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Background: This study aimed to observe the association between trace element concentrations in lung 
tissue from lung adenocarcinoma cancer (LADC) patients and mutations in the epidermal growth factor 
receptor (EGFR) and KRAS genes.
Methods: LADC patients who had undergone lung resection were included in this study. Furthermore, 
twenty patients without lung cancer were included in this study as the control group. Samples were 
separately collected from both tumor and peritumor tissues. The mutational status was assessed for EGFR 
mutations, ALK rearrangements and KRAS mutations. Based on these analyses, patients were grouped into 
three groups: EGFR mutation, KRAS mutation and wild-type groups. The concentrations of various trace 
elements in the lung tissues were measured by a particle-induced X-ray emission (PIXE) system, and the 
results were analyzed for statistical significance.
Results: A total of 110 LADC patients were included in this study. The median age was 70 years, and 
60% of the participants were female. Moreover, 18% and 20% of patients were EGFR- and KRAS-
positive, respectively. Thirty-two trace elements were measured, and 18 trace elements were detectable. The 
concentrations of Fe, Co, Ni, Cu, Zn and Br were significantly higher in the KRAS mutation and wild-type 
groups than in the control group regardless of whether the samples were from tumor or peritumor tissues. 
For these 6 trace elements, the concentrations were significantly higher in smokers than in non-smokers. 
Considering the effect of smoking, differences in the trace element concentrations between each mutational 
group remained.
Conclusions: Trace elements in the lung may play a role in development of LADC in both smokers and 
never-smokers. However, prospective studies with larger sample sizes are needed to support this hypothesis.
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Introduction

Lung cancer mortality is the leading cause of cancer death 
in both men and women worldwide (1). Non-small cell lung 
cancer (NSCLC) represents 85% of all lung cancers and has 
a 5-year survival rate of 4% in patients with metastasis (2). 
This situation has been improved by development of driver 
mutations in tumor and molecular targeting therapy adapting 
these mutations (3-6). Epidermal growth factor receptor 
(EGFR), v-Ki-ras2 Kirsten rat sarcoma viral oncogene 
(KRAS), and anaplastic lymphoma kinase (ALK) are the most 
commonly mutated oncogenes that serve as genetic drivers 
involved in the pathogenesis of lung cancer. Several selective 
EGFR tyrosine kinase inhibitors (TKIs) and an ALK 
inhibitor are effective as targeted therapies in patients who 
harbor those driver mutations (5,7). According to guidelines, 
mutation analysis of both EGFR and ALK is recommended 
regarding cost-effectiveness of genetic screening (8). 
Both EGFR mutations and ALK rearrangements play an 
important role in carcinogenesis through their involvement 
in the modulation of several pathways, including cell 
proliferation, apoptosis, and neovascularization pathways, via 
activation and/or enhancement of tyrosine kinase activity (9).  
However, the mechanism of tumor formation harboring 
driver mutations is currently unclear.

The epidemiology of lung cancer in patients without a 
history of smoking is still unknown, but some risk factors 
have been well determined, including passive exposure 
of tobacco smoke and working in certain occupations. 
Exposure to some environmental elements plays an 
important role in development of lung cancer. Previously 
published studies have suggested that radon is an element 
that correlates the risk factor for lung cancer in never-
smokers (10,11). However, clear mechanism of development 
of lung cancer by radon has not been elucidated.

Previous research findings have indicated that the 
molecular profile of lung cancer varies according to 
carcinogen exposure history; therefore, the biological 
pathways of lung cancer in never-smokers are different from 
those in ever-smokers (12,13).

Trace elements are one of the risk factors of some kinds 
of cancers. A full understanding of trace element speciation, 
localization and function under various pathophysiological 
conditions is becoming increasingly important for 
understanding disease mechanisms and determining novel 
diagnostic, prognostic, and therapeutic targets for breast 
cancer (14). Urinary trace elements in patients with renal 
cell carcinoma differ from those in healthy individuals (15). 
Little is known about the beneficial or harmful relationships 

between trace element levels and cancer.
This study used particle-induced X-ray emission 

(PIXE) to detect trace elements in surgically resected 
lung adenocarcinoma cancer (LADC) tissues and healthy 
control tissues (Figure S1). PIXE analysis has been used in 
the investigation of the elemental nature of complicated 
structures, such as human tissue sections, and provides 
elemental composition and trace concentrations for most 
elements with high sensitivity. We reported that PIXE 
analysis is a powerful tool for the elemental analysis of tissue 
samples (16-18).

