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Irradiation enhances the
malignancy-promoting
behaviors of cancer-
associated fibroblasts
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Zheming Liu1,2, Yanjun Gao1,2, Likun Gao5, Qibin Song1,2*,
Zhongliang Zheng4* and Yi Yao1,2*

1Cancer Center, Renmin Hospital of Wuhan University, Wuhan, China, 2Hubei Provincial Research
Center for Precision Medicine of Cancer, Wuhan, China, 3Department of Oncology, Huang-gang
Central Hospital, Huanggang, China, 4College of Life Sciences, Wuhan University, Wuhan, China,
5Department of Pathology, Renmin Hospital of Wuhan University, Wuhan, China
Background: Cancer-associated fibroblasts (CAFs) are the important

component of the tumor microenvironment (TME). Previous studies have

found that some pro-malignant CAFs participate in the resistance to

radiotherapy as well as the initiation and progression of tumor recurrence.

However, the exact mechanism of how radiation affects CAFs remains unclear.

This study aimed to explore the effect and possible mechanism of radiation-

activated CAFs, and its influence on lung cancer.

Methods: CAFs were isolated from surgical specimens in situ and irradiated

with 8Gy x-rays. The changes in cell morphology and subcellular structure

were observed. CAFsmarker proteins such as FAP and a-SMAwere detected by

Western Blotting. Cell counting kit-8 (CCK8) assay, flow cytometry, wound

healing assay, and transwell chamber assay was used to detect the activation of

cell viability and migration ability. A nude mouse xenograft model was

established to observe the tumorigenicity of irradiated CAFs in vivo. The

genomic changes of CAFs after radiation activation were analyzed by

transcriptome sequencing technology, and the possible mechanisms

were analyzed.

Results: The CAFs showed a disorderly growth pattern after X-ray irradiation.

Subcellular observations suggested that metabolism-related organelles

exhibited more activity. The expression level of CAFs-related signature

molecules was also increased. The CAFs irradiated by 8Gy had good

proliferative activity. In the (indirect) co-culture system, CAFs showed

radiation protection and migration induction to lung cancer cell lines, and

this influence was more obvious in radiation-activated CAFs. The radiation

protection was decreased after exosome inhibitors were applied. Vivo study

also showed that radiation-activated CAFs have stronger tumorigenesis.

Transcriptome analysis showed that genes were enriched in several pro-

cancer signaling pathways in radiation-activated CAFs.
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Conclusions: Our study confirmed that CAFs could be activated by ionizing

radiation. Irradiation-activated CAFs could promote cancer cell proliferation,

migration, radiotherapy tolerance, and tumorigenesis. These results suggested

that irradiation-activated CAFs might participate in the recurrence of lung

cancer after radiotherapy, and the inhibition of CAFs activation may be an

important way to improve clinical radiotherapy efficacy.
KEYWORDS

cancer-associated fibroblasts, irradiation, lung cancer, activation, malignant,
biological behavior
Introduction

In the past decades, advances in radiotherapy have improved

overall survival for malignant tumors. However, primary

resistance and acquired tolerance to radiotherapy remain

significant challenges in clinical practice (1). Previous studies

have found that bidirectional communication between cells and

their microenvironment is critical for the malignant biological

behavior of tumors (2–4).

As an important cellular component in the tumor stroma,

cancer-associated fibroblasts (CAFs) can promote the malignant

biological behavior of cancer cells. a-smooth muscle actin (a-
SMA) (5), fibroblast specific protein-1 (FSP-1) (6), fibroblast

activation protein (FAP) (7), and platelet-derived growth factor

receptor-b (PDGFR-b) (8) are considered as traditional CAFs

biomarkers. CAFs influence the chemotaxis of endothelial

progenitor cells and monocytes (9) and promote survival (10),

invasion and metastasis (11), and tumor angiogenesis (12) of

cancer cells. Also, it has been suggested that CAFs can induce

acquired drug resistance (13) and radiation resistance (14). In

short, CAFs confer a mesenchymal-like phenotype and enhance

metastasis of both premalignant and malignant epithelial cells,

whereas normal fibroblasts promote an epithelial-like phenotype

and suppress metastasis (15). CAFs have a diverse origin, which

also leads to their heterogeneity; yet, they are mainly

differentiated from normal fibroblast (NF) located close to

cancer cells. When specific stimulation occurs, some NF can

be activated into CAFs with different forms and functions,

triggering various “pro-malignant” effects (16).

Previous studies on improving the efficacy of radiotherapy

have mainly focused on cancer cells alone while ignoring the

complex biological interactions between them and the tumor

microenvironment (TME) (17). Numerous studies have

suggested that radiation breaks the DNA strands of tumor

cells and increases the secretion of transforming growth

factor-b (TGF-b) and hypoxia-inducible factor 1-a (HIF-1a),
thus suppressing the immune system and inducing radio-

resistance (18).
02
Over the years, the variation and role of tumor stroma have

attracted increasing attention during radiotherapy (19). Previous

studies have found that some pro-malignant CAFs participate in

the resistance to radiotherapy as well as the initiation and

progression of tumor recurrence. In addition, a multivariate

analysis showed that a-SMA/epithelial area ratio was an

independent prognostic value associated with poor recurrence-

free survival, suggesting that neoadjuvant treatment impacts on

CAFs (20). Moreover, some CAFs activation following radiation

led to altered growth factor secretion and release of numerous

modulators of the ECM and cytokines, including TGF-b, which
is a complex and pleiotropic cytokine that directly affects tumor

cells and CAFs, driving HIF-1 signaling, reducing the activation

of T-cells and dendritic cells (DCs), remolding the tumor

microenvironment, and resulting in the progression of

cancer (17).

