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Abstract: Chronic obstructive pulmonary disease (COPD) is a chronic disease associated with inflammation and structural changes in
the airways and lungs, resulting from a combination of genetic and environmental factors. This interaction highlights significant genes
in early life, particularly those involved in lung development, such as the Wnt signaling pathway. The Wnt signaling pathway plays an
important role in cell homeostasis, and its abnormal activation can lead to the occurrence of related diseases such as asthma, COPD,
and lung cancer. Due to the fact that the Wnt pathway is mechanically sensitive, abnormal activation of the Wnt pathway by
mechanical stress contributes to the progression of chronic diseases. But in the context of COPD, it has received little attention. In this
review, we aim to summarize the important current evidence on mechanical stress through the Wnt pathway in airway inflammation
and structural changes in COPD and to provide potential targets for COPD treatment strategies.
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Introduction
Chronic obstructive pulmonary disease (COPD) is a chronic disease associated with inflammation and structural changes
in the airways and lungs, characterized by irreversible airflow limitation caused by abnormal airway (broncho inflamma-
tion) and lung parenchyma (emphysema).' Airway remodeling is an essential cause of irreversible airflow limitation in
COPD, which is closely related to the severity of the disease.” A recent study based on family and population shows that
environmental factors such as smoking cannot fully explain the susceptibility and heterogeneity of COPD, and a large
part of the risk of COPD is related to genetic variation.* In recent years, the incidence of COPD has been increasing
globally, and it has surpassed cancer to become the third leading cause of death.” As a fatal chronic lung disease, COPD
imposes a heavy health and economic burden around the world.® At present, the clinical treatment for COPD patients
with dyspnea and shortness of breath after activity caused by pathological changes such as airway remodeling is still very
limited. Therefore, it is crucial and urgent to understand the mechanisms underlying COPD airway remodeling and other
pathological changes in order to find potential therapeutic targets to overcome the shortcomings of current therapies.
Whnt-dependent effects were discovered more than 30 years ago, mainly during embryogenesis in organisms such as
sea urchins, Drosophila melanogaster, and Xenopus laevis.! The Wnt signaling pathway plays a vital role in the processes
of stem cell differentiation, embryonic development, and homeostasis, and its abnormal activation can lead to the
occurrence of related diseases,” such as asthma, COPD, cancer, idiopathic pulmonary fibrosis, and other diseases.®1°

According to research, the Wnt signaling pathway not only regulates airway inflammation'"' but also plays an crucial role
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in the process of airway structural changes such as remodeling, goblet cell metaplasia, and airway smooth muscle (ASM)
proliferation.'

Mechanical regulation is defined as the cell’s perception of extracellular mechanical signals via the integrin and
actomyosin cytoskeleton, followed by a mechanical regulatory process that leads to the expression of related genes.'>
Mechanical signaling influences multiple biological processes during development and in adult organisms, including cell
fate transition, cell migration, morphogenesis, and immune response.'* '® Mechanical signals direct cell function and
fate, which are ultimately coordinated by intracellular signaling pathways such as Wnt, whose guiding signaling pathway
is mechanically sensitive.'” A study published in the New England Journal of Medicine showed that non-inflammatory
bronchoconstriction (methacholine) can cause airway remodeling in asthmatic patients.'® The research discovered that
Wnt3A not only induced phosphorylation of GSK-3B and accumulation of B-catenin, but also RhoA activation in
RAW264.7 and HEK293 cells. Notably, sh-RhoA abrogated GSK-3B phosphorylation and B-catenin accumulation.'’

More and more studies have shown that mechanical signaling is highly related to the role of the Wnt pathway in the
occurrence and development of airway diseases, involving airway inflammation, airway remodeling, and other changes.
These and other studies have led us to have considerable interest in how Wnt signaling is coupled to mechanical signaling
and plays a regulatory role in the progression of COPD airway disease. In this review, we highlight and discuss the current
molecular mechanisms by which mechanical signals are involved in airway inflammation and structural alterations in COPD
through the Wnt pathway, as well as how they may influence pharmacological approaches for COPD.

