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 Abstract 
  Objective:  This study aimed to examine associations of three single-nucleotide polymor-
phisms (SNPs) with obesity-related phenotypes in Chinese children. These SNPs were identi-
fied by a recent genome-wide association (GWA) study among European children. Given that 
varied genetic backgrounds across different ethnicity may result in different association, it is 
necessary to study these associations in a different ethnic population.  Methods:  A total of 
3,922 children, including 2,191 normal-weight, 873 overweight and 858 obese children, from 
three independent studies were included in the study. Logistic and linear regressions were 
performed, and meta-analyses were conducted to assess the associations between the SNPs 
and obesity-related phenotypes.  Results:  The pooled odds ratios of the A-allele of rs564343 
in  PACS1  for obesity and severe obesity were 1.180 (p = 0.03) and 1.312 (p = 0.004), respec-
tively. We also found that rs564343 was nominally associated with BMI, BMI standard devia-
tion score (BMI-SDS), waist circumference, and waist-to-height ratio (p < 0.05).  Conclusions:  
We showed for the first time that the rs564343 in  PACS1  was associated with risk of severe 
obesity in a non-European population. This SNP was also found to be associated with com-
mon obesity and various obesity-related phenotypes in Chinese children, which had not been 
reported in the original study. The results demonstrated the value of conducting genetic re-
searches in populations with different ethnicity.  © 2017 The Author(s)
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 Introduction 

 It is widely acknowledged that obesity is an increasingly important health problem in 
both developed and developing countries. A systematic analysis recently reported that, the 
global prevalence of overweight and obesity has risen by 27.5% for adults and 47.1% for 
children over the past three decades  [1] . In the US, more than two-thirds (68.5%) of adults 
and nearly one-third (31.8%) of youth were either overweight or obese in 2011–2012  [2] . In 
China, the prevalence of overweight and obesity among urban boys and girls were 28.14% 
and 15.56%, and that among rural boys and girls were 18.62% and 11.81% in 2010, showing 
an increase compared with the data of 2005  [3] . Obesity is an important risk factor of many 
diseases, including type 2 diabetes mellitus, hyperlipidemia, hypertension, cardiovascular 
disease, and cancers  [4, 5] .

  Genetic factors play an indispensable role in the individual’s predisposition to obesity 
 [6–8] . The heritability of the variance ofBMI ranged from 30% to 70%  [9] , and it is estimated 
that heritability for BMI or obesity is higher in children than in adults  [10] . In recent years, 
genome-wide association (GWA) studies have provided evidence for genetic risk loci for 
obesity  [11–14] . Many replication studies for these loci have been conducted in multiple 
ethnic populations, including Chinese  [15–20] . Two recently published studies by Wang et al. 
 [19]  and Meng et al.  [20]  from our research group confirmed some loci identified by GWA 
studies to be associated with obesity in Chinese children, and identified ethnic difference of 
effect size for some loci (supplemental table 1, available at  http://content.karger.com/
ProdukteDB/produkte.asp?doi=471487 ). 

  A recent GWA study identified four new loci (rs564343 in phosphofurin acidic cluster 
sorting protein 1 ( PACS1 ), rs11109072 in rhabdomyosarcoma 2 associated transcript ( RMST ), 
rs1957894 in protein kinase C eta ( PRKCH ) and rs11208659 in leptin receptor ( LEPR )), which 
were associated with severe early-onset obesity among European children  [21] . To our 
knowledge, these new loci have not been studied in independent populations with different 
ethnicity. Given that varied genetic backgrounds across different ethnicity may result in 
different association, it is necessary to study these associations in different ethnic popula-
tions. Therefore, we conducted the present study for 3 loci ( PACS1, RMST, PRKCH ) with the 
minor allele frequency  ≥ 0.20 based on our sample size to explore whether these loci were 
associated with obesity in Chinese children. 

