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Abstract

Cell survival largely depends on the faithful maintenance of genetic material since genomic

DNA is constantly exposed to genotoxicants from both endogenous and exogenous sources. The
evolutionarily conserved base excision repair (BER) pathway is critical for maintaining genome
integrity by eliminating highly abundant and potentially mutagenic oxidized DNA base lesions.
BER is a multistep process, which is initiated with recognition and excision of the DNA base
lesion by a DNA glycosylase, followed by DNA end processing, gap filling and finally sealing

of the nick. Besides genome maintenance by global BER, DNA glycosylases have been found

to play additional roles, including preferential repair of oxidized lesions from transcribed genes,
modulation of the immune response, participation in active DNA demethylation and maintenance
of the mitochondrial genome. Central to these functions is the DNA glycosylase NEIL2. Its loss
results in increased accumulation of oxidized base lesions in the transcribed genome, triggers an
immune response and causes early neurodevelopmental defects, thus emphasizing the multitasking
capabilities of this repair protein. Here we review the specialized functions of NEIL2 and discuss
the consequences of its absence both /n vitroand in vive.
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1. Introduction

The integrity of cellular DNA is continuously challenged by exogenous and endogenous
insults (Vermeij et al., 2014). Exogenous sources such as environmental toxicants,
ultraviolet (UV) light and ionizing radiation induce a wide variety of DNA lesions
(Hoeijmakers, 2001). Reactive oxygen species (ROS) generated endogenously as byproducts
of aerobic metabolism or during inflammatory responses also directly modify DNA. These
modifications include DNA base oxidation and DNA strand-breaks (both single- and double-
strand), which are major threats to the integrity of the genome (Lindahl, 1993). It has
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been estimated that >10000 base lesions are generated in each cell per day during cellular
metabolism and by spontaneous chemical reactions. If left unrepaired or repaired with
errors, these DNA base lesions are a major source of mutations, which are implicated in
various diseases including aging, neurodevelopmental disorders and cancer (De Bont and
van Larebeke, 2004). Thus repair of base lesions in DNA is critical for maintaining genome
integrity and species survival.

BER is the major pathway for repair of oxidized DNA bases and single-strand breaks

with blocked termini (Wallace et al., 2012). This pathway is initiated with excision of the
damaged base by a DNA glycosylase. Five oxidized DNA base-specific glycosylases have
been characterized in mammalian cells, namely NTHL1, OGG1, NEIL1, NEIL2 and NEIL3.
After excision of the oxidized bases, all these glycosylases cleave the DNA backbone by
their intrinsic AP lyase activities (Fig. 1). The preferred substrate for NTHL1 and OGGL1 is
oxidized pyrimidines and purines, respectively. Both of these enzymes use p-elimination as
the catalytic mechanism and generate 3-af unsaturated aldehyde and 5’-P termini (Mullins
et al., 2019). However, the NEILs (NEIL1-3) have a broad range of substrates and excise
both damaged or ring opened oxidized purines and pyrimidines. While NEIL3 incises
damaged bases by p-elimination, both NEIL1 and NEIL2 instead possess a ,6-elimination
activity, generating a one-nucleotide gap with 3’-P and 5”-P termini (Dou et al., 2003).

The repair is completed in several sub-sequent steps that begin with the processing of
3’-ends, either by APE1 (3”-ab unsaturated aldehyde) or PNKP (3’-P) to generate 3"-OH
ends (Wiederhold et al., 2004). DNA repair synthesis is carried out primarily by DNA
polymerase B, and finally the nick is sealed by DNA ligase 111a/XRCC1 (Tomkinson and
Sallmyr, 2013). The NEILs are distinct from NTHL1 and OGGL1 in that they preferentially
excise base lesions from single-stranded DNA including bubble and fork DNA structures
that mimic transcription and replication intermediates, respectively. This property is the
basis for proposing preferential repair of oxidized bases during transcription or replication
(Hazra and Mitra, 2006). The S-phase specific activation of NEIL1 and NEIL3 suggest their
involvement in repair of base lesions from template DNA prior to replication (Hazra et al.,
2002a,b; Hedge et al., 2013; Zhou et al., 2017). By contrast, NEIL2’s expression is cell
cycle independent, and it is involved in repair of oxidized bases from transcribed regions, as
reviewed here (Hazra et al., 2002a,b; Banerjee et al., 2011). However, several recent findings
attest to its having additional functions, which are also addressed in the following section.

