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Abstract

Significance: Appropriately controlled epigenetic regulation is critical for the normal development and health of
an organism. Misregulation of epigenetic control via deoxyribonucleic acid (DNA) methylation or histone
methylation has been associated with cancer and chromosomal instability syndromes. Recent Advances: The
main function of the proteins in the base excision repair (BER) pathway is to repair DNA single-strand breaks
and deamination, oxidation, and alkylation-induced DNA base damage that may result from chemotherapy,
environmental exposure, or byproducts of cellular metabolism. Recent studies have suggested that one or more
BER proteins may also participate in epigenetic regulation to facilitate gene expression modulation via alteration
of the state of DNA methylation or via a reaction coupled to histone modification. BER proteins have also been
reported to play an essential role in pluripotent stem cell reprogramming. Critical Issues: One emerging function
for BER in epigenetic regulation is the repair of base lesions induced by hydrogen peroxide as a byproduct of
lysine-specific demethylase 1 (LSD1) enzymatic activity (LSD1/LSD2-coupled BER) for transcriptional regula-
tion. Future Directions: To shed light on this novel role of BER, this review focuses on the repair of oxidative
lesions in nuclear DNA that are induced during LSD1-mediated histone demethylation. Further, we highlight
current studies suggesting a role for BER proteins in transcriptional regulation of gene expression via BER-
coupled active DNA demethylation in mammalian cells. Such efforts to address the role of BER proteins in
epigenetic regulation could broaden cancer therapeutic strategies to include epigenetic modifiers combined with
BER inhibitors. Antioxid. Redox Signal. 18, 2429–2443.

Introduction

The proteins of the base excision repair (BER) pathway
participate in the repair of dozens of base modifications

that result from oxidative deoxyribonucleic acid (DNA)
damage (88). Such damage can arise from numerous exoge-
nous and endogenous sources, resulting in a multitude of
detrimental cellular effects, including mutations, genome re-
arrangements, altered gene expression, and the onset of cell
death or senescence (9,49,50). As depicted in Figure 1 and
extensively reviewed elsewhere (88), many proteins are in-
volved in the BER pathway to remove the base lesions and
complete repair. Briefly, there are 11 human DNA glycosy-
lases that remove the induced base lesions and thereby
function to initiate BER. Once the base lesions are removed,

Innovation

Proteins of the base excision repair (BER) pathway help
maintain the stability of the genome by repairing deox-
yribonucleic acid (DNA) base damage and DNA single-
strand breaks that may arise from oxidative stress and
cellular metabolism. Recent studies have suggested that
one or more BER proteins may also play a role in epige-
netic regulation of gene expression. To shed light on this
novel role of BER, this review focuses on the repair of
oxidative lesions in nuclear DNA that are induced during
histone demethylation. Further, we highlight current
studies suggesting a role for BER proteins in DNA
demethylation.
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the product, an apurinic/apyrimidinic (abasic or AP) site, is a
substrate for an endonuclease specific for AP sites, the AP
endonucleases APE1 or APE2 (although the majority activity
results from APE1) (3). There is general consensus that the
resulting DNA single-strand break after APE1 (or APE2)
cleavage forms a nucleation site for scaffold proteins such as
poly(adenosine diphosphate [ADP]-ribose) polymerase-1
(PARP1) and XRCC1, followed by recruitment of the proteins
needed to complete repair. DNA polymerase b (Polb) is con-
sidered the major end-trimming and DNA polymerase in BER
(bolded, Fig. 1D). Alternate DNA polymerases have also been
suggested to participate in BER, either in a short-patch repair
subpathway or an alternate long-patch repair subpathway, as
depicted in Figure 1. As mentioned above, BER has been con-
sidered to have a biological role limited to nuclear (and mito-
chondrial) genome repair in response to endogenous and
exogenous genotoxins. However, recently, it has been sug-
gested that these proteins may also have been co-opted to fa-
cilitate and enhance gene regulation, as will be discussed herein.

The genome of more than 350 species has been sequenced
(34), yet the gap between our understanding of the genotype
and phenotype is still considerable. Through a series of spa-
tiotemporal developmental steps, stem and progenitor cells of

a multicellular organism are differentiated into different cell
types with unique gene expression profiles to perform their
specific functions (11,16,46,68). It is now quite clear that
among the many biological and genetic alterations that define
cellular function, the pattern of DNA and histone modifica-
tion plays a main role to define the cellular phenotypes (54).
The balance between the DNA methylation/demethylation
and histone modification status can impact the structure
of chromatin, define the on/off switch for many genes, and
eventually change the physiologic outcome. For example,
the fate of a honeybee (Apis mellifera) as either a worker or a
queen is determined by its DNA methylation pattern (82).
Approximately 3%–4% of genomic cytosine in a typical
mammalian cell is methylated to 5-methylcytosine (5mC) as
an epigenetic mark (24). These marks generally occur at the
dinucleotide CpG of the promoter region of a gene. Methy-
lation of cytosine to 5mC at the CpG sites is an important step
in epigenetic transcriptional regulation related to transcrip-
tional repression, X-chromosome inactivation, imprinting,
and suppression of parasitic sequences (13,60,83). Abnormal
DNA methylation patterns at the CpG sites are often observed
in disease states such as global genome hypomethylation and
tumor suppressor gene hypermethylation in cancer (28,31).

FIG. 1. General model for base excision repair (BER). The BER pathway includes three essential steps: lesion recognition/
strand scission, gap tailoring, and deoxyribonucleic acid (DNA) synthesis/ligation. (A) When DNA is damaged by geno-
toxins, BER is initiated with one of 11 human DNA glycosylases to remove base lesions and form the apurinic/apyrimidinic
(abasic or AP) site or hydrolyze the DNA strand (depending on the glycosylase). (B) The AP endonucleases APE1 or APE2 are
recruited to the AP site to cleave the DNA backbone and form a single-strand break. (C,D) The BER cofactor proteins are
recruited to the lesion site working with DNA polymerase b (Polb) (or other DNA polymerases) to complete the repair.
Alternate DNA polymerases have also been suggested to participate in BER, either in a short-patch repair subpathway or an
alternate long-patch repair subpathway. The enzymes depicted with smaller fonts suggest that they play a minor role in BER.
To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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In addition, because the DNA is wrapped around his-
tone proteins packed into the chromatin structure, post-
translational modification of histone proteins is an important
method for controlling DNA access and transcriptional reg-
ulation (14,41). The tails of H3 and H4 histones can be
covalently modified on several residues by methylation,
acetylation, phosphorylation, ubiquitylation, SUMOylation,
citrullination, and ADP-ribosylation (19,41,64). Based on the
status of these histone modifications, the expression of the
modified gene might be upregulated or silenced.

