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Inhibition of Wnt signaling pathway
suppresses radiation-induced
dermal fibrosis

Dong Won Lee®?, Won Jai Lee?, Jaeho Cho®?, Chae-OkYun?, Hyun Roh?, Hsien Pin Chang?,
Tai Suk Roh?, Ju Hee Lee* & Dae Hyun Lew***

Progressive fibrosis of the dermal tissues is a challenging complication of radiotherapy whose
underlying mechanism is not fully understood, and there are few available treatments. The canonical
Wnt/B-catenin signaling pathway plays an important role in fibrosis as well as in the epithelial-to-
mesenchymal transition (EMT). We investigated whether inhibition of Wnt/B-catenin signaling with
sLRP6E1E2, a molecule that binds to extracellular Wnt ligands, ameliorated radiation-induced fibrosis
both in vitro and in vivo. Radiation with a single dose of 2 Gy not only facilitated fibrosis in cultured
human dermal fibroblasts via activation of the Wnt/B-catenin pathway but also initiated EMT in
cultured keratinocytes, developing collagen-producing mesenchymal cells. sSLRP6E1E2-expressing
adenovirus treatment exerted anti-fibrotic activity in irradiated cultured dermal fibroblasts and
keratinocytes. In a mouse model, a single fraction of 15 Gy was delivered to the dorsal skins of 36 mice
randomized into three groups: those receiving PBS, those receiving control adenovirus, and those
receiving decoy Wnt receptor-expressing adenovirus (dE1-k35/sLRP6E1E2). The mice were observed
for 16 weeks, and excessive deposition of type | collagen was suppressed by sSLRP6E1E2-expressing
adenovirus treatment. These results demonstrate that the modulation of the Wnt/B-catenin pathway
has the potential to decrease the severity of radiation-induced dermal fibrosis.

Radiotherapy is an effective treatment for controlling solid tumors such as head and neck cancer, breast cancer,
and soft tissue sarcoma. However, collateral injury to the surrounding healthy tissues may result in toxicity and
frequently limits the therapeutic dose of radiation that can be delivered’. Since the skin is usually the first site
of entry of radiation, various skin reactions can occur. In the acute phase of radiation injury, erythema may
be evident within hours of irradiation, and desquamation and ulceration appear at higher doses. These acute
events can be addressed symptomatically and generally resolve without exacerbation’. However, progressive
fibrosis of the dermal tissues is a late adverse effect of radiation that is not always resolved. Pain, limited range
of motion, and poor cosmesis are well-described adverse events attributed to radiation-induced fibrosis of the
skin®. Unfortunately, there are few anti-fibrotic therapies available.

Tissue fibrosis is the excessive accumulation of collagen and other extracellular matrix components follow-
ing a breakdown in the normal balance of extracellular matrix synthesis and degradation*. Several mediators
are involved and act on fibroblasts to cause tissue fibrosis. In addition to the TGF- signaling pathway, which is
a key mediator of fibroblast activation, the Wnt/p-catenin signaling pathway plays an important role in fibrotic
reactions®. In the setting of radiation, -catenin mediates the effects of radiation in fibroblasts, and its modula-
tion has the potential to decrease the severity of radiation-induced complications®.

In this study, we tested the hypothesis that inhibition of the Wnt/B-catenin signaling pathway would ame-
liorate radiation-induced fibrosis. Inhibition of the pathway was accomplished using adenovirus gene therapy
expressing a Wnt antagonist that binds Wnt ligands to block interactions with receptors®. Low-density lipopro-
tein receptor-related protein 6 (LRP6), a Wnt ligand, is required for activation of the canonical Wnt/p-catenin
pathway’. A novel soluble Wnt receptor, SLRP6E1E2, which is composed of the LRP6 E1 and E2 regions, was
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Figure 1. Increased Wnt-3a and B-catenin in irradiated cells and inhibition of Wnt/B-catenin pathway by decoy
Wht receptor SLRP6E1E2. Human dermal fibroblasts (HDFs) and HaCaT keratinocytes were irradiated, and

cell lysates were immunoprecipitated with antisera against (a) Wnt-3a and (b) B-catenin. No IR: not irradiated;
IR: irradiated; *p <0.05; **p < 0.01. (c) HDF and (d) HaCaT keratinocytes were transduced with dE1-k35/
SLRP6E1E2 or dE1-k35 after radiation. Cells were labeled with anti- f-catenin to test intranuclear translocation.

used to inhibit the pathway®. Therefore, we explored the biological effects of the binding of sSLRP6E1E2 to extra-
cellular Wnt ligands after irradiation.

