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Abstract

Congenital diaphragmatic hernia is associated with pulmonary hypoplasia and respiratory
distress, which result in high mortality and morbidity. Although several transgenic mouse
models of lung hypoplasia exist, the role of miRNAs in this phenotype is incompletely char-
acterized. In this study, we assessed microRNA expression levels during the pseudogland-
ular to canalicular phase transition of normal human fetal lung development. At this critical
time, when the distal respiratory portion of the airways begins to form, microarray analysis
showed that the most significantly differentially expressed miRNA was miR-449a. Predic-
tion algorithms determined that N-myc is a target of miR-449a and identified the likely miR-
449a:N-myc binding sites, confirmed by luciferase assays and targeted mutagenesis. Func-
tional ex vivo knock-down in organ cultures of murine embryonic lungs, as well as in ovo
overexpression in avian embryonic lungs, suggested a role for miR-449a in distal epithelial
proliferation. Finally, miR-449a expression was found to be abnormal in rare pulmonary
specimens of human fetuses with Congenital Diaphragmatic Hernia in the pseudoglandular
or canalicular phase. This study confirms the conserved role of miR-449a for proper pulmo-
nary organogenesis, supporting the delicate balance between expansion of progenitor cells
and their terminal differentiation, and proposes the potential involvement of this miRNA in
human pulmonary hypoplasia.
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Introduction

Abnormal lung development, often presenting at birth as functional respiratory distress, is a
prominent feature associated with Congenital Diaphragmatic Hernia (CDH) [1,2]. Anatomi-
cally and histologically, pulmonary embryology has been traditionally divided into five succes-
sive stages. In the first two, the embryonic and the pseudoglandular stages, the conducting
airways are formed. The later canalicular, saccular, and alveolar stages are characterized by epi-
thelial differentiation, increased vascularization, compaction of the mesenchyme, and matura-
tion of the air-blood interface in the alveoli [3-5]. At birth, the respiratory tree contains several
specialized epithelial cell types, organized along its proximo-distal axis; these include the cili-
ated, secretory, and neuroendocrine cells in the proximal bronchi, and type I/II pneumocytes
in the distal alveoli [3]. Key morphogenetic events are common between all vertebrates, despite
anatomical differences. In humans, the canalicular stage begins at 16 and ends at 24 weeks of
development. By week 20-22, type I and II alveolar cells have differentiated from their
progenitors.

Several key transcription factors and signaling pathways are known to regulate the transi-
tions in lung development. Comparatively little is known about the role of miRNAs, which are
small non-coding RNA molecules (21-24 nt) that regulate the expression of their target genes
post-transcriptionally. Most miRNAs are transcribed as primary microRNAs (pri-miRNAs),
which are processed by the Drosha complex into precursor miRNAs (pre-miRNAs) with hair-
pin structures, and finally cleaved by the RNase III enzyme Dicer. The mature miRNAs are
incorporated into nucleoprotein complexes called RNA-Induced Silencing Complexes (RISC),
which facilitate binding to the untranslated regions of mRNA transcripts with homologous
nucleotide sequences. Target mRNAs are thus rendered unstable and are degraded, or alterna-
tively their translation is blocked without degradation [6,7].

MiRNAs play important roles during early and late lung development. Previous studies
have profiled miRNA expression at various developmental stages in human and mouse lung
morphogenesis, suggesting a degree of evolutionary conservation of miRNA functions [8,9]. It
has been shown that early conditional downregulation of Dicer in mouse lung epithelium leads
to arrested branching and abnormal growth of the epithelial tubes [10]. Furthermore, mice
with deletion of the miRNA17~92 cluster die shortly after birth with pulmonary hypoplasia
and cardiac defects [11]; overexpression of this cluster produces a phenotype consisting of
hyperproliferation of lung epithelial cells with incomplete differentiation [12]. MiR-17 and let-
7 were previously found to be the most abundant miRNAs expressed early in the pseudogland-
ular and at the canalicular stage, respectively, during murine lung development [13]. The let-7
family of microRNAs controls epithelial proliferation and lung branching morphogenesis.
Their expression increases as a hallmark of transition from early epithelial branching to late
embryonic development, and reaches a maximum in the adult lungs [13,14].

CDH patients with severe lethal lung hypoplasia show morphological signs of arrested or
delayed branching morphogenesis in the pseudoglandular stage (5-17 weeks of human preg-
nancy, £9.5-16.6 days in mouse embryo) [15]. Additionally, impaired vascular development
has been observed which is characterized by an apparent premature differentiation of vascular
smooth muscle cells to their contractile phenotype [16,17]. These elements suggest that a mor-
phogenetic defect occurs relatively early during lung organogenesis [18]. We hypothesized a
defect of the expansion of the undifferentiated progenitor cells after the pseudoglandular stage
before reaching terminal differentiation during the canalicular stage (16-25 weeks of human
pregnancy, E16.6-17.4 days in mouse embryo, E15-17 of chick development) [19,20].

The purpose of this study was to characterize further which microRNAs are essential in the
pseudoglandular to canalicular transition, when the gas exchanging portion of the lung begins
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its formation from the bronchioles, and to relate the discovered miRNAs to disorders associ-
ated with severe lung hypoplasia. In fact, little is known about the genetic control of CDH lung
development in comparison to diaphragm formation [21,22]. MiR-449a was found to be highly
expressed at the canalicular stage compared to the pseudoglandular stage. We showed that its
inhibition increased epithelial differentiation while its overexpression resulted in marked pul-
monary hypoplasia, as seen in severe CDH. Furthermore, we found that miR-449a controlled
epithelial proliferation in the developing lung.

