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SUMMARY 

The DNA molecule is susceptible to damage induced by cellular metabolites and 

exogenous DNA damaging agents. Reactive oxygen species (ROS), generated as 

respiration by-products or arising from inflammatory reactions, are the most abundant 

endogenous DNA damaging agents and lead to the formation of a number of 

mutagenic and cytotoxic DNA lesions. To preserve DNA integrity and allow correct 

transmission of genetic information, several pathways for the repair of such lesions 

have evolved. Among these, base excision repair (BER) is the main pathway 

responsible for the repair of non-helix distorting base lesions arising from oxidation, 

deamination, and alkylation, in addition to single-strand breaks (SSB) and 

apurinic/apyrimidinic (AP) sites. BER is a multi-step pathway, which is initiated by 

DNA glycosylases that recognize specific base lesions and subsequently remove them 

from the DNA backbone. Five different DNA glycosylases initiate repair of oxidative 

base lesions, including the Endonuclease VIII-like (NEIL) paralogs 1, 2, and 3. 

NEIL1 and NEIL2 have been thoroughly characterized and shown to initiate BER of 

diverse oxidized DNA lesions, with preference for pyrimidine modifications in both 

double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA). Less has been 

known about NEIL3 due to difficulties in expression and purification, although recent 

publications have confirmed DNA glycosylase activity and a preference for oxidized 

DNA base lesions. In mice, Neil1 and Neil2 show ubiquitous expression in the brain, 

whereas the expression of Neil3 is confined in space and time. 

Supplemental oxygen during resuscitation of newborn babies is proposed to be 

an exogenous source of DNA damage; such treatment is associated with increased 

risk of childhood cancers. In the present study we have attempted to investigate 

supplemental oxygen as a source of DNA damage and to decipher Neil3 function in 

the mouse brain. For this, we have employed perinatal mouse models of increased 

oxidative stress, including ischemia, hypoxia, and hyperoxia, to induce DNA damage 

and trigger BER. 

In the first part of the study, we performed experiments with hyperoxic 

resuscitation after global hypoxia. This resulted in accumulation of oxidative base 

lesions in liver DNA, but no effect, either in oxidative lesions or DNA glycosylase 

activity, was found in the brain. In the second part of the study we describe the 
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construction and phenotype of a novel Neil3-/- mouse. We employed a model of 

combined cerebral ischemia and transient hypoxia to aid the search for Neil3-

dependent phenotypic expressivity. Perinatal Neil3-/- mice displayed a lack of 

proliferative response in neuronal progenitor cells and neuronal tissue regeneration. 

Neil3-/- neural stem/progenitor cells (NSPCs) propagated as neurospheres in vitro 

displayed reduced growth, skewed differentiation, and diminished repair activity for 

hydantoin lesions in ssDNA. Additionally, Neil3-/- NSPCs accumulated more DNA 

strand breaks than Neil3+/+ spheres when exposed to a genotoxic agent. In aged Neil3-

/- mice we found aberrant hippocampus-dependent behaviors, and also alterations in 

the presence and composition of hippocampal synapses. NSPC growth and repair 

activity for hydantoin lesions in vitro was impaired also in the aged mice. In sum, the 

findings herein implicate involvement of specific oxidative DNA base lesion 

recognition and repair by Neil3 in regulation of NSPC proliferation, differentiation, 

and integration of new neurons to maintain and repair the rodent brain. 
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INTRODUCTION 

DNA DAMAGE AND REPAIR 

Throughout evolution, changes in DNA have provided the source of diversity and the 

substrate of natural selection in nature. All living organisms depend on genetic 

instructions essential for their development and functioning, and although vital from 

an evolutionary point of view, genome modifications may be detrimental for 

organisms. Damaged or modified DNA can trigger apoptosis, cell senescence or 

changes in gene expression, inhibit cell division, or introduce mutations leading to a 

decay of genetic information, with deleterious effects for tissue homeostasis and 

organismal development (Hakem, 2008; Hoeijmakers, 2001). 

To counteract the constant battering from both endogenous and environmental 

DNA damaging agents and to ensure faithful duplication and inheritance of genetic 

material, eukaryotic cells have evolved a versatile response. Collectively this is 

termed the DNA damage response (DDR) and includes the ability to detect DNA 

damage and evoke a suitable counteraction. The DDR is a signal transduction 

pathway orchestrated by post-translational protein modifications (Huen et al., 2008). 

Careful coordination is required to allow repair and prevent mutations, or to induce 

apoptotic cell death both in proliferating and in post-mitotic cells. Cell cycle 

checkpoints constrain proliferating cells from further cycle progression when DNA 

damage is detected, thereby preventing errors from being inherited from one cell 

generation to the next (Hakem, 2008; Harrison et al., 2006). Defects in the DDR and 

the DNA repair processes may have diverse manifestations, including degenerative 

disease and carcinogenesis. 

 

DNA Damage and Cellular Defense Mechanisms 

DNA damage can be a consequence of influence from both exogenous, environmental 

factors, and endogenous, cellular metabolic processes (Hakem, 2008; Hoeijmakers, 

2001). In addition, spontaneous damage can occur at a high rate due to the chemical 

instability of DNA (Lindahl, 1993). 

Environmental sources of DNA damage include various genotoxic chemicals, 

thermal disruption, radiation, and viruses. Chemicals from industry and environment 
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may cause a diversity of DNA adducts, oxidation, alkylation, and crosslinks. 

Crosslinking may also occur from ultraviolet (UV)-B light, creating pyrimidine 

dimers, while UV-A light may cause indirect damage due to elevated levels of free 

radicals. Ionizing radiation introduces DNA strand breaks and may induce production 

of reactive oxygen species (ROS). Thermal disruption includes depurination and 

DNA single strand breaks at elevated temperatures. Viruses require host cell functions 

for their survival and propagation, and may cause damage to the host chromosome by 

integration of viral DNA. 

Cellular metabolic processes are sources of DNA damaging agents, which 

may induce various modifications to DNA. A cell sustains more than 20,000 DNA 

lesions per day from endogenous sources (De Bont et al., 2004). These lesions are 

mainly non-bulky and predominantly arise through base oxidation, hydrolysis, 

alkylation, and deamination (Gates, 2009). The major endogenous source of oxidative 

DNA damage are ROS, which are formed by normal aerobic metabolism or in 

response to inflammation and other metabolic processes (Sedelnikova et al., 2010). 

ROS have important roles in cell signaling and homeostasis, but due to their highly 

reactive nature they may cause damage to cell structures. Antioxidant defense 

mechanisms detoxify the reactive intermediates, but an imbalance between production 

and detoxification may cause ROS levels to increase. This is termed oxidative stress. 

ROS formed in living cells include hydrogen peroxide (H2O2), hydroxyl radicals 

(•OH), superoxide (•O2
-), and singlet oxygen (1O2) (De Bont et al., 2004). Due to a 

low reduction potential, DNA bases such as guanine are highly susceptible to 

oxidation mediated by ROS (Neeley et al., 2006), leading to the formation of a 

plethora of oxidized guanine products (Burrows et al., 1998). One example is the 

prevalent and thoroughly examined guanine oxidation product 7,8-dihydro-8-

oxoguanine (8-oxoG), a highly mutagenic base modification due to its preferential 

base pairing with adenine and the subsequent transversion from G:C to T:A during 

replication (Bjelland et al., 2003). 

Cells engage different mechanisms to protect DNA and other macromolecules 

against oxidative stress. First, physical barriers minimize the availability of oxygen 

for production of ROS. In brain tissue, the oxygen tension displays microregional 

heterogeneity, but is in general kept low and below venous pO2 under idling 

conditions (Ndubuizu et al., 2007). Second, detoxifying antioxidant enzymes such as 

superoxide dismutases, catalases, and glutathione peroxidases, in addition to 
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antioxidant amino acids and vitamins, contribute to the defense against ROS 

(Slupphaug et al., 2003). Third, oxidation also occurs in the free nucleotide pool, and 

the sanitation enzyme mutT homolog-1 (MTH1) hydrolyzes 8-oxo-dGTP, thereby 

preventing its incorporation into DNA by DNA polymerases (Mo et al., 1992). 

Fourth, several pathways for DNA repair, discussed in the next chapter, maintain 

genomic integrity through an array of different mechanisms. 

Some DNA polymerases replicate DNA with low fidelity. Replication past 

DNA lesions such as AP sites or thymine dimers is termed translesion synthesis, and 

for a cell, this DNA damage tolerance may be preferable to other options such as cell 

death or gross chromosomal aberrations (Waters et al., 2009). Regular DNA 

polymerases are switched out with specialized translesion polymerases, a part of the 

DNA damage response mediated by post-translational modifications to the replication 

machinery. This low fidelity replication may also introduce errors to previously 

undamaged DNA (Tissier et al., 2000). Erroneous base pairing may in certain cases 

be useful, such as for generation of mutations in immunoglobulin genes necessary for 

an efficient immune response. 

Spontaneous damage to DNA occurs frequently under physiological 

conditions. AP sites are generated when the N-glycosylic bond holding the 

nucleobases to the sugar-phosphate backbone becomes hydrolyzed. It is estimated that 

these spontaneous hydrolysis reactions generate about 10,000 cytotoxic, mutagenic, 

and recombinogenic AP sites per cell per day (Lindahl et al., 1972; Nakamura et al., 

1998). Given the extremely high rate of endogenous DNA damage, it is imperative for 

organisms to have solid systems for DNA repair. 

 

DNA Repair Mechanisms 

DNA repair is a crucial part of the DDR. Sophisticated mechanisms for DNA repair 

have evolved alongside the increasing complexity of organisms (Hoeijmakers, 2001; 

Wood et al., 2001). More than 130 DNA repair genes have been identified in humans. 

They are involved in pathways for repair of a plethora of DNA lesions, with three 

distinct repair mechanisms; direct reversion of damage, double strand break (DSB) 

repair via homologous recombination (HR) or non-homologous end joining (NHEJ), 

and excision of damage. Excision repair is carried out by mismatch repair (MMR), 

nucleotide excision repair (NER), or base excision repair (BER) (Figure 1). 
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Figure 1. Main DNA lesions and corresponding DNA damage repair pathways. Non-helix 
distorting lesions affecting one DNA strand are in general repaired by base excision (BER), whereas 
lesions significantly distorting the helix structure are repaired by nucleotide excision (NER). Small 
chemical alterations on a single base can undergo direct reversal (DR), while nucleotide mispairing is 
corrected by mismatch repair (MMR). Double strand breaks in DNA may be corrected by either 
homologous recombination (HR) or non-homologous end joining (NHEJ). See text body for further 
details. GG-NER, global genome NER; TC-NER, transcription-coupled NER; O6-MeG, O6-
methylguanine; Pt, platinum. The image is adapted and modified from Postel-Vinay et al. (2012). 
Reprinted with license. 
 

Some DNA repair proteins are involved in more than one pathway, and there 

is crosstalk between pathways (Kovtun et al., 2007; Risinger et al., 2004). A rigid 

separation of pathways may therefore be an unfruitful perception of DNA repair. 

Impaired DNA repair is associated with severe consequences including embryonic 

lethality or impaired growth, cancers, rapid ageing and shortened life span, and a 

variety of syndromes (Hakem, 2008; Hoeijmakers, 2001; Nordstrand et al., 2007). 

