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Introduction

Cancer is a one of the leading causes of mortality worldwide. 
Radiotherapy along with chemotherapy and surgery is 
considered as an essential therapeutic strategy against 
most tumour diseases. Although almost 60% of cancer 
patients are treated with radiotherapy (1) the effectiveness 
is not always guaranteed. Tumour radioresistance is the 
main reason for radiotherapy failure in cancer patients 
resulting in recurrence and metastasis. Therefore, a better 
understanding of the distinct molecular mechanisms behind 
radiosensitivity and radioresistance is urgently required to 
improve the outcome of cancer therapy.

A variety of established cutting-edge technologies 
applied in proteomics provide information on the 
molecular mechanisms that regulate cellular physiology 
and pathophysiology. In radiobiology studies, a broad range 
of quantitative proteomics platforms including chemical 
and metabolic labelling as well as label-free analysis have 
been used recently on different biomaterials ranging from 
organelles to cells and whole organs (2,3). 

A comprehensive oncoproteomics analysis provides 
strong means to identify biological pathways involved in 
radiation-induced tissue toxicity and to quantify potential 
prognostic biomarkers for radioresistance. Advances in 
proteomics techniques improve the quality and accuracy 
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of cancer treatment outcome requested in personalised 
medicine.

Proteomics approaches to identify predictive 
biomarkers of tumour radioresistance

The application of proteomics to investigate radiation 
response of different tumours has been a hot topic since 
more than a decade (reviewed by Lacombe et al. and Scaife 
et al.) (1,4,5), highlighting the importance of identifying 
predictive biomarkers of tumour radioresistance.

Feng et al. established a radioresistant subclone of 
nasopharyngeal carcinoma (NPC) cell line CNE2 by irradiating 
the cells with five subsequent sub-lethal doses (11 Gy,  
single dose). The proteome of surviving radioresistant cells 
in comparison to the proteome of the original cell line was 
analysed by two-dimensional electrophoresis (2DE) and mass 
spectrometry. The data showed differences in the expression 
of four proteins: 14-3-3σ, maspin, glucose-regulated protein 
(GRP-78), and Mn superoxide dismutase (MnSOD). 
These proteins were further validated in radiosensitive and 
radioresistant NPC tissues from patients (6). 

In a similar study using radioresistant NPC cell line 
CNE1 that was generated after exposure to a single dose 
of 13 Gy, Zhang et al. identified 13 differentially expressed 
proteins resolved on 2DE. Among them, upregulation of 
heat shock protein 27 (HSP27) as a radioresistant biomarker 
was further validated using a panel of experiments including 
antisense oligonucleotides (ASOs), clonogenic survival assay, 
Hoechst 33258 staining of apoptotic cells, and MTT assay 
of cell viability. The authors showed that the decreased 
clonogenic survival and cell viability was associated with the 
inhibition of HSP27 expression by ASOs (7). 

Wu et al. analysed radioresistant and radiosensitive NPC 
cancers using tissue biopsies. Applying 2DE proteomics, 
the authors found endoplasmic reticulum protein 29 
(ERp29), Mn-SOD, HSP27 and glutathione-S-transferase 
(GST) ω1 significantly upregulated in radioresistant tissues. 
The association of ERp29 was further validated using 
immunohistochemistry analysis and knockdown strategy (8). 

Chen et al. recently analysed the secretomes from 
radioresistant NPC cell line CNE-2R and radiosensitive 
parental cell line CNE-2 by isobaric tags for relative and 
absolute quantitation (iTRAQ) approach. Comparative 
proteomics between the two secretomes indicated 40 
proteins significantly differentially expressed. Four 
differentially expressed secretory proteins (fibrillin-2, 
CD166, sulfhydryl oxidase 1 and cofilin-2) were verified 

by immunoblotting. These proteins could be considered 
as potential biomarkers for predicting NPC response to 
radiotherapy (9).

Using 2DE, Lin et al. compared the proteome of 
parental and radioresistant head and neck cancer (HNC) 
cell line created by fractionated radiation exposure (total 
dose of 60 Gy). Among 64 identified proteins potentially 
associated with radioresistance, Gp96, Grp78, HSP60, 
Rab40B, and GDF-15 were found upregulated and annexin 
V downregulated in the radioresistant cell line. The authors 
confirmed the role of Gp96 by showing that a Gp96 
knockdown increased radiosensitivity in vitro and in vivo (10).  
Using similar experimental setting, Li et al. identified 16 
differentially expressed proteins, among which Nm23 
H1 was significantly upregulated whereas annexin A3 was 
significantly downregulated in resistant cells compared to 
control cells (11).