  Subjects and Methods 

 Subjects 
 We conducted three independent studies with a total of 3,922 subjects aged 6–18 years, recruited from 

the urban regions of Beijing, China. The first study on adolescent lipids, insulin resistance, and candidate 
genes (ALIR) involved 937 participants from 9 middle schools of the Dongcheng District of Beijing. The 
second study was from the Comprehensive Prevention Project for Overweight and Obese Adolescents 
(CPOOA) with physical exercise and healthy nutrition as instruments, which was conducted in 3 middle 
schools and 2 elementary schools of the Haidian District of Beijing, involving 1,093 participants. Both studies 
are case-control studies, and the ascertainment strategies and other detailed information have been previ-
ously described  [22, 23] . 

  The third study was a School-Based Comprehensive Intervention on Childhood Obesity (SCICO), 
performed in 8 elementary schools of the Haidian District of Beijing, recruiting 2,125 subjects  [24, 25] . The 
children who were underweight according to the Chinese national screening criteria for malnutrition of 
children aged 6–18 years  [26]  and those without collected blood samples were excluded. Finally, a total of 
1,892 individuals of the third study were involved in this study, including 1,584 normal-weight children (834 
males, mean age 8.72 ± 1.60 years, mean BMI 15.94 ± 1.42 kg/m 2 ), 155 overweight children (98 males, mean 
age 8.87 ± 1.60 years, mean BMI 19.82 ± 1.60 kg/m 2 ) and 153 obese children (98 males, mean age 8.82 ± 1.45 
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years, mean BMI 23.77 ± 2.77 kg/m 2 ). Based on the uniform BMI percentile criteria for screening overweight 
and obesity of children aged 7–18 years (supplemental table 2, available at  http://content.karger.com/
ProdukteDB/produkte.asp?doi=471487 ), which were determined in a representative Chinese children sample 
 [27] , the participants were defined as obese (age- and gender-specific BMI  ≥  95th percentile) or overweight 
(95th  ≥  age- and gender-specific BMI  ≥  85th percentile). After exclusion of underweight children, those with 
an age- and gender-specific BMI less than the 85th percentiles are considered as normal-weight students. For 
children aged 6 years, the criteria developed by Li et al.  [28]  were used (supplemental table 2, available at 
 http://content.karger.com/ProdukteDB/produkte.asp?doi=471487 ). The BMIs of the severely obese groups 
were above the 97th percentile of a representative Chinese population  [29] . Those with any cardiovascular 
disorder or metabolic disease were excluded.

  Written informed consent was provided by all participants and their parents, in the case of minors. The 
first and second studies were approved by the Ethic Committee of Peking University Health Science Center, 
while the third study was approved by the Ethic Committee of Chinese Center for Disease Control and Prevention.

  Anthropometric, Biochemical and Blood Pressure Measurements 
 All measurements in the three studies were performed with the same methods. Anthropometric 

measurements, including height, weight, waist and hip circumferences, were conducted according to standard 
protocols  [30] . BMI (kg/m 2 ) and the sex-and age-specific BMI standard deviation score (BMI-SDS) were 
calculated. The latter was calculated according to the growth reference data of the World Health Organization 
for children aged 5–19 years  [31] . Fasting venous blood samples were taken for measurement of total choles-
terol, triglyceride, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) 
and plasma glucose using the biochemical autoanalyzer (ALIR and CPOOA: Hitachi7060, Tokyo, Japan; SCICO: 
Olympus AU400, Tokyo, Japan). Blood pressure was measured using an auscultation mercury sphygmoma-
nometer with an appropriate cuff size for children in these studies, according to the recommendation of the 
National High Blood Pressure Education Program Working Group in Children and Adolescents  [32] . Mean 
systolic and diastolic blood pressures (SBP and DBP) were calculated by averaging three measurements.