Results
Decoy Wnt receptor sSLRP6E1E2 inhibits Wnt/B-catenin pathway in irradiated cells. Dermal
fibroblasts and keratinocytes, representative cells that compose the skin, were selected to determine the effect
of irradiation on skin tissues. We began with the premise that the Wnt/B-catenin signaling pathway would be
activated in the setting of radiation. To verify that radiation contributed to the activation of the Wnt/p-catenin
pathway, we examined Wnt-3a and P-catenin expression level in human dermal fibroblasts (HDF) and HaCaT
keratinocytes at 48 h after a single dose of 2-Gy irradiation. Both Wnt3a and B-catenin are upregulated at the
protein level (Fig. 1a,b). This suggests that radiation is responsible for high expression of Wnt3a and its effector
[-catenin protein in irradiated fibroblasts and keratinocytes.

It has been previously reported that activation of Wnt/B-catenin pathway elicits reduced -catenin localization
at the plasma membrane and increased -catenin levels in the cytosol and nucleus®. Therefore, we examined the
extent of cytosolic and nuclear localization of p-catenin by immunofluorescence staining of irradiated HDFs
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Figure 2. Inhibition of Wnt/B-catenin pathway by decoy Wnt receptor sSLRP6E1E2 in irradiated human dermal
fibroblasts (HDFs), and decreased production of collagen type I. (a) Quantitative mRNA levels of type-I, -III
collagen and TGF-f in HDFs were assessed by qRT-PCR after transduction with dE1-k35/sLRP6E1E2 or
dE1-k35. *p <0.05; **p<0.01 vs no radiation. Irradiated HDFs were transduced with dE1-k35/sLRP6E1E2 or
dE1-k35, and immunocytochemical staining for (b) phospho-Smad 2/3 (red) and (c) type I collagen (green)
was performed. DAPI: blue. (d) The expression levels of type I collagen were assessed semi-quantitatively using
MetaMorph imaging analysis software.

and HaCaT keratinocytes after transduction with dE1-k35/sLRP6E1E2 (sLRP6E1E2-expressing virus) or dE1-
k35 (control virus). In absence of radiation, p-catenin was rarely observed in the cytosol and nucleus. Upon
radiation, control groups (radiation + PBS and radiation + SLRP6E1E2 (-) virus) showed increased B-catenin
localization on the cytosol and nucleus, while dE1-k35/sLRP6E1E2-transduced cells showed lower levels of
nuclear localization of B-catenin than control groups (Fig. 1¢,d). These data suggest that decoy Wnt receptor
sLRP6E1E2 inhibits Wnt/p-catenin pathway in irradiated fibroblasts and keratinocytes. It was also supported
by the results of previous studies using the same viruses®’.

Decoy Wnt receptor sSLRP6E1E2 inhibits TGF-B/Smad pathway and suppresses collagen pro-
duction in irradiated HDFs. The Wnt/B-catenin pathway regulates a wide range of cellular functions
including fibrosis®!’. To test the potential effect of SLRP6E1E2 on in vitro fibrosis by inhibition of Wnt3a/p-
catenin signaling in irradiated HDFs, mRNA expression of collagen type I al, collagen type III al and TGF-f1
was examined, and immunocytochemistry for phospho-Smad 2/3 and type I collagen was performed in irradi-
ated HDFs after treatment with dE1-k35/sLRP6E1E2 or dEl-k35. A single dose of 2-Gy irradiation was given to
HDE, and the results were collected after 48 h. The mRNA expression of the genes encoding type I al and III al
collagen was reduced by 23% and 34%, respectively, in HDFs transfected with dE1-k35/sLRP6E1E2 compared
to levels in dE1-k35-transfected controls (Fig. 2a). In particular, type III al collagen expression was dramati-
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Figure 3. Inhibition of epithelial-to-mesenchymal transition by decoy Wnt receptor sSLRP6E1E2 in irradiated
HaCaT keratinocytes, and decreased production of collagen type I. (a) Under phase-contrast microscopy,
spindle-shaped HaCaT keratinocytes were observed after irradiation. (b) The mRNA expression of the gene
encoding E-cadherin (epithelial marker) increased, while levels of those encoding twist and vimentin decreased
(mesenchymal markers). *p <0.05; **p <0.01 vs no radiation. (c) After transduction with dE1-k35/sSLRP6E1E2
or dE1-k35, Cells were stained with DAPI (blue) and anti-type I collagen (green). (d) The expression levels of
type I collagen were assessed semi-quantitatively using MetaMorph imaging analysis software. *p <0.05 vs no
radiation.

cally reduced compared to the level in non-irradiated cells. The mRNA expression of the gene for TGF-B1 in
HDF was increased in control groups (radiation only and sSLRP6E1E2 (-) control virus), while it was reduced
in sSLRP6E1E2-expressing virus (Fig. 2a,b). According to immunocytochemical staining for type I collagen in
HDFs treated with SLRP6E1E2, type I collagen fibers were not observed (Fig. 2c). Taken together, these findings
suggest that SLRP6E1E2-expressing viruses suppress radiation-induced fibrosis in HDFs.

