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SUMMARY

Oxidative damage is a major threat to the integrity of our genome and can lead to mutations
or block replication if not repaired. Base excision repair (BER) is the main pathway for repair
of oxidative lesions and is initiated by the action of a DNA glycosylase. A monofunctional
glycosylase recognizes and excises the modified nucleotide, while a bifunctional glycosylase
in addition possesses an intrinsic apurinic/apyrimidinic (AP) lyase activity generating a nick
in the DNA strand. There are five DNA glycosylases acting on oxidative damage in
eukaryotic cells; 8-oxoguanine DNA glycosylase (OGG1), endonuclease III (NTH1), and
endonuclease VIII-like 1, 2 and 3 (NEIL1, NEIL2 and NEIL3). These enzymes are
bifunctional with overlapping substrate specificity and knockout mouse studies reveals that
none of them are essential for life. NEIL3 is sequentially related to the well characterized
enzymes NEIL1 and 2, but less is known about its biochemical properties. Paper I of this
thesis includes an expression and purification protocol for human NEIL3. NEIL3 recognizes
and excises guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp) from the genome. In
paper II we elucidate the amino acids important for activity. NEIL1 and NEIL2 have tightly
coupled DNA glycosylase/AP lyase activities and perform ,5-elimination mechanism to
incise DNA. NEIL3 has uncoupled activities, where the base excision is more efficient than
the strand incision. We demonstrate that a V2P mutation changes the catalytic properties of
NEIL3 to be similar to the activity of NEIL1 and 2. While OGG1, NTH1, NEIL1 and NEIL2
are expressed in most tissues throughout the organism, NEIL3 expression is limited to some
lymphatic organs and compartments of the brain harboring neural stem cells, indicating a role
in highly proliferative tissue. Paper III shows that mouse Neil3 is responsible for repair of Gh
and Sp lesions in single-stranded DNA (ssDNA) in thymus and spleen, where repair activity
correlates with Neil3 expression level. In paper IV of this study, we expose young Neil3-
deficient mice to hypoxia-ischemia, to introduce cell death and activate proliferation of
neural tissue. We find that the Neil3 deficit leads to reduced regeneration of neural tissue in
the striatum. Further, in vitro propagated Neil3-deficient neural stem cells have a depressed
neurogenesis and impaired ability to repair Gh and Sp lesions in ssDNA. Taken together, we
suggest that NEIL3 has a unique role in removing hydantoin lesions from ssDNA and thereby

promoting replication of proliferating cells.






INTRODUCTION

INTRODUCTION

‘We totally missed the possible role of ... [DNA] repair although... I later came to realize
that DNA is so precious that probably many distinct repair mechanisms would exist.” Francis

Crick, in Nature 1974 (Crick, 1974).

When the molecular structure of DNA was presented by James Watson and Francis Crick in
1953 (Watson J & Crick, 1953) it was believed to be extraordinary stable in order to maintain
the genetic information, and to pass it on for generations. Decades later it was clear that our
DNA is very vulnerably for damage. It has been estimated that a single cell can suffer from
up to a million lesions in one day (Lodish et al, 2004). Damage can arise after environmental
conditions like exposure to strong sunlight and uptake of toxins through air or food, they can
arise as a consequence of natural cellular processes like the metabolism, or they can arise
spontaneously by nucleotide deamination and replication errors. In contrast to other

biomolecules, DNA cannot be replaced, only repaired.

From an evolutionary point of view, the instability of DNA is the source of diversity and

natural selection. From a medical point of view, it is a constant threat to the organism. A
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large number of cancers and genetic diseases are linked to insufficient repair of damaged
DNA. DNA damage accumulates with age and common for several of the repair-associated
diseases are the phenotypes of premature aging (Niedernhofer ez al, 2006). All eukaryotic
cells are equipped with a multifaceted damage response system to counteract with the
deleterious effects of DNA damage (figure 1). Sensing of lesions activates cell cycle
checkpoints and arrests cell cycle progression to give time for DNA repair. Replication of
damaged DNA can lead to fixation of mutations. To encounter the plethora of different DNA
lesions, an intricate network of repair through different pathways has evolved. If the extent of
damage is too severe to be repaired, the cell may commit suicide by entering apoptosis, for
the benefit of the organism. Cells are also equipped with damage-tolerant translesion DNA
polymerases bypassing a broad range of lesions, allowing DNA replication to continue.
However, translesion polymerases have a high propensity to insert wrong bases, generating
mutations which are fixated upon further replication cycles. Such accumulation of mutations
is one of the main mechanisms leading to cancer (Zahn et al, 2011; Venitt, 1996). DNA
repair mechanisms are found in all organisms and many of the enzymes are highly conserved

from bacteria to man.

UV light

etz sedeition => Cell cycle checkpoint activation

Replication error => DNA repair
Chemical exposure —> Transcription
Deamination

=> Apoptosis
Cellular metabolism

Figure 1. DNA damage activates the DNA damage response. Different exogenous and
endogenous agents can cause DNA damage which triggers the DNA damage response,
leading to cell cycle checkpoint activation. Successful repair of the lesions leads to prolonged
cell cycle progression and transcription, while the cell will enter apoptosis if the extent of the
damage is too severe to be repaired.
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Endogenous and exogenous sources for DNA damage

Living organisms are constantly exposed to various environmental agents, producing a
variety of DNA lesions. An example is ultraviolet (UV) light inducing bulky dipyrimidine
photoproducts in DNA. Extensive UV-exposure from the sun or from sun beds can lead to
skin cancer (Kanavy & Gerstenblith, 2011). Another exogenous threat to genome integrity is
ionizing radiation from cosmic rays, naturally occurring radioactive material, X-rays as well
as artificially produced radioisotopes. Ionizing radiation can liberate electrons from
molecules, causing a broad range of DNA lesions including damage on bases and sugars,
interstrand crosslinks, DNA single-strand breaks (SSBs), and DNA double-strand breaks
(DSBs) (Morgan & Sowa, 2005; Ward, 1988). DNA damaging compounds can also be
introduced through air, water or food. Alkylating agents have potential to transfer alkyl
groups onto DNA. A pronounced example is cigarette smoking, which kills 1,5 million
people every year due to lung cancer caused by premutagenic DNA lesions (Proctor, 2012).
Humans can to some extent protect themselves against the environmental mutagens, but
damage from endogenous sources is unavoidable. An example of an endogenous alkyl donor
is S-adenosylmethionine (SAM), a metabolite involved in many biochemical reactions. The
high transfer potential of this methyl donor makes it prone to spontaneously methylate DNA
(Xiao & Samson, 1993; Rydberg & Lindahl, 1982; Taverna & Sedgwick, 1996). Both N and
O atoms in the DNA structure can be alkylated, leading to premutagenic and cytotoxic
lesions. Water is another endogenous threat to our genome. The base-sugar bonds of DNA
are vulnerable to hydrolytic attack, leading to apurinic/apyrimidinic (AP) sites, which are
highly cytotoxic and can lead to SSBs if not repaired. DNA bases are estimated to be lost by
hydrolysis at a rate of 10 000 per cell per day, whereas 95 % of these baseless sites are
apurinic (Lindahl & Nyberg, 1972; Lindahl, 1993; Kasai et al, 1984). Abasic sites stall DNA
polymerase and are also highly mutagenic at transcription level, because of the potential of
RNA polymerase to bypass the lesion by introducing an adenine for the missing nucleotide
(Dahlmann et al, 2010; Zhou & Doetsch, 1993; Clauson et al, 2010). The amine groups on
the nucleotides are also exposed to hydrolytic attack which leads to a single base mutation.
Cytosine, 5-methylcytosine, guanine and adenine are deaminated to uracil, thymine, xanthine
and hypoxanthine, respectively. DNA is much more prone to deamination when it is in
single-stranded stages like fork and bubble structures (Lindahl, 1993), suggesting most of the

deamination to occur during transcription or replication.
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ROS and oxidative DNA damage

Oxidative DNA damage results from reaction with reactive oxygen species (ROS). ROS are
produced from endogenous and exogenous sources and can chemically modify the DNA
backbone as well as both pyrimidine and purine bases. Oxidative DNA damage includes
single- and double strand breakage, DN A-protein cross-links, oxidized AP sites, base
deamination products, oxidized sugar fragments and a plethora of oxidized DNA bases (van

Loon et al, 2010).

Cellular metabolism leads to constant generation of ROS as a by-product of oxidative
phosphorylation in mitochondria. Electrons from organic molecules (from food) are
transported through the chain of three large protein complexes in the mitochondrial inner
membrane and delivered to oxygen, leading to formation of H,O and the cellular energy
storage adenosine triphosphate (ATP). Most of the oxygen respired is used to achieve the
electrons in the end of the electron transport chain, some of the oxygen molecules will react
with electrons before they have completed their journey through the electron transport chain,
leading to the formation of the superoxide radical (Oe-) (Valko et al, 2007). Superoxide is
not as reactive itself, but can be converted to the highly reactive hydroxyl radical (*OH).
Another endogenous source of ROS is peroxisomal metabolism. Peroxisomes are organelles
present in all eukaryotic cells, involved in the f-oxidation of fatty acids. Peroxisome oxidases
remove hydrogen atoms from fatty acids, by the introduction of oxygen to form hydrogen
peroxide (H,0,). H»O; is further used by the enzyme peroxidase to oxidize other substrates,
including alcohol, phenols and formic acids present in the cell (Schrader & Fahimi,
2006;Wanders & Waterham, 2006). This reaction is especially important in the kidneys and
the liver where peroxisomes detoxify various toxic substances that enter the blood. The
equilibrium between production and scavenging of ROS in the peroxisomes is a fine balance,
and disconcert contributes to the total cellular generation of ROS. H,O, is not as reactive
itself, but can lead to production of *OH in a process called the Fenton reaction (Wardman &
Chandeias, 1996). ROS is also formed during the oxidative burst triggered during
inflammatory responses. During an infection, cells from the immune system will overproduce
both nitric oxide (NOe) and superoxide (O,*-) which may react to produce peroxynitrite anion

(ONOQ)), an extremely potent oxidizing agent (Ahmad et al, 2009; Burney et al, 1999).
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Moreover, ROS can arise from exogenous sources. Ionizing radiation and UV-light can

produce oxygen radicals by hydrolysis of water (Riley, 1994; Black, 1987).

