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The lung is the product of a set of complex developmental interactions between two distinct
tissues, the endodermally derived epithelium and the mesoderm. Each tissue contributes to
lung development by fine-tuning the spatial and temporal pattern of gene expression for a
distinct array of signaling molecules, transcriptional molecules and molecules related to the
extracellular matrix. Morphoregulatory transcriptional factors such as NKX2.1 have the
crucial role of connecting the cell-cell crosstalk to the activation or repression of gene
expression through which processes such as cellular proliferation, migration, differentiation
and apoptosis can be controlled. Although none of the factors participating in lung
development are exclusively lung-specific, their unique combinations and interactions
constitute the basis for emergence of lung structural and functional specificities. An
understanding of the individual molecules and their unique interactions in the context of lung
development is necessary for the construction of a morphogenetic map for this vital organ as
well as for the development of rational and innovative approaches to congenital and induced
lung disease.
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Introduction

Temporal and spatial control of gene expression by tran-
scriptional factors is a hallmark of development. The lung is
no exception to this, and the program of lung development
from its inception is directed by the activity of key transcrip-
tional factors. The present review is a process-based rather
than a gene-based perspective on the role of morpho-
regulatory transcription factors in lung development. Refer-
ence is also made to the morphogenetic signaling
molecules that might be involved in modulating transcrip-

tional factors. Although lung development is a continuum,
for simplicity it can be viewed as occurring in four phases:
the first is the specification of the lung primordium; next
comes the formation of the trachea and septation from the
esophagus; after this is branching morphogenesis and
establishment of the infrastructure for the differentiation of
specialized epithelial cells along the proximo-distal (P-D)
axis; and finally alveologenesis and differentiation of distal
epithelial cell types, alveolar type | and type Il cells, take
place (Fig. 1).

BMP-4 = bone morphogenetic protein-4; ECM = extracellular matrix; FGF = fibroblast growth factor; Gli = glial nuclear protein; HFH = hepatocyte
nuclear factor-3/forkhead homolog; HNF-3 = hepatocyte nuclear factor-3; P-D = proximo-distal; PDGF = platelet-derived growth factor; RAR =

retinoic acid receptor; SHH = Sonic hedgehog.
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In general, morphoregulatory transcriptional factors consti-
tute an operational linkage between signaling and cellular
behavior, as illustrated by the simple paradigm signaling—
transcription factors—>——cellular behavior.

In the lung, signaling is mediated by peptide growth factors
such as fibroblast growth factor (FGF) and bone morpho-
genetic protein-4 (BMP-4), as well as by the morphogens
Sonic hedgehog (SHH) and retinoids. Morphogenetic sig-
naling originating from the cell's environment is translated
into cellular behavior through changes in the activity of tran-
scription factors such as hepatocyte nuclear factor-3
(HNF-8), NKX2.1 and GATA6. Among these, the role of
NKX2.1 as a transcriptional regulator of lung development
is somewhat better understood, permitting a more detailed
discussion. By definition, transcription factors modulate the
activity of downstream target genes, so the potential
targets are presumably those encoding members of the
extracellular matrix (ECM): ECM proteins, cell—cell
receptors and cell-ECM receptors. The sum of the latter
reactions lead to changes in cell behavior (such as prolifer-
ation, migration and differentiation) that are at the heart of
morphogenesis (Fig. 2).

Phase I: specification of the lung primordium
The origin of the lung epithelium is the embryonic gut
endoderm [1], whose emergence occurs at gastrulation

crest. The lung primordium originates from the ventral wall
of the anterior foregut. Although direct information is
scarce, the accumulated data indicate that a ‘hierarchy’ of
transcriptional regulators might participate in temporal and
spatial specification of the lung primordium. The first
detectable transcriptional regulatory genes whose expres-
sion persists in endodermally derived adult structures is
the winged-helix HNF-3 gene family whose members
retain striking similarities to those of the forkhead (fkh)
gene family in Drosophila [2]. The lung primordium is
specified within the boundaries of HNF-3 and HNF-3o
expression. HNF-3a and HNF-3 are detected as early as
the time at which the esophagus and laryngo-tracheal
groove begin to differentiate (day 9.5 in mouse). HNF-3a
and HNF-3B are expressed in fully differentiated adult
bronchial epithelium [2] and participate in the regulation of
lung-specific genes such as Sp-b [which encodes surfac-
tant protein (SP) B] in vitro [3]. Another member, HNF-3y,
is detectable during hindgut differentiation and persists
through liver and stomach morphogenesis.

