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Radiotherapy (RT) is one of the most important strategies in cancer treatment. Radioresistance is a major
challenge to RT and results in locoregional recurrence and metastasis. Thus, there is a great interest in
investigating biomarkers to distinguish radiosensitive from radioresistant (RR) cancer patients. The de-
velopment of proteomic techniques has sparked new searches for novel proteins for cancer biomarker
discovery. Modern proteomic techniques allow for a high-throughput analysis of samples with the vi-

g?r’l‘;":rrds" sualization and quantification of thousands of potential protein and peptide markers. The discovery of
Proteomics RR biomarkers can provide a clue for predicting RT response and discover therapeutic targets for devel-
Mass spectrometry oping personalised medicine qf individual patients. . . . .

Biomarker In the past decade, emerging advanced proteomic technologies have been performed to identify

radiation-related biomarkers in human cancers. This review discusses the mass spectrometry (MS)-
based proteomic techniques in RR cancer biomarker discovery, summarises RR biomarkers identified in
cancers from proteomics-based findings and explores potential values of RR biomarkers for future clin-
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ical trials.
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Introduction

Cancer remains one of the leading causes of death which per-
plexes public health in the world. In 2012, around 14.1 million new
cancer cases and 8.2 million cancer deaths occurred in worldwide
according to GLOBOCAN estimates [1]. Radiation therapy (RT) is one
of the most important strategies to kill cancer cells and shrink
tumour. Approximately 50% of all patients with cancer receive RT
at some point in their treatment, alone or in combination with
surgery and/or chemotherapy [2]. Radioresistance and recurrence
are major obstacles for the long-term survival of patients under-
going RT [3,4]. The mechanisms of cancer radioresistance are very
complicated and affected by many factors, which severely affect ra-
diation efficacy. One possible reason for RT failure may be the
intrinsic radioresistance (primary radioresistance) of a subpopu-
lation of clonogenic cells within the tumour [5] while another reason
could be the acquired radioresistance during RT [6]. Understand-
ing the mechanisms of radioresistance and identification of
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radioresistant (RR) biomarkers are important for the improve-
ment of RT.

A biological marker (biomarker) is a characteristic that is ob-
jectively measured and evaluated as an indicator of normal biological
processes, pathogenic processes or pharmacological responses [7].
The identification of cancer RR biomarkers allows the potential of
either selecting alternative treatment modalities or, at least, plan-
ning RT in combination with specific radiosensitizer agents to avoid
the side-effects. If the biomarkers associated with an individual
cancer patient can be identified and potential targets for radio-
sensitization are found and further validated, it will achieve more
favourable therapeutic outcomes in clinics. Therefore, studying RR
biomarker is important for predicting the tumour radiosensitivity,
planning the best treatment strategy and developing personalised
medicine in cancer RT.

Due to the key roles of protein functions, proteomics has become
the principal technology for the study of global expression of pro-
teins (biomarkers) in the post-genomic era. It can be applied to cells,
tissues or biological fluids, and offer the opportunity to revolutio-
nise biomarker discovery and the development of future medicine.
Although genomic and transcriptomic approaches have been applied
to study cancer radioresistance, the results do not best reflect the
whole protein profiles which are the major functional substance in
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cancer cells [8]. Proteomic approaches have not only enabled the
identification of thousands of differentially expressed proteins in
the complex mixtures of disease and normal samples but also
ushered the capability of discriminating disease subtypes/
aggressiveness that are not recognised by traditional methods.

Advances in proteomics, especially in mass spectrometry (MS)
have rapidly changed our knowledge of biomarker proteins which
have simultaneously led to the identification and quantification of
thousands of unique proteins and peptides in a complex biologi-
cal fluid or cell lysate [9]. In association with liquid chromatography
or other fractionation techniques, this technique provides molec-
ular information that cannot be gained from gel based techniques
alone such as analysing proteins with extreme molecular mass/pl,
targeting poorly abundant peptides and proteins, addressing post-
translational modifications (PTMs) [10]. MS, coupled with
technologies for sample fractionation and automated data analy-
sis, provides a platform to identify protein expression differences
associated with cancer radioresistance in complex biological samples
[11]. Proteomic technology presents the benefit that it can develop
the whole proteome of RR cancer cells, reflect the functions of pro-
teins, establish biomarker interconnection, and discover predictive
therapeutic proteins [12]. Therefore, proteomic techniques offer an
ideal platform for identification and quantification of novel RR pro-
teins in predicting therapeutic outcome, identifying potential
therapeutic targets and developing individualised treatment regimen
to overcome radioresistance.

Lacombe et al. recently reviewed the main characteristics of
tumour radioresistance and normal tissue radiosensitivity and de-
scribed the existing predictive assays to predict RT outcomes with
the proteomics studies [8]. Skvortsov et al. also reviewed proteome-
based identification of novel biomarkers to predict tumour radiation
response protein in profiling of cancer stem cells (CSCs) and radi-
ation resistance [13]. The MS-based proteomic techniques in cancer
RR studies have not been reported before. This review focuses on
MS-based proteomic techniques in RR cancer biomarker discov-
ery, summarises RR cancer biomarkers identified by proteomic
techniques and explores their potential values for future clinical trials.