Recent studies have demonstrated that BER may be in-
volved or coupled with both active DNA demethylation
(BCADD) and lysine-specific demethylase 1 (LSD1)-mediated
histone demethylation (LC-BER) (40,76). In BCADD, three
families of enzymes are involved: the Ten–eleven transloca-
tion (Tet) protein family, activation-induced deaminase
(AID)/apolipoprotein B mRNA-editing enzyme complex
(APOBEC), and proteins from the BER pathway. The TET
proteins are responsible for the hydroxylation of 5mC to yield
5-hydroxy-methyl-cytosine (5hmC), which can be further
oxidized to 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC). AID/APOBEC proteins can deaminate 5mC (or
5hmC) to form thymine or 5-hydroxymethyluracil (5hmU). In
the latter case, the resulting modified base would be mis-
paired with guanine. Once these modified bases are formed,
the BER pathway is initiated by TDG to remove base modi-
fications such as 5fC, 5caC, or 5hmU (22).

With regard to histone modification, BER is suggested to be
coupled to LSD1-mediated histone demethylation to repair
base lesions induced by hydrogen peroxide (H2O2) as a by-
product of the LSD1 (or LSD2) enzymatic activity (LC-BER).

LSD1 is the first protein demethylase discovered that converts
histone H3K4me2 to H3K4me1 or H3K4me0 through a flavin
adenine dinucleotide (FAD)-dependent oxidative reaction. In
the amine oxidase-mediated demethylation reaction, the co-
factor FAD is reduced to FADH2 and then reoxidized to FAD
by oxygen with the generation of H2O2 (Fig. 2). The DNA
damaged by H2O2 from LSD1-mediated demethylation trig-
gers the recruitment of the BER machinery to the promoter
and regulatory response sites. It is suggested that it is the
repair of the LSD1-induced DNA damage that facilitates and
enhances transcription initiation (78). Therefore, it is likely
that the BER machinery is not only critical for preventing re-
active oxygen species (ROS)-induced genome instability, but
it is also possible that BER is an essential component of ROS-
mediated transcriptional regulation. In this review, the two
main epigenetic modifications, DNA demethylation and his-
tone demethylation, are discussed in detail with an emphasis
on the roles of BER in transcriptional regulation.

Gene Expression Regulation by Histone Acetylation
and Methylation

The basic unit of chromatin consists of 146 base pairs (bp) of
DNA wrapped around a histone octamer, which is composed
of two copies of each of the four core histones: H2A, H2B, H3,
and H4. Thus, post-translational modifications of histones
alter the interactions between DNA and histones and modu-
late DNA access by transcription factors or other regulatory
proteins. These alterations result in chromatin structure con-
densation or relaxation, which leads to the regulation of the
expression of a targeted gene (6). The two most common

FIG. 2. Comparative analysis of the mammalian flavin-dependent histone demethylases lysine-specific demethylase 1
(LSD1) and LSD2. (A) The reaction of LSD1/LSD2 demethylation: LSD1/LSD2 demethylates H3K4me2 via an amine
oxidation reaction. Flavin adenine dinucleotide (FAD) is needed as a cofactor. The reaction generates hydrogen peroxide
(H2O2), which results in local DNA base oxidation. The formation of an imine intermediate is necessary. The imine inter-
mediate further hydrolyzes to an unstable carbinolamine, which spontaneously degrades to H3K4Me1 with the release of
formaldehyde. (B) The domain differences between LSD1 and LSD2: The first 150 amino acids of LSD1 are predicted to be
disordered. On the contrary, LSD2 has a CW-type zinc-finger domain in its N-terminus. Additionally, LSD2 does not have a
Tower domain. The Tower domain of LSD1 is responsible for the binding of LSD1 to CoRest. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub.com/ars
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histone modifications are acetylation and methylation. His-
tone acetylation and deacetylation are highly regulated dy-
namic processes typically catalyzed by enzymes with a
histone acetyltransferase (HAT) or histone deacetylase
(HDAC) activity. Acetylation of the (normally) positively
charged lysine residue results in an uncharged lysine residue,
causing a decreased interaction between the histone and DNA
that is generally associated with active transcription. Histone
acetylation and deacetylation are usually coregulated with
histone methylation and demethylation to facilitate regula-
tion of gene expression. Unlike histone acetylation, methyla-
tion of histones does not influence the net charge of the newly
modified lysine residues, and hence has no effect on the
DNA–histone interaction. However, the histone methylation
status is important for the interaction between chromatin and
regulatory proteins and therefore can impact transcription.
The presence of epsilon-N-methyl-lysine in calf thymus his-
tones was first demonstrated in 1964, and it was suggested
that the methyl group might come from methionine (73). In
the same year, Allfrey and colleagues reported the possible
role of histone methylation and acetylation in regulating
RNA synthesis (1). Decades of work on histone modification
and regulation of gene expression have developed into a
histone-code hypothesis that links the function of histone
modifications in chromatin with transcriptional activation or
suppression states of related genes (55,87,95). Histone meth-
ylation is usually thought to occur at the N-terminal domains
of H3 and H4. Histone lysine methyl transferases (HKMTs)
can mainly be classified into two families: Su(var)3–9/En-
hancer of zeste/Trithorax (SET) domain-containing proteins
and the DOT1-like proteins without a SET domain (41). Pro-
teins from both families can transfer a methyl group from
S-adenosylmethionine to the epsilon-amino-group of lysine,
resulting in the formation of S-adenosylhomocysteine and
methyl-lysine. Most HKMTs belong to the SET family and use
the SET domain as their catalytic core and almost exclusively
act near the N-termini of the histone proteins. On the other
hand, DOT1/DOT1L proteins target the lysine tail region of
the histone, and DOT1 is the only enzyme known to meth-
ylate a lysine residue in the globular core of the histone (103).

Histone Demethylation and Oxidization of DNA

For a long time, histone methylation was considered a
permanent and irreversible histone modification and there-
fore used as an epigenetic mark because of the high thermo-
dynamic stability of the N–CH3 bond (93). The first histone
demethylase, LSD1, discovered in 2004 by Shi and coworkers,
brought a completely new field to light that suggested a dy-
namically controlled balance between HKMTs and de-
methylases in response to the extracellular or intracellular
signals needed for transcriptional regulation (81). LSD1 is
often upregulated in various tumors and hence is considered a
promising oncogenic target. In line with this thought, the in-
hibition of LSD1 activity has been reported to reduce cancer
cell proliferation or block tumor metastasis (52). LSD1 also
plays an important role in embryo development, demon-
strated by the observation that a null mutation of the mouse
isoform of LSD1 (Kdm1a) causes embryonic lethality (100).
LSD1 demethylates its histone substrate via an FAD-
dependent amine oxidase reaction (Fig. 2A). Because
demethylation of trimethylated lysine residues requires a pro-

tonated methyl ammonium group for LSD1-catalyzed oxida-
tion, LSD1 is unable to demethylate trimethylated lysines (81).
Subsequently, the other histone demethylase family that con-
tains the Jumonji ( JmjC) catalytic domain was identified and
characterized and shown to demethylate trimethylated lysines
(20,62,94,101,104). The JmjC-driven demethylase reaction is
compatible with demethylation of mono-, di-, and trimethylated
lysines and has a substrate preference for trimethylated lysine
demethylation (23,75). Unlike the LSD1 family proteins, JmjC
proteins catalyze lysine demethylation of histones through an
oxidative reaction that requires Fe(II) and a-ketoglutarate (a-KG)
as cofactors. This demethylation mechanism will not result in
DNA damage and therefore does not invoke the BER system. As
such, these demethylases are not the focus of this review. The
details on the JmjC family of demethylases have been reviewed
elsewhere (80).

