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Abstract. Lung cancer (LC) is the leading cause of cancer-
related mortality worldwide. However, few studies of its
specific mechanisms useful for diagnosis or treatment exist.
microRNAs (miRNAs) present one mechanism through
which genes with diverse functions on multiple pathways can
be simultaneously regulated at the post-transcriptional level.
However, LC-associated pathways targeted by LC-related
miRNAs (LC-miRNAs) remain completely unknown. In the
present study, we investigated 8 LC-miRNAs previously iden-
tified as regulators in three molecular subtypes of LC. The
results showed that LC-miRNAs may post-transcriptionally
function mainly through manipulating the expression of
nucleic acid binding proteins and transcription factors, and
target genes for the LC-miRNAs were most prominently
predicted to function in regulation of transcription. Our
analysis also highlighted the potential of these LC-miRNAs
to regulate the cell differentiation, proliferation, endocytosis
and migration signaling logically required to cause an LC cell
mainly through five canonical pathways (PI3K-Akt signaling
pathway, pathways in cancer, MAPK signaling pathway,
HTLV-I infection and focal adhesion). These findings may
form a useful basis for potential future development of novel
LC therapeutic treatments.

Introduction

microRNAs (miRNAs) are a class of non-coding RNAs ~22
nucleotides in length that hybridize to mRNAs and cause either
translation repression or mRNA cleavage (1,2), and which were
first discovered by Lee et al during an investigation of the gene
lin-14 in Caenorhabditis elegans (C. elegans) development
in the early 1990s (3). miRNAs are recognized as a distinct
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class of biological post-transcriptional regulators involved in
most biological processes including differentiation, apoptosis,
proliferation, the immune response and development (4-10).
miRNAs are found in animals, plants and fungi and are
usually transcribed by RNA polymerase II (1). We recently
demonstrated that exogenous plant MIR168a cross-kingdomly
targets mammalian LDLRAP1, suggesting that miRNAs could
represent a novel group of universal modulators that mediate
animal-plant interactions at the molecular level (11). Also,
miRNAs play crucial roles in disease progression including
cancer, and they may act as either tumor suppressors or onco-
genes depending on the biological functions of their target
genes (5). A wide variety of pathways are affected by miRNAs
through regulating gene expression at the post-transcriptional
level.

Lung cancer (LC) is the leading cause of cancer-related
mortality worldwide and is commonly induced by long-term
exposure to tobacco smoke (12). The present pathologic
staging on the basis of morphology is inadequate to predict
outcome for patient treatment. The emergence of molecular
target therapy has improved the management of LC patients
according to differentially expressed molecules in several
subtypes. The identification and classification of LC-miRNA-
related pathways for the analysis of several molecular subtypes
of LC (KRAS, EGFR, ALK, BRAF, PIK3CA, MET, HER2,
MEKI1 and NRAS) raises the question of whether these
approaches can be used to characterize and treat human LC.
Identifying the molecular causes of LC represented a major
breakthrough in the history of medicine, moving the discipline
from pattern recognition and therapeutic strategies based on
syndromic pathophysiology to molecular mechanism and
evidence-based therapies derived from clinical trials designed
on the basis of molecular mechanism (13). Recent therapeutic
advances include the use of epidermal growth factor receptor
tyrosine kinase inhibitors (EGFR-TKIs) including gefitinib
and erlotinib (14). These drugs would be most effective with
patient selection on the basis of target expression. miRNAs are
thought to be grossly dysregulated in LCs and may also serve
as oncogenes or tumor suppressors (15). Thus, miRNAs can be
applied to sub-classify non-small cell LC (NSCLC) accounting
for 80% of LC cases (16). For NSCLC, in particular, previous
results have indicated that miRNA expression patterns could
be proposed biomarkers used for diagnosis, prognosis and
personalized therapy (17-19).
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Table I. Predictions of each LC-miRNA target.
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LC-miRNA Molecular subtype of LC Expression in LC No. of predicted target genes
let-7 family (let-7a-i) KRAS Downregulation 372
miR-7 EGFR Downregulation 444
miR-17 MEK Upregulation 468
miR-21 EGFR Upregulation 164
miR-96 KRAS Upregulation 434
miR-125a-5p EGFR Downregulation 339
miR-128b EGFR Downregulation 1,039
miR-145 EGFR Downregulation 731