The aim of this study was to explore the effect of radiation on

the activation of CAFs in vitro and in vivo experiments and to

further explore the influence of radiation-activated CAFs on the

development of lung cancer and its possible mechanism.
Materials and methods

Materials and reagents

The antibodies used in this study were anti-GAPDH (60004-

1-Ig, Proteintech, China), anti-a-SMA (14395-1-AP, Proteintech,

China), anti-FAP (A11572, Abclonal, China), anti-VIM (60330-1-

Ig, Proteintech, China), and anti-KI67 (27309-1-AP, Proteintech,

China). Flow cytometry Kit (Multi Sciences, China), CCK8

reagent (Dojindo, Japan), MTT Reagent (Sigma, Germany),

BCA1-1KT kit (Sigma, Germany), RIPA lysate (Beyotime,

China), and inhibitor of exosome GW4869 (MCE, Shanghai)

were purchased from Baitengruida Biotechnology. Optical

microscope (Nikon, Japan), HT7800 Transmission Electron

microscope (Hitachi, Japan), microplate reader (Bio-RAD,

USA), and flow cytometry (BIO-RAD, USA) were provided by
frontiersin.org

https://doi.org/10.3389/fonc.2022.965660
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhang et al. 10.3389/fonc.2022.965660
the central lab of Renmin Hospital of Wuhan University. The

Elekta Infinity™ linear accelerator (Elekta, Sweden) was provided

by Renmin Hospital of Wuhan University. Four-week-old female

BALB/c nude mice were purchased from Weitonglihua

Experimental Animal Technology.
Primary CAFs isolation and cell culture

Primary CAFs were isolated and extracted from the lung

cancer tissue of an adult male NSCLC patient who underwent

surgical resection (the study was approved by the Ethics

Committee of the Renmin Hospital of Wuhan University). The

peritumoral tissue was taken from an area 1.0 cm away from the

edge of lung cancer tissue, cleaned with 1% penicillin/

streptomycin in PBS at 4°C, and cut into 1.0 mm3. The tissue

was then put into the dish with 1 ml of fetal bovine serum,

cultured in a CO2 incubator for 1 h, and then mixed by inverting

the dish overnight. An appropriate amount of DMEM containing

10% fetal bovine serum was added to each dish after 24 h for

upright culture, and the medium was changed every 3 days. When

spindle cells migrated away from the edges of the tissue clumps

and were fused to about 85%, the subculture was carried out.

CAFs were used for further experiments after 5-8 passages.

CAFs were grown in Dulbecco’s Modified Eagle Medium

(DMEM, HyClone, USA); MRC-5 cells were cultured in Eagle’s

Minimal Essential Medium (EMEM, HyClone, USA); lung

cancer cells A549 and H1299 were cultured in Roswell Park

Memorial Institute 1640 Medium (RPMI-1640, HyClone, USA).

All mediums were supplemented with 10% fetal bovine serum

(FBS) and 1% penicillin/streptomycin. If not specified, all cells

were maintained in a humidified atmosphere containing 5%

CO2/95% air at 37°C. A549, H1299, and MRC5 cells were kind

gifts from Wuhan University School of Life Sciences laboratory.
Cell radiation and conditioned medium

Confluent CAF cultures were irradiated using a clinical 6MV

X-ray beam produced by the Elekta Infinity™ linac. The source-

to-surface distance was 100 cm with a dose rate of 300 MU/min.

Except for where otherwise indicated, CAF received 8Gy, while

A549 was 6Gy as reported previously (19). Conditioned medium

(CM) was obtained as described below.

After conventional culture, the human lung adenocarcinoma

cell line (A549) was divided into the irradiated group and the

unirradiated group. Then these two groups were divided into

three subgroups, respectively, by adding the supernatant of

ordinary DMEM (blank), non-irradiated CAFs supernatant

(CAF0-CM), and CAFs supernatant that underwent 8Gy X-ray

irradiation (CAF8-CM) at a ratio of 7:5 (volume ratio). After 2 h

of culture, the irradiated group was given a single dose of 6Gy X-

ray at room temperature, and the pseudo-irradiated group was
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placed in the irradiation chamber for 1 min. The cells from both

groups were cultured. The human NSCLC cell line H1299 and

human embryonic lung fibroblast cell line MRC-5 were routinely

cultured for the following experiments.

