The Journal of Experimental Medicine

CORRESPONDENCE
Kang-Yell Choi:
kychoi@yonsei.ac.kr

Abbreviations used: a-SMA,
a-smooth muscle actin; DBM,
Dvl-binding motif; Dkk-1,
Dickkopf-1; Dvl, Dishevelled;
ECM, extracellular matrix;
EGF, epidermal growth factor;
GSK3B, glycogen synthase
kinase 33; ICC, immunocyto-
chemical; IHC, immunohisto-
chemistry; PCNA, proliferating
cell nuclear antigen; PFA, para-
formaldehyde; PTD, protein
transduction domain; SFRP1,
secreted frizzled-related protein 1;
VPA, valproic acid; WCL,
whole cell lysate.

The Rockefeller University Press  $30.00

Article

The Dishevelled-binding protein CXXC5
negatively regulates cutaneous wound healing

Soung-Hoon Lee,"? Mi-Yeon Kim,!? Hyun-Yi Kim,!? Young-Mi Lee,!-?
Heesu Kim,? Kyoung Ae Nam,> Mi Ryung Roh,? Do Sik Min,!+*
Kee Yang Chung,’ and Kang-Yell Choi!-

Translational Research Center for Protein Function Control; 2Department of Biotechnology, College of Life Science
and Biotechnology; and *Department of Dermatology, Severance Hospital, Cutaneous Biology Research Institute,
College of Medicine; Yonsei University, Seoul 120-749, South Korea

“Department of Molecular Biology, College of Natural Science, Pusan National University, Busan 609-735, South Korea

Wnt/B-catenin signaling plays important roles in cutaneous wound healing and dermal
fibrosis. However, its regulatory mechanism has not been fully elucidated, and a commer-
cially available wound-healing agent targeting this pathway is desirable but currently
unavailable. We found that CXXC-type zinc finger protein 5 (CXXC5) serves as a negative
feedback regulator of the Wnt/B-catenin pathway by interacting with the Dishevelled (Dvl)
protein. In humans, CXXC5 protein levels were reduced in epidermal keratinocytes and
dermal fibroblasts of acute wounds. A differential regulation of B-catenin, a-smooth
muscle actin (-SMA), and collagen | by overexpression and silencing of CXXC5 in vitro
indicated a critical role for this factor in myofibroblast differentiation and collagen pro-
duction. In addition, CXXC5~/~ mice exhibited accelerated cutaneous wound healing, as
well as enhanced keratin 14 and collagen synthesis. Protein transduction domain (PTD)-
Dvl-binding motif (DBM), a competitor peptide blocking CXXC5-Dvl interactions, disrupted
this negative feedback loop and activated B-catenin and collagen production in vitro. Co-
treatment of skin wounds with PTD-DBM and valproic acid (VPA), a glycogen synthase
kinase 3 (GSK3) inhibitor which activates the Wnt/B-catenin pathway, synergistically
accelerated cutaneous wound healing in mice. Together, these data suggest that CXXC5
would represent a potential target for future therapies aimed at improving wound healing.

Cutaneous wound healing is a dynamic and
interactive process involving endothelial cells,
blood cells, epidermal keratinocytes, and dermal
fibroblasts (Singer and Clark, 1999; Yamaguchi
and Yoshikawa, 2001). The dermal fibroblasts
are the cells responsible for extracellular matrix
(ECM) and collagen deposition (Singer and
Clark, 1999; Diegelmann and Evans, 2004).
Normal cutaneous wound healing requires
fibroblast proliferation and migration into the
wound bed, followed by tightly regulated ECM
deposition and contraction (Chipev and Simon,
2002). Aberrant regulation of these processes
occurs in fibrotic diseases such as keloid forma-
tion, morphea, and scleroderma (Krieg et al.,
1985; Kihiri et al., 1988; Ladin et al., 1995).
Understanding the mechanisms that regulate
cutaneous wound healing and collagen produc-
tion is necessary to develop better therapies for
the treatment of acute and chronic wounds
(Guo and Dipietro, 2010).
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The Wnt/B-catenin pathway, which is also
called the canonical Wnt pathway (Barker, 2008),
plays important roles in cutaneous wound heal-
ing and dermal fibrosis (Zhang et al., 2009a;
Wei et al., 2011). Levels of B-catenin protein
are elevated during the proliferative phase of
cutaneous wound healing (Labus et al., 1998;
Cheon et al., 2005). The Wnt/f-catenin path-
way 1s also aberrantly activated in certain human
fibrotic diseases, which are characterized by
increased nuclear accumulation of B-catenin
(Sato, 2006; Akhmetshina et al.,2012).The acti-
vation of the Wnt/[B-catenin pathway involves
dermal fibrosis and myofibroblast differentia-
tion through up-regulation of TGF-f3 pathways
(Carthy et al., 2011; Wei et al., 2011; Akhmetshina
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Figure 1. CXXC5 levels are inversely associated with the levels of 3-catenin and wound-healing markers in human acute wounds. Wounded
tissues (n = 5 samples) were excised from wound margins at 0, 7, 28, and 84 d after surgery in melanoma patients and subjected to H&E staining and
immunohistochemical analyses. 0 d represents normal healthy biopsy (control). (A) Representative H&E and confocal (IHC) images (n = 5 independent
experiments) for B-catenin, CXXC5, keratin 14, collagen |, or PCNA in the wounds are shown. Dashed lines indicate the epidermal-dermal boundary. F,
fibroblasts; K, keratinocytes. (B and C, top) High magpnification of representative IHC images for B-catenin, CXXC5, and the indicated wound-healing
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et al., 2012). Inactivation of glycogen synthase kinase 33
(GSK3p), a multifunctional serine/threonine kinase which
phosphorylates and destabilizes B-catenin (Doble and Woodgett,
2003), also plays an important role in the wound-healing
process (Bergmann et al., 2011). GSK3[3 in dermal fibroblasts
controls wound healing and fibrosis through a B-catenin—
dependent mechanism (Bergmann et al., 2011). GSK3f in-
hibitors, such as valproic acid (VPA) or SB216763, induce
cutaneous wound healing and dermal fibrosis by activation
of the Wnt/B-catenin pathway (Bergmann et al., 2011; Lee
et al., 2012).

CXXC5 1s a newly identified CXXC-type zinc finger
family protein (Zhang et al., 2009b) that negatively regu-
lates the Wnt/-catenin pathway as a Wilms Tumor 1 (WT1)
transcriptional target (Andersson et al.,, 2009; Kim et al.,
2010a). CXXC5 contains a C-terminal Dishevelled (Dvl)-
binding domain, which facilitates interaction with Dvl. This
domain was previously identified in Idax (Hino et al., 2001)
and is essential for CXXC5 function as a negative regulator
of the Wnt/B-catenin pathway (London et al., 2004; Kim
et al., 2010a). Furthermore, CXXCS5 is important for neogen-
esis in the zebrafish (Kim et al., 2010a2). CXXCS5 also acts as
a BMP4-induced inhibitor of the Wnt/fB-catenin pathway in
neural stem cells (Andersson et al., 2009). Although the role
of CXXCS5 in the regulation of the Wnt/B-catenin pathway
has been demonstrated, the effect of CXXC5 on cutaneous
wound healing and collagen production has yet to be illus-
trated. In this study, we investigated the status of CXXC5
during the wound-healing process in human melanoma pa-
tients and characterized the effect of CXXC5 on wound
healing and collagen production in vitro and in vivo.

RESULTS

CXXC5 levels are decreased in acute wounds in humans

To identify the involvement of CXXC5 in cutaneous wound
healing in a human model, we investigated the status of
CXXCS5 in surgical wounds after the removal of melanomas.
We monitored levels of B-catenin, CXXC5, and wound-
healing markers during the healing process for up to 3 mo in
five acute wound tissue specimens from patients using immuno-
histochemical analyses. Protein levels of -catenin gradually
increased and peaked 28 d after the operation (Fig. 1 A). The
expression of keratin 14, collagen I, and proliferating cell nuclear
antigen (PCNA) correlated directly with that of B-catenin
during wound healing (Fig. 1 A). CXXC5 expression was re-
duced in surgical wounds; its expression patterns were oppo-
site of those of B-catenin in the same wounded tissue area
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(Fig. 1 A).We also confirmed the expression of 3-catenin and
wound-healing markers in epidermal keratinocytes and der-
mal fibroblasts, respectively. The levels of -catenin, keratin 14,
and PCNA in keratinocytes were increased in wounds com-
pared with normal skin (Fig. 1 B). Conversely, CXXC5 ex-
pression was decreased in the keratinocytes from wounded
tissues (Fig. 1 B). The concurrent increases in [3-catenin,
collagen I, and PCNA in fibroblasts of wound tissue were
also observed in the magnified images (Fig. 1 C). In contrast,
CXXC5 expression was reduced in fibroblasts of wound tis-
sues (Fig. 1 C). Quantitative TissueFAXS analysis of immuno-
histochemical staining also confirmed the inverse expression
patterns of B-catenin and CXXCS5 in wound tissues (Fig. 1,
B and C). For comprehensive analysis of B-catenin and
CXXC5 expression in human skin tissues, we performed co-
immunostaining with those proteins and markers for fibro-
blasts (vimentin), endothelial cells (CD34), and macrophages
(CD68). B-Catenin was primarily expressed in endothelial
cells of normal skin, and its level was significantly increased in
fibroblasts, endothelial cells, or macrophages in the dermis of
wounds (Fig. 1 D). CXXC5 was mainly expressed in fibro-
blasts or endothelial cells in the dermis of human normal skin,
and its level was significantly decreased in fibroblasts in the
dermis of human wounds (Fig. 1 E). Overall, these data show
an inverse relationship between CXXC5 protein expression
and active Wnt/3-catenin signaling in wound tissues.

