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Abstract
Introduction: The inactivation of both alleles of the ATM gene leads to ataxiatelangiectasia syndrome, whereas carriers of monoallelic mutations in
the ATM gene are associated with increased risk of different types of cancer.
Three substitutions in the ATM gene (c.6095G>A, c.7630-2A>C, c.5932G>T)
are the most common mutations causing ataxia-telangiectasia among Polish
patients. The aim of this study was to determine whether these ATM mutations are associated with increased risk of tobacco-related cancers.
Material and methods: 783 Polish patients with tobacco-related cancers
were included in the study (468 with lung cancer, 153 with a single laryngeal cancer, 86 with multiple primary tumors localized in the larynx and 76
multiple primary tumors localized in the head or neck). The control group
consisted of 464 healthy subjects from the Polish population. Three ATM mutations – c.5932G>T, c.6095G>A, c.7630-2A>C – were tested among selected
patients. Molecular analyses were performed using high resolution melting
analysis and restriction fragment length polymorphism.
Results: In the present study, we detected only one mutation, c.7630-2A>C,
and no carriers of c.5932G>T, c.6095G>A mutations in the ATM gene among
Polish patients with tobacco-related cancers. A patient with c.7630-2A>C
mutation was diagnosed with lung adenocarcinoma, the most common type
of lung cancer. One carrier of c.6095G>A mutation was found in the control
group.
Conclusions: The results indicate that the studied ATM variants do not seem
to be associated with tobacco-related cancers in Poland.
Key words: ATM mutations, Polish population, tobacco-related cancers.

Introduction
Mutations of DNA repair genes may be associated with impaired
carcinogen-induced DNA damage repair and thus may influence the individual risk of cancer. One of the genes involved in the DNA repair
process is the ataxia-telangiectasia mutated gene (ATM). ATM kinase is
involved in maintaining genome integrity and stability. The ATM protein
plays an important role in the repair of DNA double-strand breaks and
is involved in cell-cycle regulation and apoptosis. Homozygous or compound heterozygous mutations in the ATM gene are responsible for pro-
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gressive neurodegenerative, autosomal recessive
disorder – ataxia telangiectasia (AT). The risk
of developing cancer in AT patients is higher
compared to individuals in the general population. Among AT patients, the most common types
of cancers are leukemia and lymphoma. Moreover,
monoallelic mutations in the ATM gene are associated with increased risks of developing cancer.
There is evidence for an increased risk of breast
cancer among heterozygous ATM mutation carriers [1]. Both family-based and population-based
approaches indicated that carriers of some ATM
variants have moderate breast cancer risk. Prior studies also revealed an association between
monoallelic mutations and increased risks of gastric cancer [2]. Moreover, it was also shown that
mutations in the ATM gene predispose to hereditary pancreatic cancer [3, 4], whereas loss-of-function mutations were identified in patients with
prostate cancer [5].
Head and neck cancers and lung cancers remain
a major health problem worldwide and are caused
by the interaction between genetic susceptibility
and environmental influences. Alcohol consumption and tobacco use are the two most important
risk factors for these types of cancer. Cigarette
smoke activates ATM through its phosphorylation
on Ser1981 and histone H2AX phosphorylation as
a result of carcinogenic DNA double-strand break
formation (DSB) [6].
In our previous study it was shown that the
heterozygous p.I171V mutation of the NBN gene,
involved in DSB repair, may contribute to laryngeal cancer (OR = 11.70) and multiple primary
tumors (OR = 28.35) [7]. We observed a significantly increased risk of lung cancer for carriers of
the p.I171V variant (OR = 7.76) [8].
The current study aimed to determine whether the most frequent ATM mutations may predispose to tobacco-related cancers in Polish patients.
Three ATM mutations – c.5932G>T, c.6095G>A,
c.7630-2A>C – were tested among 468 patients
with lung cancer, 153 with a single laryngeal cancer, 86 with multiple primary tumors of head and
neck, and 464 healthy individuals from the Polish
population.