The primary cultured CAFs with or without irradiation were

pretreated with GW4869 (10 mmol/L) for 48 h, and their

supernatants were prepared at 4°C for later use. Each group

was cultured in normal DMEM (blank), supernatant of GW4869

treated CAF0 (G+CAF0-CM), and supernatant of GW4869

treated CAF8 (G+CAF8-CM) with a ratio of 7:5 (volume

ratio), respectively. After 2 h in the incubator, the irradiation

group A549 was given X-ray irradiation at room temperature

with a single dose of 6Gy, and the cells of the two groups

continued to be cultured. The processes are detailed in Figure 1F.
Morphology and subcellular structure
observation of CAFs

After reaching a confluency of 60%, cells were treated with 8

Gy irradiation and then cultured for 8 h. The morphology and

subcellular structure of CAFs were observed by an optical

microscope. As for the transmission electron microscope, the

collected cell sediment was fixed using 4% glutaraldehyde after

centrifugation. This was further processed into ultra-thin slices

of 60 nm in thickness, followed by observation for target

subcellular structures like mitochondria, endoplasmic

reticulum, etc.
Western blotting

Protein lysates were obtained according to the previously

described procedures (21). BCA1-1KT kit was used for the

protein quantification assay. An appropriate amount of

protein was mixed with 5× loading buffer and loaded on the

10% SDS-PAGE. After membranes were blocked with 5% non-

fat milk, they were incubated with primary antibodies at 4°C

overnight and appropriate horseradish peroxidase (HRP)-

conjugated secondary antibodies at room temperature for

1.5 h. Protein bands were visualized using the enhanced

chemiluminescence system. All experiments were performed

three times. Protein levels were normalized as a ratio to

GAPDH. The primary antibodies were: FAP (1:1000,

Abclonal), Vimentin (1:50000, proteintech), and a-SMA

(1:5000, proteintech).
Cell apoptosis assay

Flow cytometry was used to analyze the apoptosis of A549

cells. The cells were seeded into a 6-well plate (1×106/well)

overnight. The medium was changed with a conditional medium
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2 h before irradiation. After 24-hour incubation, cells in each

group with different treatments were washed with PBS 3 times;

the supernatant was discarded, digested with trypsin without

EDTA, and then gently mixed with 500 mL binding buffer, 5mL
Annexin V-FITC, and 5 mL PI. The cells were incubated at 4°C

for 20 min under dark conditions and detected by

flow cytometry.
Cell viability assay

The viability of A549 cells was analyzed using CCK-8 kits.

The cells were digested by trypsin and then suspended.

Approximately 3.5×104 cells per well were placed in 96-well

plates and cultured for 24, 48, and 72 h, respectively. After each

time point, a 10 mL of CCK-8 was added to each well at 37°C for

2 h. The absorbance at 450nm was determined using a

microplate reader. Three wells were taken from each group to

calculate the average value and draw the proliferation curve.

The viability of CAFs was analyzed using a MTT assay. The

cells were seeded in 96-well plates (5×103 cells/well) after

irradiation and cultured for 24 h. Then, 20 ml MTT reagent

was added to each well for 4 h. After removal of the medium, 150

ml of DMSO was added to each well and properly mixed for

another 10 min. The absorbance at 570 nm was determined

using a microplate reader. A blank well (medium, MTT, DMSO)

was included for comparison. All experiments were performed

three times.
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Wound healing assay

A549 cells were placed into 6-well plates (2.5×106 cells/well).

The two groups (irradiated and irradiated groups) were divided

into three subgroups, respectively (see above). The irradiated

group was given a single dose of 6Gy X-ray. After the cell

reached 90% confluence, a line was drawn using a marker on the

bottom of the dish, and then a sterile 1,000-ml pipet tip was used

to scratch five separate wounds through the cells, moving

perpendicular to the line. The cells were gently rinsed twice

with PBS to remove floating cells and incubated in a fresh culture

medium containing 1% FBS. Images of the scratches were taken

by using an inverted microscope at ×10 magnification at 0, 12,

24, 36, and 48 h of incubation. Image J software (Version 1.53n)

was used to calculate the percentage of migration area and draw

the time-healing area curve. The percentage of migration area

was quantitatively analyzed using cells migration area when

measuring divided by the wound area at 0 h.
Transwell migration assay

Transwell migration assay was performed using 24-well

culture plates. Briefly, 500 ml of CAFs/MRC5 suspension

(2×104) was added to each well (lower chamber) overnight. The

experimental group was given single X-ray irradiation of 8Gy,

after which they were cultured for an additional 2 h. A549 or

H1299 cells (5×104/200mL) were seeded in the upper chamber and
A B

D E F

C

FIGURE 1

Effect of irradiation on the morphology, molecular markers, and proliferation of CAFs. (A, B) Morphology of CAFs without irradiation (A) and
CAFs that received 8Gy irradiation (B) were compared under a light microscope (100×), and both groups of cells were spindle-shaped, but the
irradiated cells were slightly disorganized; (C) Representative western blotting for FAP, a-SMA, and vimentin in CAFs that received 0Gy, 8Gy, and
15Gy irradiation; (D) The relative expression differences of the biomarkers after normalization of the GAPDH were analyzed by quantitatively
comparing the density differences of the immunoblot bands; (E) MTT experiment was used to analyze the proliferation activity of CAFs under
0Gy, 8Gy, and 15Gy irradiation. T-test, *P < 0.05; (F) The sketch map of supernatants preparations of CAFs. (T-test, data are presented as the
mean ± S.D. *P < 0.05, **P < 0.01, ***P < 0.001).
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allowed to migrate the lower chamber. The cells were removed

after co-culture for 24 h. A549 or H1299 cells passing through the

polycarbonate membrane were observed and counted under the

microscope after cleaning, fixed with 4% paraformaldehyde, and

stained with crystal violet dye.
Construction of xenografted
mouse model

All animal studies (including the mice euthanasia

procedure) were done in compliance with the regulations and

guidelines of Renmin Hospital of Wuhan University

institutional animal care and conducted according to the

AAALAC and the IACUC guidelines. All the animals were

housed in an environment with a temperature of 22 ± 1 °C,

relative humidity of 50 ± 1%, and a light/dark cycle of 12/12 h.

