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Abstract 

Objectives: Radiotherapy has played a limited role in the treatment of non-small cell lung cancer 
(NSCLC) due to the risk of tumour radioresistance. We previously established the radioresistant 
non-small cell lung cancer (NSCLC) cell line H460R. In this study, we identified differentially expressed 
genes between these radioresistant H460R cells and their radiosensitive parent line. We further 
evaluated the role of a differentially expressed gene, ITGB1, in NSCLC cell radioresistance and as a 
potential target for improving radiosensitivity. 
Materials and Methods: The radiosensitivity of NSCLC cells was evaluated by flow cytometry, colony 
formation assays, immunofluorescence, and Western blotting. Bioinformatics assay was used to identify 
the effect of ITGB1 and YAP1 expression in NSCLC tissues. 
Results: ITGB1 mRNA and protein expression levels were higher in H460R than in the parental H460 
cells. We observed lower clonogenic survival and cell viability and a higher rate of apoptosis of 
ITGB1-knockdown A549 and H460R cells than of wild type cells post-irradiation. Transfection with an 
ITGB1 short hairpin (sh) RNA enhanced radiation-induced DNA damage and G2/M phase arrest. 
Moreover, ITGB1 induced epithelial–mesenchymal transition (EMT) of NSCLC cells. Silencing ITGB1 
suppressed the expression and intracellular translocation of Yes-associated protein 1 (YAP1), a 
downstream effector of ITGB1. 
Conclusions: ITGB1 may induce radioresistance via affecting DNA repair and YAP1-induced EMT. 
Taken together, our data suggest that ITGB1 is an attractive therapeutic target to overcome NSCLC cell 
radioresistance. 

Key words: ITGB1; Yes-associated protein (YAP); radioresistance; epithelial–mesenchymal transition (EMT); 
non-small cell lung cancer (NSCLC) 

Introduction 
Lung cancer is the leading cause of cancer death 

worldwide [1, 2]. Approximately 85% of patients with 
lung cancer have non-small cell lung cancer (NSCLC); 
lung adenocarcinoma (LUAD), lung squamous cell 
carcinoma (LUSC), and large cell lung carcinoma are 
the most common NSCLC subtypes [3]. Although 
radiotherapy is a core NSCLC treatment, tumour 
resistance and recurrence limit its success [4, 5]. 

Understanding the mechanism underlying 
radioresistance may aid the development of more 
effective treatments. 

We previously established the radioresistant 
NSCLC cell line H460R by dose-gradient irradiation 
to investigate the mechanism of NSCLC cell 
radioresistance [6]. RNA-sequencing analysis was 
used to study the differentially expressed genes 
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between H460R and its parental cells. Kyoto 
encyclopaedia of genes and genomes (KEGG) analysis 
showed that extracellular matrix (ECM)-receptor 
interaction, focal adhesion, and cell adhesion 
molecule signalling pathways were predominantly 
overexpressed. Increasing evidence indicates that 
interactions between the ECM and cancer cells play 
important roles in the development of resistance to 
ionizing radiation [7-9]. Integrins, major cell–matrix 
adhesion receptors, comprise two transmembrane 
glycoproteins, α and β, which interact with ECM 
components to regulate cellular processes including 
proliferation, survival, cell death, metastasis, and 
therapy resistance [10-13]. ITGB1 is the most common 
subchain in integrin heterodimers. Importantly, the 
integrin heterodimers that predominantly bind to the 
ECM proteins which are up-regulated in tumours 
contain the β1 subchain [14]. Several studies have 
shown that ITGB1 is widely overexpressed in 
tumours such as the lung, breast, and colorectal 
tumours and plays an important role in their survival 
and metastatic potential [15-20]. Other studies 
revealed that ITGB1 mediates tumour resistance to 
diverse anti-cancer drugs including erlotinib, 
bevacizumab, gemcitabine, and gefitinib [21-24]. 
Meanwhile, ITGB1 inhibition enhances 
radiosensitivity and impairs DNA repair, thereby 
increasing residual DNA damage levels in head and 
neck squamous cell carcinoma (HNSCC) and 
pancreatic carcinoma cells [25, 26]. However, little is 
known about its role in NSCLC cell radioresistance. 

Yes-associated protein 1 (YAP1), a key 
downstream effector in the classical Hippo pathway, 
regulates organ development and tissue homeostasis 
[27]. Overexpression of YAP1 occurs in several types 
of malignancies including breast, liver, colorectal, and 
lung cancer [28-31]. Kras and YAP1 converge at the 
transcription factor FOS, activating a transcriptional 
program which regulates the epithelial-mesenchymal 
transition (EMT) and tumour survival [32]. It has been 
revealed that YAP1 contributed to NSCLC migration 
and invasion by inducing the EMT program [33]. 
EMT, originally observed during embryonic 
development, also plays an important role in tumour 
invasive behaviour, cancer stem cell properties, and 
resistance to chemotherapy, immunotherapy and 
radiotherapy in multiple cancers [34-36]. Previously 
studies reported that NSCLC cells survived ionizing 
radiation treatment display the EMT phenotype. 
EMT-induced NSLCLC cells showed resistant to 
irradiation. More importantly, it has also been 
observed that radiotherapy may induce EMT in vivo, 
demonstrated by comparing surgically resected 
NSCLC specimens before and after radiotherapy 
[37-39]. In addition, YAP1 enhances p73-dependant 

apoptosis in response to DNA damage in NSCLC [40, 
41], and represents a pharmacological target to 
enhance the anti-tumour effects of DNA-damaging 
modalities for urothelial cell carcinoma treatment [42]. 
Moreover, a recent study found that 
ITGB1-dependent cell adhesion was critical for 
supporting mesenchymal cell proliferation in vivo and 
vitro by controlling YAP1 signalling, rather than via 
the MAPK cascade [43]. Physical attachment of cells to 
the ECM is essential for cell survival and growth [44]. 
Cellular attachment to the ECM induces YAP1 nuclear 
localization through activation of Rho-GTPases or the 
FAK/Src/PI3K pathway [45, 46]. Furthermore, 
ITGB1-dependent cell adhesion relies on YAP1 
nuclear localization after dephosphorylation 
mediated by the large tumour suppressor gene 1 and 
2 [43]. Herein, we explored if ITGB1 enhanced the 
radioresistance of human NSCLC cells through the 
regulation of YAP1. 

DNA double-strand breaks (DNA-DSBs), one of 
the main types of ionizing radiation-induced damage, 
invoke various DNA repair mechanisms [47]. Within 
minutes of the formation of radiation-induced 
DNA-DSBs, Ser139 of histone H2A family member X 
(H2AX) is rapidly phosphorylated around the DSB 
site; thereafter, the protein is known as phospho- 
histone H2AX (γH2AX), a DSB marker which is 
positively associated with radiosensitivity [48]. Upon 
ionizing radiation-induced DNA damage, tumour 
cells primarily utilize two distinct kinase signalling 
cascades to repair DSBs: the ATM/CHK2 and ATR/ 
CHK1 axes [49]. The role of ITGB1 in radiation- 
induced DNA-DSBs and the signalling pathways 
through which ITGB1 exhibits its effects must be 
determined. 

