
Introduction

DNA is one of the most critical molecules in living

organisms containing all the genetic information needed

for growth and cell development. It transmits genetic

information from generation to generation through the

process of replication. However, various agents and

events cause its degradation and in this way, DNA gets

mutated and leads to different types of diseases including

cancer. Organisms contain enzymes and chemicals in

their cells that degrade DNA in various forms, for

example, during the process of apoptosis but these

enzymes can also cause damage to the DNA of healthy

cells (Kawane et al., 2014).

The genomic integrity is very important for cells, tissues

and organism�s survival. DNA damage is a continual

threat because genetic material is chemically unstable

under physiological circumstances and susceptible to

bout by endogenic and external factors. To contest this,

organisms have mechanisms to sense damaged DNA

and repair it (Yousefzadeh et al., 2021). Cells replicate

millions and billions of nucleotides at every cell division

and encounter changes in DNA and repair them via

replication coupled DNA repair mechanisms (Cortez,

2019).

DNA can also get damaged as other molecules get

different types of changes or mutations due to various
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chemical reactions. Changes in the standard structure

of DNA can be very serious as linked with the process

of cellular replication and inheritance. DNA damage

can lead to serious genetic diseases, syndromes and

many other complications including cancer. There are

numerous causes of DNA damage, including mutagens,

UV radiations, spontaneous mutations and incorrect

base pairing during DNA replication (Nilsson and Liu,

2020). Mitochondrial reactive oxygen species damage

the DNA at an exponential rate and are the cause of

aging and various diseases (Huang et al., 2020a). The

chemical contaminants such as hazardous metals, ionic

and organic contents significantly damage DNA and

the level of DNA damage due to such impurities could

be used for assessment of ecological risk for organisms

such as fish (Bae et al., 2020; Moon et al., 2020).

Our data is briefed and organized from literature

published in renowned journals, including research and

review articles, scientific reports and books.

Types of DNA damage. DNA damage can be cate-

gorized into two major groups: exogenous and

endogenous. Endogenous type DNA damage results

from cellular replicative errors, DNA-topoisomerase

complexes, DNA base mismatches, a-basic sites,

spontaneous base deamination, DNA methylation and

oxidative reactions. Exogenous DNA damage is mainly

caused by ionizing and UV radiations. The chemical

agents such as aromatic amines, alkylating agents,

aromatic polycyclic hydrocarbon, toxins, reactive
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electrophiles and environmental stresses are also

involved in DNA damage (Swenberg et al., 2011;

Lindahl, 1993). Description of different types of DNA

damage and their causative factors are content of our

review, presented in the diagram (Fig. 1).

This DNA damage may be very harmful and lethal if

not repaired in time. The mutating agents may cause

base deletions, substitutions, frameshift changings,

translocations, trans-lesions, transversions and even

chromosome doubling or deletion (Wolters and

Schumacher, 2013). Also, the DNA replication enzyme

makes some mistakes, even with proofreading

mechanisms. However, cells contain mechanisms that

can respond to stress with damaging effects. Maintenance

of genetic stability is possible in a variety of ways,

including damage tolerance, cell division checkpoints,

repairing of DNA mutations and structural changes but

if still DNA damage cannot be repaired, the cells undergo

programed death (Alhmoud et al., 2020). In Fig. 2,

DNA repair mechanisms are represented with little

details. Prominent ones include DNA polymerase self-

correcting and proofreading, mismatch repair, base

excision repairs, nucleotide repair and repairing of

double strand breaks (De-Almeida et al., 2021). Thus,

the Fig. 2 representing different DNA damaging agents,

their effects and possible repair mechanisms.

DNA repair. There are number of mechanisms to repair

DNA damages, with two major classes, direct reversing

the pathways responsible for generating damaged DNA

and nucleotide base replacement which are damaged

or mutated. The cell genome consists of DNA; therefore,

its correct functioning is crucial for the organism�s

survival, growth and development. Mutations in the

DNA sequence and changes in its structure leads to

cancer and many other critical deleterious consequences

(Swenberg et al., 2011). Therefore, their reversing or

repairing is critically important.

DNA polymerase proofreading and self-correction.

