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with adult BMI (β  =  0.89  kg/m2, p  =  5.5  ×  10−7), and 
was also associated with childhood BMI z score (β = 0.08, 
p  =  0.001). In addition, a promoter SNP rs11872992 was 
nominally associated with adult BMI (β  =  0.61  kg/m2, 
p = 0.05) and childhood BMI z score (β = 0.11, p = 0.01), 
where the risk allele also modestly decreased transcription in 
vitro by 12 % (p = 0.005). This risk allele was further associ-
ated with increased percent body fat (β = 2.2 %, p = 0.002), 
increased food intake (β  =  676  kcal/day, p  =  0.007) 
and decreased energy expenditure (β  =  −53.4  kcal/day, 
p = 0.054). Common and rare variation in MC4R contributes 
to obesity in American Indians.

Introduction

The melanocortin pathway in the human hypothalamus 
plays a pivotal role in regulating food intake and energy 
homeostasis. Melanocortin 4 receptor (MC4R) haploin-
sufficiency is the most common monogenic cause of obe-
sity, with a prevalence of 1.7–3.0 % in obese individuals 
(Calton et  al. 2009; Hainerová et  al. 2007; Hinney et  al. 
2006). We previously identified 10 rare non-synonymous 
mutations by sequencing the entire coding region of the 
MC4R gene in 6,760 American Indians, predominately of 
Pima Indian heritage. In vitro luciferase assays showed 
that six of these mutations had a functional impact on the 
receptor’s activity. The population prevalence of these 
combined functional coding mutations in MC4R was 
2.4 %, and in these individuals the rate of increase in body 
mass index (BMI) and risk of type 2 diabetes (T2D) was 
more apparent during childhood as compared with adult-
hood (Thearle et  al. 2012). Since obesity is very com-
mon among American Indians, the high prevalence of this 
disease cannot be solely explained by these rare MC4R 

Abstract  Six rare functional coding mutations were previ-
ously identified in melanocortin 4 receptor (MC4R) in 6,760 
American Indians. Individuals heterozygous for one of these 
mutations become obese while young. We now investigate 
whether common non-coding variation near MC4R also con-
tributes to obesity. Fifty-six tag single-nucleotide polymor-
phisms (SNPs) were genotyped in 3,229 full-heritage Pima 
Indians, and nine of these SNPs which showed evidence for 
association were genotyped in additional 3,852 mixed-herit-
age American Indians. Associations of SNPs with maximum 
body mass index (BMI) in adulthood (n  =  5,918), BMI z 
score in childhood (n = 5,350), percent body fat (n = 864), 
energy expenditure (n  =  358) and ad libitum food intake 
(n = 178) were assessed. Conditional analyses demonstrated 
that SNPs, rs74861148 and rs483125, were independently 
associated with BMI in adulthood (β = 0.68 kg/m2 per risk 
allele, p = 5 × 10−5; β = 0.58 kg/m2, p = 0.002, respec-
tively) and BMI z score in childhood (β = 0.05, p = 0.02; 
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mutations. Genome-wide association studies (GWASs) in 
Caucasians and other ethnic groups have identified com-
mon non-coding variants near MC4R that are reproducibly 
associated with fat mass, body weight and risk of obe-
sity (Loos et  al. 2008; Willer et  al. 2009; Speliotes et  al. 
2010). Several risk alleles in MC4R, which are common 
and consistently associated with obesity/BMI in studies of 
Caucasians (e.g., rs17782313, rs17700633 and rs571312), 
are uncommon in American Indians (frequency  =  0.03, 
0.005 and 0.003, respectively) despite American Indians 
having much higher rates of obesity than Caucasians. This 
raises the possibility that different variants in MC4R may 
contribute to obesity in American Indians. Therefore, in 
the current study, we investigate the relative contribution 
of common variation across MC4R on risk of obesity in 
American Indians, and further explore the effect of com-
mon MC4R variation on energy intake and energy expend-
iture measures.

Methods

Subjects

Subjects are participants of a longitudinal study of the eti-
ology of T2D among the Gila River Indian Community in 
Arizona, where most of the residents are Pima Indians or 
Tohono O’odham (a closely related tribe) (Knowler et al. 
1990). Individuals participated in biennial examinations 
that included measurements of BMI, and fasting and 2-h 
glucose and insulin concentrations during a 75-g oral glu-
cose tolerance test (OGTT). Diabetes was determined by 
prior clinical diagnosis or an oral glucose tolerance test 
according to the criteria of American Diabetes Association 
(The Expert Committee on the Diagnosis and Classifica-
tion of Diabetes Mellitus 1997). For analysis of maximum 
BMI during adulthood, the highest BMI after the age of 
15 years recorded from a non-diabetic exam was consid-
ered (n = 5,918, males 44 %, BMI 35.1 ± 8.4 kg/m2, age 
29.7  ±  11.4  years). For analysis of childhood obesity, 
the maximum sex- and age-specific BMI z score (Pima 
based) was identified between the ages of 5 and 20 years 
(n  =  5,350, males 45  %, BMI 27.2  ±  6.7  kg/m2, age 
13.8 ± 3.9 years). Data including BMI measured at mul-
tiple non-diabetic exams (range 1–17 exams for a given 
individual during adulthood; 1–8 exams during child-
hood) between the years 1965 and 2004 were also ana-
lyzed. The mean BMI from all non-diabetic exams during 
adulthood was 32.7 ± 8.0 kg/m2, and the mean BMI dur-
ing childhood was 25.5 ±  6.2 kg/m2 (z scores were con-
verted to BMI units using the mean and standard devia-
tion of 12-year-old Pima females). Among these subjects, 
3,229 were full-heritage Pima Indian; the remaining 3,852 