In the following, six pathways for DNA repair are discussed, with examples of 

disease manifestations following their dysfunction. 

1. BER removes DNA bases with small chemical alterations by excision from 

the DNA backbone (Robertson et al., 2009). Additionally, BER can repair AP sites 

and single strand breaks. BER has been the main focus of this study and will be 

presented in more detail in the next chapter. 

2. NER can repair a variety of bulky DNA damages. This versatile, multi-step 

excision repair pathway deals with helix-distorting lesions that interfere with base 

pairing and obstruct transcription and replication, including UV-light induced DNA 

photoproducts (Hoeijmakers, 2001; Leibeling et al., 2006). Upon recognition of 

damage, DNA is unwound. Excision of a ~28 bp DNA damage containing 

oligonucleotide is followed by gap filling and strand ligation. There are two 



INTRODUCTION 
 

 17

subpathways; global genome NER (GG-NER), which removes damaged DNA 

throughout the genome, and transcription-coupled NER (TC-NER), which handles 

damage in actively transcribed genes. Three rare, autosomal recessive human 

syndromes characterized by increased cancer frequency and neurodegeneration are 

associated with defective NER; xeroderma pigmentosum (XP), Cockayne syndrome 

(CS), and trichothiodystrophy (TTD) (Leibeling et al., 2006). All syndromes are 

associated with severe sensitivity to sunlight. XP patients carry mutations in any of 

the seven genes XPA-XPG, with resulting defects in proteins involved in the DNA 

damage recognition and repair process (Digiovanna et al., 2012). XP cells are 

hypersensitive to UV radiation and skin cancers develop, usually before the patient is 

10 years. Patients with mutations in XPA, XPB, XPD, XPF, and XPG, deficient in 

both GG-NER and TC-NER, develop progressive neurological degeneration, while 

patients with mutations in XPC or XPE, deficient in GG-NER, do not. The CS 

disorder is caused by mutations in the genes CSA or CSB, encoding proteins essential 

for DNA damage recognition and initiation of TC-NER (Fousteri et al., 2008). 

Prominent symptoms are severe developmental defects with growth retardation, 

progressive cognitive impairment, ophthalmologic disease, and shortened life span. 

The most severe cases of TTD are caused by mutations in the XPB or XPD genes. 

Characteristics of the patients are impaired growth and ataxia (Faghri et al., 2008). 

3. Direct DNA damage reversal (DR) mechanisms restore normal bases in a 

one step reaction, rely on a single protein, and do not involve excision of the damaged 

base or strand incision (Eker et al., 2009). Three mammalian enzymes have been 

identified to use this mechanism. O6-methylguanine-DNA methyltransferase 

(MGMT/AGT) repairs O6-methylguanine by transferring the methyl group onto itself 

(Kaina et al., 2007). AlkB homologs 2 and 3 (ABH2 and ABH3) repairs 1-

methyladenine and 3-methylcytosine by oxidative demethylation (Aas et al., 2003; 

Duncan et al., 2002). Certain chemotherapeutic agents produce O6-methylguanine. 

Gene targeting of Mgmt in mice reveals no increase in spontaneous mutagenesis as 

consequence of deficient methyltransferase activity, however the mice are sensitive to 

chemotherapeutic alkylating agents and develop lung and liver tumors (Iwakuma et 

al., 1997). 

4. MMR improves the fidelity of replication by recognizing and removing 

structural distortions in DNA introduced by DNA polymerase nucleotide mispairing 

or from replication slippage resulting in small unpaired loops (Jiricny, 2006). MMR 
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degrades newly synthesized DNA containing base-base mismatches and 

insertion/deletion loops, providing a second chance for correct DNA replication. 

Mutations in MMR genes cause hereditary nonpolyposis colorectal cancer (Fishel et 

al., 1993; Leach et al., 1993). 

5 and 6. Two conceptually distinct pathways are responsible for the repair of 

DNA DSBs; HR and NHEJ (Kanaar et al., 2008). Recombination involves the 

exchange of DNA between two different DNA molecules while end joining does not 

involve the exchange of DNA strands and is considerably faster. The cell cycle phase 

seems critical for choice of pathway. Whereas NHEJ seems to be preferred in G1/early 

S, HR dominates in late S/G2 where a sister chromatid or chromosome is available as 

template for repair (Delacote et al., 2008). In the developing murine nervous system, 

HR dominates in proliferating neural progenitors whereas NHEJ occurs at later 

developmental stages, demonstrating the influence of cell differentiation state in 

choice of DSB repair pathway (Orii et al., 2006). Defects in NHEJ may cause 

immunodeficiency, as demonstrated by the severe combined immunodeficiency 

(SCID) phenotype observed in mice targeted for essential components in the repair 

pathway (Hakem, 2008). Additionally, NHEJ defects are associated with genomic 

instability and cancer predisposition, radiosensitivity, impaired embryonic 

development, and growth retardation. Defects in recombinational DSB repair are 

associated with severe pathology as seen in the ataxia telangiectasia-like disorder 

(ATLD) and the Nijmegen breakage syndrome (NBS) (Thompson et al., 2002). 

ATLD patients exhibit immunodeficiency and neurological degeneration, whereas the 

rare disorder NBS is characterized by cancer predisposition, growth retardation, 

immunodeficiency, and microcephaly.  

To summarize, dysfunction in DNA repair mechanisms has obvious and 

severe consequences in humans, manifested in diseases such as cancer, developmental 

disorders, and neurodegeneration. In mice, more than 100 different genes involved in 

DNA repair have been targeted to investigate the biological relevance of the different 

pathways and single components of DNA repair (Nordstrand et al., 2007). The work 

presented in this thesis includes the characterization of a novel mouse model with 

deletions in a BER gene. 
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BASE EXCISION REPAIR 

BER is an evolutionary highly conserved pathway and catalyzes repair of small 

chemical alterations on DNA bases, AP sites, and single strand breaks (Baute et al., 

2008; Seeberg et al., 1995; Zharkov, 2008). As discussed, these non-bulky, non-helix 

distorting lesions are mainly of endogenous origin due to reactive by-products of 

cellular metabolism, or they arise spontaneously due to hydrolytic decay. The lesions 

are often cytotoxic due to blocking of DNA/RNA polymerase progression, or 

mutagenic as a result of subsequent mispairing of bases during replication (Maynard 

et al., 2009). Beyond DNA repair, BER also seems to be involved in the maintenance 

of epigenetic stability, discussed later (Cortazar et al., 2011). 

 

The Repair Pathway 

BER is executed through four distinct reactions to completely remove a damaged base 

and replace it with a correct base. These include recognition and removal of a 

damaged base from the DNA backbone, strand incision, gap filling, and nick sealing 

(Hegde et al., 2008a; Robertson et al., 2009). BER is initiated by DNA glycosylases 

recognising a vast number of base lesions. So far, 11 mammalian DNA glycosylases 

have been identified (Table 1). They are classified by sequence homology, structural 

similarities, or reaction mechanisms. The boundaries of these classes do not strictly 

coincide. 

Four mammalian structural families are described according to the three-

dimensional architectural folds of the protein; the helix-hairpin-helix (HhH) family 

including 8-oxoguanine DNA glycosylase (OGG1) and Endonuclease III-like 1 

(NTH1), the helix-two turn-helix (H2TH) family including the Endonuclease VIII-

like (NEIL) homologs, the uracil DNA glycosylase family (UDG), and the single 

human 3-methyladenine DNA glycosylase (AAG/MPG) (Dalhus et al., 2009). 
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Table 1. Mammalian DNA glycosylases 
Protein Structurea Reaction mechanismb Enzymatic activityc 
AAG/MPG AAG Monofunctional 3-meA, 7-meG, 3-meG, hypoxanthine, ethenoA 

in ss and dsDNA 
UNG UDG Monofunctional U, 5-FU in ss and dsDNA 

 
SMUG1 UDG Monofunctional As UNG; also 5-OH-meU in ss and ds DNA 

 
TDG UDG Monofunctional T, U, and ethenoC opposite G (CpG sites) in 

dsDNA 
MBD4 HhH Monofunctional T or U opposite G at CpG, T opposite O6-meG 

in dsDNA 
MUTYH HhH Monofunctional A opposite 8-oxoG, 2OHA opposite G in 

dsDNA 
OGG1 HhH Mono-/Bifunctional 

(�) 
8-oxoG opposite C, FapyG in dsDNA 
 

NTH1 HhH Bifunctional (�) Tg, DHU, FapyG, 5OHU, 5OHC, hydantoins in 
dsDNA 

NEIL1 H2TH Bifunctional (�/�) Sp, Gh, Tg, DHU, DHT, 5OHU, 5OHC, 8-oxoG, 
FapyA, FapyG in ssDNA and dsDNA 

NEIL2 H2TH Bifunctional (�/�) Minor divergence from NEIL1 
 

NEIL3 H2TH Mono-/Bifunctional 
(�/�) 

Sp, Gh, Tg, FapyA, FapyG with preference for 
ssDNA 

aBased on Dalhus et al. (2009) and Fromme et al. (2004a and 2004b).  
bBased on Dalhus et al. (2009) and Hegde et al. (2008a).  
cBased on Barnes et al. (2004), Hailer et al. (2005a), Jacobs et al. (2012), Krishnamurthy et al. (2008), 
Redrejo-Rodriguez et al. (2011), Robertson et al. (2009), and Zhao et al. (2010).  
See text body for details and abbreviations. 
 

 

There are two distinct mechanistic classes, monofunctional and bifunctional 

DNA glycosylases (Dalhus et al., 2009).  Monofunctional DNA glycosylases generate 

AP sites by cleavage of the N-glycosylic bond between the base and the 2-

deoxyribose. The AP site is further processed by an AP endonuclease (APE1), which 

nicks the DNA backbone 5’ to the AP site (Figure 2). DNA polymerase � (POL �) 

removes the resulting 5’ deoxyribose phosphate (dRP), producing a single nucleotide 

gap comprising of a 3’OH and a 5’P terminus. Bifunctional DNA glycosylases on the 

other hand may cleave the N-glycosylic bond using an amine nucleophile for 

substitution of the damaged base. OGG1 can alternatively excise bases by 

independent monofunctional base hydrolysis, proposed to be the dominant mechanism 

in vivo (Dalhus et al., 2011; Morland et al., 2005). Following base excision, 

bifunctional DNA glycosylases also catalyze either �-elimination resulting in a 3’ 

phospho �,� unsaturated aldehyde (PUA) end or �,�-elimination resulting in a 3’ 

phosphate (P) end. The end trimming at the AP site is a critical step for further 

processing and is executed differently depending on the DNA glycosylase. 3’ PUA is 
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removed by APE1 while 3’ P is removed by polynucleotide kinase 3’-phosphatase 

(PNKP) exerting APE1-independent repair (Das et al., 2006; Wiederhold et al., 

2004). 

In short-patch BER (SP-BER) the resulting gap in the sugar phosphate 

backbone is filled by POL �. It has been believed that nick sealing is executed by 

DNA ligase III� (LIG III) and its nuclear binding partner X-ray repair cross-

complementing protein 1 (XRCC1) (Ellenberger et al., 2008), but recent evidence 

questions the role of LIG III in XRCC1-dependent nuclear DNA repair, suggesting 

instead a role for LIG I (Gao et al., 2011; Simsek et al., 2011). SP-BER involves 

replacement of a single nucleotide. 

