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Recent genome-wide association (GWA) studies have identified 18 genetic loci for obesity. Using directly
observed and imputed GWA genotyping data on approximately 5,000 Chinese women (1996–2007), the authors
evaluated 17 single nucleotide polymorphisms (SNPs) that represent 17 distinct obesity loci. Two SNPs near the
BAT2 and MC4R genes and 3 SNPs within the FTO, SEC16B, and SH2B1 genes were significantly associated
with body mass index (weight (kg)/height (m)2), body weight, and the prevalence of obesity. The per-allele increase
in body mass index ranged from 0.16 units (BAT2) to 0.38 units (SH2B1). Odds ratios for obesity ranged from 1.46
(95% confidence interval (CI): 1.12, 1.92) for BAT2 to 2.16 (95% CI: 1.39, 3.37) for MC4R. A genetic risk score
calculated by summing the number of risk-increasing alleles that each woman carried at these 5 loci was signif-
icantly associated with the prevalence of obesity. Women carrying 5 or more risk alleles had a 3.13-fold (95% CI:
2.06, 4.77) higher prevalence of obesity than women carrying 1 or no risk alleles. Results from this study extend
some previous GWA findings to Chinese women and show the need for additional studies to identify susceptibility
loci in Chinese and other Asian populations.

body mass index; genome-wide association study; linkage disequilibrium; obesity; polymorphism, genetic; women

Abbreviations: BAT2, HLA-B-associated transcript 2; BMI, body mass index; CI, confidence interval; FAIM2, Fas apoptotic in-
hibitory molecule 2; FTO, fat mass- and obesity-associated; GWA, genome-wide association; HLA-B, human leukocyte antigen B;
MC4R, melanocortin 4 receptor; NEGR1, neuronal growth regulator 1; OR, odds ratio; PTER, phosphotriesterase-related;
SEC16B, SEC16 homolog B (Saccharomyces cerevisiae); SH2B1, SH2B adaptor protein 1; SNP, single nucleotide polymor-
phism; TMEM18, transmembrane protein 18.

Obesity is a well-established risk factor for many com-
mon chronic diseases, including type 2 diabetes, cardiovas-
cular disease, and certain forms of cancer (1). Although
lifestyle and environmental factors are believed to contrib-
ute significantly to the etiology of obesity (2, 3), genetic
predisposition has also been suggested to play an important
role (4, 5). Candidate gene association studies have previ-
ously suggested several genetic variants that appear to be
related to obesity. However, very few, if any, of these genetic
variants have been validated in subsequent studies (6). Re-
cently, genome-wide association (GWA) studies, through
examination of hundreds of thousands of single nucleotide
polymorphisms (SNPs) across the human genome, have
identified at least 18 loci associated with obesity-related

traits, including body mass index (BMI; weight (kg)/height
(m)2) and body weight (7–15). Several loci are also associ-
ated with waist circumference and/or hip circumference.
These findings are summarized in Web Table 1, which is
posted on the Journal’s Web site (http://aje.oxfordjournals.
org/). Virtually all of these studies, however, were con-
ducted among populations of European ancestry. Investigat-
ing these loci in other populations would be helpful to
evaluate the generalizability of these findings and identify
causal variants for obesity. Using GWA scan data from
our ongoing studies, which include approximately 5,000
Chinese women, we conducted an in silico validation study
for the obesity loci identified in published GWA studies
(7–15).
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MATERIALS AND METHODS

Study population

Samples used in the current analysis were donated by
participants in GWA studies of breast cancer and type 2
diabetes. The breast cancer GWA study included 4,157
women who participated in the Shanghai Breast Cancer
Study. Participant recruitment, sample collection, data
cleaning, and laboratory protocols for the Shanghai Breast
Cancer Study have been described in detail elsewhere (16).
Briefly, participants were selected from 2 rounds of recruit-
ment. The initial round was conducted between 1996 and
1998 and included women aged 25–64 years. Through
a rapid case-ascertainment system and the population-based
Shanghai Cancer Registry, 1,602 eligible breast cancer cases
were identified, and 1,459 patients (91.1%) were inter-
viewed in person. Controls were randomly selected from
the general population and were frequency-matched to cases
by age via the Shanghai Resident Registry, a population
registry containing demographic information on all resi-
dents of urban Shanghai. The inclusion criteria for controls
were identical to those for cases, except for a breast cancer
diagnosis. Of the 1,724 eligible controls, 1,556 (90.3%)
completed in-person interviews. Blood samples were ob-
tained from 1,193 (82%) cases and 1,310 (84%) controls
who completed interviews.

