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Gene Regulatory Networks Governing Lung Specification
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ABSTRACT

The epithelial lining of the respiratory system originates from a small group of progenitor cells in the ventral foregut endoderm of the early
embryo. Research in the last decade has revealed a number of paracrine signaling pathways that are critical for the development of these
respiratory progenitors. In the post-genomic era the challenge now is to figure out at the genome wide level how these different signaling
pathways and their downstream transcription factors interact in a complex “gene regulatory network” (GRN) to orchestrate early lung
development. In this prospective, we review our growing understanding of the GRN governing lung specification. We discuss key gaps in our
knowledge and describe emerging opportunities that will soon provide an unprecedented understanding of lung development and accelerate
our ability to apply this knowledge to regenerative medicine. J. Cell. Biochem. 115: 1343-1350, 2014. © 2014 Wiley Periodicals, Inc.
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The billions of epithelial cells lining your respiratory system
including ciliated, secretory, neuroendocrine, and the alveolar
type 1 and type 2 cells that absorb oxygen and produce surfactant, all
originate from a few hundred respiratory progenitor cells located in
the ventral foregut endoderm of the early embryo. The first evidence
of respiratory lineage specification is the localized expression of the
homeodomain transcription factor Nkx2.1 (also known as TTF-1) in
these progenitor cells around 28 days of human gestation and at
embryonic day (E) 9.0 in the mouse (Fig. 1) [Lazzaro et al., 1991]. By
E10 in the mouse, the ventral Nkx2.1" epithelial cells evaginate to
form the lung buds and trachea, which eventually separate from the
dorsal esophagus. As organogenesis proceeds the lung buds grow
through a stereotypical branching morphogenesis as different
epithelial subtypes are patterned along the proximal-distal axis of
the fetal lung (Fig. 1B). Finally in perinatal period the distinct
epithelial cells types required for breathing and lung function
differentiate [Herriges and Morrisey, 2014].

Over the past decade, intensive research has implicated five
conserved signaling pathways that mediate paracrine signaling
between the foregut endoderm and surrounding mesoderm to
control respiratory cell fate specification in the early embryo: the
fibroblast growth factor (FGF), Wnt/B-catenin, bone morphogenetic
protein (BMP), retinoic acid (RA), and hedgehog (HH) pathways
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(Fig. 2). These same factors have additional roles during fetal
lung growth, patterning, morphogenesis and differentiation, and
increasing evidence indicates that these pathways are misregulated
in lung disease and reactivated during lung repair [Beers and
Morrisey, 2011; Whitsett et al, 2011]. Knowledge of lung
development in animal models has informed our understanding of
human congenital malformations such as pulmonary dysplasia and
tracheoesophageal fistula, and has led to strategies to differentiate
respiratory epithelium-like tissue from human embryonic stem (ES)
and induced pluripotent stem (iPS) cells [Wong and Rossant,
2013].

Despite tremendous progress, we are just beginning to understand
how these pathways interact in a “gene regulatory network” (GRN) to
orchestrate respiratory system development. In this prospective, we
discuss what GRNs are and review our current understanding of the
evolutionarily conserved GRN governing respiratory specification
highlighting some important unresolved questions. Finally we
describe how high throughput DNA sequencing, new genome editing
techniques, and improved computational methods together with
rapidly emerging stem cell differentiation approaches and alterna-
tive animal models will soon allow us to interrogate the GRN
controlling lung development at an unprecedented genome-wide
scale and with single cell mechanistic depth.
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Fig. 1. Development of Nkx2.1-expressing respiratory progenitors. A: Three-dimensional confocal immunostaining of an E9.5 mouse embryo showing the Foxa2-expressing

primitive gut tube (yellow) with Nkx2.1 expression (magenta) in the respiratory progenitors and thyroid primordial. The colored image of the gut tube is superimposed on the

epifluorescent image of the embryo in gray scale. B: A lineage diagram showing that the epithelial cells lining the trachea and lungs develops from respiratory progenitors in the

ventral foregut of the early embryo. These respiratory progenitors arise from multipotent foregut endoderm cells that also contribute to the digestive system. Segregation of the
epiblast into endoderm, mesoderm, and ectoderm germ layers occurs during gastrulation. NE, neuroendocrine.