  SNPs Selection and Genotyping 
 Given the sample size (2,191 normal-weight children and 858 obese children), and the assumed effect 

size of 1.2 for an allele frequency  ≥  0.20, the power for detecting positive association was estimated to be 
75%. So we selected three SNPs (rs564343, rs11109072 and rs1957894)   with the minor allele frequency  ≥  
0.20 in the Chinese population (Hapmap database:  http://hapmap.ncbi.nlm.nih.gov ), excluding rs11208659 
in  LEPR  (minor allele frequency = 0.07). Multiplex SNP assays designs failed for one SNP (rs1957894 in 
 PRKCH ), so we replaced it with one proxy SNP (rs1957893) having strong linkage disequilibrium (r 2  = 1.00) 
in Chinese population in HapMap Data Release 24/Phase II Nov08 ( http://hapmap.ncbi.nlm.nih.gov ).

  The genomic DNAs of subjects were isolated from blood leukocytes of fasting venous blood samples 
with the phenol-chloroform extraction method. Genotyping of the three SNPs were carried out with the 
matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS, Sequenom). 
The detailed genotyping process has been described previously  [19, 20] . The call rates of the three SNPs were 
more than 99.9%.

  Statistical Analyses 
 The differences in general characteristics among three groups were tested with one-way analysis of 

variance ( ANOVA ) (continuous variables) or χ 2  test (categorical variables). Hardy-Weinberg equilibrium 
(HWE) was tested with χ 2  statistics in the normal-weight group.  F -statistics (F ST ) was calculated, as a metric 
estimating the effect of population subdivision, according to the following formula: F ST  = (P 1  – P 2 ) 2  / ((P 1  + 
P 2 )×  (2 – (P 1  + P 2 ))), where P 1  is allele frequency in the original study population and P 2  is allele frequency 
in the present study population  [33, 34] . An F ST  value between 0 and 0.05 suggests little genetic differenti-
ation; a value between 0.05 and 0.15 moderate differentiation, a value between 0.15 and 0.25 great differen-
tiation, and values above 0.25 very great differentiation  [35] .

  Multivariate logistic regression model was performed to evaluate the independent effect of each SNP on 
the risk of obesity, severe obesity or overweight. Linear regression analysis was performed to evaluate the 
independent effect of each SNP on other obesity-related phenotypes. All analyses used the additive model 
with adjustment for sex, age, and age square, with or without BMI. For the proxy SNPs (rs1957893 in  PRKCH ), 
the allele which was correlated with the effect allele of the original SNP in the original study was defined as 
the effect allele, in the convenience of comparing our results with the published data  [21] .
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  A two-sided p value < 0.05 was considered as nominally significant. p < 0.001 (i.e., 0.05 / (3 SNPs × (4 
categorical variables + 13 continuous variables)) = 0.05 / 51 = 0.001) was considered as statistically signif-
icant after multiple testing using Bonferroni correction. Statistical analyses were performed using SPSS 18.0 
software (IbM Corp., Armonk, NY, USA). Power calculations were performed with the method for genetic 
study of case-control (unmatched) by Quanto software (University of Southern California, Los Angeles, CA, 
USA).

  Meta-Analysis 
 To calculate the pooled estimates of the association between each SNP and obesity, severe obesity, over-

weight or other obesity-related phenotypes, we conduct meta-analysis with the Inverse Variance method. 
Odds ratio (OR) was used as the effect size of categorical variables, while mean difference (MD) was used as 
the effect size of continuous variables. Heterogeneity among studies was assessed by the heterogeneity  Q  
statistic. A p value less than 0.05 on the  Q  test indicated heterogeneity among the studies. The I 2  statistic, 
which is a quantitative measure of inconsistency across studies, was also calculated, with >70%, indicating 
high heterogeneity  [36] . When there was little heterogeneity among three studies, a fixed-effect model was 
used. Otherwise, a random-effect model was used  [37] . Revman 5.2 (available at the website of Cochrane 
Collaboration:  www.cc-ims.net/ revman ) was used for the meta-analysis.

