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Abstract

It is unclear whether or not earlier age at menarche is associated with higher body mass index
(BMI) because they share a common genetic underpinning. We investigated the impact of single
nucleotide polymorphisms (SNPs) influencing menarche timing on peri-pubertal BMI. For 556
Fels Longitudinal Study children (277 boys/279 girls) born 1928-1992, a genetic risk score
(GRS42) was computed as the sum of the number of risk alleles in 42 putative menarche SNPs.
Serial BMI Z-scores within +6.99 years from each individual’s age at peak height velocity
(Age@PHV) were grouped into seven time points (=6yrs, —4yrs, —2yrs, Age@PHV, +2yrs, +4yrs,
+6yrs). Heritability of BMI ranged from 0.53 to 0.85 across the time points. The effect of GRS,
on BMI Z-scores at each time point was modeled using variance components-based procedures.
GRS, had a significant (p < 0.05) effect at every time point; an increase of one risk allele was
associated with an increase of 0.03-0.08 BMI Z-scores. A separate score (GRS,g) was computed
that excluded 13 of the menarche SNPs previously documented to also influence adiposity;
significant main effects were observed at Age@PHV+4yrs and +6yrs. This finding supports a
causal effect of advanced sexual development on post Age@PHYV BMI. Significant positive
GRS, (or GRSyg)-by-birth year interactions indicate that some genetic influences on BMI have
amplified over the 20™ century. This gene-by-environment interaction also suggests that children
with a genetic predisposition to earlier sexual development might avoid elevated BMI through
alteration of their nutritional environment.
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The average age of menarche in girls in the United States of America (USA) has decreased
throughout the second half of the 20t century (Wattigney et al., 1999; Freedman et al.,
2002; Anderson et al., 2003; Chumlea et al., 2003). Data from nationally representative
surveys in the United States, for example, show a three-month advancement in the median
age at menarche, from 12.75 to 12.5 years, in girls between the 1960°s and the early 1990°s
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(Anderson et al., 2003; Chumlea et al., 2003). An expert panel, convened to examine all the
available published data on pubertal timing events in the USA (i.e., menarche and stages of
breast, genitalia, and pubic hair development) concluded that there is enough evidence to
support a trend toward earlier breast development onset and menarche in girls (Euling et al.,
2008). This trend has occurred concurrently with an increase in dietary intake (Briefel and
Johnson, 2004) and an upward shift in the adolescent and adulthood body mass index (BMI)
distribution (Troiano et al., 1995; Komlos et al., 2009; Johnson et al., 2012), thereby
indicating an association between BMI and pubertal timing events which may be
confounded by diet, socioeconomic status, psychosocial stress, and other time-varying
factors.

At the individual level, children with advanced sexual development display greater
adulthood BMI values and levels of adiposity (Lakshman et al., 2008; He et al., 2010) and,
in addition, greater BMI values as early as five years of age (Davison et al., 2003; Mamun et
al., 2009; Salsberry et al., 2009). Advanced sexual development may, therefore, be a
consequence of high childhood BMI (Kaplowitz et al., 2001; Ahmed et al., 2009), which
tracks throughout the life course (Deshmukh-Taskar et al., 2006). Teenage girls who suffer
from eating disorders and undergo major weight loss are at increased risk of amenorrhea
(Lock and Fitzpatrick, 2009); weight gain generally results in return of menstrual cycling in
these girls (Swenne, 2004, 2008). These observations suggest, but do not prove, that BMI
and adiposity are causally related to the timing of sexual development.

Because in energetically constrained environments, body fat is mobilized to support the
energetic costs of pregnancy and lactation (Prentice et al., 1996; Dewey, 1997), low energy
stores in sexually mature women would likely have posed a selective disadvantage during
human evolution. This suggests a scenario in which peri-pubertal BMI level would be
mechanistically tied to the timing of sexual maturation (i.e., menarche). It is known that both
age at menarche and BMI are significantly heritable (Schousboe et al., 2003; Towne et al.,
2005; Wardle et al., 2008), and that part of this heritability is common for both traits (Kaprio
et al., 1995), but the question here is whether the same genes are operating on both
phenotypes, such that the genetic factors promoting earlier sexual development are also
promoting greater BMI. When genes affect more than one phenotype, they demonstrate
pleiotropy. Genome-wide association studies (GWAS) have identified a large number of loci
containing common genetic variants (i.e., single nucleotide polymorphisms, SNPs) that are
associated with age at menarche (Elks et al., 2010) and BMI (Speliotes et al., 2010). To date,
SNPs at a total of 42 loci have been identified to influence age at menarche in European
ancestry women, with some of the same SNPs having pleiotropic effects on adulthood BMI
(Elks et al., 2010). Whether these SNPs also influence BMI earlier in life, near the time of
reproductive maturity, is however unclear. Further, the combined effect of a large number of
menarche genetic variants on BMI in childhood and adolescence has not yet been
investigated.

