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BRONCHOPULMONARY DYSPLASIA (BPD) is a chronic lung disease that afflicts ⬃14,000 premature infants in the United
States each year. Infants with BPD often require prolonged
respiratory support and/or supplemental oxygen therapy and
display persistent morbidities (8, 16 –18). The miR-17⬃92
cluster is processed as a single transcript that, once posttranscriptionally modified, results in six individual miRNAs, miRs-17,
-18a, -19a, -19b, -20a, and -92, that are highly expressed in
the developing lung. Expression is regulated, in part, by methylation of promoter CpG islands via the actions of DNA methyl-
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transferase (DNMT) enzymes including DNMT-1, -3a, and -3b
(3). The miR-17⬃92 promoter has ⬃80% CG content in a CpG
island spanning ⫺3.3 to ⫺1.2 kb (relative to the first nucleotide of
the pre-miR-17 sequence) (10). Three DNMTs are expressed in
humans: DNMT-1 is a maintenance methyltransferase while
DNMT-3a and -3b encode de novo methyl transferases. There is
significant functional overlap for the DNMTs, and individual
knockout mice have demonstrated that all three are essential for
mammalian viability (5, 11).
In our previous publication, we demonstrated that all
members of the miR-17⬃92 cluster were suppressed in
samples obtained from infants that died with BPD compared
with infants that died of other causes (13). We also observed
increases in methylation within the promoter region of
miR-17⬃92 and this methylation correlated with increases
in the expression of DNMT-1, 3a, and 3b. Furthermore,
receiver operating characteristic curves indicated that decreased plasma miR-17 levels in the first week of life
directly correlated with a subsequent diagnosis of any form
of BPD at 36 wk postmenstrual age (13). For the present
studies, we tested the hypothesis that plasma miR-17 levels
within the first week of life would correlate with the severity
of BPD diagnosis at term-corrected age.
While most premature infants diagnosed with chronic
lung disease develop mild to moderate disease with delayed
alveolarization, infants that develop severe BPD are often
plagued with lifelong morbidities resulting from severe
alveolarization abnormalities and interstitial lung fibrosis
leading to permanently altered respiratory physiology (4,
15, 23). Most murine BPD models recapitulate the developmental lung growth deficits seen in human patients with
mild to moderate BPD but few address the morbidities
associated with severe BPD. Our extensively characterized
murine model demonstrates the synergistic pathophysiology
of perinatal maternal lipopolysaccharide (LPS)-induced inflammation and neonatal hyperoxic exposure on lung development and recapitulates the severe BPD phenotype
(Table 1) (1, 19 –21). Our data demonstrate increased expression of matrix proteins, as well as overall increases in
TGF␤ and SMAD 2/3 (Table 1). Members of the miR17⬃92 cluster are predicted to regulate the expression of
several genes implicated in the pathogenesis of BPD (3, 9),
including those previously characterized in our model.
Therefore, the present studies were also designed to test the
hypothesis that miR-17⬃92 cluster expression is decreased
in our mouse model of severe BPD and that altered expression was associated with epigenetic alterations involving
DNMTs.
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previously demonstrated that decreased miR-17⬃92 cluster expression was 1) present in lungs from human infants who died with
bronchopulmonary dysplasia (BPD); 2) inversely correlated with
DNA methyltransferase (DNMT) expression and promoter methylation; and 3) correlated with a subsequent diagnosis of BPD at 36
wk gestational age. We tested the hypothesis that plasma miR-17
levels would be lowest in infants who ultimately develop severe
BPD. Secondly, we utilized our well-characterized murine model
of severe BPD that combines perinatal inflammation with postnatal
hyperoxia to test the hypothesis that alterations in lung miR17⬃92, DNMT, and promoter methylation in our model would
mirror our findings in tissues from premature human infants.
Plasma was obtained during the first 5 days of life from premature
infants born ⱕ32 wk gestation. Lung tissues were harvested from
mice exposed to maternal inflammation and neonatal hyperoxia for
14 days after birth. miR-17⬃92 cluster expression and DNA
methyltransferase expression were measured by qRT-PCR, and
promoter methylation was assessed by Methyl-Profiler assay.
Plasma miR-17 levels are significantly lower in the first week of
life in human infants who develop severe BPD compared with mild
or moderate BPD. Data from our severe BPD murine model reveal
that lung miR-17⬃92 cluster expression is significantly attenuated,
and levels inversely correlated with DNMT expression and miR17⬃92 cluster promoter methylation. Collectively, our data support a plausible role for epigenetically altered miR-17⬃92 cluster
in the pathogenesis of severe BPD.
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Table 1. Characteristics of the LPS/O2 murine model
Alterations: LPS/O2 vs. Saline/RA
Increased

Decreased

Morphometrics
septal thickness
alveolar area

alveolar number

Pulmonary function
compliance
inspiratory capacity
Gene expression
vimentin
IkB
collagen 1 & 3
p53
TGF␤
MMP-2
SMAD 2/3
MMP-3
DNMT 3a and 3b
␣SMA
tissue resistance
airway resistance

Methyl-Profiler DNA methylation qPCR Primer Assays (SABiosciences/
Qiagen, Frederick, MD) according to manufacturer instructions.
Statistics. Data were tested for homogeneity of variances, log
transformed when indicated, and analyzed by one-way ANOVA with