2. Specialized functions of NEIL2

NEIL’s functions are generally required to protect cells against the accumulation of
oxidative DNA damage in the genome to maintain genomic stability. Recent findings
from several laboratories have indicated that the NEILs are multifunctional DNA repair
proteins as demonstrated by their involvement in diverse cellular processes. This review
will primarily focus on the multifunctional roles of NEIL2, which depend on its ability
to recognize damaged bases within unique DNA structures and which appear to modulate
various cellular processes (Fig. 2), and will discuss the consequences of NEIL2’s loss or
functional impairment.
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2.1. Transcription-coupled repair

Transcription-coupled repair (TCR) refers to the preferential repair of lesions from the
transcribed strands of active genes (Hanawalt and Spivak, 2008). TCR was first discovered
by Hanawalt’s group as a sub-pathway of nucleotide excision repair (NER), which is
initiated when elongating RNAPIIo is blocked at a DNA lesion. Helix distorting bulky DNA
adducts induced by environmental carcinogens, UV irradiation or intracellular metabolites
can block the forward translocation of RNAPIIo causing it to stall at the site (Gregersen
and Svejstrup, 2018). Arrested RNAPIIo at such lesions serves as a signal to initiate
TC-NER for efficient recovery of RNA synthesis and cell survival (Lans et al., 2019;
Gregersen and Svejstrup, 2018; Hanawalt and Spivak, 2008). Premutagenic oxidized DNA
base lesions are abundant; hence repair of such lesions would be important for the cells
(particularly neuronal cells) to avoid generation of mutant transcripts and/or transcriptional
mutagenesis. The possibility of preferential repair of oxidative base modifications via the
BER pathway from the transcribed strand of active genes remained unexplored for a long
time. Many oxidative modifications of DNA bases cause only minor helix distortions that
do not pose strong blocks to RNAPII elongation as examined using /n vitro transcription
systems, although some were reported to block RNAPII elongation to different extents
depending on the transcription system used (Kuraoka et al., 2003; Charlet-Berguerand et
al., 2006). However, these blocks were alleviated and the lesions bypassed at the expense
of transcriptional mutagenesis by the action of transcription elongation factors when the
reaction was carried out with cell free nuclear extracts (Charlet-Berguerand et al., 2006;
Kuraoka et al., 2007). Transcriptional mutagenesis via bypassing the oxidized DNA lesions
during transcription in mammalian cells has also been reported previously (Saxowsky et al.,
2008). Transcriptional mutagenesis would be an undesirable outcome, and hence accurate
repair of functional genes is critical to prevent mutant RNA synthesis. There are >20
different oxidized DNA lesions induced by ROS (Cadet et al., 2003), but the extent to
which oxidative base damage can affect the rate of transcription is not fully understood

and depends on several factors including the nature of the lesion, transcription system used
and sequence context. It is known that guanine is highly vulnerable to oxidation due to
having a low redox potential, causing the formation of abundant 8-0xoG lesions. These do
not pose a strong block to RNAPII transcription /n7 vitro (Kuraoka et al., 2003). However,
8-0x0G is more prone to further oxidation resulting in the formation of several nonbulky
hydantoin lesions, including 5-guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp)
(Steenken et al., 2000; Cadet et al., 2017). These lesions have been detected in mouse
tissues with induced bacterial infection but at lower frequency than 8-oxoG (Mangerich et
al., 2012). However, unlike 8-0x0G, both Gh and Sp lesions cause significant distortions

of DNA duplexes and are potent blocks to RNAPII-mediated transcription elongation (Oh
et al., 2020; Jin et al., 2013; Kolbanovskiy et al., 2017; Hailer et al., 2005). Hence, it is
possible that the highly mutagenic Sp and Gh lesions are repaired via the TC-BER pathway.

