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ABSTRACT

Longevity is written into the genes.While manyso-calledd t 2 y BSSHASEEbeenidentified, the reasonwhy
particular genetic variants are associatedwith longer lifespan has proven to be elusive. The aim of the present
study was to test the hypothesis that the strongest of 3 adjacent longevity-associated single nucleotide
polymorphismsc rs379439¢; of the vascularendothelial growth factor receptor 1 gene,FLT1may confer greatel
lifespan by protecting againstmortality risk from one or more adversemedical conditions of aging ¢ namely
hypertension,coronaryheart disease(CHD) stroke, and diabetes.In a prospectivepopulation-basedlongitudinal
study we followed 3,471Americanmen of Japaneseancestryliving on Oahu,Hawaii,from 1965until death or to
the end of December2019by which time 99%had died. Coxproportional hazardsmodelswere usedto assesghe
associationof FLT1genotypewith longevity for 4 geneticmodels and the medical conditions. We found that, in
major allele recessiveand heterozygote disadvantagemodels, genotype GG ameliorated the risk of mortality
posed by hypertension, but not that posed by having CHD,stroke or diabetes. Normotensive subjects lived
longest and there was no significant effect of FLT1genotype on their lifespan. In conclusion,the longevity-
associatedgenotype of FLT1may confer increased lifespan by protecting against mortality risk posed by
hypertension.We suggestthat FLTlexpressionin individualswith longevity genotypeboostsvascularendothelial
resiliencemechanismdo counteracthypertensionrelated stressin vital organsandtissues.

INTRODUCTION increasingly important, so that in very old age (> 90
years) lifespan is determined more by specificated

Lifespan has a genetic component, estimated as 16% fil ongevity genesodo than envir

based on data from 5.3 million family trees of up to 13 data from the Netherlands suggested that paternal

million members generated from 86 million public transmission of longevity is stroeg than maternal

profiles on an online genealogy datab§tp Beyond transmissiorf2]. An extensive review lists the major genes

the age of 70 years the genetic component rheso that have shown an association with longer lifeggan
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Most successful studies to date have used a candidate
gene approach. The best candidate gene studies are
longitudinal in eésign and involve longerm follow-up

of large cohorts of the same race. In contrast, €ross
sectional studies are prone to confounding. While
genomewide association studies (GWAS) have proven
to be powerful for various human traits and common
diseases, @y too are crossectional. Furthermore,
GWAS involve tens of thousands of single nucleotide
polymorphisms (SNPs) so that when association data
are corrected for multiple testing statistical significance
is greatly attenuated. To achieve sufficient stafét
power, very large cohorts of lodiyed individuals are
therefore required. This represents a considerable
challenge to researchers given the very low prevalence
of extremely old people in populations.

Our own research on longevity has focused on a
population of men recruited in the mi®60s for the
Kuakini Honolulu Heart Program and followed up
until death or the end of 2019 (55 years). Participants
were immigrants from Japan or Okinawa, or sons of
immigrants so were all of Japanese ancestry. Wit
intermarriage uncommon among this generation, the
sons were very likely toetain full Japanese ancestry.
The culture and lifestyle of Japanese people may
contribute to their welknown exceptional longevity,
making them especially suited to researchgemetic
factors involved in lifespan determination. We have
identified a number of longevity genes, starting with the
gene for the forkhead/winged helix box O3 transcription
factor FOXO3 [4], and followed by 15 otherfs, 6].
Several of these emerged from a genetic study in which
we tested SNPs of the human homologs of genes
encoding transcripts differentially expressed in liver
tissue of calorically restricted mi¢g].

In recent studies we set out to determine the reasgn w
longevity variants of those genes were associated with
longer lifespan. We hypothesized that individuals with
long lifespans may have resilience to biological stressors
that impact aging8]. Agingrelated stressors include
various chronic diseases afiag. These diseases may be
modulated by genetic factoj3]. We thereforesought to
determine whether specific genotypatect lifespan at
least in part by protecting against the detrimental impact
on lifespan of one or more aginglated conditions,
nanely hypertension,coronary heart disease (CHD)
stroke history, or type 2 diabetes. Hypertension is at the
core of all of theseNot only does hypertension increase
the risk of mortality from CHD and stroke, hypertension
is more prevalent in individuals thidiabetes. A medical
history of CHD, stroke, or diabetes is associated with
increased risk of mortality. Lifestyle and genetic factors
contribute to each of these conditio¢e found that the
increased risk of death in patients having one or more of

sudh agingrelated conditions was ameliorated by
longevity-associated genotypes of the geR€xX03[9],
mitogenactivated protein kinase kinase kinase 5 gene
(MAP3K5 [10], growth hormone receptor ge(BHR)
[11], and phosphatidylinositol -Bnase regulatory
subunit 1 geneRIK3RY) [12].

