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Abstract

Objective—Body fat mass (BFM) is more homogeneous and accurate than body total mass in
measuring obesity, but has rarely been studied. Aiming to uncover the genetic basis of fat-induced
obesity, we performed a genome-wide association meta-analysis of BFM, after adjustment by
body lean mass, in the European population.
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Methods—Three samples of European ancestry were included into the meta-analysis: the
Framingham heart study (FHS, A=6,004), the Kansas-city osteoporosis study (KCOS, N=2,207)
and the Omaha osteoporosis study (O0S, A=968).

Results—At genome-wide significance level (a=5.0x1078), we identified a cluster of 10 SNPs at
chromosomal region 20p11 that were associated with BFM (lead SNP 752069126 p=1.82x1079,
closest gene SLC24A3) in 9,179 subjects. One of the top SNPs 56046308 (p=3.74x1078) is
nominally significant for body fat percentage in another independent study (p=0.03, A=75,888),
and is reported to trans-regulate the expression of MPZ gene at 1¢23.3 (unadjusted p=9.78x107,
N=1,490). Differential gene expression analysis demonstrates that SLC24A3and CFAPE1 at the
identified locus are differentially expressed in tissues of people with versus without obesity
(p=3.40x107° and 8.72x10™4, A=126 and 70), implying their potential role in fat development.

Conclusions—Our results may provide new insights into the biological mechanism that
underlies fat-induced obesity pathology.
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Introduction

Obesity is a chronic metabolic disease characterized by an increase of body fat stores. It is a
serious public health problem associated with an increased risk of type 2 diabetes,
hypertension, cardiovascular disease and certain forms of cancer (1). It has become one of
the leading causes of disability and death worldwide. In the United States, over two-thirds of
the adults are overweight and over one third are obesity (2). The total annual economic cost
associated with obesity in the US is in excess of $215 billion (3).

Body mass index (BMI, unit kg/m?), defined as the body weight divided by the square of
height, is currently the standard measure of obesity. Twin, family and adoption studies have
established the strong genetic determination of human obesity and the reported heritability
for BMI is over 40% (4). To date, a variety of genome-wide association studies (GWASes)
and meta-analyses have been conducted and hundreds of genetic variants have been
identified (5, 6). Despite these fruitful discoveries, the cumulative explained heritability of
BMI is less than 5% (5). On the other hand, it is estimated that over 20% of the obesity
variation can be accounted for by common genomic variants (5). Therefore, the vast
majority of genetic locus underlying obesity remains to be discovered.

Though BMI is popularly studied, it is not an ideal phenotype to measure obesity. This is
because body mass is a composite combination of various types of body composition
including fat mass, lean mass, bone mass and other soft tissues. Of them, fat mass is the only
composition that gives rise to obesity that yields severe clinical outcomes (7). On the other
hand, it is the lean mass instead of fat mass that takes up the vast majority of body mass.
Therefore, BMI is an composite index of body composition, rather than of fat mass alone.
Some more specific measures, such as body fat percentage and waist-to-hip ratio, have been
extensively studied (8, 9, 10).
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For the purpose of mapping fat-induced obesity genes, fat mass is the only accurate and
ideal phenotype to model. Nonetheless, it has been studied very sparsely, partly because the
phenotype is difficult to collect accurately. In the present study, aiming to uncover the
genetic basis of fat-induced obesity, we conduct a genome-wide association meta-analysis of
body fat mass in the European population. Specifically, we conduct a -meta-analysis in three
independent samples. Our findings may be helpful in uncovering the genetic basis of fat
mass development and of obesity.

This study was approved by local institutional review boards of all participating institutions.
All participants provided informed consent before being enrolled into the study. The
Framingham heart study (FHS) was accessed through the database of genotype and
phenotype (dbGAP) repository (11). Neither phenotyping nor genotyping in the FHS was
performed by the authors. Instead, they were acquired through the dbGAP.

Details of the FHS sample were described elsewhere (12). Briefly, the FHS is a longitudinal
and prospective cohort comprising >16,000 related participants spanning three generations
of European ancestry. The original generation was comprised of 5,209 participants living in
the town of Framingham, Massachusetts. The offspring generation was comprised of 5,124
participants who were adult children of original cohort members or were spouses of these
offspring, and the third generation was comprised of over 4,000 participants who were
grandchildren of the original generation.

