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Abstract

Background: Smoking is considered the single highest risk factor for lung cancer and has been suggested to be associatedwith accelerated
somaticmutations in respiratorymucosa that lead to the development of lung cancer. MicroRNAs serve asmodulators in smoking-induced
mRNA gene expression changes in the human airway epithelium and are linked to the development of lung cancer. The thermodynamics
in the microRNA (miRNA)–mRNA interactions may be affected in tobacco smokers, consequently, leading to phenotypic variations in
lung cancer patients. Therefore, this study aimed to investigate the impact of smoking tobacco on somatic mutations in mRNA genes and
assess their potential impact on miRNA–mRNA interactions in lung cancers. Methods: The clinically significant pathogenic variants
in mRNA genes in the dataset in lung cancer cases linked to smoking tobacco (n = 330) were obtained from the Cancer Atlas database
(TCGA, http://cancergenome.nih.gov/) and used to assess the potential role of tobacco consumption in driving the genetic alterations in
proto-oncogenes associated with lung cancer. The analysis of the miRNA interaction with the top five altered mRNA proto-oncogenes
in lung cancer cases due to tobacco consumption was performed using the target prediction function in the miRDP program (Database
version 5.2.3.1, https://mirdb.org/). Results: We identified the top five mRNA proto-oncogenes enriched with simple somatic mutations
(SSM) in lung cancer were TP53, EGFR, KRAS, FAT4, and KMT2D. Interestingly, we observed the highest incidence of SSM in the
Tumor Protein p53 (TP53) gene at 63.64%. Similarly, the SSM incidence was 23.94% in the Epidermal Growth Factor Receptor (EGFR),
22.12% in the Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS), 18.48% in the FAT Atypical Cadherin 4 (FAT4), and 14.24% in
the Lysine (K)-Specific Methyltransferase 2D (KMT2D) genes. Subsequently, we used a bioinformatics approach to assess the effect of
miRNA–mRNA interactions in lung cancer among the top five SSM-enriched mRNA proto-oncogenes. Among the top 20 identified and
selected miRNAs, we observed 18 unique microRNAs that bind specifically to TP53, KRAS, and FAT4 genes and 17 and 19 microRNAs
that exclusively bind with the EGFR and KMT2D genes, respectively. Conclusions: Our study found that the top five SSM-enriched
mRNA proto-oncogenes in lung cancers among tobacco smokers were TP53, EGFR, KRAS, FAT4, and KMT2D. Further, our results
provide an important insight into the involvement of the intricate network of mRNA–miRNA interactions in the development of lung
cancer.
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1. Introduction

Lung cancer is considered the most commonly diag-
nosed cancer [1,2], and is the number one cause of cancer-
related deaths worldwide [1], which primarily result from
smoking tobacco [2,3]. The risk of causation of lung cancer
in smokers is reported to be nearly ten-fold higher compared
to non-smokers [3,4]. Tobacco smoke contains numerous
toxic and carcinogenic compounds, such as nicotine, nitro-
gen oxides, and carbon monoxide or cadmium [5,6]. To-
bacco consumption is linked to an alteration in the expres-
sion of oncogenes and tumor suppressor genes [7]. Previ-
ous reports indicate that alterations in gene expression may
affect the incidence and development of tumors intimately
induced by epigenetic modulations [7,8]. The epigenetic
alterations could be in microRNA (miRNA), DNA methy-
lation, histone modifications, and nucleosome remodeling
[7]. These epigenetic alterations are standalone but may

interact with each other to systematically control overall
gene expression [9]. Thus, the interruptions of epigenetic
pathways might encourage the procurement of a cancerous
phenotype, the development of lung cancer cells, and the
modulation of the response to lung cancer therapy among
individuals [10].