Materials and Methods

Human miRNA Microarrays

Total RNA was obtained from two 9 week old fetal lung samples using TRIzol RNA Isolation
Reagents (Life Technologies, Carlsbad, CA) homogenized by successive passages in 18G and
25G needles, and from two 18-20 week pooled human male fetal lungs (Stratagene, La Jolla,
CA) (Cat. 540177, Lot. 0450170). Total cDNA was hybridized to Human miRNA Microarrays
(V1 and V2, based on Sanger miRbase releases 9.1 and 10.1) (Agilent technologies, Santa
Clara, CA). Data analysis was performed using the Linear Models for Microarray Data (limma)
package in Bioconductor (www.bioconductor.org). The data discussed in this publication have
been deposited in NCBI's Gene Expression Omnibus [23] and are accessible through GEO
Series accession number GSE76921 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE76921). Human studies were approved by the Partners Institutional Review Board (IRB) at
the Massachusetts General Hospital (Protocols 2000-P-000372 and 2002-P-000083) and CREC
no. 2001.201 from the Joint CUHK-NTEC Cluster Clinical Research Ethics Committee.

Mouse and chick tissue collection

Lungs were harvested from inbred C57/B6 timed-pregnant mice (Charles River, Wilmington,
MA) and from timed, fertilized, white leghorn eggs (Spafas Inc, Voluntown, CT) maintained in
a humidified incubator (Kuhl Corp, Flemington, NJ) at 38°C. Mouse and chick embryos were
staged according to accepted criteria [24,25]. Animal studies were approved by the Center for
Comparative Medicine at the Massachusetts General Hospital Institutional Animal Care and
Use Committee (Protocol 2012-N-000025).

Organ Culture

Freshly dissected E16.5 lung 1-2 mm slices were placed in 24-mm Transwell permeable sup-
port plates (Corning Inc., Corning, NY) and incubated for two days in BGJB (Gibco | Life
Technologies, Carlsbad, CA) medium containing 0.2 mg/ml L-Ascorbic acid (Sigma-Aldrich,
St. Louis, MO), 50 U/ml penicillin and 50 U/ml streptomycin (Sigma-Aldrich, St. Louis, MO)
at 37°C in 5% CO, [26]. Anti-miRNA-449a and scrambled (control) Peptide Nucleic Acids
(PNA) (Panagene, Daejeon, Korea) were transfected using Effectene Transfection Reagent
(Qiagen, Venlo, The Netherlands). Tissue samples were processed after four days.

In ovo viral transduction

A replication-competent avian specific retrovirus (RCAS; A coat) was engineered to express
the RCAS(A)-449a construct composed of the miR-449a murine premiR sequence flanked by
200 nucleotides, using established techniques, and grown and harvested in DF1 cells [27,28].
Embryos were injected, in ovo, at E2 (st11-15) in the right anterior-lateral region targeting the
pre-lung field, following a published fate map, with approximately 1l of freshly defrosted
virus [29]. Injections were carried out under a Nikon SMZ800 dissection microscope, using a
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Hamilton syringe fitted with pulled glass micropipette needles [28]. Eggs were then sealed and
returned to the incubator until harvesting at E10, E13, E15, or E17. More than 15 dozen
embryos were injected with RCAS(A)-449a. Controls consisted of sham injections and RCAS
(A)-GFP-injected embryos.

Quantitative RT-PCR

Total RNA was extracted from pooled mouse (N = 6) and chick (N = 3) embryonic lungs using
TRIzol RNA Isolation Reagents (Life Technologies). RT-qPCRs were performed using iQ
SYBR Green Supermix (Bio-Rad Laboratories, Waltham, MA). In miRNA experiments, cDNA
was synthesized from lug of total RNA by miScript PCR Starter Kit (Qiagen, Venlo, The Neth-
erlands); real-time data were generated using miR-449a miScript Primer Assays and normal-
ized against snRNA RNU6B (RNU6-2) (Qiagen, Venlo, The Netherlands). In mRNA
experiments, cDNA was synthesized from 1ug of total RNA by SuperScript First-Strand Syn-
thesis System (Invitrogen | Life Technologies). Real-time data were generated with primers
designed using National Center for Biotechnology Information (NCBI) Primer-BLAST. Actb
was selected as the most stable normalizer determined by Biogazelle qbase+ (www.biogazelle.
com). Human adult RNA was obtained from four pooled female donors, ages 28-66 (Strata-
gene, La Jolla, CA) (Cat. 540019, Lot. 0960449). Total RNA from freshly prepared sections of
formalin-fixed paraffin-embedded human fetal tissue was extracted with the Pinpoint Slide
RNA Isolation System II (Zymo Research Corporation, Irvine, CA). Retrotranscription and
real-time PCRs were performed as described above. Results were analyzed using the AAC,
method, and significance calculated by Student's -test.