Material and methods
Patients
The cohort of patients with tobacco-related
cancers was recruited in the Department of Thoracic Surgery of the University of Medical Sciences
in Poznan (Poznan, Poland). All of the studied subjects were of Caucasian ancestry from the Great
Poland region of Poland. Blood samples were collected from 783 Polish patients: 468 with lung
cancer (LC), 153 with a single laryngeal cancer

(LyC) and 86 with multiple primary tumors but one
malignancy (primary or second primary) localized
in the larynx (MPT-LyC) and 76 multiple primary
tumors (MPT) localized in the head or neck. Almost
all cancer patients had positive history of tobacco
smoking. The detailed characteristics of LC cases
and MPT-LyC/MPT patients were presented in our
previous studies [9–11]. Most of the LC patients
were male (69%), with median age of 63.5 years
(range: 51–78 years). Almost all LC cases were
non-small cell lung cancer. Squamous cell carcinomas occurred in 208 patients (46%), adenocarcinoma in 185 cases (41%). None of the LyC
patients with a single laryngeal cancer developed
any second primary tumor during the 5-year observation period. All LyC cases were squamous
cell carcinomas. All patients were adult men aged
41–81 years. The cohort of MPT-LyC/MPT patients
fulfilled all the Warren and Gates criteria. In all
MPT-LyC patients the index or the second tumor
was laryngeal cancer, whereas in MPT patients
the index or the second tumor was localized in
the head and neck region, excluding the larynx.

Controls
Overall 464 anonymous blood samples were
used as population controls. This group consisted
of individuals for screening check-up in hospital
or healthy blood donors with negative history of
medical illnesses. Efforts were undertaken to frequency-match cases by ethnicity, age and sex.
Most of them were male (72%), with median age
of 55 years (range: 35–80 years).
The study was conducted with the approval of
the Central Ethical Committee of the Ministry of
Health, Poland, in accordance with the tenets of the
Helsinki Declaration. All patients signed informed
consent forms.

Molecular analysis
DNA was extracted from blood samples using
the columns provided in the QIAamp DNA Blood
Mini Kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer’s instructions.
ATM mutations (c.5932G>T, c.7630-2A>C) in
exons 42 and 54 were assessed by restriction
fragment length polymorphism (RFLP) analysis
of polymerase chain reaction (PCR) products,
using MseI and AluI restriction enzymes (Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA),
respectively. The genomic DNA was amplified
using a previously reported primer set, flanking exons 42 and 54 of the ATM gene. In both
cases, PCR reactions were performed in a total
volume of 25 µl containing 2.5 µl of 10X PCR
buffer with 15 mM MgCl2 (Sigma-Aldrich, St. Louis, MO, USA), 5 pM of each primer, 2 mM of each
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deoxynucleotide triphosphate (dNTP; SigmaAldrich, Steinheim, Germany), 1 unit of Taq DNA
polymerase (Sigma-Aldrich, St. Louis, MO, USA)
and 25 ng of DNA template. Amplification conditions involved initial denaturation for 300 s at
95°C, followed by 35 cycles of 20 s at 95°C, 20 s
at 57°C and 60 s at 72°C, with a 600 s final extension at 72°C. Next, 10 µl of the PCR products
were digested for 16 h at 37°C, and analyzed by
electrophoresis on a 2% agarose gel, in the presence of ethidium bromide.
The c.5932G>T mutation creates the MseI restriction site. After digestion of the 232 bp PCR
product containing mutation, MseI endonuclease produces three restriction fragments, 159 bp,
40 bp and 33 bp. The endonuclease AluI recognizes
the AG↓CT sequence, cleaves the PCR fragments
containing the mutation c.7630-2C and generates
213, 61, 7-bp fragments, whereas the wild-type PCR
fragments are cleaved in three restriction sites and
four bands are observed (143, 70, 61, 7-bp).
The third mutation, c.6095G>A, in exon 43 of
the ATM gene, was analyzed using a high-resolution melting (HRM) assay. Each 20-μl reaction volume comprised 25 ng of purified genomic DNA,
10 μl of reaction mix (Type-it HRM PCR, Qiagen
GmbH, Hilden, Germany), 3.0 mmol/l MgCl2 and
0.1 μmol/l of each primer (forward: 5′-GTGGTGGAGGGAAGATGTTA-3′ and reverse: 5′-TGCTTCGT
GTTCATATGTTCG-3′). The HRM-PCR cycling and
melting conditions were as follows: 95°C, 300 s;
40 cycles of (95°C, 10 s; 55°C fluorescence reading,
10 s; 72°C, 15 s). The HRM analysis was performed
from 65°C to 95°C with gradual temperature increments of 0.1°C/s. Reactions were processed using
the CFX96 real-time PCR system (Bio-Rad, Hercules,
USA). All of the samples were tested in duplicate
and control samples were included in each run.