DNA polymerases possess a high fidelity in DNA

replication, which is very efficient, with only one

nucleotide mispairing in 1010 nucleotides. Firstly, a

correct nucleotide pairing is more attractive to the DNA

polymerase process in DNA replication, as well as a

correct nucleotide base pairing is energetically

favourable. When a nucleotide binds to the template

strand, DNA polymerase tightens its grip on the

nucleotide because of a conformational change as this

change and tightening occur more favourably with

correctly base paired nucleotide. Also, the 3¢ to 5¢

exonuclease and proofreading activity repairs any mis-

paired nucleotide that excised the initial fidelity

mechanisms. When it finds a mis-paired nucleotide, it

removes enough nucleotides until it reaches a normal

3´ OH group of a correctly paired nucleotide and start

synthesizing new strand again (Fernandez-Leiro et al.,

2017; Reha-Krantz, 2010; Catalano and Benkovic,

1989).

Direct reversal of damaged DNA. It is a DNA repair

mechanism which does not need any template which

is applicable to repair UV photochemical lesions/

pyrimidine dimers (caused by direct absorption of UV)
DNA Damage
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DNA Base mismatches,
replication errors, and
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Fig. 1. An overview of DNA damage including

its types, causative agents and effect.
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Fig. 2. Schematic explanation of DNA damage,

agents that cause various types of damage

and associated repair mechanisms.
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and alkylated bases (specific bases add alkyl groups

and produce alkylated products) which possess the

ability to alter the structure of DNA chain by hindering

transcription pathway in the nearby area of DNA damage

(Chatterjee et al., 2017).

a) Photoreactivation. It is a direct reversal DNA repair

mechanism in which the utilization of visible light

spectrum reverses DNA damage. Due to UV radiations,

a covalent bond forms between the adjacent pyrimidine

residues (T-T dimers). This dimerization results in the

loss of DNA symmetry. Here photoreactivation (a DNA

repair mechanism) works to remove such dimers (Banas

et al., 2020; Strza ka et al., 2020; Sutherland, 1978).

Mechanism. In this mechanism, DNA photolyase

recognizes the dimer. The DNA photolyase enzyme

contains two light-harvesting cofactors. One is FAD

(Flavin adenine dinucleotide) and the other is MTHF

(methionine tetrahydrofolate). MTHF absorbs visible

light from the spectrum preferentially violet blue to the

end of the spectrum. Once the MTHF gets excited, it

transduces electrons and energy moves to the FAD and

by accepting the electrons from MTHF, FAD is reduced

to produce FADH2. After this, FADH2 transmits the

high energy electrons towards the pyrimidine dimers

and forms a dimer radical which is highly unstable and

it spontaneously decomposes into its monomer and

monomer radicals (Kneuttinger et al., 2014). Then

finally, the unstable dimer radical separates into two

pyrimidines, dimer breaks off and DNA damage gets

fixed. This occurs in both prokaryotes (Sutherland,

1978) and eukaryotes (Kimura et al., 2004).

b) DNA demethylation repair mechanism. DNA

methylation can occur by exposure to alkylating agents

that cause problems in DNA, such as conversion of

guanine into O6-methylguanine (O6-meG) (Kang et al.,

1995; Loveless, 1969). In vitro, the O6-meG blocks

DNA elongation during DNA replication. O6-meG-

DNA methyltransferases (MGMT) in its active form

(cys-SH) binds the methyl group (-CH3) to the O6-

methylguanine nucleotide. DNA demethylation repair

removes methyl group (-CH3)  from O6-methylguanine,

attaches it with itself and gets inactivated (Cys- S-CH
3
).

After removal of methyl group (-CH3), the O6-

methylguanine gets converted into guanine, which is

normal nucleotide base of DNA (Liu and Lang, 2020;

Pegg, 2011; Srivenugopal et al., 1996).

Mismatch repair (MMR). MMR is a post-replicative

repair pathway that recognizes and removes mismatched

bases that have risen during insertion/deletion loops

due to strand slippage and replication. The MMR also

plays a significant role in various cellular processes

(DNA-damage signaling, class-switch recombination,

mitotic and meiotic recombination, microsatellite

stability, somatic hypermutation, apoptosis and triplet

repeat expansion) (D�Arcy, 2019; Jiricny, 2006; Modrich,

2006).