Cells are equipped with enzymes to disarm free radicals. Catalase and glutathione peroxidase
catalyze the breakdown of H,0O, and superoxide dismutase catalyzes the destruction of Oe-
(Salganik, 2001). Although most of the free radicals are neutralized by cellular enzymes,

residual ROS is the major endogenous toxin in the aerobic cell.

Cytosine Uracil 5-OHC 5-OHU
NH, o] NH, o
HO HO
=N NH =N NH
Lo ™ »
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HJC\(\LNH 3 NH
| HO
NAO HO TIIAO
& & ' Gh
NfHSL
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Figure 2. Examples of oxidative base lesions. Cytosine can be oxidized to 5-
hydroxycytosine (5-OHC) or be deaminated into uracil, which can form the oxidation product
5-hydroxyuracil (5-OHU). Thymine can be oxidized into thymine glycol (Tg). Guanine can
form the formamidopyrimidine (FaPy) lesion FaPyG, or it can be oxidized to 8-oxoguanine
(8-0x0G), which can further form guanidinohydantoin (Gh) or spiroiminodihydantoin (Sp).
Adenine can be modified to FaPyA. Changes from undamaged nucleotide are marked in red.
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Up to date, there are identified more than 100 different types of oxidative base lesions in the
mammalian genome. Some of the most studied lesions are illustrated in figure 2. The
pyrimidines cytosine, uracil and thymine can be modified to 5- hydroxycytosine (5-OHC), 5-
hydroxyuracil (5-OHU) and thymine glycol (Tg), respectively. The purines guanine and
adenine can form the formamidopyrimidine (FaPy) lesions FaPyG and FaPyA. Guanine has a
low redox potential, which makes it especially vulnerable to oxidation. 7,8-dihydro-8-oxo-
guanine (also known as 8-oxoguanine, 8-0x0G) is formed in large quantities and is the most
thoroughly examined oxidation product. 8-0xo0G is often used as a marker to indicate
oxidative stress in cells (Klaunig et al, 2011). This lesion is mutagenic due to its ability to
pair with adenine as well as cytosine leading to a G — T mutation upon replication
(Shibutani et al, 1991; Cheng et al, 1992). 8-0x0G has a lower redox potential than guanine
and is prone for further oxidation, leading to a variety of lesions including the hydantoin
products guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp) (Duarte et al, 1999; Munk
et al, 2008).

Repair mechanisms in mammalian cells

To counteract all the different types of damage to DNA, the cell has evolved multiple DNA
repair mechanisms, which can be divided into six major pathways (figure 3): Nucleotide
excision repair (NER), mismatch repair (MMR), base excision repair (BER), nonhomologous

end joining (NHEJ), homologous recombination (HR) and direct reversal (DR).

NER removes a large variety of helix-distorting lesions caused by mutagenic chemicals,
chemotherapeutic drugs or UV-radiation (Vermeulen, 2011; Hoeijmakers, 2009). More than
30 proteins are involved in the mammalian NER pathway. NER is divided into two
subpathways. The global genome NER detects and repairs lesions in the entire genome while
the transcription coupled NER removes lesions from the transcribed strands of active genes.
Three genetic disorders are associated with defective NER; xeroderma pigmentosium (XP),
trichothiodystrophy (TTD), and Cockayne syndrome (CP). All three diseases are associated
with hypersensitivity to the sun as a consequence of the impaired ability to repair lesions
caused by UV-radiation. The relative risk for a person with XP to develop skin cancer is 2000
times higher than for an healthy individual (Diderich et al, 2011; Hoeijmakers, 2009;
Niedernhofer ef al, 2011).

12
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>

G C GC JGAGCTGAGCTG,GC
C GACTCGACTCGACTCGACTCG
G CTGAGCTGAGCTGAGCTGAGLC
CAAGACTCGACTCGACTCGACTCG

Figure 3. Overview of repair mechanisms in mammalian cells. Nucleotide excision repair
(NER) repairs bulky DNA lesions like pyrimidine dimers caused by UV-exposure. Mismatch
repair (MMR) excises and replaces mispaired nucleotides. Base excision repair (BER)
excises and replaces bases with minor modifications. Nonhomologous end joining (NHEJ)
and homologous recombination (HR) repairs double strand breaks. Direct reversal (DR)
repairs alkylated bases.

The MMR pathway exchanges bases that are mispaired by DNA polymerases and removes
insertion/deletion loops introduced during replication (Jiricny, 2006). MMR can distinguish
between the template and the newly synthesized strand and will excise the misincorporated
nucleotide in a process where 100-1000 nucleotides are removed. Defects in the MMR
pathway drastically enhances the mutation frequency and can lead to sporadic tumors. Lynch
syndrome or hereditary nonpolyposis colorectal cancer (HNPCC) is a genetic condition with
impaired MMR. Nine out of ten HNPCC patients develope cancer during lifespan (Vasen et
al, 1996).

The BER pathway is a multistep process repairing small, nonbulky alterations in DNA
including single base lesions, AP sites and SSBs (Dalhus et al, 2009; Robertson et al, 2009).
BER is the main pathway for repair of damage caused by ROS and will be described in more

detail in the next section.

HR and NHEJ are the pathways for repair of DSBs (Kasparek & Humphrey, 2011;
Hartlerode & Scully, 2009). HR is the preferred pathway for DSB repair in bacteria and yeast
and requires an identical DNA copy to complete repair. NHEJ repairs 90 % of the DSBs in

13
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mammalian cells and directly ligates the ends of the strand breaks without the need for a
homologous template. NHEJ is also functioning during development of T- and B-cell
receptors through V(D)J recombination. Defects in HR and NHEJ repair can result in
chromosomal instability leading to somatic mutations. Ataxia telangiectasia (AT) and
Nijmegen breakage syndrome (NBS) are two genetic human diseases caused by defects in the
DSB repair. Both diseases are characterized by neuronal degeneration with loss of brain

function, immunodeficiency and high risk of cancer (Thompson & Schild, 2002).

DR is a repair mechanism which in contrast to the other repair pathways, only involves one
enzyme and does not involve cleavage of the DNA backbone or the damaged nucleotide
(Eker et al, 2009; Drablgs et al, 2004). There are three enzymes performing DR identified in
mammals. O°-methylguanine-DNA methyltransferase (MGMT/AGT) repairs O°-
methylguanine lesions by the transfer of a methyl group from the lesion to a cysteine group in
the active site, thereby inactivating itself. MGMT has been shown to be involved in repair of
alkylating damage caused by several anti-cancer chemotherapeutic drugs (Verbeek et al,
2008), and MGMT-deficient mice are hypersensitive to this type of treatment (Iwakuma et al,
1997). Alpha-ketoglutarate-dependent dioxygenase B (AlkB) homologues 2 and 3 (ABH2
and ABH3) repair 1-methylguanine and 3-methylcytosine by oxidative demethylation (Falnes
et al, 2007). Photolyases are DR enzymes repairing UV induced pyrimidine dimers in DNA
by the use of energy from light. Photolyases are found in all kingdoms of life, without
placental mammals, where pyrimidine dimers are repaired by the NER pathway (Brettel &

Byrdin, 2010).

Base excision repair

The short-patch pathway for BER (SP-BER) requires the function of four proteins as
demonstrated in figure 4. The pathway is initiated by a DNA-glycosylase that recognizes and
excises the damaged base by cleavage of the N-glycosylic bond, creating an AP site. The
DNA glycosylases are divided into two classes, based on their mechanism; they can be
monofunctional or bifunctional. A monofunctional glycosylase recruits an AP endonuclease
(APE1) to the abasic site. APE1 creates a nick 5’ to the baseless site. The remaining 5° —

deoxyribose phosphate (5’dRP) termini is trimmed by the lyase activity of DNA polymerase

14
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Figure 4. The BER pathway.
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B (POL B) (Matsumoto & Kim, 1995; Prasad et al, 1998) and the single nucleotide gap is
filled with the correct base with POL B (Sobol ef al, 1996). DNA ligase III (LIG III) bound to
the non-enzymatic scaffold protein, X-ray repair cross-complementing protein 1 (XRCC1),
completes the repair process by sealing the nick (Tomkinson & Mackey, 1998; Kubota et al,
1996; Caldecott et al, 1996; Campalans et al, 2005). However, recent work has demonstrated
that LIG III is essential for mitochondrial BER but not for nuclear BER, where DNA ligase 1
(LIG I) completes repair when LIG III is absent (Gao et al, 2011; Simsek et al, 2011). A
bifunctional glycosylase has an intrinsic lyase activity. In addition to removal of the damaged
base, it incises the DNA strand 3’ to the AP site by either 3-elimination or 3,6 —elimination
(Bailly & Verly, 1987; Bailly et al, 1989). The resulting phospho a,B-unsaturated aldehyde
(PUA) or the phosphate group (P) attached to the 3’ end of the nick are removed by the
diesterase activity of APE1 or the phosphatase activity of polynucleotide kinase (PNK)
respectively, to create 3° OH ends in order to be further processed by POL B and LIG I/LIG
III (Wiederhold et al, 2004; Chen et al, 1991).

