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‘WNT-er is coming’: WNT signalling in chronic lung
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ABSTRACT

Chronic lung diseases represent a major public health
problem with only limited therapeutic options. An
important unmet need is to identify compounds and
drugs that target key molecular pathways involved in the
pathogenesis of chronic lung diseases. Over the last
decade, there has been extensive interest in investigating
Wingless/integrase-1 (WNT) signalling pathways; and
WNT signal alterations have been linked to pulmonary
disease pathogenesis and progression. Here, we
comprehensively review the cumulative evidence for WNT
pathway alterations in chronic lung pathologies, including
idiopathic pulmonary fibrosis, pulmonary arterial
hypertension, asthma and COPD. While many studies
have focused on the canonical WNT/B-catenin signalling
pathway, recent reports highlight that non-canonical WNT
signalling may also significantly contribute to chronic lung
pathologies; these studies will be particularly featured in
this review. We further discuss recent advances uncovering
the role of WNT signalling early in life, the potential of
pharmaceutically modulating WNT signalling pathways
and highlight (pre)clinical studies describing promising
new therapies for chronic lung diseases.

THE BASICS: WNT SIGNALLING

The Wingless/integrase-1 (WNT) signalling path-
ways represent classical developmentally active path-
ways required for proper organ development. WNT
ligands comprise a family of secreted glycoproteins
that instruct cells in the respiratory system to adopt
particular fates throughout lung development as
well as tissue homoeostasis in adulthood. In
humans, the WNT ligand family is composed of 19
distinct ligands, which are historically classified
based on their amino acid sequence rather than their
functional properties. Classically, WNT signalling
has been separated into canonical and non-canonical
signalling. WNT signalling that relies on the activa-
tion of the transcriptional coactivator B-catenin is
designated as canonical WNT signalling (figure 1)
and pathways activated by WNT ligands independ-
ently of B-catenin are classified as non-canonical
WNT pathways (figure 2). We start off with an
explanation of the well described canonical WNT
signalling pathway, in which WNT ligands activate
B-catenin-mediated gene transcription. In the
absence of specific WNT ligands, cytosolic B-catenin
is tightly regulated by the so-called B-catenin
destruction complex’, a multiprotein complex that
targets B-catenin via phosphorylation and ubiquiti-
nation for proteasomal degradation (figure 1). The
core of the ‘B-catenin destruction complex’ is com-
posed of the proteins axin, adenomatous polyposis
coli, casein kinase-1 and glycogen synthase
kinase-3pB (GSK-3B). The latter is the primary kinase

involved in the phosphorylation and subsequent
degradation of B-catenin. Binding of a specific WNT
ligand (eg, WINT-3A) to one of the Frizzled recep-
tors (FZD through FZD,) and subsequent activa-
tion of the low-density lipoprotein receptor-related
proteins 5 and 6 (LRP5/6) co-receptors triggers an
intracellular signalling cascade, which results in
inactivation of the ‘B-catenin destruction complex’.
Hence, cytosolic B-catenin can accumulate, translo-
cate to the nucleus and, in association with T cell
factor/lymphoid  enhancer factor-1 (TCF/LEF)
family of transcription factors, induce specific gene
expression (figure 1)."

Activation of non-canonical WNT signalling also
relies on the binding of specific WNT ligands (eg,
WNT-4 or WNT-5A) to FZD receptors; however,
it appears to be independent of LPRS/6 co-
receptors. Non-canonical WNT signalling results in
the activation of intracellular signalling molecules
involved in planar cell polarity (PCP pathway),
calcium/calmodulin-dependent protein kinase I
(Ca**/CAMKII) signalling and/or various less well
defined downstream effector molecules (figure 2).
Notably, some classically defined non-canonical
WNT ligands are able to negatively influence
canonical WNT/B-catenin signalling. Moreover,
single WNT ligands can activate multiple signalling
pathways suggesting that WNT ligands are not
intrinsically canonical or non-canonical. Selectivity
in receptor-ligand binding (eg, FZD-WNT inter-
action) likely dictates the outcome of downstream
signalling.” * Indeed, a biochemical study demon-
strated that WNT ligands can selectively bind to
specific FZD receptors, and that respective
WNT-FZD pairs exert functional selectivity in
downstream signalling.* These data emphasise the
interconnectivity and complexity of canonical and
non-canonical WNT signalling’ > (figure 2). The
dynamics of WNT and FZD expression in complex
biological systems in vivo is currently unknown,
thus a better understanding of receptor-ligand
interactions in WNT signalling is required to
decipher how exactly WNT ligands function. As
such, the separation of WNT signalling in purely
canonical and non-canonical signalling pathways
appears to be outdated and certainly oversimplifies
the complexity of this signalling pathway; however
for uniformity reasons we maintain this nomencla-
ture in this review. Whenever possible, we mention
which WNT ligands, receptors and/or downstream
signalling molecules are involved when we refer to
canonical or non-canonical WNT signalling.

Over the last decade, there has been extensive
interest in investigating WNT signalling pathways in
chronic lung diseases. Several components of the
WNT pathways serve as potent oncogenes and
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Schematic representation of canonical WNT/B-catenin signalling. Left side: cytosolic B-catenin is rapidly degraded by the B-catenin

destruction complex in the absence of extracellular WNT ligands. The core of the B-catenin destruction complex is composed of: adenomatous
polyposis coli (APC), axin, casein kinase-1 (CK-1) and glycogen synthase kinase-3 (GSK-3). GSK-3 is the primary kinase involved in the degradation
of B-catenin. Right side: an extracellular WNT ligand binds and activates Frizzled (FZD) and the low density lipoprotein receptor-related proteins 5
and 6 (LRP5/6), which results in the activation of and intercellular signalling cascade that leads to the inhibition of the B-catenin destruction
complex. Hence, B-catenin can accumulate and translocate to the nucleus to induce gene transcription. In the nucleus B-catenin can associate with
various transcriptional coactivators, including T cell factor (TCF) and lymphoid enhancer factor (LEF).

WNT signalling has been linked to lung cancer, which has been
extensively reviewed previously and will not be included in this
review.’ 8713 Here, we aimed to comprehensively review cumu-
lative evidence for WNT pathway alterations in chronic lung
pathologies, including idiopathic pulmonary fibrosis (IPF), pul-
monary arterial hypertension (PAH), asthma and COPD. Early
studies have largely focused on the canonical WNT/B-catenin
signalling pathway and only recently several reports suggest that
non-canonical WNT signalling might also contribute signifi-
cantly to chronic lung pathologies. These studies will be high-
lighted in this review. We further discuss recent advances in our
knowledge on the role of WNT signalling in early life, and
feature novel developments and the potential application of
WNT signalling modulation for drug development and (pre)
clinical studies.

WNT SIGNALLING IN EARLY LIFE

Despite intensive research efforts, the aetiology of major
chronic lung diseases in children and adults remains elusive.
Several lines of evidence indicate that prenatal and/or early post-
natal lung injuries will have important implications for future
lung function and increase risk for development of chronic lung
diseases later in life.'* Several reports highlight the functional
importance of canonical and non-canonical WNT signalling in
lung morphogenesis and postnatal development and this has
been reviewed previously.® °~'? Ectopic expression of specific
WNT ligands during lung development, either those involved in

canonical or non-canonical signalling, can result in severe lung
phenotypes, which partially resemble lung diseases observed
during adulthood.® 22 Moreover, deletion of B-catenin in epi-
thelial cells of embryonic lungs results in disrupted lung mor-
phogenesis.”?* In contrast, overexpression of a truncated,
constitutively active form of B-catenin in Clara cell secretory
protein (CCSP) positive cells (Club cells) does not influence
lung morphogenesis before birth, but leads postnatally to goblet
cell hyperplasia, pulmonary tumour development and airspace
enlargement.”” Collectively, these studies highlight the import-
ance of strict spatiotemporal control of WNT signalling for
proper lung development and lung physiology early in life and
thereafter into adulthood. More recently, studies have focused
on the impact of environmental factors on prenatal and post-
natal lung development. Epidemiological studies have shown
that maternal smoking is a risk factor for the development of
several chronic lung diseases.?® ?” It was demonstrated in mice
that maternal smoking negatively affects the mRNA expression
of the WNT pathway components frizzled7 (Fzd7; receptor)
and Cinnbl (gene symbol of B-catenin) as well as the WNT
target gene Fn (fibronectin) in lung tissue of the offspring.”®
Although not investigated in humans, impairment of these
WNT pathway components may have implications for lung
development, and fitness later in life, as these WNT components
regulate neoangiogenesis and lung branching morphogenesis.*®
Thus, the various WNT pathways are part of a signalling
network essential for proper lung development and physiology,
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Figure 2 Schematic representation of signalling cascades involved in non-canonical WNT signalling. An extracellular WNT ligand binds to the
Frizzled (FZD) receptor, which can subsequently activate a variety of downstream signalling cascades involved in gene transcription, intercellular
actin organisation and/or inhibition of the transcriptional coactivator B-catenin. AC, adenylylcyclase; PKA, protein kinase A; CREB, cAMP responsive
element binding protein; DVL, dishevelled; FZD, Frizzled receptor; JNK, c-Jun-N terminal kinase; PLC, phospolipase C; NF-AT, nuclear factor of
activated T cells; PKC, protein kinase C; PXN, paxillin; MRLC, myosin regulatory light chain; RAP1, RAS-related protein 1; CAMKII, calcium/

calmodulin-dependent kinase II; NLK, Nemo-like-kinase.

which may contribute to (age-associated) chronic lung diseases
when impaired at early stages of life.””

WNT SIGNALLING IN PULMONARY FIBROSIS

Impairment of the WNT signalling pathways and their potential
role as therapeutic targets in chronic lung disease was first iden-
tified and established in IPE IPF is a devastating, progressive
disease characterised by lung epithelial injury and reprogram-
ming, fibroblasts activation and excessive extracellular matrix
(ECM) remodelling resulting in distorted lung architecture and
a progressive loss of functional lung tissue.>® Although our
understanding of IPF pathogenesis has significantly improved
over the recent years, we currently have only limited pharmaco-
logical approaches available to treat the disease.”® *! 3% The
concept that developmental pathways (such as WNT, Sonic
Hedgehog, Notch pathways) are altered in IPE arose largely
from unbiased gene expression profiling of models of experi-
mental lung fibrosis as well as human IPF lung tissue specimens,
which particularly indicated a “WNT signature’ within the IPF
lung.**° Tt has been proposed that IPF lungs show remarkable
resemblances to the developing lung in terms of pathology. This
further implies that particular developmental signalling path-
ways may be reactivated in adult tissues following injury and
contribute to IPF pathogenesis. Indeed, canonical WNT/
B-catenin signalling is active in various cell types in human and
experimental pulmonary fibrosis** 3% (figure 3). More specific-
ally, increased gene expression of WNT-1, WNT-7B, WNT-10B,
FZD2, FZD3, CTNNB1 (B-catenin) and LEF1 was observed in
lung tissue of individuals with IPF compared with individuals