The neurodevelopmental disorder Cockayne syndrome (CS) is characterized by defects in
TCR. However, defects in TC-NER cannot explain the onset of CS as the absence of core
NER factor XPA does not cause CS (Lans et al., 2019). Since elongating RNAPIIo stalls at
a variety of DNA lesions including certain oxidative DNA lesions (Oh et al., 2020) and also
at BER intermediates, abasic sites and single-strand breaks (Tornaletti et al., 2006; Kitsera
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etal., 2011; Menoni et al., 2018), it is possible that defects in TC-BER may underlie the
onset of CS. Therefore, a detailed mechanistic understanding of TCR of oxidative DNA
damage may help to understand the basis for the onset of CS. Spivak’s group reported TCR
of 8-0x0G lesions that required actively transcribing RNAPII along with OGG1, XPA and
CSB, a factor regulating TCR with diverse types of lesions, and proposed a model that TCR
of oxidized lesions is initiated by BER and resolved by NER (Guo et al., 2013). Live cell
imaging studies demonstrated the recruitment of CSB to 8-0xo0G lesions in a transcription-
dependent but NER-independent fashion. Although the recruitment of OGG1 glycosylase
to the site of 8-0xoG is independent of CSB or active transcription, the recruitment of the
downstream BER-scaffolding protein XRCC1 does rely on CSB and transcription (Menoni
et al., 2018). Their model for TCR of oxidized DNA lesions is based on stalling of RNAPII
at BER-generated single-strand breaks (SSB), followed by CSB recognition of the stalled
polymerase and recruitment of XRCCL1 for coordinating the late steps of BER through its
protein-protein interactions.

Based on its ability to remove lesions from single-stranded and bubble DNA and its
association with RNAPII (Banerjee et al., 2011) we hypothesized that NEIL2 is a candidate
DNA glycosylase for initiation of oxidized lesion repair via the TC-BER pathway. Using

an /n vitro reconstituted transcription coupled-repair system with purified proteins and a
mammalian promoter-based plasmid DNA containing a single base lesion placed in the
transcribed or non-transcribed strand, we characterized NEIL2-initiated repair of an oxidized
base. We found that NEIL2 can initiate the repair of mutagenic 5-OHU, a cytosine oxidation
product, in a transcription-dependent manner when the lesion was placed in the transcribed
strand but not the non-transcribed strand, supporting the possibility of a similar mechanism
in cells to prevent transcriptional mutagenesis at oxidized base lesions (Banerjee et al.,
2011). Consistent with this /n vitro biochemical study, increased accumulation of oxidized
base damage in transcribed genes in different organs of MVei/2-KO mice as they aged

further highlights the biological importance of NEIL2 in protecting transcribed regions

for long-term genome maintenance (Chakraborty et al., 2015). To provide insight into the
mechanism, we have investigated the protein-protein interactions of NEIL2 and found that it
interacts with RNAPII, CSB and downstream BER factors, including PNKP, Polb, and Lig
Il11a (Chakraborty et al., 2015). Furthermore, CSB, which is essential for TCR and which
causes CS when defective, has been shown to physically interact with and stimulate NEIL2’s
catalytic activity in a transcription bubble-mimic DNA with a defined oxidized lesion
(Aamann et al., 2014). We recently purified a NEIL2 complex from cell nuclear extracts and
found its association with RNAPII, CSB, XPG, TFIIH and downstream BER factors, with
the association being significantly reduced in XPG-deficient cells (Sarker et al., unpublished
data). We have further shown that XPG stimulates NEIL2’s catalytic activity on a bubble
DNA containing a defined oxidative lesion (Sarker et al., unpublished data). The association
of NEIL2 with RNAPII and TFIIH was significantly reduced following exposure of the cells
to 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB), a transcription inhibitor. The
cellular NEIL2 complex contains PNKP but not APE1 or XPA, supporting the specificity

of the complex formation (Das et al., 2006; Wiederhold et al., 2004). These unpublished
data are consistent with a model that NEIL2 recognizes and incises oxidized lesions within
a transcription bubble, generating breaks with 3’-P ends that cause the RNAPIIo to stall,
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thus masking the repair intermediate. The stalled RNAPII would then be recognized by CSB
and XPG (Sarker et al., 2005), which recruit TCR and BER factors to form a dynamic
complex poised to repair the lesion on the transcribed strand. The model further proposes
that changes in spatio-temporal positioning of the factors within the complex takes place,
resulting in backtracking or remodeling of the stalled RNAPIIo, so that the downstream
BER proteins get access to repair the lesion and finally transcription is resumed (Fig. 3).

