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Abstract

Plasma lipid levels are important risk factors for cardiovascular disease and are influenced by genetic and
environmental factors. Recent genome wide association studies (GWAS) have identified several lipid-associated loci,
but these loci have been identified primarily in European populations. In order to identify genetic markers for lipid
levels in a Chinese population and analyze the heterogeneity between Europeans and Asians, especially Chinese,
we performed a meta-analysis of two genome wide association studies on four common lipid traits including total
cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL) and high-density lipoprotein cholesterol
(HDL) in a Han Chinese population totaling 3,451 healthy subjects. Replication was performed in an additional 8,830
subjects of Han Chinese ethnicity. We replicated eight loci associated with lipid levels previously reported in a
European population. The loci genome wide significantly associated with TC were near DOCK7, HMGCR and ABO;
those genome wide significantly associated with TG were near APOA1/C3/A4/A5 and LPL; those genome wide
significantly associated with LDL were near HMGCR, ABO and TOMM40; and those genome wide significantly
associated with HDL were near LPL, LIPC and CETP. In addition, an additive genotype score of eight SNPs
representing the eight loci that were found to be associated with lipid levels was associated with higher TC, TG and
LDL levels (P = 5.52×10-16, 1.38×10-6 and 5.59×10-9, respectively). These findings suggest the cumulative effects of
multiple genetic loci on plasma lipid levels. Comparisons with previous GWAS of lipids highlight heterogeneity in
allele frequency and in effect size for some loci between Chinese and European populations. The results from our
GWAS provided comprehensive and convincing evidence of the genetic determinants of plasma lipid levels in a
Chinese population.
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Introduction

Plasma lipid levels are well-established risk factors for
cardiovascular disease [1–3]. High levels of total cholesterol
(TC), triglycerides (TG) and low-density lipoprotein cholesterol
(LDL) are associated with increased risk of cardiovascular
disease, whereas high levels of high-density lipoprotein
cholesterol (HDL) are associated with decreased risk of
cardiovascular disease. Abnormal lipid levels are common
reasons for clinical therapeutics and preventative measures.
The levels of lipids in plasma are highly heritable suggesting an
important role for genetic factors. Recent genome wide
association studies (GWAS) have identified several loci and
single nucleotide polymorphisms (SNPs) that are associated
with lipid levels in European populations [4–6]. Teslovich et al.
reported 95 significantly lipid-associated loci in >100,000
individuals of European ancestry and observed that most loci
have the same direction of effect in Europeans and in East
Asians, although the vast majority of loci do not achieve
genome wide significance in the much smaller sample of East
Asians (N~15,000) [6]. A GWAS conducted in a Japanese
population for lipid traits replicated 6 loci (including CETP,
LIPC, APOA5 cluster, LPL, GCKR and DOCK7-ANGPTL3) that
were associated with HDL and TG levels [7]. Their comparison
with reports from GWAS in European populations provided
evidence that the genetic variation has different magnitudes of
effect in the different ethnicities. Further work is required to
confirm the lipid-associated loci and their effects, particularly in
other ethnic populations.

Until now no GWAS has comprehensively investigated the
genetic determinants of plasma lipid levels in a Chinese
population. Therefore, the goal of the present study was to
identify the genetic factors influencing four common lipids
including total cholesterol (TC), triglycerides (TG), low-density
lipoprotein cholesterol (LDL) and high-density lipoprotein
cholesterol (HDL) by using a meta-analysis of two GWAS with
a total 3,451 subjects in a Han Chinese population. A
replication study consisting of 8,830 independent healthy
subjects was used to replicate the promising SNPs in the
discovery stage of the GWAS. We examined heterogeneity in
allele frequency and effect size for 37 loci between Chinese
and European populations. We also conducted stratified
analysis for the lipid-associated SNPs to test whether the
environmental factors (alcohol consumption and smoking)
influenced lipid levels. Furthermore, we calculated a genotype
score to assess the cumulative effects of genetic loci on lipid
levels.

Results

The general characteristics and plasma lipid levels of the
participants were presented in Table 1. Together, we carried
out two GWAS on four lipid traits TC, TG, LDL and HDL in the
DFTJ-cohort (1,452 subjects) and the FAMHES (1,999
subjects) and meta-analysis of these two GWAS. Replication

was performed in additional 8,830 subjects. All participants
were of Han Chinese ethnicity.

The quantile-quantile plot (Q-Q plot) revealed a good match
between the distributions of the observed P values and those
expected by chance (Figure S1), and the small genomic-control
inflation factor (λ) between 1.011 and 1.029 also indicated a
low possibility of false-positive associations resulting from
population stratification.

In the first stage meta-analysis, SNPs of 52 loci were
identified with a P value lower than 10-5 (Figure 1). 42 of these
52 loci were not reported in previous studies. In the validation
stage, we selected 63 SNPs from the 52 loci for follow up in
8,830 independent subjects (Table 2 and Table S1). When the
data from the two stages were combined, 8 loci reached a
genome wide significance level of 5.0×10-8 (combined P =
1.54×10-8 - 2.38×10-59, Table 2 and Figure S2). The 8
confirmed loci were DOCK7, HMGCR, ABO, APOA1/C3/A4/A5,
LPL, TOMM40, CETP and LIPC.

For TC, we confirmed three previously reported loci. SNP
rs507666 in the intron of ABO gene on chromosome 9q34 was
associated with TC (combined P = 3.55×10-11). Additionally, we
confirmed two other loci with prior evidence for association with
TC levels (DOCK7 and HMGCR). We found that the SNPs
rs11207995 (combined P = 5.76×10-10) in DOCK7 on
chromosome 1 and rs10045497 (combined P = 1.55×10-8) in
HMGCR on chromosome 5 showed strong association in the
Han Chinese population (Table 2). For TG, we confirmed two
loci with prior evidence (LPL and APOA1/C3/A4/A5). We
observed that SNPs at APOA1/C3/A4/A5 loci on chromosome

Table 1. Characteristics of the subjects who participated in
this study.

