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Abstract

The base excision repair (BER) pathway is essential for maintaining the stability of DNA in all organisms and defects in
this process are associated with life-threatening diseases. It is involved in removing specific types of DNA lesions that are
induced by both exogenous and endogenous genotoxic substances. BER is a multi-step mechanism that is often initiated
by the removal of a damaged base leading to a genotoxic intermediate that is further processed before the reinsertion of the
correct nucleotide and the restoration of the genome to a stable structure. Studies in human and yeast cells, as well as fruit
fly and nematode worms, have played important roles in identifying the components of this conserved DNA repair pathway
that maintains the integrity of the eukaryotic genome. This review will focus on the components of base excision repair,
namely, the DNA glycosylases, the apurinic/apyrimidinic endonucleases, the DNA polymerase, and the ligases, as well as
other protein cofactors. Functional insights into these conserved proteins will be provided from humans, Saccharomyces
cerevisiae, Drosophila melanogaster, and Caenorhabditis elegans, and the implications of genetic polymorphisms and

knockouts of the corresponding genes.

Keywords Oxidative DNA damage and repair - Sub-pathways - Genome instability - Organismal differences -
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Introduction

The structure of DNA is chemically unstable and vulnerable
to various alterations at a high frequency. Approximately,
70,000 different DNA lesions or modifications are gener-
ated in a human cell every 24 h (Fig. 1) [1]. The endogenous
sources of reactive oxygen species (ROS), e.g., hydrogen
peroxide, superoxide anion, hydroxyl radical can damage
the DNA primarily at nucleobase. If these lesions are not
removed, they lead to various types of mutations in both
prokaryotes and eukaryotes (Fig. 2) [2]. Several reactions
including, hydrolysis, alkylation, oxidation, methylation, and
deamination, can destabilize the nuclear bases and alter the
base-pairing property resulting in severe genetic mutations
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[3]. Several DNA damages are generated by replication
errors, such as incorporating 8-oxoguanine into the genome
via DNA polymerases [4]. Besides the intrinsic sources of
DNA damage, ionizing radiation can produce a barrage of
oxidized base lesions and DNA single- and double-strand
breaks in the genome. In addition, various chemotherapeutic
agents such as temozolomide, bleomycin, anthracyclines,
and melphalan produce several types of genotoxic DNA
lesions that block the DNA replication and transcription pro-
cesses [5]. Both healthy and tumor cells must process these
destructive DNA lesions if the cells were to survive and
maintain physiological functions [6]. Thus, understanding
the detailed mechanism of how various cells process DNA
lesions has been a benchmark for the selective destruction
of cancer cells while protecting the normal cells.

Several fundamental DNA repair mechanisms exist in
eukaryotes that show specificity towards different types
of DNA lesions (Fig. 2). These DNA repair mechanisms
include (1) mismatch mediated repair (MMR), (2) base exci-
sion repair (BER), (3) homologous and non-homologous
recombinational repair (HR and NHEJ), (4) nucleotide exci-
sion repair (NER), and (5) direct damage reversal (DDR)
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Fig.1 Summary of DNA base lesions. Common sites of spontaneous
hydrolysis (grey arrow marked H), alkylation (blue arrow marked A),
oxidation (red arrow marked O), methylation (yellow shaded dashed
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Fig.2 Common causes and repair mechanisms of DNA damage
in eukaryotes. Several DNA damaging agents may lead to different
types of DNA lesions. Each can be corrected by a particular genome

repair mechanism, including mismatch repair, base-excision repair,
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homologous recombination repair, non-homologous end-joining,
nucleotide excision repair, or direct damage reversal. The figure was
generated with a license from BioRender.com
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[7]. This review will focus entirely on the BER pathway,
as outline in more detail below. This pathway is responsi-
ble for repairing non-bulky DNA damaged bases generated,
for example, by endogenous ROS, ionizing radiation, and
chemotherapeutic agents [2]. Components of the BER path-
way perform five sequential enzymatic reactions requiring
a DNA glycosylase, an apurinic/apyrimidinic (AP) endonu-
clease, DNA polymerase f, and its associated 5'-deoxyribo-
phosphodiesterase (5'-dRPase) activity, as well as a DNA

ligase and the scaffold protein, XRCCl1, to coordinate the
reactions (Fig. 3) [7]. This multistage process is coordinated
by the BER enzymes and protein factors, which maintain
DNA repair efficiency and genome stability [8, 9].
Studying the BER pathway in mammalian systems is
complicated by the enzymatic redundancy, substrate over-
lap of some enzymes, and lethality caused by single-gene
deletion such as TDG encoding thymine DNA glycosy-
lase and APE1 encoding the major AP endonuclease [10].
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Fig.3 A simplified scheme illustrates the Short Patch and Long
Patch base excision repair (BER) pathways in eukaryotes. Lesion-
specific DNA glycosylases (e.g., UNGI1) recognize and remove
the damaged base resulting in an abasic site. An APE1 incision fol-
lows this to create a single-strand break with 3'-hydroxyl and 5'-dRP
ends. The POLB-dRP lyase activity excises the latter, and POL
simultaneously fills the gap with either single-nucleotide (left BER,
Short Patch) or 2 to 11 nucleotides with FEN1/RFC coupling (right
BER, Long Patch). The choice between Short Patch BER or Long
Patch BER depends on the state of the 5'dRP end. NEIL-DNA gly-
cosylases (NEIL1-3) contain a f,5-elimination activity that results
in a single-nucleotide gap with a 3'-phosphate end. PNKP will then
remove the 3’-phosphate, and the pathway may proceed via Long
Patch Repair. Finally, ligation of the DNA-strand nicks is performed
through a LIG3-XRCC1-PARP1 complex to complete the Short Patch

BER. The polymerase activity will be switched to POLS/e when the
5'-dRP termini resist POLJ activity, which can add 2 to 11 nucleo-
tides in the gap. This pathway leaves a flap recognized and removed
via FEN1 endonuclease activity that forms a complex with PCNA
(right branch). The Long Patch BER is completed when the remain-
ing DNA backbone nick is sealed by DNA LIGI, also associated with
PCNA and XRCCl. Orange haze depicts the modified base, and nas-
cent nucleotide(s) are shown in dark red. AP site apurinic/apyrimi-
dinic site, APE] AP-endonuclease 1, dRP 5'-deoxyribose phosphate,
POL DNA polymerase, XRCCI X-ray cross-complementing protein
1, LIG1-3 DNA ligase I and 3, PCNA proliferating cell nuclear anti-
gen, RFC replication factor C, FENI Flap endonuclease, PARP1 poly
(ADP-ribose) polymerase, PNKP polynucleotide kinase phosphatase,
APTX aprataxin, NEILI-3 endonuclease VIII-like glycosylases 1, 2,
and 3. The figure was generated with a license from BioRender.com
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As such, many contributions towards our understanding
of the cellular mechanism of the eukaryotic BER process
have been derived from studies performed in the budding
yeast Saccharomyces cerevisiae (S. cerevisiae), as well as
from Caenorhabditis elegans (C. elegans) and Drosophila
melanogaster (D. melanogaster) [6, 11]. In this review, we
describe the functions of the various components of the BER
pathway in human cells and draw a comparison with those of
S. cerevisiae, C. elegans, and D. melanogaster, as depicted
in Tables 1 and 2. Despite the high conservation of the com-
ponents of the BER pathway across these organisms, there
are several distinct differences highlighted below. Herein,
we also summarize the defective BER components leading
to pathophysiological conditions such as neurodegenerative
diseases and tumorigenesis. Finally, we will provide some
insights on the knowledge gap and the likely direction for
future studies in the field.

