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Abstract

Keloid is characterized by fibroblastic cell proliferation and abundant collagen synthesis. Nu-
merous studies have shown that the Wingless type (Wnt) signaling pathways play key roles in
various cellular functions including proliferation, differentiation, survival, apoptosis and migration.
The aim of this study was to clarify the role of Wnt signaling pathway in keloid pathogenesis.
Primary fibroblast cultures and tissue samples from keloid and normal appearing dermis were
used. The expression of Wnt family members, frizzled (FZD)4 receptor, receptor tyrosine ki-
nase-like orphan receptor (ROR)2 and the Wnt signaling downstream targets, glycogen synthase
kinase (GSK)3-B and B-catenin were assessed using semi-quantitative RT-PCR, Western blot, or
immunohistochemical methods. Of the Wnt family members, Wnt5a mRNA and protein levels
were elevated in keloid fibroblasts (KF) as compared to normal fibroblasts (NF). A higher ex-
pression of 3-catenin protein was also found in KF. No detectable levels of FZD4 receptor and
ROR?2 proteins were observed in both NF and KF. Functional analysis showed that treatment of
NF and KF with recombinant Wnt5a peptide resulted in an increase in protein levels of total
B-catenin and phosphorylated -catenin at Ser33/37/Thr 41 but no significant change in phos-
phorylated P-catenin at Ser45/Thr 41 positions. In addition, the expression of total GSK3-3
protein was not affected but its phosphorylated/inactivated form was increased in NF and KF. Our
findings highlight a potential role for a Wnt/B-catenin canonical signaling pathway triggered by
Wntb5a in keloid pathogenesis thereby providing a new molecular target for therapeutic modula-
tions.

Key words: Keloid pathogenesis, wound healing, Wnt signaling, Wnt5a, B-catenin, frizzled4,
ROR2.

Introduction

Keloids are abnormal wound healing lesions of
unknown etiology characterized by fibroblastic pro-
liferation and excessive collagen deposition. Keloids
do not usually regress spontaneously, and they tend
to recur after excision. Many factors such as skin ten-
sion, wound infection, racial difference, and genetic

predisposition have been implicated in the etiology of
keloid lesions (1). Treatment of keloids currently in-
cludes surgery alone or in combination with cortico-
steroids or radiotherapy. In a randomized trial for
keloid therapy, a combination of surgery and radio-
therapy appeared to be more effective (12.5% relapse)
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than that of surgery and corticosteroid injections (33 %
relapse) at 12 months after treatment (2). Recently,
early postoperative electron beam irradiation has
proved to be a well-tolerated and effective method in
reducing the recurrence rate of keloid (3-6). However,
unraveling the mechanism(s) behind the development
of keloids is highly desirable in order to explore ef-
fective modes of therapy and prophylaxis for this le-
sion.

Many studies have shown that the Wingless type
(Wnt) signaling pathway plays a key role in various
cellular functions including proliferation, differentia-
tion, apoptosis, survival, migration, and polarity, by
regulating multiple intracellular signaling cascades (7,
8). These critical roles in development require tight
regulation of this signaling pathway with over or
under expression of target genes resulting in disease
and cancer (9). Cell signaling via the Wnt/FZD
pathway is highly conserved through evolution (10).
The Wnt family is composed of 19 secreted glycopro-
teins (11) that act as ligands for the Frizzled (FZD)
family of receptors (12-16). FZD receptors are mem-
bers of the G protein coupled receptor family and are
found in multiprotein complexes (17, 18). In addition
to FZD proteins, single-pass transmembrane proteins,
such as low-density lipoprotein receptor-related pro-
tein 5 (LRP5), LRP6, receptor tyrosine kinase-like or-
phan receptor 1 (ROR1), ROR2, and atypical tyrosine
kinase receptor (RYK), have been shown to act as Wnt
receptors (19-22). The best characterized example of
Wnt signaling is the Wnt/p-catenin pathway. Tradi-
tionally, Wnt signaling is divided into canonical, i.e.
B-catenin-dependent signaling and non-canonical or
B-catenin-independent  signaling. = Non-canonical
pathways are the cell polarity pathway or the Ca2+
pathway (7). Even though molecular details in the
Wnt signaling pathway are still waiting for full un-
derstanding, basic concepts are known. Wnt binding
to FZDs and co-receptors, e.g. the LRP family, namely
LRP5/6, induces the activation of the disheveled (Dvl)
signaling relay (23). Activation of Dvl in the [-catenin
pathway results in inhibition of a destruction complex
for B-catenin consisted of adenomatous polyposis coli
(APC), axin, and glycogen synthase kinase 3beta
(GSK3-p). This in turn prevents proteasomal degra-
dation of P-catenin, leading to cytoplasmatic stabili-
zation of the protein and a final translocation to the
nucleus where it exerts gene transcriptional modula-
tion in cooperation with T cell factor (TCF)/lymphoid
enhancer factor (LEF) family transcription factors (7,
11).