Eighteen 4-week-old female BALB/c nude mice were divided

into three groups. A549 cells (2×106 cells), A549 and CAFs

mixed cells (A549: CAF0, 1:1, a total of 4×106 cells), and A549

and 8Gy irradiated CAFs mixed cells (A549: CAF8, 1:1, a total of

4×106 cells) were subcutaneously inoculated under the right

axilla of animals. The living status, body weight, and

tumorigenesis of mice were observed and recorded daily. At

the end of the animal experiments (about 25 days), the

subcutaneous tumor tissue was completely removed. The long

diameter (D) and short diameter (d) of the tumor size were

measured. The tumor volume was calculated by V= d2 ×D/2, and

the tumor volumetric time growth curve was plotted.
Immunohistochemistry

The dissected subcutaneous tumor tissues were fixed using

4% paraformaldehyde. The expression of nuclear proliferation

antigen ki67 and a-SMA in tumor tissues of each group was

analyzed by immunohistochemistry. The experimental steps

followed the previous standard protocols (22). In short, the

tumor tissues of each group were fixed, embedded, sectioned,

stained, and mounted, and then observed under a common light

microscope. The collected pictures were calculated and analyzed

by Image J software (Version 1.53n). The mean density was

calculated and analyzed using the integrated density of the pre-

processed images divided by the total area.
RNA extraction and
transcriptome sequencing

Primary cultured CAFs and 8Gy irradiated CAFs (CAF8) were

used for RNA sequencing. Cells were treated as described above

(see the materials and methods section). Then, cells were

incubated for 24 h after irradiation and then collected. Total
Frontiers in Oncology 05
RNA was isolated using Trizol (Invitrogen, USA) according to the

manufacturer’s instructions. By analyzing the RNA-seq raw data

obtained from the HiSeq platform, we compared the differential

expressed genes, and the enrichment analysis, including GO, and

KEGG was further conducted. The differentially expressed genes

that underwent GO and KEGG enrichment analyses with a q

value < 0.05 were screened. The enrichment results were

visualized by R software. Heat maps of differential oncogenic

genes were visualized using “heatmap” R package.
Statistical analysis

Data was statistically analyzed and plotted by GraphPad

Prism (Version 8.0.1) and SPSS (Version 20.0). A two-tailed

unpaired Student’s t-test was used for inter-group comparison.

All data was represented as mean ± SD. Differences were

considered statistically significant if P-value < 0.05.
Results

Activation of CAFs proliferation by
ionizing radiation and its
potential mechanism

Under a light microscope, CAFs showed a long spindle

shape with dense growth and a slightly disordered and non-

directional arrangement (Figure 1A). The contact and density

inhibition were lost when reaching a certain density. Under 8Gy

X-ray irradiation, the shape, size, and growth mode of CAFs did

not significantly change (Figure 1B), thus suggesting that

irradiation does not cause morphological changes to the cells.

Next, we detected intrinsic changes in cells at the protein

level. Western blot showed that CAFs biomarkers were up-

regulated with relatively low-dose irradiation (Figure 1C). FAP,

vimentin and a-SMA were significantly increased after single

irradiation of 8Gy and 15Gy compared with 0Gy. The expression

level of a-SMA and vimentin under the 8Gy condition were

slightly higher than under the 0Gy condition but not under the

15Gy condition (Figure 1D). The increased expression of the

above cytoskeleton-associated proteins indicates that irradiated

CAFs have an enhanced motor migration capacity, promoting

an aggressive phenotype in metastasis.

To further explore the alteration of CAFs in other functional

phenotypes after irradiation, we verified the proliferation

alteration of CAFs by MTT assay. According to the MTT

results, irradiation boosted the proliferative capacity of CAFs.

The proliferation rate of CAFs irradiated with 8Gy and 15Gy was

double that of 0Gy, and 1.5 times that of 0Gy, respectively (P <

0.001). CAFs exposed to 8Gy exhibited the highest proliferation

capacity (Figure 1E). The above changes suggest that CAFs can

exhibit malignant behavior after treated with 8Gy, which also
frontiersin.org
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imply that the CAFs organelles related to heredity, metabolism,

and synthesis from the observation have been modified. The

electron microscopic results further confirmed these changes.

There was no significant change in subcellular morphology

after ionizing radiation; yet, double nucleoli, double nuclei, and

lobulated nuclei were found in CAFs (Figures 2A, E, F). The rough

endoplasmic reticulum increased and expanded in the cytoplasm

(Figures 2D, H). As shown in Figures 2B, G, the microtubules

increased in bundles. Mitochondria fission and Golgi apparatus

also showed an increased status (Figures 2C, G, H).

Several investigations have reported that low-dose ionizing

radiation could enhance cell proliferation via transient ERK1/2

and p38 activation in normal human lung fibroblasts (23). The

phenotype of irradiated CAFs did reveal its activation, and the

transcriptome data also provided an insight into the potential

mechanism of activation of CAFs when exposed to 8Gy. Ionizing

radiation activated multiple proliferation-related and cancer-

promoting signaling pathways in CAFs.