While the POL B in SP-BER replaces one nucleotide, the DNA polymerases in the long patch
BER (LP-BER) continues the syntheses until two to 13 nucleotides are reinstated 3’ of the
lesion (Wallace et al, 2012). Different DNA polymerases (POL B, €, d, A, 1, and 0) are found
to be involved in strand displacement in different subpathways of LP-BER (Brown et al,
2011). There is still a lot to be unraveled about the choice and coordination of the different
DNA polymerases in long patch BER. The flap structure generated by the DNA polymerase
is removed by flap endonuclease 1 (FEN1) and the nick is sealed by LIG 1. Proliferating cell
nuclear antigen (PCNA) is also involved in long patch BER by interaction with DNA
polymerases, FEN1 and LIG 1, supporting their functions (Klungland & Lindahl, 1997;
Matsumoto et al, 1999; Pascucci et al, 1999). The choice between short patch and long patch
BER seems to be dependent on type of lesion, chemistry of the abasic site, cell cycle stage as

well as sub nuclear localization of the repair complex (Fortini & Dogliotti, 2007).

DNA glycosylases

BER is initiated by a DNA glycosylase, the key enzyme of the BER pathway. At the time

writing, there are 11 DNA glycosylases identified in mammals. Many of these enzymes have
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a broad and overlapping substrate range demonstrated by in vitro experiments, and they are
believed to step in for each another in vivo (Hoeijmakers, 2001; Dalhus et al, 2009; Friedman
& Stivers, 2010). DNA glycosylases are all monomeric proteins binding non-specific to the
negatively charged DNA through hydrogen bonds and salt bridges. They move along the
helix in their search for DNA damage, often only a minor base modification in the vast
excess of normal DNA. In this searching process, the DNA glycosylase probably switches
between fast mode, tracking along either one of the DNA grooves or the sugar-phosphate
backbone, and slow mode where the DNA glycosylase intrudes and distorts the helix,
creating a wide and flat minor groove (Banerjee et al, 2006; Dunn et al, 2011; Porecha &
Stivers, 2008; Blainey et al, 2006, 2009). If a lesion is recognized, the DNA glycosylase
extrudes the damaged nucleotide from the helix by rotating it around the flanking
phosphodiester bonds. This strategy, known as base-flipping, increases the surface for
molecular interactions and catalyzes the base release (Friedman & Stivers, 2010; Slupphaug
et al, 1996; Roberts & Cheng, 1998). A residue from the active site of the enzyme will

release the damaged base by nucleophilic attack of the anomeric C1’ carbon.

DNA glycosylases can be classified into structural classes/superfamilies based on their 3D
structure (Fromme et al, 2004) (Table 1). The uracil DNA glycosylase (UDG) superfamily is
a group of monofunctional DNA glycosylases. Uracil DNA N-glycosylase (UNG), single-
strand selective monofunctional uracil DNA glycosylase (SMUG1) and thymine DNA
glycosylase (TDG) are the mammalian enzymes in this class. They are small single domain
proteins, all recognizing uracil bases in DNA. UNG is well characterized and is highly
conserved from bacteria to man. SMUGT can also remove 5-hydroxymethyluracil from
DNA, while TDG is a mismatch DNA glycosylase and can in addition to uracil recognize
thymine mismatched to a guanine (Pearl, 2000; Visnes et al, 2009). Methyl-CpG-binding
domain protein 4 (MBD4) is the other mismatch DNA glycosylase found in mammals, it
removes uracil and thymine resulting from deamination of CpG and methylated CpG
respectively (Hendrich et al, 1999). MBD4 is a member of the helix-hairpin-helix (HhH)
superfamily, which is termed after its distinct conserved motifs (Mullen & Wilson, 1997).
Mut Y homologue (MUTYH), OGG1 and NTHI1 are the other mammalian DNA glycosylases
with the HhH motif. They are all two-domain proteins with the active site at the junction. The
damaged nucleotide is displaced by nucleophilic attack from a lysine residue (Dalhus et al,

2009).
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Table 1. Mammalian DNA glycosylases

Superfamily® Protein Reactlop b Substrates®
mechanism
UNG Monofunctional U, 5-FU
UDG SMUGI1 Monofunctional U, 50H-meU
TDG Monofunctional T, U or C opposite G (CpG sites)
MBD4 Monofunctional T or U opposite G at CpG, T opposite
06-meG
MUTHY Monofunctional A opposite 8-0x0G, 20HA opposite G
HhH
NTHL Bifunctional (), Tg, DHU, FaPyG, 50HU, 5SOHC, Sp, Gh
coupled activities (dsDNA only)
Bifunctional (), 8-0x0G opposite C, FaPyG (ds DNA
0GGl1 e
uncoupled activities only)
AAG AAG/MPG Monofunctional 3-meA, hypoxanthine, eA
NEILI Bifunctional (j,5) Tg, DHU, DHT, FaPyG, FaPyA, SOHU,
coupled activities 5SOHC, 8-0x0G, Sp, Gh
Bifunctional (§3,5) Overlap with NEIL1 with some minor
H2TH NEIL2 coupled activities differences
NEIL3 Bifunctional (B), FaPyG, FaPyA, Sp, Gh

uncoupled activities

(Fromme et al, 2004), b(M. L. Hegde, Tapas K Hazra, et al. 2008, Paper II of this thesis),
‘(Barnes & Lindahl, 2004; Morland et al, 2002; Liu et al, 2010; Dou et al, 2003a; Jacobs &
Schir, 2012; Krishnamurthy et al, 2008; Redrejo-Rodriguez et al, 2011; Zhao et al, 2010;
Robertson et al, 2009)

MUTYH is a monofunctional enzyme, and is the only DNA glycosylase that removes
adenine incorporated opposite 8-0xoG, however this misincorporation can also be repaired by
enzymes from the MMR pathway (Russo et al, 2007). OGG1 removes oxidized purines and
is the major DNA glycosylase for removal of 8-0x0G (Bjoras et al, 1997). NTH1 is highly
conserved among species and repairs a broad spectrum of oxidized pyrimidines (Dizdaroglu
et al, 1999). The AAG superfamily only contains one known mammalian DNA glycosylase,
the alkyladenine DNA glycosylase (AAG/MPG), a single domain enzyme recognizing
alkylated bases in DNA (Lau et al, 1998). The fourth and last structural class, the helix-two-
turn-helix (H2TH) superfamily, contains three mammalian enzymes; NEIL1, NEIL2 and
NEIL3 (Prakash et al, 2012).
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NEIL1, NEIL2 and NEIL3

The H2TH superfamily had until ten years ago, only known members from the bacterial
kingdom, termed endonuclease VIII (Nei) and formamidopyrimidine DNA glycosylase (Fpg)
(Chetsanga & Lindahl, 1979; Melamede et al, 1994; Sugahara et al, 2000). Before then, only
two mammalian DNA glycosylases repairing oxidative lesions, OGG1 and NTH1, were
known. However, studies in Oggl and Nth1 deficient mice revealed the existence of other
enzymes repairing oxidative DNA lesions (Klungland et al, 1999; Minowa et al, 2000),
leading to the search for new DNA glycosylases. The endonuclease VIII-like (NEIL)
glycosylases NEIL1, NEIL2 and NEIL3 (figure 5) were reported by us and others in
2002,(Morland et al, 2002; Bandaru et al, 2002; Hazra et al, 2002b, 2002a; Takao et al,
2002b, 2002a).

Conserved N-terminal

H2TH
NEIL1 | s I s || n— Ty P
| Glycosylase domain Zn-less f

[MPEGPEL

NEIL2 | e e | = 332aa
r\fF:"lr—\v
RANbp2 GRF Znfx 2
NEIL3 | s | ] NN 606 aa
GDNEIL3 E——=——==— =@l 301aa
[ ‘ ~cl
E.coliFpg W= 'l 269 aa

E. coliNei N 'l 263 aa

Figure 5. Schematic presentation of mammalian NEIL1, NEIL2, NEIL3 and E. coli Nei
and Fpg. The first amino acids in the N-terminal, required for catalytic activity and the helix-
two-turn-helix motif (H2TH) are conserved within the superfamily. NEIL1 has a Zn-less
finger domain and NEIL2, NEIL3, Fpg and Nei have a conserved Zn finger.NEIL3 has an
additional RAN binding protein (RANbp) Zn finger, a nuclear localization sequence (NLS)
and a unique structurally disordered C-terminal with two GRF Zn fingers.
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The highly conserved active site in the H2TH superfamily is found in the first amino acids of
the N-terminal glycosylase domain (GD). The mammalian NEIL1 and NEIL2, and the
prokaryote Fpg and Nei contain a Pro2, responsible for the nucleophilic attack of the N-
glycosylic bond of the damage nucleotide. In NEIL3, this residue is replaced by valine
(Takao et al, 2002b; Morland et al, 2002). In E. coli, Nei mainly excises oxidized
pyrimidines (Wallace et al, 2003), and Fpg mainly recognizes oxidized purines and FaPy
lesions (Tchous et al, 1994). NEIL1 and NEIL2 have been well characterized with respect to
activity and their preferred substrates are oxidized pyrimidines including the hydantoin
lesions Sp and Gh, Tg, FaPyA, FaPyG and 5-OHC (Hazra et al, 2002a; Morland et al, 2002;
Rosenquist et al, 2003; Hailer et al, 2005a) as well as 5-OHU and 8-0xoG in bubble
structures (Dou et al, 2003b). NEIL1 and NEIL2 recognize most of the same lesions, but with
minor variations. NEIL3 has overlapping substrate range to NEIL1 and 2, with the main

substrates being FaPyA, FaPyG and the hydantoin lesions Sp and Gh (Liu et al, 2010).

