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Abstract

The Wnt/b-catenin pathway initiates a signaling cascade that is
critical in cell differentiation and the normal development of
multiple organ systems. The reactivation of this pathway has been
documented in experimental and human idiopathic pulmonary
fibrosis, wherein Wnt/b-catenin activation has been implicated in
epithelial-cell repair. Furthermore, the canonical ligand Wnt3a is
known to induce myofibroblast differentiation; however, the role of
noncanonical Wnt ligands remains unclear. This study showed
significantly higher levels of Wnt11 expression in cells from both
patients with idiopathic pulmonary fibrosis and bleomycin-treated
mice, as well as in TGFb-treated mouse lung fibroblasts. Moreover,
Wnt11 induced myofibroblast differentiation as manifested by
increased a-SMA (ACTA2) expression, which was similar to that
induced by canonical Wnt3a/b-catenin signaling. Further
investigation revealed that Wnt11 induction of a-SMA was
associated with the activation of JNK (c-Jun N-terminal kinase)/c-

Jun signaling and was inhibited by a JNK inhibitor. The potential
importance of this signaling pathway was supported by in vivo
evidence showing significantly increased levels of Wnt11 and
activated JNK in the lungs of mice with bleomycin-induced
pulmonary fibrosis. Interestingly, fibroblasts did not express
canonical Wnt3a, but treatment of these cells with exogenous
Wnt3a induced endogenous Wnt11 and Wnt5a, resulting in
repression of the Wnt3a/b-catenin target gene Axin2. These
findings suggested that the noncanonical Wnt induction of
myofibroblast differentiation mediated by the JNK/c-Jun pathway
might play a significant role in pulmonary fibrosis, in addition to or
in synergy with canonical Wnt3a/b-catenin signaling. Moreover,
Wnt3a activation of noncanonical Wnt signaling might trigger a
switch from canonical to noncanonical Wnt signaling to induce
myofibroblast differentiation.
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The de novo emergence of myofibroblasts is a
key feature of tissue repair and remodeling in
response to injury (1, 2). In the fibrotic lung,
these differentiated myofibroblasts from
various precursors are localized in active
fibrotic foci and are considered as a
predominant cellular source of extracellular
matrix and profibrogenic cytokines such as
TGF-b (2–4). The persistence of the
myofibroblast is believed to be crucial in the
propagation of fibrosis with evolution to
terminal end-stage fibrotic lung diseases such

as idiopathic pulmonary fibrosis (IPF) (5, 6).
The mechanism underlying the genesis of the
myofibroblast is complex. The induction of
a-SMA (ACTA2) is a common key element
for determination of myofibroblast
differentiation and a major player in
contractile force production (1, 2). Although
the TGF-b/Smad signaling induction of
a-SMA has been extensively studied and
established (7, 8), many aspects of the
regulation of a-SMA involving other diverse
cell-signaling pathways still remain elusive.

Wnt signaling is implicated in many
cellular and physiological processes regulating
cell proliferation, differentiation, migration,
andpatterningduringdevelopment and tissue
homeostasis (9, 10). For example, the
canonical Wnt/b-catenin pathway initiates a
signaling cascade that is critical in cell
differentiationandthenormaldevelopmentof
multiple organ systems, including the brain,
intestines, skin, and lung (11). Recently, the
reactivation of this pathway has been
documented in experimental and human IPF
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(12–17). Several cellular functions, such as
epithelial-cell proliferation and
differentiation, epithelial-to-mesenchymal
transition, and fibroblast migration and
differentiation, have been linked toWnt/
b-catenin signaling (15, 18, 19). In lung
epithelial cells, Wnt/b-catenin activation is
reported to lead to aproliferative response and
increasedWnt target-gene expression,
consistent with its involvement in epithelial-
cell repair (12, 20–22). On the other hand,
participation ofWnt/b-catenin in induction
of myofibroblast differentiation is expected to
delay resolution and contribute to chronic
lungpathologies, includingfibrosis (12, 16, 23,
24). It has been suggested that sustained
activation of the pathwaymay drive
inflammation and fibrotic changes in the lung
(12, 20, 25, 26). The underlyingmechanism for
sustained activation is not clear. In addition to
this canonicalWnt signaling pathway,
noncanonicalWnt signaling has recently also
been implicated in cardiomyocyte
differentiation and chronic lung pathologies
(15, 27–29). Induced overexpression ofWnt11
in bonemarrow–derivedmesenchymal stem
cells (MSCs) significantly increases the
expression of cardiac differentiationmarkers
and promotesMSC transdifferentiation into
myocardial phenotypes by upregulating
GATA-4 (27). Furthermore,Wnt11-
overexpressingMSCs play a paracrine role in
cardiac progenitor-cell differentiation to
cardiomyocytes (30, 31). Moreover, TGFb
enhances mesenchymal gene expression in
renal epithelial cells, which is associated with
upregulation ofWnt11 (19). Another
noncanonical component,Wnt5a, is reported
to be increased in fibroblasts obtained from
fibrotic lungtissueandis suggestedtoplayarole
in fibroblast expansion and survival by
regulating fibroblast proliferation in amanner
that is independentofcanonicalWnt/b-catenin
signaling (15). However, the precise role of
noncanonicalWnt signaling in pulmonary
fibrosis, especially in fibroblasts, is unclear.