A “gene regulatory network” is essentially a wiring diagram that
represents how signaling pathways, transcription factors, and their
target genes interact to orchestrate complex biological processes
such as organ development (Fig. 2D) [Bolouri, 2008; Peter
et al., 2012]. However, GRNs are not static like the electric wiring
diagram of your house, but rather reflect the temporally and spatially
changing microenvironment during organogenesis. At first glance,
GRN diagrams can appear overwhelming in their complexity, but
embedded within the web of interactions are simpler “sub-circuits”
or “regulatory cassettes” such as feedback loops (that limit the
activity of a pathway) or combinatorial reinforcing motifs (that lock
a previously plastic cell state into a robust set gene expression
pattern). The interconnectivity of the different sub-circuits describes
the underlying regulatory logic and provides a systems-level view of
how the GRN controls biological processes, which is not possible
with single gene studies.

Various software programs such as Cytoscape and Biotapestry can
process a large body of experimental data and generate a
visualization of a GRN. Underpinning the GRN is the input data,
the basic discovery of individual genes and their role in the system.
Of critical importance are mechanistic experiments that define the
epistatic relationship between genes and distinguish direct from
indirect interactions to ultimately elucidate the DNA cis-regulatory
modules or enhancers that transcription factors interact with to
control gene expression. Importantly, a GRN model is not just a
visualization tool; if it is populated with sufficient data, it can have

predictive power [Bolouri, 2008; Peter et al., 2012]. Computational
modeling of GRNs can predict how gene mutations or changes in
timing of gene expression might impact subsequent development.
For example, GRNs describing endocrine pancreas development,
have informed our understanding of type 1 diabetes, and influenced
protocols to differentiate beta-cells in vitro [Arda et al., 2013].

Our understanding of the GRN governing respiratory specification
is still in its infancy and is largely based on single gene studies in
mice with limited analysis of downstream targets. However,
increasingly sophisticated mouse genetics and the use of alternative
models more amenable to experimental manipulations, such as
Xenopus and ES/[iPS cell cultures, are rapidly advancing our
understanding of how signaling pathways and transcription factors
are integrated into a respiratory specification GRN.

The evolution of the vertebrate lung was an essential adaptation to
terrestrial air breathing and it has become clear that a conserved
genetic program controls lung specification in frogs, chickens,
rodents, and humans. While it remains to be determined exactly how
much of the molecular details are conserved between species, a
comparative approach has proven to be useful as each model system
has different experimental advantages. In the following section we
describe what is known about the GRN governing lung specification
(Fig. 2D), comparing studies from different animal models and
highlighting key outstanding questions.
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Fig. 2. The GRN controlling respiratory specification. A,B: Confocal immunostaining of a cross-section through the foregut an E9 mouse embryo (A) and a 2-day-old (E2)
Xenopus embryo (B). Nkx2.1" lung progenitors (red) are located in the ventral foregut, whereas Sox2* esophagus progenitors (eso) are restricted to the dorsal foregut. The

surrounding splanchnic mesenchyme expresses the transcription factor Foxf1 (green). C: A diagram of the foregut showing the spatial arrangement of paracrine factors
regulating respiratory specification and D-V patterning of the foregut. Differential Wnt and BMP signaling results in a gradient of B-catenin and pSmad1 activity in the
epithelium, highest in the Nkx2.1" ventral foregut and lowest in the Sox2* dorsal foregut. D: A diagram of the evolutionarily conserved GRN controlling specification of the

respiratory progenitors. This model represents gene interactions data from the published literature combining results from mouse, chicken, and Xenopus embryos. Orange lines
indicate Xenopus data, which remain to be tested in other species. Dashed lines indicate relationships that are only weekly supported; mostly inferred from in vitro data. The
epithelial compartment is indicated in the blue-red gradient, whereas gene expressed in the mesenchymal compartment is in the green area. The light box highlights the core Wnt/

BMP regulatory cassette immediately upstream of foregut patterning and specification of the respiratory progenitors.

