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Introduction

Ionizing radiations (IRs), both X-rays, mainly used in 
conventional external beam radiotheraphy (RT), and high-
energy electrons generated by intraoperative radiotherapy 
(IORT) linear accelerators are able to induce high stress 
level on either tumor or normal cells. IR causes direct or 
indirect damage to principal biological molecules according 
to its linear energy transfer (LET). When the radiation 
has a high LET, cell damages are mainly induced by direct 
ionization of macromolecules including DNA, RNA, lipids, 
and proteins. On the other hand, low LET radiations cause 
indirect damage to macromolecules, due to the generation 
of reactive oxygen species (ROS), especially superoxide 
and hydroxide radicals from the radiolysis of intracellular 
H2O, and reactive nitric oxide species (RNOS), which 
can both oxidate macromolecules and activate several 
intracellular signaling pathways, leading to stress responses 
and inflammation (1-6). Lesions involving DNA may be 
nitrogenous bases alterations, breaks in one (SSBs) or both 
DNA (DSBs) chains and chains cross-linking after breakage. 
Unrepaired DNA damage, due to IR can lead to mutations, 
genomic instability and cell death. Generally, DSBs have 

more lethal effects on cells than SSBs, even when induced 
by low LET radiation (1,3,4,7,8). In addition, although 
it is commonly recognized that the DNA is the principal 
radiation molecular target, it has recently been shown that 
proteins are also important IR targets that may trigger cell 
death mechanisms. Radiation-induced death by protein 
damage is thought to be caused by reduced DNA repair 
fidelity, indirectly reducing cell viability. There is evidence 
that proteins are major initial targets of free radicals and 
in vitro studies on cultured mammalian cell lines showed 
that protein oxidation may activate pro-apoptotic signaling 
pathways downstream of IR induced damage (9-11). In 
general, both DNA and protein damages contribute to the 
overall effect of IR toxicity, even if, which of them primarily 
influences cell death, has not yet been defined.

IR activates both pro- and antiproliferative signal 
pathways producing an imbalance in survival/apoptosis 
cell decision (5,6), regulated by several genes and factors 
involved in cell cycle progression, survival and/or cell 
death, DNA repair and inflammation (Figure 1). However, 
the contribution of these genes and signaling pathways, 
especially those controlling different cellular death 
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mechanisms, need to be further investigated.
Here we describe the latest advances on cell and 

molecular response to IR, highlighting the most relevant 
research data from proteogenomic recent studies, 
regarding different tumor cell types including breast 
cancer (BC). Nowadays, the radiobiology data on high 
radiation doses (>10 Gy) are still very few, particularly 
in human cells. The possibility to clarify cell molecular 
strategies to choose between death and survival, after 
an irradiation-induced damage, opens new avenues for 
the selection of a proper therapy schedule, to counteract 
cancer growth and preserve healthy surrounding tissue 
from radiation effects.

Molecular response to IR: DNA repair mechanisms

Biological effects of radiation-induced cellular injury may 
depend on several factors. Generally, proliferating cells 
are more sensitive than quiescent cells to IR-induced cell 
death, because they have less time to repair damages 
(1 ,12-14) .  Cancer cell radioresistance is a complex 

phenomenon that may be influenced by the decrease of 
oxygen concentration in tumor tissue, as it is known that 
well-oxygenated cells are more sensitive to radiation than 
those with poor oxygenation. In addition, different factors, 
such as deregulated expression of some genes involved 
in cell growth, death and proliferation signalling, may 
influence cell radioresistance. Even if cancer cells proliferate 
more quickly in respect of normal cells and are more 
susceptible to unrepaired damage, these cells often carry 
multiple mutations causing constitutive activation of DNA 
repair mechanisms, allowing them to survive after damage, 
which instead would lead normal cells to death (4,15,16).

Cells have evolved complex systems to rapidly detect and 
efficiently repair DNA lesions, both the SSBs and DSBs 
(17-19). It has been observed that approximately 40 DSBs 
are induced for each dose delivered (1-2 Gy for most cells) 
and that non-transformed or non-immortalized cells, i.e., 
normal cells, can repair about 70 DSB/cell within 24 hours 
(hrs) following the radiation exposure (20,21). 

Two main pathways are known for repairing DSBs: the 
non homologous end joining (NHEJ) and the homologous 

Figure 1 A schematic balance of cell response to ionizing radiation (IR). The interconnected bubbles represent factors that modulate cross-
linked intracellular networks able to define cell fate capable of inducing the choice between survival and death.
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recombination (HR), that are complementary and used 
in different cellular conditions (Figure 2) (18,19,21). 
During cell cycle, these DNA repair mechanisms may be 
differentially activated, playing their role according to the 
cell cycle phase. The NHEJ drived mechanism is thought to 
be active during G1/G0 phases of cell cycle. Ku heterodimer 
is required as sensor to start NHEJ. It is formed by the 
Ku70 and Ku80 subunits, that recognize and bind to the 
DSB. Other principal factors acting are PRKDC, XRCC4, 
XRCC5, XRCC6, LIG4 and DCLRE1C. In proliferating 
cells, DSB can be repaired through a HR-dependent 
mechanism during the middle and late S-phase and the G2/
M checkpoint requiring a homologous template. The MRN 
complex, formed by Mre11, Rad50 and NBN proteins, 
represents the DNA damages sensor, which controls the 
responses to DSBs via HR mechanisms. The main factors 
involved in HR mechanism are: RAD51, RAD52, RAD54, 

