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Chronic obstructive pulmonary disease (COPD) results in major
remodeling of the distal airspaces and changes in the differentiation
profile of the airway epithelium. The cellular and molecular mech-
anisms involved in initiation and progression of this disease are little
understood. Although environmental factors, including cigarette
smoke, have been directly implicated in the pathogenesis of COPD,
genetic risk factors also appear to play a fundamental role in the
individual’s susceptibility to this disease. Lung development de-
pends on precise coordination of signals, such as fibroblast growth
factors (Fgf), Sonic Hedgehog (Shh), retinoic acid, Notch, and Tgf 8.
Dramatic changes in the pattern of branching and differentiation of
the lung epithelium results from disruption of these signals in
genetically altered mice. Recent studies, including whole-genome
expression and genome-wide association analyses, suggest that
some molecular regulators originally described in developmental
processes may be altered in patients with COPD. Whether distur-
bances in the molecular and cellular events mediated by these genes
during development participate in the initiation or exacerbation of
COPD, needs further investigation. The role of selected pathways,
including Sonic hedgehog, Notch, retinoid, and Tgf B in the de-
veloping lung and the potential association with COPD are dis-
cussed.
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Chronic obstructive pulmonary disease (COPD) is a complex
a multifactorial disease that encompasses chronic bronchitis and
pulmonary emphysema. The molecular and cellular events that
result in COPD are poorly understood and include aberrant
differentiation, inflammation, structural damage in the distal
lung with enlargement of alveolar spaces, and tissue remodel-
ing. Although there is clearly a role for environmental factors in
the pathogenesis of COPD, there is also accumulated evidence
of a major genetic component influencing disease susceptibility
and severity. For example, COPD is associated with cigarette
smoke, but the disease is manifested in a relatively small
fraction of the overall population of smokers (1-3).
Accumulated evidence from microarray profiling, genome-
wide association studies in human subjects and animal models
suggests that genes originally associated with developmental
processes could be implicated in COPD (Figure 1). Candidate
pathways include the Sonic hedgehog, Notch, retinoid, and Tgf
B. These studies raise questions as to whether the molecular or
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cellular events mediated by these developmental regulators are
recapitulated in an aberrant fashion during injury-repair. Could
subtle structural defects that arise from inappropriate expansion
or differentiation of progenitor cells predispose to COPD or
influence the severity of this disease? Here we discuss selected
aspects of the regulation of lung development and how some
of these developmental pathways could potentially influence
COPD, based on information from animal models and humans.

OVERVIEW OF LUNG DEVELOPMENT

The respiratory system arises from the primitive foregut when
respiratory progenitors are specified and expanded to form the
lung and the tracheal primordia. Subsequently, lung epithelial
tubules grow and branch to give rise to the bronchial tree. This
process is accompanied by development of the vascular struc-
tures, which arise by angiogenesis and vasculogenesis. Later in
gestation, activation of specific developmental programs in air-
ways leads epithelial progenitor cells to differentiate into a variety
of phenotypes, including secretory, ciliated, neuroendocrine, and
basal cells. Distal epithelial tubules differentiate into type I and
type II cells and undergo sacculation to form the primitive gas-
exchange region of the lung. Finally, the primitive saccules are
subdivided into smaller units by a process of septation called
“alveolization” (4-6). Alveolization initiates at late gestation in
humans and postnatally in mice when secondary crests develop
and extend to form the definitive alveoli. This increases greatly the
surface area for gas exchange. Alveolization defects result in large
alveoli, reminiscent of the abnormality found in emphysema, but
usually with less overt destructive processes. The relationship
between mild abnormal lung development and subsequent pul-
monary diseases at adulthood is poorly understood and has been
little explored.

THE HEDGEHOG PATHWAY, A POTENTIAL CANDIDATE
TARGET IN COPD

Two independent genome-wide association studies in subjects
from the Framingham Heart Study and from a homogenous case-
control cohort from Norway have identified single nucleotide
polymorphisms (SNPs) in chromosome 4 in individuals with
airflow obstruction, based on pulmonary function parameters.
These SNPs were mapped to an intergenic region near the
Hedgehog interacting protein (Hhip) locus (7, 8). Although
SNP is not synonymous with loss of function, its finding is
suggestive of pathway implication that warrants further expres-
sion and functional studies. Hhip is a critical regulator of the
Hedgehog (Hh) pathway, which has been implicated in develop-
ment, repair, and cancer in multiple tissues (9). Components of
this pathway include the ligands Sonic (Shh), Indian (Ihh), and
Desert (Dhh) Hedgehog, which signal through Patched (Ptc) and
Smoothened (Smo) receptors and Gli transcription factors (10).
Hhip sequesters Hh ligands and inhibits signaling by preventing
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Figure 1. Diagram summarizing the influence of genetic and environ-
mental factors in chronic obstructive pulmonary disease (COPD).

