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ABSTRACT

Background: Accumulating reports suggest that the biological effects of low- and
high- dose ionizing radiation (LDIR and HDIR) are qualitatively different and might
cause different effects in human skin. Materials and Methods: To better
understand the potential risks of LDIR, we analyzed three cDNA microarray datasets
from the Gene Expression Omnibus database. Results: A pathway analysis
showed that genes in immune-associated pathways were upregulated while
those in cancer-associated pathways were downregulated in skin exposed to
LDIR as compared with non-irradiated control skin. Consistently, according to
a comparative gene ontology analysis, “antigen presentation and processing”
was the most different gene ontology between the LIDR and HDIR
transcriptomes. To identify key molecules regulated by LDIR, we constructed
a protein-protein interaction network analysis using topological metrics. One
of the key molecules with a high network scores was E1A binding protein
p300 (EP300), which is a potential target of a new therapeutic strategy to
promote anti-tumor immunity. Conclusion: Our results showed that LDIR
exposure mainly induced the upregulation of immune-related genes including
chemokines (CXCL1, CXCL2, and CXCL5) and interleukins (IL1B, IL11, IL6, IL15,
and IL7). Additionally, LDIR induced the upregulation of antigen processing
and presentation-related genes including CIITA, HLA-DQB1, and KIF26A, but
these genes were downregulated in HDIR-exposed skin. Our protein network
interaction results indicated that EP300 is downregulated by the immune
response in skin after LDIR exposure.
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INTRODUCTION

According to the ICRP (International
Commission on Radiological Protection), the
incidence rate of cancer is proportional to the
dose of radiation exposure, with no safety
threshold @ 2. In contrast, low dose ionizing

radiation (LDIR) effects, such as the adaptive
response, the bystander effect, and genome
instability are accepted, meaning that the LNT
(the linear no threshold) model may not be
correct for LDIR (3-6) The concept of an adaptive
response refers to the idea that pre-exposure to
LDIR can increase cellular tolerance to
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subsequent radiation exposure through a
hormetic mechanism and may thereby result in
such consequences as life span prolongation (7.8),
reduced tumor growth (), improvement in
degenerative disorders (1012, and immune
activation (13), Thus, LDIR-induced DNA damage
below a certain threshold of severity could
stimulate DNA repair systems, yielding a net
long-term benefit to cellular functionality (4.
Epigenetic modification (5 or differential gene
expression (1) after LDIR exposure may
contribute to this effect. Therefore, more studies
need to be conducted to elucidate the effects of
LDIR.

With the progression of high-throughput
genomic technologies, global mRNA expression
data is the most advanced current method for
obtaining information about the cellular
response to ionizing radiation. The use of gene
ontology (GO) classifications of genes with
statistically significant expression changes is a
common procedure and a powerful tool for a
deeper understanding of transcriptomics data.
Functional genomic analysis contributes to the
analysis of gene expression on a global scale.
Therefore, we implemented a web application
called Comparative GO to enable the comparison
of the distribution of GO terms across multiple
datasets (17). Although there were many
previously existing web applications for GO
analysis, none were suitable for the comparison
of data from different sources. The collation of a
tabular report containing a list of increased or
decreased genes/proteins sorted with respect to
their GO term contributes to understanding the
effects of stimuli on biological pathways and the
mechanisms of pathogenesis.

The purpose of this report was to assess the
global cDNA expression profile of human skin
samples exposed to LDIR and high dose ionizing
radiation (HDIR) using cDNA microarray data
sets. Using the result of microarray, we aimed to
compare biological pathways and comparative
GO terms between the skin samples exposed to
LDIR and those exposed to HDIR. Skin is the first
point of contact for radiation in most external
exposure scenarios and skin samples can easily
be obtained by biopsy to assess the biomolecular
damage and biological response caused by LDIR.
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The significance of this study is that
immune-related and cancer-related biological
pathways were meaningfully distinguishable
between skin samples exposed to LDIR and
those exposed to HDIR. Our integrative analysis
of high-throughput gene expression data and
subsequent construction of a protein-protein
interaction (PPI) network provide evidence that
contributes to a Dbetter understanding
LDIR-induced immune enhancement.