Overview of COPD

COPD is a common and treat incompletely reversible disease characterized by persistent respiratory symptoms and
airflow limitation due to respiratory and or alveolar abnormalities. The chronic airflow limitation that characterizes
COPD is caused by a combination of small airway disease (eg, obstructive bronchiolitis) and parenchymal destruction
(emphysema).”*?' Increased numbers of different cells, such as neutrophils, macrophages, CD8+ T cells, and various
inflammatory mediators, have been reported.”” Airway remodeling, as a significant feature of chronic inflammatory
airway diseases such as chronic obstructive pulmonary disease, is closely related to irreversible airflow limitation.
Airway remodeling is the term used to describe structural changes in the airway wall caused by repeated injury and repair
processes, such as ASMC proliferation and migration, goblet cell metaplasia, basement membrane thickening, sub-
epithelial fibrosis, and airway neovascularization.’

It is commonly believed that the development of COPD is caused by heavy exposure to harmful particles or gases,
especially smoking. However, research in recent years has discovered that host factors, like genetic abnormalities, aberrant
lung development, and accelerated aging, also predispose individuals to developing COPD. Overall, COPD is the end result
of a series of dynamic, interactive, and cumulative gene-environment interactions from pregnancy to death.”'

Overview of the Wnt Signaling Pathway

Since the first member of the Wnt family was first identified 35 years ago,* the study of Wnt signaling has been increasingly
extensive, ranging from cancer and development to early animal evolution. Wnt signaling pathway is a tightly controlled and
highly conserved pathway.?* In mammals, there are 19 different Wnt family members involved in regulating embryogenesis
and controlling various processes in the later stages of life, including embryonic development, cell proliferation, survival,
migration, polarity, cell fate determination, and stem cell self-renewal.*>*® Not surprisingly, Wnt ligand levels or the activity
of their downstream effectors can alter normally preferred pathways, induce developmental defects, and contribute to the
etiology of the disease.” As a key signaling molecule of the Wnt pathway, B-catenin exists in three different intracellular
pools: membranous, cytoplasmic and nuclear.*® B-catenin acts as both an adaptor protein and a transcription coregulator.”> On
the one hand, beta-catenin interacts with E-cadherin on the cell membrane and plays an important structural role in cell-to-cell
adhesion connection.More specifically, actin - a-catenin - beta-catenin - E-cadherin Interactions throughout the structure
facilitate adhesion connexin aggregates, thus stabilizing cell adhesion, and through the interaction between the N-terminus of
beta-catenin and a-catenin, beta-catenin is connected to the actin cytoskeleton.**>' On the other hand, when involved in
intracellular Wnt signaling pathway transduction, -catenin, which is not captured by the destruction complex for degradation,
accumulates in cytoplasm and translocates into the nucleus to participate in the transcriptional regulation of downstream
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genes. However, the spatial separation of -catenin at plasma membrane, cytoplasm and nucleus is regulated by specific
phosphorylation mechanisms.*® According to the downstream involvement of beta-catenin, the Wnt signaling pathway is
divided into canonical and noncanonical, and the latter is further divided into Wnt/PCP (planar cell polarity) signaling pathway
and Wnt-cGMP/Ca2+ signaling pathway based on phenotypic responses.>>** The key switch in the canonical Wnt pathway is
the cytoplasmic protein beta-catenin, whose stability is controlled by the destruction complex (DC), structurally composed of
the Axin as a scaffold with tumor-suppressor protein APC, and two constructively active serine-threonine kinases (CK1 and
GSK3p) Interaction composition.”” In the absence of Wnt ligand, beta-catenin is sequestrated in the cytoplasm and captured
by the destruction complex for phosphorylation. The phosphorylated beta-catenin serves as a docking site for the f-box-
containing protein E3 ubiquitin ligase b-Trcp due to its “degron” -motif, inducing ubiquitination and subsequent proteasomal

degradation of beta-catenin (Figure 1).>¢-’

