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Summary
Malfunctioning of some DNA repair pathways predisposes to certain types of cancer. Impaired base excision repair, 
nucleotide excision repair, mismatch repair and recombination are implied in human tissues. These repair pathways are 
engaged very quickly in the cell when the external (chemical carcinogens) and internal (lipid peroxidation products) 
compounds react directly with DNA. This reaction may either lead to different modifications (damages) in DNA and 
genes. This damages may lead finally to mutation and cancer progression and induce different DNA repair mechanisms 
such as. BER, NER, HR and MMR. In the BER mechanisms repair is initiated by the action of a damage-specific DNA 
N-glycosylase that is responsible for the recognition and removal of an altered base through cleavage of the N-glycosylic 
bond and action of AP-endonuclease. Nucleotide excision repair (NER) is the most versatile and flexible DNA repair 
pathway of living cells as it deals with a wide range of structurally unrelated DNA lesions. NER corrects a wide array 
of DNA lesions that distort the DNA double helix, interfere in base pairing and block DNA duplication and transcrip-
tion. The most common examples of these lesions are the cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts 
(6-4 PPs) induced by ultraviolet radiation (UV) and bases with large substitutes derived from chemicals such as polycy-
clic aromatic hydrocarbons or exocyclic adducts. Homologous recombination, utilize large regions of DNA homology, 
usually the homological chromosome, to exchange damaged DNA for the intact one. DNA mismatch-repair system 
(MMR) is involved in the repair of mispaired bases formed during replication, genetic recombination and as a result of 
DNA damage.
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INTRODUCTION
Different mechanisms of the DNA repair

To counteract deleterious consequences of DNA 
damage, the cells developed several repair mecha-
nisms which eliminate from genomes mis-instructive or 
non-instructive elements, as well as seal DNA breaks. 
Various repair systems can be classified into the follow-
ing groups, according to repair mechanism:

1.	Sanitisation of nucleotide pool from modified nucle-
oside triphosphates, which prevents their incorpora-
tion into DNA by DNA polymerases.

2.	Direct reversal of DNA damage, which occurs with-
out breaking of the double helix.

3.	Excision repair, in which a fragment of DNA strand 
containing the lesion is excised, followed by DNA 
resynthesis on the template of the opposite intact 
strand. Three different systems utilize the excision 
mode for DNA repair:

–	 Mismatch repair, which eliminates replication errors, 
some damaged DNA bases, as well as small loops.

–	 Base excision repair, initiated by DNA glycosylases 
which cleave out the damaged base and initiate 
the synthesis step.

–	 Nucleotide excision repair, in which a larger frag-
ment of damaged DNA strand is removed (12-13 
nucleotides in E. coli, 24-32 in eucaryota).

4.	Recombination, which is working in the situation 
of gross damage and unavailability of intact oppo-
site DNA strand or for double-strand break (DSB) 
repair.

5.	SOS repair, based on translesion synthesis past 
DNA damages by specified class of low fidelity DNA 
polymerases tolerant of template structure abnor-
mality, but introducing errors into DNA. Repair of 
exocyclic, unsubstituted etheno-DNA adducts is re-
alized mainly by base excision repair pathway (1). 
1,N2-propanoguanosine with a hexyl side chain 
derived from hydroxynonenal interaction with DNA 
was shown to be eliminated by nucleotide excision 
repair in mammalian cells (2, 3).
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Base excision repair

