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Abstract

Objectives—Genome wide association studies have shown 32 loci to influence BMI in
European-American adults but replication in other studies is inconsistent and may be attributed to
gene-by-age effects. The aims of this study were to determine if the influence of the summed risk
score of these 32 loci (GRS) on BMI differed across age from birth to 40 years, and to determine
if additive genetic effects other than those in the GRS differed by age.

Design and Methods—Serial measures of BMI were calculated at 0, 1, 3, 6, 9, 12, 18, and 28
months, and 4, 7, 11, 15, 19, 23, 30, and 40 years for 1176 (605 females, 571 males) European-
American participants in the Fels Longitudinal Study. SOLAR was used for genetic analyses.

Results—GRS was significant (p< 0.05) at ages: 6, 9 months, 4-15 years, and 23-40 years.
Remaining additive genetic effects independently influenced BMI (p<5.3x1075, 0.40<h2<0.76).
Some genetic correlations between ages were not significant. Differential GRS effects did not
retain significance after multiple comparisons adjustments.
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Conclusions—While well-known BMI variants do not appear to have significant differential
effects, other additive genes differ over the lifespan.

INTRODUCTION

Over 32 common loci associated with body mass index (BMI) have been identified through
genome-wide association studies in the last five years (1-4). These studies and others,
however, have yielded inconsistent associations between these single nucleotide
polymorphisms (SNPs) and BMI at different ages across the lifespan. That is, while some
studies show that some BMI variants (i.e., SNPs) influence BMI in infancy (5) and
childhood (1, 6), others do not consistently find significant influences within a life stage (7—
9). For example, Zhao et al. (9) found variants in FTO, MC4R, SEC16B and GNPDA2 to be
significant at ages 6-10 years, but at ages 11-14 years, only variants in BDNF and FTO
were significant. Because of the cross-sectional design of many of these studies, there are
little data describing how genetic effects differ over age. While some longitudinal studies
have examined changes in the influence of various SNPs across age, to our knowledge, few
studies have examined genetic effects from infancy through childhood and adolescence to
adulthood (10, 11). Understanding the effect of genes on BMI during childhood and
adolescence is made more difficult because weight gain is a natural part of growth and
development. Thus identification of possible gene-by-age interactions advances our
understanding of growth and obesity, by distinguishing those genes that are influential at
different times of the lifespan, including both adulthood and childhood. In turn, this may
enable us to distinguish those biological pathways directly related to obesity, as opposed to
those which jointly influence growth, development and maturation. By understanding which
genes are influential over the whole lifespan or at different times, the metabolic pathways
can be more specifically targeted for future therapy. The aims of this study were to examine
whether the covariate effect of a genetic risk score (GRS) comprised of 32 well-replicated
variants (SNPs) on BMI assessed longitudinally, differed across the life course (from birth
to 40 years of age), and to determine whether the remaining additive genetic effects also
differed by age.

METHODS

Study sample and measurements

The study sample consisted of 1176 white participants (605 females, 571 males) from the
Fels Longitudinal Study, a study of human growth, development, and body composition
conducted in the Dayton, Ohio area of the United States (12), that started in 1929. At the
beginning of the study, participants were enrolled in utero, and family members such as
parents and older siblings were also recruited. The current study sample consists of white
participants who have at least one measurement of weight and height between birth and 44.9
years of age and have been genotyped for a high density panel of SNPs. Birth weight was
obtained from birth records. Weight and recumbent length were measured, by trained
anthropometrists according to standard references (13). Dates of measurement ranged from
May 1934 to December 2011. For measurements of individuals over 24 months of age,
standing height was used in lieu of recumbent length. BMI was calculated across 5 different
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life stages that included infancy, childhood, adolescence, early adulthood, and mid-
adulthood. The corresponding ages within lifestage are listed in Table 1

Relative age at each of the time points was calculated as the age at measurement minus the
exact target age and was included in all analyses as a covariate to account for individual
variations in the exact timing of the measurements. Year of birth, sex, and year of birth-by-
sex were also included as covariates. Year of birth was included to account for potential era
or cohort effects. Because not all participants were alive and measured at the same time, the
sample sizes for the different target ages ranged from 425 to 779. Means and ranges of the
covariates used for analyses are listed by target age in Table 1.

