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Rationale: Alveolar epithelial cells (AECs) play central roles in the
response to lung injury and the pathogenesis of pulmonary fibrosis.
Objectives: We aimed to determine the role of b-catenin in alveolar
epithelium during bleomycin-induced lung fibrosis.
Methods: Genetically modified mice were developed to selectively
delete b-catenin in AECs and were crossed to cell fate reporter mice
that expressb-galactosidase (bgal) in cells ofAEC lineage.Micewere
given intratracheal bleomycin (0.04 units) and assessed for AEC
death, inflammation, lung injury, and fibrotic remodeling. Mouse
lung epithelial cells (MLE12) with small interfering RNA knockdown
ofb-catenin underwent evaluation forwound closure, proliferation,
and bleomycin-induced cytotoxicity.
Measurements and Main Results: Increased b-catenin expression was
noted in lung parenchyma after bleomycin. Mice with selective de-
letion of b-catenin in AECs had greater AEC death at 1 week after
bleomycin, followed by increased numbers of fibroblasts and en-
hanced lung fibrosis as determined by semiquantitative histological
scoring and total collagen content. However, no differences in lung
inflammation or protein levels in bronchoalveolar lavage were
noted. In vitro, b-catenin–deficient AECs showed increased bleomycin-
induced cytotoxicity as well as reduced proliferation and impaired
woundclosure.Consistentwith thesefindings,micewithAECb-catenin
deficiency showed delayed recovery after bleomycin.

Conclusions: b-Catenin in the alveolar epithelium protects against
bleomycin-induced fibrosis. Our studies suggest that AEC survival
and wound healing are enhanced through b-catenin–dependent
mechanisms.Activationof thedevelopmentally importantb-catenin
pathway in AECs appears to contribute to epithelial repair after
epithelial injury.
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Alveolar epithelial cell (AEC) dysfunction is believed to contrib-
ute to idiopathic pulmonary fibrosis (IPF) pathogenesis by
enhancing susceptibility to injurious stimuli and impairing reepi-
thelialization (1). It has long been known that epithelial abnor-
malities are common in IPF lung biopsy specimens, including
hyperplastic AECs lining areas of fibrosis, but observations that
mutations in genes encoding surfactant protein C and A2 are
associated with familial IPF provide strong evidence that AECs
are critical to disease pathogenesis (2). AECs likely contribute
to lung fibrosis in multiple ways. Numerous studies have shown
that AEC apoptosis is common in humans with IPF and can
initiate fibrotic remodeling in animal models (3, 4). In addi-
tion, AECs are known to produce key profibrotic cytokines
(5). However, the mechanisms by which AECs guide success-
ful or aberrant alveolar repair after injury remains largely
undefined.

In evaluating potential mechanisms important for responding
to AEC injury, it is attractive to consider that pathways involved
in lung development could be reactivated to mediate repair.
b-Catenin is a key component to patterning of the alveolar
epithelium in development with mouse models revealing prom-
inent roles for b-catenin in type II AEC differentiation (6),
branching morphogenesis, and alveolarization (7). The role
for b-catenin in the alveolar epithelium in the adult lung is less
clear, but recent evaluations demonstrated that b-catenin and
other pathway components are found in hyperplastic alveolar
epithelium lining areas of fibrosis in IPF (8, 9), raising the ques-
tion of whether b-catenin may also be important in the adult
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The alveolar epithelial cell population plays critical roles in
the pathogenesis of pulmonary fibrosis. Lung develop-
mental pathways are reactivated after lung injury and
fibrosis.

What This Study Adds to the Field

This study provides evidence on the role of b-catenin in
the alveolar epithelium in the response to lung injury
and fibrosis.
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lung for recovery after injury (10). To address this issue, we
developed a transgenic mouse model in which b-catenin can
be selectively deleted in the alveolar epithelium in the adult
mouse. Our studies indicate an important role for b-catenin in
AECs in lung repair and protection from fibrosis. Some of these
results have been presented previously in abstract form (11, 12).

METHODS

Detailed methods are in the online supplement.

Models

Transgenic mice (C57BL/6J background) used include (1) mice
expressing reverse tetracycline transactivator (rtTA) under human sur-
factant protein C promoter (SFTPC.rtTA) (13), (2) mice expressing
Cre recombinase under tetracycline operator (tet-O)7 and minimal
CMV promoter (tetO.Cre) (13), (3) mice with b-catenin exons 2 to 6

flanked by loxP sites (bcatfl/fl) (14), (4) R26Rosa.Stop.LacZ mice in
which R26Rosa promoter drives a construct with a loxP flanked STOP
cassette upstream of lacZ (gene product bgal) (15), (5) R26Rosa.
Tomato.GFP mice in which R26Rosa promoter drives a loxP flanked
construct expressing fluorescent Tomato protein upstream of green
fluorescent protein (GFP) (16), and (6) TOPGAL mice expressing lacZ
under a LEF-1/TCF (lymphoid enhancer factor-1/T cell factor) regula-
tory binding sequence (17).

