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Abstract. Irradiation commonly causes pneumocyte senes-
cence, which may lead to severe fatal lung injury characterized
by pulmonary dysfunction and respiratory failure. However,
the molecular mechanism underlying the induction of pneu-
mocyte senescence by irradiation remains to be elucidated.
In the present study, weighted gene co-expression network
analysis (WGCNA) was used to screen for differentially
expressed genes, and to identify the hub genes and gene
modules, which may be critical for senescence. A total of
2,916 differentially expressed genes were identified between
the senescence and non-senescence groups following thoracic
irradiation. In total, 10 gene modules associated with cell
senescence were detected, and six hub genes were identified,
including B-cell scaffold protein with ankyrin repeats 1, trans-
locase of outer mitochondrial membrane 70 homolog A, actin
filament-associated protein 1, Cd84, Nuf2 and nuclear factor
erythroid 2. These genes were markedly associated with cell
proliferation, cell division and cell cycle arrest. The results of
the present study demonstrated that WGCNA of microarray
data may provide further insight into the molecular mecha-
nism underlying pneumocyte senescence.

Introduction

Increasing numbers of radioactive sources have been widely
used as nuclear-generated energy for engineering and in
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nuclear weapons (1). As a medical diagnosis and treatment
method, radiotherapy is ubiquitously applied in cancer treat-
ment, owing to its significant elevation in patient survival
rates (2-4). However, radiotherapy presents latent hazards,
which lead to severe toxic effects on the healthy tissues of
patients (5). Due to its harmful side-effects, it is necessary to
investigate the cellular reaction caused by irradiation at the
genetic level.

Cell senescence is one of the common side-effects of lung
cancer treatment by radiotherapy. Cell senescence may lead
to irreversible cell cycle arrest, which maintains cell viability
and metabolically activity, but resistance to apoptosis and
proliferation occurs (6). Cell senescence may also result in
various pathological changes in different types of cell (7-11).
A previous study demonstrated that pneumocyte senescence
induced by irradiation may promote severe radiation-induced
lung injury (RILI), which is a progressive, life-threatening
complication characterized by interstitial infiltrates, dyspnoea
and pulmonary dysfunction that can result in respiratory
failure (12). At present, there are few potentially effective
therapeutics for the treatment of RILI (13). Therefore, eluci-
dating the genetic pathophysiology of pneumocyte senescence
may be a useful strategy to prevent patients from developing
severe RILI during lung cancer treatment.

Gene expression microarrays allow the measurement of
alterations in genetic expression patterns, and facilitate the
identification of genes, which are crucial to diseases induced
by irradiation (14). Xie et al (15) used a cDNA microarray to
analyze miRNA and mRNA expression levels in rat lung tissue
samples 3, 12 and 26 weeks following exposure to 24-Gy
X-ray irradiation. The results confirmed that the miRNA
expression levels were negatively correlated with the mRNA
expression levels (16). They also demonstrated that RILI did
not develop in a single linear process (16). Chauhan et al (16)
identified 67 upregulated and 141 downregulated genes in
human lung fibroblast cells 24 h following 0-1.5-Gy X-ray
irradiation, compared with the expression profile of untreated
lung fibroblasts cells. These genes were involved in cell cycle
control/mitosis, chromosome instability and cell differentia-
tion (16). Gene Ontology and pathway enrichment analyses of
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genes enable the molecular pathogenesis of irradiation to be
elucidated.

Itis necessary to extract available information by discarding
redundant or ‘noisy’ information from high-throughput data
sets. With a systemic biological view, WGCNA is a novel
approach, which quantitatively measures the interconnectivity
of genes, and reveals the importance of genes within networks.
WGCNA is a useful tool for detecting gene modules that
maintain genes with similar expression patterns, as well as for
identifying disease biomarkers and the functions of genes (17).
Furthermore, due to the fact that less false positive correla-
tions are found between genes using WGCNA, it is widely
utilized to investigate complex diseases, including endometrial
cancer (18), schizophrenia (19) and breast cancer (20).

