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ABSTRACT
Preterm birth is the leading cause of morbidity in the first year of life. This
is due to incomplete lung development that leads to acute and chronic respiratory
diseases. MicroRNAs and Hox genes play important roles in regulating biological
processes, including organ morphogenesis and maturation. However, little is
known about how miRNA and Hox genes regulate lung development.
In the first part of this study, we profiled the expression of 376 miRNAs in
male and female fetal mouse lungs of gestational days E15 – E18, a time period
when several important developmental and cellular events occur. Statistical
analyses identified 25 and 37 miRNAs that changed significantly between
genders and with gestation, respectively. Ingenuity Pathway Analysis identified
miRNA regulated networks, many of which are important to lung development.
Next, we examined how anti-angiogenic miR-221 and pro-angiogenic miR130a affect airway and vascular development in the developing lung.
Downregulating miR-221 or upregulating miR-130a in E14 fetal mouse lungs
resulted in more distal branch generations and vascular development as evident
by increased VEGFR2 and lectin staining around airways. The opposite
phenotype was observed with upregulating miR-221 or downregulating miR130a. Furthermore, some of these effects were mediated through Hoxb5 and
Hoxa5, targets of miR-221 and miR-130a, respectively. In vitro, upregulation of
miR-221 in endothelial cells resulted in reduced tube formation and cell
migration, whereas the reverse was observed with miR-130a upregulation.
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Based on results, we conclude that miR-221 and miR-130a have opposing
effects on airway and vascular morphogenesis of the developing lung.
Lastly, we investigated the role of Hoxa5 and Hoxb5 in lung
morphogenesis in response to hyperoxia to study mechanisms relevant to clinical
scenarios. Compared to E14 fetal mouse lung organ cultures in room air (RA),
48 hours exposure to oxygen significantly altered organization and patterning of
airway branching. Lungs returned to RA after 24 h of oxygen exposure had
partial structural recovery. Hyperoxia also decreased Hoxb5 and VEGFR2 while
altering the cellular distribution of Hoxa5. Overexpression of Hoxb5 promoted
lung vascular and airway patterning whereas overexpression of Hoxa5 had the
opposite effect on vascular development. We concluded that modest oxygen
levels alter expression of Hoxb5 and Hoxa5 proteins, contributing to altered
progression of airway and lung microvascular development.
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Chapter 1
Introduction

1.1 Lung Development
Proper lung function is essential to the survival of human life. An average
adult uses about 550 liters of pure oxygen every day as energy to fuel basic
cellular mechanisms and perform daily functions. Through evolution, the human
lung has adapted in many ways to facilitate oxygen diffusion. The lungs consist
of two highly branched tubular systems: the airways and the pulmonary
vasculature. Through the process of branching morphogenesis, these two
systems eventually form the alveoli, where the epithelium and the vascular
endothelium are juxtaposed. The structure of the alveolar unit allows for
maximum surface area exposure to capillaries to enable efficient and rapid gas
exchange. The development of the lung is carefully orchestrated and regulated
by a myriad of molecular and environmental factors. Changes in levels or timing
of any of these factors can result in altered lung development, which can prove to
be detrimental to lung function. Lung development can be divided into 5 stages:
embryonic, pseudoglandular, canalicular, saccular and alveolar (Table 1.1).
These stages will give rise to the air conducting and air exchanging airways of
the lung.
Early lung development
During the embryonic stage (E9 – 12), it is the embryonic foregut under
the influence of signaling mechanisms from the mesenchyme that gives rise to
the respiratory tract. After specification of the lung domain by Nkx2-1, two
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primary endodermal sprouts appear from the ventral foregut. Around the same

Developmental Age
Stage

Human
(Wk = weeks)

Embryonic

Wk 3 – 7

Pseudoglandular

Wk 5 – 17

Canalicular

Wk 16 – 26

Saccular

Wk 24 – 38

Alveolar

Wk 36 – 2
years

Mouse
(E =
Embryonic
Day)

Main Developmental
Events

Budding of lung bud from
E 9 – 12
the foregut endoderm
Formation of trachea and
mainstem bronchi
Establishment of all major
E 12 – 15
conducting airways
Epithelial differentiation
begins
Capillarization and
E 15 – 17
formation of pulmonary
acinus
Alveolar Type I and II cells
appear
Formation of terminal
E 17 – Birth saccules, alveolar ducts
and airsacs
Thinning of epithelium and
production of surfactants
Formation of alveoli
Birth –
Expansion of airspaces by
Postnatal Day alveolar septation
20

Table 1.1: Summary of lung developmental stages.
time separation of the dorsal and ventral foregut takes place, with the ventral
foregut forming the tracheal tube. The two primary lung bronchi extend into the
neighboring mesenchyme and begin the process of branching morphogenesis to
eventually give rise to the mature airway tree (Figure 1.1). In mice, the right
bronchus branches into 4 secondary bronchi, giving rise to 4 lobes. The left
bronchus, on the other hand, only forms one lobe. It has been proposed that
3

three different branching modes (domain branching, planar bifurcation and
orthogonal bifurcation) are repeatedly used throughout the branching process to
form the intricate yet stereotyped pattern of the respiratory airways (Figure 1.2)
(Metzger et al. 2008). It is in the embryonic stage that the framework for all major
airways is laid down. The epithelium lining these airways is columnar and
undifferentiated.
Domain branching in the embryonic stage is primarily driven by Fibroblast
growth factor (Fgf) signaling. Fgfs are a family of secreted molecules that play
very important roles in proliferation and differentiation in development and
disease states (Goldfarb 1996). Fgf10 is localized to the distal mesoderm and
binds to the Fgfr2b in the endoderm. This signaling is crucial, as mutants lacking
Fgf10 or Fgfr2b form the primary tube but do not form lung bud branches (Min et
al. 1998, Lebeche, Malpel & Cardoso 1999). Fgf domains in the mesoderm also
help establish D/V and A/P patterning genes such as Fog2 and Gata4 (Ackerman
et al. 2005, Ackerman et al. 2007).
It is during pseudoglandular stage of lung development (E12 – E15) that
all major air conducting airways (bronchi to terminal bronchial branches) are
established, and the process of cellular differentiation begins (Figure 1.1). All
three types of branching modes are observed at this stage (Metzger et al. 2008).
Fgf10 expression at the mesodermal tip is central to the signaling center that is
responsible for regulating the branching process of the lung. The temporal and
spatial localization of Fgf10 suggests that it directs airway branching and
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Figure 1.1: Stages of lung development. (A) During the pseudoglandular stage,
primary bronchi branch to give rise to the bronchiolar tree, and all major
conducting airways. A primitive capillary plexus begins to form. (B) In the
canalicular stage, thinning of the distal epithelium occurs to form pulmonary acini.
Early differentiation of alveolar Type I and Type II cells begins. Through the
process of angiogenesis, the capillaries begin to align next to the epithelium. (C)
During the saccular stage, alveolar Type II cells begin to produce surfactant.
Thinning of the mesenchyme occurs and the capillaries envelope the developing
terminal sacs. (D) In the alveolar stage, primary and secondary septae divide the
terminal sacs to form the mature alveoli. Adapted from Ornitz et al. 2012.
5

Figure 1.2: Schematic of branching modes. Domain branching involves periodic
sprouting of new buds that are dorsal/ventral or medial/lateral relative to the axis
of the parent stalk. Bifurcations at the branch tip can be planar or orthogonal,
depending on the axis of the newly formed buds. Adapted from Metzger et al.
2008.
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progressively marks new branch sites in lung morphogenesis. Fgf10 also helps
coordinate smooth muscle and vascular development, and regulates proliferation
of epithelial progenitors (Ramasamy et al. 2007). Some other highly conserved
signaling pathways that are important during this developmental window include
Bmps/TGFβ, Retinoic Acid, Gli, Shh, Wnts, Notch, Hox genes, and other Fgfs
(Cardoso, Lu 2006). These pathways mediate “cross-talk” between the
epithelium and the mesenchyme and govern the size and shape of the lung.
These signals are also important in directing cellular differentiation in
proximal and distal epithelium and mesenchyme to establish a functional airway
system. The undifferentiated columnar epithelium of the air-conducting bronchial
tubes will differentiate into Clara cells, pulmonary neuroendocrine cells (PNECs),
mucous-secreting goblet cells and ciliated cells. On the other hand, the low
columnar/cuboidal epithelial cells of the distal respiratory airway will differentiate
into type II, and later type I pneumocytes. Mesenchymal cells differentiate to form
cartilaginous rings around the trachea and smooth muscle cells around airways
and blood vessels.
Mid lung development
At E15 in mice, the pulmonary system transitions into the canalicular stage
(Figure 1.1). During this time, the pulmonary acinar units form to include the
alveolar ducts, alveolar sacs and the alveoli. The Type II cells also give rise to
Type I pneumocytes which are an important component of the air-blood barrier.
There is an overall decrease in mesechymal tissue, resulting in close apposition
7

of the epithelium to the developing vasculature. In humans, by the end of this
stage, the lung is mature enough to provide some gas exchange with significant
clinical support.
The presence of saccules or sac-like air spaces marks the beginning of
the saccular stage (E17 – birth, Figure 1.1). The interstitium volume decreases,
alongside the thinning of the epithelium. The formation of septae begins to
subdivide the saccular walls to increase gas exchange surface area.
Differentiation of the alveolar epithelium continues, making Type I and II
pneumocytes the most abundant epithelial cell types.
Type II pneumocytes in the epithelium of the acinar units begin to produce
pulmonary surfactant proteins, which are integral to the lung‟s breathing function.
Surfactant is a lipoprotein complex which has a hydrophobic and a hydrophilic
region. The hydrophilic region is adsorbed to the alveolar interface and the
hydrophobic regions face the air space. Dipalmitoylphosphatidylcholine (DPPC)
is the main lipid component of surfactant and reduces surface tension.
Late lung development
The alveolar stage of development (birth – postnatal day 20) is marked by
an increase in lung surface area through the process of alveolarization (Figure
1.1). Alveolar maturation occurs through the formation of alveolar septae and
secondary crests, which further subdivide the air sacs into smaller units. Early
on, these crests contain a double-walled capillary system. The alveolar wall will
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undergo further thinning via further flattening of the Type I cells, and endothelial
cells remodel to form a single capillary layer which facilitates diffusion of gases.
Gender differences in lung development
Sexual dimorphism in lung development was first observed in clinical
studies evaluating the risks and outcomes of Respiratory Distress Syndrome
(RDS) in premature infants. These studies showed a male disadvantage in both
circumstances. Sexual Dimorphism was further confirmed by studies in which
pregnant women who were at risk for premature delivery were treated with
betamethasone (Collaborative Group of Antenatal Steroid Therapy 1981).
Betamethasone, potent synthetic analog of the steroid hormone cortisol, crosses
the placenta and stimulates lung surfactant production. In these studies, it was
observed that the incidence of RDS was halved in female infants but minimally
changed in male infants (Collaborative Group of Antenatal Steroid Therapy
1981). Even though the reason for this differential glucocorticoid response
between genders remains unclear and controversial, these findings sparked
interest in how lung development differs in males and females. A subsequent
study looked at surfactant appearance in human amniotic fluid, and found that
there was a two week lag in surfactant production in males compared to female
(Torday et al. 1981). In fact, surfactant phospholipid kinetics in the amniotic fluid
is used as a predictor of RDS in males and females, and in maternal diseases
that can impair surfactant production in the fetus (Fleisher et al. 1985). This lag in
surfactant production indicated one mechanism by which premature male infants
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are more likely to develop and die from acute and chronic respiratory diseases
compared to female counterparts (Perelman et al. 1986). This sexual dimorphism
in lung development has also been observed in rabbit, rat and mouse lungs
(Kotas, Avery 1980, Adamson, King 1984, Nielsen et al. 1990). In mouse models,
there is a 1 day delay in lung maturation, with female cell proliferation peaking
earlier, and thereby allowing earlier cell differentiation (E17) than in males (E18)
(Nielsen et al. 1990). These models have been used to investigate gender
related differences in lung development.
Besides the physiological difference in the onset of surfactant synthesis,
male and female lungs also have structural differences. In humans, females tend
to have smaller lungs, and are born with fewer respiratory bronchioles (Thurlbeck
1982). Although males have larger lungs, the number of alveoli per unit area and
alveolar volume are the same between both genders (Thurlbeck 1982). Similar
observations have been made in mice and rats, where females have more and
smaller alveoli than their male counterparts (Massaro, Mortola & Massaro 1995).
Animal experimental data support the role for sex hormones in lung
development. Estrogens exert stimulatory effects whereas androgens inhibit lung
development and fetal lung surfactant production (Carey et al. 2007). However,
less is known about the role of estrogen signaling in regulating these gender
differences.
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Role of sex hormones in lung development
Androgens
Treatment

with

exogenous

androgens

blocks

differentiation

and

concomitantly stimulates fetal Type II cell proliferation, thus negatively affecting
de novo surfactant synthesis (Nielsen et al. 1990, Floros, Nielsen & Torday
1987). Androgen-dependent delay of surfactant synthesis is observed in rat,
mouse and human lungs (Torday, Dow 1984, Nielsen 1985, Crowley, Chalmers
& Keirse 1990). Subsequent studies focused on the role of androgen signaling in
lung development. When dihydrotestosterone (DHT), the bioactive form of
testosterone, was administered to pregnant rabbits, delayed surfactant synthesis
was observed in both male and female fetuses, with males being more sensitive
to the treatment (Nielsen, Zinman & Torday 1982). Conversely when antiandrogen flutamide was given, male surfactant levels were on par with females
and no change was observed in female surfactant levels (Nielsen, Zinman &
Torday 1982). Furthermore, this sex difference was abolished in the mouse
model of testicular feminization (Tfm), where the mouse is devoid of androgen
receptors (Nielsen 1985, Lyon, Hawkes 1970, Griffin, Wilson 1977). These
studies suggested that the sex difference is attributed to androgen receptor
activity.
Several pathways and molecules are regulated by androgens, including
Epidermal Growth Factor (EGF) and Transforming Growth Factor β (TGFβ). EGF
is able to stimulate surfactant synthesis and lung maturation through fibroblast11

Type II cell communication (Nielsen 1989, Gross et al. 1986, Sen, Cake 1991).
EGF is released from the epithelium and binds to the EGFR present in the
underlying fibroblasts to promote production of Fibroblast Pneumocyte Factor
(FPF). FPF expression is also negatively regulated by the androgen receptor
and is thought to mediate male and female differences in lung maturation
(Nielsen 1985, Nielsen 1989). The increased presence of EGF receptors in
female fetal lung fibroblasts contributes to EGF sex-specific regulation of
surfactant production (Klein, Nielsen 1993, Rosenblum et al. 1998, Dammann,
Nielsen 1998). DHT is able to inhibit the increase in EGFR levels that normally
occurs in late gestation (Klein, Nielsen 1993). Fibroblasts from fetal mouse lungs
that were exposed to chronic DHT treatment in utero also decreased EGFRspecific binding (Dammann et al. 2000). These studies demonstrate that
androgens can delay lung maturation in male infants by inhibiting pathways that
are important for lung maturation.
TGFβ is another factor involved in gender-related differences during lung
development. This factor is a potent inhibitor of FPF production and activity and
Type II cell surfactant synthesis. TGFβ is negatively regulated by glucocorticoids
and stimulated by the presence of DHT (Torday, Kourembanas 1990). TGFβ
receptor binding is also altered as gestation progresses, and an increase in the
relative abundance of non-signaling TGFβ RIII compared to signaling TGFβ RI
and II is observed (Pereira et al. 1998). This allows for maturation of Type II cells
and the onset of surfactant synthesis. In utero DHT exposure also increases
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TGFβ receptor specific binding in fetal mouse lung fibroblasts, showing that this
signaling is regulated by androgens (Dammann et al. 2000).
Estrogens
Several studies have revealed that estrogens have the ability to promote
lung development. Fetal rabbits and rats receiving exogenous estrogens via
maternal administration had accelerated lung maturation and surfactant
production (Gross et al. 1979, Khosla, Gobran & Rooney 1980, Khosla, Rooney
1979, Khosla et al. 1981, Possmayer et al. 1981). Further, deprivation of prenatal
estrogens was found to profoundly impair alveolar formation and fluid clearance
in newborn piglets (Trotter et al. 2006). Estrogens also play an important role in
the formation and maintenance of alveoli. Ovariectomized rats have larger,
simplified alveoli and decreased total alveolar surface area compared to sham
controls (Massaro, Mortola & Massaro 1996). Conversely, estrogen treated
female rats have a greater number of alveoli, which are smaller in size (Massaro,
Mortola & Massaro 1996).
Estrogens signal through ERα and ERβ, both of which are present in the
lung (Couse et al. 1997). Female mice deficient in either receptor do not have a
full complement of alveoli and ER deficient male mice have a milder defect in
alveolar dimensions compared to females (Massaro, Massaro 2006, Massaro,
Massaro 2004). In ERβ knock-out mice, these alveolar defects are due to altered
expression

of

platelet-derived

growth

factor

A

(PDGF-A)

and

granulocyte/macrophage colony-stimulating factor (GM-CSF) (Patrone et al.
13

2003). Both factors are critical for surfactant production and alveolar formation
and their transcription is under the regulation of ERβ (Patrone et al. 2003). These
studies suggest that some of the gender-dependent differences in lung structure
and function can be attributed to the presence of estrogens.
Even though much progress has been made to elucidate mechanisms
underlying differences in male and female lung development, much remains to
be uncovered. Further, studies can also help identify novel pathways and
molecules that can be targeted therapeutically to promote lung maturation in
premature infants.
1.2 Pulmonary Vascular Development
Basic Mechanisms of Lung Vascular Development
Vascular formation within the lung occurs through two major processes:
angiogenesis and vasculogenesis. Angiogenesis occurs when new blood vessels
are formed from existing vessels, whereas vasculogenesis is de novo blood
vessel

formation

from

angioblasts

or

endothelial

cell

precursors

via

environmental cues. Though the relative contributions of both of these processes
to lung vascular growth at different stages of lung development remains
controversial, it is thought that the proximal vasculature is derived from
angiogenesis, whereas the distal vasculature forms de novo.
In mice, blood islands begin to form in the mesenchyme of the embryonic
lung buds, at E9. During the pseudoglandular stage (E12), new vessels sprout
14

from the central pulmonary artery trunk. The proximal capillary plexus and the
distal sinusoids connect to form a vascular network at E14, after which extensive
branching of arteries takes place (deMello et al. 1997). Vascular development in
human fetal lungs occurs through a similar mechanism (deMello, Reid 2000, Hall,
Hislop & Haworth 2002). More recently, this concept has been challenged by a
study which suggested that distal angiogenesis is the primary mechanism by
which the lung vasculature is formed (Parera et al. 2005). New tools and
techniques are needed to understand the basic processes that govern vascular
development in the lung. In later stages of lung development, there is an
increase in capillary numbers, which are juxtaposed closely to the epithelium.
Thinning of the epithelium and the intersitium occurs for the formation of the
narrow air-blood barrier. The alveolar stage of lung development coincides with
the final step of microvascular maturation (Burri 1999). Double capillary layers
fuse to form a single layer and expansion of the capillary networks occurs via
sprouting angiogenesis and intussusceptive growth (Djonov et al. 2000).
Factors that regulate lung vascular growth
VEGF/VEGFR signaling
Vascular endothelial growth factor (VEGF) is a specific mitogen for
endothelial cells which binds to tyrosine kinase receptors, VEGFR-1 (Flt-1) and
VEGFR-2 (Flk-1) present in the endothelium (Neufeld et al. 1999). VEGF is
essential for embryonic vascular development. Deleting a single VEGF allele or
deleting either of its receptors results in embryonic lethality. In the developing
15

lung, VEGF is secreted by the epithelium and its receptors are present in the
mesenchyme (Bhatt et al. 2000). This epithelial- mesenchymal interaction plays a
very important role in branching morphogenesis and the development of the lung
(Thebaud 2007). All three different VEGF isoforms are present in the lung,
though their expression becomes spatially restricted as development proceeds,
with each isoform serving different roles (Ng et al. 2001).
Angiopoietin/TIE signaling
Angiopoietins and their major receptor Tie2 are critical for normal vascular
development. Knock outs of either of the two genes results in embryonic lethality
(Suri et al. 1996, Sato et al. 1995). During embryonic development Ang 1 also
promotes interactions between pericytes and the extracellular matrix (Suri et al.
1996). In the lung, Ang 1 is produced in the mesenchyme and binds to Tie2 in
the endothelium to promote endothelial cell survival and vessel maturation (Sato
et al. 1995, Thurston et al. 1999). A feedback loop between VEGF and Ang 1
also exists, but the nature of this interaction is dependent on multiple
environmental factors (Suri et al. 1996, Papapetropoulos et al. 1999).
Interestingly, impaired Ang expression is observed in congenital diaphragmatic
hernia and pulmonary hypertension (Chinoy et al. 2002, Du et al. 2003). Little is
known about how angiopoietin signaling is regulated during lung development.
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Regulation of lung architecture by the vasculature
Though the interrelationship between the developing vascular tree and
airway epithelium is recognized, the mechanisms and overall contribution of the
endothelium to the developing lung remains to be understood. Human fetal lung
studies by Hall et al suggest that airway development precedes pulmonary artery
development, with the endothelium coalescing around developed terminal buds
through vasculogenesis (Hall et al. 2000). This study suggests that the epithelium
has an inductive influence on the endothelium.
Genetic manipulation in mouse models has revealed more insight into the
cross-talk between the epithelium and the mesenchyme. Overexpression of
VEGF in the lung epithelium resulted in postnatal lethality, with dilated tubules
and disrupted branching morphogenesis (Zeng et al. 1998). Deletion of heparinbinding VEGF-164 and VEGF-188 isoforms resulted in mice with vascular
defects. Lung defects included distended air spaces, fewer capillaries and
underdeveloped alveoli that appeared distended (Galambos et al. 2002).
Overexpression of VEGF-164 isoform in the lung epithelium disrupted vascular
assembly and arrested airway branching (Akeson et al. 2003). Pharmacological
and genetic inhibition of VEGF, or its receptors VEGFR-1 and VEGFR-2, showed
similar alterations in branching morphogenesis.
To

characterize

how

the

vasculature

contributes

to

branching

morphogenesis, Del Morel et al used an ex vivo lung culture model to manipulate
VEGF and Flk-1 levels (Del Moral et al. 2006). Exogenous VEGF-164 stimulated
17