Variables
DFTJ-GWAS
(n=1,452)

FAMHES-GWAS
(n =1,999)

DFTJ-replication
(n=8,830)

Age, mean (S.D.) 63.0 (8.1) 37.5 (11.1) 61.9 (7.8)
Sex, n (%)    
Male 1,136 (78.2) 1,999 (100) 3,689 (41.9)
Female 316 (21.8) 0 (0) 5,141 (58.2)
Body mass index,
kg/m2 24.7 (3.3) 23.3 (3.4) 24.3 (3.3)

Smoking, n (%)    
Nonsmoker 708 (48.8) 984 (49.2) 6,423 (73.3)
Smoker 732 (50.4) 1,015 (50.8) 2,345 (26.7)
Drinking, n (%)    
Nondrinker 817 (56.3) 348 (17.4) 6,664 (75.5)
Drinker 634 (43.7) 1,651 (82.6) 2,159 (24.5)
TC (mmol/L) 5.03 (0.99) 5.70 (1.04) 5.21 (0.94)
TG (mmol/L) 1.41(1.01) 1.55 (1.79) 1.41 (0.97)
HDL (mmol/L) 1.43 (0.47) 1.41 (0.33) 1.40 (0.34)
LDL (mmol/L) 2.98 (0.83) 2.96 (0.80) 3.03 (0.80)

Data are mean values and SD for quantitative traits, absolute counts and
percentage for binary traits.
doi: 10.1371/journal.pone.0082420.t001
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11q23.3 had the strongest association with TG levels
(combined P = 2.38×10-59 for rs651821) in the Han Chinese
population. The SNP rs328 in LPL was significantly associated
with TG levels (combined P = 2.50×10-10). As for LDL, we not

only validated two loci that were associated with TC levels
(HMGCR and ABO), but also confirmed another region
(TOMM40, combined P = 3.68×10-13 for rs1160985) for which
there was prior evidence of association [5,8]. The SNPs

Figure 1.  Manhattan plots of a GWAS meta-analysis of lipid levels in a total of 3,451 subjects in a Chinese population.  The
horizontal axis shows the chromosomal positions; the vertical axis shows –log10 P values from the linear regression. The red
horizontal line represents the significance level of 5.0×10-8. The genes that are genome wide significant in the combined analysis
are indicated with its gene names in this figure.
doi: 10.1371/journal.pone.0082420.g001

Table 2. Genome wide significant loci with lipid traits in a Chinese population.

      GWAS (n=3,451) Replication (n=8,830)
Combined
(n=12,281)

Trait SNP Chr.  Position Genes
Minor/ major
allele MAF Effect size (s.e.m.)  P value MAF Effect size (s.e.m.)  P value P value

TC rs11207995 1 62822139 DOCK7 C/A 0.20 -0.032(0.005) 3.27×10-9 0.22 -0.012(0.006) 4.57×10-4 5.76×10-10

TC rs10045497 5 74672239 HMGCR C/A 0.50 0.025(0.007) 3.80×10-6 0.49 0.022(0.005) 9.89×10-7 1.55×10-8

LDL rs10045497 5 74672239 HMGCR C/A 0.50 0.096(0.019) 4.93×10-7 0.49 0.100(0.020) 6.37×10-7 1.19×10-12

TG rs328 8 19864003 LPL G/C 0.13 -0.114(0.020) 1.91×10-8 0.09 -0.071(0.023) 1.90×10-3 2.50×10-10

HDL rs328 8 19864003 LPL G/C 0.13 0.053(0.008) 9.75×10-12 0.09 0.040(0.010) 6.61×10-5 1.69×10-14

TC rs507666 9 135139219 ABO A/G 0.18 0.036(0.007) 2.91×10-7 0.23 0.015(0.003) 4.27×10-6 3.55×10-11

LDL rs507666 9 135139219 ABO A/G 0.18 0.165(0.031) 9.25×10-8 0.23 0.073(0.015) 5.41×10-7 2.10×10-11

TG rs651821 11 116167788
APOA1/C3/A4/

A5
C/T 0.27 0.162(0.015) 1.35×10-28 0.28 0.170(0.014) 1.01×10-31 2.38×10-59

HDL rs2043085 15 56468245 LIPC T/C 0.47 0.036(0.006) 3.02×10-7 0.47 0.012(0.006) 4.40×10-2 1.54×10-8

LDL rs1160985 19 50095251 TOMM40 T/C 0.36 -0.111(0.025) 6.13×10-6 0.37 -0.127(0.022) 1.53×10-8 3.68×10-13

HDL rs3764261 16 55550824 CETP T/G 0.17 0.086(0.012) 6.65×10-12 0.16 0.062(0.008) 2.00×10-15 1.93×10-25

The minor allele is the effect allele and the major allele is the reference allele.
Chr., chromosome; MAF, minor allele frequency.
In this table, all loci are presented that had a genome wide significant P value (P <5.0×10-8) in the combined analyses of the first stage meta-analysis and the replication
stage on the four lipid traits TC, TG, LDL and HDL. Furthermore, the results for the first stage meta-analysis is given in the columns titled "GWAS" and the results of the
validation stage in the columns titled "Replication". For each locus the most significant SNP is reported.
doi: 10.1371/journal.pone.0082420.t002
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rs10045497 in HMGCR and rs507666 in ABO were also
associated with LDL levels, with combined P = 1.19×10-12 and
2.10×10-11, respectively. For HDL, we replicated findings from a
previous GWAS with respect to LPL, LIPC and CETP loci
(combined P = 1.69×10-14 for rs328 in LPL, 1.54×10-8 for
rs2043085 in LIPC, and 1.93×10-25 for rs3764261 in CETP,
respectively) (Table 2). However, we could not replicate any
loci that have not been reported to be associated with lipid
levels in previous studies (Table S1).

