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Abstract

Background: Keloid scarring is a fibroproliferative disease caused by aberrant genetic activation
with an unclear underlying mechanism. Genetic predisposition, aberrant cellular responses to
environmental factors, increased inflammatory cytokines and epithelial-mesenchymal transition
(EMT) phenomena are known as major contributors. In this study, we aimed to identify the
molecular drivers that initiate keloid pathogenesis.

Methods: Bulk tissue RNA sequencing analyses of keloid and normal tissues along with ex vivo and
in vitro tests were performed to identify the contributing genes to keloid pathogenesis. An animal
model of inflammatory keloid scarring was reproduced by replication of a skin fibrosis model with
intradermal bleomycin injection in C57BL/6 mice.

Results: Gene set enrichment analysis revealed upregulation of Wnt family member 5A (WNT5A)
expression and genes associated with EMT in keloid tissues. Consistently, human keloid tissues
and the bleomycin-induced skin fibrosis animal model showed significantly increased expression
of WNT5A and EMT markers. Increased activation of the interleukin (IL)-6/Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) pathway and subsequent elevation of EMT
markers was also observed in keratinocytes co-cultured with WNT5A-activated fibroblasts or keloid
fibroblasts. Furthermore, WINT5A silencing and the blockage of IL-6 secretion via neutralizing IL-
6 antibody reversed hyperactivation of the STAT pathway and EMT markers in keratinocytes.
Lastly, STAT3 silencing significantly reduced the EMT-like phenotypes in both keratinocytes and
IL-6-stimulated keratinocytes.

Conclusions: Intercellular communication via the WNT5A and STAT pathways possibly underlies
a partial mechanism of EMT-like phenomena in keloid pathogenesis. IL-6 secreted from WNT5A-
activated fibroblasts or keloid fibroblasts activates the JAK/STAT signaling pathway in adjacent
keratinocytes which in turn express EMT markers. A better understanding of keloid development
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and the role of WNT5A in EMT will promote the development of next-generation targeted

treatments for keloid scars.

Key words: Keloid, Wnt family member 5A, Interleukin-6, JAK/STAT pathway, Epithelial-mesenchymal transition, Scar, Epithelial

mesenchymal transition

Highlights

* This study shows that keloid scarring is associated with activation of the WNTS5A gene and the IL-6/JAK/STAT pathway.
¢ Intercellular communication via the WNTSA and STAT pathways possibly underlies the EMT-like phenomenon in keloid

pathogenesis

* IL-6 secreted from WINTSA-activated fibroblasts or keloid fibroblasts might be a factor inducing adjacent keratinocytes to

express EMT-like phenotype markers in keloid scars.

Background

During epithelial-mesenchymal transition (EMT), epithelial
cells can acquire remarkable cell plasticity and differenti-
ate into various mesenchymal cells [1]. Keloid scars are
benign dermal fibroproliferative lesions that are unique to
humans [2]; however, their locally invasive behavior some-
what resembles that of neoplastic tumors [3]. It has been
suggested that their recurrence and invasiveness may involve
aberrant genetic activation of EMT during the abnormal
wound-healing process [4-6]. Upon EMT activation, epithe-
lial cells acquire a spindle-shaped morphology and increase
the expression of mesenchymal markers, such as neural cad-
herin (N-cadherin), slug, vimentin, ¢-smooth muscle actin
(-SMA) and fibronectin [7]. This phenomenon has been
observed in many physiological processes, including embryo-
genesis, inflammation and wound healing [8]. During patho-
logic transition of epithelial cells into mesenchymal cells,
dissolution of cell—cell junctions, loss of apical-basal polarity,
reorganization of cytoskeletal architecture and the degra-
dation of extracellular matrix (ECM) proteins that enables
invasive behavior can occur [9]. Numerous studies have
suggested that abnormal EMT-like phenotypes are observed
in the development of keloid scars [3,6,8,10]. Because keloid
scars result from abnormal fibrosis that extends beyond the
original skin-injury site, EMT might play a role in their
development and aggravation [11,12].

Zhang et al. [13] have previously described a population of
self-renewing keloid-derived precursor cells expressing mes-
enchymal and embryonic stem cell markers driven by inter-
leukin (IL)-6/IL-17-mediated inflammation. The expression
of IL-6, a pro-tumorigenic cytokine, is frequently elevated in
keloid fibroblasts (KFs) [14]. Interestingly, not only IL-6 but
also its second messengers, Janus kinase (JAK)/signal trans-
ducer and activator of transcription (STAT)3, are elevated in
keloids and potentially contribute to tumorigenesis [15,16].
The IL-6/JAK/STAT3 pathway is a key mechanism in EMT
pathogenesis seen in other organ systems. IL-6-dependent
STAT3 activation positively regulates transforming growth
factor (TGF)-B1-induced EMT and invasion in hepatocellular
carcinoma. Furthermore, IL-6 promotes EMT by activating
the JAK/STAT pathway, thereby causing fibrotic injury of
the peritoneal membrane [17]. A recent transcriptome and

open-chromatin analysis suggested that the STAT3 and WNT
signaling pathways are both independently involved in keloid
pathogenesis [18].