without IPF (donor).** Immunohistochemical analysis localised
the classically defined canonical ligands WNT-1 and WNT-3A
as well as the WNT effector protein B-catenin largely to bron-
chial and alveolar epithelium, although increased nuclear
B-catenin expression has also been observed in (myo)fibroblasts
in fibrotic foci.>* 3% 37 Increased expression of WNT target
genes and, in particular, the increase in WNT1-inducible signal-
ling protein-1 (WISP1) protein expression suggests that func-
tional WNT/B-catenin signalling activity is enhanced in lung
tissue of individuals with IPE3* %5 Antibody-mediated inhibition
of WISP1 results in decreased lung pathology in bleomycin-
induced lung fibrosis in mice in vivo and WISP1 has been
reported to regulate alveolar epithelial cell function and repro-
gramming as well as (myo)fibroblast activation, thereby impair-
ing lung function.®® Successive studies demonstrated that WISP1
is a WNT target gene, and at the same time a common down-
stream mediator of several profibrotic factors, including (1)
miR-92A, a micro-RNA that is downregulated in human
and experimental lung fibrosis, and (2) Transforming growth
factor B (TGFB) and Tumor necrosis factor oo (TNFa) signalling
in human lung fibroblasts, in which WISP1 regulates cell prolif-
eration in an interleukin 6 (IL-6)-dependent fashion.*® 3°
Altogether, these findings corroborate WISP1 as a therapeutic
target in IPE. With regard to upstream WNT/B-catenin signal-
ling; extensive research has focused on preventing excessive acti-
vation of B-catenin signalling by targeting this developmental
pathway at various molecular levels (figure 3). Several studies
demonstrate that pharmacological and genetic inhibitors of
B-catenin signalling attenuate fibrosis in various organs,
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Figure 3 WNT signalling in idiopathic pulmonary fibrosis (IPF) pathogenesis. Increased pulmonary expression of WNT-1, WNT-7B, WNT-10B,
Frizzled receptor (FZD)2 and FZD3 in individuals with IPF. Enhanced expression of transcriptionally active B-catenin in pulmonary epithelial cells
(top), as a consequence of WNT-3A and/or TGF-B signalling. B-catenin signalling induces mRNA expression of inflammatory and remodelling
markers (eg, IL-1B8 and WNT1-inducible signalling protein-1 (WISP1)) and regulates alveolar epithelial type II cells (ATII)-to-ATl-cell
transdifferentiation, a process implicated in wound healing and tissue regeneration. The profibrotic action of WISP1 can be diminished by
neutralising antibodies. In pulmonary fibroblasts (bottom), WNT-5B by activating FZD8, in conjunction with TGF-B signalling, causes upregulation of
mRNA expression of other WNT signal components, extracellular matrix (ECM) components, and myofibroblast markers. Both the expression of ECM
components and markers of myofibroblast differentiation are dependent on activation of transcriptionally active B-catenin. Accumulation of
transcriptionally active B-catenin can be prevented by small molecule inhibitors of Tankyrases (eg, XAV939), whereas the interaction of B-catenin
with specific transcription factors can be inhibited by ICG-001 (B-catenin/cAMP response element-binding protein binding protein (CBP)), PKF115-
584 (B-catenin/TCF (T cell factor)) or 1Q-1 (B-catenin/p300). WNT-5A, via a yet unknown FZD, induces proliferation and protects cells from
oxidative-stress-induced apoptosis. Lipoprotein receptor-related protein 5 (LRP5) and TGF-B signalling are indispensable for activation of B-catenin
signalling in response to a fibrotic insult. Moreover, LRP5 in macrophages contributes to disease progression. See main text for further details.

including the lung.**™*® Noteworthy, activation of B-catenin in
alveolar epithelial cells at the early stages of injury may reflect
an attempt to repair and regenerate, however sustained activa-
tion of the pathway may drive inflammation and fibrotic
changes in the lung.® ** 4753

The alveolar epithelium, consisting of alveolar epithelial type
I and II cells (ATI and ATII cells, respectively), represents a
major site of tissue damage during lung injury. ATII cells are
capable of self-renewal and exert progenitor function for ATI
cells upon alveolar epithelial injury, a process dependent on
autocrine WNT/B-catenin signalling.*® *° % ** In physiological
conditions, mature ATII cells exhibit a low degree of constitu-
tive B-catenin signalling in vivo; however, the pathway is acti-
vated when the lungs are subjected to bleomycin-induced
injury.*® °° Activation of the WNT/B-catenin signalling pathway
is also observed during ATTI-to-ATT cell transdifferentiation in
vitro. The transdifferentiation process is characterised by

increased expression of several WNT ligands, enhanced phos-
phorylation of WNT signalling intermediates (ie, LRP6 and
DVL3), increased transcriptionally active B-catenin and an
increase in p-catenin-driven target gene expression.*s 3¢
Collectively, these data indicate that B-catenin activation during
alveolar epithelial cell transdifferentiation is dependent on
endogenous, autocrine canonical WNT signalling. This was con-
firmed by experiments in which Dickkopf-1 (DKK-1), an
endogenous inhibitor of canonical WNT signalling, was overex-
pressed. These experiments demonstrated that DKK-1 attenuates
B-catenin-driven target gene expression (ie, Axin2) in transdiffer-
entiating ATII cells.*® Furthermore, inhibition of canonical
WNT signalling by either the small molecule PKF115-584 (dis-
ruption B-catenin/TCF interaction), B-catenin siRNA or by
ectopic expression of inhibitor of B-catenin and TCF (ICAT)
attenuates the time-dependent increase in ATI cell marker
expression in these primary cell cultures.*® *° Ectopic
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expression of ICAT also impairs wound closure after scratch-
induced injury.*® Taken together, these data indicate that WNT/
B-catenin signalling regulates alveolar epithelial cell transdiffer-
entiation and repair processes, which might initially be benefi-
cial upon lung injury. Nevertheless, persistent WNT/B-catenin
activation in the alveolar epithelium may be detrimental in
fibrotic lung diseases, like IPFE. An unbiased gene expression
screen to identify cell-specific mediators of canonical WNT sig-
nalling in primary murine ATII cells identified the proinflamma-
tory cytokine IL-1B as one of the highest upregulated genes
induced by WNT-3A stimulation.*” Subsequent experiments
confirmed increased protein level of IL-1B in ATII cells in
response to WNT-3A, as well as in an animal model of experi-
mental lung fibrosis and, most importantly, in human IPE These
findings indicate that the alveolar epithelium is a relevant source
of proinflammatory/profibrotic cytokines induced by active
WNT/B-catenin signalling in pulmonary fibrosis.*” Among many
tested, only four cytokines/growth factors (ie, IL-1B, TNFa,
Granulocyte macrophage colony stimulating factor (GM-CSF)
and TGF-B) have thus far been identified to be able to drive
lung fibrosis.*® Transient overexpression of IL-1 initially results
in inflammatory response with tissue injury followed by a pro-
gressive fibrotic response mediated in part by TGF-p.>” Thus,
sustained canonical WNT signalling activity in alveolar epithelial
cells may contribute via IL-1B to lung fibrosis. Furthermore,
alveolar epithelial cell reprogramming and
epithelial-to-mesenchymal transition (EMT) potentially contri-
butes to chronic lung diseases, like IPF or COPD.> %% TGE- is
the most commonly used growth factor for promoting epithelial
cell reprogramming and its interaction with WNT signalling is
important for cell fate determination during development and
in the adult. Zhou et al,* reported that TGF-p induces the
expression of the mesenchymal marker o-smooth muscle-actin
(o-sm-actin) with concomitant upregulation of transcriptionally
active B-catenin in lung epithelial cells. Inhibition of B-catenin
diminished TGF-B-induced o-sm-actin expression in these cells,
whereas enhanced activation of B-catenin via GSK-3p inhibition
(ie, LiCl) augmented this process.®’ Subsequent experiments
showed that o-sm-actin is transcriptionally regulated by a
complex consisting of SMAD3/B-catenin/cAMP  response
element-binding protein binding protein (CBP).** Furthermore,
Ulsamer et al**showed that the EMT process, characterised by
increased expression of collagen, a-sm-actin and the transcrip-
tion factor twist, is largely dependent on activation of a specific
form of B-catenin (ie, pY654-B-catenin). Accumulation of
pY654-B-catenin can be attenuated in vitro and in vivo by inhib-
ition of tankyrase-1 (TNKS1), which partially prevents the mes-
enchymal changes both in primary alveolar epithelial cells and
in an animal model of lung fibrosis.*’ Tankyrases (TNKS1 and
2, respectively) are a class of enzymes that facilitate Axin prote-
olysis, which results in decreased assembly of the ‘B-catenin
destruction complex’ and subsequently increases B-catenin sig-
nalling." ®* Hence, inactivation of tankyrases attenuates canon-
ical WNT/B-catenin signalling. The therapeutic potential of
using tankyrase inhibitors in established experimental lung fibro-
sis was examined by Wang et al.*® Administration of the tankyr-
ase inhibitor XAV939 starting 10 days after the administration
of bleomycin to the mice results in attenuation of B-catenin sig-
nalling, improved survival of the mice and a significant reduc-
tion in lung pathology.*® Thus, inhibition of this family of
enzymes is of potential interest to target p-catenin signalling and
to reduce profibrotic responses in the lung. The advantageous
effects of XAV939 may be attributed to reduced fibroblasts pro-
liferation, impaired myofibroblast  differentiation  and,

potentially, increased differentiation of bone marrow-derived
mesenchymal stem cells into epithelial-like cells.*® However,
more extensive in vitro and in vivo analyses still have to be per-
formed to unambiguously support the latter finding.
Nevertheless, this combined body of evidence suggests that the
large repertoire of B-catenin regulated genes is decisive of cellu-
lar fate. In the nucleus, gene transcription induced by B-catenin
is facilitated by the recruitment and activation of various
factors, including transcription factors, proteins involved in
histone methylation and acetylation (ie, MLL1/2, CBP and
p300), histone deacetylases and histone modifiers (eg, BRG1).%
B-Catenin as a transcriptional-coactivator has a plethora of
binding partners and its interaction with distinct transcription
factors (eg, TCFs, SMADs, forkhead box (FOXO) or HIFl)
has important implications for its transcriptional activity and
determines the functional output.®*™®® One elegant and promis-
ing therapeutic option for IPF is to ‘re-direct’ B-catenin signal-
ling by using specific inhibitors that target the interaction of
B-catenin with distinct transcriptional cofactors. This approach
has been applied in a study by Henderson et al** in which the
authors demonstrated that selective inhibition of the B-catenin/
CBP interaction by the ICG-001 led to reversal of established
bleomycin-induced pulmonary fibrosis and improved epithelial
cell integrity, whereas this was not achieved by the food and
drugs administration (FDA) approved drug pirfenidone. Based
on these results it was proposed that the interaction of B-catenin
with CBP drives gene transcription critical for the maintenance
of cells in an undifferentiated/proliferative state, whereas the
interaction of B-catenin with p300 (a transcriptional coactivator
homologous to CBP) initiates cellular differentiation. A subse-
quent study by Rieger et al°® dissected the role of p300 and CBP
in adult progenitor cell differentiation focusing on ATII-to-ATI
cell transdifferentiation. Transdifferentiation of rat ATII cells to
ATT-like cells was dependent on the interaction of B-catenin with
p300, but independent of the interaction with CBP
Pharmacological or genetic disruption of the pB-catenin/p300
interaction resulted in decreased expression of aquaporinS
(AQPS; ATI cell marker) and partial stabilisation of surfactant
protein C (ATII cell marker) expression. Interestingly, the inter-
action between B-catenin and p300 in this context was facilitated
by the classically defined non-canonical WNT ligand WNT-5A
via a molecular mechanism involving protein kinase C-mediated
phosphorylation of p300.°” This study and various other studies
demonstrate that targeting p-catenin-dependent signalling may be
beneficial for progenitor cell function and consequently the treat-
ment of fibrosis. The question remains if and which secreted
WNT ligands actually represent the driving force for the activa-
tion of B-catenin in human and experimental pulmonary fibrosis.
A better understanding and determination of (cell)-specific
ligand/receptor complexes is of high interest, as it will foster the
identification of potential therapeutic targets. To elucidate if
canonical WNT ligands contribute to disease pathogenesis, Lam
et al** investigated the role of the indispensable WNT
co-receptors LRPS and LRP6 in murine and human pulmonary
fibrosis. Notably, LRPS transcript levels were associated with IPF
progression, disease severity at presentation, and negatively cor-
related with clinical parameters like diffusion capacity of the lung
for carbon monoxide (DL.,) and composite physical index (CPI).
This study furthermore demonstrated that LRPS5-deficient fibro-
blasts exhibit reduced capacity to activate B-catenin and that mice
lacking LRP5 (LRP5”"mice) were protected against
bleomycin-induced lung fibrosis.** In a subsequent study by the
same group, microarray analysis revealed that LRPS ™~ mice that
were exposed to bleomycin showed enrichment for pathways
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related to ECM processing and the innate immune response, sug-
gesting that the immune cell-ECM remodelling axis is important
in fibrosis. Macrophage-specific deletion of B-catenin did not
have an effect on the development of bleomycin-induced lung
fibrosis; however, the resolution of fibrosis in this model was
accelerated.”® Similarly, in a murine model of asbestos-induced,
non-resolving lung fibrosis was shown that loss of LRP5 does not
influence development of fibrosis, but does result in delayed pro-
gression of fibrosis.”® These data indicate that macrophages with
activated WIN'T/B-catenin signalling play an important role in sus-
taining pulmonary fibrosis.