branching morphogenesis and increased terminal branches by 80%. Increases in
surfactant protein C (Sp-c), Flk-1 and BMP-4 were also observed. Conversely,
decreasing the level of Flk-1 using anti-sense oligodeoxynucleotides (ODN)
decreased terminal branch numbers and downregulated BMP-4 levels. The
findings in this study strongly suggest that the epithelial-endothelial cross talk is
integral in the process of branching morphogenesis. Another recent study
conducted by Lazarus et al used different ablation strategies to explore the
perfusion-independent role of blood vessels on airway development in vivo and
in lung explants (Lazarus et al. 2011). sVEGFR1, a VEGF decoy receptor, was
conditionally induced in the epithelium by a lung specific promoter, resulting in
decreased vascular density. Concomitantly, there was a significant reduction in
the number of airways, which were also dilated. This phenotype was rescued by
terminating the VEGF signaling blockade. Through 3D reconstruction of the lung,
they found that the vasculature was responsible for branching stereotypy by
altering rotations associated with domain branching and orthogonal bifurcation.
Vascular loss resulted in a „flat‟ morphology and absence of vertical sprouts. This
may be partly due to changes in spatial expression patterns of FGF10 and
deregulation of Shh and sprouty 2. This study showed that it was vascular loss,
and not VEGF inhibition which led to alterations in branching morphogenesis.
The mechanism by which this occurs remains to be determined.
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Role of oxygen in lung vascular morphogenesis
Oxygen tension and hypoxia are important mediators of fetal lung
development as well as vasculogenesis and angiogenesis. Several in vitro
studies demonstrate that a low oxygen tension of 3-5% is required for proper
embryonic development. This is strongly supported by observations made during
the development of the Drosophila tracheal system. Initiation of tubulogenesis is
dependent on the expression of trachealess (trh), single-minded (sim) and tango
(tgo) (Ghabrial et al. 2003). Drosophila knockouts of these genes fail to develop a
tracheal system (Ghabrial et al. 2003). These genes share sequence and
functional homology to Hypoxia-inducible factor-1α (Hif1α)/ aryl hydrocarbon
receptor nuclear translocator (ARNT), a complex that is found in most oxygenbreathing species (Crews 1998). Low oxygen tension induces the expression of
HIF transcription factors, which are a subfamily of the basic helix-loop-helix
family (Smith, Robbins & Ratcliffe 2008). Hif1α null mice fail to initiate lung
morphogenesis and have enlarged vascular structures (Kotch et al. 1999).
Additionally, these mice have a loss of mesenchymal tissue, suggesting that
Hif1α may participate in the maintenance and differentiation of mesenchymederived vascular progenitors (Kotch et al. 1999, Land 2003). The role of oxygen
in lung morphogenesis is also supported by several studies in fetal lung explants,
where airway budding and bifurcation is increased when lungs are placed in in
utero oxygen levels (3-5%) (Gebb, Jones 2003, van Tuyl et al. 2005, Land,
Darakhshan 2004). Interestingly, when these lungs are maintained in 20%
oxygen, they show traits of saccularization and express surfactant protein C
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(Land, Darakhshan 2004). Return to 3% oxygen results in loss of surfactant
protein C and regrowth of airways (Land, Darakhshan 2004). These findings
strongly suggest that oxygen tension can modulate lung vascular and airway
development.
Several other genes are also involved in oxygen-dependent regulation of
lung development. Fgf9 expression is increased in lungs exposed to fetal oxygen
levels (Land, Darakhshan 2004). This factor is a regulator of C/EBPβ, which is a
critical mediator of lung development (Land, Darakhshan 2004). TGFβ-3, a
mediator of mesenchymal proliferation, is regulated by Hif1α (Schaffer et al.
2003, Zhao et al. 1998). TGFβ is also an effective inhibitor of inducible nitric
oxide (iNOS) activity. Endogenous and exogenous nitric oxide can increase
branching morphogenesis, and the expression of all three NOS isoforms
increases dramatically in pulmonary tissues during the final trimester (Young,
Evans & Eu 2002, Shaul et al. 2002). Oxygen-regulated signaling pathways
include those that modulate vascular cell proliferation and angiogenesis. PI3K
and mTOR activity are critical to cell proliferation and angiogenesis under
hypoxic conditions (Brader, Eccles 2004, Humar et al. 2002). mTOR is an
upstream regulator of Hif1α and C/EBPβ, and helps to regulate cell cycle
progression (Hudson et al. 2002). A greater understanding of oxygen-mediated
mechanisms of lung development will provide insight as to how development of
premature lungs is adversely affected by a hyperoxic environment.
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1.3 MicroRNA regulation of development
Beginning with the discovery of the first miRNA, lin-4, hundreds of
miRNAs have subsequently been discovered in many different organisms.
MicroRNAs (miRNAs) are short ~22 nucleotide non-coding RNAs that regulate
gene expression at the post-transcriptional level. They are highly conserved
across species and play crucial roles in many fundamental cellular processes,
such as differentiation, proliferation and apoptosis (Sayed, Abdellatif 2011).
Thus, they are frequently deregulated in developmental anomalies and disease
states (Sayed, Abdellatif 2011). Even though much progress has been made in
understanding miRNA function, there are still many unanswered questions.
Overview of miRNA biogenesis
miRNA biogenesis is a multi-step process that takes place in the
cytoplasm and the nucleus. The miRNAs are mostly transcribed by RNA pol II to
give a long primary RNA (pri-miRNAs) transcript (Lim et al. 2005, Lee et al.
2004). The pri-miRNA is processed into ~60 to 100 nucleotide precursor miRNA
(pre-miRNA) hairpins by the RNase III enzyme Drosha (Lee et al. 2003, Gregory
et al. 2004). The hairpin pre-miRNA is exported out of the nucleus into the
cytoplasm by Exportin 5 (Bohnsack, Czaplinski & Gorlich 2004). Once in the
cytoplasm, the loop structure is cleaved by a ribonuclease called Dicer, to give a
~ 22 nucleotide double stranded RNA duplex (Lee et al. 2002). One of the
strands is selected to become the mature miRNA (guide strand), associates with
an Argonaute protein and is loaded onto an RNA-induced silencing complex
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(RISC) (Gregory et al. 2005). This complex is now able to bind to complementary
sequences typically found on the 3‟UTR region of mRNAs to cause translational
inhibition or mRNA degradation. This process is described in more detail in the
following sections.
Regulation of miRNA transcription
MiRNAs exist either individually or in clusters in the genome, and can be
intragenic or intergenic. About 40% of miRNAs are located in introns of coding
genes and exist in sense or anti-sense orientation (Saini, Griffiths-Jones &
Enright 2007, Rodriguez et al. 2004). Therefore, they can be driven by their own
promoters or by those of other genes. miRNA clusters are expressed
polycistronically and can be derived from a single transcript (Baskerville, Bartel
2005). Mapping of 175 human miRNA promoters suggests that these regions are
very similar to those of mRNA promoters and can be regulated by similar
transcription factors (Ozsolak et al. 2008, Corcoran et al. 2009). The majority of
miRNAs are transcribed by RNA pol II, resulting in a double stranded pri-miRNA
precursor with a 5‟cap and a 3‟poly(A) tail (Cai, Hagedorn & Cullen 2004). A
subset of miRNAs can also be generated by RNA pol III (Lee et al. 2004).
Drosha processing of primary miRNAs
Following transcription, the pri-miRNA transcript is cleaved by the RNase
III enzyme Drosha into a smaller ~ 70 nucleotide stem loop structure called
precursor miRNA (pre-miRNA) (Lee et al. 2003). A 3‟ overhang is also generated
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at the cleavage site to facilitate nuclear export. Drosha forms a Microprocessor
complex by binding to the double stranded RNA binding protein DGCR8
(Gregory et al. 2004). In vivo and in vitro studies have shown that the co-factor
DGCR8 is required for Drosha mediated processing of pri-miRNA to pre-miRNA
(Han et al. 2004). This step can also be modulated by other proteins. In fact, in
vitro studies using purified Drosha and DGCR8 results in slow and inefficient
cleavage of pre-miRNAs, suggesting that accessory factors may facilitate this
process (Morlando et al. 2008). Recently, it has also been shown that primiRNAs can be processed by alternative mechanisms that do not require
Drosha-mediated cleavage (Ruby, Jan & Bartel 2007).
Export of pre-miRNAs into the cytoplasm
After Drosha mediated cleavage, the pre-miRNA is transported out of the
nucleus by Exportin-5 (Yi et al. 2003). This nuclear receptor requires the activity
of small GTPase Ran, and is known to transport other types of RNA as well
(Bohnsack, Czaplinski & Gorlich 2004, Lund et al. 2004). Binding of Exportin-5 to
RNA is specific, in that Exportin-5 requires that the RNA stem region must be
larger than 14 base pairs and have a short 3‟ over hang (Zeng, Cullen 2004).
This interaction may also help protect the miRNA from endonucleases (Zeng,
Cullen 2004).
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Dicer processing and miRNA maturation
Once the pre-miRNA is translocated into the cytoplasm, it undergoes
further cleavage and processing to give the mature miRNA. The loop structure is
cleaved by Dicer to generate a ~22 nucleotide double stranded miRNA
(Hutvagner et al. 2001, Ketting et al. 2001). Dicer is an RNase III endonuclease
that is evolutionarily conserved and found in most eukaryotic organisms. It is
composed of multiple domains, including two RNase III domains and a PiwiArgonaute-Zwille (PAZ) domain (MacRae, Doudna 2007). Owing to PAZ‟s affinity
and specificity for the two-base overhang on the 3‟ end of the pre-mRNA, it is
responsible for positioning the double stranded pre-mRNA for cleavage by the
RNase III domains (Lingel et al. 2003). Several partner proteins can also interact
with Dicer to aid in substrate specificity, stability and miRNA processing activity
(Haase et al. 2005, Chendrimada et al. 2005).
Dicer also associates with components of the RISC loading complex.
Following Dicer cleavage, the double stranded miRNA is unwound by the RISC
(Chendrimada et al. 2005). This gives rise to two strands: the guide strand and
the passenger strand. Typically the strand with the less stable 5‟ end is
designated as the passenger strand and degraded in most cases (Hutvagner
2005). The guide strand is incorporated into the complex for target recognition.
Besides Dicer, RISC is composed of several other components including
transactivating response RNA binding protein (TRBP) and Argonaute proteins
(Chendrimada et al. 2005, Hutvagner, Simard 2008). miRNA mediated silencing
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occurs through cleavage activity of Argonaute 2 (AGO2) (Hutvagner, Simard
2008).
miRNA-mRNA interactions
The mechanisms by which miRNAs regulate gene expression is a very
active area of study. A 2-8 nucleotide seed sequence of the miRNA binds to
target

mRNAs

by

complementary

base-pairing

(Bartel

2009).

Using

computational and experimental approaches, it has been shown that a single
miRNA has the potential to regulate hundreds of mRNAs (Selbach et al. 2008).
Further, about 60% of mammalian genes can be targeted by miRNAs (Selbach et
al. 2008, Friedman et al. 2009). Prediction algorithms have largely focused on
the 3‟UTR of target mRNAs, since those were the first identified miRNA binding
sites. However, several recent studies show that miRNAs can also target sites in
the coding and 5‟UTR regions as well, making the task of identifying bona fide
mRNA targets very challenging (Lytle, Yario & Steitz 2007, Forman, LegesseMiller & Coller 2008).
miRNA-mediated silencing
The RISC complex containing the guide miRNA strand can interfere with
mRNA translation in multiple ways, including translational inhibition or mRNA
degradation. If there is incomplete complementarity between the miRNA seed
sequence and its target mRNA, translational inhibition ensues. This can include
inhibition of translational initiation, promotion of ribosome drop-off or arrest of
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elongation (Pillai et al. 2005, Humphreys et al. 2005, Petersen et al. 2006,
Nottrott, Simard & Richter 2006). The RISC can stall translation by binding to
polyribosomes (Kim et al. 2004). When miRNAs have high complementarity with
their target miRNA, mRNA cleavage can occur (Yekta, Shih & Bartel 2004).
mRNAs can also be sequestered into processing-bodies (P-bodies) for
degradation (Bhattacharyya et al. 2006). Initial work suggested that miRNAs
primarily act at the level of translational inhibition. Since then, many studies have
revealed that mRNA degradation is commonly observed in those miRNA targets
that are highly expressed (Pillai et al. 2005, Baek et al. 2008). Ultimately, the
cellular context plays an important role in determining how a given miRNA
regulates its mRNA targets.
miRNA regulation of developmental processes
miRNA

expression

is

temporally

and

spatially

regulated

across

development. In fact, the expression of highly conserved miRNAs has similar
spatial patterns across species. For example, in fish, flies and mammals miR-1
and miR-124 are found in muscle and nervous system, respectively, suggesting
that their functions may also be conserved (Liu, Olson 2010, Lagos-Quintana et
al. 2002, Aboobaker et al. 2005). Interestingly, when these two tissue-specific
miRNAs were transfected into HeLa cells, the resulting expression profiles
resembled that of the specific miRNA-expressing tissue (Lim et al. 2005). Such
studies demonstrate that miRNAs can regulate hundreds of genes and play a
role in cell fate determination. Furthermore, proliferating cells have a global
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reduction in 3‟UTR length, whereas differentiating cells have longer 3‟UTRs and
are therefore more susceptible to miRNA regulation (Sandberg et al. 2008, Ji et
al. 2009).
Transgenic and knockout animals have provided great insight into miRNAmediated developmental mechanisms. Deletions of key miRNA processing
factors DGCR-8, Dicer, Drosha and Ago2 each results in severe developmental
defects and death during early gestation (Bernstein et al. 2003, Wang et al. 2007,
Fukuda et al. 2007, Morita et al. 2007). Using Cre-inducible conditional knockout
mice, the developmental and tissue specific functions of these proteins and
microRNAs have been studied (Park, Choi & McManus 2010).
miRNAs regulate developmental timing
miRNAs are essential in decision making and can act as developmental
switches to allow development to progress. Lin-4 and let-7, the first identified
miRNAs, are prime examples. Both genes were discovered using forward genetic
screens for mutant phenotypes in C. elegans (Chalfie, Horvitz & Sulston 1981,
Lee, Feinbaum & Ambros 1993, Reinhart et al. 2000, Wightman, Ha & Ruvkun
1993). Lin-4 and let-7 posttranscriptionally regulate their target genes lin-14 and
lin-41, respectively, by binding to their 3‟UTR regions (Lee, Feinbaum & Ambros
1993, Lee, Feinbaum & Ambros 1993, Wightman, Ha & Ruvkun 1993). C.
elegans lacking lin-4 were unable to transition from the first to the second larval
stage. Depletion of let-7 prevents the developmental transition from the last larval
stage to the adult stage. Subsequently, other roles and targets of these two
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miRNA have been uncovered in C. elegans, invertebrates and mammals. The
expression of Let-7 and lin-4 homologs miR-125 and miR-100 is upregulated at
major developmental time points in Drosophila, and these miRNAs are
hormonally regulated (Sempere et al. 2003). In mice, lin-4 and let-7 regulate the
expression of lin-14, which helps to orchestrate important developmental events
such as limb development (Schulman, Esquela-Kerscher & Slack 2005). These
studies indicate that miRNAs are integral to key processes and can act as „on or
off‟ switches during development.
miRNAs fine-tune developmental processes
Based on computational predictions, many miRNAs can regulate the
expression of hundreds of genes. These miRNAs are harder to study due to the
subtlety of their phenotypes and their numerous targets. Drosophila larvae that
lack muscle specific miR-1 develop normally and do not appear to have any
muscle defects (Sokol, Ambros 2005). However, these larvae die due to massive
muscle deformation when they begin to eat during the growth phase of their
development. This defect is not observed in starved larvae. The targets of miR-1
remain to be uncovered, and the cause for the muscle deformation remains to be
understood. Loss of this miRNA may result in subtle development errors that
affect muscle cell fate or function. Similarly, downregulation of murine miR-122, a
liver specific miRNA, leads to up regulation of over a hundred mRNAs containing
complementary 3‟UTR seed sequences. These mice have lower levels of
circulating cholesterol and triglycerides. These results indicate that miR-122 may
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be required in fine tuning hepatic metabolism (Esau et al. 2006, Krutzfeldt et al.
2005).
miRNAs regulate proliferation and apoptosis
miRNAs have been established as important regulators of proliferation. In
Drosophila, miRNAs have been shown to control germline stem cell (GSC)
division. Mutation of Dicer in GSCs dramatically lowered the rate of germline cyst
production, due to cell cycle defects (Hatfield et al. 2005). Further analysis
showed that this was due to a delay in G1 to S transition, and that miRNAs were
involved in repressing Dacapo, a Drosophila homologue of p21/p27 cyclin
dependent kinase inhibitors (Hatfield et al. 2005). This finding shows that
miRNAs are important regulators of stem cell proliferation, and therefore could
have a similar role in cancer. Several other studies have identified miRNA
regulation of neuronal growth and skeletal muscle proliferation (Chen et al. 2006,
Vo et al. 2005).
Apoptosis is an integral part of tissue development, and is controlled by
active caspases present in cells. In the Drosophila eye, loss of miR-14 enhances
cell death and leads to an increase of caspase Drice (Xu et al. 2003). Similarly,
when the miRNA bantam is overexpressed in the Drosophila retina, apoptosis is
suppressed. One of the targets for bantam is hid, a pro-apoptotic gene with five
bantam binding sites (Brennecke et al. 2003). Bantam has also been shown to
inhibit apoptosis and promote tissue growth through the Hippo signaling pathway,
though many of its targets remain to be uncovered (Thompson, Cohen 2006).
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miRNAs participate in feedback loops
miRNAs are components of many important signaling pathways and
participate in feedback loops by supporting and sustaining decisions made by
other factors, as seen in granulocytic differentiation, specification of left-right
asymmetry and cell differentiation (Fazi et al. 2005, Chang et al. 2004). One such
example is observed in the Drosophila eye during retinal photoreceptor
differentiation. Initiation of this differentiation involves transient EGF signaling
which causes rapid degradation of the Yan protein (Rebay, Rubin 1995). Yan is a
repressor of miR-7 expression, and degradation of Yan elevates miR-7
expression, which in turn represses Yan protein synthesis and augments EGFR
signaling (Li, Carthew 2005). The progenitor cells are then able to differentiate
into photoreceptors.
miRNA regulation of lung development
Several studies over the past few years have shown that miRNAs are
crucial in the development of the lung. Dicer and other key miRNA processing
enzymes are present in the distal epithelium and mesenchyme during lung
development (Lu et al. 2005). Conditional inactivation of Dicer from the lung
epithelium resulted in arrest of branching morphogenesis and the formation of
large epithelial pouches (Harris et al. 2006). Upon further examination, increased
expression of mesenchymal Fgf10 was observed, which likely contributed to the
morphological defects observed in the Dicer mutant (Harris et al. 2006). It is likely
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that miRNAs modulate the expression of several genes that regulate branching
morphogenesis, including Fgf10.
Differential expression of numerous miRNAs have been reported within
the developing lung, but the regulatory roles of many have yet to be identified
(Williams et al. 2007, Bhaskaran et al. 2009, Carraro et al. 2009, Dong et al.
2010a). The levels of miR-127 were found to be highest during the saccular
stage and as development progressed, its expression shifted from mesenchymal
to epithelial cells. Overexpression of miR-127 in rat fetal lung cultures decreased
branching and increased the size of terminal branches (Bhaskaran et al. 2009).
Impairment of Fgf10-induced budding has been observed when miR-17 and its
orthologs, miR-20a and miR-106b, were inhibited in isolated epithelium explant
cultures. These miRNAs also alter E-cadherin levels by modulating Fgf10-Fgfr2b
signaling and targeting Stat3 and Mapk14 (Carraro et al. 2009).
Similarly, transgenic animal studies have proved to be very insightful.
Targeted overexpression of the miR-17-92 cluster in lung epithelium resulted in a
lethal phenotype, with increased proliferation of distal epithelial progenitors and
decreased differentiation of proximal progenitor cells (Lu et al. 2007). These
lungs had primitive alveoli and a high number of neuroendocrine cells. Rbl2, a
tumor suppressor was found to be a target for miR-17-5p (Lu et al. 2007). miR302-365 also regulates lung epithelium endoderm proliferation and differentiation,
and is a direct target of Gata6 (Tian et al. 2011). Inactivation of these miRNAs
decreases proliferation and enhances differentiation. Futhermore apical-basal
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polarity is also altered. miR-302-356 mediates these effects by targeting Rbl2,
Cdkn1a and the polarity factors Tiam1 and Lis1 (Tian et al. 2011).
The implications of these studies are far reaching as several of these
miRNAs are involved in various diseases and cancers. miR-17-92 cluster and the
chromosomal region it is located in is frequently overexpressed in follicular
lymphoma, B-cell lymphoma and in several lung, head and neck carcinomas
(Knuutila et al. 1998, Volinia et al. 2006). In addition, this cluster is highly
expressed in embryonic stem cells, and decreases as development progresses
(Thomson et al. 2004), suggesting that it may be important in stem cell
maintenance. miR-302-367 is now recognized as an important player in
pluripotency and reprogramming. Expression of this cluster alone is able to
reprogram mouse and human somatic cells into iPS cells at a higher efficiency
than standard methods (Anokye-Danso et al. 2011). miR-302-367 also regulates
pathways involved in metabolism, vesicular transfer and epigenetic changes
(Lipchina, Studer & Betel 2012). These studies show that understanding of the
regulation and function of miRNAs can easily extend and expand other areas of
research.
miRNA regulation of vessel formation
First line evidence showing the importance of miRNAs in regulation of
angiogensis and vasculogenesis came from in vitro Dicer knockdown studies.
Silencing Dicer and Drosha in endothelial cells reduced capillary sprouting and
tube formation by these cells (Kuehbacher et al. 2007). Inactivation of Dicer from
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vascular endothelial cells reduced postnatal angiogenic responses to stimuli such
as limb ischemia and wound healing (Suarez et al. 2008). These studies showed
expression changes in many angiogenesis related genes such as VEGF, eNOS
and TIE-1 (Kuehbacher et al. 2007, Suarez et al. 2008). Following these seminal
findings, numerous studies have looked at the role of individual miRNAs in
vasculogenesis and angiogenesis.
miRNAs can be divided into two groups: those that are pro-angiogenic and
those that are anti-angiogenic. One such example is miR-221, which is among
the most highly expressed anti-angiogenic miRNAs in endothelial cells
(Kuehbacher et al. 2007). Transfecting endothelial cells with miR-221 and miR222 inhibits tube formation, migration and wound healing in vitro (Poliseno et al.
2006). Confirmed targets of these miRNAs in endothelial cells include the stem
cell factor c-kit, Stat5a and ZEB2 (Suarez et al. 2008). Overexpression of these
two miRNAs also indirectly reduces the expression of eNOS (Suarez et al. 2008).
Interestingly, miR-221 can also promote vascular smooth muscle cell proliferation
by repressing other targets (Yue 2011). These studies suggest that the cellular
context of the miRNA directs what targets it regulates, and therefore its function.
An example of a pro-angiogenic miRNA is miR-130a. It is expressed at
low levels in quiescent HUVEC cells and is upregulated with increasing
concentrations of bovine serum (Chen, Gorski 2008). MiR-130a can positively
regulate endothelial proliferation, migration and tube formation in vitro by
inhibiting the homebox proteins GAX and Hoxa5 (Chen, Gorski 2008).
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Uncovering the functions of miRNAs in angiogenesis and vasculogenesis can
further our understanding of cardiovascular diseases, as well as vascular
regulation during organ development.
1.4 Homeobox and Hox Genes
Homebox genes are master control genes of organ morphogenesis and
cell fate determination during embryonic development. They are highly
conserved from Drosophila to humans and are responsible for directing body
plan identity and thereby formation. These genes contain a conserved 180 base
pair sequence that encodes for a 60 amino acid homeobox domain. Genes
containing this domain are called homebox genes. They do not code for specific
body structures, but in fact give spatial cues and regulate expression of genes
involved in structural development.

Over 100 homeobox genes have been

identified in the human genome and it is thought that this may only represent half
of the total number present (Mark M et al.). Homeobox genes can be divided into
two large groups, the clustered Hox genes and the diverse group of homeobox
genes that are scattered throughout the genome.
In vertebrates, there are at least 39 Hox genes organized in specific
chromosomal regions and divided into 4 different clusters, HoxA, HoxB, HoxC
and HoxD (Figure 1.3). The chromosomal arrangement and their expression
along the anteroposterior axis is colinear, meaning the 3‟ genes are expressed in
anterior regions whereas the 5‟ genes are present in posterior regions. Hox gene
expression is first detected at gastrulation, cell and position expression in all
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Figure 1.3: Hox gene cluster in Drosophila and Humans. This image depicts the
highly conserved nature of Hox genes, and their 3‟ to 5‟ organization on
Drosophila and mammalian chromosomes. Specific colors denoate Drosophila
genes to their mammalian counterparts. Adapted from “In Fetal and Neonatal
Physiology”, Polin, Fox and Abman 2010.
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three germ layers (Deschamps et al. 1999). During organ morphogenesis, their
expression becomes restricted to certain organs to drive establishment of organ
structure and differentiation. In late fetal development and postnatal life, their
expression is further restricted to specific cell types within an organ (Deschamps
et al. 1999). Alterations in Hox gene expression patterns have been shown to
contribute to congenital abnormalities and various other diseases, such as
cancer (Golpon et al. 2001, Volpe et al. 2008, Taghon et al. 2003).
Hox genes in lung development
In Drosophila, the sex combs reduced (Scr) gene is responsible for
identification of the upper respiratory region. Therefore, several groups studying
the role of Hox genes in lung development have focused on the Scr paralogues.
A survey using polymerase chain reaction showed that 15 Hox genes were
expressed during mouse lung development, with Hoxa5 and Hoxb5 expression
being the highest (Bogue et al. 1994). In situ hybridization of mouse embryos
found that the Scr homologues, including Hoxa5 and Hoxb5, were expressed in
the mesenchyme of the developing lung (Dony, Gruss 1987, Krumlauf et al.
1987, Bogue et al. 1996).
During

the

embryonic

through

pseudoglandular

stages

of

lung

development, Hoxa5 is strongly expressed in the lung mesenchyme (Bogue et al.
1994, Dony, Gruss 1987). Knocking out Hoxa5 in mice resulted in postnatal
lethality due to airway obstruction and abnormal lung development (Aubin et al.
1997). The lung abnormalities include cartilage abnormalities and decreased
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production of surfactant proteins, possibly due to altered mesenchymal-epithelial
interactions (Aubin et al. 1997). Several studies have also shown that Hoxa5 is
expressed in epithelial cells, particularly in the later stages of lung development.
Hoxa5 mRNA and protein have been detected in bronchiolar and alveolar
epithelial cells of late gestation fetal mice and adult humans (Golpon et al. 2001,
Volpe et al. 2008). Hoxa5 is expressed in association with human lung diseases.
An increase in Hoxa5 is seen in pulmonary hypertension whereas a decrease is
observed with emphysema (Golpon et al. 2001). Interestingly, increased Hoxa5
expression is seen in mouse models of pulmonary hypoplasia and congenital
diaphragmatic hernia (Volpe et al. 2008). These findings are also consistent with
those observed with surviving Hoxa5 knockout mice, where an emphysema- like
phenotype is observed (Kinkead et al. 2004, Mandeville et al. 2006).These
studies suggest that Hoxa5 plays an important role in human lung development
and disease, though the exact regulatory mechanisms involved remain to be
determined.
Like Hoxa5, Hoxb5 protein is expressed in the developing lung mesoderm,
and more localized to distal bronchiolar and alveolar branching points as
branching morphogenesis proceeds. In mouse and human lungs, Hoxb5
expression peaks towards the end of the pseudoglandar stage, after which it
wanes but persists at a lower level of expression as development progresses
(Volpe et al. 1997, Volpe et al. 2003b). In embryonic lung cultures,
overexpression or knockdown of Hoxb5, using retinoic acid and siRNA,
respectively, dramatically altered branching morphogenesis. Retinoic acid37

