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Abstract 
Fluoroscopy‑induced chronic radiation dermatitis (FICRD) 
is a complication of fluoroscopy‑guided intervention. Unlike 
acute radiation dermatitis, FICRD is different as delayed 
onset and usually appears without preexisting acute derma‑
titis. Unfortunately, the chronic and progressive pathology 
of FICRD makes it difficult to treat, and some patients need 
to receive wide excision and reconstruction surgery. Due to 
lack of standard treatment, investigating underlying mech‑
anism is needed in order to develop an effective therapy. 
Herein, the Hippo pathway is specifically identified using 
an RNA‑seq analysis in mild damaged skin specimens of 
patients with FICRD. Furthermore, specific increase of the 
Yes‑associated protein (YAP1), an effector of the Hippo 
pathway, in skin region with mild damage plays a protective 
role for keratinocytes via positively regulating the numerous 
downstream genes involved in different biological processes. 
Interestingly, irradiated‑keratinocytes inhibit activation of 
fibroblasts under TGF‑β1 treatment via remote control by 
an exosome containing YAP1. More importantly, targeting 
one of YAP1 downstream genes, nuclear receptor subfamily 
3 group C member 1 (NR3C1), which encodes glucocorti‑
coid receptor, has revealed its therapeutic potential to treat 
FICRD by inhibiting fibroblasts activation in vitro and pre‑
venting formation of radiation ulcers in a mouse model and 
in patients with FICRD. Taken together, this translational 
research demonstrates the critical role of YAP1 in FICRD 
and identification of a feasible, effective therapy for patients 
with FICRD.

Key messages 
• YAP1 overexpression in skin specimens of radiation der‑

matitis from FICRD patient.

• Radiation‑induced YAP1 expression plays protective roles 
by promoting DNA damage repair and inhibiting fibrosis via 
remote control of exosomal YAP1.
• YAP1 positively regulates NR3C1 which encodes gluco‑
corticoid receptor expression.
• Targeting glucocorticoid receptor by prednisolone has 
therapeutic potential for FICRD patient.

Keywords YAP1 · Radiation dermatitis · Glucocorticoid 
receptor · Prednisolone · Exosome; Fluoroscopy‑guided 
intervention

Introduction

Radiation dermatitis is the most common type of radiation 
damage. The severity of radiation injury increases with 
accumulated exposure [1]. In addition to radiotherapy, 
radiation exposure accompanied with fluoroscopy‑guided 
interventional therapeutic procedures such as percutaneous 
coronary intervention (PCI) can cause radiation damage 
[2]. When performing PCI, cardiology interventionalists 
can visualize coronary arteries without performing open 
surgery by utilizing radiation. More than 1 million cases 
of fluoroscopy‑guided interventions are done annually in 
the USA [3], and the number of complex interventional 
procedures has increased steadily. However, there are only 
few studies reporting the epidemiology of radiation skin 
damage following fluoroscopy‑guided interventions, and the 
incidence remains unclear.

Fluoroscopy‑guided interventional procedures can cause 
acute radiation dermatitis and fluoroscopy‑induced chronic 
radiation dermatitis (FICRD). FICRD is different from acute 
radiation dermatitis in manifestation and clinical course. 
Acute radiation dermatitis occurs within hours or days up 
to 90 days after radiation exposure [4, 5]. Topical or sys‑
temic corticosteroids are supposedly effective by suppressing 
inflammation. In contrast, the onset of FICRD is delayed and 
occurs more than 90 days even years after radiation exposure. 
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Most cases with FICRD have no history of transient ery‑
thema or preexisting acute radiation dermatitis. Patients usu‑
ally present with progressive worsening of skin lesion with 
severe pain or pruritus. Although there are no skin surface 
defects at the first clinical presentation, it typically manifests 
later as extensive fibrosis of the entire dermis due to unknown 
mechanisms [6], and minor injury in FICRD could subse‑
quently lead to non‑healing ulceration. This type of ulcer is 
difficult to treat and many of them require wide excision and 
reconstruction surgery to heal [6, 7]. Ideally, a safe drug is 
warranted to treat or prevent FICRD from deterioration in a 
long‑term treatment course [4]. Nowadays, there is no recom‑
mended effective medical therapy.

