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Abstract

Background—Adolescent obesity is predictive of future weight gain, obesity, and adult-onset 

severe obesity (body mass index (BMI) ≥40kg/m2). Despite successful efforts to identify SNPs 

influencing BMI, <5% of the 40-80% heritability of the phenotype has been explained. 

Identification of gene-gene (G-G) interactions between known variants can help explain this 

hidden heritability, as well as identify potential biological mechanisms affecting weight gain 

during this critical developmental period.

Objective—We have recently shown distinct genetic effects on BMI across the life course, and 

thus it is important to examine evidence for epistasis in adolescence.

Methods—In adolescent participants of European descent (EA) from wave II of the National 

Longitudinal Study of Adolescent Health (Add Health, N = 5072, ages 12-21, 52.5% female), we 

tested 34 established BMI-related SNPs for G-G interaction effects on BMI Z-score. We used 

mixed-effects regression, assuming multiplicative interaction models adjusting for age, sex, and 

geographic region, with random effects for family and school.
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Results—For 28 G-G interactions that were nominally significant (p < 0.05), we attempted to 

replicate our results in an adolescent sample from the Childhood European American Cohort from 

Philadelphia (CHOP). In the replication study, one interaction (PRKD1-FTO) was significant after 

correction for multiple testing.

Conclusions—Our results are suggestive of epistatic effects on BMI during adolescence and 

point to potentially interactive effects between genes in biological pathways important in obesity.
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INTRODUCTION

Adolescence is a high-risk period for weight gain, and adolescent body mass index (BMI) 

has been shown to influence adult obesity risk 1,2. BMI is a complex phenotype under the 

influence of multiple genes 3, behaviors 4-6, and environments 7. While BMI has been 

estimated to be 40-80% heritable 8, genetic variants identified through genome-wide 

association studies (GWAS) account for <5% of the variance of this adiposity measure 3. 

This is partly because other mechanisms may influence the heritability of complex traits 

such as BMI, including epigenetics, gene-environment (G-E), and gene-gene (G-G) 

interactions 9,10. Identifying such factors has the potential to contribute to our understanding 

of the heritability of complex traits, as well as understanding potential underlying biological 

pathways involving multiple genes 11.

Research to date on the influence of epistasis on obesity risk has been inconclusive. For 

obesity-related traits in adult samples, few studies have examined the effect of G-G 

interactions on BMI. In bulimic women, G-G interaction has been reported between an 

established BMI variant (BDNF) and DRD4, where subjects with both the BDNF*Met66 

and DRD4*7R alleles had a significantly higher BMI than subjects lacking those variants 12. 

Two Chinese studies reported G-G interactions for both overall obesity risk and central 

adiposity 13,14. On the other hand, a genome wide association (GWA) scan for the effect of 

epistasis on BMI in four European cohorts, no G-G interactions reached genome-wide 

significance, and of the eight suggestive G-G interactions identified, none were replicated in 

all four cohorts, nor in the larger replication cohort (N=5173) 8. Speliotes et al. (2010) 

reported 33 nominally significant G-G interactions for their 32 BMI loci, but noted that none 

were significant after multiple-test correction.

We have recently shown distinct genetic effects on BMI in adolescence 15,16. Given that 

genetic effects on BMI vary with age, it is important to examine the genetic architecture of 

BMI (including epistasis) across the lifecourse. To our knowledge, ours is the first study to 

examine the effects of G-G interaction among established BMI variants on the risk of 

increased BMI during adolescence, a critical period for weight gain.
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METHODS

Discovery Sample

National Longitudinal Study of Adolescent Health (Add Health)—Add Health is a 

national, prospective cohort study of adolescents representative of the U.S. school-based 

population in grades 7 to 12 (11-22 years of age) in 1994-95 (wave I, n=20,745) who are 

followed over three waves into adulthood (wave II: 1996, 12-21 years (n=14,738); wave III: 

2001-2002, 18-27 years (n=15,197); wave IV: 2008-2009, 23-32 years (n=15,701). DNA 

was first collected from all respondents at wave IV, and consent given for banking and use 

in future genetic studies (n = 12,234). Add Health included a core sample plus subsamples 

of selected minorities, related adolescents (n = 5,524), and other groups, including well-

educated African Americans, collected under protocols approved by the Institutional Review 

Board at the University of North Carolina at Chapel Hill. The survey design and sampling 

strategy have been described previously 17,18.

