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Abstract

Objective—To investigate possible age-related changes in associations between polymorphisms
in the fat mass and obesity-associated (FTO) gene and higher body mass index (BMI).

Design and Subjects—Multilevel mixed regression models were used to examine associations
between four FTO variants and longitudinal BMI profiles in non-Hispanic white and African
American children and adolescents 8 - 17 years of age from two different longitudinal cohort
studies, the Bogalusa Heart Study (BHS) and Project HeartBeat! (PHB). In the BHS, there were
1551 examinations of 478 African Americans and 3210 examinations of 1081 non-Hispanic
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whites; in PHB, there were 971 examinations of 131 African Americans and 4458 examinations of
505 non-Hispanic whites.

Results—In African Americans, no significant FTO associations with BMI were found. In non-
Hispanic whites, linkage disequilibrium among all four variants made haplotype analysis
superfluous, so we focused on the single-nucleotide polymorphism (SNP), rs9939609. In
longitudinal multilevel models, the A/A genotype of rs9939609 was associated with higher BMI

in non-Hispanic whites in both cohorts at all ages. A significant age-by-genotype interaction found
only in the BHS cohort predicted that in those with the A/A genotype, BMI would be
approximately 0.7 kg/m? higher at age 8, and approximately 1.6 kg/m? higher at age 17 than in
those with A/T or T/T genotypes. The design of Project HeartBeat! limited follow-up of any single
individual to four years, and may have reduced the ability to detect any age-by-genotype
interaction in this cohort.

Conclusions—The A/A genotype of rs9939609 in the FTO gene is associated with higher
longitudinal BMI profiles in non-Hispanic whites from two different cohorts. The association may
change with age, with the A/A genotype being associated with a larger BMI difference in late
adolescence than in childhood, though this was observed only in the Bogalusa Heart Study cohort
and requires verification.

Keywords
FTO; body mass index; children; adolescents; longitudinal study

Introduction

Studies in many populations, especially those of European descent, have associated
sequence variants in the FTO gene on chromosome 16 with either obesity or body mass
index (BMI).1-5 Several studies have reported similar associations in Asian populations®-11,
though there have been a few negative reports.12-14 The evidence for an association between
FTO variants and BMI or obesity in populations of African descent has also been mixed,
with both positive and negative findings.15-18

In addition, evidence from several studies suggests that associations between FTO variants
and obesity-related traits may be age-dependent and may differ between males and females.
A study in Finnish children found that an association between a single-nucleotide
polymorphism (SNP) in intron 1, rs9939609, and BMI did not appear until children reached
7 years of agel?, though the same polymorphism has been associated with variation in fat
mass in Spanish children at 2 weeks of age20, and with variation in food intake in children
4-5 years of age in a British population.2! In a twin study, no significant association between
rs9939609 and BMI was found at at age 4, but significant associations were found at ages 7,
10, and 11, with the effect size increasing between age 7 and age 10.22 In a study of Swedish
children and adolescents, rs9939609 was associated with BMI and obesity only in females.23

To further investigate age-, sex-, and population-specific associations between FTO
variation and BMI, we studied associations between four FTO variants and longitudinal
BMI profiles in African American and non-Hispanic white children and adolescents
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measured multiple times between 8 and 18 years of age in two studies of cardiovascular
disease risk factors in schoolchildren, Project HeartBeat! and the Bogalusa Heart Study.

Subjects and examinations

Genotyping

Subjects from the Bogalusa Heart Study were examined between 1973 and 1996, when
schoolchildren in Bogalusa, LA, and older subjects previously examined as schoolchildren
were screened for cardiovascular disease risk factors approximately every 3 years.
Participants in the present study had been examined at least 3 times between 1973 and 1996,
and at least once between 1991 and 1996, when blood was collected for DNA extraction.
Only data from Bogalusa Heart Study subjects between 8 and 18 years of age were included
in the analyses described here, to facilitate comparison with the Project HeartBeat! cohort
described below. Participants in this age range gave informed assent at each examination,
and informed consent of a parent was also obtained. Examinations were conducted by
trained examiners following protocols published previously.2* The averages of two
measurements of height (to within 0.1 cm) and weight (to within 0.1 kg) were used to
calculate BMI. Study protocols were approved by Institutional Review Boards at the
Louisiana State University Medical School and Tulane University.