XRCC2 and XRCC3. Instead, DNA repair is inefficient 
during the S phase (22-24). Another factor that plays 
important roles in the cellular response to DNA damage 
is ATM (Ataxia Telangiectasia Mutated Protein) (25,26). It 
belongs to the family of phosphatidylinositol 39-kinase-like 
kinase (PIKK), serine/threonine protein kinases which also 
includes two others members, ATR (Ataxia Telangiectasia 
and Rad3 related) and DNA dependent protein kinase 
(DNA-PK). 

Chromatin structure is involved early, after IR injury, 
in particular the ATM/ATR/DNA-PK complex causes 
rapid phosphorylation of the histone H2AX on chromatin 
alongside DSBs, over some megabase of DNA regions 
flanking the breaks. The resulting phosphorylated H2AX 
(γH2AX) sites can be detected during the interphase, 
pre ferent ia l ly  in  euchromat ic  reg ions ,  by  us ing 
immunofluorescence microscopy, already three minutes 

Figure 2 The figure displays the two main DSBs DNA repair mechanisms, the non homologous end joining (NHEJ) and the homologous 
recombination (HR); the cell cycle phase and factors involved cited in the text.
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after IR exposure. These sites, named γH2AX foci, are 
also known as Ionizing Radiation Induced Foci (IRIF) 
(25,27,28). Afterwards γH2AX foci are formed as a platform 
for the recruitment or retention of other DNA repair and 
signaling molecules, the DNA repair processes can go 
beyond. Indeed, the MRN complex is rapidly localized to 
the γH2AX foci and the activated ATM phosphorylates 
Chk2, which induces Cdc25A degradation inhibiting the 
complexes Cdk1-Cyclin B and Cdk2-Cyclin B, with the 
result of cell cycle arrest (24,27). ATM also phosphorylates 
p53, “the genome guardian”, which exerts a crucial role 
following IR-induced DNA damage. In human colorectal 
carcinoma cell lines, the influence of p53 status on DNA 
damage repair after cell irradiation has been studied, 
applying variable IR doses until 8 Gy. It has been shown 
that decay of γH2AX foci is correlated with potentially 
lethal damage repair and p53 status, underlining that p53 
functionality represents a relevant characteristic for cell 
survival (29). In addition, p53-binding protein 1 (53BP1) 
is a DNA damage response factor, classified as an adaptor/
mediator required for the processing of DNA damage 
response signal, early recruited to damage sites and readily 
contributing to γH2AX foci formation. The depletion of 
53BP1 results in cell cycle arrest in G2/M phase as well as 
in genomic instability in human and mouse cells (30,31). 
ATR is also recruited to DSBs sites and promotes cell cycle 
block through Chk proteins activation (26). The signaling 
via ATM/ATR can induce apoptosis or cell senescence when 
DNA lesions are unrepairable DSBs (24,32). 

Two other important factors responsible of genomic 
stability maintenance, supporting efficient and precise 
DSB repair, are the BRCA1 and BRCA2 proteins (33). 
In particular, after IR exposure, BRCA1 is activated 
through phosphorylation by ATM and Chk2 and regulates 
cell-cycle arrest both during the G1-S and the G2-M 
checkpoints. In addition, BRCA1 has been associated with 
several proteins involved in the response to DNA damage 
and in the repair mechanism. The BRCA2 main role is 
to control the RAD51-mediated recombination during 
DSB repair by HR. The BRCA2 activity is controlled by 
CDKs (cyclin-dependent-kinases) in a cell cycle-dependent 
manner: low levels of BRCA2 phosphorylation in S phase 
reduce its action, while increased phosphorylation levels 
during G2-M progression favor the interaction with 
RAD51 and, therefore, the HR-mediated DNA repair 
mechanism (33,34). Mutations in BRCA1 and BRCA2 genes 
are responsible for the high risk of early onset of both 
hereditary breast and ovarian cancer, being hereditary BC 

the 20-30% of all BC cases (35-38). 

Different radiation-induced cell death mechanisms

The main goal of IORT treatment, as well as radiation 
therapy, is to deprive cancer cells of their reproductive 
potential, inducing cell death to remove any remaining 
potential cancer cells. Nowadays, accumulating evidence 
reveals that induction of cell death is a very complex 
mechanism to account for the different therapeutic effects 
of IR. Indeed, in the last years it is becoming clearer that the 
inhibition of neoplastic cells proliferative capacity following 
irradiation, in particular for solid tumors, can occur through 
different types of cell death such as: apoptosis, necrosis, 
mitotic catastrophe (MC), autophagy and senescence  
(Figure 3) (32,39). In general, cells do not die immediately 
after IR treatment, but death arises after replications, 
frequently after 3-4 cell divisions (1,24).