Inflammatory responses

Overlapping substrate specificities of multiple DNA glycosylases raises the question of
whether they have other functions in the cells besides BER. Recently, it was shown that
OGGL1 has a distinct role in pro-inflammatory gene expression via modulation of nuclear
factor kappa-light chain-enhancer of activated B cells (NF-kB) pathway (Ba and Boldogh,
2018). This is achieved due to binding of OGG1 with high affinity to its cognate 8-oxoG
lesion in the guanine rich promoter region of the pro-inflammatory genes followed by
assembly of the transcription machinery. When mice are challenged with inflammatory
agents, up-regulation of pro-inflammatory genes is significantly reduced in either Ogg1-
deficient mice or mice treated with a small molecule inhibitor of OGG1, leading to
significantly decreased inflammation (Visnes et al., 2018; Li et al., 2012). These results are
consistent with the observation that higher OGG1 levels may favor inflammation. Among
different base modifications from oxidative stress following inflammatory stimuli, only
8-0x0G is specifically recognized by OGG1. However, cytosine in GC-rich promoters is
also likely to be oxidized and will induce the generation of 5-OHU, which is preferentially
recognized by NEIL2. Thus, NEIL2 is a candidate for recognition of oxidized cytosine in
promoters, resulting in modulation of transcription. In sharp contrast to OggZ-null mice,
Neil2-deficient mice have increased susceptibility to inflammation following challenge with
pro-inflammatory mediators, highlighting the importance of NEIL2 in protecting mammals
from the development of inflammation (Chakraborty et al., 2015). However, the mechanistic
basis for the induction of inflammation in Ae//2-null mice remains unknown. It is possible
that oxidative base modifications at gene promoters play a role, such that binding of NEIL2
to the modified bases precludes binding of transcription factors such as NF-kB, thus limiting
pro-inflammatory gene expression and hence limiting the inflammatory response.

Many pathological conditions and infection with bacteria and viruses can induce
inflammation and cause the accumulation of oxidative DNA damage through induction of
ROS. It has recently been reported that Helicobacter pyloriinfection-induced accumulation
of oxidative DNA damage is associated with increased production of pro-inflammatory
mediators, and this response is significantly pronounced in Aeil2-deficient mouse cells
compared to wild type cells (Sayed et al., 2020). Furthermore, Helicobacter pyloriinfected
Neil2-KO mice developed higher inflammation in the stomach, in contrast to OggZ-null
mice that are resistant to inflammation, suggesting that Neil2 can suppress inflammation
whereas Oggl elicits inflammation (Sayed et al., 2020) in mice. However, the mechanistic
details of the interplay between the opposing inflammatory responses of the two DNA
glycosylases in the cells remain to be established.
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Similar to bacterial infection, viral infection-induced inflammation may also be modulated
by OGG1 and NEIL2. Viral infections are associated with neutrophilic infiltration in the
lung, which is a major source of ROS at the site of injury (Knaapen et al., 2006). In

addition to killing viruses, ROS damage cellular DNA and can induce the inflammatory
response, with increased production of pro-inflammatory mediators. OGG1-mediated
immune response may play a role in elevated production of pro-inflammatory molecules.
These responses can be alleviated by using pharmacological inhibitors that may prevent
OGG1 from engaging damaged DNA. It is also possible that activator-mediated enhanced
binding of NEIL2 to the damaged base in the pro-inflammatory gene promoter will

reduce inflammatory response by reducing the production of inflammatory molecules. An
OGGL1 inhibitor, TH5487, has recently been developed and demonstrated to selectively
prevent OGG1 from binding to the damaged DNA both /n vitro and in cells, with a
decrease in pro-inflammatory gene expression (Visnes et al., 2018). Furthermore, reduced
neutrophil infiltration in mouse lungs following challenge with TNF-alpha demonstrated the
therapeutic effectiveness of this inhibitor to various inflammatory diseases. The mechanistic
basis for the inflammatory response induced by NEIL2 deficiency and the development of
NEIL2 activators to suppress inflammation remain areas for future investigation.

DNA demethylation

DNA methylation is an epigenetic mark that is important for embryonic development.
Cytosine at its 5"-position is methylated at approximately 80-90% of CpG sites. BER is
important for maintaining cytosine methylation status at the CpG sites and is important for
epigenetic gene regulation. Deamination of 5-methyl cytosine (5 mC), predominantly in

the context of CpG sites, also has potential for miscoding, leading to transition mutations
(Nablel et al., 2012). But how CpG sites are kept under control from the detrimental
consequences of mutations while maintaining epigenetic regulation by DNA methylation
has been an intense area of investigation for the last few years. It is now clear that TDG

is the major DNA glycosylase that plays complex roles in active DNA demethylation via

