Molecular Aspects of Avian Lung

Development

Rute S. Moura and Jorge Correia-Pinto

Abstract

The pulmonary system develops from a series
of complex events that involve coordinated
growth and differentiation of distinct cellular
compartments. After lung specification of the
anterior foregut endoderm, branching morpho-
genesis occurs generating an intricate arrange-
ment of airways. This process depends on
epithelial-mesenchymal interactions tightly
controlled by a network of conserved signaling
pathways. These signaling events regulate
cellular processes and control the temporal-
spatial expression of multiple molecular
players that are essential for lung formation.
Additionally, remodeling of the extracellular
matrix establishes the appropriate environ-
ment for the delivery of diffusible regulatory
factors that modulate these cellular processes.
In this chapter, the molecular mechanisms
underlying avian lung development are thor-
oughly revised. Fibroblast growth factor,
WNT, sonic hedgehog, transforming growth

factor-P, bone morphogenetic protein, vascu-
lar endothelial growth factor, and regulatory
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mechanisms such as microRNAs control cell
proliferation, differentiation, and patterning of
the embryonic chick lung. With this section,
we aim to provide a snapshot of the current
knowledge of the molecular aspects of avian
lung development.
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5.1 General Considerations

The avian respiratory tract is a remarkably effi-
cient system that accurately responds to the high
metabolic rate of birds. It is constituted by the
parabronchial lung that is involved in gas
exchange and air sacs which control air
movements. During development, the larynx, tra-
chea, and lungs originate from the gut and are
constituted by a thin layer of endoderm
surrounded by dense mesoderm. To obtain a
fully functional organ, a series of highly
regulated molecular interactions must occur
between these two cellular compartments to
give rise to the parabronchial tree (endoderm-
derived) and the muscles, connective tissue, and
blood and lymphatic vessels (mesoderm-derived)
(Bellairs and Osmond 2014).

In the chicken embryo, Gallus gallus, the
embryonic lung springs up from the
laryngotracheal groove around day 3 of incuba-
tion as a small, ridgelike outgrowth. After fusing
along the ventral midline, it divides into right and
left primordial bud looking like a pair of sacs
lying on either side of the esophagus (Maina
2003). In the developing lung bud, the primary
bronchus (mesobronchus) grows distally, and
secondary bronchi sprout laterally from its
dorsal surface into the surrounding mesenchyme,
in a craniocaudal sequence. This lateral
(or monopodial) branching is similar to the
domain branching observed during mammalian
lung development (Metzger et al. 2008). The
initial stages of chick lung development are
named according to the number of secondary
buds formed: bl stage corresponds to lungs
with only one secondary bronchus, b2 stage

formed ventrally during development as dilations
of the mesobronchi and are named according to
their position along the craniocaudal axis of the
primary bronchus (cervical, intra-clavicular, tho-
racic, or abdominal) (Bellairs and Osmond
2014). Altogether, these processes depend on
epithelial-mesenchymal interactions that rely on
the activity of conserved signaling pathways that
ultimately regulate cell proliferation, migration,
and differentiation and that contribute to proper
lung development.

5.2  Lung Specification

The epithelial compartment of the avian respira-
tory tract has its origin in endoderm progenitor
cells of the foregut. This primitive structure
possesses regional anterior-posterior
(AP) information due to the differential expres-
sion of unique transcription factors (in visceral
mesoderm and endoderm) that defines discrete
domains that will then give rise to different
organ primordia. The establishment of respira-
tory cell fate, in the case of the mammalian
lung, is associated with the endodermal expres-
sion of r#f-1 (thyroid transcription factor-1, or
nkx2.1) that provides AP and dorsoventral
(DV) positional information to the gut endoderm
(Lazzaro et al. 1991; Minoo et al. 1999).
Similarly, nkx2.] endodermal expression
distinguishes the respiratory progenitors as
early as the HH14 stage in the chick embryo
(Sakiyama et al. 2003). Additionally, rbx4
(a member of the T-box transcription factor fam-
ily) is specifically expressed in the mesoderm
surrounding the prospective lung primordium,
indicating that it is involved in the initial specifi-
cation of lung mesoderm (Sakiyama et al. 2003).
After the establishment of the lung primordium,
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TBX4 can induce endodermal budding by
eliciting fgfl10 (fibroblast growth factor 10)
expression, thus defining its AP mesodermal
expression domain, and triggers nkx2.l/ expres-
sion, hence inducing endoderm differentiation; in
fact, tbx4-fgf10 expression overlaps with the pos-
terior border of the nkx2.1 expression domain at
early lung development. Conversely, nkx2.l
expression before the appearance of the lung
bud primordium does not seem to be regulated
by the thx4-fgf10 system. Furthermore, the tbx4-
f2f10 system is essential for the anatomic sepa-
ration of the respiratory tract and the esophagus,
namely, for the formation of the tracheoe-
sophageal septum (Sakiyama et al. 2003).

nkx2.1 is expressed in the respiratory epithelial
cells (trachea and main bronchi) of the early lung
bud and all through embryonic lung development
(Zeng et al. 1998). The hepatocyte nuclear factor
3B (HNF-3p) that plays a major role in foregut
endoderm formation is also expressed in endoder-
mal derivatives at the onset of lung bud forma-
tion. It was demonstrated that HNF-3f can
activate nkx2./ in vitro. The fact that they coexist
spatially in early lung organogenesis may indi-
cate a possible role of these transcription factors
in the specification of respiratory epithelium
along the foregut axis (Zeng et al. 1998).

5.3  Dorsal-Ventral Patterning

of the Chick Lung

The avian lung is organized in two distinct mor-
phological and physiological regions, the bron-
chial tree and the air sacs (cyst-like) that appear
dorsally and ventrally, respectively. The regional
cyst-branch difference is defined early in devel-
opment through the coordinated mesenchymal
expression of hoxb genes (Sakiyama et al.
2000). Moreover, the disparity between the
dorsal and ventral side of the chick lung might
also be explained by changes in the diffusion rate
of morphogens (namely, FGF10) as a result of
local extracellular matrix modifications (Miura
et al. 2009).