Decoy Wnt receptor sLRP6E1E2 inhibits epithelial-to-mesenchymal transition (EMT) and
suppresses collagen production in irradiated HaCaT keratinocytes. EMT is known to be an
important process in fibrosis?, and the Wnt/p-catenin pathway also plays an important role in this process®.
We hypothesized that irradiated keratinocytes would be converted into collagen-producing mesenchymal cells
by the mechanism of EMT, and converted mesenchymal cells ultimately produce collagen fibers. In irradiated
HaCaT keratinocytes, morphological changes were observed, as they adopted a spindle-shaped appearance like
fibroblasts (Fig. 3a). Figure 3b shows that irradiated HaCaT keratinocytes exhibited downregulation of mRNA
encoding the epithelial marker E-cadherin. Conversely, mesenchymal markers (i.e., twist and vimentin) were
markedly upregulated in irradiated keratinocytes, suggesting that EMT occurred. Furthermore, the results of
immunocytochemistry for type I collagen demonstrated that irradiated HaCaT keratinocytes eventually pro-
duced type I collagen fibers (Fig. 3¢). These results suggest that irradiated keratinocytes changed into collagen-
producing fibroblasts functionally and morphologically.

We investigated whether SLRP6E1E2-expressing viruses inhibit the EMT process and collagen synthesis in
irradiated keratinocytes. We found that the mRNA levels of most markers, whether epithelial or mesenchymal,
were not significantly altered in SLRP6E1E2-treated cells from those in non-irradiated cells, contrary to the results
of the control groups (radiation + PBS and radiation + sSLRP6E1E2 (-) virus) (Fig. 3b), indicating that EMT in
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Figure 4. Inhibition of Wnt/B-catenin pathway by decoy Wnt receptor sSLRP6E1E2 in irradiated mouse. Wnt-3a
and fB-catenin were detected by western blot after transduction with dE1-k35/sLRP6E1E2 or dE1-k35. The

blots were from one gel and were then probed with different antibodies one at a time. Each blot was taken from
one mouse. B-actin was used as an internal standard. *p <0.05 vs PBS. *p <0.05 vs sSLRP6E1E2 (-). (a-d) Gels/
blots and quantification at post-radiation 4, 8, 12, and 16 weeks, respectively. (e) Relative density of Wnt-3a

and B-catenin compared to that of control protein as detected using densitometry at various post-radiation

time points (a-d). (f) Cells were labeled with anti- f-catenin to test intranuclear translocation at 8 weeks
post-radiation. (g) The expression levels of intranuclear -catenin were assessed semi-quantitatively using
MetaMorph imaging analysis software.

irradiated keratinocytes was inhibited by treatment with dE1-k35/sLRP6E1E2 viruses. Based on immunocyto-
chemical staining for type I collagen, collagen fibers were not produced in irradiated keratinocytes treated with
sLRP6E1E2, while stained type I collagen was observed in control groups (Fig. 3¢).

Decoy Wnt receptor sLRP6E1E2 inhibits Wnt/B-catenin pathway in irradiated mouse. We
next evaluated changes in the Wnt/p-catenin pathway in the setting of radiation in a mouse model treated with
PBS, control adenovirus (dE1-k35), or decoy Wnt receptor-expressing adenovirus (dE1-k35/sLRP6E1E2) using
western blot analysis of Wnt-3a and p-catenin. In the PBS control, levels of Wnt-3a began increasing after irra-
diation and peaked at 12 weeks, while B-catenin increased rapidly at 4 weeks, peaked at 8 weeks, and decreased
12-16 weeks after irradiation (Fig. 4a—e). This suggests that radiation activates the Wnt/p-catenin pathway dur-
ing the initial 12 weeks, subsiding after 16 weeks post-radiation. When treated with sSLRP6E1E2-expressing
virus, the rate of increase and the peak in the protein expression of Wnt-3a were markedly pronounced. How-
ever, expression of the 3-catenin protein was reduced, with a lower peak than that in mice treated with PBS con-
trol or dE1-k35 control (Fig. 4a—e). These findings suggest that the level of B-catenin in the dE1-k35/sLRP6E1E2
group generally decreases owing to the action of SLRP6E1E2, which suppresses the Wnt/p-catenin pathway,
while the level of Wnt-3a in the same group is elevated to compensate for the suppression of the Wnt/-catenin
pathway via negative feedback.

Figure 4f shows whether B-catenin translocates to the nucleus in each group at 8 weeks post-radiation. Control
groups (PBS and sLRP6E1E2 (-)) showed that B-catenin was mainly located in the nucleus, whereas reduced
levels of B-catenin in the cytosol and nucleus were noted in SLRP6E1E2-expressing adenovirus treatment group.
This suggests that Wnt/p-catenin pathway was suppressed in dE1-k35/sLRP6E1E2-transfected mouse.

