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Recent advances in cellular, molecular, and developmental biology
have revolutionized our concepts regarding the process of organo-
genesis that have important implications for our understanding of
both lung formation and pulmonary disease pathogenesis. Pulmo-
nary investigators have long debated whether developmental pro-
cesses are recapitulated during normal repair of the lung or in the
setting of chronic pulmonary diseases. Although the cellular events
involved in lung morphogenesis and those causing pulmonary
disease are likely to include processes that are distinct, there is
increasing evidence that the pathogenesis of many lung disorders
involves the same genetic machinery that regulates cell growth,
specification, and differentiation during normal lung development.
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The mammalian lung represents the evolution of a singular struc-
tural solution to the problem of providing constant gas exchange
after birth. Perhaps it is not surprising that the lung is a remark-
ably complex organ requiring multiple cell types for its function
(1-5). The precise numbers, positions, and functions of respira-
tory epithelial cells vary along the dorsal-ventral and rostral-
caudal axes of the lung and during development. There has
been considerable progress in the elucidation of transcriptional
and signaling processes involved in lung morphogenesis, prog-
ress being synergized by findings from studies in model organ-
isms. Findings from worms, flies, fish, amphibians, and mammals
demonstrate that the signaling systems and transcription factors
regulating cell proliferation, migration, specification, and differ-
entiation are highly conserved across diverse phyla, many of which
are directly involved in pulmonary organogenesis and disease.

GENETIC NETWORKS REGULATING FORMATION
OF THE RESPIRATORY EPITHELIUM

Respiratory epithelial cells are derived from subsets of precur-
sors originating in the anterior foregut endoderm of the early em-
bryo. Formation of definitive endoderm represents a critical step
in embryogenesis during which the anterior/posterior (A/P) axis
of the embryo is formed, setting the stage for the specification of
the many endodermally derived organs that originate along the
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gut tube. During gastrulation, Sox17 and Foxa2 are critical tran-
scription factors that direct specification of the definitive endo-
derm (Figure 1) (6). Thereafter, organ-specific cell fates are
directed by spatially restricted signaling via multiple signaling
pathways, (e.g., sonic hedgehog, wingless [Wnt] family mem-
bers, growth factors [fibroblast growth factor (FGF), bone mor-
phogenetic protein, transforming growth factors, epidermal growth
factors], Notch, and others) that regulate activation of transcrip-
tion factors that, in turn, direct tissue specific gene expression.
Formation of the A/P axis of the endoderm is strongly influ-
enced by Wnt and bone morphogenetic protein signaling. Spec-
ification of the posterior endoderm, from which the midgut
and hindgut is formed, requires high levels of Wnt signaling,
whereas the inhibition of Wnt signaling induces anterior foregut
endoderm. Once the A/P axis is established, lung buds arise from
the ventral region of the anterior foregut in a process dependent
on the precise temporal-spatial regulation of FGF signaling from
the cardiac mesenchyme (7, 8) that selectively induces commit-
ment to respiratory lineages that are distinct from those of other
organs that form along the foregut (e.g., thyroid, esophagus, para-
thyroid, thymic epithelium, pancreas, liver, and others) (Figure
1). Cells destined to form the conducting airways and peripheral
alveolar regions of the lung are already committed to respiratory
cell fates well before the formation of the tracheal/lung buds (9).
Respiratory cell lineages are first recognized by the expression of
the transcription factor Nkx homeobox (NKX) 2.1 (also known
as thyroid transcription factor-1 or TTF-1) (10). TTF-1 regulates
gene expression in the nucleus and, via its interactions with other
factors, sets the stage for generating the diverse epithelial cell
types characteristic of the normal airways. Subsequent differen-
tiation of the respiratory epithelium is dependent on cooperation
among many transcription factors, including B-catenin and NKX,
forkhead orthologue box (FOX), Sry-related HMG box (SOX),
and ETS (E26 Transformation Specific) family members that
determine conducting as compared with alveolar regions of the
lung (11, 12). These transcription factors are reused to regulate
gene expression at various times of development and during re-
pair, where they regulate the expression of epithelial cell-specific
genes on which organ function depends. The activation of the
transcription factors is determined by binding to regulatory
regions of gene targets, which depends on the DNA sequences
bound and chromatin structure that makes DNA accessible or
inaccessible to transcriptional complexes. DNA and histone meth-
ylation, acetylation, and deacetylation strongly regulate transcrip-
tional activity and provide transcriptional marks or “memory” in
the reading of the genetic code. Small regulatory RNAs, including
microRNAs, provide another layer of control over gene expression
regulating mRNA stability controlling groups of genes. The recog-
nition of the importance of this “epigenetic” control of gene ex-
pression in development and disease is expanding at a rapid pace.
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CRITICAL ROLE OF TTF-1 IN LUNG FORMATION AND
RESPIRATORY EPITHELIAL CELL DIFFERENTIATION