By assessing the effect of genetic variants for early menarche on BMI before, during, and
after puberty, it is possible to make inferences about the temporal order of advanced
maturation and the development of excess adiposity. Further, because alleles are transmitted
from parent to offspring randomly at gamete formation, genotype is not confounded by
environmental factors nor is it prone to reverse causation (Davey-Smith and Ebrahim, 2003;
Lawlor et al., 2008); genetic factors related to age at menarche may influence BMI, but
cannot be influenced by BMI. Nonetheless, because gene expression occurs within a cellular
environment, which can be affected by numerous hormonal, dietary, and other factors
(Hamilton, 2011; Jin and Robertson, 2011), genotype-phenotype associations are frequently
modified by the environment (i.e., gene-environment interaction). The aforementioned
secular trends exhibited in both earlier age at menarche and increasing BMI suggest that the
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relative influence of menarche SNPs on peri-pubertal BMI may depend on environmental
factors that have changed over time.

The present study used data from the Fels Longitudinal Study, the world’s longest
continuously-running, family-based study of human physical growth, to address a number of
these gaps in knowledge. The first aim was to test the hypothesis that a genetic risk score for
earlier menarche would influence serial BMI before, during, and after puberty. Relationships
with height were also tested to allow us to infer whether effects of the menarche SNPs on
BMI were primarily due to effects on weight or on height. The second aim was to determine
whether any significant effects of the menarche SNPs remained after discounting a sub-
group of menarche SNPs already known to have pleiotropic effects on adiposity. This
second aim tests the hypothesis that sexual developmental timing and peri-pubertal BMI
have a shared genetic control beyond the variants already known to influence adiposity. The
final third aim was to test the hypothesis that the effects of menarche SNPs on peri-pubertal
BMI differed by birth year.

METHODS
Study sample

The sample comprised 556 European American participants (277 boys, 279 girls) in the Fels
Longitudinal Study who were born between 1928 and 1992. The Fels Longitudinal Study
has been described in detail elsewhere (Roche, 1992), but in summary began in 1929 as a
study of normative child growth and development, and continues today as a study of the
early life antecedents of chronic diseases of aging. Infants living in Yellow Springs and
nearby towns in southwestern Ohio, USA have been enrolled from 1929 onward. Mothers
and other family members were also simultaneously enrolled. Participants were not selected
on the basis of any pre-existing disease. Fels Longitudinal Study data were in fact the basis
for the NCHS 1977 growth reference chart from birth to three years of age (Hamill et al.,
1977). The 556 participants in the present study were distributed among 121 nuclear and
extended families and in total comprised of 2641 relative pairs, of which 667 pairs were of
first degree relatives, 560 pairs were of second degree relatives, 559 were of third degree
relatives, and 849 pairs were of less closely related relatives.

The sample was selected on the basis of having at least one BMI recording between two and
18 years of age and also having been SNP genotyped. Scatter plots of BMI against age for
the analysis sample and for all Fels Longitudinal Study participants with BMI data between
two and 20 years of age (n = 1404) showed that the BMI distributions by age were similar.
There were also no significant differences in the first and last BMI measurements (i.e.,
closest to ages two and 20 years), after being converted to Z-scores against the CDC 2000
reference (Kuczmarski et al., 2000), between the 556 children included in the present
analysis and the remaining 848 children with BMI data but who were not SNP genotyped (p-
values >0.4).

All protocols and informed consent documents used in the Fels Longitudinal Study were
approved by the Wright State University Institutional Review Board. Parents of minors
provided written consent for their children and minor children aged seven to 17 years
provided their additional assent.