ENDODERM FORMATION AND ANTERIOR-POSTERIOR PATTERING

Conserved in all vertebrates, endoderm formation and early
patterning begins at gastrulation (E6.5-7.5 in mice) when the
secreted TGFR family ligand Nodal induces definitive endoderm
tissue [Zorn and Wells, 2009]. As the naive endoderm forms a
primitive gut tube (E7.5-8.5 in mice), it is patterned along the
anterior-posterior axis into broad foregut and hindgut domains
(Fig. 1B) by mesodermal FGF, Wnt, and BMP signals, which promote
Cdx2* hindgut fate and repress Sox2' foregut fate [Zorn and
Wells, 2009]. By E8.5, the future respiratory progenitors, along with
cells that give rise to the esophagus, thyroid, liver, stomach, and

pancreas (Fig. 1B), are located in the Sox2* ventral foregut domain
adjacent to the developing cardiac mesoderm. Specification of the
respiratory progenitors is defined by the induction of Nkx2.1
expression and the down-regulation of Sox2 in a subset of these
ventral foregut cells around E9-9.5 (Fig. 2). It is important to point
out that Nkx2.1 is also expressed in the developing thyroid [Lazzaro
et al., 1991] and although Nkx2.1~'~ mutant mice have pulmonary
dysplasia and tracheoesophageal fistula [Minoo et al., 1999], lung
tissue is still present indicating that other transcription factors in
addition to Nkx2.1 must also be required for respiratory fate.
Transcription profiling in early mouse foregut has begun to shed
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light on the combinatorial transcription factor code of different
lineages [Fagman et al., 2011; Millien et al., 2008], but those that
uniquely define the respiratory epithelium are still unknown.

FGF MEDIATED FOREGUT PATTERING

In vitro studies using mouse foregut explants suggest that FGF
ligands produced by the cardiac mesoderm around E8.0-9.0 play an
important role in segregating lung, liver, or pancreas lineages from a
common pool of foregut cells in a concentration-dependent fashion
with the highest levels of FGF promoting Nkx2.1 expression and
lung fate (Fig. 2D) [Serls et al., 2005]. Pharmacological inhibition in
Xenopus embryos confirmed that FGF signaling via both the MAP
kinase and AKT pathways are required for respiratory specification
in vivo, and suggested that it is the prolonged duration of FGF
signaling that promotes lung fate over liver and pancreas [Wang
et al., 2011; Shifley et al., 2012]. The precise FGF ligands and
receptors (FGFRs) that mediate this are unknown but multiple
ligands are expressed in the mesoderm surrounding the presumptive
lung including Fgf1, 2, 3, 7, 9, and 10, and it is likely that some
combination of these act redundantly. FgfI 0™/~ and FGFR2b™/~
mutant mice both exhibit lung atresia but a rudimentary trachea
is present consistent with Fgf10-FgfR2b signaling acting after
initial respiratory specification to regulate fetal lung bud growth
[Min et al., 1998; Sekine et al., 1999].

Gain-of-function studies in both chick [Sakiyama et al., 2003] and
Xenopus [Shifley et al., 2012] indicate that increased FGF signaling is
sufficient to expand the Nkxr2.1 domain; however, it is unclear
whether FGFs act directly on the epithelium. Another question is:
how do FGFs exert distinct roles at different times in lung
development, repressing foregut fate at E7.5-8.5, then promoting
Nkx2.1" respiratory induction between E8-9 and subsequently
regulating lung bud growth and morphogenesis after E9.5. Signaling
by FGFR tyrosine kinases often impacts gene expression by
modulating the activity of ETS transcription factors and although
several of these are expressed in the early lung, their role in
specification of respiratory progenitors is unknown [Herriges and
Morrisey, 2014].

