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Abstract

Objective Heredity has a remarkable effect on obesity in an obesogenic environment. Despite numerous genetic variants

contributing to obesity-related traits, none of them was identified from Chinese children. We aim to identify novel variants and

genes associated with childhood obesity in China. Methods We obtain promising single nucleotide variants from 76 obese and 74

normal weight children by whole-exome sequencing, and interrogate their associations with obesity traits in an additional 6,334

children cohort. We then depict the effects of genome-wide significant (P < 5E-8) variants on expression of implicated genes

in blood and adipose tissues by transcriptome sequencing. Results We identify two coding variants associated with obesity at

genome-wide significance: rs1059491 (P = 2.57E-28) in SULT1A2 and rs189326455 (P = 8.98E-12) in MAP3K21. In addition,

rs1058491 is also significantly associated with several obesity traits. Transcriptome sequencing demonstrates that rs1059491 is

an eQTL site associated with the expression levels of several obesity-related genes, such as SULT1A2, ATXN2L, and TUFM.

Conclusions Our work identifies two coding variants affecting the expression of obesity-related genes based on a large Chinese

pediatric adiposity cohort and provide new insights for the pathophysiology of Chinese childhood obesity.

Introduction

Childhood obesity is one of the most serious public health challenges worldwide. With a high estimated
heritability(Elks et al., 2012), it increases the risk of many physical and mental conditions and contributes
to the global burden of chronic diseases including type 2 diabetes, cardiovascular diseases, and several types
of cancer(Levi et al., 2017; Twig et al., 2016; Twig et al., 2018). Over the past four decades, the number of
obese children and adolescents (aged 5 to 19 years) worldwide has risen more than tenfold, from 11 million
in 1975 to 124 million in 2016(Collaboration, 2017). Childhood obesity prevalence in China rocketed up
since the 90s due to its rapid economic growth and industrialization. According to the Global Burden of
Disease study, China has the highest number of obese children (15.3 million), and the second highest number
of obese adults (57.3 million) in the world after US in 2015(Collaborators et al., 2017). About 70% of obese
adolescents become obese adults, and they are more likely to develop diabetes and cardiovascular diseases
at a younger age(Simmonds, Llewellyn, Owen, & Woolacott, 2016; Zhao & Grant, 2011).

Obesity results from a complex interplay of various genetic and environmental factors. Over the past decade,
genome-wide association studies (GWASs) have successfully identified numerous common variants associated
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with obesity-related traits, such as body mass index (BMI), waist-to-hip ratio, and body fat index(Akiyama
et al., 2017; Locke et al., 2015; Shungin et al., 2015). Despite the progress, much of the obesity heritability
remains yet to be explored. So far the identified single-nucleotide variants (SNVs) associated with obesity
tend to be common, non-coding variants with small effect sizes, and the function and pathophysiology of these
genetic variants are largely uncertain. Low-frequency or rare variants with large effects that may account for
unexplained heritability in common obesity have not been systematically investigated in Chinese population.
Exome sequencing has recently identified several large effects coding variants associated with obesity. Two
SNVs, rs7238987 (CYB5A ) and chr12:120990399 (RNF10:p.R151H), were identified as obesity-associated
variants in American Pima Indians(Huang et al., 2014). SNVs of rs62623713 (SYPL2 ) and rs2076349
(LAMB3 ) were identified in morbidly obese European adults(Jiao et al., 2015; Jiao et al., 2016). A family-
based association study in Hispanic children identified rs141510219 (PEX1 ) which was associated with
several obesity traits(Sabo et al., 2017). However, most studies were carried out in adults, for whom the
genetic influence of obesity-related genes might be compromised by diet, age, pregnancy, lifestyle and other
factors. Studies on children were, on the other hand, exempt from the influence of those environmental
factors to the utmost extent.

Here, we used whole-exome sequencing (WES) to detect novel obesity-susceptible gene loci in 150 Chinese
children and further validated them in 6,334 children. We aim to identify significantly obesity associated
coding variants. Association between variants and obesity traits such as BMI, fat mass percentage (FMP),
fat mass index (FMI), and fat free mass index (FFMI) were also tested. Transcriptome sequencing were
also performed in blood and adipose tissues, and the possible mechanisms of discovered variants in obesity
pathology were investigated.

Material and Methods

Subjects

All subjects in whole-exome sequencing, subsequent validation, and whole blood transcriptome sequencing
were obtained from two large school-based cohorts, the Beijing Child and Adolescent Metabolic Syndrome
Study (BCAMS), and the China Child and Adolescent Cardiovascular Health Study (CCACH)(Liu et al.,
2017; Shan et al., 2010). Adipose tissues were obtained from Plastic Surgery Hospital, Chinese Academy
of medical Sciences. Individuals with hormone treatment, secondary obesity due to endocrinopathy and
serious intercurrent illness were excluded. All cases and controls were unrelated Han Chinese in Beijing,
China. Replication and validation for promising variants were performed on 6,334 (2,480 obese and 3,854
normal weight) children. Written informed consent were obtained from the parents or guardians of all
subjects. The study was approved by the ethics committee and institutional review board of the Capital
Institute of Paediatrics (IEC-C-008-A08-V.05.1).

