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Abstract
The number of Americans age 65 and older is expected to increase to over 98 million by 2060 and
results in an increased demand for health services due to increased rates of aging-related diseases.
Studies of traits that are associated with longevity, such as the insulin-like growth factor-1 (IGF-1)
levels, may provide insights to mitigate effects of these diseases. The relationship between IGF-1
and body mass index (BMI), another trait associated with morbidity and mortality, is unclear.
Furthermore, only seven genetic loci are known to be associated with IGF-1 levels. In this study,
| analyzed data from the Long Life Family Study participants, a unique cohort of two-generation
families. My analyses indicated that the relationship between IGF-1 and BMI differs across age
groups, and this pattern was also seen in non-Hispanic White, non-Hispanic Black, and Mexican
American participants in the third National Health and Nutritional Examination Survey. Genetic
analysis revealed a novel locus associated with IGF-1 levels on chromosome 11 (LOD = 3.48) as
well as a previously known region on chromosome 7p12.3 (p < 0.00023), although the identity of
the specific gene (or genes) involved is unclear. Greater serum IGF-1 levels were associated with
lower risk of mortality (HR = 0.61, 95% CI = 0.53-0.70, p = 1.4x 107'°), an association that was
attenuated after adjusting for age; however, the genetic variants associated with IGF-1 levels
themselves were not associated with the risk of mortality. Additional genetic studies are required
to elucidate the role that IGF-1 plays in age-related morbidity and mortality. My study has

contributed to our understanding of the interplay between genetic and environmental factors that



influence IGF-1 levels and this knowledge may enable the development of methods to mitigate the

development of age-related diseases and improve public health.
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1.0 INTRODUCTION

1.1 Public health relevance

The number of Americans age 65 and older is expected to increase from an estimated 46 million
in 2016 to over 98 million by 2060, representing an increase in the proportion of the population
from 15% to 24% [1, 2]. Globally, the number of older persons, 65 years and older, is expected to
double from 962 million in 2017 to nearly 2.1 billion by 2050 according to “World Population
Aging: Highlights 2017 [3]. This rise in longevity is expected to have significant health and social
impacts. There will be an increased demand for health services due to higher rates of aging-related
obesity and chronic diseases including cardiovascular disease, dementia, cancer, and diabetes. This
increased demand will result in challenges for public health and social and economic stability [1].
In addition to environmental factors (for example, lifestyle, stress, nutrition, and air and water
quality) that play a large role in determining lifespan, genetic factors also affect the process of
aging and longevity, both in humans and in other organisms [4-7]. Knowledge of the involved
genetic factors may facilitate identification of individuals at risk for aging-related diseases and/or
development of prophylaxis.

Although the process of aging in humans is still not fully understood, evidence from model
organism studies suggests the involvement of numerous candidate genes in longevity. Several
biological pathways—including inflammation, oxidative stress and stress response, DNA damage
and repair, cellular senescence, and the insulin-like growth factor (IGF, a table of abbreviations
can be found in Appendix A) pathway—appear to play a key role in the process underlying

longevity [5, 8]. The IGF pathway is an evolutionarily conserved pathway that influences the



process of aging among eukaryotes [9]. The pathway is involved with mammalian growth,
development, and metabolism and locally affects cell proliferation, differentiation, cell migration,
and survival [10]. Diverse species, including yeast, worms, fruit flies, and mice, have mutations in
genes in the IGF pathway that have been associated with lifespan expansion and similar aging-
related characteristics [9]. Some of these shared phenotypes include decreased IGF-1 levels,
reduced insulin signaling, and increased sensitivity to insulin. The role of genetic variation in the
IGF pathway in longevity, however, is inconclusive in humans. Studies have suggested that genetic
variation in human loci within the IGF pathway is associated with variation in plasma IGF-1 levels
and that such associations were more apparent in long-lived participants (median age, 99 years)
than in younger participants (median age, 60 years) [11]. Studies of Ashkenazi Jewish centenarians
suggest that reduced activity in the IGF pathway due to variants in genes within the pathway—in
particular, IGF1R—is associated with longevity [12].

Additional studies of the genetic and environmental factors influencing the IGF pathway
may provide insights into the underlying physiology involving lifespan and healthy aging. For this
reason, several population-based studies have investigated the association of serum levels of IGF-1
(the main ligand in the IGF pathway) with either mortality or age-related chronic diseases. Many
epidemiological studies have reported an association between IGF-1 serum concentration and
elevated risks of type 2 diabetes [13], cancer [14], cardiovascular disease [15], and mortality [16,
17]. In addition, because IGF-1 has a wide range of biological effects on different cell types and it
functions as a mediator of most of the anabolic effects of growth hormone (GH), IGF-1 has been
proposed as therapeutic agent for many conditions, such as diabetes, obesity, GH resistance, and
osteoporosis [10]. However, such therapeutic use may increase the risk of IGF-1 side effects, such

as asystole and hypotension (from short-term IGF-1 administration) or hypoglycemia, tachycardia,



and facial and hand edema (from multiple subcutaneous IGF-1 injections) [10]. Knowledge of the
genetic and environmental factors that influence IGF-1 levels may enable the development of more
targeted therapies.

To date, only one linkage analysis of IGF-1 levels has been performed [18], but four
genome-wide association studies have been reported [19-22]. Ten SNPs associated with serum
IGF-1 levels and its main binding protein, IGF binding protein 3 (IGFBP3), were identified by
Teumer et al. [21], of which four had been previously identified in Kaplan et al. [20]. Five of these
identified SNPs were in loci known to be associated with longevity, age-related, and metabolic
traits [21]. These findings may indicate possible pleiotropic effects on serum IGF-1 levels,
metabolic traits, and the aging-related process.

Further exploration of the genetic architecture of serum IGF-1 levels in a unique family
study of exceptional longevity, such as the Long Life Family Study (LLFS), might identify
additional loci influencing variation in IGF-1 levels. The identification of such loci may provide
insights about the involvement of some shared genetic variants in the association between serum
IGF-1 variation and metabolic traits, and aging-related process. In addition, because participants
in the LLFS are older than those in previous GWASs (the mean age of the proband generation is
90.8 years), such studies may provide insights regarding the genetic relationship between IGF-1

levels and aging.



1.2 Background and significance

1.2.1 Physiological role of IGF-1

Insulin-like growth factor-1 (IGF-1) or somatomedin C, has structural homology to insulin and
characteristics of both a circulating hormone and a local tissue growth factor [23]. IGF-1 is a
member of the IGF pathway, an axis that includes three ligands (insulin, IGF-1, and IGF-2),
three receptors (the insulin receptor [IR], the IGF-1 receptor [IGF-1R], and the mannose-
6-phosphate/IGF-2 receptor [M6P/IGF-2R]), and six high-affinity insulin-like growth factor
binding proteins (IGFBP1-6) [23]. In addition, IGF-1 circulates as a ternary complex bound to
IGFBPs and the IGFBP acid-labile subunit (IGFALS). IGF-1 and -2 are approximately 70%
identical. IGF-1 circulates as a single-chain peptide of 70 residues in four domains (A-D);
whereas IGF-2 circulates as a single-chain peptide of 67 residues. They also share about 50%
identity in domains A and B with human insulin [23, 24]. While IGF-1 starts being expressed
just after birth, IGF-2 is mainly expressed prenatally, and its main beneficial functions are fetal
development and placental growth [24]. In addition, IGF-2 is not affected by GH stimulation and
thus has little effect on somatic growth postnatally. Although IGF-1 and -2 are both synthetized
and released by the liver, IGF-2 production is not under the control of growth hormone (GH). In
addition, IGF-1 and -2 are the production of two distinctive genes [25]. IGF1 is located on
chromosome 12, and IGF2 is located on chromosome 11.

Circulating IGF-1 is produced mainly, but not exclusively, by the liver due to GH
stimulation [24]. Releasing IGF-1 systemically as an endocrine hormone serves to mediate GH
actions in promoting growth, development, and metabolism. GH is a major factor that regulates
IGF-1 hepatic biosynthesis. Insulin and nutritional status (as dietary protein and long-term caloric

4



restrictions) also regulate IGF-1 [26]. Serum concentration of IGF-1 is low at birth, increases
during childhood and puberty, and reaches its highest concentration during early adulthood. It then
starts to decline in the third decade of human life [10].

Extrahepatically, IGF-1 is produced by most body tissues, for instance fat tissue, to perform
its paracrine/autocrine action in promoting cellular growth, differentiation, and apoptosis [24].
Extrahepatic IGF-1 expression is regulated by prostaglandin E; (PGE>), parathyroid hormone
(PTH), and thyroid hormone (TSH), as well as GH [23]. In addition to the main actions of IGF-1
on cell progression, proliferation, differentiation, and cell death, it is involved in hormone and
neurotransmitter secretion (e.g., negative feed-back on GH secretion), amino acid and glucose
uptake, chemotaxis/chemokinesis (e.g., increase the chemotactic migration in T lymphocytes),
immune response, and overexpression of IGF-1 receptors [27]. Anabolically, IGF-1 affects
glucose metabolism (increased peripheral glucose uptake and decreased hepatic glucose
production), fat metabolism (decreased serum ketones, free fatty acid [FFA], and triglycerides),
and renal function (increased glomerular filtration rate, and renal plasma flow) [27].

IGF-1 also regulates protein metabolism by increasing protein synthesis, decreasing
nitrogen excretion, and increasing total body protein accretion [27]. The anabolic effect of IGF-1
is strongly affected by individual nutrient status. After eating, GH secretion is suppressed, and
insulin secretion increases. This promotes glucose translocation into the skeletal tissue and
stimulates glyco- and adipogenesis [28-30]. When fasting, insulin secretion decreases, and GH
(through IGF-1) promotes lipolysis and thereby increases FFA release and hepatic glucose uptake.
In addition, when food is spare, the GH/IGF-1 axis switch from the use of carbohydrate and protein

to the use of lipids as fuel [28, 30].



The six IGFBPs, which are found in both the circulating and extracellular fluid, have been
reported to have high affinity to IGF-1 and -2 [27]. The IGFBPs act as IGF-1 carriers: playing
roles in transporting IGF-1 from the circulation to the peripheral tissue, maintaining the IGF-1
levels in the circulation by prolonging the IGF-1 half-life, mediating the IGF-independent
biological effect, and inhibiting or potentiating IGF-1 action [24]. IGFBP3, the largest IGFBP, is
the predominant circulating binding protein for IGF-1; about 90% of circulating IGF-1 binds to it
[24, 27].

The high affinity binding of IGF-1R to IGF-1 and the widespread expression of it in almost
all human tissues and cell types allows for the initiation and promotion of physiological actions of
IGF-1 all over the body [24, 27]. In addition to its primary activating response to insulin, insulin
receptor can also be activated by IGF-1 to initiate an intracellular response due to this ligand’s

structural similarity to IGF-1R (both are tyrosine kinases).

1.2.2 IGF-1 and the risk of mortality

Reports of the relationship between IGF-1 and all-cause mortality or cardiovascular mortality are
contradictory. A U-shaped relationship has been reported in several studies between IGF-1 levels
and all-cause mortality, cancer mortality, and cardiovascular mortality in the general population
[15-17, 31-35]. Other investigators have concluded that there is no association between IGF-1
serum levels and all-cause mortality, but suggested a greater association between mortality and
levels of IGFBP1 and IGFBP2 [36-39]. These conflicting results may be due to confounding
factors, such as the presence of underlying disease, obesity status, age, and the time to follow-up.

Other factors that are difficult to measure and adjust for, such as poor nutritional status, immobility,



and muscle weakness, which is generally associated with lower IGF-1, may also confound the

association between IGF-1 and mortality.

1.2.3 Serum IGF-1 levels and BMI

Body mass index (BMI) is a strong mediator of the risk for chronic disease development associated
with aging. Epidemiological studies have reported associations between BMI and all-cause
mortality, type 2 diabetes, cancer, and cardiovascular disease, in addition to the association of BMI
with insulin and insulin-like growth factors [40]. The relationship between BMI and IGF-1,
however, is neither consistent nor clear in most of the studies’ results. Some studies observe a
negative correlation between IGF-1 and BMI regardless of age, sex, or race [18, 41-45]. Others,
however, suggest a positive association [36, 46]. Yet others reported no association [47]. The data
on the relationship between BMI and IGF-1 are obviously inconsistent and not fully understood
(Table B1 Appendix B). Studies that reported a negative relationship were primarily performed
on participants between the ages of 10 y and 60 y. In contrast, studies that observed a positive
association between BMI and IGF-1 were performed on older individuals with a range in age from
45 y to 98 y. In addition, several of these studies were small or were comprised of a highly selected
group, such as obese/overweight individuals who might be experiencing weight-related disruption
in insulin and GH secretion [44]. Furthermore, most of these studies measured the relationship
between IGF-1 and BMI by stratifying the samples based on BMI categories, not age, although
the study participants’ ages varied widely. To date, no study has assessed the influence of age on

the association between BMI and IGF-1.



1.2.4 Genetic epidemiology of serum IGF-1 levels

IGF-1 is a product of a single gene (IGF1) located on 12q. IGF1 consists of six exons that can be
alternatively spliced to create various transcripts, each encoding different pre—IGF-1 proteins. All
transcript isoforms yield the same mature IGF-1 peptide after processing and use the same
receptors [32, 48].

The heritability of serum IGF-1 levels is estimated to range from 38% to 63% [18, 26, 49,
50]. A genome-wide association study done by Kaplan et al. [20] was the first study to use the
GWAS approach to identify nucleotide polymorphisms (SNPs) associated with serum IGF-1 and
IGFBP3 levels. Genotype and phenotype data were available on 10,280 men and women of
European origin who were enrolled in four community-based cohort studies from the USA and
Germany (CHS, FHS, KORA, and SHIP). The mean age of participants in this GWAS study
ranged from 39.9y to 71.5y. The main findings are summarized in Table 1. A novel and
independent locus on chromosome 7p12.3 (rs700752), located 790 kbp upstream of IGFBP3, was
significantly associated with higher IGF-1 (p = 4.9 x 107°) levels and higher IGFBP3 (p = 4.4
x 10721) [20]. They also identified a SNP 50 kbp upstream of IGFBP3 on 7p12.3 (rs11977526)
that was strongly associated with higher IGFBP3 concentration. This SNP was also associated
with lower IGF-1 levels after adjusting for IGFBP3 levels. A third SNP, 18 kbp upstream of
IGFBP3 (rs1496499), was strongly associated with IGF-1 levels after adjustment for IGFBP-3.
These results might indicate that the binding affinity between IGF-1 and IGFBP3 can affect the
detection of associations.

Other SNPs had marginally significant associations with serum IGF-1 levels:

(1) rs1245541 on 10g22.1, which is a region that has been associated with late-onset Alzheimer



disease [51], and (2) rs2153960 on 6g21, which is located within FOXO3 and has been linked with
longevity [52].

In addition to results of analyses on IGF-1, two additional loci were significantly
associated with IGFBP3 only: (1) rs4234798 on chromosome 4p16.1, inside SORCS2, a novel
finding; and (2) rs1065656 on chromosome 16p13.3, within NUBP2 and downstream of
IGFALS, a confirmatory finding. Some of these genes, such as IGFBP3 and IGFALS, were
already known to be involved in the IGF regulatory or signaling pathways [53].

Table 1. Significant findings of previous GWASs of IGF-1.

SNP Chr Phenotype Nearby Gene Study

rs780093 2 IGF-1 GCKR Teumer et al. 2017

rs934073 2 IGF-1 ASXL2 Teumer et al. 2017

rs509035 3 IGF-1 GHSR Teumer et al. 2017

rs4234798 4 |GFBP3 SORCS2 Kaplan et al. 2011, Teumer et al. 2017
rs2153960 6 IGF-1 FOXO3 Teumer et al.

rs11977526 7 IGFBP3 IGFBP3 Kaplan et al. 2011, Teumer et al. 2017
rs700752 7 IGFBP3,IGF-1 TNS3, IGFBP3 Kaplan etal. 2011

rs700753 7 IGFBP3,IGF-1 TNS3, IGFBP3  Teumer et al. 2017

rs978458 12 IGF-1 IGF1 Teumer et al. 2017
rs1065656 16 IGFBP3, IGF-1 NUBP2, IGFALS Kaplan et al. 2011, Teumer et al. 2017

The most recent GWAS meta-analysis was done in 2017 [21] using data on 14,424 men
and 16,460 women (total 20,884 individuals) of European ancestry from twenty-one studies, The
mean age of participants across these twenty-one studies ranged from 18.9 y to 76 y. Teumer and
colleagues identified several new genome-wide significant loci associated with circulating IGF-1
in or near GCKR, IGF1, FOXO3, ASXL2, NUBP, and GHSR in addition to rs700753, 800 kbp
upstream of IGFBP3 and 575 kbp downstream of TNS; rs700753 is in perfect linkage
disequilibrium with the previously reported SNP, rs700752, in individuals of European ancestries

in the 1000 Genomes Project.