In this study, we sought to investigate the
possible role of the noncanonical ligand
Wnt11 in lung myofibroblast differentiation
and its potential significance in pulmonary
fibrosis. Our findings suggested that
noncanonical Wnt11/5a induced lung
myofibroblast differentiation,which appeared
to be mediated by the JNK (c-Jun N-terminal
kinase)/c-Jun pathway. Moreover, induction
ofWnt11 together with upregulation of JNK/
c-Jun signaling in bleomycin (BLM)-induced
pulmonary fibrosis suggested potential in vivo
pathophysiological relevance. Treatment with

the canonical ligandWnt3a or TGFb induced
Wnt11/5a expression and myofibroblast
differentiation in lung fibroblasts, which was
inhibited by knockdown ofWnt11.
InterestinglyWnt11 inhibited b-catenin
target-gene expression, suggesting that this
noncanonical ligand inhibits canonicalWnt
signaling while inducing myofibroblast
differentiation. These findings suggest a
significant role for noncanonical Wnt
signaling in mediating the myofibroblast
differentiation induced by known ligands,
including the canonicalWnt ligandWnt3a.

Methods

Mice and BLM Model of
Pulmonary Fibrosis
Six-week-old female C57BL/6 mice were
purchased from The Jackson Laboratory. To
induce pulmonary fibrosis, BLM (Blenoxane)
was dissolved in sterile PBS and instilled
endotracheally at a dose of 2 U/kg of body
weight.Control groups receivedPBSonly (five
mice per group). At the indicated time points
afterBLMtreatment, themicewerekilled, and
the lungs were harvested rapidly for tissue
lysate preparation and fibroblast isolation. All
animal studieswere reviewedandapprovedby
the Institutional Animal Care and Use
Committee at the University of Michigan.

Lung Fibroblast Isolation
Primary mouse lung fibroblasts and type II
alveolar epithelial cells (AECIIs) were isolated
fromPBS- orBLM-treatedmouse lung tissues
andmaintained as before (32, 33). Fibroblasts
at passages 2–5 or primary AECIIs were used
in the indicated experiments. Deidentified
primary human lung fibroblasts (HLFs)
isolated from control subjects or patients with
IPF were kindly provided by Dr. Craig A.
Henke (University of Minnesota) and were
maintained in Dulbecco’s modified Eagle
mediumsupplementedwith10%FBS (Sigma-
Aldrich).

Fibroblast Treatment and siRNA
Transfection
Fibroblasts at�85% confluence were treated
with recombinant TGFb (5 ng/ml), Wnt3a
(200 ng/ml), Wnt11 (200 or 400 ng/ml),
Wnt5a (200 or 400 ng/ml) (R&D Systems), or
CHIR99021 (5mM) (Sigma-Aldrich) at the
indicated time points.When indicated, 10mM
SP600125 (c-JNK inhibitor) was added 24
hours before the treatment with these ligands.
In fibroblast transfection experiments,

predesigned siRNAs forWnt5a, Wnt11, and
b-catenin and the negative control siRNAs
were purchased from Ambion, Inc. Primary
cultured mouse lung fibroblasts were
transfected with 100nM siRNA by using
electroporation (Nucleofector II, Amaxa
Biosystems). After 16 hours, recombinant
Wnt3a, Wnt11, or TGFb was added, and the
cells were incubated for another 48 hours.

Quantitative PCR and Western Blotting
For quantitative PCR analysis, TaqMan
primers/probes forhumana-SMA(ACTA2),
humanormouseWnt3a(WNT3aorWnt3a),
Wnt11 (WNT11 orWnt11), humanWnt5a
(WNT5AorWnt5a),humanAxin2(AXIN2),
human b-catenin (CTNNB1), and 18s
ribosomal RNA were purchased from
Thermo Fisher Scientific. 18s RNA was used
as internal control for normalization. One-
step RT-PCR was performed on a GeneAmp
7500 sequence-detection system (Applied
Biosystems). Resultswere calculated byusing
the 22DDCT method with the indicated
control group as a calibrator and were
expressed as the fold change relative to the
respective control groups.