MS-based proteomics techniques in cancer RR biomarker
discovery and validation

During the past few years, accumulating number of MS
proteomics studies have been applied to identify potential
biomarkers associated with cancer radioresistance. These proteomics
techniques consist of matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS), isobaric tags for
relative and absolute quantitation (iTRAQ), liquid chromatography-
tandem mass spectrometry (LC-MS/MS), multiple reaction
monitoring (MRM) as well as Sequential Window Acquisition of all
THeoretical Mass Spectra (SWATH-MS). Here we discuss the 5 se-
lected MS proteomics techniques in discovery and validation of
cancer RR biomarkers.

Gel-based proteomics

MALDI-TOF-MS is a single proteomic approach, normally applied
to analyze relatively simple protein mixtures. The sample is mixed
with a solution of an appropriate matrix and allowed to co-
crystallise directly on special sample plates [14]. This technology
is a useful and effective approach for screening peptide masses of
tryptic digests because of requiring relatively less intense sample
preparation and facilitating data interpretation with showing on peak
in spectrum. It is a high throughput technology and can be used
to identify protein or peptide profiles. It is very suitable for screen-
ing studies. There are several kinds of the MALDI-TOF-MS

instruments available such as 5800 MALDI-TOF-MS Analyzer from
AB Sciex and ultrafleXtreme from Bruker (USA).

MALDI-TOF-MS has been used in a number of studies for the di-
agnosis and treatment of human cancers including prostate [15,16],
breast [17,18], lung [19] and other cancers [20,21]. Two-dimensional
gel electrophoresis (2DE) coupled to MALDI-TOF-MS is frequently
applied for comparative proteome analysis in the discovery of
biomarkers [22]. Zhong et al. used 2DE combined with MALDI-TOF-
MS to isolate and identify membrane proteins in PANC-1 pancreatic
cancer cells [23]. However, only a few studies were reported to utilise
the MALDI-TOF-MS approach to identify and verify RR biomarkers
in cancers. Liang et al. found the interaction sites between 1,2,5-
selenadiazole and the model peptide of redox enzyme thioredoxin
reductase (TrxR) by MALDI-TOF-MS, clearly demonstrating TrxR as
a potential target for therapy of human RR melanoma cancer [24].
Wei et al. used 2DE combined with MALDI-TOF-MS to identify dif-
ferentially expression proteins (DEPs) related to radioresistance or
multiple drug resistance (MDR) using human lung adenocarci-
noma (HLA) A549 cells and cisplatin-resistant A549/DDP cells after
irradiation, in order to evaluate whether the MDR can elevate ra-
dioresistance [25]. In this study, 27 DEPs were identified between
A549 and A549/DDP cells and functionally divided into 6 catego-
ries composed of metabolic enzymes, signal transduction,
detoxification or translation, chaperones, cellular structure pro-
teins, calcium-binding proteins [25]. Among these identified proteins,
4 DEPs including HSPB1, Vimentin, Cofilin and annexin A4 were
further validated in A549 and A549/DDP cells and lung adenocar-
cinoma tissue by western blotting (WB) and immunohistochemistry
(IHC), respectively. The results further confirmed that these 4 DEPs
were associated with MDR as well as radioresistance and were po-
tential biomarkers for predicting HLA response to MDR and
radioresistance. In another study, using 2DE combined with MALDI-
TOF-MS approach, Li et al. demonstrated that Prx-1 could be used
as a potential therapeutic target for enhancing the tumour re-
sponse to radiation [26].

To identify RR proteins, 17 patients who suffered from a locally
advanced adenocarcinoma of the rectum were recruited and tumour
tissues were obtained before or after radiation. It was found that
10 patients demonstrated an effective response to RT, whereas 7
showed radioresistance. Using 2DE/MALDI-TOF-MS analysis, 5 pro-
teins including Tropomodulin, HSP 42, B-tubulin, annexin V and
calsenilin were found to be up-regulated while 3 proteins includ-
ing keratin type I, a notch 2 protein homologue and the DNA repair
protein RAD51L3 were down-regulated in radiosensitive tumours,
indicating that the mechanisms of radioresistance are strongly as-
sociated with the activation of DNA damage and repair, cell cycle
as well as apoptosis in rectal cancer and the identified markers could
be used as a basis for developing an assay for testing rectal cancers
for radioresistance [27].

The advantages of MALDI-TOF-MS are that it is automated, with
high sensitivity and low cost. This technique is multidimensional
and gives absolute mass measurements and works well with large
polypeptides (>30 kDa). The main disadvantage of MALDI-TOF-MS
is its sensitivity to contaminants such as salts, therefore, reproduc-
ibility of results may be a problem. In addition, the real protein
markers cannot be identified using this technique. As modern MS
techniques are emerging, this technique is much less used for
biomarker discovery in cancers including RR biomarkers.

iTRAQ

iTRAQ technology is a shotgun based quantization technique using
the instruments such as Q-Trap instrument from SCIEX (USA) and
also referred to as a bottom up approach which allows the concur-
rent identification and relative quantification of hundreds of proteins
in up to 8 different biological samples in a single experiment [28].