In the present study, based on the microarray data of
pneumocyte senescence induced by irradiation, WGCNA
was used to construct a scale-free weighted genetic interac-
tion network comprising specific gene modules that maintain
common biological roles in the process of pneumocyte senes-
cence. Moreover, in a given gene module, the present study
attempted to identify hub genes as candidate biomarkers and
as therapeutic targets for pneumocyte senescence.

Materials and methods

Microarray data, processing and differentially expressed gene
filtering. The high-throughput data was deposited in the Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/),
which is the predominant public repository for microarray
data (21). The transcription profiles of GSE41789 (Affymetrix
mouse 430_2 GeneChips; Affymetrix, Inc., Santa Clara, CA,
USA), submitted by Citrin er al and updated in 2014 (2), were
downloaded from the GEO database. A total of 30 mouse lung
tissue samples from the dataset were selected and divided into
non-senescence (n=15) and senescence (n=15) subgroups. The
non-senescence group (n=15) pneumocytes exhibited no signa-
ture features of senescence (senescence-associated 3-galactose)
following thorax X-ray irradiation (Precision X-Ray, North
Branford, CT, USA) at a dose of 0 Gy, whereas the senescence
group (n=15) exhibited the signature of pneumocyte senescence
following thorax X-ray irradiation at doses of 5 or 17.5 Gy (2).
The multi-microarray raw data of the CEL files were then
corrected, quantile normalized, and log2 transformed with the
rma function using the Affy package in R 3.0.3 software in
Bioconductor (http:/www.bioconductor.org/) (22,23). Only the
perfectly matched probes were maintained for further analysis,
and mismatched probes were discarded. The collapseRows
and intersect functions of the WGCNA package were used to
combine multiple probes by the highest intensity values. The
differentially expressed genes between the non-senescence and
senescence groups were identified using Student's 7-test with
R software, and only genes with P<0.05 (n=2,916 genes) were
considered for subsequent network analysis (24). In addition,
the annotation information of the GeneChip was obtained from
the GPL1216 microarray platform (http:/www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GPL1261).

Pneumocyte-weighted gene co-expression network construc-
tion. The differentially expressed genes were used for weighted
gene co-expression network construction in the WGCNA
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package (25). In the WGCNA package, the discrete adjacency
matrix is replaced with the weighted adjacency matrix consid-
ering a continuous connection strength ([0,1]) with respect to the
[ parameter. In the present study, p=9 was selected, according
to the scale-free topology criterion proposed by Zhang and
Horvath (17). Following the definition of the weighted adjacency
matrix for each group (senescence and non-senescence), the
co-expression matrix and the topological overlap matrix (TOM)
were established. The TOM reflects the relative interconnec-
tivity between two genes according to their degree of shared
neighbors across whole network (17). The gene co-expression
networks were constructed using the blockwiseModules func-
tion in the WGCNA package of the R software.

Pneumocyte module analysis. Module detection is the primary
strategy for reducing high-dimensional microarray data (26).
In the present study, the differentially expressed genes were
considered in performing module detection. Modules were
defined as groups of genes with high topological overlap (TO).
Using the average linkage hierarchical clustering coupled
with the TO, the present study detected the modules of the
senescence and non-senescence groups, respectively. The
intramodular connectivity, known as the intramodule degree,
of the genes was also evaluated (27). The module eigengene
(ME), which is defined as the first principal component of
a given module, was then calculated. The ME can also be
considered as a representative of the gene expression profiles
in a module (28). The intramodular Connectivity and signed
KME functions in the WGCNA package were used to compute
intramodular connectivity and the ME.