Wnt family member SA (WNTSA) is a secreted growth
factor in the non-canonical Wnt family. In liver myofibrob-
lasts, WNTSA knockdown reduces production of IL-18 and
IL-6 and the matrix proteins collagen types I and III, whereas
its overexpression increases the expression of these factors
[19]. WNTSA is substantially upregulated in activated liver
myofibroblasts [20] and its expression during fibrosis is
associated with myofibroblast proliferation and migration
and ECM protein production [21]. Moreover, a previous
study showed that WNTSA mRNA and protein levels are
increased in KFs relative to those in normal fibroblasts [22].
In the present study, we examine the intricate relationship
between WNTSA signaling and the JAK/STAT pathway in
keloids and propose potential treatment targets for suppress-
ing pathogenic fibrosis of the skin.

Methods

Patient samples

Keloid tissues from 11 patients with active-stage keloids and
undergoing surgical excision, and three normal skins from
remnant tissues after breast reconstruction surgery at the
plastic and reconstructive surgery department in Yonsei Uni-
versity College of Medicine, were harvested after obtaining
informed consent according to the protocol approved by
the Institutional Review Board of Yonsei University Hospital
(IRB No. 4-2017-0259, 4-2021-0262; Table 1). The keloid
patients enrolled in the study had either a family history
of keloid scars or a past history of keloid formation after
traumay; their scar types were clinically evaluated by both the
plastic surgeon and the dermatologist to be defined as keloids,
which showed extension into normal adjacent scars, and
prolonged inflammation of the epidermis without resolution
of the scar proliferation and inflammation within 1 year.
The scars were identified as in their ‘active stage’, since all
patients complained of itching, stinging and painful sensation
of the lesion; the scars also had either spread in size or
were accompanied by new adjacent keloid scar formation. All
experiments involving humans adhered to the Declaration of
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Table 1. Clinical information of keloids and normal skin tissues

Sample ID Cohort Gender Race Site Experiment type
Healthy 1 Public #1 Female Caucasian Lower back RNAseq

Healthy 2 Public #1 Male Caucasian Lower back RNAseq

Healthy 3 Public #1 Male Caucasian Lower back RNAseq

Healthy 4 Public #1 Female Caucasian Lower back RNAseq

Healthy 5 public #1 Male Caucasian Lower back RNAseq

Healthy 6 Public #1 Female Caucasian Lower back RNAseq

Healthy 7 Public #1 Male Caucasian Lower back RNAseq

Keloid 1 Yonsei Female Asian Neck RNAseq, IHC, IF
Keloid 2 Yonsei Female Asian Lower abdomen RNAseq, IHC, qRT-PCR
Keloid 3 Yonsei Female Asian Earlobe RNAseq, IHC, qRT-PCR
Keloid 4 Yonsei Female Asian Anterior chest RNAseq, qRT-PCR
Keloid 5 Yonsei Female Asian Lower abdomen RNAseq

Keloid 6 Yonsei Female Asian Earlobe RNAseq

Keloid 7 Yonsei Female Asian Earlobe RNAseq

Keloid 8 Yonsei Female Asian Forearm RNAseq

Keloid 9 Yonsei Female Asian Upper arm RNAseq

Keloid 10 Yonsei Male Asian Anterior chest Cell isolation
Keloid 11 Yonsei Female Asian Earlobe Cell isolation
Normal 1 Yonsei Female Asian Anterior chest IHC, qRT-PCR, IF
Normal 2 Yonsei Female Asian Anterior chest IHC, qRT-PCR
Normal 3 Yonsei Female Asian Anterior chest IHC, qRT-PCR

Information for a publicly available normal skin cohort (public #1) along with the in-house-generated keloid tissues and normal tissues are provided. Detailed

patients’ demographic information for public #2 cohort (normal skin tissues) was not provided by the authors to protect patients’ identities. The raw data are

available in the ArrayExpress database (Accession number E-MTAB-5678). RNAseq RNA sequencing, IHC immunohistochemistry, IF immunofluorescence

Helsinki. Tissue specimens from patients who underwent scar
treatments within the previous 6 months were excluded from
the study.

Sample selection and RNA sequencing

We analyzed a newly generated in-house dataset for 9 Asian
keloid tissues (Sample ID: Keloid 1-9; Table 1) and two
publicly controlled datasets from the Sequence Read Archive
containing data for 11 normal skin samples. To address
the collinearity problem from utilizing multiple datasets, we
modified the scBatch method [23] to correct the quantile
distribution from distinct batch blocks in a sample-distance
matrix. Sample distances were measured as a correlation
with the expression matrix of housekeeping genes. Genes that
differed significantly between keloids and normal tissues were
identified using DESeq2 version 1.26.0. Pathway analysis
using gene set enrichment analysis (GSEA; v2.07; Broad
Institute, Cambridge, MA, USA) was performed. The in-house
data set for the keloid tissue samples is publicly available
under accession number GSE173900.

Sequencing was performed by the Genomics Core at Avi-
son Biomedical Research Center, Yonsei University. Total
RNA was isolated from the 9 human keloid tissue samples
using the RNeasy mini kit (Qiagen, Hilden, Germany) accord-
ing to a standard extraction protocol. Tissue samples for
analysis were obtained from the margin of the lesion via
3-mm-diameter skin-punch biopsy. RNA sequencing (RNA-
seq) libraries were constructed using a SureSelect RNA-seq
library prep kit (Agilent Technologies) and sequenced in 100-
bp paired-end mode on a NextSeq550 platform (Illumina).
Two public data sets were assessed from the SRA database

to establish a dataset of 11 normal tissue samples as a
control. Raw data (FASTQ files) from 7 healthy skin biop-
sies sequenced on the NextSeq500-platform (generating 800
million total reads) were downloaded from the SRA database
(accession no. SRP227263). Another raw dataset (FASTQ
files) was assessed from 4 normal skin tissues sequenced on
the Hiseq2000-platform (accession no. ERP022968). Multi-
ple normal tissue datasets were collected and used as control
data to reduce selection bias from using a single public
dataset.

