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Construction of a transcription factor-long non-coding
RNA-microRNA network for the identification of key regulators
in lung adenocarcinoma and lung squamous cell carcinoma
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Abstract. The interactions of microRNAs (miRNAs),
transcription factors (TFs) and their common target long
non-coding RNAs (IncRNAs) can lead to the production of
TF-miRNA-IncRNA (TML) network motifs. These motifs
are functional regulators that perform a wide range of
biological processes, such as carcinogenesis. However, TML
network motifs have not been systematically identified,
and their roles in lung adenocarcinoma (LUAD) and lung
squamous carcinoma (LUSC) are largely unknown. In the
present study, a computational integration approach was
performed using multiple sources in order to construct a
global TML network for LUAD and LUSC. The analysis
revealed several dysregulated TML network motifs, which
were common between the two lung cancer subtypes or
specific to a single cancer subtype. In addition, functional
analysis further indicated that the TML network motifs
may potentially serve as putative biomarkers in LUAD
and LUSC. The associations between drug treatments and
dysregulated TML network motifs were also examined.
Collectively, the present study elucidated the roles of
TML network motifs in LUAD and LUSC, which may be
beneficial for understanding the pathogenesis of lung cancer
and its potential treatment.
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Introduction

Lung cancer is a common type of cancer and the main cause
of cancer-associated mortality worldwide (1,2). The classi-
fication of lung cancer is divided into two major categories,
namely small cell lung cancer and non-small cell lung cancer
(NSCLC) (3). The two main histological types of NSCLC are
lung adenocarcinoma (LUAD) and lung squamous carcinoma
(LUSC). It has been shown that the prognosis of LUAD patients
is worse compared with that of LUSC (4). In the majority of
cases, the type of cancer (LUAD or LUSC) is distinguished
based on standard morphological criteria; however, the defi-
nition of glandular and/or squamous carcinoma features is
subtle and/or localized to the tissue area. Thus, it is difficult
to distinguish between these two types of cancer in several
poorly differentiated tumors.

Previous studies have focused on the genome, epigenome,
transcriptome and proteome of lung cancer in order to identify
new cancer-driven factors that may be targeted clinically (5-7).
In the last decade, researchers have found that the changes
noted in certain transcriptional regulators can significantly
improve the overall survival rate of a small subset of patients
with lung cancer (8,9). Transcriptional and post-transcrip-
tional levels are included in transcriptional regulators. Since
transcription factors (TFs) are essential for the regulation
of gene expression, they are present in all living organisms.
Small non-coding RNA molecules containing approximately
22 nucleotides, termed microRNAs (miRNAs), have been
identified in plants, animals and certain viruses, and are
involved in RNA silencing and post-transcriptional regulation
of gene expression (10). In addition, long-non-coding RNAs
(IncRNAs) with a length of >200 nucleotides are distributed
throughout the genome, and the majority of human diseases,
including cancer, are associated with IncRNA expression
disorders (11,12). A number of studies have also reported that
the associations between TFs, IncRNAs and miRNAs may
serve a role in lung cancer development. For instance, a recent
study constructed a TF-IncRNA-gene network to illustrate
how TFs regulate IncRNA and gene expression in LUAD (13).
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Another study systematically analyzed the interaction of
co-expressed mRNAs, miRNAs and IncRNAs activated
by transforming growth factor-f1, and detected a total of
24 mRNAs, 11 miRNAs and 33 IncRNAs that interacted with
one another (14). Therefore, the regulatory network informa-
tion of TFs, miRNAs and IncRNAs can be utilized in order to
reveal disease-modulating genes and pathways, and to identify
new therapeutic targets. In particular, TFs and miRNAs can
coordinate to regulate common target genes (15), while tran-
scription of miRNAs is regulated by TFs, and a common set
of target IncRNAs are regulated by both TFs and miRNAs.
This type of motif is defined as a TF-miRNA-IncRNA (TML)
network motif. However, it is insufficient to analyze the differ-
ence between LUAD and LUSC at the molecular level based
on the application of regulatory network motifs.

In the present study, the TML network motif was defined as
a motif that includes a TF, miRNA and IncRNA, in which the
TF regulates the expression of the miRNA, and both the TF and
miRNA regulate a common set of target IncRNAs. A global
TML network was constructed, and then its features were
characterized, and a computational approach was designed by
integrating the interaction and expression data of miRNAs,
TFs and IncRNAs. Dysregulated TML network motifs that
were common and specific with regard to LUAD and LUSC
were identified. The dysregulated TML network motifs were
associated with cancer-related functions and pathways. It is
important to note that several miRNAs in these TML network
motifs may be potential drug targets. The results of the present
study elucidated the roles of TML network motifs in LUAD
and LUSC, which may be beneficial for understanding lung
cancer pathogenesis and treatment. The applications of these
findings require further investigation in future studies.

