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Abstract

Rationale: Bronchopulmonary dysplasia remains a significant
cause of neonatal morbidity; however, the identification of novel
targets to predict or prevent the development of bronchopulmonary
dysplasia remains elusive. Proper microRNA (miR)-17z92 cluster is
necessary for normal lungdevelopment, and alterations in expression
are reported in other pulmonary diseases. The overall hypothesis
for ourwork is that alteredmiR-17z92 cluster expression contributes
to the molecular pathogenesis of bronchopulmonary dysplasia.

Objectives: The current studies tested the hypothesis that
alterations in miR-17z92 cluster and DNA methyltransferase
expression are present in bronchopulmonary dysplasia.

Methods: miR-17z92 cluster expression, promoter methylation,
and DNAmethyltransferase expression were determined in autopsy
lung samples obtained from premature infants who died with
bronchopulmonary dysplasia, or from term/near-term infants who
died from nonrespiratory causes. Expression of miR-17z92 cluster
members miR-17 and -19b was measured in plasma samples

collected in the first week of life from a separate cohort of preterm
infants at a second institution inwhombronchopulmonary dysplasia
was diagnosed subsequently.

Measurements and Main Results: Autopsy tissue data
indicated that miR-17z92 expression is significantly lower in
bronchopulmonary dysplasia lungs and is inversely correlated with
promoter methylation and DNAmethyltransferase expression when
compared with that of control subjects without bronchopulmonary
dysplasia. Plasma sample analyses indicated that miR-17 and -19b
expression was decreased in infants who subsequently developed
bronchopulmonary dysplasia.

Conclusions:Ourdata are thefirst todemonstrate alteredexpression
of themiR-17z92 cluster in bronchopulmonary dysplasia. The
consistency between our autopsy and plasma findings further support
our working hypothesis that themiR-17z92 cluster contributes to the
molecular pathogenesis of bronchopulmonary dysplasia.
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Bronchopulmonary dysplasia (BPD),
a chronic lung disease associated with
prematurity, is characterized by altered lung
growth, cellular proliferation and
differentiation, and persistent respiratory

morbidities (1–6). The identification of
novel targets to predict or prevent the
development of BPD remains elusive.
MicroRNAs (miRs) are small noncoding
RNAs that can alter gene expression by

either blocking translation or degrading
target mRNA. miRs can be encoded
in intronic or exonic DNA regions and in
controlled DNA promoter elements (7).
Transgenic murine models have
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demonstrated the importance of the miR-
17z92 cluster in normal lung growth
and development (8). Processing of the
polycistronic miR-17z92 cluster results in
six individual miRs (miR-17, -18a, -19a,
-19b, -20a, and -92a) that are predicted to
suppress the expression of several genes
implicated in BPD pathogenesis, including
those responsible for collagen (COL)
production and matrix rearrangement
(7, 9). In idiopathic pulmonary fibrosis
(IPF), attenuated miR-17z92 cluster
expression is directly correlated with
deficits in pulmonary function; however,
the expression of the miR-17z92 cluster
in BPD is unknown (7). Genetic
disruption of the miR-17z92 cluster in
mice causes death from respiratory
insufficiency in the neonatal period
(10–12).

DNAmethylation, the covalent addition
of a methyl group to the carbon-5 position of
cytosine, predominantly in the cytosine-
phosphate-guanine (CpG) dinucleotide, is
the major form of epigenetic regulation of
gene expression in mammalian cells (13).
More than 80% of the miR- 17z92 cluster
promoter contains a large CpG island (7). In
IPF, the miRz17–92 cluster appears to be
regulated epigenetically via methylation of
its promoter CpG islands by DNA
methyltransferase (DNMT) enzymes (7).
Three DNMTs are expressed in humans;
DNMT-1 is responsible for the epigenetic
repair of injured tissues, and DNMT-3a and
-3b are responsible for the maintenance of
methylation (14).