Base excision repair—a genome
maintenance process

The first functional enzymes of the BER process were iso-
lated and characterized from the Escherichia coli (E. coli)
model in 1960. During the 1970s to 1980s, several BER
encoding genes and recombinant proteins have been cloned
and characterized using E. coli [12, 13]. This establish-
ment allows the studying of BER mechanisms in eukary-
otes including yeast and mammalian cells. By the end of the
1990s, the BER process was primarily known in mammalian
cells [14—16]. In vitro, about 70 different modified bases
have been created and installed in oligonucleotide substrates.
More than 15 of these lesions have been accurately quanti-
fied in the cellular genome using various techniques such
as mass spectrometry (Fig. 1). The modified bases include
oxidized purines and pyrimidines that, when processed,
lead to apurinic/apyrimidinic (AP) sites and subsequently
DNA single-strand breaks [6]. However, the efficiency of
the BER recombinant DNA glycosylases involved in the
first step of the damaged base removal could not be accu-
rately determined as a fraction of the proteins were inactive.
These enzymes showed significantly low enzymatic activi-
ties in vitro, which raised the issue of how the base excision
repair factors maintain the DNA integrity in mammalian
cells when enormous levels of spontaneous lesions are pro-
duced daily [17, 18].

The expression of BER pathway proteins is increased
and activated in response to DNA damage or during the
G1 phase of the cell cycle in both nuclei and mitochondria
[19]. Thus, the primary function of BER is to correct the
frequently produced non-helix minor distorting nucleobase
mutations in the DNA sequences [19]. Generally, BER com-
prises five distinct steps (Fig. 3). This process is initiated

@ Springer

by the recognition and excision of the damaged base in the
DNA helix by a DNA glycosylase leaving an apurinic/apy-
rimidinic (AP) site [17, 18, 20, 21]. The abasic site has two
different cyclic organic structures in the genome, a main
hemiacetal molecule and an open-ring aldehyde molecule
(Fig. 1). An AP endonuclease then incises the resulting AP
site on the 5'-side of the sugar-phosphate backbone creat-
ing a nick or a break bearing a 3’-hydroxyl terminus and
5'-deoxyribose phosphate (dRp) structure [21]. This allows
the entry of DNA polymerase  to replace the damaged base
with the correct single nucleotide, in a process referred to as
Short Patch Repair, while simultaneously removing the dRp
with its intrinsic dRp lyase activity [16]. Alternatively, the
damaged base can be replaced by at least 2—11 nucleotides
that entail other factors, including PCNA and FEN1 endo-
nuclease, in a process referred to as Long Patch Repair. The
resulting nick left by DNA polymerase f is closed by DNA
ligase 3 [20].

DNA glycosylases of BER in eukaryotes

DNA glycosylases (DNGs) are a group of highly conserved
DNA repair enzymes responsible for recognizing and initiat-
ing the repair process of damaged DNA bases. The eukary-
otic genome encodes several BER DNGs that seem to share
a phylogenic origin. The genome of humans, yeast, fruit
fly, and the nematode worm encodes 11, 5, 6, and 2 DNGs,
respectively [22-24]. While some of the DNGs are highly
substrate-specific, others show substrate redundancy and
overlap. The DNGs belong to two categories: (1) monofunc-
tional that catalyzes the cleavage of the N-glycosylic bond
and removal of the damaged bases leaving an abasic site, and
(2) bifunctional that removes oxidized bases with an associ-
ated AP lyase activity on the 3'-baseless termini [25]. The
monofunctional DNGs include uracil-DNA glycosylase-1
and -2 (UNG-1, UNG-2), single-strand selective monofunc-
tional uracil DNA glycosylase-1 (SMUG1), thymine DNA
glycosylase (TDG), methyl CpG binding domain-4 (MBD4)
in mammalian cells; thymine DNA glycosylase-1 (THD1),
and MBD-R?2 in D. melanogaster; UNG-1 in C. elegans;
Ungl and methyladenine DNA glycosylase (Magl) in S.
cerevisiae [22-24].

The bifunctional DNGs, following removal of the dam-
aged base, cleave the DNA backbone 3'-phosphate to the
lesion using an activated amino moiety as a nucleophile in
a pB-elimination reaction [25]. This enzymatic action results
in a single-strand DNA break with 3’-blocking unsatu-
rated aldehyde and a 5'-phosphate terminal. Moreover,
some bifunctional DNGs incise the DNA 3’ and 5’ in a f,
d-elimination reaction that leaves a 3’ and a 5'-phosphate
end [25]. Bifunctional DNGs proteins include endonucle-
ase III-like protein 1 (NTHL1) and 8-Oxo-Guanine DNA
glycosylase (OGG1) in humans; NTH1 in D. melanogaster
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and C. elegans, and the N-glycosylase-1 and -2 (Ntgl and
Ntg2) and Oggl in S. cerevisiae [22-24]. Depending on
the chemical structure, members of DNGs are sorted into
four prominent families, including uracil-DNA glycosylases
(UDG), helix-hairpin-helix glycosylases (HhH), 3-methyl-
purine glycosylases (MPG), and endonuclease VIII-like gly-
cosylases (NEIL) [6].

Uracil DNA N-glycosylases superfamily

While uracil in RNA is benign, its presence in DNA is
premutagenic. Uracil in DNA results either from cytosine
deamination or dUTP misincorporation opposite adenine
during replication. BLASTP database search for UDGs
identified six families that include UNG, SMUG, TDG, and
MBD4 proteins [26]. This superfamily seems to share the
same o/ fold of several conserved principal elements that
correspond to three motifs. The lateral motifs are located
near the N- and C-termini and are in the substrate-binding
pocket. However, the third motif is positioned centrally and
is essential for the conformational structure of UDGs to sup-
port its binding to the DNA strand [26]. UNG, SMUG, and
TDG belong to different DNA glycosylase families and show
structural and functional differences. For example, these
differences might explain the observation that the single-
strand-selective monofunctional uracil-DNA glycosylase I
(SMUG-1) can successfully complement UNGI1 function in
S. cerevisiae, but not that of E. coli mutants [27, 28].

Uracil DNA glycosylase excises uracil bases in both sin-
gle- and double-stranded DNA and shows greater activity
towards U in single-stranded DNA followed by U:G and U:A
in double-stranded DNA [29]. It is highly specific for uracil
bases and belongs to the family I of DNGs [30]. It has been
demonstrated that overexpression of UNG1 can significantly
enhance cellular resistance against oxidative stress [31]. It
is believed that oxidative stress spares UNG1 degradation
via protection by a disulfide link with Peroxiredoxin 3, an
essential antioxidant protein in the mitochondria, such that
UNGT1 protects the mitochondrial genome from oxidation
[31]. In humans, alternative splicing produces two isoforms
of UNG: mitochondrial UNG-1 and nuclear UNG-2. Both
enzymes share a widely conserved C-terminus involved in
uracil removal. However, the N-terminus often varies among
species as it seems to be involved in protein regulation,
localization, and interprotein interactions [30]. Sequence
analysis indicates that UNG homologs vary slightly in
size and share moderate homology among organisms. For
instance, the human UNG?2 shares 58.2% similarity with C.
elegans UNGI, while it shares 54% amino acid identity with
its homolog in S. cerevisiae [11, 32]. As a result, the pro-
tein size varies slightly among organisms, e.g., 34.6 kDa in
humans versus 40.5 kDa in S. cerevisiae [11].

Interestingly, the genome of D. melanogaster does not
encode the uracil DNA glycosylase. Therefore, it accumu-
lates significant levels of uracil into the larval DNA [22]. In
addition, the downregulation of deoxyuracil triphosphatase
(dUTPase) during DNA replication increases dUTP in the
nucleotide pool, thereby further elevating the level of uracil
in the larval genome [22]. Although the mechanism that lim-
its uracil into the genome of D. melanogaster is not yet fully
understood, it is noteworthy that this organism possesses
the enzyme Dmel to remove uracil (see below). Of note, a
specific base repair enzyme named “Uracil-DNA Degrad-
ing Factor” also exists in fruit flies that might limit uracil
incorporation into the genome [33].

