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Summary

Traditionally, genomewide association studies (GWAS) have
emphasized the benefits of large samples in the analyses of
age-related traits rather than their specific properties. We
adopted a realistic concept of genetic susceptibility to inherently
heterogeneous, age-related traits driven by the elusive role of
evolution in their properties. We analyzed in detail the associa-
tions of rs693 and rs562338 polymorphisms representing the
Apolipoprotein B locus with endophenotypes (total cholesterol
[TC] and high-density lipoprotein cholesterol) and phenotypes
(myocardial infarction [MI] and survival) in four large-scale
studies, which include 20 748 individuals with 2357 MI events.
We showed that a strong, robust predisposition of rs693 and
rs562338 to TC (p = 0.72, P = 7.7 x 10 3° for rs693 and p = —1.08,
P =9.8 x 1072 for rs562338) is not translated into a predispo-
sition to Ml and survival. The rs693_A allele influences risks of Ml
and mortality after Ml additively with lipids. This allele shows
antagonistic effects—protecting against MI risks (f = —0.18,
P=11x 107 or increasing Ml risks (B = 0.15, P = 2.8 X 1073)
and mortality after MI, in different populations. Paradoxically,
increased TC concentrations can be protective against Ml for the
rs693_A allele carriers. Our results uncouple the influences of the
same alleles on endophenotypes and phenotypes despite poten-
tial causal relationships among the latter. Our strategy reveals
virtually genomewide significance for the associations of rs693
with MI (P = 5.5 x 10%) that is contrasted with a weak estimate
following the traditional, sample-size-centered GWAS strategy
(P = 0.16) in the same sample. These results caution against the
use of the traditional GWAS strategy for gaining profound
insights into genetic predisposition to healthspan and lifespan.
Key words: aging; ApoB polymorphism; endophenotypes;
healthspan; lifespan; trade-offs.

Introduction

Technological breakthroughs in genomewide genotyping raised enthu-
siasm for advancing the progress in discovering genes influencing various
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health traits. Advances in the field are promising for strengthening
strategies for extending healthspan and lifespan (Franceschi et al., 2007,
Sierra et al., 2008; Bloss et al., 2011). To address this problem, one
necessarily faces the need to deal with genetic influences on age-related
traits, that is, on traits which are characteristic of the elderly people in
modern societies. They are a special case of complex polygenic
phenotypes, which have three important complications.

First, age-related traits are a relatively new widespread phenomenon
in human history. This is because, for example, in 1840 the world record
of mean lifespan for women was approximately 45 years (Oeppen &
Vaupel, 2002), implying that about half of the population did not survive
to older ages where the incidence of age-related health traits sharply
increases. Second, they are characteristic of the postreproductive period
where selection pressure is not as strong as at the reproductive period,
and therefore, the role of evolution in these traits is elusive (Vijg & Suh,
2005; Crespi et al., 2010; Kulminski, 2013; Corella & Ordovas, 2014).
Third, these traits appear in late life whereas genes are transmitted from
parents at conception, that is, these events are separated by a large
portion of the individuals' life.

Currently prevailing genomewide association studies (GWAS) empha-
size ‘the benefits of the large sample sizes achievable through collabo-
ration’ (Willer et al., 2013), rather than specific properties of complex
traits and follow the same strategy regardless of whether the analyses are
focused on traits directly affecting fitness (Yang et al.,, 2010) or age-
related traits which do not directly affect fitness (lkkram et al., 2009).

It is often argued that GWAS of age-related traits (phenotypes) can be
improved by focusing on their precursors (called endophenotypes) (Willer
et al., 2013). This strategy can be beneficial because endophenotypes
can be characteristic for reproductive age and be under direct pressure of
natural selection. Accordingly, one could expect evolutionarily estab-
lished molecular mechanisms regulating endophenotypes that presum-
ably should be translated into genetic predisposition to the related
downstream phenotypes (Willer et al., 2008; Teslovich et al., 2010).

The problem, however, is that (i) endophenotypes have not been
selected against or in favor of their pathological dysregulation causing
age-related traits (Crespi, 2010), and (ii) genes involved in regulation of
normal function of endophenotypes were selected in principally different
conditions than those in modern societies (Vijg & Suh, 2005; Nesse et al.,
2012). Accordingly, one has the same evolutionary concerns about
mechanisms of genetic regulation for endophenotypes as for phenotypes.

As a result, one should expect complex mechanisms linking genes
with endophenotype and phenotypes. Then, a more realistic concept of
genetic predisposition to endophenotype and phenotypes should adopt
the complexity in gene actions rather than just rely on the existence of ‘a
true effect’ (Button et al., 2013) with wide norm of reaction (Dobzhan-
sky, 1973). This implies that it is not necessary that genetic effects on
endophenotype and phenotypes should be the same in different
populations (of even the same ancestry) and that genetic predisposition
to endophenotypes may not necessarily be translated into genetic
predisposition to downstream phenotypes.

We address the problem by considering in detail the associations of
rs693 and rs562338 polymorphisms, representing the apolipoprotein B
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(ApoB) locus, with endophenotypes (total cholesterol [TC] and high-
density lipoprotein cholesterol [HDL-C]) and phenotypes (myocardial
infarction [MI] and survival) in four studies, that is, the Framingham Heart
Study (FHS), the Atherosclerosis Risk in Communities (ARIC) Study, the
Multi-Ethnic Study of Atherosclerosis (MESA), and the Cardiovascular
Health Study (CHS).

Results

Basic characteristics of the ARIC, MESA, FHS, and CHS relevant to our
analyses are given in Table 1 (see Section ‘Experimental procedures’,
Subsection ‘Data’). Table S1 (Supporting information) also provides
information on participants of each FHS cohort separately, that is, the FHS
original (FHS), offspring (FHSO), and the 3rd generation (3rd Gen) cohorts.

Table 1 Basic characteristics of the genotyped participants of the selected studies

Table 1 and Table S1 (Supporting information) show that the
proportion of genotypes of rs693 and rs562338 SNPs is virtually the
same in each sample. The CHS population was the oldest at baseline,
followed by the MESA, ARIC, and FHS. Carriers of each genotype of
these SNPs were of about the same age at baseline as well as at death or
the end of follow-up in each sample. The TC and HDL-C concentrations
varied across genotypes and sample. Table 1 and Table S1 (Supporting
information) also show the genotype-specific proportions of myocardial
infarction (M) cases and deaths.

Associations of genetic variants with lipids

Associations of rs693 and rs562338 representing the ApoB locus with
endophenotypes (TC and HDL-C) were evaluated using an additive

rs693 rs562338
Factor GG GA AA GG GA AA
Atherosclerosis Risk in Communities (ARIC) Study
N (%) 2378 (24.8) 4755 (49.6) 2459 (25.6) 6417 (66.8) 2897 (30.2) 291 (3)
Age, mean (SD), years 54.3 (5.6) 54.3 (5.7) 54.3 (5.7) 54.4 (5.7) 54.2 (5.7) 54.2 (5.8)
LS, mean (SD), years 69.8 (5.8) 69.9 (5.9) 69.9 (5.8) 69.9 (5.9) 69.8 (5.8) 69.6 (6.1)
TC, mean (SD), mg dL’ 210 1 (40) 215.6 (40.7) 218.6 (41.3) 217.5 (40.8) 210.2 (40.5) 208.2 (39.9)
HDL-C, mean (SD), mg dL’ 1(16.7) 50.4 (16.8) 50.2 (16.4) 50.5 (16.6) 50.6 (16.8) 49.3(17.2)
M, yes (%% 195 (8.2) 395 (8.3) 176 (7.2) 524 (8.2) 227 (7.8) 18 (6.2)
Death, yes (%) 373 (15.7) 701 (14.7) 353 (14.4) 945 (14.7) 436 (15.1) 45 (15.5)
Framingham Heart Study (FHS)
N (%) 2232 (26.3) 4045 (47.7) 2198 (25.9) 5403 (63.9) 2645 (31.3) 401 (4.7)
Age, mean (SD), years 37.8(9.3) 37.8(9.3) 37.7 (9.4) 37.7 (9.4) 37.8(9.1) 37.9(9.2)
LS, mean (SD), years 63.1(17.1) 63.6 (17.5) 63.1(17.4) 63.3(17.4) 63.2 (17.1) 62 (17.2)
TC, mean (SD), mg dL e 192.9 (40.7) 197.5 (39.8) 200.7 (42.5) 199 (41.2) 194.1 (40.2) 189.5 (36.5)
HDL-C, mean (SD), mg a1 52.8 (15.2) 52.6 (15.4) 51.6 (15.7) 52.2 (15.4) 52.8 (15.5) 51.7 (14.9)
M, yes (%%) 190 (8.5) 337 (8.3) 162 (7.4) 436 (8.1) 206 (7.8) 37 (9.2)
Death, yes (%%) 433 (19.4) 885 (21.9) 460 (20.9) 1149 (21.3) 536 (20.3) 71(17.7)
Multi-Ethnic Study of Atherosclerosis (MESA)
N (%) 729 (27.2) 1359 (50.6) 597 (22.2) 1691 (63.1) 875 (32.6) 114 (4.3)
Age, mean (SD), years 63.4 (10) 62.4 (10.2) 62.6 (10.1) 62.7 (10.1) 62.8 (10.2) 63.2 (9.9)
LS, mean (SD), years 71.4 (10) 70.5(10.2) 70.8 (10.1) 70.7 (10.1) 70.9 (10.2) 71.6 (10.2)
TC, mean (SD), mg dL’ 193.6 (36.2) 194.5 (34.9) 201 (35.4) 197.2 (35.7) 194 (34.9) 185.9 (35.2)
HDL-C, mean (SD), mg d.’ 52 9 (16) 52 3(15.4) 52 2 (16.4) 52.6 (16.1) 52 4 (15.3) 51.1 (14.2)
M, yes (%) 8(2.7) 6 (2.8 2 (3.9 46 (2.9) 8 (3.4) 1(1)
Death, yes (%% 4 (8.1) 3(7.2) 9 (5.1) 98 (6.1) 0 (8.6) 8 (7.8)
Cardiovascular Health Study (CHS)
N (%) 1176 (26.6) 2182 (49.4) 1062 (24.0) 2834 (64.0) 1430 (32.3) 164 (3.7)
Age, mean (SD), years 72.5(5.4) 72.9 (5.6) 72.8 (5.7) 72.9 (5.6) 72.6 (5.6) 73.1 (6.2)
LS, mean (SD), years 83.5(5.2) 83.4 (5.4) 83.2 (5.5) 83.4 (5.4) 83.4 (5.3) 83.5(5.3)
TC, mean (SD), mg dL! 210.2 (38.8) 210.3 (39.5) 215.5(39.2) 213.8 (40.1) 207.9 (37.9) 205.5 (35.3)
HDL-C, mean (SD), mg dL’ 53.1 (15.7) 53.8 (15.8) 53.2 (15.3) 53.4 (15.8) 53.6 (15.3) 53.7 (17.1)
M, yes (%%) 225 (19.1) 504 (23.1) 246 (23.2) 623 (22.0) 326 (22.8) 26 (15.9)
Death, yes (%% 572 (48.6) 1129 (51.7) 549 (51.7) 1453 (53.2) 713 (49.9) 88 (53.7)