Genetic data

For all participants in this study, DNA was extracted from whole blood collected via
venipuncture using standard procedures and stored at —80 degrees Celsius. Individuals were
genotyped using the genome-wide Illumina Human 610-Quad Bead-chip array (I1lumina,
USA) at the Texas Biomedical Research Institute. SimWalk2 mistyping analysis (14-16)
was used to determine genotypes that had a high probability of being incorrectly called, and
these Mendelian errors were removed by blanking these genotypes. HapMap 2 SNP
genotypes were imputed using MaCH1 (17, 18), and were further cleaned using SimWalk?2
(14-16). Merlin (19) was used to impute missing genotypes using familial data. The squared
correlation between imputed and true genotypes (R2) for these 32 SNPs used in the study
ranged from 0.89 to 1.0.

Table 2 lists the 32 SNPs significantly related to BMI (1-3) that were reported in Table 1
from Speliotes et al (4) and were used to calculate the BMI GRS for each individual using
the HapMap 2 SNP data. For each SNP, the allele that was reported by Speliotes et al. (4) to
be associated with greater BMI was considered to be the risk allele, and given a score of 1.
Thus, for each SNP, an individual could have scores ranging from 0 to 2.

Because these individual SNPs often have different effects at different ages, and also
describe only a small proportion of the phenotypic variance (20), we, as have others (6, 11,
21), decided to investigate the influence of the combined effects of the BMI variants on BMI
at different ages. Recognizing that not all studies combine the same gene variants, we
elected to follow the exact variants used by Speliotes et al. (4), as they had identified most
of the individual variants that influenced BMI. The number of risk alleles per individual was
summed across the 32 BMI variants.

Quantitative genetic analysis

BMI at each age were first adjusted for year of birth, sex, year of birth-by-sex, and the exact
age difference using linear regression models, and the residuals were then inverse-
normalized to handle residual kurtosis. Effectively then, BMI at each age had a mean of 0,
and a standard deviation of 1. Because mean BMI tends to increase with age, this method
has the added benefit of standardizing all effect sizes to the same scale. Thus, beta
coefficients from subsequent genetic analyses are interpreted as changes in a standard
deviation unit (SDU) of BMI and do not coincide with the size of mean BMI.
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Maximum-likelihood variance components methods in SOLAR (22) were used to estimate
narrow-sense heritabilities (h?) at each age, adjusting for the GRS and population
stratification (23) using the first 4 principal components (PCs). Briefly, PCs were calculated
using 27, 966 cleaned Illumina SNPs that had minimal linkage disequilibrium (r < 0.1)
across a 2Mb sliding window, and that had a relatively high minor allele frequency (15.5%)
for our entire sample of SNP genotyped participants. From these participants, 452 unrelated
participants were identified using the unrelate command in PEDSYS (24). Principal
components analysis was performed on the 27,966 genotype scores of the 452 unrelated
participants using prcomp in R (http://www.r-project.org). PC scores for all genotyped
participants were calculated from the loadings using predict in R. Narrow sense heritability,
defined as the proportion of the phenotypic variance attributable to additive genetic effects,
was estimated as h? = 02 / 0%p, where 02 is the additive genetic variance and o%p is the
total phenotypic variance.

Likelihood ratio tests (LRT) were used to test if models allowing h? to be estimated were
different from models where h2 was not parameterized or was fixed to zero. Similarly, GRS
effects were tested for significance by comparing models where GRS was estimated in the
model against models where GRS was fixed to zero. To determine the proportion of the
variation explained by the GRS, at each age, we used the same models described above and
subtracted the proportion of the variance explained by the covariates in the restricted model
(where GRS was not estimated) from the full model that included the GRS.

Bivariate extensions to the univariate model were used to search for genotype-by-age
effects. To simplify the analysis, we restricted our pair-wise analyses to include one age
from each of the 5 life stages. For each life stage, we chose the age with the greatest total
amount of variation explained (i.e., h? + variation explained by GRS). For life stages with
more than two ages, we also included the ages at minimum total variation explained. In
SOLAR, the covariance is given by a 2 x 2 covariance matrix with elements defined as 2,
= 2PpG0gadgh + | PETeaTen, Where 2@ is the kinship matrix that structures ogs and agp, the
variance due to the additive effects of genes for time points aand b; | is an identity matrix
that structures geq and g, the variance due to unmeasured, non-genetic factors in aand b;
pg IS the additive genetic correlation between time points a and b, and pg is the unmeasured
environmental correlation between the two time points.

