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Abstract

Multiple differentially methylated sites and regions associated with adiposity have now been 

identified in large-scale cross sectional studies. We tested for replication of associations between 

previously identified CpG sites at HIF3A and adiposity in ~1,000 mother-offspring pairs from the 

Avon Longitudinal Study of Parents and Children. Availability of methylation and adiposity 

measures at multiple time points, as well as genetic data, allowed us to assess the temporal 

associations between adiposity and methylation and to make inferences regarding causality and 

directionality.

Overall, our results were discordant with those expected if HIF3A methylation has a causal effect 

on BMI and provided more evidence for causality in the reverse direction i.e. an effect of BMI on 

HIF3A methylation. These results are based on robust evidence from longitudinal analyses and 

were also partially supported by Mendelian randomization analysis, although this latter analysis 

was underpowered to detect a causal effect of BMI on HIF3A methylation. Our results also 

highlight an apparent long-lasting inter-generational influence of maternal BMI on offspring 

methylation at this locus, which may confound associations between own adiposity and HIF3A 
methylation. Further work is required to replicate and uncover the mechanisms underlying both 

the direct and inter-generational effect of adiposity on DNA methylation.
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Introduction

The notion that epigenetic processes are linked to variation in adiposity is well established.

(1) Genome-wide quantification of site-specific DNA methylation has led to the 

identification and validation of multiple adiposity-associated differentially methylated sites 

and regions.(2-8)

A large-scale epigenome-wide association study (EWAS) of body mass index (BMI), 

undertaken using the Illumina Infinium HumanMethylation450 BeadChip array, found 

robust associations between BMI and DNA methylation at three neighbouring probes in 

intron 1 of HIF3A which were confirmed in two additional independent cohorts.(6) Since 

then, the site locus has also been associated with adiposity in four further studies.(7-10) 

Furthermore, HIF3A methylation has been found to be associated with weight but not 

height, and methylation at this locus in adipose tissue has been found to be strongly 

associated with BMI (6; 7) indicating that methylation at this locus might be related to some 

component of adiposity.

HIF3A and other hypoxia inducible transcription factors (HIF) regulate cellular and vascular 

responses to decreased levels of oxygen, and studies in mice suggest they may play key roles 

in metabolism, energy expenditure and obesity.(11-14) This lends support for a role of this 

gene in the development of obesity and its consequent comorbidities. However, it is also 

possible that greater BMI induces changes in HIF3A methylation as the direction of the 

effect is difficult to discern in these cross-sectional studies.(6)

Further research is required to determine the directionality of the association and strengthen 

inference regarding causality. A large-scale longitudinal design is warranted to investigate 

the temporal relationship between baseline adiposity and follow-up methylation, and vice 

versa.(15-17)

Mendelian randomization uses genetic variants as instrumental variables (IVs) to investigate 

the causal relationship between an exposure and outcome of interest.(18-21) The 

assumptions of this approach are that the instrumental variable is: robustly related to the 

exposure; related to the outcome only through its robust association with the exposure of 

interest; and not related to confounding factors for the exposure-outcome association and not 

influenced by the development of the outcome. If these assumptions are true then any 

association observed between the IV and outcome is best explained by a true causal effect of 

the exposure on the outcome.(22) It has been shown that genetic variants are not likely to be 

related to confounding factors that explain non-genetic associations and are unaffected by 

disease, (23) and therefore may be used to strengthen causal inference.

In the context of methylation, Mendelian randomization may be facilitated by the strong cis-

effects which allow the isolation of specific loci influencing methylation (24) and has been 

applied elsewhere to assess causal effects.(25; 26) In the study that identified differential 

methylation at HIF3A,(6) cis-genetic variants robustly associated with DNA methylation at 

this locus were used as causal anchors in a pseudo Mendelian randomization approach to 

assert no causal effect of methylation at HIF3A on adiposity. However, no attempt was made 

to investigate causality in the reverse direction i.e. the causal effect of adiposity on HIF3A 

Richmond et al. Page 2

Diabetes. Author manuscript; available in PMC 2016 May 23.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



methylation. Bidirectional Mendelian randomization may be used to elucidate the causal 

direction between HIF3A and adiposity, using valid IVs for each trait.(21; 27; 28)

Investigating a possible inter-generational intra-uterine effect of maternal BMI on offspring 

methylation could further strengthen causal inference since it is plausible that maternal BMI 

could influence offspring methylation through intra-uterine effects independent of 

offspring’s own BMI.(29) Indeed, a recent study postulated and found some evidence for a 

confounding effect of the prenatal environment on the association between adiposity and 

HIF3A methylation through an assessment of birth weight.(9) Alternatively, confounding by 

familial socio-economic and lifestyle characteristics may explain the observed associations 

between adiposity on HIF3A methylation and this was not fully assessed in the previous 

study.(6)

We aimed to investigate associations between methylation at HIF3A and BMI at different 

ages using data from the Avon Longitudinal Study of Parents and Children as part of the 

Accessible Resource for Integrated Epigenomics Studies (ARIES) project. We first 

estimated effect sizes for the three previously identified probes in HIF3A, with and without 

adjustment for a number of potential confounding factors. Given evidence of an association 

between HIF3A methylation and components of adiposity specifically, we also investigated 

associations between methylation at HIF3A and fat mass index (FMI).(6; 7) To further 

investigate the dominant direction of causality in any observed associations we undertook 

the following additional analyses: a) investigating longitudinal associations between BMI 

and methylation b) performing bidirectional Mendelian randomization analysis c) 

determining whether there is an inter-generational effect of parental BMI on offspring 

methylation, either through an intra-uterine effect of maternal BMI or a postnatal effect of 

paternal/maternal BMI through shared familial lifestyle or genetic factors (Figure 1). The 

results of the various analyses which would be expected under the different hypotheses 

being tested are outlined in Supplementary Table 1.

Research Design and Methods

Participants

ALSPAC is a large, prospective birth cohort study based in the South West of England. 

14,541 pregnant women resident in Avon, UK with expected dates of delivery 1st April 1991 

to 31st December 1992 were recruited and detailed information has been collected on these 

women and their offspring at regular intervals.(30; 31) The study website contains details of 

all the data that is available through a fully searchable data dictionary (http://

www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/).

As part of the ARIES (Accessible Resource for Integrated Epigenomic Studies) project,(32) 

the Illumina Infinium® HumanMethylation450K (HM450) BeadChip (Illumina Inc., CA, 

USA)(33) has been used to generate epigenetic data on 1,018 mother-offspring pairs in the 

ALSPAC cohort (v1. Data release 2014). A web portal has been constructed to allow openly 

accessible browsing of aggregate ARIES DNA methylation data (ARIES-Explorer, http://

www.ariesepigenomics.org.uk/).
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The ARIES participants were selected based on availability of DNA samples at two time 

points for the mother (antenatal and at follow-up when the offspring were adolescents) and 

three time points for the offspring (neonatal, childhood (mean age 7.5 years) and 

adolescence (mean age 17.1 years)). We focused our analyses on offspring in the ARIES 

study who have more detailed longitudinal and parental exposure data available. Therefore, 

this project uses methylation data from the three time points in the offspring. A detailed 

description of the data available in ARIES is available in a Data Resource Profile for the 

study.(32)

Written informed consent has been obtained from all ALSPAC participants. Ethical approval 

for the study was obtained from the ALSPAC Ethics and Law Committee and the Local 

Research Ethics Committees.