L. Chang et al./Cancer Letters 369 (2015) 289-297 291

iTRAQ based quantitative proteomics is a promising approach for
global comparison of protein expression in relatively small amounts
of samples. This labelling strategy ensures no loss of information
from samples involving PTM such as the scrutiny of signal trans-
duction pathways that often involve phosphorylation phenomena
[29]. In addition, the multiplexing capacity of these reagents allows
for information replication within certain LC-MS/MS experimental
regimes, providing additional statistical validation within any given
experiment. Cai et al. identified 54 proteins with differential ex-
pression in nasopharyngeal carcinoma (NPC) and the adjacent non-
tumour tissue by iTRAQ coupled with two-dimensional LC-MS/MS,
and these identified proteins were further validated by qRT-PCR and
WB in NPC tissues compared to normal nasopharyngeal tissues [30].
iTRAQ is ideally suited for biomarker discovery as it provides both
relative quantification and multiplexing in a single experiment and
has been applied to the analysis of clinical samples [31,32] and in
vitro cell study [33]. In one study, it was used to investigate the RR
biomarkers in breast cancer (BC) cell lines (MCF7/MCF7RR, MDA-
MB-231/MDA-MB-231RR, T47D/T47DRR) where 40 potential
biomarkers were identified [34]. Using iTRAQ, another study re-
ported that up-regulation of the nonhomologous end-joining (NHEJ])
pathway which is critical for DNA repair of irradiated cells is in-
volved in radioresistance of hypoxic epithelial carcinoma cells A431
cells [35]. This technique is useful for identifying and quantifying
proteins across diverse molecular weight (MW) and isoelectric point
(pl) ranges, functional categories, cellular locations and abun-
dances. However, the disadvantages of this technique are that it is
very time consuming, extremely laborious and very expensive.

Label-free LC-MS/MS

LC-MS/MS (LC-based separation techniques directly coupled to au-
tomated MS/MS) strategies offer high-throughput analyses resulting
in the acquisition of hundreds of thousands of MS/MS fragmenta-
tion spectra in a single experiment [36]. The label-free LC-MS/MS
method using the instruments such as Orbitrap Velos from Thermo
Electron, (USA) provides protein quantification by comparing MS mea-
surements of different samples. Label-free quantification through
spectral counting is based on the principle that highly abundant pep-
tides will generate a higher number of MS/MS spectra [37]. It is a
powerful technique that can be sensitively and selectively performed
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in many applications such as protein profilling in human cancers
[38,39]. The LC-MS/MS approach was applied to analyze global pro-
teins present in BC cell lines T47D and T47DRR, and a total of 586
and 652 proteins were identified in T47D and T47DRR cells, respec-
tively [34]. This approach was also performed to investigate the
underlying molecular mechanisms for gemcitabine resistance in pan-
creatic cancer [40]. In this study, a total of 1931 proteins were
identified and 787 DEPs were quantified in the pancreatic cancer cell
lines BXPC3, PANC-1, and HPDE [40]. Zeng et al. performed a global
lung cancer serum biomarker discovery study using LC-MS/MS in a
set of pooled non-small cell lung carcinoma (NSCLC) sera and matched
controls, and identified 49 differentially abundant candidate pro-
teins [41]. Yang et al. showed that using LC-MS/MS method, 265
distinct glycoproteins were confidently identified in urinary samples
obtained from bladder cancer patients, providing novel biomarkers
for the early detection [42].

The LC-MS/MS approach has been recently applied to investi-
gate human cancer radioresistance [43]. In one study, a total of 36
DEPs were identified from RR and radiosensitive (control) astrocy-
toma patients using 2D-LC-MS/MS approach and two markers-
cofilin-1 and phosphoglycerate kinase 1 (PGK1) were found to be
significantly up-regulated in RR astrocytomas [44], indicating these
markers are associated with astrocytoma radioresistance and have
potential to be used as therapeutic targets. Our recent results showed
that totally 309 signalling pathway proteins were identified to be
significantly different between prostate cancer (CaP) RR (PC-3RR,
DU145RR and LNCaPRR) and parental CaP (PC-3, DU145 and LNCaP)
cells using the label-free LC-MS/MS method. Nineteen of them are
overlapped among three paired CaP cell lines and associated with
CaP metastasis, progression, and radioresistance (unpublished data).
The work flow of LC-MS/MS proteomics technique for CaP-RR
biomaker discovery and validation of identified potential biomarkers
is shown in Fig. 1.

LC-MS/MS has seen enormous growth in clinical laboratories in
the last 10-15 years because it offers analytical specificity superi-
or to that of immunoassays or high performance liquid
chromatography (HPLC) for low MW analytes. However, as large
amounts of information are obtained, it is time consuming to analyze.
LC-MS/MS is not suited for routine clinical analysis and the sepa-
ration of larger molecules and analytes covering a broad range of
size and hydrophobicity.