The IGF-1-associated SNPs were also examined in association with anthropometric and
age-related traits. For rs780083 in GCKR, the allele that was associated with higher IGF-1 levels
was also associated with higher levels of fasting glucose, fasting insulin, homeostatic model
assessment for insulin resistance (HOMA-IR), and elevated risk of type 2 diabetes. It was also
associated with greater height, lower waist-hip ratio, and higher spine bone mineral density.
rs934073 near ASL2 was associated with decreased IGF-1 was associated with survival beyond
90y, higher levels of BMI, and lower lumber spine bone mineral density [21]. These results
suggest strong concordance between SNPs that influence serum IGF-1 levels and other age-related

(e.g., diabetes, bone mineral density, and survival) traits.

1.2.5 Specific Aims

An increased understanding of the roles that IGF-1 plays in both physiological and pathological
conditions could lead to better characterization of the use of IGF-1 as a safe potential therapeutic
agent or as a biomarker to categorize individuals at high risk of age-related diseases and mortality.
However, the relationship between IGF-1 and all-cause mortality and cardiovascular mortality [31,
34, 38, 39] as well as the relationship between IGF-1 and BMI as a measure of adiposity is neither
consistent nor clear across studies [18, 36, 38, 41, 42]. The well-known role that the IGF pathway
plays in the underlying process of longevity in animal models [7], as well as its apparently
contradictory relationship with measures of aging [54], supports additional studies seeking genetic
variants that are associated with variation in serum IGF-1 levels. Genetic studies thus far have
identified several novel candidate genes that are associated with IGF-1 serum variation, however,

whether this genetic variation affects disease risk and disease endpoints has not been determined.
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The two-generation family members who participated in the Long Life Family Study range
in age from 24 y to 110y, enabling studies of age-related effects on a variety of traits. In addition,
family members have been followed over time, thus longitudinal analyses can be done to assess
changes over time versus genotypes and/or, in the older generation, with mortality. Furthermore,
because LLFS is a family study, relationships among traits and genotypes within the proband
generation can be compared with results in the offspring generation. This structure will enable the
assessment of genetic and environmental factors affecting a variety of age-related traits, as well as
the effects on mortality.

To address several of these gaps and contradictions in the literature using data on a unique
population of families, | assessed three main research questions (Specific Aims):

(1) Does the relationship between serum IGF-1 levels and BMI vary in an age- Or sex-

specific manner? To address this question, 1 will
a) Compare the relationship in other cohorts
b) Assess whether the relationship differs by race and ethnicity
c) Assess the relationship between other adiposity measurements
(2) What is the genetic architecture of serum IGF-1 levels in LLFS? To address this
question, I will
a) Estimate the heritability of serum IGF-1 levels and BMI in LLFS and the genetic
correlation between these two traits.
b) Identify possible quantitative trait loci (QTL) associated with serum IGF-1 level in

LLFS using quantitative linkage analyses
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c) Identify possible SNPs associated with IGF-1 levels in LLFS using genome-wide
association and replicate those SNPs using data from the Framingham Heart Study
(FHS)
(3) What is the relationship between serum IGF-1levels and risk of mortality? To address
this question, I will
a) Estimate the probability of survival in LLFS
b) Assess whether the survival proportion differs between gender or among serum
IGF-1 tertiles
c) Determine whether serum IGF-1 levels or specific genetic variants predict the risk
of mortality
Chapter 2 describes methods used for all the aims and sub-aims. The results of Aim1 are
described in Chapter 3. In Chapter 4, | describe the results from Aim 2 (heritability, genetic
correlations, and linkage analyses). In Chapter 5, results from the GWAS in Aim 2 are presented,
as well as attempted replication of interesting findings in the Framingham Heart Study. In Chapter
6, | describe the results of the Aim 3 mortality analyses. Finally, | present my overall discussion

and conclusions in Chapter 7.
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2.0 ANALYTIC MATERIAL AND METHODS

One of the aims of my project is to assess the relationship between serum IGF-1 level with BMI
(as a moderator of risk) and the risk of mortality in a unique cohort of families that were recruited
based on exceptional healthy longevity. In addition, | assessed whether genetic factors might affect
these associations. To achieve these aims I first assessed the relationship between IGF-1 and BMI
within age quartiles using LLFS participants’ data and then replicated the analysis using the third
National Health and Nutritional Examination Survey (NHANES III) participants’ data. Secondly,
using LLFS data, in addition to assessing the phenotypic association between IGF-1 and BMI, I
estimated the genetic correlation between the two variables both overall and by generation. Then,
I determined the heritability of IGF-1 in LLFS and I used linkage analysis to determine whether
quantitative trait loci influenced serum IGF-1 levels in these families. Third, I performed a GWAS
of serum IGF-1 levels using the genotyped data of LLFS participants; all SNPs with a suggestive

level of association were then tested for possible replication using Framingham Heart Study (FHS).

2.1 Study populations

2.1.1 Long Life Family Study

LLFS is an international multi-center family-based cohort study designed to determine the genetic
and behavioral/environmental risk factors that promote exceptional survival, longevity, and

healthy aging [56]. The families were recruited through elderly probands (in their 90s) from across
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the USA and Denmark at four collection sites (New York, Boston, and Pittsburgh in the United
States and in Denmark) who self-reported on the survival history of their parents and siblings.
Families that showed clustering of exceptional survival and Family Longevity Selection Score
(FLoSS) > 7 were recruited [55]. FL0SS, which combined the estimated exceptionality of survival
with a bonus for living sibling(s), is a measure of exceptional survival that was used as a tool of
inclusion by scoring and selecting families for the study. If a proband’s family was FLoSS-eligible
then additional enrollment criteria had to be met; the proband, at least one living sibling, and one
of their offspring (minimum family size of 3) were able to give informed consent, and were willing
to get interviewed and be examined including the collection of a blood sample for serum and DNA
extraction [56]. The total number of enrolled family members at baseline was 4,953 (99%
European ancestries) in 539 families with age range from 24.0 y to 110.0 y (proband age range =
49 y—110y, and offspring and their spouses age range = 24 y—88 y) [57]. Participants had their
first in-person home visit between 2006 and 2009, then were contacted annually by telephone to
update vital status, medical history, and general health. A second in-person visit was completed
between 2014 and 2017, which was then followed up annually by telephone. The annual telephone
follow-up is still ongoing, and plans for third in-person visit are in progress [57]. The key
characteristics of LLFS participants from visit 1, which is the source of data used in this analysis,

can be found in Table 2.
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Table 2. Descriptive statistics for LLFS.

LLFS
(n =4270)
Male Female
(45.3%) (54.7%)
Total Participants 1936 2334
Probands 641 764
Offspring 895 1230

Measurements - mean (s.d.)
Age at Enrollment (y) 70.6 (15.3) 69.5(15.9)
IGF-1 (ng/ml) 134.6 (54.0) 123.2 (51.6)
BMI (kg/m?) 27.5 (4.0) 26.7 (5.3)
Height (cm) 173.6 (7.7) 159.6 (7.8)
Weight (kg) 83.2 (14.9) 68.2 (14.9)
WC* (cm) 99.5(11.0) 90.3 (13.9)

Smokers 3% 4%
Hypertension 24% 27%
Diabetes 4% 3%
Stroke 3% 4%

Heart Disease 6% 3%

*WC: waist circumference

2.1.2 NHANES 111

NHANES I11 is a sample of ~39,000 participants aged 2 months and older and was designed to be
representative of the US population. It was conducted from 1988 to 1994 in two phases. Of the
total sample of adults (n = 20,024), we selected a subset of 2,555 non-Hispanic White participants
(20 y—90 y) with a complete record of the study variables. In addition, a few analyses were
conducted using data from non-Hispanic Black participants (n = 1,639, 20 y—90 y) and Mexican

American participants (n = 1,607, 20 y—90 y).
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2.1.3 Framingham Heart Study

The Framingham Heart Study (FHS) was first established in 1948 as a community-based study
investigating cardiovascular risks of adult from the town of Framingham, Massachusetts. It
currently includes data on three generations of participants [58]. To replicate the results from my
GWAS of IGF-1 in LLFS, genotype and phenotype data from participants in the FHS offspring
exam 7 cohort was analyzed, because IGF-1 levels were measured in this cohort. The 2,833
participants (45.7% men and 54.3% women, mean age = 61.1 y £ 9.5 y) were recruited from 2002
to 2004. Per the agreement between LLFS and FHS investigators, | wrote an analysis plan for
replication of all suggestive SNPs from the GWAS analysis performed in LLFS and submitted it

to LLFS Data Coordinating Center, and they performed the replication analysis.

2.2 Serum IGF-1 assays

In LLFS, fasting peripheral blood samples were obtained following a standardized venipuncture
protocol by staff at in-person visit 1 [55]. Approximately 50 mL of blood was collected in serum
tubes and kept at room temperature for 30 min to 45 min before centrifugation. The centrifuged
serum tubes and other unprocessed blood tubes were shipped to the Advanced Diagnostics and
Research Laboratory (ADRL) at the University of Minnesota. IGF-1 was measured by the ADRL
in serum using a solid-phase enzyme-linked chemiluminescent immunoassay on an Immulite 2000
system (Siemens Healthcare Diagnostics, Inc.). The inter-assay coefficient of variability was 8.7%.

In NHANES IIl, fasting serum samples were collected from 1988 to 1994, and IGF-1

concentrations were quantified by IGF-I enzyme-linked immunosorbent assay (DSL 10-5600)
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including an extraction step which separates IGF-1 from its binding protein. The samples were
reanalyzed if the coefficient of variation for replicate samples was greater than 15% [59]. In the
current study, given the differences in the assays used for serum IGF-1 measurements in LLFS
and NHANES 111, we compared the relationships among traits within and not across studies.

In FHS, fasting blood sample were collected according to protocol [18]. Samples were
centrifuged and aliquoted immediately for storage at —70 °C. Standardized enzyme-linked
immunosorbent assay (ELISA) was used to measure serum IGF-1. Quality control measures
according to a strict protocol were done, and the intraassay coefficient of variation for serum IGF-1

was 5.3%.

2.3 Covariate selection

Based on published studies and biological plausibility with serum IGF-1 levels, the following
covariates were considered for analysis; age (and age?), sex, BMI, waist circumference (WC),
weight, height, medication history, insulin level, smoking status, diabetes status, hypertension
history, and measures of nutritional status (diet group: meat-eater, vegetarian, or vegan) and
physical activity status (inactive, moderately inactive, moderately active, active). Several of these
covariates were not measured in LLFS, i.e., nutritional status and physical status. BMI, WC,
weight, height, and insulin levels were measured directly. Age, sex, medication history, and
smoking status were self-reported. Variables such as history of hypertension and diabetes status
were inferred from each participant’s self-reported diagnosis, their list of current medications,
and/or direct measurements of blood pressure or fasting glucose, respectively. Next, ignoring the

familial dependency of the observations, bi-directional stepwise multiple regression was
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performed to identify a subset of covariates to be included in the subsequent, relationship-adjusted,
analyses. Interaction terms age x BMI and sex x BMI and LLFS field center (Boston, New York,
Pittsburgh, Denmark) were also included as possible covariates.

In the analysis to assess the relationship between IGF-1 and BMI (Section 3.3.4), the following
covariates were remained in the model and were included: age, age?, sex, BMI, age x BMI, sex x
BMI, history of hypertension, history of diabetes and LLFS field centers. In the relationship-
adjusted genetic analyses, the covariates were age, sex, BMI, field center, and age x BMI (Chapter

).

2.4 IGF-1 and BMI by age (Aim 1)

All analyses for Aim 1 were performed using R version 3.4.0 [60]. Prior to analysis, IGF-1 levels
and BMI were log-transformed to approximate normality and for consistency with previous
reports. Phenotype data on 4,241 LLFS participants (1,391 probands, 2,119 offspring, and 731
offspring’s spouses) were included. To assess the correlation between serum IGF-1 levels and
adiposity measures (BMI, weight, WC), in addition to age and height, Pearson correlation
coefficients were estimated. To account for non-independence due to relatedness, bootstrap
Pearson correlation coefficients were estimated using the R boot package.

Linear regression of IGF-1 levels on BMI was performed with the sample non-stratified
and stratified by sex. I used in linear mixed-model regression as implemented by the Imekin()
function of the R coxme package with age, age?, male sex, BMI, field center, diabetes,

hypertension, BMI x age, and BMI x sex as fixed-effects covariates. Imekin()accounts for the
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relatedness between the participants by incorporating a kinship matrix as a random-effects
covariate.

To assess the relationship between IGF-1 and BMI by age, the overall sample was divided
into age quartiles, and linear regression of IGF-1 on BMI was performed within each age quartile.
Each age quartile was further stratified into male and female participants, and linear regression
was performed to assess if the relationship between IGF-1and BMI differed between sexes.

Parallel analyses were performed with 2,555 non-Hispanic White, 1,639 non-Hispanic
Black, and 1,607 Mexican American participants from NHANES I1l. These analyses will allow

me to assess whether the relationship between IGF-1 and BMI differed among racial/ethnic groups.

2.5 Heritability of IGF-1 and the genetic correlation between IGF-1 and BMI (Aim 2A)

To estimate the proportion of variance in IGF-1 levels due to additive genetic effects, heritability
analysis was performed using Sequential Oligogenic Linkage Analysis Routines (SOLAR) [61], a
pedigree-based maximum-likelihood method, adjusting for age and sex. Heritability was estimated
in each of the proband and offspring generations of the LLFS. To determine the genetic correlation
between IGF-1 and BMI, bivariate heritability analysis was performed using SOLAR in the total

study sample and stratified by generation, adjusting each analysis for age and sex.
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2.6 Genotyping, Linkage Markers, and Imputation

The Center for Inherited Disease Research (CIDR) assayed all LLFS subjects using Illumina
Human Omni 2.5 v1 genotyping arrays [62]. Quality control (QC) of the genotypes and imputation
were carried out by LLFS investigators in the Division of Statistical Genomics, Washington
University in Saint Louis. Genotype QC included checking of Mendelian errors and verification
of reported pedigree relationship using GRR (graphical representation of relationship errors). A
set of 3,647 SNPs with high Mendelian error rates and 83,774 SNPs with a call rate < 98% per
marker were dropped. Eighteen subjects with call rates <97.5% were also dropped. Finally,
153,363 genotypes flagged as Mendelian errors were set to missing. Additional genotypes were
imputed based on the cosmopolitan-phased haplotypes of the Haplotype Reference Consortium
(HRC) [63]. SNPs with imputation quality scores r?> < 0.3 and those that were not in Hardy—
Weinberg equilibrium (exact test p value < 0.0001) were dropped from analyses. The final count
of observed and imputed SNPs examined in the GWAS was 9,354,374 on the autosomes and
286,048 on chromosome X.

For linkage markers, the LLFS Coordinating Center generated 6,570 multi-allelic
haplotypes from genotype data on 1-5 adjacent assayed SNPs on chromosomes 1-22. The mean
centimorgan position of the SNPs in each set was used as the position for the haplotype. The mean
distance between haplotypes was 0.5 cM with a maximum of 3.49 cM and a median of 0.5 cM.
These haplotypes were used to generate sex-specific multipoint identity-by-descent (IBD)
matrices.

In FHS, genotyping was performed on the Affymetrix GeneChip Human Mapping 500K

Array Set and 50K Human Gene Focused Panel. The mean call rate was 98%, and the quality
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control filtration included removal of SNPs with call rate < 95% or a Hardy—Weinberg equilibrium

p < 10°° [20]. Phased 1000 Genomes genotypes were used for the imputation reference panel.

2.7 Quantitative Trait Linkage (QTL) analyses (Aim 2B)

Quantitative trait linkage analyses were performed to identify possible identity-by-decent (IBD)
allele shared as quantitative trait loci (QTLs) for serum IGF-1 levels in LLFS participants.
Multipoint QTL analyses were done using SOLAR [61], adjusted for age and sex. The result was
reported as logarithm of the odds (LOD) score, with a suggestive cutoff of 3 or significant cutoff
of 3.3. The corresponded significant interval range was located against the sex-averaged human

genetic map (~3,337 cM).