Thus, the purpose of our study was to 
investigate the potential role and mechanism of ITGB1 
in the radioresistance of human lung cancer. 

Materials and Methods 
Transcriptomic and bioinformatic analysis 

Transcriptome analysis was performed by Gene 
Denovo Biotechnology (Guangzhou, China). Briefly, 
total RNA was extracted from H460 or H460R cells 
using TRIzol™ reagent (Takara, Osaka, Japan). 
Triplicate RNA samples from independent groups 
were prepared for sequencing with a HiSeq 4000 
(Illumina, San Diego, CA, USA) instrument. The 
primary bioinformatic analysis was carried out by 
Gene Denovo Biotechnology (Guangzhou, China). 
Human RNA sequencing data (1,102 cases, Workflow 
Type: HTSeq-Counts) and corresponding clinical 
information were downloaded from The Cancer 
Genome Atlas (TCGA) Genomic Data Commons data 
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portal. RNA sequencing gene expression 
HTSeq-Count data and clinical data from 750 patients 
were used for further analysis. The associations 
between clinical pathologic features and ITGB1 
expression were evaluated using the Wilcoxon 
signed-rank test and logistic regression. 
Clinicopathologic characteristics related to overall 
survival in patients with NSCLC were identified 
using the Cox regression and Kaplan-Meier methods. 
Multivariate Cox analysis was used to analyse the 
association of ITGB1 expression with survival, along 
with other clinical features (age, gender, stage, distant 
metastasis status, lymph node status, and histological 
subtype). The cut-off value for ITGB1 expression was 
determined based on its median value. Statistical 
analyses were performed using R software (V.3.6.3). 

ITGB1 immunohistochemistry data were 
retrieved from the Human Protein Atlas database [50] 
to examine ITGB1 protein expression in NSCLC and 
healthy tissues. The GEPIA2 database [51] was used 
to conduct survival analyses based on gene 
expression levels and calculate hazard ratios (HRs) 
and 95% confidence intervals (CI); a log rank P <0.05 
was considered the threshold for statistical 
significance. Additionally, the correlation between 
ITGB1 and YAP1 expression was analysed using 
Spearman’s correlation coefficient in “correlation 
analysis”. 

The genes that participate in DNA-DSB response 
pathways were downloaded from the PathCards 
database [52], and we constructed a protein–protein 
interaction (PPI) network for ITGB1 with these genes 
using the STRING database [53]. 

Cell lines, cell culture, and irradiation protocol 
The normal mammary epithelial cell line HBEC 

and four human NSCLC cell lines, A549, H460, H226, 
and H522, were purchased from the American Type 
Culture Collection (Manassas, VA, USA). LK2 cells 
were obtained from the Cell Bank of the Chinese 
Academy (Shanghai, China). H460R was previously 
established in our laboratory. All cells were cultured 
in RPMI-1640 medium (Sigma-Aldrich, Darmstadt, 
Germany) and supplemented with 10% foetal bovine 
serum (Clark Bioscience, Richmond, VA, USA) and 
1% penicillin/streptomycin (Sigma-Aldrich, 
Darmstadt, Germany) at 37 °C in 5% CO2 in a 
humidified incubator. Cells were irradiated using a 
6-MeV X-ray medical linear accelerator (Elekta 
Synergy, Elekta, Stockholm, Sweden) at a dose rate of 
300 cGy/min (dose: 0 to 8 Gy) at room temperature. 

Lentiviral vector and small interfering RNA 
synthesis and transfection 

The human ITGB1 shRNA (shITGB1) and empty 

vector lentiviral particles were constructed by 
GeneChem Company (Shanghai, China). The 
shITGB1 target sequence was 5′-CCTCCAGATGACA 
TAGAAA-3′. Lentiviral particles expressing ITGB1 
and the control lentiviral recombinants were obtained 
from Hanbio (Shanghai, China). Lentiviruses were 
transfected into A549, H522, and H460R cells, 
according to the manufacturer’s protocol. The stably 
transfected cells were selected based on antibiotic 
resistance by culturing in 2 μg/ml puromycin 
(Solarbio, Beijing, China) for at least 2 weeks. The 
efficiency of transfection was assessed by quantitative 
real-time polymerase chain reaction (qRT-PCR) and 
western blot analyses. A small interfering RNA 
(siRNA) specifically targeting YAP1 and a control 
siRNA (scrambled) were designed and synthesized by 
GenePharma (Suzhou, China). Transfections were 
carried out using Lipofectamine 3000 reagent 
(Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. The transfected cells 
were harvested 72 h after transfection. 

RNA extraction, reverse transcription, and 
qRT-PCR 

Total RNA was extracted from the cells using a 
TRIzol™ Plus Kit (Takara, Osaka, Japan) according to 
the manufacturer’s instructions. Synthesized cDNA 
was prepared with a real-time PCR System (Life 
Technologies, Carlsbad, CA, USA) for qRT-PCR using 
an Applied Biosystems 7500 Real-Time PCR system 
with SYBR™ Green Master Mix (Takara, Osaka, 
Japan). The relative expression of ITGB1 was 
determined with the 2−△△Ct method after 
normalization to the expression of GAPDH. The 
primers for ITGB1 were: forward, 5′-AAATGTAACC 
AACCGTAGC-3′ and reverse, 5′-GACAGGTCCATA 
AGGTAGTAGA-3′. 

Protein extraction and western blotting 
Total proteins were extracted from cells using 

radioimmunoprecipitation assay lysis buffer 
(Beyotime, Shanghai, China). Total protein 
concentrations were quantified using a bicinchoninic 
acid assay kit (Beyotime, Shanghai, China). Nuclear 
and cytoplasmic proteins were extracted using the 
Minute™ Cytoplasmic and Nuclear Extraction Kit 
(Invent Biotechnologies, Beijing, China) according to 
the manufacturer’s instructions. Equal amounts of 
proteins were boiled at 100 °C, separated by sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis, 
and transferred onto polyvinylidene fluoride 
membranes (Millipore, Bedford, MA, USA). The 
membranes were blocked with 5% (w/v) skim milk at 
room temperature and immunoblotted at 4 °C 
overnight with primary antibodies against ITGB1 
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(Cat#12594-1-AP), E-cadherin (Cat#20874-1-AP), 
N-cadherin (Cat#22018-1-AP), CDC25c (Cat#16485-1- 
AP), GAPDH (Cat#60004-1-Ig), Histone H3 
(Cat#17168-1-AP), YAP1(Cat#66900-1-Ig), and Zeb1 
(Cat#21544-1-AP) from Proteintech (Chicago, IL, 
USA); γH2AX (Cat#ab81299), ATM(Cat#ab32420), 
CHK2 (Cat#ab109413), and phospho-CHK2 
(Cat#ab32148) from Abcam, (San Diego, CA, USA); 
Snai (Cat#6032) phospho-CDC25c(Cat#AF3258) and 
phospho-ATM (Cat#AF4120) from Affinity 
Biosciences (Cincinnati, OH, USA); and vimentin 
(Cat#5741) from Cell Signaling Technology (Beverly, 
MA, USA). Then, the membranes were incubated with 
appropriate horseradish peroxidase (HRP)- 
conjugated secondary antibodies. GAPDH and 
Histone H3 were used as cytoplasmic and nuclear 
protein loading controls, respectively. 