induced overexpression of Hoxb5 resulted in elongated primary branches,
whereas knockdown lungs had shortened branch length as well as decreased
primary and secondary branching (Volpe, Vosatka & Nielsen 2000). Some of
these phenotypes are attributed to changes in cell adhesion molecules and
altered spatial patterning of Fgf10 (Volpe et al. 2007). Hoxb5 expression is also
increased in congenital lung diseases with excessive airway branching
abnormalities such as bronchopulmonary sequestration and congenital cystic
adenomatoid malformalities (Volpe et al. 2003b, Volpe, Vosatka & Nielsen 2000).
Hox genes in vascular development
Differentiation of endothelial cells from distal mesodermal precursors and
establishment of the vascular bed in the developing mouse lung occurs through
the process of vasculogenesis and angiogenesis (deMello et al. 1997).Though
little is known about these processes in the lung, there is evidence to suggest
that Hex, a divergent homebox gene, is involved (Bogue et al. 1994, Thomas,
Brown & Beddington 1998). Hex is first expressed in the primitive endoderm of
the blastocyst and later in the foregut endoderm and mesoderm. In the
mesoderm, transient expression of Hex is observed in nascent blood islands of
the yolk sac in the mesoderm and subsequently in embryonic angioblasts
(Thomas, Brown & Beddington 1998). Hex levels are highest in the distal
embryonic lung mesenchyme and colocalize with VEGFR2 expression (Bogue et
al. 1994). Collectively, these studies suggest that Hex is an early marker of lung
endothelial precursors. However, disruption of Hex expression does not alter
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vasculogenesis, unlike VEGFR2 null mice, which fail to generate a vascular
network (Shalaby et al. 1995, Martinez Barbera et al. 2000). In situ hybridization
studies indicate that Hoxa2 may be involved in generating the vascular network,
though homozygous mutant mice had normal lungs (Cardoso et al. 1996a,
Gendron-Maguire et al. 1993). This may be due to redundancy of Hoxa2
signaling with its paralogs, a frequent confounder of determining specific Hox
gene function through single gene knockout models. For this reason, compound
knockouts are likely needed to reveal the definitive contribution of Hox genes in
pulmonary vasculogenesis.
Studies in various tissues indicate that the Hox genes Hoxa5 and Hoxb5
may play specific roles in vasculogenesis and angiogenesis of the developing
lung. Overexpression of Hoxa5 in human microvascular endothelial cells
decreased cell migration and blocked the angiogenic-induced response to bFGF
or VEGF in vitro and in vivo (Rhoads et al. 2005). Microarray studies showed that
this Hox gene is able to downregulate the pro-angiogenic genes Ephrin 1A, Hif1α
and VEGFR2, while upregulating thrombospondin-2 expression. Hoxa5 is also
present in quiescent endothelial cells of normal breast tissue and absent in
microvessels of invasive ductal breast carcinomas (Rhoads et al. 2005). Further,
Hoxa5 was lacking in activated endothelial cells of proliferating infantile
hemangiomas (Rhoads et al. 2005). In a subsequent study, the same group
showed that restoring Hoxa5 expression in EOMA cells, a murine hemangioma
cell line, promoted branching in vitro and reduced hemangioma growth in vivo
(Arderiu et al. 2007, Zhu et al. 2009). It was found that Hoxa5 is able to stabilize
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adherens junctions via retention of β-catenin through increased activity of Akt1
(Arderiu et al. 2007). In this way, the transcriptional activity of β-catenin is
reduced and Hoxa5 can promote vascular stability and establish a more
differentiated tissue architecture. These studies may help shed light on why
Hoxa5 null mice have impaired airway branching in the lung and breast, as well
as in the development of the gastrointestinal tract (Mandeville et al. 2006, Garin
et al. 2006, Aubin et al. 1999).
As described earlier, VEGFR2 expression is the earliest marker of
angioblasts, i.e. cells that are committed to the endothelial lineage. Hoxb5 has
been identified as a potent transcriptional regulator of VEGFR2 (Wu et al. 2003).
The binding of Hoxb5 to the VEGFR2 gene promoter is necessary and sufficient
to regulate the differentiation of angioblasts from mesodermal precursors.
Overexpression of Hoxb5 in embryonic stem cells increases the number of
differentiated VEGFR2+ angioblasts and mature endothelial cells (Wu et al.
2003). Hoxb5 is also able to induce endothelial cell sprouting in vitro and
intussusceptive angiogenesis in vivo through angiopoietin-2, and by modifying
expression of adhesion molecules and matrix metalloproteinases (Winnik et al.
2009).
Several other Hox genes expressed in the developing lung have been
implicated in vasculogenesis and angiogenesis in other tissues during
development and disease (Golpon et al. 2001, Mollard, Dziadek 1997,
Nakamura, Yoshimi & Miura 2002). Hoxb7 expression is increased in primary
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melanoma tumors and their metastases, as well as in 25 melanoma cell lines
(Care et al. 1996). It can upregulate pro-angiogenic stimuli including FGF-2,
VEGF and matrix metalloproteinase (MMP)-9 (Care et al. 2001). Hoxb3, through
regulation of ephrin A1, promotes capillary morphogenesis in vitro and in vivo
(Myers, Charboneau & Boudreau 2000). These studies, along with those
discussed above for Hoxa5 and Hoxb5, suggest that Hox proteins play crucial
roles in the differentiation and maintenance of endothelial cells, and are
frequently deregulated in diseases. Given the role of homeobox genes in
vascular biology and lung development, it is imperative that their function in
pulmonary vascular development be investigated.
1.5 Bronchopulmonary Dysplasia
Bronchopulmonary dysplasia (BPD) is a chronic lung disease affecting
infants that survive premature birth. It is estimated that 10,000 infants are
diagnosed with BPD every year. BPD develops due to incomplete lung
development at birth that sometimes follows the use of treatments for acute
respiratory distress. The incidence of BPD is birth weight-dependent, reaching
~80% in extremely low birth weight infants (<1,000g).
BPD was first characterized in 1967. This “classic BPD” was defined by
persistence signs of respiratory distress, abnormal chest X-rays and the need for
supplemental oxygen for hypoxemia after apparent recovery from acute
respiratory distress syndrome (Northway, Rosan & Porter 1967). These infants
had lung inflammation, alveolar and interstitial fluid overload, lung injury and
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fibrosis (Baraldi, Filippone 2007, Cerny, Torday & Rehan 2008). These
symptoms and the associated lung injury were partly due to clinical practice
strategies used at the time, including aggressive mechanical ventilation, high
oxygenation levels and, later, steroid use. Even though new therapies and better
intervention strategies are being now employed to treat acute respiratory distress
syndrome, BPD still remains a major clinical problem, largely because with better
treatments of acute respiratory distress, a greater number of lower gestational
age infants are surviving. Thus, the risk of developing BPD has become
markedly reduced for preterm infants of more advanced gestational age at birth,
while the odds are much higher for infants born at the extremes of prematurity
(<27 weeks). Exposures to antenatal inflammation and/or infections also
contribute to the risk of developing BPD. This changing epidemiology of BPD has
given rise to a new clinical and pathological picture described as the “new” BPD.
This “new” BPD is characterized by reduction or arrest of alveolar growth and
microvascular development in the saccular/alveolar regions of the lung, less
upper airway injury and reduced amounts of fibroproliferation (Cerny, Torday &
Rehan 2008, Bhandari, Panitch 2006).
BPD pathogenesis
BPD manifests itself as a response to lung injury at a critical
developmental period when a dramatic increase in saccular development occurs
and is followed by airspace septation and neovascularization (Burri 1999). Lung
injury occurs as a result of the underdeveloped lung interacting with adverse
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stimuli, including hyperoxia, inflammation, infection and positive pressure
ventilation (Stenmark, Abman 2005). Prenatal infection and exposure to
inflammatory cytokines in utero increase the risk of BPD (Ghezzi et al. 1998).
Oxidant stress, particularly through hyperoxia, is thought to be one of the
critical factors in the development of BPD. The transition from a low oxygen
environment in utero to a higher one after birth increases the risk for BPD in
these infants. As described earlier, oxygen tension is an important regulator of
many genes important for airway and vascular lung development. When the
underdeveloped lungs of extremely premature infants are exposed to
extrauterine

oxygen

levels,

normal

epithelial-mesenchymal

interactions

significant for the progression of normal lung development are impeded, leading
to alterations in cell survival, differentiation and organization of the airway and
the vasculature. Furthermore, premature infants have lower than normal levels of
antioxidants at birth, making them more susceptible to reactive oxidant species
(Hutchison, Bignall 2008). Animal studies show that antioxidant enzymes
increase during late gestation and increased production of antioxidants in
response to hyperoxia is attenuated in preterm animals (Fracica et al. 1991,
Frank, Groseclose 1984). Alveolar type II and endothelial cells are particularly
susceptible to hyperoxia and ROS-induced injury (Fracica et al. 1991, Crapo
1986, Roberts, Weesner & Bucher 1983).
Mechanical ventilation in premature neonates can also promote lung injury
and inflammation, factors that contribute to BPD. Ventilator-induced lung injury
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(VILI) is caused by stretching of the immature distal airway epithelium and
endothelium which adversely affects surfactant production. This increases
edema, triggering a inflammatory cascade (Dreyfuss, Saumon 1998). Even small
periods of positive-pressure ventilation can have these disastrous consequences
(Bjorklund et al. 1997).
Impaired signaling in BPD
Factors that contribute to the development of BPD also alter signals that
direct normal lung development. Many studies have focused on the role of VEGF
in BPD pathogenesis. Abnormal vascular development, with an overall reduction
in microvascularization, was first observed from autopsy studies of infants that
died of BPD (Tomashefski et al. 1984). This phenotype was also seen in a recent
postmortem study of newborns that died after both short and prolonged periods
of mechanical ventilation (De Paepe et al. 2006). Interestingly, PECAM-1
expression was decreased in the lungs of these infants after short ventilation, but
was increased when the ventilation period was prolonged. This suggests that
even though there is a reduction in vessel number, a brief decrease in
endothelial proliferation is followed by a proliferative phase.
Several animal and human studies have noted a reduction in VEGF
signaling in newborn lung injury. Exposure to 100% O 2 decreased VEGF
expression in alveolar type II cells of newborn rabbits and rats (Thebaud et al.
2005, Maniscalco et al. 1997). VEGF as well as the master regulator HIF2α is
inhibited by increased O2 levels in hyperoxic newborn rats (Hosford, Olson 2003).
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In a fetal baboon model of chronic lung disease, where preterm baboons were
supported with oxygen and ventilation, there was an arrest of capillary expansion
and decreased VEGF and VEGFR-1 expression (Maniscalco et al. 2002b).
Similar observations were made in mouse and sheep models (Bland et al. 2007a,
Bland et al. 2007b). Impaired VEGF signaling and dysmorphic microvasculature
has also been associated with premature infants who died with BPD. These
newborns had reduced VEGF and VEGFR-1 expression (Lassus et al. 1999,
Bhatt et al. 2001, Lassus et al. 2001). Lower levels of VEGF were present in
neonates developing respiratory distress syndrome and BPD, as compared to
those who did not have pulmonary complications (Lassus et al. 2001). Likewise
Tie2, the receptor for Ang1, is decreased in ventilated baboon lungs and in
infants with BPD (Maniscalco et al. 2002b, Bhatt et al. 2001). Ang1, by binding to
its receptor Tie2, strengthens endothelial cell junctions, making them resistant to
leaks (Thurston et al. 1999).
The anti-angiogenic factors endothelial monocyte activating polypeptide II
(EMAP-II), endostatin and endoglin may also contribute to BPD pathogenesis.
During earlier stages of mouse lung development, activation of EMAP-II
interrupts branching morphogenesis and decreases vascular growth (Schwarz et
al. 2000). Higher endostatin levels in tracheal aspirates correlated with lungs that
were more immature (Janer et al. 2007). Endoglin, a hypoxia-inducible
transforming growth factor coreceptor, is upregulated in lungs of short-term, and
possibly long-term, ventilated preterm infants and is localized to the
microvasculature (ten Dijke, Goumans & Pardali 2008, De Paepe et al. 2008).
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Interestingly increased TGFβ1 levels are also found in tracheal aspirates of
infants developing BPD (Lecart et al. 2000).
These data strongly suggest that angiogenesis is critical for normal lung
development and an imbalance in pro- and anti-angiogenic growth factors
contributes to BPD. A better understanding of how these signals are disrupted is
needed to see how pro-angiogenic growth factors can be used as therapeutics to
treat BPD.
1.6 Significance and Specific Aims
Lung diseases such as BPD remain a significant cause of morbidity and mortality
among premature infants. There is a significant gap in our understanding of the
etiology of the disease. Therefore, there is a dire need to uncover molecular
mechanisms involved in normal lung development, and how signaling is
dysregulated when normal developmental progression is interrupted, as is the
case in preterm infants. Understanding these fundamental processes can help
identify new therapeutic targets. MiRNAs and Hox genes are involved in
numerous crucial events during development. Therefore, we hypothesize that
these two groups of molecules are important in lung airway and vascular
development, and lung maturation. To test this hypothesis, the following specific
aims were developed:

46

1. Identify miRNA networks that are differentially expressed during gestation
and between genders in the late pseudoglandular to early saccular stage
of lung development.
2. Investigate the role of miR-221 and miR-130a in lung airway and vascular
development.
3. Characterize the role of Hoxa5 and Hoxb5 in modest oxygen-induced lung
injury.
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Chapter 2
miRNA Regulated Pathways In Late Stage Murine
Lung Development
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INTRODUCTION
It is clear that miRNAs regulate numerous important developmental
processes in various organs. miRNAs are a class of small RNAs that posttranscriptionally regulate gene expression. The primary RNA (pri-miRNA) is
transcribed from the genome and is processed by Drosha, an RNase III enzyme,
into hairpin structured premature miRNAs (pre-miRNAs). These pre-miRNAs are
exported out of the nucleus with the help of Exportin 5, and cleaved into double
stranded duplexes by Dicer, another RNase III enzyme. The mature miRNAs are
loaded onto nucleoprotein complexes called the RNA-induced silencing complex
(RISC). The mature miRNAs in these complexes inhibit translation of target
mRNAs by blocking translation or aiding in degradation of their targets (Du,
Zamore 2005).
An important role of miRNAs during lung morphogenesis has been
recently established. Conditional deletion of Dicer from the lung epithelium led to
arrested airway branching, dramatically altering lung organogenesis (Harris et al.
2006). Subsequent studies of miRNA profile expression in the lung demonstrated
that miRNAs are temporally expressed between the embryonic and adult lung
development (Williams et al. 2007, Bhaskaran et al. 2009, Dong et al. 2010,
Yang et al. 2012, Lu et al. 2008).
Mouse lung development is divided into five stages: embryonic (E9.5E11.5), pseudoglandular (E11.5-16.5), canalicular (E16.5-E17.5), saccular
(E17.5-P5) and alveolar (post-natal P5-P30). The coordination of multiple
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pathways across various cellular compartments is required to give rise to a fully
developed lung. The transition from the late canalicular to early saccular stage is
a crucial period in preparation for survival after birth. During the canalicular stage
establishment of the air-blood barrier begins and epithelial differentiation of
alveolar Type I and Type II cells commences. The onset of surfactant synthesis
plus microvascular development in the early saccular stage are necessary for
proper lung function at birth. The timing and coordination of genetic- and gender specific programming that occurs during these lung developmental stages are
crucial regulatory elements for lung maturation (Maeda, Dave & Whitsett 2007).
Very little is known about how miRNA expression and genetic control contributes
to these critical events. The recent evidence showing the importance of miRNAs
in development and disease of other organs indicates the need for more detailed
studies of how miRNAs regulate pathways important in the developing lung
(Sayed, Abdellatif 2011).
The aim of this study was to analyze the dynamic regulation of miRNAs
during the canalicular to early saccular stage of mouse lung development. We
profiled miRNAs of lungs isolated from male and female E15-E18 fetal mouse
lungs. It is well established that male infants have increased perinatal respiratory
morbidity and mortality and that androgens inhibit lung maturation in males
(Fleisher et al. 1985, Nielsen 1985). In mouse lung development, the
development of surfactant production during this canalicular to early saccular
interval is delayed by one day in males compared to females (Nielsen 1989). In
this study, we show that a group of miRNAs are differentially expressed across
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these gestational ages, and another group of miRNAs differentially expressed
between males and females. These groups were further analyzed for pathway
interactions using Ingenuity Pathway Analysis, which maps interactive pathway
networks based on established miRNA targets previously reported in the
literature. With the IPA analysis we are able to highlight pathways regulated by
these developmentally regulated miRNA groups that are differentially expressed
across gestation, and between males and females, during an important window
in lung development.
MATERIALS AND METHODS
Animals
The animal study protocol was approved by the Tufts Medical Center
Institutional Animal Care and Use Committee. Principals of laboratory animal
care were followed according to the National Institute of Health Guidelines for
Care and Use of Laboratory Animals. Timed pregnant Swiss Webster mice were
obtained from Charles River Laboratories (Wilmington, MA, USA), with the
morning of the vaginal plug defined as gestational day 0 (E0).
Isolation of total RNA
Timed pregnant mice at each gestational age were sacrificed using CO 2
inhalation according to the approved protocol and in line with current regulations.
The uterus was removed under sterile conditions by laparotomy and placed on
ice. Fetuses were maintained in DMEM on ice while fetal sex was identified
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(Nielsen, Torday 1983).The lungs were removed en block under a sterile laminar
airflow hood. Lungs were frozen for RNA extraction. RNA was extracted using
miRVana miRNA Isolation Kit (Ambion, Grand Island, NY) according to the
manufacturer‟s instructions.
miRNA arrays
A Taqman Array Rodent MicroRNA A card v2.0 (Applied Biosystems,
Carlsbad, CA) was used to profile 376 mature miRNAs. cDNA was transcribed
from total RNA using the Megaplex TM RT Rodent Primers Pool and the TaqMan
MicroRNA Reverse Transcription Kit. The TaqMan miRNA Arrays were run on
the ABI PRISM 7900 System using the TaqMan Universal PCR Master Mix
according to the manufacturer‟s instructions. Two array runs using separate
lungs with two technical replicates per lung were performed. The data from these
runs were used in the data analysis model. The delta CT was calculated by
subtracting the miRNA Ct value from the Ct value of small nuclear U6 RNA,
which served as a control. The data were normalized to E15 for data analysis.
Data Analysis
For each miRNA, we separately evaluated the effect of gestation (time)
and gender (sex), and then tested if the temporal patterns differed between
males and females. We used mixed linear models with fixed main time and
gender effects, their interaction effect, and random sample effect to account for
any correlated nature of the data. The analyses were performed using base,
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nlme, and qvalue packages of statistical software R (R-Development-Core 2010,
Dabney, Storey & Warnes 2010, Pinheiro et al. 2011).
Cluster analysis for the miRNAs that changed significantly across
gestation and with fetal sex was done using gplots package of statistical R
software (Warnes et al. 2011). Ingenuity Pathway Analysis (IPA) was used to
generate pathways regulated by these miRNAs based on validated miRNA
targets (Ingenuity Systems, www.ingenuity.com, August 2011 version).
RESULTS
Specific miRNAs are differentially expressed between genders and with
advancing gestation.
MiRNA profiles from E15-E18 male and female mouse lungs were
generated using a miRNA qPCR array (Appendix A). Using linear mixed models
we identified those miRNAs that changed significantly with gestation or with
gender (p<0.05, FDR<33%). This analysis identified 37 miRNAs that significantly
changed with advancing gestation and 25 miRNAs that were significantly
different between males and female fetuses. A group of 13 miRNAs changed
significantly with gender and gestation (Figure 2.1). The majority of the 13
miRNAs with an interactive effect were also significant by either gestation or
gender, therefore pathway analysis on this set of miRNAs was not performed.
The miRNAs that changed significantly with gestation and gender are listed in
Table 2.1, along with their chromosomal locations, the miRNA family, and miRNA
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cluster that shows the number of other miRNAs located within the neighboring
10kb chromosomal region.

miRNA gene

Chromosome

Chromosomal
Location

miRNA
family

miRNA
Cluster

mmu-miR-802
mmu-miR-138

16
9,8

intergenic
intergenic

mir-802
mir-138

mmu-miR-182
mmu-miR-296-3p
mmu-miR-125a-5p
mmu-miR-532-3p
mmu-miR-652
mmu-miR-455

6
2
17
X
X
4

intergenic
intergenic
exon
intron
intron
intron

mir-182
mir-296
mir-125
mir-188
mir-652
mir-455

Y1
mmu-miR-670

*
2

*
intron, exon

*
mir-670

mmu-miR-367
rno-miR-207

3
5

intron
intron

mir-367
mir-207

mmu-miR-31
rno-miR-351
mmu-miR-351
mmu-miR-220
mmu-miR-219
mmu-miR-24

4
X
X
*
17,2
13,8

intergenic
intergenic
intergenic
*
exon, intergenic
intron, exon, intergenic

mir-31
mir-351
mir-351
*
mir-219
mir-24

mmu-miR-141
rno-miR-743b
mmu-miR-470
mmu-miR-615-3p
rno-miR-327
mmu-miR-742

6
X
X
15
*
X

intron
intergenic
intergenic
intron
*
intergenic

mir-8
mir-743
mir-743
mir-615
mir-327
mir-742

mmu-miR-486

8

intron

mir-486

1

mmu-miR-452
mmu-miR-147
mmu-miR-504
rno-miR-743b
mmu-miR-470
mmu-miR-409-3p
mmu-miR-92a
mmu-miR-17

X
2
X
X
X
12
14,X
14

intron
exon
intron
intergenic
intergenic
exon
exon, intergenic
exon

mir-452
mir-147
mir-504
mir-743
mir-743
mir-154
mir-25
mir-17

1

3
1
13
5
5

mmu-miR-18a

14

exon

mir-17

5

Gender

1
2
3

4

3
1

4

Gestation
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mmu-miR-670
mmu-miR-367
rno-miR-760-5p
mmu-miR-325
mmu-miR-220
mmu-miR-351
mmu-miR-200c
mmu-miR-484
mmu-miR-24
mmu-miR-126-3p
mmu-miR-26a
mmu-miR-30e
mmu-miR-322
mmu-miR-146a

2
3
2
X
*
X
6
16
13,8
2
9, 10
4
X
11

intron, exon
intron
intergenic
intron
*
intergenic
intron
Intergenic
intron, exon, intergenic
intron, exon
intron
intron
intergenic
intergenic

mir-670
mir-367
mir-760
mir-325
*
mir-351
mir-8
mir-484
mir-24
mir-126
mir-26
mir-30
mir-322
mir-146

mmu-miR-150
mmu-miR-34b-3p
mmu-miR-29a
mmu-miR-30d
mmu-miR-146b
mmu-miR-27a
mmu-miR-30a

7
9
6
15
19
8
1

intergenic
intergenic
intergenic
exon
intron
intergenic
intergenic

mir-150
mir-34
mir-29
mir-30
mir-146
mir-27
mir-30

mmu-miR-139-3p
mmu-miR-615-3p

7
15

intron
intron

mir-139
mir-615

rno-miR-327
mmu-miR-742

*
X

*
intergenic

mir-327
mir-742

8
11
13

intron
intron
intron

mir-486
mir-340
mir-449

mmu-miR-486
mmu-miR-340-5p
mmu-miR-449a
*Information not available.

4

6
1
3
1
2
6
1
1
1
1
3

4
1
2

Table 2.1: miRNAs that changed significantly with gender and gestation.
miRNAs that changed significantly with gender and gestation are listed, along
with their chromosome number, the region in which they are located, the miRNA
family they
to,changing
and the number
of miRNAs
located within the cluster.
Networks
forbelong
miRNAs
significantly
with gender.
The cluster dendrogram for miRNAs that changed significantly between
the development of

male and female lungs is shown in Figure 2.1. Sex

hormones have been shown to regulate lung development. Androgens, in
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particular, have inhibitory effects on lung maturational events during the
gestational interval studied (Nielsen, Zinman & Torday 1982, Seaborn et al.
2010, Hanley et al. 1996, Torday, Nielsen 1987). Some of the identified miRNAs
have similar gestational trends between males and females, but the absolute
levels of miRNAs differed greatly between the genders (Appendix A). In order to
decifer the function of the gender-regulated miRNAs,

Ingenuity Pathway

Analysis software was used to generate molecular pathways based on known
targets of the respective miRNAs. IPA identified two different yet related
networks for those miRNAs significantly different in developing lung by gender
(Figure 2.2). The first network converged upon several central molecules, only
some of which have been studied in the context of lung development. The central
convergent molecules include retinoin, IGFR1, Akt and Tp53.
Retinoic acid, a metabolite of retinoin, promotes lung maturation and
inhibits androgen receptor levels and function in several organs (Schmidt et al.
2012, Ruttenstock et al. 2011, Liebeskind et al. 2000, Kumar, Duester 2011).
Further, testosterone has been shown to modulate retinoic acid activity in the
lacrimal gland (Ubels et al. 2002). IGF signaling has also been shown to
positively influence lung maturation and vascularization, processes that are
negatively regulated by androgens (Han et al. 2003). Futhermore, IGFR1 may
facitilate signaling of other growth factors known to affect fetal lung maturation in
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Figure 2.1: Expression patterns of miRNAs that changed significantly with
gender and gestation. Total RNA was isolated from male and female E15 – E18
whole lungs and miRNA expression profiling was done using Taqman Rodent
miRNA real-time PCR array. Columns with blue bars indicated male lungs, and
columns with pink bars indicate female lungs. Each gestational day is normalized
to the male E15 time point. mmu-miR-363 and mmu-miR-325 are the only
miRNAs that are exclusive to this interaction group. The rest of the miRNAs in
this group overlap with those present in the gender and gestation groups.
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Figure 2.2: Network associated with miRNAs that were significantly different
between males and females. IPA was used to generate a network of molecules
that are validated targets of miRNAs shown in Figure 2.2. This network
converges on retinoin, IGFR1, Akt and p53.
.
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a sex-specific fashion, such as EGFR (Nielsen 1989, Coppola et al. 1994). IGFs
have the ablity to regulate proliferation and differentiation, processes that play an
important role in late lung development and account for gender differences.
IGFR1 total protein levels increase dramatically between gestational day 16.5
and 17.5, right at the onset of surfactant synthesis (Nagata et al. 2007, Oue et al.
1999). Given our miRNA data, specific miRNAs can be linked with genderspecific changes in retinoic acid, androgen control and IGF signaling over an
interval in lung development in which male infants are known to have a clinical
disadvantage in disease related to delayed lung maturation.
Akt plays several important roles in development through control of cell
proliferation, migration, apoptosis and transcription. Several signaling molecules
and receptors that are important in lung maturation, including EGFR, ErbB4,
PDGF and insulin, activate Akt signaling. Of these, only EGFR is known to have
a sex-specific development of expression and function in fetal lungs during this
window of development (Klein, Nielsen 1993, Rosenblum et al. 1998).
Pharmacological manipulations of Akt have also been shown to affect surfactant
synthesis synthesis (Wang et al. 2005).
Other focal centers in the network include Tp53 and MAP2K4, both of
which are tumor suppressor genes that are deregulated in lung cancer (Ahn et al.
2011, Brennan, Hainaut & Boffetta 2011). Little is known about their functions
during lung development, though it is thought that p53 may be involved in
alveolar epithelial cell differentiation (Tebar, Boex & Have-Opbroek 2001).
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Networks for miRNAs changing significantly with gestation.
The cluster dendrogram for miRNAs that changed significanty with
gestation is shown in Figure 2.3. The two central components of this network, as
identified by IPA analysis, are mediators of glucose metabolism (regulation of dglucose production and of insulin production) and vascular endothelial growth
factor A (VegfA) (Figure 2.4). Insulin binding to the insulin receptor (IR) regulates
glucose uptake and metabolism, which is required to produce substrate for
surfactant phospholipid synthesis (Felts 1964). The IR, which is mainly
expressed in the alveolar Type II cells, is developmentally regulated in its
expression (Felts 1964, Ulane et al. 1982).
VEGFA helps coordinate lung epithelial and endothelial maturation. It is
produced and secreted in late gestion lung by the alveolar epithelium and acts by
binding to receptors on the vascular endothelium in the adjacent mesenchyme
(Kaner, Crystal 2001). As the lung progresses from the canalicular to saccular
stage of development, VEGF levels increase as the alveolar sacs form and an
air-blood interface becomes established. As shown by transgenic and knockout
models, VEGFA levels are tightly regulated during lung development. Both
increased and decreased expression of this factor is severely detrimental to
vascular development, including lung vascular development, where it impacts
saccular, alveolar and microvasculature development within the alveolar unit
(Zeng et al. 1998, Tang et al. 2004, Yamamoto et al. 2007).
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Figure 2.3: Expression patterns of miRNAs that changed significantly with
gestational E15 – E18 lungs. Total RNA was isolated from male and female E15
– E18 whole lungs and miRNA expression profiling was done using Taqman
Rodent miRNA real-time PCR array. Columns with blue bars indicated male
lungs, and columns with pink bars indicate female lungs. Each gestational day is
normalized to male E15 time point.
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Figure 2.4: Network associated with miRNAs that were significantly different
across gestation. IPA was used to generate a network of molecules that are
validated targets of miRNAs shown in Figure 2.4. This network converges on
IGF, d-glucose and VEGFA.

