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Summary

The G allele of the FOXO03 single nucleotide polymorphism (SNP)
rs2802292 exhibits a consistently replicated genetic association
with longevity in multiple populations worldwide. The aims of
this study were to quantify the mortality risk for the longevity-
associated genotype and to discover the particular cause(s) of
death associated with this allele in older Americans of diverse
ancestry. It involved a 17-year prospective cohort study of 3584
older American men of Japanese ancestry from the Honolulu
Heart Program cohort, followed by a 17-year prospective repli-
cation study of 1595 white and 1056 black elderly individuals
from the Health Aging and Body Composition cohort. The relation
between FOXO3 genotype and cause-specific mortality was
ascertained for major causes of death including coronary heart
disease (CHD), cancer, and stroke. Age-adjusted and multivariable
Cox proportional hazards models were used to compute hazard
ratios (HRs) for all-cause and cause-specific mortality. We found G
allele carriers had a combined (Japanese, white, and black
populations) risk reduction of 10% for total (all-cause) mortality
(HR = 0.90; 95% Cl, 0.84-0.95; P = 0.001). This effect size was
consistent across populations and mostly contributed by 26%
lower risk for CHD death (HR =0.74; 95% Cl, 0.64-0.86;
P = 0.00004). No other causes of death made a significant contri-
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bution to the survival advantage for G allele carriers. In conclusion,
at older age, there is a large risk reduction in mortality for G allele
carriers, mostly due to lower CHD mortality. The findings support
further research on FOX03 and FoxO3 protein as potential targets
for therapeutic intervention in aging-related diseases, particularly
cardiovascular disease.
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Introduction

The aging of the world’s population has enormous implications for society,
social insurance programs, and health care (National Institute on Aging,
2007; US Department of Health and Human Services, 2012). Thus,
understanding how humans can age more healthfully is of vital
importance. Genetic factors that affect the rate of aging and/or risk for
age-related diseases are important, as they account for approximately one-
third of the variability in human lifespan (Brooks-Wilson, 2013; Shadyab &
LaCroix, 2015). However, despite almost three decades since the first
finding of longevity-associated genotypes in long-lived persons (Takata
et al., 1987), the effects on longevity of only the apolipoprotein E gene
(APOE) and the forkhead box O-3 (FoxO3) gene (FOXO3) have been
consistently replicated across multiple, diverse human populations (Flachs-
bart et al., 2009; Pawlikowska et al., 2009; Murabito et al., 2012; Brooks-
Wilson, 2013; Morris et al., 2015; Shadyab & LaCroix, 2015).

FoxO3 is an evolutionarily conserved transcription factor in the insulin
signaling pathway (Kenyon, 2010). It regulates expression of genes
controlling a multitude of processes that could enhance health and
lifespan (Willcox et al., 2008; Kenyon, 2010; Eijkelenboom & Burgering,
2013). A previous study of American men of Japanese ancestry was the
first to find an association of three single nucleotide polymorphisms
(SNPs) of FOXO3 with human longevity, the strongest SNP being
rs2802292 (Willcox et al., 2008). The association was replicated in 11
other independent studies of populations of diverse ancestry (Bao et al.,
2014). A meta-analysis found these and two other FOXO3 SNPs retained
statistical significance, the strongest association with longevity involving
the original G allele of rs2802292 in men (odds ratio (OR), 1.54; 95%
confidence intervals (Cls), 1.33-1.67) (Bao et al., 2014). A meta-analysis
of genomewide association studies of longevity yielded an OR of 1.17
(P=1.9 x 107" for this allele (Broer et al., 2015). The effect size has
not been well quantified in terms of mortality risk over time. The
mechanisms by which the protective allele(s) reduce mortality to
promote human longevity are also not known. Identifying the cause of
death in longevity-allele carriers vs. noncarriers may provide clues as to
why FOXO3 SNPs strongly protect against mortality.

