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Background: Keloid scars (KSs), which are composed of abnormal

hyperplastic scar tissue, form during skin wound healing due to excessive

fibroblast activation and collagen secretion. Although surgical resection and

radiation therapy are used to prevent recurrence, KS recurrence rates range

from 15 to 23%, and the underlying mechanism is unclear.

Methods: To elucidate the mechanism of keloid recurrence, we established a

PDX model and the grafts remained for over 20 weeks after transplantation on

the bilateral backs of the NCG mice.

Results: RNA-seq revealed that KS tissue gene expression was highly

consistent before and after transplantation. Then, one side of the KS graft

was irradiated with electron beam therapy (10 Gy), significant increases in

vimentin and fibroblast activation protein alpha (FAP) expression were

observed after irradiation and were accompanied by severe microvascular

destruction. Surprisingly, 4 weeks after irradiation, significantly increased

recurrence was observed with increased FAP + tissue and cell cycle

regulator expression, resulting in a remarkable altered graft volume.

Moreover, irradiation-induced FAP upregulation markedly facilitated

radiation resistance and increased cell cycle progression, decreased

senescence, and increased energy production.

Conclusion: Our findings revealed that irradiation causes increased

abundance of FAP + cells, which was associated with cell proliferation

and delayed cellular senescence, accompanied by ATP production.
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Introduction

Skin wound healing is an extremely complex process that includes the infiltration

of inflammatory cells and secretion of growth factors and cytokines (Reinke and

Sorg, 2012; Broughton, 2006). Keloid scars (KSs) are produced from a dermal

fibroproliferative disorder that develops after burns, deep skin injuries and even
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surgical wounds (Ogawa, 2017). Although the mechanism of

keloid formation is not fully understood, keloid is

characterized by hyperthrophic fibroblast and collagen

formation, angiogenesis and the upregulation of pro-

inflammatory factors. Radiotherapy is currently recognized

as one of the most important strategies for treating KSs

(Mankowski et al., 2017). The favorable properties of

electron irradiation make it the preferred choice for

superficial keloid radiotherapy (Hogstrom and Almond,

2006; Hoppe, 2003; Maarouf et al., 2002). The recurrence

rate with surgical resection alone, a traditional treatment for

keloids and hypertrophic scars, ranges from 45% to 100%

(Lee and Jang, 2018). Radiotherapy is often applied as a

postoperative adjuvant therapy for keloids (Mustoe et al.,

2002) and might control the rate of keloid recurrence to

15–23% (Mankowski et al., 2017). However, the mechanism

remains unknown.

Since KSs occur only in humans, an appropriate animal

model is necessary to explore new treatments and therapies.

The major barrier to the engraftment of human-derived tissue

in immune-competent rodents is robust xenogeneic immune

rejection (Yang and Sykes, 2007). Fortunately, several strains

of immunodeficient mice have been developed by disrupting

relevant genes that are critical to the development, survival

and function of immune cells (Marttala et al., 2016). In this

study, we attempted to establish a novel PDX transplantation

model using unique triple-immunodeficient mice designed

using CRISPR-Cas9 technology to alter the Prkdc and IL2rg

genes; the mice are more immunocompromised than

commonly used immunodeficient mouse strains, such as

SCID and nude mice. To study the mechanism of KS

recurrence after surgical resection and electron beam

treatment, human KS fragments without epidermal or

dermal tissue were implanted into the backs of the NCG mice.

Fibroblast activation protein alpha (FAP) is a plasma

membrane serine protease (dipeptidyl peptidase IV) that

may play a key role in the invasiveness of keloids (Dienus

et al., 2010). Normal adult tissues are generally negative for

FAP, which exhibits both protease and collagenase activity

and is important for extracellular matrix (ECM) degradation

in wound healing and tumor invasion (O’Brien and

O’Connor, 2008). These findings suggest that FAP may be

a novel target for keloid treatment, but there have been few

studies on the relationship between FAP and keloid

recurrence after radiation therapy.

