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Idiopathic pulmonary fibrosis (IPF) is a common form of
lung fibrotic disease whose causes remain an enigma.
The disease is limited to the lung and cases are reported
from around the world with no predilection by ethnicity or
race. Although no specific genetic factors have been
identified, there have been cases of reported inheritable
forms of IPF.1–3 IPF is progressive and characterized by
increased fibroblastic proliferation and extracellular ma-
trix remodeling. The result of these processes is the
dramatic disruption of the lungs natural architecture. Until
recently, the most common underlying theory as to the
cause of IPF was that an inflammatory process injures the
lung, causing runaway fibrosis and tissue destruction.
This hypothesis has been challenged recently and sev-
eral reports have implicated epithelial-mesenchymal sig-
naling as playing an important role in IPF.4,5 A better
understanding of the molecular mechanisms underlying
the causes and effects of IPF will be important in the drive
to develop better therapeutics and treatments that have
been lacking. In this issue of The American Journal of
Pathology, Chilosi and colleagues6 report that the Wnt
signal transduction pathway is aberrantly activated in
IPF. This observation is important considering the wealth
of knowledge supporting a role for Wnt signaling in cel-
lular proliferation and the implications of Wnt signaling in
human disease.

Wnt Signaling and Human Disease

Vertebrate Wnt proteins are homologues of the Drosophila
wingless gene and have been show to play important
roles in regulating cell differentiation, proliferation, and
polarity.7–10 Wnt proteins are cysteine-rich secreted gly-
coproteins that signal through at least three known path-
ways. The best understood of these, commonly called the
canonical pathway, involves binding of Wnt proteins to
frizzled cell surface receptors and low-density lipoprotein
cell surface co-receptors, inhibiting glycogen synthase
kinase 3� (GSK-3�) phosphorylation of the cytoskeletal
protein �-catenin. Hypophosphorylated �-catenin is then
translocated to the nucleus where it binds to members of

the LEF/TCF family of transcription factors. Binding of
�-catenin converts LEF/TCF factors from repressors to
activators, thereby switching on cell-specific gene tran-
scription. The other two pathways that Wnt proteins can
signal through either activate calmodulin kinase II and
protein kinase C (known as the Wnt/Ca�� pathway) or
jun N-terminal kinase (also known as the planar cell po-
larity pathway).

Several components of the Wnt pathway have been
implicated in tumorigenesis in humans and mice. Wnt1
was first identified from a retroviral integration in mice that
caused mammary tumors.11,12 Overexpression of protein
kinase CK2 in the mammary gland, which potentiates
�-catenin-dependent Wnt signaling, also increases the
incidence of mammary tumors in transgenic mice.13,14

The tissue that has revealed the most extensive correla-
tion between Wnt signaling and tumorigenesis is gut
epithelia. Approximately 80% of all colon carcinomas
contain mutations in the adenomatous polyposis coli (APC)
tumor suppressor gene, which regulates Wnt signaling
by binding to �-catenin and axin, directing the destruc-
tion of hypophosphorylated �-catenin.15 These mutations
in APC eliminate interaction with �-catenin, increasing its
nuclear accumulation and LEF/TCF-regulated gene tran-
scription. In addition, several reports have described
mutations in �-catenin itself in some colon tumors and
these mutations occur in or near the GSK-3� phosphor-
ylation sites.15,16 Chilosi and colleagues6 looked for
�-catenin mutations in IPF patients but did not find any.
This may not be surprising because it is likely that the
aberrant activation of the Wnt pathway is a response and
not a cause of IPF. However, it will be important in the
future to look for both �-catenin mutations and mutations
in other Wnt pathway members such as APC in lung
tumors and other hyperproliferative lung diseases. Be-
cause of the complexity of the Wnt pathway and the fact
that it is capable of signaling through at least three dis-
tinct pathways, it will be a challenge to determine what if
any genetic mutations are responsible for IPF or other
lung diseases. The recent advances in deciphering both
the human and mouse genomes should help in this
endeavor.
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Lung Development and Wnt Signaling