Total RNA sequencing analysis and modified batch
effect removal

RNA-seq data were analyzed by the Bioinformatics Collabo-
ration Unit, Yonsei University College of Medicine. The in-
house keloid dataset and the public control datasets were
analyzed using an identical RNA-seq analysis pipeline. All
FASTQ reads were trimmed for quality and adapter content
using Trimmomatic v.0.32 [24], and the data were aligned to
the human reference genome (assembly: hg38) using HISAT2
v.2.1.0 [25]. To minimize misalignment with the remaining
rRNA reads, we also removed ribosomal RNA (rRNA) reads
using RSeQC v.2.6.1 [26]. Data were then quantified as
transcripts per million using StringTie v.2.0.6 [27], and raw
read counts retrieved using the Python script available from
StringTie were used as input into the DESeq2 R package.

To address the collinearity problem from utilizing mul-
tiple datasets, we modified the scBatch method [23], an
assumption-free batch-effect correction algorithm, to correct
the quantile distribution from the distinct batch blocks in
the sample-distance matrix. Sample distances were measured
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using correlation with the expression matrix of the house-
keeping genes, which characteristically maintained constant
expression levels under all biological conditions. To adjust for
batch effects, we used 98 housekeeping genes compiled in a
previous study [28].

Differentially expressed gene analysis on DESeq2
Genes that differed significantly in their expression between
the two groups (keloid scars and normal tissues) were iden-
tified using DESeq2 V.1.26.0 from Bioconductor. The count
matrix corrected for batch effect was entered as an input
to DESeq2, and genes with non-zero expression values in at
least three samples from each dataset were extracted. Only
genes exhibiting logarithmic changes (log,) in expression of
>0.5-fold and an adjusted p <0.01 using the Benjamini-
Hochberg procedure were considered differentially expressed
genes (DEGs).

Cell culture and transfection

Experiments were conducted using human primary epidermal
keratinocytes (KCs) (HEKa; ATCC, Manassas, VA, USA),
human dermal fibroblasts (HDFs; ATCC PCS-201-012) and
KFs (ATCC CRL-1762) at passages 2—4. The isolation of
patient-derived keloid KCs (KKs) and KFs was conducted
as previously described [29]. All patient-derived cells
(Sample ID: Keloid 10-11; Table 1) were used up to 2-3
passages for qRT-PCR and enzyme-linked immunosorbent
assay (ELISA). HDFs (5 x 10°) were treated with WNTSA
(250 ng/mL; 645-WN-010; R&D Systems, Minneapolis,
MN, USA) for the times indicated. HEKs (5 x 10°) were
treated with recombinant human IL-6 (50 ng/mL; 206-IL-
010; R&D Systems). Small-interfering (si) RNAs targeting
WNTSA (siWNTS5A) and STAT3 (siSTAT3) were applied
for gene silencing. Cells were transfected either with control
siRNA (D-001810-10-05; Dharmacon, Lafayette, CO, USA),
SIWNTSA (L-003939-00-0005; Dharmacon) or siSTAT3
(6582S; Cell Signaling Technology, Danvers, MA, USA) for
24 h using Lipofectamine (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Neutralizing
monoclonal antibody against human IL-6 (anti-hIL-6-IgG,
mabg-hil6-3; InvivoGen) was used to block the effect of IL-6
secretion on KCs.

Co-culture of HDFs or KFs with KCs

Primary KCs (5 x 10°) were seeded into the lower chamber
and 5 x 10° HDFs or 5 x 10° KFs were seeded into the upper
chamber of a 6.5-mm diameter Transwell separated by a 0.4-
um pore-sized membrane (Corning, Inc., Corning, NY, USA)
and cultured in DMEM. Co-cultures were incubated with
or without WNTS5A (250 ng/mL) for the times indicated.
The supernatant of each stimulation experiment with or
without WNTSA was collected. KCs co-cultured with HDFs
or KFs from the lower chamber were washed three times

Table 2. Primers used in this study

Target gene Primer sequences (5'-3)

WNTSA Forward: TACGAGAGTGCTCGCATCCTCA
Reverse: TGTCTTCAGGCTACATGAGCCG
Forward: AGGCAAAGCAGGAGTCCACTGA
Reverse: ATCTGGCGTTCCAGGGACTCAT
Forward: ATCTGCGGCAAGGCGTTTTCCA
Reverse: GAGCCCTCAGATTTGACCTGTC
Forward: CCTCCAGAGTTTACTGCCATGAC
Reverse: GTAGGATCTCCGCCACTGATTC
Forward:
GCCTCCTGAAAAGAGAGTGGAAG
Reverse: TGGCAGTGTCTCTCCAAATCCG

VIM (vimentin)
SNAI2 (slug)
CDH2 (N-cadherin)

CDHI1 (E-cadherin)

COL1A1 Forward: GATTCCCTGGACCTAAAGGTGC
Reverse: AGCCTCTCCATCTTTGCCAGCA
a-SMA Forward: GCACCCCTGAACCCCAAGGC

Reverse: GCACGATGCCAGTTGTGCCT
IL-6 Forward: AGACAGCCACTCACCTCTTCAG
Reverse: TTCTGCCAGTGCCTCTTTGCTG
Forward: GTCTCCTCTGACTTCAACAGCG
Reverse: ACCACCCTGTTGCTGTAGCCAA

GAPDH

WNTSA Wnt family member 5A, COL1A1 collagen type 1 a1, a-SMA
smooth muscle actin, IL interleukin, GAPDH glyceraldehyde 3-phosphate
dehydrogenase, E-cadherin epithelial cadherin

with phosphate-buffered saline (PBS) and collected for further
experiments.