  Results 

 The general characteristics of the study groups were presented in  table 1 . Except for age 
in the SCICO study (p = 0.442), sex and age were significantly different among the normal-
weight, overweight and obese groups in the three independent studies (p < 0.05). Obesity-
related phenotypes (BMI, BMI-SDS, waist and hip circumferences, waist-to-hip ratio (WHR), 
waist-to-height ratio (WHtR), total cholesterol, triglyceride, LDL-C, fasting plasma glucose 
(FPG), SBP, and DBP) were the highest in obese groups among the three studies, except for 
HDL-C.

   Table 2  showed the genotypes and allele frequencies of the 3 SNPs. The effect allele 
frequencies of rs564343 and rs1957893 in our study were similar to those reported in the 
HapMap Han Chinese, and that of rs11109072 was similar to that among Chinese and Japanese 
individuals (CHB+JPT) in the HapMap database ( http://hapmap.ncbi.nlm.nih.gov/ ). All effect 
allele frequencies in our study were higher than those of the original study. Based on the F ST  
values, we found moderate differentiations for the three SNPs between our study and the 
original study (0.05 < F ST  value < 0.15,  table 2 ). In three different studies, the genotypes of 2 
SNPs (rs564343 and rs11109072) were in HWE among the normal-weight children (p > 
0.05). For rs1957893 in  PRKCH,  we observed no evidence for deviations from HWE in the first 
and second studies (p = 0.907 and 0.111, respectively), while   in the third study we observed 
a deviation from HWE with marginal significance (p = 0.028) ( table 2 ), but a double-checking 
of the genotype data revealed no obvious genotyping errors. 

  The effect estimates of the 3 SNPs on obesity-related phenotypes in 3,922 individuals of 
the three studies were pooled for meta-analysis using fixed effects model. The pooled OR of 
the A-allele of rs564343 for severe obesity was 1.312 (95% confidence interval (CI) 1.090–
1.578, p = 0.004,  fig. 1 ), indicating that each A-allele is associated with a 31.2% increased risk 
for severe obesity. However, the association was not significant after multiple correction. The 
pooled OR of the A-allele of rs564343 in  PACS1  for obesity was 1.180 (95% CI 1.013–1.375, 
p = 0.03,  fig. 2 ), indicating that each A-allele is associated with a 18.0% increased risk for 
obesity. We also found significant association of rs564343 with risk of overweight and obesity 
combined (OR = 1.144, 95% CI 1.011–1.294, p = 0.03; supplemental fig. 1, available at  http://
content.karger.com/ProdukteDB/produkte.asp?doi=471487 ), and directionally consistent 
associations of rs564343 with risk of overweight (OR = 1.108, 95% CI 0.955–1.286, p = 0.18; 
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supplemental fig. 2, available at  http://content.karger.com/ProdukteDB/produkte.
asp?doi=471487 ).

  In further analyses, we also found the A-allele of rs564343 was associated with BMI, 
BMI-SDS, waist circumference, and WHtR after adjusting for sex, age, and age square under 
the additive model ( table 3 ). Each A-allele of rs564343 was associated with an increase of 
0.167 kg/m 2  in BMI (p = 0.03), 0.058 in BMI-SDS (p = 0.02), 0.443 cm in waist circumference 
(p = 0.04), and 0.003 in WHtR, but none was significant after Bonferroni correction. Addi-
tional adjustment for BMI showed the association of rs564343 with waist circumference and 
WHtR was abolished.

  No significant association was observed between the other two SNPs and risk of obesity 
or other obesity-related phenotypes ( fig. 1–2 ; supplemental tables 3–4, available at  http://
content.karger.com/ProdukteDB/produkte.asp?doi=471487 ).

