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by oxidative stress and/or cytotoxicity and adverse effects on human health
such as hematopoietic, gastrointestinal and cerebrovascular injury collectively
referred to as acute radiation syndromes. Directly or indirectly IR induced
oxidation of biomolecules, especially DNA, resulting in altered genomic stability
and DNA strand breaks. DNA strand breaks are recognized by DNA damage
sensory protein that activates downstream checkpoint kinases as well as

2021; Published: February 26, 2021 initiate compensatory multiple intracellular and intranuclear signaling pathways,

resulting in cell cycle arrest and DNA repair. Simultaneously activates tumor
suppressor genes leading to death signaling pathway or triggering of numerous
autocrine/paracrine loops leading to structural dis-organization and programmed
cell death. These signaling pathways work together to decrease the magnitude
of radiotherapy and promote the development of radiation resistance in cancer
cells. The fate of the cells and DNA damage repair depending on the severity of
radiation exposure and types of DNA damage.

Conclusions: Based on the recent invested reports related to IR and DNA
damage signaling, this review would be helpful for researchers and healthcare
providers to develop a new research concept and translate this information
into a cancer therapeutic approach. Moreover, target specific screening and
development of radiation countermeasures agent for radiological emergencies.

Keywords: IR; Genotoxicity; Cellular Stress; Signaling; DNA repair; Cell
survival; Cell death

hematopoietic (2-6 Gy), gastrointestinal (6-8 Gy), and cerebrovascular
(>8Gy) collectively called acute radiation syndromes [5,8]. To date,
there are minimal information and parameters investigated related
to characteristic and pathognomonic physical findings at an early
stage of radiation exposure. Therefore, there is an urgent need to
develop a basic understanding and diagnostic assays to identify at
first effects of radiation consequences to minimize the lethal effects
of ionizing radiation timely. Moreover, there are so many radiation
countermeasures agents that have been developed, and some under
in clinical trials [9-13]. However, this problem still unresolved to
the medical management of ionizing radiation-induced lethality
in a mass casualty scenario. Currently, we use ionizing radiation
(as a primary cancer treatment approach (in fractionated doses)
because it inhibits cancer cell progression and shrinks tumor size by
inducing cytotoxicity mainly disruption of genomic stability (DNA
damage) and has considerably controlled the progression of tumor
and improved survival of cancer patients. In some cases, recurrence
and refractory problems are observed due to the development of
radio-resistance and the presence of residual disease after therapy.
Multiple factors are involved in recurrence, refractory and radio-
resistance problem including activation of pro-survival signaling,
such as MAPK, AKT, ERK, ATM/ATR, DNA-PKcs, and NF-kB
which can suppressed cell death machinery, induced cell cycle arrest,

Introduction

When exposed to ionizing radiation during radiological release
or nuclear detonation incident, an act of terrorism, radioactive
contamination in public places, unconscious handling of radioactive
sources, cause early and late harmful effects on human. Ionizing
radiation has sufficient energy to release electrons from atoms or
molecules thereby ionize them [1]. It can be allocated into Low LET
and High LET (based on relative biological effectiveness), or into
weakly penetrating radiation and strongly penetrating radiation
(based on ability to penetrate shielding or the human body). High LET
emissions includes typically protons, neutrons, and alpha particles
(particles of same or high mass), which having ICRP recommends
a radiation weighting factor higher than one. In contrast, Low LET
radiations typically include photons (x-rays and y-rays), electrons,
positrons, and muons, which having ICRP recommends a radiation
weighting factor equals to one. Most of the radiation sources emit
both types of radiation including high and low LET radiation. Low
LET radiation deposit less energy and causing less destruction per
radiation track as compared to High-LET radiation, [1-3]. The
significant effect of radiation-induced death rate is dependent on
the quantity and quality of radiation, exposure time, and also the
sensitivity of cells and organ systems [4-7]. The danger of irradiation
represents different levels of radiation-induced tissue toxicity such as
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initiate DNA repair mechanisms, cell survival and cell proliferation
[14-16]. These signaling pathways cumulatively reduce the degree
of radiation-induced cytotoxicity and induce the development of
radio-resistance in cancer cells. Hence, selectively targeting these pro-
survival signaling pathways has excellent potential to modulate the
harmful consequences of ionizing radiation exposure at the cellular,
tissue, and organism levels and simultaneously radio-sensitization of
cancer cells.