We hypothesized that the longevity-associated FOXO3 genotype
would be associated with a sizable risk reduction for mortality and with
one or more major age-associated clinical causes of death, such as
coronary heart disease (CHD), cancer, and stroke. To test this hypothesis
we utilized an extensive, prospectively collected dataset from our long-
lived cohort of American men of Japanese ancestry, well characterized
for aging phenotypes, drawn from the Honolulu Heart Program (HHP)
prospective cohort study (Kagan, 1996). We genotyped this study
population to prospectively assess the following: (i) the effect size of the
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protective (longevity-associated) FOXO3 genotype on total (all-cause)
mortality in 17 years of follow-up; and (ii) the effect of the protective
FOXO3 genotype on cause-specific mortality. We then attempted a
replication of major findings in a suitable cohort of elderly white and
black Americans of both sexes in the Health Aging and Body Compo-
sition (ABC) cohort study, which had 17 years of follow-up.

Results

Study participants

The baseline characteristics of each cohort of subjects (Japanese, white,
and black) are shown in Table 1. HHP study participants tended to be
older and had higher prevalence of hypertension, diabetes, and CHD
than Health ABC participants. There was a higher percentage of G allele
carriers in the Health ABC population, particularly in blacks, in whom the
G allele was the common allele.

Meta-analysis of mortality (all-cause)

Cox proportional hazards models were used to generate hazard ratios
(HRs) over a 17-year prospective follow-up for black (Health ABC), white
(Health ABC), and Japanese (HHP) ancestry. Tests for heterogeneity for all
populations combined yielded P = 0.96, demonstrating that the popula-
tions could be used for a combined analysis, utilizing a dominant model.
During follow-up, mortality risk for G allele carriers ranged from 0.87
(blacks) to 0.91 (whites) with a combined (Japanese, white, and black
populations) risk reduction of 10% for total mortality (HR = 0.90; 95% Cl,
0.84-0.95; P = 0.001) (Fig. 1). Tests of model proportionality were met.

Table 1 Characteristics of the three study cohorts of older Americans

Japanese Whites Blacks
Parameter (n = 3584) (n=1794) (n=1281)
Age (years) 777 £ 4.6 73.8 +£29 73.4 4+ 29
Body mass index (kg m~2) 235+ 3.2 26.5 + 4.1 286 +54
History of ever smoking (%) 62.4 56.8 55.2
Alcohol (3+ drinks per week) (%) 40.3 23.3 9.6
Exercise regularly (%) 68.3 49.7 31.2

113 £295 100.8 £ 273 1093 £41.8
189.8 £ 33.1 201.3 + 37.4 204.9 + 40.1

Glucose (g dL™")
Total cholesterol (mg dL™")

CHD (%)* 20.6 13.1 13.7
Stroke (%)* 4.5 1.4 3.7
Cancer (%)* 15.6 245 11.0
Diabetes (%)* 28.6 10.7 21.0
Hypertension (%)*, 73.6 48.7 62.9
FOXO3 G allele frequency (%) 27.7 36.5 73.2
FOXO03 G allele carrier (%)* 47.0 58.4 92.7

Americans of Japanese ancestry tended to be older, had more prevalent CHD and
diabetes, and lower frequency of the longevity-associated FOXO3 G allele at the
baseline examination.

*Prevalent disease (not age-adjusted) was defined and detected based on
respective study surveillance programs: CHD: any myocardial infarction, bypass
surgery, angioplasty, other heart surgery, or ECG evidence; Diabetes: fasting
glucose > 126 mg mL~" or 2-h glucose > 200 mg mL~", or on diabetes
medication.

TParticipants were considered to have hypertension if they had a systolic blood
pressure of > 140 mmHg and/or diastolic blood pressure of > 90 mmHg or were
on antihypertensive medication.

SCarriers were persons who had at least one G allele of FOXO3 SNP rs2802292.
Shown are homozygotes and heterozygotes combined.

Total (all-cause) mortality risk for carriers of the FOX03 G
allele

In the HHP cohort, risk of death over a 17-year prospective follow-up
period for carriers (vs. noncarriers as baseline risk group) of the longevity-
associated G allele of FOXO3 (rs2802292) in Japanese American men,
utilizing a multivariable Cox regression model, demonstrated an 11%
risk reduction (HR 0.89; 95% Cl: 0.83-0.97; P = 0.004) for all-cause
mortality (Table 2A). Five important risk factors for mortality in older
persons did not substantially alter mortality risk, suggesting that they are
not in the causative pathway between FOXO3 variation and mortality in
older Japanese males.