In the Wnt canonical pathway and when Wnt is
not stimulated, B-catenin levels are kept at a mini-
mum level through the destruction complex com-

posed of APC, Axin, GSK3p, and casein kinase 1
(CK1). In the nucleus, TCFs associate with transcrip-
tional repressors to block target gene activation. When
Wnt is stimulated, the destruction complex is destabi-
lized, and P-catenin accumulates in the nucleus to
activate transcription of TCF target genes. The accu-
mulated B-catenin binds the transcription factor of the
LEF/TCF family and converts them from repressors
to activators, which triggers downstream gene tran-
scription (24-26). The activity of B-catenin can also be
regulated in the canonical Wnt pathway in a
GSK3-independent manner as has been shown re-
cently in Drosophila (27).

In the Wnt/non-canonical pathways, i) Calci-
um-induced calmodulin-dependent protein kinase II
(CaMKII) TAK1-NLK pathway suppresses canonical
Wnt signaling by inhibiting P-catenin-dependent
transcription; ii) Planar cell polarity mediated by
ROR2/CDC42 and also another pathway mediated by
small GTPase (RHO and RAC), JNK, and CDC42 reg-
ulate gene expression.

There is increasing evidence to show that the
canonical Wnt/p-catenin signaling is involved in ke-
loid pathogenesis (28). Sato (29) reported that TGF-p
induced the upregulation of Wnt/p-catenin signaling
in hypertrophic scar and keloid fibroblasts. Gene pro-
filing of normal scar fibroblasts and KFs (30) as well as
immunohistochemical examination of active areas of
keloid tissues (31) revealed the decreased expression
of secreted frizzled-related protein 1 (SFRP1), a
known Wnt inhibitor. In addition, initial microarray
profiling of human skin NF and KF performed in our
laboratory also revealed significant down-regulation
of SFRP1 in KF (unpublished data). However, the
exact role of Wnt signaling in keloid pathogenesis still
has not been clarified.

Activation of Wnt receptors can result in the ac-
tivation of canonical “Wnt/p-catenin,”  or
“non-canonical” Wnt/Ca(2+) or Wnt/planar cell po-
larity" pathways. The aim of our study was to deter-
mine which Wnt signaling pathway is involved in
keloid pathogenesis in order to facilitate development
of novel treatment modalities.

Materials and Methods

Tissue specimens

Tissue samples from keloid (n = 18) and residu-
als of normal skin tissues after reconstructive surgery
(n = 10) were used. Informed consents had been ob-
tained from all patients and the study was conducted
according to the guidelines of the Institutional Review
Board of the Nippon Medical School. The patients
ranged in age from 20 to 67 years. The keloids had
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been developed after complete healing of wound in-
jury or resolution of acne. No patient was on any form
of medicine. Hematoxylin and eosin-stained sections
from the samples were histologically examined to
confirm characteristics of keloid or normal skin tis-
sues.