ForWestern blotting assays, anti–a-
SMA (catalog number A2547; Sigma-
Aldrich), anti-Wnt11 (catalog number BBP1-
31406; Novus Biologicals, LLC), anti–b-
catenin (catalog number 05-665; EMD
Millipore), anti–JNK2/p-JNK (Thr183/
Tyr185) (catalog numbers 9258 and9255;Cell
Signaling Technology), anti–c-Jun/p-c-Jun
(Ser63) (catalog numbers 9165 and 9261, Cell
Signaling Technology), and anti-GAPDH
(catalog number G9295; Sigma-Aldrich)
antibodies were used. All original full blots
withmultiple samples are provided in the data
supplement.

Statistical Analysis
All data were expressed as the mean6 SD
unless otherwise indicated. Differences
between the means of various treatment and
control groups were assessed for statistical
significance by using ANOVA followed by
post hoc analysis with Scheff�e’s test. A P value
of,0.05 was considered to indicate statistical
significance.

Results

Wnt 11 Was Induced in Lung
Fibroblasts during Injury and Fibrosis
NoncanonicalWnt ligandWnt 11 induces
bone marrow–derivedMSC

ORIGINAL RESEARCH

490 American Journal of Respiratory Cell and Molecular Biology Volume 65 Number 5 | November 2021



transdifferentiation into myocardial
phenotypes (27). To explore its potential role
in lung myofibroblast differentiation,Wnt11
was first examined in lung fibroblasts isolated
from amouse fibrosis model or from patients
with IPF. The results showed thatWnt11
mRNAwas significantly induced in the
fibroblasts isolated from the lungs of mice
undergoingBLM-inducedpulmonaryfibrosis
relative to those in cells from control mouse
lungs. Similarly, a greater than twofoldWnt11
induction was noted in HLFs isolated from
patientswith IPFrelative to those fromcontrol
subjects (Figure 1A). The induction ofWnt11
expression was also observed at the protein
level in mouse fibrotic fibroblasts compared
with controls, which paralleled the increase in
a-SMA expression (Figure 1B). Furthermore,
bothWnt11 expression and a-SMA
expression were also induced by TGFb
treatment in vitro. These findings indicated
that noncanonical ligandWnt11 was induced
in fibrotic lung fibroblasts, which was
associated with myofibroblast differentiation
during pulmonary fibrosis.

Noncanonical Wnt Signaling Directly
Promoted Myofibroblast
Differentiation Independently of
Canonical Wnt/b-Catenin Signaling
Becausemyofibroblast differentiationwas a
key event infibrosis development, the effect
of Wnt11 on a-SMA expression, an
indicator of differentiation, was

investigated. We found that recombinant
Wnt11 was able to significantly induce
a-SMA mRNA expression in HLFs. There
was a twofold increase caused by treatment
with Wnt11 compared with that in
untreated HLFs, whereas canonical Wnt3a
caused an approximately threefold
induction, as expected (Figure 2A). The
dose-dependent Wnt11 induction of
a-SMA was confirmed by its significant
increase at the protein level in both control
and IPF HLFs (Figure 2B). The control
HLFs showed a greater response to Wnt 11
treatment than the IPF HLFs. As positive
controls, TGFb and the canonical ligand
Wnt3a also induced a-SMA expression in
HLFs. Similarly, another noncanonical
Wnt ligand, Wnt5a, was also able to induce
a-SMA mRNA expression dose-
dependently in control HLFs (Figure 2C).
To determine whether or not the induction
of a-SMA expression by noncanonical
Wnt11 was dependent on canonical Wnt
b-catenin signaling, the effect of b-catenin
siRNA on Wnt11-induced a-SMA
expression was examined. The results
obtained by using quantitative PCR
analysis at 16 hours after siRNA
transfection showed a greater than 90%
knockdown ofb-catenin expression, which
was also observed at the b-catenin protein
level (Figure 2D). Wnt3a induction of
a-SMA mRNA in control HLFs was
essentially abolished by the b-catenin

siRNA (Figure 2E). In contrast, theWnt11-
induced increase in a-SMAmRNAwas not
significantly affected by b-catenin
knockdown. These observations at the
mRNA level were confirmed by using
Western blotting (Figures 2F and 2G).
Thus, in addition to the canonical Wnt
induction of myofibroblast differentiation,
noncanonical ligands also promoted such
differentiation independently of canonical
b-catenin signaling.