In addition to the N-terminal domain responsible for the DNA glycosylase/AP lyase activity
and the H2TH signature motif of the structural class, all members of this superfamily also
have a conserved Lysine involved in the catalytic reaction (Zharkov et al, 2003, 2002;
Doublie et al, 2004). Fpg, Nei, NEIL2 and NEIL3 contain a conserved zinc (Zn) finger,
while in NEIL1 this domain has been modified to a Zn-less finger domain (Doublie et al,
2004). Zn fingers are normally found to be involved in interactions to DNA, RNA or other
proteins. NEIL3 is with its 67 kilodalton (kDa) remarkably larger than the other H2TH
glycosylases. The C-terminal extension of NEIL3 contains a RAN binding protein (RANbp) -
like Zn finger motif, a nuclear localization signal (NLS) and two additional Zn finger
domains termed GRF domains after conserved residues in this motif (Bandaru et al, 2002;
Morland et al, 2002). NEIL1 and NEIL2 are, like NTH1 and OGGl1, bifunctional enzymes.
However, while NTH1 and OGG1 carry out -elimination to produce a single-strand break,
NEILL1 and 2 possess B, 6-elimination activity (Morland et al, 2002; Hazra et al, 2002b;
Dizdaroglu et al, 1999; Bjoras et al, 1997). The catalytic mechanism of NEIL3 will be

elucidated in the discussion of this thesis.
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Dispensability and specialization of individual DNA glycosylases

Knockout (KO) mouse studies reveal that none of the five DNA glycosylases repairing
oxidative lesions are essential for life (reviewed in Jacobs & Schir 2012). Because a broad
selection of oxidized lesions is recognized by only five enzymes, the DNA glycosylases have
a wide substrate range. All known oxidized lesions in DNA are recognized by more than one
DNA glycosylase in vitro. Examples are FaPyG lesions which are recognized by NEIL1,
NEIL3, NTH1 and OGG1 (Bjoras et al, 1997; Luna et al, 2000; Morland et al, 2002; Hazra et
al, 2002a) and the hydantoin lesions Sp and Gh that are processed by NEIL1-3 and NTH1
(Hailer et al, 2005a; Liu et al, 2010). The redundancy among the DNA glycosylases reflects
the importance of efficient repair of oxidative damage, but in addition to compensate for each
other, the DNA glycosylases tend to have more specialized functions in the organism. NTH1
and OGGl1 are proposed to be the housekeeping DNA glycosylases responsible for global
BER. They are ubiquitously expressed in most cells and tissues (Imai et al, 1998; Nishioka et
al, 1999). Also, sequencing of the OGGI and NTH1 promoter regions show nonappearances
of typical TATA or CAAT boxes found in most genes under transcriptional control (Dhénaut
et al, 2000; Imai et al, 1998). In a comparison study by Odell and coworkers, measurements
of the cellular concentrations and the specific- and non-specific binding constants reveal that
NTHI1 is much better suited for global recognition and repair than NEIL1 (Odell et al, 2010).
Moreover, NTH1 and OGG1 only recognize lesions in duplex DNA in contrast to the NEILs
which seem to prefer single stranded lesions as well as bubble and fork structures, suggesting
the NEILs to function during replication or transcription. NEIL1 interacts with proliferating
cell nuclear antigen (PCNA), replication protein A (RPA), FEN1 and Werner’s helicase
(WRN), all components of the replication fork, indicating a role in replication associated
repair (Dou et al, 2008; Theriot et al, 2010). NEIL2 is expressed independently of cell cycle,
it associates to the RNA polymerase II and NEIL2 depleted cells accumulate more DNA
damage in active than silent genes, suggesting NEIL2 to be involved in repair of transcribed
genes (Hazra et al, 2002b; Banerjee et al, 2011; Neurauter et al, 2012). While NEIL1 and
NEIL2 are expressed in most tissues throughout the organism, NEIL3 expression is not as

prevalent.

Human NEIL3 is normally found expressed in thymus and testis (Morland et al, 2002). Also,

elevated expression of NEIL3 in different types of cancers has been reported (Kauffmann et

21



INTRODUCTION

al, 2008; Hildrestrand et al, 2009; Barry et al, 2011). Mouse Neil3 is expressed during
embryonic development as well as in spleen, bone marrow, testis, thymus and distinct regions
of brain harboring neural stem cells in adult animals (Torisu et al, 2005; Hildrestrand et al,
2009; Rolseth et al, 2008; Takao et al, 2009). Also, expression of human NEIL3 mRNA is
upregulated during S-phase of the cell cycle (Neurauter ez al, 2012). The expression patterns
of mNeil3 and hNEIL3 indicate a role for NEIL3 in proliferative tissue.

Neural stem cells

Stem cells are found in all multicellular organisms. They have the capacity to both self-renew
and to differentiate into more specialized cells. Embryonic stem cells are derived from the
inner cell mass of the blastocyst, they are pluripotent and can give rise to all cell types in the
body. Somatic or adult stem cells are the multipotent stem cells found throughout the
organism after embryonic development. These stem cells are responsible for replenishment of

tissue throughout life (Brunt et al, 2012).

Neural stem cells (NSC) are the multipotent stem cells that can differentiate into the
components of the central nervous system (CNS). NSCs can make commitments to
neurogenesis and become functional neurons, or they can enter gliogenesis. Glia cells are the
non-neural cells that support and protect the neurons. There are several types of glia cells
present in the brain, among them are microglia, astrocytes and oligodendrocytes (figure 6).
The neurons form networks and transmit information through chemical and electrical
signaling. Neurogenesis is mainly happening during embryonic development and most of the
neurons are as old as their host (Martino et al, 2011; Zhao et al, 2008). However, some
neurogenesis continues in distinct parts of the adult brain: the subgranular zone (SGZ) of the
hippocampus and the sub-ventricular zone (SVZ) of the lateral ventricles. Neurons
differentiated in the SGZ migrate into the granule cell layer of dentate gyrus (DG) and
become dentate granule cells. Neurons differentiated in the SVZ migrate through the rostral

migratory stream to the olfactory bulb (Zhao et al, 2008; Spitzer, 2006).

20 % of the glia cells in the brain are microglia (Lawson et al, 1992), the macrophages of the
CNS. The CNS has been considered an immune-privileged organ, lacking a lymphatic system

and separated from the circulatory system by layers of endothelial cells known as the blood-
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brain-barrier. Microglia protects the sensitive neural tissue from intruders through this barrier
by phagocytosis (Yang et al, 2010; Tremblay et al, 2011). Astrocytes are the most abundant
cell type of the human brain. These star shaped cells support the neurons physically through
their structuring of the brain and biochemically through their provision of nutrients and ions.
Upon brain injury, astrocytes play an important role in the repair and scaring process of the
damaged tissue (Freeman, 2010; Sofroniew & Vinters, 2010). Oligodendrocytes coat and
protect axons of the nerve cells with myelin sheets. The myelin is formed from the cell
membrane and provides insulation to the axon, which increases the speed of the electrical

impulses. A single oligodendrocyte can coat the axons of several nerve cells (Nave, 2010).

[ ; Neurogenesis

\
Gliogenesis 6; \
Oligodendrocyte E

Microglia

Figure 6. Cells of the brain. In the brain, neural stem cells (NSC) can self-renew or
differentiate into neuronal linage, becoming functional neurons, or into a glial linage.
Astrocytes, oligodendrocytes and microglia are all glial cells. NPC, neural progenitor cell;
GPC, glial progenitor cell.

In adult humans, the brain consists of 2 % of the total body weight, but it consumes 10 % of
the carbohydrates and almost half of the oxygen respired (Magistretti & Pellerin, 1996). The
need for oxygen is high due to the vast amount of ATP used to maintain neuronal signaling.

The high metabolic activity, low levels of antioxidant enzymes, high amounts of iron and the
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formation of ROS during synthesis of neurotransmitters make the brain more prone to
oxidative attack than other organs (Halliwell, 2006). The brain, as well as most other organs
of the body consists of a diversity of cells with different needs regarding genome
maintenance. NSCs are the most versatile cells of the brain and are put on high pressure to
maintain genomic integrity (Rocha et al, 2012). A lesion in NSCs can, if left unrepaired, be
fixated through replication, leading to mutations in a whole glial or neuronal linage. In
terminally differentiated cells, like neurons, a certain degree of mutations are acceptable in
the non-transcribed regions of the genome and global DNA repair is less active while the
transcribed genes are repaired more efficient (Banerjee et al, 2011; Nouspikel, 2007,
Nouspikel & Hanawalt, 2000, 2002). However, in contrast to most other post mitotic cells in

the body, neurons are lasting throughout life.

Involvement of BER in aging and diseases

Accumulations of DNA damage are detected in several human pathologies including cancers,
immunological dysfunctions and neurodegenerative diseases (Olinski et al, 2002; Hegde et
al, 2012; Klaunig et al, 2011; Halliwell, 2006; Bohr et al, 2007). Defects in a DNA repair
enzyme can be directly correlated to development of a disease, as previously outlined.
However, the functions of the various BER glycosylases in disease prevention and

progression are complex and there is little evidence about defects causing diseases.