subjects were mixed heritage, on average one-half Pima 
and three-quarters American Indian. DNA from all of 
these American Indians had been previously sequenced 
for MC4R coding mutations, and the 167 individuals had 
a rare functional coding mutation. With the severe func-
tional impairment caused by the rare coding variants in 
these individuals (BMI 39.0  ±  7.6  kg/m2 in adulthood, 
32.7 ± 8.0 kg/m2 in childhood) (Thearle et al. 2012), the 
additional influence of any, presumably more moderate, 
functional effects of common variants is likely negligible. 
Therefore, these 167 individuals were excluded from the 
present study.

Quantitative metabolic traits and ad libitum food intake 
study

Among the subjects who were genotyped, 538 non-dia-
betic American Indians (predominately full-heritage Pima 
Indians, males 58 %, age 27 ± 6 years, BMI 34 ± 8 kg/m2) 
had undergone detailed metabolic studies in our Clinical 
Research Unit (CRU). Body composition was estimated by 
underwater weighing until 1994 and by dual energy X-ray 
absorptiometry (DPX-1, Lunar Radiation Corp.) there-
after (Tataranni and Ravussin 1995). Energy expenditure 
and sleeping metabolic rate over 24 h were assessed in 358 
non-diabetic subjects using whole-room indirect calorim-
etry as previously described (Ravussin et al. 1986). Spon-
taneous physical activity (SPA) was detected by radar sen-
sors and expressed as percentage of time in motion over 
24 h. Sleeping metabolic rate was defined as the average 
energy expenditure between 01:00 am and 05:00 am dur-
ing which SPA was <1.5 % (Piaggi et al. 2013a) and the 
thermic effect of the last meal was undetected (Piaggi et al. 
2013b). As a confirmatory measure, resting metabolic rate 
was assessed by indirect calorimetry using a ventilated 
hood system before the hyperinsulinemic, euglycemic 
clamp as previously described (Lillioja et al. 1993; Bogar-
dus et al. 1986).

Also genotyped were a subset of adults who had par-
ticipated in an ad libitum food intake study as previously 
described (Pannacciulli et  al. 2007). Among 178 partici-
pants who had both genotype and food intake data (males 
60 %, age 34.7 ± 9.0 years, BMI 32.7 ± 8.0 kg/m2), 34 % 
were full-heritage Pima Indians, 41 % were mixed-heritage 
American Indians, and 25 % were Caucasians. Food intake 
was also assessed in a separate study of the relationship 
between in utero exposures and maternal environmental 
influences on food intake in full-heritage Pima Indian chil-
dren. Fifty-five of them had genotype and food intake data 
(males 49 %, age 9.5 ± 1.2 years, BMI 25.4 ± 6.7 kg/m2) 
(Gluck et al. 2009). Ad libitum food intake in both studies 
was assessed over 3 days by an automated vending machine 
system in our CRU (Pannacciulli et al. 2007).
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Selection and genotyping of MC4R tag SNPs

Common variation (minor allele frequency, mAF ≥  0.01) 
across a ~510  kb region encompassing MC4R 
(chr18:57778138-58288450, ~250  kb flanking each side 
of the gene, GRCh37/hg19) was identified from whole-
genome sequence data (30–40× coverage) of 234 Pima 
Indians (Complete Genomics Inc., Mountain View, CA; 
Illumina, San Diego, CA, USA) (Muller et al. 2014). Link-
age Disequilibrium (LD) between variants was determined 
using Haploview (version 4.2). Tag SNPs were selected 
using the Tagger algorithm with a pair-wise r2 ≥ 0.8. SNPs 
were genotyped using the TaqMan Open Array System 
(Applied Biosystems, Carlsbad, CA, USA) or BeadXpress 
System (Illumina, San Diego, CA, USA).