Thus, the regionally specific expression of HNF-3 gene
family might constitute a molecular axial code specifying
the progenitors of the structures that emerge from the gut
endoderm. Whether activation of the HNF-3 gene family is
necessary or sufficient for specification of the lung
primordium remains to be determined experimentally.
HNF-3B~/- embryos die in early fetal development before
the onset of lung morphogenesis [4]. With the exception
of a single paper [5] implicating a putative SHH-indepen-
dent glial nuclear protein (Gli) pathway, little in the way of
direct experimental evidence is available about the signals
that specify the lung primordium. In compound homo-
zygous Gli2;GIi3 mutants, no evidence of lung structure
can be ascertained [5]. Shh encodes a morphogen, phylo-



genetically related to hedgehog in Drosophila, which is
involved in the patterning of a number of body parts in the
fruitfly. SHH is expressed in the pulmonary epithelium and
is thought to interact with the cellular receptor patched on
mesenchymal cells. Intracellular SHH signaling is medi-
ated through the activation of the Gli family of transcrip-
tional factors, the vertebrate homologs of the Drosophila
cubitus interruptus. Three Gli transcription factors are
expressed in the lung mesenchyme in distinct temporal
and spatial patterns. The effects of G/i2;G/i3 compound
mutation seems to be independent of SHH signaling,
because Shh™/~ mutant embryos are born with lung
parenchyma, albeit abnormal [6]. It is noteworthy that
specification of the lung primordium seems to be indepen-
dent of almost all factors currently deemed to be crucial to
subsequent normal lung morphogenesis (such as Nkx2.1,
Shh and Fgf-10; see below). That is, a lung rudiment,
albeit abnormal, is found in functionally null mutants of all
the aforementioned genes.

Phase II: morphogenesis and cellular
differentiation along the trachea

Concurrently with the formation of the lung bud, the
expression pattern of a homeodomain transcriptional
factor NKX2.1 (otherwise known as TTF-1 or TEBP) co-
incides with the dorso-ventral boundary within the anterior
foregut, clearly distinguishing the pulmonary primordium
from that of the esophagus [7]. Early growth and develop-
ment of the lung primordium results in the formation of the
trachea, the most proximal pulmonary structure. Little or no
information is available about the mechanisms that govern
the outgrowth of the lung primordium into a tracheal tube.
Even in the most severe experimentally induced pheno-
types of lung abnormalities — disruptions of the FGF
pathway — a tracheal tube is nevertheless formed [8,9]. In
Nkx2.17'~ lungs the trachea is markedly foreshortened and
remains fused to the esophagus, resembling a relatively
rare anatomical deformity in humans, known as ‘complete
tracheo-esophageal cleft. Similar tracheo-esophageal
phenotypes have been described for Shh/-
Gli2='-;Gli3*~ and compound retinoic acid receptor
RAR-017;RAR-B27/~ mutants [5,6,10]. Retinoid recep-
tors are members of the nuclear receptor superfamily that
mediate the effects of signaling by retinoids. The relation-
ship, if any, between retinoids, Shh and Nkx2.1 in the
process of tracheo-esophageal septation remains to be
deciphered. Shh is expressed in Nkx2.1-/- lungs; con-
versely, Nkx2.1 can be detected in Shh~'~ lungs, suggest-
ing independent but perhaps functionally parallel roles for
the two loci in tracheal morphogenesis.

In vertebrates the trachea includes a number of pheno-
typically distinct cell types, including ciliated and non-
ciliated columnar epithelial cells and many secretory
cells such as serous and goblet cells. The specific
signaling and transcriptional mediators necessary for the
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differentiation and spatial organization of these cell types
along the trachea remain largely unknown. A member of
the winged-helix family of transcription factors,
HNF-3/forkhead homolog-4 (HFH-4), which is expressed
in the bronchial epithelium, seems to be necessary for the
differentiation of ciliated epithelial cells in the lung [11].
Hfh-4 is not specific to the lung; its expression occurs in
fetal kidney, oviduct and other embryonic organs. Thus,
the entire process of ciliogenesis is absent from Hfh-4-/-
embryos that also exhibit situs abnormalities [11]. Hfh-4
seems to be not only necessary but also sufficient for the
differentiation of columnar ciliated epithelial cells because
ectopic expression of Hfh-4 results in the appearance of a
subset of columnar cells in the distal lung, where cuboidal
typell and squamous typel epithelial cells normally
abound exclusively [12].

