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Sex-specific effects of weight-affecting gene variants in a life course perspective - The HUNT Study, Norway.
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Abstract
Objective: The impact of previously identified genetic variants directly or indirectly associated with obesity, were investigated at birth, adolescence and adulthood to provide knowledge concerning timing and mechanisms of obesity susceptibility with focus on gender differences.   

Design: Twenty four previously identified obesity- and eating disorder susceptibility loci were tested for association with adiposity traits at birth (ponderal index), adolescence and young adulthood (body mass index, waist circumference and waist-hip ratio) in 1782 individuals from the HUNT study. SNPs were evaluated individually and by haplotype sliding-window approach for windows ≤ 50 kb (near-MC4R, FTO and near-BDNF). The analyses were performed on the total and sex stratified samples.   
Results: The most substantial effect on BMI was observed for the near-MC4R variants at adolescence and adulthood (adjusted p-values in adolescence: 0.002 and 0.003 for rs17782313 and rs571312, respectively). The same variants showed inverse association with ponderal index in males (adjusted p-values: 0.019 to 0.036). Furthermore, significant effects were observed at adolescence with BMI for the near-KCTD15 variant (rs11084753) (adjusted P = 0.038) in the combined sample. The near-INSIG2 (rs7566605) was significantly associated to waist-hip ratio in males and near-BDNF (rs925946) in the combined sample (adjusted P=0.027 and P=0.033, respectively).  The OPRD1 locus was associated to BMI and waist circumference in males both at adolescence and adulthood with highest effect in adults (adjusted P=0.058). Interaction with sex was identified for near-MC4R, OPRD1, COMT, near-BDNF and DRD2.
Conclusions: Most obesity susceptibility variants show stronger effect at adolescence than at birth and adulthood with a clear sex-specific effect at some loci. The near-MC4R locus exhibit inverse effect on weight at birth in boys compared to findings at adolescence and adulthood. Some variants less known for obesity-susceptibility such as OPRD1 were found to be associated to weight with strongest effects in males.
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Introduction
The prevalence of overweight and obesity has steadily been rising over the past decades in both adults 
 ADDIN EN.CITE 
(1, 2)
  and children 
 ADDIN EN.CITE 
(3, 4)
 to become a global epidemic representing a major public health challenge 
 ADDIN EN.CITE 
(5, 6)
. Although life style changes contribute profoundly to the weight-increase, genetic influence on obesity risk is estimated to lie between 40-70% 
 ADDIN EN.CITE 
(7-9)
.  Genome Wide Association Studies (GWAS) have to date identified 52 loci associated to obesity related traits 10()
, 32 of which have been associated to BMI 
 ADDIN EN.CITE 
(11)
. Through waist circumference (WC) associations, all loci including FTO and near-MC4R, overlap with what has been found for BMI confirming the overall obesity correlation 10()
. Identification of the NRXN3 locus earlier implicated in addiction and reward behaviour, further emphasise the influence of loci related to the central nervous system (CNS) on obesity  
 ADDIN EN.CITE 
(12)
. Fourteen susceptibility loci non-overlapping with overall obesity have been robustly identified with waist-hip ratio (WHR) 
 ADDIN EN.CITE 
(13)
. 
Achieved GWAS-based knowledge has contributed to improved molecular interaction-driven hypothesis involved in obesity development. Furthermore, the ”missing heritability” issue identified 14()
, has broadened the scientific scope with increased emphasis on copy number, rare and low frequency variants, gene x environmental interaction and environmental epigenetics 15()
.  New molecular knowledge has strengthened the beliefs that CNS-correlated pathways are critical in the regulation of energy homeostasis affecting appetite, satiety, behaviour and energy expenditure 16()
. This corroborates the hypothesised roles and functions of the two obesity susceptibility loci with the highest identified effect on common obesity; namely the FTO 
 ADDIN EN.CITE 
(17, 18)
 and near-MC4R 
 ADDIN EN.CITE 
(19)
. 
Studies testing adult-discovered loci in children has in many ways revealed the same effect patterns as identified in adults with FTO and TMEM18 yielding the strongest association 20()
. Life course studies of the FTO locus have demonstrated weak association at early ages up to the age of seven 
 ADDIN EN.CITE 
(21-24)
 after which the effect increases until the age of 20 and decreases thereafter 
 ADDIN EN.CITE 
(25)
. Recent studies on childhood samples confirm the influence of several adult-identified loci to be strongest earlier in life 
 ADDIN EN.CITE 
(20, 26-29)
. However, many studies have failed to identify effects of most obesity susceptibility loci at birth 
 ADDIN EN.CITE 
(21, 30-33)
, although modest associations using genetic risk scores have been identified 
 ADDIN EN.CITE 
(30)
. Nominally significant association between the FTO risk alleles and higher birth weight has been documented 
 ADDIN EN.CITE 
(34, 35)
. This is, however, controversial since FTO-risk alleles also have been shown to exert inverse effects, i.e. being associated with lower weight below 2.5 years of age 
 ADDIN EN.CITE 
(24)
. Furthermore , the MTCH2-rs10838738 obesity risk-allele was associated with reduced birth weight in a Danish sample of 4,744 individuals 
 ADDIN EN.CITE 
(31)
, and in a meta-analysis of 28,219 individuals 
 ADDIN EN.CITE 
(35)
 wherein the TMEM18 locus also displayed associations to lower odds of having a low birth weight in the EPIC-Norfolk cohort.
Sex may influence obesity differently via environmental, genetic and hormonal factors 
 ADDIN EN.CITE 
(4, 36-38)
. This is reflected in sex-specific differences in body fat distribution and recently also emphasised for genetic influence on waist-hip ratio 
 ADDIN EN.CITE 
(39)
 and other obesity related traits 
 ADDIN EN.CITE 
(36, 40)
. 