Mismatch repair relies on signals within the helix to

direct repair to the newly synthesized strand of DNA.

In the methyl-directed pathway, newly synthesized

DNA is transiently unmethylated at GATC sites and it

is the absence of this modification that directs repair to

the new strand.

Normal bases are A, G, C and T in DNA. Sometimes

bases such as U (produced due to deamination of �C�),

hypoxanthine (produced by deamination of A), 5-

methyladenine (produced by methylation of A) and 5-

methyl-guanosine (produced by methylation of G) are

inserted in DNA structure. Transition of C into U is

dangerous because it creates a premutagenic U:G mis-

pair. As �U� pairs with �A�. So, in the next round of

replication GC base pair is converted into AU (T) base

pair (Krokan et al., 2002).

Hypoxanthine (Hx) is a major lesion generated by

deamination of adenine during inflammatory conditions,

which is an underlying cause of various diseases

including cancer of colon, liver, pancreas, bladder and

stomach (DeVito et al., 2017). There is evidence that

deamination of DNA bases induces mutations but no

study has directly linked Hx accumulation to mutagenesis

and strand-specific mutations yet in human cells. Hx is

a highly mutagenic lesion capable of generating A:T®

G:C transitions and large deletions with a significant

variation in leading and lagging strands in human cells.

Therefore, it is necessary to remove DNA mismatches

by the mismatch repair system (Alberts et al., 2015;

Bernstein et al., 2013).

a) Mechanism. The MMR process involves a complex

interplay of Mut proteins (MutS, MutL, MutH) with

the replication and/or recombination machinery. It is

activated by the binding of the mismatch recognition

factors, MutSa and MutSb, to substrates that contain

base mismatches and insertion/deletion loops that arise

during recombination due to errors in DNA polymerase

activity (Jiricny, 2006). Methyl-directed mismatch repair

is initiated by the mismatch provoked, MutS-MutL-

MutH dependent cleavage of the unmodified strand at
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a hemi-methylated GATC sequence. There are four

basic steps of DNA polymerase repair mechanism:

recognition, removal, synthesis of new nucleotides and

ligation. Normally, the parent strand is methylated at

GATC containing methylated adenine, while the

daughter strand is hemi-methylated. Deoxyadenosine

methylase enzyme methylates the adenine in GATC

sequence. This methylation marking of A is necessary

to get the idea of the parent strand and the daughter

strand. Strands are methylated long after replication.

So, the newly synthesized DNA strand shortly after the

replication remains un-methylated. They are methylated

only after a particular interval of time. By this cells can

easily recognize which one is parent and daughter strand.

So, if there is any mis-corporation of base during

replication, the daughter strand can easily be identified

due to its hemi-methylation. First, MutS recognizes and

binds with mismatched nucleotides. MutS recruits MutL,

MutL forms a loop-like structure bringing the mismatch

containing areas close together. MutH is recruited then

which has endo-nuclease activity and cut DNA backbone

having mismatched base sequence at two points. After

this MutS, MutL and MutH are removed and UrvD

(helicase-like protein) is recruited here. It simply releases

mismatch containing DNA strands out. A long gap is

left here having 3¢OH group at the end. DNA polymerase

I adds correct nucleotides and ultimately leaves a nick

filled by DNA ligase (Alberts et al., 2015; Junop et al.,

2003; Norbury et al., 2001).

Clinical conditions associated with MMR. Germline

mutations in the genes of MMR can lead to:

· Lynch syndrome (which increases the vulnerability

to cancer such as ovarian and colon cancer), (Duraturo

et al., 2019; Barnetson et al., 2006; Worthley et al.,

2005; Jacob and Praz, 2002)

· Huntington�s disease (Iyer and Pluciennik, 2021)

