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] Definition

DNA damage is well recognized as a critical factor in cancer development and progression. DNA lesions create an
abnormal nucleotide or nucleotide fragment, causing a break in one or both chains of the DNA strand. When DNA
damage occurs, the possibility of generated mutations increases. Genomic instability is one of the most important factors
that lead to cancer development. DNA repair pathways perform the essential role of correcting the DNA lesions that
occur from DNA damaging agents or carcinogens, thus maintaining genomic stability. Inefficient DNA repair is a critical
driving force behind cancer establishment, progression and evolution. A thorough understanding of DNA repair
mechanisms in cancer will allow for better therapeutic intervention.

| 1. Introduction

DNA damage can alter nucleotide sequences and lead to expression of dysfunctional proteins that impact normal cellular
physiology. Sources of DNA damage can be endogenous or exogenous and include reactive oxygen species (ROS) or
ionizing radiation M. DNA damaging agents can broadly be classified into two different categories: clastogens and
aneugens. Clastogens cause chromosomal breaks and induce micronuclei (MN) due to generation of acentric
chromosomal fragments. In contrast, aneugens lead to the incorporation of whole chromosomes in MN by generation of
aneuploidy that affects cell proliferation and the mitotic spindle apparatus [2l.

Genotoxic agents cause structural changes in DNA by disrupting covalent bonds between nucleotides, preventing
accurate replication of the genome . Significant numbers of cells in the human body are subjected to DNA damage on
a continuous basis which leads to alterations in genome replication and transcription. Although the DNA repair machinery
can correct some of these lesions, unrepaired or misrepaired DNA can lead to genome aberrations and mutations that
affect cellular function Bl. Genetic defects, especially those occurring in oncogenes, tumor-suppressor genes, genes that
control the cell cycle, etc., can impact cell survival or proliferation . Such DNA damage can be carcinogenic®. DNA
repair proteins trigger checkpoints to recognize sites of damage and either activate corrective pathways or induce
apoptosis 4.

Endogenous agents induce replication stress or generate free radicals derived from the oxidative metabolism, whereas
exogenous agents such as ionizing or ultraviolet (UV) radiation and chemotherapy induce structural changes such as
single strand (SSB) or double strand breaks (DSB) in DNA via base modifications, helix-distorting bulky lesions, or cross-
links of DNA strands, and are repaired by biochemically distinct DNA repair pathways €. DSBs are the most severe form
of DNA damage in eukaryotic cells, because they lead to inefficient repair and cause mutations or induce cell death.

] 2. Types of DNA Damage

DNA lesions affect a huge number of cells in the human body, occuring at a rate of 10,000 to 1,000,000 molecular
lesions per cell per day . Unrepaired or incorrectly repaired DNA damage can lead to serious genome aberrations or
mutations, potentially affecting cell survival. However, some mutations change cell proliferation due to defects of certain
genes, e.g., oncogene, a tumor-suppressor gene, or a gene that controls the cell cycle.

One of the main sources of DNA damage is ionizing irradiation, which can cause direct or indirect DNA damage leading
to changes in the structure of DNA that affects nuclear stability 09, lonizing radiation can be of various types such as
alpha particles, beta particles or gamma radiation M. This radiation releases energy when passing through cellular
material and can disrupt proteins and nucleic acids 12, Irradiation can cause DSB at the phosphodiester backbone of
DNA 131, The level and complexity of DNA damage is influenced by the dose of radiation. Radiation doses can also
impact the cellular microenvironment and the type of DNA damage 4., In addition, other factors play a role in initiating
DNA damage, such as reactive oxygen species. Radiation damages cells by direct ionization of DNA and other cellular
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targets and by indirect effects through ROS 18I, Oxygen-derived free radicals in the tissue environment are produced due
to the exposure to ionizing radiation; these include hydroxyl radicals, superoxide anion radicals and hydrogen peroxide.
Two-thirds of the damage caused by X-rays and gamma rays are efficient in killing cancer cells. Radiotherapy leads to
the production of ROS which affect the survival rate and increase the level of apoptosis in normal cells (Figure 1) (6],

