
1Scientific Reports | 5:15860 | DOI: 10.1038/srep15860

www.nature.com/scientificreports

Evaluation of regulatory genetic 
variants in POU5F1 and risk of 
congenital heart disease in Han 
Chinese
Yuan Lin1,2,*, Chenyue Ding1,3*, Kai Zhang1,2, Bixian Ni1,2, Min Da4, Liang Hu4, Yuanli Hu4, 
Jing Xu5, Xiaowei Wang5, Yijiang Chen5, Xuming Mo4, Yugui Cui3, Hongbing Shen1,2, 
Jiahao Sha1,6, Jiayin Liu1,3 & Zhibin Hu1,2

OCT4 is a transcription factor of the POU family, which plays a key role in embryonic development 
and stem cell pluripotency. Previous studies have shown that Oct4 is required for cardiomyocyte 
differentiation in mice and its depletion could result in cardiac morphogenesis in embryo. However, 
whether the genetic variations in OCT4 coding gene, POU5F1, confer the predisposition to congenital 
heart disease (CHD) is unclear. This study sought to investigate the associations between low-
frequency (defined here as having minor allele frequency (MAF) between 0.1%–5%) and rare (MAF 
below 0.1%) variants with potential function in POU5F1 and risk of CHD. We conducted association 
analysis in a two-stage case-control study with a total of 2,720 CHD cases and 3,331 controls in 
Chinese. The low-frequency variant rs3130933 was observed to be associated with a significantly 
increased risk of CHD [additive model: adjusted odds ratio (OR) = 2.15, adjusted P = 3.37 × 10−6]. 
Furthermore, luciferase activity assay showed that the variant A allele led to significantly lower 
expression levels as compared to the G allele. These findings indicate for the first time that low-
frequency functional variant in POU5F1 may contribute to the risk of congenital heart malformations.

Congenital heart disease (CHD) refers to the structural, functional or metabolic abnormalities of heart 
or major blood vessels that arise during embryogenesis. It is currently the most common cause of birth 
defect worldwide, accounted for 28% of all major congenital anomalies1. Epidemiologically, the preva-
lence of CHD is estimated to be 8 per 1,000 live births, and the incidence is higher if fetuses that do not 
survive to term are included1–3. CHD can be classified into three broad categories: cyanotic heart disease, 
left-sided obstruction defects and septation defects. Septation defects are most common which include 
atrial septal defect (ASD), septation of the ventricle (VSD) as well as other subtypes4.

The origin of CHD is quite complex and it may result from a multifactorial inheritance model5. 
Over the past decade, some underlying causative factors of CHD have been identified, including genetic 
abnormalities4,6, unfavorable environmental exposure, as well as maternal lifestyle7,8. Genetically, CHD is 
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a very heterogeneous disease that involves a multitude of susceptibility genes with low-penetrance factors 
(common variants) or intermediate-penetrance factors (low-frequency and rare variants). There has been 
an identification of more than 50 human genes involved in isolated CHD9. However, the etiology of 
CHD is still incompletely understood so far. Cardiogenesis is initiated with the formation of mesodermal 
multipotent cardiac progenitor cells and is governed by cross-talk between developmental cues emanat-
ing from endodermal, mesodermal and ectodermal cells. The molecular and transcriptional machineries 
that direct the specification and differentiation of these cardiac precursors are part of an evolutionarily 
conserved programme that includes the Nkx-, Gata-, Hand-, T-box- and Mef2 family of transcription 
factors10. A cascade of transcription factors coding genes crucial for cardiac progenitor lineages (eg, 
NKX2–5, GATA4, TBX5, HAND1, and MEF2C) are well known to be involved in the development of spe-
cific defects in heart development, such as cardiac septation or outflow tract malformations4. These genes 
were discovered to be with high-penetrance mutations that caused syndromic or isolated CHDs11–13.

POU5F1 (also known as OCT4) is a homeodomain-containing transcription factor coding gene in the 
POU family. With a critical function in embryonic development and stem cell pluripotency, POU5F1 is 
highly expressed in embryonic stem cells14. A series of in vitro studies have inferred many roles of Oct4 
between the prestreak and headfold stage, including regulating neural versus mesendoderm differentia-
tion as well as promoting cardiomyocyte and neuronal differentiation15. Oct4 expression in the blastocyst 
is required for heart development and the depletion of Oct4 is found to result in random heart tube 
orientation and thin ventricular walls at different stages of mice embryonic development15,16.