Differentially expressed analysis showed that large amounts

of oncogenic genes were up-regulated (fold-change>2,

FDR<0.05) (Figure 3A). Genes associated with cell

proliferation like MITF, ABL2, and XIAP, and oncogenes like

PDGFB and ERG were highly expressed in CAF8. The

enrichment of Gene Ontology (GO) further showed that

differentially expressed oncogenes were mainly enriched in cell

proliferation, regulation of cell proliferation, positive regulation

of the biological process, and positive regulation of cellular

process (Figure 3B). The Kyoto Encyclopedia of Genes and

Genomes (KEGG) analysis showed that differentially expressed
Frontiers in Oncology 06
oncogenes were enriched in pathways in cancer, Ras signaling

pathway, PI3K-Akt signaling pathway, MAPK signaling

pathway, and TGF-b and other signaling pathways

(Figure 3C). To sum up, this data confirms that an irradiation

dose of 8Gy can promote malignant transformation.
CAFs promote the deterioration of lung
cancer cells after ionizing irradiation

Clinical practice has revealed the presence of tumor

recurrence in patients treated with low radiation doses and

that the TME has an important role in this process (14). This

study further explored whether activated CAFs are involved in

this process. The wound healing assay demonstrated that CAFs

enhance the proliferation of A549 cells after ionizing irradiation.

The wound healed faster in the non-irradiated A549 cells of the

CAF0-CM and CAF8-CM subgroups compared to the DMEM

subgroup (P < 0.05) (Figures 4A, B). After 72 h, the wounds of

the CAF0-CM and CAF8-CM subgroups were nearly completely

healed. In the irradiation group, the wound healing of all

subgroups slowed down; it was almost stationary in the

DMEM subgroup, while it was faster in the CAF8-CM

subgroup than that of the CAF0-CM subgroup (P < 0.05).

Thus, we concluded that CAFs could promote the migration

of A549 or radiation-damaged A549, and this ability could be

enhanced by irradiated-activated CAFs.

To further investigate the effect of CAFs on lung cancer cells

(A549), we conducted the CCK8 assay to detect their effect on
A B D

E F G H

C

FIGURE 2

Subcellular structure of CAFs changed after irradiation was seen under transmission electron microscopy. (A–D) The observation of the
subcellular structure of CAFs before irradiation showed that the nuclei were oval with obvious nucleoli (▲). Rough endoplasmic reticulum (←),
mitochondria (↓), vesicles (◆), microtubules (!), and microfilaments can be seen in the cytoplasm; (E–H) The observation of the subcellular
structure of CAFs after 8Gy irradiation revealed double nucleoli and double nuclei (★) and lobulated nuclei in the nucleus. The rough
endoplasmic reticulum increased and expanded, and mitochondria were divided and increased, while Golgi apparatus (▼) increased in
the cytoplasm.
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the proliferation of A549. As shown in Figure 4C, the

proliferation capacity of A549 cells irradiated by 6Gy X-ray

(solid black line) was significantly lower than 0Gy (solid gray

line). However, the number of A549 cells in the CAF0-CM

subgroup (gray dotted line) and CAF8-CM subgroup (gray dash

line) was significantly higher than in the DMEM group (solid

gray line) after 72 h in the unirradiation group (0Gy). From the

proliferation rate, the slope within 72 h of the CAF0-CM

subgroup (gray dotted line) and CAF8-CM subgroup (gray

dash line) was similar but significantly higher than the control

(P < 0.05). Under 6Gy irradiation, the CAF0-CM subgroup

(black dotted line) and the CAF8-CM subgroup (black dash

line) showed a similar proliferation trend to the A549 cells of the
Frontiers in Oncology 07
DMEM irradiation group. The proliferation rate of the CAF8-

CM subgroup was the fastest within 48 h, while the slope of the

CAF0-CM subgroup (black dotted line) decreased rapidly after

48 h and showed the inhibition of proliferation. All these

analyses revealed that irradiated CAFs have a stronger

promotion effect on A549 cell proliferation.

Apart from the adenocarcinoma, another non-small cell lung

cancer cell line, H1299, was also applied for validation. CAFs had a

stronger inductive effect on the migration ability of lung cancer

cells H1299 by transwell cell co-culture experiment. H1299 cells

immersed in irradiated CAFs (CAF8) culture medium had a higher

number and density of transmembrane cell clones (P < 0.05)

compared with un-irradiated CAFs (CAF0) (Figures 4D, E). The
A B

DC

FIGURE 3

Identification and functional characterization of CAFs under 0Gy and 8Gy irradiation. (A) The cluster analysis of 0Gy compared to 8Gy irradiated
CAFs (3 samples for each group) and the heat map showed that the irradiated CAFs differed more significantly at the gene level; (B) Volcano
plot of differential genes after 0Gy vs. 8Gy irradiation of CAFs; (C) Gene Ontology (GO) analysis of differentially expressed genes; (D) Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis of differentially expressed genes.
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number of transmembrane cell clones in the H1299/CAF8
subgroup was about 20% more than that in H1299/

CAF0 subgroup.

Flow cytometry results showed that irradiated CAFs had a

stronger inhibitory effect on apoptosis of A549 cells (Figure 5).

In the unirradiated A549 cell group, the apoptosis rate of the

CAF0-CM and CAF8-CM subgroups was about 50% and 80%

lower than the DMEM control (P < 0.05). In the irradiation
Frontiers in Oncology 08
group, the apoptosis rate of the CAF0-CM subgroup and CAF8-

CM subgroup showed the same inhibitory trend (P < 0.05).