Module preservation evaluation.Module preservation statistics
supply information about whether the properties of a module
in a network are altered under different conditions. For the
correlation network, the following composite module preserva-
tion Statistic: Zg,mmary SCOT€ [Zgymmary = aensity + Zconnectivity)/2)]
was recommended by Langfelder et al (29), and has been
used extensively in previous studies (30,31). The Zq(
emphasizes whether the genes in each of the defined modules
in the reference network remain highly connected in the
experimental network, whereas Z ., ,cciviy identifies whether
the connectivity patterns between the genes in the experi-
mental network remain similar, compared with the reference
network. Simulations or permutation tests are used to deter-
mine the thresholds for Z,,mary- A Zgummary Value <2 suggests
that there is no evidence for module preservation, Zg,,mary
values >2 and <10 indicate weak to moderate evidence of
module preservation, and Z,, ., values >10 indicate substan-
tial evidence for module preservation. Notably, the Z,,yary
score is size-dependent, and tends to increase with module
size. Another, less size-dependent, preservation statistic is
the medianRank, as follows: (medianRankg,,, + median-
Rank g, peciiviy)/2, Which is recommended to assess module
preservation (29). Generally, a module with a lower median
rank tends to exhibit more marked preservation than a module
with a high median rank. Combining the Z,,,,,., With preserva-
tion medianRank was considered in the assessment of module
preservation in the present study (29,32). Module preservation
was evaluated using the modulePreservation function of the
WGCNA package.
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Measurement of gene significance (GS) and module member-
ship (MM). The GS of a gene is defined as the differential
expression between non-senescence and senescence groups,
determined using a t-test, and is evaluated using the P-value
obtained from the #-test, as GS; = -log(p,) (33). The GS for
each gene in a module was calculated to quantitatively assess
how connected the gene was with senescence. Using the ME,
the MM was measured, and was determined as the correla-
tion between the gene expression profile and the ME. The
MM is characterized by correlating the expression profile
of the i-th gene with the ME of a given module, as follows:
MM, = Icor (x;,ME)l. The i-th gene is not part of the module
if MMV, is close to 0. In addition, the i-th gene is deemed to
have a high level of connectivity to a given module if the MM,
is close to 1. The MM is highly correlated with intramodular
connectivity, and the highly connected intramodular genes
tend to have high MM values correlated with their respective
module (17,33).

Hub gene analyses. Certain terminology may be considered
prior to identifying the hub genes. Generally, intramodular
hub genes exhibit higher biologically significance, compared
with global network hub genes. Intramodular connectivity
assesses the connection strength among the genes, and
intramodular connectivity is considered more reliable than
differential expression assessed using Student's 7-test (17).
The GS incorporates external information into the co-expres-
sion network; higher absolute values of GS, indicate higher
biological significance of the i-th gene. The MM assesses the
correlation between a gene and the ME in a given module.
Therefore, an ideal hub gene possesses the highest intra-
modular connectivity, highest MM and highest GS within a
given module (19,30).

Results

Weighted co-expression network construction with respect
to the senescence and non-senescence groups. Network
construction was restricted to 2,916 differentially expressed
genes between the non-senescence and senescence groups,
which were determined using t-tests (P<0.05). The weighted
gene co-expression networks were constructed with respect
to each group using the WGCNA package of the R software.
Based on the TOM, a hierarchical average linkage clustering
method was used to cluster the genes into modules. The
number of modules was detected using Dynamic Tree Cut
(deep split = 2, cut height = 0.99; http://www.genetics.ucla.
edu/labs/horvath/CoexpressionNetwork/BranchCut), which is
a novel cluster detection technique which uses an iteration of
an adaptive process of cluster decomposition and combination
until the number of clusters becomes stable. In the senescence
group, 13 modules were detected, and in the non-senescence
group, 12 modules were detected (Fig. 1). Genes that did not
cluster into any of the modules were retained in the grey
module in the WGCNA package.

Screening of specific modules associated with pneumocyte
senescence. The strategy for screening the gene modules of
interest associated with pneumocyte senescence depended on
the preservation statistics. Module preservation statistics are
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based on a permutation test implemented in the modulePreser-
vation function of the WGCNA package. The non-senescence
network was referred to as the reference network in the
preservation statistics. In total, nine gene modules were identi-
fied with small Z,,,..., values and large preservation median
rank values, including the blue, brown, green, green/yellow,
magenta, red, tan, turquoise and yellow modules. These
nine modules exhibited significantly altered intramodular
connectivity in the senescence group, compared with the
non-senescence group following irradiation exposure (29)
(Fig. 2). The salmon-colored module was detected only in
the senescence group, and this module was specific to the
senescence group exposed to irradiation. Therefore, a total of
10 modules were selected as modules that may be important
in cellular senescence. The remaining black, pink and purple
gene modules were well-preserved in the two groups, and were
excluded from the following analysis.