In the Health ABC cohort, a similar analysis of risk of death over
17 years of follow-up demonstrated a similarly large (9%) risk reduction
for all-cause mortality in whites (HR 0.91; 95% Cl: 0.80-1.02; P = 0.06)
and 13% in blacks (HR 0.87; 95% Cl: 0.66-1.13; P = 0.29), respectively
(Table 2B). When entering five important mortality risk factors for
mortality at older ages into the model, there was a reduction in statistical
significance and effect size (HR) in whites and blacks, suggesting that
one or more risk factor variables are in the causative pathway between
FOXO3 variation and mortality in these populations.

Specific causes of death and HR for mortality (age-adjusted)

In the HHP cohort, the G allele conferred a highly statistically significant
protective effect against CHD mortality in Japanese American men
(Table 3A). Hazard ratio in G (longevity allele) carriers (HR: 0.75; 95% Cl
0.63-0.90; P = 0.001) was 25% lower than noncarriers.

In the Health ABC cohort, there was a similarly large (24%) risk
reduction in CHD mortality for whites (HR: 0.76; 95% Cl 0.58-0.98;
P = 0.036) and even larger for blacks (39%; HR 0.61; 95% Cl 0.35—
1.04; P = 0.068 for trend; Table 3B). While certain other diseases (such
as cancer in whites and stroke in blacks) showed lower HRs for mortality,
none reached statistical significance.

Meta-analysis of CHD mortality

Cox proportional hazards models were used to generate hazard ratios
over the 17-year prospective follow-up period for individuals of black
(Health ABC), white (Health ABC), and Japanese (HHP) ancestry. Tests
for heterogeneity for all populations combined yielded P = 0.75,
demonstrating that the populations could be used for a combined
analysis, utilizing a dominant model. During follow-up, CHD mortality
risk for G allele carriers ranged from 0.61 (blacks) to 0.76 (whites)
with a combined (Japanese, white, and black populations) risk
reduction of 26% for total CHD mortality (HR =0.74; 95% Cl,
0.64-0.86; P = 0.00004) (Fig. 2). Tests of model proportionality were
met.

FOXO03 genotype and age at death

Carrier status for the protective G allele increased from age in the 70s to
age of >90 years, consistent with protection against mortality for
carriers in the three populations (Fig. 3).

Serum TNF-a level by FOXO3 G allele carrier status

In a pilot analysis of HHP Japanese men, carriers of the longevity-
associated G allele of FOXO3 SNP rs2802292 had lower blood levels of
the inflammatory cytokine TNF-a (Table S1).

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.
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Fig. 1 Meta-analysis of all-cause mortality for G allele carriers. Hazard ratios (HRs) for mortality over prospective follow-up periods of 17 years for the cohorts of Americans
of black (Health ABC) and white (Health ABC) individuals and 17 years for Americans of Japanese (Honolulu Heart Program (HHP)) ancestry, utilizing a dominant model. Tests
for heterogeneity for all populations combined were P = 0.96, demonstrating that the populations are appropriate for a combined meta-analysis. During the 17-year

prospective follow-up, G allele carriers (FOXO3 SNP rs2802292) had HR that ranged from 0.87 (blacks) to 0.91 (whites) and a combined risk reduction of 10% for total

mortality (HR = 0.90; 95% Cl, 0.84-0.95; P = 0.001).

Table 2 All-cause mortality risk for carriers of the FOXO3 G allele in multivariable risk factor model. (A) Honolulu Heart Program cohort. (B) Health ABC cohort

(A
Risk factor HR (95% ClI) P
Age (years) 1.11(1.10-1.12) < 0.001
Fasting glucose (per 10 mg dL™") 1.06 (1.05-1.08) < 0.001
Smoking history* (per 10 pack-years) 1.04 (1.03-1.05) < 0.001
Systolic blood pressure (per 10 mm Hg) 1.00 (0.98-1.02) 0.84
Fasting total cholesterol (per 10 mg dL™") 0.98 (0.97-0.99) 0.007
Body mass index (per kg m~?) 0.95 (0.94-0.97) < 0.001
FOXO3 G allele carrier (age-adjusted) 0.89 (0.83-0.97) 0.004
FOXO3 G allele carrier’ (age- and risk factor-adjusted) 0.86 (0.79-0.93) < 0.001
B)