2.8 GWAS and candidate gene analysis (Aim 2C)

To determine whether specific genetic variants, i.e., SNPs, were associated with IGF-1 serum
levels, a GWAS was performed over all LLFS individuals using data on both assayed and imputed
genotypes with a minor allele frequency (MAF) > 0.004 (9,354,374 autosomal SNPs and 286,048
chromosome X SNPs). Using the R GENESIS package [64], | performed mixed model regression
to evaluate the association between each genetic variant and serum IGF-1 levels, accounting for
both relatedness and population stratification. Covariates used in the model were age at enroliment,

sex, BMI, field center, and age x BMI. SNPs were coded using linear additive scoring of 0, 1, or
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2 copies of the minor allele of each SNP. A significant threshold of p < 5 x 10~® was genome-wide
significant, and p <5 x 10~ was a suggestive level of significance.

I also extended the analysis to test for the association between serum IGF-1 levels and
independent SNPs within genes that were either were associated with IGF-1 in previous GWASs
[21] (Table 1) or have been reported as candidate genes due to their membership in the IGF
pathway (IGF1, IGFALS, SST, SSTR5) [53]. In total, independent SNPs within nine genes (IGF1,
FOXO3, NUBP2, GHSR, TNS3, SST, SSTR5, IGFALS, IGFBP3) were assessed for association. A
conservative Bonferroni correction was used for each gene separately (0.05 + number of SNPs per
gene) to obtain the p value cut-off for statistical significance.

To replicate the result from the GWAS and candidate gene analysis in an independent
sample, an analysis plan and the list of SNPs (with MAF > 0.004 and discovery p <5 x 107%) were
submitted to LLFS Data Coordination Center to be tested using the data of the FHS participants
(Section 2.1.3). A generalized linear model (GLM) was used as the statistical method. Again,
Bonferroni correction was used to estimate a significant p value for replication.

To assess the involvement of IGF-1 associated variants with gene regulation, the SNPs that
were statistically significant in the GWAS and the SNPs that were suggestively significant in the
GWAS and significant upon replication were examined for evidence that they are expression
quantitative trait loci (eQTLS). The Genotype-Tissue Expression Program (GTEX) is a publicly
available data resource with reports on statistical tests of association between genetic variants and
gene expression in an array of tissues. Information on gene expression from all available human

tissues in GTEX v8 [65] and HaploReg v4.1 [66] will be used to annotate the GWAS results.
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2.9 Survival analysis and the risk of mortality (Aim 3)

All analysis were performed using R version 3.4.0 (R Core Team, 2019). First, | performed
Kaplan—Meier analyses to estimate the probability of survival among the LLFS proband
participants (n = 1,482) over ten years of follow-up. Second, to compare the survival proportion
difference between male (n = 668) and female (n = 814) probands and between low, high, and
median IGF-1 levels, | performed a log-rank test for differences in survival curves between the
sexes and between IGF-1 tertiles. Third, to test for association between serum IGF-1 levels (as a
continuous variable) and the risk of mortality, | performed Cox (proportional hazards) regression.
| also used Cox regression to test for differences in mortality between IGF-1 tertiles. Lastly, to
assess whether the risk of mortality can be predicted by IGF-1-associated SNPs, their individual
effects on mortality risk was calculated using Cox regression and the hazard ratios (HRs) for
mortality (death status 0 or 1) were estimated. SNPs were coded using linear additive scoring of

0, 1, or 2 copies of the minor allele of each SNP.
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3.1 Introduction

Insulin-like growth factor 1 (IGF-1) is a member of the IGF pathway [23], which appears to play
a key role in the processes underlying longevity [67]. Many epidemiological studies report that
serum IGF-1 levels are associated with elevated risk of type 2 diabetes [13], cancer [14, 68],
cardiovascular disease [16, 69], and mortality [15, 17]. IGF-1 has structural homology to insulin
and characteristics of both a circulating hormone that mediates growth hormone (GH) actions in
promoting growth, development, and metabolism [23] and a local tissue growth factor that
promotes cellular growth, differentiation, and apoptosis [24]. Serum IGF-1 levels are heritable,
with estimated heritability ranging from 38% to 63% [18, 26, 49, 50], and are influenced by
obesity, age, sex, physical activity, GH level, and nutritional status [26, 70]. Across the lifespan,
serum IGF-1 levels are low at birth, increase during childhood and puberty, and reach their highest
concentration during early adulthood then start to decline in the third decade of life [10].

Body mass index (BMI) is also strongly associated with risk for chronic disease
development associated with aging [40]. Because both IGF-1 and BMI are associated with disease
risk and disease endpoints, several studies have assessed the relationship between them.
Understanding the relationship between these two predictors could help categorizing those at risk
of disease development or event. However, the relationship between BMI and IGF-1 across studies
is neither consistent nor clear. Several studies have reported that IGF-1 levels are inversely
correlated with BMI [18, 41-45]; whereas others report a positive correlation [36] or no correlation
[47]. Most of these studies estimated the relationship between IGF-1 and BMI by stratifying the
samples based on BMI categories, and not age, although the study participants’ ages varied widely

[42, 44, 45, 47].
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To date, no study has assessed the influence of age on the association between BMI and
IGF-1. We hypothesize that the relationship between IGF-1 and BMI varies by age.

Here we present a cross-sectional study of the relationship between IGF-1 and BMI in a
large sample of 4,241 participants from the Long Life Family Study (LLFS) with validation of the
relationships in a large sample of 2,555 participants from the third National Health and Nutritional
Examination Survey (NHANES I11). In particular, we assessed whether the relationship between

IGF-1 and BMI varies in an age- and sex-specific manner.

3.2 Method

3.2.1 Study Population

The primary sample for this study is a set of participants from LLFS. LLFS is a multi-center
family-based cohort study of 539 families that was designed to determine the genetic and
behavioral/environmental risk factors that promote exceptional longevity [56]. The families were
recruited between 2006 and 2009 from the USA and Denmark at four enrollment sites (New York,
Boston, and Pittsburgh in the United States and nationwide in Denmark). The total number of
enrolled participants is 4,953, consisting of long-lived probands and their siblings (n = 1,727), the
offspring of this generation and their spouses (n = 3,226). Participants without measurements of
serum IGF-1 levels or BMI were excluded, therefore, the total sample size for this analysis is 4,241
participants (aged 24 y-110y) consisting of 1,391 from the proband generation (49 y-110y),
2,119 from the offspring generation (32 y—87 y), and 731 offspring spouses (24 y-88y). All

participants self-identified as non-Hispanic White.
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The findings in LLFS were replicated using participants from NHANES 111 (“NHANES 111
(1988-1994),” n.d.). NHANES Il is a sample of ~39,000 participants aged 2 months and older and
was designed to be representative of the US population. It was conducted from 1988 to 1994 in
two phases. Of the total sample of adults (n = 20,024), we selected a subset of 2,555 non-Hispanic
White participants (20 y—90 y) with complete record of the study variables. Parallel analyses were
conducted with non-Hispanic Black participants (n = 1639, 20 y—90 y) and Mexican American

participants (n = 1607, 20 y—90 y).

3.2.2 Participant characteristics

In both LLFS and NHANES Ill, standing height, weight, and WC were assessed by trained
interviewers with a standardized protocol and skill level. BMI was calculated as weight in
kilograms per the square of the height in meters. Age, race, ethnicity, and sex were taken by self-
report during the interview. For the analysis in LLFS, presence of diabetes was defined as use of
diabetes medications or fasting glucose > 126 mg/dL. Presence of hypertension was defined as
SBP > 140 mmHg or DBP > 90 mmHg or self-report confirmed by use of antihypertensive
medication. For NHANES II1, presence of diabetes was defined as history of diabetes diagnosis,
or fasting glucose > 126 mg/dL, or current use of oral hypoglycemics or insulin. Presence of
hypertension was defined if a participant reported both ever being told that he or she had high
blood pressure and current use of antihypertensive medication, or if the average measured BP was
> 140 mmHg systolic, or > 90 mmHg diastolic. We excluded smoking status as a covariate because
of the large number of missingness within the NHANES Il participants, in addition to the non-

significant association between IGF-1 and smoking status in LLFS.
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3.2.3 Laboratory Assays

In LLFS, fasting peripheral blood samples were obtained from participants and then shipped to the
Advanced Diagnostics and Research Laboratory at the University of Minnesota [72]. IGF-1 was
measured in serum using a solid-phase enzyme-linked chemiluminescent immunoassay on an
Immulite 2000 system (Siemens Healthcare Diagnostics, Inc.). The inter-assay coefficient of
variability was 8.7%.

In NHANES Ill, fasting serum samples were collected from 1988 to 1994 and IGF-1
concentrations were quantified by IGF-1 enzyme-linked immunosorbent assay (DSL 10-5600)
including an extraction step which separates IGF-1 from its binding protein. The samples were
reanalyzed if the coefficient of variation for replicate samples was greater than 15% [59]. In the
current study, given the differences in the assays used for serum IGF-1 measurements in LLFS

and NHANES 111, we only compared the relationships among traits between studies.

3.2.4 Statistical approach

All data analysis was performed using R version 3.4.0 [60]. To approximate normality, both IGF-1
and BMI were natural log-transformed for the analysis. We calculated the Pearson coefficient of
correlation between IGF-1 levels and BMI, height, weight, WC, and age.

We used two sample t-tests to assess the mean age difference and mean IGF-1 difference
between the LLFS and NHANES I11. Also, we used the Istrends() function to estimate and compare
the slopes of fitted lines between male and females in both studies.

We regressed log(IGF-1) on log(BMI) to get an overall assessment of their relationship in

each cohort. We performed linear mixed effect model using coxme package [73] and adjusting for
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covariates. Covariates were chosen based on their known association with serum IGF-1 and
included age, age?, male sex, log(BMI), field center, diabetes, hypertension, log(BMI) x age, and
log(BMI) x sex as fixed variables and kinship as a random variable accounting for the relatedness
between LLFS participants. To assess whether the relationship differed by sex, for all analyses
described below we also stratified by sex, and regressed IGF-1 on BMI as above without the sex
and log(BMI) x sex terms.

First, we regressed IGF-1 on BMI in all samples regardless of age but included other
covariates. Then, to assess the relationship between IGF-1 and BMI by age, we divided the LLFS
sample into age quartiles and performed linear mixed-model regression of IGF-1 with BMI as a
fixed variable and kinship as a random variable within each age quartile. In addition, we also
conducted all the previous analyses with IGF-1 and WC, as another measure of adiposity.

To validate the results, the same approach was used with the NHANES I11 sample of 2,555
non-Hispanic White participants, although we did not adjust for kinship, as the participants were
assumed to be unrelated. The age-quartile thresholds in LLFS were used as age-group thresholds
in NHANES Il1. We then assessed whether the relationship between IGF-1 and BMI also differed

by age quartile in non-Hispanic Black (n = 1,639) and Mexican American (n = 1,607) participants.

3.3 Results

The means, standard deviations, and proportions of key characteristics of the study samples are
presented in Table 3. The Long Life Family Study participants’ mean age was 70 years (range of
24 years—110 years) and the prevalence of diabetes, and hypertension were 7%, 51%, respectively.

The overall mean serum IGF-1 level was 128.3 ng/mL and ranged from 26 ng/mL to 745 ng/mL.
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The mean BMI was 27 kg/m?. In NHANES I11, the participants’ mean age was 53.2 years (range
of 20 years—90 years) and the prevalence of diabetes, hypertension were 6%, 28%, respectively.
The overall mean IGF-1 was 249.5 ng/mL and ranged from 25.3 ng/mL to 863.8 ng/mL. The mean
BMI was 26.48 kg/m?.

Both studies had a wide age range, but on average, NHANES Ill participants were 16.8
years younger than LLFS participants (p < 0.0001). The age distribution in LLFS is bimodal due
to the family-study design with some overlap between the LLFS generations; the age distribution
in NHANES I11 is approximately uniform across its range (Figure C1 Appendix C). As expected,
log(IGF-1) levels were negatively correlated with age in both LLFS and NHANES lII, r = -0.42
(p <0.001) and r =-0.47 (p <0.001), respectively (Figure 1a). In addition, mean serum IGF-1

levels were 121.2 ng/ml lower in LLFS compared to NHANES I11 (p < 0.0001).

Figure 1
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Figure 1. a) scatter plot of log(IGF-1) by age and b) scatter plot of log(IGF-1) by log(BMI) in both LLFS
and NHANES III.
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In LLFS, across all participants, log(IGF-1) levels were positively correlated with both

log(BMI) and WC, r=0.06 (p<0.001) and r=0.03 (p =0.06), respectively (Table 4). In

contrast, in NHANES III, log(IGF-1) levels were negatively correlated with log(BMI) and WC,

r=-0.12(p <0.001) and r = —0.18 (p < 0.001), respectively. However, log(IGF-1) was positively

correlated with height among both LLFS and NHANES IlI participants (r = 0.27, p <0.001 and

r =0.24, p <0.001, respectively) (Table 4).

Table 3. Descriptive statistics of age, IGF-1, and anthropometric measurements in LLFS and NHANES 1.

Measurements LLFS NHANES IlI
Male Female Total Male Female Total
(45.3%) (54.7%) (45.2%) (54.8%)
All Participants 1924 2317 4241 1155 1400 2555
(20 y-110y) (n)
1st Age Quartile/Group 421 640 1061 643 840 1483
(20y-58y) (n)
2nd Age Quartile/Group 507 553 1060 140 144 284
(58 y-66y) (n)
3rd Age Quartile/Group 497 563 1060 346 381 727
(66 y-86y) (n)
4th Age Quartile/Group 499 561 1060 26 35 61
(87 y-110y) (n)
mean (s.d.) mean (s.d.) mean(s.d.) mean(s.d.) mean(s.d) mean (s.d.)

Age at Enrollment (y) 70.6 (15.3) 69.5(15.9) 70.0 (15.6)

IGF-1 (ng/ml) 134.6 (54.0) 123.2 (51.6) 128.3 (52.9)
BMI (kg/m?) 275 (4.0) 26.7 (5.3) 27.8 (4.8)
Height (cm) 173.6 (7.7) 159.6 (7.8) 166.0 (10.5)
Weight (kg) 83.2(14.9) 68.2(14.9) 75.0(16.5)
WC (cm) 99.5(11.0) 90.4 (13.9) 94.5(13.4)
Hypertension 24% 27% 51%

Diabetes 4% 3% 7%

54.0 (19.5) 52.6 (19.7) 53.2 (19.6)
264.7 (97.6) 236.9 (103.6) 249.5 (101.9)

26.7 (4.8) 26.3
1755 (7.1) 161.3

(5.7) 265 (5.3)
(7.0) 167.7 (9.9)

82.5(16.5) 68.4 (15.4) 74.8 (17.4)
97.7 (12.7) 89.5 (14.5) 932 (14.3)

12%
3%

16%
3%

28%
6%
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In the regression analysis—adjusting for sex, diabetes, and hypertension, and, in LLFS,
field center and kinship, log(IGF-1) was associated positively with log(BMI) (B =0.20, p=4.4
x 10—'?); whereas in NHANES IlI, the relationship was significant and negative (p =—0.23,
p=1.4 x 107 (Table 5, Figure 1b). In NHANES IIl, Hypertension was negatively associated
with log(IGF-1) in the overall sample (8 =-0.12, p=6.9 x 107'%) and in the overall sample
stratified by sex (Data not shown). However, in LLFS, hypertension was not associated with
log(IGF-1) in the overall sample, but it was negatively associated with log(IGF-1) in the stratified

overall sample by sex (both p < 0.0001) (Data not shown).

Table 4. Pearson correlation coefficients between log(IGF-1), age, and anthropometric measures in

WC —0.18***  0.28%** (.87*** (.23%** (.86%** 1
<0.05, **p <0.01, *** p < 0.001.

*

LLFS.
LLFS
log(IGF-1)  Age log(BMI) Height Weight wC
log(IGF-1) 1 —0.42%%*%  0.06%** 0.27**%* (0.19%** (.03

- Age —0.47%** 1 —0.12%%* —(0.38%** —0.31*** (.03*
f, log(BMI) —0.12%**  0.10*** 1 0.08%**  (.82%** (.8]***
w Height  0.24*** —(0.24*** (.01 1 0.62%**  (.80***
% Weight  0.02 —0.05%%*  (.85%** (. 52%** 1 0.80%**
z

p

In LLFS, interaction for both log(BMI) and age, and log(BMI) and sex had significant
effects on log(IGF-1) (both p <0.0001) (Data not shown). Whereas in NHANES 111, there was a
significant interaction effect between log(BMI) and age (p = 7.3 x 10~°) on log(IGF-1), but no
significant interaction between log(BMI) and sex (p = 0.4) (Data not shown).

