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Abstract

Purpose of review—According to recent evidence, susceptibility to bronchopulmonary
dysplasia (BPD) in preterm infants is predominantly inherited. The purpose of this review is to
discuss current published genetic association studies in light of the accumulated knowledge in
genomics.

Recent findings—Major advances in the development of next generation genotyping and
sequencing platforms, statistical methodologies, inventories of functional outcome of some
common genetic polymorphisms and large scale cataloguing of genetic variability among many of
the world’s ethnic populations have greatly facilitated the study of polygenic conditions. For BPD,
genetic association studies have primarily focused on components of innate (e.qg. first-line)
immune and anti-oxidant defences, mechanisms of vascular and lung remodelling, and surfactant
proteins. However, studies have been limited in sample size and therefore fraught with a high
probability of false-positive and false-negative associations. Nonetheless, candidate gene
associations have indicated some novel biological pathways and provide a conceptual framework
for the design of larger, collaborative population-based studies.

Summary—Although studies to date have not been able to identify reproducible genetic risk
markers for BPD, they have directed us towards new, promising research avenues.
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Introduction

Over the last few decades, advances in neonatal care have greatly improved pulmonary

outcomes and reduced mortality in preterm infants. In spite of these efforts, BPD remains a
serious and common complication of prematurity. Over 10,000 infants are affected by BPD
annually in North America and consequently, are at higher risk of respiratory morbidity (up
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to 50% risk of hospitalization in the first year of life) and mortality in early childhood [1].
Children with BPD are also at a 2 to 3-fold higher risk of long-term neurodevelopmental
disability [2].

Recent studies have highlighted the contribution of heredity to BPD susceptibility which led
to an important paradigm shift in the field. It was originally believed that the disease was
mainly due to the lung damaging effects of life-saving respiratory support therapies.
However, recent observations have demonstrated that BPD nowadays occurs predominantly
in most immature preterm infants and appears to arise relatively independent of exposure to
supplemental oxygen and endotracheal ventilation [3]. A major implication of these findings
is that practice changes aiming to minimize environmental stressors are unlikely to be
sufficient to eradicate BPD or perhaps even to substantially impact on its incidence [4]. This
model greatly enhances the relevance of more fundamental research aimed at identifying key
genetic and biological pathways implicated in lung injury and development, with the
promise that illumination of these pathways will guide the development of innovative
therapies to reduce BPD.

Complexity of the human genome

The human genome includes over 20,000 genes encoding proteins and several non-coding,
regulatory elements. The vast majority of this genetic information is identical among
individuals, although about 0.1% of DNA base pairs differ, and such variability likely affects
disease susceptibility. Genetic variation can take multiple forms but the most common are
single nucleotide polymorphisms (SNP; pronounced “snip”), which occur at a frequency of
approximately 1/300 base pairs (totaling approximately 10,000,000 SNPs in the human
genome). Although the majority of SNPs are believed not to have a direct physiological
outcome, they are responsible for 68% of the 85,558 human inherited disease
polymorphisms according to recent data from the Human Gene Mutation Database [5].

SNPs differ from traditional disease-causing mutations in that they tend to be far more
common (i.e. allelic frequency >1% in general population) and are expected to have only
relatively modest effects on disease susceptibility. The extent of this genetic variability raises
issues related to our understanding of their combined biological impact and interactions with
environmental factors. This led to considerable technological and statistical developments
along with recently improved high-throughput genotyping [6] and next generation DNA
sequencing platforms [7], to the creation of a large catalogue of common human
polymorphisms across three ethnic groups (The HapMap Project; http://www.hapmap.org/)
[8]. The identification of reference SNPs capable of capturing the majority of genomic
variability (“tag-SNPs”) has also contributed to the optimization of the number of SNPs that
are needed to conduct genome-wide association studies [9]. However, obstacles remain,
specifically regarding access to sufficiently large and well characterized at-risk cohorts to
conduct well-powered analyses.