Immunohistochemistry (IHC) and In Situ Hybridization (ISH)

Mouse and chick lungs were dissected and fixed with 4% paraformaldehyde (PFA) or 10% for-
malin in RNase-free PBS, respectively, for 2 hours at 4°C. Fixed tissues were washed in PBS
with 0.1% Tween 20 (PBT) and through a graded series of methanol/PBT, or maintained at
-20°C in methanol until use. Paraffin sections were heat treated in a microwave oven at
medium power in 0.01 M sodium citrate buffer (pH 6) for 20 minutes for antigen retrieval.
Before antibody incubation, peroxidase was quenched with H,0,. Biotinylated secondary anti-
bodies (Vector Laboratories, Burlingame, CA) were used to localize antibody-antigen com-
plexes. Antigen detection was performed with the ABComplex/HRP Detection System
(DakoCytomation, Glostrup, Denmark), following the manufacturer's directions, and
enhanced with 3,3'-Diaminobenzidine (DAB). The following antibodies were used in this
study: mouse anti-PCNA (1:150; NeoMarkers; Fremont, CA;, USA), anti-NKX2.1 (1:200;
mouse monoclonal; SantaCruz, Dallas, TX, USA), and anti-SOX9 (1:200; rabbit polyclonal; a
gift from Dr. de Santa Barbara, University of Montpellier, France), anti-N-MYC (1:200; rabbit
polyclonal; abcam; Cambridge, MA, USA), anti-SOX2 (1:200; rabbit polyclonal; abcam; Cam-
bridge, MA, USA), anti-pSPC (1:400; rabbit polyclonal; abcam; Cambridge, MA, USA) and
anti-Ki67 (1:150; rabbit monoclonal; abcam; Cambridge, MA, USA). Predesigned LNA-
enhanced microRNA ISH Detection Probes were used according to the manufacturer's direc-
tions (Exiqon, Vedbaek, Denmark).

Luciferase Assay

A vector with a basal promoter and the luc2P gene inserted upstream of the human MYCN 3’
UTR (SwitchGear Genomics) and premiR-449a or scrambled premiRs (Ambion | Life Tech-
nologies, Carlsbad, CA) were co-transfected (Effectene, Qiagen, Venlo, The Netherlands) in
the immortalized Human Embryonic Kidney 293 (HEK) cells (ATCC) in Dulbecco’s Modified
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Eagle Medium (Gibco | Life Technologies, Carlsbad, CA), 10% fetal bovine serum, and 1% pen-
icillin/streptomycin. Cells were cultured at 37°C and 5% CO, saturation. QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was used to delete either one or both pre-
dicted miR-449a binding sites within the N-myc 3° UTR in the previously described luciferase
vector. The Dual-Luciferase Reporter Assay System (Promega, Madison, WI) was used to
assess luciferase activity, normalized to background renilla activity. The reported measure-
ments are representative of three or more experiments, conducted in six-plicate in 96 well
plates. Significance was calculated by Student's ¢-test.

Results

miR-449a is expressed during midgestation in human, murine, and avian
lungs

Human fetal lung specimens at 9 and 18-20 gestational weeks were used to determine miRNA
expression changes during the transition from the pseudoglandular to canalicular phases of
lung development. Linear Models for Microarray Data (limma) analysis identified 100 up-reg-
ulated microRNAs in the canalicular phase. MiRNA-449a exhibited the greatest increase in
expression among differentially expressed genes, confirmed by real-time qPCR (Fig 1A) and
replicated in C57BL/6 mouse embryonic lungs at comparable developmental stages (Fig 1B). It
is worth noting that human hsa-miR-449a and its murine ortholog mmu-miR-449a-5p share
identical mature sequences in miRBase (www.mirbase.org). Interestingly, miRNA-449a
reached its peak level of expression at 18 weeks (H. sapiens), or E18.5 (M. musculus), corre-
sponding to the final stages of canalicular development. Finally, its expression declined in the
saccular stage and was minimal at birth suggesting time specific function in that critical stage
of lung development. MiR-449a, and its paralogs miR-449b and miR-449¢, are co-regulated
with their host gene CDC20B [30]. During chick (G. gallus) lung development, CDC20B
expression was highest at E18 by RT-qPCR of whole-lung extracts (Fig 1B), suggesting that the
developmental control of miR-449a expression follows the same pattern in mammals and
avians. MiR-449a is expressed al low levels in the distal lung epithelium, and not in the mesen-
chyme, of mouse and chick lung explants (Fig 1C).

Mycn transcripts are regulated by miRNA-449a

Several transcripts were predicted as putative hsa-miR-449a targets by TargetScanHuman
Release 6.2 (N = 655; 730 conserved binding sites in the miRNA family) (www.targetscan.org),
and by miRDB (N = 295) (mirdb.org). Out of the 171 predictions in common between the two
databases, 156 were annotated in the Mouse Genome Informatics web portal (informatics.jax.
org). We chose to investigate N-Myc [v-myc myelocytomatosis viral related oncogene, neuro-
blastoma derived (avian)] which is associated, when perturbed, with abnormal branching simi-
lar to the lung morphogenesis defect and the pulmonary hypoplasia characteristic of severe
and lethal CDH (Fig 1D).

The negative correlation (anticorrelation) between N-Myc and miR-449a expression was
confirmed by RT-qPCR in human and mouse lung samples (Fig 1E). N-Myc and CDC20B
expression levels were similarly correlated in chick lungs (Fig 1E).