Antibodies and recombinant peptide

Polyclonal rabbit antibodies were against Wnt5a
(Lifespan  Biosciences,  Seattle, =~ WA),  phos-
pho-beta-catenin ~ Ser33/37/Thr4l and  phos-
pho-beta-catenin Ser45/Thr41 positions, and phos-
pho-GSK3-beta Ser9 position (Cell Signalling Tech-
nology Inc., Beverly, MA), and monoclonal mouse
antibodies were against FZD4 (R&D Systems, Min-
neapolis, MN), ROR2 (Santa Cruz Biotechnology, Inc.,
LA), beta-catenin (Upstate Biotechnology, Waltham,
MA), beta-actin (Sigma-Aldrich, St. Louis, MO).
Monoclonal rabbit antibody was against human
GSK3-beta (Epitomics, Burlingame, CA). The recom-
binant Wnt5a peptide was purchased from R&D Sys-
tems Inc. (Minneapolis, MN).

Cell culture and characterization

Primary cultures of keloid fibroblasts (KFs, n=3)
and normal dermal fibroblasts (NFs, n=3) were used.
The location of keloid lesions was on the chest area.
The KFs and NFs had been characterized in terms of
the cell growth and collagen synthesis properties as
reported previously (32). Early passages (4-7) of cells
were cultured in Dulbecco’s modified Eagle’s medi-
um (DMEM), supplemented with 10% fetal calf se-
rum, penicillin (100 IU/ml), streptomycin
(100pg/ml), and amphotericin B (0.25pg/ml) at 37C in
a humidified 5% CO2 incubator. The cultures were
maintained until reaching 70 to 80% confluence. The
cells were harvested by trypsinization (0.25% trypsin
in EDTA).

RNA extraction

Culture flasks (75 cm?) containing nearly 80%
confluent KFs and NFs were prepared and the cells
were harvested and subjected to RNA isolation using
the RNeasy Midi Kit (Qiagen, Hilden, Germany)
based on the manufacturer's instructions. Total RNA
was treated with DNase and precipitated using 95%
ethanol before cDNA synthesis. Isolated RNA was
electrophoresed through 1.0% agarose-formaldehyde
gels to verify the quality of the RNA, and RNA con-
centrations were determined by UV spectrophotome-

try.
Semiquantitative RT-PCR
From each sample, 1.5ug of total RNA was re-

verse-transcribed using the gene-specific primers. The
number of PCR cycles was optimized in each case to
ensure that product intensity fell within the linear
phase of amplification. The primer pair sequences
were: Wntl forward 5-CTA CIT CGA GAA ATC
GCC CAA C-3' (nucleotides 1068-1090), reverse
5-ACA GAC ACT CGT GCA GTA CGC-3' (nucleo-
tides 1309-1330); product size 242-bp, Wnt2 forward
5'-GGG AAT CTG CCT TTG TTT ATG CCA-3' (nu-
cleotides 617-641), reverse 5-GAA CCG CTT TAC
AGC CTT CCT GCC-3' (nucleotides 903-927); product
size 287-bp, Wnt3 forward 5'-CAG CAG TAC ACA
TCT CTG GGC TCA-3' (nucleotides 216-240), reverse
5-CTG TCA TCT ATG GIG GTG CAG TTC-3' (nu-
cleotides 409-433); product size 194-bp, Wnt4 forward
5'-CTG AAG GAG AAG TTT GAT GGT GCC-3' (nu-
cleotides 804-828), reverse 5-GTG GAA TTT GCA
GCT GCA GCG TTC-3' (nucleotides 1097-1121);
product size 294-bp, Wntba forward 5'-CTT CGC
CCA GGT TGT AAT TGA AGC-3' (nucleotides
423-447), reverse 5'-CTC CCA AAA ACA GAG GTG
TTA TCC-3' (nucleotides 695-719); product size
273-bp, Wnt6 forward 5'-CTT GGT TAT GGA CCC
TAC CAG CAT C-3' (nucleotides 311-336), reverse
5'-CAC TGC AGC AGC TCG CCC ATA GAA-3' (nu-
cleotides 610-634), product size 300-bp; Wnt7a for-
ward 5'-AAT GCC CGG ACT CTC ATG AAC TG-3'
(nucleotides 828-851), reverse 5'-ACG GCC TCG TTG
TAC TTG TCC TTG A-3' (nucleotides 1012-1034);
product size 185-bp; B-catenin forward 5-ATG GAA
GGT CIC CIT GGG ACTC-3' (nucleotides
1460-1481), reverse 5'-CTC CAC AAA TTG CTG CTG
TGT C-3' (nucleotides 1954-1975); product size 495-bp.
Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; product size 450-bp) was used as the in-
ternal control. The RT-PCR was performed for 26 cy-
cles. The PCR bands were quantitated by densitome-
try using Quantity One Software (Bio-Rad Labs.,
Hercules, CA) and expressed relative to GAPDH. The
results were recorded as mean+SEM of triplicate ex-
periments.