The Canonical Whnt Signaling Pathway

In the canonical Wnt signaling pathway, Wnt ligands (eg, Wntl and Wnt3a ligands) and their LDL receptor-related
protein 5 (LRP5/6) bind to act as activators of the Wnt/B-catenin pathway.*® This interaction recruited Dishevelled and
phosphorylated the cytosolic domain of LRP5/6, which resulted in B-catenin disruption complex translocation to the
cytosolic side of the plasma membrane®” and inhibition of glycogen synthase kinase 3 (GSK-3). This leads to the

signaling
OFF
DRI

LRP5/6

Figure 1 WNT/b-catenin signaling pathway. A simplified scheme showing the major pathways of WNT. In the absence of WNT ligand, glycogen synthase kinase 3 (GSK-3)
phosphorylates B-catenin, triggering ubiquitinated proteasomal degradation; Extracellular WNT ligands bind to Frizzled receptor and disrupt complexes [including GSK-3, casein
kinase-IA] (CK-LA), axin, and adenomatous polyposis Escherichia coli (APC)] are recruited to the cell membrane side, which saturates the destruction complex and allows the
accumulation and translocation of newly formed B-catenin into the nucleus, where it activates the transcription of target genes under the control of T cytokines (TCF).
Abbreviation: b-Trcp, beta-transducin.
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formation of a so-called signaling body, which is internalized and targeted to multivesicular bodies.**** Therefore, the f-
catenin destruction complex cannot target the newly synthesized B-catenin for degradation. Stable B-catenin accumulates
in the cytoplasm and translocates to the nucleus, where it binds to TCF/LEF transcription factors and activates gene
transcription by binding to specific regulatory sequences.**

The Noncanonical Wnt Signaling Pathway

Noncanonical Wnt signaling is triggered by the binding of Wnt ligands to Frizzled receptor and various coreceptors, such
as receptor tyrosine kinase-like orphan receptor 1/2 (ROR1/2) or receptor tyrosine kinase (Ryk).*> Noncanonical Wnt
ligands such as Wnt4, Wnt5A, Wnt7A, Wnt7B, and Wntl1, through other intracellular effectors such as calcium, JNK,
and small GTPases Rho and Rac, lead to a “B-catenin”-independent signaling pathway, also known as the “noncanonical
Wnt pathway”.**® According to the phenotypic response, the noncanonical Wnt signaling pathway is divided into the
Wht/planar cell polarity (PCP) signaling pathway and the Wnt/Ca2+ signaling pathway. The PCP pathway is involved in
the regulation of cell polarity, movement, orientation, and other developmental processes. Signaling through small
GTPases such as RhoA and Racl, the PCP pathway activates Rho kinase (ROCK), leading to actin polymerization,
and at the same time activates downstream Jun-N-terminal kinases, leading to Jun-N-terminal kinase-dependent tran-
scription factors such as activation of the transcriptional programs of ATF2, activator protein-1, and activated t-cell
nuclear factor.*” Noncanonical Wnt ligands such as Wnt5A interact with ROR family orphan receptor tyrosine kinases
such as ROR2 to activate JNK and RhoA. This has been shown to inhibit the transcriptional activation potential of the -
catenin /TCF complex by modulating the tyrosine phosphorylation of p-catenin and the translocation of B-catenin from
the cytoplasm to the nucleus to inhibit the canonical Wnt signaling pathway, thereby reducing the expression of the
downstream target gene CyclinD1.°%>" Wnt/Ca2+ signaling regulates various developmental processes, such as cytos-
keletal rearrangement, cell adhesion, and tissue segregation.’® Through Wnt-fz-induced phospholipase C (PLC) activa-
tion, it stimulates the production of diacylglycerol and inositol-1,4, 5-triphosphate Ins (1,4,5) P3. Ins (1,4,5) P3 triggers
the release of calcium from intracellular stores, which increases cytoplasmic Ca2+ levels and subsequently activates
calcium-dependent factors such as calmodulin-dependent kinase II (CAMKII), calcineurin, and certain isoforms of
protein kinase C (PKC). These factors promote gene transcription by acting on T-cell-associated transcriptional
regulatory nuclear factor (NFAT), TGF-B-activated kinase (TAK1), and neMO-like kinase (NLK).>