The original generation participants underwent bone densitometry scan by dual-energy X-
ray absorptiometry (DXA) during their 22"d or 24™ examination. The offspring participants
underwent DXA scan during their 61 or 7t examination, and the third generation
participants underwent DXA scan during their second examination. Body fat mass (BFM)
and total soft tissue body mass were measured by the DXA scanners. Body lean mass
(BLM) was calculated by subtracting BFM from total soft tissue mass.

0OO0S sample

The Omaha osteoporosis study (OOS) is a cross-sectional study of osteoporosis with 1,000
unrelated participants of European ancestry living in Omaha, NE, USA, and its surrounding
areas. The participants were normal healthy subjects defined by a comprehensive suite of
exclusion criteria, as described elsewhere (6). BFM and BLM were measured by DXA
scanner (Hologic Inc., Bedford, MA, USA), following the manufacturer's protocol.

KCOS sample

The Kansas City osteoporosis study (KCOS) is a cross-sectional study of osteoporosis with
2,286 unrelated participants of European ancestry living in Kansas City, MO, USA, and its
surrounding areas. The participants were normal healthy subjects defined by a
comprehensive suite of exclusion criteria, as described elsewhere (13). BFM and BLM were
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measured again by DXA scanner (Hologic Inc., Bedford, MA, USA), following the
manufacturer's protocol.

Phenotype measurements and modeling

In all samples, covariates, including gender, age, age squared, height, height squared and the
first five principal components derived from genome-wide genotype data (14), were
screened for significance with the step-wise linear regression model implemented in the
stepAlC function in R package MASS. To correct for the effect of lean mass, BLM was also
included as covariate. Raw BFM was adjusted by significant covariates, and the residuals
were then normalized by inverse quantiles of standard normal distribution. Normalized
residuals were used for subsequent association analysis.

Genotyping and quality control

All GWAS samples were genotyped by high-throughput SNP genotyping arrays (Affymetrix
Inc., Santa Clara, CA) following the manufacturer’s protocols. Quality control (QC) within
each sample was implemented at both individual level and SNP level. At the individual
level, sex compatibility was checked by imputing sex from X-chromosome genotype data
with Plink (15). Individuals of ambiguous imputed sex or with inconsistent imputed sex with
the reported one were removed. At the SNP level, SNPs violating the Hardy-Weinberg
equilibrium (HWE) rule (p-value<1.0x107°) were removed. In the familial sample FHS,
genotypes having the Mendel error were set to missing. To examine the population outliers,
if present, genotype-derived principal components were monitored. Population outliers
would be reported and removed.

Genotype imputation

Association

All samples were imputed by the 1000 genomes project phase 3 sequence variants (as of
May, 2013) (16). Haplotypes representing 240 individuals of European ancestry were
downloaded from the project download site. Haplotypes of bi-allelic variants, including
SNPs and deletion/insertion variants (DIVs), were extracted to form reference panel for
imputation. As a QC procedure, variants with fewer than two copies (zero or one) of minor
allele were removed.

Prior to imputation, a consistency test of allele frequency between GWAS and reference
samples was examined with the chi-square test. To correct for potential mis-strandedness,
GWAS SNPs that failed the consistency test (p<1.0x1076) were transformed into the reverse
strand. SNPs that again failed consistency test were removed from the GWAS sample.
Imputation was performed with FISH (17), an algorithm that we developed to impute the
diploid genome fast and accurately without the need to phasing genotype into haplotype.
The software parameters were set by default.

testing in individual samples

In the FHS sample, the association between normalized phenotype residual and genotyped
and imputed genotype was examined under an additive mode of inheritance. A mixed linear
model was used in which the effect of genetic relatedness within each pedigree was taken
into account (18). Briefly, within-family relatedness was modeled as random effects while
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genotype effect was modeled as fixed effects. Association test was examined within the
variance-components framework.

In both OOS and KCOS samples, association was examined by a linear regression model
with MACH2QTL (19), in which allele dosage was taken as the predictor for the phenotype.

Meta-analysis

Association signals from individual samples were combined for meta-analysis. The meta-
analysis was performed with the sample size weighted fixed-effects model implemented in
the software METAL (20). The genomic control inflation factor was estimated, and was used
to correct for association signals when necessary.

As a QC step, only well-imputed, which was defined as the SNP whose imputation certainty
measure rZ was larger than 0.3 in at least two of the three samples, and common (minor
allele frequency, MAF>0.05) SNPs were included into analysis.