In this review, we focused on understanding the consequences
of ionizing radiation a time and dose-dependent manner on various
organs of the human system, especially effects on DNA at the
molecular level. Based on the available literature, we also summarize
the current information on how these radiations and/or oxidative and
genotoxic stress-induced activation of intracellular and intranuclear
signaling pathways and possible crosstalk relation between them.
Moreover, how these signaling pathways play a central role in cell
cycle arrest and DNA repair mechanism in ionizing radiation-
induced tissue injury and overcome radio-resistance in cancer cells
using pro-survival signaling inhibitors.

lonizing Radiation and Human Health

Ionizing radiation has sufficient energy to damage biological
systems primarily due to the macro-molecule lesion (damaged to
DNA, lipid, and proteins), which may be the result of direct contact
of radiation with macro-molecules and/or indirect interaction by
reactive nitrogen and oxygen species, amplified by cellular oxygen.
The immediate effect on cells refers to the direct deposition and
distribution of radiation energy into a highly sensitive atom or
bio-molecule in a cell. Whereas, indirect impact on cell includes
absorption of energy by the external medium (water), leading to
the production of diffusive intermediates (unstable hyper-oxide
molecules) which then attack the sensitive molecules and afflict sub-
cellular structures [17,18]. Certain molecular changes are so complex
that it may be tough for the body’s repair mechanisms to restore
them correctly. However, the mark is that only a small fraction of
such changes would be probable to result in cancer or other health
effects [3].

The sensitivity of exposed cells also determines the types of cells
and extent of damage; rapidly dividing cells being vulnerable to
radiation and differentiated cells (like neurons), muscle, bone, and
collagen-producing cells and cancer cells comparatively showed the
least consequences of effects of ionizing radiation [4,7]. Exposure
of ionizing radiation to humans deposits energy into human
tissue, thereby disturbing the healthy anatomic structure and the
physiological functions of various organs causes serious public health
problems (Figure 1). The most radiation-sensitive organs in the human
body include the gastrointestinal, hematopoietic spermatogenic, skin,
and vascular systems [17,19-24]. Radiation-induced lethality may be
due to local exposure of the body, leading to Local Radiation Injury
(LRI) and/or whole-body exposure, leading to Acute Radiation
Syndrome (ARS). LRI is generally not life-threatening and includes
clinical effects like hair loss, erythema followed by hyperpigmentation,
and skin radio-necrosis [25]. Human acute radiation syndrome also
called radiation sickness is a severe illness caused by the deposit
of IR or internalized radio-nuclides to most or whole body in a
relatively short period. Generally, penetrating of high doses of IR

causes ARS [8]. ARS comprises penetrating acute radiation doses
>1Gy of whole-body radiation exposure or significant partial-body
radiation exposure. Sequentially, the main clinical components of
ARS include the hematopoietic (2-6 Gy), gastrointestinal (6-8 Gy),
and cerebrovascular (>8Gy) sub-syndromes [5].

Early-onset adverse health effects of hematopoietic injury
comprise vomiting, nausea, headache, fever fatigue, and temporary
skin redness () and later on decline lymphocytes, neutrophils, and
platelet counts, hemorrhage collectively(increased susceptibility to
infection over some time of radiation exposure [4]. Patients exposed
with ionizing radiation doses between 0.2-2 Gy cause transitory arrest
in cell cycle and clinically insignificant decline in cell counts but in
some cases, mild symptoms such as nausea or headache were seen at
0.35Gy exposure. Absorbed ionizing radiation doses more than 2Gy
are produce clinical symptoms include in ARS [26]. Deposition of a
high dose of ionizing radiation causes infection and/or hemorrhage
and sometimes without significant supportive care, almost half of the
people exposed with 3.5Gy will die within 60 days [27,28].

At doses between 6-10 Gy, adverse health effects are seen in
Gastrointestinal (GI) tissues along with the hematological injury.
The vulnerability and sensitivity of the intestinal tissue to ionizing
radiation are due to the fast cell renewal system and proliferating cell
compartment of the intestinal crypt and/or villi [29]. The primary
symptoms may comprise early nausea, vomiting (rarely severe),
anorexia, crampy pain in the abdomen and watery diarrhea are
significant symptoms that often occurred within one to two hours
post ionizing radiation exposure [30]. Later on, an illness may be
manifest, and the patient may experience severe diarrhea with or
without fever and vomiting. Moreover, GI syndrome constitutes
absorption of abnormal food nutrients, significant imbalance of fluid
and electrolyte, GI bleeding and sepsis due to disrupting the integrity
of the villus lining causes overwhelming sepsis, renal failure, and
possibly cardiovascular collapse. Death from the gastrointestinal
injury historically has occurred due to sepsis and complications due
to hemorrhage and multisystem organ failure at absorbed doses of
6-10 Gy within 8-14 days post ionizing radiation exposure [27,31].

