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Abstract

Rationale: Bronchopulmonary dysplasia (BPD), a prevalent severe
lung disease of premature infants, has a strong genetic component.
Large-scale genome-wide association studies for common variants
have not revealed its genetic basis.

Objectives: Given the historical high mortality rate of extremely
preterm infants who now survive and develop BPD, we hypothesized
that risk loci underlying this disease are under severe purifying
selection during evolution; thus, rare variants likely explain greater
risk of the disease.

Methods:We performed exome sequencing on 50 BPD-affected
and unaffected twin pairs using DNA isolated from neonatal blood
spots and identified genes affected by extremely rare nonsynonymous
mutations. Functional genomic approaches were then used to
systematically compare these affected genes.

Measurements and Main Results:We identified 258 genes with
rare nonsynonymousmutations in patients with BPD. These genes were
highly enriched for processes involved in pulmonary structure and
function including collagen fibril organization, morphogenesis of
embryonic epithelium, and regulation of Wnt signaling pathway;
displayed significantly elevated expression in fetal and adult lungs; and
were substantially up-regulated in a murine model of BPD. Analyses of
mouse mutants revealed their phenotypic enrichment for embryonic
developmentandthecyanosisphenotype, aclinicalmanifestationofBPD.

Conclusions:Our study supports the role of rare variants in BPD, in
contrast with the role of common variants targeted by genome-wide
association studies. Overall, our study is the first to sequence BPD
exomes from newborn blood spot samples and identify with high
confidence genes implicated in BPD, thereby providing important
insights into its biology and molecular etiology.

Keywords: exome sequencing; chronic lung disease; bronchopulmonary
dysplasia; genetic predisposition to disease; premature

Bronchopulmonary dysplasia (BPD) is
a common chronic lung disease in
premature infants, typically leading to
significant morbidity and mortality (1). Its
prevalence rises with increasing immaturity

and occurs in most newborns born between
24 and 26 weeks gestational age, a time
when alveolar and distal vascular
development is rapidly occurring (2). BPD
is phenotypically hallmarked by respiratory

impairment accompanied with signs of
shallow breathing, retractions, and
paradoxical breathing patterns (3).
Although BPD symptoms and treatment
have been extensively studied, its genetic
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basis has been largely unclear (4). Twin
studies revealed that genetic factors play
a significant role in the development of
BPD (5, 6). Others have suggested several
gene candidates for this disease, including
surfactant proteins (7), interleukin-18 (8),
and macrophage migration inhibitory
factor (9). However, none of these studies
has characterized biologic pathways that
contribute significantly to BPD, preventing
further assessment of their phenotypic
association with BPD symptoms. Although
genome-wide association studies (GWAS)
have been successfully applied to many
other diseases, a recent large study from our
group did not reveal any single-nucleotide
polymorphisms (SNPs) with genome-wide
statistical significance (10). When others
studied patient samples that had been
pooled a limited number of loci, but not
genes, were associated with BPD (11).

Given the significant historic high
mortality in extremely premature infants
who today now survive and develop BPD,
genomic loci underlying this disease would
likely be under severe selective pressure. As
such, severe disease-related alleles should be
at low frequency preventing them from
reaching high or even medium allele
frequencies in the population (12). Because
GWAS studies have been primarily
designed for genotyping previously known
common allelic variants (e.g., HapMap
SNPs) with medium to high frequencies,
simply genotyping these common variants
among patients with BPD may be less likely
to capture these disease-associated loci
under strong selective pressure. In this
study we tested the hypothesis that rare
variants contribute to the risk for BPD.

The samples analyzed in this study
were extracted from newborn blood spots
that are collected in many states for routine
screening of inherited disorders. Although
widely available, their use for genome and
exome sequencing had not been previously
assessed. Exome sequencing of DNA
extracted from blood spots from BPD-
affected and non-BPD revealed rare
damaging variants in particular genes in
patients with BPD, thereby defining the
genetic architecture underlying this disease.
Our results help define the biologic
pathways and processes implicated in BPD
and provide a proof-of-principle that these
routinely collected samples from large
populations can be effectively used for
genomic investigations.

