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Education Gap
Bronchopulmonary dysplasia (BPD) remains a challenging complication of
prematurity for neonatologists. Although our understanding of this disease
process has increased over time, signiﬁcant attention has been paid to
modiﬁable factors such as antenatal steroids, as well as postnatal ventilation
and nutritional strategies. Still underappreciated, however, is the genetic
predisposition to the development of BPD. This article summarizes various
studies that have attempted to investigate gene-environment interactions
related to BPD.

Abstract
Bronchopulmonary dysplasia (BPD) remains a common and challenging
complication of prematurity, with limited effective strategies at the
neonatologist’s disposal. Throughout the years, our understanding of this
complex syndrome has broadened. Instead of solely attributing this disease
to the effects of prematurity and injuries to the lung from mechanical
ventilation, it is now accepted to be a multifactorial disease. Recent research
efforts have focused on investigating the gene-environment interactions that
may inﬂuence an infant’s susceptibility toward the development of BPD. So
far, success has been limited but promising, offering hope that in the future,
novel therapies will be available to ameliorate the risk for BPD.

Objectives

After completing this article, readers should be able to:

1. Explain the difference between “old” and “new” BPD.
2. Describe the contribution of genetics to the development of BPD.
3. Explain the proposed role of microRNA in the development of BPD.

INTRODUCTION
Bronchopulmonary dysplasia (BPD) is an extremely common chronic lung disease during infancy, and the incidence has continued to rise with the increasing
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survival of extremely premature neonates. (1) With limited
options for effective and sustained postnatal therapeutic
interventions, it continues to be a frustrating clinical syndrome for neonatologists. Initially described by Northway et al
in 1967, the advent of mechanical ventilation in preterm
neonates has led to an evolution of the deﬁnition and characteristics of BPD over the past 50 years. (2) Once thought to
predominantly stem from insults to the lung, BPD is now
believed to result from an impairment in lung development.
The “classic” form of BPD, characterized by airway injury,
pulmonary edema, inﬂammation, ﬁbrosis, and smooth muscle hypertrophy, was largely attributed to prolonged mechanical ventilation and oxygen exposure in the preterm infant. (3)
Over time, this has transitioned into the concept of “new”
BPD, characterized by a progressive deterioration in pulmonary function, a signiﬁcant decrease in alveolarization and
vasculogenesis, and heterogeneous, coarse densities in the
lungs. (1)(4)(5) Since June 2000, the diagnosis of BPD has
changed from an assessment of an oxygen requirement at 28
days of age, to the current severity-based stratiﬁcation occurring at 36 weeks’ postmenstrual age, which deﬁnes BPD
based on the infant’s ongoing need for respiratory support. (6)
(7) However, despite this more nuanced deﬁnition, it has
become apparent that BPD is a diverse and variable disease,
not only between infants, but even within the same infant
throughout his or her clinical course.
The morbidity and mortality associated with BPD is
signiﬁcant, with affected infants showing persistent pulmonary impairment even as children and adults. Infants with
BPD have a higher risk of developing asthma and of
requiring hospitalization for pulmonary exacerbations, as
well as developmental disorders, all leading to higher healthcare costs. (1) Consequently, many studies have focused on
addressing the pathophysiology of BPD and its possible
management. Despite advances in neonatal-perinatal medicine, including antenatal steroid use, postnatal surfactant
therapy, and various ventilation strategies, BPD remains a
serious and persistent clinical problem. (8) As with other
common complications of prematurity, the development of
BPD is multifactorial, with an infant’s predisposition, outcome severity, and treatment response widely believed to be
affected by complex gene-environment interactions. As
such, various approaches have aimed at identifying speciﬁc
genes or pathways that could be implicated in the development of BPD.