  Discussion 

 To our knowledge, this is the first study to explore the association of the three SNPs, 
which were identified by a recent GWA study by Wheeler et al.  [21]  in European children, with 
obesity-related phenotypes in another population with different ethnicity, i.e., in Chinese 

  Fig. 1.  Odds ratios with the 95% CI for the association between  a  rs564343 in  PACS1 ,  b  rs11109072 in  RMST , 
 c  rs1957893 in  PRKCH  and severe obesity in the meta-analysis. 
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children. The rs564343 ( PACS1 ) was found to be associated with both severe obesity and 
common obesity. Besides, rs564343 polymorphism was also observed to be nominally asso-
ciated with several obesity-related phenotypes (BMI, BMI-SDS, waist circumference, and 
WHtR).

  PACS1 is a trans-Golgi-membrane traffic regulator, directing protein cargo and several 
viral envelope proteins  [38] . Wan et al.  [39]  first reported the role of PACS1, one member of 
a novel gene family of cytosolic sorting proteins, in the localization of trans-Golgi network 
(TGN) membrane proteins. PACS1 binds to the protease’s phosphorylated cytosolic domain 
of furin, then directs its TGN localization  [39] . The A-allele of rs564343  PACS1  gene was first 
reported to be associated with severe early-onset obesity in the original GWA study  [21] . 
However, the mechanism how the  PACS1  gene is involved in the pathogenesis of obesity 
hitherto has not been elucidated. 

  In the present study, we demonstrated that rs564343 in  PACS1  was robustly associated 
with obesity and obesity-related phenotypes in Chinese children. The consistency with the 
original GWA study suggested that the origin of rs564343 in  PACS1  might be relatively ancient 
so that the Chinese population with different ethnicity and environmental backgrounds were 
affected by the SNP in the same direction. Furthermore, we found that A-allele of rs564343 
was associated with common obesity, as well as combined overweight and obesity, which had 
not been observed in the original study. These findings indicate possible ethnic differences 
for effect sizes of the genetic polymorphisms on obesity, which awaits more large-scaled 
studies in other populations. 

  Fig. 2.  Odds ratios with the 95% CI for the association between  a  rs564343 in  PACS1 ,  b  rs11109072 in  RMST , 
 c  rs1957893 in  PRKCH  and obesity in the meta-analysis. 



187Obes Facts 2017;10:179–190

 DOI: 10.1159/000471487 

 Song et al.: Association Study of Three Gene Polymorphisms Recently Identified by a 
Genome-Wide Association Study with Obesity-Related Phenotypes in Chinese Children 

www.karger.com/ofa
© 2017 The Author(s). Published by S. Karger GmbH, Freiburg

  In addition, we extended our analyses to various obesity-related phenotypes, including 
anthropometric measurements (BMI, BMI-SDS, waist and hip circumferences, WHR, WHtR), 
serum lipids (total cholesterol, triglyceride, LDL-C and HDL-C), and other metabolic pheno-
types (FPG, SBP, and DBP). We found nominal associations between rs564343 ( PACS1 )   and 
BMI, BMI-SDS, waist circumference, and WHtR, which further supports that the association 
between rs564343 and obesity was robust. However, the association between rs564343 and 
waist circumference or WHtR did not exist after additional adjustment of BMI, suggesting that 
these associations were mediated by BMI. 

  Although the other two SNPs (rs11109072 and rs1957894) were reported to be asso-
ciated with severe early-onset obesity  [21] , we did not observe their effects on risk of obesity 
or obesity-related phenotypes in the present study. There might be two reasons. First, there 
is ethnic differentiation between Chinese ancestry and European ancestry. The effect allele 
frequencies of the two SNPs in our study were similar to those reported in HapMap Han 
Chinese,but different from the frequencies of the original study. And the F ST  values of both 
rs11109072 and rs1957893 were between 0.05 and 0.15, indicating moderate differentiation 
between Chinese and Europeans. Secondly, the limited sample size and statistic power might 
also account for the failure in replication. 