In addition to LRP5/6, only a few WNT receptors have been
investigated thus far in chronic lung diseases. The previously
mentioned study also reported high FZD8 expression in indivi-
duals with IPE which correlated to more rapid disease progres-
sion.** Indeed, cellular signalling mediated via FZD8 is involved
in fibrotic responses in the lung.”* FZD$ is the most profound
upregulated FZD receptor in primary human lung fibroblasts in
response to TGF-B stimulation. Moreover, genetic silencing of
FZD8, in part, prevents the profibrotic action of TGF-B in
pulmonary fibroblasts in vitro and in bleomycin-induced lung
fibrosis in vivo. Importantly, profibrotic signalling via FZDS8
appears to be mediated by WNT-5B and is independent of
B-catenin signalling.”" These findings suggest that non-canonical
WNT signalling also contributes to IPF pathogenesis. In line
with this, increased WNT-5A expression has been demonstrated
in IPE7>7"* Vuga et al,”* reported that this non-canonical WNT
ligand mediates ECM deposition by pulmonary fibroblasts and
protects these cells against oxidative stress-induced apoptosis,
thereby potentially contributing to IPE Collectively, cumulative
evidence strongly suggests that the developmental WNT
signalling pathways are able to drive fibrotic changes in the
lung and are of great therapeutic interest for the treatment of
IPF (figure 3).

WNT SIGNALLING IN PULMONARY ARTERIAL
HYPERTENSION

PAH is a well recognised complication of interstitial lung dis-
eases like IPE although PAH can also develop without under-
lying parenchymal lung disease(s). Both idiopathic PAH (IPAH),
as well as common acquired forms of PAH, are characterised by
a progressive increase in pulmonary vascular resistance, due to
(1) loss of peripheral pulmonary arteries as a consequence of
endothelial cell apoptosis and (2) occlusion of larger proximal
arteries by increased smooth muscle cell proliferation and
enhanced ECM deposition. The pathomechanisms in PAH are
multifactorial and not fully understood, but include chronic
hypoxia and hypoxic vasoconstriction, mechanical lung stress,
smoking effects and inflammation.”® Aberrant growth factor sig-
nalling has also been implicated in the pathogenesis of PAH.
Heterozygous loss of function mutations in bone morphogenetic
protein receptor II (BMPRII) is observed in both sporadic and
familial cases of IPAH.”® 77 These findings imply that dysfunc-
tion of the developmentally active Bone morphogenetic protein
(BMP) signalling is involved in PAH development. Interestingly,
BMP-2 via BMPRII recruits canonical and non-canonical WNT
pathways to promote pulmonary arterial endothelial prolifer-
ation, survival and migration.”® Activation of canonical WNT/
B-catenin signalling, as well as non-canonical WNT/RHOA/
RACT1 signalling, are necessary for vascular growth in vivo, sug-
gesting that WNT signalling pathways are required for
BMP-2-mediated angiogenesis and therefore might be beneficial
in PAH.”® Nevertheless, an independent study investigating
genetic signatures common across multiple cell lines that are

associated with pathological processes in PAH identified WNT
signalling as a target pathway, which was validated further in
vitro.”” The data from this study suggest that alterations in
WNT signalling are a common molecular defect in both herit-
able PAH and IPAH, which is linked to decreased BMPRII sig-
nalling.””  Several components of the PCP pathway
(non-canonical WNT signalling) are upregulated in pulmonary
resistance vessels in IPAH.?° Accordingly, WNT ligand expres-
sion (eg, WNT-5A) positively correlated to pulmonary arterial
pressure in pulmonary arterial smooth muscle cells from patients
with PAH.3! Furthermore, Wu et a/®” investigated the expression
and molecular target(s) of several microRNAs in the pathogen-
esis of PAH and discovered that Mir-199b-5p was overexpressed
in PAH and negatively regulated the expression of GSK-3B
resulting in enhanced B-catenin-driven gene transcription. These
findings suggest enhanced WNT signalling in PAH. Thus, WNT
signalling pathways have a crucial role in the regulation of pul-
monary angiogenesis and vascular remodelling, and therapies
that modulate WNT pathway activity could be of use in patients
with PAH. The complexity of WNT pathway signalling, the
extent of crosstalk with other (growth factor-dependent) signal-
ling pathways and the plethora of signalling components, remain
challenges to identify safe and effective therapies that specifically
target WNT signalling in PAH.

WNT SIGNALLING IN ASTHMA
Asthma is a chronic airway disease with high prevalence in chil-
dren as well as adults. The hallmark pathological features of
asthma include eosinophilic airway inflammation and structural
changes within the airways (airway remodelling), which are
associated with an irreversible loss in lung function.®?
Identifying genetic determinants for lung function is important
in providing insight into the pathophysiology of asthma and
other chronic lung diseases. One of the first studies suggesting a
genetic link between WNT signalling and asthma was performed
by Sharma et al,** who demonstrated that WNT signalling
genes are associated with impaired lung function in asthmatic
children with WISP1 associating with FEV; and FVC, whereas
WNT inhibitory factor-1 (WIF-1) associated with FVC and
FEV,/FEV (not with FEV; alone). Furthermore, a single nucleo-
tide polymorphism (SNP; rs2929973) in the WISP1 gene is sig-
nificantly associated with FEV; in asthmatic children, whereas
an SNP in WIF-1 does influence lung function (ie, FEV,).%’
Moreover, a recent publication, which used a genome-wide
association study (GWAS)-based analysis to prioritise asthma sus-
ceptibility genes, revealed two biological pathways to be
enriched in asthma pathogenesis: (1) cytokine-cytokine receptor
interactions and (2) WNT signalling pathway(s). The same study
identified a novel susceptibility locus near WNT signalling
genes, in particular SNPs located near FZD3 and FZD6.5¢
Airway inflammation in allergic asthma is mainly charac-
terised by a T helper 2 cell (Th2) signature and eosinophilia.®”
In human asthmatic airways, gene expression of multiple WNT
ligands is positively (WNT-3A, WNT-5A, WNT-6 and WNT-10A)
or negatively (WNT-5B) associated with a Th2 signature. In add-
ition, FZDS (WNT receptor) is upregulated in patients with
Th2-high asthma.?” Recently, a study investigated whether
eosinophil-induced airway remodelling in asthma is associated
with alterations in WNT expression. Eosinophils derived from
patients with asthma enhanced the expression of WNT-SA,
TGF-B and gene expression of several ECM components in
human airway smooth muscle cells. In addition, these eosino-
phils induced airway smooth muscle cell proliferation, which is
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potentially mediated by WNT-5A. This study links WNT signal-
ling to inflammatory processes, and airway remodelling;
however, this was not directly addressed experimentally.®®
Furthermore, these studies suggest that WNT signalling poten-
tially modulates allergic responses in the lung. By using the
mouse model of ovalbumin (OVA)-induced allergic asthma,
Reuter et al®’ examined the impact of WNT-1 on development
of allergic lung disease. Overexpression of this specific WNT
ligand in CCSP-positive cells (Club cells) had beneficial effects
on allergic airway disease, demonstrated by a reduction in
airway hyper-responsiveness (AHR), decreased eosinophilia in
the bronchoalveolar lavage and a reduced number of mucus
cells in comparison to animals that did not overexpress the
ligand. The beneficial effects of WNT-1 expression were due to
impairment of dendritic cell-dependent activation of T cells.®”
In addition to inflammation, the impact of WNT signalling on
airway remodelling has been investigated using animal models
of allergic asthma, in which increased expression of specific
WNT ligands (ie, Wnt-SA and Wnt-7B), B-catenin and the
canonical WNT target gene Axin2 was observed.”® °! Genetic
silencing of B-catenin, by siRNA, attenuated inflammation and
airway remodelling in asthmatic mice in vivo.”® Airway remodel-
ling may be, in part, a consequence of a process in which pul-
monary epithelial cells acquire a mesenchymal phenotype
(EMT). In accordance, the aeroallergen house dust mite,
together with TGF-B, induces mesenchymal transition of bron-
chial epithelial cells. This process was associated with loss of
E-cadherin, a binding partner of B-catenin at the plasma mem-
brane. This potentially leads to dissociation of B-catenin from
the membrane and the subsequent translocation of B-catenin to
the nucleus, where it assists the transcription of mesenchymal
genes.””> Furthermore, in a rat model of allergic asthma, airway
remodelling in response to OVA exposure was partially pre-
vented by antibody-mediated inhibition of the WNT target gene
WISP1.” In a more recent study, no differences were observed
in B-catenin expression in the airway smooth muscle layer in
either an animal model of allergic asthma or in smooth muscle
biopsies from asthmatic individuals compared with non-
asthmatic donors.”* p-Catenin-driven gene expression (Axin2,
Wispl and c-Myc), however, was highly increased in the used
mouse model of OVA-induced asthma. Moreover, pharmaco-
logical inhibition of B-catenin/CBP interaction by the small mol-
ecule ICG-001 prevented smooth muscle remodelling and ECM
expression in in vitro and in vivo models of asthma.”* In agree-
ment, B-catenin signalling is required for TGF-B-induced expres-
sion of ECM proteins by human airway smooth muscle cells
and pulmonary fibroblasts. Furthermore, enhanced synthesis of
the ECM protein fibronectin by human airway smooth muscle
cells was observed after ectopic expression of constitutively
active B-catenin (ie, S33Y-B-catenin; resistant to GSK-3-mediated
proteasomal degradation).”® °® On the other hand, while over-
expression of a non-degradable form of B-catenin
(S37A-B-catenin) in fibroblasts is insufficient to induce TGF-B,
profibrotic marker expression and/or myofibroblast differenti-
ation, it does increase fibroblast migration and proliferation.*’
Of note, B-catenin might further play an important role in
airway smooth muscle proliferation and contraction independ-
ently of WNT signalling. The latter is presumably due to its role
in cell-cell contacts as a component of cell adherens junc-
tions.”” ?® This may represent an additional mechanism by
which B-catenin contributes to asthma pathology. By and large,
these findings indicate that B-catenin is a potential therapeutic
target in asthma, which is discussed in more detail in a compre-
hensive review by Kumawat et al.'”

Remarkably, among all the WNT ligands detected in human
airway smooth muscle cells, WNT-5A is the most abundant
WNT ligand expressed.”® Moreover, WNT-5A protein expres-
sion is approximately twofold higher in airway smooth muscle
of asthmatics compared with healthy donors. These data suggest
a potential role for non-canonical WNT signalling as well in
asthma.'®® Stimulation of airway smooth muscle cells with
solely WNT-5A was not sufficient to induce ECM deposition;
however, siRNA-mediated silencing of WNT-5A largely blunted
TGF-B-induced ECM deposition (collagen 1ol and fibronectin)
by airway smooth muscle cells.”” Furthermore, subsequent in
vitro studies demonstrated that WNT-5A as well as WNT-11
may contribute to AHR by inducing actin polymerisation and
the upregulation of a-sm-actin in human airway smooth muscle,
respectively.'®! 1°% Whether this pathway is also involved in
asthma pathogenesis in vivo is not yet elucidated. In summary,
these data indicate that specific WNT ligands, by acting on
various cell types, potentially contribute to pathogenic processes
in asthma, including airway inflammation and remodelling, and
highlight (canonical WNT-driven) B-catenin as a potential thera-
peutic target in asthma.