Replicability analysis of previously identified SNPs for BMI and body fat percentage

We checked if the previously identified SNPs for BMI and body fat percentage (BFP) could
be replicated by the present study for BFM. For BMI, we searched the NHGRI-EBI GWAS
catalog by the trait "body mass index' (as of June 26, 2016) (21), and identified a total of
109 SNPs locating into 95 genomic regions that were reported previously. For BFP, we
combined the results of two GWAS meta-analysis studies and identified a total of 13 lead
SNPs (8, 9).

Functional annotation

We annotated the functional relevance of the identified SNPs with HaploReg (22). HaploReg
annotates SNPs into different functional categories according to the information from a
variety of large experiment projects. These categories include conservation sites, DNase
hypersensitivity region, transcription factor binding sites, promoter, enhancer, and others.

Differential gene expression analysis

To provide biological support for the relevant genes, we examined their differential
expressions in expression data sets accessed through the Gene Expression Omnibus (GEO)
repository (http://www.ncbi.nlm.nih.gov/geo/). We restricted the datasets to be fat or adipose
tissue related human subjects/tissues. We searched the GEO datasets using each of the
following terms "adipose tissue', " adiposity”" and "adipose stem cell' and identified 30
datasets. After careful examination of the retrieved items, 7 datasets were left for analysis. In
each dataset, we grouped subjects into case (obesity) group and control (non-obesity) group.
Genome-wide gene expressions were logarithm-transformed and normalized. Normalized
expression levels were compared between the two groups using the GEO online tool GEO2R
(ncbi.nlm.nih.gov/geo/geo2r/). The expression difference was characterized by logarithm-
transformed fold change (logFC) and p-value. P-values from individual datasets were further
combined into fixed-effects meta-analysis with METAL, where the weight was proportional
to sample size and the sign of logFC served as effect direction.
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Results

Meta-analysis

A total of 9,179 subjects are included into the meta-analysis. Basic characteristics of the
samples are listed in Table 1. Sixty-two percent of the participants are women. Principal
component analysis (PCA) was applied to each individual sample, and no population
outliers were observed. Imputation by the 1000 genomes sequencing project generated
12,403,269 bi-allelic variants. After removing variants of low-frequency (MAF<0.05) or of
poor imputation certainty (r<0.3 in two or three samples), 6,817,908 variants are qualified
for analysis; 88.3 percent (6,018,982) of them are SNPs, and the remaining 11.7 percent
(798,926) are DIVs. After adjusting the phenotype by PCA in each individual study, the
genomic control inflation factor of the meta-analysis is 1.08. A p-value logarithmic quantile-
quantile (QQ) plot shows the concordance with the expected line (J=x) in p-value range
[1072, 1], indicating limited apparent population stratification (Figure 1).

At the genome-wide significance (GWS, 5.0x1078) level, a total of 20 SNPs are significant.
These SNPs are located into the following 3 loci: 2q24.3 (7510170665, p=3.22x1078), 1721
(rs4635383, p=4.40x1078), and 20p11 (18 SNPs, lead SNP 1562203173 p=1.38x10"9). Here,
an independent locus was defined as a genomic region of 1Mb at either side of the variant
showing the strongest association.

Ten of the above associated SNPs, including the 3 lead SNPs, present strong heterogeneity
effects (12>50%). After applying the random-effects meta-analysis model to these SNPs,
their signals become non-significant. The remaining 10 SNPs are located into the single
locus 20p11 with the lead SNP being 752069126 (p=1.82x107°, 12=0.0%). They are
generally clustered into one haplotype block, but with various levels of linkage
disequilibrium (LD) pattern (r2=0.35-1.00, Supplementary Figure 1). Manhattan plot of the
GWAS meta-analysis is displayed in Figure 2, and the main results are listed in Table 2.

The lead SNP rs2069126 is an imputed SNP with high imputation certainty (r2=0.85-0.96
across samples). Allele A at this SNP is associated with decreased BFM consistently in all
samples. Its p-value is extremely low in the FHS sample (3.26x10~7), and is nominally
significant in both the OOS (p=0.02) and the KCOS (p=0.03) samples. Regional plot was
drawn by LocusZoom (23), as displayed in Figure 3.