Many factors, including radiation type and dose intensity, 
cell type, cell cycle phase, oxygen tension, DNA repair ability, 
genetic variations such as Single Nucleotide Polymorphisms 
(SNPs) sited on genes involved in radiosensitivity and/or 
radiotherapy toxicity, can define the type of cell death after 
irradiation, briefly described below (39,40).

Apoptosis

Programed cell death or apoptosis, is a highly regulated 
mechanism of cell death. Distinct cytoplasmic and nuclear 
morphologic changes are recognizable in cells undergoing 
apoptosis, such as cell shrinkage, contraction and membrane 
blebbing, nuclear condensation, DNA fragmentation and 
cell destruction into membrane-bound particles (41,42). 
The apoptotic mechanism involves a complex network of 
factors according to the origin of death signal. Two principal 
apoptotic pathways are the well known intrinsic and extrinsic 
apoptosis. The intrinsic pathway is triggered by internal 
cell signaling, regulating mitochondrial integrity, the 
mitochondrial Cytochrome C release and the consequent 
apoptosome complex formation, composed by Apoptotic 
protease activating factor 1 (Apaf1) and procaspase-9. 
The extrinsic pathway is induced by extracellular signals 
transduced by the so-called transmembrane “Death 
Receptors” (DR, e.g., Fas with Fas Ligand), which belong 
to the tumor necrosis factor (TNF) receptor superfamily. 
Both apoptotic pathways control the activation of specific 
caspases, a family of cysteine-aspartic proteases involved 
in the apoptotic cell death mechanism. These apoptotic 
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pathways may converge inducting the activator caspases (e.g., 
caspase-3, -6, -7 and -8), required for target degradation via 
protein lysis and DNA fragmentation (43-46).

In IR exposed cancer cells, both intrinsic and extrinsic 
apoptotic pathways may occur, according to delivered doses 
and cell type. DNA IR-induced SSBs and DSBs primarily 
trigger apoptosis by intrinsic pathway, when DNA lesions 
are unrepairable and generally via ATM/ATR signaling. 
Apoptotic pathways can be p53-dependent, following 
activation by ATM, to avoid the p53 ubiquitination 
by MDM2 and consequent proteosomal degradation. 
Moreover, p53 may be phosphorylated and activated by 
Chk1 and Chk2 kinase, so, it activates some pro-apoptotic 
proteins such as Bax, Puma, Noxa. IR-induced p53, causes a 
downtream activation of the death factors: Fas, Fas Ligand 
and KILLER/DR5 (45,47-49).

The p53 expression level and mutational status exert an 
important role in the cell decision to undergo death through 

apoptosis after irradiation. It has been observed that the 
tissues more sensitive to radiation-induced apoptosis, such 
as the spleen, the thymus and the testis, show higher levels 
of p53 in respect of the liver and the kidney radioresistant 
tissues. Tumors that result responsive to p53-dependent 
apoptosis are generally radiosensitive, whereas tumors that 
overexpress antiapoptotic proteins such as BCL2, Bcl-XL  
and Survivin, or do not express pro-apoptotic crucial 
proteins, including p53, are more radioresistant (50-53). 
To increase IR cancer cell apoptosis sensitivity, several 
specific agents, such as small molecules that structurally 
restore tumor-derived p53 mutant proteins, can be used to 
rise p53 levels (46,54). In general, different types of cancer 
cells, such as lung, prostate, colon cancer and immortalized 
keratinocytes, undergo apoptosis upon IR exposure from 
1 to 20 Gy. Some non-immortalized cells show apoptotic 
responses only when treated with higher doses of IR (>20 Gy) 
(5,11,32,55).

Figure 3 The figure displays different radiation-induced cell death mechanisms and the factors involved cited in the text.
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In addition, several data show that IR treatment may 
induce apoptosis, p53-independent, through the membrane 
stress pathway with the ceramide second messenger 
production by sphingomyelin transmembrane signaling in vitro 
and in vivo (5,56).

Necrosis

Necrosis has generally been considered as a tumor cell death 
process that predominates after a high IR dose treatment, 
while at a lower dose it has been indicated as a passive and 
unregulated event. High radiation exposures, ranging from 
32 to 50 Gy, for example, were able to induce necrosis 
in in vitro cultured neurons and in p53-deficient human 
leukemia cells. In contrast, lower IR doses, in particular  
0.5 Gy of γ-rays, induced necrosis in the immortalized human 
keratinocyte cell line HaCaT (5,57,58). Recent studies show 
that IR can induce regulated cell death by necrosis in some 
types of tumor such as endocrine cancers, a mechanism 
defined as programed necrosis or necroptosis (59,60). It 
may be induced by apoptotic signals, particularly when the 
apoptotic machinery results either inefficient or blocked. 
Some components of the DR signaling system, such as the 
adaptor protein Fas-associated death domain (FADD) are 
common in both necrosis and apoptosis, but the final choice 
between these mechanisms seems to depend on caspase-8 and 
receptor interacting protein 1 (RIP1) activities (61,62). 