The second round of recruitment was conducted between
2002 and 2005 using a protocol similar to the one used in the
initial round, except that the age range was expanded to

include women up to 70 years of age. A total of 1,989 in-
cident cases and 1,989 community controls were recruited,
with response rates of 83.7% and 70.4%, respectively. Most
newly recruited cases (n ¼ 1,932; 97.1%) and controls (n ¼
1,857; 93.4%) provided a blood sample or an exfoliated
buccal cell sample. Blood samples were genotyped initially
using the Affymetrix GeneChip Human Mapping 500K
Array Set (Affymetrix, Inc., Santa Clara, California) (n ¼
300) and subsequently using the Affymetrix Genome-Wide
Human SNPArray 6.0 (n ¼ 3,918), following the manufac-
turer’s protocols. The gender of all participants was consis-
tent with the gender determined from X chromosome
genotyping data. An identity-by-descent analysis based on
an identity-by-state analysis was performed using the cor-
responding function in PLINK (17) to detect first-degree
cryptic relations in the study population. After exclusion
of samples with a genotyping call rate less than 95%, sample
duplication, or DNA contamination, GWA data on 4,157
persons (291 for the Affymetrix 500K Array Set and
3,866 for the Affymetrix SNP Array 6.0) were included
in the breast cancer GWA study. We excluded an additional
11 persons from the present analysis of obesity-related phe-
notypes, because of missing data on BMI or body weight
(4 breast cancer patients and 2 women from the control
group) or a BMI greater than 4 standard deviations from
the mean (5 women from the control group). One of the
remaining women in the control group had type 2 diabetes,
was included in another GWA study (see below), and was
removed from the control group of the current study. Thus,

Table 1. Characteristics of Participants Included in a Validation Study of Obesity-Related Genetic Loci Identified in

Genome-Wide Association Studies, Shanghai, Chinaa

Variable

Community
Controls (n 5 2,076)

Breast Cancer
Cases (n 5 2,069)

Type 2 Diabetes
Cases (n 5 885)

Mean (SD) % Mean (SD) % Mean (SD) %

Age, years 49.4 (8.5) 49.3 (8.3) 51.7 (6.3)

Low educational level
(less than middle school)

13.4 9.9 18.1

Energy intake, kcal/day 1,778 (444) 1,802 (451) 1,757 (425)

No exercise 69.8 74.8 67.1

Postmenopausal 41.4 38.7 53.1

Weight at study enrollment, kg 58.5 (8.6) 59.9 (8.8)b 66.2 (9.7)

Height at study enrollment, cm 158.4 (5.4) 158.7 (5.2) 157.3 (5.5)

BMIc at age 20 years 19.4 (2.4) 19.3 (2.4) 19.6 (2.4)

BMI at study enrollment 23.3 (3.3) 23.8 (3.3)b 26.7 (3.6)

Waist circumference, cm 77.1 (8.9) 79.4 (8.78) 84.5 (8.5)

Hip circumference, cm 95.3 (7.5) 95.5 (7.5) 100.5 (8.3)

Waist:hip ratio 0.81 (0.06) 0.82 (0.06) 0.84 (0.05)

Obesityd at study enrollment 11.0 12.8 38.1

Abbreviations: BMI, body mass index; SD, standard deviation.
a Community controls and breast cancer cases were compiled from the Shanghai Breast Cancer Study (1996–

2005), and incident type 2 diabetes cases were compiled from the Shanghai Women’s Health Study (1997–2007).
b Self-reported weight 1 year before diagnosis and BMI calculated using self-reported weight.
c Weight (kg)/height (m)2.
d Obesity was defined as BMI �27.5.
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Table 2. Associations of Obesity-Related Genetic Loci With Body Mass Index and Body Weight in Chinese Women, 1996–2007

Trait and SNP Chromosomea Base Positiona Nearest
Gene

Effective Allele
and Frequency
(Proportion)b

Community Controls
(n 5 2,076)

Breast Cancer Cases
(n 5 2,069)

Type 2 Diabetes Cases
(n 5 885)

All Women
(n 5 5,030)

Per-Allele
Effectc

P Valued
Per-Allele
Effect

P Value
Per-Allele
Effect

P Value
Per-Allele
Effect

P Value

BMIe

rs2815752f 1 72585028 NEGR1 A (0.92) 0.03 0.87 0.07 0.74 0.01 0.99 0.05 0.71

rs10913469 1 176180142 SEC16Bg C (0.21) 0.35 4.0 3 10�3 0.26 0.03 0.23 0.26 0.28 4.1 3 10�4

rs6548238f 2 624905 TMEM18 C (0.90) 0.16 0.34 0.01 0.93 0.30 0.32 0.12 0.29

rs7647305 3 187316984 ETV5 C (0.95) �0.64 4.6 3 10�3 0.57 0.01 0.74 0.07 0.10 0.49

rs10938397 4 44877284 GNPDA2 G (0.29) �0.10 0.35 0.08 0.49 0.31 0.10 0.05 0.52

rs6235 5 95754654 PCSK1g C (0.34) 0.09 0.37 �0.01 0.96 0.25 0.18 0.07 0.29

rs4712652 6 22186594 PRL G (0.12) 0.06 0.70 �0.22 0.17 �0.34 0.21 �0.13 0.20

rs2844479 6 31680935 BAT2 T (0.56) 0.29 3.4 3 10�3 0.05 0.62 0.13 0.46 0.16 0.01

rs4074134 11 27603861 BDNF G (0.54) 0.13 0.19 0.18 0.08 �0.16 0.36 0.10 0.15

rs10838738 11 47619625 MTCH2g G (0.33) 0.21 0.05 0.07 0.53 �0.04 0.83 0.10 0.13

rs7138803f 12 48533735 FAIM2 A (0.28) �0.06 0.57 0.07 0.53 0.21 0.28 0.04 0.60

rs7498665 16 28790742 SH2B1g G (0.11) 0.16 0.31 0.42 6.6 3 10�3 0.70 7.6 3 10�3 0.38 1.8 3 10�4