Neurovascular system and tumor mass show the minimum
sensitivity and least consequence of ionizing radiation exposure. The
neurovascular syndrome occurs, when people are exposed to a high
external dose >10Gy. At these dose levels, clinical features of this
syndrome are feeling of burning (just after exposure), nausea and
vomiting within minutes, fever, headache and with increasing dose
adjust reflexes, hyperpyrexia, prostration, hypotension dizziness,
confusion and disorientation, ataxia and unconsciousness [27,31].
All organ systems are severely damaged at this dose, but the damage
to the cerebrovascular system is quite severe and usually causes death
within 48hrs. Moreover, a lung causes pneumonitis and radiation
fibrosis and is mainly due to damage to endothelial cells of small
vessels and capillaries [27,32]. Ionizing radiation also induces skin
injury, which is manifested in dermal and subcutaneous fibrosis,
dry skin with telangiectasias [33]. Unfortunately, peoples exposed to
35Gy and exceed doses damaged large blood vessels and collapsed
cardiovascular system, and later on intracranial pressure, cerebral
vasculitis, and meningitis may also be seen in most cases. At greater
than of 50Gy dose victims will die within two days or less [27,34,35].
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Figure 1: Differential levels of ionizing radiation-induced tissue toxicity.

In rare cases, clinicians will see a patient with a radiation-induced
illness or injury other than an uncommon disease that may present
with characteristic findings. Because IR-induced damage usually
shows at an early stage of radiation exposure without distinguishing
any marks and/or symptoms. There is limited information about early
molecular markers and pathognomonic physical findings of ionizing
radiation-induced illness. Therefore, this is most promising need to
develop a basic understanding and diagnostic tools (biodosimetry
and/or biosensors), methods, and assays to diagnose at an early stage
of radiation exposure and develop safe and effective mitigators and
radiation countermeasure agents to the management of radiation
consequences in mass casualty scenario.

Redox Regulation in Cellular Signalling

Low-LET radiation generates large amounts of ROS and RNS
(nitric oxide and peroxynitrite) in radiation-exposed mammalian
cells. As shown in (Figure 2), ROS are produced mainly by radiolysis
of water followed by irradiation (exogenous ROS generation) and
leakage of an electron from mitochondrial electron transport chain
(endogenous ROS generation) [37]. ROS are short-lived most
reactive species include Hydrogen Peroxide (H,0,), superoxide (O?),
and Hydroxyl Radicals ('OH). On the other hand, RNS, peroxynitrite
radical, nitric oxide radical, nitrogen dioxide radical are longer-lived
and more specific in their reactions and act to enhance the ROS
mediated radiation damage in time and space within the cell. RNS
can nitrosylate aromatic amino acid residues, oxidize thiols, damage
DNA, and trigger intrinsic mitochondrial apoptotic pathways
[36-39]. The overproduction of ROS beyond threshold damaged
biomolecules 1 (mainly DNA, proteins, and lipids) resulting activates
intracellular and intranuclear signaling pathways leading to either
repair or cell death. Our research group investigated that a small
amount of radiation (0.5Gy) that generates ROS is beneficial to alter
targeted immunotherapeutic response in hematological malignancies
[12,13,40]. In this review, we try to exploit the sequential interplay
network of primary consequences of IR such as ROS generation
to DNA damage and rapid initial responses of cells, particularly
activation of cellular signaling (intracellular and extracellular
signaling pathways). These signaling networks play a central role
to manage the long-term effects of cell survival from oxidative and
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Figure 2: Exogenous and endogenous generation of reactive oxygen
species.

genomic instability and maintain cellular homeostasis; regulation of
cell survival and cell death.