Hsa-miR-449a binds to the MYCN 3’-UTR

Luciferase assays based on a vector with a basal promoter and the luc2P gene upstream of the
N-myc 3'UTR were used to confirm regulation by the miR-449a (Fig 2A). The construct con-
tained both predicted binding sites S1 and S2 (Targetscan 5.1) (Fig 2B). The luciferase vector, a
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Fig 1. Mir449a expression. A. Hsa-miR-449a is highly expressed at 18—20 weeks (canalicular) relative to 9 weeks (pseudoglandular) and newborn human
human lungs. B. Mmu-miR-449a, and CDC20B as a proxy for chick gga-miR-449a, in mouse and chick lungs. C. MiR-449a expression in mouse (E15.5) and
chick (E12) distal lung epithelium by LNA ISH. Expression was not detected in the mesenchyme. D. N-myc is the only predicted target of miR-449a
associated with lung hypoplasia and expressed in the lung epithelium.E. N-myc expression during mouse and chick lung development is anticorrelated with
that of miR-449a. Standard Error is indicated. FC, Fold Change.

doi:10.1371/journal.pone.0149425.g001

renilla vector for transcription control, and either pre-miR-449a or a negative control scram-
bled pre-miRNA were co-transfected into HEK cells, chosen from a panel of cell lines because
they exhibited the lowest endogenous miR-449a expression in order to maximize signal-to-
noise.

Pre-miR-449a transfection caused a significant reduction in luciferase activity compared to
scrambled pre-miRNA treated cells (p < 0.0001), indicating direct regulation of the N-myc
3’UTR by miR-449a (Fig 2C). The two binding sites were then deleted in the luciferase/N-Myc
3’ UTR vector by site directed mutagenesis, resulting in three new vectors with Site 1 (S1), Site
2(S2), or S1+S2 targeted deletions. Their co-transfection with pre-miR-449a resulted in abro-
gation of the miR-449a effect when either S1 or S1+S2 were deleted, whereas deletion of S2
alone had only a modest effect on luciferase activity, indicating that S1 in the N-Myc 3’ UTR is
the critical binding site for miR-449a (Fig 2C).
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luciferase activity relative to scrambled control. S1, but not S2, deletion restores luciferase activity.

doi:10.1371/journal.pone.0149425.9002

miR-449a regulates epithelial proliferation and differentiation ex vivo and
in ovo

By competitive binding of PNA antagomirs, we investigated whether functional knockdown of
miR-449a affected lung epithelial progenitors in ex vivo organ cultures. Lungs were harvested
from E16.5 embryos, corresponding to the end of the pseudoglandular phase, at the onset of
miR-449a expression. PNA antagomirs added to the culture media effectively increased N-Myc
mRNA levels after 48 hours. Expression of both the proliferative marker Ki-67 (Fig 3A and 3B)
and the epithelial progenitor marker SOX9 (Fig 3E, 3F and 3G) were increased in the distal
portion of the epithelium. NKX2-1 (Fig 3C and 3D), pSPC (S1 Fig), and Sox2 (S1 Fig) expres-
sion was not altered. These findings were confirmed by RT-qPCR (Fig 3H).

Given the observed increased epithelial proliferation in antagomir treated mouse lung
explants, we hypothesized that miR-449a overexpression would disrupt lung growth, resulting
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in lung hypoplasia. Therefore, we developed and injected in ovo an RCAS(A)-449a virus,
expressing the murine miR-449a, or the negative control RCAS(A)-GFP along with sham injec-
tions at the beginning of lung development of chick embryos (E2). Successful infection of the
epithelium at E3 was confirmed and monitored by RT-qPCR of the virion component, src, and
by AMV-3C2 (anti-gag) antibody staining in the lung buds and throughout development (S1
Fig). Samples with predominant infection of the mesenchyme were not analyzed.

Early embryonic lethality was observed; however, the lungs of surviving embryos showed
marked lung hypoplasia. Moreover, histological examination of the chick E13 lungs showed
that RCAS(A)-449a infection led to a decreased number of airways. Next, we studied the effect
of miR-449 overexpression on lung epithelial proliferation. In less severely affected E15 RCAS
(A)-449a embryos the proliferative marker, PCNA, was markedly decreased both in the mesen-
chyme and in the epithelial cells compared to the controls, in which PCNA was abundantly
expressed in and around the distal epithelium (Fig 4A and 4B). The epithelial progenitor
marker, SOX9, was markedly reduced in the distal airways (Fig 4E and 4F). In general, the
entire epithelium was affected as indicated by globally reduced Nkx2.1 expression, indicating
that terminally differentiated cells were also compromised (Fig 4C and 4D).

Hsa-miR-449a expression in hypoplastic CDH lungs

As pulmonary hypoplasia is associated with diaphragmatic defects in humans and in animal
models, we assessed miR-449a expression levels in lung paraffin embedded specimens from
available CDH fetuses by RT-qPCR. MiR-449a expression differences were not detectable at
the onset of the canalicular phase between a 17 week CDH specimen (N = 1) and 16 week refer-
ence samples (N = 2) (Fig 5A). In the mid-late canalicular phase, at 20 weeks gestation, miR-
449a appeared to be reduced in a CDH fetus (N = 1) relative to a reference sample of the same
gestational age (N = 1) (Fig 5A). NKX2.1 expression was not altered in these samples (Fig 5B
and 5C), while SOX9 expression was increased (Fig 5D and 5E). In addition, N-MYC expres-
sion in CDH lungs was increased and more widely expressed thorough the distal tips of grow-
ing airways in diseased lungs (Fig 5F and 5G) This phenotype is consistent with reduced miR-
449a levels, possibly correlated with lung immaturity. These data, necessarily based on the lim-
ited samples available for research purposes, suggest a role for hsa-miR-449a in the pulmonary
phenotype of CDH patients prenatally, which should be further explored.