N denotes sample size.
Mean age is given at baselines.
LS denotes lifespan, that is, age at death or the end of follow-up.

TC denotes total cholesterol; HDL-C denotes high-density lipoprotein cholesterol; Ml denotes myocardial infarction.
The selected single-nucleotide polymorphisms (SNPs), rs693 and rs562338, represent the ApoB locus given its pattern of linkage disequilibrium shown in Fig. S1 (Supporting

information).
fPercentage is within the genotyped sample.
*Percentage is within each genotype.

¥Mean TC and HDL-C were measured at examination 9 for FHS original cohort because this examination included the largest sample size with nonmissing information on
these lipids. For the other FHS cohorts and for the other studies, mean TC and HDL-C were representatively given at baselines.
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genetic model with allele A in each SNP as an effect allele. We evaluated
the associations of each of these two SNPs, their additive effects, and the
associations of each of two polygenic scores (PS-AA and PS-GA) with TC
and HDL-C (see Section ‘Experimental procedures’).

Associations with TC

Table 2 (Model 1) shows detrimental effects of the rs693_A allele and
protective effects of the rs562338_A allele on TC in each study. In most
studies, the effects were highly significant. The modest significance for
rs693 in MESA was, in part, due to smaller effect size. The detrimental
(rs693) and protective (rs562338) effects on TC were consistent in each
FHS cohort (Table S2, M1, Supporting information).

These SNPs were also additively associated with TC, although the
effects (P-values) were consistently and substantially smaller (larger) than
the effects (P-values) of individual SNPs in each study (by 26-44% for rs693
and by 13-30% for rs562338 for effect sizes) and in each FHS cohort
(Table 2 and Table S2, M2, Supporting information). Because the number
of people in the analyses of individual SNPs and their additive effects were
the same, the increase of P-value was due to smaller effect sizes.

Because the effects of the rs693_A and rs562338_A alleles were of
opposite signs, the analyses showed highly significant protective effects
of the polygenic score PS-GA, whereas the effects of PS-AA were small
and nonsignificant (Table 2).

Mega-analysis of all studies showed that the strongest effect per allele
could be achieved for rs562338 (B = —1.08, P=9.8 x 107*). This
effect was equivalent to decreasing TC concentrations by 5.1 mg dL™"
per allele. The most significant effect was, however, observed for the
effect alleles in PS-GA score (B = —0.69, P=2.8 x 107°"), which is
equivalent to decreasing concentrations of TC by 3.2 mg dL™" per effect
allele in a person’s genome.

Table 2 The associations of genetic variants with lipids
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Adjustment of the models by lipid-lowering treatment resulted in
minor improvement of the associations of rs693, rs562338, and PS-GA
with TC (Table S3, Supporting information).

Associations with HDL-C

The rs693_A allele showed detrimental effects on HDL-C in the ARIC,
FHS, and MESA and protective effect in the CHS (Table 2, M1). The
effect of this allele was consistently detrimental in each FHS cohort
(Table S2, M1, Supporting information). Unlike TC, however, these
effects were weak and attain only suggestive effect (ARIC) and
conventional (FHS) significances. Neither consistent nor suggestive
effects on HDL-C were seen for the rs562338_A allele (Table 2 and
Table S2, M1, Supporting information).

The analyses of additive associations of rs693 and rs562338 with
HDL-C strengthened the effects of the rs693_A and rs562338_A alleles
in each study (Table 2, M2) and in each FHS cohort (Table S2, M2,
Supporting information). The effect direction for the rs562338_A allele
became consistently negative in the ARIC, FHS, and MESA (Table 2 and
Table S2, Supporting information), but not in the CHS (Table 2). The
detrimental effect of the rs562338_A allele attained suggestive effect
significance in FHS.

Polygenic scores PS-AA and PS-GA showed at most minor strength-
ening of the effects in individual studies.

Due to mixed effect directions, mega-analysis of all studies did not
improve the best estimate in a specific study for each SNP and PS-AA.
The improved P-value for PS-GA (B = 0.13, P = 6.2 x 1072) was due to
the dominant role of the rs693_G allele.

Adjustment of the models by lipid-lowering treatment did not affect
the associations of rs693, rs562338, and PS-AA with HDL-C (Table 5S4,
Supporting information).

Mega-analysis,

ARIC, N = 9585 FHS, N = 8436 MESA, N = 2680 CHS, N = 4208 N =24 909
Genetic factor,
model B SE P-value B SE P-value B SE P-value B SE P-value B SE P-value
Total cholesterol (TC)
rs693, M1 0.79 0.10  4.2E-15 074 0.1 1.1E-11 0.44 018 1.7E-02 0.61 0.16  1.0E-04 0.72 0.06 7.7E-30
rs562338, M1 —1.16 0.13 2.5E-18 —1.05 0.14 1.4E-14 —0.81 0.22 3.0E-04 —-1.18 0.20 3.3E-09 —1.08 0.08 9.8E-42
rs693, M2 0.58 0.11  4.0E-08 050 0.12  2.0E-05 0.25 0.19  2.0E-01 034 017  4.2E-02 049 0.07 2.6E-13
rs562338, M2 —-0.92 0.14 2.2E-11 —0.81 0.15 2.3E-08 -0.71 0.24 2.7E-03 —1.04 0.21 9.8E-07 —0.88 0.09 3.1E-25
PS-AA 0.11  0.10  2.3E-01 0.06 0.1 5.6E-01 —0.09 0.17  6.2E-01 -0.11  0.15  4.7E-01 0.04 0.06 4.8E-01
PS-GA -0.74 0.07 4.0E-24 —0.69 0.08 2.1E-18 —0.45 0.13 5.8E-04 —0.68 0.11 2.1E-09 —0.69 0.05 2.8E-51
High-density lipoprotein cholesterol (HDL-C)
rs693, M1 -0.32 0.17 5.6E-2 -0.41 0.17 1.5E-2 —0.04 0.29 8.9E-1 0.16 0.23 5.0E-1 —0.24 0.10 1.5E-02
rs562338, M1 0.04 022 8.4E-1 -0.16 021  4.5E-1 -0.19 036  5.9E-1 0.10 029  7.5E-1 -0.04 0.13  7.8E-01
rs693, M2 —-0.34 0.18 5.3E-2 —0.52 0.18 3.5E-3 -0.10 0.31 7.4E-1 0.20 0.21 3.2E-1 —0.28 0.10 7.4E-03
rs562338, M2 —0.09 0.23  7.0E-1 -039 022 7.6E-2 —0.23 0.38  5.4E-1 0.18 031 5.6E-1 -0.15  0.13  2.5E-01
PS-AA -0.27 0.16 9.3E-2 —0.48 0.17 2.9E-3 -0.14 0.28 6.0E-1 0.18 0.22 4.1E-1 —0.24 0.10 1.0E-02
PS-GA 0.19 0.12  1.3E-1 020 0.12  1.0E-1 —-0.03 021 8.9E-1 -0.03 0.17  8.4E-1 0.13 0.07 6.2E-02

N denotes maximal number of individuals in the analyses with missing information on rs693, rs562338, TC, and HDL-C excluded.

M1 denotes model 1 with one reference SNP included.
M2 denotes model 2 with both reference SNPs included.

PS-AA and PS-GA denote polygenic scores constructed as counts of the rs693_A or rs562338_A and rs693_G or rs562338_A alleles, respectively.
The effect size beta evaluated for 100 x logqo(TC) and 100 x logqo(HDL-C) is the estimate of cumulative genetic effects over multiple examinations using mixed-effects
regression model. Sign of beta indicates direction of the effect in additive genetic models. The effect alleles were as follows: (i) allele(s) A in each SNP and in polygenic score

PS-AA and (ii) alleles G and A in polygenic score PS-GA.
SE denotes standard error.