In the present study, we summarized 8 LC-miRNAs
which are associated with three subtypes of LC from previous
studies. Protein class, molecular function, biological process
and canonical pathways involved by the targets of each
LC-miRNA as well as the 5 main canonical pathways all
participated with certain LC-miRNAs, and were identified
and analyzed, which may offer significant treatment insight
into the clinical therapy of LC.

Materials and methods

miRNA target predictions. TargetScan (http:/www.targetscan.
org) was used to predict biological targets of miRNAs by
searching for the presence of conserved 8mer and 7mer
sites that match the seed region of each LC-miRNA (20)
and generate lists of predicted gene targets of each miRNA.
The list of targeted genes was input into PANTHER (Protein
ANalysis THrough Evolutionary Relationships, http://www.
pantherdb.org/) classification system designed to classify
proteins in order to facilitate high-throughput analysis (21).
The web-based functional annotation tool Database for
Annotation, Visualization and Integrated Discovery (DAVID)
v6.7(http://david.abcc.ncifcrf.gov/tools.jsp) has key compo-
nents for disease analysis, Gene Ontology analysis and
pathway analysis (22).

Signaling pathway mapping. The signaling pathways and
processes were explored using the systems biology tool KEGG
Mapper (http://www.genome.jp/kegg/tool/map_pathway?2.
html) which is a collection of tools for KEGG mapping:
KEGG pathway mapping, BRITE mapping and MODULE
mapping (23). The KEGG database consists of the 16 main
databases (systems information, KEGG PATHWAY, KEGG
BRITE, KEGG MODULE, KEGG DISEASE, KEGG
DRUG and KEGG ENVIRON; genomic information,
KEGG ORTHOLOGY, KEGG GENOME, KEGG GENES,
KEGG SSDB and KEGG; chemical information, KEGG
COMPOUND, KEGG GLYCAN, KEGG REACTION,
KEGG RPAIR, KEGG RCLASS and KEGG ENZYME).

Results and Discussion
LC-associated miRNAs. Based on previous experimental data,

8 miRNAs were summarized as LC-miRNAs within three
molecular subtypes (Table I). These LC-miRNA deregulations

could drive tumorigenesis, through the roles LC-miRNAs can
adopt as tumor suppressors or oncogenes in LC.

The let-7 family (let-7a to i), a conserved anti-oncomir
set, is identified as a post-transcriptional gatekeeper during
the cell proliferation process. The genomic regions located
at let-7 family are usually eliminated in LC (24). Univariate
analysis showed that downregulation of let-7 gene expression
in NSCLC patients is correlated with poor prognosis (25,26).
Cell cycle arrest and cell death were caused by the expression
of let-7g in K-Ras (G12D)-expressing murine LC cells and its
overexpression clearly inhibited growth of both murine and
human non-small cell lung tumors in tumor xenografts (27).

miR-7, a potential tumor suppressor in various types of
human cancer, is frequently downregulated in LC. miR-7 over-
expression not only inhibited NSCLC cell proliferation, but also
caused cell apoptosis and decreased tumorigenicity (28). LC is
under EGFR-mediated oncogenesis (29), and miR-7 regulates
the EGFR pathway through attenuating the activation of Akt
and ERK (30) and modulates EGFR oncogenic addiction (31).