The enrichment analyses of transcriptome sequencing data

showed that DEGs were related to transcriptional factors,

membrane-enclosed lumen, as well as pancarcinoma-related

pathways and drug resistance (Figure 3). Based on the

complex mechanism involved in the activation of CAFs and its

effect on cancer cells, we proposed that the exosome from CAFs
A B

D E
C

FIGURE 4

CAFs’ conditioned medium (CM) promoted proliferation and migration of lung cancer cells after ionizing irradiation. (A) Representative images
of wound healing assay for the A549 cells in irradiated group and unirradiated group treated with DMEM, CAF0-CM, and CAF8-CM; (B)
Quantification of the change in healing area (%) over time in different subgroups; (C) Differences in the proliferation of A549 after irradiation
with or without 6Gy in different conditioned medium were analyzed by the CCK8 assay; (D) Transwell assay analyzed the migration of H1299
cells co-cultured with CAF0 and CAF8; (E) The histogram showed the number of transmembrane H1299 cells in two groups. (T-test, data are
presented as the mean ± S.D. *P < 0.05, **P < 0.01).
A B

FIGURE 5

Flow cytometry analyzed the apoptosis of A549 cells received irradiation or not and treated with DMEM, CAF0-CM, CAF8-CM. (A) CAFs exhibited
an inhibitory effect on A549 cells apoptosis, which showed more obvious in radiation-activated CAFs. In the unirradiated group, the CAF8-CM
subgroup displayed more normal cells with less viable apoptotic cells. And when A549 received 6Gy irradiation, the number of the viable
apoptotic cells in DMEM subgroup was twice as many as that in the CAF8-CM subgroup, which indicated the protective value of CAFs for
irradiated A549; (B) A quantitative statistical analysis of the apoptotic cells in the different groups was carried out, and the bar graphs visualized
the differences in apoptosis. (T-test, data are presented as the mean ± S.D. *P < 0.05, **P < 0.01, ***P < 0.001).
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might participate in the modulation by paracrine mechanisms.

CAF exosomes contain various components such as proteins,

DNA, and RNA that could activate many signaling pathways and

facilitate intercellular communication (21). GW4869 is a kind of

exosome inhibitor that can decrease CAF exosome secretion by

~70% in vitro (24). Also, local injection in the late scar formation

periodwithGW4869 reduceda-SMA+
fibroblasts andextracellular

matrix production, including collagen I and collagen II (25). The

results of exosome inhibition experiments demonstrated that

exosome was an important mediator for accelerating the

proliferation and migration of A549 cells induced by irradiated

CAFs. There was no difference in apoptosis rate (P > 0.05) between

non-irradiated A549 cells in the G+CAF0-CM subgroup and G

+CAF8-CM subgroup compared with G+DMEM (Figures 6A, B).

In irradiated A549 cells, the apoptosis rate was lower in the G

+CAF0-CM subgroup (P < 0.001) andG+CAF8-CM subgroup (P <

0.01) compared with the control.

In the transwell culture system, compared with CAFs, fewer

A549 cells could penetrate the polycarbonate membrane

regardless of whether the MRC5 cells in the lower chamber

underwent ionizing radiation or not, and there was no

significant difference in the number of transmembrane cells

between the MRC50 subgroup and MRC58 subgroup (P >

0.05). The number was about 6 times that of the MRC50
subgroup when under the induction of non-irradiated CAFs
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(CAF0) in the lower chamber (P < 0.001). However, ionized

CAFs (CAF8) induced more A549 cells to migrate downwards,

and the number of transmembrane cells was about 1.5 times that

of the CAF0 group (P < 0.001). This result was similar to the

migration and the induction of H1299 cells. Nevertheless, when

GW4869 was added into the lower chamber, the number of

A549 cells induced to transmembrane was significantly lower

than that in the non-GW4869 treated subgroup (CAF0 or CAF8)

(P < 0.001) regardless if CAFs in the lower chamber were

irradiated or not (CAF0+G or CAF8+G) (Figures 6C, D).
Radiated CAFs promote the deterioration
of A549 xenograft

Micewere subcutaneously inoculatedwithCAFs (CAF0,CAF8)

and A549 cells with a ratio of 1:1 to establish a subcutaneously

implanted tumor model; the control group was inoculated with

A549 cells only. All mice successfully developed tumors and

gradually gained weight. The rates of weight gain were similar

amonggroups fromthe slopeof the curve (Figure7A).According to

the tumor volume growth curve (Figure 7B), the volume of

implanted tumors in the A549+CAF0 group increased faster than

in the A549 group (P < 0.05), while the A549+CAF8 group was the

fastest one (P < 0.05). After 13 days of inoculation, the volume of
A B

DC

FIGURE 6

Exosome inhibitor GW4869 (G) inhibited the proliferation and migration of A549 cells induced by irradiated CAFs. (A) Flow cytometry analyzed
the apoptosis of A549 cells received irradiation or not and treated with G+DMEM, G+CAF0-CM, and G+CAF8-CM. GW4869 (exosome releasing
inhibitor) can inhibit “apoptosis protection” effect of CAFs on A549 cells in unirradiated group almost completely, but partially in irradiated
group; (B) The histogram of apoptosis ratio (%) of the A549 cells in different subgroups of A; (C) Designation of transwell assay and the results of
transmembrane A549 cells when co-cultured with MRC50, MRC58, CAF0 ± GW4869, CAF8 ± GW4869. Radiation-activated CAFs promoted
migration of lung cancer cell, which can be inhibited by GW4869. All A549 cells received 6Gy irradiation before seeding on the upper chamber
and co-cultured with CAFs or MRC5; (D) Statistics histogram of the numbers of invaded cells of different subgroups in (C). (T-test, data are
presented as the mean ± S.D. **P < 0.01, ***P < 0.001).
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implanted tumors in the A549+CAF8 groupwas larger than that in

