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ABSTRACT

The pursuit of developing groundbreaking pro-regenerative therapies to expedite skin wound healing persists as a formidable
challenge. Peptide RL-QNI15, emerges as a highly promising candidate for the first pro-regenerative drug derived from amphibian
skin, offering a glimmer of hope for innovative healing treatments. Yet, there is an urgent need for intensified research efforts
to propel RL-QN15 from a molecular entity to a viable drug candidate, particularly in unraveling the mechanisms underlying
its exceptional pro-healing efficacy. In the current research, our results revealed that RL-QNI5 significantly enhanced the
proliferation, migration, stemness, and epithelial-to-mesenchymal transition of human epidermal stem cells (hESCs) through
direct binding to the membrane frizzled 8 (FZDS8) receptor. This interaction triggers the downstream Wnt/g3-catenin signaling
pathway, leading to the up-regulation of target genes MYC and CCNDI. Furthermore, RL-QN15 augmented the expression and
secretion of matrix metalloproteinase-3, which degrades E-cadherin and activates the Wnt/3-catenin pathway, thereby amplifying
RL-QN15’s regulatory effects on hESCs. In summary, our findings have demonstrated that RL-QN15 modulated the functions of
ESCs to accelerate skin wound regeneration via the FZD8/f3-catenin axis. This research not only advances peptide RL-QN15 from
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a molecular entity to a drug candidate by shedding light on the mechanisms involved with regulation of ESCs functions, but also

presents compelling evidence implicating FZDS as a novel therapeutic target for skin wound regeneration.

1 | Introduction

The skin, being the largest organ of the human body, comprises
intricate layers of epidermis, dermis, and subcutaneous tissue.
It performs a pivotal role as a resilient barrier, safeguarding
against mechanical trauma, infectious agents, and harmful
ultraviolet radiation. Upon encountering injury, the skin initiates
an intricate and sophisticated healing cascade. Nevertheless, this
natural reparative process is often hindered by factors such as
diabetes mellitus and the inevitable process of aging, leading
to the development of chronic, recalcitrant wounds that defy
healing. These lingering wounds pose a heightened risk of grave
complications, encompassing the potential for limb amputation
and life-threatening sepsis, thereby imposing substantial stress
on patients’ quality of life and straining healthcare resources
[1]. Consequently, the quest for discovering and developing
innovative, pro-regenerative therapeutic interventions aimed at
accelerating skin wound healing remains a paramount challenge
in the realm of regenerative medicine, necessitating relentless
research efforts.

In recent years, pro-healing peptides have garnered considerable
attention within the realm of regenerative medicine, with an
increasing number of such peptides being discovered and char-
acterized from diverse sources, including microbes, plants, and
animals [2]. Of particular interest are amphibian-derived pro-
healing peptides distinguished by their exceptional properties of
high activity, specificity, and safety [3]. Notably, approximately 30
pro-healing peptides, exemplified by AH90, CW49, Cathelicidin-
OAl and OM-LV20, have been identified and reported from
amphibian skin secretions [4-9]. Our previous research endeav-
ors have discovered a novel peptide, RL-QN15, with the amino
acid sequence ‘QNSYADLWCQFHYMC’, sourced from the skin
secretions of the frog Rana limnocharis, and demonstrated that
RL-QN15 significantly accelerates skin wound healing at a rel-
atively low concentration of nanomoles per liter, positioning
it as one of the most potent natural pro-healing molecules
identified thus far [10]. Recent research advancements further
underscore the promising potential of RL-QN15-based strategies
in addressing skin wounds [11-15]. Despite the recognition of
amphibian skin secretions as a treasure trove of peptides vital for
drug development, with hundreds of peptides already identified,
the translation of these discoveries into clinically viable drugs
remains elusive, with no successful cases reported to date. Our
studies suggest that RL-QN15 holds substantial promise as the
first pro-regenerative drug derived from amphibian skin, offering
great hope as an innovative pro-healing therapy. Nevertheless,
urgent and intensified efforts are warranted to advance RL-
QN15 from a molecular entity to a drug candidate, particularly
in elucidating the underlying mechanisms that contribute to its
remarkable pro-healing efficacy.

The intricate nature of skin wound repair, spanning four intri-
cately linked phases-hemostasis, inflammation, proliferation,

and remodeling [16], coupled with our limited comprehension,
poses significant hurdles to the successful development of novel
therapeutic agents for accelerating skin wound healing. Peptides
have emerged as both a vital resource for drug discovery and a
crucial tool molecule for deciphering the mechanisms of major
human diseases. Their pivotal role in drug research and develop-
ment, as well as in identifying and validating new drug targets,
underscores peptides’ significance [17]. Recent advancements
leveraging peptides as investigative tools have illuminated novel
ligand/receptor interactions and epigenetic pathways in skin
wound regeneration. Notably, employing peptides OA-RD17 and
Anersoinin-W1 as probes, the TLR4 receptor has been unveiled
as a promising therapeutic target for skin wound regeneration
[18, 19]. Furthermore, groundbreaking findings using OA-RD17,
OA-GP11d, and RL-QN15 as probes have, for the first time,
implicated miR-4482, miR-632, miR-186-5p, and miR-663a in skin
wound regeneration, positioning them as potential small nucleic
acid therapeutics and drug targets [11, 18, 20, 24]. As the key
functional cells of skin injury repair lie in epidermal stem cells
(ESCs), which, upon wounding, become activated, initiating their
migration and proliferation [25]. Extensive research underscores
the necessity of ESCs proliferation and migration for epidermal
reconstruction and functional restoration, thereby rendering
them central to wound healing and tissue regeneration [26-
32]. Consequently, ESCs have garnered significant attention and
become a primary target in wound repair research [33]. However,
the precise mechanism by which peptides exert their healing
effects through modulating ESC function remains unexplored,
making the investigation of RL-QN15 as a pioneering case of
utmost interest.

A myriad of factors, including regulatory elements spanning
diverse niches, intricately modulate the functionality of epi-
dermal stem cells (ESCs) [34, 35]. Foremost among them, the
Wnt signaling pathway occupies a paramount position within
stem cell niches, actively maintaining skin homeostasis, fos-
tering growth, and orchestrating healing processes [36]. The
Wnt/B-catenin signaling pathway meticulously governs the dif-
ferentiation and self-renewal of ESCs, further enhancing tissue
regeneration by regulating proliferation and epithelialization
[37, 38]. Upon receptor activation, f-catenin, a pivotal effector
of the Wnt/B-catenin signaling pathway, undergoes a crucial
transformation. Inhibition of -catenin degradation triggers its
accumulation in the cytoplasm, followed by translocation to
the nucleus, where it interacts with TCF/LEF transcription
factors to regulate genes such as c-Myc and cyclin D1, thereby
promoting skin wound healing [39, 40]. Moreover, S-catenin
interacts with the cytoplasmic domains of various cadherins,
particularly E-cadherin (CDHI) and N-cadherin (CDH2) present
in adherens junctions, which are crucial for cell adhesion during
the epithelial-mesenchymal transition (EMT) [41]. EMT, a vital
step in wound healing, significantly contributes to tissue regener-
ation and the restoration of structural integrity at the injury site.
Thus, the activation of the S-catenin signaling pathway generally
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benefits skin wound healing. The Frizzled 8 (FZD8) receptor,
a key player in the Frizzled protein family, holds a pivotal
position in the Wnt signaling cascade, profoundly influencing
neural development, cell differentiation, and cancer progression
[42]. Although the activation of the FZDS8 receptor leads to
the activation of downstream S-catenin, there is a conspicuous
lack of reports elucidating the role of FZD8 in modulating ESC
proliferation and migration to mediate skin wound healing. This
gap in knowledge underscores the need for further investigation
into the intricacies of these signaling pathways and their impact
on skin regeneration.