5.3.1 Hox Genes

hox genes, which are clustered on four
chromosomes, are a family of transcription
factors that specify local differences along the
AP axis, therefore guiding the axial regionaliza-
tion of the vertebrate embryo. There is an associ-
ation between their location in the chromosome
and the timing of their expression during embryo-
genesis (temporal collinearity) and the position of
their expression domain along the AP axis (spa-
tial collinearity). This characteristic temporal-
spatial distribution is crucial for patterning the
vertebrate body plan since it provides the correct
identity to each vertebra (Wellik 2007).

In the chick respiratory tract, hoxb-5 to hoxb-9
genes are expressed in restricted domains and
regulate the establishment of regional morpho-
logical subdivisions. Before the commencement
of bronchial branching, the mesenchymal expres-
sion domain of hoxb-5, hoxb-6, hoxb-7, and hoxb-
8 exhibits a nested pattern with 5'-located genes
on the cluster displaying a more ventral-distal
restricted domain. Moreover, in the lung primor-
dium, hoxb-6 expression domain defines the iden-
tity of ventral vs. dorsal pulmonary mesenchyme
that, consequently, presents different inductive
ability regarding the epithelium (air saclike
vs. branching morphogenesis, respectively). At
later stages of lung development, the expression
domains of these genes seem to correlate with the
morphological subdivisions of the bronchial tree
and the air sacs. hoxb genes might be upstream
regulators of the cytodifferentiation of both mes-
enchyme and epithelium, and might have a role in
the determination of the appropriate morphologi-
cal subdivisions along the proximodistal axis of
the lung (Sakiyama et al. 2000).

5.3.2 Diffusion Gradient

The pattern difference between dorsal and ven-
tral chick lung can be explained by the different
levels of mesenchymal FGF10, which are a con-
sequence of different morphogen diffusion rates
on both sides. FGF10 protein, a chemoattractant
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of lung epithelium (Bellusci et al. 1997; Park
et al. 1998), is present in the dorsal (branched)
lung mesenchyme forming a proximal-distal gra-
dient, whereas its expression is weak in the ven-
tral (cystic) mesenchyme. Additionally, the
ventral tissue is looser than the dorsal one
because it has lower cell density, causing
FGF10 to diffuse faster in that region (Miura
et al. 2009). On the other hand, the presence of
elevated levels of heparan sulfate proteoglycan
(HSPG) on the dorsal side, when compared to the
ventral region, limits FGF10 diffusion (causing
its accumulation). The dorsal-ventral difference
in tissue architecture and HSPG concentration
contributes to the difference of FGF10 diffusion
coefficient between the two regions and is
responsible for the developmental dichotomy
that leads to branching morphogenesis dorsally
and cyst formation ventrally. These findings sug-
gest a possible mechanism as how HOXb tran-
scription factors regulate cyst-branch
morphology, probably through the regulation of
HSPG expression levels and, eventually, cell
proliferation in chick lung mesenchyme cells.

5.4  Branching Morphogenesis

After the establishment of the lung primordium,
primary bronchi lengthen caudally and, from the
epithelium, secondary bronchi bud laterally into
the adjacent mesenchyme in a process known as
branching morphogenesis. The new branches
appear on the dorsal side of the primary bronchus
in an anterior-posterior sequence whereas the
mesobronchus continues to extend distally. It
has been shown by tissue recombination that
the mesenchyme governs the branching pattern
of the epithelial primordium of the chick lung
(Hilfer et al. 1985), suggesting that epithelial-
mesenchymal interactions are crucial for chick
lung development. In vitro lung explant cultures
have been widely used to determine the role of
different growth factors in epithelial branching
and mesenchyme morphogenesis. One of the first
examples is the work of Goldin and Opperman
(1980) who reported the induction of supernu-
merary tracheal buds by epidermal growth factor

(EGF). It has been successively demonstrated
that tissue cross talk relies on the activation of
conserved signaling pathways that control cellu-
lar processes such as extracellular matrix
remodeling, growth, and differentiation, in a
temporal-spatial manner.

5.4.1 Secondary Bud Initiation

The epithelium of the mesobronchus must go
through a synchronized bending process to origi-
nate a new secondary bud, which requires the
generation of forces conveyed among adjacent
cells. It has been demonstrated that monopodial
branching is initiated by the contraction of the
apical/lumen side of epithelial cells (Kim et al.
2013). Apical constriction is driven by a contrac-
tile actomyosin network that triggers the
narrowing of cellular apices of the dorsal airway
epithelium, which causes tissue deformation and
culminates with the appearance of a new bud. In
fact, the inhibition of actomyosin contractility
reduced the initiation of new buds. Moreover,
in vitro FGF signaling inhibition by SU5402
(an FGF receptor antagonist) inhibits lung
branching (Moura et al. 2011; Kim et al. 2013)
and blocks apical constriction (Kim et al. 2013).
Taken together these results suggest that, in the
avian lung, apical actomyosin contraction might
be FGF signaling dependent. Curiously, despite
the high proliferation levels observed along the
primary bronchus, blocking cell cycle progres-
sion in the mesobronchus did not affect the bud
initiation process; nevertheless, proliferation
might have a morphogenetic role within and
adjacent to the new branches. Notwithstanding,
apical constriction and differential cell prolifera-
tion are not enough to completely shape the
developing lung bud (Kim et al. 2013), pointing
to a potential physical role for the mesenchyme
(Blanc et al. 2012).

5.4.2 Extracellular Matrix

For branching morphogenesis to occur, the extra-
cellular matrix (ECM) undergoes a series of
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remodeling processes to suit epithelial growth.
The particular composition of ECM throughout
lung development directly affects the availability
and, consequently, the activity of soluble factors
since it influences not only diffusion rates but
also the accessibility of their cognate receptors.

