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Abstract

Background: Blood lipids during pregnancy are associated with cardiovascular diseases and 

adverse pregnancy outcomes. Genome-wide association studies (GWAS) in predominantly male 

European ancestry populations have identified genetic loci associated with blood lipid levels. 

However, the genetic architecture of blood lipids in pregnant women remains poorly understood.

Objective: Our goal was to identify genetic loci associated with blood lipid levels among 

pregnant women from diverse ancestry groups and to evaluate whether previously known lipid loci 

in predominantly European adults are transferable to pregnant women.

Methods: The trans-ancestry GWAS were conducted on serum levels of total cholesterol, high-

density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL) and triglycerides 

during first trimester among pregnant women from four population groups (608 European-, 623 

African-, 552 Hispanic- and 235 East Asian-Americans) recruited in the NICHD Fetal Growth 

Studies cohort. The four GWAS summary statistics were combined using trans-ancestry meta-

analysis approaches that account for genetic heterogeneity among populations.

Results: Loci in CELSR2 and APOE were genome-wide significantly associated (p-value < 

5×10−8) with total cholesterol and LDL levels. Loci near CETP and ABCA1 approached genome-

wide significant association with HDL (p-value = 2.97×10−7 and 9.71×10−8, respectively). Less 

than 20% of previously known adult lipid loci were transferable to pregnant women.
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Conclusion: This trans-ancestry GWAS meta-analysis in pregnant women identified associations 

that concur with four known adult lipid loci. Limited replication of known lipid-loci from 

predominantly European study populations to pregnant women underlines the need for genomic 

studies of lipids in ancestrally diverse pregnant women.

Clinical Trial Registration: ClinicalTrials.gov, NCT00912132.
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INTRODUCTION

Women’s blood lipid levels undergo physiological changes during pregnancy compared 

to pre-pregnancy levels, and the changes are apparent in early gestational weeks (1, 2). 

While these lipid metabolic changes during pregnancy are crucial for fetal development 

and maintenance of pregnancy, abnormal blood lipid levels during pregnancy are associated 

with increased risk for adverse pregnancy outcomes (3, 4), aberrant fetal growth (5–9), and 

later-life cardiovascular diseases for the mother (10), and dyslipidemia and cardiovascular 

diseases in the offspring during childhood and adulthood (11–13). Epidemiological and 

family studies suggest that physiological lipid changes during pregnancy are determined 

by both environmental and genetic factors (14–16). Therefore, understanding the biological 

mechanisms that underlie genetic regulation of lipid metabolism during pregnancy can shed 

light on a broad array of pregnancy complications and health outcomes across the lifespan. 

Such studies, however, are scarce.

The heritability of blood lipid traits in adults involving men and non-pregnant women has 

been estimated to be 30–80% (17–22). Genome-wide association studies (GWAS) conducted 

in cohorts with predominantly male European ancestry participants have identified genetic 

loci related to blood lipid traits (23–33). Including diverse ancestral populations in GWAS 

of lipid traits is useful to identify ancestry-shared as well as ancestry-specific genetic 

associations (24, 28, 29), address limited cross-ancestry transferability of lipid trait loci (34), 

and improve the accuracy that lipid trait polygenic scores to predict risks of cardiovascular 

diseases and fetal growth outcomes during pregnancy (9, 35, 36). Accumulating evidence 

shows that lipid metabolism and blood lipid traits in women differ from men, although 

the underlying mechanisms are not clearly understood (37, 38). Moreover, studies have 

shown that some lipid trait-related loci show effect differences by sex (18, 31, 39) and 

the heritability of lipid traits varies by sex (20, 40). Most studies have reported higher 

heritability of HDL, LDL and triglycerides in women compared to men (18, 20, 41); 

however, studies have also reported lower additive heritability of LDL (18) and triglycerides 

(42) among females compared to males. Therefore, it is possible that the genetic architecture 

of blood lipid traits in pregnant women may show some differences from men, but remains 

poorly understood.

Our goal was to identify genetic loci associated with blood lipid traits in pregnant women 

from diverse ancestry populations, and to evaluate whether previously known lipid trait 

GWAS loci in adults are transferable to pregnant women. Furthermore, we aimed to 
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elucidate the mechanisms that underlie lipid trait-related genetic loci by identifying potential 

functional genes that share genetic signal with gene expression in relevant tissues using 

genetic colocalization.

MATERIALS AND METHODS

Population

Our analysis included 608 European American, 623 African American, 552 Hispanic 

American and 235 East Asian American pregnant women as self-identified predominant 

race/ethnic groups from the NICHD Fetal Growth Studies–Singletons. Briefly, the NICHD 

Fetal Growth Studies–Singletons was a prospective cohort study that included 2,802 

pregnant women (European-, African-, Hispanic- and East Asian-American) to determine 

race/ethnic differences in fetal growth. Pregnant women were recruited between 8–13 

gestational weeks between July 2009 and January 2013 at 12 clinic sites in the U.S. as 

previously reported (43). Pregnant women were excluded if they reported having major 

medical condition (such as cancer, autoimmune disease, diabetes, chronic hypertension, 

HIV or AIDS, chronic renal disease and psychiatric disorder). In addition, non-obese 

pregnant women (pre-pregnancy body mass index [BMI] lower than 29.9 kg/m2) were 

excluded if they reported past adverse pregnancy outcomes and self-reported consumption 

of cigarettes, illicit drugs or alcohol in the months prior to enrollment. Written informed 

consent, including the agreements of their biospecimen usage was obtained from all study 

participants.

