
in these analyses. We estimated unadjusted Cox regression mod-
els and the models adjusted for age, sex, prevalence of CVD and
cancer, relatedness, body mass index (BMI, kg m~2), total choles-
terol (mg per 100 mL), high-density lipoprotein (HDL) cholesterol
(mg per 100 mL), smoking (ever smoke), and drinking (currently
drink or not). Relatedness was categorized as singleton and one
individual per extended FHSO family vs. other family members. In
these analyses, cholesterol levels were divided by 10 for better
visibility. Because BMI, cholesterol, smoking, and drinking are
age-sensitive covariates, we first evaluated whether the results
are consistent across the FHSO examinations. For this, we esti-
mated the Cox regression models for each FHSO examination
with covariates measured at the respective examinations. The
results of these analyses showed that the age at measurement of
the covariates makes no qualitative difference to our major con-
clusions. Accordingly, for further analyses, we used measure-
ments of BMI, cholesterol, smoking, and drinking at the FHSO
baseline in order to maximize sample size and follow-up time.
Statistical analyses of the data were performed using spss soft-
ware (release 17.0; SPSS, Chicago, IL, USA). Corrections for sam-
pling type | error were disregarded in these analyses as a result of
findings from numerous prior studies on the associations of the
APOE polymorphism with various aging-related traits and the
limited number of independent tests.

Results

Basic characteristics of the 3924 genotyped FHSO participants
are listed in Table 1 for each APOE genotype. Table 1 indicates
selective survival of individuals carrying genotypes with the risk
(i.e., e4) allele. Therefore, nonrisk allele carriers were taken as a
reference group, with subjects carrying the risk allele catego-
rized according to genotypes and presence of the e4 allele.
Figure 1 documents the overall significance of the association
between the APOE polymorphism and survival. This association
is more pronounced when the risk allele carriers are not aggre-
gated (Fig. 1A). The poor survival of the e4/4 carriers is a major
contributor to the adverse effect of the e4 allele in the aggre-
gated sample (Fig. 1B), because the effect of the most frequent
risk-allele genotype (e3/4) is insignificant (Fig. 1A). Life expec-
tancy (LE) estimates show that the e4-allele homozygotes and
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the e2/4 heterozygotes live shorter lives on average than the
nonrisk allele carriers and the e3/4 heterozygotes. The differ-
ence in LE can be as much as 6.4 years. Figure 1 also shows that
the effect of the risk allele is limited to older ages. At those ages,
however, the risk-allele carriers are at consistently higher risk of
premature death compared to the non-e4-allele carriers in any
old-age group. Thus, Fig. 1 provides evidence of connections of
the APOE polymorphism to aging, because the e4 carriers die
younger than the non-e4 age-peers.

Given connections of the APOE polymorphism with various
geriatric diseases (see the Introduction), a next logical step is to
test association of this polymorphism with age at onset of major
causes of death in developed societies, i.e., CVD and cancer. Fig-
ure 2 shows the results of Kaplan-Meier estimates and empirical
estimates of healthy life expectancy (HLE) defined as life without
CVD or cancer. Figures 2A,B (log rank [LR]) document an overall
association of the APOE polymorphism with age at onset of
CVD. An overall negative effect of the e4 allele is highly signifi-
cant (LR = 0.006). This effect is predominantly caused by the
adverse effect of the e3/4 genotype. Figure 2A also shows that
after about 50 years of age, the e3/4 heterozygotes consistently
contract CVD at younger ages than the nonrisk allele carriers.

