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Chapter 1

General introduction:

DNA repair and gene targeting

Qi Jia, B.Sylvia de Pater and Paul J.J. Hooykaas
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1. Introduction

The genome is subject to various assaults by both exogenous environmental factors (e.g.
ionizing radiation, chemicals and reactive oxygen species) and endogenous cellular events
(e.g. transposition, meiotic double strand break formation). These assaults cause a wide
range of genetic damage, such as base lesions, DNA single-strand breaks (SSBs) and DNA
double-strand breaks (DSBs). Among these DNA lesions, DSBs are particularly detrimental,
because both strands are damaged and it is, therefore, impossible to reconstitute the missing
information from a complementary strand. Defects in the repair of DSBs may cause
chromosomal aberrations and genomic instability, which can promote mutation, accelerate
aging and induce cell death. Even a single unrepaired DSB may induce cell death (1).

In order to maintain genomic integrity and stability, organisms have evolved multiple
DNA repair mechanisms. Cellular responses to DNA damage activate cell-cycle checkpoints,
which can stop the cell cycle and provide time for the cell to repair the damage before
division (2). Base lesions and SSBs can be detected and removed by nucleotide excision
repair (NER), mismatch repair or base excision repair (BER) (3). The most harmful damage,
DSBs, can be repaired by two types of pathways: homologous recombination (HR) and
non-homologous end joining (NHE]).

HR utilizes sequence homology to align and join the DNA ends of the break. It employs
ahomologous stretch of DNA on a sister chromatid as a template. The HR pathway mediates
an accurate form of repair. On the other hand, NHE] is a straightforward pathway that can
rejoin the two ends independently of significant homology. It is an error-prone process
with insertion or deletion of nucleotides as a result. HR is only operative during the S/G2
phases of the cell cycle when sister chromatids are present. By contrast NHE] can function
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in all phases of the cell cycle, but is mainly used in the G1 phase when HR is suppressed.
HR and NHE]J operate in both competitive and collaborative manners, depending on the
repair context and specific attributes of the broken DNA. HR is the predominant DSB
repair mechanism in prokaryotes and lower eukaryotes. NHE] seems the main DSB repair
pathway in multicellular eukaryotes (e.g. mammals and plants). Most of the major factors
involved in NHE] were initially identified in mammals. Genome sequencing has led to the
discovery of homologous NHE] factors in other eukaryotes and prokaryotes. It indicates
that NHE] has been conserved during evolution (4).

In this chapter, I shall review first how the cell responds to DNA DSBs and repairs those
breaks. Then the main regulatory mechanisms that affect the choice of DNA repair pathway
throughout the cell cycle are discussed, and how they affect gene targeting is addressed.
Finally I will give an outline of the thesis.

2. DNA Damage Checkpoints

DNA damage checkpoints are the cellular surveillance systems, which prevent damaged
DNA from being converted into heritable mutations in order to maintain the genomic
stability. The presence of DNA damage leads to the initiation of signal transduction cascades
(Figure 1), which leads to chromatin remodeling, transcriptional responses, cell cycle arrest,
DNA repair or in some cases apoptosis (5). Cell cycle arrest is necessary to provide the cell
with enough time to repair the DNA lesions. Chromatin remodeling and transcriptional
responses facilitate DNA repair, and increase the resistance to further damage.

The checkpoints are initiated by the transient recruitment of the MRE11/RAD50/
NBS1 (MRN) complex in mammals and plants (6) or the equivalent MRE11/RAD50/Xrs2
(MRX) complex in yeast (7;8), to DSB sites, followed by the activation of phosphoinositide-
3-kinase-related kinases (PIKKs). This group of proteins comprises the ataxia-telangiectasia
mutated (ATM in mammals and plants; Tell in yeast), the ATM and Rad3 related (ATR
in mammals and plants; Mecl in yeast) and the catalytic subunit of DNA protein kinase
(DNA-PKcs, which is lacking in yeast). In general, ATM and DNA-PKcs respond mainly
to DSBs, whereas ATR is activated by single-stranded DNA (ssDNA) and stalled replication
forks (9). These kinases are activated and recruited to DNA lesions by direct interactions
with specific factors: NBS1/Xrs2 (for ATM/Tell), ATR-interacting protein (ATRIP)/Ddc2
in yeast (for ATR/Mecl) and Ku80 (for DNA-PK) (10). Then these checkpoint kinases
transmit and amplify the checkpoint signal by different phosphorylation events to different
downstream effectors that are essential for the DNA-damage response and DNA repair,
including phosphorylation of H2AX (yYH2AX), mediator of DNA damage checkpoint 1
(MDC1), tumor protein 53 binding protein 1 (TP53BP1) and breast cancer 1 (BRCAL).