Western blot analysis

Proteins were extracted from the subconfluent
primary cultures of the three cases each of KFs and
NFs. Pairs of cultured cells were subjected to the
treatment with recombinant Wnt5a peptide at 3ug/ml
for 72 hours or left non-treated as controls. This dose
was chosen based on our own preliminary studies on
NF and KF cultures and also previous reports vali-
dating the maximal effectiveness of the same recom-
binant Wnt5a peptide at 3pg/ml on human fibroblast
proliferation (33). Equal amounts of protein
(20pg/lane) were size fractionated on
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SDS-polyacrylamide gels, blotted onto an Immobilon
polyvinylidene difluoride membranes (Bio-Rad La-
boratories, Hercules, CA) in transfer buffer containing
192 mM glycine, 25 mM Tris-HCl, pH 8.3, 20% v/v
methanol, and 0.02% SDS), and incubated with
blocking buffer (5% nonfat dry milk, 50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 0.1% Tween-20) overnight at
4°C. Duplicate series of membranes were prepared
and incubated overnight at room temperature with
1:800 dilutions of primary antibodies against each
total or phosphorylated form of proteins. After
washes with Tris buffered saline with 0.1% Tween
(60mM Tris-HCI, pH 7.5, 150mM NaCl, 0.1%
Tween-20) buffer and treatment with corresponding
alkaline phosphatase-conjugated secondary antibod-
ies, the reactions were developed with the ProtoBlor
NBT and BICP Color Development System (Promega,
Madison, WI). Western blot bands were quantitated
by densitometry measurements using the “Image J”
software.

Immunohistochemistry

Immunohistochemical staining for Wntba,
B-catenin, and GSK3-f was performed on frozen or
deparaffinized paraffin sections from the tissues using
a method described previously (32). The primary an-
tibodies were applied at 1:50 or 1:100 dilution over-
night after appropriate antigen retrieval methods
recommended by the manufacturers. Nonspecific
binding sites in tissue sections were blocked with 10%
normal serum of the corresponding secondary anti-
body’s animal. For immunofluorescence staining, the
sections were incubated with Alexa Fluor 594 (red)
labeled donkey anti-rabbit secondary antibodies
(Invitrogen, Inc., Carlsbad, CA) at 1:800 dilution for
2h at room temperature, washed in phos-
phate-buffered saline (PBS) and mounted with or
without 4',6-diamidino-2-phenylindole (DAPI) nu-
clear staining. For immunoperoxidase staining, the
endogenous peroxidase was blocked with 0.3% hy-
drogen peroxide in distilled water for 30 minutes.
After washes in PBS, nonspecific binding sites in tis-
sues were blocked with 10% normal serum and the
sections were incubated overnight with the primary
antibody. After washes in PBS, appropriate biotinyl-
ated secondary antibodies were applied followed by
washes in PBS and detection using a streptavi-
din-biotin-peroxidase = staining kit  (Histofine,
Nichirei, Japan). Diaminobenzidine was used as
chromogen. Nuclear counterstaining was with he-
matoxylin. Negative controls included omission of the
primary antibody and its substitution with nonim-
mune sera. Fibroblastic cells with distinct brown
immunostaining in the cytoplasm and/or nucleus

were considered as positive. The staining results were
semiquantitatively assessed by two observers using a
method described previously with slight modification
(34). In each case, five randomly selected microscopic
fields at 200 X magnification were screened and the
number of positive and negative fibroblastic cells
were recorded. At least 500 fibroblastic cells in each
case were counted. The mean percentage of im-
munostained positive fibroblastic cells for normal and
keloid fibroblasts was then calculated. The mean in-
tra- and inter-observer variation was less than 7%.
The results were further classified as negative/weak,
moderate, or strong, if 0-<25, 25-50, or >50%, respec-
tively, of the fibroblastic cells showed distinct cyto-
plasm or nuclei staining.

