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Abstract

Purpose of review—Bronchopulmonary dysplasia (BPD) is a prevalent chronic lung disease in 

premature infants. Twin studies have shown strong heritability underlying this disease; however, 

the genetic architecture of BPD remains unclear.

Recent findings—A number of studies employed different approaches to characterize the 

genetic aberrations associated with BPD, including candidate gene studies, genome-wide 

association studies, exome sequencing, integrative omics analysis, and pathway analysis. 

Candidate gene studies identified a number of genes potentially involved with the development of 

BPD, but the etiological contribution from each gene is not substantial. Copy number variation 

studies and three independent genome-wide association studies did not identify genetic variations 

significantly and consistently associated with BPD. A recent exome-sequencing study pointed to 

rare variants implicated in the disease. In this review, we summarize these studies’ methodology 

and findings, and suggest future research directions to better understand the genetic underpinnings 

of this potentially life-long lung disease.

Summary—Genetic factors play a significant role in the development of BPD. Recent studies 

suggested that rare variants in genes participating in lung development pathways could contribute 

to BPD susceptibility.
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INTRODUCTION

Bronchopulmonary dysplasia (BPD) is a common severe chronic lung disorder in extremely 

premature infants and leads to significant morbidity and mortality [1]. The clinical features, 

pathogeneses, and causes of BPD have evolved since Northway first described the disease in 

1967 [2]. Before the widespread use of surfactant, infants with ‘old BPD’ were often born 

with serious respiratory distress syndrome (RDS) and received prolonged mechanical 

ventilation with associated pulmonary edema, inflammation, fibrosis, and smooth muscle 

hypertrophy in the airways [3]. With advances in therapy, including antenatal 

glucocorticoids, exogenous surfactant, and improved ventilation techniques, BPD now 

occurs much less frequently in infants born mildly or moderately premature. Infants who are 

born extremely prematurely now survive, but these extremely low birth weight infants have a 

high incidence of ‘new BPD’. New BPD is not only seen in extremely low birth weight 

infants who initially have significant RDS but also in others who showed little or no 

respiratory distress at birth but developed signs of hypoxia weeks later [4]. Tachypnea with 

shallow breathing, retractions, and paradoxical breathing patterns are generally observed in 

patients with BPD [5]. BPD patients often suffered from hypoxemia or hypercapnia, or both, 

as well as long-term complications, including frequent lower respiratory tract infections [6], 

pulmonary hypertension [7], sleep hypoxia [8], delayed growth and development [9], and 

cognitive impairments [10].

KEY POINTS

• Two independent twin studies have shown strong heritability underlying BPD; 

however, the genetic architecture of BPD remains unclear.

• Candidate gene studies identified a number of genes potentially involved with 

the development of BPD, but the etiological contribution of each gene is not 

substantial.

• No CNV regions were significantly associated with BPD, and three GWASs did 

not identify common genetic variations significantly and consistently associated 

with BPD.

• A recent exome-sequencing study pointed to rare variants implicated in BPD; 

the genes harboring these rare variants were enriched for lung development 

pathways.

• Future studies are needed to characterize the epigenetic changes and mutations 

in noncoding regions implicated with BPD.

Twin studies have suggested strong heritability in BPD [11,12]. A variety of strategies have 

been used to map out the genetic architecture underlying this disease, including investigating 

candidate gene in mouse models and clinical studies [13], genome-wide association studies 

(GWASs) [14,15,16▪], and exome sequencing [17▪▪]. However, different approaches pointed 

to different sets of mutations in a number of genes, and the results were not always 

consistent [13].
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In this review, we summarize the main strategies that have been used to investigate the 

genetic basis of BPD, outline the potential genetic mechanisms, and suggest future research 

directions to better understand this disease.