The aim of this study was to address the issue of age- and sex-specific effects of obesity and eating behaviour related loci to further understand their mechanisms of action and also the possible relevance at different ages. Our study was based on the population-based health study in the Nord-Trøndelag County of Norway, where birth, adolescent and adult data were available. 
Subjects and Methods

Study population and phenotypic measurements
The HUNT Study comprises the population of Nord-Trøndelag County in Norway. Collection of data was performed in three waves for adults: HUNT1 (1984-86), HUNT2 (1995-97) and HUNT3 (2006-08) (Supplementary Figure 1). In addition to comprehensive questionnaires representing health data and clinical measurements, biological material was collected from participants in HUNT2 and HUNT3. The decreasing participation rates observed are a general phenomenon observed for current health studies and addressed for HUNT in two recent publications 41


( ADDIN EN.CITE , 42)
.
The Young-HUNT Study which represents the adolescent population of the HUNT Study involves students at junior (age 13-16) and senior high schools (age 16-19) and has been carried out in two main waves (Young-HUNT1 and Young-HUNT3) with a follow-up of the youngest participants from the first survey in a subsample (Young-HUNT2) (Supplementary Figure 1). The Young-HUNT1 Survey was conducted at the same time as HUNT2 and included 8983 adolescents (4519 males and 4464 females) with a participation rate of 94.8%. This survey comprised comprehensive questionnaires and clinical examinations, but no biological sampling. Some of the Young-HUNT1 participants (788 males and 1013 females) also participated in HUNT3 where DNA samples were retrieved and genotyped in the present study. The birth, adolescent and adult cross-sectional data used here were all collected prospectively through The Medical Birth Registry of Norway, Young-HUNT1 and HUNT3, respectively.  
Data on birth weight (grams), birth length (cm) and gestational age (weeks) were retrieved by merging The Medical Birth Registry of Norway with the Young-HUNT data file using the personal number assigned to every Norwegian at birth. Ponderal index (PI) was calculated as 100x(birth weight in grams/length in cm3). Weight, height, waist circumference (WC) and hip circumference (HC) at ages 13-19 and 24-30 years were measured by a trained nurse using standardised weight scales and meter bands. The participants wore light clothing and were barefoot. Height was measured to the nearest centimetre (cm) and weight to the nearest 0.5 kilogram (kg). WC and HC were measured to the nearest centimetre applying non-stretchable band horizontally; WC at the umbilical level after the participants emptied their lungs, or midway between the last rib and the iliac cristae if the latter was larger and HC at the widest part of the gluteal muscle. Body mass index (BMI) was calculated as weight in kg/height in m2 and waist-hip ratio (WHR) as WC/HC. All anthropometric measurements were converted into age- (for adolescents and adults based on age in years, for babies based on age in gestational week) and sex-specific z-scores. The z-score indicates the standard deviations (SD) of the obesity measure above (positive values) or below (negative values) the expected mean. LMS z-scores for BMI was applied in the adolescent sample to test for potential effects of skewed distribution (see Supplementary information). 
For the birth cross-section, multiples were excluded (n=24), and only individuals that were full term (gestation week 37-42) were included. For the adult cross-section we excluded pregnant women (n=84). 

Ethics

All participants in the HUNT and Young-HUNT studies gave a written formed consent. In addition, parents gave a written consent for children under the age of 16. In Norway, age 16 is the legal age to give consent to participation in research. The protocol was in accordance with the Helsinki Declaration approved by the Regional Committee for Ethics in Medical Research and the Data inspectorate.
Genotyping
DNA was extracted from peripheral blood leukocytes from EDTA whole blood or blood clots using the Gentra Purgene blood kit (QIAGEN Science, Maryland, USA) (n=1805). The procedure was done manually or automated with an Autopure LS (QIAGEN Science, Maryland, USA) mainly as described by the manufacturer. DNA concentrations were determined in HUNT biobank by use of BioMek NX for automation and PicoGreen dsDNA Quantitation (Invitrogene) where the concentration of every 8th sample in addition was measured by Nanodrop quantification (NanoDrop Technologies). To estimate associations with obesity/weight measures, 27 SNPs were selected based on the most robustly findings at the time of study design (early 2010). Genotyping was performed at CIGENE using the MassARRAY and iPlex system of the Sequenome genotyping platform (Sequenom, San Diego, CA) in a 27 SNP multiplex design. The system uses the MALDITOF primer extension assay according to manufacturers’ recommendations. Assays were optimised on 384 samples initially which resulted in three SNPs being excluded due to poor genotyping quality (lower call rates than 95%). This left the following 24 SNPs for analyses: rs9939609, rs8050136, rs1121980 (in FTO), rs12970134, rs17782313, rs17782313 (near-MC4R), rs2815752 (near-NEGR1), rs6548238 (near-TMEM18), rs11084753 (near-KCTD15), rs10938397 (near-GNPDA2), rs10838738 (in MTCH2), rs4074134, rs925946, rs6265 (near/in BDNF), rs7566605 (near-INSIG2), rs987237 (in TFAP2B), rs545854 (near-MSRA), rs543874 (near-SEC16B), rs3734967 (near-5-HT2A), rs4680 (in COMT), rs569356 (near-OPRD1), rs35683 (in GHRL), rs6277 (in DRD2), rs10195252 (near-GRB14) (Table 1). Individuals with >10% genotype missing were removed. Two negative controls per 384-well plate were run and samples were blinded. Forty ng DNA was used per multiples. Samples were run blinded to the laboratory personnel. 
Statistical analyses

SNPs were tested for deviation from Hardy Weinberg Equilibrium (HWE) in the whole sample using PLINK Software (http://pngu.mgh.harvard.edu/~purcell/plink/) (Table 1). Linear regression was performed using the sex- and age-specific z-scores of PI, BMI, WC and WHR as continuous traits. Associations with WC and WHR for the adolescent and adult cross-section were adjusted for height and BMI, respectively. The adolescent samples were additionally adjusted for pubertal development based on self-reported assessment of secondary sexual characteristics. The value was calculated according to a set Pubertal Developmental Scale, PDS 
 ADDIN EN.CITE 
(43, 44)
 where the participants rated themselves according to growth spurt, pubic hair growth, menarche and breast development for girls and changes in voice and facial hair growth for boys. The scale consisted of four items graded from 1 to 4 with 4 as fully developed. 
For the assessment of the effect of SNPs on babies that were small and large for gestational age at birth, logistic regression was performed on the lower and upper quartile z-scores of PI. Both the logistic and linear regression analyses were performed assuming an additive model for each SNP, using PLINK. To study the influence of birth weight on the associations between SNPs and adolescent and adult BMI, PI and age (gestational weeks) were included as covariates. Minor allele was used as reference in the study.
Linkage disequilibrium set as r2≥0.3: (achieved via HapMap phase3 - GLIDERS – Genome-wide Linkage Disequilibrium Repository and Search engine) between SNPs within/near the same genes (FTO, MC4R, BDNF) were the following: FTO (Chr. 16) r2=1.0 between rs8050136 and rs9939609, while 0.88 between these and rs1121980. For near-MC4R (Chr. 18) markers, r2=1.0 between rs571312 and rs17782313, while r2=0.85 between rs12970134 and rs571312/rs17782313. For BDNF (Chr. 11) r2=0.81 between rs4074134 and rs6265 while rs925946 showed an r2 <0.3. Testing for associations using haplotypes instead of single SNPs were performed using a sliding windows approach for these three loci (within ≤50 kb windows).
Nominal significance was considered at P<0.05. A permutation-based adjusted p-value was used in order to adjust for the multiple testing of the SNPs. Sex-specific interactions (SNP*sex) were tested separately for each SNP-association.
Results