Subjects from Project HeartBeat! were examined from 1991 to 1995, when 678 children
were enrolled in a study of the development of cardiovascular disease risk factors in
schoolchildren between 8 and 18 years of age from two communities, The Woodlands and
Conroe, located just north of Houston, Texas. Three age cohorts were enrolled, with subjects
being either 8, 11, or 14 years of age at the first examination. Subjects were then examined
at four-month intervals for four years, producing a combined “synthetic cohort” spanning
ages between 8 and 18 years, even though no individual was followed for more than 4 years.
Complete details of the study design and methods have been published elsewhere.2> For
BMI, height was measured to the nearest 0.1 cm with a wall-mounted stadiometer, and
weight was measured to the nearest 0.1 kg on a balanced-beam scale, with BMI calculated
as kg/m2. The study protocol was approved by Institutional Review Boards at the University
of Texas Health Science Center at Houston and at Baylor College of Medicine.

Genotyping employed the TagMan allele-discrimination assay, using the ABI 7900HT and
Sequence Detection System software (Applied Biosystems, Carlsbad, CA, USA). Details on
reaction protocols and all primer and probe sequences used are available from the
corresponding author by request.

Statistical analyses

Chi-square tests were used to compare genotype frequencies in African Americans and
whites between cohorts; the Cochran-Armitage trend test was used to compare allele
frequencies. The HelixTree® program (Golden Helix Inc., Bozeman, MT, USA), was used
to estimate linkage disequilibrium. Separate multilevel mixed models for each race-by-study
group were used to analyze genotype effects while accounting for correlations among
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siblings and among multiple observations within individuals. We have previously described
the use of such models to analyze genotype effects on longitudinal lipid profiles.26: 27 The
multilevel models included sex and genotype, plus age, age squared, and age cubed; the
higher-order age terms accommodated the sigmoidal shape of longitudinal BMI growth
curves. Sigmoidal BMI growth curves have been reported in other longitudinal studies of
growth in childhood and adolescence, with BMI rising more rapidly during adolescence than
either before or after.28: 29 Within each race-by-study group, all two-way interactions
involving the sex, genotype, and age terms appearing as main effects were included in a full
model and then tested individually by a process of backward elimination using likelihood
ratio tests, to find the best-fitting model; -2 times the difference in model log likelihoods
before and after removal of a term asymptotically follows a I12 distribution with 1 df. All
multilevel analyses were conducted using SAS, Version 9 (SAS Institute, Cary, NC, USA).

In Project HeartBeat!, the proportions of males and females were nearly identical (50.2%
and 49.8%, respectively), while in the Bogalusa cohort, there were proportionally fewer
males than females (42.4% and 57.6%, respectively); the difference between cohorts was
significant (p = 0.0009). The proportion of African Americans was higher in the Bogalusa
cohort (30.7%) than in the Project HeartBeat! cohort (20.6%; p < 0.0001), but these
proportions reflected those in the respective communities from which the cohorts were
drawn. Distributions of subjects by cohort and race/sex group are shown in Table 1. Due to
differences in the study designs, subjects from Project HeartBeat! were examined more
frequently than those from Bogalusa; the mean v SD number of examinations per subject
was 8.28 V 2.86 in Project HeartBeat! (ranging from 1 - 12 examinations) and 2.58 ¥ 0.88 in
the Bogalusa Heart Study (ranging from 1 - 5). The mean age at the time of examination was
slightly higher in the Bogalusa cohort (12.9 V 2.7 vs. 12.1 ¥ 2.6 years; p < 0.0001). Numbers
of examinations in each cohort and age group are shown in Table 2.

SNP genotype frequencies in each race/cohort group met Hardy-Weinberg expectations
(data not shown). Genotype counts and minor allele frequencies for the four FTO intron 1
polymorphisms typed are shown in Table 3 by cohort and race group. Within race/ethnic
groups, there were no statistically significant differences between the Bogalusa and Project
HeartBeat! cohorts in genotype or allele frequencies for any of the polymorphisms, even
though minor allele frequencies appeared slightly higher for three SNPs (rs17817449,
rs8050136, and rs9939609) in African Americans from Bogalusa, and slightly lower for all
four SNPs in non-Hispanic whites from Bogalusa. In the Bogalusa cohort, genotype
frequencies differed significantly between African Americans and non-Hispanic whites for
all SNPs except rs17817449; in the smaller Project HeartBeat! cohort, genotype frequencies
differed significantly between African Americans and non-Hispanic whites only for
rs1421085.