Based on the proposal that amine oxidases might remove
the methyl group from histones via an oxidation reaction (7)
and the highly homologous sequences between LSD1 and
amine oxidases, Shi et al.81 demonstrated that LSD1 catalyzes
the removal of the methyl group from both H3K4me2 and
H3K4me1, but not H3K4me3 in vitro via an FAD-dependent
oxidization reaction (Fig. 2A). Forneris et al. then demon-
strated that molecular oxygen was utilized as the electron
acceptor. After exposure of the reduced LSD1, which was
generated from the demethylation of H3K4Me2 under an-
aerobic conditions, to air for a few minutes, the flavin cofactor
of LSD1 was reoxidized by oxygen. The reoxidized LSD1 has
the same absorption spectrum as the native enzyme (35). In
LSD1-catalyzed histone demethylation, the amino-group of
the methylated lysine is oxidized, presumably to generate an
imine intermediate that will spontaneously hydrolyze to
produce formaldehyde and the corresponding amine residue.
Substrate oxidation leads to the two-electron reduction of the
cofactor FAD, which is reoxidized by molecular oxygen to
produce H2O2, which was initially detected with a peroxi-
dase-coupled assay. Because of the formation of the imine
intermediate, LSD1-mediated demethylation is critically de-
pendent on the protonation of the nitrogen. Thus, this enzyme
can only catalyze demethylation of mono- and dimethylated
lysines. In 2009, Karytinos and colleagues discovered a second
FAD-dependent H3 lysine demethylase, LSD2. LSD2 was
demonstrated to be specific for demethylation of H3K4me1
and H3K4me2 via a mechanism similar to LSD1 (58). Both
proteins have a C-terminal amine oxidase domain hosting the
FAD cofactor for catalytic activity that is preceded by a
SWIRM domain, a six-a-helical structural module frequently
found in chromatin-associated proteins and important to
LSD1 protein stability (Fig. 2B). The main difference between
LSD1 and LSD2 is in the N-terminus. Unlike the N-terminal
sequence of LSD2 that forms a CW-type zinc-finger domain
(residues 130–200), the first 150 amino acids of LSD1 are
predicted to be disordered (58). Another difference is that
LSD2 does not have a Tower domain that in LSD1 is impor-
tant for CoRest binding, which therefore precludes the pos-
sibility of LSD2/CoRest complex formation (58). In addition,
the N-terminal CW-type zinc-finger domain found only in
LSD2 suggests the possibility of an interaction between LSD2
and nucleosomal DNA (58). The sequence and structural
differences between LSD1 and LSD2 may foreshadow func-
tional specificities of the two demethylases. Recently, Huang
and colleagues showed that inhibition of LSD1 activity by the
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monoamine oxidase inhibitor pargyline or reduction of LSD1
expression by small interfering RNA (siRNA) resulted in in-
creased acetylation of H3K9 (AcH3K9), an epigenetic mark for
transcriptionally active chromatin. Further, the reactivation of
many tumor suppressor genes resulted in growth inhibition
of breast cancer cells. However, the reduction of LSD2 ex-
pression by siRNA-mediated knockdown did not change the
level of AcH3K9. This result suggests that LSD2 activity may
not functionally complement the HDAC activity of LSD1 (52).
In 2010, van Essen and colleagues demonstrated that LSD2
was required for the removal of the methyl group from
H3K9me2 at the Mdc and Il12b promoters when stimulus-
induced NF-jB was recruited to the promoter region for ac-
tivating those genes (97). In addition, Fang et al. reported that
LSD2 mainly binds to the gene bodies (but not promoters) to
demethylate H3K4me2 and may be associated with elonga-
tion factors to regulate gene transcription after initiation (29).
In both the LSD1- and LSD2-mediated demethylation reac-
tion, the H2O2 product generated oxidative damage on the
nearby DNA (21). It has been reported that when LSD1-
mediated H3K4 demethylation occurred, the percentage of
cells labeled with a fluorescein-tagged 8-oxo-7,8-dihydro-2¢-
deoxyguanosine (8-oxodG)-binding protein increased
from 5% at a basal level to 74%, close to the percentage (84%)
that resulted from the treatment of H2O2 as a positive control
(21). Although only the oxidatively modified form of deox-
yguanosine (8-oxodG) was reported after LSD1-mediated
histone demethylation (4,78), all four deoxynucleosides (deox-
yadenosine, deoxyguanosine, thymidine, and deoxycytidine)
and the methylated form of deoxycytidine (5-methyl-deox-
ycytidine) can be oxidatively damaged (88). The most common
and intensively studied oxidatively damaged base is 8-oxodG
(59). Other major oxidative lesions include 2,6-diamino-4-hy-
droxy-5-formamidopyrimidine. With the exception of DNA
polymerase iota (i), DNA replication in mammalian cells is not
significantly blocked by 8-oxodG damage, and thus the 8-ox-
odG DNA lesion is minimally cytotoxic and in fact is mostly
mutagenic (106). Since 8-oxodG potentially mispairs with A,
either DNA replication or DNA repair-mediated DNA syn-
thesis opposite the 8-oxodG lesion yields deoxyadenosine
monophosphate (dAMP) insertion (47,65,67,85,107). Even-
tually, this results in a G0T substitution mutation (85). In
general, the 8-oxodG lesion is mainly repaired by the BER
pathway, and it has been suggested that the repair (BER) syn-
thesis mediated by Pol-lambda (k) preferentially inserts deox-
ycytidine triphosphate (dCTP) opposite 8-oxodG (69,70,98,99).
Similarly, BER synthesis mediated by Polb prefers insertion of
dCTP (by a factor of 2:1) over insertion of the mutagenic dAMP
base (71). If not repaired, the 8-oxodG lesion can be further
oxidized to yield several mutagenic base lesions, including
guanidinohydantoin and spiroiminodihydantoin (44,74).