Phenotype

Normal weight and common obesity were defined by age- and sex-specific BMI cutoff points recommended
by the International Obesity Task Force (IOTF)(Cole, Flegal, Nicholls, & Jackson, 2007). Adiposity was
defined as body fat mass percentage greater than or equal to 20% for boys and 25% for girls aged [?] 14
years and 30% for girls aged > 14 years(Chen, Lu, & Department of Disease Control Ministry of Health,
2004). Weight-to-Height ratio (WHtR) was calculated to define abdominal obesity using a boundary value
of 0.5(Browning, Hsieh, & Ashwell, 2010). Dyslipidemia was defined by serum total cholesterol (TC) [?] 5.20
mmol/L, or triacylglycerol (TG) [?] 1.70 mmol/L, or high-density lipoprotein cholesterol (HDL-C) [?] 1.04
mmol/L, or low-density lipoprotein cholesterol (LDL-C) [?] 3.37 mmol/L.
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Whole-exome sequencing

Genomic DNA was isolated from peripheral blood leukocytes using the QIAamp DNA blood kit (Qiagen,
Germany). Each DNA library was prepared from 5μg of qualified genomic DNA which was sheared to
180-200 base pairs. The SureSelect Human All Exon V4+UTR Kit (Agilent Technologies, USA) was used
to capture 71 Mbps of exons and untranslated regions (UTRs) according to the manufacturer’s protocol.
Paired-end sequencing (2×100 bp) was carried out with the HiSeq 2500 Sequencing System (Illumina Inc.,
USA) at Berry Genomics, Co., Ltd.

Quality control and variant calling

Trimmed reads were aligned to the human reference genome (hg19) using the Burrows-Wheeler Alignment
tool (v0.7.17)(H. Li & Durbin, 2009), with mapping rates above 99.4%, and > 90% of the target regions
were completely covered with at least 10 × depth. Samples were required to reach at least 20 × coverage
over 70% of the exome target. Duplicates were removed by Picard (v2.0.1).

Sequence variation, including SNVs and insertion/deletions, were detected using Genome Analysis Toolkit
(v4.1.3.0)(McKenna et al., 2010). We excluded variants with a call rate of < 95% or Hardy-Weinberg equi-
librium (HWE) P < 1.0E-6. Samples with a call rate lower than 95% or a heterozygosity rate more than
three standard deviations away from the mean were removed. Samples were clear of gender-mismatches or
relativeness.

Variants for validation were achieved through several filtering and comparison steps (Figure 1 ). InterVar
(v2.0.1) was used for annotation(Q. Li & Wang, 2017). The highest impact effect was taken for variants that
have different annotations due to multiple transcripts. SIFT, PolyPhen-2, MutationTaster, and FATHMM
were used to predict the possible impact of coding variants on protein function(Yang & Wang, 2015).

Association analysis

Association test was performed with PLINK (v1.90)(Chang et al., 2015). Subjects were characterized accor-
ding to their BMI and related anthropometrics. Association analysis was performed using linear or logistic
regression assuming an additive model with sex and age as covariates. To weaken the effect of population
stratification, we also included geographic information as a covariate because the maximal known stratifi-
cation for Chinese is northern and southern ancestry. To prove the associated SNVs were independent, we
performed a conditional analysis on each one by adjusting other significant associated SNVs or previous
reported SNVs. Correction for multiple tests was performed using the PLINK adjust function, with genomic
control-corrected Pvalues being calculated based on the genotypes of all variants in the final analysis. The
threshold for genome-wide significance was set at aP value < 5.0 × 10-8.

Genotyping and validation

Candidate SNVs showing nominal association (P < 0.05) with obesity in the first stage were genotyped in
an additional large case-control cohort consisting of 2,480 obese children and 3,854 controls. Genotyping
was performed using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (SEQUE-
NOM) at Beijing Compass Biotechnology Co., Ltd. Multiplexed assays were designed using MassARRAY
Assay Design v3.1. Allele-specific base extension was performed according to recommendations from Age-
na Bioscience. Sanger sequencing was performed to validate the candidate variants identified by WES and
replication analysis.

Transcriptomic sequencing

Whole blood were obtained from 58 cases and 43 controls. Whole blood RNA were extracted using PA-
Xgene® Blood RNA Kit according to its handbook protocols. Frozen subcutaneous adipose tissue were

3



P
os

te
d

on
A

u
th

or
ea

25
J
u
n

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

31
00

28
.8

93
98

95
7

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

obtained from 11 children during plastic surgeries. RNA from adipose tissues were extracted using mirVana
miRNA Isolation Kit. Total cDNA library was constructed using NEB Next(r) Ultra RNA Library Prep Kit
and paired-end sequencing was performed on Illumina novaseq6000 platform. Reads alignment, transcripts
including novel splice variants assembly, abundance computation of these transcripts, and differentially ex-
pressed genes and transcripts compare were analyzed with a comprehensive software package of HISAT(Kim,
Langmead, & Salzberg, 2015), StringTie(Pertea et al., 2015), and DESeq2(Love, Huber, & Anders, 2014).
We focus on the expression pattern of genes, such asSULT1A2 (NC 000016.10), MAP3K21 (NC 000001.11),
etc. which potentially affected by rs1059491 and rs189326455.