Statistical analyses

Statistical analyses were performed using the software of 
the SAS Institute (Cary, NC, USA). The association of 
quantitative traits including maximum BMI, maximum 
childhood BMI z score and metabolic traits with geno-
types was analyzed by linear regression using the general-
ized estimating equation procedure (GEE) to account for 
family membership (sibship). p values were adjusted for 
multiple covariates as indicated. The individual estimate 
of the proportion of European ancestry was derived by the 
method of Hanis et al. (1986) from 45 informative markers 
with large differences in allele frequency between popula-
tions (Tian et al. 2007) for use as a covariate in all analy-
ses. The association between genotype and adult BMI or 
childhood z score was also analyzed using all longitudinal 
non-diabetic BMI measurements from an individual. A lin-
ear mixed model (PROC MIXED) was fitted that included 
genotype as a fixed effect along with age, sex, birth year 
and heritage as covariates. The model also included ran-
dom effects representing sibship and individual (to account 
for multiple examinations within an individual). To model 
the relationship between multiple examinations within an 
individual, an autoregressive correlation structure was used 
as previously described (Ma et al. 2010). The difference in 
change in BMI over time between genotypes was assessed 
with mixed models to account for repeated measures using 
a compound symmetry covariance structure and modeling 
BMI change over time as a linear function for simplic-
ity. The general association of genotype with T2D was 
assessed with logistic regression analysis and adjusted for 
covariates, which included age, sex, birth year and heritage. 
The model was fitted with GEE to account for correlation 
among siblings.

Conditional analyses were also conducted in which a 
SNP of interest was added to a model containing one or 
more additional SNPs. Haplotypes were determined by a 

modification of the zero recombinant haplotyping method 
as previously described (Vozarova de Courten et al. 2005). 
The MLINK program is used to calculate the probability 
that each individual carries one or two copies of each hap-
lotype, given their genotypes and the genotypes of their 
family members. These probabilities were then analyzed 
in regression models in a fashion analogous to individual 
SNPs.

Functional analysis of the promoter activity of the MC4R 
SNP

A 634-bp DNA fragment of the MC4R promoter region 
containing either an A or G nucleotide at position 
chr18:58040587 for rs11872992 was amplified with prim-
ers forward 5′-ATCTCGAGTGTTAGGGGCTGTA-3′ and 
reverse 5′-TCAGGTACCAATAGAGAAATATGG-3′ (XhoI 
and KpnI restriction sites are underlined, respectively). PCR 
products were inserted at KpnI and XhoI sites upstream of 
the pGL3-Basic luciferase reporter vector (Promega, Madi-
son, WI, USA).

Transient transfection in the murine N-42 hypothala-
mus cell line (Cellutions Biosystems, Inc., Burlington, 
ON, Canada) and dual luciferase assays (Promega, Madi-
son, WI, USA) were performed using the modified method 
as previously described (Thearle et al. 2012; Muller et al. 
2003). Four separate transfections were performed and 
each transfection was repeated in triplicate. The statistical 
difference in mean luciferase activity between the G and A 
allele at rs11872992 was analyzed by an unpaired t test.

Results

Association of MC4R tag SNPs with adult BMI 
and childhood BMI z score

SNPs (n = 56) tagging common variation (mAF ≥ 0.01) in 
Pima Indians across a ~510 kb region encompassing MC4R 
(Supplemental Figure) were initially genotyped in full-her-
itage Pima subjects from the Gila River Indian Community 
(n = 3,229, Supplementary Table 1). SNPs that showed a 
trend for association (7 SNPs with p ≤  0.01) with either 
maximum BMI in adulthood or maximum BMI z score 
in childhood, or were predicted to be damaging using the 
Ingenuity Variant Analysis (rs11872992) were further gen-
otyped in all remaining subjects (n = 3,852, mixed-heritage 
American Indians, Supplementary Table  1). In addition, 
rs17782313 which is the highly replicated common SNP 
near MC4R in other populations (Loos et al. 2008; Willer 
et al. 2009; Speliotes et al. 2010) was also genotyped in all 
study subjects. These nine SNPs were analyzed for asso-
ciations with maximum BMI in adulthood (n  =  5,918) 
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and maximum BMI z score in childhood (n  =  5,350) in 
all American Indians as shown in Table 1. A mixed model 
analysis was also performed using longitudinal data for 
BMI at multiple exams for each individual, and statistical 
results were comparable with association data for maxi-
mum BMI (Table  1). For further comparison, association 
data for BMI from the large GIANT (Genetic Investiga-
tion of ANthropometric Traits) meta-analysis of Cauca-
sians (Speliotes et al. 2010) and a case–control study of the 
Belgian population (Beckers et al. 2011) are also shown in 
Table 1.

The strongest single SNP association with maxi-
mum BMI in American Indian adults was observed for 
rs74861148 with a risk allele frequency (RAF) of 0.38, 
mapping ~220 kb downstream of MC4R. Rs74861148 was 
associated with maximum BMI in 5,918 adults [β = 0.68 
(95 % CI 0.35, 1.01) kg/m2 per risk allele, p = 5 × 10−5, 
adjusted for age, sex, birth year and heritage]. Individu-
als who were homozygous for the risk allele (GG) had an 
increased adjusted BMI of 1.4 kg/m2 compared with those 
with the non-risk allele (AA). This SNP was also nominally 
associated with maximum BMI z score in 5,350 children 
[β =  0.05 (0.01, 0.10), adjusted p =  0.02]. In Caucasian 
and African populations, this SNP is monomorphic for the 
G (risk) allele.