Several signaling pathways are activated in response to ROS levels
in the cytoplasm which leads to cell-cycle arrest, mutational status
(repairable or not repairable), and induction of cell death [41]. ROS
and RNS are observed to inhibit activation of PTPase (protein tyrosine
phosphatase) resulting in enhanced tyrosine phosphorylation of
multiple proteins such as growth factor receptor family protein
[41-43]. It is in the limelight that IR induces only a small fraction of
ROS by radiolysis of water and interaction with biomolecules, excess
ROS generation is amplified by mitochondria in a Ca** -dependent
way that can act to inhibit multiple activities of PTPase. IR-induced
ROS generation leads to a change in the mitochondrial permeability,
which propagates and magnifies the redox signal [44]. All most all
type of cell generate ROS and RNS in response to radiation and also
initiate activation of receptors tyrosine kinases collectively leads to
the promotion of downstream intracellular signaling such as Raf-
Ras-MAPK (Mitogen-Activated Protein Kinase) and PI3K/AKT
(phosphatidylinositol 3-kinase/AKT or protein kinase B) pathways
which maintain cellular status viz cell survival and cell death [45-48].
MAPK pathway regulates diverse processes varying from proliferation
and differentiation to apoptosis and includes both pro-survival and
pro-apoptotic regulators. JNK and p38 are members of MAPK pro-
apoptotic regulators that promote mitochondrial dysfunction by
activating of pro-apoptotic factors like Bax and Bak [49]. MAPK
pro-survival regulation includes activation of extracellular signal-
regulated kinase 1/2 (ERK1/2) which promotes DNA repair and cell
growth factors; Jun, Fos through activation of p** and P?' [50]. Many
reports are demonstrated the constitutive activation of Ras increases
radio-resistance of cancer cells. In contrast, ERK and MEK activity
was attenuated by lovastatin leads to the radio-sensitization of cancer
cells [51-53]. In a similar conceptual manner, PI3K-AKT signaling
increases the expression of multiple anti-apoptotic proteins such
as BCL
number of studies have shown that PI3K-AKT signaling control using
pharmacological inhibitors or genetic approaches has increased the

is involved in the radio-resistance of tumor cells. A large
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Figure 4: lonizing radiation-induced oxidative and genotoxic stress and
activation of cellular signaling pathways.

radiosensitivity of cancer cells both in vitro and in vivo by reducing
DNA repair and inducing programmed cell death [54-56]. In other
cell-based models, studies showed that inhibition of PI3K-AKT
signalling also involved in increase expression and inactivation of
pro-apoptotic markers such as BIM, BAD, and pro-caspases, (Figure
3) [57,58].

Collectively, based on the above information, IR generates
ROS and RNS within the cell and promotes activation of multiple
interacting signaling pathways that can either favor or inhibit cell
death. Depending on whether pro-apoptotic and anti-apoptotic
pathways predominate, the cell will undergo apoptotic/necrotic cell
death or will recover from radiation injury.

Oxidative Stress and DNA Damage

An effect of ionizing radiation on DNA is manifested in terms
of two indiscriminately destructive processes as described above. As
seen in (Figure 4), ionizing radiation-induced disruption in DNA
are contributed mainly by Single-Strand Breaks (SSBs) and double-
strand breaks (simple/complex DSBs) with varying complexity such
as oxidized base/sugar damage, clustered damage (bistranded and/or
tandem), abasic sites and DNA cross-links (Ito et al. 1993). Moreover,
depending upon cell type and cell stage-specific responses, low LET

radiation-induced lethality causes various types of base lesions such
as 450 purine lesions, 850 pyrimidine lesions, 1000 SSBs and 20-
40 DSBs/cell/Gy [59]. Interestingly, during radiotherapy patients
exposed with a clinically therapeutic dose around 2Gy/fraction
sparsely ionizing radiation causes approximate 3,000 DNA lesions/
exposed cells. This level is far lower as compared to approximately
50,000 lesions formed daily due to ROS in the intracellular milieu [60].
DSBs are more common in radiation-induced damage as compared
to SSBs. Phosphodiester bond breaks occur about ten base pairs or
less from each other in both strands of the DNA [61,62]. Both simple
and complex DSBs have 3’-phosphoglycolate moieties and have
single-stranded variable span projections, while complex DSBs have
a high level of oxidized base alterations and abasic sites close to the
ends of DSBs [63-67]. The number of DSBs rises with the increasing
quantity of radiation, starting from a minimal dose of about mGy
[68]. Besides, the transcriptionally active DNA is damaged severally
and becomes more complex as compared to compact DNA thereby
leads to genetic instability, chromosomal alterations, and induction
of mutational changes. Thereafter, activate cell-cycle checkpoints,
and later on permanent growth arrest or death occurred in affected
cells [69,70]. If the checkpoints are inactivated by mutations, the
affected cells or tissues showed unwarranted growth culminating in
tumor genesis [71].