SMUGT1 is another monofunctional member of the DNA
glycosylase family that is responsible for removing uracil
and its derivatives from single- and double-stranded DNA
in nuclear chromatin [34]. It was also recently shown to have
a critical role in regulating transcription, cell cycle, apopto-
sis, and the maturation of telomerase [35, 36]. Interestingly,
deleting SMUG1 reduces the human RNA telomerase gene
levels and consequently results in severe telomere depletion
[36]. A TBLASTN search for sequence homology of human
SMUGTI1 confirmed its preservation in prokaryotes and
eukaryotes [37]. However, in contrast to vertebrates, non-
vertebrates and insects (except sea urchins) seem to encode
either a UNG or a SMUG uracil DNA glycosylase. Exam-
ples are C. elegans and S. cerevisiae, which only encode
uracil DNA glycosylase [23, 27]. Furthermore, homology
to human SMUGT appears to increase in higher eukaryotes.
For instance, the D. melanogaster Dmel shares about 39%
identity and 61% similarity with SMUG-1, while M. muscu-
lus shares 89% identity and 96% similarity with its human
homolog [27]. Although SMUGT recognizes uracil in both
single- and double-stranded DNA, like UNG [38], it can
also remove several oxidation products of uracil, such as
5-hydroxyuracil, 5-hydroxymethyluracil, and 5-formyl ura-
cil. Both UNG1 and SMUGI! appear to coordinate binding
to the damaged base and execute the BER pathway via dis-
tinct mechanisms. In contrast to the human nuclear UNG2,
the catalytic activity of SMUGT1 is not under the control of
the cell cycle; however, it is influenced by the nature of the
base pairs flanking uracil [38]. Further, the SMUG1 pro-
tein shows a particular preference to A:T base pairs and has
a lower contribution to U:G repair [39]. This is congruent
with the structure of the conserved DNA wedge motif of
SMUGs, which accommodates a more invasive interaction
with dsDNA compared to UNG, allowing for contact with
adjacent nucleotides [38].

Deletion of SMUGTI results in a normal phenotype, fer-
tility, and survival rate in mice, although the 5-hmU and
uracil activities are abolished [40]. The data revealed that
SMUGT1 serves as the major 5-hmU excision activity and an
auxiliary function for UNG. However, SMUG1/UNG-double
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deletion is not lethal and the mice survive, suggesting that
another redundant enzyme(s) exists to process the U:G
and T:G mismatches left by the deamination of cytosine,
5-methylcytosine, and 5-hydroxymethylcytosine to produce
uracil, thymine, and 5-hmU, respectively. A combination
of the double SMUG1/UNG-deletion mice with mice lack-
ing the mismatch repair protein Msh2 increased the cancer
predisposition of the triple deleted mice [40]. A previous
study showed that SMUG1 deficiency is associated with
aggressive breast cancer [41], and a more recent study indi-
cated that SMUGI1 is among 25 genes whose expression is
significantly associated with the risk of pancreatic cancers
[42]. Thus, the inability to remove specific DNA lesions by
SMUGT! absence may lead to a more unstable genome in
particular cancers.

TDG is the founding member of the widely conserved
mismatch uracil DNA glycosylases. These BER proteins
have two vital activities: epigenetic regulation and main-
tenance of the genome [43]. They share a commonly con-
served central motif that harbors the catalytic activity but
vary markedly in their N- and C- termini; the reason why
most orthologues share between 37 and 52% identity only
[44]. TDG is best known for its ability to repair U:G mis-
matches, but it also removes 5-derivatives of U and C such
as 5-methyluracil, 5-hydroxyuracil, 5-carboxylcytosine,
5-hydroxymethylcytosine, and 5-formylcytosine [45]. It is
also essential for maintaining the epigenetic integrity of CpG
(or CG) islands by removing thymine in T:G mismatches
that arise from 5-methylcytosine deamination [46]. During
epigenetic control of gene expression, S-methylcytosine is
demethylated in a process that requires three oxidation steps
by the ten-eleven translocation (TET) dioxygenases to pro-
duce 5-hydroxymethylcytosine, 5-formylcytosine, and 5-car-
boxycytosine, and these latter two oxidized cytosines can
be excised by TDG followed by the insertion of unmodified
cytosines by the BER process [47]. Thus, TDG cooperates
with TET to erase methylated cytosines at CpG, through an
oxidation-excision process, and there is evidence for similar
roles in non-CG regions of the genome [47].

Like other UDGs, TDG employs a nucleotide flipping
mechanism to recognize its substrates. However, TDGs
uniquely identify the target base through interacting with the
complementary base, which explains the strict preference
for guanine-mismatched base pairs such as T:G and U:G
[48]. This mechanistic model enables the identification of
mismatched base pairs that distinguish the removal of epige-
netically modified bases such as non-damaged 5-methylcy-
tosine. The mismatch recognizing uracil DNA glycosylases
can form an enormous catalytic cavity around the target base
allowing the enzymes to accommodate various bulky deriva-
tives of purines and pyrimidines [45]. However, substrate
specificity seems to be affected by the phylogenic origin
of different TDGs. Gene deletion of TDG in mice results
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in embryonic lethality associated with impaired epigenetic
regulation impacting developmental gene expression [49].
The TDGs of humans, chickens, and fruit flies efficiently
excise thymine and its derivatives; however, orthologs in
Schizosaccharomyces pombe (Thplp) and E. coli cannot
do the same [50, 51]. Likewise, only vertebrate TDG can
remove derivatives of SmC [44]. So far, C. elegans does not
seem to possess a TDG [23].

Helix-Hairpin-helix DNA glycosylases superfamily

NTH-1 belongs to the helix—hairpin-helix superfamily of
DNA endonuclease III-like N-glycosylases, a bifunctional
DNA enzyme that removes oxidatively damaged pyrim-
idine bases as well as AP sites [52]. The enzyme uses a
B-elimination reaction to incise DNA strands on the 3'-side
of the abasic site leaving a single-strand DNA break termi-
nated with 3'-a, f unsaturated aldehyde. Phylogenic analy-
sis revealed that almost every eukaryotic genome encodes a
NTH enzyme [53]. Blast analysis of the C. elegans database
identified a homologous protein NTH-1 exhibiting simi-
lar enzymatic activities like the human NTHL1 [54]. The
genome of Arabidopsis thaliana (A. thaliana), S. pombe,
and S. cerevisiae encodes two homologs of human NTHL1
attributed to lineage-specific duplication events. In yeast, the
two homologs known as Ntgl and Ntg2, both isozymes vary
significantly in the spectrum of lesions process in addition
to their cellular localization [52]. The yeast Ntgl, like its
human ortholog NTH1, localizes to both the nucleus and
mitochondria. Ntgl and NTH1 possess both nuclear and
mitochondrial targeting signals to regulate the metabolism
of the genome under oxidative damage [52].

In contrast, Ntg?2 is localized strictly in the nucleus and
shares a conserved endonuclease-III iron-sulfur center that
is not detected in Ntgl. The iron-sulfur cluster is inserted
into Ntg2 through the aid of the cytosolic iron-sulfur assem-
bly machinery, and defects in components of this machin-
ery such as MMS19 lead to genomic instability [55]. The
NTHL1 ortholog in other eukaryotes such as D. mela-
nogaster has yet to be examined for regulatory responses
[27].

Oxidizing agents can produce many DNA base lesions
including a ring-opened formamido-pyrimidine derivative
of guanine and adenine (faPyG and faPyA), as well as sev-
eral modified pyrimidines such as thymine glycol, 5,6-dihy-
drothymine, 5-hydroxyuracil, 5-hydroxycytosine, and
dihydroxy-uracil [56]. Both Ntgl and Ntg2 are responsible
for excising these oxidized base lesions. However, several
oxidants can stimulate and regulate the catalytic activity of
Ntgl and not Ntg2 [52]. In addition, Ntgl can also excise
8-oxoguanine (8-0xoG) opposite guanine but not Ntg2 [57].
Deletion of Ntgl and Ntg2 have not shown any changes in
the toxicity effect of MMS, radiation, and hydrogen peroxide
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nor resulted in any striking spontaneous mutation pheno-
types. The results suggest that oxidized bases and the subse-
quent abasic sites can be repaired through alternative mecha-
nisms in S. cerevisiae [58]. Recently, the NTHL1 variation,
p-Q90%*, has been associated with a rare colorectal polypo-
sis known as NTHL1-associated polyposis (NAP), which
is believed to be due to an inability to remove oxidative
pyrimidine DNA lesions, such as 5-hydroxyuracil [56, 59].