However, to date, no study on the possible correlation between variations of POU5F1 and CHD risk 
has been published. Using our existing CHD genome-wide association study (GWAS) data17, we found 
null associations between common [minor allele frequency (MAF) ≥ 5%] single nucleotide polymor-
phisms (SNPs) in POU5F1 and CHD risk (data not shown). Therefore, in this study, we investigated 
the potentially functional low-frequency (MAF between 0.1%–5%) and rare variants (MAF less than 
0.1%) in coding or regulatory regions of POU5F1 to find out whether these variants influence suscep-
tibility to CHD. After excluding SNPs with MAF ≥ 0.05 in Chinese Han population, 9 variants located 
in regulatory regions remained. We then used a web-based analysis tool, RegulomeDB (http://regulome.
stanford.edu/index), to predict the function of these SNPs. The variants rs3130933 and rs17190811 with 
the score of 1f and 2b are more likely located within regulatory elements. Therefore, we finally included 
these 2 SNPs in our study (Methods). To reduce the heterogeneity between different phenotypes, we only 
included the most common subtypes, ASD, VSD and ASD combined VSD, in the GWAS scan as well 
as in the current study. Different phenotypes of CHD originated from different part of heart, and some 
recent studies identified that genetic etiology of CHD could have a considerable degree of phenotypic 
specificity18–19. Therefore, we also performed stratification analysis in different diagnostic groups.

Results
The selected characteristics of the CHD cases and non-CHD controls in two stages were described in 
Supplementary Table S1. We showed the genotype distributions of these two variants (rs3130933 and 
rs17190811) in cases and controls in Table 1. These two variants followed Hardy-Weinberg equilibrium 
in the controls in both two stages (stage I: P =  1.00 for rs3130933, P =  0.06 for rs17190811; stage II: 

Figure 1.  Luciferase reporter assays of rs3130933 G/A in HEK293T and H9C2 cell lines. Each 
transfection was performed with pRL-SV40 plasmids as normalized controls. Luciferase expression is 
significantly decreased in the minor A allelic construct compared with the major G construct in HEK293T 
and H9C2 cells. The actual values in HEK293T cells are as follows: pGL3-promoter, 0.409 ±  0.003; pGL3-G, 
0.452 ±  0.013; and pGL3-A, 0.391 ±  0.029. The values in H9C2 cells were the following: pGL3-promoter, 
0.482 ±  0.027; pGL3-G, 0.528 ±  0.018; and pGL3-A, 0.444 ±  0.024. Each value represents the mean ±  SD of 2 
experiments, with each experiment performed in triplicate.

http://regulome.stanford.edu/index
http://regulome.stanford.edu/index
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P =  1.00 for rs3130933, P =  0.28 for rs17190811). In the first-stage association study, both of these two 
variants exhibited significant associations with the risk of CHD with adjustment for sex (rs3130933: 
adjusted OR =  2.19, 95% CI =  1.34–3.58, adjusted P =  1.67 ×  10−3 in additive model; rs17190811: adjusted 
OR =  1.58, 95% CI =  1.28–1.96, adjusted P =  2.82 ×  10−5 in additive model) after performing multiple 
testing corrections with the Bonferroni single-step method (corrected α : 0.05/2 =  0.025) (Table  1). To 
further validate such associations, we performed another association study and the results showed that 
rs3130933 mutant allele was consistently associated with the increased risk of CHD (adjusted OR =  2.13, 
95% CI =  1.39–3.28, adjusted P =  5.68 ×  10−4 in additive model). However, no significant association 
was observed for the variant rs17190811 in stage II (adjusted OR =  1.08, 95% CI =  0.87–1.33, adjusted 
P =  5.07 ×  10−1 in additive model) (Table 1). After Bonferroni correction (corrected α : 0.05/2 =  0.025), 
rs3130933 still remained significant association with CHD risk.

The combined analysis with samples from two stages showed a significantly increased CHD risk for 
the variant rs3130933 (AG vs. GG: adjusted OR =  2.09, 95% CI =  1.51–2.90, adjusted P =  1.10 ×  10−5; 
AG/AA vs. GG: adjusted OR =  2.14, 95% CI =  1.54–2.97, adjusted P =  5.27 ×  10−6; additive model: 
adjusted OR =  2.15, 95% CI =  1.56–2.97; adjusted P =  3.37 ×  10−6) (Table 1). Furthermore, we evaluated 
the associations of rs3130933 in the different diagnostic groups of ASD, VSD and ASD combined VSD 
using combined case-control sample sets and the results of different subtypes were shown in Table 2. We 
also evaluated the heterogeneity of association effects between different subtypes using the Cochran’s Q 
statistic test and no significant heterogeneity was observed among the effect sizes of different subtypes 
(P =  0.519 for heterogeneity test) (Table 2).