MATERIALS AND METHODS

Microarray gene expression datasets

To identify differentially expressed genes
(DEGs) through comparing skin samples
exposed to LDIR with those exposed to HDIR, we
screened publicly available microarray datasets
and found the datasets GSE23807, GSE59861,
and GSE29344 (total n= 25 subjects), which
were retrieved from the Gene Expression
Omnibus (GEO). In those three datasets, human
skin samples (EpiDermFT-400, EPI-200, and
AGO01522 cells) were exposed to different total
doses of radiation at dose rates between 10.5-50
cGy/min using a clinical X-ray irradiator. We
defined LDIR as a total dose < 10 cGy and HDIR
as a total dose = 100 cGy. The samples were
harvested to obtain RNA 3-4 h after the
radiation exposure.

Preprocessing for identification of genes with
significant differences in expression

Before analyzing the microarray datasets, the
gene expression values were log2 transformed,
followed by normalization across all samples.
Microarray gene expression values from samples
representing different conditions (control vs.
LDIR and control vs. HDIR) were compared by a
two-class unpaired test using the Significance
Analysis  of  Microarray  tool  (http://
statweb.stanford.edu/~tibs/SAM) to find DEGs.
The DEGs in the LDIR and HDIR datasets were
selected by an absolute fold-change of 1.5 (as
compared with the control dataset) and a false
discovery rate of 0.05. We then combined the
DEGs obtained from the selected datasets.
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Kyoto encyclopedia of genes and genomes
(KEGG) pathway analysis

KEGG terms for biological pathways were
used as provided by the Database for
Annotation, Visualization, and Integrated
Discovery (DAVID version 6.7) (https://
david.ncifcrf.gov/). Further, we conducted
Fisher’s exact t-test to detect the enrichment of
DEGs within KEGG pathways (p < 0.05).

Comparative GO analysis

To compare GO terms between the LDIR and
HDIR transcriptomes, we conducted an analysis
using Comparative GO (http://
www.comparativego.com). Other GO web
applications can compare a single sample to
another reference sample and present
differentially regulated GOs with p-values.
However, Comparative GO can compare the
distribution of GO terms among gene expression
datasets from several different sources and
provides a tabular report of the number of genes
exceeding the fold-change threshold among
treatment groups, enabling the identification of
the GO terms that contain the most DEGs.

Analysis of PPI Network

To identify proteins that acted as hubs in the
PPI network, we used the HPRD (Human Protein
Reference Database) release 9 and IntAct
molecular interaction database) version 2.0.
Cytoscape (http://www.cytoscape.org/) was
used for visualizing the interaction network. The
degree and betweenness centrality were
calculated for each node in the PPI network (18).
The degree is classified as the number of
interacting partners that connect each protein to
its neighbors, while betweenness centrality
represents the number of short paths between
one protein and other proteins. These two
topological parameters have been known to
assist the detection of functionally important
genes. Clustering analysis was also conducted to
distinguish groups that have high degrees and
betweenness centralities compared with the
other groups.
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RESULTS

Identification of DEGs Associated with LDIR
and HDIR Exposure Levels

To identify radiation-regulated DEGs using
three human skin datasets from investigations in
which  different radiation doses were
administered, we selected three cDNA
microarray  datasets representing  LDIR
exposure, HDIR exposure, and non-irradiated
control skin. As a result, we obtained 1,833
DEGs, which we collectively termed the LDIR and
HDIR transcriptomes. There were 844 DEGs in
the LDIR dataset and 989 DEGs in the HDIR
dataset relative to the non-irradiated control
(figure 1). In the LDIR transcriptome, 311 genes
were increased and 533 were decreased. In the
HDIR transcriptome, 387 genes were increased
and 602 were decreased. A total of 352 DEGs
were shared between the LDIR and HDIR
transcriptomes.

