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Pulmonary fibrosis is a disease that results in loss of normal lung
architecture, but the signaling events that drive tissue destruction
are incompletely understood. Wnt/b-catenin signaling is important
in normal lung development, but whether abnormal signaling
occurs in lungfibrosisduetosystemicsclerosisandtheconsequences
ofb-cateninsignalingtowardthefibrogenicphenotyperemainpoorly
defined. In this study, we show nuclear b-catenin accumulation
in fibroblastic foci from lungs of patients with systemic sclerosis–
associatedadvancedpulmonaryfibrosis. Forcedactivationofb-catenin
signaling in three independently derived sources of normal human
lung fibroblasts promotes proliferation and migratory activities but
is not sufficient to activate classic markers of fibroblast activation,
such as TGF-b, type 1 collagen, a-smooth muscle actin, and connec-
tive tissue growth factor. These findings indicate that activation of
b-catenin signaling in pulmonary fibroblasts may be a common
feature of lung fibrosis, contributing to fibroproliferative and mi-
gratory activities associated with the disease.
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Pulmonary fibrosis is a chronic, progressive, and poorly understood
disease that may be idiopathic or associated with systemic sclerosis.
In both forms, pulmonary fibrosis is characterized by the pro-
liferation of fibroblasts, resulting in excessive deposition of extra-
cellular matrix and loss of normal alveolar structure. Although
pulmonary fibrosis may be attributable to a variety of causes, it is
generally thought that the initiating injury activates repair processes
that aim to restore the original tissue architecture, but a failure to
finely tune the repair process leads to persistent fibroblast activa-
tion (1–3). Recent studies using genome-wide expression profiling
indicate that signaling pathways required for normal embryonic
development are abnormally up-regulated in end-stage lung fibrosis
(4). These observations raise the possibility that an inability to limit
the activation of core developmental pathways during repair may
drive the pathological process. How these core developmental
pathways are coordinated to drive the cellular changes associated
with fibrosis remains incompletely understood.

The Wnt/b-catenin signaling pathway regulates a wide array of
biological processes. These include embryonic axial development,
organogenesis, adult stem cell maintenance, and tissue homeostasis
(5–7). The diverse effects of b-catenin signaling are ultimately
controlled by a transcription complex that contains the DNA-
binding factor lymphocyte enhancer factor (LEF)/T-cell factor
(TCF) and b-catenin. In this complex, b-catenin serves as an
obligate coactivator through its ability to recruit components that
promote chromatin remodeling and transcriptional initiation and
elongation (reviewed in Ref. 8). Wnts generate the nuclear signaling
pool of b-catenin by inhibiting a multiprotein Axin-scaffold complex
that continually phosphorylates b-catenin at serines 33 and 37,
flagging it for degradation by the ubiquitin/proteosome system.
Inhibition of this phosphorylation allows b-catenin to accumulate,
enter the nucleus, and complex with TCF proteins. Although
b-catenin/TCF-mediated transcription occurs in all tissues, the
genes activated by this transcriptional complex are cell-type and
-context dependent (reviewed in Ref. 9). Accordingly, the specific
targets of b-catenin signaling required for homeostatic repair after
injury in the adult lung are still emerging (10, 11).

The contribution of Wnt/b-catenin signaling to fibrogenesis is
under active investigation. Microarray analyses of human tissue
samples from idiopathic pulmonary fibrosis (IPF) lung and
systemic sclerosis (SSc) demonstrate alterations in the expression
of a number of b-catenin target genes (matrix metalloproteinase
[MMP]-7), osteopontin, cyclin D1, secreted Frizzled-related pro-
tein [sFRP]2, peroxisome proliferator-activated receptor d, and
Wnt-inducible signaling protein) and pathway components
(Wnt2b, Wnt5b, and Wnt inhibitory factor 1) (12–16). These
observations suggest that Wnt/b-catenin signaling activation
occurs in these fibrotic conditions. Because the targets of Wnt/
b-catenin signaling are tissue-, cell-type–, and context dependent,
we sought to address the contribution of Wnt/b-catenin signaling
to lung fibrosis by evaluating how forced activation or inhibition
of b-catenin/TCF signaling affects the fibrogenic characteristics
of three independently derived sources of normal human lung
fibroblasts.