Skvortsov et al. used two-dimensional difference gel 
electrophoresis (2D-DIGE) to analyse the proteome of 
radioresistant FaDu-IRR and SCC25-IRR derived from two 
parental human head and neck squamous cell carcinoma 
cell lines after repeated exposure to ionizing radiation  
(10 Gy 10 times every 2 weeks).  The majority of 
significantly deregulated proteins in both in FaDu-IRR and 
SCC25-IRR cells, if compared to the proteome of parental 
cells, belonged to Rac1 signalling pathways. The study 
showed that inhibition of Rac1 reduced the migration of 
these cells, thereby decreasing the capability to metastasise. 
Authors suggested Rac1 as a putative biomarker for head 
and neck squamous cell carcinoma radioresistance (12).

Using radioresistant oral squamous cell carcinoma 
(OSCC) cell lines induced by fractionated radiation with a 
total dose of 60 Gy, Lee et al. identified 18 cancer-related 
proteins changed in radioresistant cell lines. Among these 
proteins, the overexpression of NM23-H1 was further 
validated by immunoblotting and cDNA array. The 
authors suggested NM23-H1 as a biomarker to predict 
radioresistance in OSCC (13).

Kim et al. generated radioresistant laryngeal cancer 
cell lines from human HEp-2 cells using fractionated 
radiation (60 Gy/twice a week for 2 weeks). The proteomics 
analysis showed 16 proteins significantly changed between 
HEp-2 and RR-HEp-2 cells. The expression of chloride 
intracellular channel 1 (CLIC1) that was markedly 
downregulated in RR-HEp-2 cells was further validated by 
immunoblotting and immunohistochemistry. Inhibition of 
CLIC1 in HEp-2 cells resulted in increased radioresistance 
by suppressing the radiation-induced cellular reactive 
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oxygen species (ROS) levels (14).
Using multiple-reaction monitoring (MRM) analysis, 

Guo et al. studied the global kinome of radioresistant human 
breast cancer cell line MCF-7/C6 and its parental MCF-7 
cell line. The analysis showed a significant deregulation of 
several kinases involved in cell cycle progression and DNA 
damage response, suggesting that kinases in general play an 
important role in tumour radioresistance (15).

Kim et al. used stable isotope labelling by amino acids in 
cell culture (SILAC) method to investigate the proteome 
of human breast cancer cell line (MDA-MB-231) 48 h 
after single or fractionated radiation (total dose of 10 Gy). 
The interaction analysis of highest ranking upregulated 
proteins (cathepsin D, gelsolin, argininosuccinate synthase 
1, peroxiredoxin 5, and C-type mannose receptor 2) showed 
that these proteins are associated with cell adhesion and 
metastasis in tumour cells (16).

Yun et al. recently established a radioresistant lung 
cancer cell line from parental radiosensitive cells by 
fractionated exposure (2 Gy twice a week for 20 weeks). 
The proteomics comparison of these two cell lines using 
2DE showed significant upregulation of four candidate 
proteins functioning as putative radioresistance biomarkers: 
plasminogen activator inhibitor 2 (PAI-2),  nodal 
modulator 2 (NOMO2), kinesin light chain 4 (KLC4), 
and procollagen-lysine 2-oxoglutarate 5-dioxygenase 3 
(PLOD3) (17).

Since a large amount of non-small cell lung cancer 
(NSCLC) patients are treated by irradiation after 
chemotherapy failure Wei et al. investigated whether 
multidrug resistance possibly increases radioresistance. 
Applying 2DE, the authors compared lung cancer cell 
line A549 and cisplatin-resistant A549 cell line after 
exposure to 6 Gy. Among radiation-induced significantly 
deregulated proteins in drug resistant cells 4 up-regulated 
proteins (HSPB1, vimentin, cofilin-1, and annexin A4) 
were verified by immunoblotting. The authors further 
confirmed the increased expression level of these proteins 
in formalin-fixed, paraffin-embedded (FFPE) tissue by 
immunohistochemistry (18). 