TWIN STUDIES AND BPD
Multiple studies have used twin cohorts to address genetic
and environmental inﬂuences on preterm birth outcomes,

including BPD. Although some researchers have looked at
the effects of birth order, gender, and intrauterine growth
restriction on mortality and morbidity rates of very-lowbirthweight (VLBW) twins, in 1996, Parker et al was one of
the ﬁrst groups to retrospectively examine the occurrence of
BPD among twins. (9) Even after adjusting for birthweight,
gestational age, gender, severity of respiratory distress syndrome, patent ductus arteriosus, pneumothorax, infection,
and antenatal steroids using multiple logistic regression
modeling in 108 VLBW twin pairs, the authors showed that
there was signiﬁcant concordance of BPD status between
twins. (9) When BPD was diagnosed in the ﬁrst-born twin, it
also occurred in 65% of the second-born twins. In contrast,
when BPD was not diagnosed in the ﬁrst-born twin, only 8%
of the second-born twins were diagnosed with BPD. (9)
Although zygosity could not be established to delineate the
effects of genetics from shared environmental factors, this
novel study strongly suggested that BPD has a genetic
component.
In 2006, Bhandari et al expanded this hypothesis by
investigating 252 preterm twin pairs across 4 institutions.
(10) Not only was the concordant development of BPD
between twins supported, but the authors also analyzed a
subgroup for which zygosity was available. Although twins
typically share the same in utero environment and often
similar postnatal treatments, monozygotic twins are unique
in having a higher number of shared genes compared with
dizygotic twins. Therefore, a higher incidence of similarities
between monozygotic twins implies the presence of a
genetic component. After adjusting for multiple demographic factors, Bhandari et al demonstrated that monozygotic twins were more likely than dizygotic twins to
develop BPD and require a longer stay in the NICU. (10)
They showed that genetic factors are a signiﬁcant contributor to BPD, proposing that these factors account for 53% of
the observed variance. (10)
A new deﬁnition of BPD was proposed in 2000 by the
National Institute of Child Health and Human Development (NICHD)/National Heart, Lung, and Blood Institute
Workshop based on gestational age and severity (which was
clinically validated by Ehrenkranz et al in 2005). (6)(7)
Lavoie et al estimated heritability in 159 preterm twin pairs
by calculating the contributions of genetic, shared environmental, and nonshared environmental factors. Using
model-ﬁtting analyses, the authors found an even stronger
genetic component for 36-week oxygen need-based BPD
and NICHD-deﬁned BPD compared with previous studies.
(11) However, a 2018 study by Parad et al using chorionicity
as an indicator of zygosity showed no signiﬁcant heritability
pattern in 183 preterm twin pairs. (12) The infants included
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in this study were born at lower gestational ages and birthweights compared with infants in previous studies. The role
of genetics in the development of BPD continues to be an
ongoing topic of research. A response letter by Bhandari et al
has been accepted for publication by the Journal of Pediatrics
(direct communication, January 2019). Overall, the heritability component from most of these twin studies is estimated to be between 50% and 80%, strongly suggesting that
genetic inﬂuences play a role in the development of BPD.
Despite this, no speciﬁc genes or heritable factors have been
successfully identiﬁed.