CXXC5 inhibits collagen production in vitro

CXXC5 is known as a negative regulator of the Wnt/[3-catenin
pathway (Kim et al., 2010a). Considering the relationship be-
tween the Wnt/3-catenin pathway and fibrosis (Wei et al., 2011;
Akhmetshina et al., 2012), we examined the effect of CXXC5
transfection on myofibroblast differentiation and collagen
production in human dermal fibroblasts. Transfection with
CXXC5 markedly inhibited -catenin expression in a dose-
dependent manner (Fig. 2 A). The levels of a-smooth muscle
actin (@-SMA) and collagen 1 were diminished by CXXC5
transfection (Fig. 2 A). Expression of endothelin-1, a target of
the Wnt/B-catenin pathway (Kim et al., 2005; Chen et al.,
2007) and a marker for collagen production (Rizvi et al.,
1996), was also significantly decreased after CXXC35 transfec-
tion (Fig. 2 A). To further characterize the role of CXXC5
in myofibroblast differentiation and collagen production, we
examined the effect of CXXC5 knockdown on myofibro-
blast differentiation and collagen production. Expressions
of B-catenin, a-SMA, collagen I, and endothelin-1 were in-
creased by siRINA-mediated CXXC5 knockdown (Fig. 2 B).

markers in keratinocytes (B) and fibroblasts (C) are shown. (bottom) Quantitative TissueFAXS analyses of IHC staining for B-catenin and CXXC5 (n =5
independent experiments) were performed in five random, representative fields per each patient sample. Horizontal lines represent the mean fluorescence
intensities. Student's t test was used (***, P < 0.0005). (D and E, top) Representative images of IHC staining performed with antibodies against 3-catenin
(D) or CXXC5 (E) and markers for fibroblasts (vimentin), endothelial cells (CD34), or macrophages (CD68). Yellow arrowheads indicate the co-expression of
B-catenin or CXXC5 and markers for fibroblasts, endothelial cells, or macrophages, and the green arrowhead indicates the cells expressing only CD68.
(bottom) Quantitative TissueFAXS analyses of IHC staining for B-catenin and CXXC5 (n = 3 independent experiments) were performed in three random,
representative fields (**, P < 0.005; **, P < 0.0005). Means + SD. Bars: (A-C) 100 um; (D and E) 50 um.
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Figure 2. CXXC5 attenuates myofibroblast differentiation and collagen production in human dermal fibroblasts. (A-D) Human dermal fibro-
blasts (n = 2-3 cells) were transfected with pcDNA3.0-CXXC5-Flag (A) at the indicated concentration, 100 nM CXXC5 siRNA (B and C), and pcDNA3.1-
CXXC5-Myc and pcDNA3.1-CXXC5ADBM-Myc (D), together with corresponding control plasmid (Con) or control siRNA (Con si). The cells transfected with
CXXC5 siRNA (C) or control siRNA were treated with or without 10 uM bosentan. The cells were further cultured for 2 d and harvested, and whole cell
lysates (WCLs) were subjected to Western blot analyses to detect the protein levels of B-catenin, endothelin-1, -SMA, and collagen | (n = 2 independent
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Moreover, CXXC5 knockdown induced B-catenin nuclear
translocation as shown by cell fractionation and Western blot-
ting (Fig. 2 B). Collagen production induced by CXXC5
knockdown was abolished by bosentan, a dual endothelin re-
ceptor antagonist, indicating that CXXC5 knockdown in-
duced collagen production through an endothelin-1—dependent
mechanism (Fig. 2 C). CXXC5 contains a C-terminal Dvl-
binding motif (DBM) that is essential for CXXC5 function as
a negative regulator of the Wnt/f-catenin pathway (London
et al., 2004). Inhibition of B-catenin expression, as well as
reduced expressions of a-SMA, collagen I, and endothelin-1,
was abolished when CXXC5ADBM, a CXXC5 mutant
with a DBM deletion (London et al., 2004), was expressed
(Fig.2 D). Immunocytochemical (ICC) analysis showed that col-
lagen I expression was specifically abolished in GFP-CXXC5-
transfected cells (Fig. 2 E). The Wnt/f-catenin reporter
activity, Col1a2 promoter activity, and the level of collagen in
the supernatant were significantly lowered by CXXC5 over-
expression (Fig. 2 F). Moreover, overexpression of CXXC5
inhibited the ability of fibroblasts to contract collagen gels
(Fig. 2 G), cell motility (Fig. 2 H), and the formation of stress
fibers (Fig. 2 I).

CXXC5 is a negative feedback regulator of the Wnt/B-catenin

pathway functioning via Wnt3a-dependent Dvl interaction

To confirm the role of the Wnt/B-catenin pathway in
CXXC5 function, we examined the effect of Wnt3a in
human dermal fibroblasts. Wnt3a treatment induced expres-
sions of B-catenin, a-SMA, and collagen I (Fig. 3 A). Inter-
estingly, both mRNA and protein levels of CXXC5 were
increased by treatment with Wnt3a (Fig. 3 A). ICC analysis
also showed that Wnt3a increased expression of CXXC5,
in concert with that of B-catenin and collagen I, in a dose-
dependent manner (Fig. 3 B). Both B-catenin and CXXC5
were concomitantly increased in a time-dependent manner
by Wnt3a treatment, and maximal levels were reached at
48 h (Fig. 3 C). Considering the role of CXXC5 as a nega-
tive regulator of the Wnt/B-catenin pathway, we hypothe-
sized that Wnt3a-dependent induction of CXXC5 may be
the negative feedback mechanism. This notion was further
indicated by synergistic increases in the expression of B-catenin,
a-SMA, and collagen I by co-treatment with CXXC5
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siRNA and Wnt3a (Fig. 3 D). Both B-catenin and CXXC5
were also increased in the nucleus and cytosol, respectively,
by Wnt3a treatment, and -catenin levels were synergistically
increased by co-treatment with CXXC5 siRINA and Wnt3a,
as shown by ICC analysis (Fig. 3 E). To further characterize
the role of CXXC5 as a negative feedback regulator that
functions via Dvl-1, we assessed the interaction of wild-type
CXXCS5 or its deletion mutant CXXC5 ADBM with Dvl-1.
CXXC5, but not CXXC5 ADBM, interacted with Dvl-1, and
this interaction was enhanced by Wnt3a treatment (Fig. 3 F).
Consistently, Wnt3a-induced increase in B-catenin was sig-
nificantly reduced by overexpression of CXXC5 but not of
CXXC5 ADBM. We also observed an enhanced interaction
between CXXC5 and Dvl-1 by Wnt3a in the endogenous
level (Fig. 3 G). Overall, CXXC5 is a negative feedback
regulator of the Wnt/fB-catenin pathway in human dermal
fibroblasts and functions via binding to Dvl in a manner de-
pendent on Wnt3a.