Study subjects

Of the 1805 individuals included in the study, 1801 were successfully genotyped. Descriptive characterisations are summarised in Supplementary Table 1. Fulfilled inclusion criteria left 1510 individuals (672 boys, 838 girls) with available data at birth, 1708 individuals (742 males, 966 females) at adolescence  and 1693 (780 males, 913 females) at early adulthood (Figure 1).
Association of genetic susceptibility variants with overall obesity related traits 
Association tests demonstrated differential effects of SNPs on ponderal index (PI) at birth and body mass index (BMI) at adolescence and adulthood (Table 2, Figure 2, Supplementary Table 2). At birth, the near-MC4R C-allele of rs17782313, displayed a significantly negative effect with PI in the male (ß = -0.20 [-0.32,-0.08]) and combined samples -0.13 [-0.21,-0.04], adjusted P-values: 0.019 and 0.05, respectively). Rs571312 was significantly associated to PI after adjustments in males only (ß= -0.19 [-0.31,-0.07] (adjusted P=0.036). The near-MC4R was not associated with PI in females (sex interaction p-value: 0.067-0.095 for MC4R-SNPs). The G-allele in COMT (rs4680) was inversely associated with high birth weight in males (ß= -0.14 [-0.25,-0.03] (unadjusted P=0.012, sex interaction p-value: 0.002). 
The same two near-MC4R variants (rs17782313 and rs571312) were significantly associated with BMI in females (ß-values: 0.19 [0.09,0.30], adjusted P-values: 0.013 for rs17782313) and in the combined adolescent sample (ß-values: 0.16 [0.08,0.24], adjusted P-values: 0.002 for rs17782313). These variants were also significantly associated with BMI in males although just at a nominal level. The A-allele of the near-MC4R SNP rs12970134 was significantly associated with BMI in the combined sample (ß=0.10 [0.03,0.18], unadjusted P=0.007). The A-allele of near-KCTD15 (rs11084753) was significantly associated with BMI in the combined sample (ß = -0.12 [-0.20,-0.05], adjusted P=0.038) and in females (ß= -0.13 [-0.23,-0.04], unadjusted P=0.007). The G-allele of OPRD1 (rs569356) was significantly associated with BMI in males (ß= 0.17 [0.02,0.32] (unadjusted P=0.029) (Table 2 and Figure 2). Analysis performed on LMS-transformed z-scores of BMI did not change the overall association pattern (Supplementary Table 5). 
At young adulthood, the overall effects of the included loci were substantially weaker than at the two earlier time points. None of the loci tested were significantly associated after multiple testing (Table 2, Figure 2). The following loci achieved nominal significance: the near-MC4R (rs17782313 and rs571312) in the combined and female sample, FTO rs1121980 in the combined sample only, OPRD1 (rs569356), DRD2 (rs6277) and BDNF (rs4074134 and rs6265) in males.
To further explore the effects of the genetic loci on ponderal index, a logistic regression was performed using an extreme sampling design with the application of the lower (controls) and upper (cases) quartiles. There were 753 individuals included in the analysis, 325 males and 428 females. Of these, 373 were included in the low weight category (158 males, 215 females) and 380 in the upper weight category (167 males, 213 females)(Table 3, Figure 3, Supplementary Table 3). The protective effect of the near-MC4R obesity risk-alleles, was confirmed even after multiple testing with an OR of 0.57 [0.39,0.82] for rs571312 and OR of 0.55 [0.38,0.79] for rs17782313 (adjusted P=0.054 and P=0.038, respectively) in males (sex interaction p-value: 0.028-0.033). In females this effect was not detected. Nominal significant effects were detected for the FTO variants, rs8050136 and rs9939609, in the combined and female sample (OR=0.78 [0.64,0.96], unadjusted P=0.020 in the combined sample) (Figure 3). The C-allele of GRB14 (rs10195252) was protective towards high birth weight in the combined and female sample (OR=0.79 [0.64,0.97] and OR=0.73 [0.56,0.96], respectively, unadjusted P=0.026 for both). 
To investigate whether birth weight affected associations between the genetic variants and BMI in adolescence and adulthood, ponderal index and gestational age were included in the linear regression models. This adjustment did not seem to affect the previously observed effects detected in adolescence and adulthood. Interestingly, the obesity-risk alleles of FTO had effects at a nominal significance level on gestational age alone in males in a protective manner (data not shown).    

Association of genetic susceptibility variants with other anthropometric traits

To address whether the included genetic markers had an effect on abdominal obesity and whether these were the same at adolescence and adulthood, we performed linear regression using waist circumference (WC) and waist-hip ratio (WHR) as outcomes. 

With focus on WC, the most significantly associated locus was again the near-MC4R in the combined and female sample. However, this was just observed at adolescence and not at young adulthood. The effect size per C-allele in rs17782313 was greater in females (ß= 0.16 [0.05,0.27]) than in the combined sample (ß= 0.12 [0.05,0.20]). However, only the association with rs17782313 and rs571312 in the combined sample were significant after multiple testing (adjusted P=0.031 and P=0.049, respectively) (Table 2). No association was identified in the male sample for this locus. Other nominally significant associations with WC were observed for near-OPRD1 in males both at adolescence and adulthood (sex-interaction p-value in adults: 0.009). The loci near-GRB14 (rs10195252), near-BDNF (rs4074134 and rs925946), in-BDNF (rs6265) and DRD2 (rs6277) also showed nominal significant effects with WC in males; however, no convincing longitudinal pattern was identified (Table 2). The effect sizes of rs569356 (near-OPRD1) and rs17782313 (near-MC4R) which in the analysis displayed a nominal P-value < 0.01 at adolescence and/or adulthood, are illustrated in Figure 4.
The most interesting finding related to WHR was the association with the C-allele of near-INSIG2 (rs7566605) both in male adolescents and adults (ß= 0.16 [0.06,0.25], adjusted P=0.027 and ß= 0.08 [0.01,0.16] unadjusted P=0.034, respectively). The A-allele of the near-BDNF (rs925946) was significantly associated with higher WHR in adolescence both in the combined sample, (ß= 0.11 [0.04,0.18], unadjusted P=0.002) and in the female sample (ß= 0.12 [0.03,0.21], unadjusted P=0.009), although only significant after multiple testing in the combined sample (adjusted P=0.033). The G-allele of near-TFAP2B (rs987237) displayed negative effect on WHR in female adolescents (sex-interaction p-value: 0.017) and in the combined and male adult sample. The DRD2 locus, rs6277, was nominally significantly associated to WHR in the combined and female sample both in adolescents and adults (Table 2). The associations of the two SNPs near-INSIG2 (rs7566605) and near-BDNF (rs925946) which in the analysis displayed a P-value < 0.01 at adolescence and/or adulthood are illustrated in Figure 4.