An overall association of the APOE with age at onset of cancer
(Fig. 2C,D) is at best marginally significant when we consider
individual genotypes (LR = 0.078). Although carriers of the
e2/4 and e4/4 genotypes tend to live shorter lives than the non-
e4 carriers, this is definitively not the case for the e3/4 hetero-
zygotes who, contrarily, enjoy the longest life without cancer
(HLE = 85.9 years), i.e., longer than carriers of the most favor-
able genotypes (HLE = 84.1). The protective effect for the e3/4
heterozygotes is significant but limited to older (about 65+
years) ages (Fig. 2C, LR = 0.031). The protective effect of the
e3/4 genotype appears to be cancer specific, i.e., this genotype
is unlikely to protect against prostate or breast cancers
(LR =0.537) but it likely protects against other cancers
(LR = 0.016).

Thus, Fig. 2 documents a genetic trade-off such that the same
genotype (i.e., e3/4) can favor CVD but be protective of cancer.
This result is an example of how the failure to find significant
effects in genetic association studies can be because of an inher-
ent complexity of biological functions of the same gene in an
aging human organism. Specifically, this genetic trade-off can

Table 1 Basic characteristics of the 3924 genotyped Framingham Heart Study Offspring participants

Factor e2/2 e2/3 e2/4 e3/3 e3/4 ed/4

N (%*) 17 (0.4) 505 (12.9) 67 (1.7) 2518 (64.2) 753 (19.2) 64 (1.6)
Mean age (SD) (years) 40.6 (9.1) 35.8 (10.0) 36.1 (8.6) 35.8(10.2) 35.9 (10.0) 35.8(10.2)
Dead (%**) 2(11.8) 75 (14.9) 12 (17.9) 370 (14.7) 125 (16.6) 17 (27.0)
CVD (%**) 4 (23.5) 111 (22.0) 15 (22.4) 551 (21.9) 198 (26.3) 16 (25.0)
Cancer (%**) 3(17.6) 92 (18.2) 16 (23.9) 462 (18.3) 116 (15.4) 12 (18.8)

The cardiovascular disease (CVD) group includes the prevalence of diseases of heart and stroke; the prevalence of cancer includes all sites but skin; mean

age is measured at baseline.
*Percentage is within the entire sample.
**Percentage is within the APOE genotypes.

© 2011 The Authors

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland



536 APOE gene, survival, and aging-related diseases, A. M. Kulminski et al.

Total/died LE 95%Cl

NoE4; 3040/447; 83.9, 83.2-84.7

-e-e-- E2/4: 67112;  79.5,77.2-81.8 Total/died LE  95%ClI
------- E3/4; 753/125; 82.8,81.5-84.1 NoE4; 3040/447; 83.9, 83.2-84.7
E4/4; 63/17; 775, 74.8-802  ------- E4; 883/154; 82.2,81.0-83.4

0.8

0.6

Survival

041 LR overall = 0.003 LR =0.016
| LR E3/4 vs. NoE4 = 0.129 ' .
02 - .
0 IR NV U N [ T T T N
50 60 70 80 90 50 60 70 80 90

Age, years

Fig. 1 Kaplan-Meier survival age patterns for carriers of different APOE genotypes. (A) Survival patterns for carriers of the non-e4 (NoE4), e2/4, e3/4, and e4/4
genotypes. (B) Survival patterns for carriers of the non-e4 (NoE4) and any risk allele (E4) genotypes. Log rank (LR) measures equality of the survival distributions.
Total/died denotes the total number of carriers and the number of deaths among them. LE = life expectancy; Cl = confidence interval.
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Fig. 2 Kaplan-Meier age patterns of probability of staying free of a disease for carriers of different APOE genotypes. (A) Probability patterns for onsets of
cardiovascular diseases (CVD) for carriers of the non-e4 (NoE4), e2/4, e3/4, and e4/4 genotypes. (B) Probability patterns for onsets of CVDs for carriers of the
non-e4 (NoE4) and any risk allele (E4) genotypes. (C) and (D) The same as (A) and (B) but for cancer. Log rank (LR) measures equality of the probability distributions.
Total/CVD (or cancer) denotes the total number of carriers and the number of CVD (or cancer) onsets among them. Healthy life expectancy (HLE) is defined as life
without CVD (diseases of heart and stroke) or cancer (all sites but skin). Cl = confidence interval.