After DNA damage occurs, the DNA repair proteins should identify the site of the damage and determine whether to
repair the damage or push the cells towards apoptosis through a DNA damage check point. Apoptosis or programmed
cell death (PCD) plays a vital role in maintaining tissue homeostasis by removing diseased or injured cells. Mitochondrial
fragmentation within such cells leads to caspase activation and cell death when cells pass through critical checkpoints
[718] Conversely, survival pathways such as target of rapamycin complex 1 (TORC1) are activated in response to
genotoxic stress to maintain deoxynucleoside triphosphate pools.

Abnormal cell proliferation is one of the hallmarks of cancet, but the behavior and the response of cancer cells to the
treatments is not well known and still under investigation 29,
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Figure 1. DNA damage and repair pathways. Different factors are responsible for initiating DNA damage such as
radiation and reactive oxygen species which cause several types of lesions in the DNA double helix. The repair pathway
involved in the process is dependent on the damaging agent and lesion generated. Base excision repair (BER),
nucleotide excision repair (NER), non-homologous end joining (NHEJ), reactive oxygen species (ROS) and DNA
mismatch repair (MMR).

] 3. DNA Damage Response

DNA repair pathways are encoded by a class of proteins that detect DNA double stand breaks, chromosomal
fragmentation, translocation and deletions, and can correct some alterations 21, Cells suffer constant and regular insults
from genotoxic agents. The DNA damage response (DDR) pathway responds to cellular damage by using signal sensors,
transducers and effectors 2. Such mechanisms help the genome to tolerate or correct damage on an ongoing basis.
Endogenous cellular processes produce free radicals, which affect human cells around 10,000 times/day and cause
oxidative DNA damage 3. The presence of DNA damage or DNA replication stress leads to abnormalities in DNA
structure which subsequently stimulate the DDR pathway 24,

DDR mechanisms include multiple DNA repair pathways, damage tolerance processes and cell-cycle checkpoints2.
DNA replication stress activates DDR leading to DNA double-strand breaks (DSBs) and genomic instability 28 DDR can
regulate genomic stability by repairing damaged DNA or removing defective cells by programmed cell death 4. On the
other hand, genomic instability and deregulation of DNA damage repair (DDR) pathways can be associated with cancer
progression 28, Mutations or deletion of genes responsible for regulating cell division or tumor suppressors can also lead
to genomic instability and cancer 29, Genetic alterations that lead to cancer are more likely to occur in actively
proliferating tissues. Cells with high rates of proliferation are more susceptible to DNA damage and tumorigenesis B2,
Genomic instability is responsible for tumor progression and the modification of normal cells to cancer cells. In hereditary



cancers, the frequency of the mutated base pair is induced due to loss in the function of the DNA repair genes 2111321,

The tumor-suppressor protein Tp53 identifies the presence of DSB and activates the signaling pathways that regulate
tumor progression and promote apoptosis. Mutations in the p53 gene affect DNA damage repair and promote cancers
183 A functional DDR is essential for human health, and dysfunction can lead to several diseases such as immune
deficiency, neurodegeneration, premature aging, and cancer. The PIKK kinase family members, ataxia telangiectasia
mutated (ATM) and RADS-related (ATR) are major regulators of DDR. They are sensor proteins and often work together
in response to DNA damage signals. ATM and ATR recognize changes in the DNA structure and, as a consequence,
mediate downstream protein phosphorylation events and facilitate DDR 24,

Well-studied DNA repair pathways including base excision repair (BER) for SSBs, nucleotide excision repair (NER) for
bulky adducts, and non-homologous end joining (NHEJ) and homologous recombination (HR) for DSBs. In addition, there
is also DNA mismatch repair (MMR) for the correction of replication errors such as base-pair mismatches and
loops/bubbles arising from a series of mismatches 3.

