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Simple Summary: An adequate bioinformatic pipeline is a valuable tool for understanding cancer
mechanisms and identifying transcriptomic biomarkers of cancer and specific to lung cancer. The
bioinformatic pipeline was applied to analyze multiple transcriptomic studies and to identify an
important group of winning transcription factors coexpressed in gene networks of lung cancer, breast
cancer and leukemia, capable of forming coregulatory complexes associated with the regulation of
genes involved in tumorigenic processes related to the acquisition of the hallmarks of cancer, as
well as lung cancer patients survival. The establishment of a general and specific transcriptional
regulatory network is essential to develop key molecular tools for prevention, early diagnosis, and
treatment aimed at precision personalized medicine of cancer.

Abstract: The bioinformatic pipeline previously developed in our research laboratory is used to
identify potential general and specific deregulated tumor genes and transcription factors related to
the establishment and progression of tumoral diseases, now comparing lung cancer with other two
types of cancer. Twenty microarray datasets were selected and analyzed separately to identify hub
differentiated expressed genes and compared to identify all the deregulated genes and transcription
factors in common between the three types of cancer and those unique to lung cancer. The winning
DEGs analysis allowed to identify an important number of TFs deregulated in the majority of mi-
croarray datasets, which can become key biomarkers of general tumors and specific to lung cancer.
A coexpression network was constructed for every dataset with all deregulated genes associated
with lung cancer, according to DAVID’s tool enrichment analysis, and transcription factors capable
of regulating them, according to oPOSSUM´s tool. Several genes and transcription factors are coex-
pressed in the networks, suggesting that they could be related to the establishment or progression of
the tumoral pathology in any tissue and specifically in the lung. The comparison of the coexpression
networks of lung cancer and other types of cancer allowed the identification of common connectivity
patterns with deregulated genes and transcription factors correlated to important tumoral processes
and signaling pathways that have not been studied yet to experimentally validate their role in lung
cancer. The Kaplan–Meier estimator determined the association of thirteen deregulated top winning
transcription factors with the survival of lung cancer patients. The coregulatory analysis identified
two top winning transcription factors networks related to the regulatory control of gene expres-
sion in lung and breast cancer. Our transcriptomic analysis suggests that cancer has an important
coregulatory network of transcription factors related to the acquisition of the hallmarks of cancer.
Moreover, lung cancer has a group of genes and transcription factors unique to pulmonary tissue that
are coexpressed during tumorigenesis and must be studied experimentally to fully understand their
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role in the pathogenesis within its very complex transcriptomic scenario. Therefore, the downstream
bioinformatic analysis developed was able to identify a coregulatory metafirm of cancer in general
and specific to lung cancer taking into account the great heterogeneity of the tumoral process at
cellular and population levels.

Keywords: lung cancer (LC); breast cancer (BC); leukemia (LK); differentially expressed genes (DEGs);
coexpression networks; early detection and prognosis biomarkers

1. Introduction

Cancer is the second leading cause of death around the world [1]. In men, cancer
most often affects the lung, prostate, and colorectum, while, in women, it affects the lung,
breast, and colorectum [1]. In children, the most common types are blood cancer and
cancers related to the brain and lymph nodes [1]. Cancer is a disease characterized by the
formation of tumors in bone, skin, tissue, organs, and glands due to an increase in cell
growth, as well as the invasion of other tissues [2]. Cancer is a highly heterogeneous disease
with different histological and biological characteristics defined by genetic, epigenetic, and
transcriptomic features, which determine clinical and treatment outcomes [3]. Most lung
cancer cases (85%) are related to the histological type known as non-small cell cancer
(NSCLC), followed by small cell carcinoma (SCLC) (15%). The three main subtypes of
NSCLC are adenocarcinoma, squamous-cell carcinoma, and large-cell carcinoma [4]. The
WHO has classified breast cancer in 20 major types and 18 minor subtypes according to the
histopathology: carcinoma in situ (15–30%), invasive carcinoma (70–85%) (invasive ductal
carcinoma and invasive lobular carcinoma), and mesenchymal tumors (including sarcoma);
the grade (well differentiated (low-grade), moderately differentiated (intermediate-grade),
and poorly differentiated (high-grade); and stage (primary tumor, regional lymph nodes,
and distant metastases) [5]. Breast cancer also has specific molecular characteristics, such
as the activation of human epidermal growth factor receptor 2 (HER2), the activation of
hormone receptors, such as estrogen and progesterone, and BRCA mutations [6]. Leukemia
is a group of blood cancers that usually begin in the bone marrow and have been classified
in four major subtypes (acute lymphoblastic leukemia (ALL), acute myeloid leukemia
(AML), chronic lymphocytic leukemia (CLL), and chronic myeloid leukemia (CML)) [7].

The high mortality rates of cancer have been associated with the lack of an early
diagnosis based on specific biomarkers able to detect the potential to develop a tumorigenic
process in the lung and to develop specific treatments against the disease [2]. The search of
key cancer biomarkers is essential for early diagnosis and prognosis, classifying sensitive
patients, and predicting the treatment response of every patient [8]. Cancer research has
identified a significant number of predictive biomarkers related to the response to a certain
treatment for NSCLC patients [9,10]. The identification of genetic risk factors that increase
the susceptibility to develop lung cancer is important to develop specific treatments [11].
However, there is still an important limitation in this approach because it treats only a few
patients with the associated risk factor, and, therefore, the mortality rate has not shown
significant reductions [12].

The dysregulation of gene expression in human cells is under study in many laborato-
ries around the world in the context of different studies of diseases. Currently, transcrip-
tomic analysis combined with large sample sizes have the potential to lead to significant
advances in understanding the genetic and regulatory architecture of very complex dis-
eases with risks contributed by multiple gene expression dysregulation. The complex
interaction between genes and environment (GXE) is deeply involved in multiple aspects of
cancer, from determining an individual’s vulnerability to onset to influencing its response
to therapeutic intervention [13]. Consequently, at the molecular level, the ability of a cell
to communicate with its environment is essential for guaranteeing the proper molecular
functions in human cells and to promote important changes in cell growth, proliferation,
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differentiation, survival, and death through the activation or repression of a group of genes
called immediate early genes (IEGs) [14]. The key components of the GXE interaction are
the IEGs, which are known as the “gateway to the genomic response” since IEGs are the
first to be activated at the transcription level in response to a wide variety of cellular stimuli
from extracellular signals. The main IEG products are early regulators of cell growth and
differentiation signals, which essentially are transcription factors (TFs), along with other
DNA-binding proteins, cytoskeletal proteins, and receptor subunits [14]. The TFs regulate
gene expression by binding to cis-acting DNA regulatory elements, including enhancers,
insulators, and promoters of genes, in order to activate or inhibit their transcription [15].
The TFs can be classified into 71 families based on the homology of their DNA-binding
domains, but three of them contain more than 50% of the total TFs. The C2H2 zinc finger
family has over 600 members, the homeobox family over 200 members, and the bHLH
family over 80 members [16]. TFs control expression in a specific spatial, temporal, and
sequential manner during development and tissues differentiation; therefore, changes in
their expression can lead to the master dysregulation of cell integrity and homeostasis, and,
in this way, to the development of complex pathologies [17]. TFs are commonly dereg-
ulated in the major class of cancer cells, making them very interesting targets for cancer
therapy [18]. The first step, then, is to identify the most important TFs as key biomarkers to
be able to study their biological function in normal and cancer contexts in order to move
forward in the translational cancer research field.

Our research laboratory has proposed a new methodology based on the identification
of common and unique deregulated genes and TFs in cancer, along with the creation of
coexpression networks with microarray datasets, using “Coexnet” [19], an R library devel-
oped by our research group, to study the complexity of lung cancer and the identification
of biomarkers associated with biological processes and signaling pathways related to the
acquisition of the hallmarks of cancer during the establishment and progression of the
disease [20]. Our bioinformatic pipeline seeks to address the complexity of the disease
in terms of the intertumoral and intratumoral variability in each individual and/or pop-
ulation of individuals, as well as the large number of deregulated genes that have been
identified with genomic studies, conducting a joint transcriptomic analysis of lung cancer
with microarray data, identifying the signaling pathways related to specific diagnosis gene
groups in coexpression networks associated with tumorigenesis, which could become good
targets for the development of lung cancer drug-oriented treatments. We have already
used this bioinformatic pipeline to identify transcription factors that could be related to
the establishment and progression of lung cancer, comparing gene expression studies of
lung cancer and other lung diseases, and creating coexpression networks of deregulated
genes and transcription factors, which are related to the acquisition of the hallmarks of
cancer [20]. Now, we want to extend our joint transcriptomic analysis to other types of
cancer to identify important biomarkers that are coexpressed in tumorigenic processes in
the lung and other tissues affected with the disease, which could become important targets
for the development of diagnostic and treatment techniques against cancer and lung cancer.

2. Materials and Methods

Twenty sets of expression datasets (microarrays) were selected from the public reposi-
tories Gene Expression Omnibus (GEO) from NCBI and Array Express from EBI (Table 1).
Ten sets compare tumor tissue from patients with lung cancer and normal lung tissue, five
sets compare tumor tissue from patients with breast cancer and normal breast tissue, and
five sets compare blood tissue of leukemia patients and normal blood tissue of individuals
not affected with the disease. The selected datasets passed the same bioinformatic pipeline
developed for the analysis of our previous transcriptomic studies [20]. The process started
with all microarray data preprocessing (quality verification, filter, and normalization) [21]
to select the best microarray datasets for the analysis, and then we conducted the detection
of differentially expressed genes (DEGs) [22] with R language and specialized libraries [19].
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Table 1. Analyzed datasets, each study code, subjects’ disease, and number of samples.

Study Code Subjects’ Disease Samples Reference

GSE19804 Non-smoking women with NSCLC Normal (60) vs. Cancer (60) [23]

GSE10072 Patients with lung adenocarcinoma Normal (49) vs. Cancer (58) [24]

GSE3268 Patients with squamous lung cancer cells Normal (5) vs. Cancer (5) [25]

GSE108055 Typical and atypical carcinoid, and SCLC Normal (9) vs. Cancer (54) [26]

E-MTAB−5231 Patients with NSCLC Normal (18) vs. Cancer (SCC = 11
AC = 11) [27]

E-MTAB−3950 Pre-invasive and invasive early squamous carcinoma Normal (30) vs. Cancer (30) (SCC) [28]

GSE52248 Patients with lung adenocarcinoma Normal (6) vs. Cancer (12) [29]

GSE70089 Patients with lung carcinoma Normal (3) vs. Cancer(3) [30]
GSE81089 Patients with NSCLC Normal (19) vs. Cancer (199) [31]
GSE84776 Patients with squamous lung cancer cells Normal (9) vs. Cancer (9) [32]
GSE10797 Invasive breast cancer Normal (10) vs. Cancer (56) [33]

GSE21422 Ductal carcinoma in situ and invasive breast carcinoma Normal (5) vs. Cancer (14) [34]

GSE26910 Invasive breast primary breast cancer Normal (6) vs. Cancer (6) [35]

GSE3744 Sporadic basal-like breast cancer Normal (7) vs. Cancer (40) [36,37]

GSE5764 Invasive lobular and ductal breast cancer Normal (10) vs. Cancer (20) [38]

GSE22529 Chronic lymphocytic leukemia Normal (11) vs. Cancer (41) [39]

GSE26725 Chronic lymphocytic leukemia Normal (5) vs. Cancer (12) [40]

GSE5788 T-cell prolymphocytic leukemia Normal (8) vs. Cancer (6) [41]

GSE6691 Chronic lymphocytic leukemia Normal (13) vs. Cancer (11) [42]

GSE9476 Acute myeloid leukemia Normal (38) vs. Cancer (26) [43]

The list of all deregulated genes in lung cancer (LC), breast cancer (BC), and leukemia
were compared to identify those varying in the same sense (upregulated or downregulated
in the pathology with respect to healthy tissue) in the majority of microarray datasets (at
least eight of the ten sets of lung cancer and in at least one of the other types of cancer) to
establish our “Common winning DEGs” and in the majority of LC microarray datasets (at
least seven of the ten sets of lung cancer and none of the other types of cancer) to establish
our “Unique LC winning DEGs”. These were highlighted in the functional and enrichment
analysis, classifying those involved in tumorigenic processes with the online DAVID
tool (Bioinformatics Resources 6.8, NIAID/NIH” (https://david.ncifcrf.gov/summary.jsp)
(accessed on 15 June 2019) [44] and a corrected p value ≤ 0.05 with Benjamini’s method [45],
along with a very extensive literature search of all the common and unique deregulated
winner DEGs related to tumoral processes, in order to validate its association with the
acquisition of the hallmarks of cancer.

The coexpression networks of common winning DEGs of cancer (LC&OC and unique
lung-cancer-related winning DEGs (LCII) and all transcription factors capable to regulate
them according to oPOSSUM database (https://github.com/wassermanlab/oPOSSUM3)
(accessed on 14 July 2019) were conducted under the same parameters for the construction
of the similarity matrix and the clustering coefficient developed by our research group [21]
and used in our previous study with GSE19804 microarray, the lung cancer dataset with
the best number of controls and cases. Gedevo [46] and the R library “Coexnet” were used
to compare the coexpression networks of all datasets to identify all common connectivity
patterns (CCPs) between them [19]. Cytoscape [47] and iRegulon [48] applications allowed
the analysis and identification of TFs for every CCP.

The coregulatory networks of winning TFs were completed with R library “Coregnet” [49]
in a selected dataset of lung cancer (GSE19804), breast cancer (GSE3744), and leukemia
(GSE6691), where all the winning TFs were deregulated. The Kaplan–Meier estimator

https://david.ncifcrf.gov/summary.jsp
https://github.com/wassermanlab/oPOSSUM3
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(http://kmplot.com/analysis/index.php?p=service&cancer=lung) (accessed on 23 June
2022) was used to measure the overall survival (OS) of lung cancer patients according to
the deregulation of the top winning TFs [50].