Methylation assay – laboratory methods, quality control and pre-processing

We examined DNA methylation in relation to body mass index using methylation data from 

the Infinium HM450 BeadChip.(33) The Infinium HM450 Beadchip assay detects the 

proportion of molecules methylated at each CpG site on the array. For the samples, the 

methylation level at each CpG site was calculated as a beta value (β), which is the ratio of 

the methylated probe intensity and the overall intensity and ranges from 0 (no cytosine 

methylation) to 1 (complete cytosine methylation).(34; 35) All analyses of DNA methylation 

used these beta values.

Cord blood and peripheral blood samples (whole blood, buffy coats or blood spots) were 

collected according to standard procedures and the DNA methylation wet-lab and pre-

processing analyses were performed as part of the ARIES project, as previously described.

(32) In brief, samples from all time points in ARIES were distributed across slides using a 

semi-random approach to minimise the possibility of confounding by batch effects. The 

main batch variable was found to be the bisulphite conversion plate number. Samples failing 

QC (average probe p-value >= 0.01, those with sex or genotype mismatches) were excluded 

from further analysis and scheduled for repeat assay and probes that contained <95% of 

signals detectable above background signal (detection p-value <0.01) were excluded from 

analysis. Methylation data were pre-processed using in R (version 3.0.1), with background 

correction and subset quantile normalisation performed using the pipeline described by 

Touleimat and Tost.(36) In the offspring, 914 samples at birth, 973 samples at follow-up in 

childhood and 974 samples at follow-up in adolescence passed the QC.

Anthropometry

In childhood (mean age 7.5) and adolescence (mean age 17.1), offspring attended follow-up 

clinics where weight and height were measured with the participant in light clothing and 

without shoes. Weight was measured to the nearest 0.1kg with Tanita scales and height to the 

nearest 0.1cm using a Harpenden stadiometer. Body mass index (kg/m2) was then 

calculated. At the adolescent clinic, fat mass (kg) and lean mass (kg) were also assessed by 

Lunar Prodigy dual energy x-ray absorptiometry (DXA) scanner (GE Medical Systems 

Lunar, Madison, WI). The scans were visually inspected and realigned where necessary. 
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Once complete, the tester examined the scan to ensure its quality and if necessary repeated 

the scan. The fat mass index (FMI; kg/m2) was calculated.

After recruitment, mothers were asked to report their height and pre-pregnancy weight in a 

questionnaire administered at 12 weeks gestation, which were then used to calculate pre-

pregnancy maternal BMI. Reported weight was highly correlated with the first antenatal 

clinic measure of weight (Pearson’s correlation coefficient 0.95). Partners reported their own 

heights and weights in questionnaires at 12 weeks gestation, which were used to determine 

paternal BMI. For this study, data for partners who were not confirmed as being the 

biological father of the child by the mothers’ report were excluded.

Other variables

Age, sex, birth weight, gestational age, maternal education, household social class, maternal 

smoking and alcohol consumption in pregnancy and own smoking and alcohol were also 

considered potential confounders. Sex, gestational age and infant birth weight were recorded 

in the delivery room and abstracted from obstetric records and/or birth notifications. 

Gestational age was based on the date of the mother’s last menstrual period, clinical records 

or ultrasounds. Based on questionnaire responses in pregnancy, the highest occupation of the 

mother or their partner was used to define family social class as either manual or non-

manual (using the 1991 British Office of Population and Census Statistics (OPCS) 

classification). Highest educational qualification for the mother was collapsed into whether 

they had achieved a university degree or not. Mothers were asked about their smoking 

during pregnancy and these data were used to generate a binary variable of any smoking 

during pregnancy. In addition, mothers were asked whether they had drunk any alcohol 

during the first trimester and these data were used to generate a binary variable: never or 

ever drank alcohol during the first trimester. Offspring smoking was obtained from a 

questionnaire administered at the clinic when DNA was extracted for methylation at age 

15-17 years, and this was categorised into never/less than weekly, weekly and daily. 

Adolescent alcohol intake was obtained from the same questionnaires and categorised into 

whether they consumed alcohol at least weekly or not.

Genotypes

ALSPAC offspring were genotyped using the Illumina HumanHap550 quad genome-wide 

SNP genotyping platform (Illumina Inc., San Diego, CA, USA) by the Wellcome Trust 

Sanger Institute (Cambridge, UK) and the Laboratory Corporation of America (Burlington, 

NC, US), with support from 23andMe. ALSPAC mothers were genotyped on the Illumina 

660K quad chip at the Centre National de Genotypage, Paris. DNA extraction, quality 

control, SNP genotyping and imputation were carried out separately in the ALSPAC mothers 

and offspring and have been described in detail elsewhere.(37; 38)

Statistical analysis

Cross-sectional analysis—We performed multivariable regression analysis of log-

transformed BMI with concurrently measured methylation level (beta values) at each of the 

3 CpG sites in HIF3A identified (6), in both mothers and offspring in ARIES. Main models 

were adjusted for age, sex and bisulphite conversion batch in the analyses of offspring 
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childhood BMI, and age, sex, smoking status and bisulphite conversion batch in the analyses 

of offspring adolescent BMI and maternal BMI. All covariates, including bisulphite 

conversion batch, were included as fixed effects. BMI was treated as the outcome variable 

by Dick et al. and so we present coefficients as percentage change per 0.1 increase in 

methylation so as to be able to compare the magnitude of the observational estimates 

directly with those reported (6). DXA-measured fat mass index (FMI) was also investigated 

as the outcome variable in a secondary analysis of the individuals at adolescence, which was 

similarly log-transformed.

Secondary models were adjusted for age, sex, bisuphite conversion batch, birth weight, 

gestational age, maternal education, household social class, maternal smoking and alcohol 

consumption in pregnancy and own smoking and alcohol . In addition, it has been 

demonstrated that differences in methylation can arise as a result of variability of cell 

composition in whole blood.(39) In order to ensure that the results are not influenced by 

variation in cell type fraction between samples, we estimated the fraction of CD8+T, 

CD4+T, NK and B cells, monocytes and granulocytes in the samples using the 

estimateCellCounts function in the minfi Bioconductor package implemented in R.(40) (41) 

This approach uses as a reference a dataset presented by Reinius and colleagues which 

identified differentially methylated regions which could discriminate cell types in flow-

sorted leukocytes from six adult samples. (39) Analyses were repeated adjusting for cell 

composition by including each blood cell fraction as a covariate in the multivariable linear 

regression.