Thus, we sought to determine whether there is an 
association between trace element concentrations in the 
lung tissue of patients with EGFR or KRAS mutations.

Methods

Patient population

Between January 2013 and December 2016, 1,157 patients 
who had undergone surgical resection at Iwate Medical 
University Hospital were screened.

All primary diagnoses were reviewed by experienced 
pathologists at each site according to the World Health 
Organization (WHO) nomenclature for adenocarcinoma. 
Specimens chosen for analysis were from patients with 
a confirmed diagnosis of LADC and tumors measuring 
greater than 20 mm, and tumor regions having more 
than 70% tumor cells were utilized. Data collected from 
each case including age, sex, smoking history, and tumor-
node-metastasis (TNM) stage. Formalin-fixed paraffin-
embedded (FFPE) clinical tissue blocks were corrected for 
immunohistochemistry (IHC) and mutational status analyses. 
Based on hematoxylin and eosin staining, an additional block 
with less than 5% tumor cellularity from the same patient 
diagnosed with a tumor was used as the peritumor sample. 
Tissues from 20 patients with nonmalignant diseases (e.g., 
pneumothorax) were used as controls.

This study was conducted according to the provisions 
of the Helsinki Declaration and approved by the Ethics 
Committee at the Iwate Medical University School of 
Medicine (H26-70), and all participants signed written 
consent forms before participating in the research.

Mutational status analysis

Tumor samples from the enrolled patients were collected. 
Tumor tissues were obtained as FFPE samples in 5-μm-thick 
sections on glass slides from patients whose samples were 
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available. For KRAS and EGFR gene mutation analyses, 
the tissues were removed from the slides by scraping, and 
DNA was extracted from the tissues. KRAS mutations of 
codons 12 and 13 were detected using the Scorpion-ARMS 
method (19). The EGFR gene status was analyzed using the 
cycleave PCR method for exon 18 G719X, exon 20 T790M, 
and exon 21 L858R/L861Q and the fragment method for 
exon 19 deletion (other than the PNA-LNA PCR clamp 
method) (20). ALK fusion protein status was analyzed using 
a Histofine® ALK detection kit (Tokyo, Japan).

Based on these analyses, patients were grouped into 
three groups, which included the EGFR mutation, KRAS 
mutation and wild-type groups, for triple negative EGFR 
mutations, ALK rearrangements and KRAS mutations.

PIXE analysis

Untreated organ samples weighing less than 50 μg were 
placed on a backing film (4-μm-thick Proline film) and 
fixed with 1% collodion solution, and the samples were 
quantitatively analyzed based on the standard-free method 
for untreated organs.

A 2.9 MeV proton beam extracted from a cyclotron 
at Nishina Memorial Cyclotron Center (NMCC) was 
transported to a PIXE vacuum chamber in a PIXE 
room and irradiated the targets. Emitted X-rays were 
simultaneously measured with two Si (Li) detectors. X-ray 
absorbers (300-μm-thick Mylar films) were used for the No. 
1 detector, while an X-ray collimator consisting of graphite 
with an aperture of 1.5 mm in diameter was placed directly 
in front of detector No. 2 to adjust the counting rate of the 
X-rays. The typical beam current in the vacuum chamber 
was approximately 70 nA, and the spot size of the beam 
was 5 mm in diameter. A more detailed description of the 
arrangement is provided in a previous publication (21).

Statistical analysis

For all experiments, statistical analysis was performed using 
Prism 7.03 software (GraphPad Software, CA, US). P values 
were determined using the Kruskal-Wallis test and Mann-
Whitney test. For all comparisons, P<0.05 was considered 
statistically significant.