Flow cytometric analysis 
Cell apoptosis was measured using PE and FITC 

Annexin-V Apoptosis Detection Kits (BD 
Pharmingen, San Diego, CA, USA). The cells were 
irradiated with 0 or 8 Gy and cultured for an 
additional 48 h before incubation with PE- or 
FITC-labelled annexin V and 7-AAD or propidium 
iodide (PI) at room temperature in the dark for 15 
min, according to the manufacturer’s instructions. 

Cell cycle analyses were performed using 50 
µg/ml PI and 100 µg/ml DNase-free RNase A 
(Solarbio, Beijing, China). Twenty-four hours 
post-irradiation, cells were harvested with trypsin 
and washed with phosphate-buffered saline before 
fixation in 70% ice-cold ethanol at 4 °C for 12 h. After 
washing, the cell pellet was resuspended in PI 
staining buffer and incubated at 37°C for 30 min in the 
dark. Cell apoptosis and cell cycle status were 
analysed by flow cytometry (BD FACSCalibur, BD 
Biosciences, San Jose, CA, USA). 

Cell proliferation and colony-forming assay 
After exposure to a single dose of radiation (8 

Gy), cells were incubated for 24, 48, or 72 h. Then, we 
used Cell Counting Kit-8 (Beyotime, Shanghai, China) 
to determine cell viability post-irradiation. The 
absorbance was measured at a wavelength of 450 nm 
with a microplate reader (BioTek, Winooski, Vermont, 
USA). For the colony formation assay, 300 cells were 
seeded into 6-well plates and irradiated (0, 2, 4, 6, and 
8 Gy) the next day. Two weeks later, the cells were 
fixed in 4% paraformaldehyde and stained with 0.1% 
crystal violet, and the number of colonies per dish 
was counted. The plating efficiency and surviving 
fraction were calculated as previously described [6]. 

Immunofluorescence detection of γH2AX 
Cells growing on glass coverslips were exposed 

to 0 or 8 Gy irradiation. The cells were then fixed in 
4% paraformaldehyde 30 min, or 4, 8, or 24 h 
post-irradiation or without irradiation, and incubated 
with the primary phospho-γH2AX antibody (Ser139, 
Abcam, San Diego, CA, USA) and a secondary 
antibody conjugated to Cy3 (Beyotime, Shanghai, 
China) according to the manufacturer’s protocol. We 
analysed the staining with a confocal laser scanning 
microscope (Nikon, Tokyo, Japan). 

Statistical analysis 
Statistical analyses were performed with 

GraphPad Prism 7 software (San Diego, CA, USA). 
The statistical comparisons were made using 
Student’s t-test, one-way analysis of variance 
(ANOVA), and two-way ANOVA. All data are 
expressed as the mean ± standard deviation (SD), and 
were repeated in at least three independent 
experiments. P values <0.05 (*) or <0.01 (**) were 
considered statistically significant. 

Results 
ITGB1 is overexpressed in H460R cells 

We used the clone formation assay and cell 
apoptosis analysis to confirm the radiosensitivity of 
H460R cells. Compared with the parental line, H460R 
had significantly higher colony formation ability and 
a lower rate of apoptosis post-irradiation (Fig. 1A-B). 
We next used RNA sequencing to investigate the 
differentially expressed genes in H460R and H460 
cells. RNA-sequencing analysis was used to study the 
differentially expressed genes between H460R and its 
parental cells. As a result, we identified a total of 838 
genes differed significantly at FDR < 0.05 with a fold 
change > 2, among which 508 genes were 
up-regulated and 330 genes were down-regulated in 
radio-resistant H460R cells compared with their 
radiosensitive parent cells. The complete list of the 
genes is shown in Supplementary Table S1. The 
differentially expressed genes are also represented in 
a volcano plot (Fig. 1C). KEGG analysis revealed that 
genes involved in ECM–receptor interaction, focal 
adhesion, and cell adhesion molecule signalling 
pathways were enriched amongst the differentially 
expressed genes (Fig. 1D). Unsupervised hierarchical 
clustering analysis was performed for these three 
signalling pathways (Fig. 1E). 

We confirmed the differential expression of 
ITGB1 mRNA and protein in H460 and H460R cells by 
qRT-PCR and western blot analysis. We confirmed 
that ITGB1 was more highly expressed in H460R cells 
than in H460 cells (Fig. 1F and G). 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

639 

 
Figure 1. Amongst the differentially expressed genes in H460R and H460 cells, ITGB1 is overexpressed in H460R cells. A and B. Colony formation and cell apoptosis assays were 
used to determine the radiosensitivity of H460R and H460 cells. C. Volcano plot of differentially expressed genes in H460R and H460 cells. D. KEGG pathway analysis of the 
differentially expressed genes. E. Cluster analysis of the up-regulated (29) and down-regulated (10) genes in H460R cells compared with H460 cells involved in ECM–receptor 
interaction, focal adhesion and cell adhesion molecule signalling pathways. F and G. qRT-PCR and western blotting were performed to detected ITGB1 expression in H460R and 
H460 cells. 

 

ITGB1 expression in H460R cells is associated 
with radiosensitivity 

To determine whether ITGB1 expression is 
associated with radiosensitivity in NSCLC, we 
measured ITGB1 expression in A549, H522, H460, 

LK2, and H226 cells (Fig. 2A-C). We selected the A549 
and H522 cell lines for further study based on their 
high and low expression of ITGB1, respectively. 
Compared with H522 cells, A549 cells had a lower 
rate of apoptosis post-irradiation as assessed by flow 
cytometry (Fig. 2D). A549 cells also demonstrated 
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significantly greater colony formation ability with 
better survival post-irradiation compared with H522 
cells (Fig. 2E). These results suggest that ITGB1 
overexpression is associated with radioresistance. 

ITGB1 expression negatively correlates with 
prognosis in patients with NSCLC 

Interrogation of an NSCLC dataset (1,102 cases 
including 103 normal tissues and 999 tumour tissues) 
from TCGA revealed that ITGB1 is overexpressed in 
NSCLC (Fig. 3A). The immunohistochemical staining 
data retrieved from the HPA database showed that 
ITGB1 protein expression is higher in NSCLC tissues 
than in healthy tissues (Fig. 3D and E). ITGB1 
expression was also notably associated with clinical 
stage, T classification, and M classification (Table 1). 