Candidate genes associated with senescence. Another aim
of the weighted network analysis was to identify the hub
genes associated with irradiation-induced senescence. It is
well-established that the MM measures the importance of a
node (gene) within a network, and that the GS indicates the
differential degree of the node under different conditions.
A node with maximum connectivity strength is centrally
located in the network (17). A marked positive correlation was
observed between MM and intramodular connectivity in the
modules of interest. However, no correlation was observed
between GS and intramodular connectivity, or between GS
and MM in the modules of interest (Fig. 3). Therefore, the hub
genes were identified in each module of interest, predomi-
nantly by relying on high MM values, owing to the weak
correlation between the GS and MM. Accordingly, 10 hub
genes were identified with respect to the modules of interest,
including translocase of outer mitochondrial membrane 70
homolog A (Tomm70a; MM.blue = 0.96; P=0.02), actin
filament-associated protein 1 (Afapl; MM.brown = 0.97;
P=0.04), Zfp518b (MM .green = 0.94; P=0.03), Thc1d9b (MM.
greenyellow = 0.93; P=0.03), Cd84 (MM.magenta = -0.95;
P=0.002), Nuf2 (MM.red = 0.98; P=0.03), B-cell scaffold
protein with ankyrin repeats 1 (Bankl; MM.salmon = 0.94;
P=0.001), Gm6377 (MM.tan = 0.94; P=0.0009), nuclear factor
erythroid 2 (NFE2; MM.turquoise = 0.98; P=0.001), and
Slc25al5 (MM yellow = 0.95; P=0.04).

Annotation and functional enrichment analysis of
co-expressed modules. Gene ontology (GO) functional
annotation and enrichment analyses were used to identify
the significantly enriched biological terms for genes in
the modules of interest (26). GO enrichment analysis was
performed using Database for Annotation, Visualization and
Integrated Discovery (DAVID) software (http://david.abcc.
ncifcrf.gov/) by uploading a probe set to DAVID and initi-
ating the Annotation Tool. Functional annotations enriched
in the modules of interest are shown in Table I. A total of
10 biological processes were involved in the modules of
interest: RNA processing (blue), mesoderm development
(brown), apoptotic mitochondrial changes (green), regulation
of the hippo signaling cascade (green/yellow), regulation of
cell development (magenta), cell division (red), the immune
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Figure 1. Gene co-expression modules in the non-senescence and senescence groups. A total of (A) 12 and (B) 13 modules were identified in the non-senescence
and senescence groups, respectively. Colors in the horizontal bar represent the different modules.
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considered to be well preserved.
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system process (salmon), signal transduction (tan), the  Pathway enrichment analysis of co-expression modules.
immune system process (turquoise) and the phenol-containing  The Kyoto Encyclopaedia of Genes and Genomes (KEGG)
compound metabolic process (yellow). (http://www.genome.jp/kegg/) database was used to enrich
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Table I. Top functional annotations enriched in the cellular senescence-specific modules for term ontology ‘Biological process’.

