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Background: Bronchopulmonary dysplasia (BPD) is the most common chronic lung disease in infancy, affecting
preterm childrenwith low birthweight. The disease has amultifactorial aetiologywith a significant genetic com-
ponent; until now published association studies have identified several candidate genes but only few of these
data has been replicated. In this pilot study, we approached exome sequencing aimed at identifying non-
common variants, which are expected to have a stronger phenotypic effect.
Materials andmethods:Weperformed this study on 26 Italian severely affectedBPDpretermunrelated newborns,
homogeneously selected from a large prospective cohort. We used an Illumina HiSeq 2000 for sequencing. Data
analysiswas focussed on genes previously associated to BPD susceptibility and to new candidates in related path-
ways, highlighted by a prioritization analysis performed using ToppGene Suite.

Results: By exome sequencing,we identified 3369 novel variants, with amedian of 400 variations per sample. The
top candidate genes highlighted were NOS2, MMP1, CRP, LBP and the toll-like receptor (TLR) family. All of them
have been confirmed with Sanger sequencing.
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Conclusions: Potential candidate genes have been discovered in this preliminary study; the pathogenic role of
identified variants will need to be confirmed with functional and segregation studies and possibly with further
methods, able to evaluate the collective influence of rare variants.
Moreover, additional candidates will be tested and genetic analysis will be extended to all affected children.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, next generation sequencing (NGS) technology has
been exploited to gain insight into human genetic field, identifying
new variants with functional and pathological relevance. With NGS,
whole exome can be sequenced in a short time for reasonably low cost.
Exome sequencing explores both common and rare coding variants,
which may impact directly on the protein's structure and function. This
application can represent a great challenge to identify new candidate
genes not only in Mendelian but also in complex diseases, whose associ-
ated susceptibility loci are still unknown. In complex diseases numerous
genome-wide association studies have been performed to explore the
role of common genetic variants but theywere able to explain only a rel-
atively small proportion of heritability. Indeed association of a single
rare variant with a phenotype requires enormous sample sizes, and
methods to evaluate the collective influences of rare variants across a
gene or across multiple genes in the same pathway are being developed
[1]. In this study, we exploited the great potential of NGS to identify new
causative variants associated to bronchopulmonary dysplasia (BPD)
susceptibility.

BPD is themost common chronic lung disease in preterm newborns
[2]. It affects about 30% of surviving infants and it is related to gestation-
al age (GA; 22–28weeks) and birthweight (501–1500 g) [3,4]. BPDwas
initially described as a chronic lung disease caused by injury of mechan-
ical ventilation and oxygen exposure. Such a disease occurred in rela-
tively large premature infants and was histologically characterized by
intense airway inflammation and lung fibrosis. Since 1990 this respira-
tory disease defined as “old BPD” has been replaced by the “new BPD”
that occurs in very low birthweight infants, whose survival rate has sig-
nificantly improved by the advancement of perinatal care including an-
tenatal steroids, routine surfactant replacement, and introduction of less
invasive ventilation modalities. Unlike the original form of the disease,
this new form often develops in preterm newborns, who may have
needed little or no ventilator support and had low inspired oxygen con-
centrations during the postnatal period. At autopsy, lung histology of
these infants has regions of more uniform and milder injury, but im-
paired alveolar and vascular growth remains prominent [5]. From a clin-
ical point of view there are three different forms of severity of the
clinical phenotype (mild, moderate and severe), classified according to
Jobe and Bancalari consensus criteria [6]. BPD surely has amultifactorial
aetiology and today it is clear that genetic predisposition plays a critical
role in BPD pathogenesis, particularly in association with lower gesta-
tional age mostly in moderate and severe BPD forms [7,8]. In the past
years, several association studies have been performed to discover ge-
netic variants associated with BPD, either on a chosen set of SNPs/
genes or on whole genome. Association studies on candidates were fo-
cused on genes encoding surfactant proteins, genes involved in vascular
development, inflammation-related genes, matrix remodelling pro-
teins, adhesion molecules, and antioxidant enzymes [7,9]. All of them
focused onmoderate and severe BPDs, considering that extremepheno-
type has a stronger genetic susceptibility [7,9]. Results were encourag-
ing but few of these studies have been replicated and in most of them
there was a limited statistical power because of the small sample size.
To improve the current knowledge on the genetic basis of BPD, we
exploited the next generation sequencing (NGS) technology. At first
we performed a pilot exome analysis on 26 severely-BPD affected pa-
tients; these patients have an extreme phenotype and our hypothesis
is to have a higher chance to detect rare variants with moderate-to-
high impact in this subgroup [10,11].
Exome sequencing and pat
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2. Materials and methods