An alternative pathway for completing BER is believed to have evolved to 

repair sites that are resistant to the 5’ dRP lyase activity of POL � and is termed long-

patch BER (LP-BER) (Robertson et al., 2009). In LP-BER APE1 catalyzes the 

formation of a nick 5’ to the AP site. DNA polymerases are recruited, and interacting 

with proliferating cell nuclear antigen (PCNA) a flapped substrate of 2-12 nucleotides 

is generated by displacing the downstream strand containing the 5’ dRP. POL � is 

believed to incorporate the first nucleotide, while elongation of the flap is carried out 

by other replicative DNA polymerases. The flap structure is subsequently incised by 

flap endonuclease 1 (FEN1) and the nick is sealed by LIG I. The decision to proceed 

via LP- or SP-BER is poorly understood, however evidence indicates that besides the 

type of lesion, also the cell cycle stage is a key determinant. For oxidative base 

damage and SSB the LP-BER is proposed to be highly relevant (Fortini et al., 2007). 

Nearly all DNA glycosylases have a broad and overlapping substrate range. 

This is in particular true for the oxidized base-specific DNA glycosylases, which in 

mammals extends to the five enzymes OGG1, NTH1, NEIL1, NEIL2 and NEIL3 

(Dizdaroglu, 2005; Hazra et al., 2007; Ide et al., 2004; Liu et al., 2010b). They all 

possess bifunctional properties with intrinsic AP lyase activity. The NEIL1 and 

NEIL2 homologs induce APE1 independent repair. The NEIL paralogs are discussed 

in the following paragraph. An additional DNA glycosylase, MutY homolog 

(MUTYH), initiates BER by removal of mismatched adenine opposite 8-oxoG 

(Slupska et al., 1999). MUTYH thus provides OGG1 with a second chance to excise 

the base lesion and prevents G:C to T:A mutations. 
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Endonuclease VIII-like DNA Glycosylases 

Discovery of the three mammalian DNA glycosylases NEIL1, NEIL2, and NEIL3 

was published simultaneously by several research groups 10 years ago (Bandaru et 

al., 2002; Hazra et al., 2002a; Hazra et al., 2002b; Morland et al., 2002; Takao et al., 

2002a; Takao et al., 2002b). The genes encoding these three mammalian proteins 

show sequence similarity to Escherichia coli (E.coli) Endonuclease VIII (Nei), hence 

they were named Nei-like (NEIL). NEIL1-3 share common ancestry, structural 

features, and reaction mechanisms with the E.coli Nei and Formamidopyrimidine 

DNA glycosylase (Fpg) (Wallace et al., 2003). 

The H2TH structure of Fpg and Nei is shared by the NEILs, with clearly 

separated N- and C-terminal domains (Figure 3) (Dalhus et al., 2009). The N-terminal 

shows high evolutionary conservation. As the largest member of the family, NEIL3 

displays a long C-terminal of disordered extension with unique structural features. 

Extended N- and C-terminal sequences are often important for protein interactions 

and for cellular localization signaling. The NEIL3 C-terminal contains a conserved 

DNA-binding zinc finger motif found in all bacterial Fpg/Nei enzymes, a Ran binding 

protein (RANbp)-like zinc finger motif, and a repeated putative zinc ribbon domain 

also found in topoisomerase III� (TOP III�) and in APEX2 (Morland et al., 2002). 

Zinc fingers are small protein motifs containing finger-like protrusions to bind DNA, 

RNA, proteins, or lipids depending on the sequence, structure, and number of fingers 

(Gamsjaeger et al., 2007). The repeated zinc ribbon domain might promote DNA 

binding with preference for ssDNA (Grishin, 2000). 
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Figure 3. Organization of the Mus musculus (Mm) and Homo sapiens (Hs) NEIL3. Hs NEIL1 and 
Hs NEIL2 paralogs are shown as well as the E.coli (Ec) Nei and Thermus thermophilus (Tt) MutM 
orthologs and the human APEX2 BER enzyme. A.A., amino acids; H2TH, helix two-turn helix; NLS, 
nuclear localization signal; PCNA, proliferating cell nuclear antigen; TOP III�, topoisomerase III�. 
Details are discussed in the text body. The illustration is adapted from Torisu et al. (2005). Reprinted 
with license. 

 

 

The biochemical properties and substrate specificities of NEIL1 and NEIL2 

have been extensively characterized (Bandaru et al., 2002; Dou et al., 2003; Hazra et 

al., 2002a; Hazra et al., 2002b; Hazra et al., 2006; Morland et al., 2002; Rosenquist et 

al., 2003; Takao et al., 2002a). Human NEIL1 shows high non-specific DNA binding, 

suggesting either interaction with cofactors to limit unspecific binding or a function 

near nucleosome-free regions such as those near replication forks (Odell et al., 2010). 

NEIL1 and NEIL2 exhibit significant and overlapping activity for excision of a broad 

spectrum of lesions from the DNA backbone, with preference for oxidized bases in 

ssDNA substrates, bubble and fork structures (Table 1), and also show strong lyase 

activity for AP sites. As for Fpg, an N-terminal proline acts as the nucleophile in 

NEIL1 and NEIL2 (Hazra et al., 2007), while NEIL3 has substituted the N-terminal 

proline with valine. Both NEIL1 and NEIL2 efficiently excise the further oxidation 

products of 8-oxoG, spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh), from 

both ssDNA and dsDNA (Hailer et al., 2005a; Krishnamurthy et al., 2008; Redrejo-

Rodriguez et al., 2011; Zhao et al., 2010). Little is known about the occurrence and 

significance of these hydantoin products in vivo. Nei-deficient E.coli accumulates 20-
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fold more Sp than its wild type counterpart in response to chromate treatment (Hailer 

et al., 2005b). Sp and Gh are highly mutagenic lesions and a strong block to 

replication (David et al., 2007; Henderson et al., 2003) 

NEIL3 has proven difficult to express and purify, and the enzymatic activity 

remained enigmatic for many years (Krokeide et al., 2009; Morland et al., 2002; 

Takao et al., 2002b; Torisu et al., 2005). Recently, expression and purification of 

active, full-length mouse Neil3, its glycosylase domain, and the glycosylase domain 

of human NEIL3 showed that the preferred substrates are Sp and Gh in addition to 

FapyA and FapyG in ssDNA, but not 8-oxoG (Liu et al., 2010b; Liu et al., 2012). 

The expression of NEIL1 and NEIL2 is ubiquitous in humans and mice, 

although with different levels from organ to organ (Hazra et al., 2002a; Hazra et al., 

2002b; Morland et al., 2002). Expression of human NEIL3 is shown in multiple 

cancer forms, in testis, and in thymus, while mouse Neil3 is expressed during 

embryonic development, in proliferative brain regions, hematopoietic tissue and testis 

(Hildrestrand et al., 2009; Kauffmann et al., 2008; Morland et al., 2002; Rolseth et 

al., 2008a; Takao et al., 2009; Torisu et al., 2005).  

For several of the DNA glycosylases, multiple transcripts are produced by use 

of different promoters or alternative splicing, and the resulting isoforms may have 

different localization patterns depending on the signaling (Aburatani et al., 1997; 

Nilsen et al., 1997; Nishioka et al., 1999; Takao et al., 1998). Three mRNA splicing 

variants of mouse Neil1 are expressed (Yamamoto et al., 2012), while only one 

transcript has been identified for Neil2 and Neil3 (Hazra et al., 2002b; Morland et al., 

2002). Both Neil1, Neil2, and Neil3 localize to the nucleus, but Neil1 and Neil2 are 

additionally proposed to participate in maintenance of the mitochondrial genome 

(Hazra et al., 2002a; Hazra et al., 2002b; Hu et al., 2005; Mandal et al., 2011b; 

Morland et al., 2002; Sampath et al., 2011; Vartanian et al., 2006).  

The preference for partly unwound regions of DNA in forks and bubbles, as 

found under replication and transcription, respectively, suggests that the NEIL 

glycosylases may be involved in DNA repair coupled to either of these processes. 

Their expression is distinctly regulated during cell cycle; upon release from G0 

quiescence in human cell lines, the expression of Neil3 is up-regulated, Neil1 is 

repressed, while Neil2 expression is constant throughout the cell cycle (Neurauter et 

al., 2012). The Neil3 cell cycle regulation pattern is similar to the replication protein 

Fen1, with induction in early S phase and sustained expression through G2/M 
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(Neurauter et al., 2012). Additionally, the Neil3 gene contains several alleged cell 

cycle-regulated promoter elements (Neurauter et al., 2012) and is identified as cell 

cycle-regulated in genome-wide screens (Bar-Joseph et al., 2008; Whitfield et al., 

2002). 

During mitosis, NEIL1 localizes with the centrosomes and condensed 

chromosomes (Hildrestrand et al., 2007b). Additionally, NEIL1 interacts with several 

proteins participating in DNA replication, among these PCNA, the ssDNA binding 

protein replication protein A (RPA), the RecQ helicase Werner syndrome protein 

(WRN), and FEN1, suggesting involvement in replication (Dou et al., 2008; Hegde et 

al., 2008b; Popuri et al., 2010; Theriot et al., 2010). Interaction with FEN1 implies 

that NEIL1 may participate in LP-BER during replication (Hegde et al., 2008b). 

NEIL2 has recently been shown to repair oxidized bases in transcribed genes 

(Banerjee et al., 2011). Oxidative stress is proposed to regulate the expression of 

NEIL2 through binding sites for ROS-responsive transcription factors in the promoter 

region (Kinslow et al., 2010). 

 

DNA Glycosylase Variation in Human Disease 

Chronic oxidative stress is implicated in the pathogenic processes of slowly 

developing diseases by accrual of oxidative damage to macromolecules. As 

previously discussed, DNA damage may, depending on the cell properties, result in 

mutations or cell dysfunction. Replicating cells are more likely to acquire mutations 

predisposing to malignant disease, while terminally differentiated cells accumulating 

DNA damage display a gradual decline in function which ultimately leads to cell 

death and degenerative disease. A heritable or acquired defect in DNA repair may 

therefore have various manifestations, as previously outlined. There is little evidence 

supporting the involvement of DNA glycosylases repairing oxidative base lesions in 

the development of human disease. Only one example of an inheritable genetic 

disease caused by mutation in a oxidized base-specific DNA glycosylase is 

demonstrated; MUTYH-associated polyposis, where germline mutations in MUTYH 

are associated with G:C to T:A mutations in colorectal tumors (Al-Tassan et al., 2002; 

Jones et al., 2002; Sieber et al., 2003). 

The BER components show considerable variability in genetic sequence and 

activity (Mohrenweiser et al., 2002; Shen et al., 1998). As sequencing tools and 
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bioinformatics are improving, associations between DNA glycosylase single 

nucleotide polymorphic (SNP) variants and cancer predisposition are being 

extensively investigated, often with inconsistent results, and the role of these genetic 

variants in sporadic cancer remains unclear (Simonelli et al., 2012; Vineis et al., 

2009). A SNP in NEIL3 seems to be associated with prostate cancer after exposure to 

pesticides (Barry et al., 2011). Evidence suggests that also SNPs or missense 

mutations in the thymine DNA glycosylase (TDG) gene may increase cancer 

predisposition, possibly by loss of epigenome regulation due to uncorrected 

deamination of 5-methylcytosine (5meC) to thymine in CpGs, as will be discussed 

later (Ruczinski et al., 2012; Vasovcak et al., 2012). Misregulation of epigenetic 

mechanisms may also affect DNA glycosylase mediated repair; NEIL1 promoter 

hypermethylation, repressing gene expression, is found in squamous cell carcinomas 

(Chaisaingmongkol et al., 2012). 