62

Several other molecules with potential significance for lung development
were also identified by the IPA analysis. These include fibronectin 1, Src,
regulators of neurotransmitter function (NAPG, SLC38A1), regulators of protein
synthesis and processing (GLANT7, SPRP), and those that control mitochondrial
function (COX6Af2, ATPSG2). Of these, fibronectin has been most studied in
lung development. Its expression is temporally regulated and helps to stabilize
newly formed airways (Sakai, Larsen & Yamada 2003, Roman 1997).
DISCUSSION
The importance of miRNA control of gene expression through regulation of
mRNA translation during fetal organ development is becoming increasingly
recognized. MiRNAs regulate specific elements of cardiac morphogenesis, brain
development, and hematologic development (Guo et al. 2010, Podolska et al.
2011, Cordes, Srivastava 2009).
Previous profiles of miRNA expression in lungs have been published
(Williams et al. 2007, Bhaskaran et al. 2009, Dong et al. 2010, Yang et al. 2012,
Lu et al. 2008). Overall, such studies have analyzed single time points across a
wide span of the different stages of development and maturation. Our study adds
to that information by providing a focused analysis of a specific window of
development, specifically the progression from late pseudoglandular through the
canalicular and further into the early saccular development stages. This is a
crucial developmental period during which the lung becomes capable of the
normal cellular and physiologic functions necessary for gas exchange to support
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life after birth. Dominant features of this crucial developmental interval are the
development of Type II epithelial cell maturation for surfactant synthesis, the
establishment of the microvascular network responsible for efficient gas
exchange, and the thinning of the interstitial mesenchyme to promote an
increase in epithelial surface area for efficient gas exchange.
A major challenge for miRNA studies, whether profiling the microRNAome
or studying an individual miRNA, is the identification of specific target proteins
whose expression is mediated by specific miRNAs. Several valuable algorithms
have been developed which predict miRNA targets based on the physical
chemistry and codon sequences of mRNA molecules (Bartel 2009). Such
algorithms commonly predict from tens to literally hundreds of potential targets
for a given miRNA. Not surprisingly, the overwhelming majority of such predicted
target molecules remain unvalidated. An additional difficulty is that such
algorithms predict different targets, based on the parameters used to develop the
algorithm. A pathway analysis tool such as IPA is a powerful tool for analyzing
interactive networks involving multiple miRNA molecules. By focusing the
pathway analysis on those miRNAs which changed significantly during the
interval studied, important clues can be obtained to direct subsequent focused
studies of particular developmental functions and events in order to identify
specific targets.
Our analysis shows that of the large number of common miRNAs
expressed in the mouse, only a relatively small number show significant
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developmental or sex-specific regulation during the interval studied. This
suggests that miRNA targets are likely to be focused on processes central to the
preparation for extrauterine life. Several of the core elements identified by the
pathway analysis substantiate this conclusion. Molecules significant for vascular
development, structural remodeling, cell metabolism, and cell proliferation and
differentiation were prominent in the analytical trees. A particular value of the
pathway analysis is that it facilitates identification of specific miRNA targets within
lung development.
The results from this study should not be interpreted to indicate that
overall only a few miRNAs are active in the control of lung development. It is
highly probable that many molecules are under miRNA regulation which does not
change within the interval studied. This is evident when our results are analyzed
within the context of other studies which evaluated lungs at time points outside of
the focus of our study. Our work does illustrate the value of a focused analysis to
identify function-oriented targets of miRNA regulation.
In summary, we have identified a set of miRNAs which exhibit either
developmental or sex-specific expression differences during a crucial interval of
lung development in preparation for birth. Pathway analysis identifies convergent
interactive signaling networks that permit subsequent studies of focused
identification and analysis of miRNA-target relationships. This has significant
value in determining the role of miRNAs for development of the fetal lung.

65

PUBLICATION STATUS
This work is currently unpublished. It has been submitted and is under review.

66

Chapter 3
miR-221 and miR-130a Regulate Lung Airway and
Vascular Development

\
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INTRODUCTION
Organogenesis in tubular organs is a complex process, requiring the
coordinated branching and juxtaposing of the epithelial and blood vessel
networks. Increasing evidence indicates that the developing vasculature tree
plays an important role in guiding the branching pattern of many organs,
including the lung (Akeson et al. 2003, Del Moral et al. 2006, Lazarus et al. 2011,
van Tuyl et al. 2005). The intimate association between the epithelial and
endothelial

cells

during

lung

development

is

extremely

important

for

establishment of the air-blood barrier to ultimately permit gas exchange at birth.
However, very little is known about signaling mechanisms that govern this
developmental process.
MicroRNAs (miRNAs) are important regulators of many biological
processes in development and disease states. Mature miRNAs are produced by
enzymatic processing of pre-miRNA sequences that involves the enzymes
Drosha and Dicer. The mature miRNAs are small, non-coding RNAs that bind to
the 3‟ UTR or the coding region of target mRNAs to suppress translation.
MiRNAs act as molecular switches, fine tuning the signaling for specific cellular
events in development of several organs, including the lung. Several studies
indicate that miRNAs are temporally and spatially regulated within developing
organs, including the lung (Williams et al. 2007, Yang et al. 2012, Podolska et al.
2011, Dong et al. 2010). A targeted deletion of Dicer from developing lung
epithelium caused severe alterations in lung development, including arrested
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branching and grossly dilated proximal and distal airways (Harris et al. 2006).
The mechanisms by which miRNAs regulate lung branching morphogenesis
remain to be uncovered.
MicroRNAs are also crucial in regulating endothelial cell biology. Several
studies describe promotion or suppression of angiogenesis by specific
microRNAs, including miR-221 and miR-130a. MiR-221 is anti-angiogenic and
decreases endothelial cell proliferation, migration and wound healing in cell
culture models (Poliseno et al. 2006, Urbich, Kuehbacher & Dimmeler 2008,
Chen et al. 2010). In contrast, miR-130 is pro-angiogenic, promoting endothelial
cell proliferation and migration by inhibiting anti-angiogenic homeobox proteins
(Chen, Gorski 2008). Mir-221 and miR-130a are reported to target two Hox
genes known to have important functions in embryonic lung branching
morphogenesis and epithelial cell fate (Golpon et al. 2001, Volpe et al. 2008,
Aubin et al. 1997, Kinkead et al. 2004, Mandeville et al. 2006, Volpe et al. 1997,
Volpe et al. 2003b, Volpe, Vosatka & Nielsen 2000). Hoxb5 has been identified
as a target of miR-221 in thyroid carcinoma, and Hoxa5 as a target of miR-130a
in HUVEC cells (Chen, Gorski 2008, Kim et al. 2008). Further, both Hoxb5 and
Hoxa5 have important regulatory roles in vascular development. Hoxb5 provides
positive feedback to control the formation of angioblasts and maturation of
endothelial cells (Rhoads et al. 2005, Wu et al. 2003, Winnik et al. 2009). In
contrast, Hoxa5 upregulates expression of anti-angiogenic factors, thus
promoting stabilization of blood vessels. Importantly, the opposing effects on
angiogenesis of miR-221 and miR-130a and their respective targets Hoxb5 and
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Hoxa5, and the functions of Hoxb5 and Hoxa5 on airway morphogenesis
suggests that these miRNAs and Hox proteins control both lung blood vessel and
airway development.
We propose that miR-221 and miR-130a actively participate in regulation
of embryonic lung vascular and airway branching. We used ex vivo and in vitro
culture models to identify the phenotypic function of miR-221 and miR-130a in
branching morphogenesis and neovascularization of the developing lung. We
show that these two miRNAs have opposing effects on airway and vascular
branching in the developing lung.
MATERIALS AND METHODS
Animals
The animal study protocol was approved by the Tufts/Tufts Medical Center
Institutional Animal Care and Use Committee (PHS Assurance A3775-01).
Principles of laboratory animal care (National Institutes of Health publication 8623, revised 1985) were followed. Timed-pregnant Swiss Webster mice were
obtained from Charles River Laboratories (Wilmington, MA, USA), with the
morning of the vaginal plug defined as embryonic day 0 (E0).
Mouse fetal lung endothelial cell line
MFLM-91U cells (ATCC, Rockport, MD) were maintained in Ultraculture
medium (Lonza, Basel, Switzerland) with penicillin/ streptomycin (50 units/µg),
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1% Glutamine and 0.5% fetal calf serum (FCS) and cultured in 5% CO 2, 37°C
incubator (Akeson et al. 2000).
In Situ Hybridization
Fetal (E16-E18) lungs were fixed with 4% paraformaldehyde (PFA) in
phospho-buffered saline (PBS) (Lonza, Basel, Switzerland) at 4°C and
transferred to 30% sucrose overnight. Lungs were embedded in OCT and stored
at -80°C. The in situ hybridization protocol was adapted from a previously
published protocol (Obernosterer, Martinez & Alenius 2007). Briefly, sectioned
lungs (N=3 per gestational age) were fixed with 4% paraformaldehyde (PFA) and
digested with Proteinase K for 10 minutes. After incubation in prehybridization
buffer, sections were hybridized with Locked Nucleic Acid (LNA) probes (Exiqon,
Vedbaek, Denmark) in 50% formamide hybridization mix at 53°C overnight.
Slides were then washed with 5× SSC (Ambion, Grand Island, NY) and 0.2×
SSC at 50°C. Slides were blocked with 10% FCS and incubated with antidigoxigenin-alkaline phosphatase antibody (Sigma-Aldrich, St. Louis, MO)
overnight, followed by color development (Vector, Burlingame, CA).
Realtime PCR analysis
Total RNA was extracted from E15 – E18 whole fetal lungs, ex vivo lung
cultures and endothelial cells using mirVana miRNA Isolation kit (Ambion, Grand
Island, NY) according to manufacturer‟s recommendations. Six animals from
three different litters were used for each gestational age. For ex vivo cultures,
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two to three lungs were pooled per condition for each experiment. Real-time PCR
for miRNAs was done using TaqMan microRNA Reverse Transcription Kit and
TaqMan microRNA Assay (Applied Biosystems, Carlsbad, CA) according to
manufacturer‟s instructions. Three separate experiments were performed, each
containing lungs from 3 litters.
Whole fetal mouse lung organ cultures
E14 whole fetal mouse lungs were removed intact and placed on Transwell
12 mm inserts (Corning, Lowell, MA) suspended at the air-liquid interface in
Dulbecco‟s Modified Eagle Medium (DMEM) with penicillin/ streptomycin (50
units/µg) +10% charcoal-stripped FCS and cultured in 5% CO2, 37°C. At 24
hours of culture, lungs were randomly assigned for an additional 48 hours to the
following conditions, which are summarized in Table 3.1: A) To inhibit specific
miRNA function, antisense oligos (anti-miRs) to miR-221 or miR-130a (IDT,
Coralville, IA), or anti-miR scrambled control oligo (Ambion, Grand Island, NY);
B) To upregulate specific miRNA function, Pre-miR 221 (Mimic 221), Pre-miR
130a (Mimic 130a) or Pre-miR scrambled control (Ambion, Grand Island, NY)
oligos. Anti-miRs and Pre-miRs were used at concentrations of 400nM and
200nM, respectively. Optimum experimental concentrations were determined by
a dose-response assay. Lungs were cultured for 72 hours. All lungs were visually
evaluated and photographed daily to quantify growth and airway branching (see
below). At the end of the culture period, lungs were harvested and processed for
morphometric, Real-time PCR, immunohistochemistry and immunofluorescence
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evaluations. Five separate experiments were performed, each containing lungs
from 3 litters
Molecule

Abbreviation

Function

Control

Anti-miR 221

Anti-221

Downregulate miR-

Anti- SCR

221
Pre-miR 221

Mimic 221

Upregulate miR-221

SCR

Anti-miR-130a

Anti-221

Downregulate miR-

Anti-SCR

130a
Pre-miR 130a

Anti-130a

Upregulate miR-

SCR

130a
Table 3.1: Summary and explanation of all miR-221 and miR-130a manipulations used
in experiments.

Immunofluorescence and Immunohistochemistry
E14 explant lungs cultured for 72 hrs were used for whole-mount
immunofluorescence (N=3 per condition). The lungs were fixed in 4% PFA at 4 0
C, washed with PBS (Lonza, Basel, Switzerland) and dehydrated gradually up to
100% methanol. The whole mount immunohistochemistry protocol was adapted
from Metzger et al. (Metzger et al. 2008). Briefly, samples were quenched in 5%
H2O2/methanol and rehydrated gradually in PBST (0.5% Tween). They were
blocked for 2 hours in 5% rabbit serum/PBST (Vector Labs, Burlingame, CA) and
incubated for 2 days with E-cadherin (Zymed, Grand Island, NY) primary
antibody at 4°C. Lungs were then washed in 5% rabbit serum/PBST and
incubated with biotin-conjugated Rabbit anti-Rat IgG (Vector, Burlingame, CA)
overnight at 4°C followed by sequential incubations in ABC Elite reagent (2
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hours) (Vector, Burlingame, CA) and Flourescein Tyramide Reagent (Perkin
Elmer, Waltham, MA). Samples were rinsed, mounted and stored in Vectashield
(Vector, Burlingame, CA). Lungs were imaged using a Nikon A1R Confocal
microscope at 20x magnification (Emission: 500-550nm). Z-stacking through the
entire thickness of the distal lung (based on fluorescent signal) was performed
using automated functions scanning at 5 µm intervals. Automated 6 x 6 panels
were generated and stitched together using te NIS software (Nikon) to obtain an
image that encompassed almost the entire lung area. Projects of these complete
images were developed using the confocal software and used to visualize
changes in airway branching.
Lung tissue sections were prepared from 4% PFA-fixed specimens
embedded in OCT (N=3 sections from ≥ 3 different experiments) as previously
described and used for immunostaining. Briefly, coronal frozen tissue sections (8
μm) were immunostained using Avidin-Biotin (ABC) methodology (Vector,
Burlingame, CA) with blue alkaline phosphatase detection. Primary antibodies
used were: Hoxb5; Hoxa5 (Santa Cruz, CA); Sox2 (Chemicon, Billercia, MA); or
VEGFR2 (Cell Signaling, Davers, MA); To confirm the specificity of staining for
each protein, immunostaining controls included absence of primary antibody and
reaction of separate tissue sections with different primary antibodies in the same
immunostaining reaction. To allow direct comparisons of the evaluated proteins
between the Control and Experimental Groups, immunostaining reactions were
performed simultaneously and incubated for identical times for the chromagen
detection step.
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Endothelial cells were identified in frozen sections by staining with GSL-B4
lectin (3 sections each from ≥ 3 different sections). Sections were hydrated in
PBST and incubated with Fluorescein GSL-B4 lectin (Vector, Burlingame, CA) for
25 minutes, and mounted using Dapi Vectashield (Vector,Burlingame, CA).
Lung Morphometry (Point Counts)
Lung morphometry was measured to quantify phenotypic changes in lung
morphology as we have previously described (Volpe et al. 2003a). Using a
computer generated 25 μM grid overlayed on a 20x magnification of selected
tissue sections (separated by at least 18μM), airway space, mesenchyme, and
epithelial regions were identified at each intersecting point on the grid (point
counts). The percentage mean of summed point counts of airway space,
mesenchyme and epithelial cells from each tissue section were compared
between Control and Experimental groups (N=3 lungs per condition).
Quantification of Branching Changes in Whole Lung Cultures
To confirm and enhance the assessment of changes in the lung branching
phenotype, we measured branch width in the E-Cadherin stained lungs using
NIS software (Nikon, Melville, NY) (method adapted from Lazarus et al (Lazarus
et al. 2011)). The branch width was measured at terminal branch tips. At least 10
different branch width measurements were obtained from three randomly chosen
regions for each lung (N=3 lungs per condition).
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Matrigel angiogenesis assay
A dose response was done in MFLM-91U cells to confirm that 1nM of
Mimic upregulated miR-221 levels by 100 fold and miR-130a levels by 20 fold.
MFLM-91U cells were transfected with 1nM of scrambled, Mimic 221 or Mimic
130a and cultured for 24 hours. After trypsinization, cells were counted and
plated on a thin layer of growth factor reduced matrigel (BD Biosciences, San
Jose, CA) in 24-well plates (106 cells/well). Pictures under a 10X magnification
were taken after 5 hours of culture. The number of tubes, defined as cell
projections that connect two cell bodies was counted per 10X magnification field
using NIS software (Nikon) (Chen, Gorski 2008). Pictures of at least 3 different
fields were taken per condition for each experiment (N≥3).
In vitro scratch assay
MFLM-91U cells were grown to confluence on 12-well plates and
transfected with 1nM Mimic 221 and 130a for 36 hours, after which they were
scraped with a sterile P200 tip to generate a cell-free zone. Wells were washed
with PBS, retransfected and incubated for another 18 hours. Photographs of at
least 3 different fields per condition were taken for each experiment (N=4) under
10X magnification. The width of the cell-free scratched area was measured at the
time of injury and after 18 hours, and the difference calculated (Liang, Park &
Guan 2007).
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Statisical Analysis
Statistical analysis was done using non parametric ANOVA or two-tailed ttests (GraphPad Software, San Diego, CA) as appropriate with a level of
significance of P<0.05.The data are expressed as Mean±SEM.
RESULTS
miR-221 and miR-130a are temporally and spatially regulated across gestation.
To investigate the temporal and spatial expression of miR-221 and miR130a in the developing lung, qRT-PCR and in situ hybridzation were done on
mouse fetal lungs. Total miR-221 expression initially decreased from E15 to E16,
followed by an increase as gestation progressed (Figure 3.1A). MiR-221 cellular
expression was observed in epithelial and mesenchymal compartments at E16
and E17 on in situ evaluation, but the spatial localization changed with advancing
gestation (Figure 3.1B). At E16, miR-221 was intensely expressed in bronchiolar
epithelium (arrowhead) and mesenchyme whereas at E17 mesenchymal
expression remained strong (arrow) and epithelial expression decreased
(arrowhead). Mesenchymal expression became more intense at E18 (arrow)
compared to E16 and E17 and epithelial expression was only minimally present
(arrowhead).
Total miR-130a expression levels decreased at E16 and E17 before
increasing at E18 to levels seen at E15 (Figure 3.2A). MiR-130a localization
changed with advancing gestation (Figure 3.2B). Different from miR-221, miR77

Figure 3.1: miR-221 temporal, spatial and cellular localization changes with advancing
gestation. (A) Quantification of total miR-221 levels in mouse fetal lungs of gestational
days E15 – E18 was done by qRT-PCR. U6 snRNA was used as an internal control and
results were normalized to E15. (B) In situ hybridization was done using DIG-labeled
miR-221 probes on frozen sections obtained from E16 – E18 mouse fetal lungs. U6
probes were used as a positive control and scrambled probes were used as a negative
control. Sections were counterstained using Fast Red. E16-E18, SCR, U6 snRNA
images were taken at 40x magnification. E16‟-E18‟ are 80x magnification.
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Figure 3.2: miR-130a temporal, spatial and cellular localization changes with advancing
gestation. (A) Quantification of total miR-130a levels in gestational days E15 – E18
mouse fetal male lungs was done by qRT-PCR. U6 snRNA was used as an internal
control and results were normalized to E15. (B) In situ hybridization was done using
digoxigenin-labeled miR-130a probes on frozen sections obtained from E16 – E18
mouse fetal lungs. U6 probes were used as a positive control and scrambled probes
were used as a negative control. Sections were counterstained using Fast Red. E16E18, SCR and U6 snRNA images were taken at 40x magnification. E16‟-E18‟ are 80x
magnification.
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130a expression was more intense in the epithelium (arrowhead) compared to
the mesenchyme at E16 (arrows). Certain clusters of mesenchymal cells (arrow)
and bronchiolar epithelium (arrowheads) were strongly positive at E17. By E18,
miR-130a was restricted to the

terminal bronchioles (arrowhead) and

mesenchymal cell clusters around developing saccules (arrow). Taken together,
analysis of miR-221 and miR-130a distribution in the developing lung suggests
functional roles in the progression of lung development.
miR-221 and miR-130a regulate branching morphogenesis.
To begin to understand the functional roles of miR-221 and miR-130a in
the developing lung, E14 ex vivo lung cultures were treated with anti-miRs to
downregulate or mimics to upregulate these miRNAs. Changes in total miR-221
and miR-130a were verified by qRT-PCR to ensure transfection efficiency (Figure
3.3A, 3.3D). Lungs treated with anti-221 and anti-130a showed altered lung
branching after 24 hours in culture (Figure 3.3B, left panel), which became more
evident after 48 hours (Fig 3.3B, right panel; z-stack images of entire cultured
lungs obtained by confocal microscopy). Compared to the anti-SCR, E-Cadherinstaining of anti-221 treated lungs identified more distal branch generations
whereas anti-130a treated lungs had decreased branching. Z-stack images
showed that the increase and decrease in branching was reflected by 3dimensional changes in branching morphology.
The opposite phenotypes were observed when lungs were transfected
with mimics to miR-221 and miR-130a. Compared to SCR controls, mimic 221
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treated lungs had dilated airway tips and fewer airway branches (Figure 3.3E,
right panel; z-stack images of entire cultured lungs obtained by confocal
microscopy). These branches also appeared to have increased interbud airway
length. Mimic 130a treated lungs appeared to have increased airway branching
with decreased branch width. Again, the z-stack images illustrate that the
increase and decrease in branching was reflected by 3-dimensional changes in
branching morphology. To further characterize and quantify changes in airway
branching that was visually observed, the width of terminal branch tips was
measured. Decreased branching and wider airways are consistent with
proximalization of branch phenotype, and vice versa (Colvin et al. 2001). The
branch width of anti-221 treated lungs decreased compared to anti-SCR lungs. In
contrast, Anti-130a lungs had increased branch width (Figure 3.3C; P<0.01,
Mean±SEM; N≥3). The corresponding opposite branching phenotype was
observed for each miRNA when lungs were treated with mimics to upregulate
miRNA expression levels. Mimic 221-treated lungs showed increased branch
width while mimic 130a-treated lungs exhibited reduced branch width (Figure
3.3F). Overall, the results of anti-miR and mimic treatments suggest that both
miRNAs are involved in lung airway branching.
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Figure 3.3: Treatment of lung organ cultures with anti-miRs and mimics alters airway
branching. E14 mouse fetal lungs were harvested and cultured on porous membranes
for 72 hours. (A) Lungs were transfected the day after harvest with anti-SCR, anti-221 or
anti-130a. Downregulation of miR-221 (blue bar) and miR-130a (red bar) was confirmed
by qRT-PCR. (B) Brightfield images were taken after 24 hours of treatment. After 48
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hours of treatment, lungs were fixed and stained for E-cadherin. Z-stack confocal images
of whole mount E-cadherin stained lungs were obtained. Altered airway branching is
seen after 24 and 48 hours after transfection. Anti-221 lungs have increased proximal
and distal airway branching, and narrower terminal branch tips. Anti-130a lungs have
wider and fewer airway branches. (C) Width of distal airway tips measured for each
condition and compared to Anti-SCR. Mean ± SEM of N ≥ 3, *p < 0.01. (D) Lungs were
transfected the day after harvest with SCR, Mimic 221 or Mimic 130a. Upregulation of
miR-221 (blue bar) and miR-130a (red bar) was confirmed by qRT-PCR. (E) Brightfield
images were taken after 24 hours of treatment. After 48 hours of treatment, lungs were
fixed and stained for E-cadherin. Z-stack confocal images of whole mount E-cadherin
stained lungs were obtained. Mimic 221 lungs had decreased airway branching where
as mimic 130a had increased central and peripheral branching. (F) Width of distal airway
tips were measured for each condition and compared to SCR. Mean ± SEM of N ≥ 3.
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Effect of miR-130a and miR-221 on epithelial cell fate and morphology.
Some of the opposing airway branching phenotypes created by
perturbations of miR-221 and miR-130a could be due to regulation of an
epithelial mechanism controlling the progression of branching morphogenesis. To
explore this possibility, we evaluated whether miR-130a and miR-221 altered
epithelial progenitor cell fate. Lung sections were stained for Sox2, which is
present in endodermal progenitors of proximal airways and absent in distal
airways (Tian et al. 2011, Que et al. 2009). Compared to SCR, Mimic 130a
treated lungs had numerous distal airways in the periphery of the lung that
stained positive for Sox2 (Figure 3.4A). The opposite phenotype was observed in
anti-130a treated lungs (data not shown). However, no change in Sox2
expression was observed in Mimic 221 treated lungs (Figure 3.4A; arrows point
to distal epithelium). These studies suggest that miR-130a may be involved in
expanding proximal progenitors in the developing lung.
Morphometric point counts were used to further characterize changes in
gross branching phenotype and lung histology seen in tissue sections. The
analysis of lung sections from anti-221 and mimic 221 treatments showed a
significant decrease in mesenchymal volume and a trend towards increased
airway space volume in both instances (Figure 3.4B; P<0.05). Anti-221 treated
lungs had more airways where as mimic 221 lungs had fewer, more dilated
terminal airways. The opposing phenotypes in airway morphology explain the
similar directionality of changes in mesenchymal and airway space volume with
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Figure 3.4: Epithelial and morphological changes observed in lungs with anti-miR and
mimic treatments. (A) Mimic 130a alters epithelial expression of Sox2, a factor
expressed in proximal but not distal airways. Immunohistochemistry was done on
sections of cultured lung using Sox2 antibody. Mimic 130a lungs had nuclear Sox2
expression in distal airway epithelium, which was minimal or absent in SCR and Mimic
221 lungs. Images were taken at 20x magnification. (B) Morphometric analysis showed
altered lung morphology in mimic and anti-miR-treated lungs. Point count analysis was
done by placing a 50m grid on histological sections. Mimic 221 had a 15.2 % decrease
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and anti-221 a 10.5% decrease in mesenchymal area compared to controls. Mimic 130a
treatment showed a trend towards decreased mesenchymal area and an increase in
epithelial and airway space area. Anti-130a treatments caused a 13.4% decrease in
mesenchymal area and a 12.4% increase in airway space area. Mean ± SEM of N ≥ 3, *
p<0.05, **p<0.01
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the two treatments. A similar trend was observed with anti-130a and mimic 130a
transfected lungs. Both treatments resulted in decreased mesenchymal and
increased airway space volume, with changes observed with anti-130a being
significant (Figure 3.4B; P<0.01 and P<0.05, for mesenchyme and airspace,
respectively). These results are consistent with fewer airways in anti-130a
treated lungs, whereas more airway branches were observed with mimic 130a
treatment.
miR-221 and miR-130a target expression of Hox proteins.
Hoxb5 is a target of miR-221 in human thyroid carcinoma cells. Therefore,
we investigated how miR-221 manipulation impacted Hoxb5 expression patterns
within the developing lung. We found that Hoxb5 mesenchymal expression in
anti-221 treated lungs was more diffusely localized compared to the anti-SCR
control lungs (Figure 3.5A, lower left panel, arrows). Conversely, less intense
Hoxb5 mesenchymal expression was seen in mimic 221 treated lungs compared
to the SCR control (Figure 3.5A, upper left panel). The increased dilation of the
airways caused by mimic 221 is a phenocopy of Hoxb5 downregulation (Volpe et
al. 2007). Exogenous miR-130a has been shown to reduce Hoxa5 protein
expression in HUVEC cells. Compared to SCR treated lungs, treatment with anti130a resulted in a more diffusely localized mesenchymal and epithelial Hoxa5
cellular expression pattern (Figure 3.5B).