We compared the findings from the present study with
reported loci and SNPs in Europeans and Japanese. We
selected 47 SNPs in 37 lipid-associated loci that had been
identified in at least two previous European studies to compare
with. Among the 37 loci, 31 loci were also studied in a
Japanese population. As shown in Table S2, APOA1/C3/A4/A5
and LPL were associated with lipid levels across different
populations. In addition, we found that 37 of 47 SNPs had the
same direction in our study as those reported in European
populations, but did not reach genome wide significance (P > 5
×10-8) in meta-analysis of two GWAS (DFTJ and FAMHES) in
discovery stage in the present study. For some SNPs that were
associated in Europeans but not in Chinese populations we
observed differences in allele frequency, such as rs599839 on
CELSR2-PSRC1-SORT1 loci and rs693 in APOB. The minor
allele frequency (MAF) of rs599839 on CELSR2-PSRC1-
SORT1 loci is 0.24 in the European population, while it is only
0.06 in the Han Chinese population (Table 3). APOB was
significantly associated with HDL levels in Europeans. The
MAF of rs693 in APOB was also different between the Han
Chinese population (MAF = 0.06) and European population
(MAF = 0.48). We observed that rs693 was not significantly
associated with plasma HDL levels in the Chinese population
(P = 0.146; Table 3). We therefore evaluated the associations
of another SNP rs673548 in APOB which had a high MAF 0.26
in Chinese population. This SNP was in linkage disequilibrium
(LD) with the reported SNP rs693 in HapMap CEU data
(D’=1.0, r2 = 0.23) and CHB data (D’=1.0, r2 = 0.08). In our
data, rs673548 also showed no significant associations with
HDL levels (P = 0.011; Table 3). No significant association with
HDL levels of any other SNPs in the APOB gene was
observed. Several loci that were found in analyses on

European populations could not be identified in our study of
Chinese individuals. This is consistent with a previous
comparison of results on Europeans with analyses in a
Japanese study [7]. All these results indicated that ethnic
genetic differences exist among different populations.

We conducted stratified analysis for the lipid-associated
SNPs to test whether alcohol consumption or smoking
influenced lipid levels. We tested all eight SNPs in Table 2 and
found that rs10045497 in HMGCR was significantly associated
with TC and LDL levels in non-drinkers (P = 7.43×10-9 and
2.60×10-8, respectively), while no association was observed in
drinkers (P > 0.05) (Table 4). None of the other seven SNPs
showed a statistical significance with alcohol consumption or
smoking (P > 0.05).

To assess the cumulative effects of genetic factors on lipid
levels, we constructed a genotype score by using SNPs from
the eight loci presented in Table 2 that were genome wide
significant in our combined meta-analysis. The genotype score
represented the number of risk alleles (the alleles associated
with higher TC or TG or LDL or lower HDL) at each of the eight

Table 4. Results of the stratification concerning alcohol
intake for association of rs10045497 and lipid levels in the
Chinese cohort HMGCR.

  Genotypes  
  AA AC CC P

TC (mmol/L) Non-drinkers 5.12±0.04 5.26±0.03 5.42±0.04 7.43×10-9

  (N=1472) (N=3113) (N=1455)  
 Drinkers 5.05±0.07 5.15±0.05 5.05±0.07 0.921
  (N=536) (N=959) (N=456)  

LDL (mmol/L) Non-drinkers 2.91±0.03 3.02±0.02 3.16±0.03 2.60×10-8

  (N=1472) (N=3113) (N=1455)  
 Drinkers 2.91±0.06 2.99±0.04 2.96±0.06 0.593
  (N=536) (N=959) (N=456)  

In this table the mean and SD per trait is given stratified for drinking status and
genotype. Moreover, the P values for SNP effect calculated in a multiple linear
regression model adjusted for age sex and BMI are presented.
doi: 10.1371/journal.pone.0082420.t004

Table 3. Ethnic differences in major genetic variants associated with lipid levels.

    Han Chinese populationa
 Japanese populationb

 European populationc

Trait Gene SNP Position MAF LD (r2) P  MAF LD (r2) P  MAF LD (r2) P

LDL CELSR2-PSRC1-SORT1 (1p13.3) rs599839 109623689 0.06 ref 0.015  0.08 ref NA  0.24 ref 3×10-21

  rs646776 109620053 0.04 0.33 1.23×10-3  0.07 0.85 1.30×10-3  0.24 0.89 3×10-29

  rs12740374 109619113 0.04 0.33 9.31×10-4  0.07 0.85 NA  0.21 0.89 2×10-42

HDL APOB (2p24.1) rs673548 21091049 0.26 ref 0.011  0.36 ref NA  0.24 ref 7.4×10-7

  rs693 21085700 0.06 0.08 0.146  0.09 0.18 NA  0.48 0.23 1.3×10-7

  rs6754295 21059688 0.29 0.85 0.145  0.29 0.72 0.355  0.25 0.86 4.4×10-8

MAF, minor allele frequency; LD, linkage disequilibrium; NA: data not available.
a The P values in a Han Chinese population were from meta-analysis of two GWAS (DFTJ-cohort and FAMHES) in discovery stage.
b The P values in a Japanese population were cited from Reference (7).
c The P values in a European population were cited from Reference (4–6).
doi: 10.1371/journal.pone.0082420.t003
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SNPs. As shown in Figure 2, the genotype score was
associated with higher TC, TG and LDL levels. Compared with
participants with a genotype score lower than 6, the TC levels
in those with 9 or more genotype scores increased from 5.00 to
5.48 mmol/L (P = 5.52×10-16), the level of TG increased from
1.23 to 1.54 mmol/L (P = 1.38×10-6), the level of LDL increased
from 2.87 to 3.18 mmol/L (P = 5.59×10-9), whereas the HDL
level did not significantly decrease (from 1. 39 to 1.41 mmol/
litre, P = 0.587).