Some previous studies claim to have identified association between the near-MC4R locus and height 
 ADDIN EN.CITE 
(19, 45, 46)
. When addressing this in our dataset, no association with height was identified. Interestingly however, was the association observed with the near-GRB14 C-allele (rs10195252) previously found to be negatively associated with WHR 
 ADDIN EN.CITE 
(13)
 at all three time-points in the combined sample (ß= 0.07 [0.001,0.14] P=0.045, ß= 0.10 [0.03,0.17] P=0.003, and ß= 0.11 [0.05,0.18] P=0.001 at birth, adolescents and adulthood, respectively). In males, the effect sizes were even larger than in the combined sample (ß= 0.12 [0.01,0.23] P=0.030, ß= 0.16 [0.05,0.26] P=0.003, ß= 0.75 [0.07,0.28] P=0.001 at birth, adolescents and adulthood, respectively. After multiple testing, the associations were still significant in the combined adult samples (adjusted P=0.019) and in the male sample at both adolescence (adjusted P=0.050) and adulthood (adjusted P=0.015) (Supplementary Table 4). No substantial associations were detected in females. 
Haplotype associations
Haplotype testing was carried out in order to investigate the combined effect of SNPs residing within 50kb regions (three windows with three SNPs in each: near/in BDNF, FTO and MC4R). Most combined effects of SNPs did not exert larger effects than for the corresponding SNPs individually. However, the FTO-haplotype ACT had an increased effect when tested against waist circumference in adolescents. The ACG near-MC4R haplotype had a larger effect than individual SNPs with BMI in female adolescents (data not shown).    
Discussion
The effects exhibited by the most commonly used obesity susceptibility loci in our study, where directionally consistent with what others have reported previously for adults and adolescents 
 ADDIN EN.CITE 
(26, 28, 47)
. Additionally, when compared to the meta-analyses where 13,071 children and adolescents were compared to 20,431 adults 26()
, our data were in agreement with the effect sizes being larger in adolescents compared to adults for the near-SEC16B, near-TMEM18, near-MC4R and near-KCTD loci, while smaller in adolescents compared to adults for the loci near-NEGR1, near-GNPDA2, near-BDNF and FTO. Surprisingly, the FTO locus did not seem to show very significant associations in our sample neither in adolescence nor adulthood even though allele frequencies were in agreement with what others have reported 48()
. A previous study based on the HUNT population did, however, demonstrate that FTO indeed is associated with obesity 
 ADDIN EN.CITE 
(49)
, however, this was based on an extreme case-control design which may have strengthened the association signals.

Effects of obesity susceptibility SNPs with weight measures at birth has in most studies been weak undetected 
 ADDIN EN.CITE 
(30-32)
. In some studies, however, the inverse effects of a few SNPs have been identified at a nominal significance level 
 ADDIN EN.CITE 
(31, 35, 50)
. In our study, the obesity-risk alleles of near-MC4R display this inverse effect, i.e. association to reduced birth weight male-specifically, with the rs17782313-SNP exerting the highest effect. Interestingly, only at a nominally significance level and under extreme sampling design conditions, however, did the FTO risk-alleles of rs8050136 and rs9939609 also displayed this inverse effect female-specifically. Neither FTO nor the near-MC4R obesity risk-alleles identified in adults have to our knowledge been reported to exert protective effects on birth weight previously. In our study, this effect was identified in the sex-stratified analyses, and may not have been detected in previous studies due to the analyses not being done stratified. 

Sex differences in adiposity due to metabolic and hormonal causes begin early in life and are further strengthened during puberty. Distribution of body fat and metabolic differences between sexes are present already at birth, with for instance females possessing more subcutaneous fat and being more insulin resistant than males 51()
. The differences in fat storage, distribution and metabolism is thought to reflect evolutionary adaptive patterns which today in our modern environment affect health risks in a sex-specific manner 52()
. Our findings of several weight-affecting gene variants acting sex-specifically may well additionally reflect genetic selection adaptive to earlier requirements. In our study, variants less known for obesity-susceptibility (OPRD1, COMT and DRD2) and obesity susceptibility (near-TFAP2B, near-MC4R and near-BDNF) show significant or near significant sex-interaction at one or more time points.  As mentioned, the alleles which exhibit obesity risk in adolescents and adults of the near-MC4R loci display, male-specifically, a negative effect towards high ponderal index which changes inversely later in life to an obesity-risk effect, stronger in female than males at adolescents and adults. However, the latter may be an effect of the female sample being larger than the male sample. A male specific effect of the near-MC4R (rs17782313) has been documented previously 
 ADDIN EN.CITE 
(34)
. Similarly, has the FTO locus displayed female-specific associations to obesity, insulin sensitivity and plasma glucose in children 
 ADDIN EN.CITE 
(53)
. Only nominal significant association between FTO and adiposity traits was observed in our study and even if the effect was stronger in females than in males, no significant sex-interaction was observed. 
The wide-ranging genetic variants shown to be implicated in common obesity, suggests that genetic susceptibility manifested in an obesogenic environment do so through complex gene-diet, gene-physical activity and gen-satiety/appetite control interactions , i.e. also implicated in systems controlling food intake and eating behaviour 54()
. Associations identified in our study between obesity and loci, such as OPRD1 (rs569356), near/in-BDNF (rs4074134 and rs6265), COMT (rs4680) and DRD2 (rs6277), confirm this. Interestingly, the effects seem male specific which to our knowledge has not been reported earlier. However, these markers have all been shown to interact with sex previously although with various different outcomes 
 ADDIN EN.CITE 
(55-57)
. The G-allele of OPRD1 (rs569356) 58()
 suggested to influence appetite through the reward pathways 59()
, seems to be of special interest since it is associated with higher BMI and waist circumference male-specifically, with an increased effect from adolescence to adulthood.
Four variants were associated to WHR in our study, only two, near-INSIG2 in males and near-BDNF (rs925946) in the combined adolescent sample, were significant after multiple testing. To our knowledge these have not previously been shown to be associated with WHR in adolescents. The TFAP2B G-allele was protective towards higher WHR in female adolescents, which interestingly has been reported previously 60()
.
In conclusion, most obesity susceptibility variants displayed stronger effects at adolescence than at birth and adulthood.  The most substantial effect was observed on BMI for the near-MC4R obesity risk-alleles at adolescence with the same alleles displaying inverse association to high birth weight in males. Other loci such as the near-KCTD15, the near-INSIG2 and near-BDNF were associated with various obesity related traits in our adolescent and adult sample. Genetic associations to weight also included less obvious obesity susceptibility variants with strongest effects in males. This included the OPRD1 locus that was associated to BMI and WC in males both at adolescence and adulthood with highest effect in adults. Interaction with sex was identified for near-MC4R, OPRD1, COMT, near-BDNF and DRD2. 
Understanding the complex mechanisms behind weight gain from birth to adulthood is important with respect to clinical measures and prevention strategies. The identified sex-specific genetic influence on weight observed in a life course perspective here in addition to the well-known gender differences with respect to adiposity distribution and metabolic traits in general, state the importance of gender specific initiatives and way of thinking related to this issue. Additionally, as acknowledge also by genetic findings, preventive health measures should be put in at adolescence or even before.
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Figure legends