DNADamageand Nuclear Sensory Signalling
Pathways

Cells exposed with a clinically relevant dose of ionizing radiation
and any nuclear weapons cause the generation of free radicals and
induction of disruption in DNA instability including SSBs, DSBs,
clustered damages, structural modification of sugar/base, and also
formed DNA-protein cross-links [72]. These DNA modifications
are recognized by DNA damage response proteins and trigger the
DNA repair process to maintain genome stability cooperatively. The
damaged sensory proteins recognized this DNA lesions and recruit
DNA repair enzymes at the damage sites. Besides, response/signals are
also induced to arrest the cell cycle until the DNA damage is repaired.
Some essential proteins accumulate and recognized DNA damage
sites across the DNA and initiate the checkpoint kinases activity and
cell cycle arrest such as MRN (Mrel1/RAD50/Nbs1) complex, DNA-
PKcs-Ku70/80, PI3K family, ATM (ataxia telangiectasia mutated),
ATR (Rad3-related protein) and GFRs in the plasma membrane (e.g.,
the ERBB family of receptors) as seen in (Figure 3).

The DNA damage related signaling pathways serves as a
transduction cascade series for transmitting a signal from DNA
damage sensory proteins/receptors to downstream effectors
molecules. There are two DNA damage responses (ATM/ATR) signal
transduction pathways respond to IR induced DNA damage resulting
in induced activation of checkpoint kinases, cell cycle arrest, DNA
repair and promotes apoptosis. ATM is one of the vital protein plays
a significant role in the signal transduction response to DSBs, and
this is found defective in the hereditary disorder ataxia-telangiectasia
[73]. Other DNA damage surveillance proteins of this family include
Rad3-related protein is response to replication stress [74,75]. ATM
and ATR (a member of phosphoinositol 3-kinase like kinase family)
and DNA-PKcs are collectively participating in DNA damage
response signaling. ATM/ATR cumulatively activates checkpoint
kinases that arrest cell cycle progression at G,/S and G2/M transition
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lead to cancer induction.

phases and block entry into mitosis (G,/M), simultaneously promote
DNA repair and apoptotic pathways when damage is too severe [76].
The rationale behind slowing down cell cycle progression and takes
time to repair damaged sites, thereby correct mutational error and
prevent propagation. Several the targets of ATM are tumor suppressor
proteins such as p53, Chk2, and H2AX.

These proteins conjointly act as phosphatases and responsible
for arresting the cell cycle progression at G1/S or G2/M boundary
in healthy cells and regulating cell cycle progression. The cells
containing wild-type p53 has ability to control cell cycle progression
through inhibiting p21 activity arrest cell cycle in G1 phase, stopping
the DNA damage and permitting repair machinery. In contrast, a
mutation in p53, despite ionizing radiation-induced DNA damage,
will be passed through all cell cycle phases into mitosis. Cell treated
with G2 checkpoint kinase inhibitor that exposes the cell to an
amplified risk of cytotoxicity by mitotic catastrophe or the transfer of
damage to progeny cells. Additionally, p53 can also activate 14-3-3,
a protein that results in blocking the G2 phase by sequestering the
Cyclin B-Cdk2 complex out of the nucleus. Many pharmacological
agents are developed, which block the cell progression through either
the G1/S phase or G2/M phase like B-lapachone, Genistein, Histone
deacetylase inhibitors, PcR210 [77]. ATR plays an important role
in the homologous recombination repair pathway. Once activated
ATR phosphorylates large networks of protein such as Chkl and
Brcal/2 downstream Rad50/51 and DNA repair enzyme PARP1. The
overexpression of Rad51 is associated with oncogenic replication
stress and tumor progression via genome destabilization [78,79].
Certain cancers harbor homologous recombination defects are
successfully treating with PARP1 and Rad51 inhibitors. This strategy
shows the successful treatment option for HR-defective (BRCA1/2-
mutant) breast and ovarian cancers using Rad 51 and PARPI
inhibitors [80,81].

After detecting a DSBs by sensory proteins ATM and DNA-
PKcs signaling phosphorylate H2AX (histone variant at serine
139), converting y-H2AX [82]. After that, phosphorylated H2AX
(y-H2AX) triggers a Chk2signal transduction pathway, subsequent
start the functioning of transcription factors p53 and/or Cdc25,