Methods

Patient Population and Phenotype
Definitions
Infants for study were twin live births
identified from the California Perinatal
Quality Care Collaborative (CPQCC, http://
www.cpqcc.org/) (13) database during the
4 calendar years 2005–2008. The CPQCC
tracks more than 90% of all neonatal
intensive care unit admissions in California.
Infants were included if they had
gestational ages 25 weeks to 29 weeks and
6 days, one of the twin pair had birth
weight less than 1,500 g, and they both had
a minimum of 3 days continuous positive
pressure ventilation during their
hospitalization period up to 36 weeks
postmenstrual age (PMA). We used
standard criteria for the diagnosis and
classification of BPD (1, 14). Because Lavoie
and colleagues (6) demonstrated that
heritability was associated with moderate
and severe, but not mild cases, we defined
BPD cases as infants requiring supplemental
oxygen at 36 weeks PMA. The need for
supplemental oxygen was determined by the
usual practices of the individual neonatal
intensive care unit and physiologic
assessments (15) were not routinely
performed. Infants were excluded if they had
major congenital abnormalities, had major
surgery, died or left the hospital before
36 week PMA, or if supplemental oxygen
status at 36 weeks PMA was not known.

Research Ethic Board Approvals
This study was approved by both the
institutional review board of Stanford

University School of Medicine and the
Committee for the Protection of Human
Subjects of the State of California. When
institutional review board approvals are
obtained newborn screening blood spots
may be used for anonymous research studies
unless parents specifically request in writing
that they not be used.

Whole-Exome Sequencing, SNP Call,
and Annotation
See the online supplement for more details.

Statistical Analyses
See the online supplement for more details.

Results

Identifying Rare Nonsynonymous
Mutations from Infants with or
without BPD by Exome Sequencing
We studied 50 twin pairs born in California,
among which 51 individuals had BPD.
Genomic DNA was extracted from their
newborn screening blood spots (16) and
subjected to exome sequencing and single
nucleotide variant calling and standardized
filtering (see METHODS). With the identified
variants, we were able to distinguish the
21 monozygotic twin pairs (four pairs
with discordant BPD status) from the 29
dizygotic twin pairs, thereby serving as
a useful quality control for the samples. In
total we identified 57,535 high-confidence
nonsynonymous variants (missense or loss-
of-function) (see Table E1 in the online
supplement) among the 100 individuals.
To reveal the population differentiation
of these sequenced individuals (17), we
performed principal component analysis
(PCA) for these nonsynonymous sites and
observed clear population stratification
within these samples, which was largely
consistent with their self-reported ethnic
background (P, 2.23 10216) (Figure 1A),
except one twin pair that coclustered with
the African American population.
Notably, the Hispanic individuals (the
western U.S. Hispanic descents) formed
a separate cluster closer to the non-
Hispanic whites than to other populations,
demonstrating the overall quality of the
identified variants that enabled us to
assess population structure in a finer
resolution.

Because most samples were
phenotypically concordant or dizygotic twin
pairs (only four phenotypically discordant

At a Glance Commentary

Scientific Knowledge on the
Subject: We identified rare
nonsynonymous mutations affecting
258 genes in patients with
bronchopulmonary dysplasia,
suggesting the role of rare variants in
bronchopulmonary dysplasia.

What This Study Adds to the
Field: This is the first study to
identify genes implicated in
bronchopulmonary dysplasia by
exome sequencing of newborn blood
spot samples.
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monozygotic twin pairs), we decided not to
directly use the twin relationship between
the samples, but to directly assess the gene
sets differentially affected between subjects
with and without BPD. We hypothesized
that rare variants likely play a more
important role in this disease, and thus
only considered nonsynonymous variants
identified in study participants, but not
observed in the 1,000 Genome dataset. As
shown in Figure 1B, PCA analysis for this set
of rare nonsynonymous variants revealed
a clear loss of population structure. To
exclude the possibility that these rare
variants were mere artifacts from our variant
calls for the exome sequencing data, we
performed a comparative genomic analysis
to examine the selective pressure on these
low-frequency loci. We speculated that if
these variants are truly underrepresented
within human population, they are more
likely to be under strong purifying selection
during the course of evolution, and such
would strongly inhibit an increase in their
minor allele frequencies (12, 18).