NSCLC patients with high ITGB1 expression had 
poorer prognosis than those with low ITGB1 
expression (Fig. 3B, C). Univariate analysis revealed 
that high ITGB1 expression significantly correlated 
with poor overall survival (HR: 1.431; 95% CI: 
1.221-1.667; P < 0.01). Other clinicopathologic 
variables associated with poor survival include 
advanced stage, T classification, distant metastasis, 
and lymph nodes (Table 2). After multivariate 
analysis, ITGB1 remained independently associated 
with overall survival (HR: 1.345; CI: 1.147-1.576; P < 
0.01), along with age (Table 2). Thus, ITGB1 
expression is a categorical dependent variable 
associated with poor prognostic clinicopathologic 
characteristics in patients with NSCLC. 

 

 
Figure 2. ITGB1 expression is associated with radiosensitivity. A-C. Western blotting and qRT-PCR were used to detect ITGB1 expression in the indicated cell lines. D. The 
apoptosis rates were determined by flow cytometry. E. Representative photographs of colony formation assays and the proportions of surviving A549 and H522 cells after 
irradiation with 0, 2, 4, 6, and 8 Gy. 
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Figure 3. ITGB1 expression negatively correlates with prognosis in patients with NSCLC. A. Analysis of ITGB1 mRNA levels in healthy and NSCLC tissues from the TCGA. B 
and C. Overall survival and disease-free survival curves stratified by ITGB1 expression for LUAD and LUSC based on data from the GEPIA2 database. D and E. Representative 
immunohistochemistry images of ITGB1 (antibody clone CAB003434) in healthy lung tissues and NSCLC tissues from the Human Protein Atlas database. 

Table 1. The association between ITGB1 expression and clinic-pathological characteristics of NSCLC patients 

 
CI: confidence interval; bold values indicate P<0.05. 

 

ITGB1 knockdown restores the radio-
sensitivity of NSCLC cell lines with intrinsic 
and acquired radioresistance, whereas ITGB1 
up-regulation induces radioresistance 

To assess the biological function of ITGB1 in 

NSCLC cell radioresistance, we transduced A549 and 
H460R cells with a control or shITGB1 vector (A549- 
shITGB1 and H460R-shITGB1), and up-regulated 
ITGB1 in H522 cells (H522-ITGB1) using a lentiviral 
vector. The efficiency of transfection of the cell lines 
was verified by qRT-PCR and western blotting (Fig. 
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4A-C). Then, the clonogenic assay was used to analyse 
the effect of ITGB1 expression on radiosensitivity. 
A549-shITGB1 and H460R-shITGB1 had a lower 
survival rate than control-transfected groups 
post-irradiation. The sensitization enhancement ratio 
(SER) in the shITGB1 groups were 1.31-fold and 
1.24-fold changes from A549 and H460R control 
groups, respectively (Table 3). Consistent with those 
findings, H522-ITGB1 cells had a higher survival rate 
than control-transduced H522 cells (Fig. 4D). The SER 

in the ITGB1 overexpression group was 0.68-fold 
change from the H522 control group (Table 3). Results 
of CCK8 assay exhibited dramatically more 
proliferation by H522-ITGB1 than by control cells and 
less proliferation by A549-shITGB1 and H460R- 
shITGB1 cells than by their respective controls (Fig. 
4E). These data indicated that ITGB1 expression was 
correlated with radiosensitivity, and inhibition of 
ITGB1 could reverse the intrinsic and acquired 
radioresistance of NSCLC. 

 

 
Figure 4. Interfering with ITGB1 expression alter NSCLC cell proliferation and radiosensitivity. A-C. ITGB1 expression was detected by western blot assay and qRT-PCR after 
lentiviral transduction of A549, H522, and H460R cells. D. Representative photographs of colony formation assays and proportions of surviving A549, H460R, and H522 cells 
after irradiation with 0, 2, 4, 6, and 8 Gy. E. Cell Counting Kit-8 assays were used to detect the proliferation of A549, H460R, and H522 cells. 

Table 2. Univariate and multivariate analyses of the relationship between ITGB1 expression and overall survival among NSCLC patients 

 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

643 

Table 3. Radiation biologic parameter of NSCLC cells exposed to radiation 

 
 
 

ITGB1 alters cell cycle status, and blocks 
irradiation-induced apoptosis  

To further observe the effect of ITGB1 in NSCLC 
cells after IR, we performed flow cytometry to assess 
cell cycle status. After exposure to ionizing radiation, 
the proportion of cells in the G2/M phase was higher 
whereas that in S phase was lower in A549-shITGB1 
and H460R-shITGB1 cells than in their negative 
controls (Fig. 5B). The proportion of H522-ITGB1 cells 
in the G2/M phase was significantly lower than that 
of negative control cells, whereas the proportion in 
the S phase was notably higher (Fig. 5B). 

Apoptosis analysis by flow cytometry showed 
that ITGB1 had no significant influence on NSCLC cell 
apoptosis in the absence of irradiation. However, 48h 
after irradiation with 8 Gy, the A549-shITGB1 and 
H460R-shITGB1 groups had significantly higher 
proportions of apoptotic cells than the control groups 
(Fig. 5A). In contrast, irradiation-induced apoptosis 
occurred at a significantly lower rate in the 
H522-ITGB1 cells than in the negative control cells 
(Fig. 5A). These results indicate that ITGB1 inhibition 
enhances radiation-induced G2/M arrest and 
apoptosis. 

Targeting ITGB1 expression modulates the 
DNA damage response 

To further investigate the underlying mechanism 
associated with ITGB1-induced radioresistance of 
NSCLC cells, we performed an immunofluorescence 
assay to detect the expression of γH2AX post- 
irradiation or in the absence of irradiation. Compared 
with the non-irradiated cells, the A549-shITGB1 and 
control cells had significantly more γH2AX-positive 
nuclei at 30 min post-irradiation (Fig. 6A). However, 
the H522-ITGB1 cells had fewer nuclei than the 
control group (Fig. 6B). In both groups, the number of 
γH2AX-positive nuclei decreased with time 
post-irradiation and returned to the basal level after 
24 h. To confirm these findings, we detected γH2AX 
protein levels by western blotting. The γH2AX protein 
levels were markedly increased post-irradiation in 
both cells. The expression of γH2AX protein was 
up-regulated in A549-shITGB1 cells (Fig. 6C); 
however, γH2AX expression was down-regulated in 

H522-ITGB1 cells in response to irradiation (Fig. 6D). 
To explore the signalling pathway by which 

ITGB1 performed its functions, we constructed a PPI 
network for ITGB1 with the genes involved in 
DNA-DSB repair (Fig. 7A). We found that ITGB1 was 
potentially related to the ATM/CHK2 axis. We 
assessed the expression levels of ATM, Chk2, 
CDC25c, and their phosphorylated variants by 
western blot. ITGB1 silencing was associated with 
lower expression of ATM (p-ATM), CHK2 (p-CHK2), 
and CDC25c (p-CDC25c) in A549 cells, whereas 
ITGB1 overexpression resulted in higher expression of 
those proteins in H522 cells (Fig. 7B-D). These results 
indicate that ITGB1 inhibition suppresses DNA 
damage repair, thus reversing the intrinsic and 
acquired radioresistance of NSCLC cells. 