Materials and methods

Collecting high-throughput expression data for miRNAs,
TFs and IncRNAs. The expression data of IncRNAs, TFs
and miRNAs were obtained from LUSC and LUAD tissues
and their corresponding adjacent normal tissues as previ-
ously described (16). The raw read counts for each exon
were downloaded from The Cancer Genome Atlas (TCGA)
(https://portal.gdc.cancer.gov/) level 3 dataset, and the human
TF and IncRNA annotations from GENCODE were used to
map these exons (17). In order to obtain expression data of
human TFs and IncRNAs, the reads per kilobase of transcript
per million mapped reads were recalculated for the TFs and
IncRNAs. miRNA sequencing data (Illumina HiSeq miRNA
Seq; Illumina, Inc., San Diego, CA, USA) of LUAD and LUSC
were also downloaded from TCGA (level 3) (7). Finally, a total
of 166 LUAD samples and 9 matched normal samples were
selected, whereas 120 LUSC samples and 9 matched normal
samples were selected.

Establishing a genome-wide TML network. TML network
motifs comprise a TF, an miRNA and their common target
IncRNAs. In these motifs, the TF strictly regulates the expres-
sion of the miRNA, and these two cooperatively regulate
a common set of target IncRNAs. Three types of regula-
tory interactions are required in order to construct a global
TML network, including miRNA-IncRNA, TF-miRNA and
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TF-IncRNA interactions. In the present study, the CLIP-Seq
experimentally supported miRNA-IncRNA interaction data
were downloaded from starBase version 2.0 (18). In addition,
the SNP@IincTFBS database provided global TF binding sites
for IncRNAs, and these data were used for the TF-IncRNA
regulatory interactions (19). Finally, a large number of
experimental data on TF-miRNA interactions were extracted
from the TransmiR database by literature and publication
searches (20).

Dissecting topological features for the TML network. The total
TML network features were obtained by four measurements,
as follows: Degrees, topological coefficient, connectivity and
clustering coefficient of nodes.

Identifying dysregulated TML motifs in LUAD and LUSC. A
comprehensive pipeline was subsequently established in order
to identify dysregulated TML network motifs in LUAD and
LUSC, based on the integration of the TML network and the
expression profiling of the data. Initially, a Student's t-test was
performed, and the derived P-values were used to evaluate
the differences in TF, IncRNA and miRNA expression levels
between the lung cancer samples and the corresponding
normal samples in each single TML network motif. Each inter-
action pair (TF-IncRNA, TF-miRNA and miRNA-IncRNA
regulatory interactions) in the TML network motif, the study
calculated the Pearson correlation coefficients (PCCs) and the
levels of difference between these coefficients with regard to
the lung cancer and normal samples. The associations between
regulatory interactions were represented by the absolute
differences of PCCs between lung cancer and normal samples.
Subsequently, the differential expression P-values and PCCs
were merged in order to calculate two comprehensive scores
(namely Scoregy; and Score,,..) for TML as follows:

Scoredif: Pri Pirna Prucrna
Scorepcc = l(LTm - NTm) (LTI - NTI) (Lml - le)l

where Prp, P irna and Py gna represent the differential expres-
sion P-values of TF, miRNA and IncRNA, respectively, in
each TML network motif. Scoreg;; corresponds to the differ-
ence in expression of a TML network motif between the lung
cancer and the normal samples. L,,, L, and L, correspond
to the PCCs of the three regulatory regulations, namely the
TF-miRNA, TF-IncRNA and miRNA-IncRNA interaction
pairs, respectively, for the lung cancer samples. Ny,,, Ny,
and N, represent the PCCs for the TF and miRNA, TF and
IncRNA, and miRNA and IncRNA pairs, respectively, for the
control samples. Score,,. is the absolute distinction of the PCC
score between the lung cancer and control samples in the total
TML motif.