Genotype data

DNA was extracted from whole blood collected via venipuncture using standard procedures
and stored at —80 degrees Celsius. Individuals were SNP genotyped using the genome-wide
Illumina 610-Quad Bead-chip array (Applied Biosystems Incorporated, USA) at the Texas
Biomedical Research Institute. SimWalk2 mistyping analysis (Sobel and Lange, 1996; Sobel
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etal., 2001, 2002) was used to determine genotypes that had a probability greater than 0.95
of being incorrectly called, and these Mendelian errors were removed by blanking these
genotypes. Merlin (Abecasis et al., 2002) was used to impute missing genotypes using
familial data. HapMap2 SNP genotypes were imputed using Mach1 (Li et al., 2009, 2010).
Of the 42 independent SNPs identified in a recent GWAS of age at menarche (Elks et al.,
2010), 41 SNPs were available. For the missing SNP (rs6762477 near the gene RBM6), a
proxy (rs7061) in high linkage disequilibrium (r2 = 0.967) was used.

Genetic risk scores

For each of the 42 SNPs used in the present analysis, the allele that was reported to be
associated with earlier menarche was considered the r7sk allele and then the number of risk
alleles for each SNP (0, 1, or 2) was counted. A genetic risk score (GRS, was computed as
the summation of risk alleles across the 42 SNPs, so that a one unit increase corresponded to
an increase of one risk allele. In addition, a separate genetic risk score (GRS2g) was
computed that excluded 13 of the 42 SNPs that have previously been implicated in adiposity
development, either at the whole body level or at the mechanistic level. These SNPs were:
rs9939609 (FTO), rs633715 (SEC16B), rs2002675 (TRA2B and ETV5), and rs2947411
(TMEM18) which were associated with childhood or adulthood BMI in GWAS (Frayling et
al., 2007; Thorleifsson et al., 2009; Willer et al., 2009); rs4929923 (TRIM66), rs3914188
(ECE2), rs10899489 (GAB2), rs466639 (RXRG), rs13187289 (PHF15), and rs7359257
(IQCH) which were associated with BMI in adults in the GIANT consortium in a secondary
analysis of the Elks et al (2010) paper; and rs6589964 (BSX), rs10423674 (CRTC1), and
rs4840086 (PRDM13 and MCHRZ2) which are located in or near genes implicated in the
regulation of energy homeostasis and body weight in animal models (Pissios et al., 2006;
Sakkou et al., 2007; Altarejos et al., 2008; Wu et al., 2009). Examination of the effect of
GRSyg on BMI during childhood and adolescence provides a test of whether the effects of
GRS4, were solely due to the effects of known adiposity related variants.

Phenotype data

Serial weight and height measurements were collected at six monthly intervals from two to
20 years of age using standard anthropometric methods (Lohman et al., 1998). BMI (weight
(kg)/height? (m)) was calculated if weight and height were available at the same study
assessment. Our goal was to compare the association of the sexual development genetic risk
scores with BMI and height before, during, and after puberty, and we did so by using
information on the age at peak height velocity (Age@PHV) to “center” the serial
anthropometric data relative to this developmental landmark. A triple logistic model
implemented in the statistical program AUXAL (version 3) was applied to each individual’s
serial stature data and it was from these growth curves that Age@PHV was estimated (Bock
etal., 2003).

The BMI and height measurements closest to Age@PHV were chosen, then the
measurements closest to two, four, and six years before and after Age@PHV were chosen.
A two year window around each of these seven time points was allowed, so that there were
seven, mutually exclusive time points being compared: —6.99 to —5.00 years before PHV
(called Age@PHV-6 years), —4.99 to —3.00 years before PHV (Age@PHV-4 years), —2.99
to —1.00 year before PHV (Age@PHV-2 years), —0.99 before to +0.99 year after PHV
(Age@PHV), +1.00 to +2.99 years after PHV (Age@PHV+2 years), +3.00 to +4.99 years
after PHV (Age@PHV+4 years), and +5.00 to +6.99 years after PHV (Age@PHV+6 years).
Not all of the children had anthropometric data at each of the seven time points, although
there were never less than 363 children with BMI and height at any time point. In total,
3,537 serial measurements of BMI and height were used in the present analysis (mean = 6.4
measurements per child). To account for the variation in the age of the measurements within
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a time point, the BMI and height data were converted to Z-scores according to the CDC
2000 reference (Kuczmarski et al., 2000).