Discussion

In this GWAS, we have replicated eight reported loci
associated with 4 lipid traits in a Han Chinese population.
These observations suggest that the present study design is
capable of identifying significant SNPs associated with lipid
levels in the Han Chinese population. However, all loci that had
a P value lower than 5×10-8 in the combined analyses of the
first stage meta-analyses and the replication stage were
previously reported. Therefore, we discussed them as
confirmed loci in the following. Ethnic differences were found
between Asian and European populations. Kathiresan et al.
reported 30 loci [5], Aulchenko et al. reported 22 loci [9],
Chasman et al. reported 43 loci [8] and Teslovich et al.
reported 95 loci [6] that were significantly associated with lipid
levels in European populations. Of the 95 loci, 59 were
reported firstly by Teslovich et al [6]. The frequencies of minor
alleles were different in European and Han Chinese
populations, suggesting that genetic heterogeneity may
contribute to the discrepancy between our results and previous

findings in European populations. Nonetheless, we observed
that 37 of 47 lead SNPs reported in European populations had
the same direction of association as those in Chinese Han
population, which was consistent with Teslovich et al [6]. It
should be noted that the power of our analysis may not be
sufficient to detect associated SNPs with low MAF or small
effect size on lipid levels in the Han Chinese population. We
used the Quanto software to do the statistical power calculation
based on the effect size (beta estimate), our study has 99%
power to detect the association of SNP with lipid levels at the
5×10-8 significance level (MAF= 0.10, beta = 0.15). However,
the power is only 41% when beta equals to 0.10 [10]. In
addition, the causal variants may not have been identified and
genotyped yet, and they may be different in European and
Chinese populations. Although the effect of each SNP on lipid
levels was only moderate, the SNPs had a strong cumulative
association with the traits when we combined the lipid-
associated SNPs using a genotype score. Our findings
suggested that the cumulative effect of multiple genetic loci
contributed to lipid levels, which was consistent with the finding
reported by Teslovich et al [6].

Some of the loci that are associated with lipid levels include
obvious functional candidate genes. For example, the genes
including LPL, APOA5, LIPC and CETP reported in the
previous and present studies were involved in lipid metabolism
and coronary artery disease (CAD). Waterworth et al.
combined 8 GWAS and found that SNPs showing strong
association with lipid levels at APOB and APOE loci were also
associated with CAD risk [11]. We also identified 2 SNPs
(rs599839 and rs16996148) that associated with lipid levels in

Figure 2.  Genotype score of top SNPs with TC, TG, LDL, HDL levels.  The genotype score represents the number of risk alleles
(the alleles associated with higher TC or TG or LDL or lower HDL) at each of eight SNPs. The eight SNPs were rs11207995
(DOCK7), rs10045497 (HMGCR), rs507666 (ABO), rs328 (LPL), rs651821 (APOA1/C3/A4/A5), rs1160985 (TOMM40), rs2043085
(LIPC) and rs3764261 (CETP). The height of the bars is the mean values of individuals with a specific genotype score. The error
bars are Means ± SD of lipid levels in each group.
doi: 10.1371/journal.pone.0082420.g002
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European were significantly associated with CAD susceptibility
in the Chinese Han population [12].

Our GWAS not only replicated the findings of the genetic
variants that were associated with lipid levels in the Chinese,
but also produced evidence of the effects of environmental
factors on lipid levels. Our results showed that rs10045497 in
HMGCR was significantly associated with TC and LDL levels in
nondrinkers, while no association was observed in drinkers.
HMGCR encodes 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGCR), which is the rate limiting enzyme in
cholesterol synthesis. The inhibitors of HMGCR have been
used to control cholesterol levels [13]. The AA genotype of
rs10045497 in HMGCR decreased the TC and LDL levels in
nondrinkers. However, the AA genotype of rs10045497 had no
protective effect when susceptible individuals were drinkers.
Low levels of TC and LDL are associated with decreased risk
of cardiovascular disease, and no drinking can reduce the risk
of cardiovascular disease. It is inferred in our study that the
positive effect of HMGCR genotype on lipid levels might be
partly dependent on alcohol intake. Our results showed that
individuals who carry AA genotype can benefit from the no
alcohol intake. Tan et al identified an interaction between
alcohol consumption and the ALDH2 rs671 on TG levels [14].
These findings suggest that lipid levels might be attributed to
genetic variations of multiple genes and to their interaction with
an individual’s environment or lifestyle.

In summary, this study replicated the associations of eight
loci with lipid levels in a Han Chinese population. Comparisons
with previous GWAS of lipid levels suggested a heterogeneity
in allele frequency and in effect size for some loci between
Chinese and European populations. Further studies using large
samples in diverse ethnic populations will be required to
provide a more comprehensive understanding of the global
genetics of lipid levels.

Materials and Methods

Ethics Statement
All participants provided written informed consent and the

ethical committees of Tongji Medical College and Guangxi
Medical University approved this research project.

Subjects
In the present study, we performed a meta-analysis of two

GWAS in the Han Chinese population including the Dongfeng-
Tongji cohort study (DFTJ-cohort) and the Guangxi
Fangchenggang Area Male Health and Examination Survey
(FAMHES). In the DFTJ-cohort, we collected fasting blood
samples and detailed information on demographic and lifestyle
factors. The GWAS was conducted in the DFTJ-cohort among
1,461 individuals. After stringent quality control, 1,452 subjects
were included in the analysis. The 8,830 healthy subjects
included in the replication stage were selected from the DFTJ-
cohort [15]. The FAMHES project was initiated in
Fangchenggang city, Guangxi, southwestern China in 2009,
including 4,303 Chinese men age 17 to 88 years old [16]. For
this study, we included only those aged 20 to 69 years old who

reported Han ethnicity (n = 2,012). After stringent quality
control, 1,999 subjects were included in the analysis.