Results

This study included 110 patients with LADC; 66 patients 
(60%) were females, and the median age of the patients was 
70 years (range, 45–96 years). All patients were Japanese. 
Twenty samples from patients with a noncancerous disease 
(e.g., pneumothorax) were used as a control and compared 
with LADC samples. Twenty samples from patients having 
EGFR mutations restricted to exon 19 deletion and L858R 
point mutation and thirty-two samples from patients 
harboring KRAS mutations were collected for this study, 
and detailed mutational types of KRAS mutations are shown 
in Table S1. A detailed description of patient characteristics 
is shown in Table 1.

Figure 1 shows concentrations of trace elements in 
tumor tissue, peritumor tissue and control samples. 
The concentrations of a total of 32 trace elements were 
evaluated, and the concentrations of 14 out of the 32 trace 
elements were less than detection sensitivity.

Table 1 Patient characteristics

Characteristics
Control 
(n=20)

LADC all 
(n=110)

EGFR 
mutation 

(n=20)

KRAS 
mutation 

(n=32)

Wild 
type 

(n=58)

Age (years), 
median [range]

63 
[27–79]

70 
[45–96]

70 
[50–80]

71.5 
[60–86]

73.5 
[54–85]

Sex

Female 9 66 13 11 42

Male 11 44 7 21 16

Smoking history

Never 10 60 20 10 30

Ever/current 10 50 0 22 28

Stage

1/2 – 97 19 31 47

3/4 – 13 1 1 11

EGFR mutation

Ex19 – 14 14 0 0

Ex21 – 6 6 0 0

Negative – 90 0 32 58

ALK rearrangement

Positive – 0 0 0 0

Negative – 110 20 32 58

KRAS mutation

Positive – 32 0 32 0

Negative – 58 0 0 58

NA – 20 20 0 0

LADC, lung adenocarcinoma cancer; NA, not applicable.
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Figure 2A shows trace element concentrations in the 
control and LADC tumor samples grouped by EGFR 
mutation, K-Ras mutation, and wild type from lung cancer 
without driver mutations. The concentrations of 6 trace 
elements, including iron (Fe), cobalt (Co), nickel (Ni), 
copper (Cu), zinc (Zn) and bromine (Br), were significantly 
higher in the KRAS mutation group and wild-type group 
than in the control group but were not significantly different 
in the EGFR mutation group. Similarly, the concentrations 
of those 6 elements in the peritumor tissues that are 
supposed to be influenced by environmental exposure were 
significantly higher in the KRAS mutation group and wild-
type group compared with the control group. Only Co was 
significantly higher in the EGFR mutation group than in 
the other groups among the peritumor samples (Figure 2B).

Next, we focused on the effect of smoking on tumor 

and peritumor tissues in terms of the 6 previously 
mentioned trace elements (Fe, Co, Ni, Cu, Zn and Br) 
because smoking affects some trace element concentrations 
(22,23). The concentrations of these 6 trace elements were 
significantly increased in the KRAS mutation group and 
the wild-type group compared with the control group. The 
concentrations of these trace elements were significantly 
higher in samples from patients with a smoking history than 
in samples from patients without a smoking history both in 
tumor (Figure 3A) and peritumor tissues (Figure 3B). These 
data show the relationship between smoking history and 
trace element concentrations.

Based on these data, we analyzed trace element 
concentrations in tissues from patients with smoking 
history or not. In non-smokers, the concentrations of trace 
elements in the EGFR mutation, KRAS mutation and wild-
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Figure 1 Amount of trace elements in the tissues of LADC patients and control patients. LADC, lung adenocarcinoma cancer.
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Figure 2 Comparison of trace element levels between LADC patients and control patients. (A) Illustrates the concentrations of Fe, Co, Ni, 
Cu, Zn, and Br measured in tumor tissues; (B) illustrates the concentrations of these elements in peritumor tissues. Each point illustrates an 
individual sample value, and the bold horizontal line in each group plot depicts the mean for each population. Asterisks indicate statistically 
significant differences compared to the control group (*P<0.05). Fe, iron; Co, cobalt; Ni, nickel; Cu, copper; Zn, zinc; Br, bromine; PPM, 
parts per million; LADC, lung adenocarcinoma cancer.
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Figure 3 Trace elements in specimens of LADC patients exhibit significant differences between smokers and non-smokers. (A) Tumor 
tissues; (B) peri-tumor tissues. Data are presented as the mean ± SEM. Fe, iron; Co, cobalt; Ni, nickel; Cu, copper; Zn, zinc; Br, bromine; 
PPM, parts per million; SEM, standard error of the mean; LADC, lung adenocarcinoma cancer.
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type groups frequently increases compared to those in the 
control group. The difference between EGFR and K-RAS 
or wild type disappeared (Figure 4). However, in smokers 
group, excluding patients with EGFR mutation who were 
non-smokers, the concentrations of these trace elements 
were significantly higher in the KRAS mutation and wild-
type groups than in the control group in both tumors 
and peritumor tissues (Figure 5). These data suggest that 
smoking have more effect on tumor and peritumor tissue 
than the mutation status.