In the mouse, the lung arises from the primitive foregut
endoderm starting at approximately E9.5 during mouse
development.17 This primitive epithelium is surrounded
by mesodermally derived multipotent mesenchymal
cells, which in time will differentiate into several cell lin-
eages including bronchial and vascular smooth muscle,
pulmonary fibroblasts, and endothelial cells of the vas-
culature. During gestation, the airway epithelium evolves
and grows through a process termed branching morpho-
genesis. This process results in the three-dimensional
arborized network of airways required to generate suffi-
cient surface area for postnatal respiration. Mouse em-
bryonic lung development can be divided into at least
four stages: embryonic (E9.5 to E12.5), pseudoglandular
(E12.5 to E16.0), canalicular (E16.0 to E17.5), and sac-
cular/alveolar (E17.5 to postnatal). During development,
epithelial-mesenchymal signaling plays an important role
in the regulation of both epithelial and mesenchymal cell
differentiation and development. Several important sig-
naling molecules are expressed in the airway epithelium
and signal to the adjacent mesenchyme including mem-
bers of the bone morphogenetic family (BMP-4), trans-
forming growth factor family (TGF-�1, -2), and sonic
hedgehog (SHH). In turn, the mesenchyme expresses
several signaling molecules such as FGF-7, -9, and -10,
important for lung epithelial development and prolifera-
tion. Gain of function and loss of function experiments in
mice have demonstrated an important role for each of
these factors in regulating lung epithelial and mesenchy-
mal proliferation and differentiation.18–25

Wnt signaling has been shown to play an essential role
in brain, limb, mammary, skin, and most recently cardio-
vascular development.26–35 However, until recently, little
was known of what role Wnt signaling played during lung
development. Several Wnt genes are expressed in the
developing and adult lung including Wnt2, Wnt2b/13,
Wnt7b, Wnt5a, and Wnt11.30,31,36–38 Of these, Wnt5a and
Wnt7b are expressed at high levels exclusively in the
developing airway epithelium during lung development.
Wnt2, Wnt5a, and Wnt7b have been inactivated through
homologous recombination in mice. Wnt2-null mice do
not display an overt lung phenotype and Wnt5a null mice
have late-stage lung maturation defects, corresponding
to expression of Wnt5a later in lung development.36,39

Two reports show that inactivation of Wnt7b results in
either early embryo demise because of defects in extra-
embryonic tissues or perinatal demise because of de-
fects in lung development.40,41 These lung defects in-
clude decreased mesenchymal proliferation, lung
hypoplasia caused by reduced branching, and pulmo-
nary vascular smooth muscle defects leading to blood
vessel hemorrhage in the lung.41 Thus, Wnt signaling
regulates important aspects of both epithelial and mes-
enchymal development during gestation, likely through
both autocrine and paracrine signaling mechanisms
(Figure 1).

Chilosi and colleagues6 also observed accumulation
of nuclear �-catenin in both epithelial and mesenchymal
(myofibroblasts) cell lineages in adult human lung. Other

reports support these observations during mouse lung
development.42 Type 2 pneumocytes appear to express
high levels of �-catenin both in the embryo and in the
adult (current study).42 Type 2 cells are precursors of
type 1 cells, which form the thin diffusible stratum impor-
tant for gas exchange in the lung. Type 2 cells have been
shown to re-enter the cell cycle, grow, and differentiate
into type 1 cells in some models of lung re-epithelializa-
tion.43,44 Importantly, type 2 cells proliferate excessively
during IPF and other proliferative lung diseases and in-
creased nuclear �-catenin in these cells suggests that
Wnt signaling regulates this proliferation.45,46 Increased
proliferation of type 2 cells in IPF may also inhibit their
differentiation into type 1 cells because excessive prolif-
eration is often antagonistic to cellular differentiation. In
this context, it is important to note that expression of
certain important transcriptional and signaling regulators
in the lung decreases with gestational age. Forced over-
expression of some of these such as BMP-4, GATA6, and
Foxa2 results in aberrant lung development that exhibits
many aspects of arrested lung epithelial maturity.25,47,48

Thus, a careful balance of the correct spatial and tempo-
ral expression of certain regulatory genes is required for
normal lung development and improper activation of
these pathways can result in severe defects in epithelial
differentiation.