Sample clustering analysis

In order to compare the gene expression
patterns among samples, we utilized MeV
software (19). As illustrated in figure 2, we used
hierarchical link clustering (HLC) and principal
component analysis (PCA) methods. Based on
HLC analysis, the samples were divided into two
clusters: control and radiation. Furthermore, the
radiation samples were divided into two
clusters: LDIR and HDIR (figures 2a & b). PCA
was employed to determine the gene specificity
among different groups. Irradiated samples were
clearly separated from the control group and
LDIR samples showed distinct expression
patterns from those of HDIR samples (figure 2c).
These results suggested that high-throughput
gene expression profiling can differentiate
between LDIR and HDIR exposure.

Pathway Enrichment Analysis of the LDIR and
HDIR Transcriptomes

We performed a KEGG pathway enrichment
analysis using the DAVID database, which
showed that the upregulated genes in the LDIR
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transcriptome  were mainly related to
immune-associated pathways such as
“cytokine-cytokine receptor interaction”,
“apoptosis”, and “NOD-like receptor signaling
pathway”. In addition, LDIR exposure caused the
down-regulation of pathways related to the
process of skin cancer, such as “melanogenesis”,
“basal cell carcinoma”, “hedgehog signaling
pathway”, and “pathways in cancer” (table 1).

In the HDIR transcriptome, the pathways
associated with upregulated genes were largely
cancer-related, including “p53  signaling
pathway”, “ErbB signaling pathway”, “VEGF
signaling pathway”, “focal adhesion’,
“ECM-receptor interaction”, and several cancer
pathways. In addition, downregulated genes
related to cell proliferation presented a bias
toward pathways such as “cell cycle”, “meiosis”,
and “DNA replication” (table 2).

Comparative GO analysis of LDIR and HDIR
transcriptomes

We applied the Comparative GO web
application to compare the lists of GO terms
between the LDIR and HDIR transcriptomes. As
shown in Figure 3, immune-related biological
processes, such as antigen processing and
presentation (101.5 times), immune response
(24.5 times), and regulation of tumor necrosis
factor super family cytokine production (8.6
times) showed differences between the

LDIR
N=23844

Up: 311
Down : 533

upregulated genes in LDIR and HDIR
transcriptomes. The specific genes responsible
for antigen processing and presentation that
were upregulated by LDIR exposure but
downregulated by HDIR transcriptomes were
major histocompatibility complex class II, DQ
beta 1 (HLA-DQB1), «class II  major
histocompatibility complex  transactivator
(CIITA), and kinesin family member 6° A (KIF26A).

Target molecules in the PPI network

To determine key molecules that regulate the
immune response to LDIR exposure, we
conducted a PPI network analysis because the
PPI network has been widely used to develop
drug targets, disease genes, and essential genes
in organisms ranging from yeast to humans. In
this study, information on human PPI networks
was obtained from the HPRD and IntAct
databases. As a result, the PPI network of the
significantly expressed genes in the LDIR
transcriptome was composed of 184 genes (77
upregulated genes and 107 downregulated
genes), as shown in Figure 4a. To identify target
molecules in the PPI network, we then
performed a clustering analysis using the degree
and betweenness centrality as the topological
parameters. As a result, E1A binding protein
p300 (EP966) was predicted as a target molecule
because it had a higher degree and betweenness
centrality than the other nodes (figure 4b).