Analysis by LC-MS/MS

Protein extraction

[]
™~ ]

Quantification
and filtering

Fig. 1. The work flow of LC-MS/MS proteomics technique for CaP-RR biomarker discovery and validation. CaP-RR and CaP parental control cells were prepared for protein
extraction and analysed by LC-MS/MS. After quantification and filtering, the potential CaP-RR biomarker candidates identified were validated on CaP-RR cell lines and CaP-

RR animal xenograft tissues using WB and IHC staining, respectively.
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MRM

MRM (also called selected reaction monitoring (SRM)) is a highly
specific and sensitive label-free technique for quantifying tar-
geted protein/peptides abundances in complex biological samples.
It refers to a tandem MS (MS/MS) scan mode that is coupled with
triple quadrupole or hybrid quad/trap MS instrumentation. It is com-
monly used for the analysis of small molecules. The MRM proteomics
technology allows for targeted analysis of proteins of interest while
all other proteins are filtered out. It is a promising method used in
tandem MS for protein quantitation and validation in a wide variety
of clinical samples [45,46].

MRM can test a large number of potential biomarkers and is a
suitable method instead of other validation approaches such as WB,
[HC [47]. MRM can test a large number of potential biomarkers and
is a suitable method instead of other validation approaches such
as WB, [HC etc [47]. With MRM-based approach, together with the
use of isotope-coded ATP-affinity probes, 24 and 13 of the quan-
tified kinases were significantly up- and down-regulated in MCF-
7/C6 compared to MCF-7/WT cells, respectively. In addition, key
kinase modulators involved in ERK (25), Toll-like receptor (TLR) (10),
and ErbB (8) pathways were successfully quantified [48]. Ren et al.
used LC-MS/MS-MRM as well as WB to confirm the up-regulation
of Ku70/Ku80 dimer DNA repair, glycolysis, integrin, glycoprotein
turnover and STAT1 pathways perturbed by hypoxia in A431 epi-
thelial carcinoma cells [35], demonstrating that the MRM results
were consistent with their previous iTRAQ results and that hypoxia
induced several biological processes involved in tumour migra-
tion and radioresistance.

MRM technology has the potential to supplant ELISAs and other
immunoassays for biomarker verification as the time and cost of
designing MRM assays is far less than that for the traditional methods
that employ antibodies. MRM also becomes possible to probe for
several predicted phosphopeptides from a known protein se-
quence. This differs significantly from other MS techniques for
identifying phosphopeptides [49]. However, MRM also has some limi-
tations. Like many immunoglobulin sequences, the proteins may be
too short and variable to produce candidates [50]. Another disad-
vantage is that genetic variants in the selected peptide may prevent
the determination by MRM [50].

SWATH-MS

SWATH-MS is an emerging proteomic approach in which data
are acquired on a fast, high resolution Q-orbitrap or tripleTOF mass
spectrometer by repeatedly cycling through sequential isolation
windows over the whole chromatographic elution range [51]. It pro-
vides multiplexed quantitative MS/MS information for all peptides
ionizing in a sample in an unbiased manner and then uses spec-
tral libraries to interrogate these spectra for identification and
quantification of a priori peptides. This approach allows rapid and
higher throughput verification and validation of marker candi-
dates from samples, and provides complementary evaluation of the
protein profile. In comparison to the data-dependent acquisition
(DDA) method, SWATH-MS is based on a DIA (data independent ac-
quisition) mode and it outperformed the DDA method in its
quantification ability and less signal variation; additionally the
number of quantified peptide is markedly increased [52]. SWATH-
MS method features both the global screening capabilities of
discovery based proteomics, and the sensitivity of SRM by activat-
ing all peptides eluting in real time within the predefined windows
and multiplexed recording of all fragment ions. This new technique
has been successfully applied for the identification of biomarkers
for aggressive CaPs using clinical tumour tissues, by searching against
established glycoprotein maps [53]. In this study, 2 biomarkers out
of 220 differentially expressed glycoproteins were discovered and

further validated to be associated with aggressive CaP [53]. This
finding may assist in stratifying CaP and avoiding overtreatment of
non-aggressive CaP. In another study, by combining shotgun dis-
covery proteomics-iTRAQ with SWATH-MS, Zhang et al. found that
over-expression of CD109 is significantly associated with NSCLC [54].
All the findings support this new technique is promising for iden-
tification and validation of RR cancer biomarkers in the future study.

RR biomarkers in cancers

Many potential RR cancer biomarkers have been identified by
different proteomics approaches. These identified markers encom-
pass a variety of roles including cell cycle, DNA repair, metabolism,
signal transduction. In this section, we focus on discussing discov-
ery of RR biomarkers in cancer cell lines by different proteomic
approaches and validation of identified potential biomarkers by WB
or IHC. The RR biomarkers identified by proteomics in different
cancers are summarised in Table 1. Among these identified puta-
tive RR biomarkers, 18 of them were previously reviewed [8] and
the new markers which were not discussed are specifically high-
lighted with the bold font in Table 1.

