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Abstract
Objective: Ionizing radiation (IR) is one of the major therapeutic approaches in the non-small cell lung cancer (NSCLC); 
however, it can paradoxically result in cancer progression likely through promoting epithelial-mesenchymal transition 
(EMT) and the cancer stem cell phenotype. Therefore, we aimed to determine whether IR promote EMT/CSC and to 
investigate the clinical relevance of EMT/CSC hallmark genes.
Materials and Methods: In this experimental and bioinformatic study, A549 cell line was irradiated with a high dosage 
(6 Gy) or a fractionated regimen (2 Gy/day for 15 fractions). The EMT-related features, including cellular morphology, 
migratory and invasive capacities were evaluated using scratch assay and transwell migration/invasion assays. The 
mRNA levels of EMT-related genes (CDH1, CDH2, SNAI1 and TWIST1), stemness-related markers (CD44, PROM1, 
and ALDH1A1) and the CDH2/CDH1 ratio were evaluated via real-time polymerase chain reaction (PCR). The clinical 
significance of these genes was assessed in the lung adenocarcinoma (LUAD) samples using online databases.
Results: Irradiation resulted in a dramatic elongation of cell shape and enhanced invasion and migration capabilities. These 
EMT-like alterations were accompanied with enhanced levels of SNAI1, CDH2, TWIST1, CD44, PROM1, and ALDH1A1 as 
well as an enhanced CDH2/CDH1 ratio. TCGA analysis revealed that, TWIST1, CDH1, PROM1 and CDH2 were upregulated; 
whereas, CD44, SNAI1 and ALDH1A1 were downregulated. Additionally, correlations between SNAI1-TWIST1, CDH2-
TWIST1, CDH2-SNAI1, and ALDH1A1-PROM1 was positive. Kaplan-Meier survival analysis identified lower expression of 
CDH1, PROM1 and ALDH1A1 and increased expression of CDH2, SNAI1, and TWIST1 as well as CDH2/CDH1 ratio predict 
overall survival. Additionally, downregulation of ALDH1A1 and upregulation of CDH2, SNAI1 and TWIST1 could predict a 
shorter first progression. 
Conclusion: Altogether, these findings demonstrated that IR promotes EMT phenotype and stem cell markers in A549 
cell line and these genes could function as diagnostic or prognostic indicators in LUAD samples. 
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Introduction
Lung cancer is one of the most common cancers 

worldwide that leads to the highest number of cancer 
mortality. Lung cancer accounts for one-quarter of all 
cancer deaths (1). Non-small-cell lung cancer (NSCLC) 
is regarded as the main type of lung cancer, 85% of cases 
(2). In spite of the improvement in the survival rate of 
most cancers, the 5-year survival rate is 5% of lung 
cancer cases with distant stage disease (1). This low rate 
of survival could be due to intrinsic or acquired resistance 
to treatments, including radiotherapy and chemotherapy. 
Thus, it is necessary to define the molecular mechanism 
of such resistance and also, exploit potential agents to 
improve the lung cancer patient survival.

Ionizing radiation (IR), is classified as a main treatment 
strategy for patients with lung cancer. Various efforts 
such as dose escalation and altered fractionation have 

been done to improve the outcome (3). However, the 
results are inconclusive owing to various obstacles such 
as radioresistance. Emerging results demonstrated that 
epithelial-mesenchymal transition (EMT) can lead to 
the development of therapy resistance in lung cancer 
(4-6). EMT is a fundamental program that contributes 
to physiological events including embryogenesis and 
wound healing or human pathology including fibrosis 
and tumorigenic process. During EMT, an epithelial cell 
loses its traits such as epithelial junction and instead 
develops mesenchymal features including elongation of 
cytoplasm and nucleus, enhanced motility and invasive 
capacities. Moreover, EMT phenotype that contributes to 
the migration and invasion of tumor cells, also promotes 
the tumor cell dissemination from a primary site to 
secondary distant sites, and overrides chemotherapy- or 
radiotherapy-induced apoptosis (7). These changes are 
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regulated by EMT-core transcriptional factors which 
include SNAIL, TWIST, and zinc-finger E-box-binding 
(ZEB) families (8). For example, SNAIL and TWIST1 
suppress the expression of genes linked to the epithelial 
phenotype such as CDH1 (encoding E-cadherin) and 
concurrently promote the expression of genes linked to 
the mesenchymal phenotype such as CDH2 (encoding 
N-cadherin). Moreover, the activation of EMT enables 
tumor cells to acquire stem-like properties, termed cancer 
stem cell (CSC) state. Enforced expression of EMT-master 
transcription factors such as SNAIL or TWIST in the 
epithelial cells induces the CSC phenotype development 
linking EMT phenotype with CSC state. These CSC 
subpopulations are defined using cell-surface markers 
such as CD44 and CD133 or via functional regulator of 
stemness such as ALDH (7).