Using label-free quantification method, Hao et al. 
compared the proteome of radioresistant and radioresponsive 
prostate cancer (PC-3) xenografts raised in a mouse model 
after exposure to 2 Gy/day for five consecutive days. The 
pathway analysis indicated that glycolysis was the most 
important pathway deregulated in the radioresistant tissue. 
The authors showed that inhibition of the glycolysis marker 
lactate dehydrogenase A (LDHA) sensitised PC-3RR cells to 

radiotherapy (19).
The potential biomarkers identified in radioresistance 

tumours by proteomics are summarised in Table 1. The 
obvious lack of universal biomarkers between different 
cancer types reflects the complexity and heterogeneity 
of tumour response to irradiation. Although biomarkers 
found in various studies show no consensus, they belong to 
common protein families. Chaperones (HSP27, HSP60, 
HSPB1 and GRP78), antioxidant proteins (Mn-SOD and 
peroxiredoxin) and structural proteins (annexin, vimentin 
and gelsolin) were often identified as differentially regulated 
in radioresistant cell lines in different studies. The altered 
proteins were involved in a variety of cellular events 
including cell cycle, signal transduction and stress response. 
As shown in Table 1, the majority of the proteomics 
studies presented here were searching for radioresistance 
biomarkers of head and neck cancer, probably due to 
availability and suitability of the biomaterial. 

Proteomic approaches to study radiation-
induced normal tissue toxicity 

The main challenge in cancer radiotherapy is to choose 
the radiation dose effective enough to kill the tumour but 
to minimise damage to the surrounding normal tissue. 
Radiation-induced late toxicity limits the frequency and 
thereby the efficiency of the treatment (20). Normal cell 
killing, increased fibrosis, excessive ROS production leading 
to oxidation of lipids and proteins, massive inflammation 
due to enhanced production of pro-inflammatory cytokines, 
and misbalanced cellular metabolism are all adverse 
side effects of irradiation contributing to normal tissue 
toxicity (2,21). Application of proteomics facilitates the 
identification of molecular mechanisms involved in normal 
tissue injury and thereby provides means to preventive 
measures.

Radiation-induced alterations in the cellular proteome (in 
vitro proteomics)

Different human cell lines have been used as models 
to investigate radiation-induced proteome alterations 
in normal tissue. Sriharshan and colleagues studied the 
immediate radiation-induced alterations in the proteome 
of human endothelial cell line (EA.hy926) imitating rapid 
radiation-induced vascular damage. The effect of an acute 
gamma dose of 2.5 Gy was investigated 4 and 24 h post-
radiation (22). Using two complementary proteomics 
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Table 1 The potential biomarkers identified in radioresistance tumours by proteomics

Sample type Cancer type Radiation dose Putative biomarker
Proteomics 

method
Ref.

Nasopharyngeal cancer cell line CNE2 Head and neck 11 Gy/single dose 14-3-3σ; maspin; GRP78; MnSOD 2DE (6)

Nasopharyngeal cancer cell line CNE1 Head and neck 13 Gy/single dose HSP27 2DE (7)

Nasopharyngeal cancer tissues Head and neck 70 Gy ERp29 2DE (8)

Nasopharyngeal cancer cell line CNE2 Head and neck 10 Gy/single dose  fibrillin-2; CD166, sulfhydryl  
oxidase 1; cofilin-2

iTRAQ

Oral epidermoid carcinoma cell line 
KB, tongue squamous cell carcinoma 
cell line SAS, gingival epidermoid 
carcinoma cell line OECM1

Head and neck 60 Gy/30×2 Gy Gp96; Grp78; HSP60; Rab40B;  
GDF-15; annexin V

2DE (10)

Nasopharyngeal cancer cell line CNE2 Head and neck 64 Gy/4×16 Gy Nm23 H1, annexin A3 2DE (11)

Head and neck squamous cell 
carcinoma cell lines FaDu and SCC25

Head and neck Total 100 Gy/10 Gy/10 
times every two weeks

Rac1 2DE (12)

BC cell lines MCF-7 Breast Total 30 Gy/2 Gy 5 times 
a week for 3 weeks

CHK1; CDK1; CDK2 MRM (15)

BC cell line MDA-MB-231 Breast Total 10 Gy CTSD; GSN; MRC2 SILAC (16)

