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Abstract

Scope—Body weight responds variably to the intake of dairy foods. Genetic variation may 

contribute to inter-individual variability in associations between body weight and dairy 

consumption.

Methods and results—A genome-wide interaction study to discover genetic variants that 

account for variation in BMI in the context of low-fat, high-fat and total dairy intake in cross-

sectional analysis was conducted. Data from nine discovery studies (up to 25 513 European 

descent individuals) were meta-analyzed. Twenty-six genetic variants reached the selected 

significance threshold (p-interaction<10−7), and six independent variants (LINC01512-rs7751666, 

PALM2/AKAP2-rs914359, ACTA2-rs1388, PPP1R12A-rs7961195, LINC00333-rs9635058, 

AC098847.1-rs1791355) were evaluated meta-analytically for replication of interaction in up to 17 

675 individuals. Variant rs9635058 (128 kb 3′ of LINC00333) was replicated (p-interaction = 

0.004). In the discovery cohorts, rs9635058 interacted with dairy (p-interaction = 7.36 × 10−8) 

such that each serving of low-fat dairy was associated with 0.225 kg m−2 lower BMI per each 

additional copy of the effect allele (A). A second genetic variant (ACTA2-rs1388) approached 

interaction replication significance for low-fat dairy exposure.

Conclusion—Body weight responses to dairy intake may be modified by genotype, in that 

greater dairy intake may protect a genetic subgroup from higher body weight.
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1. Introduction

Dairy foods represent an important food group across many cultures and geographic regions, 

and are recommended as part of several healthy diets. The extent to which dairy foods 

influence anthropometric traits such as BMI and waist circumference has been a 

longstanding and still unresolved focus of investigation. Observational and intervention 

studies, meta-analyses and systematic reviews have reported protective, detrimental and 
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neutral associations of different types of dairy foods (e.g., low-fat, high-fat) with 

anthropometric outcomes.[1–8]

Genetic variability may contribute to reported inter-individual variation in associations 

between dairy foods and anthropometric traits. Strong positive selection near the lactase 

locus favored genetic variants that enabled lifelong dairy consumption,[9,10] but whether 

other variants modulate responses to dairy intake is largely unexplored. The few studies that 

simultaneously considered both genetic variation and dairy intake for anthropometric traits 

have been limited to a small set of loci, including lactase (LCT), insulin-like growth factor II 

(IGF) and apolipoprotein AII (APOA2).[11–14]

As genome-wide association studies provide an agnostic tool for discovery of new variants, 

genome-wide interaction studies (GWIS) have the potential to uncover additional loci that 

may be modulated by specific foods. Findings from GWIS focused on dairy foods and BMI 

may broaden biological understanding of the genetic risk of obesity, and may eventually be 

relevant to dietary recommendations. Therefore, the objective of the current study was to 

conduct a GWIS to investigate low-fat, high-fat and total dairy intake for the outcome of 

BMI.

2. Experimental Section

2.1. Discovery Cohorts

Participating cohorts included up to 25 513 individuals of European ancestry from nine 

studies in the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) 

Consortium Nutrition Working Group (Table 1; Supporting Information Table 1): 

Atherosclerosis Risk in Communities Study (ARIC), Cardiovascular Health Study (CHS), 

Family Heart Study (FamHS), Genetics of Lipid Lowering Drugs and Diet Network 

(GOLDN), Health, Aging and Body Composition (Health ABC), Invecchiare in Chianti, 

aging in the Chianti area (InCHIANTI), Multi-Ethnic Study of Atherosclerosis (MESA), 

Rotterdam Study, and the Young Finns Study (YFS). All individuals participating in the 

studies provided written informed consent, and approval for all study protocols was granted 

by local institutional review boards.

2.2. Dietary Assessment

Dietary intakes for most of the cohorts were estimated using food-frequency questionnaires 

(FFQs) (Table 2, Supporting Information) that were adapted to each cohort. In Malmö Diet 

and Cancer study (MDCS), a modified diet history method combining a 7-d food record, an 

FFQ and a 45 minute interview were used to estimate intakes. Dairy intake was evaluated as 

low-fat dairy, high-fat dairy and total dairy servings/day, according to published definitions.
[15,16] Low-fat dairy foods included 1%milk, skim milk, cottage cheese, and yogurt. High-fat 

dairy foods included cream or half and half, whole milk, 2% milk, cheese, butter, and ice 

cream.

