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COMPREHENSIVE INVITED REVIEWS

Approaches for Regenerative Healing of Cutaneous
Wound with an Emphasis on Strategies Activating
the Wnt/p-Catenin Pathway
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Significance: In adult mammals, spontaneous repair of a cutaneous wound
occurs slowly and leaves a scar with skin adnexa deficiencies. To accelerate
cutaneous wound-healing rates and avoid scar formation, current studies have
focused on regenerative therapies.

Recent Advances: Emerging therapeutics for regenerative wound healing of-
ten focus on the use of growth factors and stem cells. However, these thera-
peutic approaches have limited routine clinical use due to high costs and
technical requirements.

Critical Issue: Understanding the molecular mechanisms involved in the sig-
naling pathways for cutaneous wound healing and neogenic synthesis of the
skin components is important for identification of novel targets for the de-
velopment of regenerative wound-healing agents.

Future Directions: The Wnt/f-catenin pathway is a well-known key player for
enhancement of the overall healing process involving tissue regeneration via
crosstalk with other signaling pathways. Strategies that activate the Wnt/f-
catenin pathway via modulation of the pathway-controlling regulatory factors
could provide effective therapeutic approaches for regenerative wound healing.

Keywords: CXXC5, growth factors, stem cells, regenerative wound healing,
Wnt/S-catenin pathway

SCOPE AND SIGNIFICANCE

OUR UNDERSTANDING OF WOUND
healing has increased over the past
several decades along with advance-
ments in the understanding of the
molecular mechanisms involved in
the process. In recent years, clinicians
have been interested in the regener-
ative medications that increase the
rates of wound healing, without scar
formation. However, current thera-
peutic agents (e.g., growth factors)
have limited use due to drawbacks

such as poor efficacies, high costs,
and low delivery rates. In this review,
we describe distinctions between re-
pair and regeneration in the wound-
healing process; then, we discuss
current regenerative therapies and
their limitations. Next, we discuss a
future direction for the development
of novel therapeutics that can induce
regenerative wound healing by tar-
geting the Wnt/f-catenin pathway,
a key signaling pathway involving
skin regeneration. Finally, we sug-

© Sehee Choi et al., 2021; Published by Mary Ann Liebert, Inc. This Open Access article is dis-
tributed under the terms of the Creative Commons Attribution Noncommercial License [CC-BY-NC]
(http://creativecommons.org/licenses/by-nc/4.0/) which permits any noncommercial use, distribution,
and reproduction in any medium, provided the original author(s) and the source are cited.

ADVANCES IN WOUND CARE, VOLUME 11, NUMBER 2

2022 by Mary Ann Liebert, Inc.

DOI: 10.1089/wound.2020.1284



APPROACHES FOR REGENERATIVE WOUND HEALING 7

gest an approach targeting CXXC5, a negative
feedback regulator of the Wnt/f-catenin path-
way, as a safe and effective strategy for the de-
velopment of regenerative wound-healing agents.

TRANSLATIONAL RELEVANCE

Instead of repair, which often results in scar for-
mation, current therapeutic approaches for wound
healing aim at stimulating a regenerative response
that restores the wounded skin to the preinjured
state. Therefore, understanding the molecular
mechanisms of the signaling pathways involving re-
generative healing is important for the development
of regenerative wound-healing agents. The Wnt/
p-catenin pathway plays important roles in multiple
wound-healing processes, including cell proliferation
and tissue remodeling. It also participates in stem
cell activation and growth factor expression. There-
fore, targeting the Wnt/f$-catenin pathway could be
an ideal approach for regenerative wound healing.

CLINICAL RELEVANCE

New therapeutics have been developed subse-
quent to the biological and technical advances in
the field of wound healing. However, current
therapeutic agents are limited due to unsatisfac-
tory efficacies, economic burdens, and adverse ef-
fects. The Wnt/f-catenin signaling pathway is an
attractive target for the treatment of many dis-
eases related to tissue homeostasis, including
wound healing. Approaches that search for Wnt/
f-catenin pathway activating compounds have
been developed. A strategy that activates this
pathway via blockade of its negative feedback
mechanism could be a potential approach for the
development of regenerative wound-healing agents.

BACKGROUND

Wound healing is a complex process consisting of
multiple phases (e.g., inflammation, proliferation,
and remodeling) controlled by coordinated inter-
actions among various cells, growth factors, cyto-
kines, and chemokines.? A failure during any of
these phases results in abnormal scar or chronic
wound formation. As the elderly population in-
creases, the incidence of chronic and nonhealing
wounds is increasing, and the global wound care
market is growing.® Numerous wound care prod-
ucts and therapies have also been developed.

Conventionally, a skin wound was managed by
using antibiotics and wound dressings that prevent
infection and ensure sufficient tissue perfusion.*
However, these traditional therapies cause scars,
which result in functional and cosmetic impair-

ments, including increased sensitivity to ultraviolet
radiation and deficiencies in skin structures (e.g.,
sweat glands and hair follicles). With the growing
interest in higher-quality wound healing, therapeu-
tic approaches using growth factors and stem cells
have been introduced as regenerative medicines for
complete recovery of the damaged tissue without a
remaining scar.””’ However, these approaches have
limitations for routine clinical use due to drawbacks,
including high costs, technical difficulties, and de-
livery.®1° Although a drug delivery system has been
advanced, these issues remain to be resolved.!!

Over the past several decades, tremendous im-
provements have been made in understanding
the relationships between signaling mechanisms
and the wound-healing process. The transforming
growth factor beta (TGF-p) pathway, the Notch
pathway, the Hedgehog pathway, and the Wnt/f-
catenin pathway are signaling pathways that are
important for skin regeneration. The absolute re-
quirements for these pathways during skin devel-
opment have been characterized through many
mammalian studies.!'? Therefore, these pathways
have been suggested as targets for the development
of regenerative wound-healing agents that con-
tribute to the complete restoration of wounded skin.