The participants in both the discovery GWAS stage and the
replication stage were from the general population and were
healthy subjects recruited during routine health check-ups and
who had no diagnosed chronic diseases such as
cardiovascular disease and cancer, which minimized the
potential for confounding and selection bias. In addition,
detailed epidemiological characteristics including age, gender,
BMI, smoking, and drinking were adjusted for in the discovery
and replication stages. Subjects were classified as smokers
and nonsmokers. Those who had smoked less than 100
cigarettes in their lifetimes were defined as nonsmokers;
otherwise, they were defined as smokers. Alcohol consumption
was classified into two categories: drinkers and nondrinkers.
Those who reported drinking any alcoholic drink more often
than ‘less than once a year’ or ‘never’ were defined as drinkers;
otherwise, they were defined as nondrinkers. The demographic
and clinical information on these subjects is summarized in
Table 1.

Determination of Lipid Levels
Blood specimens were obtained after participants had fasted

overnight (≥8 h). In the DFTJ-cohort, the plasma TC, TG, LDL
and HDL levels were measured by the ARCHITECT Ci8200
automatic analyzer (ABBOTT Laboratories. Abbott Park,
Illinois, U.S.A.) using the Abbott Diagnostics reagents
according to the manufacture’s instructions. In the FAMHES
study, the plasma TC, TG, LDL and HDL levels were measured
with electrochemiluminescence immunoassay on the COBAS
6000 system E601 (Elecsys module) immunoassay analyzer
(Roche Diagnostics, GmbH, Mannheim, Germany), with the
same batch of reagents according to the manufacture’s
instructions.

Sample genotyping
For the DFTJ-GWAS, we carried out the genotyping using

Affymetrix Genome-Wide Human SNP Array 6.0 chips. For the
FAMHES-GWAS, we used the Illumina Omni-Express platform
to perform the genotyping. We used the iPLEX system
(Sequenom, Inc., San Diego, CA, USA) to genotype the DFTJ-
replication samples. Polymerase chain reaction and extension
primers were designed using Mass ARRAY Assay Design 3.1
software (Sequenom, Inc.). Genotyping procedures were
performed according to the manufacturer’s iPLEX Application
Guide (Sequenom, Inc.). All genotyping reactions were
performed in 384-well plates. Each plate included four
randomly selected duplicates, as well as six negative controls
using double distilled water. The genotype calling algorithms
CRLMM was used for the Affymetrix Genome-Wide Human
SNP Array 6.0. Genotype calls were generated with the
GenCall algorithm implemented in the Illumina GenomeStudio
software for the llumina Omni-Express chip. The average
concordance rate for genotypes was 99.8%. The primer
sequence was available upon request.

GWAS of Lipid Levels in Chinese

PLOS ONE | www.plosone.org 6 December 2013 | Volume 8 | Issue 12 | e82420



Quality control
For the DFTJ-GWAS, we genotyped a total of 906,703 SNPs

among 1,461 subjects in which 38,446 SNPs not mapped on
autosomal chromosomes were excluded. After stringent QC
filtering, SNPs with MAF < 0.01 (193,732 SNPs), Hardy-
Weinberg Equilibrium (HWE) < 0.0001 (1,332 SNPs), and
SNPs call rate < 95% (17,764 SNPs) were excluded.
Individuals with a call rate < 95% were also not included for
further analysis. Finally, 1,452 subjects with 658,288 autosomal
SNPs were retained for statistical analyses, with an overall call
rate of 99.68%. For the FAMHES-GWAS, genotypes for 2,012
individuals were measured and included in the data before QC.
After stringent QC filtering, SNPs with MAF < 0.01 (235,761
SNPs), Hardy-Weinberg Equilibrium (HWE) < 0.001 (11,653
SNPs), and SNPs call rate < 95% (28,082 SNPs) were
excluded. A total of 1,999 individuals with 709,211 autosomal
SNPs passed the call rate of 95% and were included in the
final statistical analysis. Population structure was evaluated by
principal components analysis (PCA) using the software
package EIGENSTRAT 3.0 [17]. PCA showed minimal
evidence for population stratification in our study populations
(Figure S3). The Q-Q plots were generated by using R 2.11.1
[18]. The regional plots were drawn using the LocusZoom
[19,20].

Imputation
We used the MACH 1.0 software [21] to impute ungenotyped

SNPs using the LD information from the HapMap phase II
database (CHB+JPT as reference set, 2007-08_rel22, released
2007-03-02) in the DFTJ-GWAS. The IMPUTE program was
used to infer the ungenotyped SNPs in the FAMHES-GWAS
[22,23]. Imputed SNPs with high genotype information content
(proper info > 0.5 for IMPUTE and Rsq > 0.3 for MACH) were
kept for further association analysis. In addition, those SNPs
with MAF < 1%, derivation from HWE test (P ≤ 0.001), and
failure to missingness test (GENO > 0.95) were also exclude
for further analysis. Finally, a total of 2,249,917 SNPs remained
in the final analysis in the FAMHES-GWAS. For the DFTJ-
GWAS, 2116,099 SNPs were remained for the final analysis.

Statistical methods
Each continuous trait was tested for normality and TG values

were log-transformed. Genome wide association analysis was
performed using the additive model by linear regression
analysis with the PLINK 1.06 software [24,25]. The Manhattan
plot of -log10 P, LD structures and haplotype block plots were
generated by using Haploview (v4.1) [26,27]. We used
ProbABEL software to analyze the hard genotype calls and do
the association studies with imputation data [28,29] and
METAL software [30,31] to perform the meta-analysis of the
DFTJ-GWAS data of the 1,452 subjects and the FAMHES-
GWAS data of 1,999 health subjects. For the association
analyses of the GWAS scan and replication samples,
adjustment for age, sex, BMI, smoking, and drinking was
performed. For the GWAS analysis, the top two eigenvectors
were also adjusted as covariates in the linear regression
analysis to control for possible population stratification. SNPs
selected for the replication were based on the following criteria:

(1) SNP had P ≤ 1.0×10-5 in the meta-analysis of both GWAS in
the discovery stage; (2) SNPs with the lowest P value were
selected when multiple SNPs showed a strong LD (r2 ≥ 0.8);
and (3) MAF ≥ 0.05. Heterogeneity among the study
populations was evaluated by the I2 statistic [32].