Less intense Hoxa5 cellular

localization was observed with mimic 130a treatment (Figure 3.5B). These
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Figure 3.5: miR-221 and miR-130a alter localization of Hox protein expression. (A)
Manipulation of miR-221 levels alters Hoxb5 localization. Immunohistochemical analysis
of Hoxb5 localization was done on anti-miR and mimic 221 treated lung sections.
Intensity of Hoxb5 expression in anti-221 treated lungs was increased in mesenchyme
compared to anti-SCR control. Decreased Hoxb5 expression was seen in mimic 221
treated lungs compared to SCR. (B) Manipulation of miR-130a levels alter Hoxa5
localization. Immunohistochemistry analysis of Hoxa5 localization was done on anti-miR
and mimic 130a treated lung sections.

Increased fibroblast and epitheial Hoxa5

expression was present in anti-miR 130a treated lungs, whereas Hoxa5 expression was
decreased in mimic 130a treated lungs compared to controls. Images were taken at 40x
magnification.
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results suggest a regulatory role for miR-221 and miR-130a on Hoxb5 and
Hoxa5, respectively, in developing lung.
miR-221 and miR-130a regulate neovascularization during lung branching
morphogenesis.
Many studies strongly indicate that epithelial branching in the developing
lung is partially controlled by the development of the pulmonary vascular bed
(Akeson et al. 2003, Del Moral et al. 2006, Lazarus et al. 2011, van Tuyl et al.
2005). Several groups have shown that miR-221 and miR-130a regulate
endothelial cell function, suggesting that regulation of these miRNAs in the
embryonic lung vasculature may also affect airway branching morphogenesis
(Urbich, Kuehbacher & Dimmeler 2008). MiR-221 has anti-angiogenic properties
through targeting several important proteins involved in angiogenesis. MiR-130a,
on the other hand, is pro-angiogenic. Given that upregulating miR-221 or
downregulating miR-130a (and vice versa) in ex vivo lung cultures produce a
similar branching phenotype, we wanted to elucidate whether miR-221 and miR130a had opposing effects on the underlying vascular bed in these lungs as well.
Transfected lung organ culture tissue sections were stained with fluoresceinlabeled endothelial cell GSL-B4 lectin and VEGFR2 antibody to visualize the lung
vasculature. Lectin staining of anti-221 treated lungs demonstrated a more robust
vascular network around developing airways in both central and peripheral lung
compared to the SCR controls (Figure 3.6A, arrowheads). The airways (asterisk)
were also surrounded by cells beneath the airway epithelium which were strongly
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Figure 3.6: Altered vascular morphology in anti-miR treated E14 lung buds. Lectin
immunofluorescence and VEGFR2 immunohistochemistry analyses were done on lung
sections to assess vascular changes. (A) Compared to anti-SCR controls lectin staining
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of anti-221 treated lungs showed a much more robust vascular network around
developing airways. These airways were also surrounded by cells strongly positive for
VEGFR2. In contrast, lectin and VEGFR2 staining of anti-130a treated lungs showed
small vascular tufts around distal airway branches. (B) Mimic 221 treatment led to a
disorganized vascular network as seen by lectin and VEGFR2 staining. Conversely,
lectin staining of mimic 130a treated lungs showed a more vascularized network within
the lung. These lungs also had more airways encircled by VEGFR2 receptor positive
cells. Images were taken at 40x magnification.
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positive for VEGFR2 (arrows). In contrast, lectin staining of anti-130a treated
lungs identified the presence of small vascular tufts around distal airway
branches and most of the vascular network was poorly developed and not well
defined (Figure 3.6A). Few airways were surrounded by VEGFR2-positive cells
under the airway epithelium. Most of the VEGFR2 was localized around airways
at the edge of the lung (arrow).
Changes in the vascular bed of mimic 221 and mimic 130a treated lungs
showed an opposite phenotype to their respective anti-miR treatments. Mimic
221 treatment led to the formation of a disorganized vascular network
surrounding large dilated airways (Figure 3.6B). There was a paucity of VEGFR2
positive cells around these abnormal airways. Conversely, mimic 130a treatment
resulted in lungs with a more vascularized network. These mimic 130a treated
lungs also had more airways encircled by VEGFR2 positive cells (Figure 3.6B).
These results suggest that miR-221 and miR-130a target the developing lung
vasculature and are consistent with reports that miR-221 is anti-angiogenic and
mir-130a is pro-angiogenic. These observations provide insight into the
mechanism underlying similarities and differences in airway branching observed
with miR-221 and miR-130a manipulation.
miR-221 and miR-130a target angiogenesis in vitro.
To address whether miR-221 and miR-130a altered neovascularization by
directly targeting fetal lung endothelial cells, we utilized an in vitro angiogenesis
assay. Mouse lung fetal endothelial cells (MFLM-91U) transfected with mimic
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Figure 3.7: Effects of mimic 221 and mimic 130a on in vitro angiogenesis. Mouse fetal
lung endothelial cells were transfected with SCR, mimic 221 or mimic 130a 24 hours
prior to being plated on matrigel for an additional 16 hours. (A) Compared to control,
mimic 221 treatment inhibited tube development and limited endothelial cell projections.
In contrast, mimic 130a treated cells had more developed cellular projections forming an
extensive tubular network. (B) Tubes were quantified per low power field. bFGF was
used as a positive control. N ≥ 3, * p<0.05, **p<0.01. Error bars represent SEM.
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221, mimic 130a or SCR oligos were plated on a thin layer of matrigel and
incubated for 5 hours. Upregulation of miR-221 and miR-130a was confirmed by
qRT-PCR (60 to 100 fold up regulation). Cells treated with mimic 221 limited
endothelial cell projections and reduced tube formation compared to SCR treated
cells (Figure 3.7A, B; P<0.05 in 3.7B). In contrast, mimic 130a treated cells had
more developed cellular projections forming an extensive tubular network with an
increase in plexus formation (Figure 3.7A, B; P<0.05 in 3.7B). It has previously
been shown that these two miRNAs can affect endothelial cell migration. We
used an in vitro scratch assay to observe the effect of miR-221 and mir-130a on
endothelial cell migration. Efficiency of wound closure was increased in mimic
130a transfected cells, whereas mimic 221 slightly inhibited this process (Figure
3.8A, B; P<0.05 for mimic 130a). These studies show that miR-221 and miR130a can alter vascularization by directly affecting endothelial cell behavior
resulting in changes in tube formation and cell migration.
DISCUSSION
Airway branching morphogenesis is a complex process requiring
coordinated interdependent signaling between different cellular compartments,
namely the mesenchyme, endothelium and epithelium of the developing lung.
This process enables the airways and vasculature to develop in a parallel and
coordinated fashion. From recent advances in the understanding of miRNA
biology, it is clear that miRNAs play important roles in lung morphogenesis, but
our knowledge of how they regulate airway and vascular branching
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Figure 3.8: Mimic 221 and mimic 130a alter endothelial cell migration in vitro.
Transfected endothelial cells were grown to confluence and a scratch was made using a
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P200 tip to create a cell-free zone. Pictures were taken at the time the scratch was made
and after 18 hours of incubation. (A) After 18 hours, mimic 221 transfected endothelial
cells migrated at a slower rate, whereas mimic 130a transfected endothelial cells
migrated at a faster rate. (B) The width of the original scratch was measured at time 0
and subtracted from the width at 18 hours to calculate the distance covered. Compared
to SCR, the rate of wound closure decreased with mimic 221 treatment, where as it
increased mimic 130a transfection. bFGF was used as a positive control. N>3.
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morphogenesis is extremely limited. Several studies have highlighted the role of
miR-221 and miR-130a in regulating endothelial cell biology for angiogenesis,
showing that miR-221 has angiostatic and miR-130a has pro-angiogenic
properties (Urbich, Kuehbacher & Dimmeler 2008). The majority of these studies
used in vitro HUVEC cell cultures. Therefore, very little is known about how these
miRNAs function in organ development and nothing is known concerning their
roles in coordinating lung airway and vascular formation.
Our present study used ex vivo and in vitro models to explore how miR221 and miR-130a regulate airway and vascular branching in the lung. In this
study we show for the first time that miR-221 and miR-130a regulate both airway
branching and lung microvascular development. Our data show that the
expression of both miRNAs is tightly regulated across gestation in the lung.
Given the importance of balanced expression and function between molecules
that promote and inhibit angiogenesis in development, it is not surprising that the
temporal expression of miR-221 and miR-130a is finely tuned in the developing
lung. We propose that these two miRNAs regulate airway development by, in
part, targeting the underlying vasculature. These two miRNAs induced unique
and opposing phenotypes when manipulated in ex vivo lung cultures, as
summarized in the table below. These results are consistent with the current
knowledge that miR-221 is anti-angiogenic and miR-130a is pro-angiogenic. Both
downregulation of miR-221 and upregulation of miR-130a resulted in increased
vascular density, with a concomitant increase in distal airway branching (Table
3.2). Furthermore, the opposite effects were observed with miR-221 upregulation
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or miR-130a downregulation. These treatments resulted in fewer blood vessels
with fewer and wider terminal branches. These findings suggested that these
miRNAs were targeting lung endothelial cells and perturbing epithelial –
endothelial interactions. Indeed, upon further investigation we found that miR-221
and miR-130a have opposing roles in vessel formation in developing lung

Phenotype

Anti-221

Mimic 130a

Anti-130a

Mimic 221

Number of Branches
Branch Width
Lectin
VEGFR2
Table 2: Summary of phenotypes observed when ex vivo lung cultures were treated with
anti-miRs or mimics to miR-221 and miR-130a.

vasculature, consistent with the current literature. Using mouse fetal lung
endothelial cells we showed a direct effect of these miRNAs on key endothelial
cell behaviors. MiR-221 inhibited endothelial cell tube formation and migration,
whereas miR-130a enhanced tube and vascular plexus formation and cell
migration. These observations paralleled the morphologic changes in the
microvascular bed of ex vivo lung cultures, wherein treatment with mimic 221
resulted in disorganized vessel formation and mimic 130a treated lungs had a
robust vascular network. These ex vivo and in vitro studies show that miR-221
and miR-130a mediate their effects on lung development partly through targeting
the developing vasculature.
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Though the interrelationship between the developing vascular tree and
airway epithelium is recognized, the mechanisms and overall contribution of the
endothelium to the developing lung remains to be understood. Alterations in
pulmonary vascular assembly have been shown to alter airway branching
morphogenesis (Akeson et al. 2003, Del Moral et al. 2006). Addition of
recombinant vascular endothelial growth factor (VEGF), a promoter of
vasculogenesis, to embryonic lung cultures resulted in a highly branched organ,
while knocking down the VEGF receptor Flk-1 caused a significant decrease in
airway branching morphogenesis (Del Moral et al. 2006). The highly branched
phenotype is similar to what was observed with miR-221 downregulation and
miR-130a upregulation in the ex vivo lung cultures. Besides regulating the
degree of airway branching, the vasculature also determines branching
stereotypy and is important for the 3D patterning of the lung (Lazarus et al.
2011). We found increased miR-221 or decreased miR-130a levels in lung
cultures produced a disorganized vascular network that was associated with
reduced airway branching. These branches were also dilated, a phenotype that is
observed with overexpressing the VEGFR1 decoy receptor in the lung as well as
knock down of the Flk-1 receptor (Del Moral et al. 2006, Lazarus et al. 2011).
These findings provide new insight into the mechanistic relationship between
vascular and airway branching. This is the first study to show that miRNAs are
involved in the crucial process of coordinated airway and blood vessel
development.
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Our findings with regards to angiostatic properties of miR-221 and proangiogenic properties of miR-130a are consistent with studies of these miRNAs
in human venous or lymphatic endothelial cells (Poliseno et al. 2006, Chen,
Gorski 2008, Chen et al. 2010, Zhu et al. 2011). However, miR-221
overexpression in lymph endothelial cells did not result in the migration defects
that we observed using lung microvascular endothelial cells (Zhu et al. 2011). A
recent study also found that miR-221 promotes endothelial tip cell migration in
the development of zebrafish intersegmental vessels (Nicoli et al. 2012). These
findings suggest that miRNAs work in a cell- and organ- specific manner. The
cellular context, along with the developmental stage, dictate miRNA targets and
function. MiR-221 and miR-130a are present in multiple cellular compartments
during lung development, as shown by the in situ hybridization results. The
function of miR-221 and miR-130a in these other cell types is unknown and
requires further investigation.
We found manipulation of miR-221 and miR-130a levels caused spatial
and cellular changes in Hoxb5 and Hoxa5 localization, respectively. While
significant changes in whole tissue Hoxb5 and Hoxa5 protein levels were not
observed (data not shown) this does not rule out regulatory relationships. It is
important to note that subtle changes in Hox cellular expression patterns can
dramatically impact tissue development (Graba, Aragnol & Pradel 1997,
Hombria, Lovegrove 2003). This suggests that changes in cellular localization of
these Hox proteins with miRNA manipulation are biologically important in our
model. This concept is further supported by our previously published work on the
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expression and function of these Hox proteins in the developing lung and the
phenotype observed when miR-221 and miR-130a are manipulated (Kinkead et
al. 2004, Volpe et al. 2007). However, we have not demonstrated cis-regulation
of Hoxb5 and Hoxa5 by these miRNAs. In an effort to look for specific targets of
the two miRNAs in fetal lung endothelial cells, we used a vasculogenesisfocused protein array panel (R&D systems, Minneapolis, MN). We were unable
to identify direct targets for either miR-221 or miR-130a in the lung endothelial
cells. Reported targets of miR-221 and miR-130a in other cell types mostly
include downstream signaling molecules and transcription factors which were not
present in this array (Acunzo et al. 2012, Garofalo et al. 2009). In particular,
despite the fact that the number of VEGFR2 immunopositive cells changed as a
result of miRNA manipulations in our ex vivo cultures, we found no direct effect of
either miRNA on VEGFR2 expression in lung endothelial cells (data not shown).
This can be explained by the fact that miRNA manipulations caused changes in
total VEGFR2 expressing endothelial cells in the ex vivo cultures and did not
target VEGFR2 directly (data not shown). The direct targets of both miRNAs vary
depending on the cell type. Identifying the targets of these miRNAs in fetal lung
endothelial cells will help elucidate important components of the mechanisms
controlling lung vascular and airway branching morphogenesis.
In summary, we have shown that miR-221 and miR-130a coordinately
regulate airway and vascular branching. This function may involve control of
epithelial – endothelial interactions in the developing lung. These studies create
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an important foundation for the possibility of miRNAs regulating epithelial –
endothelial interactions during lung airway and vascular development.
PUBLICATION STATUS
This work is published: Mujahid S, Nielsen HC, Volpe MV (2013) MiR-221 and
miR-130a Regulate Lung Airway and Vascular Development. PLoS ONE 8(2):
e55911.
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Chapter 4
Modest Oxygen Differentially Affects the Key Hox
Proteins, Hoxb5 and Hoxa5 Altering Airway
Branching and Lung Vascular Formation
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INTRODUCTION
Chronic lung disease after preterm birth, defined as bronchopulmonary
dysplasia (BPD), is characterized by alveolar simplification with an arrest of
alveolar development and abnormal alveolar blood vessel development.
Extremely low birth weight infants (ELBW; 23-24 weeks gestation) are at greatest
risk of developing BPD even with short periods of O2 exposure at relatively lower
O2 levels (≤ 0.4 FiO2). It is important to note that most preterm infants are born
prior to the alveolar phase. In particular, ELBW infants are born during the
transition from the late canalicular to the early saccular stage of lung
development.

At this critical period the establishment of further airway

arborization is essential to prepare for the subsequent formation of adequate
alveolar structure and alveoli numbers (Inselman, Mellins 1981, Ten HaveOpbroek 1991, Jobe 2006). Significantly, important gestational-age specific
regulatory mechanisms in this period of lung development are not addressed by
current research studies (Higgins et al. 2007, Laptook et al. 2005, Doyle et al.
2006, Maniscalco et al. 2005, Barker et al. 2006, O'Reilly 2001). While the
deleterious effects of high O2 (>0.8 FiO2) are well known, very few studies have
evaluated the critical developmental window of the ELBW lung or the effect of 0.4
FiO2 during this developmental stage (Bland et al. 2007a, Maniscalco et al. 2005,
Alejandre-Alcazar et al. 2007, Bustani et al. 2006). Clinical studies cannot readily
address the mechanisms of lung injury during this critical period of lung
development. Thus, basic science studies are necessary to identify the specific
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molecular controls impaired by O2 exposure at this important time point in the
developing lung. This will allow for new therapies to be devised that will target
key regulatory pathways to allow lung development to progress normally after
extremely preterm birth.
In other tissues, O2 and Hox transcription factor proteins reciprocally
regulate each other‟s effects, altering downstream gene regulation (Krosl,
Sauvageau 2000, Shiraishi et al. 2002, Trivedi, Patel & Patel 2008, Semenza
2009). This reciprocal O2-Hox regulation may be more important particularly at
FiO2 levels ≤ 0.4 that are less likely to cause cell death but just as likely to alter
genetic control (Barker et al. 2006). Our work and that of others have shown the
unique importance of the transcription factor proteins Hoxb5 and Hoxa5 in mouse
and human lung development at the developmental time-point corresponding to
the stage of lung development when ELBW infants are born. These studies
indicate that Hoxb5 and Hoxa5 impact airway and alveolar development through
mesenchymal-epithelial cell communication (Golpon et al. 2001, Volpe et al.
2008, Aubin et al. 1997, Kinkead et al. 2004, Mandeville et al. 2006, Volpe et al.
1997, Volpe et al. 2003b, Volpe, Vosatka & Nielsen 2000).
Blood vessel development within the lung mesenchyme is an essential
component of the mesenchymal-epithelial cell communication that drives airway
and alveolar development (Hall, Hislop & Haworth 2002, Stenmark, Abman
2005). In mesenchyme-derived cells from other tissues, Hoxb5 and Hoxa5 have
critical but different roles in vascular cell fate, vasculogenesis and angiogenesis
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(Rhoads et al. 2005, Wu et al. 2003, Winnik et al. 2009). Hoxb5 promotes
endothelial cell differentiation from endothelial progenitor cells through regulation
of VEGFR2 (Wu et al. 2003, Winnik et al. 2009). On the other hand, Hoxa5 has
angiostatic or possibly anti-angiogenic effects (Rhoads et al. 2005).

Despite

these critical roles for Hoxb5 and Hoxa5 in lung morphogenesis and in blood
vessel formation in other tissues nothing is known about Hoxb5 and Hoxa5
control in O2-induced dysregulation of lung airway and vascular morphogenesis.
Therefore our study was designed to explore the effects of modest O2 (0.4
FiO2) exposure on airway and vascular morphogenesis in the context of Hoxb5
and Hoxa5 expression patterns using a model of ex utero development of lungs
that encompasses the late canalicular stage of development. We hypothesized
that modest O2 differentially regulates Hoxb5 and Hoxa5 expression patterns,
leading to dysregulated airway and vascular morphogenesis.
MATERIALS AND METHODS
Animals
Timed-pregnant Swiss Webster mice at embryonic day (E) 14 (E0, morning of
vaginal plug) were obtained from Charles River (Wilmington, MA).The animal
study protocol was approved by the Institutional Animal Research Committee.
Principles of laboratory animal care (National Institutes of Health publication 8623, revised 1985) were followed.
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Reagents
Antibodies: Hoxb5 rabbit polyclonal antibody was produced and characterized in
our laboratory (Volpe 2000); E-Cadherin rat monoclonal (Invitrogen, Grand
Island, NY); Fluorescein conjugated lectin (GSL-B4) specific to endothelial cells
(Vector, Burlingame, CA); VEGF receptor 2 (VEGFR2) rabbit monoclonal (Cell
Signaling, Danvers, MA){Meyer, 1999 908 /id}; rabbit polyclonal antibodies
Hoxa5, ki67, and active caspase 3 (Abcam, Cambridge, MA); {Skalli, 1986 910
/id;McGrath-Morrow, 2008 907 /id; GAPDH mouse monoclonal (Ambion, Austin,
TX); Western blot horseradish peroxidase (HRP)-linked secondary antibodies
(Jackson ImmunoResearch Laboratories, West Grove, PA). Immunostaining
reagents (Vector, Burlingame, CA); chemiluminescent reagent (Perkin Elmer,
Boston, MA); oxygen chamber (Billups-Rothenberg, Delmar, CA). All other
reagents were from Fisher Scientific (Pittsburgh, PA) unless otherwise specified.
Whole fetal mouse lung organ cultures
Whole fetal mouse lung cultures were prepared as we have described with
modifications (Volpe, Vosatka & Nielsen 2000, Volpe et al. 2007).

E14 fetal

mouse lungs were cultured for 48 hours (h) in a 0.21 FiO2 (Room Air, RA), 5%
CO2, 37oC incubator to allow the intact whole lungs to progress structurally to a
developmental

equivalent

of

late

canalicular-early

saccular

stage

lung

morphogenesis to model the stage of lung development in extremely preterm
infants, as we and others have described (Volpe, Vosatka & Nielsen 2000, Volpe
et al. 2007, Slavkin et al. 1989). At 48 h, lungs were randomly assigned to the
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following conditions for an additional 48 h: 1) RA (Control Group); 2) 0.4 FiO2 (O2
Group) or; 3) 0.4 FiO2 for 24 h followed by RA for 24 h (0.4 FiO2 24 h/RA 24 h;
Rescue Group). Lungs in these groups were cultured for total of 96 h (48 h in RA
before treatment condition, then 48 h within the treatment condition) in the same
incubator and monitored daily to confirm consistent O 2 concentrations (by
calibrated O2 meter). In a further set of experiments, lungs were transfected with
Hoxb5 or Hoxa5 DNA expression plasmids (Origene, Rockville, MD) using
Dharmafect transfection reagent (Lafayette, CO) according to the manufacturer‟s.
These plasmid transfected lungs were cultured for a total of 48 hrs. Nine
separate experiments were performed each containing whole fetal lungs from 5
litters.
Evaluation of lung branching morphogenesis and lung morphologic growth
Lungs were microscopically visualized to compare daily growth and airway
branching of each lung over time in culture. To quantify these visual evaluations,
surface area evaluation was performed as we have previously done with
modifications as follows described (Volpe, Vosatka & Nielsen 2000, Volpe et al.
2007). Lungs confirmed at the initiation of culture to be whole lungs (all five lobes
intact and identified) were photographed daily at 10x magnification. A computer
generated tool was used to outline each whole lung followed by calculation of
surface area within each outline. The generated surface area measurement of
each lung was statistically compared to the surface area of same lung from the
previous day of culture (∆SA). This allowed us to evaluate lung morphologic
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growth for each lung over time in culture in control (RA) versus experimental
conditions (O2 and Rescue Group).
E-Cadherin and Endothelial Cell Lectin Whole Lung Immunofluorescence
Whole mount E-Cadherin (Invitrogen, Grand Island, NY) staining was
done to identify how 0.4 FiO2 and induced expression of Hoxb5 and Hoxa5
impacted airway development. Lung sections were stained using an endothelial
cell-specific lectin to assess vascular formation (Vector, Burlingame, CA). Using
confocal microscopy, E-Cadherin- and Lectin-labeled whole fetal lungs were
visualized within the same plane along the z-axis. Z-stacked images were
obtained from which we visually evaluated airway branching and vessel
formation.
Western blot analysis
Western blot with densitometry was done as we have described to
determine Hoxa5 and Hoxb5 total protein levels in lungs from the RA and O 2
Groups and in lungs transfected with Hoxb5 (Origene plasmid RG202156) and
Hoxa5 (Origene plasmid RG218740) DNA expression plasmids (Volpe, Vosatka
& Nielsen 2000, Volpe et al. 2007).
Immunohistochemistry
Lung coronal tissue sections (N ≥ 3 lungs per condition from ≥ 3
experiments) were immunostained using Avidin-Biotin (ABC) methodology
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(Vector, Burlingame, CA) with blue alkaline phosphatase detection as we have
described (Volpe, Vosatka & Nielsen 2000, Volpe et al. 2007). Primary antibody
concentrations were: Hoxb5 (1/200); Hoxa5 (1/400); VEGFR2 (1/250); Caspase
3 (1/800) and ki67 (1/2000). All comparisons were made from reactions
processed together with same chromagen exposure times. Immunostaining
controls were done as we have published described (Volpe, Vosatka & Nielsen
2000, Volpe et al. 2007).
Quantification of proliferating cells
Ki67+ epithelial and mesenchymal cells were counted in tissue sections
from similar lung regions (40x magnification, ≥ 2 lungs per condition, at least
three sections per lung each separated by at least 18 microns). The number of
ki67+ epithelial and mesenchymal cells was expressed as a percentage of ki67+
cells within each tissue section with comparisons made between control and
experimental groups.
Statistical Analyses
Nonparametric ANOVA or two-tailed t-tests (GraphPad Software, San Diego,
CA) were done as appropriate with significance level of P<0.05.
RESULTS
Modest O2 altered lung morphologic development.
Images of lungs were taken during culture. Whole lung confocal
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immunofluorescence of E-Cadherin (which labels lung epithelial cells) was done
at the end of the culture period (Figure 4.1). Fetal lungs appeared structurally
similar at the start of culture and prior to the random assignment to Control (RA)
and O2 (0.4 FiO2) Groups at 48 h of culture (Figure 4.1A, A‟ C, C‟). Control lungs
that remained in RA for the subsequent 48 h continued to develop more branch
generations off parent branches having well arborized airway patterning (Figure
4.1B, B‟). E-Cadherin immunofluorescence (Figure 4.1E) further demonstrated
the three-dimensional nature of airway branching in these control lungs.
However, lungs switched to 0.4 FiO2 (Figure 4.1D, D‟, F) for the last 48 h of
culture had a noticeably less-well arborized and arrested branching pattern with
only some apparent branch elongation of already present branches. E-Cadherin
immunofluorescence confocal images of the 0.4 FiO 2 exposed lungs (Figure
4.1F) taken within same tissue plane as control lungs confirmed that these lungs
had a paucity of airway branches and branches that were present appeared
disorganized and wider than airways in control lungs. To further evaluate the
visual impression of altered morphology with 0.4 FiO2 exposure we calculated the
∆SA (Figure 4.2A) a reliable and quantifiable measure of lung growth in culture
as we have previously done. (Volpe et al. 2007) Over the first 48 h of culture
while in RA, ∆SA was similar between groups. Control lungs grew at a consistent
rate over the 48 h of culture (∆SA at 48-72 h of 24 x 10-3µM ± 6.4 and at 72-96 h
of 20 x 10-3 µM ± 4.7, mean ± SEM; Figure 4.2B). In contrast, within 24 h of 0.4
FiO2 exposure, ∆SA was significantly decreased compared to controls (∆SA at
48-72 h of -14.2 x 10-3µM ± 7.3) and further regressed in the next 24 hrs (∆SA at
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Figure 1: 0.4 FiO2 exposure alters airway branching in ex vivo fetal mouse lungs. A-D:
Light microscopy images of representative whole fetal mouse lungs growing in room air
or 0.4 FiO2. (A, B) view of the same region of two different whole lungs cultured for 48
hours in room air (10x). (C) Same area of whole lung seen in „A‟ after 72 hours in RA.
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(D) Same area of lung seen in „B‟ 24 hours after being switched to 0.4 FiO 2. Squares in
A-D outline areas of higher magnification shown in A‟-D‟ where epithelial boundaries are
outlined by dashed lines to better illustrate airway branching patterns. Lungs that
remained in RA (A, A‟, B, B‟) continued to show the development of more branch
generations whereas the lung switched to O 2 (D, D‟) showed an arrest of airway
arborization. (N ≥ 20 lungs per condition) E, F: E-Cadherin immunofluorescence
confocal images of whole fetal lungs at end of culture period. Similar lung regions from
whole mount images are shown for lungs cultured in RA (E) or O 2 (F) to further
demonstrate the comparison between airway branching in each group (20x). The lung in
„E‟ remained in RA culture for entire 96 h, whereas the lung in „F‟ was switched to 0.4
FiO2 for 48-96 h of culture (48 h O2 exposure). Lungs remaining in RA for the entire
culture period developed a three dimensional network of airway branches (E).

