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Objective To identify single-nucleotide polymorphisms (SNPs) and pathways associated with bronchopulmonary
dysplasia (BPD) because O2 requirement at 36 weeks’ postmenstrual age risk is strongly influenced by heritable
factors.
Study design A genome-wide scan was conducted on 1.2 million genotyped SNPs, and an additional 7 million
imputed SNPs, using a DNA repository of extremely low birth weight infants. Genome-wide association and
gene set analysis was performed for BPD or death, severe BPD or death, and severe BPD in survivors. Specific tar-
gets were validated via the use of gene expression in BPD lung tissue and in mouse models.
Results Of 751 infants analyzed, 428 developed BPD or died. No SNPs achieved genome-wide significance
(P < 10�8), although multiple SNPs in adenosine deaminase, CD44, and other genes were just below P < 10�6. Of
approximately 8000 pathways, 75 were significant at false discovery rate (FDR) <0.1 and P < .001 for BPD/death,
95 for severe BPD/death, and 90 for severe BPD in survivors. The pathway with lowest FDR was miR-219 targets
(P = 1.41E-08, FDR 9.5E-05) for BPD/death and phosphorous oxygen lyase activity (includes adenylate and guany-
late cyclases) for both severe BPD/death (P = 5.68E-08, FDR 0.00019) and severe BPD in survivors (P = 3.91E-08,
FDR 0.00013). Gene expression analysis confirmed significantly increased miR-219 and CD44 in BPD.
Conclusions Pathway analyses confirmed involvement of known pathways of lung development and repair
(CD44, phosphorus oxygen lyase activity) and indicated novel molecules and pathways (adenosine deaminase, tar-
gets of miR-219) involved in genetic predisposition to BPD. (J Pediatr 2015;166:531-37).
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B
ronchopulmonary dysplasia (BPD) is common in extremely preterm in-
fants, and genetic factors may account for much of the variance in risk for
BPD.1 Targeted candidate gene analyses suggest single-nucleotide poly-

morphisms (SNPs) in certain cytokines, surfactant proteins, and related mole-
cules2,3 but not others4 are associated with BPD. Hadchouel et al5 identified
the SPOCK2 gene as associated with BPD in a genome-wide association study
(GWAS) that evaluated the entire genome in an unbiased manner. However,
Wang et al6 did not find SNPs associated with BPD in a GWAS.

Most complex diseases (such as BPD) involve gene-environment interactions
and interactions among different loci. However, conventional single marker
analysis does not explicitly look for interactions among different genes in the
same biological pathway that have a multiplicative or a threshold effect.7 Most
GWAS that focus on analysis of single markers lack the power to identify the
small contribution of most genetic variants.8 Pathway-based approaches, which
consider multiple contributing factors in the same biological pathway, comple-
ment the single-marker approach and provide understanding of GWAS data in
many diseases.9
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ADARB2 Adenosine deaminase

BPD Bronchopulmonary dysplasia

FDR False discovery rate

GWAS Genome-wide association study

SNP Single-nucleotide polymorphism
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In this study, we used a GWAS combined with pathway-
based approaches to increase our understanding of the role
of genetics in BPD susceptibility and integrated these results
with gene expression comparing BPD with control subjects
and a newborn mouse model of hyperoxia exposure simu-
lating BPD. We hypothesized that SNPs in biological path-
ways involved in lung development and injury will be
enriched in infants who develop BPD or die. The combined
outcome of BPD or death was used because death is a
competing outcome for BPD, ie, infants who die early cannot
develop BPD, even though they may be at the greatest risk
of BPD.

Methods

Patients included were a subset of infants enrolled in the
Eunice Kennedy Shriver National Institute of Child Health
and Human Development Neonatal Research Network’s
Cytokines study that enrolled infants 401-1000 g at birth,
<72 hours’ old, and free of major congenital anomalies.10

The study was approved by institutional review boards at
participating centers, and written informed consent was ob-
tained from parent(s). Additional review by the institutional
review board allowed the GWAS genotyping results with a
limited phenotype data to be included in the National
Human Genome Research Institute Database of Genotypes
and Phenotypes.