GENETIC STUDIES AND BPD
The human genome is a complex organization of approximately 20,000 genes that encode proteins, as well as a
variety of noncoding regulatory components. Only about
0.1% of the genome differs between individuals, contributing to variability. This manifests phenotypically with variations in characteristics such as height or eye color but is also
thought to contribute to differences in disease susceptibility.
Although some disease-causing mutations are severe, these
typically occur in speciﬁc genes and are overall rare. Much
more prevalent, but less understood, are minor sequence
variations that may have subtle inﬂuences on the predisposition to disease development. The most common of these
are single nucleotide polymorphisms (SNPs), which are
individual base-pair substitutions that occur in approximately 1 in 1,000 base pairs. Starting in 2002, international
researchers collaborated to create a haplotype map, known
as the International HapMap Project (https://www.genome.
gov/10001688/international-hapmap-project), which was
aimed at cataloging common SNP variations in the human
genome.
Genome-wide association (GWA) studies are used to
widely examine millions of SNPs between a “diseased”
population and a “control” population, and have been successfully used in diseases such as diabetes, Crohn disease,
and coronary artery disease. (13) This is inherently more
difﬁcult in the analysis of BPD because GWA studies are
dependent on a large sample size and the presumption that
the at-risk, or diseased, alleles, will be passed on to the
patients’ offspring often enough to affect the frequency.
However, BPD is a major cause of neonatal mortality,
limiting the inheritability rate of the at-risk alleles.
To date, 3 GWA studies on BPD have been published. In
2011, Hadchouel et al analyzed 418 extremely premature
infants of Caucasian-French or African-French descent, and
found that allele C of the rs1245560 SNP of the SPOCK2
(SPARC/osteonectin, CWCV, and Kazal-like domains
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proteoglycan 2) gene was signiﬁcantly associated with moderate-severe BPD even after adjustment for perinatal factors.
(14) These ﬁndings were replicated in a Finnish cohort by
the same authors, who also showed that SPOCK2 mRNA
was signiﬁcantly increased during the alveolar stage of
development in rat pups, particularly when they were
exposed to hyperoxia. (14) Wang et al performed a GWA
study on 1,726 VLBW extremely premature infants, predominantly of Mexican-Hispanic origin. Their data did not
show any SNP to have a statistically signiﬁcant association
with BPD, including those from prior studies. (15) The most
recent study, by Ambalavanan et al, used 834 infants to
combine their GWA with pathway-based approaches,
including early death as a competing outcome for BPD.
No SNP was found to be signiﬁcant in any of their comparisons, but a few were close to statistical signiﬁcance,
including adenosine deaminase (ADARB2) and CD44.
However, their data were notable for the implication that
the pathways associated with severe BPD or overall death are
different from those for mild or moderate BPD. (16)
In contrast to GWA research, candidate gene studies
focus on polymorphisms for speciﬁc genes that are hypothesized to be involved in the development of particular
diseases. In the case of BPD, success has been limited,
partly because of small sample sizes but also the prevailing
idea that BPD is likely to be polygenic. There are published
results for genes encoding for surfactant proteins, mannose-binding lectin, tumor necrosis factor, interferon g,
angiotensin-converting enzyme, interleukins, growth factors, superoxide dismutases, toll-like receptors, macrophage
migration inhibitory factor, human leukocyte antigens, and
vascular endothelial growth factor, among others. Overall,
these have had inconsistent results. Although some studies
may express signiﬁcant results for a particular gene, the
results have generally not been reproducible, with statistical
signiﬁcance eliminated when using larger sample sizes in
follow-up studies. (17)

MICRORNAS AND BPD
A more recent genetic approach has focused on small
genomic components known as microRNAs (miRNAs),
which are a relatively new family. First discovered in the
1990s in Caenorhabditis elegans, miRNAs are endogenous,
single-stranded, noncoding RNAs that are only about 20
nucleotides in length. It was initially believed that there
were approximately 200 to 1,000 miRNA genes in the
mammalian genome, contributing to 1% to 3% of known
genes, but as of 2018, there are more than 2,000 just in the
human genome. (18) Recent discoveries have shown that
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after transcription and processing in the nucleus, and
subsequent exportation to the cytosol, mature miRNA is
incorporated into the RNA-induced silencing complex
(RISC). The RISC post-transcriptionally regulates gene
expression via partial or complete complementarity to
the 39 untranslated region of target mRNA molecules.
Depending on the level of complementarity, this process
results in an inhibition of the initiation of translation, an
inhibition of peptide elongation, or an induction of mRNA
degradation (Fig). (19)(20) In the past 2 decades, miRNAs
have been found to play important roles in various biological processes such as developmental timing, proliferation, differentiation, signaling, inﬂammation, tissue
morphogenesis, and cell death. In addition, they have
been implicated in a wide variety of diseases, such as
cancer, cardiovascular diseases, and a number of childhood diseases, including pediatric respiratory diseases.
Early studies have shown a change in expression of a few
miRNAs during lung development. (21)
A meta-analysis of 3 independent studies found that a
number of miRNAs showed changes in expression when
BPD lung tissues were compared with control groups. (22)
Dravet-Gounot et al identiﬁed 13 miRNAs with differential
expression between the lungs of rat pups with intrauterine
growth restriction and control rat pups, with their data
suggesting that the changes in lung miRNA would impair