Blacks Whites
Risk factor HR (95% CI) P HR (95% ClI) P
Age (years) 1.06 (1.03-1.09) < 0.0001 1.12 (1.09-1.14) < 0.0001
Fasting glucose (per 10 mg dL™") 1.03 (1.02-1.05) < 0.0001 1.06 (1.04-1.08) < 0.0001
Smoking history (ever smoking) 1.26 (1.08-1.46) 0.003 1.37 (1.2-1.55) < 0.0001
Systolic blood pressure (per 10 mmHg) 1.06 (1.02-1.1) 0.002 1.01 (0.98-1.05) 0.39
Fasting total cholesterol (per 10 mg ar" 0.97 (0.95-0.98) 0.0002 0.97 (0.96-0.99) 0.001
Body mass index (per kg m~2) 0.97 (0.96-0.98) < 0.0001 0.98 (0.97-1.00) 0.047
FOXO3 G allele carrier (age-adjusted) 0.87 (0.66-1.13) 0.29 0.91 (0.91-1.02) 0.063
FOXO3 G allele carrier* (age- and risk factor-adjusted) 0.91 (0.69-1.2) 0.51 0.91 (0.81-1.03) 0.15

(A) Risk of death over a 17-year follow-up period for carriers vs. noncarriers of longevity-associated G allele of FOXO3 (rs2802292) in HHP population of Japanese Americans.

(B) Risk of death over a 17-year follow-up period for carriers vs. noncarriers of longevity-associated G allele of FOXO3 (rs2802292) in Health ABC cohorts.

*Number of packs smoked per day x number of years smoked (pack-years).

"Multivariable Cox regression model for subjects with complete risk factor data (n = 3200; total deaths = 2345). HR = hazard ratio for all-cause mortality.
*Multivariable Cox regression model for subjects with complete risk factor data. HR = hazard ratio for all-cause mortality.

Discussion

The magnitude of the impact of an absence of the FOXO3 G allele was

comparable to the increase in risk of death from smoking a pack of

In this, the first large, comprehensive, multiethnic prospective cohort study
to quantify the risk reduction associated with the minor allele (G) of the
FOXO3 longevity-associated genotype, we demonstrated a large (10%)
protective effect against all-cause mortality and 26% for CHD mortality
over 17 years of follow-up. The protective effect was, moreover, observed
in three genetically different populations. Our study contrasts with the vast
majority of prior investigations of FOXO3 variants and longevity, which
have been case:control studies that did not quantify risk over time, but
rather simply tested for association with an outcome.

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

cigarettesaday for 25 yearsin Japanese men. In black males and females, it
was equivalent to havinga 20 mmHg higher systolic blood pressure, andin
white menandwomentoa20 mg dL™" elevation in fasting blood glucose.

Of particular interest, in multivariable models of mortality risk factors,
five of the top risk factors for mortality at older ages (i.e. smoking,
hypertension, fasting glucose, low BMI, low cholesterol) had little
influence on the effect on mortality of FOXO3 genotype in Japanese
men. In the Health ABC cohort of white and black men and women,
there did appear to be mediator variables, in that the effect was partially
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Table 3 Specific causes of death and hazard ratio, age-adjusted, for carriers of the FOXO3 G allele. (A) Honolulu Heart Program (HHP) cohort. (B) Health ABC cohort

(A)
Cause of death No. of deaths HR* (95% Cl) P-value
Cancer 546 1.01 (0.85-1.19) 0.93
CHD (coronary heart disease) 524 0.75 (0.63-0.90) 0.001
Stroke 315 0.97 (0.77-1.21) 0.76
Dementia 221 1.01 (0.78-1.32) 0.93
Other cardiovascular disease (CVD) 213 0.85 (0.65-1.11) 0.23
Infectious disease 188 0.91 (0.68-1.21) 0.52
Chronic obstructive pulmonary disease (COPD) 117 0.83 (0.57-1.19) 0.31
Renal failure 45 0.86 (0.48-1.55) 0.61
Gl (gastrointestinal disease) 39 1.22 (0.65-2.30) 0.54
Other deaths 480 0.86 (0.72-1.03) 0.09
B)