TTF-1 is a member of the family of NKX homeodomain, con-
taining proteins that serve as transcription factors and that play
important roles in organogenesis and cell differentiation in mul-
tiple organs and tissues. TTF-1 (or NKX2.1) is selectively
expressed in thyroid, the forebrain, and in the lung, where it
is the first gene indicating differentiation of the anterior foregut
into respiratory epithelial cell progenitors. TTF-1 is expressed
throughout the human lung morphogenesis. In conducting air-
ways, TTF-1 is most highly expressed in basal and secretory
cells, except goblet cells, and in type II epithelial cells in the
alveoli. TTF-1 is required for the formation of the lung paren-
chyma and for the subsequent differentiation of respiratory ep-
ithelial cells, where it plays a critical role in the regulation of
gene expression during development and perinatal adaptation
to air breathing. In type II alveolar and nonciliated bronchiolar
cells, TTF-1 regulates genes mediating pulmonary surfactant
and/or innate defense of proteins and fluid homeostasis (13, 14).
Germline deletion of TTF-1 blocks the formation of the lung
parenchyma, causing tracheal-esophageal fistula and the forma-
tion of cyst-like lung tubes lined by undifferentiated epithelial
cells (15). TTF-1 interacts with multiple transcription factors and
coactivators that activate genes associated with respiratory epithe-
lial differentiation (9). As such, perhaps TTF-1 acts as a “pioneer”
lung selective transcription factor and sets the stage for the spec-
ification and differentiation of respiratory epithelial cell lineages,
the diversity of which is modified by the timing, levels, and dura-
tion of transcriptional activity. Gene expression is further modified
by interactions of TTF-1 with other transcription factors to influ-
ence epithelial cell differentiation. Clinically, mutations in the hu-
man 7TF-1 gene cause pulmonary, thyroid, and central nervous
system disorders (16-18). Pulmonary phenotypes generally are
associated with single copy mutations of TTF-1 that cause lung
disease of variable severity, ranging from alveolar dysgenesis at
birth to postnatal interstitial lung disease.

ROLE OF SOX2 AND NOTCH SIGNALING
IN CONDUCTING AIRWAY EPITHELIAL
CELL DIFFERENTIATION

Diverse epithelial cell types (e.g., basal, ciliated, mucus, serous,
brush, neuroendocrine, alveolar type I and alveolar type II cells,
and others) arise from the lung epithelial committed endodermal
progenitors (11, 12, 19). The numbers, patterns, distribution,
and behaviors of the multiple cell types lining the respiratory
tract are highly stereotypic, varying in precise ways along the
airways. The trachea separates from the esophagus early in the
embryonic period, esophageal cells adapting a squamous cell
phenotype compared with the predominantly columnar epithe-
lial lining airways. The proximal to peripheral (rostral-caudal
axis) of the lung is well marked by the differential expression of
the transcription factor SOX2 that is selectively expressed in all
conducting airways but not in alveolar epithelial cells (Figure 2)
(20). SOX2 is required for the normal patterning of conducting
airways during early lung morphogenesis, and is used later in
development as epithelial progenitors differentiate into diverse
cell types (20, 21). The decisions to generate a diversity of epi-
thelial cells from airway progenitors are made in part by cell-
cell interactions mediated by Notch signaling (22-24) and the
expression of other transcription factors. The sequential activ-
ities and interactions among these transcription factors alter
chromatin and gene expression to influence subsequent gene
expression and epithelial cell differentiation. In the airways,
nonciliated progenitors require SOX2, which regulates proliferation