Maternal blood lipid level measurement

Lipid measurement methods have been previously published (44, 45). Briefly, 

total cholesterol, high-density lipoprotein cholesterol (HDL) and triglyceride plasma 

concentrations were directly measured in maternal non-fasting blood samples collected 

between 10 gestational weeks 0 days to 13 gestational weeks 6 days of pregnancy 

using the Roche COBAS 6000 chemistry analyzer (Roche Diagnostics, Indianapolis, IN). 

The inter-assay laboratory coefficients of variation were 2.2%, 3.2% and 2.3% for total 

cholesterol, HDL and triglycerides, respectively. Low-density lipoprotein cholesterol (LDL) 

was calculated using the Friedewald formula (46).

Genotyping, imputation and quality control

DNA was extracted from stored buffy coat specimens obtained from pregnant women’s 

blood at enrollment. Detailed DNA genotyping, quality control, and imputation procedures 

have been reported previously (47). Briefly, single nucleotide polymorphisms (SNPs) were 

genotyped using the Infinium Multiethnic Global BeadChip microarray (Illumina) that 

has ~1.7 million SNPs. Individuals with > 5% missing SNP genotypes, high degree of 

relatedness (Pi hat ≥ 0.25), and excess heterozygosity (≥ 3 standard deviation (s.d.) from the 

mean) were removed. SNPs with >5% missing values, minor allele frequency <0.5%, and 

not in Hardy-Weinberg equilibrium (p-value <10−4) and insertion-deletions, multi-allelic and 

duplicated SNPs were removed. Principal components (PCs) from multi-dimensional scaling 

analysis of a pruned set of uncorrelated genome-wide SNPs were generated using PLINK.
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Ancestry-specific GWAS analysis

In each of the four population groups, linear regression analysis was performed to test 

the associations of maternal SNPs with each lipid trait individually (i.e. total cholesterol, 

LDL, HDL and triglycerides). The analyses were performed under an additive genetic model 

adjusting for maternal age and the first five PCs as implemented in MACH2QTL (48). 

Power estimation for East Asian Americans (smallest sample size, n=235) and for African 

Americans (largest sample size, n=623) are reported in Supplementary Figure S1.

Trans-ancestral meta-analyses

The four ancestry-specific GWAS summary statistics were combined using TransMeta 

that implements kernel regressions-based random effect model to account for genetic 

heterogeneity among ancestral populations (49). To account for population differentiation 

due to genetic structure, TransMeta uses a genetic similarity kernel structure (K matrix), 

where K is constructed prior to carrying out the data analysis based on the HapMap3 

data with identified ancestry groups using CEU (referring to Utah residents with Northern 

and Western European ancestry from the CEPH collection) for European Americans, 

YRI (referring to Yoruba in Ibadan, Nigeria) for African Americans, MEX (referring 

to Mexican ancestry in Los Angeles, California, United States) for Hispanic Americans 

and CHD (referring to Chinese in Metropolitan Denver, Colorado, United States) for 

East Asian Americans. Quantile-quantile (QQ) plots of p-values and the corresponding 

genomic inflation factor (λ) are reported in Supplementary Figure S2. To account for 

genomic inflation, we calculated genomic controlled p-value adjusted for genomic inflation 

factor (λ). Genome-wide significance was set as p-value < 5×10−8. Significant results 

are presented using regional visualization (50) and annotated on genome build GRCh37 

(51). Regression coefficients of trans-ancestry meta-analysis were obtained using GWAMA 

(Genome-Wide Association Meta-Analysis) (52).

Variance in lipids explained by genetic variants

We estimated the proportion of variance in each lipid trait explained by two sets of SNPs: 

1) lead SNPs associated with each lipid trait in our analysis, and 2) previously published 

loci associated with lipids from 2 recent multi-ancestry GWAS papers (23, 24). De Vries et 
al. reported 314 known lipid loci (23). Klarin et al. included 297,626 multi-ethnic veterans 

and identified 141 leads variant associated with lipid (24). Together, 454 unique SNPs 

associated with lipids were identified by the two studies, of which 431 SNPs were available 

in at least one ancestry group in our data and 383 unique SNPs were available in all 

the 4 ancestry groups. The 431 unique SNPs (148 cholesterol-, 44 LDL-, 166 HDL- and 

147 triglycerides-related loci) were used to compute variance in lipid traits explained by 

previously published loci. Variance explained was calculated to be the difference in adjusted 

coefficient of determination (adjusted r2) between two regression models with and without 

the SNPs (i.e., model 1 adjusted for SNPs of interest, maternal age and the first five PCs 

and model 2 adjusted only for maternal age and the first five PCs). Variance explained was 

calculated for each lipid trait, per each ancestry group.
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Evaluation of published lipid loci in pregnancy women

