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Purpose: Radiation has well-known and well-characterized direct toxic effects on cells and

tissues. However, low-dose ionizing irradiation (LDIR) can also enhance the invasion and

migration of tumor cells, and the mechanisms underlying these effects remain unclear. The

present study aimed to investigate changes induced in the migration and invasion of A549

cells after LDIR and to explore the potential molecular mechanism.

Materials and Methods: A549 cells were irradiated with X-rays at different doses (0, 2, 4,

and 6 Gy) and cultured for 24 or 48 h. Apoptosis and proliferation were evaluated by lactate

dehydrogenase release, CCK8, colony formation, and flow cytometry assays. Wound-healing

and transwell assays were performed to detect migration and invasion ability. CXCL1 or p65

were knocked down using lentivirus-mediated siRNA in A549 cell lines. Knockdown

efficiency of CXCL1 and p65 was assessed by RT-qPCR. Western blotting and immuno-

fluorescence were used to determine the changes in protein levels.

Results: In cells irradiated with a dose of 6 Gy, after 48 h, apoptosis was clearly induced

while proliferation was inhibited. Irradiation with 4 Gy resulted in the upregulation of

CXCL1 expression and activation of the NF-κB signaling pathway. Moreover, upon 4 Gy

irradiation, migration, invasion, and epithelial–mesenchymal transition (EMT) were signifi-

cantly enhanced in A549 cells. Importantly, CXCL1 or p65 knockdown inhibited radiation-

induced migration, invasion, and EMT.

Conclusion: Low-dose radiation upregulates CXCL1 expression and activates the

NF-κB signaling to regulate EMT in A549 cells, thereby promoting invasion and migration.

These results provide new insights into the prevention of tumor invasion and metastasis induced

by radiotherapy.
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Introduction
Lung cancer is a common malignant tumor that threatens human health. It is character-

ized by rapid development, high malignancy, and poor prognosis.1 The death rate of lung

cancer patients accounts for more than 1/6 of all cancer deaths.2,3 Currently, radiotherapy

is still one of the main treatments for patients with lung cancer. Approximately 60% to

70% of patients with lung cancer need to receive radiation therapy, highlighting the

importance of this therapeutic approach for patients with inoperable tumors or incom-

pletely resected tumors and for those with recurrent disease.4

Radiotherapy has proven benefits for overall survival based on a number of

clinical studies.5 However, some patients present with local recurrence or
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metastases during treatment.6 Therefore, exploring the

related genes and mechanisms underlying the effects of

ionizing radiation (IR) is key to clarifying the changes in

biological behavior of tumor cells after radiotherapy.

When tumor cells are exposed to low doses of X-rays,

their proliferation ability is significantly suppressed, while

their migration and invasion capabilities are significantly

enhanced.7,8 In 1949, Kaplan and Murphy demonstrated

this effect in a transplantable mouse model. They observed

an increased rate of lung metastasis in tumor-bearing mice

treated locally with low-dose radiation compared to that in

sham-irradiated mice.9 Tumor invasion and metastasis is

a complex, dynamic process involving the interactions

among multiple genes and their products.9 Chemokines

have been shown to not only play an important role in

pathological processes such as inflammation, autoimmune

diseases, and radiation damage, but also participate in

tumor formation and metastasis.10 The chemokine

CXCL1 (chemokine CXC motif ligand 1) belongs to the

CXC subfamily.11 CXCL1 is related to the inflammatory

response and directly affects the growth, invasion, and

metastasis of certain tumors.12,13 In vitro studies have

shown that CXCL1 can promote the invasion and metas-

tasis of malignant tumors such as melanoma, bladder

cancer, and gastric cancer.13,14 However, whether

CXCL1 plays a role in the invasion and metastasis of IR-

induced tumors is unclear. Herein, we demonstrated for the

first time in vitro that radiation can regulate epithelial–

mesenchymal transition (EMT) in tumor cells by upregu-

lating CXCL1 expression and activating the NF-κB signal-

ing, thereby enhancing tumor cell invasion and migration.