Hh ligands from binding to Ptc. Thus, Hhip deficiency leads to
hyperactive Hh signaling in target tissues. How does Hhip and Hh
signaling influence lung development? Loss of Hhip function in
Hhip null mice leads to lethality at birth due to respiratory
distress. Branching morphogenesis is greatly impaired, and the
lungs are hypoplastic (9). The defect ultimately results from
hyperactive Shh inhibiting the expression of Fgfl0, a fibroblast
growth factor expressed in the mesenchyme, which is critical for
epithelial morphogenesis.

There is evidence that tight regulation of Fgfl0 expression
is necessary for proper expansion and patterning of progen-
itor cells in a number of developing organs (11-13). Lungs do
not form in Fgfl0 null mice (14). Decreased Fgfl0 levels in
hypomorphic mice generated by an allelic series approach result
in inhibition of branching and markedly hypoplastic lungs (13). In
turn, excessive Fgf10 also results in disruption of branching and
severe hypoplasia, in this case due to uncontrolled epithelial
growth. A number of studies show that Shh at the bud tips helps
to control the spatial pattern and levels of Fgf10. By preventing
the widespread expression of Fgf10, Shh contributes to control-
ling bud size and shape (15). One of the mechanisms proposed
for this regulation involves Shh induction of its own regulator,
Hhip, in the lung mesenchyme. Hhip1 inhibits Shh signaling by
ligand sequestration and thus releases Shh-mediated repression
of Fgfl0. Insufficient levels of Hhip results in reduced Fgf10
levels, insufficient growth, and lung hypoplasia (5, 9). The idea
that COPD could be associated with inappropriate growth or
structural defects in small airways makes Hhip an attractive
candidate developmental gene implicated in COPD.

There is evidence that altered Hh signaling has a profound
impact on airway smooth muscle differentiation. Airway smooth
muscle originates in part from progenitor cells located in the
distal lung mesenchyme. These cells undergo a program of
differentiation that initially depends on epithelial signals in distal
lung buds, including Shh. Activation of Shh signaling in the distal
lung mesenchyme initiates a myogenic program that continues as
these cells migrate to more proximal regions (16, 17). The
program is completed when these progenitor cells reach proximal
airways. Shh promotes smooth muscle differentiation by induc-
tion of myocardin and a-smooth muscle actin (18, 19).

In principle, mild deficits in Hh-mediated processes, such as
airway branching or smooth muscle cell differentiation, could
have an impact later in adult life, presumably on how the lung
responds to environmental stimuli. Whether there is altered Hh
signaling in target tissues in the subjects identified by the studies
mentioned above has not been demonstrated.

SMOC2, AIRWAY DEVELOPMENT, AND COPD

In a study by Wilk and colleagues (20), a quantitative trait locus
in chromosome 6 that influences FEV; measurements has been

559

identified by linkage analysis in subjects from the Framingham
Heart Study. In a subsequent report, these authors showed in
the NHLBI Framingham Heart Study and the NHLBI Family
Heart Study populations a strong association of airflow obstruc-
tion with SNPs and haplotypes in the intronic region of SMOC2
(SPARC-related modular calcium binding 2), which lies on
6g27. SMOC?2 is a matricellular protein expressed in several
tissues, including the adult lung and aorta (21). SMOC2 con-
tains a Kazal domain that codes for a serine protease inhib-
itor, as in al-antitrypsin. Although its function is unclear, there
is evidence of SMOC2 up-regulation in the vascular wall of
injured aortas, which suggests a role in tissue remodeling. In the
embryonic murine lung, Smoc2 signals are present in the
developing smooth muscle of pulmonary artery and airways
(PL, JL, WVC, and CV, unpublished observations). Smoc2 is
a transcriptional target of activated aryl-hydrocarbon receptor,
which mediates the adverse effects of environmental aryl-
hydrocarbon exposure (22, 23). SMOC2 expression in COPD
has not been reported. Whether disruption of SMOC2 could
affect smooth muscle growth, differentiation, or homeostasis or
influence the airway response to environmental factors in
diseases such as COPD remains to be explored.

