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Background: TGF�1-induced pY654-�-catenin correlates with epithelial mesenchymal transition (EMT) and pulmonary
fibrosis, but whether pY654-�-catenin is functionally important is unknown.
Results: �-Catenin point mutants reveal that pY654 is critical to EMT, and pY654-�-catenin accumulation is blocked by
axin-dependent �-catenin turnover.
Conclusion: Raised axin levels in vivo attenuate EMT and fibrosis after bleomycin injury.
Significance: Targeting axin levels could attenuate fibrosis without blocking TGF�1 homeostatic functions.

Epithelial to mesenchymal transition (EMT) and pulmonary
fibrogenesis require epithelial integrin �3�1-mediated cross-
talk betweenTGF�1 andWnt signalingpathways.Onehallmark
of this cross-talk is pY654-�-catenin accumulation, butwhether
pY654-�-catenin is a biomarker of fibrogenesis or functionally
important is unknown.To clarify further the role of�-catenin in
fibrosis, we explored pY654-�-catenin generation and function.
�3�1was required forTGF�1-mediated activation of Src family
kinases, and Src inhibition blocked both pY654 and EMT in pri-
mary alveolar epithelial cells (AECs). TGF�1 stimulated
�-catenin/Lef1-dependent promoter activity comparably in
immortalized AECs stably expressing WT �-catenin as well as
Y654E or Y654F �-catenin point mutants. But EMT was abro-
gated in the Tyr to Phe mutant. pY654-�-catenin was sensitive
to the axin �-catenin turnover pathway as inhibition of
tankyrase 1 led to highAECaxin levels, loss of pY654-�-catenin,
and inhibition of EMT ex vivo. Mice given a tankyrase inhibitor
(50 mg/kg orally) daily for 7 days beginning 10 days after intra-
tracheal bleomycin had improved survival over controls.
Treated mice developed raised axin levels in the lung that abro-
gated pY654-�-catenin and attenuated lung Snail1, Twist1,
�-smoothmuscle actin, and type I collagen accumulation. Total
�-catenin levels were unaltered. These findings identify Src
kinase(s) as a mediator of TGF�1-induced pY654-�-catenin,
provide evidence that pY654-�-catenin levels are a critical
determinant of EMT and fibrogenesis, and suggest regulation of
axin levels as a novel therapeutic approach to fibrotic disorders.

Progressive pulmonary fibrosis has proven to be an intracta-
ble process characterized by the repeated appearance of foci of
wound-like lesions in the lung parenchyma that undergo scar-

ification. As in other organs, fibrosis of the lung is thought to be
driven in part by sustained TGF�1 signaling (1). TGF�1 signal-
ing is regulated at multiple levels from production and activa-
tion of TGF�1 to formation of a Smad transcriptional complex
with various Smad co-regulators that promote or restrain tran-
scriptional activity (2, 3). Hence, cells respond in a variety of
different ways to active TGF�1 depending on convergencewith
other signaling pathways. In epithelial cells the extracellular
matrix is an important determinant of the cellular response to
TGF�1. The fibrillar matrix proteins such as type I collagen
(Col1)2 and fibronectin (Fn) promote TGF�1 activation and
mesenchymal expansion whereas basement membrane pro-
teins such as the laminins suppress activation (4, 5). Epithelial
cells may respond to active TGF�1 both by signaling responses
that recruit and activate mesenchymal cells and by extensive
reprogramming to amoremesenchymal phenotype, the overall
process termed epithelial to mesenchymal transition (EMT)
(6). The mechanisms by which the extracellular matrix regu-
lates EMT and fibrosis are not fully understood but appear to
involve signaling through integrin receptors (7).
We have previously provided evidence that EMT develops in

vivo during experimental lung fibrosis and is an important con-
tributor to fibrogenesis.We elucidated an important role for an
integrin in this process (4, 8). The epithelial integrin, �3�1,
binds laminin and also associates with E-cadherin and via these
interactions acts to sense disruptions in cell-cell or cell-matrix
contacts. In the presence of active TGF�1 and disrupted cell
contacts,�3�1 and E-cadherin associate with TGF�1 receptors
and induce �-catenin phosphorylation at a specific tyrosine
(Tyr-654) and complexes of this catenin with pSmad2 (8). For-
mation of this integrin-dependent complex in AECs strongly
correlates with fibrogenesis and myofibroblast expansion in
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vivo in mice. Nuclear pY654-�-catenin/pSmad2 complexes
localize to interstitial myofibroblasts in biopsied lungs of idio-
pathic pulmonary fibrosis (IPF) patients, but are not found in
normal or emphysematous lungs (8).
Although accumulation of pY654-�-catenin in lungs corre-

lates with active fibrogenesis, it remains unclear whether
pY654-�-catenin is simply a biomarker for the complicated sig-
naling that follows TGF�1 activation or is an important deter-
minant of the fibrogenic response. That the latter is possible is
suggested by previous reports that phosphorylation of Y654-�-
catenin promotes both its dissociation from E-cadherin and its
physical association with TATA-binding proteins known to
enhance �-catenin/TCF transcriptional activity (9, 10). Thus,
acting in concert with cytoplasmic stabilization of �-catenin,
e.g. through Wnt signaling, pY654 could promote nuclear
translocation and transcriptional activity of �-catenin on its
target genes. Prior studies have provided evidence of active
Wnt signaling during experimental and human fibrosis (11–
13), and recent observations indicate that one function of Wnt
signaling in the lung is likely an epithelial cytoprotective effect
following injury (14). It is also unclear mechanistically why the
epithelial integrin �3�1 is required for TGF�1-induced Tyr-
654 phosphorylation. To clarify these uncertainties, in this
study we have explored the regulation and importance of
pY654-�-catenin accumulation ex vivo in AECs and in vivo in
mice following bleomycin-induced lung injury.