Studies indicated that IR can lead to the EMT phenotype 
in the NSCLC cell lines (5, 6). Also, the induced changes 
were linked with enhanced radioresistance (5). A study 
showed that dose escalation might improve the survival 
rate of patients (9); while another report indicated that 
dose escalation not only did not improve the survival rate 
but also could likely be harmful (3).

A recent study documented that fractionation of 
irradiation (5 or 10 fractions of 2 Gy given one fraction 
per day) could induce EMT phenotype in the A549 
human NSCLC cell line but not in the HT-29 human 
colorectal adenocarcinoma cell line (6). Induction of 
EMT phenotype that is recently envisioned to be the main 
cause of radioresistance might be impaired using higher 
dose or higher fractions of IR. In this study, we aimed 
to determine whether a higher dose or higher fractions 
of IR could induce EMT phenotype. Furthermore, the 
clinical significance of EMT and CSC-related genes was 
identified.

Materials and Methods
Cell culture

In this experimental and bioinformatic study, the human 
NSCLC cell line, A549, was obtained from National 
Cell Bank of Iran (NCBI). The cells were maintained 
in the Dulbecco’s modified eagle’s medium (DMEM, 
Gibco, Grand Island, NY, USA). The culture medium 
was completed via 10% (v/v) fetal bovine serum (FBS, 
Gibco, Grand Island, NY, USA), and 1% (v/v) penicillin/
streptomycin. The cultured cells were incubated at 37ºC in 
a humidified 5% CO2 environment. The present study was 
conducted with the approval of the Ethical Committee of 
the Baqiyatallah University of Medical Sciences, Tehran, 
Iran (IR.BMSU.REC.1399.414).

Irradiation
The A549 cell line was cultured in T25 flasks (Cat. No. 

70025, SPL Life Sciences, Pocheon, South Korea). Once 
the cultured cells were more than 50-60% confluent, the 
cells were irradiated via a Varian linear accelerator (Varian 
Medical Systems, Palo Alto, CA, USA) with 6 MV energy 

and at a 2 Gy per min dose rate. The irradiation was 
performed with either a high dose of 6 Gy or a fractionated 
regimen consisting of a 2 Gy per fraction (five times/
week) for 15 fractions (15 FR). Different analyses were 
carried out after 24 hours after the last irradiation.

Wound healing assay
Immediately, after the final irradiation, the cells were 

washed 3 times with phosphate buffered saline (PBS, 
Cat. No. BI-1401, Bioidea, Tehran, Iran) and digested by 
trypsin. Thereafter, the trypsin- digested cells were washed 
using PBS and resuspended in the complete medium. 
A sufficient number of cells (≅5×105) were cultured 
into 6-well plates (Cat. No. 30006, SPL Life Sciences, 
Pocheon, South Korea) and allowed to adhere for 24 hours 
and reach confluency. The control (non-irradiated) cells 
were treated identically to the irradiated cells. The cell 
monolayer was scratched in a straight line via a sterile 200 
µL pipette tip. To remove cell debris, the cells were washed 
with DMEM. Culture medium (DMEM) supplemented 
with 1% FBS was added and incubated in a 5% CO2 
environment at 37ºC. This FBS percentage was used to 
minimize the effect of cell proliferation on the assessment 
of migration. The wounded areas were captured through a 
microscope with 10x magnification at 0, 18, and 36 hours 
after wounding. The images were analyzed using ImageJ 
MRI-Wound-Healing-Tool (National Institutes of Health, 
Bethesda, Maryland, USA).

Transwell migration and invasion assays
The migratory capacity of irradiated and control cells 

was determined via transwell migration assay using 
24-well transwell inserts (Cat. No. 35224, SPL Life 
Sciences, Pocheon, South Korea). The cells were seeded 
in the serum-free medium on the upper side of the porous 
membrane (8 μm pore size) of transwell insert. The 
transwell insert was placed in the lower well that was 
filled with 650 μL complete medium and incubated for 
24 hours at 37ºC in a 5% CO2 environment. The non-
migrated cells were removed using a cotton swab, and 
the migrated cells were fixed and stained with methanol 
and crystal violet, respectively. The migrated cells were 
counted with ImageJ. Migration of cells was expressed as 
a relative migration which is calculated by percentage of 
a number of the migrated irradiated cells to the migrated 
control cells.