In current research, we have conclusively demonstrated that the
peptide RL-QN15 directly binds to the FZDS8 receptor residing
in the membranes of ESCs. This interaction triggers the acti-
vation of the -catenin signaling pathway, which subsequently
elicits a cascade of biological responses including proliferation,
migration, enhancement of stemness, and facilitation of EMT
in ESCs. These concerted effects ultimately expedite the process
of skin wound healing. Our findings not only unravel a novel
mechanism whereby peptides can promote skin wound repair by
modulating the functional properties of ESCs but also, for the
first time, propose FZD8 as a promising therapeutic target for
enhancing skin wound regeneration. Furthermore, this research
significantly elevates the status of RL-QN15 from a mere molec-
ular entity to a potential drug candidate, marking a significant
step forward in the development of innovative treatments for skin
wound regeneration.

2 | Results

2.1 | RL-QN15 Significantly Promoted
Proliferation, Migration, and Stemness of Human
ESCs

Flow cytometry revealed the expression of specific molecular
markers (CK19 and ITGB1) associated with human ESCs (hESCs)
(Figure S1A,B) [43, 44], and hence confirmed the identity of
the cultured cells as hESCs. ESCs are stimulated to proliferate
during wound healing, chiefly through asymmetric division,
thereby generating epidermal cells swiftly for wound closure
and recovery of epidermal deficits. This proliferation of ESCs
and keratinocytes on the extracellular matrix signifies the
commencement of epithelialization, a pivotal phase in wound
healing [45]. The impact of RL-QN15 on the proliferation
of hESCs was assessed using the MTS assay and our results
demonstrated significant increases in hESCs proliferation at
various RL-QNI15 concentrations on days 1, 2, 3, and 4, with
the most notable enhancement observed at 10 nM (Figure 1A).
An increase in the proportion of EDU-positive hESCs treated
with 10 nM RL-QN15 further supported the potent proliferative
effect of RL-QNI15 at this concentration (Figure 1B,C). To
investigate the effect of RL-QN15 on the cell cycle of hESCs,
flow cytometry was utilized to quantify the DNA content of
hESCs and determine cell population distribution across G0/Gl1,
S, and G2/M phases. Results indicated that 10 nM RL-QN15
significantly augmented the proportions of cells in the S and
G2/M phases, particularly at 56 h (Figure 1D,E), suggesting that
RL-QN15 drives hESCs progression to S and G2/M phases for
proliferation.

During wound healing, proliferating ESCs and their progeny
migrate in a specific spatial arrangement to bridge the wound
breach [46]. Depletion or impeded ESCs migration can signifi-
cantly hinder wound healing [47]. Our transwell migration assay
results clearly revealed that the 10 nM RL-QNI5 group had a
significantly elevated quantity of migrating hESCs compared to
the vehicle group (Figure 1F,G), implying that RL-QN15 markedly
enhanced hESCs migration. Correspondingly, the scratch assay
results demonstrated that hESCs treated with 1, 10, and 50 nM RL-
QN15 noticeably accelerated scratch wound repair compared to
the untreated vehicles, with the most pronounced effect observed
at10 nM (Figure 1H,I). To exclude the potential interference of cell
proliferation on scratch repair, cells treated with mitomycin were
utilized for the scratch repair assay. Our previous investigations
have highlighted the significant impact of even 1 nM RL-QN15
on HaCaT cells, underscoring the versatility of RL-QN15 across
varying concentrations in modulating epidermal cell behavior
[10, 11, 13, 15]. Nevertheless, for hESCs, the most profound effect
was observed at 10 nM RL-QNI15, prompting the selection of this
concentration for all subsequent cellular experiments.

Furthermore, we delved into the expression patterns of genes
associated with proliferation, migration, and stemness in RL-
QN15-treated hESCs. Notably, a significant upregulation was
observed in the proliferation-related genes MYC and CCNDI in
hESCs exposed to 10 nM RL-QN15 (Figure S2A). Additionally,
we witnessed a marked increase in the expression of integrin
molecules (ITGA3, ITGAS, ITGA6 and ITGBI), vital for cell
migration, along with members of the matrix metalloproteinases
(MMPs) family (MMP3, MMP15), which contribute to tissue
remodeling (Figure S2B,C). As an essential member of the
MMP family, MMP3 is acclaimed for its contribution to tumor
promotion by erosion of the basement membrane, augmenting
cellular migration in mouse epithelial cells via EMT promotion
[48]. The stemness features of hESCs, critical for regulating
proliferation and migration, were also fortified, as evidenced by
the upregulation of stemness marker genes ITGBI, LGR4, and
ITGA6 in hESCs treated with 10 nM RL-QN15 (Figure S2C).

2.2 | RL-QN15 Enhanced hESCs Proliferation,
Migration, Stemness, and EMT Through the
B-Catenin Signaling Pathway

While previous evidence indicated that RL-QNI5 significantly
enhances hESCs’ proliferation, migration, and stemness, the
underlying mechanism remains elusive. The Wnt/B-catenin
signaling pathway plays a pivotal role in skin development and
wound repair by regulating the self-renewal and differentiation
of ESCs [37, 39, 49, 51], thereby facilitating tissue regeneration
and remodeling [38], and we hypothesized that the capacity
of RL-QN15 to promote hESCs proliferation, migration and
stemness may be mediated via regulating Wnt/B-catenin
signaling pathway. To test this hypothesis, we analyzed the
expression levels of key Wnt/B-catenin signaling pathway
components in RL-QN15-treated hESCs. Our results revealed
a significant upregulation of CTNNBI, a crucial pathway
component, as well as notable increases in the expression of
upstream receptor genes FZD2 and FZDS8, and co-receptors
LRP5 and LRP6, along with downstream transcription factors
TCF7L1 and TCF7L2 (Figure S2D). To further explore the role of
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FIGURE 1 | Comprehensive effects of RL-QN15 on hESCs proliferation, migration, scratch repair, and cell cycle dynamics. (A) Quantitative