EXPERIMENTAL PROCEDURES

Reagents—Inhibitors SU6656 (Src), PP2 (Src), PP3 (control
for PP2), SB431542 (TGF� receptor 1 (TBRI)), SIS3 (Smad3),
and phospho-Smad2 antibody were from Calbiochem. Recom-
binant EGF and M2-FLAG, �-SMA, and �-actin monoclonal
antibodies were from Sigma-Aldrich. 9B11-Myc and Snail
monoclonal antibodies, pY416-Src, and total �-catenin poly-
clonal antibodies were from Cell Signaling. Col1 and vimentin
polyclonal antibodies were from Abcam. Monoclonal Twist
and GAPDH and secondary HRP-conjugated antibodies were
from Santa Cruz Biotechnology. Polyclonal pro-surfactant pro-
tein C antibody was from Millipore. pY654-�-catenin mono-
clonal IgG antibody was from the University of Iowa
Hybridoma Bank. Keratinocyte growth factor was from Pepro-
tech. TGF�1 was from R&D Systems. Small airway basal
medium and supplemented small airway growth medium were
from Lonza.
Plasmid and Viral Constructs—FLAG-Smad3 plasmid was

obtained from Addgene (plasmid 12638). Mouse �-catenin
cDNAs encodingWT or the Y654E and Y654F mutations were
a gift from Dr. Mireia Duñach (Universitat Autonoma de Bar-
celona), His tag was substituted by a Myc tag and then cloned
into a pENTR vector (Gateway Technology, Invitrogen) and
recombined into amodified version of pRV-GFP pDEST vector
enabling retrovirus-mediated expression (provided by Dr.
Mark Ansel, University of California, San Francisco (UCSF)).
Retrovirus was produced in Phoenix-E packaging cells, concen-
trated by centrifugation, and added to cells in suspension in the
presence of Polybrene (6.5 �g/ml). Lenti-TOPflash was a gift
from Dr. Jean Y. J Wang (UCSF), and replication-deficient len-
tiviruswas produced by theUCSF Lentiviral Core Facility. Ade-

novirus expressing cre recombinase (AdenoCre) or GFP as a
control was obtained from University of Iowa Vector Core.
Cells and Cell Culture—AECTs were generated by isolating

AECs from temperature-sensitive SV40 T antigen-immortal-
ized mice (Immortomouse, Charles River Laboratory) crossed
with mice homozygous for floxed �-catenin (�-Ctnfl/fl; Jackson
Laboratory). AECTs were maintained on Matrigel (BD Biosci-
ences) in small airway growthmediumwith 5% FBS. Cells were
infected in suspension with Polybrene, plated onto Fn, and
puromycin (10 mg/ml)-selected. After selection, cells were
maintained on Matrigel. Preliminary experiments indicated
that cre recombinase-mediation deletion of AECT �-catenin
resulted in slow growth and eventual cell death. Hence, AECTs
were stably infected with WT or mutant �-catenin prior to cre
recombinase exposure. For experiments, cells encoding the
various forms of�-cateninwere seeded onFn-coated plates and
infected with AdenoCre (75 units/cell) prior to experiments.
Primary mouse type II AEC isolation and culture were per-
formed as described previously (8).
Immunoblotting, Immunoprecipitation, and Immunofluores-

cence—Tissue and cells were lysed in radioimmuneprecipitation
assay buffer supplemented with proteinase and phosphatase
inhibitors and immunoprecipitated as described previously (15).
Cells were fixed and stained with various antibodies and IgG iso-
type controls as described previously (15).Where indicated, com-
posite images comprising multiple �20 images were tiled using
10% image overlap by Axiovision 4.7 software.

�-Catenin/TCF Signaling Assays—A549 cells were trans-
fected with a 4� TOPflash reporter plasmid (Millipore)
together with 1/10 CMV-�-galactosidase (Clontech) using
Lipofectamine LTX or Lipofectamine 2000 (Invitrogen).
AECT-TOPflash were obtained as described above. The Lucif-
erase Assay System (Promega) was used and emitted light
quantified in a Fluostar Optima (BMG Labtech). A549 lucifer-
ase activity was normalized with a Luminescent �-Galactosid-
ase Detection kit II (Clontech).
Bleomycin Fibrosis Model—Six- to 8-week-old female

C57BL/6 mice were endotracheally instilled with saline or 2.0
units/kg bleomycin (Sigma). Cohorts of mice were given
FT4100 dissolved in dimethyl sulfoxide (10 mM) in a dose of 50
mg/kg mixed with 1% methylcellulose (Sigma) and adminis-
tered daily by gavage beginning on day 10 after bleomycin. Con-
trols received vehicle alone in the same formulation.Mice were
killed 17 days after injury.
Statistics—Statistical analysis of group variance was per-

formed by using the unpaired, two-way Student t test. Statisti-
cal analysis of group survival differences was performed using
�2 contingency testing. p � 0.05 was considered statistically
significant.

