IOSR Journal Of Pharmacy And Biological Sciences (IOSR-JPBS)
e-1SSN:2278-3008, p-1SSN:2319-7676. Volume 17, Issue 2 Ser. Il (Mar. —Apr. 2022), PP 01-12
www.losrjournals.Org

Genes involved in lung cancer in non-smokers associated
with radon exposure

3Julia R. Thomaz; ®Gisele P. de Vito; ‘Oderson A.S Filho; “Eliana R. Adami.
ab positivo University, Curitiba, Brazil;
¢ Center of Applied Geciences/Geological Survey of Brazil (SGB-CPRM), Curitiba, Brazil;
d University do Alto Vale do Rio do Peixe (UNIARP), Cacador and Dom Bosco University, Curitiba, Brazil.

Abstract

Tobacco exposure is the main risk factor for the development of lung cancer, however, it is known that at least
10% and 20% of diagnosed men and women, respectively, are never-smokers. In these individuals, lung cancer
has distinct genetic mechanisms compared to smokers and comprise, in most cases, driver mutations in tumor
promoting genes capable of triggering carcinogenic activity. The main genes affected in this group of individuals
are EGFR, ALK and ROS1. Currently, the main risk factor for the appearance of lung cancer in never-smokers
is the exposure to radon gas, a radioactive gas present in atmospheric air, soils, vegetation, dwellings, and other
buildings. The risk of radon is that when inhaled, it deposits directly on the lung tissue. This element and its decay
products emit alpha particles that may cause severe DNA damage and eventually lung cancer through years of
exposure. This systematic review aims to synthesize the knowledge about genetic mechanisms linked to lung
cancer in never-smokers and to gather the most recent studies on the association of radon gas with this neoplasm.
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I.  Introduction

Lung cancer is the leading cause of cancer incidence and mortality worldwide. The malignancy is
characterized as a pathology causally related to the degree of economic development, social factors, and the
lifestyle of the population of a country [1]. In Brazil, lung cancer stands as the second most commonly diagnosed
cancer in men and women, and is also the second leading cause of death [2].

Tobacco is the main risk factor for lung cancer development [3]. However, estimates indicate that 10%
and 20% of diagnosed men and women, respectively, were never-smokers [4]. Interestingly, the external variable
that has the highest isolated risk value for the occurrence of this neoplasm is the existence of an early-diagnosed
first-degree relative (< 60 years old), observed by lung cancer screening models. The existence of previous
pathologies, including pneumonia, chronic obstructive pulmonary disease, passive smoking and exposure to
asbestos and radon gas are additional factors that may increase lung cancer incidence, independently of the use of
tobacco [3,5].

Lung cancer can be divided into two histological types: Small-Cell Lung Cancer (SCLC) and Non-Small-
Cell Lung Cancer (NSCLC) [6]. NSCLC can also be classified as Large-Cell Carcinoma, Squamous Cell and
Adenocarcinoma. Importantly, about 65% of non-smokers with lung cancer are diagnosed with adenocarcinoma
[7]. Several genes are proven to be associated with this type of cancer, such as EGFR, KRAS, ALK, ROS1, BRAF,
TP53, genes in 15025 locus, among others, being the mutations in EGFR, ALK and ROS1 the most found in non-
smokers [7,8].

Exposure to ionizing radiation (alpha and beta particles, and gamma-ray) is one of the most documented
factors in clinical literature that can induce severe mutations in DNA, thus triggering the surge of tumors [9].
About 55% of the natural radiation received by humans comes from radon, a noble and radioactive gas formed by
radioactive decay of uranium and thorium in soil and rocks [9,10]7%. In fact, radon exposure is known to be the
second most important cause of lung cancer after smoking in the general population [11]. Prior studies have shown
that the possible biological mechanisms related to radon emission and lung cancer in non-smokers comprise
chromosomal aberrations, generation of reactive oxygen species (ROS), positive and negative regulation of
cytokines and protein synthesis associated with cell cycle regulation [12].