In MDCS, 3% yogurt was included as a high-fat dairy food. A serving of milk was 240 mL 

(1 cup or 8 fluid oz). Milk serving equivalents[17] were used to calculate servings of other 

dairy products including 43 g (1½ oz) hard cheese (cheddar, mozzarella, Swiss, parmesan), 
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480 mL (2 cups) cottage cheese, 57 g (2 oz) processed cheese, 360 mL (1½ cups) ice cream. 

Butter was included as a high-fat dairy food with one serving consisting of 1 pat (5 grams or 

1 inch sq × 1/3 inch high) or 1 teaspoon). Total dairy included low-fat and high-fat forms. 

Non-dairy milks (soy, nut, rice, coconut) were not included as dairy foods.

2.3. Genotyping and Imputation

Genome-wide genotyping was conducted using Illumina and Affymetrix platforms as 

described in Supporting Information Table 3. All cohorts contributing to the current study 

have participated previously in genome-wide association studies for cardiometabolic traits. 

Phased haplotypes from HapMap II in the CEU populations were used to impute 

approximately 2.5 million autosomal SNPs using algorithms that were implemented in Bim-

Bam, IMPUTE2 and MACH.

2.4. BMI Measurements

BMI was calculated as weight in kg, divided by height in meters squared. Methods for 

measuring body weight and height are described in Supporting Information Table 4.

2.5. Cohort-Specific Genome-Wide x Dairy Analyses: Discovery

Analysts from each participating cohort conducted statistical analyses using the same 

centrally designed analysis plan that was developed in the CHARGE Nutrition Working 

Group. Individuals with implausible dietary data such as very high or very low energy intake 

(as defined by the cohort), non-European ancestry or missing phenotype or genotype data 

were excluded from analysis. The interaction between genome-wide single nucleotide 

polymorphisms (SNPs) and dairy foods as described in Dietary assessment (low-fat, high-

fat, and total) for the outcome of BMI was examined in each cohort using linear or linear 

mixed effects regression with an additive genetic model. Genotyped SNPs were assigned the 

values 0,1, or 2 representing the number of copies of the effect allele. Imputed SNPs 

reflected the expected dosage as output from imputation software, ranging between 0 and 2. 

Additional details of genotyping and imputation are included in the Genotyping and 

imputation section above. Software for the genome-wide interaction analysis was cohort–

specific based on the pipeline established by each cohort, and included software such as 

QUICKTEST, ProbABEL and R (gee.test function and others). Two models were evaluated 

in the nine discovery cohorts: Model 1 included adjustment by age, sex, field center and 

familial relationships (as needed) and principal components (as needed to adjust for 

population substructure). Model 2 included all covariates applied in Model 1, with additional 

adjustment for total energy (kcal day−1), physical activity (sedentary/non-sedentary),[ 18] and 

the CHARGE diet score (a food groups-based indicator of dietary quality that was developed 

in CHARGE populations, where it was reported to be highly predictive for BMI).[19] Each 

cohort generated an output file that was meta-analyzed. Data elements of the output file 

included: SNP id, call rate, sample size for the SNP, coded and non-coded alleles, allele 

frequencies, strand, regression coefficient and standard errors, Hardy-Weinberg equilibrium 

p value, imputation method, and imputation quality.