Module Term name P-value
Blue RNA processing 4.42x10°
Blue mRNA metabolic process 1.19x10°¢
Brown Mesoderm development 6.72x10°
Brown Protein localization 2.18x107
Green Apoptotic mitochondrial changes 3.20x107
Green Regulation of mitochondrion organization 5.09x107
Green/yellow Hippo signaling cascade 6.27x107
Green/yellow Regulation of hippo signaling cascade 1.59x107
Magenta Regulation of cell development 2.90x10*
Magenta Positive regulation of catalytic activity 3.64x10*
Red Cell division 5.48x10™M
Red Cell cycle 4.78x107°
Salmon Immune system process 5.34x107
Salmon Cell surface receptor signaling pathway 6.48x107
Tan Signal transduction 1.48x107
Tan Immune response 5.23x107
Turquoise Immune system process 1.56x10%
Turquoise Response to wounding 9.28x10%
Yellow Phenol-containing compound metabolic process 3.20x10°
Yellow Neurotransmitter catabolic process 5.06x107
yellow cor=0,004, p=0.9 blue cor=0.04, p=0.43 turquoise cor=0.23, p=2.2e-03 tan cor=0.11, p=0.26 red cor=-0.079, p=0.35
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Figure 3. Correlation of the MM (x-axis) and the GS (y-axis). The color indicates the module, and the dot indicates the gene within the module. The identifica-
tion of hub genes was dependent on the presence of high MM values. MM, module membership; GS, gene significance.

the biological signaling pathways for the 10 identified
modules. The pathway enrichment analysis was implemented
using DAVID software by assigning a probe set to KEGG

metabolic processes and testing the statistical enrichment
of the target gene in KEGG pathways. The most highly
enriched pathways in each module were as follows: Cell cycle
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Table II. Most enriched pathways in the cellular senescence-specific modules.

Module Pathway name Number of genes P-value

Blue Cell cycle 12 1.60x10°
Blue DNA replication 5 3.02x10*
Brown Cell cycle 7 1.67x10°
Brown mTOR signaling pathway 4 5.73x10°
Green Glycolysis/Gluconeogenesis 3 1.50x107
Green Oxidative phosphorylation 4 3.45x107
Green/yellow Spliceosome 4 2.22x102
Green/yellow Pentose and glucuronate interconversions 2 2.41x107?
Magenta Steroid biosynthesis 2 6.38x10°
Magenta Alzheimer's disease 4 3.73x10
Red Proteasome 3 9.40x10°
Red Oxidative phosphorylation 5 1.40x1072
Salmon Melanoma 3 9.63x10?
Salmon Prostate cancer 3 1.71x10
Tan Renal cell carcinoma 3 1.43x1072
Tan Rheumatoid arthritis 3 2.02x10
Turquoise Protein processing in endoplasmic reticulum 16 3.79x10*
Turquoise PPAR signaling pathway 10 5.66x10*
Yellow Linoleic acid metabolism 4 2.92x107
Yellow Cell cycle 6 6.12x107

mTOR, mammalian target of rapamycin; PPAR, peroxisome proliferator-activated receptor.

& \‘.56100.103Rik
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Figure 4. Interaction of gene co-expression patterns in the blue module. For clarity, only certain nodes are presented. The network was visualized using
Cytoscape 3.0 software. The node size is proportional to the connectivity. The edge width is proportional to the connection strength. Downregulated genes and
upregulated genes are colored green and red, respectively.

(P=1.60x10") in the blue module; cell cycle (P=1.67x107) in  the magenta module; proteasome (P=9.40x107) in the red
the brown module; glycolysis/gluconeogenesis (P=1.50x10?)  module; melanoma (P=9.63x107) in the salmon module;
in the green module; spliceosome (P=2.22x107?) in the renal cell carcinoma (P=1.43x10) in the tan module; protein
green/yellow module; steroid biosynthesis (P=6.38x10) in  processing in endoplasmic reticulum (ER; P=3.79x10*) in the
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turquoise module and linoleic acid metabolism (P=2.92x107)
in the yellow module (Table IT).