The basement membrane, which lies at the
interface between epithelial and mesenchymal
compartment, has two main components: the
basal lamina, directly adjacent to the basal sur-
face of the epithelial cells, and the fibrillar mesh-
work containing type I collagen. During
branching morphogenesis, the basal lamina
becomes thinner at the tip of newly formed
branches due to reduced glycosaminoglycan
(GAG) synthesis. In fact, decreased levels of
hyaluronic acid (HA), chondroitin sulfate (CS),
keratan sulfate (KS), and collagen are observed
at the tip (Gallagher 1986; Abbott et al. 1991).
On the other hand, in the interbud region, there is
an increase in collagen deposition and GAG
accumulation due to stabilization by the collagen
(Gallagher 1986). Regarding the mesenchymal
compartment, GAGs and glycoproteins (GPs)
present a distinct distribution pattern throughout
development. At early branching stages, mesen-
chymal ECM displays visible amounts of HA
in the growing regions, near the main bronchus
and the branch tip, and this pattern is repeated
every time a new bud is formed. As the new
branch grows, the surrounding mesenchyme
becomes enriched in CS. Later in development,
differentiated secondary bronchi accumulate
mainly GPs (Becchetti et al. 1988).

At points where a secondary branch will
emerge, mesenchymal cells adjoining lung epi-
thelium are flattened, and this feature seems to be
correlated with bud initiation. It has been
suggested that modification of cell shape might
be responsible for the loss of collagen observed
in the basement membrane, probably due to the
presence of collagenase. This structural weaken-
ing facilitates the bulging of new buds. After bud
initiation, the new branch must elongate into the
surrounding mesenchyme which encompasses
cell proliferation. The accumulation of tenascin
in the mesenchyme at the incipient bud tip, and in

the distal mesobronchus tip, unveils a potential
role for this molecule in bud extension (Abbott
et al. 1991).

Throughout lung development, GAG/GP
levels and distribution (in both mesenchymal
ground substance and basement membrane)
vary in a spatial-temporal manner to enable epi-
thelial morphogenesis and, later on, the differen-
tiation of thin structures (like the air-blood
barrier). There are several molecules capable of
changing ECM composition and that hence con-
tribute to the regulation of the branching pattern.
For instance, it has been demonstrated, in vitro,
that polyamines (PAs) promote sulfate GAG
accumulation in the mesenchymal compartment
and have a positive effect on lung branching. It
has been suggested that PAs are involved in the
signal  transduction cascade of TGFf1
(transforming growth factor beta 1) (Evangelisti
et al. 1997); TGFp1 stimulates mesenchyme sul-
fate GAG deposition but has an opposite effect
on lung branching (Stabellini et al. 2001).

On the other hand, ECM remodeling also
involves degradation processes through the
action of lysosomal enzymes, glycosidases that
specifically degrade GAGs. In the chick lung,
glycosidase activity is tightly associated with
epithelial proliferation, bronchial tubule length-
ening, and infiltration of the surrounding mesen-
chyme. There is a relationship between HA/CS/
HS mesenchymal levels and the expression
of glycosidases that specifically degrade each
of these glycosaminoglycans and alter
non-sulfated/sulfated GAG ratio (Stabellini
et al. 2002; Calvitti et al. 2004). Enzyme activ-
ity, and consequently ECM features, is regulated
by growth factors such as TGFp2 and
interleukin-1 (IL-1) that are known to promote
tissue stabilization or growth, respectively. In
fact, the expression pattern of these growth
factors colocalizes with specific glycosami-
noglycans that support tissue stabilization and
growth (Stabellini et al. 2002, 2007; Calvitti
et al. 2004).

To summarize, glycosaminoglycan content
differs along the craniocaudal axis of the embry-
onic chick lung contributing to the regulation of
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cellular events (such as cell proliferation and
differentiation). This distinctive spatial-temporal
distribution creates the precise extracellular envi-
ronment needed for the availability and activa-
tion of specific growth factors for the lung
morphogenesis process.

5.4.3 FGF Signaling

Fibroblast growth factor (FGF) signaling path-
way plays critical roles not only during organo-
genesis but also in the adult organism. FGF
canonical ligands are secreted proteins that act
in a paracrine fashion by interacting with neigh-
boring FGF receptors (FGFRs). Canonical FGF
ligands bind to HSPGs that function as cofactors
for their interaction with FGFRs. FGFRI1-
FGFR4 are receptor tyrosine kinases that activate
intracellular signaling cascades that are, in its
turn, regulated by specific proteins as, for
instance, Sprouty (SPRY) (reviewed by Ornitz
and Itoh 2015).

Fibroblast growth factor signaling pathway,
specifically FGF10 and its cognate receptor
FGFR2, plays a crucial role in lung development
(reviewed by El Agha and Bellusci 2014). In the
chick lung, the thx4-fgfI0 system is involved in
the induction of endodermal budding, and it is
essential for the formation of the tracheoe-
sophageal septum (please consult Section 5.2).
Additionally, fgfl0, fgfri—fgfr4, and spry2 are
expressed at early stages of chick lung branching
(Moura et al. 2011). fgf10 and fgfr2 expression

fgf10

Fig. 5.1 Expression of FGF signaling members in the
embryonic chick lung. Whole-mount in situ hybridization
of stage b2 lungs probed with fgfl0 (a), fgfr2 (b), and
spry2 (c). fgf10 is present in the mesenchyme adjacent to
the emerging new buds and in the distal mesenchyme

pattern is in agreement with the mammalian fetal
lung suggesting a similar role for mesenchymal
FGF10 as a proliferative factor that stimulates
distal epithelial growth through the activation of
epithelial FGFR2 (Fig. 5.1a, b). Furthermore,
in vitro FGF signaling inhibition by SU5402
(an FGF receptor antagonist) elicited the forma-
tion of secondary bronchi with a cystic shape
without an increase in their number, and a dis-
ruption of the mesenchymal tissue (Moura
et al. 2011). Moreover, fgfrl is ubiquitously
expressed and may be responsible for capturing
proliferative factors in both compartments; fgfi3
has a more proximal expression, whereas fgfi4 is
nearly absent at early stages; spry2 is expressed
in the distal tip supporting its association with
FGF10 signaling center (Fig. 5.1c). This study
demonstrates the importance of FGFRs in the
epithelial-mesenchymal interactions that deter-
mine epithelial branching and mesenchyme
growth in early chick lung development. It is
plausible to believe that the disruption of the
mesenchymal scaffold contributes to the cystic
phenotype if one considers that a lower cell den-
sity substantially contributes to ventral cyst for-
mation since it increases FGF diffusion rate
(Miura et al. 2009). Another member of the
FGF family, FGF2, has been described to be
diffusely expressed in epithelial and mesenchy-
mal lung cells from as early as day 3.5 (Maina
et al. 2003). This expression pattern is in agree-
ment to what is described for fetal rat lung (Han
et al. 1992), unveiling a potential, yet unknown
role for this ligand in the avian lung.