2.1. Selected cohort of patients

For this pilot study, we selected 26 unrelated newborns with a clin-
ical diagnosis of severe BPD, chosen among the collected cohort of 366
premature children admitted to the neonatal intensive care units of 12
Italian medical centres participating in the study in the past 5 years. In-
stitutional review boards for each participating centre approved this
study, led by San Raffaele Hospital. Written informed consent was ob-
tained from the legal tutors of all enrolled infants. All patients were re-
cruited prospectively. Clinical, personal and familial epidemiological
data have been previously reported and recalled below [12]. The eligi-
bility criteria for the enrolment of newborns are i) the gestational age
up to 32 weeks, ii) the European origin to avoid biases on ethnic
group in genetic analysis, iii) the survival at 36 weeks postmenstrual
age (PMA), and iv) the absence of major congenital malformations of
the lung. Children who developed the pathology were included in the
case group (n = 141) while the unaffected infants were included in
the control group (n = 225) [12]. Clinicians classified BPD-affected
newborns into three different phenotype groups (mild, severe and
moderate), according to Jobe and Bancalari consensus criteria [6]. For
more complex cases, the referring centre confirmed the clinical diagno-
sis.We recorded clinical features, personal and family data and other in-
formation about perinatal events of all enrolled patients and controls
into a database shared among members of the network. Since we
planned to perform molecular analysis on DNA extracted from blood
cells, if an infant had a blood transfusion, we did not accept blood sam-
pling within 20 days from last transfusion to be sure that genetic analy-
ses were performed on the case's DNA and not on the donor's. In
particular for this study, we analysed 26 out of 36 collected newborns
with severe BPD, requiring O2 N 30% at 36 weeks PMA and/or VM/N-
CPAP support [6]. In the subgroup of the 26, the mean birth-weight
(778 g) was comparable to that (740 g) observed in the whole group
of newborns with the severe BPD (n = 36). No difference in the occur-
rence of IUGR was observed between the patients and controls. The co-
hort of patients sequenced in thiswork has Caucasian origin, specifically
77% of patients are of Italian origin and 23% originate from Romania,
Albania, Serbia and Slovenia.

2.2. Exome sequencing

Genomic DNA (gDNA)was extracted from800 μl of peripheral blood
using the automated extractor Maxwell® 16 Research System
(Promega, Madison, WI, USA); the concentration and high quality of
gDNA (A260/280 1.8–2.0) was determined using a Nanodrop™ Spectro-
photometer 1000 (Thermo Fisher Scientific, Wilmington, DE, USA). A
Covaris™ E220™ (Covaris, Inc., Woburn, MA, USA) was employed to
shear 1–3 μg of each DNA sample. The exome sequencing protocol re-
quires the mean of DNA fragments close to 250 bp and it was verified
through an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldron,
Germany). Exome sequencing was carried out on an Illumina HiSeq
2000 platform (Illumina, Inc., San Diego, CA. USA) using Illumina TruSeq
for DNA sample preparation and exome enrichment protocols.

2.3. Sequencing data analysis

Image analysis and base calling was performed by converting light
signal intensities into sequences of nucleotides as FastQfiles. The quality
hway analysis for identification of genetic variability relevant for
lin Chim Acta (2015), http://dx.doi.org/10.1016/j.cca.2015.01.001

http://dx.doi.org/10.1016/j.cca.2015.01.001


3P. Carrera et al. / Clinica Chimica Acta xxx (2015) xxx–xxx
of obtained sequence data was reported in FastQC files, which
evaluates base quality statistics, contamination sources (i.e. adaptors,
concatamers) and sequence duplication levels.