In this review, we suggest activation of the Wnt/
p-catenin pathway, especially via release of the
negative feedback regulation by CXXC5 as a po-
tential therapy for acute wounds. Inhibition of
CXXC5 function via blockade of its interaction with
Dishevelled (DVL) enhances regenerative wound
healing.'® This approach, which activates the Wnt/
p-catenin pathway via blockade of the negative
feedback mechanism, is safe and results in mini-
mal scar formation.

DISCUSSION OF FINDINGS AND RELEVANT
LITERATURE
Repair and regeneration in wound healing

The healing of wounded skin occurs by either
simple repair or regeneration. Repair implies re-
establishment of the structural continuity of injured
or damaged tissue, and it results in scar formation
with tissue dysfunction. Regeneration, on the other
hand, implies replacement of the injured tissue
with newly generated tissue, resulting in full res-
toration of tissue morphology and functionality.

Wound repair. Wound healing is a dynamic
process that restores the structural and functional
characteristics of damaged tissues. It includes com-
plex cellular and biochemical interactions involving
multiple types of cells, extracellular matrix (ECM),
growth factors, and cytokines. This interactive
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Figure 1. Wound repair phases. The four different stages of the wound repair process. 1) The hemostasis phase (begins immediately after wounding), the coagulation
process blocks the current leakage of blood and fluids via fibrin network formation and platelet deposition. This initial phase also has a role as a barricade against
microorganism entry into the lesion. 2) The inflammatory phase (begins within 24 h after wound formation and lasts for several days), neutrophils and macrophages remove
bacteria and cell debris. They also promote the production of cytokines and assist other inflammatory cells recruited to the wound region. 3) The proliferative phase (begins
4-5 days after wound formation and lasts for several weeks), re-epithelialization, angiogenesis, and ECM and granulation tissue formation occur via the activation of, and
crosstalk between, multiple signaling cascades. 4) The final remodeling phase (begins at ~3 weeks after wound formation and lasts for as long as 1-2 years), the tissue
tensile strength is generated by ECM reorganization. Multiple cells undergo apoptosis to finish tissue remodeling. ECM, extracellular matrix. Colorimages are available online.

process consists of four phases: hemostasis, inflam-
mation, proliferation, and remodeling (Fig. 1).1* In
response to injury, the requirements of each phase
coordinately function to achieve tissue repair. Often,
however, the repaired skin is not identical to the
uninjured skin and induces the formation of a non-
functioning mass of fibrotic tissue, or a scar.®

Fibrosis. Adult mammalian skin typically re-
sponds to injury by fibrotic repair. Fibrosis or
scarring is attributed to the deposition of excess
amounts of ECM components, such as collagen.
The interposition of fibrotic tissue hinders skin
adnexa formation and subsequent tissue regener-
ation.® The inflammatory process could be involved
in fibrotic healing.’® Although inflammation is
crucial for protection of the body from infection by
foreign organisms at the wound site, the deregu-
lated pro-inflammatory cytokines, including inter-
leukin (IL)-1f and tumor necrosis factor (TNF)-o,
contribute to the fibrotic process and can cause a
chronic wound state or abnormal wound repair
such as a hypertrophic scar and a keloid.'®

Regenerative wound healing. The regenerative
healing of wounds is characterized by complete res-
toration of tissue morphology and function (Fig. 2).
In contrast to adult mammalian tissue, injured em-
bryonic tissue can be completely regenerated with-
out scarring.!”1°

To determine the key factors mediating regen-
erative healing, it is important to understand the
differences between embryonic and adult wound
healing. In addition to the immature inflammatory
responses mentioned earlier, embryonic tissue re-
tains a relatively abundant stem cell population
compared with adult tissue. Therefore, it is plau-
sible that the restricted regenerative capacity of
adult mammals is attributable to lowered popula-
tion of stem cells or deficiency of proper environ-
mental signals. Recent studies demonstrate that
new tissue is generated by de-differentiation and
transdifferentiation of adult cells at the edges of the
wound.2%?! In addition, it was demonstrated that
the epidermis of wounded adult mice regenerates
skin adnexa, including hair and sweat glands, de-
pending on characteristics such as wound size and
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Figure 2. Comparison between repair and regeneration in skin wound healing. Left, Repaired skin. Healing by the repair process fails to restore skin to
uninjured status and remains scar due to the alignment of excessive collagen fibers in the dermis. Right, Regenerated skin. The regenerative healing induces
de novo synthesis of hyaluronic acid, and it results in complete restoration of skin tissue with the formation of adnexa including hair. Color images are available

online.

status of specific signaling, for example, the Wnt/f-
catenin pathway.?? These observations indicate that
there are factors leading to an embryonic skin-like
environment in the wounded skin area during the
healing process of adult mammals. This could occur
by de-differentiation of adult cells to a stem cell-like
state or recruitment of stem/progenitor cells into
the wounded region. The Wnt/f-catenin pathway is
closely related with these critical events involving
activation of adult stem cells.?*?* Wnt/f-catenin
signaling plays important roles in determination of
the fate and proliferation status of progenitor cells
during embryonic development, as well as in main-
tenance of tissue homeostasis during the postnatal
period.2>2¢ Therefore, it is worth considering the
Wnt/f-catenin pathway as a target for the develop-
ment of regenerative wound-healing agents.

Earlier, we discussed the role of the Wnt/f-
catenin pathway in regenerative wound healing
and its underlying mechanism in detail; we will
briefly review current regenerative therapies and
their limitation.

Current regenerative therapies
and their limitation

Growth factor-based therapies.