surrounding the main bronchus; fgfi2 is expressed in the
distal epithelium of the main bronchus and secondary
bronchi; spry2 is present in the peri-epithelial mesen-
chyme bordering the main bronchus and secondary bron-
chi. Scale bar: 500 pm. Adapted from Moura et al. (2011)
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5.4.4 SHH Signaling

The hedgehog (HH) signaling pathway is crucial
for embryonic development and influences the
organogenesis of several organs, specifically the
lung. Cell surface transmembrane receptor
Patched (PTCH) constitutively represses HH sig-
naling because it blocks the activity of G protein-
coupled transmembrane protein Smoothened
(SMO). Hedgehog ligands, such as sonic hedge-
hog (SHH), are secreted proteins that bind
PTCH, thus releasing SMO inhibition and
allowing the expression of glioblastoma (GLI)
zinc finger transcription factors that can either
activate or inhibit transcription of target genes.
Ligand availability regulates SHH signaling
pathway since membrane proteins such as
PTCH and HHIP (Hedgehog-interacting protein)
bind to SHH and limit its diffusion (reviewed by
Briscoe and Thérond 2013).

In the chick embryonic lung, shh is present in
the trachea at embryonic day (E)6 (Davey et al.
2014) and in the proximal and distal epithelium
at E10 (Loscertales et al. 2008). Moreover, in
earlier stages (E4.5-ES5.5) all the canonical
elements of SHH signaling pathway are
expressed in the same cellular compartments as
their mammalian counterparts, although their
proximodistal distribution is slightly changed.
shh is expressed in the epithelium of the main
bronchus and secondary bronchi, but it is absent
from the tip of the growing buds (Fig. 5.2a). smo,
ptchl (Fig. 5.2b), hhip, and glil (Fig. 5.2¢)
expression mirror shh pattern, as it occurs in the
mouse fetal lung (Moura et al. 2016). It is

shh

Fig. 5.2 Expression of SHH signaling members in the
embryonic chick lung. Whole-mount in situ hybridization
of stage b2 lungs probed with shh (a), ptchl (b), and gli/
(c). shh is expressed in the tracheal region and in the
epithelium except the distal tip of the main bronchus

expected that SHH signaling is involved in the
epithelial-mesenchymal interactions that regu-
late chick lung branching. In fact, in lung
explants, exogenous SHH protein supplementa-
tion induces pulmonary hyperplasia mainly due
to the expansion of mesenchyme. In vitro inhibi-
tion by cyclopamine that inhibits HH signaling
through direct interaction with SMO causes a
loss of lung epithelial branching which leads to
pulmonary hypoplasia (Loscertales et al. 2008).
In talpid3 chicken mutants, which have a defec-
tive SHH signaling, lung morphogenesis is seri-
ously disturbed. talpid3 lungs do not express shh
and display a hypoplastic phenotype with severe
abnormalities in both epithelial and mesenchy-
mal compartments (Davey et al. 2014). Alto-
gether, these phenotypes disclose a role for
SHH signaling in chick lung branching as it
occurs in the mammalian lung, although it
might not be required for the formation of the
tracheoesophageal septum (Litingtung et al.
1998; Pepicelli et al. 1998). In the mammalian
lung, FGF and SHH signaling are engaged in a
twisted negative feedback interaction that is cru-
cial to secondary branching (Pepicelli et al. 1998;
Chuang et al. 2003). In the chick lung, shh is not
a downstream target of FGF signaling as it occurs
in the mammalian lung (Moura et al. 2016).
Notwithstanding, the absence of shh epithelial
expression coincides with fgfl0 expression
regions, whereas the presence/activity of shh
corresponds to pulmonary areas without fgf/0
mesenchymal expression. FGF-Shh signaling
interplay in the mammalian lung promotes the
same local fgfl0 expression differences that

gli1

and secondary bronchi; ptchl and glil are detected in
the peri-epithelial mesenchyme of the main bronchial
tree, and they are absent from the distal mesenchyme.
Scale bar: 500 pm. Adapted from Moura et al. (2016)
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will contribute to proper branching (Chuang
et al. 2003). Despite the fact that shh is not
FG10-dependent, the regional differences are
maintained in the chick lung. The chick lung
seems to have some features that are species-
specific regarding SHH signaling and that may
probably be because avian secondary bronchi
undergo epithelial outgrowth without tip splitting.

5.4.5 WNT Signaling
The canonical WNT/p-catenin pathway regulates
numerous developmental processes, as for instance
cell fate and morphogenesis. WNT-secreted
glycoproteins bind to Frizzled (FZD) transmem-
brane receptors and their co-receptors LRP5/
LRP6, low-density lipoprotein receptor-related
protein (LRP). The WNT-FZD-LRP complex
triggers a series of intracellular reactions that
finally leads to the stabilization of cytoplasmic
B-catenin and its translocation to the nucleus.
Once in the nucleus, it binds to TCF transcrip-
tional complexes and regulates gene expression.
This signaling pathway is modulated by secreted
Frizzled-related proteins (SFRPs) and Dickkopf
(DKK) proteins (reviewed by Baarsma et al.
2013). The noncanonical Wnt signaling is
B-catenin independent and activates planar cell
polarity (PCP) and WNT/Ca** pathways, either
via FZD receptors or other receptors, including
the orphan tyrosine kinase ROR2 (Semenov et al.
2007).