Correlation Between Wnt Signaling Pathway and Pulmonary Disease

The Wnt signaling cascade is a master regulator of development throughout the animal kingdom, and Wnts are also key
drivers of most types of tissue stem cells in adult mammals.>* In mammals, the Wnt/ p-catenin signaling pathway mainly
consists of three steps, including Wnt signal transduction in the cell membrane, regulation of B-catenin stabilization in the
cytoplasm and activation of Wnt target genes in the nucleus.”* Obviously, abnormal activation or destruction of the Wnt/

B-catenin pathway is closely related to a variety of lung diseases, including asthma, IPF, cancer, etc.>*>°

Regulation of Wnt Signaling Pathway in Airway Inflammation and Remodeling in
COPD

In chronic obstructive pulmonary disease, the Wnt signaling pathway plays an important immunomodulatory role in
inflammation and airway remodeling in COPD patients. In COPD, airway inflammation is mainly caused by inhaled
cigarette smoke or other harmful particles. Pathological changes were seen in the airways, lung parenchyma, and
pulmonary vasculature.

Cigarette smoke induces epithelial-mesenchymal transformation (EMT) by activating the Wnt/beta-catenin signaling
pathway.”’ During acute inflammation, Wnt5a is involved in inducing the anti-inflammatory effects of macrophages to
prevent excessive and harmful immune responses.’®>° Studies have shown that miR-149-3p regulates the expression of
Wntl, beta-catenin, RhoA, and Wnt5a, affects the signaling of Wnt pathway, and leads to changes in the expression of
alveolar inflammatory factors. Ultimately, it affects the progression of COPD.*
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The study found that serum SFRP1 levels were higher in COPD patients than in healthy volunteers, and higher in
AECOPD patients than in STCOPD patients. It is suggested that SFRP1, as a member of the largest family of Wnt
signaling pathway inhibitors, is involved in the occurrence and development of COPD by competitively binding to
Frizzled receptor on the cell membrane to inhibit the Wnt pathway.'®¢! By analyzing the transcriptome of wild-type and
mutant lungs, Wnt/RYK signaling was observed to regulate chronic obstructive pulmonary disease by up-regulating
inflammatory genes in vitro.®> These data suggest that Wnt signaling is important to avoid an overwhelming and harmful
inflammatory response during acute infection.

Wnt signaling pathway also plays a key role in airway changes, such as hyperplastic goblet cells with excessive
mucus secretion, small airway wall thickening.*® After nicotine exposure, activation of both Wnt3a and the canonical
Wht/ B-catenin pathway is up-regulated in epithelial cells.®*** Activation of B-catenin was accompanied by an increase in
mesenchymal markers such as a-SMA, vimentin, and type I collagen, as well as a downregulation of E-cadherin.
Knockdown of Wnt3a prevented the observed effect.®” In fibroblasts, hyperplasia suppressor gene (HSG) is found to
inhibit airway remodeling in COPD by inhibiting the Wnt pathway and reducing beta-catenin expression to reduce cell
viability.®® Reduced levels of DKK 1, an endogenous inhibitor of Wnt, are seen as more positive changes in lung function
in COPD patients.®” Studies show that in primary human airway smooth muscle cells, activation of Wnt/beta-catenin
signaling pathway participates in TGF-beta-induced ECM protein deposition, including increased expressions of collagen
I, fibronectin, multifunctional proteoglycan, laminin, and core proteoglycan, providing new insights for the occurrence
and development of airway remodeling in lung diseases.®®

An Overview of Mechanical Regulation
Mechanical regulation has profound implications for biology through cooperation between mechanical inputs, cell-surface
mechanics, and intracellular signals. Mechanical inputs include outside-in mechanical signals, such as mechanical sensing
of substrate properties or shear stresses, and mechanical signals regulated by the physical properties of the cell surface itself.
Mechanical signals are sensed by cells via integrins on the cell membrane and the intracellular actomyosin
cytoskeleton, which activates effector molecules downstream of the pathway.'” RhoA is generally regarded as a major
regulator of cellular actin organization, mechanics, and is a member of the Rho family of small GTPases.®*”’® Rho-
associated protein kinase (ROCK) is one of the effector molecules downstream of RhoA with serine-threonine kinase
activity.”' RhoA/ROCK plays a non-negligible role in the mechanical regulation of cell fate selection by regulating actin-
related mechanisms.'” However, mechanistic changes in cell function and fate cannot be guided without the coordination
of intracellular signaling pathways.