Base excision repair (BER). Any change within a single

base of the DNA is cleaved out by BER. DNA

glycosylase cleaves the wrong base (U, hypoxanthine,

3-methyadenosine) out from the DNA strand without

cleaving the DNA backbone. Glycosylases are specific

according to their target bases e.g., Uracil glycosylase

removes the U (unwanted base) from the DNA strand,

hypoxanthine glycosylase removes hypoxanthine and

3-methyadenosine glycosylase removes 3-methyguano-

sine from DNA. AP sites (apurinic/apyrimidinic site)

are created after the removal of mismatch bases. AP

sites in the DNA are indication for DNA repair because

these are not the part of normal DNA structure where

the bases are paired like (A=T, C=G). AP endonucleases

attach at the AP sites and make a nick in their respective

backbone. Once the nick is created, the target stretch

of DNA is cleaved out along with 2-3 extra nucleotides

by 3¢ to 5¢ exo-nucleolytic activity of DNA Pol III.

DNA Pol III cuts bases out of the DNA in one direction

and fills the generated gap too by incorporating new

nucleotides. These two processes take place

simultaneously. It ultimately leads to a simple nick

which is closed by an enzyme DNA ligase (Jeppesen

et al., 2011; Wilson III et al., 2011; Wilson III and Bohr,

2007). Fig. 3 represents the pathway of DNA base-

excision repair.

a) Clinical conditions associated with BER.

· Cancer predisposition (colorectal cancer and

MUTYM-associated polyposis) (Wallace et al., 2012;

Cheadle and Sampson, 2007)

· Neurological abnormalities (Wallace et al., 2012)

and immunological defects (Stratigopoulou et al., 2020;

Imai et al., 2003)

Nucleotide excision repair (NER). This process removes

the massive lesions created in DNA by UV radiation,

environmental mutagens and DNA damage due to

Base excision repair

Fig. 3. Base-excision repair mechanism. This

pathway starts with a DNA glycosylase.

Here, the enzyme uracil-DNA glycosylase

eliminates an accidentally aminated

cytosine in DNA after the action of this

glycosylase (or another DNA glycosylase

that identifies a different kind of damage),

the sugar phosphate with the lost base is

cut out by a progressive action of AP

endonuclease and phosphodiesterase. The

gap of a single nucleotide is then filled by

DNA polymerase and DNA ligase. The net

result is that the U that was created by

accidental deamination of C is restored to

C.
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chemotherapeutic agents which distort DNA double

helical structure (Schärer, 2013). NER excises the

nucleotide stretch from DNA sequence having lesions.

UvrB and UvrC (proteins mainly involve in repair of

DNA lesions occurred due to UV radiations) dimer

proteins self-anneal and form UvrB-UvrC complex by

the utilization of ATP (ATP®ADP+Pi). Then, the UvrB-

UvrC complex is loaded on the actual DNA lesion site

using ATP. UvrC first cuts the DNA backbone with

wrong nucleotides and cleaves using its exonuclease

activity (Crowley et al., 2006). Here, again ATP is

utilized. Another protein UvrD is recruited at this site.

UvrD protein cleaves the two strands of DNA and leaves

a gap with free 3¢OH group at one end. DNA polymerase-

I fills this gap with correct nucleotides (15-20). A nick

is left which is then sealed by DNA ligase (Fig. 4).

Ultimately the double-stranded DNA molecule is formed

with right bases (Fagbemi et al., 2011).

a) Clinical conditions associated with NER.

· Xeroderma pigmentosum: In this UV light induced

the formation of T-T dimers. Person with this syndrome

is sensitive to sunlight, which is observed by multiple

freckles on sun-exposed skin areas and precancerous

conditions (Ferri et al., 2020; Kraemer et al., 1987).

· Cockayne Syndrome (Schumacher et al., 2009)

· Trichothiodystrophy (TTD) (Faghri et al., 2008)

· Rare UV-Sensitive Syndrome (Ferri et al., 2020)

· Crebro Oculo-Facio Skeletal syndrome ((Ferri et

al., 2020: Diderich et al., 2011; Kraemer et al., 2007)

Single strand break repair (SSBR). Single strand breaks

are produced due to oxidative stress, wrong action of

the DNA Topoisomerase-1 and the creation of a-basic

sites. Untreated SSBs stop the DNA replication, trans-

cription and affect the poly-ADP ribose polymerase 1

(PARP1) activation (Iyama and Wilson III, 2013). Three

pathways of SSBR are based on the cause of SSBs.