and the differentiation of ciliated, Clara (secretory cells), basal,
and goblet cells (20, 21). The transcription factors p63, SOX2, and
TTF-1 are selectively expressed in basal cells that serve as im-
portant progenitors in large conducting airways (25), where
they regulate formation of the normal pseudostratified respira-
tory epithelium characteristic of cartilaginous airways. Deletion
of SOX2 in basal or Clara cells during perinatal and postnatal
development produces airways devoid of normal differentiated
epithelial cell types. Increased expression of SOX2 induced pro-
liferation and respecification of peripheral/alveolar respiratory
epithelial cells into those with proximal airway characteristics,
indicating the remarkable “plasticity” of respiratory epithelial
cell types (26, 27). In the airways, excess Notch signaling indu-
ces goblet cell metaplasia, whereas the loss of Notch activity
induces ciliated cell differentiation from airway progenitors,
supporting the concept that the timing, extent, and specificity
of Notch activity plays a critical role in establishing the pattern
of the specific cell types lining conducting airways (22-24). Dif-
ferentiation of the ciliated cells is marked by the expression
of the transcription factor FOXJ1, a forkhead transcription fac-
tor family member, which is required for the assembly of the
ciliary apparatus in airway epithelial cells (28, 29). Disruption of
FOXIJ1 causes situs inversus and ciliary abnormalities in the
mouse, features similar to that of Kartagener syndrome and
other ciliopathies that are often associated with chronic pulmo-
nary infection and bronchiectasis (30, 31). Differentiation of
airway goblet cells from basal and nonciliated columnar epithe-
lial cells requires the expression of Sam pointed domain Ets-like
factor (SPDEF), which is both necessary and sufficient for their
differentiation (32, 33). SPDEF regulates the expression of a
network of genes associated with mucin biosynthesis and pack-
aging. In the mouse, deletion of SPDEF blocks normal goblet
cell differentiation that occurs in the airways in the postnatal
period and in submucosal glands (32, 33).

Interactions, both direct and indirect, among the various tran-
scription factors: SOX2, NKX2.1, p63, FOXJ1, SPDEF, and
FOX family members (including FOXJ1, FOXA1l, FOXA2,
and FOXA3), provide the basic molecular “highway” critical
for formation and differentiation of conducting airway epithe-
lial cells in health and disease (Figure 2). Location and abun-
dance of distinct epithelial cell types is further influenced by
diverse signaling pathways, including growth factors and cyto-
kines, that further modify cell fate decisions and the functions of
airway epithelial cells.

DEVELOPMENTAL PROGRAMS REGULATING LUNG
MORPHOGENESIS INSTRUCT THE DIFFERENTIATION
OF EMBRYONIC STEM CELLS AND THE REPROGRAMMING
OF INDUCED PLEURIPOTENT CELLS IN VITRO

Identification of the molecular pathways regulating normal lung
morphogenesis are providing the scientific insights needed to
program embryonic stem (ES) and induced pluripotent stem
(iPS) cells to lung lineages. ES cells, and more recently, the abil-
ity to reprogram fibroblasts and other cell types into iPS cells
with potential for differentiation into cells with characteristics
of multiple and diverse organs (34), offer tremendous opportu-
nities to advance our understanding of the molecular and cel-
lular processes involved in lung organogenesis (Figure 1).
Fibroblasts and other somatic cells can be reprogrammed by
expression of the “Yamanaka” factors, Sox2, KlIf4, Nonog, and
Oct4. Study of ES and iPS cells also provides the scientific frame-
work for cell-based therapies, organ regeneration, and the study
of disease-causing genes in tissue directly relevant to the patho-
genesis of inherited and acquired lung diseases. Lessons from the
study of organogenesis in model organisms are providing the



Pulmonary Perspective

Pdx-1

=Dors. Pancreas CAUDAL

~Vent. Panc
Billiary
Small

403

Figure 1. A schematic of the
regions of the mouse embryo
from which distinct organs
form along the rostral-caudal
axis of the gut tube is shown.
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cell differentiation. TTF-1 and FOXA2 are expressed in con-
ducting and alveolar epithelial cells, where they are re-
quired for normal cell differentiation. FOXA2 is needed
to suppress spontaneous Th2-mediated pulmonary inflam-
mation after birth. Loss of FOXA2 induces SPDEF, a tran-
scription factor regulating goblet cell differentiation and
mucus production. SPDEF is expressed during aeroallergen
and Th2-mediated lung inflammation and is induced in
goblet cells associated with chronic obstructive pulmonary
disease (COPD) and cystic fibrosis (CF). SPDEF is expressed
in a mutually exclusive manner with TTF-1 and FOXA2.
SOX2 is selectively expressed in squamous cell carcinomas,
whereas TTF-1 marks the majority of non-small cell pul-