ITGB1 could promote radioresisntance of 
NSCLC cells by regulating EMT 

To determine whether ITGB1 contributes to 
NSCLC cell radioresistance by regulating EMT, we 
analysed the protein levels of epithelial (E-cadherin) 
and mesenchymal (N-cadherin, Vimentin, Snail, and 
Zeb1) markers in A549-shITGB1 and H522-ITGB1 
cells. Knockdown of ITGB1 was associated with 
strong inhibition of N-cadherin, vimentin, Snail, and 
Zeb1 expression and up-regulation of E-cadherin 
expression in A549 cells. In contrast, ITGB1 
overexpression down-regulated the expression of 
E-cadherin and up-regulated the expression of 
N-cadherin, vimentin, Snail, and Zeb1 in H522 cells 
(Fig. 8A-C). These data suggest that ITGB1 regulates 
radioresistance by inducing the EMT program. 

YAP1 is involved in ITGB1-mediated 
radioresistance in NSCLC cells 

We investigated the correlation between ITGB1 
and YAP1 expression in LUAD, LUSC, and healthy 
tissue samples using GEPIA2 (Fig. 9A and B). ITGB1 
expression positively correlated with YAP1 
expression in LUAD (Cor = 0.37, P < 0.01) and LUSC 
(Cor = 0.41, P < 0.01) samples. Furthermore, survival 
analyses of NSCLC patients in GEPIA2 showed that 
high levels of these two genes predicted significantly 
shorter overall survival and worse disease-free 
survival (Fig. 9C and D). To verify the role of YAP1 in 
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radioresistance, we targeted YAP1 with a specific 
siRNA in H460R cells; YAP1 down-regulation more 
significantly promoted apoptosis post-irradiation 
compared to transfection with control siRNA (Fig. S1). 
Western blot analysis showed that YAP1 was down- 
regulated when ITGB1 was knocked down in A549 
cells, whereas YAP1 expression was up-regulated in 
the H522-ITGB1 group (Fig. 9E and F). Western 

blotting showed that ITGB1 knockdown significantly 
impaired YAP1 nuclear localization in A549 cells (Fig. 
9G), whereas overexpression was associated with 
significantly increased nuclear YAP1 localization in 
H522-ITGB1 cells (Fig. 9H). These results indicate that 
YAP1 may be involved in the ITGB1-mediated 
radioresistance of NSCLC cells. 

 
Figure 5. Effect of ITGB1 expression on irradiation-induced apoptosis and cell cycle arrest. A. Flow cytometric apoptosis assay for cells exposed to irradiation (8 Gy). B. Cell 
cycle analysis after irradiation (8 Gy). 
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Figure 6. ITGB1 is associated with DNA double-strand breaks (DNA-DSBs) induced by radiation. A and B. Representative images of γH2AX-positive nuclei in shITGB1 and 
ITGB1 overexpression groups at indicated times following irradiation. γH2AX signal in red, nuclear counterstaining with 4′,6-diamidino-2-phenylindole in blue. Scale bar: 50 µm. 
γH2AX-positive nuclei were counted in five different fields, each with at least 20 nuclei; the number is shown in relationship to the count in non-irradiated cells. Values represent 
the average of three independent experiments (right). C and D. Detection of γH2AX protein levels in shITGB1 and ITGB1 overexpression groups treated with or without 
irradiation (8 Gy). 

 

Discussion 
We used RNA sequencing to investigate the 

differentially expressed genes in radioresistant H460R 
and radiosensitive H460 cells. ECM–receptor 
interaction, focal adhesion, and cell adhesion 
molecule signalling pathways, which essentially 
contribute to tumour cell resistance to radiation and 
chemotherapy, were found to be enriched by KEGG 
analysis. We created a heatmap of genes that were 
enriched in these pathways. ITGB1 was chosen for 
further study based on its association with the tumour 
ECM. 

ITGB1, which coordinates proliferation, 
migration, invasion, adhesion, and inflammation, has 

recently been implicated in the therapeutic resistance 
of multiple solid cancers [11, 14, 18, 54]. In HNSCC, 
ITGB1 inhibition enhances radiosensitivity and 
impairs DNA repair, resulting in increased residual 
DNA damage levels [25, 55]. ITGB1 inhibition 
suppresses the invasion of laryngeal cancer cells and 
reduces their radioresistance by targeting CD147 [56]. 
In pancreatic cancer, ITGB1 promotes gemcitabine 
resistance via CDC42 activation of PI3K p110β 
signalling [23]. ITGB1 overexpression is also 
associated with resistance to the tyrosine kinase 
inhibitor gefitinib in NSCLC [24]. In the present study, 
we observed significantly higher levels of ITGB1 in 
NSCLC cells with acquired radioresistance than in 
radiosensitive cells. Moreover, H522, which has a low 
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ITGB1 expression, was more sensitive to radiation 
than A549, which has high ITGB1 expression. 
Bioinformatic analysis using high-throughput RNA 
sequencing data from TCGA demonstrated that 
increased expression of ITGB1 in NSCLC was 

associated with advanced clinical pathologic 
characteristics, shorter survival, and poor prognosis. 
As such, ITGB1 may be associated with radiation- 
resistant NSCLC as a biomarker and therapeutic 
target. 

 

 
Figure 7. ITGB1 expression correlates with the expression of proteins related to the ATM/CHK2/CDC25c pathway. A. The relationship between ITGB1 expression and that 
of 34 genes in the DNA-DSB response pathways. B-D. Protein levels of ATM (p-ATM), CHK2 (p-CHK2), and CDC25c (p-CDC25c) were detected by western blotting in 
shITGB1 and ITGB1 overexpression groups. 

 
Figure 8. ITGB1 could promote radioresisntance of NSCLC cells by regulating EMT. A-C. Protein levels of E-cadherin, N-cadherin, Snail, vimentin, and Zeb1 were detected by 
western blotting of cells from shITGB1 and ITGB1 overexpression groups. 
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Figure 9. YAP1 is involved in the radioresistance mediated by ITGB1 overexpression in NSCLC. A and B. The correlation between ITGB1 and YAP1 expression in LUAD and 
LUSC based on data from the GEPIA2 database. C and D. Kaplan-Meier curves depict the probability of overall survival and disease-free survival based on the expression of ITGB1 
and YAP1. Data from patients with LUAD and LUSC retrieved from the GEPIA2 database. E and F. Western blot analysis of total YAP1 protein levels. G and H. Nuclear and 
cytoplasmic YAP1 protein levels in shITGB1-treated and ITGB1-overexpressing cells. 
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To clarify its role in radioresistance, we 
manipulated the expression of ITGB1 in A549, H522, 
and radioresistant H460R cells. Both silencing and 
overexpression of ITGB1 revealed that it was 
associated with clonogenic survival rate, cell viability, 
and resistance to radiation-induced apoptosis. Our 
findings suggest a correlation between ITGB1 
expression and NSCLC cell radioresistance, so we 
explored the possible mechanisms of ITGB1-induced 
radioresistance. 