In this study, we evaluated the role of FAP in KS

recurrence in an NCG xenograft mouse model. Although

tissue loss occurred throughout the experiment, our data

revealed that the graft was maintained in this new model

for at least 20 weeks after implantation at the visible tissue

level and that FAP + tissue was restored through radiation

resistance, increased levels of cell cycle regulators, and high

energy production.

Materials and methods

Ethical approval

Following approval of our protocol, which adhered to the

ethical standards formulated in the Declaration of Helsinki, from

the Institutional Ethics Committee of The First Hospital of Jilin

University and the acquisition of written informed consent from

all of the patients, KS tissues were obtained from 8 patients

undergoing surgical excision.

Tissue preparation and
xenotransplantation

Briefly, immediately after surgical excision, the human

KS mass was washed twice with phosphate-buffered saline

and cut into 4-mm square pieces under sterile conditions.

The mice were anaesthetized by intraperitoneal injection

of 5% chloral hydrate with 0.1 ml/10 g body weight, and 1-

cm incisions were made on both sides of the dorsal midline

above the gluteus maximus. The human keloid tissues

were implanted into the subcutaneous pocket between

the panniculus carnosus and skin, and the wound was

sutured.

Eight-week-old NCG mice were purchased from Charles

River (Beijing, China) and bred in the specific pathogen–free

(SPF) murine facility. The First Hospital of Jilin University

Research Animal Care Committee (Changchun, Jilin)

approved the entire process, and all the animals were kept

under standard conditions described in the guidelines

approved by the institution.

Primary fibroblast isolation

KS tissues were washed twice with phosphate-buffered

saline and cut into ~1 mm3 sections under sterile

conditions. The washed sections were placed in a culture

plate with a distance of 1 cm between each section and

incubated at 37°C for 30 min. The sections were then

incubated in DMEM containing 10% FBS and antibiotics

(penicillin, 100 U/ml; streptomycin, 0.1 mg/ml) at 37°C with

5% CO2. All cell culture reagents were supplied by Gibco

(Thermo Fisher Scientific, Inc). The fibroblasts were

trypsinized and prepared for subculture when they

reached 90% confluency.
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Electron beam irradiation

At 4 weeks after implantation, irradiation therapy was

performed with an electron beam (Clinac 21ex, Varian

Medical System). The irradiation technique was consistent

for all radiotherapies: The external beam was administered,

with 6 MeV electrons generated by a linear accelerator. A

single-fraction dose of 10 Gy (at a dose rate of 600 cGy/min)

was delivered to the surgical incision with an electron beam.

Nontarget areas were shielded using a 2-cm lead sheet.

RNA preparation and KEGG pathway
analysis

Degradation and contamination of the RNA from the

samples were monitored on 1% agarose gels. RNA purity

was checked by a Nano Photometer® spectrophotometer

(IMPLEN, CA, United States). RNA integrity was assessed

using the RNA Nano 6000 Assay Kit with the Bioanalyzer

2100 system (Agilent Technologies, CA, United States). The

Kyoto Encyclopedia of Genes and Genomes (KEGG) database

is a resource used to determine the high-level functions and

roles of genes in biological systems. ClusterProfiler R packets

were used to detect significant enrichment of differentially

expressed genes in the KEGG pathway. Firstly, all significantly

enriched terms and then calculated accumulative

hypergeometric p-values and enrichment factors were

identified and used for filtering. The remaining significantly

enriched terms then underwent hierarchical clustering into a

tree based on kappa-statistical similarities among the gene

memberships. Then, a kappa score of 0.3 was applied as the

threshold to divide the tree into term clusters.

Quantitative real-time PCR

Total RNA was isolated with Total RNA Miniprep Kit

(AP-MN-MS-RNA-250, Axygen), and cDNA was

synthesized using 1st Strand cDNA Synthesis kit for qPCR

(11123ES60, YEASEN Biotech, Shanghai). Quantitative RT-

PCR was performed using Hieff® qPCR SYBR Green Master

Mix (11203ES03, YEASEN Biotech, Shanghai) with a

QuantStudio 5 RT qPCR system (ABI), and human-

specific primer sets (Table 1) were obtained from Sangon

Biotech (Shanghai, China). Beta-actin was used for

normalization.