The GERP11 algorithm (19) was
designed to compare the variability of each
nucleotide in the human genome against
orthologous positions across 33 other
mammalian genomes and quantify the
evolutionary constraints over each genomic
locus in the human genome thereby
providing a cross-species comparison and
a complementary and independent test for
the population genetic data within a single
species. As expected, we observed that
these rare nonsynonymous loci were
overall assigned with substantially
higher GERP11 scores relative to the
nonsynonymous variants identified from
the 1,000 Genome Project (P, 131023;
Wilcoxon rank sum test). This
demonstrates that the loss of population
structure (Figure 1B) is likely not explained
by the technical artifacts, but is a result of
an elevated selection force on these loci.

To exclude stochastic mutations with
low frequencies in a given population
among these rare variants, we further
analyzed the mutations affecting the
extremely conserved genomic loci
(GERP11 score> 5.83, ,95% of the
nonsynonymous sites in the 1,000 Genome
dataset) and thus considered 315 and 234
rare nonsynonymous variants identified in
51 individuals with BPD and 49 individuals
without BPD, respectively. As shown in
Figure 1C, PCA analysis on this set of
variants revealed that most of the
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Figure 1. Principal component analysis for population stratification. This analysis was for all the
nonsynonymous sites (A), the rare nonsynonymous sites (B), and the extremely conserved rare
nonsynonymous sites (C) identified from the 100 study participants. It is clear that the population
structure has been lost when only considering the rare nonsynonymous sites, and has reached
almost zero differentiation when using the extremely conserved rare nonsynonymous sites. BPD =
bronchopulmonary dysplasia.
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individuals (96%) were clustered around
the center with little population
differentiation, excluding two twin pairs
(4%) far away from the center. Because
individuals from the same populations
with the outliers (Asian/Pacific Islanders
and non-Hispanic whites) were
coclustered with other study participants,
the outlier status of the two twin pairs thus
should not be explained by their
population stratification, but by their
highly distinct mutation patterns
associated with these conserved rare
nonsynonymous sites. Interestingly, these
four outliers were all patients with BPD, so
it is likely that genes affected by these
variants are implicated in BPD.

To confirm that the complete loss of
population structure (Figure 1C) was not
caused by undersampling of the conserved
rare nonsynonymous variants from the
mutation pool of all the individuals, we
performed a set of permutation tests where in
each simulation we randomly sampled the
same number of nonsynonymous sites and
repeated the previous PCA analysis. These
randomly sampled sites clearly recapitulated
(P, 13 10210; permutation test) the
population structure in Figure 1A,
demonstrating that the lack of population
stratification in Figure 1C cannot be
explained by insufficient sampling, but
by the strong selective pressure against
population differentiation. Because such
a signal of negative selection typically suggests
critical biologic functions during evolution,
we next closely examined the genes affected
by these conserved rare nonsynonymous
mutations.

When we excluded the genes that were
affected in both cases and control subjects
we found conserved rare nonsynonymous
variants affecting 258 and 182
nonoverlapping genes in the subject with
BPD and without BPD, respectively. We
next examined whether the affected genes in
the patients with BPD shared some genetic
properties that were absent from the genes
identified from the siblings without BPD.
Importantly, because the variant calls were
masked to whether infants had or did not
have BPD, our observation is not affected by
a systematic bias toward infants with BPD,
or unequal gene length or GC content.
Furthermore, because the overall population
differentiation for this set of variants was
close to zero (Figure 1C), our analysis
should not be affected by population
stratification. Finally, because we are

comparing functional differences for the
nonoverlapping gene sets between
individuals with and without BPD, this
comparison is not affected by the genetic
relatedness between the twin pairs.