Additional analyses—To further investigate the dominant direction of causality in any 

observed associations we undertook the following additional analyses (Figure 1):

Longitudinal analysis—Multiple linear regression models were next used to establish the 

association of methylation with future adiposity and of adiposity with future methylation in 

the offspring, with adjustments made for sex, age and batch, and baseline adiposity or 

methylation respectively. Specifically, BMI in adolescence was regressed on childhood 

methylation, and methylation in adolescence on childhood BMI. Childhood methylation was 

also regressed on birth weight, and childhood BMI on cord blood methylation at birth. 

Secondary models were adjusted for age, sex, batch, baseline adiposity or methylation, birth 

weight (where birth weight or methylation at birth was not the outcome or main exposure), 

gestational age, maternal education, household social class, maternal smoking and alcohol 

consumption in pregnancy and own smoking and alcohol.

Mendelian randomization analysis—It is now well established that genetic factors 

regulate variation in methylation (42) and two single nucleotide polymorphisms (SNPs), 

rs8102595 and rs3826795, were found to have strong cis-effects on methylation at HIF3A.

(6) These same SNPs were not associated with BMI in either the previous study cohorts or 

in a large-scale meta-analysis of genome-wide association studies (GWAS) for BMI,(43) 

implying that increasing methylation at the HIF3A CpG sites does not have a causal effect 

on BMI. We aimed to perform formal Mendelian randomization analysis to establish a 

causal effect of methylation at HIF3A on BMI using these previously identified cis-SNPs 
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combined in a weighted allele score, using the weights from a meta-analysis of the discovery 

and replication cohorts in Dick et al (6) as a proxy for methylation levels.

We also performed reciprocal Mendelian randomization analysis to investigate whether there 

was evidence of a causal effect of BMI on HIF3A methylation using genetic variants found 

to be robustly associated with BMI in large-scale GWAS.(43; 44) For this, a weighted allele 

score was created from 97 SNPs that have been shown to be reliably associated with BMI 

(44) and was used as a genetic instrument for adiposity. The dose of the effect allele at each 

locus was weighted by the effect size of the variant in this independent meta-analysis and 

these doses were summed to reflect the average number of BMI-increasing alleles carried by 

an individual. Analyses were performed using a standardised allele score.

For the Mendelian randomization analyses we used the approach of “triangulation”.(45-47). 

This approach involves a comparison of the observed association between the instrument 

and the outcome with the association which would be expected if the observed exposure-

outcome association were causal (Figure 2). The expected association is calculated by 

multiplying the observed instrument-exposure association with the observed exposure-

outcome association while the standard error for the expected effect size is calculated using 

a second order Taylor series expansion of the product of two means, where the covariance of 

the estimated parameters was estimated using a bootstrapping procedure with 200 

replications (48).

Here we estimated the expected effect of the instrument-outcome association based on the 

effect estimates for the instrument-exposure and exposure-outcome associations and 

compared this with the observed association of instrument with outcome (DNA 

methylation), performing a z-test for difference between the observed and expected 

estimates, where again the covariance of the estimated parameters was estimated using a 

bootstrapping procedure. Where the observed and expected estimates are consistent this 

suggests that there is unlikely to be marked residual confounding in the association between 

exposure and outcome (i.e. it supports a causal effect); assuming there is adequate statistical 

power for this comparison. The only covariate included in the main model was bisulphite 

conversion batch.

Inter-generational analysis—We next performed multivariable linear regression 

analysis to investigate associations between log-transformed maternal pre-pregnancy BMI 

and offspring HIF3A methylation at birth, childhood and adolescence. These models 

adjusted for maternal age at delivery, maternal smoking status in pregnancy, offspring sex 

and bisulphite conversion batch. Analyses assessing the association of maternal BMI with 

childhood and adolescent methylation at HIF3A were also adjusted for offspring’s age at 

methylation measurement.

Primarily we were interested in the direction of any causal effect and this inter-generational 

design effectively rules out an effect of offspring methylation on maternal BMI. Should any 

robust associations of maternal BMI with offspring DNA methylation at HIF3A be 

identified, we planned to use causal inference strategies to investigate whether these 
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associations were likely to be caused by an intra-uterine effect of maternal BMI or rather by 

confounding due to shared familial lifestyles and/or genetic factors.

Specifically, these strategies were a negative control design and Mendelian randomization. 

In the negative control design, associations of maternal exposure and paternal exposure (the 

negative control) with the offspring outcome are compared. If these are similar it suggests 

that confounding by shared familiar factors, shared epigenetic inheritance or parental 

genotypes is likely, whereas a stronger maternal-offspring association (even after adjustment 

for paternal exposure) would provide support for a causal intra-uterine effect.( 49; 50) 

Associations of maternal pre-pregnancy BMI and offspring methylation at HIF3A were 

therefore compared, visually and formally using incremental F-tests, to associations of 

paternal BMI and offspring methylation, with and without mutual adjustment.

For the Mendelian randomization analysis, genetic variants in the mothers were used to 

create a weighted allele score for maternal BMI and the instrumental variable approach of 

triangulation was applied to infer a causal effect on offspring DNA methylation at HIF3A. 

However, in this case an obvious violation of the instrumental variable assumption is the 

relationship of maternal genotype to offspring (fetal) genotype which could provide a 

pathway from the instrument (maternal genotype) to outcome (offspring DNA methylation 

at HIF3A) that is not via the exposure of interest (maternal BMI) and hence would bias our 

findings.(51) Therefore, the analysis was adjusted for offspring’s BMI allele score. All 

analyses were also adjusted for bisulphite conversion batch.

All statistical analyses were performed in R (version 3.0.1).

Results

Basic characteristics

Methylation data were available for 973 children at the mean age of age 7.5 (S.D. 0.1) years 

and 974 adolescents at the mean age of 17.1 (1.0) years, with 940 individuals having data at 

both of these time points. For the three HIF3A probes identified previously, mean 

methylation levels were lower in adolescence than in childhood (Table 1). Methylation in 

childhood was positively associated with methylation in the same individuals assessed in 

adolescence (Pearson’s correlation coefficients: 0.72, 0.57, 0.68 at cg22891070, cg27146050 

and cg16672562, respectively). R2 values for regressions of methylation in adolescence on 

methylation in childhood showed that childhood methylation explained 52.3%, 32.4% and 

46.8% of variation in methylation in adolescence at cg22891070, cg27146050 and 

cg16672562 respectively

Cross-sectional analysis

There were no cross-sectional associations between methylation at cg22891070 and 

cg16672562 and BMI in childhood or adolescence (Table 2). There was also no robust 

association between methylation at cg27146050 and childhood BMI (Table 2), although 

there was some suggestive evidence of association between and methylation across the 

HIF3A region and childhood BMI (Supplementary Figure 1). An association between 

methylation at cg27146050 and BMI in adolescence withstood Bonferroni correction; a 0.1 
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increase in methylation β value at cg27146050 was associated with a 4.7% (95% CI 1.0, 8.3; 

P=0.012) increase in BMI, which is in line with previously reported adult BMI effect 

estimates.(6)

We investigated whether the observed association between adolescent BMI and cg27146050 

methylation could be explained by additional confounding factors (Supplementary Table 2). 