There was strong pairwise linkage disequilibrium among all markers in both African
Americans and non-Hispanic whites in both cohorts. R? values exceeded 0.9 for each SNP
pair in non-Hispanic whites, and while the R? values in African Americans ranged only from
0.114 to 0.858 (Supplementary Table 1), D’ values, which are normalized for allele
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frequencies, exceeded 0.9 for every marker pair in both groups (data not shown). We
analyzed associations between BMI and both the individual FTO polymorphisms and four-
locus FTO haplotypes, but with the strong linkage disequilibrium among all four
polymorphisms, analyzing haplotypes provided no additional information (data not shown).
To facilitate comparisons with other studies, we here report results for rs9939609; results for
the other three SNPs were essentially identical.

In longitudinal mixed models that included all three genotypes, rs9939609 was associated
with variation in BMI profiles in non-Hispanic whites in both cohorts, but there was no
evidence of an association in African Americans in either cohort (data not shown). In non-
Hispanic whites in both cohorts, the model coefficients for the A/T genotype were non-
significant and closer to zero (the coefficient for the reference genotype, T/T) than they were
to the coefficients for the A/A genotype, while the A/A genotype was significantly
associated with an increase in BMI of approximately one kg/m2. Thus, we combined the T/T
and A/T genotypes for the analyses reported here. (Supplementary Figure 1 shows the
results of models in each cohort with all three genotypes included.)

When the Bogalusa and Project HeartBeat! cohorts were analyzed separately, the A/A
genotype was significantly associated with higher BMI in both cohorts, but an age-by-FTO
group interaction was statistically significant only in the Bogalusa cohort (Table 4). The
significant age-by-FTO group interaction in the Bogalusa cohort indicates that the difference
in BMI between those with the A/A genotype and those with either T/T or A/T genotypes
increases with age, with the A/A genotype being associated with a mean BMI approximately
0.7 kg/m? higher at age 8, and 1.6 kg/m? higher at age 17. The BMI profiles by genotype
group predicted by the models shown in Table 4 for males and females in both cohorts are
shown in Figure 1.

It is possible that the age-by-genotype interaction observed in the Bogalusa cohort, with the
AJA genotype having a greater effect on BMI in late adolescence, might be due to a
propensity of those with higher BMI associated with the A/A genotype to gain even more
weight over time. If higher BMI fosters subsequent weight gain, however, then higher BMI
in early adolescence should be associated with greater BMI increases in late adolescence,
regardless of FTO genotype. In Bogalusa Heart Study subjects measured at 12, 13, or 14
years of age, the mean increase in BMI after three years (the most frequent interval between
examinations in the Bogalusa cohort) was actually smaller in those from the highest BMI z-
score tertile at the earlier measurement (1.5 V 2.6 kg/m?2) than in those from the lowest tertile
(1.9 V 1.2 kg/m?), though the difference among z-score tertiles was not statistically
significant (p = 0.09). In multiple regression models, however, the effect on subsequent BMI
increases of having higher BMI when younger differed by FTO genotype. Among groups
defined by FTO genotype and BMI z-score tertile at 12 — 14 years of age, the largest mean
increase in BMI after three years (3.3 V 2.9 kg/m2) occurred in those from the highest BMI
z-score tertile who had the A/A genotype, while the smallest mean increase (1.3V 2.5
kg/m?) occurred in those from the highest BMI z-score tertile who had T/T or T/A
genotypes; the interaction between BMI z-score tertile and FTO genotype was statistically
significant (p = 0.01). Comparable results were found when BMI z-score at 12 — 14 years of
age was included in models as a continuous variable. By itself, FTO genotype, but not
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earlier BMI z-score, significantly predicted change in BMI three years later; with both
factors in the model, FTO genotype modified the effect of earlier BMI z-score on
subsequent change in BMI (data not shown). These findings suggest that the greater effect of
the A/A genotype on BMI in older adolescents from the Bogalusa cohort is not due to a
tendency for higher BMI at earlier ages to accelerate subsequent weight gain.