An equally-weighted multidimensional approach was then
used to rank all the TML network motifs for lung cancer based
on Scorey; and Score,, (21). Subsequent to obtaining two
ranked lists based on the two aforementioned scores respec-
tively, the ranking position of the two lists was integrated to
calculate the final ranking score for each TML network motif.
The higher ranking score represented higher dysregulated
motif levels in lung cancer. Furthermore, each final motif
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Figure 1. Global topological characteristics of the TML network. (A) Global TML network, including TFs (red), miRNAs (blue) and IncRNAs (green). Basic
characteristics of the network are displayed, including (B) degree, (C) connectivity, (D) topological coefficient and (E) clustering coefficient of TFs, miRNAs
and IncRNAs. TML, TF-miRNA-IncRNA; miRNA, microRNA; TF, transcription factor; IncRNA, long non-coding RNA.

ranking score was compared with the permutation-based score
list, which was generated by randomly disturbing all sample
labels in the expression profile for 1,000 times. This was used
to produce a significant P-value for each TML motif. Finally,
the significant dysregulated TML motifs were obtained for
LUAD and LUSC (P<0.05).

Gene set enrichment analysis. IncRNAs from dysregulated
TML network motifs were used to perform functional enrich-
ment using default parameters on the Enrichr tool online
web server (22). Enriched Gene Ontology (GO) terms were
obtained that were selected at a P-value of <0.05, which indi-
cated a statistically significant difference.

The drug targets analyses for dysregulated TML network
motifs. We determined the associations between drugs and
miRNAs using SM2miR (23), a database of the experimen-
tally validated small molecules that affect the expression of
miRNAs. Then, a drug-miRNA network for miRNAS in
dysregulated TML network motifs was generated based on
data from SM2miR.

Results

Topological characteristics of the TML network. Multiple
data sources were integrated in order to identify >600 TML
network motifs. Each motif consisted of a TF, an miRNA
and their common target IncRNAs. A global TML network
containing 240 nodes (96 IncRNAs, 17 TFs and 127 miRNAs)
and 878 edges was constructed (Fig. 1A). As expected,
this transcriptional regulatory network was similar to the
scale-free network topology (Fig. 1B), which has a degree
distribution that follows a power law, at least asymptotically.

In addition, the connectivity, topological coefficient and
clustering coefficient of nodes were computed and analyzed.
All the aforementioned analyzed characteristics indicated
scale-free distributions (Fig. 1C-E), suggesting that the TML
network was a small-world network (24). The mean level of
the neighborhood connectivity with k neighbors was defined
as the neighborhood connectivity distribution (k=0, 1...n). The
network highlighted a hierarchical modularity phenomenon
due to the stepwise increase of the degrees of connectivity
following the topological coefficient decrease.

Specific TML motifs are significantly dysregulated in
LUAD and LUSC. Dysregulated TML network motifs that
were significantly different with regard to the LUAD and
LUSC in the TML network were identified, and the func-
tional significance of the TML network motifs was further
analyzed. These dysregulated motifs were used to construct
significantly dysregulated TML sub-networks for LUAD and
LUSC (Fig. 2). A total of 11 TML network motifs, including
7 IncRNAs, 5 TFs and 8 miRNAs, were obtained in LUAD
(Fig. 2A), while a total of 15 TML network motifs with 8
IncRNAs, 5 TFs and 13 miRNAs were obtained in LUSC
(Fig. 2B). In these dysregulated TML network motifs, a
number of specific TFs, miRNAs and IncRNAs have been
reported to serve essential roles in lung cancer. For instance,
a previous study reported that mutation of the zinc finger
protein family member 718 may be a potential germline
mutation of lung cancer (25). In addition, let-7c, let-7d
and let-7f were all present in dysregulated TML motifs in
the present analysis, whereas it has been reported that the
let-7 miRNA family suppressed NSCLC development (26).
Notably, a study demonstrated that the MYC-regulated long
non-coding RNA H19 was associated with poor prognosis
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Figure 2. Sub-networks of significantly dysregulated TML network motifs in LUAD and LUSC. Dysregulated sub-networks in (A) LUAD and (B) LUSC are
displayed. TFs, miRNAs and IncRNAs are colored red, blue and green, respectively. TML, TF-miRNA-IncRNA; miRNA, microRNA; TF, transcription factor;
IncRNA, long non-coding RNA; LUAD, lung adenocarcinoma; LUSC, lung squamous carcinoma.

and affected cell proliferation in NSCLC (27). Similarly, this
association was also identified in the present analysis.