Analytic Sample

At Wave IV, 64% (n = 6,919) of Wave I (n = 10,770) European-American (EA) respondents 

provided DNA samples with consent for banking and use in future genetic studies. For this 

study, 34 established BMI SNPs were genotyped with TaqMan (overall discordance rate 

across SNPs = 0.3%, average call-rate = 97.9%), using procedures described previously 15. 

Our eligibility criteria included each individual having at least 80% of the 34 established 

BMI SNPs successfully genotyped (n =6,596), and being between the ages of 12 and 21 

years at either Waves II or III (n =5,285). Among the 5,285 eligible EA adolescents, we 

excluded the following participants: the monozygotic twin with fewer genotyped loci within 

each twin pair (n = 86), pregnant (n = 56) or disabled (n = 27) individuals, and those with 

missing data for geographic region (n = 40) or BMI (n = 1). The final analytic sample 

included 5,075 EA individuals.

BMI

BMI (kg/m2) was calculated from measured height and weight assessed at Waves II or III 

when participants were aged 12–21 years, with priority for younger age at measurement 

(Wave II: n = 4,812; Wave III: n = 263). In cases where respondents refused measurement 

or weighed more than the scale capacity, self-reported height and weight were used to 

estimate BMI (Wave II n = 93; Wave III n = 153). Given the heterogeneity in growth during 

the age range of our study (12-21 years), we used BMI Z-scores (Z-BMI) based on the CDC 

age- and sex-matched growth charts 19 as the outcome in all statistical analyses.

Statistical Modeling

Using a multiplicative interaction model, mixed-effects linear regression was performed to 

assess pairwise interaction (epistatic) effects between SNPs on BMI Z-score, adjusting for 

SNP main effects, sex and age with random effects for school and family, using STATA 

v13.1 (Stata Corp, College Station, TX). A Bonferroni significance threshold of 8.91E-05 

(0.05/561) was applied to assess overall significance of individual findings.
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Power

Post Hoc power calculations (Quanto v.1.2.4)20 demonstrated that, given our sample size in 

Add Health and assuming a minor allele frequency (MAF) of 0.5 for SNP 1 and 0.05 MAF 

for SNP 2, we have 14% power to detect an epistatic effect of 0.2 after correcting for 

multiple testing (0.05/561). As MAF for the second SNP increases, so does our power, but 

power is substantially decreased for smaller interaction effects. (Supplementary Table 1).

Replication Sample

CHOP cohort—We attempted to replicate G-G interactions with p<0.05 in Add Health 

using a sample of European-American adolescents (age 12-18) from the Childhood 

European American Cohort from Philadelphia study. The replication sample included 3,814 

unrelated children of European ancestry with systematically recorded weight and height 

(52.2% female, mean age 14.74 (1.85)), excluding those with known syndromic obesity or 

other conditions that may influence BMI. All subjects were consecutively and randomly 

recruited from the greater metropolitan area of Philadelphia between 2006 and 2012 at the 

Children’s Hospital of Philadelphia (CHOP) (i.e., participants are not selected for any 

particular trait or treatment regime). The Institutional Review Board at CHOP approved the 

study. Parental informed consent was given for each participant for both blood collection 

and subsequent genotyping. SNP genotyping was performed, using the Illumina Infinium™ 

II HumanHap550 or Human 610 BeadChip technology (Illumina, San Diego), at the 

Children’s Hospital of Philadelphia’s Center for Applied Genomics, as described 

previously 21. Twenty-eight interactions that were nominally significant in the Add Health 

sample were carried forward for interrogation in the replication sample. Interactions were 

considered to show evidence for a nominally significant result in Add Health if the effect 

was directionally concordant, the p value from the replication analysis was significant after 

correction for multiple testing (0.05/28=1.79E-03), and there was no evidence for 

heterogeneity (I2>70) between samples in a meta-analysis of results between Add Health 

and CHOP.