We further investigated the interaction between age and log(BMI) on log(IGF-1) in LLFS
using age quartiles (Table C1 Appendix C). As can be seen in Figure 2a, the relationship between

log(IGF-1) and log(BMI) differed by age quartile. In the first (youngest) age quartile (20 y-58 y)
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the relationship was significant and negative (f =—0.2, p = 0.0022), in the second (59 y-66 y) and
third (67 y—86y) age quartiles the relationship was non-significant, but in the fourth (oldest)
quartile (87 y-110y), the relationship was significant and positive (B = 0.31, p=2.6 x 1074
(Table 5). When the NHANES I11 data was stratified using the LLFS age-quartile thresholds, a
similar pattern was observed (Table 5, Figure 2a). We also stratified LLFS and NHANES 1l
using age thresholds derived from NHANES 11l and applied them to LLFS; a similar pattern was

observed (Figure C2 Appendix C).

Table 5. Stratified results of linear mixed-model regression of log(IGF-1) on log(BMI).

LLFS NHANES I
log(IGF-1) on log(BMI)in 3 (SE) pvalue B (SE) pvalue
All Participants  0.20 (0.04) 4.4x 107> —-0.23 (0.05) 1.4x10°
Male Participants 0.45 (0.06) 45x 102 —0.23 (0.07) 1.4x 1073

Female Participants 0.05 (0.05) 0.28 —0.22 (0.06) 5.2x10*
1st age quartile/group (20 y-58'y) —0.20 (0.06) 2.2 x 10> —0.40 (0.05) 2.6 x 107!
2nd age quartile/group (58 y—66 y) —0.07 (0.06) 0.32 0.01 (0.13) 0.96
3rd age quartile/group (67 y—86y) —0.01 (0.07) 0.84 0.03 (0.08) 0.76

4th age quartile/group (87 y-110y) 0.31 (0.08) 2.6 x 10°* 0.84 (0.39) 0.03

We next investigated the relationship between log(BMI) and sex on log(IGF-1) levels in
LLFS by stratifying each age quartile by sex. Among females, log(IGF-1) was significantly and
negatively associated with log(BMI) in the first (20 y-58 y) age quartiles (B =—0.28, p =3 x 107%),
but there was no significant association in males (Figure 2b). In the second (59 y-66 y) and third
age quartile (67 y—86 y), log(IGF-1) was not associated with log(BMI) in either sex. However, in
the oldest quartile (87 y—110Yy), log(IGF-1) was significantly and positively associated with
log(BMI) in both sexes (B = 0.2, p=0.04 and § = 0.4, p =0.0014 , respectively) (Figure 2b). The
relationship between log(IGF-1) and log(BMI) did not significantly differ by sex in NHANES llI,

except in the fourth quartile (87 y—110 y) wherein the association was positive and significant in
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males (p = 0.002), but not in females (p = 0.4), though the sample sizes were small. In addition,

we observed a significant slope difference by sex in the relationship between log(IGF-1) and

log(BMI) in the first age quartile of LLFS only (p = 0.002).

Figure 2
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Figure 2. a) scatter plot of log(IGF-1) by log(BMI) stratified by age group, b) scatter plot of log(IGF-1)

by log(BMI) per age group and stratified by sex in LLFS and NHANES I1l. The same age quartile
thresholds for LLFS were applied onto NHANES I11.

Similar results were observed for the relationship between IGF-1 and WC in both studies

(Table C2 Appendix C). Also, similar patterns were seen among non-Hispanic Black and

Mexican American participants in NHANES 11l (Figure C3 Appendix C).



3.4 Discussion

In this cross-sectional study of LLFS, a unique family-based cohort of exceptional longevity, we
examined the age- and sex specific effects of the relationship between serum IGF-1 levels and
BMI. Younger participants (24 y-58 y), had a negative relationship between IGF-1 and BMI,
while older participants (87 y—110y) had a positive relationship. There was no statistically
significant relationship for the age-groups in between. The same pattern was observed in an
independent sample of non-Hispanic White adults of similar age range recruited from the general
population in the NHANES I11. In addition, we did not observe a consistent sex-specific difference
in the relationship between IGF-1 and BMI across the age groups. The discrepancies in the
relationship between serum IGF-1 and BMI among studies in the literature [18, 36, 41-45, 47],
may be explained by the ages of the cohorts used in the previous studies. Studies reporting the
negative relationship between BMI and IGF-1 were primarily conducted in participants with ages
ranging from 10 years to 60 years [18, 41-45]. In contrast, studies that reported a positive
relationship were often performed with older individuals with ages ranging from 45 y to 90 y [36].
These studies also showed similar pattern between the relationship of IGF-1 and WC [36, 42-44].
In addition, several of these studies were comprised of highly selected groups, such as
obese/overweight individuals, who might be experiencing weight-related disruption in insulin and
growth hormone secretion [44].

The age-related difference in the relationship between IGF-1 and BMI might be due to
height, which is a component of BMI. However, the pattern between IGF-1 and WC (a measure
of central adiposity that is independent of height) was like that with BMI. This result indicates that

the relationship is driven by adiposity rather than height (Table C2 Appendix C).
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In non-Hispanic Black and Mexican American participants, other investigators have
reported an inverse association between IGF-1 and BMI [41, 42]; whereas others have reported no
association [74]. However, in our study, we saw similar patterns by age group in non-Hispanic
Black and Mexican American participants within NHANES Il as we saw in the non-Hispanic
White participants, despite smaller sample sizes. (Figure C3 Appendix C). These results suggest
that the relationship between IGF-1 and BMI by age group is similar among different racial/ethnic
groups.

In this cohort we observed that younger participants had higher mean IGF-1 level compared
to older participants, and this is consistent with known IGF-1 biology in adolescent and early-
adulthood [10]. Although the interaction between log(BMI) and sex in predicting log(IGF-1) was
a statistically significant overall, the slope difference between male and female was not only
statistically significant except in the youngest LLFS age quartile. The latter results might reflect
the sex differences in development during puberty and early adulthood.

LLFS and NHANES |1l data were collected 10 years apart, thus, period or cohort effects
may exist, in addition to the age-effect we demonstrate. However, despite this potential period
effect, the patterns were consistent for both LLFS and NHANES 11l cohorts, for BMI and WC,
and across different racial/ethnic groups. In addition, mean serum IGF-1 levels were 121.2 ng/ml
lower in LLFS compared to NHANES II1. The most likely reason for this difference is the use of
different assay Kits in the measurement of serum IGF-1 levels between the two studies. Previous
studies have reported significant differences in serum IGF-1 levels when using different assay Kkits,
even though the samples were from the same population [75-77]. Different assay kits have
different age- and sex-specific reference ranges, and this might affect the upper and lower limit of

each study’s serum IGF-1 levels. Furthermore, NHANES |1l was conducted using a sample from
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the general population, whereas LLFS sampled healthy long-lived individuals[56]. Thus, study
population and assay type are confounded, and it is impossible to determine if the difference in
mean IGF-1 levels between the cohorts is due to ascertainment differences or to assay differences
given these data. However, all statistical comparisons in this paper were done within-study, so the
mean differences in IGF-1 levels between studies should not affect our conclusions, especially
given that the patterns across age groups were similar.

This current study was cross-sectional and not longitudinal; therefore, we could not
measure the relationship between IGF-1 and BMI on the same participants throughout their
lifespan to determine the patterns of change in this relationship. Instead, we stratified our samples
by age group and are extrapolating these cross-sectional results to reflect individual changes
related to aging. However, additional longitudinal data are needed to confirm these findings. Also,
we relied on BMI and WC to measure adiposity, which capture body size but not body
composition. These anthropometric measurements are not as precise as imaging-based
measurements, such as fat mass as estimated from dual X-ray absorptiometry or peripheral
quantitative computed tomography [78]. Such measures were not available for these studies.
Another limitation in our study is the lack of data on potential confounders such as physical
activity, diet, and GH level. These factors can have major effects on BMI and IGF-1 level and may
be important to consider as potential confounders of this association.

In summary, we identified age-related differences in the relationship between serum IGF-1
levels and BMI, as well as WC, in non-Hispanic White, non-Hispanic Black, and Mexican
American participants. This finding clarifies that the apparent contradiction in the previous
literature on the relationship between IGF-1 and adiposity is likely due to differences in cohort age

ranges. As such, the clinical implication of this is that age should be considered when evaluating
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the relationship between adiposity and IGF-1. However, longitudinal studies and further
investigation into the underlying biology affecting the relationship between serum IGF-1 and
measures of adiposity across the lifespan is needed to understand these observations. Such an
understanding might help categorize individuals at risk of disease or inform interventions to delay

disease depending on their age-dependent BMI and IGF-1 level.
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4.0 LINKAGE ANALYSIS FOR SERUM IGF-1 LEVELS IN LLFS

4.1 Introduction

IGF-1, the product of a single gene (IGF1) located on the long arm of chromosome 12 [48], is the
mediator of growth hormone (GH) action in human body and GH is a major stimulator of IGF-1
production. Furthermore, IGF-1 levels are age-dependent; its level peaks at puberty then starts
declining in adulthood [10]. In Chapter 3, | also reported a negative correlation between serum
IGF-1 level with age. However, the relationship between IGF-1 and BMI varied by age, such that
the relationship between IGF-1 and BMI in younger participants differed from that in the oldest
participants. The genetic and environmental components (such as age, sex, and nutritional status)
on individual variation in serum IGF-1 levels has been reported in a few family studies [18, 26,
49, 50, 70]. Previous studies in adults have estimated that the heritability of serum IGF-1 levels
ranges from 38% to 63%. Only one study has reported conducting a genome-wide linkage analysis
to assess chromosomal regions linked to serum IGF-1 variation [18]. Lam and colleagues
identified two suggestive regions of linkage: one on chromosome 12 at 8 cM (LOD score = 2.41)
and another on chromosome 1 at 36 cM (LOD score = 2.41). Neither of these regions contain
IGF1.

In this chapter, I assessed the contribution of genetic factors to variation of serum IGF-1
levels (heritability) and the genetic and environmental correlation between serum IGF-1 levels and
BMI. Because the phenotypic relationship between IGF-1 and BMI varied by age, | also performed

analysis of genetic correlations stratified into probands and offspring. Finally, | used quantitative
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trait loci (QTL) linkage analysis, an unbiased genetic mapping approach, to identify potential

regions of the genome influencing serum IGF-1 levels.

4.2 Method

4.2.1 Study population

For the heritability analyses, analyses were performed using the data of 4,400 participants
(proband, offspring, and controls) from the Long Life Family Study. For bivariate analyses
estimating the genetic correlation between IGF-1 and BMI, data were available for 4,203
participants, because of missing data on BMI. In analysis of genetic correlations stratified by
generation, data were available for 1,391 proband generation participants and for 2,090 offspring
generation participants (data for 722 married-in spouses of offspring generation participants were

not used in the stratified analyses).

4.2.2 Statistical and genetic analysis

As described in Chapter 2, the preliminary statistical analyses were performed using R, and the
genetic analyses were performed using SOLAR. Because the distributions of both serum IGF-1

and BMI were skewed, natural log transformation was applied to reduce non-normality.
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4.2.2.1 Heritability of IGF-1

Heritability (h*) was estimated by SOLAR using maximum-likelihood methods adjusting for age
and sex. Heritability was also estimated separately for both proband and offspring generations.
The estimated IGF-1 heritability, which is the fraction of the additive genetic variance (c3) that

can be attributed to the phenotypic variability (c3) of serum IGF-1 levels, was defined as:

W= %
2
Op
4.2.2.2 Genetic correlation between serum IGF-1 and BMI
The shared genetic and environmental components of variance between IGF-1 and BMI were

estimated by bivariate genetic correlation analysis using SOLAR, adjusting for age and sex. The

genetic (p;) and environmental (p;) correlations were estimated in the non-generation-stratified

cohort of 4,203 LLFS participants using this model:

r= 1/hIZGF-l,/hZBMI P T Jl - h%GF-l\/l - Mg Py

hisg., is the heritability for IGF-1

B is the heritability for BMI
pg 1s the genetic correlation
pg is the environmental correlation
Because the phenotypic relationship between IGF-1 and BMI differed by age, I assessed
whether the genetic relationship differed by age by estimating the genetic correlation within each
generation, adjusting for age and sex. In addition, a parallel analysis was performed to assess the
genetic correlation between IGF-1 and WC. Although the age distributions of the proband and
offspring generations overlap, | analyzed data within each generation because inclusion of relatives
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is necessary to estimate genetic correlations and stratifying by an age cutoff would have

disconnected informative relationships.

4.2.2.3 Quantitative trait locus (QTL) linkage analysis of IGF-1
Multipoint quantitative trait linkage analysis was performed, using SOLAR, to identify the shared
genetic regions associated with serum IGF-1 levels in LLFS participants using SOLAR.

QTL linkage analysis is a method of linkage analysis that identifies identity-by-decent
(IBD) allele sharing between relative pairs that is linked to the quantitative phenotype [61]. The

multipoint IBD methodology extends the analysis of heritability with the added assumption of the

effect of the QTL (céTL) as a component of the additive genetic variance (o3 ). Using the variance

components method, the QTL effect can be tested by calculating the maximume-likelihood ratio
comparing the null hypothesis of no linkage to the alternative hypothesis of linkage. The general
form of variance model is:

2:

where &3 is the total phenotypic variance, 2 is the enviromental component, c% is the genetic

component (which include the QTL component GéTL), and o2 is the error component. The

statistical evidence of linkage, modulated by the QTL component (H;: cséTL >0 or6<0.5), was
reported as logarithm of the odds (LOD) score (logio of the likelihood ratio), with a suggestive
cutoff of LOD = 3 or significant cutoff of LOD = 3.3. All analyses were adjusted for age and sex.
The corresponding region of interest for the QTL was defined as the region from the peak LOD
score out to the LOD score that is the difference between the peak LOD and 1.8, on both both sides
of the peak LOD score. The region of interest (in centimorgans) was then mapped against the

physical map in basepairs. To further narrow the linkage peak region of interest so that the involved
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gene or genes could be more easily ascertained, QTL linkage analyses were performed with the
data from families whose familywise LOD scores were in the top 20%. This subset of families has
the strongest evidence of linkage within them, and the exclusion of data from families with weaker
evidence of linkage might highlight the narrower region | am interested in.

To test the possibility that different QTLs were segregating in different families (genetic
heterogeneity), heterogeneity LOD scores (HLOD) were calculated, using SOLAR. If there is
evidence of heterogeneity, this means some families will show evidence of linkage at a QTL while
others will not. Heterogeneity of this type will reduce the power to detect linkage at such QTLSs.
The HLOD function in SOLAR, via homo program, tests heterogeneity using an admixture model
[80]. The program performs three tests: linkage assuming homogeneity [H, (no linkage) vs H;
(linkage under homogeneity)], for heterogeneity given linkage [H; vs H,], and for joint linkage
and heterogeneity [H, vs H,]. In the admixture model, proportion () of families in the sample are
linked to the marker of interest (recombination rate 6 < 0.5) while the rest of families (1 — o) are
unlinked (6 = 0.5). This test is considered significant only if p <0.0001 and is used at a single
position only after significant evidence of linkage has been obtained (that is, at a position of a

statistically significant LOD score peak).

4.2.2.4 Bivariate QTL Linkage analysis of serum IGF-1 levels and BMI

To further evaluate whether any QTLs influence IGF-1 and BMI pleiotropically, bivariate linkage
analysis of IGF-1 and BMI, adjusted for age and sex, was performed using SOLAR. These analyses
were done in the full cohort (n = 4,203) and by generation proband (n = 1,392) and offspring (n =

2,090).
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4.3 Results

4.3.1 Estimated heritability of IGF-1

The estimated heritability of serum IGF-1 (4?) in the total sample, adjusted for age and sex, was
0.41 £ 0.04 (p < 0.0001), and the proportion of variance attributed to the covariates was 0.19. Due
to the known phenotypic correlation between age and IGF-1 levels, and to assess possible age-
dependent effects on IGF-1 heritability, I also estimated heritability in each generation separately.

The heritability, adjusted for age and sex, in the proband generation (4* = 0.48 + 0.07) was similar

to that in the offspring generation (h2 =0.49 + 0.06)

4.3.2 Estimated genetic correlation between serum IGF-1 and BMI

In the analysis of genetic correlation between IGF-1 and BMI in the total sample, adjusted for age
and sex, the heritability of BMI was 0.44 £0.04 for BMI (p <0.0001) (Table 6). The

environmental correlation (p;) was 0.03 (p=0.7). The genetic correlation (p;) was —0.02

(p =0.8). Stratified by generation, the genetic correlation was statistically significant in the

proband generation (p = 0.29, p = 0.01) but not in the offspring (Table 6).