From a large-scale miRNome analysis on LC, some
miRNAs have been found with well characterized cancer asso-
ciation, which include miR-17 and miR-21 (32). Occasional
amplification of the miR-17-92 cluster locus has been reported
in human LC (33). miR-17, belonging to the miR-17-92 cluster,
is known to act as oncogenes in multiple malignancies.
Expression of miR-17 promotes cell proliferation, suppresses
apoptosis of cancer cells and induces tumor angiogenesis (34).

Cancer and other diseases result in the upregulation of the
miR-21 expression, which regulates many target genes associ-
ated with cellular survival, apoptosis and cell invasiveness.
miR-21, a specific oncomir, is elevated under EGFR signaling
stimulated conditions, especially in the context of EGFR-
activating mutations, suggesting that miR-21 is related to lung
carcinogenesis in never smokers (35). The miR-21 overexpres-
sion induced by diseases is reported to be a valuable approach
for the new therapeutic strategies.

The high expression of miR-96 is found in tumor and
serum, which may be considered a potential novel biomarker
for the diagnosis and prognosis of LC, and the increase of
miR-96 expression was also related with the overall poor
survival in patients with LC (36). Although evidence indicates
that miR-96 decreased pancreatic cancer cell invasion and
migration and slowed tumor growth in a manner associated
with KRAS downregulation (37), miR-96 appears to be a
potential oncomir in LC.
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Figure 1. Major class of potential targets of LC-miRNAs.

The miR-125 family has been implicated in a variety of
carcinomas as a tumor-suppressor. In LC, miR-125a-5p was
reported to be stimulated by EGFR and served as a metastatic
suppressor for the purpose of restraining tube formation and
tumor formation (38). Jiang et al (39) stated that miR-125a-5p
suppresses proliferation and induces apoptosis via a
p53-dependent pathway in LC cells.

Admittedly, miRNA-128b is located on chromosome 3p
and a putative regulator of EGFR and was proven to be
correlated with response to targeted EGFR inhibition (40).
Particularly, miR-128b loss-of-heterozygosity is continually

identified in NSCLC patients and is closely associated with
clinical response and survival after gefitinib treatment.

miR-145 is a tumor suppressor in the carcinogenesis
of lung adenocarcinoma (41). miR-145 has been shown to
suppress NSCLC cell proliferation by targeting c-Myc (42),
lung adenocarcinoma-initiating cell proliferation by targeting
OCT4 (43), cell proliferation of human lung adenocarcinoma
by targeting EGFR and NUDT]1 (44) and cell invasion and
metastasis by directly targeting mucin 1 (45).

Thus, the let-7 family (let-7a to i), miR-7, miR-125a-5p,
miR-128b and miR-145 are classified as anti-oncomirs
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Table II. Molecular function and biological process analysis of each LC-miRNA.

LC-miRNA Molecular function and biological process % Regulated by LC-miRNAs P-value
let-7 family Regulation of transcription 20.6 2.80E-04
Transcription 14.4 5.20E-02
Regulation of transcription, DNA-dependent 13.7 7.90E-03
Regulation of RNA metabolic process 13.7 1.20E-02
Phosphorus metabolic process 10.2 9 40E-05
miR-7 Transcription factor activity 8.0 7.80E-03
Enzyme binding 6.2 1.10E-05
Ion binding 28.2 2.80E-02
Metal ion binding 27.7 2.40E-02
Cation binding 27.7 3.10E-02
miR-17 Transition metal ion binding 2211 2.90E-04
Zinc ion binding 18.2 1.60E-03
Ion binding 31.6 8.60E-04
Metal ion binding 314 4 .20E-04
Cation binding 314 6.50E-04
miR-21 Transition metal ion binding 18.8 2.80E-03
DNA binding 17.3 3.50E-05
Ion binding 294 1.00E-01
DNA binding 190 4 .00E-02
Transcription regulator activity 17.8 3.00E-04
miR-96 Transition metal ion binding 19.8 4 .20E-02
DNA binding 18.2 6.40E-03
Nucleotide binding 16.0 2.90E-02
Purine nucleotide binding 13.7 4.70E-02
Purine ribonucleotide binding 12.7 8.30E-02
miR-125a-5p Transition metal ion binding 20.1 1.10E-02
DNA binding 18.0 3.30E-03
Cation binding 31.3 5.10E-05
Ion binding 31.3 9.80E-05
Metal ion binding 30.7 1.00E-04
miR-128b Ion binding 28.2 2 40E-04
Metal ion binding 279 9.50E-05
Cation binding 279 2.00E-04
Transition metal ion binding 18.8 2.80E-03
DNA binding 17.3 3.50E-05
miR-145 DNA binding 164 2.40E-02
Zinc ion binding 15.8 4 .90E-02
Transcription regulator activity 11.8 5.30E-03
Transcription factor activity 8.0 7.80E-03
Enzyme binding 6.2 1.10E-05