DNA was extracted from the earliest age blood spot
collected on filter paper. Whole-genome amplification was
used for samples that did not provide adequate genomic
DNA. Genotyping was performed on the Illumina Human-
Omni1-Quad_v1-0_B BeadChip (Illumina, San Diego, Cali-
fornia). BPD was defined by supplemental O2 at 36 weeks’
postmenstrual age. Severe BPD was defined as therapy with
O2 >21% for at least 28 days plus the use of $30% O2 and/
or positive pressure (ventilation or nasal continuous positive
airway pressure) at 36 weeks’ postmenstrual age.11 Death was
defined as in-hospital death before discharge.

Ancestry was classified as black (African-American), white
(non-Hispanic Caucasians), Hispanic (Hispanic Caucasian),
and others, including Asian and multiracial, using GWAS-
Tools12 to generate eigenvalues for the entire dataset. Impu-
tation was run using beagle 3.3.1. A total of 769 757 SNPs
were used for imputation with 7 500 443 SNPs being
imputed.13

Analysis of SNPs was performed via 2 complementary
methods: a standard GWAS analysis followed by a pathway
analysis. SNPs were analyzed using PLINK14 using logistic
regression under an additive model. Three models were
run: BPD or death vs survival without BPD, severe BPD or
death vs survival without severe BPD, and severe BPD in sur-
vivors vs survivors without severe BPD. The regressionmodel
included covariates for gestational age, small for gestational
age, sex, Apgar at 5 minutes <5, antenatal steroids, and the
race ethnicity eigenvalues 1-4. The top 10 SNPs (by lowest
P-value) for each of the 3 models were mapped to genes.

We assigned genes to pathways (gene sets) using the Mo-
lecular Signatures Database (http://www.broadinstitute.org/
gsea/msigdb/collections.jsp). SNPs were assigned to gene(s)
based on being exonic, intronic, untranslated region, or
within 20 kb of the ends of the gene model. Pathways were
analyzed using gene set enrichment analysis.15

Gene expression values for individual members of path-
ways considered most important were extracted from an ex-
isting dataset describing genome-wide expression in lung
tissue obtained from BPD cases or controls and assessed for
differential expression.16 Two selected molecules (miR-219
and CD44) were further evaluated by TaqMan Gene Expres-
sion assays (Life Technologies, Grand Island, New York)
from RNA isolated via the QIAGEN RNeasy FFPE kit
(QIAGEN, Valencia, California) from paraffin-embedded,
formalin-fixed samples of lungs collected at autopsy from
extremely preterm infants (24-28 weeks’ gestation) who
died soon after birth, term stillborn infants, and preterm in-
fants who died from BPD at term corrected age (36-44 weeks’
postmenstrual age; n = 4/group).
Three molecules (miR-219, adenosine deaminase

[ADARB2], and CD44) were selected for further evaluation
in a mouse model. Gene expression was evaluated at different
points during alveolar septation and hyperoxia exposure, us-
ing samples from studies approved by the UAB Institutional
Animal Care and Use Committee.17,18 RNA was isolated
from lung homogenates for real-time reverse-transcription
polymerase chain reaction using specific primers.19

Results

The GWAS cohort included 834 infants whose DNA samples
were successfully genotyped. A total of 172 (20%) samples
required whole-genome amplification; 751 infants met inclu-
sion criteria with adequate information on BPD phenotype
and genotyping (>97% call rate). Characteristics of the study
cohort are listed in Table I (available at www.jpeds.com). As
expected, infants who developed outcomes of interest (BPD/
death; severe BPD/death; severe BPD in survivors) were more
immature, of lower birth weight, more likely to be male,
mechanically ventilated, and ventilated for a longer
duration compared with those who did not develop these
outcomes.

GWAS Analysis
None of the SNPs was significant at the genome-wide signif-
icance level (P < 10�8). The analysis for top 10 SNPs for BPD/
death (Table II) identified 4 SNPs in ADARB2, 2 SNPs in
CD44, 1 in NSMC4A, 1 in WDR45L, and 2 associated with
no known gene. Similarly, the top 10 SNPs for severe BPD/
death were 4 SNPs in ADARB2, 1 in CD44, 1 in NSMC4A,
1 in NUAK1, 1 in KCNH7, and 2 associated with no
known gene (Table II). The analysis for severe BPD in
survivors also found ADARB2, CD44, NUAK1, KCNH7,
and WDR45B, in addition to GRIP1 and GALNTL6
(Table II). Most of these SNPs had P values of 10�6 to 10�7.
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