Histology and IHC

Tissues were collected, fixed with 4% formalin and

embedded in paraffin. The paraffin sections (4 μm) were

stained with H&E or subjected to IHC. Briefly, the tissue

sections were subjected to antigen retrieval and incubation

with primary antibodies against FAP (AF5344, Affinity),

vimentin (AF7013, Affinity), or CD34 (AF5149, Affinity),

followed by incubation with secondary antibody (KIT-9706,

Maixin-Bio), and immunoreactivity was detected using an

Peroxidase Kit (KIT-9710, Mai Xin). Quantitative analysis

was performed using Image-Pro Plus 6.0 software.

Cell proliferation assay

Cell proliferation was assessed using a Cell Counting Kit-8

(CCK-8) assay kit (C0038, Beyotime) according to the

manufacturer’s protocol. Briefly, KFs (3×103 cells per well)

were seeded into a 96-well plate and cultured at 37°C in a 5%

CO2 incubator. CCK-8 solution was added for 2 h and the

absorbance was measured at 490 nm.

SA-β-gal activity analysis

SA-β-gal active assay was performed as our previous

study using an SA-β-gal staining kit (Beyotime, Beijing).

Briefly, KFs were plated in 12-well plates (6×104/well) and

TABLE 1 qPCR primers specific for p21, p53, p16, Cyclin D1, CD34, FAP, vimentin and β-actin.

Sense (59-39) Antisense (59-39)

CD34 CCTCAGTGTCTACTGCTGGTCT GGAATAGCTCTGGTGGCTTGCA

FAP GGAAGTGCCTGTTCCAGCAATG TGTCTGCCAGTCTTCCCTGAAG

Vimentin AGGCAAAGCAGGAGTCCACTGA ATCTGGCGTTCCAGGGACTCAT

Cyclin D1 GCTGCGAAGTGGAAACCATC CCTCCTTCTGCACACATTTGAA

p21 AGGTGGACCTGGAGACTCTCAG TCCTCTTGGAGAAGATCAGCCG

P53 CCTCAGCATCTTATCCGAGTGG TGGATGGTGGTACAGTCAGAGC

p16 CTCGTGCTGATGCTACTGAGGA GGTCGGCGCAGTTGGGCTCC

β-Actin ATTGCCGACAGGATGCAGAAG CCATGCCAATCTCATCTTGT
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were irradiated with 10 Gy and analyzed upon reaching

80–90% confluence. SA-β-gal-positive cells were

identified as green-stained cells and the frequency was

determined by counting approximately 400 cells in three

random fields.

Flow cytometry

To measure radiation-induced cytomembrane expression

of FAP or cytoplasmic expression of vimentin, primary KFs

were irradiated with a single-fraction dose of 10 Gy (at a dose

rate of 600 cGy/min) with an electron beam. The cells were

analyzed by staining with an AF488-conjugated anti hFAP

antibody (R&D Systems, FAB3715G-100) and a PE-

conjugated anti-hVimentin antibody (BD, 562337). FAP+

KFs were sorted according to staining with the AF488-

conjugated antihFAP antibody (BD FACSCalibur) at 72 h

after irradiation.

Measurement of intracellular ATP levels

Intracellular basal ATP production rates were measured using

Seahorse XF Real-Time ATP Rate Assay Kit (Agilent). This assay

was performed according to the manufacturer’s protocol. Briefly,

KF cells were seeded into 24-well plates with 3 × 104 cells per well

and incubated at 37°C with 5% CO2 for several days. One hour after

medium was replaced by indicated medium without bicarbonate,

the OCR and ECAR were measured with XF24 (Seahorse

Bioscience, United States) before and after injection of 1.5 μM

oligomycin, 0.5 μM rotenone and 0.5 μM antimycin. The basal

ATP production rates were compared by mitoATP Production

Rate and glycoATP Production Rate.