explain the lack of consistency in the associations of the e3/4 First, we evaluated the RRs of death using the model with no
genotype with survival. To elucidate whether this can indeed be adjustments (Table 2) to ensure that the model and empirical
the case, we evaluated RRs of death using the Cox regression estimates are consistent. Significance of the RR estimates for the
model with several adjustments. aggregated and nonaggregated groups of the e4 carriers as well

© 2011 The Authors
Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland



Table 2 Relative risks of death for carriers of different APOE genotypes

APOE gene, survival, and aging-related diseases, A. M. Kulminski et al.

Allele Genotypes
Models* e4, any e2/4 e3/4 ed/4 Overall P-value
MO 1.25(0.018) 1.38 (0.270) 1.17 (0.127) 2.26 (9.7 x 1074 42x%x1073
M1 1.21 (0.040) 1.31(0.357) 1.13 (0.225) 2.30 (7.5 x 1074 5.2x 1073
M2 1.34 (1.9 x 1073) 1.27 (0.408) 1.26 (0.023) 2.70 (6.6 x 107°) 1.8x 1074
M3 1.34 (1.9 x 1079 1.28 (0.405) 1.26 (0.023) 2.68 (7.0 x 107°) 1.9x 1074
M4 1.35 (1.3 x 107%) 1.32 (0.350) 1.27 (0.019) 2.71 (6.1 % 107°) 1.4%x 1074

MO, no adjustments; M1, adjustments by age and sex; M2, M1+ prevalence of cardiovascular diseases and cancer; M3, M2+ Relatedness; M4, M3+ body

mass index (kg m~2), smoking, and drinking.

Numbers show relative risks (P-values) for carriers of the risk allele (e4, any) and for carriers of each genotype with the e4 allele (‘Genotypes’). Column
‘overall P-value’ shows significance of the overall model in the latter case, i.e., this is the result of the test of the null hypothesis that all the effect
coefficients for this categorical variable are zero. The non-e4-allele carriers were the reference group.

*Sample size is given in Fig. 1.

as for the e3/4 carriers resemble the LR estimates shown in
Fig. 1. Adjustment by age and sex neither changes the RRs nor
their significance. Adjustment by the prevalence of CVD and
cancer is, however, highly effective and considerably improves
significance of the estimates. Furthermore, the RR of death for
the e3/4 carriers compared to the non-e4 carriers doubles rising
from 13% to 26% and becomes significant after adjustment.
This implies that the association of the e3/4 genotype with over-
all survival is confounded by cancer- and CVD-related deaths in
opposite fashion. The latter results in no significant association
of this genotype with survival in unadjusted estimates (see also
Fig. 1A). We also verified that relatedness, body mass index
(BMI), smoking, and drinking did not affect the associations
(Table 2).

Because the APOE gene is known to be associated with lipid
metabolism (see the Introduction) cholesterol levels can mediate
the effect of the e3/4 genotype on diseases and, consequently,
on survival. A key question is whether an abnormal lipid profile
can be a common risk factor for CVD and cancer or the observed

genetic trade-off is because of different mechanisms. To answer
this question, we evaluated RRs of onsets of CVD and cancer
using the Cox regression model.

Again, we first validated that the Cox model and empirical
estimates are consistent (Table 3, M0). As in the case of survival,
adjustment of the associations with age at onset of CVD by age,
sex, and relatedness did not affect the estimates (not shown).
Additional adjustment by total and HDL cholesterol explains the
significant reduction in the RRs for contracting CVD early in life.
Adjustment by cancer did not change the estimates. Adjustment
by major potential behavioral risk factors for CVD including BMI,
smoking, and drinking did not change the estimates either
despite the highly significant effect of BMI (P = 8.1 x 1077) and
smoking (P = 6.0 x 1078) on risk of CVD. Adjustment of the
associations with age at onset of cancer (Table 3) by the same
risk factors as in the case of CVD (except substituting cancer by
CVD) did not alter the estimates. These results imply that associ-
ation of the APOE polymorphism with cancer is unlikely medi-
ated by lipid metabolism.