Figure 1. Flow diagram of individuals included in the study where the effects of genetic variants were investigated at the following three time points; birth (T1), adolescence (T2) and young adulthood (T3). For adolescents and adults numbers of individuals are dependent on available outcome measure data for body mass index (BMI), waist circumference (WC) and waist-hip ratio (WHR). Phenotypic data was all collected prospectively. Birth data was gathered at birth by The Medical Birth Registry of Norway, adolescent data during Young-HUNT1 (1995-97) and adult data at HUNT3 (2006-08).
Figure 2.  Beta values (effect sizes) per allele for SNP association to PI (ponderal index) at birth (T1), BMI at adolescence (T2) and adulthood (T3). Variants with P-values < 0.01 at any time point were included. Due to high linkage disequilibrium and similar pattern, only one of the three near-MC4R SNPs (rs17782313) is shown. M=males, F=females.
Figure 3. Odds ratios (OR) for loci associated to upper PI (ponderal index)-quartile at birth. Only the upper and lower quartiles were included, n=753 (325 males, 428 females). SNPs with P-values < 0.05 at any time point were included. The upper quartile, set as reference, included 380 individuals (167 males, 213 females). Lower quartile included 373 individuals (158 males, 215 females). Z-scores of PI are gestational age (in weeks) and sex specific. M=males, F=females.
Figure 4. Beta values (effect sizes) per allele for SNP association to WC (waist circumference) and WHR (waist-hip ratio) at adolescence (T2) and adulthood (T3). SNPs with P-values < 0.01 at any time point were included. Due to high linkage disequilibrium and similar pattern observed, only one of the three near-MC4R-SNPs (rs17782313) is shown. Nominal significant associations (P < 0.05) are denoted with P-values. M=males, F=females.                                                                                                                                                                                                                                                                                                                                                                                                                                                            
Table 1. Genotypes and allele frequencies.
	Nearby gene
	CHR
	SNP
	BP
	Call rate (%)
	Minor allele
	Major allele
	HWE P-value
	MAF 

	OPRD1
	1
	rs569356
	29009273
	98.9
	G
	A
	0.09
	0.129

	NEGR1
	1
	rs2815752
	72585028
	99.7
	G
	A
	0.53
	0.406

	SEC16B
	1
	rs543874
	176156103
	99.6
	C
	T
	0.19
	0.237

	TMEM18 
	2
	rs6548238
	624905
	99.4
	T
	C
	0.67
	0.166

	INSIG2
	2
	rs7566605
	118552495
	99.0
	C
	T
	0.12
	0.357

	GRB14
	2
	rs10195252
	165221337
	99.4
	C
	T
	0.96
	0.417

	GHRL
	3
	rs35683
	10303250
	99.8
	A
	C
	0.23
	0.443

	GNPDA2 
	4
	rs10938397
	44877284
	99.4
	G
	A
	0.77
	0.389

	TFAP2B
	6
	rs987237
	50911010
	98.4
	G
	A
	0.75
	0.178

	5-HT2A
	7
	rs3734967
	154493441
	99.6
	G
	A
	0.25
	0.292

	MSRA
	8
	rs545854
	9897490
	99.8
	G
	C
	0.47
	0.179

	BDNF
	11
	rs4074134
	27603861
	99.7
	T
	C
	0.75
	0.184

	BDNF
	11
	rs925946
	27623778
	99.4
	A
	C
	1.00
	0.348

	BDNF
	11
	rs6265
	27636492
	99.8
	A
	G
	0.94
	0.182

	MTCH2
	11
	rs10838738
	47619625
	99.6
	C
	T
	0.22
	0.364

	DRD2 
	11
	rs6277
	112788669
	99.7
	C
	T
	0.96
	0.466

	FTO
	16
	rs1121980
	52366748
	99.7
	A
	G
	0.14
	0.446

	FTO
	16
	rs8050136
	52373776
	99.8
	A
	C
	0.12
	0.411

	FTO
	16
	rs9939609
	52378028
	99.7
	A
	T
	0.12
	0.412

	MC4R
	18
	rs571312
	55990749
	99.1
	A
	C
	0.13
	0.268

	MC4R
	18
	rs17782313
	56002077
	98.4
	C
	T
	0.20
	0.268

	MC4R
	18
	rs12970134
	56035730
	99.7
	A
	G
	0.74
	0.300

	KCTD15
	19
	rs11084753
	39013977
	99.2
	A
	G
	0.18
	0.307

	COMT
	22
	        rs4680
	18331271
	    99.7
	 G
	    A
	   0.04                  0.449
	

	
	
	
	
	
	
	
	
	
	
	


Minor allele is set as reference in the dataset. If known, previously identified weight-increasing alleles found for adult and/or adolescent samples, are underlined. MAF = Minor allele frequency

Table 2. Significant associations between SNPs and age- and sex-specific z-scores of ponderal index (PI) at birth, and body mass index (BMI), waist circumference (WC) and waist-hip ratio (WHR) at adolescence and adulthood. 