Whites Blacks Combined

n n n
Cause of death* 927 HR* (95% Cl) P 687 HR* (95% Cl) P 1614 HR (95% Cl) P
Cancer 220 0.87 (0.67-1.14) 0.31 179 1.67 (0.82-3.41) 0.16 399 0.97 (0.76-1.24) 0.81
CHD 224 0.76 (0.58-0.98) 0.04 140 0.61 (0.35-1.04) 0.07 364 0.73 (0.57-0.92) 0.0088
Stroke 80 0.87 (0.56-1.35) 0.53 67 0.55 (0.26-1.15) 0.1 147 0.78 (0.53-1.15) 0.21
Other CVD 41 0.96 (0.52-1.8) 0.91 47 1.04 (0.32-3.38) 0.95 88 0.98 (0.57-1.7) 0.96
COPD 42 0.82 (0.44-1.5) 0.51 29 2.07 (0.28-15.3) 0.47 71 0.91 (0.52-1.6) 0.75
Infection 36 1.21 (0.62-2.4) 0.58 24 0.54 (0.16-1.84) 0.33 60 1.03 (0.56-1.91) 0.92
Renal failure 17 0.61 (0.24-1.59) 0.32 25 *N/A N/A 42 1.01 (0.45-2.26) 0.98
Gl 7 0.88 (0.2-3.94) 0.87 9 0.46 (0.05-3.85) 0.47 16 0.72 (0.2-2.59) 0.61
Other 260 1.11 (0.87-1.43) 0.40 167 0.69 (0.4-1.18) 0.18 427 1.02 (0.81-1.29) 0.84

*HR shown is for carriers of the G allele. (A) Number of deaths are all deaths in each disease category from n = 2688 total deaths in HHP subjects (mean age

77.7 + 4.6 years at baseline) followed up for 17 years. Cause of death was coded according the International Classification of Diseases (ICD) system (version 8) by an expert
morbidity and mortality committee after comprehensive review of multiple data sources including death certificates, hospital discharge records and interviews with
physicians, among other data. All the study participants were ascertained for vital status at the end of study; in only 17 (1.3%) deaths could a cause not be ascertained. There
was a large (25%) risk reduction in CHD mortality. Bonferroni correction of CHD death yielded P = 0.01. (B) Number of deaths are all deaths in each disease category from
n = 1614 total deaths in Health ABC subjects followed up for 17 years. Surveillance for cause of death was similar to HHP methodology. There was a large (24%) risk
reduction in CHD mortality for whites (HR: 0.76; 0.58-0.98; P = 0.036) and a 39% risk reduction for blacks (HR: 0.61; 95% ClI 0.35-1.04; P = 0.068 for trend). White males
and females were aged 73.8 + 2.9 years at baseline. Black males and females were aged 73.4 + 2.9 years at baseline. Bonferroni correction of CHD death yielded P = 0.32

for blacks and P = 0.08 for whites. CVD, cardiovascular disease; Gl, gastrointestinal.

attenuated when risk variables were entered into a multivariable model.
The data suggest a possible mediator role for hypertension, which we
found to be less prevalent in middle-aged women carrying the FOXO3 G
allele (Morris et al., 2016).

Although we found a lower risk for stroke in all three populations,
this did not reach statistical significance. The only prior studies by others
of FOXO3 genotype and cardiovascular disease led to conflicting results.
One, a 4-year prospective cohort study of Dutch men and women aged
> 85 years found that a particular FOXO3 haplotype conferred an
increased risk for incident stroke and also an increased risk of mortality
from CHD, stroke, and all-cause (total) mortality (Kuningas et al., 2007).
Another investigation, a case:control study of Danish men and women
aged > 90 years, failed to find an association of FOXO3 genotype with
CHD or stroke (Soerensen et al., 2015). A case:control study of Han
Chinese found no relation with CHD (Zhao et al., 2014), while two other
case:control studies found FOXO3 longevity-allele carriage was associ-
ated with lower CHD prevalence (Japanese American males) (Willcox
et al., 2008) and with lower CHD and stroke mortality (white males and
females) (Pawlikowska et al., 2009).

Although FOXO3 is a tumor suppressor (Lam et al., 2013; Fruman &
Rommel, 2014), we could find only one study that reported an

association of FOXO3 genotype with all-cancer mortality (Pawlikowska
et al., 2009) and another study in which a borderline association with
cancer prevalence was found (Willcox et al, 2008). Both were
case:control studies of longevity-associated alleles. The current study
found no detectable protection against cancer mortality, although larger
studies of particular cancer subtypes may be useful.