Discussion

To the best of our knowledge, this is the first study to 
evaluate trace element in tumor and peritumor tissue of 
lung cancer patients with driver mutations or not. Before 
initiation of this study, we had speculated that elemental 
findings might help elucidate etiology of driver mutations. 
In this study, it was found that increase of trace element is 
more associated with smoking status. In non-smokers of 

lung cancer, existence of driver mutation.
Both EGFR mutations and ALK gene rearrangements 

are more common in never-smoking LADC patients 
especially in Asian (3-6). Previous studies have focused 
on the possible effect of residential radon on gene 
alterations of EGFR and ALK. These studies evaluated 
relationship between residual radon concentrations 
and driver gene status. Taga, Mezquita, Ruano-Ravina 
studied factors including radon focusing on the EGFR 
gene, ALK rearrangements, and both the EGFR gene 
and ALK rearrangements, respectively (24-26). These 
studies showed a statistical relationship between residual 
radon concentrations and the prevalence of driver gene 
mutations. High radon exposure might provide a plausible 
explanation for the influence of radon on alterations 
of driver genes, but this phenomenon cannot be fully 
explained. Unfortunately, this PIXE system could not 
evaluate radon having a short half-time in the body.

In this study, we observed significant differences in the 
concentrations of 6 trace elements, including Fe, Co, Ni, 
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Figure 4 Comparison of trace element levels between LADC patients without a smoking history and control patients. (A) Illustrates the 
concentrations of Fe, Co, Ni, Cu, Zn, and Br measured in tumor tissues; (B) illustrates the concentrations of these elements in peritumor 
tissues. Each point illustrates an individual sample value, and the bold horizontal line in each group plot depicts the mean for each 
population. Asterisks indicate statistically significant differences compared to the control group (*P<0.05). Fe, iron; Co, cobalt; Ni, nickel; 
Cu, copper; Zn, zinc; Br, bromine; PPM, parts per million; LADC, lung adenocarcinoma cancer.
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Figure 5 Comparison of trace element levels between LADC patients with a smoking history and control patients. (A) Illustrates the 
concentrations of Fe, Co, Ni, Cu, Zn, and Br measured in tumor tissues; (B) illustrates the concentrations of these elements in peritumor 
tissues. Each point illustrates an individual sample value, and the bold horizontal line in each group plot depicts the mean for each 
population. Asterisks indicate statistically significant differences compared to the control group (*P<0.05). Fe, iron; Co, cobalt; Ni, nickel; 
Cu, copper; Zn, zinc; Br, bromine; PPM, parts per million; LADC, lung adenocarcinoma cancer.
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Cu, Zn and Br, between tissues from the non-cancer control 
group and the KRAS mutation/wild-type LADC groups. 
For these trace elements, each element has the potential for 
carcinogenesis or increasing the rate of cancer progression. 
Iron (Fe) induces carcinogenesis through iron-catalyzed 
oxidative DNA damage (27). Epidemiological studies 
have shown that asbestos fibers containing Fe (a transition 
metal that catalyzes free radical generation) are highly 
carcinogenic (28). Observations have indicated that soluble 
cobalt (Co) cations affect genotoxic and carcinogenic activity 
in vitro and in vivo (29). Experimental data have indicated 
the genotoxic potential of Co in human lymphocytes (30). 
Nickel (Ni)/Ni compounds have carcinogenic potential 
through a chromosomal damage mechanism (31,32). 
Research in this field has allowed for the identification 
of putative Ni targets relevant to carcinogenesis and the 
prediction of pathogenic effects caused by exposure to 
Ni (33). Copper (Cu) is believed to play a central role in 
the formation of reactive oxygen species (ROS) that bind 