Animals and replication of a bleomycin-induced skin
fibrosis model

Specific-pathogen-free female C57BL/6 mice (6 weeks old;
20-25 g) were purchased from the ORIENT BIO Animal Cen-
ter (Seongnam-si, Korea). Before the experiment, mice under-
went a 1-week acclimation period. Mice that were 7-12-
weeks old were used in all experiments. Injection of 100 uL
of 1 mg/mL bleomycin sulfate (S1214; Selleckchem, Houston,
TX, USA) or PBS was performed on 1-cm? shaved patches on
the back skins of the mice five times weekly for 3 weeks, as
previously described in a systemic sclerosis skin fibrosis model
[30]. All experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals provided
by the Animal Laboratory Ethics Committee.

RNA isolation and real-time PCR analysis

Total RNA was extracted from cells using RNAiso plus
reagent (#9109; Takara Biotechnology, Shiga, Japan) and
purified using a RNeasy Plus mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. RNA
was reverse transcribed into cDNA using an RNA to cDNA
EcoDry premix kit (Takara Biotechnology). Quantitative
PCR was performed using a QuantStudio 3 real-time PCR
system (Applied Biosystems, Foster City, CA, USA) in 20-
uL reactions containing SYBR Green master mix (Promega,
Madison, WI, USA) and specific primer pairs (Macrogen,
Seoul, Korea). The primer sequences are listed in Table 2.
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Table 3. Immunohistochemistry staining protocols

Target marker Antibody source Antibody
dilution
WNTSA Rabbit polyclonal IgG antibody (ab229220; Abcam, Cambridge, UK) 1:100
N-Cadherin Rabbit monoclonal IgG antibody (#13116S; Cell Signaling Technology, 1:125
Danvers, MA, USA)
Vimentin Mouse monoclonal IgG antibody (ab8978; Abcam) 1:100
a-SMA Mouse monoclonal IgG antibody (ab78171; Abcam) 1:100
E-Cadherin Mouse monoclonal IgG antibody (#14472S; Cell Signaling Technology) 1:100

WNTSA Wnt family member SA, «-SMA smooth muscle actin

mRNA levels were normalized to that of the housekeeping
genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
or beta-actin as indicated in each Figure. Three independent
experiments as technical replicates were performed for
statistical analyses.

Tissue handling and immunohistochemical analysis

The samples were stained with hematoxylin and eosin (H&E)
and Masson’s trichrome (MT) staining kit (ab150686;
Abcam, Cambridge, UK) according to the manufacturer’s
(IHC)
performed on deparaffinized, formalin-fixed tissue sections
(3=5 wm thickness) with the antibodies listed in Table 3.
Protein expression levels on IHC-stained keloid and normal
tissue sections were quantified using Image] software
(National Institutes of Health, Bethesda, MD, USA). All
analyses were performed on stained images obtained from

instructions. Immunohistochemical staining was

three adjacent tissue sections of each study group, and the
average data were statistically analyzed.

Immunofluorescence

Double-immunofluorescence staining of WNTSA (1:200;
ab229220; Abcam) with cytokeratin 14 (1:200; ab9220;
Abcam), CD31 (1:800; #3528; Cell Signaling Technology)
and a-SMA (1:100; 14-9760-82; Invitrogen) was performed
to determine cell localization and differential expression of
WNTSA in keloid and normal tissues. Sections were observed
using fluorescence microscopy (confocal LSM 700; Zeiss,
Oberkochen, Germany).

Proteome profiler human cytokine array and ELISA
The cytokine profile assay was performed using the Pro-
teome Profiler Human Cytokine Array (#ARY0005B; R&D
Systems) according to the manufacturer’s instructions. A
pre-coated human ELISA kit (IL-6; PeproTech, Rocky Hill,
NJ, USA) was used to quantify the IL-6 secretion level in
culture medium. Human protein WNTSA ELISA kit (CSB-
EL026138HU; Cusabio, Houston, TX, USA) was used to
quantify WNTSA secretion from HDFs and KFs.

Western blot analysis

Protein levels were normalized to that of GAPDH or the
ratio of phosphorylated and total isoforms. Antibodies
against WNTSA (ab229200), vimentin (ab8978), a-SMA
(ab7817), collagen type 1 a1 (COL1A; ab260043), STAT3
(ab68153) and phosphorylated (p)-STAT3 (ab76315) were
purchased from Abcam. Antibodies against slug (C79G7),
N-cadherin (#13116), E-cadherin (#14472) and GAPDH
(#2118) were purchased from Cell Signaling Technology.
Antibodies against B-actin (sc-47 778) were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). The optical
densities of bands on the developed film were analyzed using
Image] software.