Human Uracil DNA N-glycosylase (UNG) mutations are associated with 

immunological dysfunction (Imai et al., 2003). It has been shown that UNG is 

involved in immunoglobulin class-switch recombination and generation of somatic 

hypermutations during lymphocyte activation, thereby contributing to antibody 

diversification (Rada et al., 2002). These examples illustrate the diversity of 

manifestations of DNA glycosylase defects. 

 

Phenotypes of BER-Deficient Mice 

Mice deficient for particular components of BER have been used extensively to study 

the consequences of DNA damage accumulation, mutations, and carcinogenesis in 

cells and tissues (Larsen et al., 2007). The phenotypic expressivity of gene knock-out 

mice differs greatly between the single components of BER: With the exception of 

TDG, mice lacking a specific DNA glycosylase have no immediate and obvious 

phenotype, whereas intermediate and late stage BER gene targeting results in 

embryonic lethality. These results illustrate the overlapping substrate specificity of the 

DNA glycosylases and the vital role of downstream components in BER, which often 

are involved in additional cellular processes. An example is FEN1, which also 

partakes in processing of the 5’ end of Okazaki fragments during DNA synthesis. 

Fen1-/- is lethal at embryonic day 4.5 (Larsen et al., 2003). 
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Ogg1-/- mice accumulate 8-oxoG in hepatocytes and display elevated 

spontaneous mutation rates, but have no marked tumor predisposition (Klungland et 

al., 1999; Minowa et al., 2000). These mice are sensitive to oxidative stress (Arai et 

al., 2002; Kunisada et al., 2005). Old Ogg1-/- mice display spontaneous motor 

behavior deficiencies and brain pathology with apparent 8-oxoG accrual (Cardozo-

Pelaez et al., 2012). While 8-oxoG levels are normal in Neil1-/- mice, they accumulate 

FapyA and FapyG in liver, kidney, and brain (Chan et al., 2009; Jaruga et al., 2010). 

Evidence suggests the involvement of NEIL1 in NER, as Neil1-/- mice also 

accumulate 8,5’-cyclopurine 2’-deoxynucleosides in liver DNA (Jaruga et al., 2010). 

These lesions contain a C8-C5’ covalent bond between the base and sugar moieties 

and cannot be repaired by base excision. Curiously, the initial description of Neil1-/- 

mice reported a variable phenotype penetrance where some but not all males 

displayed metabolic syndrome with obesity, dyslipidemia, hyperinsulinemia, and 

hepatic steatosis (Vartanian et al., 2006). This phenotype was confirmed when mice 

were exposed to a high fat diet, and linked to unrepaired oxidative damage to 

mitochondrial DNA and reduced hepatic mitochondrial content (Sampath et al., 

2011). Neil2-/- mice are currently not described in published literature. The Nth1-/- 

mice accumulate FapyA in liver and kidney (Chan et al., 2009), and when exposed to 

ionizing radiation they accumulate thymine glycol in liver DNA (Takao et al., 2002b). 

Gene targeting of two DNA glycosylases combined has demonstrated the 

mutagenic and carcinogenic potential of ROS-derived base lesions. Neil1-/-Nth1-/- 

mice accumulating Fapy lesions in vivo develop pulmonary and hepatocellular tumors 

(Chan et al., 2009). Ogg1-/-Mutyh-/- mice accumulate G to T transversions and display 

a predisposition to tumors and lymphomas (Xie et al., 2004). No cancer 

predisposition is reported for Ogg1-/-Nth1-/- mice, however, they are deficient in repair 

of oxidized pyrimidines in mitochondrial DNA (Karahalil et al., 2003) 

Characterization of Neil3-deficient mice has been the main focus of this thesis. 

A previous investigation of Neil3-/- mice revealed no obvious phenotype expressivity 

(Torisu et al., 2005). The work presented in this thesis has centred on increased 

oxidative stress and brain tissue phenotypes in a novel Neil3-deficient mouse model. 
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DNA DAMAGE AND REPAIR IN DISEASES OF THE BRAIN 

The human brain represents only about 2% of the body weight, but extracts 10% of 

the glucose and approximately 50% of the oxygen from arterial blood (Magistretti et 

al., 1996). A large consumption of oxygen, abundant lipid content, regions with high 

levels of iron, and a relative paucity of antioxidants leaves the brain vulnerable to 

oxidative stress compared to other organs (Halliwell, 1992). A high metabolic rate 

and a prolonged lifespan render neurons at particular risk of oxidative DNA damage 

accrual from exposure to ROS (Englander, 2008; Liu et al., 2002). Neurodegeneration 

and a decline in cognitive performance is associated with high age, and this 

deterioration of the brain is hypothesized to be caused by accumulation of oxidative 

damage to macromolecules, termed the “free radical theory of aging” (Barja, 2004; 

Harman, 1956; Harman, 1981). There is compelling evidence for an age-dependent 

accumulation of DNA damage in organs with limited proliferative capacity such as 

the brain (Moller et al., 2010). With increasing age, DNA damage accumulates in 

promoter regions and is associated with reduced gene expression and slow DNA 

repair in neurons (Lu et al., 2004), yet a causal relationship between oxidative DNA 

damage and cognitive decline remains to be established. 

Although experimental evidence implicates BER components in maintenance 

of neuronal genomic stability, only indirect associations have been reported between 

DNA glycosylase defects and human neurodegenerative disease (Jeppesen et al., 

2011; Subba, 2007; Wilson, III et al., 2007). Oxidative DNA damage is implicated in 

Alzheimer’s disease (AD) and Parkinson’s disease (PD), and has been detected at 

elevated levels in both nuclear and mitochondrial DNA from these patients (Alam et 

al., 1997; Shimura-Miura et al., 1999; Wang et al., 2005; Zhang et al., 1999). AD and 

PD feature dyshomeostasis of iron and copper, which may contribute to the 

generation of excessive ROS (Zecca et al., 2004). The repair activity of NEIL1 and 

NEIL2 is inhibited by binding of copper and iron, suggesting an etiologic link to their 

role in the pathophysiology of neurodegenerative encephalopathy (Hegde et al., 

2010). Oxidative stress and DNA damage has also been implicated in the pathogenic 

process of protein-mediated brain diseases such as prion disease (Guentchev et al., 

2000; Guentchev et al., 2002). However, separating whether oxidative DNA damage 

is disease-promoting or mere collateral damage in degenerative encephalopathy 

remains a challenge. 
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Substantial efforts have been made to gain mechanistic insight into the 

pathophysiology of ischemic stroke. A prominent feature of cerebral ischemic 

catastrophes is DNA damage induced by ROS. Oxidative DNA lesions can be 

detected in brain tissue only minutes after an experimental ischemic event (Chen et 

al., 1997; Lan et al., 2003; Liu et al., 2010a; Liu et al., 1996; Luo et al., 2007). 

Cytotoxic AP sites and SSBs are prevalent oxidative lesions in ischemic neurons, and 

may trigger the DDR to induce DNA fragmentation and apoptosis (Chen et al., 1997; 

Li et al., 2011). Transcription levels and enzymatic activities of BER are highly 

variable and dependent on severity of the ischemic insult, brain region, observation 

time, species and age of the animal, and most likely cell type and bystander effects 

(Lan et al., 2003; Lin et al., 2000; Liu et al., 2010a; Liu et al., 1996; Luo et al., 2007; 

Rolseth et al., 2008b). Still, transcriptional changes in BER components do not 

necessarily reflect the actual DNA repair capacity. For instance, reduced repair of AP 

sites and SSBs after experimental brain ischemia is closely correlated to 

posttranslational modifications of APE1 and POL� (Luo et al., 2007). The serine-

specific phosphorylation of these BER enzymes is reduced by mild hypothermia in 

the rat brain, resulting in enhanced BER activity and attenuated oxidative DNA 

damage levels. Notably, the activity of NEIL2 is inhibited by acetylation of Lys49, a 

conserved residue in the Fpg/Nei family (Bhakat et al., 2004; Hazra et al., 2007). 

Human NEIL3 harbors ubiquitylation sites with unknown functions (Kim et al., 2011; 

Wagner et al., 2011). Thus, reversible post-translational modification may constitute 

and important regulatory mechanism to modulate the enzymatic activity of DNA 

glycosylases and other downstream BER proteins. 

 Expression and activity of Ung and Ogg1 increases after experimental 

cerebral ischemia and reperfusion in mice, and major increases in infarct size and 

functional consequences are observed in both Ung-/- and Ogg1-/- mice, attributed to 

absence of the mitochondrial isoform Ung1 and the nuclear isoform of Ogg1 (Endres 

et al., 2004; Liu et al., 2010a). These observations indicate that in post-mitotic 

neurons, DNA glycosylase-dependent removal of base lesions both in the 

mitochondrial and nuclear genome is crucial to limit functional impairment after an 

ischemic catastrophe. 
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Perinatal Hypoxic-Ischemic Encephalopathy 

Considering the overall disease burden, measured as disability-adjusted life years 

(DALYs) (Murray et al., 1996), an unjustifiably low proportion of research has 

focused on encephalopathy in the newborn (Lawn et al., 2011). This clinical 

syndrome is characterized by disturbed neurological function in the first days of life, 

and termed hypoxic-ischemic encephalopathy (HIE) when brain injury is caused by a 

hypoxic-ischemic (HI) insult following birth asphyxia. The Global Burden of Disease 

2004 report allocated 42 million DALYs to birth asphyxia (WHO, 2008). Birth 

asphyxia is a consequence of compromised gas exchange, either in the placenta or in 

the lungs, and features hypoxemia, hypercapnia, and acidosis (McGuire, 2006; Volpe, 

2008). Ischemia is both a cause and a result of hypoxia; Hypoxia and subsequent 

acidosis (resulting from e.g. anemia, congenital pulmonary anomalies, or interrupted 

placental gas exchange) may depress myocardial function, in turn leading to 

hypotension, while impaired blood flow and hypoperfusion of tissues (resulting from 

e.g. interrupted placental blood flow, bleeding, placental abruption, or congenital 

cardiac abnormalities) may compromise the delivery of oxygen and removal of 

carbon dioxide and lactate. Systemic complications may affect all organs. The 

hypoperfusion and deprivation of oxygen may cause permanent brain injury, highly 

dependent on the gestational age and brain maturation. Mechanisms applying to HIE 

in the term human newborn and models hereof will be presented briefly. 