monary adenocarcinomas. This transcriptional network

both responds to and influences Th1- and Th2-mediated inflammation in the lung. Thus, the respiratory epithelium plays a critical role in instruction
of innate immunity involved in the pathogenesis of common lung disease associated with metaplasia of the respiratory epithelium.
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critical insights needed to induce differentiation of ES and
iPS cells in vitro into definitive endoderm. Specification and dif-
ferentiation of stem cells can be controlled in vitro by provision
of developmental signals (for example, the activation and inhibi-
tion of critical signaling pathways known to regulate normal mor-
phogenesis) at precise times and concentrations. Mapping the
signaling and transcriptional events involved in normal embry-
onic development has enabled the differentiation of ES and iPS
cells into multiple tissue types in vitro. Breakthroughs in ES and
iPS cell biology have provided strong support for the concept
that cell identity, even of highly differentiated cells, is not rigidly
constrained and can be readily redirected to produce a diversity
of cell types.

Endodermal differentiation of ES cells can be induced in vitro
by the precise regulation of Wnt, FGF, and activin signaling in
vitro, which serves to recapitulate the normal developmental
signals required for formation of the endoderm. Formation of
“definitive endoderm” is marked by the expression of the tran-
scription factors SOX17 and FOXA2. Recent studies demon-
strated that this definitive endoderm can be programmed
anterior (foregut) or posterior (hindgut) endoderm from which
epithelial cells of diverse organ-specific phenotypes can be gen-
erated from ES or iPS cells in vitro (35). Highly differentiated
intestinal organoids lined by diverse intestinal epithelial cell
types have been produced from human ES cells in vitro (36).
Although previous in vitro studies supported the ability of
ES cells to differentiate into cells with lung cell characteristics,
the efficient induction of foregut endoderm, including differen-
tiation of respiratory epithelial cells expressing TTF-1, FOXJ1,
mucins, and the surfactant proteins, was recently described (37).
Thus, lessons from the study of developmental biology have
provided insights and molecular framework that was needed
to direct the differentiation of ES/iPS cells into organ-specific
cell types that can now be used for the study of gene function
and regulation of respiratory epithelial cell differentiation in
health and disease. iPS cells derived from patients with pulmo-
nary diseases, for example those bearing mutations or causing
lung disorders, will facilitate the study of disease-associated pro-
teins in the context of the cell types causing or contributing to
disease pathogenesis. Programming of iPS and ES cells to respi-
ratory epithelial phenotypes will provide in vitro models for test-
ing, perhaps with high-throughput screening, that will uncover
novel processes and compounds useful for future lung cell-specific
therapies.

ARE TRANSCRIPTIONAL NETWORKS REUSED DURING
LUNG REPAIR AND DISEASE?

After birth, the respiratory tract is constantly exposed to particles,
pathogens, and toxicants that cause cell injury, activate inflamma-
tory processes that influence cell proliferation and redifferentia-
tion required for lung repair and homeostasis (Figure 2). Chronic
injury and inflammation cause tissue remodeling that underlies the
pathogenesis of chronic lung disease in genetically susceptible indi-
viduals. The cellularity of the respiratory epithelium is profoundly
altered in common chronic lung diseases in which airway cell num-
bers, morphology, and functions are perturbed. Because innate
host defense of the lung depends on mucociliary clearance, the
precise regulation of airway fluid homeostasis and the production
of innate and acquired defense molecules, abnormalities, and their
epithelial cell functions are likely to play critical roles in the path-
ogenesis of many common lung diseases. Abnormalities in airway
epithelial differentiation are pathognomonic features of chronic
lung disease (e.g., mucus and squamous metaplasia and hyperplasia)
(Figure 2). It is presently unclear whether changes in respiratory
epithelial cell differentiation associated with recurrent infection,

inflammation, and tissue remodeling represent causal or adaptive
responses in chronic lung diseases.

RELEVANCE OF THE REGULATION OF
RESPIRATORY EPITHELIAL TRANSCRIPTION
TO DISEASE PATHOGENESIS

In spite of years of investigation and progress in the identification
of genes associated with acute and chronic lung diseases (e.g.,
surfactant disorders, idiopathic pulmonary fibrosis, asthma, cys-
tic fibrosis [CF], chronic obstructive pulmonary disease [COPD],
and lung cancer), the genetic cellular processes underlying their
pathogenesis remain enigmatic; likewise, effective treatments
for these common pulmonary diseases remain elusive. Changes
in cell differentiation (e.g., squamous and mucus metaplasia),
type II cell hyperplasia, and the heterogeneous cell types seen
in lung cancer indicate widespread disruption of the process
regulating normal epithelial differentiation associated with lung
disease.