Using RegulomeDB database, we predicted that rs3130933 is in regulatory elements and likely to 
affect binding of transcriptional factors (Supplementary Table S2). To understand the regulatory role of 
rs3130933 and interpret its direction of effect as found in the association with CHD, we assayed luciferase 

SNP Genotype Cases n (%)
Controls n 

(%)

MAFa

Crude OR 
(95%CI)

Adjusted ORb 
(95%CI) Adjusted PbCases Controls

  rs3130933 GG 1260 (96.48) 1461 (98.32) 0.018 0.008 1.00 1.00

AG 45 (3.45) 25 (1.68) 2.09 (1.27–3.42) 2.13 (1.29–3.50) 3.02 × 10−3

AA 1 (0.07) 0 (0.00) – – –

AG+ AA 46 (3.52) 25 (1.68) 2.13 (1.30–3.49) 2.18 (1.33–3.59) 2.08 × 10−3

Stage I Additive 2.14 (1.32–3.48) 2.19 (1.34–3.58) 1.67 × 10−3

(1309 cases vs. 1491 
controls)   rs17190811 AA 1082 (82.91) 1309 (88.44) 0.087 0.058 1.00 1.00

AT 220 (16.86) 170 (11.49) 1.57 (1.26–1.94) 1.58 (1.27–1.96) 4.06 × 10−5

TT 3 (0.23) 1 (0.07) 3.63 (0.38–34.94) 2.58 (0.27–24.83) 4.13 ×  10−1

AT+ TT 223 (17.09) 171 (11.56) 1.58 (1.27–1.96) 1.59 (1.28–1.97) 3.11 × 10−5

Additive 1.58 (1.28–1.95) 1.58 (1.28–1.96) 2.82 × 10−5

  rs3130933 GG 1345 (96.00) 1805 (98.15) 0.020 0.009 1.00 1.00

AG 55 (3.93) 34 (1.85) 2.17 (1.41–3.35) 2.07 (1.34–3.21) 1.07 × 10−3

AA 1 (0.07) 0 (0.00) – – –

AG+ AA 56 (4.00) 34 (1.85) 2.21 (1.44–3.40) 2.12 (1.37–3.28) 7.25 × 10−4

Stage II Additive 2.22 (1.45–3.40) 2.13 (1.39–3.28) 5.68 × 10−4

(1411 cases vs. 1840 
controls)   rs17190811 AA 1230 (87.86) 1617 (88.60) 0.061 0.058 1.00 1.00

AT 168 (12.00) 205 (11.23) 1.08 (0.87–1.34) 1.08 (0.87–1.35) 4.76 ×  10−1

TT 2 (0.14) 3 (0.17) 0.88 (0.15–5.25) 0.88 (0.15–5.37) 8.92 ×  10−1

AT+ TT 170 (12.14) 208 (11.40) 1.07 (0.87–1.33) 1.08 (0.87–1.34) 4.88 ×  10−1

Additive 1.07 (0.87–1.32) 1.08 (0.87–1.33) 5.07 ×  10−1

  rs3130933 GG 2605 (96.23) 3266 (98.23) 0.019 0.009 1.00 1.00

AG 100 (3.70) 59 (1.77) 2.13 (1.53–2.94) 2.09 (1.51–2.90) 1.10 × 10−5

Combined sample set AA 2 (0.07) 0 (0.00) – – –

(2720 cases vs. 3331 
controls) AG+ AA 102 (3.77) 59 (1.77) 2.17 (1.57–3.00) 2.14 (1.54–2.97) 5.27 × 10−6

Additive 2.17 (1.58–3.00) 2.15 (1.56–2.97) 3.37 × 10−6

Table 1.   Association results for the 2 POU5F1 variants in stage I, stage II and combined sample set. 
aMinor allele frequency (MAF). bAdjusted for sex. Significant values (P <  0.05) are in bold.
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activity after targeted variation at rs3130933 in HEK293T and H9C2 cell lines. We expected that variant 
allele (A) would reduce expression levels as compared to the reference allele (G). We generated two lucif-
erase reporter plasmids containing rs3130933 G and A allele, respectively, and used pRL-SV40 plasmids 
as an internal control to normalize the transfections. As expected, a plasmid containing the mutant A 
allele displayed significantly lower luciferase expression than the wild type G allele in HEK293T cells 
and H9C2 cells (0.391 vs. 0.452, P =  1.56 ×  10−3; 0.444 vs. 0.528, P =  8.84 ×  10−5, respectively) (Fig. 1).