Platelet-derived growth factor. Platelet-derived
growth factor (PDGF) participates in cell growth
and angiogenesis during the wound-healing pro-
cess.?”?® PDGF comprises three isoforms: PDGF-
AA, -BB, and -AB. Although PDGF-BB is a growth

factor first approved by the U.S. Food and Drug Ad-
ministration (FDA) for application to treat chronic
wounds, including diabetic foot ulcers,?’ controversial
reports for its efficacy have been emerged.?*3!

Epidermal growth factor. Epidermal growth
factor (EGF) induces re-epithelialization by promot-
ing epithelial cell proliferation and migration.?*33 It
also induces angiogenesis and tensile strength of
new skin. Clinical studies found that topical appli-
cation of human recombinant EGF promotes epi-
dermal regeneration of partial-thickness wounds and
second-degree burns.?*36

Transforming growth factor beta. The main
function of TGF-f is regulation of wound contraction
and scarring.>”® The TGF-f family comprises three
functional isoforms: TGF-f1, TGF-$2, and TGF-f3.
Although TGF-f1 and -$2 facilitate fibroblast—
myofibroblast differentiation and ECM deposition,
they often result in fibrosis and scar formation. TGF-
3 promotes ECM reorganization and scar reduc-
tion. Administration of Avotermin (human recom-
binant TGF-$3) showed significant improvement in
prevention of scar formation, but it failed to meet its
endpoints in a phase III clinical trials.®**°

Vascular endothelial growth factor. Vascular
endothelial growth factor (VEGF) induces the ini-
tiation of angiogenesis by promoting endothelial
cell proliferation and migration. The VEGF family
consists of VEGF-A (VEGF165), VEGF-B, VEGF-
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D, VEGF-E, and placental growth factor. A clinical
study found that VEGF-A enhances vessel forma-
tion and improves re-epithelialization of diabetic
foot wounds.*>*? A phase I clinical trial of the
topical application of Telberim (recombinant hu-
man VEGF) found that it accelerates ulcer healing
in patients with chronic diabetic foot ulcer.*?

Fibroblast growth factor. Fibroblast growth fac-
tor (FGF) family, such as FGF-1, -2, -7, -10, and -22,
have key roles during the wound-healing process by
promoting angiogenesis and encouraging connective
tissue cell division.***® Especially, FGF-2 (i.e., bFGF)
is able to regulate collagen distribution and reduce
scar formation. Clinical trials of pressure ulcer and
chronic burn wound treatments found that use of
FGF-2 results in acceleration of healing rates.*64”

Limitations. A variety of growth factor-based
therapies have been developed, but they have had
limited success. The development of recombinant
growth factors is limited in their routine usage in the
clinic due to high cost and high risk. There are also
many obstacles in the clinical applications, because
the growth factors have poor skin absorption rates
and short half-lives due to their susceptibility to de-
naturation and proteolytic degradation.*® Thus, they
are prone to be removed by exudation before reaching
the wound. To achieve healing, repeated adminis-
tration of high growth factor concentrations is need-
ed; however, the excess dose requirement could lead
to local toxicity and adverse effects such as cancer
development.*® Further, growth factors are required
to interact with specific surface receptors of the tar-
get cells for exhibition of their biological activities.
This ligand-receptor interaction activates a series of
intracellular signaling cascades followed by an ex-
pression of target genes involved in the wound-
healing process. However, some cells within wounds
lack growth factor stimuli due to defects in molecular
components (e.g., downregulation of receptor).®?%%1

Stem cell-based therapies.

Mesenchymal stem cells. Mesenchymal stem
cells (MSCs) have self-renewal and multipotent
differentiation characteristics.’?®® They can re-
lease a variety of paracrine factors that enhance
wound healing (e.g., PDGF-BB, VEGF, and bFGF)
and, subsequently, promote angiogenesis.’**® The
MSCs have antibacterial and anti-inflammatory
properties via the secretion of antimicrobial factors
and anti-inflammatory cytokines, respectively.®®
One clinical study found that chronic skin wound
healing was improved by local application of bone
marrow- and adipose-derived MSCs.?”

Hematopoietic stem cells. Hematopoietic stem
cells (HSCs) are self-renewing cells present in the
bone marrow. When transplanted into mice, HSCs
can differentiate into follicular epithelial cells, se-
baceous gland cells, and epidermal keratinocytes.?®
They also promote angiogenesis. Topical applica-
tion of HSCs led to an improvement in wound clo-
sure rates of full-thickness excisional wounds in
diabetic mice.?®

Epithelial stem cells. Epithelial stem -cells
(EpSCs) are quiescent cells, but they self-renew
and differentiate into at least one cell type. EpSCs
have an important role in stratified epidermal re-
generation.®® They also participate in hair follicle
neogenesis in the wound dermis. Transplantation
of a bioengineered dermis containing EpSCs into
acute wounds induces skin reconstruction and hair
formation in goats.®! Injection of EpSCs enhances
vascularization, elastin content, and follicle-like
structures when compared with the control
group.®?

Limitations. Although stem cell therapy is a
fast-growing field in regenerative medicine, many
issues remain to be resolved (e.g., low safety, high
cost, difficulty in administration, and quality con-
trol) before the routine clinical usage. There is
currently no FDA-approved stem cell therapy for
wound treatment despite numerous attempts. The
age of the transplanted cells and the local micro-
environment of the injured skin also need to be
considered for therapeutic application of stem
cells.®® For example, MSCs derived from old mice
rather inhibited wound healing in diabetic mice.*
A favorable environment, including a sufficient
blood supply, receptor, and presence of biological
molecules, is necessary for effective use of stem
cells as therapeutics for wound healing. These
matters, together with the safety and quality con-
trol issues, make the clinical use of stem cell-based
therapeutics challenging.