Mouse models

Transgenic mouse models have been developed to unravel the function of the different BER
components. Except Tdg-deficiency, that is embryonic lethal (Cortazar et al, 2011), mice
deficient in one of the other DNA glycosylases display normal development and lack of an
obvious phenotype. However, deeper investigations of the different mouse models are giving
us interesting information about the role of the different DNA glycosylases in modulating
disease risk. In contrast to the mild phenotypes of the DNA glycosylase deficient mice, the
downstream BER enzymes Apel, Pol B, Lig III and Xrccl are all lethal (Ludwig et al, 1998;
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Sugo et al, 2000; Puebla-Osorio et al, 2006; Tebbs et al, 1999). Following is a summary of

what is known about mice lacking oxidative DNA glycosylases.

Oggl-deficient mice accumulate oxidative 8-0xoG lesions followed by elevated mutation
frequency in liver (Klungland ez al, 1999; Minowa et al, 2000). Aged mice lacking Oggl
exhibit spontaneous motor behavior deficiency as well as neurochemical and histological
changes in the brain (Cardozo-pelaez et al, 2012). Mutyh-deficient mice do also accumulate
8-0x0G in liver, but display no overt phenotype. However, Oggl”/Mutyh” mice is
predisposed for developing lymphoma and tumors in lungs, ovaries, and small intestines
(Russo et al, 2004; Xie et al, 2004). Nth1-deficient mice accumulates FaPyA in kidney and
liver (Chan et al, 2009). Moreover, Nth1”/0ggl” mice showed impaired repair capacity of
5-OHC and 5-OHU in mitochondria (Karahalil et al, 2003). Neill-deficient mice accumulate
FaPyA and FaPyG lesions in brain, kidney and liver (Chan et al, 2009), and they exhibit a
high chance of developing obesity followed by symptoms similar to human metabolic
syndrome (Vartanian et al, 2006). The increased susceptibility to overweight is suggested to
be caused by the low tolerance to oxidative stress (Sampath et al, 2011). It is worth
mentioning that also Oggl-deficient mice were a bit larger compared to their wild-type
littermates (Arai et al, 2006). Nthl ”/Neill” mice showed a higher incidence of tumors on
lungs and liver (Chan et al, 2009). There are so far no reports about the consequence of Neil2
deficit, but we are breeding them in the lab and they are viable and fertile (personal
communication with Gunn Hildrestrand). The Neil3-deficient mouse model was published
some years ago, where no phenotype was detected (Torisu et al, 2005). Characterization of

the Neil3-deficient mouse model is included in this thesis and will be discussed later.

Polymorphism and disease

Single nucleotide polymorphisms (SNPs) of DNA glycosylases may affect BER efficiency. A
third of the human population has the OGG1 SNP variant Ser326Cys. Biochemical analysis
of OGG1Ser326Cys reveals a decrease in glycosylase activity (Audebert et al, 2000;
Sidorenko et al, 2009). A large number of studies have investigated whether this
polymorphism leads to predisposition for different cancers, where most studies find none or

marginally correlation with disease (Weiss et al, 2005; Li et al, 2008). Patients with biallelic
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deficiency in the MUTYH gene have higher susceptibility to develop MUTYH-associated
polyposis (MAP) a common type of colorectal cancer (Al-Tassan ez al, 2002; Jones et al,
2002; Jasperson et al, 2010). MAP has also been found to be associated with tumors on
breasts, ovarian, bladder and skin (Vogt et al, 2009). No convincing correlation between
variants of the NEIL enzymes and disease has been found. SNPs of the NEILs have been
reported in cancer patients, but most of these variants are only found in a small group of
patients (usually one to two), or they have also been found in healthy individuals (Dallosso et
al, 2008; Forsbring et al, 2009). An example is the NEIL2 variants Arg103GIn and
Arg257Leu, each found in a patient with family history of gastric cancer, and not in the
control group in one study (Broderick et al, 2006). Another study identifies the same variants
in both cancer patients and in the control group (Dallosso et al, 2008). There are no reports of

NTHI1 variants associated with disease.

Aging and neurodegeneration

The ‘oxidative stress theory of aging’ suggests that accumulation of oxidative lesions in the
genome during the life span of an organism results in a gradual decline of cellular functions
which eventually leads to death (Harman, 1981). The risk for developing a neurodegenerative
disease increases with age. Accumulations of oxidative damage are detected in various
neurodegenerative conditions like Parkinson's disease (PD), Alzheimer's disease (AD),
Huntington's disease (HD) and amyotrophic lateral sclerosis (ALS). There is growing
evidence supporting the fact that BER is involved in maintenance and protection of neuronal
tissue, but no clear correlation between BER deficiency and neurodegenerative diseases has

been demonstrated (Hegde et al, 2012; Halliwell, 2006; Coppede & Migliore, 2009).

Several reports suggest that OGGI1 functions in protecting neurons against
neurodegeneration. The OGG1 polymorphic variant Ser326Cys has been found to be weekly
associated with ALS and HD, but not with AD and HD (Coppede & Migliore, 2009; Coppede
et al, 2010, 2007a, 2007b). Another study finds that four out of 14 AD patients had OGG1
variations, two single base deletions resulting in abolished OGGI activity, and two single
base substitutions resulting in reduced OGG1 activity, while none variations were detected in

the control group (Mao et al, 2007). Ischemic stroke is a neurodegenerative event caused by

26



INTRODUCTION

blocked blood supply to parts of the brain. The oxygen deprivation leads to mitochondria
dysfunction and overproduction of ROS, immediately followed by extensive oxidative DNA
damage (Saeed et al, 2007; Vieira et al, 2011). Stroke induces expression of several BER
enzymes, including Oggl, Neill, Ung, Xrccl, Polp, Apel and LigIIl in mice and rats (Lan et
al, 2003; Li et al, 2011; Canugovi et al, 2012; Endres et al, 2004; Liu et al, 2011). Hypoxia-
ischemia (HI) is a method mimicking stroke in animal models. Transgenic mice, deficient in
Neill, Ung or Oggl do all get larger brain damage after HI compared to wild-type mice,
demonstrating an important role for these glycosylases in repair of stress induced damage
(Canugovi et al, 2012; Liu et al, 2011; Endres et al, 2004). The DNA glycosylases Neill,
Neil2, Nth1 and Oggl are expressed in neuronal tissue in mouse brain throughout
development and adulthood (Rolseth et al, 2008), while Neil3 is only found during
development as well as in SVZ and DG, the distinct areas of the adult brain harboring NSCs

(Hildrestrand et al, 2009). These findings suggest a role of Neil3 in maintenance of NSCs.

27



28



PRESENT INVESTIGATION

PRESENT INVESTIGATION

Aims of the study

DNA is continuously modified by ROS from the cellular environment (Hegde et al, 2012).
BER is the major pathway for repair of ROS induced damage, and is triggered by the action
of a DNA glycosylase, which recognizes and excises the damaged nucleotide (Dalhus et al,
2009). There are three homologues of endonuclease VIII-like (NEIL) DNA glycosylases in
mammalian cells; NEIL1, NEIL2 and NEIL3. At the time this project was initiated, little was
known about NEIL3.We hypothesized that NEIL3 was a functional DNA glycosylase,
recognizing oxidative lesions in DNA. The aim of the first part of the study was to
characterize the biochemical properties of recombinant human NEIL3. To address this, we
cloned Neil3 into a suitable expression vector and developed a purification strategy for the
human NEIL3 protein (paper I). Further, we performed site-directed mutagenesis and
characterized substrate specificity and reaction mechanism by in vitro excision/incision
assays of wild-type and mutant enzymes to pinpoint residues involved in catalysis (paper II).
These experiments would give us knowledge about the catalytic properties of the

recombinant enzyme, which makes the fundament for further research on NEIL3.

The most prominent expression of mouse Neil3 is found in the developing brain and in

compartments of the adult brain harboring NSCs (Hildrestrand et al, 2009) as well as in
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proliferative lymphatic tissue (Torisu et al, 2005). The Neil3 knockout mice are viable and
fertile, lacking an overt phenotype (Torisu et al, 2005). Recombinant mouse Neil3 is found to
recognize and repair the hydantoin lesions Sp and Gh, with preference for lesions in sSSDNA
(Liu et al, 2010). Sp and Gh have a high mutagenic potential and are strong replication blocks
in vivo (Henderson et al, 2003). We hypothesize that Neil3, by the removal of hydantoin
lesions from DNA, has a role in maintaining genome integrity and thus promoting
proliferation of neural and lymphatic tissue. The aim of the second part of this thesis was to
establish the role of Neil3 in proliferative tissues. To address this, we developed a Neil3-
deficient mouse model and investigated brain structure and repair activity of different tissues
in comparison to Neil3-proficient mice (paper III). Further, we exposed wild-type and Neil3-
deficient mice to hypoxia-ischemia (HI), a method known to induce extensive DNA damage
and apoptosis in brain, followed by tissue regeneration (paper IV). These studies would give
us knowledge about the biological role of Neil3 in maintaining genome integrity of stem

cells.
Summary of results

Paper I: Expression and purification of NEIL3, a human DNA glycosylase homolog.