Curr Opin Pediatr. Author manuscript; available in PMC 2016 November 10.


http://www.hapmap.org/

1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Lavoie and Dubé Page 3

Recent advances in genomics and application to polygenic conditions

Familial pedigrees have traditionally provided a powerful tool for gene discovery of highly
penetrant genetic traits [5]. However for the analysis of complex diseases, interests have
shifted toward population-based association studies. Two main approaches can be used when
searching for the genetic determinants of disease by association studies. Candlidate-gene
studies use a set of polymorphisms selected based on existing knowledge of their biological
mechanism of action, hinting at their possible implication in the disease of interest. This
approach has the advantage of focusing resources on a manageable number of
polymorphisms that are likely to be important. This increases detection power and reduces
the false positive rate, which may be critically advantageous in the study of small size
preterm populations.

Genome-wide association studies (GWAS) typically rely on a large (>300,000) humber of
SNPs to search anonymously throughout the entire genome, without a priori assumptions
about the mechanism of disease. Although GWAS are powerful gene discovery tools, they
are also limited in the spectrum of genetic variation they can survey. They depend on the
assumption that an underlying disease marker will be correlated (i.e. in linkage
disequilibrium) with one or a few of the SNPs being tested, in a sufficiently strong and
detectable way. The success in GWAS has been seen in nearly all complex human
phenotypes, for either continuous or discrete traits. A public database of the National Human
Genome Research Institute (http://www.genome.gov/gwastudies/) currently lists 421
published GWAS involving 1935 SNPs. Typically, the effect sizes of the majority of disease
risk variants identified by genetic association tend to be very small, increasing liability by
~10-30% [10].

The size of the study population has great impact on the success of genetic association
studies and for obvious reasons, has greatly limited the study of conditions affecting preterm
infants. Altshuler and colleagues have shown that for GWAS, 1500 cases and an equal
number of controls provide 90% statistical power to detect an allele (which has a 30%
population frequency) for a variant conveying a relative 50% increase in disease risk. In
contrast, in GWAS using exon sequencing data, 330 cases and an equal number of controls
would provide 90% power to detect a gene in which rare polymorphisms (population
frequency of 1%) convey a relative 8-fold increase in disease risk [11].

When testing many polymorphisms in an association study, it is necessary to adjust the
threshold of statistical significance to control for the false positive rate from multiple
comparisons. Dense genome-wide scans of common polymorphisms typically involve the
equivalent of approximately 1 million independent hypotheses [12]. A significance level of P
=5x1078 thus represents a finding expected by chance once in 20 GWAS. In candidate gene
studies, some polymorphisms tested are in linkage disequilibrium with one another and as
such, the Bonferroni method frequently overestimates the correction for multiple testing
[13]. Common procedures to address this problem have been developed: Monte Carlo
procedures [14], global multivariate corrections [13] and empirical Bayes shrinkage
estimates [15]. Meta-analyses have also become a popular and successful approach to
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identify genes of modest effect size [16,17]. To this end, the use of conventional, validated
case definitions is imperative.

Genetic associations for BPD: current state of knowledge

Heritability of BPD was first inferred from evidence of racial disparities in disease
susceptibility [18,19]. Parker first suggested a genetic contribution to BPD by demonstrating
higher concordance within pairs of affected siblings, although their analysis could not
account for potential unidentified familial factors shared within sibling pairs [20]. The
concept of a hereditary susceptibility to BPD was strengthened by recent twin studies
demonstrating that at least half of the observed susceptibility to BPD could be attributed to
genetic factors [21,22]. These findings were also corroborated using surrogate case
definitions having better long-term prognostic value and therefore enhanced the clinical
relevance of genetic associations [22].

Based on current proposed mechanisms of BPD, association studies have mainly focused on
candidate genes encoding components of innate (e.g. first-line) immune and anti-oxidant
defences, mechanisms of vascular and lung remodelling, as well as on genes coding for
surfactant proteins. However, published case-control comparisons have small samples sizes
often marginally powered to detect genetic effects of an anticipated modest penetrance,
producing a potentially large number of false positive results. Furthermore, due to the small
size of the cohorts relative risks attributable to genetic polymorphisms, in most cases, could
not be precisely estimated.