In

comparison, lungs that were switched to 0.4 FiO 2 (F) had a paucity of airway
arborization. Airways that were present were grossly dilated and had less well defined ECadherin staining suggesting a loss of epithelial cell organization or adhesion. (N= 2-3
lungs per condition).
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Figure 2: Lung overall growth identified by surface area (∆SA) analysis {Volpe 2007} was
adversely affected by 48 h 0.4 FiO 2. Representative schematic in „A‟ shows a computer
generated outline of whole lung growing in culture used to quantify lung surface area.
{Volpe 2007} Area within outline is identified as lung surface area. The change in surface
area (∆SA) of lungs over time in culture is shown in „B‟. For each time point, ∆SA
denotes average of surface area of each lung compared to itself from previous day of
culture (i.e. lung surface area at 72 h subtracted by the same lung‟s surface area at 48 h
= ∆SA of that lung from 48 to 72 h of culture). Lungs that remained in RA (solid line) for
96 h had consistent growth as indicated by the positive ∆SA. However, lungs placed in
0.4 FiO2 after 48 h of culture (dashed line) had significantly regressed growth as
indicated by the negative ∆SA. *P=0.01, 0.4 FiO2 vs. RA at 48-72 h and 72-96 h, Mean 
SEM, N ≥ 20.
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72-96 h of -19 ± 4.7, mean ± SEM ; Figure 4.2B).
Modest O2 Exposure altered the balance and developmental expression of
Hoxb5 and Hoxa5 transcription factor proteins.
We evaluated Hoxb5 and Hoxa5 protein levels and immunolocalization in
lungs from the RA and O2 groups. After 48 h of 0.4 FiO2, Hoxb5 protein levels
decreased to 50% of control lungs (Figure 4.3A). Hoxa5 total protein levels were
not significantly changed (Figure 4.3B). The change in Hoxb5 compared to
Hoxa5 protein levels altered the normal developmental ratio of these two Hox
proteins, towards the ratio seen later in lung development when airway
arborization is nearing completion and secularization is well-established (Volpe et
al. 2008, Volpe et al. 1997, Volpe et al. 2003b). The change in the Hoxb5/Hoxa5
expression ratio with 0.4 FiO2 exposure is further reflected by the altered spatial
and cellular distribution of Hoxb5 and Hoxa5 (Figure 4.4). In RA-cultured lungs,
Hoxb5 nuclear staining (Figure 4.4A) was localized more to fibroblasts around
distal airway branches than to regions around central lung airways. Hoxa5
(Figure 4.4C) was localized diffusely throughout the mesenchyme. These
expression patterns are similar to what we have shown in in vivo developing
lungs at approximately E17-E18 mouse and 22-23 wk human lung (Volpe et al.
2008, Volpe et al. 1997, Volpe et al. 2003b). In contrast, the airways of lungs
cultured in 0.4 FiO2 for 48 hours (Figure 4.4B, D) exhibited a predominance of
columnar epithelium characteristic of canalicular stage lung. The normal pattern
of Hoxb5 spatial and cellular expression was lost. Mesenchymal Hoxb5
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Figure 3: Effect of 0.4 FiO2 on Hoxb5 and Hoxa5 protein levels (Western blot and
densitometry) in ex vivo fetal mouse lungs. Lungs with O2-induced altered branching had
significantly decreased Hoxb5 (A) but unchanged Hoxa5 (B) protein levels altering the
balance of Hoxb5 to Hoxa5 protein levels. *P=0.0009, Mean ± SEM, N= ≥3.
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Figure 4: 0.4 FiO2 profoundly changed Hoxb5’s expression pattern and altered
mesenchymal localization of Hoxa5. Lung periphery is at top and central lung at bottom
of each picture. RA lungs (A, C) had many variable-sized airways lined by columnar and
cuboidal epithelium: Hoxb5 protein (blue staining) localized to mesenchyme around
peripheral airways ( in A) more than around central airways (). O2 exposed lungs (B,
D) had narrower lumens with more columnar epithelium: Hoxb5 staining was less
intense ( in B) with no obvious distribution. Compared to RA (C), with O 2 (D) Hoxa5
(blue staining) protein was mostly localized to cell clusters that appeared condensed and
abnormal ( in D), whereas cells with more normal fibroblast characteristics ( in D)
that had less intense Hoxa5 staining. 40x Mag, N=5.
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Figure 5: Morphometry (point counts) quantified lung regions affected by 0.4 FiO 2.
Compared to RA, O2-exposure significantly decreased airway space (40%) and
epithelial cell volume (7%) but increased mesenchyme volume (13%). #P=0.003;
&P=0.04;*P=0.002, O2 versus RA, Mean ± SEM, N≥30 tissue sections each separated
by at least 18m from ≥ 3 lungs/condition.
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expression was much less intense and had no obvious spatial distribution (Figure
4.4B). In contrast, Hoxa5 protein was localized to anomalous clusters of
condensed mesenchymal cells (Figure 4.4D).
Morphometeric analysis further delineated the gross morphologic changes
seen in the cultured O2 lungs over time in culture (Figure 4.5). Compared to RA
control lungs, lungs cultured for 48 h in 0.4 FiO2 had significantly increased
mesenchymal volume and decreased airway and epithelial cell volume.
Modest O2-induced changes in endothelial cell fate correlated with altered Hoxb5
and Hoxa5 expression patterns.
Knowing that airway development and lung vascular development can
reciprocally affect each other and that Hoxb5 and Hoxa5 have prominent roles in
vascular development in other organs, we compared the changes in Hoxb5 and
Hoxa5 expression patterns observed in our model to changes in lung endothelial
cell lectin binding and VEGFR2 expression patterns. Room Air Control lungs
showed the expected pattern of peri-airway localization of endothelial cell lectin
binding and VEGFR2 expression (Figure 4.6A, B). With 0.4 FiO 2 exposure, this
peri-airway distribution (Figure 4.6C, D) was abolished. Lectin binding was
reduced and only seen in isolated clusters around apparent damaged and
disorganized airway structures (Figure 4.6C). Similarly, the overall VEGFR2
staining was less intense and VEGFR2 positive cells within lung mesenchyme
were more distant from airway epithelium in 0.4 FiO2 exposed lungs (Figure 4.6
D).
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Figure 6: 0.4 FiO2 altered lung vascular patterning and VEGFR2 protein localization.
Lungs that remained in RA for the entire culture period (A, B) developed apparent
vascular tufts (green lectin IF in (A) and robust VEGFR protein localization (arrows in B)
that surrounded developing airways (*). However, lungs that were exposed to 0.4 FiO2
for 48 h had decreased evidence of vessel formation (C) around airways that had lost
their structural integrity and only isolated VEGFR2 positive cells (D). (N ≥ 3
lungs/condition from at least 3 experiments)
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Hoxb5 and Hoxa5 directly impact lung airway and microvascular development.
We further evaluated the direct effect of induced Hoxb5 and Hoxa5
expression on airway branching patterns (whole mount E-Cadherin staining),
VEGFR2 localization and lung microvascular development (Lectin staining).
Compared to controls (Figure 4.7A, B), lungs with induced Hoxb5 expression had
much more intense peri-airway Hoxb5 localization (Figure 4.7C) and increased
Hoxb5 protein levels (Figure 4.7E). Induction of Hoxa5 led to more diffuse Hoxa5
mesenchymal expression (Figure 4.7D) and increased Hoxa5 protein levels
(Figure 4.7F). Hoxb5 and Hoxa5 induction caused unique changes in airway
branching, endothelial cell lectin binding and VEGFR2 staining compared to
control lungs. Hoxb5 overexpression (Figure 4.7H) led to the development of
airway branches that had showed multiple branch points. Hoxa5 overexpression
led to lungs with a more finely arborized pattern (Figure 4.7I). Hoxb5
overexpression also caused an increase in peri-airway localization of VEGFR2
(Figure 4.8B) and endothelial cell lectin binding (Figure 4.8E) suggesting the
formation of robust vessel clusters. Hoxa5 overexpression, on the other hand,
reduced peri-airway VEGFR2 localization (Figure 4.8C) and lectin binding was
mostly seen in isolated endothelial cells within the lung and at the edge of the
lung (Figure 4.8F). These data support the conclusion that part of the mechanism
by which 0.4 FiO2 exposure affects lung airway and vascular development is an
induced imbalance between Hoxb5 and Hoxa5 in lung mesenchyme. This
imbalance favors a premature change in lung microvascular development that
subsequently affects airway arborization. We did not see any change in airway
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Figure 7: Over expression of Hoxb5 or Hoxa5 protein in fetal mouse lungs caused
different changes in airway branching patterns. In control lungs (A, B), scattered Hoxb5
(A) and Hoxa5 (B) positive cell (blue staining) clusters were seen underlying the airway
epithelium. However, Hoxb5 plasmid transfected lungs (C) had intense and diffuse
staining surrounding airways with narrow lumens and apparent multiple branch points.
Hoxa5 transfected lungs (D) had diffuse mesenchyme expression of Hoxa5 surrounding
developing airways with wider lumens. (E,F) Western blot confirms increased protein
levels when lungs were transfected with either the Hoxb5 or Hoxa5 expressing plasmid.
(G, H,I) E-Cadherin whole mount confocal images show that compared to control lungs
(G), Hoxb5 transfected lungs (H) had multipodal and 3D airway structures (arrows in H).
Hoxa5 transfected lungs (I) developed a more finely arborized airway branching pattern
(arrows in I) that appeared better organized than that seen with Hoxb5 over expression.
(N= 3 lungs per condition).
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Figure 8: Hoxb5 or Hoxa5 over expression caused specific changes in VEGFR2 protein
localization (A-C) and lectin-labeled vascular endothelial cells (green IF in D-F).
Compared to control lungs (A, D), Hoxb5 over expression led to more prominent periairway VEGFR2 localization (B, arrow) and increased presence of endothelial cells (E,
arrow) suggesting development of robust vessel clusters. Hoxa5 over expression (C)
limited the degree of peri-airway VEGFR2 and a vascular pattern surrounding these
airways suggestive of isolated endothelial cells or the presence of small vessels (F,
arrow). Mag. 40x (A-C), 20x (D-F), N= 2.
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epithelial differentiation (data not shown) suggesting that the altered airway
arborization could involve a different mechanism from airway epithelial
differentiation. Also, no differences were seen in localization or amount of Ki67
expressing cells within the transfected lungs compared to control lungs (data not
shown) suggesting that these effects of Hoxb5 and Hoxa5 on microvasculature
and airway formation do not occur through a prominent change in cell
proliferation. We also did not see any change in airway epithelial differentiation
(data not shown) suggesting that the altered airway arborization could involve a
different mechanism from airway epithelial differentiation.
Return of lungs to RA after 24 h 0.4 FiO 2 exposure (Rescue group) led to some
recovery of lung growth as well as airway and vascular development in
association with modified Hoxb5 cellular expression patterns.
Lungs returned to RA after 24 h exposure to 0.4 FiO2 exhibited some
recovery of lung growth (dashed-dot line, Figure 4.9A) but they remained smaller
than RA cultured lungs. E-Cadherin whole mount staining (Figure 4.9B)
demonstrated that this recovery of lung growth occurred with the formation of
new airways on a background of the dilated or widened airways that formed
during 0.4 FiO2 exposure (compare Figure 4.9B to Figure 4.1D). These changes
in airway branching occurred together with some recovery of peri-airway lectin
binding (Figure 4.9C), Hoxb5 (Figure 4.9D) and VEGFR2 (Figure 4.9E) cellular
localization. Hoxa5 mesenchymal expression in the rescue group was
intermediate compared to RA and 48 h O2 lungs (data not shown).
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Figure 9: Rescue group lungs had partial recovery of lung growth and changes in Hoxb5,
VEGFR2 and lectin localization. (A) Compared to lungs that remained in oxygen for 48
hours (dashed lines), lungs that were returned to room air after 24 hours 0.4 FiO 2
exposure (Rescue group, dashed-dot line) had increased ∆SA. (B) E-Cadherin whole
mount staining of Rescue lungs demonstrated formation of new airway buds from dilated
airways (*). (C) New peripheral airways were also surrounded by Hoxb5 positive
mesenchymal cells. Lectin (E) and VEGFR2 (D) was observed around these airways
suggesting some recovery of vessel formation. Mag 20x(B) and 40x (C-E).
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Modest O2 exposure changed active caspase 3 and ki67 protein cellular
localization.
To understand the contribution of this level of oxygen exposure to
changes in apoptosis and cellular proliferation we evaluated the cellular
localization pattern of active caspase 3 and Ki67. Active caspase 3, an indicator
of the degree of apoptosis, was rarely seen in control lungs (Figure 4.10A). After
0.40 FiO2 exposure (Figure 4.10B), caspase 3 was preferentially localized to
clusters of mesenchymal cells. Rescue lungs (Figure 4.10C) had an intermediate
degree of caspase-positive cells within the mesenchyme. Evaluation of the
percentage of Ki67 positive cells (detects cycling cells) demonstrated that
compared to RA control lungs epithelial proliferation was significantly increased
and mesenchymal cell proliferation significantly decreased with length of time in
0.40 FiO2 (Figure 4.10D).
DISCUSSION
Extremely preterm infants (23-24 weeks) gestation are born when their
lungs are in transition from the late canalicular to early saccular stage of lung
development, placing them at the highest risk for disordered structural
development due to lung injury and lung disease. While BPD in preterm infants is
considered to be a condition of arrested alveologenesis partially caused by
altered lung microvascular development, infants born at 23-24 weeks are born
long before alveologenesis begins. Therefore it is very likely that in these infants,
alteration in the lung‟s developmental program occurs prior to the onset of
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Figure 10: Active caspase 3 and Ki67 cellular localization changed with length of
exposure to 0.4 FiO2. Compared to RA (A) mesenchymal caspase 3 increased with 0.4
FiO2 (B). Rescue lungs (C) had intermediate caspase 3 positivity. 40x Mag, N=3 (D)
Quantification of the percent of Ki67+ cells revealed significantly increased epithelial and
decreased mesenchymal cell proliferation with length of time in 0.4 FiO 2. *, # P = 0.04,
RA vs 0.4 FiO2 and 0.4 FiO2 /RA (Rescue group), Mean ± SEM, N=3-4 sections per lung
from 2-3 lungs/condition.
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alveolar formation, with a subsequent adverse effect on the alveolarization and
vascularization process. To understand how BPD develops in these babies it is
necessary to understand how their earlier birth and exposure to relatively modest
O2 levels affect airway and vascular development. Understanding lung-specific
mechanisms that occur at this time point will shed light on the precursor
molecular events that ultimately lead to defective alveolar formation. We
therefore used an experimental model to focus on alterations in the lung‟s
developmental program at time point more relevant to that of infants born at 2324 weeks gestation whose lungs are then exposed to extra uterine environment.
We show that O2 exposure at levels thought to be less damaging to developing
lung significantly altered the balanced expression of two developmentally
important Hox proteins, Hoxb5 and Hoxa5, and adversely changed airway
branching, lung morphology, and vasculogenesis. Further, we have shown for
the first time that direct impact of regulation by these Hox proteins on lung blood
vessel formation.
Decreased airway branching induced by modest O 2 at this point in lung
development is concerning with implications extending beyond current models of
isolated arrest of alveolarization. Our results suggest that modest O 2 decreases
airway generations from which saccules and alveoli form with progression of
development. While this model cannot reproduce a perfect comparison to the
clinical experience of extremely preterm infants, it is the most feasible way to
evaluate in vivo the effects O2 at this stage of lung development that is prior to
the onset of the alveolar phase. This stage of lung development cannot be
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studied by in vivo methods in a whole animal model. The rapidity of arrest in
airway development (within 24 h O 2) and the lack of complete recovery over a
similar time period when lungs are returned to room air indicates the potential for
permanent effects of even short periods of 0.4 FiO2 exposure.
We previously showed that specific inhibition of Hoxb5 protein expression
in developing mouse lung causes arrested airway branching and led to aberrantly
placed airway generations (Volpe, Vosatka & Nielsen 2000, Volpe et al. 2007).
Conversely, in human congenital lung anomalies characterized by increased
airway branching, Hoxb5 protein is abnormally up regulated (Volpe et al. 2003b).
These studies, together with the data we present here, suggest that decreased
Hoxb5 protein levels are part of the mechanism leading to the arrest and
regression of airway and lung microvascular development secondary to modest
O2 exposure.
Although we did not find significantly changed Hoxa5 total protein levels,
the locally altered Hoxa5 mesenchymal expression pattern is likely important.
Small changes in the cellular expression of a Hox protein can result in significant
downstream changes in gene regulation (Graba, Aragnol & Pradel 1997,
Hombria, Lovegrove 2003). The expression pattern of Hoxa5 in lungs exposed to
0.4 FiO2 in this study is similar to that seen in a mouse model of pulmonary
hypoplasia (Volpe et al. 2008). The combination of altered Hoxa5 cellular
distribution and profound changes in Hoxb5 expression likely altered the
hierarchy of Hox regulation in lung mesenchyme at this critical developmental
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interval, favoring the observed arrest of microvascular and airway branch
development.
This altered balance of Hoxb5 and Hoxa5 expression is also noteworthy
considering the opposing roles of Hoxb5 and Hoxa5 in vasculogenesis and
angiogenesis in other tissues angiogenesis (Rhoads et al. 2005, Wu et al. 2003,
Winnik et al. 2009). In human umbilical vein endothelial cells, Hoxb5 promotes
progression of endothelial cell fate and differentiation through direct up regulation
of VEGFR2 expression (Wu et al. 2003, Winnik et al. 2009). In this same cell
type, Hoxa5 inhibits the expression of several proangiogenic substances
including VEGFR2, inhibiting vessel branching (Rhoads et al. 2005). Our data
strongly suggest that dyscoordinated mesenchymal expression of Hoxb5 and
Hoxa5 contribute to altered vasculogenesis and peri-airway blood vessel
formation in late canalicular stage lungs after O 2 exposure.
Hox proteins can either promote or inhibit cell proliferation depending on the
cellular environment and presence or absence of Hox cofactors (Morgan et al.
2000). Oxygen can also alter cell proliferation and apoptosis, in part through
altered regulation of specific proteins that control these cellular events (Barker et
al. 2006, Wright, Dennery 2009).

In this study, oxygen exposure altered

mesenchymal cell apoptosis and airway and mesenchymal cell proliferation. This
did not appear to occur through direct changes in Hoxb5 and Hoxa5 as direct
overexpression of Hoxb5 or Hoxa5 in lung organ cultures did not produce
significant changes in either active caspase 3 or ki67 immunostaining (data not
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shown). However, mesenchymal cell apoptosis was increased and proliferation
decreased in proportion to the length of oxygen exposure, suggesting that this
increased loss of mesenchyme cells may have targeted cells expressing Hoxb5
that were possibly progenitor cells for future blood vessel formation (Wu et al.
2003, Winnik et al. 2009). This possibility is supported by other published studies
showing the important role of Hoxb5 in the regulation of mesenchymal precursor
cell development into mature endothelial cells and through the known regulatory
role of Hoxb5 on VEGFR2 expression (Wu et al. 2003). VEGFR2 regulation is
one of the factors that direct a mesenchymal cell to an endothelial cell fate
(Shalaby et al. 1995, Wu et al. 2003). Hoxa5 on the other hand is considered
angiostatic and limits vessel arborization (Rhoads et al. 2005, Arderiu et al.
2007). At this time in lung development mesenchymal-endothelial-epithelial cell
interactions are integral to airway and vascular arborization (Stenmark, Abman
2005). Continued mesenchymal expression of Hoxa5 in the face of this
decreased Hoxb5 expression with 0.4 FiO2 exposure may have favored a
premature decrease in vessel branching around developing airways. The change
in epithelial cell proliferation that we noted in our study is similar to findings of
others where higher oxygen concentrations were used (Bustani et al. 2006,
Maniscalco et al. 2002a). This altered epithelial cell proliferation may have
occurred via direct effects on epithelial cell function or through altered
mesenchymal-epithelial cell interactions.
In summary, this work suggests that 0.4 FiO 2 exposure in the late canalicular
stage lung leads to abnormal airway and vascular morphogenesis through
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alterations in the balance of Hoxb5 and Hoxa5 expression. In human infants, this
altered developmental regulation may be part of the mechanism that sets the
stage for development of the BPD phenotype as development progresses.
Examining these mechanisms during this critical developmental window relevant
to extremely premature infants is important for advancing insight into gestationalage specific events that contribute to the continued poor pulmonary outcome in
this group of infants.
PUBLICATION STATUS
This work is currently unpublished and will be submitted soon.
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Chapter 5
Summary and Future Directions
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Spatial and temporal changes in miRNAs during development
miRNAs are important regulators of normal development and are
frequently deregulated in disease. As single miRNA can regulate hundreds of
target genes, they have the capability to change global gene expression. Since
the discovery of the first human miRNA, much progress has been made in
understanding the biogenesis and function of many miRNAs. However, the
regulation of miRNAs as well as their expression and function in many lung
development and disease states is unknown.
Previous studies have shown that miRNAs are dynamically regulated
throughout prenatal and postnatal lung development, and most of these studies
surveyed widely separated