Materials and Methods
Antibodies
Antibodies against CXCL1 (12335-1-AP), GAPDH (66004-

1-Ig), E-cadherin (20874-1-AP), vimentin (10366-1-AP),

and N-cadherin (22018-1-AP) and secondary antibodies

were obtained from Proteintech Group, Inc. (Wuhan,

China); antibodies against p65 (D14E12) and phospho-p65

(Ser536) were purchased from Zenbio (Chengdu, China).

All other kits and reagents were purchased from the

Beyotime Institute of Biotechnology (Shanghai, China).

Cell Culture and Transfections
The non-small cell lung cancer cell line A549 (CVCL_0023)

was obtained from Cell Bank of the Chinese Academy of

Sciences (Shanghai, China). And the cell was maintained in

RPMI-1640 medium supplemented with 10% fetal bovine

serum, 10 mM L-glutamine, and 5 mg/mL penicillin/strepto-

mycin at 37 °C with 5% CO2. For CXCL1 or p65 silencing,

A549 cells were transfected with 50 nM CXCL1 (Si#01: GC

GGAAAGCTTGCCTCAAT, Si#02: GAAAGCTTGCCTCA

ATCCT, Si#03: ACATCCAAAGTGTGAACGT, RIBO

BIO, Guangzhou, China) or p65 siRNA (Si#01: CAACC

ATGGCTGAAGGAAA, Si#02: GCATTAACTTCTCTGGA

AAA, Si#03: GGAGGAACGTAAAAGGACA, RIBOBIO,

Guangzhou, China), following themanufacturer’s instructions.

Opti-MEM(Gibco, Grand Island,NY,USA) transfectionmed-

ium was replaced with complete culture medium 5 h after

transfection. All experiments were performed 48 h after trans-

fection. The expression of CXCL1 was measured by real-time

quantitative PCR.

X-Ray Radiation
A549 cells were grown as a monolayer and exposed to an

X-RAD 160–225 instrument (Precision X-Ray, Inc.,

Branford, CT, USA; filter: 2 mm AI; 42 cm, 225 kV/s,

12.4 mA, 2.0 Gy/min) to attain the desired dose of 2, 4, or

6 Gy. Cell viability, apoptosis, and other assays were

detected after irradiation for 24 or 48 h.

Cell Viability Assay
Cell viability was assessed by cell counting kit-8 (CCK-8)

and colony formation assays. Cells were plated at 500 cells/

well in a 6-well plate (Corning, Corning, NY, USA) after

irradiation with the desired doses (0, 2, 4, or 6 Gy). Cells

were cultured for 7 d with medium changes every 3 d,

washed twice with PBS, fixed in methanol, and stained

with 1% crystal violet. Ten thousand cells per well were

seeded into 96-well plates incubated for 12 h as described

previously herein. Then, the cells were exposed to an

X-RAD 160–225 instrument to attain the desired dose of

2, 4, or 6 Gy and the cell viability was measured with a Cell

Counting Kit-8 after 24 or 48 h.

Lactate Dehydrogenase (LDH) Release

Assay
Cell viability was measured with the CytoTox 96 cytotoxi-

city assay. Briefly, the cells were exposed to an X-RAD

160–225 instrument to attain the desired dose of 2, 4, or

6 Gy and the culture supernatant was harvested after

irradiation of 24 or 48 h. LDH levels were detected

according to the manufacturer’s instructions.
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Total RNA Extraction and qRT-PCR
Total RNAwas extracted from A549 cell lines using a total