3. Results
3.1. Differentially Expressed Genes (DEGs) Common between the 3 Types of Cancer, and Unique
Lung Cancer DEGs

In general, there are more DEGs in lung cancer than in other types of cancer, and
there is great variability in overregulated and downregulated genes in every type of cancer
(Figure 1) (Supplementary Table S1). The identification of 296 genes that were equally
differentially expressed in lung cancer and other lung diseases, and 98 genes equally
deregulated only in lung cancer, indicated that the transcriptomic analysis of microarray
datasets allows us to find a characteristic metafirm of the tumorigenic process at the
molecular level. One-hundred-forty common DEGs are downregulated and one-hundred-
fifty-six overregulated in at least eight of the ten lung cancer datasets analyzed and at least
one set of other types of cancer (Supplementary Table S1). Fifty-nine common DEGs are
downregulated in the three types of cancer (LC&BC&LK), seventy-nine in lung cancer and
breast cancer (LC&BC), and eleven in lung cancer and leukemia (LC&LK). Seventy-eight
common DEGs are overregulated in the three types of cancer (LC&BC&LK), seventy-
four in lung cancer and breast cancer (LC&BC), and eleven in lung cancer and leukemia
(LC&LK). The ninety-eight LC winning DEGs are deregulated in at least seven of the ten
sets of lung cancer, of which fifty-seven are downregulated and forty-one overregulated
(Supplementary Table S2).
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Figure 1. Number of differentially expressed genes (DEGs) in lung cancer LC and other types of
cancer (OTC) microarray studies. Overregulated in blue and downregulated in red. The image was
made using GraphPad Prism version 8.00 for Windows, GraphPad Software, La Jolla, California,
USA, www.graphpad.com (accessed on 12 June 2019).

Among the winning DEGs, there are twenty-five winning TFs common between the
different types of cancer and six winning TFs unique to lung cancer (Table 2). There are
thirteen deregulated winning TFs in common among the three types of cancer studied

http://kmplot.com/analysis/index.php?p=service&cancer=lung
www.graphpad.com
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(Figure 2), nine deregulated winning TFs in common between lung cancer and breast cancer
(Figure 3), and six deregulated winning TFs in common between lung cancer and leukemia
(Figure 4). Additionally, there are six deregulated unique LC winning TFs (Figure 5).

Table 2. List of winning transcription factors in common among the three types of cancer and unique
to lung cancer. Number of deregulated lung cancer, breast cancer, and leukemia datasets.

Transcription Factors (TFs) Lung Cancer
(LC)

Breast Cancer
(BC)

Leukemia
(LK) Total

ZBTB16 9 4 3 16
KLF4 9 4 1 14
TAL1 9 3 2 14

FOXM1 9 2 1 12
BZW2 9 1 1 11
HLF 8 3 1 12

GPRASP1 8 2 2 12
MNDA 8 2 1 11

PKNOX2 8 1 1 10
TFAP2C 8 1 1 10

SOX4 10 1 2 13
EGR1 7 4 3 14
FOSB 7 4 1 12

SOX17 10 3 0 13
EPAS1 8 3 0 11
KLF2 8 3 0 11
ID4 8 3 0 11

MEIS1 8 2 0 10
MYBL2 8 2 0 10
NR2F1 8 2 0 10
DLX5 8 1 0 9
TBX5 8 1 0 9

NR4A3 8 0 1 9
ID2 7 0 3 10

ETV4 7 0 1 8
SOX12 7 0 1 8
TCF3 7 0 1 8

RORA 6 0 2 8
FOXF1 8 0 0 8
HOXC6 8 0 0 8

RFX2 8 0 0 8
GATA6 7 0 0 7
RARA 7 0 0 7
PAX9 7 0 0 7

3.2. Functional Annotation and Enrichment Analysis

The functional annotation analysis of the 140 negatively regulated winning DEGs showed
that they are associated with angiogenesis, vasculogenesis, and cell adhesion processes
(Figure 6A); meanwhile, the 156 upregulated winning DEGs are associated with cell division,
cell proliferation, DNA replication, and repair (Figure 6B). Likewise, 71 overregulated winning
associated DEGs (p-value: 1.70 × 10−12) were identified (Supplementary Table S1). The
enrichment and functional annotation analysis of the 98 unique negatively and positively
regulated winning DEGs of lung cancer did not yield significant associations with cancer,
biological processes, or signaling pathways (Supplementary Table S2).
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Figure 2. Bar graph comparing the fold change expression levels of common winning transcription
factors in the three cancer types (LC&BC&LK). Transcription factors with fold change values greater
than 1 are upregulated, while those with fold change values less than 1 are downregulated. Inside
the boxes are the deregulated transcription factors in most datasets and those that are coexpressed in
gene networks. The image was made using GraphPad Prism version 8.00 for Windows, GraphPad
Software, La Jolla, California, USA, www.graphpad.com (accessed on 23 June 2022).
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Figure 3. Bar graph comparing the fold change expression levels of common winning transcription
factors in lung cancer and breast cancer (LC&BC). Transcription factors with fold change values
greater than 1 are upregulated, while those with fold change values less than 1 are downregulated.
Inside the boxes are the deregulated transcription factors in most datasets and those that are coex-
pressed in gene networks. The image was made using GraphPad Prism version 8.00 for Windows,
GraphPad Software, La Jolla, California, USA, www.graphpad.com (accessed on 23 June 2022).
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Figure 4. Bar graph comparing the fold change expression levels of common winning transcription
factors in lung cancer and leukemia (LC&LK). Transcription factors with fold change values greater
than 1 are upregulated, while those with fold change values less than 1 are downregulated. Inside
the boxes are the deregulated transcription factors in most datasets and those that are coexpressed in
gene networks. The image was made using GraphPad Prism version 8.00 for Windows, GraphPad
Software, La Jolla, California, USA, www.graphpad.com (accessed on 23 June 2022).

According to DAVID’s analysis, sixteen winning TFs (DLX5, EGR1, FOXF1, FOXM1,
GATA6, ID2, KLF2, KLF4, RARA, RORA, SOX17, SOX4, TAL1, TBX5, TCF3, and ZBTB16)
are related to the positive regulation of transcription (p-value: 3.1 × 10−11), and eight win-
ning TFs (FOXM1, GATA6, ID2, ID4, KLF4, PAX9, RARA, and ZBTB16) are related to the
negative regulation of transcription (p-value: 4.6 × 10−3). Five winning TFs (EPAS1, MEIS1,
RORA, SOX17, and TAL1) are related to angiogenesis (p-value: 3.9 × 10−2). Five winning
TFs (KLF4, RARA, SOX4, TBX5, and ZBTB16) are associated with the negative regulation
of cell proliferation (p-value: 1.7 × 10−1). Four winning TFs (FOXM1, MEIS1, RARA,
and SOX4) are related to the positive regulation of cell proliferation (p-value: 5.8 × 10−1).
Three winning TFs (FOXF1, KLF4, and RORA) are related to negative regulation of inflam-
matory response (p-value: 3.0 × 10−1). Seven winning TFs (ETV4, ID2, MEIS1, NR4A3,
RARA, TCF3, and ZBTB16) are related to transcriptional misregulation in cancer (p-value:
6.9 × 10−5). Additionally, six winning TFs (DLX5, ID2, ID4, KLF4, MEIS1, and TCF3) are
related to signaling pathways regulating pluripotency of stem cells (p-value: 1.6 × 10−4).

www.graphpad.com
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Figure 5. Bar graph comparing the fold change expression levels of unique lung cancer winning
transcription factors in lung cancer (LC). Transcription factors with fold change values greater than
1 are upregulated, while those with fold change values less than 1 are downregulated. Inside the
boxes are the deregulated transcription factors in most datasets and those that are coexpressed in
gene networks. The image was made using GraphPad Prism version 8.00 for Windows, GraphPad
Software, La Jolla, California, USA, www.graphpad.com (accessed on 23 June 2022).

3.3. Coexpression Network Analysis

The LC&OC coexpression network was created with the 71 DEGs in common between
lung cancer and other types of cancer, which are associated with cancer according to the
DAVID enrichment and functional annotation analysis, along with the 45 TFs identified
by oPOSSUM as possible regulators of these DEGs, showing that 32 common winning
DEGs are coexpressed with one TF (MYBL2) in lung cancer (Figure 7). MYBL2 is positively
regulated in eight datasets of lung cancer and in two datasets of breast cancer (Table 2).
Fourteen DEGs of the LC&OC coexpression network are also in the LC&LD coexpression
network (the DEGs network that might be related to cancer establishment as those DEGs
are also deregulated in other lung diseases), and ten DEGs are in the LCI coexpression
network (the DEGs network that might be related to cancer progression as those DEGs
are not deregulated in other lung diseases) [51]. Moreover, seven DEGs (AURKA, BUB1,
CDC6, MAD2L1, NDC80, ZWINT, and TIMELESS) are unique to the LC&OC coexpression
network (Figure 7). According to DAVID´s analysis, these seven DEGS are related to cell
division (p-value: 5. 1 × 10−9).

www.graphpad.com
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The functional annotation analysis of the genes in the LC&OC coexpression net-
work showed statistically significant associations to cancer (p-value: 5.2 × 10−19) and to
the same biological processes and the same signaling pathways of positively regulated
genes in common between lung cancer and other lung diseases, with significant p values
(Supplementary Table S1). Most of the genes in the LC&OC coexpression network are asso-
ciated with seven of the ten hallmarks of cancer (Figure 8). Most of the genes in the LC&OC
coexpression network have evidence of their deregulation in lung cancer (Supplementary
Table S3). Three DEGs (ASPM, CENPF, and RFC4) have no evidence of their association
with the acquisition of lung cancer characteristics, and only one of them has evidence of
deregulation in lung cancer (Supplementary Table S3). MYBL2 has been associated with
genomic instability processes and the maintenance of proliferative signaling [52].
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Figure 8. Hallmarks of cancer related to the genes of the LC&OC coexpression network.

The list of the DEGs unique to lung cancer was used to make the LCII coexpression
network as we could not have a list of genes related to cancer according to DAVID analysis
(Supplementary Table S2), along with the 90 TFs identified by oPOSSUM as possible
regulators of these DEGs. The analysis identified 53 DEGs that are coexpressed with 13 TFs
in lung cancer (Figure 9). Three TFs (E2F1, NR4A2, and ZEB1) also appeared in the LC&LD
coexpression network and in the LCI coexpression network, and two TFs (RUNX1 and
EBF1) in the LCI coexpression network [20,51]. The other eight TFs are new and unique to
the LCII coexpression network. FOXF1 is negatively regulated in eight sets of lung cancer
data and in the PAH set. GATA6 is negatively regulated in seven sets of lung cancer data
and in the PAH set. FOXF2 is negatively regulated in six sets of lung cancer data and in the
PAH set, and positively regulated in a leukemia dataset. HOXA5 is negatively regulated in
six sets of lung cancer data, in two of breast cancer, and in the PAH set. MEF2A is negatively
regulated in four sets of lung cancer and in the PAH set, and positively regulated in one
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set of breast cancer and in two of leukemia. NFE2L2 is positively regulated in two sets of
lung cancer data, one set of leukemia, and in the PAH set, and negatively regulated in three
sets of lung cancer, two of breast cancer, and in one of leukemia [20]. NFIL3 is negatively
regulated in four sets of lung cancer and two sets of leukemia. PBX1 is negatively regulated
in two sets of lung cancer and two sets of leukemia, and positively regulated in a set of
breast cancer.
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Figure 9. Coexpression network of unique lung cancer winning deregulated genes that are not
deregulated in other types of cancer (LCII coexpression network). In red are the most connected
nodes, in orange the average connected nodes, and in yellow the less connected nodes. The TFs are
highlighted inside the blue ovals.

Half of the genes in the LCII coexpression network have experimental evidence of their
association with seven of the ten hallmarks of cancer (Figure 10). In the LCII coexpression
network, 18 DEGs (ABCA3, ALDH3B1, C1QTNF7, CBLC, CYP27A1, DES, FANCG, FR,
FLRT3, MD4A, IGSF10, KCNT2, MAMDC2, MND1, PDE5A, RSPO1, SLC6A4, TM6SF1, and
W6DC) have evidence of their deregulation in lung cancer but have not yet been associated
with the acquisition of any hallmark of cancer (Supplementary Table S4). The expression
of four DEGs (C2orf40, NOSTRIN, NFX3, and TRPV2) has been associated with normal
lung function, but they have no experimental evidence of their deregulation in cancer, or
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of their association with the acquisition of the hallmarks of cancer. Five DEGs (ABCA9,
FAR2, GRASP, RPGR, and SGCA) have no evidence of their deregulation in lung cancer,
nor any experimental evidence of their association with the acquisition of the hallmarks
of cancer. NFIL3, a TF, also has no evidence of its deregulation in lung cancer, nor any
experimental evidence of its association with the acquisition of the hallmarks of cancer
(Supplementary Table S4).
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Figure 10. Hallmarks of cancer related to the genes of the LCII coexpression network. The TF is in
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blue, and all downregulated genes are in red.

The comparison of lung cancer (LC) and breast cancer (BC) coexpression networks
with Gedevo identified five statistically significant alignments (Median > 0.5), appearing
in at least 6.3% of all possible alignments (Table 3). The genes associated with the LC-BC
alignments are new genes; none had appeared in any of the previous coexpression analyses.
Four of the five genes (HEG1, PLSCR4, GMFG, and NME4) associated with LC-BC align-
ments have been observed to be deregulated in lung cancer. ReactomeFIViz enrichment
analysis in Cytoscape showed that two genes (HEG1 and PLSCR4) have evidence of their
association with the acquisition of cancer characteristics.