RESULTS

Add Health discovery participants were a little older and heavier that the CHOP replication 

sample participants (Table 1). The genetic main effect of 15 of the 34 established BMI loci 

were replicated on BMI Z-score (p < 0.05) in the present analysis, including FTO, TMEM18, 

MC4R, and TFAP2B (Table 2).

Twenty-eight interactions were nominally significant in Add Health, which is what would be 

expected by chance (561*0.05=28.05) (Table 3). Only one of these interactions, LMX1B/

MTIF3, remained significant after correction for multiple testing in the discovery sample 

(beta = -0.18 (0.04), p = 2.88E-05). However, this interaction was not significant in CHOP 

(beta = 1.49E-03 (0.06), p=0.979). Seventeen of the 28 nominally significant interactions in 

Add Health were directionally consistent in the CHOP replication sample (binomial one-

sided p = 0.08). Of the 28 interactions examined in the meta-analysis, seven had I2 values 

>70 – indicative of heterogeneity of effects between studies, including the strongest result in 

the Add Health cohort (LMX1B-MTIF3: I2=85.8). However, one interaction was significant 
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in the replication analysis after correction for multiple testing and had I2 <30 in the meta-

analysis (PRKD1-FTO: beta =-0.20 (0.05), p = 1.27E-04, I2=27.5).

The interaction for PRKD1-FTO relative to BMI Z-score is shown in Figure 1. The FTO risk 

allele (A) by itself is positively associated with Z-BMI, with each additional copy increasing 

Z-BMI by 0.175 units. The addition of a single PRKD1 risk allele to this model attenuates 

the influence of the FTO risk allele, so that each additional copy increases Z-BMI by only 

0.031 units. The addition of two PRKD1 risk alleles has a more dramatic impact, so that 

each additional copy of the FTO risk allele decreases Z-BMI by 0.114 units.

DISCUSSION

Previous work by our team 15,16 demonstrates that variants associated with adult BMI, also 

influence body mass index earlier in the lifecourse. In the present study, main effects were 

generally directionally consistent with published literature 3,22, with the exception of SNPs 

in/near NRXN3, RPL27A, NCR3_BAT2, and ADCY9, which showed generally null effects on 

Z-BMI in our sample. G-G interactions are expected to play a role in the genetic architecture 

of common, complex diseases, including obesity. Such interactions could perhaps account 

for some of the missing heritability in these traits, and point to potential underlying 

biological pathways and mechanisms influencing overall obesity risk. The purpose of our 

study was to examine the estimated effect of G-G interaction of established BMI variants on 

risk of increased BMI Z-score in adolescence.

Seven out of 28 of the nominally significant interactions in Add Health showed evidence of 

heterogeneity in the meta-analysis (I2>70), suggesting that these interactions are either null 

(high I2 due to “winner’s curse” of pairing results from CHOP to only the nominally 

significant results in Add Health) or strongly influenced by differences in sampling strategy 

and/or age between the discovery (nationally-representative; mean age ~16 years) and 

replication samples (geographically restricted; mean age ~14.5 years). However, the G-G 

interaction between PRKD1 and FTO (shown in Figure 1) was statistically significant after 

correction for multiple testing in CHOP and had consistent direction of effect between the 

discovery and replication samples. Given the result did not reach the threshold of statistical 

significance in the discovery study (Add Health), a future study from a similar population of 

adolescents should be performed to replicate the interaction between these two loci.