assessment of the impact of three varying concentrations of RL-QN15 on the proliferation and viability of hESCs (n = 5). (B,C) Visual representation
and quantitative assessment of EdU-positive cells (stained red) and nuclei (stained blue) in hESCs treated with 10 nM RL-QN15 in EpiLife medium,
respectively, (n = 3). Scale bar: 50 um. (D) Representative flow cytometry images illustrating the alterations in the cell cycle phases of hESCs following
treatment with 10 nM RL-QN1S5 for 56 h. (E) Quantification of the percentage of hESCs residing in the S and G2/M phases of the cell cycle after treatment
with 10 nM RL-QN15 for 56 h and 3 days (n = 3). (F,G) Representative images and quantitative analysis of the enhanced migratory capacity of hESCs
in response to 10 nM RL-QN15 treatment, respectively (n = 5). Scale bar: 50 ym. (H,I) Micrographs and quantitative analysis depicting the efficacy of
RL-QN15 (1, 10, and 50 nM) in promoting scratch repair of hESCs (n = 5). The scratch repair rate was determined as the proportion of remaining gaps
relative to a total area of the acellular region after the scratch. Scale bar: 100 um. All data were expressed as mean + SD, *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001.

RL-QN15 in hESC proliferation, migration, and stemness via the
Wnt/B-catenin signaling pathway, we assessed if MSAB (methyl
3-(4-methylphenylsulfonamido)benzoate), a  specificWnt/g3-
catenin signaling pathway inhibitor [52], shows regulatory effects
against hESCs treated with RL-QN15. MTS assay results showed
that MSAB significantly diminished the proliferative effects of
RL-QN15 on hESCs (Figure 2A). Similarly, the percentage of
EDU-positive cells decreased substantially when hESCs were
treated with both RL-QN15 and MSAB compared to RL-QN15
alone (Figure 2B,C). The transwell assay revealed a substantial
reduction in the number of migrated hESCs when MSAB was
combined with RL-QN15 compared to the RL-QNI5 treatment

alone (Figure 2D,E). Additionally, the scratch assay demonstrated
that MSAB considerably reduced the capacity for scratch repair
in hESCs treated with RL-QN15 at various time intervals
compared to RL-QN15 treatment alone (Figure 2F,G). These
findings suggested that MSAB significantly inhibited the effects
of RL-QN15 on hESCs proliferation and migration, implying that
RL-QN15 regulated hESCs’ functions through the Wnt/S-catenin
signaling pathway.

Our follow-up experiments further substantiated the role of
RL-QN15 in modulating hESCs via the Wnt/g3-catenin signaling
pathway. Initially, we observed that 10 nM RL-QN15 significantly
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FIGURE 2 | Impact of Wnt/B-catenin pathway inhibitor MSAB on RL-QN15-induced hESCs proliferation, migration, and scratch repair. (A)
Quantitative assessment of the impact of MSAB on the RL-QN15-induced hESCs proliferation and viability (n = 5). (B,C) Representative photographs
and quantitative analysis of EAU positive cells (red) in hESCs treated with MSAB in 10 nM RL-QNI15, respectively (n = 3). Scale bar: 50 um. (D,E)
Representative images and quantitative analysis of hESCs migration following RL-QN15 and MSAB treatment (n = 5). Scale bar: 50 um. (F,G)
Representative images and quantitative analysis showing the efficacy of RL-QN15 on hESCs scratch repair in the presence/absence of MSAB (n = 5).
Scale bar: 100 um. All data were expressed as mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, No significance.

augmented mRNA levels of Wnt/S-catenin signaling pathway
components, including CTNNBI, FZD2, FZD8, LRP5, LRPS,
TCF7L1, and TCF7L2, which were counteracted by MSAB
(Figure 3A; Figure S3). At the protein level, 8-catenin, FZDS8, and
TCF7L2 were also notably elevated in RL-QN15-treated hESCs,
but were substantially reduced by MSAB (Figure 3B). It is worth
noting that MSAB inhibited the upregulation of both the 80 kDa
(active, sumoylated) and 60 kDa (inactive, nonsumoylated) forms
of TCF7L2. In addition, results showed that RL-QNI15 treatment
significantly elevated mRNA levels of proliferation-related
genes CCNDI1, MYC, PCNA, and MKI67, which were effectively
suppressed by MSAB (Figure 3A; Figure S3). At the protein level,
RL-QNI15 increased the expression of CCND1, MYC, and PCNA,
but this effect was reversed by MSAB treatment (Figure 3B). For
migration-related genes, RL-QNI5 treatment led to a significant

elevation in mRNA levels of MMP3, ITGA3, ITGA5, and ITGA6
in hESCs, which were notably reversed by MSAB (Figure 3A;
Figure S3). Given that MMP3 is a secretory protein, we conducted
an ELISA assay to measure its secretion level and found a notable
increase in MMP3 secretion in RL-QN15-treated hESCs, which
was mitigated by MSAB (Figure 3C). Furthermore, the pro-
stemness effect of RL-QN15 on hESCs was significantly reduced
by MSAB, as evidenced by the decrease in mRNA levels of ITGBI,
ITGA6, and LGR4 (Figure 3A; Figure S3). MSAB also decreased
the protein levels of CK19, CK14, and LGR4, which were
elevated in RL-QN15-treated hESCs (Figure 3B). During EMT,
epithelial cells acquire mesenchymal characteristics, marked by
a cadherin switch, which is noticeable by a decrease in CDH1
(also known as E-cadherin) but an increase in CDH2 (also known
as N-cadherin). This transition is vital for morphogenesis and
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enhances cell migration and invasion, while the reduction of
E-cadherin correlates with the onset of EMT [53]. Our results
indicated that RL-QN15 treatment led to a significant decrease in
CDHI1 but an increase in CDH2, suggesting EMT enhancement to
facilitate migration, which was significantly inhibited by MSAB
(Figure 3A,B), corroborating the crucial role of Wnt/f-catenin
signaling in RL-QN15-induced EMT.

Overall, these results collectively demonstrated that RL-QN15
promoted proliferation, migration, stemness, and the EMT pro-
cess in hESCs through the -catenin signaling pathway.