These findings could not be replicated in the Project HeartBeat! cohort, in which no
associations between BMI z-scores at 12 — 14 years of age or FTO genotype and change in
BMI at 15 — 17 years of age were significant (data not shown). Because subjects in Project
HeartBeat! were enrolled at 8, 11, or 14 years of age, those examined both in late
adolescence and three years earlier were all from the oldest cohort, and only seven pairs of
observations three years apart were available for the A/A genotype in this group. This may
help account for the failure to find an age-by-FTO interaction in the Project HeartBeat!
cohort comparable to that observed in the Bogalusa cohort, in which the interaction only
became apparent in late adolescence.

Figure 2 superimposes mean BMI profiles by cohort, sex, and genotype on BMI growth
curves predicted by the models in Table 4. The smaller numbers of individuals and
observations with the A/A genotype produce greater variability in the mean profiles for that
group, as expected, though the overall tendency for higher BMI with this genotype is
apparent. The convergence or even crossover of the mean profiles by genotype around 12 -
13 years of age, which is particularly noticeable in males, may in part reflect the greater
variation in maturity levels among individuals at these ages. Tanner maturity scores of 2, 3,
and 4 occurred in approximately equal proportions in this age range (29%, 27%, and 25%,
respectively), while at each age below 12 or above 13, one or, at most, two Tanner stages
accounted for more than 80% of the scores for that age. However, adjusting for Tanner
scores did not appreciably change the mean or predicted profiles shown in Figure 2 (data not
shown).

Discussion

All four FTO variants were associated with BMI in non-Hispanic whites, but we found no
association between any of the four and BMI in African Americans in either the Bogalusa or
Project HeartBeat! cohorts. A similar lack of association between FTO and BMI has been
reported in both African Americanl’ and Gambianl6 populations. Another study found no
association between obesity and one of the SNPs examined here, rs8050136, in an African
American sample, but did find an association between obesity and another FTO SNP.15 A
recent study in West Africans and African Americans also found no associations between
obesity-related traits and any of the SNPs examined here, though associations with some
other FTO SNPs were found.18 Differences between populations of European and African
descent in linkage disequilibrium patterns in the FTO region may contribute to the
differences in phenotype associations. Similar to others!’, we found reduced r2 values
between FTO markers in African Americans, though D’ values were still close to the
maximum values possible given the allele frequencies.
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In non-Hispanic whites from both cohorts, however, the A/A genotype was associated with
higher BMI. In the Bogalusa Heart Study cohort, our analyses revealed an age-dependent
effect of FTO genotype on BMI, with the increment in BMI associated with the A/A
genotype being more than twice as high at age 17 (1.6 kg/m?2) than at age 8 (0.7 kg/m?). The
lack of an age-dependent effect in the Project HeartBeat! cohort seems unlikely to be due
simply to differences in statistical power between the cohorts, because when an FTO-by-age
interaction was forced into the model for the Project HeartBeat! cohort, its coefficient was
close to zero and slightly negative (-0.026 ¥ 0.065) compared to its value in the Bogalusa
cohort (0.102 V 0.040). The difference may be related to the fact that in Project HeartBeat!,
no individual subject could be followed for more than four years. Enrolling subjects at 8, 11,
or 14 years of age and following them over a four-year period enabled the construction of a
synthetic cohort covering subjects between 8 and 18 years of age, but no single individual
had multiple examinations extending over the full age range of the cohort. In non-Hispanic
whites, mean follow-up time for individuals was significantly longer (p < 0.0001) in the
Bogalusa cohort (4.96 ¥ 1.95 years, with a maximum length of 9.7 years) than in Project
HeartBeat! (2.70 V 0.79 years, with a maximum length of 3.5 years), which may make it
more difficult to detect age-by-genotype interactions in the Project HeartBeat! cohort.

It is also possible that there are differences in the cohorts related to secular trends in factors
such as diet and exercise that could affect BMI, since many of the observations in the
Bogalusa Heart Study were made between 1972 and 1990, while those in Project HeartBeat!
were all made between 1991 and 1995. However, mean BMI values at each age in males and
females from the two cohorts were similar; the only statistically significant difference
between the cohorts in BMI at any age occurred in 9-year-old males, with a mean (SD) of
17.9 kg/m? (3.1 kg/m?) in the Project HeartBeat! cohort and 17.1 kg/m? (2.2 kg/m?) in the
Bogalusa cohort (Supplementary Table 2). Overall, the pattern of the BMI growth curves in
both cohorts accorded well with those in other longitudinal cohorts covering the same age
range, in both older and more recent birth cohorts,28-30