FastQ data were mapped on the NCBI human reference genome
hg19 build with the Wheeler alignment tool (BWA) [13] with default
parameters, providing high-speed alignment and good performance in
terms of precision/recall. Alignments can be seen with IGV2.1 software,
released from the Broad Institute of Massachusetts Institute of Technol-
ogy and Harvard, Cambridge, Massachusetts, USA [14]. All the reads
with more than 5 mismatches or those with mapping quality (MAPQ)
less than 15 were filtered out. Duplicate reads due to clonal amplifica-
tion during library preparation were removed in order to avoid
allele frequency errors, using Picard's MarkDuplicates (http://
broadinstitute.github.io/picard). Single nucleotide variation (SNV) and
insertion/deletion (INDEL) were called with a pipeline involving GATK
[15]. Resulting variant frequencies were compared to dbSNP (v 136)
and an internal sequence variant database. Possible impact of variations
was evaluatedusing SnpEff [16] that is useful to classify variants “high-”,
“moderate-” or “low-impact” on the basis of their predicted effect on the
protein. All variants have been grouped in three tiers, each one being a
subgroup of the previous one: tier 1 includes all variants with a VQRS
LOD score N2.62, variants that do not fulfil this condition were not
taken into further consideration; tier 2 selects variants that SnpEff pre-
dicts as high and moderate; tier 3 comprises variants from tier 2 whose
MAF is b0.02 or unknown, and those that are novel.

2.4. Selection of potentially causative variants

In order to select potentially interesting variants that can increase
the susceptibility of BPD, we adopted two different strategies: i) Genes
previously associated to BPD. We filtered all variants of tier 2 with an
high or moderate effect according to SnpEff, identified in genes previ-
ously related to the disease [7,8]. Indeed a number of association studies
have already been performed,with a focus on surfactant proteins, genes
involved in vascular and lung development, inflammation-related
genes, matrix remodelling proteins, adhesion molecules, and antioxi-
dant enzymes [6,17–21].

ii) Prioritization analysis.We focused on rare and novel variants that
SnpEff predicted as having high or moderate effects and included in tier
3. We selected variants that both PolyPhen-2 (PP-2) and SIFT predicted
as potentially detrimental (possibly damaging, P, and probably damag-
ing, D, for PP-2 and SIFT score b0.05). Variants with neither PP-2 nor
SIFT predictionswere also taken into account. After that, looking for po-
tentially interesting genes, we focused on those with more than one
variant, be it the same variant in more than one sample, homozygosis
in a single sample or different variants in the same gene. We then
used ToppGene Prioritization software [22] for pathway analysis on
this selection at two different levels: 1) using a complete training list,
with genes participating into different pathways that published litera-
ture implicates in BPD pathogenesis; 2) separating the chosen training
genes according to the main pathway they belong to and then compar-
ing genes' rank in different pathways. In order to identify genes with a
broader and stronger effect, we chose as interesting candidates those
that ranked ≤5 with the first kind of analysis and those ranked ≤100
in all pathways. Top variants have been validated using Sanger sequenc-
ing (ABI 3730 DNA analyzer, Applied Biosystems, Monza, Italy). Primer
sequence and PCR conditions are available on request. Possible molecu-
lar pathways and interactions among genes identified by the two strat-
egies were then studied by String 9.122 [23].

3. Results

In this study we performed the exome sequencing on 26 patients
with a diagnosis of severe BPD, in agreement with consensus criteria
[6], requiring oxygen supplementation (oxygen ≥30%) or a respiratory
support at 36 weeks PMA. For our study, we considered the extreme
Please cite this article as: Carrera P, et al, Exome sequencing and pat
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phenotypes because a stronger genetic component is hypothesized.
The exome sequencing was performed and only the 21 samples with a
mean coverage≥15×were considered for variants' analyses. Haplotype
Caller identified a total of 1,229,601 single nucleotide variants or small
insertions/deletions (tier 1). Each patient had around 200,000 variants.
Upon filtering for predicted effect, the count dropped to 27,673 (about
8000 per individual). This number includes variants with moderate im-
pact (non-synonymous coding, codon insertions or deletions, codon
changes) and variants with high effect (gain or loss of stop codons,
frameshift variants, loss of start codons, variants affecting splice donor
or splice acceptor sites). It means that about 2% of all variants found
probably have a functional impact on protein structure or expression.
Tier 3, with rare and novel variants, included a total of 9427 variants,
of which 3369 have never been described before (novelty rate of
about 0.3%) while 1524 were predicted as probably damaging (0.1% of
all identified variants). In each sample, data analyses identified about
400 genetic unknown variations and almost 100 variants with a strong
impact on protein structure and function.