OGGT is present in most eukaryotic organisms, including
mammals, yeast, and fruit fly [60, 61]. However, it is not
present in the nematodes C. elegans nor C. briggsae [23].
It has been established that OGG1 efficiently removes, for
example, 7,8-dihydro-8-oxoguanine and -8-oxoadenine in
the DNA produced by various oxidative agents, including
normal aerobic metabolism and exposure to gamma-irra-
diation [62]. Similar to Ntgl and Ntg2, OGGI can incise
abasic sites opposite cytosine in dSDNA [62]. The bi-func-
tional N-glycosylase and AP lyase activities of OGGI are
greatly affected by the identity of the base corresponding
to the lesion with a noticeable preference for cytosine and
G-derived formamidopyrimidine [4]. The active site lysine
residue of OGG1 attacks the 8-oxoguanine at the C1' posi-
tion and forms a protein-deoxyribose intermediate, which
cleaves the N-glycosidic bond and releases free 8-oxogua-
nine. The AP-lyase activity of OGGI then acts at the AP
site to produce a single DNA strand break terminated with
a 3'-phosphate group [4]. Several studies have observed that
the AP lyases activity of OGG1 is not efficient compared to
its glycosylase catalytic activity and can be replaced by more
robust HhH enzymes such as NEIL1 [63]. Alkylating agents
and antioxidants could upregulate the expression of OGG1
as well as the AP endonuclease APE1, which could enhance
the AP lyase activity of OGGl1 by several folds [62]. OGG1
is present in various isoforms with its prominent localiza-
tion in the mitochondria, except for the la-isoform with a
potent nuclear targeting signal. The observation that OGG1
is localized to both organelles underscores its importance in
maintaining the stability of the mitochondrial and nuclear
genome [64].

Recently, new findings revealed that the Cut like home-
obox 1 gene, residing in a highly amplified chromosomal
region in glioblastoma, encoding the CUX1 transcription
factor, contains distinct domains referred to as CUT domains
that serve as additional factors for the BER pathway [65, 66].
These CUT domains can interact and stimulate the activity
of several enzymes, including OGG1 and APE1 and, more
recently, the polymerase and 5'-dRP lyase activities of DNA
polymerase 3 of the BER pathway. CUX1 knockdown in
glioblastoma cells displayed sensitivity to temozolomide,
which indirectly induces AP sites. This response correlates
with diminishing OGG1 and APE]1 activities. In contrast,
glioblastoma cells expressing high levels of CUX1 are
resistant to temozolomide, which correlates with increasing

OGG1 and APE1 activities [66]. Both enzymes generate
highly genotoxic DNA lesions, blocked 3'-ends, and DNA
strand breaks. However, these toxic lesions apparently do not
accumulate as the CUT domains also stimulate the activities
of DNA polymerase f to ensure the completion of the BER
pathway [65]. Besides the CUT domains, the histone deacet-
ylase HDACI1 can interact and stimulate OGG1 activity [67].
Mice lacking HDAC1 showed enrichment of 8-0x0G lesions
in the guanine-rich sequence present in the promoter regions
of many downregulated genes in aged brains. Activation of
HDACT decreased 8-OxoG lesions in the aged brain by stim-
ulating OGGl1 activity and improving cognitive deficiencies.
This finding suggests a key role for OGG1 in forestalling
brain aging and leading to neurodegeneration [67].

MYH/MUTYH is a monofunctional guanine mispaired-
specific adenine—-DNA glycosylase localized in both mito-
chondria and nucleus [68]. MUTHY is responsible for
removing adenine and oxidized adenine such as 2-hydroxy-
adenine when misincorporated opposite to 7,8-dihydro-8-ox-
oguanine or 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(FaPyG); thereby preventing the accumulations of G:C to
T:A mutations. MUTYH has an iron-sulfur center, like Ntg2
and NTHI. It is mainly upregulated in the S phase as well
as by several proteins, including APE1, proliferating cell
nuclear antigen (PCNA), and MSH2/6 mismatch repair com-
plex [68]. So far, no AP lyase activity has been assigned to
MUTYH, as shown for several other DNA glycosylases. In
response to oxidative damage, MUTYH is recruited by the
catalytic activity of the histone/protein deacetylase of SIRT6
to repair oxidative lesions on the telomeres [69].

Deleting the MUTYH gene causes a mutator phenotype
as its deficiency elevates intestinal and lung cancer risk by
accumulating 8-oxoguanine lesions [70]. Furthermore, the
deletion of MYTH in mice manifested an elevated rate of
mutation associated with spontaneous tumorigenesis [71].
More recently, genome-wide studies identified MUTYH as
one of the additional significantly mutated genes in colorec-
tal cancer. MUTYH was also identified as a pathogenic vari-
ant following whole-exome sequencing of germline DNA
derived from women at high risk for hereditary breast and
ovarian cancers and are not carriers of BRCA1, BRCA2,
nor TP53 mutation [72]. MUTYH plays a critical role in
preventing mutations that are the result of adenine mispair-
ing with 8-0xoG lesions. Although orthologs of MUTYH
are conserved in several eukaryotes, including S. pombe, a
MUTYH-like homolog has not been reported in S. cerevi-
siae, C. elegans, or D. melanogaster [23, 73, 74].

MBD4, also known as MEDI1, is a nuclear monofunc-
tional mismatch-specific DNA glycosylase with a HhH type
DNA glycosylase domain and methyl-CpG-binding domain.
The encoding gene of MBD4 has been detected in different
organisms such as MIG in E. coli; however, it is not found in
D. melanogaster or C. elegans [23, 73]. Mammalian MBD4
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can recognize and excise uracil, 5-hydroxymethyluracil,
thymine, and thymine oxidized derivatives (e.g., thymine
glycol, 5-formyluracil) when mispaired to guanine. These
lesions are usually caused by the spontaneous deamination
of 5-methylcytosine (5-mC) and cytosine to thymine and
uracil, which resulted in T:G or U:G mismatches, respec-
tively, with preference to CpG dinucleotides [75]. Several
other activities are associated with MBD4, such as modu-
lating gene expression. However, the complete glycosylase
functionality is not entirely characterized and requires fur-
ther exploration. The deamination of SmC remains the pri-
mary source of age-related somatic mutations. The mutation
of the MBD4 gene in mammals has been found to promote
the incidence of colorectal carcinoma induced by intestinal
inflammation, which leads to microsatellite instability [76].
Additional studies revealed that the germline deficiency of
MBD4 could enhance cancer susceptibility by predispos-
ing affected individuals to acute myeloid leukemia, breast
cancer, as well as uveal melanoma [77-79].

Endonuclease Vlll-like DNA glycosylases superfamily

The endonuclease VIII-like enzymes NEIL1 (nei-like 1),
NEIL2, and NEIL3 are bifunctional DNA glycosylases
that belong to the Fpg/Nei superfamily of DNA glycosy-
lases with the structural fold of hairpin-2-turn-hairpin [80].
They can remove a broad spectrum of oxidative lesions,
many shared with the structurally distinct enzymes OGG1
and NTH1. The NEIL DNA glycosylases could efficiently
remove damaged purines and pyrimidines such as faPyA,
faPyG, spiroiminodihydantoin, guanidinohydantoin, hydrox-
yuracil, and urea. NEIL1 and NEIL2 are well-characterized
in mammalian systems and seem to possess a unique pref-
erence towards oxidative lesions in bubble DNA structures
over duplex DNA structures. BER initiated by NEIL1 or
NEIL2 typically involves f, 8-elimination cleavage at the AP
site to produce a one-base gap with a 3'-phosphate, which is
not an effective substrate for DNA polymerases and, thus the
3'-end requires further processing [80]. NEIL1 is associated
with replicative proteins and is involved in DNA repair dur-
ing the S-phase [81]. NEIL2 is associated with RNA poly-
merase Il and displayed preferential repair of oxidized DNA
lesions in the transcribed strand. It prefers cytosine oxidation
products and adopts a unique conformation upon binding
to its substrate that is not observed for NEIL1 and NEIL3
[82]. NEIL3 could excise oxidized pyrimidines and forma-
midopyrimidines with a higher preference towards ssDNA
and bubble DNA structure. This enzyme is also involved
in processing specific types of DNA inter-strand cross-link
lesions [83].