Smith et al. Page 3

Mol Nutr Food Res. Author manuscript; available in PMC 2018 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.6. Meta-Analyses of Discovery Cohorts: Fixed and Random Effects

Prior to meta-analysis of the linear regression output (regression coefficients and standard 

errors) generated by each discovery cohort, EasyQC software was used to perform quality 

control. We eliminated SNPs that contained any of the following: invalid allele value, low 

minor allele frequency (<1%), low call rate (<0.95), or low imputation quality (MACH: R2 

<0.3; or IMPUTE: proper info <0.4).[20] We conducted inverse-variance weighted, fixed-

effect meta-analyses using METAL software (http://umich.edu/csg/abecasis/Metal/) for 

genome-wide interactions with dairy intake for the outcome of BMI. Additional quality 

control filtering was applied by METAL software to exclude SNPs with high heterogeneity 

(p-value <1 × 10−6), low number of contributing cohorts (<4) or low sample size (<5000 

individuals). Genomic control was applied to account for population stratification. A 

threshold significance of p < 10−7 was selected for evaluating SNPs for replication. We 

selected p < 10−7 as a threshold based on its use in several earlier GWAS,[21–23] and 

empirical evidence from the Genome-Wide Significance Project that a large proportion of 

associations at p>5 × 10−8 and < 10−7 were replicable.[24] We assessed heterogeneity across 

studies using Cochran’s Q statistic, which was quantified using the I2 statistic. Guidelines 

for quantifying heterogeneity rely on I2 with low, moderate and high corresponding to 25, 

50, and 75%, respectively.[25] For SNPs that reached the selected significance threshold 

(Table 2) we also conducted random effects meta-analysis.

2.7. Selection of SNPs from the Discovery Meta-Analyses for Evaluation of Replication

Twenty-six SNPs encompassing six loci reached the selected significance threshold in the 

discovery cohorts (Table 2). From among these 26 SNPs, six independent (r2<0.8) SNPs 

captured the six regions (rs7751666, rs914359, rs1388, rs7961195, rs9635058, rs1791355). 

These SNPs were chosen for meta-analytic evaluation of replication to reduce the multiple 

testing burden, and a threshold p value of 0.008 (0.05/6) was used to correct for multiple 

comparisons. Based on the hypothesis that the direction of the meta-analyzed replication 

regression coefficient would be the same as the meta-analyzed discovery regression 

coefficient, one-sided replication p values were compared to the replication significance 

threshold. For four loci at which variants reached the threshold (LINC01512, PALM2/
AKAP2, ACTA2 and AC098847.1) only one SNP was available at each locus for evaluation 

of replication. For one locus where multiple, linked SNPs were available (PPP1R12A), the 

SNP with lowest heterogeneity (I2) and the highest availability in discovery cohorts (8/9) 

was selected. For the LINC00333 locus at which I2 heterogeneity was 0 for all linked SNPs, 

a SNP with in silico support for functionality was selected.[26]

2.8. Cohort-Specific Analyses of Selected SNPs: Replication

Replication cohorts consisted of up to 17 675 individuals of European ancestry from four 

studies participating in the CHARGE Consortium Nutrition Working Group (Table 3: Diet, 

Cancer and Health (Danish EPIC), MDCS, Netherlands Epidemiology of Obesity (NEO) 

and Western Australian Pregnancy Cohort (Raine) Study. All individuals participating in the 

replication studies provided written informed consent, and approval for all study protocols 

was granted by local institutional review boards.
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Each cohort evaluated interactions between dairy intake (low-fat, high-fat and total) for the 

26 SNPs that reached the selected significance threshold. As in the discovery phase, analysis 

to evaluate replication was conducted by cohort-specific analysts using Model 1 (age, sex, 

population-specific covariates) and Model 2 (Model 1 + total energy, physical activity and 

diet quality). For replication, we also applied a third model (Model 3) that consisted of 

Model 2 with the removal of the diet quality score covariate. Regression coefficients and 

standard errors for 6 independent SNPs were meta-analyzed using METAL software.

3. Results

3.1. Study Characteristics

The general characteristics and dairy intakes of the nine discovery cohorts and four 

replication cohorts are shown (Table 1; Supporting Information Table 1). The mean age in 

discovery cohorts ranged from 38 to 74 years, and 20 to 57 years in replication cohorts. 

Mean BMI ranged from 25.7 to 28.5 kgm−2 in discovery and 24.5 to 30 kg m−2 in 

replication cohorts. Distributions of low-fat and high-fat dairy intakes varied across groups. 