Functional Enrichment of the Affected
Genes in Individuals with BPD
The inheritance of BPD does not exhibit
a classic Mendelian pattern and many of the
identified variants in our exome screen
are in heterozygous states. We therefore
hypothesized that BPD, at least in part, is
a dominant or semidominant trait, where its
associated loci are dosage sensitive and thus
a single copy loss contributes to the disease
etiology. In the genetic context, the
heterozygous effect or the dosage sensitivity
is quantified by the degree of
haploinsufficiency for a single gene,
and particular in the human genome,
haploinsufficiency for most of the genes has
been accurately predicted by a recent study
(20). To test our hypothesis, we examined
the predicted haploinsufficiency scores for
genes affected in individuals with and
without BPD, and indeed observed that the
affected genes in patients with BPD were
substantially more haploinsufficient than all
the protein-coding genes in the human
genome (P = 1.863 1026; Wilcoxon rank
sum test) (Figure 2), whereas this trend was

absent from the genes identified from the
non-BPD control group (P = 0.14
compared with all the protein-coding genes
in the human genome; Wilcoxon rank sum
test) (Figure 2). This comparison supports
our hypothesis and suggests that the genes
implicated in BPD are likely dosage
sensitive.

We next performed gene ontology
(GO) analysis (GO biologic processes,
excluding the IEA terms that are inferred
from electronic annotations) for the
identified genes to determine their
involvement of specific biologic processes.
As shown in Figure 3, genes specifically
affected among individuals with BPD
were enriched for a broad category of
functions. Importantly, as referenced by
the affected genes in the infants with no
BPD, our analysis further revealed that
several pathways were specifically enriched
for the gene set only identified from
patients with BPD, but not in the affected
genes in subjects without BPD (Figure 3),
including collagen fibril organization
(Benjamini–Hochberg false-discovery rate
[FDR] = 0.026), morphogenesis of
embryonic epithelium (FDR = 0.035), and
regulation of Wnt signaling pathway
(FDR = 0.03). Perturbations of these
pathways in BPD have been suggested
previously, but not shown, to predispose
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Figure 2. Increased haploinsufficiency score for bronchopulmonary dysplasia (BPD) candidate
genes. Predicted haploinsufficiency scores were assigned with genes in the genome background
(all the protein-coding genes), genes with rare nonsynonymous variants in the non-BPD individuals,
and genes identified from the individuals with BPD. All P values were derived from a comparison
against the genome background, and the reference line (dashed horizontal red line) indicates the
median haploinsufficiency of the genes identified from the subjects with BPD. The bottom and top

of the boxes denote the first and third quartiles, respectively. The whiskers indicate the minimal
value within 1.5 interquartile range (IQR) of the lower quartile and the maximum value within 1.5 IQR
of the upper quartile.
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prematurely born infants to develop BPD
(21). Thus, our pathway analysis of genes
identified via exome sequencing has identified
biologic pathways involved in BPD.

Expression Analysis of the Identified
BPD Candidate Genes
We postulated that if the identified gene
candidates were relevant to lung
pathophysiology in the prematurely born,
an increased expression in the developing
fetal human lung would be expected.
We therefore examined gene expression
profiling data from multiple human tissues
(22) and specifically investigated the
expression profiles of the identified genes in
lungs. As shown in Figure 4, expression
of the BPD candidate genes displayed
a marked elevation relative to all other
genes in the genome (P = 0.04; Wilcoxon
rank sum test), whereas the identified genes
from the individuals without BPD exhibited
similar expression levels with the
transcriptome background (P = 0.20;

Wilcoxon rank sum test). Taken together,
this comparison indicates the strong
candidacy of the identified genes in
BPD, and suggests that these BPD
candidate genes are important in lung
pathophysiology.

Because BPD in the post surfactant era
is characterized by alveolar simplification
(23), and comparable pathologic findings
can be induced in newborn rat pups
exposed to a hyperoxic environment (24),
we evaluated the BPD gene candidates
identified in our screen by examining their
expression pattern in the hyperoxic
newborn model that mimics BPD (25).
Microarrays were used to measure the
amount of mRNA in the lungs of
hyperoxia-exposed newborns and their
room air littermates (wild-type) at postnatal
Days 14 and 29 (P14 and P29, respectively).
We reanalyzed the transcriptomic
expression data (see METHODS) and mapped
the identified human genes onto their
unambiguous one-to-one mouse orthologs.