We used the fixed effect meta-analysis to combine evidence
for association from the discovery samples and replication
samples. A probability value cut-off of 5 ×10-8 was considered
as a genome wide significance level in the present study.

We conducted stratified analysis for the lipid-associated
SNPs to test whether environmental factors (alcohol
consumption and smoking) influenced lipid levels in a total of
8,830 subjects in DFTJ-replication. The effect of genotypes and
environmental factors on lipid levels was investigated using a
multiple linear regression model with adjustment for age, sex
and BMI.

The genotype score was calculated on the basis of 8 SNPs
tagging lipid-associated genes in a total of 8,830 subjects in
DFTJ-replication. Only the SNPs that gained a P <5×10-8 in
combined analysis of the first and the second stage in our
study were included to calculate the score. These loci included
DOCK7 (rs11207995), HMGCR (rs10045497), ABO
(rs507666), LPL (rs328), APOA1/C3/A4/A5 (rs651821),
TOMM40 (rs1160985), LIPC (rs2043085) and CETP
(rs3764261). A simple count method was used to create the
genotype score. We assumed that each SNP was
independently and equally associated with the risk of lipid
levels in an additive model. The count method was calculated
by summing up the number of risk alleles for each of the SNPs
producing a score out of 16 (the total number of risk alleles).
The effects of genotype scores on lipid levels were assessed
by multiple linear regression models with adjustment for age,
sex, BMI. All data analyses were carried out using SAS 9.1.3
(SAS Institute, Cary, NC) if not stated otherwise.

Supporting Information

Table S1.  Association of SNPs with lipid levels in GWAS
and replication studies in a Chinese population. The P
values of SNPs were lower than 10-5 in discovery stage and
higher than 1.0×10-3 after Bonferroni correction for 63 SNPs in
validation stage.
(DOC)

Table S2.  Comparison of the results of the present study
for lipid levels with previous studies in European and
Japanese populations.
(DOC)

Figure S1.  Q-Q plots for QTL analyses. The horizontal axis
shows -log10 transformed expected P values, while the vertical
axis indicates -log10 transformed observed P values. The
genomic inflation factor λ for each analysis is shown below
each graph. Black line, all test statistics; red line, 35 previously
reported loci (Table S2) excluded.
(DOC)
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Figure S2.  Regional plots of associated loci with lipid
levels. The horizontal axis shows the chromosomal positions in
the NCBI build 36 genome sequence.
(DOC)

Figure S3.  Principal component analysis (PCA) plot of
samples in the current GWAS. The plot presents the top two
eigenvectors identified by principal component analysis using
Eigenstrat software.
(DOC)

Acknowledgements

We particularly thank all the volunteers who participated in the
present DFTJ-cohort and FAMHES studies for their kind
assistance in collecting the data and samples. We thank Z-J
Liang, D-Y Shi, Z Huang from Fangchenggang First People’s
Hospital, X-H Huang from Guigang People’s Hospital, and M
Liu from Yulin First People’s Hospital for their contribution to
the recruitment of study subjects. We thank X-W Zou, H-C
Zheng and O Li at the Genergy Biotechnology (Shanghai) Co.,
Ltd, for their assistance in the genotyping. Finally, we thank all
study subjects for participating in this study.

Author Contributions

Conceived and designed the experiments: LZ ZM XZ XL JX
Dongxin Lin FBH TW. Performed the experiments: ZM CW HY

Youjie Wang AT Jiang Zhu HL ML Dafeng Lin KZ JY WC WF
YL QD SH SLZ. Analyzed the data: LZ MH YH SW X. Miao FW
HG TW. Contributed reagents/materials/analysis tools: ZM CW
HY DY XY JS YG HZ XQ Jingwen Zhu X. Min JC WT Yiqin
Wang SW XD Dongfeng Lin. Wrote the manuscript: LZ MH
FBH TW. Conceived and designed the experiments: LZ(Li
Zhou) ZM(Zengnan Mo) XZ(Xiaomin Zhang) XL(Xu Lin)
JX(Jianfeng Xu)) DL(Dongxin Lin) FBH( Frank B.Hu)
TW(Tangchun Wu) Performed the experiments: ZM(Zengnan
Mo) CW(Chen Wu) HY(Handong Yang) YW(Youjie Wang)
AT(Aihua Tan) JZ(Jiang Zhu) HL(Huaxing Li) ML(Mingjian
Lang) DL(Dafeng Lin) KZ(Kan Zhai) JY(Jing Yuan)
WC((Weihong Chen)) WF(Weimin Fang) YL(Yuan Liang))
QD(Qifei Deng) SH(Suli Huang)) SLZ(S.Lilly Zheng)) Analyzed
the Data: LZ(Li Zhou) MH(Meian He) YH(Yunfeng He)
SW(Sheng Wei)) XM(Xiaoping Miao) FW( Feng Wang)
HG(Huan Guo) TW(Tangchun Wu) Contributed reagents/
materials/analysis tools: ZM(Zengnan Mo) CW(Chen Wu)
HY(Handong Yang) DY(Dianke Yu) XY(Xiaobo Yang) JS(Jielin
Sun) YG(Yong Gao) HZ(Haiying Zhang)) XQ(Xue Qin)
JZ(Jingwen Zhu) XM(Xinwen Min) JC(Jiang Chang) WT(Wen
Tan) YW(Yiqin Wang) SW(Sheng Wei) XD(Xiayun Dai)
DL(Dongfeng Li).