Phase lll: branching morphogenesis and
development of the lung parenchyma

Lung development and the differentiation of highly special-
ized cell types along the P-D axis require branching
morphogenesis. Branching morphogenesis is dependent
on epithelial-mesenchymal interactions through the activity
of a complex network of molecules including peptide
growth factors, transcriptional regulators and ECM
proteins and their receptors [13]. In general, the nature of
the interactions between the epithelial and mesenchymal
compartments is based on the exchange of developmental
cues that establish positional information at the level of
individual cells. Depending on their developmental history,
the cells base their behavior, whether it be proliferation,
migration or differentiation, on the interpretation of the
available positional information within a given morpho-
genetic boundary [14°]. In the simplest model, develop-
mental signals necessary for morphogenesis and
cytodifferentiation can be communicated as positional
information through cell-cell interactions that trigger
specific patterns of gene expression by the activation of
transcriptional regulators.

Currently, the crucial components of epithelial-
mesenchymal interactions include a number of signaling
molecules and transcription factors (Fig. 2). In the lung
epithelium, among a number of major signaling molecules
with established roles are BMP-4, SHH and platelet-
derived growth factor (PDGF), although BMP-4 is also
detectable in the mesenchyme late in embryonic lung
development. In the lung mesenchyme, the most crucial
mediator of branching morphogenesis is the FGF
pathway and in particular FGF-10. In addition to the Gli
family, Hox cluster transcription factors are also
expressed in the lung mesenchyme. The transcription
factors HNF-3, HFH-4, GATAB, N-Myc and NKX2.1 are
expressed in the lung epithelium and although the evi-
dence for HNF-3 and GATAG is indirect, they all seem to
be key regulators of epithelial-mesenchymal interactions.
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Transcriptional regulators and signaling in the lung
mesenchyme

Although the role of mesenchyme in lung morphogenesis
has been appreciated for a long time, the genetic dissec-
tion of mesenchyme has proved far more difficult. Classi-
cal and more recent, elegant experiments with tissue
recombination have clearly shown that two functionally
distinct types of mesenchyme direct tracheal (non-
branching) and parenchymal (branching) lung epithelial
morphogenesis [15]. The signaling and the transcrip-
tional factors expressed by the two mesenchyme types
are presumed to be distinct, but few discrete data are
currently at hand. Members of the transcriptional factors
encoded by the Hox superfamily are known to be
expressed in the lung mesenchyme. In particular, target-
ing of the Hoxa-5 gene reveals the crucial role of this
family in directing epithelial morphogenesis. Hoxa-57/~
mice die postnatally of abnormalities associated with
morphogenesis of the trachea and decreased pulmonary
surfactant production (cell differentiation) in the lung,
and abnormal expression of epithelial transcription
factors Nkx2.1, Hnf-3 and Myc [16]. Because transcrip-
tion factors are by definition unlikely to mediate cell—cell
interactions directly, potential downstream target(s) of
Hoxa-5 must include signaling factors (such as FGFs)
and ECM components and their receptors.

Another key mesenchymal mediator of lung development
is the FGF signaling pathway. Disruption of this pathway
leads to profound interruptions in lung morphogenesis.
FGFs are made by the mesenchyme but act through
their cognate receptors found on epithelial cells.
Targeted disruption of Fgf-10 results in a lack of lung
structures distal to mainstem bronchi [8,9]. The role of
FGF in directing epithelial morphogenesis is probably
related to its ability to direct both epithelial cell prolifera-
tion and cell differentiation. Transcriptional factors
activated by FGF-induced cell proliferation, such as c-fos
and c-myc, have been identified and probably have
similar role(s) in the proliferation of lung epithelial and
mesenchymal cells. Morphoregulatory transcription
factors activated in the lung by FGF-10 remain elusive. In
limb morphogenesis, ectopic application of FGF leads to
the activation of SnR, which encodes a vertebrate
homolog of the Drosophila zinc-finger transcription
factor Snail [17]. Other transcription factors, in particu-
lar Tbx-4 and Tbx-5, are also activated in response to
FGF signaling in early limb specification. Members of
the Thx family of transcription factors are expressed in
the lung epithelium [18] but their relationship to FGF
signaling has not been explored. An examination of
whether and how any of the latter transcriptional regula-
tors are involved in epithelial-mesenchymal interactions
during lung development is needed to elucidate the key
role of the FGF signaling pathway in driving lung
morphogenesis.