Base excision repair constitutes the primary defense 
against lesions that do not heavily distort the DNA struc-
ture. BER is responsible for the removal of a variety of 
lesions. These include spontaneous hydrolytic depuri-
nation of DNA, deamination of bases, products of reac-
tion with hydroxyl radicals, and covalent DNA adducts 
formed by intracellular LPO and small reactive metabo-
lites, such as methylating agents. Repair is initiated by 
the action of a damage-specific DNA N-glycosylase that 
is responsible for the recognition and removal of an al-
tered base through cleavage of the N-glycosylic bond 
(4, 5). Base removal generates an apurinic/apyrimidinic 
(AP) site, a noncoding DNA lesion that is both cytotoxic 
and mutagenic. The abasic site is the substrate for an AP 
endonuclease that hydrolyzes the phosphodiester bond 
5’ to an abasic site (6-9). Cleavage by AP-endonuclease 
generates a 3’-OH terminus suitable for extension by a 
DNA polymerase. The resulting 5’ terminus contains a 
deoxyribose phosphate residue (dRP), which must be 
removed and replaced in order to complete repair. BER 
can proceed via two pathways, designated short patch 
(10) or long patch repair (11, 12). In the short patch re-
pair pathway DNA polymerase β adds a single nucle-
otide and also cleaves the 5’-deoxyribose phosphate 
residue using an intrinsic deoxyribosephosphate lyase 
(dRP lyase) activity (13, 14). A DNA ligase then seals the 
nick to complete repair. This generates a repair prod-
uct where only the damaged nucleotide is replaced. 
In the long patch DNA polymerase δ/ε or β and PCNA 
extend DNA chain at the 3’-OH terminus generated by 
an AP-endonuclease, displacing the strand at the 5’ end. 
The antibodies directed against PCNA totally suppress 
repair patches longer than one nucleotide. This creates 
a baseless sugar-containing flap, removed by a human 
flap-endonuclease (FEN1) which is also engaged in ex-
cision of primers during replication. DNA ligase I in long 
patch or ligase III in the short patch seal phosphodiester 
bonds.

DNA N-glycosylases

DNA glycosylases are often able to act upon a variety 
of DNA adducts that result from the action of a number 
of DNA damaging agents, although with different effi-
ciencies and sometimes overlapping specificities. The 
lesions recognized by DNA glycosylases include non-
canonical Watson-Crick base pairs and bases altered 
by deamination, oxidation and alkylation. On the basis 
of their primary substrate specificity all identified DNA 
glycosylases have been classified into several types, 
namely, DNA glycosylases of deaminated, mismatched, 
alkylated, and oxidized bases as well as of pyrimidine-
dimers. DNA glycosylases are generally globular, mono-
meric, small proteins, ranging in molecular mass from 
16 to 60 kDa. They often contain a conserved motif of 
helix-harpin-helix (HhH) which enables them to bind 
DNA. DNA glycosylases act on damaged bases by flip-
ping damaged nucleotides out of the DNA into an en-
zyme active site pocket, where the excision takes place 

(15-17). DNA glycosylases can be separated into two 
groups: 1) enzymes that possess only N-glycosylase 
activity to generate an AP site (monofunctional DNA gly-
cosylases), and 2) proteins that possess DNA glycosy-
lase activity and an activity to incise the phosphodiester 
backbone immediately 3’ of the resulting AP site via 
b-elimination, or 3’ and 5’ via b-δ-elimination, resulting 
in a single nucleotide gap flanked by phosphate termini 
(3’/5’) (bifunctional glycosylases/AP lyases) (18). Due to 
an associated lyase activity, bifunctional glycosylases 
are sometimes termed endonucleases. Cloning of the 
OGG1 gene from Saccharomyces cerevisiae has re-
vealed that DNA glycosylases are not necessarily con-
served throughout phylogeny, yet there is a DNA-repair 
protein superfamily with a wide substrate specificity 
found from bacteria to man.

Nucleotide excision repair (NER)

Nucleotide excision repair (NER) is the most versatile 
and flexible DNA repair pathway of living cells as it deals 
with a wide range of structurally unrelated DNA lesions. 
NER corrects a wide array of DNA lesions that distort the 
DNA double helix, interfere in base pairing and block 
DNA duplication and transcription. The most common 
examples of these lesions are the cyclobutane pyrimi-
dine dimers (CPDs) and 6-4 photoproducts (6-4 PPs), 
induced by ultraviolet radiation (UV), and bases with 
large substitutes derived from chemicals such as poly-
cyclic aromatic hydrocarbons (19). However, NER can 
also correct smaller modified bases. This is the ma-
jor pathway responsible for removing from DNA such 
exocyclic adducts as M1G and 1,N2-propanoguanine 
(20,  21). The overall processes of NER in eukaryotic 
and prokaryotic cells are similar, but there are many dif-
ferences in detail. NER can be separated into two sub-
pathways, slow, global genome repair (GGR) and fast, 
transcription-coupled repair (TCR). Global repair is the 
process by which most lesions are repaired regardless 
of their location in the genome. Transcription-coupled 
repair is characterized by the more rapid repair of le-
sions in the transcribed strand of an expressed gene 
than in the nontranscribed strand or in the rest of the 
genome (22). The mechanism of these two pathways is 
mainly similar except for recognition of the damage and, 
therefore, for initiation of the process. In E. coli, both 
subpathways require the full set of NER proteins, but 
transcription-coupled repair additionally requires an ac-
tively transcribing RNA polymerase (RNAP) and at least 
one additional factor, the transcription repair coupling 
factor, encoded by the mfd gene (23). The latter factor 
is thought to recruit Uvr proteins to RNAP arrested at a 
lesion on the transcribed strand (24), resulting in rapid 
repair of the transcription-blocking lesion.