Discussion

Microarray expression profiles from human lung tissue in the pseudoglandular and canalicular
stages of lung development revealed several differentially expressed miRNAs. The most highly
upregulated miRNA was miR-449a, confirming published microarray data in mice [31]. MiR-
449a is a critical regulator of genes involved in cellular proliferation, differentiation, and apo-
ptosis [30,31]. In fact, miR-449a expression is normally controlled by the transcription factor
E2F1, a potent stimulator of cell cycle progression [31,32].

In the present study, quantitative PCR revealed a time specific increase in expression of
miR-449a at E15.5-E18.5, which corresponds to the end of branching morphogenesis in the
late pseudoglandular phase, and throughout the canalicular phase; its expression decreased
dramatically at birth. This pattern suggests a specific role for miR-449a in the mid stages of
lung development. In the lung, upregulation of the miRNA-449a had been correlated with the
differentiation of ciliated cells in proximal pulmonary epithelia through the Delta/Notch path-
way [30,33]. Mucociliary differentiation largely occurs late in lung development; our data, how-
ever, support the hypothesis that miR-449a may additionally influence distal epithelial
progenitor proliferation.
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doi:10.1371/journal.pone.0149425.g004

A prioritized list of likely miRNA-449a targets was obtained through a compilation of the
online tools TargetScanHuman Release 6.2 and miRDB. The MGI database was queried to
identify which of the target genes were known to cause pulmonary hypoplasia in mouse mod-
els. N-myc, a transcription factor belonging to the myc basic Helix-Loop-Helix DNA binding
domain family, was the only predicted miR-449a target in the MGI database to be associated to
both abnormal branching morphogenesis and pulmonary hypoplasia in mouse models, and
also expressed in lung epithelial cells like miR-449a. Its paralog c-myc is a proto-oncogene with
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Fig 5. CDH lungs. A. hsa-miR-449a expression increases from 16 to 20 wk in human lungs (left) (n =2 and
n =1, respectively), but not in patients with CDH (right) (n = 1 and n = 1, respectively). B-E. NKX2.1 (B,C) and
SOX9 (D,E) expression revealed by immunohistochemistry. F-G. N-MYC expression is increased and more

widely distributed in distal epithelium of CDH lungs.
doi:10.1371/journal.pone.0149425.g005
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arole in several human cancers including Burkitt’s lymphoma [34]. Similarly, N-myc plays a
role in tumorigenesis; for example, neuroblastoma patients with N-myc overexpression are at
increased risk of metastasis and mortality, and small cell carcinomas of the lung are also
known to overexpress N-myc in certain subtypes [35-37].

Homozygous deletion of N-myc results in embryonic lethality at E11.5. Null embryos dem-
onstrated a normal appearance and formation of early primordial organs, but failure of subse-
quent proliferation resulted in severe hypoplasia of the lungs, genitourinary system, gut, and
parts of the nervous system [38]. Heterozygous mice were also less viable than wild-type and
exhibited impaired fitness [38]. Conversely, N-myc overexpression in utero results in a lung
phenotype consisting of hyperproliferation and decreased differentiation, resulting in distal
epithelial tubules surrounded by abundant mesenchyme [39]. Transgenic pups with condi-
tional overexpression of the miRNA 17~92 cluster in the fetal lung similarly die soon after
birth or have severe respiratory distress, and manifest increased epithelial cell proliferation and
increased expression of Sox9 and N-myc in the lungs [12]. Further, overproliferation of Sox9-
positive cells was also described in nitrofen-treated lung explants, a validated model of CDH-
associated lung hypoplasia [40].

Thus, N-myc plays an important role in embryonic lung development and the data pre-
sented herein point to a role for miR-449a as a regulator of N-myc, as confirmed by luciferase
assays. Site directed mutagenesis experiments with a series of 7 nucleotide deletions of the
miR-449a:N-myc binding site, confirmed a direct interaction. Specific deletion of the 5’ S1 pre-
dicted binding region alone was sufficient to result in significant loss of the miR-449a effect,
indicating that Sl is the functionally active binding site.

By the time miR-449a can be first detected by our methodology, proximal cells arising from
a pool of epithelial progenitors, have already begun to abandon their undifferentiated state
[41]. Specifically, the reduction in their proliferation rate is an absolute requirement for correct
differentiation, indicating that the balance between proliferation and differentiation is tightly
controlled [42]. The miR-449a target N-myc belongs to the group of genes that maintain the
proliferation of undifferentiated progenitors [39]. Similarly, the pool of Sox9 expressing pro-
genitors is expanded when miR-449a is antagonized, or reduced when it is overexpressed.
Therefore, we speculate that the N-myc regulation operated by miR-449a may be one of several
cellular mechanisms used by epithelial progenitors to escape their undifferentiated proliferative
state and thus coordinate the critical process of epithelial differentiation. Distal populations of
epithelial progenitors start to express miR-449a as they leave the tip of the airways. MiR-449a
expressing cells then engage two separate pathways, the first to reduce their proliferative rate,
the second to initiate proximal epithelial mucociliary differentiation [30].

In conclusion, although several candidates have emerged from this unbiased microarray
screen between the pseudoglandular and canalicular phases of lung development, miR-449a
stood out as the most significantly upregulated, with N-myc as a likely target in the epithelium
at this time in development according to prediction algorithms, the MGI database of mouse
phenotypes, and luciferase assays. Furthermore, miR-449a murine ex vivo functional knock-
down and avian in ovo overexpression documented morphological changes consistent with
impaired lung differentiation and proliferation. Precise gene regulation during lung develop-
ment is critical for proper organogenesis; consequently, its disruption may be a feature of
human disorders characterized by pulmonary hypoplasia. Dynamic regulation of N-myc by
miR-449a is a promising interaction to investigate further as a likely mediator of epithelial cell
differentiation. Additionally, we detected abnormal miR-449a expression in the necessarily
limited human CDH samples available for research purposes. N-MYC expression was
increased in the available CDH lung sample. Interestingly, at least one patient with a MYCN
mutation has been reported to have CDH [43]. Although we do not presently know whether
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decreased miR-449a expression is sufficient to cause the full human phenotype or how it affects
the diaphragm, the present study suggests that miR-449a dysregulation plays a role in the
pathophysiology of CDH-associated lung hypoplasia.