Low-fat dairy intake ranged from a low of 0.06 servings per day in InCHIANTI to a high of 

2.47 servings per day in the Rotterdam Study. High-fat dairy ranged from 0.45 servings/day 

in MESA to 2.2 servings/day in the Young Finns study, and 4.8 in the MDCS (a replication 

cohort). Total dairy intake ranged from 1.3 to 4.2 servings/day in discovery cohorts, and 2.4 

to 5.8 servings/day in replication cohorts.

3.2. Genome-Wide Interactions with Dairy Intake for the Outcome of BMI

Meta-analyzed genome-wide SNP × dairy interactions that reached the selected significance 

threshold are shown (<10−7; N = 26 SNPs; Table 2). The interaction regression coefficients 

indicate the difference in the association of dairy intake and BMI in the context of the effect 

allele. For each SNP × dairy interaction in Table 2, the direction of the regression coefficient 

is indicated for each of the nine cohorts. Taking the SNP rs9635058 on chromosome 13 as 

an example, for each additional serving of low-fat dairy, BMI was 0.2246 kgm−2 lower (p 
interaction=7.36×10−8) per each additional copy of the effect allele (A). Meta-analysis 

heterogeneity was quantified as I2, and was 0 for rs9635058, indicating no heterogeneity.

We also conducted random effects meta-analysis for the 26 SNPs (Supporting Information 

Table 6). Of note, the regression coefficient and standard error for rs96350658 (described 

above, with 0 heterogeneity), were virtually the same for both random effects as for fixed 

effects. In general, for SNPs that showed moderate to high heterogeneity, random effects 

meta-analyses yielded somewhat less significant p for interaction. Most SNPs remained at 

least nominally significant. For the single SNP rs7961195 (and for all linked SNPs in or near 

PPP1R12A), the p for interaction became completely non-significant with random effects 

meta-analysis (p interaction = 0.402 for rs7961195).

Manhattan plots are provided for low-fat, high-fat and total dairy interactions for Models 1 

and 2 (Supporting Information Figures 1–6). The 26 SNPs are located in or closest to the 

following genes: LINC01512, AKAP2/PALM2-AKAP2, ACTA2, PPP1R12A, LINC00333, 
and AC098847.1.
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3.3. Evaluation of Replication of Six Independent SNPs

For meta-analytic evaluation of replication, we selected 6 independent (r2<0.8) SNPs 

(rs7751666, rs914359, rs1388, rs7961195, rs9635058, rs1791355) from the 26 SNPs that 

reached the selected P-interaction threshold (<10−7) in discovery (Table 2). Criteria for 

choosing the 6 SNPs from the 26 SNPs are described in Methods. The most significant SNP 

× dairy intake interaction is shown (Table 3) with one SNP (rs9635058) reaching the 

replication significance threshold of 0.008. We hypothesized that the direction of the meta-

analyzed replication beta would be the same as the meta-analyzed discovery beta, so one-

sided replication P values were compared to the replication significance threshold. For SNP 

rs9635058 (closest gene LINC00333), for each reported serving of high-fat dairy, BMI was 

0.053 kg m−2 lower (one-sided interaction p = 0.004) per one additional copy of the effect 

allele (A), with low heterogeneity (I2 = 7.8) and MAF~0.15. A second SNP, rs1388 (closest 

gene ACTA2; MAF 0.01), approached significance such that for each reported serving of 

low-fat dairy, BMI was 0.592 kg m−2 lower (one-sided interaction p = 0.032; SE = 0.32) per 

one additional copy of the effect allele (A), with heterogeneity I2 of 0 in replication. 

Interaction p values for the four remaining SNPs were not significant (Table 3).