Given the similarities in the pathways
involved in the pathogenesis of BPD and
IPF, the current studies tested the
hypothesis that alterations in miR-17z92
cluster and DNMT expression are present
in BPD. Members of the miR-17z92 cluster
and DNMTs were measured using lung
autopsy tissues from preterm infants who
died with BPD, or from term/near-term
infants who died from nonrespiratory
causes. Our data indicate that miR-17z92
cluster expression was decreased and was
inversely correlated with DNMT expression
and promoter methylation. Routine
acquisition of lung biopsy samples, which is
standard of care in many lung diseases, is
not feasible in extremely preterm neonates.
Thus, there exists a need to identify suitable
alternatives to biopsy that can be used as
novel targets to predict or prevent the
development of BPD. Using novel lipoplex
nanoparticle technology, additional studies

were performed with plasma samples
obtained in the first week of life from
a separate cohort of extremely preterm
infants cared for at a separate, nonrelated
institution. These data revealed that plasma
miR-17 and -19b levels were decreased in
infants who subsequently developed BPD
compared with those who did not. Some of
the results of these studies have been
reported previously in abstract form
(15, 16).

Methods

Human Tissues
Samples were obtained under protocols
approved by the institutional review board
and privacy board of the University of
Rochester. Consent for autopsy, including
a release of tissue for research, was obtained
before tissue collection. The study was
Health Insurance Portability and
Accountability Act compliant. All tissues
and data were deidentified before release to
investigators. Data from this collection,
including eligibility guidelines, exclusion
criteria, and methodology of sample
collection/storage, have been published
previously (17–22). Fifteen samples (eight
BPD) were analyzed for miR-17z92 cluster
expression and promoter methylation
analyses. DNMT analyses were performed
on only 10 samples (4 BPD) because of
limitations in tissue availability (Table 1).

Human Plasma
Samples were obtained under protocols
approved by the institutional review board
of Nationwide Children’s Hospital. Between
May 2005 and December 2010, patients
from neonatal intensive care units at
Nationwide Children’s Hospital and Ohio
State University Hospital were enrolled by
written informed consent of the parents.
The study was Health Insurance Portability
and Accountability Act compliant. All
tissues and data were deidentified before
release to investigators. Data from this
collection, including eligibility guidelines,
exclusion criteria, and methodology of
sample collection/storage, have been
published previously (23, 24). The BPD
group was defined as any infant requiring
any respiratory support (supplemental
oxygen, mechanical ventilation, nasal
continuous positive airway pressure
or cannula) at 36 weeks’ corrected
gestational age.

Quantitative Real-time Polymerase
Chain Reaction Analyses
RNA andmiRwere isolated from human and
murine tissue samples (QIAGEN RNA Easy
kit; QIAGEN, Valencia, CA) and analyses
were performed (7). For miR analyses, small
nucleolar RNA 202, RNU38B, and RNU6
samples were evaluated and the control with
the most consistent threshold cycle (Ct)
value and smallest variation was used for
normalization. For mRNA analyses, control
adenylyl cyclase-associated protein-1 was
used for normalization.

In Situ Hybridization
Studies were performed as described (25). In
brief, locked nucleic acid (LNA)-modified
and 59 digoxigenin–tagged probes specific for
miR-let-7c, -19b, and -20a were used. The
probe/target complex was visualized after the
alkaline phosphatase-linked conjugate reacted
with the chromogen, nitroblue tetrazolium
and bromochloroindolyl phosphate with
a nuclear fast red counterstain. miR-let-7c
was used as a positive control because it is
expressed consistently in human lung (7).
Negative controls included omission of the
probe and the use of a scrambled probe.

DNA Methylation Studies
DNA was isolated from tissue samples using
the QIAampDNAMini Kit (QIAGEN), and
methylation was analyzed using methyl-
profiler assays according to manufacturer
instructions.

Preparation of Cationic Lipoplex
Nanoparticles Containing
Molecular Beacons
Tethered cationic lipoplex nanoparticles
(tCLN) containing molecular beacons
(MBs) for miR-17 or -19b were prepared by
injecting an MBs/lipids mixture into
phosphate-buffered saline, using mixed
thiol self-assembled monolayers as an
anchoring membrane (26, 27). As reported
previously, tCLN and quantitative real-time
polymerase chain reaction (qRT-PCR)
provide comparable results for miR detection.
Data are also highly reproducible; previous
studies have shown little well-to-well
difference on the same chip, with chip-to-
chip variability of less than 10% for the same
sample (27). Glass slides were incubated with
an avidin derivative (NeutrAvidin; Thermo
Scientific, Waltham, MA) at room
temperature for 5 min. MBs were tethered
onto glass slides by biotin2avidin linkage.
Samples were added on a tCLN biochip and
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incubated at 378C for 2 h. Total internal
reflection fluorescence microscopy was used
to detect the fluorescence signals, and images
were analyzed (27).