resulting in cell cycle stop through the inhibition of cyclins and Cdks
activity. ATM/ATR is also directly participating in activating p53,
which transcriptionally activates p21, Cdk inhibitor, and prevents
cell cycle progression at G1/S boundary [83]. ATM inhibitor not only
retarded the activation of DNA-PKcs but also block the recruitment of
ku70/80 at DSBs site resulting to enhance radio-sensitivity of cancer
cells [84]. ATM role is also manifested in the activation of NF-kB.
This transcriptional factor plays a crucial role in cellular immunity 1
and cell growth through the induction of genetic networks. One more
study revealed that ATM controlled transcriptional activation p53
through NF-kB in IR induced genomic alterations [85]. In some cell
systems, ATM and DNA-PKcs controlled activation of pro-survival
signaling (ERK1/2-and NF-«B) in response to DSBs, which attenuate
the apoptotic response following DNA strand breaks [86]. DSBs
induced phosphorylation of ATM [82] stimulates phosphorylation of
p53. Phosphorylation of p53 induces PIDD activation [87], which then
binds with RIP1 (receptor-interacting protein 1) and NEMO (NF-kB
-essential modifier, also known as IKKY) [88]. These molecular events
help in the translocation of pATM (phosphorylated ATM) into the
nucleus [89] where it phosphorylates NEMO to pNEMO. Thereafter,
the complex exits from the nucleus where it binds with the IxB-NF-
kB complex and induced activation of IkB kinase. Phosphorylated IxB
kinase catalyzes and releases NF-kB from its inhibitor (IxBa or IkBf)
and translate into the nucleus. The phosphorylated NF-kB assembly
translocates from the cytoplasm to the nucleus and regulates its target
genes. NF-kB mediated signaling plays an adaptive role in DNA
repair, checkpoint regulation, antioxidants level, cell survival, and cell
death and also controls the expression of cytokine and chemokine
followed by radiation injury [90]. Many pharmacological agents are
synthesized, which can stimulate the activation of NF-kB. Cleveland
Clinic Foundation has studied the role of the CBLB series of TLR
specific agonists, which culminates in NF-«B activation [13].

DNA Repair
Signalling

Mechanismm and Cellular

Human cells have advanced levels of DNA damage repair
mechanisms to deal with oxidative stress-induced damage and/
or direct energy deposition. The response to cellular damage can
preserve the integrity and stability of the genome to reduce the onset
of possible tumor genesis and the aging process. It is faster and quicker
to repair a single double-strand break than multiple damaged sites in
DNA. The repair of SSBs is usually error-free, but DSBs can be either
error-free or error-prone. Some studies suggested that the numerous
DSBs followed by low LET radiation exposure would be occurred
in 30-60 minutes, while a minute fraction of DSBs, normally <20%,
would be less willingly repaired in mammalian cells and some could
carry on for >24h [73,84,91-94]. Nevertheless, the repair system, with
its genes and proteins is the caretaker of the genome. When cells
become deficient in any of the repair proteins, they fail to repair the
DNA damage (especially: DSBs) correctly, and this leads to induction
of programmed cell death and /or induction of leading to cancer with
defective cell cycles regulatory checkpoints (Figure 5).

Homologous Recombination (HR) and Non-Homologous
End-Joining (NHE]) are two separate and complementary DSB
repair processes that effectively repair activated in the majority of

DNA damage [71]. The Base Excision Repair (BER) is the primary
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mechanism for restoring clustered DNA damage sites in which
base lesions are removed near DSBs termini, consistent with the
observation that complex DSBs are re-joined before removing
base lesions [65,95]. NHE]J and HR pathways are generally called
“error-prone” and “error-free” respectively, but mostly this is an
oversimplification [96]. While HR provides greater fidelity to repair
as compared to NHE], the latter is the crucial way to restore prompt
DSBs in all cell cycle phases. However, the majority (80-90 %) of
DSB repair involves the NHE] repair pathway [96,97]. On sensing
the broken ends that cannot be precisely re-joined, NHE]J directs
repair by either deleting or inserting few bases. This repair typically
involves restoring “micro homology,” i.e. alignment of one or few
complementary bases.

In a mammalian cell, NHE]J is a stepwise response, which is
initiated with limited end-processing by MRN complex (Mrell/
RAD50/Nbs1). This is followed by recognition of free DNA ends by Ku
proteins and its subsequent binding at DSB [98]. Once bound to DNA
ends, the heterodimeric Ku70/Ku80 proteins recruit DNA dependent
proteins kinase catalytic subunits (DNA-PKcs) to the DSB termini.
The Ku70/80 complex is recruited all most all DSBs, but DNA-PKcs
complex only recruited during long-lived DSBs complex [84,99].
This results in the formation of trimeric DNA-PKcs holoenzyme
(MRN complex, Ku dimeric subunits & DNA-PKcs). DNA-PKcs
component of holoenzyme phosphorylates itself along with other
targets including RPA, WRN, and Artemis and polymerase (i and ).
DNA-PKcs also form y-H,AX, a phosphorylated product of H2AX
in a cell lacking ATM [100,101]. Radiation-induced DSB, i.e. 5> and
3’ overhangs, hairpins, gaps, flaps, and different loop configurations
are trimmed with Artemins and DNA-PKcs endonuclease and DNA
polymerase (p and n). Finally, the break is ligated by DNA ligase IV
in association with its binding partners XRCC4 and XLF [102,103].