The invasive capacity of irradiated and control cells was 
evaluated via transwell invasion assay, which is carried out 
like transwell migration assay. Unlike transwell migration 
assay, the porous membrane must be pre-coated with 
matrigel (BD Biosciences, San Jose, CA, USA) in this 
assay. The invasion capability of the cells was expressed 
as relative invasion which is defined as percentage of 
invasion of the irradiated cells to invasion of control cells.

Real-time polymerase chain reaction
The mRNA levels of EMT and CSC markers were 



        Cell J, Vol 24, No 9, September 2022 524

Radiotherapy Promotes EMT

evaluated via Quantitative real-time polymerase chain 
reaction (PCR). To this end, the total RNA extraction 
was carried out via RNeasy Plus-Mini Kit (Qiagen, 
Hilden, Germany). cDNA synthesis from 1 μg of 
the extracted-RNA from each treatment group was 
performed using QuantiTect Reverse Transcription 
Kit (Qiagen, Hilden, Germany). The real time qPCR 
analysis was set up via the QuantiNova SYBR Green 
PCR Kit (Qiagen, Hilden, Germany) and carried out in 
a LightCycler 96 System (Roche, Basel, Switzerland). 
The primer sequences were listed in a previous study 
(6). The primers with their melting temperatures (Tm), 
the accession number of the targeted refseq mRNA 
and length of the amplicon were provided in the Table 
S1 (See Supplementary Online Information at www.
celljournal.org). The relative quantitation of gene 
expression was measured via the comparative CT 
(ΔΔCT) method and normalized to the HPRT gene. The 
Y- axis was represented as Log2 -transformed values.

Transcriptional expression and survival analysis using 
web tools

The relative expression of deregulated genes in 
human lung adenocarcinoma (LUAD) compared to 
normal samples was evaluated in The Cancer Genome 
Atlas (TCGA, http://cancergenome.nih.gov) using 
UALCAN (http://ualcan.path.uab.edu/) web tool. It 
should be noted that between the two predominant 
NSCLC histological phenotypes including 
adenocarcinoma and squamous cell carcinoma, we 
chose the adenocarcinoma because of our cell line. 
The analysis was carried out on 515 primary tumors 
of LUAD and 59 normal samples from TCGA. The 
expression of the gene of interest is provided as 
transcripts per million via Box and whisker plot. 
Moreover, the T-test was done via a PERL script with 
Comprehensive Perl Archive Network (CPAN) module 
“Statistics::TTest” (http://search.cpan.org/~yunfang/
Statistics-TTest-1.1.0/TTest.pm) in order to evaluate 
the significance of difference in mRNA levels between 
primary tumors of LUAD and normal samples from 
TCGA (10). Additionally, the correlation among 
genes was evaluated in the LUAD samples from 
TCGA database using the gene expression profiling 
interactive analysis (GEPIA, http://gepia.cancer-pku.
cn/) (11). The correlation coefficients (R value) were 
interpreted as follows: 0.00-0.1 indicates a negligible 
relationship; 0.1-0.39 indicates a weak relationship; 
0.4-0.69 indicates a moderate relationship; 0.7-0.89 
indicates a strong relationship; 0.9-1 indicates a very 
strong relationship (12).

The prognostic significance of the genes of interest in 
the human LUAD was evaluated using an online Kaplan-
0Meier plotter (www.kmplot.com) which includes the 
microarray gene expression data and clinical survival data 
from the Cancer Biomedical Informatics Grid (caBIG, 
http://cabig.cancer.gov), the Gene Expression Omnibus 

(GEO, https://www.ncbi.nlm.nih.gov/geo/) and TCGA 
databases (13). According to the median value, the cases 
were classified into two risk groups, i.e. patient groups 
with higher or lower expression level of the gene of 
interest. The influence of differential gene expression on 
the overall survival (OS) and the first progression (FP) 
were determined via Kaplan-Meier curves. Of note, 
mean expression of the selected gene-probe sets was 
used when the prognostic value of metagene signatures 
was evaluated. Kaplan-Meier curves were provided with 
Hazard ratio (HR) and its 95% confidence intervals as well 
as log-rank P values. Moreover, P<0.05 were regarded to 
be statistically significant.