MATERIALS AND METHODS

Cell Culture and Adenoviral Constructs

Normal human lung fibroblasts were obtained from Lonza Walkersville
Inc. (Walkersville, MD), human lung fibroblasts (NL-57) from normal
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lung tissues were obtained from organ donors, and human WI-38
fibroblasts from ATCC (CL-75; Manassas, VA). Culture conditions are
described in the online supplement.

The adenovirus (Ad)-S37A-b-cat-HA (HA-hemagglutinin epitope
tag) construct was kindly provided by Jan Kitajewski (Columbia
University), the myc-ICAT cDNA was provided by Tetsu Akiyama
(Japan) and reengineered by Vector Biolabs (Philadelphia, PA) to
encode a bicistronic mRNA that translates myc-ICAT and GFP
proteins (Ad-ICAT (Myc)-Internal Ribosome Entry Site-GFP), and
Ad-Wnt3a-GFP and Ad-GFP viruses were supplied by Tong Chuan
He (University of Chicago).

Bromodeoxyuridine Proliferation Assay

Proliferation assay was performed as previously described (17). At
least 1,000 cells per cover slip were counted using a Zeiss Axioplan 2
fluorescent microscope (Carl Zeiss, Inc., Thornwood, NJ). Proliferation
was determined as the percentage of bromodeoxyuridine-positive cells
divided by the number of Hoechst-positive cells.

Ki67 Cell Proliferation Assay

Fibroblasts were infected with the indicated adenovirus, and immu-
nostaining for Ki67 was performed as described in the online supple-
ment. Cells were counted on 10 fields per slip using a Zeiss Axioplan 2
microscope.

Lactate Dehydrogenase Cell Death Assay

Normal human lung fibroblasts (NHLFs) were infected with the
indicated adenoviruses, and cell death assay was performed as pre-
viously described in (17). Lactate dehydrogenase activity was measured
using a Cytotoxicity Detection Kit (Roche, Indianapolis, IN). OD490

was read using a Versamax microplate reader and software (Molecular
Devices, Sunnyvale, CA).

Quantification of mRNA

Primer sequences are provided in the online supplement. Real-time
quantitative PCR (qPCR) was performed using iQ SYBR Green
Supermix (Bio-Rad, Hercules, CA) with the MyiQ Single Color
Real-Time PCR Detection System and software (Bio-Rad). Glyceral-
dehyde 3-phosphate dehydrogenase was used as the internal control.

Collagen Contraction Assay

NHLFs were infected with the specified adenovirus and placed in type
I collagen gels as described in the online supplement. The diameter of
each collagen matrix was measured at the indicated times. The results
were expressed as percentage contraction [(initial diameter 2 end
diameter)/initial diameter 3 100%].

Cell Migration Assay

Assays were performed as described in the online supplement. In brief,
a monolayer of fibroblasts was infected with the indicated adenovirus
and Mitomycin C, and wound surface area was quantified using
Metamorph analysis software (Molecular Devices). For Transwell
migration, adenovirus-infected cells were seeded on the upper chamber
of inserts (Becton Dickinson, Redlands, CA), and cells on the reverse
side of the membrane from four low magnification fields were counted.
Data are expressed as mean 6 SD.

Immunohistochemistry

Lung tissue was obtained from three patients with SSc-associated
pulmonary fibrosis who were undergoing lung transplant surgery and

from three normal donors. Immunohistochemistry was performed
using a monoclonal antibody to b-catenin (1:100) (Cat. 610153; BD
Biosciences) as described in the online supplement.

Statistics

Statistical analysis was performed by Student’s t test or one-way
ANOVA followed by Bonferoni’s multiple comparison test. A P value
of less than 0.05 was considered significant. Statistical calculations
were performed using GraphPad Prism software (Graph Pad Software
Inc., La Jolla, CA).