CXXC5~/~ mice show accelerated cutaneous wound healing
and enhanced keratin 14 and collagen | synthesis

To identify a role for CXXC5 in cutaneous wound healing
and collagen production in vivo, we used CXXC5~/~ mice,
which were generated by inactivating exon 2 of CXXC5 (Kim
et al., 2014a). We created full-thickness wounds (diameter =
1.5 c¢cm) on the backs of CXXC5*/* and CXXC5~/~ mice
and then monitored expression of wound-healing markers.
The sizes of wounds in CXXC5~/~ mice were markedly re-
duced compared with those of wounds in CXXC5*/* mice
(Fig. 4 A). Histological analysis also showed that the dis-
tance between the wound edges was decreased in CXXC5~/~
mice compared with that in CXXC5*/* mice (Fig. 4 B). We also
found that CXXC5~/~ mice showed a marked acceleration
in wound closure compared with CXXC5*/* mice, as deter-
mined by measurement of wound diameters (Fig. 4 C).The
rate of wound closure in CXXC5~/~ mice was accelerated by
16 to approximately 32% compared with that in CXXC5*/* mice
during the proliferative phase of wound healing. The levels of
collagen deposition were increased in CXXC5 '~ mice, as de-
tected by stainings with Masson’s trichrome, picrosirius red,
and van Gieson (Fig. 4 D). Expression of keratin 14, collagen
I, and PCNA was increased in conjunction with -catenin

experiments). Relative densitometric ratios of each protein to loading control (a-tubulin or lamin A/C) are shown. (E) Human dermal fibroblasts were
transfected with pEGFP-c3 or GFP-CXXC5 and further cultured for 2 d. The cells were immunocytochemically stained for collagen I. Representative con-
focal (ICC) images are shown (left), and mean intensity quantitation in GFP-positive cells was performed (right; **, P < 0.0005; n = 3 independent experi-
ments). Red arrows indicate the expression of collagen |, and green arrows indicate the expression of GFP. (F) Wnt luciferase reporter activity (left),
Col1a2 luciferase reporter activity (middle), and collagen concentration (right) in the supernatant of human dermal fibroblasts were measured after
transfection with pcDNA3.0 or pcDNA3.0-CXXC5-Flag (n = 3 independent experiments). Values are presented relative to control (**, P < 0.005; *** P <
0.0005). (G) Contraction of collagen gels was monitored by measuring gel weight after transfection with pcDNA3.0-CXXC5-Flag (n = 3 independent ex-
periments). Representative images (left) and quantitation (right) are shown (***, P < 0.0005). (H) The cells transfected with pcDNA3.0 or pcDNA3.0-CXXC5-
Flag were scratched with sterile pipette tips and incubated in medium containing 5% serum for 36 h. Cells were then fixed with 4% PFA and stained with
crystal violet. Representative microscopy images are shown (left), and cell migration was measured by counting migrating cells (right; **, P < 0.005; **, P <
0.0005; n = 3 independent experiments). Dashed lines represent the widths of the initially scratched wounds. (I) ICC staining of human dermal fibroblasts
transfected with GFP or GFP-CXXC5 was performed to detect phalloidin (left) and a-SMA (right). Representative ICC images are shown (n = 3 independent

experiments). Means + SD. Bars: (E and 1) 50 um; (H) 500 pm.
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Figure 3. Wnt3a induces CXXC5 expression and enhances CXXC5-Dvl interaction. (A and B) Human dermal fibroblasts (n = 2-3 cells) were
treated with or without Wnt3a (50 or 200 ng/ml). (A) WCLs were subjected to Western blot analyses with antibodies against B-catenin, CXXC5, a-SMA,
collagen I, or a-tubulin and to RT-PCR analyses with primers for CXXC5 or GAPDH (n = 2 independent experiments). (B) Relative densitometry values are
shown underneath blots as ratios relative to the levels of loading control (a-tubulin or GAPDH). The cells were also immunocytochemically stained for
B-catenin, CXXC5, or collagen I. Representative ICC images are shown (top), and mean intensity quantitation was performed (bottom;* P < 0.05; **, P <
0.005; **, P < 0.0005; n = 3 independent experiments). (C) Human dermal fibroblasts were incubated with 50 ng/ml Wnt3a for 1, 6, 12, 24, 48, or 72 h,
and WCLs were subjected to Western blot analyses with antibodies against B-catenin, CXXC5, or a-tubulin (n = 2 independent experiments). Relative
densitometric ratios of each protein to a-tubulin are shown. (D and E) Human dermal fibroblasts were treated with 50 ng/ml Wnt3a for 2 d after treatment
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expression in CXXC5~/~ mice (Fig. 4 D). Quantitative analy-
sis of collagen synthesis using a hydroxyproline assay showed en-
hanced collagen production after 12 d in wound tissues of
CXXC5~/~ mice compared with those of CXXC5*/* mice
(Fig. 4 E). In wounded skin sections, quantitative immuno-
fluorescence TissueFAXS analyses revealed a more than four-
fold increase in 3-catenin protein levels in both keratinocytes
and fibroblasts of CXXC5~/~ mice compared with those in
wild-type mice (Fig. 4 F). Keratin 14 levels in keratinocytes
were increased 2.4-fold, and collagen I levels in fibroblasts
were increased 6.3-fold in CXXC5~/~ mice compared with
wild-type mice (Fig. 4 F).To analyze the expression of Wnt/
[B-catenin pathway target genes, mRINA levels of My, cyclin
D1, and endothelin-1 were monitored by RT-PCR analysis of
wound tissues in CXXC5"* and CXXC5~/~ mice. Expres-
sion levels of ¢-Myc and cyclin D1, markers of oncogenesis
(Liao et al.,2007), were not significantly changed in wounds of
CXXC57/~ mice as compared with wild-type mice, but ex-
pression of endothelin-1,a marker of collagen production (Rizvi
et al., 1996), was significantly increased in the CXXC5 '/~
mice (Fig. 4 G). Moreover, endothelin-1 was specifically in-
creased in fibroblasts of CXXC5~/~ mice, as revealed by im-
munohistochemical analysis (Fig. 4 H). Therefore, CXXC5
specifically regulates Wnt/B-catenin signaling target genes
involved in stimulation of wound healing without chang-
ing expression of genes involved in oncogenic transformation
of cells.

Endothelin receptor antagonists reversed the accelerated
wound-healing phenotype of CXXC5~/~ mice

Endothelin-1 is a direct target of the Wnt/[-catenin pathway
in NIH3T3 fibroblasts (Chen et al., 2007) and is associated
with wound healing and fibrosis (Rizvi et al., 1996).To inves-
tigate whether the accelerated wound-healing phenotype in
CXXC5/~ mice was dependent on endothelin-1, CXXC5**
and CXXC5/~ mice were fed bosentan on a daily basis for 11 d.
Bosentan reversed the accelerated wound-healing phenotype
observed in CXXC5~/~ mice and decreased levels of B-catenin,
keratin 14, collagen I, and PCNA (Fig. 5, A and B). Western
blot analyses also showed that bosentan reduced [3-catenin and
wound-healing markers in CXXC5~/~ mice through an endo-
thelin-1-dependent mechanism (Fig. 5 C). Bosentan also de-
creased collagen deposition in CXXC5~/~ mice, as determined
by Masson’s trichrome, picrosirius red, and van Gieson stain-
ing and hydroxyproline analyses (Fig. 5, D and E). Quantitative
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TissueFAXS analyses also showed that induction of B-catenin
and wound-healing markers (keratin 14 and collagen I) in kera-
tinocytes and fibroblasts of CXXC5~/~ mouse wounds was
reversed by bosentan (Fig. 5 F).

VPA treatment further accelerated cutaneous wound
healing and synergistically enhanced keratin 14

and collagen | synthesis in CXXC5~/~ mice

To confirm that CXXCS5 functioned as a negative feedback
regulator of the Wnt/(-catenin pathway in vivo, we treated
the wounds of CXXC5"" and CXXC5 /~ mice with VPA,
a Wnt/B-catenin pathway activator (Gould and Manji, 2002;
Gould et al., 2004). Interestingly, CXXC5~/~ mice treated
with VPA displayed markedly accelerated wound healing
(Fig. 6, A and B). Moreover, expression levels of B-catenin,
keratin 14, collagen I, a-SMA, and PCNA were synergisti-
cally increased in VPA-treated CXXC5~/~ mice, as deter-
mined by immunohistochemical and Western blot analyses
(Fig. 6, A and C); however, VPA-treated CXXC57/~ mice
did not show significant changes in expression of c-Myc and
cyclin D1 (Fig. 6 C). Stainings with Masson’s trichrome,
picrosirius red, and van Gieson in combination with results
of the hydroxyproline assay also confirmed that collagen
expression was synergistically increased in VPA-treated
CXXC57/~ mice (Fig. 6, D and E). Quantitative Tissue-
FAXS analyses also showed that B-catenin and wound-
healing markers were significantly increased in keratinocytes
and fibroblasts of VPA-treated CXXC5~/~ mouse wounds
(Fig. 6 F). Overall, blockade of CXXC5 function in con-
cert with activation of the Wnt/f3-catenin pathway is a po-
tential approach for the development of drugs to enhance
wound healing.