the BER pathway to avoid mutations at the CpG sites (Kohli and Zhang, 2013). Targeted
inactivation of TDG causes embryonic lethality and developmental abnormalities in mice
associated with promoter hypermethylation (Cortellino et al., 2011; Cortazar et al., 2011).
Importantly, knock-in mice with catalytically inactive TDG manifest similar embryonic
lethality and persistent hypermethylation, suggesting an active enzymatically-driven process
for DNA demethylation and viability. This complex demethylation process is restricted to
specific genes and involves oxidation of 5 mC by Ten-eleven translocation (TET) family

of dioxygenases. TETSs progressively oxidize 5 mC to 5-hydroxymethylcytosine (5-hmC), 5-
formylcytosine (5-fC) and 5-carboxylcytosine (5-caC), followed by TDG-mediated excision
of the oxidized product and subsequent downstream BER to restore unmodified cytosine (He
et al., 2011; Maiti and Drohat, 2011). TDG is a monofunctional glycosylase that cleaves the
N-glycosidic bond between the base and the sugar, resulting in the generation of an abasic
(AP) site followed by processing with the AP endonuclease 1 (APE1)-mediated BER sub-
pathway to complete repair (Bellacosa and Drohat, 2015). Recently, NEIL glycosylases have
been implicated in TET-mediated DNA demethylation by co-operating with TDG. TDG has
low turnover due to extremely high affinity to its product AP site. NEIL1 and NEIL2 were
found to be recruited by TDG and to stimulate its 5-fC and 5-caC excision activity followed
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by displacement from the AP site (Schomacher et al., 2016). NEILs then cleave the AP site
via their associated AP-lyase activity, thus allowing TDG to overcome its product inhibition
and accelerate 5-fC and 5-caC repair (Fig. 4). However, the NEILs themselves showed

no excision activity per se of 5-fC and 5-caC from either double or singlestranded DNA.
Nonetheless, deficiency of NEIL2 causes increased accumulation of genomic 5-fC and 5-
caC and reduced gene expression, consistent with gene-specific promoter CpG methylation
in NEIL2 down-regulated cells (Schomacher et al., 2016). Importantly, deficiency of APE1,
the enzyme that is capable of displacing TDG from AP sites, causes only marginally
increased level of TET-induced 5-fC and 5-caC lesions in the genomic DNA. Together
these results strongly suggest a requirement for NEIL1 or NEIL2, but not APEL, in the
TET-TDG mediated demethylation process. Notably, NEIL2 was shown to associate with
TET and to be recruited to the site of demethylation (Muller et al., 2014), but whether
NEIL2 co-ordinates the demethylation cascade to limit TET activity is unclear.

NEIL2 may also be involved in processing of AP sites during TET-TDG mediated
demethylation specifically in the context of the gene body. Transcribing RNAPII is known
to stall at AP sites, but it only transiently pauses at 5-fC and 5-caC, causing a reduced rate
of transcription with increased mis-incorporation (Kellinger et al., 2012). A genome wide
study showed a correlation between 5-fC sites and RNAPII peaks, presumably reflecting
paused sites in the gene body (Raiber et al., 2012). Furthermore, 5-fCs are also enriched
at the CpG promoters, which correspond to transcriptionally active genes. Since TDG is
actively involved in the removal of 5-fC from CpGs both in the promoters and in gene
bodies, it is possible that TDG-NEIL2 cross-talk is necessary for protecting CpGs from
hypermethylation to maintain proper methylation status that is necessary for gene activation.
In that case, NEIL2 would not only be important for preferential repair of oxidized lesions
from transcribed genes but also for processing AP sites during TET-TDG mediated gene
activation.

2.4. Aberrant NEIL2 promotes cancer development

BER prevents mutations by eliminating small base modifications, and defects in BER have
been associated with various diseases including neurodevelopmental disorders, aging and
cancer. By analyzing large datasets from the Catalogue Of Somatic Mutations In Cancer
(COSMIC; Forbes et al., 2015), NEIL2 was found among the top 20 DNA repair genes

that most frequently displayed copy number loss concordance with down-regulation (Chae
et al., 2016). This observation suggests that NEIL2 may play a tumor suppressive role

and could potentially be used as a biomarker for genomic instability. We recently have
reported the level of NEIL2 in a lung adenocarcinoma cancer tissue microarray and found
that NEIL2 protein levels were significantly low in 50% of cancer tissues, with only a