HDIR
N=989

Up: 387
Down : 602

Figure 1. Differentially expressed genes (DEGs) in the low-dose ionizing radiation (LDIR)- and high-dose ionizing radiation
(HDIR)-exposed skin transcriptomes. The DEGs were selected using the absolute cut-off criteria of a fold-change > 1.5 and a false
discovery rate < 0.05. As a result, we obtained 1,833 DEGs from the LDIR and HDIR transcriptomes (844 in LDIR and 989 in HDIR).
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Figure 2. Visualizations of cDNA microarray gene expression profiles of the LDIR- and HDIR-exposed skin transcriptomes.

(a) Analysis of microarray data shown as a heat map comparing global gene expression patterns among the control, LDIR, and
HDIR transcriptomes. Red and green colors indicate differentially up- or down-regulated genes, respectively (fold-change > 2).
(b) Hierarchical link clustering and (c) principal component analysis plot. Two-dimensional scatter plots for dividing the samples
based on two principal components are shown in (c).

Table 1. KEGG pathway analysis of up- or down-regulated DEGs in LDIR

Category Term Count p -value
Upregulated

KEGG_PATHWAY Cytokine-cytokine receptor interaction 17 1.53E-04
KEGG_PATHWAY Apoptosis 8 2.7E-03
KEGG_PATHWAY NOD-like receptor signaling pathway 6 1.1E-02
Downregulated
KEGG_PATHWAY Complement and coagulation cascades 7 5.4E-03
KEGG_PATHWAY Melanogenesis 8 8.5E-03
KEGG_PATHWAY Nitrogen metabolism 4 1.6E-02
KEGG_PATHWAY Basal cell carcinoma 5 3.9E-02
KEGG_PATHWAY Hedgehog signaling pathway 5 4.2E-02
KEGG_PATHWAY Pathways in cancer 14 4.4E-02

Table 2. KEGG pathway analysis of up- or down-regulated DEGs in HDIR.

Category Term Count p -value
Upregulated
KEGG_PATHWAY p53 signaling pathway 8 5.3E-04
KEGG_PATHWAY ErbB signaling pathway 8 2.3E-03
KEGG_PATHWAY VEGF signaling pathway 6 2.1E-02
KEGG_PATHWAY Focal adhesion 10 2.6E-02
KEGG_PATHWAY Non-small cell lung cancer 5 2.7E-02
KEGG_PATHWAY Small cell lung cancer 6 3.2E-02
KEGG_PATHWAY ECM-receptor interaction 6 3.2E-02
KEGG_PATHWAY Pathways in cancer 13 4.4E-02
Downregulated
KEGG_PATHWAY Cell cycle 20 7.58E-07
KEGG_PATHWAY Oocyte meiosis 13 2.0E-03
KEGG_PATHWAY DNA replication 6 1.6E-02
Int. J. Radiat. Res., Vol. 17 No. 1, January 2019 19
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Figure 3. Comparison between the gene ontology (GO) terms associated with upregulated genes in the LDIR and HDIR
transcriptomes. Protein enrichment values were normalized based on the number of genes in each sample. The enrichment values
of the smaller samples are scaled higher to be comparable to those of the bigger samples. Among the DEGs in the LDIR and HDIR
transcriptomes, those whose protein enrichment value underwent a rate of change > 2 were selected and categorized according to
their biological process. The rate of change reflects the geometric average of the enrichment value fold-change among samples in
that GO group.
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Figure 4. Protein-protein interaction network composed of DEGs in the LDIR transcriptome. (a) The network, in which the nodes
indicate proteins and the edges indicate the interactions between the proteins inferred from the IntAct and HPRD databases. A
total of 77 proteins that were upregulated in the LDIR transcriptome are represented in red, and 107 proteins that were
downregulated in the LDIR are represented in green. (b) The degree is correlated with the number of interacting partners and BC
(betweenness centrality) represents the number of short paths between one protein and other proteins.
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DISCUSSION

Even though the molecular mechanisms
underlying the LDIR-induced immune response
are still unknown, low dose radiotherapy is
considered as an alternative option for the
treatment of inflammatory diseases and
degenerative joint disorders in Germany and
other European countries (20-23). Interestingly,
LDIR has been reported to decrease the
incidence rates of several cancers, including B16
melanoma 24,