RNA extraction kit (Solarbio, Beijing, China) following the

manufacturer’s protocol. RNA samples were reversed tran-

scribed using an iScript cDNA synthesis kit (Bio-Rad,

Hercules, CA, USA) to synthesize cDNA. qRT-PCR was

performed using a CFX96 Real-time System (Bio-Rad)

with SYBR Green Supermix (Bio-Rad) according to the

manufacturer’s instructions. The 2−ΔΔCT method was used

to calculate relative expression levels. The following sense

and antisense primers were used: CXCL1: 5ʹ-TGCA

GGGAATTCACCCCAAGAAC-3ʹ (sense), 5ʹ-AGTGTGG

CTATGACTTCGGTTTGG-3ʹ (antisense); P65: 5ʹ-TGAA

CCGAAACTCTGGCAGC-3ʹ (sense), 5ʹ-CCACTTGTCG

GTGCACATCA-3ʹ (antisense); β-actin: 5ʹ-CCTGGCAC

CCAGCACAAT-3ʹ(sense), 5ʹ-GGGCCGGACTCGTCATA

C-3ʹ (antisense).

Cell Wound Healing, Migration, and

Invasion Assays
Transwell assays were performed as previously described.15

For wound healing assays, briefly, irradiated cells were serum-

starved for 24 h for cell cycle synchronization, and the con-

fluent cell monolayer (seeded in a 6-well plate) was scraped

with a 200-μL sterile pipette tip to create a wound artificially.

The wound healing process was observed at the indicated time

points and photographed at a magnification of 100×.

Immunofluorescence (IF) Staining
Cultured cells were fixed with 4% paraformaldehyde and

washed twice with PBS and then blocked with PBS con-

taining 10% normal goat serum. Then, the samples were

incubated with E-cadherin, N-cadherin, and vimentin poly-

clonal antibodies overnight at 4 °C, washed twice with

PBS, stained with Cy3 (red)-conjugated secondary anti-

body for 1 h at 37 °C, and washed twice with PBS before

imaging. All IF images were scanned using a fluorescence

microscope (Leica, DM4000B).

Western Blotting
Protein sampleswere resolved by SDS-PAGEon 12%gels and

then transferred to nitrocellulosemembranes, blocked for 1 h at

room temperature in tris-buffered saline containing 0.1%

tween-20 and 5% fat-free milk. Membranes were incubated

with primary antibody solutions for 18 h at 4 °C. Subsequently,

membranes were stained with secondary antibody solutions at

room temperature for 1 h. Enhanced chemiluminescence

(ECL) reagent (Millipore Corp. Billerica, MA, USA) or ECL

Plus (Amersham Pharmacia Biotech, Buckinghamshire, UK)

was used to detect immunoreactive signals according to the

manufacturers’ instructions.

Flow Cytometry
Apoptosis was measured by flow cytometry with an Annexin

V-FITC/PI apoptosis detection kit (KeyGEN, Jiangsu,

China), following the manufacturer’s instructions. A549

cells treated with or without radiation were digested with

trypsin without EDTA. The cells were harvested, washed

with PBS, and resuspended in 500 μL binding buffer. Then,

5 μL Annexin V-FITC and 5 μL PI were added, incubating

the reaction for 15 min at room temperature in the dark. The

cells were analyzed with a flow cytometer (FACSCalibur,

Becton-Dickinson, USA).

Statistical Analysis
Each in vitro experiment was independently performed at

least three times. Data analysis was performed with

a paired t-test or one-way ANOVA using GraphPad

Prism 7.0 software (GraphPad, San Diego, CA, USA).

Statistical significance was defined as P < 0.05 (*),

P < 0.01 (**), or P < 0.001 (***).

Results
Radiation Induces Apoptosis and Inhibits

the Proliferation of A549 Cells
To test radiation-induced toxicity using A549 cells, cell

viability and LDH release were detected. As shown in

Figure 1, radiation (4 or 6 Gy) treatment, after 48 h, signifi-

cantly decreased cell viability in a dose-dependent manner

and elevated LDH release in a time- and dose-dependent

manner. Consistently, exposure to radiation (4, 6 Gy) induced

dose-dependent apoptosis and cell counts/cell viability

reached the lowest levels with 6 Gy (Figure 1B). Colony

formation assays with the group exposed to radiation (4, 6

Gy) showed dose-dependent inhibition of cell proliferation

but cell counts/cell viability reached the lowest levels with

6 Gy (Figure 1A). These results indicate that 6 Gy treatment

induces significant cytotoxicity in A549 cells after

48 h. Accordingly, subsequent experiments were performed

for 24 or 48 h after 2 or 4 Gy irradiation.
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Figure 1 Radiation induces apoptosis in A549 cells and inhibits proliferation. (A) Representative images of sphere formation in the indicated groups of A549 cells. (B)
Representative flow cytometry scatter plots. (C) Cells were treated with 0, 2, 4, or 6 Gy of radiation. After 24 or 48 h, cell viability was measured using a CCK-8 detection