The present study examingte Fmsrelated receptor
tyrosine kinase hyene FLT1). FLT1 encodes subtype 1

of the vascular endothelial growth factor receptor family
(VEGFR-1), which is the fullength form of VEGFRIn a
previous study we tested 20 tagging SNPs (tSNPs)
FLT1 for association with longevitj6]. The tSNPs were
chosen so as to capture all or most of the genetic variation
iNnFLTL, as well as in 5 kb of
Three SNPs that were adjaténa each other, but not in
linkage disequilibrium, showed a significant association
with longevity after correction for multiple testing. SNP
rs3794396 exhibited the most statistically significant
association with longevityp(= 0.0007) [6] and was
therebre chosen for the present study.

The protein encoded WyLT1 71 the fulklength form of
VEGFR (termed VEGFR) i is a cell surface receptor
comprising an extracellular ligadanding region, a
transmembrane segment, and a tyrosine kinase domain
within a cytoplasmic domainSupplementary Figure 1
shows the intracellular pathways associated with the
binding of VEGF family member A t6LT1. Binding of
VEGFA and VEGFB to VEGFHR. regulates vascular and
lymphatic blood vessels by modulation of endothelial cell
proliferation in a celtype specific manner. VEGFA and
VEGFB are involved ivasculogenesis and angiogenesis,
so helping to maintain blood supply to tissues. Each is
able to counteract the development of atherosclerosis,
CHD, and other cardiovascular diseq13]. FLT1 may
function as a negative regulator of VEGFA signaling by
limiting the amount of free VEGR and preventing

its binding to kinase insert domain receptor (KDR/
FIk1) [14]. VEGFA regulates angiogenesis, vascular
permeability, and inflammation by binding with VEGFR

1 (and VEGFR2), whereas VEGIB, by binding to
VEGFR1, regulates angiogenesis, as well as redox
balanceand apoptosis. Other VEGF family members do
not bind to VEGFRL, but rather to VEGFR and
VEGFR-3. In mice, the VEGFRL/FIt-1 signaling
pathway regulates normal endothelial emll/cell
matrix interactions during vascular developm§td].
Aged rats have enlarged vessels and a shift has been
found from VEGFR1 expresion in smooth muscle
fibers surrounding the vessel endothelium to the
endothelium itself16].

In essential hypertension, plasma levels of VEGF and
sFIt1 7 the soluble form of Hi i are elevatedl7].
The increased sFit could either be a responsetle

6606 0H-GAPARY

o cy !

DLbD



elevated blood pressure or, being -@mgiogenic, may
suggest a contribution of abnormal angiogenesis to the
pathogenesis of hypertensioglated complicationg 8].

Excess sHt is found in kidney disease and gestational
hypertension (preeclamp$ia[19]. Multiple splice
variants exist, with one, sFL-T el5a, being elevated
in the circulation and placenta of women with
preeclampsia and responsible for endothelial and end
organ dysfunction in this conditigd9]. Modulation of
SFLT1 expression by RNA interference is an effective
treatment[20]. sFItl is able to protect against renal
dysfunctionassociated atherosclerosis as well as diabetic
nephropathy[21]. sFIt1 can promote endothelial cell
proliferation, suwival and angiogenesis. In aged {22
monthold) mice both VEGF mRNA and Flit mRNA in
skeletal muscle are significantly reduced, indicating that
minimal levels of maintenance and repair factors are
needed to preserve capillary supjag].

VEGFR-1/FIt-1 is expressed not just by endothelial
cells but also by macrophages, promoting their function,
and, via kinase activity, is involved in atherosclerosis,
inflammatory diseases, and cancer metast§3s].
Overexpression of soluble VEGFRsFIt1l in the
placend in preeclampsia contributes to the major
pathological symptoms of this condition in affected
patients, including hypertension and renal dysfunction,
most likely by blocking VEGFA [23i 25], so resulting

in endothelial dysfunction and organ injur25].
Elevated expression also occurs in the placenta of
normotensive pregnant women carrying a sifoal
gestationahge fetus[24]. Membranebound VEGFR
1/FIt1 and sSVEGFL/sFIt1l are involved in disease
abatement in these conditions.