Deoxyadenosine can be oxidized into two major products:
8-oxo-7,8-dihydro-2¢-deoxyadenosine (8-oxodA) and 4,6-
diamino-5-formamidopyrimidine (FapydA) (12). The Fapy-
dA lesion was first detected in both normal and cancerous
tissues (77) and is the most abundant of the adenine lesions
induced by c-radiation (18). Both lesions are weakly muta-
genic (57,92), and tandem 8-oxodA lesions can be induced by
hydroxyl radicals. BER is the major pathway to repair such
DNA lesions. The major 2¢-deoxycytidine-oxidized product is
5-hydroxy-2¢-deoxycytidine (OH5dC). Inaccurate replication
across the OH5dC lesion incorporated into DNA tends to

generate the C0T transition mutations (30). Thymine can be
oxidized to thymine glycol (Tg). The Tg lesion is formed by a
hydroxyl radical attack on the double bond of thymine at C5
or C6 or by hydrogen abstraction from the methyl group (56).
Tg was originally identified in purified DNA after oxida-
tion with ionizing radiation (36). Although the Tg lesion blocks
human replicative DNA polymerases, the lesion only results in
a minimal increase in mutations, since several translesion DNA
polymerases such as DNA polymerase g, j, m, b, and k readily
bypass the lesion (10,33,66,91). Additional oxidized thymine
analogs include 5,6-dihydro-thymine and 5-hydroxy-5,6-dihy-
dro-thymine. Further details on the repair of oxidative DNA
base lesions have been reviewed previously (88).

BER Pathway and the Repair of Oxidatively
Damaged DNA

Both environmental and endogenous factors can induce
DNA base damage, requiring repair by multiple DNA repair
pathways to maintain genome stability and to prevent cell
malignant transformation. The BER pathway is the predom-
inant DNA repair pathway for repairing oxidatively damaged
DNA. The BER pathway consists of three functional steps: (i)
lesion recognition/strand scission, (ii) gap tailoring, and (iii)
DNA synthesis/ligation (3,88). The initial step of recognition
and strand scission involves the removal of the oxidatively
damaged DNA lesion by one of several DNA glycosylases
(Fig. 1) (88). This is followed by hydrolysis of the DNA
backbone primarily by APE1, an AP endonuclease. Gap tai-
loring can be conducted by several enzymes depending on the
initial lesion, and finally DNA synthesis allows the insertion
of the correct DNA base followed by ligation to seal the DNA
backbone (3). There are several classes of DNA glycosylases,
monofunctional and bifunctional glycosylases, which differ
based on function. Monofunctional glycosylases hydrolyze
the N-glycosidic bond to remove the damaged base. This class
includes UNG, SMUG1 TDG, MBD4, MPG, and MUTYH.
Monofunctional DNA glycosylases such as SMUG1 and MYH
use an activated water molecule to cleave the N-glycosidic
bond. After monofunctional glycosylases remove the dam-
aged base, an AP endonuclease (APE1 or APE2) is required to
hydrolyze the phosphodiester bond of DNA, creating a
single-strand break with a 5¢deoxyribose-phosphate (5¢dRP)
group that is ultimately gap-tailored by Polb (86). In contrast,
bifunctional glycosylases possess an AP lyase activity in ad-
dition to the glycosylase activity. OGG1, NTHL1, and NEIL3
are bifunctional DNA glycosylases that have an associated
b-elimination activity, whereas NEIL1 and NEIL2 are bi-
functional DNA glycosylases that have an associated b,d-
elimination activity. In human cells, NTHL1 (NTH1), NEIL1,
or NEIL2 is usually involved in removing oxidative pyrimi-
dine lesions while OGG1 is primarily responsible for the re-
moval of oxidatively modified purine bases. SMUG1 excises a
subset of oxidative base damage, including 5-hydroxyuracil,
5hmU, and 5-formyluracil. MUTYH (MYH) can remove the
normal A-base when misincorporated opposite the template
8-oxoguanine (8-oxodG) during DNA replication or repair
synthesis. Interestingly, it has been reported that MYH
mutations are related to a colorectal adenoma syndrome
(MYH-associated polyposis) and high colorectal cancer risk
(17). Bifunctional DNA glycosylases (NTH1, NEIL1, NEIL2,
and OGG1) use Lys or Pro for direct attack on sugar C1’ to
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hydrolyze the N-glycosidic bond. Based on the initiating le-
sion and the mechanism of base removal, the BER pathway
can be classified into either a long-patch BER subpathway (Fig.
1) or three short-patch subpathways, including a monofunc-
tional DNA glycosylase-initiated subpathway, bifunctional
DNA glycosylases with associated b-elimination-initiated
subpathway, and bifunctional DNA glycosylases with associ-
ated b,d-elimination-initiated subpathway (88). The mono-
functional DNA glycosylase-initiated subpathway uses the
classic short-patch BER mechanism starting with hydrolysis of
the N-glycosidic bond to form an abasic site (3). The gap
margins with a 3¢-OH and a 5¢-dRP group are tailored by the 5¢-
dRP lyase activity of Polb, followed by Polb-mediated gap
filling (DNA synthesis). Either DNA ligase I (LigI) or a complex
of DNA ligase III (LigIII) and XRCC1 seals the DNA chain (3).
Recent evidence indicating that LigIII is not required for nu-
clear BER may suggest that LigI is the preferred ligase in BER
(37,84). Strand-break repair and signaling are mediated by
XRCC1 together with PARP1, PARP2, and PARG. XRCC1 acts
as a scaffold for protein complex formation (2,3).

The BER subpathway initiated by bifunctional DNA gly-
cosylases associated with b-elimination is the predomi-
nant BER mechanism for the removal of oxidatively damaged
DNA. A bifunctional DNA glycosylase such as OGG1,
NTHL1, or NEIL3 hydrolyzes the DNA backbone, 3¢ to the
incised base, leaving a 3¢-unsaturated aldehyde after b-
elimination and a 5¢-phosphate at the termini of the repair
gap. NEIL3 mainly is used for nuclear DNA repair, whereas
OGG1 and NTHL1 can repair oxidatively damaged DNA in
both the nucleus and the mitochondria. The gap tailoring is
performed by the 3¢-phosphodiesterase activity of APE1 (3).
Next, gap filling (new DNA synthesis) is mediated by Polb,
and the DNA backbone is sealed by the XRCC1/LigIII het-
erodimer or LigI (3). In some cases, replicative DNA poly-
merases (d and e) or low-fidelity DNA polymerases may insert
a wrong base opposite many oxidative lesions. To prevent the
accumulation and the eventual onset of G0T substitution
mutations, failure to repair the 8-oxodG lesion also triggers
repair of the A-base opposite the 8-oxodG lesion by the MYH
glycosylase (26,85).

Another BER subpathway is initiated by bifunctional DNA
glycosylases with an associated b,d-elimination (NEIL1 and
NEIL2). These DNA glycosylases are followed by an APE1-
independent repair mechanism. Binding of NEIL2 to the le-
sion recruits XRCC1 to the DNA (15). It has not yet been
established if the same process of XRCC1 recruitment is me-
diated by NEIL1. NEIL1 or NEIL2 generates a 5¢- and 3¢-
phosphate at the ends of the DNA in the single-base gap,
resulting from hydrolysis of the glycosidic bond to release the
base, cleavage of the DNA-3¢ to the abasic site via b-elimina-
tion, and then cleavage of the DNA-5¢ to the abasic site via d-
elimination, releasing the trans-4-hydroxy-2,4-pentadienal
(25,102). The phosphatase PNKP is subsequently recruited to
the site to remove the 3¢-phosphate in the gap and complete
the gap-tailoring step. The repair is finalized by DNA syn-
thesis with Polb and ligation with XRCC1/LigIII (25,102).