In our study for each pair of ages modeled, we first investigated gene-by-age effects among
the additive genes other than the BMI variants by examining whether the genetic correlation
(0c), @ measure of shared genetic influences (pleiotropy), between BMI measured at two
different ages was significantly different from one (complete pleiotropy), or whether the
genetic variances (og) of BMI measured at two different ages were significantly different at
the two ages (25). For each pair of ages modeled, LRT were used to test for complete
pleiotropy, which occurs when the same gene (or set of genes) that influences BMI at one
age also influences BMI at another age. LRT were also used to test for situations of no
pleiotropy, where pog is not significantly different from zero, and the genes that influence
BMI at one age are wholly different from the genes that influence BMI at the other age.
Incomplete pleiotropy occurs when pg is different from both zero and one. In this case,
some but not all of the genes that influence BMI at one age also influence BMI at other ages.
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Instances of complete and incomplete pleiotropy are indications of gene-by-age interactions
for additive genes other than the BMI variants.

We also tested for differences in h? by age by examining differences in the decomposed
variances of BMI at each age. We tested whether genetic variances (og) or environmental
variances (o) were significantly different at different ages. By modeling parameters of og
and o, differences in h? can be decomposed into changes due to polygenes (og), residual
environmental effects (og), or both. LRT were used to test for differences in the genetic
variances estimated at different ages, which can be interpreted as an indicator of differences
in the expression of polygenes, other than BMI variants, and are also indicative of gene-by-
age interaction effects.

Differences in GRS effect across age

When modeling bivariate parameters for each pair of ages, essentially the number of
parameters from each univariate model for each age is summed and two additional
parameters, pg and pg, are estimated. Thus for each age-pair, there are two figrs estimates,
one for each age. We can test if the influence of the GRS on BMI across age-pairs is the
same (i.e., there are no GRS-by-age effects) by restricting the individual fgrs covariate
estimates for each age to be equal. As with other parameter estimates, we used LRT to test
for differences in the effects of GRS on BMI at different ages.

RESULTS

Raw mean BMI across age (solid squares, primary axis) and the estimates of the covariate
effect of the GRS (diamonds, secondary axis) are shown in Figure 1. LRT indicate that fgrs
was significant (solid diamonds) at 6 and 9 months during infancy and during all of
childhood and adolescence. During adulthood, fcrsWwas significant at 23, 30, and 40 years
of age.

Heritability of BMI across age

Additive genetic effects (h?) after adjusting for GRS were significant at all ages across the
lifespan (p < 5.3x107°) and explained from 40 to 76% of the variance in BMI (Figure 2,
solid squares, Supplemental Table S1). Heritability estimates of BMI during infancy were
moderate at birth and 1 month (h? = 0.47 and 0.44 respectively), and peaked at 9 months (h?
= 0.76). Peak heritability during childhood was at 7 years of age (h? = 0.71), and during
adolescence was at 11 years of age (h? = 0.76). During early adulthood, heritabilities peaked
at 19 years of age (h? = 0.70), and declined until 30 years of age (h? = 0.49). In mid-
adulthood, the heritability continued to decline until 40 years of age (h? = 0.40).

The proportion of the variation explained by the GRS (Figure 2, open squares, Supplemental
Table S1) shows a similar pattern to the GRS parameter estimates (fcrs Figure 1,
diamonds). Significant GRS effects explain from 1.0 to 3.3% of the variation in BMI across
age, and show a pattern that is slightly different from the residual additive genetic effects.
The variation explained by additive genetic effects and GRS generally appear to be parallel
in childhood and adolescence, however, in adulthood, they appear to have opposite trends,
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with the additive genetic effects decreasing, and the GRS increasing. Note, however, that the
magnitudes of the additive genetic effects are much larger than the GRS.

Gene-by-age differences in additive genetic effects and Pgrs

Differences in the heritability of BMI at different ages were tested at birth, 9 months, 7, 11,
19, 30, and 40 years. Table 3 shows that the genetic correlations (og £ SE) for BMI age-
pairs range from —-0.07 to 0.99. After adjusting for multiple testing, the correlations at birth
and infancy, with adolescence and adulthood (i.e., first 2 columns, last four rows) were not
significantly different from zero. Thus, additive genetic effects (excluding GRS effects) that
influence BMI during infancy and at birth are entirely different from those that influence
BMI during adolescence and adulthood. The pg between BMI at ages 7 and 40, and BMI at
ages 11 and 40 were also not statistically different from zero. All other pg were significantly
greater than zero (adjusted p < 0.005) and significantly less than one (adjusted p < 0.008),
except for the pg between birth and infancy, BMI at age 19 and age 30, and BMI at age 30
and age 40. These results indicate that the genes that influence BMI earlier in life tend to
differ from those influencing BMI later in life. These results indicate that gene-by-age
interaction effects, excluding GRS variants, are present for BMI across the lifespan.