a) Long patch SSBR pathway. SSBs which are sensed

by PARP1 (poly-ADP-ribose polymerase) and after

detecting one PARP1 dissociates from SSB to detect

the next SSB. Then end processing is done by APE1

(apyrimidinic/apurinic endonuclease 1), aprataxin and

PNKP (polynucleotide kinase 3¢-phosphatase. Next,

flap-structure-specific endonuclease-1 (FEN1) detaches

the damaged 5' ends aided by proliferating-cell nuclear-

antigen (PCNA) and PARP1 leaving behind a ssDNA

gap, which is filled by POL d/e and POL b (Abbotts et

al., 2017). Ligation is supported by the DNA Ligase-1,

which relies on the presence of X-ray repair cross

complementing-1 (XRCC1) and PCNA (Klungland and

Lindahl, 1997; Frosina et al., 1996).

b) Short patch SSBR pathway. APE1 recognizes the

SSBs formed during BER. End processing pathway is

similar to the long patch repair. POL b enzyme alone

fills the gap, while ligation is completed by LIG3 (Dianov

et al., 1992).

c) TOP1-SSB pathway. It is a modified form of the

PARP1-dependent long-patch-repair in which the

processing of ends is performed by the tyrosyl-DNA

phosphodiesterase-1 (TDP1) enzyme that detaches the

TOP1 from the 3'-end (Zhou et al., 2005). These patients

consume genetic variability and high occurrence of

cancers.

d) Clinical conditions associated with SSBR.

· Spinocerebellar-ataxia is associated with axonal

neuropathy-1 (Takashima et al., 2002)

· Ataxia-oculomotor apraxia-1 (Moreira et al., 2001)

Double strand break repair. DNA double-strand breaks

are produced when alpha and beta particles or gamma

rays are deposited in our body or when we consume

toxic ingredients (such as smoke, hair spray, etc.). In

this case, right sequence of nucleotides is lost (O�Driscoll

et al., 2004). This sequence might be vital for the

survival of an organism. Thus, it is essential to repair

it. Double-strand breaks are mortal to cells, as both

strands of DNA got affected and support the loss of

genomic information (Altaf et al., 2007).

Nucleotiode excision repair

Fig. 4. Nucleotide-excision repair mechanism.

First step is the recognition of problematic

nucleotide. In the next step DNA helicase

create a nick in the strand where abnormal

nucleotides were found and removes them

until a normal 3¢ OH group is exposed.

Then DNA polymerase construct that strand

and ligase enzyme fills the nick.
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The double strand break repair has two mechanisms

(Difilippantonio et al., 2002):

Homologous recombination. The homologous

recombination repair system uses homologous

chromosome/sister chromatid as a template in order to

recover the lost part of the DNA.

a) Mechanism. Due to exposure to UV radiations,

double-stranded breaks appear in DNA with little

overhangs. The sister chromatid is used as a template

to repair these double-stranded breaks when there is no

UV damage of the sister chromatid. A homologous

chromosome is used when sister chromatids are not

damaged by UV radiation. The HR repair takes place

in S or G2 phase. MRX (MRN complex/Mre II-Rad50-

NbS1) complex in yeast comes into contact with

damaged DNA (Stracker and Petrini, 2011), its function

is to resect the DNA end, producing 3¢ overhang

(~1000bp), which is single stranded-DNA (ssDNA) -

DNA is known as 3¢ overhang. Different small proteins

such as replication protein A (RecA) bind to ssDNA.

Its function is to avoid single-stranded DNA from

nucleases and re-winding. The RecA proteins form a

helical nucleofilament on ssDNA (Huang et al., 2020b).

DNA double-strand breaks (DSBs) repair by homologous

recombination is carried out by a number of proteins

that may act within a multi-protein complex. McIlwraith

et al. (2000) found that hRAD51-BRCA2 protein

complex replaces the RPA protein. Further, hRad51

binds to the ssDNA of tailed duplex DNA molecules

and catalyzes the invasion of tailed duplex DNA into

homologous covalently closed DNA (Wright et al.,

2018).