Statistical analysis

Data are represented as the mean =+ standard deviation. Dif-
ferences between groups of normally distributed data were
analyzed with independent # tests for two-group compar-
isons, and non-parametric variables were compared using
the Mann—Whitney U test. Bleomycin-induced fibrosis assays
were analyzed by repeated-measure analysis of variance, fol-
lowed by post hoc tests via Bonferroni correction. A p < 0.05
was considered statistically significant. SPSS (v.25.0; IBM
Corp., Armonk, NY, USA) was used for all statistical analyses.

Results

RNA sequencing analysis revealed differential
expression of WNT5A and EMT markers between
keloid and normal tissues

We utilized 9 in-house-generated sets of keloid Asian RNA-
seq data and two independent public datasets that included
11 normal skin samples as control data (Table 1). After
removing batch effects, principal component analysis showed
that the two independent public datasets generated from
different batches could be combined. Keloid and normal
samples showed significant dispersion, demonstrating mean-
ingful biological differences (Supplementary Figure 1a-b, see
online supplementary material). Genes differing significantly
between keloid and normal tissues were identified, with
1939 and 1610 upregulated and downregulated genes,
respectively, selected as DEGs (Figure 1a). Among the
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Figure 1. Human keloid tissues show increased expression of WNT5A and EMT markers. (a) Bulk RNA-seq shows upregulation of WNT5A and EMT phenotype
markers in keloid samples. GSEA of RNA-seq reveals significantly enriched gene sets in the (b) EMT and (¢) IL-6/JAK/STAT3 pathways in keloid samples. Keloid
tissues express (d) increased N-cadherin and decreased E-cadherin in the epidermis [scale bars, 100 um (low-power field, LPF) and 50 um (high-power field,
HPF)]. Expression of (e) vimentin and «-SMA mRNA increases in keloid tissues including the reticular dermis [scale bars, 2 mm (LPF) and 250 xm (HPF)].
Expression of (f) WNT5A is significantly increased in keloid tissues [scale bars, 200 um (LPF) and 50 um (HPF)]. The tissue analyses were performed from three
different keloid and normal tissues, with three independent experiments performed as technical replicates. *p <0.05, **p < 0.01, ***p < 0.005, Mann-Whitney
U test. EMT epithelial-mesenchymal transition, GSEA gene set enrichment analysis, LPF low-power field, HPF high-power field

various candidates, WNTSA transcripts were significantly
upregulated in keloids by a logy fold-change of 1.72
before removing batch effects (adjusted p=7.6 x 107'°) and
0.637 after removing batch effects (adjusted p=2.7 x 1077).
Additionally, GSEA allowed visualization of the top 10
pathways with the highest normalized enrichment scores
(NESs) (Supplementary Figure 2, see online supplementary

material). Notably, the HALLMARK EMT pathway gene set
showed the highest NES, containing the most significantly
enriched genes (NES=3.06; p= 1.8 x 107*) and emphasizing
upregulation of EMT-related genes in keloid samples
(Figure 1b). The HALLMARK IL-6/JAK/STAT pathway
gene set revealed a significant NES (NES=1.98, p=0.002)
(Figure 1c).
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Figure 2. Replication of a bleomycin (BLM)-induced fibrosis model in C57BL/6 mice. Daily injection of BLM induces (a) significantly increased dermal thickness
and collagen [scale bars, 200 um from hematoxylin and eosin (H&E) staining and Masson’s trichrome staining (MTS)]. Induction of dermal fibrosis via BLM
injection for 3 weeks causes significantly increased (b) vimentin and (c) slug and N-cadherin expression. (d) WNT5A expression is significantly increased in
the dermis after BLM injection (scale bars, 100 um from immunohistochemical staining). Data are from three independent experiments of at least six mice per
group. *p < 0.05, ***p < 0.01, ***p < 0.005, repeated-measure analysis of variance with Bonferroni’s correction for multiple comparisons. LPF Low-power field,
WNT5A Wnt family member 5A, PBS phosphatebuffered saline, N-CAD N-cadherin

Elevated levels of EMT-like phenotype markers and
WNT5A in human keloid tissue

H&E and MT staining of human keloid tissues showed exces-
sive and thick bundles of collagen fibers and increased dermal
thickness relative to normal skin (Supplementary Figure 3a,
see online supplementary material). Additionally, COL1A1
mRNA level was significantly elevated in keloids (Supple-
mentary Figure 3b). However, IHC staining of N-cadherin
revealed significantly higher expression in keloid epidermis,

whereas E-cadherin showed decreased expression relative
to normal epidermis (p <0.01) (Figure 1d). IHC staining
of vimentin, as well as «-SMA mRNA analysis, revealed
significantly increased levels of both in keloids (p <0.01)
(Figure 1e). Furthermore, IHC staining of WNT5A showed
significantly upregulated expression in keloid tissues, partic-
ularly in the dermis, which agreed with upregulated levels
of WNTS5A mRNA expression in keloids (p < 0.05, p <0.01,
respectively) (Figure 1f).


https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac023#supplementary-data
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8 Burns & Trauma, 2022, Vol. 10, tkac023
a DAPI a-SMA WNT5A Merged
Keloid
Normal
HDF KF
e 3 . = 60~
b 2T E
— & =
55 24 S 40
° 9 s
Q =
WNTS5A s § §
:’:—, 14 5 204
oE <
g2
3= ; g 04 ,
KF HDF KF

Human dermal fibroblasts

C - 2500 Human dermal fibroblasts
s 1 El Keloid fibroblasts
2 2000 3
[7]
b5
- S 1500 2
°
2 1000 4
& = o
Keloid fibroblasts 8 500
=
[--] L. 0
N © ® N