rs9939609f 16 52378028 FTOg A (0.12) 0.27 0.07 0.22 0.16 0.62 0.01 0.32 4.0 3 10�3

rs1424233 16 78240252 MAF A (0.67) 0.01 0.92 0.05 0.66 �0.18 0.31 �0.02 0.82

rs1805081 18 19394430 NPC1g G (0.23) �0.18 0.13 �0.19 0.12 0.18 0.39 �0.12 0.13

rs17782313f 18 56002077 MC4R C (0.20) 0.41 1.1 3 10�4 0.19 0.12 0.68 1.0 3 10�3 0.37 4.6 3 10�6

rs29941 19 39001372 KCTD15 C (0.23) 0.12 0.29 �0.04 0.75 �0.11 0.60 0.02 0.77

Body weight

rs2815752f 1 72585028 NEGR1 A (0.92) 0.08 0.86 0.23 0.64 0.00 1.00 0.15 0.64

rs10913469 1 176180142 SEC16Bg C (0.21) 0.91 2.6 3 10�3 0.64 0.04 0.60 0.24 0.71 3.5 3 10�4

rs6548238f 2 624905 TMEM18 C (0.90) 0.44 0.28 0.00 1.00 0.75 0.32 0.29 0.29

rs7647305 3 187316984 ETV5 C (0.95) �1.49 8.0 3 10�3 1.50 8.6 3 10�3 1.81 0.07 0.31 0.41

rs10938397 4 44877284 GNPDA2 G (0.29) �0.25 0.36 0.17 0.52 0.77 0.09 0.11 0.53

rs6235 5 95754654 PCSK1g C (0.34) 0.21 0.41 0.03 0.91 0.65 0.16 0.20 0.24

rs4712652 6 22186594 PRL G (0.12) 0.15 0.70 �0.54 0.17 �0.78 0.24 �0.31 0.22

rs2844479 6 31680935 BAT2 T (0.56) 0.73 3.2 3 10�3 0.10 0.69 0.35 0.42 0.40 0.01

rs4074134 11 27603861 BDNF G (0.54) 0.31 0.22 0.40 0.12 �0.36 0.39 0.22 0.18

rs10838738 11 47619625 MTCH2g G (0.33) 0.51 0.05 0.15 0.56 �0.05 0.92 0.26 0.13

rs7138803f 12 48533735 FAIM2 A (0.28) �0.17 0.54 0.16 0.57 0.52 0.27 0.08 0.65

rs7498665 16 28790742 SH2B1 g G (0.11) 0.41 0.29 1.05 7.0 3 10�3 1.75 6.7 3 10�3 0.95 1.7 3 10�4

rs9939609f 16 52378028 FTO g A (0.12) 0.67 0.07 0.49 0.21 1.63 8.1 3 10�3 0.79 1.4 3 10�3

rs1424233 16 78240252 MAF A (0.67) 0.03 0.91 0.11 0.68 �0.46 0.30 �0.05 0.79
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a total of 4,145 women from the breast cancer GWA study
(2,069 cases and 2,076 controls) were included in the
present obesity study (Table 1).

Additional samples included in the current analysis were
donated by 885 participants in the Shanghai Women’s
Health Study, a population-based prospective cohort study
of 74,942 adult women aged 40–70 years at recruitment
(between March 1997 and May 2000) who developed type
2 diabetes during the course of follow-up (18). At study
enrollment, trained interviewers conducted in-person inter-
views (92% response rate) and collected anthropometric
data and blood or buccal cell samples (87.6%). Follow-up
of study participants (1997–2007) was conducted through
biennial in-person interviews for collection of information
on survival status and cancer, type 2 diabetes, and the oc-
currence of other chronic disease. We genotyped samples
from a total of 901 women who met the following criteria:
self-reported diagnosis of type 2 diabetes after study enroll-
ment, age �65 years at baseline, use of diabetes medication
or a fasting glucose level greater than 125 mg/dL on at least
2 occasions, and donation of a blood sample. Samples were
genotyped using the Affymetrix SNPArray 6.0 immediately
following the scan phase of the breast cancer GWA study,
using an identical protocol. Quality checking was conducted
using the same protocol as in the breast cancer GWA study,
and genotyping information on 885 women was available
for the obesity association analyses (Table 1).

Body weight and height were measured in the Shanghai
Breast Cancer Study and the Shanghai Women’s Health Study
using identical protocols. All measurements were taken twice
by trained medical professionals during the in-person inter-
views while participants were wearing light indoor clothes
and no shoes. If the differences between 2 measurements
were larger than predefined tolerance limits (0.5 kg for weight
and 1 cm for height), a third measurement was taken. The
average of the 2 closest measurements was used in the current
analysis. For patients with breast cancer, self-reported weight
1 year before cancer diagnosis and BMI derived from this
weight were included in the analysis to minimize the influ-
ence of cancer and its associated treatment on body weight.
Exercise participation during the 10 years prior to study en-
rollment was assessed for all participants. Information on
weight and height at age 20 years was self-reported.