RESULTS

Nuclear b-Catenin Is Increased in SSc-Associated

Pulmonary Fibrosis

Interstitial lung diseases associated with pulmonary fibrosis can
share similar or differing histologic patterns. For example,
although IPF presents with the histologic pattern of usual
interstitial pneumonia (UIP), lung fibrosis associated with
systemic sclerosis may present with the pattern of UIP or
nonspecific interstitial pneumonia (18). Whether these distinct
histopathologic patterns of fibrosis are driven by activation of
common cellular pathways is unclear. Previous work found
increased nuclear staining of b-catenin in type II alveolar
epithelial cells and fibroblasts from human IPF lung biopsies
(19). Because systemic sclerosis-associated pulmonary fibrosis
and IPF can display the same histopathologic features of UIP,
we sought to clarify whether these two forms of lung fibrosis
share a common pathway involving nuclear b-catenin. Lung
biopsy samples were collected from three transplant patients
with diffuse cutaneous systemic sclerosis and end-stage intersti-
tial lung disease (ILD) (Table 1). Samples from three normal
donors whose lungs were not used for transplantation served as
controls. As expected, the lungs from control patients without
ILD showed b-catenin staining predominantly at cell–cell
junctions of airway epithelial cells (Figures 1A and 1B). In
marked contrast, junctional as well as nuclear staining of
b-catenin was seen in a number of cell types in SSc fibrotic
lung (Figures 1C and 1F), including airway and alveolar
epithelial cells (Figures 1D and 1G) and cells that appear to
be fibroblasts (Figures 1E and 1H). These findings indicate that
the signaling pool of b-catenin appears stabilized in systemic
sclerosis end-stage fibrotic lungs and suggest that Wnt activation
may be a common feature of different etiologies of pulmonary
fibrosis.

Wnt/b-Catenin Signaling Is Not Sufficient to Up-Regulate

Classic Markers of Fibroblast Activation

A key effector cell in the development of pulmonary fibrosis is
the fibroblast, in which TGF-b signaling is known to up-regulate
a number of profibrotic genes, including type 1 collagen
(COL1), connective tissue growth factor (CTGF), and
a-smooth muscle actin (a-SMA) (20). Given previous reports
that Wnt signaling can affect the expression of a-SMA (21–23),
we sought to determine whether Wnt/b-catenin signaling was
sufficient to drive expression of these same profibrotic genes in
NHLFs. Adenoviral expression of Wnt3a and a nondegradable

TABLE 1. CLINICAL CHARACTERISTICS OF PATIENTS WITH SYSTEMIC SCLEROSIS

Age (yr) Sex Smoking Pathology FVC (%) FEV1 (%) DLCO (%) PAP (mm Hg)

SSc 1 45 Male No UIP/NSIP 26 28 30 35/17

SSc 2 52 Female Yes UIP 36 44 20 34/14

SSc 3 58 Male Yes UIP 63 77 16 61/26

Definition of abbreviations: NSIP 5 nonspecific interstitial pneumonia; PAP 5 pulmonary artery pressure; SSc 5 systemic sclerosis; UIP 5 usual interstitial pneumonia.
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form of b-catenin (Ad-S37A-b-cat) activates b-catenin signaling
in NHLFs, as evidenced by increased b-catenin/TCF-mediated
transcription using the minimal TCF Optimal Promoter lucif-
erase reporter TOPFLASH and increased protein levels of
transcriptionally active and total cytosolic forms of b-catenin
(see Figure E1 in the online supplement). We also observed up-
regulation of a defined, endogenous, early target of Wnt/
b-catenin signaling, AXIN2, by qPCR (Figures 2A and 2B).
Activation of b-catenin signaling was not sufficient to promote
the expression of classic profibrotic genes typically induced by