Evidence has shown that ionizing radiation causes an 
increase in reactive oxygen species‑(ROS)‑induced oxidative 
stress and DNA damage to human cells [8]. Cells have to 
remove these hazardous situations by activation of several 
well‑known cellular protection mechanisms, including antiox‑
idants, radical scavengers, DNA damage sensing, ATM/ATR, 
and DNA repair systems [9–12] to maintain genome integ‑
rity and survive after X‑ray exploration. However, the factors 
integrating these different cellular protection mechanisms 
have been poorly studied. YAP1, a mediator of the Hippo 
pathway, has been revealed to be a DNA damage responder 
in Saccharomyces cerevisiae [13]. In addition, YAP1 activa‑
tion prevents cell apoptosis of urothelial cell carcinomas after 
irradiation‑induced DNA damage [14], and YAP1 inhibition 
radio‑sensitizes triple negative breast cancer cells by disrupt‑
ing the DNA damage response and cell survival pathways 
[15]. Furthermore, skin has been known to constantly renew 
and repair itself throughout adult life through the functioning 
of epidermal stem cells [16], and YAP1 is a critical modula‑
tor of epidermal stem cell proliferation and tissue expansion 
[17]. These findings suggest that YAP1 plays a potential role 
in protecting irradiated skin cells. Herein, we demonstrate that 
YAP1 has a protective role in FICRD.

Materials and methods

Patients and clinical specimens

The current study complies with the guidelines of the Dec‑
laration of Helsinki and was approved by the Institutional 
Review Board of Kaohsiung Veterans General Hospital 
(IRB number: VGHKS17‑CT10‑07). Detail information was 
described in the Supplementary Materials.

RNA‑seq and bioinformatics analyses

NGS analyses were performed by using total RNA from 
the skin specimens, for which the detail procedures are 

described in the Supplementary Materials. Gene lists from 
different regions of radiation‑induced dermatitis were fur‑
ther analyzed using a GO analysis provided from the DAVID 
(the Database for Annotation, Visualization, and Integrated 
Discovery), a bioinformatics tool. Potential downstream tar‑
get YAP1 genes were identified based on a previous study 
[18] and their loci containing YAP1‑binding sites were ana‑
lyzed from ChIP‑Atlas, an integrative public database pro‑
viding ChIP‑seq data.

Animal irradiation model

The animal‑use protocol was approved by the Institutional 
Animal Care and Use Committee of National Taiwan 
University. All mice were housed in the animal facility at 
National Taiwan University (Taipei, Taiwan). C57BL/6 mice 
(12‑week‑old) were purchased from the Taiwan National 
Laboratory Animal Center. Detailed procedures for the ani‑
mal study are provided in the Supplementary Materials.

Statistical analysis

Data was expressed as mean ± standard deviation of the 
mean, and the statistical analyses were performed using 
GraphPad Prism 5.0 (GraphPad Software, Inc. La Jolla, CA, 
USA). Paired or unpaired t‑tests were used for the group 
comparisons. Furthermore, a one‑way ANOVA followed by 
a Dunnett analysis was used for more than two groups. A p 
value less than 0.05 was considered statistically significant.

Results

The Hippo pathway was a specific event occurring 
in the skin region with mild damage

To identify the potential underlying mechanism causing 
radiation‑induced skin disorder, skin specimens, including 
normal, mildly damaged, and severely damaged (fibrosis) 
parts were collected from patients who received their lat‑
est PCI 1 year ago. Their skin pathological profiles were 
validated (Supplementary Fig. 1a–c), and then, RNA‑seq 
analyses were performed. The results showed significant 
differences in 443 genes in the skin tissue with mild dam‑
age (MD) compared to the normal (Nor) tissue, 174 genes 
in the fibrotic tissue (F) compared to the normal tissue, and 
271 genes in the F compared to the MD tissue (Fig. 1a). 
Next, a gene ontology (GO) analysis was performed on 
the genes from the MD vs. Nor and on the F vs. Nor tis‑
sues to reveal their potential functions. The results showed 
that common events, including the AMPK, PI3K‑AKT, 
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PPAR, IL‑17, Wnt signaling pathways, arachidonic acid 
metabolism, steroid hormone biosynthesis, and cell adhe‑
sion molecules occurred under both conditions (Fig. 1b). 
Furthermore, some specific events occurred in the MD 
vs. Nor (Fig. 1c) and in the F vs. Nor (Fig. 1d). Since 
these skin samples were collected after the last irradiation 
exposure a year prior, specific events in the MD vs. Nor 
tissue were the focus in order to investigate their roles after 
irradiation and their subsequent effects on fibrosis. Among 
them, the Hippo pathway caught our attention due to its 
critical role in skin physiology [19–22].