METHODS

Human plasma. Samples were obtained under protocols approved by the Institutional Review Board of Nationwide Children’s Hospital. Patients were enrolled from neonatal intensive
care units at Nationwide Children’s Hospital and Ohio State
University Hospital by written, informed consent of the parents
between May 2005 and December 2010. The study was HIPAA
compliant. Data from this collection, including eligibility guidelines, exclusion criteria, and methodology of sample collection/
storage, have been previously published (12, 14). The BPD groups
were defined, according to the NICHD/NHLBI 2001 workshop
definition, based on the need for additional respiratory support at
36 wk corrected gestational age. Specifically, severe BPD was
defined as the need for ⬎30% oxygen, with or without positivepressure ventilation or continuous positive pressure at 36 wk
postmenstrual age (6).
Preparation of cationic lipoplex nanoparticles containing molecular beacons. Levels of plasma miR-17 expression were determined as
previously described (13, 24). Briefly, tethered cationic lipoplex nanoparticles containing molecular beacons for miR-17 were prepared, glass
slides were incubated with an avidin derivative (NeutrAvidin; Thermo
Scientific, Waltham, MA), and total internal reflection fluorescence
microscopy was used to detect the fluorescence signals on the analyzed
images (13, 24).
Animals and exposure. The Institutional Animal Care and Use
Committee at The Research Institute at Nationwide Children’s
Hospital approved animal study protocols. Our well-characterized
lung injury model, which includes both male and female offspring,
combines prenatal inflammatory stress (intraperitoneal LPS injection) with postnatal hyperoxic exposure (85% for 14 days) and was
used to generate murine tissues as previously published (19, 20).
Quantitative real-time polymerase chain reaction analyses. RNA
was isolated using Qiagen RNA Easy kit (Qiagen, Valencia, CA) or
homogenization in TRIzol reagent according to manufacturer’s instructions (Invitrogen, Carlsbad, CA) from murine tissue samples and was
subjected to polymerase chain reaction analysis for mRNA and miR
expression as previously described (3). For miRNA analysis, endogenous
controls small nucleolar RNA (sno), RNU38B, RNU6, or sno202 were
evaluated for each experiment. The endogenous control with the most
consistent cycle threshold value and little variation was used for normalization as indicated. For mRNA analysis, the endogenous control adenylyl
cyclase-associated protein-1 was used for normalization.
DNA methylation studies. DNA was isolated from tissue samples
using QIAamp DNA Mini Kit and methylation was analyzed using

Fig. 2. Lung miR-17⬃92 cluster expression is decreased and promoter methylation and DNMT expression increased at 14 days of life in a murine model of
severe BPD. RCN, relative copy number. Transcript expression (means ⫾ SD,
n ⫽ 3– 4) was determined by qRT-PCR and was analyzed by one-way ANOVA
followed by Tukey’s post hoc analysis (*P ⬍ 0.0001). Promoter methylation in the
same samples was determined by Methyl-Profiler assay.
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These data define the characteristics of the LPS/O2 murine model relevant to
the BPD phenotype. RA, room air. See Refs. 1, 19 –21.

Fig. 1. Plasma miR-17 levels in the first week of life are decreased in infants who
subsequently develop severe BPD. Data, expressed as means ⫾ SD (n ⫽ 5–20),
were analyzed by one-way ANOVA followed by Tukey’s post hoc analysis (*P ⬍
0.01 vs. No BPD; #P ⫽ 0.0071 vs. mild; $P ⫽ 0.046 vs. moderate).
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Tukey post hoc analysis where appropriate using GraphPad PRISM 6
(GraphPad, La Jolla, CA). Data are expressed as means ⫾ SD with
significance noted at P ⬍ 0.05.
RESULTS

well as TGF␤ and SMAD2/3. Similarly, changes in matrix
composition can give rise to altered alveolarization and pulmonary function as observed in infants with severe BPD and in
our murine model (4, 9, 20, 23). While methylation is certainly
involved with suppression of miR-17⬃92 expression, others
studies have recently identified histone deacetylase-3 (Hdac3)
as a repressive regulator of miR-17⬃92 and, therefore, an
upstream regulator of TGF␤ expression. Hdac3 also regulates
normal type 1 epithelial cell differentiation and spreading;
abnormal Hdac3 levels in addition to miR-17⬃92 promoter
methylation may be involved in the decreased alveolarization
observed in our model and the interaction between these
epigenetic regulating mechanisms is a potential future avenue
of investigation (22).
Thus our data are the first to describe circulating plasma
levels of miR-17 as a predictor of disease severity as early as
5 days of life and prior to onset of diagnostic disease criteria.
Furthermore, our data are the first to demonstrate the presence
of altered expression of the miR-17⬃92 cluster and DNMT
expression in experimental BPD. Our data are consistent with
a model in which alterations in miR-17⬃92 cluster expression
are mediated by enhanced promoter methylation via the actions
of DNMTs.
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DISCUSSION

Proper expression of the miR-17⬃92 cluster is necessary for
normal lung growth and development and alterations in expression have been reported in other pulmonary diseases (2, 7).
Our previous data in human autopsy tissue and current data in
plasma samples indicate that infants diagnosed with BPD have
suppressed expression of the miR-17⬃92 cluster and coincident increases in DNMT-1, -3a, and -3b (13). The present
investigation demonstrates a correlation in the degree of early
miR-17⬃92 cluster suppression in patients with the severity of
the BPD diagnosed at 36 wk. Although unable to differentiate between mild and moderate disease, these data support
the necessity of future prospective studies into the use of the
miR-17⬃92 cluster as a potential early marker of severe
disease, to identify patients early to target therapies without
having to await 36 wk corrected for the clinical diagnosis.
The present studies utilized lung samples generated using a
newborn murine model of lung disease that combines perinatal inflammation and neonatal hyperoxic exposure. The
major lung findings in this double-exposure model are that
1) expression of the miR-17⬃92 is substantially decreased;
2) methylation of the miR-17⬃92 cluster promoter is significantly increased; and 3) expression of DNMT-1, -3a and
-3b is significantly increased.
The individual members of the miR-17⬃92 cluster have
been shown to regulate many matrix remodeling proteins, as
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