FIGURE 1
Xenotransplantation of patient-derived KS tissue in NCG mice and radiation therapy. (A) The grafts and implantation positions of the grafts are
shown. (B) The grafts were visible at 20 weeks after implantation without irradiation. Representative images are shown. (C) Image of the field
irradiated with an electron beam. The right side of the graft is marked in black. The green line is the laser alignment line. (D)Oneweek after irradiation,
graft morphological alterations were observed. Representative images are shown.
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Statistical analysis

All studies were repeated at least three times and data are

presented as the mean ± SD. Statistical analysis was performed

using Prism 6 (GraphPad Software). One-way ANOVA was

used for comparison of multiple groups, while the t test was

used for comparison of two groups. p < 0.05 were taken as

significant.

Results

Establishment of a patient-derived KS
tissue xenotransplantation model using
NCGmice and morphological observation

To establish a PDX mouse model to study KSs, human KS

tissues (from 8 patients) were cut into 3–4-mm square pieces and

implanted into the backs of NCG mice (>60) under sterile

conditions (Figure 1A). Previous studies have shown that KS

grafts can be maintained in nude mice for at least 4 months after

operation, as shown by detection at the cellular level (Park et al.,

2016; Shetlar et al., 1985). In this study, the grafts were still visible

at 20 weeks after transplantation, although significant tissue loss

was observed (Figure 1B). According to our previous work, more

than 3 weeks are needed for the graft to establish stable

neovascularization. At 4 weeks after implantation, the right

sides of the grafts in the KS-bearing mice were irradiated with

a single-fraction dose of 10 Gy with an electron beam

(Figure 1C). One week after irradiation, morphological

alterations in the graft were observed. As shown in Figure 1D,

in contrast to nonirradiated grafts (−), the irradiated grafts

showed evidence that the electron beam had severely

destroyed the neovascularization (+). Taken together, these

findings demonstrated that we successfully established a PDX

mouse model of KSs using NCG mice and observed severe

electron beam-induced damage to the vascular network of the

graft.

FIGURE 2
Irradiation (IR) induced destruction of the microvasculature and tissue loss. (A) Representative images showing H&E staining, (B) a
morphological comparison at 4 weeks after IR and (C) a comparison of the graft volume ratio. Images from 6 representative random fields are shown.
The scale bars represent 200 µm except for the scale bar of 1 W in (A), which represents 50 µm. (D) Graft sections were stained for CD34 for IHC
analysis. Six samples per group were examined, and representative images are shown (scale bar represents 200 μm). (E) Comparison of the
CD34 levels in the two groups of grafts. Data from 3 experiments were combined and are presented as the mean ± SD; n = 6; ****, p < 0.001.
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Irradiation induced microvascular
destruction and tissue loss

To investigate the effect of the electron beam on implanted

KS tissue and determine whether irradiation can suppress the

development of graft tissue, histological analysis was performed.

As shown in Figure 2A, H&E staining of the grafts was performed

at 1, 2 and 4 weeks after irradiation. The electron beam induced

sharp decreases in the numbers of infiltrating cells in the graft

tissues, especially during the first week after irradiation

(Figure 2A, left row). Surprisingly, irradiation disrupted the

vascular network of the graft but slowed the process of tissue

loss (Figures 2A,B). At 4 weeks after irradiation, the volume ratio

of the irradiated grafts was significantly larger than that of the

control grafts by over twofold (0.75 vs. 0.37). Moreover,

histological analysis was performed to determine whether the

electron beam would destroy the neovascularization in the graft

tissue (Figures 2D,E). Consistent with the results in Figure 1C,

our results revealed that irradiation induced a sharp decrease in

microvascular density and CD34 mRNA levels.

Irradiation destroyed the internal
structure of KS tissues, but FAP+ and
vimentin + tissues were quickly restored

Fibroblasts are thought to play a key role in fibrogenesis in KSs.