to DNA and cause damage by breaking DNA strands 
or modifying bases and/or deoxyribose, which leads to 
carcinogenesis (34,35). The metabolic requirements of lung 
cancer cells for Zinc (Zn) are significantly greater than those 
of healthy cells; hence, this metabolic requirement may 
be the reason for increased uptake of Zn from blood (36).  
The concentrations of Zn are elevated in lung cancer 
tissues compared to normal tissues (37). Bromine (Br) 
compounds cause oxidative DNA damage (38), and bromate 
exposure might increase the risk of cancer in humans (39). 
Furthermore, the combined assessment of these trace 
elements might affect the redox status of lung cancer 
patients. Zabłocka-Słowińska et al. reported that a disturbed 
redox status in lung cancer patients is linked with alterations 
in Zn, Mn and Cu trace element status (40). Overall, these 
trace elements have the potential for carcinogenesis of some 
lung cancer subtypes, and restricting the intake of these 
elements might be considered as one of effective strategies 
for cancer prevention. However, further investigations are 
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required to explain these relationships clearly.
Smoking is considered an important source of inorganic 

trace elements, most of which are toxic to humans and are 
carcinogenic. Previously published literature has revealed 
that smoking tobacco influences the concentrations of 
several elements, such as Al, As, Cd, Cr, Cu, Pb, Mn, Hg, 
Ni, Po, Se, and Zn, in organs (41). Cigarette smokers have 
higher concentrations of Cu and Zn in the blood than 
non-smokers (42). Smoking affects Fe metabolism, which 
increases the concentration of Fe in liver tissue. Increased 
Ni and Zn concentrations have been shown to be correlated 
with smoking habits (43). Serum concentrations of Co, Cu, 
and Fe are elevated in patients with chronic obstructive 
pulmonary disease (COPD) and a smoking history (44). In 
the present study, we observed higher concentrations of Fe, 
Co, Ni, Cu, Zn and Br in lung tissue from smokers than 
from never-smokers.

Many studies have suggested that the KRAS mutation 
is closely associated with cigarette smoking and EGFR 
mutation is related to non-smoker. It has been reported 
that NSCLC patients with a smoking history have a higher 
frequency of KRAS mutation than with never-smokers 
(45,46). In this study, the KRAS mutation group showed 
a pattern of elevated trace element concentrations similar 
to that of the wildtype group. It suggested influence of 
smoking on both groups. However, comparing restricted 
to non-smoker, K-RAS mutation, EGFR mutation and 
wild type groups all show higher trace elements especially 
in peritumor tissue. Trace elements might play some role 
in development or promotion of lung cancer even in non-
smoker. 

The strength of the current study is that trace elements 
in lung tissue were evaluated by PIXE system. In previous 
studies, measurements of trace elements were performed in 
serum or urine but not in lung tissue (36,40,44). Limitations 
of this study include a small sample size, retrospective study 
design, and a lack of detailed biological data to support 
our hypothesis. Additionally, this study was limited to 
adenocarcinoma. A prospective trial could allow us to assess 
more trace elements with a short half-life such as radon.

Conclusions

In conclusion, trace elements in lung cancer tissue and 
peritumor tissue may play a role in the development of 
LADC in both smokers and never-smokers. However, more 
studies, such as prospective studies with larger sample sizes, 
are needed to support this hypothesis.
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Figure S1 Mechanism of a PIXE system. PIXE, particle-induced X-ray emission. 

Table S1 Patient characteristics of KRAS mutation

Characteristics KRAS mutation (n=32)

Age (years), median [range] 75.1 [60–80]

Sex

Female 11

Male 21

Smoking history

Never 10

Ever/current 22

Stage

1/2 31

3/4 1

Mutation type

G12C 6

G12C+G13C 1

G12D 6

G12V 9

G12A 5

G13C 2

G13D 1

G59G 1

G61H 1