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

63



64 ApoB locus: endophenotypes and phenotypes, A. M. Kulminski et al.

The analyses of the potential mediating role of TC in the associations
of rs693 and rs562338 with HDL-C showed that TC modulated the
effects of rs693 on HDL-C that resulted in decreasing P-values and
strengthening the effect sizes in the FHS and ARIC (Table S5, Supporting
information). This modulating effect implies that rs693 is associated with
TC and HDL-C additively in these studies. The potential protective
association of rs562338 with HDL-C in FHS was, however, partly
mediated by TC. No other significant associations were observed.

Lipid-unadjusted associations of rs693 and rs562338 with
risks of Ml

Table 3 (M1) shows the protective associations of the rs693_A allele
with risks of Ml in ARIC (B = —0.08, P = 0.13) and in the pooled sample
of the FHS original and FHSO cohorts (3= —0.18, P=1.8 x 1072).
Table S6 (M1, Supporting information) also shows protective effects in
each of these FHS cohorts. In the FHS 3rd Gen cohort, the effect was
detrimental (B = 0.36, P =0.27) (Table S6, M1, Supporting informa-
tion). However, this cohort included only 19 Ml cases, and therefore, the
analyses using this small sample were unreliable.

The same rs693_A allele also showed detrimental effects in the other
two studies, MESA (B=0.19, P=0.25) and CHS (B=0.13,
P=6.9 x 1073). Unlike the FHS 3rd Gen cohort, the MESA and CHS
included substantially larger number of Ml cases (Table 3).

Neither the associations of rs562338 with risks of Ml were significant in
each sample (Table 3 and Table S6, M1, Supporting information) nor were
the effect directions consistent across different studies (Table 3, M1).

Additive effects of rs693 and rs562338 attained conventional (rs693)
and suggestive effect (rs562338) significance in ARIC (Table 3, M2). The
analyses also showed that the effects of these two SNPs in the other
samples were virtually independent.

Table 3 The associations of rs693 and rs562338 with risks of myocardial infarction

The associations of rs693 and rs562338 with risks of Ml were not
altered when only prospective Ml cases were considered (Table S7,
Supporting information).

Mega-analysis of all studies, which resembled the conventional
strategy of pooling the effects in GWAS meta-analyses, showed weak
nonsignificant effects of each SNP on risks of Ml (Fig. 1c,g). Mega-
analysis of the studies supporting the protective and detrimental effects
of rs693 separately revealed highly significant protective (B = —0.14,
P=59 x 107% and detrimental (B =0.15, P =2.8 x 1073) effects
(Table 8, Supporting information, M2, no lipid adjustment). These effects
imply relative risk RR=0.87 (Fig. 1a, M2) and RR = 1.16 (Fig. 1b, M2).
Evaluating pooled effects in all studies disregarding the effect directions,
the overall significance of the effect for rs693 (or, equivalently, the
probability of false finding) was P = 3.3 x 107°.

The role of lipids and lipid-lowering treatment in the
associations of rs693 and rs562338 with Ml

Here, we examined whether endophenotypes (lipids) could mediate the
associations of rs693 and rs562338 with risks of M.

We observed two qualitatively different patterns depending on the
direction of the effects of rs693 in each study. First, adjustment of
the models by TC, and by TC and HDL-C consistently strengthened
the protective effect of rs693 against Ml in ARIC and FHS (Table 3). For
example, the protective effect of rs693 in ARIC increased by about 50%
and attained conventional significance, that is, B = —0.08, P = 0.13 vs.
B=-0.12, P=2.4 x 1072 (Table 3).

Second, adjustment of the models by TC, and by TC and HDL-C, virtually
did not change the estimates for rs693 in MESA and CHS (Table 3).

Adjustment of the models by lipids showed at most a minor
mediating effect of lipids on the associations of rs562338 with risks of

ARIC FHST
Ni/c=9562/764 Nyc = 4485/587

MESA CHS
Ny = 2505/75 Ny = 4196/931

Genetic factor,

model B SE P-value B SE P-value B SE P-value B SE P-value
Not adjusted for lipids

15693, M1 —0.08 0.05 1.3E-1 -0.18 0.06 1.8E-3 0.19 0.17 2.5E-1 0.13 0.05 6.9E-3
rs562338, M1 —0.09 0.07 2.2E-1 0.04 0.07 5.8E-1 —0.01 0.21 9.5E-1 —-0.02 0.06 8.0E-1
rs693, M2 -0.11 0.06 4.8E-2 -0.19 0.06 1.7E-3 0.21 0.18 2.3E-1 0.14 0.05 5.6E-3
rs562338, M2 -0.13 0.07 7.5E-2 —0.04 0.08 5.8E-1 0.07 0.22 7.4E-1 0.04 0.06 5.0E-1
Adjusted for total cholesterol

15693, M1 -0.10 0.05 5.2E-2 -0.23 0.06 6.1E-5 0.18 0.17 2.8E-1 0.13 0.05 7.3E-3
rs562338, M1 —0.05 0.07 4.9E-1 0.10 0.07 1.8E-1 —1E-6 0.21 1.0E-0 —-0.01 0.06 8.2E-1
rs693, M2 -0.12 0.06 2.4E-2 —0.23 0.06 1.5E-4 0.20 0.17 2.6E-1 0.14 0.05 5.9E-3
rs562338, M2 -0.10 0.07 1.8E-1 —0.005 0.08 9.5E-1 0.08 0.22 7.1E-1 0.04 0.06 4.9E-1
Adjusted for total and high-density lipoprotein cholesterols

rs693, M1 -0.12 0.05 2.4E-2 —0.24 0.06 3.6E-5 0.16 0.17 3.4E-1 0.13 0.05 7.7E-3
1s562338, M1 —0.05 0.07 4.5E-1 0.10 0.07 1.8E-1 0.02 0.21 9.3E-1 0.001 0.06 9.8E-1
rs693, M2 -0.15 0.06 8.9E-3 —-0.24 0.06 8.7E-5 0.19 0.18 3.0E-1 0.14 0.05 4.6E-3
15562338, M2 -0.11 0.07 1.3E-1 —0.007 0.08 9.2E-1 0.09 0.22 6.7E-1 0.06 0.07 3.3E-1

N1 denotes total number (T) of individuals in the analyses and the number of cases (C) among them.

M1 denotes model 1 with one reference SNP included.
M2 denotes model 2 with both reference SNPs included.

The effect beta was evaluated in the Cox proportional hazard regression model. Sign of beta indicates direction of the effect in additive genetic models with alleles A

considered as effect alleles for each SNP.
SE denotes standard error.

"The 3rd generation cohort of the Framingham Heart Study (FHS) was not included because of small number of MI events (N = 19).

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.
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Ml in ARIC and FHS and no influence in MESA and CHS. The effects of
this SNP remained nonsignificant in each study.

The modulating effect of lipids substantially improved the estimates
for rs693 in mega-analyses (Fig. 1a). For example, the protective effect
of the rs693_A allele in the pooled FHS and ARIC sample was improved
from B=-014, P=59x 107* to Bp=-0.18, P=1.1 x 107>
(Table S8, Supporting information), that is equivalent to improving
relative risks from RR = 0.869 to RR = 0.835 (Fig. 1a). Disregarding the
effect direction, the effect for rs693 in all datasets virtually attained the
level of genomewide significance, P = 5.5 x 1078,

The analyses of the role of lipid-lowering treatment showed that this
treatment did not change the associations of rs693 and rs562338 with
risks of MI (Table S9, Supporting information).

Associations of rs693 and rs562338 with risks of overall
mortality

Here, we evaluated the individual and additive effects of rs693 and
rs562338 on risks of overall death and the potential mediating role of
lipids and Ml (Table S10, Supporting information).
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Neither individual nor additive significant effects were observed in
ARIC and FHS for these SNPs in models not adjusted for lipids and M. In
MESA, the rs693_A allele decreased risks of death (B = —0.24,
P=3.1 x 107%) whereas the rs562338_A allele increased risks of death
(B=0.26, P=4.2 x 1072). However, the effects of these alleles were
partly overlapping, making their additive estimates nonsignificant. In
CHS, the rs693_A allele increased risks of death individually (B = 0.06,
P=6.7 x 107%) and additively (3 = 0.07, P=4.0 x 1072). No signif-
icant effect for rs562338 was seen in CHS.

Adjustments of the models by lipids improved the protective effect of
the rs693_A allele in ARIC, allowing it to attain marginal significance
(p=-0.08 P=56 x 1072). This effect was linearly independent of
rs562338. Although this adjustment also somewhat improved the
protective effect of rs693 in the FHS, this effect did not attain significance.
In MESA and CHS, lipids virtually did not affect the estimates.

Conditioning the analyses by lipids and Ml showed at most a minor
mediating role of Ml in the effects of rs693 and rs562338 on risks of
overall death.

Lipid-adjusted additive associations of rs693 and rs562338
with risks of mortality for Ml patients

The rs693_A and rs562338_A alleles showed protective effects on
risks of mortality for Ml patients who died during the follow-up in

ARIC and FHS regardless of whether they were contrasted by MI
survivors and individuals without Ml or by individuals without MI only
(Table 4). The effect was highly significant in FHS for rs693
(B=-0.30, P=9.6 x 10°°). In MESA and CHS, we observed
detrimental effects of these alleles, although MESA had small number
of events.

The directions of these effects were consistent with the directions of
the effects for these two SNPs on Ml in each dataset (Table 3, M2).

