
Trade-off in the effects of the apolipoprotein E polymorphism on
the ages at onset of CVD and cancer influences human lifespan

Alexander M. Kulminski, Irina Culminskaya, Svetlana V. Ukraintseva, Konstantin G.
Arbeev, Liubov Arbeeva, Deqing Wu, Igor Akushevich, Kenneth C. Land, and Anatoli I.
Yashin
Center for Population Health and Aging, Duke University, Trent Hall, Room 002, Box 90408,
Durham, NC, 27708, USA

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 due to
trade-offs in the gene action. We focus on the well-studied apolipoproetin E (APOE) e2/3/4
polymorphism and on lifespan and ages at onset of cardiovascular diseases (CVD) and cancer,
using data on 3,924 participants 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; adjustment for it in the Cox
regression model makes the detrimental effect of the e4 allele highly significant (p=0.002). This
trade-off is likely caused by the lipid-metabolism-related (for CVD) and non-related (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 understanding 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),
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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 phenotypes, 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 associations at p<5×10−8 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). GWAS 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 modest 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 & Brunet
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 post-reproductive manifestation (Di Rienzo & Hudson 2005; Vijg & Suh 2005).

A vivid example is the apolipoprotein E (APOE) common polymorphism (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 including cognitive
impairment, Alzheimer's disease (AD), atherosclerosis, stroke, diabetes, cancer, etc. (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 longevity 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 longevity gene. Another study of a large sample of
elderly Canadians 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 associations 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). Specifically,
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 CVD and neurodegenerative 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
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juveniles carrying the e4 allele have a thinner entorhinal cortex (a major component of brain
memory 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 uniquely 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 Charlesworth’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 protective
role on other traits. For instance, several studies have shown that the e4 allele could be
protective against some infectious diseases (Oria et al. 2005; Oria et al. 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 post-
reproductive 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; Panza 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 phenotype in various populations and settings could
be due to trade-off in the gene action on different risk factors for such a phenotype rather
than due to false positive findings.

The aim of this work is to test the above hypothesis by comparing the effects of the APOE
e2/3/4 polymorphism on survival, lifespan, and ages at onsets of major causes of death in
developed countries, i.e., cardiovascular diseases (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=5,124) aged 5–70 years were biological descendants (N=3,514), their spouses
(N=1,576), and adopted offspring (N=34) of the FHS participants. The publicly-released
limited-access FHSO data available for this study have phenotypic 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 followed for the onset of
CVD, cancer, and death through regular examinations at the FHS clinic, surveillance of
hospital admissions, 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). Information on the APOE e2/3/4
polymorphism in the FHSO was available for 3,924 subjects.
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Analysis
Associations of the APOE polymorphism with survival, longevity, and ages at onset of CVD
(diseases of heart and stroke) and cancer (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 individual’s age, e.g., age at baseline plus time elapsed since the baseline
examination through 2007, was used as a time variable in these analyses. We estimated
unadjusted Cox regression models and the models adjusted for age, sex, prevalence of CVD
and cancer, relatedness, body mass index (BMI, kg/m2), total cholesterol (mg/100 ml), high
density lipoprotein (HDL) cholesterol (mg/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 estimated 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 conclusions. Accordingly, for further analyses we used measurements 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 software
(release 17.0, Chicago, Illinois, USA). Corrections for sampling type I error were
disregarded in these analyses due to 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 3,924 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, non-risk allele carriers were taken as a reference group,
with subjects carrying the risk allele categorized 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 aggregated (Figure 1A). The poor survival of the e4/4 carriers is a major
contributor to the adverse effect of the e4 allele in the aggregated sample (Figure 1B),
because the effect of the most frequent risk-allele genotype (e3/4) is insignificant (Figure
1A). Life expectancy (LE) estimates show that the e4-allele homozygotes and the e2/4
heterozygotes live shorter lives on average than the non-risk allele carriers and the e3/4
heterozygotes. The difference 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, Figure 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. Figure 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 and 2B (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 significant (LR=0.006). This effect is predominantly
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due to 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
non-risk allele carriers.