Several WNT ligands (wnt-1, wnt-2b, wnt-3a,
wnt-5a, wnt-7b, wnt-9a) are expressed in early

wnt-7b

Fig. 5.3 Expression of WNT signaling members in the
embryonic chick lung. Whole-mount in situ hybridization
of stage b2 lungs probed with wnt-7b (a), Irp6 (b), and
p-catenin (c). wnt-7b is expressed all over the pulmonary
epithelium of the main bronchus, markedly in the distal

Irp6

stages of chick lung development (Moura et al.
2014). Their expression is, overall, in agreement
with the mammalian counterparts and uncovers a
similar function for these ligands in the avian
pulmonary system. For instance, wnt-7b is
expressed in the developing airway epithelium
(Fig. 5.3a) as it occurs in the mouse model (Shu
et al. 2002). Likewise, Irp5, lrp6, sfipl, dkkl,
p-catenin (Fig. 5.3b), and axin2 (Fig. 5.3c) are
also expressed at early stages of chick lung
development. Moreover, phospho/non-phospho
forms of LRP6 and B-catenin are present in this
embryonic tissue, which proves that WNT sig-
naling is active. In vitro inhibition of canonical
WNT signaling leads to an impairment of lung
branching as it happens with the mammalian
lung. Collectively, these results indicate that
canonical WNT signaling is implicated in the
molecular mechanisms required for chick lung
branching morphogenesis (Moura et al. 2014).
Branching morphogenesis is an intricate process
that relies on a network of conserved signaling
pathways that regulate each other’s components
to fine-tune the overall process. In this sense, a
WNT-FGF cross talk is not unforeseen. In fact,
WNT signaling inhibition induces a decrease of
spry2 (the downstream target of FGF signaling)
in the chick lung, and it acts upstream FGF
signaling (Moura et al. 2014).

Noncanonical WNT signaling seems to be
involved in mid-developmental stages of chick
lung development. In the developing avian lung,
WNT-5a acts noncanonically, through the ROR2
receptor, to regulate pulmonary distal airway and
vasculature development (Loscertales et al.

-catenin

tip and the secondary bronchi; /rp6 is present in lung
mesothelium; f-catenin is expressed throughout all lung
mesenchyme and in the epithelial tip of secondary buds
and main bronchus. Scale bar: 500 pm. Adapted from
Moura et al. (2014)
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2008). Misexpression of wnt-5a results in
changes of the vascular pattern, lung hypoplasia,
and altered expression patterns of shh, fgfl0,
bmp4 (bone morphogenetic protein 4), fibronec-
tin, and vegf (vascular endothelial growth factor).
wnt-5a most likely guides pulmonary vascular
patterning through the regulation of VEGF path-
way via its effect on fibronectin. Branching dys-
function is probably due to an increase in
fibronectin levels and a decrease in cell adhesion.
The hypoplastic phenotype is rescued by SHH
supplementation or inhibition of fibronectin
function. These results indicated that wnt5a acts
upstream of shh (in addition to fgf10 and bmp4)
and that fibronectin levels are regulated directly
by the WNT ligand and indirectly through its
regulation of SHH. wnt-5a might also have a
role in tracheal morphogenesis and, eventually,
in the inhibition of branching in this particular
region since it is expressed in the tracheal mes-
enchyme around E5 (Sakiyama et al. 2000;
Moura et al. 2014). In fact, wnt-5a”" mouse
lungs display a reduced number of cartilage
rings that cause the reduction of the trachea size
(Li et al. 2002).

5.4.6 TGFpB-BMP Signaling

The transforming growth factor-p (TGFp) super-
family of secreted cytokines plays critical roles
in a diverse set of cellular processes during
embryogenesis as well as in mature tissues.
Bone morphogenetic proteins (BMPs) constitute
the largest subgroup of the TGFpP superfamily.
TGFp and BMP ligands bind to specific mem-
brane receptors that transmit the signal to intra-
cellular SMAD proteins that then trigger the
appropriate cellular response by regulating the
transcription of target genes. Typically, these
cytokines act as inhibitory morphogens
(Massagué 2012).

In the embryonic chick lung, TGFf1 and
BMP4 influence branching and growth of the
airways in a different manner (Gleghorn et al.
2012). In vitro supplementation with recombi-
nant TGFP1 or a TGF receptor inhibitor causes
a decrease/increase in branching, respectively,

and in both cases a reduction in lung size. On
the other hand, BMP4 supplementation has no
effect on branching, but it diminishes organ
growth; BMP signaling inhibition significantly
reduces branching and causes an increase in
overall lung growth. In conclusion, TGFf1 pref-
erentially prevents lung branching, while BMP4
affects lung growth, and together contribute to
defining the dynamics of lung morphogenesis.
Despite the alterations in the gross morphology
of the lungs, the relative positioning of secondary
buds along the primary bronchi remains unal-
tered which means that branch sites scale
according to the size of the organ (rather than
being established at fixed positions) (Gleghorn
et al. 2012). rgffl has also been described as a
potential target of regulating nuclear factor-kB
(NF-kB) (Muraoka et al. 2000). NF-kB increased
mesenchymal activity leads to a decrease in epi-
thelial branching, a decrease in cellular prolifer-
ation, and an increase in mesenchymal 7gff/
expression which most likely exerts an inhibitory
action on the adjacent epithelium. This mecha-
nism is in agreement with TGFB1 inhibitory role
described by Gleghorn et al. (2012). Conversely,
hyperactivation of mesenchymal NF-kB
repressed mesenchymal fgf/0 and bmp4 expres-
sion which contributes to epithelial branching
inhibition (Muraoka et al. 2000). This mecha-
nism is a clear example of the epithelial-
mesenchymal interactions that take place during
branching morphogenesis, in which the tran-
scriptional regulation of growth factors produced
in the proximal mesenchyme affects epithelial
branching of the neighboring region.