Protein transduction domain (PTD)-DBM induces

expression of B-catenin, a-SMA, and collagen |

To activate the Wnt/B-catenin pathway by disrupting the
negative feedback regulation of CXXC5, we used competitor
peptides that interfere with the CXXC5-Dvl interaction.
These synthetic peptides were composed of a PTD for delivery
(Matsushita and Matsui, 2005), a linker for flexibility, DBM,
and lysine conjugated with FITC for visualization (Fig. 7 A).
The PTD-DBM peptide induced the expression of B-catenin,
a-SMA, and collagen I in a concentration-dependent manner
in human dermal fibroblasts (Fig. 7 B). PTD-DBM specifically
increased both mRINA and protein levels of endothelin-1 but

with control siRNA (Con si) or CXXC5 siRNA (CXXC5 si). (D) Western blot analysis (n = 3 independent experiments) of WCLs was performed with antibodies
against B-catenin, a-SMA, collagen I, CXXC5, or a-tubulin. Relative densitometry values are shown underneath the blots as ratios relative to the levels
of a-tubulin. ICC analysis (n = 3 independent experiments) of samples in D and E was performed with B-catenin or CXXC5. (E) Representative ICC images
are shown (left), and mean intensity values were calculated (right; **, P < 0.0005). (B and E) Bars, 50 um. Means + SD. (F) Human dermal fibroblasts were
transfected with pcDNA3.1, pcDNA3.1-CXXC5-Myc, or pcDNA3.1-CXXC5ADBM-Myc. WCLs or cell lysates immunoprecipitated with anti-Myc were ana-
lyzed by immunoblotting to detect DvI-1, Myc, B-catenin, or a-tubulin (n = 2 independent experiments). Relative densitometry values are shown below
the blots. (G) WCLs from human dermal fibroblasts treated with (Wnt3a) or without (Con) 50 ng/ml Wnt3a for 2 d were subjected to immunoprecipitation
with anti-Dvl-1 antibody, and Western blot analyses were subsequently performed to detect DvI-1, CXXC5, B-catenin, and a-tubulin (n = 2 independent

experiments). Relative densitometry values are shown below the blots.
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Figure 4. Loss of CXXC5 accelerates cutaneous wound healing and enhances collagen production in mice. A full-thickness wound (diameter = 1.5 cm)
was made on the backs of 7-wk-old CXXC5%* and CXXC5~/~ mice (n = 16 mice/group). (A and B) Representative macroscopic images (A) and H&E staining (B) of
wounded skin of CXXC5*+ and CXXC5~/~ mice at 12 d after wounding are shown (n = 3 independent experiments). Four continuously captured images were
connected for analysis of the entire wound of CXXC5*+ and CXXC5~/~ mice. Arrowheads indicate the wound margins. (C) Relative healing of wounds of
CXXC5** and CXXC5~/~ mice were measured at 1,3, 5,7, 9, and 12 d after wounding and shown as percent wound closure (**, P < 0.005; ** P < 0.0005;

n =16 mice/group). (D) Representative images of H&E, Masson's trichrome, picrosirius red, and van Gieson staining and IHC showing B-catenin, CXXC5, keratin
14, collagen |, and PCNA of wound sections from CXXC5** and CXXC5~/~ mice (n = 5 mice/group) are presented (n = 3 independent experiments). Insets repre-
sent the high magnification images of a region of interest. (E) Hydroxyproline levels in the wounds of CXXC5*+ and CXXC5~/~ mice were measured at 12 d after
wounding (**, P < 0.005; n = 5 mice/group). (F) Quantitative TissueFAXS analyses of immunohistochemical staining for B-catenin, keratin 14, and collagen | were
performed in keratinocytes (left) and fibroblasts (right) of wounds of CXXC5** and CXXC5~/~ mice (**, P < 0.005; n = 5 mice/group) at 12 d after wounding (n =3
independent experiments). (G) RT-PCR analysis was performed with wound tissue obtained from CXXC5**+ and CXXC5~/~ mice at 12 d after wounding to detect
mRNA levels of CXXC5, endothelin-1, c-Myc, cyclin D1, and GAPDH (n = 2 mice/group). Relative densitometry values are shown underneath blot as ratios
relative to the levels of GAPDH. (H) IHC staining for endothelin-1 in keratinocytes (left) and fibroblasts (right) of wounds of CXXC5*/+ and CXXC5~/~ mice (n =3
mice/group; left) and quantitative TissueFAXS analyses of IHC staining for endothelin-1 (right) were performed (***, P < 0.0005; n = 3 independent experiments).
(D and H) Dashed lines demarcate the epidermal-dermal boundary. F, fibroblasts; K, keratinocytes. Bars: (B) 500 um; (D) 100 pm; (H) 50 um. Means + SD.
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did not affect c-Myc and cyclin D1 (Fig. 7 B). ICC analyses
also showed that PTD-DBM increased the nuclear translocation
of B-catenin and induced collagen I production (Fig. 7 C).
Transfection with B-catenin siRNA caused a reduction in the
levels of B-catenin and endothelin-1 in human dermal fibroblasts

JEM Vol. 212, No. 7

(Fig. 7 D). Knockdown of B-catenin abolished the PTD-

DBM--induced increases in a-SMA and collagen I (Fig. 7 D).

Bosentan also blocked the increases of a-SMA and collagen I
induced by PTD-DBM (Fig. 7 E). PTD-DBM induced the
Wnt reporter activity, Col1a2 promoter activity, and collagen
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concentration in the supernatants in a dose-dependent man-
ner (Fig. 7 F). The stimulatory effects of PTD-DBM were
comparable with those of Wnt3a or TGF-3, which are key
mediators of dermal fibrosis (Fig. 7 F; Sato, 2006; Carthy et al.,

1070

Figure 6. VPA treatment further accel-
erates cutaneous wound healing in
CXXC5~/~ mice. After generation of full-
thickness wounds (diameter = 1.5 cm) on
the backs of CXXC5** and CXXC5~/~ mice,
500 mM VPA was applied topically to the
wounds daily (n = 10 mice/group). (A) Repre-
sentative images of macroscopic wounds,
H&E, and IHC staining showing expression
of B-catenin, CXXC5, keratin 14, collagen |,
and PCNA in the wounds of CXXC5*+ and
CXXC5~/~ mice treated with or without VPA
treatment 12 d after wounding (n = 4 mice/
group) are shown (n = 3 independent experi-
ments). Dashed lines indicate the epidermal-
dermal boundary. F, fibroblasts; K, keratinocytes.
(B) Relative wound closure rates describe the
effects of VPA on wound healing in CXXC5/*
and CXXC5~/~ mice. Wound sizes were mea-
sured at 1,3, 5,7,9, and 12 d after wounding
(*, P < 0.005; **, P < 0.0005; n = 10 mice/
group). (C) Western blot analyses of B-catenin,
CXXCS5, keratin 14, a-SMA, collagen |, PCNA,
endothelin-1, c-Myg, cyclin D1, and

Erk were performed in wounds of CXXC5*+
and CXXC5~/~ mice treated with or without
VPA (n = 2 mice/group) 12 d after wounding
(n = 2 independent experiments). Relative
densitometry values are shown below blots.
(D) Representative images of Masson's tri-
chrome, picrosirius red, or van Gieson stain-
ing of wounds of CXXC5** and CXXC5~/~
mice treated with or without VPA 12 d after
wounding (n = 4 mice/group) are shown (n =3
independent experiments). (A and D) Bars,
100 pm. (E) Hydroxyproline levels in wounds
of CXXC5** and CXXC5~/~ mice treated with
or without VPA 12 d after wounding are
shown (¥, P < 0.05; **, P < 0.005; **, P <
0.0005; n = 4 mice/group). (F) Quantitative
TissueFAXS analyses of IHC staining shown in
A were performed in keratinocytes (left) and
fibroblasts (right; *, P < 0.05; **, P < 0.005;
¥ P < 0.0005; n =3 independent experi-
ments). Means + SD.

2011). PTD-DBM also enhanced the ability of fibroblasts to
contract collagen gels (Fig. 7 G). We next investigated the effect
of PTD-DBM on fibroblast migration after scratching of cell
monolayers. 24 h after PTD-DBM treatment, the numbers
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PTD-DBM induces collagen production in human dermal fibroblasts. (A) PTD-DBM is a synthetic peptide that includes a PTD for enhanced

protein delivery, a linker for flexibility, DBM, and lysine conjugated with FITC for visualization. (B) Human dermal fibroblasts (n = 2-3 cells), which were
treated with 2 or 10 uM PTD-DBM for 2 d, were analyzed using Western blotting to detect B-catenin, a-SMA, collagen |, endothelin-1, c-Myc, cyclin D1, and
a-tubulin. Endothelin-1and GAPDH expression were measured by RT-PCR analysis (n = 2 independent experiments). Relative densitometry values are shown
below the blots as ratios relative to the levels of loading control (e-tubulin or GAPDH). (C) Human dermal fibroblasts, treated with 2 or 10 uM PTD-DBM
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of cells that migrated in the scratched area were significantly
increased (Fig. 7 H). In addition, fibroblasts treated with PTD-
DBM showed increased stress fibers and a thicker cortical
network compared with control fibroblasts as determined
by ICC analyses with anti-phalloidin or anti-a-SMA anti-
body (Fig. 7 I).