NOTCH, A KEY PATHWAY IN LUNG DEVELOPMENT,
AND ITS POTENTIAL ROLE IN COPD

Lung exposure to environmental agents, such as cigarette smoke,
triggers maladaptive responses that alter the differentiation
profile of the airway epithelium. The altered balance of ciliated
and secretory cells, particularly the increase in mucous (goblet)
cells, is a hallmark of the chronic bronchitis in patients with
COPD. Although IL-13 and SPDEF (SAM-pointed domain-
containing ETS transcription factor) are among the known
regulators of secretory cell differentiation (24), there is an
emerging role for Notch in this process. Notch is a major
regulator of cell fate and progenitor cell stemness in multiple
developing organs. Notch signaling results from cell-cell contact
via interactions of Notch receptors (in mammalians, Notch 1-4)
with ligands (Delta-like 1, 3, and 4, and Jagged 1, 2), leading to
activation of Hes and Hey, bHLH transcriptional targets of
Notch signaling (25).

A recent study by Tilley and colleagues (2009) shows that
Notch pathway components are widely expressed in epithelial
cells from bronchial brushings and biopsies of the adult lung.
These authors show that Notch components, such as Notch3,
DIl1, Hes, and Hey genes, are down-regulated in samples from
adult smokers and smokers with COPD (26). Although it is
uncertain whether these changes translate into decreased Notch
signaling, they raise the possibility that the Notch pathway may
contribute to the aberrant differentiation profile of the airways
in these patients. How could Notch influence airway epithelial
differentiation? In the developing mouse lung, Notch is critical
for the normal balance of differentiated cell fates in the airway
epithelium. Conditional epithelial disruption of Pofutl, an O-
fucosyltransferase essential for Notch-ligand binding, or Rbpjk,
the transcriptional effector of canonical Notch signaling (25),
reveals a similar dramatic lung phenotype. In both mutants
there is complete ablation of the secretory Clara cell lineage,
and the airways become overpopulated with ciliated cells and
neuroendocrine cells (27). Conversely, transgenic mice ex-
pressing a constitutively activated form of Notchl in the lung
epithelium show a reduced number of ciliated cells and an
increase in mucin-producing cells (28). These studies point to
a potential mechanism in which different thresholds of activa-
tion of Notch signaling may determine whether a cell will
become a secretory (Clara cell or mucous) or a nonsecretory
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(ciliated or neuroendocrine) cell. This mechanism is likely to be
in place not only during development but also in aberrant
responses of the mature epithelium to environmental agents
that results in airway epithelial metaplasia.

RETINOIC ACID FROM BUDS TO ALVEOLI: A ROLE IN
LUNG REPAIR AND COPD?

Evidence of an association between serum vitamin A level and
lung function in patients with COPD suggest an involvement of
retinoic acid (RA) signaling in lung homeostasis (29). A study
by Massaro and Massaro showing that exogenous RA can
induce alveolar regeneration in adult rats with elastase-induced
emphysema sparked tremendous enthusiasm in using RA as
a potential therapy to treat patients with COPD (30). RA, the
active metabolite of vitamin A, has an essential role in
numerous developing and regenerating biological models, in-
cluding limb, skin, and central nervous system (31). Several
studies have established RA signaling as a critical regulator of
early lung development. Analysis of a RA reporter mouse
model reveals that RA activity is at its highest during the
initiation of lung morphogenesis (32). Thus, it is not surprising
that maternal deficiency of vitamin A results in dramatic
abnormalities in the respiratory system, including tracheoeso-
phageal fistula, lung hypoplasia, and lung agenesis (33). Similar
phenotypes are seen in mice lacking a combination of retinoic
receptors (RAR-RXR) (34), and no lungs form in mice de-
ficient in the RA-synthesizing enzyme RALDH?2 (retinaldehyde
dehydrogenase) (35, 36). The mechanism by which RA in-
fluences these early events has been recently dissected and
involves RA regulation of multiple pathways. For example, the
lung bud agenesis seen in RA-deficient embryos results, at least
in part, from hyperactivation of the Tgf B pathway, leading to
inhibition of Fgfl0 at the prospective sites of lung formation
(37). These studies show that RA is not required to specify lung
progenitors but is critical to expand an initial progenitor cell
pool to form the lung primordium (35).