Mega-analysis of the ARIC and FHS revealed a highly significant
protective effect of rs693 (B = —0.24, P = 8.3 x 107°) and a marginally
significant effect of rs562338 (B = —0.15, P=5.9 x 1072) (Table S11,
Supporting information). This implies that each copy of the rs693_A
allele reduces risks of mortality for Ml patients compared to individuals
without MI by about 21% (RR = 0.79, Fig. 2a). The detrimental effects
of rs693 and rs562338 in MESA and CHS are substantially smaller than
the protective ones (Fig. 2). Only the effect for rs693 attained conven-
tional significance (= 0.14, P=1.9 x 1072 (Table S11, Supporting
information).

Due to opposite effect directions, pooled estimates resembling
conventional GWAS meta-analyses were nonsignificant, P = 0.31 for
rs693 and P = 0.57 for rs562338. Evaluating pooled effects in all
studies disregarding the effect directions, the probability of false
finding was P=3.5x 107> for rs693 and P=15 x 1072 for
rs562338 (Fig. 2).

Table 4 The associations of rs693 and rs562338 with risks of mortality for Ml patients

ARIC, Nc = 236 FHS', Nc = 375 MESA, Nc = 19 CHS, Ne = 637
Genetic factor,
model B SE P-value il SE P-value i) SE P-value gr SE P-value
rs693, M21 -0.14 0.10 1.6E-1 -0.29 0.08 1.7E-4 0.43 0.36 2.3E-1 0.12 0.06 4.5E-2
rs562338, M21 —0.21 0.13 1.1E-1 —-0.13 0.10 2.1E-1 0.71 0.40 7.1E-2 0.06 0.08 4.2E-1
rs693, M22 -0.14 0.10 1.6E-1 -0.30 0.08 9.6E-5 0.43 0.36 2.3E-1 0.13 0.06 3.0E-2
rs562338, M22 —0.22 0.13 1.0E-1 -0.13 0.10 1.8E-1 0.70 0.39 7.3E-2 0.07 0.08 4.0E-1

M21 denotes the model with cases defined as death among Ml patients, and the others were considered as controls. The model included both reference SNPs and was
adjusted for basic covariates, TC, and HDL-C. The total samples were as follows: ARIC, Ny = 9562; FHS, Ny = 4485; MESA, Ny = 2505; CHS, Ny = 4196.
M22 was the same as M21 except the controls were individuals with no MI. The total samples were as follows: ARIC, Ny = 9034; FHS, Ny = 4273; MESA, Ny = 24494; CHS,

Ny = 3902.
The number of cases (N¢) in the analyses is given in the table.

"The 3rd generation cohort of the Framingham Heart Study (FHS) was not included because of small number of deaths after MI events (N = 5).
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Discussion

In this article, we examined the associations of rs693 and rs562338 SNPs
representing the ApoB locus with endophenotypes (TC and HDL-C) and
phenotypes (Ml and survival) in four studies, ARIC, FHS, MESA, and CHS.
The analyses followed an analytic strategy wherein we evaluated the
following:

1 the associations of rs693 and rs562338 and polygenic scores
constructed using these SNPs with TC and HDL-C, and potential
mediating/modulating role of lipid-lowering therapy and TC.

2 the associations of rs693 and rs562338 with risks of MI, and
potential mediating/modulating role of lipids and lipid-lowering
therapy.

3 the associations of rs693 and rs562338 with survival, and potential
mediating/modulating role of lipids, lipid-lowering therapy, and M.

This analytic strategy is driven by a more realistic concept of genetic

predisposition to inherently heterogeneous, age-related traits (explicated
in the Introduction).

Table 5 illustrates the types of the observed associations discussed in

Subsections (ApoB and lipids)-(ApoB and M) below.

ApoB and lipids

Consistently with prior GWAS meta-analyses (Willer et al., 2008;
Aulchenko et al., 2009; Sabatti et al., 2009), our analyses show strong
detrimental (rs693_A allele) and protective (rs562338_A allele) associ-
ations with TC in each sample, that is, in each study (Table 2) and in
each Framingham cohort (Table S2, Supporting information). Further,
our analyses document additive effects of the rs693_A and rs562338_A
alleles although they are consistently and substantially smaller than
individual effects of these SNPs in each sample.

Mega-analyses show that the best estimate of the effect size per
effect allele is achieved for rs562338, whereas the best significance is for
polygenic score PS-GA. The absolute effect size for rs562338 is about
57% larger than that for PS-GA and 50% larger than that of rs693

Table 5 Summary of the effects of rs693 and rs562338 on endophenotypes (TC
and HDL-C) and a phenotype (MI)

rs693_A rs562338_A

Study TC HDL-C MI Lipidsand Ml TC HDL-C Ml Lipids and Ml

FHS D D P improves p Df PT  at most minor
protective mediator
effect

ARIC D Df P improves P Df PT at most minor
protective mediator
effect

MESA D D' DY neutral p D D' neutral

CHs D Pf D  neutral p o pf D' neutral

Symbol ‘D’ (‘P') denotes detrimental (protective) effect.

For TC ‘D" ("P’) means that allele ‘A’ is associated with increased (decreased) TC
concentrations.

For HDL-C ‘D’ ('P') means that allele ‘A" is associated with decreased (increased)
HDL-C concentrations.

For risks of MI, ‘D" ('P’) means that allele ‘A’ is associated with increased
(decreased) MI risks.

Columns “lipids and MI" show the role of lipids in the associations of a given allele
with MI.

"The effect is nonsignificant.

ApoB locus: endophenotypes and phenotypes, A. M. Kulminski et al.

(Table 2) suggesting a more prominent role of rs562338 (or other causal
variant(s) which this SNP is a proxy for) in lipid metabolism than rs693.

Unlike the effects of rs693 and rs562338 on TC, the effects of these
SNPs on HDL-C are inconsistent across studies and at most minor,
although a somewhat stronger effect on HDL-C is observed for rs693.
This SNP may additively influence TC and HDL-C.

Lipid-lowering therapy showed at most tiny modulating effect on the
associations of rs693 and rs562338 with lipids.

ApoB and MI

Unlike the strong and consistent detrimental (rs693_A allele) and
protective (rs562338_A allele) associations with TC in all four studies, the
associations of the same alleles with Ml are substantially more complex
and are not necessarily in line with the associations with TC (Table 5),
despite the compelling role of lipids in cardiovascular health (Law et al.,
2003; Clarke et al., 2007).

Contrary to the detrimental effect of the rs693_A allele on TC, the
same allele shows protective effects against Ml in two independent
studies, the ARIC and FHS, which include a large number of Ml events.
This Ml-protective effect is strong and significant in the pooled ARIC and
FHS sample (B = —0.14, P = 5.9 x 10~% implying that the risk of Ml is
decreased by about 13% per the rs693_A allele (Fig. 1a, open dot).
Controlling for lipids substantially and consistently improves the asso-
ciation of the rs693_A allele with risks of Ml in each study (Table 4) and
in the pooled ARIC and FHS sample (B = —0.18, P = 1.1 x 107°). This
leads to decreasing the risk of MI by about 30%, improving the
protective effect from 14% to about 17% per the rs693_A allele
(Fig. 1a, open diamond). This implies that the effect allele homozygotes
are at about 34% smaller risk of Ml than the noncarriers of the effect
allele.

Consistently with the detrimental effect of the rs693_A allele on TC,
this allele also shows detrimental effects on Ml in two other independent
studies, the MESA and CHS, which also include a large number of Ml
events. The MI-detrimental effect in the pooled MESA and CHS sample
(B =0.15P=2.8 x 1073 is as strong as the MI-protective effect in the
pooled ARIC and MESA sample. It implies about a 14% increase of the
risk of MI per the rs693_A allele (Fig. 1b, open dot). Contrary to
common expectation, this MI-detrimental effect is not mediated by lipids
(Fig. 1b).

Despite the strong protective effect of the rs562338_A allele on TC,
its effect on Ml is small and nonsignificant in the ARIC and FHS
combined, B = —0.02, P = 0.64 (Table S8, Supporting information). The
protective effect of this allele improves by controlling for the effect of
rs693 (B = —0.08, P = 0.12); however, it does not attain significance
(Fig. 1e, open dot). The analyses show at most minor role of lipids as
mediators of this protective nonsignificant effect against Ml (Fig. 1e).

Contrary to the protective effect of rs562338_A allele on TC, we
observed detrimental effects of this allele on risks of Ml in the pooled
MESA and CHS sample, which were nonsignificant. Lipids virtually did
not mediate this effect either (Fig. 1f).

The lipid-lowering therapy did not play a noticeable role in the
observed associations.

Thus, our results provide three important insights. First, despite the
more prominent role of rs562338 in regulation of TC, rs693 has a
substantially more prominent role in Ml than rs562338. Second, rs693
and lipids influence the risk of MI additively and lipids virtually do not
mediate the effect of rs693 on Ml (Table 5). Third and most importantly,
the rs693_A allele influences the risk of Ml antagonistically in different
populations.
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67



68 ApoB locus: endophenotypes and phenotypes, A. M. Kulminski et al.

The antagonistic effects are a robust finding because they are
observed in samples with large and about the same number of Ml events
and each effect is replicated in independent studies. They imply that
different mechanisms mediate the association of rs693 with the risk of
MI. One mechanism is likely related to lipid metabolism because the
additive effect of lipids improves (but not mediate) the MI-protective
effects (called lipid-sensitive mechanism) in ARIC and FHS. The other
mechanism is not sensitive to lipids because the additive effect of lipids
does not affect the Mi-detrimental effects (called lipid nonsensitive
mechanism) in MESA and CHS. Validation of these two mechanisms in
independent studies is another robust support to the observed antag-
onistic effects. Indeed, antagonistic effects are not exceptions and their
importance is recognized elsewhere (Schnebel & Grossfield, 1988;
Williams & Day, 2003; van Heemst et al., 2005; Alexander et al., 2007,
Kulminski et al., 2013).