Quantitative genetic analysis

The effects of GRS, and GRS,g on BMI and height phenotypes were modeled in SOLAR
using variance components based procedures that account for the non-independence among
family members (Almasy and Blangero, 1998; Boerwinkle et al., 1986). Additive genetic
effects and residual environmental effects were modeled as random effects, while GRS, (or
GRSyg), sex, year of birth, exact age from Age@PHYV, and also GRSy, (or GRSyg)-by-sex
and GRSy, (or GRSyg)-by-year of birth interactions were modeled as fixed effects (Almasy
and Blangero, 1998; Boerwinkle et al., 1986). Significance of individual covariate effects
were tested using likelihood ratio tests comparing models where covariate effects were
estimated against models where covariate effects were set to zero. The heritability (h?) of
BMI and height phenotypes (i.e., the phenotypic variance attributable to additive genetic
effects; h? = agla?p, where o2 is the additive genetic variance and op is the total
phenotypic variance) has been studied extensively and was not the focus of this
investigation, but as heritabilities are estimated from the above models we present them and
their standard errors in Tables 2—4. Additional models that excluded GRSy, (or GRSyg)
terms and its interactions with sex and birth year were performed, and the proportion of the
variance in each trait explained by GRSy, (or GRS,g) and its interactions was calculated as
the difference in explained variance between these models and the full aforementioned
models.

Because each individual menarche SNP may have a different effect size on a phenotype, we
wanted to be certain that a composite risk score (i.e., GRSyy) is a valid representation of the
cumulative effect of each SNP. For this validation analysis, we used the seven BMI Z-score
phenotypes. For each phenotype, a model in which all 42 SNPs were included as covariates
but were constrained to have equal effect was compared to a model in which the effect of
each SNP was estimated separately. For all seven BMI Z-score phenotypes, there were no
significant differences between the two models being compared using the likelihood ratio
test (df = 41, all p-values > 0.057). Further, the variances explained by covariates of the two
models being compared were always similar. These results confirm that the genetic risk
score used in this analysis is not a biased representation of the aggregate SNP effects.

Mean Age@PHYV was 12.5 years, with a mean difference between boys and girls of two
years (mean in girls = 11.5 years, mean in boys = 13.5 years) (p < 0.001 using an
independent samples t-test). Anthropometric data were collected between 3.5 to 20.0 years
of chronological age (Table 1). Mean age at menarche for 276 girls (i.e., 99% of the analysis
sample of 279 girls) was 12.9 years. In a crude analysis, age at menarche for these girls was
regressed on GRSy, (mean = 44.4 SD = 3.9) and also GRSyg (mean = 30.8 SD = 3.3) to
confirm phenotypic associations with age at menarche in Fels Longitudinal Study girls that
could easily be plotted (Figs. 1a,b). A one risk allele increase in GRS, was negatively
associated with earlier age at menarche expressed as decimal years (beta = —0.040, p =
0.013), as was GRS»g, to a lesser and non-significant extent (beta = -0.024, p = 0.241). The
same regression models, but with Age@PHYV as the outcome, showed that GRSy, and
GRSyg had effects (albeit non-significant) on another measure of developmental timing in
the expected direction (beta = —0.024, p = 0.139; beta = -0.022, p = 0.264, respectively).
The effects of GRS,y and GRSyg on age at menarche in these girls were also analyzed in
SOLAR in quantitative genetics models (unadjusted for covariates) that accounted for the
familial structure of the sample. The effects of GRS4, and GRS,g on age at menarche (beta
=-0.036, p = 0.025; beta = —0.025, p = 0.228, respectively) were similar to those obtained
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in the crude regression analyses. The h? estimate of age at menarche was 0.44 (SE = 0.17)
from the model including GRS4, and 0.48 (SE = 0.17) from the model including GRS5g, and
the variances explained by GRS, and GRSyg were 3.1% and 1.3%, respectively.