Single marker analyses identified weaker evidence for 
association between maximum BMI in adulthood and six 
other tag SNPs: rs8087522, rs11872992, rs62097832, 
rs11661166, rs8088123 and rs483145 (adjusted p ≤ 0.05, 
Table  1). All tag SNPs showing any evidence for asso-
ciation were in high D’ (0.52–1.00), although in low r2 
(0.01–0.67). To determine the extent to which rs75861148 
contributed to each of these other associations, conditional 
analyses were conducted in a step-wise fashion. Con-
trolled for rs74861148 genotypes, only rs483145 (mapping 
~128 kb upstream of MC4R with RAF =  0.80) remained 
associated with maximum BMI (conditional p  =  0.02). 

When both rs74861148 and rs483145 were included in the 
model, none of other SNPs remained associated with BMI 
(all conditional p > 0.05), suggesting that both rs74861148 
and rs483145 (D’ =  0.58, r2 =  0.06) independently con-
tribute to the BMI associations in American Indians. How-
ever, rs483145 was not associated with BMI in the GIANT 
meta-analysis (p = 0.32; Table 1).

To quantify the additive effects of rs74861148 and 
rs483145 on maximum BMI in American Indians, we 
analyzed BMI of individuals according to the number 
of risk alleles at these SNPs. Each additional risk allele 
increased BMI by 0.55 (0.32, 0.79)  kg/m2 in adulthood 
(Fig. 1a, p for trend = 2.8 × 10−6, adjusted for age, sex, 
birth year and heritage). Among 5,918 subjects, only 
3.3 % were homozygous for non-risk alleles at both loci, 
and there was no difference in BMI (p  >  0.05) between 
this group and those who carry one of the four risk 
alleles, hence these two groups were combined (#risk 
allele = 0–1). Individuals with four risk alleles (12.9 % of 
the population) had the highest adjusted BMI compared 
with those with 0 or 1 risk allele (18.5  % of the popu-
lation, adjusted ΔBMI  =  3.3  kg/m2). In children, each 
risk allele increased BMI z score by 0.05 (0.02, 0.08), 
corresponding to a BMI increase of 0.30 (0.12, 0.49) kg/
m2 (Fig. 1b, adjusted p for trend = 0.002). The adjusted 
Δz score between individuals with 0–1 risk alleles and 
those with four risk alleles was 0.23, corresponding to 
ΔBMI of 1.4 kg/m2. Together, the common genotypes of 
rs74861148 and rs483145 accounted for 0.50 and 0.26 % 
of the variance in liability for adulthood and childhood 
BMI, respectively.

Haplotype effects of MC4R SNPs on maximum BMI 
and the rate of BMI change

Haplotype analyses for these two independent SNPs 
rs74861148 (G/A) and rs483145 (A/T) showed that three 

Fig. 1   Additive effects on 
maximum BMI in American 
Indian adults (a) and maximum 
BMI z score in children (b) 
with increasing numbers of 
risk alleles of rs74861148 and 
rs483154. Only 3.3 % subjects 
carried non-risk alleles at both 
loci (#risk allele = 0), thus 
these subjects were combined 
with those who carried one risk 
allele from either locus (#risk 
allele = 1). Maximum BMI 
values (mean ± SE), allelic 
effects (95 % CI) and p values 
were adjusted for age, sex, birth 
year and heritage
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out of four haplotypes were common in American Indi-
ans (G–A, frequency  =  0.35; G–T, frequency  =  0.03; 
A–A, frequency  =  0.44; A–T, frequency  =  0.17). There 
were no significant differences in maximum BMI between 
individuals carrying haplotypes G–T, A–A or A–T. How-
ever, individuals with the haplotype G–A (G risk allele at 
rs74861148 and A risk allele at rs483145) had a higher 
maximum BMI as compared with other three haplo-
types combined (G–T, A–A and A–T) [Fig. 2a, β = 0.89 
(0.54, 1.24)  kg/m2 per copy of the G–A haplotype, 
p = 5.5 × 10−7, adjusted for age, sex, birth year and herit-
age]. In children, those carrying the G–A haplotype also 
had a higher maximum BMI z score as compared with 
those carrying all other haplotypes combined [Fig.  2b, 
β  =  0.08 (0.03, 0.12) per copy of the G–A haplotype, 