WNT/B-CATENIN INDUCTION OF LUNG FATE

Wnt2 and Wnt2b ligands expressed in the mouse splanchnic
mesenchyme surrounding the ventral foregut at E8.5-E10.5 are
redundantly required for respiratory specification (Fig. 2C,D). Com-
pound WntZ_/_; Wni2b™/~ mutants, or embryos with endoderm-
specific deletion of the canonical Wnt effector -catenin, fail to
express Nkr2.1 and exhibit pulmonary agenesis [Goss et al., 2009;
Harris-Johnson et al., 2009]. In Xenopus redundant Wnt2 and
Wnt2b signaling via (-catenin is also required for respiratory
specification [Rankin et al., 2012]. Moreover ectopic activation of
B-catenin in the endoderm is sufficient to expand Nkx2.1 and
Sftpc expression in both mouse and Xenopus. Intriguingly, the
ectopic expression was limited indicating that only a subset of the
foregut is competent to respond, but the molecular basis of this is
unclear. Experiments in Xenopus and human thyroid carcinoma
cells in vitro suggest that B-catenin, in a complex with TCF
transcription factors, can directly activate Nkx2.1 transcription,
although this remains to be validated by chromatin immunoprecipi-

tation (ChIP) analysis. Indeed the DNA cis-regulatory elements and
transcription factors controlling Nkx2.1 transcription in the foregut
have not been characterized in any species and is a major gap in our
understanding of the GRN controlling lung specification.

The available evidence suggests that foregut patterning by FGFs
(E8-9 in mice) acts earlier than Wnt2/2b (E8.5-9.5). In Xenopus,
early FGF signaling is required for wnt2b expression (Fig. 2D) and
experimental activation of {-catenin signaling rescued lung
specification in embryos where FGF signaling was blocked [Rankin
et al, 2012], suggesting that Wnt acts downstream of FGF.
Consistent with this interpretation, transgenic Fgf10 overexpression
could not rescue Nkx2.1 transcription in mouse foregut explants in
which, Wnt signaling was experimentally inhibited by the Wnt-
antagonist Dkk1 [Volckaert et al., 2013]. However, there may not be
a simple linear relationship of FGF — Wnt because Wnt2/2b double
mutants fail to express Fgfl0 in the mesenchyme around the
developing lung [Goss et al., 2009]. This and other data suggest that
Wnts and Fgfs promote each other’s expression in a feed forward
loop (Fig. 2D), to maintain lung fate and coordinate growth
and differentiation of both the epithelium and lung mesenchyme
[Yin et al., 2008; Herriges and Morrisey, 2014], although the precise
mechanisms remain to be determined.

BMPs REGULATE DORSAL-VENTRAL PATTERNING

Work from both mouse and Xenopus indicates that differential BMP
signaling patterns the foregut along the dorsal-ventral (D-V) axis
and cooperates with Wnt2/2b to specify respiratory fate. BMP
ligands (Bmp2, Bmp4, and Bmp7) produced in the cardiac and
splanchnic mesenchyme signal to the adjacent ventral foregut
epithelium to phosphorylate and activate the transcriptional co-
activators Smad1/5/8 (pSmad1). Endoderm-specific deletion of BMP
type 1 receptor genes Bmprla and Bmprlb (Bmprla/b), which
prevents the endoderm from responding to mesenchymal BMP
ligands, caused an intriguing phenotype of tracheal agenesis but
ectopic bronchi development [Domyan et al., 2011]. The Bmprla/b
mutant tracheal epithelium failed to maintain Nkx2.1 and exhibited
expanded Sox2, yet Nkx2.1 was still expressed in the lung buds. This
differential requirement for BMP suggests that not all Nkx2.1"
progenitors are equivalent and that segregation of the trachea and
lung lineages occurs early in development. Moreover, BMP signaling
was required for the ectopic Nkx2.1 caused by hyper-activation of
B-catenin, suggesting that the endoderm needs pSmad1 activity in
order to respond to Wnt signaling [Domyan et al., 2011]. BMP
appears to act primarily by repressing expression of the transcription
factor Sox2 in the ventral epithelium, which would otherwise inhibit
Nkx2.1 transcription [Domyan et al., 2011], although it is unclear
whether Sox2 acts directly on Nkx2. 1 enhancers. It is interesting that
during respiratory specification Sox2 and Nkx2.1 acquire a mutually
exclusive expression pattern, whereas just a day and a half later
(E11-11.5), Sox2 and Nkx2.1 are co-expressed in the upper airway
epithelium [Que et al., 2009]. How this dynamic expression is
regulated is still poorly understood.