BER and Epigenetic Regulation via Induction
and Repair of 8-oxodG

In almost all types of cells, a detectable low basal level of
oxidative DNA modifications (e.g., 8-oxodG) is observed,

likely due to a steady state between continuous generation
of these and related DNA modifications by ROS and si-
multaneous repair mainly by BER mechanisms (51). The en-
dogenous oxidative nuclear DNA damage is traditionally
thought to arise from ROS generated via the mitochondrial
electron transport chain. This concept was challenged by
Hoffmann and colleagues in 2004 (51). The authors reported
that a reduction in mitochondrial ROS production by deple-
tion of mitochondrial DNA or an increase in mitochondrial
ROS production via interfering with the mitochondrial elec-
tron transport chain did not change the density of nuclear
DNA damage (51). The observation implied there may be
additional sources of ROS that contribute to the steady-state
level of endogenously induced nuclear DNA base modifica-
tions. Moreover, Ziel et al. proposed that the oxidative DNA
modifications might be utilized as signals for transcriptional
regulation (109). Here, the authors observed DNA oxidative
modifications enriched at hypoxic-response elements located
in the promoter region of the VEGF gene. Moreover, com-
pared to the reporter gene with wild-type hypoxic elements,
luciferase activity increased with AP-site-modified hypoxic
elements. As described above, the AP sites are repair inter-
mediates formed after glycosylase-mediated base lesion re-
moval (Fig. 1). Because AP sites are repaired by the BER
pathway, these results suggested that the BER pathway may
play a role in transcriptional regulation (109). More recent
studies directly demonstrated that the BER pathway may
participate in estrogen-induced target gene expression and
Myc-related transcriptional regulation (see below).

BER and Estrogen-Induced Epigenetic Regulation

The first direct evidence of LC-BER and the involvement
of BER in transcriptional regulation was reported by Perillo
et al. in a study of estrogen-induced target gene expression
mediated by LSD1 (78). As shown in Figure 3, the authors
used a model system (estrogen receptor [ER]-positive MCF7
cells treated with 17b-estradiol [E2]), demonstrating that the
ER was recruited to the promoter and estrogen-response el-
ements (EREs) and enhancers (Fig. 3A). Binding of activated
ER by E2 to both the B-cell CLL/lymphoma 2 (bcl-2) promoter
and the ERE enhancer regions, which are 1.5-kb apart, formed
a chromatin loop between the promoter and the ERE enhancer
(Fig. 3B). The chromatin looping lasted for 60 minutes after E2
addition and then disappeared. Assembly of the transcription
complex occurred between 30 and 45 minutes after E2 addi-
tion. Meanwhile, H3K9me2 demethylation occurred at the
promoter and enhancer sites of the bcl-2 or pS2 genes. Both
chromatin looping and estrogen-induced transcription were
prevented when the LSD1 activity was inhibited by the free
radical-scavenging drug N-acetyl-l-cysteine (NAC) or the
LSD1 inhibitor pargyline. The dimethyl lysine at H3K9me2 in
both the promoter and enhancer regions is demethylated by
LSD1 via an FAD-dependent oxidative reaction, yielding the
generation of local H2O2 that can oxidize the nearby guanine
bases to 8-oxo-G (Fig. 3C). Five minutes after E2 treatment, 8-
oxodG could be detected by immunofluorescence, and 45
minutes after E2 treatment, the immunofluorescence intensity
specific for 8-oxodG was similar to the control experiment
after H2O2 treatment (78). As expected, deactivation of LSD1
with NAC or pargyline, as well as siRNA knockdown of
LSD1, abolished the accumulation of the 8-oxodG lesion.
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Next, it was demonstrated that removal of the 8-oxodG le-
sions from the promoter and enhancer regions of the DNA
occurs primarily by OGG1, which specifically recognizes and
removes 8-oxodG as a part of the BER pathway (78). Another
repair enzyme, topoisomerase IIb (TopoIIb), which is re-
sponsible for recognizing and repairing single-stranded DNA
breaks, was present in both sites as well (Fig. 3D). Inhibition of
TopoIIb expression with siRNA strongly reduced loading of

the activated RNA Pol II, of which Ser5 was phosphorylated
on the promoter. A decrease of loading or assembly of the
phospho-RNA polymerase by 30%–40% was achieved by the
siRNA-mediated knockdown of OGG1 (Fig. 3E). These results
indicated that targeting both TopoIIb and OGG1 to these sites
drove transcription initiation.

The proposed mechanism of histone demethylation cou-
pling with BER (LC-BER) for transcriptional regulation is as

FIG. 3. LSD1/BER-medi-
ated estrogen receptor (ER)-
induced expression of the
bcl-2 gene. (A) Thirty min-
utes after E2 stimulation, the
E2-ER complex is recruited
to the promoter (Pr) and
estrogen-response elements
(EREs) and enhancer (Enh)
sites. (B) After E2-ER com-
plex binding to Pr and ERE, a
chromatin loop is formed be-
tween Pr and Enh. At the
same time, LSD1 is recruited
to these sites to demethylate
H3K9me2. (C) H2O2, a by-
product generated from the
reaction of LSD1-mediated
H3K9me2 demethylation, ox-
idizes the nearby guanine
bases to 8-oxo-7,8-dihydro-2¢-
deoxyguanosine (8-oxodG).
(D) To initiate DNA repair-
coupled transcription, OGG1
and TOPO IIb are recruited to
the lesion sites (purple dots)
to initiate the repair of 8-
oxodG. RNA polymerase II
assembly starts the transcrip-
tion of the bcl-2 gene. (E) The
results from inhibition exper-
iments indicate that without
E2, LSD1 is not recruited to
the Pr and Enh sites. The loss
of function of OGG1 or TOPO
IIb by using targeted siRNA
reduces the loading of acti-
vated RNAP II on promoters.
US, upstream sequence; CS,
coding sequence. To see this
illustration in color, the read-
er is referred to the web ver-
sion of this article at www
.liebertpub.com/ars

BER IN EPIGENETIC REGULATION 2435



follows: LSD1 demethylation results in the accumulation of
8-oxodG lesions via the generation of H2O2 at the sites of
demethylation. The 8-oxodG lesions are repaired by OGG1,
ultimately generating DNA single-strand breaks during BER
that are recognized by TopoIIb to facilitate chromatin relax-
ation and formation of the complex process of transcription
initiation. As such, H3K9me2 demethylation produced tem-
porally limited and localized H2O2 at the promoter and en-
hancer regions, providing a local signal for the assembly of
transcription initiation complex proteins mediated in part by
BER proteins such as OGG1 and APE1. Overall, this study
demonstrated that LSD1-mediated histone demethylation is
coupled with BER to initiate hormone-dependent gene ex-
pression (78).