Among the 383 previously published SNPs available in all the 4 ancestry groups, 366 

unique SNPs (consisting in 148, 44, 165 and 145 loci related to total cholesterol, LDL, 

HDL and triglycerides, respectively) with complete information in the published papers 

(direction of the association and reference allele) were evaluated. Two types of evaluations 

were performed: i) direct look-up of the previously published query SNPs (i.e. exact 

replication) in our trans-ancestry meta-analysis summary statistics. SNPs with p-value < 

0.05 and with the same effect directions as the published lipids loci were considered to 

be significantly replicated. ii) look-up of the set of SNPs correlated with the published 

query SNPs (i.e., linkage disequilibrium (LD) r2 > 0.6 in the 1000 Genomes EUR) in 

our ancestry-specific GWAS summary statistics. P-value thresholds were determined using 

the method of the effective degrees of freedom for the spectrally decomposed covariance 

matrix for the block of SNPs (53). Briefly, LD matrix were calculated for the block of 

SNPs with the appropriate ancestry from HaploReg database (54), specifically, EUR for 

European Americans, AFR for African Americans, AMR for Hispanic Americans and ASN 

for East-Asian Americans. Then, we estimated the effective degrees of freedom (Neff) 

calculated from the spectrally decomposed covariance matrix for the block of SNPs, using 

the relationship Neff = ∑k = 1
k λk

2/ ∑k = 1
k λk

2 , where λk is the kth eigen value of the K × 

K covariance matrix for the K SNPs (55). Finally, the nominal significance threshold (0.05) 

was divided by Neff. If one SNP from the block of SNPs had a p-value smaller than the 

calculated threshold, the block was considered to be significantly replicated.

Fine mapping with haplotype blocks and 95% credible sets variants

We constructed the haplotype map of the genetic region that harbors the GWAS significant 

locus in each ancestry population. The haplotype block structure ± 5kb from the GWAS lead 

SNP was determined based on haplotypes with ± 5% occurrence, using the 4-gamete rule as 

implemented in Haploview 4.0 (56). The haplotype block sizes were compared among the 

ancestry groups.

To fine-map each locus showing genome-wide significance in the GWAS meta-analysis, we 

constructed the 95% credible sets which represent the minimum set of variants accounting 

for 95% of posterior probabilities in the region (57). Assuming a single causal variant for 

each locus and that the true causal variant is either genotyped or imputed, the probability 

that the 95% credible set contains the causal variant would be around 0.95. We first 

calculated the posterior probabilities for each variant located ±500 kb from the top variant 

(variant showing the lowest P-value in the region), i.e. the corresponding Bayes Factor (BF) 

divided by the summation of BF over all variants in the region. Variants were then ranked 

according to their BF and the ranked variants were combined to form the credible set until 

their cumulative posterior probability attains or exceeds 95%.

Functional annotation of credible set variants

We annotated the credible set variants for regulatory features against the HaploReg 

database (54, 58). Specifically, we explored evidence of transcription factor binding, DNase 

hypersensitivity as well as promoter and enhancer activities via histone modification signals. 
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Active promoter is marked by signature of H3K4me3, whereas H3K27ac and H3K4me1 

define regions with enhancer activity. Additionally, we conducted methylation quantitative 

loci (meQTL) analyses to assess whether the associated SNPs influences DNA methylation 

using datasets at birth, childhood, adolescence, pregnancy and middle age (59). The cis-

meQTL SNPs from the HaploReg analysis were annotated using the Genotype-Tissue 

Expression (GTEx) database (60) to examine gene expression across several tissues.

Colocalization

To identify shared causal loci associated with lipid traits and gene expression, colocalization 

analysis was performed using the coloc R package (61). We used summary statistics from 

our trans-ancestry meta-analysis and expression quantitative trait loci (eQTL) based on the 

GTEx v.7 database in nine tissues relevant for lipid traits (liver, whole blood, artery aorta, 

artery coronary, adipose visceral omentum, heart left ventricle, adipose subcutaneous, heart 

atrial appendage, muscle skeletal) (60, 62). For each locus, the input data included summary 

statistics for all SNPs 250 kb on either side of each significant lead SNP from TransMeta. 

A posterior probability of association with both traits (lipid trait and eQTL genetic variant) 

higher than 75% was considered to be evidence of colocalization and was visualized using 

LocusCompareR R package (63).

RESULTS

Our analysis included 608 European American, 623 African American, 552 Hispanic 

American and 235 East Asian American pregnant women. The mean ± s.d. maternal age was 

30.4 ± 4.5, 25.5 ± 5.3, 27.0 ± 5.5, and 30.7 ± 4.6 years, respectively (Table 1). Triglycerides 

levels differ by ancestry, with mean ± s.d. of 120.4 ± 46.5 for European American, 105.2 ± 

38.3 for African American, 141.1 ± 55.0 for Hispanic American and 142.2 ± 55.3 for East 

Asian American women (p-value = 4.9×10−11), while other lipid concentrations were similar 

among ancestry groups.