We chose different strategies for the selection of putative candidate
genes. i) Genes previously associated to BPD. Considering variants in-
cluded in tier 2, we focused our analysis on variants identified in
genes previously associated to BPD. In particular, we considered surfac-
tant metabolism genes (SFTPA1, SFTPA2, SFTPB, STPTC, SFTPD, ABCA3),
matrix remodelling genes (MMP2, MMP16, MMP14, SPOCK2), vascular
development genes (VEGFC, ACE, GSTP1), oxidative stress-related
genes (MTHFR, EPHX1, EPHX2), and inflammation related genes (genes
belonging to the TLR-family, MBL1, MBL2). We identified a total of 61
variants in 19 genes and confirmed them with Sanger; 31 are common
polymorphism, 25 are rare and classified as dbSNP rs with a MAF b0.05
and 6 are novel (Suppl. Table 1). All these variants are non-synonymous
coding with exception of the codon insertion rs71553864, the stop
gained rs5744168 and a novel frame-shift. Among variants, 4 of them,
in TLR4, TLR5, MBL2, were predicted to be pathogenic in dbSNP database
while 6 were predicted with a damaging effect by both PP-2 and SIFT.
Interestingly, we identified 2 novel variants (p.R1035C and p.Q403P)
in the ABCA3 gene, known for its association to pulmonary surfactant
metabolism dysfunction type 3 (MIM610921). The variation p.R1035C
was identified in two unrelated patients. Considering all the variants,
the most mutated genes are those belonging to the TLR-family (TLR10,
TLR1, TLR4), to oxidative stress-related genes (EPHX2, MTHFR, EPHX1)
and to surfactant metabolism genes (SFTPD, ABCA3). ii) Prioritization
analysis. Considering variants included in tier 3, our approach was fo-
cused on pathway analysis with tools from ToppGene Suite [22].

We chose our training set of 65 genes from our laboratory's previous
works, published literature data, including association studies and ex-
pression studies in pulmonary tissues and in animal models of BPD or
oxidative injury in lungs [12,17–21,24–43]. All of these genes are in-
volved in different pathways that may underlie BPD. We defined the
pathway they belonged to in agreement with data from the said litera-
ture, from annotation in the National Centre for Biotechnology
Information's gene database and in the ToppGene Suite's database.
The list of training set of genes for pathway analyses and the pathways'
partition is reported in Suppl. Table 2. With the purpose of finding var-
iants with a strong/moderate effect, we focused on tier 3. In particular,
we selected deleterious variants for both used prediction tools and
those with no SIFT or PolyPhen-2 prediction. This last category com-
prised 262 novel single nucleotide variants in a total of 2536 variants
in 2139 genes. In order to filter out private variants whose relationship
with BPD could hardly be proved, we focused on those that were pres-
ent in more than one sample (607 variants distributed among 501
genes) and on variants that belonged to the same gene (701 variants
in 304 genes). Since 70 genes presented bothmultiple different variants
and at least one variant in multiple samples, our selection was reduced
to 735 genes and 1132 variants. Ten additional genes foundwere added
because they had a single variant in a single patient but it was in homo-
zygous state. This list of 745 genes was used as the testing set for
hway analysis for identification of genetic variability relevant for
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Table 1
ToppGene Prioritization.

Gene SF OxStress Angiogenesis Tissue remodelling Immunity/inflammation Lung development ALL

TLR1 564 137 16 155 1 7 1
MMP1 487 92 2 1 6 20 2
NOS2⁎ 100 20 8 24 7 4 3
CRP 41 94 113 126 10 76 4
LBP 63 660 108 15 17 140 5