Head and neck squamous cell 
carcinoma cell lines QLL1, SCC15 and 
SCC25

Head and neck Total 60 Gy/2 Gy fractions NM23-H1; PA2G4 2DE (13)

Laryngeal cancer cell line Hep-2 Head and neck Total 60 Gy/2 Gy 
fractions, 2 times a week 

for 15 weeks

CLIC1 2DE (14)

Human H460 lung cancer stem-like 
cells

Lung 2 Gy fractions,  
radiation twice a week  

for 20 weeks

plasminogen activator inhibitor 2 
(PAI-2); nodal modulator 2 (NOMO2), 
kinesin light chain 4 (KLC4) and  
procollagen-lysine 2-oxoglutarate 
5-dioxygenase 3 (PLOD3)

2DE (17)

Lung cancer cell line A549 Lung Total 6 Gy HSPB1; annexin A4; cofilin; vimentin 2DE (18)

Prostate cancer (PC-3) xenograft Prostate 2 Gy/d for five  
consecutive days

lactate dehydrogenase A Label-free (19)

2DE, two-dimensional electrophoresis; MnSOD, Mn superoxide dismutase; SILAC, stable isotope labelling by amino acids in cell culture; 
MRM, multiple-reaction monitoring.

approaches, SILAC and 2D-DIGE, significant changes 
in several biological pathways such as glycolysis, oxidative 
phosphorylation, Rho-mediated cell motility and non-
homologous end joining were identified. The study showed 
that alteration in proteins involved in metabolic activity, 
stress response and apoptosis were immediate (4 h). Cellular 
signalling and transcriptional activity were the most affected 
pathways at 24 h (22). 

In a study investigating mechanisms behind individual 
radiation sensitivity Skiöld et al. compared proteomes of 

leukocytes isolated from in vitro irradiated whole blood 
from normosensitive or extremely sensitive patients. The 
leukocyte proteomes from non-irradiated blood samples 
from the same patients were used as controls (23). This 
analysis showed markedly altered expression of proteins 
involved in the oxidative stress response, coagulation and 
acute phase response in the sensitive patients. This study 
suggested that the impairment in the redox balance and 
differences in the inflammatory response regulated by 
the transcription factor peroxisome proliferator-activated 
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receptor alpha (PPAR alpha) hallmark individual radiation 
sensitivity (23).

Radiation-induced alterations in the tissue proteome (in 
vivo proteomics)

Data obtained from cellular experiments alone is not 
sufficient in order to understand complex and systemic 
tissue responses. In spite of several technical challenges, 
tissue proteomics has recently made great advances in 
radiobiology. 

Ionizing radiation is a well-documented risk factor of 
heart disease in the treatment of cancers of the thorax area 
as reviewed recently (24). Understanding the mechanism 
of radiation-induced heart failure and cardiac vascular 
impairment is essential to improve therapeutic strategies in 
order to avoid heart injury. To investigate the short term (4 
and 24 h) effect of total body irradiation of 3 Gy (gamma) 
on the cardiac proteome of C57Bl/6 mice, Azimzadeh 
et al. used two complementary quantitative proteomics 
approaches: isotope-coded protein label (ICPL) and 
minimal 2D-DIGE (25). Proteome profiling showed that 
this radiation dose immediately induced biological responses 
in the heart including inflammation, oxidative response, and 
remodelling of structural proteins. The analysis indicated 
mitochondrial proteins as the most radiation sensitive 
protein category in the heart (25). 

Barjaktarovic et al. used ICPL and saturated 2D-DIGE 
to analyse the cardiac mitochondrial proteome of C57Bl/6 
mice 4 weeks after local heart exposure to X-rays (0.2 or 
2 Gy) (26). Proteome profiling indicated that alterations 
in oxidative phosphorylation, pyruvate metabolism, and 
cytoskeletal structure were stable several weeks after the 
exposure to low- or high-dose ionizing radiation (26). The 
radiation effect in cardiac mitochondria was also analysed 
40 weeks after local heart exposure using similar X-ray 
doses (0.2 or 2 Gy) (27). The proteome analysis showed that 
the number of differentially regulated proteins as well as the 
magnitude of protein expression alteration was increased if 
compared to the data at 4 weeks. These findings suggested 
that especially the impairment of oxidative phosphorylation 
is progressive and contributed to the long-term impairment 
of cardiac energy production (27).