In genetic analysis of IGF-1 and WC, the heritability of WC was 0.51 + 0.04 (n = 3418,

p <0.0001). The environmental correlation (p;) between the two was 0.003 (p = 0.9), and the
genetic correlation (p;) was 0.001 (p = 0.9). As between IGF-1 and BMI, there was statistically

significant genetic correlation between IGF-1 and WC in the proband generation (n = 1357,

pg = 0.36, p = 0.001), but not in the offspring.
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Table 6. The genetic correlation between log IGF-1 and BMI. Analyses were adjusted for age and sex in
the overall and stratified by generation analysis.

Proband Offspring Overall
(n=1391) (n =2090) (n=3481)
hise +s.e. (p value) 0.48+0.07 (<0.0001) 0.49 +0.06 (< 0.0001) 0.42 +0.04 (< 0.0001)
By £ s.e. (p value) 0.42 £0.06 (< 0.0001) 0.54 +0.06 (< 0.0001) 0.44 +0.04 (< 0.0001)
pg (p value) 0.29 (0.01) -0.02 (0.62) -0.02 (0.8)
pg (p value) —0.05 (0.64) -0.14 (0.63) 0.03 (0.7)
r (p value) 0.10 (0.0001) —0.06 (0.01) 0.008 (0.6)

hisr is the heritability of IGF-1. hyy is the heritability of BML
pg 1s the genetic correlation. py, is the enviromental correlation. r is the phenotypic correlation.

4.3.3 Quantitative trait locus (QTL) linkage analysis of IGF-1

Multipoint linkage analysis in the overall cohort identified a novel locus on chromosome 11
(LOD = 3.48; Figure 3). The region of interest for the location of the QTL is between 67 cM and
88 cM, approximately equivalent to chr11:20,676,782-31,034,467 (Figure 4).

To refine the linkage region and reduce the number of potential candidate genes under the
linkage peak, families with familywise LOD scores among the top 20% of familywise LOD scores
were selected for follow-up linkage analysis. The summed LOD score decreased from 3.48 to 2.78
on chromosome 11; however, the width of the region of interest for the QTL was not decreased
(Figure 5). Because the region of interest was relatively large, 21 cM, there are approximately 32
possible candidate genes under the peak. No further analysis to identify possible causal genes

under the peak were performed.
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Figure 3. Genome-wide multipoint quantitative linkage analysis of IGF-1 adjusting for age and sex.

Significant linkage region associated with serum IGF-1 on chromosome 11 with LOD = 3.48.
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Figure 4. Genome-wide multipoint quantitative linkage analysis of IGF-1, adjusting for age and sex, on
chromosome 11 with LOD = 3.48.
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Figure 5. Linkage analysis of families in the top 20% of LOD scores. The linkage analysis LOD scores
for all families are the black line; the LOD scores for the families with a LOD score in the top 20% of

LOD scores are the green line.

To test for possible heterogeneity in the linkage among the LLFS families, | used the
HLOD function in SOLAR. The test for linkage (H,: 6 < 0.5) versus no linkage (Hy: 6 = 0.5) was
highly significant (LOD = 3.47, p = 0.00003), and the test for linkage with heterogeneity given
linkage (H,: 6<0.5, GZQTL >0) versus no linkage (Hy: 6=0.5) was significant (p =0.001).
However, the test of linkage under homogeneity (H;: o%:,TL > () versus linkage with heterogeneity
(Hy: 6 <0.5, céTL > () was not statistically significant (p = 0.5) (Table 7). Therefore, there is no

evidence of heterogeneity of linkage among families in this sample.
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Table 7. Heterogeneity test results in LLFS.

Test LOD score 2 statistic p value
H, vs. H; (linkage under homogeneity) 3.47 16.0  0.00003
H, vs. H, (heterogeneity given linkage) 0.00 0.0 05

H, vs. H, (linkage and heterogeneity) 3.47 16.0 0.0001

Hy = no linkage, H; = linkage, homogeneity; H, = linkage, heterogeneity;
significance level is p < 0.0001.

4.3.4 Bivariate QTL Linkage analysis of serum IGF-1 levels and BMI

Because there was genetic correlation between IGF-1 and BMI, I performed bivariate linkage
analysis. In the total sample, there was no significant evidence for bivariate linkage was observed;
the highest LOD score was on chromosome 4 at 117 ¢cM (LOD = 2.67) and on chromosome 11 at
78 cM (LOD = 2.50) (Figure 6).

Results of bivariate linkage analysis between IGF-1 and BMI also showed no statistically
significant evidence of linkage in either the proband generation or the offspring generation
participants (Figure 7 and 8). There were two suggestive regions within the offspring generation
on chromosome 7 at 48 cM (LOD =3.24) and on chromosome 17 at 25cM (LOD = 3.22)

(Figure 8).
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Figure 6. Bivariate linkage analysis of IGF-1 and BMI, adjusted for age and sex, in the total sample. No

significant linkage was observed.
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Figure 7. Bivariate linkage analysis of IGF-1 and BMI, adjusted for age and sex, in proband generation.

No significant linkage was observed.
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Figure 8. Bivariate linkage analysis of IGF-1 and BMI adjusted for age and sex in offspring generation.
Two suggestive regions on at chromosome 7 at 48 cM (LOD = 3.24) and chromosome 17 at 25 cM
(LOD = 3.22).

4.4 Discussion

Although many epidemiological studies have assessed the relationships between IGF-1 levels and
endogenous and exogenous environmental factors, such as age, sex, nutrition, and physical
activity, few have investigated genetic factors that influence IGF-1 levels. In the current study, I
estimated the heritability of serum IGF-1 levels, its genetic correlation with BMI, and whether
possible QTLs are linked to IGF-1 levels in a unique cohort of families. Because I observed that
there was evidence of age-related differences in the correlation between IGF-1 levels and BMI
(Chapter 3), | also assessed possible genetic factors influencing IGF-1 levels and BMI within

each generation—stratifying by age breaks too many relationships to be useful for analysis here.
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Within the total LLFS sample, the heritability of serum IGF-1 levels (adjusted for age and
sex) was h?=0.41 + 0.004. This estimate is consistent with previously reported heritability
estimates that, ranged from 0.38 (in adult twin pairs) to 0.63 (also in adult twin pairs) [18, 26, 49,
50]. Although the generation-specific heritability estimates were slightly higher than the overall
estimate, | observed no difference in the generation specific estimates of the LLFS proband and
offspring generations, h? = 0.48 + 0.07 and h? = 0.49 + 0.06, respectively. This result is similar to
what Franco and colleagues reported in a previous study assessing age-dependent heritability [81]

Adjusting for age and sex, I detected no genetic correlation between IGF-1 and BMI in the

total sample (p, = —0.02, p > 0.80) or in the offspring generation (p, = —0.02, p > 0.62). However,

in the proband generation, the genetic correlation between IGF-1 levels and BMI was statistically

significant (p, =0.29, p=0.01). These results indicate that part of the phenotypic correlation

between IGF-1 and BMI in the proband generation is attributable to variation in a similar set of
genes and that this genetic correlation emerges as individuals age. Similar result was observed
between IGF-1 and WC, where no genetic correlation in the total sample or the offspring
generation, but the genetic correlation was statistically significant in the proband generation (p, =
0.36, p = 0.001).

To identify possible QTLs and potentially specific genes that influence IGF-1 levels, I next
performed QTL linkage analyses and identified a novel locus with a maximum LOD score of 3.48
on chromosome 11 between 67 cM and 88 cM. Approximately 32 loci resided in the QTL region
of interest. | then attempted to narrow the region of interest by testing whether a subset of families
was showing linkage in the regions. | detected no evidence of heterogeneity among families and
was thus unable to narrow the region of interest. | also performed bivariate linkage analyses for

IGF-1 levels and BMI, particularly because of the significant genetic correlation between IGF-1
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and BMI in the proband generation. However, | detected no significant evidence for the presence
of a QTL simultaneously influencing IGF-1 levels and BMI.

In conclusion, the present study is the first to report genetic correlation between IGF-1
levels and BMI in older individuals. In addition, I identified a novel QTL locus on chromosome 11
that is linked to serum IGF-1 levels. This region is not near any of the known genes of the IGF-1
pathway. Additional analyses in other samples are needed to replicate this finding and additional

work is necessary to perform follow-up fine mapping to identify putative causal genes.
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5.0 GENETIC VARIATIONS ASSOCIATED WITH SERUM IGF-1 LEVELS IN LLFS

5.1 Introduction

Insulin-like growth factor 1 (IGF-1) is a main ligand in the IGF pathway, a conserved pathway
that is involved with growth, development, and metabolism starting in the prenatal period and
extending throughout adulthood [10, 82]. IGF-1 is synthesized in most cells, but mainly in the
liver, and travels in the circulatory system after binding to insulin-like growth factor binding
protein 3 (IGFBP3). In addition to being the primary mediator of growth hormone (GH) function
[24], IGF-1 and other enzymes and proteins involved in the IGF pathway have been associated
with longevity [12, 83], risk of cancer [14, 84], mortality [16, 31], and common age-related disease
[13, 15] in many population studies.

Estimated heritability of serum IGF-1 levels ranges from 38% to 63% [18, 26, 49, 50], and
is 40% in this study (Chapter 4, Section 4.3.1). Several genetic studies of serum IGF-1 levels
have been conducted to identify genetic variants associated with IGF-1 levels and to assess
whether these variants influence age-related disease risk. Al-Zahrani and colleagues tested for and
reported association between serum IGF-1 and genetic variants within IGF1 or IGFBP3 [84].
Other researchers have investigated whether single nucleotide polymorphisms (SNPs) within other
IGF pathway genes were associated with IGF-1 levels and risk of developing cancer [53, 85-87].
To date, only two genome-wide association studies (GWAS) have been conducted of serum IGF-1
levels, and seven SNPs were identified by them [20, 21].

In this study, I conducted a GWAS using data on serum IGF-1 levels of participants in the

Long Life Family Study, a unique family study in which participants were recruited based on a
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healthy aging phenotype. Because the IGF pathway is associated with longevity both in human
and animal models [4], performing GWASs on the participants from longevous families may
provide additional insights about the biology behind the healthy aging. In addition, specific genetic
variants identified in this analysis will be tested in subsequent analyses with IGF-1 levels and with

the risk of mortality in LLFS (Chapter 6, Section 6.3.4).

5.2 Methods

5.2.1 Study population

Long Life Family Study (LLFS) is multicenter international study of families displaying healthy
aging. The study sample is comprised of 4,953 men and women of mostly (99%) European
ancestry from families with two generations ascertained (proband generation n = 1,727, offspring
generation n = 3,226) and is 55% female. Participants missing genotyping data or serum IGF-1
levels were excluded from this GWAS. It was performed using genotype and phenotype data of
the 4,070 participants of European ancestries with available data in LLFS.

Replication analysis of significant and suggestively significant variants was performed
with participants from the Framingham Heart Study (FHS). FHS is a community-based study of
cardiovascular risk. The study was begun in 1948 and has recruited to date three generations.
Replication analysis was complete with the phenotype and genotype data of 2,833 participants
(mean age+SD =61.09y +9.45y, 54% women) in the FHS Offspring exam 7 cohort

(generation 3, recruited 2002-04).
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5.2.2 IGF-1 measurement

Serum IGF-1 levels in LLFS were measured using a solid-phase enzyme-linked chemiluminescent
immunoassay on an Immulite 2000 system (Siemens Healthcare Diagnostics, Inc.). The inter-assay
coefficient of variability was 8.7%. More details are available in Section 2.2

In FHS, standardized immunoassay (ELISA) was used to measure serum IGF-1. Quality
control measures according to strict protocol were performed, and the intraassay coefficient of

variation for serum IGF-1 was 5.3%

5.2.3 Phenotype and covariates

To approximate normality and mitigate test statistic inflation due to a non-normal phenotype
distribution, IGF-1 was transformed using indirect rank-based inverse normal transformation as
two-stage approach for genetic association analysis [88]. First, serum IGF-1 levels (Y) were
regressed on covariates (X: age, age?, and sex).
Stage 1: Regress Y ~ X, giving e = ¥ - X

An inverse transformation was applied to the residuals (g), and these values were used in

the GWAS, adjusting for the X covariates again.
Stage 2: Test genotype (G) association based on regression e ~ X + G

BMI was transformed using a direct rank-based inverse normal transformation. The
variables used as covariates in the GWAS models were age, sex, transformed BMI, age x
transformed BMI, and field center.

Parallel transformations and analyses were performed with the FHS replication sample.
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5.2.4 Genotyping and Imputation

The Center for Inherited Disease Research (CIDR) assayed all LLFS subjects using the Illlumina
Human Omni 2.5 v1 chip [62]. Additional imputed genotypes were generated based on the
cosmopolitan-phased haplotypes of the Haplotype Reference Consortium (HRC) build 37 [63].
Quality control (QC) was carried out by LLFS investigators in the Division of Statistical
Genomics, Washington University in Saint Louis. QC that was performed before imputation
included checking of Mendelian errors and verification of reported pedigree relationship using
GRR (graphical representation of relationship errors). SNPs with high Mendelian error rates were
dropped (n = 3,647); SNPs with a call rate <98% per marker were also dropped (n = 83,774).
Eighteen subjects with a call rate < 97.5% were dropped. Genotypes determined to be Mendelian
errors were set to missing (n = 153,363). In the GWAS, | included all assayed and imputed
genotypes for SNPs with a minor allele frequency > 0.004. | also removed poorly imputed SNPs
(imputation quality score of r?2<0.3) as well as variants that were not in Hardy—Weinberg
equilibrium (exact test p value < 0.0001). The GWAS included 9,354,374 observed and imputed
SNPs on the autosomes and 286,048 observed and imputed SNPs on chromosome X.

In FHS, genotyping was performed on the Affymetrix GeneChip Human Mapping 500K
Array Set and 50K Human Gene Focused Panel. The mean call rate was 98%, and the quality
control filtration included removal of SNPs with call rate < 95% or a Hardy—Weinberg equilibrium
p < 1076 [20]. Imputation of genotypes in FHS had been performed using 1000 Genomes as the

reference panel.
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5.2.5 Genetic analyses

5.2.5.1 GWAS discovery analyses

To identify possible genetic variants associated with serum IGF-1 levels in LLFS, I conducted
GWA using the genotype data on all participants of LLFS. To account for population and pedigree
structure, mixed-model association analysis was performed using the GENESIS package for R
[64]. Serum IGF-1 level, transformed as described in Section 5.2.3, was the outcome variable. Age
at enrollment, sex, transformed BMI, age x transformed BMI, field center, and principal
components of ancestry were included as fixed-effects covariates and a kinship matrix was
included as a random-effects covariate, all as described in Section 5.2.3. The principal components
of ancestry and kinship coefficients were generated using PC-AIR and PC-Relate, respectively,
within the GENESIS package [89]. To assess any potential systemic bias, | calculated the genomic
inflation factor (A;c) was calculated and plotted a quantile—quantile (QQ) plot of the tests’ p
values. p <5 x 10°® was used for genome-wide significance, and p <5 x 107% was used as for
suggestively significance. Visualization of the region of interest was performed using LocusZoom
[90]. The GWAS Catalog [91] and Variant Effect Predictor (VEP) [92] were used to annotate

SNPs of interest.

5.2.5.2 Candidate gene analysis

In addition to the agnostic GWAS, I also tested for association between serum IGF-1 levels and
SNPs within genes that either were associated with IGF-1 in previous GWAS studies [21] (Table
1) or reported as candidate genes because of their membership in the IGF pathway [53]. In total, |
assessed SNPs within nine genes (IGF1, FOX03, NUBP2, GHSR, TNS3, SST, SSTR5, IGFALS,
IGFBP3). After determining the boundary of each gene (transcription start to transcription end)

57



using Locus Zoom [90] and the UCSC Genome Browse [93], independent (uncorrelated) SNPs
within each gene were selected for testing by retaining SNPs with LD r? < 0.8 between them within
50 SNP windows (windows sliding in steps of five SNPs), using PLINK 1.9 [94]. Specific SNPs
that had been previously reported to be associated with IGF-1 in prior candidate gene studies were
explicitly kept in the list of SNPs for each gene. Each SNP was tested for association using the
sample models as in the GWAS. For gene-wise significance levels, a Bonferroni correction was

computed for each gene separately (0.05 + number of SNPs in each gene).

5.2.5.3 Replication Study

To replicate the results of the GWAS and the candidate gene study, using an independent sample,
those SNPs a discovery p < 1 x 107 were submitted to LLFS Data Coordination Center for testing
in the FHS sample. A generalized linear model (GLM) was used to test for association. Statistical
significance was determined to be p < 0.00023, 0.05 + total number of SNPs (n = 212) tested for

replication.