	Outcome
	
	
	
	Birth
	Adolescence
	Adulthood

	PI and BMI
	Nearby gene
	SNP
	Sample
	BETA
	L95
	U95
	P
	P2
	P3
	BETA
	L95
	U95
	P
	P2
	P3
	BETA
	L95
	U95
	P
	P2
	P3

	
	OPRD1
	rs569356
	Combined
	-0.03
	-0.13
	0.07
	0.602
	1
	0.878
	0.06
	-0.04
	0.16
	0.240
	0.995
	0.074
	0.05
	-0.04
	0.15
	0.280
	0.999
	0.011

	
	
	
	Male
	-0.02
	-0.17
	0.13
	0.802
	1
	
	0.17
	0.02
	0.32
	0.029
	0.421
	
	0.19
	0.05
	0.33
	0.009
	0.165
	

	
	
	
	Female
	-0.03
	-0.17
	0.10
	0.626
	1
	
	-0.01
	-0.14
	0.12
	0.914
	1
	
	-0.06
	-0.20
	0.07
	0.344
	1
	

	
	GRB14
	rs10195252
	Combined
	-0.07
	-0.14
	-1x10-3
	0.046
	0.633
	0.270
	-0.04
	-0.11
	0.03
	0.265
	0.997
	0.398
	-4x10-4
	-0.07
	0.07
	0.991
	1
	0.296

	
	
	
	Male
	-0.03
	-0.14
	0.08
	0.620
	1
	
	0.00
	-0.10
	0.11
	0.964
	1
	
	-0.04
	-0.14
	0.06
	0.433
	1
	

	
	
	
	Female
	-0.11
	-0.20
	-0.01
	0.027
	0.444
	
	-0.08
	-0.17
	0.01
	0.091
	0.851
	
	0.03
	-0.06
	0.13
	0.489
	1
	

	
	BDNF
	rs4074134
	Combined
	-0.01
	-0.10
	0.09
	0.920
	1
	0.526
	-0.03
	-0.11
	0.06
	0.556
	1
	0.544
	-0.06
	-0.14
	0.03
	0.212
	0.995
	0.075

	
	
	
	Male
	0.03
	-0.10
	0.16
	0.683
	1
	
	-0.06
	-0.19
	0.08
	0.417
	1
	
	-0.14
	-0.26
	-0.01
	0.031
	0.466
	

	
	
	
	Female
	-0.03
	-0.16
	0.09
	0.600
	1
	
	-0.01
	-0.13
	0.11
	0.857
	1
	
	0.02
	-0.10
	0.14
	0.754
	1
	

	
	BDNF
	rs6265
	Combined
	-0.01
	-0.10
	0.08
	0.812
	1
	0.772
	-0.05
	-0.14
	0.04
	0.24
	0.995
	0.556
	-0.07
	-0.16
	0.02
	0.116
	0.913
	0.161

	
	
	
	Male
	0.01
	-0.13
	0.14
	0.946
	1
	 
	-0.08
	-0.22
	0.06
	0.249
	0.997
	 
	-0.14
	-0.27
	-0.01
	0.036
	0.511
	

	
	
	
	Female
	-0.03
	-0.15
	0.10
	0.698
	1
	 
	-0.04
	-0.16
	0.08
	0.498
	1
	 
	-0.01
	-0.13
	0.11
	0.837
	1
	

	
	DRD2
	rs6277
	Combined
	-0.05
	-0.12
	0.02
	0.154
	0.974
	0.806
	0.01
	-0.06
	0.08
	0.697
	1
	0.220
	0.06
	0.00
	0.13
	0.066
	0.739
	0.119

	
	
	
	Male
	-0.06
	-0.17
	0.04
	0.254
	0.997
	 
	0.04
	-0.06
	0.15
	0.442
	1
	 
	0.12
	0.02
	0.22
	0.017
	0.274
	

	
	
	
	Female
	-0.04
	-0.14
	0.05
	0.370
	1
	 
	-0.01
	-0.10
	0.08
	0.852
	1
	 
	0.01
	-0.08
	0.11
	0.763
	1
	

	
	FTO
	rs1121980
	Combined
	-0.04
	-0.11
	0.03
	0.274
	0.999
	0.657
	0.05
	-0.02
	0.12
	0.16
	0.966
	0.616
	0.07
	3x10-3
	0.14
	0.041
	0.554
	0.686

	
	
	
	Male
	-0.02
	-0.13
	0.08
	0.678
	1
	
	0.08
	-0.03
	0.19
	0.136
	0.945
	
	0.06
	-0.05
	0.16
	0.282
	0.997
	

	
	
	
	Female
	-0.05
	-0.15
	0.04
	0.276
	0.998
	
	0.03
	-0.07
	0.12
	0.577
	1
	
	0.08
	-0.01
	0.18
	0.074
	0.794
	

	
	MC4R
	rs571312
	Combined
	-0.11
	-0.19
	-0.03
	0.007
	0.152
	0.072
	0.16
	0.08
	0.23
	9.4x10-5
	0.003
	0.384
	0.08
	0.01
	0.16
	0.033
	0.477
	0.319

	
	
	
	Male
	-0.19
	-0.31
	-0.07
	0.002
	0.036
	
	0.13
	0.01
	0.24
	0.03
	0.441
	
	0.04
	-0.07
	0.15
	0.436
	1
	

	
	
	
	Female
	-0.04
	-0.15
	0.07
	0.456
	1
	
	0.17
	0.07
	0.28
	0.001
	0.030
	
	0.12
	0.02
	0.23
	0.026
	0.431
	

	
	MC4R
	rs17782313
	Combined
	-0.13
	-0.21
	-0.04
	0.002
	0.050
	0.095
	0.16
	0.08
	0.24
	4.9x10-5
	0.002
	0.262
	0.09
	0.01
	0.17
	0.021
	0.341
	0.261

	
	
	
	Male
	-0.20
	-0.32
	-0.08
	0.001
	0.019
	
	0.12
	0.01
	0.24
	0.036
	0.517
	
	0.05
	-0.06
	0.16
	0.409
	1
	

	
	
	
	Female
	-0.06
	-0.17
	0.05
	0.275
	0.997
	
	0.19
	0.09
	0.30
	4.0x10-5
	0.013
	
	0.14
	0.03
	0.24
	0.015
	0.262
	

	
	MC4R
	rs12970134
	Combined
	-0.08
	-0.16
	0.00
	0.038
	0.567
	0.067
	0.10
	0.03
	0.18
	0.007
	0.133
	0.883
	0.06
	-0.01
	0.13
	0.102
	0.887
	0.396

	
	