BER and Myc-Induced Epigenetic Regulation

More recently, the same group observed LSD1-BER-
mediated transcriptional regulation in Myc-activated tran-
scription of the Myc-target genes Ncl and CAD (4,5). Myc is
one of the most common activators of cell proliferation used
by cancer cells to drive disease progression. Because the E-box
sequence (CACGTG) for Myc binding was estimated to exist
in 15% of the all promoter regions in the human genome
(32,42,105), the involvement of BER in the mechanism of Myc-
induced transcriptional regulation will have broad signifi-
cance for cancer therapy research. Amente and colleagues
demonstrated that LSD1-BER-coupled epigenetic regulation
via demethylation of H3K4Me2 by LSD1 at the promoter and
E-box sites drives Myc-mediated gene expression (Fig. 4) (4).
In this study, the activation of Myc with tamoxifen (OHT) was
set as the start point (Fig. 4A). About 30–60 minutes after Myc
activation, Myc was recruited mainly on the E-boxes of both
the Ncl and CAD genes and stably accumulated at the E-box
until the end point (240 minutes) (Fig. 4B). LSD1 was recruited
to the transcription start site (TSS) and the coding region (CR)
of both genes shortly after Myc activation (Fig. 4C). The au-
thors suggested that the recruitment of LSD1 to the promoters
is an early and transient event, because the existence of LSD1
on both the TSS and the E-box overlapped with H3K4me2
demethylation on those sites only in the period from 30 to 60
minutes. Ncl and Cad mRNA accumulation was observed 1
hour after Myc induction. Four hours later, not only the
methylation status of both sites was back to normal but also
the BER proteins were no longer present at the sites. Stable
acetylated histone H4 accumulation was detected on the TSS
and CR of both the genes with a peak level at 240 minutes after
Myc activation. During the demethylation of H3K4me2, the
fluorescent signal for detection of 8-oxodG was significantly
increased in Myc-activated cells (Fig. 4C), similar to the level
of cells exposed to H2O2, but not in the Myc-null cells. In
separate experiments, addition of siRNA specific for Myc or
addition of pargyline (an LSD1 inhibitor) abolished the signal
for 8-oxodG detection. It was also demonstrated that two BER
enzymes (OGG1 and APE1) were engaged at the TSS and E-
boxes of the Ncl and CAD genes after Myc activation (4).
OGG1 appears to be required for the removal of the 8-oxodG
lesion, and APE1 was required to complete repair (Fig. 4D).
However, no additional BER proteins were evaluated in this
initial report. The functional role of BER for transcriptional
control was confirmed by the loss of expression of either
OGG1 or APE1 via targeted siRNA treatment, dramatically

reducing the expression of both the Ncl and CAD genes after
Myc activation (Fig. 4E). The proposed mechanism for Myc-
induced transcription is that Myc recruits LSD1 to the target
E-box site and initiates histone H3 demethylation, which is
then linked to oxidation and DNA repair (LC-BER) to pro-
mote the assembly of the transcript initiation complex.

Epigenetic Regulation via BCADD

In 1998, Um and colleagues reported that TDG directly
interacted with the retinoic acid receptor and the retinoid X
receptor (RXR) in a ligand-independent manner (96). Over-
expression of TDG induced a fourfold increase of the b-
galactosidase reporter gene expression controlled by a
retinoic acid-responsive promoter (96). Subsequently, using
chicken 5-methylcytosine DNA glycosylase (5-MCDG), a
homolog of human TDG, Zhu and colleagues discovered the
upregulation of reporter gene expression induced by a similar
5-MCDG-RXR complex that was the result of DNA de-
methylation of the downstream ecdysone–retinoic acid-
responsive enhancer (108). In a nonmammalian model,
participation of BER in DNA demethylation is clearly docu-
mented. In Arabidopsis, the BER proteins Demeter and ROS1
directly remove 5mC via their glycosylase activities (39,72). In
Xenopus, growth arrest and DNA damage-inducible protein
45-alpha (Gadd45a) is the major protein to initiate DNA
demethylation, and the interaction of Gadd45a with the nu-
cleotide excision repair protein XPG is suggested (8). In zeb-
rafish embryos, 5mC is converted to thymine by AID, and
then the G:T mismatch is removed by the zebrafish thymine
glycosylase MBD4, associating Gadd45 with the BER path-
way (79). In a mammalian model, the participation of BER in
active demethylation has recently been documented using
mouse embryos during genome-wide epigenetic reprogram-
ming. In 2010, Hajkova reported the initiation of epigenetic
reprogramming at embryonic day 7.25 (E7.25), followed by
genome-wide DNA demethylation. Involvement of BER was
proposed after an increase in expression of APE1, XRCC1, and
the formation of PAR, suggesting the involvement of BER in
mouse primordial germ cells, but not the neighboring somatic
cells (45). The mechanism of participation of BER proteins in
mammalian demethylation was not clear until the discovery
of the TET protein family (see Fig. 5) (90). TET protein family
members are a-KG and Fe(II)-dependent dioxygenases that
include the isoforms TET1, TET2, and TET3. TET1 is mainly
expressed in embryonic stem cells (ESCs), whereas TET2 and
TET3 are more ubiquitously expressed (90). All TETs can
oxidize 5mC to 5hmC (22,48,89,90) (Fig. 5A, B). TET2 muta-
tions were linked to many types of myeloid malignancies and
resulted in a significant decrease in the level of 5hmC in bone
marrow cells isolated from patients with acute myeloid leu-
kemia as compared to healthy individuals (63). BER was
proposed to participate in TET-mediated DNA demethylation
by repairing the 5hmU that is formed from 5hmC by the AID/
APOBEC family of cytidine deaminases (43) (Fig. 5A). In ad-
dition, recent studies in mammalian cells demonstrated two
new cytosine modifications, formylcytosine and carbox-
ylcytosine, which are generated by two successive oxidation
reactions of 5hmC catalyzed by the TET proteins (22,53) (Fig.
5B). It has recently been reported that the existence of 5fC or
5caC in a DNA template dramatically reduced the RNA Pol II
elongation efficiency compared to the DNA templates that
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had unmodified C, 5mC, or 5hmC bases. It was demonstrated
that the DNA templates with either 5fC or 5caC resulted in
much lower GTP incorporation efficiencies than the others. In
addition, 5fC- and 5caC-modified bases also caused a signifi-
cant level of RNA Pol II complex backtracking, further sug-
gesting that RNA Pol II shifted from an active state to a paused
state. In addition, 5fC greatly reduced the fidelity of nucleotide
incorporation (61). TDG was shown to be the glycosylase re-
sponsible for removal of the carboxylcytosine base that was
then followed by complete BER processing to restore the nor-
mal cytosine (Fig. 5B). A depletion of TDG leads to accumu-
lation of carboxylcytosine in mouse ESCs (48). Moreover, a loss

of TDG function is lethal to mouse embryos in an early de-
velopmental stage associated with epigenetic aberrations af-
fecting the expression of developmental genes (22).