5.2.5.4 eQTL analysis

The statistically significant SNPs from the GWAS and the suggestively significant SNPs from the
GWAS that replicated were examined for evidence of association with expression of genes within
particular tissue contexts using the Genotype-Tissue Expression portal (GTEX analysis release V8)
[65]. GTEX is a publicly available resource to study tissue-specific gene expression and regulation.
Associations could be with any one of up to 18,795 genes within one of up to 49 tissues assessed

for eQTL evidence by the GTEx Consortium [65].
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5.3 Results

5.3.1 Study characteristics

| analyzed data of 4,070 men and women from LLFS with a mean age of 69.9 y + 15.5y, a mean
IGF-1 level of 128.6 ng/ml +53.2 ng/ml, a mean BMI of 27.1 kg/m? + 4.2 kg/m?. Women
comprised 54.6% of the participants. These values and those of other key characteristics are similar

to those presented in Chapter 2 (Table 2).

5.3.2 GWAS Discovery

The distribution of p values in the GWAS was not inflated, Agc = 1.10. The QQ plot of the
p values is shown in Figure 9. The results of the GWAS are presented in Figure 10, and, in this
figure, SNPs are plotted on the x axis according to their position on each chromosome (1-23,
where chromosome 23 is chromosome X) and on the y axis is the —logio p value. The red
horizontal line indicates the threshold for the genome wide significance (p <5 x 107%), and the
blue line indicates the threshold for suggestive significance (p <5 x 10°°). One SNP, rs72696993
on chromosome 14q21, was associated with IGF-1 levels at genome-wide significance, p = 4.16
x 1078, The minor allele (MAF = 0.02) was associated with lower IGF-1 levels (B = —0.39)
(Table 8).

A LocusZoom plot of the region around the significant SNP is shown in Figure 11. The
left y axis is the —logio p value of the test statistics between serum IGF-1 levels and each SNP, and
the right y axis is the recombination rate. SNPs with p values > 1072 are displayed in the not figure.

The diamond is the “lead SNP” of the locus, rs72696993 (p = 4.16 x 10°®). The colors of the
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plotted SNPs correspond to their LD r? with the lead SNP. The locations of genes within this region
are marked in blue below the plot. TCL1B is highlighted with a gray box. rs72696993 and those
SNPs in high LD with it (in red, r> > 0.8) are located upstream of TCL1B.

Besides this one SNP associated at genome-wide significance with IGF-1, 214 SNPs were

associated with IGF-1 at suggestively significant p values < 1 x 107,

Table 8. Loci associated with IGF-1 levels at genome-wide significance in LLFS or suggestively
associated with IGF-1 levels in LLFS and replicated at Bonferroni-corrected signifiance in FHS.

Position Nearest LLFS FHS
SNP Chr  (bp) Gene Al A2 MAF pvalue B p value B
rs72696993 14 96143822 TCL6 T C 0.020 4.16 x 10® —0.390 0.996 —0.0005

rs700750* 7 46753491 IGFBP3 A C 0.383 249x10° 0.109 6.95x10° 0.11
rs700752* 7 46753553 IGFBP3 G C 0.357 1.26 x10° 0.114 1.29x10* 0.11
rs700753* 7 46753684 IGFBP3 G C 0.357 1.26 x10° 0.114 1.86x10* 0.11
rs856582* 7 46741843 IGFBP3 T C 0.387 495x10° 0.106 2.20x10* 0.11

* SNPs that were been significantly replicated in FHS
SNP, single nucleotide polymorphism; A1, minor allele; A2, reference allele; MAF, minor allele
frequency; Chr, chromosome
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Figure 9. QQ plot of discovery GWAS p values for serum IGF-1 levels in LLFS.
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Figure 10. Manhattan plot of discovery GWAS p values for serum IGF-1 levels in LLFS.
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Figure 11. Regional LocusZoom plot around rs72696993 on chromosome 14.

SNPs from nine candidate genes were also examined for association in LLFS (Table 9).
The number of SNPs tested in each candidate gene ranged from 36 SNPs for IGFBP3 to 286 SNPs
for FOXO3. After adjusting for multiple testing within each gene, one SNP, rs12313279 in IGF1,
was associated with serum IGF-1 levels (p = 2.20 x 10™*, B =—0.035, MAF = 0.30). The minor

allele was associated with lower IGF-1 levels.

Table 9. Genes tested in the candidate gene analysis.

SNPs Tested Significance SNPs significant
Study Gene  Chr (n) Threshold in LLFS
Teumer et al. IGF1 12 218 2.29x10* rs12313279
FOX03 6 286 1.75x 10 —
NUBP2 16 185 2.70x 10 —

GHSR 3 94 5.32x10™* —
TNS3 7 784 6.38 x 107 —
IGFBP3 7 36 1.39x 1073 —

Fangyietal. SSTR5 12 243 2.06 x 10 —
IGFALS 16 188 2.66 x 104 _
SST 3 110 455 x 107 —
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5.3.3 Replication

The study participants in FHS had a mean age of 61.1 y + 9.5 y, and 54.3% were female. The mean
IGF-1 levels were 113.4 ng/ml + 36.5 ng/ml, and the mean BMI was 28.2 kg/m? + 5.30 kg/m?. Of
the 216 SNPs prioritized for replication (215 SNPs from the discovery GWAS, and one SNP from
candidate gene analyses [rs12313279]), 212 SNPs were available for replication in FHS.

After Bonferroni correction for 216 tests, statistical significance was p < 0.00023. Four
SNPs were statistically significant: rs700750, rs700752, rs700753, and rs856582 on
chromosome 7p12.3, all located within AC011294.1 and 781 kbp—793 kbp upstream of IGFBP3
(Table 8). LocusZoom was used to examine the region around these significant SNPs using the p
values from the GWAS (Figure 12). In this figure, the left y axis indicates —logio p value for
association with serum IGF-1 levels from the discovery GWAS, and the right y axis indicates
recombination rate. The diamond indicates rs700752 (the lead SNP) with the most significant
discovery p value. The SNPs colors indicate LD (r?) with the lead SNP. The locations of genes
within this region are marked in blue below the plot. SNPs with p > 1072 are not plotted. Two of
the IGF-1 binding proteins, IGFBP3 and IGFBP1, lie approximately 790 kbp upstream of the four
SNPs. The effect sizes of the four SNPs on IGF-1 levels were nearly the same in LLFS and FHS
(0.11 ng/ml). The discovery genome-wide significant SNP, rs72696993 on chromosome 14, was

not replicated in the FHS sample (p = 0.996).
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Figure 12. Regional LocusZoom plot of significant replicated SNPs (rs700750 [7: 46753491 C/A],
rs700752 [purple diamond], rs700753 [7:46753684 C/G], and rs856582 [7:46741843 C/T]) using LLFS

discovery p values.

5.3.4 eQTL of the significant replicated SNPs

The GTEX portal was used to check for evidence that significant SNPs (either from the discovery
or replication GWAS) were also eQTLs. The genome-wide significant SNP rs72696993 (on
chromosome 14 near TCF6) from the discovery GWAS was associated with TCL6 expression in
whole blood (p = 1.9 x 107). None of the four SNPs on chromosome 7 near IGFBP3 that were
replicated in FHS (rs700750, rs700752, rs700753, and rs856582) were associated with the

expression of any gene in any tissue in GTEX.
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5.4 Discussion

The GWAS of serum IGF-1 levels in 4,070 participants from LLFS identified a single SNP
associated with IGF-1 at genome-wide significance in the discovery analysis (rs72696993 on
14021, p = 4.16 x 10°®). This SNP had not been previously reported to be associated with serum
IGF-1 levels. It is located near TCL6, which has been associated with QT interval [95].
Furthermore, there is evidence that this variant affects TCL6 expression in whole blood (p = 1.9 x
107%), although how TCL6 and its expression might be connected to serum IGF-1 levels, beyond
the association observed here, is unclear. Additionally, association between this variant and IGF-1
levels was not observed in FHS. Thus, this result may be a false positive.

The discovery analysis also identified 214 SNPs that were associated with serum IGF-1
levels at p <1 x 1076, Furthermore, examination of SNPs in nine candidate gene identified an
additional SNP (rs12313279 at 12923.2 in IGF1) associated with IGF-1 levels. This SNP has
previously been reported to be associated with brain stem volume [96].

To confirm the discovery GWAS results, a replication analysis of 212 SNPs was performed
using genotype and phenotype data from FHS. (Of the 215 SNPs to be replicated here, 212 were
available for analysis in FHS.) After a Bonferroni correction per each gene was applied, four SNPs
were replicated: rs700750, rs700752, rs700753, and rs856582 (p < 0.00023). The effect size and
direction of these SNPs on IGF-1 were similar in both LLFS and FHS. These SNPs are on
chromosome 7p12.3 in AC011294.1 and are 790 kbp upstream of IGFBP3 and IGFBP1. This
region has previously been associated with IGF-1 and IGFBP3 levels in GWASs [20, 21]. In
addition, this region has also been associated with glomerular filtration rate [97], thyroid

stimulating hormone levels [98], urate levels [99], and obesity [19].
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The repeated association of this region on 7p12.3 with IGF-1 levels in multiple studies is
evidence that this region is truly associated with variation in serum IGF-1 levels potentially by
affecting IGF-1 binding protein IGFBP3. However, the precise mechanism by which genetic
variants in this region affect IGF-1 levels—even through effects on IGFBP3—remains unknown
and is worthy of additional study. In my study, I did not observe any SNPs within IGFBP3 itself
that were associated with IGF-1 levels. If it is AC011294.1 and not IGFBP3 that is affecting IGF-1
levels in this region on chromosome 7p12.3, the mechanism of action for this gene is unclear.

The main limitation of this analysis was the absence of measurements of important factors
that affect serum IGF-1 levels, such as IGFBP3, which is the main carrier of IGF-1 in the
circulation before it binds to its receptor. Kaplan et al. [20], in their GWAS, observed that the
association between serum IGF-1 levels and rs700752 was attenuated when the analysis was
conditioned on IGFBP3 levels. In addition, SNPs within the IGFBP3 gene became significantly
associated with IGF-1 after adjusting for IGFBP3 concentration. I was unable to test for any
relationship between IGFBP3 levels and this same region around and within IGFBP3 on
chromosome 7p12.3.

A strength of this study was the replication of the results in another independent
population-based sample (FHS). FHS has an age range similar to LLFS. Having FHS available to
serve as a replication sample heightens the confidence in the findings on chromosome 7, which
first observed in LLFS, were replicated in FHS.

Another limitation is the sample size of the genetic analysis in LLFS, which is
underpowered given typical common variant effect sizes on quantitative phenotypes. Furthermore,
LLFS is a unique population given the focused ascertainment of healthy long-lived participants,

so the distribution of IGF-1 and its relationship to genetic variants might not be representative of
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the general population. Genetic studies conducted with this unique study (compared to studies with
samples of the general population) may reveal additional shared SNPs associated with serum
IGF-1 (which is known to be connected to aging) variation between/within these families.

In summary, the GWAS of serum IGF-1 levels in LLFS and replicated in FHS did not
identify any new loci that affect IGF-1 levels. The analysis confirmed previously observed
associations between serum IGF-1 levels and variants in AC011294.1 on chromosome 7p12.3,
located approximately 800 kb upstream of IGFBP3 gene, which has been associated with other
aging-related traits, such as thyroid stimulating hormone levels, obesity, and glomerular filtration
rate of the kidneys. One of the main study limitations is the absence of data on serum IGFBP3
levels and free IGF-1 levels, which are important aspects of the metabolism of IGF-1 [100]. Future
studies to assess the association of these significant SNPs with aging-related diseases such as
diabetes, cancer, and mortality is recommended. | follow up these associated variants in Section
6.3.4 in a study of IGF-1 and the risk of mortality. Using both the phenotypic information—such
as age, sex, BMI, IGF-1 levels—and the genetic information from associations may inform

categorization of individuals at risk of early mortality.
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6.0 SURVIVAL ANALYSIS AND THE RISK OF MORTALITY IN LLFS

6.1 Introduction

The increase in age-related morbidity and mortality from greater numbers of persons living to age
65 and older is expected to result in a significant rise in health services demands [1, 2]. Although
the determinants of variation in the process of aging in humans are not fully understood, evidence
from model organism studies suggests the involvement of numerous candidate genes for longevity
[5, 8, 9]. The IGF pathway, which plays an essential role in growth, development, and metabolism,
has been recognized as a key regulator of aging and longevity. However, epidemiologic studies
investigating the relationship between serum IGF-1 levels, which is the main ligand in the IGF
pathway, and age-related diseases and survival have reported inconsistent findings. An inverse
relationship between serum IGF-1 levels and mortality in the general population has been
suggested by some investigators [15, 34, 36, 101, 102], whereas other investigators reported a
positive relationship [17, 103]. Yet other investigators concluded that there was no association
between IGF-1 serum levels and mortality, but suggested a greater association between mortality
and higher levels of IGFBPs [39, 104].

The contradictory and inconclusive reports may be attributed to multiple factors. First,
several studies were conducted in high-risk populations, and the activity of the IGF pathway and
IGF-1 are known to be affected by acute and chronic disease [105]. Thus, some of the reported
relationships between IGF-1 levels and mortality might be due to reverse causation [17]. Second,
poor nutritional status, immobility, and muscle weakness, which are generally associated with

lower IGF-1, may also confound the association between IGF-1 and mortality. Furthermore,
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several of these studies were conducted with participants from a wide age range, and serum IGF-1
levels are attenuated by age, that is, younger adults have higher serum IGF-1 levels than older
adults [35, 104].

To date, no study has examined the relationship between genetic variants that are
associated with serum IGF-1 levels and the risk of mortality. Using, as a predictor variable, the
genotypes of SNPs associated with variation in serum IGF-1 levels to interrogate their effects on
the risk of mortality might provide more insight regarding mechanisms and may enable mortality
prediction. The aim of this chapter is to describe effects of sex, IGF-1 tertiles, serum IGF-1 levels,
and SNP genotypes on the probability of survival by calculating Kaplan—Meier (KM) estimators

and applying Cox mixed-model regression.

6.2 Method

6.2.1 Study population

The analysis for this aim uses the proband generation of LLFS [56]. The average age of the proband
generation was 91.8 y, and more individuals in this generation were likely to die over the course
of the study than those in the offspring generation. Mortality data for the LLFS proband generation
was taken from death reports for the first ten years (2007-17) of follow-up. The total number of
proband participants was 1,581. A set of 96 participants were excluded due to absence of serum
IGF-1 measurements, and three participants were excluded because there was no information

regarding death status. Thus, data was available for 1,482 proband participants.
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6.2.2 Phenotype, predictors, and covariates

Death status (status = 1 is for dead, status = 0 is for alive) and the survival time as calculated from
the initial visit date to either the death date or the last date of follow-up were the main phenotype.
Serum IGF-1 levels were measured as described in Chapter 2 Section 2.2. The participants’ age,
sex, anthropometric and physical health characteristic were obtained from the in-person visit 1
examination. BMI was calculated as weight in kilograms per the square of the height in meters.
The genotypes for four SNPs (rs700750, rs700752, rs700753, and rs856582) that had been
associated with IGF-1 in LLFS and replicated in FHS, as described in Chapter 5, were also to be
used as predictors. The SNPs of interest were extracted from the variant call format (VCF) file of
all LLFS genotypes information on Unix using bcftools version 1.9-40s, and the genotypes of each

SNP were merged with the phenotype data file.

6.2.3 Statistical analyses

To reduce nonnormality, serum IGF-1 levels and BMI were log transformed. A t test was used to
assess whether the serum IGF-1 level differed with statistical significance between LLFS male and
female participants in the proband generation. In addition, ANOVA was used to test for mean
differences in age among IGF-1 tertiles. A significant ANOVA test statistic was followed by
computing Tukey honest significant difference test statistics for pairwise-comparisons between

the group means.
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6.2.3.1 Kaplan—Meier estimation of survival proportions

Using the Survival package and its survfit() function, nonparametric KM estimators were
computed to estimate the probability of survival in the LLFS proband participants over the ten
years of follow-up. A KM estimator is a statistic used to measure the fraction of survivors within
a specific amount of time (not controlling for covariates) with three assumptions [106]:
(1) individuals who are censored at any time are assumed to have the same survival prospects as
those who continue to be followed, (2) the survival probability is assumed to be the same for those
who were recruited early and late in the study, and (3) the event is assumed to happen at the time
specified. The survival probability at any specific time calculated as:

so=[1(-9
i<t &

For each time ti, the survival probability S(¢) is the number of subjects surviving d; divided
by number of individuals at risk n;. So, at each time point in the study when an individual was lost
to follow-up or died, the proportion of individuals who survived to that point (survival) and the
standard error and 95% confidence interval (CI) for that proportion is calculated.