In general, there are two possibilities for the following steps (Figure 1). In the first
possibility, ATM phosphorylates the histone H2AX (yH2AX) which forms foci covering
many megabases of chromatin surrounding the DSBs within seconds of DNA damage (11).
10
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Figure 1. Responses to DNA Double Strand Breaks and checkpoint activation.

Kuand MRN complexes bind to DSBs and activate the PIKKs: DNA-PKcs and ATM respectively.
The DNA-PK complex promotes NHE] repair of DSBs which take place throughout the cell
cycle. The MRN complex allows the activation of the checkpoint, mediated by ATM. ATM
phosphorylates H2AX, which serves as a docking platform for MDCI1, 53BP1, BRCA1, MRN
and ATM itself. Active, phosphorylated ATM monomers are increased at the site of damage and
activate the downstream signaling kinase Chk2. During S and G2 phases, DSBs are resected to
ssDNA which is coated by RPA. The RPA coated ssDNA recruits the ATR-ATRIP complex to
DNA lesions. With the help of Claspin mediator protein, ATR phosphorylates Chk1. Claspin
maintains stable with the present of Chk1 and can be degradated via SCFP™F proteosome. Both
activated Chk2 and Chkl phosphorylate CDC25, marking it for proteosomal degradation by
SCFF® ubiquitin ligase. This regulates the activity of CDK, which controls cell cycle arrest and
facilitates one of the following steps: apoptosis or DNA repair. Chk2 and Chk1 can also facilitate
other processes such as damage induced transcription and chromatin remodeling. In general, the
ATM pathway promotes NHE] repair, while the ATR pathway facilitates HR repair.

Alternatively, YH2AX associates with the DSB-flanking chromatin regions, serving as
a docking platform for MDCI, 53BP1, BRCAI, the MRN complex, and indeed ATM
itself (12). The increased ATM phosphorylates and activates checkpoint kinase 2 (Chk2),
or RADS53 in Saccharomyces cerevisiae, which induces the phosphorylation of CDC25A,
marking it for proteosomal degradation by SCF'T" ubiquitin ligase. This blocks the
activation of the cyclin-dependent kinases (CDKs) and leads to cell cycle arrest. The G1-S
cell phase is thus arrested to avoid the replication of damaged DNA. Recent research showed
that Chk2 also appears to have a conserved function in the control of mitotic progression
following DNA damage after the G2/M transition (13). CDKs orchestrate control of the
cell cycle. The activation of CDKs is also regulated by the mitosis-inhibiting kinase Weel.
In the G1 phase, this ATM signaling pathway facilitates NHE]. In the G2 phase, initial
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activation of ATM is followed by activation by the ATR signaling pathway and repair by HR
(14). In this case, the DSB is resected, leading to formation of ssDNA which is coated and
stabilized by the replication protein A (RPA), and which recruits the ATR-ATRIP complex.
ATR phosphorylates the Chk1 with the help of the Claspin mediator protein (12). Activated
Chk1 phosphorylates CDC25A. This will cause S and G2 arrest. p53, a key player in DNA-
damage checkpoints is also activated by Chk1 and Chk2.

To sum up, the checkpoint generates a broad spectrum of responses to DNA damage,
leading to cell cycle arrest and DNA repair in animals. Although checkpoint activation is
not essential for DSB repair, it modulates how the damage is repaired and whether HR or
NHE] is used for repair (15).

In plants, there is no functional CDC25 homolog identified yet. Mitosis-inhibiting
kinase Weel activates DNA damage checkpoints in an ATM/ATR-dependent manner (16).
Also many other genes, needed for checkpoints in mammals, have not been identified in
plants yet (such as Chkl, Chk2, PLK, p53, Claspin, 53BP1, ATRIP and MDC1). Two
kinds of CDKs have been identified in plants: CDKA and CDKB. They can control the cell
cycle directly. These checkpoint genes are not essential for normal growth in plants, whereas
they are essential in mammals (17).