alveolarization. (23) Subsequent studies in mice identiﬁed
miRNA-489 as a possible inhibitor of alveolar septation, (24)
while miRNA-29b supplementation improved alveolarization. (25)
In 2015, Rogers et al showed that expression of the
miRNA-17w92 cluster, which contains 6 individual
miRNAs, is signiﬁcantly decreased in autopsy lung tissues
of infants who died with BPD, and in the plasma of infants
subsequently diagnosed with BPD, compared with control
infants. (26) It has previously been shown that the miRNA17w92 cluster is essential to normal lung growth and development, and that whole-genome miRNA-17w92 cluster
deletion is lethal because of an inability to develop lung
epithelial cells. (26) A subsequent study correlated the
severity of BPD to the level of decrease in the expression
of the miRNA-17w92 cluster, with the most signiﬁcant
decreases seen in infants diagnosed with severe BPD. (27)
Syed et al demonstrated that miR-34a levels are significantly increased both in the lungs of neonatal mice and in
type 2 alveolar epithelial cells of infants exposed to hyperoxia. (28) In addition, miR-34a overexpression worsens the
pulmonary phenotype and BPD-associated pulmonary arterial hypertension in BPD mouse models. (28)
Most recently, a number of miRNAs have been implicated in the regulation of a process known as macroautophagy (hereafter referred to as autophagy) and these

Figure. MicroRNA schematic. MicroRNAs are small, endogenous, noncoding RNAs that post-transcriptionally regulate gene expression via partial or
complete complementarity to the 39 untranslated region of target mRNA molecules. This process results in an inhibition of the initiation of translation,
an inhibition of peptide elongation, or an induction of mRNA degradation.
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miRNAs are beginning to be considered as novel therapeutic targets for lung diseases. (29) It has been previously
shown that autophagy is induced by hyperoxia in lung
epithelial cells and neonatal mouse lungs, and thus,
appears to play an important, protective, antiapoptotic role
in the development of BPD. (30) It has been reported that
autophagy can inhibit or promote cell death in both
developmental and diseased conditions, including cancer,
neurodegenerative disorders, and metabolic and infectious diseases. (31) The deletion of essential autophagy
genes (beclin [BECN] 1, and autophagy-related [ATG] 5) in
mice causes early embryonic or neonatal lethality, underscoring the importance of autophagy to the developmental
process. Researchers also believe that autophagy is involved
in the pathogenesis of various preclinical models of pulmonary diseases, in cell lines and the murine model, as well as
in humans. (30)
The complex process of autophagy is regulated by a
diverse network that consists of different signaling pathways and autophagy-related genes, which were ﬁrst discovered in the 1990s in yeast. Much of the known regulation
occurs at the post-translational level, predominantly via
phosphorylation or acetylation, but transcriptional control
of autophagy genes is an area of more recent research.
Recent literature has focused on the regulation of autophagy
via miRNAs. (29) Preliminary data presented at American
Thoracic Society in 2018 proposed that miRNA-99 modulates autophagy by speciﬁcally targeting the protein kinase
B/mechanistic target of rapamycin signaling pathway,
which is known to be a negative regulator in the initiation
of the autophagy pathway. (32)

American Board of Pediatrics
Neonatal-Perinatal Content
Speciﬁcations
• Know the pathogenesis, pathophysiology, and pathologic
features of bronchopulmonary dysplasia/chronic lung disease.
• Know the prenatal and postnatal risk factors for
bronchopulmonary dysplasia/chronic lung disease and be aware
of various preventive strategies.
• Know the management of bronchopulmonary dysplasia/chronic
lung disease.
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1. In investigations to assess the potential contribution of genetic factors that may play a role
in the development of conditions such as bronchopulmonary dysplasia, the concordance
of twin pairs in having the condition can give an indication of genetic risk. Which of the
following principles is most relevant and applicable when evaluating such studies?