the A549+CAF0 and A549 groups (P < 0.05). This difference

gradually increased in tumor volume among all groups. On the

22nd day of inoculation, the implanted tumor size of several animals

reached15mmin length (Figure 7C).Consequently, all the animals

were anesthetized and sacrificed, and ex vivo analysis was

performed. The tumor of the A549+CAF8 group was heavier

than the A549+CAF0 and A549 group (P < 0.05, P < 0.001

respectively) (Figure 7D). These data indicated that irradiated-

CAFs have a stronger promotion effect on the tumor initiation

and progression.

Hematoxylin and eosin (H&E) and immunohistochemical

staining suggested that CAFs after ionizing irradiation had

higher proliferation ability in A549 transplanted tumors. H&E

staining results showed no significant difference in tumor

histomorphology among the three groups, which were all

distributed in sheet or nest shapes. All tumor cells had obvious

atypia, with large and dark nuclei, coarse nuclear chromatin, and

mitotic images (Figures 8A–C). In comparison to the A549

group, the staining of a -SMA seemed more in the A549+CAF0

and A549+CAF8 groups, but the difference was not significant

(Figures 8D–F, J). The immunohistochemical results of ki67 also

showed that irradiated CAFs promoted the growth of A549 cell

tumor and its chromogenic area in the A549+CAF8 group was

significantly higher than in A549 control (P < 0.01) and A549

+CAF0 group (P < 0.05) (Figures 8G–I, K).
Discussion

Radiotherapy (RT) is an important treatment for malignant

tumors, and more than 70% of tumor patients receive

radiotherapy at different stages of the disease course. However,

the emergence of tumor radiotherapy resistance and secondary

malignant tumors are matters of utmost importance (26). RT

can lead to high load mutations in the tumor genome, and the

tumor genome mainly manifests in the form of small fragment

deletion, which may be an important mechanism explaining

poor prognosis in recent studies (27).

In the RT process, radiation kills tumor cells and affects the

TME, forming a special radiation tumor microenvironment

(RTME). Moreover, the interaction between tumor cells and

TME is also considered a potential factor in inducing RT

tolerance (28, 29). Radiation induces a series of interrelated

processes in TME, including inflammatory response, local

hypoxia, immune regulation, microcirculation reconstruction,

interstitial tumor remodeling, and fibrosis (17). Numerous

studies have shown that CAFs, a key player in TME, can

promote the occurrence, development, metastasis, and

formation of treatment tolerance in malignant tumors (10, 11).

In the present study, we used A549 and H1299 cell lines as

models to validate the effect of irradiated CAFs on tumor cells.

Although higher doses of radiation could cause CAFs growth
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inhibition (30), CAFs irradiated by 8Gy X-rays still had the

highest activity (Figures 1C–E). Therefore, our subsequent

experiments were all based on this radiation dose.

Our results showed that the irradiation of 8Gy X-ray could

promote the accelerated replication of nuclei, resulting in double

nucleoli, double nuclei, and lobulated nuclei. Moreover, it could

increase and expand the rough endoplasmic reticulum and Golgi

apparatus in the cytoplasm, indicating that the synthesis ability

of proteins, lipids, and sugars was improved. It also increased

mitochondrial division, suggesting the enhancement of cellular

energy metabolism. The up-regulated expression of a-SMA,

FAP, vimentin, and the result of the MTT assay showed that

irradiation could enhance the proliferation ability of CAFs.

Transcriptome analysis showed a characteristic gene

expression profile of radiated CAFs. The oncogenic genes

significantly increased after irradiation, and these differentially

expressed genes were mainly enriched in several common

signaling pathways for promoting cancer progression,

including the Ras signaling pathway, PI3K-Akt signaling

pathway, and MAPK signaling pathway. CAFs irradiated at a

higher dose may show similar genetic changes; however, these

cells are prone to growth inhibition due to the activation of p53

signaling and the cell cycle arrest signaling pathway (30).

We further explored the effect of radiation-activated CAFs on

lung cancer cells. To simulate the pathophysiological changes of

tumors after RT, irradiatedA549 cells were used to prepare cancer

cell models. Firstly, we found that A549 cells were sensitive to

ionizing irradiation, and 6Gy irradiation partially inhibited their

growth, while the treatment with a conditioned medium of

radiation-activated CAFs could reverse the apoptosis of

irradiated A549 cells and promote their growth (Figure 4C),

thus reflecting the “apoptosis protection” effect of radiation-

activated CAFs on cancer cells. These results were further

verified in wound healing. Transwell assay demonstrated that

radiation-activated CAFs could induce the migration of H1299

cells. Also, these results could help explaining some clinical

phenomena, such as local fibrous hyperplasia and distant

metastasis induced by RT, where a higher interstitial ratio

(TSR) was associated with a worse prognosis. CAFs have a

strong radiation tolerance. Although the dose of RT used in

clinical practice causes continuous DNA damage, CAFs only

undergo senescence and are not eliminated in the tumor. The

latter can continue to promote tumor growth and participate in

the induction of tumor radiation resistance through the secretion

of certain cytokines and growth factors, cooperating with the

modified RTME by ionizing radiation (31). The conditioned

medium of 8Gy-activated CAFs promoted the migration of

A549 cells in the A549-irradiated and non-irradiated groups.