Quantitative genetic models indicated a significant positive association of GRSy, with BMI
Z-score phenotypes at every time point (p-values < 0.05), except at Age@PHV-6 years
where the association was marginal (p = 0.051) (Table 2). None of the sex or GRS4»-by-sex
interaction terms were significant except at Age@PHV+2 years. At Age@PHV-6 years and
-4 years, the GRSy,-by-year of birth interaction terms were significant and positive,
indicating a stronger effect of GRSy, on pre-pubertal BMI as birth year increased. The
amount of variance explained by the covariates ranged from 1.4 to 4.1%, with GRS4, and its
interactions explaining between 1.3 to 2.8%. In the models for height Z-scores, a significant
effect of GRS, was observed only at Age@PHYV; a one unit increase in GRSy, was
associated with a 0.035 unit increase in height Z-score (Table 3).

In sensitivity analyses (data not shown), models of the effects of GRS, on BMI and height
Z-score phenotypes stratified by sex were performed to ensure that our approach of pooling
data from boys and girls together did not obscure possible sex differences. Beta estimates (of
the effects of GRSy,, year of birth, and GRS4-by-year of birth) were very similar for boys
and girls when considered separately, with significant main effects of GRS4, on BMI Z-
scores only at Age@PHYV +2 and +6yrs in boys and Age@PHYV in girls. In addition, a
restricted risk score composed of 32 SNPs that retained significance in replication analysis
in the Elks et al (2010) study was calculated and tested in sex combined models; estimated
effects on BMI and height Z-score phenotypes were marginally smaller than in the presented
GRS, analysis and associated p-values were marginally larger, thereby indicating that part
of the previously observed genetic signal in the GRS45 analysis had been lost by excluding
10 genome-wide significant but un-replicated menarche variants. The restricted risk score
also explained less variance than GRSy, thereby providing additional support for our use of
all 42 known menarche SNPs.

We then examined GRS,g, which excluded 13 variants known to also influence adiposity,
and observed significant main effects on BMI Z-scores at Age@PHV+4 years and +6 years
(Table 4). There were significant GRS,g-by-year of birth interaction effects at Age@PHV
-6 years, —4 years, and +4 years, again indicating a stronger genetic effect as birth year
increased. This amplified effect of GRS,q on childhood BMI Z-scores across the 20t
century is shown in Fig 2. The secular trend was greatest at the most extreme time points
(i.e., Age@PHYV -6 years and +6 years) and was somewhat diminished at Age@PHV. In
1930, each additional risk allele was associated with an estimated increase in BMI Z-score at
Age@PHYV -6 years of approximately 0.02 units. This was compared to the corresponding
statistic for 1990, where each additional risk allele was associated with an increase in BMI
Z-score of approximately 0.12 units [i.e., (Byear of birth*62 + Bers20*1 +

Byear of birth-by-GRS297°62) — (Byear of birth*62 + BGRs20*2 + Byear of birth-by-GRs29™2)] after
holding all other covariates equal. GRSyg had no significant effects on height Z-score
phenotypes (data not shown).

DISCUSSION

In the present analysis, we tested the combined effect of a large number of well-replicated
common genetic variants involved in female sexual development on peri-pubertal BMI and
height in both boys and girls. Our primary finding was that these variants together
demonstrated a significant main effect on BMI prior to, during, and after puberty, thereby
indicating that sexual development and adiposity in childhood and adolescence share a
common genetic basis. Even after discounting 13 SNPs previously known to influence
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adiposity, the remaining 29 SNPs together had significant main effects on post-pubertal
BMI. Our data also show, for the first time, that the effect of menarche SNPs on pre-pubertal
BMI was stronger in children born more recently compared to those born earlier in the
century, thereby suggesting that the developmental genetic susceptibility to elevated BMI
may have only been “uncovered” in the more obesogenic environments of the recent past.
Our novel findings are that genetic factors regulating sexual developmental timing also
influence peri-pubertal BMI, additional SNPs beyond those already identified as possible
adiposity variants are involved, and that these genetic effects have changed over time.

By centering the serial anthropometric data on a common developmental landmark (i.e.,
Age@PHV) we ensured that significant effects of genetic risk scores on BMI and height at a
given age were not artifacts due to variations in developmental timing. It is after all only
logical that, for example, 16-year-old adolescents with earlier sexual development (and thus
a greater genetic risk for earlier development) would have greater sizes because they would
have experienced an increased growth velocity, associated with the pubertal growth spurt,
for longer than adolescents with later sexual development. The approach we used made it
possible to maximize the sample by presenting data for both sexes combined because boys
and girls were assessed on a common developmental time scale.