YAP1 was overexpressed in the MD tissue of FICRD

To study the role of the Hippo pathway in the MD tissue of 
patient with FICRD, the YAP1 (a downstream mediator of 
the Hippo pathway) signature was specifically enriched in 

the MD tissue after a gene set enrichment analysis (GSEA) 
(Supplementary Table 1), suggesting that YAP1 may play 
a role in FICRD. As verification of the bioinformatics 
findings, the results showed that YAP1 RNA and the pro‑
tein expression levels were specifically increased in the 
MD tissues compared to the normal and fibrotic tissues 
(Fig. 2a, b). In addition, γ‑H2AX (a DNA damage marker), 
the cleavage form of caspase‑3 (an apoptosis maker), and 
α‑SMA (a fibrosis marker) were significantly increased 
in the MD tissue (Fig. 2b), implying that an increase in 
YAP1 may be related to DNA damage, apoptosis, and 
fibrosis in vivo. Because skin tissue contained several cell 
types, YAP1 expression in the normal, MD, and fibrotic 
skin tissues were also determined using an immunohisto‑
chemistry (IHC) staining method. The results revealed that 
YAP1 expression in the keratinocytes of the epidermis was 
mainly elevated in the skin region with mild damage and 

Fig. 1  Hippo signaling pathway was a specific event occurring in the 
skin sample of FICRD with mild damage. (a) Tissue samples from 
normal, mild damage, and fibrosis areas were further analyzed using 
an RNA‑seq technique. A figure was drawn using genes with statisti‑
cal differences as a summary (p < 0.05) of a comparison of normal, 
mild damage, and fibrosis samples. (b–d) Genes with statistical dif‑

ferences from mild damaged vs. normal and fibrosis vs. normal were 
used to performed gene ontology analysis. Common events under 
both conditions are shown in (b), specific events in the mild damage 
vs. normal damage samples are shown in (c), and specific events in 
the fibrosis vs. normal samples are shown in (d)
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was gradually reduced in the fibrotic region after radiation 
exposure (Fig. 2c), but not in the other types of cells. Fur‑
thermore, similar results were also observed in the mouse 
model of skin irradiation (Fig. 2d, e). These findings sug‑
gest that YAP1 in keratinocytes may play a crucial role 
in FICRD.

Irradiation increased YAP1 expression to protect 
keratinocytes in the skin region with mild damage

To investigate the potential function of YAP1 in FICRD, 
HaCaT, a human keratinocyte cell line, was treated with 
different doses of radiation for specific time points. A cell 

viability assay showed that radiation doses higher than 
2 Gy decreased HaCaT cell viability after incubation for 
72 h (Fig. 3a). Next, to verify whether irradiation directly 
contributed to dysregulation of YAP1 levels, YAP1 expres‑
sion was detected in HaCaT cells after they received differ‑
ent doses of irradiation for 24 h. The results showed that 
the expression levels of YAP1, γ‑H2AX, and TGF‑β1 were 
gradually increased after irradiation with elevated doses 
(Fig. 3b–c). Furthermore, there was no obvious difference 
in caspase‑3 after irradiation for 24 h, but it was gradually 
elevated after irradiation for 72 h (Fig. 3b; Supplemen‑
tary Fig. 2). These results suggest that YAP1 overexpres‑
sion may be associated with DNA damage, apoptosis, and 