The difference among DMEM, CAF0-CM and CAF8-CM culture

groups was greater when A549 received 6-Gy irradiation

(Figure 4B), and we wonder if there were some special factors

that participate in the repair of damaged cancer cells but had no

effect on undamaged cells, which could be triggered by DNA
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breakage or by proteins that related to radiation-induced

apoptosis-associated pathway. Nonetheless, the above

assumption needs to be further confirmed by subsequent

experiments. Moreover, after irradiation of A549, all cells in the

irradiated group showed decreased ability tomigrate compared to

non-irradiated cells, suggesting that activated CAFs could at least
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partially reverse the damage caused by radiation to cancer cells.

However, in the proliferation CCK8 assay, we could also find the

difference between DMEM and CAF0-CM in the irradiated

group, which indicated that even not activated by irradiation,

CAFs exhibited partially pro-malignant behavior, resulting the

protection of cancer cells throughout tumorigenesis.
A B

D
C

FIGURE 7

CAFs promoted the tumor volume and weight of the A549 cells tumor model after ionizing irradiation. (A) The line graph of mice weight
showed that differences of body weight changes for each mouse in different groups was no significant; (B) The line graph of tumor volume
indicated that CAF8 had the greatest promotion on the tumorigenicity of A549 cells; (C) An overview of implanted tumors in three subgroups
revealed that the tumor volume of the A549+CAF8 group was the biggest, and the A549 group was the smallest; (D) The tumor volume was
measured for each group of mice and the t-test was applied for statistical analysis. The histogram displayed that CAF8 had the strongest
promotion on the tumorigenicity of A549 cells. (T-test, data are presented as the mean ± S.D. *P < 0.05, **P < 0.01, ***P < 0.001).
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FIGURE 8

Hematoxylin and eosin (H&E) and immunohistochemical staining of the exfoliated tumor tissues were used to detect histopathological features
and expression of a-SMA and Ki67 in A549, A549+CAF0, and A549+CAF8 subgroups. (A–C) Representative images of H&E staining for three
subgroups; (D–F) Immunohistochemical staining of a-SMA of three subgroups; (G–I). Immunohistochemical staining of Ki67 of three
subgroups; (J, K) The histogram of the mean density of a-SMA positive staining area (J) and Ki67 positive staining area (K) in the samples from
all groups. (T-test, data are presented as the mean ± S.D. *P < 0.05, **P < 0.01).
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Some previous studies have reported that the release of

exosomes is the main way for CAFs to exert the ability to

“promote malignancy” (32–34). GW4869 is a cellular permeable,

non-competitive N-Smase (neutral sphinomatidylase) inhibitor

that inhibits exosome release by blocking neuramide-mediated

cellular multivesicular germination (35). In the present study, we

obtained similar results by using GW4869. It has also been

reported that the exosomes from CAFs can activate the TGF-b
signaling pathway in cancer cells and promote the stem-cell

nature of colorectal cancer (CRC) cells, thereby increasing

radiation resistance and promoting the normal growth of CRC

cells in colorectal cancer (36). This was also verified in our

transcriptome, which detected upregulation of TGF-b signaling

pathways in radiation-activated CAFs (Figure 3). Finally, we

demonstrated the in vivo pro-malignancy effect of radiation-

activated CAFs by constructing a rodent model of subcutaneous

implantation of tumors. This is similar to previous reports

suggesting that CAFs can accelerate the growth rate of

implanted cancer cells in animals (13). Our results not only

confirmed this conclusion but also found that radiation-

activated CAFs have a stronger tumorigenic effect in vivo than

primary CAFs with regard to tumor size and growth rate.

The previous studies suggested that CAFs have a vital role in

the occurrence and development of malignant tumors and the

formation of tolerance to RT and chemotherapy; however,

few reported on the effects of RT on CAFs (14). Therefore,

we proposed that radiation not only kills cancer cells but also

transforms CAFs in tumor tissues, named “radiation activation”,

thus facilitating cancer cells to survive, migrate, and develop

tolerance to RT and chemotherapy. Indeed, TME has undergone

great changes compared with ordinary conditions via irradiation,

which will be beneficial or mediate the qualitative changes of

tumor resistance to treatment. Therefore, targeting CAFs or

preventing CAFs activation will be beneficial for improving the

therapeutic effect of radiotherapy and reducing the occurrence of

local tissue fibrosis.

To sum up, the present study confirmed that CAFs could be

activated by a certain dose of ionizing radiation and that

activated CAFs showed stronger “pro-malignant” biological

behavior. Our results also suggested that inhibiting CAFs

activation would have a significant effect on improving clinical

RT efficacy. With the continuous elucidation of the complicated

mechanism as well as the continuous research of CAFs

inhibitors or CAFs activation blockers, the CAFs-inhibiting

treatment may become a necessary supplement for tumor

precision radiotherapy in the future.
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