NEIL3 shares high sequence similarities to NEIL1 and NEIL?2, but has a long C-terminal
extension with a unique GRF Zn-finger domain. The biochemical properties of NEIL3 were,
at the time-point of this study, not elucidated. Here, we present a protocol for successful
expression and purification of a truncated human NEIL3 (amino acids 1-301) that contain the
complete E. coli Fpg/Nei-like glycosylase domain (GD) but lack the C-terminal. The full-
length (FL) NEIL3 was also expressed in this study, but we were only able to partially purify
it. Bioinformatics analysis of NEIL3 predicts that a ~100 residues segment, between the GD
and the GRF Zn-finger is disordered. Disordered regions in proteins do usually not have a
tertiary structure and often lead to difficulties in protein expression, purification and
crystallization. Removal of the disordered segment resulted in successful expression and
purification of GD NEIL3. However, we did not detect any glycosylase activity on the
substrates tested. We suggest that the disordered segment of NEIL3 requires specific
conditions only found in the eukaryotic cell, like posttranslational modifications (PTMs) or

chaperones, to obtain correct tertiary structure.
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Paper II: Human NEIL3 is mainly a monofunctional DNA glycosylase with affinity to

spiroiminodihydantoin and guanidinohydantoin.

The main substrates of NEIL3 have been reported to be the hydantoins Sp and Gh, Tg and
FaPy lesions (Liu et al, 2010, 2012). In this work, we have purified the core glycosylase
domain (GD) of human NEIL3 and elucidated the catalytic mechanisms. GD NEIL3 removed
the hydantoin lesions Sp and Gh in single- and double-stranded DNA as well as 5-OHC and
5-OHU lesions in ssDNA. In contrast to the concerted catalytic mechanisms of NEIL1 and
NEIL2, the DNA glycosylase/AP lyase activities of NEIL3 were demonstrated to be non-
concerted, where base release was more efficient than strand incision. Fpg/Nei and NEIL1/2
contain a catalytic Pro2, while this amino acid is replaced by Val in NEIL3. Biochemical
mapping of the catalytic N-terminus of NEIL3, by site-directed mutagenesis, demonstrated
that Val2 is the residue responsible for the non-concerted action of NEIL3. Furthermore,
Lys81 is found to be the catalytic residue, essential for DNA glycosylase activity. We suggest
that the substitution of the second amino acid from proline to valine has directed NEIL3 to

act as a monofunctional glycosylase in vivo.

Paper III: Loss of Neil3, the major DNA glycosylase activity for removal of hydantoins
in single-stranded DNA, reduces cellular proliferation and sensitizes cells to genotoxic

stress.

Neil3 is expressed in brain during embryonic development. We analyzed and compared brain
structure of newborn wild-type and Neil3-deficient mice by immunoreactivity, but did not
find any differences regarding brain architecture or distribution of neural and glial tissue.
However, in vitro culturing of neuronal stem/progenitor cells revealed that Neil3-deficient
cells had unaffected differentiation capacity, but impaired ability to self-renew. Proliferation
was also reduced in mouse embryonic fibroblasts (MEFs) derived from Neil3-deficient
embryos and these cells were sensitive to both the oxidative agent paraquat and interstrand
cross-link inducing agent cisplatin. Total cell extract of brain, heart, thymus and spleen from
Neil3-deficient mice displayed reduced repair activity against Sp and Gh lesion in ssDNA,
assayed by excision/incision assays. Our data suggests that Neil3 is involved in repair of

hydantoin lesions in proliferative tissue.
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Paper IV: Endonuclease VIII-like 3 (Neil3) DNA glycosylase promotes neurogenesis

induced by hypoxia-ischemia.

To address our hypothesis that Neil3 is involved in DNA repair of NSPCs, we exposed wild-
type and Neil3-deficient mice to oxidative stress by HI. HI resulted in major tissue damage in
the forebrain. We did not detect differences in neuronal death between wild-type and Neil3-
deficient animals three to ten days after HI. However, six weeks after injury, the Neil3-
deficient mice demonstrated impaired recovery of brain tissue by reduced volume of neuronal
tissue. Supporting these results, Neil3-deficient animals showed a reduction in proliferating
NSPCs migrating to the striatum three to ten days after HI, compared to wild-type. Neil3-
deficient animals also showed a decreased microglial response to HI. In vitro cultured NSPCs
(neurosphere culture), isolated from wild-type animals after HI, showed a high proliferative
response which was absent in the Neil3-deficient cells. Also, the differentiation pattern of the
Neil3-deficient neurospheres was altered with fewer cells entering neuronal linage. Further,
the Neil3-deficient cells exhibited increased accumulation of strand breaks compared to wild-
type cells. Neil3-deficient neurospheres had impaired repair activity towards Sp and Gh
lesions in ssSDNA as measured by excision/incision assay of total cell extract. Our data
supports a role for Neil3 in promoting proliferation of NSPCs by removal of the replication

blocks; Sp and Gh.
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DISCUSSION

Structural properties of NEIL3

After the discovery of the base excision mechanism, BER was believed to be one of the
simpler repair pathways in the cell, involving four to five enzymes only (Dianov & Lindahl,
1994). But along with new evidence, it is getting clearer that BER is highly complex,
involving a network of extensively regulated sub-pathways, involving more accessory
proteins, transcription factors and posttranslational modifications (PTMs) than first assumed
(Sampath et al, 2012; Jacobs & Schir, 2012; Odell et al, 2012; Wallace et al, 2012). Paper I
and II are studies on the structural properties of NEIL3 and here I discuss my findings in

accordance to its presumed functions in BER.
Reaction mechanism

Along with the discovery of the NEIL enzymes in 2002, a new sub-pathway of BER was
identified. The DNA glycosylases specific for oxidative base lesions are all bifunctional with

intrinsic AP lyase activity. OGG1 and NTHI1 catalyze B-elimination, generating 3’PUA
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which is further processed by APE1, while NEIL1 and NEIL2 perform B,5-elimination
resulting in 3’P which is processed by PNK (Wiederhold et al, 2004). Involvement of PNK in
repair of oxidative damage has been suggested before, however the direct role of PNK in
BER was not clear before the discovery of the NEILs (Karimi-Busheri et al, 1999; Yang et
al, 1996; Rasouli-Nia et al, 2004). It is now believed that NEIL1/NEIL2 together with PNK
act in an APE1 independent subpathway of BER (Wiederhold ez al, 2004). Interestingly, in
contrast to the other NEIL enzymes, NEIL3has uncoupled excision/incision activities where
base excision is more efficient than strand incision. Further, NEIL3 incise the damaged strand
mainly by B-elimination, although some of the abasic DNA is processed by [3,5-elimination
(paper 11, Liu et al. 2010). In paper II we show that substituting Val2 in NEIL3 to Pro, the
catalytic nucleophile in NEIL1 and NEIL2, results in an enzyme with concerted DNA

glycosylase/AP lyase mechanism performed by f,6-elimination.

These data indicates that Val2 is the residue responsible for the monofunctional reaction
mode of NEIL3. Moreover, a NEIL2 homologue found in mimivirus (mvNeil2) also contains
a valine as the second amino acid and incises DNA by a mix of B- and B,6-elimination
(Bandaru et al, 2007). Further, studies on Fpg/Nei enzymes have shown that substitution of
Pro2 affects the reaction mechanism, supporting our results (Saparbaev et al, 2002; Burgess

et al, 2002; Zharkov et al, 1997; Vik et al, 2012).

Uncoupled glycosylase and AP lyase activities have also been shown for mammalian OGG1
and NTH1 (Morland et al, 2005; Marenstein et al, 2001). This suggests that the intrinsic AP
lyase activity of the DNA glycosylases plays a more prominent role in the PNK dependent
than the APE1 dependent subpathway of BER. APEI has a remarkably higher catalytic
turnover rate on AP sites than NEIL3 (Strauss et al, 1997) and we suggest that the AP lyase
activity of NEIL3 is not of biological significance in mammalian BER. The E. coli enzymes
Fpg, Nth and Nei have tightly coupled glycosylase/AP lyase activities, catalyzing strand
incision at about the same rate as base release (Krokan et al, 1997; Kow & Wallace, 1987).
The dominant monofunctional reaction mode of NEIL3 indicates evolutionary
pressure/adaptation to avoid strand incision coupled to the base excision reaction, supporting
that NEIL3 recruits APE1 to perform the incision reaction at the abasic site. NTH1 and
OGGT are reported to repair oxidative lesions in duplex DNA only, while NEIL1, NEIL2 and
NEIL3 also recognize and repair lesions in single-stranded DNA (Paper II, Hong Dou et al.
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2003; D O Zharkov et al. 2000). Therefore, NEIL3 appears to be the only DNA glycosylase

removing hydantoin- and FaPy lesions in ssDNA without generating a strand break.

Another feature unique for NEIL3 is a 30 residue insert found in the glycosylase domain of
the protein (paper II). This loop is positioned close to the lesion recognition pocket, it is not
conserved and varies in length and sequence among species. The function is unknown and we
speculate that it is involved in regulating the enzyme by blocking/promoting DNA

glycosylase activity.