Fine-tuning of nuclease and polymerase is required for proper
ligation activity of Ligase IV. The appropriate functioning of these
enzymes with their activation in correct sequence forms the basis of
the proper functioning of classical NHE] repair. An alternative Ligase
I mediated NHE] repair mechanism also exists which acts as an
additional contributor in SSB and DSB repair. This repair is facilitated
by an abundant nuclear eukaryotic enzyme, Poly (ADP-ribose)
polymerase-1 (PARP-1), but it appears to be comparatively more
susceptible to error-prone than traditional NHE] repair [104,105].
PRAP-1 competes with Ku to find broken DNA ends and is followed
by ligation by ligase III [105]. ATM is another crucial player that
contributes to survival after radiation-induced DNA damage, which
repairs a defined subset of DSBs (10%) in the G1 phase in cooperation
with Artemis [97,106].

Homologous Recombination (HR) represents another pathway
for DSB as well as SSB repair and is an active repair process occurring
mainly in the late S phase/G2 phase. HR uses homologous sequences
(sister chromatids, repeated regions on the same or different
chromosomes, or homologous chromosomes) culminating in
the high-fidelity repair of broken ends. This comprises a series of
associated sub-pathways that use DNA strand invasion and template-
driven DNA repair synthesis. The homologous recombination repair
pathway involved large networks of protein such as ATM, Chkl,
and Brcal/2 downstream Rad50/51 and DNA repair enzyme PARP-

1. The initial phase (pre-synapsis) of DSB processing consists of
attaching of Rad51 filament to a 3’ overhanging tail, IR induced DSBs,
which appears to require the complex MRN (Mrel1-Rad50-Nbsl) in
particular [107,108]. Mrel1 is an endo-nuclease that binds directly to
DNA, Rad50 and Nbsl1 are help in the organizing of MRN complex.
Rad50 has ATP-Binding Cassette (ABC) ATPase, Zn hook, and coiled
coils that join DSBs and help with Mrell finishing processing. Thus,
Rad50 belongs to the Structural Maintenance of Chromosome (SMC)
group of proteins. Nbs1 contributes to the regulatory role of the MRN
complex due to its N-terminal phosphopeptide, which assists in the
interaction between the C-terminal of ATM, Mrell subunits, and
FHA and BRCT domains. In short, MRN serves as a sensor of DSBs
[8]. After recognition of DSBs, cellular machinery tries to find the
complementary sequences called homology search. The DNA strand
invasion and search for homology are jointly called synapses and are
supported by RPA and Rad51, respectively [107]. The invasion of
the 3’ end of DNA primes the synthesis of DNA of the DNA duplex
template, resulting in intermediate D loop production. Double strand
breaks repair occurred at DSB’s second end, either by capturing the
second end via DNA annealing or a second invasion event. Generally,
second-end annealing is catalyzed using Rad52 protein, which has an
exclusive role of annealing complementary ssDNA linked to RPA
[109]. Resulting, Double Holiday Junctions (dHJ) are formed which
are converted either into non-crossover products by BLM-TOPOIIIa
or for resolution into crossover/non-crossover products by a
structure-specific endonuclease. The resolvase help in the separation
of holiday junctions into crossover and non-crossover products.
Inefficient repair of DNA results in genetic instability, which, in turn,
can increase the rate of cancer development Indeed, deficiencies in
various types of repair pathways are becoming increasingly accepted
as fundamental to the etiology of most human tumors.