Functional analysis

We used MEME suite to predict the effect of SNPs on the binding affinity of transcription related factors. To
evaluate the structural and conformational change of rs1059491 (SULT1A2: p.N235T), we used PSIPRED
for secondary structure prediction. The differential expression data of eQTL rs1059491 in adipose tissues
and blood were obtained from both transcriptome sequencing and GTEx website (https://gtexportal.org/).
Visualization was achieved by R (www.r-project.org/).

Results

Clinical characteristics of subjects

Here, we collected the largest Chinese children obesity cohort, as far as we know, composed of 6,484 subjects
for association study. We performed WES on 150 subjects (76 cases vs 74 controls) to discover the obesity-
associated candidate variants and further validated them in a 6,334 subjects (2,480 cases vs 3,854 controls).
The characteristics of all collected subjects were shown in Table1 . For 150 subjects in discovery stage,
sex, age, and birth weight were roughly matched between cases and controls (P > 0.05 , Chi-square test),
but obesity-related traits as weight, BMI, FMP, WHtR, serum lipid level (triacylglycerol and high-density
lipoprotein cholesterol), and blood pressure were significantly discrepant (P < 0.001, Chi-square test). Sim-
ilar characteristic patterns were observed between cases and controls in validation cohort except parameters
as follows: age, sex, fat-free mass index, total cholesterol, and LDL-C (each has P < 0.001, Chi-square test).

Identification of obesity-associated variants

To discover the obesity associated variants, especially for those causal ones, we performed whole-exome
sequencing on 76 obesity children and 74 controls at discovery stage. We totally obtained 6,725,533 variants
from the 150 subjects with an average depth of 23x. After quality control (Figure 1 ), we finally got
921,287 variants for association test. For all variants showed nominal (P < 0.05) association to obesity, we
just kept those lose-of-function and deleterious ones as candidates for further investigation. In the end, we
identified 26 obesity associated candidates for validation stage. We genotype all candidates in a cohort of
6,334 individuals including 2,480 cases and 3,854 controls. After genotyping these candidates and quality
control on call rate, we totally got 23 SNVs for association study by adjusting age, sex, and population
stratification (Figure 1 andSupplementary Table 1 ).

We performed logistic regression on the 23 variants and found 2 of them significantly associated with common
obesity at genome-wide level: rs1059491 (SULT1A2 :c.704T>G, P = 7.71E-24,OR = 2.296, 95% CI =
1.953-2.699) and rs189326455 (MAP3K21 :c.162G>C, P = 6.16E-11, OR = 0.2187, 95% CI = 0.1387-
0.3449) (Table 2 ). Here, we used BMI to define common obesity according to the WHO and IOTF
standards. When using FMP as phenotype of the ‘fatty obesity’, only rs1059491 associated with obesity at
genome-wide significant level (P = 1.17E-11, OR = 1.935, 95% CI = 1.599-2.342). Meanwhile, rs1059491
was also significantly (P = 5.01E-10,OR = 1.66, 95% CI = 1.415-1.948) associated with dyslipidaemia.
Furthermore, we performed association test on genotype of rs1059491 from transcriptome of blood and
adipose tissues, and found it significantly associated with obesity (P = 0.01408, OR = 3.533, 95% CI =

4
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1.29-9.675). When combing WES, validation, and transcriptome data, we found no significant heterogeneity
existed and rs1059491 (P = 2.57E-28, OR = 2.405, 95% CI = 2.058-2.811) and rs189326455 (P = 8.98E-12,
OR = 0.2122, 95% CI = 0.1359-0.3313) became more significant in association with obesity in Chinese
children.

To further examine whether the identified variants affect obesity related quantitative traits as BMI, FMI,
FMP, FFMI, and LDL, we performed multiple linear regression analyses (Table 3 ). After adjusting by sex,
age, and population stratification, rs1059491 demonstrated genome-wide significant associations with BMI
(P = 1.41E-18, β = 1.953, 95% CI = 1.519 - 2.386), FMP (P = 7.22E-13, β = 3.282, 95% CI =4.175 -
7.197), FMI (P = 1.87E-11, β = 1.157, 95% CI = 0.82 - 1.493), FFMI (P = 8.14E-09, β = -0.8541, 95% CI
= -1.144 - -0.5643), and LDL level (P = 5.42E-09, β = 0.1583, 95% CI = 0.1052 - 0.2114), while rs189326455
just showed genome-wide significant association with BMI (P = 3.36E-10,β = -2.655, 95% CI = -3.481 -
-1.828, Table 3 ).

