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ATM induces radioresistance of non-small cell lung 
cancer A549 cells by downregulation of MDMX  

INTRODUCTION 

Radiotherapy is one of the most widely used 
management modalities for non-small cell lung 
cancer (NSCLC) (1). Unfortunately, the treatment 
outcomes in some patients are not satisfactory. 
Tumor radioresistance leads to a reduction in 
the efficiency of radiation therapy with                      
corresponding tumor metastasis and/or                  
recurrence (2, 3). Therefore, it is very important to 
study the cellular mechanisms leading to            
radioresistance and to discover potential            

therapeutic targets, which might improve the 
efficacy of radiation therapy (4).  

 Ataxia-telangiectasia mutated (ATM), a             
serine/threonine-protein kinase, functions as a 
transducer of the DNA damage signal to the 
downstream molecules involved in the                 
Homologous recombination repair (HRR)-
mediated double-strand breaks (DSBs) repair 
pathway(5). ATM hyperphosphorylation activates 
the downstream molecules, such as p53 and      
murine double minute 2(MDM2), etc., which 
leads to cell cycle arrest.[6] The important role of 
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ABSTRACT 

Background: Tumor radioresistance leads to a reduction in the efficiency of 
radiation therapy. It is very important to explore the cellular mechanisms 
leading to radioresistance and to find potential therapeutic targets, which 
might improve the efficacy of radiation therapy. This study was to investigate 
the role of ataxia-telangiectasia mutated (ATM) and murine double minute X 
(MDMX) in radioresistance in non-small cell lung cancer A549 cells and their 
corresponding mechanisms of action. Materials and Methods: Non-small cell 
lung cancer A549 cells were irradiated with X-rays in the presence or absence 
of ATM inhibitor. Cell survival, cell apoptosis, cell proliferation, mRNA of ATM 
and MDMX, and protein expression of ATM, MDMX, γ-H2AX, Caspase3, and 
Beclin1 were measured. Results: After the inhibitor (KU60019) treatment 
combined with X irradiation, the A549 cells showed a significant decrease in 
colony formations compared to the group received irradiation alone. The 
MDMX knockdown A549 cells showed a significant increase in colony 
formations compared to the control group. ATM downregulated the 
expression of MDMX after irradiation treatment in A549 cells. Irradiation led 
to a significant increase in γ-H2AX expression, but MDMX knockdown 
decreased the γ-H2AX expression after irradiation. The change of Caspase3 
expression was the same as γ-H2AX. Irradiation led to a significant increase of 
Beclin1 expression and MDMX knockdown increased the Beclin1 expression 
after irradiation. Conclusion: This study indicated that ATM induced 
radioresistance through downregulating the expression of MDMX, which was 
at least partly associated with the activation of autophagy and the decrease 
of DNA damage in A549 cells. 
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ATM in the response to radiation is strengthened 
by ATM-deficient human cell lines (A-T cells), 
which are sensitive to ionizing radiation (7). In 
other words, ATM-wild/rich cells may display 
radioresistance (8). Murine double minute X 
(MDMX) resembles MDM2 at the N-terminal p53
-binding and the C-terminal ring finger domains. 
Like MDM2, MDMX binds to p53 and inhibits its 
functions (9). Recent findings suggest that MDM2 
and MDMX are specific independent therapeutic 
targets for activating wild-type p53. Thus,              
anti-cancer approaches that target both MDM2 
and MDMX should be considered as a means of 
cancer treatments (10). 

As both ATM and MDMX functioned through 
regulation of p53, we hypothesized that there 
may be some relationships between ATM and 
MDMX in producing radioresistance in NSCLC 
(11). However, there are no reported studies on 
investigating the relationships between ATM and 
MDMX in NSCLC. Thus, to explore the                   
mechanisms of ATM modulating the                         
radioresistance through MDMX in NSCLC is              
novel and very important. This preliminary 
study aimed to investigate the mechanisms of 
ATM regulating MDMX in inducing                           
radioresistance in non-small cell lung cancer 
A549 cells. 
 
 

MATERIALS AND METHODS 
 

Cell culture and reagents  
 Non-small cell lung cancer line A549

(obtained from  American Type Culture                
Collection, ATCC) was cultured in RPMI 1640 
medium(Gibco, Grand Island, NY, USA) under 
conditions of 5 % CO2 in an incubator                   
(LWSE-350, Hanzhou, China) at 37°C. KU60019 
was purchased from Sigma-Aldrich Co. and was 
dissolved in 100% DMSO (dimethyl sulfoxide, 
Sigma-Aldrich Co.) and stored at −20°C.  