In addition, it has been observed that in RIP1 expressing 
tumor cells, IR-induced cell death may be abolished by 
a small molecular inhibitor of RIP1, the necrostatin-1. 
On the contrary, it is possible to radiosensitize cells by 
increasing necroptosis using an activator of RIP1 kinase 
or its downstream effectors (60-62). Necrotic cells display 
some typical morphological characteristics, such as plasma 
membranes permeabilization with consequent loss of 
intracellular contents, organelle swelling, mitochondrial 
dysfunction, but unlike apoptotic, necrotic cells generally do 
not show any signs of DNA fragmentation (5). In contrast to 
apoptosis, radiation-induced necrosis is often associated with 
increased inflammation of the surrounding normal tissue (63).

Senescence

In normal epithelial cells, senescence is a known strategy 
during aging and an increase of senescent cells in older 
tissues or in IR treated tissues may be responsible for some 
pathology onsets. Several stress stimuli, in addition to IR-
induced DNA damage, can trigger senescence, such as 

oxidative stress, chemotherapeutic agents and extended 
signaling by some cytokines, including interferon-α (INF-α) 
and transforming growth factor-β (TGF-β). Different gene 
expression alterations, such as deregulated expression of 
cell cycle regulatory proteins, which induce cell cycle arrest, 
upregulation of anti-apoptotic factors, high expression levels 
of inflammatory cytokines, growth factors and proteases, 
have been observed in senescent cells. These characteristics 
are defined as senescence associated secretory phenotype 
(SASP) (64-67). When grown in culture, senescent 
cells display a specific and typical morphology with 
plasma membrane and nucleus macroscopic alterations, 
cytoskeletal organization, changes in cell-cell interactions 
showing the so-called “fried egg” like appearance. A well 
recognized senescence marker is the senescence-associated 
β-galactosidase (SA-β-gal), whose increased expression has 
been correlated with senescence in many cell types. The 
DNA damage-induced signaling pathways which trigger 
senescence associated cell cycle arrest are mainly regulated 
by p53/p21 (waf1, CDKN1A), by p16 (INK4a, CDKN2A) 
and Rb (retinoblastoma) factors (66,67).

IR may induce accelerated cellular senescence, a state of 
irreversibile growth arrest in which the damaged cells show 
altered functions and, despite being vital, are no longer 
competent for proliferation. It has been demostrated that 
senescence is the principal response of some cell types 
at IR lower doses, whereas higher doses are required for 
the induction of apoptosis or necrosis in the same cells. 
In particular, a study conducted in pulmonary artery 
endothelial cells, irradiated with X-rays, using doses 
ranging from 2 to 50 Gy, has shown that increasing IR 
dosages induce a cell response which can change from 
senescence to apoptosis and/or autophagy, until necrosis 
at higher doses (11). Actually, most radiobiologic research 
papers demonstrate that there is not a unique and absolute 
kind of response for all cell types to a certain IR dose. For 
example, primary human hematopoietic cells (CD34+) 
undergo apoptosis whereas pulmonary artery endothelial 
cells become senescent when treated with the same dose of 
radiation (68,69). 

Today the aspects establishing the specific cellular 
fate after IR exposure have not been clearly defined, but 
increasing evidence suggests that the type and radiation doses 
are primarly important, as well as different cell features (70).

Autophagy

Autophagy is a basic catabolic mechanism that involves 
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cell degradation of unnecessary or dysfunctional cell 
components, such as damaged endoplasmic reticulum (ER) 
and other cytoplasmic constituents through lysosomes 
action. Three main different forms of autophagy have been 
commonly observed: microautophagy, chaperone-mediated 
autophagy and macroautophagy. In the context of a disease, 
autophagy has been described as an adaptive response 
to survival, whereas in other cases it appears to promote 
programed cell death, via non-apoptotic and caspase-
independent mechanism. However, there is significant 
evidence that reveals a cross-talk between autophagy and 
apoptosis (71,72). In tumor cells undergoing chronic 
hypoxia and nutrient depletion, autophagy is a strategy to 
maintain metabolic homeostasis (73).

In normal conditions, microautophagy and chaperone-
mediated autophagy permit the breakdown of abnormal 
proteins, cellular debris or damaged organelles, maintaining 
cellular homeostasis and/or as tools to recycle biological 
constituents (e.g., amino acid, fatty acid and energy in form 
of ATP). After stress stimuli, such as nutrient starvation, 
protein aggregation, organelle damage, oxidative or 
genotoxic stress, including IR, the autophagy hyper-
activation promotes cell death and this case is also called 
macroautophagy (71-75).