corresponding to BMI of 0.49 (0.12, 0.73) kg/m2, adjusted 
p  =  0.001]. BMI change over time between the ages of 
5–50 years was evaluated in 4,505 American Indians chil-
dren (13,168 total visits, 3.0 ± 1.5 visits per subject) and 
4,160 adults (12,582 total visits, 3.0 ± 2.3 visits per sub-
ject) with longitudinal BMI measures before developing 
diabetes. The lifetime BMI trajectory of the risk haplotype 
(carriers, at least one copy) vs. non-risk haplotype (non-
carriers, no copies) is shown in Fig. 3a. Subjects with the 
risk haplotype G–A had a consistently higher BMI than 
subjects with the non-risk haplotype at almost every age. 
In childhood, the rate of BMI change was 1.25 ± 0.04 kg/
m2/year in the risk haplotype carriers compared with 
1.20  ±  0.04  kg/m2/year in the non-risk haplotype carri-
ers [Fig. 3b, β = 0.05 (0.01, 0.09) kg/m2/year, p = 0.03, 

Fig. 2   Haplotype effects of 
rs74861148 and rs483154 on 
maximum BMI in American 
Indian adults (a) and maxi-
mum BMI z score in children 
(b). Haplotype frequency is 
indicated in the parenthesis. 
Adult BMI and BMI z score 
are presented as an adjusted 
mean ± SE for each haplotype 
group. β represents the effect 
per copy of the risk haplotype. 
p values (additive model) and 
β (95 % CI) were adjusted for 
age, sex, birth year and heritage

Fig. 3   a Haplotype effects of rs74861148 and rs483154 on the 
lifetime BMI trajectory (age 5–50  years). b Haplotype effects of 
rs74861148 and rs483154 on the rate of BMI change in American 
Indian children and adults. The risk haplotype carriers (at least one 

copy) were compared with the non-risk haplotype carriers (no cop-
ies). BMI is given as an unadjusted mean at each age group. Rates of 
BMI change (mean ± SE), beta (95 % CI) and p values were adjusted 
for sex, birth year and heritage
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adjusted for sex, birth year and heritage, n  =  4,505]. In 
adulthood, the slope of BMI change stabilized and was no 
longer greater in the carriers than that in the non-carriers 
[Fig.  3b, β  =  0.01 (−0.01, 0.04)  kg/m2/year, adjusted 
p = 0.27, n = 4,160].

Replication of MC4R SNPs in other studies

The strongest signal for BMI near MC4R in the GIANT 
meta-analysis is rs17782313 with a risk allele frequency 
of C = 0.28 (Table 1). The C allele is much less common 
in American Indians (AF = 0.03) and was not associated 
with adult BMI or childhood z score (Table 1). Conversely, 
the tag SNP rs74861148 associated with BMI in Ameri-
can Indians was not informative (monomorphic) in Cau-
casians. However, a smaller study of MC4R in a Belgian 
case/control study (1,049 obese/312 control) reported that 
a promoter SNP rs11872992 was associated with obesity 
(p = 0.03, Table 1), and this signal was independent from 
rs17782313 (Beckers et  al. 2011). In our study, this pro-
moter SNP rs11872992 (RAF = 0.93) also had a nominal 
association with maximum BMI in adulthood [Table  1, 
β  =  0.61 (0.01, 1.23)  kg/m2, p  =  0.05, n  =  5,918) and 
maximum BMI z score in childhood [β  =  0.11 (0.02, 
0.19), p  =  0.01, n  =  5,350], where the risk allele was 
consistent with the Belgian study. This variant is located 
586 bp from the translational start site of MC4R, and pre-
dicted to cause a loss of promoter function by the Inge-
nuity Variant Analysis (www.ingenuity.com) by disrupt-
ing a putative transcription factor binding site for GATA2. 
Therefore, although our conditional analyses indicated that 
the weaker association of rs11872992 with BMI in Ameri-
can Indians could largely be explained by the stronger 
association of rs74861148 (D’ = 0.69), we pursued addi-
tional studies with this variant.

In vitro functional analyses of promoter activity 
of rs11872992

The promoter activity of rs11872992 was assessed by an 
in vitro luciferase assay in a murine hypothalamus cell 
line (Fig.  4). Overall, the MC4R promoter region con-
taining rs11872992 increased luciferase activity by ~18-
fold, as compared with a promoter-less luciferase vector 
(pGL3-Basic), indicating the strong promoter activity in 
this region. The DNA construct with the BMI risk allele 
G at rs11872992 had a modest, but consistent decrease 
[β = −12 % (−20, −4 %) in promoter activity in contrast 
to the non-risk A allele (p = 0.005). SNP rs8087522 was 
also predicted to cause a loss of promoter function (Inge-
nuity Variant Analysis); however, our in vitro functional 
analyses did not detect a difference between the alleles of 
rs8087522 (data not shown).