Transcriptional regulators and signaling in the lung
epithelium; P-D morphogenesis

Throughout lung development, cell-cell interactions
between the epithelial and the mesenchymal compartments
of the lung are vital for normal morphogenesis. Presumably,
transcriptional factors mediate the instructive and inductive
signaling that arises from cell—cell interactions. For example,
during lung branching morphogenesis, the reception and/or
interpretation of mesenchymal signaling by epithelial cells
are dependent on, among others, the normal activity of the
N-myc locus. N-myc is expressed in the lung epithelium,
and mouse embryos with targeted disruption of N-myc
develop abnormal dysfunctional lungs [19]. The N-myc
proto-oncogene encodes a basic helix—loop—helix leucine
zipper transcription factor that is thought to be involved in
both cellular proliferation and differentiation.

Important outcomes of cell-cell interactions are the spatial
organization of the lung along the P-D axis and the differ-
entiation of specialized epithelial cell types. The most pro-
found disruption of lung growth and differentiation along
the P-D axis occurs in Fgf-10~~ mutant embryos (see
above). In mutations that allow the progression of lung
beyond the mainstem bronchi, disruption of Nkx2.1
renders the most severe defects in P-D morphogenesis. In
Nkx2.1-/- embryos, no evidence of distal lung structure
beyond the secondary or tertiary bronchi exists [7]. The
disruption of SHH signaling also perturbs P-D lung mor-
phogenesis. Nevertheless, limited distal lung development
and cellular differentiation are observed because cells
expressing surfactant proteins can indeed be detected in
Shh~'= lungs [6]. Thus, lung development can be viewed
as a two-step process. Proximal lung morphogenesis is
independent of Nkx2.1, Fgf-10 and Shh, whereas distal
lung morphogenesis is strictly dependent on Nkx2.1 and
Fgf-10 (and somewhat dependent on Shh).

NKX2.1 is a homeodomain transcriptional regulator that is
expressed in the lung, the thyroid and the ventral forebrain.
In co-transfection experiments, Nkx2.1 activates the pro-
moters of lung-specific surfactant protein genes such as
Sp-b [3]. NKX2.1 was the first homeodomain transcrip-
tional regulator whose suppression by antisense oligonu-
cleotides [20] or disruption by homologous recombination
in vivo [21] resulted in severely abnormal lungs, leading to
postnatal death due to respiratory failure. Several lines of
evidence suggest that an absence of Nkx2.71 activity leads
to the inhibition of distal lung morphogenesis [22].
Morphologically, Nkx2.1-= lung epithelium is composed
solely of stratified and pseudostratified columnar epithelial
cells, which are characteristically found in proximal com-
partments of wild type lungs. The absence of distal lung
epithelial-specific differentiation markers (for example Sp-c
and Sp-a), combined with evidence of ciliary differentiation
and the synthesis of acid mucopolysaccharides, which are
found in differentiated tracheal and bronchial epithelia,



further suggest that Nkx2.7-/~ lungs are arrested in a prox-
imal state. Importantly, the expression pattern of regionally
specific, differentially spliced forms of vascular endothelial
growth factor (Vegf) transcripts is uniquely proximal in
Nkx2.1-/= lungs, providing further evidence that lung distal
morphogenesis is inhibited in the absence of Nkx2.7 [22].