FUTURE DIRECTION

Emerging strategies for the development
of regenerative therapeutics

Signaling pathway and wound healing. To
overcome current limitations of regenerative
therapeutics and to discover new therapies, it is
necessary to understand the pathways involved in
wound healing. Growth factor therapies eventually
exert their biological activities through the down-
stream signaling pathway after interaction with
specific surface receptors. The function of adult
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stem cells residing within tissues are modulated
and reprogrammed by their microenvironment, es-
pecially molecular pathways.®>% Moreover, many
mammalian studies have elucidated that flawless
regeneration of embryonic skin wound absolutely
depends on the activity of signaling pathways that
are important for complete restoration of adult
wound skin.'2 TGF-$, Notch, Hedgehog, and Wnt/f-
catenin pathways are major players for regenera-
tive wound healing.

The TGF-p pathway is differentially involved in
the regulation of healing rate depending on the iso-
forms.'? TGF-f1 functions as a fibrosis-stimulating
factor but TGF-$3 regulates anti-scarring activi-
ty.67%® Members of the TGF-§ superfamily partici-
pate in the development of skin or its adnexa, such as
hair follicles.®>”° The Notch pathway regulates epi-
dermal cell differentiation during stages of adult
and embryonic development.”* This pathway also
has important roles in the maintenance of skin ho-
meostasis and promotion of angiogenesis.”>* The
Hedgehog pathway is involved in skin morphogen-
esis and angiogenesis. The Hedgehog pathway
modulates dermal repair and wound vascularization
during the wound-healing process.”>’® The Wnt/-
catenin pathway plays a role in adult tissue regen-
eration,”’~"® and it participates in multiple steps of
the wound-healing process together with activation
of stem cells residing within skin.?* Proper regula-
tion of the Wnt/f-catenin pathway is crucial for
flawless and complete regeneration of wounded
skin. Therefore, we are going to focus on the Wnt/
p-catenin pathway as a target for the development
of regenerative wound healing agents in the follow-
ing sections of this review. Initially, small molecules
or natural products that activate the Wnt/f-catenin
signaling will be introduced, because those are easier
to manufacture than growth factors or stem cells. In
the later part, we will focus on a new strategy for the
regenerative wound healing targeting CXXC-type
zinc finger protein 5 (CXXC5), a negative feedback
regulator of the Wnt/f-catenin pathway functioning
via interaction with DVL.'®8° This approach block-
ing the CXXC5-DVL interaction for activation of the
Wnt/f-catenin signaling could be an effective and
safe way for regenerative wound healing.

Regulation of the Wnt/p-catenin pathway. The
Wnt/f-catenin pathway has essential roles in nu-
merous biological processes, including cell prolif-
eration, differentiation, and migration. It is well
known for its role in stem cell self-renewal and
differentiation during normal tissue homeostasis
and tissue regeneration after injury.”®73182 The
Wnt/fS-catenin pathway has recently been charac-

terized as a key modulator of cutaneous wound
healing; Wnt/f-catenin signaling is upregulated by
wounding and is involved in the overall stages of
the healing process.?* Therefore, activation of the
Wnt/f-catenin pathway is an attractive strategy for
cutaneous wound healing. The rate of development
of wound-healing agents that activate the Wnt/f-
catenin pathway has increased in recent years.

Whnt/fS-catenin signaling pathway. The hallmark
of Wnt/f-catenin signaling activation is stabi-
lization and nuclear translocation of f-catenin.
The stability of f-catenin is regulated by the for-
mation of a destruction complex consisting of Axin,
adenomatous polyposis coli, glycogen synthase
kinase-3 (GSK-3), and casein kinase 1 (CK1) in
the cytoplasm (Fig. 3).837% In the absence of Wnt
stimuli, f-catenin is subjected to priming phos-
phorylation by CK1 and subsequent phosphoryla-
tion by GSK-3 in the destruction complex (Fig. 3).
The recruitment of f-TrCP, an E3 ubiquitin ligase,
to the phosphorylated f-catenin results in protea-
somal degradation via polyubiquitination. When
extracellular Wnt ligands bind to the Frizzled re-
ceptor and LRP5/6 co-receptor complex, recruit-
ment of the downstream signal mediators, such as
DVL and Axin, is triggered and results in the dis-
sociation of the destruction complex. Ultimately, the
p-catenin is freed from the complex, accumulates in
the cytoplasm, and is finally translocated into the
nucleus. In the nucleus, f-catenin binds with the
T cell factors/lymphoid enhancing factors (TCFs/
LEFs) for target gene expression. More than 100
Wnt/f-catenin target genes have been identified.”
Many of these genes (e.g., Axin2, Collagen I, Col-
lagen III, EGFR, Endothelin-1, Fibronectin,
Keratin-14, Lgr5, VEGF, and WISP1) have roles
in cutaneous wound healing (Fig. 4 and Table 1).

The roles of Wnt/p-catenin signaling in the wound-
healing process. Many target genes that are
transcriptionally induced by activation of the Wnt/
p-catenin pathway mediate various functions dur-
ing the wound repair process (e.g., inducing struc-
tural construction of the dermis and epidermis and
promoting angiogenesis) (Table 2). Moreover, the
Wnt/S-catenin pathway plays key roles in regen-
erative wound healing (e.g., inducing formation of
skin adnexa, such as hair) by promoting the acti-
vation of the stem cells.?*