Head and neck cancer

Head and neck cancer (HNC) is a cancer that starts in the lip, oral
cavity (mouth), nasal cavity (inside the nose), paranasal sinuses,
pharynx, and larynx, 90% of which is squamous cell head and neck
cancers (SCHNC) [66]. SCHNC is the sixth leading cancer by inci-
dence worldwide and eighth by death [67]. The five-year survival
rate of patients with SCHNC is around 40-50%. Despite RT is the
effectively main treatment for HNC, radioresistance causes tumour
recurrence and remains an unsolved problem [68]. Thus, identify-
ing specific biomarkers associated with radioresistance will help
improve treatment outcome in HNC patients.

Currently, most of reported proteomics-based RR biomarker
studies are in HNC. Several proteomics studies related to NPC ra-
dioresistance have recently been reported [55,57]. Feng et al. first
established a RR subclone cell line (CNE2-RR) derived from NPC cell
line CNE2 by fractioned radiation treatment and compared the
protein expression profiles of CNE2-RR and CNE2 cell lines by 2DE
method [55]. They found that total 34 differential proteins were iden-
tified to have significant differences. Among them, 14-3-3¢ and
Maspin were down-regulated while GRP78 and Mn-SOD were up-
regulated in the CNE2-RR cells compared with CNE2 cells, which
was confirmed by WB and IHC performed on 39 RR and 51 radio-
sensitive human NPC tumour biopsies. In the following functional
study, up-regulation of 14-3-3c restored the radiosensitivity of the
CNE2-RR cell line, indicating that down-regulation of 14-3-3c could
play an important role in the development of NPC radioresistance
[55]. Zhang et al. reported the differential proteins in NPC using
CNE1-RR and CNET1 cell lines by 2DE/MALDI-TOF-MS approach [56].
They found that 13 differential proteins were detected and HSP27,
as one of up-regulated proteins in CNE1-RR cells, was further in-
vestigated by several experiments. It was reported that 88 NPC
patients including 42 RR and 46 radiosensitive patients who were
treated by curative-intent RT (a total dose of 70 Gy) using a modi-
fied linear accelerator were recruited [57]. NPC RR tissues were
compared with radiosensitive tissues using 2DE/MALDI-TOF method
and 12 differential proteins were identified to be involved in ra-
dioresistance. ERp29 was found to be significantly up-regulated in
NPC RR tissues and further investigated by IHC, shRNA assay, flow
cytometry. Li et al. also reported that 16 DEPs were identified in
NPC CNE2-RR cell line compared to CNE2 cell line by 2DE/MALDI-
TOF analysis, demonstrating among the identified proteins, Nm23
H1 was significantly increased while annexin A3 was significantly
down-regulated in CNE2-RR cells [58].
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Table 1
Putative RR biomarkers identified in 4 cancers by proteomics approaches.
Putative biomarker Source Radiation dose Proteomics method Validation method Reference
14-3-30(1), Nasopharyngeal cancer cell Total 11 Gy (single dose) 2DE WB and IHC [55]
Maspin (1), line CNE2
GRP78 (T),
Mn-SOD (T)
HSP27(T) Nasopharyngeal cancer cell Total 13 Gy (single dose) 2DE/MALDI-TOF WB [56]
line CNE1
ERp29(T) Nasopharyngeal cancer tissues Total 70 Gy 2DE/MALDI-TOF IHC, shRNA assay [57]
from patients* and FACS
Nm23 H1(T), Nasopharyngeal cancer cell Total 64 Gy (4 Gy/16 times for 2DE/MALDI-TOF WB [58]
annexin A3({) line CNE2 1 year)
Gp96(T), Grp78(T), Oral epidermoid carcinoma cell Total 60 Gy (2 Gy/ per time) 2DE/MALDI-TOF RT-PCR and [59]
HSP60(T), Rab40B(T), line KB, tongue squamous cell xenografted mouse
GDF-15 (1), carcinoma cell line SAS, tumour study
annexin V({) gingival epidermoid carcinoma
cell line OECM1
CLIC1({) Laryngeal cancer cell line Total 60 Gy (2 Gy per fraction, 2DE/MALDI-TOF WB and [HC [60]
Hep-2 two times per week for 15
weeks).
Rac1(T) Head and neck squamous cell Total 100 Gy (10 Gy ten times 2DDIGE/MALDI-TOF/TOF WB
carcinoma cell lines FaDu and every two weeks)
SCC25
NM23-H1(T), Head and neck squamous cell Total 60 Gy (2 Gy/per time) MALDI-TOF WB [61]
PA2G4(T) carcinoma cell lines QLL1,
SCC15 and SCC25
Peroxiredoxin II (T) BC cell line MCF-7 Total 60 Gy (2 Gy/five times 2DE/MS WB [62]
per week for 6 weeks)
The S26S proteasome(l), BC cell lines MCF-7, Total 40 Gy (2 Gy per week for 2DE/MS, LC-MS/MS and WB and IHC [34]
GRP78 (1) MDA-MB-231and T47D 20 weeks) quantitative iTRAQ
CTSD (T), GSN (T), BC cell line MDA-MB-231 Total 10 Gy SILAC-based quantitative WB [63]
MRC2 (T) proteomics
CHK1(T), CDK1(T), BC cell lines MCF-7 Total 30 Gy (2 Gy/five times LC-MRM WB (48]
CDK2(T) per week for 3 weeks)
NME1(T), HSPAS(T), CaP cell lines PC-3, DU145 and Total 10 Gy (2 Gy for 5 days) 2DIGE/MALDI-TOF WB [64]
APEX1(T), PAI-RBP1 (T) LNCaP
ALDOA(T) CaP cell lines PC-3, DU145 and Total 10 Gy (2 Gy for 5 days) LC-MS/MS WB and IHC Unpublished
LNCaP results
HSPB1 (1), annexin A4 (1), Lung cancer cell line A549 Total 6 Gy 2DE/MALDI-TOF-MS WB and IHC [25]
Cofilin 1 (1),
Vimentin (T)
ATP (1), Lung cancer cells derived from Single 18 Gy or 2 Gy for 4 LC-MS/MS WB and ELISA [43]
HMGB-1(T) patients* times
o1-AT (T) Lung cancer specimen™ A total dose of 62.4-68.0 Gy 2DE and LC-MS/MS ELISA [65]