Given the profound abnormalities in Nkx2.77/~ lungs, it is
important to know the downstream targets and upstream
modulators of this critical transcriptional regulator. The
expression of Bmp4, a-integrins and collagen type IV are
reduced or absent in Nkx2.77- lungs, suggesting that
they might be downstream of Nkx2.7 [22]. Bmp4 is a
major participant in lung distal morphogenesis whose
expression is confined to the growing tip of the branching
epithelium. The targeted disruption of Bmp4 resulted in
embryonic lethality before embryonic day 10 and was
therefore uninformative for lung morphogenesis [23]. The
operational connection between distal lung morphogene-
sis and Bmp4 was also elegantly demonstrated by the
ectopic expression of X-noggin, an inhibitor of BMP4, and
a dominant-negative BMP4 receptor, Alk-6, both of which
resulted in a proximalization of the lung akin to the func-
tional deletion of Nkx2.1 [24,25].

The precise role of Bmp4 in P-D lung morphogenesis and
its relationship with Nkx2.1 requires further study. Down-
stream of BMP-type | receptor, the transcription factors
Smad1, Smad5 and Smad8 are activated by phosphoryla-
tion, which enables them to form hetero-oligomeric com-
plexes with Smad4 and translocate to the nucleus to
mediate the transcription of Bmp4 inducible genes.
Homozygous functional deletion of Smad4 results in early
embryonic lethality before embryonic day 7.5 [26].
Smad5~'~ embryos die between embryonic days 9.5 and
11.5, but lung abnormalities were not reported for these
embryos [27]. Smad3 knockout animals are viable [28]. A
family of homeodomain transcription factors encoded by
DIx genes, which represent the vertebrate homologs of
Distalless in Drosophila are involved in P-D axis formation
and might be activated by Bmp4 signaling [29]. At least
six members of the Dix family are expressed in neural
tissue, bone and cartilage [30]. Interestingly, the pattern of
Nkx2.1 and those of Dix-1 and DIx-2 overlap in the brain
[31]. DiIx-2 is expressed in the murine lung, but its precise
function remains unknown at present (C Li and P Minoo,
unpublished data).

Modulators of Nkx2.1 have proved more difficult to iden-
tify. It is not at all clear how Nkx2.1 becomes activated in
the ventral endoderm of the anterior foregut, the site of
emergence of the lung diverticulum. However, this initial
activation does not seem to be dependent on Shh [6] or
Fgf-10 signaling (P Minoo, unpublished data). In the dien-
cephalon, another site of Nkx2.1 expression, Nkx2.1 is
activated at the three-somite stage by mechanisms that
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require cell-cell interactions [32]. Several studies have
been directed at deciphering the regulation of Nkx2.7 in
cell culture experiments. These studies have been con-
founded by the complexity of the Nkx2.1 gene structure
and the presence of multiple putative promoter regions. In
cell culture, HNF-3 can bind to and increase the activity of
the Nkx2.1 promoter [33]. However, whether HNF-3 is
necessary for the activation of Nkx2.7 in vivo in the lung
primordium remains to be elucidated.

Also of interest is the possible role of members of the zinc-
finger transcription factor GATA, whose consensus
binding sites are present on Nkx2.1. GATAS and GATA6
are expressed in the lung, but the expression of GATA6
coincides with Nkx2.71 and persists in adult alveolar type Il
cells [34]. Disruption of the GATAB locus in mice leads to
early embryonic lethality before the emergence of the lung
primordium [35]. In addition, in GATA6~/~;wild-type
chimeras no contributions have been observed of
‘green—blue’ cells of GATA6~~—lacZ genotype to pul-
monary epithelium, indicating that GATA6 has a crucial
role in pulmonary epithelial cell lineages [35]. Because in
cultured cells GATAG participates in Nkx2.1 transcription
[34], it might also be part of the mechanism in vivo that ini-
tiates the transcription of Nkx2.7 in the ventral endoderm.
Because the 5’ regulatory regions of Nkx2.1 contain func-
tional NKX2.1 binding sites, it is also possible that, once
activated, autoregulation might be a mechanism by which
Nkx2.1 expression is maintained in various cell types.

Phase IV: alveologenesis and differentiation
of alveolar type | and type Il cells

From a physiological standpoint, alveologenesis, the
process that subdivides the lung saccular compartments
into distinct alveoli, is a key step in the maturation of the
pulmonary system and the establishment of effective gas
exchange. FGF and PDGF signaling pathways have been
implicated in alveologenesis [36,37], but transcription
factors downstream of these pathways remain unknown
(see also above). Thus, limited discrete information is
available about the signaling mechanisms and the tran-
scriptional factors that participate in alveologenesis. It is
reasonable to speculate on a role for many of the factors
involved in early lung morphogenesis whose expression
persist in the mature lung. These include Hnf-3, GATA6
and Nkx2.1. Direct demonstration for their involvement
awaits the generation of conditional mutants.