2.3 | RL-QN15 Regulated hESCs’ Functions by
Binding to FZD8

Although we preliminarily concluded that RL-QN15 stimulated
the proliferation, migration, stemness, and EMT of hESCs by
modulating the Wnt/B-catenin signaling pathway, a deeper
understanding of the underlying molecular mechanisms,
particularly the specific cell membrane receptor interacting with
RL-QN15, remained elusive. The Wnt/g-catenin signaling cascade
encompasses numerous membrane receptors that mediate signal
transmission. Among these, co-receptors such as LRP5/6 amplify
the signal, but none are as crucial as the frizzled receptor family.
Frizzled (Fz) proteins serve as the primary receptors in the Wnt
signaling pathway, distinguished by their seven-transmembrane
structure and an elongated N-terminal cysteine-rich domain [54].
As depicted in Figure 4A, molecular docking analysis suggested
potential binding of RL-QN15 to a groove within the extracellular
region of the FZD8 receptor. This binding was mediated through
electrostatic interactions, resulting in a compact complex forma-
tion. The binding free energy between RL-QN15 and FZD8 was
calculated to be —78 kcal mol~!, indicating an extraordinarily high
binding affinity. Electrostatic interactions (—348 kcal mol™') were
pivotal in this interaction. Furthermore, multiple hydrogen bonds
were identified between RL-QNI15 and FZDS8, enhancing the
stability of their association (Figure 4B,C; Figure S4A). Aromatic
ring-mediated interactions also contributed significantly to their
binding efficiency (Figure S4B). To further validate the direct
binding of RL-QN15 to FZD8, a co-localization experiment was
conducted using immunofluorescence. The results revealed that
green fluorescence-labeled RL-QN15 bound to red fluorescence-
labeled FZD8 on the cell membrane of hESCs, suggesting the
direct binding of RL-QN1S5 to the FZD8 receptor (Figure 4D).

To further establish that RL-QN15 activated the Wnt/B-catenin
signaling pathway through its binding to FZDS8, thereby
stimulating the proliferation, migration, stemness, and EMT
of hESCs, we investigated whether Ipafricept, a decoy protein
functioning as a specific antagonist for the FZD8 receptor [55],
could mitigate or abolish the biological effects of RL-QNI15
on hESCs. The results of the MTS assay demonstrated that
Ipafricept notably suppressed the proliferative effects of RL-
QN15 on hESCs (Figure 5A), which was further corroborated
by EDU staining, showing a significant reduction in EDU-
positive cells in hESCs treated with both RL-QN15 and Ipafricept
compared to those treated alone with RL-QN15 (Figure 5B,C).
This underscored the inhibitory action of Ipafricept on RL-QN15-
induced hESCs proliferation. The transwell assay exhibited a
marked decrease in hESCs migration when cells were treated

with both Ipafricept and RL-QN15, as opposed to treatment with
RL-QN15 alone (Figure 5D,E). Additionally, the scratch assay
results revealed that Ipafricept significantly hindered the scratch
repair capabilities of RL-QN15 on hESCs at various time intervals
compared to treatment with RL-QN15 alone (Figure 5F,G).
These results collectively suggested that Ipafricept’s inhibitory
effects on hESCs proliferation and migration were pronounced
in the presence of RL-QNI5, implying that the regulation of
hESC proliferation and migration is orchestrated through the
interaction between RL-QN15 and FZDS.

To delve deeper into the mechanism by which RL-QNI15
modulates the Wnt/B-catenin signaling pathway via its
interaction with FZDS8, thereby affecting hESCs function,
we examined the influence of Ipafricept on the expression
of pivotal Wnt/B-catenin signaling pathway components and
proteins associated with proliferation, migration, stemness, and
EMT in hESCs treated with RL-QNI15. Our results revealed a
substantial increase in the protein levels of key Wnt signaling
pathway components, such as S-catenin, FZD8, and TCF7L2, as
well as proliferation-related proteins CCND1 and PCNA, and the
EMT marker protein CDH2, in hESCs treated with RL-QNI15.
However, Ipafricept significantly inhibited this up-regulation
induced by RL-QN15. Additionally, Ipafricept effectively reversed
the RL-QN15-mediated down-regulation of CDH1 (Figure 6A,B).
Furthermore, Ipafricept notably reduced the stemness enhanced
by RL-QN15, as evidenced by a considerable decrease in levels
of CK19, LGR4, and CK14 (Figure 6A,B). Using ELISA, we
detected significantly elevated levels of MMP3 secretion in
hESCs treated with RL-QN15, which were effectively reversed by
Ipafricept administration (Figure 6C). These findings collectively
suggested that Ipafricept disrupted the interaction between
RL-QNI15 and FZD8 by competing for binding, leading to a
marked reduction in the binding of RL-QN15 to the FZDS8
receptor on the cell membrane surface. Consequently, Ipafricept
reversed the activation of the Wnt/f-catenin signaling pathway
induced by RL-QNI15, thereby reversing the effects of RL-
QN15 on the proliferation, migration, stemness, and EMT of
hESCs.

2.4 | RL-QN15 Accelerated Wound Healing by
Binding With FZD8 and Regulating ESCs Functions

The aforementioned in vitro studies suggested that RL-QNI5
augments stemness, proliferation, migration, and EMT in ESCs
by engaging with the FZD8 membrane receptor, thereby acti-
vating the down-stream Wnt/S-catenin signaling pathway. To
evaluate the in vivo impact of RL-QN15’s binding to FZD8 on ESCs
and to further verify that RL-QNI15 enhanced wound healing
by modulating ESCs function, we next assessed its regenerative
potential in mouse full-thickness skin injury model. After 7
days, the skin wound healing rate in the RL-QN15 group neared
90%, whereas the rate in the Ipafricept + RL-QN15 group was
less than 60% (Figure 7A,B). Successful wound healing hinges
on proliferative epithelization, without it, skin wound recovery
cannot be achieved [54]. Both ESCs and their differentiated
descendants play crucial roles in re-epithelialization [56, 57].
Notably, compared to the vehicle group, the RL-QN15 group
exhibited a reduced epidermal gap on postoperative day 7, as
observed through H&E staining. This gap was significantly wider
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FIGURE 4 | Analysis of molecular docking and co-localization of RL-QN15 and FZDS. (A) Representative image of RL-QN15 docked with FZDS.
(B) RL-QNIS5 contained multiple interacting residues with FZD8, forming multiple hydrogen bonds (yellow dashed lines). (C) 2D interaction map of
amino acid residues at different sites of RL-QN15 with amino acid residues of FZD8. (A) represents FZD8, (B) represents RL-QN15. (D) Representative
images of immunofluorescence for co-localization of FZD8 and RL-QN15 in hESCs. FITC-labeled RL-QN15 (green), FZD8 (red), DAPI (blue). The white
arrows indicated the representative binding sites of FZD8 and RL-QNI15. Scale bar: 20 pm.

in the Ipafricept + RL-QN15 group compared to the RL-QN15
group (Figure 7C,D), indicating that Ipafricept substantially
inhibited RL-QN15-induced re-epithelialization. Furthermore,
on postoperative day 7, the RL-QN15 group had a thinner
neo-epidermal layer compared to the vehicle group, while the
Ipafricept + RL-QNI15 group had a thicker layer compared to
the RL-QNI15 group (Figure S5A,B). These findings suggested
that RL-QN15 might facilitate the healing of full-thickness cor-
tical wounds through interactions with FZD8, while Ipafricept
significantly impeded this process. To clarify the role of Wnt/g-
catenin signaling pathway activation in wound healing following
the binding of RL-QN15 to FZD8, skin tissue specimens were
collected from mouse wounds on postoperative day 7 for western
blotting of key signaling components. The analysis revealed
that the protein levels of S-catenin, FZD8, and TCF7L2 were
notably higher in the RL-QN15-treated group than in the vehicle
group but were substantially suppressed by Ipafricept treatment.
Our findings indicated that TCF7L2 primarily exists in its acti-
vated form (79 kDa) within skin wound tissue (Figure 7E,F).
Additionally, the migration-related protein MMP3 was signif-
icantly elevated after RL-QN15 treatment but was markedly
reduced after Ipafricept administration (Figure 7E,F). These
results implied that Ipafricept competes with FZDS8 for binding

to RL-QN15, thereby inhibiting their interaction and counter-
acting the activation of the Wnt/B-catenin signaling pathway by
RL-QNI5.