Statistics
Primary analyses compared all BPD subjects
with all control subjects, using unpaired
t tests or Mann-Whitney U tests (GraphPad
PRISM 6; GraphPad Software, La Jolla,
CA), and results are expressed as mean6
SD. Significance is noted at P, 0.05. For
plasma analytes, receiver operating
characteristic (ROC) curves were estimated
to determine the extent to which miR
concentrations predicted BPD at 36 weeks’
postmenstrual age.

Results

Human Autopsy Subject Demographics
miR-17z92 cluster expression and
promoter methylation were assessed in
autopsy lung tissues from infants cared for
at the University of Rochester Medical
Center (n = 15) (Table 1). Gestational age at
birth in the BPD group was significantly
lower than in the control subjects (26.96
0.6 vs. 36.56 1.9 wk, P, 0.05); however,
there were no differences in gestational
age at death (37.96 2.4 vs. 37.06 1.9 wk,
P = 0.794). In autopsy tissues used for
DNMT analyses (n = 10) (Table 1),
gestational age at birth in the BPD group

was significantly lower than in the control
subjects (26.56 0.7 vs. 34.66 3.2 wk,
P, 0.05). Gestational age at death was
not different (36.06 2.7 vs. 35.36 2.9 wk,
P = 0.876).

miR-17~92 Cluster Expression Is
Decreased and Localization Is Altered
in BPD Lung Tissues
Lung miR-17z92 cluster expression was
globally attenuated in infants who died with
BPD (Figure 1). Compared with that of
control subjects, expression of miR-17,
-18a, -19a, -19b, and -92a was five times
lower. Expression of miR-20a was two
times lower in lung samples from
BPD infants. Nonquantitative in situ
hybridization studies were performed to
characterize cluster localization in control
and BPD tissues. A probe recognizing miR-
let-7c, which is known to be present in
adult lung, was used as a positive control.
Analyses of non-BPD lungs revealed that
mir-19b and -20a were expressed primarily
in bronchial and alveolar epithelia
(Figure 2). Conversely, in BPD lungs,
miR-19b and -20a expression was localized
predominantly to stromal cells.

miR-17~92 Cluster Promoter
Methylation and DNMT Expression Is
Increased in BPD Lung Tissues
In autopsy tissues, promoter methylation
was approximately 50% in control subjects,
compared with .90% in BPD lungs

(Figure 3). Compared with that of control
subjects, DNMT-1 expression was more
than four times greater in BPD tissues
(Figure 4A), whereas DNMT-3a expression
was approximately three times greater
(Figure 4B), and DNMT-3b was nearly six
times greater (Figure 4C).

Plasma miR-17 and -19b Expression
in the First Week of Life Individually
Correlate With Subsequent BPD
Development
Using miR-17 and -19b as surrogate
markers of miR-17z92 cluster expression,
we analyzed 21 plasma samples obtained at
day of life 5–7 from a cohort of patients
cared for at Nationwide Children’s Hospital
and The Ohio State University Medical
Center in whom a diagnosis of BPD
(n = 11) was later established (23). Birth
weight (Figure 5A), gestational age at birth
(Figure 5B), and FIO2 at the time of sample
acquisition (Figure 5C) were not different
between the control and BPD groups.

Plasma miR-17 expression was 3.4
times lower (Figure 6A) in infants who
subsequently developed BPD than in
infants who did not. This finding was
confirmed using miR-19b, which was three
times lower in infants who developed
BPD (Figure 6B). Additional analyses
indicated no effects of gestational age on
plasma miR-17 or -19a expression (data not
shown). ROC curves were estimated to
determine the extent to which miR

Table 1. Subject demographics including age and pathological diagnosis

Sample ID Phenotype Diagnosis GA at Birth (wk) GA at Death (wk)