SNP imputation and selection

There were 291 participants (5.8% of all Shanghai Breast
Cancer Study samples) whose samples were genotyped us-
ing the Affymetrix 500K array and 4,771 subjects whose
samples were genotyped using the Affymetrix 6.0 array. We
imputed genotypes that were not on the Affymetrix 500K or
6.0 array and genotypes for samples that failed in laboratory
assays by means of the program MACH (http://www.sph.
umich.edu/csg/abecasis/MACH/), using Asian data from the
International HapMap Project (http://hapmap.ncbi.nlm.nih.
gov/), release 22, as the reference data set. The directly
genotyped SNPs and the imputed SNPs (a total of 2.4
million) were then combined into a single data set. Among
the 45 reported GWA SNPs, the minor allele frequency of
rs10508503 near the phosphotriesterase-related (PTER)
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gene was less than 0.05% in our study populations; thus, this
locus was excluded from our validation study. Of the
remaining SNPs, 14 were directly genotyped and 30 were
imputed (Web Table 1). We selected 1 representative SNP
for each of the 17 obesity loci identified by published GWA
studies for our study, because the obesity-related SNPs in
the same chromosome region that have been reported to date
are all in high linkage disequilibrium. Representative SNPs
were selected using the following criteria: 1) for SNPs on
the Affymetrix 6.0 array, a genotyping call rate greater than
or equal to 95% in our GWA scan and a consistency rate
greater than or equal to 95% among the duplicated, quality
control samples; 2) a minor allele frequency greater than or
equal to 5% in our community controls; 3) high imputation
quality for ungenotyped SNPs (R2 > 0.8); 4) designation
as the most significant SNP in previous reports; and/or
5) cross-validation in 2 or more published GWA studies.
Among the 17 representative SNPs, 5 SNPs (neuronal
growth regulator 1 (NEGR1) rs2815752, transmembrane
protein 18 (TMEM18) rs6548238, Fas apoptotic inhibitory
molecule 2 (FAIM2) rs7138803, fat mass- and obesity-
associated (FTO) rs9939609, and melanocortin 4 receptor
(MC4R) rs17782313) are on the Affymetrix SNPArray 6.0.
The genotyping data for the other 12 SNPs were imputed
(Table 2). For each woman, the directly observed (by chip
scanning) or most likely (by imputation) genotype of each
SNP was coded as 0, 1, or 2, respectively, for carrying 0, 1,
or 2 obesity risk-increasing alleles that had been previously
identified in reports from other GWA studies.

Statistical analysis

The SAS statistical package, version 9.1 (SAS Institute
Inc., Cary, North Carolina), was used for all analyses unless
otherwise indicated. Means or proportions for demographic
factors were estimated and are presented separately for each
sample set, including community controls, breast cancer
patients, and type 2 diabetes patients. Calculation of allele
frequencies and testing for Hardy-Weinberg equilibrium in
2,076 controls without breast cancer from the Shanghai
Breast Cancer Study were carried out using the correspond-
ing functions in the PLINK software package (17).

The association of each SNP with quantitative traits (BMI
or body weight) was evaluated separately for each sample
set by means of linear regression analysis under an additive
genetic model, with age, age squared, and menopausal sta-
tus included as covariates. For body weight associations, we
also adjusted for height. Analyses for obesity were carried
out by comparing obese women (BMI �27.5, the World
Health Organization’s recommended cutpoint for Asians
(19)) with women of normal weight (BMI 18.5–23) in lo-
gistic regression analyses with adjustment for age, age
squared, menopausal status, and sample set. We also con-
ducted logistic regression analyses to investigate the relation
between reported obesity SNPs and type 2 diabetes.

We evaluated the joint effects of the 17 SNPs examined in
this study, as well as the 5 significant, validated SNPs, using
the counting genetic risk score approach (20). A simple
summing of obesity risk-increasing alleles was used to cal-
culate the genetic risk score. In logistic regression analyses

of the association between obesity and the genetic risk
score, the lower 20% of the genetic risk score in women
with normal weight was chosen as the reference category—
that is, a genetic risk score less than or equal to 11 for the 17
tested SNPs and a genetic risk score less than or equal to 1
for the 5 validated SNPs. We further examined the relation
of the genetic risk score with BMI measured at age 20 years
and at study enrollment. Controls were women with normal
weight at both age 20 years (BMI 18–<23) and study en-
rollment (BMI 18.5–<23). Two case groups were created.
Case group 1 had normal weight at age 20 years but were
obese at study enrollment (BMI �27.5). Case group 2 were
overweight or obese at age 20 years (BMI�23) and obese at
study enrollment. We also evaluated whether genetic factors
modified the associations of energy intake (quartiles) and
physical activity (any exercise vs. no exercise) with obesity.
Multiplicative interactions between the genetic risk score
and daily calorie intake or exercise were examined using
the log likelihood ratio test, which compared the model in-
cluding only the main effects with the model that included
both the main effects and the interactive terms. P values
presented in this paper were not corrected for multiple tests.