Statistical analysis

The results were recorded as the mean + stand-
ard deviation (SD). Continuous data between two
groups were compared using unpaired Student’s t
test. The significance of immunohistochemical ex-
pression of Wnt5a and B-catenin was assessed using
Fisher's exact test. A p-value of less than 0.05 was
considered as significant.

Results

Expression of Wnt family members in keloid
and normal fibroblasts

Measurement of mRNA level by a semiquanti-
tative RT-PCR in the 3 representative cases each of NF
and KF which were also utilized in the functional
analysis in this study showed that from the Wnt fam-
ily members 1 to 7, Wnt5a was markedly (p<0.05) and
Wnt2 was sporadically expressed in KF as compared
to NF (Fig. 1).

Expression of Wnt5a in keloid and normal
tissues

To validate the result of Wnt5a mRNA level, we
performed immunofluorescence and immunohisto-
chemical stainings for Wnt5a in randomly selected 10
normal skin tissues and 18 keloid tissues. Both cyto-
plasmic and nuclear staining was observed (Fig. 2
A-D). Of the 10 normal skin tissues, 7 (70%) showed
negative/weak staining for Wnt5a (Table 1). In con-
trast, of the 18 keloid tissues, 14 (78%) showed mod-
erate to strong staining for Wnt5a. Overall, fibroblasts
in keloid tissues showed a significantly higher ex-
pression of Wntba than those in normal tissues (p =
0.013). As B-catenin is a well-known major player in
the Wnt signaling pathways, we stained the same
tissue sections for B-catenin as well and found a sig-
nificantly higher expression of -catenin in fibroblasts
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in 13 (72%) keloid cases as compared to nega-
tive/weak staining in 7 (70%) of normal tissues (Fig.
3A and B, Table 1; p = 0.038). We also verified the
immunolocalization of FRZ4 and ROR2 receptors
which are involved in non-canonical Wnt/ B-catenin
signaling pathways and found no detectable reactions
in both NF and KF (images not shown). Further
semi-quantitative evaluation by Western blot analysis
showed a markedly higher expression of Wnt5a and
B-catenin and lower levels of FRZ4 and ROR2 in KFs
versus NFs (Fig. 3C).

Effect of Wnt5a recombinant peptide
on (-catenin and GSK3-8

To examine whether Wnt5a had an effect on
B-catenin and GSK3-B, we treated NFs and KFs with
recombinant Wntba peptide for 72 hours and meas-
ured total PB-catenin, phosphorylated p-catenin at
Ser45/Thr41 and at Ser33/37/Thr 41 positions, total
GSK3-B and phosphorylated GSK3- at Ser 9 position
in both NFs and KFs. Both NFs and KFs exhibited a
significant increase in the total B-catenin level (Fig.
4A), no significant change in phosphorylated
B-catenin at Ser45/Thr41 (Fig. 4B) and a significant
increase in phosphorylated B-catenin at Ser33/37/Thr
41 position (Fig. 4C). Also, there was no significant
change in total GSK3-8 level (Fig. 5A) but phosphor-
ylated/inactivated GSK3-f level in both NFs and KFs
was significantly increased (Fig. 5B).

Keloid

Keloid
1 2 3

Normal
2 3

M 1

O Normal

0.5 1 m Keloid

e
'S

Optical Density
-
oW

e
o =

Wnt- Wnt- Wnt- Wnt- Wnt- Wnt- Wnt-
1 2 3 4 52 6 Ta

Fig 1. Measurement of mRNA by RT-PCR in normal dermal
fibroblasts (NFs) and keloid derived fibroblasts (KFs) with semi-
quantitative analysis shows the expression patterns of the Wnt
family members. Note that Wnt5a mRNA was markedly ex-
pressed (p<0.05) and Wnt2 was sporadically expressed in keloid
fibroblasts compared to normal fibroblasts. The RT-PCR cycles
were kept constant for all the reactions (26 cycles). GAPDH was
used as an internal positive control. Data represent the mean + SD
of three cases in each group of NF and KF.