KM curves were generated in the total proband generation sample, then stratified by sex in
the total sample, by IGF-1 tertile in the total sample, and finally by IGF-1 tertile separately in male
and female participants. To test whether there was a statistically significant survival proportion
difference between or among the stratifications, the log-rank test was used. This tests the
hypothesis that the survival curves (KM curve) of the groups differ against the null hypothesis that

they do not.
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6.2.3.2 Cox regression

To test for the effects of other variables on survival, accounting for covariates, and to estimate the
association between serum IGF-1 level as a continuous variable and the risk of mortality, Cox
mixed-model (proportional hazard) regression was used. Hazard is defined as the probability of
dying at a given time, and the hazard ratio (HR) is the ratio of the risk of hazard occurring at any
given time in one group compared to risk in the other at the same time. An HR > 1 indicates a
higher risk of death by a specific condition. An HR < 1, on the other hand indicates a lower risk
of death. To perform a mixed-model form of the regression, | used the Coxme package and the
coxme() function. | adjusted for relatedness as a random effect using the varlist() function and the
pedigree-derived kinship matrix. In addition, to account for fixed-effect covariates, the same
analysis was performed adjusting for sex and BMI first, then age. Similarly, the hazard risk of
mortality was tested with IGF-1 tertiles as a fixed-effect predictor variable (the 2nd tertile was the
reference group) and kinship included as a random-effect covariate. Then, Cox regression adjusted
for sex and BMI as fixed-effect covariates and kinship as a random-effect covariate was performed,
and then finally age was added as a fixed-effect covariate.

I next assessed whether the risk of mortality can be predicted by IGF-1-associated SNPs
obtained from the analyses in Chapter 5. | calculated the total death count per genotype of each
SNP and the mean IGF-1 level between genotypes. Using coxme() as above, I performed Cox
regression of survival against each SNP, coded additively where the coded allele was the minor
allele, with kinship as a random-effect covariate to estimate the Hazard ratios (HRs). Then, Cox
regression adjusted for sex and BMI as fixed-effect covariates and kinship as a random-effect
covariate was performed, and then finally age was added as a fixed-effect covariate.

All the analysis were done using R version 3.4.0 [60].
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6.3 Results

6.3.1 Baseline characteristics of the study participants

The study included 1,482 LLFS proband participants, whose baseline characteristics are shown in
Table 10. The age range of participants was 49 y-110 y, with no significant difference in mean
age between male and female participants (89.4y vs 89.4y respectively, p=0.99). Male
participants in the LLFS proband generation had higher mean serum IGF-1 than female
participants (106.4 ng/ml vs 100.1 ng/ml, respectively, p = 0.005). The mean age of participants
in the 1st IGF-1 tertile (lowest serum IGF-1 level) was significantly higher than those in the 3rd
IGF-1 tertile (91.4y vs 87.6y, respectively, p < 2.2 x 107!%). Participant survival did not differ

among different recruitment field centers (p = 0.16, Figure D1 Appendix D).

6.3.2 Survival proportions

Over the course of ten years of follow-up, approximately 70% of the total proband generation had
died; the median survival time was 1,983 days (Figure 13). In the KM curves visualized in
Figures 13-15, the y axis is the survival probability, and the x axis is the time in days from the
first interview visit to the survival event (death or end of follow-up). At time zero, the survival
probability is 1.0 meaning 100% of the proband generation is alive. The median survival time (the
time at which 50% of the proband generation had died) was 2,367 days.

Survival curves differed significantly between male and female participants of the proband
generation, the median survival time was higher in female (2,187 d) compared to male (1,787 d)

participants, and this difference was significant (p = 0.0004) (Figure 14).

73



Table 10. Key characteristics of LLFS proband generation participants.

Female Participants Male Participants
(n=816) (n = 668)
Age at Enrollment (y), mean + SD 89.4+7.7 89.4+5.8
IGF-1 (ng/ml), mean + SD 100.1 £ 45.0 106.4 £ 42.0
BMI (kg/m?), mean + SD 26.0+4.7 26.4+3.6
Smoking, % 2.2% 1.8%
Hypertension, % 72.0% 60.0%
Diabetes, % 8.0% 11.5%
1st tertile 2nd tertile 3rd tertile
(n = 495) (n =495) (n=494)
Female, % 59% 57% 49%
Age at Enrollment (y), mean £ SD 91.4+5.9 89.3+6.6 87.6+75
IGF-1 (ng/ml), mean = SD 60.8 + 13.2 96.9+10.1 151.2+36.4
BMI (kg/m?), mean + SD 254 +4.0 26.2+4.0 26.9+45
Status = 1, died Status = 0, survived
(n =1020) (n = 464)
Female, % 50.6% 64.4%
Age at Enrollment (y), mean £ SD 91.8+53 84.2+7.1
IGF-1 (ng/ml), mean = SD 98.7+42.3 112.2 +45.3
BMI (kg/m?), mean + SD 25.8+4.1 27.1+44
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Figure 13. The KM curve of the survival probability proportion in the LLFS proband generation. The
black dotted line is the median survival time.
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Figure 14. The KM curve of the survival probability between male and female participants in the LLFS

proband generation. The black dotted line is the median survival time.
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Comparing the KM curves among the IGF-1 tertiles in the total proband generation,
participants in the 3rd tertile (highest IGF-1 levels) had a higher survival rate than in the 2nd tertile
which were higher than in the 1st tertile (lowest IGF-1 levels) (Figure 15a). The difference among
the three curves was statistically significant (p < 0.0001); a formal analysis of the differences
pairwise is given in the next section.

When survival was stratified by sex and IGF-1 tertile, there was a statistically significant
survival proportion difference among the tertiles curves, in both male (p <0.0001, Figure 15b)
and female (p < 0.0001, Figure 15b) participants. A similar pattern, where 3rd tertile participants
had higher survival than 2nd tertile participants which had higher survival and 1st tertile

participants. Again, a formal analysis of the differences pairwise is given in the next section.
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Figure 15. Survival probability between IGF-1 tertiles (a) overall and (b) stratified by sex. The difference
in survival between IGF-1 tertile was significant overall and within each sex. IGF-1 is log transformed.

The black dotted line in (a) is the median survival time.
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6.3.3 Serum IGF-1 levels and the risk of mortality in LLFS

Results of Cox regression of risk of mortality on baseline IGF-1 levels, adjusted only for the
relatedness among participants, showed that higher baseline IGF-1 was significantly associated
with lower risk of mortality (HR = 0.6, 95% CI = 0.53-0.70, p = 1.4x 10717).

In the results of regressing risk of mortality on IGF-1 tertiles, participants in the 1st IGF-1
tertile (lowest IGF-1 levels) were at a statistically significant higher risk of death (HR = 1.33,
p = 0.0001) compared to the 2nd tertile in the total proband generation sample as well as when
separately regressed in male (HR=134, p=0.009) and female (HR =1.34, p=0.004)
participants. Furthermore, participants in the 3rd tertile (highest IGF-1 levels) were at a statistically
significant lower risk of death (HR =0.85, p = 0.04 compared with the 2nd tertile in the total
proband generation sample as well as in female participants (HR =0.75, p = 0.01) (Figure 16).
There was not a statistically significant lower risk of death in male participants in the 3rd tertile as
compared with the 2nd.

Hazard ratio in the Overall Proband

IGF1_tertiles 2“9 reference .
= (N=495) i
1st 1.33 !
(N=495) (1.16-1.54) i |—.—| <0.001
3rd 0.85 - 5 R
(N=494) (0.73-0.99) | 0.043

# Events: 1020; Global p-value (Log-Rank): 2.8783e-08 !
AIC: 13656.8; Concordance Index: 0.55 0.7 0.8 0.9 1 11 12 13 14 15 18
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Hazard ratio in the Male Proband Participants
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Hazard ratio in the Female Proband Participants
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Figure 16. Forest plot of the hazard ratio per IGF-1 tertiles in the overall cohort and statified by sex.

In Cox regression of survival on IGF-1, including kinship, sex, and BMI as covariates,
female sex, higher BMI and higher IGF-1 were associated with statistical significance with lower

risk of mortality in the LLFS proband generation (Figure 17). However, after adjusting for age,
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the effect of IGF-1 levels on the risk of death was attenuated (HR =0.9, 95% CI =0.7-1.0,
p = 0.1), while the protective effect of higher BMI remained statistically significant (Figure 18).

This attenuation was also observed for IGF-1 tertiles as the predictor of interest (Figure 19).

Hazard ratio in the Overall Proband
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AIC: 12527.51; Concordance Index: 0.6-1 0.2 03 04 05 06 07

Figure 17. Forest plot of the hazard ratio in multivariable Cox regression model. IGF-1 and BMI are both

log transformed.
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Hazard ratio in the Overall Proband
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Figure 18. Multivariate cox regression modle after adding the age as covariate with log IGF-1 as

continous variable.
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Hazard ratio in the Overall Proband
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Figure 19. Forest plot of the hazard ratio in multivariate Cox regression model. IGF-1 in modeled as

tertiles, without and with age as a covariate.
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6.3.4 IGF-1 genetic variation and the risk of mortality

In this analysis to see if SNPs associated with IGF-1 levels affect mortality risk, participants from
the LLFS proband generation with missing genotypes were excluded, and the total number of
participants available was 1,323. The total number of deaths in this group was 1,020 (77%). The
number of deaths (status = 1) by each SNP’s genotype is presented in Figure 20. Using linear
regression, mean log IGF-1 differed by SNP genotype, and the AA genotype (minor allele
homozygote) had the lowest level of log IGF-1 for all four SNPs. (Figure 21). However, survival
probabilities did not differ significantly by genotypes groups for any of the four SNPs (log-rank
tests of KM estimators, p > 0.05). KM curves for rs700750 genotypes are shown in Figure 22.

KM curves for the other SNPs are shown in Figure 2D in Appendix D.
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Figure 20. Frequency of participant per status for each SNP genotype group. Status = 0 (survived),
status = 1 (died).
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Figure 21. Box plot of log IGF-1 by SNP genotype. Mean IGF-1 difference is statistically significant
across SNP genotype groups, p < 0.001.
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Figure 22. Survival curve of proband within SNP rs700750 genotype groups. No statistical significant
difference of surviving within the genotype groups. Black dotted line is the survival median time.

84



Additionally, Cox regression showed no statistical association between genotype and the
risk of mortality in any model (kinship only; kinship, sex, and BMI; and kinship, age, sex, and
BMI). In all genetic models, higher age is associated with higher risk of mortality (HR = 1.13,
p <0.0001) while female sex and greater BMI are associated with lower risk of mortality

(HR = 0.6 and HR = 0.3, respectively, both p <0.0001) (Figure D3 Appendix D).

6.4 Discussion

The present study shows significant differences in survival proportions between male and female
participants over the course of the ten years of follow-up in the LLFS. It is well established that
women live longer than men in most contexts and that this difference is consistent across the
lifespan.

Analyses of differences in survival by IGF-1 tertiles and quantitative IGF-1 levels showed
consistently showed that higher IGF-1 levels were associated with higher survival and lower risk
of mortality, an effect that was attenuated after adjusting for age. This contradicts results observed
in mice, associating lower IGF-1 levels and higher survival [9]. This inverse correlation has also
been reported in several studies of human participants [15, 34, 102, 103]. However, other studies
in humans having findings consistent with what | observed in this study here [15, 33, 35, 104,
107]. The attenuation of the IGF-1 effect after adjusting for age indicates the strong age effect on
IGF-1.

The analysis was extended to assess the relationship between IGF-1-associated genetic
variants and risk of mortality. Although these SNPs influenced serum IGF-1 variation, they were

not associated with mortality status or with differences in survival probability.
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The inconsistency of results of association between IGF-1 and mortality in previous studies
might be because of the inclusion of wide variety of age ranges in the study samples, and the
assumption that the relationship is similar between younger participants, in whom survival to
baseline has been high, and older participants, whose characteristics might be skewed due to
survival bias [35, 104]. For this reason, the present analysis was performed using data across
participants within a narrower age range (the proband generation, range 49 y-110y old) to
minimize the variability of serum IGF-1 levels due to the age effect. (Younger participants have
higher IGF-1 levels comparing to older participants.) In addition, the phenotype (mortality) is
already known for most of the members of this generation, which is one of the strengths of the
study. Finally, participants in this analysis are healthier than participants in other studies [56] thus,
minimizing the effect of acute or chronic disease status on serum IGF-1 levels [105]. However,
this feature—healthily long-livedness—might also restrict the generalizability of the analysis
results of such a unique family-based study to general population. Another study strength is the
large sample size and the length of follow-up to allow observation of the end-point (mortality) for
most participants, as compared with other studies [34, 39, 102, 103]. Finally, this study is the first
to assessing the risk of mortality based on the associated genetic variant with serum IGF-1levels.

One of the study limitations is that the cause of death is unknown, which is necessary to
determine whether the association of IGF-1with mortality differs based on the underlying cause of
death. In addition, I did not adjust for common survival covariates such as smoking, diabetes, and
other chronic disease in these analyses, although since the statistically nonsignificant effect of
IGF-1 on mortality is unlikely to strengthen with the inclusion of such covariates. Another
limitation is the absence of traits that are known to affect serum IGF-1 function and bioavailability,

such as the binding proteins IGFBP-1-6 and levels of free IGF-1, which is more available to attach
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with cell receptor. Several investigators have reported an association between IGFBPs and/or free
IGF-1 with mortality, but not between serum IGF-1, which is a measurement of bound IGF-1, and
mortality [17, 35, 38].

In summary, | observed an association between IGF-1 levels and risk of mortality in the
total sample and in the sample stratified by sex. Participants in lower IGF-1 tertile have higher
mortality risk than participants in higher IGF-1 tertiles. A similar inverse relationship between
IGF-1 levels and risk of mortality was observed in male and female participants, separately. These
associations were statistically significant after adjusting for baseline BMI and sex but were not
statistically significant after age was included in the models. Future studies of the other
components of the IGF-1 pathway, such as the IGFBPs, might clarify possible mechanisms by

which the IGF pathway influences the process of aging and longevity.
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7.0 CONCLUSION

Several biological pathways, including the IGF pathway, appear to play a role in aging and the
development of aging-related diseases, but the mechanisms by which they act are not fully
understood in humans or animal models [5, 8, 9]. IGF-1, the main ligand in IGF pathway, has been
the focus of researchers due to its role in growth, development and metabolism by regulating the
actions of growth hormone [10]. Multiple investigators have reported an association between
serum IGF-1 levels and age-related disease and mortality [13, 14, 16]. However, the relationship
between IGF-1 and other risk factors for aging-related diseases, such as BMI, is unclear. In
addition, only seven genetic loci have been identified that influence IGF-1 levels, and many more
might exist. The identification of additional genetic variants that affect IGF-1 levels should provide
insights into the possible mechanisms involved in IGF-1 metabolism. Studies of IGF-1 and other
traits in long-lived families may provide additional insights into healthy aging.

In this study, | investigated three main questions: (1) does the relationship between IGF-1
and measures of body size, such as BMI, differ by age, (2) what is the genetic architecture of serum
IGF-1 levels, and (3) what is the relationship between serum IGF-1 levels and genetic variants that

affect it, and the risk of mortality?
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7.1 The study result summary

7.1.1 Does the relationship between serum IGF-1 levels and BMI vary in an age- and sex-

specific manner?

As described in the background (Section 1.2.3), previous studies of the relationship between IGF-1
levels and BMI have reported contradictory results. | hypothesized that the apparent contradictory
results may have been due to differing ages and sexes of the participants in the different studies.
To assess the age- and sex specific effects of the relationship between IGF-1 and BMI, the 4,241
study participants of LLFS (age 24 y-110 y) were divided into age quartiles and linear regression
of IGF-1 as the dependent variable and BMI as an independent variable was performed in each
age quartile. This showed that younger participants (24 y-58 y) had a negative relationship
between IGF-1 and BMI, while older participants (87 y-110y) had a positive relationship
(Figure 2a). There was no statistically significant relationship in the intermediate age-groups. In
addition, 1 observed no sex-specific difference in the relationship between IGF-1 and BMI in any
age quartile (Figure 2b). A similar relationship pattern between IGF-1 and BMI was observed in
another sample of non-Hispanic White participants (NHANES III) (Figure 2a, b) and in non-
Hispanic Black participants and Mexican American participants (Figure C3 Appendix C). This
relationship was also observed with another measure of obesity: waist circumference (Table C2

Appendix C).

89



7.1.2 What is the genetic architecture of serum IGF-1 levels in LLFS?

To explore the genetic architecture of serum IGF-1 levels, the phenotype and genotype data of
LLFS and FHS participants were used. I estimated the heritability of serum IGF-1 levels in LLFS,
which is 40% of serum IGF-1 variation. Genetic correlation between IGF-1 and BMI was explored,
in LLFS, as an extension of the phenotypic correlation that was observed in Chapter 3. No
statistically significant genetic correlation between IGF-1 and BMI was observed in either all study
participants or the offspring generation participants. However, statistically significant genetic
correlation was observed in the proband generation participants (Table 6).