Additional phenotype analyses of the functional promoter 
SNP rs11872992

To assess the effect of rs11872992 on longitudinal 
changes in BMI, we performed mixed model analyses to 
include data from all available exams and analyzed dif-
ferences in change in BMI or childhood BMI z score over 
time. Rs11872292 had a low allele frequency for the A 
allele (mAF =  0.07), therefore the heterozygous GA and 
homozygous AA genotypes were combined for analyses. 
During childhood, the rate of BMI change was 1.27 kg/m2/
year in subjects with the risk GG alleles vs. 1.20 kg/m2/year 
in subjects with the non-risk GA + AA alleles [β = 0.07 
(0.02, 0.11) kg/m2/year, adjusted p = 0.004]. In adulthood, 
the accelerated rate of BMI gain continued in individuals 
with the risk alleles GG compared with those with the non-
risk alleles GA + AA [0.26 vs. 0.22 kg/m2/year, β = 0.04 
(0.01, 0.07) kg/m2/year, adjusted p = 0.01]. Many of these 
subjects (n = 7,667) also had data available for T2D status, 
and rs11872992 was associated with increased risk for T2D 
such that individuals with the risk allele for BMI (G allele) 
had a higher prevalence of T2D with an odds ratio of 1.23 
per copy of the risk allele G (95 % CI 1.03, 1.46, p = 0.02, 
adjusted for age, sex, birth year and heritage). However, 
the association with T2D was attenuated after adjustment 
for maximum BMI (adjusted p = 0.09), suggesting that the 
finding was mainly attributable to increased BMI.

A subset of the individuals (n  =  864) with genotypic 
data also had detailed measures of metabolic traits related to 
obesity (Table 2). The risk allele G for BMI at rs11872992 
was associated with higher percentage of body fat [Table 2, 
β = 2.2 (0.8, 3.6)  %, p = 0.002, adjusted for age, sex and 
heritage], higher fat mass [(β = 3.5 (0.9, 6.1) kg, adjusted 

Fig. 4   In vitro functional analyses of promoter activity of 
rs11872992. Relative luciferase activity (fold change) was expressed 
as a ratio of firefly luciferase activity to renilla luciferase activity, and 
further normalized to pGL3-basic luciferase activity. Data are pre-
sented as mean ± SD, n = 12 transfections. The statistical difference 
in the averaged activity was analyzed by an unpaired t test

http://www.ingenuity.com
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p = 0.008)], higher waist [β = 1.4 (0.01, 2.8) inch, adjusted 
p =  0.05)] and thigh circumferences [β =  0.7 (0.02, 1.4) 
inch, adjusted p =  0.04], but not associated with the ratio 
of waist to thigh (p = 0.58) and fat-free mass (p = 0.15). In 
whole-room indirect calorimetry study (n =  358), the risk 
allele at rs11872992 was also nominally associated with a 
lower 24-h energy expenditure [β = −53.4 (−107.9, 1.1) 
kcal/day, p = 0.054, adjusted for age, sex, fat mass, fat-free 
mass, SPA and heritage]. However, there were no differ-
ences in sleeping metabolic rate (p =  0.23, n =  358) and 
fasting resting metabolic rate (p = 0.80, n = 519, measured 
by a ventilated hood indirect calorimetry).

To test whether rs11872992 had an effect on eating 
behavior, data were analyzed in 178 adult participants 
who had a measure of ad libitum food intake assessed over 
3 days and presented as the daily average. SNP rs11872992 
was associated with total energy intake, where individu-
als with the risk allele G for BMI had a mean increase of 
total energy intake by 676 (190, 1,162) kcal/day compared 
with the non-risk allele A carriers (Table  2, p  =  0.007, 
adjusted for age, sex, fat mass, fat-free mass and herit-
age). When energy intake was analyzed as the percent-
age of weight maintaining energy needs (WMEN), the G 

allele was associated with an increase of 30.9 (4.2, 57.6) % 
WMEN (adjusted p = 0.02). This was reflected in a higher 
intake of carbohydrate [Table 2, β = 81.5 (21.4, 141.6) g/
day, adjusted p = 0.007], fat [β = 32.1 (8.7, 55.5) g/day, 
adjusted p = 0.008] and protein [β = 17.6 (1.5, 33.7) g/day, 
adjusted p = 0.03] in carriers of the G allele. This finding 
was consistent with data obtained from a separate ad libi-
tum food intake study conducted in 55 full-heritage Pima 
Indian children. Those with the risk allele for rs11872992 
have a mean increase of energy intake by 504 (95, 913) 
kcal/day, or 19.2 (3.6, 34.7)  % WMEN (both p  =  0.02, 
adjusted for age, sex, BMI, mother’s energy intake and in 
utero exposure to T2D). However, given the small sample 
size or original design of the study in children, these differ-
ences should be interpreted with caution.

Additional association analyses for all other tag SNPs

None of the individual SNPs, with the exception of 
rs11872992 (shown in Table  2), nor the haplotype of 
rs74861148 and rs483145 was associated with percentage 
of body fat, energy expenditure, ad libitum food intake or 
T2D in this study (data not shown).