Discussion

In the present study, 10 specific modules and 10 hub genes
associated with pneumocyte senescence were identified, of
which the salmon module was only observed in the senescence
group. The GO enrichment of the salmon module suggested
that the immune process may be involved in senescence.
Accordingly, Bankl was identified as a hub gene of this
module, and was significantly upregulated (P=0.0007) in the
senescence group. Bankl encodes a B cell-specific scaffold
protein, which functions in the B cell receptor (35). Bankl
has been associated with systemic lupus erythematosus and
diffuse systemic sclerosis (36,37). Using Bank! deficient-mice,
it has been previously demonstrated that BANKI acts as
a negative regulator of CD40-mediated protein kinase B
activation to prevent hyperactive responses. The absence
of BANKI1 reduced the secretion of interleukin-6 via the
p38/mitogen-activated protein kinase 1/2 signaling pathway
and decreased the expression levels of translation initiation
factor elF4e in B cells. Notably, high expression levels of
elFAE promotes cell proliferation in carcinoma (38). Whether
BANKI is associated with cellular senescence remains to be
fully elucidated, however, these results provide a novel research
direction for further investigations to clarify the importance of
Bankl during the cellular senescence process.

In the present study, the blue module was determined as the
RNA-modifying module, based on the GO analysis. Tomm?70a,
which encodes the TOM70 protein in humans, was selected
as the hub gene in the blue module and was downregulated
during senescence (P=0.019). TOM70 is a subunit of the outer
mitochondrial membrane translocase, which acts as a receptor
for hydrophobic pre-proteins targeted to the mitochondria and
is involved in importing the majority of mitochondrial proteins
from the cytosol into the mitochondria (39). For example,
ribosomal protein S3 (rpS3) may be effectively transported
into the mitochondria via the interaction between TOM70, heat
shock protein (HSP)90 and HSP70. When rpS3 accumulates
in the mitochondria, it repairs damaged mitochondrial DNA
and decreases the levels of reactive oxygen species (ROS) (40).
rpS3 not only mediates cellular anti-apoptosis by binding the
po65 protein (41), it also induces interferon (IFN)-f produc-
tion (42,43). It is well-established that IFN-f inhibits cell
proliferation and arrests the cell cycle by targeting the p53
signaling pathway (44). In addition, TOM70 is a member of the
TOM machinery, a molecular switch of the phosphatase and
tensin homolog-induced putative kinase 1-PARKIN signaling
pathway, which clears cell remnants in an autophagy-dependent
manner in mitochondria (45). Once this signaling pathway is
interrupted, cellular senescence is induced via ROS and the p53
signaling pathway (46). Based on these results, Tomm?70a may
be a novel hub gene associated with pneumocyte senescence
induced by thoracic irradiation (Fig. 4).

In the present study, the brown module was predominantly
enriched in the protein localization process by GO analysis.
Afapl was selected as the hub gene of the brown module and was
significantly downregulated (P=0.04) in the senescence group.
AFAPI regulates actin filament integrity, podosome formation,
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focal contacts and cell migration (47). AFAPI is an essential
adaptor protein, which activates c-Src tyrosine kinase by binding
and interacting with SH3 (48). c-Src is a proto-oncogene with
a wide range of substrates and various functions in processes,
including cell proliferation, differentiation, cell cycle, adhesion,
invasion and motility (49). Zhang et al (50) demonstrated that
the loss of AFAPI1 in PC3 prostate cancer cells reduces cell
proliferation in vitro. Using an AFAPAABD expression vector,
a previous study reported that AFAP1 activates c-Src and
subsequently elevates the expression levels of transcriptional
factor activator protein 1 (AP-1) (51). AP-1 modulates a wide
range of cellular processes, including proliferation, apoptosis,
differentiation and survival (52). Therefore, the present study
hypothesized that AFAP1 regulates cell senescence through
c-Src or AP-1, however, further investigations are required in
order to confirm this hypothesis.

The magenta module was predominantly enriched in the cell
development and protein transport GO terms. Cd84 encodes the
type I transmembrane glycoprotein CD84, and was significantly
upregulated (P=0.002) in the senescence group. CD84 is a
member of the signaling lymphocyte activation molecule family,
which is expressed in the majority of immune cell popula-
tions (53,54). A previous study has indicated that CD84 promotes
early-stage chronic lymphocytic leukemia (CLL) survival, and
that cell death is induced in CLL following the inhibition of
CD84 in vitro and in vivo (55). By measuring the incorporation
of *H thymidine during the final 8 h of a 72-h culture period,
the investigators demonstrated that CD84 regulated the prolif-
eration of anti-CD3 monoclonal antibody-stimulated human
T cells (56). These studies suggested that CD84 may be associ-
ated with the cell cycle and survival of lymphocytes.