3.4. Consistency of Low-Fat Dairy x rs9635058 Interaction for BMI in Discovery Cohorts

Following validation of the discovery SNP rs963058 in replication, we generated a forest 

plot to illustrate the direction, magnitude and consistency of interaction among discovery 

cohorts (Figure 1). With the exception of the InCHIANTI study (the group with lowest low-

fat dairy (0.06 servings/day) and total dairy (1.3 servings/day), the direction of the low-fat 

dairy interaction regression coefficient was negative in all groups and the P-interaction was 

<0.2 for 7 out of 9 cohorts and < 0.1 for 6 of those. Of note, low-fat intake in CHS was also 

small (0.57 servings/day), and the P-interaction was similarly insignificant in CHS (p-

interaction >0.4). A regional plot with rs963058 indicated as an index SNP, illustrates its 

position on chromosome 13, relative to LINC00333 (Figure 2).[27]

3.5. Cohort-Specific Forest Plots of Dairy × SNP Interactions for Independent SNPs in 
Discovery and Replication Cohorts

We also generated forest plots to illustrate the direction and magnitude of interactions for the 

five independent SNPs that reached the specified significance threshold among 9 discovery 

cohorts but were not replicated (Supporting Information Figures 8–12). For several SNPs 

(rs7751666, rs1791355, rs1388, rs91439) the regression coefficients for either the Family 

Heart Study or the GOLDN Study, or both, differed in direction from the other cohorts. For 

the SNP rs7961195, the Rotterdam Study appears to be the primary driver of the significant 

interaction. Similarly, we generated forest plots for the six independent SNPs based on data 

from the four replication cohorts (Supporting Information Figures 13–18). Again, overall 

patterns are difficult to establish, but differences in the direction and magnitude were 

evident, reflecting cohort-specific variability in responses to dairy.
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3.6. Sensitivity Analyses for Five Independent SNPs that Did Not Achieve Significance for 
Replication

We conducted sensitivity analyses to investigate potential sources of variability among the 

discovery cohorts (Supporting Information Table 5). Stratified analysis with countries 

divided by geographic region (Europe, n = 3 cohorts; USA, n = 6 cohorts) showed that for 

4/5 SNPs (all except rs7961195), regression coefficient directions were consistent (all 

positive or all negative) in all European (but not USA) cohorts. Stratified analysis with 

countries divided into older/younger according to mean cohort age (younger, age<65, n = 4 

cohorts; older, age ≥65 years, n = 5 cohorts) similarly showed that for the same 4/5 SNPs 

(all except rs7961195), the sign of the regression coefficient was either all positive or all 

negative in the older (but not the younger) cohorts.

3.7. Comparative Minor Allele Frequencies (MAF) for Six SNPs Selected for Evaluation of 
Replication, Implications for Positive Selection

One premise underlying our analyses is that while the LCT locus is the strongest recent 

positive selection signal in the human genome, other loci, including those related to body 

weight, may have undergone selection. Among the six SNPs identified in the discovery 

cohorts, based on integrated haplotype score (iHS) analysis in the 1000 Genomes Selection 

Browser (http://hsb.upf.edu/),[28,29] two SNPs: rs7961195 and rs9635058 appear to be 

subject to positive selection in European ancestry, with iHS of 2.47 and 3.02, respectively. In 

addition, the wide spectrum of MAF observed across populations further supports the 

likelihood of positive selection. Variation is shown in a graph of MAF for seven 1000 

Genomes populations for each of the six replication SNPs, as compared to two other 

common SNPs: (i) the best-studied CEU lactase persistence SNP (MCM6 rs4988235) and 

(ii) a well-established obesity SNP (FTO rs9939609) (Supporting Information Figure 7). 

The figure shows wide-ranging MAF for several of the investigated SNPs and the common 

SNPs: from close to 0 to approximately 0.4 for 3 of the 6 investigated SNPs, from 0 to 0.8 

for the MCM6 SNP, and from approximately 0.1 to>0.5 for the FTO SNP.

4. Discussion

On the basis of the strong positive selection signal at the LCT locus, and the considerable 

inter-individual variability in response to dairy foods, we conducted a GWIS to identify 

genetic loci that may modulate the relationship between dairy intake and BMI. Of six loci 

identified as potential interactors in the discovery phase, one locus closest to the gene 

LINC00333 (long intergenic non-protein coding RNA 333) was confirmed through 

evaluation of replication. The MAF of 0.15 indicates a common SNP, with approximately 