Combining SFTPC.rtTA, tetO.Cre, and R26Rosa.Stop.LacZ mice
yielded lung epithelium cell fate reporter mice, abbreviated STR. Mat-
ing STR with bcatfl/fl mice generated mice in which b-catenin could be
selectively deleted in alveolar epithelium, abbreviated STBR. SFTPC.
rtTA and tetO.Cre mice were also crossed to bcatfl/fl and R26Rosa.
Tomato.GFP mice.

Mice were housed in animal care facilities at Vanderbilt University
(Nashville, TN) with food/water ad libitum. Protocol was approved by
Vanderbilt’s institutional animal care and use committee. Doxycycline
(Sigma-Aldrich, St. Louis, MO) was administered in drinking water

Figure 1. Development of transgenic

model for deficiency of b-catenin in the

alveolar epithelium. (A) Schematic illus-

trating how the combination of the four
individual transgenic mice results in the

desired model. SFTPC.rtTA and tetO.Cre

were maintained in the heterozygous

state, but bcatfl/fl and Rosa.Stop.lacZ
were maintained in the homozygous

state; thus one-fourth of the resulting

mice were the desired transgenic combi-

nation. (B) Xgal staining in a lung section
from an adult SFTPC.rtTA.tetO.Cre.b-

cateninfl/fl.R26Rosa.Stop.LacZ (STBR) mouse

treated with doxycycline in the drinking
water for 1 week. Magnification, 3600.

(C, D) Xgal staining on type II alveolar

epithelial cells (AECs) isolated from trans-

genic mice with deficiency of b-catenin
the alveolar epithelium (STBR) demon-

strated positive blue staining (D) as op-

posed to type II AECs from littermate

control mice, which were not Xgal-
positive (C). (E, F) Lung epithelium cell

fate mapping mice with intact b-catenin

in the alveolar epithelium (Control) and
deficient in b-catenin in the alveolar epi-

thelium (STBR) had a high percentage of

recombination events in the type II AEC

population as detected by bgal expres-
sion in isolated type II AECs. (E) Con-

focal immunofluorescence images for

bgal (green), Pro-SPC (red), and 49,6-
diamidino-2-phenylindole (DAPI) (blue)
in isolated type II AECs from STBR and

control reporter mice at baseline. (F)

Graph representing the percentage of

pro-SPC1 AECs that were also bgal1 in
control and STBR mice at baseline. n ¼ 3

per group. (G, H) Control and STBR mice

had a marked difference in b-catenin ex-
pression in isolated type II AECs. (G) Con-

focal immunofluorescence images for

bgal (green), b-catenin (red), and DAPI

(blue) in isolated type II AECs from STBR
and control reporter mice at baseline. (H)

Graph representing the percentage of

bgal1 AECs that were also b-catenin1 in control and STBR mice at baseline. As illustrated, transgene efficiency for recombination events in STBR

mice was not 100%, with approximately 20% bgal1 AECs still having evidence of b-catenin expression. n ¼ 3 per group. *P , 0.0001 between
columns.
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(2 g/dl with 2% sucrose). Bleomycin (Bedford Laboratories, Bedford,
Ohio) 0.04 units in 100 ml saline was administered intratracheally after
intubation as previously described (4, 18).

Histology, Immunostaining, Terminal Deoxynucleotidyl

Transferase dUTP Nick-End Labeling, Western Blot,

Lung Lavage, and Antibodies

Lungs were harvested (18–21); sections prepared (4, 19, 20, 22); immu-
nohistochemistry, immunocytochemistry, immunofluorescence, Xgal stain-
ing, and terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining performed (19–21, 23); Western blots performed
(19, 23); and bronchoalveolar lavage (BAL) performed (18, 22) as previ-
ously described. See online methods for antibodies used in these studies.

Type II AEC Isolation and Polymerase Chain Reaction

Type II AECs were isolated as previously described (19, 21, 22). Type II
AECs from fluorescent reporter mice underwent flow sorting (BD-
FACsAria; Becton Dickinson, Franklin Lakes, NJ). GFP1 AECs were
exposed to Wnt3a (100 ng/ml) (R&D Systems, Minneapolis, MN) with
analysis by Wnt/b-catenin polymerase chain reaction (PCR) array
(SABiosciences, Frederick, MD) and quantitative real-time PCR per
online methods.

Semiquantitative Scoring, Collagen Content, Morphometry,

and Lung Mechanics

Semiquantitative lung fibrosis scoring (4, 18, 20, 22); quantitation
of TUNEL, S100A4-positive, and a-smooth muscle actin (aSMA)-
positive cells (21, 22); hydroxyproline microplate assay (4); measurement

of alveolar diameter and perimeter (22); and measurement of static
compliance and airway resistance (4, 24) were performed as previously
described.