or tumor suppressors, while miR-17, miR-21 and miR-96
are oncomirs or OG (oncogenes). Identifying miRNAs as
regulators of oncogenes or tumor suppressors could have far-
reaching implications for LC patients, including improving
patient selection for targeted agents, development of novel
therapeutics or early biomarkers of disease.

Predictions and protein classifications of LC-miRNA
targets. Many target genes are regulated by a single miRNA.
Therefore, to advance the understanding of the integrated
functions of miRNAs, all its targets should be analyzed. As

shown in Table I, each LC-miRNA or miRNA family has the
ability to target between 164 and 1,039 mRNAs of predicted
genes, and, in addition, multiple binding sites were observed
in the 3'UTRs of the mRNAs for a unique miRNA. A total
of 3,081 unique targeted genes, regulated by these 8 identi-
fied LC-miRNAs, have been found. Of all the targeted genes,
2,436 items are from targets of anti-oncomirs, thus, these
genes are more likely upregulated in LC cells. Consequently,
994 downregulated targeted genes have been discovered from
that of oncomiRs. Moreover, 13 genes (ALX4, CD69, CPEBS3,
DCUNID3, DUSPS, FAMI126B, FGD4, GABI, NR2C2,



ONCOLOGY REPORTS 30: 2945-2956, 2013 2949
Table III. Canonical pathway analysis of each LC-miRNA.
LC-miRNA Canonical pathways % Regulated by LC-miRNAs P-value
let-7 family Pathways in cancer 42 9.00E-04
MAPK signaling pathway 3.7 9.60E-04
p53 signaling pathway 20 4 30E-04
mTOR signaling pathway 1.2 2.10E-02
miR-7 Pathways in cancer 32 6.80E-02
Focal adhesion 30 4 40E-03
Endocytosis 2.8 6.30E-03
Regulation of actin cytoskeleton 2.5 4.30E-02
Neurotrophin signaling pathway 2.1 1.20E-02
Ubiquitin mediated proteolysis 2.1 2.10E-02
miR-17 Pathways in cancer 2.8 1.60E-05
MAPK signaling pathway 2.7 1.90E-08
Endocytosis 22 8.00E-10
Regulation of actin cytoskeleton 1.8 3.70E-04
Focal adhesion 1.8 1.40E-04
miR-21 MAPK signaling pathway 6.7 1.20E-04
Pathways in cancer 55 9.50E-03
Cytokine-cytokine receptor interaction 49 9.50E-03
Jak-STAT signaling pathway 43 2.80E-03
Pancreatic cancer 37 4 .80E-04
Chemokine signaling pathway 3.7 2.80E-02
Regulation of actin cytoskeleton 3.7 4.770E-02
miR-96 Calcium signaling pathway 2.6 4.20E-03
Endocytosis 2.6 5.70E-03
Focal adhesion 2.1 6.60E-02
Gap junction 1.9 2.80E-03
GnRH signaling pathway 1.7 1.80E-02
Melanogenesis 1.7 1.90E-02
miR-125a MAPK signaling pathway 2.7 6.10E-02
Axon guidance 1.8 5.40E-02
TGF-p signaling pathway 1.5 4 90E-02
Biosynthesis of unsaturated fatty acids 09 4.770E-02
miR-128b Pathways in cancer 32 1.00E-03
MAPK signaling pathway 29 6.80E-04
Focal adhesion 2.1 7.10E-03
Neurotrophin signaling pathway 19 1.30E-04
Regulation of actin cytoskeleton 19 4 90E-02
miR-145 MAPK signaling pathway 39 1.40E-05
Axon guidance 3.1 5.80E-08
Endocytosis 3.1 2.20E-05
Pathways in cancer 3.1 3.30E-02
Focal adhesion 2.6 1.70E-03