To ascertain whether RL-QN15-mediated activation of the Wnt/f-
catenin pathway in mice augmented the proliferation, migration,
and stemness of ESCs, skin tissue was harvested from mouse
wounds on postoperative day 7 and subjected to immunoflu-
orescence staining of frozen sections. We then evaluated the
abundance of proliferating and migrating ESCs in the wounded
skin and our results indicated that the RL-QN15 group exhibited
a substantial increase in the proportion of CK19*KI67t and
ITGB1*KI67" cells compared to the vehicle group, with per-
centages rising from approximately 30% to roughly 80%. This
suggested that RL-QN15 promoted ESCs proliferation in wounded
skin. Conversely, the combination of Ipafricept and RL-QN15 led
to a notable decrease in the proportion of these cells compared to
the RL-QNI15 group, with percentages dropping from 80% to 55%
(Figure 8A-C). Furthermore, compared to the vehicle group, the
RL-QN15 group demonstrated a significant rise in CK19*MMP3*
and ITGBI"MMP3* cells, with percentages increasing from 25%
to 60%. This suggested that RL-QN15 significantly enhanced ESCs
migration in skin wounds. These findings were corroborated

8 0f18
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FIGURE 5 | Effects of Ipafricept on proliferation, migration, and scratch repair ability of RL-QN15-treated hESCs. Quantitative assessment of the

impact of Ipafricept on the RL-QN15-induced hESCs proliferation and viability (n = 5). (B,C) Representative photographs and quantitative analysis of
EdU positive cells (red) in hESCs treated with Ipafricept in 10 nM RL-QNI1S5, respectively (n = 3). Scale bar: 50 um. (D,E) Representative images and
quantitative analysis of hESCs migration following RL-QNI15 treatment with or without Ipafricept (n = 5). Scale bar: 50 um. (F,G) Representative images
and quantitative analysis showing the effects of RL-QN15 on hESCs scratch repair in the presence or absence of Ipafricept (n = 5). Scale bar: 100 um. All
data were expressed as mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

by western blotting results showing increased MMP3 protein
expression in tissues (Figures 7E,F and 8D-F). However, the
combination of Ipafricept and RL-QN15 resulted in a notable
reduction in the proportion of CK19*MMP3* and ITGB1* MMP3*
cells compared to the RL-QN15 group, with percentages decreas-
ing from approximately 60% to around 45% (Figure 8D-F).
Concurrently, the count of ESCs (CK19"/ITGB1* cells) in five
microscopic fields per mouse was notably higher in the RL-
QN15 group compared to the vehicle group, but decreased after
Ipafricept intervention (Figure 8A,D; Figure S5C,D). In conclu-
sion, RL-QN15 activated the Wnt/S-catenin signaling pathway
during skin wound healing in mice by binding to the membrane
receptor FZDS, thereby enhancing ESCs proliferation, migration,
and stemness, and ultimately facilitating wound healing.

3 | Discussion

Currently, small molecule compounds and growth factors dom-
inate pharmaceutics used in wound healing. Nevertheless, the
inherent limitations have hampered their application [58]. Hence,
skin wound repair remains challenging, the existing medications
struggle to meet rising clinical demands. Peptide drugs have
gained prominence due to their significant advantages [21, 59,
63]. Our research group has previously identified several wound
healing peptides from amphibians [18, 64, 65], a renowned source
of active peptides, such as RL-RL10, OA-GP11 [66], OA-GL17d
[67], and RL-QN15 [10]. Among them, RL-QN15 shows remark-
able efficacy in healing acute and chronic wounds, skin fibrosis,
and oral ulcers, possessing great potential as a new type of wound
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FIGURE 6 | Effects of Ipafricept on Wnt/g-catenin signaling pathway, proliferation, migration, stemness and EMT-related protein expression in

RL-QNI15-treated hESCs. (A,B) Effects of Ipafricept on protein expression of key members of the Wnt/3-catenin signaling pathway (8-catenin, FZD8
and TCF7L2), proliferation-related (CCND1 and PCNA), stemness-related (CK19, CK14, and LGR4) and EMT-related proteins (CDH1, CDH2) in 10 nM
RL-QN15-treated hESCs. GAPDH and ACTB were used as internal references. (C) Effects of Ipafricept on MMP3 secretion in 10 nM RL-QN15-treated
hESCs. All data were expressed as mean + SD (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance.

healing promoting drug. However, the mechanism of RL-QN15 in
promoting wound healing remains poorly understood, impeding
its clinical candidacy. ESCs are the most crucial functional
cells for skin tissue damage repair. Regulating the functions of
ESCs, particularly proliferation and migration, notably enhance
wound healing [25, 26, 30, 31, 68, 69]. The rapid proliferation
and migration of ESCs are vital for wound closure and the
restoration of normal skin function. Hence, this study aims to
investigate the novel mechanism of amphibian-derived peptide
RL-QN15 in promoting wound healing from the fresh perspective

of ESCs, filling the gap in the regulation of ESCs function by
amphibian-derived peptides.

Our in vitro experiments demonstrated that RL-QN15 notably
enhanced hESCs proliferation, migration, stemness, and EMT
by activating the Wnt/B-catenin signaling pathway. The Wnt
signaling pathway in wound tissue is intricately associated with
cell proliferation, migration, polarity, and the maintenance of
stemness [70]. Modification of the Wnt/S-catenin signaling path-
way is pivotal in the molecular mechanism underlying atypical
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mice. GAPDH was used as internal references. (n = 3). All data were expressed as mean =+ SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

wound healing and scar formation. We innovatively explored the
role of the Wnt/S-catenin signaling pathway in wound repair
through the specific regulation of ESCs. As a key member of
the frizzled protein family, the FZDS8 receptor plays a significant
role in the Wnt/B-catenin signaling pathway. Although previous
studies have found that elevated expression of FZD8 can promote
the activation of Wnt/S-catenin signaling pathway [71, 72], the
effect of FZD8 on ESCs function remains unexplored. Our results
revealed that RL-QN15 interacted with FZD8 receptor located in
the membranes of hESCs via electrostatic interactions to form
a stable complex and further activate Wnt/g-catenin signaling
pathway. However, Ipafricept, competing with FZD8 for RL-QN15
binding, inhibited the activation of RL-QN15-mediated Wnt/3-

catenin signaling pathway and further disrupted the biological
processes of proliferation, migration, stemness, and EMT of
hESCs. These results regarding the involvement of FZDS8 in
regulating hESCs function represent a novel discovery in the field.