HI injury to the perinatal brain is inflicted in two stages; the initial and the 

secondary phase. The reduction in blood flow and oxygen delivery, as direct 

consequences of ischemia and hypoxia, initiates a complex cascade of events 

(Blomgren et al., 2006; Inder et al., 2000; Volpe, 2008). Some of the main events are 

described in the following: Oxygen deprivation results in mitochondrial dysfunction, 

with production of free radicals, and a switch to anaerobic metabolism, resulting in a 

rapid depletion of high energy phosphates. Increased oxidative stress is prominent, 

and may damage macromolecules including proteins, lipids, and DNA. The initial 

depletion of high energy phosphates results in energy-dependent ion-pump failure 

causing intracellular accumulation of cations, particularly Na+ and Ca2+. This 

facilitates entry of water and subsequent cytotoxic edema. Depolarization of the cell 

membrane is followed by release of excitatory neurotransmitters and glutamate 

excitotoxicity. Subsequently, excessive stimulation of N-methyl-D-aspartate (NMDA) 
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receptors by extracellular glutamate accumulation results in further influx of cations. 

Neurons become hyperexcitable and seizures are common. Cell lysis may occur 

during the initial phase, however, the majority of neuronal loss is seen in the 

secondary phase, starting within hours from the ischemic-hypoxic event and 

extending over days (Lorek et al., 1994). Several of the pathological cascades 

continue into the secondary phase. In addition, increased production of ROS during 

the inflammatory response is a feature of delayed neuronal death, and of particular 

importance to this thesis as bystander DNA damage may occur (Sedelnikova et al., 

2010). ROS are important mediators of intercellular communication, in particular 

between stressed cells. 

The extent of HI injury depends on the severity and duration of the insult as 

well as brain maturation, which in part can be explained by differential and age 

dependent cellular death mechanisms. Biochemical and morphological criteria have 

traditionally classified cell death as necrotic or apoptotic, the former being a 

pathological process resulting from an irreversible energetic compromise, the latter 

being a controlled event which also is crucial during development. Recent evidence 

suggests that both events probably are tightly controlled, with the regulation of the 

lysosomal membrane integrity being critical to determine the cell death mode 

(Yamashima, 2012; Zong et al., 2006). In addition, the widely accepted apoptosis-

necrosis dichotomy is currently under challenge by a more complex view, involving a 

morphological “continuum” between the mechanisms (Northington et al., 2007). Only 

a small number of cells display “classical” apoptosis after HI, while most neurons 

expressing active caspase-3 indicating apoptosis also display features of necrosis (Liu 

et al., 2004). Some caspase-3 expressing neurons in the perinatal cortex also display 

markers of autophagy (Ginet et al., 2009), an essential pathway for degradation of 

macromolecules. Autophagic cell death is characterized by intense autophagy and has 

recently been implicated in the pathogenesis of perinatal HI injury (Koike et al., 

2008). 

Cell death mechanisms are dependent on the degree of maturation, and 

apoptosis is more pronounced in the immature compared to the adult mouse brain 

after HI (Liu et al., 2004; Zhu et al., 2005). In the immature brain, hippocampal CA3 

neurons are prone to autophagic cell death while CA1 neurons are prone to apoptosis 

(Ginet et al., 2009). Clearly, cell death mechanisms are highly dependent on brain 

region. This targeting of special brain structures or groups of neurons is termed 
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selective vulnerability. In the term infant, the hippocampi, thalami, basal gangliae, 

and cerebellar Purkinje cells are particularly vulnerable to HI (Inder et al., 2000; 

Okereafor et al., 2008). 

A widely used model for HI brain injury was developed in adult rats more than 

50 years ago (Levine, 1960) and has later been modified for use in perinatal rats 

(Rice, III et al., 1981) and perinatal mice (Sheldon et al., 1998). These models include 

unilateral permanent occlusion of a common carotid artery and subsequent transient 

exposure to hypoxia, employed in Paper II. 

 

Stem Cells, Neurogenesis, and Plasticity 

Stem cells can divide and self-renew, and their progeny can differentiate into more 

specialized cell types. While embryonic stem cells are pluripotent and can give rise to 

all the cell types in an organism, adult stem cells have lineage-restricted multipotency 

and may produce cells for renewal and maintenance of specific tissues. The brain 

harbors neural stem/progenitor cells (NSPCs) localized in specialized niches during 

development and adulthood. In the adult brain, neurons are terminally differentiated 

and integrated in synaptic networks. Still, constitutive neurogenesis from NSPCs 

occurs, restricted largely to the subventricular zone (SVZ) of the lateral ventricles and 

to the subgranular zone (SGZ) of the dentate gyrus of the hippocampus (Eriksson et 

al., 1998; Landgren et al., 2011).  

In the term newborn brain, the genesis and migration of neurons is also largely 

completed, but synaptogenesis and arborization of dendrites and axons is still 

occurring at a high level. The newborn brain thus possesses a high level of adaptivity, 

a hallmark of immaturity. This implies a particular ability to modulate brain structure 

and function in response to environmental stimuli (Kolb et al., 2011). For example, 

children are faster than adults in achieving complex skills. This interaction between 

the environment and the brain has brought forth the concept of plasticity, 

encompassing the effects of experience on brain structure, connectivity, and function. 

Also the aged brain retains a high level of plasticity. Although the rate of 

neurogenesis is reduced with increasing age, environmental stimuli may increase 

adult NSPC proliferation and differentiation (Kempermann et al., 2002). Additionally, 

synaptic activity influences the network integration of these immature neurons (Ge et 

al., 2006). Substantial evidence thus ties neural plasticity to stimulus and experience. 
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This concept has brought forth the implementation of environmental enrichment and 

stimulus in treatment of diverse encephalopathies in both children and adults (Cioni et 

al., 2011). 

Several lines of evidence suggest that stem cell compartments possess unique 

stress responses to maintain tight control of DNA integrity (Mandal et al., 2011a; 

Saretzki et al., 2004). The capacity for DNA repair including BER is shown to be 

enhanced in stem cells compared to more differentiated cells (Hildrestrand et al., 

2007a; Kuboyama et al., 2011; Maynard et al., 2008). While Neil1, Neil2, Ogg1, and 

Nth1 show widespread distribution at all ages in the murine brain, expression of Neil3 

is confined to the SVZ, SGZ, and layer V of the neocortex (Hildrestrand et al., 2009; 

Rolseth et al., 2008a). Expression and activity of Ogg1 decreases transiently with 

increasing age and upon differentiation of cultured neural stem cells, while Nth1 is 

constitutively expressed during lifespan (Hildrestrand et al., 2007a; Larsen et al., 

2006; Rolseth et al., 2008a). Expression of Neil1 and Neil2 increases during brain 

development, and Neil1 expression continues to increase with age, while Neil3 shows 

an age-dependent decline (Englander et al., 2006; Rolseth et al., 2008a). The temporal 

and spatial discrepancies in expression and activity suggest that Neil3 may be 

important in proliferating cells. 

 

The Structural Basis for Learning and Memory 

The concept of neural plasticity is critical both during normal brain development and 

for maintenance of essential functions of the adult brain (Sander et al., 2009). As 

discussed, recent studies have established that the adult brain is not immutable, but 

possesses constitutive neurogenesis giving rise to new neurons and nerve connections 

in a context-dependent manner. This structural plasticity provided by addition, 

replacement, and functional integration of new neurons into existing neuronal circuits 

during adulthood seems to be required for sustaining normal behaviors involved in 

spatial learning and memory (Imayoshi et al., 2008; Jessberger et al., 2008; Kee et al., 

2007). Several facets of experience, including position, may be stored in synaptic 

networks in the hippocampus and entorhinal cortex (EC) (Moser et al., 2008). A 

tightly packed, interlocking C-shaped arrangement constitutes the hippocampal 

formation, commonly divided into three major subfields; CA1, CA3, and the dentate 

gyrus (DG) (Figure 4). Two parallel excitatory pathways are defined; (1) the 
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trisynaptic pathway, relaying signals from the EC via the DG � CA3 � CA1 back to 

the EC, believed to be required for rapid contextual learning, and (2) the 

monosynaptic pathway, conveying signals from the EC directly to CA1 via perforant-

path projections, sufficient for slow multi-trial spatial tuning and other associative 

memory tasks (Sander et al., 2009). 

 

 

 
 
Figure 4. The wiring diagram of the rodent hippocampus. A trisynaptic loop constitutes the primary 
excitatory circuit. Information from neurons in the entorhinal cortex is conveyed to dentrites of dentate 
gyrus granule cells via axons of the perforant path. Mossy fibers from the granule cells project to CA3 
pyramidal cells, in turn projecting to CA1 through Schaffer collaterals. CA3 neurons also project to the 
contralateral hippocampus via commissural connections. A monosynaptic loop is formed by the 
innervation of CA1 pyramidal cells by layer III neurons of the entorhinal cortex. The illustration is 
adapted from Neves et al. (2008). Reprinted with license. 
 

 

The establishment of novel episodic memories including stable spatial 

representations requires encoding/formation, consolidation, and optimization of 

sensory information. Synaptic plasticity is a putative mechanism for information 

storage and consolidation of memories. The classic example of synaptic plasticity is 

long-term potentiation (LTP); High-frequency electrical stimulation induces a long-

lasting increase in the efficacy of synaptic transmission (Bliss et al., 1973). Activation 

of NMDA receptors is and important part of LTP induction, while maintenance 

requires changes in gene expression and subsequent translation to modify structural 

and functional connectivity (Miyamoto, 2006). 
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PRESENT INVESTIGATION 

AIMS OF THE THESIS 

Oxidative damage to DNA may be cytotoxic and premutagenic. To prevent tissue 

dyshomeostasis and development of disease, oxidative base lesions are removed by 

base excision repair (BER). Cellular metabolism produces reactive oxygen species 

which may generate oxidative DNA damage in a contextual-dependent manner 

depending on the tissue, cell, and DNA properties (De Bont et al., 2004). It is 

proposed that supplemental oxygen treatment of asphyxiated newborn babies 

increases the risk of cancers during childhood (Naumburg et al., 2002; Spector et al., 

2005). We hypothesized that this may be caused by oxidative damage to DNA and 

subsequent mutagenesis. 

The aim of the first part of the study was to establish whether supplemental 

oxygen causes oxidative DNA damage evoking BER. To address this, we employed a 

model of global perinatal asphyxia in mice, planning to use DNA glycosylase 

knockout models and measure levels of oxidative DNA base lesions in tissues after 

administration of oxygen. These studies would allow us to define the biological role 

of oxidative base-specific DNA glycosylases after resuscitation with supplemental 

oxygen, and whether oxygen may act as a carcinogenic agent in a perinatal 

resuscitation setting. 

 The DNA glycosylase Neil3 displays its highest expression in the embryonic 

and perinatal stage, in particular in mouse brain regions with proliferative potential 

(Hildrestrand et al., 2009). Neil3 knockout mice have a weak phenotype expressivity 

and the function of this protein has remained somewhat enigmatic (Torisu et al., 

2005). Human and mouse Neil3 shows DNA glycosylase activity with preference for 

oxidized base lesions in single-stranded DNA (Liu et al., 2012). We thus 

hypothesized that Neil3 might have important functions in DNA repair in neural stem 

cells. 

The aim of the second part of the study was to address the role of Neil3 in 

DNA damage repair in the brain and in neurogenesis. To address this, we constructed 

a novel Neil3 knock-out mouse and employed a model combining hypoxia and 

ischemia to inflict oxidative DNA damage and stimulate proliferation in the perinatal 
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brain. These experiments would facilitate investigation of the significance of Neil3 

function in neural stem cell proliferation in vivo. 