SNTB2, SOCS6, STAT3 and ZNF217) were found in the
targets of 2 oncomirs, and 421 genes were identified as targets
of at least two anti-oncomiRs in LC in which 5 genes (HIPK?2,
MBD?2, NFIB, SPI and SRGAP2) seemed to be common
targets of 4 anti-oncomirs. Those common target genes could
be potential targets for drug discovery.

Fig. 1 shows the protein class of potential targets of each
LC-miRNA. The largest number of genes is targeted by
miR-128b, whereas miR-21 targets the minimum amount

of genes. Their target genes of various LC-miRNAs with
different seed region sequences belong to similar protein
classes, including transcription factor, nucleic acid binding,
enzyme modulator, kinase, cytoskeletal protein, transferase
and hydrolase. In agreement with our previous studies, nucleic
acid binding and transcription factor are the most important
protein classes of targeted genes of LC-miRNAs (5,46).
Nucleic acid binding is described as interacting selectively
and non-covalently with any nucleic acid, which consists
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Figure 2. LC-miRNA regulation of PI3K-Akt signaling pathway biological map. Grey boxes show objects that can be regulated by LC-miRNAs. Solid arrows
represent activation; dotted arrows indirect effect and L inhibition. Letters on lines denote the type of regulation where +p, phosphorylation; -p, dephosphoryla-

tion; +u, ubiquitination; +g, glycosylation; +m, methylation.

of base pairing, regulatory region nucleic acid binding,
DNA binding, RNA binding, DNA/RNA hybrid binding
and translation regulator activity with nucleic acid binding.
These targets function as helicase, transcription factor, trans-
membrane receptor protein kinase, isomerase via nucleic
acid binding during mRNA processing, DNA replication,
cell cycle, tissue development and gamete generation. Of
note, transcription factors control the activity of a gene by
determining whether the gene's DNA is transcribed into
mRNA and are detected in all living organisms. The number
of transcription factors found within an organism increases
with genome size, and larger genomes tend to have more tran-
scription factors per gene (47). Transcription factors are vital
for the normal development of an organism, as well as for
routine cellular functions and response to disease. Recently,
Kim et al (48) applied mass spectrometry to identify and
quantify LC-related transcription factors by integrating
previously reported genomic, transcriptomic, and proteomic
data in various cell lines, and they found 14 differentially
expressed transcription factors, such as STAT1 and SMAD4,
which tuned genes associated with drug resistance and cell
differentiation-related processes.

Molecular function, biological process and signaling pathway
analysis of targets related to each LC-miRNA . To further clarify
the functions of LC-miRNAs, molecular function, biological
process and signaling pathway were analyzed and concluded.
The top five items for these analyses of LC-miRNAs are listed
in Tables II and III. Consistent with the aforementioned results
in protein classification, over-represented molecular function
and biological process of target genes are involved in tran-
scription and binding, which are the dominant functions in the
molecular regulation of mammals. Markedly, the targets for
LC-miRNAs were most prominently predicted to function in
pathways in cancer and MAPK signaling pathway shown in
Table III, indicating that these miRNAs may regulate carci-
nogenesis mainly through the very two pathways. Due to the
relevance of LC and multiple signaling pathway, endocytosis,
regulation of actin cytoskeleton, p53 signaling pathway, mTOR
signaling pathway and focal adhesion were also confirmed in
LC as previously reported (5).