ESTIMATING THE HERITABILITY OF BRONCHOPULMONARY DYSPLASIA 

THROUGH TWIN STUDIES

Bhandari et al. [11] investigated the genetic component of major neonatal morbidities, 

including BPD, in preterm twins from four medical centers in the United States. They 

studied 63 monozygotic and 189 dizygotic twin pairs, including 30 monozygotic BPD and 

58 dizygotic BPD infants. Since this was a retrospective study, DNA confirmation of 

zygosity was not possible. Among the 18 monozygotic twin pairs with more than one BPD 

member, 12 of them had both members suffering from this disease, whereas only 3.69 was 

expected. From their analysis, genetic factors explained 53% of the variance in susceptibility 

for BPD after controlling for covariates.

In a prospective study, Lavoie et al. [12] collected 70 monozygotic and 89 dizygotic twin 

pairs born at less than or equal to 30 weeks of gestational age in British Columbia, Canada. 

Zygosity was determined using fetal ultrasound and placental histological examinations. 

When using the National Institutes of Health consensus definition of BPD, they found that 

the genetic component accounted for 79% of the observed variance in BPD susceptibility. 

Genetic factors explained 82% of the observed variance in moderate-to-severe BPD, defined 

as needing supplemental oxygen at 36 weeks gestational age, whereas there was no genetic 

influence on the occurrence of mild BPD (supplemental oxygen at 28 days after birth but not 

at 36 weeks post menstrual age).

These twin studies showed that a genetic component contributes substantially to BPD 

susceptibility. Although slightly different definitions of BPD were used and cohorts with 

different gestational ages were included, the estimated heritability was consistently greater 

than 50% and approached 80%. These twin studies have led to a number of investigations 

aiming to identify the genetic architecture underlying BPD.

HYPOTHESIS-DRIVEN APPROACHES TO UNCOVER 

BRONCHOPULMONARY DYSPLASIA CANDIDATE GENES

Researchers have attempted to identify candidate genes and pathways implicated in BPD for 

decades. Early investigations focused on a few genes that likely participated in the biological 

processes associated with BPD pathogenesis. Specifically, a number of researchers 

prioritized genes related to lung maturation in the search of the genetics of the ‘new BPD’ 

[4]. With the availability of high-throughput experimental methods, researchers were able to 

investigate thousands of genes and variants simultaneously, and identified a few novel 

candidate genes associated with BPD [18]. Reported gene candidates included those 

encoding vascular endothelial growth factor [19,20], dystroglycan [21], matrix 

metalloproteinases [22], macrophage migration inhibitory factor [23], interleukins [18], 

tumor necrosis factor [24,25], as well as toll-like receptors [26]. Shaw and O’Brodovich [13] 
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have provided a detailed overview of the genes and mutations identified by the candidate 

gene approach.

COPY NUMBER VARIATIONS IN BRONCHOPULMONARY DYSPLASIA

As in the investigation of many other complex human diseases, the above hypothesis-driven 

approaches typically focus on individual genes. On the genome-wide scale, genetic 

abnormalities could be revealed by large-scale deletion and duplication events affecting 

genic regions. Therefore, focused studies have been performed to correlate such genome-

wide copy number variation (CNV) events with BPD. Hoffmann et al. [27▪] analyzed CNVs 

in 1666 infants, including 866 BPD cases and 800 controls. After quality control procedures, 

899 BPD patients and 827 controls were successfully genotyped. Their analyses showed that 

BPD cases did not have a larger number of CNVs than preterm birth controls who did not 

develop BPD. Further, no CNV regions showed significant correlation with BPD after 

applying multiple test correction.

There are a number of possible explanations for this lack of findings. For instance, both 

cases and controls in this study underwent greater or equal to 3 days of mechanical 

ventilation. This inclusion criterion may have decreased the environmental differences 

between cases and controls; however, it was different from the criteria used in the twin 

studies revealing high heritability, thus the results may not be entirely comparable. In 

addition, BPD is a complex disease with multiple genetic factors. Different patients may 

have different genetic disruptions in the biological pathways related to the lung 

development. The locus-by-locus approach described here could only identify the 

associations between individual CNVs and BPD, but not the collective effects of multiple 

CNVs that participated in the BPD-related pathways. Furthermore, it is also possible that, 

given the lower mutation rate of CNVs relative to point mutations, BPD could be better 

explained by small-scale genetic disruptions rather than large-scale CNV events, which 

requires GWASs to reveal the loci related to disease susceptibility.