3. Homologous Recombination (HR)

HR is a mechanism which uses DNA homology to direct DNA repair. It occurs in all life
forms. In eukaryotes, HR is carried out by the Radiation sensitive 52 (Rad52) epistasis
group of proteins, which were initially identified in Saccharomyces cerevisae from the genetic
analysis of ionizing radiation (IR) hypersensitive mutants (18). The Rad52 epistasis group is
composed of Rad50, Rad51, Rad52, Rad54, Rad55, Rad57, Rad59 and the MRX complex.
Most of those proteins are well preserved among eukaryotes. Orthologs have been identified
in mammals and plants (Tablel), except for Rad55/57 and Rad59, which are functionally
replaced by five Rad51 paralogs (19). All HR events are initiated by 5’-3’ resection at the
DSB end, which is facilitated by the MRX/MRN complex. The MRX/MRN complex plays
a critical role in the early DSB response. It has 3’-5” exonuclease, single-strand endonuclease,
and DNA unwinding activities and is involved in the 5°-3’ resection of DSB ends to produce
3’ single-strand overhangs. Sae2 in . cerevisiae and CtIP in mammals are involved together
with the MRX/MRN complex in the processing of DSB ends. Sae2 exhibits endonuclease
activity on ssDNA and DNA strand transition and cooperates with MRX to cleave DNA
hairpin structures. After this initial processing of the DSB resection, it is taken over by the
exonuclease (Exol) and the Sgs1 helicase (20). This may lead to a several-kbp-long region
of single stranded DNA (ssDNA). Mammals and plants have orthologues of those proteins,
suggesting a general mechanism for DSB end processing in eukaryotes.

Once 3’-ssDNA overhangs are generated, they are coated by RPA. RPA directly interacts
with Rad52 in yeast, which recruits Rad51 to load on single-strand DNA by displacing
12



Table 1. HR factors in yeast, mammals and plants.

. . Locus in
Szzcclj‘a‘romyces Hm?w Amézdopszs Arabidopsis Function
cerevisiae sapiens thaliana d ref
and ref.
DNA binding, DNA-
dependent ATPase,
At2G31970 complex with Mrell
Rad50 Rad50 | AtRad50 (169-171) and Xrs2/Nbs1, DSB
ends processing, DNA-
damage checkpoints
3’-5” exonuclease,
complex with Rad50
Mrell Mrell AtMrell ﬁt655}15§2261(;3) and Xrs2/Nbs1, DSB
T end processing, DNA-
damage checkpoints
DNA binding, complex
with Rad50 and Xrs2/
Xrs2 Nbsl | AcNbsl %3(;02680 Nbs1, DSB end
processing, DNA-
damage checkpoints
Sae? CHIP AtCom1/ At3G52115 Endonuclease, DNA
AtGrl (174) strand transition
At5G20850 RecA homologue, strand
Rad51 Rad51 AtRad51 (175-177) invasion
Dmcl Dmcl AtDmcl ?1?5 1233)80 Rad51 homologue
ssDNA binding
and annealing,
Rad52 Rad52 ggadSZ recombination mediator,
interacts with Rad51and
RPA
ATP binding, DNA
At3G19210 binding, helicase
Rad54 Rad54 AtRad54 (180) activity, recombination

mediator

Rad55-Rad57

ssDNA binding,

recombination mediator

Rad59

single-strand annealing

13




Locus in

Sacch’a‘r omyces Homo Améz’dop sis Arabidopsis Function
cerevisiae sapiens thaliana

and ref.

At2G28560
- Rad51B | AtRad51B (181:182)

At2G45280

- Rad51C | AtRad51C (181:183:184)

. RadS1D | ARads1D | A1GO7745 | <DNA binding,

(181;185) recombination mediator

At5G64520
(181)

At5G57450
(186)

At4G21070 checkpoint mediator,
(187;188) recombination mediator

AtBrca2-1, At4G00020

- Xrcc2 AtXrcc2

- Xrcc3 AtXrcc3

Brcal AtBrcal

- Brca2 AtBread-2 (178:179) recombination mediator
Exol Exol At1G18090? | At1G18090? exonuclease