The comparison of lung cancer (LC) and leukemia (LK) coexpression networks with
Gedevo identified seven statistically significant alignments (Median > 0.5), appearing in at
least 7.5% of all possible alignments (Table 4). Six of the genes associated with the LC-LK
alignments are new genes; only one (BIRC5) appears in the LC&LD coexpression network.
Five of the seven genes (BIRC5, GIMAP5, HBB, IL33, and AKAP12) associated with the
LC-LK alignments have been observed to be deregulated in lung cancer. ReactomeFIViz
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enrichment analysis in Cytoscape showed that four genes (SNRK, BIRC5, HBB, and IL33)
have evidence of their association with the acquisition of cancer characteristics.

Table 3. Gedevo’s most significant alignments between lung cancer (LC) and breast cancer (BC) sets.

Alignment LC&BC Number of Alignments Percentage Median

HEG1—HEG1 5 10.4% 0.58
PLSCR4—PLSCR4 5 10.4% 0.50

GMFG—GMFG 4 8.3% 0.51
FCGR3B—FCGR3B 3 6.3% 0.52

NME4—NME4 3 6.3% 0.50

Table 4. Gedevo’s most significant alignments between lung cancer (LC) sets and leukemia (LK) sets.

Alignment LC&LK Number of Alignments Percentage Median

SNRK—SNRK 6 15.0% 0.51
BIRC5—BIRC5 5 12.5% 0.57

GIMAP5—GIMAP5 3 7.5% 0.51
HBB—HBB 3 7.5% 0.51
IL33—IL33 3 7.5% 0.52

AKAP12—AKAP12 3 7.5% 0.52
CD93—CD93 3 7.5% 0.60

The Coexnet library found some CCPs in some comparisons of lung cancer (LC) and
other types of cancer (OC), the majority made of two or three nodes (Supplementary Table S5).
The GSE10072 lung cancer set formed the largest CCPs with two breast cancer (BC) sets;
the GSE3744 set formed a six-node CCP, and the GSE21422 set formed a 12-node CCP
and a six-node CCP. A total of 44 nodes were found in the different CCPs identified by
Coexnet when comparing the coexpression networks of LC and BC. The analysis of the
nodes of the LC-BC CCPs with iRegulon showed SOX15 as a regulator of 26 of the 44 nodes
with an enrichment score of 4712 and 13 possible binding motifs. SOX15 is positively
regulated in four sets of lung cancer and in one of leukemia, and negatively regulated
in a set of breast cancer. ReactomeFIViz enrichment analysis in Cytoscape showed an
association of seven (EDNRB, CDKN2A, VEGFD, FOS, GNG11, TGFBR2, and BIRC5) of the
forty-four nodes of the LC-BC CCPs with signaling pathways related with the acquisition
of tumor characteristics.

The GSE10072 lung cancer set formed the majority of CCPs with four sets of leukemia
(LK), with two or three nodes in total each. A total of twelve nodes appeared in the
different CCPs identified by Coexnet when comparing the coexpression networks of lung
cancer (LC) and leukemia (LK). The analysis of the nodes with iRegulon showed HLF, a TF
with the ability to regulate four nodes, has an enrichment score of 6000, has six possible
binding motifs, and is negatively regulated in eight sets of lung cancer data. ReactomeFIViz
enrichment analysis in Cytoscape showed an association of two nodes (CAV1 and TNF)
with the TNF receptor signaling pathway, and another two nodes (FOSB and TNF) with
the IL−7 signaling pathway.

3.4. Coregulatory Network Analysis

According to Coregnet´s analysis, in lung cancer, 21 winning TFs (ZBTB16, ID2, ID4,
EPAS1, EGR1, FOSB, HLF, FOXF1, GATA6, GPRASP1, KLF2, MEIS1, MNDA, NR4A3,
TAL1, RFX2, RORA, SOX17, PKNOX2, NR2F1, and KLF4) can form a coregulatory network,
and nine winning TFs (MYBL2, FOXM1, HOXC6, BZW2, TCF3, SOX4, ETV4, SOX12,
and TFAP2C) can form another coregulatory network. In breast cancer, eight winning TFs
(ZBTB16, KLF2, KLF4, NR2F1, EGR1, FOSB, EPAS1, and GPRASP1) can form a coregulatory
network, and three other winning TFs (MYBL2, FOXM1, and TAL1) can form another
coregulatory network. In leukemia, there is no evidence that the winning TFs have the
ability to form any coregulatory complex.
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3.5. Survival Analysis of Top Winning Transcription Factors in Lung Cancer

The KM plotter analysis for the top winning TFs showed a statistically significant
association between the expression levels of ZBTB16, TAL1, FOXM1, SOX17, EPAS1, KLF2,
ID4, MYBL2, NR4A2, FOXF1, GATA6, HOXC6, and RFX2 with the survival of lung cancer
patients (Figure 11).
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Figure 11. KM plots of the top winning transcription factors associated with lung cancer patients’
survival, and with a significant logrank p-value. (A) ZBTB16, (B) TAL1, (C) FOXM1, (D) SOX17,
(E) EPAS1, (F) KLF2, (G) ID4, (H) MYBL2, (I) NR4A3, (J) FOXF1, (K) GATA6, (L) HOXC6, (M) RFX2.

4. Discussion

The search for transcription factors as general and specific tumor biomarkers of lung
cancer began with the selection of an important number of comparable datasets, from
which we could identify and establish the most complete transcriptome metafirm possible
of the tumor process independent of tissue and specifically in the lung (Figure 12), taking
into account different populations and all possible types and subtypes of cancer, in order
to select the most accurate list of common deregulated genes in leukemia, lung, and
breast cancer, and an important number of lung cancer studies to identify those unique
deregulated genes. We have chosen epidemiologically important cancer types in two of
our population groups (breast cancer in women and leukemia in children), as well as one
type of cancer with an embryonic origin close to the lung (breast cancer) and a type with a
different embryonic origin (leukemia). Therefore, we could expect to have a greater number
of genes in common with the type of cancer with a closer embryonic origin if there is some
relationship between the transcriptional regulatory processes during embryonic and tumor
stages in different tissue types, as well as to have a bigger picture of the general tumoral
processes with different embryonic origins. Indeed, we found a greater number of DEGs
(Supplementary Table S1) and winning TFs (Table 2) between lung cancer and breast cancer
compared to lung cancer and leukemia. Therefore, it was also possible to identify unique
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and common genes regardless of the great heterogeneity of tumor diseases in terms of cell
or tissue type, and different types and subtypes of cancer.
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Figure 12. Venn diagram with the transcriptomic metafirm of winning and coexpressed transcription
factors common among the three types of cancer and unique to lung cancer. Negatively regulated
transcription factors are in bold red, and positively regulated transcription factors are in bold black.

When comparing the three types of cancer, we found thirteen TFs within at least
ten datasets (Table 2). The top four winning TFs are ZBTB16, TAL1, KLF4, and FOXM1.
ZBTB16 (zinc finger and BTB domain containing 16) is a TF involved in key developmental
processes, self-renewal, and differentiation of stem cells. ZBTB16 is downregulated in lung
cancer, breast cancer, and leukemia, is the first winning TF of the three types of cancer, and,
therefore, is a potential general tumor biomarker. ZBTB16 is a member of the Krüppel C2H2-
type zinc-finger protein family of TFs, which has been found to be upregulated in clear cell
renal cell carcinoma, colon cancer, glioblastoma, testicular seminoma, and downregulated
in hepatocellular carcinoma, lung cancer, melanoma, pancreatic cancer, prostate cancer,
and thyroid carcinoma [53]. The downregulation of ZBTB16 in the cytoplasm of NSCLC
lung cancer cells has been related to high tumor grade and tumor aggression [54]. In breast
cancer, ZBTB16 is also downregulated by promoter hypermethylation, and, when activated,
it can inhibit breast cancer cells’ proliferation and metastasis [55]. Therefore, ZBTB16 has
shown tumor suppression activity in cancer.

TAL1 (T-cell acute lymphocytic leukemia protein 1) is a basic-helix-loop-helix (bHLH)
TF [56], an essential regulator of normal hematopoiesis [57], and also a winning down-
regulated TF in three types of cancer. TAL1 is a hub node of a transcriptional regulatory
network in lung adenocarcinoma, promoting the TGF-β signaling pathway [58]. KLF4
(Krüppel-like factor 4) is a zinc finger-type TF important during development, differen-
tiation, and tissue homeostasis [59]. KLF4 is downregulated in colorectal carcinoma [60],
and gastric epithelium [61], suggesting that it might be a tumor suppressor. FOXM1 (Fork-
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head box transcription factor) is related to cell cycle, cell differentiation and proliferation,
DNA damage repair, tissue homeostasis, angiogenesis, apoptosis, and metastasis [62].
FOXM1 is highly expressed in several cancers, such as hepatocellular carcinomas [63],
colon cancer [64], pancreatic cancer [65], gastric cancer [66], and breast cancer [67]. We have
also identified FOXM1 as an important regulator during lung cancer progression since it is
the TF that regulates a greater number of genes deregulated only in lung cancer, which are
not deregulated in other lung diseases and are coexpressed in the common connectivity
patterns formed between the gene networks of lung cancer datasets [20].

When comparing lung cancer and breast cancer, we found nine TFs within at least
nine datasets (Table 2). The top four winning TFs are SOX17, EPAS1, KLF2, and ID4.
SOX17 (SRY-box containing gene 17) is a member of the SRY-related high mobility group
(HMG) box family of TFs, related to embryogenesis and the negative modulation of the
WNT/β-catenin and TCF signaling pathway in lung cancer [68]. SOX17 is downregu-
lated by promoter hypermethylation, contributing to the activation of the Wnt signaling
pathway in breast cancer establishment and progression [69]. SOX17 is downregulated
in lung and breast cancer, is the first winning TF of these two types of cancer, and is,
therefore, a potential general tumor suppressor biomarker related to ectoderm origin [70].
EPAS1 (endothelial PAS domain-containing protein 1) is downregulated in NSCLC due
to promoter methylation and sequence genetic polymorphisms [71,72], and specifically in
lung adenocarcinoma [73]. EPAS1 is negatively regulated by miR−152–3p, which induces
apoptosis of MCF−7/TAX cells [74]. KLF2 (Kruppel-like factor 2) binds to GC-enriched
promoter regions of genes involved in apoptosis [75] and inhibition of angiogenesis [76],
proliferation, and migration [77]. In NSCLC, KLF2 is downregulated and has a tumor
suppressor function [78]. KLF2 is also downregulated in breast cancer, having a tumor
suppressor activity that can control the transcriptional activity of vitamin A metabolite
retinoic acid (RA), while its expression positively correlates with patients’ survival [79]. ID4
(inhibitor of DNA binding 4) is a tumor suppressor that inhibits epithelial–mesenchymal
transition and metastasis [80] and induces apoptosis in lung adenocarcinoma through the
activation of the p38 MAPK signaling pathway [81]. However, the expression of ID4 is
negative in breast cancer, NSCLC, and its subtype datasets, but it is only positive in the
SCLC dataset, which suggests a difference in expression levels according to the type of
lung cancer. This may suggest that the function of this TF varies depending on the type of
lung cancer, and, therefore, its function could be that of a tumor suppressor in NSCLC and
that of an oncogene in SCLC.

When comparing lung cancer and leukemia, we found nine TFs within at least nine
datasets (Table 2). The top two winning TFs are NR4A3 and ID2. NR4A3 (nuclear receptor
subfamily 4, group A, member 3) is an early immediate gene considered a possible homeo-
static regulator of proliferation, apoptosis and differentiation, and tumor suppressors in
rapidly lethal acute myeloid leukemia (AML) [82]. NR4A3 acts as a tumor suppressor in
lung and breast cancer, favoring the activation of programmed cell death programs [83].
ID2 (DNA binding protein inhibitor 2) is a helix-loop-helix TF that positively regulates
cancer cells’ proliferation [84], migration, invasion [85], and cell cycle progression, and also
negatively regulates cancer cells’ differentiation and apoptosis [86], as well as other tumor
suppressor genes [87]. ID2 has a role in the dedifferentiation of NSCLC cells, suggesting
that it can be used as a prognostic marker [88].

On the basis assumption that coexpression implies coregulation, the identification
of TFs as hub genes in coexpression modules that are likely to be the regulators of gene
coexpression can be made through a transcriptomic analysis in several cancer types and
subtypes, which may share genetic components and expression patterns, to identify a gene
coexpression and coregulatory metafirm of TFs that represent an architecture of general
tumors and those specific to lung cancer [89]. The construction of a coexpression network
with common deregulated winning DEGs between three types of cancer (LC&OC network)
allowed the identification of the coexpressed DEGs and TFs that can be more important
for the establishment and progression of any tumor pathology (Figure 7). The LC&OC
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network has 15 DEGs also coexpressed in the LC&LD network associated with the same
hallmarks of cancer, suggesting that slightly more than half of the DEGs of the LC&LD
network are associated with the establishment of tumor pathology specifically in the lung.

The seven DEGs (AURKA, BUB1, CDC6, MAD2L1, NDC80, ZWINT, and TIMELESS)
coexpressed only in the LC&OC coexpression network have been associated with the
acquisition of the hallmarks of cancer. AURKA is overexpressed in poorly differentiated
lung cancer cells [90]. AURKA is positively regulated by KRAS, but, if it is negatively
regulated, it is related with decreases in growth, viability, transformation, proliferation,
and apoptosis [91]. CDC6 is negatively regulated by miR26a and miR26b, decreasing
proliferation and metastasis of lung cancer cells [92]. CDC6 is regulated by E2F TFs [93,94].
CDC6 reduces levels of E-cadherin [95]. Ang-(1-7) inhibits CDC6, decreasing cell growth
and EMT [96]. The Leu84Met SNP of MAD2L1 has an increased related risk to progress
into lung cancer depending on the allele dose [97]. NEK2 is degraded after inhibition of its
interaction with Hec1, leading to induction of chromosomal misalignment in metaphase
and apoptosis [98]. The negative regulation of TIMELESS inhibits proliferation, growth, and
induces apoptosis [99]. The negative regulation of ZWINT reduces proliferation, migration,
invasion, and apoptosis [100].

