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Abstract

proteomics data interpretation.

the aim of this study.

dysregulated proteins.

resistance in the radioresistant cells.

Background: The radiation resistance process is a major problem in radiotherapy. Proteomics is a useful method to determine
the molecular mechanism of biological and medical events. Protein-protein interaction (PPI) network is a suitable method for

Objectives: Assessment of proteomics data about the radiation resistance process in human cell lines via PPI network analysis is

Methods: Proteomic data were extracted from literature and the differentially expressed proteins (DEPs) were included in the PPI
network via the STRING database by Cytoscape software. The network was analyzed and the central nodes were introduced. The
central nodes were assessed via action map analysis and gene ontology enrichment.

Results: Among the 251 queried DEPs, 171 individuals were included in the PPI network. Epidermal growth factor receptor (EGFR),
fibronectin (FN1), CD44 antigen (CD44), prostaglandin G/H synthase 2 (PTGS2), CD44 antigen (CD44), prostaglandin G/H synthase 2
(PTGS2), NF-kappa-B inhibitor alpha (NFKBIA), Kelch-like ECH-associated protein 1(KEAP1), cathepsin D (CTSD), D-3-phosphoglycerate
dehydrogenase (PHGD), and 5-nucleotidase (NT5E) were introduced as the critical DEPs. Eight groups of biological terms were
attributed to the introduced critical DEPs. EGFR, FN1, CD44, and PTGS2 were discriminated among the critical DEPs as the key

Conclusions: The results indicate that EGFR, FN1, CD44, and PTGS2 are the four essential proteins that are involved in radiation

Keywords: Radiotherapy, Radioresistant, Network Analysis, Proteomics, Gene Ontology

1. Background

Radiotherapy is a well-known method against cancer
development. The radiation resistance process is a main
problem in radiotherapy. There are many investigations
about radiation resistance phenomena in the different
levels of cellular, tissue, and body. It is attempted to
find the molecular mechanism of radiation resistance to
elevate the efficacy of radiotherapy (1, 2).

Proteomics as a high throughput method is applied to
solve many problems in the medical field. The output of

proteomics can be interpreted to provide a perspective of
molecular events in the studied samples. Large numbers
of dysregulated proteins in proteomics correspond to
the targeted genes in the investigated cells, tissue, or
body. Experiments are shown that among the results of
a proteomics investigation, there are limited numbers of
proteins that play a critical role in the evaluated diseases
or conditions. These crucial proteins can be considered
biomarkers (3-5).

However, fold change is an important index in
proteomics, the kind of dysregulated proteins determines
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the biological effect of protein expression changes. PPI
network analysis is a method that is applied widely to
discriminate the dysregulated proteins based on the
centrality properties of the proteins. There are several
centrality properties in PPl network analysis such as
degree value, betweenness centrality, closeness centrality,
and stress, which are applied to analyze the studied
networks (6-8).

Action map analysis is the other tool that can be
used to detect regulatory actions between the studied
proteins. Different actions such as activation, inhibition,
and expression relationships between different proteins
can be identified via action map analysis. Action map
results are a useful tool to elucidate the important role of
the studied proteins (9).

Gene ontology enrichment is the other method that
can provide the related molecular function, biological
processes, cellular compartments, and biochemical
pathways related to the investigated proteins (10).

2. Objectives

In the present study, the introduce dysregulated
proteins in the radioresistant human oesophageal
adenocarcinoma cells (OE33R) versus the radiosensitive
cells OE33 cells (OE33P) are extracted from literature
and are analyzed via PPI network analysis, actin map
evaluation, and gene ontology assessment to determine
the core of the proteins, which are involved in radiation
resistance in the cellular level. The results can be used to
provide a new perspective on radiation resistance events
in radiotherapy.

3. Methods

The data are extracted from the paper about
proteomic signatures of radioresistant oesophageal
adenocarcinoma, which is published by Marcone et al.
(11). In the original source of data, the proteome of the
generation of an isogenic cell line model of radioresistant
oesophageal adenocarcinoma, the radioresistant cells
(OE33R) is compared with the radiosensitive OE33 cells
(OE33P). The significant differentially expressed proteins
(DEPs) are selected based on a P-value < 0.05. The selected
proteins were included in a protein-protein interaction
(PPI) network via the STRING database by Cytoscape
software. The network was analyzed by the “network
analyzer” application of Cytoscape software. The main
connected component of the analyzed network was
assessed to find the central DEPs; 10% of nodes based on
degree value, betweenness centrality, closeness centrality,

and stress were selected as central nodes. The common
central nodes were identified as the critical central
nodes. Regulatory properties between the critical central
nodes were evaluated via action map analysis and by the
CluePedia application of Cytoscape software. Activation,
inhibition, and expression actions were determined. The
related biological terms for the critical central nodes were
assessed via gene ontology analysis by the ClueGO plug-in
of Cytoscape software.