Replication analysis with BMI and BFP

As different measures of obesity, BFM (after adjustment by BLM), BMI and BFP are
correlated with each other. The correlation coefficients of adjusted BFM with BMI and BFP
are 0.61 and 0.70, respectively, in the FHS sample. We cross-replicated the SNPs identified
in the present study by the publicly accessible summary results for BMI and BFP. The BMI
results were accessed from the GIANT consortium, and the BFP results were accessed from
the reference (9). Of the 10 identified SNPs, the same 5 are present in both the BMI and BFP
summary results. For BMI, none of the SNPs is significant, but all have consistent effect
directions. For BFP, 156046308 is nominally significant (p=0.03), and the other 4 SNPs have
consistent effect directions (Supplementary Table 1).
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We then checked if the present study could replicate the previously identified SNPs for BMI
and BFP. For BMI, we searched the GWAS catalog and identified a total of 109 SNPs
locating into 95 genomic loci. Two of the 109 SNPs are not present in the present study. The
association signals of the remaining 107 SNPs are listed in Supplementary Table 2.
Overall, we observed an excess of significant signals. For example, a total of 18 SNPs are
significant at the nominal level 0.05, tripling the expected number when the null hypothesis
of no association at all holds (Ppinomia=6.08x1076). Of the remaining 89 non-significant
SNPs, an enrichment of effects in the same direction was also observed. Specifically, up to
61 SNPs have consistent effect directions with BEM (Ppinomiai=6.10%x1074), implying that
small sample size may be the cause of non-replicability for BMI.

For BFP, a total of 13 lead SNPs were identified in two recent GWAS meta-analysis studies
(8, 9). Of them, 6 are nominally significant in the present study (Ppinomial=1.98%107°), and
11 are consistent in effect direction (Ppinomial=3.47%10713), as listed in Supplementary
Table 3. Overall, an excess of significant and consistent associations were observed too.

with other metabolic traits

To evaluate the association signals of our identified SNPs with other metabolic traits, we
looked-up the large-scale GWAS meta-analysis results released by the following consortium:
GIANT (waist-hip-ratio) (10), MAGIC (fasting glucose and two hour glucose adjusted by
BMI) (24), LIPIDS (lipid) (25) and DIAGRAM (type 2 diabetes) (26). The results are listed
in Supplementary Table 1. Only the level of lipid is weakly associated with 7516981092
and rs2069126 (both p=0.05), while none of the other traits is significant.

Functional annotation

We annotated the cluster of significant SNPs at the novel locus 20p11 through Haploreg.
The lead SNP 752069126 'is located in the intergenic region between R/NZ2 (Ras and Rab
interactor 2, 120.3kb to r52069126) gene and SLC24A3 (Solute Carrier Family 24 Member
3, 46.4 kb to rs2069126) gene. Among its neighboring SNPs, rs6046308 (meta
p=3.74x1078) is annotated to trans-regulate the expression of MPZ (Myelin Protein Zero)
gene located at 1g23.3 in peripheral blood monocyte cells extracted from 1,490 unrelated
subjects (27). However, the p-value 9.78x107% is a little bit higher than the significance level
when considering the Bonferroni correction of the 12,808 tested transcripts (a=3.90x1075).

Several other genes, including MAAZ20, CRNKL1 and CFAP61, are also located at the novel
locus 20p11. Their gene expression profiles in the GTEX project samples are displayed in
Supplementary Figure 2. The three histone marks (H3K4mel, H3K4me3 and H3K27Ac)
in seven ENCODE cell lines (GM12878, H1-hESC, HSMM, HUVEC, K562, NHEK and
NHLF) at this locus were accessed from the UCSC genome browser and are displayed in
Supplementary Figure 3.

Differential gene expression analysis

To provide biological insight in the role of relevant genes for fat development, we explored
their differential expressions in data sets accessed through the GEO repository. Gene
expression results are listed in Table 3. Of the 6 genes analyzed, SLC24A3and CFAP61 are
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differentially expressed in tissues of obesity versus non-obesity human subjects (meta
p=3.40x107° and 8.72x10™4). The effect directions are consistent across all the 6 GEO
datasets: subjects with obesity tend to have decreased gene expressions than subjects without
obesity have.

Discussion

In this study, aiming to identify additional genomic variants associated with human fat-
induced obesity, we performed an imputation-based association meta-analysis in three
independent samples of European ancestry. We identified a novel locus at 20p11 that was
associated with BFM after adjustment by BLM.

The chromosome region 20p11 is important for human development. The inverted
duplication deletion of this region results in a rare chromosomal disorder with clinical
outcome of delayed developmental milestones and craniofacial dysmorphism (28). In
another case report, a female patient suffering from several disorders including obesity was
found to have a copy loss at 20p13 co-existing with a copy gain at 20p13-20p11.22 (29).
Common genetic variants at this locus are also associated with complex disorders, such as
type 2 diabetes susceptibility (30).