Fig 2. Immunofluorescence
staining for Wnt5a in repre-
sentative normal skin (A) and
keloid tissue (B) demonstrate
higher expressions in keloid
fibroblasts. ~ Blue  nuclear
counterstaining  was  with
(DAPI). Both cytoplasmic and
occasional nuclear staining was
observed.  Imunoperoxidase
localization of Wntda in a
representative normal skin (C)
and keloid tissue (D) demon-
strates increased expression of
Wntb5a in keloid fibroblasts
(brown stain). Nuclear coun-
terstaining was with hematox-
ylin. Note traces or no staining
in the normal fibroblasts im-
mediately  underneath the
epidermis (C).
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Table 1. Expression of Wnt5a and B—catenin in normal skin and keloid tissues.
No. of Wntba P B-Catenin P
Cases Neg/Weak Moderate Strong Neg/Weak Moderate Strong
(0-<25%) (25-50%) (>50%) (0-<25%) (25-50%) (>50%)
Normal 10 7 (70%) 3 (30%) 0 (0%) 0.013* 7 (70%) 3 (30%) 0 (0%) 0.038*
Keloid 18 4 (22%) 3 (17%) 11 (61%) 5 (17%) 4 (28%) 9 (50%)
Total 28 11 (39%) 6 (21%) 11 (39%) 12 (43%) 7 (25%) 9 (32%)
* Fisher’s exact test: normal vs. keloid.
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Fig 3. Immunoperoxidase stainings for f3-catenin in a representative normal (A) and keloid (B) tissues show appreciable expression in
keloid fibroblasts (B; brown stain). Nuclear counterstaining was with hematoxylin. Note weak or no staining in the normal fibroblasts
immediately underneath the epidermis (A). (C) Semi-quantitative Western blot analyses for Wnt5a, f3-catenin FZD4, and ROR2 in the
three NF and three KF cases of NF show markedly increased expression of Wnt5a and 3-catenin in KF (p<0.05).
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Fig 4. NF and KF cells were treated with Wnt5a (3ug/ml) for 72 hours and equal amounts of cell lysates were analyzed for total 3-catenin
and phosphorylated B-catenin at Ser45/Thr4| and at Ser33/37/Thr4| positions and total GSK3-f and phosphorylated GSK3-3 at Ser 9
position using Western blot analyses. Both NF and KF showed a significant increase (relative to -actin; p<0.05) in the total B-catenin (Fig.
4A), phosphorylated B-catenin at Ser33/37/Thr4| position (Fig. 2C). No significant change was found in phosphorylated -catenin at
Ser45/Thr41 (Fig. 4B). The Western blot bands are representative for one NF and one KF case. Data represent the mean + SD of triplicate
measurements from the three NF and three KF cases.
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Fig 5. NF and KF cells were treated with Wnt5a (3pg/ml) for 72 hours and equal amounts of cell lysates were analyzed for total GSK3-
and phosphorylated GSK3-f at Ser 9 position using Western blot analyses. Both NF and KF showed a significant increase (relative to
B-actin; p<0.05) in the phosphorylated/inactivated GSK3-f level (Fig. 5B). No significant change was found in total GSK3-§3 (Fig. 5A). The
Western blot band bands are representative for one NF and one KF case. Data represent the mean * SD of triplicate measurements from
the three NF and three KF cases.
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Discussion

Keloid develops as a result of an abnormal
wound healing that does not regress spontaneously
and frequently recur after surgical excision. The
prominent histological characteristics of keloid are
fibroblastic proliferation and excessive collagen dep-
osition associated with inflammatory reactions. Many
factors such as skin tension, wound infection, racial
difference, and genetic predisposition have been im-
plicated in the development of keloid however the
exact etiology is still unclear (1). Numerous studies
have shown that the Wnt signaling pathway plays a
key role in various cellular functions including pro-
liferation, differentiation, survival, apoptosis and mi-
gration. Because of the similar features that appear
also applicable to the development of keloid, we chose
to clarify the role of Wnt signaling pathway in keloid
pathogenesis.