Table 2   Association of rs11872992 with metabolic traits and ad libitum energy intake in non-diabetic American Indians

SNP rs11872292 had a low allele frequency for the A allele (mAF = 0.07), therefore, the heterozygous GA and homozygous AA genotypes 
were combined for analyses. p value for percentage of body fat was adjusted for age, sex and heritage. p value for total energy intake was 
adjusted for age, sex, heritage, fat mass and fat-free mass, and p value for 24-h energy expenditure was additionally adjusted for spontaneous 
physical activity. All remaining p values were adjusted for age, sex, percentage of body fat and heritage. Bold values indicate p ≤ 0.05. Data are 
given as unadjusted mean. Estimate (β) represents the effect per copy of the risk allele after adjusting for covariates.  % WMEN is calculated as 
daily energy intake/WMEN ×100

GG risk/risk rs11872992 (G/A) (mean ± SD)

GA + AA risk/non β (95 % CI) p value

Subjects, body composition (n) 760 104

Percentage of body fat 33.8 ± 8.4 31.0 ± 8.7 2.2 (0.8, 3.6) 0.002

Fat mass (kg) 33.4 ± 14.5 29.3 ± 13.9 3.5 (0.9, 6.1) 0.008

Fat-free mass (kg) 62.5 ± 14.4 61.4 ± 14.0 1.8 (−0.6, 4.1) 0.145

Waist (inch) 43.1 ± 7.0 41.5 ± 7.4 1.4 (0.01, 2.84) 0.048

Thigh (inch) 25.9 ± 3.4 25.1 ± 3.6 0.7 (0.02, 1.44) 0.044

Waist/thigh 1.67 ± 0.18 1.65 ± 0.20 0.01 (−0.03, 0.05) 0.584

Subjects, hyperinsulinemic, euglycemic clamp (n) 452 67

Resting metabolic rate (kcal/day) 1806 ± 338 1,748 ± 304 7.5 (−50.1, 65.1) 0.799

Subjects, whole-room indirect calorimetry (n) 313 45

24-h energy expenditure (kcal/day) 2,371 ± 407 2,324 ± 365 −53.4 (−107.9, 1.1) 0.054

Sleeping metabolic rate (kcal/day) 1,678 ± 284 1,616 ± 244 −23.2 (−61.6, 14.6) 0.229

Subjects, ad libitum energy intake (n) 147 31

Carbohydrate intake (g/day) 553 ± 174 472 ± 139 81.5 (21.4, 141.6) 0.009

Fat intake (g/day) 191 ± 68 159 ± 54 32.1 (8.7, 55.5) 0.008

Protein intake (g/day) 142 ± 46 128 ± 41 17.6 (1.5, 33.7) 0.034

Total energy intake (kcal/day) 4,401 ± 1,363 3,740 ± 1,034 676 (190, 1,162) 0.007

Total energy intake (% WMEN) 157 ± 45 133 ± 34 30.9 (4.2, 57.6) 0.02
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Discussion

We previously identified rare functional coding variants 
that cause severe early-onset monogenic forms of obesity 
in American Indians. However, the relative contribution of 
common variation in/near MC4R to risk of obesity in this 
population was largely unknown. In the present study, we 
showed that common variation in/near MC4R has a modest 
effect on BMI risk in both children and adults. Although 
none of the common variants achieved genome-wide sig-
nificance (p < 7.2 × 10−8, Dudbridge and Gusnanto 2008), 
the role of MC4R in the development of obesity is well 
established, thus applying such stringent criteria for sta-
tistical significance in this study may be overly conserva-
tive. Conditional analyses identified that rs74861148 and 
rs483125 independently contributed to BMI risk, and an 
additive effect of these two SNPs on BMI was evident. 
Individuals with four risk alleles (13  % of the popula-
tion) had an adjusted BMI that was 3.3 kg/m2 greater than 
those with 0 or 1 risk allele (19  % of the population). In 
children, the adjusted Δz score between these two groups 
was 0.23, corresponding to a ΔBMI of 1.4 kg/m2. In com-
parison, children with or without rare coding functional 
MC4R mutations had a Δz score  =  0.89 (corresponding 
to ΔBMI = 4.8 kg/m2) (Thearle et al. 2012). Although the 
effect size of common variation in MC4R is smaller than 
that of the rare coding variants, because of the greater fre-
quency/prevalence within the population, the common 
SNPs are likely to have a greater overall impact on obesity 
predisposition at the population level.