The association between methylation at cg27146050 and BMI in adolescence was attenuated 

by 25% upon adjustment for these, indicating some potential confounding in the 

observational association (Table 2). DNA was extracted from buffy coats in adolescence. To 

establish the effect of correcting for buffy coat cell type, predicted cell type components 

were added as covariates to the main and secondary models. Evidence for association 

strengthened following this adjustment (Supplementary Table 3).

Effect estimates for associations between adolescent methylation and fat mass index (FMI) 

were consistently larger for all three of the CpG sites compared with those for BMI, 

particularly at cg27146050, where an increase in methylation β value of 0.1 was associated 

with an 11.8% (−0.1, 23.7) increase in FMI (P=0.053), however confidence intervals were 

wider and the p-values for the associations did not withstand Bonferroni correction. We also 

investigated whether the observed associations could be explained by additional 

confounding factors that may exist in the context of adiposity and methylation by assessing 

the impact of adjusting for potential confounders on the observational effect estimates. The 

association between methylation at cg27146050 and FMI in adolescence was similarly 

attenuated by 25%, indicating some potential confounding in the observational association 

(Supplementary Table 4).

Longitudinal associations

We next investigated the prospective associations between HIF3A methylation at birth and 

childhood BMI, between birth weight and childhood HIF3A methylation, between 

childhood HIF3A methylation and adolescent BMI and between childhood BMI and HIF3A 
methylation in adolescence, with and without adjustment for adiposity or methylation at the 

earlier time point (Table 3). We observed positive associations between birthweight and 

childhood methylation at all three sites, which was not attenuated with adjustment for cord 

blood methylation at birth (P-values ranging 0.0019 to 0.019). While there was weak 

evidence of inverse associations between HIF3A methylation at birth and childhood BMI, 

these associations were attenuated after adjusting for birth weight (Table 3).

We also observed a positive association between childhood BMI and cg27146050 

methylation in adolescence (0.003 (0.001, 0.005) increase in methylation β value per 10% 

increase in BMI; P=0.001) which was not attenuated with adjustment for childhood 

methylation at this site. The effect remained unchanged with adjustment for a number of 

potential confounders (Supplementary Table 5). However, there were no prospective 

associations between childhood BMI and adolescent methylation at cg22890170 or 

cg16672562
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Mendelian randomization analysis

To investigate the potential effect of methylation at cg27146050 on BMI, we first assessed 

genetic associations with methylation using a score composed of two single nucleotide 

polymorphisms (SNPs), rs8102595 and rs3826795, found to have strong cis-effects on 

methylation at HIF3A in an independent study (6). There was a 0.2 (0.16, 0.25; P<10−10; 

R2=7.4%) increase in methylation β value at cg27146050 per unit increase in the cis-SNP 

score (Supplementary Table 6). Unlike for the adiposity and methylation measures, there 

was no strong evidence of association between the cis-SNP score and a number of potential 

confounding factors (Supplementary Table 8).

Given the strength of the association with methylation at cg27146050 and lack of 

association with confounding factors, we used the cis-SNP score as an instrument for 

methylation in a Mendelian randomization analysis. There was little association between the 

cis-SNPs and BMI compared with the expected association if methylation on BMI was 

causal (Table 4). However, wide confidence intervals for the observed estimates meant that 

there was no strong evidence of a difference between the observed and expected effect 

estimates (observed effect = −0.04 (−0.29, 0.22); expected effect = 0.10 (0.03, 0.17); P-for-

difference= 0.30).

We calculated that we would need a sample of N=25,369 to confidently detect an association 

(at p<0.001) between the cis-SNP allele score that explained 0.1% of the variance in log 

BMI with 95% power. Therefore, we also tested for associations between the cis-SNPs and 

body mass index by performing a look-up of the SNPs in the publically-available results of 

the most recent GIANT consortium meta-analysis.(44) In this sample, there was no strong 

evidence of association between either of the SNPs and BMI (rs3826795: n=224,403, β 
(SE) = 0.002 (0.005), p=0·63; rs8102595: n=223,534, β (SE) = −0.002 (0.007), p=0·78), in 

accordance with previous findings using data from a smaller meta-analysis in GIANT. (6) In 

addition, we performed two-sample Mendelian randomization,(52) using SNP-methylation 

association estimates obtained from the ARIES data set and SNP-BMI association estimates 

obtained from the GIANT results to derive a Wald ratio estimate for the causal effect of 

methylation on BMI. Using inverse-weighted variance meta-analysis of the estimates 

derived using the two SNPs, a 1-unit increase in methylation was associated with a −0.021 

(−0.55, 0.51); p=0.94 decrease in inverse-normally transformed BMI residuals i.e. providing 

further evidence against a causal effect of methylation at HIF3A on BMI (Supplementary 

Table 10).

To investigate the potential effect of BMI on methylation at cg27146050, we confirmed the 

expected association between a weighted allele score composed of 97 BMI variants 

identified in an independent study(44) and log-transformed BMI in our sample (β =0.036 

(0.025, 0.046) P<10−10, R2=5.2%) (Supplementary Table 7). Unlike for the adiposity and 

methylation measures, there was no evidence of association between the BMI allele score 

and a number of potential confounding factors (Supplementary Table 8). Although there was 

some evidence for a difference in mean allele score between groups based on adolescent 

own smoking, this was driven by a small number of individuals in the group who smoked 

weekly (n= 29) and no linear trend was observed.
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We applied this instrument to investigate the potential causal effect of BMI on HIF3A 
methylation (Table 4). The direction of effect observed was consistent with that expected if 

the effect were causal. In addition, there was little evidence of a difference between the 

observed and expected effect estimates (observed effect = 0.0014 (−0.0009, 0.0037); 

expected effect = 0.0008 (0.0002, 0.0013); P-for-difference=0.55). However, due to wide 

confidence intervals, no robust evidence of an association between the allele score and 

methylation was observed. In order to confidently detect an association between the BMI 

allele score and HIF3A methylation (at p<0.001) that explained 0.1% of the variance in log 

BMI with 95% power, we calculated that we would need a sample of N=30,523. 

Unfortunately, no publically-available meQTL data of this sample size are currently 

available to investigate this.

Inter-generational analysis

We next carried out an inter-generational analysis to investigate a potential intrauterine effect 

of maternal BMI on offspring methylation at cg27146050 from birth to adolescence. 

Maternal pre-pregnancy BMI was associated with offspring cord blood methylation at 

cg27146050 (P= 0.027). However, whereas own BMI was positively associated with 

methylation at this site, maternal BMI was inversely associated with offspring DNA 

methylation at cg27146050 in cord blood (−0.0048 (−0.0092, 0.0004) change in methylation 

per 10% increase in maternal BMI) (Figure 3).