WNT SIGNALLING IN COPD

COPD is characterised by chronic airflow limitation caused by
(1) small airway disease, which is composed of (small) airway
remodelling and chronic bronchitis, and (2) parenchymal
destruction, which leads to emphysema. The relative contribu-
tion of each of these pathological features varies in individual
patients who suffer from COPD. Given the importance for
WNT/B-catenin signalling for lung development and growth,
this pathway represents a prime target for initiation of lung
repair and regeneration. A tremendous challenge in emphysema
is the restoration of functional lung tissue and one current
concept is that the progressive destruction of tissue is partially
due to the inability of the lung to activate self-repair mechan-
isms in COPD. Similarly to IPE no therapy is currently available
for COPD that stabilises or reverses disease progression.'%® 104
Cigarette smoke, the main risk factor for developing COPD,
reduces canonical WNT signalling in vitro and in vivo in human
bronchial epithelial cells.!® 1°¢ Other studies report that bron-
chial epithelial cells of smokers and individuals with COPD
might exhibit enhanced nuclear B-catenin expression and that
components of cigarette smoke (eg, nicotine) can induce EMT
in a WNT-3A/B-catenin-dependent manner.®> '%7 Nevertheless,
transcript levels of several components of canonical WNT sig-
nalling (eg, CTNNB1, GSK-38 and TCF4) are significantly lower
in peripheral lung tissue of individuals with COPD compared
with smokers without COPD, indicating that processes involved
in COPD pathogenesis affect components of canonical WNT
signalling independently of smoking.'® These data confirm pre-
vious findings in which expression profiles obtained from lung
tissue specimens from smokers without obstruction and indivi-
duals with COPD were compared.'®® In this study, several bio-
logical pathways that may be relevant to COPD pathogenesis
independently of smoking were identified, including TGF-p sig-
nalling, proteins involved in focal adhesion and WNT signalling
pathways.'®® Notably, in experimental and human COPD/
emphysema canonical WNT signalling is silenced in the alveolar
epithelium as observed by decreased nuclear expression of
B-catenin, a surrogate marker for canonical WNT signalling
activity (figure 5).'%” Several recent studies investigated potential
underlying mechanism(s) for reduced B-catenin signalling in
COPD.'"'%" "2 family with sequence similarity 13 member A
(FAM13A) was identified in a GWAS as a gene that predisposes
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Figure 4 WNT signalling in asthma. In airway smooth muscle cells, WNT-5A activates Frizzled receptor (FZD)8, which together with TGF-B
stimulation results in increased mRNA expression of extracellular matrix (ECM) components. In addition, WNT-5A, via a not further specified FZD,
enhances actin polymerisation and contractile capacity of the smooth muscle cell. Eosinophil-driven airway inflammation stimulates the smooth
muscle cells to increase WINT-5A expression. Increased expression of WNT-1 prevents dendritic cell-mediated activation of T cells, thereby
attenuating airway hyper-responsiveness (AHR) and airway remodelling. WNT-11, via an unspecified FZD, conjointly with TGF-B stimulation causes
upregulation of the contractile protein a-sm-actin. Activation of transcriptionally active -catenin in response to WNT-7B, TGF-B and/or (aero)
allergens results in augmented mRNA expression of ECM components and genes involved in cell proliferation. Similarly, ectopic expression of a
non-degradable form of B-catenin (S33Y-B-catenin) enhances expression of ECM components. Transcriptional activity of B-catenin can be inhibited
by PKF115-584 or ICG-001, whereas the canonical WNT target gene WNT1-inducible signalling protein-1 (WISP1) can be inhibited with neutralising

antibodies. See main text for further details.

to increased susceptibility to COPD.'® '1* A subsequent study
investigated the functional role of FAM13A in COPD pathogen-
esis and demonstrated that FAM13A induces emphysema by tar-
geting canonical WNT signalling."'" Increased expression of
FAM13A was observed in several cell types in the lungs of
patients with COPD and FAM13A-deficient mice (FAM13A™")
were protected against cigarette smoke-induced as well as
elastase-induced emphysema development. The resistance to
elastase-induced emphysema in FAM13A™~ mice was abrogated
by coadministration of a B-catenin inhibitor (PKF118-310).
Biochemical experiments revealed that FAM13A associates with
protein phosphatase 2A to facilitate GSK-3p-mediated degrad-
ation of B-catenin. Collectively, this study demonstrated that
FAM13A is increased in lungs of patients with COPD and might
contribute to COPD susceptibility by promoting B-catenin deg-
radation.'” An extensive analysis of FZD receptor expression
in experimental and human COPD, identified FZD4 as an
important regulator of canonical WNT/B-catenin signalling and
potential candidate for therapeutic intervention in this chronic
lung disease.''? In physiological conditions, the FZD4 receptor
is expressed on alveolar epithelial cells, however the expression
of this receptor is diminished in individuals with moderate and
very severe COPD (Global initiative for chronic obstructive lung
diseases (GOLD) stages II and II/IV). Moreover, FZD4

expression correlated positively to lung function (%FEV, post-
bronchodilator) and negatively with smoking pack-years in the
analysed cohort of patients. In vivo and in vitro studies demon-
strated that cigarette smoke was able to directly attenuate FZD4
expression, which was accompanied by a reduction in active
B-catenin expression.!'? This suggests that FZD4 is a positive
regulator of PB-catenin signalling in alveolar epithelial cells.
Pharmacological inhibition of FZD4 via the small molecule
FzM1 decreased (WNT-3A-driven) B-catenin signalling in alveo-
lar epithelial cells, whereas overexpression of FZD4 had the
opposite effect. Functional studies demonstrated that the recep-
tor is important for wound healing and repair by the alveolar
epithelium, as FZD4 facilitates cell proliferation, migration and
ATII-to-ATI cell transdifferentiation.’’? Taken together, these
findings strongly suggest that FZD4 signalling and B-catenin
activation might be a promising route to induce lung repair in
COPD. Indeed, preventive as well as therapeutic reactivation of
B-catenin signalling via GSK-3p inhibition resulted in alveolar
epithelial cell activation, attenuated emphysema pathology, and
improved lung function in experimental emphysema in vivo.'?’
Notably, the potential therapeutic application of WNT/B-catenin
activation in COPD has recently been tested in more detail and
translated into human tissue specimen using three-dimensional
lung tissue cultures (3D-LTCs).''® Patient-derived 3D-LTCs are
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Figure 5 WNT signalling in COPD. Neutrophil elastase and cigarette smoke attenuate pulmonary expression of WNT-2, WNT-3A, WNT-10B, LRPS,
FZD1, AXIN1, AXIN2, CTNNBT (B-catenin), LEFT and TCF4 in human and/or animal models of COPD. In bronchial epithelial cells (left side of dashed
line), WNT-4, independently of B-catenin, induces expression of extracellular matrix (ECM) components and of genes involved in cell proliferation.
WNT-5B together with TGF-B/SMAD signalling activates gene transcription of MMP2, MMP9 and FN. Additionally, TGF-B inactivates glycogen
synthase kinase-3 (GSK-3)B via phosphorylation resulting in activation of B-catenin, which facilitates the epithelial-to-mesenchymal transition (EMT)

process of bronchial epithelial cells. In alveolar epithelial cells (right side of dashed line), B-catenin is a critical regulator of ATII-to-ATl-cell
transdifferentiation. WNT-5A, which is increased in individuals with COPD and secreted by pulmonary fibroblasts, acts a negative regulator of
B-catenin signalling, thereby impairing endogenous tissue repair by alveolar epithelial cells. FAM13, a COPD susceptibility gene, together with
GSK-3B contributes to the development of emphysema by enhanced targeting of B-catenin for proteasomal degradation in alveolar epithelial cells.
Moreover, cigarette smoke inhibits B-catenin signalling and epithelial cell repair by reducing FZD4 expression (indicated in grey). Pharmacological
reactivation of B-catenin signalling via GSK-3p inhibition (by eg, LiCl, CT99021 or SB216763) in experimental emphysema in vivo as well as
patient-derived COPD tissue ex vivo results in epithelial cell activation and attenuated emphysema pathology. In pulmonary fibroblasts, expression of
proinflammatory genes induced by IL-1B or Epidermal growth factor (EGF) is mediated in part by FZD8. Additionally, IL-1B and EGF induce the
expression of FZD8 via a yet unidentified signalling cascade, whereas TGF-B-induced expression of FZD8 is dependent on SMAD signalling.
Additionally, TGF-B induces the expression of WNT-5A and WNT-5B, which in turn induce expression of proinflammatory genes in a FZD2-dependent
and/or FZD8-dependent manner. Activated WNT signalling together with TGF-B induces mRNA expression of WNT signalling components, ECM
components and myofibroblast markers. B-Catenin is required for the expression of ECM components and myofibroblast differentiation. See main

text for further details.

generated ex vivo and represent a valuable tool for preclinical
target validation and drug testing. Using this set-up, we demon-
strated the potential of activating canonical WINT/B-catenin sig-
nalling in 3D-LTCs derived from lung tissue of individuals with
COPD.'"® Activation of P-catenin by GSK-3p inhibition, by
either LiCl or CT99021, led to increased alveolar epithelial cell
marker expression, decreased matrix metalloproteinase-12
expression, as well as altered macrophage activity and elastin
remodelling in 3D-LTCs.'* Altogether, these data underline the
potential suitability of WNT/B-catenin activators, such as
GSK-3 inhibitors, for the treatment of COPD and urge further
preclinical studies for this devastating disease (figure 5).
Similarly, to IPF and asthma, WNT signalling independent of
B-catenin (non-canonical WNT signalling) may contribute to

COPD pathogenesis. Two independent studies nearly simultan-
eously showed aberrant WNT-4 expression in bronchial cells of
patients with COPD.''® 117 This specific WNT ligand induces
cell proliferation and proinflammatory cytokine secretion by
bronchial epithelial cells. In addition, two structurally closely
related WNT ligands, WNT-5A and WNT-5B, have been
recently investigated in COPD.”¢ 10 118 119 \WNT-5B is pre-
dominantly expressed in airway epithelial cells with significantly
higher WNT-5B staining in bronchial epithelial cells of patients
with COPD compared with smokers."'® In vitro experiments
with recombinant WNT-5B revealed that this specific WNT
ligand induces expression of genes related to airway remodelling
(ie, FN, MMP-2 and MMP-9) independently of B-catenin signal-
ling, but required activation of TGF-p/SMAD3 signalling.!'® In
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Table 1
diseases

Overview of molecular targets and applied tools/compounds to modify WNT signalling, which have been investigated in chronic lung

Target

Tools/compounds

Disease

Summary of study

References

Ligands
WNT-1

WNT-5A

Receptors
LRP5

FzD4

FZD8

Intercellular proteins

FAM13A

GSK-3p

Tankyrases

B-catenin

B-catenin interaction

B-catenin/TCF

B-catenin/TCF

CCSP-driven WNT-1

overexpression (in vivo)
Recombinant protein (in vitro)

Recombinant protein (in vitro)

Surfactant protein C

(SPC)-driven WNT-5A
overexpression, recombinant
protein, neutralising antibodies

(in vitro and in vivo)

LRP5~"~ mice and siRNA

(in vitro and in vivo)

FzM1, FZD4 siRNA and
overexpression (in vitro)

FZD8~'~ mice and siRNA

(in vitro and in vivo)

FAM13A~"~ mice (in vivo)

LiCl (in vitro)
LiCl (in vivo)

SB216763 (in vivo)

CT99021 or LiCl (ex vivo)

XAV939 (in vivo and in vitro)

siRNA (in vivo)

ICAT (in vitro)

PKF115-584 (in vitro)

Asthma

IPF/fibrosis
Physiological conditions

COPD

IPF/fibrosis

COPD

IPF/fibrosis

COPD

COPD

IPF/fibrosis/COPD
COPD

COPD

COPD

IPF/fibrosis

Asthma

Physiological conditions
Physiological conditions
Physiological conditions
Physiological conditions

Physiological conditions

vVvyvyy

WNT-1 overexpression attenuated AHR, eosinophilia and number of
mucus producing cells.

Reduced dendritic cell-mediated activation of T cells.

Enhances ECM deposition by lung fibroblasts in vitro.