Benefits of a disordered C-terminal

Disordered protein segments do not form a stable tertiary structure in vitro. Most of the
mammalian DNA glycosylases contain a protein sequence, 50-100 amino acids in size, with a
high degree of disorder. OGGl1 is among the exceptions and have shorter (about 10 residues)
disordered fragments in both ends. NEIL1 contains a 100 amino acid long disordered
sequence in the C-terminus, NEIL2 contains an internal disordered segment at the residues
45-130 and NEIL3 contains a disordered region of proximately 100 residues in the C-
terminal prior to the GRF Zn finger (Paper I, Hegde et al, 2010). In contrast, disordered
regions are absent in the E.coli Nei homologue (Hegde et al, 2010). Interestingly, removal of
56 C-terminal residues of human NEIL1 leads to a fourfold increase in glycosylase activity
(Doublie et al, 2004). Similarly, human NTH1 has an N-terminal extension lacking in E.coli
Nth, and truncation of these residues leads to increased activity (Liu & Roy, 2002). In
agreement with these results, we find that full-length NEIL3 has weaker glycosylase activity
on Sp and Gh lesions in single- and double-stranded DNA than NEIL3 with the C-terminal
truncation (GD NEIL3) (unpublished data). In partial agreement with our unpublished results,
Liu and coworkers demonstrates that recombinant mouse Neil3 get enhanced activity against
hydantoin lesions in dsDNA but not ssDNA by truncation of the disordered C-terminal
segment (Liu et al, 2010). We propose that the disordered segment of NEIL3 regulates the
enzymatic activity, by inhibiting activity in the absence of downstream BER components.
The presence of non-conserved, disordered regions in all DNA glycosylases repairing
oxidative lesions, suggests that these segments have important functions like DNA and

protein interactions, damage recognition or protein regulation.
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DNA glycosylases search for base lesions by a combination of sliding along the helix and
intersegmental transfer (Friedman & Stivers, 2010; Odell et al, 2012). Proteins with the
H2TH DNA binding domain (homeodomain proteins) are reported to have increased number
of contact points to DNA through disordered segments (T6th-Petrczy et al, 2009) and they
are suggested to efficiently jump from one DNA molecule to another through an
intermediate, where the recognition pocket of the protein is interacting with one DNA
fragment and the disordered tail is interacting with a second (Vuzman et al, 2010). Téth-
Petréczy and coworkers also claim that homeodomain proteins fold correctly only when their

disordered tails are in contact with DNA.

It is established that the proportion of disordered proteins correlates with the complexity of an
organism (Ward et al, 2004). Genome wide analysis have also shown that proteins that
interact with many partners are more likely to have disordered sections than proteins with few
partners (Haynes et al, 2006). NEIL1 forms complexes with the downstream BER proteins
FENI1, POL f, LIG III, XRCC1 and PCNA through interactions with the 100 residues long
disordered C-terminal (Hegde ef al, 2008b; Wiederhold et al, 2004; Dou et al, 2008). NEIL3
is found to co-localize with replication protein A (RPA) (Morland et al, 2002). Further, pull-
down experiments with recombinant NEIL3 C-terminal in fusion with a GST tag in cell
extract indicate interaction with poly[ADP-ribose] polymerase 1 ( PARP1), Ku70, DNA
protein kinase (DNA-PK) and RPA (own unpublished results). PARP1 is known to be
involved in single-strand break repair. PARP1, Ku70 and DNA-PK are central proteins
involved in double-strand break repair, while RPA binds single-stranded DNA during repair
and replication. RPA is also involved in homolog recombination and telomere maintenance
(Wang et al, 2012; Muller et al, 2005; Pawelczak et al, 2011; Sakaguchi et al, 2009). NEIL3,

with the long disordered C-terminal, is likely to interact with several other proteins.

PTMs of proteins play important roles in many cellular processes including DNA repair.
PTMs on DNA glycosylases may regulate substrate binding, subcellular localization and
protein-protein interactions (Fan & Wilson, 2005). Acetylation of Lys49, in the disordered
region of NEIL2, is a switch which inactivates the DNA glycosylase/AP lyase activity
(Bhakat et al, 2004). Acetylation of Lys338 and Lys341 in the short disordered C-terminal of
OGGI increases the turnover for 8-0xoG lesions by reducing the affinity for AP sites (Bhakat
et al, 2006). There is a lot to be unraveled about PTMs on NEIL3. A single modification can
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be essential for proper repair activity, but also for correct folding (Tokmakov et al, 2012).
Types and positions for modifications can vary in between eukaryotic and prokaryotic cells
(Soppa, 2010). In paper I and II, active fractions of GD NEIL3 without the disordered C-
terminal were easily purified from E. coli, while FL. NEIL3 tended to form aggregates and
displayed irregular migration during separation on a denaturing gel. On the contrary, by
expression in a mammalian system with rabbit reticulocyte lysate, FL NEIL3 migrated as
predicted by size (paper I). The lack of correct PTMs of FL. NEIL3 expressed in E. coli is one

possible explanation for the aberrant tertiary structure.

A unique role for Neil3 in proliferative tissue

We generated a mouse model deficient in the Neil3 gene by engineered depletion of exon 3-5
to unravel the in vivo functions of Neil3 (paper III and IV). In accordance with a previous
report (Torisu et al, 2005), our Neil3-deficient mice were healthy and fertile with no

profound phenotype.

Neil3 in neural stem cells

In paper IV, we exposed perinatal mice to hypoxia and ischemia (HI), a well-known method
mimicking hypoxic-ischemic encephalopathy, a type of stroke, in the perinatal brain. HI
resulted in major brain damage, with no differences in infarct size, between Neil3-proficent
and Neil3-deficient mice, when analyzed three to ten days after injury. However, six weeks
after injury, Neil3-deficient mice demonstrated impaired recovery of brain tissue, suggesting
arole for Neil3 in neuronal stem/progenitor cells (NSPCs) rather than post mitotic brain

tissue.

NSPCs are limited in number in mouse brain, and had to be propagated in vitro for further
analysis. There is currently no method for homogenous culturing of neural stem cells. Cells
from the SVZ form floating sphere-like structures, neurospheres, when propagated in the
right conditions (Ahmed, 2009; Arvidsson et al, 2002; Jensen & Parmar, 2006; Reynolds &
Weiss, 1992). Neurospheres consists of a mix of stem cells, progenitor cells and terminally

differentiated cells, where the ability to form new neurospheres (colony forming unit, CFU)
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in the next passage is correlated with the amount of stem cells in the population (Reynolds &
Weiss, 1992). As demonstrated in paper III and IV, neurospheres from the Neil3-deficient
mouse showed reduced proliferative capacity. Moreover, the differentiation pattern of the
Neil3-deficient neurospheres, isolated after HI, was altered with less cells entering neuronal
linage (paper IV). These results are in partly agreement with another report where
knockdown of Neil3 resulted in decreased proliferation, gliogenesis and neurogenesis of
NSPCs isolated from the embryonic rat brain (Reis & Hermanson, 2012). Neil3-deficient
neurospheres accumulated DSBs after exposure to paraquat, while we did not find a
difference between the two genotypes in accumulation of DSBs in the ischemic brain tissue.
In addition, we demonstrate that wild-type, but not Neil3-deficient neurospheres were able to
repair Sp and Gh lesions from ssDNA (paper IV), while the repair activity against these
lesions were almost undetectable in whole-brain extract from both genotypes (paper III).
Altogether, our results suggest that Neil3 does not function in the terminally differentiated
cells of the brain, but have a prominent role in NSPCs. Ten days after injury, we detected a
decreased number of proliferating NSPCs migrating from SVZ to repopulate the striatum in
Neil3-deficient mice, compared to wild-type mice. The pool of quiescent NSPCs in SVZ was
not affected by Neil3-deficiency, suggesting Neil3 to have a role in proliferative, but not
quiescent NSPCs. Other groups have performed transient middle cerebral artery occlusion on
adult mice deficient in Neill, Oggl and Ung, and in contrast to our Neil3-deficient model
these mice showed increased tissue damage due to impaired repair of stress induced DNA

damage in postmitotic brain tissue (Liu et al, 2011; Endres et al, 2004; Canugovi et al, 2012).

Oxygen is normally tightly controlled within the brain (Simon & Keith, 2008; Vieira et al,
2011). Various reports have listed oxygen concentrations in rodent brain to range from 0.1-5
% depending on the specific regions (Seyde & Longnecker, 1986; Sick et al, 1982). Oxygen
is known to be involved in control of cellular fate of NSPCs. Low level of oxygen in the
embryonic brain stimulates hypoxia-inducible factor 1o (HIF-1a) which promotes
proliferation and is essential for early brain development and neurogenesis (Iyer et al, 1998).
Increasing oxygen tension degrades HIF-1o which promotes differentiation (Mazumdar et al,
2010). When NSPCs are dissected out from their natural niche and grown in vitro in ambient
air (21 % oxygen) in an incubator, they are exposed to non-physiological levels of oxygen.

NSPCs derived from Neil3-deficient mice display impaired proliferation while we do not find
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any aberrations in the cellular composition of the brain of newborn KO animals. The

disagreement in data may be due to the hyperoxic conditions in vitro.

A high level of ROS induced damage is, as outlined previously, associated with
neurodegenerative diseases and aging (Hegde et al, 2012; Halliwell, 2006; Jeppesen et al,
2011). Interestingly, reactive oxygen is not always a cellular threat. There is an emerging
understanding of ROS functioning as messenger molecules in redox signaling pathways
controlling cellular physiology including apoptosis, proliferation and differentiation of
embryonic and somatic stem cells (Nitti e al, 2010; Varum et al, 2009; Sauer et al, 2000; Le
Belle et al, 2011; Tsatmali et al, 2006). Elevated levels of ROS are associated with stem cell
differentiation through activation of the p38 mitogen-activated protein kinase (p38 MAPK)
(Cho et al, 2000; Ito et al, 2006; Le Belle et al, 2011). Moreover, research on naive
neurospheres has demonstrated that stress-induced accumulation of mitochondrial DNA
damage leads to a shift in the differentiation of NSCs toward astrocytic linage (Wang et al,
2011, 2010). These studies underscore the importance of DNA glycosylases to promote

correct proliferation and differentiation of NSPCs.