Statistical analysis

The statistical analysis was done via SPSS v.24.0 
(SPSS, Inc., Chicago, IL). The Kolmogorov-Smirnov 
test was performed to evaluate whether the data was 
normally distributed. Mean differences between two 
groups were evaluated using the Independent t test, 
while, in the case of more than two groups, one-way 
analysis of variance (ANOVA) was carried out. A 
P<0.05 was regarded statistically significant. The data 
were shown as mean ± SD.

Results
Ionizing radiation changes cellular morphology

A previous study demonstrated that 2 Gy/day of 
fractionated radiotherapy for 5 or 10 days could 
promote EMT phenotype in the A549 cells (6); 
therefore, we aimed to evaluate whether higher 
fractions (15 fractions) or higher dose of IR could still 
induce EMT in the A549 cells (Fig.1A). As shown 
in Figure 1B, the morphology of irradiated A549 
cells was significantly different in comparison with 
the control cells that did not receive any irradiation. 
Irradiation either fractionated (15FR) or high dose 
(6 Gy) resulted in a dramatic elongation of cellular 
shape and formation of membrane protrusions. These 
changes, which are characteristics of mesenchymal-
like phenotype indicated that IR could promote EMT 
phenotype in A549 cell line.

Ionizing radiation enhances cell motility

Previous studies linked IR with enhanced cell motility. 
Based on the available data and morphological changes 
displayed above, we hypothesized that higher dose or 
higher fractions of IR could enhance cell motility. To 
evaluate this, we carried out a wound healing assay in 
which a wound was made in a confluent monolayer of 
control and irradiated cells (Fig.1C). As seen in Figure 
1D, irradiated cells were able to refill the wounded 
area significantly faster than the control cells. 

For A549-15 FR and A549-6 Gy cells, wound closure 
was 92.71% and 77.04% of the initial size after 36 hours, 

http://ualcan.path.uab.edu/
http://search.cpan.org/~yunfang/Statistics-TTest-1.1.0/TTest.pm
http://search.cpan.org/~yunfang/Statistics-TTest-1.1.0/TTest.pm
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
http://www.kmplot.com
http://cabig.cancer.gov
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respectively; whereas, for the control cells (no irradiation), 
wound closure was only 41.80% of the wounded area 
after 36 hours. This data indicated that irradiated cells had 
a higher motility than the control cells.

Fig.1: Ionizing radiation (IR) leads to morphological changes and enhanced 
migratory capacity of A549 cell line. A. Schematic representation of 
the cell line irradiation schedule. The A549 cells were irradiated with 
either a fractionated regimen comprising a 2 Gy fraction each day for 15 
fractions (15 FR) or a single high dose of 6 Gy. B. Representative images of 
morphological alterations mediated by IR. C. Representative bright-field 
images showed that the scratches were enclosed faster in the irradiated 
cells. D. The motility of irradiated cells was statistically enhanced in 
comparison with the non-irradiated cells (****; P<0.001). The data were 
expressed as mean ± SD.

Ionizing radiation induces the migratory and invasive 
behaviors

EMT is featured with enhanced migratory and 
invasive capabilities (7). To further determine whether 
irradiated cells undergo EMT, we performed serum-
promoted migration and invasion assays via transwell 
inserts. As represented in Figure 2A and B, A549-15 
FR and A549-6 Gy cells migrated 46.67% (P=0.001) 
and 41.72%, respectively (P=0.004) that were migrated 
more than the non-irradiated cells through porous 
membrane. Moreover, the irradiated cells, A549-15 
FR and A549-6 Gy, invaded 64.78% (P<0.001) and 
45.18% (P=0.009) more than the parental cells through 
matrigel-coated membrane, respectively (Fig.2A). 
These results demonstrated that either higher fractions 
or higher dose of IR increased the migratory and 
invasive behaviors of the A549 cell line.

Ionizing radiation regulates EMT markers
To explore whether irradiation regulates the 

molecular changes consistent with EMT and CSC 
states, we performed RT-qPCR for several classic EMT/