Bakshi et al. studied the alteration of murine cardiac 
and hepatic proteomes after exposure to low and moderate 
radiation doses (0.02, 0.1, 0.5, and 1.0 Gy) (28,29). In these 
studies, NMRI mice received single doses of total body 60Co 
gamma-radiation on postnatal day 10 (PND10) and were 

sacrificed 7 months later. Functional analysis of the cardiac 
proteome showed that most of the deregulated proteins 
were involved in metabolic processes, inflammatory 
response, and cytoskeletal structure (29). The study on 
hepatic proteome of the same mice showed that these 
radiation doses caused immediate (24 h) inhibition of the 
glycolysis pathway and pyruvate dehydrogenase availability 
in the liver that in turn resulted in significant long-term 
alterations in hepatic lipid metabolism and increased 
inflammation (28). The radiation-induced change in 
both heart and liver proteome was associated with altered 
activation of the transcription factor PPAR alpha, the major 
regulator of lipid metabolism (28,29). 

This was in agreement with previous data similarly 
showing alteration in PPAR alpha-regulated proteins in 
murine cardiac tissue 16 weeks after local high-dose radiation 
(8 and 16 Gy X-ray) (29). This study using C57Bl/6 mice 
showed significant expression changes in proteins involved 
in lipid metabolism and energy production. In addition, 
marked changes were shown in the expression of the PPAR 
alpha target genes most of which are essential for orderly 
functioning of energy metabolism and mitochondrial 
respiratory chain. The study emphasized the role of PPAR 
alpha as a novel target of ionizing radiation. The impairment 
of this transcriptional regulator contributes to the heart 
pathology after radiation exposure (29). 

Recently, Subramanian et al. showed persistent alteration 
of the cardiac proteome and transcriptome in C57Bl/6 mice  
40 weeks after local high-dose heart exposure (16 Gy X-ray). 
The integrated network analysis of transcriptomics and 
proteomics data showed that transforming growth factor 
(TGF) beta signalling and PPAR alpha signalling were 
affected by irradiation both at gene and protein level. The data 
indicated induction of TGF beta signalling but inactivation of 
PPAR alpha signalling in the irradiated heart (30).

Azimzadeh et al. analysed cardiac endothelial cells 
harvested from mice treated with local heart high-dose 
radiation (8 and 16 Gy X-ray) (31). The proteomics analysis 
using ICPL indicated radiation-induced endothelial 
dysfunction in the irradiated cells that was characterised 
by impaired energy metabolism and perturbation of the 
insulin/IGF-PI3K-Akt signalling pathway. These data also 
provided evidence for premature endothelial senescence, 
increased oxidative stress, decreased NO availability and 
enhanced inflammation as main causes of radiation-induced 
long-term vascular dysfunction (31).

High doses of ionizing radiation as used in the context 
of brain cancer therapy are known to have adverse effects 
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on the brain as recently reviewed (32). The effect of low 
radiation doses is less clear but a possible connection 
between ionizing radiation and neurodegenerative diseases 
has been suggested (33).

Kempf et al. studied the effect of acute gamma doses of 
0.5, 1.0 and 4.0 Gy on mouse hippocampal neuronal HT22 
cells immediately after the exposure (4 and 24 h) (34). To 
compare the findings with the in vivo response, male NMRI 
mice were irradiated on the PND10 with a gamma dose 
of 1.0 Gy and the proteome alteration in hippocampus 
and cortex was analysed 24 h post-irradiation. The cellular 
proteome study showed significant changes in the signalling 
pathways related to synaptic actin remodelling at 1.0 and  
4.0 Gy but not at 0.5 Gy. Alterations in similar pathways 
were observed in the irradiated hippocampus and cortex (34).

In a similar study, the immediate (24 h) proteome 
response of hippocampus and cortex was analysed in female 
C57BL/6J mice irradiated on the PND10 with gamma 
doses of 0.1 or 0.5 Gy (35). The analysis showed that the 
levels of proteins involved in the mitochondrial and synaptic 
functions were rapidly changed. The data suggested 
that this alteration adversely affected the mitochondrial 
function, number of dendritic spines and neurite outgrowth 
predominately in the cortex already at 0.1 Gy but also in the 
hippocampus at 0.5 Gy (35). 