Genome-wide linkage analysis revealed a novel QTL linked to IGF-1 on chromosome 11
with a LOD score of 3.48. There was no evidence of heterogeneity between the study families, and
HLOD analysis did not successfully refine the linkage region to highlight any hypothetical causal
genes.

To identify specific genetic variants associated with serum IGF-1 levels, candidate gene
studies and a GWAS were performed. Candidate gene analysis identified single SNP in IGF1
associated with IGF-1 in LLFS; however, the association was not statistically significant in FHS.
In the GWAS one SNP was genome-wide significant, located near TCL6 (rs72696993, on 14921,
p=4.16 x 107®) (Figure 9). This SNP has previously been reported to be associated with QT
interval and has also been observed to be associated with TCL6 gene expression in whole blood.
Analysis of all SNPs with p =5 x 107° was performed with data from FHS, and four SNPs in high
LD with each other in AC011294.1 on chromosome 7pl12.3. were statistically significantly
associated with serum IGF-1 levels. This region has been previously reported to be associated with

IGFBP-3 levels as well, and the IGFBP3 gene is located ~800 kb upstream of it.
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7.1.3 What is the relationship between serum IGF-1 levels, its genetic variants, and risk of

mortality?

Higher baseline IGF-1 levels were associated with lower mortality risk in regression analyses
adjusted for kinship and in analyses adjusted for kinship, sex, and BMI (Figure 17). Specifically,
participants with lower IGF-1 levels (in the 1st tertile) had a 13% greater risk of mortality, while
participants with higher IGF-1 levels (in the 3rd tertile) had a 15% lower risk of mortality, both
compared to participants in the 2nd tertile. Upon adjustment for age at baseline, the predictive
effect of IGF-1 was attenuated (Figure 18). The analysis was extended to assess the association of
the IGF-1-associated genetic variants with the risk of mortality. There were no statistically
significant associations between any variant genotypes and the risk of mortality in LLFS in any

examined regression model.

7.2 Study strengths and limitations

The wide age range of the participants in this study project allowed for the age-group stratification
as appropriate in assessing age-related differences in the relationship between serum IGF-1 levels
and BMI. In addition, the study sample size was large and well-powered for this analysis compared
to other studies. This study was able to replicate some of the analyses (chapter 3, and 5) using
data from NHANES Il and FHS, demonstrating generalizability and serving to validate the study
results. Another strength is the use of a family study design with multiple generations, which
robustly increases the power for the genetic analysis of variance components. Segregation of allelic

sharing through IBD in large pedigree will therefore be detected more easily where it exists.
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The main study limitation of these analyses is that all analyses are cross-sectional, which
is not useful to assess IGF-1 trajectory across the lifespan or to infer temporality of associations.
Furthermore, potential confounders that affect IGF-1 variation and function were not measured,

including physical activity, diet, and the IGFBPs.

7.3 Future directions

The underlying effect of genetic variation in the IGF pathway and serum IGF-1 levels in humans
on the process of longevity is still not well understood. Studying the association of serum IGF-1
levels with age-related mediators and examining the impact on morbidity and mortality might give
more insight to the underlying biological processes of aging and the effect that IGF-1 might play
in it. Some of the analysis that would be useful to understand the genetic architecture and genes
affecting this complex trait:

e Fine mapping the QTL region on chromosome 11 to narrow the linkage peak and identify the
underlying genes is a priority. Adding the genetic data of the third generation (currently under
collection) and performing linkage analysis with them might have higher power and identify
families with large segregating effects.

e Alternative models for estimating the genetic correlation between IGF-1 and BMI might
provide more insight, mainly because the age effect on the phenotypic relationship between
IGF-1 and BMI confounds their relationship. LD Score regression is an alternative method
for estimation of the genetic correlation using GWAS summary statistics [108]. Another
possibility would be an assessment of the effect of BMI—associated SNPs on serum IGF-1

variation in a sample stratified by age groups.
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e To follow-up of the GWAS, it would be interesting to explore the biological effect of the
variants in AC011294.1 (and near IGFBP3) on 7p12.3 with functional analyses in animal
models or cell lines (fibroblast, whole blood cell, or adipocytes). Knockout of this region for
examination might help elucidate its effect on IGF-1 levels and the illuminate any subsequent

consequences on body fat, development, and mortality.

7.4 Public health significance

The unprecedented increase in longevity worldwide is associated with public health challenges
such as increasing demand of health services. In this study, we measured the association between
serum IGF-1 (main ligand of IGF pathway, which is involved in the longevity process) and BMI
as a chronic disease moderator by age. In addition, I assessed the relationship between serum IGF-1
and associated genetic variations on the risk of mortality. Such information might help categorize
elderly individuals into risk groups based on their BMI, age, and IGF-1 information. Since serum
IGF-1 is used clinically as a biomarker in the diagnosis of GH-associated illness, understanding
the association of IGF-1 with aging may also reveal its usefulness as a biomarker for age-related

disease and mortality.
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Appendix A Abbreviation

ASL Argininosuccinate Lyase

ASXL2 ASXL Transcriptional Regulator 2

BMI Body mass index

BU Boston

cM centimorgan

CIDR Center for Inherited Disease Research

DNA Deoxyribonucleic acid

DK Denmark

eQTL expression quantitative trait loci

ELISA Enzyme-linked Immunosorbent Assay

FOXO Forkhead Box O

FHS Framingham Heart Study

FFA free fatty acid

FL oSS Family Longevity Selection Score

fc field centers of recruiting

GCKR Glucokinase Regulator

GHSR Growth Hormone Stimulating Receptor gene
GH Growth Hormone

GWAS Genome-wide Association Study

GTEXx Genotype-Tissue Expression

HOMA-IR Homeostatic Model Assessment Insulin Resistance
HRC Haplotype Reference Consortium

HR Hazard ratio

HLOD Heterogeneity LOD score

IGFL1 Insulin Like Growth Factorl

IGF-1R Insulin-like Growth Factor-1 Receptor

IGF-1 Insulin Like Growth Factor-1

IGF-2 Insulin Like Growth Factor-2

IGFBP3 Insulin Like Growth Factor Binding Protein
IGFBP1-6 Insulin-like Growth Factor Binding Protein 1-6
IGFALS Insulin Like Growth Factor Binding Protein Acid Labile Subunit
IGFALS Insulin-Like growth factor acid-labile subunit
IR Insulin Receptor

IBD identity-by-descent

LLFS Long Life Family Study

LOD logarithm of the odds
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LD Linkage disequilibrium

MAF Minor Allele Frequency

MG6P/IGF2R the mannose-6-phosphate/IGF-2 receptor
NHANES I11 third National Health and Nutritional Examination Survey
NUBP Nucleotide Binding Protein

NY New York

PIT Pittsburgh

PTH Parathyroid hormone

PGE2 Prostaglandin E>

QTL quantitative trait loci

QC Quality control

Q11st quartile

Q2 2nd quartile

Q3 3rd quartile

Q4 4th quartile

s.d. standard deviation

s.e. standard error

SST Somatostatin

SSTR5 Somatostatin Receptor 5

SORCS2 Sortilin Related VPS10 Domain Containing Receptor 2
SNP Single Nucleotide polymorphism

SOLAR Sequential Oligogenic Linkage Analysis Routines
TNS3 Tensin 3

TCL6 T Cell Leukemia/Lymphoma 6

TSH Thyroid hormone

WC Waist Circumference

WT Weight
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Table B 1. Literature review table of the relationship between serum IGF-1 levels and BMI.

Author (Date)

Topic/focus question

Study population/
Ethnicity/
Mean Age/

Study method and
IGF-1 assay type.

Main finding

Comments comparing to
LLFS samples

Alderete et al. (2012)

To examine
interrelationships (IGF-1),
(IGFBPs) and adiposity.

126 participants
49 AA, 77 Latino.
obese adolescents.
Mean age 15.3y.

Randomized control
trials.
immunoradiometric
assay kits

IGF-1 and IGFBP-1 were inversely
correlated with BMI, total fat mass, visceral
adipose tissue (VAT), and hepatic fat
fraction (HFF) (r =-0.20 to —0.33, P <
0.05).

Small sample size.
Not Europeans.
Obese.
Adolescents.
Inverse correlation.

Lam et al. (2010)

Hypothesized that lower
IGF-1 and higher IGFBP-3,
would be related to greater
risk of metabolic risk.

Framingham Heart
Study. Recruited from
2002-2004, total n =
3977, mean age 40£9

Cross-sectional study.
IGF-1 was measured by
standard immunoassay.

IGF-1 concentrations were negatively
associated with age, diabetes, total
cholesterol, BMI, alcohol consumption, and
renal function.

Younger than the overall LLFS
population. Mean age close to
the mean age of the offspring
generation. Inverse correlation.

Fauple et al. (2010)

Aimed to examine the
associations between
IGF-1, (IGFBP-3), and the
IGF-1/IGFBP-3 molar ratio
with anthropometric
measures by race/ethnicity
and gender.

NHANES II1.

n = 5803, mean Age 40.
3,168 women and 2,635
men.

44% non-Hispanic
White, 28.2% non-
Hispanic Black, and
27.7% Mexican

Population-based study
1988-1994

IGF-I measured using
ELISA.

BMI was inversely associated with IGF-1
levels in all.

WHR and WC were inversely associated
with IGF-1 levels in all groups except non-
Hispanic Black men and Mexican-
American females.

Height was positively associated with
IGF-1 levels only in Mexican- Americans

Larger sample size.
Multi-ethnic group.

Inverse association.

positive association with Height
in one group.

Age close to the offspring
generation

American
Schernhammer et al. Aimed to evaluate Nurses’ Health Study IT | Cross- sectional study. Inverse trend between early somatotypes Small sample size.
(2007) associations between IGF (NHS 11). IGF-1 assayed by and IGF-I levels, WHR and WC and Only women.
and body size throughout 592 healthy ELISA. IGFBP-1 levels. Only premenopausal.

life

premenopausal women.
median age 43.5 years
(1996-1999).

Positive association between birth weight
and IGFBP-1 levels.

Weight at birth was weakly positively
associated with adult IGF-I and IGFBP-1
levels.

Inverse associations between body shape at
various stages in life and IGF levels

Age different from the mean age
of LLFS overall generation.
Inverse association.

Gram et al. (2006)

Aimed to examine the
relationship between BMI
and WHR with serum

Case—control study
European

2139 women.
1992-1998.

Cross-sectional study.
IGF1 measured by
ELISA

Mean IGF-1 were inversely related to age.
Mean serum IGF-1 showed nonlinear
inverse association with BMI. IGFBP-3 was
linearly positively related to WC and WHR.

Only women

Wide age rang
Inverse, non-linear
European

97




Author (Date)

Topic/focus question

Study population/
Ethnicity/
Mean Age/

Study method and
IGF-1 assay type.

Main finding

Comments comparing to
LLFS samples

levels of IGF-I and IGFBP-
3

mean age 55y(32-77y).

IGF-1/IGFBP-3 ratio had a non-linear
relation with BMI and a linear inverse
relationship with WHR.

Laughlin A et al.
(2004)

the prospective association
of serum IGF-I and IGFBP-
1 with all cause, non-IHD
CVD, and IHD mortality
among community-
dwelling older men and
postmenopausal women.

Rancho Bernardo Study
cohort.

633 men and 552
women

Caucasian.

aged 51-98yr.

1988 —1992

followed through 2001

Prospective cohort study.
IGF-1 was determined by
RIA

Age negatively correlated to IGF-I levels
Serum IGF-1 levels were positively related
to BMI, WHR, and WC.

IGFBP-1 were inversely related to adiposity
The risk of IHD death increased 38% for
each sd (40 ng/ml) decrease in IGF-I

Small sample size

Caucasians.

Age rang close to the Proband
LLFS generation.
IGF-1positivly correlated with
BMI, and WC.

Fowke et al. (2010)

investigate the role of

study population

Southern Community

AA premenopausal and postmenopausal

Inverse correlation

obesity upon serum IGF-1, | included 1637 Cohort Study. women had higher IGF-1 lower IGF-2 Multi-ethnicity
IGFBP-3, and IGF-2 levels. | participants (816 white ELISA kits. levels, compared to white women. Only women
white and African and 821 AA women. Inverse associations between IGF-1 and
American women Age 40-79y BMI at age 21 in white women
Jernstrom et al. (2001) | Aimed to evaluate women between 17 and mean plasma IGF-I level and the mean Young
interindividual variability in | 35 years of age. plasma IGFBP-3 level declined with age. Only women
circulating IGF-1 and white women Women who used OCs had significantly No association between IGF-1

IGFBP-3 levels in relation
to specific genetic and
nongenetic factors

lower IGF-1 levels, higher IGFBP-3 levels.
no significant association between birth
weight, height, current weight, or BMI and
the plasma level of IGF-I.

and BMI, WT, and height.
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Appendix C Chapter 3 Supplement

Table C 1. The key characteristic of the age group in LLFS and NHANES I1I.
Age group
20y-58y 59y-66y 67y-8y 87y-110y

Participants, n

LLFS 1061 1060 1060 1060

NHANES Il 1483 284 726 61
Female, n (%)

LLFS 640 (60%) 553 (52%) 563 (53%) 561 (53%)

NHANES Il 840 (56%) 144 (50%) 381 (53%) 35 (57%)
IGF-1 (ng/mL), mean (s.d.)

LLFS 150.9 (54.1) 139.0 (47.9) 124.1 (48.6) 99.3 (46.6)

NHANES Il 283.8 (104.0) 209.9 (82.6) 200.3 (72.5) 187.6 (97.6)
BMI (kg/m?), mean (s.d.)

LLFS 27.1(5.2) 279(48) 27.7(47) 25.7(4.0)

NHANES Il 26.3(5.7) 274(49) 26.6(46) 249(3.9)

Table C 2. Linear regression of between log(IGF-1) on WC in both the whole LLFS and NHANES I11

samples and per age quartile.

LLFS Age Quartiles NHANES Il Age Groups
B(se) p n B(se) p n
Total sample 0.0004 (0.00) 0.4 4170 -0.007 (0.00) <0.001 2492

1st age quartile/group (20 y-58y) —0.003 (0.00) 0.002 1046 -0.007 (0.00) <0.001 1452
2nd age quartile/group (59 y—66 y) —0.0006 (0.00) 0.5 1048 0.001 (0.00) 0.5 280
3rd age quartile/group (67 y—88y) —0.0002 (0.00) 0.7 1040  0.0007 (0.00) 0.5 696
4th age quartile/group (89 y-110y) 0.004 (0.00) 0.001 1036  0.004 (0.00) 0.5 55

Note, the same age-quartile thresholds for LLFS were applied onto NHANES Il1I.
s.e. = Standard Error, B = regression coefficients of log(BMI) on WC, adjusted for diabetes, hypertension,
and sex in both studies, as well as field center and the kinship in LLFS.
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Figure C 1. (a) Age distribution in LLFS (proband generation, offsprings generation and offspring
generation’s spouses, overlaying and not stacked. (b) Age distribution of participants in NHANES II1.
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Figure C 2. Scatter plot of log(IGF-1) by log(BMI) stratified by age in LLFS and NHANES 11 (applying
the NHANES 111 age quartile threshold to LLFS.
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Figure C 3. Scatter plot of log(IGF-1) by BMI stratified by age groups in White participants in LLFS and

in non-Hispanic White, non-Hispanic Black, and American Mexican participants in NHANES IlI.
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Figure D 1. Survival probability curve for each field center. fc = field center, BU = Boston,
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Figure D 2. Survival probability curves for each SNP’s Genotype.
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Hazard ratio in the Proband per Genotype

rs700753 ’(B‘AI?:S”) reference .
AA 1.08 | ! ]
(N=178)  (0.88-1.3) I ] L 1 0.472
BB 0.97 | : ]
(N=534)  (0.84-1.1) L I 0.667
# Events: 895; Global p-value (Log-Rank): 0.60681 !
AIC: 11829.79; Concordance Index: 0.51 0.9 1 1.1 12 1.3
Hazard ratio in the Proband per Genotype
rs856582 (AI\I?=638) reference .
AA 1.03 | H |
(N=201)  (0.85-1.2 | —i 1 0.749
BB 0.95 1
(N=484)  (0.82-1.1) L 0.447
# Events: 895; Global p-value (Log-Rank): 0.62678 |
AIC: 11829.85; Concordance Index: 0.510.8 085 09 095 1 1.05 115 1.2 1.25

Figure D 3. Hazard risk of mortality per SNP’s genotypes, not adjusted for age.
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