The 42-SNP genetic risk score used in the present analysis together had a persistent
significant main effect on BMI, whereas the 29-SNP genetic risk score only had significant
main effects in the post-pubertal period. The main effects cannot, however, be interpreted on
their own. GRSyg-by-year of birth interactions were significant in the pre-pubertal period, so
(as shown in Fig. 2) the interpretation here is that GRS,g did demonstrate a positive
association with BMI across the age range being studied, but during the pre-pubertal period
the effects were stronger in more recent birth years. The secular trend in the effect of GRSyg
on BMI Z-scores was somewhat diminished at Age@PHYV (Fig. 2), which may represent
developmental timing genes not acting on BMI as much when height is increasing at its
maximum velocity. In a study of the effects of one menarche SNP (rs314276 at the locus
LINZ8B) on BMI across the life course, Ong et al. (2011) found that significant associations
were present only after age 15 years. The authors concluded that there were causal effects of
sexual developmental timing on adolescent and adulthood BMI, despite the fact that the
SNP they used has known pleiotropic effects on childhood BMI as well as menarche timing
(Ong et al., 2009). The findings of the present study, which considered pleiotropy, support
the notion that (at least in girls) earlier menarche leads to a causal increase in BMI soon after
Age@PHV.

No significant effects of either genetic risk score on height were observed at any of the time
points, with the exception of GRS, at Age@PHV. Our interpretation is that children with a
higher number of risk alleles for advanced sexual development had greater weights not
different heights. This finding contrasts with that of Elks et al (2010) in which significant
associations of individual menarche SNPs were found with adult height. The greater
statistical power of the Elks et al (2010) study (N ~ 130,000) is a possible explanation for
the difference in results. One published study has investigated the effects of a single
menarche SNP (rs7759938 near the locus L/N28B) and also a single partially correlated
SNP (rs314277) on linear growth and observed significant effects over the entire life course
(Widen et al., 2010), but otherwise little is known about the effects of menarche SNPs on
linear growth during childhood and adolescence.

In the 1970s it was proposed by Frisch and Revelle (1970) that there is a critical weight
necessary for the onset of menses in girls, thereby explaining the earlier occurrence of
menarche in girls with greater weights. Despite receiving much criticism (Johnston et al.,
1975; Cameron, 1976; Scott and Johnston, 1982), the critical weight hypothesis paved the
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way for subsequent literature from the fields of human growth and development,
epidemiology of eating disorders, and microbiology in mouse and human models, indicating
that sexual developmental timing and BMI are mechanistically linked (Lock and Fitzpatrick,
2009; Swenne, 2004, 2008; Cheung et al., 1997; Chehab et al., 1997; Pierce and Leon,
2005). Genetic mutations in the structural gene for leptin (LEP) are, for example, known to
be associated with obesity and failure of normal pubertal progression (Clement et al., 1998;
Strobel et al., 1998). The present study adds to this literature by demonstrating that sexual
developmental timing and BMI in childhood and adolescence have a shared genetic control
beyond the genes already known to influence adiposity.

It is well known that high pre-pubertal BMI as well as obesity and high levels of measured
adiposity are associated with advanced sexual development (Salsberry et al., 2009;
Kaplowitz et al., 2001; Demerath et al., 2004; Buyken et al., 2009; Rosenfield et al., 2009),
which is in turn is associated with high post-pubertal BMI and levels of adiposity, as well as
increased risk for obesity and various co-morbidities (He et al., 2010; Pierce and Leon,
2005; Taeymans et al., 2008; Pierce et al., 2010, 2011). Few studies have, however, been
able to assess the causal associations between the pace of sexual development and adiposity
traits, whilst also adjusting for the myriad factors that confound these relationships, such as
socioeconomic status (Laitinen et al., 2001), smoking (Flegal et al., 1995), and alcohol
intake (Molarius, 2003). A strength of the present paper is that it examines the relationship
of sexual developmental timing to BMI using an instrumental variable approach, in which
the relationship between the instrumental variable (i.e., GRS4, and GRSyg) and the outcome
cannot be confounded by factors such as diet (Jacobson-Dickman and Lee, 2009) due to
randomization of alleles at gamete formation; GRS4, and GRS;g had effects on BMI that
were independent of variations in diet and any other potential confounding factors.