Small Interfering RNA

Mouse lung epithelial (MLE12) cells and rat lung epithelial (RLE6TN)
cells underwent small interfering RNA (siRNA) transfection against
b-catenin per online methods and as previously described (23). Lactate
dehydrogenase cytotoxicity, wound closure, proliferation, and immu-
nofluorescence studies were performed as outlined in online methods.

Statistics

Statistical analyses were performed using GraphPad InStat (GraphPad,
San Diego, CA). Differences among groups were assessed using one-
way analysis of variance or Kruskal-Wallis rank analysis of variance.
Differences between pairs were assessed using Student t test or
Mann-Whitney test. Survival differences were evaluated using Fisher
exact test. Results are presented as mean 6 SEM. P less than 0.05 was
considered significant.

RESULTS

b-Catenin Expression Increases after Bleomycin

To evaluate b-catenin expression in bleomycin-induced lung
fibrosis, adult wild-type C57BL/6J mice were given intratracheal
bleomycin and lungs harvested for evaluation of b-catenin
by immunohistochemistry. In untreated lung, b-catenin was

Figure 2. Mice with deficiency of b-catenin in the

alveolar epithelium (STBR) had normal-appearing

lung architecture by light microscopy after 6 weeks

of doxycycline. Hematoxylin and eosin sections of
lung from (A) a mouse with intact b-catenin in the

alveolar epithelium, and (B) a mouse with alveolar

epithelial b-catenin deficiency (STBR). Magnifica-
tion, 3200. (C) Mean alveolar diameter and (D)

mean alveolar perimeter were similar between STBR

mice and control mice. n ¼ 4 for each column. (E)

Static lung compliance and (F) airway resistance
were similar between control and STBR mice. n ¼
4 per column.
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detected at low levels in many cells but was most easily ob-
served in corners of some alveoli, suggestive of type II AECs
(see Figure E1A in the online supplement). After bleomycin,
cytoplasmic and nuclear staining for b-catenin increased in mul-
tiple cells types, including epithelial cells in areas of injury,
inflammation, and fibrosis (Figures E1B–E1D). Dual immuno-
fluorescence studies indicated that b-catenin was detected in
type II AECs, fibroblasts, endothelial cells, and macrophages
(Figure E2). In addition, Xgal staining was detected in both
epithelial and mesenchymal cells after bleomycin in TOPGAL
mice, revealing LEF1/TCF pathway activation (Figure E3). Al-
though b-catenin was detected in multiple cell populations, we
elected to analyze its role specifically in the alveolar epithelium.

Mice with Selective Deletion of b-Catenin in the Alveolar

Epithelium in Adulthood Have Normal Lung Architecture

We developed a transgenic mouse model in which b-catenin can
be selectively deleted in the alveolar epithelium. To eliminate
potential for lung development effects, the tet-on system was
used, and b-catenin was deleted by treatment with doxycycline
beginning at 8 weeks of age. Transgenic mice (SFTPC.rtTA,
tetO.Cre, bcatfl/fl, Rosa.Stop.lacZ) were crossed to generate
the desired model, abbreviated STBR (Figure 1A). SFTPC.
rtTA1/tetO.Cre2, SFTPC.rtTA2/tetO.Cre1, and SFTPC.
rtTA2/tetO.Cre2 littermates served as controls.

Because of the reporter construct, type II AECs (and distal
bronchial epithelial cells) express b-galactosidase (bgal) after
doxycycline exposure, allowing for lung epithelial cell fate

mapping. To verify recombination, we evaluated bgal expres-
sion in lung sections and in isolated type II AECs from STBR
mice after 1 week of doxycycline (Figures 1B–1D). Xgal stain-
ing was identified in the alveolar epithelium in a distribution
consistent with type II AECs as well as in distal bronchiolar
cells. Isolated type II AECs from AEC b-catenin deficient
(STBR) and control cell fate mapping mice were more than
90% bgal1 (Figures 1E and 1F). Dual immunofluorescence
studies revealed that approximately 80% of bgal1 AECs from
control cell fate mapping mice expressed b-catenin, whereas
approximately 20% of bgal1AECs from STBR mice expressed
b-catenin (Figures 1G and 1H), indicating incomplete efficiency
of b-catenin gene deletion. Dual immunofluorescence for bgal
and the cell markers pro-SPC, S100A4, CD34, and F4/80
revealed that bgal expression was specific to the epithelium
(Figures E4 and E5).