Q
O
N
Ny
00

[9)

Figure 3. KFs express higher levels of WNT5A and pro-inflammatory cytokines relative to normal fibroblasts. (a) Double-immunofluorescence staining of keloid
tissues show elevated WNT5A expression in a-SMA-positive cells in the dermis relative to normal tissues (scale bars, 50 um). In vitro analysis shows (b)
increased gene and protein expression of WNT5A in KFs relative to HDFs (scale bars, 20 um). *p <0.01, ***p <0.005; Mann-Whitney U test. Data are from
three independent experiments. Human cytokine profile array shows (¢) increased CCL-2/MCP-1, IL-6, IL.-8 and CXCL-1 production from KFs relative to HDFs. KF
keloid fibroblasts, HDF human dermal fibroblasts, «-SMA a-smooth muscle actin, CCL2 C-C motif chemokine ligand 2, CXCL-1 C-X-C chemokine ligand 1, IL

interleukin, WNT5A Wnt family member 5A

A bleomycin-induced skin fibrosis mouse model shows
a similar increase in EMT markers and WNT5A

expression as observed in human keloid tissue

We generated an animal model for inflammatory skin fibrosis
by repeated intradermal injection of bleomycin sulfate into
C57BL/6 mice. H&E and MT staining showed sufficient
formation of dermal fibrosis at week 3 accompanied by
an abnormally thick connective tissue layer and increased
collagen (Figure 2a). Additionally, IHC staining showed
significantly increased vimentin expression in bleomycin-
injected fibrotic skin relative to PBS-injected skin (p < 0.005)
(Figure 2b), and gRT-PCR of tissue samples revealed
increased mRNA levels of vimentin, slug and N-cadherin
(p <0.005) (Figure 2b, c). These results confirmed that
bleomycin-induced dermal fibrosis mice expressed increased
EMT markers similar to human keloid tissues. Moreover, we

observed significantly upregulated levels of WNTS5A mRNA
and protein following bleomycin injection, particularly
throughout the dermis (p < 0.005) (Figure 2d).

KFs express increased WNT5A and pro-inflammatory
cytokine levels including IL-6

To determine the skin cell type with the highest differential
expression of WNTSA in keloids relative to normal tis-
sues, we performed double-immunofluorescence staining of
WNTSA and markers of KCs (cytokeratin 14), endothelial
cells (CD31) and fibroblasts (a-SMA). Although the differ-
ential expression of WNTSA between normal and keloid
epidermis was not significant, WNTSA expression within the
dermis was most significantly upregulated in KFs relative
to normal tissues (Figure 3a, Supplementary Figure 4 see
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online supplementary material). Subsequent immunofluores-
cence staining showed notably higher expression of WNTSA
in KFs relative to HDFs (Figure 3b). qRT-PCR revealed signif-
icantly increased WNTSA gene expression level of KFs com-
pared to HDFs; ELISA also showed significantly increased
secretion level of WNTSA from KFs compared to HDFs
(p <0.05, p <0.005, respectively) (Figure 3b). The subse-
quent human cytokine profile array showed that KFs pro-
duced elevated levels of multiple pro-inflammatory cytokines,
including C-C motif chemokine ligand 2 (CCL2), IL-8, C-X-
C chemokine ligand 1 (CXCL1) and IL-6, relative to those in
HDFs (Figure 3c).

IL-6 secreted by WNT5A-stimulated fibroblasts can
increase EMT-like phenotype markers in co-cultured
KCs via the JAK/STAT pathway

The ELISA revealed significantly increased secretion of IL-6
from HDFs treated with WNTSA for 24 and 48 h (p < 0.01)
(Figure 4a). To evaluate the role of IL-6 in EMT, we cul-
tured KCs with or without recombinant IL-6. As the result,
Western blot analysis revealed that IL-6 treatment for 24 h
increased p-STAT, N-cadherin and slug levels in KCs, whereas
E-cadherin level was decreased (Figure 4b). The gene expres-
sion levels in KCs treated with IL-6 for 24 h also showed a
significant reduction in E-cadberin level (p < 0.005), whereas
N-cadberin and vimentin levels were significantly elevated
following IL-6 treatment for 24 h (p < 0.005) (Figure 4c).

To determine the role of WNTSA in keloid formation, we
designed a co-culture system of KCs and HDFs (Figure 5a).
KCs co-cultured with HDFs expressed significantly higher
levels of EMT-like phenotype markers (vimentin, slug and
N-cadberin) when treated with WNTSA for 24 h, whereas
KCs cultured without HDFs did not respond significantly
to WNTS5A stimulation (p <0.01) (Figure 5b). On the
other hand, patient-derived KKs from two different keloid
tissues showed significantly elevated gene expression levels
of vimentin compared to the normal KCs (p <0.005)
(Figure 5¢). Additional western blot analysis revealed
significantly increased levels of p-STAT3/T-STAT3 ratio,
vimentin and slug, and decreased E-cadherin levels in KCs co-
cultured with WNTS5A-activated HDFs (p < 0.05, p <0.01,
respectively) (Figure 5d). Notably, KCs did not express p-
STAT3 with or without stimulation with WNTSA when
cultured without HDFs.