] 4. Components of the DNA Damage Response

In mammalian cells, the major DDR-signaling components include the protein kinases ATM and ATR, which are induced
by DSBs and replication protein A (RPA) that binds to single-stranded DNA (ssDNA) [B8I37 The protein kinases CHK1
and CHK2T are targeted by ATM/ATR. Both are responsible for inhibiting cyclin-dependent kinase (CDK) activity through
different mechanisms, which are facilitated by stimulation of the p53 transcription factor [B8l. Cell-cycle progression at the
G1-S, intra-S and G2-M “cell-cycle checkpoints” are reduced or arrested by the inhibition of CDKSs. This step is thought to
be essential for improving the chance of DNA repair before replication or mitosis is completed. However, DNA repair is
enhanced by ATM/ATR signaling through stimulating DNA repair proteins transcriptionally or post-transcriptionally by
modulating their phosphorylation, acetylation or ubiquitylation 2. The activation of DNA repair proteins acts by recruiting
repair factors to the site of damaged DNA. Proteomics studies demonstrate that the DDR regulates additional cellular
processes, as this technique recognizes a considerable amount of uncharacterized ATM/ATR-mediated phosphorylation
sites 9. |n the event that there is no defect in this mechanism, this will allow efficient DNA repair so that DDR
inactivation ensues, which leads to retrieving normal cell functions. On the other hand, if the repairing mechanism is not
able to eliminate the damaged DNA, chronic DDR signaling prompts cell apoptosis, causing cell death or a state of
stable cell-cycle arrest; both responses function as a potential anti-tumor response 11,

Furthermore, DDR is affected by chromatin structures that may be modified in response to DNA damagé?2l. One of the
main examples is the phosphorylation of serine-139 of the histone H2A variant. H2AX is mediated by ATM/ATR/DNA-PK,
on chromatin located on the sites of the DSB. The stimulation of DSB repair and increased DSB signaling are through the
ubiquitin-adduct formation in the DNA damaged regions, and the recruitment of DDR factors besides other chromatin-
modifying components 2. Remarkably, the chromatin relaxation at sites of DSBs is caused due to the activation of ATM
48] and in DDR the H2AX tyrosine-142 phosphorylation is functioning44l45]. These findings suggest that further
investigations are needed on DDR-induced chromatin modifications.

] 5. DDR and Disease Treatment

The most well-known cancer treatments function based on generating DNA damage, such as radiotherapy and
chemotherapy. These types of treatments are efficient, although they cause dose-limited toxicities in normal cells. The
rapid proliferation of cancer cells compared with normal cells is due to an impaired DDR. However, the rationale
underlying the resistance to cancer therapy is associated with common DNA repair mechanisms. For instance, it has
been reported that the treatment of glioblastoma is difficult as a result of the unique properties of their DDR machinery
48] These findings meditated that using DDR inhibition might promote the efficacy of radiotherapy and DNA-damaging
chemotherapies. Moreover, there are many DDR-inhibitor drugs in early stage trials including Mitomycin C, Cisplatin,
Etoposide (Topo Il), anthracyclines, Epirubicin and Daunorubicin (Topo I1) 4248l Blocking apoptosis is another potential
application for DDR inhibitors to reduce the toxicity levels in normal cells, which are mediated by CHK2 and p53 .