DecoyWnt receptor sSLRP6E1E2 suppresses collagen production inirradiated mouse. Through
a preliminary study of the dose-dependent response to radiation in a mouse model, the appropriate dose of radi-
ation for the current study was determined to be a single fraction of 15 Gy, as a higher dose of radiation induced
ulceration of the skin that activated wound healing and fibrosis processes (data not shown). As we sought to

SCIENTIFIC REPORTS |  (2020) 10:13594 | https://doi.org/10.1038/s41598-020-70243-3



www.nature.com/scientificreports/

Relative Density

SLRPGEIE2 (-)

=
173

-

0.5

Normal Skin

PBS

SsLRPGEILE2 (+)
e
4 weeks 8 weeks 12 weeks 16 weeks
-&-PBS
C
COLI1A1 COL3A1 TGFB1 z 150000 - -0-sLRP6EIE2 (-)
15 15 E -o-SLRPGEIE2 (4)
NS a §
NS = “* §
1 NS 1 2 NS w
g 100000 - NS
)
g 0.5 g 0.5 §
4
0 0 50000 A
? S O D NRD
& @O @’V@ & \&\ @\x & &,»\ &
& & & & &
S q§’ S & st st
R F $ VY 0
4 8 12 16

Weeks Post-radiation

Figure 5. Anti-fibrotic effect of decoy Wnt receptor SLRP6E1E2 in irradiated mouse. (a) Histological views of
non-irradiated normal tissue and irradiated tissues of PBS control group, control virus (dE1-k35) group, and
SLRP6E1E2-treated group by Masson’s trichrome staining. The mice in the SLRP6E1E2-treated group showed

a thinner dermis and many miniaturized follicles, while mice in control groups have thicker dermis tissue and
adnexa replaced by collagenous fibers. (b) Quantitative mRNA levels of type-I, -III collagen and TGF-f in HDFs
were assessed. (c) Semi-quantitative analysis of type I collagen immunohistochemistry. The amount of collagen
in the SLRP6E1E2-treated group was not significantly different from that of non-radiated tissues over the entire
follow-up period. *p <0.05 vs PBS. $p <0.05 vs SLRP6E1E2 (-).

focus on radiation-induced fibrosis in this study, fibrosis caused by wound healing should be excluded. After
15 Gy radiation was delivered to the dorsal skin, tiny dry desquamations appeared in approximately 1/3 of the
mice in each group within 4 weeks, and fields receiving radiation healed without ulceration in all mouse. Upon
examination by planimetric analysis and laser Doppler flowmetry, there were no significant differences between
groups in almost values (Supplementary Fig. S1). This indicates that the radiation dose of 15 Gy may not cause
tissue contracture within the experimental period, although radiation-induced fibrosis may occur. A single frac-
tion of 15 Gy is thought to be similar to that used in clinical settings in humans.

According to Masson’s trichrome staining, layers of dermal collagen fibers generally increased and thickened
in irradiated groups (PBS, sSLRP6E1E2 (-), and sSLRP6E1E2 (+) groups) compared to those in normal dermal
tissue. Thus, radiation seems to be responsible for increasing collagenous fibrosis. Among the irradiated groups,
a relatively thin dermis and many miniaturized follicles were observed in the SLRP6E1E2-treated group, while
mice in the control groups (PBS, sSLRP6E1E2 (-)) had thicker dermal tissues and fewer follicles. In addition,
adnexa were replaced by collagenous fibers in both control groups (Fig. 5a).

To test the potential effect of SLRP6E1E2 on in vivo fibrosis, mRNA expression of collagen type I al, col-
lagen type III al and TGF-B1 was examined at 12 weeks post-radiation, and immunohistochemistry for type I
collagen was performed at each time point. The mRNA expression of collagen type I al, collagen type IIT al and
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TGF-B1 was significantly reduced in dE1-k35/sLRP6E1E2-transfected mouse compared to controls (Fig. 5b). The
results of collagen type I immunohistochemistry were analyzed using MetaMorph image for semi-quantitative
analysis. In the SLRP6E1E2-treated group, there was a decrease in collagen expression during the follow-up
period. Especially, the amount of type I collage was significantly different between sSLRP6E1E2-treated group
and both control groups at 4 and 16 weeks post-radiation (Fig. 5¢). The lack of an increase in the expression of
type 1 collagen in the SLRP6E1E2-treated group suggests that the Wnt/B-catenin pathway plays an important
role in radiation-induced fibrosis.

Discussion

We investigated whether inhibition of the canonical Wnt/B-catenin pathway could reverse radiation-induced
fibrosis. sSLRP6E1E2-expressing adenovirus was used to inhibit a Wnt ligand-dependent process. In an irradi-
ated mouse model, an elevation in the B-catenin level was verified, and we found that overproduction of type
I collagen, as a representative of extracellular matrix components, could be controlled by inhibition of the
Whnt/B-catenin pathway. This indicates that inhibition of the f-catenin mediator is effective in ameliorating
radiation-induced fibrosis.

Several pathways involved in fibrosis from initial stimulus to collagen synthesis offer various therapeutic
targets. Among these, we selected the Wnt/B-catenin pathway as a target for controlling radiation-induced fibro-
sis, although TGF-p is known to be a key factor in the fibrotic reaction!!. Reactive oxygen species generated by
radiation exposure are immediate activators of TGF-p, which then initiates the process of upregulated collagen
synthesis'?. Recent studies suggest that the effect of TGF-B on wound healing is mediated by B-catenin, and a
similar process of Wnt/p-catenin signaling might contribute to radiation-induced fibrosis'*~'*. We hypothesized
that inhibiting B-catenin would significantly mitigate radiation-induced fibrosis in dermal tissues.