List of genes that ranked in the first five positions, and ranking in each pathway.
SF: surfactant system; OxStress: oxidative stress; ALL: complete training list (65 genes).
⁎ NOS2 ranked in the first 100 positions in each pathway-specific training list.
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pathway analyses (Suppl. Table 3). ToppGene Prioritization tool ranks
the testing genes according to their agreement with the training set
(Suppl. Table 2). This agreement is based onmany different gene ontol-
ogy annotations21. We tested the selection of 745 genes i) against the
complete training list (Table 1 shows the top 5 genes in this rank);
and ii) against the different pathways; six different training sets were
used, each one related to a different pathway (data not shown). In
order to zoom in on genes that could have the broadest effect on BPD
pathogenesis, we decided to focus first on the list of the top 5 genes,
which was obtained with the ToppGene Prioritization tool using the
complete training list (Table 1) and considering them as potentially in-
teresting candidates from 735 genes of testing set. In this phase of data
analysiswe validated rare and novel variants identified in the top candi-
date genes: TLR1, MMP1, NOS2, CRP and LBP, using Sanger sequencing
(Table 2). These variants were shared among at least 2 BPD patients,
with the exception of the novel p.K730E missense in the NOS2 gene,
confirmed in only one patient. The variant was absent in a sample of
180 control chromosomes from our collection of healthy preterm new-
born subjects, corroborating the hypothesis of a possible role in BPD.

To evaluate the possible interaction between candidate genes, the
ones previously associated to BPD and showing variants in our sample
(ABCA3, SFTPD, SPOCK2, ACE, MTHFR, EPHX1, EPHX2, TLR5, TLR10, TLR1,
TLR6, TLR4, GSTP1, MBL2, TLR10, TLR2) and the top 5 genes (NOS2,
TLR1, MMP1, CRP, LBP) highlighted by the ToppGene analysis, we used
String 9.122 (url: http://string-db.org/). The results are reported in
Fig. 1 allowing the possibility of a networking with a main focus on
genes involved in inflammation.

4. Discussion

BPD is still the most common complication of prematurity showing
an increased risk of death, respiratory sequelae in childhood and adult-
hood, and long termneurodevelopmental problems [44,45]. Treatments
have helped to modestly improve BPD outcomes and most of the cur-
rent therapies are supportive. This lack of significant clinical benefit
from therapies has raised interest in searching biological markers useful
in targeting therapeutic interventions. Despite its high incidence on pre-
term newborns, its pathogenesis is not yet clearly understood. BPD is a
multifactorial disease characterized by impaired alveolar and vascular
development. Environmental factors such as high concentrations of
oxygen exposure, mechanical ventilation, perinatal infections and
inflammation play major roles in pathogenesis; however, a genetic
Table 2
List of selected candidate variants.

Gene CHR POS ID REF ALT

NOS2 chr17 26093594 None T C
TLR1 chr4 38798255 rs5743621 G A
TLR1 chr4 38799955 None CTT CA
MMP1 chr11 102667446 rs17879749 CA C
CRP chr1 159683814 rs77832441 G A
LBP chr20 36993333 rs2232607 A G

Legend: CHR: chromosome number; POS: genomic position; ID: variant's reference name; REF:
quency in 1000 Genome project; EFF.CODOON,AA,EFFECT:effect on variant on codon and on am
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component, accounting for themore than a half of the variance in liabil-
ity to BPD has been proved [8]. Association studies did not lead to any
major breakthroughs. They rarely identify the true causal variants; in
fact, they only examine common variants, according to the “common
variant-common disease” hypothesis. Therefore, NGS studies are ap-
pealing because of their ability to test also non-common variants
which are expected to have a stronger phenotypic effect [10]. If complex
diseases do rely on rare functional variants, sequencing is necessary for
causative variants identification. Recently, the paradigm for complex
disease genetics has shifted towards this hypothesis, posing that rare
variants with strong functional effects underlie the majority of these
disorders [10].

Hereweperformed a study on a cohort of BPDpatients exploiting for
the first time the exome sequencing applied to this complex disorder.
The studied preterm newborns with the severe BPD belong to a cohort
prospectively enrolled and diagnosed uniformly in agreement with
the defined consensus criteria [6]. These subjects were selected as ex-
treme phenotypes, where a stronger genetic component is hypothe-
sized and our aim was to detect rare variants with moderate-to-high
impact. To date there is a lack of guidelines for management and analy-
sis of NGS data especially for complex diseases. In the present work, a
pilot study was performed, with interpretation of results based on two
approaches. First, we analysed all genes known to be associated to
BPD susceptibility, with a particular interest for all novel and rare vari-
ants; second, as a strategy for selection of additional candidates, we per-
formed a prioritization study based on pathway analysis of recurring
genes with rare or novel variants that were predicted to have a strong
impact on protein function and/or structure. Pathway analyses are par-
ticularly interesting for complex diseases; identification of variants in
gene networks is more likely than discovery of variants in the same
gene when different rare genetic variants underlie these disorders
[46]. They are extremely useful to make sense of a huge amount of
data on diverse genes. ToppGene Prioritization is a free ready-to-use
software that allows to look for correlations between a questioning set
of genes and a training set that might or might not belong to the same
pathway. Its most interesting feature is that it ranks testing genes by
comparing them to a training list of choice. Since BPD is a complex dis-
ease, whose pathogenesis likely involvesmany different pathways, how
to exploit such a tool at its best still is in a burgeoning phase. Therefore,
we chose two different strategies and subsequently compared their re-
sults.Whenwe used the complete training list, the top 5 genes included
some but not all of the first-ranked genes in separate-pathway analysis.
AF GMAF EFF.CODOON,AA,EFFECT