An overall association of the APOE with age at onset of cancer (Figures 2C and 2D) 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 heterozygotes who, contrarily, enjoy the longest life
without cancer (HLE=85.9 years), i.e., longer than carriers of the most favorable genotypes
(HLE=84.1). The protective effect for the e3/4 heterozygotes is significant but limited to
older (about 65+years) ages (Figure 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, Figure 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 due to an inherent complexity of
biological functions of the same gene in an aging human organism. Specifically, this genetic
trade-off can explain the lack of consistency in the associations of the e3/4 genotype with
survival. To elucidate whether this can indeed be the case, we evaluated relative risks (RRs)
of death using the Cox regression model with several adjustments.

First, we evaluated the RRs of death using the model with no adjustments (Table 2) to
ensure that the model and empirical estimates are consistent. Significance of the RR
estimates for the aggregated and non-aggregated groups of the e4 carriers as well as for the
e3/4 carriers resemble the LR estimates shown in Figure 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 overall 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 Figure 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 due to 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 high density lipoprotein (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=8.1×10−7) and smoking (p=6.0×10−8) 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
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substituting cancer by CVD) did not alter the estimates. These results imply that association
of the APOE polymorphism with cancer is unlikely mediated by lipid metabolism.

Discussion
Our analysis explicitly shows that carriers of the risk (e4) allele live consistently shorter
lives than the non-risk 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., e4/4 carriers lived
6.4 years shorter lives than the non-e4 carriers 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 survival.
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 inconsistencies of genetic associations in different populations and settings.

The lack of sensitivity of the association of the APOE with survival 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 modulated either by lipid metabolism or by these behavioral risk factors. 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 non-prostate and non-breast cancer sites.

Is there any bio-evolutionary rationale for genetic trade-offs? Cancer and CVD are diseases
with largely post-reproductive manifestations. Therefore, it is unlikely that evolution
directly worked against them because evolution primarily maximizes fitness 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 & Kirkwood 2010). The problem, however, is
that such reproductive-age-related factors might well be relevant to fitness but: (i) not
relevant to post-reproductive age diseases at all, (ii) predispose to them, (iii) be protective of
them, or (iv) predispose to some diseases but be protective of the others. For instance,
reproductive-age-related factors might be evolutionary advantageous but, simultaneously,
they can predispose to late-life diseases in humans and non-human species (Williams & Day
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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 evolution (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 cancers was seen
in a study by Watson et al. (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. Identifying 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 combinations of such
factors for individual genotypes.
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Figure 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; CI=confidence interval.
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Figure 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 CVDs 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). CI=confidence interval.

Kulminski et al. Page 13

Aging Cell. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kulminski et al. Page 14

Ta
bl

e 
1

B
as

ic
 c

ha
ra

ct
er

is
tic

s o
f t

he
 3

,9
24

 g
en

ot
yp

ed
 F

H
SO

 p
ar

tic
ip

an
ts

Fa
ct

or
e2

/2
e2

/3
e2

/4
e3

/3
e3

/4
e4

/4

N
 (%

* )
17

 (0
.4

)
50

5 
(1

2.
9)

67
 (1

.7
)

25
18

 (6
4.

2)
75

3 
(1

9.
2)

64
 (1

.6
)

M
ea

n 
ag

e 
(S

D
), 

yr
s

40
.6

 (9
.1

)
35

.8
 (1

0.
0)

36
.1

 (8
.6

)
35

.8
 (1

0.
2)

35
.9

 (1
0.

0)
35

.8
 (1

0.
2)

D
ea

d 
(%

**
)

2 
(1

1.
8)

75
 (1

4.
9)

12
 (1

7.
9)

37
0 

(1
4.

7)
12

5 
(1

6.
6)

17
 (2

7.
0)

C
V

D
 (%

**
)

4 
(2

3.
5)

11
1 

(2
2.

0)
15

 (2
2.

4)
55

1 
(2

1.
9)

19
8 

(2
6.

3)
16

 (2
5.

0)

C
an

ce
r (

%
**

)
3 

(1
7.

6)
92

 (1
8.

2)
16

 (2
3.

9)
46

2 
(1

8.
3)

11
6 

(1
5.

4)
12

 (1
8.

8)

* Pe
rc

en
ta

ge
 is

 w
ith

in
 th

e 
en

tir
e 

sa
m

pl
e;

**
pe

rc
en

ta
ge

 is
 w

ith
in

 th
e 

AP
O

E 
ge

no
ty

pe
s.