At1G10930 ATP binding, RecQ
Sgsl BLM AtRecQ4A (189) helicases

RPA. RAD51 is present in mammals. But RAD52 is not identified in mammals, BRCA2
fulfills the role of yeast Rad52 (19;21). Recently the orthologs of Rad52 were also identified
in plants (22). Several possible homology directed repair subpathways have been postulated
on the basis of the outcome of the recombination reaction: classical double-strand break
repair (DSBR), synthesis-dependent strand-annealing (SDSA), single-strand annealing
(SSA) and break-induced replication (BIR) (Figure 2) (23). DSBR was initially described to
explain gene conversion and crossover events during meiosis (24). SDSA is based on mitotic
DSB repair data in model organisms (25) and is thought to be the predominant mechanism
to repair two-ended DSBs by HR. SSA may be utilized to repair a two-ended DSB, when
a repeat sequence is present adjacent to the DSB. BIR has been described in yeast and may
be used for one-ended DSBs to restart collapsed replication forks and elongate uncapped
telomeres (26). In plants, there is evidence for the existence of SDSA, DSBR and SSA (27).

After 3’-end resection and Rad51 coating of the ssDNA, the nucleoprotein filament
may invade into a homologous double stranded DNA (dsDNA) sequence and form a
heteroduplex DNA intermediate which is called D-loop. This process occurs in the case of
repair by the SDSA or classical DSBR subpathways (Figure 2). The “X” shaped structure
formed at the border between the hetero- and homoduplex of a D-loop is called a Holliday
Junction (HJ) (28). DNA is synthesized from the 3’ end of the ssDNA beyond the original
break site by D-loop migration to restore the missing sequence information. In the case of
SDSA, the newly synthesized end of the invading strand is released by sliding the HJ toward
14



\ BIR

T
L end resection SSA |

= N SE—

Double-HJ
SDSA HJ resolution HJ dissolution
S X )R
l non-crossover
or v
crossaver non-crossover

Figure 2. Models for DSBs repair via HR.

DSBs can be repaired by several HR pathways, including SDSA, DSBR, SSA and BIR. SDSA,
DSBR and SSA are supposed to repair two-end DSBs. In those pathways, repair is initiated by
end resection to provide 3’ssDNA overhangs. In the SDSA and DSBR pathways, the 3’ssDNA
overhang invades into a strand with a homologous sequence by forming a D-loop, followed by
DNA synthesis. In the SDSA pathway, the newly synthesized DNA forms a migrating replication
bubble and is released from the template to anneal to the ssDNA on the other break end. The next
step is gap-filling DNA synthesis and ligation. This will result in gene conversion. In the DSBR
pathway, the other DSB end is also captured to form a double-H]J intermediate. The double-H]J
structure can be resolved or dissolved in a non-crossover or crossover mode. DSBR can lead to
gene conservation and crossover events. In the SSA pathway, the complementary DNA repeats
(black boxes) serve to anneal the DSB ends and the noncomplementary overhangs are removed,
followed by gap-filling and ligation. SSA produces a deletion between two sequence repeats.
BIR is utilised to repair one-end DSBs. The single DSB end invades into a homologous strand,
initiates a unidirectional DNA synthesis and replicates the entire homologous template arm. A
single H]J is formed and is cleaved to repair the break with a duplication of the chromosome arm
used as a template. BIR might result in a large-scale loss of heterozygosity, or a high mutation
rate by template switching.

the 3’ end. The displaced end can then anneal with the second resected DSB end. After
removing flaps and filling-in gaps, the remaining nicks are ligated to complete this pathway.
In the case of classical DSBR, both DNA ends invade a homologous chromosome to copy
genetic information into the donor chromosome. The DNA joint molecule harbors two
HJs that may be resolved to create a crossover or a non-crossover product. Whereas classical
DSBR is used in meiosis for recombination between the two homologous chromosomes,
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SDSA is used in somatic cells to restore DNA damage using the sister chromatid for repair.

In the case of SSA, the resected ends anneal to each other, which is possible when repeats
are present near the DSB site (Figure 2). The protruding single-strand tails are removed by
nucleases. Then gaps and nicks are filled in by DNA synthesis and ligation. SSA leads to
permanent deletions, so it is error-associated.

For BIR, the DSB end is nucleolytically processed to a single-stranded tail that invades
a homologous DNA sequence, followed by DNA synthesis to replicate the chromosome
template (Figure 2). Unlike SDSA, for BIR a homologous sequence in a non-homologous
chromosome is utilized as a template to initiate repair, and thus BIR can result in a non-

reciprocal translocation.
4. Non-Homologous End Joining (NHE])

The basic NHE] event is the direct joining of DSB ends, which are juxtaposed through end
bridging, end-processed and ligated. NHE] is a potentially less accurate mechanism for
DSB repair, compared with HR. DNA end bridging occurs via protein-protein interactions
between DNA end binding proteins, which bind directly to the DNA ends immediately
after the breaking.