0.011 Aag/Gag,K730E,NON_SYNONYMOUS_CODING;
0.011 0.092 cCc/cTc,P733L,NON_SYNONYMOUS_CODING;
0.011 –,–166,FRAME_SHIFT;
0.053 0.005 –,–125,FRAME_SHIFT;–,–125,FRAME_SHIFT;
0.032 0.0005 aCg/aTg,T59M,NON_SYNONYMOUS_CODING;
0.032 0.0073 gAt/gGt,D283G,NON_SYNONYMOUS_CODING;

reference allele; ALT: alternative allele; AF: allele frequency in our population; GMAF: fre-
inoacid.

hway analysis for identification of genetic variability relevant for
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Fig. 1. STRINGpathway analysis plot (confidence score=0.5). Network included 15 genes previously associated to BDP susceptibility showing variations in our cohort and the 5 candidate
genes highlighted by ToppGene analysis.
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This resultmight suggest that those pathways (angiogenesis, inflamma-
tion and tissue remodelling) aremore relevant to BPDpathogenesis. An-
other possibility is that the training set we used was more specific for
these pathways and imprecise for the others. Shared genes amongpath-
ways might also account for this result. Whichever the reason, the
resulting top ranked genes should anyway be the most relevant to
BPD pathogenesis thanks to the fact that all likely implicated genes
were used for training of the algorithm. On the contrary,when the train-
ing set was split inmultiple pathways, different genes ranked as first. In
order to focus on those ones with the broadest effect, we decided that
our candidate genes would have a high rank in all pathways. We arbi-
trarily chose 100 as a threshold that would represent about 15% of the
testing set, and it only gave back 1 confirmed gene (0.1%), (Table 1).
Therefore, this strategy is remarkably efficient in focusing on a small
number of genes. However, it is possible that the disruption of a single
pathway is enough to cause BPD. On account of this, ranks from every
pathway will also be kept into consideration for future developments
of this study. As a general reflection, we would keep using both strate-
gies for complex diseases, where no unique causative pathway is
described.

Our training list was based on internal previous results and on pub-
lished literature of association studies, expression studies and animal
models of BPD. It is to note that adding or removing one gene from
the training set considerably changed ranking of the testing set. Since
all of the studies we extracted this list from have weak points (sample
size, absence of replication, different condition of lung injury…),
this list might be improved overtime. Anyway, for the time being, we
believe it is the most representative one of pathways involved in BPD
pathogenesis.

Our selection of testing genes was extremely focused, for we singled
out genes with novel or rare variants that two softwares, predicting the
functional impact, classified as deleterious. Moreover, in consideration
of the need of confirming variants' functional relevance to BPD patho-
genesis, we excerpted genes with more than one variant allele (more
different variants in the same gene or more than one sample with the
same variant or one sample's homozygosis). In this manner we might
have left out important genes, but as a preliminary study we aimed to
Please cite this article as: Carrera P, et al, Exome sequencing and pat
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sort out variants thatmight be causative per se. This strategy for analysis
led us to 1132 variants from the 9427 in tier 3, that reduced our list to
745 potentially interesting genes.