 
Irradiation of cells 

Cells were exposed to 6MV X radiation by  
using Elekta Synergy Linear Accelerator.  

Different radiation doses (3Gy/min) was           
applied to all groups. After irradiation, the           
culture medium was changed immediately. 
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Clonogenic formation assay 
A549 cells were seeded onto six-well dishes 

(Thermo Fisher Scientific Inc, USA). After                
overnight culture, the cells were treated with 
KU60019 (5μmol/L) (12) or control for 24 h. 
KU60019 is the ATM inhibitor and the                   
experiment dose was referred to Tang’s study 

(12). Cells were then irradiated at a dose of 0, 2, 4, 
6, and 8 Gy with 6-MV X-rays, 3.0Gy/min. The 
cells were then cultured in a 5% CO2 incubator at 
37 °C for 7 days. The colonies were fixed and 
stained with crystal violet (Sigma-Aldrich Co. 
USA) for counting the number of colonies. The 
number of colonies containing at least 50 cells 
was determined, and the surviving fractions 
were calculated. 

 
Flow cytometric analysis of apoptosis  

A549 cells were irradiated at a single dose of 
4 Gy after treatment with Ku60019 (5μmol/L) or 
control for 24 h. Apoptosis of cells was detected 
by flow cytometry (BD FACSCalibur, USA). 5 μL 
Annexin V/FITC (Abcam, USA) and 10μL 20μg/
mL propidium iodide (PI, Abcam, USA) were 
added to the tube. 

 
Quantitative RT-PCR 

Total RNA was extracted using TRIZOL                 
reagent (Invitrogen, USA) from non-small lung 
cancer cell pellets according to the reagent               
instructions. An equal amount of RNA (10 μg) 
was reversely transcribed into cDNA by reverse 
transcriptase according to the protocol. ATM, 
MDMX and GAPDH (glyceraldehyde 3-phosphate 
dehydrogenase) were then amplified by                 
quantitative real-time PCR by using the following 
primers: ATM: forward: 5′-AAC ATA CTA CTC 
AAA GAC ATT CCT GTC TC-3′, reverse: 5′-AAA 
ATG TCT TTG AGT AG T ATG CCT GTC TC-3′; 
MDMX: forward: 5′-CAGCAGGTGCGCAAGGTGAA-
3′, reverse: 5′-CTGTGCGAGAGCGAGAGTCTG-3′; 
GAPDH: forward: 5′-TGAAGGTCGGAGTCAACGG-
3′, reverse: 5 -CTGGAAGATGGTGATGGGATT-3′. 
These specific primers were designed and                
synthesized by Shanghai Jikai Gene Chemical 
Technology Co., Ltd (Shanghai, China). Gene             
amplification was performed in a real-time PCR 
system (Thermo Fisher Scientific Inc, USA) by 
using the SYBR Green master mix (Thermo            
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Fisher Scientific Inc, USA). The mixture was            
preheated for 10 min at 95℃and followed by 50 
cycles of amplification (30 s at 95℃ and 1 min at 
58℃, respectively). The Ct value of each sample 
was calculated, and the relative mRNA                     
expressions of ATM and MDMX were normalized 
to the GAPDH (Ct method). 

 
Western blot analysis 

Western blot was performed according to the 
protocol. The cell proteins were separated by 
SDS-PAGE (sodium dodecyl sulfate                             
polyacrylamide gel electrophoresis, Sigma-
Aldrich Co., USA) and then transferred onto                 
nitrocellulose membranes (Sigma-Aldrich Co., 
USA). The membranes were incubated with              
primary antibodies at 4℃ overnight, including 
monoclonal antibodies against GAPDH (dilution 
1:4000, Santa Cruz Biotechnology, USA),                 
monoclonal antibodies against ATM, MDMX,              
γ-H2AX, Caspase3 and Beclin1 (dilution 1:100, 
Santa Cruz Biotechnology, USA). The membranes 
were incubated at room temperature for 2 h 
with HRP(horseradish peroxidase)-conjugated 
goat anti-mouse or goat anti-rabbit IgG                   
antibodies (Sigma-Aldrich Co., USA) after three 
washes with TBST (Tris buffered saline with 
Tween-20, Sigma-Aldrich Co., USA). Molecular 
Images ChemiDoc XRS+ imager with image lab 
software (Bio-Rad Laboratories, Inc., USA) was 
applied to visualize the intensity of protein 
bands. 