Supporting Information

S1 Fig. A-D. Mouse lung explants and ex vivo organ culture. Sox2 and pSPC positive cells
were identified by IHC in scrambled sequence antagomirs as controls (A, C), or treated with
antagomir-449a (B, D). E-F. Expression of the 3C2 viral marker was measured in RCAS-
mir449 infected chick samples (*, lung airways or parabronchi).

(TIF)

Acknowledgments

We thank Meaghan K. Russell, Ph.D. and Drucilla J. Roberts, M.D. for logistical and technical
support.

Author Contributions

Conceived and designed the experiments: KWC PKD M. Longoni M. Loscertales. Performed
the experiments: ELS KWC AAT RH M. Longoni M. Loscertales. Analyzed the data: ELS KWC
M. Longoni M. Loscertales. Contributed reagents/materials/analysis tools: KWC PKD. Wrote
the paper: ELS PKD M. Longoni M. Loscertales.

References

1. Greer JJ. Current concepts on the pathogenesis and etiology of congenital diaphragmatic hernia.
Respir Physiol Neurobiol. Elsevier B.V.; 2013; 189: 232—40.

2. PoberBR, Russell MK, Ackerman KG. Congenital Diaphragmatic Hernia Overview [GeneReviewsTM.
1993]. In: Pagon RA, Adam MP, Bird TD, Dolan CR, Fong CT, Smith RJH, Stephens K, editors. Source-
GeneReviewsTM. Seattle (WA): University of Washington, Seattle; 1993-2013.2010.

3. KimuraJ, Deutsch GH. Key mechanisms of early lung development. Pediatr Dev Pathol. 2007; 10:
335-47. PMID: 17929994

4. Cardoso WV, L J. Regulation of early lung morphogenesis: questions, facts and controversies. Devel-
opment. 2006; 133: 1611-24. PMID: 16613830

5. Loscertales M, Mikels AJ, Hu JK-H, Donahoe PK, Roberts DJ. Chick pulmonary Wnt5a directs airway
and vascular tubulogenesis. Development. 2008; 135: 1365—76. doi: 10.1242/dev.010504 PMID:
18305003

6. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009; 136: 215-33. doi: 10.
1016/j.cell.2009.01.002 PMID: 19167326

7. Lytle JR, Yario TA, Steitz JA. Target mRNAs are repressed as efficiently by microRNA-binding sites in
the 5 UTR as in the 3' UTR. Proc Natl Acad Sci U S A. 2007; 104: 9667—72. PMID: 17535905

8. Khoshgoo N, Kholdebarin R, Iwasiow BM, Keijzer R. MicroRNAs and lung development. Pediatr Pul-
monol. 2013; 48: 317-23. doi: 10.1002/ppul.22739 PMID: 23281163

9. DongJ, Jiang G, Asmann YW, Tomaszek S, Jen J, Kislinger T, et al. MicroRNA networks in mouse
lung organogenesis. PLoS One. 2010; 5: e10854. doi: 10.1371/journal.pone.0010854 PMID:
20520778

10. Harris KS, Zhang Z, McManus MT, Harfe BD, Sun X. Dicer function is essential for lung epithelium mor-
phogenesis. Proc Natl Acad Sci U S A. 2006; 103: 2208-13. PMID: 16452165

11.  Ventura A, Young AG, Winslow MM, Lintault L, Meissner A, Erkeland SJ, et al. Targeted deletion
reveals essential and overlapping functions of the miR-17 through 92 family of miRNA clusters. Cell.
2008; 132: 875-86. doi: 10.1016/j.cell.2008.02.019 PMID: 18329372

12. LuY, Thomson JM, Wong HYF, Hammond SM, Hogan BLM. Transgenic over-expression of the micro-
RNA miR-17-92 cluster promotes proliferation and inhibits differentiation of lung epithelial progenitor
cells. Dev Biol. 2007; 310: 442-53. PMID: 17765889

PLOS ONE | DOI:10.1371/journal.pone.0149425 February 18,2016 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149425.s001
http://www.ncbi.nlm.nih.gov/pubmed/17929994
http://www.ncbi.nlm.nih.gov/pubmed/16613830
http://dx.doi.org/10.1242/dev.010504
http://www.ncbi.nlm.nih.gov/pubmed/18305003
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://www.ncbi.nlm.nih.gov/pubmed/17535905
http://dx.doi.org/10.1002/ppul.22739
http://www.ncbi.nlm.nih.gov/pubmed/23281163
http://dx.doi.org/10.1371/journal.pone.0010854
http://www.ncbi.nlm.nih.gov/pubmed/20520778
http://www.ncbi.nlm.nih.gov/pubmed/16452165
http://dx.doi.org/10.1016/j.cell.2008.02.019
http://www.ncbi.nlm.nih.gov/pubmed/18329372
http://www.ncbi.nlm.nih.gov/pubmed/17765889