Thereby, this work thoroughly reviews the recently published scientific data that correlates radon gas
exposure, genetic modifications and lung cancer in non-smokers.

1. Methods
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The present study is a bibliographic review proposed after a thorough research of the literature addressing
the topic of lung cancer in non-smokers and its relation to radon exposure. The search was limited to studies
published from 2000 to 2020, and the articles were retrieved through the Pubmed database. Our choice of
descriptors combined terms related to lung cancer (“lung cancer”, “lung neoplasms™), non-smoking (“non-
smokers”, “never smokers”), and also related to the main genes involved in this pathology (“EGFR”, “KRAS”,
“ALK”, “BRAF”, “ROS1”, “TP53”), using the connective “AND” between the descriptors. In the search of radon-
related studies, we applied exclusively the keyword “radon exposure” with the two first descriptors, excluding the
genetic factors. Additional articles were used from the reference list of other reviews. Regarding the studies
restricted to radon exposure and lung cancer, 10 papers were included into the discussion based on the flowchart
shown in Figure 3.

I11.  Genesinvolved in Lung Cancer
3.1. EGFR

The EGFR is a membrane receptor tyrosine kinase (RTK) that belongs to the ErbB receptor’s family,
which hosts human epidermal growth factor receptors (HERS) [13]. Firstly described in 1965 by Cohen, the
EGFR’s structure has an extracellular (N-terminal) domain, a transmembrane domain and an intracellular (C-
terminal) domain. The tyrosine kinase activity occurs in the C-terminal part, while the N-terminal domain confers
ligand specificity to the ligands EGF (HERs), TGF-a (transforming growth factor «), amphiregulin and
betacellulin [14].

According to Figure 1, two main pathways related to EGFR are those guided by MAPK (mitogen-
activated protein kinase) and by PI3K (phosphatidylinositol 3-kinase) [15-17]. The MAPK proteins undergo a
phosphorylation cascade and will activate gene expression of regulatory factors for division, motility and cell
adhesion [16]. The PI3K activates serine/threonine kinase (AKT), which plays a role in metabolic regulation of
glycolytic apoptosis, cell proliferation and angiogenesis.

The EGRF’s tyrosine-kinase function may be unregulated due to oncogenic mechanisms associated with
activating mutations in EGFR gene and with overexpression of EGFR molecules in the tumor cell membranes
[18]. There are more than 200 mutations already identified in the EGFR gene. Nevertheless, exon 19 deletion and
exon 21 point mutations are the most detected. These alterations induce an activated receptor state. Such mutations
were found in samples of patients with NSCLC, especially in adenocarcinomas, hence highlighting a continuous
activity of the pathways associated with this receptor [19-21].

3.2. ALK

Anaplastic lymphoma kinase (ALK) is a transmembrane tyrosine-kinase receptor belonging to the insulin
receptor family [22]. Heparin-binding growth factors, such as Pleiotrophin (PTN) and Midkine (MK), were
previously reported as ALK’s ligand activators related to neuronal development and carcinogenesis [23,24].
Nevertheless, other studies pointed to controversial outcomes regarding these ligands. Indeed, the exact
physiological function of ALK is still poorly understood [25].

The fusion of ALK with other genes is strongly associated with the development of adenocarcinoma in
non-smokers [26,27,28]. These structural alterations occur in the short arm of chromosome 2 and generate the
fusion of exon 20 of the ALK gene with other genes, being EML4 (echinoderm microtubule-associated protein-
like 4) the most frequent one, especially in NSCLC. This restructuration creates a fusion protein, which dimerizes
to provide constant tyrosine-kinase activity. Hence, the activity of pathways related to cell proliferation will
increase, thus triggering tumor formation [28]. The main signal transduction pathways activated due to ALK
action comprise phospholipase Cy (PLCy), JAK/STAT (Janus kinase-signal transducer and activator of
transcription), PI3BK/AKT, and MAPK and GTPases signaling cascades, as shown in Figure 1. Accordingly, it is
well known that the mechanisms of action by which they operate are associated with growth, transformation and
anti-apoptotic cell signaling [29,30,31,32].