The idea that RA could regulate alveolization came from
evidence that pulmonary lipofibroblasts, which store retinoids
and make elastin, are present in the regions undergoing sec-
ondary septae formation during alveolization (39). Moreover,
RA mediates up-regulation of elastin in vitro (38). Studies in
RAR mutant mice suggest that RA can act as a positive or
a negative regulator of alveolization depending on the RAR
type. RARB-null mice septate earlier and faster than control
mice, whereas RAR~y null have decreased alveolar number and
an increase in alveolar volume (40, 41).

Since the publication of the original study of Massaro and
Massaro, other groups have shown that RA is able to fully or
partially rescue emphysema-like lesions in different models (42—
44). However, there are also studies that failed to show benefits
of RA in emphysema (45-49). The reason for the conflicting
findings is unclear. The difference in RA pharmacokinetics
between strains and species may play a role (50).

The FORTE study (Feasibility of Retinoids for the Treat-
ment of Emphysema) was a multicenter trial conducted to
investigate the effect of pharmacologic dosing of RA on lung
function of patients with moderate to severe COPD. Although
it was shown that the RA therapy was well tolerated, there were
no significant improvements in lung functions or quality of life.
This study was limited by the lack of a true placebo group and
the small sample size (51). RAR+y agonists are currently in
phase II clinical trials in adults with emphysema induced by a1-
antitrypsin deficiency and in patients with smoking-related
emphysema (50). The outcome of these studies should be
available in a few years.
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ABNORMALITIES IN GENES INVOLVED IN TGF-B-SMAD
SIGNALING ARE ASSOCIATED WITH EMPHYSEMA

Altered TGF- signaling has been implicated in the pathogenesis
and exacerbation of emphysema. TGF-Bs consist of a multifamily
group of growth factors that signal through serine-thereonine
kinase receptors to regulate fundamental biological processes
(52). Three TGF-B subfamily ligands exist in mammals, TGF-B1,
TGF-B2, and TGF-B3, which bind to heteromeric complexes of
transmembrane TGF-B type II and type I receptors (TBRII and
TBRRI) and activate downstream Smad2 and/or Smad3 proteins
(53, 54). These activated Smads form complexes with Smad4 and
translocate into the nucleus to induce or repress TGF-B-target
gene expression, including TGF-B1 ligand and Smad7 (54). In
turn, Smad7 can inhibit Smad2/3 activation. Integrin (36, latent
TGF-B binding proteins (LTBPs), and thrombospondin are
involved in regulating the release of TGF- active peptide, while
betaglycan/endoglin or decorin influence the affinity of TGF-B8
receptor binding.

Genetic polymorphisms of TGF-B1 or TBRII or the B-glycan
gene have been associated with emphysema in smokers (55-59).
Decreased expression of TGF-B1, TBRI, and Smad3 has been
reported in lung tissue specimens from patients with stage 11
COPD compared with normal control subjects (60). Moreover,
cultured pulmonary fibroblasts from patients with emphysema
show reduced response to TGF-B1 stimulation accompanied by
increased levels of inhibitory Smad7 (Smad2/3 inhibitor) and
reduced Smad3 activation, although TGF-8 ligand production is
increased (61). Reduced Smad3 and increased Smad7 expres-
sion have been also reported in cultured fibroblasts in another
group of patients with COPD; these changes in expression were
further exacerbated by the addition of cigarette smoke extract
(62). Furthermore, the potential role of altered TGF-@ signal-
ing in the pathogenesis of emphysema has been suggested
from several studies in animal models. For example, loss of
integrin avpB6-mediated TGF-B activation leads to matrix metal-
loproteinase 12-dependent emphysema in integrin 36 null mu-
tant mice (63). Together these observations suggest that reduced
TGF-B-Smad3-mediated signaling may play a role in the path-
ogenesis of pulmonary emphysema in some patients with COPD.
Increased TGF-B ligand expression or activity may be associated
with emphysema in other cases (64); overexpression of TGF-81
in mice results in emphysematous lungs and in fibrosis (65).