Based on the GO analysis in the present study, the red
module was denoted the cell cycle module. The evolutionarily
conserved gene Nuf2 was significantly downregulated in the
senescence group (P=0.03). Nuf2, also known as cell division
cycle associated 1 (CDCAL) is a kinetochore protein, which
forms a subcomplex with Hecl and belongs to the larger Ndc80
complex (57). The Nuf2-Hecl complex connects the plus
ends of spindle microtubules to centromeres, and is essential
for correct chromosome segregation and genomic stability
during mitosis (57,58). In HeLa cells, it has been confirmed
that prometaphase is prolonged during the mitosis, if Nuf2 or
Hecl was silenced by RNA interference (59). The interaction of
Nuf2 and PTPIPSI recruits microtubules to the kinetochore and
ensures proper cellular proliferation, differentiation and apop-
tosis (60). In addition, the interaction of CDCA1 and KNTC2 has
been reported to induce cell cycle arrest in non-small cell lung
carcinoma, as well as in colorectal and gastric cancer (61,62).
Therefore, Nuf2 may be a hub gene, as well as a therapeutic
target of irradiation-induced tumor and pneumocyte senescence.

In the present study, the turquoise module was associated
with immune system and wound healing in the GO analysis.
NFE?2 was considered the hub gene and was significantly upreg-
ulated in the senescence group (P=0.001). NFE2 is a member of
the basic-leucine zipper family of heterodimeric transcriptional
activators, and comprises p45 and Maf subunits (63). Studies have
confirmed that NFE2 is an important transcriptional regulator of
hemoglobin biosynthesis, normal platelet function and erythroid
differentiation (64,65). In addition, NFE2 increases the expres-
sion levels of IL-8 to stimulate CD34* proliferation and survival
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in bone marrow stromal cells, and ensure megakaryocyte prolif-
eration and differentiation in primary myelofibrosis (66). In red
blood cells (RBCs), pASNFE2 decreases ROS levels in order
to protect RBCs from oxidative stress damage (67). Therefore,
NFE?2 may be involved in inflammatory cell proliferation or
senescence during irradiation damage.

The four hub genes identified in the remaining modules
included Zfp518b (green), Tbcld9b (greenyellow), Gm6377
(tan) and Slc25al5 (yellow). To date, no reports regarding the
roles of these four hub genes in the cell cycle, proliferation or
senescence are available.