Maternal BMI was also associated with cord blood methylation at four other CpG sites at 

HIF3A (cg20667364, cg26749414, cg25196389 and cg23548163; P-values ranging 7.5 × 

10−6 to 4.6 × 10−2) (Figure 3). These sites in the second CpG island were found to be 

positively associated with maternal BMI (in contrast to cg27146050, which was negatively 

associated). A heatmap of the correlation between methylation β-values at HIF3A 
(Supplementary Figure 2) shows that the sites in the second CpG island are inversely 

correlated with cg27146050.

Associations between maternal BMI and offspring methylation at birth at the additional sites 

in the second CpG island did not persist at later ages (Supplementary Figure 3, birth n = 795, 

childhood n = 845, adolescence n = 851). The inverse association of maternal pre-pregnancy 

BMI with methylation at cg27146050 in cord blood reversed to a positive one in 

adolescence, in line with the association of own BMI with methylation at this site.

Using a negative control design, we found that the association between maternal BMI and 

offspring methylation at the sites identified in cord blood tended to be stronger than the 

association with paternal BMI (Figure 4, maternal n =797, paternal n = 655, mutually 

adjusted n = 625), but after mutual adjustment of maternal and paternal BMI, there was only 

robust evidence that they differed at cg25196389 (Wald test p-value for difference between 

maternal and paternal associations with mutual adjustment: 0.031 for cg25196389, all other 

probes > 0.05). We also found that, for cg27146050 in adolescence, the association with pre-

pregnancy maternal BMI was stronger than the association with paternal BMI with and 

without mutual adjustment (Figure 4; Wald test p-value = 0.009), and was also stronger than 

the association with maternal BMI measured postnatally when their offspring were 

approximately age 15 (Figure 4; Wald test p-value = 0.050 in adjusted model).
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In the Mendelian randomization analyses of maternal BMI on cord blood methylation 

(Supplementary Table 9), the observed associations between the IV and offspring 

methylation were stronger than the expected estimates, though 95% confidence intervals 

were wide and included the null value at most sites. There was little evidence that the 

expected and observed associations of the maternal BMI allele score with offspring 

methylation differed. Adjusting for offspring allelic score slightly strengthened the observed 

maternal allelic score –methylation relationship, but conclusions were generally the same. 

However, in the Mendelian randomization analysis of maternal BMI on cg27146050 

methylation in adolescence, there was no observed association between maternal genotype 

and offspring methylation which we would expect to find if the effect of maternal BMI on 

offspring methylation in adolescence was causal. However, again effect estimates were 

imprecise. (Supplementary Table 9).

Discussion

In this study, we tested for replication of a previous investigation of the association between 

BMI and DNA methylation at HIF3A in childhood and adolescence in a subset of 

individuals from the Avon Longitudinal Study of Parents and Children.(6) Although no clear 

cross-sectional associations were observed between childhood BMI and methylation, we 

found evidence of a positive association between adolescent BMI and methylation at 

cg27146050 in HIF3A, with a magnitude of effect similar to that seen previously.(6)

We also examined the association between HIF3A methylation and DXA-derived FMI in 

adolescence and found positive associations at all three CpG sites. Effect estimates were 

larger than those observed in the associations with BMI, although the associations were 

imprecisely estimated with wide confidence intervals that included the null value.

We carried out several additional analyses to investigate the dominant direction of causality 

in any observed associations (Figure 1). In longitudinal analysis, we found an association 

between childhood BMI and methylation in adolescence, but childhood methylation was not 

robustly associated with BMI in adolescence, implying that the direction of any possible 

effect is from adiposity to methylation at this locus, rather than the other way round.

For the Mendelian randomization analysis, we confirmed associations between two cis-SNPs 

and methylation at HIF3A and, in line with the aforementioned study, (6) did not find 

associations between these SNPs and BMI, suggesting that variation in methylation at 

HIF3A does not causally affect BMI. This was supported by our finding that the observed 

effect estimate of the SNPs on BMI was different from that expected if methylation at 

HIF3A had a causal effect on BMI in the ARIES sample, as well as a null effect estimate for 

the causal effect of HIF3A methylation on BMI in the GIANT data set (44) established 

using a two-sample Mendelian randomization approach.

We were able to extend the analysis by using instruments for BMI to investigate causality of 

the reciprocal effect. We used an allele score composed of variants robustly associated with 

BMI in an independent GWAS (44) and assessed the magnitude of association between this 

score and methylation at HIF3A in adolescence. Whilst this analysis showed no robust 
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evidence of an association between the allele score and methylation, confidence intervals 

were wide and here the observed effect estimate was in the same direction and exceeded the 

expected magnitude of a causal effect.

Several studies have shown that maternal adiposity during pregnancy is associated with 

offspring DNA methylation.(53-56) We carried out inter-generational analysis and identified 

associations between maternal pre-pregnancy BMI and offspring cord blood methylation at 

cg27146050, as well as four novel CpG sites at HIF3A. Since the association of maternal 

BMI with offspring DNA methylation could not be explained by reverse causality, this lends 

further plausibility to an effect of adiposity on DNA methylation at HIF3A.

Associations of maternal BMI and offspring methylation at the novel sites at HIF3A were 

stronger at birth than in childhood and adolescence, suggesting that any effect of maternal 

BMI on neonatal DNA methylation at these sites does not persist into later life. This 

seemingly transient effect of maternal BMI on offspring cord methylation at HIF3A may be 

indicative of changes in the regulation of HIFs specific to pregnancy.(57) Meanwhile, for 

cg27146050, an association between maternal BMI and offspring methylation was evident at 

all three time points, although the direction of the association changed over time.

Some evidence for a causal intra-uterine effect of maternal BMI on offspring cord blood was 

supported with the use of both a parental negative control comparison analysis, where no 

association was seen between paternal BMI (the negative control) and offspring cord 

methylation, and Mendelian randomization using a BMI allele score in the mothers. For the 

latter, conclusions were similar even after adjustment for offspring genotype. A parental 

comparison analysis also provided support for a possible legacy from the intra-uterine effect 

of maternal BMI on offspring DNA methylation into adolescence, as has been previously 

identified in the case of maternal smoking in pregnancy.(58; 59) However, this could be 

influenced by parental differences in the proportion of environmental factors shared with 

offspring postnatally and, while maternal BMI in pregnancy was more strongly associated 

with offspring methylation than maternal BMI postnatally, Mendelian randomization did not 

provide strong support for a causal intra-uterine effect at this later time point.

Strengths of this analysis include the extension of a previous study, with the aim of 

replicating identified associations between BMI and methylation at HIF3A locus in a 

younger cohort. We obtained similar findings in terms of direction of effect between BMI 

and methylation at the identified CpG sites in HIF3A although associations were weaker, as 

has been found previously.(9) In addition, more thorough consideration has been given to a 

number of potential confounding factors and both longitudinal and Mendelian 

randomization analysis have been used to assess causality in the observed association.