The JNK/c-Jun Pathway Mediated
Wnt11-induced Myofibroblast
Differentiation
Upon noncanonical Wnt stimulation, a
number of signaling pathways are activated,
including JNK/AP1-dependent planar cell
polarity and theWnt–calcium pathways (34).
TGFb-activatedWnt11 induced
mesenchymal gene expression through the
JNK pathway (19). To elucidate the signaling
pathway that mediatesWnt11 induction of
a-SMA,theroleof theJNK/c-Junpathwaywas
studied. We found thatWnt11 was able to
activate JNK through phosphorylation of JNK
while affecting neither the total level of JNK
(Figure 3A) nor the total level of b-catenin
(data not shown). ThisWnt11 activation of
JNK was accompanied by increased
phosphorylationof c-Jun, a JNKtargetprotein
(Figure 3B). Furthermore, treatment of HLFs
with the JNK inhibitor sp600125 abolished
c-Junphosphorylation (Figure3C),whichalso
suppressed theWnt11-induced increase of
a-SMA expression (Figure 3D) without
producing detectable cell toxicity. These
findings together indicated that Wnt11
induced myofibroblast differentiation by
activating the downstream JNK/c-Jun
pathway.

Noncanonical Wnt Signaling Was
Activated in BLM-induced Mouse
Pulmonary Fibrosis
Toevaluatethepotential importanceofWnt11
signaling in lung injury and fibrosis, its
expression was first analyzed in the lungs of
mice with BLM-induced pulmonary fibrosis.
The results revealed that the levels of both
lung-tissueWnt11 mRNA and lung-tissue
Wnt11 protein were elevated in BLM-treated
mice relative to control mice at Day 21 after
treatment (Figures 4A and 4B). This increase
inWnt11 expression was accompanied by
activation of JNK signaling, as evidenced by
the increase in phosphorylated c-JNK (Figure
4C).BecauseTGF-b is implicated infibrosis in
part by promoting myofibroblast

S-MLF

N
o

n
e

Wnt11

�-SMA

A B

Human Mouse
0

1

2

3

Lung fibroblast species

W
nt

11
 m

R
N

A

Control
Fibrotic**

**

GAPDH

GAPDH

T
G

F
�

B
-M

L
F

Figure 1. Wnt11 induction in fibrotic fibroblasts. (A) Lung fibroblasts were isolated from control
(Cont) subjects or patients with idiopathic pulmonary fibrosis (IPF) as well as from Cont mice or
bleomycin (BLM)-injured mice. Total cellular RNA was analyzed for Wnt11 mRNA expression by
using qPCR analysis. Wnt11 mRNA levels were calculated by using the 22DDCT method with
18s rRNA as an internal Cont for normalization and were shown as the fold change relative to their
respective Conts. **P,0.01 between the two indicated groups (N=3). (B) The primary cultured
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TGFb in vitro for 48 hours and were then analyzed for Wnt11 and a-SMA (ACTA2) protein
expression by using Western blotting. The GAPDH signal was used as internal Cont.
Representative blots from at least three separate experiments are shown. B-MLF = MLF isolated
from BLM-treated mice; S-MLF=MLF isolated from PBS-treated mice; TGF= transforming growth
factor.
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differentiation, we next performed an analysis
to see whetherWnt11 mediated this response
in lung fibroblasts. Consistent with previous
observations (19), TGF-b inducedWnt11,
which paralleled induction of a-SMA. This
TGFb induction of a-SMAwas abolished

whenWnt11 was knocked down at 24 hours
after siRNA transfection (Figure 4D).
However, the inhibitory effect of Wnt11
knockdown began to wane at 48 hours after
siRNA transfection, whereas the effect of
TGFb alone continued to increase for up to 72