In normal development ventrally produced BMPs are counter-
balanced by the BMP-antagonist Noggin secreted from the
notochord, resulting in a graded level of pSmadl along the D-V
axis of the foregut epithelium: highest in the Nkx2.1" ventral
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foregut and lowest in the Sox2™ dorsal epithelium (Fig. 2C). This
distribution of BMP activity is essential for correct separation of the
trachea and esophagus. Bmp4’/ ~ mutant mice exhibit tracheal
atresia, whereas Noggin_/ ~ mutant mice display esophageal atresia
and tracheoesophageal fistula (EA/TEF), with the Noggin™/~
phenotype being alleviated in Bmp4+/ ~ or Bmp7’/ ~ mutant
backgrounds [Que et al., 2006; Li et al., 2008]. This foregut
patterning into dorsal Sox2" esophagus and ventral repression of
Sox2 by BMP being required for Wnt-mediated Nkx2.1 induction
appears to be a key regulatory cassette conserved from frogs to
humans (Fig. 2D).

Recent experiments revealed that in Xenopus BMPs not only have
a “pro-lung” activity in the epithelium, but BMPs also exert an “anti-
lung” activity in the mesenchyme. In Xenopus, the zinc finger
transcriptional repressors Osr1 and Osr2 (Osr1/2) act redundantly to
spatially regulate mesenchymal bmp4 expression, and BMP
signaling in turn acts within the mesenchyme to restrict the
wnt2/2b expression domain [Rankin et al., 2012]. In Osr1/2-depleted
embryos, bmp4 expression is expanded and there is excessive
pSmadl both in the epithelium and mesenchyme resulting in a
down-regulation of both sox2 and wnt2/2b; the end result is a failure
to specify the Nkx2.1" respiratory lineage and lung agenesis. This
highlights an important feedback loop that regulates BMP activity in
both the epithelium and mesenchyme to coordinate epithelial
competence with the mesenchymal inducing signals (Fig. 2D). It
remains to be determined if mammalian Osr1/2 have a similar
function, although mouse Osrl is expressed at the right time and
place. It is also unclear how pSmad1 activity restricts wnt2/2b, as the
DNA cis-regulatory elements controlling their expression in the
foregut mesenchyme have not been characterized in any species.

RETINOIC ACID

A number of genetic and pharmacological studies in mice and
Xenopus have shown that RA signaling is important to maintain
early Nkx2.1 expression and promote lung bud outgrowth, although
it is still unclear whether RA is absolutely required for initial Nkx2.1
transcription [Chen et al., 2007, 2010; Wang et al., 2006, 2011]. Two
key functions of RA are: (1) to inhibit activation of the TGFB-
pSmad2 pathway which restricts lung development by repressing
Fgf10 expression [Chen et al., 2007] and (2) to inhibit expression of
Dkk1, a Wnt/B-catenin antagonist [Chen et al., 2010]. Thus, RA
creates a “pro-respiratory” field by allowing FGF10 and Wnt
signaling. Experiments in Xenopus suggest that the RA — FGF/Wnt
module may be integrated with the Osr -| BMP regulatory cassette
(Fig. 2D) because in frogs Osr1/2 are required for expression of
Raldh2, the rate-limiting enzyme for RA production [Rankin
et al., 2012].

RA probably acts in part by regulating expression of Hox, Tbx,
and Gata transcription factors in the mesenchyme. Several RA-
regulated Hoxa/b genes are expressed in the foregut mesenchyme
[Packer et al., 2000] and Hoxa5 mutant mice have hypoplastic lungs
[Aubin et al., 1997]. RA is also required for robust levels of Thx5 and
Gata4/5/6 in the cardiac and splanchnic mesenchyme [Ryckebusch
et al., 2008]. Tbx5 (along with Tbx4) positively regulate Wnt2b and
Fgf10 expression in chick and mice [Sakiyama et al., 2003; Arora
et al., 2012], whereas Gata6 and Wnt2 promote each other’s

expression in a positive feed forward loop [Tian et al., 2010]. This
raises the possibility that an RA — Hox/Tbx5/Gata6 — Wnt2/2b
sub-circuit (Fig. 2D) may control the lung inducing signals in the
mesenchyme.