 Continuous neurogenesis sustains hippocampal functions, and age-dependent 

decline in cognitive performance is proposed to be associated with accumulation of 

oxidative DNA lesions (Imayoshi et al., 2008; Wilson, III et al., 2007). Based on our 

findings in perinatal Neil3-/- mice, we hypothesized that hippocampus-dependent 

learning and memory was impaired in adult Neil3-/- mice. 

The final aim of this study was to establish a link between Neil3-dependent 

DNA repair, neurogenesis, and cognitive function. Addressing this, we performed 

behavioral tests on Neil3-/- mice, propagated neurospheres from adult mouse brains, 

and examined the morphology in the hippocampal formation. These studies would 

allow us to define a biological role of Neil3. 
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RESULTS SUMMARY 

 
This section shortly summarizes the data presented in Papers I-III in the Appendix. 

 

Paper I: 

Accumulation of 8-oxoguanine in liver DNA during hyperoxic 

resuscitation of newborn mice 
 

Supplementary oxygen during resuscitation of the asphyxiated newborn is associated 

with long-term detrimental effects including a possible increased risk of childhood 

cancer. It is suspected that the resuscitation procedure results in accumulation of DNA 

damage and increased mutagenesis. Base excision repair (BER) is the major DNA 

repair mechanism for the removal of premutagenic oxidative DNA lesions. This study 

addresses the accumulation of the DNA base modification 8-oxoguanine (8-oxoG) in 

brain, lung, and liver DNA from neonatal mice subjected to hypoxemic hypoxia in 

8% O2 for 60 min, followed by hyperoxic resuscitation in 100% O2 for 0-90 min. In 

addition, the levels of DNA damage repair in these tissues is addressed by analyzing 

BER incision activities from nuclear extracts on DNA substrates containing the DNA 

base lesions 8-oxoG, 5-hydroxycytosine (5-ohC), uracil, or an abasic site analog. 

The results show a moderate but significant accumulation of 8-oxoG in liver 

DNA during this treatment (B [95% CI] = 0.011 [0.001, 0.020]; p = 0.037), in contrast 

to lung and cerebellum, where no increase was detected. We observed a linear relation 

between 8-oxoG levels and reoxygenation time in liver DNA from the hypoxic 

animals. We further show that BER activity of protein extracts isolated from liver, 

lung, and cerebellar tissue was not significantly increased during hyperoxic 

resuscitation. 

Our data suggest that the capacity for immediate repair in liver tissue is 

inadequate to meet increasing amounts of DNA damage. The duration of 

supplementary oxygen use if needed during resuscitation of the newborn should be 

kept as short as justifiable to minimize the risk of detrimental effects on DNA 

integrity, and thus, on tissue homeostasis. 
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Paper II: 

Endonuclease VIII-like 3 (Neil3) DNA glycosylase promotes 

neurogenesis induced by hypoxia-ischemia 
 

Neural stem/progenitor cell (NSPC) proliferation and differentiation are required to 

replace damaged neurons and regain brain function after neonatal hypoxic-ischemic 

events. Oxidative DNA base lesions are shown to accumulate in the brain during 

ischemic stress. These small, non-helix distorting modifications to DNA bases are 

removed mainly by DNA glycosylases initiating BER. Interestingly, in situ 

hybridization has shown expression of the oxidized base-specific DNA glycosylase 

Neil3 confined to regenerative subregions in embryonic and perinatal brains. Based 

on these findings, we hypothesized that Neil3 was involved in oxidative DNA damage 

repair in NSPCs. In order to elucidate the function of Neil3 during stress induced 

neuronal injury and subsequent neurogenesis, we generated Neil3-knockout mice and 

exposed them to a combination of hypoxia and cerebral ischemia at postnatal day 9. 

Neil3-deficient mice showed a reduced number of proliferating neuronal 

progenitors in the striatum 3-10 days after hypoxia-ischemia compared to Neil3-

proficient mice. Also, the volume of neuronal tissue was reduced in Neil3-/- mice 6 

weeks after the injury, but not after 3 or 10 days, indicating that the neuronal volume 

deficit was caused by compromised neurogenesis. Additionally, the number of 

microglia was lower in the striatum from Neil3-/- mice than in wild-type mice after 

hypoxic-ischemic stress. In vitro expansion of Neil3-deficient NSPCs using the 

neurosphere assay revealed an inability to augment neurogenesis after hypoxia-

ischemia. Also, BER activity of total protein extracts from neurospheres displayed a 

reduced capacity for repair of the oxidized base lesions spiroiminodihydantoin and 

guanidinohydantoin in single-stranded DNA. 

Based on these results, we propose that the role of Neil3 in regeneration 

involves the repair of hydantoin lesions in rapidly proliferating cells to prevent 

blockage of DNA replication. Our results also imply that Neil3 has no significant 

DNA repair function in postmitotic cells. Whether Neil3 counteracts DNA damage 

during continuous neurogenesis in the adult brain remains to be answered. 
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Paper III: 

Hippocampal adult neurogenesis is maintained by Neil3-dependent 

repair of oxidative DNA lesions in neural progenitor cells 
 

Accumulation of oxidative DNA damage has been proposed as a potential cause of 

age-related cognitive decline. We have previously suggested that in proliferating cells, 

murine Neil3 is the main DNA glycosylase initiating repair of hydantoin lesions in 

single stranded DNA. In addition, Neil3 activity supports proliferation of NSPCs after 

a hypoxic-ischemic brain lesion in neonatal mice, thereby promoting neurogenesis. 

Adult neurogenesis is crucial for maintenance of hippocampal-dependent functions 

such as learning and memory. From this we hypothesized that Neil3-dependent DNA 

repair partakes in sustaining adult neurogenesis and cognitive function. In order to 

elucidate this, we conducted behavioral studies on Neil3-/- mice and performed 

neurosphere assays to assess proliferation and DNA repair capacity of NSPCs. 

Behavioral studies using the Morris water maze and an elevated zero maze 

revealed learning and memory deficits, and reduced anxiety-like behavior in Neil3-/- 

mice. Supporting previous results, neurospheres cultured from brains of aged Neil3-/- 

mice showed reduced proliferative capacity and diminished DNA repair activity on 

hydantoin lesions in single-stranded DNA. Confocal immunofluorescence analyses 

revealed differential expression of excitatory and inhibitory receptor subunits within 

the hippocampal formation of Neil3-/- mice compared to wild-type. Further, 

quantitative immunogold postembedding labeling and electron microscopy showed 

differential synapse morphology and density of glutamatergic and GABAergic 

receptor subunits. 

To conclude, Neil3-dependent repair of oxidative DNA damage in NSPCs 

appears to be required for maintenance of adult neurogenesis, determining the rate of 

neuronal turnover in the hippocampus. We propose that hydantoin lesions accumulate 

in the Neil3-deficient NSPCs, blocking DNA replication and neurogenesis. This 

causes lack of new hippocampal neurons to counteract age associated deterioration of 

cognitive performance. To delineate the molecular mechanism of Neil3 it is necessary 

to establish methods for detection of hydantoin lesions in tissue and to construct 

animals with disrupted catalytic seat of Neil3. 
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DISCUSSION 

OXIDATIVE DNA DAMAGE FROM SUPPLEMENTAL OXYGEN 

Resuscitation of newborn babies with supplemental oxygen is proposed to increase 

the risk of malignant disease during childhood (Naumburg et al., 2002; Spector et al., 

2005), and it has been hypothesized that oxygen may act as an exogenous source of 

premutagenic DNA damage. Oxidative damage to DNA occurs at a high rate due to 

ROS produced from normal metabolism, and oxidative base lesions are removed from 

the DNA backbone by oxidized-specific DNA glycosylases initiating BER. In support 

of the suggestion that oxygen may generate premutagenic lesions, there is an oxygen 

dose-dependent increase in urinary elimination of 8-hydroxy-2’deoxyguanosine 

following resuscitation of newborn pigs with supplemental oxygen, indicating 

increased occurrence of oxidized guanine in DNA or the free nucleotide pool (Solberg 

et al., 2007). In Paper I we attempted to discriminate between these mechanisms by 

analyzing mouse tissue samples for 8-oxoG content in DNA and for BER activity 

after exposure of perinatal animals to hypoxia and subsequent supplementation of 

oxygen. The results in Paper I indicate that 8-oxoG accumulates in liver DNA during 

administration of oxygen. Mice deficient in CuZn superoxide dismutase accumulate 

8-oxoG in the liver (Elchuri et al., 2005), indicating that the capacity for BER in liver 

cells is limited. We did not detect increased BER activity from liver cell extracts. 

Hence, the capacity for BER does not seem to be inducible by oxidative damage, 

supporting previously reported experiments (Bercht et al., 2007). Our results from 

lung and cerebellar tissue also suggest that either, oxygen had no significant effect on 

the formation of 8-oxoG in these tissues or, BER was not rate limited and oxidized 

bases were therefore removed before the tissue was harvested for analysis. We 

speculate that the differential vulnerability between the tissues may be attributed to 

mechanisms for protection against oxidative stress, including BER or detoxifying 

antioxidant enzymes. In support of our results, there are reports of an association 

between the duration of oxygen treatment and hepatoblastoma incidence in extremely 

low birth weight infants (Maruyama et al., 2000; Oue et al., 2003). 
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NEIL3 IN DNA REPAIR AND NEUROGENESIS 

Among the oxidized base-specific DNA glycosylases, Neil3 displays unique temporal 

and spatial expression patterns in the mouse brain and is proposed to have a role in 

cells with proliferative potential (Hildrestrand et al., 2009). Neil3-/- mice have 

previously been reported as fertile and viable with no obvious disease phenotype 

(Torisu et al., 2005). Papers II and III describe the phenotype of a novel Neil3-/- 

mouse model with engineered truncation of exons 3-5. In accordance with the 

previous report, our naïve Neil3-/- mice appeared healthy. To reveal a potential role of 

Neil3 in proliferating NSPCs, we induced proliferation in the mouse forebrain using 

hypoxia and ischemia (Arvidsson et al., 2002; Felling et al., 2006; Yamashita et al., 

2006; Yang et al., 2006). 

In perinatal Neil3-/- mice, the proliferative response to cerebral HI was reduced 

compared to wild-type mice, with lower numbers of neuronal progenitors in the 

striatum and less new neuronal tissue. We did not detect any change in the amount of 

neural stem cells in the SVZ, or in the number of mitotic cells in this proliferative 

compartment of the brain. From this we infer that Neil3 may act during proliferation 

and differentiation of neuronal progenitors migrating to repopulate the injured site. 

We propose that Neil3 does not act in quiescent neural stem cells. To support a role 

for Neil3 in proliferation and differentiation of NSPCs, in vitro propagated 

neurospheres from Neil3-/- mice displayed reduced growth and skewed differentiation 

compared to neurospheres derived from wild-type mice. Additionally, cell extracts 

from Neil3-/- neurospheres showed a specific reduction in repair activity of Sp and Gh 

lesions in ssDNA. As discussed, undifferentiated cells seem to be outfitted with an 

increased ability to repair DNA damage, and evidence suggests a role for oxidative 

DNA modifications and repair in differentiation. For instance, murine neural stem 

cells deficient in Ogg1 accumulate damage to the mitochondrial DNA upon 

differentiation, and shift their differentiation direction toward an astrocytic lineage 

(Wang et al., 2010; Wang et al., 2011). Paper II demonstrates reduced differentiation 

of Neil3-/- NSPCs into the neuronal lineage. In partial agreement with our results, 

recent evidence shows that knockdown of Neil3 and Ogg1 reduces the expression of 

both neuronal and astrocytic genes in murine neural stem cells (Reis et al., 2012). 