To further characterize model integrity, we evaluated down-
stream effects of AEC deletion of b-catenin on the Wnt/
b-catenin pathway. We generated cell fate mapping mice with
fluorescent expression to optimize purity of the type II AEC
isolation. SFTPC.rtTA.tetO.Cre.bcatfl/fl.R26Rosa.Tomato.GFP
(STBR-TGFP) mice had targeted deletion of b-catenin (Figures
E6A and E6B), whereas SFTPC.rtTA.tetO.Cre.R26Rosa.To-
mato.GFP mice served as fluorescent reporter controls. Mice
were given doxycycline for 1 week and a type II AEC isolation
was performed with flow sorting to isolate GFP1 (and Tomato1)
cells. PCR for genomic b-catenin (Ctnnb1) revealed that GFP1
AECs from STBR-TGFP mice were deficient in Ctnnb1 (Figure
E6C). GFP1AECs were placed in culture withWnt3a (100 ng/ml)

Figure 3. Lung fibrosis was increased in mice with de-

ficiency of b-catenin in the alveolar epithelium at

3 weeks after bleomycin. Representative images of

trichrome-stained lung sections from (A) a mouse with
intact b-catenin expression in the alveolar epithelium

(control) with saline injection, (B) a mouse with defi-

ciency of b-catenin in the alveolar epithelium (STBR)

with saline injection, (C) control with bleomycin injec-
tion, and (D) STBR with bleomycin injection.

Magnification, 3100. (E) Lung fibrosis was scored on

trichrome blue–stained lung sections, revealing
a greater score with deficiency of b-catenin in the al-

veolar epithelium. n ¼ 9–10 per column. *P , 0.01

between columns. (F) By microplate hydroxyproline

assay, right lower lobe collagen content was greater
in lungs from mice with deficiency of b-catenin in the

alveolar epithelium at 3 weeks after bleomycin. n ¼ 6–

7 per column. *P , 0.05 between bleomycin-treated

control and STBR mice. #P , 0.05 between bleomycin-
treated and saline-treated STBR mice. RLL ¼ right lower

lobe.

Tanjore, Degryse, Crossno, et al.: AEC Deficiency of b-Catenin 633



for 24 hours, followed by harvest. Next, we performed a targeted
Wnt/b-catenin–specific array (SA Biosciences) (Table E1), with
several Wnt/b-catenin–regulated genes showing down-regulation
in AECs isolated from AEC b-catenin–deficient mice compared
with control mice, including confirmation of b-catenin deletion
(Figure E7). In addition, quantitative real-time PCR was per-
formed for b-catenin (Ctnnb1) and the classic downstream targets
cyclin D1 (ccnd1) and axin 1, revealing that each was down-
regulated in AECs from STBR mice (Figure E8).

In absence of doxycycline, STBR mice and littermate control
mice appeared normal at birth and into adulthood. After reach-
ing adulthood (. 8 wk age), mice were exposed to doxycycline
for up to 6 weeks with no evidence of respiratory distress or
effects on general appearance or weight. After 6 weeks of doxy-
cycline, lungs from STBR mice and control mice had normal
lung architecture by light microscopy (Figures 2A and 2B) and
no difference in measurements of alveolar size (Figures 2C and
2D). In separate studies, measurements of lung mechanics, in-
cluding static lung compliance and airway resistance, were sim-
ilar between STBR mice and control mice (Figures 2E and 2F).
Thus, at least over a short time frame, b-catenin deletion did
not appear to impact lung structure or function.

Mice with Deficiency of b-Catenin in the Alveolar Epithelium

Have Greater Mortality and Enhanced Lung Fibrosis after

Intratracheal Bleomycin

To investigate the impact that AEC-specific deletion of b-catenin
may have on lung injury and remodeling, we treated STBR mice
and littermate control mice with intratracheal bleomycin. Mice
received doxycycline for 1 week before bleomycin. After intra-
tracheal bleomycin 0.04 units, STBR mice had increased mor-
tality compared with littermate control mice (Figure E9). At
3 weeks after bleomycin, lungs from surviving STBR mice and
littermate control mice were harvested to evaluate lung fibrosis.
On trichrome blue–stained sections, mice with AEC deletion of
b-catenin had greater lung fibrosis compared with littermate
control mice. STBR mice had increased lung parenchymal

distortion and enlarged fibrotic areas (Figures 3A–3D) with
increased lung fibrosis by semiquantitative scoring and hydrox-
yproline quantitation (Figures 3E and 3F).

Mice with Deficiency of b-Catenin in the Alveolar Epithelium

Have Greater AEC Death after Intratracheal Bleomycin

To determine if b-catenin deficiency alters AEC survival after
bleomycin, lungs from STBR mice and littermate control mice
were harvested at 1 week after bleomycin or vehicle (saline)
injection, a time point characterized by prominent AEC death
(18). In saline-treated animals, TUNEL1 cells were rare, and
no difference was observed between STBR and control mice.
At 1 week after bleomycin, STBR mice had markedly greater
TUNEL1 epithelial cells compared with littermate control
mice (Figure 4). Dual immunofluorescence for TUNEL and
pro-SPC confirmed that AECs were the predominant TUNEL1
cell population (Figure E10). Thus, deletion of b-catenin predis-
poses to AEC death after bleomycin.