RESULTS

pY654-�-catenin Accumulation Is Src Kinase-dependent—
We first determined the time course of Y654-�-catenin phos-
phorylation after TGF�1 stimulation in A549 lung adenocarci-
noma cells. Smad2 phosphorylation was detectable within 15
min of TGF�1 stimulation whereas pY654 was not apparent
until 2 h, but was maintained at least up to 24 h (Fig. 1A). As
described previously, pSmad2 co-precipitates with pY654-�-
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catenin. Most subsequent experiments examining pY654-�-
catenin were conducted 2 h after TGF�1 stimulation.
Y654-�-catenin is a known target of Src kinase, and Src fam-

ily kinase activation is reported downstream of TGF�1 in sev-
eral models (7, 10, 16). Indeed Src kinase(s) activation proved
crucial for TGF�-induced phosphorylation of �-catenin. PP2,
but not its inactive analog PP3, abrogated pY654 (Fig. 1B).
SU6656, a structurally distinct Src inhibitor, had similar effects.
A549 cells were pretreated 1 hwith Src inhibitors and thenwith
TGF�1. At 2 h Src activation was easily detected, and both Src
inhibitors blocked activation as judged by inhibition of pY416
Src andpY14-caveolin-1 (Fig. 1B, lower left), a knownSrc kinase
substrate (17).
Src inhibition resulted also in a marked decrease in EMT

markers in both A549 and primary AECs (Fig. 1, B, lower right,
and C, upper), consistent with previous findings in other cell
lines and recent studies of AECs (18–22). To test the effects of
Src inhibition on primary lung AECs, cells fromWTmice were
seeded on a Fnmatrix to activate endogenous latent TGF�1 (4).
Cells were cultured in the presence of SB431542, an inhibitor of
TBRI, or in the presence or absence of Src inhibitors. Both PP2
and SU6656 blocked pY654-�-catenin accumulation (Fig. 1C,
lower). We found that Y654-�-catenin phosphorylation also
accumulates in H358 cells after TGF�1 stimulation. Src inhibi-
tion had similar inhibitory effects on both �-catenin phosphor-
ylation and EMT.
The functional effects of Src inhibition on primary AEC

pY654-�-catenin accumulation and EMT are similar to those
previously reportedwith epithelial specific deletion of�3�1 (8).
Given the known association of Src kinases in integrin signal-
ing, we tested the effects of �3 integrin deletion on Src pathway
activation.WT or �3-null AECs were isolated, plated on Fn for
24 h, and then stimulated with TGF�1 for 4 h. Src activation

and pY654-�-catenin were easily detected in WT AECs but
were not detected in �3-null cells (Fig. 1, D, and C, lower).
Collectively, these observations indicate that the requirement
for �3�1 in TGF�1 signaling leading to EMT can be explained
at least in part by the critical dependence on the integrin for
TGF�1-mediated Src family kinase(s) activation and subse-
quent Tyr-654 phosphorylation.
EMT Requires pY654 �-Catenin—To define further the role

of �-catenin tyrosine phosphorylation as a mediator of EMT,
we isolated AECs from mice containing a �-catenin exon
flanked by loxP sites (floxed-�-catenin) and plated cells on Fn
while being exposed to AdenoCre, or a control AdenoGFP.
Cells with abrogated �-catenin expression showed an impaired
expression of EMTmarkers such is�-SMA (Fig. 2A), consistent
with prior studies demonstrating that knockdown of �-catenin
suppressed EMT in kidney epithelial cells (23). Next, we capi-
talized on cre-dependent deletion of endogenous �-catenin to
engineer cells expressing only WT or specific �-catenin point
mutants. Because primary AECs do not grow well we first
established immortalized derivatives of AECs capable of con-
tinued growth ex vivo. For this purpose flox-�-catenin mice
were immortalized by introducing a widely expressed SV40
large T transgene (24). Then, primary AECs isolated from these
mice, termed AECTs, were plated on Matrigel. These isolated
cells were found to grow slowly but stably for many weeks and
to form large epithelial clusters (Fig. 2B, upper left). Immuno-
stained cytospins revealed that almost all of the cells highly
expressed the integrin �6�4 whereas only 15–20% of the cells
were positive for the type II cell marker pro-surfactant protein
C (Fig. 2B, upper right) and few if any for the Clara cell marker
CCSP. This phenotype matches a progenitor cell phenotype
recently reported in adult murine lungs (25). In four indepen-
dent experiments, cell lines emerging from culture of AECs