MiRNAs are small, single-stranded, and highly con-
served non-coding RNAs comprising about 19–24 nu-
cleotides and are considered an important gene regulator of
post-transcriptional modifications in lung cancer [11]. A
single miRNA can regulate numerous different transcripts
in the human genome alongside multiple RNA-coding tran-
scripts [12]. Previous studies from our group and others
have shown that miRNAs are involved in numerous biolog-
ical processes by binding with their putative mRNA targets
and regulating their expression [13–15]. The dysregulation
of miRNAs is linked to the progression and suppression of
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cancer, thereby establishing miRNAs as important players
in tumor suppressor genes or oncogenes [16].

The advent of high-throughput next-generation se-
quencing technology has reduced the costs and provided in-
creased coverage to detect accurately the single nucleotide
variants that occur in the coding and non-coding regions
of human genomes during lung tumorigenesis. The precise
analysis of these data detects novel variants and vital genes
and biological processes related to the causation of tumors
and provides an improved understanding of themechanisms
of occurrence, development, and prognosis associated with
lung cancer [17,18]. The Clinical Proteomic Tumor Anal-
ysis Consortium (CPTAC) utilizes cutting-edge proteomic
technologies, and workflows to clinical tumor samples with
characterized genomic, and transcript profiles to fast-track
and pinpoint the molecular basis of cancer under the aus-
pices of the National Cancer Institute’s Office of Cancer
Clinical Proteomics Research [19]. The CPTAC Data Por-
tal is hosted under the auspices of the Cancer Genome
Atlas database (TCGA, http://cancergenome.nih.gov/), and
has revealed clinically significant pathogenic variants in
mRNA through molecular studies in lung squamous cell
carcinoma (LUSC) [17] and adenocarcinoma (LUAD) [18].
The TCGA database comprises data on clinically signifi-
cant somatic mutations in human genes among lung cancer
patients with a history of tobacco consumption. However, a
systematic analysis is lacking that assesses the interactions
between top enriched mRNA genes and miRNAs relating
to the causation of lung cancer from tobacco consumption.
Therefore, the present study was designed to perform this
analysis. The goal of this study was to evaluate the im-
pact of smoking tobacco on the incidence of simple somatic
mutations in lung cancer. Subsequently, we also investi-
gated the associations between miRNAs and mRNA candi-
date genes in the susceptibility and prognosis of lung cancer
in tobacco smokers.

2. Material and Methods
2.1 Lung Cancer Dataset of Somatic Mutations in mRNA
Proto-Oncogenes in Tobacco Smokers

The clinically significant pathogenic variants in
mRNA genes in the dataset from tobacco smokers with
lung cancer (n = 330) were obtained from the CPTAC
Data Portal, hosted at the Cancer Atlas database (TCGA,
http://cancergenome.nih.gov/), to assess the potential role
of tobacco consumption in driving the genetic alterations
in proto-oncogenes for the causation risk of lung cancer
(Fig. 1). Among this dataset of 330 lung cancer cases (229
males, 101 females; 37–88 years old), we selected the top
five enriched proto-oncogenes (mRNA) to determine their
interactions with miRNAs. The workflow of the data ex-
traction from the CPTAC data portal and smoking interac-
tion with mRNA genes is shown in Fig. 2.

2.2 Identification of the Most Probable miRNA Targets of
Simple Somatic Mutations (SSM)-Enriched mRNA
Proto-Oncogenes

The analysis of the miRNA interaction with the top
five altered proto-oncogenes in lung cancer cases resulting
from tobacco consumption was performed using the target
prediction function in the miRDP program (Database ver-
sion 5.2.3.1) [20], which provides a more reliable predic-
tion of the mRNA gene miRNA targets. The miRDP pro-
gram uses a database of nearly 152 million humanmiRNA–
target predictions, which have been collected across thirty
different resources, and provides an integrative score that
is statistically inferred from the obtained predictions and
assigned to each unique microRNA–target interaction to
give a unified measure of confidence [20]. This algorithm
produces a more reliable prediction of miRNA targets to
remove the selection bias, and the predictions are cross-
verified using an experimentally validated miRNA–mRNA
target interaction dataset [20]. The workflow relating to the
miRNA–mRNA interactions is illustrated in Fig. 3.