Functional predictions of genome-wide significant variants

From the association study, we identified two novel obesity associated SNVs in Chinese children. The
rs1059491 (SULT1A2:p.N235T) is a missense variant on the exon 2 of SULT1A2 (Figure 2A ). The
rs189326455 (MAP3K21:p.E54D) is a missense variant on the exon 1 ofMAP3K21 (Figure 2B ). Both
SNVs are highly conserved across mammals (Figure 2A,B ) and rs1059491 is predicted as a deleterious
mutation according to SIFT, Polyphen-2 and MutationTaster (Supplementary Table 2 ). However, nei-
ther SNV was predicted to affect on the secondary structure of SULT1A2 or MAP3K21 (Supplementary
Figure 1 ). Therefore, neither of them might affect phenotype by changing protein conformation.

Considering both SNVs reside on promoter or promoter flanking regions (Figure 2A,B ), we interrogated
their roles in regulating gene expression. The rs1059491 has been reported to enhance the binding affinities
to transcription factors like PPAR 2 and RXRA which were involved in pathway of regulation of lipid
metabolism by peroxisome proliferator-activated receptor alpha (Supplementary Table 3 ). MEME suite
also predicted that rs1059491 has affected the binding affinity of transcription factors like RXRA homodimer,
PPARG, PPARG::RXRA, VDR, and NR1H2::RXRA (Figure 2C ). The rs189326455 resided in the binding
sites of transcription factors including POL2, CHD2 disc3, and ESR2(Consortium, 2011; Kheradpour &
Kellis, 2014), which would drastically reduce the binding affinity of CHD2 and ESR2 (Supplementary
Table 3 ). Taken together, both rs1059491 and rs189326455 may affect the expression of certain genes by
changing the binding affinity to transcription factors.

The role of rs1059491 in gene expression

According to GTEx Portal, rs1059491 is an eQTL that related to the differential expression of multiple genes
and transcripts (Suplementary Table 4 ). The genotype of rs1059491 is correlated with expression of 17
genes including SULT1A2 , SULT1A1 ,EIF3C, LAT, and SH2B1 in subcutaneous adipose tissues data or
blood data deposited in GTEx. From our transcriptome sequencing data, we confirmed that the genotypes of
rs1059491 correlated with the expression of SGF29 , SPNS1 , SULT1A2 , andTUFM in blood, and EIF3C
in adipose tissues (Figure 3A ).

We further examined the expression of those eQTL target genes between obese and normal weighted children
in blood and adipose tissues. We found that NPIPB9 were significantly differentially expressed between cases
and controls in blood, whereas ATXN2L ,SULT1A2 , and TUFM were differentially expressed in adipose
tissues (Figure 3B ). SULT1A2 and TUFM were significantly up-regulated in obese individuals, while
ATXN2L andNPIPB9 were down-regulated. In conclusion, rs1059491 regulated the expression of several
genes in blood and adipose tissue, which may have accounted for its association with obesity.

5
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Discussion

Considering severe early onset obesity might enrich more low-frequency deleterious variants, we performed
whole-exome sequencing and association study on obesity in Chinese children. We found two missense
mutations (rs1059491 and rs189326455) are significantly associated with common obesity. The rs1059491 is
not only associated with BMI, but also in association with FMI, FMP, FFMI, and LDL. It might result in
obesity by affecting the expression level of target genes other than alternating protein structure because it is
predictively unharmful to protein structure but acts as an eQTL that can dramatically change the expression
of several obesity-related genes evidenced by transcriptome sequencing.

Previous GWAS studies have identified multiple SNVs associated with increased BMI(Cotsapas et al., 2009;
Locke et al., 2015; Speliotes et al., 2010; Thorleifsson et al., 2009). We noted that our most significant SNV,
rs1059491, was located in a previously reported obesity locus with lead SNV of rs7359397 which was identified
in European(Speliotes et al., 2010). However, a fine mapping study on the locus failed to find that rs1059491
was in association with obesity in European children and adolescents(Volckmar et al., 2015). Explanations
for such contradiction are as follows three reasons. Firstly, although rs1059491 is highly linked (r2 > 0.75)
to rs7359397 in European, no linkage disequilibrium (r2 = 0.00029) was observed between them in Chinese.
Secondly, the allele frequency of rs1059491 varies drastically among different populations, which has been
exemplified in 1,000 Genomes Project (1KG) (Supplementary Figure 2 ). Minor allele frequency was
0.3434 in European while was around 0.1 in Asian populations. In our findings, minor allele frequency was
0.0421 in the control group, which was similar to that of 0.0571 in southern Han Chinese in 1KG. Thirdly,
our conditional analysis found that rs1059491 (conditional P=7.13E-21) was independently associated with
obesity in Chinese children when controlling rs7359397. Taken together, rs1059491 was a population specific
obesity-associated SNV and significantly associated with children obesity in Chinese.