Close Coordination of Mechanical Regulation and Wnt

In recent years, the relationship between mechanics and the Wnt signaling pathway has become more and more close
(Figure 2). In the noncanonical signaling pathway of Wnt, Dishevelled protein and activated Daam1 bind to RhoGEF (a
weakly similar GEF) to promote RhoAGTP and induce ROCK activation and dynamic cytoskeletal rearrangement.’” It
has also been confirmed that Wnt signaling regulates the structural changes of actin through noncanonical pathways,
thereby regulating the transcription of corresponding cellular genes, while the actin remodeling process related to cell
polarization and motility is controlled by signals sent by RAC and RHO activation.*’ Kuldeep Kumawat et al showed
that Wnt-11 regulates ASM cells by activating RhoA and subsequent actin cytoskeleton remodeling in response to TGF-3
1-induced upregulation of SM-A actin expression in airway smooth muscle cells, namely the Wnt-11-dependent Rho-
kinase-actin-MRTF-A signaling axis expression of SM-A actin.’* In recent years, new target proteins of Rho-associated
kinases (ROCK) have been discovered, including glycogen synthase kinase (GSK), an important effector molecule of the
Whnt signaling pathway.”* Studies in transgenic mice showed that mechanical signals from extracellular matrix stiffness
increase actomyosin-mediated cell tone through activation of the Rho/ROCK pathway, thereby promoting beta-catenin
stabilization and nuclear translocation, leading to excessive proliferation and epidermal hyperplasia, and eventually
papilloma progression to carcinoma. TCF/LEF target gene transcripts indicated that transgenic mice with enhanced
ROCK activity exhibited higher collagen deposition and matrix hardness, which correlated with enhanced B-catenin
activity.”
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Figure 2 B-catenin independent signaling. Orange-and-brown labeled components depict planar cell polarity (PCP) and WNT/Ca2+ signaling, respectively. PCP signaling
triggers activation of small GTPases such as RhoA and Rac-1, which in turn activates Rho-kinase (ROCK) and Jun-N-terminal kinase (JNK), leading to actin polymerization.
This pathway is significantly involved in the regulation of cell polarity, motility, and contraction. The WNT/Ca2+ pathway activates calmodulation-independent kinase Il
(CamKll) and protein kinase C (PKC), which in turn activate Ca2+ -sensitive transcription factors, including T-cell activated nuclear factor (NFAT), which regulates
transcription of genes that control cell fate and cell migration.In airway smooth muscle cells, Wntl | activates RhoA in response to TGF-B-induced upregulation of SM-
A-actin. ROCK activation is involved in the extracellular matrix. Degree promotes the process of B-catenin nuclear translocation. However, under certain circumstances,
JNK activation induces tyrosine phosphorylation of b-catenin, thereby inhibiting its nuclear translocation and thereby inhibiting the canonical WNT signaling pathway.