It should, however, be noted that the prior studies were limited by
small sample sizes, short follow-up time, a case:control study design,
monoethnic populations, and/or very old age of the study subjects.
The current study did not suffer from these challenges. Therefore,
while a contributory role for other diseases and disease processes
cannot be ruled out, protection against CHD mortality seems
paramount.

Based on studies of FoxO3 in model organisms we suspect immune
dysregulation may be particularly important. In aging humans,
adaptive immunity decreases, leading to immunosenescence, but
innate immunity increases, leading to a pro-inflammatory phenotype
termed ‘inflamm-aging’ (Franceschi et al., 2007; Peng, 2007; Salminen
et al.,, 2008). FoxO3 inhibits the production of several inflammatory
cytokines linked to human aging. These include interleukin-2 (Oh
et al., 2011), interleukin-6 (Dejean et al., 2009), and TNF-o. (Lee et al.,

© 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.
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Fig. 2 Meta-analysis of CHD mortality. Hazard ratios (HRs) for CHD mortality over prospective follow-up periods of 17 years for the cohorts of Americans of black (Health
ABC; n = 140 CHD deaths), white (Health ABC; n = 224 CHD deaths) and 17 years for Americans of Japanese (Honolulu Heart Program (HHP; n = 524 CHD deaths))
ancestry, utilizing a dominant model. Tests for heterogeneity for all populations combined yielded P = 0.75, demonstrating that the populations could be used for a
combined analysis, utilizing a dominant model. CHD mortality risk for G allele carriers ranged from 0.61 (blacks) to 0.76 (whites) with a combined (Japanese, white and
black populations) risk reduction of 26% for total mortality (HR = 0.74; 95% Cl, 0.64-0.86; P = 0.00004). Tests of model proportionality were met.
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Fig. 3 FOXO3 G allele carrier status (as % of cohort) by attained age. Percentage of
carriers of the longevity-associated FOXO3 G allele of SNP 152802292 increased with
age in the pooled population (P < 0.0001; logistic regression; adjusted for race).

2013), each of which has been linked to both aging and cardiovas-
cular disease.

In support of this premise, the minor allele of FOXO3 SNP rs12212067
(which is in linkage disequilibrium with rs2802292 and could act as a
proxy) was associated with a milder clinical course of seemingly
unrelated inflammatory conditions (Crohn’s disease and rheumatoid
arthritis) (Lee et al., 2013). Minor allele carriage limited inflammatory
responses in monocytes through TGF-B1-induced reduction of pro-
inflammatory cytokines, including TNF-o. It also increased production of
anti-inflammatory cytokines. Our finding of lower TNF-o in FOXO3 G
allele carriers is consistent with protection against inflammation and
thence CHD. More work is needed to confirm a major influence of
reduced inflammation conferred by FOXO3 genotype in protection
against CHD, as an explanation for its ability to confer increased lifespan.

Interestingly, the G allele is the ancestral allele as it is the most prevalent
allele in African black populations and it persists as the common allele in
the American black population (dbSNP, 2016). A question arises as to why
the nonprotective (7) allele has become the common allele in whites and
Asians. This is likely the result of population bottle necks that have pruned
the G allele frequencies in “out of Africa” populations. This process could
have fixed the rs2802292 G allele in a haplotype that contains a functional
variant, such as one that results in better old age health. For most of
human history infectious disease, of which inflammation is a major
component, was likely the major cause of death (Finch, 2010). Perhaps TT

homozygotes may not be able to defend against a high inflammatory load,
which can lead to sepsis (among other potentially fatal maladies), and
thus, fewer of these survived to pass on T alleles. It is plausible that there
might be an unknown antagonistic pleiotropic effect where the allele
protects early in life and becomes a risk later in life (Blagosklonny, 2010).
There are examples of antagonistic pleiotropy involving the FoxO3 gene in
model organism studies (Shen & Tower, 2010). As yet, we do not know if
FOXO3 genotype protects against mortality at young or middle age, only
that it protects against mortality in later life, as no studies have assessed
the effects of FOXO3 genotype over the adult life course in humans. There
are also several other plausible explanations of why the G allele has
persisted as the common allele in blacks but has decreased in frequency in
white and Asian populations. FoxO is critical in maintaining stem cell
populations (Miyamoto et al., 2007). Perhaps human populations have
only recently been able to survive long enough for the beneficial effects of
the FOXO3 G allele on stem cell populations to be realized. Another
potential explanation may be the fact that FoxO3 regulates stress
resistance and protects against ultraviolet damage (Yang et al., 2006).
Ultraviolet radiation would have been a major biological stressor in African
populations. Future work may be able to answer such questions.