Trans-ancestry meta-analysis

Trans-ancestry meta-analyses found three genome-wide significant associations: a locus 

in/near the APOE-APOC1-TOMM40 gene (consisting 10 SNPs, with lead SNP rs7412, 

p-value = 6.86×10−17) associated with total cholesterol; a locus near CELSR2 gene 

(consisting 5 SNPs, with lead SNP rs7528419, p-value = 2.79×10−13) and a locus near 

the APOE-APOC1-TOMM40 gene (consisting 14 SNPs, with lead SNP rs7412, p-value = 

9.83×10−30) associated with LDL (Table 2, Figure 1, Supplementary Figure S2). No locus 

showed genome-wide significant association with HDL and triglycerides, but two SNPs 

associated with HDL in the well-known lipid loci (ABCA1, rs4149307, p-value = 9.71×10−8 

and CETP, rs11076175, p-value = 2.97×10−7) narrowly missed the significance threshold 

(Supplementary Table S1).

The haplotype blocks that harbor each of the genome-wide significant loci are presented in 

Supplementary Figures S4 and S6, and show that for the CELSR2 gene locus (associated 

with LDL), the size of the haplotype block is smaller in African American than European 

American women (Supplementary Figure S6). In the 95% credible set analysis of the three 
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loci associated with maternal lipid traits, we were able to narrow down the putative causal 

SNPs down to the lead SNPs for total cholesterol and LDL (Supplementary Table S2). 

The SNPs in the credible set overlap with genomic regions showing enhancer activities 

of the histone modification signatures H3k27ac and H3K4me1 in tissues including liver, 

blood and placenta (Supplementary Table S3). Based on the mQTL database of methylation 

quantitative trait loci (meQTL) at serial time points across the life course (Supplementary 

Table S4), rs7528419 (CELSR2) was cis-meQTL in blood with the CpG methylation marker 

cg21684021 known to be associated with birth weight (64) and rs7412 was cis-meQTL 

with cg05644480 associated with gestational age (65). By querying the Genotype-Tissue 

Expression (GTEx) database we found that genes APOE and APOC1 annotating SNPs in the 

95% credible set are highly expressed in liver (Supplementary Figure S7).

Evaluation of published lipids loci in pregnant women

In our trans-ancestry meta-analysis, 100 out of 148 (68.9%) previously known total 

cholesterol-related loci, 26 out of 44 (59.1%) LDL-related loci, 121 out of 165 (73.3%) 

HDL-related loci, 100 out of 145 (69.0%) triglycerides-related loci had consistent direction, 

and 29 (19.6%), 1 (2.3%), 32 (19.4%), and 26 (17.9%) loci were replicated in pregnant 

women (consistent direction and p-value < 0.05 in our data; Figure 2 and Supplementary 

Table S5). Local replication identified additional replicated SNPs with an improvement 

across ancestries (Figure 3 and Supplementary Table S6).

Variance explained

We calculated the variance explained by our significant lead SNPs and previously published 

related-lipid loci. The variance explained by our lead SNPs ranged from 2.7% for total 

cholesterol among Hispanic Americans to 12.8% for LDL among European Americans, 

with small differences in variances observed across ancestry by lipid traits (Table 3). The 

previously published lipid loci explained from 0% (total cholesterol among East Asian 

Americans) to 33.6% (HDL among Hispanic Americans) of the variance in the lipid 

traits. Specifically total cholesterol and triglycerides had higher variance explained among 

European Americans, while LDL and HDL had higher variance explained among East Asian 

Americans.

Colocalization

We found strong evidence of colocalization between LDL in early pregnancy and CELSR2 
gene expression in liver and skeletal muscle (Posterior probabilities (PP) of 90% of a 

shared causal variant) (Supplementary Table S7). The best predicted causal variant was the 

rs7528419 GWAS lead SNP replicated by our analysis or another SNP in strong LD with the 

SNP (rs12740374, r2=1 in European population and 0.88 in African population) (Figure 4). 

Visualization of the 500kb region of rs7528419 [CELSR2] based on LDL summary statistics 

and GTEx gene expression eQTL in liver (Supplementary Figure S8) and skeletal muscle 

(Supplementary Figure S9) shows a pattern consistent with colocalization.
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DISCUSSION

In the first trans-ancestry genomic study of lipid traits in pregnant women, we identified 

loci in two genes (CELSR2 and APOE) reaching genome-wide significant association with 

early gestation levels of total cholesterol and LDL levels, and two other loci (CETP and 

ABCA1) approaching genome-wide significant association with HDL. We found that only 

15% of lipid trait loci identified in predominantly European adults were transferable to 

pregnant women from diverse ancestries, with some improvement when implementing local 

replication approaches, underlining the need for genome-wide lipids-related association 

studies in pregnant women from diverse ancestries. Finally, colocalization analysis identified 

CELSR2 as a candidate causal gene in which gene expression in liver and skeletal muscle 

and LDL blood level are attributable to a single causal genetic variant.