RESULTS

Table 1 shows selected characteristics of the women
included in the present study. Because of the late age of
onset, cases with type 2 diabetes were significantly older
and thus more likely to be postmenopausal than breast
cancer patients and their matched controls. Energy intakes
and the proportion of nonexercisers were higher in cancer
cases than in controls or in type 2 diabetes cases. As ex-
pected, healthy controls had the lowest BMI at study enroll-
ment, followed by breast cancer cases and diabetes cases.
However, no significant differences in BMI at age 20 years
were observed among these 3 groups. Compared with breast
cancer cases and community controls from the Shanghai
Breast Cancer Study, incident type 2 diabetes cases from
the Shanghai Women’s Health Study had a significantly
higher waist circumference, hip circumference, and waist:
hip ratio (P < 0.05, Student’s t tests).

All SNPs were in Hardy-Weinberg equilibrium and had
a P value greater than 0.10, except for rs7138803 (P ¼
0.02). SNPs at 5 loci—human leukocyte antigen B (HLA-
B)-associated transcript 2 (BAT2) rs2844479, FTO
rs9939609,MC4R rs17782313, SEC16 homolog B (Saccha-
romyces cerevisiae) (SEC16B) rs10913469, and SH2B
adaptor protein 1 (SH2B1) rs7498665—were found to be
associated with both BMI and body weight in the combined
sample set at P < 0.05 (Table 2). The direction of the asso-
ciation was consistent across all 3 sample sets (i.e., breast
cancer cases, controls, and type 2 diabetes cases), although
not all individual risk estimates were statistically significant,
perhaps because of small sample sizes. Similarly, these 5
SNPs were significantly associated with obesity (Table 3).
The association direction for BMI, body weight, and obesity
was consistent with initial GWA study findings from
European-ancestry populations. The per-allele effect
on BMI was generally comparable as well (European
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ancestry: 0.15–0.56 units; Chinese: 0.16–0.38 units). We did
not find the remaining 12 SNPs to be associated with BMI or
body weight.

To estimate the cumulative effect of genetic risk factors
on obesity, we constructed 2 genetic risk scores, one by
summing the number of risk-increasing alleles each woman
carried for all 17 SNPs and one for the 5 SNPs validated in
the current study. The odds ratio per risk allele was 1.08
(95% confidence interval (CI): 1.04, 1.13; P ¼ 1.1 3 10�4)
for the genetic risk score comprised of 17 SNPs and 1.27
(95% CI: 1.18, 1.37; P ¼ 1.9 3 10�10) for the genetic risk
score comprised of the 5 confirmed SNPs in the combined
sample set (Table 4). Women carrying 5 or more risk alleles
had an odds ratio of 3.13 (95% CI: 2.06, 4.77) compared
with women who carried 1 or none of the risk alleles. Sim-
ilar gene-dose association patterns were seen in postmeno-
pausal and premenopausal women (Table 4). Furthermore,
the 5-SNP genetic risk score was also found to be associated
with early onset of obesity. Compared with women who had
normal weight at both age 20 years and study enrollment,
women who had normal weight at age 20 years but were
obese at study enrollment were 2.65 times more likely (95%
CI: 1.48, 4.77) to carry 5 or more risk alleles, while women
who were overweight or obese at age 20 years and were also

obese at study enrollment were 11.0 times more likely (95%
CI: 4.68, 25.9) to carry 5 or more risk alleles (Table 5).

We conducted additional analyses to evaluate the joint
effects of genetic risk score, energy intake, and exercise
on obesity. We found that the genetic risk score was asso-
ciated with a higher prevalence of obesity among women
with higher energy intake or who did not participate in
exercise than in those with lower energy intake or who were
exercisers. Similarly, the obesity-energy and diet-exercise
associations were also stronger among women with a high
genetic risk score than among women with a low genetic
risk score. However, we did not observe any effect of the
multiplicative interaction between genetic risk score and
calorie intake or physical activity on obesity risk (data not
shown).

DISCUSSION

In this study, we validated 5 obesity loci discovered in
previous GWA studies. The effect of these obesity loci ap-
pears to follow an additive pattern. Women who carried 1
risk allele at any of these 5 loci had an approximately 27%
increase in the prevalence of obesity. Women who carried 5
or more risk alleles had a 3.13-fold increased prevalence of

Table 3. Odds Ratios for Associations Between Reportedly Obesity-Related Single Nucleotide Polymorphisms and Obesity in ChineseWomen,

1996–2007

SNP

Normal Weight (n 5 1,863) Obesity (n 5 830) AB vs. AA BB vs. AA

P ValueaEffective Allele
Frequency
(Proportion)

AA/AB/BBb
Effective Allele

Frequency
(Proportion)

AA/AB/BBb ORc 95% CI ORc 95% CI

rs2815752 0.92 9/261/1,593 0.92 4/123/703 0.90 0.25, 3.28 0.89 0.25, 3.17 0.87

rs10913469 0.19 1,240/547/72 0.23 480/311/38 1.40 1.14, 1.71 1.38 0.85, 2.24 1.6 3 10�3

rs6548238 0.90 16/332/1,515 0.91 10/126/694 0.56 0.23, 1.37 0.59 0.25, 1.43 0.91

rs7647305 0.95 4/186/1,669 0.95 1/76/752 3.47 0.23, 53.0 3.21 0.21, 48.3 0.82

rs10938397 0.29 912/798/149 0.31 389/366/74 0.91 0.74, 1.11 1.04 0.73, 1.47 0.69

rs6235 0.33 811/858/190 0.34 349/390/90 1.15 0.94, 1.40 1.16 0.84, 1.61 0.18

rs4712652 0.12 1,428/409/22 0.12 641/178/10 0.91 0.72, 1.15 1.16 0.48, 2.81 0.56

rs2844479 0.54 379/934/546 0.58 154/392/283 1.11 0.86, 1.44 1.46 1.12, 1.92 3.3 3 10�3