Common TML motifs between LUAD and LUSC reveal a
lung cancer subtype-specific mechanism. The performance
of the TML network motif in distinguishing lung cancer
subtypes was investigated in the present study. LUAD
and LUSC are two major histological subtypes of NSCLC.
Specific differences were apparent with regard to the
underlying mechanisms, which suggested the association of
specific TMLs with LUAD and LUSC. Two subnetworks of
significant TML network motifs in LUAD and LUSC were
integrated, and 10 common factors were detected between
the two lung cancer subtypes, including 4 TFs, 3 miRNAs
and 3 IncRNAs (Fig. 3A and B). For instance, the TF E2FI,

IncRNA KB-1732A1.1 and miR-15b were identified in LUAD
and LUSC. Several of these common factors were reported
to be associated with lung cancer. Recently, it was reported
that mutations in the tyrosine kinase domain of the epidermal
growth factor receptor (EGFR) gene occurred in a subset
of patients with lung cancer, indicating a marked response
to treatment by EGFR tyrosine kinase inhibitors (28). A
previous study revealed that miR-195 was significantly down-
regulated in NSCLC samples and cell lines compared with
the corresponding normal counterparts, and that it functioned
as a tumor suppressor (29).

In addition, each lung cancer subtype contained its own
specific factors. For instance, FOXM1 may serve an impor-
tant role in advancing LUAD progression. Aberrant FOXM1
expression directly and constitutively activates SNAIL, thereby
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Figure 3. Common and specific TML network motifs in LUAD and LUSC. (A) Sub-network of dysregulated TML network motifs in LUSC, LUAD and the
intersection of LUAD and LUSC. (B) Venn diagram denoting the intersection of TFs, miRNAs and IncRNAs between LUAD and LUSC. Six motifs are shown
as examples. (C) The cube represents three expression layers of IncRNAs, miRNAs and TFs in LUAD and LUSC. Yellow nodes represent dysregulated TML
network motifs in LUAD samples and green nodes represent a dysregulated TML network motif in LUSC samples. The expression values of TFs, miRNAs
and IncRNAs are shown along the x, y and z axes, respectively. TML, TF-miRNA-IncRNA; miRNA, microRNA; TF, transcription factor; IncRNA, long
non-coding RNA; LUAD, lung adenocarcinoma; LUSC, lung squamous carcinoma.

promoting LUAD metastasis. Inhibition of FOXM1-SNAIL
signaling may thus present an ideal target for future cancer
treatment (30).

The data also indicated that certain TML network motifs
may distinguish LUAD and LUSC samples by combining
multiple layers of TML network motif's expression (Fig. 3C). A
TML network motif was recognized as a node in three-dimen-
sional space. The z-, y- and x-axes dimensions respectively
represented the expression of IncRNA, miRNA and TF in
a TML network motif. It was observed that a single layer of
expression, including miRNA, IncRNA or TF, was unable to
distinguish the LUAD and LUSC samples. However, the TML
network motifs were able to effectively distinguish between
the two different cancer subtypes by combining multiple
layers of expression. The results also indicated that the nodes
of LUAD and LUSC samples could clearly be separated in
three-dimensional space. Overall, the TML motif separated
LUSC and LUAD samples more efficiently as compared with
the use of each single type of molecules.

Functional analysis demonstrates the roles of TML motifs
in LUAD and LUSC. GO analysis based on the IncRNAs in

the dysregulated TML network motifs of LUAD and LUSC
was also performed in the present study. These dysregulated
IncRNAs were enriched in various GO terms, including nega-
tive regulation of lipoprotein lipase activity, regulation of
translation and IncRNA-mediated regulation of translational
elongation (Fig. 4A and B). The function termed positive
regulation of protection from non-homologous end joining at
the telomere sites was also identified as a significant pathway.
Telomerase is an attractive cancer target as it appears to be
required in essentially all tumors for immortalization of a
subset of cells, such as cancer stem cells (31).