few cases in which NEIL2 was higher or comparable to the normal (Sarker at al., 2014).
Furthermore, knockdown of NEIL2 leads to a modest increase in spontaneous DNA damage
and a more dramatic increase in the accumulation of oxidative damage following exposure
of cells to second hand tobacco smoke. Downregulation of NEIL2 causes a 6—7 fold increase
in spontaneous mutation frequency (Dey et al., 2012). Together these results suggest that
lower NEIL2 levels are associated with lung tumor development through accumulation of
oxidative DNA damage. While searching for mutations in the coding region of NEIL2,
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we found that one specific NEIL2 variant rs8191664 (R257L) was significantly more
common in lung and cervical carcinoma patients (Dey et al., 2012; Ye et al., 2020).

Further biochemical studies showed that this variant has a poor total BER activity due to its
lack of association with downstream repair proteins, suggesting that fully functional NEIL2-
mediated repair completion is important for protection against lung carcinogenesis (Dey et
al., 2012). The crystal structure of unliganded NEIL2 was reported to have an unusual open
conformation distinct from NEIL1 and NEIL3 orthologs, with the structure providing insight
into its substrate diversity (Eckenroth et al., 2021; Tsutakawa and Sarker, 2021). Activity
analysis of the cancer-associated variants of NEIL2 suggests that they involve structural
changes which impact enzymatic activity, with significant implications for BER.

Recently, a large genome wide association study (GWAS) analyzed the lifetime risk of
cancer development in carriers of germ-line mutations in the BRCAL and BRCA2 genes.
They found that not all BRCA carriers develop cancer and that the age of disease onset is
highly variable, suggesting that some genetic, environmental or other unknown modifying
factors may influence the risk of developing breast/ovarian cancer. Their analysis identified
a variant of NEIL2 (rs804271) that was strongly associated with increased breast cancer
risk in BRCA2 mutation carriers (Osorio et al., 2014). This rs804271 variant is localized
within the NEIL2 promoter region and is associated with significant transcriptional up-
regulation that correlated with increased protein expression (Benitez-Buelga et al., 2017).
The accumulation of DNA single-strand breaks by aberrant NEIL2 over-expression in
BRCA2 mutated cells may lead to increased accumulation of DSBs with a resultant increase
in genomic instability, thus contributing to increased risk of breast carcinogenesis. Recent
studies also demonstrated that elevated NEIL2 levels in breast cancer cells are associated
with APOBEC3-mediated mutagenesis and induction of DSBs, likely by perturbing the
classical BER pathway (Shen et al., 2020) through outcompeting APE1. This can explain
how DNA repair dysregulation contributes to the APOBEC3-mediated mutator phenotype
observed in some cancers. A homozygous NEIL2 variant rs804270 located in the 5’ -UTR
promoter region enriched in cervical carcinoma is associated with reduced mRNA and
protein expression (Ye et al., 2020). Inter-individual variations of NEIL2 transcription (up
to 63-fold) were observed in a population based study and two variants, ss74800505 and
rs8191518, located in the 5” promoter region close to the transcription start site exist at a
relatively high frequency and are associated with significant reduction in NEIL2 expression
(Kinslow et al., 2008). Individuals carrying these variants will have reduced NEIL2 levels,
with increased likelihood of accumulating genomic damage upon exposure to oxidants. Thus
this population group is likely to have increased cancer susceptibility.

Together these results suggest that the expression level of NEIL2 is tightly regulated

in the cell to maintain genomic integrity, as either over- or under-expression can cause
genomic instability, leading to the development of tumors. Not only NEIL2 but also other
DNA glycosylases display similar phenotypes. We recently reported that overexpression of
NTHL1 is associated with increased DSBS, replication stress, and micronuclei formation,

all of which are hallmarks of genomic instability (Limpose et al., 2018). Of further interest,
NTHL1 deficiency due to biallelic germline NTHL1 mutations underlies the mutational
process found in multiple malignancies including high breast cancer incidence (Grolleman et
al., 2019), consistent with NTHL1 expression also being tightly control.
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Why, then, are mice deficient in oxidized base specific DNA glycosylases viable, with

no overt phenotype? As described earlier, we found increased accumulation of oxidative
DNA damage with age in various organs in Nei/2-KO mice. Using embryonic fibroblasts
(MEFs) from Neil2 -KO mice, we have reported increased telomere loss and chromosomal
aberrations (Chakraborty et al., 2015) both of which are hallmarks of genomic instability.
These observations suggest that oxidative damage in the genome alone is not sufficient