kit. (D) Cells were treated with 0, 2, 4, or 6 Gy of radiation for 24 or 48 h. LDH release was then measured using the CytoTox 96 kit. *P < 0.05, **P < 0.01, ***P <0.001,

****P <0.0001, two-tailed Student’s t-test.
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Low-Dose Radiation Promotes A549 Cell

EMT, Migration, and Invasion
Next, we investigated the effect of low-dose radiation on the

migration and invasion of A549 cells using an in vitro

model. Cultured A549 cells were exposed to radiation

with doses of 2 and 4 Gy. After 24 h, wound-healing,

transwell, and Matrigel invasion assays were performed to

evaluate the migration and invasion of cells. As shown in

Figure 2, the results revealed that 4 Gy radiation signifi-

cantly promoted the migration and invasion in A549 cells

(Figure 2A and B). Therefore, we chose 4 Gy as the treat-

ment dosage in our subsequent experiments. To further

explore whether low-dose radiation can induce EMT in

A549 cells, we analyzed the expression of EMT-related

marker proteins after irradiation. Western blotting and IF

showed that 4 Gy radiation markedly decreased the levels of

the epithelial marker E-cadherin but increased mesenchy-

mal markers N-cadherin and vimentin after 24 h (Figure 2C

and D); this suggested that low-dose radiation could pro-

mote EMT in A549 cells. These data indicate that low-dose

radiation promotes the migration and invasion of A549 cells

and promotes EMT in A549 cells.

CXCL1 Is Essential for Low-Dose

Radiation-Induced A549 Cell EMT
It has been widely reported that CXCL1 plays an impor-

tant role during the progress and development of different

cancers. To explore the mechanism of radiation-induced

EMT in A549 cells, we investigated the role of CXCL1 in

this process by analyzing the effects of radiation on its

expression. Western blotting showed that, compared to that

in the control group, the expression of CXCL1 in the

radiation group was significantly upregulated (Figure 3A

and B). Furthermore, stable CXCL1-knockdown cell lines

were generated to explore the function of endogenous

CXCL1 in radiation-induced A549 cell EMT. We utilized

siRNA to induce CXCL1 knockdown in A549 cell lines.

We confirmed that knockdown cells had lower mRNA

levels of CXCL1 than control cells (Figure 3C).

Moreover, as assessed by Western blotting and IF,

CXCL1 knockdown markedly increased the epithelial

marker E-cadherin, whereas it decreased expression of

the mesenchymal markers N-cadherin and vimentin

(Figure 3D and E). These data suggest that CXCL1 has

a critical role in promoting radiation-induced A549

cells EMT.

The NF-κB Signaling Pathway Plays a Role

in Low-Dose Radiation-Enhanced A549

Cell EMT, Migration, and Invasion
Previous studies have reported that CXCL1 strongly cor-

relates with the induction of invasion via the NF-κB sig-

naling pathway. To further explore the regulation and

mechanism of radiation-enhanced EMT of A549 cells,

we determined the effect of CXCL1 on the NF-κB signal-

ing pathway by Western blot analysis in radiation-

pretreated, CXCL1-silenced A549 cells. As expected, the

levels of phosphorylated p65 in A549/IR cells were dra-

matically increased compared to those in control cells,

whereas opposite effects were observed in A549/IR/si-

CXCL1 cells (Figure 3F). Collectively, these results

demonstrate that radiation can activate NF-κB signaling

by upregulating CXCL1. Subsequently, we investigated

the role of NF-κB signaling in radiation-induced EMT.