Group 1: control subjects
4 Control Metabolic disease, NLD 41 41.4
8 Control Neuromuscular abnormality, NLD 40 40.6
21 Control HIE, NLD to very mild RDS 36 36.1
30* Control HIE, NLD 38.5 38.6
50* Control HIE, NLD 41 41.4
51* Control NLD to mild RDS, central line event;

chorioamnionitis
32.3 32.7

56* Control NLD to mild RDS, central line event 26.6 28.5
Group 2: BPD
10* BPD BPD 26 27.7
11* BPD BPD, NEC 26 34.1
17* BPD BPD; cytomegalovirus 1 25 34.1
18 BPD BPD 27 40.7
33* BPD BPD; cytomegalovirus 1 29.2 43.1
44* BPD BPD 28 45
47 BPD BPD; cor pulmonale 29.1 46.5
49* BPD BPD; rhinovirus 1 24.7 31.8

Definition of abbreviations: BPD = bronchopulmonary dysplasia; GA = gestational age; HIE = hypoxic ischemic encephalopathy; NEC = necrotizing
enterocolitis; NLD = no lung disease; RDS = respiratory distress syndrome.
*Used for DNA methyltransferase analyses.
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concentrations predicted BPD at 36 weeks’
postmenstrual age. The areas under
the curve for miR-17 (Figure 6C) and
miR-19b (Figure 6D) were 88% and 85%,
respectively.

Discussion

Proper miR-17z92 cluster expression is
necessary for normal lung growth and
development, whereas abnormal expression
is associated with pulmonary fibrosis and
cancers (8, 28). The cluster is highly
expressed in the lungs during embryonic
development, before declining in adulthood
(11). Whole-genome miR-17z92 cluster
deletion is perinatally lethal, causing lung

hypoplasia resulting from the absence of
lung epithelial cells, which form the
alveolar units (10). Epithelial cell–specific
miR-17z92 overexpression is similarly
lethal because of epithelial cell hyperplasia
and inhibition of normal epithelial cell
differentiation (12).

In IPF, miR-17z92 cluster expression
is directly correlated with pulmonary
function and inversely correlated with
expression of transforming growth factor
(TGF)-b, a predicted target of miR- 17,
-19a, -19b, and -20a. In premature infants,
tracheal aspirate TGF-b levels correlate
directly with BPD severity and the need
for home oxygen therapy (29–31).
Individual members of the miR-17z92
cluster regulate the pathways implicated in

BPD development beyond TGF-b and its
receptors (32), including hypoxia-inducible
factor (33), matrix metalloproteinases,
COL, and p53 (34).

Although not quantitative, our in situ
analyses revealed marked differences in
miR-19b and -20a localization in BPD lungs
when compared with control lungs from
term/near-term infants who died of
nonrespiratory causes (Figure 2). Stromal
localization in tissues from infants who
died with BPD differed from the primarily
epithelial localization in term/near-term
control infants. The contribution of lung
mesenchymal stromal cells to aberrant
lung development in BPD and other lung
diseases is incompletely understood. A
recent comprehensive review by Collins
and Thébaud concluded that this very
heterogeneous population of cells is
involved in BPD pathogenesis either by
a change in numbers or by displaying an
abnormal myofibroblast phenotype (35).
Among the profibrotic factors produced by
lung mesenchymal stromal cells, TGF-b,
matrix metalloproteinases, and COL3A1
are predicted targets of members of the
miR-17z92 cluster (7). Collectively, our
qRT-PCR demonstrating decreased miR-
17z92 cluster expression and in situ data
demonstrating altered localization support
a scenario in which attenuated miR-17z92
cluster expression could conceivably
contribute to enhanced production of
profibrotic genes in BPD. A similar
relationship has been demonstrated
recently for miR-206, in which attenuated
expression inversely correlated with
enhanced expression of its predicted target
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Figure 1. Decreased miR-17z92 cluster expression in bronchopulmonary dysplasia (BPD).
Expression was determined by quantitative real-time polymerase chain reaction from control (n = 7)
and BPD (n = 8) autopsy lung samples. Data, normalized to RNU38B, are expressed as fold
expression6 SD vs. control tissue (*P, 0.05).
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Figure 2. Altered localization ofmiR-19b and -20a in bronchopulmonary dysplasia (BPD). In situ hybridization was performed on autopsy tissues from four
BPD and three term/near-term control patients using locked nucleic acid–modified DNA probes for miR-let-7c (positive control), -19b, and -20a.
Scrambled probes were used as a negative control. Representative images are shown and each contains a terminal respiratory bronchiole (1,0003).
Positively stained cells for miR-19b or -20a (blue, indicated by arrows) in control lungs are mostly epithelial, whereas positively stained cells in BPD lungs
are predominantly stromal and not epithelial.
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fibronectin-1 in blood samples from infants
with BPD. Mechanistically, a reduction in
miR-206 enhanced fibronectin-1 function
in vitro (36). Although not the focus of the
current manuscript, our findings support
the need for future studies in vitro to
investigate the effects of attenuated miR-
17z92 cluster expression on downstream
profibrotic genes.