Fig. 2  YAP1 was overexpressed in the skin tissue with mild dam‑
age. (a) YAP1, ACTA2, and TGF‑β1 expression levels in the nor‑
mal, mildly damaged, and fibrotic tissue samples were measured 
using real‑time PCR (n = 3). The asterisk indicates p < 0.05 obtained 
using a one‑way ANOVA test following Dunnett’s analysis. (b) YAP1 
expression was measured using a western blot (n = 3). Nor, normal 
tissue; MD, minor damage, F, fibrosis. (c) YAP1 protein expres‑
sion was measured using IHC staining in skin tissues obtained from 

patients with FICRD (right panel). A representative picture of FICRD 
related to fluoroscopy‑guided intervention. N, normal tissue; MD, 
mildly damaged tissue; F, fibrosis.; U, ulcer. (d) A representative pic‑
ture of a skin radiation mouse model was shown and incubation time 
points were annotated as D (Day). Red arrow indicated the wounded 
region in the mouse skin. (e) YAP1 expression was determined by 
using western blot in skin tissues isolated from a skin radiation of 
mouse model
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fibrosis after radiation treatment in vitro. To test this idea, 
radiation‑induced changes in cell viability, DNA damage, 
and apoptosis markers were measured when YAP1 function 
was inhibited by its inhibitor, verteporfin (VP), in HaCaT 
cells. The results showed that VP treatment further reduced 
cell survival (Fig. 3d), while it increased γ‑H2AX and cleav‑
age caspase‑3 expression levels in irradiated‑HaCaT cells 
(Fig. 3e). Similar results were observed in YAP1 knock‑
down by siRNA after irradiation (Supplementary Fig. 3). 
Next, HaCaT cells with or without the YAP1 knockdown 
were treated with radiation and then co‑cultured with WS1, 
a fibroblast cell line, where cells receiving or not receiving 
TGF‑β1 treatment were investigated to determine whether 
YAP1 could potentially be involved in TGF‑β1‑induced 
fibroblast activation caused by radiation. Surprisingly, the 
irradiated‑HaCaT cells repressed TGF‑β1‑induced ACTA2 
(α‑SMA) expression, while YAP1 knockdown in radiated‑
HaCaT cells attenuated it (Fig. 3f). Taken together, these 
results suggest a protective role of YAP1 after irradiation.

YAP1 positively regulates numerous novel 
downstream target genes in irradiated 
keratinocytes

To further investigate the role of YAP1 in MD tissue 
after radiation exposure, potential YAP1 downstream 
targets were re‑analyzed from our previous study, and 
novel functions of YAP1 downstream targets not pub‑
lished in our previous study were identified [18]. The 
results showed that YAP1 downstream targets were 
involved in cell cycle regulation, tissue remodeling and 
wound repair, fibrosis, the DNA damage response, stem 
cells, and inflammation and oxidative stress responses 
(Fig. 4a). Furthermore, to validate the above findings, a 
public dataset (GSE23807) which performed a microar‑
ray analysis using a 3‑dimensional skin model treated 
with 2.5 Gy irradiation for 24 h was reanalyzed by us. 
The heatmap results showed that the expression lev‑
els of YAP1 and its potential downstream target genes 

Fig. 3  Irradiation‑induced YAP1 expression serves a protective role 
in the pathogenesis of FICRD. (a) HaCaT cells having received dif‑
ferent doses of radiation and individually incubated for 24, 48, and 
72  h were used to measure cell viability. The asterisk indicates 
p < 0.05 using a one‑way ANOVA test following a Dunnett’s analy‑
sis (n = 3). (b) YAP1, γ‑H2AX, and caspase‑3 expression levels were 
analyzed in HaCaT cells treated with different doses of irradiation 
after incubation for 24 h. (c) TGF‑β1 expression level was detected 
using real–time PCR in HaCaT cells treated with different doses of 