RA may also have a direct role in the endoderm, as Raldh2~/~
mutant mouse embryos display reduced Shh and Foxa2 levels in the
epithelium [Wang et al., 2006]. The regulation of Foxa2 is
particularly interesting because Fox transcription factors are
“pioneering” DNA-binding proteins which regulate the state of
chromatin and modulate the ability of target genes to respond to
inductive signals [Zaret and Carroll, 2011]. In some contexts Foxa
genes are direct transcriptional targets of RA and both Foxal and
Foxa2 can activate a Nkx2.1 minimal promoter construct in tissue
culture [Ikeda et al., 1996]. The combined deletion of Foxal and
Foxa2 in the fetal mouse lung epithelium leads to severe
differentiation defects [Wan et al., 2005], although it is unclear
whether they are required earlier for initial activation of Nkx2.1
transcription. Hoxb1 is another candidate RA target expressed in the
foregut epithelium, and Hoxb proteins can also activate Nkx2.1
transcription in vitro [Guazzi et al., 1994]. Thus in addition to
regulating inductive signals in the mesenchyme, RA may also act in
the epithelium to regulate the competence to respond to those
signals.

HEDGEHOG

There are three hedgehog family members in vertebrates, sonic
hedgehog (Shh), Indian hedgehog, and desert hedgehog all of which
modulate target gene expression through Gli transcription factors
[Robbins et al., 2012]. Shh is expressed in the foregut epithelium of
mouse, chick, and Xenopus embryos where it is thought to act on the
adjacent mesenchyme through paracrine signaling. Consistent with
epithelial to mesenchymal signaling, Shh™'~ mutant mice have
defects in pulmonary vasculature [Peng et al., 2013], as well as
displaying an abnormal trachea and hypoplastic lungs [Litingtung
et al., 1998]; this phenotype is similar to that seen in human patients
with HH pathway mutations [Spilde et al., 2003]. Since Shh mutants
still make respiratory tissue, if HH signaling is required for
respiratory specification then there must be functional redundancy
with other ligands. Consistent with this possibility, Gli2™~; Gliz™/~
compound mutant mouse embryos exhibit respiratory agenesis
[Motoyama et al., 1998]; however, the early molecular phenotype in
these mutants has not been analyzed, so it is unclear if HH/Gli
signaling is required for respiratory specification or rather for lung
bud outgrowth.

A major motivation for studying embryonic development is to apply
the knowledge to differentiate pluripotent stem cells (ES or iPS cells)
into therapeutically useful tissue. For a while, progress in making
respiratory tissue lagged behind successes in other endodermal
tissues such as liver, pancreas, and intestine, in part because the early
development of those organs was better understood. However in
the last 3 years major advances in our understanding of lung
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development have enabled a number of groups to generate
respiratory-like tissue from both mouse and human ES and iPS
cells by treating cultures with different cocktails of FGF, Wnt, BMP,
RA, and HH agonists or inhibitors [Longmire et al., 2012; Mou et al.,
2012; Wong and Rossant, 2013; Huang et al., 2014]. The best results
to date closely mimic development and generated robust populations
of Nkx2.1" progenitor cells from human ES cultures that can be
further differentiated into respiratory-like tissue containing all of the
major airway lineages [Huang et al., 2014].

Interestingly, there is considerable variation in the combination,
dose, and timing of factors used by different groups, resulting in
variable efficiency in differentiated respiratory epithelium. The fact
that different protocols generate what appear to be equivalent
respiratory progenitors begs the question of whether the Nkx2.1"
cells produced in different protocols are really the same? It is possible
that some protocols only activate a part of the lung specification
GRN and as a result the cells are impaired in their ability to further
differentiate. Another limitation with the current approaches is that
the co-differentiating mesenchyme cells (which are invariably
present) are poorly characterized and probably produce paracrine
signals that impact the cultures. A deeper understanding of the GRN
controlling lung specification will no doubt accelerate further
progress.