FIGURE 1. Src activation mediates TGF�1-induced pY654-�-catenin generation. A, pY654-�-catenin and p-Smad2 in immunoprecipitates and lysates were
measured at various times after TGF�1 stimulation. B, upper, pY654-�-catenin and its complex with p-Smad2 at 2 h were blocked by Src inhibitor PP2 (10 �M)
but not inactive PP3. Lower, TGF�1 activates Src family kinase(s) as revealed by p416-Src accumulation. PP2 or SU6656 (5 �M) blocked p416-Src and p14-
caveolin1 at 2 h and attenuated Fn accumulation at 48 h. C, primary AECs were plated on Fn to allow latent TGF�1 activation. Upper, AECs were cultured on Fn
for 4 days. SB431542 and Src inhibitors inhibited TGF�1-induced Col1, vimentin, and �-SMA as judged by immunoblotting and immunostaining. Lower, AECs
were treated with TGF�1 for 2 h � PP2 or SU6656, and pY654�-catenin was detected by immunoprecipitation. D, WT or �3 integrin-null AECs plated on Fn were
maintained in the presence of SB431542 (10 �M) for 2 days and then treated with TGF�1 (4 ng/ml) plus dimethyl sulfoxide (control) or SU6656 (5 �M) for 4 h. Cell
lysates were immunoblotted for Src kinase activation (pY416) and pY14-caveolin-1.
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isolated frommice expressing large T antigen highly expressed
�6�4 and were largely deficient in type II or Clara cell lineage
markers.
When AECTs were removed from Matrigel and plated onto

Fn in the presence of TGF�1 inhibitors, the cells spread exten-
sively butmaintained adherens junctions.WhenTGF�1 signal-
ing was permitted, AECTs robustly underwent EMT as judged
by redistribution of E-cadherin with loss of cell-cell contacts
and the appearance of �-SMA (Fig. 2B). AECTs were subse-
quently used to examine the influence of the Y654-catenin res-
idue on TGF�1 signaling.

A Y654Emutationmimics its phosphorylated form, whereas
a Y654F mutation mimics the nonphosphorylated form of
�-catenin (26). It has been reported that the Y654Fmutant fails
to interact with TATA-binding proteins, whereas this interac-
tion is enhanced in the Y654Emutant (9). To express and easily
recognize these versions of Y654-�-catenin mutants, a Myc tag
was introduced in the N terminus of both WT and the two
�-catenin mutant forms, and then they were subcloned into a
retroviral expression vector containing an internal ribosome
entry site (IRES) enhanced GFP. The resultant viruses were
used to insert the WT or mutants into flox-�-catenin AECTs.
Preliminary experiments indicated that efficient transduction
of the viruses required culturing the cells on Fn where the cells
separate. It was found that once virus was integrated the cells
could be replated on Matrigel where they recovered a strong
epithelial clustered phenotype within 1 week and maintained
stable GFP expression thereafter (Fig. 2B).
To determine whether different �-catenin forms mediated

canonical �-catenin signaling comparably, the AECTs express-
ing each �-catenin form were stably infected with a lentivirus
encoding TOPflash that contains multiple TCF response ele-

ments and is widely used as a reporter of �-catenin/TCF tran-
scriptional activity (27, 28). AECT-TOPflash lines containing
theWTormutant�-cateninswere plated on Fn in the presence
of AdenoCre virus, resulting in an almost complete loss of
endogenous �-catenin (Fig. 2C). The mutant forms could be
distinguished from endogenous �-catenin by the slightly larger
size of the protein containing the�9.5-kDaMyc tag. Cells were
initially maintained in the presence of a TBRI inhibitor
(SB431542) for 48 h to allow their spreading on Fn while avoid-
ing activation of TGF�1-induced pathways. Inhibitors were
then removed and the cells exposed to active TGF�1. After 24 h
in the presence of LiCl and TGF�1, the different forms of
�-catenin showed no significant differences in TOPflash
reporter activation when corrected for the levels of �-catenin
expression (Fig. 2C). These observations confirm that in
AECTs the Y654Fmutant�-catenin is capable of nuclear trans-
location and activation of comparable canonical TCF transcrip-
tional activity to that of WT and Y654E-�-catenins, consistent
with recent reports (29). We attempted to verify nuclear trans-
location of Y654F-�-catenin by immunostaining with Myc
antibodies, but convincing nuclear catenin staining was not
apparent with any of the �-catenin forms.
In contrast, after 3 days on Fn without TGF�1 inhibition,

AECTs carrying the different mutants showed obvious differ-
ences in their EMT responses. Although all cells spread on Fn
comparably, therewas a clear induction of the EMTbiomarkers
�-SMA and Col1 as well as the canonical EMT transcription
factor Twist only in cells expressing WT or Y654E mutant
�-catenin. Cells expressing the Y654F mutant expressed EMT
markers at levels similar to AECTsmissing �-catenin (Fig. 2D).
Among the cells expressing the different �-catenin forms,
Y654E proved to be most efficient in EMT induction, as illus-