Further, a recent report demonstrated that another BER
protein, PARP1, is involved in the regulation of the process
required for reprogramming somatic cells into pluripotent
stem cells (iPSCs) when using the pluripotency factors Oct4,
Sox2, Klf4, and c-Myc (OSKM) to mouse embryonic fibro-
blasts (MEFs) prepared from WT and Parp1 - / - 13.5-day
embryos and tail-tip fibroblasts prepared from WT and
Tet2 - / - mice (27). In this mechanism, PARP1 and Tet2 are
recruited to the Nanog and Esrrb loci to erase the somatic

FIG. 4. Myc-induced ex-
pression of the Ncl gene. (A)
The expression of Myc was
induced by adding tamoxifen
(OHT) to cultured cells. (B)
Thirty minutes after Myc ac-
tivation, Myc is recruited to
the E-BOX. (C) After Myc
binds to the E-BOX, LSD1 is
recruited to US, transcription
start site (TSS), E-BOX, and
CR sites, and H3K4me2 is
then demethylated. LSD1-
mediated demethylation of
H3K4me2 generates H2O2,
which results in DNA dam-
age (8-oxodG). (D) OGG1
and APE1 are recruited to the
lesion sites to repair DNA
damage. This couples with
RNAP II to start the tran-
scription of the Ncl genes. (E)
Knockdown of LSD1, OGG1,
or APE1 abolishes the ex-
pression of Ncl even with the
expression of Myc. To see this
illustration in color, the
reader is referred to the web
version of this article at www
.liebertpub.com/ars
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epigenetic signatures of DNA methylation or histone modi-
fication and establish alternative epigenetic marks character-
istic of ESCs. In a functional screen for epigenetic modification
factors that promoted OSKM-mediated somatic cell repro-
gramming in MEFs, overexpression of PARP1 potently in-
duced OSKM-MEF reprogramming to generate more iPSCs.
Moreover, PARP1 deficiency suppressed the reprogramming
of iPSCs. The quantification of total cytosine methyla-
tion (5mC plus 5hmC) at the regulatory regions of the
pluripotency-related genes Nanog or Esrrb indicated that
PARP1 appeared as a regulator of 5mC. The loss of PARP1
function induced accumulation of 5mC, but not 5hmC, at both
the Nanog and Esrrb loci. However, overexpression of PARP1
did not significantly change the 5mC or 5hmC levels. PARP1
also affected accessibility of the reprogramming factor Oct4 to
the regulatory sites of both the Nanog and Esrrb genes. PARP1
deficiency significantly diminished Oct4 occupancy at both
pluripotency loci, as measured by the chromatin immuno-
precipitation (ChIP) analysis. Further, PARP1 overexpression
robustly promoted exogenous Oct4 binding to the plur-
ipotency loci. PARP1 affected the chromatin state of the Nanog
and Esrrb loci as well. Deficiency of PARP1 diminished the
H3K4me2 chromatin mark, which is enriched at the plur-
ipotency loci of iPSCs (both the Nanog and Esrrb loci) (27). It
has also been shown that Tet2 played an important role in
iPSC reprogramming. Expression of Tet2 gradually increased
along with iPSC reprogramming and kept elevating in iPSCs.
In contrast, expression of Tet1 or Tet3 remained at basal levels.
iPSC colony formation was abolished when Tet2 expression
was knocked down using targeted shRNA. The ChIP analysis
indicated that Tet2 was present at the Nanog and Esrrb plur-
ipotency loci with or without functional PARP1. Tet2 knock-
down suppressed the induction of 5hmC and abolished the
H3K4Me2 chromatin mark at the pluripotency loci of both the
Nanog and Esrrb genes (27). Overall, these data clearly support
a role for PARP1 in the induction of PSCs and suggest that
additional BER proteins may have a supportive role. Given

the potential for PARP inhibitors to induce the death of cancer
cells defective in homologous recombination DNA repair, the
participation of PARP1 in epigenetic regulation may provide
support for the use of PARP inhibitors combined with epi-
genetic inhibitors in cancer. For example, it has been reported
that the HDAC inhibitor MS275 potentiated the cytotoxic ef-
fect of the PARP inhibitors KU-0058948 and PJ34 in PARP
inhibitor-sensitive leukemic cells. However, the DNA me-
thyltransferase inhibitor 5¢-aza-2¢-deoxycytidine failed to in-
crease the cytotoxicity of PARP inhibitors against primary
myeloid leukemic cells and myeloid leukemic cell lines (38).
More investigations are clearly needed to fully understand the
mechanism of HDAC inhibitor-mediated potentiation of
PARP inhibitors with the ultimate goal of improving therapy
options using combinations of epigenetic regulators and BER
inhibitors.

Summary

Gene expression in eukaryotic cells is regulated at multiple
levels of transcriptional control to allow response to growth
factors, cellular stress, DNA damage, or development. The
primary control comes from genetic information encoded in
the DNA sequence, which defines protein sequences, signal
sequences, and noncoding regulatory elements for transcrip-
tion factors, enhancers, or silencers. A secondary, but critical,
level of control of gene expression is at the epigenetic level via
DNA methylation and histone modification. The BER path-
way has recently been demonstrated to be necessary for both
DNA methylation- and histone modification-mediated epi-
genetic regulation separate from its main function in main-
taining genome stability. Impaired BER can also have
significant effects on the cellular DNA methylation status. For
example, knockout of TDG resulted in mass DNA methyla-
tion changes in many gene promoter regions in mouse em-
bryos and resulted in early embryonic lethality (22). The
discovery of the function of the TET family proteins suggests

FIG. 5. BER participates in active demethylation. (A) DNA demethylation via 5-hydroxymethylcytosine (5hmC)/5-
hydroxymethyluracil (5hmU): TET proteins (TET1–3) convert 5mC to 5hmC. Next, an AID/APOBEC enzyme deaminates
5hmC to 5hmU, which is a substrate for TDG or SMUG1. The removal of 5hmU by TDG or SMUG1 results in an abasic (AP)
site, inducing recruitment of other BER proteins to complete repair and the conversation of 5hmU to C. (B) DNA de-
methylation via 5-formylcytosine (5fC)/5-carboxylcytosine (5caC): TET enzymes iteratively oxidize 5mC to 5hmC and then to
5fC and finally to 5caC. TDG excises the 5caC and forms an AP site. This initiates the BER pathway to convert 5caC to C.
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that the dynamic regulation of DNA methylation by active
demethylation requires the BER pathway as the final effector.
Two possible TET-BER-regulated active demethylations were
proposed. Cortellino et al. proposed that 5hmC may first be
deaminated by the AID/APOBEC family of cytidine deami-
nases to generate 5hmU. BER is then engaged to repair the
5hmU:G mismatch, because both TDG and SMUG1 were
demonstrated to effectively repair 5hmU in the 5hmU:G
mispair in dsDNA, yielding the correct C:G base pair (22). He
and colleagues proposed another active DNA demethylation
pathway in which the 5mC lesion is iteratively oxidized by
TET proteins into 5hmC, 5fC, and 5caC, followed by a con-
version back to an unmethylated cytosine via TDG-initiated
BER (48). Further studies are needed to determine the condi-
tion for activating these two pathways. BER also plays an
important role in transcriptional regulation at sites of histone
demethylation. As we discussed above, defects in BER di-
rectly reduced estrogen- or Myc-induced target gene expres-
sion. The 8-oxodG lesion, produced from H2O2, generated by
LSD1 or LSD2 during the process of histone demethylation,
serves as the signal to recruit BER enzymes to hydrolyze and
relax high GC-content promoter regions, facilitating and en-
hancing transcription initiation and elongation (5).