Common variants near MC4R have been reproducibly 
associated with BMI in GWAS of Caucasians and other 
populations (Loos et al. 2008; Willer et al. 2009; Speliotes 
et  al. 2010). Several widely replicated variants in Cauca-
sians: rs17782313, rs17700633 and rs571312 were of 
low frequency or rare in American Indians (mAF = 0.03, 
0.005 and 0.003, respectively), hence the statistical power 
was limited in this study; whereas the strongest BMI sig-
nal rs74861148 in American Indians (mAF  =  0.38) was 
monomorphic in Caucasians and Africans and had a mAF 
of 0.03 in Asians, indicating that American Indians may 
harbor a population specific BMI signal in/near MC4R. A 
functional promoter SNP rs11872992 had a limited statis-
tical power due to a low minor allele frequency in Pima 
Indians (mAF  =  0.07), thus only achieved a nominal 
associations with BMI (p = 0.05 in adult BMI; p = 0.01 
in childhood z score), despite a considerable/comparable 
effect size (β = 0.61 kg/m2 in adult BMI; 0.11 in childhood 
z score). This SNP was also associated with obesity in a 
case–control study of the Belgian population (mAF = 0.11, 
p  =  0.03) (Beckers et  al. 2011), but not associated with 
BMI in the GIANT study (mAF = 0.13, p = 0.19), nor in 
a case–control study (246 obese/482 lean subjects) of the 

Finnish population (mAF = 0.13, p = 0.57) (Valli-Jaakola 
et  al. 2008). Therefore, future replications are required to 
further validate the significance of this SNP.

MC4R haploinsufficiency is associated with hyperpha-
gia, binge eating, decreased energy expenditure and obesity 
(Farooqi et al. 2003; Branson et al. 2003). However, reports 
of the association of common variants in/near MC4R with 
energy intake are scarce and controversial. The estab-
lished variant rs17782313 near MC4R was associated with 
increased snacking behavior and a higher hunger score 
on the Three-Factor Eating Questionnaire (TFEQ) (Stutz-
mann et  al. 2009; Stunkard and Messick 1985). An asso-
ciation with higher intake of total energy and dietary fat 
was reported (Qi et al. 2008), but could not be confirmed 
(Hasselbalch et  al. 2010). In these studies, eating behav-
ior traits were all assessed through self-reported question-
naires. Our study is the first to report a positive association 
of a common variant rs11872992 with daily food intake 
using an automated vending machine paradigm in a clini-
cal research unit. At rs11872992, the BMI risk allele car-
riers had a substantial increase of 676  kcal/day or 31  % 
WMEN in total energy intake. A separate study in children 
provided confirmatory support. However, it is unknown 
why the haplotype G–A of rs74861148 and rs483145, 
which had the strongest association with BMI in this study 
(p = 5.5 × 10−7) was not associated with increased food 
intake. Although ad libitum food intake in this setting was 
higher than the WMEN, this system provides a more repro-
ducible (intra-class correlation coefficient 0.9) and accu-
rate measure of food intake than that afforded by methods 
based on self-report (Venti et  al. 2010; Tarasuk and Bea-
ton 1992a, b). In addition to increased food intake, the 
risk allele at rs11872992 was also associated with a small 
reduction in energy expenditure (by 53  kcal/day) which 
was consistent with, although less than that observed in a 
prior report with the rare coding mutations in Pima Indians 
(by 110–140 kcal/day) (Krakoff et al. 2008).

Horstmann et  al. (2013) reported that rs17782313 near 
MC4R has a gender-specific impact (women only) on 
human brain structure and eating behavior. Consistent with 
this observation of a gender-specific effect near MC4R, one 
SNP in our study (rs62097832 in Table  1) had a gender-
specific interaction (p  =  0.03), and was associated with 
maximum BMI in women alone (p = 1 × 10−5), but not in 
men alone (p = 0.38).

SNP rs11872992 had a modest functional effect 
in vitro. However, we have not systematically con-
ducted functional analyses of rs74861148 or rs483145 
or variants tagged by rs483145. The ENCODE database 
(http://www.broadinstitute.org/mammals/haploreg) pre-
dicts that rs74861148 may alter a regulatory motif for 
Hoxa5 binding, while rs483145 could potentially affect 
several motifs including FOXA1, HNF4A and Pbx1, 

http://www.broadinstitute.org/mammals/haploreg
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etc., implicating a role in transcriptional regulation. 
While rs74861148 is a singleton, rs483145 tags 31 vari-
ants >55 kb upstream of MC4R in Pima Indians, many of 
which map to transcription factor binding motifs, and two 
(rs10871778 and rs11661934) map to DNAse hypersen-
sitive sites (ENCODE). If any of these variants are func-
tional, it could explain the stronger associations with BMI 
observed in American Indians.

In conclusion, in this population-based study, both rare 
and common variants in/near MC4R influence obesity in 
American Indian children and adults. We have identified 
a common haplotype G–A of rs74861148 and rs483145, 
which provides evidence for association of MC4R with 
increased BMI risk in American Indians. Our longitudinal 
data with repeated BMI measures allowed a comprehen-
sive assessment for the effect of MC4R on obesity risk over 
lifetime (age 5–50  years). Moreover, a promoter variant 
rs11872992 in MC4R influences risk of obesity, perhaps 
in part through a propensity for increased food intake and 
decreased energy expenditure. Our findings provide an 
example of the overlap in genetic determinants of mono-
genic and complex obesity.
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