time points across many developmental stages

(Williams et al. 2007, Bhaskaran et al. 2009, Dong et al. 2010, Yang et al. 2012,
Lu et al. 2008). These profiles were generated using various methods, including
microarrays, cloning and sequencing, as well as real-time PCR. Potential or
validated targets of these miRNAs were not addressed in any except one study
(Yang et al. 2012).
The second chapter of this thesis profiled 376 miRNAs in male and female
fetal mouse lungs within a closely focused gestational window E15 to E18,
spanning the late pseudoglandular to early saccular stages of lung development.
In human development, this window is similar to a 16 to 26 week fetus. We chose
this developmental window for focused study as critical developmental events
occurring during this time period are necessary to prepare the lung for normal
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gas exchange after birth. These events include thinning of the interstitial
mesenchyme, establishment of the microvascular network and maturation of
Type II cells for surfactant synthesis. Furthermore, there is a delay in lung
maturation in males compared to females during this window which contributes to
the increased mortality of male premature infants. The screen identified 37
miRNAs that were significantly changed during this period. Ingenuity Pathway
Analysis was used to generate pathways based on validated targets of these
miRNAs from the literature. In doing so, we were able to identify pathways
converging on several target molecules, including VEGFA, insulin and D-glucose.
We also found 25 miRNAs that were differentially regulated between males and
females, whose pathways converged on target molecules including IGFR1, Akt
and Tp53.
In this study, we used Taqman low density arrays that profiled more highly
characterized miRNAs, and generated a useful database which can be used to
inform future studies. These data may also have direct implications to human
lung development. Williams et al. reported that the miRNA profiles in mouse
neonatal and human fetal lung tissues were similar, suggesting evolutionary
conservation (Williams et al. 2007). Work that helps decipher how these miRNAs
regulate mouse lung development can further our understanding of important
events that occur in developing human fetal lungs. Using IPA, we were also able
to generate miRNA target pathways that contained many molecules which have
not been looked at or studied in sufficient detail in the developing lung. Another
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striking feature revealed by the IPA analysis is that the differentially expressed
miRNAs can go on to regulate other miRNAs.
At the time this thesis was prepared 1281 mature mouse miRNAs have
been identified (Kozomara, Griffiths-Jones 2011). Only a third of these miRNAs
were included in our screen, in part because many of the 1281 miRNAs were
identified after our screening experiments. Therefore, it is possible that some or
many of these may be differentially regulated across gestation and between
genders. Characterizing their expression could yield additional interesting
findings.
The idea that miRNAs have sex dependent expression patterns is not
new. In fact, miRNAs show sex-specificity during Embryonic Stem (ES) cell
differentiation (Ciaudo et al. 2009). Male and female differences in physiology
and behavior are widely recognized as contributors to disparities in health
outcomes. miRNAs are postulated to play an important role in the sexually
dimorphic brain (Morgan, Bale 2012). Gender based miRNA differences can also
contribute to cardiac pathologies (Rao et al. 2009, Stauffer, Sobus & Sucharov
2011). Our data suggest that miRNAs may regulate gender differences in the
lung, thus affecting the response to lung injury between male and female
premature infants. Detailed studies analyzing the functions of these differentially
expressed miRNAs are needed in order to understand how they regulate gender
differences in susceptibility and severity of BPD.
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The role of androgens in regulating lung gender-specific differences during
development is established (Nielsen, Torday 2000). In light of this information it is
likely that most of these miRNAs are androgen regulated. In order to investigate
this, maternal daily injections of the anti-androgen flutamide can be given starting
prior to the onset of sexual differentiation (in mice at E10) and continuing till the
end of pregnancy (Levesque, Vosatka & Nielsen 2000, Bresson et al. 2010).
Male and female lungs can be extracted and expression profiles of flutamide
versus non-flutamide treated animals developed. This would enable identification
of androgen regulated miRNA pathways. It is possible that not all of the genderspecific miRNAs identified in Chapter Two are changed with flutamide treatment.
Other factors, such as estrogen and TGFβ, have also been shown to contribute
to sex-specific differences in lung (Seaborn et al. 2010).
miRNA regulation of airway and vascular branching
miRNA regulated pathways described in Chapter Two identified several
molecules that play important roles in vascular formation, including IGF1R, Akt
and VEGFA. One of the first physiological systems to emerge in the embryo is
the circulatory system which ensures proper formation of all tissues in the
developing organism (Risau 1995, Ribatti 2006). Besides delivering oxygen and
nutrients while removing waste, blood vessels give inductive signals during
embryogenesis. These signals are generated primarily through paracrine actions
of endothelial cells and can direct tissue patterning. The cells present in the
surrounding tissue also provide cues back to the endothelial cells. During organ
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formation, this cross-talk provides morphogenic and patterning instructions
(Cleaver, Melton 2003, Coultas, Chawengsaksophak & Rossant 2005).
Development of the lung airway tree and the vascular tree are closely
related in a temporal and structural fashion, however this relationship is more
than just coincidental. Several studies have highlighted the instructive crosscommunication role of blood vessels and airway development (Zeng et al. 1998,
Galambos et al. 2002, Akeson et al. 2003, Del Moral et al. 2006, Lazarus et al.
2011). Manipulation of VEGF signaling during lung development dramatically
alters airway branching suggesting that these cues are essential for lung
patterning. Furthermore, this epithelium-endothelium cross-talk is critical for the
formation of the saccular and alveolar air-blood barrier, where the alveolar Type I
cells are closely juxtaposed to the underlying capillaries. This narrow air-blood
barrier is essential for gas exchange after birth. Vascular abnormalities are
frequently observed in lung diseases of premature infants, though the
mechanisms governing these processes still remain elusive. The role of miRNAs
in angiogenesis and vasculogenesis is well recognized, as is their contribution to
vascular diseases (Sayed, Abdellatif 2011). This has led to the identification of
many miRNAs as pro-angiogenic and anti-angiogenic based on their cell
behavior in vitro and in vivo (Urbich, Kuehbacher & Dimmeler 2008). Very little is
known about how miRNAs regulate neovascularization of developing organs, and
how this regulation, in turn, affects tissue patterning.
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In in vitro studies, miR-221 and miR-130a are anti-angiogenic and proangiogenic, respectively. Our interest in these particular miRNAs stemmed from
the fact that they have been shown to target Hoxb5 and Hoxa5. Both Hox genes
have been a subject of several previous and ongoing studies in our lab, and are
highly expressed in the developing lung. Hoxb5 is a target of miR-221 and Hoxa5
is a target of miR-130a in other cell types (Chen, Gorski 2008, Kim et al. 2008).
In Chapter Three, we examined how anti-angiogenic miR-221 and proangiogenic miR-130a affect airway and vascular development in the fetal lungs.
Lung-specific effects of miR-130a and miR-221 were studied in mouse E14
whole lungs cultured for 48 hours with anti-miRs or mimics to miR-130a and miR221. We found that anti-miR 221reated lungs had more distal branch generations
with increased Hoxb5 and VEGFR2 around airways. Conversely, mimic 221treated lungs had reduced airway branching, dilated airway tips and decreased
Hoxb5 and VEGFR2 in mesenchyme. Anti-miR 130a treatment led to reduced
airway branching with increased Hoxa5 and decreased VEGFR2 in the
mesenchyme. Conversely, mimic 130a treated lungs had numerous finely
arborized branches extending into central lung regions with diffusely localized
Hoxa5 and increased VEGFR2 in the mesenchyme. Based on changes in
VEGFR2 and the functions of these miRNAs in endothelial biology, we proposed
that alterations in vascular formation may have occurred. Vascular morphology
was therefore analyzed by endothelial cell-specific lectin immunofluorescence.
Observed changes in airway morphology following miR-221 inhibition and miR130a enhancement were mirrored by changes in vascular plexus formation
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around the terminal airways. To investigate whether these miRNAs directly
affected the endothelium, mouse fetal lung endothelial cells (MFLM-91U) were
used to study microvascular cell behavior. Mimic 221 treatment resulted in
reduced tube formation and cell migration, whereas the reverse was observed
with mimic 130a treatment.
These data demonstrate thatmiR-221 and miR-130a have opposing
effects on airway and vascular morphogenesis of the developing lung. The
contrasting effects were consistent for both upregulation and downregulation;
treatment with anti-miR 221 or mimic 130a led to reduced terminal branch width
and narrower airways, whereas mimic 221 or anti-miR 130a treated lungs had
the opposite phenotype. Along with the effect of these miRNAs on endothelial
cell behavior, these findings suggest that changes observed in airway branching
may partly be due to the effect of miR-221 and miR-130a on the developing lung
vasculature. Many studies done in ex vivo or transgenic mice support this idea.
Inhibition of Vegf or its signaling pathway leads to lungs with reduced branching
and wider airways, similar to mimic 221 and anti-miR 130a treated lungs
(Lazarus et al. 2011, van Tuyl et al. 2005). Conversely, increased terminal airway
branching occurs in lungs treated with VEGF-A growth factor (Del Moral et al.
2006). Both miRNAs are expressed in multiple cellular compartments, as
observed by in situ hybridization. In our study, we have manipulated miRNA
expression globally, making it difficult to deduce if it truly is the vasculature that is
responsible for changes in branching. This can be further investigated by
creating endothelial specific Cre-inducible mice that have overexpression or
141

deletion of miR-221 and miR-130a. This model would circumvent any embryonic
lethality associated with manipulating either miRNA and would also allow us to
conduct ex vivo experiments. Another important question that can be studied in
these Cre-inducible mice is the ability of the vasculature to also regulate
branching stereotypy in the developing lung (Lazarus et al. 2011).
Even though we show localized changes in Hoxb5 and Hoxa5 expression
in miR-221 and miR-130a manipulated lungs, we were unable to find direct
targets of these miRNAs in endothelial cells. In an effort to look for specific
targets of the two miRNAs in fetal lung endothelial cells, we used a
vasculogenesis-focused protein array panel (R&D systems, Minneapolis, MN),
and were unable to identify direct targets for either miR-221 or miR-130a in the
lung endothelial cells. A strategy that can be used to find the targets of these
miRNAs is to conduct proteomic analysis using 2D gels. Spots that are
differentially expressed as a result of miRNA manipulation can be identified using
mass spectrometry. These targets can then be validated using knockdown and
overexpression strategies followed by western blot analysis. Transcriptome
analysis is another approach that can be used, but it is not necessary that
miRNA mediated degradation of target mRNA occurs (Dong et al. 2010).
However, this approach may give an indication of pathways that are being
regulated by these miRNAs, and may also help to identify some upstream
regulators of miR-221 and miR-130a.
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These studies also open up the possibility that there can be other miRNAs
that regulate lung vascular development, some of which appeared in the lung
development screen done in Chapter Two. Since the data evaluation of the
screening experiments and the miR-221/miR-130a vascular studies were done
concurrently, we were unable to evaluate the effects of those miRNAs. It would
be appropriate to delve further into other miRNAs that regulate lung
neovascularization, and determine if and how they interact with miR-221 and
miR-130a.
As mentioned earlier, vascular patterning is crucial to the patterning of
many organ systems. During organ formation, tissues from distinct origins use
common mechanisms and pathways for regulating branching (Lu, Werb 2008).
This suggests that miRNAs mediate vascular changes during lung development,
as demonstrated in our study, may have implications for the regulation of
branching morphogenesis in many other organs. Investigating how miR-221 and
miR-130a participate in the development of these organs should lead to valuable
findings.
Role of Hox genes in oxygen induced lung injury
BPD is the most common chronic lung disease diagnosed in premature
infants. Surviving extremely preterm (commonly designated Extremely Low Birth
weight, or ELBW) neonates are at very high risk of developing arrested
alveologenesis and vascular development, the hallmarks of BPD. Due to their
underdeveloped lungs, ELBW infants who have responded to surfactant
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replacement therapy are commonly treated with modest O2 (≤ 0.4 FiO2) levels.
They are born at the late canalicular stage of lung development, at a time when
Hoxb5 and Hoxa5 transcription factor proteins impact lung morphogenesis
(Volpe et al. 1997, Volpe et al. 2003a). Several studies have shown that both
Hox genes impact airway and alveolar development through mesenchymalepithelial communication (Volpe et al. 2008, Aubin et al. 1997, Volpe, Vosatka &
Nielsen 2000, Volpe et al. 2007). In other tissues, both genes have important but
contrasting roles in vasculogenesis and angiogenesis. Hoxb5, through regulation
of VEGFR2, promotes endothelial cell differentiation from precursor cells, while
Hoxa5 exerts anti-angiogenic effects (Rhoads et al. 2005, Arderiu et al. 2007). In
Chapter Four, we investigated the effects of O2 exposure on these Hox genes
and assessed their role in lung vascular development.
Using ex vivo fetal mouse lung organ cultures to model the ex utero
development of late canalicular stage lungs, we evaluated how exposure to
modest O2 affected Hoxb5 and Hoxa5 expression patterns, airway branching and
vascular development. Compared to room air (RA), 48 hours of exposure to 0.4
FiO2 significantly altered organization and patterning of airway branching while
reducing lung growth and airway space and increasing mesenchymal and
epithelial cell volume. Lungs returned to RA after 24 h O 2 had partial structural
recovery but remained smaller and less developed than RA controls. 0.4 FiO2
also decreased Hoxb5 and VEGFR2 while altering the cellular distribution of
Hoxa5 and the balance of mesenchymal expression of Hoxb5 compared to
Hoxa5. Apoptosis increased in mesenchymal cells with time in O2 while epithelial
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Overexpression of Hoxb5 led to more prominent peri-airway

VEGFR2 and promoted lung vascular and airway patterning whereas
overexpression of Hoxa5 had the opposite effect on vascular development.
These data show that environmental exposure to modest O 2 levels alters the
balanced mesenchymal expression of Hoxb5 and Hoxa5 proteins, contributing to
altered progression of airway and lung microvascular development.
These data suggest that Hoxb5- and Hoxa5-mediated events are part of
the mechanism contributing to O2-induced lung injury in preterm infants. In the
BPD literature, most models used to study mechanisms of oxygen injury and/or
BPD in developing lung have focused on the onset of the alveolarization process,
using postnatal mouse pups (Thebaud 2007, Stenmark, Abman 2005). However,
the most preterm infants (23 – 24 weeks gestation) are born with their lungs in
the late canalicular stage to early saccular stage, long before the initiation of the
alveolar phase of lung development. Our model attempted to investigate the
period of lung development of these most preterm infants who have the greatest
risk of pulmonary morbidity and mortality due to lung complications. Based on
our findings, we suggest that the arrest of alveologenesis and vascular
development in ELBW infants is partially due to altered development in the early
saccular stage, much in advance of the beginning of the alveolar phase. The
opposing vascular phenotypes in Hoxb5 or Hoxa5 overexpressed lungs are
similar to what is reported in the literature about the role of both genes in
vasculogenesis and angiogenesis (Rhoads et al. 2005, Arderiu et al. 2007).
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Future studies will focus on uncovering the mechanisms by which these Hox
genes alter the vasculature within the lung, and whether Hoxb5 overexpression
can attenuate oxygen-induced lung injury in our model. To begin to address
some of these questions, we have used the mouse fetal lung endothelial cell line
described and used in Chapter Three. Exposure of these cells to 0.4 FiO 2
decreases Hoxb5 and VEGFR2 levels (data not shown). Overall, our results
suggest that oxygen directly alters Hoxb5 expression, and raise the possibility of
a Hoxb5-VEGFR2 regulatory loop existing in lung.
Studies in Chapter Three using ex vivo lung cultures suggest that miR-221
and miR-130a may mediate localized changes in Hoxb5 and Hoxa5, respectively.
This raises the possibility that oxygen could alter miRNA levels, which in turn
alter levels of Hox genes. Both miR-221 and miR-130a levels are downregulated
in ex vivo lungs that are exposed to 48 hours of 0.4 FiO 2 (data not shown). These
observations are supported by a recent study which showed that both miRNAs
were downregulated in a BPD mouse model. In this model postnatal day (P)14
and P29 neonates were exposed to 0.8 FiO2 for 14 and 29 days, respectively
(Dong et al. 2012). In chapter three, we also showed by in situ hybridization that
both miRNAs were expressed in multiple cellular compartments in the lung. Even
though oxygen exposure decreased total miR-221 and miR-130a levels, it is
possible that differential regulation of both miRNAs exist in different cell types. In
the future it would be important to look at how oxygen alters miR-221 and miR130a levels in endothelial cells.
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We have also begun to explore how other clinical therapies can be used to
attenuate Hoxb5- and Hoxa5-mediated oxygen-induced lung injury. Two such
therapies include administration of nitric oxide (NO) and retinoic acid. Inhaled
nitric oxide acts as a selective pulmonary vasodilator and is thought to improve
oxygenation by increasing microvascular perfusion and reducing a vascularbased ventilation-perfusion mismatch. Several studies have shown that NO can
also enhance airway growth in addition to improving pulmonary circulation, but
whether NO can decrease ELBW hyperoxic lung injury remains to be fully
investigated (Abman, Kinsella 1995, Lin et al. 2005, Rieger-Fackeldey, Hentschel
2008). Downstream signaling proteins that are altered by NO have been shown
to regulate Hoxb5 and Hoxa5 in other tissues (Krosl, Sauvageau 2000, Coultas,
Chawengsaksophak & Rossant 2005, Dimmeler et al. 1999, Fulton et al. 1999).
Retinoic acid, the active form of Vitamin A usually deficient in ELBW, is essential
for lung morphogenesis and alveolarization (Shi, Chen & Cardoso 2009). Use of
retinoic acid alone or in combination with oxygen therapy to decrease preterm
respiratory morbidity has yielded better outcomes, but only by a small margin
(Ambalavanan et al. 2005, Tyson et al. 1999, Veness-Meehan et al. 2002, Pierce
et al. 2007). Retinoic acid is an important transcriptional regulator and can alter
Hox protein expression in the developing lung (Volpe, Vosatka & Nielsen 2000,
Cardoso et al. 1996, Simeone et al. 1991, Packer et al. 2000). Current studies in
our lab address are now addressing whether NO and retinoic acid in combination
can enhance normal vascular and airway development in our model. These
studies can have important therapeutic implications for BPD in ELBW infants.
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Concluding Remarks
In conclusion, we have identified miRNAs that are differentially regulated
between mid to late stage lung development, and between males and females,
during a time when critical developmental events occur to prepare the lung for
normal gas exchange after birth. In addition, we were able to identify potential
molecules and pathways which are targets of these miRNAs, many of which
have not been looked at in the context of lung development.
Parallel studies using an ex vivo lung culture model uncovered the role
miR-221 and miR-130a in lung airway and vascular development. We
demonstrated that these two miRNAs have opposing effects on airway and
vascular branching, possibly through acting on the developing endothelium.
Finally, we developed an oxygen-induced lung injury experimental model
to focus on alterations in the lung‟s developmental program at a time point more
relevant to infants born at the extremes of prematurity. Using this model, we
found that O2 exposure at levels thought to be less damaging to developing lung
significantly altered the balanced expression of Hoxb5 and Hoxa5, and adversely
changed airway branching, lung morphology, and vasculogenesis. Further, we
demonstrate that these Hox proteins can directly impact lung blood vessel
formation.
Collectively, the findings from these studies have unraveled several novel
findings, and have opened the door to many more exciting questions which will
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lead to new discoveries. These studies have the potential to lead to new
therapeutic trials aimed at attenuating abnormal lung development after preterm
birth.
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Appendix A
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Appendix A: miRNA profiling of male and female lungs. Total RNA was isolated
from male and female E15 – E18 whole lungs and miRNA expression profiling
was done using Taqman Rodent miRNA real-time PCR array. 375 miRNAs were
profiled and Ct values were normalized to U6 snRNA house keeping gene.
M15
miRNA

M16

M17

M18

F15

Delta Ct values

F16

F17

F18

Delta Ct values

mmu-let-7a

10.075

9.083

9.523

14.566

15.122

15.035

14.784

14.891

mmu-let-7b

8.740

8.529

9.078

7.932

8.591

8.570

8.422

7.949

mmu-let-7c

8.654

8.634

9.008

8.112

9.084

8.851

8.276

7.995

mmu-let-7d

9.184

8.474

8.887

7.692

8.775

8.810

8.073

7.973

mmu-let-7e

7.142

6.531

6.827

5.945

7.268

6.691

7.481

5.933

mmu-let-7f

10.779

10.112

10.581

15.237

15.641

15.880

15.406

15.649

mmu-let-7g

10.524

9.649

10.039

8.645

9.830

9.681

8.726

9.040

mmu-let-7i
mmu-miR100
mmu-miR101a
mmu-miR103
mmu-miR105
mmu-miR106a
mmu-miR106b
mmu-miR107
mmu-miR10a
mmu-miR10b
mmu-miR122
mmu-miR124
mmu-miR125a-3p
mmu-miR125a-5p
mmu-miR125b-3p
mmu-miR125b-5p
mmu-miR126-3p

9.833

9.104

9.302

7.937

9.025

8.834

8.621

7.885

10.637

10.617

11.314

11.037

10.268

10.524

11.251

10.437

12.895

12.415

12.850

12.548

11.721

12.303

15.759

11.904

14.140

18.305

11.668

12.793

19.438

12.176

23.816

11.531

24.049

20.890

28.478

19.885

22.990

11.775

18.295

20.121

5.662

5.702

6.385

6.000

5.248

5.580

6.764

6.270

10.506

9.973

10.543

9.740

9.335

9.581

10.525

9.759

15.533

15.020

15.340

16.256

15.384

17.612

15.045

14.422

10.722

11.201

11.232

10.896

10.562

11.127

11.619

10.998

19.853

14.528

16.750

17.099

17.804

18.090

17.676

17.442

14.085

14.710

13.795

15.691

17.001

18.643

20.848

12.582

25.304

21.286

26.114

20.047

21.941

22.483

20.972

24.147

15.531

15.527

15.940

17.417

16.407

14.985

13.592

15.126

7.282

7.567

7.092

8.667

8.611

8.880

13.193

8.215

20.440

17.939

19.594

19.370

18.998

19.490

19.306

20.597

9.096

9.530

9.774

10.261

9.358

9.805

8.540

9.247

5.034

3.709

3.674

4.292

5.286

4.556

5.031

3.454
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mmu-miR126-5p
mmu-miR127
mmu-miR128a
mmu-miR129-3p
mmu-miR129-5p
mmu-miR130a
mmu-miR130b
mmu-miR132
mmu-miR133a
mmu-miR133b
mmu-miR134
mmu-miR135a
mmu-miR135b
mmu-miR136
mmu-miR137
mmu-miR138
mmu-miR139-3p
mmu-miR139-5p
mmu-miR140
mmu-miR141
mmu-miR142-3p
mmu-miR142-5p
mmu-miR143

9.675

8.523

8.520

8.569

9.545

9.106

8.418

7.917

8.842

8.887

8.827

8.369

8.313

8.535

9.985

7.682

15.715

15.081

16.076

17.502

14.978

15.254

18.354

17.050

17.150

16.662

17.251

19.700

18.469

17.357

21.300

19.069

27.569

23.806

23.513

18.620

21.676

21.858

18.935

19.461

9.885

9.429

9.603

9.313

9.332

8.862

9.165

8.892

10.739

11.014

11.776

11.566

10.283

10.326

10.520

11.069

11.107

10.928

11.310

16.311

15.570

15.679

14.633

15.905

7.045

4.870

8.441

6.131

6.360

7.301

8.887

6.380

11.160

9.661

13.083

10.829

10.299

11.737

11.414

10.326

8.300

8.675

8.791

9.553

8.165

8.286

10.047

9.017

16.688

16.156

16.257

16.815

16.103

17.534

14.917

17.457

11.345

10.518

10.925

11.334

11.003

10.599

10.303

10.323

12.273

10.949

11.323

10.359

10.740

10.543

11.501

9.591

16.614

16.506

17.576

16.161

16.100

16.329

17.437

15.927

12.330

12.004

13.336

12.996

11.068

11.426

12.223

12.088

24.063

19.689

15.641

15.496

23.940

19.958

16.063

16.202

10.562

9.699

9.870

10.416

10.896

10.143

10.020

10.050

9.937

8.919

9.597

9.205

9.346

8.727

9.208

8.216

13.916

12.386

12.668

11.688

12.389

11.591

10.732

10.731

11.647

10.491

11.026

10.748

10.359

10.312

11.527

9.564

16.806

15.953

15.997

15.880

16.196

16.936

13.364

14.985

10.141

9.506

9.787

8.302

9.534

9.451

10.620

8.524

mmu-miR-1
mmu-miR145
mmu-miR146a
mmu-miR146b

12.355

10.214

14.679

12.101

11.977

12.883

11.921

12.549

6.210

6.137

6.063

6.558

6.482

6.309

6.417

5.525

9.695

8.024

7.139

7.933

9.391

8.854

8.163

6.987

12.084

10.875

10.404

10.261

11.928

11.046

14.927

9.357

mmu-miR-

25.809

28.186

28.478

22.449

21.933

24.234

19.808

22.093
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mmu-miR148a
mmu-miR148b
mmu-miR150
mmu-miR151-3p
mmu-miR152
mmu-miR153
mmu-miR154
mmu-miR155
mmu-miR15a
mmu-miR15b

12.334

11.968

12.593

12.241

11.463

11.792

12.589

11.472

15.751

15.139

15.333

18.192

14.630

17.595

14.614

14.564

10.351

9.339

8.294

8.418

10.874

10.288

9.500

7.723

11.840

11.827

11.701

11.736

11.638

11.633

10.852

11.191

10.948

10.350

10.812

11.301

10.271

10.317

14.369

10.434

27.569

27.184

28.478

22.746

22.936

24.234

20.997

20.827

21.957

22.299

22.364

18.632

18.136

18.442

17.580

18.329

14.017

13.452

14.699

13.281

13.997

13.749

13.082

13.588

11.980

11.287

11.518

11.029

11.246

12.225

11.265

11.270

10.767

10.069

10.397

9.949

10.542

10.337

9.012

10.026

mmu-miR-16

5.608

4.671

5.033

4.593

5.363

5.255

4.947

4.806

mmu-miR-17
mmu-miR181a
mmu-miR181c
mmu-miR182
mmu-miR183
mmu-miR184
mmu-miR185
mmu-miR186
mmu-miR187
mmu-miR188-3p
mmu-miR188-5p
mmu-miR18a
mmu-miR18b
mmu-miR190
mmu-miR191
mmu-miR192

5.565

5.690

6.740

5.982

5.256

5.595

6.688

6.015

10.666

10.221

9.474

9.291

9.973

9.712

9.790

8.772

14.548

13.785

13.736

13.727

14.817

13.474

12.523

13.118

10.172

10.261

10.801

10.956

9.430

9.608

10.712

10.351

12.928

13.320

13.420

13.412

12.452

12.850

13.005

13.315

12.809

12.452

12.573

12.505

12.757

12.788

12.445

12.116

15.820

14.745

15.430

14.681

13.988

14.367

12.500

13.573

10.604

9.698

9.937

11.058

10.403

10.268

10.632

10.160

12.266

12.232

12.899

11.632

10.852

11.336

15.163

11.691

27.569

28.186

28.478

23.950

23.940

24.234

20.303

24.147

14.750

13.627

14.414

15.588

14.146

13.660

12.783

13.647

11.999

11.992

13.083

13.373

11.508

11.561

14.294

13.457

25.506

25.937

28.478

23.950

21.939

24.234

19.427

22.398

18.304

17.464

19.080

19.314

18.573

19.197

15.792

19.050

5.919

5.147

4.927

4.774

4.794

4.654

6.155

4.170

13.382

12.939

13.002

13.019

12.800

13.114

14.533

12.172
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mmu-miR193
mmu-miR193b
mmu-miR194
mmu-miR195
mmu-miR196b
mmu-miR197
mmu-miR199a-3p
mmu-miR199a-5p
mmu-miR19a
mmu-miR19b
mmu-miR200a
mmu-miR200b
mmu-miR200c
mmu-miR201
mmu-miR202-3p
mmu-miR202-5p
mmu-miR203
mmu-miR204
mmu-miR205
mmu-miR207
mmu-miR208
mmu-miR208b
mmu-miR20a
mmu-miR20b
mmu-miR210
mmu-miR211
mmu-miR-21
mmu-miR-