Combination treatment with PTD-DBM and Wnt3a
synergistically induces expression of 3-catenin,

a-SMA, and collagen |

The role of CXXC5 as a negative feedback regulator of the
Wnt/B-catenin pathway was confirmed by the synergistic in-
crease in B-catenin levels after co-treatment with PTD-DBM
and either Wnt3a or VPA (Fig. 8, A and B). Wnt3a or PTD-
DBM treatment alone induced a-SMA and collagen I, but
combination treatment induced the greatest fibrotic effect in
human dermal fibroblasts (Fig. 8 A). Although VPA marginally
increased the levels of ®-SMA and collagen I, co-treatment
with PTD-DBM and VPA also synergistically increased the
expression of these markers (Fig. 8 B). We also observed syn-
ergistic increases of B-catenin in the nucleus and cytosol via
ICC analysis after co-treatment with PTD-DBM and Wnt3a
(Fig. 8 C). Moreover, PTD-DBM significantly disrupted
the Wnt3a-induced interaction between CXXC5 and Dvl-1
(Fig. 8 D). The synergistic increases in Wnt reporter activity,
Colla2 reporter activity, and collagen concentration were also
observed in fibroblasts treated with both PTD-DBM and
Wnt3a (Fig. 8 E). Furthermore, co-treatment with PTD-
DBM and Wnt3a significantly induced contraction of colla-
gen gels (Fig. 8 F). Cell migration and stress fiber formation
were also synergistically induced by treatment with a combina-
tion of PTD-DBM and Wnt3a (Fig. 8, G and H). Co-treat-
ment with PTD-DBM and Wnt3a also significantly increased
[3-catenin in HaCaT keratinocytes (Fig. 8 I).

Co-treatment with PTD-DBM and VPA accelerates
cutaneous wound healing and synergistically induces
3-catenin, keratin 14, and collagen | expression in mice

To investigate the effect of co-treatment with PTD-DBM
and VPA on cutaneous wound healing in vivo, we created
cutaneous wounds (diameter = 1.5 cm) on the dorsal skin of

C3H mice and applied PTD-DBM and/or VPA topically to
the wounds on a daily basis. As a positive control, one group
of mice was treated with epidermal growth factor (EGF), a
currently prescribed wound-healing agent (Kim et al., 2010b,
2014b). When the wounds were treated with PTD-DBM,
we observed a strong increase in [3-catenin expression (Fig. 9 A).
Treatment with PTD-DBM or VPA accelerated cutaneous
wound healing as efficiently as EGF (Fig. 9, B-D); however,
combination treatment with PTD-DBM and VPA acceler-
ated cutaneous wound healing much more efficiently than
treatment with EGF alone (Fig. 9, B-D). The wounds were
completely reepithelialized by combination treatment with
PTD-DBM and VPA (Fig. 9, B and C) with reduction in
inflammatory cells (Fig. 9 C). Notably, the combination
treatment group exhibited 42.8% reepithelialization, whereas
the control group only exhibited 4.9% reepithelialization 3 d
after wounding (Fig. 9 D). Treatment with a combination of
PTD-DBM and VPA induced expression of 3-catenin, keratin
14, collagen I, endothelin-1, and PCNA much more effec-
tively than treatment with EGF only (Fig. 9, C and E). The
levels of phosphorylated ERK induced by the different treat-
ment agents also correlated with the levels of 3-catenin and
wound-healing markers (Fig. 9, C and E). The combination
treatment groups showed higher levels of collagen than other
groups, including the EGF treatment group, as determined
by collagen staining and hydroxyproline assay (Fig. 9, F and G).
Quantitative TissueFAXS analyses also showed that 3-catenin
and the wound-healing markers were significantly induced in
keratinocytes and fibroblasts by treatment with both PTD-
DBM and VPA (Fig. 9 H). The more efficient improvement
of cutaneous wound healing after combination treatment
with PTD-DBM and VPA compared with after EGF treat-
ment was convincingly shown by time course analyses during
the wound-healing process (Fig. 10, A and B). However, the
levels of c-Myc and cyclin D1 were not obviously changed in
all treatment groups (Figs. 9 E and 10 C). Finally, we treated
PTD-DBM on the wounds of Axin24“/* mice (Gay et al.,
2013; Whyte et al., 2013) to monitor the effect of PTD-DBM
on Wnt activation in vivo. Axin2-LacZ expression was sig-
nificantly increased in dermal fibroblasts of wounds treated
with PTD-DBM (Fig. 10 D).

for 2 d, were subjected to ICC analyses to detect -catenin or collagen I. Representative ICC images are shown (top), and mean intensity values are presented
(bottom; *, P < 0.05; **, P < 0.005; **, P < 0.0005; n = 3 independent experiments). (D) Human dermal fibroblasts were treated with PTD-DBM for 2 d after
treatment with B-catenin siRNA (B-catenin si). Western blot analyses of WCLs were performed with antibodies against B-catenin, a-SMA, collagen |, endo-
thelin-1, or a-tubulin (n = 2 independent experiments). (E) Human dermal fibroblasts, treated with 2 uM PTD-DBM and/or 10 uM bosentan for 2 d, were ana-
lyzed by Western blotting to detect B-catenin, a-SMA, collagen |, and a-tubulin (n = 2 independent experiments). (D and E) Relative densitometry values are
shown below the blots. (F) Wnt reporter activity (left), Co/7a2 reporter activity (middle), and the concentration (right) of collagen in the supernatants of human
dermal fibroblasts were measured after treatment with 2 or 10 uM PTD-DBM, 50 ng/ml Wnt3a, or 10 ng/ml TGF-B (*, P < 0.005; ***, P < 0.0005; n = 3
independent experiments). (G) A collagen gel contraction assay after treatment with 2 or 10 uM PTD-DBM, 50 ng/ml Wnt3a, or 10 ng/ml TGF-B was per-
formed and representative images are shown (left). Gel weight quantitation is shown (right; **, P < 0.0005; n = 3 independent experiments). (H) An in vitro
wound healing assay was performed after treatment with or without 2 or 10 uM PTD-DBM. Representative images (left) and migrating cell numbers (right)
are shown (*, P < 0.005; **, P < 0.0005; n = 3 independent experiments). The widths of the wounds scratched at the start of the assay are indicated with
dashed lines. (1) ICC staining for phalloidin (left) and a-SMA (right) was performed in human dermal fibroblasts treated with or without 2 or 10 uM PTD-DBM.
Representative ICC images are shown (n = 3 independent experiments). Bars: (C and 1) 50 um; (H) 500 um. Means + SD.
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TGEF-f has been implicated as a major signaling molecule in-
volved in both cutaneous wound healing and dermal fibrosis
(Diegelmann and Evans, 2004). Recent studies have shown
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Figure 8. Combination treatment with
PTD-DBM and Wnt3a synergistically
induces collagen production in human
dermal fibroblasts. (A) Human dermal
fibroblasts (n = 2-3 cells) were treated with

2 uM PTD-DBM and/or 50 ng/ml Wnt3a for

2 d. (B) Human dermal fibroblasts were treated
with 2 uM PTD-DBM and/or 1 mM VPA for

2 d. (A and B) WCLs were subjected to Western
blotting to detect B-catenin, a-SMA, collagen
I, and a-tubulin (n = 2 independent experi-
ments). Relative densitometric ratios of each
protein to a-tubulin are shown. (C) Represen-
tative images of ICC staining of B-catenin
(top) in human dermal fibroblasts, which were
treated with 2 uM PTD-DBM and/or 50 ng/ml
Wnt3a, and mean intensity value (bottom) are
shown (* P < 0.005; ** P < 0.0005: n=3
independent experiments). (D) Human dermal
fibroblasts were treated with 2 uM PTD-DBM
and/or 50 ng/ml Wnt3a after transfection
with pcDNA3.1 or pcDNA3.1-CXXC5-Myc. The
cell lysates were used for immunoprecipita-
tion with anti-Myc antibody (n = 2 indepen-
dent experiments). Relative densitometry
values are shown below the blots. (E) Wnt
reporter assay, Col71a2 reporter assay, and
Sircol collagen assay in human dermal fibro-
blasts treated with PTD-DBM and/or Wnt3a
were measured (**, P < 0.005; ***, P < 0.0005;
n = 3 independent experiments). (F) A colla-
gen gel contraction assay in human dermal
fibroblasts treated with PTD-DBM and/or
Wnt3a was performed, and representative
images are shown (left). Gel weight quantita-
tion is also shown (right; ***, P < 0.0005;

n = 3 independent experiments). (G) An in vitro
wound healing assay in human dermal fibro-
blasts treated with PTD-DBM and/or Wnt3a
was performed. Representative images (left)
and migrating cell numbers (right) are shown
(**, P < 0.005; **, P < 0.0005; n = 3 indepen-
dent experiments). The widths of the initially
scratched wounds are indicated with dashed
lines. (H) ICC staining of human dermal fibro-
blasts treated with PTD-DBM and/or Wnt3a
was performed to detect phalloidin (left) and
a«-SMA (right; n = 3 independent experi-
ments). (1) Representative images of ICC stain-
ing of B-catenin (top) are shown in HaCaT
keratinocytes, which were treated with 2 uM
PTD-DBM and/or 50 ng/ml Wnt3a. Mean in-
tensity values are shown below (**, P < 0.005;
** P <0.0005; n = 3 independent experi-
ments). Bars: (C, H, and 1) 50 um; (G) 500 pm.
Means + SD.