In the LC&OC coexpression network, there are three DEGs (ASPM, CENPF, and
RFC4) that have no evidence of their association with the acquisition of lung cancer
characteristics, and only one of them has evidence of its deregulation in lung cancer
(Supplementary Table S3). CENPF also appears in the LCI coexpression network and is one
of the genes that has been deregulated in lung cancer but has not been associated with the
acquisition of the hallmarks of cancer in this tissue. In the LC&OC network, eleven DEGs
of the LCI network were also coexpressed, suggesting that most of the LC&OC network
DEGs and MYBL2 are associated with the progression of tumor pathology. Since it has been
suggested that other diseases may be the origin of tumor processes in the lung [101], there-
fore the deregulated genes in both lung cancer and lung diseases may be associated with
the establishment of tumor pathology, while the genes deregulated only in lung cancer may
be associated with the progress of cancer [20,51]. In general, MYBL2 has been expressed
in proliferating cells [102], and its ability to maintain adequate proliferative signaling is
considered necessary to maintain genomic stability [103]. However, MYBL2 has shown
the ability to induce proliferation and cell cycle in lung adenocarcinoma [104]. Although
the different types of cancer show the deregulation of a large number of common winning
DEGs, there is only one TF coexpressed in the LC&OC network. Likewise, the LC&OC
CCPs are very small compared to the previously identified LC&LD CCPs, and they show
new associations not observed in the coexpression networks of cancer-associated winning
DEGs, which might demonstrate the great specificity and complexity of cancer since it
suggests that different TFs are involved with a large number of very different deregulated
genes in the establishment and progression of tumor pathology in each tissue.

The LC-BC CCPs formed have no more than 12 nodes and identified only seven genes
(EDNRB, CDKN2A, VEGFD, FOS, GNG11, TGFBR2, and BIRC5) compromised in signaling
pathways associated with the acquisition of tumor characteristics. The LC-LK CCPs are
made of two or three nodes maximum and identified four genes (SNRK, BIRC5, HBB, and
IL33) associated with the acquisition of the hallmarks of cancer (Supplementary Table S5).
BIRC5 is a gene identified in the analysis as a DEG associated with the establishment
of cancer in the LC&LD and LC&OC networks, and its presence in the LC-BC and LC-
LK CCPs suggests its importance in tumor process. The overexpression of BIRC5 can
lead to cell cycle activation to promote the development of lung adenocarcinoma, while
negative regulation can dramatically decrease invasion and metastasis capabilities, suppress
proliferation, slow growth, induce vascular pulmonary apoptosis, and reverse pulmonary
arterial hypertension [105]. The other seven genes (EDNRB, CDKN2A, VEGFD, GNG11,
SNRK, HBB, and IL33) do not appear in the analysis of coexpression networks of winning
DEGs; they are new genes with evidence of their association to the acquisition of the
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characteristics of cancer that must be studied to know its importance in tumor processes of
different tissues (Supplementary Table S5).

The analysis of the LCII coexpression network allowed us to identify a significant
number of unique lung cancer genes that are not deregulated in other types of cancer.
Unique lung-cancer-winning DEGs that are coexpressed in the LCII network are new;
they do not appear in the three coexpression networks of previous cancer-associated
winning DEGs, suggesting their importance in the establishment and progression of cancer
specifically in lung tissue (Figure 9). More than half of the DEGs of the LCII network should
be studied experimentally because they do not have specific evidence of their deregulation
in lung cancer, or their association with the acquisition of the hallmarks of cancer. The
DEGs that have experimental evidence have been associated with invasion, metastasis,
sustained proliferative signaling, evasion of growth suppressors, resistance to cell death,
and genomic instability, the same hallmarks associated with the three previous networks
with the winning DEGs associated with cancer (Supplementary Table S4). The study of
the other half of DEGs can strengthen the hallmarks already identified in the analysis,
increasing the number of winning DEGs associated with each of them, and it can highlight
the importance of other hallmarks of cancer during the establishment and progression of
lung cancer.

The LCII coexpression network allowed to identify a group of TFs that further strength-
ened the TF regulation network identified with the transcriptomic and coexpression analysis
of lung cancer and other lung diseases [20]. E2F1, NR4A2, and ZEB1 reappear coexpressed
in the LCII network, further verifying their importance for the establishment and progres-
sion of lung cancer since they are also in the LC&LD network and in the LCI network.
Likewise, EBF1 and RUNX1 also appear in the LCII network, and they are also in the LCI
coexpression network, probably strengthening their importance and association with the
progression of some types of lung cancer [51]. EBF1 is only deregulated in lung cancer,
but only in two of the ten datasets, while RUNX1 is deregulated in lung cancer and breast
cancer, but its regulation varies: it is positive in some datasets and negative in others of the
same type of cancer. The RUNX family of TFs can act as an oncogene or as a tumor suppres-
sor during oncogenic processes, suggesting their importance as biomarkers of cancer [106].
The other eight TFs are unique to the LCII coexpression network, which suggests that they
are more important for lung cancer than for other types of cancer as they do not appear in
the previous networks. Moreover, their association with the establishment or progression
should be studied experimentally, along with the enrichment of their binding motifs in the
winning DEGs associated with lung cancer.

The transcriptomic analysis (Supplementary Table S2) and the experimental evidence
available for each of the TFs of the LCII network (Supplementary Table S4) showed that six
TFs of the LCII network are deregulated in between three and six sets of lung cancer, and
also in some other types of cancer. FOXF1 and GATA6 stand out since they are deregulated
in the majority, eight and seven, respectively, of the ten sets of lung cancer, in none of the
others types of cancer (Table 2), and in the PAH set, which suggests their association with
the establishment of tumor pathology in the lung [20]. Experimental studies have shown
that the negative regulation of FOXF1 is related to the expression of genes associated with
extracellular matrix remodeling and cell cycle progression during the regeneration of lung
tissue [107]. Likewise, FOXF1 has proven to be a mediator of cellular reprogramming to
reacquire stem characteristics [108]. Long non-coding RNA located near the coding region
of FOXF1, called FOXF1-AS1, has been negatively regulated in lung cancer [109], associated
with EMT, cell reprogramming, metastasis [110], and growth inhibition in NSCLC cancer
cells [111]. On the other hand, retinoic acid affects the growth of lung adenocarcinoma
by inducing cell differentiation and inhibiting proliferation after the activation of GATA6,
and the inhibition of Wnt and EGFR [112]. GATA6 is essential for lineage selection, which
directly associates effectors for lung epithelium specification and the inhibition of metastasis
in lung adenocarcinoma [113].
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HOXC6 and RFX2 are also deregulated in eight sets of lung cancer as FOXF1 and none
of the other types of cancer (Table 2). HOXC6 (homeobox protein Hox-C6) is an overex-
pressed TF with a very high oncogenic potential in NSCLC progression as it is a regulator of
genes related to cancer cells proliferation and metastasis [114]. RFX2 (regulatory factor X2)
is overregulated in small-cell lung cancer, and it is related to chemoresistance [115]. The
expression of RFX2 is negative in NSCLC and its subtypes’ datasets but positive in the
SCLC dataset, which suggests its function could be that of a tumor suppressor in NSCLC
and that of an oncogene in SCLC. SOX4 (SRY-related HMG-box 4) is related to cell fate
differentiation and determination in male testis fertility [116], as well as cancer develop-
ment and progression [117]. SOX4 is overregulated in all ten lung cancer datasets (Table 2),
suggesting that it could be a key oncogene function in lung cancer. However, SOX4 is also
upregulated in ductal carcinoma in situ and invasive breast carcinoma but downregulated
in two sets of chronic lymphocytic leukemia (Tables 1 and 2). Therefore, its role could be as
a tumor suppressor in leukemia and as an oncogene in lung and breast cancer.

The coregulatory analysis allowed us to identify two coregulatory networks in lung
and breast cancer. The small coregulatory network has two winning TFs (FOXM1 and
MYBL2) coexpressed in the gene networks that coexpressed with the common winning
DEGs between the three types of cancer and the winning DEGs related to lung cancer. The
big coregulatory network has the top winning TFs. There is already some evidence that
the coexpressed and winning TFs can form coregulatory complexes to specify patterns of
gene expression. MYBL2 forms a complex with MuvB to increase the specificity of binding
of FOXM1 to its target genes. Moreover, the MMB-FOXM1 complex regulates cell cycle
genes during the G2/M mitosis phase [118]. ZBTB16 makes large regulatory complexes
with other molecules to bind to the regulatory elements in the promoter region of the
target genes [119]. ZBTB16 binds to corepressors and histone modification enzymes to
change chromatin architecture and accessibility [120]. ZBTB16/PLZF forms a rare fusion
with RARA by a reciprocal chromosomal translocation t(11;17)(q23;q21) in acute promye-
locytic leukemia [121]. TAL1 also forms coregulatory complexes with LDB1, LMO2 [56],
and binds to coactivators or corepressor proteins to positively and negatively regulate
transcription [122]. FOXF1 interacts with PRC2 to regulate gene expression [123]. FOXF1 is
a part of the Fanconi anemia protein complexes to respond to damages in the DNA [124].
The Kaplan–Meier survival analysis of top winning TFs showed an important association
of their deregulation with overall survival of lung cancer patients with significant log-rank
p values (Figure 11), therefore suggesting that this TF network is very important for cancer
establishment and progression. However, it is important to carry out in-depth studies on
the regulatory complexes that these TFs can form in order to clearly identify their architec-
ture and specificity in the regulation of gene expression in signaling pathways related to
the acquisition of the hallmarks of cancer.

5. Conclusions

The search for TFs biomarkers associated with the establishment and progression of
lung cancer was extended with the comparisons of microarray datasets of lung cancer with
other types of cancer. In the present study, we applied our own bioinformatic pipeline to
analyze the complex regulatory mechanisms associated with the tumoral process, establish-
ing simple rules that could be applied in every case. First, we identified all the deregulated
genes associated in the three types of cancer and specifically with lung cancer establish-
ment or progression and, between them, we highlighted the most important transcriptional
regulators, as they were coexpressed in networks, with the common and unique DEGs
related to lung cancer establishment and progression and potentially being able to form
coregulatory complexes.

The LC&OC network allows identifying coexpressed winning DEGs and a TF associ-
ated with the establishment and progression of the tumor process in cancer. Meanwhile,
the LCII network allowed us to identify new genes and TFs associated with the acquisition
of cancer characteristics specifically in lung tissue. However, the winning DEGs identified
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in the LCII coexpression network must be further investigated to properly associate them
with the acquisition of the hallmarks of cancer during the establishment and progression
of tumoral processes in lung cells. The TF network identified has experimental evidence
of its association with important biological processes and signaling pathways during the
acquisition of the hallmarks of cancer, thus generating the characteristic metafirm in gene
expression in general tumors and those specific to lung cancer and taking into account
the great heterogeneity of cancer at cellular and population levels. Therefore, the winning
TF network might be related to the formation of modular constructs with cis elements,
such as enhancers, in the promoter of the winner DEGs, binding simultaneously with
other cofactors and/or TFs as multiprotein complexes, to finally provide cells the ability to
acquire the hallmarks of cancer. The network of winning TFs represents the transcriptional
metafirm of cancer since it has evidence of coexpression with winning deregulated genes in
addition to the possible formation of coregulatory complexes associated with the control of
tumor suppressor and oncogenic gene expression programs and, therefore, may be related
to tumor establishment and progression, as well as the survival of cancer patients.
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//www.mdpi.com/article/10.3390/biology11071082/s1, Table S1. Winner overregulated and down-
regulated DEGs in common between lung cancer and other types of cancer. Table S2. Winner
overregulated and downregulated DEGs in lung cancer that are not deregulated in other types of
cancer. Table S3. Experimental evidence of the LC&OC network genes related to the hallmarks of
cancer. Table S4. Experimental evidence of the LCII network genes related to the hallmarks of cancer.
Table S5. Overregulated and downregulated DEGs in CCP analysis of lung cancer and other types of
cancer. References [125–391] are cited in Supplementary Materials.
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Matyjasik, J.; et al. CHEK2 Is a Multiorgan Cancer Susceptibility Gene. Am. J. Hum. Genet. 2004, 75, 1131–1135. [CrossRef]

265. Xu, W.; Liu, D.; Yang, Y.; Ding, X.; Sun, Y.; Zhang, B.; Xu, J.; Su, B. Association of CHEK2 Polymorphisms with the Efficacy of
Platinum-Based Chemotherapy for Advanced Non-Small-Cell Lung Cancer in Chinese Never-Smoking Women. J. Thorac. Dis.
2016, 8, 2519–2529. [CrossRef] [PubMed]

266. Okamoto, T.; Kohno, M.; Ito, K.; Takada, K.; Katsura, M.; Morodomi, Y.; Toyokawa, G.; Shoji, F.; Maehara, Y. Clinical Significance
of DNA Damage Response Factors and Chromosomal Instability in Primary Lung Adenocarcinoma. Anticancer Res. 2017, 37,
1729–1735. [CrossRef] [PubMed]

267. Liu, W.; Wei, H.; Gao, Z.; Chen, G.; Liu, Y.; Gao, X.; Bai, G.; He, S.; Liu, T.; Xu, W.; et al. COL5A1 May Contribute the Metastasis of
Lung Adenocarcinoma. Gene 2018, 665, 57–66. [CrossRef] [PubMed]

268. Li, H.; Wu, H.; Zhang, H.; Li, Y.; Li, S.; Hou, Q.; Wu, S.; Yang, S.-Y. Identification of Curcumin-Inhibited Extracellular Matrix
Receptors in Non–Small Cell Lung Cancer A549 Cells by RNA Sequencing. Tumor Biol. 2017, 39, 1010428317705334. [CrossRef]
[PubMed]

269. He, W.; Zhang, H.; Wang, Y.; Zhou, Y.; Luo, Y.; Cui, Y.; Jiang, N.; Jiang, W.; Wang, H.; Xu, D.; et al. CTHRC1 Induces Non-Small
Cell Lung Cancer (NSCLC) Invasion through Upregulating MMP-7/MMP-9. BMC Cancer 2018, 18, 400. [CrossRef] [PubMed]