Most factors involved in the NHE] pathway were initially identified in mammalian
systems, such as the Ku heterodimer, DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), DNA ligase IV (Lig4), XRCC4, XLF/Cernunnos (Table 2). The classical
NHE] (C-NHE]J) pathway utilizes Ku, DNA-PKcs, Lig4, XRCC4 and XLF/Cernunnos
as central components; therefore it is also called DNA-PK-dependent NHE] (D-NHE]).
C-NHE] repairs rapidly a large proportion of DSBs. Recent findings show there are also
one or several distinct alternative pathways, so-called backup NHE] (B-NHE]) pathways,
which repair DSBs more slowly in the absence of the C-NHE] factors. B-NHE] pathways
are Ku-independent, but utilize instead poly(ADP-ribose) polymerase (Parp) and DNA
ligase IIT (Lig3) in mammalian cells. The most commonly discussed form of B-NHE] is
the microhomology-mediated end joining (MME]), which is mediated by a stretch of
microhomologous base pairing of about 5 to 25 base pairs (bps).

There are two possibilities for the ligation of the juxtaposed DSB ends in NHE] (Figure
3). Firstly, the ends can be ligated precisely. But the majority of DSBs generated by exposure
to DNA damaging agents does not have ligatable termini and must be processed prior to
ligation. In most cases, this will eventually produce deletions or insertions at the restored
break site. Secondly, micro-homologous repeats surrounding the DSB ends may be aligned
to repair the break by microhomology-mediated end joining (MME]J). The mechanism is
similar to SSA, but the homologous sequence used for MME] is only 5 to 25 bps, which is
much shorter than the homology required for SSA. MME] will delete one of the repeats and
the sequence between the repeats.
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Table 2. NHE] factors in yeast, mammals and plants.

. . Locus in
Sacc@zr omyees Homo Amb.zdop i Arabidopsis Function
cerevisiae sapiens thaliana
and ref.
At1G16970 o
Ku70 Ku70 AtKu70 (151;190;191) DSB CI'ld bm(cilmg,
protection an
Ku80 Ku80 AtKu80 ﬁtslgfg ?)5 0 juxtaposition
- DNA-PKcs | - protein kinase
DNA end processing,
Snm1/Pso Artemis AtSnm]1? Ar3G26680 5’-3’exonuclease,
(59;192)
endonuclease
Pol At1G10520 DNA end processing,
Pol4 family Pol A (60) filling in DNA gap
DNA end processing,
Tppl? PNK - 3’-DNA phosphatase,
5’-DNA kinase
At5G15170 DNA end processing,
Tdpl Tdpl ABG15170 (193) 3’-DNA phosphatase
DNA . At5G57160 ATP-dependent DNA
Dnl4 ligase IV AtLigd (150;152) ligase
. At3G23100 Complex with Lig4,
Lif1 XRCCA | AXRCCA | (2, DNA binding
. XLF/ . .
Nejl Cernunnos | - Ligd/XRCC4 binding
DNA binding,
Parpl AtParpl At2G31320 NAD+ADP-
i 4P (ZAP) (194-196) ribosyltransferease
activity
DNA binding,
Parp? AtParp2 At4G02390 NAD+ADP-
) arp (APP) (99;194-196) | ribosyltransferease
activity
DNA ATP-dependent DNA
) ligase 111 ) ligase
XRCCI | AXRCCI /(*1;1% 80420 | complex with Lig3
. At1G66730 ATP-dependent DNA
AcLigh (101) ligase
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Figure 3. Ligation models of the juxtaposed DSB ends in NHE].

There are different ways for DSB ends to join: direct end joining or MME]. DSB ends can
be joined precisely if the two ends are ligatable. But in most cases, the damaged ends are not
ligatable, and they need end processing before ligation. This may induce deletions or insertions.
For MME], the ends are also processed to ssDNA, followed by strand annealing promoted by
a short stretch of homologous sequence. Any non-paired flaps are removed and the ends are
ligated. This will produce deletions.