First, we identified an effective RNAi oligonucleotide to

silence p65 expression in A549 cells and confirmed p65

knockdown by qRT-PCR (Figure 4A). After irradiation,

the mesenchymal markers N-cadherin and vimentin were

significantly upregulated, and the epithelial marker

E-cadherin was significantly downregulated in A549/si-

NC cells. Accordingly, p65 knockdown in A549 cells

mostly inhibited radiation-induced changes in EMT mar-

kers (Figure 4B and C). Combining these data, our results

revealed that p65 knockdown inhibits radiation-induced

EMT. Furthermore, wound-healing, transwell, and

Matrigel invasion assays confirmed that p65 knockdown,

but not scramble control, could inhibit radiation-induced

migration and invasion in A549 cells (Figure 4D and E).

In conclusion, our data suggest that p65 knockdown inhi-

bits radiation-induced migration and invasion.

Discussion
According to the latest statistics of global cancer in 2018,

lung cancer is one of the most malignant tumors with the

highest morbidity and mortality worldwide.16 Currently,

radiotherapy is still one of the main methods for treating

this cancer.4 Whereas the overall survival benefits of loca-

lized radiation have been demonstrated in several clinical

studies, local recurrence or distant metastases that develop

after local treatment in some patients remain a major ther-

apeutic challenge.5 Thus, investigating the molecular

mechanisms that regulate radiation-induced tumor cell

invasion and migration is the key to effectively responding

to radiotherapy-induced tumor recurrence and metastasis.
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Figure 2 Low-dose radiation promotes A549 cells epithelial–mesenchymal transition (EMT), migration, and invasion. (A) Representative images and quantitative analysis of

cell migration based on wound-healing assays (scale bar, 500 μm). (B) Representative images and quantitative analysis of cell migration and invasion based on transwell assays

(scale bar, 100 μm). (C, D) Cells were irradiated with 0 and 4 Gy. After 24 or 48 h, analysis of EMT markers by Western blotting and immunofluorescence (IF) staining was

performed (scale bar, 50 μm). **P < 0.01, ***P < 0.001. Two-tailed Student’s t-test.
Abbreviation: NS, not significant.
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Figure 3 CXCL1 is essential for low-dose radiation-induced A549 cell epithelial–mesenchymal transition (EMT). (A) Immunoblot analysis of CXCL1-related proteins. (B)
RT-qPCR assays of CXCL1-related mRNA. (C) Expression of CXCL1 in control (Ctl) and CXCL1-silenced (si-CXCL1) cells was detected by RT-qPCR. (D, E) Analysis of
EMT markers by Western blotting and immunofluorescence staining (scale bar, 50 μm). (F) Immunoblot analysis of p65 and P-P65 proteins; *P < 0.05, **P < 0.01, ***P <

0.001; #P < 0.05, ##P <0.01, ###P <0.001, two-tailed Student’s t-test.
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Figure 4 The NF-κB signaling pathway plays a role in low-dose radiation-enhanced A549 cell epithelial–mesenchymal transition (EMT), migration, and invasion. (A)

Expression of p65 in control (si-NC) and p65-silenced (si-P65) cells was detected by RT-qPCR. (B, C) Analysis of EMT markers by Western blotting and immunofluor-

escence staining (scale bar, 50 μm). (D) Representative images and quantitative analysis of cell migration based on wound-healing assays (scale bar, 500 μm). (E)
Representative images and quantitative analysis of cell migration and invasion based on transwell assays (scale bar, 100 μm). *P < 0.05, **P < 0.01, ***P < 0.001, ****P <

0.0001; #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. Two-tailed Student’s t-test.
Abbreviation: NS, not significant.
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IR activates the intracellular cycle and apoptotic path-

way through direct or indirect effects and plays a role in

inhibiting tumor cell proliferation or promoting its death.8

Our results show that apoptosis was not significantly

induced in cells treated with 2 and 4 Gy but was signifi-

cantly induced when the radiation dose was increased to 6

Gy. These results are consistent with the observations of

other researchers.8 Moreover, recent studies have found that

low-dose radiation can lead tumor cells to acquire high

migration and invasion capabilities.17–19 Accordingly, we

found that upon 4-Gy irradiation, cell proliferation was

inhibited, whereas invasion and migration were signifi-

cantly enhanced, and these results suggested that that low-

dose ionizing radiation can promote tumor invasion and

migration.

