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Introduction
Morbidity and mortality from lung cancer are 
ranked highest among malignant tumors. The 
American Cancer Society (ACS) 2015 annual 
report on cancer screening pointed out that lung 
cancer is the leading cause of death from cancer 
in both males and females. In 2015, there were 
222,000 new lung cancer cases, and 158,000 
cases of lung-cancer-related deaths in the United 
States. Lung cancer accounted for 27% of all 
death due to cancer.

According to the 2015 Annual Report of China 
Cancer Registration, 733,000 new lung cancer 
cases were diagnosed in China in 2011, account-
ing for 17.08% of all new cases of malignant 
tumors. The number of deaths resulting from 
lung cancer was 600,200, which was 21.68% of 
all deaths from malignant tumors.

According to the 2012 Annual Report of China 
Cancer Registration, northeast China had the 

highest lung cancer morbidity. Furthermore, lung 
cancer (morbidity and mortality) is ranked high-
est among malignant tumors in China.1 During 
recent years, despite great advancements in preci-
sion medicine and molecular-targeted therapy, 
and constant improvements in lung cancer diag-
noses and treatment methods, the 2012 Annual 
Report of China Cancer Registration still reported 
a 5-year survival rate of only 16.1% for lung can-
cer. Previous research found that the prognosis of 
lung cancer patients is dependent on the stage of 
lung cancer being diagnosed. If lung cancer is 
detected at pathological stage IB and IA, the 
5-year survival rate can be up to 67% and 57%, 
respectively, with some patients even achieving 
complete remission.2

Earlier diagnosis can therefore lead to significant 
improvements in 5-year survival rate. Recently, 
people are beginning to appreciate the role of fam-
ily genetic susceptibility. Many genes are found to 
be closely related to lung cancer susceptibility, 
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such as Ras, Myc, c-erbB-1, c-erbB-2, c-Myb, 
c-raf-1, KRAS2 and other oncogenes, as well as 
Bcl-2, c-mmyc, p53, ataxia telangiectasia mutated 
(ATM) and other tumor suppressor genes. 
Variations in the ATM gene and its encoding 
product ATM protein is found to affect the patho-
genesis, development, response to treatment, and 
prognosis of lung cancer (Figure 1). This article 
reviews recent research advances in the role of 
ATM in lung cancer.

A brief overview of the ATM gene and 
protein
The ATM gene is the pathogenic mutated gene on 
chromosome 11q22.3 that leads to a rare disease, 
ataxia telangiectasia (AT). AT was first reported 
by Louis-Bar in 1941, and therefore is also 
known as Louis-Bar syndrome. It is an autoso-
mal recessive disease that involves multiple organ 
systems and is characterized by neurodegenera-
tion, immune deficiency, cancer predisposition, 

chromosomal instability, and radiation sensitivity. 
The morbidity of this disease is about 1/40,000–
1/100,000; the pathogenesis is not yet fully under-
stood, but it is characterized by its defective 
response to DNA double-strand break (DSB).3

The ATM gene open reading frame has 9168 
nucleotides, and encodes a 350 kDa protein 
composed of 3056 amino acid residues, called 
the ATM protein.4 The ATM protein is a mem-
ber of the PI3K-like protein kinase family, which 
is a family of large proteins involved in genome 
stability, cellular responses to DNA damage, 
and cell cycle control. More than 900 regulated 
phosphorylation sites encompassing over 700 
proteins have been identified as targets for the 
ATM protein. Most of these proteins are found 
to be involved in or interact with DNA damage 
regulation.5

The main function of the ATM protein is to par-
ticipate in the regulation of the cell cycle, and to 
identify and repair DNA damage.6–8 Ionizing 
radiation can induce DNA DSB and thereby lead 
to a cascade reaction of signaling pathways, 
including recruitment of the MRE11–RAD50–
NBS1 (MRN) complex, which is essential for the 
optimal activation of ATM. ATM then becomes 
rapidly phosphorylated and induces apoptosis by 
MDM2 p53 and BAX.9,10

ATM also activates the ATM–AMPK–TSC2–
mTORC1 pathway, inducing autophagy follow-
ing exposure to reactive oxygen species (ROS). 
These divergent pathways (resulting from differ-
ent ATM subcellular localization) may explain 
some of the pleiotropic phenotypes seen in AT 
patients.11

ATM gene and the occurrence of lung cancer
In recent years, more attention has been paid to 
the role of genetic and epigenetic changes in car-
cinogenesis. The pathogenesis of most tumors is 
multifactorial – a result of the interaction between 
genetic and environmental factors. However, 
genetic changes are the most direct cause of can-
cer at the molecular level. Many researchers have 
shown that mutation and inactivation of the ATM 
gene may increase genetic instability and lead to 
disorders in the DNA DSB repair pathway, which 
affect the sensitivity of cells to ionizing radiation 
and thus enhance susceptibility to the develop-
ment of tumors.12–14