Notes: T indicates increased expression. | indicates decreased expression. * indicates the samples from human tissues. Bold font indicates that the biomarkers were not
discussed in previous published reviews. FACS: flow cytometry; IHC: immunohistochemistry; ShRNA: short hairpin RNA; WB: western blotting.

Proteomic studies on radioresistance were also reported in other
HNCs. Lin et al. studied three RR HNC cell lines including KB cell
line (an oral epidermoid carcinoma), SAS cell line (tongue squa-
mous cell carcinoma) and OECMT1 cell line (gingival epidermoid
carcinoma) compared to their parental cell lines by 2DE/MALDI-
TOF [59], and found that 64 proteins were identified to be potentially
associated with radioresistance which were involved in several cel-
lular pathways including regulation of stimulus response, cell
apoptosis, and glycolysis [59]. Among the identified proteins, Gp96,
Grp78, HSP60, Rab40B, and GDF-15 were up-regulated while annexin
V was down-regulated in RR HNC cell lines. Further investigation
showed that Gp96-siRNA (small interfering RNA) transfectants dis-
played a radiation-induced growth delay, reduction in colonogenic
survival, increased cellular reactive oxygen species (ROS) levels and
proportion of the cells in the G2/M phase [59]. Xenograft mice ad-
ministered with combination of Gp96-siRNA and RT showed
significantly enhanced tumour growth suppression in comparison
with RT alone [59].

To identify the DEPs in RR laryngeal cancer, HEp-2-RR and HEp-2
cell lines were compared by 2DE/MALDI-TOF and 16 proteins showed
significantly altered expression levels [60]. Among the identified
markers, the potential marker-chloride intracellular channel 1 (CLIC1)
was found to be associated with laryngeal cancer radioresistance
via inhibition of ROS production in the functional study [60].

Skvortsov et al. used 2DDIGE followed by MALDI-TOF-MS to inves-
tigate differential proteins between SCHNC RR cell lines (FaADuRR
and SCC25RR) and its parental cell lines (FaDu and SCC25) and found
45 proteins were modulated in FaDuRR and SCC25RR cells com-
pared to parental cells, which were closely related to cell migration
regulated by Rac1 protein, indicating that Rac1 protein could be con-
sidered as a new therapeutic target RR SCHNC [69]. Lee et al.
identified 51 proteins with commonly altered expression in SCHNC
RR cell lines (QLL1, SCC15 and SCC25) using the 2D SDS-PAGE
proteomics approach, 18 of which were cancer-related proteins [61].
Among these identified cancer markers, the NM23-H1 protein was
further validated in SCHNC RR cell lines by WB with increased ex-
pression, suggesting that this marker is a reliable predictor for RR
oral cancer [61].

All these studies support that many proteins are associated with
HNC radioresistance and these proteins have potential for predict-
ing RT response and improving HNC response to RT in clinics.

Breast cancer

BC is the most prevalent malignancy in women and the second
leading cause of cancer-related deaths in developed countries. RT
is widely used as a part of a tri-modal treatment with chemother-
apy and surgery; however, approximately 50% of BC patients have
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experienced malignant microfoci scattered throughout the breast
tissue that can easily progress to metastatic BC [70]. Radioresis-
tance has been identified as a factor that limits the effectiveness of
RT in the treatment of BC. Therefore, discovery of RR biomarkers
is important for BC RT.