Before developing a strategy to reduce the progression of radiation-induced fibrosis, we should closely con-
sider both the starting and ending points of the treatment. Radiation-induced fibrosis presents in the late phase,
sometimes even decades after treatment. The perpetuation of the fibrotic reaction may not require continued
paracrine stimulation by fibrogenic cytokines but may rely on positive autocrine signaling®. It is postulated that
collagen synthesis is subsequently continued by autocrine induction of connective tissue growth factor'®”.
Whether early activation of TGF-p is relevant to the late effect of radiation-induced fibrosis has not been con-
firmed. However, several studies have demonstrated the amelioration of radiation-induced fibrosis via the early
inhibition of the TGF- pathway'®'’. In the present in vivo study, the results of the control groups revealed
that the protein levels of Wnt-3a and B-catenin began increasing after irradiation with a peak at 12 and 8 weeks
respectively and decreased at 12-16 weeks, suggesting that the activation of the Wnt/B-catenin pathway is con-
fined to within 16 weeks post-radiation. The synthesis of type I collagen in the mouse model increased even in
the early phase, although radiation-induced fibrosis is known as a late effect in humans. The current result is
consistent with previous reports showing the early deposition of collagen fibers in humans®*?!. In this respect,
radiation-induced fibrosis in the dermis clinically manifests as a late effect even though collagen deposition starts
immediately after irradiation. Therefore, we applied the adenovirus treatment until 11 weeks post-irradiation,
when B-catenin activation subsides.

In the past, it was believed that locally resident mesenchymal cells were the only source of collagen-pro-
ducing cells, but other origins of fibroblasts have now been identified. These are epithelial and endothelial cells
capable of undergoing EMT and endothelial-mesenchymal transition (EndoMT)*. Circulating fibrocytes from
bone marrow are another circulating fibroblast precursor?. We focused on EMT as a source of fibroblasts. The
Wnt/-catenin pathway plays an important role in the EMT process as well as the fibrotic reaction®. It has been
proposed that epithelial cells in dermal tissues may transform into fibroblasts, and we assumed that inhibition of
the Wnt/B-catenin pathway would decrease such an EMT process. Accordingly, fibrotic activity was expected to
be suppressed by decreasing the number of fibroblasts. In vitro analysis confirmed this hypothesis, as irradiated
keratinocytes produced collagen fibers and collagen synthesis was blocked by the adenovirus treatment. In sum-
mary, inhibition of the Wnt/p-catenin pathway may ameliorate radiation-induced fibrosis via two mechanisms:
direct suppression of fibrogenic activity and indirect suppression by reducing the number of fibroblasts through
suppression of an EMT process.

In conclusion, radiation facilitates the fibrotic reaction in cultured keratinocytes as well as cultured human
dermal fibroblasts, while SLRP6E1E2 exerts anti-fibrotic activity in irradiated cultured cells (in vitro study). In
a mouse model, excessive collagen deposition was controlled in the SLRP6E1E2-treated group (in vivo study).
Taken together, these results support the idea that modulation of the Wnt/p-catenin pathway has the potential
to decrease the severity of radiation-induced dermal fibrosis.

Methods

Cell culture and in vitro irradiation. HDF and HaCaT keratinocytes (American Type Culture Collec-
tion, Manassas, VA, USA) were seeded at passage 4 in 6-well plates and grown in a complete cell culture medium
consisting of Dulbecco’s modified Eagle medium (DMEM) with 100 U/ml penicillin, 100 g/ml streptomycin
sulfate, and 10% fetal bovine serum (FBS) at 37 °C in a humidified atmosphere containing 5% CO, until form-
ing a confluent monolayer. An X-RAD320 irradiator (Precision X-Ray, North Branford, CT, USA) was used to
irradiate cell cultures with a single dose of 2-Gy radiation.

Treatment with adenovirus-expressing decoy Wnt receptor. The virus dE1-k35/sLRP6E1E2 was
obtained as previously described®. The replication-incompetent dE1-k35 was used as a negative control®. Titers
of generated adenoviruses were determined using the optical density of the viral genome. For both dE1-k35/
SLRP6E1E2 (sLRP6E1E2-expressing virus) and dE1-k35 (control virus), a multiplicity of infection (MOI) of
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100% was transfected into cultured dermal fibroblasts and HaCaT keratinocytes. Irradiation of cell cultures was
followed immediately by viral transfection.