The aim of the present sty was to test the hypothesis
that the increased risk of death in patients with
hypertension was ameliorated by longexdgsociated
genotypes oFLT1 SNP,rs37943946]. We also set out

to identify putative functional differences attributable to
the effet of theFLT1 longevity variant and to describe
how these may influence the phenotype responsible for
attenuation of mortality.

RESULTS
Characteristics of subjects

Baseline (199111993) characteristics of the cohort for
eachFLT1 genotype are shown ifable 1 Analyses
found no evidence of population stratification in the
dataset (data not shown). By December 31, 2019, 3,436
out of 3,471 (99.0%) subjects had died dgrithe
overall 29 years ofollow-up (mean 10.8 + 6.5 SD
years; range 0.028.8 years). At baseline, among the

3,471 participants, 53.4% had hypertension, 20.5% had
CHD, 28.5% had diabetes, and 13.6% had cancer.
Mean age at death was 88.6 + 6.1 years fn mith at
least one disease, and 89.5 + 6.0 years for those with
none f < 0.0001). In hypertensive subjects, the
prevalence of CHD, stroke, diabetes and cancer did not
differ significantly between genotypes.

Genetic association studies

The interaction effect ofFLT1 SNP rs3794396 on
mortality was tested for 4 genetic models, namely,
major allele recessive modebG vs other GC, CC));
heterozygote disadvantage mod@&( vs other GG,
CQ)), minor allele homozygote modeCC vs. other
(GG, GCQ)), and the additive model (number &
alleles) in which the number o€ alleles affects
mortality in an additive fashion.

A statistically significant result was found in the major
allele recessive modeGG protective) and heterozygote
disadvantagenodel GG and CC protective) for risk of
mortality in those with hypertension. There was no
effect of genotype for the other chronic conditions,
namely, CHD, stroke and diabetes. By comparing hazard
ratios between the genotypes, as shown in T2blee
found that
while HR for
Stratified analyses were then performed for those data
comparing the effect 066G vs. GC/CC and GC vs
GG/CC on mortality of the hypertensive subjects
(n=2,560) and normotensive subjects (n=911) separately
for ageadjusted and covariatdjusted datal@ble3).

In a multivariate Cox model, men with hypertension who
had the genotypeSG or CC were at 22% lowerisk of
dying than men with th&C genotype, and men with
hypertension who had the genoty@& were at 12%
lower risk of dying than men with genotyp&€ or CC
(Table 2). However, in men who were normotensive,
genotype was not associated with lifespan.

Suwival curves for each genotype and blood pressure
phenotype (hypertensive or normotensive) are shown in
Figure 1 The corresponding hazard ratios and 95%
confidence intervals, together witlp values for
comparisons across each genotgpe shown as forest
plots inFigure 2

DISCUSSION

The present longitudinal observation study showed that
the variant of FLT1 most strongly associated with
longevity may confer longer lifespan by ameliorating
the risk of mortality posed by having hemension.
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Table 1.Baseline characteristics (aggdjusted) byFLT1rs3794396yenotype.