In addition, two dysregulated factors, namely MAPKAPKS
and MYC, were identified as key genes in the p38 mitogen-acti-
vated protein kinase (MAPK) signaling pathway in the current
study (Fig. 4C). Uncontrolled growth is a necessary step for
the development of cancer. In various types of cancer, a defect
in the MAPK signaling pathway leads to this uncontrolled
growth. Several compounds can inhibit key proteins in the
MAPK pathway, and these may serve as potential drugs for the
treatment of cancer (32,33). Taken together, functional analysis
indicated that the dysregulated TML network motifs identified
by our method exhibited a strong association with cancer.
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TML network motifs contain potential drug targets. A
cancer-associated drug-miRNA network based on miRNAs
in dysregulated TML network motifs was constructed, and the
data from SM2miR were used (33). SM2miR is a database of the
experimentally validated small molecules that affect the expres-
sion of miRNAs (23). The cancer-associated drug-miRNA
network included 68 nodes (24 miRNAs and 44 drugs) and
118 edges (Fig. 5A). Initially, the common miRNAs in LUAD
and LUSC, including miR-15b, miR-106b and miR-195, were
analyzed (Fig. 5B). These three miRNAs were all associated with
the drug 5-fluorouracil, which is widely used in the treatment of
cancer, including colorectal and breast cancer (34). Although
the miRNAs identified in the dysregulated TML network motifs
were influenced by cancer drug treatment, the regulated direc-
tion (upregulated or downregulated) was distinct and indicated
that the drug effect to the miRNAs was complex. In addition,
certain drugs were associated with miR-15b, such as etoposide,
which is a chemotherapy medication used for the treatment of

a number of cancer types, including lung cancer (35). Another
such compound is ginsenoside, a traditional Chinese medicine
that exhibited an inhibitory effect on the cell growth of various
cancer cells and animal models, which was observed to be
associated with miR-15b and miR-106b in the current study
(Fig. 5C) (36). Furthermore, the current results identified a
number of lung cancer treatment drugs, including gemcitabine,
cisplatin and vincristine. Gemcitabine, which is used in the
treatment of NSCLC, was associated with the let-7 miRNA
family, including let-7c, let-7d and let-7f. Taken together, the
data of the current study indicated that the dysregulated TML
network motifs may be used to identify drug targets for novel
treatment strategies.

Discussion

Diverse types of regulatory transcripts (such as IncRNAs, TFs
and miRNAs) exhibit different types of interactions. Recently,
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the application of computational modeling has been employed
for the prediction of lung cancer incidence. Certain miRNAs
and IncRNAs have been identified as potential biomarkers,
and interact with each other in lung cancer (37,38). These
different types of molecules form complex network motifs in
order to play specific biological roles and accordingly affect
the pathogenic mechanisms in several cancer types. Other
types of TML motifs have also been identified, such as motifs
that describe the regulatory action of miRNAs and IncRNAs
on TFs or the regulatory action of IncRNAs on miRNAs (39).
The present study concentrated on an important network
motif, namely the TML network motif, which included a TF,
miRNA and IncRNA. A computational pipeline was presented
in order to study the TML network motifs by integrating the
interaction and expression data of TFs, miRNAs and IncRNAs.
The study identified dysregulated TML network motifs in
the two lung cancer types, LUAD and LUSC. Furthermore,
the results as to whether a TML motif i specific in one type
of cancer or common in both, were consistent with previous
studies on the tissue specificity of IncRNAs and miRNAs.
Cancer subtype-specific TML network motifs may aid the
development of drugs that minimize the side effects of patient
treatment. Functional and drug effect analyses conducted in
the present study suggested that certain TML network motifs
may serve as putative biomarkers for LUAD and LUSC. The
data presented in the current study are in agreement with
previous studies that highlighted the use of single miRNAs

and IncRNAs as disease biomarkers, since the TML network
motif identified may be considered as a significant pattern to
study lung cancer.

In the present study, the clinical applications of dysregu-
lated TML network motifs were further explored for drug
development. The data revealed that the miRNAs in LUAD
and LUSC-associated TMLs were influenced by anticancer
drug treatment. The TML motifs may act as functional
modules, providing the potential mechanism of action of the
corresponding drugs. Furthermore, the results indicated that
the same miRNAs had distinct regulatory mechanisms with
regard to the different drugs. For example, Let-7c was up-regu-
lated by Metformin and downregulated by Trichostatin A.
Similarly, the same drugs may also influence different miRNA
expression levels by distinct directions. Further studies should
explore the multiple changes in the transcriptome that occur as
a result of the treatment of the patients with anti-cancer drugs.

In conclusion, the results of the present study provided
novel insights into the potential function of miRNAs,
IncRNAs and TFs in LUAD and LUSC. Dysregulated TML
network motifs and the common motifs in LUAD and LUSC
were identified. The common features between LUAD and
LUSC indicated that diverse mechanisms were involved and
different clinical treatments may be suitable for the two cancer
subtypes. Functional and drug analyses further indicated the
fundamental action of the TML network motifs in lung cancer.
Taken together, the present study identified and investigated
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TML network motifs, and the obtained data provide further
insight into the multi-level crosstalk regulation found in
LUAD and LUSC.
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