TGF-b (5 ng/ml) (Figure 2C), a finding that was confirmed in
two other primary lung fibroblast lines, NL-57 and WI-38
(Figures 3A and 3B). Even chronic activation of Wnt/b-catenin
signaling in NHLF cultures for 6 days failed to significantly up-
regulate collagen and a-SMA mRNA or protein (Figure 4;
immunoblot data not shown), despite evidence that approxi-
mately 60% of infected cells are a-SMA positive (Figures 3C
and 3D). Coactivation of b-catenin and TGF-b signaling
showed no enhanced expression of these targets (qPCR data
not shown), despite evidence for cross-talk between Wnt/

Figure 1. Nuclear b-catenin staining is ob-

served in systemic sclerosis (SSc)-associated
pulmonary fibrosis. (A) Low (1003) and (B)

high (6003) magnification images from a con-

trol lung show b-catenin staining at the cell–cell

contacts of airway epithelial cells (arrows) but
no obvious staining in nuclei of alveolar epithe-

lial or interstitial cells. Control lungs are taken

from normal donors whose lungs were not used
for transplant. (C–H ) Lung section images from

patients with SSc-associated pulmonary fibrosis

show b-catenin staining at junctions of airway

epithelial cells (D, arrows), in nuclei of alveolar
epithelial cells (G, arrowheads), and within

cytoplasm and nuclei of cells that appear to

be fibroblasts (E and H, arrowheads). Images are

representative findings from three control pa-
tients and three patients with SSc–interstitial

lung disease using Zeiss Axioskop with a CRi

Nuance multispectral camera.

Figure 2. Overexpression of Wnt and nonde-

gradable b-catenin is insufficient to induce

expression of TGF-b–responsive genes in nor-

mal human lung fibroblasts. Normal human
lung fibroblasts (NHLFs) were infected with Ad-

GFP (control) or Ad-S37A–b-catenin (A) or Ad-

Wnt3a (B) for 24 hours; total RNA was

extracted to quantify expression of AXIN2
mRNA by quantitative PCR (qPCR). Ad-S37A–

b-catenin and Ad-Wnt3a are sufficient to pro-

mote Wnt/b-catenin signaling in NHLFs 24
hours postinfection. Results are expressed as

the mean expression 6 SD of AXIN2 relative to

glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) from three independent experiments
(**P , 0.01; ***P , 0.001). (C ) NHLFs were

treated with Ad-GFP (control), Ad-S37A–

b-catenin (20 plaque-forming units (PFU)/cell),

Ad-Wnt3a (10 PFU/cell), Ad-ICAT (20 PFU/cell),
or TGF-b (5 ng/ml) for 24 hours; total RNA was

extracted to quantify expression of type 1 colla-

gen (COL1), a-smooth muscle actin (a-SMA),

connective tissue growth factor (CTGF), and
TGF-b mRNAs by quantitative PCR. Results are

expressed as the mean gene expression 6 SD

relative to GAPDH from three independent experiments (*P , 0.05). (D) Collagen contraction by NHLFs after treatment with TGF-b (5 ng/ml), Ad-GFP
(control), Ad-S37A–b-catenin, or Ad-S37A–b-catenin with Ad-ICAT. Results are expressed as the percentage mean change in matrix diameter size

compared with the 0-hour time point 6 SD from three independent experiments (*P , 0.05).
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b-catenin and TGF-b pathways in other systems (24–27).
Moreover, even when using media conditions that up-regulate
a-SMA mRNA expression (2-fold) in the human embryonic
lung fibroblast line WI-38, additional activation of Wnt/b-catenin
signaling fails to significantly enhance a-SMA expression (Fig-
ure 3B). Although overexpression of the active, nondegrad-
able form of b-catenin is insufficient to promote fibroblast
contraction of a type 1 collagen matrix compared with TGF-b
(Figure 2D), b-catenin signaling may be required because
cytosolic b-catenin can be detected at baseline in NHLF
cultures (Figure E1B) and inhibition by ICAT (inhibitor of
b-catenin and TCF) reduces contraction below control levels.
Altogether, these findings indicate that CTGF, COL1, a-SMA,
and TGF-b are not robust targets of Wnt/b-catenin signaling in
lung fibroblast cultures and that the contribution of b-catenin
signaling to fibroblast contractility may be independent of
a-SMA (28).