NER in E. coli requires six proteins: UvrA, UvrB, UvrC, 
UvrD, DNA polymerase I, and ligase (25). In vivo, UvrA 
is present both as a monomer and a dimer, the latter 
complexing with UvrB for initial DNA damage recogni-
tion. This UvrA2B heterotrimer may carry out limited, 
ATP-dependent, processive scanning of the damaged 
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region until the actual damage site is encountered (26). 
At  this point, a conformational change occurs in the pro-
tein-DNA complex, leading to release of the UvrA dimer, 
stable UvrB-DNA binding, and a local bending and unwind-
ing of the damaged region of DNA. UvrC then binds to the 
UvrB-DNA complex, unmasking the cryptic endonuclease 
activity of UvrB. In the case of UV photoproducts, this activ-
ity causes an incision to be made four bases 3’ from the 
lesion. A second incision is made by the UvrBC complex 
seven bases 5’ from the lesion. UvrD, also known as DNA 
helicase II, releases UvrC and the oligonucleotide between 
the dual incisions, leaving UvrB at a 12-base gap on one 
strand. DNA polymerase I fills the gap and dissociates the 
UvrB protein from the DNA. The repair process is complet-
ed by DNA ligase, which seals the nick.

In eukaryotes, most of NER studies were performed with 
cells mutated at different steps of the pathway, including 
cells from human patients with genetic syndromes directly 
related to DNA repair, such as Cockayne’s syndrome (CS), 
trichothiodystrophy (TTD) and xeroderma pigmentosum 
(XP). Xeroderma pigmentosum is marked by an increased 
sensitivity to light, leading to an increase in skin carcino-
mas, and a number of neurological abnormalities (27). 
There are seven complementation groups for xeroderma 
pigmentosum, XPA to XPG, defined by the ability of fused 
fibroblasts to repair damage after UV irradiation. The genes 
mutated in these complementation groups have been 

identified, and are homologues of yeast NER genes (28) 
Cockayne’s syndrome and trichothiodystrophy have over-
lapping symptoms with xeroderma pigmentosum, such as 
neurological degeneration, and some of the XP comple-
mentation groups overlap with the CS and TTD groups.

In vitro reconstitution of the NER process has defined six 
core factors, some with multiple subunits, that are required 
for the repair of most damage in DNA (29). These proteins 
are XPA, the RPA hetero-trimer, the XPC-hHR23B complex, 
the 6-9 subunit TFIIH complex and the two structure-specif-
ic endonucleases, XPG and the heterodimeric ERCC1-XPF. 
Human NER involves the formation of an open, unwound 
intermediate, which spans 24-32 bp around the lesion. The 
formation of this open complex is ATP dependent, and the 
earliest stages of opening absolutely require XPC-hHR23B 
and TFIIH, which contains two helicases of opposing polari-
ties, XPB and XPD. Full opening to give a structure that can 
be incised by XPG and ERCC1-XPF requires the presence 
of most of the core NER factors. XPA, RPA, XPC-hHR23B, 
TFIIH and XPG are involved, although the catalytic activity 
of XPG is not a requirement of this stage (30). Incision of the 
damaged strand on the 3’ side of a lesion is made by XPG 
and usually occurs before 5’ incision by ERCC1-XPF (31).
Dual incision results in the release of a damage-containing 
oligonucleotide 24-32 residues in length (32). The gap is 
then filled by DNA polymerase δ or ε holoenzyme (33) 
and sealed by a DNA ligase (fig. 1).