A typical cell trait of autophagy is the phagophore, the 
site of membrane production generated when this process 
starts. The autophagy is mediated by protein complexes, 
such as class III PI3K, autophagy-related gene (Atg) 
proteins and other containing microtubule-associated 
protein 1 light-chain subunit 3 (LC3), recruited to the 
membrane favouring membrane expansion and phagophore 
elongation. Finally, the autophagosome obtained fuses with 
the lysosome (autophagolysosome) where hydrolases digest 
the cytoplasmic contents (49). 

Autophagic pathways can induce survival or cell death 
following IR treatment, processes that might be cell and 
tissue specific and dependent on the expression of genes 
and proteins controlling apoptosis (76,77). In several 
types of cancer cells, such as breast, prostate, colon, lung, 
esophageal and glioma, IR-induced microautophagy or 
macroautophagy has been observed (78-83). It has been 
shown that following 6 Gy of IR exposure, some autophagy 
regulative factors significantly decreased in lung tissue, 
indicating a specific and strong dysregulation of IR-induced 
autophagy, effect not observed in liver or kidney tissues 
subjected to the same radiation conditions (46,84).

In the literature there is conflict with respect to the IR-
triggered autophagic effect, resulting in survival or cell 

death promotion. Some studies show that, the autophagy 
preventing is radiosensitive, while the autophagy promoting 
is radioprotective, suggesting that IR-induced autophagy 
may represent an adaptive response to maintain tumor 
growth and survival. For example, in radioresistant BC cells 
a strong post-irradiation autophagy induction has been 
observed as a protective and pro-survival mechanism of 
radioresistance after exposure to IR of 4-5 Gy (85,86). In 
contrast with these data, other studies show that induced 
autophagy in some radioresistent cancer cells, including 
glioblastoma and lung cells, causes IR sensitization 
increasing cell death (84,87). In order to improve IR tumor 
responses, several sensitization agents to radiation-induced 
autophagy are currently being studied (87,88).

The molecular machinery involved in IR-induced 
autophagy is still not clear. IR-induced DNA damage seems 
to be the initiating event that causes autophagy. Recent 
studies show that p53 and PARP-1, a DNA repair enzyme 
triggered by DNA damage, exert essential roles in starting 
the autophagy process regulating the PI3K/PKB/AKT/
mTOR signaling pathway that represents an autophagy key 
regulator (76,89,90).

MC

MC has initially been described as a cell death mechanism, 
occurring during or after aberrant mitosis, associated with 
various morphological and biochemical changes following 
radiation-induced incomplete DNA synthesis. Several 
evidence has revealed that it can also be caused by chemical 
or physical stresses and represents an oncosuppressive 
mechanism to avoid genomic instability. MC has been 
defined as a special example of apoptosis because it 
shows several biochemical apoptosis features, including 
mitochondrial membrane permeabilization and caspase 
activation. However, it has been observed that MC may 
result in death that requires both caspase-dependent and 
caspase-independent mechanisms (91-94). Tumor cells, 
harboring checkpoint deficiencies that cause incomplete 
DNA repair, replicative infidelity or aberrant chromosome 
segregation, may undergo to MC. Thus, the IR-induced 
loss of checkpoint controls in treated cancer cells may lead 
to the generation of aneuploid progeny and MC associated 
cell death. Cells display an increased frequency of multiple 
nuclei and micronuclei. In IR-treated tumor cells, MC is 
often associated with delayed apoptosis following increased 
expression of some receptors and their ligands, such as Fas, 
TRAIL, TNF. Moreover, caspase-2 represents the initiator 
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caspase induced during delayed apoptosis after MC (49). 
Cancer cells having p53 mutations show increased IR-
stimulated MC, following premature mitosis and aberrant 
chromosome segregation, due to high levels of cyclin B1 
and frequently amplified centrosome (39,95). Generally, 
inhibition of factors regulating the G2/M checkpoint, such 
as ATM, ATR, Chk1, Chk2 and p21 favour DNA damage 
and, inducing aneuploidy, leads cells to MC (91,93,96).

Epigenetic changes and bystander effect  
IR-induced

Epigenetic modifications are heritable structural and 
functional genome changes occuring without changes 
in DNA sequence, directly affecting gene expression by 
mechanisms comprising histone modifications, DNA 
methylation and the annealing of noncoding antisense 
RNAs. Aberrant epigenetic events cause global changes 
in chromatin packaging and in specific gene promoters, 
influencing the transcription of genes involved in cancer 
development (97-99). Two principal types of changes in 
the DNA methylation pattern occur in cancer cells: hypo- 
and hyper-methylation of specific genes (100,101). It has 
been observed in mouse models that IR treatment with 
6 Gy dose may induce effects on global hypomethylation 
in a sex, tissue-specific and dose-dependent manner. 
Most of radiation-induced epigenetic changes have been 
found associated with loss of methylation and decrease in 
expression levels of some methyltransferases, including 
DNMT1,DNMY3a, DNMT3b and the methyl CpG 
binding proteins (MeCP2) (102,103). 