Quantitative real-time reverse transcriptase-polymerase chain reaction (QRT-PCR). To evalu-
ate mRNA levels of collagen type 1 al (COLIAI), collagen type 3 al (COL3AI), TGF-P1 (TGFBI) in cultured
HDF cells and those of E-cadherin (CDH1), vimentin (VIM), and twist (TWIST1) in cultured HaCaT keratino-
cytes, QRT-PCR was performed 48 h after irradiation. Total RNA was prepared with the RNeasy Mini Kit (Qia-
gen, Hilden, Germany), and complementary DNA was prepared from 0.5 ug of total RNA by random priming
using a first-strand cDNA synthesis kit (AccuPower RT PreMix, Bioneer, Daejeon, Korea) under the following
conditions: 95 °C for 5 min, 37 °C for 2 h, and 75 °C for 15 min. Applied Biosystems TagMan primer/probe
kits were used to analyze mRNA expression levels with an ABI Prism 7,500 HT Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). For cDNA amplification, AmpliTaq Gold DNA polymerase was
activated by 10-min incubation at 95 °C; this was followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C for
each cycle. The mRNA expression levels were normalized to the levels of the GAPDH housekeeping gene, and
then relative quantities were expressed as fold-inductions compared with the control gene after determining the
threshold cycle and drawing standard curves. The following primers were used: Hs00164004_m1 (COL1A1),
Hs00164103_m1 (COL3A1), Hs00998133_m1 (TGFBI), Hs 01023894_m1 (CDHI), Hs 00185584_m1 (VIM),
Hs 00361186_m1 (TWIST1I), and Hs99999905_m1 (GAPDH, reference).

Western blot analysis. Western blot analysis was performed to examine proteins associated with the Wnt/
[-catenin signaling pathway in cultured cells and animal tissues. Cultured cells or tissues were lysed in 50 mM
Tris-HCI (pH 7.6), 1% Nonidet P-40, 150 mM sodium chloride, and 0.1 mM zinc acetate in the presence of
protease inhibitors. Protein concentration was determined by the Lowry method (Bio-Rad, Hercules, CA, USA),
and 20 g of each sample was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis. The
gels were then transferred electrophoretically onto a polyvinylidene difluoride membrane (Millipore, Billerica,
MA, USA). The membrane was blocked with blocking buffer for 1 h and then incubated overnight at 4 °C with
primary antibodies against p-catenin (Cell Signaling Technology, Beverly, MA, USA), Wnt (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA, USA), and actin (mouse monoclonal, Sigma-Aldrich, St. Louis, MO, USA). After
a 2-h incubation with the secondary antibodies horseradish peroxidase-conjugated rabbit antibody (Santa Cruz
Biotechnology) and horseradish peroxidase-conjugated mouse antibody (Santa Cruz Biotechnology), protein
bands were visualized using an ECL detection kit (Thermo, Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. Protein expression was analyzed using Image] software (National Institutes of
Health, Bethesda, MD, USA).

Morphology of irradiated HaCaT keratinocytes. After irradiation, HaCaT keratinocytes were cul-
tured for 48 h, and phenotypic changes were examined using phase-contrast microscopy (Olympus, Tokyo,
Japan).

Immunocytochemistry for type | Collagen, phospho-Smad and B-catenin.  After 48 h post-radi-
ation, cultured cells were washed twice with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde
for 15 min at room temperature, and then permeabilized by incubation for 15 min with 0.01% Tween 20 in
PBS. Samples were blocked with 5% bovine serum albumin followed by incubation with anti-collagen I, anti-
phospho-Smad 2/3 and anti-B-catenin (1:100, Abcam, Cambridge, MA, USA) overnight at 4 °C. The next day,
cells were washed with PBS and incubated with bovine anti-rabbit IgG-FITC (1:200, Santa Cruz Biotechnology)
secondary antibody for 2 h at room temperature. Cells were mounted on slides with mounting solution contain-
ing DAPI (Vector Laboratories, Burlingame, CA, USA), and cells were viewed under a confocal microscope
system (LSM700, Olympus, Center Valley, PA, USA).

Mouse model and experimental protocols. Animals were handled according to national and interna-
tional guidelines in an animal facility accredited by the Association for Assessment and Accreditation of Labo-
ratory Animal Care (AAALAC). The number of animals used was minimized, and all necessary precautions
were fulfilled to mitigate pain and suffering. Protocols were approved by the Institutional Animal Care and Use
Committee in Yonsei Biomedical Research Institute.

A total of 36 four- to five-week-old mice were randomized into three groups according to the injection materi-
als: PBS, control adenovirus (dE1-k35), and decoy Wnt receptor-expressing adenovirus (dE1-k35/sLRP6E1E2).
A single fraction of 15 Gy was delivered to the dorsal skin (dimension: 1.5x 2 cm) of each mouse using an
X-RAD320 irradiator, ensuring that>90% of the prescribed dose would be limited to skin depth. Post-irradiation,
PBS or virus was directly injected into each irradiated dorsal skin at 1, 3, 5, 7, 9, and 11 weeks. For each mouse,
5x 1010 viral particles (VP)/ml was administrated. The mice were housed and observed for 16 weeks to allow
toxic effects of radiation to develop. At 2, 4, 6, 8, 10, and 12 weeks after irradiation, digital photographs and laser
Doppler flowmetry (Periflux system 5,000, Perimed AB, Jarfalla, Sweden) measurements were taken. At 4, 8,
12, and 16 weeks, mice were euthanized (n=3 each week), and tissues were harvested for histological analysis.