CSC marker genes. CDH1, an epithelial state marker, 
was not significantly downregulated in the A549-15 
FR (P=0.665) and the A549-6 Gy (P=0.364); while, 
CDH2, the mesenchymal marker, was significantly 
upregulated in the A549-15 FR (P=0.024) and the 
A549-6 Gy (P<0.001, Fig.3A). The process of reduced 
expression of E-CADHERIN and increased expression 
of N-CADHERIN is referred to as ‘Cadherin switch’ 
which is considered as the EMT hallmark. We measured 
CDH2 over CDH1 ratio which could be an indicator of 
cadherin switch. This ratio in the A549-15 FR and the 
A549-6 Gy were approximately 10.59 (P<0.001) and 
8.48 (P<0.001) folds higher, respectively, than in the 
control cells (Fig.3B), emphasizing the induction of 
EMT phenotype in the irradiated cells. Moreover, EMT 
related markers including SNAI1 (A549-15 FR, A549-
6 Gy, P<0.001) and TWIST1 (A549-15 FR, P=0.036, 
A549-6 Gy, P<0.001) and CSC markers including 
CD44 (A549-15 FR, A549-6 Gy, P<0.001), PROM1 
(A549-15 FR, A549-6 Gy, P<0.001) and ALDH1A1 
(A549-15 FR, P=0.036, A549-6 Gy, P<0.001) were 
significantly upregulated in irradiated cells.

Fig.2: Ionizing Radiation (IR) increased the migratory and invasive 
capacities of A549 cell line. A. Microscopic images of migrated cells (on 
the left) and the analysis (on the right) showed the relative migration 
of A549-15 FR cells (*; P=0.001) and A549-6 Gy cells (**; P=0.004) was 
statistically more than that of non-irradiated cells. B. Microscopic images 
of migrated cells (on the left) and the analysis (on the right) showed the 
relative invasion of A549-15 FR cells (***; P<0.001) and A549-6 Gy cells 
(****; P=0.009) was statistically increased in comparison with the non-
irradiated cells.

Transcriptional expression of deregulated genes in 
human LUAD

To further assess the clinical significance of our 
data, we analyzed the correlation of expression of 
EMT related genes with clinically relevant parameters. 
Using TCGA database, we first assessed the expression 
level of these genes in the human LUAD tumor 
tissues and compared with the normal non-cancerous 
tissues. Our analyses indicated that the expression 
of all seven genes was significantly altered in the 
tumor samples in comparison with the normal tissues 
(P<0.05). Consistent with their enhanced expression 
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in the irradiated A549 cells, CDH2 (P<0.001), PROM1 
(P<0.001) and TWIST1 (P<0.001) were statistically 
upregulated in the LUAD samples in comparison with 
the normal samples; while unlike cell line data, CDH1 
(P<0.001) was significantly upregulated and CD44 
(P<0.001), SNAI1 (P=0.03), and ALDH1A1 (P<0.001) 
were significantly downregulated in the tumor tissues 
(Fig.4A-G).

Fig.3: Ionizing radiation (IR) deregulated the expression of EMT related 
genes. A. The expression levels of CDH2 (A549-15 FR: P=0.024, A549-6 Gy: 
P<0.001), CD44 (A549-15 FR, A549-6 Gy: P<0.001), PROM1 (A549-15 FR, 
A549-6 Gy: P<0.001), SNAI1 (A549-15 FR, A549-6 Gy: P<0.001), TWIST1 
(A549-15 FR: P=0.036, A549-6 Gy: P<0.001) and ALDH1A1 (A549-15 FR: 
P=0.036, A549-6 Gy: P<0.001) were significantly enhanced in the irradiated 
cells. B. The CDH2 over CDH1 ratio is enhanced (A549-15 FR, A549-6 Gy: 
P<0.001) in the irradiated cells in comparison with the non-irradiated cells. 
EMT; Epithelial-mesenchymal transition, *; P<0.05; and **; P<0.001.

Moreover, correlation among the EMT related genes 
was assessed in the LUAD samples from the TCGA 
using GEPIA. The analysis represented that there was 
a moderate and statistically significant correlation 
between SNAI1 and TWIST1 expression (R=0.48, 

P<0.001, Fig.4H). Moreover, the correlation between 
a pair of genes, including CDH2-TWIST1 (R=0.36, 
P<0.001), CDH2- SNAI1 (R=0.34, P<0.001), and 
ALDH1A1-PROM1 (R=0.34, P<0.001) were weak 
but significant. However, the correlation among other 
genes was negligible (data not shown).

These data showed that the mRNA levels of EMT 
related genes are altered in primary lung cancer patient 
tissues, suggesting the potential importance of these 
genes in lung cancer development.