hours. Persistence ofWnt11 knockdown for
up to 72 hours made it unlikely that this
waning inhibition at later time points was due
todecliningtransientknockdownofWnt11by
the siRNA. The possibility that Wnt11-
independent pathways assumed greater
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importance at later time points could not be
ruled out. Nevertheless, these findings
signified thatWnt11mightmediate, at least in
part and especially during the early stages, the
TGF-b induction of a-SMA and lung
myofibroblast differentiation. Thus
noncanonicalWnt inductionofmyofibroblast
differentiation via the JNK/c-Jun pathway
might play a role in vivo during BLM-induced
pulmonary fibrosis. To identify possible
cellular sources forWnt ligands, mouse
AECIIs and lungfibroblasts, two key cell types
involved in lungdevelopmentandrepair,were
analyzed for their expression of canonical and
noncanonical Wnt ligands. The results
showed distinct expression patterns between
AECIIs and fibroblasts. In AECIIs, canonical
Wnt3a mRNAwas expressed at much lower
levels than either noncanonical Wnt11 or
noncanonical Wnt5a, whereas theWnt11
mRNAlevelwasmorethansixfoldhigher than
that of Wnt5a. In contrast, Wnt3a was
undetectable in lung fibroblasts, and the
Wnt11 mRNA level was�100-times lower
thanthatofWnt5a(Figure4E), suggestingthat
canonicalWnt3a/b-catenin induction of
myofibroblast differentiation in vivomight be

mainly due to cross-talk between epithelial
cells and adjacent fibroblasts.

Endogenous Noncanonical Wnt
Signaling Was Activated by Canonical
Wnt3a/b-Catenin Signaling
Recent reports have suggested a possible
switch between canonical and noncanonical
Wnt signaling during disease processes
(35–37). Moreover, it has been suggested that
activation of b-catenin in alveolar epithelial
cells at the early stages of injury may tend
toward repair; however, sustained activation
of the pathway could drive fibrotic changes
instead (12). Interestingly, we found that
recombinantWnt3a was able to induce both
the endogenous noncanonical Wnt ligand
Wnt11 andWnt5a expression in a time-
dependentmanner,with the rate of increaseof
the former being slower than that of the latter,
in both control and IPFHLFs (Figures 5A and
B). However, Wnt3a-inducedWnt11
expressionincontrolHLFswasupto.16-fold
higher by 48 hours after treatment, whereas
such induction was greater than threefold in
IPF HLFs. The effect of Wnt3a onWnt5a
mRNA expression was much lower than that

of theWnt11 induction. It reached a twofold
increase after 48 hours of treatment in control
HLFs, but only an�1.3-fold increase in IPF
HLFs was observed (Figure 5B). To confirm
mediation by canonical Wnt/b-catenin
signaling, the effects of a GSK3 inhibitor,
CHIR99021, was analyzed by using control
HLFs. The results showed that CHIR99021
significantly augmented bothWnt11 and
Wnt5a mRNA expression after 6 hours of
treatmentandreached.18-fold induction for
Wnt 11 at 48 hours after treatment (Figure
5C), thus confirming the induction of
noncanonical Wnt ligands by canonical Wnt
signaling.TheWnt11 inductionbyWnt3awas
further inspected after theb-catenin gene was
knocked down by siRNA inHLFs. The results
showed that the high level of Wnt11 mRNA
induction byWnt3a treatment was essentially
abrogated uponb-catenin knockdown,which
was also observed forWnt5a mRNA (Figure
5D). ThisWnt3a induction ofWnt11 via
b-catenin was also observed atWestern
blottinganalysis at theprotein level,whichalso
wasabolished (Figure5E)whenb-cateninwas
knocked down (Figure 2F). This was
associated with the effects of b-catenin
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Figure 3. JNK(c-Jun N-terminal kinase)/c-Jun–mediated Wnt11 induction of myofibroblast differentiation. Normal HLFs treated with Wnt11 at the
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inhibition on a-SMA expression in HLFs
(Figure2F).Thesedataprovidedevidence that
endogenousnoncanonicalWnt signalingmay
be activated as a consequence of the activation
of canonical Wnt/b-catenin signaling.

To determine whetherWnt3a induction
ofa-SMAisalsodependentonormediatedby
Wnt11, theeffectofWnt11knockdownbefore
stimulation byWnt3a was examined. Wnt11
was confirmed to be significantly decreased at
both the mRNA and the protein level by
siRNA (Figure 5F), withoutWnt3a-induced
b-catenin expression being affected (data not
shown). TheWnt3a-induced b-catenin
signaling activation was accompanied by an
increase in a-SMA expression, which was
reduced significantly byWnt11 knockdown
(Figures 5G and 5H). BecauseWnt5a and
Wnt11 are both required to induce Isl1 and
Nkx2.5 gene expression in differentiating
embryoid bodies during second heart field
development (38), we also investigated
whetherWnt5a also played a role. We found

that theWnt3a-induced increase in a-SMA
mRNAwas significantly diminished by
knockdown of eitherWnt 11 orWnt5a or by
knockdown of both simultaneously(Figure
5H). Thus, Wnt3a-induced myofibroblast
differentiationwas dependent on induction of
endogenousnoncanonicalWnt11or 5a acting
in an autocrine and paracrine (on adjacent
fibroblasts) fashion.