References

1. Kathiresan S, Melander O, Anevski D, Guiducci C, Burtt NP et al.
(2008) Polymorphisms associated with cholesterol and risk of
cardiovascular events. N Engl J Med 358: 1240-1249. doi:10.1056/
NEJMoa0706728. PubMed: 18354102.

2. Willer CJ, Sanna S, Jackson AU, Scuteri A, Bonnycastle LL et al.
(2008) Newly identified loci that influence lipid concentrations and risk
of coronary artery disease. Nat Genet 40: 161-169. doi:10.1038/ng.76.
PubMed: 18193043.

3. Clarke R, Emberson JR, Parish S, Palmer A, Shipley M et al. (2007)
Cholesterol fractions and apolipoproteins as risk factors for heart
disease mortality in older men. Arch Intern Med 167: 1373-1378. doi:
10.1001/archinte.167.13.1373. PubMed: 17620530.

4. Kathiresan S, Melander O, Guiducci C, Surti A, Burtt NP et al. (2008)
Six new loci associated with blood low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol or triglycerides in humans. Nat
Genet 40: 189-197. doi:10.1038/ng.75. PubMed: 18193044.

5. Kathiresan S, Willer CJ, Peloso GM, Demissie S, Musunuru K et al.
(2009) Common variants at 30 loci contribute to polygenic dyslipidemia.
Nat Genet 41: 56-65. doi:10.1038/ng.291. PubMed: 19060906.

6. Teslovich TM, Musunuru K, Smith AV, Edmondson AC, Stylianou IM et
al. (2010) Biological, clinical and population relevance of 95 loci for
blood lipids. Nature 466: 707-713. doi:10.1038/nature09270. PubMed:
20686565.

7. Kamatani Y, Matsuda K, Okada Y, Kubo M, Hosono N et al. (2010)
Genome-wide association study of hematological and biochemical traits
in a Japanese population. Nat Genet 42: 210-215. doi:10.1038/ng.531.
PubMed: 20139978.

8. Chasman DI, Paré G, Mora S, Hopewell JC, Peloso G et al. (2009)
Forty-three loci associated with plasma lipoprotein size, concentration,
and cholesterol content in genome-wide analysis. PLoS Genet 5:
e1000730. PubMed: 19936222.

9. Aulchenko YS, Ripatti S, Lindqvist I, Boomsma D, Heid IM et al. (2009)
Loci influencing lipid levels and coronary heart disease risk in 16
European population cohorts. Nat Genet 41: 47-55. doi:10.1038/ng.
269. PubMed: 19060911.

10. Quanto website. Available: http://hydra.usc.edu/gxe. Accessed 2013
Jun 3

11. Waterworth DM, Ricketts SL, Song K, Chen L, Zhao JH et al. (2010)
Genetic variants influencing circulating lipid levels and risk of coronary
artery disease. Arterioscler Thromb Vasc Biol 30: 2264-2276. doi:
10.1161/ATVBAHA.109.201020. PubMed: 20864672.

12. Zhou L, Ding H, Zhang X, He M, Huang S et al. (2011) Genetic variants
at newly identified lipid loci are associated with coronary heart disease
in a Chinese Han population. PLOS ONE 6: e27481. doi:10.1371/
journal.pone.0027481. PubMed: 22110658.

13. Endo A (1992) The discovery and development of HMG-CoA reductase
inhibitors. J Lipid Res 33: 1569-1582. PubMed: 1464741.

14. Tan A, Sun J, Xia N, Qin X, Hu Y et al. (2012) A genome-wide
association and gene-environment interaction study for serum
triglycerides levels in a healthy Chinese male population. Hum Mol
Genet 21(7): 1658-1664. doi:10.1093/hmg/ddr587. PubMed: 22171074.

15. Wang F, Zhu J, Yao P, Li X, He M et al. (2013) Cohort Profile: The
Dongfeng-Tongji Cohort Study of Retired Workers. Int J Epidemiol (.
(2013)) PubMed: 22531126.

16. Tan A, Gao Y, Yang X, Zhang H, Qin X et al. (2011) Low serum
osteocalcin level is a potential marker for metabolic syndrome: results
from a Chinese male population survey. Metabolism 60: 1186-1192.
doi:10.1016/j.metabol.2011.01.002. PubMed: 21353261.

17. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA et al.
(2006) Principal components analysis corrects for stratification in
genome-wide association studies. Nat Genet 38: 904-909. doi:10.1038/
ng1847. PubMed: 16862161.

18. R statistical website. Available: http://cran.r-project.org/. Accessed
2013 Jun 3

19. LocusZoom website. Available: https://statgen.sph.umich.edu/
locuszoom.  Accessed 2013 June 6

20. Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS et al. (2010)
LocusZoom: Regional visualization of genome-wide association scan
results. Bioinformatics 15: 2336-2337. PubMed: 20634204.