2.3 Statistical Analysis

Qualitative data are expressed as frequency and per-
centage. A two-tailed Fisher exact test was used to com-
pute the differences in the incidence of simple somatic mu-
tations in the proto-oncogenes of lung cancer patients who
were either tobacco smokers or non-smokers. The magni-
tude of the effect was estimated by the odds ratio (OR) and
its 95% confidence interval (CI). The statistical significance
was considered only when the p-value was <0.05. Statisti-
cal tests were performed using the R language for statisti-
cal computing (https://cran.r-project.org/bin/windows/bas
e/old/4.2.2/).

3. Results
3.1 Incidence of Simple Somatic Mutations in mRNA
Proto-Oncogenes in Lung Cancer Cases among Tobacco
Smokers and Non-Smokers

A summary of tobacco smoking status is summa-
rized in Supplementary Table 1 for each lung cancer case.
We identified and selected the top five enriched proto-
oncogenes containing simple somatic mutations in lung
cancer cases (n = 330) with a history of tobacco consump-
tion, and the results are presented in Table 1. We observed
the highest SSM incidence in the TP53 gene at 63.64%
(Table 1). Similarly, the SSM incidence was 23.94% in
the EGFR, 22.12% in the KRAS, 18.48% in the FAT4, and
14.24% in the KMT2D genes (Table 1). Next, we exam-
inedwhether themutation frequency in the top five enriched
proto-oncogenes with SSMs differed between lung cancer
patients who were tobacco smokers and those who did not
smoke (Table 1). Interestingly, we observed a three-fold
and almost two-fold higher incidence of SSMs in two proto-
oncogenes, namely, EGFR (OR = 3.33, 95% CI = 2.36–
4.69, p = 4.67 × 10−12) and KRAS (OR = 1.60, 95% CI =
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Fig. 1. Lung cancer cases (n = 330) according to tobacco smoking status. Current smoker (n = 105) is represented in blue color;
lifelong non-smoker (n = 102) in orange color; current reformed smoker for < or = 15 years (n = 61) in grey color; current reformed
smoker for >15 years (n = 46) in gold color; current reformed smoker for the unspecified duration (n = 1) in light blue color; smoking
history undocumented (n = 8) shown in green color.

Table 1. Simple somatic mutation incidences in lung cancer cases among tobacco smokers and non-smokers.
Gene symbol Cytoband #SSMs incidence in tobacco smokers #SSMs incidence in non-smokers OR 95% CI p-value

TP53 17p13.1 210/330 (63.64%) 687/1041 (65.99%) 0.90 0.69–1.18 0.465
EGFR 7p11.2 79/330 (23.94%) 93/1041 (8.93%) 3.33 2.36–4.69 4.67 × 10–12∗

KRAS 12p12.1 73/330 (22.12%) 157/1041 (15.08%) 1.60 1.15–2.20 0.004∗

FAT4 4q28.1 61/330 (18.48%) 184/1041 (17.68%) 1.06 0.75–1.47 0.742
KMT2D 12q13.12 47/330 (14.24%) 154/1041 (14.79%) 0.96 0.66–1.37 0.859
*Statistically significant p-value.
Gene names, TP53, tumor protein p53; EGFR, epidermal growth factor receptor; KRAS, Kirsten rat sarcoma viral oncogene homolog; FAT4,
FAT atypical cadherin 4; KMT2D, lysine (K)-specific methyltransferase 2D; #SSMs, simple somatic mutations; OR, Odds Ratio; CI, Confidence
Interval.

1.15–2.20, p = 0.004), respectively, among tobacco smok-
ing lung cancer patients compared to non-smoker lung can-
cer patients (Table 1). However, no significant difference
was found in the SSM incidence for TP53 (OR = 0.90, 95%
CI = 0.69–1.18, p = 0.465), FAT4 (OR = 1.06, 95% CI =
0.75–1.47, p = 0.742), and KMT2D (OR = 0.96, 95% CI =
0.66–1.37, p = 0.859) proto-oncogenes in lung cancer cases
of tobacco smokers compared to non-smokers (Table 1).