3.3. KRAS

KRAS is a proto-oncogene located downstream of the EGFR signaling pathway, which belongs to the
RAS gene family that encodes G-proteins with intrinsic GTPase activity [33]. The GTPase belongs to the
hydrolase enzyme group, whose function is to bind and hydrolyze GTP (guanosine triphosphate). In the resting
cell, RAS proteins are bound to GDP (guanosine diphosphate) and remain in their inactive state [34]. The
activation of these proteins is regulated by guanine nucleotide exchange factors (GEFs), thus allowing the
conversion of GDP to GTP [35]. Activated GTPase transmits signals from EGFR receptor activation to various
pathways that will regulate cell proliferation, growth and motility. As shown in Figure 1, the KRAS protein linked
to GTP, that is, activated, has an intrinsic activity catalyzed by GAPs (GTPase-activating proteins) that hydrolyzes
GTP into GDP, and then it returns to its inactive state. Thus, mutations in RAS proteins prevent the occurrence of
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this hydrolysis, keeping them constantly activated [36,37]. Therefore, under these conditions, there will be a
continuous stimulation of factors involved in cell proliferation, differentiation and apoptosis. Loss of intrinsic
activity and deregulation of cell proliferation signals are due to point mutations and tumors [33,38,39].

Mutant KRAS is present in about 30% of lung adenocarcinomas and is particularly affected by missense
mutations in codons 12, 13 and 61. The oncogene plays a crucial role in the growth of cancer cells and resistance
to therapy, driving the activation of signaling pathways without stimulating EGFR gene and/or HER receptors
[35,40-42].

Mutations in the KRAS oncogene are more frequently seen in adenocarcinomas in smokers (19%) than
in non-smokers (3.6%), and occur in a mutually exclusive way in relation to mutations in the EGFR gene [43].

3.4. ROS1

Similar to ALK gene, the proto-oncogene ROSL1 is also a tyrosine-kinase receptor in the insulin receptor
family [44]. The protein synthesized from this gene acts as a factor of cell growth and differentiation because it
activates several signaling pathways related to cell proliferation. Among these pathways, the ones mediated by
STAT3 (Signal Transducers and Activators of Transcription), activated after phosphorylation by ROS1, and the
PI3K/AKT pathway, stand out (Figure 2) [45,46,47]. Both are also identified in the mechanisms of action of
EGFR.

The transmembrane portion of the ROS1 receptor is generally lost in cases of rearrangements.
Consequently, the synthesized fusion protein is translocated from the plasma membrane to the cytoplasm. This
abnormal condition allows it to interact with different substrates and signaling pathways that will directly
influence cellular changes. However, some other fusion proteins still remain with the transmembrane part of
ROS1, indicating that different rearrangements can result in different cell interactions and, thus, in different signal
transductions [48,49,50].

ROS1 rearrangements are found in about 2% of NSCLC, being even more frequent in young non-
smokers with adenocarcinoma and who do not have other driver mutations in their tumors. Because of that, the
fusion of ROS1 in NSCLC tends to occur in a mutually exclusive way in relation to mutations in EGFR and
rearrangements of ALK [51,52].

3.5. BRAF

The proto-oncogene BRAF encodes a RAS-regulated kinase (rapidly accelerated fibrosarcoma) and acts
as an intercessor in the pathways of MAPK, which in turn interferes with cell proliferation and differentiation,
angiogenesis, senescence and apoptosis [53-55]. The BRAF protein has 3 domains, CR1, CR2 and CR3. The CR1
portion acts as an auto-inhibitor of the CR3 domain and has a binding region for a RAS-GTP protein. CR2 is rich
in serine and threonine residues, thereby conferring flexibility to the protein. CR3 is the domain that provides the
kinase activity and the binding of the ATP molecule and other substrates. CR3 has also a P-loop region (handle),
which is important for maintaining BRAF's inactive conformation. In the activated state, a RAS-GTP protein
interacts with the CR1 region and the BRAF is phosphorylated. Then, the proto-oncogene undergoes a
dimerization of its structure and the kinase domain is activated, leading to phosphorylation of MEK1 and MEK2,
proteins of the MAPK pathway [56-60].