Several genes are located at the 20p11 locus, among which R/N2was previously reported to
associate with obesity risk. Using pig models, Kogelman et al. integrated transcriptomic and
genomic data from subcutaneous adipose tissue and identified multiple causal genes
including R/NZ2for obesity (31). In another study of human childhood obesity, Comuzzie et
al. found that R/N2 gene was significantly associated with free T4 (free thyroxine) (32),
where the increment of free T4 was in turn associated with obesity risk. Other gene of
interest in this region are SLC24A3and CFAP61. These two genes are differentially
expressed in human subjects with versus without obesity in our analysis of the GEO
datasets. SLC24A3was previously identified as having significantly decreased expression in
diet-sensitive women with obesity (33). Its regulatory effect was proposed to achieve by
mediating the level of glucose in the bloodstream (34). CFAP61 is highly expressed in
skeletal muscle (Supplementary Figure 2). In a previous study, CFAPE1 in skeletal muscle
was differentially expressed between young and older human subjects (35). Its function may
be related to calcium signaling and energy conversion (36).

Of the associated SNPs, rs6046308 is successfully replicated by the body fat percentage in
another large-scale independent study. This SNP also trans-regulates the expression of MPZ
gene at 1g23.3. Note that the p-value 9.78x107% is higher than the Bonferroni-corrected
significance level (a=3.90x1075), therefore this trans-eQTL activity may also be a false
positive signal, among others. Literature review of the MP.Zgene function implies its role in
fat development. This gene provides instructions for making a protein called myelin protein
zero. It is the most abundant protein in myelin, a protective substance that covers nerves and
promotes the efficient transmission of nerve impulses (37). The protein is required for the
proper formation and maintenance of myelin. One SNP rs4657015 near MPZ gene is
reported to associate with fat deposition in visceral adipose tissue adjusted for BMI (38).
Brain tissues from obese mice have significantly lower amount of myelin than the normal
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mice have (39). Moreover, diet-induced obesity decreases its expression (40). Therefore, one
possible regulation mechanism of variants at 20p11 is the trans-regulatory effect to the MPZ
gene expression.

It is notable that the vast majority (~85%) of the previously reported BMI-associated SNPs
are not replicated in the present study. Considering the fact that these SNPs are convincingly
associated with BMI, the non-replicability could be due to the small replication sample size.
When analyzing effect direction, up to 79 of the 107 SNPs are indeed consistent.

Conclusion

In summary, by performing an imputation-based genome-wide association meta-analysis in
the European population, we identified a novel locus at 20p11 for BFM. Functional
annotation and gene expression analysis demonstrate that the associated variants may affect
fat development by trans-regulating MPZ gene expression and/or cis-regulating nearby
genes. Our results may provide new insights into the biology mechanism that underlies fat-
induced obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Importance Questions
Question 1. What is already known about this subject?
1) Obesity is a major public health problem with strong genetic determination;
2) The vast majority of genetic loci underlying obesity remain to be discovered;

3) Body fat mass is more homogeneous and accurate than body total mass in
measuring obesity. Nonetheless, it has been studied very sparsely.

Question 2. What does this study add?

1) By performing a genome-wide association meta-analysis of body fat mass in
the European population, we identified a novel locus 20p11 (closest gene
SLC24A3);

2) Functional annotations show that one of the top SNPs 756046308 trans-
regulates the expression of MPZgene at 1g23.3. Differential gene expression
analysis demonstrates that SL C24A3and CFAP61 are differentially expressed in
tissues of people with versus without obesity.
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Figure 1.
Logarithmic quantile—quantile (QQ) plot of the association p-values in the meta-analysis.
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Figure 2.
Manhattan plot of the meta-analysis.
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Regional plot of 20p11.
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Table 1

Basic characteristics of the studied samples.Sample

Female Age Weight Height BFM BLM

N (%) (kg) (cm) (kg) (kg)
00S 968 493  505(18.3) 81.0(17.8) 170.9(9.7) 24.9(9.8) 56.1(13.2)
KCOS 2207 767  515(13.7) 75.0(17.3) 166.2(84) 24.2(10.6) 51.4(11.2)
FHS 6004 580  55.3(13.6) 74.8(15.9) 168.8(9.8) 26.6(10.0) 46.2(11.2)

Notes: OOS, the Omaha osteoporosis study; KCOS, Kansas-city osteoporosis study; FHS, Framingham heart study; BFM, body fat mass; BLM,
body lean mass. Presented was mean (s.d.). A/was sample size after quality control.
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