rs4074134 0.55 372/929/558 0.57 137/437/255 1.34 1.04, 1.74 1.21 0.91, 1.60 0.35

rs10838738 0.32 858/808/193 0.35 354/371/104 1.10 0.90, 1.35 1.29 0.95, 1.76 0.10

rs7138803 0.28 943/802/118 0.27 441/334/55 0.92 0.76, 1.12 1.13 0.76, 1.69 0.89

rs7498665 0.11 1,485/347/27 0.14 614/199/16 1.37 1.09, 1.72 1.70 0.84, 3.46 2.7 3 10�3

rs9939609 0.11 1,478/360/25 0.14 621/186/23 1.23 0.97, 1.54 2.04 1.03, 4.04 0.01

rs1424233 0.67 200/836/823 0.67 90/373/366 1.04 0.76, 1.44 1.01 0.73, 1.40 0.95

rs1805081 0.24 1,064/693/102 0.22 498/294/37 0.91 0.75, 1.12 0.68 0.43, 1.06 0.10

rs17782313 0.20 1,193/607/63 0.25 464/317/49 1.22 1.00, 1.49 2.16 1.39, 3.37 7.1 3 10�4

rs29941 0.23 1,099/661/101 0.22 496/295/38 1.06 0.87, 1.30 0.86 0.55, 1.33 0.98

Abbreviations: CI, confidence interval; OR, odds ratio; SNP, single nucleotide polymorphism.
a P value from an additive logistic regression model adjusted for age, age squared, menopausal status, and sample set. P values were not

corrected for multiple tests.
b AA indicates homozygosity for the non-risk allele A, AB indicates heterozygosity, and BB indicates homozygosity for the risk allele B (effective

allele in Table 2). Four controls and 1 obese case were excluded from the analyses for SNPs not on the Affymetrix array, because they were among

8 samples not imputed for genotypes.
c Adjusted for age, age squared, menopausal status, and sample set.
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obesity as compared with women who carried 1 or none of
the risk alleles (Table 4).

Among the 5 validated obesity loci in our study, 2 are
located in regions of the MC4R and FTO genes, the 2 genes
most consistently reported as being related to obesity. The
locus near MC4R, the gene that encodes the melanocortin 4
receptor, was first identified by combining data from 7 GWA
studies (n ¼ 16,876) and was replicated in 60,352 persons
from 13 additional studies (11). This MC4R locus was sub-
sequently confirmed in 4 other obesity GWA studies (12, 14,
15, 21), a GWA study on waist circumference and insulin
resistance (8), a cohort study conducted in northern Sweden
(22), and a Danish population-based analysis (23). The FTO
gene has been reported to increase obesity risk in 7
GWA studies (9, 10, 12–15, 24) and has been validated
in multiple candidate gene studies (22, 25–39), with 1
exception (40).

Of the 3 other validated obesity loci in our study, BAT2,
SEC16B, and SH2B1, the SH2B1 locus was independently

identified in 2 GWA studies (14, 15). Identification of this
locus was subsequently replicated in the northern Sweden
cohort study (22) and in a recent GWA scan for extreme
obesity loci (24). No validation of these 3 loci has been
published to date.

It has been reported that the MC4R and FTO genes in-
crease risk for childhood obesity (12, 29). Studies have also
suggested that the A allele of rs9939609 in the first intron of
the FTO gene and the C allele of rs17782313 near theMC4R
gene are both associated with higher caloric intake (24, 41)
and rs17782313 with fat intake (41). A recent report found
that a boy carrying a null mutation of MC4R was hyper-
phagic and gained weight rapidly in the first months of life
(42). These data suggested that the FTO andMC4R variants
may predispose carriers to obesity at a young age, possibly
by controlling food intake and/or energy expenditure, as
demonstrated in transgenic mice (43, 44). In our study, we
found that both loci were strongly associated with over-
weight at age 20 years among currently obese women (for

Table 4. Association Between Genetic Risk Score and Estimated Risk of Obesity in Chinese Women, 1996–2007

No. of SNPs Used
for GRS Computation

and GRSa

All Samplesb Premenopausal
Women

Postmenopausal
WomenNormal Weight Obesity

OR 95% CI
No. % No. % OR 95% CI OR 95% CI

17 tested SNPs

Continuous variable 1,859 100 829 100 1.08 1.04, 1.13 1.10 1.03, 1.17 1.07 1.01, 1.13