Table 3 Relative risks of onsets of cardiovascular diseases (CVD) and cancer for carriers of different APOE genotypes

Allele Genotypes

Trait Model e4, any e2/4 e3/4 e4/4 Overall P-value

[@¥y) MO* 1.24 (0.007) 0.99 (0.968) 1.26 (0.006) 1.29 (0.310) 0.040
M1** 1.14 (0.113) 1.04 (0.892) 1.17 (0.068) 0.90 (0.692) 0.306
M1**+cancer 1.13(0.127) 1.04 (0.883) 1.16 (0.078) 0.90 (0.682) 0.334
M2**+cancer 1.14 (0.099) 1.05 (0.851) 1.17 (0.060) 0.90 (0.686) 0.277
M3**+cancer 1.14 (0.112) 0.98 (0.994) 1.17 (0.057) 0.88 (0.629) 0.258

Cancer MO* 0.86 (0.116) 1.38 (0.205) 0.80 (0.032) 1.08 (0.788) 0.080
M1**+CVD 0.84 (0.080) 1.38 (0.208) 0.78 (0.019) 1.08 (0.800) 0.054
M2**+CVD 0.84 (0.071) 1.36 (0.228) 0.78 (0.017) 1.07 (0.815) 0.052
M3**+CVD 0.84 (0.065) 1.33 (0.266) 0.77 (0.016) 1.06 (0.854) 0.058

MO, no adjustments; M1, adjustments by age, sex, relatedness, total cholesterol (mg L™, and high-density lipoprotein (HDL) cholesterol (mg L™"; M2, M1+
body mass index (kg m~2); M3, M2+ smoking and drinking. Cholesterol levels were divided by 10 for better visibility.

Numbers show relative risks (P-values) for carriers of the risk allele (e4, any) and for carriers of each genotype with the e4 allele (‘Genotypes’). Column
‘overall P-value’ shows significance of the overall model in the latter case. The non-e4-allele carriers were the reference group.

*Sample size is given in Fig. 2.

**Sample sizes are slightly smaller because of about 2% of missing values for the total and HDL cholesterol measurements.
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Discussion

Our analysis explicitly shows that carriers of the risk (e4) allele
live consistently shorter lives than the nonrisk allele age-peers,
when they reach older ages. A major contributor to this adverse
effect of the e4 allele is the e4/4 homozygous genotype, e.g.,
ed/4 carriers lived 6.4 years shorter lives than the non-e4 carri-
ers, whereas the lifespan of the e3/4 heterozygotes was about
the same as that of the non-e4 allele carriers. A striking result of
this study is that the e4 risk-allele can show a pleiotropic effect
with a trade-off, i.e., it can predispose to early onset of CVD but
postpone cancers to older ages. This trade-off does explain the
insignificance of the association of the e3/4 genotype with sur-
vival. Furthermore, adjustment for this trade-off makes the
detrimental effect of the e4 allele more apparent. Importantly, a
possibility of trade-offs between CVD and cancer in the FHS
population has also been documented at the phenotypic level
(Ukraintseva et al., 2010), which reinforces validity of the
observed trade-off in the effects of the APOE polymorphism on
the respective diseases. Thus, genetic trade-offs appear to be an
important source of confounding in studies of genetic effects on
aging-related traits, which can at least partly explain inconsisten-
cies of genetic associations in different populations and settings.

The lack of sensitivity of the association of the APOE with sur-
vival to BMI, smoking, and drinking suggests a mediating role of
other causes of death. These can be neurodegenerative diseases
which are well known to be associated with the e4 allele (Corder
et al., 1994) and are highly common at advanced ages (Bishop
et al., 2010). Although the FHSO data available for this study do
not provide information on onsets of these diseases, implicitly
this conclusion is supported by increased risks of overall deaths
at older ages. The latter is in line with recent findings on the
increased effect of the APOE gene on survival at older ages in
healthy Danes (Jacobsen et al., 2010).