that the interaction between the Wnt/fB-catenin pathway

and TGF-B is important for cutaneous wound healing
and fibrosis (Carthy et al., 2011; Akhmetshina et al., 2012).
Wnt3a induces myofibroblast differentiation by up-regulating
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Figure 9. Co-treatment with PTD-DBM and VPA accelerates cutaneous wound healing and synergistically induces collagen production

in mice. The wounded skin of 7-wk-old male C3H mice was treated daily with 100 uM PTD-DBM and/or 500 mM VPA or with 100 uM EGF for 11d (n = 16
mice/group). (A) IHC staining of wounds treated with PTD-DBM was performed to detect B-catenin. Representative images are shown (n = 3 independent
experiments). (B) Representative H&E-stained images of wounds at 12 d after wounding with the different treatments are shown (n = 3 independent
experiments). The arrowheads represent the edges of the wounds. (C) Representative images of macroscopic wounds and H&E and IHC staining (n = 5
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the TGF-3 pathway through Smad 2 in a 3-catenin—dependent
manner (Carthy et al., 2011). TGF-f also stimulates the
Wnt/B-catenin pathway by inhibiting GSK3@ or decreasing
Dickkopf-1 (Dkk-1) expression (Cheon et al., 2004; Amini
Nik et al., 2007; Akhmetshina et al., 2012). The cross-talk
between the Wnt/[-catenin and TGF-f pathways indicates
that control of the Wnt/B-catenin pathway may be an effec-
tive approach for targeting the TGF-3 pathway in cutaneous
wound healing and dermal fibrosis.

Several negative regulators of the Wnt/B-catenin pathway
inhibit cutaneous wound healing and dermal fibrosis. For ex-
ample, Dkk-1, a Wnt/B-catenin pathway antagonist (Niida
et al., 2004), decreases the proliferation of dermal fibroblasts
and suppresses the phenotypes of pachydermoperiostosis
(Kabashima et al., 2010). Overexpression of Dkk-1 also prevents
fibrosis in vitro and in vivo (Akhmetshina et al., 2012). As a
second example, blocking of secreted frizzled-related protein 1
(SFRP1), a negative regulator of the Wnt/[3-catenin pathway
(Gaur et al., 2006), with anti-SFRP1 antibody promotes
wound healing in vivo (Li and Amar, 2006). Furthermore,
SFRP1 inhibits 3-catenin expression, cellular growth, and ECM
production in keloid fibroblasts (Chua et al., 2011). Inhibi-
tion of GSK3f, a negative Wnt regulator (Eisenmann, 2005),
enhances wound healing and collagen deposition (Bergmann
etal., 2011).

We demonstrated that CXXC5 functions as a negative
teedback regulator of the Wnt/[-catenin pathway and colla-
gen production in the wound-healing process. The enhance-
ment of wound healing in CXXC5~/~ mice and identification
of the role of CXXC5 as a negative regulator of the Wnt/
[3-catenin pathway indicate that blockade of the CXXC5-Dvl
interaction may be a potential strategy for the development of
novel drugs for the treatment of acute wounds. We confirmed
that the CXXC5-Dvl interaction is a plausible target for de-
velopment of wound healing agents by demonstrating ben-
eficial effects of PTD-DBM, a competitor peptide which
interrupts this CXXC5-Dvl interaction, on cutaneous wound
healing and collagen deposition. Importantly, we observed
further improvement in the wound-healing effect after si-
multaneous blocking of the negative feedback loop with
PTD-DBM and activation of the Wnt/f-catenin pathway
with Wnt3a or VPA.

In addition, the wounds of Axin2%/* mice treated with
PTD-DBM showed a significant increment of Wnt activity

Article

in the dermal fibroblasts during cutaneous wound healing.
Although there are slight variations of activity levels with the
wounds in other references (Gay et al., 2013; Whyte et al.,
2013), these results are still correlated. Endothelin-1, a target
of Wnt/[-catenin pathway, was also specifically increased in
the fibroblasts of CXXC5 /" mouse wounds. Collectively,
Wnt/B-catenin signaling is important in the promotion of
cutaneous wound healing by CXXC5 manipulation in the
dermal fibroblasts of wounds.

Large wounds show somehow a nonuniform rate of con-
traction, as shown in the representative macroscopic images of’
mouse wounds in our manuscript. Despite the nonuniform rate
of contraction in large wounds, research on clinical treatment of
the large wounds, including surgical wounds, is valuable. To
overcome this problem, we performed quantitative analysis and
diverse methodologies for the evaluation of healing, including
quantitation of collagen. Combination treatment with PTD-
DBM and VPA significantly induced reepithelialization and
enhanced collagen deposition in the large wounds.

A topical treatment is commonly used for treatment of
cutaneous wound healing (Kim et al., 2010b; Chen et al,,
2012; Tang et al., 2014). For efficient skin penetration, there
are many methodologies, including PTD conjugation (Zhang
et al., 2014), liposomalization (Whyte et al., 2013), and use of
penetration enhancers (Lan et al., 2014). Considering the skin
penetration efficiency, we used PTD for efficient delivery and
FITC for visualization. Our data demonstrated that PTD-
DBM efficiently delivered to cells both in vitro and in vivo.

Previous studies have described an increased risk of basal cell
carcinoma in association with both acute and chronic wounds
(Ozyazgan and Kontag, 2004; Kasper et al., 2011). Considering
this relationship between epidermal wounds and skin cancer
risk, we investigated the effect of CXXC5 on cancer risk dur-
ing wound healing. PTD-DBM did not increase expression
levels of two oncogenic markers, c-Myc and cyclin D1 (Liao
et al., 2007), in vitro and in vivo. Moreover, expression of
endothelin-1 but not of c-Myc or cyclin D1 was significantly
increased in CXXC5~/~ mice. We also found no abnormal
skin phenotypes without increased expression of c-Myc or
cyclin D1 after PTD-DBM treatment for 6 mo (Fig. 10 E).
Finally, activation of the Wnt/[-catenin pathway via disrup-
tion of the negative feedback loop rather than by direct activa-
tion of signaling may further reduce the chance of aberrant
activation of the Wnt/3-catenin pathway related to cancer.

mice group) for B-catenin, keratin 14, collagen I, PCNA, or p-Erk in wounds 12 d after wounding are shown. Dashed lines demarcate the epidermal-
dermal boundary (n = 3 independent experiments). F, fibroblasts; K, keratinocytes. (D) Relative wound closure rates for wounds from mice treated with
PTD-DBM and/or VVPA or EGF were quantified as percent wound closure as shown. Wound sizes were measured at 1,3, 5, 7, 9, and 12 d after wounding
(*, P < 0.05;* P < 0.005; ™ P < 0.0005; n = 16 mice/group). (E) Western blot analyses of B-catenin, keratin 14, a-SMA, collagen I, PCNA, endothelin-1,
c-Myc, cyclin D1, p-Erk, and Erk in wounds (n = 2 mice/group) 12 d after wounding were performed (n = 2 independent experiments). Relative densito-
metric ratios of each protein to Erk protein are shown. (F) Representative images of Masson's trichrome, picrosirius red, and van Gieson staining of
wounds (n = 5 mice/group) 12 d after wounding are shown (n = 3 independent experiments). Bars: (A, C, and F) 100 um; (B) 500 pm. (G) Hydroxyproline
levels were measured in wounds at 12 d after wounding (**, P < 0.005; **, P < 0.0005; n = 5 mice/group). (H) Quantitative TissueFAXS analyses of immuno-
histochemical staining shown in C are presented for keratinocytes (left) and fibroblasts (right; *, P < 0.05; **, P < 0.005; **, P < 0.0005; n = 3 independent

experiments). Means + SD.
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Figure 10. PTD-DBM induces B-catenin, wound-healing markers, and endothelin-1 during cutaneous wound healing. (A and B, top) Representative
images of macroscopic wounds, H&E staining and IHC staining for 3-catenin, keratin 14, collagen I, or PCNA in wounds (n = 3 mice group) 4 (A) and 8 d (B) after
wounding are shown. Dashed lines demarcate the epidermal-dermal boundary. F, fibroblasts; K, keratinocytes. (bottom) Mean intensity values are presented for
keratinocytes (left) and fibroblasts (right; *, P < 0.05; **, P < 0.005; ***, P < 0.0005; n = 3 independent experiments). (C) RT-PCR analysis was performed 12 d after
wounding on wounds treated with or without 100 pM PTD-DBM to detect the mRNA levels of CXXC5, endothelin-1, c-Myc, cyclin D1, and GAPDH (n = 2 mice/
group). Relative densitometry values are shown underneath the blots. (D, top) Representative images of X-gal staining of wounded tissue from Axin219¢Z+ mice
(n =3 mice/group) treated with 100 pM PTD-DBM for 11 d and magnified images in epidermal keratinocytes and dermal fibroblasts are shown. (bottom) Relative
number of lacZ-positive cells is presented in keratinocytes and fibroblasts (**, P < 0.0005; n = 3 independent experiments). (E) Representative images of H&E
staining and IHC staining for c-Myc or cyclin D1 in wounds (n = 3 mice/group) at 6 mo after wounding (top) and mean intensity values are presented for kera-
tinocytes (left) and fibroblasts (right; bottom) are shown (n = 3 independent experiments). Bars: (A, B, and D) 100 um; (E) 50 um. Means + SD.
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In conclusion, CXXCS5 is a negative regulator of cutane-
ous wound healing and collagen production and functions
via inhibition of the Wnt/B-catenin pathway. The PTD-DBM
peptide blocks the CXXC5-Dvl interaction, and combina-
tion treatment with this peptide and a Wnt/[3-catenin signal-
ing activator may represent a potential therapeutic strategy to
enhance cutaneous wound healing without side effects and
with minimal cost.