Fig.4: The expression of epithelial-mesenchymal transition (EMT) related 
genes was evaluated in the human lung adenocarcinoma (LUAD) tissues 
and the normal tissues deposited in the The Cancer Genome Atlas (TCGA) 
database. The analysis was carried out on the 515 primary LUAD tissues 
and the 59 normal samples. A. CDH1 (P<0.001), B. CDH2 (P<0.001), C. 
CD44 (P<0.001), D. PROM1 (P<0.001), E. SNAI1 (P=0.03), F. TWIST1 
(P<0.001), G. ALDH1A1 (P<0.001), H. SNAI1 expression was associated 
with TWIST1 expression in the LUAD patients (P<0.001). I. TWIST1 
expression was associated with CDH2 expression in the LUAD patients 
(P<0.001). J. SNAI1 expression was correlated with the CDH2 expression 
in the LUAD patients (P<0.001). K. PROM1 expression was associated with 
ALDH1A1 expression in the LUAD patients (P<0.001).

Survival analysis of the deregulated genes in the 
human LUAD

Given the significant gene expression alterations of 
EMT related genes in the patient tumor tissues, we 
then assessed their association with survival rates of 
the LUAD patients. Survival analysis exhibited that 
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expression levels of CDH1 (P=0.7), CDH2 (P=0.85), 
CD44 (P=0.45), PROM1 (P=0.069), SNAI1 (P=0.26), 
TWIST1 (P=0.49), ALDH1A1 (P=0.67), and Cadherin 
switch (P=0.7) did not statistically correlate with 
survival of the lung cancer patients who underwent 
radiotherapy (Fig.5). 

Fig.5: The overall survival (OS) lung adenocarcinoma (LUAD) patients 
who received radiotherapy was evaluated via the Cancer Biomedical 
Informatics Grid (caBIG), The Cancer Genome Atlas (TCGA) and GEO 
databases using the Kaplan–Meier plotter. A. CDH1 (patients with high 
(35) and low (35) expression of CDH1; probe sets: 201130_s_at and 
201131_s_at), B. CDH2 (patients with high (34) and low (36) expression 
of CDH2; probe sets: 203440_at and 203441_s_at), C. CD44 (patients 
with high (35) and low (35) expression of CD44; probe sets: 204490_s_at, 
209835_x_at, 210916_s_at, 212014_x_at, 212063_at, 216056_at and 
217523_at). D. PROM1 (patients with high (35) and low (35) expression 
of PROM1; probe set: 204304_s_at). E. SNAI1 (patients with high (35) and 
low (35) expression of SNAI1; probe set: 219480_at). F. TWIST1 (patients 
with high (34) and low (36) expression of TWIST1; probe set: 213943_at). 
G. ALDH1A1 (patients with high (35) and low (35) expression of ALDH1A1; 
probe set: 212224_at). H. Cadherin switch (Patients with cadherin switch 
(335) and no cadherin switch (35); probe sets: 201130_s_at, 201131_s_at, 
203440_at and 203441_s_at).

Moreover, Kaplan-Meier analyses showed that 
elevated expression of CDH2 (with HR=1.56 and 
P<0.001), SNAI1 (with HR=1.41 and P=0.003) and 
TWIST1 (with HR=1.31 and P=0.022) significantly 
correlated with decreased OS; whereas, decreased 
expression of CDH1 (with HR=0.68 and P=0.001), 
PROM1 (with HR=0.76 and P=0.02) and ALDH1A1 
(with HR=0.71 and P=0.004) significantly correlated 
with decreased OS (Fig.6). Moreover, the survival 
analysis of Cadherin switch (a subgroup in which 
CDH1 is reduced and CDH2 is enhanced) revealed 
that this combination was statistically correlated with 
reduced OS (HR=1.53, P<0.001) in LUAD patients 
(Fig.6H).

In the FP case, higher expression of CDH2 (HR=1.88, 
P<0.001), SNAI1 (HR=1.89, P<0.001) and TWIST1 
(HR=1.76, P<0.001) were significantly correlated 
with a shorter FP survival, while decreased expression 
of ALDH1A1 (HR=0.59, P=0.001) was significantly 
correlated with a shorter FP survival (Fig.S1, See 
Supplementary On line Information at www.celljournal.
org). Altogether, these data revealed the prognostic value 
of some of EMT related genes in lung cancer.