The epistatic interaction between PRKD1 and FTO reduced the additive effects of having 

one or more risk alleles at both these BMI risk variants. While Speliotes et al. (2010) 

reported no significant GG interactions influencing BMI after correction for multiple testing, 

and none of the epistatic effects identified in the present study were found in their list of 

nominally significant G-G interactions, this lack of replication is not surprising given that 

Speliotes et al. (2010) use a different outcome (inverse normally transformed BMI) and an 

older cohort (average age 54.3). Both PRKD1 and FTO have been implicated in epistatic 

interactions in other European cohorts 8. Our results suggest that several known BMI 

variants may warrant further examination with regards to epistatic effects in adolescence.
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Both of the loci indicating suggestive evidence for G-G interaction influencing BMI Z-score 

in our study are have mRNA transcripts expressed in the brain and adipose tissue23. FTO is 

also expressed in the arcurate nucleus of the hypothalamus, a region responsible for feeding 

behavior, and has been positively associated with both emotional and uncontrolled eating24. 

In addition to being associated with BMI, FTO variants have been associated with glucose 

intolerance25, with increased FTO mRNA expression in subcutaneous fat tissue of insulin 

resistant individuals 26. PRKD1 also plays a role in glucose regulation by influencing insulin 

signaling 27, suggesting a potential biological pathway for G-G interaction.

A strength of our study was the selection of well-established loci associated with BMI 

among EA adults for genotyping in Add Health EA adolescents, a reasonable strategy given 

our previous research showing that many of these variants have a stronger estimated effect 

in adolescence 16. We also have a unique sample from a sensitive developmental period, 

when risk of obesity is high, and we conducted the analysis in an independent cohort to 

assess whether results replicated.

Studies like ours can be underpowered for detecting G-G interactions. One way to increase 

power and reduce our multiple testing burden would be to focus our analysis on only those 

SNPs with a known functional role on BMI. However, given the complex nature of BMI, 

few causal SNPs have been identified to date, necessitating a broader interrogation. In 

addition, we have limited our analysis to two-locus interactions due to sample size, though 

we acknowledge that three- or more locus interactions are certainly plausible for this 

complex phenotype 28. Finally, due to the comparatively small Add Health African 

American, Hispanic, and Asian sample sizes, and the lack of appropriate replication 

samples, we restricted our analysis to adolescents of European descent. This strategy, while 

reasonable considering these loci were discovered in EA adults, limits the generalizability of 

our study.

In conclusion, the reported statistically significant interaction in European descent 

adolescents warrant further follow up in additional cohorts. Our results are suggestive of 

possible epistatic effects on BMI during adolescence and may point to potential underlying 

biological pathways important in the development of obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject

- BMI is estimated to be 40-80% heritable

- GWAS have identified numerous genetic loci that affect BMI in adults of European 

descent

- Adolescent obesity is predictive of future weight gain, obesity, and adult-onset 

severe obesity

What this study adds

- An investigation of the influence of epistasis (gene-gene interaction) between 34 

established BMI SNPs with body mass index (BMI) Z-score in a nationally 

representative sample of European American adolescents.

- Twenty-eight nominally significant G-G interactions (p<0.05) in Add Health

- Replication of one G-G interactions in the CHOP sample
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Figure 1. 
Effect of interaction1 between PRKD1 and FTO2 on BMI-for-age Z-score in adolescence.

Footnote: 1Mixed effects model, BMI = β + βSNP1xSNP2 + βSNP1 + βSNP2 + βage + βsex 

+ f + s + ε
2PRKD1 (rs11847697) risk allele (T), FTO (rs9939609) risk allele (A) – Dashed grey line: 

Main effect of FTO risk allele on Z-BMI with no influence from PRKD1 risk allele. Dotted 

dark grey line: Effect of 1 PRKD1 risk allele on the relationship between FTO and Z-BMI. 