3.2 Identification of Most Probable MicroRNA Targets of
the Enriched mRNA Proto-Oncogenes in Lung Cancer

We used a bioinformatic approach to identify and se-
lect the top 20 most probable microRNA targets of the en-
riched mRNA proto-oncogenes in lung cancer, and the re-
sults are presented in Fig. 4 as a heatmap diagram. Inter-
estingly, we identified 18 unique microRNAs that bind to
the TP53, KRAS, and FAT4 genes and 17 and 19 microR-
NAs that exclusively bind to the EGFR and KMT2D genes,
respectively. Two microRNAs, namely, has-miR-6812-5p
and has-miR-6819-5p both bind to TP53 and EGFR. Simi-

larly, has-miR-193a-3p and has-miR-193b-3p both bind to
theKRAS and FAT4 genes, while hsa-miR-608 binds to both
EGFR and KMT2D (Table 2).

Table 2. Common microRNAs that bind to the top five
somatic mutations enriched in the mRNA proto-oncogenes

found in lung cancer cases.
MicroRNA TP53 KRAS EGFR FAT4 KMT2D

hsa-miR-6812-5p 0.374# 0.391#

hsa-miR-6819-5p 0.364# 0.450#

hsa-miR-193a-3p 0.844∗ 0.751∗

hsa-miR-193b-3p 0.830∗ 0.723∗

hsa-miR-608 0.668¥ 0.667¥
#Human microRNAs that bind both TP53 and EGFR.
∗Human microRNAs that bind both KRAS and FAT4.
¥Human microRNAs that bind both EGFR and KMT2D.
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Fig. 2. Workflow of smoking interactions with mRNA genes in
lung cancer. CPTAC, Clinical Proteomic Tumor Analysis Con-
sortium; SSM, Simple Somatic Mutations.

3.3 Construction of the miRNA–mRNA Regulatory
Network

We constructed the miRNA–mRNA regulatory net-
work using the Cytoscape software (version 3.9.1, https:
//cytoscape.org/) [21]. The top 20 most suitable miRNAs
with the highest integrated score were selected for each of
the top five enriched proto-oncogenes with simple somatic
mutations in the lung cancer cases to construct a miRNA–
mRNA regulatory network that consisted of interactions for
a total of one hundred miRNAs with five SSM-enriched
mRNA proto-oncogenes (Fig. 5).

3.4 Protein–Protein Interaction Analysis of the Top Five
SSM-Enriched Proto-Oncogenes in Lung Cancer, and
KEGG Pathway Enrichment Analysis

We performed protein–protein interaction (PPI) anal-
ysis on the top five enriched mRNA proto-oncogenes in

lung cancer and assessed their potential interactions with
the top fifty closest neighboring genes in the network us-
ing the STRING database in Cytoscape software (version
3.9.1, https://cytoscape.org/) [21] and found a PPI net-
work that consisted of 55 unique nodes with 1035 edges
(Supplementary Fig. 1). The Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis
was performed using the same STRING database to predict
the potential biological functions of the overlapping genes
that are overrepresented in the identified PPI network with
the top five SSM-enriched mRNA proto-oncogenes in lung
cancer. The results of the top thirty identified biological
pathways are presented in Fig. 6.

4. Discussion
MicroRNAs serve as modulators of smoking-induced

mRNA gene expression changes in the human airway ep-
ithelium [22] and have been implicated in the process of tu-
morigenesis through regulation of the cell cycle, metastasis,
angiogenesis, metabolism, and apoptosis [23,24]. Smoking
is considered the single highest risk factor for lung cancer
[25,26] and has been suggested as being associated with ac-
celerated somatic mutations in the respiratory mucosa that
lead to the development of lung cancer [27]. The thermo-
dynamics in the RNA–RNA interactions between miRNA
and their mRNA target sites may be affected because of the
presence of somatic mutations, resulting in the deregulation
of target mRNA genes, and consequently, leading to pheno-
typic variations and lung cancer susceptibility. Considering
these factors, this study examined the impact of smoking to-
bacco on the development of somatic mutations in mRNA
genes and assessed their potential impact on the miRNA–
mRNA interactions in lung cancers.