MATERIALS AND METHODS

Human skin specimens. To monitor the expression patterns of B-catenin
and CXXCS5 during the wound-healing process, 4-mm biopsy specimens
from acute wounds were derived from wound margins of five patients at 0,
7, 28, and 84 d after primary excision of cutaneous melanoma. The speci-
mens at 0 d are intact and normal skins. The tissue specimens were fixed
overnight in 10% (vol/vol) formalin in PBS for immunohistochemical analy-
ses. Experiments using patient samples were approved by the Institutional
Review Board of the Clinical Research Institute of Severance Hospital (ap-
proval no. 4-2011-0690) and were conducted according to the Declaration
of Helsinki Principles.

In vivo wound healing assay. 7-wk-old male C3H mice (Orient Bio
Co.) were used to confirm the synergistic effect of PTD-DBM and VPA on
cutaneous wound healing. Mice were anesthetized, and their backs were
shaved and cleaned with ethanol. Full-thickness incision wounds (diameter =
1.5 cm) were generated and treated daily with 100 pM PTD-DBM alone,
500 mM VPA alone (Acros), PTD-DBM and VPA in combination, or 100 uM
EGF alone (PeproTech; n = 16 per group). As a control, one group of mice
was treated with vehicle (PBS) only.

For generation of CXXC5™/~ mice (Kim et al., 2014a), CXXC5-tar-
geted CJ7 mouse embryonic stem cell clones were injected into C57BL/6
mouse blastocysts. Chimeric offspring were bred to C57BL/6 mice to obtain
heterozygotes for the CXXC5 mutation. To obtain littermate wild-type and
CXXC57/~ mice, CXXC5 heterozygous mice were intercrossed for four
generations. Experiments were performed on littermate CXXC5"/* and
CXXC57/~ mice in an identical way to normal mice. To investigate whether
the accelerated wound-healing phenotype was dependent on endothelin-1,
mice were orally administered 100 mg/kg/d bosentan monohydrate or gum
Arabic (vehicle; Sigma-Aldrich) for 11 d after wounding.

Axin2/* mice were purchased from the Jackson Laboratory, and full-
thickness incision wounds (diameter = 1.5 ¢cm) were generated and were
treated daily with PTD-DBM or vehicle for 11 d (n = 3 per group). All ani-
mal protocols were approved by the Institutional Review Board of Sever-
ance Hospital, Yonsei University College of Medicine (09-013).

Cell culture, transfection, and in vitro wound healing assay. Human
dermal fibroblasts (n = 3) and HaCaT keratinocytes (n = 1) were main-
tained in DMEM (Gibco) containing 10% (vol/vol) heat-inactivated FBS
(Gibco), 100 mg/ml penicillin (Gibco), and 100 mg/ml streptomycin
(Gibco) and incubated in 5% (vol/vol) CO, at 37°C. For transient trans-
fection, the cells were grown for 1 d, transfected with the required plas-
mids or siRNAs using the Altogen fibroblast transfection reagent according
to the manufacturer’s instructions (Altogen Biosystems), and then further
cultured for 2 d before harvesting. Human-specific CXXC5 siRNAs
(5'-CUCAGUGGCAGAUGACACATT-3"and5'-GCACCCGUCUUUA-
GAACCATT-3') were synthesized (Bioneer) for knockdown of CXXCS5.
For the in vitro wound healing assay, human dermal fibroblasts or HaCaT
keratinocytes were seeded in 12-well plates in DMEM supplemented with
10% FBS and allowed to adhere overnight. The monolayers were then
carefully scratched with sterile pipette tips and incubated with medium
containing 5% FBS with or without PTD-DBM (2 or 10 pM). After 24 h,
the cells were washed once with cold PBS, fixed in 4% paraformaldehyde
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(PFA) for 15 min at room temperature, and stained with 2% (wt/vol)
crystal violet.

Collagen gel contraction assay. 12-well plates were incubated with 1%
BSA for 1 h at 37°C. Before the collagen gel contraction assay, human der-
mal fibroblasts were treated with PTD-DBM or Wnt3a or transfected with
pcDNA3.0-CXXC5-Flag. The cells were trypsinized, counted, and resus-
pended in DMEM at a cell density of 10° cells/ml. Thereafter, equal vol-
umes of cells and 0.5 mg/ml type I collagen solution (BD) were mixed
together, and then each cell-collagen mixture was added to BSA-coated
plates. Collagen was allowed to polymerize for 1 h at 37°C. Fresh DMEM
was then added to the solidified collagen gels. Collagen gel contraction was
monitored as a loss in gel weight.

Wnt reporter assay. Human dermal fibroblasts were plated in 24-well
plates at a density of 5 X 10* cells/well. The cells were transfected with
0.4 pg of the reporter construct TOPFlash or FOPFlash. Luciferase activities
were measured using a FLUOstar OPTIMA luminometer. Wnt reporter ac-
tivities are presented as TOPFlash/FOPFlash.

Colla2 promoter reporter assay. A luciferase reporter construct under
control of the —353-bp to 58-bp Colla2 promoter was obtained from
J.H.W. Distler (University of Erlangen-Nuremberg, Erlangen and Nurem-
berg, Germany; Akhmetshina et al., 2012). Human dermal fibroblasts were
plated in 24-well plates at a density of 5 X 10* cells/well. The cells were
transfected with 0.4 pg of a Colla2-luciferase construct using the Altogen
fibroblast transfection reagent and then further cultured for 24 h before har-
vesting. A B-galactosidase reporter vector was used as a control. Luciferase
and B-galactosidase activities were measured using a FLUOstar OPTIMA
luminometer (BMG LABTECH GMBH).

Sircol collagen assay. The total soluble collagen concentration in the cell
supernatants was quantified using the Sircol collagen assay kit (Biocolor
Ltd.). The collected supernatants were centrifuged at 200 ¢ for 5 min to re-
move the ECM, and then 200 pl of the supernatants was mixed with 1 ml
Sircol dye for 30 min. The samples were then centrifuged at 9,500 g for
10 min to pack the collagen—dye complex at the bottom of the centrifuge
tube. The pellets were dissolved in an alkali reagent to release the collagen—
dye complex, and absorbance was then measured at 540 nm using a FLUOstar
OPTIMA luminometer.

Hematoxylin and eosin (H&E) staining. Tissues were fixed overnight
in 4% (wt/vol) PFA in PBS, embedded in paraffin, and then sliced into 4-pm
sections. The sections were deparaffinized in three changes of xylene and
rehydrated through a graded ethanol series. The sections were stained
with hematoxylin for 5 min and with eosin for 1 min. The H&E-stained
slides were photographed using a brightfield optical microscope (ECLIPSE
TE2000-U; Nikon).