Results
The c.5932G>T, c.6095G>A, c.7630-2A>C mutations in the 42, 43 and 54 exons of the ATM gene
were analyzed in patients diagnosed with tobacco-related cancers (n = 783) and in healthy controls (n = 464).
The c.7630-2A>C mutation was identified only
in 1 patient and in none of the control samples,
while the c.5932G>T mutation was found neither
in patients with tobacco-related cancers nor in
controls. The c.6095G>A mutation was detected
in one control sample.
The results of the RFLP, HRMA and sequencing
analyses performed on the relevant samples are
presented in Figure 1.

Discussion
Environmental factors such as cigarettes, alcohol, or environmental pollutants can be the cause
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of lesions in the DNA sequence [12]. However, in
human cells several repair systems protect the genome and the DNA damage is corrected using various mechanisms, such as DSB repair, nucleotide
excision repair (NER), mismatch repair (MMR),
or base excision repair (BER) [13]. However, mutations in the DNA repair genes impair the DNA
repair system and as a result can increase the risk
of cancer development.
Several genes involved in the DNA repair process have been studied in a wide range of cancers in Polish patients. So far, only a few genes
involved in BER (MPG gene) and NER (ERCC4
gene) as well as DSB (XRCC1, RAD51, NBN genes)
repair systems have been examined among Polish patients. Chorazy el al. detected a few genetic
variants in genes involved in repair of alkylated
purines in the coding sequence of the MPG gene
and in the enhancer of the MGMT gene in 33 nonsmall-cell lung cancer patients [14]. Szyfter et al.
reported a statistically significant difference in
frequency of genotypes 35931AC and 22541CA in
XPD between controls and primary head and neck
cancer subjects (OR = 0.49; 95% CI = 0.29–0.85;
p = 0.010) and primary cancer subjects compared with multiple cancer patients (OR = 2.30;
95% CI = 1.21–4.37; p = 0.009) [15]. On the other
hand, it was found that polymorphisms in other
repair genes such as XRCC1 and ERCC4 are not
associated with smoking and drinking in larynx
cancer patients [16]. Morawiec-Szpondera et al.
suggested that the rs1801320 variant (substitution of G to C at position 135 in 5ʹ untranslated
region) of the RAD51 gene may be associated with
smoking- and drinking-related larynx cancer in
Poland [17]. We found that a mutation in a gene
involved in DSB repair, p.I171V of the NBN gene, is
associated with laryngeal cancer (OR = 11.70) and
multiple primary tumors (OR = 28.35) and we also
observed a significantly increased risk of lung cancer for the p.I171V variant (OR = 7.76) [7, 8].
In the Polish population the contribution of mutations in the ATM gene to head and neck and
lung cancer development remains unexplored. To
our knowledge, this is the first report in which mutations in the ATM gene were analyzed in parallel among three groups of tobacco-related cancer
patients. This approach provided an assessment
of the potential role of the ATM gene in cancer development in the Polish population.
Among Polish ataxia-telangiectasia patients
a few recurring mutations were found in the ATM
gene [18, 19]. Three of the mutations – c.6095G>A,
c.7630-2A>C and c.5932G>T – were the most frequent. Among 51 AT families, studied in the Institute of Human Genetics Polish Academy of Sciences, these mutations account for 35% of all
detected ATM mutations. The mutation at position
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Figure 1. A – High resolution melting analysis and sequencing corresponding to the c.6095G>A variant. Red curves
indicate GG genotype, green curves show heterozygous state (GA). In DNA sequencing plots variants are indicated
by an arrow. B – Restriction fragment length polymorphism analysis and sequencing of the c.7630-2A>C variant.
Stars indicate patients’ mutant allele. C indicates control sample. In DNA sequencing plots variants are indicated
by an arrow