We found that the top five SSM-enriched mRNA
proto-oncogenes in lung cancer were TP53, EGFR, KRAS,
FAT4, and KMT2D. Interestingly, we observed the highest
incidence of SSM in the TP53 gene at 63.64%. Similarly,
the incidence of SSM was 23.94% in EGFR, 22.12% in
KRAS, 18.48% in FAT4, and 14.24% in KMT2D (Table 1).
Our results are consistent with previous reports, which have
shown that the TP53 gene possesses the commonest so-
matic mutation in all human cancers, including lung can-
cers associated with smoking cigarettes [28–30]. Large-
scale screening for somatic mutations in lung cancer studies
has further strengthened our observations of the reported as-
sociation between TP53, EGFR, and KRAS somatic muta-
tions and lung cancer susceptibility [29,31,32]. The histone
methyltransferase KMT2D is among the most highly inacti-
vated epigenetic modifiers in lung cancer, and somatic mu-
tations in this gene have been previously reported to be as-
sociated with vulnerability to lung cancer [33,34]. FAT4 is
an enormously large, atypical cadherin with critical roles in
the regulation of planar cell polarity (PCP) and controlling
the Hippo signaling pathway [35], while somatic mutations
in this gene are also linked to lung cancer [36]. Similar to
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Fig. 3. Summary of the bioinformatics pipeline used to assess the microRNA (miRNA)–mRNA interactions.

our observation in this study, the comprehensive genomic
profiling in a previous lung cancer study revealed a signif-
icant association of high tumor burden with somatic muta-
tions in the TP53, KMT2D, and FAT1 genes [36].

We observed a three-fold and almost two-fold higher
incidence of SSMs in two proto-oncogenes, namely, EGFR
(OR = 3.33, 95% CI = 2.36–4.69, p = 4.67 × 10−12) and
KRAS (OR = 1.60, 95% CI = 1.15–2.20, p = 0.004), respec-
tively, in lung cancer cases among tobacco smokers com-
pared to non-smokers (Table 1). Similarly, the EGFR and
KRAS somatic mutations were also found to be more fre-
quent in smokers compared to non-smokers [37,38]. Fur-
ther, we found no significant difference in the SSM inci-
dences for TP53, FAT4, and KMT2D proto-oncogenes in
lung cancer cases related to tobacco smokers compared to
non-smokers (Table 1). Our findings are consistent with
a previous report that found no significant differences in
the TP53 somatic mutation frequencies in lung cancer cases
of smokers compared to non-smokers [39]. To the best
of our knowledge, this is the first study that assessed and
showed the frequency differences in somatic mutations in
FAT4 and KMT2D proto-oncogenes between smokers and
non-smokers in cases of lung cancer. Future studies are
needed to confirm our findings regarding the differences in
lung cancer cases between the frequency of somatic muta-
tions in smokers and non-smokers.

In the next step, we used a bioinformatics approach
to evaluate the effect of miRNA and mRNA interac-
tions in lung cancer among the top SSM-enriched mRNA
proto-oncogenes, namely, TP53, EGFR, KRAS, FAT4, and
KMT2D. We found the top 20 most probable miRNAs
that target these five enriched mRNA proto-oncogenes in

lung cancer (Fig. 4), which were displayed in the miRNA–
mRNA regulatory network (Fig. 5). Among these top 20
miRNAs, we observed 18 unique microRNAs that bind
specifically to TP53, KRAS, and FAT4 genes and 17 and 19
microRNAs that bind exclusively to the EGFR andKMT2D
genes, respectively. Two microRNAs, namely, has-miR-
6812-5p and has-miR-6819-5p both bind to TP53 and
EGFR. Similarly, has-miR-193a-3p and has-miR-193b-3p
both bind to the KRAS and FAT4 genes, while hsa-miR-608
binds to both EGFR and KMT2D. Recent reports suggest
that the role of miRNAs in targeting the TP53 [40], EGFR
[41], KRAS [42], FAT4 [43], and KMT2D [44] genes, which
play a pivotal role in tumorigenesis [40–44], are consistent
with our findings, whereby miRNAs target these mRNA
proto-oncogenes in lung cancer, namely, TP53, EGFR,
KRAS, FAT4, and KMT2D. Further, the protein–protein in-
teractions (PPIs) associated with the smoking-induced sim-
ple somatic mutations in the top five enrichedmRNA proto-
oncogenes found in lung cancer and the fifty closest neigh-
boring genes were used to construct a network of 55 pro-
teins with 1035 unique interactions (Supplementary Fig.
1), while the KEGG pathway enrichment analysis provided
an important insight into the potential biological functions
of these overlapping genes in lung cancer (Fig. 6).