It has become clear that in the post-genomic era, the elucidation of
GRNs will be necessary to fully understand the inherent complexity
of organogenesis, stem cell differentiation, disease, and regenera-
tion. Over the next few years a convergence of new enabling
technologies, alternative models, and high throughput analysis will
allow us to address important outstanding questions and more
completely define the GRN controlling lung development.

First, we need a more complete understanding of the transcrip-
tional signature that defines respiratory progenitors and the
epithelial lineages that they develop into. The overreliance on just
a few markers like Nkx2.1 has left us a relatively shallow view.
Recognizing the importance of this issue, the National Heart, Lung
and Blood Institute has called for a high resolution, genome wide
molecular atlas of lung development (RFA-HL-14-008). With new
technologies that enable robust RNA-seq transcription profiling of
single cells [Jaitin et al., 2014] and increasingly sophisticated
transgenic tools in mice allowing cell-specific conditional gene
targeting and lineage tracing, we will gain critical insight into
progenitor cell heterogeneity and how transcription profiles
progressively change as lineages become restricted.

We also need a better understanding of the functional relation-
ships between the FGF, Wnt, BMP, RA, and HH pathways and how
dynamic changes in combinatorial signaling during lung develop-
ment can activate distinct genetic programs at different times. The
rapid functional genomics possible in externally developing
Xenopus embryos will continue to be useful in this regard as the
epistatic relationships between multiple genes can be easily tested in
a single experiment. The differentiation of pluripotent stem cells, in

addition to being an important end goal, will also provide a powerful
tool to biochemically examine signaling cross-talk in human lung
development.

Furthermore, it will be essential to determine how this
combinatorial signaling is integrated on DNA cis-regulatory
elements at the whole genome level. Although many transcription
factors have been implicated in regulating Nkx2.1 transcription in
vitro, whether they control Nkx2.1 expression in respiratory
progenitors in vivo is unknown. We need to define enhancers and
characterize the in vivo DNA-binding of transcription factors in both
the foregut epithelium and mesenchyme during respiratory
specification. It will also be important to determine how epigenetic
regulation and non-coding RNAs impact lung specification. For
example, the epigenetic modification of chromatin by histone
deacetylase (HDAC) regulates Bmp4 and Sox2 expression in fetal
airway progenitors [Wang et al., 2013], whereas microRNAs regulate
Gata6 to influence the balance between lung progenitor proliferation
and differentiation [Tian et al, 2011]. The impact of similar
mechanisms on early lung specification remains to be elucidated.

The ENCODE project and a growing number of follow-up studies
have begun to reveal how dynamic modulation of the chromatin
landscape is critical for enhancer activity and gene expression
[Consortium et al., 2012; Kieffer-Kwon et al., 2013]. However, most
of these studies to date have focused on cell lines or adult tissues,
which provide the ample biological material need for ChIP-seq type
analyses. The limited tissue available from the early mouse embryos
has hampered similar analyses of organogenesis; however, the
abundant material available from Xenopus embryos and ES/iPS cells
cultures should help resolve this bottleneck. For example, ChIP-Seq
studies have revealed genome-wide dynamic changes in histone
modifications and transcription factor binding during endoderm
formation and endocrine pancreas development in Xenopus embryos
and human stem cell cultures [Kim et al., 2011; Xie et al., 2013].
Similar approaches need to be applied to studies of lung
development. Importantly putative enhancers controlling gene
expression in the early foregut will need to be validated in vivo.
New genome editing technologies using CRISPR/Cas9 or TALENS
will enable the rapid mutation of candidate enhancers and the
introduction of transgenic reporter constructs, at any location in the
genome of frogs, mice, and human stem cells [Burgess, 2013; Kieffer-
Kwon et al., 2013].

Finally, advanced computational methods are being developed
that will enable integration all of these diverse data types, from
single gene mutation studies to whole genome epigenetic data into
GRN models that have probabilistic predictive power [Peter
et al., 2012; Mitra et al., 2013]. This will enable investigators to
obtain an unprecedented view of the complex GRN controlling
respiratory specification and accelerate our ability to harness this
knowledge for disease modeling and regenerative medicine.
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