Our study has several strengths, including rigorous ascertainment of
cause of death, large sample size that was adequate for detection of
dominant genetic effects of FOXO3 on cause-specific mortality, and
replication of the main findings across cohorts. Another major strength
is the prospective, population-based cohort design, with virtually
complete mortality ascertainment in near-extinct cohorts. This elimi-
nated recall bias concerning prevalent diseases and risk factors and also
allowed us to quantify cause-specific mortality risk over time. The
relative homogeneity of the HHP population was also an advantage,
and prior work has found no evidence of a population stratification
artifact in this cohort (Willcox et al., 2008). Population substructure
was also controlled for in the Health ABC population. The replication
we saw in a methodologically similar cohort of elderly white and black
Americans demonstrates that the findings are robust and generalizable
to other genetic populations.

Summary and conclusions

The present study is the first to quantify the protection against mortality
in a large, well-powered, prospective cohort study of populations of
contrasting ethnicities, and to demonstrate that CHD is the main clinical
cause of death driving the strong survival advantage seen in carriers of

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



622 The FoxO3 gene and cause-specific mortality, B. J. Willcox et al.

the major longevity-associated FOXO3 allele. As CHD is the primary
cause of death in most industrialized countries, and death at older ages
is increasingly dominated by inflammation-related diseases, the fact that
allelic variation in FOXO3 is now known to significantly modify this risk
has important clinical implications, especially in high risk patient
populations, such as those with type 2 diabetes (Gregg et al., 2014)
and obesity (Olshansky et al., 2005). It has already become apparent
that FoxO3 plays in important role in disease progression in age-related
diseases, such as cancer, and may be useful for monitoring responses to
treatment (Monsalve & Olmos, 2011; Morris et al., 2015). Moreover,
therapeutic interventions that modulate biological pathways associated
with aging are now becoming a plausible approach to help people age
more healthfully (Kennedy & Pennypacker, 2015). Our novel findings
prompt consideration of FOXO3 and its protein (Foxo3) as therapeutic
targets in healthy aging with a focus on CHD and possibly other
inflammation-related diseases. More study is needed to determine
molecular/cellular mechanisms.

Experimental procedures

Study design

We utilized data from the Kuakini Hawaii Lifespan Study, an ancillary
study of the genetic and environmental antecedents of healthy aging
and longevity, drawn from the Kuakini HHP cohort of aging men
(Willcox et al., 2006, 2008; Donlon et al., 2012). The HHP began in
1965 as a population-based prospective study of cardiovascular diseases
and included 8006 American men of Japanese ancestry (Kagan, 1996).
All study participants were recruited from World War Il service records of
9877 men who had valid contact information, were born in 1900-1919,
and who were living on the island of Oahu. For the current study, we
utilized DNA samples and data collected in 1991-93, the first exami-
nation that focused on aging-related measures, which were added at
that time to the ongoing HHP study (White et al., 1996). We genotyped
3584 (~ 80% of available HHP survivors) stored blood samples collected
at the 1991-1993 examination. Follow-up monitoring total mortality
and cause-specific mortality for 17 years was conducted. All examina-
tions, and the collection of biological samples, were approved by the
Institutional Review Board of Kuakini Medical Center. Written informed
consent was obtained at each examination from all study participants.

The Health ABC cohort was utilized for a replication study. Health
ABC is a prospective observational study of 3075 well-functioning,
community-dwelling, male and female, white and black Americans,
aged 70-79 years at baseline, recruited from field centers at the
University of Pittsburgh, Pennsylvania, and the University of Tennessee,
Memphis, and followed up for 17 years.

Genotyping

For HHP subjects, total cellular DNA was isolated from buffy coat of
blood using the PureGene system (Gentra Systems, Inc., Big Lake, MN,
USA) and quantified using PicoGreen staining (Molecular Probes,
Eugene, OR, USA). We selected 32 SNPs that reflected the major
genetic variability within intron 2 of FOXO3, based on degree of linkage
disequilibrium and allele frequencies of >5%. We chose variant
rs2802292 (alleles T/G) as representative of the strongest longevity-
associated SNPs and genotyped an extended sample set of 3584
subjects. Genotyping for rs2802292 involved an allelic discrimination
assay.