FAP is a plasma membrane-localized protease associated with the

development of KSs (Dienus et al., 2010). To determine whether

irradiation could promote the expression of FAP in graft tissue,

histological analysis was performed. As shown in Figure 3A, the

electron beam significantly increased the FAP level compared to that

in the control graft after irradiation. This result was consistent with

the mRNA level of FAP (Figure 3B). Increased levels of vimentin

were reported to serve as a mesenchymal marker, and the frequency

of vimentin + epidermal cells was found to be higher in KSs and

keloidmicrovessels than in normal skin (Yan et al., 2015; Hahn et al.,

2016). Therefore, we observed changes in vimentin expression in the

grafts after irradiation. Surprisingly, the change in vimentin

expression beginning in the second week after irradiation was

dramatically reversed (Figures 3C,D). These results suggest that

irradiation damaged FAP+ and vimentin + tissue in the grafts but

FIGURE 3
Radiation-resistant tissue was quickly restored, with increased FAP and vimentin expression. (A–C) Graft sections were stained for FAP and
vimentin for IHC analysis. The scale bar represents 200 µm. (B–D) Comparison of the mRNA levels of FAP and vimentin between the two groups of
grafts. Data from 3 experiments were combined and are presented as the mean ± SD. n = 6; **, p < 0.01; ****, p < 0.001.
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that the levels of both molecules were significantly restored over

3 weeks. This finding is consistent with the observed changes in graft

volume after irradiation (Figure 2B).

Irradiation significantly upregulated cell
cycle regulators

To clarify the effects of transplantation and irradiation on KSs,

we compared the transcriptome activity of nonimplanted KS tissue

with that of KS tissue at 4 weeks after transplantation (Figure 4A)

and 4 weeks after irradiation (Figure 4B). Compared to the control,

in our PDXmodel, only 169 genes were upregulated, and 176 genes

were downregulated, despite the 4-week experimental period

(Figure 4A insert). However, irradiation induced a large change

in expression, with 2831 genes upregulated and 2758 genes

downregulated compared to their expression in the PDX model

(Figure 4B, insert). Moreover, KEGG analysis revealed that the

expression of cell cycle regulators was significantly increased by

irradiation. Furthermore, themRNA expressions were compared for

the key cell cycle inhibitors (cyclin-dependent kinase (CDK)

inhibitors, CKIs) p21, p53 and p16, which are known tumor

suppressor proteins that are upregulated in irradiated tissue

(Aratani et al., 2018). Consistent with the immunohistochemistry

(IHC) results (Figure 3), expression of the CKIs p53, p21 and

p16 after 4 weeks was significantly reduced by irradiation compared

with that in the control (Figures 4C–E). Interestingly, the expression

of p53, the primary guardian of the DNA damage response, was

significantly upregulated 1 week after irradiation compared with

that in the control group but sharply downregulated 1 week later

(Figure 3B). On the other hand, irradiation significantly increased

the level of CyclinD1 (Figure 4F), a cell cycle promoter that regulates

cell cycle progression by phosphorylating CDK4/6 to inhibit

retinoblastoma (Connell-Crowley et al., 1997). Taken together,

these results suggested that radiation-resistant tissue (some of

which may be positive for FAP) among KS tissue may cause KS

recurrence due to irradiation.

FAP + keloid fibroblasts (KFs) promoted
cell cycle regulator expression in
radiation-resistant tissue with increased
energy production

Our data indicated that FAP + tissue could be quickly

restored in vivo. To investigate whether irradiation could

FIGURE 4
Irradiation (IR) promoted cell cycle regulator expression in radiation-resistant tissue. RNA-seq analysis of nonimplanted KS tissue compared
with unirradiated tissue at 4 weeks after implantation (A) and irradiated tissue at 4 weeks after irradiation (B). The insert from the volcano map
indicates the number of gene alterations. The columns are KEGG pathways, and the spots are the number of genes. Green indicates downregulation,
and red indicates upregulation. The red arrow indicates the cell cycle pathway. Shown are the mRNA levels (mean ± SD; n = 6) of the CKIs p21/
p53/p16 (C–E) and the promoter Cyclin D1 (F). Data from three experiments with essentially the same results were combined and are presented as
the mean ± SD; n = 6; *, p < 0.05; ***, p < 0.005; ****, p < 0.001.
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induce FAP + cell proliferation, primary KFs were isolated from