5.4.7 miRNAs

MicroRNAs (miRNAs) have emerged as impor-
tant regulators of development. These small non-
coding RNAs function posttranscriptionally by
interacting with the 3’ untranslated region of
specific mRNAs in a sequence-specific manner
and, therefore, cause mRNA degradation or
translational inhibition. Mature miRNAs are
formed by a multistep process that involves dif-
ferent enzymes and proteins: DROSHA/DGCRS
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nuclear complex, exportin-5 nuclear membrane
protein, and cytoplasmic DICER enzyme
(reviewed by Ivey and Srivastava 2015). There
is also an alternative noncanonical miRNA bio-
synthesis pathway that can be DROSHA/DGCRS8
independent or DICER independent (Abdelfattah
et al. 2014).

It has been recently shown that miRNA
processing machinery is expressed in the devel-
oping chick lung, supporting the previously
recognized regulatory role of this mechanism in
epithelial and mesenchymal morphogenesis
(Moura et al. 2015). The dorsal and distal mes-
enchymal expression of the biogenesis machin-
ery may well indicate a potential regulatory role
in mesenchymal morphogenesis, through the reg-
ulation of specific genes. exportin-5 and dicerl
are also expressed on the apical side of the distal
lung epithelium and emerging secondary bron-
chi, which points toward the existence of a non-
canonical miRNA pathway in the chick
embryonic lung (Moura et al. 2015).

Sanford et al. (2016) have revealed that miR-
449a is expressed in the distal lung epithelium,
and not in the mesenchyme, at embryonic day 12.
Moreover, they showed that cdc20b (a proxy for
chick miR-449a) expression was highest at E20
and that transcription factor N-Myc (a predicted
target for this miRNA and related with the pro-
liferation of undifferentiated progenitors) was
negatively correlated with CDC20B/miR-449a.
miR-449a overexpression, by in ovo retroviral
infection, disrupted lung growth leading to lung
hypoplasia. At E13, chick lungs displayed a
decreased number of airways. At E15, less severe
affected lungs presented reduced proliferation
levels and compromised airway epithelial differ-
entiation. This study unveiled a role for
miR-449a in the regulation of chick lung differ-
entiation and proliferation most likely through
N-Myc (Sanford et al. 2016).

miR-15a seems to be associated with the
mechanisms that are responsible for hypoxia-
induced changes in lung development, probably
through the translational inhibition of the
antiapoptotic protein BCL-2 (Hao et al. 2014).
miR-15a expression has its peak around E19-20
that coincides with the formation of the

crosscurrent gas exchange system (CCGS); at
the same time, BCL-2 protein levels are dimin-
ished. In the embryonic chick lung, the expres-
sion of miR-15a is induced by hypoxia stress,
whereas BCL-2 protein levels decline. Hao
et al. (2014) demonstrated that chicken
miR-15a posttranscriptionally silences chick
bcl-2. In this scenario, antiapoptotic mechanisms
are inhibited causing an increase in mesenchy-
mal apoptosis. The reduction in the mesenchy-
mal compartment is necessary for the
development of a thin blood-gas barrier that
determines, together with CCGS, the avian lung
air-diffusing capacity. The hypoxia-induced
miR-15a-bcl-2 system mediates CCGS/BGB
establishment and is essential for understanding
the adaptational development of the chick lung
(Hao et al. 2014).

5.5  Surfactant Synthesis
Pulmonary surfactant is constituted by a combi-
nation of lipids and proteins that reduce surface
tension, therefore, preventing mammalian lung
alveoli to collapse at the end of expiration. The
avian lung does not exhibit alveoli. Nonetheless,
it contains the surfactant that functions to sustain
airflow in the air capillaries (Bernhard et al.
2001).

The major class of phospholipid in avian sur-
factant is phosphatidylcholine (PC), and, quanti-
tatively, the most important subcomponent is
disaturated phosphatidylcholine (DSPC)
(Fujiwara et al. 1970), namely, dipalmitoylpho-
sphatidylcholine (PC16:0/16:0). Regarding pro-
tein content, it is enriched in surfactant protein B
(SP-B), whereas SP-C is absent (Bernhard et al.
2001). Recently, SP-A has been identified as an
extracellular component of the lung lining fluid
of the avian tertiary bronchi (Zhang et al. 2016).
The differences in surfactant protein content
most likely reflect the particulars of the avian
tubular lung.

At the molecular level, pneumocytes can be
distinguished by specific protein markers as, for
instance, SP-B for cuboidal type II epithelial
cells and aquaporin 5 for type I pneumocytes
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from E17 onward (Bjgmstad et al. 2014), similarly
to the mammalian lung. The transcription of the
surfactant genes is controlled by nuclear proteins
including TTF-1 and HNF-3f, which can bind to
regulatory regions of these target genes
(Clevidence et al. 1993; Zhang et al. 1997). In
late stages of chick lung development (E15),
SP-A and SP-B expression pattern overlaps with
TTF-1 and HNF-3p suggesting that the transcrip-
tion regulatory mechanism might be conserved in
the avian lung (Zeng et al. 1998).

At the cellular level, flattened type I
pneumocytes that facilitate gas exchange line the
avian respiratory membrane. Regarding cuboid
(type II) pneumocytes, they are visible around
E17 and located in the atrial walls, air sacs, and
parabronchi but not in the air capillaries (Bernhard
et al. 2001; Maina 2003). It has been demonstrated
that avian surfactant, produced by type II cells, is
capable of efficiently adsorbing and extending into
an air/liquid interface like the air capillaries where
it exerts its role (Bernhard et al. 2001). Surfactant-
producing cells also present storage organelles for
surfactant (known as lamellar bodies) that are visi-
ble around E16, increase at E18, and decrease
post-hatching (Hylka 1989). Glycogen granules
are also present in this cell type, and they are
depleted between E14 and post-hatching which
support the concept that they may contribute with
the precursor material to form pulmonary DSPC;
nevertheless, the synthesis of DSPC near the end
of incubation may rely upon other substrates as
lipids of yolk (Hylka 1989).