Th
e 

ca
rd

io
va

sc
ul

ar
 d

is
ea

se
 (C

V
D

) g
ro

up
 in

cl
ud

es
 th

e 
pr

ev
al

en
ce

 o
f d

is
ea

se
s o

f h
ea

rt 
an

d 
st

ro
ke

; t
he

 p
re

va
le

nc
e 

of
 c

an
ce

r i
nc

lu
de

s a
ll 

si
te

s b
ut

 sk
in

; m
ea

n 
ag

e 
is

 m
ea

su
re

d 
at

 b
as

el
in

e.

Aging Cell. Author manuscript; available in PMC 2012 June 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kulminski et al. Page 15

Ta
bl

e 
2

R
el

at
iv

e 
ris

ks
 o

f d
ea

th
 fo

r c
ar

rie
rs

 o
f d

iff
er

en
t A

PO
E 

ge
no

ty
pe

s.

M
od

el
s*

A
lle

le
G

en
ot

yp
es

e4
, a

ny
e2

/4
e3

/4
e4

/4
ov

er
al

l
p-

va
lu

e

M
0

1.
25

 (0
.0

18
)

1.
38

 (0
.2

70
)

1.
17

 (0
.1

27
)

2.
26

 (9
.7

×1
0−

4 )
4.

2×
10

−
3

M
1

1.
21

 (0
.0

40
)

1.
31

 (0
.3

57
)

1.
13

 (0
.2

25
)

2.
30

 (7
.5

×1
0−

4 )
5.

2×
10

−
3

M
2

1.
34

 (1
.9

×1
0−

3 )
1.

27
 (0

.4
08

)
1.

26
 (0

.0
23

)
2.

70
 (6

.6
×1

0−
5 )

1.
8×

10
−

4

M
3

1.
34

 (1
.9

×1
0−

3 )
1.

28
 (0

.4
05

)
1.

26
 (0

.0
23

)
2.

68
 (7

.0
×1

0−
5 )

1.
9×

10
−

4

M
4

1.
35

 (1
.3

×1
0−

3 )
1.

32
 (0

.3
50

)
1.

27
 (0

.0
19

)
2.

71
 (6

.1
×1

0−
5 )

1.
4×

10
−

4

M
0:

 n
o 

ad
ju

st
m

en
ts

; M
1:

 a
dj

us
tm

en
ts

 b
y 

ag
e 

an
d 

se
x;

 M
2:

 M
1 

+ 
pr

ev
al

en
ce

 o
f C

V
D

 a
nd

 c
an

ce
r; 

M
3:

 M
2 

+ 
R

el
at

ed
ne

ss
; M

4:
 M

3 
+ 

bo
dy

 m
as

s i
nd

ex
 (k

g/
m

2 )
, s

m
ok

in
g,

 a
nd

 d
rin

ki
ng

.

N
um

be
rs

 sh
ow

 re
la

tiv
e 

ris
ks

 (p
-v

al
ue

s)
 fo

r c
ar

rie
rs

 o
f t

he
 ri

sk
 a

lle
le

 (e
4,

 a
ny

) a
nd

 fo
r c

ar
rie

rs
 o

f e
ac

h 
ge

no
ty

pe
 w

ith
 th

e 
e4

 a
lle

le
 (“

G
en

ot
yp

es
”)

. C
ol

um
n 

“o
ve

ra
ll 

p-
va

lu
e”

 sh
ow

s s
ig

ni
fic

an
ce

 o
f t

he
 o

ve
ra

ll
m

od
el

 in
 th

e 
la

tte
r c

as
e,

 i.
e.

, t
hi

s i
s t

he
 re

su
lt 

of
 th

e 
te

st
 o

f t
he

 n
ul

l h
yp

ot
he

si
s t

ha
t a

ll 
th

e 
ef

fe
ct

 c
oe

ff
ic

ie
nt

s f
or

 th
is

 c
at

eg
or

ic
al

 v
ar

ia
bl

e 
ar

e 
ze

ro
. T

he
 n

on
-e

4-
al

le
le

 c
ar

rie
rs

 w
er

e 
th

e 
re

fe
re

nc
e 

gr
ou

p.

* Sa
m

pl
e 

si
ze

 is
 g

iv
en

 in
 F

ig
ur

e 
1.

Aging Cell. Author manuscript; available in PMC 2012 June 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kulminski et al. Page 16

Ta
bl

e 
3

R
el

at
iv

e 
ris

ks
 o

f o
ns

et
s o

f C
V

D
 a

nd
 c

an
ce

r f
or

 c
ar

rie
rs

 o
f d

iff
er

en
t A

PO
E 

ge
no

ty
pe

s.