As a key member of the MMP family, the MMP3 promoter
contains TCF binding sites, rendering it a potential target
for B-catenin/TCF interaction [73]. Our findings indicated that
the activation of the Wnt/B-catenin pathway induced by RL-
QN15 was accompanied by a significant up-regulation in MMP3
expression. Studies have demonstrated that the non-catalytic
HPX domain of MMP3 binds to and inactivates the non-
canonical Wnt ligand Wnt5b, thereby promoting activation of the
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FIGURE 8 | Theeffectof RL-QN15and Ipafricept on ESCs proliferation and migration in mouse skin wounds. (A) Representative image of effects of

Ipafricept and RL-QNI15 on protein expression of CK19, ITGB1, and KI67 in mouse skin wounds by immunofluorescence staining of frozen sections. Insets
showed the higher magnification of representative area indicated by squares. Scale bar: 10 pm. (B,C) Percentage of proliferating ESCs in skin wound
tissue from four groups of mice, with five fields per mouse randomly selected to calculate percentage of CK19*KI67+/CK19*tand ITGB1TKI67"/ITGB1*
cells. (D) Representative images of effects of Ipafricept and RL-QN15 on protein expression of CK19, ITGB1, and MMP3 in mouse skin wounds by
immunofluorescence staining of frozen sections. Insets showed the higher magnification of representative area indicated by squares. Scale bar: 10 um.
(E,F) Percentage of migrating ESCs in skin wound tissue from four groups of mice, with five fields per mouse randomly selected to calculate percentage

of CK19*MMP3*/CK19* and ITGB1*MMP3*/ITGB1" cells. All data were expressed as mean + SD (n = 3), **p < 0.01, ***p < 0.001, ****p < 0.0001.

Wnt/f-catenin signaling pathway in breast stem cells [74], imply-
ing that elevated expression of MMP3 may further promote
Wnt/B-catenin signaling pathway activation in hESCs. CDHI1
(E-cadherin) can be hydrolyzed by MMP3, thereby reducing
cell adhesion and promoting cell migration [75]. In hESCs
treated with RL-QN15, a significant decline in CDH1 (E-cadherin)
expression and a considerable increase in CDH2 (N-cadherin)
expression were observed, indicating the occurrence of EMT,
which is a crucial part in wound healing. The activation of the
Wnt/B-catenin signaling pathway mediated by RL-QN15 and its
binding to FZDS are instrumental in initiating EMT. Cadherins
are transmembrane adhesion molecules, and their cytoplasmic
segments bind to various molecules, including p120-catenin, -
catenin, and a-catenin, forming the cadherin-catenin complex

[76]. This complex plays a pivotal role in cell adhesion and
interaction and regulates the Wnt/3-catenin signaling pathway by
sequestering -catenin to the cell membrane [77]. The reduction
in E-cadherin expression not only leads to the separation of
B-catenin from the complex and its nuclear translocation to
initiate LEF/TCF-mediated transcription and activate Wnt/(3-
catenin signaling pathway further, but also triggers an increase
in N-cadherin expression and the initiation of the EMT process
[76, 78]. Increased N-cadherin expression results in the accu-
mulation of S-catenin on the cell membrane, thereby reducing
the nuclear Wnt/f-catenin signaling [79], potentially serving
as one of the mechanisms to restrict RL-QN15-induced Wnt
signaling pathway overactivation and ESCs functions overregu-
lation, ensuring normal skin structure and less scarring during
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RL-QN15-mediated wound healing. Previous studies have shown
that EMT is activated during wound healing, and Wnt/3-catenin
signaling pathway can trigger EMT [80], furthermore, FZD8 is
linked to the expression of genes associated with EMT [81], which
are highly consistent with our findings.

Based on the aforementioned in vitro experimental findings,
we confirmed the interaction between RL-QN15 and FZD8 and
effects of their binding on ESCs function and wound healing by
utilizing full-thickness skin wound model in mice. The results
indicated that the ability of RL-QNI15 to promote wound epithe-
lialization and healing is impaired by Ipafricept. Meanwhile,
consistent with in vivo findings, the improvements in the prolif-
eration, migration, and stemness of ESCs mediated by RL-QN15
were also reversed by Ipafricept. These data indicate that RL-
QN15, both in vitro and in vivo, promotes Wnt/S-catenin signaling
pathway activation by binding with FZD8 and enhances the
proliferation, migration, and stemness of ESCs further, thereby
expediting wound healing. This study is the first report to
demonstrate that FZD8 is directly involved in wound healing.

In summary, our study demonstrated that RL-QNI15 activates the
Wnt/B-catenin signaling pathway by binding to FZD8 membrane
receptor both in vitro and in vivo. This activation elevates
proliferation-related target genes expression, such as MYC and
CCND]J, facilitating ESCs replication. The enhanced expression of
target gene MMP3 promotes ESCs migration and activates Wnt/3-
catenin signaling pathway further. Notably, MMP3 mediated
E-cadherin hydrolysis allows S-catenin nuclear entry, activating
Wnt/B-catenin signaling pathway and further stimulating EMT
and promoting the proliferation, migration, and stemness of ESCs
in turn. Through the above mechanisms, RL-QN15 achieves the
efficacy of facilitating wound healing. These findings uncover a
novel mechanism by which amphibian-derived peptides acceler-
ate skin wound healing via ESC regulation, identifying FZDS8 as
a new target for skin trauma treatment. In addition, unlike Wnt
proteins with limited expression, solubility, and in vivo pharma-
cokinetics [82], RL-QN15 may serve as a natural FZD8-selective
Wnt surrogate that binds to FZD8 to activate the Wnt/B-catenin
signaling pathway and holds broad clinical application prospects.

Despite these findings, several issues remain unresolved in our
study. For instance, the precise mechanism by which RL-QN15
elevates FZD8 expression remains unclear. Related studies will
more comprehensively reveal the regulatory mechanism of RL-
QNI15 on the function of ESCs and enrich our understanding of
amphibian-derived peptides. ESCs treated with RL-QN15 com-
bined with MSAB/Ipafricept exhibited enhanced proliferation,
migration, stemness, and EMT compared to the vehicle group.
Similarly, wounds treated with RL-QN15 combined with Ipafri-
cept healed faster than those in the vehicle group, suggesting
that RL-QN15 may activate additional signaling pathways beyond
the Wnt/B-catenin signaling pathway. The potential interplay
and cooperation between these pathways in ESCs regulation and
wound healing warrant further exploration. In addition, ESCs
hold significant prospects in skin trauma treatment. At present,
autologous transplantation is the preferred clinical treatment for
skin injury [83]. However, the low ESCs content often leads
to clinical implantation of autologous epidermal grafts (CEA)
failure. Enhancing ESCs could improve skin substitutes and
CEA transplantation efficacy [84-87]. Given that RL-QN15 has

been shown to promote ESCs proliferation and migration, it
may reduce the CEA production time. Future research should
explore the combination of RL-QN15 and biomaterial scaffolds to
accelerate the tissue-engineered skin development.