Immunohistochemistry (IHC). 4-um paraffin sections were deparaffin-
ized and rehydrated. For antigen retrieval, the slides were autoclaved in
10 mM sodium citrate buffer. Sections were blocked in PBS containing 10%
BSA at room temperature for 30 min. The sections were incubated over-
night at 4°C with the following dilutions of primary antibodies: anti—
B-catenin (1:100; BD), anti-CXXC5 (1:50; Santa Cruz Biotechnology,
Inc.), anti—keratin 14 (1:1,000; Covance), anti—collagen I (1:500; Abcam),
anti-PCNA (1:500; Santa Cruz Biotechnology, Inc.), anti-vimentin (1:250;
Abcam), anti-CD34 (1:500; Abcam), anti-CD68 (1:200; Abcam), and anti—
p-Erk (1:50; Cell signaling Technology). The slides were washed with PBS,
incubated with Alexa Fluor 488— or Alexa Fluor 555—conjugated IgG sec-
ondary antibody (1:400; Molecular Probes) at room temperature for 1 h, and
counterstained with DAPI (1:5,000; Boehringer Mannheim). The images
were captured using a LSM510 META confocal microscope (Carl Zeiss)
after excitation with 405-, 488-, or 543-nm laser lines.
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Immunocytochemistry. Human dermal fibroblasts or HaCaT cells were
plated in 24-well culture plates. The cells were washed with PBS and fixed
in 4% (wt/vol) PFA in PBS for 15 min at room temperature. Then the cells
were washed with PBS and permeabilized with 0.1% (vol/vol) Triton X-100
in PBS for 15 min. After washing with PBS, the cells were incubated with
10% BSA in PBS for 30 min and then with antibodies specific for B-catenin
(1:100; BD), CXXC5 (1:50; Santa Cruz Biotechnology, Inc.), keratin 14
(1:1,000; Covance), collagen I (1:500; Abcam), phalloidin (1:200; Molecular
Probes), or a-SMA (1:200; Abcam) at 4°C overnight. The cells were washed
in PBS and incubated with Alexa Fluor 488— or Alexa Fluor 555—conjugated
IgG secondary antibody (1:400; Molecular Probes) at room temperature for
1 h. Cell nuclei were counterstained with DAPI for 10 min and the stained
samples were examined under a LSM510 META microscope using 405-,
488-, or 543-nm laser excitation lines.

Western blot analysis. Cells and tissues were ground with a mortar and
pestle before lysis in RIPA buffer (150 mM NaCl, 10 mM Tris, pH 7.2,
0.1% SDS, 1.0% Triton X-100, 1% sodium deoxycholate, and 5 mM
EDTA). Samples were separated on 6—=12% SDS polyacrylamide gels and
transferred onto PROTRAN nitrocellulose membranes (Schleicher and
Schuell Co.). After blocking with PBS containing 5% nonfat dry skim
milk and 0.07% (vol/vol) Tween 20, the membranes were incubated
with antibody specific for B-catenin (1:1,000; Santa Cruz Biotechnology,
Inc.), CXXC5 (1:500; Santa Cruz Biotechnology, Inc.), a-SMA (1:1,000;
Abcam), keratin 14 (1:1,000; Covance), collagen I (1:2,000; Abcam),
PCNA (1:500; Santa Cruz Biotechnology, Inc.), a-tubulin (1:5,000;
Oncogene Research Products), lamin A/C (1:1,000; Cell Signaling Tech-
nology), Flag (1:5,000; Sigma-Aldrich), Myc (1:5,000; Cell Signaling
Technology), endothelin-1 (1:3,000; Abcam), c-Myc (1:500; Santa Cruz
Biotechnology, Inc.), cyclin D1 (1:500; Santa Cruz Biotechnology, Inc.),
p-Erk (1:500; Santa Cruz Biotechnology, Inc.), or Erk (1:5,000; Santa
Cruz Biotechnology, Inc.) at 4°C overnight. Samples were then incubated
with horseradish peroxidase—conjugated anti—rabbit (1:5,000; Bio-Rad
Laboratories) or anti-mouse (1:5,000; Cell Signaling Technology) IgG
secondary antibody. Protein bands were visualized with enhanced chemi-
luminescence (GE Healthcare) using a luminescent image analyzer, LAS-
3000 (Fujifilm). Western blot bands were analyzed using Multi-Gauge
V3.0 software (Fujifilm). Points of interest (POIs) from Western blot
bands were marked and quantified using densitometry, and the back-
ground signals were subtracted from respective Western blot signals. Rela-
tive densitometry values are presented as the intensity ratios of each
protein to loading control protein (a-tubulin, lamin A/C, or Erk).

RT-PCR. Total RNA was extracted from cells or ground tissue powder
using the TRIzol reagent (Invitrogen). RT was performed using M-MLV
reverse transcription (Invitrogen). PCR reactions were performed using Taq
DNA polymerase (COSMO Genetech) at 94°C for 5 min followed by
25—40 cycles of 94°C for 30 s, 55-60°C for 30 s, and 72°C for 1 min in a
System 2700 thermal cycler (Applied Biosystems). The following primer sets
were used: human CXXC5, forward 5'-AGCCGAGTGAAGACATTTC-
CACCT-3" and reverse 5'-TAATGAAGAGGCCTGGGTTGATGG-3';
mouse CXXC5, forward 5'-CAAGAAGAAGCGGAAACGCTGC-3’
and reverse 5'-TCTCCAGAGCAGCGGAAGGCTT-3'; human GAPDH,
forward 5'-AAGGTCGGAGTCAACGGATT-3" and reverse 5'-AGT-
GATGGCATGGACTGTGG-3"; mouse GAPDH, forward 5'-ACCA-
CAGTCCATGCCATCAC-3" and reverse 5'-TCCACCACCCTG-
TTGCTGTA-3'; human endothelin-1, forward 5'-TTCCCACAAAGG-
CAACAGACCG-3'" and reverse 5'-GACAGGCCCCGAAGTCTGTCA-3";
mouse endothelin-1, forward 5'-ACTTCTGCCACCTGGACATC-
ATCT-3" and reverse 5'-TGGTCTGTGGCCTTATTGGGAAGT-3";
mouse ¢-Myc, forward 5'-TGGTGTCTGTGGAGAAGAGGCAAA-3" and
reverse 5'-TTGGCAGCTGGATAGTCCTTCCTT-3"; and mouse cycin D1,
forward 5'-TGCTGCAAATGGAACTGCTTCTGG-3" and reverse
5'-TACCATGGAGGGTGGGTTGGAAAT-3".
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Immunoprecipitation. Cells were lysed in RIPA buffer and centrifuged at
14,000 g for 30 min at 4°C. Cell lysates were then subjected to immunopre-
cipitation with anti-Myc (1:250; Abcam) or anti-Dvl-1 (1:250; Santa Cruz
Biotechnology, Inc.) antibody and Protein A or G beads (GenDEPOT)
overnight at 4°C with constant agitation. The immunoprecipitated com-
plexes were washed with RIPA buffer, and the complex samples were boiled
and subjected to Western blot analysis.

Collagen staining. 4-um wound tissue sections were deparaffinized in
xylene and rehydrated by successive immersion in descending concentra-
tions of alcohol. To assess the effects of CXXCS5 on collagen synthesis and
quality of scarring, sections were stained using three common collagen
staining methods. For van Gieson staining, slides were stained with Wei-
gert’s solution for 10 min and picrofuchsin solution for 2 min. Van Gieson
staining results in a deep red color for mature collagen fibers and a pink
color for immature collagen fibers along with black nuclei. For Masson’s
trichrome staining, slides were fixed in Bouin’s solution for 1 h. After in-
cubation in Weigert’s iron hematoxylin solution for 10 min, the slides
were stained with Biebrich Scarlet-Acid Fuchsin and Aniline blue for
5 min. The collagen fibers were stained blue and the nuclei were stained
black. For picrosirius red staining, sections were stained with Weigert’s so-
lution for 8 min and picrosirius red for 1 h. The collagen fibers were stained
red with blue nuclei.

Hydroxyproline assay. Collagen content was determined by hydroxypro-
line levels. Dried wound tissues were hydrolyzed for 12 h at 110°C in 6 N
HCI. Hydroxyproline levels were determined using chloramine T and
Ehrlich’s reagent. Absorbance was measured at 550 nm using a FLUOstar
OPTIMA luminometer, and results were expressed as micrograms of hydroxy-
proline per milligram of protein.

X-gal staining. Wounded tissues in Axin2M?/* mice were fixed with 0.4%
(wt/vol) PFA in PBS for 3 h at room temperature. 20-pm wound tissue sec-
tions were fixed with 0.2% (vol/vol) glutaraldehyde in distilled water for 15 min
at room temperature and stained with 1 mg/ml X-gal solution (Promega)
overnight at 37°C. Cell nuclei were counterstained with nuclear fast red
(Sigma-Aldrich) for 5 min at room temperature.

Quantitation of signal intensity. Immunohistochemical stainings were
analyzed with TissueQuest software (TissueGnostics). Individual cells were
identified based on the DAPI staining, and background threshold was speci-
fied. The intensity of specific protein above this threshold was quantified.
Mean intensity was obtained from each cell, and mean values were estimated
from analyses of at least three independent experimental results. ICC stain-
ings were analyzed with NIS Elements V3.2 software (Nikon). The blue
channel was referred to visualize the nuclei, and the threshold was defined
for red, green, or blue channels. Mean intensity was calculated in the red and
green channels separately, and mean values were estimated from analyses of
three independent experimental results. Quantitative analyses of staining
were performed in at least three random, representative fields.

Statistical analysis. Data are presented as means = SD. Statistical
analyses were performed using unpaired two-tailed Student’s  test. Aster-
isks denote statistically significant differences (*, P < 0.05; **, P < 0.005;
*xx P < 0.0005).
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