GENOME-WIDE ASSOCIATION STUDIES

rs1245560 single nucleotide polymorphism of SPOCK2 gene in Caucasian and African 

premature infants

Hadchouel et al. [14] assessed 418 premature infants born at less than 28 weeks gestational 

age in three French medical centers. They divided their cohort into two discovery sets 

(infants in one set have both parents of Caucasian descent; infants of the other sets have both 

parents of black African descent) and one validation set (infants with one Caucasian parent 

and one black African parent). They identified that single nucleotide polymorphisms (SNPs) 

in the sparc/osteonectin, cwcv and kazal-like domains proteoglycan (testican) 2 (SPOCK2) 

gene were associated with BPD in both discovery sets. As rs1245560 was the only SNP with 

similar minor allele frequency in Caucasian and African controls, they further performed 

individual genotyping for rs1245560 in both the discovery and validation sets, and found 

that allele C of this SNP was significantly associated with BPD. They replicated this finding 

in a cohort from Finland, and demonstrated that the mRNA level of SPOCK2 was 

significantly increased during the alveolar stage of the development of rat lungs. These 
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results suggested the role of SPOCK2 and alveolarization in BPD, and showed that GWAS 

could identify common variants implicated in BPD.

No significant single nucleotide polymorphism identified in a California cohort

To investigate the genetic causes of moderate-to-severe BPD, Wang et al. [15] conducted a 

GWAS on very low birth weight infants of 25–30 gestational age. They studied 899 infants 

with moderate-to-severe BPD and an additional 827 infants of similar gestational age 

without BPD. Results did not reveal any SNP statistically significantly associated with BPD, 

even for the ones reported in previous studies. This lack of results was also observed in 

another cohort (replication set) with 371 BPD cases and 424 controls. Joint analysis of 

discovery and replication sets also did not reveal any statistically significant association. 

Further, pathway analyses did not show any significantly enriched pathway after correcting 

for multiple tests.

No significant single nucleotide polymorphism identified by the Eunice Kennedy Shriver 

National Institute of Child Health and Human Development Neonatal Research Network

In an attempt to characterize genetic factors underlying BPD, Ambalavanan et al. [16▪] 

conducted an integrative study of the SNPs and pathways associated with BPD. Their cohort 

included 834 infants, with 751 infants with adequate BPD phenotype information and call 

rate greater than 97% in genotyping. Among the 751 infants, 428 developed BPD or died. 

As infants who die early cannot develop BPD, they hypothesized that death is a competing 

outcome of BPD, and performed GWAS for three outcome analyses: [1] BPD or death vs. 

control; [2] severe BPD or death vs. control; and [3] severe BPD in survivors only vs. 

control. GWAS analysis revealed no statistically significant SNP at the whole genome level 

for any of the three comparisons. Although some SNPs in adenosine deaminase, RNA-

specific, B2, CD44, among others had P values of 10−6–10−7, they did not pass the criteria 

of multiple test correction. Gene Set Enrichment Analysis with a false discovery rate less 

than 0.1 and P less than 0.001 showed 75 significantly enriched pathways for BPD or death, 

95 for severe BPD or death, and 90 for severe BPD in survivors. MicroRNA 219 (miR-219) 

targets and phosphorous oxygen lyase activity were among the pathways with the lowest 

false discovery rate. They further conducted gene expression analysis in mouse models and 

in the human lung. Results showed that exposure to hyperoxia was associated with increased 

expression of miR-219 and CD44. Upregulation of these two genes was also identified in the 

lungs of BPD patients compared with preterm or term lung.

Their results also suggested that pathways associated with severe BPD or death are different 

from mild or moderate BPD, indicating that the pathophysiology of mild or moderate BPD 

may be different from severe BPD. In addition, some marked differences by race/ethnic 

groups were observed in the associated pathways, suggesting that patients with different 

race/ethnicity may have different genetic mechanisms driving the development of BPD.