Solid black line: Effect of 2 PRKD1 risk alleles on the FTO/Z-BMI association.
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Table 1

Sample characteristics for Add Health1 and CHOP2.

Add Health CHOP

Mean (SD) Males (N=2404) Females (N=2671) Males (N=1803) Females (N=2011)

Age 16.16 (1.83) 16.44 (1.84) 14.66 (1.88) 14.82 (1.83)

BMI 23.26 (4.90) 22.84 (5.03) 21.68 (4.59) 22.02 (4.49)

Z-BMI 0.3310 (1.16) 0.2864 (1.04) 0.3400 (1.12) 0.3605 (0.98)

1
Footnote: Add Health: National Longitudinal Study of Adolescent Health (sampled 1996-2002, ages 12-21, BMI 13.2-61.0);

2
CHOP: Childhood European American Cohort from Philadelphia (sampled 2006-2012, ages 12-18, BMI 11.1-44.2).
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Table 2

Main effects of risk alleles on BMI Z-score in Add Health.

SNP In/Near Risk Allele FEA Main effect βhat(SE) p

rs2444217 ADCY9 A 0.57 −0.02 (0.02) 0.257

rs10767664 BDNF A 0.79 0.05 (0.03) 0.041

rs13078807 CADM2 G 0.20 0.06 (0.03) 0.042

rs7647305 ETV5 C 0.79 0.03 (0.03) 0.279

rs7138803 FAIM2 A 0.38 0.02 (0.02) 0.315

rs887912 FANCL T 0.28 0.06 (0.02) 0.020

rs2112347 FLJ35779 T 0.63 0.02 (0.02) 0.377

rs9939609 FTO A 0.39 0.16 (0.02) 2.53E-13

rs10938397 GNPDA2 G 0.43 0.05 (0.02) 0.041

rs12444979 GPRC5B C 0.86 0.06 (0.03) 0.045

rs29941 KCTD15 G 0.68 0.03 (0.02) 0.150

rs867559 LMX1B G 0.19 0.02 (0.03) 0.366

rs2890652 LRP1B C 0.16 0.03 (0.03) 0.241

rs10968576 LRRN6C G 0.31 0.01 (0.02) 0.650

rs543874 LZTR2 G 0.20 0.08 (0.03) 0.002

rs2241423 MAP2K5 G 0.77 0.06 (0.03) 0.026

rs571312 MC4R A 0.23 0.10 (0.03) 7.78E-05

rs3817334 MTCH2 T 0.40 0.03 (0.02) 0.137

rs4771122 MTIF3 G 0.22 3.90E-04 (0.03) 0.988

rs1077393 NCR3_BAT2 G 0.49 −5.73E-04(0.02) 0.979

rs2568958 NEGR1 A 0.63 0.04 (0.02) 0.081

rs10146997 NRXN3 G 0.21 −0.03 (0.03) 0.219

rs206936 NUDT3 G 0.21 0.04 (0.03) 0.099

rs713586 POMC C 0.48 0.06 (0.02) 0.003

rs11847697 PRKD1 T 0.05 0.14 (0.05) 0.004

rs1555543 PTBP2 C 0.59 0.05 (0.02) 0.029

rs2287019 QPCTL C 0.81 0.03 (0.03) 0.280

rs4929949 RPL27A C 0.51 −0.02 (0.02) 0.450

rs4788102 SH2B1 A 0.39 0.01 (0.02) 0.615

rs13107325 SLC39A8 T 0.08 0.04 (0.04) 0.328

rs987237 TFAP2B G 0.18 0.10 (0.03) 2.44E-04

rs6548238 TMEM18 C 0.83 0.15 (0.03) 1.12E-07

rs1514175 TNNI3K A 0.44 0.07 (0.02) 0.002

rs3810291 ZC3H4 A 0.67 0.04 (0.02) 0.123

FEA = Frequency of effect (risk) allele
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