NOTE: Learners can take
NeoReviews quizzes and
claim credit online only
at: http://Neoreviews.org.

A. While it is an interesting hypothesis, there have been no studies that have
demonstrated twin concordance in the development of bronchopulmonary
dysplasia.
B. Twin studies cannot inform the question on genetic risk for bronchopulmonary
dysplasia, because it is not possible to distinguish whether genetic factors or
inﬂammatory factors contribute to disease concordance.
C. Monozygotic twins are unique in having a higher number of shared genes
compared with dizygotic twins, and therefore, a higher incidence of similarities
between monozygotic twins implies that a genetic component is present when
there is higher disease concordance.
D. Although twin studies for bronchopulmonary dysplasia vary in the incidence of
outcomes, heritability patterns appear to be strongest in the lowest birthweight
and earliest gestational age categories.
E. Although epidemiologic twin studies have been inconclusive with regard to
heritability patterns for bronchopulmonary dysplasia, several genes have
been found that appear to have a predisposition for both twinning and
bronchopulmonary dysplasia.
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2. Genome-wide association studies to investigate bronchopulmonary dysplasia have
examined millions of single nucleotide polymorphisms (SNPs) between those who have
disease and those who do not. Which of the following statements concerning these studies
is correct?
A. SNPs are base-pair substitutions that occur in approximately 1 in 1,000 base pairs.
B. SNPs represent major mutations that tend to have multiple downstream effects in
several organ systems.
C. Several genome-wide association studies have consistently shown that an SNP now
labeled as the BPD1000 gene is a strong risk factor for the development of
bronchopulmonary dysplasia.
D. An underlying principle of studies investigating SNP variation is that 99% of the
genome differs among individuals.
E. A challenge in these studies is that there has been no uniform effort to catalog
common SNP variations in the human genome.
3. In an effort to elucidate mechanisms of disease progression of bronchopulmonary
dysplasia, candidate gene studies have been performed. Which of the following
statements concerning these studies is correct?
A. Candidate gene studies use the variation in SNPs among individuals to identify the
genetic link to disease.
B. Success of these studies has been limited partly because of small sample sizes and
also the likelihood that bronchopulmonary dysplasia is likely to be polygenic.
C. The strongest link to bronchopulmonary dysplasia has been to genes encoding for
atrial natriuretic factor.
D. Mutations in the PE-BPD1 gene have been associated with both preeclampsia in the
mother and bronchopulmonary dysplasia in the infant.
E. Candidate gene studies can be easier to perform than other genetic studies in
that a speciﬁc candidate does not need to be identiﬁed before performing testing.
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4. A method of studying genetic contributions to bronchopulmonary dysplasia is using
microRNAs. Which of the following statements describes this method correctly?
A. microRNAs are derived from commensal bacteria.
B. microRNAs are coding segments that speciﬁcally relate only to cell nucleus function
and structure.
C. microRNAs are typically 100 to 200 nucleotides in length.
D. There are more than 2,000 microRNAs in the human genome.
E. After transcription and processing in the nucleus, mature microRNAs remain solely
in the nucleus, where they bind to other DNA and RNA segments.
5. In relation to genetic studies on bronchopulmonary dysplasia, the process of autophagy
has been implicated in pulmonary disease. Which statement correctly describes the
process of autophagy?
A. Autophagy appears to be induced by hyperoxia in lung epithelial cells and neonatal
mouse lungs, and may play an important, protective, antiapoptotic role in the
development of bronchopulmonary dysplasia.
B. Autophagy is always a promoter of cell death and only functions in diseased
conditions.
C. The regulation of autophagy occurs exclusively at the pretranslational level.
D. Autophagy appears to function independently from microRNAs.
E. Autophagy has replaced the term “apoptosis” to signify programmed cell death.
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