Characteristics (mean + SD) GG GC CcC p
n* 2921 516 34
Age, years 777145 78.0+4.9 78.4+5.2 0.26
Birth year 1914 +5 1914 +5 1913 +5 0.26
Anthropometric and physiological variables(mean + SD)
Height, cm 161.8+5.7 161.6 +5.7 162.8+5.5 0.46
Weight, kg 61.4+9.1 60.9+9 61.8+8.7 0.49
Waist to hip ratio 0.94+0.06 0.94+0.05 0.94 +£0.05 0.88
BMI, kg/m? 235+3.1 23.3+3 23.3+3.2 0.57
Triceps skinfold thickness, mm 10.1+4 10+ 3.7 9.8+3.8 0.59
Subscapular skinfold, mm 16.2+6.2 16.2+5.8 155+4.1 0.81
FEV1*, L 21+0.5 20+0.5 20+0.6 0.0099
Grip strength (kg) 30.3+6.1 29.9+6.2 31.4+58 0.25
Systolic blood pressure, mmHg 149.4+23.1 150.0+25.2 1505314 0.81
Diastolic blood pressure, mmHg 79.9+11.2 79.8+11.7 83.3+11.6 0.22
Cognitive and physical function variables(mean+SD)
Cognitive (CASH) score 82.9+14.2 81+16.2 81.8+16.5 0.024
Difficulty walking 0.8 km, % 18.2 19.9 10.3 0.31
Hematological and biochemical variablegmean + SE)
Total cholesterol, mg/d| 189.7+0.61 191.1+£1.45 191.445.81 0.66
HDL cholesterol, mg/dl 50.9+0.25 51.6+0.59 50.5+2.4 0.50
Triglyceride, mg/d| 149.7+1.8 144.9+4.2 180.5+16.7 0.10
Fasting glucose, mg/dl 113.2+0.55 111.8+1.3 116.3+5.21 0.10
Fasting plasma insulin, mlU/dL 17.0£0.62 15.8+1.46 13.51£5.83 0.64
Plasma fibrinogermg/dL 306.5+1.2 306.5+2.8 315.5+11.2 0.73
White blood cell count, FouL 6.3+0.04 6.2+0.09 5.9+0.35 0.43
Lifestyle variables (mean + SD)
Current smoker, % 7.0 6.5 6.5 0.91
Past smoker, % 54.9 57.3 48.9 0.50
Smoking, packyears 25.8+34.2 27.2+ 334 27.3+36 0.71
Alcohol intake,ounces/month 19.0+41.2 18.9+39.6 20.4+35.1 0.98
Physical activity index 309+4.6 30.7+£4.2 30.9+49 0.70
Prevalent disease$mean + SD)
Hypertension, % 74.0 72.5 67.7 0.55
Diabetes, % 29.2 26.0 25.0 0.30
On diabetesnedication, % 11.3 10.3 11.8 0.78
CHD, % 21.1 19.6 11.8 0.33
Stroke, % 4.4 4 55 0.80
Cancer, % 13.0 15.2 20.0 0.22
Emphysema, % 2.9 3.0 0 0.99
Coronary bypass surgery, % 7.4 7.2 0 0.98
Angina, % 7.1 5.6 6.1 0.45
Low anklebrachial index (<0.9), % 12.2 15.2 5.0 0.065
Sociodemographic variablegmean + SD)
Education (years) 105+ 3.1 10.3+3.1 109+ 34 0.14
Married (%) 83.4 81.7 79.0 0.53

*The genotype frequencies shown indied HardyWeinberg equilibrium.

*EEV1, forcedexpiratory volume in first second

“CASI, Cognitive Abilities Screening Instrument
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Table2. Effect of FLTIgenotype on mortality stratified by hypertension status.

Hypertension (n=2639) Normotension (n=945)

Coxmodel Genetic model RR (95% CI) 0 RR (95% Cl) 0

1 GGvsGC/CC 0.91 (0.821.02) 0.097 1.11 (0.931.32) 0.25
2 GGvsGC/CC 0.88 (0.780.99) 0.029 1.18 (0.961.46) 0.11
1 GCvsGG/CC 1.15 (1.031.28) 0.013 0.87 (0.731.04) 0.13
2 GCvsGG/CC 1.22 (1.081.37) 0.0014 0.81(0.66-1.01) 0.059

1: Adjusted for age
2: Adjusted for covariate including age, BMI, fasting glucose, smokingypard), alcohol intake
(oz/month) Physical activity index, Type 2 diabetes, CHD, cancer, stroke and depression symptoms.

Table 3. Interaction effect of FLTISNPrs3794396major allele
homozygotes GQ in the major allele recessive model, and for
heterozygotes GG in the heterozygote disadvantage model for
each chronic condition affecting mortality risk (with the most
statistically significantp value shown first).

] GGvs.GC/CC GCvs.GG/ICC
Disease -
BetaA p Beta p
Hypertension 10.305 0.011 0.405 0.001
Diabetes 710.175 0.135 0.137 0.253
Stroke 10.466 0.156 0.401 0.242
CHD 710.160 0.221 0.162 0.225
u. Sk Aa O02STTAOA SALTigesotype wighidiSebde Ol A2y G SN¥Y F2NJ

estimated from the full Cox model which included diseabé&T1
genotype and the interaction term dfLTZ*disease, adjusted for age,
and the covariates age, BMI, fasting glucose, smpKpackyears),
alcohol intake (ounces/month), physical activity index, type 2 diabetes,
CHD, cancer, stroke and depression symptoms.

Statistically, the longevitassociatedsG genotype was
significantly associated with protectiowjth the most
significant effect being seen in major allele recessive
and heterozygous disadvantage models.