Discussion
In this two-stage case-control study with a total of 2,720 CHD cases and 3,331 controls from Han 
Chinese population, we investigated the associations of two potentially functional variants in POU5F1 
with risk of CHD. We identified that the variant allele A of rs3130933 increased the risk of CHD sig-
nificantly. We estimated the statistical power for rs3130933 according to the sample size and association 
effect, and our study could reach 92.1% of the power. After checking our CHD GWAS data, we found 
that the low-frequency variant rs3130933 did not show up in original data as well as imputation data. 
We further conducted bioinformatics analysis using RegulomeDB database which showed that the var-
iant rs3130933 is very likely located in the target site of transcriptional factors. We hypothesized that 
rs3130933 mutant allele (A) might reduce POU5F1 expression at the transcriptional level and our results 
of luciferase reporter gene assay verified this hypothesis. These results accentuate the potentially impor-
tant involvement of functional low-frequency variants of POU5F1 in the origin of CHD.

CHD is a complex process which is caused by developmental corruption in early embryogenesis leading 
to abnormalities in heart’s structure or function. OCT4, as a key transcription factor, has been established 
as a hub of the signaling network that maintains pluripotency and normal embryonic development20–22. 
In the stratified analysis, we did not observe heterogeneity of association strengths for rs3130933 among 
3 different subtypes, which suggested that variation of POU5F1 could lead to defects of various parts of 
heart in the process of development. Some studies have showed that Oct4 triggers expression of cardiac 
specific genes through Smad2/4 and TGFβ  at early stages of differentiation16. Oct4 deficient in blastocysts 
leads to defect in cardiac morphogenesis in embryo, featuring trabeculation reduction and myofibrillo-
genesis impairment of ventricle16. It has also been reported that Oct4 is associated with a varied set of 
proteins, the majority of which show an early lethal phenotype when mutated. A fraction of the human 
orthologs of Oct4-associated proteins is associated with inherited developmental disorders23.

The significant low-frequency variant rs3130933 identified in our study is located in the 3′  near gene 
of POU5F1. The results of our reporter gene assay indicated that rs3130933 mutant A allele resulted in 
significantly low transcription activity and POU5F1 expression level. According to the RegulomeDB data-
base, this variant locates in regulatory elements and has potential regulation function (Supplementary 
Table S2). ChIP-seq data suggests that rs3130933 is at the binding site of nuclear transcription factor Y 
subunit beta (NFYB) and CCAAT/enhancer binding protein beta (CEBPB) in GM12878 (B-lymphocyte, 
lymphoblastoid) cell line (Supplementary Fig. S1). The eukaryotic transcription factor NF-Y is a 

Diagnostic 
groups Genotype

Cases n 
(%)

Controls n 
(%)