The four loci identified in our study (APOE, ABCA1, CETP and CELSR2) are well-known 

lipid trait-related genes (23, 24, 28, 66–73). Candidate gene studies have found associations 

of SNPs in ABCA1 and CETP with plasma HDL levels during second and third trimesters 

in Chinese pregnant women (74, 75). APOE (Apolipoprotein E) is involved in lipoprotein-

mediated lipid transport (76), and has been implicated in the onset and development of 

coronary artery atherosclerosis. APOE interacts with ABCA1 (ATP-Binding cassette 1) to 

mediate cholesterol efflux pump in the cellular lipid removal pathway (77).Mutations in 

ABCA1 cause Tangier disease and familial HDL deficiency (78, 79). CETP (Cholesteryl 

Ester Transfer Protein) is involved in the transfer of cholesteryl ester from HDL to other 

lipoproteins and regulates cholesterol transport (80), and CETP gene defect has been 

associated with hyperalphalipoproteinemia 1 characterized by high HDL levels (81).

Our colocalization analysis highlighted a potential causal SNP that may explain LDL blood 

levels and expression of CELSR2 in liver and skeletal muscle. This is in line with recent 

GWAS study conducted among Hispanic populations that reported a causal SNP associated 

with LDL and total cholesterol in liver and skeletal muscle (73). Furthermore, CELSR2 
in liver has been previously identified as a candidate gene associated with coronary artery 

disease and plasma LDL levels (82, 83). CELSR2 gene expression has also been associated 

with fat accumulation in liver tissue of patients with nonalcoholic fatty liver disease and 

in mice models (84), highlighting the tissue-specific CELSR2 function in the regulation of 

lipid metabolism.

The proportion of known lipid loci directly replicated by our study was lower than reports 

from previously published studies in adults (24, 28, 31). Local replication increased the 

replication rate among non-European groups. The lower replication rates in our study may 

be due the small sample size, unique genetic architecture of lipid traits in pregnant women, 

and the ancestral diversity of our cohort unlike previous replication efforts in predominantly 

male European populations. This highlights the need for large-scale GWAS of lipid traits 

in pregnant women from diverse ancestry groups to understand the genetic architecture of 

lipids. The variance in lipid levels explained by a genetic risk score derived using the two 

significant loci in the present cohort appeared to be better correlated with lipid traits among 

pregnant women compared to a genetic risk score derived using all previously knows lipid 

loci in non-pregnant populations. The prediction accuracy of these polygenic scores is likely 
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to improve as the number of lipid loci relevant for pregnant women increases with future 

studies.

Our study has several limitations. The sample size is modest for a GWAS. However, the 

presence of multi-ancestry individuals was a unique strength that facilitated trans-ancestry 

meta-analysis and identification of significant associations even with a modest sample size. 

Furthermore, using the colocalization analysis we were able to report a causal variant in 

CELSR2 associated with LDL and gene expression in liver, confirming recent studies. 

However, future larger studies are needed to discover variants with low frequency and 

ancestry-specific effects. We did not detect loci significantly associated with early gestation 

levels of triglycerides potentially because triglyceride levels during pregnancy can fluctuate 

due to hormonal action (85). Moreover, compared to other lipids, triglycerides in women 

have been shown to be influenced by higher environmental factors; hence, the need for much 

larger samples to identify genetic effects (42). Another limitation was that lipid measures 

were limited to the first trimester, while lipids are known to rise during pregnancy (2). 

Future studies with longitudinal lipid sampling are needed to understand genetic regulation 

of lipid trajectories during pregnancy.

In conclusion, this trans-ancestry GWAS meta-analysis in pregnant women identified four 

known lipid-loci. Moreover, the results shed light on potential colocalization between 

LDL and CELSR2 in liver in skeletal muscle. The low level of replication of known 

loci underlines the need for genome-wide lipid trait-related association studies in diverse 

populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

BF Bayes Factor

eQTL expression quantitative trait loci

GWAS Genome-wide association studies

HDL high-density lipoprotein cholesterol

LD linkage disequilibrium

LDL low-density lipoprotein cholesterol

meQTL methylation quantitative loci

PCs Principal components

SNPs single nucleotide polymorphisms

s.d. standard deviation
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Highlights

• This first trans-ancestry GWAS of lipids in pregnant women identified 4 

known loci.

• Loci in CELSR2 and APOE were associated with levels of total cholesterol 

and LDL.

• Loci in CETP and ABCA1 approached the genome-wide signification with 

HDL levels.

• Local replication analysis underlined the need for studies in diverse 

populations.

• Colocalization analysis identified CELSR2 as a candidate causal gene.
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Figure 1: 
Circular Manhattan plot of genome-wide trans-ancestry meta-analyses associations. Log10 

p-values are plotted across 22 chromosomes for five lipid traits. SNPs surpassing genome-

wide significant association (p-value < 5×10−8) are marked in red and nearby genes are 

included.
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Figure 2: 
Transferability of previously known lipid loci in pregnant women. The inner-most pie shows 

the number of previously known loci associated with each of the four lipid traits. The middle 

pie shows the percentage of SNPs with directionally consistent effect in our data. The 

outermost pie shows the percentage of replicated SNPs (with both directionally consistent 

effect and p-values < 0.05 in our data).
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Figure 3: 
Ancestry-specific local replication of previously known lipid trait-related SNPs. Local 

replication was assessed in our GWAS summary statistics for all SNPs within linkage 

disequilibrium (LD > 0.6) from the known index SNP.
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Figure 4: 
CELSR2 locus zoom plot of trans-ancestry meta-analysis associations for low density 

lipoprotein cholesterol (LDL) and cis-eQTL associations with CELSR2 gene expression 

in liver.
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Table 1:

Description of pregnant women from the Fetal Growth Studies - Singleton included in the study (N= 1654).