AlthoughWnt3a induced the
noncanonical Wnt ligandsWnt11 or 5a, the
expression of Axin2, a direct downstream
target of Wnt3a/b-catenin, was significantly
inhibitedby treatmentwith exogenousWnt11
orWnt5a (Figure 6A). To determine whether
Wnt3a-induced endogenousWnt11or5a also
has an inhibitory effect on canonical signaling,
we examined the effects ofWnt11 or 5a
knockdown by siRNA onWnt3a-induced
Axin2 expression. The results showed that
Wnt3a-induced Axin2 was further enhanced
byWnt11 orWnt5a knockdown, with
combinedWnt11/5a knockdown showing an

even greater effect (Figure 6B). Such an effect
would be consistent with a potential Wnt11/
5a-dependent negative feedback loop for
canonical Wnt3a signaling. These findings
together suggested that noncanonical Wnt11
induced myofibroblast differentiation via the
JNK signaling pathway while inhibiting the
canonical Wnt3a/b-catenin signaling
pathway. Furthermore, the reduction in
Wnt3a-induced myofibroblast differentiation
uponWnt11 and/orWnt5a knockdown
suggested that theWnt3a effect might be
mediated by noncanonical ligands that were
also induced by this canonical ligand.

Discussion

The differentiated myofibroblast is a key
effector cell implicated in extracellular matrix
deposition in tissuefibrosis.Understanding its
origin and genesis will provide insight for
developing therapeutic strategies for the
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termination or elimination of myofibroblast
activation/accumulation(1,2,5,6).Wntsignal
reactivation and/or aberrant alterations have
been implicated in chronic lung pathologies,
including IPF (12). The results from this study
suggested that both canonical and
noncanonical Wnt signaling could induce

myofibroblast differentiation but that they do
so via different pathways. Activated
noncanonical Wnt11 signaling induced
human lung myofibroblast differentiation
through the JNK/c-Jun pathway
independently of the canonical signaling
pathway, as it was not affected by b-catenin

deficiency. However canonical Wnt3a-
induced differentiation was dependent on
b-catenin, which was also essential for
inductionofWnt11by this canonical ligand. It
is worth noting that a shift from canonical to
noncanonical Wnt signaling may occur
during myofibroblast differentiation, as has
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been reported in the hepatic stellate-cell
activation to a myofibroblast phenotype (39).
Furthermore, this suggests thatWnt3a-
induced differentiation may be mediated by
induction of endogenousWnt11 or 5a, which
in turn had an inhibitory effect on canonical
Wnt3a signaling in a negative feedback loop.
This would be consistent with the reduced
canonical pathway–induced differentiation in
cells deficient inWnt11 or 5a. Thus, the
importance of b-catenin inWnt3a induction
of myofibroblast differentiation is due to its
ability to induce the noncanonical ligands
Wnt11 or 5a.

TheWnt proteins are involved in a wide
range of biological processes that include
cellular differentiation, proliferation,
adhesion, survival, and aging (40). A large
body of evidence demonstrates thatWnt
signaling is reactivated in fibrotic diseases
characterized by mesenchymal-cell
differentiation (13–15, 19). Its chronic
activation may contribute to lung epithelial-
cell senescence associated progenitor
exhaustion and reprogramming into the
fibrotic phenotype (41). Although
participation of canonical Wnt/b-catenin
signaling pathway in chronic lung pathologies
is well documented (16, 17), recent reports
highlight that noncanonical Wnt signaling
may also significantly contribute to fibrotic
disorders (12, 18, 42, 43). TheWnt5b/Fzd8-
mediated profibrotic response is independent
of b-catenin (14). Increased noncanonical
Wnt5a ligand expression mediates