Despite their different substrate preference, NEILs, like
other members of the Fpg/Nei family of DNGs, share several
conserved structural motifs. Some of the most prominent
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motifs include a helix-two-turns-helix motif, a zinc finger
motif, a N-terminal proline residue, as in NEIL1 and NEIL2
[80]. The zinc finger motif of NEIL1 lacks the appropriate
residues and loops to coordinate a zinc atom; for this, it
is identified as a "zinc-less-finger" motif. This motif con-
tains a highly conserved Arg227 residue required for the
DNG activity of NEIL1 [81]. In contrast, NEIL3 contains
additional valine residues and two zinc-finger-Gly-Arg-Phe
motifs (Zf-GRF) in its extreme C-terminal end to serve as a
nucleophilic center [83]. These motifs promote interactions
with the replication factor PCNA and the AP endonuclease
APEI and not APE2. The evidence to date suggests that
NEIL3 Zf-GRF prevents APE1 activity on ssDNA to avoid
excess strand breakage [84]. So far, neither the genome
of C. elegans, D. melanogaster, nor S. cerevisiae encodes
homologs of this family [6, 23, 73].

Methyl-purine glycosylases superfamily

The sole member of the alkylpurine-DNA-N-glycosylase
(APNG), also known as methylpurine-DNA-N-glycosylase
(MPG), superfamily is the 3-alkyladenine DNA glycosylase
(AAG) or N-methylpurine DNA glycosylase (MDG) [85].
APNG can excise alkylated DNA base lesions including
N3-methyladenine, N7-methylguanine, deaminated purines
(e.g., oxanine, xanthine, hypoxanthine), and purine exocy-
clic adducts (e.g., 1, N6-ethenoadenine), as well as adenine
opposite to cytosine to create an AP site. However, it has
no activity towards oxidized DNA base lesions [86]. It can
repair the methylation damage rapidly from either single-
or double-stranded DNA. APNG is present in mitochon-
dria and nuclei, and its regulation depends on the cell cycle
[85]. High-level expression of APNG has been shown to
be an independent prognostic factor for the overall survival
of glioblastoma patients treated with the chemotherapeutic
agent temozolomide [87]. This anticancer alkylating agent
produces mainly N3-methyladenine and N7-methylguanine,
nearly 80% of the total lesions. It is believed that the high
expression of APNG, which lacks AP lyase activity, creates
an abundance of toxic AP sites from the temozolomide-
induced lesions that can be further processed to produce
additional toxic lesions, such as DNA single-strand breaks
[87].

During the repair process, APE1 and PCNA can interact
with APNG, and apparently, this complex can enhance the
turnover of the enzyme and the recruitment of XRCC1 to
displace it from the AP site [85]. As such, it seems more
likely that the accumulation of toxic AP sites might lead to
lethality, as brain tumor cells with decreased levels of APEI
are sensitive to temozolomide [66]. APNG counterpart
exists in other organisms such as the MAG1 enzymes in S.
cerevisiae and S. pombe and alkA in E. coli. In general, these
enzymes have different structural characteristics from the
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other three DNG families [86]. So far, the APNG ortholog
has not been found in C. elegans nor D. melanogaster raising
the question of how do these organisms process alkylation
DNA damage [23, 73].

Apurinic/apyrimidinic endonucleases

The next step in the BER pathway after the action of the
DNA glycosylase is the processing of the AP site by the main
AP endonuclease enzymes, APE1/APEX1/Ref1/HAP1. In
mammalian tissues, the AP site is a typical genomic lesion
that accumulates in excess of 10,000 lesions within a day for
a given cell [88]. AP sites are cytotoxic and carcinogenic,
as well as lead to DNA—protein cross-links. Therefore, it is
essential to prevent the accumulation of AP sites to maintain
genome integrity. APE1 is regulated by phosphorylation,
acetylation, and ubiquitylation. It is the principal AP endo-
nuclease facilitating the removal of AP sites in eukaryotic
cells as it performs almost 95% of the DNA repair activity
[89]. This enzyme has a vital role in the proper function-
ing of the BER pathway to suppress carcinogenesis [90]. In
addition to APEI, a second AP endonuclease APE2 exists
in mammalian cells, and both are localized to the nucleus
and mitochondria [91].

APEI has a robust AP endonuclease activity and a weaker
3'- to 5’-exonuclease activity, while APE2 is a poor AP endo-
nuclease activity, but displayed very strong 3' to 5'-exonucle-
ase and 3'-diesterase activities [88]. Recent evidence dem-
onstrated that APE2 forms an interaction with PCNA, which
stimulates APE2 3'-5'-exonuclease activity, and together the
APE2-PCNA complex resects single-strand DNA breaks in
the 3’ to 5'-direction creating a signal to activate the ATR-
Chk1l DNA damage response pathway [92]. Another study
revealed that downregulation of APE2, or FEN1, in either
BRCAI1- and BRCAZ2-deficient tumor cells caused synthetic
lethality [93]. The authors proposed that the APE2-PCNA
complex is required to process AP sites at replication forks,
preventing replication-induced double-strand breaks at
unrepaired AP sites that would necessitate the homologous
recombination DNA repair functions, BRAC1 and BRAC2
[93]. Thus, in the absence of APE2 and BRAC?2, cells cannot
process the AP sites or the DNA strand breaks arising from
stalled replication at AP sites leading to the lethal pheno-
type. It is not clear why the predominant AP endonuclease
activity of APE1 cannot substitute for APE2 deficiency to
avoid its synthetic lethality with BRAC2. However, the study
suggests that APE2 might be a valuable chemotherapeutic
target against refractory and metastatic BRCA-inactivated
cancer cells in combination with PARP inhibitors.

APEL1, and not APE2, has a nucleotide incision repair
(NIR) activity that can cleave directly on the 5'-side of
several oxidized base lesions such as 5,6-dihydro-2'-
deoxyuridine and alpha-2'-deoxynucleosides to produce

a 3'-hydroxyl group and leaving the 5'-end with the oxi-
dized base that is then removed by the FEN1 (flap struc-
ture-specific endonuclease 1) [89, 94]. Besides APE]1 roles
in processing damaged single- and double-stranded DNA,
it is also endowed with the ability to: (1) bind and cleave
AP site on single-stranded RNA and to process microRNA
such as miR-221/222 to regulate gene expression [95, 96],
(2) utilize its redox cysteine Cys65 to reduce several tran-
scription factors such as STAT3, AP-1, p53, and NF-kB to
activate their transcriptional functions, and (3) interact with
many proteins via its N-terminal 1-127 residues [97, 98].
One notable APE1 interacting proteins is nucleophosmin
(NPM1), a nucleolar protein that performs many roles, such
as ribosome biogenesis [99]. A variant of NPM1, NPM1c+,
which causes the protein to relocalize to the cytoplasm, is
associated with nearly a third of acute myeloid leukemia.
This NPM1 variant also caused cytoplasmic localization of
APEI and leading to defects in BER [99].

Several factors, including XRCC1, RAD9-RAD1-HUSI1
checkpoint complex, and HSP70, can potentially enhance
the activity of APE1 and modulate its function [100]. SIRT1
and SIRT6, members of a sirtuin protein family, can also
regulate APEI activity and other BER enzymes such as
MUTYH, OGGI1, NEIL1, NEIL2, and LIG3 through their
deacetylation activity [100]. Proteins that interact with APEI
can also control its redox state. For example, Peroxiredoxin
I, PRDX1, which functions to decompose H,0, and serves
as a chaperone to protect proteins from oxidation-induced
destabilization, can sequester APEI from activating NFkB
to prevent stimulated expression of pro-inflammatory genes,
such as IL-8 [97]. Recent studies have shown that PRDX1 is
bound to the telomere likely to prevent the accumulation of
H,0, that can cause oxidative DNA lesions [101]. Alterna-
tively, PRDX1 could recruit APE1 to process the AP sites
left following NEIL3 removal of spontaneous 8-oxoguanine
lesions produced in the repetitive TTAGGG sequence in the
telomere [102].