Retinoids and glucocorticoids affect alveologenesis, but
their explicit role(s) remain controversial. Retinoids are
known to alter the expression pattern of the transcriptional
factors belonging to the Hox gene cluster in the mes-
enchyme of the developing lung [38]. Such changes have
the potential to alter the inductive or instructive role of the
mesenchyme, thereby affecting epithelial morphogenesis.
However, with the exception of Hoxa-5, neither ectopic
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expression nor loss-of-function mutations for a number of
Hox genes results in grossly abnormal lung phenotypes,
perhaps owing to functional redundancy. The role of
glucocorticoids is also not well understood. The gluco-
corticoid receptor is a transcription factor belonging to the
same superfamily as retinoid receptors. Functional dele-
tion of the glucocorticoid receptor results in postnatal
death due to respiratory insufficiency [39]. Detailed
studies have demonstrated the presence of functional glu-
cocorticoid binding sites on pulmonary surfactant protein
genes [40]. However, embryos with mutations in the DNA
binding domain of the glucocorticoid receptor that abro-
gate its dimerization and hence its gene activation capabil-
ity have normal lungs, suggesting that the effect of
glucocorticoids on lung development might not be depen-
dent on the DNA binding and transactivation of down-
stream target genes [41].

The cell lineage history of alveolar type | and type Il cells is
unknown. Among a number of biochemical and morpho-
logical criteria, alveolar type Il cells are defined by the syn-
thesis of surfactant protein genes whose transcription is
dependent on (or at least affected by) Nkx2.1. The pattern
of expression of Nkx2.1 during lung development sug-
gests that Nkx2.71 is selectively repressed in a P-D direc-
tion. Thus, although Nkx2.1 is expressed in nearly all
epithelial cells in early lung development, tracheal and
bronchial epithelial cells gradually lose Nkx2.71 expression
as distal lung morphogenesis ensues [22]. In parallel,
Nkx2.1 expression is selectively maintained in a subset of
cells that seem to constitute the progenitor of alveolar
type Il cells. The developmental mechanism(s) involved in
the latter processes are unknown, but probably involve
cell-cell interactions. Recent results suggest that Nkx2.1
is auto-regulated (P Minoo, unpublished data). A positive
feedback loop as represented by autoregulation might
explain the mechanism by which Nkx2.7 activity is main-
tained in specific epithelial cell types during lung morpho-
genesis and in adult lung alveolar type Il cells. Conversely,
abrogation of this loop might explain the mechanism by
which the selective repression of Nkx2.1 is accomplished
in a P-D direction. The transcriptional regulation of alveolar
type | cell differentiation remains entirely unknown.

Conclusions

The functional linkage between morphogenetic signaling
and cellular behavior is provided by the activity of transcrip-
tion factors. In the lung, the two compartments of meso-
derm and endodermally derived epithelium, each with
distinct sets of signaling molecules and transcription
factors, interact to implement the highly complex pattern of
structural growth of the lungs and the differentiation of
specialized epithelial cell types. In deciphering the details of
lung development, valuable insights have been gained from
studies of the transgenic manipulation of specific genes.
These studies have also provided intriguing clues to

potential overlap and interactions between various morpho-
regulatory molecules that participate in lung development
(for examples see Shh, RAR, Gli and Nkx2.1 in tracheal
development). A number of key components in lung devel-
opment are also crucial to early embryogenesis and their
disruption has led to embryonic lethality preceding lung
development. The application of conditional mutagenesis
will undoubtedly overcome this obstacle in the near future.
Perhaps the most intriguing outcome of the past few years
is the recognition that neither the signaling nor the tran-
scriptional factors are uniquely lung-specific, indicating
that lung specificity must arise from the unique combinato-
rial interactions of non-specific components. Among
these, the role of the transcriptional regulator NKX2.1 is
central to lung development. Although expressed in the
thyroid and brain, the unique response of NKX2.1 to sig-
naling molecules and its unique interactions with other
transcription factors on morphoregulatory as well as lung-
specific genes must in part underlie the specificity of
normal lung morphogenesis.
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