Mutations in the BRAF oncogene are found in approximately 2-5% of NSCLC and can be classified into
V600E and non-V600E mutations [61]. Non-V600E mutations correspond to 50-80% of BRAF mutations and are
more frequent in NSCLC than V600 mutations [61,62,63]. Such mutations occur in exons 11 and 15, and
demonstrate low to moderate kinase activity when compared to V600E mutations [61,64,65]. According to the
study conducted by Cardarella et al. (2013), mutations in the BRAF gene occur more commonly in smokers than
in non-smokers, however, both V600E and non-V600E mutations can also be observed in non-smokers [66]. The
BRAF proto-oncogene mechanism is described in Figure 2.

3.6. TP53

TP53 is a gene that encodes the tumor suppressor p53, a protein capable of activating DNA repair,
interrupting the progression of the cell cycle and inducing apoptosis through transcriptional activation of the tumor
suppressor gene p21 [67-70]. The suppressor p53 plays a key role in both cell cycle and transcription factor, and
regulates several genes in response to cell injuries, such as DNA damage and activation of oncogenes [71,72].

TP53 mutations are present in approximately 50% of NSCLC. Such mutations occur from genomic
instabilities of aneuploidies, presence of missense mutations, in addition to massive amount of somatic mutations.
As the tumor advances, these somatic mutations are accompanied by loss of heterozygosity (LOH) [71,73-75].
When there is loss of cellular programming, the mutations can result in uncontrolled cell proliferation and
carcinogenesis [76,77]. Most of these mutations occur in the DNA-binding domain (DBD) and promote loss of
protein activity [78].
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Interestingly, p53 tumor suppressor can be stabilized by three pathways (Figure 2). The first one
comprises the response to DNA damage caused by ionizing or ultraviolet radiation involving both ATM kinases
(ataxia-telangiectasia mutated) and Chk2 (checkpoint kinase 2). ATM Kkinases are essential for cell replication,
being activated in the S phase of the cell cycle. Chk2, a stable protein expressed throughout the cell cycle, is
activated through phosphorylation mechanisms by the ATM axis [79-82]. The second pathway comprehends the
p14ARF protein, which consolidates the p53 through the HDMZ2 binding, keeping it in the nucleoli. Within it, p53
is fostered by modified growth signals [83,84]. The third pathway is conducted by ultraviolet light,
chemotherapeutic drugs and protein kinase inhibitors, including a serine/threonine-protein kinase (ATR) [85].

P53 degradation occurs from ubiquitin-mediated proteolysis. Ubiquitin acts as a marker that promotes
the detection of p53 by protein degradation machinery, which is controlled by the MDM2 oncogene, whose
function is to modulate the p53 tumor suppressor activity. The binding between the protein and p53 promotes the
addition of ubiquitin groups, hence inducing the degradation of p53 [86].
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Figre 1 — Scheme representing the mechanism of ALK, EGFR and KRAS pathways.
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Figure 2 - Scheme representing the mechanism of ROS1, TP53 and BRAF pathways.

V. Radon

Smoking is the main risk factor for lung cancer. However, studies revealed that exposure to radon gas
can be considered one of the major threats to the increased incidence of this cancer among non-smokers [87-90].
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There is still no clear evidence on the health effects caused by radon exposure in the short term, but at longer
periods, there is strong evidence of its relation with lung cancer [9,91].

Radon is a noble, radioactive, colorless, and odorless gas. As a naturally occurring material, radon is
originated from the decay of uranium and thorium, and is found in soil and rocks, from which it diffuses into
nature through porous and fractures. Being denser than air, radon is easily found in the lower layers of the
atmosphere, and is deposited on vegetation, plantations, soils, buildings and natural watercourses [9,10,92].
According to the International Commission on Radiological Protection (ICRP), approximately 55% of the
incidence of radiation during human lifetime comes from radon and its decay products. Further, the International
Agency for Research on Cancer (IARC) recognizes radon as a Class | carcinogen for humans [9].