TGF-B SIGNALING IS ESSENTIAL FOR LUNG AND
IMMUNE SYSTEM DEVELOPMENT

Disruption of TGF-B signaling during development results in
abnormalities in the respiratory tract and the immune system.
Mice lacking TGF-B1 develop severe pulmonary inflammation,
whereas TGF-B2 null mutant mice die immediately after birth
with collapsed conducting airway (66, 67). TGF-B3 null mutant
mice display cleft palate, retarded lung development, and neo-
natal lethality (68, 69). The null mutation of LTBP-3 or LTBP-4
causes profound defects in elastin fiber structure and lung
alveolization, similar to the phenotypic changes observed in
Smad3 knockout mouse lung (70-72). In addition, blockade of
TGF-B signaling in epithelial cells versus mesenchymal cells of
the developing mouse lung shows a cell-specific regulatory
impact on lung branching morphogenesis and alveolization
in vivo. Selective blockade of endogenous TGF-B signaling in
embryonic lung mesenchymal cells results in retarded lung
branching after midgestation, whereas abrogation of epithelial
cell-specific TGF-B signaling causes mild abnormality in post-
natal lung alveolization, but does not appear to have a significant
impact on prenatal lung development (73). However, over-
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expression of TGF-B1 in the embryonic lung epithelium also
results in the arrest of lung growth and epithelial cell differen-
tiation and in inhibition of pulmonary vasculogenesis (74, 75).
Thus, appropriate TGF-3 signaling activity is essential for nor-
mal lung development.

TGF-B has an important role in the development of the innate
and adaptive immune system, including multiple inhibitory
effects on T/B cell proliferation, differentiation, and activation
(76). The dominant role of TGF-B in the development and
function of the immune system is to induce tolerance and to
contain and resolve inflammation. In the absence of proinflam-
matory signals from the innate immune system, activated TGF-8
signaling combined with antigen stimulation promotes the de-
velopment of induced regulatory T cells, which exerts immune
suppressive function (77). Studies on patients and animal models
suggest that defective TGF-B signaling is involved in many
systemic immune diseases, including autoimmune diseases
(e.g., systemic lupus erythematosus, rheumatoid arthritis, type I
diabetes, multiple sclerosis), inflammatory diseases (e.g., athero-
sclerosis, asthma, inflammatory bowel disease), infection, and
tumor growth (76). However, TGF-B also has proinflammatory
effects by promoting Th17 cell differentiation when IL-6 is
available in the milieu of inflammation.

ABNORMAL LUNG DEVELOPMENT AND IMMUNITY BY
DYSREGULATED TGF-f8 SIGNALING MAY PREDISPOSE
TO EMPHYSEMA

Analysis of Smad3 null mutant mice indicates that Smad3
deficiency impairs early alveolization and immunity, and may
contribute as a developmental antecedent to the pathogenesis
of centrilobular emphysema (72). Short-term exposure to
cigarette smoke during postnatal alveolization exacerbates the
alveolar destruction seen in Smad3 null mutants, whereas it has
no significant effect on the lung of wild-type littermates. Mice
with selective deletion of TGF-B signaling in lung epithelial
cells or in the immune system do not develop emphysema-like
pathology at early adulthood. However, blockade of TGF-B
signaling in the lung epithelium and immune system results in
hypoplastic lungs and subsequent alveolar destruction (WS,
DW, unpublished observation). This suggests a possible mech-
anism by which genetic deficiency of TGF-f signaling contrib-
utes to the predisposition to emphysema by disturbing lung
structural development and the lung inflammatory response.
Thus, cigarette smoke, particularly second-hand smoke expo-
sure at childhood, may be a major risk factor in the subjects that
are genetically predisposed to emphysema.

CONCLUSIONS

A wealth of information on the molecular regulation of murine
lung development has been accumulated over the past decades.
The data from these studies in mouse models have unveiled
important mechanisms by which growth factors, transcription
factors, and matrix components influence developmental pro-
cesses in the lung. Some of these studies show alterations in
developmental pathways in animal models of disease that may
be relevant to human lung conditions, including COPD. How-
ever, interspecies differences should be considered when trans-
lating the information from murine models to humans. For
example, there are important interspecies differences in the
abundance and distribution of specific cell types in the airways
that may influence the response of the lung to particular types of
injury. Moreover, some mouse genetic models may be unable to
reproduce the spontaneous disease phenotype seen in humans,
as in the case of cystic fibrosis. Nevertheless, overall the data
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from animal models offer invaluable insights into the potential
involvement of developmental genes in disease pathogenesis.
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