Protects lung fibroblasts against oxidative stress-induced apoptosis.
Facilitates B-catenin/p300 interaction in transdifferentiating primary rat
alveolar type-Il cells.

Lung specific overexpression aggravates elastase-induced emphysema in
vivo.

Attenuation of B-catenin-driven wound healing by alveolar epithelial
cells.

In vivo inhibition of WNT-5A attenuated tissue destruction, improved
lung function and restoration of alveolar epithelial cell markers
expression in two animal models of COPD.

LRP5~'~ mice are protected against bleomycin-induced lung fibrosis.
Delayed progression of ashestos-induced lung fibrosis in mice lacking
LRP5.

FZD4 is expressed in alveolar epithelial cells and is reduced in COPD.
Inhibition of FZD4 by FzM1 decreased (WNT-3A-driven) B-catenin
signalling in alveolar epithelial cells, whereas overexpression of FZD4 has
the opposite effect.

FZD4 regulates wound healing and repair by the alveolar epithelium by
facilitating cell proliferation, cell migration and ATII-to-ATI cell
transdifferentiation.

FZD8~'~ mice are partially protected against bleomycin-induced lung
fibrosis.FZD8 siRNA attenuates TGF-B-induced ECM deposition by human
lung fibroblasts.

Reduced cigarette smoke-induced inflammation in FZD8~ mice
compared with Wild type (WT) mice.

Association between SNP in FZD8 and chronic mucus hypersecretion in
cohort of smokers.

Involvement of receptor in cytokine secretion by human lung fibroblasts.

FAM13A is a COPD susceptibility gene.

Increased expression of FAM13A facilitates B-catenin degradation thereby
contributing to emphysema development in two murine models of COPD.
Pharmacological inhibition of GSK-38 enhances TGF-B-induced EMT
Inhibition of GSK-3B enhanced B-catenin in alveolar epithelial cells in
vivo.

LiCl prevents the development and progression of elastase-induced
emphysema.

Inhibition of GSK-3p prevented right ventricle hypertrophy and small
airway remodelling in a guinea pig model of LPS-induced COPD.

GSK-3B inhibition in 3D-LTCs: increased alveolar epithelial cell marker
expression, decreased MMP12 expression, and altered elastin
remodelling.

Reduced B-catenin activation due to Axin stabilisation.

XAV939 attenuates bleomycin-induced lung fibrosis.

Inhibition of TKNS reduces fibroblast proliferation and myofibroblast
differentiation.

siRNA against B-catenin resulted in reduced inflammation and airway
remodelling in a murine model of OVA-induced asthma.

Ectopic expression of Inhibitor of B-catenin and TCF (ICAT) impairs
murine ATII-to-ATI cell transdifferentiation.

Inhibition of B-catenin/TCF interaction by PKF115-584 impairs murine
ATII-to-ATI cell transdifferentiation.

PKF115-584 prevents TGF-B-induced ECM deposition by human airway
smooth muscle cells.

PKF115-584 decreases contractile force generation by airway smooth
muscle.

Disruption of B-catenin/TCF interaction decreases ECM deposition by lung
fibroblasts and prevents myofibroblast differentiation.

89

74

69

110
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7

123

1m

63
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125

115

45
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Table 1 Continued
Target Tools/compounds Disease Summary of study References
B-catenin/CBP 1CG-001 (in vitro and in vivo) ~ Asthma » Reduced airway smooth muscle remodelling and ECM expression in a 94
murine model of OVA-induced asthma in isolated smooth muscle cells.
1CG-001 (in vivo) IPF » Selective inhibition of the B-catenin/CBP interaction by the I1CG-001 led 2
to reversal of established bleomycin-induced pulmonary fibrosis and
improved epithelial cell integrity.
B-catenin/p300  1Q-1 (in vitro) Physiological conditions » Disruption of the B-catenin/p300 interaction interferes with rat 69
ATIl-to-ATI cell transdifferentiation.
» 1Q-1 partially stabilises SPC (ATII cell marker) expression, whereas the
small molecule attenuates aquaporin5 (AT cell marker) expression.
WNT target gene
WISP1 WISP1 neutralising antibodies  IPF » WISP1 is upregulated in murine model of bleomycin-induced fibrosis. 3
(in vitro and in vivo) » Neutralising mAbs specific for WISP1 reduced the expression of genes

Asthma 2

characteristic of fibrosis and reversed the expression of genes associated
with EMT.

Inhibition of WISP1 attenuates pathological changes in experimental
lung fibrosis in vivo.

Inhibition of WISP1 by neutralising antibodies results in less airway
remodelling in a rat model of allergic asthma.

3D-LTCs, three-dimensional lung tissue cultures; AHR, airway hyper-responsiveness; ATI (or II), alveolar epithelial type I (or Il) cells; CBP, CAMP response element-binding protein binding
protein; CCSP, Clara cell secretory protein; ECM, extracellular matrix; EMT, epithelial-to-mesenchymal transition; FZD, Frizzled receptor; GSK-3, glycogen synthase kinase-3; ICAT,
inhibitor of B-catenin and TCF; IPF, idiopathic pulmonary fibrosis; LRP5—/—, mice lacking lipoprotein receptor-related protein 5; OVA, ovalbumin; SNP, single nucleotide polymorphism;

TCF, T cell factor; WISP1, WNT1-inducible signalling protein-1.

addition, WNT-5A has also been linked to inflammatory pro-
cesses by pulmonary fibroblasts and COPD pathogenesis.
Individual components of cigarette smoke, including nicotine,
can induce WNT-SA in cells of the respiratory system and
WNT-5A is a direct target of miR-487b, a microRNA that is
repressed by cigarette smoke.''® 120 121 Moreover, cigarette
smoke can directly activate TGF-B, a growth factor implicated in
WNT-5A induction in several distinct cells of the
lungs.”? 26 #9 100 110 These findings indicate WNT-5A as a
prime target of COPD-related exposures. Most recently, we
reported increased WNT-5A transcript and protein in lung
tissue of individuals with COPD compared with non-COPD
controls."'® We furthermore observed altered post-translational
modifications (ie, glycosylation, palmitoylation and oligomerisa-
tion) of WNT-5A in lung tissue specimens of individuals with
COPD compared with tissue of donors.''” The increased
expression of this ligand was recapitulated in a murine model of
cigarette smoke-induced COPD as well as in elastase-induced
emphysema.''® Notably, various studies have indicated that spe-
cific non-canonical WNT ligands are able to inhibit canonical
WNT/B-catenin signalling.® '** Accordingly, mature WNT-5A
attenuated canonical WNT/B-catenin-driven alveolar epithelial
cell wound healing and ATTI-to-ATT cell transdifferentiation in
vitro. Furthermore, lung-specific overexpression of WNT-5A
aggravated elastase-induced emphysema in vivo. Most import-
antly, both prophylactic as well as therapeutic inhibition of
WNT-5A, using neutralising antibodies or a synthetic peptide,
resulted in attenuated tissue destruction, improved lung function
and restoration of B-catenin-driven transcriptional targets (eg,
Axin2 and Nkd1) as well as alveolar epithelial cell marker
expression in two animal models of COPD.'!* These findings
suggest a canonical to non-canonical WNT signal switch in
COPD, which contributes to disease development and progres-
sion. Moreover, our study highlights that non-canonical WNT
signalling and, in particular targeting WNT-5A, is a promising
therapeutic option for the treatment of emphysema/COPD.!!°
However, which FZD receptors are mediating the effects of
these WNT ligands (ie, WNT-4, WNT-5A and/or WNT-5B) in
COPD s largely unknown. Nevertheless, a recent study by

Spanjer et al'* linked the WNT receptor FZD8 to chronic
bronchitis and mucus hypersecretion, but did not investigate
which WNT ligand(s) might be involved in these processes, and
this needs further examination.

In summary, it appears that canonical and non-canonical
WNT signalling pathways play opposing or balancing roles in
COPD, wherein (re)activation of WNT/B-catenin signalling is a
potential remedy for emphysema whereas non-canonical WNT
signalling contributes to airway remodelling and cigarette
smoke-induced inflammation, thus perpetuating disease develop-
ment and progression (figure 5).

FIGHTING THE COLD WNT-er

An important unfulfilled need is to identify new agents that
interact with key molecular pathways involved in the pathogen-
esis of chronic lung diseases. Since the last decade, our knowl-
edge about deviations in WNT signalling in the aforementioned
chronic lung disease continues to grow (figures 3—5 and table
1). The ability to target the WNT signalling pathway offers
immense promise in chronic lung diseases; however, substantial
risks and concerns remain present with regard to the targeting
of such crucial signalling pathways. The challenge for the future
will be identifying which branch of WNT signalling to target at
what time point and how to specifically target major signalling
hubs within these pathways. Inhibition of biogenesis and secre-
tion of WNT ligands as well as blocking the interaction of
WNT ligands with the cell-surface receptors can be achieved to
a certain extent by pharmacologically active small molecules.'**
While these approaches do not necessarily discriminate between
targeting either the canonical or non-canonical WNT signalling
pathway and are therefore relatively non-specific, this may also
be a potential benefit as both these WNT signalling pathways
are involved in pathological processes in IPF and asthma. A
major benefit of the canonical WNT signalling pathway over the
non-canonical pathways is that B-catenin is a specific down-
stream effector molecule of canonical signalling, which can be
targeted pharmacologically. Activation of B-catenin signalling is
of therapeutic potential in emphysema/COPD and can be
achieved by various molecular mechanisms. Most commonly,
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B-catenin signalling is activated via inhibition of GSK-3, the
primary kinase involved in p-catenin degradation.! Prudence is
advised with artificially activating B-catenin signalling in the
lung due to the risk of potential adverse effects, such as EMT,
tissue remodelling or tumorigenesis. However, in a guinea pig
model of lipopolysaccharide (LPS)-induced COPD airway wall
remodelling was substantially reduced by pharmacological inhib-
ition of GSK-3B.'*® Moreover, the GSK-3B inhibitor lithium has
been used to treat patients for many years now without appar-
ent increases in the cancer incidence.'?® Taken together, these
studies suggest that inhibition of GSK-3p has therapeutic poten-
tial in COPD. In contrast to emphysema/COPD, increased
B-catenin signalling is a hallmark of IPF and inhibition of this
transcriptional coactivator is of great therapeutic interest. Most
pharmacological approaches to attenuate canonical WNT/
B-catenin signalling focus on blocking the interaction of
B-catenin with the transcription factors.'”” A primary consider-
ation, however, is that B-catenin-dependent signalling can also
be activated by other growth factors than WNTs and that tran-
scriptional activity of B-catenin is influenced by its interaction
with various binding partners.

Finally, the majority of chronic lung diseases affect diverse
cellular compartments, and cell-specific targeting of WNT sig-
nalling to ensure a beneficial clinical outcome represents a chal-
lenge for the future. Our knowledge about (cell-)specific ligand/
receptor complexes has just recently begun to increase and this
route holds promise for treatment applications, as drugs target-
ing distinct WNT ligands and/or FZD receptors are currently
under investigation.! '*7132 Taken together, several valuable
approaches to target the WNT pathways exist or are under
development and thus offer encouraging routes to potentially
treat chronic lung diseases in the future.

Twitter Follow Melanie Kénigshoff @m_konigshoff

Acknowledgements The authors thank all members of the Konigshoff laboratory,
in particular Florian Ciolek, Stephan Klee, Mareike Lehmann, Carlo Miimmler,
Wioletta Skronska-Wasek and Darcy Wagner, for stimulating discussions about the
content and the title of this review at ATS 2016.

Contributors HAB and MK conceptually designed and wrote the manuscript.

Funding HAB is supported by a postdoctoral fellowship from the European
Respiratory Society (ERS Fellowship LTRF 79-2012) and a fellowship from Helmholtz
Zentrum Germany (PFP PF-135). MK is supported by a European Research Council
Starting Grant (ERC-StG-LS7, Grant No. 261302) and a W2/3 Professorship Award
by the Helmholtz Association.