4. Results

The number 251 DEPs were included in the STRING
database via Cytoscape software. Among the queried DEGs,
249 individuals were recognized by the STRING database.
As it is shown in Figure 1, the PPI network including 64
isolated nodes, 12 paired nodes, a tetrad component, and a
main connected component of 171 nodes was constructed.
The elements of the main connected component were
linked by 349 edges. The main connected component was
analyzed (Figure 2) and the central nodes were identified.

Ten percent of the nodes (17 nodes) as the central
nodes based on 4 centrality parameters (degree,
betweenness centrality, closeness centrality, and stress)
were determined. The total central nodes were 68 nodes,
including 9 nodes, which were common among 4 types of
central nodes. The 9 common nodes including epidermal
growth factor receptor (EGFR), fibronectin (FN1), CD44
antigen (CD44), prostaglandin G/H synthase 2 (PTGS2),
CD44 antigen (CD44), prostaglandin G/H synthase 2
(PTGS2), NF-kappa-B inhibitor alpha (NFKBIA), Kelch-like
ECH-associated protein 1 (KEAP1), cathepsin D (CTSD),
D-3-phosphoglycerate  dehydrogenase (PHGD), and
5-nucleotidase (NT5E) were identified as the critical
central nodes (Table 1). The rate of expression change for
the critical central nodes in the resistant samples versus
control is extracted from an investigation of Marcone et al.
(11) and shown in Table 2. As it is depicted in Table 2, there
are 5 down-regulated and 4 up-regulated critical central
DEGs. Connections between the critical central nodes are
shown in Figure 3. As it is shown in this sub-network, EGFR
is connected to all neighbors directly.

The regulatory relationship between the critical
central DEPs is illustrated in Figure 4. Three actions
including activation, inhibition, and expression were
assessed. As it is shown in Figure 4, EGFR, FN1, CD44,
PTGS2, NFKBIA, and NT5E are connected via activation
and expression actions. The critical central nodes were
enriched via gene ontology analysis. The identified
biological terms linked to the related DEPs are shown
in Figure 5. Among the queried DEPs, KEAP1 was not
connected to the determined biological terms.
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Figure 1. PPI network of the recognized DEGs related to the difference between the radiosensitive and radioresistant cells. The 249 nodes are connected by 358 edges.

Table 1. Common Nodes Between the Four Types of the Central Node

N Display Name Degree Betweenness Centrality Closeness Centrality Stress
1 EGFR 44 0.38 0.429 25670
2 FN1 32 0.235 0.401 16690
3 CD44 27 0.119 0376 9144
4 PTGS2 21 0.159 0373 13448
5 NEKBIA 15 0.066 0373 6196
6 KEAP1 12 0.039 0.331 4548
7 CTSD 8 0.052 0333 3610
8 PHGDH 8 0.134 0.337 9726
9 NT5E 7 0.098 0.346 7236

5. Discussion

There are several documents about the application
of PPI network analysis of radiation effects on humans.
The investigations deal with the molecular mechanism
of radiation in the human body and the cultured cells
(12, 13). In the original research, from which our data

Int ] Cancer Manag. 2023;16(1):e134017.

were extracted, alteration in 3 important systems
including inflammation, metabolism-related factors,
and angiogenesis is assessed in the radio-resistant human
cells via proteomic and bioinformatic investigations (11).
In the present study, a deep opinion about the central
proteins that are involved in radio-resistance phenomena
is provided.
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Figure 2. The main connected component of the PPI network of the recognized DEGs is related to the difference between the radiosensitive and radioresistant cells. The 171
nodes are connected by 349 edges. The nodes are layout based on degree value. Red to blue and small to large size refers to an increase in degree value.