Polymorphisms in the tumour necrosis factor-a (TNF-a)) gene have been most studied.
TNF-a is mainly produced by mononuclear phagocytes and is a potent mediator of acute
inflammation. Levels of TNF-a are increased early on in tracheal aspirates of preterm
infants who develop BPD (generally defined here as supplemental oxygen-dependence at 36
weeks of post-menstrual age) and pilot trials indicated a possible clinical therapeutic benefit
from TNF-a inhibitors [23]. The 7A/F-a gene is located in the most polymorphic region of
the human genome: the human leukocyte antigen (HLA) locus on chromosome 6. Two best
studied nucleotide substitutions in the TNF-a gene gained particular attention due to their
functional impact on cytokine levels /n vitro[24,25]. In preterm infants, initial studies
revealed a potential role of a hypofunctional allele for the =308 SNP (in reference to its
position upstream of the gene transcription initiation site) on BPD susceptibility. However,
this interaction did not remain significant (OR 1.04; 95%CI 0.85 to 1.25) when 804 at-risk
preterm infants were combined in a meta-analysis [17]. Similarly, another —238 7TNF-a
hypofunctional allele was significantly underrepresented in preterm infants with more severe
BPD [26]. However, this observation also failed to be replicated in two independent cohorts,
suggesting it may have occurred by chance [27,28].

Surfactant proteins are essential to lung physiology by lowering the surface tension in the
terminal air space and preventing alveolar collapse. In addition, surfactant proteins play an
important role in innate immune defences. Previous studies reported positive associations
between surfactant protein gene polymorphisms and respiratory distress syndrome in
preterm infants [29], prompting additional investigations in BPD. In explorative analyses in
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a Finnish cohort of singletons and first born twins, a length variation in the surfactant
protein-B gene (SP-B), consisting of a variable number of CA nucleotide-rich microsatellite
repeat sequences (termed SP-B i4A), appeared to have a modest influence on BPD [30].
Interestingly, variable deletions of this CA-rich sequence lead to abnormal splicing of the
SP-B mRNA, and possibly also abnormal protein expression in cell lines [31]. In another
study, which included 71 infants with mild or moderate BPD, family-based tests were used
to determine associations with microsatellite markers within the surfactant protein-A, B, C
and D gene loci [32]. Several associations were detected in this study [32]. However, this
study lacked sufficient details to evaluate potential population biases. Also, an association
with an allele in the glutathione-S-Transferase-P1 anti-oxidant defence gene was reported,
but this association did not remain significant after correcting for confounders [33].

Mannose-binding lectin (MBL2) is a serum protein involved in innate immunity, which
binds carbohydrate moieties at the surface of microbes where it can activate the complement
system and facilitate opsonisation. As neonates critically depend on their innate immune
defences for fighting micro-organisms and as infection is a strong risk factor for the
development of BPD, a role for genetic variants in MBL2 appeared plausible in BPD. In
humans, three common SNPs in exon 1 of the MBLZ2 gene significantly reduce serum
protein levels, affect protein oligomerization and have been linked to an increased risk of
infections [34]. In preterm infants, MBL2 gene variants predicted to decrease protein
function were shown to be associated with an increased risk of BPD, but were not
corroborated in independent studies [35,36]. Although studies may indicate a role for SP-B
or MBL in susceptibility to BPD, further studies are required to determine whether
alterations in these protein can be detected in preterm infants with BPD [37].