FIGURE 2. pY654-�-catenin is required for EMT. A, AECs from WT or fl/fl �-catenin mice were treated with AdenoCre or AdenoGFP and seeded on Fn. After 4
days, cells were lysed and immunoblotted with the indicated antibodies. Absence of �-catenin correlated with decreased �-SMA expression. B, AECTs cultured
on Matrigel form large cell aggregates (upper left). Cytospins of single cells were stained for �4 integrin or pro-surfactant protein C markers (upper right). Lower,
AECTs seeded for 4 days on Fn in the presence (left) or absence (right) of SB431542 were stained for EMT markers E-cadherin (orange) and �-SMA (green). In the
absence of inhibitor, AECTs undergo robust EMT. C, AECT-TOPflash expressing the indicated versions of exogenous �-catenin were treated with AdenoCre to
remove endogenous �-catenin and seeded on Fn. After 4 days, starved cells were treated with LiCl (20 mM) and TGF�1 (4 ng/ml) for 24 h. TOPflash luciferase
activity is expressed as relative light units (RLU) and normalized to �-catenin expression. Data shown are representative of four independent experiments.
Immunoblot of �-catenin (duplicate lanes) from one of the experiments is shown. D, left, AECTs expressing WT and mutant �-catenins were treated with
AdenoCre and seeded on Fn. Cells were starved and treated with LiCl (20 mM) for 3 days. Twist1, �-SMA, and Col1 were induced in the presence of WT or
Y654E-�-catenin, but not in the absence of �-catenin nor replacement by Y654F mutant. Right, Twist expression was normalized to total �-catenin expression,
average of three independent experiments (p � 0.05).
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trated by the Twist/�-catenin protein expression ratio quanti-
fied and pooled from three independent experiments. Y654F-
�-catenin was markedly deficient in Twist induction.
Importantly, addition of LiCl, which stabilizes �-catenin and
amplified TOPflash signaling of both WT and Y654 mutant
forms of Myc-�-catenin (Fig. 2C), only enhanced TGF�1-in-
duced EMT of the WT and Y654E mutant but not the Y654F
mutant (supplemental Fig. S1), indicating that Wnt pathway
signaling alone is insufficient for EMT.
pY654-�-catenin Is Not Required for TGF�1-induced TOP-

flash Activity—Because pY654-�-catenin accumulates in
TGF�1-stimulated epithelial cells (Fig. 1) and is capable of pro-
motingTCF transcriptional activity (Fig. 2C), we askedwhether
Tyr-654 phosphorylation was required for TGF�1-induced
TCF signaling, as reflected by TOPflash activity. AECT-TOP-
flash cells were allowed to spread on Fn in the presence of a
TBRI kinase inhibitor (SB431542) for 48 h and then treated for
24 h with TGF�1 with or without continued kinase inhibition.
Little TOPflash activity was detected in TGF�1-stimulated
cells, but when LiCl was added to inhibit GSK3�, TOPflash
activity was easily detected and further induced by TGF�1 (Fig.
3A, left). Both TBRI kinase inhibition and Smad3 signaling
inhibitor, SIS3, abrogated most of the TGF�1-induced TOP-

flash activity. In contrast, concentrations of the Src inhibitor
PP2 that block pY654-�-catenin accumulation (Fig. 1) had no
effect (Fig. 3A).
In contrast to AECT cells, A549 cell TOPflash activity was

clearly inducible by TGF�1 in the absence of LiCl. Indeed, the
addition of LiCl to these cells only modestly increased reporter
activity over TGF�1, suggesting that Wnt signaling is already
active. The structurally distinct Src kinase inhibitor SU6656
again had no consistent effect on TGF�1-induced TOPflash
activity in A549 cells (Fig. 3B, right). In contrast, similar exper-
iments with H358 cells indicated that SU6656 inhibited �50%
of the increase in TOPflash activity after TGF�1 stimulation.
The reasons for the variable sensitivity to Src kinase inhibitors
among different cell lines are unclear but likely involve path-
ways distinct frompY654-�-catenin accumulation per se as this
species is inhibited in all cells tested to date.
To define further whether induction of pY654-�-catenin

could be dissociated from TCF signaling, cells were stimulated
with EGF, a cytokine previously reported to induce pY654-�-
catenin (30). We observed that EGF induced accumulation of
pY654-�-catenin in A549 cells but, opposite from TGF�1 (Fig.
3A), did not measurably activate the TOPflash reporter (Fig.
3C). EGF induction of pY654-�-catenin was also Src kinase-de-
pendent. Collectively, these findings indicate that whereas all
forms of Y654-�-catenin, when stabilized byWnt signaling, can
activate TCF transcriptional activity, pY654-�-catenin accu-
mulates at levels functionally important to EMT that are below
that reportable by TOPflash activity. We next asked whether
the classical pathway of axin-mediated �-catenin turnover
could regulate the low levels of pY654-�-catenin generated by
cytokine signaling.
Axin Regulates EMT in AECs ex Vivo—Raising cellular axin