In this study, we report that the heterozygote is at a
disadvantage relative to ti&C homozygote. This could
arise by a reduced fitness for the heterozygote in
situations whereby homodimers of different isoforms
have reduced fithess. VEGFR forms a monomer in the
absence, but a homodimer in the presence of VEGFA,
VEGFB, and PGF. Our sentin&NP in the present
study, rs3794396 is in near perfect linkage
disequilibrium with 33 different SNPs that have been
classified as spliceelated quantitative trait loci
(sQTLs) that are believed to influence mMRNA splicing
choices and integrity26]. Sirce there is evidence that
alternate transcript splicing can increase with gtye

28], we believe this may explain the modification to

gene models differing between our casatrol and
longitudinal study.

While some studies have shown that the min@ielis
associated with a beneficial outcome, with regards to
chronic disease, the current study indicates a benefit for
t he ficommono allele. Thi
semantics, and likely related to the fact that selection for
the common genotype has beeagonably successful at
an evolutionary level.

A soluble form of VEGF (sVEGF), which is a dimeric
36-46 kDa glycoprotein, is induced by hypoxia and
oncogenic mutation. Levels are increased in solid and
haematological malignanciegs well as the blood
compartment in these, and are associated with
metastasis. SVEGF binds to the VEGHFIt-1) and
VEGF2 (KDR/FIk1) kinase receptors. Monoclonal
antibodies against sVEGF inhibit endothelial cell
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Figure 1. Survival curvespanning the period from baseline (1991993) to December 31, 2019 showing fraction still alive
for subjects with and without hypertension according to genotypeskfTISNPrs3794396 (A) Major allele recessive model, and
(B) heterozygote disadvantage mekithe survival probabilities were estimated from Cox proportional hazard models) I8¢x model was
h(t) = h(t0) * expi§1*Age +h2*BMI +b3*glucose H4*hypertension #5*FLT1_G& b6* (hypertensionFLT1_ G} by fixing age at 75 years,
BMI at the mea, 23.5 kg/mM, and glucose at the mean, 113 mg/dL (whéfeis the effect of the interaction of hypertension wifLT1
genotype on mortality forGGvs GCCC i.e., a major allele recessive model, givp{§6) = 0.031). Shown are survival curves for each
genotype and hypertension status for the major allele recessive model. Comparisons by geb@i@for subjects who had hypertension
(HTN+) vs. subjects who did not have hypertension (H$howed a signdant protective effect against mortality for genotyp&&G CC In
men with hypertension who had a longevigsociated genotyp&Cor CC the mortality risk was reduced to a level not significantly different
from subjects without hypertension. B Cox mdel was h(t) = h(t0) * explL*Age +h2*BMI +b3*glucose H4*hypertension #5*FLT1_GC
+b6* (hypertensionFLT1_ G by fixing age at 75 years, BMI at the mean, 23.5 kgdmd glucose at the mean, 113 mg/dL (whieds the
effect of the interaction ohypertension withFLT1lgenotype on mortality foilGCvs GGCC i.e., a heterozygote disadvantage model, giving
p(b6) = 0.0060). Shown are survival curves for each genotype and hypertension status. Comparisons by G&fotygebjects who had
hypertension (HTN+) vs. subjects who did not have hypertension (lHEBKowed a significant protective effect against mortality for
genotypesGG CC Plotting the survival curves by hypertension status (not shown) gaveatue for hypertensivé&Cvs. GG CCof 0.0065,
and for normotensivesCvs. GG CCof 0.11. In men with hypertension who had a longeasgociated genotyp&Gor CC the mortality risk
was reduced to a level not significantly different from subjects without hypertension (hyperteB&\@Cvs. normotensivésGCCp = 0.30;
hypertensiveGG CCvs normotensivé&sC p = 0.24).
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proliferation and angiogenesis, leading to a reduction in
tumor growth in a range of different cancf29]. In the
present study we found no asstion of the longevity
associatedrLT1 variant with cancer (data not shown).

FLT1 mediates phosphorylation of PIK3R1, the
regulatory subunit of phosphatidylinositol-kihase,
leading to its activation anthat of its downstream
signaling pathway. In a ks&ozygous disadvantage
model, we found previously that longevigsociated
PIK3R1 genotype protects against mortality risk from
having at least one of the cardiovascular conditions of
hypertension, CHD and strok|2]. As well, FLT1
activates mitogesactivated protein kinase 1 (also known

as extracellular signaibgulated kinase 2), MAPK1/
ERK2, MAPK3/ERK1 and the MAP kinase signaling
pathway.