The detrimental effect of the e4 allele on age at onset of CVD
was mostly explained in our study by impaired lipid metabolism
(high total and/or low HDL cholesterol levels). This effect was
not modulated by such important behavioral risk factors for
CVD as BMI and smoking. By comparison, the protective effect
of the e3/4 genotype on age at onset of cancer was not modu-
lated either by lipid metabolism or by these behavioral risk fac-
tors. These results suggest that the trade-off in the effects of the
e4 allele involves different biological mechanisms affecting
onsets of cancer and CVD. This finding implicates the need for a
deeper understanding of mechanisms mediating genetic effects
on complex (non-Mendelian) phenotypes in order to properly
translate genetic findings into personalized medical care. Our
findings also suggest that the protective effect of the e3/4
genotype on cancer is site specific, being largely attributed to
nonprostate and non-breast cancer sites.

Is there any bio-evolutionary rationale for genetic trade-offs?
Cancer and CVD are diseases with largely postreproductive
manifestations. Therefore, it is unlikely that evolution directly
worked against them, because evolution primarily maximizes fit-
ness of individuals of reproductive age. It might well be the case

that a certain risk factor for a late life disease can be relevant to
reproductive age and fitness. Then, evolution can be relevant to
late-life diseases (Di Rienzo & Hudson, 2005; Drenos & Kirk-
wood, 2010). The problem, however, is that such reproductive-
age-related factors might well be relevant to fitness but (i) not
relevant to postreproductive age diseases at all, (i) predispose to
them, (iii) be protective of them, or (iv) predispose to some dis-
eases but be protective of the others. For instance, reproductive-
age-related factors might be evolutionarily advantageous but,
simultaneously, they can predispose to late-life diseases in
humans and nonhuman species (Williams & Day, 2003; Martin,
2007; Kulminski et al., 2010). Then genetic trade-offs in which
the same genetic variant can be protective against one disease
but be predisposing to another one would not be an exception
in studies of complex aging-related traits (Frazer et al., 2009).
This conclusion is in line with the hypothesis of balancing evolu-
tion (see the Introduction).

In terms of balancing evolution of the APOE polymorphism,
there is a broad consensus on the mechanism of detrimental
action of the e4 allele described in the Introduction which is in
line with our findings. The mechanism of its protective role is,
however, unclear (de Jong, 2006). APOE was proposed as a
potent inhibitor of angiogenesis and tumor cell growth (Vogel
et al., 1994). One study reported on protection of the e4 allele
against colorectal cancer (Kervinen et al., 1996) with a similar
trend for colon adenomas in another study (Shinomiya et al.,
2001). The protective role of the e2/3 genotype for these can-
cers was seen in a study by Watson et al. (2003). APOE may
influence colorectal cancers through lipid metabolism, insulin
regulation, and inflammation (Slattery et al., 2005). Carriers of
the e4 allele might also develop CNS neoplasms at later ages,
though the mechanism of this association is unclear (Zunarelli
et al., 2000). Yet, despite these findings, there is no consensus
either on the effect of the APOE gene on neoplasia or on its
mechanism (Finch, 2007). This prevents concluding that the
trade-off observed in this study can explain the maintenance of
the e4 allele in humans.

Overall, this study explicitly demonstrates that unraveling the
genetic origin of aging-related traits requires deeper insights
into biological mechanisms mediating gene action, than those
currently offered by mechanistic bio-statistical approaches. Iden-
tifying causes of genetic trade-offs is critical for understanding
the relationships among factors influencing total survival and
onsets of aging-related disorders and for finding optimal combi-
nations of such factors for individual genotypes.
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