Wnt/b-Catenin Signaling Enhances Fibroblast Proliferation

but Not Survival

It is well established that Wnt/b-catenin signaling can promote
cell proliferation, particularly in epithelial-derived cancers and
stem cell populations (29–34), but whether b-catenin signaling
drives fibroproliferation through activation of similar gene
targets as epithelial cells is unclear. We found that forced
activation of b-catenin signaling with adenoviruses expressing
Wnt3a or a nondegradable form of b-catenin (Ad-S37A–
b-catenin) enhanced bromodeoxyuridine incorporation over
Ad-GFP–infected control cells in two independent adult lung
fibroblast lines (NL-57 s, Figure 5A; NHLFs, Figure E2A). Wnt/
b-catenin signaling also increased the number of fibroblasts
expressing the proliferation marker Ki67 (NHLFs; Figure 5B).
Although Wnt3a promotes b-catenin stabilization in these
fibroblasts (NHLFs, Figure E1B; NL-57 s not shown), it is less
potent at driving proliferation than S37A–b-catenin (Figures

5A and E2A). This may be because signaling components
further upstream in the Wnt pathway have a greater number
of opportunities to be negatively regulated than the more
‘‘downstream’’ components (e.g., b-catenin). The effects of
Wnt3a and S37A–b-catenin on proliferation are due to in-
creased b-catenin/TCF transcriptional activity, as opposed to
noncanonical effects on adhesion-dependent processes because
coinfection with ICAT restores the rate of proliferation to
baseline levels (Figures 5A and E2A). The reduced prolifera-
tion observed with ICAT is not due to an effect on cell survival
because fibroblasts infected with increasing doses of Ad-GFP
and Ad-ICAT-GFP failed to promote fibroblast cell death
above baseline levels (Figure 5C).

Wnt/b-Catenin Signaling Enhances Fibroblast Motility

The ability of fibroblasts to migrate to sites of injury to facilitate
repair is viewed as a process that may be dysregulated in fibrosis
(reviewed in Ref. 2). Therefore, we sought to determine
whether b-catenin signaling could affect fibroblast motility.
Using a simple ‘‘scratch’’ wound-closure assay on a monolayer
of fibroblasts, we found that the stabilized form of b-catenin
hastened the rate of wound closure (Figure 6A), revealing
reduced wound surface area (Figure 6B). Confirming these
findings, we show that increased b-catenin signaling mediated
by the nondegradable form of b-catenin or Wnt3a enhances
fibroblast migration through a 3-mm-pore Transwell membrane
(i.e., Boyden chamber assay; Figure 6C). Similar results were
observed in a second adult lung fibroblast line (NL-57; Figure
E3A). The effect on motility is specific to b-catenin/TCF
signaling activity because coexpression with ICAT returns the
level of cell migration to baseline (Figure 6C and Figure E3A).

It is well established that lung fibroblasts produce proteases
that degrade collagens, and recent studies have identified certain
collagen proteases as b-catenin/TCF-target genes (35–37). We
found that b-catenin signaling mediated by the nondegradable

Figure 3. Wnt/b-catenin signaling is not suffi-

cient to induce expression of TGF-b or its

established profibrotic targets in NL-57 and

WI-38 human fibroblasts. (A) Lung fibroblasts
(NL-57) obtained from a patient without lung

disease were treated with Ad-GFP (control),

Ad-S37A–b-catenin (20 PFU/cell), Ad-Wnt3a

(10 PFU/cell), or Ad-ICAT (20 PFU/cell) for
24 hours; total RNA was extracted to quantify

expression of a-SMA, COL1, TGF-b, and AXIN2

mRNAs by quantitative PCR. Results are ex-

pressed as the mean gene expression 6 SD
relative to GAPDH from three independent

experiments (*P , 0.05; **P , 0.01). (B)