Table 2. Description, Fold Change, and Dis-regulation for Resistant Samples Versus Control of the Critical Central Nodes. Data are Extracted from the Document of Marcone

etal. (11)

N Gene Name Description Dis-regulation Fold Change
1 EGFR Epidermal growth factor receptor Down-regulation 0.41

2 FN1 Fibronectin Down-regulation 034

3 CD44 CD44 antigen Up-regulation 2.19

4 PTGS2 Prostaglandin G/H synthase 2 Up-regulation 62.87

5 NFKBIA NF-kappa-B inhibitor alpha Up-regulation 6.74

6 KEAP1 Kelch-like ECH-associated protein 1 Down-regulation 0.43

7 CTSD Cathepsin D Up-regulation 211

8 PHGDH D-3-phosphoglycerate dehydrogenase Down-regulation 0.01

9 NT5E 5-nucleotidase Down-regulation 0.19

PPI network analysis showed that the dis-regulation
of EGFR, FN1, CD44, PTGS2, NFKBIA, KEAP1, CTSD, PHGDH,
and NT5E is the core of molecular elements, which control
radio-resistance events. As it is depicted in Table 1, EGFR is
the top protein that plays a role in the analyzed network.
Regarding 4 centrality parameters, EGFR is a key central
DEP in the resistant cells. EGFR is a top central node

and is connected to all critical central nodes, while it is
down-regulated in the radio-resistant cells (Table 2 and
Figure 3). Chakravarti et al. showed that up-regulation
of EGFR is involved in radiation resistance in human
gliomas (14). The role of EGFR in radiation resistance is
pointed out in many investigations (15, 16). However, the
down-regulation of EGFRis reported by the original report,

Int ] Cancer Manag. 2023; 16(1):e134017.
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Figure 4. Action map including the 9 critical central nodes. Yellow; expression, green; activation.

which is in contrast with the literature, the prominent
role of EGFR in radiation resistance is emphasized widely.
The crucial role of EGFR is highlighted in the action map
(Figure 4). Gene ontology analysis revealed that activation
of phospholipase-A2 is related to EGFR. Alteration of

Int ] Cancer Manag. 2023;16(1):e134017.

phospholipase-A2 activity after radiation is investigated in
several documents (17, 18).

Fibronectin is the second critical central node,
which is ranked as the second crucial DEP based on all
centrality parameters. PPI network analysis plus the



Arjmand Bet al.

phospholipase A2\
activity by N\

calcium-mediated

signaling

positive regulation of
platelet-derived growth
factor production

Spondylometaphyseal
dysplasia - Sutcliffe type

activation}f\

NFKBIA

/Zatabolic process

0\344

\
EGFR

O
PHGD!

Phosphoglycerate
dehydrogenase
deficiency

lipofuscinosis 10

Figure 5. The critical central DEPs and the relative biological terms. KEAP1 was not related to the identified terms. The nodes which are related to the more biological terms

are shown.

other analysis pointed out that FN1 can be considered
crucial DEP. This protein as like EGFR is down-regulated
in radiation-resistant cells. Cordes et al. published
research about an increment of resistance to ionizing
radiation by fibronectin in human cells (19). The
“Spondylometaphyseal dysplasia Sutcliffe type” group
of biological terms is related to the FN1 (Figure 5). Gene
ontology results indicate that “Spondylometaphyseal
dysplasia Sutcliffe type” is the second group of biological
terms that includes 20.83% of biological terms.

Prostaglandin G/H synthase 2 (PTGS2) is a critical DEP
that is related to the largest group of biological terms.
This group “Positive regulation of platelet-derived growth
factor production” includes 31.25% of the biological terms.
PTGS2 parallel with EGFR plays a significant role in the
action map. The importance of PTGS2 in radiation
resistance is highlighted by Tan et al. (20). As is shown in
Table 2, the fold change of PTGS2 is 62.87 and the protein
corresponds to the literature is up-regulated (20).

CD44 is the other critical protein that is up-regulated
and appeared as a relatively important dysregulated
protein. Zhao et al. investigated the role of CD44
in response to ionizing radiation. In this report, the

up-regulation of CD44 by K-RAS in response to radiation is
emphasized (21).

NF-kappa-B inhibitor alpha (NFKBIA)is an up-regulated
DEP. However, it is connected to 6 critical DEPs, but it
has appeared with a less important role in the other
assessment such as action map analysis, gene ontology
evaluation, and PPI network investigation. Approximately,
all analyses indicate that the critical nodes can be divided
into 2 groups: First; EGFR, FN1, CD44, and PTGS2, and
second; NFKBIA, PHGDH, CTSD, KEAP1, and NTS5E. The first
group is involved in the radiation resistance significantly,
while the second group is related weakly.

5.1. Conclusions

In conclusion, protein expression changes of EGFR,
FN1, CD44, PTGS2, NFKBIA, KEAP1, CTSD, PHGDH, and NT5E
are the core of radiation resistance even in human cells.
More analysis revealed that the elements of the introduced
core can be divided into 2 categories. The first class
including 4 proteins (EGFR, FN1, CD44, and PTGS2) is the
main dysregulated part of the proteome, which is involved
in radiation resistance at the cellular level.

Int ] Cancer Manag. 2023; 16(1):e134017.
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