Fig.1. Model of nucleotide excision repair.
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Recombination

Both in bacteria and mammalian cells two different 
modes of recombination can be distinguished: 1) ho-
mologous recombination, which utilize large regions 
of DNA homology, usually the homological chromo-
some, to exchange damaged DNA for the intact one, 
2) non-homologous recombination, in which double-
strand breaks (DSBs) of different chromatin regions 
are joined together on the basis of microhomologies 
to produce a new gene configuration. In mammals 
this system is also utilized for the production of anti-
bodies. In bacteria the main repair mode is homolo-
gous recombination, while in mammals both systems 
are used by the cell.

Homologous recombination in E. coli

At least 25 different proteins are involved in all types 
of homologous recombination in E. coli (34); these in-
clude the RecA, RecBCD, RecF, RecG, RecJ, RecN, 
RecO, RecQ, RecR, RuvAB, RuvC, PriA and SSB pro-
teins, DNA polymerases, DNA topoisomerases and 
DNA ligase, as well as the cis-acting recombination 
hotspot χ. Many of these proteins have functional 
homologs in other bacteria, Eucaryota, Archaea and 
some phages. In fact, a RecA-like protein is present in 
all free-living organisms (35). The yeast Saccharomy-
ces cerevisiae is an ideal model organism for studying 
these repair processes.

Purified RecA protein can homologously pair and 
exchange DNA strands in vitro. One of the most use-
ful model systems, the three-strand DNA exchange 
reaction, utilizes circular single-stranded DNA (ssD-
NA) and homologous linear duplex DNA substrates. 
In the presence of a nucleotide cofactor RecA protein 
polymerizes on the ssDNA to form a helical nucleo-
protein filament (36). This nucleoprotein filament both 
aligns and pairs with a homologous region in the du-
plex DNA to form joint molecules. Consequently, the 
RecA protein filament must accommodate two DNA 
molecules and must bring them sufficiently close 
together to promote exchange of DNA strands (36). 
DSBs induced directly by ionizing radiation, and indi-
rectly as a natural consequence of DNA replication on 
a chemically flawed template, are lethal and need re-
pair via recombination pathway. The recombinational 
repair process consists of four steps: 1)  initiation, 
2)  homologous pairing and DNA strand exchange, 
3)  DNA heteroduplex extension (branch migration), 
and 4) resolution (fig. 2).

The first step, initiation, represents the linear du-
plex DNA at the DSB to produce the ssDNA needed 
for DNA strand invasion of a dsDNA homolog by RecA 
protein. For the prototypic homologous pairing reac-
tions promoted by RecA protein, ssDNA is a prerequi-
site (37). For the second step of recombination, DNA 
strand exchange, to occur between two homologous 
dsDNA molecules, processing of one duplex to pro-
duce a region of ssDNA is conventionally invoked. 
This processing involves the recombination-specific 

helicases, the RecBCD and RecQ proteins, with the 
latter thought to work in conjunction with the RecJ 
exonuclease. RecBCD enzyme is a DNA helicase that 
also possesses a 3’→5’ nuclease activity on the strand 
with the χ sequence, as well as stimulation of the 5’- to 
3’-nuclease activity responsible for degrading the oppo-
site strand of the duplex (38, 39). RecBCD is regulated 
by the direct interaction with the recombination hotspot 
χ. Recombination hotspots in E.  coli, known as Chi 
sites (χ = 5’-GCTGGTGG-3’) enhance the frequency of 
recombination in their vicinity 5-10-fold (40). Modifica-
tion of RecBCD enzymatic activity (ssDNA exonuclease, 
ssDNA endonuclease, dsDNA exonuclease, DNA de-
pendent ATP-ase and DNA helicase) by χ is coordinated 
with the loading of RecA protein onto the χ-containing 