Human embryonic fibroblasts (WI-38) were
infected with Ad-GFP (control) or Ad-Wnt3a

(10 PFU/cell) after undergoing treatment

with control or differentiation media for

3 days; total RNA was extracted to quantify
expression of AXIN2, COL1, and a-SMA

mRNAs by qPCR. Results are expressed as

the mean gene expression 6 SD relative to

GAPDH from three independent experiments
(***P , 0.001). (C ) Immunofluorescence of

NHLFs infected with Ad-GFP, Ad-Wnt3a-GFP,

and Ad-S37A–b-catenin–HA for 24 hours. Immunostaining was performed to confirm the presence of hemagglutinin (HA), GFP, and a-SMA; cell

nuclei were stained with Hoechst. (D) Infection efficiency with Ad-GFP, Ad-S37A–b-catenin, and Ad-Wnt3a is routinely . 40% and expressed as

GFP- or HA-positive cells divided by the total number of cells (%GFP/total cells). More than 50% of a-SMA–expressing cells are infected, expressed
as GFP- or HA-positive cells divided by number of a-SMA–expressing cells (%GFP/SMA). Similarly, more than 50% of infected cells are a-SMA

positive (%SMA/GFP). Results are expressed as the percent 6 SEM from three independent experiments.
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form of b-catenin or Wnt3a is sufficient to enhance NHLF
migration through type 1 collagen–coated Transwell membranes
but fails to increase invasion through Matrigel (data not shown).
These data raised the possibility that Wnt/b-catenin signaling up-
regulates proteases that target type 1 collagen. Although lung
fibroblasts are known to produce MMP-1 and MMP-2 (38),
neither MMP-1 nor MMP-2 mRNA levels are increased by
Wnt/b-catenin signaling (Figures E3B and E3C). Moreover,
Wnt/b-catenin signaling failed to enhance MMP-2 activities over
the already substantial level of baseline collagenase activity
assessed by gelatin zymography (data not shown). These data
indicate that Wnt/b-catenin signaling activation promotes normal
human lung fibroblast migration through type 1 collagen, largely
through enhancing the motile characteristics of cells that already
have the capacity to degrade matrix.

DISCUSSION

It has long been reasoned that different clinical and histologic
presentations of pulmonary fibrosis may share similar molecular
mechanisms, but evidence supporting this notion has been
lacking. Our detection of nuclear b-catenin staining in fibro-
blasts and alveolar epithelial cells in end-stage fibrotic lungs
from patients with SSc-ILD (Figure 1) demonstrates that
b-catenin may be activated in another form of pulmonary
fibrosis. These findings corroborate previous observations in
samples from patients with IPF (19, 39) and suggest that up-
regulation of nuclear b-catenin may be a common feature of
end-stage lung fibrosis. The observed increase in b-catenin
nuclear staining in human lungs likely reflects bona fide Wnt/
b-catenin signaling because microarray data from SSc-affected
tissues reveals alterations in multiple Wnts, their regulators,
receptors, and targets (16). Although Wnt/b-catenin signaling
can be induced in a murine model of lung fibrosis using
intratracheal bleomycin (17, 40, 41), the temporal sequence
and relative contributions of Wnt activation in epithelial cells,

Figure 4. Persistent activation of Wnt/b-catenin signaling does not
alter COL1 or a-SMA expression. NHLFs were infected with Ad-GFP

(control) or Ad-Wnt3a (10 PFU/cell) or treated with TGF-b (5 ng/ml)

every 48 hours until RNA was extracted on Days 3 or 6 postinfection.

Although persistent infection with Ad-Wnt3a robustly increases AXIN2
expression on Days 3 (A) and 6 (C), this does not alter COL1 or a-SMA

gene expression, in contrast to TGF-b (B and D). Results are expressed

as the mean gene expression 6 SD relative to GAPDH from three
independent experiments (*P , 0.05; **P , 0.01; ***P , 0.001).