APEI1-functionally related AP endonucleases exist in
other species. In C. elegans, two genes apn-1 and exo-3,
have been isolated and characterized. These encode the AP
endonuclease APN-1 and EXO-3 that share 44% and 27%
identity with the E. coli endonuclease IV and exonuclease
I11, respectively [103]. Although C. elegans EXO-3 shares a
significant identity with APE], it lacks the NIR activity, but
this activity is inherited by the C. elegans APN-1 [103]. The
deletion of both apn-1 and exo-3 genes is not lethal, but the
resulting animals showed decreased progeny size [32]. The
observation that the double deletion animal is not lethal may
indicate that C. elegans possesses an additional enzyme(s)
to combat AP sites [32]. In D. melanogaster, only a single
AP endonuclease called the recombination repair protein
1 (Rrpl) exists. Rrpl is an orthologue of APEI, but it also
encompasses another function involved in recombinational
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DNA repair [104]. Although D. melanogaster does not
appear to possess a member of the endo IV family of AP
endonucleases, it contains the ribosomal protein S3 that can
cleave AP sites and serve as the auxiliary enzyme [105]. We
have recently isolated the related S3 protein from C. elegans
and are in the process of determining if it can function as an
AP endonuclease.

As in E. coli and C. elegans, S. cerevisiae possesses two
well-characterized AP endonucleases, Apnl and Apn2 [106].
A striking difference is noted in the structure and function
of the major AP endonucleases in humans and yeast. The E.
coli endonuclease IV counterpart Apnl is responsible for
nearly 95% of all AP endonuclease and 3’-diesterase activi-
ties in yeast. In contrast, the E. coli exonuclease III coun-
terpart in human cells APE1 accounts for most AP endonu-
clease activity, but this enzyme has a weaker 3'-diesterase
[106]. The yeast Apn2 also possesses strong AP endonucle-
ase and 3'-diesterase activities, yet defects in these enzymes
lead to different phenotypes. For example, yeast mutants
lacking Apnl are very sensitive to methyl methanesulfonate,
which indirectly produces AP sites, but not yeast mutants
lacking Apn2. Yeast lacking Apnl and Apn2 are viable,
while deletion of APE1 leads to embryonic lethality [107].

DNA polymerases/lyases

The multifunctional enzyme DNA polymerase f is recruited
into the BER process following the AP endonuclease activ-
ity [108]. DNA polymerase p has two essential catalytic
functions (1) the dRP lyase, residing within the 8 kDa N-ter-
minal domain, which catalyzes the removal of 5'-dRP leav-
ing a 5'-phosphate [16], and (2) the magnesium-dependent
nucleotidyl-transferase activity of the 31 kDa C-terminal
domain that inserts a single nucleotide at the 3'-hydroxyl end
to replace the damaged base [109]. Removal of the 5'-dRP
occurs significantly fast, such that it allows the polymerase
to efficiently incorporate the correct complementary nucleo-
tide [108]. DNA synthesis activity of the polymerase § can
fill the one-base gap left after cleavage of the AP site, in a
process known as a Short Patch Repair (Fig. 3). This one
base gap filling will result in a nicked DNA or short (nt-1)
gapped-site that will be efficiently ligated to restore the intact
DNA by the gap-filling activity of polymerase § and DNA
ligase [109, 110]. Mutations such as Arg137Glu that lower
the polymerase 3 activity led to embryonic abnormalities
in mice and a range of additional phenotypes, including the
accumulation of DNA double-strand breaks, increased apop-
tosis, and sensitivity to methyl methanesulfonate (MMS), as
well as enhance tumor progression and migration [111, 112].

It is noteworthy that the 5'-dRP left at the AP site can
also be removed by other protein activities, such as the
5'-flap endonuclease activity of FEN1 that has the abil-
ity to create the gap to stimulate the DNA polymerase
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activity as observed in vitro [16, 113]. In this mode of
repair, termed Long Patch Repair, the replicative DNA
polymerase [ and/or possibly polymerases 6 and € in con-
junction with PCNA and the replication factor RFC insert
multiple nucleotides at the single nucleotide gap, at least
2 to 11 nucleotides (Fig. 3) [113]. At the same time, the
5'-dRP strand is displaced in the form of a flap, which is
then cleaved by FEN1 [16]. An alternative to this Long
Patch Repair process is unwinding the nicked DNA in the
3'- to 5'-direction by the DNA helicase RECQ1 requir-
ing the roles of the endonuclease ERCCI1-XPF, PARP1
(poly (ADP-ribose) polymerase-1), and RPA leading to
the incision of the flap. Thus, human cells have developed
multiple ways to process base lesions via the BER pathway
[114].

So far, no ortholog of DNA polymerase § has been found
in the metazoan invertebrate genomes, including C. elegans,
D. melanogaster, and few other insects such as Diptera [73,
115]. It is possible that the alternative PCNA-dependent
pathway, including the use of the FEN1-like enzyme, could
be operational in the BER pathway in these organisms [116].
In D. melanogaster, the 5'-dRP moieties at AP sites gener-
ated by AP endonuclease are removed through the FEN1-
like flap enzymes (CG8648 and CG10670), suggesting that
there is no requirement for the 5’-dRPase f-lyase activity of
polymerase P [73]. In C. elegans, POLQ-1 has been iden-
tified as the DNA polymerase required to insert a single
nucleotide in the BER pathway [115]. In the absence of any
treatment, C. elegans polg-1 mutants showed elevated spon-
taneous germ cell apoptosis as in the case of polymerase
deficient mice [32]. The C. elegans POLQ-1 is function-
ally related to the human DNA polymerase theta, which is
responsible for repairing DNA double-strand breaks in the
alternative NHEJ pathway. In fact, C. elegans POLQ-1 defi-
cient mutants are sensitive to aristolochic acid, a genotoxic
food contaminant that generates DNA double-strand breaks
[117].

Computational analysis revealed that the S. cerevisiae has
two DNA polymerases of the X family, DNA polymerase IV
(pol IV), the homolog of human polymerase f, and TRF4.
Yeast pol IV can fill short gaps and extend the primer termini
with a high rate of errors [118]. In addition, pol IV activity
is enhanced by AP sites, and it has been shown to possess
an intrinsic 5'-dRP lyase activity, as human polymerase 3
[16, 118]. The evidence to date indicates that pol IV has an
established role in the yeast non-homologous end-joining
pathway to repair DNA double-strand breaks. Mutants lack-
ing pol IV showed mild or no sensitivity to the classical
monofunctional alkylating agent methylmethane sulfonate
used to monitor defects in the BER pathway, excluding a
major role for pol IV in this pathway [16]. Instead, the DNA
resynthesis in BER is performed mainly by the yeast DNA
polymerase € and 8, homologs of the human polymerase
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e and J, with a possible role also for polymerase o in the
pathway [119].

It is noteworthy that the 5'-end left by the AP endonu-
cleases Apnl and Apn2 is primarily removed by the Rad27/
FENI1 flap endonuclease [120]. The lack of the 5'-dRP
removal can lead to abortive ligation as the ligase catalyzes
the adenylation of the 5'-dRP to produce a (5'-AMP)-dRP
group [110]. This abortive ligation product can also be
formed by inserting mismatched or oxidized nucleotides
into a DNA gap by DNA pol IV. While yeast can remove
the 5'-AMP-dRP using Rad27, the Hnt3 enzyme, an ortholog
of human aprataxin (APTX) can also excise this 5'-block
[121]. Since pol IV also possesses a 5'-dRP lyase activity,
it is believed that it is part of a larger family of enzymes
that act to remove the 5-AMP-dRP group from the BER
intermediate [120].

DNA ligases

The base excision repair culminates through a DNA ligase
action that seals the break in the DNA backbone by inducing
a phosphodiester bond formation between the 3'-hydroxyl
end of the new nucleotide and the corresponding 5'-phos-
phate terminus [122]. Further, this enzyme is also essential
in the DNA replication of the Okazaki fragments [123].
DNA ligase III (LIG3) is responsible for sealing the nick
following the single nucleotide insertion by the Short Patch
BER pathway. In contrast, DNA ligase I (LIG1) is opera-
tional in the Long Patch pathway [114]. However, LIG3 is
the sole enzyme in the mitochondria [122, 124]. Both DNA
LIG1 and LIG3 are associated with the presence of a nuclear
scaffold protein X-ray repair cross-complementing protein
1 (XRCC1) and used ATP to activate the 5'-phosphate by
the addition of adenosine monophosphate and releasing of
the pyrophosphate [122]. The roles of these ligases are not
limited to the BER pathway, as they performed functions in
other DNA repair pathways, such as the DNA end-joining
pathway during the class switching recombination [125,
126]. A third DNA ligase, LIG4, is essentially involved in
the non-homologous end-joining and has no function in the
BER pathway [127].