The finding by Chilosi and colleagues6 that nuclear
�-catenin is found in the mesenchyme adjacent to the
airway epithelium is significant especially because these
cells appear to be myofibroblastic in nature and may
contribute to bronchial and vascular smooth muscle in
the lung. Although the authors suggest that Wnt signals in
these mesenchymal cells could be autocrine in nature, it
is just as likely that the mesenchymal cells are respond-
ing to a paracrine signal from the airway epithelium where
Wnts such as Wnt5a and Wnt7b are expressed. In this
way, the epithelium may be responsible for causing the
aberrant activation of Wnt signaling in adjacent mesen-
chyme, leading to increased fibrosis and damage to the
lung. This is particularly relevant because of the increase
in the number of type 2 cells in the airways of IPF patients.
This may also be reflective of a switch to an embryonic
phenotype in the alveolus, where type 1 cells are rare. In
turn, this would result in an increase in expression of
several genes, including Wnts such as Wnt7b, whose
expression is dramatically down-regulated in postnatal

Figure 1. Autocrine and paracrine Wnt signaling in the lung. Several Wnt
ligands are expressed in either the epithelium or mesenchyme during devel-
opment and in the adult. �-catenin is expressed in both alveolar epithelium
as well as the adjacent mesenchyme. Epithelial-mesenchymal signaling via
Wnts may regulate diverse aspects of lung development and injury repair.
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development.38,41 The increased level of Wnts may in-
hibit the proper differentiation of more mature alveolar
cells such as type 1 cells, impairing the repair process.

Because nuclear translocation of �-catenin is a result
of Wnt signaling activity, its presence in cells such as
distal airway epithelium and in mesenchyme adjacent to
airway epithelium suggests that epithelial-mesenchymal
Wnt signaling is active and likely plays an important role
during both lung development and disease states such
as IPF. It will be important in the future to use LEF/TCF-
lacZ reporter mice that reveal active canonical Wnt sig-
naling through the nuclear translocation of �-catenin and
co-activation of LEF/TCF transcription factors, in mouse
models of IPF and other lung injury models.49 These
studies may reveal a more complete, and possibly more
complex, picture of Wnt signaling during the epithelial
and mesenchymal repair process in the lung as well as
normal lung development.

Regulation of Cell-Matrix Interactions by Wnt
Signaling

Several recent reports have demonstrated a link between
Wnt signaling and regulation of cell-matrix interactions
including cell adhesion and migration. In particular, Wnt
signaling has been shown to affect cell motility and inva-
siveness of melanoma cells.50 In this system, melanoma
cells overexpressing Wnt5a displayed increased adhe-
siveness, which correlated to a reorganized actin cy-
toskeleton.50 These data suggest that Wnt5a expression
correlates directly with the metastatic ability of melanoma
tumors and as such may provide a novel target for new
therapies. Wnt5a has also been shown to induce cardiac
myocyte aggregation via a �-catenin-dependent path-
way, suggesting a role in cell-cell adhesion.51 Together
with the emerging role of both canonical and noncanoni-
cal Wnt signaling playing an essential role in cardiac
myocyte specification,32,33 Wnt5a regulation of cardiac
myocyte cell aggregation may implicate this Wnt in the
regulation of both specification and morphogenesis of
the heart.