To further investigate this relationship, we performed siRNA
studies targeting b-catenin in MLE12 cells, resulting in appropri-
ate knockdown of b-catenin and attenuation of expression of the
classic downstream targets fibroblast growth factor 4 (fgf4), cyclin
D1 (ccnd1), and axin 1 (Figures 5A–5E). MLE12 cells with tar-
geted knockdown of b-catenin had greater cytotoxicity after
bleomycin exposure compared with MLE12 cells with nontarget
siRNA (Figure 5F), results that were consistent with in vivo TUNEL
staining and indicative of a direct susceptibility to bleomycin
cytotoxicity in b-catenin–deficient AECs. Furthermore, MLE12
cells with targeted knockdown of b-catenin showed reduced 5-
bromo-29-deoxyuridine (BrdU) incorporation compared with
MLE12 cells with nontarget siRNA (Figure 5G). In isolated type
II AECs from STBR and control mice, lactate dehydrogenase
cytotoxicity was similar between groups, whereas BrdU incorpo-
ration was less in AECs from STBR mice compared with control
mice (Figure E11).

To determine if AEC deletion of b-catenin impacted lung
inflammation, BAL was performed at 1 week after saline or

Figure 4. Mice with deficiency of b-catenin in the alve-

olar epithelium had greater alveolar epithelial cell
(AEC) death after bleomycin. Terminal deoxynucleotidyl

transferase dUTP nick-end labeling (TUNEL)1 epithelial

cells were more frequent in mice with deficiency of

b-catenin in the alveolar epithelium at 1 week after
bleomycin. Representative lung sections from (A) a

mouse with intact b-catenin expression in the alveolar

epithelium, and (B) a mouse with deficiency of b-catenin

in the alveolar epithelium (STBR). Arrows point to rep-
resentative TUNEL1 cells. Magnification, 3400. (C)

When quantitated per high-power field, a greater per-

centage of epithelial cells were TUNEL1 with AEC

b-catenin deficiency. n ¼ 5 per column. *P , 0.05
between columns.
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bleomycin injection and cell counts and differentials performed.
With saline, total BAL leukocytes, macrophages, neutrophils,
and lymphocytes were similar between the two groups (Figure
E12A–E12D). After bleomycin, inflammatory cells increased in
both groups but with no statistical difference between STBR
mice and control mice (Figure E12A–E12D). BAL protein lev-
els increased with bleomycin exposure in both groups, but no
differences were found between STBR and control mice (Figure
E12E).

Deficiency of b-Catenin in Lung Epithelial Cells Impairs

Wound Healing

We speculated that b-catenin is important in wound healing
functions of the alveolar epithelium. To investigate this possi-
bility, MLE12 cells transfected with siRNA against b-catenin or
nontarget siRNA were analyzed in an in vitro two-dimensional
monolayer wound closure assay. MLE12 cells with siRNA
knockdown of b-catenin had diminished wound closure com-
pared with nontarget siRNA controls (Figure 6). Recent

investigations have suggested synergistic interactions between
the transforming growth factor b (TGFb) and Wnt/b-catenin
pathways during lung fibrosis (25, 26). Thus, wound healing
studies were performed evaluating the effects of TGFb1 admin-
istration in the presence of siRNA knockdown of b-catenin.
Although TGFb augmented wound closure in nontarget siRNA
MLE12 cells, this effect was abrogated by siRNA against b-catenin
(Figure E13). Taken together, these studies suggest that AEC reg-
ulation of b-catenin plays a role in wound healing, which could in
part explain the enhanced lung fibrosis noted with AEC b-catenin
deficiency after bleomycin.

Mice with Deficiency of b-Catenin in the Alveolar Epithelium

Have Increased Numbers of Lung Fibroblasts

Given the differences in lung fibrosis, we next evaluated numbers
of fibroblasts recruited to the lung. Given the prominent role that
b-catenin has been shown to have in epithelial–mesenchymal
transition (EMT) (26), we further evaluated interactions be-
tween TGFb and b-catenin on EMT in RLE6TN cells. Even

Figure 5. siRNA knockdown of b-catenin in mouse

lung epithelial (MLE12) cells increased cell death

after bleomycin and attenuated proliferation. (A)