Gene-targeted replacement of vascular endothelial growth factor (VEGF) promotes lung
angiogenesis and prevents alveolar damage due to hyperoxia in animal models, indicating a
potential role in BPD [38]. In a Caucasian at-risk Polish preterm cohort, a VEGF -460C
promoter allele was associated with a dose-dependent reduction in risk of BPD, although it
lacked evidence of effect on serum VEGF levels in preterm infants [39]. Matrix
metalloproteinases (MMP) also play a role in lung embryogenesis and repair following
injury. Recently, a role for MMP16 in BPD pathogenesis has been proposed based on lung
alterations in the relative abundance of alternatively spliced isoforms of the protein
following exposure to hyperoxia [40]. Interestingly, minor alleles for two SNPs co-
segregating with other polymorphisms located in the MMP16 hemopexin protein domain
(potentially involved in alternate splicing of the MMP16 mRNA), were shown to be
underrepresented in preterm infants with BPD [40]. These SNPs were also associated with a
significant reduction in MMP16 protein levels in tracheal aspirates of preterm infants with
BPD [40]. The MMP16 endopeptidase catalyses activation of gelatinase A which is an
important down-stream mediator of vascular remodelling. Consistent with a role for MMPs
in the pathogenesis of BPD, the activity of gelatinase A also appears reduced in preterm
infants with BPD [41]. Additional studies are required to determine the direct functional
impact of these two SNPs on MMP16 activity and lung remodelling.

In one of the largest neonatal genetic studies aimed at identifying homeostasis variants
influencing the risk of brain injury in a cohort of 1008 very low birth weight infants, a
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significant association was detected between an insertion/deletion variant at position 323 in
the coagulation factor VII gene promoter and BPD, in post-hoc analyses [42]. Although this
polymorphism appears to affect factor VIl coagulant activity in healthy subjects, the
significance of this surprising association is obscure [43]. Similarly, an intronic repeat
sequence variant within the angiotensin-converting enzyme gene was shown to influence
BPD susceptibility [44], but again findings could not be replicated [45]. Other associations
with polymorphisms in genes encoding for cytokines critical to the development of adaptive
immune responses (i.e. interferon-y and interleukin-12) as well as in the extracellular matrix
receptor dystroglycan gene have been reported, but the functional relevance of these
observations is unclear [46,47].

Altogether, these studies illustrate the enormous challenge faced in trying to identify robust
genetic contributions to multi-factorial diseases such as BPD. Undetected or unaccounted
heterogeneity in population structure may result in biases, which may be particularly
relevant when the magnitude of the genetic effect is expected to be small. Ethnic
heterogeneity may also contribute to discrepancies observed among studies as implied from
recent data from The HapMap Project, which identifies substantial differences in haplotypes
(i.e. blocks of larger genome areas defined by sets of highly co-segregating allelic variants)
among individuals of Asian, Caucasian and African descent [48]. Racial admixture can be
controlled by statistically matching groups according to the subjects’ ethnicity.
Heterogeneity in clinical practices among neonatal intensive care units may also affect the
relative contribution of genetic factors and therefore complicates the replication of findings.

In order to ascertain bias and correct for population substructure, one can use relatives of
cases in family-based methods such as the transmission disequilibrium test (TDT) [49].
Additional methods have been proposed, including principal component analyses (a
technique which makes inferences solely on the basis of clustering within the genetic data
[50]), the method of genomic control, which relies on control polymorphisms having “null”
effects randomly chosen across the genome [51], as well as other methods of clustering [52]
and latent population stratification [53]. In most cases, independent replication of results in
association or family-based samples is crucial [54].

Concluding remarks

Most candidate genes associations studies reported to date with BPD require independent
confirmation. However, genetic studies remain powerful, relatively non-invasive approaches
for elucidating disease processes [55]. Identification of gene markers in future large multi-
centric, well-characterized populations may help more judiciously select at-risk infants who
are most likely to benefit from interventions and therefore avoid harmful side-effects in
lower-risk groups [56].
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BPD bronchopulmonary dysplasia
GWAS genome wide association study
HLA human leukocyte antigen

MBL Mannose-binding lectin

MMP Matrix metalloproteinases

SNP single nucleotide polymorphism
SP-B Surfactant protein-B

TDT transmission disequilibrium test
TNF-a Tumour necrosis factor-a

VEGF vascular endothelial growth factor
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