Figure 5. Wnt/b-catenin signaling promotes proliferation and is not

required for the survival of normal human lung fibroblasts. (A)

Bromodeoxyuridine (BrdU) incorporation assay. Human lung fibro-

blasts (NL-57) from nondiseased lungs were infected with Ad-GFP,
Ad-S37A–b-catenin, Ad-ICAT, and Ad-Wnt3a for 48 hours and then

pulse-labeled with BrdU. Results are expressed as mean 6 SD relative to

control adenovirus from six independent experiments (**P , 0.01).
Similar results were observed with NHLFs (Figure E2). (B) Ki67 assay.

Human lung fibroblasts (NHLFs) were infected with Ad-GFP, Ad-S37A–

b-catenin, Ad-ICAT, and Ad-Wnt3a for 48 hours and processed for

immunofluorescence staining with an antibody to Ki67. Results are
expressed as mean 6 SD relative to control adenovirus from three to

five independent experiments (*P , 0.05). (C) Lactate dehydrogenase

(LDH) cell viability assay. NHLFs were infected with Ad-GFP, Ad-S37A–

b-catenin, and Ad-ICAT for 72 hours, and media was assessed for LDH
activity as described in MATERIALS AND METHODS. Activation of Wnt/

b-catenin signaling neither promotes cell death with increasing PFUs

of control adenovirus or adenovirus expressing S37A–b-catenin nor is

required for cell survival (Ad-ICAT). Results are expressed as mean levels
of LDH activity 6 SD from at least three independent experiments.
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pulmonary interstitial cells, and progenitor cells are not fully
established and are under active investigation by our lab.
Ongoing studies using whole animal and cell type–specific
knockout approaches are required to determine in which cell
type b-catenin signaling casually contributes to lung fibrosis.

Since fibroblast proliferation and migration are thought to be
critical steps in lung fibrogenesis (42–44), we addressed the
contribution of Wnt/b-catenin signaling to these phenotypes
using cultures of normal human lung fibroblast and adenovi-
ruses that can force activate (Ad-Wnt3a, Ad-S37A–b-catenin)
or inhibit (Ad-ICAT) Wnt/b-catenin signaling. We found that
activation of Wnt/b-catenin signaling enhances lung fibroblast
proliferation in vitro (Figures 5 and E2), which may contribute
to the increase in fibroblast number and activity during fibro-
genesis in vivo (2, 3, 45). Although C-MYC and cyclinD1 are
established b-catenin/TCF targets in epithelial cell types (46–
48), these genes were not obviously up-regulated in NHLFs
(Figure E2), suggesting that other targets are responsible for
fibroproliferation. Recently, Vugua and colleagues found that
Wnt5a can increase fibroblast proliferation through a ‘‘non-
canonical’’ or b-catenin/TCF-independent signaling mechanism
(49), indicating that canonical and noncanonical Wnts may
contribute to fibroproliferation. We also found that Wnt/
b-catenin signaling activation can enhance lung fibroblast
motility and migration through a type 1 collagen matrix (Figure
6 and data not shown), but the specific targets that promote
these activities remain to be determined. For example, although
MMP-1, -2, and -9 are known targets of b-catenin/TCF signaling
in epithelial and immune cells (35–37) and contribute to cell
migrations in these cell types, these genes do not appear to be
responsible for the enhanced motility observed our Wnt/b-catenin
signaling activated lung fibroblasts (Figure E3). Gene expres-
sion analysis from Wnt3a-treated NIH 3T3 embryonic fibro-
blasts revealed an increase in genes associated with the cell
cycle, motility, and adhesion (50), consistent with the Wnt-
activated phenotypes characterized in this study. Given that

Wnt/b-catenin target genes are cell-type and cell-context de-
pendent, defining the Wnt/b-catenin–regulated target genes in
human lung fibroblasts requires similar unbiased microarray
approaches.