28% of the population carrying at least 1 copy of the minor allele). The overall consistency 

in direction and considerable magnitude of the rs9635058 interaction effect (Figure 1, forest 

plot, regression coefficient = 0.22) and low meta-analytic heterogeneity across discovery 

cohorts increases confidence in its plausibility as a responder to dairy intake. These findings 

provide evidence that dairy intake may protect certain genetic subgroups from greater body 

weight.
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The intergenic location of the interacting variants challenges mechanistic understanding of 

how the variants could be affecting body weight. The replicated SNP (rs9635058) falls 

within a large linkage disequilibrium (LD) block and is located 84 kb downstream of 

LINC00333 and 481 kb upstream of SNORA107, two novel and uncharacterized non-coding 

RNAs. As reported in the results section, the iHS score for rs9635058 suggests that this SNP 

may have recently undergone positive selection in Europeans. Several SNPs within this LD 

block have extreme iHS values. The highest is 3.19 for the SNP rs9575649 (r2 = 0.96 with 

rs9635058). While available epigenomic data do not support a functional role for the 

sequence surrounding rs9575649, it does map within a mammalian-wide interspersed repeat 

(MIR) sequence, an ancient form of transposable element, based on the GENCODE project 

data.[30] Interestingly, MIRs have been implicated in both enhancer and suppressor activity 

in the human genome (https://mobilednajournal.biomedcentral.com/articles/

10.1186/1759-8753-5-14).

In the same LD block, the iHS of 2.56 for rs9575642 (a proxy for rs9635058 with r2 = 0.95) 

also reflected an outlier. Further investigation of the proxy rs9575642 using the Epigenome 

Road Map mapped it to several sites of chromatin modification (for enhancers) and DNase 

hypersensitivity sites in several of the same tissues. Specifically, DNAse hypersensitivity 

sites to which rs9575642 maps include stomach, pancreas, and small intestine tissues 

(Roadmap Epigenomics Consortium, 2015). Chromatin modification sites to which 

rs9575642 maps include not only gastrointestinal (liver, stomach, duodenum, pancreas, 

colon) but also skeletal muscle and adipose, which are constituents of lean body mass and 

fat mass.[31] However, given the relatively large number of SNPs within this region, 

particularly in this LD block, it is impossible to determine which SNPs may contribute in 

one or more tissues to the observed interaction modulating body weight. The in silico 

evidence for this locus supports a potential regulatory role in processes related to digestion 

and absorption of nutrients, and body size and body composition, but does not reveal which 

constituents (e.g., lactose, fat, protein, oligosaccharides, minerals or other bioactive 

components) or properties (such as fermented versus non-fermented) of dairy foods could be 

physiologically relevant.

Our evaluation of low-fat and high-fat as well as total dairy was based on previous studies 

that report differential health impacts for dairy foods with different proportions of fat.[6,32,33] 

In the current study, the form of dairy that modulated the LINC00333 variant’s association 

with BMI was low-fat in the discovery cohorts and high-fat in the replication cohorts. These 

differences in exposures may be related to actual differences in patterns of intake across 

groups (e.g., the proportion of dairy consumed in high-fat versus low-fat forms in the 

discovery versus replication cohorts), or may be related to imprecision in the measurement 

and categorization of dairy intake as estimated by FFQs. In any case, we are unable to 

conclude whether the fat content of the dairy foods, or the form (e.g., milk, cheese, yogurt) 

is relevant to the observed interaction near the LINC00333 locus.

In addition, while only the LINC00333 locus was replicated, several other discovery loci are 

of potential interest based on functions of the proteins they encode (e.g., ACTA2 (Actin, 

Alpha 2, Smooth Muscle, Aorta), PPP1R12A (Protein Phosphatase 1 Regulatory Subunit (a 

subunit of myosin phosphatase), and PALM2/AKAP2 (where AKAP2 (A kinase anchoring 
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protein 2) is associated with actin). These loci all share functional links to actin and myosin, 

the proteins that comprise the molecular motor unit that accomplishes muscle contraction in 

vertebrates. Interestingly, muscle is not only a constituent of the lean body mass that would 

have been crucial for survival at the time of selection for lactase variants, but muscle protein 

synthesis has also been reported to be particularly responsive to whey proteins, and whey 

proteins are uniquely supplied by dairy foods.[34,35]

The study exhibits strengths and limitations. Important strengths include its novelty, large 

meta-analyzed sample, multinational cohorts and the implementation of a single analytic 

plan with harmonized dietary data. Moreover, the magnitude of the gene-diet interaction 

suggests that these findings may be relevant to understanding of body weight regulation. 