Competing interests None declared.
Provenance and peer review Commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited and the use is non-commercial. See: http:/creativecommons.org/
licenses/by-nc/4.0/

REFERENCES

1 Baarsma HA, Konigshoff M, Gosens R. The WNT signaling pathway from ligand
secretion to gene transcription: molecular mechanisms and pharmacological
targets. Pharmacol Ther 2013;138:66-83.

2 van Amerongen R, Mikels A, Nusse R. Alternative wnt signaling is initiated by
distinct receptors. Sci Signal 2008;1:re9.

3 Mikels AJ, Nusse R. Purified Wnt5a protein activates or inhibits beta-catenin-TCF
signaling depending on receptor context. PLoS Biol 2006;4:e115.

4 Dijksterhuis JP, Baljinnyam B, Stanger K, et al. Systematic mapping of WNT-FZD
protein interactions reveals functional selectivity by distinct WNT-FZD pairs. J Biol
Chem 2015;290:6789-98.

5 L C, Bellusci S, Borok Z, et al. Non-canonical WNT signalling in the lung.

J Biochem 2015;158:355-65.

6 Macdonald BT, Semenov MV, He X. SnapShot: Wnt/beta-catenin signaling. Cell

2007;131:1204.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Semenov MV, Habas R, Macdonald BT, et al. SnapShot: Noncanonical Wnt
Signaling Pathways. Cell 2007;131:1378.

De Langhe SP, Reynolds SD. Wnt signaling in lung organogenesis. Organogenesis
2008;4:100-8.

Kéonigshoff M, Eickelberg O. WNT signaling in lung disease: a failure or a
regeneration signal? Am J Respir Cell Mol Biol 2010;42:21-31.

Stewart DJ. Wnt signaling pathway in non-small cell lung cancer. J Natl Cancer
Inst 2014;106:djt356.

Mazieres J, He B, You L, et al. Wnt signaling in lung cancer. Cancer Lett
2005;222:1-10.

He B, Barg RN, You L, et al. Wnt signaling in stem cells and non-small-cell lung
cancer. Clin Lung Cancer 2005;7:54-60.

Tennis M, Van Scoyk M, Winn RA. Role of the wnt signaling pathway and lung
cancer. J Thorac Oncol 2007;2:889-92.

Krauss-Etschmann S, Bush A, Bellusci S, et al. Of flies, mice and men: a systematic
approach to understanding the early life origins of chronic lung disease. Thorax
2013;68:380-4.

Ota C, Baarsma HA, Wagner DE, et al. Linking bronchopulmonary dysplasia to
adult chronic lung diseases: role of WNT signaling. Mol Cell Pediatr 2016;3:34.
Yates LL, Dean CH. Planar polarity: a new player in both lung development and
disease. Organogenesis 2011;7:209-16.

Kumawat K, Koopmans T, Gosens R. B-catenin as a regulator and therapeutic
target for asthmatic airway remodeling. Expert Opin Ther Targets
2014;18:1023-34.

Beers MF, Morrisey EE. The three R’s of lung health and disease: repair,
remodeling, and regeneration. J Clin Invest 2011;121:2065-73.

Pongracz JE, Stockley RA. Wnt signalling in lung development and diseases. Respir
Res 2006;7:15.

Li C, Hu L, Xiao J, et al. Wnt5a regulates Shh and Fgf10 signaling during lung
development. Dev Biol 2005;287:86-97.

Li C, Xiao J, Hormi K, et al. Wnt5a participates in distal lung morphogenesis.
Dev Biol 2002;248:68-81.

Caprioli A, Villasenor A, Wylie LA, et al. Wnt4 is essential to normal mammalian
lung development. Dev Biol 2015;406:222-34.

Goss AM, Tian Y, Tsukiyama T, et al. Wnt2/2b and beta-catenin signaling are
necessary and sufficient to specify lung progenitors in the foregut. Dev Cell
2009;17:290-8.

Mucenski ML, Wert SE, Nation JM, et al. beta-Catenin is required for specification
of proximal/distal cell fate during lung morphogenesis. J Biol Chem
2003;278:40231-8.

Mucenski ML, Nation JM, Thitoff AR, et al. Beta-catenin regulates differentiation
of respiratory epithelial cells in vivo. Am J Physiol Lung Cell Mol Physiol 2005;289:
1971-9.

Banderali G, Martelli A, Landi M, et al. Short and long term health effects of
parental tobacco smoking during pregnancy and lactation: a descriptive review.

J Trans! Med 2015;13:327.

Duijts L, Reiss IK, Brusselle G, et a/. Early origins of chronic obstructive lung
diseases across the life course. Eur J Epidemiol 2014;29:871-85.

Blacquiére MJ, Timens W, van den Berg A, et al. Maternal smoking

during pregnancy decreases Wnt signalling in neonatal mice. Thorax
2010;65:553-4.

Lehmann M, Baarsma HA, Konigshoff M. WNT Signaling in Lung Aging and
Disease. Ann Am Thorac Soc 2016;13(Suppl_5):5411-16.

Gross T, Hunninghake GW. Idiopathic pulmonary fibrosis. N Engl J Med
2001;345:517-25.

Behr J. Evidence-based treatment strategies in idiopathic pulmonary fibrosis.

Eur Respir Rev 2013;22:163-8.

Raghu G, Collard HR, Egan JJ, et al. An official ATS/ERS/JRS/ALAT statement:
idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis and
management. Am J Respir Crit Care Med 2011;183:788-824.

Selman M, Pardo A, Kaminski N. Idiopathic pulmonary fibrosis: aberrant
recapitulation of developmental programs? PLoS Med 2008;5:€62.

Konigshoff M, Balsara N, Pfaff EM, et al. Functional Wnt signaling is increased in
idiopathic pulmonary fibrosis. PLoS ONE 2008;3:2142.

Konigshoff M, Kramer M, Balsara N, et al. WNT1-inducible signaling protein-1
mediates pulmonary fibrosis in mice and is upregulated in humans with idiopathic
pulmonary fibrosis. J Clin Invest 2009;119:772-87.

Rosas 10, Richards T, Konishi K, et a/. MMP1 and MMP7 as potential peripheral
blood biomarkers in idiopathic pulmonary fibrosis. PLoS Med 2008;5:e93.

Chilosi M, Poletti V, Zamo A, et al. Aberrant Wnt/beta-catenin pathway activation
in idiopathic pulmonary fibrosis. Am J Pathol 2003;162:1495-502.

Berschneider B, Ellwanger DC, Baarsma HA, et al. miR-92a regulates
TGF-B1-induced WISP1 expression in pulmonary fibrosis. Int J Biochem Cell Biol
2014,53:432-41.

Klee S, Lehmann M, Wagner DE, et al. WISP1 mediates IL-6-dependent
proliferation in primary human lung fibroblasts. Sci Rep 2016;6:20547.

Guo Y, Xiao L, Sun L, et al. Wnt/beta-catenin signaling: a promising new target
for fibrosis diseases. Physiol Res 2012;61:337—-46.

Baarsma HA, Kénigshoff M. Thorax 2017;72:746—759. doi:10.1136/thoraxjnl-2016-209753

757


http://twitter.com/m_konigshoff
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1016/j.pharmthera.2013.01.002
http://dx.doi.org/10.1126/scisignal.135re9
http://dx.doi.org/10.1371/journal.pbio.0040115
http://dx.doi.org/10.1074/jbc.M114.612648
http://dx.doi.org/10.1074/jbc.M114.612648
http://dx.doi.org/10.1093/jb/mvv081
http://dx.doi.org/10.1016/j.cell.2007.11.036
http://dx.doi.org/10.1016/j.cell.2007.12.011
http://dx.doi.org/10.4161/org.4.2.5856
http://dx.doi.org/10.1165/rcmb.2008-0485TR
http://dx.doi.org/10.1093/jnci/djt356
http://dx.doi.org/10.1093/jnci/djt356
http://dx.doi.org/10.1016/j.canlet.2004.08.040
http://dx.doi.org/10.3816/CLC.2005.n.022
http://dx.doi.org/10.1097/JTO.0b013e318153fdb1
http://dx.doi.org/10.1136/thoraxjnl-2012-201902
http://dx.doi.org/10.1186/s40348-016-0062-6
http://dx.doi.org/10.4161/org.7.3.18462
http://dx.doi.org/10.1517/14728222.2014.934813
http://dx.doi.org/10.1172/JCI45961
http://dx.doi.org/10.1186/1465-9921-7-15
http://dx.doi.org/10.1186/1465-9921-7-15
http://dx.doi.org/10.1016/j.ydbio.2005.08.035
http://dx.doi.org/10.1006/dbio.2002.0729
http://dx.doi.org/10.1016/j.ydbio.2015.08.017
http://dx.doi.org/10.1016/j.devcel.2009.06.005
http://dx.doi.org/10.1074/jbc.M305892200
http://dx.doi.org/10.1152/ajplung.00172.2005
http://dx.doi.org/10.1186/s12967-015-0690-y
http://dx.doi.org/10.1007/s10654-014-9981-5
http://dx.doi.org/10.1136/thx.2009.120154
http://dx.doi.org/10.1513/AnnalsATS.201608-586AW
http://dx.doi.org/10.1056/NEJMra003200
http://dx.doi.org/10.1183/09059180.00001013
http://dx.doi.org/10.1164/rccm.2009-040GL
http://dx.doi.org/10.1371/journal.pmed.0050062
http://dx.doi.org/10.1371/journal.pone.0002142
http://dx.doi.org/10.1172/JCI33950
http://dx.doi.org/10.1371/journal.pmed.0050093
http://dx.doi.org/10.1016/S0002-9440(10)64282-4
http://dx.doi.org/10.1016/j.biocel.2014.06.011
http://dx.doi.org/10.1038/srep20547

State of the art review

41 He W, Dai C, Li Y, et al. Wnt/beta-catenin signaling promotes renal interstitial 70 Sennello JA, Misharin AV, Flozak AS, et al. Lrp5/beta-catenin Signaling Controls
fibrosis. / Am Soc Nephrol 2009;20:765-76. Lung Macrophage Differentiation and Inhibits Resolution of Fibrosis. Am J Respir

42 Henderson WR Jr, Chi EY, Ye X, et al. Inhibition of Wnt/beta-catenin/CREB Cell Mol Biol 2017;56:191-201.
binding protein (CBP) signaling reverses pulmonary fibrosis. Proc Nat/ Acad Sci 71 Spanjer Al, Baarsma HA, Oostenbrink LM, et al. TGF-B-induced profibrotic
USA 2010;107:14309-14. signaling is regulated in part by the WNT receptor Frizzled-8. FASEB J

43 Lam AP, Flozak AS, Russell S, et al. Nuclear B-catenin is increased in systemic 2016;30:1823-35.
sclerosis pulmonary fibrosis and promotes lung fibroblast migration and 72 Newman DR, Sills WS, Hanrahan K, et al. Expression of WNT5A in idiopathic
proliferation. Am J Respir Cell Mol Biol 2011;45:915-22. pulmonary fibrosis and its control by TGF-B and WNT7B in human lung

44 Lam AP, Herazo-Maya D, Sennello JA, et al. Wnt coreceptor Lrp5 is a driver of fibroblasts. J Histochem Cytochem 2016;64:99-111.
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 2014;190:185-95. 73 Rydell-Tormanen K, Zhou XH, Hallgren O, et al. Aberrant nonfibrotic parenchyma

45 Ulsamer A, Wei Y, Kim KK, et al. Axin pathway activity regulates in vivo in idiopathic pulmonary fibrosis is correlated with decreased beta-catenin inhibition
pY654-B-catenin accumulation and pulmonary fibrosis. J Bio/ Chem and increased Wnt5a/b interaction. Physiol Rep 2016;4:e12727.
2012;287:5164-72. 74 Vuga L, Ben-Yehudah A, Kovkarova-Naumovski E, et al. WNT5A is a regulator of

46 Wang C, Zhu H, Sun Z, et al. Inhibition of Wnt/B-catenin signaling promotes fibroblast proliferation and resistance to apoptosis. Am J Respir Cell Mol Biol
epithelial differentiation of mesenchymal stem cells and repairs bleomycin-induced 2009;41:583-9.
lung injury. Am J Physiol Cell Physiol 2014;307:C234-44. 75 Tsangaris |, Tsaknis G, Anthi A, et al. Pulmonary hypertension in parenchymal

47 Aumiller V, Balsara N, Wilhelm J, et al. WNT/beta-catenin signaling induces IL-1B lung disease. Pulm Med 2012;2012:684781.
expression by alveolar epithelial cells in pulmonary fibrosis. Am J Respir Cell Mol 76  Thomson JR, Machado RD, Pauciulo MW, et al. Sporadic primary pulmonary
Biol 2013;49:96-104. hypertension is associated with germline mutations of the gene encoding BMPR-I,

48  Flozak AS, Lam AP, Russell S, et al. Beta-catenin/T-cell factor signaling is activated a receptor member of the TGF-beta family. / Med Genet 2000;37:741-5.
during lung injury and promotes the survival and migration of alveolar epithelial 77  Deng Z, Morse JH, Slager SL, et al. Familial primary pulmonary hypertension (gene
cells. J Biol Chem 2010;285:3157-67. PPH1) is caused by mutations in the bone morphogenetic protein receptor-Il gene.