At both P14 and P29 the candidate genes
we identified in our BPD-affected infants
displayed a significant increase in their
expression in hyperoxia-exposed lungs
relative to levels in the transcriptome
background (P = 0.046 and 8.23 1023 for
P14 and P29, Wilcoxon rank sum test,
respectively) (Figures 5A and 5B). No
increase was seen in the genes identified in
the infants without BPD (P. 0.1 in both
P14 and P29). These comparisons thus
suggest that genes identified in our exome
sequencing screen were up-regulated in the
lung in response to increased oxygen
concentration. It is also important to note
that despite the overall trend, some individual
genes implicated in BPD might also exhibit
down-regulation on oxygen exposure,
representing different mechanisms of action.

Phenotypic Implications of the
Identified BPD Candidate Genes
Lastly, we attempted to systematically
determine the overall phenotypic
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consequences in mouse mutants of the genes
that were affected in BPD. We first
performed our analysis using MamPhEA
(26) and observed a significant enrichment
of the BPD candidate genes for growth/size
phenotype (MP [Mammalian Phenotype
identifier in the Mouse Genome
Informatics (MGI) database]: 0005378;
Bonferroni, P = 0.018), abnormal
embryogenesis and development (MP:
0001672; Bonferroni, P = 0.03), and
preweaning lethality (MP: 0010770;
Bonferroni, P = 0.024), whereas there was
no overall enrichment for the genes affected
in infants without BPD (Bonferroni,
P. 0.05). Because the MamPhEA system
computed the Bonferroni P values from
comparisons with every phenotype term
predefined in MGI, and most of these were
presumably irrelevant to BPD symptoms
(e.g., eye segment morphology, pigmentation,
and skin morphology), we examined a set
of several key phenotypes most relevant to
BPD including respiratory distress, cyanosis,
abnormal lung size, and abnormal breathing
pattern. We found that 10% of the affected
genes in patients with BPD were involved
in the term “cyanosis” compared with 3%

in the genome background (P = 7.853 1024;
Fisher exact test). The fraction was only
1.37% in the genes affected in the individuals
without BPD.

We also performed the mammalian
phenotypic enrichment test using EnrichR
(27), which computes enrichment signals for
phenotypic terms at the same ontology
hierarchies, allowing us to increase detection
sensitivity. As expected, the BPD candidate
genes were highly enriched for the terms of
abnormal respiratory systems morphology/
physiology (MP: 0002132 and 0002133,
with adjusted P = 9.013 1023 and 0.026,
respectively), whereas the genes affected
in infants without BPD did not show
enrichment for both terms (adjusted P> 0.1).
Collectively these analyses support the role of
the identified candidate genes in BPD risk,
and revealed potential functions in lung
development and associations with cyanosis.

Discussion

Previous GWAS studies were primarily
designed on the basis of the “the common
disease–common variant” hypothesis,

where common variants in the population
are expected to account for a large fraction
of disease risk. Although many common
variants have been identified through
GWAS for various complex diseases (28),
the limited success in BPD motivated us to
reexamine the common disease–common
variant hypothesis, and hypothesized that
rare variants could underlie the risk of
BPD. It is important to note that “rare”
single nucleotide variations are actually
very common in any one human’s
individual genome (29, 30). By exome
sequencing of DNAs extracted from
neonatal blood spots, we identified genes
that could be involved in the heritability
of BPD and also provide functional
implications through downstream
molecular characterizations.

Through our screen we prioritized
258 genes as candidates for BPD, indicating
a polygenic nature of this disease. We
observed that these candidate genes weremore
likely to be haploinsufficient, suggesting
dosage sensitivity of these genes, whereby their
heterozygous perturbations are likely linked
with BPD, and harboring a heterozygous
mutation in these genes is likely to increase
BPD susceptibility, suggesting phenotypic
dominance in this disease.

The identified mutations were highly
heterogeneous among infants with BPD;
however, our genomic analyses clearly
revealed a convergence of these seemingly
heterogeneous mutations onto common
genetic pathways relevant to BPD etiologies.
We showed that the affected genes were
significantly enriched for collagen fibril
organization, which supports the findings
from a previous study (31). These enriched
pathways, together with the significantly
up-regulated gene expression in lung of
BPD candidate genes, further elucidated
pathways associated with this disease, and
suggested that collagen fibril organization,
morphogenesis of embryonic epithelium,
and regulation of the Wnt signaling
pathway were heavily involved in the
development of BPD.