4 | Methods
4.1 | Cell Culture and Phenotype Identification

The hESCs were cultured following previously published studies
[27, 44, 88], with some adjustments. Briefly, the cells were culti-
vated in serum-free EpiLife medium (Gibco, USA) supplemented
with HKGS (Thermo, USA). The culture flasks were coated
with collagen IV (Sigma, USA). Flow cytometry was used to
identify cell identity. Briefly, after fixation, permeabilization,
and blocking, cells were incubated with CK19 and ITGS1 for
30 min, followed by secondary antibodies for 30 min. Fluorescent
signal detection was performed using flow cytometry. Primary
antibodies included CK19 (Abcam, UK) and ITGfSl (Abcam,
UK) and fluorescent secondary antibodies included CoraLite483
conjugate goat anti-mouse IgG (H+L) (Proteintech, USA) and
Cy3-conjugated Affinipure goat anti-rabbit IgG (H+L) (Protein-
tech, USA). Positive cell percentages were analyzed using FlowJo
software.

4.2 | Cell Proliferation

The effect of RL-QN15 (Purity > 98%, Wuhan Tanda Biotechnol-
ogy Co., LTD) on hESCs proliferation was assessed using MTS
assay and EDU staining. For MTS assay, the hESCs were seeded
in collagen I'V-coated 96-well plates and cultured with or without
MSAB (methyl 3-(4-methylphenylsulfonamido)benzoate) (10 uM,
MedChemExpress, USA) and Ipafricept (10 ug mL™!, MedChem-
Express, USA) in different concentrations of RL-QN15. As a
vehicle group, the same amount of EpiLife medium was added
without any other substances. After 1, 2, 3, and 4 days, 20 uL MTS
solution (Promega, USA) in CellTiter 96AQueous One Solution
kit was introduced into each well. After 4 h of incubation, the
absorbance value of each sample in the groups was then measured
using a microplate reader (Spectra Max 190, USA) at 490 nm.

For EDU staining, the hESCs were seeded on collagen IV-
coated cell climbing sheets and cultured with or without MSAB
(10 uM, MedChemExpress, USA) and Ipafricept (10 ug mL™,
MedChemExpress, USA) in RL-QNI15 (10 nM). After incubation
with EDU (Beyotime, China) at 10 uM for 2 h, the cells were
fixed and permeabilized. Subsequently, 0.5 mL of Click working
solution was introduced into each well, followed by 30 min of
incubation. Hoechst 33342 dye was employed for the visualization
of cell nuclei. The slides were then mounted using 80% glycerol.
Fluorescence microscopy was employed to observe the positive
cells. ImageJ software was utilized to assess the proportion of
actively dividing cells.

4.3 | CellCycle

The cell cycle was determined by DNA content quantification
analysis. The hESCs were cultured in 6-well plates coated with
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collagen IV and randomly set as the vehicle group and RL-QN15
(10 nM) group. After 56 h and 3 days of cultivation, the cells
were collected and fixed in cold anhydrous ethanol overnight
at 4°C. Flow cytometry was employed to identify fluorescence
signals after incubation with propidium iodide staining solution
in a light-restricted environment for 30 min. FlowJo software was
utilized for evaluating the cellular distribution at each phase.

4.4 | Cell Scratch Assay

The impact of RL-QN15 on the scratch healing capability of
hESCs was evaluated using a cell scratch assay. hESCs were
seeded in 24-well plates coated with collagen IV, and incubated
with EpiLife complete medium containing 1% HKGS for 12 h.
Subsequently, hESCs were transitioned to EpiLife medium devoid
of any additives and cultured until reaching approximately 90%
confluence. To inhibit cell proliferation, 8 pyg mL~' mitomycin
(Sigma, USA) was administered at 37°C for 4 h. The sterile
pipette tip (Axygen, USA) was utilized to scrape the cells, creating
mechanical wounds. Cells were cultured with or without MSAB
(10 uM, MedChemExpress, USA) and Ipafricept (10 ug mL™,
MedChemExpress, USA) in different concentrations of RL-QNI15.
The photographs were captured at 0, 12, 24, 36, and 48 h to assess
the scratch repair rate.

4.5 | Cell Migration Assay

The migration chambers equipped with a polycarbonate mem-
brane having a pore size of 8 ym (Corning, USA) were used
to assess the influence of RL-QN15 on the migratory ability of
hESCs. Cells were suspended in EpiLife medium (without HKGS)
and 100 pL cell suspension was added into the upper chamber of
collagen-coated transwell 24-well plates. Then 600 pL. medium
containing RL-QN15 (10 nM) was added in the lower chamber
with or without MSAB (10 uM, MedChemExpress, USA) and
Ipafricept (10 ug mL™, MedChemExpress, USA). After culturing
for 36 h, the cells were stained with a crystal violet staining
reagent at a concentration of 0.1% for 20 min, and then wiped off
the filter membrane surface. Cell migration was examined under
microscope (Leica DM4B, Germany), and five fields of view were
randomly chosen and analyzed.

4.6 | Quantitative Real-Time Polymerase Chain
Reaction (QRT-PCR)

gRT-PCR was used to assess gene expression. Briefly, hESCs
were seeded into collagen-coated 6-well plates and cultured
with or without MSAB (10 uM, MedChemExpress, USA) in
10 nM RL-QNI15. After 3 days, the total RNA extraction kit
(TIANGEN, China) was employed for the isolation of total RNA
from hESCs in each group. The mRNA reverse transcription was
then carried out with the SureScript First-Strand cDNA Synthesis
Kit (GeneCopoeiaTM, USA) and qPCR analysis was conducted
by using BlazeTaq SYBR Green qPCR mix2.0 (GeneCopoeiaTM,
USA). The primer sequences are exhibited in Table S1. GAPDH
was used as an internal reference, and the 2-AACT method was
utilized to ascertain relative expression.