In our study, of the Wnt family members, Wnt5a
showed an increase at mRNA and protein levels in KF
as compared to NF. This finding suggested the in-
volvement of a Wnt5a mediated signaling pathway in
keloid pathogenesis. A previous study showed that
Wntba was significantly increased in fibroblasts ob-
tained from usual interstitial pneumonia (UIP) lung
fibroblasts (33). UIP and keloid fibroblasts share
common features in terms of fibroblastic cell prolifer-
ation and collagen synthesis though their sources of
origin are different.

Inflammation plays a major role in the devel-
opment of Keloid. In view of this tendency, Wnt5a is
expressed in human inflammatory diseases (35) in-
cluding psoriasis, atherosclerosis plaques and rheu-
matoid arthritis, but not in normal tissue. Psoriatic
lesions of the skin were shown to express increased
Wntb5a in both the epidermis and dermis compared
with control and uninvolved skin by immunohisto-
chemical analysis (36). Human atherosclerotic plaques
expressed Wntba with predominant staining in the
areas of macrophage accumulation within the intima
(37). In rheumatoid arthritis, synovial tissues ex-
pressed higher level of Wnt5a and cultured synovial
fibroblasts expressed higher levels of inflammatory
cytokines such as IL-6, IL-8, and IL-15 (38). These data
support the biological impact of Wnt5a in other in-
flammatory lesions and keloid as well. To determine
which Wnt signaling pathway operates in keloid fi-
broblasts, we assessed the expression of 3-catenin and
GSK3-f which are two major players in the Wnt sig-
naling pathways. In our study, the expression of
B-catenin was increased in keloid fibroblasts and tis-
sues compared to the normal fibroblasts. Previous
studies showed that B-catenin protein expression is

increased in keloid tissues and also Wnt signaling and
its effecter f-catenin play an important role in wound
healing (29, 39). Wounding of B-catenin overexpress-
ing mice resulted in hyperplastic scar formation (40).
Cell cultures derived from patients with normal
wound and hyperplastic scar showed transcriptional
activation of B-catenin-TCF/Lef (41). Hyperplastic
wound formation was also shown to be dependent on
B-catenin expression and P-catenin was suggested to
regulate wound size and mediates the effect of TGF-§
in cutaneous healing (42). Furthermore, B-catenin as-
sociated with its cytoplasmic accumulation is fre-
quently observed in fibroproliferative diseases with
characteristics of dysregulated wound healing. These
diseases include hypertrophic scar formation, aggres-
sive  fibromatosis, @ Lederhose disease, and
Dupuytren’s contracture (DC) (43). Taking together,
our finding of a high expression of -catenin in keloid
fibroblasts adds support to its critical role in fibro-
blastic cell proliferation.

Wnt signaling requires inhibition of GSK3-f ki-
nase activity to allow accumulation of B-catenin and
resultant gene expression. In our study, in both NFs
and KFs, treatment with Wnt5a induced a significant
increase in the total B-catenin level but not the phos-
phorylated B-catenin levels at serine 45 and threonine
41 positions, where it is phosphorylated by casein
kinase 1a to undergo degradation. Also, there was an
increase in phosphorylation of B-catenin levels at the
serine 33, 37, or threonine 41 positions, as would be
expected if Wntba was active through the canonical
Wnt/B-catenin pathway. Furthermore, there was no
change in the total GSK3-f level. Instead, Wntba in-
duced a significant increase in the phosphorylated
GSK3-f at Ser 9 position where it is phosphorylated to
become inactive. Unlike most protein kinases in-
volved in signaling, GSK3-f is active in unstimulated,
resting cells and its activity is diminished during cel-
lular responses. It has preference for primed sub-
strates, that is, substrates previously phosphorylated
by another kinase (44). Growth factors and insulin
signaling inhibit the ability of GSK3 to act on
pre-phosphorylated or primed substrates by phos-
phorylating Ser9 of GSK3, which then blocks the in-
teraction of GSK3 with the phosphate group on
primed substrates (45). In our study, the difference in
response to Wntba recombinant protein in terms of
phosphorylated/inactivated GSK3-f level was not
significant between NF and KF, although, KF showed
a slightly higher trend. As keloid is a constantly slow
growing fibroproliferative lesion, even a slight in-
crease in phosphorylated/inactivated GSK3-f level
could facilitate such functional behavior. Taken to-
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gether, our finding of increased phosphorylation of
GSK3-B after Wntba treatment in both NFs and KFs
indicates its increased inactivation or inhibition as
seen in the canonical Wnt/f-catenin signaling path-
way.