49 Marconett CN, Zhou B, Rieger ME, et al. Integrated transcriptomic and Am J Hum Genet 2000;67:737—-44.
epigenomic analysis of primary human lung epithelial cell differentiation. PLoS 78  de Jesus Perez VA, Alastalo TP, Wu JC, et al. Bone morphogenetic protein 2
Genet 2013;9:1003513. induces pulmonary angiogenesis via Wnt-beta-catenin and Wnt-RhoA-Rac1

50  Mutze K, Vierkotten S, Milosevic J, et al. Enolase 1 (ENO1) and protein pathways. J Cell Biol 2009;184:83-99.
disulfide-isomerase associated 3 (PDIA3) regulate Wnt/B-catenin-driven 79  West JD, Austin ED, Gaskill C, et a/. Identification of a common Wnt-associated
trans-differentiation of murine alveolar epithelial cells. Dis Model Mech genetic signature across multiple cell types in pulmonary arterial hypertension.
2015;8:877-90. Am J Physiol Cell Physiol 2014;307:C415-30.

51  Lawson WE, Blackwell TS. beta-Catenin and CCNs in lung epithelial repair. 80  Laumanns IP, Fink L, Wilhelm J, et al. The noncanonical WNT pathway is operative
Am J Physiol Lung Cell Mol Physiol 2013;304:L579-81. in idiopathic pulmonary arterial hypertension. Am J Respir Cell Mol Biol

52 Tanjore H, Degryse AL, Crossno PF, et al. B-catenin in the alveolar epithelium 2009;40:683-91.
protects from lung fibrosis after intratracheal bleomycin. Am J Respir Crit Care 81 Fantozzi |, Huang W, Zhang J, et al. Divergent effects of BMP-2 on gene
Med 2013;187:630-9. expression in pulmonary artery smooth muscle cells from normal subjects and

53 Zemans RL, McClendon J, Aschner Y, et a/. Role of B-catenin-regulated CCN patients with idiopathic pulmonary arterial hypertension. £xp Lung Res
matricellular proteins in epithelial repair after inflammatory lung injury. 2005;31:783-806.

Am J Physiol Lung Cell Mol Physiol 2013;304:L415-27. 82 Wu D, Talbot CC Jr, Liu Q, et al. Identifying microRNASs targeting Wnt/B-catenin pathway

54 Desai TJ, Brownfield DG, Krasnow MA. Alveolar progenitor and stem cells in lung in end-stage idiopathic pulmonary arterial hypertension. J Mol Med 2016;94:875-85.
development, renewal and cancer. Nature 2014;507:190-4. 83 Saglani S, Lloyd CM. Novel concepts in airway inflammation and remodelling in

55  Treutlein B, Brownfield DG, Wu AR, et al. Reconstructing lineage hierarchies of the asthma. Eur Respir J 2015;46:1796-804.
distal lung epithelium using single-cell RNA-seq. Nature 2014;509:371-5. 84  Sharma S, Tantisira K, Carey V, et al. A role for Wnt signaling genes in the

56  Kelly M, Kolb M, Bonniaud P, et al. Re-evaluation of fibrogenic cytokines in lung pathogenesis of impaired lung function in asthma. Am J Respir Crit Care Med
fibrosis. Curr Pharm Des 2003;9:39-49. 2010:181:328-36.

57  Kolb M, Margetts PJ, Anthony DC, et a/. Transient expression of IL-1beta induces 85 Wang SH, Xu F, Dang HX, et al. Genetic variations in the Wnt signaling pathway
acute lung injury and chronic repair leading to pulmonary fibrosis. J Clin Invest affect lung function in asthma patients. Genet Mol Res 2013;12:1829-33.
2001;107:1529-36. 86  Barreto-Luis A, Corrales A, Acosta-Herrera M, et al. A pathway-based association

58  Chapman HA. Epithelial-mesenchymal interactions in pulmonary fibrosis. Annu Rev study reveals variants from Wnt signaling genes contributing to asthma
Physiol 2011;73:413-35. susceptibility. Clin Exp Allergy. RObITsHa@d68HAG First 12 Jan 2017. doi: 10.1111/

59  Kim KK, Kugler MC, Wolters PJ, et al. Alveolar epithelial cell mesenchymal cea.12883.
transition develops in vivo during pulmonary fibrosis and is requlated by the 87  Choy DF, Modrek B, Abbas AR, et al. Gene expression patterns of Th2
extracellular matrix. Proc Nat/ Acad Sci USA 2006;103:13180-5. inflammation and intercellular communication in asthmatic airways. J Immunol

60  Sohal SS, Reid D, Soltani A, et a/. Evaluation of epithelial mesenchymal transition 2011;186:1861-9.
in patients with chronic obstructive pulmonary disease. Respir Res 2011;12:130. 88  Januskevicius A, Vaitkiene S, Gosens R, et al. Eosinophils enhance WNT-5a and

61 Wang Q, Wang Y, Zhang Y, et al. The role of uPAR in epithelial-mesenchymal TGF-B1 genes expression in airway smooth muscle cells and promote their
transition in small airway epithelium of patients with chronic obstructive pulmonary proliferation by increased extracellular matrix proteins production in asthma. BMC
disease. Respir Res 2013;14:67. Pulm Med 2016;16:94.

62 Milara J, Peird T, Serrano A, et al. Epithelial to mesenchymal transition is increased 89  Reuter S, Martin H, Beckert H, et al. The Wnt/B-catenin pathway attenuates
in patients with COPD and induced by cigarette smoke. Thorax 2013;68:410-20. experimental allergic airway disease. / Immunol 2014;193:485-95.

63 Zhou B, Liu Y, Kahn M, et al. Interactions between B-catenin and transforming 90  Kwak HJ, Park DW, Seo JY, et al. The Wnt/B-catenin signaling pathway regulates
growth factor- signaling pathways mediate epithelial-mesenchymal transition and the development of airway remodeling in patients with asthma. £xp Mol Med
are dependent on the transcriptional co-activator cAMP-response element-binding 2015;47:¢198.
protein (CREB)-binding protein (CBP). J Bio/ Chem 2012;287:7026-38. 91  Cohen ED, Ihida-Stansbury K, Lu MM, et al. Wnt signaling regulates smooth

64 Huang SM, Mishina YM, Liu S, et a/. Tankyrase inhibition stabilizes axin and muscle precursor development in the mouse lung via a tenascin C/PDGFR
antagonizes Wnt signalling. Nature 2009;461:614-20. pathway. J Clin Invest 2009;119:2538-49.

65 Mosimann C, Hausmann G, Basler K. Beta-catenin hits chromatin: regulation of 92 Heijink IH, Postma DS, Noordhoek JA, et al. House dust mite-promoted
Whnt target gene activation. Nat Rev Mol Cell Biol 2009;10:276-86. epithelial-to-mesenchymal transition in human bronchial epithelium. Am J Respir

66 Labbé E, Letamendia A, Attisano L. Association of Smads with lymphoid enhancer Cell Mol Biol 2010;42:69-79.
binding factor 1/T cell-specific factor mediates cooperative signaling by the 93 Yang M, Du Y, Xu Z, et al. Functional Effects of WNT1-Inducible Signaling
transforming growth factor-beta and wnt pathways. Proc Natl Acad Sci USA Pathway Protein-1 on Bronchial Smooth Muscle Cell Migration and Proliferation in
2000;97:8358-63. OVA-Induced Airway Remodeling. Inflammation 2016;39:16-29.

67 Jin T, George Fantus I, Sun J. Wnt and beyond Wnt: multiple mechanisms control 94 Koopmans T, Crutzen S, Menzen MH, et al. Selective targeting of CBP/
the transcriptional property of beta-catenin. Cell Signal 2008;20:1697-704. beta-catenin inhibits growth of and extracellular matrix remodelling by airway

68 Valenta T, Hausmann G, Basler K. The many faces and functions of B-catenin. smooth muscle. Br J Pharmacol. Published Online First: 15 Sep 2016.

EMBO J 2012;31:2714-36. doi:10.1111/bph.13620.

69  Rieger ME, Zhou B, Solomon N, et a/. p300/B-Catenin Interactions Regulate Adult 95 Baarsma HA, Menzen MH, Halayko AJ, et al. B-Catenin signaling is required for

Progenitor Cell Differentiation Downstream of WNT5a/Protein Kinase C (PKC). TGF-B1-induced extracellular matrix production by airway smooth muscle cells.
J Biol Chem 2016;291:6569-82. Am J Physiol Lung Cell Mol Physiol 2011;301:L956-65.
758 Baarsma HA, Kénigshoff M. Thorax 2017;72:746-759. doi:10.1136/thoraxjnl-2016-209753


http://dx.doi.org/10.1681/ASN.2008060566
http://dx.doi.org/10.1073/pnas.1001520107
http://dx.doi.org/10.1073/pnas.1001520107
http://dx.doi.org/10.1165/rcmb.2010-0113OC
http://dx.doi.org/10.1164/rccm.201401-0079OC
http://dx.doi.org/10.1074/jbc.M111.322123
http://dx.doi.org/10.1152/ajpcell.00366.2013
http://dx.doi.org/10.1165/rcmb.2012-0524OC
http://dx.doi.org/10.1165/rcmb.2012-0524OC
http://dx.doi.org/10.1074/jbc.M109.070326
http://dx.doi.org/10.1371/journal.pgen.1003513
http://dx.doi.org/10.1371/journal.pgen.1003513
http://dx.doi.org/10.1242/dmm.019117
http://dx.doi.org/10.1152/ajplung.00073.2013
http://dx.doi.org/10.1164/rccm.201205-0972OC
http://dx.doi.org/10.1164/rccm.201205-0972OC
http://dx.doi.org/10.1152/ajplung.00180.2012
http://dx.doi.org/10.1038/nature12930
http://dx.doi.org/10.1038/nature13173
http://dx.doi.org/10.2174/1381612033392341
http://dx.doi.org/10.1172/JCI12568
http://dx.doi.org/10.1146/annurev-physiol-012110-142225
http://dx.doi.org/10.1146/annurev-physiol-012110-142225
http://dx.doi.org/10.1073/pnas.0605669103
http://dx.doi.org/10.1186/1465-9921-12-130
http://dx.doi.org/10.1186/1465-9921-14-67
http://dx.doi.org/10.1136/thoraxjnl-2012-201761
http://dx.doi.org/10.1074/jbc.M111.276311
http://dx.doi.org/10.1038/nature08356
http://dx.doi.org/10.1038/nrm2654
http://dx.doi.org/10.1073/pnas.150152697
http://dx.doi.org/10.1016/j.cellsig.2008.04.014
http://dx.doi.org/10.1038/emboj.2012.150
http://dx.doi.org/10.1074/jbc.M115.706416
http://dx.doi.org/10.1165/rcmb.2016-0147OC
http://dx.doi.org/10.1165/rcmb.2016-0147OC
http://dx.doi.org/10.1096/fj.201500129
http://dx.doi.org/10.1369/0022155415617988
http://dx.doi.org/10.14814/phy2.12727
http://dx.doi.org/10.1165/rcmb.2008-0201OC
http://dx.doi.org/10.1155/2012/684781
http://dx.doi.org/10.1136/jmg.37.10.741
http://dx.doi.org/10.1086/303059
http://dx.doi.org/10.1083/jcb.200806049
http://dx.doi.org/10.1152/ajpcell.00057.2014
http://dx.doi.org/10.1165/rcmb.2008-0153OC
http://dx.doi.org/10.1080/01902140500461026
http://dx.doi.org/10.1007/s00109-016-1426-z
http://dx.doi.org/10.1183/13993003.01196-2014
http://dx.doi.org/10.1164/rccm.200907-1009OC
http://dx.doi.org/10.4238/2013.January.4.1
http://dx.doi.org/10.1111/cea.12883
http://dx.doi.org/10.4049/jimmunol.1002568
http://dx.doi.org/10.1186/s12890-016-0254-9
http://dx.doi.org/10.1186/s12890-016-0254-9
http://dx.doi.org/10.4049/jimmunol.1400013
http://dx.doi.org/10.1038/emm.2015.91
http://dx.doi.org/10.1172/JCI38079
http://dx.doi.org/10.1165/rcmb.2008-0449OC
http://dx.doi.org/10.1165/rcmb.2008-0449OC
http://dx.doi.org/10.1007/s10753-015-0218-x
http://dx.doi.org/10.1111/bph.13620
http://dx.doi.org/10.1152/ajplung.00123.2011