Genome-wide association study summary

GWASs have been successfully performed to identify risk loci involved in many complex 

human diseases, including type 1 and type 2 diabetes, Crohn’s disease, rheumatoid arthritis, 

coronary artery disease, and bipolar disorder [28]. In contrast, GWAS for BPD has been less 
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effective. In addition to many technical reasons (e.g., sample sizes), biological 

considerations underlying GWAS should be an important factor. A preassumption of GWAS 

is the ‘common disease, common variants’ hypothesis [29,30]. Such a hypothetical 

underpinning likely holds in many diseases, such as type 2 diabetes or cancers, where at-risk 

alleles could transmit to patients’ off-spring, reaching moderate or even high population 

frequency in human populations over the course of human evolution. However, RDS, the 

usual precursor for BPD and BPD itself, are major causes for infant mortality, where severe 

natural selection would greatly suppress the at-risk alleles in human populations, thereby 

these risk alleles are expected to have very low frequency. As GWAS methods target 

common variants, it is likely that GWAS will have insufficient power to identify disease-

associated loci of BPD. Nevertheless, the advent of whole-exome sequencing technologies 

could provide an opportunity to test the role of rare variants in BPD risk. The recent 

development of pathway analysis algorithms also made it possible to investigate the 

functional convergence of rare variants.

EXOME SEQUENCING OF BRONCHOPULMONARY DYSPLASIA PATIENTS 

AND CONTROLS

Li et al. [17▪▪] studied the exomes of 50 pairs of twins sequenced from newborn blood spot 

samples to investigate rare nonsynonymous variants for their contribution to BPD. Owing to 

the historical high mortality for RDS and BPD patients, genetic mutations contributing to 

BPD likely underwent severe purifying selection, resulting in a likely low frequency of 

mutations in the population. Li et al. investigated rare variants residing in highly conserved 

regions. They performed exome sequencing on the newborn blood spot samples from 50 

pairs of twins, and focused on the rare variants not observed in the 1000 genome data set 

[31] and that also possessed a high conservation score.

Based on their analysis, 258 genes with rare nonsynonymous mutations were identified in 

BPD infants. Pathway analysis revealed that these genes were highly enriched for processes 

involved in pulmonary structure and functions, such as collagen fibril organization, 

morphogenesis of embryonic epithelium, and regulation of the wingless-int signaling 

pathway. They further demonstrated that these mutations in mice were enriched for several 

lung development related phenotypes, including embryonic development and cyanosis. 

These results were consistent with the clinical phenotypes of BPD. Expression analysis in 

human lung tissue and hypoxic rat pups showed significantly increased expression levels in 

the candidate genes. This study elucidated the role of rare variants in BPD, which 

complemented the analyses on common variants targeted by GWASs. Through pathway 

analysis, this study provided biological insights into the molecular cause of BPD. Although 

differing from one human to another, ‘rare’ single nucleotide variations are very common in 

an individual human’s genome; they have been estimated to occur in one of every 17 base 

pairs [32,33].

The study had a few limitations. First of all, information from the discordant twins was not 

utilized in their analysis. They did not use the twin relationships since there were only four 

monozygotic discordant twins and five dizygotic discordant twins. It would be very helpful 
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to gather a larger patient set and investigate the rare variants associated with disease 

susceptibility in discordant twin pairs. Additionally, a large number of potential candidate 

genes and mutations are identified, but the biological implications of these rare variants need 

to be further elucidated.

Another pilot study in Italy sequenced the exomes of 26 unrelated patients with severe BPD 

and analyzed potentially detrimental variants [34]. Their results reinforced the role of rare 

mutations in BPD susceptibility.

CONCLUSION

BPD is a complex disease with a strong genetic component in its suspected cause. Although 

none of the aforementioned studies is conclusive, they pointed to various variants, genes, or 

pathways associated with the susceptibility of BPD. It is likely that each genetic variant 

contributes a little to the development of BPD, and together these variants contribute to 

significant dysregulation in important biological pathways in the developing lung of 

premature infants.

A number of common variants and rare mutations showed associations with BPD with 

various strengths. Future studies are needed to characterize the effect size in of each mutant, 

to investigate the role of de novo mutations, and to map potential mutational convergence on 

BPD-related pathways.