The profile of Wnt/g-catenin signaling activity dur-
ing the wound-healing process. The Wnt/f$-catenin
signaling pathway is activated in the dermis of the
wound bed soon after a skin injury. This activation
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Figure 3. Wnt/f-catenin pathway and its target genes. In absence of the Wnt ligand, the destruction complex composed of Axin, APC, GSK-3, and CK1 is
formed in the cytoplasm. By forming this complex, -catenin is phosphorylated initially by CK1 and subsequently by GSK-3. The -TrCP E3 linker is recruited to
the phosphorylated f-catenin and f-catenin is then degraded by ubiquitin-mediated proteasomal degradation machinery. In the presence of Wnt ligand, it
binds to the Frizzled/LRP5/6 receptor complex, leading to the dissociation of the destruction complex. Free -catenin proteins accumulate in the cytosol and are
then translocated into the nucleus for activation of TCFs/LEFs. The activation of TCFs/LEFs transcription factors induces a variety of Wnt/f-catenin signaling
target genes, including those involved in skin wound healing (e.g., Axin2, Collagen I, Collagen Ill, EGFR, Endothelin-1, Fibronectin, Keratin-14, Lgr5, VEGF, WISP-
7). APC, adenomatous polyposis coli; CK1, casein kinase 1; GSK-3, glycogen synthase kinase-3; LEFs, lymphoid enhancing factors; TCFs, T cell factors. Color

images are available online.

is quick and spatially restricted within the wound
site. A study displayed that the change of oxygen
tension occurring within minutes of skin damage
can trigger activation of the Wnt/f-catenin path-
way through hypoxia-inducible factor-10..8¢ During
the proliferative phase of wound healing, Wnt/f-
catenin signaling activity is highly increased in
mesenchymal cells. For example, murine dermal fi-
broblast cultures exhibit an increment in f-catenin
protein levels and TCF/LEF-mediated transcrip-
tional activity during proliferation.®” In human
wound samples, the levels of f-catenin and the
expression of its target genes (e.g., fibronectin and
MMP7) are increased during the dermal prolifer-
ative phase.®®

The roles of Wnt/f-catenin pathway in wound re-
pair. Upregulation of Wnt/S-catenin signaling
promotes proliferation and migration of dermal fi-
broblasts, making them differentiate into myofi-
broblasts. This process helps to reduce the surface
area of the developing scar.”%° The activated Wnt/
p-catenin signaling not only facilitates migration

and differentiation of keratinocytes in the epidermis,
but it also promotes angiogenesis, follicle regenera-
tion, and epithelial remodeling, which directly en-
hances cutaneous wound healing.?*%°

The roles of Wnt/f-catenin pathway in stem cell
activation. Typically, stem cells are harbored in
most adult tissues. However, they easily lose their
self-renewal capability in response to stress or aging.
The Wnt/f-catenin pathway plays roles in tissue-
residing, stem cell activation, and migration to the
wound bed in the basal epidermis for regeneration of
damaged tissue.® In response to the Wnt/f-catenin
signaling, TCF/LCF complex modulates the fates of
lineages of multipotent stem cells in the skin.*? For
example, Wnt/fS-catenin is involved in activation of
epidermal stem cells (ESCs), the major source for
replenishment of lost cells in the process of wound
healing.”® The elevated Wnt/f-catenin signaling ac-
tivity not only enhances proliferation of quiescent
ESCs, but it also promotes differentiation of ESCs
into keratinocytes.”* Further, elevation of f-catenin
activity significantly promotes neogenesis of hair
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Figure 4. The effects of Wnt/f-catenin pathway target genes on cutaneous wound repair. Various Wnt/$-catenin signaling target genes contribute to the
multiple events that occur during wound healing. For example, Collagen-I has a role in ECM formation, WISP1 activates fibroblast proliferation and migration,
fibronectin controls re-epithelialization and ECM formation, Keratin-14 promotes re-epithelialization, EGFR regulates keratinocyte proliferation and migration,
VEGF enhances angiogenesis, and Lgr5 and Axin2 promote hair formation via activation of hair follicle stem cells. VEGF, vascular endothelial growth factor.
Color images are available online.

Table 1. List of target genes involved in the Wnt/3-catenin
pathway that are related to wound healing

Whnt Target

Genes Role in Wound Healing References

Axin2 Hair formation via activation of hair follicle 77126127
stem cells

Collagen | Key protein of ECM synthesized during 6104128
proliferative phase

Collagen Il Key protein of ECM synthesized during early 104,129,130
proliferative phase

EGFR Regulation of keratinocyte migration to 3
wound bed

Endothelin-1 Regulation of fibrosis and calcification 132

Fibronectin ECM formation and re-epithelialization 133,134

Keratin-14 Re-epithelialization 135

Lgr5 Hair formation via activation of hair follicle 77.%8
stem cells

VEGF Stimulation of angiogenesis 136,137

WISP1 Promotion of dermal fibroblast proliferation 138,139

and migration

ECM, extracellular matrix; VEGF, vascular endothelial growth factor.

follicles, representing a fully functional inter-
follicular epidermis in adult mice.?*°>%6 By contrast,
inhibition of Wnt/f-catenin signaling during skin
wounding hinders the formation of epithelial ad-
nexa, including hair and sweat glands, resulting in
scarring. These findings indicate that the Wnt/f-

Table 2. Effects of Wnt/B-catenin pathway activation on wound
repair and regeneration

The Effects by Activation of Wnt/f-Catenin Pathway References
Repair
Promotion of angiogenesis 90140
Promotion of fibroblast migration, proliferation, and 8914
differentiation
Promotion of keratinocyte proliferation and differentiation 142,143
Stimulation of re-epithelialization x
Regeneration
Induction of ECM formation 87.144
Stimulation of wound-induced hair folliculogenesis 2z
Enhancement of epidermal stem cells proliferation and 9394
differentiation
101

Induction of hyaluronic acid synthesis
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catenin pathway can trigger regeneration of woun-
ded skin by serving as a niche signal for activation of
skin stem cells.®” The Wnt/f-catenin signaling target
gene products, Axin2 and Lgr5, are well-known
markers for the self-renewing stem cells in tissues,
including the skin and the hair follicle.”"%®