@’PLOS ‘ ONE

MiR-449a Expression in Lung Development

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

LuY, Okubo T, Rawlins E, Hogan BLM. Epithelial progenitor cells of the embryonic lung and the role of
microRNAs in their proliferation. Proc Am Thorac Soc. 2008; 5: 300—4. doi: 10.1513/pats.200710-
162DR PMID: 18403323

Bhaskaran M, Wang Y, Zhang H, Weng T, Baviskar P, Guo Y, et al. MicroRNA-127 modulates fetal
lung development. Physiol Genomics. 2009; 37: 268—78. doi: 10.1152/physiolgenomics.90268.2008
PMID: 19439715

Areechon W, Eid L. Hypoplasia of lung with congenital diaphragmatic hernia. Br Med J. 1963; 1: 230-3.
PMID: 14013675

Kitagawa M, Hislop A, Boyden EA, Reid L. Lung hypoplasia in congenital diaphragmatic hernia. A
quantitative study of airway, artery, and alveolar development. Br J Surg. 1971; 58: 342—6. PMID:
5574718

Sluiter I, van der Horst I, van der Voorn P, Boerema-de Munck A, Buscop-van Kempen M, de Krijger R,
et al. Premature differentiation of vascular smooth muscle cells in human congenital diaphragmatic her-
nia. Exp Mol Pathol. 2013; 94: 195-202. doi: 10.1016/j.yexmp.2012.09.010 PMID: 23018129

Kinane TB. Lung development and implications for hypoplasia found in congenital diaphragmatic her-
nia. Am J Med Genet C Semin Med Genet. 2007; 145C: 117-24. PMID: 17436303

Warburton D, Schwarz M, Tefft D, Flores-Delgado G, Anderson KD, Cardoso W V. The molecular basis
of lung morphogenesis. Mech Dev 2000 pp. 55-81.

Warburton D, El-Hashash A, Carraro G, Tiozzo C, Sala F, Rogers O, et al. Lung organogenesis. Curr
Top Dev Biol. 2010; 90: 73—158. doi: 10.1016/S0070-2153(10)90003-3 PMID: 20691848

Russell MK, Longoni M, Wells J, Maalouf FI, Tracy AA, Loscertales M, et al. Congenital diaphragmatic
hernia candidate genes derived from embryonic transcriptomes. Proc Natl Acad Sci U S A. 2012; 109:
2978-83. doi: 10.1073/pnas.1121621109 PMID: 22315423

Longoni M, High FA, Russell MK, Kashani A, Tracy AA, Coletti CM, et al. Molecular pathogenesis of
congenital diaphragmatic hernia revealed by exome sequencing, developmental data, and bioinformat-
ics. Proc Natl Acad Sci U S A. 2014; 111: 12450-5. doi: 10.1073/pnas.1412509111 PMID: 25107291

Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene expression and hybridization
array data repository. Nucleic Acids Res. 2002; 30: 207-10. PMID: 11752295

Theiler K. The House Mouse. Atlas of Embryonic Development. Second Edition. New York: Springer-
Verlag; 1989.

Hamburger V, Hamilton HL. A series of normal stages in the development of the chick embryo. J Mor-
phol. 1951; 88: 49-92. PMID: 24539719

Pacheco BA, Islam S, Sung P-K, Chang WT, Manganaro TF, Donahoe PK, et al. Antioxidants reverse
fetal rat pulmonary hypoplasia in vitro. Surgical Forum. 1997. pp. XLVII:652—655.

Logan M, Tabin C. Targeted gene misexpression in chick limb buds using avian replication-competent
retroviruses. Methods. 1998; 14: 407-20. PMID: 9608511

Morgan BA, Fekete DM. Manipulating gene expression with replication-competent retroviruses. Meth-
ods Cell Biol. 1996; 51: 185-218. PMID: 8722477

Matsushita S. Fate mapping study of the endoderm in the posterior part of the 1.5-day-old chick
embryo. Dev Growth Differ. 1999; 41: 313-319. PMID: 10400393

Lizé M, Herr C, Klimke A, Bals R, Dobbelstein M. MicroRNA-449a levels increase by several orders of
magnitude during mucociliary differentiation of airway epithelia. Cell Cycle. 2010; 9: 4579-83. PMID:
21088493

Lizé M, Pilarski S, Dobbelstein M. E2F1-inducible microRNA 449a/b suppresses cell proliferation and
promotes apoptosis. Cell Death Differ. 2010; 17: 452—8. doi: 10.1038/cdd.2009.188 PMID: 19960022

Yang X, Feng M, Jiang X, Wu Z, Li Z, Aau M, et al. miR-449a and miR-449b are direct transcriptional
targets of E2F1 and negatively regulate pRb-E2F1 activity through a feedback loop by targeting CDK6
and CDC25A. Genes Dev. 2009; 23: 2388-93. doi: 10.1101/gad.1819009 PMID: 19833767

Marcet B, Chevalier B, Luxardi G, Coraux C, Zaragosi L-E, Cibois M, et al. Control of vertebrate multici-
liogenesis by miR-449 through direct repression of the Delta/Notch pathway. Nat Cell Biol. Nature Pub-
lishing Group; 2011; 13: 693-9.

Schmitz R, Ceribelli M, Pittaluga S, Wright G, Staudt LM. Oncogenic mechanisms in Burkitt lymphoma.
Cold Spring Harb Perspect Med. 2014; 4.