However, few data are available on DNA methylation 
changes after IR exposure in human cancer cells. In a recent 
study conducted on the MDA-MB-231 human BC cell line 
following irradiation at 2 and 6 Gy, global DNA methylation 
changes (at >450,000 loci) have been analized to determine 
potential epigenetic response to IR. The study has revealed 
significant differentially methylated genes related to cell 
cycle, DNA repair and apoptosis pathways. The degree 
of methylation variance of these pathways changes with 
radiation dose and time post-irradiation, suggesting that 
DNA methylation changes exert an important epigenetic 
role in cell response to radiation (104). In the MCF7 human 
BC cells treated with different fractionated IR doses (until 
20 Gy), several locus-specific DNA methylation alterations 
have been observed, which predominantly were loss of 
methylation of TRAPP9, FOXC1 and LINE1 loci (105). 
Recently, it has been reported that radiosensitive and 

radioresistant cancer cells may acquire epigenetic changes 
at different genomic regions, in dependence of time after 
irradiation and cell genetic background (106). In addition, 
in some human colon cancer cell lines (HCT116, SW480, 
L174T, Co115), a relationship between enhanced cell 
radiation sensitivity and genomic hypomethylation induced 
by the DNA methyltransferase inhibitor 5-aza-cytidine 
(AZA) has been observed (107). Similar results were also 
shown by the study of Cho HJ et al. conducted on the 
RKO colon cancer and the MCF-7 BC cell lines, where 
the AZA treatment in combination with the use of the 
histone deacetylase (HDAC) inhibitorsodium butyrate (SB), 
was able to enhance radiosensitivity in both MCF-7 and 
RKO cell lines. The authors also noted that the combined 
effect caused by the demethylating agent and the HDAC 
inhibitor is more effective than the use of a single agent in 
both cancer cell lines (108). These data suggest that, the 
defining of specific factors regulating gene expression by 
DNA epigenetic changes may be a useful target for tumor 
radiosensitization (109,110). 

Responses to IR were also observed in cells that were in 
contact with directly irradiated cells or have received signals 
from them. These responses represent the so-called non-
targeted or IR “bystander effects” (111,112).

The bystander effect is increasingly considered as 
a long-term side effect of IR exposure. Recent studies 
indicate that this effect can be positive or negative and it 
is dependent on the radiation LET, total dose, dose rate 
and radiosensitivity of treated cells, similarly to the IR 
direct effects. The negative effects comprise apoptosis, 
necrosis, accelerated senescence, contributing to decreasing 
cell survival. In contrast, in some conditions, a positive 
radiation effect on bystander cells is an increased tumor cell 
proliferation. For example, increased cell proliferation has 
been observed in normal liver epithelial cells and in non-
transformed fibroblasts, as well as in several transformed 
cells (113-115). In vitro evidence suggests that the bystander 
effects are communicated between cells through either the 
gap junction connections or by the transmission of soluble 
factors between irradiated cell and nonirradiated cells 
through the cell culture medium. Several soluble factors are 
involved in the bystander effect, such as ROS, nitric oxide, 
cyclooxygenase-2 and cytokines including TNF-α and 
TGF-β1 (113,116,117). In addition, an increased expression 
of connexin 43 in cells after 6 h of IR exposure was shown 
to correlate with enhanced cell to-cell communication. 
Nevertheless, some unanswered questions remain unclear 
such as the signals transmitted from irradiated to bystander 
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cells and the relationship between the bystander response 
and other non-targeted effects of radiation (118).

Gene expression profile after high dose of IR

Despite the great interest of the scientific community 
regarding the IORT clinical application on various cancer 
types, a limited number of papers describe gene expression 
induced by IORT treatment using high doses, such as those 
used in IORT exclusive and in boost treatment (119), rendering 
the need for this field to be explored and clarified (120).

In order to highlight genes activated after high IR 
dose treatment, our research group has performed a 
gene expression profiling of BC cell lines treated with 
doses of 10 and 23 Gy as those doses used in BC, IORT 
exclusive and boost treatment, using human whole-genome 
microarrays. We observed consistent differences among 
types of treatment and cell lines (both tumorigenic and non 
tumorigenic). In particular, the magnitude of transcriptional 
variation, defined as the number of differential expressed 
genes is cell type and dose specific dependent (data not 
published). Thus, we identified candidate genes responsible 
for the differential cell lines response subjected to diverse 
doses of treatment.

Even if DNA represents the critical target for the IR 
biological effects, the responses generated are not solely 
dedicated to safe-guarding genomic integrity, but regard 
also the activation of critical transcription factors such as 
NF-κB and Activator Protein 1 (AP-1) (121,122).

NF-κB is a well-defined radiation-responsive transcription 
factor. Its activity modulation increases cell sensitivity in 
several tumor cell lines and, also, NF-κB down-regulation is 
probably required for TP53-dependent apoptosis. NF-κB is 
able to influence cell cycle regulation after irradiation and 
is supposed to be able to induce radioresistance by cell cycle 
regulation, alterations in apoptosis and changes in the ability 
to repair DNA damage. Disruption of NF-κB aberrant 
survival signaling has recently become an important issue 
to study therapy of several chemoresistant/radioresistant 
cancers (123).