P valuec 1.1 3 10�4 2.5 3 10�3 0.02

Categorical variable

�11 278 15.0 82 9.9 1.00 Reference 1.00 Reference 1.00 Reference

12 236 12.7 99 11.9 1.40 0.95, 2.06 1.26 0.68, 2.34 1.46 0.87, 2.43

13 271 14.6 124 15.0 1.53 1.05, 2.22 1.81 1.03, 3.19 1.30 0.79, 2.14

14 338 18.2 125 15.1 1.22 0.85, 1.76 1.48 0.86, 2.56 1.01 0.61, 1.66

15 278 15.0 137 16.5 1.62 1.13, 2.35 2.08 1.21, 3.58 1.25 0.75, 2.07

16 212 11.4 112 13.5 1.73 1.18, 2.56 1.78 1.00, 3.18 1.66 0.98, 2.83

17 129 6.9 80 9.7 2.08 1.35, 3.20 2.47 1.30, 4.70 1.81 1.01, 3.23

�18 117 6.3 70 8.4 1.79 1.15, 2.80 1.78 0.92, 3.45 1.80 0.97, 3.34

5 validated SNPs

Continuous variable 1,859 100 829 100 1.27 1.18, 1.37 1.28 1.15, 1.42 1.27 1.14, 1.41

P valuec 1.9 3 10�10 5.5 3 10�6 7.1 3 10�6

Categorical variable

�1 501 27.0 156 18.8 1.00 Reference 1.00 Reference 1.00 Reference

2 596 32.1 235 28.4 1.20 0.92, 1.57 1.11 0.74, 1.66 1.26 0.88, 1.81

3 463 24.9 218 26.3 1.49 1.13, 1.97 1.55 1.03, 2.33 1.46 1.00, 2.13

4 218 11.7 147 17.7 2.07 1.50, 2.84 2.29 1.45, 3.60 1.87 1.20, 2.92

�5 81 4.4 73 8.8 3.13 2.06, 4.77 2.43 1.34, 4.42 4.28 2.25, 8.14

Abbreviations: CI, confidence interval; GRS, genetic risk score; OR, odds ratio; SNP, single nucleotide

polymorphism.
a Number of effective alleles. Controls had normal weight (body mass index (weight (kg)/height (m)2) 18.5–<23) at

study enrollment, while obesity was defined as a body mass index greater than or equal to 27.5 for participants

without breast cancer at study enrollment and for cancer cases 1 year before diagnosis.
b Four controls and 1 obese case with missing genotypes were excluded from GRS analyses. The GRS consisted

of 5 validated SNPs. The frequencies of GRS ¼ 0 in the normal-weight and obesity groups were 6.1% and 4.1%,

respectively. These samples (GRS ¼ 0) were combined with those with GRS ¼ 1 as the reference group.
c P values were derived from logistic regression analyses under the additive model and were adjusted for age, age

squared, and sample set for stratified samples (additionally adjusted for menopausal status for all samples).
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the A allele of rs9939609 in FTO, odds ratio (OR) ¼ 1.65,
95% CI: 1.07, 2.56 (P ¼ 0.02); for the C allele of
rs17782313 near MC4R, OR ¼ 1.94, 95% CI: 1.35, 2.81
(P ¼ 4.0 3 10�4)) (data not shown in tables). The SH2B1
gene is located at another obesity-related locus, which was
confirmed in our study. This gene is highly expressed in the
hypothalamus (45). Recent observations suggest that the
neuronal SH2B1 protein regulates energy balance and glu-
cose homeostasis, possibly by enhancing hypothalamic lep-
tin signaling (46, 47). In addition, SH2B1-knockout mice
are hyperphagic and obese (48), and some severe, early-
onset obese patients carry de novo 16p11.2 deletions that
encompass the SH2B1 gene (49). The biologic mechanism
linking the BAT2 and SEC16B genes to obesity is largely
unknown, but BAT2 is highly expressed in the hypothalamus
(45). In our study, we found that the prevalence of obesity,
particularly early-onset obesity, increased with the number
of risk alleles women carried for these 5 loci, suggesting that
these genes may each contribute to individual susceptibility,
though not necessarily via the same mechanism.

Obesity is a disorder of imbalance between food intake
and energy expenditure. Recent findings from genetic epi-
demiology studies suggest that genetic factors play a role in
regulating energy balance, possibly by modifying appetite
and food intake and/or lifestyle (50, 51). As described pre-
viously, the C allele of rs17782313 near theMC4R gene has
been associated with higher intakes of total energy and di-
etary fat in women (41), as well as overeating in obese
Europeans (52). Low physical activity has been found to
strengthen the association of the FTO SNP rs1421085 (but
not the MC4R SNP rs17782313) with obesity in French
adults (53). In our study, we found suggestive signals that
the genetic risk score was related to a higher prevalence of
obesity among women who had high energy intake and did
not participate in exercise compared with women who had
lower energy intake or exercised. Similarly, energy intake
and exercise were more strongly associated with obesity
among women with a high genetic risk score than among

women with a low genetic risk score. However, the tests for
multiplicative interaction between the genetic risk score
comprised of the 5 validated loci and energy intake or ex-
ercise did not reach statistical significance, nor did we detect
significant interaction between single SNP markers and cal-
orie intake or exercise (data not shown). Nevertheless, our
study had limited power to evaluate moderate interactions.