Evidence from several other studies suggests that FTO associations with BMI or obesity
may vary with age, though the patterns of change have differed among studies. In a sample
of Finnish children measured multiple times between birth and 15 years of age, rs9939609
was reported to be associated with BMI in children only after age 7.1° The association of the
rs9939609 A/A genotype with higher BMI in our cohorts of European descent resembled
that for children between 8 and 15 years of age in the Finnish sample, and in a sample of
Filipino women of childbearing age who were followed for up to 22 years; there were
significant FTO-by-age interactions in both the Finnish and Filipino samples.® 19 In the
Filipino sample, however, the heterozygous A/T genotype was also associated with higher
BMI, which was not the case in the Finnish sample or in our cohorts.% 19 In a Danish
sample, the A/A genotype of rs9939609, was significantly associated with weight gain
between birth and 7 years of age, but not with further weight gain in childhood or early
adolescence. However, a significant association with weight gain between adolescence and
adulthood then reappeared.3! This finding of no association between rs9939609 and weight
gain in early adolescence may be congruent with the possible loss of an association between
genotype and BMI at ages 12 - 13 suggested by the mean profiles shown in Figure 2.
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However, physiological differences associated with heterogeneity in maturity levels around
this age could possibly attenuate or obscure any association between BMI and FTO
genotypes that might exist in this age group. A recent longitudinal study of subjects from the
United Kingdom who were born in 1946 and measured multiple times between 2 and 53
years of age found that the association of the A allele of rs9939609 with higher BMI
increased with age up to age 20, then weakened over time in adults; this result in children
and adolescents is largely congruent with the findings reported here.32

We found no significant difference in FTO associations between males and females, in
contrast to findings in a combined Swedish sample of 450 obese adolescents and 512 non-
obese controls, in which the A/A genotype of rs9939609 was associated with higher BMI
only in females.23 In that study, however, the frequency of the A allele differed noticeably
between obese subjects and controls in girls (0.49 and 0.40, respectively) but not in boys
(0.45 and 0.44, respectively), and mean BMI was much higher in cases than controls (35.4 V
6.6 and 21.1 V 2.6 kg/m?, respectively).2 It is difficult to compare these findings, in which
obese cases and non-obese controls were combined for analysis, with findings in population-
based cohorts such as those in our study. In a Korean sample, two of the SNPs we examined,
rs1421085 and rs17817449, which were in strong disequilibrium with rs9939609 in our
cohorts, were significantly associated with BMI in males, but not females, though most
subjects were older (with a mean age of 35.4 years) than those in our cohorts.6 Other studies
have found rs9939609 to be associated with BMI in both sexes.k: 33 The study by Frayling
and colleagues reported an additive effect of the A allele in multiple populations; in the
latter study, the A/T genotype appeared more strongly associated with BMI in women than
in men, though tests for departure from an additive model in men were not significant. We
found no evidence associating A/T heterozygosity with BMI profiles in either sex, while the
AJA genotype was associated with BMI in both sexes and both cohorts.

It is well-established that variation in the FTO gene is associated with variation in BMI and
other measures of obesity in many populations, especially those of European descent, but
evidence from this study and several others suggests that some of these associations may
change with age. Overall, our findings in the Bogalusa cohort suggest that the association of
some FTO genotypes with higher BMI may change during the period from 8 - 17 years of
age when many physiological and hormonal changes occur, though we could not replicate
this finding in a second longitudinal cohort in which individuals were followed for a shorter
time. If further studies can confirm the existence of age-related changes in genetic
associations with body mass, this might help reveal the mechanisms regulating body mass in
humans during a critical period of development. Such knowledge might be useful in the
prevention and management of obesity, especially in young people.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Predicted longitudinal BMI profiles by FTO rs9939609 genotype in non-Hispanic whites in
the Bogalusa Heart Study and Project HeartBeat! cohorts. Mean (V one SE) profiles are for
males and females combined, to smooth out fluctuations in age-, sex-, and genotype-specific
mean profiles; predicted profiles from longitudinal modeling are sex-specific.
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Figure 2.

Longitudinal profiles by sex and FTO rs9939609 genotype in non-Hispanic whites from the
Bogalusa Heart Study (BHS) and Project HeartBeat! (PHB) cohorts, constructed from mean
BMI values (V one SE) at each age, superimposed on predicted longitudinal profiles by sex
and genotype.
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