extracellular matrix deposition by pulmonary
fibroblasts and protect these cells from
oxidative stress–induced apoptosis in usual
interstitialpneumonia(15).Wnt11cooperates
with TGFb to induce mesenchymal gene
expression in renal epithelial cells that is
dependent on the JNK pathway (19). In the
human epithelial cell line A549,
overexpression ofWnt11 causes a decrease in
E-cadherin and an increase in N-cadherin,
whereasWnt11 knockdownby siRNAhas the
opposite effects (44). Wnt11 plays an
important role in cardiogenesis (40, 45, 46). It
is sufficient to induce cardiomyogenic
differentiation in bone marrowmononuclear
cells by inducing heart-specific genes,
including Nkx2.5, GATA-4, and b-myosin,
and to markedly decrease the expression of
pluripotent marker Oct-4 and Nanog (45). A
number of downstream signaling pathways
are activated upon noncanonical Wnt 5 or 11
stimulation, including the JNK/AP1-
dependent planal cell polarity and
Wnt–calciumpathways, leading to alterations
in the cytoskeleton (34). As a subfamily of the
MAPK pathways (47), the activated JNK
pathwaycanphosphorylatemanycytoplasmic
substrates, such as cytoskeletal and
mitochondrial proteins, in addition to
regulating a variety of transcription factors,
such as c-Jun, c-Fos, ATF-2, and AP-1
(activator protein 1). Subsequently, a wide
range of cellular processes are triggered,
including cell proliferation, apoptosis,
motility, andmetabolism (48–50). In the

present study,Wnt11 activated JNK and its
downstream target protein c-Jun through
phosphorylation, and such activation was
observed in the BLM-induced fibrotic lung,
wherein myofibroblast differentiation is a key
event in the fibrotic process. Activation of the
JNK/c-Jun pathway has been reported in a
preclinical model of pulmonary fibrosis (51,
52) and in human IPF (53). JNK inhibitor
CC-930 attenuates collagen gene expression,
peribronchiolar collagen deposition, and
MMP-7 expression in the lung, BALfluid, and
serum in an animal model of pulmonary
fibrosis (52). In addition, JNK inhibitor
significantly inhibits CTGF and collagen I
expression, as well as corneal scar formation
(54). JNKsignaling is activated inrenalfibrosis
and promotes tubular epithelial-cell
production of proinflammatory and
profibrotic mediators as well as tubular cell
dedifferentiation toward a mesenchymal
phenotype, perhaps through activation by the
Wnt11/TGFb pathways. In contrast, JNK
inhibition decreasesWnt11/TGFb induction
ofmesenchymal genes (19, 55). Similarly, JNK
is also involved in the pathogenesis of hepatic
fibrosis by activating hepatic stellate cells.
CCl4-induced hepatic fibrosis is reduced in
JNK-deficient animals or by use of a JNK
inhibitor. Moreover, patients with chronic
hepatitis C who display decreased fibrosis in
response to the angiotensin receptor type 1
blocker losartan show decreased JNK
phosphorylation (56). These studies suggest
that activation of JNK signaling is involved in
various organ injuries and fibrosis, in which
JNK/c-Jun functions as a central molecular
mediator. This provides potential common
treatment strategies for these diverse fibrotic
diseases (53), although JNK/c-Junmay not be
the unique downstream signaling pathway
forWnt11 induction of a-SMA, as other
signaling pathways such as the RhoA/ROCK
(Rho kinase) pathway could also
mediateWnt11-driven a-SMA expression
(57, 58).

The present study suggested that there
might be a switch from canonical to
noncanonical Wnt signaling that induces
myofibroblast differentiation in human cells.
In addition to the direct ability to induce
myofibroblast differentiation by increasing
a-SMA,Wnt3a also activated noncanonical
Wnt signaling, perhaps by increasing
endogenousWnt11 andWnt5a secretion in
fibroblasts, amechanismwhichwasb-catenin
dependent. Interestingly, noncanonical
Wnt11 orWnt5a inhibited theWnt3a
downstream target Axin2, which is indicative
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of inhibition of canonical signaling. Notably,
various studies suggest that specific
noncanonicalWNT ligands are able to inhibit
canonicalWnt/b-catenin signaling (41,
59–61). The possible switches from canonical
to noncanonicalWnt signaling are implicated
in different cellular processes (36, 37, 62, 63).
The components of noncanonical Wnt 11 or
5a can suppress the activation ofWnt/
b-catenin signaling; for example,Wnt5a plays
an active role in the promotion of b-catenin
degradation (15),Wnt11-mediated inhibition
of canonical signaling in NIH3T3 cells is
ligand-specific, andWnt11 could effectively
repress canonical signaling activatedbyWnt1,
Wnt3, orWnt3a but not byWnt7a orWnt7b
(64).A switch fromcanonical tononcanonical
Wntsignalingmediatesearlydifferentiationof
humanneural stemcells.Althoughacanonical
Wnt agonist (GSK3 inhibitor CHIR99021)
caused activation of the noncanonicalWnt5a/
Ca21 pathway during retinal progenitor-cell
self-renewal (65), Dkk1, a canonicalWnt
antagonist, fails to block the effects ofWnt3a
on neuronal gene expression, suggesting that
theseWnt3a effects are due to activation of
noncanonical signaling (35). In a mouse
model of cigarette smoke–induced chronic
obstructive pulmonary disease, increased
Wnt5a levels in whole-lung homogenates are
correlated with reduced expressions of
b-catenin and the downstream target Axin2.
The same study reveals that fibroblast-derived
Wnt5a attenuatesWnt3a-induced LRP6
phosphorylation as well as
b-catenin–dependent gene transcription (as
assessed by using a TOP/FOP-flash assay) in
alveolarepithelialcells, includinghumanA549
andmouseMLE12 cells, a process partly
mediated by PKC (18). During stem-cell
aging–associated differentiation, elevated
expression ofWnt5a in aged, long-term
hematopoiesis causes a shift fromcanonical to
noncanonicalWnt signaling inmice, which is
manifested by depredation of nuclear