patient excisions and irradiated with 10 Gy electron beam

therapy. Vimentin, a fibroblast biomarker, is also known as

fibroblast intermediate filament in non-muscle cells. The flow

cytometry data revealed that the isolated primary KFs were 99.5%

vimentin positive. Surprisingly, radiation induced a significant

increase in the FAP + KF population; the FAP + KF percentage in

the irradiation group was 82.1%, while that in the non-irradiation

group was 0.39% (Figure 5A). To determine the role of FAP in

radiation-induced senescence, the FAP + KFs were sorted, and

senescence-associated β-galactosidase (SA-β-gal) activity was

measured at 72 h after irradiation. Irradiation clearly increased

the percentages of SA-β-gal + cells among both types of KFs;

however, the increase was markedly smaller in the FAP + group

than in the FAP- group, and the percentage of SA-β-gal + cells

was significantly lower in the FAP + group than in the FAP-

group (Figures 5B,C). Although the numbers of viable cells were

comparable between nonirradiated and irradiated KF cultures at

0 h, the irradiated cultures thereafter yielded significantly more

viable cells (Figure 5D). The observation of rapid recurrence with

increased FAP expression and cell proliferation after irradiation

suggests the need for an adequate energy supply. Adenosine

triphosphate (ATP), the most common cellular energy currency

of intermediate metabolism, is used to sustain various cellular

functions such as anabolic synthesis, molecular transport, cell

motility, and cell proliferation. Thus, ATP levels were measured

to compare FAP+ and FAP- KF cell viability (Figure 5E). FAP +

KFs had significantly higher ATP concentrations and showed a

significantly greater rate of ATP production from glycolysis

(393.1 vs. 314.8 pmol/min) and mitochondrial oxidative

phosphorylation than FAP- KFs (439.8 vs. 337.5 pmol/min).

Taken together, our results demonstrate a strong association

between FAP + KF abundance and radiation resistance through

cell cycle progression and increased energy production.

Discussion

Keloid, a fibroproliferative disease and physiological

phenomenon unique to humans, can occur in genetically

susceptible individuals (Brown and Bayat, 2009). Thus,

because keloid is unique to humans, it is difficult to conduct

FIGURE 5
Irradiation (IR) promoted FAP + KF proliferation and inhibited senescence, accompanied by high energy production. In vitro, primary KFs with or
without IR treatmentwere analyzed by anti-hFAP and anti-hVimentin antibody staining (A). Representative images of SA-β-gal staining (B); senescent
cells are stained green, scale bar = 100 μm. The percentage of senescent cells in FAP- versus FAP + KFs at 72 h after IR (C). Data are representative of
three independent samples and are presented as the mean ± SD; n = 6; ****, p < 0.001. IR promoted FAP + KF proliferation (D) and increased
intracellular ATP production (E). Data from three experiments with essentially the same results were combined and are presented as the mean ± SD;
n = 3; *, p < 0.05; **, p < 0.01; ****, p < 0.001.
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in vivo studies through the use of animal models. Fortunately, the

development of immunodeficient mice strains might provide a

novel approach to investigate the pathological progression of KSs

in vivo by establishing reliable patient-derived KS xenografts

models that remain viable for several weeks to months after

transplantation (Marttala et al., 2016; Shultz et al., 2007). In this

study, we established a PDX model of human-derived KS tissue

by using NCGmice, and the graft successfully survived in vivo for

as long as 20 weeks. Although significant tissue loss was observed

over time, all grafts retained their original histotypic and

morphological characteristics for 20 weeks, providing a

sufficiently long window to investigate preclinical therapies

and molecular mechanisms.