The radiation from this compound emits alpha particles, the ones with less ability to penetrate skin among
ionizing radiation. However, if the radiation-emitting material is inside the body, similar to an inhalation process,
its lack of penetration will also be active, thus preventing it from leaving the body [9,92].

Biological mechanisms related to radon exposure may increase the risk of genetic mutations,
chromosomal changes and deregulation of proteins associated with the maintenance of the cell cycle [93,94]. The
ionizing radiation emitted by alpha particles induces the oxidation of DNA bases and generates single-strand
(SSBs) and double-strand (DSBs) breaks. Evidences suggest that the injuries caused by these particles are
mediated by reactive oxygen species (ROS) that can increase oxidative stress and, consequently, induce
inflammatory processes and directly reach the cell nucleus [95-97].

The exposure of an individual to radon is closely related to the concentration levels found within the
residences and buildings where they live or frequent. Such concentrations are dependent on the possible amount
of uranium in the soil around the establishment, the presence of cracks in the walls and floors and the way the
residence is ventilated. Although the World Health Organization (WHQO) recommends a maximum concentration
of radon of 100 Bg/m3 in air, findings reveal that an increased risk of developing lung cancer cannot be rule out,
even at concentrations below those established [9,11].

V.  Results and Discussion
As shown in Figure 3, from 64 studies that integrated the variables “lung cancer”, “exposure to radon” and “non-
smokers”, only 10 had similar objectives to the present study, and were selected for discussion (Table 1).
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Figure 3 — Flowchart summarizing the bibliographic research and the study selection method
Table 1 — Studies selected for discussion.

Authors,Year Locality Type of Lung cancer Range or average of Radon
[reference] Study population studied ~ Concentration (Bg/m?®)
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Thompson et al., 2008  Massachusetts (USA)  Case-control ~ Smokers, non- 61.6t0176.8
[98] smokers and former
smokers
Tagaetal., 2012 [108]  Missouri (USA) Case-control ~ Non-smokers and -Mutations +Mutations
former smokers Median 63.7 Median 46.5
IQR 30.5-94.1 IQR 37.0-57.4
Grundy et al., 2017 Alberta (Canada) Cohort Smokers and non-  Avrg 71.0
[99] smokers
O Torres-Daran et al.,  Galicia, Asturias  Case-control ~ Non-smokers NI
2014 [100] (Spain) 114,7 GM
Torres-Diran et al., Galicia (Spain) Case-control  Non-smokers Cases: Controls:
2015 [102] Median 187 Median 149
Range 11t0 2350 Range 18 to 1084
Ruano-Ravina et al., Galicia (Spain) Case-control ~ Non-smokers Median 182
2016 [107] Range 11-2350
IQR 103.5-333
Lorenzo-Gonzalez et  Spain Case-control  Non-smokers NI
al., 2019 [101] 114,7 GM
Casal-Mourifio et al.,  Spain Case-control ~ Non-smokers 186 (available for
2020 [103] 306 patients)
Choi etal., 2017 [109]  South Korea Analytic Non-smokers Median 61 Nation-wide GM
Range 22.8-163.6 43,3
Limetal., 2019 [106]  South Korea Analytic Non-smokers Median 48 Nation-wide GM
43,3

NI: not informed; avrg: average; GM: geometric mean; IQR: interquartile range; “-Mutations”, means no
mutations in EGFR receptor; “+Mutations” means mutations in EGFR receptor.

() The author did not inform the range neither average but presented 4 classes of study: < 100; 101-147; 148-199;
> 200 Bg/m*. GM value retrieved from the webpage of Galician Radon Laboratory (http://radon.gal/radon-en-
galicia/tablas-de-medicions/).