Generally, one or other aspects of the DDR are defected in all cancer cells due to alterations of the behavior of cells
during tumor evolution. Therapeutic outcomes are improved when there is a decrease or loss in the DDR factors. There



is an exception of poor resistance to the therapeutic effect in the case of disorders in p53 and other pro-apoptotic
proteins 459 However, the use of DDR pathway inhibitors has a greater effect on cancer cells than normal cells. In
some cases, different DNA repair pathways could be involved and might overlap in function and each pathway might be
used as an alternative pathway in repairing DNA damage. An example of the repairing pathway inhibitors includes drugs
that target the enzymes that facilitate the repairing process, such as PARP-1, which binds SSBs and BER intermediates.
Remarkably, PARP inhibitors are comparatively non-toxic to normal cells, but impact cytotoxicity in homologous
recombination deficiency cells, especially in cells which have a defect in BRCA1 or BRCA2 genes 5152 The HR-
defective cells are defected in BRCA gene and are considered as cancer cells, indicating that the wild-type BRCA allele is
completely absent. In patients having one wild-type BRCA allele and one mutant BRCA allele, the HR is unimpaired in
their normal cells. HR is required to repair the accumulation of SSBs that are converted later into pernicious DSBs due to
inhibition of PARP1. The BRCA1- or BRCA2-deficient cancer cells are not able to repair the lesions in the same way as
the normal cells that are repaired by HR 53], The HR repair is impaired in cancerous cells, and subsequently the tumor
cells lead to apoptosis. These observations prove that the defects occur in two different genes or pathways, together

resulting in cell apoptosis, whereas defects in one of the two different genes or pathways do not affect the cell survival
[54]

In addition, in a phase | trial on PARP inhibitor as a single agent in patients with BRCA mutations using oral PARP
inhibitor olaparib in order to prove the safety of olaparib as a single agent, the patients with BRCA-mutated breast,
ovarian, or prostate tumors showed a positive response toward this inhibitor 2. In the later phase Il studies, performed
on patients with breast or ovarian cancer with germline BRCA mutations, one-third of them had a positive response to the
drug with a low level of toxicities B8l. Currently, PARP inhibitors are used to treat BRCA-mutated ovarian cancer and also
have been approved for the treatment of advanced BRCA-mutated breast cancer 4. Further trials using PARP inhibitors
on tumors that have HR defects due to mutation or epigenetic inactivation of HR components suggest the applicability of
this treatment to be used for ovarian, prostate and pancreatic cancers. Furthermore, the effectiveness of DNA-damaging
agents improved after using CHK1 inhibitors, particularly in p53-deficient cells 581,

The discovery of CRISPR/Cas9 technology, which is based on genome editing, could be performed efficiently through
targeting the genes that cause cancers and cancer therapy. A CRISPR/Cas9 system was utilized to target the oncogene
HERZ2 leading to inhibition of cell growth in breast cancer cell lines. The addition of PARP inhibitors increased the
inhibitory effect B9. Poly (ADP-ribose) polymerase (PARP) inhibitors are currently used as cancer treatment only in cells
defective in the homologous recombination (HR) pathway 2. The clinical use of PARP inhibitors might extend especially
after recognizing the genetic targets that stimulate or mimic HR deficiencies using CRISPR/Cas9. A study demonstrated
that TP53 induced glycolysis and apoptosis regulator (TIGAR) is developed in various types of cancers, and the overall
survival in ovarian cancer was decreased when the expression of TIGAR was increased 81l Therefore, in order to
improve the sensitivity of cancer cells to olaparib, TIGAR was knocked down which has an impact on metabolic pathways
and increased the cytotoxic effects of olaparib. This step causes downregulation of BRCA1 and the Fanconi anemia
pathway and promotes programmed cell death of these cells 2.

Improving the methods to distinguish between cancer and normal cells is necessary for the development of diagnostic
procedures which help to ameliorate the efficacy of DNA-damaging and DDR-inhibitor therapies. Moreover, screening for
DDR-markers as DDR is activated during oncogenesis, is sensitive and beneficial especially for the detection of cancer
that might allow efficient detection of pre-malignant disease 3!, Improving therapeutics that stimulate DDR events can be
possible in the longer term to control cancer incidence. This experiment was applied to genetically engineered mice
expressing p53-dependent DNA damage responses and showed less tumors compared to wild-type mice B4,
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