Appropriately controlled epigenetic regulation is critical
for the normal development and health of an organism.
Misregulation of epigenetic control, regarding either DNA
methylation or histone methylation, has been associated with
cancer, chromosomal instability syndromes, and mental re-
tardation. Recent reports show that BER is indispensable for
epigenetic events such as hormone-modulated gene expres-
sion and iPSC reprogramming. Such efforts to address the role
of BER proteins in epigenetic regulation could broaden cancer
therapeutic strategies to include epigenetic modifiers com-
bined with BER inhibitors.
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Abbreviations Used

a-KG¼ a-ketoglutarate
5caC¼ 5-carboxylcytosine

5¢dRP¼ 5¢deoxyribose-phosphate
5fC¼ 5-formylcytosine

5hmC¼ 5-hydroxy-methyl-cytosine
5hmU¼ 5-hydroxymethyluracil

5mC¼ 5-methylcytosine
5-MCDG¼ 5-methylcytosine DNA glycosylase
8-oxodA¼ 8-oxo-7,8-dihydro-2¢-deoxyadenosine
8-oxodG¼ 8-oxo-7,8-dihydro-2¢- deoxyguanosine

A¼ adenine
AcH3K9¼ acetylation of histone H3 lysine9

ADP¼ adenosine diphosphate
AID¼ activation-induced deaminase

AP¼ apurinic/apyrimidinic
APE1¼ apurinic/apyrimidinic endonucleases 1
APE2¼ apurinic/apyrimidinic endonucleases 2

APOBEC¼ apolipoprotein B mRNA-editing enzyme
complex
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Abbreviations Used (Cont.)

BCADD¼BER-coupled active DNA demethylation
bcl-2¼B-cell CLL/lymphoma 2
BER¼ base-excision repair

bp¼ base pairs
C¼ cytosine

CAD¼ carbamoyl-phosphate synthetase 2,
aspartate transcarbamylase, and
dihydroorotase

ChIP¼ chromatin immunoprecipitation
CoRest¼ chromatin-modifying corepressor

CpG¼deoxy-cytidylate-phosphate-deoxy-
guanylate

CR¼ coding region
CW-type¼ cysteine and tryptophan-type zinc-finger

motif
dAMP¼deoxyadenosine monophosphate
dCTP¼deoxycytidine triphosphate

Demeter¼ transcriptional activator DEMETER
DNA¼deoxyribonucleic acid

DOT1¼disruptor of telomeric silencing 1
DOT1L¼disrupter of telomere silencing 1-like

E-box¼CACGTG
E2¼ 17b-estradiol

Enh¼ enhancers
ER¼ estrogen receptor

EREs¼ estrogen-response elements
ESCs¼ embryonic stem cells
FAD¼flavin adenine dinucleotide

FADH¼flavin adenine dinucleotide, reduced
FapydA¼ 4,6-diamino-5-formamidopyrimidine

G¼Guanine
Gadd45a¼DNA damage-inducible protein 45-alpha

H2A¼histone H2A
H2B¼histone H2B

H2O2¼hydrogen peroxide
H3¼histone H3

H3K4me0¼unmethylated histone H3 lysine 4
H3K4me1¼monomethylated histone H3 lysine 4
H3K4me2¼dimethylated histone H3 lysine 4
H3K4me3¼ trimethylated histone H3 lysine 4
H3K9me2¼dimethylated histone H3 lysine 9

H4¼histone H4
HAT¼histone acetyltransferase

HDAC¼histone deacetylase
HKMTs¼histone lysine methyl transferases

Il12b¼ interleukin 12B (natural killer cell stimula-
tory factor 2

iPSCs¼ inducible pluripotent stem cells
JmjC¼ Jumonji

Kdm1a¼ lysine-specific demethylase 1
Klf4¼Kruppel-like factor 4

LC-BER¼LSD1/LSD2-coupled BER
LigI¼DNA ligase I

LigIII¼DNA ligase III
LSD1¼ lysine-specific demethylase 1
LSD2¼ lysine-specific demethylase 2

Lys¼ lysine

MBD4¼methyl-CpG-binding domain protein 4
Mdc¼ADAM metallopeptidase domain 11

MEFs¼mouse embryonic fibroblasts

MPG¼methyl purine-DNA glycosylase

MUTYH¼mutY homolog

Myc¼V-myc myelocytomatosis viral oncogene
homolog (avian)

NAC¼N-acetyl-l-cysteine

Ncl¼nucleolin

NEIL1¼Nei endonuclease VIII-like 1

NEIL2¼Nei endonuclease VIII-like 2

NEIL3¼Nei endonuclease VIII-like 3

NF-jB¼nuclear factor kappa light-chain
enhancer of activated B cells

NTHL1¼ endonuclease III-like protein 1

OGG1¼ 8-oxoguanine glycosylase

OH5dC¼ 5-hydroxy-2¢-deoxycytidine

OHT¼ tamoxifen
OSKM¼Oct4, Sox2, Klf4, and c-Myc

PAR¼poly(ADP)ribose
PARG¼poly (ADP-ribose) glycohydrolase

PARP1¼poly (ADP-ribose) polymerase 1
PARP2¼poly (ADP-ribose) polymerase 2
PNKP¼ bifunctional polynucleotide

phosphatase/kinase
Pol¼polymerase

Polb¼DNA polymerase b
Pr¼promoter

Pro¼proline
RNA Pol II¼RNA polymerase II

ROS¼ reactive oxygen species
ROS1¼ repressor of silencing1
RXR¼ retinoid X receptor

Ser¼ serine
SET¼ Su(var)3–9/Enhancer of zeste/Trithorax

siRNA¼ small interfering RNA
SMUG1¼ single-strand selective monofunctional

uracil DNA glycosylase
Sox2¼ sex determining region Y-box 2

SUMO¼ small ubiquitin-related modifier
SWIRM¼ Swi3p, Rsc8p, and Moira

T¼ thymine
TDG¼ thymine-DNA glycosylase

Tet¼Ten–eleven translocation
Tet1¼Ten–eleven translocation 1
Tet2¼Ten–eleven translocation 2
Tet3¼Ten–eleven translocation 3

Tg¼ thymine glycol
TopoIIb¼ topoisomerase IIb

TSS¼ transcription start site
UNG¼uracil–DNA glycosylase

US¼upstream sequence
VEGF¼vascular endothelial growth factor A

XPG¼ xeroderma pigmentosum,
complementation group G

XRCC1¼X-ray repair cross-complementing
protein 1
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