WNT5A knockdown decreases IL-6 production by KFs
and reduces levels of STAT pathway as well as EMT
phenotype markers in co-cultured KCs

We silenced WNTSA to confirm its role in excessive
production of IL-6 in KFs and subsequent EMT activation
by adjacent KCs. Indeed, KFs secreted significantly higher
levels of IL-6 relative to HDFs (p <0.005); following
siWNTSA transfection, KFs showed significantly reduced
IL-6 production (p <0.01) (Figure 6a). qRT-PCR analysis
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of KCs co-cultured with fibroblasts revealed that KCs co-
cultured with WNTS5A-silenced KFs expressed significantly
reduced levels of EMT phenotype markers (a-SMA, vimentin
and N-cadherin) relative to KCs co-cultured with KFs

treated with control siRNA (p <0.005) (Figure 6b—d).
Western blot analysis of KCs also showed significantly
decreased levels of p-STAT3/T-STAT3, a-SMA, N-cadherin
and vimentin when co-cultured with WNTS5A-knockdown
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Figure 6. Effect of WNT5A silencing on IL-6 production and levels of EMT markers. (a) Control KFs produce significantly increased levels of I.-6 compared to
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KFs compared to control siRNA-treated KFs (p <0.005)
(Figure 6e).

In order to confirm the role of IL-6 in initiating the
EMT phenomenon in KCs via the JAK/STAT pathway, we
performed 24 h IL-6 blocking treatment on co-cultured KFs
(1x10°) and KCs (2 x 10°) using 100 ng/ml neutralizing
monoclonal antibody against IL-6. Western blot analysis
showed significantly decreased levels of p-STAT3/T-STAT3
and vimentin in KCs co-cultured with IL-6 neutralizing anti-
body (p < 0.05) (Figure 6f). KCs cultured without fibroblasts
did not express p-STAT, similar to our previous experiment
with HDFs with or without WNTSA stimulation.

STAT3 silencing decreases levels of EMT phenotype

markers in KCs cultured with or without IL-6 stimulation
We further silenced STAT3 to confirm the mechanism involv-
ing the JAK/STAT pathway in KCs undergoing EMT-like
phenotype changes due to IL-6 stimulation. Compared to
the control, KCs (2 x 10°) following siSTAT3 transfection for
24 h showed significantly reduced STAT3 levels (p < 0.005);
stimulation of KCs with 50 ng/mL human recombinant IL-6
significantly increased the expression level of STAT3 in KCs
compared to the control, but it again decreased significantly
upon siSTAT3 transfection (p < 0.005) (Figure 7a). The sub-
sequent analyses of EMT markers from KCs transfected
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with siSTAT3 revealed significantly decreased gene expres-
sion levels of slug, a-SMA and N-cadherin compared to the
control; these EMT phenotype markers again decreased when
treated with siSTAT3 after stimulation with IL-6 (p < 0.005)
(Figure 7b-d).

Discussion

Although the molecular drivers of keloid pathogenesis remain
unclear, in various fibrotic diseases, such as keloid scarring,
disease-specific triggers initiate local site inflammation, which
activates a distinct cell population that drives fibrosis in
susceptible individuals [31]. Here, we analyzed DEGs using
next-generation RNA-seq of keloid and normal tissues to
identify genes contributing to keloid formation and aggra-
vation. Notably, GSEA from tissue RNA-seq revealed that
upregulated genes in keloid tissues were most highly enriched
in the pathway of EMT gene signatures. Additionally, rep-
resentative genes related to EMT, including vimentin, slug,
N-cadherin, and a-SMA and WNT5A were simultaneously
upregulated in keloid tissues.

Keloids only occur in humans, making it difficult to
study disease pathogenesis [32]. Currently available potential
keloid animal models involve keloid reproduction either
by chemical-induced abnormal fibrosis or implantation
of human keloid tissues [33]. In the present study, we
adopted an in vivo skin fibrosis animal model to reproduce
keloid inflammatory conditions by intradermal bleomycin
injection in C57BL/6 mice, as previously described [34].

Bleomycin triggers the production of reactive oxygen species,
which can damage surrounding cells, ultimately recruiting
inflammatory cells and causing aberrant activation of
resident fibroblasts [35]. In the literature, a study on targeting
IL-6 in a bleomycin-induced dermal fibrosis mouse model
via the introduction of monoclonal anti-IL-6R antibody has
shown decreased dermal thickness as well as hydroxyproline
content [36]. Another in vivo study on the intradermal
bleomycin-induced dermal fibrosis mouse model revealed
that the administration of a JAK inhibitor, Tofacitinib,
significantly alleviated fibrosis of the skin; it also suppressed
IL-6-producing effector B cells and gene expression levels
of extracellular proteins and fibrogenic cytokines [37]. A
study on idiopathic pulmonary fibrosis generated a mouse
model of bleomycin-induced lung fibrosis and demonstrated
that WNTSA knock-out in airway smooth muscle leads
to an improved clinical phenotype [38]. In this study,
our intradermal bleomycin-induced dermal fibrosis model
showed significantly increased expression of IL-6, EMT
markers and WNTSA, consistent with results from human
keloid tissue. These results suggest its successful reproduction
of the inflammatory fibrosis condition of keloids and the
possible presence of the WNTSA/IL-6/JAK/STAT pathway
in the bleomycin-induced dermal fibrosis model, further
indicating a potential therapeutic outcome via blocking the
pathway.