Irradiation induces DNA-DSBs, and the ability to 
repair DNA-DSBs is closely associated with 
sensitivity to radiotherapy [47, 48]. γH2AX, an early 
marker of DNA-DSBs, is positively associated with 
radiosensitivity. Our study demonstrated that the 
number of γH2AX-positive nuclei in A549-shITGB1 
cells was significantly higher than that in control cells 
post-irradiation. Moreover, H522-ITGB1 cells 
exhibited fewer γH2AX-positive nuclei, indicating 
enhanced DNA-DSB repair upon overexpression of 
ITGB1. Irradiation-induced DNA-DSBs are primarily 
repaired by nonhomologous end-joining and 
homologous recombination [57]. We investigated the 
role of ITGB1 in these two repair pathways using the 
PathCards database, which revealed that multiple key 
proteins that participate in DNA-DSB repair 
pathways are directly or indirectly connected with 
ITGB1. One of those genes, CHK2 (CHEK2) is a key 
component of the DNA damage response. Following 
DNA damage, CHK2 is phosphorylated by ATM at 
Thr68 site [58]. In human cells, activation of 
ATM/CHK2 signalling leads to phosphorylation of 
more than 20 proteins that induce an appropriate 
cellular response; depending on the extent of damage, 
the cell type, and other factors, the response may be 
cell cycle checkpoint activation, induction of 
apoptosis or senescence, DNA repair, or tolerance to 
the damage [59]. Lin et al. found that ATM 
phosphorylation and CHK2 expression were 
significantly higher in GBM-R2M2 than GBM-Par 
cells, which resulted in more efficient DNA repair, cell 
motility, and survival after irradiation [60]. CHK2 is 
regarded as a tumour suppressor due to its role in 
apoptosis regulation with or without the involvement 
of ATM; upon phosphorylation, activated CHK2 
phosphorylates the tumour suppressor gene P53 and 
multiple CDC25 molecules that negatively regulate 
kinase activation in a cyclin-dependent manner, 
which may provide insight into the potential 
mechanism of ITGB1-mediated radioresistance [61]. 
Our results indicated that ITGB1 expression affects 
the expression of proteins related to the ATM/CHK2/ 
CDC25c pathway. 

The EMT phenotype, together with cancer stem 
cell properties, has been implicated in increased 

resistance to radiotherapy [62]. The EMT markers 
were analyzed in Human Protein Atlas database to 
examine their protein levels in NSCLC. Their 
implication in patient survival was also analyzed (Fig. 
S2-6). The results indicated that each of EMT markers 
was not independent prognostic factor. Interestingly, 
co-expression of the four mesenchymal markers 
(N-cadherin, Vimentin, Snail, and Zeb1) predicted 
significantly poor overall survival and worse 
disease-free survival (Fig. S7). They might cooperate 
with each other to affect the occurrence and 
development of tumors and the resistance to therapy. 
Previously study showed that E-cadherin loss and 
Mesenchymal conversion were associated with radio- 
resistance in human tumor cells [63]. We showed that 
blocking ITGB1 down-regulated the expression of 
mesenchymal genes and the EMT-promoting gene 
ZEB1 while up-regulating E-cadherin protein 
expression. Moreover, ITGB1 overexpression caused 
the opposite results, suggesting that enhanced ITGB1 
expression leads to EMT in NSCLC cells, thereby 
increasing their resistance to irradiation. The 
transcriptional coactivator YAP1 is involved in EMT 
regulation, and its expression in NSCLC is associated 
with cancer progression and poor prognosis [64, 65]. 
In our study, depletion of YAP1 enhanced H460R 
radiosensitivity. YAP1 acts as a nuclear sensor for 
mechanotransduction, which can be induced by 
stiffness of the ECM [66]. We found that ITGB1 
expression positively correlated with YAP1 
expression and the two-gene expression signature 
correlated with the survival of patients with NSCLC. 
Our study revealed that ITGB1 silencing reduced total 
YAP1 expression and inhibited YAP1 nuclear 
localization. Overexpression of ITGB1 enhanced 
YAP1 expression and restored its nuclear localization, 
thus confirming our hypothesis that ITGB1 promotes 
EMT and radioresistance by targeting YAP1. 

In conclusion, our results suggest that ITGB1 
promotes EMT by targeting YAP1 and influences the 
DNA damage response by affecting cell cycle 
checkpoints, apoptosis, and ATM/CHK2 signalling, 
whereas inhibiting ITGB1 reverses those effects and 
improves NSCLC radiosensitivity. Our findings 
support the use of ITGB1 as a biomarker for prognosis 
and as a novel therapeutic target for increasing 
NSCLC radiosensitivity. 

Supplementary Material  
Supplementary figures and tables.  
http://www.ijbs.com/v17p0635s1.pdf  

Competing Interests 
The authors have declared that no competing 

interest exists. 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

649 

References 
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin. 2019; 

69: 7-34. 
2. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio 

cancer genomics portal: an open platform for exploring multidimensional 
cancer genomics data. Cancer Discov. 2012; 2: 401-4. 

3. Herbst RS, Morgensztern D, Boshoff C. The biology and management of 
non-small cell lung cancer. Nature. 2018; 553: 446-54. 

4. Salama JK, Vokes EE. New radiotherapy and chemoradiotherapy approaches 
for non-small-cell lung cancer. J Clin Oncol. 2013; 31: 1029-38. 

5. Ricardi U, Badellino S, Filippi AR. Stereotactic body radiotherapy for early 
stage lung cancer: History and updated role. Lung Cancer. 2015; 90: 388-96. 

6. Sun C, Li Y, Tan Y, Zhang H, Liang Y, Zeng J, et al. A novel role for NFIA in 
restoring radiosensitivity in radioresistant NSCLC cells by downregulating 
the AKT and ERK pathways. Biochem Biophys Res Commun. 2019; 515: 
558-64. 

7. Jean C, Gravelle P, Fournie JJ, Laurent G. Influence of stress on extracellular 
matrix and integrin biology. Oncogene. 2011; 30: 2697-706. 

8. Dickreuter E, Cordes N. The cancer cell adhesion resistome: mechanisms, 
targeting and translational approaches. Biol Chem. 2017; 398: 721-35. 