Fig.6: The overall survival (OS) of the lung adenocarcinoma (LUAD) 
patients was evaluated in the Cancer Biomedical Informatics Grid 
(caBIG), The Cancer Genome Atlas (TCGA) and GEO databases using the 
Kaplan–Meier plotter. A. CDH1 (patients with high (359) and low (360) 
expression of CDH1; probe sets: 201130_s_at and 201131_s_at), B. CDH2 
(patients with high (359) and low (360) expression of CDH2; probe sets: 
203440_at and 203441_s_at), C. CD44 (patients with high (336) and 
low (336) expression of CD44; probe sets: 1557905_s_at, 204489_s_at, 
204490_s_at, 209835_x_at, 210916_s_at, 212014_x_at, 212063_at, 
216056_at and 217523_at). D. PROM1 (patients with high (359) and low 
(360) expression of PROM1; probe set: 204304_s_at). E. SNAI1 (patients 
with high (356) and low (363) expression of SNAI1; probe set: 219480_at). 
F. TWIST1 (patients with high (359) and low (360) expression of TWIST1; 
probe set: 213943_at). G. ALDH1A1 (patients with high (359) and low 
(360) expression of ALDH1A1; probe set: 212224_at). H. cadherin switch 
(patients with cadherin switch (359) and no cadherin switch (360); probe 
sets: 201130_s_at, 201131_s_at, 203440_at and 203441_s_at).

Discussion
Because of often asymptotic in the earlier stages, many 

cases of lung cancer patients were diagnosed at a distant 
stage. More than 50% of lung cancer at distant stage are 
treated with radiotherapy; however, the 5-year survival 
rate is 5% for these cases (14). Therefore, radiotherapy 
for these cases mainly remains palliative because of the 
intrinsic and/or acquired radioresistance (5). Identification 
of the mechanism and signaling pathway underlying 
such resistance might be crucial to find the therapeutic 
targets and develop novel therapeutic strategies to avert 

A B C
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A B C

D E F
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radioresistance and eventually enhance the survival rate 
of patients. Recently, the radioresistance phenotype has 
been ascribed to a subset of tumor cells undergoing EMT 
(15). A previous study demonstrated that irradiation of 
2Gy/day for 5 or 10 consecutive days promoted EMT 
phenotype in NSCLC cell line (A549) but not in the 
human colorectal adenocarcinoma cell line (HT-29). It 
was documented that higher fractions or higher doses 
of radiation are two strategies to improve radiotherapy 
outcome probably through reversing phonotypes that are 
ascribed to radioresistance such as EMT (16). Therefore, 
in the current study, we evaluated whether higher fractions 
or higher dosage of radiation could induce EMT in the 
NSCLC cell line, A549 Cell line. We observed that IR 
either fractionated or high dose could promote EMT 
phenotype in A549 cell line.

EMT is a complex program that enables epithelial cells to 
lose their features and acquire more mesenchymal features. 
Furthermore, EMT participates in the embryogenesis and 
the underlying mechanism is reactivated in the tumor 
progression and metastasis (7). Induction of EMT process 
regulates numerous aspects of cellular physiology, 
including cytoskeletal reorganization, cellular shape, loss 
of epithelial cell contacts, cellular polarity, development 
of cellular protrusions and induction of migratory and 
invasive capacities (17). These cellular changes are 
orchestrated via a cohort of transcription factors such as 
SNAIL, TWIST, and Zeb families (8). Many signals from 
tumor microenvironment have been identified that could 
lead to the EMT induction (18). In the current study, we 
also demonstrated that IR could promote morphological 
changes, including elongation of cellular shape, formation 
of membrane protrusions and loss of cell-cell interactions. 
These morphological changes were accompanied with 
enhanced motility of irradiated cells, a feature that plays 
a pivotal role in the cancer cell metastasis. Furthermore, 
the invasive capability of irradiated cells increased in 
comparison with non-irradiated cells. Accordingly, these 
findings were consistent with induction of Cadherin 
switch and enhanced the mRNA levels of mesenchymal 
markers (CDH2, SNAI1 and TWIST1) and CSC marker 
(CD44, PROM1 and ALDH1A1). These results were in 
consistence with previous findings that indicated that 
IR can induce an EMT state in the NSCLC cell lines (5, 
19, 20). However, a previous study indicated that carbon 
ion irradiation inhibits the invasive capacity of the A549 
cell line, demonstrating that carbon ion irradiation is 
more effective than photon irradiation in the suppressing 
the metastatic abilities of A549 cells (21). In the current 
study, we demonstrated that IR could induce Cadherin 
switch. During this switch, the transitioning cells tend 
to contact with mesenchymal cells instead of epithelial 
cells. However, the contacts between mesenchymal cells 
are weaker since the interaction between the homotypic 
N-CADHERIN is weaker than that of the homotypic 
E-CADHERIN. Thereby, Cadherin switch facilitates the 
motility and invasion (22, 23). Consistently, we showed 
that Cadherin switch is positively associated with the 