irradiation after incubation for 24 h (n = 3). (d, e) HaCaT cells were 
treated with different doses of a verteporfin (VP) compound for 24 h 
after irradiation. Cell viability was measured using an MTS assay 
(n = 3) (d). An asterisk indicates p < 0.05 using a one‑way ANOVA 
test following a Dunnett’s analysis. γ‑H2AX and caspase‑3 were 
detected using a western blot (e). Con, control; VP, verteporfin. (f) 
HaCaT cells were cocultured with WS1 cells after irradiation and 
treated with TGF‑β1 (5  ng/ml) for 24  h. ACTA2 expression was 
detected in WS1 cells using real‑time PCR (n = 3)
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Fig. 4  Numerous genes 
involved in different cellular 
processes of FICRD were 
directly regulated by YAP1 (a). 
Potential YAP1 downstream tar‑
get genes involved in different 
cellular processes are presented 
as Venn diagrams using the 
Intervene tool. (b) Absolute 
changes in the gene expression 
profiles after radiation treatment 
were analyzed based on a GEO 
dataset (GSE23807) and pre‑
sentated as heatmap. (c) HaCaT 
cells were treated with different 
doses of a VP compound for 
24 h after radiation treatment. 
Several gene expression levels 
were measured using real‑time 
PCR. The results were normal‑
ized to 18 s rRNA, which 
served as an internal control. 
The asterisk indicates p < 0.05 
obtained using a paired test 
(n = 3). (d) HaCaT cells treated 
with radiation were incubated 
for 24 h, and ChIP‑PCR was 
performed by using a YAP1 
antibody. YAP1‑binding profiles 
in different gene loci were 
detected using real–time PCR. 
An asterisk indicates p < 0.05 
obtained using a paired test 
(n = 3)
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were statistically different in each category (Fig. 4b). To 
verify whether these potential YAP1 downstream tar‑
get genes could be regulated by radiation through the 
YAP1 function, those gene expression profiles were 
analyzed in HaCaT cells received 4 Gy irradiation and 
combined with or without YAP1 inhibitor (verteporfin) 
treatment. The results showed that irradiation signifi‑
cantly increased RB1, FOXO3, PTGS2, EDEM1, WEE1, 
SDC2, and IL1R1 expression while the VP compound 
attenuated these gene expression levels under irradiation 
treatment (Fig. 4c). Furthermore, the YAP1 knockdown 
showed similar findings (Supplementary Fig. 4). Next, 
to investigate whether these potential downstream genes 
could be the direct targets of YAP1, YAP1‑ChIP‑seq 
results from the ReMap website were analyzed by us. 
Surprisingly, most of them contained YAP1‑binding sig‑
nals in their genomic loci (Supplementary Fig. 5). Next, 
irradiated‑HaCaT cells were examined with ChIP‑PCR 
using a YAP1 antibody. The results demonstrated that 
irradiation promoted YAP1 binding to its downstream 
targets (Fig. 4d). In summary, these findings suggest that 
YAP1 overexpression may regulate several crucial cellu‑
lar processes through its downstream targets in response 
to radiation‑induced skin damage.

Exosomal YAP1 from irradiated keratinocytes 
attenuated fibroblast activation

Our current findings indicated that higher YAP1 expres‑
sion in keratinocytes was associated with less fibroblast 
activation in the MD region, and the opposite finding was 
observed in the fibrotic region (Fig. 2c). Furthermore, both 
YAP1 mRNA and protein were identified in Vesiclepedia, 
a database of extracellular vehicles (EVs), suggesting it can 
be secreted into the extracellular microenvironment via EVs. 
Therefore, we hypothesized that radiation‑induced YAP1 
expression in keratinocytes could regulate fibroblast activa‑
tion via remote control by EVs in the MD region. To test 
this idea, HaCaT cells were treated with different doses of 
radiation, and its culture media were used to isolate EVs 
using size exclusion chromatography. Interestingly, secre‑
tions of EVs were increased, but their size did not change 
after irradiation in HaCaT cells (Fig. 5a, b). The results also 
showed that YAP1 was detected in the EVs after irradia‑
tion (Fig. 5c). Furthermore, radiation‑induced EV secretion 
was attenuated when YAP1 was knocked down by siRNA 
(Fig. 5d), suggesting that YAP1 may promote exosome 
secretion after irradiation. Next, WS1 cells were treated with 
EVs isolated from keratinocytes with or without radiation 