Fig. 2. General model for homologous recombination in all 
organisms. The model depicted is the double-strand-break repair 
(DSBR) model. Dark gray lines indicate newly synthesized DNA.
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ssDNA by RecBCD enzyme, ensuring incorporation 
of this ssDNA into a recombinationally proficient nu-
cleoprotein complex. RecQ protein is also a DNA he-
licase; in wild-type cells it functions in the so-called 
RecF pathway, which can also act efficiently at DSBs 
when the RecBCD is rendered non-functional by mu-
tation (41). If RecA protein fails to assemble on the ss-
DNA produced, then accessory proteins RecF, RecO 
and RecR facilitate this assembly step (42). Upon 
assembly of a contiguous RecA protein filament on 
ssDNA, called the presynaptic filament, subsequent 
homology search can ensue. The third step of recom-
bination is DNA heteroduplex extension; here, a spe-
cialized motor protein complex, the RuvAB complex, 
functions. The RuvAB complex is a DNA helicase that 
extends the region of DNA heteroduplex by branch 
migrating the crossover point (43). The final step of 
recombination requires separation of the two DNA 
molecules. This important resolution step is left to a 
Holliday junction-specific endonuclease, the RuvC 
protein. The RuvC protein, as part of a complex with 
the RuvAB proteins, recognizes and cleaves Holliday 
junctions to complete the recombination process.

DNA Mismatch repair (MMR) pathway

DNA mismatch-repair system is involved in the 
repair of mispaired bases formed during replication, 
genetic recombination and as a result of DNA dam-
age. DNA lesions may be recognized and repaired 
by more than one DNA-repair process. If two repair 
systems with different error frequencies have over-
lapping lesion specificity and one or both is induc-
ible, the resulting variable competition for the lesions 
can change the biological consequences of these le-
sions. This concept was demonstrated by observing 
mutation in yeast cells (Saccharomyces cerevisiae) 
exposed to combinations of mutagens under condi-
tions which influenced the induction of error-free re-
combinational repair or error-prone repair. Studies in 
yeast indicate the involvement of the mismatch repair 
pathway in prevention of genotoxic effect of oxidative 
DNA damage. Bacterial cells use differential methyla-
tion of the two strands in order to differentiate be-
tween “right” or “wrong” undamaged normal base in 
each strand. E.  coli MMR system consists of three 
genes: mutH, mutL, mut S (44). The first step is the 
detection of a mismatch through its binding by MutS 
(45). MutS recruits MutL and together they activate 
MutH. The communication between MutS and MutH 
was mediated by MutL in an ATP hydrolysis-depen-
dent manner (46). No biological activity for the MutL 
protein has been identified, but it may act as “mo-
lecular matchmaker”, coupling mismatch recognition 
by MutS to MutH. MutH cleaves the newly replicated 
error-containing daugther strand at a transiently un-
methylated d(GATC) site. The degraded strand is 
replaced by DNA polymerase III holoenzyme which 
is assisted by single-strand binding proteins, with 
repair being completed by ligation of the resulting 

nick by DNA ligase I. Mammalian MMR consists of 
seven proteins, including three bacterial MutS ho-
mologs: hMSH2, hMSH3 and hMSH6, and four MutL 
homologs, hMLH1, hMLH3, hPMS1, and hPMS2. 
MMR proteins function as heterodimeric complexes. 
For example, the hMSH2-hMSH6 heterodimer recog-
nizes single base pair mismatches and small inser-
tion/deletion loops. For example the complex binds 
to 8oxoG:A mispairs and 8oxoG:C base pairs with 
high affinity and specificity. Mutations in hMSH2 and 
hMSH6 caused a synergistic increase in mutation 
rate in combination with mutations in OGG1, increase 
218-fold in GC→TA transversion, (47). The heterodi-
mer hMSH2-hMSH3 recognizes larger loops, con-
taining up to 12 nucleotides (48). hMutS plays a cen-
tral role in initiating mispair recognition and binding. 
hMutL acts as a “molecular matchmaker” between 
hMutS and downstream proteins (helicase and exo-
nuclease) to complete the repair process. Excision 
of nucleotides proceeds from the nick to around 100 
nucleotides past the mismatch. DNA polymerase α, 
ε or δ and DNA ligase fill the gap and seal the nick 
(49). Post replicative mismatch repair increases the 
fidelity of DNA replication from 100 to 1000-fold in 
E. coli. MutS-dependent MMR was also shown to cor-
rect M1G and PdG containing DNA (50) thus provid-
ing cells with a protective strategy before oxidative 
stress (fig. 3).

These all mechanisms of DNA repair base excision 
repair, nucleotide excision repair, mismatch repair 
and recombination are implied also in human tissues. 
However their mutual interactions in human cells are 
fairly unknown (51, 52).
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