ApoB and survival

The effects of rs693 and rs562338 on overall mortality were small and
attained only marginal significance in some studies. The effects of these
SNPs on risks of mortality for Ml patients, however, were more
pronounced (Fig. 2). Furthermore, the protective effects of the
rs693_A and rs562338_A alleles on Ml in ARIC and FHS were translated
into reduction of the risk of mortality for Ml patients. Likewise, the
detrimental effects of the rs693_A and rs562338_A alleles on Ml in
MESA and CHS were translated into increase of the risk of mortality for
MI patients. The lack of significant effects of these alleles on overall
mortality and the presence of significant effects on mortality for Ml
patients implies that these SNPs can contribute to MI-specific mortality
and non-MI mortality in an antagonistic manner.

Implications for studies of genetic predisposition to
healthspan and lifespan

Our results show that the conventional GWAS strategy for the analyses
of traits relevant to healthspan and lifespan is problematic and can be
misleading. This strategy can also heavily underuse available resources.

Indeed, GWAS implicitly assumes that genetic predisposition to
endophenotypes can be translated into predisposition to downstream
phenotypes (Willer et al., 2008). Following our analytic approach, we
show that this may not be the case (see Subsections ApoB and Ml and
ApoB and survival above) even in the most favorable situation when
genetic variants have been likely fixed by evolutionary selection related
to endophenotypes. According to our results, rigorous tests of the
hypotheses on connections of genes with endophenotypes and pheno-
types are imperative. Without rigorous tests, the analyses may overlook
complex mechanisms of connections of genetic variants with endophe-
notypes and phenotypes that may lead to misleading conclusions. The
latter is demonstrated in the present study by antagonistic effects of the
same allele in different populations.

A ‘side effect’ of overlooking complex modes of gene actions is the
underuse of available resources. Indeed, following the conventional
GWAS strategy and pooling the effects from all four studies, the best
estimate of the risks of MI in our data was for rs693, RR = 0.96,
P =0.16 (Fig. 1c, open diamond) in the sample of 20 748 individuals
with 2357 Ml events. Given this small effect, it is traditionally argued that
even larger samples are needed to improve power. Explicating antag-
onistic effects of this SNP, we see that this small effect is actually a
superposition of strong effects of opposite directions with overall
significance reaching virtually genomewide level, P=55 x 1078

(Fig. 1d, open diamond). This significance highlights very small proba-
bility of false finding. The difference in P-values (P=5.5 x 1078 vs.
P = 0.16) shows that our analytic strategy substantially outperforms the
conventional GWAS strategy.

The significant estimate (P =5.5 x 107%) is contrasted by, and the
nonsignificant estimate (P = 0.16) is aligned with, the small effects of
rs693 on Ml and coronary artery disease (CAD) and/or tiny significance in
other studies. For example, conventional GWAS meta-analysis (Willer
et al., 2008) reported weak detrimental effect of the rs693_A allele on
CAD/MI (odds ratio [OR] = 1.07, P = 0.028) in the sample with slightly
smaller number of CAD/MI events than in the present study. Importantly,
meta-analysis of the results of mostly candidate-gene studies supported
the protective effect of the rs693_A allele on CAD/MI (OR=0.83,
P = 0.06) (Xiao et al., 2015).

The role of rs693 and lipids in Ml pathogenesis

Our results provide two insights on the role of rs693 and lipids in Ml
pathogenesis.

The first is based on the observation of discordant effects of the
rs693_A allele on lipids and the risks of Ml (and mortality for Ml patients)
and on the observation of the lack of a mediating role of lipids in the
effects of this allele on Ml (see Table 5 and Subsections ApoB and M
and ApoB and survival above). These observations suggest that TC (and
LDL-C because TC is proxy for LDL-C) may not be pathogenic for carriers
of this allele.

The second is based on the observation of improvement of the
protective effect of rs693_A on MI by conditioning on lipids (Fig. 1a).
This result implies that carriers of the rs693_A allele have smaller risks of
MI at increased concentrations of TC and HDL-C. This is not surprising
for HDL-C because of the beneficial role of HDL-C in cardiovascular (CV)
health. However, this is surprising for TC because increased TC
concentrations are established risk factors for CV events. These
observations suggest that increased TC concentrations can enhance
protection of the rs693_A carriers against MI.

A plausible mechanism could be that modified LDL-C, rather than
native LDL-C, is an important predictor of CAD/MI. For example,
oxidation of LDL-C (oxLDL) and the resulting modification of the ApoB-
100 lysine groups within the arterial walls play a role in atherogenesis
and atherothrombosis (Mertens & Holvoet, 2001). If this is the case, the
TC-increasing effect of the rs693_A allele may not result in increased
risks of Ml because LDL-C may not correlate with oxLDL (Ehara et al.,
2001). The lack of such correlation was suggested to explain findings in
blacks who have better lipid profiles but higher rates of CV-related
conditions (Tsimikas et al., 2009). The role of oxidation is also supported
by antioxidant properties of HDL-C and by capacity of unmodified HDL-C
to protect LDL-C from oxidation (Mertens & Holvoet, 2001). Advanced
glycation end product-modified LDL (AGE-LDL) is another modification
that can promote atherosclerosis, particularly in diabetes. AGE-LDL is
sensitive to oxidation and may be an important risk factor for the
development of Ml (Hodgkinson et al., 2008). Both oxLDL and AGE-LDL
are capable of inducing proinflammatory events contributing to athero-
genesis through the activation of pathways associated with innate
immunity (Hodgkinson et al., 2008; Tall & Yvan-Charvet, 2015).

Given the beneficial role of the rs693_A allele for evolutionary
selection (see next Subsection), the oxidative mechanism may be
evolutionarily adapted to specific environments. Then, the observed
antagonistic effects of the rs693_A allele should reflect differences in
evolutionary-related exposures in different populations. If modified LDL-
C plays a central role in pathogenesis of CAD/MI, it is possible that
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antioxidants could modulate oxidatively modified LDL-C and, thus,
explain the observed antagonistic effects. It is clear, however, that
detailed studies of potential mechanisms of beneficial effects of
increased TC concentrations for carriers of the rs693_A allele are
needed, particularly, because this increase may work as a compensatory
mechanism to balance decline in immune function with age (Ravnskov,
2003; Tall & Yvan-Charvet, 2015).

Genetic health risks and evolution

The famous maxim by Theodosius Dobzhansky, ‘Nothing in biology
makes sense except in the light of evolution’, highlights the importance
of evolutionary constraints in genetic effects on health outcomes
(Dobzhansky, 1973), especially those, which are characteristic for the
postreproductive period. The effect alleles ‘A" in rs693 and rs562338 are
considered as derived alleles, which have been fixed during evolutionary
adaptation. For example, rs693 is believed to be fixed by the evolutionary
adaptation to ecoregions and climate (Hancock et al., 2010). The strong
role of evolutionary selection in fixing rs693 is supported by the nearly
50% frequency of the derived allele. A role of evolution in these
polymorphisms is also supported by consistent patterns of linkage
disequilibrium (LD) in the ApoB locus in different populations of whites,
by consistent LD patterns in blacks, and by substantial differences of the
LD patterns for whites and blacks (Fig. S1, Supporting information).
Strong and consistent associations of rs693 and rs562338 with TC in all
study populations of whites considered in the present work may
therefore indicate involvement of lipid metabolism in the evolutionary
adaptation affecting these SNPs. However, despite the likely role of
evolution in fixing the rs693_A and rs562338_A alleles, our results on
discordant effects of these alleles on TC and Ml (Table 5) do not support
the hypothesis that these SNPs are involved in pathological dysregulation
of lipids causing MI. This necessarily implies that even if the risk alleles
have been selected against some endophenotypes, these alleles may
affect downstream phenotypes through different mechanisms or may
not affect them at all.

Conclusions

Our analyses confirm strong and robust associations of rs693 and
rs562338 SNPs representing the ApoB locus with endophenotype (TC).
However, the analyses highlight a nontrivial role of these SNPs (or other
causal variant(s) which these SNPs are proxy for) in downstream
phenotypes (Ml and survival). Most importantly, we show that (i)
genetic predisposition to TC is not translated into predisposition to Ml
and survival, (i) the rs693_A allele influences risks of Ml and mortality for
MI patients additively with lipids, (iii) the rs693_A allele influences these
risks in an antagonistic manner in different populations, and (iv)
increased TC concentrations can be beneficial for carriers of the
rs693_A allele. These results uncouple the influence of the same alleles
on endophenotype and phenotypes despite a potential causal relation-
ship among the latter. This holds for the risk alleles, which are likely fixed
by evolutionary selection related to endophenotypes. Our analytic
strategy, which rigorously addresses logistics of connections between
the ApoB-related variants, endophenotypes (lipids) and phenotypes (risks
of Ml and survival) in evolutionary context, substantially outperforms the
traditional GWAS strategy by explicating the complex modes of action of
genetic variants. This reveals the highly significant association of rs693
with Ml (P=5.5 x 10®) that is contrasted by the weak estimate
following the GWAS strategy (P = 0.16) in the same sample. Our results
imply that the traditional GWAS strategy should be used with caution

ApoB locus: endophenotypes and phenotypes, A. M. Kulminski et al.

and should be considered as a preliminary step to gain insights on
genetic predisposition to healthspan and lifespan.