Pathway mapping of LC-miRNA targets. To sum up the
pathway implicated in all targets of 8 LC-miRNAs, 3,081
unique targets were used for further pathway analysis. As
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Table IV. Top five pathways regulated by all § LC-miRNAs.
Pathway DB Name Hits Total Percent (%)
KEGG PI3K-Akt signaling pathway - Homo sapiens 94 336 2797
Pathways in cancer - Homo sapiens 91 343 26.53
MAPK signaling pathway - Homo sapiens 87 284 3508
HTLV-I infection- Homo sapiens 68 198 34.34
Focal adhesion - Homo sapiens 64 207 30.92
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+u, ubiquitination; +g, glycosylation; +m, methylation.

shown in Table IV, PI3K-Akt signaling pathway, pathways
in cancer, MAPK signaling pathway, HTLV-I infection
and focal adhesion were the top five pathways regulated by
8 LC-miRNAs. These pathways have been demonstrated to
play essential roles in morphological changes, intercellular
communication and invasion of cancer.
Phosphatidylinositol-3-kinase (PI3K)-Akt signaling
pathway (Fig. 2), a pathway thought to be specific to
EGFR/ERBB family receptors, has been reported to change
frequently in diverse human cancer (49). PI3K phosphory-
lates 3 position of the inositol ring of PI(4,5)P2, to generate
PI(3,4,5) P3 (50). Previous studies have demonstrated that
numerous components of the PI3K-AKT pathway rather than

any other pathway in human cancer, crucial to many aspects
of cell growth and survival, are altered by amplification, muta-
tion and translocation frequently, with resultant activation of
the pathway. Also, the PI3K/AKT pathway is targeted for LC
drug discovery (51).

Pathway in cancer is a comprehensive biological signaling
pathway related to tissue invasion and metastasis, genomic
damage, insensitivity to anti-growth signals, resistance to
chemotherapy, evading apoptosis, sustained angiogenesis,
proliferation and block of differentiation, which also links
to diversified cancers, including colorectal, pancreatic,
thyroid, bladder, prostate, endometrial and LC. Many targets
of LC-miRNAs were found in pathways in cancer (Fig. 3),
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and these significant findings in LC may lead to customized
therapy based on targeting specific genes. The signaling
pathway could offer valuable roadmaps for drug discovery and
therapy.

Mitogen-activated protein kinase (MAPK) cascade
activated by peptide growth factors, cytokines, hormones,
and various cellular stressors is a highly conserved module
involved in various cellular functions, including cell prolif-
eration, differentiation and migration (Fig. 4). Mammals
express at least three distinctly regulated groups of MAPKs,
extracellular signal-regulated kinase (ERK), p38 and c-Jun
NH2-terminal kinase and each of these enzymes exists in
several isoforms. The pathway has been suggested to function
in several steps of tumorigenesis including cancer cell prolif-
eration, migration and invasion. Lung metastasis was found
to be substantially delayed in MEKK1 knockout mice (52).
Mutations in EGFR activating the pathway occur frequently
in LC (53). Experimental mouse models help to elucidate the
mechanism of how these MAPKs control cancer develop-
ment, and appear to provide new strategies for the design
of improved therapeutic approaches (54). Small-molecule
inhibitors designed to target various steps of this pathway have
entered clinical trials (55).

Human T-lymphotropic virustype 1 (HTLV-1)isapathogenic
retrovirus associated with adult T-cell leukemia/lymphoma.
Tax encoded by HTLV-I has been implicated in oncogenesis,

which is a transcriptional co-factor that disturbs anti-apoptosis
or cell proliferation (56). Although the infection rate of HTLV-1
may not be associated with increased risk of cancer, the Wnt,
TGFp, Ras, NF-xB, p53 in HTLV-1 infection pathways may
play pivotal roles in lung carcinogenesis (Fig. 5).