When work on this thesis was initiated it was not established that Neil3 had 

DNA glycosylase properties, but repair activity has now been shown (Liu et al., 
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2010b; Liu et al., 2012). Albeit the presence of Neil1 and Neil2, neurospheres from 

both perinatal and adult Neil3-/- mouse brains showed impaired ability to repair Sp and 

Gh lesions in ssDNA (Paper II and Paper III). There is considerable overlap in DNA 

substrate specificities for the mammalian Fpg/Nei homologs, and the catalytic 

efficiency of Neil3 is far exceeded by Neil1 and Neil2 in most activity assays. The 

catalytic proline at position 2 in Neil1 and Neil2 has been substituted with valine in 

Neil3 (Krokeide et al., 2009). This is interesting because substitution of the proline 

affects the bifunctional activities of all Fpg/Nei proteins (Burgess et al., 2002; 

Sidorkina et al., 2000; Zharkov et al., 1997). Neil3 seems to be primarily 

monofunctional, and replacing the valine with proline significantly increases the 

activity of Neil3 (Krokeide et al., manuscript in preparation). We speculate that the 

catalytic valine in Neil3 is important to prevent nicking of the DNA backbone during 

repair of base lesions on a single-strand, which would be catastrophic in a replication 

fork. These catalytic properties distinguish Neil3 from Neil1 and Neil2, and support a 

primary function in proliferating cells. 

Cerebral ischemia causes increased levels of oxidative base lesions (Chen et 

al., 1997; Lan et al., 2003; Liu et al., 2010a; Liu et al., 1996; Luo et al., 2007). Both 

Udg and Ogg1 are shown to protect postischemic neurons from cytotoxic effects of 

DNA damage (Endres et al., 2004; Liu et al., 2010a). Neil3-/- mice did not display 

increased cytotoxic effects of cerebral HI, measured by MAP2 immunoreactivity after 

3 days (Paper II), indicating that Neil3 is not functionally important in postmitotic 

neurons which constitute the majority of cells the perinatal mouse brain. Also, we did 

not detect an increased accumulation of strand breaks, measured indirectly by �H2AX 

foci, in Neil3-deficient brains after HI. Contrary to this, proliferating Neil3-/- 

neurospheres exposed to the genotoxic agent paraquat displayed an increased amount 

of �H2AX foci, supporting DNA repair by Neil3 in proliferating cells. We have not 

detected increased levels of 8-oxoG in Neil3-/- mice, suggesting that Neil3 is not 

active on this lesion, and are currently attempting to quantify hydantoin lesions by 

mass spectrometry of DNA from Neil3-/- brain tissue and neurospheres. 

The hydantoin lesions Sp and Gh have structural properties that destabilize 

duplex DNA (Kornyushyna et al., 2002). This is interesting with respect to the lesion 

recognition pocket in the Neil paralogs. As opposed to Neil1 and Neil2, Neil3 

possesses a 30 amino-acid insert situated after the catalytic valine at the N-terminus 

(Krokeide et al., manuscript in preparation). The function of this loop structure is not 
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known, but we speculate that it may accommodate the Neil3 lesion recognition pocket 

to block or facilitate DNA binding depending on context. This indicates that rather 

than being back-up repair enzymes for each other, the activity of the Neil paralogs 

function in a context-dependent manner, depending on i.e. maturity, tissue, gene and 

gene region/sequence, cell type, cell cycle stage, differentiation state, and strand 

accessibility. To illustrate context-dependency, repair activity on hydantoins in 

extracts from Neil3-/- brain tissue was below detection limit in our assays, but in wild-

type extracts from neurospheres there was clear activity which was substantially 

reduced in Neil3-/- cells. This confirms that Neil3 is more active in proliferating than 

post-mitotic cells, as proposed in previous studies (Hildrestrand et al., 2009; 

Neurauter et al., 2012; Rolseth et al., 2008a). In humans, NEIL3 is highly expressed 

in tumors compared to normal tissues (Hildrestrand et al., 2009). This does not 

necessarily imply that NEIL3 is an oncogene, but could be epiphenomenal to the 

highly proliferative state of cancer cells. 

Although we now know that both human NEIL3 and mouse Neil3 possesses 

canonical DNA repair it is not evident that this is the limit of the biological function. 

As discussed later, the ability to read the chemical structure of DNA bases in a very 

specific context and interact with other proteins and DNA may be important beyond 

the protection of genome integrity. 

 

NEIL3 DEFICIENCY WARPS THE STRUCTURAL BASIS FOR 

LEARNING AND MEMORY 

Demonstrating causality between constitutive neurogenesis providing neural plasticity 

throughout life and the maintenance of cognitive performance has been challenging, 

and definite proof is still lacking (Deng et al., 2010; Leuner et al., 2010). Behavioral 

studies are of great significance in order to unravel how disruption of molecular 

mechanisms affect the ability to survive, and hence why the studied gene has emerged 

in and withstood natural selection. A clear impairment in spatial learning and memory 

is evident in experimental studies where genetic manipulation has been used to 

abrogate hippocampal neurogenesis (Marin-Burgin et al., 2012). Paper III provides 

evidence to support such a functional impairment from a Neil3 gene defect. 

Additionally the adult Neil3-/- mice displayed morphologic alterations in the 
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hippocampal network and reduced capacity for NSPC proliferation in vitro. Although 

proliferation of NSPCs is reduced as result of Neil3-deficiency in adult mice, we 

cannot be certain that the aberrant behavior of these mice is due to impaired 

neurogenesis. The line of evidence in Paper III is suggestive, but lacks in vivo 

evidence of reduced neurogenesis and definite proof of principle by reintroduction of 

functional Neil3 to reconstitute the phenotype. 

Neurogenesis is crucial not only for successful development providing 

grounds for normal behavior, but for cell expansion, tissue remodeling, and 

restoration of brain function after injury (Arvidsson et al., 2002; Magavi et al., 2000; 

Yamashita et al., 2006). In line with observations in Paper II, immature brains display 

highly inducible neurogenesis, and within days after a HI insult an increased and 

sustained production of new neurons can be detected (Felling et al., 2006; Yang et al., 

2006; Yang et al., 2007). Additionally, the plasticity of neurons in the newborn brain 

allows recovery from injury by effective reorganization of networks (Staudt, 2010). 

The immature brain thus displays resilience to injury both by the ability to adapt 

preexisting structures and to replace by neurogenesis. A recent meta-analysis 

concludes that hyperoxic resuscitation of newborn infants, as experimentally 

performed in Paper I, does not seem to have a long-term effect on 

neurodevelopmental outcome (Saugstad et al., 2012b). This implies that oxygen as 

intervention either does not intervene with proliferation, differentiation, and network 

integration of new neurons or, disturbed homeostasis is counteracted by structural 

plasticity. In Neil3-/- mice we observed changes in the cellular response to HI in vivo 

(Figure 5) and in vitro, and in endpoint measurements of neuronal tissue viability, and 

conclude that the proliferative capacity is reduced and the differentiation pattern is 

skewed in Neil3-/- NSPCs and their progeny. We propose that the Neil3-/- phenotype is 

caused by deficient DNA repair, resulting in accumulation of oxidative base lesions 

either at replication forks, preventing cell cycle progression, or on acquired DNA 

lesions in promoter regions of genes involved in regulation of stem cell proliferation 

and differentiation. 
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Figure 5. Illustration of a coronal section of the perinatal mouse brain. Experimental hypoxia-
ischemia induces neurogenesis and infiltration of microglia. Neil3-/- mice display lack of response by 
reduced number of neuronal progenitor cells and microglia in the ipsilateral striatum (Paper II). LV, 
lateral ventricle. The illustration is adapted from Saugstad et al. (2012a). 
 

 
Differential incidence and outcome of disease may be attributed partly to 

variation in human BER gene sequences or epigenetic states. Human genetic variants 

and oxidized-specific DNA glycosylase knock-out mice have, with the exception of 

Tdg so far not been associated with strong phenotype expressivity. It has been argued 

that the considerable overlap of substrate specificities between these DNA 

glycosylases partly annuls the effect of single DNA glycosylase defects, and this 

hypothesis has been partly confirmed by the construction of double knock-out mice 

(Larsen et al., 2007; Robertson et al., 2009). We demonstrate that Neil3-deficiency in 

mice may worsen the outcome of disease (Paper II) and reduce cognitive performance 

(Paper III). Recent results from our lab indicate severe behavioral phenotype 

expressivity also in Neil1-/- Neil2-/- mice (Rolseth et al., manuscript in preparation) 

and Ogg1-/- MutYH-/- mice (Dahl Bjørge et al., manuscript in preparation), supporting 

the involvement of oxidized base-specific repair in maintenance of hippocampal 

function and the associated normal behaviors. In addition, human genetic variants and 

repair capacity in BER are proposed to be associated with cognitive performance 

(Lillenes et al., 2011), but the endpoint in this study is vague, the results are not 

conclusive, and polymorphisms in Neil3 were not included in the investigation. 
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Broadening our understanding of differential capacities for oxidative DNA 

damage repair in development of disease may pave the way for individually adapted 

treatment. For example, if NEIL3 sequence variants are associated with 

neurodevelopmental outcome after perinatal HIE, gene sequencing could determine 

whether exogenous cell replacement therapy or strategies for enhancement of 

endogenous repair would be the most beneficial to the patient. Also, if the incidence 

of childhood cancers after oxygen supplementation (Naumburg et al., 2002; Spector 

et al., 2005) is associated with variants in any of the oxidized base-specific DNA 

glycosylases, this could have implications for individually adapted neonatal intensive 

care.  

 

METHODOLOGICAL CONSIDERATIONS 

Mice were used as model organism throughout this study. Model organisms in 

research are used to investigate mechanisms in biology and disease. The apparent 

common descent of all life (Theobald, 2010) and conservation of genetic material 

throughout evolution provide basis for comparative studies. The function of a human 

gene can be better understood by examining orthologs in simpler model organisms. 

Humans and mice have about the same estimated number of base pairs and genes in 

their genomes, and mouse orthologs can be found for a large part of the human genes 

(Lander et al., 2001; Venter et al., 2001; Waterston et al., 2002). However, although 

gene orthologs may display similarity in sequence, it requires only a single nucleotide 

change at a crucial position to significantly alter the features of a protein. 

Additionally, alternative splicing of transcripts and post-translational modifications of 

proteins may cause different protein structures, activities, and interactions. 

Nevertheless, comparative studies have several benefits. In mice, inbred strains 

provide genetically identical animals, minimizing sample variation. Mice are easy to 

handle and care for, and a high reproductive performance with a large litter size and a 

short gestation enables the study of many generations in a relatively short time. The 

conservation of BER enzymes is high between mice and humans; hence mice are well 

suited organisms for comparative studies of this pathway. Additionally, genetic 

manipulation in mice can be performed targeting specific genes to study gene function 

and the basis of disease at a molecular level. 
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In Paper II we employed the previously discussed model of perinatal HI 

(Sheldon et al., 1998; Vannucci et al., 2005). The widely used HI model has some 

flaws, including hypocapnia due to hyperventilation. Hypocapnia counteracts 

acidosis, which is a prominent feature of perinatal asphyxia. Also, there are several 

sources of variation to the severity of brain damage; anatomical variants in the Circle 

of Willis, temperature (which can be tightly controlled during procedures but may 

vary during nesting), litter size, and sex, but the model is nevertheless regarded as the 

best for resembling human perinatal HIE in rodents. 