Experimental procedures

Data

The ARIC study (Sharrett, 1992) participants (aged 45-64 at baseline in
1987) were randomly selected at four field centers across the United
States. Measurements of TC and HDL-C were available at 4 visits. Data
on onsets of Ml and survival were available through 2004. Genotyping in
12 771 ARIC participants (N = 9633 whites) was conducted using
Affymetrix 6.0 array (1000 K SNPs).

The FHS (Cupples et al., 2009). We used data from 28 visits of the
FHS original cohort (aged 28-62 years at baseline in 1948), 8 visits of the
FHS Offspring (FHSO) cohort (aged 5-65 years at baseline in 1970), and
one visit of the 3rd generation (3rd gen) cohort (aged 21-71 at baseline
in 2001). Measurements of TC and HDL-C were available at multiple
visits in the FHS/FHSO and the baseline in the 3rd Gen cohort. Data on
onsets of MI and survival were available through 2011. Genotyping of
9167 FHS participants was done using Affymetrix 500K array (Cupples
et al., 2009).

The MESA (Bild et al., 2002) participants (aged 43-83 at baseline in
2000) were recruited from six field centers across the United States.
Measurements of TC and HDL-C were available at 5 visits. Data on
onsets of MI and survival were available through 2012. Genotyping of
8224 MESA participants (N = 2686 whites) was conducted using
Affymetrix 6.0 array.

The CHS (Fried et al., 1991). The CHS participants (N = 5201, mostly
whites) aged 65+ years at baseline in 1989 were examined annually
through 1999. After June 1999, two phone calls per year to participants
collected information on incidence of diseases and death. Deaths also
were ascertained through surveillance and at semi-annual contacts. Data
on onsets of Ml and survival were available through 2004. Genotyping of
4435 whites was done using lllumina CVDSNP55v1_A array.

Endophenotypes and phenotypes

Lipids were considered as endophenotypes. They included TC as a proxy
for LDL-C (LDL-C was not available for large number of individuals in the
FHS) and HDL-C. Phenotypes included Ml and death.

Genetic variants

The analyses were focused on rs693 and rs562338 SNPs representing
the ApoB locus in the available data (Fig. S1a, Supporting information).
The rs693 is a synonymous variant in the ApoB gene and rs562338 is an
intergenic SNP, which is about 21-kb downstream of ApoB. Individuals
with a genotypic missingness of > 5% were excluded in each study. For
the FHS study, individuals in families and families with Mendel error rates
above 2% were excluded. The selected SNPs were in weak linkage
disequilibrium (LD) with r* equal to about 0.1 in each study.

Alleles rs693_A and rs562338_A (Table 1) were considered effect
alleles in all statistical tests for these SNPs. We also constructed two
polygenic scores by counting the number of specific alleles from these
SNPs in a given individual. One polygenic score (PS-AA) was constructed
by counting the alleles A in these SNPs; these alleles were considered
effect alleles. The other score (PS-GA) was constructed by counting the
rs693_G and rs562338_A alleles; these alleles were considered effect
alleles.
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Analysis

We evaluated the associations for each of these two SNPs, their additive
effects, and, when warranted, the effects of each of the two polygenic
scores in whites. The analyses were conducted using an additive genetic
model.

Associations with lipids were characterized by a mixed-effects linear
regression model (Ime4 package in R). Measurements of lipids were log-
transformed (and multiplied by 100 for better resolution) to offset
potential bias due to skewness of their frequency distributions. The TC
and HDL-C in each study were measured longitudinally. We evaluated
the associations for SNPs given measurements of lipids for individuals of
a given age at each examination with available measurements. We used
a three-level mixed-effects regression model to account for familial and
repeated-measurements correlations. Information on longitudinal mea-
surements has multiple advantages including statistical power gain in the
analyses (Shi et al., 2009).

The risks of Ml and death were evaluated using the Cox proportional
hazard mixed-effects regression model (coxme package in R) to adjust
for potential clustering. Information on both prospective and retrospec-
tive onsets of Ml in the FHS and CHS was used in these analyses. The use
of retrospective onsets in a failure-type model is justified by Prentice &
Breslow (1978). These analyses provide estimates of the effects in a given
population. We tested whether or not the estimates were altered by
considering prospective onsets only. The time variable in the Cox
regression analyses was the age at onset of a trait or the age at right
censoring.

Risks of Ml in the models conditional on lipids were evaluated using
lipids measured at baselines (in the FHS original cohort, the model was
fitted starting at visit 9 at which sufficiently large number of individuals
with measured lipids was available). A limitation of this approach, which
is commonly adopted to offset the problem of reverse causation, is that
it consider cross-sectional measurements of lipids, whereas their
concentrations, and possibly effects on CV events, can change over
the life course (Yashin et al., 2006; Felix-Redondo et al., 2013). Thus,
dynamic aspect of the problem can be important. Nevertheless, the
adopted static approach makes sense because changes in lipid concen-
trations may not necessarily affect genetic associations with these traits
(Kulminski et al.,, 2013) due to their polygenic and heterogeneous
nature.

All statistical tests were adjusted for the following: (all studies) age,
sex, (ARIC and MESA) field center, (FHS) FHS cohorts, and whether the
DNA samples had been subject to whole-genome amplification (lkram
et al., 2009). We did not adjust statistical tests for lipids by fasting
because (i) information on fasting was not available for most
examinations in the FHS original cohort and (ii) according to increasing
evidence, including from large-scale studies, fasting may not substan-
tially change levels of lipids (Sidhu & Naugler, 2012). We did not adjust
statistical tests for lipids by lipid-lowering treatment. Instead, we
examined whether this treatment (defined as taken lipid-lowering
drugs or not) modulated the associations with lipids and risks of Ml
and death.

Pooled estimates were evaluated by mega-analysis when individuals,
rather than the results, from different studies were pooled in one
sample, when possible. These analyses were adjusted for intrastudy
covariates and interstudy differences. Meta-analysis of the estimated
effects was conducted using the fixed-effects model implemented in the
metafor package in R. Meta-analysis was conducted when the propor-
tionality assumption in the Cox model was violated.

Acknowledgments

The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health. This manuscript was
prepared using a limited access datasets obtained though dbGaP
(accession numbers phs000007.v22.p8, phs000280.v2.p1, phs000209.
v12.p3, phs000287.v3.p1); see also File ST (Supporting information).

Author contributions

A.M.K. conceived and designed the experiment and wrote the manu-
script; Y.K., Y.L, O.B., M.D., LA., and D.W. prepared data and
conducted statistical analyses; I.C. and K.G.A. conducted the experi-
ment; S.V.U., E.S., and A.LY. discussed the results and drafted the
manuscript

Funding

This research was supported by Grants No P01 AG043352 and
RO1AG047310 from the National Institute on Aging.

Conflict of interest

The authors declare no conflict of interest.

References

Alexander DM, Williams LM, Gatt JM, Dobson-Stone C, Kuan SA, Todd EG,
Schofield PR, Cooper NJ, Gordon E (2007) The contribution of apolipoprotein E
alleles on cognitive performance and dynamic neural activity over six decades.
Biol. Psychol. 75, 229-238.

Aulchenko YS, Ripatti S, Lindgvist |, Boomsma D, Heid IM, Pramstaller PP, Penninx
BW, Janssens AC, Wilson JF, Spector T, Martin NG, Pedersen NL, Kyvik KO,
Kaprio J, Hofman A, Freimer NB, Jarvelin MR, Gyllensten U, Campbell H, Rudan |,
Johansson A, Marroni F, Hayward C, Vitart V, Jonasson |, Pattaro C, Wright A,
Hastie N, Pichler I, Hicks AA, Falchi M, Willemsen G, Hottenga JJ, de Geus EJ,
Montgomery GW, Whitfield J, Magnusson P, Saharinen J, Perola M, Silander K,
Isaacs A, Sijbrands EJ, Uitterlinden AG, Witteman JC, Oostra BA, Elliott P,
Ruokonen A, Sabatti C, Gieger C, Meitinger T, Kronenberg F, Doring A,
Wichmann HE, Smit JH, McCarthy MI, van Duijn CM, Peltonen L (2009) Loci
influencing lipid levels and coronary heart disease risk in 16 European population
cohorts. Nat. Genet. 41, 47-55.

Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR, Greenland P,
Jacob DR Jr, Kronmal R, Liu K, Nelson JC, O’Leary D, Saad MF, Shea S, Szklo M,
Tracy RP (2002) Multi-ethnic study of atherosclerosis: objectives and design. Am.
J. Epidemiol. 156, 871-881.

Bloss CS, Pawlikowska L, Schork NJ (2011) Contemporary human genetic
strategies in aging research. Ageing Res. Rev. 10, 191-200.

Button KS, loannidis JP, Mokrysz C, Nosek BA, Flint J, Robinson ES, Munafo MR
(2013) Power failure: why small sample size undermines the reliability of
neuroscience. Nat. Rev. Neurosci. 14, 365-376.

Clarke R, Emberson JR, Parish S, Palmer A, Shipley M, Linksted P, Sherliker P, Clark
S, Armitage J, Fletcher A, Collins R (2007) Cholesterol fractions and apolipopro-
teins as risk factors for heart disease mortality in older men. Arch. Intern. Med.
167, 1373-1378.

Corella D, Ordovas JM (2014) Aging and cardiovascular diseases: the role of gene-
diet interactions. Ageing Res. Rev. 18, 53-73.

Crespi BJ (2010) The origins and evolution of genetic disease risk in modern
humans. Ann. N. Y. Acad. Sci. 1206, 80-109.