Using ICPL approach, the long-term effects of moderate 
doses (0.5 or 1.0 Gy) of total body gamma radiation were 
studied on the cortical and hippocampal proteome of 
neonatally exposed NMRI mice 6–7 months after the 
exposure. The long-term proteomics analysis confirmed 
previously seen immediate alteration of the signalling 
pathways related to synaptic actin remodelling. The 
radiation-induced alteration in the Rac1-Cofilin pathway 
essential for the formation of synapses was suggested to be 
associated with the cognitive impairment observed in these 
animals (36). The hippocampal and cortical downregulation 
of Rac1, upregulation of cofilin and upregulation of 
phosphorylated cAMP response element-binding protein 
(CREB) was found in both of these low-dose long-term 
studies independent of the mouse strain or gender (36,37). 
The changes in the Rac1-cofilin and CREB pathways could 
be considered as a radiation-induced proteomic fingerprint 
of neonatal irradiation in the mouse brain. 

To investigate the role of the age at exposure in the 
brain function, the proteome alterations were measured 
using ICPL in the hippocampus of C57Bl/6 mice irradiated 
cranially either at PND10 or week 10 using low or 
moderate doses (0.1 and 2 Gy). The study clearly indicated 

an increased sensitivity to cranial irradiation at the early 
age compared to the young adult period. Still, the analysis 
indicated significant common changes in the hippocampus 
at both irradiation time points including alteration in 
oxidative phosphorylation, mitochondrial dysfunction and 
superoxide radical degradation (38). 

Hengel et al. recently studied the proteome response 
of reconstituted human skin tissue model 8 h after 
treatment with 0.1 Gy (X-ray) using 8-plex iTRAQ 
labelling. Functional analysis of proteomics data indicated 
significant changes in the biological pathways involved in 
the cellular structure and actin cytoskeleton (39). This study 
confirmed the previous observation about the effect of low-
dose irradiation on the expression and post-translational 
modification (PTM) of the skin barrier protein, filaggrin (40).

Radiation-induced alterations in protein levels of 
bio fluids identified by proteomics

Bio fluids are reflecting the entire tissue ensemble present 
in a patient, providing information on the pathophysiology 
of a specific disease or disease state (41). In spite of the 
complexity of serum and urine proteome, most of the 
biomarker studies using proteomics have used bio fluids 
due to the relatively easy and non-invasive manner to 
collect samples. Radiation-induced proteomic alterations in 
different bio fluids have been recently reviewed (42,43).

Using a bioinformatics approach, Oh et al. identified 
serum biomarkers of lung injury during and after 
radiotherapy. The authors analysed the serum from 26 
locally advanced NSCLC patients treated with radiotherapy 
compared to age, gender, and ethnicity matched control 
cohort. A graph-based computational method suggested 
increased level of macroglobulin alpha 1 as a predictive 
biomarker for radiation-induced pneumonitis (44).

2D-DIGE and surface-enhanced laser desorption/
ionization time-of-flight mass spectrometry (SELDI-TOF-
MS) techniques were applied to analyse serum proteins after 
a high-dose (20, 40 and 80 Gy gamma) localised irradiation 
of the skin (43). The authors found an upregulation of 15 
proteins involved in glycosylation in the liver and increased 
serum cytokines suggesting a systemic response to radiation 
exposure (45).

Using 2D-DIGE, Nylund et al. profiled the proteome 
changes in the plasma of 30 locally exposed clinical patients 
that had received fractionated radiation therapy. The results 
were compared to those received using plasma samples 
from three radiological accident victims exposed in 1994. 
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The study showed no differences in the protein expression 
between pre- and post-radiation exposure in the clinical 
cases but the expression of haptoglobin and serotransferrin/
transferrin was downregulated in the plasma from 
radiological accident victims (46).

Huang et al. used 2DE to analyse sera from 37 NSCLC 
patients who were divided into sensitive and resistant groups 
based on the radiotherapy outcome (doses ranging from 
62.4 to 68.0 Gy) and further treated with cisplatin-based 
chemotherapy. Among eight differently expressed proteins, 
six proteins were successfully identified. Five of these were 
higher expressed and one lower expressed in resistant group 
in comparison to the sensitive group. Among these potential 
radioresistance biomarkers, the increased level of alpha-1-
antitrypsin (α1-AT) was successfully validated in additional 
50 serum samples (47). 