From a methodologic standpoint, these BPD genetic studies provide some insight into the 

evolving research paradigm of complex human diseases. The pursuit of BPD-related genes 

started with selecting a few candidate genes based on information gained by experimental 

model systems or biological hypotheses, and gradually evolved into high-throughput 

methods that have become more familiar and accessible to researchers as genomic tools. The 

bioinformatics analytic approaches have also progressed from investigating the implications 

of individual mutations to global pathway studies, and from single omics analysis to 

multiomics integration.

With the recent availability of whole genome sequencing [35,36], bisulfite sequencing [37], 

and novel methods in identifying chromatin accessibility [38,39], it is possible to 

characterize epigenetic changes and mutations in noncoding regions implicated with BPD 

susceptibility. This might help disentangle the complex phenotypes of BPD and uncover the 

missing heritability of this deadly disease.

Acknowledgments

Financial support and sponsorship

K.-H.Y. is a Howard Hughes Medical Institute International Student Research Fellow and Winston Chen Stanford 

Graduate Fellow. J.L. is a Banting Postdoctoral Fellow. This work was supported by National Institutes of Health 

Grants 5U01HL10739304, 1P50HG00773501, and 5P50HG00773502 (M.S.), and RC2 HL101748–02 from the 

National Heart and Lung Institute.

We would like to thank Dr David K. Stevenson for the valuable discussions.

Yu et al. Page 7

Curr Opin Pediatr. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES AND RECOMMENDED READING

Papers of particular interest, published within the annual period of review, have been 
highlighted as:

▪ of special interest

▪▪ of outstanding interest

1. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care Med. 2001; 163:1723–

1729. [PubMed: 11401896] 

2. Northway WH Jr, Rosan RC, Porter DY. Pulmonary disease following respirator therapy of hyaline-

membrane disease. Bronchopulmonary dysplasia. N Engl J Med. 1967; 276:357–368. [PubMed: 

5334613] 

3. O’Brodovich HM, Mellins RB. Bronchopulmonary dysplasia. Unresolved neonatal acute lung 

injury. Am Rev Respir Dis. 1985; 132:694–709. [PubMed: 3898946] 

4. Jobe AJ. The new BPD: an arrest of lung development. Pediatr Res. 1999; 46:641–643. [PubMed: 

10590017] 

5. Kinsella JP, Greenough A, Abman SH. Bronchopulmonary dysplasia. Lancet. 2006; 367:1421–1431. 

[PubMed: 16650652] 

6. Chidekel AS, Rosen CL, Bazzy AR. Rhinovirus infection associated with serious lower respiratory 

illness in patients with bronchopulmonary dysplasia. Pediatr Infect Dis J. 1997; 16:43–47. 

[PubMed: 9002100] 

7. Farquhar M, Fitzgerald DA. Pulmonary hypertension in chronic neonatal lung disease. Paediatr 

Respir Rev. 2010; 11:149–153. [PubMed: 20692628] 

8. Garg M, Kurzner SI, Bautista DB, Keens TG. Clinically unsuspected hypoxia during sleep and 

feeding in infants with bronchopulmonary dysplasia. Pediatrics. 1988; 81:635–642. [PubMed: 

3357725] 

9. Moyer-Mileur LJ, Nielson DW, Pfeffer KD, et al. Eliminating sleep-associated hypoxemia improves 

growth in infants with bronchopulmonary dysplasia. Pediatrics. 1996; 98(4 Pt 1):779–783. 

[PubMed: 8885961] 

10. Walsh MC, Szefler S, Davis J, et al. Summary proceedings from the bronchopulmonary dysplasia 

group. Pediatrics. 2006; 117(3 Pt 2):S52–S56. [PubMed: 16777823] 

11. Bhandari V, Bizzarro MJ, Shetty A, et al. Familial and genetic susceptibility to major neonatal 

morbidities in preterm twins. Pediatrics. 2006; 117:1901–1906. [PubMed: 16740829] 

12. Lavoie PM, Pham C, Jang KL. Heritability of bronchopulmonary dysplasia, defined according to 

the consensus statement of the national institutes of health. Pediatrics. 2008; 122:479–485. 