Expression levels of all six individual
miRs are lower in human autopsy lung
tissues from infants who died with BPD
when compared with term/near-term infant
lung tissues (Figure 1). A recent
metaanalysis revealed significant increases
in miR-21, -34a, -431, and -let-7f expression
in BPD lung tissues (37). Although our
hypothesis focused on alterations in miR-
17z92 cluster expression, the findings in
the metaanalysis suggest that decreased
miR-17z92 cluster expression is unlikely to
represent global suppression of miR
expression in BPD. Our findings led us to

hypothesize that suppression of the miR-
17z92 cluster is associated with
methylation of the promoter region of the
parent transcript.

Three DNMTs are expressed in
humans: DNMT-1, associated with repair of
injured tissues, and DNMT-3a and -3b,
which are critical for the maintenance of
DNA methylation (14). Furthermore,
DNMT-1 is regulated directly by the miR-
17z92 cluster, specifically miR-17, -20a,
and -92a. Increases in DNMT activity
result in increases in DNA methylation
and transcriptional silencing of the
affected genes. An alternative and/or
complementary interpretation of the
reciprocal expression of DNMT-1 and its
regulatory miRs is that enhanced DNMT-1
expression represents validation of a change in
the expression of a downstream target of
the miR-17z92 cluster. These relationships
highlight the complexity between miRs and
their targets, namely, which alteration is

initially responsible for the alteration of the
other.

Our human autopsy data confirmed
hypermethylation of the promoter region of
the miR-17z92 gene (Figure 3) and
dramatic increases in expression of the
methyltransferases DNMT-1, -3a, and -3b
in BPD lung tissues when compared with
control tissues (Figure 4). The present
data are consistent with a working model
in which an epigenetic modification
(methylation) in the promoter region of
the miR-17z92 cluster suppresses the
transcription and expression of all members
of the miR-17z92 cluster. Cuna and
coworkers recently reported the presence of
differential methylation of 23 genes with
reciprocal changes in gene expression in
human lungs from patients with BPD (38).
Genes identified included those responsible
for lung development, extracellular matrix,
and immune and antioxidant defenses. In
this context, our findings in lung samples
from infants who died with BPD suggest
that enhanced DNMT expression in BPD
likely mediates the methylation of many
genes beyond miR-17z92 alone.

The choice of the control group for our
studies of autopsy tissues was driven by both
practical and experimental reasons. The
ideal control group would use tissues from
prematurely born infants without BPD;
however, lung specimens from these infants
are virtually impossible to obtain. We also
wanted to compare infants with BPD with
infants without lung disease at a similar
gestational age. The gestational age at death
was not different between the groups
(Table 1). Nonetheless, our findings are
limited by the inability to determine the
impact on cluster expression, DNA
methylation, or DNMT expression of
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(n = 8) tissues.

Control BPD
0

2

4

6

8

10

R
C

N
 (

2-d
C

T
)

no
rm

al
iz

ed
 to

 C
ap

1

*

Control BPD

A

Control BPD
0

2

4

6

8

10

*

R
C

N
 (

2-d
C

T
)

no
rm

al
iz

ed
 to

 C
ap

1

Control BPD

B

Control BPD
0

2

4

6

8

10 *

R
C

N
 (

2-d
C

T
)

no
rm

al
iz

ed
 to

 C
ap

1

Control BPD

C

Figure 4. Increased DNA methyltransferase (DNMT) expression in bronchopulmonary dysplasia (BPD). Because of sample limitations, expression of (A)
DNMT-1, (B) -3a, and (C) -3b was determined by quantitative real-time polymerase chain reaction in a subset of control (n = 4) and BPD (n = 6) tissues. Using
adenylate cyclase-associated protein (Cap1) as an endogenous control, the average relative copy number (RCN)6 SD was calculated (*P , 0.01).