 
Transfection  

The expression of MDMX was down-regulated 
by cloning MDMX-shRNA cassette in the pTRIPZ 
lentiviral system (Applied Biosystems, USA). The 
viral particles were generated by co-transfecting 
the recombinant MDMX-shRNA-pTRIPZ                    
constructs and packaging plasmids in HEK293FT 
cells. Further, Non-small cell lung cancer line 
A549 was transduced. The stable selection was 
performed by using a puromycin selection mark-
er. The expression for shRNA was induced after 
72h of treatment by doxycycline, the protein  
levels of MDMX were evaluated by western blot. 
A non-targeting oligonucleotide sequence was 
cloned as the control group.  

 

Soft agar assay 
The soft agar assay was done according to the 

protocol. Cancer cells were mixed with 0.3% 
agarose (Sigma-Aldrich Co., USA) and plated            
onto a 0.5% agarose underlay (1×104 cells/well 
in six-well plates). The number of foci >100 μm 
was calculated after 2 weeks.  

 
Statistical analysis 

All statistical analyses were performed using 
SPSS19.0 (IBM Corp., Armonk, NY, USA) and 
GraphPad Prism version 5 (GraphPad Software, 
Inc., USA). Statistical significance was                    
determined with the unpaired Student's t-test. 
P<0.05 was considered statistically significant.  

 
 

RESULTS 
 

ATM inhibitor and MDMX affecting the              
radioresistance of A549 cells  

The cells exhibited a decrease in their ability 
to forming colonies after radiation. After the 
ATM inhibitor treatment (KU60019) combined 
with X irradiation, the A549 cells showed a                
significant decrease in colony formations               
compared to the group received irradiation 
alone (figure 1A). The shMDMX (MDMX                    
knockdown) A549 cells showed a significant  
increase in colony formations compared to the 
control group (figure 1B).  

 

MDMX downregulation by ATM  
As shown in figure 2, ATM downregulated the 

expression of MDMX after irradiation treatment 
in A549 cells, but the reduction could be            
prevented when treated with the ATM inhibitor 
(KU60019) combined with X irradiation.  

 

MDMX affecting the apoptosis and cell                
proliferation  

The flow cytometric analysis showed that 
MDMX knockdown significantly inhibited the 
apoptosis of A549 cells after irradiation (figure 
3A, 3B). Irradiation decreased the colony                
number of A549 cells. MDMX knockdown plus 
irradiation significantly increased the colonies 
as compared to the irradiation group (figure 3C, 
3D).  

https://careers-en-biorad.icims.com/jobs/intro
http://www.sciencedirect.com/science/article/pii/S0014482713004709#f0025


Western blot analysis of the effects of shMDMX 
on A549 cells 

In this study, we performed western blot to 
explore the relationship between MDMX and 
some other downstream proteins in inducing 
radioresistance in A549 cells. 

As shown in figure 4, irradiation                        
downregulated the expression of MDMX. MDMX 
knockdown led to the most reduction of MDMX 
protein expression in A549 cells. Irradiation led 
to a significant increase in γ-H2AX expression, 
but MDMX knockdown decreased the γ-H2AX 

expression after irradiation in A549 cells, which 
indicated that MDMX knockdown decreased the 
radiation induced DNA damage. The change of 
Caspase3 expression was the same as γ-H2AX, 
which indicated that MDMX knockdown                    
decreased the radiation induced apoptosis.              
Irradiation led to a significant increase of               
Beclin1 expression. MDMX knockdown                      
increased the Beclin1 expression after                        
irradiation, which indicated that MDMX                
knockdown might increase autophagy after         
irradiation in A549 cells.  
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Figure 1.  Cell survival fraction versus irradiation dose for A549 cells. *P<0.05, compared between these two groups. 

Figure 2.  ATM and MDMX expression in A549 cells. (A) Irradiation increased the mRNA expression of ATM compared to the  
control group, but the inhibitor(KU00619) treatment combined with irradiation significantly inhibited the increase of ATM mRAN 
expression(*P<0.05,compared to other groups); on the other hand, the change of MDMX mRNA expression was opposite to ATM

(#P<0.05,compared to IR+KU00619 group). (B, C) Expressions of ATM and MDMX protein changed the same as the mRNA                
expression.  