FZD4 and ROR2 receptors are two important
elements involved in other Wnt signaling pathways
(46-48). FZD4 is considered to play a major role in
non-canonical or B-catenin independent Wnt signal-
ing where it was shown to activate protein kinase C
(46) and ROR2 is involved in a Wnt signaling pathway
mediated through Cdc42 and JNK to regulate down-
stream target genes transcription (47, 48). To investi-
gate whether these pathways might be involved in
KF, we assessed the expression of FZD4 and ROR2
proteins. We found no detectable level of both pro-
teins in NF or KF, suggesting no potential role for
these receptors. Previous studies showed that expres-
sion of ROR?2 is required for Wnt5a-mediated inhibi-
tion of the canonical Wnt/B-catenin signaling. These
data exclude the involvement of f-catenin-
independent or non-canonical Wnt/p-catenin signal-
ing in KF.

There is increasing evidence to show that the
canonical Wnt/p-catenin signaling is involved in ke-
loid pathogenesis (28). Sato (29) reported that TGF-f
induced the upregulation of Wnt/p-catenin signaling
in hypertrophic scar and keloid fibroblasts. Gene pro-
filing of normal scar fibroblasts and KFs (30) as well as
immunohistochemical examination of active areas of
keloid tissues (31) revealed the decreased expression
of secreted frizzled-related protein 1 (SFRP1), a
known Wnt inhibitor. In addition, preliminary mi-
croarray profiling of human skin NF and KF per-
formed in our laboratory also revealed significant
down-regulation of SFRP1 in KF (unpublished data).
In our study, treatment of NF and KF with Wnt5a
recombinant protein induced a significant increase in
total PB-catenin, phosphorylated p-catenin at
Ser33/37/Thr 41, and phosphorylated/inactivated
GSK3-B. These events might lead to the blockage of
B-catenin phosphorylation and prevent its degrada-
tion leading to a Wntba/B-catenin signaling activa-
tion.

Based on our results, a proposed model of
Wntba/B-catenin signaling in keloid development
could be presented as depicted in Figure 6. In KF,
binding of the Wnt5a to FZD receptors and LRP5/6
activates Dvl which in turn inhibits B-catenin de-
struction complex (APC, GSK3-B, Axin) by increased
phosphorylation of GSK3-f at Ser 9 position (GSK3-8
inactivation). This results in the inhibition of $-catenin
phosphorylation and accumulation of f-catenin in the

cytoplasm followed by translocation into the nucleus
to regulate the target gene transcription in coopera-
tion with TCF and LEF family transcription factors. As
a result, fibroblast cell proliferation and collagen
synthesis persist in a slow and repetitive manner
leading to the formation of keloid.

In conclusion, our results highlight a potential
role for Wnt5a/B-catenin canonical pathway in de-
termining the fibroblast phenotype in keloid. Target-
ing Wntba/pB-catenin signaling may facilitate devel-
opment of new therapeutic strategies for keloid.

Whnt target gene
transcription

Fig 6. A proposed schematic representation of Wnt5a/B-catenin
signaling in keloid pathogenesis. In KF, binding of the Wnt5a to
FZD receptors and LRP5/6 activates Dvl which in turn inhibits
B-catenin destruction complex (APC, GSK3-f, Axin) by increased
phosphorylation of GSK3-f at Ser 9 position (GSK3-f3 inactiva-
tion) leading to the accumulation of 3-catenin in the cytoplasm and
translocation into the nucleus to regulate target gene transcription
in cooperation with TCF and LEF family transcription factors.
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