To investigate the biological processes involved in 
response to partial body irradiation during cancer treatment, 
Widlak et al. analysed the serum proteome of 20 head 
and neck squamous cell cancer patients that had received 
radiotherapy. The significantly upregulated proteins were 
associated with acute phase response and inflammation (48).

To identify biomarkers of radiation-induced lung toxicity, 
Cai et al. analysed the plasma proteome of NSCLC patients 
with and without radiation-induced lung toxicity (RILT2). 
The patients received radiotherapy within minimum 
follow-up of 1 year. Median radiation doses were 66 and 
67.5 Gy for patients with and without RILT2, respectively. 
The analysis indicated that C4b-binding protein alpha 
chain and vitronectin were significantly upregulated 
whereas the immunoglobulin (Ig) kappa chain V-III region 
Ti and region HAH were significantly downregulated in 
patients with RILT2 compared to patients without RILT2. 
The upregulated proteins belonged to the inflammatory 
networks of TGF-beta-1 and interleukin-8 that are known 
to play an important role in the induction of radiation-
induced lung damage (49).

Proteomics studies using formalin-fixed paraffin-
embedded (FFPE) samples

Clinical tissue banks represent an invaluable source 
of biological information, especially if information on 
diagnosis and outcome is available (50). Samples from 
clinical archives can be used for retrospective validation of 
biomarkers of radiation exposure, prognosis and disease. 
For this reason, proteomics analysis of FFPE tissue has 
recently gained increased attention in the proteomics 

society (51,52). However, the conventional protein labelling 
often used in proteomics is a suboptimal method for 
protein quantification in the case of FFPE tissue, mainly 
due to difficulties generated by fixation process leading 
to protein cross-linking (53). Protocols to study gene, 
miRNA or protein expression using FFPE samples have 
been developed in recent years, especially in the field of 
radiobiology (54-56). 

Sepiashvili et al. compared the proteome profiles of 
human papillomavirus (HPV)-positive (n=27) and HPV-
negative (n=26) FFPE biopsies from oropharyngeal 
carcinoma patients. The analysis showed 174 differently 
expressed proteins between the two groups. The deregulated 
proteins were involved in the regulation of cell cycle, DNA 
replication, apoptosis, and immune response. Using big 
scale integration analysis, the authors found increased level 
of the oncoprotein cortactin in HPV-negative biopsies. 
Cortactin is a potential biomarker for radioresistance in 
HPV-negative samples and may contribute to reduced 
survival in the patients (57).

Outlook and future perspectives

C o n s i d e r i n g  t h e  a c c r u i n g  d a t a  f r o m  d i f f e r e n t 
oncoproteomics studies over the last few years, the 
verification of potential biomarkers is a necessity. Only a 
few of the reported biomarker proteins have passed into the 
clinical validation phase. The time has come to carefully 
explore the clinical relevance of at least the most promising 
protein biomarkers. 

On the other hand, many proteomics studies, especially 
those performed to identify biomarkers of radiotherapy 
resistance, do not represent state-of-the-art proteomics 
approaches. The current proteomics platforms from global 
high throughput screening to targeted mass spectrometry 
using MRM or selective reaction monitoring (SRM) 
provide highly specific and sensitive tools for proteome 
analysis. The recent developments in proteomics software 
and hardware overcome the complex of problems from 
old conventional proteomic analyses. Thus, the search for 
biomarkers in oncoproteomics has not yet reached the final 
phase and needs to be continued.

In this context, the radiation-dependent alterations 
in PTM of proteins have rarely been addressed in the 
radiotherapy biomarker studies. As both cancer and 
normal tissue response to irradiation are regulated by 
PTM, identification and examination of most common 
modifications such as phosphorylation, ubiquitination, 
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lysine acetylation and methylation in clinical samples 
will certainly provide a better understanding for cellular 
response and resistance to radiation exposure.

The broad and diverse range of protein classes reported 
here suggests that the application of multiple proteomic 
biomarkers rather than a single protein might prove to be 
more accurate in the prognosis of radiotherapy outcome. 
As high-throughput proteomic analysis is already now 
technically feasible it is to be expected that the slow start 
in the usage of this powerful technique in the field of 
oncoproteomics will turn into a frequently used tool in the 
clinics in the near future.
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