Figure 1.  Overview of the role of ATM in lung cancer.
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According to National Comprehensive Cancer 
Network (NCCN) guidelines, air pollution (espe-
cially indoor air pollution) is one of the most 
important risk factors for the development of lung 
cancer. Smoking history (both past and present) 
and exposure to second-hand smoke are also 
leading risk factors. However, not all smokers 
develop cancer. Indeed, it is estimated that only 
5–10% of past or present smokers eventually 
develop lung cancer. On the other hand, up to 
90% of lung cancers are attributable to smok-
ing.15 It is speculated that individual variation in 
susceptibility to lung cancer might be caused by 
individual variations in the genes involved in the 
DNA repair process.16 There are at least 88 poly-
morphic loci on the ATM gene, with a high num-
ber of rare variants.17 Many studies have indicated 
that the single nucleotide polymorphism of the 
ATM gene affects the sensitivity of cells to radia-
tion-induced DNA damage, which is closely 
related to cancer pathogenesis.12,13,18

Research evaluating the role of the ATM gene 
single nucleotide polymorphisms (SNPs) in lung 
cancer development has identified several ATM 
polymorphisms associated with increased lung 
cancer risk. For example, subjects with the A 
allele at the site (IVS62+60G>A) had signifi-
cantly higher risk of lung cancer compared to 
those with the G allele. Different ATM gene hap-
lotypes of the SNP sites was also associated with 
altered lung cancer risk. When the haplotypes of 
four ATM single nucleotide polymorphism sites 
(–4518A>G, IVS21–77C>T, IVS61–55T>C 
and IVS62+60G>A) were studied, GCCA (the 
most commonly found haplotype) was found to 
be associated with low risk of lung cancer, while 
the ATTA haplotype confers a higher risk. 
Furthermore, subjects that have the (NN)TA 
haplotype also had significantly increased risk of 
lung cancer compared with those without this 
haplotype.19

These results suggest that SNPs or haplotypes of 
the ATM gene play an important role in the 
development of lung cancer. A study in a 
Caucasian population20 found that homozygous 
variant genotypes of ATM08 (rs227060) and 
ATM10 (rs170548) were associated with elevated 
risk for non-small cell lung carcinoma (NSCLC) 
compared to the wild type. A matched case-control 
study of a Taiwanese population showed that 
nine ATM polymorphisms (rs189037, rs228597, 

rs228592, rs664677, rs609261, rs599558, 
rs609429, rs227062, and rs664982) were signifi-
cantly associated with lung cancer among never-
smokers, but not among smokers.21 Gene–lifestyle 
interaction was analyzed in another study of lung 
cancer risk, also in the Taiwanese population. 
Seven different SNPs of the ATM gene (rs600931, 
rs652311, rs227060, rs228589, rs227092, 
rs624366, and rs189037) were genotyped, and 
results showed that the ATM allele rs652311 may 
enhance the effect of smoking on lung cancer 
development and thereby increase lung cancer 
risk.22

Polymorphisms in the ATM allele rs189037 
(G>A) have also been shown to be predictive of 
lung cancer risk in a Han Chinese population,23 
and was associated with increased risk of lung ade-
nocarcinoma in Chinese non-smoking females,24 
as well as increased risk of head and neck 
cancer.25

However, not all studies support the association 
between ATM and lung cancer occurrence. In 
patients diagnosed with lung cancer before the 
age of 50, ATM variants in lung cancer patients 
did not differ significantly from the control sub-
jects. Moreover, multiple analyses of lung cancer 
patients who carried at least one risk allele of the 
ATM did not show significantly altered risks.26

Based on the above-mentioned studies, the role 
of ATM in the occurrence of lung cancer is still 
not completely clear and more research is needed 
in this area. If ATM polymorphism can be proved 
to have a clear relationship with lung cancer, then 
it would open up the possibility of using ATM 
gene analysis as an important diagnostic tool in 
the future to predict individual susceptibility to 
lung cancer. At-risk patients can be followed up 
to make early diagnosis possible and thereby 
greatly improve prognosis in the disease.

ATM gene and metastasis of lung cancer
ATM not only is involved in the occurrence and 
development of lung cancer, but also plays a major 
role in cancer metastasis. ATM has been shown to 
be crucial in both TNF-α- and IL-6-induced lung 
cancer metastases. IL-6 can increase the expres-
sions of MMP-3 and MMP-13 via phosphoryla-
tion of ATM. These metalloproteases (MMPs) 
facilitate cell migration and thereby promote lung 
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cancer metastasis. Inhibition of ATM abrogates 
the effect of IL-6 on lung cancer metastasis in 
vivo.27

ATM has also been suggested to be an upstream 
regulator of the TNF-α activated ERK/p38-NF-
κB pathway. Activation of this pathway increases 
expression of MMP-13 and thereby lung cancer 
metastasis. An in vivo lung cancer metastasis test 
performed in a study by Yan and colleagues 
showed that ATM depletion reduced the number 
of metastatic nodules and cancer nests in lung tis-
sues, thus verifying the critical role of ATM in 
metastasis.28 Therefore, inhibition of ATM might 
be a promising strategy for the treatment and pre-
vention of inflammation-induced lung cancer 
metastasis.