The rs1059491 was a conserved missense mutation and was predicted as deleterious (PolyPhen score = 1),
while our findings show that it might result in obesity through altering gene expression other than affecting
protein structure. Chip-seq have revealed that rs1059491 resided in transcription factors binding sites of
PPARγ2 and RXRA in ENCODE datasets(Kheradpour & Kellis, 2014). Irregular behavior of PPARγ2 and
RXRA can result in abnormal lipid metabolism which lead to obesity(Akyurek et al., 2013; Lima et al.,
2013; Stossi et al., 2019; Takahashi, Morita, Yokoyama, Suzuki, & Yamamoto, 2012). Therefore, rs1059491
might affect the binding affinity to obesity-related transcription factors and subsequently alter obesity-related
gene’s expression. Our transcriptome data and GETx data have shown that rs1059491 is an eQTL affecting
the expression of many genes, such asSULT1A2 , ATXN2L , and TUFM . It’s worthy to note thatSULT1A2
and ATXN2L were strongly implicated in obesity(Voisin et al., 2015; Volckmar et al., 2015).SULT1A2 is
up-regulated in adipose tissues of individuals carrying G allele of rs1059491, and high expression level of
SULT1A2 is a characteristic not only in lipid uptake tissues as duodenum and intestine, but also in fat tissues
(GTEx database). On the other hand, rs1059491 regulates ATXN2L on translational level, and subsequently
affects its interaction partner ATXN2 , the down-regulation of which would likely lead to increased body size
and fat levels in Caenohabditis elegans (Bar et al., 2016; Kaehler et al., 2012), and ATXN2 knock-out mice
show adult-onset obesity(Kiehl et al., 2006; Lastres-Becker et al., 2008; Meierhofer, Halbach, Sen, Gispert,
& Auburger, 2016). In brief, the most likely mechanism of rs1059491 association with obesity is expression
regulation of obesity-related genes on the transcription level and post-transcription level (Figure 4 ).

We also found that rs189326455 was another variant significantly associated with obesity. It located in the
SH3 domain of MAP3K21, which was responsible for controlling or regulating protein-protein interactions in
the signal transduction pathways, such as cytoplasmic signaling(Koch, Anderson, Moran, Ellis, & Pawson,
1991; Schlessinger, 1994). MAP3K21 is a member of the mixed lineage kinases family that acts as a specific
modulator to inhibit lipopolysaccharide (LPS)-induced activation of c-Jun N-terminal kinase (JNK), or
extracellular signal-regulated kinase (ERK)(Craige, Reif, & Kant, 2016), or as a negative regulator of Toll-
like receptor 4 (TLR4) signaling(Seit-Nebi, Cheng, Xu, & Han, 2012). It’s well known that JNK, ERK, and
TLR4 are all implicated with obesity through elevating gene expression level(Ahmad et al., 2012; Hirosumi
et al., 2002), promoting insulin resistance(Hirosumi et al., 2002; Ozaki et al., 2016; Pal et al., 2012; Solinas
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& Becattini, 2017), or stimulating adipogenic differentiation(Gu et al., 2015). It’s worthy to note that
rs189326455 is also suggestively (P = 5.63E-07) associated with blood triacylglycerol levels which is highly
associated with insulin resistance(Ormazabal et al., 2018). Thus, we speculate that rs189326455 might
alter the affinity of SH3 domain and subsequently affects interaction between MAP3K21 and mis-activating
down-stream signaling pathway proteins, such as JNK, ERK, and TLR4 (Figure 4 ), and results in insulin
resistance and obesity(Seit-Nebi et al., 2012).

In this study, we investigated causal variants in severe early onset obesity by taking advantage of that child
obesity is less affected by cumulative environmental factors and the heritability is higher compared with
adulthood obesity. We identified two potential variants related to obesity with whole exome sequencing. We
found that rs1059491 was an eQTL which might result in obesity through altering the expression of obesity-
related genes, and rs189326455 might affect the regulation of MAP3k21 to subsequent obesity-related genes.
Although the speculation should be proved by more functional experiments, our study is among the first
to use exome sequencing technology to identify functional variants of both common obesity and abdominal
obesity in Chinese children. Chinese people are more likely to develop abdominal obesity, which has been
associated with a higher risk of developing type 2 diabetes and cardiovascular disease(Thomas et al., 2004).
Therefore, identification of the SNVs associated with abdominal obesity is of great impact on prevention
and control of adiposity-based chronic diseases.
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Legends

Figure 1 . The process diagram for investigating genetic basis of obesity in Chinese children . At
discovery stage, whole-exome sequencing identified promising candidates. At validation and transcriptome
stage, two coding variants that are significant associated with obesity might act through altering gene
expression.

Figure 2 . The genomic context of the genome-wide significant SNVs associated with child-
hood obesity in Chinese . Both rs1059491 (A) and rs189326455 (B) reside in conserved promoter region
ofSULT1A2 (NC 000016.10) and MAP3K21 (NC 000001.11), respectively. (C) The T allele (ancestral) and
G allele (derived) show different binding ability to transcription factors. Red lines indicate the locus of
rs1059491. Orange blocks indicate the possible binding site for transcription factors.

Figure 3 . The expression change of genes affected by rs1059491 . (A) Gene expression differences
in blood and adipose tissues among different genotypes (TT, TG, and GG) of rs1059491. Violin plots show
the expression level of obesity-related genes from GTEx database and box plots show that of genes from
our transcriptome data. (B) Transcriptome data show that rs1059491 results in significant differences in
obesity-related genes between cases and controls in both blood and adipose tissues.