Crespi B, Stead P, Elliot M (2010) Evolution in health and medicine Sackler
colloquium: comparative genomics of autism and schizophrenia. Proc. Nat/
Acad. Sci. USA 107(Suppl 1), 1736-1741.

Cupples LA, Heard-Costa N, Lee M, Atwood LD (2009) Genetics analysis workshop
16 problem 2: the Framingham Heart Study data. BMC Proc. 3(Suppl. 7), S3.

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



Dobzhansky T (1973) Nothing in biology makes sense except in the light of
evolution. Am. Biol. Teach. 35, 125-129.

Ehara S, Ueda M, Naruko T, Haze K, Itoh A, Otsuka M, Komatsu R, Matsuo T, Itabe
H, Takano T, Tsukamoto Y, Yoshiyama M, Takeuchi K, Yoshikawa J, Becker AE
(2001) Elevated levels of oxidized low density lipoprotein show a positive
relationship with the severity of acute coronary syndromes. Circulation 103,
1955-1960.

Felix-Redondo FJ, Grau M, Fernandez-Bergés D (2013) Cholesterol and cardiovas-
cular disease in the elderly. Facts and gaps. Aging Dis. 4, 154-169.

Franceschi C, Bezrukov V, Blanche H, Bolund L, Christensen K, de Benedictis G,
Deiana L, Gonos E, Hervonen A, Yang H, Jeune B, Kirkwood TB, Kristensen P,
Leon A, Pelicci PG, Peltonen L, Poulain M, Rea IM, Remacle J, Robine JM,
Schreiber S, Sikora E, Slagboom PE, Spazzafumo L, Stazi MA, Toussaint O,
Vaupel JW (2007) Genetics of healthy aging in Europe: the EU-integrated
project GEHA (Genetics of Healthy Aging). Ann. N. Y. Acad. Sci. 1100, 21-45.

Fried LP, Borhani NO, Enright P, Furberg CD, Gardin JM, Kronmal RA, Kuller LH,
Manolio TA, Mittelmark MB, Newman A, O’Leary DH, Psaty B, Rautaharju P,
Tracy RP, Weiler PG (1991) The Cardiovascular Health Study: design and
rationale. Ann. Epidemiol. 1, 263-276.

Hancock AM, Alkorta-Aranburu G, Witonsky DB, Di Rienzo A (2010) Adaptations
to new environments in humans: the role of subtle allele frequency shifts. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 365, 2459-2468.

van Heemst D, Mooijaart SP, Beekman M, Schreuder J, de Craen AJ, Brandt BW,
Slagboom PE, Westendorp RG (2005) Variation in the human TP53 gene affects
old age survival and cancer mortality. Exp. Gerontol. 40, 11-15.

Hodgkinson CP, Laxton RC, Patel K, Ye S (2008) Advanced glycation end-
product of low density lipoprotein activates the toll-like 4 receptor pathway
implications for diabetic atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 28,
2275-2281.

lkram MA, Seshadri S, Bis JC, Fornage M, DeStefano AL, Aulchenko YS, Debette S,
Lumley T, Folsom AR, van den Herik EG, Bos MJ, Beiser A, Cushman M, Launer
LJ, Shahar E, Struchalin M, Du Y, Glazer NL, Rosamond WD, Rivadeneira F, Kelly-
Hayes M, Lopez OL, Coresh J, Hofman A, DeCarli C, Heckbert SR, Koudstaal PJ,
Yang Q, Smith NL, Kase CS, Rice K, Haritunians T, Roks G, de Kort PL, Taylor KD,
de Lau LM, Oostra BA, Uitterlinden AG, Rotter JI, Boerwinkle E, Psaty BM,
Mosley TH, van Duijn CM, Breteler MM, Longstreth WT Jr, Wolf PA (2009)
Genomewide association studies of stroke. N. Engl. J. Med. 360, 1718-1728.

Kulminski AM (2013) Unraveling genetic origin of aging-related traits: evolving
concepts. Rejuvenation Res. 16, 304-312.

Kulminski AM, Culminskaya |, Arbeev KG, Ukraintseva SV, Stallard E, Arbeeva L,
Yashin Al (2013) The role of lipid-related genes, aging-related processes, and
environment in healthspan. Aging Cell 12, 237-246.

Law MR, Wald NJ, Rudnicka AR (2003) Quantifying effect of statins on low density
lipoprotein cholesterol, ischaemic heart disease, and stroke: systematic review
and meta-analysis. BMJ 326, 1423.

Mertens A, Holvoet P (2001) Oxidized LDL and HDL: antagonists in atherothrom-
bosis. FASEB J. 15, 2073-2084.

Nesse RM, Ganten D, Gregory TR, Omenn GS (2012) Evolutionary molecular
medicine. J. Mol. Med. 90, 509-522.

Oeppen J, Vaupel JW (2002) Demography. Broken limits to life expectancy. Science
296, 1029-1031.

Prentice R, Breslow N (1978) Retrospective studies and failure time models.
Biometrika 65, 153-158.

Ravnskov U (2003) High cholesterol may protect against infections and atheroscle-
rosis. QJM 96, 927-934.

Sabatti C, Service SK, Hartikainen AL, Pouta A, Ripatti S, Brodsky J, Jones CG,
Zaitlen NA, Varilo T, Kaakinen M, Sovio U, Ruokonen A, Laitinen J, Jakkula E,
Coin L, Hoggart C, Collins A, Turunen H, Gabriel S, Elliot P, McCarthy M, Daly
MJ, Jarvelin MR, Freimer NB, Peltonen L (2009) Genome-wide association
analysis of metabolic traits in a birth cohort from a founder population. Nat.
Genet. 41, 35-46.

Schnebel EM, Grossfield J (1988) Antagonistic pleiotropy — an interspecific
Drosophila-comparison. Evolution 42, 306-311.

Sharrett AR (1992) The Atherosclerosis Risk in Communities (ARIC) Study.
Introduction and objectives of the hemostasis component. Ann. Epidemiol. 2,
467-469.

Shi G, Rice TK, Gu CC, Rao DC (2009) Application of three-level linear mixed-
effects model incorporating gene-age interactions for association analysis of
longitudinal family data. BMC Proc. 3(Suppl. 7), S89.

Sidhu D, Naugler C (2012) Fasting time and lipid levels in a community-based
population: a cross-sectional study. Arch. Intern. Med. 172, 1707-1710.

Sierra F, Hadley E, Suzman R, Hodes R (2008) Prospects for life span extension.
Annu. Rev. Med. 60, 457-469.

ApoB locus: endophenotypes and phenotypes, A. M. Kulminski et al.

Tall AR, Yvan-Charvet L (2015) Cholesterol, inflammation and innate immunity.
Nat. Rev. Immunol. 15, 104-116.

Teslovich TM, Musunuru K, Smith AV, Edmondson AC, Stylianou IM, Koseki M,
Pirruccello JP, Ripatti S, Chasman DI, Willer CJ, Johansen CT, Fouchier SW, Isaacs
A, Peloso GM, Barbalic M, Ricketts SL, Bis JC, Aulchenko YS, Thorleifsson G,
Feitosa MF, Chambers J, Orho-Melander M, Melander O, Johnson T, Li X, Guo X,
Li M, Shin Cho Y, Jin Go M, Jin Kim Y, Lee JY, Park T, Kim K, Sim X, Twee-Hee
Ong R, Croteau-Chonka DC, Lange LA, Smith JD, Song K, Hua Zhao J, Yuan X,
Luan J, Lamina C, Ziegler A, Zhang W, Zee RY, Wright AF, Witteman JC, Wilson
JF, Willemsen G, Wichmann HE, Whitfield JB, Waterworth DM, Wareham NJ,
Waeber G, Vollenweider P, Voight BF, Vitart V, Uitterlinden AG, Uda M,
Tuomilehto J, Thompson JR, Tanaka T, Surakka I, Stringham HM, Spector TD,
Soranzo N, Smit JH, Sinisalo J, Silander K, Sijbrands EJ, Scuteri A, Scott J,
Schlessinger D, Sanna S, Salomaa V, Saharinen J, Sabatti C, Ruokonen A, Rudan
|, Rose LM, Roberts R, Rieder M, Psaty BM, Pramstaller PP, Pichler I, Perola M,
Penninx BW, Pedersen NL, Pattaro C, Parker AN, Pare G, Oostra BA, O' Donnell
CJ, Nieminen MS, Nickerson DA, Montgomery GW, Meitinger T, McPherson R,
McCarthy MI, McArdle W, Masson D, Martin NG, Marroni F, Mangino M,
Magnusson PK, Lucas G, Luben R, Loos RJ, Lokki ML, Lettre G, Langenberg C,
Launer LJ, Lakatta EG, Laaksonen R, Kyvik KO, Kronenberg F, Konig IR, Khaw KT,
Kaprio J, Kaplan LM, Johansson A, Jarvelin MR, Janssens AC, Ingelsson E, Igl W,
Kees Hovingh G, Hottenga JJ, Hofman A, Hicks AA, Hengstenberg C, Heid IM,
Hayward C, Havulinna AS, Hastie ND, Harris TB, Haritunians T, Hall AS,
Gyllensten U, Guiducci C, Groop LC, Gonzalez E, Gieger C, Freimer NB, Ferrucci
L, Erdmann J, Elliott P, Ejebe KG, Doring A, Dominiczak AF, Demissie S, Deloukas
P, de Geus EJ, de Faire U, Crawford G, Collins FS, Chen YD, Caulfield MJ,
Campbell H, Burtt NP, Bonnycastle LL, Boomsma DI, Boekholdt SM, Bergman
RN, Barroso I, Bandinelli S, Ballantyne CM, Assimes TL, Quertermous T, Altshuler
D, Seielstad M, Wong TY, Tai ES, Feranil AB, Kuzawa CW, Adair LS, Taylor HA Jr,
Borecki IB, Gabriel SB, Wilson JG, Holm H, Thorsteinsdottir U, Gudnason V,
Krauss RM, Mohlke KL, Ordovas JM, Munroe PB, Kooner JS, Tall AR, Hegele RA,
Kastelein JJ, Schadt EE, Rotter JI, Boerwinkle E, Strachan DP, Mooser V,
Stefansson K, Reilly MP, Samani NJ, Schunkert H, Cupples LA, Sandhu MS,
Ridker PM, Rader DJ, van Duijn CM, Peltonen L, Abecasis GR, Boehnke M,
Kathiresan S (2010) Biological, clinical and population relevance of 95 loci for
blood lipids. Nature 466, 707-713.