MAFa

Crude OR (95%CI)
Adjusted ORb 

(95%CI) Adjusted Pb Heterogeneity PcCases Controls

ASD GG 726 3266 0.015 0.009 1.00 1.00

AG 21 59 1.60 (0.97–2.65) 1.51 (0.90–2.52) 1.19 ×  10−1

AA 1 0 – – –

AG+ AA 22 59 1.68 (1.02–2.76) 1.59 (0.96–2.64) 7.25 ×  10−2

Additive 1.73 (1.07–2.80) 1.66 (1.01–2.71) 4.38 × 10−2

VSD GG 1458 3266 0.018 0.009 1.00 1.00

AG 63 59 2.39 (1.67–3.43) 2.32 (1.62–3.33) 5.21 × 10−6 0.519

AA 1 0 – – –

AG+ AA 64 59 2.43 (1.70–3.48) 2.36 (1.65–3.39) 3.03 × 10−6

Additive 2.44 (1.71–3.48) 2.37 (1.66–3.39) 2.16 × 10−6

ASD/VSD GG 421 3266 0.021 0.009 1.00 1.00

AG 16 59 2.10 (1.20–3.69) 2.09 (1.19–3.68) 1.04 × 10−2

AA 0 0 – – –

AG+ AA 16 59 2.10 (1.20–3.69) 2.09 (1.19–3.68) 1.04 × 10−2

Additive 2.10 (1.20–3.69) 2.09 (1.19–3.68) 1.04 × 10−2

Table 2.   Summary of stratified analyses by gender and subtypes of CHD for the variant rs3130933. 
aMinor allele frequency (MAF). bAdjusted for sex. Significant values (P <  0.05) are in bold. cP values for 
heterogeneity test between groups using ORs estimated in adjusted additive model.
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heterotrimeric complex, which specifically recognizes the regulatory CCAAT element found in either 
orientation in the proximal and distal enhancer regions of many genes24,25. CEBP family of transcription 
factors contain basic leucine zipper (bZIP) domain, and they have been proved to be activated in the 
epicardium in both heart development and the injury response26. ChIP-seq data also shows that this var-
iant is likely located at site of H3k4me1 histone modification mark in fetal heart tissue (Supplementary 
Fig. S1). H3K4me1 histone marks are often found near enhancers and downstream of transcription 
starts. As the expression experiment had shown, the variant A allele could reduce transcription activity 
significantly, which may due to its effect on transcriptional factors binding. OCT4 acts as a hub of the 
signaling network. The change of OCT4 dosage would influence expression of cardiac specific genes16, 
which may be a possible underlying mechanism for the observed association between rs3130933 and 
the risk of CHD. Additionally, according to RegulomeDB database, rs3130933 was identified to be the 
transcript expression quantitative trait loci (transcript-QTL) and exon-QTL of HLA-C coding gene in 
lymphoblastoid cell lines as a cis-acting element. However, these results are very preliminary and merit 
further investigations.

In conclusion, the present study evaluated low-frequency variants with potential function in POU5F1 
and confirmed that rs3130933 was associated with CHD in Han Chinese populations. Report gene assay 
further provided evidence that this variant may increase the risk of CHD through affecting transcription 
activity. Although luciferase experiment showed a small effect of the variant on the expression, they 
suggested potential important regions in genome. In addition, the variant rs3130933 is located in the 
MHC region on chromosome 6, which increases the complexity of results explanation because of strong 
linkage disequilibrium in this region. Therefore, further functional studies including analysis on cell lines 
or tissues may help to validate our findings and association or sequencing study of this region should be 
facilitated in other populations, particularly non-Asian populations. Additionally, the current study was 
designed based on candidate gene method which was difficult to analyze underlying mechanism of CHD 
completely, particularly for the new genes involved in CHD. Further research like gene based analysis is 
needed to clarify the genetic risk factors of CHD systematically.

Methods
Ethics Statement.  The study conformed to the principles outlined in the Declaration of Helsinki 
and was approved by the institutional review board of Nanjing Medical University (FWA00001501). The 
design and performance of current study involving human subjects were clearly described in a research 
protocol. All participants over the age of 18 would complete the informed consent in writing before tak-
ing part in this research. For the participants under the age of 18, parental written consent was obtained.

Study Population.  The GWAS scan included 945 sporadic ASD, VSD and ASD/VSD cases and 1,246 
controls recruited from the First Affiliated Hospital of Nanjing Medical University and the Affiliated 
Nanjing Children’s Hospital of Nanjing Medical University (Nanjing, China) between March 2006 and 
March 2009 14.

A two-stage case-control study was designed to evaluate the associations between potentially func-
tional low-frequency and rare variants in POU5F1 and the risk of CHD. A total of 2,720 CHD cases 
and 3,331 non-CHD controls were enrolled between March 2009 and March 2014. For stage I, 1,309 
cases and 1,491 controls were recruited from the First Affiliated Hospital of Nanjing Medical University, 
Nanjing, China. Stage II consisted of 1,411 cases and 1,840 controls recruited from the Affiliated Nanjing 
Children’s Hospital of Nanjing Medical University, Nanjing, China. All subjects were genetically unre-
lated ethnic Han Chinese. CHD were diagnosed based on echocardiography, some of which were further 
confirmed by cardiac catheterization and/or surgery. CHD patients who manifested clinical features of 
developmental syndromes, multiple major developmental anomalies or known chromosomal abnormal-
ities were excluded. Exclusion criteria also included maternal diabetes mellitus, phenylketonuria, mater-
nal teratogen exposures (e.g., pesticides and organic solvents), and maternal therapeutic drugs exposures 
during the intrauterine period. All controls were non-CHD outpatients from the same geographical area 
over the same time period. Controls with congenital anomalies or cardiac disease were excluded. For 
each participant, approximately 2-ml whole blood was obtained to extract genomic DNA for genotyping 
analysis.