Beltran H. The N-myc Oncogene: Maximizing its Targets, Regulation, and Therapeutic Potential. Mol
Cancer Res. 2014; 12: 815-22. doi: 10.1158/1541-7786.MCR-13-0536 PMID: 24589438

Seeger RC, Brodeur GM, Sather H, Dalton A, Siegel SE, Wong KY, et al. Association of multiple copies
of the N-myc oncogene with rapid progression of neuroblastomas. N Engl J Med. 1985; 313: 1111-6.
PMID: 4047115

PLOS ONE | DOI:10.1371/journal.pone.0149425 February 18,2016 14/15


http://dx.doi.org/10.1513/pats.200710-162DR
http://dx.doi.org/10.1513/pats.200710-162DR
http://www.ncbi.nlm.nih.gov/pubmed/18403323
http://dx.doi.org/10.1152/physiolgenomics.90268.2008
http://www.ncbi.nlm.nih.gov/pubmed/19439715
http://www.ncbi.nlm.nih.gov/pubmed/14013675
http://www.ncbi.nlm.nih.gov/pubmed/5574718
http://dx.doi.org/10.1016/j.yexmp.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23018129
http://www.ncbi.nlm.nih.gov/pubmed/17436303
http://dx.doi.org/10.1016/S0070-2153(10)90003-3
http://www.ncbi.nlm.nih.gov/pubmed/20691848
http://dx.doi.org/10.1073/pnas.1121621109
http://www.ncbi.nlm.nih.gov/pubmed/22315423
http://dx.doi.org/10.1073/pnas.1412509111
http://www.ncbi.nlm.nih.gov/pubmed/25107291
http://www.ncbi.nlm.nih.gov/pubmed/11752295
http://www.ncbi.nlm.nih.gov/pubmed/24539719
http://www.ncbi.nlm.nih.gov/pubmed/9608511
http://www.ncbi.nlm.nih.gov/pubmed/8722477
http://www.ncbi.nlm.nih.gov/pubmed/10400393
http://www.ncbi.nlm.nih.gov/pubmed/21088493
http://dx.doi.org/10.1038/cdd.2009.188
http://www.ncbi.nlm.nih.gov/pubmed/19960022
http://dx.doi.org/10.1101/gad.1819009
http://www.ncbi.nlm.nih.gov/pubmed/19833767
http://dx.doi.org/10.1158/1541-7786.MCR-13-0536
http://www.ncbi.nlm.nih.gov/pubmed/24589438
http://www.ncbi.nlm.nih.gov/pubmed/4047115

@’PLOS ‘ ONE

MiR-449a Expression in Lung Development

37.

38.

39.

40.

4.

42,

43.

Kim YH, Girard L, Giacomini CP, Wang P, Hernandez-Boussard T, Tibshirani R, et al. Combined micro-
array analysis of small cell lung cancer reveals altered apoptotic balance and distinct expression signa-
tures of MYC family gene amplification. Oncogene. 2006; 25: 130-8. PMID: 16116477

Stanton BR, Perkins AS, Tessarollo L, Sassoon DA, Parada LF. Loss of N-myc function results in
embryonic lethality and failure of the epithelial component of the embryo to develop. Genes Dev. 1992;
6:2235-47. PMID: 1459449

Okubo T, Knoepfler PS, Eisenman RN, Hogan BLM. Nmyc plays an essential role during lung develop-
ment as a dosage-sensitive regulator of progenitor cell proliferation and differentiation. Development.
2005; 132: 1363—74. PMID: 15716345

Rhodes J, Saxena D, Zhang G, Gittes GK, Potoka DA. Defective parasympathetic innervation is asso-
ciated with airway branching abnormalities in experimental CDH. Am J Physiol Lung Cell Mol Physiol.
2015; 309: L168-74. doi: 10.1152/ajplung.00299.2014 PMID: 25934671

Perl A-KT, Wert SE, Nagy A, Lobe CG, Whitsett JA. Early restriction of peripheral and proximal cell line-
ages during formation of the lung. Proc Natl Acad Sci U S A. 2002; 99: 10482—7. PMID: 12145322

Tsao P-N, Chen F, Izvolsky KI, Walker J, Kukuruzinska MA, Lu J, et al. -Secretase Activation of Notch
Signaling Regulates the Balance of Proximal and Distal Fates in Progenitor Cells of the Developing
Lung. J Biol Chem. 2008; 283: 29532—-29544. doi: 10.1074/jbc.M801565200 PMID: 18694942

Cognet M, Nougayrede A, Malan V, Callier P, Cretolle C, Faivre L, et al. Dissection of the MYCN locus
in Feingold syndrome and isolated oesophageal atresia. Eur J Hum Genet. 2011; 19: 602—6. doi: 10.
1038/ejhg.2010.225 PMID: 21224895

PLOS ONE | DOI:10.1371/journal.pone.0149425 February 18,2016 15/15


http://www.ncbi.nlm.nih.gov/pubmed/16116477
http://www.ncbi.nlm.nih.gov/pubmed/1459449
http://www.ncbi.nlm.nih.gov/pubmed/15716345
http://dx.doi.org/10.1152/ajplung.00299.2014
http://www.ncbi.nlm.nih.gov/pubmed/25934671
http://www.ncbi.nlm.nih.gov/pubmed/12145322
http://dx.doi.org/10.1074/jbc.M801565200
http://www.ncbi.nlm.nih.gov/pubmed/18694942
http://dx.doi.org/10.1038/ejhg.2010.225
http://dx.doi.org/10.1038/ejhg.2010.225
http://www.ncbi.nlm.nih.gov/pubmed/21224895