The neurosphere assay is a bona fide methodology for studying neural stem 

cells, but expands both stem- and non-stem cell populations and must be interpreted 

with caution (Reynolds et al., 2005). In Papers II and III we characterized 

neurospheres derived from perinatal and adult Neil3-/- animals, respectively, and 

found attenuated proliferation compared to Neil3+/+. Curiously, the brain size and 

gross morphology was not significantly affected by Neil3-deficiency, indicating 

adequate neurogenesis in naïve mice. A possible explanation for this discrepancy 

between in vivo and in vitro observations may be that the cultured cells are propagated 

under non-physiological conditions with abundant availability of oxygen compared to 

the environment in the brain, hence the neurospheres are per se exposed to stress. This 

relative hyperoxia may affect the accumulation of oxidative DNA damage, in 

particular replication-blocking hydantoin lesions accumulating in Neil3-/- 

neurospheres, and the potential for proliferation and differentiation. 
 



CONCLUSIONS 

49 

CONCLUSIONS 

From our findings in Paper I, we conclude that there seems to be a dose-dependent 

association between oxidative DNA damage in liver tissue and the duration of 

exposure to supplemental oxygen during resuscitation of hypoxic newborn mice. 

Additional studies are required to assess the protective mechanisms and the mutagenic 

potential of oxygen. 

In sum, we conclude from our findings in Paper II and Paper III that Neil3 is 

involved in neurogenesis, including the rate of proliferation and the pattern of 

differentiation. We propose that the relevant mechanism is removal of oxidative base 

lesions otherwise blocking transcription or replication of DNA. In proliferating neural 

stem/progenitor cells, Neil3 is the main DNA glycosylase for removal of Sp and Gh 

lesions in single-stranded DNA. Additionally, we conclude that Neil3 is required for 

maintenance of hippocampus-dependent cognitive functions in mice, and we propose 

that this is mechanistically linked to sustenance of neurogenesis required for shaping 

of the structural basis for learning and memory in the hippocampal structure. 
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FUTURE PERSPECTIVES 

To pursue whether administration of supplemental oxygen causes premutagenic 

lesions in DNA we wish to use knockout mouse models for oxidized base-specific 

DNA glycosylases, thereby reducing the capacity for BER. Comparing the levels of 

DNA damage in Ogg1-/-Mutyh-/- mice, which accumulate 8-oxoG and are predisposed 

to tumors and lymphomas (Xie et al., 2004), with wild-types after exposure to 

supplemental oxygen might reveal whether such treatment of asphyxiated newborns 

causes oxidative DNA damage and an increased risk of malignant disease. 

We hypothesize that Neil3 repairs oxidative base lesions in promoter regions 

of genes involved in neurogenesis and plasticity. To assess this, we wish to conduct 

gene expression profiling in the SGZ and SVZ from Neil3-/- mice to identify genes 

that may be differentially regulated compared to wild-type mice. To confirm presence 

of oxidative base lesions in promoter regions, isolated DNA from these brain regions 

can be incubated with oxidized-specific DNA glycosylases to induce a nick at lesion 

sites, and intact DNA can be quantified by rt-qPCR with promoter-specific primers to 

the differentially regulated genes (if any). Alternatively, genome region-specific DNA 

damage could be detected by single cell gel electrophoresis combined with 

fluorescence in situ hybridization (Comet-FISH) (Rapp et al., 2004). 

 Hydantoins are generated from oxidation of 8-oxoG and have so far not been 

detected in DNA from tissue. We hypothesize that hydantoin lesions abrogate 

mammalian cell proliferation. To assess this we wish to establish Ogg1-/- Neil3-/- 

double knock-out mice which will accumulate 8-oxoG and possibly hydantoins. 

These experiments may reveal a biological consequence of Sp and Gh lesions, and we 

wish to establish whether these lesions can be detected in DNA from tissue and 

neurospheres.  

The Neil3 N-terminus with the catalytic valine at position 2 and the intriguing 

30 amino acid loop insert indicate properties for lesion recognition and catalysis that 

are unique within the Fpg/Nei family, as previously discussed. To determine whether 

canonical DNA repair is the relevant mechanism causing the reported Neil3-/- 

phenotypes, a new mouse model expressing catalytically inactive Neil3 may provide 

answers. To further characterize Neil3, the loop could be removed or inserted into 

Neil1 or Neil2 to monitor the effects on substrate binding and repair activity. 
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As discussed, NSPCs are per se a source of cerebral plasticity and constitute 

attractive therapeutic targets in treatment of neurodegenerative disease and CNS 

injury. Manipulation of endogenous repair and also exogenous cell replacement 

therapy has emerged as promising interventions (Dancause et al., 2011; Wichterle et 

al., 2010). Both strategies involve increasing neurogenesis to shape structural 

plasticity. We seek to further infer the mechanisms of Neil3 by mapping the 

expression during normal development and aging, in endogenous repair, and in 

exogenous cell transplants. To assess this, we have constructed a knock-in mouse 

model expressing yellow fluorescent protein and Neil3 together (Neil3-eYFP), but not 

fused, to identify cells expressing Neil3. Substantial efforts have been put into 

fabrication of antibodies, so far only with success for the human C-terminal NEIL3 

which is poorly conserved between species, hence this antibody is unspecific in mice. 

We are also cross-breeding Neil3-/- mice with a Fen1-YFP knock-in mouse to identify 

replicating cells. These models will enable tracing of endogenous cellular responses 

and exogenous cell transplants.  

 We would also like to investigate if there is an association between human 

sequence variation in the NEIL-genes and neurodevelopmental outcome in 

neurodegenerative disease, perinatal HIE, and adult ischemic stroke. 

 

DNA GLYCOSYLASE FUNCTIONS BEYOND DNA REPAIR 

The functions of DNA glycosylases do not seem to be limited by canonical DNA 

repair. Epigenetics is traditionally viewed upon as heritable changes in gene function, 

unexplainable by changes in DNA sequence (Russo et al., 1996). This restrictive 

definition excludes involvement of epigenetic phenomena in the functional state of for 

example the non-dividing neurons (Hong et al., 2005), and a more unifying definition 

is proposed by Bird: “The structural adaptation of chromosomal regions so as to 

register, signal or perpetuate altered activity states” (Bird, 2007). This definition 

embodies the three major levels of epigenetic changes; modifications of DNA, 

modifications of histones, and remodeling of nucleosomes (Graff et al., 2011).  

Accumulating evidence supports the involvement of BER in regulation of 

epigenetic states. For example, TDG complexes with activating histone modifiers to 

protect unmethylated gene promoter sequences from aberrant DNA hypermethylation, 

maintaining active chromatin states throughout cell differentiation (Cortazar et al., 
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2011). Patterns of DNA methylation play a crucial role in epigenetic transcriptional 

regulation during development and in disease. DNA methyltransferases (DNMTs) 

methylate cytosine at the C5 position to establish 5meC (Rottach et al., 2009). 5meC 

has long been the only known enzymatic modification to bases in mammalian 

genomic DNA, but recently, 5-hydroxymethylcytosine (5hmC) was rediscovered as a 

stable modification in the DNA of cerebellar Purkinje and granule cells (Kriaucionis 

et al., 2009). This finding suggested a role for 5hmC in epigenetic control of neuronal 

function. 5hmC is an intermediate in DNA demethylation (Tahiliani et al., 2009). 

5meC is converted to 5hmC and further oxidized to 5-carboxylcytosine (5caC) by the 

ten eleven translocation (TET) family of dioxygenases (Guo et al., 2011; He et al., 

2011). None of the mammalian DNA glycosylases possess activity for 5hmC, but 

TDG is also shown to specifically recognize and excise 5caC (He et al., 2011). 

Further evidence also suggests BER as a player in active demethylation of DNA (Guo 

et al., 2011; Hajkova et al., 2010; Rai et al., 2008). 

The purified human core catalytic domain of NEIL3 shows no detectable 

activity on single- or double stranded DNA oligos containing 5meC, 5hmC, or 5caC 

(personal communication, Erik S. Vik). Paper II and Paper III show a very specific 

loss of DNA repair activity on hydantoins in mouse Neil3-deficient NSPCs, but we 

know little of the physiological levels and significance of these lesions. It is shown 

that oxidized guanine at CpG sequences disrupts the methylation of DNA by DNMTs 

(Maltseva et al., 2009; Valinluck et al., 2004; Weitzman et al., 1994), and in sum, 

there is an emerging pattern involving oxidative DNA modifications and BER in 

control of epigenetic states to regulate proliferation and differentiation.  

Epigenetic adaptation of promoter regions for transcriptional repression or 

activation may also be achieved by modification of histone residues. These 

mechanisms are involved in the genesis, differentiation, and plasticity of neurons 

(Graff et al., 2011). For example, histone acetylation on lysine residues is regulated 

by histone acetyltransferases and histone deacetylases (HDACs), unequivocally 

involved in hippocampus-dependent learning and memory (Alarcon et al., 2004; Graff 

et al., 2012; Guan et al., 2009; Levenson et al., 2004; Wood et al., 2005). Suggesting 

involvement of oxidative DNA damage repair in histone acetylation, inhibition of 

HDACs in rat neural stem cells seemingly increases the formation of 8-oxoG and 

enhances neuronal differentiation (Reis et al., 2012). As previously discussed, 

knockdown of Neil3 in these cells decreases the neuronal differentiation potential. To 
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further suggest involvement of BER in epigenetic adaptation of histones, the DNA 

glycosylase MutYH interacts with HDAC Hst4 in the fission yeast 

Schizosaccharomyces pombe (Chang et al., 2011). The aged brain seems to 

accumulate epigenetic silencing modifications, reducing the plasticity because of 

increased chromatin condensation (Graff et al., 2011). This could be a consequence of 

DNA damage accrual. We hypothesize that DNA damage recognition by Neil3 is 

involved in control of epigenetic states to regulate age-dependent neural plasticity. 

Research efforts for cerebrovascular disease therapy have largely centered on 

the modulation of molecular and cellular cascades following ischemic injury. 

Epigenetic approaches are emerging (Qureshi et al., 2010; Qureshi et al., 2011), 

including the inhibition of DNMTs (Endres et al., 2000; Endres et al., 2001) and 

HDACs to decrease the infarct volume and improve behavioral outcome (Faraco et 

al., 2006; Kim et al., 2007; Ren et al., 2004). HDAC inhibition also stimulates 

neurogenesis following ischemic injury (Kim et al., 2009). Unraveling the possible 

role of DNA glycosylases as modulators of epigenetic reprogramming in response to 

oxidative stress in neurodegenerative disease and cerebral ischemia may provide 

future therapeutic strategies to rescue and restore neurological function. 
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ERRATA 

 

- Page 12, line 8: “age” corrected to “aged” 

- Page 22, Figure 2, upper box: “Base lesionn” corrected to “Base lesion” 

- Paper I, Discussion, paragraph 4: “cytochorome” should be “cytochrome” 
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