The insertion of mismatched or oxidized nucleotides into
a DNA gap by DNA polymerase p could directly lead to
the sealing of the 3'-nicked with the defective base through
DNA LIG3 [128]. Such incorrectly matched or damaged
base pair will fail the nick ligation process through DNA
LIG1, which would generate products of abortive ligation
with a 5'-adenylated dRP group. The resulting 5'-AMP with
modified nucleotides are highly cytotoxic, leading to DNA
replication errors and DNA-strands break. As such, it is cru-
cial to correct the 5'-AMP BER lesions to maintain DNA
and cell stability. Different DNA enzymes are involved in
the repairing of the 5'-AMP abortive products that generate

a 5'-phosphate terminal at the DNA break and enhance the
ligation process [128]. These enzymes include FEN1 and
the protein partner of XRCC1, APTX. Thus, APTX has the
potential to prevent the abortive events of DNA ligation
from inhibiting the Short Patch Repair process [129, 130].
In general, the mechanism of the ligases involved three steps
(1) adenylation at the lysine active site, (2) transfer of the
adenylyl group to the 5'- phosphate end, and (3) attacking
the 3'-hydroxyl group to ligate the DNA ends and remove
the AMP group [122].

The DNA ligase responsible for completing the BER
process in C. elegans is controversial, although the animal
possesses LIG1 and LIG4 and lacks the XRCC1 scaffold
protein to coordinate the ligation process [131]. However, in
D. melanogaster, it appears that ligation of the nicked DNA
is performed by a complex of proteins including XRCC4,
DNA LIG4, and XLF (a factor involved in NHEJ)[132].

In S. cerevisiae, the CDC9 gene encodes the essential
DNA ligase, LIG1, which plays a more general function
in the mitochondrial and nuclear genome in sealing nicked
DNA following the removal of the damaged base [133].
In contrast to DNA LIGI, which is conserved among all
eukaryotes, DNA LIG3 is only present in vertebrates [133].
Knockout studies in vertebrate cells showed that DNA LIG3
acts as a backup polymerase upon loss of LIGI and rescues
DNA replication via an alternative Okazaki fragment-liga-
tion mechanism [134]. Thus, LIG1 and LIG3 might share
selective functions.

Co-factor proteins

In addition to the proteins mentioned above, cofactors are
also involved in the BER pathway and do not participate
directly in the DNA processing reactions (Table 2). These
molecules are considered accessory factors such as PARP
and XRCC1, which provide a significant opportunity to
modulate the BER reactions for clinical applications. These
factors stabilize the DNA strands until the repair process is
completed; however, the exact mechanism is still not fully
understood [135]. In eukaryotes, PARP and XRCCI1 are
potentially involved in different cellular processes such as
gene regulation and transcription, genome repair, cell signal-
ing, and apoptosis [136]. These factors can modulate several
DNA repair proteins such as APE1, polymerase f§, SIRTI,
and DNA LIG1 by protein—protein interactions with no
detectable enzymatic activities (Fig. 3; Table 2) [137]. The
deacetylation activity of SIRT1 maintains PARP1 function
through its binding protein DBC1. Both complexes, SIRT1/
DBCI1 and PARP1/DBCI1 can be modulated by nicotinamide
adenine dinucleotide (NAD+) levels [138]. Interestingly, the
involvement of these cofactors in the BER pathway is highly
specific; for instance, pyrimidine base damage requires
XRCCI activity but does not require PARP [136].
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In humans, 17 proteins in the PARP family share simi-
larities to PARP1 [137]. The PARP proteins have essential
roles in guiding the repair of DNA lesions and preventing
cellular apoptosis caused by cytotoxic DNA-strand breaks.
PARP1 can abruptly detect the strand breaks and activate
its poly-(ADP) ribosylation activity to transfer the ADP-
ribose from the redox cofactor NAD+ to itself and other
target proteins, such as PARP2 in the nuclei [138]. Further-
more, PARP1 could direct, for example, the repair of 8-oxo-
guanine lesions via the Long-Patch BER pathway [136]. In
Long Patch repair, the activities of FEN1 and polymerase
f can be inhibited by PARP1, but it has a minor impact on
Short Patch BER, although it can compete for AP sites and
inhibit APE1 activity. It is noteworthy that PARP1 may also
exhibit abasic and dRP lyase actions upon the deficiency of
APE] as a backup excision repair mechanism [139]. PARP2
is another protein of the PARP family that has a crucial role
in preventing mutagenesis, particularly in the PARylation of
polynucleotide kinase (PNKP) and XRCC1 [140]. Recent
evidence indicates that PARP1 and PAPR2 perform dis-
tinct roles to regulate the base-excision DNA repair pro-
cess [140, 141]. For example, while PARP1 plays a more
significant role in the upstream part of the BER pathway,
such as stimulating the release of APE1, PARP2 enhances
the downstream components such as LIG3 [140, 141]. Mice
lacking PARP1 have a compromised DNA repair process,
and the deletion of both PARP1 and PARP?2 delays the liga-
tion of DNA-strand breaks, resulting in a lethal phenotype
[140]. Another study has found that the deficiency of both
PARP1 and PARP2 proteins improved the efficacy of cyto-
toxic drugs and reduced the tumor burden [142].

The cytotoxic effect of many chemotherapies could stim-
ulate and upregulate the protein expression of PARP1 in
both normal and malignant mammalian cells [143]. Besides
BER, PARPI1 also has roles in other DNA repair pathways,
including single- and double-strand break repair and nucleo-
tide excision repair [144]. Presently, inhibitors of PARP1
are being exploited to use as single or in combination with
chemotherapeutic agents for treating various cancers, includ-
ing breast and ovarian [145]. For instance, the Food and
Drug Administration has approved the use of PARP inhibi-
tors in cases of BRCA1 and BRCA2 mutations and meta-
static breast cancer due to the potent synthetic lethal effect
[146]. Thus, defining the exact mechanism of the PARP fam-
ily in DNA repair may help develop highly selective PARP-
targeted medications that could treat the tumor within its
microenvironment.

Two nematode PARP factors have been found, known
as PME1 and PME2 [147]. PME-1 and PME-2 share 31
and 24% identity at the amino acid level with the human
PARPI1 and PARP2, respectively. PME-1 has a C-termi-
nal with the same basic structure of PARP as well as an
N-terminal that contains two zinc fingers. PME knockout
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C. elegans are sensitive to cisplatin and ionizing radiation,
but not to manganese-induced oxidative DNA lesions, as
assessed by growth and survival rates [147—-149]. The D.
melanogaster genome contains only one gene, PARPS-1,
encoding a homolog of human PARP1 [150]. It has similar
conserved domains as the human PARP1 and performs roles
in DNA repair, regulates the nuclear chromatin structure,
and maintains the organism survival [138]. In the absence
of PARPS-1, the expression of at least 600 genes is altered,
suggesting the importance of PARPS-1 function in various
physiological pathways [151]. The variation observed in
BER components between yeast and humans is also expected
to influence the nature of the interactions during the process.
Indeed, a significant distinction between yeast and human
BER lies in the absence of a PARP to exert regulatory con-
trol on the BER pathway in yeast [152].

In the case of the BER cofactor XRCC1, no enzymatic
activity has been assigned to this protein. However, it
plays a role in coordinating components of the BER path-
way [153]. In the Short Patch Repair pathway, the human
XRCC1 forms a complex with DNA polymerase  and LIG3
to facilitate enzyme ligation after the inserted base [154].
In the Long Patch Repair pathway, a complex consisting
of LIG1, PCNA, and XRCCl is responsible for sealing the
DNA-strand breaks that follow the action of the DNA pol-
ymerase and FEN1. At DNA single-strand break, PARP1
and or PARP?2 can recognize the lesion and recruit XRCCl1
[143]. This nuclear protein stabilizes and enhances various
BER components in mammalian cells. XRCC1 can gener-
ate protein—protein interactions with UNG2, NTH1, NEIL1,
NEIL2, OGG1, PNKP, MPG, APE1, and DNA polymerase
B, using three distinct domains, a N-terminal and two inde-
pendent BRCT domains (Fig. 3; Tables 1, 2). These XRCC1-
complexes serve to coordinately regulate the activity of the
BER proteins [155].