270. Liu, X.; Liu, B.; Cui, Y.; Wang, F.; Sun, H.; Lv, F. Collagen Triple Helix Repeat Containing 1 (Cthrc1) Is an Independently Prognostic
Biomarker of Non-Small Cell Lung Cancers with Cigarette Smoke. Tumour Biol. J. Int. Soc. Oncodevelopmental Biol. Med. 2014, 35,
11677–11683. [CrossRef]

271. Ke, Z.; He, W.; Lai, Y.; Guo, X.; Chen, S.; Li, S.; Wang, Y.; Wang, L. Overexpression of Collagen Triple Helix Repeat Containing 1
(CTHRC1) Is Associated with Tumour Aggressiveness and Poor Prognosis in Human Non-Small Cell Lung Cancer. Oncotarget
2014, 5, 9410–9424. [CrossRef]

272. Chen, S.; Li, P.; Yang, R.; Cheng, R.; Zhang, F.; Wang, Y.; Chen, X.; Sun, Q.; Zang, W.; Du, Y.; et al. MicroRNA-30b Inhibits Cell
Invasion and Migration through Targeting Collagen Triple Helix Repeat Containing 1 in Non-Small Cell Lung Cancer. Cancer Cell
Int. 2015, 15, 85. [CrossRef]

273. Ge, N.; Chu, X.-M.; Xuan, Y.-P.; Ren, D.-Q.; Wang, Y.; Ma, K.; Gao, H.-J.; Jiao, W.-J. Associations between Abnormal Vitamin D
Metabolism Pathway Function and Non-Small Cell Lung Cancer. Oncol. Lett. 2017, 14, 7538–7544. [CrossRef]

274. Kim, S.A.; Miettinen, M. 35 Aberrant Expression of Desmin in Primary Lung Cancer Is Observed Exclusively in Carcinomas With
Neuroendocrine Differentiation. Am. J. Clin. Pathol. 2018, 149, S15–S16. [CrossRef]

275. Terada, T. Pleomorphic Carcinoma of the Lung: A Case Report with Immunohistochemical Studies. Respir. Med. CME 2010, 3,
252–256. [CrossRef]

276. Bahadur, S.; Pujani, M.; Jetley, S.; Khetrapal, S.; Raina, P.K. Large Cell Lung Carcinoma with Rhabdoid Phenotype: Report of a
Rare Entity Presenting with Chest Wall Involvement. J. Cancer Res. Ther. 2015, 11, 657. [CrossRef] [PubMed]

277. Yu, J.-R.; Tai, Y.; Jin, Y.; Hammell, M.C.; Wilkinson, J.E.; Roe, J.-S.; Vakoc, C.R.; Van Aelst, L. TGF-β/Smad Signaling through
DOCK4 Facilitates Lung Adenocarcinoma Metastasis. Genes Dev. 2015, 29, 250–261. [CrossRef] [PubMed]

http://doi.org/10.1002/mc.20063
http://www.ncbi.nlm.nih.gov/pubmed/9751615
http://doi.org/10.1371/journal.pone.0046464
http://doi.org/10.2217/fon.14.25
http://www.ncbi.nlm.nih.gov/pubmed/24947259
http://doi.org/10.1158/0008-5472.CAN-09-4372
http://www.ncbi.nlm.nih.gov/pubmed/20551060
http://doi.org/10.1158/0008-5472.CAN-05-0536
http://doi.org/10.1016/j.prp.2019.152559
http://www.ncbi.nlm.nih.gov/pubmed/31570276
http://doi.org/10.1093/carcin/bgn044
http://www.ncbi.nlm.nih.gov/pubmed/18281249
http://doi.org/10.1101/mcs.a001032
http://doi.org/10.1038/ng.3002
http://doi.org/10.1086/426403
http://doi.org/10.21037/jtd.2016.08.70
http://www.ncbi.nlm.nih.gov/pubmed/27747004
http://doi.org/10.21873/anticanres.11505
http://www.ncbi.nlm.nih.gov/pubmed/28373435
http://doi.org/10.1016/j.gene.2018.04.066
http://www.ncbi.nlm.nih.gov/pubmed/29702185
http://doi.org/10.1177/1010428317705334
http://www.ncbi.nlm.nih.gov/pubmed/28618934
http://doi.org/10.1186/s12885-018-4317-6
http://www.ncbi.nlm.nih.gov/pubmed/29631554
http://doi.org/10.1007/s13277-014-2449-0
http://doi.org/10.18632/oncotarget.2421
http://doi.org/10.1186/s12935-015-0236-7
http://doi.org/10.3892/ol.2017.7162
http://doi.org/10.1093/ajcp/aqx116.034
http://doi.org/10.1016/j.rmedc.2009.10.001
http://doi.org/10.4103/0973-1482.138039
http://www.ncbi.nlm.nih.gov/pubmed/26458655
http://doi.org/10.1101/gad.248963.114
http://www.ncbi.nlm.nih.gov/pubmed/25644601


Biology 2022, 11, 1082 33 of 37

278. Little, A.C.; Sham, D.; Hristova, M.; Danyal, K.; Heppner, D.E.; Bauer, R.A.; Sipsey, L.M.; Habibovic, A.; van der Vliet, A. DUOX1
Silencing in Lung Cancer Promotes EMT, Cancer Stem Cell Characteristics and Invasive Properties. Oncogenesis 2016, 5, e261.
[CrossRef]

279. Little, A.C.; Hristova, M.; van Lith, L.; Schiffers, C.; Dustin, C.M.; Habibovic, A.; Danyal, K.; Heppner, D.E.; Lin, M.-C.J.; van der
Velden, J.; et al. Dysregulated Redox Regulation Contributes to Nuclear EGFR Localization and Pathogenicity in Lung Cancer.
Sci. Rep. 2019, 9, 4844. [CrossRef]

280. Rigutto, S.; Hoste, C.; Grasberger, H.; Milenkovic, M.; Communi, D.; Dumont, J.E.; Corvilain, B.; Miot, F.; De Deken, X. Activation
of Dual Oxidases Duox1 and Duox2: Differential Regulation Mediated by Camp-Dependent Protein Kinase and Protein Kinase
C-Dependent Phosphorylation. J. Biol. Chem. 2009, 284, 6725–6734. [CrossRef]

281. Luxen, S.; Belinsky, S.A.; Knaus, U.G. Silencing of DUOX NADPH Oxidases by Promoter Hypermethylation in Lung Cancer.
Cancer Res. 2008, 68, 1037–1045. [CrossRef]

282. Sun, C.-C.; Zhou, Q.; Hu, W.; Li, S.-J.; Zhang, F.; Chen, Z.-L.; Li, G.; Bi, Z.-Y.; Bi, Y.-Y.; Gong, F.-Y.; et al. Transcriptional E2F1/2/5/8
as Potential Targets and Transcriptional E2F3/6/7 as New Biomarkers for the Prognosis of Human Lung Carcinoma. Aging 2018,
10, 973–987. [CrossRef]

283. Yu, L.; Fang, F.; Lu, S.; Li, X.; Yang, Y.; Wang, Z. LncRNA-HIT Promotes Cell Proliferation of Non-Small Cell Lung Cancer by
Association with E2F1. Cancer Gene Ther. 2017, 24, 221–226. [CrossRef]

284. Eymin, B.; Gazzeri, S.; Brambilla, C.; Brambilla, E. Distinct Pattern of E2F1 Expression in Human Lung Tumours: E2F1 Is
Upregulated in Small Cell Lung Carcinoma. Oncogene 2001, 20, 1678–1687. [CrossRef]

285. Yin, J.; Fu, W.; Dai, L.; Jiang, Z.; Liao, H.; Chen, W.; Pan, L.; Zhao, J. ANKRD22 Promotes Progression of Non-Small Cell Lung
Cancer through Transcriptional up-Regulation of E2F1. Sci. Rep. 2017, 7, 4430. [CrossRef] [PubMed]

286. Busslinger, M. Transcriptional Control of Early B Cell Development. Annu. Rev. Immunol. 2004, 22, 55–79. [CrossRef] [PubMed]
287. Liao, D. Emerging Roles of the EBF Family of Transcription Factors in Tumor Suppression. Mol. Cancer Res. MCR 2009, 7,

1893–1901. [CrossRef] [PubMed]
288. Gao, H.; Lukin, K.; Ramírez, J.; Fields, S.; Lopez, D.; Hagman, J. Opposing Effects of SWI/SNF and Mi-2/NuRD Chromatin

Remodeling Complexes on Epigenetic Reprogramming by EBF and Pax5. Proc. Natl. Acad. Sci. USA 2009, 106, 11258–11263.
[CrossRef]

289. Decker, T.; Pasca di Magliano, M.; McManus, S.; Sun, Q.; Bonifer, C.; Tagoh, H.; Busslinger, M. Stepwise Activation of Enhancer
and Promoter Regions of the B Cell Commitment Gene Pax5 in Early Lymphopoiesis. Immunity 2009, 30, 508–520. [CrossRef]

290. Shen, A.; Chen, Y.; Liu, L.; Huang, Y.; Chen, H.; Qi, F.; Lin, J.; Shen, Z.; Wu, X.; Wu, M.; et al. EBF1-Mediated Upregulation
of Ribosome Assembly Factor PNO1 Contributes to Cancer Progression by Negatively Regulating the P53 Signaling Pathway.
Cancer Res. 2019, 79, 2257–2270. [CrossRef]

291. Welsh, S.J.; Churchman, M.L.; Togni, M.; Mullighan, C.G.; Hagman, J. Deregulation of Kinase Signaling and Lymphoid
Development in EBF1-PDGFRB ALL Leukemogenesis. Leukemia 2018, 32, 38–48. [CrossRef]

292. Richtmann, S.; Wilkens, D.; Warth, A.; Lasitschka, F.; Winter, H.; Christopoulos, P.; Herth, F.J.F.; Muley, T.; Meister, M.; Schneider,
M.A. FAM83A and FAM83B as Prognostic Biomarkers and Potential New Therapeutic Targets in NSCLC. Cancers 2019, 11, 652.
[CrossRef]

293. Shi, R.; Jiao, Z.; Yu, A.; Wang, T. Long Noncoding Antisense RNA FAM83A-AS1 Promotes Lung Cancer Cell Progression by
Increasing FAM83A. J. Cell. Biochem. 2019, 120, 10505–10512. [CrossRef]

294. Zhang, J.-T.; Lin, Y.-C.; Xiao, B.-F.; Yu, B.-T. Overexpression of Family with Sequence Similarity 83, Member A (FAM83A) Predicts
Poor Clinical Outcomes in Lung Adenocarcinoma. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2019, 25, 4264–4272. [CrossRef]

295. Wang, Y.; Lu, T.; Wo, Y.; Sun, X.; Li, S.; Miao, S.; Dong, Y.; Leng, X.; Jiao, W. Identification of a Putative Competitive Endogenous
RNA Network for Lung Adenocarcinoma Using TCGA Datasets. PeerJ 2019, 7, e6809. [CrossRef] [PubMed]

296. Zhang, W.; Shen, Y.; Feng, G. Predicting the Survival of Patients with Lung Adenocarcinoma Using a Four-Gene Prognosis Risk
Model. Oncol. Lett. 2019, 18, 535–544. [CrossRef]

297. Marsit, C.J.; Liu, M.; Nelson, H.H.; Posner, M.; Suzuki, M.; Kelsey, K.T. Inactivation of the Fanconi Anemia/BRCA Pathway in
Lung and Oral Cancers: Implications for Treatment and Survival. Oncogene 2004, 23, 1000–1004. [CrossRef] [PubMed]

298. Zhang, W.; Fan, J.; Chen, Q.; Lei, C.; Qiao, B.; Liu, Q. SPP1 and AGER as Potential Prognostic Biomarkers for Lung Adenocarci-
noma. Oncol. Lett. 2018, 15, 7028–7036. [CrossRef] [PubMed]

299. Lim, S.B.; Tan, S.J.; Lim, W.-T.; Lim, C.T. An Extracellular Matrix-Related Prognostic and Predictive Indicator for Early-Stage
Non-Small Cell Lung Cancer. Nat. Commun. 2017, 8, 1734. [CrossRef] [PubMed]

300. Jang, H.; Jun, Y.; Kim, S.; Kim, E.; Jung, Y.; Park, B.J.; Lee, J.; Kim, J.; Lee, S.; Kim, J. FCN3 Functions as a Tumor Suppressor of
Lung Adenocarcinoma through Induction of Endoplasmic Reticulum Stress. Cell Death Dis. 2021, 12, 407. [CrossRef]

301. Sin, S.; Bonin, F.; Petit, V.; Meseure, D.; Lallemand, F.; Bièche, I.; Bellahcène, A.; Castronovo, V.; de Wever, O.; Gespach, C.; et al.
Role of the Focal Adhesion Protein Kindlin-1 in Breast Cancer Growth and Lung Metastasis. J. Natl. Cancer Inst. 2011, 103,
1323–1337. [CrossRef]

302. Zhan, J.; Zhu, X.; Guo, Y.; Wang, Y.; Wang, Y.; Qiang, G.; Niu, M.; Hu, J.; Du, J.; Li, Z.; et al. Opposite Role of Kindlin-1 and
Kindlin-2 in Lung Cancers. PLoS ONE 2012, 7, e50313. [CrossRef]