In accordance with these findings, our results
showed that among the DEGs identified in the
LDIR transcriptome, most of them were
upregulated immune response genes including
chemokines (CXCL7, CXCLZ, and CXCL5) and
interleukins (IL7B, IL11, IL6, IL15, and IL7).
Chemokines have important functions in wound
healing, lymphocyte homing, chemotactic
activity for lymphocytes, and influencing the
overall type 1/type 2 balance of an immune
response (25.26). Akira etal found that after a
single low dose exposure (1.0 cGy), chemokines
(CXCL1, €XCL2, and CXCL6) were significantly
upregulated in normal human fibroblasts (27,
Interleukins are mediator of inflammation, the
immune system, and cancer. The increases of
IL1B and IL6 caused by 4.5 Gy can contribute to
the enhancement of immune responses (28),
Furthermore, an increased expression level of
IL15 was reported following irradiation; this
interleukin acts through the selective inhibition
of tumor-promoting molecules, and has been
considered as a potential new compound for use
in cancer treatment (29), The T cell lymphocyte
development-related  cytokine IL3  was
upregulated in low dose exposed mice (39, These
data imply that LDIR-induced immune
responses are likely to be activated to eliminate
damaged cells as part of a tumor inhibition, and
this might lead to decreases in several
cancer-related pathways as indicated by our
KEGG analysis (table 1).

Comparative GO analysis revealed that LDIR
induced the up-regulation of antigen
processing- and presentation-related genes
including CIITA, HLA-DQB1, and KIF26A, but
HDIR was associated with the down-regulation

Int. J. Radliat. Res., Vol. 17 No. 1, January 2019

of these genes. Efficient antigen presentation
and processing is important for inducing potent
anti-tumor immune responses because the
function of the MHC class molecules is critical in
some cancers (3134, Kinesin is a motor protein
that is related to the transport of MHC class II
containing complexes along microtubules to the
late endosomal compartment. Recently, many
reports have revealed that aberrant gene
expression of kinesins plays a key role in a
variety of human cancers, suggesting that
kinesins may represent new molecular targets
for cancer therapy 537, MHC class II is
important for the activation of helper T cells. It is
well documented that helper T cells contribute
to anti-tumor immunity 8. Several solid
cancers do not express MHC class II, and the
involvement of helper T cells depends on
infiltrating antigen-presenting cells. CIITA, the
master regulator of MHC class II transcription, is
a non-DNA binding protein and has also been
found to be increased during immune responses.
Therefore, we propose that KIF82A, HLA-DQB1,
and CIITA play important roles in the LDIR
induced effects on antigen presentation and
processing.

An analysis of the hub genes among the DEGs
in the LDIR dataset (figure 4a) revealed that
EP300 had the highest connective degree. EP300
is involved in several processes including
proliferation, apoptosis, and DNA damage (39.40),
Yujie et al. reported that EP966 plays an
important role in anti-tumor immunity *1), and
inhibitors of EP300 were well-established
caloric restriction mimetics (42). Acetyl coenzyme
A induces autophagy through a
transcription-independent process related to the
reduction of acetyltransferase EP300 (3).

In summary, our findings show differences in
signaling pathways and biological processes
between the transcriptomes of human skin
samples exposed to LDIR and those exposed to
HDIR. Our findings are as follows: (1) the
molecular response after LDIR involves the
up-regulation of the immune response by the
secretion of immune-related cytokines; (2)
“antigen presentation and processing” is the GO
term with the greatest difference between the
LDIR and HDIR transcriptomes; and (3) the
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down-regulation of EP300 caused by LDIR could
lead to an inhibition of cancer development
through anti-tumor immunity. These results
provide a better understanding of the risks of
using LDIR in the clinical setting and specifically
highlight its effects on the human immune
system.
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