T
ra

it
M

od
el

A
lle

le
G

en
ot

yp
es

e4
, a

ny
e2

/4
e3

/4
e4

/4
ov

er
al

l
p-

va
lu

e

C
V

D
M

0*
1.

24
 (0

.0
07

)
0.

99
 (0

.9
68

)
1.

26
 (0

.0
06

)
1.

29
 (0

.3
10

)
0.

04
0

M
1*

*
1.

14
 (0

.1
13

)
1.

04
 (0

.8
92

)
1.

17
 (0

.0
68

)
0.

90
 (0

.6
92

)
0.

30
6

M
1*

* +
ca

nc
er

1.
13

 (0
.1

27
)

1.
04

 (0
.8

83
)

1.
16

 (0
.0

78
)

0.
90

 (0
.6

82
)

0.
33

4

M
2*

* +
ca

nc
er

1.
14

 (0
.0

99
)

1.
05

 (0
.8

51
)

1.
17

 (0
.0

60
)

0.
90

 (0
.6

86
)

0.
27

7

M
3*

* +
ca

nc
er

1.
14

 (0
.1

12
)

0.
98

 (0
.9

94
)

1.
17

 (0
.0

57
)

0.
88

 (0
.6

29
)

0.
25

8

C
an

ce
r

M
0*

0.
86

 (0
.1

16
)

1.
38

 (0
.2

05
)

0.
80

 (0
.0

32
)

1.
08

 (0
.7

88
)

0.
08

0

M
1*

* +
C

V
D

0.
84

 (0
.0

80
)

1.
38

 (0
.2

08
)

0.
78

 (0
.0

19
)

1.
08

 (0
.8

00
)

0.
05

4

M
2*

* +
C

V
D

0.
84

 (0
.0

71
)

1.
36

 (0
.2

28
)

0.
78

 (0
.0

17
)

1.
07

 (0
.8

15
)

0.
05

2

M
3*

* +
C

V
D

0.
84

 (0
.0

65
)
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)
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)
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)
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8

M
0:

 n
o 

ad
ju

st
m

en
ts

; M
1:

 a
dj

us
tm

en
ts

 b
y 

ag
e,

 se
x,

 re
la

te
dn

es
s, 

to
ta

l c
ho

le
st

er
ol

 (m
g/

10
00

 m
l),

 a
nd

 h
ig

h 
de

ns
ity

 li
po

pr
ot

ei
n 

ch
ol

es
te

ro
l (

m
g/

10
00

 m
l);

 M
2:

 M
1 

+ 
bo

dy
 m

as
s i

nd
ex

 (k
g/

m
2 )

; M
3:

 M
2 

+
sm

ok
in

g 
an

d 
dr

in
ki

ng
. C

ho
le

st
er

ol
 le

ve
ls

 w
er

e 
di

vi
de

d 
by

 1
0 

fo
r b

et
te

r v
is

ib
ili

ty
.

N
um

be
rs

 sh
ow

 re
la

tiv
e 

ris
ks

 (p
-v

al
ue

s)
 fo

r c
ar

rie
rs

 o
f t

he
 ri

sk
 a

lle
le

 (e
4,

 a
ny

) a
nd

 fo
r c

ar
rie

rs
 o

f e
ac

h 
ge

no
ty

pe
 w

ith
 th

e 
e4

 a
lle

le
 (“

G
en

ot
yp

es
”)

. C
ol

um
n 

“o
ve

ra
ll 

p-
va

lu
e”

 sh
ow

s s
ig

ni
fic

an
ce

 o
f t

he
 o

ve
ra

ll
m

od
el

 in
 th

e 
la

tte
r c

as
e.

 T
he

 n
on

-e
4-

al
le

le
 c

ar
rie

rs
 w

er
e 

th
e 

re
fe

re
nc

e 
gr

ou
p.

* Sa
m

pl
e 

si
ze

 is
 g

iv
en

 in
 F

ig
ur

e 
2.

**
Sa

m
pl

e 
si

ze
s a

re
 sl

ig
ht

ly
 sm

al
le

r d
ue

 to
 a

bo
ut

 2
%

 o
f m

is
si

ng
 v

al
ue

s f
or

 th
e 

to
ta

l a
nd

 h
ig

h 
de

ns
ity

 li
po

pr
ot

ei
n 

ch
ol

es
te

ro
l m

ea
su

re
m

en
ts

.
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