The 12 other previously identified obesity loci were not
validated in our population of Chinese women. None of
these loci has been validated in populations other than the
original GWA discovery study. There are several possible
reasons why these 12 obesity loci were not validated in the
current study. First, most of these SNPs are noncausative
genetic variants. The distinct linkage disequilibrium struc-
tures and allele frequency differences for genetic variants
between populations of European and Chinese ancestry may
mask the underlying causal SNPs. Second, the sample sizes
both in previous studies and in our replication study may
not have been large enough to detect genetic variants
with modest effects or interactions between genetic and
environmental factors (54–56). Finally, the possibility of
population-specific genetic association cannot be ruled out.

Our study included 3 sets of women: women with breast
cancer, women who were healthy at study enrollment but
developed type 2 diabetes during follow-up, and healthy
control women. Since obesity is highly prevalent among
type 2 diabetes patients and a GWA study has identified
FTO rs9939609 as a type 2 diabetes locus (57), there is
a concern as to whether the associations found in the current
study were caused by type 2 diabetes. We evaluated the as-
sociation of the 5 confirmed obesity-related SNPs with type 2
diabetes in our study using controls from the Shanghai Breast
Cancer Study as the comparison group (none had diabetes).
In models adjusted for age and menopausal status, MC4R
rs17782313 was significantly associated with type 2 diabe-
tes risk (OR ¼ 1.20, 95% CI: 1.05, 1.37; P ¼ 9.3 3 10�3).
When the results were additionally adjusted for BMI, the
association between type 2 diabetes and MC4R rs17782313

Table 5. Genetic Risk Scores for 5 Validated Loci and Estimated Risk of Obesity at Age 20 Years and at Study

Enrollment in Chinese Women, 1996–2007a

Genetic Risk
Score

Controls Case Group 1
Case Group 1 vs.

Controls
Case Group 2

Case Group 2 vs.
Controls

No. % No. % OR 95% CI No. % OR 95% CI

Continuous variable 1,004 100 521 100 1.25 1.14, 1.39 98 100 1.60 1.35, 1.89

P valueb 6.7 3 10�6 5.9 3 10�8

Categorical variable

�1 266 26.5 98 18.8 1.00 Reference 14 14.3 1.00 Reference

2 338 33.7 158 30.3 1.16 0.82, 1.64 29 29.6 1.70 0.84, 3.41

3 242 24.1 129 24.8 1.44 0.99, 2.08 19 19.4 1.89 0.89, 4.03

4 114 11.4 100 19.2 2.15 1.42, 3.25 18 18.4 3.54 1.61, 7.77

�5 44 4.4 36 6.9 2.65 1.48, 4.77 18 18.4 11.0 4.68, 25.9

Abbreviations: BMI, body mass index; CI, confidence interval; OR, odds ratio.
a This analysis was restricted to women whose phenotypes were defined by BMI (weight (kg)/height (m)2) at age

20 years and at study enrollment. The controls had normal weight at age 20 years (BMI 18–<23) and at study

enrollment (BMI 18.5–<23); case group 1 had normal weight at age 20 years and were obese (BMI �27.5) at study

enrollment; and case group 2 were overweight (BMI �23) or obese at age 20 years and obese at study enrollment.
b Adjusted for sample set.

Genetic Susceptibility Loci for Obesity in Chinese Women 251

Am J Epidemiol 2010;172:244–254

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/172/3/244/221687 by guest on 21 August 2022



disappeared (P ¼ 0.58), but BAT2 rs2844479 (OR ¼ 0.85,
95% CI: 0.75, 0.96; P ¼ 8.13 10�3) and SH2B1 rs7498665
(OR ¼ 0.81, 95% CI: 0.67, 0.98; P ¼ 0.03) were inversely
related to type 2 diabetes risk. Taken together, these data
suggest that not all observed SNP-obesity associations were
caused by the SNP-type 2 diabetes association.

Our study had several strengths. First, anthropometric
measurements were taken by trained interviewers using
a standard protocol, which minimized measurement errors.
Second, our study population was relatively homogeneous.
Over 97% were Han Chinese, which reduced confounding
from genetic admixture. Third, dietary intake and physical
activity information, collected using validated question-
naires, was available for evaluating the joint effect of genes
and energy balance. Last, our study’s power to detect com-
mon SNPs with a moderate effect on obesity risk was rea-
sonably good. For example, under an additive genetic model
and at a significance level of P < 0.05, our study had 80%
power to detect odds ratios greater than 1.27, 1.18, and 1.16
for SNPs with allele frequencies of 0.1, 0.3, and 0.5, re-
spectively. However, our study had limited statistical power
to evaluate SNPs with low allele frequency or modest gene-
gene and gene-environment interactions. In addition, our
genetic risk score was generated from the same study pop-
ulation in which the individual SNPs were evaluated, which
may have resulted in an overly optimistic estimate. Our
findings for the genetic risk score should be validated in
an independent study setting.

In summary, we validated 5 loci (BAT2, FTO, MC4R,
SEC16B, and SH2B1) for obesity-related phenotypes in
adult Chinese women. Results from this study confirmed
that women of European and Chinese ancestry share some
genetic predispositions to obesity. We found that a summa-
rized genetic risk score predicts obesity prevalence, partic-
ularly for early onset of obesity. The genetic risk score also
appears to be related to individual susceptibility to high
energy intake and low physical activity. If it is proven to
be valid, this genetic risk score may serve as a potential
marker for identifying populations at high risk of obesity
for targeted disease intervention.
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