Western blot for b-catenin from whole-cell lysates
of MLE12 cells transfected with nontarget control

small interfering RNA (siRNA) or siRNA targeting

b-catenin. b-actin band shown as loading control.
(B–D) MLE12 cells with siRNA knockdown of b-catenin

had decreased expression of b-catenin (ctnnb1)

and downstream targets fibroblast growth factor 4

(fgf4), cyclin D1 (ccnd1), and axin1 compared with
nontarget siRNA. Results of quantitative real-time

polymerase chain reaction for expression of (B)

ctnnb1, (C) fgf4, (D) ccnd1, and (E) axin1, normal-

ized to the housekeeping gene GAPDH. n ¼ 6 for
each column. *P , 0.005 between columns. (F)

Cytotoxicity based on lactate dehydrogenase assay

was increased after bleomycin in MLE 12 cells with
siRNA knockdown of b-catenin compared with cells

with nontarget siRNA. *P , 0.05 for b-catenin

siRNA versus nontarget siRNA after bleomycin. #P ,
0.05 compared with respective saline column. n ¼ 8
per column. (G) Cell proliferation was decreased

as determined by 5-bromo-29-deoxyuridine (BrdU)

incorporation in MLE cells with siRNA knockdown

of b-catenin compared with cells with nontarget
siRNA. After bleomycin, BrdU incorporation was

markedly attenuated in both groups. *P , 0.001

for b-catenin siRNA versus nontarget siRNA in cells
in standard culture conditions (saline vehicle expo-

sure). #P , 0.001 compared with respective saline

column. n ¼ 4 per column.
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with siRNA knockdown of b-catenin, TGFb1 exposure still re-
duced E-cadherin and zonula occludens 1 (ZO-1) expression
and increased S100A4 expression. In contrast, TGFb1-induced
expression of aSMA was attenuated with siRNA knockdown of
b-catenin (Figure E14), complementing recent studies by other
investigators (26, 27). Confocal immunofluorescence on lung
sections from cell fate mapping mice revealed that total
S100A41 and EMT-derived bgal1/S100A41 lung fibroblasts
increased at 2 weeks after bleomycin (Figure E15A). STBR
mice had greater numbers of S100A41 fibroblasts (Figure
E15B), with a lower percentage of EMT-derived fibroblasts
compared with control mice (Figure E15C). Thus, two impor-
tant points emerged: (1) EMT still occurred with b-catenin de-
ficiency, and (2) despite greater lung fibrosis, the relative
percentage of EMT-derived lung fibroblasts was lower with
AEC b-catenin deficiency. Immunofluorescence for bgal and
aSMA was also performed, with dual bgal1/aSMA1 cells rare
in both groups, a pattern we have noted previously (21). How-
ever, greater numbers of aSMA1 cells were present in alveolar
parenchyma of STBR mice, consistent with differences in lung
fibrosis (Figure E16).

Resolution of Lung Fibrosis Is Delayed in Mice with Deficiency

of b-Catenin

Given that immunostaining for b-catenin was strongly positive
at 5 weeks after bleomycin, a time frame in which fibrosis is
resolving, experiments were performed with mice harvested at
5 weeks after bleomycin. Trichrome blue–stained lung sections
were evaluated and scored, revealing that fibrosis was still
greater in STBR mice compared with littermate control mice
(Figure 7A). However, scores for both STBR mice and control
mice were lower than their respective 3-week scores (Figure
3E). These results indicated that although delayed to some de-
gree with AEC b-catenin deficiency, resolution still proceeds.
Because of b-catenin’s prominent role in alveolarization in lung
development, we next evaluated whether AEC deficiency of
b-catenin impacted regeneration of the alveolar epithelium,
specifically whether type I AEC regeneration was impaired,
during the resolution phase of the bleomycin model, with
aquaporin-5 as a type I AEC marker. Despite AEC deficiency
of b-catenin, STBR mice still had evidence of type II to I AEC
transition demonstrated by dual bgal1/aquaporin-51 cells in

Figure 6. Targeted knockdown of b-catenin in

mouse lung epithelial cells (MLE12) impairs wound

healing. Wound closure in the scratch assay was

impaired in MLE12 cells with siRNA knockdown of
b-catenin. Representative images at scratch initia-

tion for (A) nontarget siRNA and (B) b-catenin

siRNA and the same plates 48 hours later for (C)

nontarget siRNA and (D) b-catenin siRNA. (E)
Graph showing the percentage of wound closure.

*P , 0.001 for b-catenin siRNA versus nontarget

siRNA at 48 hours. #P , 0.001 compared with re-
spective 0 h column. n ¼ 9 per column.
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areas of resolving fibrosis (Figure 7B), a pattern also seen with
wild-type cell fate mapping control mice. In contrast, saline-
treated control mice had only rare dual bgal1/aquaporin-51
cells.