European American 
n = 608

African American n 
= 623

Hispanic American n 
= 552

East Asian American 
n = 235

P-value*

Maternal 
characteristics

mean sd mean sd mean sd mean sd

Maternal age, years 30.4 4.5 25.5 5.3 27.0 5.5 30.7 4.6 1.4×10−74

Pre-pregnancy BMI, 
kg/m2

25.0 5.1 26.7 5.7 26.0 4.9 22.1 2.7 6.6×10−33

Gestational age at 
enrollment, weeks

12.5 1.0 12.5 1.1 12.9 0.9 12.9 0.8 1.7×10−17

Cholesterol, mg/dL 189.8 31.0 179.9 31.3 185.2 31.2 182.8 28.1 0.06

HDL, mg/dL 63.4 13.4 62.0 14.4 58.0 13.7 63.0 12.6 0.07

LDL**, mg/dL 102.3 27.3 97.0 27.0 99.1 25.5 91.4 24.0 0.96

Triglycerides, mg/dL 120.4 46.5 105.2 38.3 141.1 55.0 142.2 55.3 4.9×10−11

*
P-values derived from analysis of variance or χ2 test comparing 4 groups.

**
3 women with missing LDL values (1 European American, 1 African American and 1 Hispanic American)

Abbreviations: HDL: High-density lipoprotein cholesterol, LDL: Low-density lipoprotein cholesterol.
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Table 2:

Genome-wide significant associations (p-value < 5*10−8) from the trans-ancestry metal-analysis of lipid traits 

in pregnant women.

TransMeta GWAMA

Lipid 
Traits SNP ID

chr: 
position 
hg19

Optimal 
rho P-value

Effect 
allele EAF beta

[95% 
CI] se p.value

n 
studies

n 
samples effects*

Reference 
allele

Alternate 
allele gene

Total 
cholesterol rs1160983 19:45397229 0.09 1.70E-09 G 0.945 15.42 [11.17, 

19.66] 2.17 1.18E-12 4 2018 ++++ G A TOMM40

rs61679753 19:45400747 0.25 2.69E-13 T 0.936 17.44 [13.49, 
21.39] 2.01 5.10E-18 4 2018 ++++ T A TOMM40

rs111784051 19:45402262 0.25 2.90E-13 T 0.933 17.16 [13.29, 
21.04] 1.98 4.28E-18 4 2018 ++++ T G TOMM40

rs429358 19:45411941 0.25 7.86E-13 T 0.841 −11.66 [−14.31, 
−9.01] 1.35 7.03E-18 4 2018 −−−− T C APOE

rs7412 19:45412079 0.09 6.86E-17 C 0.927 17.89 [14.33, 
21.45] 1.82 7.72E-23 4 2018 ++++ C T APOE

rs1065853 19:45413233 0.09 1.12E-16 G 0.927 17.69 [14.14, 
21.25] 1.81 1.65E-22 4 2018 ++++ G C,T intergenic

rs72654473 19:45414399 0.25 8.39E-11 C 0.895 12.23 [9.16, 
15.31] 1.57 6.93E-15 4 2018 ++++ C A intergenic

rs814573 19:45424351 0.09 3.28E-08 A 0.707 −6.72 [−9, 
−4.44] 1.16 7.81E-09 4 2018 −−−− T A APOE

rs190712692 19:45425178 0.09 9.66E-16 G 0.942 19.29 [15.28, 
23.3] 2.05 4.49E-21 4 2018 ++++ G A intergenic

rs141622900 19:45426792 0.09 1.15E-15 G 0.942 19.18 [15.18, 
23.18] 2.04 5.85E-21 4 2018 ++++ G A intergenic