18.975

17.549

17.132

17.300

19.790

18.367

14.342

16.394

8.283

8.416

8.067

8.522

7.864

8.003

9.111

8.167

14.423

13.871

14.263

13.781

15.609

14.816

12.218

13.461

13.700

8.545

8.779

9.846

10.465

11.518

11.819

9.465

19.052

17.334

19.447

20.732

19.321

20.302

21.463

20.235

27.569

22.883

25.720

23.950

22.206

24.234

19.150

24.147

8.760

8.156

8.791

8.311

8.425

8.593

9.371

7.752

14.438

14.290

14.652

17.367

14.167

15.266

14.312

16.655

9.374

8.909

9.339

9.362

8.543

8.868

7.845

9.185

5.304

4.864

5.383

4.712

4.333

4.320

5.573

4.498

10.814

9.770

9.907

9.600

9.995

9.842

8.991

8.966

8.373

7.289

7.352

7.540

8.287

7.534

7.244

7.141

7.526

6.850

6.358

7.343

7.907

7.329

11.802

6.366

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

22.587

20.356

20.844

21.525

21.670

19.324

23.816

22.151

27.569

28.186

28.478

23.950

23.940

24.234

19.614

24.147

11.486

11.172

10.900

11.724

11.225

11.057

11.088

10.702

11.344

11.230

11.667

11.803

10.987

11.295

11.259

11.051

11.451

12.553

12.898

12.889

11.304

11.400

16.016

11.528

27.569

28.186

28.478

23.950

23.940

24.234

22.044

24.147

20.488

18.019

20.257

19.816

18.919

19.580

19.601

19.625

22.495

16.204

21.104

18.004

20.373

20.210

16.165

20.445

6.528

6.710

7.611

7.122

6.154

6.569

7.326

6.975

8.832

8.713

9.968

9.200

8.430

8.561

9.267

8.986

9.764

9.087

9.510

8.982

9.379

9.073

13.294

8.189

27.569

28.186

28.478

23.950

23.940

24.234

19.544

24.147

13.012

11.257

11.456

12.211

14.150

13.328

12.427

10.691

7.452

7.644

7.501

7.249

6.877

6.843

9.936

6.219

154
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mmu-miR215
mmu-miR216a
mmu-miR216b
mmu-miR217
mmu-miR218
mmu-miR219
mmu-miR220
mmu-miR221
mmu-miR222
mmu-miR223
mmu-miR224
mmu-miR23a
mmu-miR23b

20.263

15.811

19.916

18.434

19.978

20.396

22.059

20.335

27.569

28.186

26.465

23.950

23.940

24.234

23.816

24.147

20.097

21.258

22.790

14.402

19.709

20.838

23.816

20.782

27.569

24.586

25.238

23.950

22.423

22.484

15.398

24.147

9.306

8.097

7.023

8.753

13.664

13.365

11.254

8.290

23.552

26.104

24.037

20.956

19.641

13.448

18.078

17.717

27.569

28.186

28.478

23.950

23.940

24.234

19.911

20.676

13.012

12.523

12.341

16.051

16.391

18.557

15.485

15.182

9.862

9.519

9.153

9.253

9.997

9.969

8.799

8.970

9.697

8.681

8.261

8.607

8.973

9.105

9.745

7.271

15.290

14.571

14.766

14.285

13.740

14.884

17.307

15.731

27.569

28.186

28.478

23.950

23.940

24.234

20.233

24.147

14.615

14.339

13.934

13.145

15.540

15.364

12.004

12.650

mmu-miR-24

6.765

5.894

5.988

5.779

7.278

6.847

7.320

6.197

mmu-miR-25
mmu-miR26a
mmu-miR26b
mmu-miR27a
mmu-miR27b

11.690

11.785

12.348

11.581

11.846

11.288

10.276

12.256

8.282

7.559

7.540

6.716

8.297

8.085

8.250

6.628

11.241

10.194

10.596

10.341

11.628

11.343

11.012

10.372

13.719

12.402

12.681

10.939

14.611

12.280

11.284

10.925

12.274

11.715

12.133

10.366

11.836

11.582

11.525

10.772

mmu-miR-28
mmu-miR290-3p
mmu-miR291a-3p
mmu-miR291b-5p
mmu-miR292-3p
mmu-miR293
mmu-miR294
mmu-miR295

11.746

11.728

12.077

11.607

12.090

12.077

15.533

12.014

27.569

28.186

28.478

23.950

23.940

24.234

22.037

24.147

22.123

20.170

20.575

20.438

20.741

20.452

22.037

20.974

27.569

28.186

28.478

23.950

23.940

24.234

21.891

22.849

18.203

18.050

18.006

19.873

19.285

19.520

20.395

19.857

22.734

20.039

20.121

21.403

19.826

19.355

20.811

20.151

20.091

18.870

19.738

20.926

20.187

19.337

21.301

20.707

20.479

19.291

20.443

20.938

19.617

20.706

18.757

19.956

mmu-miR-

17.340

17.017

17.627

19.028

16.430

18.510

16.471

18.667
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296-3p
mmu-miR296-5p
mmu-miR297b-5p
mmu-miR297c
mmu-miR298
mmu-miR29a
mmu-miR29b
mmu-miR29c
mmu-miR301a
mmu-miR301b
mmu-miR302a
mmu-miR302b
mmu-miR302c
mmu-miR302d
mmu-miR30a
mmu-miR30b
mmu-miR30c
mmu-miR30d
mmu-miR30e

9.272

9.713

9.832

9.748

9.300

9.568

12.227

9.734

23.617

20.917

19.595

20.854

21.560

20.082

21.780

22.140

24.978

22.998

23.351

19.248

21.431

18.769

19.891

19.130

13.753

13.989

14.413

17.288

13.078

15.276

13.356

15.755

13.520

12.349

12.559

11.308

13.955

12.486

13.593

11.246

21.370

20.594

20.236

18.623

19.580

18.213

18.752

19.204

17.128

16.328

16.446

14.947

16.066

16.387

13.962

15.750

9.322

8.415

9.176

8.160

8.416

8.317

7.884

8.112

12.805

8.949

9.443

8.433

7.644

9.019

13.325

8.697

23.875

23.277

28.478

20.497

19.801

21.054

23.816

24.147

24.513

24.120

27.366

23.199

20.862

22.975

23.816

22.159

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

24.318

19.523

27.480

21.914

19.431

21.630

19.302

20.625

11.119

9.938

9.869

8.587

11.253

10.788

8.891

8.869

6.549

5.866

5.925

4.741

6.026

5.807

5.612

5.103

6.851

6.122

5.963

5.349

6.568

6.304

7.043

5.535

12.972

11.961

11.781

10.676

13.469

12.163

10.868

10.645

10.426

9.246

9.222

7.894

9.833

9.261

9.545

8.519

mmu-miR-31
mmu-miR320
mmu-miR322
mmu-miR323-3p

11.708

11.185

11.725

11.518

12.314

12.332

11.757

12.537

9.148

9.170

9.200

8.331

8.355

8.647

7.896

8.133

11.189

8.920

8.449

7.509

10.490

9.059

9.180

7.771

12.798

13.468

13.589

14.665

12.314

13.064

15.563

17.139

mmu-miR-32
mmu-miR324-3p
mmu-miR324-5p
mmu-miR325
mmu-miR328

17.451

16.796

16.993

14.915

17.020

15.277

14.291

15.560

13.185

13.305

13.372

16.660

16.872

15.353

13.036

13.027

13.701

13.390

13.990

13.380

15.013

13.623

16.782

13.131

27.569

28.186

28.478

22.202

23.940

24.234

19.308

24.147

9.890

9.967

9.560

9.095

9.541

9.591

10.449

8.782
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mmu-miR329
mmu-miR330
mmu-miR331-3p
mmu-miR331-5p
mmu-miR335-3p
mmu-miR335-5p
mmu-miR337-3p
mmu-miR337-5p
mmu-miR338-3p
mmu-miR339-3p
mmu-miR339-5p
mmu-miR340-3p
mmu-miR340-5p
mmu-miR342-3p
mmu-miR342-5p
mmu-miR344
mmu-miR345-3p
mmu-miR345-5p
mmu-miR346
mmu-miR34a
mmu-miR34b-3p
mmu-miR34c
mmu-miR350
mmu-miR351
mmu-miR361
mmu-miR362-3p
mmu-miR363

16.513

16.799

17.036

18.008

17.811

16.857

18.710

18.150

22.856

17.951

21.352

19.659

18.666

19.392

17.317

18.925

9.244

9.836

9.668

10.812

10.170

10.433

11.626

10.525

18.580

17.857

17.492

19.449

19.662

19.175

16.844

18.423

10.542

9.686

10.372

9.705

9.991

9.878

9.679

9.250

9.869

8.595

8.896

8.096

9.086

8.543

9.506

7.847

15.099

14.808

15.572

14.758

14.255

15.818

13.499

17.669

14.409

14.331

14.494

15.096

14.647

14.848

16.692

16.243

21.219

19.156

19.567

19.090

19.039

19.107

18.015

19.435

13.271

12.286

12.370

12.076

12.890

12.924

11.614

11.933

13.590

13.519

13.625

17.132

16.814

17.122

16.243

17.103

18.485

14.934

15.378

15.124

10.809

12.841

13.767

14.813

17.380

12.891

13.648

12.079

15.064

13.509

12.090

11.424

8.013

8.648

7.796

8.061

12.921

8.268

16.068

7.860

16.325

16.439

16.414

16.206

18.583

19.181

18.981

18.858

16.076

16.187

16.588

14.901

15.856

18.029

17.138

17.149

18.145

17.595

17.858

16.054

18.800

16.606

17.716

18.435

14.775

14.941

15.071

13.482

15.829

16.058

17.294

13.422

27.569

28.186

28.478

23.950

21.585

24.234

20.175

24.147

16.818

12.731

12.934

16.538

16.797

16.756

16.441

16.922

13.219

11.820

10.821

10.413

13.503

13.596

11.827

10.546

18.342

15.591

14.887

16.798

17.416

18.126

15.759

15.252

16.590

16.035

16.538

15.347

16.634

15.304

13.832

17.294

9.995

9.072

9.382

9.866

10.414

10.083

10.594

10.208

14.643

14.735

15.030

13.124

15.134

14.390

17.694

16.122

17.670

16.387

17.263

15.322

16.076

17.090

21.030

15.572

27.569

28.186

28.478

23.950

23.940

24.234

19.558

24.147
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mmu-miR365
mmu-miR367
mmu-miR369-3p
mmu-miR369-5p
mmu-miR370
mmu-miR375
mmu-miR376a
mmu-miR376b
mmu-miR376c
mmu-miR377
mmu-miR379
mmu-miR380-3p
mmu-miR380-5p
mmu-miR381
mmu-miR382
mmu-miR383
mmu-miR384-3p
mmu-miR384-5p
mmu-miR409-3p
mmu-miR409-5p
mmu-miR410
mmu-miR411
mmu-miR423-5p
mmu-miR425
mmu-miR429
mmu-miR431
mmu-miR433

10.950

10.653

10.221

9.166

10.575

10.322

14.035

9.046

27.569

24.705

28.478

23.950

23.940

24.234

21.555

24.147

20.185

19.237

19.463

21.933

19.280

19.340

18.294

19.853

14.957

15.196

15.646

14.969

15.221

15.381

13.786

15.586

10.585

10.808

12.089

10.663

10.119

10.100

10.597

10.699

11.393

11.217

11.598

11.321

12.046

11.608

10.335

11.376

11.304

10.727

11.121

9.411

9.387

9.699

9.820

9.096

12.290

12.147

12.805

10.989

15.528

11.871

13.618

11.088

12.056

11.550

11.697

12.004

11.767

12.110

13.846

11.658

23.877

23.007

19.670

20.210

19.786

19.978

17.310

19.827

14.139

8.920

9.656

8.798

9.015

8.794

11.288

8.774

18.504

18.078

19.387

17.564

19.145

18.247

18.140

19.270

13.487

13.090

14.107

12.896

12.652

13.309

13.802

12.901

20.553

19.154

20.227

18.773

18.324

16.498

16.779

19.128

9.849

9.227

10.050

14.887

15.171

15.083

16.674

15.126

15.621

16.430

16.078

15.324

16.406

17.415

19.627

15.624

25.988

24.364

26.467

22.195

19.894

22.481

21.303

22.355

16.867

16.875

17.688

19.014

18.314

19.136

16.545

19.185

7.498

7.891

8.172

9.226

7.926

8.286

10.541

8.730

16.753

16.461

16.527

17.494

17.804

18.422

16.536

17.959

10.784

10.561

10.833

10.363

10.300

10.570

9.765

10.382

8.634

7.827

8.556

6.777

7.407

7.391

8.775

6.758

14.371

15.506

15.106

15.979

15.986

16.532

13.203

16.181

7.927

11.488

11.461

11.247

11.876

11.001

10.401

11.100

8.801

8.147

8.195

8.107

8.547

8.298

7.946

8.089

8.983

8.598

9.156

12.447

12.400

12.637

11.301

10.412

10.046

10.550

10.525

9.945

9.896

10.272

9.668

9.676
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mmu-miR434-3p
mmu-miR434-5p
mmu-miR448
mmu-miR449a
mmu-miR449b
mmu-miR450a-5p
mmu-miR450b-5p
mmu-miR451
mmu-miR452
mmu-miR453
mmu-miR455
mmu-miR464
mmu-miR465a-3p
mmu-miR465a-5p
mmu-miR465b-5p
mmu-miR466h
mmu-miR467a
mmu-miR467b
mmu-miR467c
mmu-miR467d
mmu-miR467e
mmu-miR468
mmu-miR469
mmu-miR470
mmu-miR484
mmu-miR486
mmu-miR487b

10.033

9.924

9.945

9.385

9.722

9.814

10.242

9.170

13.582

13.389

13.716

15.347

12.505

16.472

13.891

11.738

26.397

28.186

28.478

22.196

22.447

22.733

16.752

22.612

13.732

6.843

6.882

6.910

9.414

7.580

11.757

7.051

25.566

28.186

28.478

23.950

23.940

24.234

19.493

24.147

11.595

14.691

14.991

15.346

17.268

16.325

20.493

14.515

25.813

21.250

24.499

21.938

19.779

20.176

19.511

21.768

13.221

12.436

12.135

11.023

11.973

12.362

15.488

11.329

27.569

28.186

28.478

23.950

21.668

24.234

21.730

24.147

25.634

28.186

28.478

23.950

23.940

24.234

17.890

24.147

12.452

13.178

13.463

13.077

14.163

14.434

17.969

13.730

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

26.428

28.478

23.950

23.940

24.234

23.816

22.890

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

25.066

25.193

22.910

21.197

23.940

24.234

20.336

18.056

14.390

13.981

14.250

13.791

13.713

13.844

14.817

14.475

15.443

14.845

14.869

15.900

16.084

16.595

15.808

18.232

15.074

14.678

15.339

17.922

14.747

16.358

16.283

14.244

18.161

17.092

17.111

19.076

18.859

18.053

19.035

19.421

16.338

16.532

16.733

16.684

17.863

16.833

21.312

18.512

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

19.516

18.377

24.147

6.029

5.317

4.892

4.987

5.884

5.596

10.604

5.347

24.810

28.186

15.560

18.242

23.940

24.234

23.816

21.403

23.765

23.965

24.014

23.950

23.184

22.001

23.816

19.667
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mmu-miR488
mmu-miR489
mmu-miR490
mmu-miR491
mmu-miR493
mmu-miR494
mmu-miR495
mmu-miR496
mmu-miR497
mmu-miR499
mmu-miR500
mmu-miR501-3p
mmu-miR503
mmu-miR504
mmu-miR505
mmu-miR509-3p
mmu-miR509-5p
mmu-miR511
mmu-miR532-3p
mmu-miR532-5p
mmu-miR539
mmu-miR540-3p
mmu-miR540-5p
mmu-miR542-3p
mmu-miR542-5p
mmu-miR543
mmu-miR544

23.565

24.475

26.967

23.950

23.940

22.482

21.141

22.384

15.936

15.231

16.267

15.248

15.750

15.372

17.604

15.734

19.898

17.379

17.691

18.445

19.029

19.242

18.270

19.105

15.985

15.319

15.009

15.421

16.820

18.045

14.286

14.839

17.103

17.112

18.277

18.633

16.567

18.816

17.275

17.482

12.344

12.309

13.046

11.619

11.545

11.790

11.517

11.946

12.067

11.847

12.258

11.342

11.053

11.595

13.032

11.496

20.728

18.267

18.218

18.786

18.877

19.453

18.025

19.328

15.006

13.494

13.613

12.827

14.293

13.053

14.267

12.687

22.545

14.462

19.648

18.941

18.430

19.388

18.556

19.178

16.555

14.855

16.269

17.515

18.178

17.683

17.318

17.836

13.067

12.638

12.888

16.806

16.355

16.917

15.775

17.219

11.938

9.707

10.202

8.068

10.238

9.127

12.761

8.547

19.211

15.625

25.986

18.945

18.025

18.854

23.816

19.284

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

26.168

27.483

22.137

22.196

22.988

23.816

21.593

27.569

28.186

28.478

23.950

23.940

24.234

21.314

24.147

25.825

20.506

17.503

19.160

19.821

22.033

17.384

22.111

10.998

10.978

11.105

11.800

11.842

11.834

11.611

11.940

10.313

9.845

10.506

11.093

10.969

10.830

15.049

11.013

19.529

18.479

18.979

19.538

18.690

19.548

23.816

19.144

27.569

28.186

28.478

23.950

23.940

24.234

21.528

24.147

22.758

19.478

20.296

19.032

19.180

19.396

17.274

19.742

16.514

15.343

16.335

15.887

16.009

16.995

16.551

16.162

14.746

13.730

13.933

11.749

13.820

13.068

12.292

12.302

13.403

13.699

13.919

13.778

14.633

13.476

15.042

16.530

17.199

16.627

16.877

17.429

18.498

18.617

20.055

19.183
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mmu-miR546
mmu-miR547
mmu-miR551b
mmu-miR574-3p
mmu-miR582-3p
mmu-miR582-5p
mmu-miR590-5p
mmu-miR598
mmu-miR615-3p
mmu-miR615-5p
mmu-miR652
mmu-miR654-3p
mmu-miR654-5p
mmu-miR665
mmu-miR666-5p
mmu-miR667
mmu-miR668
mmu-miR669a
mmu-miR670
mmu-miR671-3p
mmu-miR672
mmu-miR674
mmu-miR675-3p
mmu-miR675-5p
mmu-miR676
mmu-miR677
mmu-miR679

27.569

28.186

28.478

23.950

23.940

24.234

22.073

24.147

25.336

20.148

19.674

19.537

22.436

21.923

19.781

19.569

23.580

19.744

19.740

18.645

20.382

18.558

16.900

18.854

8.725

8.420

8.130

8.286

8.506

8.860

11.429

8.236

19.027

20.258

18.857

19.585

20.351

20.249

19.701

19.148

23.453

17.837

18.617

19.494

19.485

19.439

21.450

19.505

26.090

22.326

26.737

23.950

23.940

24.234

21.457

24.147

20.149

18.654

22.494

19.886

18.989

19.939

21.457

19.666

27.569

28.186

28.478

17.982

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

19.557

24.147

11.705

11.505

11.328

12.464

12.786

13.839

16.802

12.278

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

21.535

24.147

21.991

19.746

21.401

18.967

19.098

19.401

18.186

19.583

14.940

14.222

13.896

15.926

13.842

17.504

12.943

16.157

9.936

9.970

9.956

9.604

9.805

9.774

10.750

9.561

15.859

16.242

15.468

14.742

17.632

14.925

17.527

14.363

15.487

14.802

14.807

15.896

17.467

15.855

18.785

15.782

27.569

26.200

28.478

23.950

23.940

24.234

21.055

24.147

15.687

15.853

16.047

18.013

15.286

16.926

13.919

17.036

9.058

8.287

8.350

8.563

8.935

8.344

8.912

8.560

14.235

13.985

14.118

12.797

13.729

13.784

13.417

13.184

13.548

13.291

14.018

15.075

16.765

17.032

20.429

17.547

27.569

28.186

28.478

23.950

23.940

24.234

19.799

24.147

11.224

10.996

11.071

10.202

11.272

11.073

12.168

10.543

24.079

26.685

25.225

22.445

18.739

22.191

18.689

20.256

20.205

18.124

21.037

19.525

18.782

19.274

17.967

19.374
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mmu-miR680
mmu-miR682
mmu-miR683
mmu-miR684
mmu-miR685
mmu-miR686
mmu-miR687
mmu-miR708
mmu-miR741
mmu-miR742
mmu-miR743a
mmu-miR743b-3p
mmu-miR743b-5p
mmu-miR744
mmu-miR770-3p

16.346

17.093

19.737

18.612

17.385

18.837

17.020

19.036

14.296

14.732

15.262

17.115

15.300

16.165

16.637

17.686

27.569

28.186

28.478

23.950

23.940

24.234

22.058

24.147

24.809

24.669

26.616

23.950

23.940

24.234

18.315

24.147

22.295

16.431

15.804

17.467

18.052

18.177

20.073

18.450

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

18.874

19.173

19.727

23.950

23.940

24.234

19.687

24.147

11.540

11.467

12.027

11.586

10.743

10.803

15.671

11.238

27.569

26.237

28.478

19.067

23.940

21.473

23.816

22.515

27.569

28.186

28.478

19.342

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

19.805

24.147

11.241

11.577

11.776

11.161

11.433

11.067

12.383

11.338

18.609

17.115

22.967

23.950

15.880

18.800

18.900

21.647

mmu-miR-7a

21.370

19.823

20.778

19.817

19.277

20.182

19.810

19.864

mmu-miR-7b
mmu-miR802
mmu-miR871
mmu-miR872
mmu-miR873
mmu-miR874
mmu-miR875-3p
mmu-miR876-3p
mmu-miR876-5p
mmu-miR878-5p
mmu-miR879
mmu-miR881

18.995

18.510

19.654

19.183

17.957

18.282

21.563

19.394

24.557

28.186

27.225

22.693

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

20.054

24.147

12.577

12.151

12.778

12.630

12.029

12.602

16.534

12.332

26.575

28.186

27.475

22.450

21.935

24.234

23.816

24.147

27.569
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28.478
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24.529
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24.147

27.569

28.186
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23.950
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24.234
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mmu-miR883a-3p
mmu-miR883a-5p
mmu-miR883b-3p
mmu-miR92a

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

27.569

28.186

28.478

23.950

23.940

24.234

18.742

24.147

6.841

7.260

7.771

7.788

6.998

7.266

7.724

8.033

mmu-miR-93

9.513

9.602

10.120

10.086

9.300

9.533

11.018

10.180

mmu-miR-9

15.688

14.779

16.607

18.131

13.880

15.001

18.522

18.513

mmu-miR-96

19.128

18.808

18.607

17.545

16.923

19.161

21.316

19.035

mmu-miR-98
mmu-miR99a
mmu-miR99b

27.569

19.060

28.478

23.950

22.643

24.234

19.367

24.147

10.623

10.389

11.061

10.527

10.538

10.234

9.902

10.120

7.337

7.689

7.526

8.720

8.103

8.154

9.559

7.675

rno-miR-1
rno-miR-173p

12.344

10.037

14.225

11.450

12.330

13.857

16.260

12.222

27.569

26.816

26.973

22.959

23.940

24.234

21.629

24.147

rno-miR-190b

19.086

17.891

19.416

19.204

19.075

19.485

18.873

19.555

rno-miR-196c

12.885

15.461

16.699

17.522

14.818

16.534

17.059

16.951

rno-miR-207
rno-miR-20b3p
rno-miR-2191-3p
rno-miR-2192-3p

27.569

24.926

28.478

23.950

21.186

21.461

20.811

21.391

27.569
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24.234
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20.085

18.255

18.526

18.971

18.882

18.429

23.816

19.077

27.569

26.685

28.478

23.950

23.940

22.487

20.418

24.147

rno-miR-224

14.541

13.831

14.196

13.318

13.363

14.032

16.906

14.065

rno-miR-327

27.569

28.186

28.478

19.570

23.940

24.234

23.816

24.147

rno-miR-333

27.569
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28.478
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24.147

rno-miR-336
rno-miR-3393p
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14.753

13.706

13.207

13.284

13.399

12.899

12.431

12.468

rno-miR-343
rno-miR-3443p
rno-miR-3445p
rno-miR-3453p

27.569

28.186

26.479

20.803

23.940

24.234

20.126

24.147

27.569

28.186

28.478

23.950
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27.569

26.184

28.478

23.950

18.819

22.232

20.620

24.147

14.991

14.633

15.217

14.159

15.067

14.325

17.612

14.227

rno-miR-346

27.569

28.186

25.993

23.950

23.940

24.234

23.816

24.147

rno-miR-347

27.569

28.186

28.478

23.950
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24.234

23.816

24.147

rno-miR-349

27.569

28.186

28.478

23.950

23.940

24.234

19.747

24.147

rno-miR-351

9.664

8.951

9.522

10.905

11.230

10.581

14.739

10.981

rno-miR-377

25.814

26.439

25.219

22.068

23.940

22.471

20.463

22.645

rno-miR-381
rno-miR-4095p

16.069

15.525

15.913

16.265

15.537

17.733

19.463

15.743

27.569

28.186

28.478

23.950

23.940

24.234
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rno-miR-421

27.569

28.186

28.478

23.950

23.940

24.234

20.753

24.147

rno-miR-450a

16.504

14.840

14.911

14.318

17.998

18.052

17.504

17.962

rno-miR-466b

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

rno-miR-466c

24.163

22.648

25.729

20.081

20.876

22.588

23.816

21.891

rno-miR-505
rno-miR-5325p

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

19.940

11.142

19.975

15.687

19.990

20.191

23.816

16.066

rno-miR-543
rno-miR-5985p

27.569

28.186

25.715

23.950

23.940

24.234

23.816

24.147

26.151

22.814

22.934

23.950

21.788

21.618

23.816

23.144

rno-miR-673

22.880

24.216

22.172

19.244

22.192

22.487

23.816

20.387

rno-miR-742

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

rno-miR-743b

27.569

28.186

28.478

23.950

23.940

19.698

21.189

24.147

rno-miR-758
rno-miR-7605p

17.019

16.717

17.319

18.835

16.082

16.090

18.947

19.245

27.569

28.186

28.478

23.950

23.940

24.234

21.574

24.147

rno-miR-871

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

rno-miR-878

27.569

28.186

28.478

23.950

23.940

24.234

23.816

24.147

rno-miR-881

27.569

28.186

28.478

23.950

23.940

24.234

19.057

24.147

snoRNA135

7.402

8.098

8.190

9.487

8.498

8.355

8.159

8.771

snoRNA202

4.731

5.122

5.165

9.115

6.643

5.812

6.211

5.718

U87

13.778

10.110

9.937

9.165

14.603

11.176

10.752

13.558

Y1

11.599

11.260

12.643

15.293

16.689

16.933

17.145

16.789
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