The downregulation of the XRCCI1 gene during the
early development of mice resulted in embryonic mortality
[156]. Genetic mutation in XRCC1 can enhance the risk of
tumorigeneses such as head, neck, esophageal, and breast
cancers and decrease the survival rate [157, 158]. The defi-
ciency of XRCC1 showed elevated levels of DNA strand
lesions and brain tissue damage associated with the death
of mouse embryos [159]. Furthermore, genomic deletion of
XRCCI1 displayed sensitivities to various genotoxic agents
in eukaryotes [160, 161]. However, there is still a need to
study the cellular response of PARP1 and XRCC1 deficiency
to DNA single strand break and different chemotherapies.
So far, the gene ortholog of the scaffold protein XRCCI1 has
not been found in C. elegans nor D. melanogaster, and it is
not clear how these organisms coordinate the BER process
[73, 131]. On the other hand, XRCC1 of the fission yeast S.
pombe appears to play a more prominent role in cell cycle
regulation than DNA repair, and S. cerevisiae seems to lack
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XRCC1 [162, 163]. It remains unclear how the final steps
of BER are coordinated in yeast in the absence of XRCCl.

BER pathway and disease

The disruption and deregulation of the DNA damage toler-
ance and response and defects in DNA repair reactions pro-
mote the genomic instability that leads to various diseases.
Oxidative stress-induced lesions or polymorphisms in genes
encoding BER proteins are associated with the progression
of many pathologies, including neuropathogenesis (e.g., Par-
kinson’s, Huntington’s, and Alzheimer’s diseases), as well
as cardiovascular diseases, diabetes, and cancers (Tables 1,
2) [164]. Globally, cancer is the second major cause of mor-
tality and is responsible for an estimated 10 million can-
cer deaths in 2020 [165]. Indeed, genetic analyses of these
patients detected the presence of base lesions that are charac-
teristics of defects and altered regulation of the BER process
[164]. Genetic polymorphisms of MPG could enhance the
progression of different pathologies, mainly ischemic stroke,
lung cancer, and inflammatory diseases [166, 167]. Mice
devoid of the MPG DNA glycosylase showed high levels of
DNA lesions with an elevated probability of intestinal cancer
under oxidative conditions [168]. In addition, a comprehen-
sive genotyping analysis uncovered a significant associa-
tion between cervical squamous cell carcinoma and several
SMUGT1 genetic polymorphisms, including rs3087404(A/G)
and rs2029167(A/G) [169]. This association could help pre-
dict the occurrence of several types of cervical carcinomas,
such as cervical intraepithelial neoplasia.

The deficiency of OGG1, NEIL1-3, APE1, APE2, MDB4,
and MUTYH was found to promote the development and
progression of neurodegenerative disorders, aging, depres-
sion, as well as many types of tumors, including colon, blad-
der, liver, head, neck, breast, kidney, and lung [170-173].
For instance, breast cancer has been observed to be asso-
ciated with mutation of various excision proteins, such as
APEI, APE2, POL f, XRCC1, and PARPI. Resistance to
chemotherapies and tumor progression has been associated
with the upregulation of these proteins [174]. Patients with
Alzheimer, Parkinson, rheumatoid arthritis, immunologi-
cal dysfunction, and intestinal inflammatory diseases are
predicted to have a low level of UNG, OGG1, MUTYH,
FENI1, PARP1, and XRCCI1 proteins with an elevated level
of 8-oxoguanine lesion, underscoring the possibility of using
OGG1 and 8-oxoguanine lesions as a diagnostic tool for
these diseases [175-179]. Recently, studies have reported a
strong association between TDG function and the incidence
of many tumorigeneses including lung, breast, liver, and thy-
roid cancers [180—182]. In addition, the inactivation of TDG
protein promotes the development of hepatic cancer, which
is associated with bile acid accumulation and diabetic status

[181]. The deficiencies or genetic variants in NTHL1 gly-
cosylase protein are associated with aging and many types
of cancer, such as invasive ductal carcinoma bladder, intes-
tinal, and squamous cell carcinomas [59, 168]. Likewise,
the altered regulation of LIG1 and LIG3 is associated with
tumor proliferation [183].

The protein levels of PARP1 are elevated in several
pathophysiological conditions such as human cancers and
inflammatory disorders. Hence, the suppression of PARP1
levels can enhance the sensitivity of cells towards radiother-
apy and chemotherapy by inhibiting the correction of DNA-
stand breaks and base lesions [184]. A study performed in
mice under atherosclerosis conditions showed that the cer-
ebral infarct volume directly relates to the PARP activity and
that inhibiting its activity can significantly decrease arterial
inflammation [185]. As observed for many BER proteins,
mutations of the vital scaffold factor, XRCC1, are associated
with an elevated risk of breast cancer and cancer progression
[186]. In addition, XRCC1 has been recently shown to gov-
ern the repair of DNA single-strand breaks at specific sites
such as enhancers and demethylated regions in the genome
of neurons. It is believed that defects in XRCC1 or its protein
partners PNKP and APTX lead to the accumulation of DNA
single-strand breaks in neurons and, as such, are the cause
of neurodegenerative diseases [187, 188].

APEL1 also plays a central role in combating the onset
and progression of tumors by regulating the oxidative stress
response and genes involved in chemoresistance [10]. The
abnormal cytoplasmic localization of APE1 and its strongly
interacting partner NPM1 is linked to tumor progression
and chemoresistance of high-grade serous ovarian cancer
[189]. There is growing evidence that APE1 can be used
as a specific biomarker and a potential treatment target for
various pathologies by disrupting its interactions with other
partners [10]. In addition to APEI, variants of DNA poly-
merase f} serve as specific base mutators leading to genomic
instability, mutagenesis, aging, and neurodegenerative dis-
eases. It is noteworthy that at least 30% of colorectal cancer
patients have mutations within the DNA polymerase f} gene
[190, 191]. Furthermore, this impaired DNA enzyme has
been associated with different solid cancers, enhanced cell
apoptosis, and higher sensitivity to chemotherapy [192]. In
general, the BER process is crucial to suppress genomic
instability, thereby preventing numerous anomalies, includ-
ing the onset and progression of tumors and age-related neu-
rodegenerative disorders [10, 172].

Conclusions and future directions
The genomic and biochemical analyses of the BER process

have progressed tremendously since the first discovery of
the uracil DNA glycosylase by Lindahl in 1974. The BER
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repair process is carried out by the handover of essential
proteins to the next that together function in coordina-
tion to maintain DNA stability, which otherwise would
lead to various diseases. Coordination of these steps is
obtained through an overlapping interaction of enzyme-
product and protein—protein that maintains the intermedi-
ates flow during the repair process. Several aspects of the
pathway remain poorly understood; for example, how are
the enzymes (1) precisely coordinated at the DNA lesion
intermediates? (2) regulated to promote the association
and disassociation at the DNA lesion site? (3) maintained
following the completion of the repair process? Moreover,
(4) reassembled before reengaging with the removal of the
subsequent DNA lesion? Besides these shortcomings in
the BER mechanism, other advancements in the genomic
and precision medicine field have led to enormous contri-
butions whereby single nucleotide polymorphisms within
the BER genes are directly linked to specific types of dis-
eases. However, it remains a challenge to correct these
BER gene mutations by gene therapy to forestall disease
initiation and progression. The ease of genetic manipula-
tion of some eukaryotic organisms such as S. cerevisiae,
C. elegans, and D. melanogaster has extensively revealed
complementary functions of the BER enzymes. The repair
mechanisms identified in these organisms were intuitive
in understanding the role of the conserved BER process.
However, it is noteworthy that D. melanogaster and C.
elegans lack some proteins known to be essential in
human cells. We believe that both D. melanogaster and
C. elegans could provide new insights into the alternative
mechanism(s) of processing base lesions that may help
unravel auxiliary pathways in human cells.
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