SNP Selection.  We searched potentially functional SNPs in coding regions (nonsynonymous and 
nonsense variants) and regulatory regions (promoter, 5′ -UTR, 3′ -UTR, 3′  near gene and 5′  near gene) 
in POU5F1 gene in the dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/). Those SNPs with 
MAF ≥  0.05 in Chinese Han population (CHB) were excluded and 9 low-frequency (0.001 ≤  MAF <  0.05) 
or rare variants (MAF <  0.001) remained. We found that all of the 9 variants are located in regulatory 
regions. So we used a web-based analysis tool, RegulomeDB, to predict the function of these SNPs 
(http://regulome.stanford.edu/). The variants with the score of 1 or 2 were suggested to be in regula-
tory elements and more likely to affect binding of transcriptional factors. The variants rs3130933 and 
rs17190811 with the score of 1f and 2b were finally included in the study and their primary information 
was described in Supplementary Table S2.

http://www.ncbi.nlm.nih.gov/projects/SNP/
http://regulome.stanford.edu/
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Genotyping.  Genotyping analyses were performed using the TaqMan allelic discrimination assay on 
the platform of 7900HT Real-time PCR System (Applied Biosystems). The information of the primers 
and probes were provided in Supplementary Table S3. A series of methods were used to control the qual-
ity of genotyping: (i) case and control samples were mixed on each plate; (ii) the laboratory technicians 
who performed the genotyping were blinded to the case/control status of the samples; (iii) two water con-
trols were used in each 384-well format as blank control; (iv) 5% of the samples were randomly selected 
for repeat genotyping. The genotyping results were determined by using SDS 2.3 Allelic Discrimination 
Software (Applied Biosystems). Genotyping error rates of these two SNPs by Taqman were shown in 
Supplementary Table S4.

Luciferase plasmids construct and site-directed mutagenesis.  To construct the luciferase 
reporter plasmids containing the variant rs3130933, we amplified the 822-bp fragment of POU5F1, which 
contains the A allele of rs3130933, by PCR from genomic DNA (Supplementary Fig. S2A). The prim-
ers were CCCTCGAGCAGAGCCAGGAATAAAA (sense) and TGACGCGTCTCACTTCACTGCACTG 
(antisense). Purified PCR products and pGL3-promoter vector (Promega) were both cleaved by Mlu I 
and Xho I enzymes (New England BioLabs), and then were ligated by T4 DNA ligase (New England 
BioLabs) to the recombinant constructs (Supplementary Fig. S2B). The construction of the recombi-
nant plasmid was shown in Supplementary Fig. S2C. Four recombinant plasmids were sequenced and 
the sequencing results were 100% correct. The plasmid containing A allele was transformed to E. coli 
DH5α ™  competent cells (Vazyme Biotech) and cultured for 12 hours. Then we used Mutagenesis Kit to 
generate the corresponding G allele plasmids. The new plasmids were transformed to E. coli DH5α ™  
competent cells and cultured for 12 hours. Different monoclonal were selected for liquid bacterial cultiva-
tion. After sequencing, we found the rate of successful mutagenesis of G allele was 50%. The sequencing 
results of wild type and mutant recombinant plasmids were shown in Supplementary Fig. S3.

Transient transfection and luciferase assays.  Human embryonic kidney 293T (HEK293T) cells 
and rat cardiac myocyte (H9C2) cells were maintained in DMEM medium with 10% heat-inactivated 
fetal bovine serum (Gibco) and 50 ug/ml streptomycin (Gibco) at a 37 °C incubator supplemented with 
5% CO2. HEK293T cells or H9C2 cells (1 ×  105) were seeded in 24-well culture plates and incubated 
for 24 h before transfection. Transfections were performed using Lipofectamine 2000 according to the 
manufacturers’ protocol (Invitrogen). The pRLSV40 containing Renilla reniformis luciferase was cotrans-
fected to standardize transfection efficiency as a normalizing control. After another 24 hours of culture, 
the transfected cells were collected and assayed for luciferase activity with the Dual-Luciferase Reporter 
Assay System (Promega). Two independent transfection experiments were performed, and each lucif-
erase assay was carried out in triplicate. More details were described in Supplementary Methods.