In IPF lung tissue, Chilosi and colleagues6 found that
the important extracellular matrix metalloproteinase ma-
trilysin was overexpressed in some of the cells containing
high levels of nuclear �-catenin. This is supported by
previous studies showing that matrilysin is a molecular
target of Wnt signaling.52 Matrilysin has been linked to a
role in carcinogenesis both in intestinal and endometrial
tumors. Increased matrilysin expression strongly corre-
lates with increased nuclear �-catenin expression and
inhibition of this nuclear translocation results in de-
creased matrilysin expression.52 So, what does in-
creased expression of matrilysin do in IPF? One hypoth-
esis is that increased degradation of the extracellular
matrix from increased matrilysin expression leads to de-
creased cell adhesion and increased cell motility. In IPF,
this might reduce the ability of both epithelial and mes-
enchymal cells to properly restructure the alveolar archi-
tecture after injury. In addition, extracellular matrix integ-
rity may be required for type 1 cell differentiation, which

might be predicted because of their flattened morphol-
ogy and the very large surface area that they cover in the
alveolus. This process may contribute to an increase in
type 2 cell proliferation, which in turn could decrease
type 1 cell differentiation.

Wnt Signaling and IPF

Several models could explain the finding that Wnt signal-
ing is aberrantly activated in IPF. First, unregulated acti-
vation of the Wnt signaling pathway could be a physio-
logical response to either lung injury or the repair
process. This may be because of the requirement of the
Wnt pathway for proliferation in cells such as type 2
alveolar epithelium and adjoining myofibroblasts. In this
model, Wnt signaling should deactivate once the repair
process is complete, leading to a return to normal prolif-
eration. In the second model, aberrant Wnt signaling is
the initiating event leading to increased cell proliferation
in type 2 cells, which may inhibit their ability to differen-
tiate into type 1 cells and restructure the alveolar archi-
tecture properly. Either injury-induced or spontaneous
mutations in certain components of the canonical Wnt
pathway or in regulatory molecules that regulate this
pathway may result in this dysregulation of cell prolifera-
tion. The fact that nuclear �-catenin is up-regulated in
other lung proliferative diseases suggests that the data
presented by Chilosi and colleagues6 may be a response
and not a primary causative event in IPF. Moreover, the
unregulated proliferation in type 2 cells and mesenchy-
mal fibroblasts along with the increased presence of
nuclear �-catenin suggests that the Wnt pathway is con-
tinuously stimulated in lung diseases such as IPF and that
inhibitors of Wnt signaling may provide a means to con-
trol this proliferation.

It is intriguing to note that the Chilosi and colleagues6

detected increased nuclear �-catenin in the mesen-
chyme adjacent to the airway epithelium, what the au-
thors describe as myofibroblasts. Several lines of evi-
dence suggest that these myofibroblasts can induce
apoptosis in neighboring epithelial cells in vitro and in
vivo, probably through degradation of the extracellular
matrix.53–55 In addition, in IPF there appears to be either
a lack of re-epithelialization or an increase in type 2 cells
with little if any maturation of type 1 cells, leading to
injured areas with exposed mesodermal components or
re-epithelialized with immature type 2 cells. Since it has
been demonstrated that type 2 cells express high levels
of TGF-�1, which is a profibrotic cytokine, in IPF either
scenario would inhibit the proper re-epithelialization of
these injured areas, causing more fibrosis.4,5 This pro-
cess could go unchecked and eventually lead to massive
changes in tissue architecture, eventual tissue destruc-
tion, and loss of lung function.

Although it is unclear from the studies by Chilosi and
colleagues6 whether activation of the canonical Wnt path-
way is reflective of IPF or possibly a causative mecha-
nism underlying the phenotypic characteristics of IPF, it is
becoming increasingly clear that Wnt signaling plays an
important role both in lung development and differentia-
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tion. As the authors in the present study state, inhibitory
molecules for components of the Wnt pathway are cur-
rently under intensive investigation and will hopefully lead
to possible treatments of diseases as varied as gastroin-
testinal and mammary tumors as well as IPF.
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