for cancer development and that a promoting process or impairment of back-up pathways
will be necessary. Consistent with this notion, OggI-/- (Osterod et al., 2001) mice do

not develop tumors despite increased accumulation of highly mutagenic 8-oxoG lesions

in their genome. However, deletion of a parallel repair pathway in Ogg1-/- Myh—I-
double knockout mice causes increased tumor incidence in the lung, lymphomas and ovary
compared to single knockout mice (Xie et al., 2004). Similarly, NEIL1 deficiency alone

is not sufficient to induce cancer but Nth1-/- Neil1-/~ double knockout mice developed
tumors in the lung and liver compared to single knockout mice, suggesting that damage
accumulation may underlie the development of cancer (Chan et al., 2009). Crossing of
Neil2-/- with other repair-compromised mice such as Brca2—/— mice to compare if NEIL2
loss influences the risk of developing cancer awaits further follow-up study

n mitochondrial genome maintenance

In addition to their role in energy production, mitochondria are also involved in several
other cellular processes including apoptosis, cell cycle regulation and immune responses
(Shaughnessy et al., 2014). The mitochondrial genome is the major target for somatic
mutation due to the increased accumulation of oxidative DNA damage because of
continuous attack by endogenous ROS generated at close proximity. Many lines of evidence
indicate that both oxidative stress and the resulting mutations in mitochondrial DNA
contribute to various diseases and/or pathologies (Shaughnessy et al., 2014). Unlike the
NER pathway, which mainly repairs bulky lesions in the nuclear genome, the BER pathway
is important for the maintenance of both nuclear and mitochondrial genomes (Hu et al.,
2005). DNA glycosylases play an important role in mitochondrial DNA repair, since
targeting DNA glycosylases to mitochondria leads to enhanced repair and increased survival
following exposure of cells to oxidative stress (Rachek et al., 2002). At the organismal

level, deficiency of NEIL1 glycosylase in mice has been reported to cause a combination of
clinical manifestations known as metabolic syndrome in human (Vartanian et al., 2006). This
syndrome was attributed to increased ROS-induced damage accumulation and deletions in
the mitochondrial genome in the Aei/Z-/- mice. Since Neill initiates repair of lesions from
single-stranded or bubble DNA, this loss may impair mitochondrial DNA replication and
disruption of energy homeostasis, leading to impaired metabolism.

NEIL1 and NEIL2 localize both in the nucleus and mitochondria. Depletion of NEIL2
causes increased accumulation of oxidized bases in the nuclear and mitochondrial DNA,
suggesting that NEIL2 is involved in both the nuclear and mitochondrial genome
maintenance (Mandal et al., 2012). As mentioned earlier, NE/L2-KO mice apparently do not
show any overt phenotypes, but Ne//2 deficiency in frog leads to face and skull deformities
(Han et al., 2019). These phenotypes are due to reduced production of cranial neural crest
cells (cNCC) that give rise to bones and facial cartilage which are the backbone of face
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and skull formation in animals. Neural crest cells are a multipotent population that arise
from the embryonic ectoderm germ layer and extensively migrate to various locations where
they differentiate into different cell types in the embryo. When NEIL1 or NEIL2 is missing,
these cells lose their ability to become cNCC, suggesting differentiation defects during
embryonic development in the absence of NEIL’s function in those animals. These NCC
differentiation defects caused by NEIL2 (or NEIL1) deficiency are due to the inability

to protect against oxidative damage particularly in the mitochondrial genome rather than
nuclear genome, thus connecting mitochondrial BER with neural cell differentiation. The
mitochondrial DNA damage accumulation in NEIL2 deficient neural crest cells triggers

the TP53-mediated DNA damage response, causing intrinsic apoptosis and thus impairing
cNCC specification. Deficiency in NEIL3, which is not found in mitochondria, had no
effect on cranial neural crest cell development. TDG-deficiency also did not affect cranial
neural crest cell development, arguing against active DNA demethylation as the cause of
the differentiation defect (Han et al., 2019). These results suggest that when stem cells,
such as neural crest cells, turn into cNCCs, NEIL2 is important for protecting mitochondrial
DNA during embryonic development. The NEIL’s are required for proper craniofacial
formation through the development of cranial neural crest cells, and defects in NEIL2

leads to aberrant cranial neural crest cells development in frogs. This defect may underlie
congenital craniofacial malformations, which account for one-third of all congenital birth
defects in humans (Neben et al., 2016).