We observed that WNTSA transcription was highly upreg-
ulated in keloid tissues. WNTSA activates non-canonical Wnt
pathways, and its overexpression is observed in tumorigenic
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progression by promoting cell motility, EMT and metastasis
[39]. The correlation of WNTSA with increased EMT in
cancer development has been reported previously [40-42].
Additionally, increasing evidence indicates a central role for
Wnt signaling in driving fibrotic responses, including liver,
kidney and lung fibrosis [43—45]. Previous studies have also
suggested a relationship between WNTSA and the fibrogenic
factor TGF-B, necessitating further studies of the functional
role of WNTSA in fibrotic diseases [21,46,47]. Here, the
expression of WNTSA and EMT markers as well as activa-
tion of IL-6/JAK/STATS3 signaling were notably upregulated
in keloid scars. Moreover, KFs expressed higher levels of
WNTSA relative to HDFs.

The role of WNTSA in stimulating the production of
pro-inflammatory cytokines, which drive tumor invasion,
has gained increased attention in the literature. Cytokines
upregulated by WNTSA include IL-1, CXCL8 (IL-8), CCL2
(monocyte chemoattractant protein-1; MCP-1) and IL-6
[39], of which IL-6 overexpression by tumor-associated
fibroblasts was reported in invasive skin lesions, such as
melanoma [48,49]. We also observed increased expression
of CCL-2/MCP-1, CXCL8 and IL-6 in media cultured
with KFs relative to that in media cultured with HDFs.
Furthermore, IL-6 and one of its downstream mediators,
the JAK/STAT3 pathway, are known to be aberrantly
hyperactivated in several cancer types and drive tumor
cell proliferation, invasiveness and EMT [50,51]. Gao
et al. [52] also demonstrated that treatment with IL-
6 induces EMT through the JAK/STAT3 pathway in
hepatocellular carcinoma. In the present study, activation
of the JAK/STAT3 pathway and subsequent elevation of
EMT-like phenotype markers were observed in KCs co-
cultured with WNTS5A-activated fibroblasts or KFs. In
addition, both WNTSA silencing and IL-6 neutralizing
antibody treatment in KFs decreased IL-6 production and
suppressed levels of EMT markers in co-cultured KCs.
Furthermore, KKs as well as IL-6-stimulated KCs showed
increased expressions of EMT-phenotype markers compared
to normal KCs. These results might indicate a partial role
for WNTSA in activating fibroblasts, which abnormally
increase the secretion of IL-6 to adjacent KCs to promote
EMT-like phenomena. Our subsequent siSTAT3 transfection
assay showed significantly reduced expression levels of
EMT markers on KCs treated with IL-6 when STAT3
gene expression was silenced. Hence, these results propose
a possible mechanism involving WNTSA stimulating the
production of IL-6 in KFs, and the successive activation of
the JAK/STAT3 pathway in IL-6-stimulated KCs expressing
EMT-like phenotype markers in keloid scars.

Our study has several limitations. First, although WNTSA
in the skin is known to be primarily expressed in fibroblasts,
it is also expressed in Langerhans cells, endothelial cells, basal
KCs and T-cells [22,53]. Although our immunofluorescence
study revealed that the difference in the degree of WNTSA
expression between normal and keloid tissues differed most
prominently in dermal fibroblasts, further WNTS5A expres-

sion studies on various other types of patient-derived cells
would be informative. Secondly, although the need for an
in vivo animal model of a keloid scar is obvious, keloids
are known to occur exclusively in humans [33]. No other
animal species has been found to naturally develop scar tissue
that can be compared to that of human keloids, making
keloid research difficult. Nonetheless, there have been sev-
eral attempts to understand the pathophysiology of keloid
scars via the application of alternative iz vivo animal mod-
els for studying abnormal tissue fibrosis. For instance, the
bleomycin-induced murine dermal fibrosis model, which is
a well-known animal model for scleroderma, had shown
advantages for studying early inflammatory components of
fibrosis [54]. As seen in many fibrosis cases, including keloids,
there is an inflammatory component that drives fibrosis
in early scar development [55], and the bleomycin-induced
model for skin fibrosis has been previously utilized to recreate
abnormal scar formation and wound healing [54,56-58]. We
adapted the scleroderma animal model to understand the
pro-inflammatory process between fibroblasts and adjacent
epidermal KCs in keloid scars, which in turn display EMT-
like phenotypes in gene expression. As the bleomycin animal
model does not fully encounter several other factors of abnor-
mal wound healing, including hypoxia, genetic susceptibility
and trauma, further research on developing an improved
inherent keloid animal model is necessary [54]. Lastly, the
proposed mechanism of the intercellular communication via
the WNTSA and IL-6/JAK/STAT pathways between KFs
and KKs might only be a partial story in promoting EMT.
Further iz vitro studies on the interaction between various
other types of cells in keloid dermis and epidermis in both
mono- and co-culture systems also need to be performed for
a complete understanding of the mechanism involving EMT-
like phenomena in keloid scars.

Conclusions

To our knowledge, this is the first description of the use of
RNA-seq in human keloid tissue to describe keloid patho-
genesis in a Korean population. Because the need for effective
anti-fibrotic therapies remains high, understanding keloid
pathogenesis and developing targeted therapies is necessary.
This study identified the gene responsible for keloid patho-
genesis (WNTSA) and its possible role in assisting aberrant
activation of dermal fibroblasts and EMT-like phenotype
changes in adjacent KCs via the IL-6/JAK/STAT3 pathway.
Further investigations are warranted to evaluate its potential
role as a keloid biomarker and develop new treatment strate-
gies.
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