Clinical evaluation of mouse model. Gross changes of the skin after a single fraction irradiation of
15 Gy were observed, and complications related to irradiation such as erythema, dry desquamation, moist des-
quamation, ulceration, hair loss, and necrosis were recorded. Irradiated areas were marked on the dorsum of
each mouse before radiation, and the marked areas were later assessed by digital photographs. The Scion (NIH-
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Scion Corp., Frederick, MD, USA) image program was used by two blinded observers to digitally measure each
affected area. Using the program, the length of each image was converted to the actual length, and the surface
area was calculated. Sequential changes in the irradiated area were analyzed.

To assess changes in blood flow within the irradiated area, the Periflux system 5,000 was used. Skin vascu-
larity was assessed from the center of the irradiated area using laser Doppler flowmetry. Data were measured
three times at 1-min intervals, and the mean values were obtained. Data are presented as perfusion units (PU).

Histological changes in collagen fibers. To analyze the histology of collagen fibers, Masson’s trichrome
staining was performed. The staining solution was prepared with a standard protocol.

Quantification of type I collagen. Immunohistochemistry was performed to measure the amount of
type I collagen. Slides were incubated overnight at 4 °C with rabbit anti-collagen I antibody (Abcam) and rabbit
anti-fibronectin (Santa Cruz Biotechnology) diluted in blocking serum. After several stages of washing with PBS,
the tissue sections were incubated with peroxidase-conjugated goat anti-rabbit polyclonal antibody (DAKO,
Carpinteria, CA, USA) at a dilution of 1:200 in PBS for 30 min at 37 °C. After several washes in PBS, the signals
on the tissues were revealed by incubating the tissues with diaminobenzidine in PBS for 10 min.

Semi-quantitative analysis of the synthesis of type I collagen was executed using MetaMorph image analysis
software (Universal Image Corporation, Buckinghamshire, UK). Results are expressed as the average optical
density (OD) of five different digital images.

Statistical analysis. Each experiment was performed in triplicate. Results are expressed as mean * stand-
ard error of the mean (SEM). Group results were compared by one-way analysis of variance, followed by post
hoc Student’s ¢-test for unpaired observations or Bonferroni’s correction for multiple comparisons. P<0.05 was
considered significant.

Data availability
The datasets generated during and analysed during the current study are available from the corresponding author
on reasonable request.

Received: 18 December 2018; Accepted: 7 May 2020
Published online: 12 August 2020