Bystander Signalling

Ionizing radiation not only affects the cells and cell components
but also shows biological effects nearby of the cells. There is plenty
of evidence that irradiation can lead to mutation in cells directly
or indirectly through nearby irradiated cells. This phenomenon is
commonly referred to as the bystander effect by paracrine feedback
signaling that may cause carcinogenic effects to normal tissue
[110,111]. This is one of the big problems that remain to recurrent
tumor relapse following treatment of primary tumor. A large number
of studies showed that radiation-induced bystander effects exaggerate
the effect of small doses of radiation. Cell to cell communication
occurred by gap junction and soluble mediators released by irradiated
cells, both collectively play an essential role in the bystander response,
it is also stated that the specific signaling pathways are involved
[112]. This is noted that the progeny of non-targeted cells shows an
increase in genomic instability as demonstrated by the rise in delayed
mutations and chromosomal aberrations several generations later
indicate the need for a comprehensive evaluation of the bystander
problem, especially among genetically susceptible populations. The
mechanism of this non-targeted response was studied using in vitro
as well as in vivo models. Such studies provide insight on the essence
of the signaling molecule(s) that will be invaluable in assessing the
clinical significance of the bystander effect and how the bystander
phenomenon can be exploited to improve radiotherapy therapeutic
benefit. It is well reported that Cyclooxygenase-2 (COX-2) signaling
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plays an important role in the bystander signaling followed by various
growth factors and cytokines such as Transforming Growth Factor
(TGF-B), Tumor Necrosis Factor a (TNF-a), Interleukin 1 (IL1p),
and multiple stressors also [112,113]. It is confirmed that IGFBP-3
and COX-2 gene expression is constantly altered in the bystander
cells. Signals transmitted through Ras/Raf/MEK/ERK/AP1 cascade
reaction and NF-«kB pathways, thus finally targeted COX-2 gene
transcription and were found three-fold changes in the bystander
cells. A specific inhibitor of COX-2; NS-398 neutralizes the effect of the
COX-2 signaling pathway in bystander cells. The bystander mutagenic
effect in NHLF cells was reduced by 6-fold in the presence of COX-2
inhibitor NS-398. One more selective COX-2 inhibitor, Meloxicam
facilitates hematopoietic recovery in sub-lethally irradiated mice
and is radiation-protective when given before irradiation [114].
One other gene identified to be expressed in NHLF bystander cells
is IGFBP-3, to which the majority of circulating IGFs are bound in
bystander cells and prevent them from binding to IGF receptors on
the cell surface [115]. Besides, there is evidence that TGFp in medium
transfer studies may play a significant role in mediating bystander
effects [116]. It is attributed that the pro-mitogenic reaction of a
particle-induced rises the level of transforming growth factor {1
(TGF-B1) in cell supernatants. Cells treated with TGF-B1 containing
supernatants induce intracellular ROS generation in untreated cells
resulting in decreased levels of TP53 and CDKN1A while CDC2 and
Proliferating Nuclear Antigen (PCNA) is increased in the latter. It
is well understood that NF-kB and p38 MAPK collectively control
COX-2 levels in response to an inflammatory stimulus involving
of interleukin (IL)-1B, tumor necrosis factor-a (TNF-a), and
interferon-y (IFN-y). Nitric oxide also involved in COX-2 mediated
bystander effect as nitric oxide and also control expression of IL-8
in human cells [117]. Hence, the study of Bystander effects is one of
the crucial aspects for studying mechanisms for radiations induced
lethality, and the appearance of COX-2 inhibitors may function to
ameliorate the non-targeted cell injury [118-123].

Conclusion and Future Directions

An accident and un-accidentally people exposed to radiation
daily. Over the past few years, researchers have been investigated
the adverse role of ionizing radiation on human health, especially on
DNA at molecular levels. Here, we summarized current information
related to the generation of oxidative and genotoxic stress resulting
in activation of DNA damage sensory proteins and downstream
activate checkpoint kinases as well as initiate compensatory multiple
intracellular and intranuclear signaling pathways, resulting prevent
cell cycle progression and started DNA repair mechanism. These
signaling pathways work together to reduce the extent of radiotherapy
and promote the development of radiation resistance in cancer cells.
Simultaneously activates tumor suppressor genes leading to death
signaling pathway or triggering of numerous autocrine/paracrine
loops leading to structural dis-organization and programmed cell
death. The fate of the cells and DNA damage repair depending on the
severity of radiation exposure and types of DNA damage. Moreover,
in this review, we also focused on understanding the role of bystander
signaling in tissue injury and repairing in radiological consequences.
The primary aim of this article is to understand the consequences of
ionizing radiation and stimulate some cutting edge research concepts
based on understating the spectrum of DNA damage and repair

mechanisms followed by IR exposure. Thus, by selectively targeting
these pro-survival pathways, we can mend harmful consequences of
ionizing radiation exposure at cellular, tissue, and organism levels
and simultaneously radio-sensitize of cancer cells.
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