The main limitation of this analysis was the limited power to detect a difference between the 

observed and expected triangulation estimates between the BMI allele score and DNA 

methylation and further exploration in additional large studies is warranted. Other possible 

limitations of Mendelian randomization include population stratification, canalization, 

pleiotropy and linkage disequilibrium.(18; 21; 60) Major population stratification is unlikely 

since this analysis was completed in unrelated individuals of European ancestry. However, a 
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pleiotropic association of either a cis-SNP with BMI or the BMI allele score with HIF3A 
methylation, or linkage disequilibrium between these genotypes and a functional variant 

independently associated with the outcome, would violate the assumptions of the Mendelian 

randomization analysis.

While the genetic variants included in the cis-SNP score were found to be robustly 

associated with cg27146050 methylation levels, in a previous study they have been 

associated with methylation at the neighbouring CpG, cg22891070, implying non-specificity 

of these genetic instruments which instead proxy for regional HIF3A methylation levels 

rather than methylation at individual CpG sites. To investigate specificity of the BMI SNPs, 

we performed a look-up of the 97 SNPs in a large scale meQTL analysis within the ARIES 

data set and did not find any SNP-CpG associations which surpassed genome-wide 

significance, indicating that it is unlikely that the BMI SNPs have a pleiotropic influence on 

methylation independent of BMI.

Canalization (or developmental compensation) could potentially bias the Mendelian 

randomization analysis assessing causality in the adolescent BMI-methylation association 

but is not an issue in the inter-generational analysis since the mother’s genetic instrument 

will only influence the developmental environment of the offspring through the exposure of 

interest.(61) Nonetheless, the inter-generational Mendelian randomization estimates are 

potentially biased with adjustment for offspring BMI genotype, which might introduce a 

different pathway between maternal BMI genotype and paternal BMI genotype (a form of 

collider bias). However, as we have already stated it is unlikely that paternal BMI will have a 

direct effect on offspring methylation and adjusting for offspring BMI genotype did not 

substantially alter effect estimates for this MR analysis.

Further limitations of the study include missing data for BMI, FMI and some of the potential 

confounders which reduced the complete case sample size. It should be noted that we found 

no CpG sites in HIF3A that were associated with either offspring or maternal BMI with a P-

value <1 × 10−7 (the widely-used Bonferroni cut-off for genome-wide significance on the 

HM450 array), therefore an epigenome-wide association study of own or maternal BMI in 

ARIES would not have identified any sites in HIF3A. However, given the existence of 

correlation structure and comethylation in this region, correction for multiple testing based 

on independent tests in an EWAS would likely be too stringent. Additionally, eight of the 25 

Illumina 450k probes at HIF3A appear on a comprehensive list of probes that provide noisy 

or inaccurate signals.(62) This list includes two (cg22891070 and cg16672562) of the sites 

previously identified as being associated with own BMI, so these findings are at a high risk 

of being false discoveries. In addition, although not the primary focus of our analyses, we 

did not find strong associations between HIF3A methylation at any of the three sites and 

BMI in the ARIES mothers at the time of pregnancy or around 17 years later at follow-up, 

although the direction of effect was consistent with that found previously at these sites (6) 

(Supplementary Table 11).

An additional limitation is that cord blood or peripheral blood may not be the most 

appropriate tissues in which to study associations with BMI and a more pronounced 

association of BMI with HIF3A methylation has been observed in adipose tissue.(6; 7). 
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Furthermore, this analysis was limited to blood samples with mixed cell composition. 

Although no differences were found in the analysis with estimated cell-type correction, it is 

unclear how effective the method used to correct for cell-type proportions is in these samples 

since the reference data sets are available only for adult peripheral blood (39).

Conclusions

Overall our results do not support a causal effect of HIF3A methylation on BMI, and are 

more suggestive of a causal effect in the reverse direction i.e. an effect of higher BMI on 

higher HIF3A methylation. Use of a range of causal inference techniques including 

longitudinal analysis, Mendelian randomization and a parental comparison design provided 

findings largely consistent with both a causal effect of own BMI on methylation at HIF3A as 

well as an independent intra-uterine effect of maternal BMI on offspring cord blood 

methylation at HIF3A (Supplementary Figure 1). Further work is required to uncover the 

mechanisms underlying both a direct and intra-uterine effect of adiposity on DNA 

methylation in this gene and to investigate its role in the downstream effects of adiposity, 

given that methylation changes have been shown to influence gene expression at this locus.

(6)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic diagrams of the causal inference methods being implemented in this study

a) Investigating longitudinal associations between BMI and HIF3A methylation

b) Investigating the dominant direction of causality in the association between BMI and 

HIF3A methylation with the use of bidirectional Mendelian randomization analysis

c) Investigating the intra-uterine effect of maternal smoking on offspring DNA methylation 

with the use of a parental comparison design.
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Figure 2. 
Triangulation approach for instrumental variable analyses used in this study

The observed association between the instrumental variable and the outcome (a) is compared 

to that expected given the association between the instrumental variable and the exposure (b) 

and the association between the exposure and the outcome (c).
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Figure 3. 
Associations between maternal BMI and offspring methylation at birth at HIF3A CpG sites

Associations of maternal BMI and offspring cord blood methylation at birth at all 25 CpG 

sites at the HIF3A locus (mean change in methylation per unit increase in log maternal pre-

pregnancy BMI; error bars indicate 95% confidence intervals). The locations of CpG sites on 

the HIF3A gene are mapped on the diagram below the graph. Blue blocks are exons, grey 

blocks are introns, green blocks are CpG islands and red pins are CpG sites. The three sites 

previously identified in adult peripheral blood as associated with own BMI are highlighted 
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with a red asterisk. All sites associated with maternal BMI with a P-value <0.05 in our 

analyses are highlighted with a blue asterisk.
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Figure 4. 
Associations between parental BMI and offspring DNA methylation at HIF3A
Error bars indicate 95% confidence intervals. Maternal antenatal n = 849 [birth] 904 

[adolescence], paternal n = 694 [birth] 742 [adolescence], mutually adjusted n =662 [birth] 

708 [adolescence], maternal at follow-up n = 819 [adolescence], maternal antenatal adjusted 

for maternal at follow-up n = 763 [adolescence].

Richmond et al. Page 26

Diabetes. Author manuscript; available in PMC 2016 May 23.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Richmond et al. Page 27

Ta
b

le
 1

C
ha

ra
ct

er
is

tic
s 

of
 A

R
IE

S 
pa

rt
ic

ip
an

ts
 in

cl
ud

ed
 in

 a
na

ly
se

s

A
R

IE
S 

pa
rt

ic
ip

an
ts

*

C
hi

ld
ho

od
 (

N
=9

70
)

A
do

le
sc

en
ce

 (
N

= 
84

5)

A
ge

 (
ye

ar
s)

7.
5 

(0
.1

)
17

.1
 (

1.
0)

%
 m

al
es

48
5 

(4
9.