levels by prolonging the half-life of axin through tankyrase inhi-
bition has been shown to promote �-catenin turnover and
impairWnt signaling (31). XAV939, a smallmolecule tankyrase
inhibitor indentified in this study and termed FT4001 in this
paper, promotes an increase of axin-GSK3� interactions, the
reported rate-limiting step in �-catenin turnover (31). AECs
were isolated and plated on Fn. Cells were cultured without or
with 5 mM FT4001, and then axin and pY654-�-catenin levels
were measured after 72–96 h. As expected, FT4001 increased
cellular levels of axin 1, which is minimally detectable in
untreated AECs (Fig. 4B, left). The tankyrase inhibitor had a
clear inhibitory effect on the expected pY654�-catenin accu-
mulation, inhibiting 75–80%of control levels in four independ-
ent experiments (Fig. 4A). In parallel experiments immunoblot-
ting revealed a �70% reduction in the �-SMA expression
induced by TGF�1 in these cells (Fig. 4B). Immunostaining
confirmed the inhibitory effect of FT4001 on both �-SMA and
Col1 expression induced by culture of primary AECs on Fn for
96 h (Fig. 4C). Similar effects were found in AECTs. These find-
ings confirm the predicted relationship between pY654-�-
catenin accumulation and EMT in primary AECs and empow-
ered testing of FT4001 in vivo in a model of experimental
fibrosis.
Tankyrase Inhibition Improves Survival after Bleomycin-in-

duced Lung Injury—Preliminary experiments tested doses of
FT4001 administered daily by gavage in normalmice and deter-

FIGURE 3. pY654-�-catenin does not significantly contribute to TGF�1-
induced TCF/�-catenin reporter activity. A, AECTs carrying the TOPflash
reporter were seeded on Fn. Cells were lysed, and TOPflash activity was meas-
ured after treating with the indicated factors for 24 h: 20 mM LiCl, 4 ng/ml
TGF�1, 1 �M SIS3, 10 �M SB431542, 10 �M PP2 and PP3. B, A549 cells express-
ing TOPflash were treated with TGF�1 � LiCl or SU6656, and RLU was deter-
mined after 24 h. Relative activity normalized to �-gal expression. C, left, A549
cells were treated with control PBS or EGF (50 ng/ml) with or without Wnt3a
for 2 h, and the pY654-�-catenin immunoprecipitates and the lysates were
blotted for �-catenin. Right, A549 cells expressing TOPflash were treated with
TGF�1 (4 ng/ml) or EGF (50 ng/ml), and RLU was determined after 24 h. Rela-
tive activity was normalized to �-gal expression.
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mined 50 mg/kg as the minimum effective dose in raising axin
levels in extracts of lungs from mice treated for 7 days. Higher
doses of FT4001 had little additive effect on axin levels, possibly
due to the largely insoluble nature of FT4001 in aqueous solu-
tion. To explore a possible protective role of FT4001, adult
female C57BL/6 mice were injected intratracheally with bleo-
mycin in doses found to result in lethality in the majority of
mice after 21 days (2.5 units/kg). To avoid possible effects of
FT4001 on the early injury and inflammatory phase after bleo-
mycin, FT4001 (50 mg/kg) was administered to 20 mice begin-
ning after 10 days, during the fibrogenic phase (Fig. 5A). Con-
trol mice received vehicle alone by gavage. Treatment was
repeated every day for 6 days. After this period, a significant
increase in survival was observed in the FT4001-treated mice
versus control (Fig. 5A).
Tankyrase Inhibition Attenuates in Vivo pY654-�-catenin

Accumulation and Fibrogenesis—In parallel experiments mice
were given intratracheal bleomycin in a lower dose (2.0 units/
kg) previously found to induce fibrosis in C57BL/6 mice but to
allow �80% survival. Mice were again given daily FT4001
beginning day 10 after bleomycin, and the lungs were harvested
for analysis on day 17. Immunoprecipitation confirmed accu-
mulation of pY654-�-catenin in lungs of mice given bleomycin
(Fig. 5C). Mice given FT4001 showed much less or no detecta-
ble accumulation of the pY654 form. In contrast, no decrease in

total lung�-cateninwas observed (Fig. 5C). Although therewas
overall a clear decrease in pY654 accumulation, there was sig-
nificant variability among the FT4001-treated mice. The
increase in lung axin levels was modest compared with that of
cultured cells (Fig. 4B), and some mice showed little or no
increase in total lung axin levels. Moreover, it was not always
the case that total lung axin levels predicted whole lung pY654-
�-catenin levels.We attempted to localize axin 1 and 2 proteins
in situ but were unable to immunostain cellular axin convinc-
ingly in either untreated or treated mice with available anti-
bodies. Despite these limitations there was an overall clear
decrease in pY654-�-catenin levels in FT4001-treated mice in
each of four independent experiments.
To assess the effects of FT4001 on fibrogenesis, Col1,

�-SMA, Snail1, and Twist1 levels in extracts of injured lungs
were assessed by immunoblotting (normalized to total protein),
and quantification of the individual proteins from each of three
experiments was pooled for statistical analysis. Mice treated
with FT4001 showed consistently decreased Col1 and �-SMA
protein levels comparedwithmice given bleomycin but no drug
(Fig. 5, C and D). Likewise, the canonical EMT transcription
factors Snail and Twist1 were easily detected in the injured
lungs at day 17 but not in saline-treated mice. Bleomycin-in-
jured mice treated with FT4001 had almost no Snail (p � 0.05)
or Twist1 (p � 0.005) accumulation (Fig. 5, C and D). The rel-
atively large SDs for Col1 and Snail reflect variability in the
degree of fibrosis in cohorts of mice given a single dose of
bleomycin.
Fibrogenesis was also assessed morphologically (Fig. 5B).