Calculated 
LDL rs7528419 1:109817192 0.09 2.79E-13 A 0.777 8.49 [6.55, 

10.43] 0.99 9.72E-18 4 2015 ++++ A G CELSR2

rs12740374 1:109817590 0.09 5.09E-13 G 0.783 8.55 [6.59, 
10.51] 1.00 1.22E-17 4 2015 ++++ G T CELSR2

rs660240 1:109817838 0.09 1.42E-10 T 0.250 −7.37 [−9.27, 
−5.47] 0.97 3.17E-14 4 2015 −−−− T C CELSR2

rs629301 1:109818306 0.09 4.92E-12 G 0.259 −7.76 [−9.63, 
−5.89] 0.95 4.22E-16 4 2015 −−−− G T CELSR2

rs646776 1:109818530 0.09 4.62E-12 C 0.258 −7.84 [−9.72, 
−5.96] 0.96 3.23E-16 4 2015 −−−− C T CELSR2

rs7254892 19:45389596 1 1.30E-10 G 0.933 12.88 [9.65, 
16.12] 1.65 6.50E-15 4 2015 ++++ G A NECTIN2

rs1160983 19:45397229 0.09 4.11E-15 G 0.945 17.16 [13.5, 
20.82] 1.87 3.91E-20 4 2015 ++++ G A TOMM40

rs61679753 19:45400747 0.09 1.31E-20 T 0.936 19.07 [15.67, 
22.46] 1.73 4.11E-28 4 2015 ++++ T A TOMM40

rs111784051 19:45402262 0.25 7.93E-21 T 0.933 18.92 [15.58, 
22.26] 1.70 1.11E-28 4 2015 ++++ T G TOMM40

rs769446 19:45408628 1 2.61E-09 T 0.932 13.04 [9.5, 
16.57] 1.80 5.20E-13 4 2015 ++++ T C APOE

rs769449 19:45410002 1 2.39E-08 G 0.930 −11.02 [−14.22, 
−7.83] 1.63 1.31E-11 4 2015 −−−− G A APOE

rs429358 19:45411941 0.25 1.50E-18 T 0.841 −12.28 [−14.56, 
−10] 1.16 4.66E-26 4 2015 −−−− T C APOE

rs7412 19:45412079 0.09 9.83E-30 C 0.927 20.86 [17.79, 
23.94] 1.57 2.53E-40 4 2015 ++++ C T APOE
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TransMeta GWAMA

Lipid 
Traits SNP ID

chr: 
position 
hg19

Optimal 
rho P-value

Effect 
allele EAF beta

[95% 
CI] se p.value

n 
studies

n 
samples effects*

Reference 
allele

Alternate 
allele gene

rs1065853 19:45413233 0.09 1.68E-29 G 0.927 20.67 [17.6, 
23.73] 1.56 8.28E-40 4 2015 ++++ G C,T intergenic

rs72654473 19:45414399 0.09 1.08E-16 C 0.895 13.46 [10.8, 
16.12] 1.36 3.57E-23 4 2015 ++++ C A intergenic

rs12721051 19:45422160 0.09 2.63E-09 C 0.883 −9.14 [−11.7, 
−6.58] 1.31 2.58E-12 4 2015 −−−− C G APOC1

rs814573 19:45424351 1 1.45E-09 A 0.707 −7.32 [−9.27, 
−5.36] 1.00 2.21E-13 4 2015 −−−− A T APOE

rs190712692 19:45425178 0.09 2.70E-25 G 0.942 21.28 [17.83, 
24.74] 1.76 1.46E-33 4 2015 ++++ G A intergenic

rs141622900 19:45426792 0.09 4.08E-25 G 0.942 21.13 [17.69, 
24.58] 1.76 2.70E-33 4 2015 ++++ G A intergenic

GWAS

European American African American Hispanic American East Asian American

Nearest 
gene EAF beta se p-values EAF beta se p-values EAF beta se p-values EAF beta se p-values

0.96 24.03 4.81 5.76E-07 0.91 11.83 3.15 1.75E-04 0.97 19.07 5.52 5.51E-04 0.94 11.78 5.26 2.51E-02

0.96 23.90 4.77 5.43E-07 0.89 15.92 2.93 5.40E-08 0.96 18.87 4.98 1.54E-04 0.92 13.84 4.69 3.15E-03

0.96 23.86 4.77 5.56E-07 0.88 15.40 2.83 5.25E-08 0.96 18.98 4.97 1.35E-04 0.92 13.96 4.65 2.66E-03

0.86 −11.13 2.59 1.66E-05 0.77 −12.59 2.15 4.92E-09 0.87 −9.81 2.84 5.39E-04 0.89 −13.51 4.18 1.24E-03

0.92 19.16 3.19 1.95E-09 0.91 18.22 3.03 1.80E-09 0.96 18.05 4.46 5.25E-05 0.92 14.18 4.69 2.48E-03

APOE (583 
bases 
downstream) 0.92 19.14 3.19 2.06E-09 0.90 18.00 2.99 1.76E-09 0.96 17.43 4.50 1.08E-04 0.92 14.12 4.69 2.60E-03

APOE (1749 
bases 
downstream) 0.90 14.86 2.89 2.84E-07 0.85 12.02 2.43 7.20E-07 0.94 7.60 3.75 4.30E-02 0.92 13.38 4.70 4.42E-03

0.82 −11.21 2.47 5.50E-06 0.55 −6.20 1.87 9.10E-04 0.71 −3.27 2.15 1.29E-01 0.82 −8.94 3.74 1.68E-02

APOC1 
(2572 bases 
downstream) 0.94 22.81 3.88 3.94E-09 0.93 20.29 3.43 3.33E-09 0.97 17.16 5.22 1.01E-03 0.91 14.51 4.45 1.10E-03

APOC1P1 
(3268 bases 
upstream) 0.94 22.76 3.88 4.35E-09 0.93 20.34 3.44 3.19E-09 0.97 17.16 5.21 9.97E-04 0.91 14.14 4.38 1.25E-03