Wang et al. first identified 100 DEPs involved in BC radioresis-
tance by comparing RR MCF+FIR3 and radiosensitive MCF+FIS4 BC
cell lines using 2DE/MS method [62]. Among the identified poten-
tial proteins, peroxiredoxin Il (PrxIl) which plays an important role
in the redox process was found to have 4-fold increase in MCF+FIR3
RR cells compared with MCF+FIS4 radiosensitive cells. Knock down
of PrxIl using siRNA could improve radiosensitivity while
overexpression of PrxII resulted in BC radioresistance, indicating that
ROS is critical for BC radioresistance and that stress-induced
overexpression of PrxIl increased radioresistance via protection of
cancer cells from radiation-induced oxidative damage [62]. Another
study also compared three RR BC cell lines (MCF7RR, MDA-MB-
231RR and T47DRR) with their parental cell lines using three
proteomics methods including 2DE/MS, LC-MS/MS and iTRAQ to
identify predictive biomarkers of radioresistance [71]. In 2DE/MS
analysis, 50 proteins were identified with significant differences in
one or more BC cell lines. LC-MS/MS approach was used as a com-
plementary approach to 2DE-MS for the analysis of all proteins
present in T47D and T47DRR cells, showing overall, 242 unique pro-
teins were identified in T47D cells and 310 unique proteins were
identified in T47DRR cells. In quantitative iTRAQ, 40 proteins were
detected and showed quantitatively different expression levels
between these three RR cell lines and parental cell lines. However,
there were very few overlapping identified proteins from the data
produced through the 2DE/MS, LC-MS/MS and iTRAQ approaches,
suggesting different proteomic techniques have different advan-
tages. Among the identified proteins, both 26S and GRP78 markers
were found to be down-regulated in all RR cell lines compared with
their parental cell lines by WB [71]. Using the stable isotope label-
ling by amino acids in cell culture (SILAC)-based proteomic analysis,
Kim et al. investigated the cytosolic proteins produced by irradi-
ated MDA-MB-231 BC cells treated with a single or fractionated 10 Gy
dose of 137Cs y-radiation and found a number of tumour-derived
factors (CTSD, GSN, and MRC2) were upregulated, indicating that
these enhanced factors are promising targets for modulation of the
immune response during radiation treatment [63]. In a recent study,
Guo et al. assessed the global kinome of RR MCF-7/C6 and their pa-
rental MCF-7 BC cell lines by LC-MRM method, and found that 24
and 13 of the quantified kinases were significantly up- and down-
regulated in MCF-7/C6 relative to the parental MCF-7 cells,
respectively. In addition, the checkpoint kinase 1 (CHK1), cyclin-
dependent kinases 1 and 2 (CDK1 and CDK2) were found to be
overexpressed in RR MCF-7/C6 cells, which were further validated
by WB [48], suggesting that DNA repair and cell cycle mecha-
nisms are involved in BC radioresistance.

All findings from BC radioresistance studies may provide new
potential targets to sensitise radiation as well as biomarkers to predict
radiation sensitivity in human BCs. However, the shortcoming for
all three studies is that no identifed markers have been validated
in human RR BC tissue samples to evaluate their clinical values.

Prostate cancer

CaP is the most common cancer in men in Western countries.
RT is a standard treatment option for both organ-confined and re-
gionally advanced CaP. Despite more and more effective advances
in radiation delivery procedures, about 50% CaP patients undergo-
ing RT suffer from relapse (recurrence) within 5 years of treatment
[72]. Radioresistance is a major challenge for the current CaP RT.
A personalised approach to treatment is urgently needed allow-
ing patients unlikely to benefit from conventional RT to be directed

towards hypofractionated RT [73] or other therapeutic options. The
identification of CaP-RR biomarkers allows the potential of either
selecting alternative treatment modalities or, at least, planning RT
in combination with specific radiosensitising agents, avoiding the
side-effects.

Using 2DDIGE/MALDI-TOF approaches, Skvortsova et al. com-
pared the protein differences with three CaP-RR cell lines (PC3-
RR, DU145-RR and LNCaP-RR) and their parental cells to examine
the mechanisms involved in CaP radioresistance [64]. In this study,
27 proteins, which were associated with the regulation of intra-
cellular pathways for cell survival, motility, mutagenesis and DNA
repair, were found to express differently between three RR and their
paretal cell lines. Five proteins including NME1, HSPAS, APEX1, PAI-
RBP1 and RAB11A showed the most significant different over-
expression and were further confirmed in CaP-RR cell lines by WB.
Furthermore, as an DNA repair associated enzyme, knock down of
APEX1 could significantly increase radiosensitivity in CaP. In our
recent study, using three established CaP-RR cell lines (PC-3RR,
DU145RR and LNCaPRR), we successfully identified 19 protein dif-
ferences involved in CaP radioresistance using a label-free LC-MS/
MS proteomic technique (unpublished data). In addition, one selected
important protein ALDOA (Aldolase A, Fructose-Bisphosphate) were
further validated in CaP-RR cell lines and PC-3RR s.c. xenografts by
WB and IHC (Fig. 2), respectively. Furthermore, the ALDOA was func-
tionally verified in CaP-RR cells using siRNA knock down for
increasing radiosensitivity (unpublished data). These findings in-
dicate that mutiple mechanisms regulate radioresistance and
targeting identified potential biomarkers may serve as a tool to over-
come CaP radioresistance and improve the prognosis of CaP patients
with RT.