AP-1 transcription factor is assembled from JUN-JUN, 
JUN-FOS or JUN-ATF proteins. AP-1 proteins and, 
above all, c-Fos play an important role in the induction and 
development of radiation late effects in normal tissues. JunB 
gene is responsive to IR and is immediately-induced early 
after the stimulation (124). 

Moreover, the IR exposure of tumor cells induces the 
simultaneous compensatory activation of multiple mitogen-

activated protein kinase (MAPK) pathways. These signals 
control survival and repopulation following radiation and 
this ability has been shown in various studies (125,126). It 
has been demonstrated that MAPK signaling is involved 
in cell progress through the G2-M after irradiation (125), 
whereas pro-survival ERK pathway is known to be activated 
following irradiation, in dependence on the expression of 
multiple growth factor receptors, autocrine factors, and Ras 
mutations (121,125,127).

Additional studies demonstrated that the main angiogenic 
regulator Vascular Endothelial Growth Factor (VEGF) is 
another actor supposed to be up-regulated after IR, favoring 
a decreased radiation sensitivity of tumor cells (128). 
Recently, Affolter A and colleagues described an interesting 
functional crosslink between VEGF and the cytoprotective 
MAPK-ERK in head neck squamous cell carcinoma. 
More precisely, they hypothesized that there might exist 
a feedback loop comprising VEGF-mediated activation 
of MAPK-ERK that in turn might cause elevated VEGF 
levels after cellular stress such as irradiation, suggesting that 
researchers targeted the ERK-VEGF axis to enhance the 
radiotherapy efficiency (125).

At molecular level, a number of genes have been shown 
to be responsive to radiation exposure. Tsai MH et al. 
have showed distinct differences in molecular response 
between a single 10 Gy high dose versus multi-fractions 
of 5×2 Gy dose in breast (MCF7), prostate (DU145) and 
glioma (SF539) cells (129). The abovementioned three cell 
lines responded to these types of treatments with a large 
comparable number of differentially expressed genes with a 
1.5 or 2 fold change threshold, within a 24 hrs time course. 
In addition, a comparison of the time course changes in 
global expression patterns by multidimensional scaling 
analysis revealed differences rather than similarities among 
the cell lines, as well as between the single and multi-
fractions dose regimens. More precisely, the number of 
genes up-regulated, by at least 2-fold, after either single 
or multi-fraction protocols, common to all three cell lines, 
was found to be small and composed by only 13 IFN-
related genes. This group of genes, which are known to 
be transcriptionally activated by Signal Transducer and 
Activator Transcription 1 (STAT1), has been implicated 
in inflammation and may be associated with radiation 
resistance. The consequences of STAT1 elevation after 
radiation exposure could have profound effects on both 
normal and tumor cells.

Moreover, although p53 is one radiation-responsive 
gene, other genes may also contribute to the radiation 
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response. For example, Tsai MH et al. have reported that 
only MCF7 cells show a cluster of p53-related genes, 
regulated by both single and multi-fraction schedules, 
while no p53-related genes were detected in either SF539 
or DU145 cell lines (129). In addition, no genes were up-
regulated by using the larger dose of 10 Gy, whereas there 
were genes predominantly up-regulated by the multi-
fracionated dose in all the three cell lines. It is considered of 
particular interest the STAT1, up regulated in all cell lines 
tested, implicated in inflammation and radiation resistance. 
The protein encoded by this gene is a member of the STAT 
protein family, activated by phosphorylation in response 
to cytokines and growth factors, by the receptor associated 
kinases. Once activated, it forms homo- or heterodimers 
and translocate to the cell nucleus where it acts as a 
transcription activator. Moreover, this gene also interacts 
with ATM protein following DNA damage and participates 
in the repair of IR DNA damage (129). 

Some replicated results, among array experiments 
involving IR high and low doses, are the induction of 
CDKN1A gene (120,130-140), encoding for the potent 
cyclin-dependent kinase inhibitor 1A (p21) and the up-
regulation of GADD45 (120,131-133,137), encoding for a 
growth arrest and DNA-damage-inducible factor by both 
p53-dependent and -independent mechanisms.

Amundson SA et al., by applying Fluorescent cDNA 
microarray hybridization on human myeloid cell line 
(ML-1) assayed 4 hrs after 20 Gy IR exposure, selected 48 
transcripts significantly changed by radiation treatment 
previously known to be radiation inducible, as well as 
many genes not previously reported as IR regulated. Some 
of these coded for proteins involved in cell cycle (such as 
CYCLIN B, CIP1/WAF1, GADD45 etc.), cell fate (IAP, 
MYC, MDM2 etc.), transcriptional regulation (JUN 
and FOS family members) and generally in intracellular 
signalling cascades that could play an important role in the 
induction and development of cell radiation effects (131).