Fltl is upregulated in mice during caloric restrict[@h
Caloric restriction is a robtuismeans of activating
intracellular stress resilience pathways and prolonging
lifespan. The critical intracellular and perhaps systemic
pathways impacted b¥lt-1 and sFi1, respectively,
that may be involved in elevated hypertengielated
mortality rik in carriers of theFLT1 risk genotype,
together with the way in which such pathways are
ameliorated by carriers of ti&.T1 longevity genotypes
will require further investigation.

p=0.14

2.2

p=0.50

2.0
p=0.013
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1.8

=0.090
16 i
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Figure 2. Forest plots of mortality risk (zard ratio and 95% CI) for subjects with and without hypertension for the major
allele recessive model and the heterozygous disadvantage mo&abwn are results from Cox models adjusted for age, BMI,
glucose, smoking (pagiears), alcohol intake (ouncesfmth), physical activity index, prevalent diseases including CHD, stroke, diabetes,
cancer, and depressive symptoms for hypertensive subjects and normotensive subjects according to gerfdtfi8NPrs3794396n (A)

the major allele recessive mod&Gvs. GECCand B) the heterozygote disadvantage modélCvs. GG CC In men with hypertension who

had a longevitsassociated genotype, mortality risk was reduced significantly.
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In an effort to better understand the biological
ramifications ofrs3794396we investigated its potential
role, and that of neighboring SNPs, in gene expression,
isoform transcription, and protein codirf@upplementary
Figure 2depicts the biological and pathophysiol@dic
processes associated with FLBUpplementary Figure 3
highlights different levels of expression BET1 across
various tissues and are highest in adipissie artery,
breast, heart, kidney, lung, and thyroid. The eixdmn
structure ofFLT1 and is capacity to generate up to 9
transcript isoforms and 4 protein isoforms by differential
splicing is shown irBupplementary Figure. ®Ve found

130 expression quantitative loci (eQTLs, i.e., those SNPs
believed to influence expression levelg) FLT1 on
chromosome 13 (data not shown). We also identified 43
splicing quantitative trait loci (sQTLs), most of which
are expressed in adipose tissue, lung, and thyroid
(Supplementary Figure )5 One major sQTL SNP,
rs9554320 is in LD with our sentinel SNIPs37943%.
Shown in Supplementary Figure & the location of
rs9554320located between exons 25 and 26-bT 1. It

lies 5,726 nucleotides upstream frag8794396 andis

in the promoter of a long nexoding RNA (IncCRNA,
LOC12490314130]) on the opposite strand aodented

in the opposite direction oFLTL Such norcoding
RNAs can regulate transcription of their embedding gene
by competing for transcription resourcéis may help

to explain the effects of variantss3794396 and
rs9554320 by modulating the expression of FLT1 in
specific target tissues.

An independent study using GWAS has identified a SNP,
rs7337610 located 70,013 bp upstream 133794396

as beig associated with systolic and diastolic blood
pressurg31].

Strengths and limitations

The strengths of our study include the following: (1)
Our cohort of American men of Japanese ancestry is
relatively homogeneous racially compared with other
cohorts,and is excellent for discovery, whereas most
other populations are more heterogeneous and may
require much larger samples sizes for corroboration. (2)
Environmental factors (diet, lifestyle, community and
island habitat) that affect our cohort are reldyive
homogeneous, adding to the robust nature of our study
cohort. (3) The study was longitudinal rather thawss
sectional (4) The study population was large5) (
Follow-up was as much as 55 years, so making our
cohort one of the longest studies this type in the
world. A limitation was that replication in a cohort
elsewhere was not attempted. While there is no
assurance that a positive result would be obtained in
another cohort, we would encourage others to try to
replicate our findings.

In conclwsion, the overall genetic effect dfLT1
longevity genotypes on lifespan involves amelioration
of mortality risk posed by hypertension. In subjects
without hypertension mortality is unchanged.

MATERIALS AND METHODS
Subjects

The cohort involved American men of Japanese
ancestry living on the island of Oahu, Hawaii. The
participants had been recruited from 1086868 from
World War Il Selective Service records for the
Kuakini Honolulu Heart Program (KHHP), which
continued from @91 onwards as the Kuakini
Honolulw-Asia Aging Study (KHAAS)[32i 34]. The
analysis was conducted as part of the Kuakini Hawaii
Lifespan Study and the Kuakini Hawaii Heakpan
Study, an embedded cohort study of healthy aging
drawn from the original KHHEKHAAS population.
The subjects were followed up until December 31,
2019, by which time, of 8,006 men, 7,965 (99%) were
deceased (mean age at death 88.5 = 6.1 SD years;
range 72107 years) and 36 (mean age 101.7 £ 1.9 SD
years; range 10A08 yearsjvere stil alive.