Fig. 5  Radiation‑induced exosome secretion inhibited myofibroblast 
activation via the function of YAP1. (a, b) Conditioned media from 
HaCaT cells treated with or without irradiation after incubation for 
24 h were used for exosome isolation. Exosome sizes (a) and concen‑
trations (b) were further analyzed using a nanoparticle tracking analy‑
sis (NTA). An asterisk indicates p < 0.05 using a one‑way ANOVA 
test following a Dunnett’s analysis (n = 3). (c) YAP1 expression was 
measured in the exosomes isolated from the conditioned media of 
HaCaT cells treated with different doses of radiation using a western 
blot. CD63 was used as an exosome marker. (d) Exosome concen‑
trations were detected in the HaCaT cells with (siYAP1) or without 

(siNC) YAP1 knockdown using an NTA analysis. An asterisk indi‑
cates p < 0.05 obtaining using a paired test (n = 3). (e) WS1 cells were 
pretreated with exosomes from HaCaT cells treated with or with‑
out irradiation for 24 h and then treated with TGF‑β1 (5 ng/ml) for 
another 24 h. α‑SMA expression was determined using a qRT‑PCR. 
An asterisk indicates p < 0.05 obtained using a paired test (n = 3). (f) 
WS1 cells were pretreated with exosomes from HaCaT cells knocked 
down with or without YAP1 and treated with or without irradiation 
for 24  h, followed by treating with TGF‑β1 (5  ng/ml) for another 
24 h. α‑SMA expression was determined using a western blot
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treatment. However, there were not apparent between‑group 
differences in the fibroblast activation markers (Fig. 5e). 
Surprisingly, the EVs from the radiation‑treated keratino‑
cytes markedly reduced TGF‑β1‑induced ACTA2 (also 
called α smooth muscle actin, α‑SMA), a marker of fibro‑
blast activation, expression (Fig. 5e), revealing that it had 
the ability to suppress TGF‑β1‑induced fibroblast activation. 
More importantly, the above findings were attenuated when 
YAP1 in the EVs was primarily depleted by the pretreatment 
of siRNA against YAP1 in the HaCaT cells (Fig. 5f). Taken 
together, these results suggest that radiation‑upregulated 
exosomal YAP1 inhibits TGF‑β1‑induced fibroblast activa‑
tion in the MD region.

Prednisolone is an effective drug with therapeutic 
potential for FICRD

Since there is no available approved therapy for FICRD, 
downstream target genes of YAP1 were analyzed to iden‑
tify potential therapeutic targets. Among them, the NR3C1‑
encoded glucocorticoid receptor (GR) was selected because 
its available agonist and antagonist used in clinical practice 
and its expression level were elevated in the MD tissue com‑
pared to the normal counterpart (Supplementary Fig. 6a). 
In addition, we demonstrated that YAP1 directly increased 
NR3C1 expression in keratinocytes treated with radiation 
and fibroblasts co‑treated with radiation and TGF‑β1 (Sup‑
plementary Fig. 6b–d). Based on the above findings, pred‑
nisolone, a GR agonist, was used to investigate its effect on 
both keratinocytes and fibroblasts, as well as its therapeutic 
potential in patients with FICRD. First, HaCaT cells were 
co‑treated using irradiation with or without prednisolone 
to determine cell survival, DNA damage, and apoptosis by 
performing a cell proliferation assay and measuring γ‑H2AX 
and caspase‑3 expression levels. The results showed that 
prednisolone not only promoted cell survival but also atten‑
uated γ‑H2AX and caspase‑3 expression in the irradiated 
keratinocytes after 24 h (Fig. 6a, b). Similar results were 
observed at 72 h after the cells underwent irradiation (Sup‑
plementary Fig. 7a). Furthermore, prednisolone treatment 
also inhibited TGF‑β1‑induced activation of WS1 cells 
(Fig. 6c). To further investigate the therapeutic potential of 
prednisolone in vivo, a mouse model of FICRD was set up 
using irradiation on the back skin of a mouse. In the control 
group, skin ulcerations appeared on the 21st day after irra‑
diation (Fig. 6d; Supplementary Fig. 7b). In the treatment 
group, prednisolone was intraperitoneally given five times 
a week for 1 month after the 7th day of irradiation. Surpris‑
ingly, prednisolone treatment prevented wound formation in 
the skin of the mouse exposed to irradiation (Fig. 6d; Sup‑
plementary Fig. 7b), indicating its therapeutic potential. 
Finally, the therapeutic efficacy of prednisolone was verified 

in patients with FICRD. They received oral 5 mg predniso‑
lone twice per day for 3 weeks. The results showed that pred‑
nisolone led to a marked improvement in FICRD (Fig. 6e). 
Collectively, these results demonstrate that prednisolone is 
an appropriate therapeutic drug for treating FICRD.