303. Gu, Z.; Gao, S.; Zhang, F.; Wang, Z.; Ma, W.; Davis, R.E.; Wang, Z. Protein Arginine Methyltransferase 5 Is Essential for Growth of
Lung Cancer Cells. Biochem. J. 2012, 446, 235–241. [CrossRef]

http://doi.org/10.1038/oncsis.2016.61
http://doi.org/10.1038/s41598-019-41395-8
http://doi.org/10.1074/jbc.M806893200
http://doi.org/10.1158/0008-5472.CAN-07-5782
http://doi.org/10.18632/aging.101441
http://doi.org/10.1038/cgt.2017.10
http://doi.org/10.1038/sj.onc.1204242
http://doi.org/10.1038/s41598-017-04818-y
http://www.ncbi.nlm.nih.gov/pubmed/28667340
http://doi.org/10.1146/annurev.immunol.22.012703.104807
http://www.ncbi.nlm.nih.gov/pubmed/15032574
http://doi.org/10.1158/1541-7786.MCR-09-0229
http://www.ncbi.nlm.nih.gov/pubmed/19996307
http://doi.org/10.1073/pnas.0809485106
http://doi.org/10.1016/j.immuni.2009.01.012
http://doi.org/10.1158/0008-5472.CAN-18-3238
http://doi.org/10.1038/leu.2017.166
http://doi.org/10.3390/cancers11050652
http://doi.org/10.1002/jcb.28336
http://doi.org/10.12659/MSM.910804
http://doi.org/10.7717/peerj.6809
http://www.ncbi.nlm.nih.gov/pubmed/31065463
http://doi.org/10.3892/ol.2019.10366
http://doi.org/10.1038/sj.onc.1207256
http://www.ncbi.nlm.nih.gov/pubmed/14647419
http://doi.org/10.3892/ol.2018.8235
http://www.ncbi.nlm.nih.gov/pubmed/29849788
http://doi.org/10.1038/s41467-017-01430-6
http://www.ncbi.nlm.nih.gov/pubmed/29170406
http://doi.org/10.1038/s41419-021-03675-y
http://doi.org/10.1093/jnci/djr290
http://doi.org/10.1371/journal.pone.0050313
http://doi.org/10.1042/BJ20120768


Biology 2022, 11, 1082 34 of 37

304. Woenckhaus, M.; Klein-Hitpass, L.; Grepmeier, U.; Merk, J.; Pfeifer, M.; Wild, P.; Bettstetter, M.; Wuensch, P.; Blaszyk, H.;
Hartmann, A.; et al. Smoking and Cancer-Related Gene Expression in Bronchial Epithelium and Non-Small-Cell Lung Cancers. J.
Pathol. 2006, 210, 192–204. [CrossRef]

305. Sen, P.; Dharmadhikari, A.V.; Majewski, T.; Mohammad, M.A.; Kalin, T.V.; Zabielska, J.; Ren, X.; Bray, M.; Brown, H.M.; Welty,
S.; et al. Comparative Analyses of Lung Transcriptomes in Patients with Alveolar Capillary Dysplasia with Misalignment of
Pulmonary Veins and in Foxf1 Heterozygous Knockout Mice. PLoS ONE 2014, 9, e94390. [CrossRef] [PubMed]

306. Kong, P.-Z.; Li, G.-M.; Tian, Y.; Song, B.; Shi, R. Decreased Expression of FOXF2 as New Predictor of Poor Prognosis in Stage I
Non-Small Cell Lung Cancer. Oncotarget 2016, 7, 55601–55610. [CrossRef] [PubMed]

307. Kundu, S.T.; Byers, L.A.; Peng, D.H.; Roybal, J.D.; Diao, L.; Wang, J.; Tong, P.; Creighton, C.J.; Gibbons, D.L. The MiR-200 Family
and the MiR-183~96~182 Cluster Target Foxf2 to Inhibit Invasion and Metastasis in Lung Cancers. Oncogene 2016, 35, 173–186.
[CrossRef] [PubMed]

308. Goldie, S.J.; Mulder, K.W.; Tan, D.W.-M.; Lyons, S.K.; Sims, A.H.; Watt, F.M. FRMD4A Upregulation in Human Squamous Cell
Carcinoma Promotes Tumor Growth and Metastasis and Is Associated with Poor Prognosis. Cancer Res. 2012, 72, 3424–3436.
[CrossRef]

309. Velcheti, V.; Thawani, R.; Khunger, M.; Mukhopadhyay, S.; Chute, D.J.; Schrock, A.B.; Ali, S.M. FRMD4A/RET: A Novel RET
Oncogenic Fusion Variant in Non–Small Cell Lung Carcinoma. J. Thorac. Oncol. 2017, 12, e15–e16. [CrossRef]

310. Liao, C.-M.; Mukherjee, S.; Tiyaboonchai, A.; Maguire, J.A.; Cardenas-Diaz, F.L.; French, D.L.; Gadue, P. GATA6 Suppression
Enhances Lung Specification from Human Pluripotent Stem Cells. J. Clin. Investig. 2018, 128, 2944–2950. [CrossRef]

311. Mehta, A.; Cordero, J.; Dobersch, S.; Romero-Olmedo, A.J.; Savai, R.; Bodner, J.; Chao, C.; Fink, L.; Guzmán-Díaz, E.; Singh, I.;
et al. Non-invasive Lung Cancer Diagnosis by Detection of GATA6 and NKX2-1 Isoforms in Exhaled Breath Condensate. EMBO
Mol. Med. 2016, 8, 1380–1389. [CrossRef]

312. Li, H.; Feng, C.; Shi, S. MiR-196b Promotes Lung Cancer Cell Migration and Invasion through the Targeting of GATA6. Oncol.
Lett. 2018, 16, 247–252. [CrossRef]

313. Ma, R.; Li, X.; Liu, H.; Jiang, R.; Yang, M.; Zhang, M.; Wang, Y.; Zhao, Y.; Li, H. GATA6-Upregulating Autophagy Promotes TKI
Resistance in Nonsmall Cell Lung Cancer. Cancer Biol. Ther. 2019, 20, 1206–1212. [CrossRef]

314. Mulvihill, M.S.; Kwon, Y.-W.; Lee, S.; Fang, L.T.; Choi, H.; Ray, R.; Kang, H.C.; Mao, J.-H.; Jablons, D.; Kim, I.-J. Gremlin Is
Overexpressed in Lung Adenocarcinoma and Increases Cell Growth and Proliferation in Normal Lung Cells. PLoS ONE 2012,
7, e42264. [CrossRef]

315. Cahill, E.; Costello, C.M.; Rowan, S.C.; Harkin, S.; Howell, K.; Leonard, M.O.; Southwood, M.; Cummins, E.P.; Fitzpatrick, S.F.;
Taylor, C.T.; et al. Gremlin Plays a Key Role in the Pathogenesis of Pulmonary Hypertension. Circulation 2012, 125, 920–930.
[CrossRef] [PubMed]

316. Gentles, A.J.; Hui, A.B.-Y.; Feng, W.; Azizi, A.; Nair, R.V.; Knowles, D.A.; Yu, A.; Jeong, Y.; Bejnood, A.; Forgó, E.; et al. Clinically-
Relevant Cell Type Cross-Talk Identified from a Human Lung Tumor Microenvironment Interactome. bioRxiv 2019, 637306.
[CrossRef]

317. Landry-Truchon, K.; Houde, N.; Boucherat, O.; Joncas, F.-H.; Dasen, J.S.; Philippidou, P.; Mansfield, J.H.; Jeannotte, L. HOXA5
Plays Tissue-Specific Roles in the Developing Respiratory System. Dev. Camb. Engl. 2017, 144, 3547–3561. [CrossRef]

318. Zhang, M.; Nie, F.; Sun, M.; Xia, R.; Xie, M.; Lu, K.; Li, W. HOXA5 Indicates Poor Prognosis and Suppresses Cell Proliferation
by Regulating P21 Expression in Non Small Cell Lung Cancer. Tumour Biol. J. Int. Soc. Oncodevelopmental Biol. Med. 2015, 36,
3521–3531. [CrossRef] [PubMed]

319. Chang, C.-J.; Chen, Y.-L.; Hsieh, C.-H.; Liu, Y.-J.; Yu, S.-L.; Chen, J.J.W.; Wang, C.-C. HOXA5 and P53 Cooperate to Suppress
Lung Cancer Cell Invasion and Serve as Good Prognostic Factors in Non-Small Cell Lung Cancer. J. Cancer 2017, 8, 1071–1081.
[CrossRef] [PubMed]

320. Wang, C.-C.; Su, K.-Y.; Chen, H.-Y.; Chang, S.-Y.; Shen, C.-F.; Hsieh, C.-H.; Hong, Q.-S.; Chiang, C.-C.; Chang, G.-C.; Yu, S.-L.; et al.
HOXA5 Inhibits Metastasis via Regulating Cytoskeletal Remodelling and Associates with Prolonged Survival in Non-Small-Cell
Lung Carcinoma. PLoS ONE 2015, 10, e0124191. [CrossRef]

321. Zhu, Q.; Lv, T.; Wu, Y.; Shi, X.; Liu, H.; Song, Y. Long Non-coding RNA 00312 Regulated by HOXA5 Inhibits Tumour Proliferation
and Promotes Apoptosis in Non-small Cell Lung Cancer. J. Cell. Mol. Med. 2017, 21, 2184–2198. [CrossRef] [PubMed]

322. Dong, Y.; Zhang, D.; Cai, M.; Luo, Z.; Zhu, Y.; Gong, L.; Lei, Y.; Tan, X.; Zhu, Q.; Han, S. SPOP Regulates the DNA Damage
Response and Lung Adenocarcinoma Cell Response to Radiation. Am. J. Cancer Res. 2019, 9, 1469–1483.

323. Leithner, K.; Hirschmugl, B.; Li, Y.; Tang, B.; Papp, R.; Nagaraj, C.; Stacher, E.; Stiegler, P.; Lindenmann, J.; Olschewski, A.; et al.
TASK-1 Regulates Apoptosis and Proliferation in a Subset of Non-Small Cell Lung Cancers. PLoS ONE 2016, 11, e0157453.
[CrossRef]

324. van der Wekken, A.J.; Kuiper, J.L.; Saber, A.; Terpstra, M.M.; Wei, J.; Hiltermann, T.J.N.; Thunnissen, E.; Heideman, D.a.M.;
Timens, W.; Schuuring, E.; et al. Overall Survival in EGFR Mutated Non-Small-Cell Lung Cancer Patients Treated with Afatinib
after EGFR TKI and Resistant Mechanisms upon Disease Progression. PLoS ONE 2017, 12, e0182885. [CrossRef]

325. Salvador, F.; Martin, A.; López-Menéndez, C.; Moreno-Bueno, G.; Santos, V.; Vázquez-Naharro, A.; Santamaria, P.G.; Morales, S.;
Dubus, P.R.; Muinelo-Romay, L.; et al. Lysyl Oxidase-like Protein LOXL2 Promotes Lung Metastasis of Breast Cancer. Cancer Res.
2017, 77, 5846–5859. [CrossRef]

http://doi.org/10.1002/path.2039
http://doi.org/10.1371/journal.pone.0094390
http://www.ncbi.nlm.nih.gov/pubmed/24722050
http://doi.org/10.18632/oncotarget.10876
http://www.ncbi.nlm.nih.gov/pubmed/27487137
http://doi.org/10.1038/onc.2015.71
http://www.ncbi.nlm.nih.gov/pubmed/25798833
http://doi.org/10.1158/0008-5472.CAN-12-0423
http://doi.org/10.1016/j.jtho.2016.11.274
http://doi.org/10.1172/JCI96539
http://doi.org/10.15252/emmm.201606382
http://doi.org/10.3892/ol.2018.8671
http://doi.org/10.1080/15384047.2019.1599665
http://doi.org/10.1371/journal.pone.0042264
http://doi.org/10.1161/CIRCULATIONAHA.111.038125
http://www.ncbi.nlm.nih.gov/pubmed/22247494
http://doi.org/10.1101/637306
http://doi.org/10.1242/dev.152686
http://doi.org/10.1007/s13277-014-2988-4
http://www.ncbi.nlm.nih.gov/pubmed/25549794
http://doi.org/10.7150/jca.17295
http://www.ncbi.nlm.nih.gov/pubmed/28529621
http://doi.org/10.1371/journal.pone.0124191
http://doi.org/10.1111/jcmm.13142
http://www.ncbi.nlm.nih.gov/pubmed/28338293
http://doi.org/10.1371/journal.pone.0157453
http://doi.org/10.1371/journal.pone.0182885
http://doi.org/10.1158/0008-5472.CAN-16-3152


Biology 2022, 11, 1082 35 of 37

326. Kamikawaji, K.; Seki, N.; Watanabe, M.; Mataki, H.; Kumamoto, T.; Takagi, K.; Mizuno, K.; Inoue, H. Regulation of LOXL2 and
SERPINH1 by Antitumor MicroRNA-29a in Lung Cancer with Idiopathic Pulmonary Fibrosis. J. Hum. Genet. 2016, 61, 985–993.
[CrossRef] [PubMed]

327. Leeming, D.J.; Willumsen, N.; Sand, J.M.B.; Holm Nielsen, S.; Dasgupta, B.; Brodmerkel, C.; Curran, M.; Bager, C.L.; Karsdal, M.A.
A Serological Marker of the N-Terminal Neoepitope Generated during LOXL2 Maturation Is Elevated in Patients with Cancer or
Idiopathic Pulmonary Fibrosis. Biochem. Biophys. Rep. 2018, 17, 38–43. [CrossRef] [PubMed]

328. Canesin, G.; Cuevas, E.P.; Santos, V.; López-Menéndez, C.; Moreno-Bueno, G.; Huang, Y.; Csiszar, K.; Portillo, F.; Peinado, H.;
Lyden, D.; et al. Lysyl Oxidase-like 2 (LOXL2) and E47 EMT Factor: Novel Partners in E-Cadherin Repression and Early Metastasis
Colonization. Oncogene 2015, 34, 951–964. [CrossRef]

329. Jin, H.; Sun, L.; Tang, L.; Yu, W.; Li, H. Expression of GARP Is Increased in Tumor-Infiltrating Regulatory T Cells and Is Correlated
to Clinicopathology of Lung Cancer Patients. Front. Immunol. 2017, 8, 138. [CrossRef]