The Role of Mechanical and Wnt Coupling in the Development of COPD

The regulatory role of mechano mechanical signals in airway inflammation and structural changes in COPD by coupling
with the Wnt pathway is becoming more and more interesting. The RhoA/ROCK signaling pathway is known to play an
important role in airway remodeling, partly by regulating the proliferation and differentiation of airway smooth muscle
cells.”® The study found that in the asthma model in mice, acetyl choline a repeated stimulation induced bronchocon-
striction can maintain eosinophilic inflammation and airway remodeling, further illustrate the bronchoconstriction caused
by mechanical stress to the epithelium and airway smooth muscle cells and is considered to maintain an important factor
of induced allergic airway inflammation and remodeling.'® The research showed that the addition of a muscarinic
receptor antagonist, Luotoacil, to primary human airway smooth muscle cells could inhibit methacholine induced airway
remodeling, such as the deposition of extracellular matrix, by inhibiting the Wnt-p catenin signaling pathway.®® Research
also demonstrated that RhoA/ROCK signaling is involved in allergen-induced airway remodeling by upregulating Wnt
signaling effector lymphoenhancer binding factor 1 (Lefl).”” Moreover, studies showed that miR-149-3p regulates the
expression of Wntl, beta-catenin, RhoA, and Wnt5a, affects the signaling of Wnt pathway, and leads to changes in the
expression of alveolar inflammatory factors. Ultimately, it influences the progression of COPD.®® The research found that
during lung hyperexpansion, the myogenic response of human airways to acute mechanical stress is dependent on Rho
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kinase and Wnt signaling pathways, thus generating the release of leukotriene through Nitric Oxide mediated after
stretching the bronchus.”® After exposure to mechanical stretching, the expression of Wnt-induced signaling protein 1
(WYP-1) in alveolar type 1 epithelial cells is significantly upregulated in a hyaluronic acid and innate immune adapter
molecule Myd88-dependent manner to induce epithelial-mesenchymal transition (EMT), and the blocking of WYP-1
prevents EMT in stretched cells.”” Mechanical stress reduces the expression of crimp-associated protein SFRPs secreted
in vivo and in vitro and promotes subtemporal collar joint osteoarthritis (TMJOA) through the Wnt/beta-catenin signaling
pathway. Inhibition of Wnt/beta-catenin signaling pathway can save mechanical stress-induced cartilage degeneration.®
These studies suggest that Wnt signaling and bronchoconstriction play an important role in the pathogenesis of airway
remodeling in COPD and that stabilizing the expression of key molecules in this pathway in the future may be a novel
pharmacological approach for airway remodeling-related respiratory diseases.

Conclusion and Future Development Direction

COPD is a disease characterized by persistent airflow limitation. Our understanding of the pathogenesis of COPD is still
lacking and growing slowly. Chronic inflammation in the airways and difficult to reverse airway remodeling are both major
features of the disease. Common treatments for these two key symptoms include inhaled glucocorticoids and bronchodilators
to improve airflow and symptoms and deterioration. A growing body of literature now shows that the effect of mechanical
stress caused by bronchial constriction on the biological behavior of cells through downstream signaling effector molecules
activated by coupling with the Wnt signaling pathway is sufficient to cause changes in pathophysiology leading to airway
remodeling. That is, bronchial constriction itself turns on pathological signals that lead to COPD progression. Therefore, we
must develop preemptive treatment strategies, rather than reactive treatment strategies. In support of this view, we discuss
recent evidence that mechanical stress acting on the airway epithelium is involved in the molecular mechanisms of airway
inflammation and structural changes in COPD via Wnt signaling. Targeting mechanical sensors and targeting gene products of
Wnt signaling pathways to improve COPD treatment may be a potential therapeutic strategy.

In addition, on the one hand, abnormal activation of Wnt is associated with the development of airway inflammation
in COPD, but on the other hand, Wnt has received a lot of attention in the treatment of COPD regenerative repair in
recent years. The research has pointed out that activation specificity of Wnt/beta-catenin leads to an increase in the
number of alveolar-like organs, thus saving the distal lung epithelial progenitor cells from the mouse model of
emphysema induced by protease to show decreased organogenesis ability.®' And studies have found that the Wnt/planar
cell polarity (PCP) signaling pathway controls the formation of alveoli, and the decreased WntSA level in COPD patients
may indicate the loss of the potential for emphysema to be recoverable.®”

Interestingly, study also found that Wnt/beta-catenin signaling is inactivated in COPD tissues, and its reactivation
leads to improved structural recovery of alveolar epithelium. Moreover, Wnt/beta-catenin signal is activated in IPF, and
inhibition of this signal can reduce lung inflammation and fibrosis."°

In the future, more studies are needed to confirm whether these different mechanisms of effect are related to the
different types of cells isolated from the bronchus by the Wnt signaling pathway. Therefore, the role of Wnt coupled to
mechanical signaling in airway disease in COPD needs to be considered in the context of different conditions. Overall,
we are now at the point in the history of COPD treatment where the impact of mechanical stress coupled with Wnt
signaling on understanding the disease is coming into focus. Efforts to find a way to interfere are still in their early stages,

but there are promising leads that could soon be translated into real treatments.
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