Discussion

FICRD could impose severe negative impacts on the health 
and quality of life of patients. It is very difficult to treat and 
might be overlooked because of its delayed onset and has a 
progressive deteriorating pathologic course. It appears ini‑
tially as dermatitis, followed by fibrosis, with some eventu‑
ally becoming unhealed ulcers. Although several potential 
therapies, including topical gels and photo‑biomodulation, 
have been tested to determine their treatment efficacies 
[23, 24], there is no treatment proven to be effective as yet. 
Therefore, there is an urgent need for the development of an 
effective therapy for FICRD in clinical practice.

Herein, our study showed that YAP1 expression is specifi‑
cally elevated in the mild damage zone of FICRD in patients 
(Fig. 2). Furthermore, radiation‑induced YAP1 expression 
plays a protective role by promoting DNA damage repair 
in epidermal keratinocytes and in inhibiting dermal fibro‑
sis in fibroblast cells after irradiation (Fig. 3). Previously, 
several studies revealed the crucial role of YAP1 in regu‑
lating chemotherapy‑induced DNA damage repair [14, 15, 
25]. However, an increase in RAD51, a gene involved in 
homologous recombination that is regulated by YAP1, is the 
only reported underlying mechanism explaining how YAP1 
regulates DNA damage repair induced through cisplatin 
in breast cancer [25]. According to our findings, WEE1, a  
protein kinase involved in  G2 cell cycle arrest by inactivat‑
ing cyclin‑dependent kinase 1‑bound cyclin B in response 
to DNA damage, is positively regulated by YAP1 in irra‑
diated skin cells (Fig. 4). In addition, several novel YAP1 
downstream genes involved in different cellular processes 
were identified for the first time in the present study (Fig. 4). 
More importantly, NR3C1, one of the YAP1 downstream 
target genes, was shown to have therapeutic potential for 
FICRD since an agonist of NR3C1, prednisolone, attenu‑
ates its pathophysiologic changes in both animal model and 
human victims. (Fig. 6). Taken together, the present study 
is the first translational research to dissect the role of YAP1 
in FICRD and to innovate a potential therapy for clinical  
application.

Corticosteroids are not expected as a treatment of choices 
for FICRD for several reasons. First, the role of inflammation 
in FICRD is not definite. There is a minimal inflammatory 
infiltrate in the histopathology of FICRD although there are 
clinical presentations of inflammation such as redness, local 
heat and pain [26]. It is unknown whether anti‑inflammation 
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is effective to treat FICRD or not. Second, it takes a long time 
to treat FICRD, since the course of FICRD is chronic and 
persistent. In order to suppress inflammation, a higher dose 
of systemic corticosteroids is required. A prolonged use of 
high dose of systemic corticosteroids poses negative impacts 
in patients’ health such as adrenal suppression, impaired 

immune function, and osteoporosis. If corticosteroids are 
used as an anti‑inflammatory treatment for FICRD, a higher 
dose and a long treatment course should be given. It makes 
corticosteroids an unacceptable choice for treating FICRD. 
However, our experiences showed low dose of corticoster‑
oids was very effective for FICRD both in preventing disease 