Statistical analysis.  Hardy-Weinberg equilibrium for the distribution of each variant was evaluated 
using the goodness of-fit χ 2 test by comparing the observed genotype frequencies with the expected 
ones in the controls.

Statistical power was evaluated according to the sample size and association effect in additive model 
by using PS software (Power and the Sample Size Calculations version 3.1.2).

To evaluate the associations between the genotypes and CHD risk, odds ratios (ORs) and 95% con-
fidence intervals (CIs) were calculated by unconditional logistic regression analysis with adjustment for 
sex.

The heterogeneity between subgroups was assessed with the Chi-square-based Cochran’s Q test 
which is computed by summing the squared deviations of each study’s effect estimate from the overall 
effect estimate, weighting the contribution of each study by its inverse variance. If P value >  0.05, we 
could not reject the homogeneity hypothesis which assumed that the estimated effect sizes only differ 
by sampling error. In contrast, if P value ≤  0.05, homogeneity assumption was rejected which meant that 
between-studies variability existed. All statistical tests were 2 tailed, with P ≤  0.05 set as the significance 
level. All analyses were performed using PLINK 1.07 (http://pngu.mgh.harvard.edu/~purcell/plink/).

References
1.	 van der Linde, D. et al. Birth prevalence of congenital heart disease worldwide: a systematic review and meta-analysis. J Am Coll 

Cardiol 58, 2241–2247 (2011).
2.	 Bernier, P. L., Stefanescu, A., Samoukovic, G. & Tchervenkov, C. I. The challenge of congenital heart disease worldwide: 

epidemiologic and demographic facts. Semin Thorac Cardiovasc Surg Pediatr Card Surg Annu 13, 26–34 (2010).
3.	 Reller, M. D., Strickland, M. J., Riehle-Colarusso, T., Mahle, W. T. & Correa, A. Prevalence of congenital heart defects in 

metropolitan Atlanta, 1998–2005. J Pediatr 153, 807–813 (2008).
4.	 Bruneau, B. G. The developmental genetics of congenital heart disease. Nature 451, 943–948 (2008).
5.	 van der Bom, T. et al. The changing epidemiology of congenital heart disease. Nat Rev Cardiol 8, 50–60 (2011).
6.	 Wolf, M. & Basson, C. T. The molecular genetics of congenital heart disease: a review of recent developments. Curr Opin Cardiol 

25, 192–197 (2010).
7.	 Jenkins, K. J. et al. American Heart Association Council on Cardiovascular Disease in the Young: Noninherited risk factors and 

congenital cardiovascular defects: current knowledge: a scientific statement from the American Heart Association Council on 
Cardiovascular Disease in the Young: endorsed by the American Academy of Pediatrics. Circulation 115, 2995–3014 (2007).

8.	 Patel, S. S. & Burns, T. L. Nongenetic risk factors and congenital heart defects. Pediatr Cardiol 34, 1535–1555 (2013).

http://pngu.mgh.harvard.edu/~purcell/plink/


www.nature.com/scientificreports/

7Scientific Reports | 5:15860 | DOI: 10.1038/srep15860

9.	 Andersen, T. A., Troelsen Kde, L. & Larsen, L. A. Of mice and men: molecular genetics of congenital heart disease. Cell Mol Life 
Sci 71, 1327–1352 (2014).

10.	 Rana, M. S., Christoffels, V. M. & Moorman, A. F. A molecular and genetic outline of cardiac morphogenesis. Acta Physiol (Oxf) 
207, 588–615 (2013).

11.	 Fahed, A. C., Gelb, B. D., Seidman, J. G. & Seidman, C. E. Genetics of congenital heart disease: the glass half empty. Circ Res 
112, 707–720 (2013).

12.	 Lalani, S. R. & Belmont, J. W. Genetic basis of congenital cardiovascular malformations. Eur J Med Genet 57, 402–413 (2014).
13.	 Kodo, K. Genetic analysis of essential cardiac transcription factors in 256 patients with non-syndromic congenital heart defects. 

Circ J 76, 1703–1711 (2012).
14.	 Nichols, J. et al. Formation of pluripotent stem cells in the mammalian embryo depends on the POU transcription factor Oct4. 