Tests for differences in the genetic variance (og), residual environmental variance (og)
shown in Table 4 indicate that at each age, the heritabilities of BMI from birth to 40 years of
age are generally stable (Table 4, first two columns) as the og and o tend to have opposite
trends. While there were some differences in the age-pairs (indicated by different letters) for
o, and o, after adjusting for multiple testing using Holm-Bonferroni, all pair-wise
comparisons were not significant.

The results for GRS-by-age effects are shown in Table 4, last column. Again, while there
were some differences in the age-pairs (indicated by different letters) for fgrs all pair-wise
comparisons were not significant after adjusting for multiple testing. That is, there were no
GRS-by-age effects.

DISCUSSION

While there are a few studies that examine how heritabilities of BMI change over childhood
and adulthood (6, 11, 26-32), not all of them comprehensively examine changes in
heritability across the entire lifespan, from birth through adulthood. Our results show that
heritability estimates start out moderately at birth, spike at ~ 9 months, immediately drop for
the rest of infancy, and then increase again during childhood. At 11 years of age, the
heritabilities begin to decline on through adulthood.

As mentioned previously, some studies have shown that the variants associated with BMI in
adulthood also influence BMI in infancy (5) and childhood (1, 21), while others have had
mixed results (7-9). For example, the effect of the FTO gene has been shown to be
significant from age 4 years to 11 years (1, 28, 33), but show no effect at birth. Hardy et al.
(10), also show FTO effects at 11, 15, 20, 26, and 36 years, but not earlier or later.
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In our study, we found combined BMI variant effects at 6 and 9 months during infancy, in
all of childhood and adolescence, and in all adulthood, except early adulthood. A recent
publication using GRS based on 11 SNPs (11) indicates that the influence of obesity risk
scores are significant at birth, and reach the 2"d highest effect at 11 years of age, dips
slightly at 15 years of age, and then peaks at 20 years of age. In our study, our first peak
occurred at 15 years, dipped at 20 years, and had the highest effect occurring in late to mid
adulthood. Using the same subset of 11 SNPs (11), we found that the combined 11 variants
showed a similar pattern to our results with 32 SNPs, but showed a lesser magnitude of
association, with fewer ages at which BMI was influenced by the GRS of 11 SNPs (not
shown).

We wanted to know if the pattern of differential genetic influence on BMI at cross-sectional
ages were representative of gene-by-age effects, including both the BMI variants and other
additive genetic effects. In our formal test of the combined effect of BMI variants on BMI at
different ages, we were unable to identify gene-by-age interactions, after adjustments for
multiple testing. That is, the effects of BMI variants at different ages were not statistically
different from each other. To date, only a few studies have formally tested if the influence of
BMI variants changes across age (7, 11, 34, 35), with most of them using mixed modeling
methods to evaluate BMI variant(s)-by-age interactions. In a combined examination of BMI
from participants in Project Heart Beat! and the Bogalusa study (34), the FTO-by-age
interaction was only significant for the Bogalusa participants, while in a British cohort born
in 1946 (35), the LIN28B-by-age? interaction was significant for women only. A GRS
comprised of 11 SNPs (11) was also found to have a significant GRS-by-age? interaction,
where the effects were positive from 2-11 years, while it was negative from 11 to 53 years.

With respect to the remaining additive genetic effects, the genetic variances in our study are
not significantly different from each other and agree with other studies that have shown the
heritabilities of BMI to be stable (31). The examination of the genetic correlations, however,
indicates that there are gene-by-age effects, where the putative genes (other than the BMI
variants) that influence BMI early in life differ from those later in life. In a study examining
differences in BMI across 28 years (36), the estimated genetic correlation for BMI at ages of
20 and 48 years was 0.60 (incomplete pleiotropy). Our 19-40 years genetic correlation of
0.64, which approximates the 28 year lifespan analysed in the aforementioned study, is
comparable, while our 11-30 years genetic correlation of 0.78 is slightly higher.

There are some limitations to our study, one of which is our sample size. It is possible that
we do not have sufficient power to determine genetic effects, particularly differences
between the genetic variances and GRS. Using a mean (across the 32 SNPs) MAF of 0.281
(Table 2), a mean h? of 0.61 (across all traits, Supplemental Table S1) and a sample size of
590 (approximate mean sample size for all traits), post hoc tests of power indicate that we
have 74% power to detect a SNP with an effect size of 1.14% (the mean %GRS across all
traits). Regardless, the GRS was significant at some ages, and these significant results did
not necessarily occur at ages with the largest sample sizes.