b-catenin and decreased expression of its
target gene Axin2, occurring via the
Wnt5a–Cdc42 signalingaxis (37).TheWnt11
promoter contains two conserved Tcf/LEF
binding sites, suggesting that canonical Wnt
signals and GATA family members can
regulateWnt11 transcription directly (66, 67).
Two reports indicate that Tcf-1 and/or Tcf-3
expression levels are changedduring theWnt-
induced differentiation of mouse embryonic
stem cells and human neural stem cells
(35, 68).

During human lung myofibroblast
differentiation, the paracrine role of theWnt
11 ligand is independent of canonical Wnt/
b-catenin, whereas endogenousWnt 11
induction byWnt 3a was depended on
b-catenin signaling. The current observation
is consistent with those of other studies
showing thatWnt 11 is unable to activate
canonical signaling in renal epithelial cells and
NIH3T3 fibroblasts (19, 64). These findings
implied thatWnt 11 effects might be
dependent on the cellular context and
microenvironments. ParacrineWnt11
activation of the noncanonical pathway
though JNK/c-Jun might represent an
alternativeWnt function that is independent
of b-catenin. The stimulation of the secreted
signaling moleculeWnt 11 by TGF-b in the
epithelial cells (19)was thus implicated tohave
a potential impact on the microenvironment
and the adjacent fibroblasts/myofibroblasts in
the lung interstitium through paracrine
signaling or a paracrinemechanism.Wnt3a is
induced in fibrotic alveolar epithelia (20) but
was not detectable in lung fibroblasts. Wnt/
b-catenin signaling is essential for stem-cell
function, including theprogenitorpotential of
AECIIs under homeostatic conditions, but its
prolonged activation may lead to progenitor-
cell senescence and reprogramming during
continuous injury (41). It has been postulated
that the injured epithelia may be the source of
theWnt3a that subsequently activates

endogenousWnt11 or 5a in adjacent
fibroblasts. Compared with the mRNA levels
of noncanonicalWnt11 andWnt5a, the
mRNA level of Wnt3a is lowest in AECIIs.
This would be consistent with the fact that
AECIIs with low endogenousWnt/b-catenin
activity exhibit an organoid-forming ability,
which is reduced in epithelial progenitor cells
from amouse model of emphysema (69).
Thesefindingsmay also reflect the diverse and
often opposing roles of canonical versus
noncanonicalWnt signaling in lung epithelial
progenitor cells versus mesenchymal cells
upon injury and fibrosis.

Taken together, our studies provided
evidence that both canonicalWnt signaling
and noncanonical Wnt signaling
participate in HLF differentiation into
myofibroblasts, probably through different
pathways, although the canonical
pathway–induced differentiation may be
mediated by the induction of noncanonical
ligands. Noncanonical Wnt11 induction of
myofibroblast differentiation mediated by
the JNK/c-Junpathway isWnt3a/b-catenin
independent. Although canonical Wnt3a
was able to activate noncanonical Wnt11
signaling via b-catenin, the reverse was not
observed; namely, Wnt11 failed to induce
Wnt3a. Furthermore, Wnt11 or 5a blocked
Wnt3a/b-catenin signaling by decreasing
Axin2 expression. These findings indicated
there might be a switch from canonical to
noncanonical Wnt signaling, which may
play a paracrine role in myofibroblast
differentiation. Finally, noncanonical Wnt
11 and the downstream JNK/c-Jun pathway
were activated in an animal model of
pulmonary fibrosis as well as in fibrotic
HLFs, suggesting their potential
significance in myofibroblast
differentiation during fibrosis in vivo.�

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