After searching for homologous chromosomes, a loop-

like structure is formed between the DNA with the

double-strand break and the homologous chromosome

known as the D-loop (McIlwraith et al., 2005). The 3¢

overhangs use the homologous chromosome nucleotides

as a template and add nucleotides along with it. Once

the nucleotides are added and the process is completed,

the termination process starts. Here are two options for

termination which are:

i. Non-crossover HR repair. In non-crossover HR repair,

both the homologous chromosomes (the repaired

chromosome and chromosome used as template) are

the same as before the damage (Fekairi et al., 2009; Ip

et al., 2008).

ii. Crossover HR repair. In this mechanism, homologous

chromosomes exchange part with each other, just like

crossing over during meiosis. Sometimes this exchanging

part is beneficial for the individual and occasionally

harmful depending upon what sequence they exchanged

and the effect they will produce on the body (Heyer et

al., 2010; San-Filippo et al., 2008).

Non-homologous end-joining (NHEJ). The NHEJ is

a pathway that repairs double-strand breaks in DNA.

This DNA repair system does not utilize sister

chromatids/homologous chromosomes as template to

restore the missing part of the nucleotide chain (Soulas-

Sprauel et al., 2007).

a) Mechanism. Due to exposure to UV radiations,

double-stranded breaks appear in DNA with little

overhangs. Here sister chromatid or homologous

chromosomes are not present as a template. Rather than

this, DNA is trimmed and joined back to recover the

lost part of the DNA. Ku proteins (heterodimers having

Ku-70 and Ku-80) attach with single-stranded ends and

move along the few base pairs. Ku protein provides

platform for other proteins to come and make complex

and do their job. Now Ku protein recruits DNA-PKcs

protein (DNA protein kinase catalytic site) on the single-

stranded DNA along with itself (Getts and Stamato,

1994; Taccioli et al., 1994). Arthemis protein binds

with Ku protein-DNA PKcs complex. The kinase of

DNA-PKcs phosphorylates the arthemis and makes it

active. Arthemis protein possessess 3' and 5' exonuclease-

activity and trims the single-stranded overhang damaged

DNA to create the double strand with blunt ends (Ma

et al., 2002). These blunt ends are joined back by using

DNA ligase (Andrade et al., 2009). Double stranded

DNA is produced without any break, but this double-

stranded DNA does not resemble the original DNA

because the lost part of the nucleotides is not restored.

The HNEJ system is more common than HR repair

system.

Clinical conditions associated with DSBR.

· Lesions (blindness)

· Radiosensitivity and microcephaly (Buck et al.,

2006)

· Severe combined immunodeficiency (SCID)

phenotype and developmental delay (O'Driscoll et al.,

2001)

Trans-lesion DNA synthesis (TLS) and repair. TLS

is the process by which cells containing the unrepaired

DNA damage (which stops the replication fork from

moving) are copied. TLS polymerases carry out trans-

lesion synthesis.

195Review: DNA Damage and Repair Mechanisms



In eukaryotes. A normal replicating enzyme (DNA

polymerase III) stalls at a bulky adduct, damaged part

or at lesion because the bulky adducts cannot get into

the active site of normal replicating DNA polymerases.

The assembly of PCNA (proliferating-cell nuclear-

antigen) and polymerase d dissociates and pol d is

replaced with ubiquitinated molecule which is now

ubiquitinated PCNA. Ubiquitinated PCNA polymerase

operates trans-lesion DNA synthesis on the damaged

part of DNA. The TLS Polymerase continues to replicate

by �bypassing� the lesions and thus the cell survives.

When the TLS polymerase does not insert a nucleotide

against the adducts, replication stops and the cell dies

(Nayak et al., 2021; Prakash et al., 2005; Kannouche

and Lehmann, 2004; Kannouche et al., 2004).

In prokaryotes. When the DNA Pol-III with -clamp

approaches at the DNA adduct (T-T dimer) replication

fork stalls. Here 2 mechanisms are involved in TLS

process to bypass DNA adducts/lesions.

The first studies (1984-1985) showed that RecA

(recombination protein A) and UmuDC (a polymerase

with two subunits that regulate mutagenesis) attach to

DNA Pol III and add nucleotides opposite the adduct.