The roles of Wnt/f-catenin pathway in hyaluronic
acid synthesis. In wound healing, the main dif-
ference between repair and regeneration comes
from ECM content. During the healing process,
granulation tissue, which is formed at the wound
site, is characterized by the proliferation of fibro-
blasts that produce ECM components, including
fibronectin, collagen III, elastin, and hyaluronic
acid (HA).?® In the final stage of wound repair, the
granulation tissue is converted to fibrotic scar tis-
sue as collagen I1I is replaced by collagen I forming
collagen fibers. The alignment of excessive collagen
fibers in the dermis results in an inelastic collagen
scar. In the process of regenerative healing, on the
other hand, a much higher amount of HA is present
in ECM compared with the repair process, and thus
it reduces collagen deposition and subsequent fi-
brotic scar formation.'®® Wnt3a treatment upre-
gulates the genes involved in HA synthesis in
fibroblasts.'®! Further, HA interacts with CD44, a
well-known Wnt/f-catenin signaling target, to ex-
ert its function in the wound-healing process, in-
cluding enhancement of cell migration toward
wound sites and promotion of angiogenesis as well
as direct enhancement of tissue regeneration.'%%"
104 Therefore, the Wnt/f-catenin pathway not only
induces HA synthesis, but it also regulates biolog-
ical function of HA for regenerative wound healing.

Crosstalk of Wnt/S-catenin pathway with other
signaling pathways. The Wnt/f-catenin pathway
cooperates with other signaling pathways during
the wound-healing process. It interacts with the
TGF-p/Smad pathway, which is a major signaling
pathway involved in cutaneous wound healing and
dermal fibrosis. TGF-f signaling is transiently ac-
tivated after a skin injury; f-catenin level is then
increased via the inhibition of GSK-3f activity or
DKK-1 expression.'®®%7 The proliferation of fi-
broblasts and their differentiation into myofibro-
blasts via activation of TGF-f signaling occurs in a
f-catenin-dependent manner. These results indi-
cate that the Wnt/f-catenin pathway is a mediator
of TGF-f/Smad signaling-induced wound healing.
Synergistic activation through mutual interaction
of the Wnt/f-catenin and Notch pathways improves
wound healing and inhibits scar formation by
promoting embryonic stem cell proliferation, ker-

atinocyte differentiation and migration, and follicle
regeneration.”® To reconstitute skin adnexa and
obtain complete healing, Wnt/$-catenin signaling
also facilitates hair follicle regeneration in woun-
ded skin through the formation of a positive feed-
back loop with FGF-9 signaling.!%®

Therapeutic potential of Wnt activators for regen-
erative wound healing. Considering the roles of the
Wnt/S-catenin pathway during wound healing, it
has recently been used as a target for the develop-
ment of wound-healing agents. Studies have exam-
ined small molecules and natural products that
activate the Wnt/f-catenin pathway as a potential
therapeutic for diverse diseases.!®®11° Some of
these are under development for the treatment
of skin wounds (Fig. 5 and Table 3).

Lithium chloride. Lithium chloride (LiCl) is
well-known GSK-3 inhibitor and it has a capability
for activation of the Wnt/f-catenin pathway.'!!
Topical application of LiCl to the wounded skin of
rats induced enhancement of the wound closure
rate with an elevated f-catenin level.”* Moreover,
thickness of the neoformative epidermis layer and
formation of hair follicle structures and sebaceous
gland were increased in skin tissues of rats by to-
pically applied LiCl.

Valproic acid. The small-molecule valproic
acid (VPA) is known to activate the Wnt/f-catenin
pathway by inhibiting GSK-34.1'2 Further, VPA
enhances wound healing through promotion of neo-
epidermis formation, fibroblast—-myofibroblast tran-
sition, and cellular proliferation. One study found
that when mice were treated with VPA, full-
thickness wound sizes were markedly reduced,
and healing rates increased. The VPA also induces
the expression of stem cell markers (e.g., CD34)
involved in neo-vascularization.

Lucidone. Lucidone, a naturally occurring cy-
clopentenedione isolated from the dried fruits of
Lindera erythroccarpa, was reported to increase f-
catenin level through the GSK-3f-dependent path-
way and to enhance wound healing in both in vitro
and in vivo models.''® Lucidone not only promoted
proliferation and migration in both keratinocyte
and fibroblast cells, but it also triggered expression
of angiogenesis markers in endothelial cells. The
healing rate of punched wounds on mice was accel-
erated by the topical application of lucidone.

Polygonum aviculare L.. Polygonum aviculare
L. extract was screened out as a natural product
that activates the Wnt/f-catenin pathway. * At the
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Figure 5. Effects of Wnt activators on healing of wounded skin. The agents that activate the Wnt/f-catenin pathway include small molecules, such as LiCl
and VPA, and natural products, such as lucidone and P. aviculare (Polygonum aviculare L.) extract."'>""® Upregulation of the Wnt/g-catenin pathway via topical
application of these agents promotes wound healing with increased expression of stem cell markers such as nestin and CD34. Reproduced with permission
from Lee et al. and Seo et al.''">""® LiCl, lithium chloride; VPA, valproic acid. Color images are available online.

cell level, P. aviculare L extract promoted migration
of both keratinocytes and fibroblasts.'!® Treatment
with P. aviculare L. extract accelerated the healing
rates of full-thickness dorsal wounds in mice, com-
pared with a control group. Active ingredients of P.
aviculare L. extract (e.g., quercitrin hydrate, caffeic
acid, and rutin) have been characterized as com-
ponents that activate the Wnt/f-catenin pathway
and enhance keratinocyte migration.