In the studies above, AEC b-catenin gene deletion was in-
duced before bleomycin administration. To determine whether
AEC b-catenin gene deletion after initiation of fibrosis is det-
rimental to repair, we performed repetitive bleomycin injec-
tions as previously reported (18). STBR mice and littermate
control mice received intratracheal bleomycin 0.04 units every
other week for six doses with target for harvest at 2 weeks after
the final dose. Doxycycline was started concurrent with the
third dose and continued for the remainder of the experiment.
Trichrome-stained lung sections revealed prominent lung fibro-
sis in both groups, with fibrosis scores greater and a trend to-
ward greater lung collagen content in the STBR group (Figure
E17). These results suggest that AEC deficiency of b-catenin
augments aberrant lung remodeling even when gene deletion
occurs after the injury/fibrosis cycle is already initiated.

DISCUSSION

Increasing evidence implicates AEC dysfunction in IPF patho-
genesis, including studies suggesting aberrant wound repair of
injured epithelium. In these studies, deficiency of b-catenin in
AECs caused greater AEC death, increased numbers of lung
fibroblasts, and exaggerated fibrosis after bleomycin treatment.
In vitro, MLE12 cells with targeted knockdown of b-catenin had
impaired wound healing, suggesting an important role for b-catenin
in AEC repair processes. Taken together, these studies reveal that
AEC regulation of b-catenin plays a critical role in the alveolar
epithelium’s reparative response to injury.

b-Catenin exists as a component of the adherens junction,
where it is bound to E-cadherin, and in the cytoplasm where
it exerts signaling functions (28, 29). In absence of Wnt sig-
naling, cytosolic b-catenin is phosphorylated and undergoes
proteasome-mediated degradation (28, 30, 31). With Wnt

binding to the Frizzled receptor, phosphorylation is prevented,
increasing intracytoplasmic b-catenin levels (28, 30). b-Catenin
can then be transported to the nucleus, where it interacts with
other proteins including cAMP-response element binding pro-
tein (CBP) or p300 with subsequent binding to LEF-1/TCF,
leading to gene transcription (32, 33). Thus, b-catenin has two
prominent roles, one as a component of the adherens junction
and the other as a transcriptional regulator. In our model, b-catenin
is genetically deleted in AECs, which could impact both func-
tions, but it is difficult to determine what components of the
observed phenotype are due to effects on the adherens junc-
tions or transcription.

b-Catenin is a key component to patterning of the alveolar
epithelium in lung development (34, 35). Overexpression of
b-catenin in epithelial cells in the developing lung results in
epithelial cell dysplasia and aberrant type II AEC differentia-
tion (6). In contrast, lung epithelial cell deletion of b-catenin
results in disruption of normal branching morphogenesis and
failure of alveolarization (7). Furthermore, Wnt inhibition via
overexpression of DKK1 in the developing lung epithelium
leads to aberrancies in proximal–distal lung patterning (7),
whereas deficiencies in specific Wnt proteins also lead to
impairments in lung development (36–38).

In adult lung, b-catenin influences airway repair mechanisms
(39). Using a transgenic model in which exon 3 of b-catenin was
selectively deleted in CC101 cells, leading to stabilization and
persistent activation of b-catenin, an increased number of un-
differentiated airway epithelial cells was observed with en-
hanced bronchiolar epithelial cell reparative capacity after
naphthalene airway injury (40). In contrast, selective deletion
of b-catenin in CC101 cells did not impact airway epithelial
recovery and repair after naphthalene (41).

The role for b-catenin in the adult alveolar epithelium is less
clear, but recent studies demonstrated expression of b-catenin
and other pathway components in hyperplastic AECs in IPF (8,
9). In 2009, Konigshoff and colleagues reported that adminis-
tration of neutralizing antibodies against Wnt1-inducible

Figure 7. With deficiency of b-catenin in the alveolar
epithelium, resolution of fibrosis is delayed, but repair

of the alveolar epithelium occurs. (A) Lung fibrosis

remained greater in mice with deficiency of b-catenin
in the alveolar epithelium (STBR) compared with con-

trol mice at 5 weeks after bleomycin. Graph of lung

fibrosis scores shown. n ¼ 12–16 per column. *P ,
0.01 between columns. (B) Characterization of type I
alveolar epithelial cell (AEC) regeneration from type II

AECs or more proximal progenitors at 5 weeks after

bleomycin. Despite their deficiency of b-catenin in

AECs, STBR mice still had evidence of type II to type I
AEC transition at 5 weeks after bleomycin. Confocal

immunofluorescence images for bgal (green), aquaporin-5

(Aqp5) (red ), and 49,6-diamidino-2-phenylindole
(DAPI) (blue) in lungs from STBR and control reporter

mice 5 weeks after bleomycin. Dual Aqp51/bgal1
cells are yellow (arrows to representative cells). Magni-

fication, 3600. DIC ¼ differential interference contrast.