5932 changes a GAA codon into a UAA, resulting
in the premature termination codon and protein
truncation. The second mutation at position 6095
is a substitution of the last nucleotide of exon 43
and changes guanine to adenine. This mutation
results in the deletion of exon 43, caused by defective splicing. The third mutation, c.7630-2A>C,
alters the splice-acceptor site from exon 54 and
results in a deletion of exon 54. All three mutations
impair the kinase catalytic domain.
Several studies have indicated an association
between the Polish recurring mutations and cancer
development in the Polish population. Bogdanova
et al. showed that c.5932G>T mutation is a predisposing breast cancer susceptibility variant in populations of Belarus, Russia, Ukraine and Poland [20].
A mutation at position 6095 was found in families
with hereditary breast and ovarian cancer [21].
Moreover, c.6095G>A mutation was identified in
patients with hereditary pancreatic cancer [3].

In addition, epidemiological studies confirmed the
association between various ATM polymorphisms
and different cancer risks, including lung cancer
and head and neck cancer. Lo et al. found that nine
ATM single nucleotide polymorphisms (rs189037,
rs228597, rs228592, rs664677, rs609261, rs599558,
rs609429, rs227062, and rs664982) increase the
risk for lung cancer among never smokers [22].
A meta- analysis confirmed that ATM rs189037 polymorphism is associated with risk of head and neck
cancer and lung cancer [23].
In the present study, no carriers of c.5932G>T,
c.6095G>A ATM mutations were found. Only one
out of 783 patients with c.7630-2A>C mutation
was detected (Figure 1). In the control group none
of the c.5932G>T, c.7630-2A>C mutations were
detected, but the c.6095G>A mutation was identified once (Figure 1).
Mutation c.7630-2A>C in exon 54 was identified in a female patient with lung cancer. In this

Arch Med Sci 5, August / 20211161

M. Podralska, A. Dzikiewicz-Krawczyk M. Mosor, M. Żurawek, K. Iżykowska, R. Słomski, M. Rydzanicz, P. Gabryel, W. Dyszkiewicz,
I. Ziółkowska-Suchanek

case, tumor was diagnosed at age of 69 and
was classified as adenocarcinoma. The pathologic stage of the tumor was defined as low grade
(TNM classification: T1b, N0, M0). The patient has
smoked for nearly 49 years (one pack of cigarettes
per day). No other concomitant disease was diagnosed. Moreover, other cancers were observed
among relatives. The woman’s sister had ovarian cancer, and prostate cancer was diagnosed in
the patient’s father. The observed familial aggregation of cancer diseases suggests a common underlying genetic determinant of susceptibility to
these diseases.
Based on this research, it can be concluded that
studied mutations may have no influence in occurrence of head and neck cancer and lung cancer in Polish patients. There are some limitations
to the current study that need to be addressed.
The number of patients is limited, but the groups
were very accurately selected and the history
of the diseases and also exposure to tobacco and
other noxious substances were collected in detail.
It is possible that the association between ATM
mutations and risk of head and neck cancer and
lung cancer may be left out in a relatively small
group of cases. The lack of evidence of the common ATM gene mutations in this preliminary study
should be verified in replication studies. Depending on genetic heterogeneity of various cancers
and population diversity, prospective studies with
larger groups of patients may reveal the possible
impact of the ATM gene in cancer occurrence.
In summary, it is known that genes which are
not directly associated with cancer could modify
cancer risk together or in combination with other factors. Taking this fact into consideration,
patients with family history of multiple cancers
should be especially screened for detection of ATM
mutation carriers or low/moderate penetrance
susceptibility allele variants in other genes. These
ATM and other genes molecular variants may be
interdependent predictors of phenotype in cancer
diseases and should be considered in future studies concerning the development of gene-based
prognostic scores for multiple cancers.
In conclusion, our study suggests that c.6095G>A,
c.7630-2A>C, c.5932G>T ATM mutations have no
influence on the occurrence of head and neck cancer and lung cancer in Polish patients.
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