0.76 6.86 1.79 1.29E-04 0.72 7.75 1.66 3.05E-06 0.78 11.73 1.83 1.61E-10 0.94 4.82 4.47 2.81E-01

0.76 6.86 1.79 1.29E-04 0.74 8.15 1.70 1.58E-06 0.79 11.35 1.84 7.01E-10 0.94 5.18 4.53 2.53E-01

0.23 −6.64 1.84 2.94E-04 0.36 −6.91 1.57 1.09E-05 0.23 −9.01 1.79 5.04E-07 0.06 −5.18 4.53 2.53E-01

0.24 −6.80 1.79 1.48E-04 0.37 −7.14 1.58 5.98E-06 0.24 −9.93 1.74 1.04E-08 0.06 −4.61 4.32 2.86E-01

0.24 −6.80 1.79 1.49E-04 0.37 −7.26 1.59 4.72E-06 0.24 −9.92 1.74 1.30E-08 0.06 −5.18 4.53 2.53E-01

0.96 22.67 4.04 2.05E-08 0.88 9.70 2.30 2.36E-05 0.96 10.91 3.93 5.54E-03 0.94 15.47 4.43 4.83E-04

0.96 25.30 4.24 2.45E-09 0.91 12.02 2.74 1.19E-05 0.97 21.06 4.53 3.26E-06 0.94 17.98 4.48 5.95E-05

0.96 25.10 4.21 2.46E-09 0.89 16.56 2.55 8.24E-11 0.96 20.01 4.09 9.81E-07 0.92 18.87 3.99 2.25E-06

0.96 25.06 4.21 2.53E-09 0.88 16.32 2.46 3.46E-11 0.96 20.15 4.08 7.85E-07 0.92 19.03 3.96 1.51E-06

0.90 10.62 2.76 1.17E-04 0.96 16.38 4.25 1.17E-04 0.95 10.84 4.04 7.29E-03 0.91 17.56 4.11 1.97E-05

0.89 −12.98 2.47 1.40E-07 0.97 −8.51 4.97 8.65E-02 0.94 −7.83 3.18 1.37E-02 0.91 −12.37 3.70 8.29E-04

0.86 −12.02 2.28 1.38E-07 0.77 −12.66 1.88 1.44E-11 0.87 −10.64 2.33 5.02E-06 0.89 −15.40 3.56 1.51E-05
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GWAS

European American African American Hispanic American East Asian American

Nearest 
gene EAF beta se p-values EAF beta se p-values EAF beta se p-values EAF beta se p-values

0.92 22.67 2.83 1.08E-15 0.91 20.00 2.64 3.42E-14 0.96 20.95 3.66 1.04E-08 0.92 19.16 3.99 1.55E-06

APOE (583 
bases 
downstream) 0.92 22.66 2.83 1.13E-15 0.90 19.46 2.60 7.77E-14 0.96 21.01 3.69 1.27E-08 0.92 19.13 3.99 1.63E-06

APOE (1749 
bases 
downstream) 0.90 17.20 2.56 1.84E-11 0.85 11.63 2.11 3.63E-08 0.94 8.80 3.10 4.48E-03 0.92 18.66 4.00 3.09E-06

0.82 −11.17 2.08 8.13E-08 0.91 −5.04 2.71 6.24E-02 0.92 −8.52 2.83 2.58E-03 0.87 −10.95 3.25 7.58E-04

0.82 −11.62 2.18 9.17E-08 0.55 −6.27 1.63 1.14E-04 0.71 −4.36 1.77 1.39E-02 0.82 −11.62 3.18 2.58E-04

APOC1 
(2572 bases 
downstream) 0.94 25.47 3.42 9.38E-14 0.93 20.79 2.99 3.33E-12 0.97 21.58 4.28 4.55E-07 0.91 16.71 3.78 1.01E-05

APOC1P1 
(3268 bases 
upstream) 0.94 25.40 3.42 1.11E-13 0.93 20.81 2.99 3.43E-12 0.97 21.61 4.28 4.34E-07 0.91 16.21 3.73 1.38E-05

*
effect order is: European American, African American, Hispanic American, East Asian American

Lead SNPs are highlighted in bold

LDL: Low-density lipoprotein cholesterol

EAF: effect allele frequency

se: standrard error
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Table 3:

Variance in lipid traits during pregnancy explained by lead SNPs from our analysis and previously published 

lipid trait-related loci.

lipid SNPs tested European 
American n = 
608

African 
American n = 
623

Hispanic 
American n = 
552

East Asian 
American n = 
235

Total cholesterol Lead SNPs: Chr19:45412079 (rs7412) 0.059 0.054 0.027 0.038

LDL Lead SNPs: Chr1:109817192 
(rs7528419) and Chr19:45412079 
(rs7412)

0.128 0.122 0.127 0.102

HDL NA NA NA NA NA

Triglycerides NA NA NA NA NA

Total cholesterol list of 148 known total cholesterol-
related loci

0.142 0.014 0.140 −0.001

LDL list of 44 known LDL-related loci 0.033 0.019 0.067 0.069

HDL list of 166 known HDL-related loci 0.084 0.047 0.109 0.336

Triglycerides list of 147 known triglycerides-related 
loci

0.092 0.088 0.026 0.076

NA not available

LDL: Low-density lipoprotein cholesterol

HDL: High-density lipoprotein cholesterol
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