[PubMed: 18762515] 

13. Shaw GM, O’Brodovich HM. Progress in understanding the genetics of bronchopulmonary 

dysplasia. Semin Perinatol. 2013; 37:85–93. [PubMed: 23582962] 

14. Hadchouel A, Durrmeyer X, Bouzigon E, et al. Identification of SPOCK2 as a susceptibility gene 

for bronchopulmonary dysplasia. Am J Respir Crit Care Med. 2011; 184:1164–1170. [PubMed: 

21836138] 

15. Wang H, St Julien KR, Stevenson DK, et al. A genome-wide association study (GWAS) for 

bronchopulmonary dysplasia. Pediatrics. 2013; 132:290–297. [PubMed: 23897914] 

16▪. Ambalavanan N, Cotten CM, Page GP, et al. Integrated genomic analyses in bronchopulmonary 

dysplasia. J Pediatr. 2015; 166:531–537. The recent GWAS by the ‘Eunice Kennedy Shriver’ 

National Institute of Child Health and Human Development Neonatal Research Network did not 

identify any SNP associated with BPD after correcting for multiple tests. This result is consistent 

with the GWAS by Wang et al. [PubMed: 25449221] 

17▪▪. Li J, Yu KH, Oehlert J, et al. Exome Sequencing of Neonatal Blood Spots and the Identification 

of Genes Implicated in Bronchopulmonary Dysplasia. Am J Respir Crit Care Med. 2015; 

192:589–596. This is the first study that used exome sequencing on newborn screening 

bloodspots to study the genetics of BPD. Owing to the historical high mortality rate of extremely 

Yu et al. Page 8

Curr Opin Pediatr. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



preterm infants, the authors focused on the associations between rare variants and BPD. 

Researchers identified 258 genes with rare nonsynonymous mutations in BPD patients. Pathway 

and expression analysis supported the role of these rare variants in BPD. [PubMed: 26030808] 

18. Floros J, Londono D, Gordon D, et al. IL-18R1 and IL-18RAP SNPs may be associated with 

bronchopulmonary dysplasia in African-American infants. Pediatr Res. 2012; 71:107–114. 

[PubMed: 22289858] 

19. Mailaparambil B, Krueger M, Heizmann U, et al. Genetic and epidemiological risk factors in the 

development of bronchopulmonary dysplasia. Disease Markers. 2010; 29:1–9. [PubMed: 

20826912] 

20. Kwinta P, Bik-Multanowski M, Mitkowska Z, et al. Genetic risk factors of bronchopulmonary 

dysplasia. Pediatr Res. 2008; 64:682–688. [PubMed: 18614962] 

21. Concolino P, Capoluongo E, Santonocito C, et al. Genetic analysis of the dystroglycan gene in 

bronchopulmonary dysplasia affected premature newborns. Clin Chim Acta. 2007; 378:164–167. 

[PubMed: 17196572] 

22. Hadchouel A, Decobert F, Franco-Montoya ML, et al. Matrix metalloproteinase gene 

polymorphisms and bronchopulmonary dysplasia: identification of MMP16 as a new player in 

lung development. PloS One. 2008; 3:e3188. [PubMed: 18784838] 

23. Prencipe G, Auriti C, Inglese R, et al. A polymorphism in the macrophage migration inhibitory 

factor promoter is associated with bronchopulmonary dysplasia. Pediatr Res. 2011; 69:142–147. 

[PubMed: 21045753] 

24. Chauhan M, Bombell S, McGuire W. Tumour necrosis factor (−308A) polymorphism in very 

preterm infants with bronchopulmonary dysplasia: a meta-analysis. Arch Dis Child Fetal Neonatal 

Ed. 2009; 94:F257–F259. [PubMed: 19066187] 

25. Ryckman KK, Dagle JM, Kelsey K, et al. Genetic associations of surfactant protein D and 

angiotensin-converting enzyme with lung disease in preterm neonates. J Perinatol. 2012; 32:349–

355. [PubMed: 21960125] 

26. Sampath V, Garland JS, Le M, et al. A TLR5 (g. 1174C > T) variant that encodes a stop codon 

(R392X) is associated with bronchopulmonary dysplasia. Pediatr Pulmonol. 2012; 47:460–468. 