ORIGINAL RESEARCH

1510 AnnalsATS Volume 12 Number 10| October 2015



premature delivery, subsequent exposures
and treatments, and/or differences in
degradation in RNA in postmortem tissues.
It is possible that these and other
unidentified variables contributed to the
observed differences reported in the present
manuscript.

Our study is, to our knowledge, the first
to demonstrate an association between

altered plasma miR-17z92 cluster
expression and subsequent BPD
development in predominantly extremely
low–birth-weight infants (,1,000 g), those
with the greatest risk of developing BPD.
Recently, Wu and coworkers reported an
association between BPD development and
aberrant peripheral blood expression of
miR-152, -30a-3p, -133, and -let-7f in the

first 2 weeks of life in very low–birth-weight
infants (,1,500 g) (39). The identification
of relevant and specific analytes to predict
the development of BPD in at-risk
infants and/or to evaluate the effectiveness
of novel therapeutic strategies has been
hindered by a lack of access to relevant
biologic compartments and/or sample
volume limitations (40).
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Although limited in volume, blood
samples are obtained routinely from
extremely preterm infants during the course
of clinical management. The use of typically
discarded leftover samples offers a potential
source for sampling. The use of tCLN
technology enabled us to overcome
the sample volume limitations often
encountered in neonatal research by
permitting miR assessments using less than
50 ml of unprocessed plasma (27). As
reported previously, tCLN and qRT-PCR
provide comparable results for miR
detection. tCLN data are highly
reproducible, with little well-to-well
difference on the same chip and chip-to-
chip and variability of less than 10% for the
same sample. An advantage of tCLN
detection is the ability to detect a mixture of
intact large molecules and smaller mRNA
fragments that are present in extracellular
vesicles, permitting simultaneous analyses
of both miR and mRNA using the same
unprocessed sample. MBs used in tCLN
detection hybridize about 20 to 30 bases of
the target exon, which may provide higher
sensitivity than qRT-PCR with a much
smaller sample volume. We used this
technique to measure miR-17z92
expression in plasma obtained at 4–6 days
of life from 21 preterm infants (mean
gestational age, 25 wk). Our data revealed

significant decreases in plasma miR-17
and -19b expression in the first week of
life in infants in whom BPD at 36 weeks’
postmenstrual age was diagnosed
subsequently (Figures 6A and 6B). We
chose to include all plasma values in our
analyses, even though some were identified
as statistical outliers because these data
points came from different samples in each
analysis. Nonetheless, the significance of
the differences between groups remained
even when excluding statistical outliers.
Although our studies are preliminary, the
significance of our ROC analyses (Figures
6C and 6D) supports the conducting of
additional appropriately powered studies
investigating early alterations in plasma
miR-17z92 expression and the relationship
to the risk of subsequent BPD development.

Conclusions
In conclusion, our data indicate that
decreased miR-17z92 cluster expression in
the developing lung is associated with the
development of BPD. It is likely that
differences in maternal and neonatal
clinical management influence miR
expression. Although we were unable to
consider these variables in the present
studies because of a lack of comprehensive
clinical data, the influence of these variables
will need to be examined in future studies.

Our plasma data provide compelling
evidence that the miR-17z92 cluster
is a measurable predictor for BPD
development and may offer an avenue to
test the therapeutic efficacy of treatments
designed to preserve normal lung growth
and prevent BPD. We believe our studies
are the first to demonstrate the presence of
altered expression of the miR-17z92 cluster
in BPD and suggest that these alterations
are detectable early in life in low-volume
samples. The consistency of our findings in
different compartments (lung and plasma)
at separate time points in separate cohorts
of patients from different institutions
further strengthens the association between
altered miR-17z92 cluster expression and
BPD. Collectively, our data support miR-
17z92 as a potential target for predicting
and/or preventing BPD development in
at-risk infants. n
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