3. Future challenges

Work from several laboratories, including ours, has demonstrated the involvement of NEIL2
in multiple cellular processes through protein-protein interactions and recognition and repair
of oxidative lesions. NEIL2-mediated preferential repair of oxidative lesions from the
transcribed strand can protect cells from the deleterious consequences of transcriptional
mutagenesis or recovery of stalled RNAPII to resume transcription by TC-BER. Although
TC-BER has been a topic of debate for quite some time, the functional association of NEIL2
with CSB and RNAPII (Aamann et al., 2014; Banerjee et al., 2011; Chakraborty et al.,
2015) and the recruitment of CSB and XRCC1 (Menoni et al., 2018) to the site of oxidative
DNA damage in a transcription-dependent manner indicate that NEIL2 and its associated
protein complexes function in repair of oxidative lesions in the transcribed regions. We have
recently isolated a large cellular NEIL2 complex consisting of RNAPII, XPG, CSB, TFIIH
and the downstream BER proteins following oxidative stress and shown that formation of
the complex depends on active transcription, supporting the idea that NEIL2 mediates a
TC-BER process in the cell (Sarker et al., unpubl.). Defects in TC -NER cannot explain

the onset of Cockayne syndrome (CS), leaving open other possibilities. Our demonstration
of association of the TCR protein CSB with the NEIL2 glycosylase is consistent with

the possibility that deficiency in TC-BER contributes to CS phenotypes. However, many
questions still remain. Is the mechanism of TC-NER initiation distinct from that for TC-
BER, since not all oxidative lesions pose a potent block to RNAPII transcription? Does CSB
discriminate TC-NER from TC-BER? Do post-translational modifications of CSB play a
role, since a ubiquitination site in CSB has been implicated as specific for oxidative DNA
damage repair but not TC-NER (Ranes et al., 2016)? The next obvious question is whether
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NEIL1 or other DNA glycosylases are also involved in TC-BER. Functional interaction of
NEIL1 with CSB and RNAPII imply a role of NEIL1 in repair of oxidative DNA lesions
in association with transcription (Muftuoglu et al., 2009), but this needs to be addressed in
future studies.

A major question in this field is why organisms need five DNA glycosylases with
overlapping substrate specificities. Their diverse subcellular distribution enables us to
predict the functional importance. Subcellular fractionation studies demonstrated that
NTHLZ1 is primarily localized to the nucleus (Limpose et al., 2018). However, a significant
amount of NEIL2 is present in the cytoplasm. This is consistent with the report that defects
in NCC differentiation caused by NEIL deficiency are due to the inability to protect against
oxidative damage in the mitochondrial genome rather than the nuclear genome (Han et al.,
2019). In fact, co-localization of NEIL2 and PNKP with the mitochondrion-specific protein
MT-CO2 and their functional importance in repair of oxidative DNA lesions and SSBs in
the mitochondrial genome were documented (Mandal et al., 2012). Whether NEIL’s are the
major DNA glycosylases to protect the mitochondrial genome against oxidative damage via
NEIL mediated TC-BER remains to be elucidated.
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Fig. 1.

Simplified model for short-patch BER. DNA glycosylase excise the damaged base by
cleaving the N-glycosydic bond leaving AP site which is cleaved by AP endonuclease

to create single-strand break containing 5’-dRP moiety. DNA polymerase beta remove’s

the 5”-dRP moiety and simultaneously fills the gap. In contrast, BER initiated by NEIL

1-2 glycosylases create single-strand gap containing 3’- and 5’-phosphate ends. The 3'-
phosphate is removed by PNKP before insertion a nucleotide by pol beta. Finally, the nick

is sealed by XRCC1-Ligllla complex to complete the short-patch BER. In some cases Pol
beta is unable to remove the 5’-dRP. moiety, then a polymerase switch to polymerase &/
occur followed by 2-8 nt gap filling creating 5”-flap structure incised by Fen1/PCNA. The
remaining nick is sealed by Lig I in association with PCNA to complete the long-patch BER.
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Fig. 2.
Cellular processes associated with NEIL2 and the respective activity. Inner circle depicts the
NEIL2 activity associated with the cellular processes as shown outer circle.
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Fig. 3.
Simplified model for TC-BER.
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Fig. 4.

NEIL2 involvement in active DNA demethylation pathway.
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