330. Zhu, H.; Shi, L.; Zhang, Y.; Zhu, Y.; Bai, C.; Wang, X.; Zhou, J. Myocyte Enhancer Factor 2D Provides a Cross-Talk between
Chronic Inflammation and Lung Cancer. J. Transl. Med. 2017, 15, 65. [CrossRef]

331. Zhao, X.; Liu, M.; Li, D. Oleanolic Acid Suppresses the Proliferation of Lung Carcinoma Cells by MiR-122/Cyclin G1/MEF2D
Axis. Mol. Cell. Biochem. 2015, 400, 1–7. [CrossRef] [PubMed]

332. Song, L.; Li, D.; Zhao, Y.; Gu, Y.; Zhao, D.; Li, X.; Bai, X.; Sun, Y.; Zhang, X.; Sun, H.; et al. MiR-218 Suppressed the Growth of
Lung Carcinoma by Reducing MEF2D Expression. Tumour Biol. J. Int. Soc. Oncodevelopmental Biol. Med. 2016, 37, 2891–2900.
[CrossRef] [PubMed]

333. Tsubouchi, H.; Roeder, G.S. The Mnd1 Protein Forms a Complex with Hop2 to Promote Homologous Chromosome Pairing and
Meiotic Double-Strand Break Repair. Mol. Cell. Biol. 2002, 22, 3078–3088. [CrossRef]

334. Sparaneo, A.; Fabrizio, F.P.; la Torre, A.; Graziano, P.; Di Maio, M.; Fontana, A.; Bisceglia, M.; Rossi, A.; Pizzolitto, S.;
De Maglio, G.; et al. Effects of KEAP1 Silencing on the Regulation of NRF2 Activity in Neuroendocrine Lung Tumors. Int.
J. Mol. Sci. 2019, 20, 2531. [CrossRef]

335. Frank, R.; Scheffler, M.; Merkelbach-Bruse, S.; Ihle, M.A.; Kron, A.; Rauer, M.; Ueckeroth, F.; König, K.; Michels, S.; Fischer, R.; et al.
Clinical and Pathological Characteristics of KEAP1- and NFE2L2-Mutated Non-Small Cell Lung Carcinoma (NSCLC). Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 2018, 24, 3087–3096. [CrossRef]

336. Paik, P.K.; Qeriqi, B.; Ahn, L.S.H.; Ginsberg, M.S.; Tandon, N.; McFarland, D.; Doyle, L.A.; de Stanchina, E.; Rudin, C.M. Targeting
NFE2L2 Mutations in Advanced Squamous Cell Lung Cancers with the TORC1/2 Inhibitor TAK228. J. Clin. Oncol. 2018, 36, 9098.
[CrossRef]

337. Qian, Z.; Zhou, T.; Gurguis, C.I.; Xu, X.; Wen, Q.; Lv, J.; Fang, F.; Hecker, L.; Cress, A.E.; Natarajan, V.; et al. Nuclear Factor,
Erythroid 2-like 2-Associated Molecular Signature Predicts Lung Cancer Survival. Sci. Rep. 2015, 5, 16889. [CrossRef] [PubMed]

338. Tong, Y.-H.; Zhang, B.; Fan, Y.; Lin, N.-M. Keap1–Nrf2 Pathway: A Promising Target towards Lung Cancer Prevention and
Therapeutics. Chronic Dis. Transl. Med. 2015, 1, 175–186. [CrossRef] [PubMed]

339. Zhang, D.; Rennhack, J.; Andrechek, E.R.; Rockwell, C.E.; Liby, K.T. Identification of an Unfavorable Immune Signature in
Advanced Lung Tumors from Nrf2-Deficient Mice. Antioxid. Redox Signal. 2018, 29, 1535–1552. [CrossRef] [PubMed]

340. Hellyer, J.A.; Stehr, H.; Das, M.; Padda, S.K.; Ramchandran, K.; Neal, J.W.; Diehn, M.; Wakelee, H.A. Impact of
KEAP1/NFE2L2/CUL3 Mutations on Duration of Response to EGFR Tyrosine Kinase Inhibitors in EGFR Mutated Non-Small
Cell Lung Cancer. Lung Cancer Amst. Neth. 2019, 134, 42–45. [CrossRef]

341. Kamizono, S.; Duncan, G.S.; Seidel, M.G.; Morimoto, A.; Hamada, K.; Grosveld, G.; Akashi, K.; Lind, E.F.; Haight, J.P.;
Ohashi, P.S.; et al. Nfil3/E4bp4 Is Required for the Development and Maturation of NK Cells in Vivo. J. Exp. Med. 2009, 206,
2977–2986. [CrossRef]

342. Zimmermann, K.; Opitz, N.; Dedio, J.; Renne, C.; Muller-Esterl, W.; Oess, S. NOSTRIN: A Protein Modulating Nitric Oxide
Release and Subcellular Distribution of Endothelial Nitric Oxide Synthase. Proc. Natl. Acad. Sci. USA 2002, 99, 17167–17172.
[CrossRef] [PubMed]

343. Chakraborty, S.; Ain, R. Nitric-Oxide Synthase Trafficking Inducer Is a Pleiotropic Regulator of Endothelial Cell Function and
Signaling. J. Biol. Chem. 2017, 292, 6600–6620. [CrossRef] [PubMed]

344. Ciribilli, Y.; Singh, P.; Inga, A.; Borlak, J. C-Myc Targeted Regulators of Cell Metabolism in a Transgenic Mouse Model of Papillary
Lung Adenocarcinoma. Oncotarget 2016, 7, 65514–65539. [CrossRef]

345. Safe, S.; Jin, U.-H.; Hedrick, E.; Reeder, A.; Lee, S.-O. Minireview: Role Of Orphan Nuclear Receptors in Cancer and Potential as
Drug Targets. Mol. Endocrinol. 2014, 28, 157–172. [CrossRef]

346. Safe, S.; Jin, U.-H.; Morpurgo, B.; Abudayyeh, A.; Singh, M.; Tjalkens, R.B. Nuclear Receptor 4A (NR4A) Family - Orphans No
More. J. Steroid Biochem. Mol. Biol. 2016, 157, 48–60. [CrossRef] [PubMed]

347. Beard, J.A.; Tenga, A.; Hills, J.; Hoyer, J.D.; Cherian, M.T.; Wang, Y.-D.; Chen, T. The Orphan Nuclear Receptor NR4A2 Is Part of a
P53-MicroRNA-34 Network. Sci. Rep. 2016, 6, 25108. [CrossRef] [PubMed]

348. Zhang, W.; Mao, J.-H.; Zhu, W.; Jain, A.K.; Liu, K.; Brown, J.B.; Karpen, G.H. Centromere and Kinetochore Gene Misexpression
Predicts Cancer Patient Survival and Response to Radiotherapy and Chemotherapy. Nat. Commun. 2016, 7, 12619. [CrossRef]
[PubMed]

http://doi.org/10.1038/jhg.2016.99
http://www.ncbi.nlm.nih.gov/pubmed/27488440
http://doi.org/10.1016/j.bbrep.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30555938
http://doi.org/10.1038/onc.2014.23
http://doi.org/10.3389/fimmu.2017.00138
http://doi.org/10.1186/s12967-017-1168-x
http://doi.org/10.1007/s11010-014-2228-7
http://www.ncbi.nlm.nih.gov/pubmed/25472877
http://doi.org/10.1007/s13277-015-4038-2
http://www.ncbi.nlm.nih.gov/pubmed/26409449
http://doi.org/10.1128/MCB.22.9.3078-3088.2002
http://doi.org/10.3390/ijms20102531
http://doi.org/10.1158/1078-0432.CCR-17-3416
http://doi.org/10.1200/JCO.2018.36.15_suppl.9098
http://doi.org/10.1038/srep16889
http://www.ncbi.nlm.nih.gov/pubmed/26596768
http://doi.org/10.1016/j.cdtm.2015.09.002
http://www.ncbi.nlm.nih.gov/pubmed/29063005
http://doi.org/10.1089/ars.2017.7201
http://www.ncbi.nlm.nih.gov/pubmed/29634345
http://doi.org/10.1016/j.lungcan.2019.05.002
http://doi.org/10.1084/jem.20092176
http://doi.org/10.1073/pnas.252345399
http://www.ncbi.nlm.nih.gov/pubmed/12446846
http://doi.org/10.1074/jbc.M116.742627
http://www.ncbi.nlm.nih.gov/pubmed/28235804
http://doi.org/10.18632/oncotarget.11804
http://doi.org/10.1210/me.2013-1291
http://doi.org/10.1016/j.jsbmb.2015.04.016
http://www.ncbi.nlm.nih.gov/pubmed/25917081
http://doi.org/10.1038/srep25108
http://www.ncbi.nlm.nih.gov/pubmed/27121375
http://doi.org/10.1038/ncomms12619
http://www.ncbi.nlm.nih.gov/pubmed/27577169


Biology 2022, 11, 1082 36 of 37

349. Rao, C.V.; Farooqui, M.; Zhang, Y.; Kumar, G.; Panneerselvam, J.; Yarla, N.; Asch, A.S.; Yamada, H.Y. Abstract 1199: Identification
of Candidate Regulators of Genomic Instability in Human Lung Adenocarcinoma through a New Cross-Species in Silico Analysis.
Cancer Res. 2019, 79, 1199. [CrossRef]

350. Christmann, R.B.; Wooten, A.; Sampaio-Barros, P.; Borges, C.L.; Carvalho, C.R.R.; Kairalla, R.A.; Feghali-Bostwick, C.; Ziemek, J.;
Mei, Y.; Goummih, S.; et al. MiR-155 in the Progression of Lung Fibrosis in Systemic Sclerosis. Arthritis Res. Ther. 2016, 18, 155.
[CrossRef]

351. Raja, R.; Sahasrabuddhe, N.A.; Radhakrishnan, A.; Syed, N.; Solanki, H.S.; Puttamallesh, V.N.; Balaji, S.A.; Nanjappa, V.;
Datta, K.K.; Babu, N.; et al. Chronic Exposure to Cigarette Smoke Leads to Activation of P21 (RAC1)-Activated Kinase 6 (PAK6)
in Non-Small Cell Lung Cancer Cells. Oncotarget 2016, 7, 61229–61245. [CrossRef]

352. Zhang, L.; Wang, H.; Wang, C. Persistence of Smoking Induced Non-small Cell Lung Carcinogenesis by Decreasing ERBB
Pathway-related MicroRNA Expression. Thorac. Cancer 2019, 10, 890–897. [CrossRef]

353. Li, W.; Huang, K.; Guo, H.; Cui, G.; Zhao, S. Inhibition of Non-Small-Cell Lung Cancer Cell Proliferation by Pbx1. Chin. J. Cancer
Res. 2014, 26, 573–578. [CrossRef]

354. Mo, M.-L.; Chen, Z.; Zhou, H.-M.; Li, H.; Hirata, T.; Jablons, D.M.; He, B. Detection of E2A-PBX1 Fusion Transcripts in Human
Non-Small-Cell Lung Cancer. J. Exp. Clin. Cancer Res. CR 2013, 32, 29. [CrossRef]

355. Wu, X.; Ruan, L.; Yang, Y.; Mei, Q. Analysis of Gene Expression Changes Associated with Human Carcinoma-Associated
Fibroblasts in Non-Small Cell Lung Carcinoma. Biol. Res. 2017, 50, 6. [CrossRef]

356. Bender, A.T.; Beavo, J.A. Cyclic Nucleotide Phosphodiesterases: Molecular Regulation to Clinical Use. Pharmacol. Rev. 2006, 58,
488–520. [CrossRef] [PubMed]

357. Klutzny, S.; Anurin, A.; Nicke, B.; Regan, J.L.; Lange, M.; Schulze, L.; Parczyk, K.; Steigemann, P. PDE5 Inhibition Eliminates
Cancer Stem Cells via Induction of PKA Signaling. Cell Death Dis. 2018, 9, 192. [CrossRef] [PubMed]

358. Wharton, J.; Strange, J.W.; Møller, G.M.O.; Growcott, E.J.; Ren, X.; Franklyn, A.P.; Phillips, S.C.; Wilkins, M.R. Antiproliferative
Effects of Phosphodiesterase Type 5 Inhibition in Human Pulmonary Artery Cells. Am. J. Respir. Crit. Care Med. 2005, 172, 105–113.
[CrossRef] [PubMed]

359. Ding, L.; Wang, H.; Lang, W.; Xiao, L. Protein Kinase C-Epsilon Promotes Survival of Lung Cancer Cells by Suppressing Apoptosis
through Dysregulation of the Mitochondrial Caspase Pathway. J. Biol. Chem. 2002, 277, 35305–35313. [CrossRef]

360. Caino, M.C.; Lopez-Haber, C.; Kissil, J.L.; Kazanietz, M.G. Non-Small Cell Lung Carcinoma Cell Motility, Rac Activation and
Metastatic Dissemination Are Mediated by Protein Kinase C Epsilon. PLoS ONE 2012, 7, e31714. [CrossRef]

361. Garg, R.; Cooke, M.; Benavides, F.; Abba, M.C.; Cicchini, M.; Feldser, D.M.; Kazanietz, M.G. PKCε Is Required for KRAS-Driven
Lung Tumorigenesis. Cancer Res. 2020, 80, 5166–5173. [CrossRef]

362. Baxter, G.; Oto, E.; Daniel-Issakani, S.; Strulovici, B. Constitutive Presence of a Catalytic Fragment of Protein Kinase C Epsilon in
a Small Cell Lung Carcinoma Cell Line. J. Biol. Chem. 1992, 267, 1910–1917. [CrossRef] [PubMed]

363. Bae, K.-M.; Wang, H.; Jiang, G.; Chen, M.G.; Lu, L.; Xiao, L. Protein Kinase C Epsilon Is Overexpressed in Primary Human
Non-Small Cell Lung Cancers and Functionally Required for Proliferation of Non-Small Cell Lung Cancer Cells in a P21/Cip1-
Dependent Manner. Cancer Res. 2007, 67, 6053–6063. [CrossRef]