State of the art review

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

m

112

113

Baarsma HA, Spanjer Al, Haitsma G, et al. Activation of WNT/B-catenin signaling
in pulmonary fibroblasts by TGF-B; is increased in chronic obstructive pulmonary
disease. PLoS ONE 2011;6:25450.

Jansen SR, Van Ziel AM, Baarsma HA, et al. {beta}-Catenin regulates airway
smooth muscle contraction. Am J Physiol Lung Cell Mol Physiol 2010;299:
L204-14.

Nunes RO, Schmidt M, Dueck G, et al. GSK-3/beta-catenin signaling axis in airway
smooth muscle: role in mitogenic signaling. Am J Physiol Lung Cell Mol Physiol
2008;294:L1110-18.

Kumawat K, Menzen MH, Bos IS, et al. Noncanonical WNT-5A signaling regulates
TGF-B-induced extracellular matrix production by airway smooth muscle cells.
FASEB J 2013;27:1631-43.

Kumawat K, Gosens R. WNT-5A: signaling and functions in health and disease.
Cell Mol Life Sci 2016;73:567-87.

Koopmans T, Kumawat K, Halayko AJ, et al. Regulation of actin dynamics by
WNT-5A: implications for human airway smooth muscle contraction. Sci Rep
2016,;6:30676.

Kumawat K, Koopmans T, Menzen MH, et a/l. Cooperative signaling by TGF-B1
and WNT-11 drives sm-o-actin expression in smooth muscle via Rho
kinase-actin-MRTF-A signaling. Am J Physiol Lung Cell Mol Physiol 2016;311:
1529-37.

Mathers CD, Loncar D. Projections of global mortality and burden of disease from
2002 to 2030. PLoS Med 2006;3:e442.

Vestho J, Hurd SS, Agusti AG, et al. Global strategy for the diagnosis,
management, and prevention of chronic obstructive pulmonary disease: GOLD
executive summary. Am J Respir Crit Care Med 2013;187:347-65.

Guo L, Wang T, Wu Y, et al. WNT/B-catenin signaling regulates cigarette
smoke-induced airway inflammation via the PPARS/p38 pathway. Lab Invest
2016;96:218-29.

Wang R, Ahmed J, Wang G, et al. Down-regulation of the canonical Wnt
B-catenin pathway in the airway epithelium of healthy smokers and smokers with
COPD. PLoS ONE 2011;6:e14793.

Zou W, Zou Y, Zhao Z, et al. Nicotine-induced epithelial-mesenchymal transition
via Wnt/B-catenin signaling in human airway epithelial cells. Am J Physiol Lung
Cell Mol Physiol 2013;304:L199-209.

Ezzie ME, Crawford M, Cho JH, et al. Gene expression networks in COPD:
microRNA and mRNA regulation. Thorax 2012;67:122-31.

Kneidinger N, Yildirim AO, Callegari J, et al. Activation of the WNT/B-catenin
pathway attenuates experimental emphysema. Am J Respir Crit Care Med
2011;183:723-33.

Baarsma HA, Skronska-Wasek W, Mutze K. Noncanonical WNT-5A signaling
impairs endogenous lung repair in COPD. J Exp Med 2017;214:143-63.

Jiang Z, Lao T, Qiu W, et al. A chronic obstructive pulmonary disease susceptibility
gene, FAM13A, regulates protein stability of B-catenin. Am J Respir Crit Care Med
2016;194:185-97.

Skronska-Wasek W, Mutze K, Baarsma HA, et al. Reduced Frizzled receptor 4
expression prevents WNT/B-catenin-driven alveolar lung repair in COPD.

Am J Respir Crit Care Med. Published Online First: 28 Feb 2017. doi:10.1164/
rcem.201605-09040C.

Cho MH, Boutaoui N, Klanderman BJ, et al. Variants in FAM13A are associated
with chronic obstructive pulmonary disease. Nat Genet 2010;42:200-2.

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

Zidtkowska-Suchanek |, Mosor M, Gabryel P, et al. Susceptibility loci in lung
cancer and COPD: association of IREB2 and FAM13A with pulmonary diseases.
Sci Rep 2015;5:13502.

Uhl FE, Vierkotten S, Wagner DE, et al. Preclinical validation and imaging of
Whnt-induced repair in human 3D lung tissue cultures. Eur Respir J
2015;46:1150-66.

Durham AL, McLaren A, Hayes BP, et al. Regulation of Wnt4 in chronic obstructive
pulmonary disease. FASEB J 2013;27:2367-81.

Heijink IH, de Bruin HG, van den Berge M, et al. Role of aberrant WNT signalling
in the airway epithelial response to cigarette smoke in chronic obstructive
pulmonary disease. Thorax 2013;68:709-16.

Heijink IH, de Bruin HG, Dennebos R, et al. Cigarette smoke-induced

epithelial expression of WNT-5B: implications for COPD. Eur Respir J
2016,48:504-15.

van Dijk EM, Menzen MH, Spanjer Al, et a/. Noncanonical WNT-5B signaling
induces inflammatory responses in human lung fibroblasts. Am J Physiol Lung Cell
Mol Physiol 2016;310:L1166-76.

Whang YM, Jo U, Sung JS, et al. Wnt5a is associated with cigarette smoke-related
lung carcinogenesis via protein kinase C. PLoS ONE 2013;8:¢53012.

Xi S, Xu H, Shan J, et al. Cigarette smoke mediates epigenetic repression of
miR-487b during pulmonary carcinogenesis. J Clin Invest 2013;123:1241-61.
Nemeth MJ, Topol L, Anderson SM, et al. Wnt5a inhibits canonical Wnt signaling
in hematopoietic stem cells and enhances repopulation. Proc Nat/ Acad Sci USA
2007;104:15436-41.

Spanjer Al, Menzen MH, Dijkstra AE, et al. A pro-inflammatory role for the
Frizzled-8 receptor in chronic bronchitis. Thorax 2016;71:312-22.

Chen B, Dodge ME, Tang W, et al. Small molecule-mediated disruption of
Whnt-dependent signaling in tissue regeneration and cancer. Nat Chem Biol
2009;5:100-7.

Baarsma HA, Bos S, Meurs H, et al. Pharmacological inhibition of GSK-3 in a
Guinea pig model of LPS-induced pulmonary inflammation: I. Effects on lung
remodeling and pathology. Respir Res 2013;14:113.

McCubrey JA, Steelman LS, Bertrand FE, et al. GSK-3 as potential target for
therapeutic intervention in cancer. Oncotarget 2014;5:2881-911.

Kahn M. Can we safely target the WNT pathway? Nat Rev Drug Discov
2014;13:513-32.

Chen M, Wang J, Lu J, et al. The anti-helminthic niclosamide inhibits Wnt/
Frizzled1 signaling. Biochemistry 2009;48:10267-74.

Jenei V, Sherwood V, Howlin J, et al. A t-butyloxycarbonyl-modified Wnt5a-derived
hexapeptide functions as a potent antagonist of Wnt5a-dependent melanoma cell
invasion. Proc Natl Acad Sci USA 2009;106:19473-8.

Laeremans H, Hackeng TM, van Zandvoort MA, et al. Blocking of frizzled signaling
with a homologous peptide fragment of wnt3a/wnt5a reduces infarct expansion
and prevents the development of heart failure after myocardial infarction.
Circulation 2011;124:1626-35.

Nagayama S, Fukukawa C, Katagiri T, et al. Therapeutic potential of antibodies
against FZD 10, a cell-surface protein, for synovial sarcomas. Oncogene
2005;24:6201-12.

Paes KT, Wang E, Henze K, et al. Frizzled 4 is required for retinal angiogenesis
and maintenance of the blood-retina barrier. Invest Ophthalmol Vis Sci
2011;52:6452-61.

Baarsma HA, Kénigshoff M. Thorax 2017;72:746—759. doi:10.1136/thoraxjnl-2016-209753

759


http://dx.doi.org/10.1371/journal.pone.0025450
http://dx.doi.org/10.1152/ajplung.00020.2010
http://dx.doi.org/10.1152/ajplung.00500.2007
http://dx.doi.org/10.1096/fj.12-217539
http://dx.doi.org/10.1007/s00018-015-2076-y
http://dx.doi.org/10.1038/srep30676
http://dx.doi.org/10.1152/ajplung.00387.2015
http://dx.doi.org/10.1371/journal.pmed.0030442
http://dx.doi.org/10.1164/rccm.201204-0596PP
http://dx.doi.org/10.1038/labinvest.2015.101
http://dx.doi.org/10.1371/journal.pone.0014793
http://dx.doi.org/10.1152/ajplung.00094.2012
http://dx.doi.org/10.1152/ajplung.00094.2012
http://dx.doi.org/10.1136/thoraxjnl-2011-200089
http://dx.doi.org/10.1164/rccm.200910-1560OC
http://dx.doi.org/10.1164/rccm.201505-0999OC
http://dx.doi.org/10.1164/rccm.201605-0904OC
http://dx.doi.org/10.1038/ng.535
http://dx.doi.org/10.1038/srep13502
http://dx.doi.org/10.1183/09031936.00183214
http://dx.doi.org/10.1096/fj.12-217083
http://dx.doi.org/10.1136/thoraxjnl-2012-201667
http://dx.doi.org/10.1183/13993003.01541-2015
http://dx.doi.org/10.1152/ajplung.00226.2015
http://dx.doi.org/10.1152/ajplung.00226.2015
http://dx.doi.org/10.1371/journal.pone.0053012
http://dx.doi.org/10.1172/JCI61271
http://dx.doi.org/10.1073/pnas.0704747104
http://dx.doi.org/10.1136/thoraxjnl-2015-206958
http://dx.doi.org/10.1038/nchembio.137
http://dx.doi.org/10.1186/1465-9921-14-113
http://dx.doi.org/10.18632/oncotarget.2037
http://dx.doi.org/10.1038/nrd4233
http://dx.doi.org/10.1021/bi9009677
http://dx.doi.org/10.1073/pnas.0909409106
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.976969
http://dx.doi.org/10.1038/sj.onc.1208780
http://dx.doi.org/10.1167/iovs.10-7146

	‘WNT-er is coming’: WNT signalling in chronic lung diseases
	Abstract
	The basics: WNT signalling
	WNT signalling in early life
	WNT signalling in pulmonary fibrosis
	WNT signalling in Pulmonary arterial hypertension
	WNT signalling in asthma
	WNT signalling in COPD
	Fighting the cold WNT-er
	References