8%
)

47
4 

(4
8.

7%
)

H
ei

gh
t (

m
)

1.
26

 (
0.

05
)

1.
72

 (
0.

09
)

W
ei

gh
t (

kg
)

25
.9

 (
4.

6)
66

.2
 (

9.
1)

B
od

y 
m

as
s 

in
de

x 
(k

g/
m

2 )
16

.2
 (

2.
1)

22
.3

 (
3.

9)

Fa
t m

as
s 

in
de

x 
(k

g/
m

2 )
-

5.
9 

(3
.5

)

%
 f

at
 m

as
s

-
25

.1
%

 (
11

.0
%

)

%
 s

m
ok

e 
at

 le
as

t w
ee

kl
y

-
13

0 
(1

5.
2%

)

M
et

hy
la

tio
n 

of
 c

g2
28

91
07

0 
(β

 v
al

ue
)

0.
66

4 
(0

.1
02

, 0
.2

81
-0

.9
18

)
0.

57
8 

(0
.1

20
, 0

.2
00

-0
.8

84
)

M
et

hy
la

tio
n 

of
 c

g2
71

46
05

0 
(β

 v
al

ue
)

0.
18

2 
(0

.0
35

, 0
.0

80
-0

.5
38

)
0.

16
7 

(0
.0

33
, 0

.0
83

-0
.3

99
)

M
et

hy
la

tio
n 

of
 c

g1
66

72
56

2 
(β

 v
al

ue
)

0.
66

0 
(0

.1
31

, 0
.2

00
-0

.9
30

)
0.

53
6 

(0
.1

47
, 0

.1
22

-0
.9

25
)

* D
at

a 
ar

e 
m

ea
n 

(S
D

),
 n

 (
%

),
 o

r 
m

ea
n 

(S
D

, r
an

ge
)

Diabetes. Author manuscript; available in PMC 2016 May 23.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Richmond et al. Page 28

Ta
b

le
 2

A
ss

oc
ia

tio
ns

 b
et

w
ee

n 
m

et
hy

la
tio

n 
at

 th
re

e 
C

pG
 s

ite
s 

at
 H

IF
3A

 a
nd

 B
M

I

C
hi

ld
ho

od
A

do
le

sc
en

ce

B
as

ic
 m

od
el

 (
N

=9
70

)*
A

dj
us

te
d 

m
od

el
 (

N
=9

18
)†

B
as

ic
 m

od
el

 (
N

=8
45

)‡
A

dj
us

te
d 

m
od

el
 (

N
=8

04
)†

P
er

ce
nt

ag
e 

ch
an

ge
 in

 B
M

I 
(9

5%
 C

I)
§

p-
va

lu
e

P
er

ce
nt

ag
e 

ch
an

ge
 in

 B
M

I 
(9

5%
 C

I)
§

p-
va

lu
e

P
er

ce
nt

ag
e 

ch
an

ge
 in

 B
M

I 
(9

5%
 C

I)
§

p-
va

lu
e

P
er

ce
nt

ag
e 

ch
an

ge
 in

 B
M

I 
(9

5%
 C

I)
§

p-
va

lu
e

cg
22

89
10

70
0.

44
 (

−
0.

35
, 1

.2
3)

0.
27

0.
45

 (
−

0.
32

, 0
.1

2)
0.

25
0.

66
 (

−
0.

31
, 1

.6
3)

0.
19

0.
30

 (
−

0.
67

, 1
.2

8)
0.

54

cg
27

14
60

50
0.

62
 (

−
1.

69
, 2

.9
3)

0.
60

0.
34

 (
−

1.
89

, 2
.5

6)
0.

77
4.

66
 (

1.
04

, 8
.2

9)
0.

01
3.

49
 (

−
0.

12
, 7

.1
0)

0.
06

cg
16

67
25

62
0.

31
 (

−
0.

32
, 0

.9
3)

0.
34

0.
32

 (
−

0.
29

, 0
.9

3)
0.

30
0.

40
 (

−
0.

41
, 1

.2
0)

0.
34

0.
24

 (
−

0.
56

, 1
.0

5)
0.

55

* C
hi

ld
ho

od
 a

na
ly

se
s 

ar
e 

ad
ju

st
ed

 f
or

 a
ge

, s
ex

 a
nd

 b
at

ch
.

‡ A
do

le
sc

en
t a

na
ly

se
s 

ar
e 

ad
ju

st
ed

 f
or

 a
ge

, s
ex

, s
m

ok
in

g 
an

d 
ba

tc
h.

† B
as

ic
 m

od
el

 a
dd

iti
on

al
ly

 a
dj

us
te

d 
fo

r 
sm

ok
in

g,
 a

lc
oh

ol
, m

at
er

na
l e

du
ca

tio
n,

 s
oc

ia
l c

la
ss

, m
at

er
na

l s
m

ok
in

g,
 m

at
er

na
l s

m
ok

in
g,

 m
at

er
na

l a
lc

oh
ol

, b
ir

th
w

ei
gh

t a
nd

 g
es

ta
tio

na
l a

ge
.

§ C
oe

ff
ic

ie
nt

s 
ha

ve
 b

ee
n 

co
nv

er
te

d 
in

to
 p

er
ce

nt
ag

e 
ch

an
ge

 in
 B

M
I 

fo
r 

ev
er

y 
0.

1 
un

it 
in

cr
ea

se
 in

 m
et

hy
la

tio
n 
β 

va
lu

e.

Diabetes. Author manuscript; available in PMC 2016 May 23.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Richmond et al. Page 29

Ta
b

le
 3

Pr
os

pe
ct

iv
e 

as
so

ci
at

io
ns

 b
et

w
ee

n 
bi

rt
hw

ei
gh

t a
nd

 c
hi

ld
ho

od
 m

et
hy

la
tio

n,
 b

et
w

ee
n 

co
rd

 b
lo

od
 m

et
hy

la
tio

n 
at

 b
ir

th
 a

nd
 c

hi
ld

ho
od

 B
M

I,
 b

et
w

ee
n 

ch
ild

ho
od

 B
M

I 
an

d 
ad

ol
es

ce
nt

 m
et

hy
la

tio
n,

 a
nd

 b
et

w
ee

n 
ch

ild
ho

od
 m

et
hy

la
tio

n 
an

d 
ad

ol
es

ce
nt

 B
M

I

E
xp

os
ur

e
O

ut
co

m
e

C
pG

 s
it

e
N

A
ss

oc
ia

ti
on

 w
it

ho
ut

 a
dj

us
tm

en
t 

fo
r 

th
e 

ou
tc

om
e 

at
 

ba
se

lin
e*

N
A

ss
oc

ia
ti

on
 w

it
h 

ad
ju

st
m

en
t 

fo
r 

th
e 

ou
tc

om
e 

at
 

ba
se

lin
e*

β 
(9

5%
 C

I)
p-

va
lu

e
β 

(9
5%

 C
I)

p-
va

lu
e

B
ir

th
 m

et
hy

la
tio

n
C

hi
ld

ho
od

 B
M

I
cg

22
89

10
70

89
0

−
1.