Recently, we published a report about impaired neurogenesis of aged Neil3 knockout mice,
and consequences for learning and memory (Regnell et al, 2012). Behavioral studies revealed
that Neil3-deficient mice have learning and memory deficits and a reduced anxiety-like
behavior. Similar to the results from paper IV, NSPC from aged Neil3 knockout mice showed
impaired proliferative capacity and reduced repair of hydantoins in ssDNA. In addition, we
here demonstrated that aged Neil3-deficient mice have aberrant distribution of excitatory and
inhibitory receptor subunits and altered synapse composition within hippocampus. It appears
that Neil3 is required for maintenance of adult neurogenesis to counteract the age-associated

reduction of cognitive performance.

Neil3 in lymphatic organs

Mouse Neil3 mRNA is expressed in thymus and spleen, and repair of hydantoin lesions in
ssDNA is impaired in Neil3-deficient extracts from these organs (paper III), suggesting a
functional role for Neil3 in hematopoietic/lymphoid organs. In support of this hypothesis,

mouse Neil3 has previously been reported to be expressed in bone marrow and several B-cell
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lines, and expression is induced by mitogen stimulation where splenocytes starts to
proliferate (Torisu et al, 2005). The Neil3-deficient animals generated by Torisu and
coworkers also exhibited a tendency of reduction of peripheral white blood cell number. AP
endonuclease 2 (Ape2) shares several features with Neil3 and there are several reports on the
mammalian Ape2 and its function in lymphoid tissue (Ide et al, 2004; Sabouri et al, 2009;
Guikema et al, 2011). Ape2 and Neil3 are structurally related, both contain a long stretch of
disordered structure and a duplicate of the GRF Zn-finger at the C-terminal. The GRF Zn-
finger is a unique motif, only found in a very few other mammalian proteins, suggesting
Neil3 and Ape2 to be involved in the same pathway where they share common interaction
partners. Further, they both have reduced AP lyase functions compared to their homologues
Neill/2 and Apel (paper II, Hadi & Wilson, 2000; M Takao et al., 2009). Both proteins have
induced expression in S-phase, Neil3 has a putative PCNA binding motif and Ape2 has been
shown to associate with PCNA, linking their activities to replication (Neurauter et al, 2012;
Morland et al, 2002; Burkovics et al, 2009; Ide et al, 2004). Ape2 is found to be necessary
for normal cell cycle progression in proliferating B cells and plays an important role in
recovery of lymphoid tissue cells after chemotherapeutic depletion of the bone marrow
(Guikema et al, 2011; Ide et al, 2004). Based on our knowledge about the importance of
Neil3 in proliferation of NSPCs, we suggest that Neil3 and Ape2 have similar functions in

maintaining DNA integrity in proliferating stem/progenitor cells.

Consequences of hydantoin lesions in the genome

Little is known about the magnitude the Sp and Gh lesions in the mammalian genome.
Hydantoins are formed after further oxidation of 8-0xoG, which has been shown to be 1000
times more reactive against peroxynitrite than guanine itself (Helbock et al, 1998; Uppu et al,
1996). The first report of detection of these lesions in the mammalian genome was published
a few months ago: Sp and Gh levels were correlated to the level of 8-0x0oG, and detected with
a frequency of one to seven lesions per 10° nucleotides in mouse colon and liver, almost 100
times less frequent than the parental 8-0xoG lesion (Mangerich et al, 2012). While 8-0x0G is
mildly mutagenic, leading to a G — T mutation with a frequency of less than 10 % if not
repaired, Sp and Gh will always resultin G — T or G — C mutation if left unrepaired prior

to replication (Duarte et al, 1999; Klein et al, 1992; Cheng et al, 1992). Gh and Sp lesions
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have shown, in contrast to 8-0x0G, to be strong replication blocks in vivo, where lesion
bypass efficiency is sequence dependent (Henderson et al, 2002; Delaney et al, 2007,
Henderson et al, 2003). Nei-deficient E. coli accumulates 20-fold more Sp lesions than wild-

type during oxidative stress (Hailer et al, 2005b).

In paper IIT and IV we demonstrated by in vitro experiments that repair of hydantoin lesions
in ssDNA in mouse NSPCs, thymus and spleen is mainly performed by Neil3. Even though
the repair activity on hydantoin lesions in ssSDNA was just above detection level, we detected
a clear correlation between excision/incision activity and expression of Neil3 (paper III).
Repair activities were in general higher for hydantoin lesions in dSDNA than ssDNA, which
can be explained by the presence of single-strand DNA-binding proteins (SSB) and other
proteins with affinity for ssDNA in the cell extract. SSB are abundant in the cell and can
cover the ssDNA substrate, making it inaccessible for recognition and excision by the DNA
glycosylase in the in vitro assay. Adding titrated competitor ssDNA to the reaction was
essential to detect activity, but the reaction conditions might still not be optimal.
Nevertheless, the DNA exists as a duplex in most contexts, and likely, the bulk of the DNA

glycosylases will be engaged in the repair of lesions in dsDNA.

Sp and Gh lesions in DNA are recognized and repaired by Nth1 and Neill-3 in mammals,
while only the Neils are reported to recognize hydantoins in ssDNA (Hailer et al, 2005a; Liu
et al, 2010). Neill repairs Sp and Gh lesions 100-fold more efficient than its previously
reported standard substrates Tg and 5-OHC (Krishnamurthy ez al, 2008). The absence of
repair activity of hydantoin lesions in ssSDNA in NSPCs, thymus and spleen from Neil3-
deficient mice suggest either that expression of Neill and Neil2 is too low for efficient
catalysis, or Neill and Neil2 are present, but limited to other functions or substrates in

proliferative tissue.
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Conclusion

The “loss™ of the active site residue Pro2 in human NEIL3 provides different catalytic
properties than NEIL1 and NEIL2. Incision of DNA when it is in a single-stranded context
may result in fatal strand breaks. We speculate that NEIL3 is a monofunctional glycosylase in

vivo, recruiting downstream BER enzymes to complete the repair.

In this study, we have shown that Neil3 is a DNA glycosylase important for proliferating
cells. We suggest that Neil3 removes hydantoin lesions in proliferating cells to prevent
blockage of replication, transcription, or both. We also hypothesize that Neil3 may be
involved in region specific repair, for instance in promoters of genes involved in proliferation

and/or differentiation.
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CONCLUDING REMARKS

When I started working with NEIL3 some years back, there were only a few published
reports. We cloned the sequence and had a wish to express and purify the protein. NEIL3 has
been challenging to work with. The recombinant protein formed aggregates, overexpression
in eukaryotic cell lines was toxic, while endogenous expression in most cell types was below
detection level. I guess I have experienced the same feeling of hopelessness as most PhD
students do. It feels good to look back on the puzzle where we, together with many other
groups have contributed to find the pieces. There is still much to be unraveled about NEIL3.
When the NEILs were discovered, they were first suggested to be back up enzymes for
OGG1 and NTHI1. With new evidence, like the lack of cancer phenotypes in DNA
glycosylase deficient mice strands, we speculate that BER is not simply repair, but a finely
tuned system for regulation of DNA base modifications in specific contexts to maintain cell
properties and tissue homeostasis, i.e. maintenance of epigenetic state. BER is highly
regulated and all the contributors probably have their unique function. Factors like cell type,

cell cycle stage, cell maturity, proliferation/differentiation stage, tissue type, chromatin state
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as well as extent, type, and location of lesions will likely influence on the choice of enzymes
and repair pathways. Repair of oxidative damage is of vital importance for the organism, and
the DNA glycosylases have evolved to be flexible so they can step in for each other if one is

defect as well as during massive ROS induction.

Our plans for future experiments are many. We have been trying to crystallize the
glycosylase domain of human NEIL3 for years without success. A crystal structure can give
us important information about the architecture of the active site and the base recognition
pocket with the 30 nucleotide non-conserved loop, unique for NEIL3. The recent evidence of
the presence of Sp and Gh lesions in mammalian tissue supports that base excision indeed
may be the canonical function of Neil3. As a continuance of paper IV, it would be valuable if
we were able to detect Sp and Gh lesions in brain tissue and neurospheres from Neil3-
deficient mice. Further, we wish to expose Neil3”/0ggl” mice to HI. We predict these mice
to accumulate even greater amount of hydantoins, due to their reduced capacity of 8-oxoG
removal. Implementing detection of Sp and Gh in the genome, as well as a mouse model with
a more pronounced phenotype will be useful tools in our search for the mechanisms leading

to impairment in proliferation.

After my dissertation, I will start working on another interesting feature of NEIL3: Its
involvement during Human Immunodeficiency virus (HIV) infection. This will be
collaboration with Stephen Goff’s lab at Columbia University. NEIL3 has been suggested to
be a host factor for HIV, after it was picked up in a genome wide siRNA screen in 2008
(Zhou et al, 2008). Later, also other components of BER, including OGG1, NEIL1, NTH1
and POL f, have been implicated a role in the viral life cycle (Espeseth et al, 2011; Yoder et
al, 2011). NEIL3 mRNA is strongly upregulated in CD4" cells of HIV patients, and its
expression correlates with virus count (personal communication with Pal Aukrust,
Rikshospitalet). Further, we have transduced wild-type and Neil3-deficient MEF cells with a
lentiviral vector system, derived from HIV, and found that Neil3-deficient cells have a
magnitude lover transduction rate than the wild-type cells (own unpublished results). With
our knowledge on NEIL3 and BER, and with the Goff labs expertise on HIV, we hope to get

an insight into the use of DNA glycosylases in the lentivirus life cycle
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ERRATA

Paper 11, Figure 2b: Part of NEIL3 model is missing. Corrected figure is displayed below

Paper 11, Figure 2c: ‘Leu81’ corrected to ‘Lys81’

Paper 111, Figure 4, correction of numbering: a—a+b, b—c
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