TagMan® (Applied Biosystems, Inc. [ABI], Carlsbad, CA, USA)
reagents (purchased from Life Technologies, Carlsbad, CA, USA) were
used for PCR amplification under standard conditions with AmpliTaq
Gold® DNA polymerase (Perkin-Elmer Corp., Waltham, MA, USA). PCR
products were detected by TagMan® assay, using a 6-FAM-labeled FRET
probe for one allele and a VIC-labeled probe for the other allele, with
minor groove binding (MGB) quenchers to enhance assay signal. PCR
products were measured using an ABI Prism 7000 Sequence Detection
System. Genotype data were managed through a sample processing and
database system with previously proven reliability. All positive controls
on each genotyping plate were evaluated for consistency. We have
found that these methods are exceptionally robust and have an accuracy
of > 99.9% on retesting and a success rate of 99.6% (data not shown).
We regenotyped 1% of samples to monitor quality.

For Health ABC samples, genomewide SNP genotyping was performed
by the Center for Inherited Disease Research using the lllumina
Human1M-Duo BeadChip system. Samples were excluded from the
dataset for reasons of sample failure, genotypic sex mismatch, and first-
degree relative of an included individual based on genotype data. Health
ABC genotyped 1794 self-described white participants at baseline with
available DNA and consent to genetics testing. Of these, 1661 passed
quality control benchmarks (call rate > 97 %, no sex mismatch, and cryptic
relatedness). In addition, 1139 self-described African Americans had
genotype information available after quality control. Principal component
analysis (PCA) was performed using Eigenstrat (Price et al., 2006). PCA
was first performed on genotype data from all Health ABC participants
and HapMap samples as anchor points to identify population outliers. PCA
was then performed on genotype data separately for black and white
participants who were not genetic outliers, and the resulting eigenvectors
were used as covariates in regression models to adjust for population
structure. Imputation was performed for the autosomes using MACH
software version 1.0.16. SNPs with minor allele frequency > 1%, call rate
>97% and Hardy—Weinberg equilibrium P> 107® were used for
imputation. HapMap Il phased haplotypes were used as reference panels.

For whites, 914 263 SNPs passed quality control (QC) and were
available for imputation using the HapMap CEPH reference panel (phase
2, release 22, build 36). For blacks, 1 007 948 SNPs passed QC and were
available for imputation based on a 1:1 mixture of the CEPH:Yoruban
(YRI) HapMap phase-2 release-22 build-36 reference panel. A total of
2 543 887 SNPs in whites and 1 958 375 SNPs in blacks were imputed.
SNP 152802292 was imputed. All fractional values within 0.1 of an
integer were rounded to the nearest integer to create the number of
52802292 G alleles. The imputation quality measured by MACH r? was
0.99 in whites and blacks.

Outcome measures

Total (all-cause) mortality and cause-specific mortality were the principal
outcomes for the study. Death occurrence was ascertained by review of
obituaries in local newspapers, through the medical examiner’s office, by
phone calls to family members or primary care physicians, and search of
the National Death Index. Cause of death was determined by an expert
morbidity and mortality committee, consisting of physicians who
adjudicated the cause of death using standardized criteria, through
continuous comprehensive surveillance of data collected from multiple
sources (Kagan, 1996). These sources included death certificates,
medical history from prior examinations, interview of healthcare proxies,
hospital discharge records, cancer registry data, and autopsy reports,
when available. Similar procedures were utilized in Health ABC.
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Statistics

Genotypes were evaluated and found to be in Hardy—Weinberg
equilibrium. The relation of FOXO3 genotype with total mortality and
cause-specific mortality was determined by Cox regression, adjusting for
age, in carriers vs. noncarriers of the G allele of rs2802292 in Japanese,
whites, and blacks. For meta-analysis of total mortality, age-adjusted
Cox regression models for Japanese, whites, and blacks were utilized,
using both dominant and additive models for the effects of carrier status
on total mortality. A dominant model was found to be most appropriate.
Tests for heterogeneity were performed to assess suitability for a
combined analysis. All statistical analyses were performed using the
Statistical Analysis System (SAS) version 9.3 (SAS Institute, Cary, NC,
USA).
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