The data used for analysis in our study offers several advantages over previous studies. For
instance, the measurements of weight and height used to calculate BMI were not self-
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reported. This study is also one of a few to report genetic correlations for BMI at different
ages across the lifespan from birth throughout childhood and adolescence into adulthood.
We also rigorously tested for statistical differences in the association of both BMI variants
and other additive genetic effects. Additionally, our study is one of a few to purposely
separate out the influences of known BMI variants (4) from remaining additive genetics in
order to determine when the influence of genes may differ.

In summary, our study shows that the influence of 32 identified BMI SNP variants on BMI
is not significant at birth and in infancy after 9 months, but is significant during childhood,
adolescence, and adulthood after age 19 years. Other additive genetic effects are also
significant at all ages, from birth, through infancy, childhood, adolescence and mid-
adulthood. The small fluctuations in additive genetic effects do not appear to be due to
changes in the underlying genetic variances, while the small changes in the effects of the
BMI variants on BMI at different ages are also negligible. However, the results of the gene-
by-age interaction analyses suggest that different genes influence BMI at different ages.

Supplementary Material

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

Mean BMI (solid squares, left axis) and influence of BMI variants (diamonds, right axis)
across age at birth, infancy (1, 3, 6, 9, 12, 18, and 28 months) childhood (4 and 7 years),
adolescence (11 and 15 years), adulthood (19, 23, and 30 years) and mid-adulthood (40
years). fgrs is significantly different from zero (p < 0.05) at 6 and 9 months, all of
childhood and adolescence, and at ages 23, 30 and 40 years (solid diamonds).
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Heritability (h”) estimates
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FIGURE 2.

Proportion of the variance explained by BMI variants (open squares, right axis) and additive
genetic effects (h?) adjusting for BMI variants (solid squares, left axis), across age at birth,
infancy (1, 3, 6, 9, 12, 18, and 28 months) childhood (4 and 7 years), adolescence (11 and 15
years), adulthood (19, 23, and 30 years) and mid-adulthood (40 years). All heritability
estimates were significant (p < 5.3x107°).
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SNP and corresponding risk alleles used to calculate genetic risk score (GRS) based on Speltiotes et al, 2010

SNP Nearest gene Risk allele  Freguency of risk allelein Fels Longitudinal Study
rs10150332 NRXN3 Cc 0.22
rs10767664 BDNF A 0.81
rs10938397 GNPDA2 G 041
rs10968576 LRRNG6C G 0.31
rs11847697 PRKD1 T 0.03
rs12444979 GPRC5B C 0.85
rs13078807 CADM2 G 0.19
rs13107325 SL.C39A8 T 0.05
rs1514175 TNNI3K A 0.43
rs1555543 PTBP2 Cc 0.61
rs1558902 FTO A 0.39
rs206936 NUDT3 G 0.22
rs2112347 FLJ35779 T 0.64
rs2241423 MAP2K5 G 0.77
rs2287019 QPCTL o] 0.80
12815752 NEGR1 A 0.63
rs2867125 TMEM18 Cc 0.84
rs2890652 LRP1B c 0.14
1s29941 KCTD15 G 0.68
rs3810291 TMEM160 A 0.68
rs3817334 MTCH2 T 0.38
1s4771122 MTIF3 G 0.25
rs4836133 ZNF608 A 0.45
rs4929949 RPL27A C 0.51
1s543874 SEC16B G 0.18
rs571312 MC4R A 0.25
rs713586 RBJ c 0.48
rs7138803 FAIM2 A 0.35
rs7359397 SH2B1 T 0.40
rs887912 FANCL T 0.29
1s9816226 ETV5 T 0.79
rs987237 TFAP2B G 0.18
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Comparison of the GRS effect (fcrg), genetic variance (og), and environmental variance (og) across various

life stages.
O 06 Bors
Birth 0.71(0.07)8  0.67 (0.08)2  0.0001 (0.012)@
Infancy (9 mos) 048 (0.10)P  0.86(0.08)P  0.026 (0.013)2cd
Childhood (7 yrs) 053(0.07)3  0.84(0.073  0.036 (0.010)cd
Adolescence (11 yrs) 048 (0.07)P  0.87(0.06)°¢  0.038 (0.010)cd
Young adulthood (19 yrs) 54 (0'07)bc 0.83 (0'07)abc 0.016 (0.011)abc
Young adulthood (30 yrs) 0,64 (0.06)3PC  0.73 (0.06)2C  0.049 (0.011)d
Mid-Adulthood (40 yrs) 0.75 (0.06)¢ 0.61 (0.08)2C  0.054 (0.012)ad

ab,cd

multiple testing using Holm-Bonferroni.
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"“Estimates with different letters are significantly (p < 0.05) different from each other. All comparisons are not significant after adjusting for