The correlation between lung cancer metastasis and

EMT, one of the pivotal cytological foundations of tumor

invasion and migration, has recently attracted attention.

EMT can lead polar cells to undergo morphological

changes and transform into interstitial cells, providing

prerequisites for tumor cell invasion and metastasis.19,20

Studies have shown that LDIR promotes the invasiveness

of breast cancer cells through EMT.21 However, whether

LDIR can induce EMT in A549 cells remained elusive. We

demonstrated here that after administering 4 Gy irradiation

to tumor cells, the expression of EMT marker proteins

vimentin and N-cadherin increased significantly, whereas

the expression of E-cadherin decreased significantly. This

therefore suggests that low-dose radiation can increase the

invasion and metastasis ability of A549 cells and simulta-

neously induce EMT.

Recent studies have reported that CXCL1 is a key mole-

cule leading to EMT and plays an important role in the

development of various malignancies and metastasis.22,23

Moreover, its high expression is associated with poor

prognosis.23 In this study, we showed for the first time that

low-dose radiation can significantly upregulate the expres-

sion of CXCL1. Furthermore, the expression of EMTmarker

proteins in irradiated CXCL1-silenced cells was significantly

reduced, compared to that in irradiated non-silenced cells.

Taken together, low-dose ionizing radiation might induce

CXCL1 expression and thereby promote tumor cell EMT.

The NF-κB signaling pathway is closely related to

tumorigenesis, invasion, and metastasis.24–26 Yang et al

found that p65-regulated EMT induced by the low-dose

irradiation of cervical cancer cell lines promotes invasive-

ness and metastasis.27 Interestingly, studies have reported

that CXCL1 promotes breast cancer metastasis via

NF-κB.28,29 Therefore, we speculated that the possible

mechanism whereby CXCL1 regulates radiation-induced

tumor cell EMT is the activation of NF-κB signaling. We

confirmed that IR can activate the NF-κB pathway.

Furthermore, we found that compared to that in cells only

irradiated, the expression of vimentin and N-cadherin in the

p65-silenced and irradiated cells was significantly lower,

whereas the expression of E-cadherin was significantly

higher. Importantly, the invasion and metastasis ability

were significantly reduced in the p65-silenced and irra-

diated cells. Collectively, these data suggest that CXCL1

might regulate low-dose radiation-induced tumor cell EMT

by activating the NF-κB signaling pathway and affecting

invasion and metastasis.

Conclusion
In summary, we have revealed for the first time that low-

dose ionizing radiation might enhance tumor cell invasion

and migration by inducing CXCL1 expression, thereby acti-

vating the NF-κB signaling pathway and regulating tumor

cell EMT. This study sheds light on radiation-induced tumor

cell invasion and migration, paving the way for novel ther-

apeutic avenues in the treatment of clinical recurrence and

metastasis after radiotherapy. Further, detecting other EMT

markers and performing these experiments in animal models

will further strengthen our conclusions. Additionally, the

specific mechanism whereby NF-κB affects tumor cell

EMT needs to be further investigated.

Key Points
● High-dose radiation induces apoptosis and inhibits the

proliferation of A549 cells. Instead, low-dose radiation

promotes tumor cell invasion, migration, and epithelial-

mesenchymal transition via upregulation of CXCL1

expression and activation of the NF-κB signaling pathway.
● We demonstrated low dose radiation can regulate the

epithelial-mesenchymal transition of tumor cells. These

findings provide new insights into the prevention of

tumor invasion and metastasis induced by radiotherapy.
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