21. MACH website. Available: http://www.sph.umich.edu/csg/abecasis/
mach/.  Accessed 2013 Jun 6

22. IMPUTE website. Available: https://mathgen.stats.ox.ac.uk/impute/
impute.html.  Accessed 2013 Jun 6

GWAS of Lipid Levels in Chinese

PLOS ONE | www.plosone.org 8 December 2013 | Volume 8 | Issue 12 | e82420

http://dx.doi.org/10.1056/NEJMoa0706728
http://dx.doi.org/10.1056/NEJMoa0706728
http://www.ncbi.nlm.nih.gov/pubmed/18354102
http://dx.doi.org/10.1038/ng.76
http://www.ncbi.nlm.nih.gov/pubmed/18193043
http://dx.doi.org/10.1001/archinte.167.13.1373
http://www.ncbi.nlm.nih.gov/pubmed/17620530
http://dx.doi.org/10.1038/ng.75
http://www.ncbi.nlm.nih.gov/pubmed/18193044
http://dx.doi.org/10.1038/ng.291
http://www.ncbi.nlm.nih.gov/pubmed/19060906
http://dx.doi.org/10.1038/nature09270
http://www.ncbi.nlm.nih.gov/pubmed/20686565
http://dx.doi.org/10.1038/ng.531
http://www.ncbi.nlm.nih.gov/pubmed/20139978
http://www.ncbi.nlm.nih.gov/pubmed/19936222
http://dx.doi.org/10.1038/ng.269
http://dx.doi.org/10.1038/ng.269
http://www.ncbi.nlm.nih.gov/pubmed/19060911
http://hydra.usc.edu/gxe
http://dx.doi.org/10.1161/ATVBAHA.109.201020
http://www.ncbi.nlm.nih.gov/pubmed/20864672
http://dx.doi.org/10.1371/journal.pone.0027481
http://dx.doi.org/10.1371/journal.pone.0027481
http://www.ncbi.nlm.nih.gov/pubmed/22110658
http://www.ncbi.nlm.nih.gov/pubmed/1464741
http://dx.doi.org/10.1093/hmg/ddr587
http://www.ncbi.nlm.nih.gov/pubmed/22171074
http://www.ncbi.nlm.nih.gov/pubmed/22531126
http://dx.doi.org/10.1016/j.metabol.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21353261
http://dx.doi.org/10.1038/ng1847
http://dx.doi.org/10.1038/ng1847
http://www.ncbi.nlm.nih.gov/pubmed/16862161
http://cran.r-project.org/
https://statgen.sph.umich.edu/locuszoom
https://statgen.sph.umich.edu/locuszoom
http://www.ncbi.nlm.nih.gov/pubmed/20634204
http://www.sph.umich.edu/csg/abecasis/mach/
http://www.sph.umich.edu/csg/abecasis/mach/
https://mathgen.stats.ox.ac.uk/impute/impute.html
https://mathgen.stats.ox.ac.uk/impute/impute.html


23. Marchini J, Howie B, Myers S, McVean G, Donnelly P (2007) A new
multipoint method for genome-wide association studies by imputation of
genotypes. Nat Genet 39: 906-913. doi:10.1038/ng2088. PubMed:
17572673.

24. PLINK website. Available: http://pngu.mgh.harvard.edu/~purcell/plink/.
Accessed 2013 Jun 6

25. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA et al. (2007)
PLINK: a tool set for whole-genome association and population-based
linkage analyses. Am J Hum Genet 81: 559-575. doi:10.1086/519795.
PubMed: 17701901.

26. Haploview website. Available: http://www.broadinstitute.org/scientific-
community/science/programs/medical-and-population-genetics/
haploview/haploview. Accessed 2013 Jun 7

27. Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and
visualization of LD and haplotype maps. Bioinformatics 21: 263-265.
doi:10.1093/bioinformatics/bth457. PubMed: 15297300.

28. Prob ABEL website. Available: http://www.genabel.org/packages/
ProbABEL. Accessed 2013 June 7

29. Aulchenko YS, Struchalin MV, van Duijn CM (2010) ProbABEL
package for genome-wide association analysis of imputed data. BMC
Bioinformatics 11: 134. doi:10.1186/1471-2105-11-134. PubMed:
20233392.

30. METAL website. Available: http://www.sph.umich.edu/csg/abecasis/
metal/. Accessed 2013 Jun 8

31. Willer CJ, Li Y, Abecasis GR (2010) METAL: fast and efficient meta-
analysis of genomewide association scans. Bioinformatics 26:
2190-2191. doi:10.1093/bioinformatics/btq340. PubMed: 20616382.

32. Higgins JP, Thompson SG, Deeks JJ, Altman DG (2003) Measuring
inconsistency in meta-analyses. BMJ 327: 557-560. doi:10.1136/bmj.
327.7414.557. PubMed: 12958120.

GWAS of Lipid Levels in Chinese

PLOS ONE | www.plosone.org 9 December 2013 | Volume 8 | Issue 12 | e82420

http://dx.doi.org/10.1038/ng2088
http://www.ncbi.nlm.nih.gov/pubmed/17572673
http://pngu.mgh.harvard.edu/~purcell/plink/
http://dx.doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://www.broadinstitute.org/scientific-community/science/programs/medical-and-population-genetics/haploview/haploview
http://www.broadinstitute.org/scientific-community/science/programs/medical-and-population-genetics/haploview/haploview
http://www.broadinstitute.org/scientific-community/science/programs/medical-and-population-genetics/haploview/haploview
http://dx.doi.org/10.1093/bioinformatics/bth457
http://www.ncbi.nlm.nih.gov/pubmed/15297300
http://www.genabel.org/packages/probabel
http://www.genabel.org/packages/probabel
http://dx.doi.org/10.1186/1471-2105-11-134
http://www.ncbi.nlm.nih.gov/pubmed/20233392
http://www.sph.umich.edu/csg/abecasis/metal/
http://www.sph.umich.edu/csg/abecasis/metal/
http://dx.doi.org/10.1093/bioinformatics/btq340
http://www.ncbi.nlm.nih.gov/pubmed/20616382
http://dx.doi.org/10.1136/bmj.327.7414.557
http://dx.doi.org/10.1136/bmj.327.7414.557
http://www.ncbi.nlm.nih.gov/pubmed/12958120

	A Genome Wide Association Study Identifies Common Variants Associated with Lipid Levels in the Chinese Population
	Introduction
	Results
	Discussion
	Materials and Methods
	Ethics Statement
	Subjects
	Determination of Lipid Levels
	Sample genotyping
	Quality control
	Imputation
	Statistical methods

	Supporting Information
	Acknowledgements
	Author Contributions
	References