70
 (

−
3.

66
, 0

.3
0)

a
0.

10
87

4
−

1.
65

 (
−

3.
52

, 0
.2

6)
a

0.
09

cg
27

14
60

50
89

0
−

0.
03

 (
−

1.
04

, 1
.0

0)
a

0.
96

87
4

0.
21

 (
−

0.
77

, 1
.2

1)
a

0.
67

cg
16

67
25

62
89

0
−

2.
66

 (
−

5.
10

, −
0.

16
)a

0.
04

87
4

−
2.

23
 (

−
4.

58
, 0

.1
7)

a
0.

07

B
ir

th
 w

ei
gh

t
C

hi
ld

ho
od

 m
et

hy
la

tio
n

cg
22

89
10

70
95

7
0.

02
 (

0.
01

, 0
.0

4)
b

0.
01

87
1

0.
02

 (
0.

00
3,

 0
.0

35
)b

0.
02

cg
27

14
60

50
95

7
0.

01
 (

0.
00

1,
 0

.0
12

)b
0.

02
87

1
0.

01
 (

0.
00

3,
 0

.0
14

)b
0.

04

cg
16

67
25

62
95

7
0.

03
 (

0.
01

, 0
.0

5)
b

0.
01

87
1

0.
03

 (
0.

00
6,

 0
.0

46
)b

0.
01

C
hi

ld
ho

od
 m

et
hy

la
tio

n
A

do
le

sc
en

t B
M

I
cg

22
89

10
70

92
2

0.
68

 (
−

0.
40

, 1
.7

6)
a

0.
22

91
9

0.
14

 (
−

0.
64

, 0
.9

1)
a

0.
73

cg
27

14
60

50
92

2
2.

30
 (

−
0.

83
, 5

.4
3)

a
0.

15
91

9
1.

33
 (

−
0.

91
, 3

.5
7)

a
0.

24

cg
16

67
25

62
92

2
0.

31
 (

−
0.

54
, 1

.1
5)

a
0.

48
91

9
−

0.
04

 (
−

0.
64

, 0
.5

7)
a

0.
90

C
hi

ld
ho

od
 B

M
I

A
do

le
sc

en
t m

et
hy

la
tio

n
cg

22
89

10
70

97
1

0.
00

5(
−

0.
00

2,
 0

.0
11

)c
0.

17
93

7
0.

00
1 

(−
0.

00
4,

 0
.0

05
)c

0.
78

cg
27

14
60

50
97

1
0.

00
3 

(0
.0

01
, 0

.0
05

)c
0.

00
1

93
7

0.
00

3 
(0

.0
01

, 0
.0

04
)c

0.
00

1

cg
16

67
25

62
97

1
0.

00
5 

(−
0.

00
3,

 0
.0

13
)c

0.
21

93
7

0.
00

2 
(−

0.
00

4,
 0

.0
08

)c
0.

60

* A
ls

o 
ad

ju
st

ed
 f

or
 a

ge
 a

t c
hi

ld
ho

od
/a

do
le

sc
en

ce
, s

ex
, b

at
ch

a C
oe

ff
ic

ie
nt

s 
ha

ve
 b

ee
n 

co
nv

er
te

d 
in

to
 p

er
ce

nt
ag

e 
ch

an
ge

 in
 B

M
I 

fo
r 

ev
er

y 
0.

1 
un

it 
in

cr
ea

se
 in

 m
et

hy
la

tio
n 
β 

va
lu

e.

b C
oe

ff
ic

ie
nt

s 
ar

e 
ch

an
ge

 in
 m

et
hy

la
tio

n 
pe

r 
1k

g 
in

cr
ea

se
 in

 b
ir

th
w

ei
gh

t.

c C
oe

ff
ic

ie
nt

s 
ar

e 
ch

an
ge

 in
 m

et
hy

la
tio

n 
pe

r 
10

%
 in

cr
ea

se
 in

 B
M

I.

Diabetes. Author manuscript; available in PMC 2016 May 23.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Richmond et al. Page 30

Ta
b

le
 4

M
en

de
lia

n 
ra

nd
om

iz
at

io
n 

an
al

ys
is

 f
or

 a
ss

oc
ia

tio
ns

 b
et

w
ee

n 
ad

ol
es

ce
nt

 B
M

I 
an

d 
m

et
hy

la
tio

n 
at

 c
g2

71
46

05
0.

In
st

ru
m

en
ta

l v
ar

ia
bl

e 
(I

V
)

E
xp

os
ur

e 
(E

)
O

ut
co

m
e 

(O
)

O
bs

er
ve

d 
as

so
ci

at
io

n 
be

tw
ee

n 
IV

 a
nd

 O
 (

c)
*

E
xp

ec
te

d 
as

so
ci

at
io

n 
be

tw
ee

n 
IV

 a
nd

 O
 (

a 
× 

b)
D

if
fe

re
nc

e 
be

tw
ee

n 
ob

se
rv

ed
 (

c)
 a

nd
 

ex
pe

ct
ed

 (
a 

× 
b)

 
es

ti
m

at
es

N
β 

(9
5%

 C
I)

β 
(9

5%
 C

I)
P

-v
al

ue

A
do

le
sc

en
t c

is
-S

N
P 

sc
or

e
A

do
le

sc
en

t m
et

hy
la

tio
n 

at
 c

g2
71

46
05

0
A

do
le

sc
en

t l
og

 B
M

I
83

1
−

0.
03

81
 (

−
0.

29
37

, 0
.2

17
6)

0.
10

27
 (

0.
03

15
, 0

.1
73

9)
0.

30

A
do

le
sc

en
t s

ta
nd

ar
di

se
d 

97
 S

N
P 

al
le

le
 s

co
re

A
do

le
sc

en
t l

og
 B

M
I

A
do

le
sc

en
t m

et
hy

la
tio

n 
at

 c
g2

71
46

05
0

84
9

0.
00

14
 (

−
0.

00
09

, 0
.0

03
7)

0.
00

08
 (

0.
00

02
, 0

.0
01

3)
0.

55

* A
na

ly
se

s 
ar

e 
ad

ju
st

ed
 f

or
 b

is
ul

ph
ite

 c
on

ve
rs

io
n 

ba
tc

h 
on

ly

Diabetes. Author manuscript; available in PMC 2016 May 23.


	Abstract
	Introduction
	Research Design and Methods
	Participants
	Methylation assay – laboratory methods, quality control and pre-processing
	Anthropometry
	Other variables
	Genotypes
	Statistical analysis
	Cross-sectional analysis
	Additional analyses
	Longitudinal analysis
	Mendelian randomization analysis
	Inter-generational analysis


	Results
	Basic characteristics
	Cross-sectional analysis
	Longitudinal associations
	Mendelian randomization analysis
	Inter-generational analysis

	Discussion
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2
	Table 3
	Table 4