The subjects had parents who were each from a limited
geographic area of Japan, mostly the western, central
and southern regiong32, 39. Each were recruited
during the same period (196868) and from the
same place (the Hawaiian island of Oghmeaning
there was no apparent reason why genetic background
should be substantially different. The KHHP cohort is
quite robust for phenotypgenotype associations,
since the data collection was exceptionally accurate
and involved crossalidation utilizing an expert
Morbidity and Mortality Committee. In Hawaii, the
Japanesémerican population is from Japan, with
little outbreeding in this generation, and based on the
aut horsdé unpublished dat a,
genetic diversity than the oal population of Japan.

All participants in the current study were interviewed at
Examination 4 of the KHHP (1991993). Archived
phenotypic data and blood samples from Examination 4
of the KHHP (19911993), which coincided with the
commencement of th&KHAAS, were used as the
baseline examination for our study. The KHAA&d
begun as an expansion of the KHHP for the study of
neurodegenerative diseases, cognitive function, and
other aging phenotypes in elderly persons. From 1991
1993, all survivors of th&HHP cohort, ranging in age
from 71/ 93 years (mean age: 77.9 + 4.7 years), were
invited to the 4th examination. Response rate was 80%
of survivors (including clinic, home, and nursing home
visits; n = 3,741).
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The study involved 3,471 men aged 71 to 93 dme diseaseAll statistical analyses were performed using
age 77.9 + 4.7 SD years) for whom we had banked the Statistical Analysis System version B84]. Figures
DNA, making them eligible for inclusionAs was were generated using STATA 12 GrapHig].

indicated above, othe 3,471 men, 3,435 had died

(mean age at death 89.0 + 6.2 SD years; rang@0R AUTHOR CONTRIBUTIONS

years) and 36 were still alive (mean age 101.6 £ 1.9

SD years; range 10008 years) at the end of the B.J.M., R.C., T AD., K.H.M., B.J.W. contributed to the

follow-up period, 31 December 2019. study concept and design; R.C. carried out the statistical
analyses; K.H.M. supervised recruitment and data
Data collection collection; T.A.D. supesised the genotyping; B.J.M.

drafted the manuscript; R.C., B.J.M., T AD., KH.M.,
Baseline data collection for the present study took place K.J.K. and B.J.W. provided critical input into data
during Examination 4 in 1991993 among survivors of interpretation and manuscript preparation.
the Kuakini Honolulu Heart Program cohdrhe subjects
were interviewed, blood samples were collected, and a ACKNOWLEDGMENTS
wide range of clinical data were obtained. Information on
the prevalence of CHD, stroke, and cancer was identified The authors thank all study participants and their
by the surveillance system and involved a review of families for their cooperation, and the Hawaii State
hospital records by aaxpert panel or from the Tumor Department of Health for its help. The authors wish to
Registry for Cancer. Hypertension was defined as acknowledge Dr. Alvin T. Onaka, Brian Horiuchi, and
systolic/diastolic bl ood [Cargn ST attarirobthe Kawali Gtat® MeparmmfitHgalth o r
receiving anthypertensive medication at baseline.  for providing death certificate data on cause of death for
Di abetes was defined by f a®KHHP@artisipamts,) Ms. Aydka Hliotsaad M. EVh 2 6
mg/dL, 2hour posioad serum gl ucose @Aro f@® asdigahce migh/gdnbtyping, and Ms. Hiromi
or receiving insulin and/or oral hypoglycemic medications Nakada and Ms. kan Fong for monitoring the vital

at baseline (modified ADA criteria). status of KHHP participants.

Genotyping CONFLICTS OF INTEREST

The PCRbased method used to obtain genotype data All authors declare that they have no real or potential
for SNPs inFLT1was as described previously [6]. conflicts of interest.