A novel target, CXXC5 for regenerative
wound healing

CXXC5, a negative feedback regulator of the Wnt/
p-catenin pathway, suppresses the wound-healing
process. Activation of the Wnt/f$-catenin pathway

Table 3. Whnt/S-catenin pathway activators enhancing
wound healing

Agents for Wound

Healing Type Target Wnt Component  References
LiCl Small molecule  Inhibition of GSK-38 9
VPA Small molecule  Inhibition of GSK-3p "2
Lucidone Natural product  Inhibition of GSK-3f ns
Polygonum Natural product ~ Various targets 15
aviculare L.
PTD-DBM Peptide Inhibition of CXXC5-DVL 13124
interaction
Wnt3a Recombinant Wht ligand B

protein

CXXC5, CXXC-type zinc finger protein 5; LiCl, Lithium chloride; VPA,
valproic acid; PTD, protein transduction domain; DBM, DVL binding motif;
DVL, dishevelled.

is an ideal strategy for regenerative wound healing.
However, the development of therapeutics that acti-
vate this pathway is limited due to the presence of its
own negative regulation systems. Inhibitory factors
of the Wnt/f-catenin pathway disrupt skin wound
healing. For example, Dickkopf-1 (DKK-1), a se-
creted Wnt antagonist functioning via interaction
with LRP5/6 receptor, hinders proliferation of der-
mal fibroblasts as revealed by both in vitro and
in vivo systems.''® Consistent with these results,
intradermal injection of small interfering RNA (siR-
NA) for DKK-1 enhances dermal fibroblast functions.
Another secreted Wnt antagonist, Frizzled-related
protein-1 (sFRP-1), suppresses cell proliferation and
ECM production in keloid fibroblasts by inhibiting
Wnt/f-catenin signaling through interacting with
either Wnt or Frizzled.!'” A mouse model revealed
that injection of a neutralizing antibody against
sFRP-1 into the palatal wound edge promotes the
healing of wounded skin.'*®

The function of a negative feedback regulator of
the Wnt/f-catenin pathway, CXXC5, is determined
by its subcellular location that depends on the tissue
type and the cell’s physiological status. Cytosolic
CXXC5 plays a role as a Wnt/f-catenin signaling
inhibitor, whereas nuclear CXXC5 functions as a
transcription factor.!19123

By binding DVL, cytosolic CXXC5 has a variety of
pathophysiological roles by inhibiting the Wnt/p-
catenin signaling pathway (Fig. 6).138%:124125 CXXC5
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Figure 6. CXXC5 is a negative feedback regulator of the Wnt/f-catenin pathway and it suppresses the expression of target genes involved in wound healing.
CXXC5 transcription is induced by strong activation of the Wnt/f-catenin during the wound-healing process. CXXC5 binds to DVL in the cytosol and
subsequently suppresses Wnt/f-catenin signaling by blocking the dissociation of the destruction complex by DVL. Inhibition of Wnt/g-catenin signaling in the
skin results in repression of wound healing-related genes after inhibition of the wound-healing process. CXXC5, CXXC-type zinc finger protein 5; DVL,

dishevelled. Color images are available online.

can be transcriptionally induced by the Wnt/f-
catenin signaling itself or under a variety of
pathophysiological states (e.g., alopecia, osteopo-
rosis, wound formation, and termination of height
growth at puberty), and these pathological aber-
rancies can be restored in CXXC5 knockout mice of
the disease model systems.!3-80:124:125

Taken together, these findings indicate that
CXXC5 can be a therapeutic target for diseases
caused by suppression of Wnt/S-catenin signaling.
The importance of targeting cytosolic CXXC5
function in wound healing was supported by en-
hanced cutaneous wound healing in mice treated
with the protein transduction domain-fused DVL-
binding motif (PTD-DBM) peptide, which blocks
CXXC5-DVL protein—protein interactions (PPI).'?

A role of CXXC5 during wound healing. In pa-
tients with melanoma, f5-catenin level was gradually
increased, especially during the late inflammatory
and early proliferative stages, and it was then de-
creased during the remodeling stage (Fig. 7).'* In
contrast, CXXC5 level was declined during the early
proliferative stage after surgery but it then rose
again, which shows the opposite patterns of those of
f-catenin in the same wounded area. The inhibitory
role of CXXC5 in wound healing was revealed by the
increment of the wound closure rate in Cxxc5/
mice.'® Myofibroblast differentiation and collagen
production is inhibited by CXXC5 overexpression in

human dermal fibroblasts. Both in vitro and in vivo
studies found that the inhibitory roles of CXXC5
during the wound-healing process are exerted by
the suppression of Wnt/f-catenin signaling via its
interaction with DVL in the cytosol.'® Taken to-
gether, these findings indicate that the inhibition
of CXXC5 function, especially its cytosolic role re-
lated to Wnt/f-catenin signaling inhibition, may
be a new strategy for the development of wound-
healing agents.

Effects of PTD-DBM, an interfering peptide against
CXXC5-DVL interaction, on wound healing. A PTD-
DBM peptide, which contains the sequence of
CXXC5 binding to DVL and activates Wnt/f$-catenin
signaling via interference of the CXXC5-DVL inter-
action, was developed for practical application
(Fig. 8A).%8° The PTD-DBM peptide effectively
promotes cell migration in vitro via activation of
Wnt/f-catenin signaling.'® Topical application of
the PTD-DBM peptide significantly accelerates
the wound closure rate. Increment in wound
healing-related markers and critical deposition
of collagen occur during the healing of full-
thickness wounds on the backs of mice (Fig. 8B).
In addition to enhancement of wound healing,
induction of alkaline phosphatase (ALP) in PTD-
DBM peptide-treated mouse wounds indicates
that PTD-DBM peptide promotes formation of
neogenic hair follicles (Fig. 8B), proved by the
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tochemical images represent expression levels of CXXC5 and f-catenin in wounded skin at 0, 7, 28, and 84 days after surgery. Day 0, intact skin. White dashed
lines, the epidermal-dermal junction. F, fibroblasts; K, keratinocytes. Scale bars, 100 um. Reproduced with permission from Lee et al'® Color images are

available online.

presence of white hair in the healed tissues.'?* Re-
cent clinical studies by the Clinical Peptide Society
found that PTD-DBM peptide enhances human hair
growth. These observations indicate that activation
of the Wnt/f-catenin signaling by the blockade of
the CXXC5-DVL interaction with PTD-DBM peptide
could be a therapeutic strategy for regenerative
wound healing.