Focal adhesion (Fig. 6), directly connected with cell
mobility, proliferation and survival, was altered in LC,
possibly due to the development of malignant LC, which is
associated with perturbations in these processes. Inducible
expression of an inhibitory focal adhesion kinase (FAK)
protein and FAK-related non-kinase (FRNK) suppressed the
growth of primary tumors and blocked metastasis formation
in the lungs. Lung metastasis formation was nearly completely
avoided when FAK-related non-kinase (FRNK) was already
expressed prior to tumor cell injection; nevertheless, FRNK
expression after injection did not influence lung metastasis
formation (57).

We found specific pathways from the Top 10 pathways of
each subtype of LC (Table V). The regulation of actin cytoskel-
eton pathway is specific to EGFR sub-type LC (EGFR-LC);
cholinergic synapse and calcium signaling pathway belong to
KRAS-LC; ubiquitin mediated proteolysis and cytokine-cyto-
kine receptor interaction are unique to MEK-LC. Regulation
of actin cytoskeleton pathway is often stimulated in invasive
and metastatic LC cells as malignant LC cells utilize their
intrinsic migratory ability to invade adjacent tissues and the
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vasculature and ultimately to metastasize (58). In particular, a
subunit of Arp 2/3 complex is observed in malignant human
LC and correlated with poor patient outcome which is in
accordance with our results (59). Cholinergic synapse and

calcium signaling pathways were closely related to LC since
both muscarinic cholinergic receptor 3 (mAChR3) and the
nicotinic cholinergic receptor (nAChR) are expressed in small
cell LC (SCLC). A number of LC studies have focused on
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Table V. Specific pathways of each subtype of LC with KEGG mapper.

Subtype of LC Specific pathways Hits Percent (%)
EGFR Regulation of actin cytoskeleton - Homo sapiens 50 23
KRAS Cholinergic synapse - Homo sapiens 13 32
KRAS Calcium signaling pathway - Homo sapiens 14 8
MEK Ubiquitin mediated proteolysis - Homo sapiens 9 6
MEK Cytokine-cytokine receptor interaction - Homo sapiens 9 3
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Figure 6. LC-miRNA regulation of focal adhesion biological map. Grey boxes

show objects that can be regulated by LC-miRNAs. Solid arrows represent

activation; dotted arrows indirect effect and L inhibition. Letters on lines denote the type of regulation where +p, phosphorylation; -p, dephosphorylation;

+u, ubiquitination; +g, glycosylation; +m, methylation.

nAChR due to the close relationship between tobacco and LC.
Specifically, nicotine stimulates LC carcinogenesis, prolifera-
tion and angiogenesis and also inhibits LC apoptosis induced
by chemotherapeutic drugs through the nAChR (60). It is
reported that the mAChR3 antagonist could be developed as
a beneficial therapeutic approach for SCLC patients, notably
those with a comorbidity of chronic obstructive pulmonary
disease (61). Ubiquitin-mediated proteolysis can maintain
protein homeostasis and is critical in regulating cancer-related
cellular processes, and inhibitors of the proteasome and their
molecular mechanisms for targeting substrate-specific E3
ligases that are likely to yield a new class of therapeutics
that will serve as anti-LC drugs due to multitude of E3s and
their specific substrate recognition (62). Cytokine-cytokine
receptor interaction is important in cell-cell communications,
whereas abnormal expression of cytokines or cytokine recep-
tors could certainly contribute to LC.

In the present study, we used theoretical gene target identi-
fication and pathway mapping to create a biological framework
by which to test the relevance of LC-miRNAs in LC induc-
tion. The recognition of LC-miRNA-related pathways, with
the ability to regulate a complex pathological process in three
molecular subtypes of LC, can be improved using bioinfor-
matic techniques followed by experimental validation.
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