364. Zhang, N.; Su, Y.; Xu, L. Targeting PKCε by MiR-143 Regulates Cell Apoptosis in Lung Cancer. FEBS Lett. 2013, 587, 3661–3667.
[CrossRef]

365. Tuomi, S.; Mai, A.; Nevo, J.; Laine, J.O.; Vilkki, V.; Öhman, T.J.; Gahmberg, C.G.; Parker, P.J.; Ivaska, J. PKCε Regulation of an A5
Integrin–ZO-1 Complex Controls Lamellae Formation in Migrating Cancer Cells. Sci. Signal. 2009, 2, ra32. [CrossRef]

366. Lemjabbar-Alaoui, H.; Sidhu, S.S.; Mengistab, A.; Gallup, M.; Basbaum, C. TACE/ADAM-17 Phosphorylation by PKC-Epsilon
Mediates Premalignant Changes in Tobacco Smoke-Exposed Lung Cells. PLoS ONE 2011, 6, e17489. [CrossRef]

367. Kim, C.; Yang, H.; Fukushima, Y.; Saw, P.E.; Lee, J.; Park, J.-S.; Park, I.; Jung, J.; Kataoka, H.; Lee, D.; et al. Vascular RhoJ Is an
Effective and Selective Target for Tumor Angiogenesis and Vascular Disruption. Cancer Cell 2014, 25, 102–117. [CrossRef]

368. Mullapudi, N.; Ye, B.; Suzuki, M.; Fazzari, M.; Han, W.; Shi, M.K.; Marquardt, G.; Lin, J.; Wang, T.; Keller, S.; et al. Genome Wide
Methylome Alterations in Lung Cancer. PLoS ONE 2015, 10, e0143826. [CrossRef] [PubMed]

369. Gan, T.; Chen, W.; Qin, H.; Huang, S.; Yang, L.; Fang, Y.; Pan, L.; Li, Z.; Chen, G. Clinical Value and Prospective Pathway Signaling
of MicroRNA-375 in Lung Adenocarcinoma: A Study Based on the Cancer Genome Atlas (TCGA), Gene Expression Omnibus
(GEO) and Bioinformatics Analysis. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2017, 23, 2453–2464. [CrossRef] [PubMed]

370. Bell, S.M.; Schreiner, C.M.; Wert, S.E.; Mucenski, M.L.; Scott, W.J.; Whitsett, J.A. R-Spondin 2 Is Required for Normal Laryngeal-
Tracheal, Lung and Limb Morphogenesis. Dev. Camb. Engl. 2008, 135, 1049–1058. [CrossRef]

371. Ramsey, J.; Butnor, K.; Peng, Z.; Leclair, T.; van der Velden, J.; Stein, G.; Lian, J.; Kinsey, C.M. Loss of RUNX1 Is Associated with
Aggressive Lung Adenocarcinomas. J. Cell. Physiol. 2018, 233, 3487–3497. [CrossRef]

372. Matsuo, A. Abstract 3516: RUNX1 Controls EGFR Signaling Pathway in Non-Small Cell Lung Cancer Cells. Cancer Res. 2017,
77, 3516. [CrossRef]

373. Ishii, T.; Wakabayashi, R.; Kurosaki, H.; Gemma, A.; Kida, K. Association of Serotonin Transporter Gene Variation with Smoking,
Chronic Obstructive Pulmonary Disease, and Its Depressive Symptoms. J. Hum. Genet. 2011, 56, 41–46. [CrossRef]

374. Zhu, Q.; Liang, X.; Dai, J.; Guan, X. Prostaglandin Transporter, SLCO2A1, Mediates the Invasion and Apoptosis of Lung Cancer
Cells via PI3K/AKT/MTOR Pathway. Int. J. Clin. Exp. Pathol. 2015, 8, 9175–9181.

http://doi.org/10.1158/1538-7445.AM2019-1199
http://doi.org/10.1186/s13075-016-1054-6
http://doi.org/10.18632/oncotarget.11310
http://doi.org/10.1111/1759-7714.13020
http://doi.org/10.3978/j.issn.1000-9604.2014.08.21
http://doi.org/10.1186/1756-9966-32-29
http://doi.org/10.1186/s40659-017-0108-9
http://doi.org/10.1124/pr.58.3.5
http://www.ncbi.nlm.nih.gov/pubmed/16968949
http://doi.org/10.1038/s41419-017-0202-5
http://www.ncbi.nlm.nih.gov/pubmed/29416006
http://doi.org/10.1164/rccm.200411-1587OC
http://www.ncbi.nlm.nih.gov/pubmed/15817798
http://doi.org/10.1074/jbc.M201460200
http://doi.org/10.1371/journal.pone.0031714
http://doi.org/10.1158/0008-5472.CAN-20-1300
http://doi.org/10.1016/S0021-9258(18)46033-4
http://www.ncbi.nlm.nih.gov/pubmed/1309802
http://doi.org/10.1158/0008-5472.CAN-06-4037
http://doi.org/10.1016/j.febslet.2013.09.018
http://doi.org/10.1126/scisignal.2000135
http://doi.org/10.1371/journal.pone.0017489
http://doi.org/10.1016/j.ccr.2013.12.010
http://doi.org/10.1371/journal.pone.0143826
http://www.ncbi.nlm.nih.gov/pubmed/26683690
http://doi.org/10.12659/MSM.901460
http://www.ncbi.nlm.nih.gov/pubmed/28533502
http://doi.org/10.1242/dev.013359
http://doi.org/10.1002/jcp.26201
http://doi.org/10.1158/1538-7445.AM2017-3516
http://doi.org/10.1038/jhg.2010.133


Biology 2022, 11, 1082 37 of 37

375. Lenka, G.; Tsai, M.-H.; Lin, H.-C.; Hsiao, J.-H.; Lee, Y.-C.; Lu, T.-P.; Lee, J.-M.; Hsu, C.-P.; Lai, L.-C.; Chuang, E.Y. Identification of
Methylation-Driven, Differentially Expressed STXBP6 as a Novel Biomarker in Lung Adenocarcinoma. Sci. Rep. 2017, 7, 42573.
[CrossRef]

376. Wang, J.; Duan, Y.; Meng, Q.-H.; Gong, R.; Guo, C.; Zhao, Y.; Zhang, Y. Integrated Analysis of DNA Methylation Profiling and
Gene Expression Profiling Identifies Novel Markers in Lung Cancer in Xuanwei, China. PLoS ONE 2018, 13, e0203155. [CrossRef]
[PubMed]

377. de Aberasturi, A.L.; Redrado, M.; Villalba, M.; Larzabal, L.; Pajares, M.J.; Garcia, J.; Evans, S.R.; Garcia-Ros, D.; Bodegas, M.E.;
Lopez, L.; et al. TMPRSS4 Induces Cancer Stem Cell-like Properties in Lung Cancer Cells and Correlates with ALDH Expression
in NSCLC Patients. Cancer Lett. 2016, 370, 165–176. [CrossRef]

378. Chikaishi, Y.; Uramoto, H.; Koyanagi, Y.; Yamada, S.; Yano, S.; Tanaka, F. TMPRSS4 Expression as a Marker of Recurrence in
Patients with Lung Cancer. Anticancer Res. 2016, 36, 121–127. [PubMed]

379. Fan, X.; Liang, Y.; Liu, Y.; Bai, Y.; Yang, C.; Xu, S. The Upregulation of TMPRSS4, Partly Ascribed to the Downregulation of
MiR-125a-5p, Promotes the Growth of Human Lung Adenocarcinoma via the NF-KB Signaling Pathway. Int. J. Oncol. 2018, 53,
148–158. [CrossRef] [PubMed]

380. Larzabal, L.; Nguewa, P.A.; Pio, R.; Blanco, D.; Sanchez, B.; Rodríguez, M.J.; Pajares, M.J.; Catena, R.; Montuenga, L.M.; Calvo, A.
Overexpression of TMPRSS4 in Non-Small Cell Lung Cancer Is Associated with Poor Prognosis in Patients with Squamous
Histology. Br. J. Cancer 2011, 105, 1608–1614. [CrossRef] [PubMed]

381. Hamamoto, J.; Soejima, K.; Naoki, K.; Yasuda, H.; Hayashi, Y.; Yoda, S.; Nakayama, S.; Satomi, R.; Terai, H.; Ikemura, S.; et al.
Methylation-Induced Downregulation of TFPI-2 Causes TMPRSS4 Overexpression and Contributes to Oncogenesis in a Subset of
Non-Small-Cell Lung Carcinoma. Cancer Sci. 2015, 106, 34–42. [CrossRef]

382. Valero-Jiménez, A.; Zúñiga, J.; Cisneros, J.; Becerril, C.; Salgado, A.; Checa, M.; Buendía-Roldán, I.; Mendoza-Milla, C.; Gaxiola, M.;
Pardo, A.; et al. Transmembrane Protease, Serine 4 (TMPRSS4) Is Upregulated in IPF Lungs and Increases the Fibrotic Response
in Bleomycin-Induced Lung Injury. PLoS ONE 2018, 13, e0192963. [CrossRef]

383. Expósito, F.; Villalba, M.; Pajares, M.J.; Redrado, M.; Sainz, C.; Wistuba, I.; Behrens, C.; Redin, E.; Andrea, C.; Cirauquiz, C.; et al.
P1.03-24 TMPRSS4: A Novel Prognostic Biomarker and Therapeutic Target in NSCLC. J. Thorac. Oncol. 2018, 13, S521. [CrossRef]

384. Link, T.M.; Park, U.; Vonakis, B.M.; Raben, D.M.; Soloski, M.J.; Caterina, M.J. TRPV2 Has a Pivotal Role in Macrophage Particle
Binding and Phagocytosis. Nat. Immunol. 2010, 11, 232–239. [CrossRef]

385. Hao, J.; Xu, A.; Xie, X.; Hao, J.; Tian, T.; Gao, S.; Xiao, X.; He, D. Elevated Expression of UBE2T in Lung Cancer Tumors and Cell
Lines. Tumour Biol. J. Int. Soc. Oncodevelopmental Biol. Med. 2008, 29, 195–203. [CrossRef]

386. Perez-Peña, J.; Corrales-Sánchez, V.; Amir, E.; Pandiella, A.; Ocana, A. Ubiquitin-Conjugating Enzyme E2T (UBE2T) and
Denticleless Protein Homolog (DTL) Are Linked to Poor Outcome in Breast and Lung Cancers. Sci. Rep. 2017, 7, 17530. [CrossRef]
[PubMed]

387. Liu, J.; Liu, X. UBE2T Silencing Inhibited Non-Small Cell Lung Cancer Cell Proliferation and Invasion by Suppressing the
Wnt/β-Catenin Signaling Pathway. Int. J. Clin. Exp. Pathol. 2017, 10, 9482. [PubMed]

388. Madar, S.; Brosh, R.; Buganim, Y.; Ezra, O.; Goldstein, I.; Solomon, H.; Kogan, I.; Goldfinger, N.; Klocker, H.; Rotter, V. Modulated
Expression of WFDC1 during Carcinogenesis and Cellular Senescence. Carcinogenesis 2009, 30, 20–27. [CrossRef] [PubMed]

389. Larsen, J.E.; Nathan, V.; Osborne, J.K.; Farrow, R.K.; Deb, D.; Sullivan, J.P.; Dospoy, P.D.; Augustyn, A.; Hight, S.K.; Sato, M.; et al.
ZEB1 Drives Epithelial-to-Mesenchymal Transition in Lung Cancer. J. Clin. Investig. 2016, 126, 3219–3235. [CrossRef]

390. Zhang, T.; Guo, L.; Creighton, C.J.; Lu, Q.; Gibbons, D.L.; Yi, E.S.; Deng, B.; Molina, J.R.; Sun, Z.; Yang, P.; et al. A Genetic Cell
Context-Dependent Role for ZEB1 in Lung Cancer. Nat. Commun. 2016, 7, 12231. [CrossRef] [PubMed]

391. Yochum, Z.A.; Socinski, M.A.; Burns, T.F. Paradoxical Functions of ZEB1 in EGFR-Mutant Lung Cancer: Tumor Suppressor and
Driver of Therapeutic Resistance. J. Thorac. Dis. 2016, 8, E1528–E1531. [CrossRef] [PubMed]

http://doi.org/10.1038/srep42573
http://doi.org/10.1371/journal.pone.0203155
http://www.ncbi.nlm.nih.gov/pubmed/30286088
http://doi.org/10.1016/j.canlet.2015.10.012
http://www.ncbi.nlm.nih.gov/pubmed/26722035
http://doi.org/10.3892/ijo.2018.4396
http://www.ncbi.nlm.nih.gov/pubmed/29750426
http://doi.org/10.1038/bjc.2011.432
http://www.ncbi.nlm.nih.gov/pubmed/22067904
http://doi.org/10.1111/cas.12569
http://doi.org/10.1371/journal.pone.0192963
http://doi.org/10.1016/j.jtho.2018.08.705
http://doi.org/10.1038/ni.1842
http://doi.org/10.1159/000148187
http://doi.org/10.1038/s41598-017-17836-7
http://www.ncbi.nlm.nih.gov/pubmed/29235520
http://www.ncbi.nlm.nih.gov/pubmed/31966822
http://doi.org/10.1093/carcin/bgn232
http://www.ncbi.nlm.nih.gov/pubmed/18842679
http://doi.org/10.1172/JCI76725
http://doi.org/10.1038/ncomms12231
http://www.ncbi.nlm.nih.gov/pubmed/27456471
http://doi.org/10.21037/jtd.2016.11.59
http://www.ncbi.nlm.nih.gov/pubmed/28066651

	Introduction 
	Materials and Methods 
	Results 
	Differentially Expressed Genes (DEGs) Common between the 3 Types of Cancer, and Unique Lung Cancer DEGs 
	Functional Annotation and Enrichment Analysis 
	Coexpression Network Analysis 
	Coregulatory Network Analysis 
	Survival Analysis of Top Winning Transcription Factors in Lung Cancer 

	Discussion 
	Conclusions 
	References