The transdifferentiation of fibroblasts into myofibroblasts
and consequent up-regulation of extracellular matrix compo-
nents is typically viewed as a hallmark of fibrogenesis (2, 3).
Since some of the classic markers of fibroblast ‘‘activation’’ and
myofibroblast differentiation contain potential TCF-binding
sites in their proximal promoter regions (51, 52), we reasoned
that these markers would be co-regulated by b-catenin signal-
ing. However, in striking contrast to the effects of the well
established profibrotic factor TGF-b on these fibroblasts (Fig-
ures 2C, 2D, and 4B and Figure E4), b-catenin signaling failed
to increase mRNA expression of CTGF, COL1, a-SMA, and
TGF-b upon either short-term (24 h) (Figure 2) or longer-term
(6 d) (Figure 4) Wnt/b-catenin signaling activation. These data
indicate that b-catenin signaling in normal human lung fibroblast
cultures is not sufficient to activate many of the classic (TGF-
b–activated) targets of myofibroblast differentiation. Consistent
with these results, Chen and colleagues did not detect increased
expression of a fibrotic gene cluster in their analyses of NIH 3T3
cells treated with recombinant Wnt3a (50).

Two recent studies indicate that a systemic elevation of Wnt
proteins or injury-induced reductions in a Wnt inhibitor can
contribute to fibrosis in other tissues (7, 21). Specifically, age-
related up-regulation of canonical Wnts can drive muscle stem
cell differentiation along a fibroblastic, as opposed to a myo-
genic, lineage, resulting in fibrosis at the expense of muscle
maintenance (7). Moreover, an injury-induced model of kidney
fibrosis was associated with decreased levels of sFRP4, a decoy
receptor for Wnt, which correlated with increased levels of the
signaling form of b-catenin as well as fibrotic markers such
a-SMA (21). Administration of recombinant sFRP4 reduced
the levels of active b-catenin and a-SMA expression and the
number of myofibroblasts. Since Wnt/b-catenin signaling ap-

Figure 6. Wnt/b-catenin signaling stimulates fibroblast
migration. (A) NHLFs were ‘‘scratch’’ wounded, infected

with the stated adenoviruses, and photographed at 0-,

24-, and 48-hour time points. Representative images for
each infection and 48-hour time point are shown. (B)

Quantification of wound size at 48 hours. Results are

expressed as mean change 6 SD of wound area relative to

wound area at 0 time point from four independent
experiments (*P , 0.05). (C) Lung fibroblasts (NL-57)

obtained from a patient without pulmonary disease were

infected with Ad-GFP, Ad-S37A–b-catenin, Ad-ICAT, and

Ad-Wnt3a and analyzed in a Boyden chamber assay as
described in MATERIALS AND METHODS. Similar results were

observed with NHLFs (Figure E3). Results are expressed as

the mean number of cells migrated in each condition
relative to control adenovirus 6 SD from eight indepen-

dent experiments (*P , 0.05; **P , 0.01; ***P , 0.001).
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pears insufficient to up-regulate the expression and number
a-SMA–positive lung fibroblasts in culture (Figure 3), b-catenin
signaling may contribute to a-SMA expression and myofibroblast
abundance in vivo by promoting myofibroblast proliferation or
by cell fate decisions that generate the myofibroblastic lineage.

Altogether, the results from our study demonstrate that
sustained activation of Wnt/b-catenin signaling in normal adult
lung fibroblasts, as might occur in SSc-associated ILD, can en-
hance activities associated with fibrosis, such as proliferation and
motility. Whether these Wnt/b-catenin signaling–dependent
fibroblast activities substantially contribute to disease progres-
sion needs to be determined using targeted knock-out models.
However, given that Wnt/b-catenin signaling controls cell-fate
decisions throughout development, often controlling the bal-
ance between progenitor cells and their descendants (53), we
speculate that cells serving as progenitors to fibroblasts and
myofibroblasts may be a key target of Wnt/b-catenin signaling
in pulmonary fibrosis. The identification of such fibroblast
progenitors in lung and their response to Wnt/b-catenin signal-
ing will be the subject of future investigations.
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