Interestingly, the majority of the IR-responsive genes 
showed no suggestion of p53-dependent regulation. The 
induction of these selected stress-response genes was next 
measured by the authors in a panel of 12 cancer cell lines, 
derived from myeloid-lymphoid lineage, lung cancer, breast 
carcinoma and colon cancer in order to determine their role 
in IR-response. Particularly, only the SSAT, MBP-1, c-IAP1, 
RELB and BCL3 genes were primarily IR induced in all of 
the 12 cell lines examined (129). 

Moreover, the involvement of some above described IR 
responsive genes was also confirmed by Jen KY and Cheung 

VG (132) in lymphoblastoid cells assayed at various time 
points within 24 hrs after irradiation, using 3 and 10 Gy. 
Specifically, 10 Gy induced a number of DNA repair genes, 
(such as factors involved in HR mechanism and previously 
described like RAD51C and XPC), which were not affected 
at the 3 Gy dose, and many cell death related genes, 
including a large group of anti-apoptotic and autophagy 
genes. In addition, the p53-regulated genes, MDM2 and 
PCNA, displayed increased expression levels. Following  
10 Gy treatment, several MAP kinase and MAP kinase-
related genes are transcriptionally induced: this signalling 
control survival and repopulation following radiation 
as previously described. Increased transcript levels of 
a group of oxidative stress genes were also reported in 
lymphoblastoid cells after 10 Gy of IR. Moreover, although 
some IR-responsive genes display different temporal 
expression patterns, depending on the dose of IR exposure, 
some groups of genes show very similar temporal expression 
patterns relative to each other at both the 3 and 10 Gy IR 
doses. One hundred and twenty six IR-responsive genes 
were in common between the two doses, including p53-
dependent genes (such as CDKN1A, GADD45A, and 
DDB2), which play important roles in cell cycle arrest and 
DNA repair, general stress response genes and cell cycle-
related genes (132). 

Some of the above described genes are recurrent in 
other works, such as that published by Marko NF and 
colleagues (137). They analyzed the gene expression profile 
of human colorectal carcinoma cells treated with 20 Gy 
or internal beta emitter (35S-methionine), in order to 
compare β-radiation induced gene expression profile with 
that induced by external γ-radiation. Similar induction of 
X-IAP, IAP3, GADD45 and CDKN1A were described. In 
addition the authors selected a panel of 2-fold up-regulated 
genes only in 20 Gy IR treatment including a large 
number of apoptosis, transcription factors, inflammatory 
and degradative proteins, which may be reflective of the 
acute nature of the high dose. Their specific role in cell 
response after IR high dose has to be further highlighted. 
Furthermore, a comparison of temporal changes in mRNA 
and protein levels for p53, p21, and cdc2 showed a time 
lag of ~2 hrs between mRNA and corresponding protein 
changes (137). As described, many IR induced genes are p53 
regulated but there is also a substantial p53-independent IR 
transcriptional response, with NF-κB playing a contributing 
role to radioresistance. As p53, NF-κB activates a varied 
set of genes ranging from cyclins to those involved in lipid 
signaling and translation (131,141,142). Considering that 
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half of human cancers have a mutated p53 gene, these 
pathways should be further targeted to improve cancer 
cells radiosensitivization. The same concept also regards 
the GADD45 gene, up regulated after IR in numerous 
microarray experiments.

Microarrays solely define differences in two defined 
mRNA populations, a treated sample and a control, so 
it has been difficult to define the pure response to IR, as 
the control samples can be different from one experiment 
to another. Few experiments conducted in different 
laboratories were performed under similar conditions 
and experimental procedures. Thus, the high variability 
of transcriptional responses described in different cell 
lines emphasizes that a single cell line or cell type cannot 
provide a general model of response to IR stress. Finally, as 
technology increases in complexity, the correlations between 
the proteomic, phospho-proteomic and transcriptional 
profiles of IR treated cells will yield a more cohesive picture 
of cell responses to this DNA damaging stress.

Conclusions

The main goal of IORT treatments is to deprive cancer 
cells of their reproductive potential, addressing them to 
undergo cell death. IR activates complex cross-linked 
intracellular networks able to define cell fate capable of 
inducing the choice between survival and death. Indeed, in 
the last years it is becoming clearer that the inhibition of 
neoplastic cells proliferative capacity following irradiation, 
in particular for solid tumors, can occur through different 
types of cell death such as: apoptosis, necrosis, MC, 
autophagy and senescence.

In order to study molecular mechanisms activated 
by IR during IORT treatment, our research group have 
performed a gene expression profiling of BC cell lines 
treated with 10 and 23 Gy doses, using human whole-
genome microarrays. We observed consistent differences 
among types of treatment and cell lines used, the magnitude 
of transcriptional variation is cell type specific and dose 
delivered dependent (data not published). Considering 
the BC complexity and heterogeneity (143-145), 
radioresistance/sensitivity to specific IR doses need to be 
directly tested on primary cells from human tumor biopsies, 
in order to improve personalized IR therapeutic effects.
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