	
	Male
	-0.16
	-0.27
	-0.05
	0.006
	0.102
	
	0.11
	-2x10-3
	0.22
	0.055
	0.679
	
	0.03
	-0.08
	0.13
	0.596
	1
	

	
	
	
	Female
	-0.02
	-0.12
	0.09
	0.779
	1
	
	0.10
	1.78
	0.20
	0.05
	0.653
	
	0.09
	-0.01
	0.19
	0.077
	0.810
	

	
	KCTD15
	rs11084753
	Combined
	-0.04
	-0.11
	0.04
	0.365
	1
	0.181
	-0.12
	-0.20
	-0.05
	0.001
	0.038
	0.700
	-0.06
	-0.13
	0.01
	0.117
	0.916
	0.377

	
	
	
	Male
	-0.10
	-0.22
	0.02
	0.111
	0.911
	
	-0.11
	-0.23
	0.01
	0.075
	0.790
	
	-0.02
	-0.13
	0.09
	0.704
	1
	

	
	
	
	Female
	0.01
	-0.09
	0.11
	0.871
	1
	
	-0.13
	-0.23
	-0.04
	0.007
	0.126
	
	-0.09
	-0.19
	0.01
	0.079
	0.815
	

	
	COMT
	rs4680
	Combined
	-0.01
	-0.08
	0.07
	0.845
	1
	0.002
	0.06
	-0.01
	0.13
	0.091
	0.854
	0.515
	0.02
	-0.05
	0.09
	0.657
	1
	0.305

	
	
	
	Male
	-0.14
	-0.25
	-0.03
	0.012
	0.215
	
	0.04
	-0.07
	0.15
	0.483
	1
	
	-0.03
	-0.13
	0.08
	0.639
	1
	

	
	
	
	Female
	0.10
	-4x10-4
	0.19
	0.051
	0.673
	
	0.08
	-0.01
	0.17
	0.081
	0.821
	
	0.05
	-0.05
	0.14
	0.310
	1
	

	WC
	OPRD1
	rs569356
	Combined
	
	
	
	
	
	
	0.08
	-0.02
	0.17
	0.111
	1
	0.208
	0.09
	-0.01
	0.18
	0.083
	0.838
	0.009

	 
	
	
	Male
	
	
	
	
	
	
	0.14
	2x10-3
	0.28
	0.047
	0.616
	
	0.22
	0.08
	0.36
	0.003
	0.058
	

	 
	
	
	Female
	
	
	
	
	
	
	0.05
	-0.08
	0.18
	0.475
	1
	
	-0.03
	-0.16
	0.10
	0.625
	1
	

	 
	GRB14
	rs10195252
	Combined
	
	
	
	
	
	
	-0.06
	-0.13
	0.01
	0.081
	0.831
	0.084
	0.00
	-0.06
	0.07
	0.914
	1
	0.621

	
	
	
	Male
	
	
	
	
	
	
	-4x10-3
	-0.10
	0.09
	0.938
	1
	
	-0.02
	-0.13
	0.08
	0.648
	1
	

	
	
	
	Female
	
	
	
	
	
	
	-0.12
	-0.21
	-0.03
	0.010
	0.191
	
	0.02
	-0.07
	0.11
	0.696
	1
	

	 
	BDNF
	rs4074134
	Combined
	
	
	
	
	
	
	-0.03
	-0.12
	0.05
	0.450
	1
	0.443
	-0.08
	-0.16
	0.01
	0.076
	0.808
	0.206

	
	
	
	Male
	
	
	
	
	
	
	-0.06
	-0.18
	0.06
	0.361
	1
	
	-0.14
	-0.26
	-0.01
	0.031
	0.484
	

	
	
	
	Female
	
	
	
	
	
	
	-0.02
	-0.13
	0.10
	0.767
	1
	
	-0.02
	-0.14
	0.10
	0.722
	1
	

	 
	BDNF
	rs925946
	Combined
	
	
	
	
	
	
	0.08
	0.01
	0.15
	0.032
	0.509
	0.782
	0.07
	0.00
	0.14
	0.058
	0.722
	0.846

	
	
	
	Male
	
	
	
	
	
	
	0.06
	-0.04
	0.16
	0.218
	0.994
	
	0.07
	-0.03
	0.18
	0.173
	0.981
	

	
	
	
	Female
	
	
	
	
	
	
	0.08
	-0.01
	0.17
	0.097
	0.874
	
	0.06
	-0.04
	0.15
	0.221
	0.994
	

	 
	BDNF
	rs6265
	Combined
	
	
	
	
	
	
	-0.04
	-0.13
	0.05
	0.353
	1
	0.190
	-0.10
	-0.18
	-0.01
	0.029
	0.468
	0.342

	
	
	
	Male
	
	
	
	
	
	
	-0.09
	-0.22
	0.03
	0.149
	0.961
	
	-0.14
	-0.27
	-0.02
	0.029
	0.463
	

	
	
	
	Female
	
	
	
	
	
	
	-0.01
	-0.12
	0.11
	0.917
	1
	
	-0.05
	-0.17
	0.06
	0.359
	1
	

	 
	DRD2
	rs6277
	Combined
	
	
	
	
	
	
	0.06
	-0.01
	0.13
	0.071
	0.781
	0.082
	0.07
	0.00
	0.14
	0.045
	0.607
	0.433

	
	
	
	Male
	
	
	
	
	
	
	0.10
	0.00
	0.19
	0.042
	0.569
	
	0.10
	0.00
	0.19
	0.058
	0.705
	

	
	
	
	Female
	
	
	
	
	
	
	0.02
	-0.07
	0.11
	0.592
	1
	
	0.04
	-0.05
	0.14
	0.329
	1
	

	 
	MC4R
	rs571312
	Combined
	
	
	
	
	
	
	0.12
	0.04
	0.19
	0.002
	0.049
	0.410
	0.05
	-0.02
	0.13
	0.187
	0.985
	0.429

	
	
	
	Male
	
	
	
	
	
	
	0.08
	-0.02
	0.19
	0.119
	0.922
	
	0.02
	-0.09
	0.13
	0.717
	1
	

	
	
	
	Female
	
	
	
	
	
	
	0.15
	0.04
	0.25
	0.006
	0.101
	
	0.08
	-0.02
	0.19
	0.118
	0.921
	

	 
	MC4R
	rs17782313
	Combined
	
	
	
	
	
	
	0.12
	0.05
	0.20
	0.001
	0.031
	0.346
	0.05
	-0.02
	0.13
	0.170
	0.975
	0.363

	 
	