Figure 3.  The effects of MDMX on apoptosis and 
cell proliferation. (A, B) Flow cytometric analysis 

showed that MDMX knockdown inhibited                 
apoptosis of A549 cells after irradiation (*P<0.05, 

compared to the irradiation group). (C, D) Soft 
agar assay showed that irradiation could                    

successfully reduce the number of colonies in 
A549 cells. The combination of MDMX knockdown 

and irradiation together significantly increased 
the colonies as compared to the irradiation group 

(*P<0.05). 

http://www.sciencedirect.com/science/article/pii/S0014482713004709#f0025


Xing et al. / ATM induces radioresistance by downregulation of MDMX  

839 Int. J. Radiat. Res., Vol. 18  No. 4, October 2020 

DISCUSSION 

Lung cancer is the leading cause of cancer 
death worldwide. Non-small cell lung cancer 
accounts for approximately 80% of all lung          
cancers. About forty percent of all cases present 
with advanced stages, and many of them will be 
considered inoperable (13). Radiation therapy is 
recommended for the treatment of those                 
patients in the palliative setting and for                  
definitive management of unresectable non-
metastatic disease either alone or with                    
concurrent chemotherapy (1). Long term                
exposure to irradiation usually induces an    
adaptive response in the cancer cells, which            
results in tolerance to subsequent radiation 
treatment with the generation of radioresistant 
residual cells that increase the risk of tumor  
recurrence, metastasis and negatively                  
prejudices survival outcomes (14). Therefore, it is 
of vital importance to eradicate these                        
radioresistant residual cells. 

ATM, which is a sensor of DNA damage, plays 
a key role in the phosphorylation of p53 and 
DNA-PKcs(15), both of which are vital regulators 
in the repair of irradiation-induced DNA DSBs. 
ATM kinase inhibition sensitized cells to                   
irradiation(16). Because of its similarity with 
Mdm2 and its ability to inhibit p53-induced 
transcription after overexpression, MDMX was 
hypothesized to act as a novel negative regulator 
of p53 (17). There were reports indicated that 
both MDM2 and MDMX are required to inhibit 

p53 activity in the same cell type, which                     
confirmed the notion that MDM2 can not                   
compensate for MDMX loss(17). In our study, we 
investigated the relationship between ATM and 
MDMX in inducing radioresistance in non-small 
cell lung cells. As shown in Figure 1, MDMX 
knockdown increased the colony formation  
compared to the control group after irradiation. 
Previous reports showed that MDMX                           
overexpression inhibits oncogene-induced            
senescence program and MDMX can regulate 
FL118 (a camptothecin analogue)-induced cell 
killing through the p53 pathway (18). Inhibiting 
the negative regulators MDMX and MDM2         
stabilizes p53 and can potentiate radiotherapy 
outcomes (19). These results suggested that 
MDMX plays a role in the process of radiation 
induced DNA repair. To further investigate the 
relationship between ATM and MDMX in A549 
cells after irradiation, we examined ATM and 
MDMX expression by RT-PCR and western blot. 
The results showed that ATM induced                    
radioresistance through downregulating the            
expression of MDMX (figure 2) and ATM                 
modified MDMX by affecting the cell apoptosis 
and cell proliferation (figure 3). It could be               
concluded that ATM induced radioresistance at 
least partly through downregulating the                    
expression of MDMX. 

Subsequent biological experiments indicated 
that MDMX knockdown significantly inhibited 
the apoptosis of A549 cells and increased the 
colonies as compared to the irradiation group. 
These results further confirmed that MDMX             
involved in the radioresistance in A549 cells              
after irradiation. To evaluate the possible                   
mechanism by which MDMX promotes                    
radioresistance, the expression levels of γ-H2AX, 
Caspase3 and Beclin1 were detected by western 
blot. It is known that γ-H2AX is a surrogate 
marker of radiation induced DSBs and is one of 
the most sensitive and selective biomarkers of 
DNA damage (20). Caspase3 serves as an                 
executioner of apoptosis and mainly contributes 
to cell apoptosis. Besides apoptosis, it may affect 
the efficiency of current cancer treatment 
through promoting cell proliferation in           
chemo- or radiotherapy resistant cancer cells (21). 
Beclin1 is an important regulator of autophagy 

Figure 4. MDMX, γ-H2AX, Caspase 3 and Beclin1 protein            
expression in A549 cells. 
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activation and has a key role in autophagy. The 
Caspase-mediated cleavage of Beclin1 can             
promote crosstalk between apoptosis and              
autophagy. Beclin 1 and Caspase involved in 
cross-regulations between apoptosis and         
autophagy (22). 

 

 

CONCLUSION  
 

Taken together, our study indicated that   
ATM induced radioresistance through                   
downregulating the expression of MDMX, which 
was at least partly associated with the activation 
of autophagy and the decrease of DNA damage 
in non-small cell lung cancer A549 cells.               
However, for it was a preliminary report, further 
studies on these two mechanisms by which ATM 
and MDMX are involved in the generation of           
radioresistance in non-small cell lung cancer and 
other cancer types are required. 
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