4.7 | Western Blotting

The efficient RIPA lysate (Solarbio, China) was combined with
PMSF (Solarbio, China) at a 100:1 ratio to extract total protein
from cells or mouse wound tissues. The Bradford method (BCA
protein analysis kit, Solarbio, China) was utilized to quantify the
extracted proteins. Subsequently, the proteins were mixed with
4x loading buffer at a 1:4 volume ratio and denatured at 95°C
for 15 min. Equal amounts of proteins (20-30 pg) were then
separated by 10% SDS-PAGE gel and transferred onto 0.45 ym
PVDF membrane via a semi-dry method. Blots were treated
with 5% non-fat dried milk for 2 h at room temperature, then
incubated with primary antibodies at 4°C overnight (for at least
16 h), and with secondary antibodies for 1 h at room temperature.
The primary antibodies included: anti-active S-catenin (Cell
Signaling, USA), anti-CDH2 (Proteintech, USA), anti-TCF7L2
(Cell Signaling, USA), anti-MMP3 (Proteintech, USA), anti-FZD8
(Proteintech, USA), anti-CCNDI1 (Proteintech, USA), anti-MYC
(Proteintech, USA), anti-PCNA (Proteintech, USA), anti-CDH1
(Proteintech, USA), anti-LGR4 (Proteintech, USA), anti-CK14
(Proteintech, USA), anti-GAPDH (Proteintech, USA), and anti-
ACTB (Proteintech, USA). The secondary antibodies consisted
of HRP-conjugated Affinipure Goat Anti-Rabbit IgG(H+L) (Pro-
teintech, USA) and HRP-conjugated Affinipure Goat Anti-Mouse
IgG (H+L) (Proteintech, USA). The ECL kit (Biosharp, China)
was responsible for the formation of bands, which were then
exposed using the Gel imaging instrument (BIO-RAD, Chemidoc
XRS+, USA). The Image Lab software (BIO-RAD, USA) was
employed to analyze the protein bands, and quantitative analysis
was conducted using GraphPad Prism 7.

4.8 | Molecular Docking

The interaction between RL-QN15 and FZD8 was explored via
molecular docking. Briefly, using the i-Tasser online server
(https://zhanggroup.org/I-TASSER), the three-dimensional (3D)
structure of FZD8 was constructed. To simulate the structure
of peptide ligands, the PEP-FOLD3 online server (https://
bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/)  was
employed, generating RL-QNI15 for subsequent protein-peptide
docking using the Z-dock server (https://zdock.umassmed.
edu/). The conformation with the highest score was chosen,
amberl8 software package was used to simulate the molecular
dynamics of the protein-peptide complex. Hydrogen atoms and
antagonistic ions were added to neutralize the charge. The
MMPBSA.py module was used to ascertain the binding free
energy between the peptide and protein.

4.9 | Co-Localization of FZD8 and RL-QN15

The hESCs were seeded on collagen IV-coated cell-climbing
sheets. After attachment, cells were treated with FITC-labeled
RL-QN15 for 1 h, followed by PBS washing and fixation with 4%
PFA. After blocking with 5% BSA, hESCs were incubated with
FZD8 primary antibody (Proteintech, USA) for 16 h at 4°C, and
then incubated with Cy3-conjugated affinipure goat anti-rabbit
IgG (H+L) (Proteintech, USA) for 1 h. After DAPI staining and
sealing, the co-localization of FZD8 and RL-QN15 was observed
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and analyzed by a laser confocal microscope (SpinSR, Olympus,
Japan).

4.10 | Animal Ethics Statement

All animal care and experiments were performed in accordance
with the ARRIVE guidelines. Male Kunming mice (28-30 g, 6-8
weeks old) were purchased from Hunan SJA Laboratory Animal
Co. (Hunan, China). All animal care and experiments were
approved by the Kunming Medical University Ethics Committee
(approval No.: Kmmu20240247).

4.11 | Establishment and Application of
Full-Thickness Skin Wound Model in Mice

Male Kunming mice (Mus musculus, Kunming strain), weighing
28-30 g and aged 6-8 weeks, were purchased from Hunan
SJA Laboratory Animal Co. (Hunan, China). The mice were
housed in individually ventilated cages (FENGSHI, China) at
the animal facility of Kunming Medical University, given ad
libitum access to food and water, and maintained under a 12-h
light/dark cycle. A full-thickness injured skin wound model was
established in mice to evaluate the therapeutic efficacy of RL-
QN15 (50 nM) and the influence of Ipafricept on wound healing
[10]. After 1 week of acclimation, the mice were anesthetized by
intraperitoneal injection of 1% sodium pentobarbital (0.1 mL/20 g
body weight). The dorsal hair of the mouse was shaved, and the
skin was disinfected with a 70% ethanol swab to prepare for the
creation of a standardized full-thickness cutaneous wound. Two
10 mmx10 mm full-thickness excisional wounds were created on
the back of each mouse. At the end of the surgical procedure,
cages were moved close to a heating apparatus until the mice fully
recovered from anesthesia.

Once the wound model was established, mice were randomly
divided into four groups, each comprising five mice: the Vehicle
group (PBS), the RL-QNI15 group (50 nM), the Ipafricept (10 mg
kg™) + RL-QN15 (50 nM) group, and the Ipafricept (10 mg
kg™) group. RL-QN15 was administered to the wound locally
twice daily. Subcutaneous injections of 10 mg kg™ Ipafricept
were administered at multiple points around the wound on days
0 and 3. The progression of wound healing was monitored by
photographing the wound area every other day.

4.12 | Histological Analysis

On postoperative day 7, mice were euthanized, and the tissue
around the wound, including 2 mm of normal skin, was collected.
After fixation and dehydration, tissues were embedded with OCT
and followed by frozen section. Sections were stained by HE,
and epidermal gap and thickness were calculated for each group.
ImageJ and GraphPad Prism were used to analyze and quantify
the images.

4.13 | Tissue Immunofluorescence Staining

After antigen retrieval, permeabilizing and blocking, the frozen
sections of the specimen were incubated with primary antibody
at 4°C for 16 h, then incubated with secondary antibody for

1 h at room temperature. Then, the sections were rinsed and
subsequently incubated with the second primary antibody and
secondary antibody sequentially. Nuclei were labeled by DAPI
and mounting coverslips with 80% glycerol. Olympus {v1000
laser confocal microscope was used to capture the images,
and FV10-ASW 2.1 software was used to edit and analyze
images. Primary antibodies included: anti-CK19 (Proteintech,
USA), anti-ITGB1 (Santa Cruz, USA), anti-KI67 (Abcam, UK),
and anti-MMP3 (Abcam, UK). The secondary antibodies included
CoralLite488 conjugate Goat Anti-Mouse IgG(H+L) (Proteintech,
USA) and Cy3-conjugated Affinipure Goat Anti-Rabbit IgG(H+L)
(Proteintech, USA).

4.14 | Enzyme-Linked Immunosorbent Assay
(ELISA)

The hESCs were seeded in collagen IV-coated 24-well plates and
cultured with or without MSAB (10 uM, MedChemExpress, USA)
and Ipafricept (10 ug mL™!, MedChemExpress, USA) in RL-QN15
(10 nM) until about 90% confluence. The cell supernatants of each
group were collected and centrifuged at 1 000 xg for 20 min at
4°C. The MMP3 expression levels of each group were determined
using the Human MMP3 ELISA kit (NeoBioscience, China.).

4.15 | Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7.0
software, and all data were expressed as mean + standard
deviation. For comparison of two groups, Student’s t-test was
used. One-way ANOVA followed by Tukey’s post hoc test was
used to compare multiple groups. Two-way ANOVA test was
performed to assess the influence of two factors on the dependent
variable. P < 0.05 was considered statistically significant, and all

experiments were performed in triplicate at least.
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