The tumor suppressor TP53 gene is referred to as the
guardian of the genome and plays a central role in tumor
suppression [45,46]. Thus, interruption of the usual TP53
function frequently leads to the onset and/or progression of
cancer [45]. Previous studies have proven that miRNAs
contribute to the regulation of TP53 levels and function
[40]. Recently, more than 20 miRNAs have been demon-
strated to serve as direct negative regulators of the TP53
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Fig. 4. Heatmap of Integrated binding score for Human MicroRNA and mRNA gene interactions. The human microRNAs are
listed on the Y-axis and the integrated binding score of the mRNA proto-oncogenes in tobacco-smoking lung cancer patients is shown
on the X-axis. Each cell represents the integrated binding score of the human miRNA–mRNA interactions on a heatmap color scale.
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Fig. 5. MicroRNAs and mRNA interaction network consisting of interactions for a total of one hundred miRNAs with five SSM-
enriched mRNA proto-oncogenes. Human microRNAs are represented in the light lime green color and mRNA genes are shown in
purple.

Fig. 6. Bar plot of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for the overrepresented
genes in the protein–protein interaction network of the top five enriched mRNA proto-oncogenes in lung cancer with overlapping
genes. The KEGG pathway displays thirty enriched biological pathways from the top to bottom of the Y-axis, and the X-axis represents
fold enrichment of the genes.
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level, with several of them frequently showing increased
expression in tumors [40]. Similarly, we have also found
more than 20 miRNAs that target the TP53 gene and may
potentially downregulate TP53 expression. Some of the
miRNAs (for example: hsa-let-7) that were identified as a
potential target for TP53 have also been previously found
in these studies [40,47], thereby further strengthening our
findings.

The epidermal growth factor receptor (EGFR) gene
was among the first molecules to be chosen for targeted
gene therapy in lung cancer [48]. A recent report suggests
that EGFRmutations can be controlled by miRNAs in can-
cer therapies [49]. Further reports demonstrated that spe-
cific miRNA/EGFR axes may play crucial roles in lung
tumorigenesis [41]. In the present study, we selected the
top 20 miRNAs that could potentially target EGFR expres-
sion, along with KRAS, FAT4, and KMT2D. Further, exper-
imental validation of these observed mRNA–miRNA inter-
actions in our study may provide an important insight into
the role of these interactions in lung cancer and their conse-
quences in lung carcinogenesis. The improved knowledge
of miRNA biology will assist in establishing the basis for
the development of novel approaches to alter miRNA ex-
pressions and functions. The development of a novel class
of synthetic oligonucleotide molecules to act as an inhibitor
or enhancer canwork to regulate the expression of a specific
miRNA. Anti-miRs serve as inhibitors, which is an impor-
tant characteristic of an ideal therapeutic agent.

5. Conclusions

To conclude, our study identified the top five SSM-
enriched mRNA proto-oncogenes in lung cancers among
tobacco smokers, namely, TP53, EGFR, KRAS, FAT4, and
KMT2D. Further, the results of our study provide an impor-
tant insight into the intricate network of mRNA–miRNA
interactions involved in the development of lung cancer. In
silico analysis showed quite significant observations, which
suggest that expression-based studies should be carried out
to assess the impact of predicted miRNA targets of altered
mRNA proto-oncogenes in lung cancers among tobacco
smokers.
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