Candidate genes: i) interestingly, we identified two novel missense
variants in ATP-binding cassette 3 (ABCA3) gene in 3 patients. ABCA3
participates in the transport of phospholipids to lamellar bodies, the or-
ganelles where surfactant is stored before secretion in the alveolus. Re-
cessive mutations in ABCA3 have been identified in full-term infants
with unexplained distress that clinically and radiographically resembles
Respiratory Distress Syndrome (RDS) in preterm infants. The two mis-
sense variants identified are novel and not reported either in genomic
dbSNP, 1000genomes or in disease specific databases (HGMD, ABCMdb,
http://abcmutations.hegelab.org). Thus they seem good candidates be-
cause they could contribute to the phenotype in association with
other genetic and environmental factors. Our findings also suggest
that BPD and RDSmay share some genetic aspect, andmight be consid-
ered as not completely distinct entities, at least in patients subgroups;
and ii) several genes belonging to the toll-like receptor (TLR) family re-
sulted altered in our cohort (Table 1 and Supp. Table 1). Toll-like recep-
tors are innate immunity receptors that play a fundamental role in
pathogen recognition and clearance, regulating inflammatory response
and tissue repair. It is known in literature that an alteration of inflam-
matory response could be a risk factor predisposing to development of
pulmonary disorders [47]. Other interesting candidate genes highlight-
ed are CRP, C-reactive protein, involved in several host defence related
functions [48], LBP, encoding a lipopolysaccharide binding protein,
LPS, with a key role into the immune response [49], andMMP1, a colla-
genase associated to lung infection [50]. These genes, besides the toll-
like receptor family described above, seem to corroborate the theory
of a role of inflammatory events in enhancing BPD susceptibility; and
iii) NOS2 was the gene ranked in the first five positions and with a
rank above 100 in all pathways. NOS2 codes for a protein named iNOS,
an isoform of nitric oxide synthase (NOS)whose expression is inducible
by lipopolysaccharide (LPS) in combination with various cytokines.
Once induced, iNOS produces nitric oxide (NO) at a high rate. NO's
role in lung development and inflammation is controversial. Indeed, it
mediates transition from foetal to neonatal life. For this reason, NO is
hway analysis for identification of genetic variability relevant for
lin Chim Acta (2015), http://dx.doi.org/10.1016/j.cca.2015.01.001
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sometimes used as a therapy for BPD since its administration in animal
models promoted lung development and reduced inflammation [51].
NO is a reactive free radical involved in numerous molecular signalling
processes [52]. With regard to its role in immunity responses in the
lung, iNOS activity has been proved to be of fundamental importance
for alveolar macrophages' activation [53] and cytokine signalling [54].
Moreover, NOS2 expression by pulmonary microvascular endothelial
cells inhibits apoptosis in infiltrating neutrophils [55]. Evidently this
property has a double implication: on the one hand, iNOS might con-
tribute to persistence of inflammatory state in the lung, but, on the
other hand, it might favour resolution of infections. In this sense,
many studies focused on animal models of lung injury by LPS adminis-
tration. These results support the theory that early proinflammatory
events brought on byNOS2 expression are important for induction of re-
pair mechanisms [53,56]. Moreover a number of studies have also tried
to define iNOS activity in hyperoxic lung injury. While it has been
proved that high oxygen concentrations induce upregulation of NOS2
in lungs, their role in lung injury isn't clear. Studies in NOS2 knock-out
mice indicate that they are mainly involved in responding to an inflam-
matory state induced by reactive oxygen species [57].

In consideration of the results obtained in this pilot study, we can
conclude that our approach may be interesting to initiate the dissection
of genetic pathogenesis of BPD. Our preliminary results encourage us to
pursue along this project, in order to explore also the other candidates
picked up with pathway analysis and to extend the study to all the af-
fected patients in our cohort. Potential candidate genes discovered in
this preliminary study and in further developments will need to be con-
firmed with additional evidences derived from appropriate functional
studies, from further genetic analyses (i.e. family-based studies) as
well as from methods able to evaluate the collective influence of vari-
ants. For instance, expression studies on infants' broncho-alveolar
washes could be performed as a first validation of the variants' effect.
Moreover it will be important also to screen a comparable healthy con-
trol population for the list of these putative genes. Not least, with our
study we would like to rise the actual knowledge on BPD mechanism
and translate it into the clinic, allowing improvement of the condition
and shifting to less empirical treatment in affected patients. To this
respect, fostering integration of genomic studies either with other
“omic” approaches, such as epigenomics, proteomics and metabolo-
mics, or with studies on intrauterine development [58] would be very
important to reach a better understanding of pathogenic mechanisms
and biochemical pathways involved in BPD.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cca.2015.01.001.
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