The study carried out by Thompson et al. (2008) aimed to establish the chances of developing lung cancer
associated with exposure to radon. The authors divided the cases (n = 200) and controls (n = 397) into 3 groups
according to the smoking history: non-smokers, smokers and ex-smokers, with only 15 of the cases of non-
smokers. The average concentrations of residential radon varied between 61.6 and 176.8 Bg/m3. The statistical
data analysis revealed that as the radon concentration increases up to 150 Bg/m3, the chances of lung cancer
decrease significantly with adjusted odds ratio (AOR) ranging from 0.75 to 0.36 (95% CI), from the concentration
“<25 Bg/m*” to “<250 Bq/m*”, all statistically significant (p <0.1). Thus, these findings confirmed that there was
a reduction in the probability of occurrence of this neoplasm after the exposure to radon. Notwithstanding that, as
the authors themselves reported, these results differed considerably from previously published studies, in addition
to not having independently exposed AORs of non-smokers [98].

In contrast, Grundy et al. (2017) evaluated the attributable risk of lung cancer for the population of
Alberta, Canada, after residential exposure to radon. The authors considered populations of smokers and non-
smokers, and obtained an average residential radon concentration of 71.0 Bg/m3. Considering 1,952 studied cases,
the attributable risk reached an average of 16.6% when not related to smoking. However, when the smoking
history was examined, a higher estimate was obtained for non-smokers (24.8%, n = 195) when compared to
smokers (15.6%, n = 1,757). Proportionally, more non-smoking patients developed lung cancer due to radon
exposure than smokers. Yet, in absolute numbers, of the 324 cases attributed to radon exposure, 48 were non-
smokers and 274 were smokers. Thus, the authors stated that the discrepancy between both groups is because
approximately only 10% of lung cancer cases occur in non-smokers, making it impossible for the number of cases
between these categories to be equal [99].

The case-control study performed by Torres-Duaran et al. (2014) evaluated the influence on non-smokers
and a possible interference of secondhand smoke in the effects of residential radon exposure. All cases included
(n = 192) were non-smoking individuals. According to the results, the risk of developing lung cancer in non-
smokers increased when they were exposed to concentrations > 200 Bg/m3 (OR of 2.42, at 95% CI 1.45-4.06).
This result corroborates with the hypothesis that the radon concentration needed to promote lung cancer in non-
smokers must be higher than that in smokers, since smoking and radon have additive effects, therefore creating
conditions that, even in lower concentrations, this neoplasm can occur. Furthermore, lung cancer risk increases
for non-smokers exposed to tobacco smoke through cohabitation with smokers for more than 20 years when radon
concentrations are higher than 200 Bg/m® (OR of 1.83, 95% CI 1.01-3.30). In conclusion, the association of
secondhand smoke with exposure to radon is capable of further intensifying the risk of developing lung cancer in
non-smokers [100].
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Lorenzo-Gonzalez et al. (2019) conducted a similar study as Torres-Duran et al. (2014) [101] about lung
cancer in non-smokers, but with a considerably higher number of cases (n = 489). The authors demonstrated that
concentrations higher than 200 Bg/m3 increase the risk for lung cancer development (OR of 1.73, 95% CI, 1.27-
2.35). Further, adenocarcinoma was the most frequent histological type (73.9%), and the residences of the
individuals with this type of cancer had an average radon concentration of 160 Bg/m3. Comparatively,
concentrations of 150 and 109 Bg/m3 were associated with residences of patients that developed squamous cell
carcinoma and large cell carcinoma, respectively. The categories “small cell carcinoma” and “other unusual
histological types” obtained average concentrations even higher than that of adenocarcinoma, equivalent to 187
and 207 Bg/mg, respectively, which is, however, of little relevance, as they correspond to only 7.1% and 6.7% of
the cases. This research not only demonstrated a strong association between exposure to radon and lung cancer,
but also specified adenocarcinoma as the most frequently diagnosed histological type related to the neoplasm
[101].