Limitations must also be considered. The most important limitation is the lack of functional 

knowledge for the replicated SNP and the closest gene (LINC00333). Another intergenic 

SNP (rs9546711) located closest to LINC00333 was implicated in coronary artery disease in 

a large scale GWAS of African Americans, but functional knowledge is lacking in that case 

as well.[36] Laboratory studies are needed to address these gaps in understanding, and 

provide understanding of how a particular food group modifies the genetic risk of obesity.

Other important challenges to gene x diet interaction studies arise from the complications of 

quantifying and categorizing dietary exposures. Imprecise measurement of dietary intakes 

can obscure interactions.[37] Moreover, true differences in dairy consumption and the food 

supplies across geographic regions and life stages may further complicate the detection of 

differences. Forest plots illustrated variability in genetic modulation of response to dairy, 

even within a single country (USA). Regression cohorts for two USA cohorts (Family Heart 

Study and GOLDN) differed in direction from other cohorts for several SNPs. Both of these 

studies are family-based, and include centers across a wide range of US regions (Minnesota, 

Utah, Massachusetts and North Carolina). Either the family structures, or the variability in 

regional field centers, could have contributed to differential responses in these studies. To 

improve understanding of the sources of variability in response to dairy, we conducted 

sensitivity analyses with cohorts divided by geographic region and mean age. These analyses 

were revealing, in that greater consistency was observed in European (but not American) 

cohorts and in older individuals (but not in younger). Dietary patterns, including dairy 

intakes, might be more similar among European groups and among older individuals. These 

observations could be used to inform the choice of cohorts for future investigation of gene x 

diet interactions related to dairy intake.

In summary, we performed a GWIS for dairy intake for BMI and identified gene × diet 

interactions in nine meta-analyzed cohorts, one of which was replicated in meta-analysis of 

four independent cohorts. Although biological understanding of this intergenic locus near 

the LINC00333 gene is lacking, in silico epigenetic evidence is consistent with a possible 

role of these variants in digestion, absorption or transport of nutrients, and body 

composition. Future studies of additional phenotypes, including adiposity and glucose 

metabolism, may extend and refine understanding of metabolic variability in dairy 

responses, and improve strategies for identifying genetic subsets of individuals who may 

benefit most from greater dairy intake.
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Figure 1. 
Meta-analysis of the interaction between rs9635058 and low-fat dairy intake in the nine 

discovery cohorts. Forest plot shows adjusted regression coefficients (β [95% CI] 

representing expected change in body mass index (kg m−2) per one-daily-serving–greater 

low-fat dairy intake per one additional copy of the effect allele (A). Data are adjusted for 

model 1 covariates: age, sex, energy intake, field center, family relationships and population 

structure (as needed). Abbreviations: ARIC, Atherosclerosis Risk in Communities; CHS; 

Cardiovascular Health Study; FAMHS, Family Heart Study; GOLDN, Genetics of Lipid 

Lowering Drugs and Diet Network; Health ABC, Health, Aging, and Body Composition; 

InCHIANTI, Invecchiare in Chianti, aging in the Chianti area; MESA, Multi-Ethnic Study 

of Atherosclerosis.
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Figure 2. 
Regional association plots for SNPs near LINC00333 on chromosome 13. The figure shows 

−log10 P values for SNPs from the discovery meta-analysis of low-fat dairy interactions. 

The SNPs shown are within 4000 kb of the index SNP: rs9635058. LD is indicated in color 

in relation to the highlighted marker. The scheme is red for strong LD, orange for 

moderately strong LD, green for moderate LD and blue for weak LD. Abbreviations: chr, 

chromosome; cM, centimorgan; LD, linkage disequilibrium; Mb, mega base pairs; SNP, 

single-nucleotide polymorphism.
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