Numerous studies have shown the favorable effects of

electron beam radiotherapy for keloid treatment. For example,

recent data revealed that surgical excision followed by electron

beam radiation provides excellent local control of keloids and

reduces the recurrence rate to 8.6% (Wang et al., 2020), while the

recurrent rate for traditional keloid surgery alone is up to

45–100% (Lee and Jang, 2018). Regarding optimal irradiation

timing, most studies recommended electron beam radiotherapy

as an adjuvant therapy within 24–48 h after keloid revision

surgery (Ogawa et al., 2003). Mechanistically, the fibroblasts

that dominated the incisional granulation tissue at this time

were found to be sensitive to irradiation. Therefore, this

radiotherapy strategy can effectively suppress the cell

proliferation and division of fibroblasts and reduce collagen

deposition. However, no consensus for the optimal irradiation

dose and fraction regimen has been reached. In previous studies,

keloid treatment has tended to involve postoperative irradiation

with a dose of 12–20 Gy over 3–5 fractions (Renz et al., 2018),

(Bischof et al., 2007). Herein, radiation with 20 Gy over

5 fractions was confirmed to yield superior local control

compared to the control achieved with lower-dose regimens

(Renz et al., 2018). Recently, emerging studies have

demonstrated that the use of hypofractionated postoperative

radiotherapy with a high-energy electron beam for keloids is

an excellent strategy and that initiating radiotherapy as soon as

possible after surgery could improve the therapeutic regimen

(Shen et al., 2015). Adjuvant single-fraction radiotherapy with a

dose of 8–10 Gy from an electron beam was also confirmed to be

effective and safe for treating keloids (Song et al., 2014), (Sruthi

et al., 2018). Concerning unresectable keloids, previous data have

demonstrated that radical radiotherapy can achieve satisfactory

and similar efficacy (Malaker et al., 2004). As a result,

postsurgical radiotherapy has become the most widely

accepted method for the treatment of keloids.

Here, we attempted to irradiate our PDX model of human-

derived KS tissue with an electron beam. The results revealed

that irradiation quickly destroyed the neovascular system of the

graft and significantly reduced levels of the KS-related factors

FAP and vimentin (Figures 2, 3). Interestingly, similar changes

in graft volume and in FAP and vimentin were observed, and KS

relapse was accompanied by restored FAP and vimentin

expression. FAP, a proline-selective serine protease, is

overexpressed in hypertrophic/KS tissue and the tumor

stroma (cancer/tumor-associated fibroblasts, CAFs/TAFs) but

undetectable in most normal adult tissues (Kalluri and

Zeisberg, 2006; Spaeth et al., 2009). FAP plays an important

role in ECM remodeling via its serine protease activity

(Kennedy et al., 2009). Tumor relapse is usually caused by

radiation resistance, which is determined by both the intrinsic

characteristics and external microenvironment of cancer cells

(Wang et al., 2017; Wang et al., 2005). Accumulating evidence

has revealed that FAP + CAFs might provide a more

immunosuppressive microenvironment to resist damage

from immunocytes/radiotherapy/chemotherapy, resulting in

increased tumor survival (Yang et al., 2016; Lindner et al.,

2018; Ansems and Span, 2020). Moreover, a similar result from

a transplanted tumor model demonstrated that FAP + stromal

cells could facilitate immunosuppression via ablation of T cell

antitumor activity (Kraman et al., 2010). However, the

mechanism of induction of FAP expression remains unclear.

Here, our data revealed that irradiation by electron beam could

promote the FAP level in vitro and in vitro for the first time, and

the reduction of FAP + tissue in the control group was

positively correlated with tissue loss (Figure 3A), while the

rebound of FAP + tissue in the irradiated group was also

proportional to graft volume. In addition, our transcriptome

experiments revealed that irradiation significantly enhanced

translational activity in the irradiated grafts, including the

translation of cell cycle regulators. Cyclin D1 plays a key

role in regulating the G1/S transition by activating CDKs,

whereas CKIs, such as p21 and p16, inhibit the cyclin/CDK

complex kinase activity. Our data revealed that irradiation

promoted cell cycle progression in FAP + cells, accompanied

by upregulation of Cyclin D1 and downregulation of the CKIs

p53, p21 and p16. In this study, we discovered that the

induction of FAP expression by electron beam only in the

primary human keloid derived fibroblast, we also attempted to

detect radiation-induced FAP expression in mouse fibroblast

cell line, but the cell line displayed a poor radio-sensitivity (data

not shown). The role of enzymatic activity and ablation of FAP

in recurrence of KS will be further investigated.

Taken together, our findings revealed a prominent

expression of FAP in KS recurrence after surgical resection

and radiation therapy, indicating that irradiation might

enhance FAP + cell abundance, which was associated with cell

proliferation and delayed cellular senescence, accompanied by

ATP production.
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