Low power images of regions of injured lungs from bleomcyin-
treated mice on day 17 are shown. As judged by H&E staining,
lungs of both vehicle- and FT4001-treated mice contained
comparable regions of extensive injury, but trichrome staining
revealed attenuated collagen accumulation in lungs of FT4001-
treated mice. Sections of lungs from mice treated with either
vehicle or FT4001 were also immunostained for Col1 and
�-SMA (top panel). Accumulation of �-SMA and Col1 was
attenuated in lungs of mice given FT4001, consistent with the
biochemical assays and improved survival.

DISCUSSION

�-Catenin has a dual role as transcription factor and as part
of the structural protein network that regulates adherens junc-
tions (32). Tyrosine phosphorylation of �-catenin on Tyr-654,
located in the last of 12 armadillo repeat domains in �-catenin,
is a link between these two functions because pY654 is an
important determinant of the physical association of �-catenin
with E-cadherin and hence the availability of �-catenin for sig-
naling. Generation of pY654 has been shown to diminish
�-catenin associationwith E-cadherin 10-fold (26). In addition,
the �-catenin C-terminal tail interacts with the terminal arma-
dillo repeat domains, preventing the interaction of this region
with other proteins, such as protein kinase A (33). Phosphory-
lation of �-catenin at Tyr-654 decreases the armadillo-C-ter-
minal tail association, uncovering these residues (10). These
known functions of pY654, as well as other tyrosine phosphor-
ylation sites on �-catenin, appear to re-enforce the capacity of
�-catenin to translocate to the nucleus and mediate activation

FIGURE 4. Raised epithelial cell axin levels abrogate EMT. Primary AECs
were plated on Fn and treated with either FT4001 (5 mM) or vehicle control.
After 3 days: A, pY654-�-catenin and its complex with p-Smad2 detected by
immunoprecipitation are decreased in the FT4001-treated cells, whereas
total �-catenin and p-Smad2 levels are unaffected. B, immunoblots showed
increased axin and decreased �-SMA proteins after FT4001 treatment (left).
Quantification of �-SMA in 3 independent experiment confirms �75% loss of
�-SMA with high axin levels (p � 0.05) (right). C, AECs were cultured on Fn
without or with FT4001 (5 mM). After 3 days, immunostaining revealed sup-
pression of Col1 (orange) and �-SMA (green) expression by FT4001.
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of classic TCF target genes (32). In the context of TGF�1 sig-
naling, this would be expected to promote pathways of cross-
talk between Smad- and �-catenin-mediated transcription
reported previously (23, 34–36).
However, prior studies leave open the possibility that pY654-

�-catenin has a distinctive signaling function in EMT. This idea
is supported by prior findings tightly linking the epithelial
integrin �3�1 with both pY654-�-catenin accumulation and
EMT ex vivo and in vivo (8, 23) coupled with findings reported
here that a critical function of the integrin is mediating Src
kinase activation after TGF�1 signaling, Src kinase(s) activity
being the principal pathway of Tyr-654 phosphorylation, and a
requirement for EMT (Fig. 1) (21, 22). In addition, expression of
the pY654F-�-catenin mutant incapable of phosphorylation as
the only �-catenin species in AECs had no inhibitory effect on
TCF signaling compared with WT �-catenin in response to
TGF�1, and yet Y654F-�-catenin failed to induce severalmark-
ers of EMT including Twist1, �-SMA, and Col1 (Fig. 2). These
observations dissociate classical TCF/�-catenin signaling from
the functional effects of pY654-�-catenin on EMT. This disso-
ciation is also revealed by our observation that TGF�1 signaling
in AECTs promotes pY654-�-catenin phosphorylation
(detected biochemically) and EMT under conditions where
TCF-mediated TOPflash activity is unmeasurable (Figs. 1C and
3A). Nonetheless, pY654-�-catenin co-immunoprecipitates

with TCF3 and is clearly regulated by the axin pathway of
�-catenin turnover (Fig. 4), indicating that Wnt signaling or
other mechanisms of GSK3� inactivation by TGF�1 could be
expected to promote pY654-�-catenin accumulation.We favor
the view that a principal function of enhanced Wnt signaling
induced by TGF�1 (Fig. 3), and possibly other cytokines impli-
cated in EMT, is to promote the Src kinase-dependent accumu-
lation of pY654-�-catenin that then directly interacts with the
Smad pathway to effect EMT. Clearly, definition of the DNA
binding specificity of pY654-�-catenin contrasted with non-
phosphorylated �-catenin will be an important area for future
investigation.
Although Src activity appears critical to pY654-�-catenin

accumulation and EMT, our data do not exclude other targets
of active Src kinase(s) as being important in EMT. For example,
activation of FAK and Src from ligand-mediated integrin acti-
vation is also reported to support myofibroblast differentiation
(7, 37). Internalization of E-cadherin is dependent on Src
kinase-mediated phosphorylation of its cytoplasmic tail, andwe
have previously reported defective internalization of �3�1/E-
cadherin cell surface complexes in response to TGF�1 in
�3-null cells (23, 38). Finally, although Src kinase activity is not
required for �-catenin/TCF transcriptional activity, active Src