Fig. 6  Prednisolone treatment 
prevented FICRD and attenu‑
ated the severity of FICRD (a, 
b). HaCaT cells were treated 
with different doses of predni‑
solone (PSL) for 24 h after irra‑
diation. Cell viability (a) and 
expression levels of γ‑H2AX 
and casepase‑3 (b) were deter‑
mined using an MTS assay and 
a western blot, respectively. An 
asterisk indicates p < 0.05 using 
a one‑way ANOVA test follow‑
ing a Dunnett’s analysis (n = 3). 
(c) WS1 cells were pretreated 
with different doses of predni‑
solone (PSL) for 24 h and then 
treated with TGF‑β1 (5 ng/ml) 
for another 24 h. An asterisk 
indicates p < 0.05 obtained 
using a paired test (n = 3). (d) 
Mice exposed to 30 Gy radia‑
tion received either a vehicle or 
prednisolone (0.5 mg/kg/day, 
5 days per weeks) for 3 weeks 
after the 7th day following 
irradiation. Pictures of the 
skin of a mouse shown from 
the vehicle‑ and prednisolone‑
treated groups. The red arrow 
indicates the wounded region in 
the mouse skin. (e) These three 
patients had FICRD for more 
than 3 months, and conventional 
wound care failed to improve 
the skin disorder. They received 
oral prednisolone (initial dose 
as 5 mg, twice per day) for 
3 weeks. Representative clinical 
pictures shown for different 
time courses after receiving 
prednisolone treatment. (f) An 
illustration briefly summariz‑
ing the role of YAP1 during the 
development of FICRD related 
to fluoroscopy‑guided interven‑
tion. The figure was created 
using BioRender.com
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worsening and in relieving patients’ discomfort. Although 
there is no definite cut‑point definition for “low” or “high” 
dose of steroids, it is worthily noted the dose of prednisolone 
used in this study could be tapered to as low as prednisolone 
2.5 mg twice or trice per week within 2 months. According 
to knowledge derived from kidney transplant patients, long‑
term use of steroids (about 5–10 mg/day of prednisone) as 
maintenance therapy is required to abolish organ rejection. 
Such “physiologic” doses of steroids do not suppress adrenal 
or immune function, except affect metabolic function mildly 
[27].

It is important to treat not only dermal fibroblasts but 
also epidermal keratinocytes to attenuate ongoing fibrosis in 
FICRD. The interaction between the epidermis and dermis 
is crucial to maintain the integrity of skin function [28]. The 
functions of the epidermal keratinocytes include not only 
maintaining the skin barrier but also regulating the dermal 
fibroblasts underneath the skin [28, 29]. There is clinical evi‑
dence indicating that the epidermis can prevent or mitigate 
pathologic fibrosis in the dermis underneath. For example, 
treatment with topical emollients and silicone gel on the skin 
surface have been shown to effectively reduce the formation 
of keloids, hypertrophic scars, or radiotherapy‑induced skin 
fibrosis [30]. Previous studies have shown that the interplay 
between epidermal keratinocytes and dermal fibroblasts is 
mediated by numerous soluble factors, including cytokines 
and growth factors, under different conditions [29, 31]. In 
the dermal fibrosis process, TGF‑β1 represents a crucial 
soluble factor that promotes fibrosis through activation of 
fibroblasts [32]. Indeed, our results showed that TGF‑β1 was 
increased in skin tissues with mild damage (Fig. 2a) and in 
irradiated‑keratinocytes (Fig. 3c). Surprisingly, our findings 
revealed that irradiation stimulated exosome secretion in 
keratinocytes and repressed TGF‑β1‑induced fibroblast acti‑
vation via the exosomal YAP1 function (Fig. 5). Recently, 
a study showed that irradiated‑skin keratinocytes secrete 
miR‑27a‑containing exosomes and attenuate the migration 
ability of un‑irradiated skin fibroblasts [33] Furthermore, 
exosomes from oral mucosal keratinocytes not only inhibit 
cell proliferation of skin fibroblasts but also promote wound 
healing [34]. Therefore, these findings indicate that irradi‑
ated epidermal keratinocytes may inhibit dermal fibroblast 
activation via exosomes and in turn prevent fibrosis. Taken 
together, our study demonstrated that keratinocytes with 
normal functions could attenuate and inhibit the progres‑
sion of fibrosis via exosomal YAP1 function after exposure 
to radiation. In contrast, if keratinocytes are hampered with 
a higher dose of radiation that exceeds the threshold, they 
may fail to secrete exosomal YAP1 and fail to repress fibro‑
sis while promoting fibrosis via the TGF‑β1 pathway. More 
importantly, targeting NR3C1, a YAP1 downstream target, 
may be a potential therapy for the treatment of FICRD in 
the future (Fig. 6f).
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