The results of the present stead revealed a total of
70 KEGG signaling pathways in the senescence group, which
were enriched in the 10 modules of interest. Cell cycle, DNA
replication and lysine biosynthesis were most highly enriched
in the blue module, whereas the cell cycle and mammalian
target of rapamycin (mTOR) signaling pathways were the
most highly enriched in the brown module. mTOR is highly
conserved across species. Rapamycin, a specific inhibitor of
mTOR, mitigates senescence progression in HT-p21 cells (68),
normal human fibroblast WI-38 cells (69) and ARPE-19
cells (70). Furthermore, the oncogenic proteins RAF and RAS,
which are known to activate the mTOR signaling pathway,
have been reported to mediate cellular senescence (71,72).
The glycolysis/gluconeogenesis and oxidative phosphoryla-
tion signaling pathways were enriched in the green module.
Dichloroacetate mitigated senescence by suppressing glycol-
ysis, and a study by Liao ef al (73) demonstrated the activation
of glyceraldehyde-3-phosphate dehydrogenase and the upregu-
lation of glycolysis in radiation-induced human breast cancer
cell senescence. The spliceosome biological pathway was the
most highly enriched in the green-yellow module. In WI-38,
WiDr, HeLa and HEK?239 cells, the cell cycle is blocked in
the G, and G,/M phases upon the deletion or inhibition of
splicing factors by small interfering RNA or inhibitors (74-76).
A previous investigation also reported the impairment of
spliceosome assembly-promoted cell cycle arrest in the S
and G,/M phases (76). The proteasome and oxidative phos-
phorylation signaling pathways were the most highly enriched
pathways in the red module. The ubiquitination/proteasome
signaling pathway is crucial for determining protein fate
post-translation (77). p53 is a substrate of Mdm?2, which is an
E3 ubiquitin ligase of the proteasome signaling pathway, and
Mdm?2 regulates the stability and activity of p53, ultimately
contributing to the process of cellular senescence (76). The
mitogen-activated protein kinase (MAPK) signaling pathway
was significantly enriched in the salmon module. The MAPK
signaling pathway has long been associated with cell senes-
cence. For example, ROS or oncogene-induced senescence
enables activation of the p38 MAPK signaling pathway
through the activation of McKusick-Kaufman syndrome 3/6,
which subsequently promotes the expression of pl6 and
pS53-p21, and increases the DNA damage response (78).
This response suppresses cyclin-dependent kinase and ulti-
mately generates cell senescence (79). In the tan module,
the ribosome biogenesis pathway was the most significantly
enriched pathway. A previous study investigating dyskeratosis
congenita demonstrated that the failure of ribosome biogenesis
and the induction of DNA damage activates the p53 signaling
pathway and induces cell senescence in X-DC or AD-DC
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fibroblasts (80). In the turquoise module in the present study,
protein processing in the ER was the most highly enriched
signaling pathway. The ER is the principal organelle for several
cellular functions, including protein folding, maturation and
the maintenance of cellular homeostasis (81). Wiel et al (82)
reported that the calcium channel, inositol 1,4,5-trisphosphate
receptor type 2 and mitochondrial calcium uniporter led to
calcium release from the ER and mitochondrial, respectively,
resulting in the induction of cellular senescence. This pathway
is independent of the retinoblastoma and p53 pathways (82). In
addition, a previous study reported the repression of ER stress
and the promotion of oncogene-induced cellular senescence
by peroxisome proliferator-activated receptor $/d in mouse
keratinocytes (83). The linoleic acid metabolism signaling
pathway was enriched in the yellow module. Linoleic acid is a
polyunsaturated essential fatty acid, which maintains normal
physiological functions and is involved in disease preven-
tion (84). It has been demonstrated that linoleic acid affects the
cell cycle and proliferation. For example, in mouse embryonic
stem cells, Kim et al (85) reported that linoleic acid induces
the cell cycle through multiple signaling pathways, including
Ca?*/protein kinase C, phosphoinositide 3 kinase and MAPKs.
In addition, in mouse pancreatic 3-cells, others have demon-
strated that linoleic acid elevates the expression levels of cell
cycle inhibitors, p16 and pl8, in vivo and in vitro.

The results of the present study enabled the identification
of the gene modules and hub genes which exhibit crucial
biological activity in pneumocyte senescence induced by
thoracic irradiation. The modules with different activi-
ties were involved in the progress of senescence, including
immune system responses, post-transcriptional modifications,
post-translational modifications, cell signal transduction path-
ways, cellular motility, hormone regulation and biomolecule
metabolism. The analyses demonstrated that various signifi-
cant responses arose during irradiation-induced pneumocyte
senescence. Hub genes associated with cellular senescence
may offer an important source of novel hypotheses, experi-
mental directions and novel therapeutic targets. The results
of the present study not only further current understanding
of the mechanism of senescence, but also provide consider-
able information for understanding RILI and for generating
innovative therapies to treat this life-threatening disease.

It is increasingly evident that biological functions arise
from complex interactions among macromolecules, including
proteins, DNA and RNA. Microarray techniques and gene
co-expression profile network analyses are becoming neces-
sary to examine these complex interactions. The novel
WGCNA method is a popular microarray data analysis
approach due to its lower rate of false positive connections
and its impressive module detection ability. From a systemic
perspective, the results of the present study provide a
comprehensive summary of irradiation-induced pneumocyte
senescence analyzed using the WGCNA method.
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