These findings were consistent with
the observation that infants with BPD
showed abnormal alveolarization and
decreased pulmonary microvascular
development in the lung (23). Notably,
the identified BPD candidate genes also
exhibited strong functional enrichment
for extracellular matrix organization
(Figure 3). By carefully examining the
14 affected genes annotated under this
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limits of the regions with regular scale. Outliers outside of the black dashed lines are visualized with
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term (ADAMTS3, COL12A1, COL5A2,
COL6A3, DMP1, FN1, ITGA1, ITGA2,
ITGA9, ITGB6, KDR, LAMB2, NID2, and
SDC2), we observed that most of these
proteins are collagens (COL12A1,
COL5A2, and COL6A3) or mediate
collagen binding, including the integrins
ITGA1, ITGA2, and ITGA9. Interestingly,
the ADAMTS3 (ADAM metallopeptidase
with thrombospondin type 1 motif, 3)
cleaves the propeptides of type II collagen
prior to fibril assembly (UniProtKB

annotation), and a deficiency of this
protein causes defects of connective tissues
(annotated by RefSeq). Similarly, FN1
(fibronectin 1) and NID2 (nidogen 2,
osteonidogen) interact with collagens at
the cell surface, but the latter also binds to
laminin and is involved in maintaining the
structure of the basement membrane
(annotated by RefSeq).

Another major constituent of the
basement membrane was also identified,
where LAMB2 interacts with integrins and

modulates the organization of cells into
tissues during embryonic development.
Among these genes, ITGB6 is a prominent
example, where its mouse mutant
exhibited abnormal respiratory systems
morphology and physiology (MGI
annotation). Earlier studies have suggested
the protein’s involvement in the
development of pulmonary emphysema,
which was caused by the overproduction
of elastolytic matrix metalloproteinase-12
resulting from integrin-mediated
transforming growth factor-b activation
(32). Taken together, despite the
seemingly heterogeneous mutations
identified in different individuals,
functional analyses of the affected genes
suggest convergent pathways underlying
BPD centered on the integrin and collagen
proteins.

To understand the molecular
functions of the identified genes, we
explored expression dynamics of these
identified BPD candidate genes with
a hyperoxic mouse model. We observed
increased expression of these genes on
high-level oxygen exposure in the
postnatal stages, and these observations
were concordant with their overall
phenotypic enrichment for the abnormal
respiratory systems morphology and
physiology in their respective mouse
mutants. However, it is also important to
note that although hyperoxia is one of the
most frequently used models both because
of its clinical relevance and ability to
reproduce the pathologic changes, the
molecular etiology of BPD might involve
many other mechanisms of action, and
thus molecular functions of the identified
genes should be studied in other relevant
experimental contexts in future. Moreover,
because mouse models might not fully
recapitulate the molecular causes of human
disease, the generality of our observations
on humans requires further investigation
in future.
This study, for the first time, analyzed
exomes from DNA extracted from dried
neonatal blood spots of infants with or
without BPD to unravel the heritability
of BPD and to identify candidate genes for
further validation. These more focused
genetic investigations on rare variants based
on high-throughput sequencing
substantially extend the genetic knowledge
of BPD and opens a new approach for
examining the genetics of diseases that
afflict infants and children. n
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Figure 5. Dynamic response of the identified bronchopulmonary dysplasia (BPD) candidate in a murine
BPD model. Lungs from hyperoxia-exposed animals at postnatal Day 14 (A) and 29 (B) demonstrated
a log2-fold increase in the messenger RNA (mRNA) abundance of BPD-related genes relative to the
transcriptome background (all the genes profiled) or genes identified in the non-BPD subjects. All P values
were derived from a comparison against the transcriptome background, and the reference line (dashed
horizontal red line) indicates the median mRNA abundance of the genes identified in patients with BPD.
The bottom and top of the boxes denote the first and third quartiles, respectively. The whiskers indicate
the minimal value within 1.5 interquartile range (IQR) of the lower quartile and the maximum value within
1.5 IQR of the upper quartile. The plus symbols represent outliers. The black dashed lines indicate
the lower and upper limits of the regions with regular scale. Outliers outside of the black dashed lines are
visualized with compressed scale in the regions surrounded by gray lines for better visualization.
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