[PubMed: 22058078] 

27▪. Hoffmann TJ, Shaw GM, Stevenson DK, et al. Copy number variation in bronchopulmonary 

dysplasia. Am J Med Genet Part A. 2014; 164A:2672–2675. This is the first study aiming to 

identify CNVs associated with BPD. However, the results did not show any CNV region 

significantly associated with the disease. [PubMed: 24975634] 

28. Wellcome Trust Case Control C. Genome-wide association study of 14 000 cases of seven common 

diseases and 3000 shared controls. Nature. 2007; 447:661–678. [PubMed: 17554300] 

29. McClellan J, King MC. Genetic heterogeneity in human disease. Cell. 2010; 141:210–217. 

[PubMed: 20403315] 

30. Gibson G. Rare and common variants: twenty arguments. Nat Rev Genet. 2011; 13:135–145. 

[PubMed: 22251874] 

31. Abecasis GR, Auton A, et al. Genomes Project C. An integrated map of genetic variation from 

1092 human genomes. Nature. 2012; 491:56–65. [PubMed: 23128226] 

32. Nelson MR, Wegmann D, Ehm MG, et al. An abundance of rare functional variants in 202 drug 

target genes sequenced in 14 002 people. Science. 2012; 337:100–104. [PubMed: 22604722] 

33. Tennessen JA, Bigham AW, O’Connor TD, et al. Evolution and functional impact of rare coding 

variation from deep sequencing of human exomes. Science. 2012; 337:64–69. [PubMed: 

22604720] 

34. Carrera P, Di Resta C, Volonteri C, et al. Exome sequencing and pathway analysis for identification 

of genetic variability relevant for bronchopulmonary dysplasia (BPD) in preterm newborns: a pilot 

study. Clin Chim Acta. 2015; 451:39–45. [PubMed: 25578394] 

35. Cirulli ET, Goldstein DB. Uncovering the roles of rare variants in common disease through whole-

genome sequencing. Nat Rev Genet. 2010; 11:415–425. [PubMed: 20479773] 

36. Berg JS, Khoury MJ, Evans JP. Deploying whole genome sequencing in clinical practice and 

public health: meeting the challenge one bin at a time. Genet Med. 2011; 13:499–504. [PubMed: 

21558861] 

Yu et al. Page 9

Curr Opin Pediatr. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Rakyan VK, Down TA, Balding DJ, Beck S. Epigenome-wide association studies for common 

human diseases. Nat Rev Genet. 2011; 12:529–541. [PubMed: 21747404] 

38. Lander ES. Initial impact of the sequencing of the human genome. Nature. 2011; 470:187–197. 

[PubMed: 21307931] 

39. Maurano MT, Humbert R, Rynes E, et al. Systematic localization of common disease-associated 

variation in regulatory DNA. Science. 2012; 337:1190–1195. [PubMed: 22955828] 

Yu et al. Page 10

Curr Opin Pediatr. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	ESTIMATING THE HERITABILITY OF BRONCHOPULMONARY DYSPLASIA THROUGH TWIN STUDIES
	HYPOTHESIS-DRIVEN APPROACHES TO UNCOVER BRONCHOPULMONARY DYSPLASIA CANDIDATE GENES
	COPY NUMBER VARIATIONS IN BRONCHOPULMONARY DYSPLASIA
	GENOME-WIDE ASSOCIATION STUDIES
	rs1245560 single nucleotide polymorphism of SPOCK2 gene in Caucasian and African premature infants
	No significant single nucleotide polymorphism identified in a California cohort
	No significant single nucleotide polymorphism identified by the Eunice Kennedy Shriver National Institute of Child Health and Human Development Neonatal Research Network
	Genome-wide association study summary

	EXOME SEQUENCING OF BRONCHOPULMONARY DYSPLASIA PATIENTS AND CONTROLS
	CONCLUSION
	References