Tsimikas S, Clopton P, Brilakis ES, Marcovina SM, Khera A, Miller ER, de Lemos JA,
Witztum JL (2009) Relationship of oxidized phospholipids on apolipoprotein B-
100 particles to race/ethnicity, apolipoprotein(a) isoform size, and cardiovascular
risk factors: results from the Dallas Heart Study. Circulation 119, 1711-1719.

Vijg J, Suh Y (2005) Genetics of longevity and aging. Annu. Rev. Med. 56, 193—
212.

Willer CJ, Sanna S, Jackson AU, Scuteri A, Bonnycastle LL, Clarke R, Heath SC,
Timpson NJ, Najjar SS, Stringham HM, Strait J, Duren WL, Maschio A, Busonero
F, Mulas A, Albai G, Swift AJ, Morken MA, Narisu N, Bennett D, Parish S, Shen H,
Galan P, Meneton P, Hercberg S, Zelenika D, Chen WM, Li Y, Scott LJ, Scheet
PA, Sundvall J, Watanabe RM, Nagaraja R, Ebrahim S, Lawlor DA, Ben-Shlomo Y,
Davey-Smith G, Shuldiner AR, Collins R, Bergman RN, Uda M, Tuomilehto J, Cao
A, Collins FS, Lakatta E, Lathrop GM, Boehnke M, Schlessinger D, Mohlke KL,
Abecasis GR (2008) Newly identified loci that influence lipid concentrations and
risk of coronary artery disease. Nat. Genet. 40, 161-169.

Willer CJ, Schmidt EM, Sengupta S, Peloso GM, Gustafsson S, Kanoni S, Ganna A,
Chen J, Buchkovich ML, Mora S, Beckmann JS, Bragg-Gresham JL, Chang HY,
Demirkan A, Den Hertog HM, Do R, Donnelly LA, Ehret GB, Esko T, Feitosa MF,
Ferreira T, Fischer K, Fontanillas P, Fraser RM, Freitag DF, Gurdasani D, Heikkila
K, Hypponen E, Isaacs A, Jackson AU, Johansson A, Johnson T, Kaakinen M,
Kettunen J, Kleber ME, Li X, Luan J, Lyytikainen LP, Magnusson PK, Mangino M,
Mihailov E, Montasser ME, Muller-Nurasyid M, Nolte IM, O" Connell JR, Palmer
CD, Perola M, Petersen AK, Sanna S, Saxena R, Service SK, Shah S, Shungin D,
Sidore C, Song C, Strawbridge RJ, Surakka |, Tanaka T, Teslovich TM,
Thorleifsson G, Van den Herik EG, Voight BF, Volcik KA, Waite LL, Wong A,
Wu'Y, Zhang W, Absher D, Asiki G, Barroso |, Been LF, Bolton JL, Bonnycastle LL,
Brambilla P, Burnett MS, Cesana G, Dimitriou M, Doney AS, Doring A, Elliott P,
Epstein SE, Eyjolfsson Gl, Gigante B, Goodarzi MO, Grallert H, Gravito ML,
Groves CJ, Hallmans G, Hartikainen AL, Hayward C, Hernandez D, Hicks AA,
Holm H, Hung YJ, lllig T, Jones MR, Kaleebu P, Kastelein JJ, Khaw KT, Kim E,
Klopp N, Komulainen P, Kumari M, Langenberg C, Lehtimaki T, Lin SY,
Lindstrom J, Loos RJ, Mach F, McArdle WL, Meisinger C, Mitchell BD, Muller G,
Nagaraja R, Narisu N, Nieminen TV, Nsubuga RN, Olafsson I, Ong KK, Palotie A,
Papamarkou T, Pomilla C, Pouta A, Rader DJ, Reilly MP, Ridker PM, Rivadeneira
F, Rudan |, Ruokonen A, Samani N, Scharnagl H, Seeley J, Silander K, Stancakova
A, Stirrups K, Swift AJ, Tiret L, Uitterlinden AG, van Pelt LJ, Vedantam S,
Wainwright N, Wijmenga C, Wild SH, Willemsen G, Wilsgaard T, Wilson JF,

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

71



72 ApoB locus: endophenotypes and phenotypes, A. M. Kulminski et al.

Young EH, Zhao JH, Adair LS, Arveiler D, Assimes TL, Bandinelli S, Bennett F,
Bochud M, Boehm BO, Boomsma DI, Borecki IB, Bornstein SR, Bovet P, Burnier
M, Campbell H, Chakravarti A, Chambers JC, Chen YD, Collins FS, Cooper RS,
Danesh J, Dedoussis G, de Faire U, Feranil AB, Ferrieres J, Ferrucci L, Freimer NB,
Gieger C, Groop LC, Gudnason V, Gyllensten U, Hamsten A, Harris TB,
Hingorani A, Hirschhorn JN, Hofman A, Hovingh GK, Hsiung CA, Humphries SE,
Hunt SC, Hveem K, Iribarren C, Jarvelin MR, Jula A, Kahonen M, Kaprio J,
Kesaniemi A, Kivimaki M, Kooner JS, Koudstaal PJ, Krauss RM, Kuh D, Kuusisto J,
Kyvik KO, Laakso M, Lakka TA, Lind L, Lindgren CM, Martin NG, Marz W,
McCarthy MI, McKenzie CA, Meneton P, Metspalu A, Moilanen L, Morris AD,
Munroe PB, Njolstad I, Pedersen NL, Power C, Pramstaller PP, Price JF, Psaty BM,
Quertermous T, Rauramaa R, Saleheen D, Salomaa V, Sanghera DK, Saramies J,
Schwarz PE, Sheu WH, Shuldiner AR, Siegbahn A, Spector TD, Stefansson K,
Strachan DP, Tayo BO, Tremoli E, Tuomilehto J, Uusitupa M, van Duijn CM,
Vollenweider P, Wallentin L, Wareham NJ, Whitfield JB, Wolffenbuttel BH,
Ordovas JM, Boerwinkle E, Palmer CN, Thorsteinsdottir U, Chasman DI, Rotter JI,
Franks PW, Ripatti S, Cupples LA, Sandhu MS, Rich SS, Boehnke M, Deloukas P,
Kathiresan S, Mohlke KL, Ingelsson E, Abecasis GR (2013) Discovery and
refinement of loci associated with lipid levels. Nat. Genet. 45, 1274-1283.

Williams PD, Day T (2003) Antagonistic pleiotropy, mortality source interactions,
and the evolutionary theory of senescence. Evolution 57, 1478-1488.

Xiao D, Huang KS, Chen QY, Huang BT, Liu W, Peng Y, Chen M, Huang DJ, Zou T,
Yang JF (2015) Four Apolipoprotein B gene polymorphisms and the risk for
coronary artery disease: a meta-analysis of 47 studies. Genes Genom. 37, 621—
632.

Yang J, Benyamin B, McEvoy BP, Gordon S, Henders AK, Nyholt DR, Madden PA,
Heath AC, Martin NG, Montgomery GW, Goddard ME, Visscher PM (2010)
Common SNPs explain a large proportion of the heritability for human height.
Nat. Genet. 42, 565-569.

Yashin Al, Akushevich IV, Arbeev KG, Akushevich L, Ukraintseva SV, Kulminski A
(2006) Insights on aging and exceptional longevity from longitudinal data: novel
findings from the Framingham Heart Study. Age 28, 363-374.

Supporting Information

Additional Supporting Information may be found online in the supporting
information tab for this article.

Fig. S1 Linkage disequilibrium (LD) patterns.

Table S1 Basic characteristics of the genotyped participants of each
Framingham cohort.

Table S2 The associations of genetic variants with lipids in each Framingham
cohort.

Table S3 The effect of lipid-lowering treatment on the associations of
genetic variants with total cholesterol.

Table S4 The effect of lipid-lowering treatment on the associations of
genetic variants with high-density lipoprotein cholesterol.

Table S5 The effect of total cholesterol on the associations of rs693 and
rs562338 with high-density lipoprotein cholesterol.

Table S6 The associations of rs693 and rs562338 with risks of myocardial
infarction in each Framingham cohort.

Table S7 Comparison of the associations of rs693 and rs562338 with risks
for all onsets of myocardial infarction (MI) and for the prospective onsets
only.

Table S8 The effect of lipids on the pooled associations of rs693 and
rs562338 with risks of myocardial infarction.

Table S9 The effect of lipid-lowering treatment on the associations of rs693
and rs562338 with risks of myocardial infarction.

Table $10 The associations of rs693 and rs562338 with risks of overall death:
the role of lipids and myocardial infarction (MI).

Table S11 Pooled associations of rs693 and rs562338 with risks of mortality
for Ml patients.

File S1 Acknowledgements statement.

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