Figure 4 . A scheme illustrates the potential implication of rs1059491 and rs189326455 in
obesity .

Supplementary Figure 1. The prediction of secondary structure changes of SULT1A2 and
MAP3K21 caused by mutant allele of rs1059491 and rs189326455, respectively .

Supplementary Figure 2 . The allele frequency of rs1059491 in different populations across the
world . ACB, African Caribbean in Barbados. ASW, Americans of African Ancestry in SW USA. CHB,
Han Chinese in Beijing, China. CHS, Southern Han Chinese. CLM, Colombians from Medellin, Columbia.
FIN, Finish in Finland. GBR, British in England and Scotland. ITU, Indian Telugu from the UK. JPT,
Japanese in Tokyo, Japan. KHV, Kinh in HO Chi Minh City, Vietnam. PEL, Peruvians from Lima, Peru.
PUR, Puerto Ricans from Puerto Rico.
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Tables

Table 1. Clinical characteristics of subjects in this study

WES WES WES Validation Validation Validation

Obese (n = 76) Control (n = 74) P Obese (n = 2,480) Control (n = 3,854) P
Male/female 61/15 55/19 0.501 1,754/649 1,705/2,073 <0.001
Age (years) 12.0 ± 2.5 12.1 ± 2.9 0.700 12.4 ± 3.0 12.8 ± 3.6 <0.001
Birth weight (g) 3216.8 ± 1109.1 3167.4 ± 984.2 0.786 3235.4 ± 1046.5 3159.8 ± 950.5 0.076
Height (cm) 158.2 ± 14.6 152.2 ± 16.7 0.009 158.2 ± 15.4 152.4 ± 17.2 <0.001
Weight (kg) 73.7 ± 20.2 42.9 ± 12.9 <0.001 74.0 ± 21.7 43.5 ± 14.0 <0.001
BMI (kg/m2) 28.8 ± 3.6 18.0 ± 2.3 <0.001 28.8 ± 4.1 18.1 ± 2.7 <0.001
FMP (%) 34.7 ± 5.9 17.8 ± 5.7 <0.001 35.1 ± 7.2 18.4 ± 6.2 <0.001
FMI (kg/m2) 10.1 ± 2.6 3.2 ± 1.4 <0.001 10.1 ± 2.9 3.4 ± 1.6 <0.001
FFMI (kg/m2) 15.5 ± 4.0 14.5 ± 1.5 0.027 14.2 ± 4.9 14.4 ± 1.5 <0.001
WC (cm) 84.8 ± 11.4 64.4 ± 7.3 <0.001 87.5 ± 12.4 64.0 ± 8.8 <0.001
WHtR 0.56 ± 0.05 0.42 ± 0.03 <0.001 0.57 ± 0.05 0.42 ± 0.04 <0.001
TG (mmol/L) 1.26 (0.87-1.76) 0.77 (0.57-1.01) <0.001 1.15 (0.83-1.62) 0.75 (0.56-0.99) <0.001
TC (mmol/L) 4.13 ± 0.54 4.11 ± 1.01 0.890 4.13 ± 0.78 4.07 ± 0.79 0.001
HDL-C (mmol/L) 1.20 ± 0.27 1.48 ± 0.34 <0.001 1.21 ± 0.25 1.49 ± 0.31 <0.001
LDL-C (mmol/L) 2.59 ± 0.48 2.40 ± 0.87 0.068 2.51 ± 0.65 2.34 ± 0.69 <0.001
FPG (mmol/L) 5.79 ± 1.04 5.45 ± 1.15 0.025 5.55 ± 0.55 5.24 ± 0.68 <0.001
SBP (mmHg) 120 ± 15 105 ± 12 <0.001 119 ± 13 105 ± 12 <0.001
DBP (mmHg) 71 ± 9 64 ± 9 <0.001 73 ± 9 65 ± 9 <0.001

P value indicates the difference for anthropometric parameters between cases and controls. Except for birth
weight, differences in traits between obese and controls were compared by analysis of covariance (ANCOVA)
with sex and age adjustments.

BMI: body mass index; FFMI, fat-free mass index; FMI, fat mass index; FMP, fat mass percentage; WC,
waist circumference; WHtR, waist-to-height ratio; TG, triacylglycerol; TC, total cholesterol; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FPG, fasting plasma glucose;
SBP, systolic blood pressure; DBP, diastolic blood pressure.