9. Eke I, Cordes N. Focal adhesion signaling and therapy resistance in cancer. 
Semin Cancer Biol. 2015; 31: 65-75. 

10. Campbell ID, Humphries MJ. Integrin structure, activation, and interactions. 
Cold Spring Harb Perspect Biol. 2011; 3. 

11. Bianconi D, Unseld M, Prager GW. Integrins in the Spotlight of Cancer. Int J 
Mol Sci. 2016; 17. 

12. Cooper J, Giancotti FG. Integrin Signaling in Cancer: Mechanotransduction, 
Stemness, Epithelial Plasticity, and Therapeutic Resistance. Cancer Cell. 2019; 
35: 347-67. 

13. Seguin L, Desgrosellier JS, Weis SM, Cheresh DA. Integrins and cancer: 
regulators of cancer stemness, metastasis, and drug resistance. Trends Cell 
Biol. 2015; 25: 234-40. 

14. Howe GA, Addison CL. beta1 integrin: an emerging player in the modulation 
of tumorigenesis and response to therapy. Cell Adh Migr. 2012; 6: 71-7. 

15. Dingemans AM, van den Boogaart V, Vosse BA, van Suylen RJ, Griffioen AW, 
Thijssen VL. Integrin expression profiling identifies integrin alpha5 and beta1 
as prognostic factors in early stage non-small cell lung cancer. Mol Cancer. 
2010; 9: 152. 

16. Huang CW, Hsieh WC, Hsu ST, Lin YW, Chung YH, Chang WC, et al. The Use 
of PET Imaging for Prognostic Integrin alpha2beta1 Phenotyping to Detect 
Non-Small Cell Lung Cancer and Monitor Drug Resistance Responses. 
Theranostics. 2017; 7: 4013-28. 

17. Zhou F, Huang X, Zhang Z, Chen Y, Liu X, Xing J, et al. Functional 
polymorphisms of ITGB1 are associated with clinical outcome of Chinese 
patients with resected colorectal cancer. Cancer Chemother Pharmacol. 2015; 
75: 1207-15. 

18. Wang D, Muller S, Amin AR, Huang D, Su L, Hu Z, et al. The pivotal role of 
integrin beta1 in metastasis of head and neck squamous cell carcinoma. Clin 
Cancer Res. 2012; 18: 4589-99. 

19. Yin HL, Wu CC, Lin CH, Chai CY, Hou MF, Chang SJ, et al. beta1 Integrin as a 
Prognostic and Predictive Marker in Triple-Negative Breast Cancer. Int J Mol 
Sci. 2016; 17. 

20. Chen HM, Lin YH, Cheng YM, Wing LY, Tsai SJ. Overexpression of 
integrin-beta1 in leiomyoma promotes cell spreading and proliferation. J Clin 
Endocrinol Metab. 2013; 98: E837-46. 

21. Kanda R, Kawahara A, Watari K, Murakami Y, Sonoda K, Maeda M, et al. 
Erlotinib resistance in lung cancer cells mediated by integrin 
beta1/Src/Akt-driven bypass signaling. Cancer Res. 2013; 73: 6243-53. 

22. Carbonell WS, DeLay M, Jahangiri A, Park CC, Aghi MK. beta1 integrin 
targeting potentiates antiangiogenic therapy and inhibits the growth of 
bevacizumab-resistant glioblastoma. Cancer Res. 2013; 73: 3145-54. 

23. Yang D, Tang Y, Fu H, Xu J, Hu Z, Zhang Y, et al. Integrin beta1 promotes 
gemcitabine resistance in pancreatic cancer through Cdc42 activation of PI3K 
p110beta signaling. Biochem Biophys Res Commun. 2018; 505: 215-21. 

24. Ju L, Zhou C, Li W, Yan L. Integrin beta1 over-expression associates with 
resistance to tyrosine kinase inhibitor gefitinib in non-small cell lung cancer. J 
Cell Biochem. 2010; 111: 1565-74. 

25. Eke I, Dickreuter E, Cordes N. Enhanced radiosensitivity of head and neck 
squamous cell carcinoma cells by beta1 integrin inhibition. Radiother Oncol. 
2012; 104: 235-42. 

26. Hehlgans S, Eke I, Storch K, Haase M, Baretton GB, Cordes N. Caveolin-1 
mediated radioresistance of 3D grown pancreatic cancer cells. Radiotherapy 
and Oncology. 2009; 92: 362-70. 

27. Zanconato F, Cordenonsi M, Piccolo S. YAP/TAZ at the Roots of Cancer. 
Cancer Cell. 2016; 29: 783-803. 

28. Lee JY, Chang JK, Dominguez AA, Lee H-p, Nam S, Chang J, et al. 
YAP-independent mechanotransduction drives breast cancer progression. 
Nature Communications. 2019; 10. 

29. Avruch J, Zhou D, Bardeesy N. YAP oncogene overexpression supercharges 
colon cancer proliferation. Cell Cycle. 2012; 11: 1090-6. 

30. Yimlamai D, Fowl BH, Camargo FD. Emerging evidence on the role of the 
Hippo/YAP pathway in liver physiology and cancer. J Hepatol. 2015; 63: 
1491-501. 

31. Lo Sardo F, Strano S, Blandino G. YAP and TAZ in Lung Cancer: Oncogenic 
Role and Clinical Targeting. Cancers. 2018; 10: 137. 

32. Shao Diane D, Xue W, Krall Elsa B, Bhutkar A, Piccioni F, Wang X, et al. KRAS 
and YAP1 Converge to Regulate EMT and Tumor Survival. Cell. 2014; 158: 
171-84. 

33. Yu M, Chen Y, Li X, Yang R, Zhang L, Huangfu L, et al. YAP1 contributes to 
NSCLC invasion and migration by promoting Slug transcription via the 
transcription co-factor TEAD. Cell Death Dis. 2018; 9: 464. 

34. Singh M, Yelle N, Venugopal C, Singh SK. EMT: Mechanisms and therapeutic 
implications. Pharmacol Ther. 2018; 182: 80-94. 

35. Lu W, Kang Y. Epithelial-Mesenchymal Plasticity in Cancer Progression and 
Metastasis. Dev Cell. 2019; 49: 361-74. 

36. Xue VW, Chung JY, Cordoba CAG, Cheung AH, Kang W, Lam EW, et al. 
Transforming Growth Factor-beta: A Multifunctional Regulator of Cancer 
Immunity. Cancers (Basel). 2020; 12. 

37. Gomez-Casal R, Bhattacharya C, Ganesh N, Bailey L, Basse P, Gibson M, et al. 
Non-small cell lung cancer cells survived ionizing radiation treatment display 
cancer stem cell and epithelial-mesenchymal transition phenotypes. Mol 
Cancer. 2013; 12: 94. 

38. Shintani Y, Okimura A, Sato K, Nakagiri T, Kadota Y, Inoue M, et al. Epithelial 
to mesenchymal transition is a determinant of sensitivity to 
chemoradiotherapy in non-small cell lung cancer. Ann Thorac Surg. 2011; 92: 
1794-804; discussion 804. 