Evidence that the 29 menarche SNPs (not known to also influence adiposity) together had a
greater influence on BMI as birth year increased was found. In 1930 a one risk allele
increase in GRSyg approximated a 0.02 unit increase in BMI Z-score at Age@PHV -6
years, but in 1990 a one risk allele increase approximated a 0.12 unit increase in BMI Z-
score at the same time point. Because the range of risk alleles for GRS»gq in the present study
was 19-40 and the standard deviation about the mean value was 3.3 risk alleles, a
comparison of a modern day child with one risk allele at each of the 29 loci to a modern day
child with no risk alleles, resulting in a BMI advantage of 3.48 Z-scores (i.e., 0.12*29), is
improbable. A difference between children of just a few risk alleles causing a much smaller
increase in BMI is far more probable. The interpretation of the gene-by-year of birth finding
is that as the nutritional environment has changed (e.g., decreasing cost of energy-dense
foods, reduction in the required physical activity levels for most occupations) genetic
susceptibility to earlier maturation and obesity becomes more apparent. It is possible that
over the examined time period, individuals with higher genetic burden for accelerated sexual
development are for the first time “allowed” by liberalization of the environment to alter
dietary intake and energy expenditure to support their genetic potential for rapid weight gain
and earlier sexual development. A recent study in 1,474,065 Swedish 18-19 year old
conscripts supports the idea that genetic influences on BMI may have increased over time;
they found a secular increase in the heritability and additive genetic variance of BMI over
the 20t century (Rokholm et al., 2011).

The sample size in the present study is an obvious limitation and may have limited our
power and thus ability to detect statistically significant results. Nonetheless, the Fels
Longitudinal Study offers a unique opportunity to assess the relationships between menarche
SNPs and BMI and height because of the extensive longitudinal data collected on the
participants. Multiple statistical tests were used which will have increased the risk of false-
positive findings, but in a paper that presented only 21 separate models multiple testing is
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less of an issue than in large-scale genetic studies that often test thousands of associations.
Other limitations include a sample composed exclusively of European-American children
born in southwestern Ohio, which limits generalizability of the results to other ethnic
groups, and available data ended with those born in 1992, thus the effects of SNPs on BMI
in children born into the most recent obesogenic environment were not fully captured.

CONCLUSIONS

Common genetic variants influencing sexual developmental timing were associated with
BMI before and after puberty in the present sample of European-American boys and girls.
This finding of pleiotropy, due not only to known adiposity variants but other developmental
variants as well, supports the previously documented phenotypic associations between
adiposity and sexual maturation. Our results help to explain the concurrent secular trends
from the 1950s onward in earlier sexual development and increasing adolescent BMI, by
showing that the shared genetic underpinnings of developmental timing and peri-pubertal
BMI have had a greater influence among children born later in the 20" century than those
born earlier. This gene-by-environment interaction suggests that children with a genetic
predisposition to earlier sexual development might avoid an elevated BMI through alteration
of their nutritional environment, perhaps through changes in diet and physical activity.
Research comparing the influence of behavioral change on children with high versus low
genetic risk of advanced sexual development is a necessary next step.
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Figure 1a. The relationship of a genetic risk score (GRS,,) for advanced sexual development

to age at menarche in 276 Fels Longitudinal Study girls.

Figure 1b. The relationship of a genetic risk score (GRS,g) for advanced sexual

development to age at menarche in 276 Fels Longitudinal Study girl
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increase in GRS,y

Effect! on BMI Z-score per one risk allele

Girls

Boys

"Effects calculated using beta estimates from quantitiative genetic models (see Table 4) adjusted for GRSz, sex, year of
birth, exact age from Age@PHV, and also GRSzs-by-sex and GRSzs-by-year of birth interactions. Cross-sectional
estimates (within birth year group) are connected with lines purely to aid visual insepection.

Figure 2.
Amplified effects of a one risk allele increase in a genetic risk score (GRS,g) for advanced
sexual development on childhood BMI Z-scores across the 201 century.
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