Lung cancer

Lung cancer is a major globe health problem for men and women.
The main primary types of lung cancer are small-cell lung carci-
noma (SCLC) and NSCLC. RT is an important adjuvant therapy for
curative intent in NSCLC patients who are not eligible for surgery.
However, NSCLC commonly develops resistance to radiation. Dis-
covery of potential RR biomarkers for prediction and therapeutic
purpose is growing in importance for NSCLC.

It was reported that 2DE/MALDI-TOF-MS was used to identify
DEPs related to radioresistance or MDR using HLA A549 cells and
cisplatin-resistant A549/DDP cells after irradiation, in order to eval-
uate whether the MDR can elevate the radioresistance [25].
Additionally, proteomic analyses of the secretome by LC-MS/MS
identified a total yield of 978 proteins, comparison of irradiated and
non-irradiated cancer-associated fibroblasts (CAFs) derived from
NSCLC patients, of which 261 had relevant inflammatory or
immunomodulatory functions in irradiated CAFs [43]. To find
whether potential serum biomarkers with chemoradiotherapy (CRT)
sensitivity can predict clinical outcome upon treatment in NSCLC,
Huang et al. analysed the proteins in sera (sensitive group vs CRT
resistant group) by 2DE and LC-MS/MS, respectively [65] and dem-
onstrated that 6 proteins were identified in CRT resistant group and
Alpha-1-antitrypsin (a1-AT), as one of them, was further vali-
dated by ELISA, indicating that the potential biomarkers detected
by the proteomic approaches can predict the outcome of treat-
ment in NSCLC patients.

Conclusions and future perspectives

Biomarker research continues to be a developing field. Identi-
fication of RR potential biomarkers is very imperative for predicting
cancer radioresistance and developing biomarker-guided targeted
therapy or combination therapy with the aim of sensitising RT on
which new treatments and prevention methods can be developed.
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Fig. 2. Validation of ALDOA in CaP-RR cell lines and PC-3RR s.c. xenograft tumours. (A) The expression of ALDOA was increased in CaP-RR (PC-3RR, DU145RR and LNCaPRR)
cells compared with CaP (PC-3, DU145 and LNCaP) cells. S-tubulin was used as a loading control. (B) Representative images for the expression of ALDOA in PC-3 and PC-
3RR s.c. xenografts using IHC. Strong positive staining for ALDOA was seen in PC-3RR tumour tissues; weak staining was seen in PC-3 tumour tissues; no positive staining
was found in control slides. Brown indicates positive staining while blue indicates nuclear staining. Magnification x40 in all images. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

MS technologies, which can detect thousands of proteins at
nanomolar concentrations, have led to the expansion of work in the
field of finding markers to diagnose diseases, disease progression
during treatment or responsiveness to RT, holding great promise
for the detection of RR candidate protein biomarkers for clinical ap-
plication to improve cancer patients’ outcome. The MS-based
proteomic approaches are very promising in identifing predict-
able biomarkers in cancer radioresistance. Several interesting protein
biomarkers have been identified to be involved in radiation response.

The studies of RR biomarkers in human cancers using proteomic
techniques are emerging research area. While multiple proteomic
techniques are well established and used for cancer RR biomarker
discovery, there are limitations to each technique. In the future, com-
plementary proteomic techniques should be used to cover low and
high MW proteins, over a wide dynamic range to achieve the
maximum chance for differential proteins predicting for radiore-
sistance and identifying potential therapeutic targets for innovative
therapies. In addition, discovering and verifying cancer biomarkers
directly in human samples is tremendously difficult due to consid-
erable genetic, behavioural, and environmental heterogeneity. RR
mouse models or other contemporary models such as patients-
derived xenografts (PDX) or explanted human tissues from RR cancer
patients should be considered for radioresistance biomarker study
in the future. Furthermore, standardised protocols for sample pro-
cessing, data normalisation and clinical result interpretation require
further investigation.

Studying RR biomarkers using proteomic approches have been
performed in several cancers and the preliminary results are very
encouraging. The identified potential protein markers were further
validated in human cancer cell lines in most of studies by WB or
[HC. However, a large size of human RR tumour tissue samples from

cancer patients are required to translate these finding from bench
to clinic practice. We also envision that targeted MS experiments
that allow for high-throughput multiplexed quantitative analysis
will be widely used. Future clinical research designs should con-
sider prospectively incorporating pre-treatment tumour biopsies and
biofluid collection during and after the RT course to track RR
biomarkers in a temporal manner.

The success in identifying cancer RR biomarkers can guide cli-
nicians in predicting treatment outcome of RT and develop a tailored
individual therapeutic regimen to magnify the benefit of RT to cancer
patients. Strategies directed to early prediction of RR cancer may
be more effective to extend survival of cancer patients rather than
attempt to improve the outcome of patients with clinically proven
RT failure. Studying the biological functions of these cancer RR
biomarkers may reveal the mechanisms of radioresistance and
develop biomarker-guided targeted therapy or combination therapy
with the aim of sensitising RT on which new treatments and pre-
vention methods can be developed.
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