3 Y. Xi, unpublished observation.

FIGURE 5. Tankyrase inhibition attenuates TGF�1-stimulated EMT, bleomycin-induced injury, and fibrogenesis. A, mice injected intratracheally with
bleomycin (2.5 units/kg). After 10 days, FT4001 50 mg/kg or vehicle alone was administered daily by gavage for 7 days. FT4001 significantly increased survival
of bleomycin-treated mice by day 17 (p � 0.025). B, upper, Col1 (orange) and �-SMA (green) accumulation in bleomycin-injured lungs treated with FT4001 or
vehicle. Images are composites of 20� fields tiled as described under “Experimental Procedures.” Middle and lower, representative H&E and Masson’s trichrome
staining of serial sections of lungs from vehicle- and FT4100-treated mice. Similar results were seen in lungs of three pairs of control and treated mice. C,
pY654-�-catenin accumulation and EMT markers measured in protein extracts from snap-frozen lungs. pY654-�-catenin is strongly increased in bleomycin-
treated mice and attenuated by FT4001. Axin and EMT markers (Col1, �-SMA, Snail1, Twist) are detected by immunoblotting. TGF�1 signaling marker
(p-Smad2) and total �-catenin are also shown. D, quantification (mean � S.D. (error bars)) of EMT markers from three independent experiments (9 total mice
given bleomycin and 15 given bleomycin � FT4001) analyzed by immunoblotting whole lung extracts. Data are expressed as relative -fold change over saline
values (set at 1).
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may promote �-catenin signaling by altering cell contacts or in
some systems inactivating GSK3� apparently independently of
Wnt ligands (39). Hence, the role of Src kinase in �-catenin
signaling is complex and seemingly cell type-dependent.
Despite this complexity, tyrosine phosphorylation of �-catenin
at Tyr-654 appears to be a consistent, required function of Src
activation in TGF�1-initiated EMT.
Inhibition of �-catenin signaling has been previously

reported to inhibit bleomycin-induced pulmonary fibrosis in
mice. Henderson et al. identified a small molecule, ICG-001,
that inhibits the TCF/�-catenin signaling pathway by blocking
the interaction of �-catenin with the transcriptional co-activa-
tor CBP. This approach resulted in an increase of survival in the
bleomycin model and attenuated fibrogenesis, supporting the
idea of�-catenin as a potential target for fibrotic disorders (40).
Because CBP is a co-activator for many transcription factors,
however, the ultimate specificity of ICG-001 in vivo is uncer-
tain. Our data support these prior observations by demonstrat-
ing that a completely independent mechanism of attenuating
�-catenin signaling improves survival and decreases fibrosis
after bleomycin-induced lung injury. Importantly, although
Wnt signaling could be expected to promote �-catenin signal-
ing in the bleomycin model as discussed above, both of the in
vivo approaches used to block �-catenin signaling and fibro-
genesis act very downstream of Wnt ligands. Indeed, it is con-
ceivable that Wnt ligands are not critical to the fibrogenic
response in this model. Inhibition of GSK3� could arise more
directly through TGF�1 (or other cytokine)-dependent direct
inhibition of GSK3� activity (41). Still, it is likely that induction
ofWnt ligands contribute to the overall fibrotic process as sug-
gested by prior studies in severalmodels of tissue fibrosis aswell
as evidence of enhanced Wnt activity in IPF (13, 42–44).
Although raised axin levels block EMT ex vivo and block

accumulation of Snail1 and Twist1 in vivo, the mechanism of
inhibition of fibrogenesis is not necessarily through attenuation
of EMT. The primary source of Col1 in fibrotic lungs is likely to
be fibroblasts. The acquisition of Snail expression by adult
fibroblasts was described previously as a mechanism of pro-
moting migration and matrix production by fibroblasts (45).
Although our attempts to block Col1 or �-SMA production by
raising axin levels in cultured primary lung fibroblasts had little
effect,3 thismay not be true in vivo. AECs could be contributing
to collagen production directly through EMT, but also could be
promoting type I collagen expression in resident fibroblasts
through cytokine/chemokine signaling activated by EMT. The
role of enhanced cross-talk between epithelial cells and fibro-
blasts as a result of EMT is not well defined. Yet the fact that
either genetic or small molecule inhibitors of EMT ex vivo sup-
press fibrogenesis in vivo further supports the importance of
the EMT signaling pathway in fibrosis. Up-regulation of Snail
and Twist is observed in IPF, and enhanced Snail expression is
observed in IPF lung epithelial cells (46, 47). A recent report
that selective Snail deletion in hepatic epithelial cells (hepato-
cytes) blocks experimental liver fibrosis underscores the impor-
tance of Snail signaling in epithelial cells during fibrogenesis
(48). Given the importance of TGF�1 signaling in many physi-
ological processes, identification of a domain of TGF�1 signal-
ing specifically required for fibrosis invites a more targeted

approach to this disorder, and our studies raise the novel pos-
sibility of manipulating lung axin levels as one such approach.
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