Tanjore, Degryse, Crossno, et al.: AEC Deficiency of b-Catenin 637



signaling protein 1 (WISP1) attenuated bleomycin-induced lung
fibrosis (42). Subsequently, Henderson and colleagues demon-
strated that administration of a small molecule (ICG-001) that
inhibits CBP/b-catenin–dependent transcription attenuated
bleomycin-induced lung fibrosis (43). In 2011, Kim and col-
leagues reported that intratracheal administration of siRNA
targeting b-catenin also decreased lung fibrosis after bleomycin
(44). In contrast, our studies demonstrated that targeted AEC
deficiency of b-catenin predisposes to lung fibrosis. We suspect
the principal reason for this discrepancy is that we specifically
targeted deletion of b-catenin to the alveolar epithelium. Inhi-
bition modalities such as those in the studies above likely affect
other cell populations in addition to epithelium. Wnt/b-catenin
has been implicated in fibroblast function in lung fibrosis (9, 42,
45). Thus, global inhibition models could impact fibroblasts in
a favorable manner to attenuate fibrosis, whereas epithelial
cell–specific targeting could be detrimental. In vitro studies
from Flozak and colleagues support our findings that b-catenin
is required for AEC survival and wound healing (46). Using
adenoviral transfection in rat type II AECs, these investigators
demonstrated that b-catenin was required for cell survival and
monolayer wound closure (46), consistent with our siRNA stud-
ies. Another reason for differences between our studies and
previous studies is that our model also has potential to affect
the adherens junctions, whereas the studies by Konigshoff and
colleagues (42) and Henderson and colleagues (43) specifically
would not.

However, other in vivo studies support our observations. A
recent study by Zemans and colleagues revealed that inhibition
of p300/b-catenin–dependent transcription with the small mol-
ecule IQ-1 was detrimental to lung epithelial repair in experi-
mental inflammation (47). Furthermore, the ICG-001 study
above (43) emphasized the inhibitory effect on CBP/b-catenin.
However, ICG-001 does not inhibit the p300/b-catenin interac-
tion, and subsequent transcription can still occur (33). Thus,
ICG-001 may have potential beneficial effects, not only because
of the CBP/b-catenin inhibition, but because of promotion of
p300/b-catenin interactions. If so, that would be complementary
to our findings.

AEC apoptosis has been prominently implicated in pulmo-
nary fibrosis (3, 48), including a study by Sisson and colleagues
in which targeted type II AEC death resulted in lung fibrosis
(49). In our study, mice with AEC deficiency of b-catenin had
enhanced AEC death at 1 week after bleomycin, which could
explain, at least in part, increased lung fibrosis. In addition, our
in vivo evaluations and in vitro scratch assay studies suggest that
b-catenin may affect epithelial wound healing. However, it
should be noted that these studies do not suggest that alveolar
repair processes are blocked completely. Rather, resolution,
though delayed, still occurs with b-catenin deficiency. Further-
more, regeneration of the alveolar epithelium still proceeds, as
evidenced by type I AECs with the bgal lineage tag, indicating
they arose from type II AECs or other proximal epithelial cell
progenitors. Therefore, it is likely that other pathways are also
involved and can mediate resolution and regeneration in b-catenin’s
absence. However, given our incomplete transgene efficiency
for gene deletion, it is possible that AECs still expressing b-catenin
were responsible for alveolar repair, potentially a limitation to this
study.

Although these evaluations reveal a prominent role for AEC
regulation of b-catenin in pulmonary fibrosis, questions arise
that need to be addressed with future investigations. Consider-
ing the discrepancy between more global approaches to down-
regulating b-catenin versus those that are AEC targeted, future
studies are needed to investigate the functions of b-catenin in
lung fibroblasts and determine whether fibroblast-targeted

deletion of b-catenin attenuates lung fibrosis. Furthermore, to
better understand mechanisms by which b-catenin in AECs
protects from fibrosis, it will be important to differentiate struc-
tural effects of b-catenin on adherens junctions from phenotypic
effects resulting from transcriptional activity. Finally, consider-
ing its role in airway stem cell maintenance (39), investigations
are needed to determine whether b-catenin has similar stem cell
functions in alveolar repair.

In summary, our studies demonstrate that b-catenin regulates
alveolar repair and remodeling in experimental lung fibrosis.
Although some have proposed therapeutically inhibiting the
b-catenin pathway in IPF and other fibrotic diseases (50), our
findings suggest that this approach could be counterproductive,
particularly if the alveolar epithelium is a prominent target of
these interventions. In addition, our studies support the hypoth-
esis that AEC dysfunction is central to the pathogenesis of
fibrotic lung diseases such as IPF, providing additional rationale
for specifically targeting the repair and regenerative abilities of
this cell population as a goal for development of new therapies.

Author disclosures are available with the text of this article at www.atsjournals.org.
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