ATM gene and lung cancer treatment
At present, treatment options for lung cancer in 
the clinic are still limited to conventional chemo-
therapy and radiotherapy. At the same time, radi-
ation resistance and drug resistance of the tumor 
are the main causes of treatment failure. High 
ATM mRNA expression in tumors has been 
shown to be a negative prognostic marker in 
NSCLC patients.29 In order to improve treat-
ment outcome, it is therefore crucial to find new 
targets and treatment strategies.

Hadian and Krappmann30 found that following 
DNA DSB, ATM protein moves out from the 
nucleus, and activates ubiquitin ligase to produce 
tumor necrosis factor receptor associated factor-6 
(TRAF6) and NF-κB inhibitor ELKS. This pro-
cess leads to tumor proliferation and increase in 
the resistance of tumor cells to radiotherapy and 
chemotherapy.

Studies have shown that the lower the ATM pro-
tein expression, the higher the sensitivity to radio-
therapy.31,32 It is speculated that selective inhibition 
of ATM protein can breakdown DNA DSB repair 
barriers and cell cycle checkpoints, resulting in 
tumor cell apoptosis, and ultimately increased sen-
sitivity to radiation (radiosensitivity).

Research on radiation-induced cell death in the 
lung cancer cell-line H1299 found that MAPK14 
contributed to radiosensitization of H1299 cells 
and that ATM promoted radiation-induced 
autophagy via the MAPK14 pathway, mTOR 
pathway, and Beclin1–PI3KIII complexes.33 
However, different tissues respond to ATM 

inhibition differently. Hammond and Muschel 
suggest that rapidly proliferating cancer tissues 
are more sensitive to the effects of ATM gene 
deletion than non-cancer tissues, thus making 
ATM inhibitors promising radiation sensitizers in 
cancer therapy.34

Many other drugs, including cisplatin and met-
formin, are also known to increase radiosensitiv-
ity, and it has been proposed that the ATM 
pathway is responsible for their radiosensitizing 
effects. A study using NSCLC cell-lines found 
that cisplatin radiosensitized these cells and that 
inhibition of ATM by its pharmacological inhibi-
tors markedly potentiated this effect.35 Using a 
similar model,36 it has also been demonstrated 
that metformin at clinically achievable doses can 
inhibit NSCLC cell and tumor growth and sensi-
tize them to radiation by a sustained activation of 
the ATM–AMPK–p53/p21 pathway.

The ATM gene and protein not only have the 
potential to increase the sensitivity to radiother-
apy of lung cancer, but might also be involved in 
the complications of radiation therapy. Studies 
indicate that genetic polymorphisms in the ATM–
p53 pathway influences susceptibility to radia-
tion-induced pneumonitis. Thus genotyping p53 
and ATM polymorphisms might help to identify 
patients at high risk of developing radiation-
induced pneumonitis after receiving radiother-
apy, and actively prevent this complication from 
occurring.37

Some lung cancers develop multidrug resistance 
(MDR), which is an important problem adversely 
affecting the response to therapy and the prognosis. 
The commonly used chemotherapy agents campt-
othecin and cisplatin can upregulate expression of 
the MDR-related genes ABCG2 and MRP2. This 
upregulation is impaired by ATM and NF-κB 
inhibitors, indicating a relationship between ATM, 
NF-κB activation, and MDR formation in lung 
cancer chemotherapy, and making ATM a poten-
tial molecular target for a solution of the MDR 
problem in lung cancer chemotherapy.38

The addition of an ATM inhibitor can increase 
response to conventional cancer treatment. One 
study has shown that ATM inhibition facilitates 
the gefitinib-dependent repression of the phos-
phorylation of EGFR and/or its downstream 
factors, leading to a synergistic effect inhibiting 
cell growth and inducing apoptosis in NSCLC 
cell-lines carrying the sensitive EGFR mutation 
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when the ATM inhibitor KU55933 and the 
EGFR-tyrosine kinase inhibitor gefitinib are 
combined.39

In summary, ATM affects the prognosis of lung 
cancer and is highly involved in the response to 
conventional radiotherapy and chemotherapy. 
ATM may be not only a target for improving 
response to radiation therapy and chemotherapy 
for lung cancer, but may also predict radiation 
injury and poor prognoses. Further studies are 
needed to determine an optimal balance point 
whereby the expression level of ATM protein 
meets the needs of treatment while also only min-
imally affecting normal physiological function in 
the body.

Conclusions
Interaction between genes and the environment 
lies behind the pathogenesis of many diseases, 
including lung cancer. The challenge for modern 
medicine is to identify the subgroup in a popula-
tion at greatest risk and then prevent them from 
developing diseases.

Variations in the ATM gene and its encoding 
product, the ATM protein, are found to affect the 
pathogenesis, development, response to treat-
ment and prognosis of lung cancer. However, 
only a few of ATM’s many genetic polymor-
phisms have been explored, and other genetic loci 
and their interactions with environment and dis-
ease remain largely unknown. Further under-
standing of ATM gene polymorphisms and the 
multiple functions of the ATM protein can pro-
vide a more accurate and reliable theoretical basis 
for ATM’s role as a possible new target for the 
prediction and treatment of lung cancer.
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