It is not the DNA polymerase III but it is RecA-UmuDC

complex that is adding nucleotide against the adduct.

After bypassing adduct, nucleotides are added by DNA

pol III (Ippoliti et al., 2012).

Latest studies show that UmuDC is the part or equivalent

to DNA pol V (belongs to Y-family of DNA-poly-

merases) at the point of bulky adduct DNA Pol-III is

replaced with DNA Pol V with beta-clamp by the

utilization of ATP. It adds nucleotides against the adduct.

After bypassing the adduct or lesions, DNA Pol III is

recruited again to continue replication (Ippoliti et al.,

2012).

a) Clinical condition associated with TLS. Xeroderma

pigmentosum (Masutani et al., 1999)

DNA damage in association with telomeres. Telomeres

are highly conserved nucleoprotein assemblies that

constitute the ends of linear chromosomes. Telomeric

DNA contains tandem-repetitive DNA (TTAGGG;

humans). Telomerase (regulator of telomere length) is

an enzyme that maintains and replicates telomeric DNA.

Deprotected telomeres show responses that help to

repair the DNA damage (Chakravarti et al., 2021), such

as recruiting DSBR mechanisms that improve the

unprotected ends, triggering deleterious nucleolytic

degradation, chromosomal fusions, and recombination.

Many environmental toxins (tobacco smoke, Obesity

etc.) and genotoxic stressors (pollutants) cause telomere

shortening (Sobinoff and Pickett, 2017).

b) Clinical conditions associated with telomere

shortening. A decrease in telomerase expression leads

to telomere shortening, which is associated with followed

diseases:

· Tumors (Chakravarti et al., 2021; Martinez-Delgado

et al., 2011)

· Aging (Zhu et al., 2019)

· Several bone marrow failure disorders (Savage et

al., 2008)

· Werner syndrome, bloom syndrome, Fanconi

anemia (Kong et al., 2013)

Save our Soul (SOS) response system. SOS repair or

�emergency� or �bypass� repair response arises when

cells are stunned by UV damage, this lets the cells to

live but with a load of mutagenesis. The SOS mechanism

is solitary activated when unrepaired DNA is amassed

due to failure of other DNA repair systems caused by

huge damage.

Mechanism. It is the �response system� not the �repair

system�. It activates the DNA repair mechanism in case

of stalled replication or extreme DNA damage due to

UV radiations or oxidative stress. Normally Lex-A

protein is the inhibitor of SOS operon. It binds with

SOS box present on the SOS operon�s promoter and

keeps it inactive. Due to this, the genes involved in

DNA repair remain inactive. It also blocks the promoter

region of Rec-A gene operon. If there is any bulky

DNA damage, Rec-A genes get activated and produce

Rec-A protein which triggers the Lex-A protein to be

auto cleaved. So, it breaks itself into two parts (repressor

and activator) and becomes inactive. Now SOS gene�s

box is free from the inhibitory effect of Lex-A protein

dimer. So, the DNA repair genes express themself and

form repair proteins. These proteins control the

expression of many genes like UvrB (used in NER;

error-free repair), DNA Pol V (used in translesion

bypass; error-prone repair) etc. (Maslowska et al., 2019;

Janion, 2008).

Conclusion

Cells are equipped naturally to repair and fight

deleterious DNA mutations. Mutations are helpful from

an evolutionary perspective, but some are so dangerous

that they may lead to diseases that have no cure such

as cancer, which have no cure and can also be inherited

196 Muhammad Bilal et al.



across generations. The environment full of chemicals,

cell-damaging and increasing pollution worsen

conditions associated with DNA damage. DNA damage

responses (DDR) are also used to create mutations and

lesions in the structure of DNA of cancerous cells and

then utilizing cellular repair mechanism, overload the

cells with DNA damage attempts to death; a way to

treat cancer. It is also important to find out the new

mitochondrial DNA damage repair mechanisms, these

mechanisms would be helpful to develop new genome

editing strategies originating from eukaryotic cells rather

than prokaryotic ones such as CRISPR-Cas9 gene

editing system.
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