References
1. Wright, E. G. & Coates, P. J. Untargeted effects of ionizing radiation: implications for radiation pathology. Mutat. Res. 597(1-2),
119-132 (2006).
. Miiller, K. & Meineke, V. Advances in the management of localized radiation injuries. Health Phys. 98(6), 843-850 (2010).
. Horton, J. A. et al. Inhibition of radiation-induced skin fibrosis with imatinib. Int. J. Radiat. Biol. 89(3), 162-170 (2013).
. Yarnold, J. & Brotons, M. C. Pathogenetic mechanisms in radiation fibrosis. Radiother. Oncol. 97(1), 149-161 (2010).
. Akhmetshina, A. et al. Activation of canonical Wnt signalling is required for TGF-f-mediated fibrosis. Nat. Commun. 3,735 (2012).
. Lee, ]. S. et al. A novel sSLRP6E1E2 inhibits canonical Wnt signaling, epithelial-to-mesenchymal transition, and induces mitochon-
dria-dependent apoptosis in lung cancer. PLoS ONE 7(5), 36520 (2012).
7. Li, Y, Lu, W, He, X,, Schwartz, A. L. & Bu, G. LRP6 expression promotes cancer cell proliferation and tumorigenesis by altering
beta-catenin subcellular distribution. Oncogene 23(56), 9129-9135 (2004).
8. Yoon, A. R. et al. Markedly enhanced cytolysis by E1B-19kD-deleted oncolytic adenovirus in combination with cisplatin. Hum.
Gene Ther. 17(4), 379-390 (2006).
9. Lee, W. ]. et al. Decoy Wnt receptor (SLRP6E1E2)-expressing adenovirus induces anti-fibrotic effect via inhibition of Wnt and
TGF- signaling. Sci. Rep. 7(1), 15070 (2017).
10. Logan, C. Y. & Nusse, R. The Wnt signaling pathway in development and disease. Annu. Rev. Cell Dev. Biol. 20, 781-810 (2004).
11. Martin, M., Lefaix, J. & Delanian, S. TGF-betal and radiation fibrosis: a master switch and a specific therapeutic target?. Int. .
Radiat. Oncol. Biol. Phys. 47(2), 277-290 (2000).
12. Jobling, M. F. et al. Isoform-specific activation of latent transforming growth factor beta (LTGF-beta) by reactive oxygen species.
Radiat. Res. 166(6), 839-848 (2006).
13. Gurung, A., Uddin, E, Hill, R. P, Ferguson, P. C. & Alman, B. A. Beta-catenin is a mediator of the response of fibroblasts to irradia-
tion. Am. J. Pathol. 174(1), 248-255 (2009).
14. Cheon, S. S., Nadesan, P,, Poon, R. & Alman, B. A. Growth factors regulate beta-catenin-mediated TCF-dependent transcriptional
activation in fibroblasts during the proliferative phase of wound healing. Exp. Cell Res. 293(2), 267-274 (2004).
15. Cheon, S. S. et al. Beta-catenin regulates wound size and mediates the effect of TGF-beta in cutaneous healing. FASEB J. 20(6),
692-701 (2006).
16. Bonner, J. C. Regulation of PDGF and its receptors in fibrotic diseases. Cytokine Growth Factor Rev. 15(4), 255-273 (2004).
17. Vozenin-Brotons, M. C. et al. Fibrogenic signals in patients with radiation enteritis are associated with increased connective tissue
growth factor expression. Int. J. Radiat. Oncol. Biol. Phys. 56(2), 561-572 (2003).
18. Zheng, H., Wang, ]., Koteliansky, V. E., Gotwals, P. J. & Hauer-Jensen, M. Recombinant soluble transforming growth factor beta
type II receptor ameliorates radiation enteropathy in mice. Gastroenterology 119(5), 1286-1296 (2000).
19. Anscher, M. S. et al. Small molecular inhibitor of transforming growth factor-beta protects against development of radiation-
induced lung injury. Int. J. Radiat. Oncol. Biol. Phys. 71(3), 829-837 (2008).
20. Strup-Perrot, C. et al. Global gene expression profiles reveal an increase in mRNA levels of collagens, MMPs, and TIMPs in late
radiation enteritis. Am. J. Physiol. Gastrointest. Liver Physiol. 287(4), G875-885 (2004).
21. Milliat, F et al. Influence of endothelial cells on vascular smooth muscle cells phenotype after irradiation: implication in radiation-
induced vascular damages. Am. J. Pathol. 169(4), 1484-1495 (2006).
22. Willis, B. C., duBois, R. M. & Borok, Z. Epithelial origin of myofibroblasts during fibrosis in the lung. Proc. Am. Thorac. Soc. 3(4),
377-382 (2006).
23. Thevenot, P. T., Baker, D. W., Weng, H., Sun, M. W. & Tang, L. The pivotal role of fibrocytes and mast cells in mediating fibrotic
reactions to biomaterials. Biomaterials 32(33), 8394-8403 (2011).

QN U W N

SCIENTIFIC REPORTS |

(2020) 10:13594 | https://doi.org/10.1038/s41598-020-70243-3



www.nature.com/scientificreports/

Acknowledgments

This work was supported by the Basic Science Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science and Technology (Grant Number 2013R1A1A1009764,
Lee DW).

Author contributions

D.W.L. wrote the main manuscript text. W.J.L., .H.C., C.0.Y,, T.S.R., and J.H.L. provided key ideas of this article.
H.R. and H.P.C. performed experiments and summarized the data. D.H.L. supervised the work. All authors
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-70243-3.

Correspondence and requests for materials should be addressed to D.H.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |  (2020) 10:13594 | https://doi.org/10.1038/s41598-020-70243-3


https://doi.org/10.1038/s41598-020-70243-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Inhibition of Wnt signaling pathway suppresses radiation-induced dermal fibrosis
	Anchor 2
	Anchor 3
	Results
	Decoy Wnt receptor sLRP6E1E2 inhibits Wntβ-catenin pathway in irradiated cells. 
	Decoy Wnt receptor sLRP6E1E2 inhibits TGF-βSmad pathway and suppresses collagen production in irradiated HDFs. 
	Decoy Wnt receptor sLRP6E1E2 inhibits epithelial-to-mesenchymal transition (EMT) and suppresses collagen production in irradiated HaCaT keratinocytes. 
	Decoy Wnt receptor sLRP6E1E2 inhibits Wntβ-catenin pathway in irradiated mouse. 
	Decoy Wnt receptor sLRP6E1E2 suppresses collagen production in irradiated mouse. 

	Discussion
	Methods
	Cell culture and in vitro irradiation. 
	Treatment with adenovirus-expressing decoy Wnt receptor. 
	Quantitative real-time reverse transcriptase-polymerase chain reaction (qRT-PCR). 
	Western blot analysis. 
	Morphology of irradiated HaCaT keratinocytes. 
	Immunocytochemistry for type I Collagen, phospho-Smad and β-catenin. 
	Mouse model and experimental protocols. 
	Clinical evaluation of mouse model. 
	Histological changes in collagen fibers. 
	Quantification of type I collagen. 
	Statistical analysis. 

	References
	Acknowledgments