39. Yuan Y, Liao H, Pu Q, Ke X, Hu X, Ma Y, et al. miR-410 induces both 
epithelial-mesenchymal transition and radioresistance through activation of 
the PI3K/mTOR pathway in non-small cell lung cancer. Signal Transduct 
Target Ther. 2020; 5: 85. 

40. Lapi E, Di Agostino S, Donzelli S, Gal H, Domany E, Rechavi G, et al. PML, 
YAP, and p73 Are Components of a Proapoptotic Autoregulatory Feedback 
Loop. Molecular Cell. 2008; 32: 803-14. 

41. Strano S, Munarriz E, Rossi M, Castagnoli L, Shaul Y, Sacchi A, et al. Physical 
interaction with Yes-associated protein enhances p73 transcriptional activity. J 
Biol Chem. 2001; 276: 15164-73. 

42. Ciamporcero E, Shen H, Ramakrishnan S, Yu Ku S, Chintala S, Shen L, et al. 
YAP activation protects urothelial cell carcinoma from treatment-induced 
DNA damage. Oncogene. 2016; 35: 1541-53. 

43. Sabra H, Brunner M, Mandati V, Wehrle-Haller B, Lallemand D, Ribba AS, et 
al. beta1 integrin-dependent Rac/group I PAK signaling mediates YAP 
activation of Yes-associated protein 1 (YAP1) via NF2/merlin. J Biol Chem. 
2017; 292: 19179-97. 

44. Xiong J, Balcioglu HE, Danen EH. Integrin signaling in control of tumor 
growth and progression. Int J Biochem Cell Biol. 2013; 45: 1012-5. 

45. Meng Z, Moroishi T, Guan KL. Mechanisms of Hippo pathway regulation. 
Genes Dev. 2016; 30: 1-17. 

46. Zhang J, Zhou Y, Tang PMK, Cheng ASL, Yu J, To KF, et al. 
Mechanotransduction and Cytoskeleton Remodeling Shaping YAP1 in Gastric 
Tumorigenesis. Int J Mol Sci. 2019; 20. 

47. Maier P, Hartmann L, Wenz F, Herskind C. Cellular Pathways in Response to 
Ionizing Radiation and Their Targetability for Tumor Radiosensitization. Int J 
Mol Sci. 2016; 17. 

48. Siddiqui MS, François M, Fenech MF, Leifert WR. Persistent γH2AX: A 
promising molecular marker of DNA damage and aging. Mutation 
Research/Reviews in Mutation Research. 2015; 766: 1-19. 

49. Smith J, Tho LM, Xu N, Gillespie DA. The ATM-Chk2 and ATR-Chk1 
pathways in DNA damage signaling and cancer. Adv Cancer Res. 2010; 108: 
73-112. 

50. Thul PJ, Akesson L, Wiking M, Mahdessian D, Geladaki A, Ait Blal H, et al. A 
subcellular map of the human proteome. Science. 2017; 356. 

51. Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an enhanced web server for 
large-scale expression profiling and interactive analysis. Nucleic Acids 
Research. 2019; 47: W556-W60. 

52. Belinky F, Nativ N, Stelzer G, Zimmerman S, Iny Stein T, Safran M, et al. 
PathCards: multi-source consolidation of human biological pathways. 
Database. 2015; 2015. 

53. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, 
et al. STRING v10: protein–protein interaction networks, integrated over the 
tree of life. Nucleic Acids Research. 2015; 43: D447-D52. 

54. Desgrosellier JS, Cheresh DA. Integrins in cancer: biological implications and 
therapeutic opportunities. Nat Rev Cancer. 2010; 10: 9-22. 

55. Dickreuter E, Eke I, Krause M, Borgmann K, van Vugt MA, Cordes N. 
Targeting of beta1 integrins impairs DNA repair for radiosensitization of head 
and neck cancer cells. Oncogene. 2016; 35: 1353-62. 

56. Li L, Dong X, Peng F, Shen L. Integrin beta1 regulates the invasion and 
radioresistance of laryngeal cancer cells by targeting CD147. Cancer Cell Int. 
2018; 18: 80. 

57. Ceccaldi R, Rondinelli B, D'Andrea AD. Repair Pathway Choices and 
Consequences at the Double-Strand Break. Trends Cell Biol. 2016; 26: 52-64. 

58. Matsuoka S, Rotman G, Ogawa A, Shiloh Y, Tamai K, Elledge SJ. Ataxia 
telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro. Proc Natl 
Acad Sci U S A. 2000; 97: 10389-94. 

59. Zannini L, Delia D, Buscemi G. CHK2 kinase in the DNA damage response 
and beyond. Journal of Molecular Cell Biology. 2014; 6: 442-57. 

60. Lin J-C, Tsai J-T, Chao T-Y, Ma H-I, Chien C-S, Liu W-H. MSI1 associates 
glioblastoma radioresistance via homologous recombination repair, tumor 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

650 

invasion and cancer stem-like cell properties. Radiotherapy and Oncology. 
2018; 129: 352-63. 

61. Hirao A, Cheung A, Duncan G, Girard PM, Elia AJ, Wakeham A, et al. Chk2 Is 
a Tumor Suppressor That Regulates Apoptosis in both an Ataxia 
Telangiectasia Mutated (ATM)-Dependent and an ATM-Independent Manner. 
Molecular and Cellular Biology. 2002; 22: 6521-32. 

62. Marie-Egyptienne DT, Lohse I, Hill RP. Cancer stem cells, the epithelial to 
mesenchymal transition (EMT) and radioresistance: potential role of hypoxia. 
Cancer Lett. 2013; 341: 63-72. 

63. Theys J, Jutten B, Habets R, Paesmans K, Groot AJ, Lambin P, et al. E-Cadherin 
loss associated with EMT promotes radioresistance in human tumor cells. 
Radiother Oncol. 2011; 99: 392-7. 

64. Wang Y, Dong Q, Zhang Q, Li Z, Wang E, Qiu X. Overexpression of 
yes-associated protein contributes to progression and poor prognosis of 
non-small-cell lung cancer. Cancer Sci. 2010; 101: 1279-85. 

65. Dubois F, Keller M, Calvayrac O, Soncin F, Hoa L, Hergovich A, et al. 
RASSF1A Suppresses the Invasion and Metastatic Potential of Human 
Non-Small Cell Lung Cancer Cells by Inhibiting YAP Activation through the 
GEF-H1/RhoB Pathway. Cancer Res. 2016; 76: 1627-40. 

66. Ghasemi H, Mousavibahar SH, Hashemnia M, Karimi J, Khodadadi I, Mirzaei 
F, et al. Tissue stiffness contributes to YAP activation in bladder cancer 
patients undergoing transurethral resection. Ann N Y Acad Sci. 2020. 