Moreover, a previous study performed by Torres-Durdn et al. (2015) exhibited the prevalence of
adenocarcinoma in dwellings with higher radon concentrations. The average residential radon concentration of
189 Bg/m?3 was calculated in households of individuals with adenocarcinoma, against 173 Bg/m3 in the residences
of individuals with small cell carcinoma and 109 Bg/m? for those with large cell carcinoma. These findings are
similar to that found by Gonzélez et al. (2019) [101]. However, the category “squamous cell carcinoma” had an
average radon concentration of 223 Bg/m3, higher than that observed in adenocarcinoma. Despite that, the only
statistical significance refers to dwellings of individuals with adenocarcinoma, with an OR of 2.19 (95% CI 1.44-
3.33) at a concentration equal or higher than 200 Bg/m?3 [102], which is in accordance with Gonzélez et al. (2019)
[101].

Torres-Durén et al. (2015) also investigated the association of exposure to high radon concentrations
with the advent of lung cancer at younger ages. Individuals with cancer under 50 years had an average exposure
to the gas of 346 Bg/m?3 versus 164 Bg/m?3 in patients aged 61-70 years old. Remarkably, these results suggest a
cumulative effect of exposure to high radon concentrations over time, being a factor responsible for the early
appearance of cancer [102].

Recently, Casal-Mourifio et al. (2020) developed a multicentric case-control study with 369 cases of lung
cancer in non-smokers. 79% of them were women with an average age of 72 years. Adenocarcinoma was the most
frequent histological type, representing 80% of the total cases, which corroborates with the results already
described [101,102]. The research aimed to assess the survival rates of lung cancer in non-smokers considering
several variables, including the effect of exposure to residential radon. From a univariate descriptive analysis, the
authors obtained an average survival considering three situations: one, three and five years from the diagnosis.
The average concentration of residential radon was 186 Bg/m3, being part of the range of 100-299 Bg/m3, which
had an average survival of 18.8 months. In the interval of 300-599 Bg/m3, they observed a survival of 14.6 months.
However, for exposures greater than 600 Bg/ms3, the survival was 21.6 months. Despite the result was not
discussed, the authors demonstrated that patients exposed to concentrations between 300 and 599 Bg/m3 have
lower survival rates for 3 and 5 years after diagnosis, being 23 and 14%, respectively. The presence of specific
mutations in the tumor of 152 patients was also evaluated, of whom 130 (85.5%) expressed EGFR mutations, 21
(13.8%) ALK mutations, and 1 (0.7%) had detectable BRAF mutations. The study concluded that the presence of
these mutations is associated with a higher survival rate when compared to individuals who do not have them, a
hypothesis supported by similar results obtained by Vifiolas et al. (2017) and Liu et al. (2017) [103-105].

Lim et al. (2019) investigated the mutational pattern of tumors in 41 non-smokers with adenocarcinoma
exposed to residential radon. The average concentration of radon was 48 Bqg/m3, therefore, two groups were
separated according to this value: those exposed to concentrations higher than 48 Bg/m? and less than 48 Bg/m3.
The tumor mutation burden (TMB) was measured based on the number of somatic missense mutations per
megabase in the target region. It was observed that the patients exposed to concentrations greater than 48 Bg/m3
obtained a TMB value significantly higher than individuals in the group exposed to less than 48 Bg/m3 (4.94 Mb
vs 2.62 Mb). No difference was found in radon concentration among patients with EGFR mutations. Meanwhile,
TP53 mutations were more common in the group exposed to higher concentrations. Lastly, the authors reported
that the cumulative effect of radon over time may contribute to an increase in TMB in non-smokers with lung
cancer [106].

Ravina et al. (2016) also sought to relate residential exposure to radon to mutational patterns in non-
smokers, especially in the EGFR and ALK genes. The study comprised 323 cases, of which 209 were selected for
EGFR sequencing and 80 for ALK analysis by FISH (Fluorescence in situ hybridisation). The EGFR was mutated
in 42% of the patients, in which deletion of exon 19 was the most frequent mutation, with 56.3% of the cases
against 39.1% of point mutations in exon 21. Patients who presented mutation in exon 19 were exposed to
residential radon concentrations almost twice as high as those with mutations in exon 21 (216 Bg/m3 versus 118
Bg/ms3). Despite this, the mean radon concentration found in individuals with EGFR mutations was 160 Bg/m?
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versus 174 Bg/m? in those who did not have this mutation. Additionally, the residential radon concentrations
between these two groups were 100-306 Bg/m3 and 95-295 Bg/m3, respectively [107].