5.5.1 Hormonal Regulation

Around E18, before pipping, both PC and DSPC
contents increase which indicates the beginning
of breathing. This increase coincides with a peak
of corticoids, thyroid hormone, and prolactin.
Hylka and Doneen (1983) have demonstrated
that corticosterone inhibits cellular proliferation
(leading to a reduction in lung size) and
stimulates surfactant phospholipid synthesis
(increasing total pulmonary phospholipid and
PC content), comparable to mammals. Moreover,
the removal of pituitary by hypophysectomy

triggers a decrease in lipid content in the embry-
onic lung, probably due to delayed appearance of
lamellar bodies (Hylka and Doneen 1983).
Besides, pituitary hormones seem to be responsi-
ble for acquisition of maximum content of gly-
cogen by the lung before day 16 (Hylka 1989).

Thyroid hormones are known to control organ
growth and development. Nonetheless, thyroid
hormone (TH) has no effect on surfactant pro-
duction, despite the described increase of thrf
(TH receptor-f) mRNA at E19 (Forrest et al.
1990). This feature might indicate that TH acts
by enhancing the sensitivity to glucocorticoids or
that its effects were already maximal at the ages
tested meaning that further stimulation with
exogenous THs does not result in an additional
effect (De Groef et al. 2013). Nonetheless, in a
chemically induced model of hypothyroidism,
lung maturation was hindered, specifically
pneumocyte and vascular differentiation
(Bjgrnstad et al. 2016). TRP1 expression levels
are elevated in lungs of methimazole (MMI)-
treated embryos; on the other hand, Kruppel-
like factor 2 (klf2) expression levels remain unal-
tered. KLF2 is a TH-dependent transcription fac-
tor involved in type I pneumocyte differentiation
program in the mammalian lung (Pei et al. 2011),
but that seems to be TH-independent in the avian
lung. Notwithstanding, in MMI-induced hypo-
thyroidism, type I (and type II) pneumocyte-
specific cell markers are reduced which points
to an impairment in pneumocyte differentiation.
Moreover, specific miRNAs showed upregulated
upon MMI treatment highlighting their role as
regulators of developmental lung processes
(Bjgrnstad et al. 2016).

On the other hand, the embryonic chick lung
might function as an extrapituitary production
site of pituitary hormones. For instance,
luteinizing hormone (LH) has been detected in
the trachea and lung of E3-E7 embryos
(Shirasawa et al. 1996) and B-TSH (thyrotropin)
in the bronchus of E7 developing lung (Murphy
and Harvey 2001). Growth hormone (GH) and its
receptor (GHR) are also present in the embryonic
chick lung as early as E7 (Beyea et al. 2005).
Overall these results suggest a potential, so far
undetermined, autocrine/paracrine role for these
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hormones in lung development, before the
appearance of the pituitary gland.

5.5.2 Regulation by Oxygen Levels
Surfactant levels are regulated by fetal oxygen
tension, and exposure to abnormal levels of oxy-
gen has diverse effects depending on the develop-
mental window in which the insult occurs. In
normoxic conditions (21% O,), disaturated phos-
pholipid (DSPL) content increases between E16
and E19 which reflects the physiologic increase in
surfactant production in this developmental win-
dow. Mild hypoxic conditions (17% O,), from
E10 forward, speed up surfactant maturation
when compared to normoxic conditions. More-
over, corticosterone levels increase, while T3
levels remain unaltered in response to hypoxia,
so it is possible that the maturation process is
mediated by glucocorticoids (Blacker et al. 2004).
Furthermore, it has been shown that both
chronic prenatal hypoxia (15% O,) and
hyperoxia (60% O,) occurring during late stages
of development (from E15 onwards) trigger sur-
factant synthesis (at E19) which points to an
acceleration of lung maturation. In these hypoxic
conditions (at E16), expression of vegf isoforms
122, 146, and 190 increases transitorily before
the stimulation of surfactant production disclos-
ing a potential, yet still concealed, role for VEGF
in this process. Conversely, in hyperoxic
conditions vegf expression levels remained unal-
tered. On the other hand, chronic long-term hyp-
oxia (from E6 ahead) does not significantly affect
surfactant synthesis and VEGF expression. The
maturation of the surfactant system displays a
high level of plasticity since it can adjust
according to fetal oxygenation (Been et al. 2010).

5.6 Hypoxic Adaptation

Embryonic development is highly dependent on
oxygen levels. Hypoxia can lead to profound
developmental abnormalities, but the severity of
these anomalies depends on the duration and
onset of the insult (Zhang and Burggren 2012),

so hypoxic adaptation is crucial for the survival
of avian embryos in such adverse conditions.
Chicken populations that usually live at high
altitudes have developed mechanisms that help
them to cope with lower oxygen concentrations.
For instance, the expression in the embryonic
lung of endothelial nitric oxide synthase
(eNOS), which is responsible for the synthesis
of nitric oxide (NO, a potent vasodilator), is
higher in a highland breed when compared to a
lowland breed (Peng et al. 2012). The authors
suggested that, from the genetic point of view,
the highland chicken lung may have more effi-
cient respiration capability compared with the
lowland chicken lung against high-altitude hyp-
oxia due to NO-induced vasodilation although
embryonic lungs do not perform ventilation func-
tion until pipping at E19 (Peng et al. 2012).

At the cellular level, hypoxia increases oxida-
tive stress and accumulation of reactive oxygen
species (ROS) (Duranteau et al. 1998). The cata-
lytic products of heme oxygenase 1 (HO-1) have a
cytoprotective role under hypoxia since they can
scavenge ROS. The ho-1 pulmonary expression
has its highest level at E19 probably due to the
degree of tissue hypoxia reached in the chicken
embryo at late stages of embryonic development
(Gou et al. 2014). Moreover, when subjected to
hypoxic conditions (13% O,), ho-I expression
shows upregulated in lung tissues especially at
E19 of highland chickens. HO-1 has an indirect
role in erythropoiesis since it supplies iron, from
heme recycling, needed for the formation of new
red blood cells. Taking this into consideration, the
augmented levels of HO-1 as a response to hyp-
oxia contribute to relieving hypoxic damage since
they contribute to enhancing blood oxygen trans-
port capacity (Gou et al. 2014).