Table 2. SNVs associated with quality phenotypes in WES, RNA seq and validation (n=6,334)
with P < 5E-08

SNV Gene A1/A2 MAF MAF Obesity type OR 95% CI P Data source

Cases Controls
rs1059491 SULT1A2 G/T 0.0426 0.0909 BMI 4.052 1.692-9.703 0.001686 WES

BMI 3.533 1.29-9.675 0.01408 TS(blood+adipose)
BMI 3.816 1.98-7.355 6.31E-05 WES+TS
BMI 2.296 1.953-2.699 7.71E-24 Sequenom validation
BMI 2.405 2.058-2.811 2.57E-28 Combined
Adiposity 1.935 1.599-2.342 1.17E-11 Combined
Dyslipidemia 1.66 1.415-1.948 5.01E-10 Combined

rs189326455 MAP3K21 C/G 0.00522 0.0241 BMI 0.1034 0.0124-0.8613 0.0359 WES
BMI 0.2187 0.1387-0.3449 6.16E-11 Sequenom validation
BMI 0.2122 0.1359-0.3313 8.98E-12 Combined
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SNV, single-nucleotide variant; Chr, chromosome; A1, minor allele; A2, major allele; MAF, minor allele
frequency of A1 in all samples;OR (estimated for A1), odds ratio; CI, confidence interval; WES, whole-exome
sequence; TS, Transcriptome sequencing;SULT1A2 , NC 000016.10; MAP3K21 , NC 000001.11. Adiposity
was defined by fat mass percentage. Dyslipidemia was defined by TC, TG, LDL or HDL level abnormality.

Table 3. Estimated change unit in quantitative traits per effect allele of significant variants (P
< 5E-8) in validation stage after adjustment

SNV Gene Chr A1/A2 Trait β CI P

rs189326455 MAP3K21 1 C/G BMI -2.655 -3.481, -1.828 3.36E-10
rs1059491 SULT1A2 16 G/T BMI 1.953 1.519, 2.386 1.41E-18

FMP 3.282 4.175, 7.197 7.22E-13
FMI 1.157 0.82, 1.493 1.87E-11
FFMI -0.8541 -1.144, -0.5643 8.14E-09
LDL 0.1583 0.1052, 0.2114 5.42E-09

SNV, single nucleotide variant; Chr, chromosome; A1, minor allele; A2, major allele; β , partial regression
coefficient (estimated for A1); BMI, body mass index (kg/m2); FMP, fat mass percentage; FMI, fat mass
index (kg/m2); FFMI, fat-free mass index (kg/m2); LDL, low density lipoproteins (mmol/L), SULT1A2 ,
NC 000016.10; MAP3K21 , NC 000001.11.

Supplementary Table 1. Obesity-related SNVs in WES validated with sequenom

SNV Gene Chr Pos(hg19) Ref Alt SNV type F case F ctrl OR 95% CI P value

rs12410676 VAV3 1 108185309 G A nonsynonymous 0.106 0.1335 0.7716 0.6847-0.8695 2.12E-05
rs5030752 EPRS 1 220156704 T C nonsynonymous 0.001181 0.001802 0.6882 0.313-1.514 0.3528
rs189326455 MAP3K21 1 233463936 G C nonsynonymous 0.005172 0.02359 0.2187 0.1387-0.3449 6.16E-11
chr3 20161096 KAT2B 3 20161096 A G nonsynonymous 0.1914 0.1869 1.017 0.9252-1.118 0.7277
rs143310118 CCDC13 3 42784452 G A nonsynonymous 0.01404 0.01319 1.046 0.7421-1.475 0.7963
rs35597368 PDGFRA 4 55139771 T C nonsynonymous 0.1591 0.1472 1.12 1.002-1.253 0.04692
rs148000791 AHI1 6 135644371 T C nonsynonymous 0.06151 0.05155 1.212 1.017-1.444 0.03193
rs1801582 PRKN 6 161807855 C G nonsynonymous 0.0582 0.05938 0.9925 0.836-1.178 0.9313
rs2286428 ZP3 7 76054372 G A nonsynonymous 0.08817 0.08328 1.072 0.9285-1.238 0.3429
rs104894047 SHH 7 155596114 C T nonsynonymous 0.04407 0.03843 1.185 0.9686-1.45 0.09884
rs2305510 ASAP1 8 131138344 A C nonsynonymous 0.1555 0.1581 0.4797 0.2426- 0.9486 0.03473
rs33995374 LOXL4 10 100020880 C T nonsynonymous 0.08734 0.09892 0.86 0.7486-0.9878 0.03294
rs61759818 OVCH2 11 7721974 C T nonsynonymous 0.06396 0.06156 0.9936 0.8439-1.17 0.9384
rs17099008 MMP20 11 102482504 T G nonsynonymous 0.1044 0.1028 1.04 0.9032-1.198 0.5854
rs25680 CD27 12 6554628 G A nonsynonymous 0.04304 0.04167 1.084 0.8891-1.322 0.4243
rs17076657 RXFP2 13 32371361 A G nonsynonymous 0.2017 0.2137 0.9163 0.8252-1.017 0.1018
rs3742591 TOGARAM1 14 45433155 C G nonsynonymous 0.1179 0.128 0.9022 0.7984-1.019 0.09878
rs75560163 PLA2G4F 15 42434336 G C nonsynonymous 0.1228 0.1161 1.054 0.9307-1.193 0.4087
rs1059491 SULT1A2 16 28603655 T G nonsynonymous 0.0859 0.04209 2.296 1.953-2.699 7.71E-24
rs7359397 SH2B1 16 28885659 C T nonaynonymoua 0.1213 0.1343 0.8898 0.7911- 1.001 0.05146
rs11079339 EPX 17 56270442 A G nonsynonymous 0.09887 0.1002 1.005 0.8809-1.147 0.9366
rs56288451 EMILIN2 18 2909700 C T nonsynonymous 0.1113 0.1318 0.8128 0.7188-0.9191 0.000949
rs12457323 LAMA3 18 21424986 T C nonsynonymous 0.0782 0.06738 1.159 0.9925-1.354 0.0621

SNV, single nucleotide variant; Chr, chromosome; Pos, physical position; Ref, reference base at the variant
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site; Alt, alternate base in the sample at the variant site; F case, effect allele frequency in case group;
F ctrl, effect allele frequency in control group; OR, odds ratio; SULT1A2 , NC 000016.10; MAP3K21 ,
NC 000001.11.