  The strength of our study is the first study to explore the relationship between the three 
SNPs (rs564343, rs11109072, and rs1957893) and childhood obesity in another population 
different from the original study. The association between rs564343 in  PACS1  and obesity 
was found in Chinese children. Although the association of these SNPs with obesity has been 
established by a GWA study, information regarding the contribution of each SNP on different 
obesity-related phenotypes is lacking. The present study extended our analyses to various 

 Table 3.  The meta-analysis results of association between rs564343 in PACS1 and various obesity-related 
phenotypes in Chinese children

Model 1a  Model 2b

β (95% CI) p value β (95 % CI) p value

BMI, kg/m2 0.167 (0.015, 0.318) 0.03* – –
BMI-SDS 0.058 (0.008, 0.108) 0.02* – –
Waist circumference, cm 0.443 (0.018, 0.868) 0.04* 0.015 (–0.149, 0.178) 0.86
Hip circumference, cmc 0.326 (–0.205, 0.856) 0.23 –0.130 (–0.361, 0.100) 0.27
WHRc 0.003 (–0.001, 0.007) 0.13 0.001 (–0.002, 0.004) 0.64
WHtR 0.003 (0.000, 0.005) 0.04* 0.000 (–0.001, 0.001) 0.92
Total cholesterol, mmol/l –0.006 (–0.039, 0.027) 0.73 –0.010 (–0.042, 0.023) 0.57
Triglyceride, mmol/l 0.002 (–0.019, 0.022) 0.87 –0.006 (–0.026, 0.014) 0.55
LDL-C, mmol/l –0.007 (–0.031, 0.017) 0.57 –0.012 (–0.036, 0.012) 0.33
HDL-C, mmol/l –0.002 (–0.015, 0.010) 0.73 –0.000 (–0.012, 0.012) 0.97
FPG, mmol/l 0.012 (–0.013, 0.037) 0.33 0.012 (–0.013, 0.037) 0.36
SBP, mm Hg 0.086 (–0.424, 0.595) 0.74 –0.154 (–0.626, 0.319) 0.52
DBP, mm Hg –0.258 (–0.677, 0.161) 0.23 –0.386 (–0.791, 0.019) 0.06

 BMI-SDS = BMI standard deviation score; DBP = diastolic blood pressure; FPG = fasting plasma glucose; 
HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; SBP = systolic 
blood pressure; SNP = single nucleotide polymorphism; WHR = waist-to-hip ratio; WHtR = waist-to-height 
ratio.

aModel 1 was adjusted for sex, age and age square under the additive model.
bModel 2 was adjusted for sex, age, age square and BMI under the additive model.
cData were available from the ALIR and CPOOA study (N = 2030).
*Two-sided p < 0.05 (nominally significant).
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obesity-related phenotypes and provided more information. In addition, the participants in 
our studies were children aged 6–18 years. Compared with adults, it is reported that children 
have higher obesity heritability and usually have simple obesity without complications  [12] , 
which help to detect the effects of common variants on obesity. 

  However, there are a few limitations of our study. Firstly, we selected only three novel 
SNPs which were recently identified by a GWA study  [21] , but did not include rs11208659 in 
 LEPR  with the minor allele frequency < 0.20. More large-scaled studies involving more SNPs 
with lower allele frequencies are needed. Secondly, the study has limited sample size and 
statistical power. The true genetic effects in Chinese may be smaller than that in original 
population (European ancestry), described as the ‘winner’s curse’  [40] . 

  Conclusions 

 In conclusion, we for the first time showed that rs564343 in  PACS1  was associated with 
risk of severe obesity in non-European population. And we found that this SNP was also asso-
ciated with common obesity and various obesity-related phenotypes in Chinese children, 
which had not been found in the original study. Our results demonstrated the value of 
conducting genetic studies in populations with different ethnicity and provided evidences for 
genetic factors associated with pediatric obesity.
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