Several studies have reported that embryonic
lung mass is virtually unaffected by hypoxic
incubation which reflects the absolute need of a
proper respiratory surface area to survive (Chan
and Burggren 2005; Lewallen and Burggren
2015). Moreover, lung morphology is not signif-
icantly altered under hypoxic conditions (15%
0,) since pulmonary morphometric parameters
as well as blood vessel density are very similar
to normoxic conditions. Nonetheless, at the
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Table 5.1 Chick lung signaling molecules: expression patterns and known/putative functions

Symbol

TTE-1
(or NKX2.1)

TBX4

HNF-3p

HOXb-5 to
HOXb-9

Actomyosin

GAGs
GPs

FGF2

FGF10

FGFR1

FGFR2

FGFR3

SPRY2

HSPG

SHH

PTCH1

SMO

Name

Thyroid
transcription factor-
1

T-box transcription
factor family
member

Hepatocyte nuclear
factor 3p

Homeobox
transcription factors

Filamentous actin &
phosphorylated
myosin light chain

Glycosaminoglycans
Glycoproteins

Fibroblast growth
factor 2

Fibroblast growth
factor 10

Fibroblast growth
factor receptor 1

Fibroblast growth
factor receptor 2
Fibroblast growth
factor receptor 3
Sprouty 2

Heparan sulfate
proteoglycan

Sonic hedgehog

Patched 1

Smoothened

Expression
pattern

Endoderm
Epithelial
cells

Mesoderm

Endoderm

Mesenchyme

Apical surface
of emerging
bud
epithelium
Extracellular
matrix

Epithelium
and
mesenchyme

Mesenchyme

Epithelium
and
mesenchyme

Epithelium

Proximal peri-
epithelial
mesenchyme
Distal peri-
epithelial
mesenchyme
Mesenchyme

Trachea and
epithelium
(except distal
regions)
Mesenchyme
(except distal
regions)
Mesenchyme

Function

Distinguishes
respiratory progenitors
(HH14)

Epithelial marker
Regulates transcription
of surfactant genes
Specification of lung
mesoderm

Induction of endodermal
budding ( fgf10-
dependent)
Specification of
respiratory epithelium
Regulates transcription
of surfactant genes
Dorsal-ventral
patterning

Initiation of apical bud
constriction
(FGF-dependent)

Differential spatial-
temporal levels
contribute to epithelial
and mesenchymal
morphogenesis

Lung bud outgrowth

FGF10 receptor

FGF downstream target

Dorsal-ventral
patterning
Branching
morphogenesis

References

Sakiyama et al. (2003), Zhang
et al. (1997) and Zeng et al.
(1998)

Sakiyama et al. (2003)

Zhang et al. (1997) and Zeng
et al. (1998)

Sakiyama et al. (2000)

Kim et al. (2013)

Gallagher (1986), Becchetti
et al. (1988), Abbott et al.
(1991), Evangelisti et al.
(1997), Stabellini et al. (2001,
2002, 2007) and Calvitti et al.
(2004)

Maina et al. (2003)

Moura et al. (2011)

Miura et al. (2009)

Loscertales et al. (2008),
Davey et al. (2014) and Moura
et al. (2016)

Moura et al. (2016)

(continued)
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Table 5.1 (continued)

Expression
Symbol Name pattern
HHIP Hedgehog- Mesenchyme
interacting protein (except distal
regions)
GLI1 Glioblastoma zinc Mesenchyme
finger transcription (except distal
factor 1 regions)
WNT-5a Wingless-related Trachea (ES)
(noncanonical MMTYV integration Epithelium
WNT site-5a (E11 onwards)
pathway)
WNT-7b Wingless-related Epithelium
(canonical MMTV integration
WNT site-7b
pathway)
LRP6 Low-density Mesothelium
lipoprotein receptor-
related protein 6
[-catenin f-catenin Mesenchyme
and epithelial
tips
TGFp1 Transforming Mesenchyme
growth factor-f
BMP4 Bone morphogenetic Mesenchyme
protein 4
NF-kB Nuclear factor-kB Mesenchyme
miR-449a MicroRNA-449a Distal lung
epithelium
miR-15a MicroRNA-15a

molecular level, the expression of hypoxia-
inducible factor (HIF-1) is increased and, conse-
quently, vegf transcription is upregulated. In
hyperoxic conditions (30% O,), the vegf expres-
sion is also upregulated at E18 (Lewallen and
Burggren 2015). VEGF is a key factor in promot-
ing pulmonary angiogenesis and vasculogenesis
and contributes to enhancing perfusion and tissue
oxygenation (reviewed by Woik and Kroll 2015).
However, in the case of the avian lung, its pres-
ence does not correlate with an increase in blood

Function References

Tracheal morphogenesis
Vascular patterning (via
VEGF-fibronectin)
Pulmonary distal airway
morphogenesis

Sakiyama et al. (2000),
Loscertales et al. (2008) and
Moura et al. (2014)

Lung branching Moura et al. (2014)

Lung branching and
lung growth

Target of nuclear factor-
kB

Lung growth

Muraoka et al. (2000) and
Gleghorn et al. (2012)

Epithelial branching
(fegfl0 and bmp4
dependent)

Muraoka et al. (2000)

Lung branching:
regulation of
differentiation and
proliferation

Sanford et al. (2016)

Hypoxia-induced
adaptation

Hao et al. (2014)

vessel formation, and in this context, its role is
poorly understood.

5.7 Concluding Remarks

The molecular mechanisms underlying avian
lung development are being increasingly more
explored. Nonetheless, they are still less studied
than mammalian ones. Table 5.1 compiles the
expression pattern of chick lung’s signaling
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molecules, transcription factors, and other molec-
ular factors mentioned in this chapter as well as
their putative or known role. The chick model is a
suitable and appealing animal model for research
since it circumvents major ethical issues; is
affordable, with shorter gestation times; and is
more easily maintained/manipulated than mam-
malian models. Despite the major structural mor-
phological differences, when compared to mouse/
rat adult lung, early avian pulmonary development
presents several molecular similarities. On the
other hand, molecular differences may account
for the specifics of the avian tubular lung. Never-
theless, further studies are still needed to dissect
and to unveil mechanisms responsible for the
divergence between mammals and birds.
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