Cell 95, 379–391 (1998).
15.	 DeVeale, B. et al. Oct4 is required ~E7.5 for proliferation in the primitive streak. PLoS Genet 9, e1003957 (2013).
16.	 Zeineddine, D. et al. Oct-3/4 dose dependently regulates specification of embryonic stem cells toward a cardiac lineage and early 

heart development. Dev Cell 11, 535–546 (2006).
17.	 Hu, Z. et al. A genome-wide association study identifies two risk loci for congenital heart malformations in Han Chinese 

populations. Nat Genet 45, 818–821 (2013).
18.	 Soemedi, R. et al. Phenotypespecific effect of chromosome 1q21.1 rearrangements and GJA5 duplications in 2436 congenital 

heart disease patients and 6760 controls. Hum Mol Genet 21, 1513–1520 (2012).
19.	 Ching, Y. H. et al. Mutation in myosin heavy chain 6 causes atrial septal defect. Nat Genet 37, 423–428 (2005).
20.	 Wang, J. et al. A protein interaction network for pluripotency of embryonic stem cells. Nature 444, 364–368 (2006).
21.	 Liang, J. et al. Nanog and Oct4 associate with unique transcriptional repression complexes in embryonic stem cells. Nat Cell Biol 

10, 731–739 (2008).
22.	 Chen, X. et al. Integration of external signaling pathways with the core transcriptional network in embryonic stem cells. Cell 133, 

1106–1117 (2008).
23.	 Pardo, M. et al. An expanded Oct4 interaction network: implications for stem cell biology, development, and disease. Cell Stem 

Cell 6, 382–395 (2010).
24.	 Maity, S. N. & de Crombrugghe, B. Role of the CCAAT-binding protein CBF/NF-Y in transcription. Trends Biochem Sci 23, 

174–178 (1998).
25.	 Romier, C., Cocchiarella, F., Mantovani, R. & Moras, D. The NF-YB/NF-YC structure gives insight into DNA binding and 

transcription regulation by CCAAT factor NF-Y. J Biol Chem 278, 1336–1345 (2003).
26.	 Huang, G. N. et al. C/EBP transcription factors mediate epicardial activation during heart development and injury. Science 338, 

1599–1603 (2012).

Acknowledgements
This work was funded by the Qing-Lan Project of Jiangsu Provincial Department of Education and 
Priority Academic Program for the Development of Jiangsu Higher Education Institutions (Public 
Health and Preventive Medicine). The authors wish to thank all the study participants, research staff and 
students who participated in this work.

Author Contributions
Z.H. and J.L. directed the study, obtained financial support, and designed the experiments. Y.L. and C.D. 
drafted the initial manuscript. Y.L. was responsible for statistical analyses. Y.L., C.D., B.N., M.D., L.H. 
and Y.H. were responsible for samples processing and managed the genotyping data. Y.L., C.D. and K.Z. 
were responsible for luciferase activity assay. J.X., X.W., Y. Chen, X.M. and Y. Cui. were responsible for 
subject recruitment and sample preparation. H.S. and J.S. oversaw the study design. All authors reviewed 
the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Lin, Y. et al. Evaluation of regulatory genetic variants in POU5F1  and risk of 
congenital heart disease in Han Chinese. Sci. Rep. 5, 15860; doi: 10.1038/srep15860 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Evaluation of regulatory genetic variants in POU5F1 and risk of congenital heart disease in Han Chinese

	Results

	Discussion

	Methods

	Ethics Statement. 
	Study Population. 
	SNP Selection. 
	Genotyping. 
	Luciferase plasmids construct and site-directed mutagenesis. 
	Transient transfection and luciferase assays. 
	Statistical analysis. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Luciferase reporter assays of rs3130933 G/A in HEK293T and H9C2 cell lines.
	﻿Table 1﻿﻿. ﻿  Association results for the 2 POU5F1 variants in stage I, stage II and combined sample set.
	﻿Table 2﻿﻿. ﻿  Summary of stratified analyses by gender and subtypes of CHD for the variant rs3130933.



 
    
       
          application/pdf
          
             
                Evaluation of regulatory genetic variants in POU5F1 and risk of congenital heart disease in Han Chinese
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15860
            
         
          
             
                Yuan Lin
                Chenyue Ding
                Kai Zhang
                Bixian Ni
                Min Da
                Liang Hu
                Yuanli Hu
                Jing Xu
                Xiaowei Wang
                Yijiang Chen
                Xuming Mo
                Yugui Cui
                Hongbing Shen
                Jiahao Sha
                Jiayin Liu
                Zhibin Hu
            
         
          doi:10.1038/srep15860
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep15860
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep15860
            
         
      
       
          
          
          
             
                doi:10.1038/srep15860
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15860
            
         
          
          
      
       
       
          True
      
   