enhanced migration and invasion. As indicated, these 
processes are orchestrated by a set of transcription factors 
(22). Accordingly, we demonstrated that TWIST1, an 
EMT transcription factor that has emerged as a master 
regulator of the Cadherin switch (24-26), was significantly 
upregulated in the irradiated cells. After identification of 
the deregulated genes upon IR, their clinical relevance 
was evaluated using in silico approaches. The TCGA 
database composed 515 primary LUAD tumors and 59 
normal samples. The TCGA database analysis revealed 
that CDH1 was significantly upregulated in the LUAD 
samples. While, in vitro analysis indicated that IR did not 
statistically alter the CDH1 expression in the NSCLC cell 
line and the reduced expression of CDH1 predicted a poor 
prognosis of the LUAD patients. However, further studies 
are required to address the potential link between CDH1 
expression and prognosis of lung cancer patients who 
have undergone radiotherapy.  In line with our irradiated 
in vitro model, CDH2, was significantly upregulated in 
the LUAD samples deposited in the TCGA database and 
this upregulation predicted a poor prognosis (both OS 
and FP) of LUAD patients. Cadherin switch could also 
predict the OS of the LUAD patients. The prognostic 
value of Cadherin switch was reported for prostate cancer 
and extrahepatic cholangiocarcinoma (27, 28). Given 
to the observed correlation between mRNA levels of 
CDH2 and TWIST1 in the LUAD and normal samples, 
the same trend was observed for TWIST1. Consistently, 
another study identified that either CDH2 or TWIST1 in 
primary NSCLCs was associated with a shorter OS (29). 
Altogether, these data indicated that these biomarkers 
might have diagnostic and/or prognostic values and 
targeting of which might be a therapeutic strategy, 
particularly in the case of LUAD that harbors an activating 
mutation in KRAS. Intriguingly, it was demonstrated that 
targeting of TWIST1 has a synthetic lethal interaction 
with the frequently occurring KRAS mutation (30).

CD44 is mainly known as a CSC marker involving in 
the multiple aspects of metastasis, including proliferation, 
migration, invasion and radioresistance (31). A previous 
study, demonstrated that CD44 is up regulated in the 
NSCLC cell line that undergone EMT and radioresistance 
phenotypes (6). While the bioinformatic analysis 
indicated that CD44 is significantly downregulated in lung 
adenocarcinoma samples compared with normal tissues. 
These contradictory data indicate that radiotherapy might 
contribute in the induction of EMT or it might contribute 
in the selection of tumor cells undergoing EMT. In line 
with a meta-analysis (32), our bioinformatic data indicated 
that CD44 expression did not significantly associated 
with OS and first progression. However, several studies 
indicated that CD44 overexpression was associated with 
poor prognosis (33, 34); while, other studies demonstrated 
that downregulation of CD44 was a poor prognostic 
factor demonstrating the dual role of CD44 in cancer 
progression (35, 36). The dualistic role of CD44 might be 
due to the cell lines variations, culture condition, tumor 
microenvironment, and evaluating CD44 expression at 
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different stages of tumor progression (36). For example, 
hyaluronan (HA), one of the main elements of the ECM 
in the tumor microenvironment, in its high molecular 
weight could interact with CD44 and promote formation 
of a complex among CXCL12, CD44 and CXCR4, that 
leads to angiogenesis and tumor metastasis, whereas low 
molecular weight hyaluronan could inhibit this complex 
formation (37). Additional controversies might be due to 
alternative splicing (38, 39). Alternative splicing of CD44 
generates two families of CD44 isoforms, including: 
CD44 standard isoform (CD44s) and variant isoforms of 
CD44 (CD44v) (39). Recently, it has been identified that 
splice isoforms of CD44 have opposite functions. CD44s 
is positively correlated with CSC/EMT gene signatures, 
while the CD44v shows an inverse correlation (38, 39). 
The CD44v is the major splice isoform in the epithelial 
state of tumor cells, however the CD44v expression 
switches to that of CD44s once the epithelial cells have 
undergone EMT or CSC phenotype. The CD44 isoforms 
switching (CD44v to CD44s) is negatively regulated by 
ESRP1, a protein that is highly expressed in the epithelial 
cells (38, 39).

Conclusion
Altogether, these findings demonstrated that IR 

(either fractionated or high dose) could promote EMT 
in NSCLC cell line, A549 cell line, and EMT hallmark 
genes, particularly CDH2 and TWIST1, could function as 
diagnostic or prognostic indicators in LUAD samples.
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