Thus, it was not observed an association between the level of residential radon and alterations in the
EGFR gene. Then, the study suggested that residential radon may induce molecular changes in driver genes of
non-smoking patients, precisely because of the action of alpha radiation from this gas. In turn, higher exposures
to radon will not necessarily be related to mutations in the EGFR gene. Regarding ALK, only 15% of the analyzed
individuals had rearrangements on this gene, and a much higher radon concentration was detected in the residences
of these patients, in comparison to others who did not have this translocation (290 Bg/m? vs 165 Bg/m?3). However,
the authors claimed that the small cohort might have played a role in the low frequency of ALK rearrangements
(only 12), therefore making it more difficult to find any significant associations [107].

Taga et al. (2012) evaluated the existence of a potential association between exposure to radon,
secondhand smoking and the presence of EGFR mutations in non-smokers and ex-smokers with lung cancer. In
terms of changes in exons within EGFR mutations, the results were similar to those of Ravina et al. (2016) [107].
Among 105 analyzed cases, the frequency of the EGFR mutation was 41%, with alterations in exons 19 and 21.
However, the hypothesis of the relationship between high exposures to radon and the increased probability of
mutations in the EGFR gene was not confirmed. Moreover, the research demonstrated that the frequency of these
mutations may be higher in individuals exposed to lower concentrations of radon (23% between 4.8-33.3 Bg/m?)
when compared to those exposed to higher concentrations (9% in > 82.7 Bg/m3) [108].

The main limitations of the study are the relatively small sample size and the low concentrations of radon
attributed to the research (4.8 to > 82.7 Bg/m?3) [108]. Conversely, Ravina et al. (2016) [107] reported a much
higher exposure in never-smokers (100 - 306 Bg/m3) and showed a relatively equal frequency of patients with
EGFR mutations (42%) when compared to Taga et. al (2013) (41%) [108]. However, this divergence can be
explained based on the different geographical location in which each work was performed. As shown in Table 1,
Ravina et al. (2016) [107] evaluated a region already known for being a radon prone area, which is evident in their
measurements.

For the last selected paper, Choi et al. (2017) developed an exploratory research to identify the genetic
changes induced by radon exposure and its potential risk of causing cancer in non-smokers. They analyzed tumor
tissue, normal tissue and blood samples from 19 patients with non-small cell lung cancer. Adenocarcinoma was
the most common histological type in the group. The study sought to sequence mutations of both somatic and
germ lines, and 760 single nucleotide variants (SNVs) were detected in exon sequences in the germ line. In
addition, 68 somatic mutations were identified in 38 genes, being EGFR (37%) and TP53 (21%) the most frequent
ones, which corroborates with Lim et al. (2019) [106]. Regarding the residential radon concentration, the measures
ranged from 22.75 to 163.6 Bg/m3 in the individuals analyzed. Nevertheless, no influence of radon concentration
with the different patterns of genetic changes was observed in these patients. Finally, the authors reported the
inadequacy of the small sample size and confirmed the need for further studies to prove or not this influence [109].

VI.  Conclusions

The findings provide strong evidence for increased lung cancer risk after residential exposure to radon
in non-smokers. The most common genetic mutations found in non-smokers are in the EGFR, ALK and TP53
genes. Although present in non-smokers, the BRAF and KRAS genes are more frequent in smokers. Besides,
exposure to radon may have a cumulative effect over time, thus constant exposure to high concentrations of this
gas can lead to the early appearance of cancer. Adenocarcinoma was the most common histological type found in
the studies. Lastly, we understand that three core measures are imperative to make national and regional health
policies more effective regarding prevention and awareness of the population about residential radon: mapping of
radon-prone areas; calculation of lung cancer incidence caused by radon; and mitigation acts. These measures are
able to point out where attention should be given and would help to improve clinical and infrastructure of oncology
treatment centers.
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