Perspectives. The Wnt/f-catenin pathway is
an attractive target for regenerative wound heal-
ing. Although agents activating Wnt/f-catenin
signaling stimulate the wound healing process, an
appropriate dosing and treatment duration is im-
portant because aberrant activation of the Wnt/f-
catenin pathway causes fibrotic diseases, including
hypertrophic scarring, keloid formation, and skin
cancer. However, activating Wnt/f-catenin signal-
ing via releasing the CXXC5-mediated negative
feedback loop instead of via direct activation en-
hances wound healing without leading to unwanted
outcomes such as melanoma. The safety of this
therapeutic approach was confirmed by the absence

of any pathological skin phenotypes, including
melanoma-accompanying transformations, in 1-
year-old Cxxc5~~ mice or in mice that received top-
ical application of PTD-DBM peptide for >6 months.
Further, PTD-DBM peptide treatment does not in-
duce transcription of cyclin D1 and c-Myc, which are
the Wnt/f-catenin signaling target genes frequently
overexpressed during cancer development, but it
does induce transcription of endothelin-1, which
contributes to enhanced wound healing.'® Finally,
the specific blockade of the cytosolic function sup-
pressing Wnt/f-catenin signaling, not the nuclear
function acting as a transcription factor,!'!?° fur-
ther provides conceptual safety of an approach
interfering with the CXXC5-DVL interaction for
target specificity. Therefore, the CXXC5-DVL
interaction is potentially a safe target for regen-
erative wound healing. A strategy to discover
small molecules mimicking the PTD-DBM pep-
tide could be a valuable approach for the devel-
opment of first-in-class wound healing agents
that would be cost-effective and suitable for rou-
tine use.
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Figure 8. PTD-DBM, a peptide that interferes with the CXXC5-DVL interaction, and its effectiveness on regenerative wound healing. (A) The PTD-DBM peptide
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after wound formation (diameter = 1.5 cm). Analysis of the healing rate is shown; macroscopic image and H&E staining results. Confocal microscopic examination was
used to detect the expression of -catenin, keratin-14, and collagen-I markers. Collagen synthesis was measured by using Masson'’s trichrome, picrosirius red, and van
Gieson staining. For analysis of skin adnexa, 2mM of PTD-DBM was applied daily onto the wounded skin of 3-week-old male C3H mice for 14 days after wounding
(diameter =1 cm). The formation of neogenic hair follicles was detected by using H&E and ALP staining (dark blue). White dashed lines, the epidermal—-dermal junction.
Black arrow, ALP expression. F, fibroblasts; K, keratinocytes; e, epidermis; d, dermis. Scale bars, 100 um. Reproduced by permission from Lee et al'3'%* ALP, alkaline
phosphatase; FITC, fluorescein isothiocyanate; PTD-DBM, protein transduction domain-dishevelled binding motif. Color images are available online.

SUMMARY

An acute skin wound is spontaneously repaired
within 1-2 weeks. However, due to scar formation,
the repaired skin is not identical to intact uninjured
skin. As the elderly population with delayed wound
healing increases, the need for effective wound-
healing agents based on regenerative healing also
increases. Current wound care research has focused
on regenerative therapies to diminish scar forma-
tion, improve the quality of restored skin, and ac-
celerate healing rates.

The Wnt/f$-catenin pathway could be viewed as a
major target for development of drugs in the field of
regenerative wound healing because it can promote
the overall wound-healing process by activation of
stem cells through interaction with other signaling
pathways, including the TGF-f/Smad pathway.

Activators of Wnt/f$-catenin signaling, such as
small molecules (e.g., LiCl and VPA) and natural

products (e.g., lucidone and P. aviculare L. ex-
tract), have been characterized as agents enhanc-
ing wound healing. However, their effectiveness
during the healing process could be restricted due
to induction of CXXC5, a negative feedback reg-
ulator of the Wnt/$-catenin pathway, during the
early stages of wound healing. Therefore, inhi-
bition of CXXC5 function, especially the cytosolic
form that suppresses Wnt/f-catenin signaling
via interaction with DVL (CXXC5-DVL inter-
action, PPI), is a target for the development of
novel regenerative wound-healing agents. Topi-
cally applied PTD-DBM peptide, which interferes
with the CXXC5-DVL interaction, effectively en-
hances the wound-healing process and has the po-
tential to act as a therapeutic agent. The maximal
effects of PTD-DBM peptide occur in combination
with direct Wnt/f-catenin signaling activators,
such as VPA. This combination treatment promotes
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regenerative wound healing via strong
activation of the Wnt/f$-catenin pathway;
initial activation occurs through VPA-
induced GSK-3f inactivation. Subsequent
further activation is enhanced via block-
ade of the CXXC5-DVL interaction by the
PTD-DBM peptide. This approach for
wound healing activating the Wnt/f-
catenin signaling could minimize unde-
sirable side effects (e.g., skin cancer) that
can be induced via aberrant activation of
the Wnt/f-catenin pathway.
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ALP = alkaline phosphatase
APC = adenomatous polyposis coli
CK1 = casein kinase 1
CXXC5 = CXXC-type zinc finger protein 5
DBM = dishevelled binding motif
DVL = dishevelled
ECM = extracellular matrix
EGF = epidermal growth factor
ESC = epidermal stem cell
EpSC = epithelial stem cell
FDA = Food and Drug Administration
FGF = fibroblast growth factor
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