Statistical analyses ETHICAL STATEMENT AND CONSENT

General linear models were used to compare- age Procedures performed were in accord with institutional
adjuste_d indirect measurements betwee_n groups guidelines for human studies. The study was conducted
according to hypertension, CHD, stroke, diabetes or ethically in a@cordance with US 45 CFR Part 46

cancer status arfeLT1 genotype. Logistic models were Protection of Human Subjects and was approved by the
used to compare the agdjusted diect measurements. Institutional Review Board of Kuakini Medical Center.
Cox proportional hazards models assessed the Written informed consent was obtained from all study
association of genotype &LT1 with longevity using 4 participants at all examinations, or from family
genetic models; namely, major allele recess@€)(vs representativ@if participants could not provide consent
other GC, CC); heterozygoteGC) vs other GG, CC), themselves

minor allele homozygoteQC) vs. other GG, GC), and

the additive model (number & alleles) in which the FUNDING

combined effect of alleles is equal to the sum of their

individual effects. The interaction of genotypes with  Research reported in this publication was supported by
chronic diseases such as hypertension, CHD, stroke, the Kuakini Medical Center, the US National Institutes
diabetes, and caer was evaluated for these 4 gene of Health (contract NOAG-4-2149, Grants 5 UO1
models. If an interaction was significant after correction ~ AG01934905, 5R01AG027060 [Kuaki Hawaii

for multiple comparisons by the Bonferrerdolm Lifespan Study], 5R01AG038707 [Kuakini Hawaii
method[36], stratified analyses were then performed for  Healthspan Study], 1P20GM1255Q6A1 [Kuakini
genotype effect on mortality based on that gene model Center of Biomedical Research Excellence for Clinical

by that disease conditionSurvival curves were and Translational Research on Aging]), and contract
generated using a Cox proportional hazard model NO1-HC-05102 from the National Heart, Lung, and
adding an interaction term dfLT1 genotype with Blood Institute.
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SUPPLEMENTARY MATERIALS

Supplementary Figures

Smooth Muscle Relaxation

Supplementary Figure Intracellular pathways activated by binding of VE@Ro FLT1.
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Supplementary Figure 2Vlechanism whereby VEGF, by binding to the vascular endothelial growth factor receptor (VEGFR)
encoded byFLTlcauses hypertensionLeft panel Pathwaysleading to constriction of vascular smooth muscle cells to increase
peripheral resistanceRight panelPathways leading to endothelial dysfunction of cells lining blood vessels triggering vascular pathology.

Bulk tissue gene expression for FLT1 (ENSG00000102755.11)
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Supplementary Figure 3Tissue expression of FLT1 showing its high levels in adipose, breast, lung, thyroid, and placenta.
(From the GTERortal [1).
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Exon Expression of FLT1: ENSG00000102755.11 fms related tyrosine kinase 1 [Source:HGNC Symbol;Acc:HGNC:3763]
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Supplementary Figure 4LT1is composed of at least 33 exons and up to 9 transcripts that are differentially spliced into four
protein coding mMRNAs, three of these are the soluble form (sFLAW potential exons are shown in top row (Gene Modeith

exons 133, rightto-left. Exons are shown as rectangles, darker blue exons are expressed at higher levels in the tissues shown to the right and
the various transcripts are noted on the lower section of the figure. Not all transcripts have beeredalieom the GTEX Portal (Exon
expression of FLT1: ENSG00000102755.11 fms related tyrosine kinase) [2].
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Supplementary Figure S-LT1is one of 130 expression quantitative trait loci (eQ7Jlikat are predicted to influence~LT1

gene expression, not shown in detaifthere are 43 sQTLs (splicing quantitative trait loci) most of which are expressed in adipose tissue,
lung, and thyroid. A major sQTL SNP includ®55432Chat is in LD with ousentinel SNPs3794396 Shown inA) is the FLT1 gene (exons

are red vertical lines)B) eQTLs (blue dots), sQTLs (red dots), @hds the LD heatmap withs9554320Y | NJ SR 0 &rs379430% ¢ | y F
YENy SR o6& |y aFéd ¢KS AyiSyaariae 2F (GKA&a [5 KSFGYFLI AYRAOIFGSE (K
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Supplement Figure 6. Location of varian9554320relative to a norrcoding RNALOC124903141The variantrs9554320is
located between exons 25 and 26 of FLT1 (shown by vertical green line) is 5,726 nucleotides upstreas37®di306 and is in the
promoter of a long norcoding RNA (IncRNAQC12490314[]) on the opposite strand and in the opposite direction of FISuch non
coding RNAs can serve as regulators of transcription of their embedding gene by competing for transcription resourcese The ge
transcribed from right to left for reference. Exons are denoted by vertical lines and transcript isoforms ateddgnborizontal lines.
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