	
	Male
	
	
	
	
	
	
	0.08
	-0.02
	0.19
	0.117
	0.917
	
	0.02
	-0.09
	0.13
	0.751
	1
	

	 
	
	
	Female
	
	
	
	
	
	
	0.16
	0.05
	0.27
	0.004
	0.065
	
	0.09
	-0.02
	0.20
	0.096
	0.863
	

	 
	MC4R
	rs12970134
	Combined
	
	
	
	
	
	
	0.08
	0.01
	0.16
	0.022
	0.389
	0.691
	0.05
	-0.03
	0.12
	0.223
	0.994
	0.376

	
	
	
	Male
	
	
	
	
	
	
	0.07
	-0.03
	0.17
	0.185
	0.986
	
	0.01
	-0.10
	0.12
	0.853
	1
	

	
	
	
	Female
	
	
	
	
	
	
	0.11
	0.01
	0.21
	0.037
	0.547
	
	0.08
	-0.02
	0.18
	0.114
	0.912
	

	WHR
	INSIG2
	rs7566605
	Combined
	
	
	
	
	
	
	0.06
	-0.01
	0.12
	0.087
	0.836
	0.205
	0.05
	-0.01
	0.10
	0.097
	0.847
	0.536

	 
	
	
	Male
	
	
	
	
	
	
	0.16
	0.06
	0.25
	0.001
	0.027
	
	0.08
	0.01
	0.16
	0.034
	0.501
	

	 
	
	
	Female
	
	
	
	
	
	
	-0.02
	-0.10
	0.07
	0.730
	1
	
	0.03
	-0.05
	0.11
	0.452
	1
	

	
	TFAP2B
	rs987237
	Combined
	
	
	
	
	
	
	-0.06
	-0.14
	0.03
	0.181
	0.983
	0.017
	-0.08
	-0.16
	-0.01
	0.020
	0.320
	0.421

	
	
	
	Male
	
	
	
	
	
	
	0.03
	-0.09
	0.15
	0.645
	1
	
	-0.10
	-0.20
	-0.01
	0.031
	0.472
	

	
	
	
	Female
	
	
	
	
	
	
	-0.12
	-0.23
	0.00
	0.042
	0.595
	
	-0.08
	-0.18
	0.03
	0.149
	0.966
	

	 
	BDNF
	rs925946
	Combined
	
	
	
	
	
	
	0.11
	0.04
	0.18
	0.002
	0.033
	0.616
	0.05
	-0.01
	0.10
	0.099
	0.853
	0.636

	 
	
	
	Male
	
	
	
	
	
	
	0.09
	-0.01
	0.19
	0.081
	0.797
	
	0.07
	-0.01
	0.14
	0.103
	0.898
	

	 
	
	
	Female
	
	
	
	
	
	
	0.12
	0.03
	0.21
	0.009
	0.150
	
	0.03
	-0.05
	0.11
	0.439
	1
	

	
	DRD2
	rs6277
	Combined
	
	
	
	
	
	
	0.07
	0.01
	0.14
	0.023
	0.390
	0.604
	0.06
	0.00
	0.11
	0.040
	0.555
	0.826

	
	
	
	Male
	
	
	
	
	
	
	0.06
	-0.04
	0.15
	0.256
	0.998
	
	0.01
	-0.07
	0.08
	0.852
	1
	

	
	
	
	Female
	
	
	
	
	
	
	0.09
	4x10-3
	0.17
	0.041
	0.585
	
	0.09
	  0.01
	0.17
	     0.022
	0.377
	


Age and sex- adjusted WC was adjusted for height and WHR for BMI (raw measures). The adolescent sample was additionally adjusted for pubertal status. Only SNPs with a P-value <0.05 at any of the time points are shown. P2 - Empirical P-value corrected for multiple testing by 1000 permutations. P3 – P-value for SNP-sex interaction.

Table 3. Significant associations between SNPs and ponderal index at birth. 
	Nearby gene
	SNP
	Sample
	OR
	L95
	U95
	P
	P2
	P3

	GRB14
	rs10195252
	Combined
	0.79
	0.64
	0.97
	0.026
	0.409
	0.416

	
	
	Male
	0.88
	0.63
	1.21
	0.426
	1
	

	
	
	Female
	0.73
	0.56
	0.96
	0.026
	0.402
	

	FTO
	rs1121980
	Combined
	0.80
	0.65
	0.98
	0.035
	0.507
	0.619

	
	
	Male
	0.85
	0.62
	1.16
	0.297
	0.999
	

	
	
	Female
	0.76
	0.58
	1.01
	0.057
	0.676
	

	FTO
	rs8050136
	Combined
	0.78
	0.64
	0.96
	0.020
	0.346
	0.574

	
	
	Male
	0.84
	0.62
	1.14
	0.253
	0.999
	

	
	
	Female
	0.74
	0.56
	0.98
	0.035
	0.485
	

	FTO
	rs9939609
	Combined
	0.78
	0.64
	0.96
	0.020
	0.346
	0.574

	
	
	Male
	0.84
	0.62
	1.14
	0.253
	0.999
	

	
	
	Female
	0.74
	0.56
	0.98
	0.035
	0.485
	

	MC4R
	rs571312
	Combined
	0.78
	0.62
	0.98
	0.035
	0.518
	0.028

	
	
	Male
	0.57
	0.39
	0.82
	0.003
	0.054
	

	
	
	Female
	0.97
	0.72
	1.32
	0.850
	1
	

	MC4R
	rs17782313
	Combined
	0.74
	0.59
	0.94
	0.014
	0.262
	0.033

	
	
	Male
	0.55
	0.38
	0.79
	0.002
	0.038
	

	
	
	Female
	0.92
	0.68
	1.26
	0.616
	1
	

	MC4R
	rs12970134
	Combined
	0.86
	0.69
	1.07
	0.177
	0.975
	0.031

	
	
	Male
	0.64
	0.45
	0.91
	0.013
	0.187
	

	
	
	Female
	1.06
	0.79
	1.42
	0.695
	1
	

	KCTD15
	rs11084753
	Combined
	0.80
	0.64
	1.00
	0.052
	0.649
	0.301

	
	
	Male
	0.69
	0.48
	0.99
	0.046
	0.571
	

	
	
	Female
	0.88
	0.66
	1.18
	0.392
	1
	


Ponderal index as birth weight outcome categorized into upper (case) and lower (control) quartiles. P2 - Empirical P-value corrected for multiple testing by 1000 permutations. P3 – P-value for SNP-sex interaction.