DISTINCT ROLES FOR SOX2 AND TTF-1 IN
LUNG DISEASE

The important roles of each of these transcription factors in the
development of conducting and peripheral airways in develop-
ment are replayed in chronic lung diseases. For example, Sox2
is highly expressed in the cells undergoing squamous metaplasia
and “bronchiolarized” lesions in idiopathic pulmonary fibrosis
and squamous cell carcinoma, but not non-small cell pulmonary
adenocarcinomas. The Sox2 gene is commonly amplified in
squamous cell lung cancers (38). The finding that Sox2 is acti-
vated after airway injury induces differentiation and redifferen-
tiation of respiratory epithelial cells indicates its likely important
role in the regulation of airway epithelial cell repair and carci-
nogenesis. In sharp contrast to Sox2, TTF-1 is commonly expres-
sed in nonsquamous pulmonary adenocarcinomas (~ 70%).
TTF-1 is amplified in approximately 14% of non-small cell
adenocarcinomas; whether it plays a role as a tumor initiator or
suppressor or both, depending on context, remains unclear at
present (39-44). Both Sox2 and TTF-1 can induce proliferation
in lung cells. Likewise, TTF-1, but not Sox2, is lost in association
with the atypical mucus metaplasia seen in some patients with
idiopathic pulmonary fibrosis, wherein Muc5B, but not Muc5SAC,
is prominently expressed (45) (Figure 2).

SOX2, TTF-1, FOXA2, AND SPDEF INTERACT IN A
TRANSCRIPTIONAL NETWORK REGULATING MUCUS
METAPLASIA AND INFLAMMATION

The transcription factors FOXA2, TTF-1, and SPDEF, which
direct respiratory epithelial cell fate during lung development,
are also expressed in a regional and cell-selective manner in
the mature lung where they function together in a complex tran-
scriptional network that regulates airway epithelial cell differen-
tiation and function (Figure 2). SPDEF is selectively expressed
in both submucosal glands and in airway goblet cells, where it
regulates the expression of a group of genes involved in the
synthesis, glycosylation, and packaging of mucus (Figure 2).
SPDEF mRNA and protein are markedly increased in goblet
cells associated with asthma, COPD, and CF (33, 45). SPDEF is
regulated by Th2-mediated inflammatory signaling during aller-
gic airway sensitization in the mouse and by IL-13, where it
regulates gene expression in a STAT6-dependent manner (Fig-
ure 2) (33). SPDEF regulates MucSAC, Mucl6, and a number
of enzymes regulating packaging, synthesis of mucin, and its
glycosylation (34). SPDEF induces goblet cell metaplasia
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inhibiting both TTF-1 and FOXA2 in airway epithelial cells.
Consistent with the counter-regulatory roles of SPDEF and
TTF-1/FOXAZ2, expression of Foxa2 alone inhibits aeroallergen-
induced mucus metaplasia in mouse models (33, 46). Previous
findings, that the loss of Foxa2 in airway epithelial cells in the
developing mouse lung is sufficient to induce severe Th2-mediated
inflammation and goblet cell metaplasia, indicate that the tran-
scription network active in the regulation of airway epithelial cell
differentiation and mucus metaplasia also plays an unexpected and
critical role in the regulation of innate immunity and Th2-mediated
inflammation (47). This intersection between regulation of
epithelial-specific gene expression by the SPDEF/TTF-1/
FOXAZ2 network and innate immunity is likely to play an
important role in establishing inflammatory responses that
will influence the pathogenesis of lung diseases, including
asthma, CF, and COPD (Figure 2).

CONCLUSIONS

Transcription factors regulating lung formation during develop-
ment provide the basic molecular framework that determines
cell differentiation and gene expression critical for pulmonary
homeostasis after birth. Susceptibility to disease is, in part, di-
rectly inherited via our genome, which is further influenced by
chromatin structure that makes accessible the transcription fac-
tors that control cell differentiation and gene expression. Eluci-
dation of the molecular processes that mediate the formation of
the lung during development will surely provide scientific in-
sights needed to understand the pathogenesis of common chronic
lung diseases and provide the basis for discovery of new treat-
ments of presently intractable disorders in the future.
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