Supplemental Table 2. Functional prediction of genome-wide significant variants

SNP Gene SIFT SIFT predict PolyPhen 2 PolyPhen 2 predict MutationTaster MutationTaster predict

rs189326455 MAP3K21 0.33 tolerated 0.13 benign 0.994094 disease causing
rs1059491 SULT1A2 0.01 deleterious 0.999 probably damaging 0.957296 disease causing

SULT1A2 , NC 000016.10; MAP3K21 , NC 000001.11

Supplementary Table 3. The regulatory motifs altered by rs1059491 and rs189326455

SNV Transcription factor Strand Binding affinity Binding affinity The sequences of transcription factor binding sites and transcription factors

ref Alt
rs1059491 Ref: GGCGGACGGTGGTGTAGTTGGTCATAGGGTTCTTCTTCATCTCCTTGAACGACGTGTGC

Alt: GGCGGACGGTGGTGTAGTTGGTCATAGGGGTCTTCTTCATCTCCTTGAACGACGTGTGC
PPAR 2 + 3 15 YNRGGTCATDGRGGTSRNK
RXRA known5 - 0.9 8.1 WNKRGGKSACNKTGACCYAS

rs189326455 Ref: GCGCTCTATGACTACGAGGCTCGCGGCGAGGACGAGCTGAGCCTGCGGCGCGGCCAGCT
Alt: GCGCTCTATGACTACGAGGCTCGCGGCGACGACGAGCTGAGCCTGCGGCGCGGCCAGCT

CHD2 disc3 + 10.4 -1.5 SSSSSSVGVNS
Esr2 - 11.9 0.2 NRGGDYAVNVTGACCYWB

Supplementary Table 4. rs1059491 is significant associated with gene expression level changes
in adipose tissue and blood in GTEx database

Gencode Id Gene Symbol P -Value NES Tissue

ENSG00000197165.10 SULT1A2 6.70E-44 0.59 Adipose - Subcutaneous
ENSG00000259982.1 CDC37P1 7.90E-34 0.65 Adipose - Subcutaneous
ENSG00000251417.2 RP11-1348G14.4 2.00E-23 -0.53 Adipose - Subcutaneous
ENSG00000178952.10 TUFM 1.20E-13 0.18 Adipose - Subcutaneous
ENSG00000178188.14 SH2B1 6.80E-12 -0.15 Adipose - Subcutaneous
ENSG00000184110.14 EIF3C 2.60E-10 0.29 Adipose - Subcutaneous
ENSG00000196502.11 SULT1A1 1.10E-07 -0.24 Adipose - Subcutaneous
ENSG00000196993.8 NPIPB9 0.00012 -0.23 Adipose - Subcutaneous
ENSG00000260517.2 RP11-426C22.5 0.00014 0.16 Adipose - Subcutaneous
ENSG00000233232.6 NPIPB7 0.00017 -0.23 Adipose - Subcutaneous
ENSG00000213658.11 LAT 0.00019 0.1 Adipose - Subcutaneous
ENSG00000197165.10 SULT1A2 6.20E-90 0.86 Whole Blood
ENSG00000178952.10 TUFM 1.20E-64 0.44 Whole Blood
ENSG00000196502.11 SULT1A1 1.30E-21 -0.32 Whole Blood
ENSG00000169682.17 SPNS1 1.40E-20 0.18 Whole Blood
ENSG00000233232.6 NPIPB7 4.90E-18 -0.37 Whole Blood
ENSG00000176476.8 SGF29 7.00E-14 -0.19 Whole Blood
ENSG00000188603.18 CLN3 0.000002 -0.1 Whole Blood
ENSG00000197272.2 IL27 0.000026 0.11 Whole Blood
ENSG00000168488.18 ATXN2L 0.00006 -0.061 Whole Blood
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Gencode Id Gene Symbol P -Value NES Tissue

ENSG00000178188.14 SH2B1 0.000075 -0.067 Whole Blood
ENSG00000198156.10 NPIPB6 0.0001 0.18 Whole Blood

NES, Normalized effect size; SULT1A2 , NC 000016.10;MAP3K21 , NC 000001.11.

figures/Figure1/Figure1-eps-converted-to.pdf
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figures/Figure2/Figure2-eps-converted-to.pdf
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figures/Figure3/Figure3-eps-converted-to.pdf
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figures/Figure4/Figure4-eps-converted-to.pdf
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