4.1 Classical Non-Homologous End Joining (C-NHE])

4.1.1 Detecting and tethering DSB ends

It is generally assumed that NHE] is initiated by the binding of a heterodimeric complex
(Ku) to both DNA ends at the DSB site. The Ku heterodimer is composed of a 70kDa
and 80kDa subunit, termed Ku70 and Ku80 respectively (29). Ku can bind various types
of DNA ends (hairpins, blunt ends and 5’ or 3’ overhangs) in a sequence independent
fashion with a high affinity in vizro (29;30). It associates with the DSB ends immediately
after the generation of the break (31). The redox conditions can regulate the DNA-Ku
binding by changing the structure of Ku, but it is still unclear how this happens (32). The
Ku70 and Ku80 heterodimer forms a ring structure that slides over the DSB ends in an
ATP independent manner (29). Ku stabilizes the DNA ends to facilitate NHE] repair and
protects DSB ends from DNA 5’-end resection which is a prerequisite for HR repair (23).
Ku also recruits other NHE] factors (such as DNA-PKcs, Ligd/XRCC4/XLF) to DSB ends
and serves as a scaffold for the assembly of the NHE] synapse (33).

In mammals, the DNA-Ku complex recruits DNA-PKcs, a ~465kDa member of the
PIKKSs, to form the active DNA-PK holoenzyme. DNA-PKcs is a nuclear protein serine/
threonine kinase. The flexible arm of the Ku80 C-terminal region extends from the DNA-
binding core to recruit and retain DNA-PKcs at DSBs (34). Crystallography studies revealed
that DNA-PKcs forms a large open-ring cradle to promote the DSB repair (35). Electron
18



microscopy studies suggested that DNA-PKcs functions as a DNA-end bridging factor
to tether the broken ends for rejoining (36). Two DNA-PKcs molecules interact across
the DSB with the Ku dimer in a synaptic complex (37). This interaction stimulates the
kinase activity of DNA-PKcs (38). The active DNA-PK catalyzes autophosphorylation and
phosphorylation of other downstream NHE] proteins. DNA-Pkcs phosphorylation appears
to be important for DNA repair. Upon autophosphorylation DNA-PKcs is released from
the DNA ends by changing the conformation (34). This conformation change would make
the DNA ends accessible for the processing enzymes and ligases (39). This suggested that
DNA-PKcs might regulate NHE] by phosphorylation.

In yeast and fungi, no homologues of DNA-PKcs have been identified. Biochemical
evidence shows that the MRX complex takes the role of end bridging in the yeast NHE]
instead of DNA-PKcs (40). Rad50 contains a high-affinity DNA-binding domain and a split
ATPase domain. A functional ATPase is formed when two Rad50 proteins associate. Rad50
may be able to bridge the DNA ends together (41). Mrell interacts with yKu80 and Xrs2
interacts with the Lif1 cofactor of the Lig4 ligase (8). It seems that MRX enables formation
of a stable NHE] complex (23). MRX is the only protein complex that participates in both
NHE] and HR DSB-repair pathways in yeast (23) and thus, might regulate repair pathway

utilization.

4.1.2 Processing DSB ends

DSBs may have various ends. In case of incompatible ends, DSB ends processing is
required to remove non-ligatable end groups and other lesions prior to ligation. Processing
may consist of resection by nucleases, filling DNA gaps by polymerases or addition of 5’
phosphate groups by polynucleotide kinase (PNK) (39). Several accessory enzymes have
been implicated in this process, including Artemis, Mrel1l, DNA polymerase Pol  family
members and PNK, as mentioned above.

In mammals, Artemis, a key end-processing enzyme, may be recruited to DSBs by
interacting with DNA-PKcs (42). The activity of Artemis can be regulated via phosphorylation
by DNA-Pkecs and ATM, suggesting that Artemis may participate in multiple aspects
of the DNA damage response (14;42). Artemis is a 5°-3’ exonuclease and also possesses
an endonuclease activity in a DNA-PKcs-dependent manner to remove both 5’ and 3’
overhangs for NHE] repair and cleave the DNA hairpins during V(D)] recombination (38).
The nucleolytic processing of DNA ends might create small gaps that must be filled in by
DNA polymerase Pol y prior to DNA joining during NHE]. The mammalian Pol y family
includes DNA polymerases 3 (Pol B), Pol p, Pol A and terminal deoxynucleotidyl transferase
(TdT) (43). TdT is a unique template-independent polymerase, which can add random
nucleotides during V(D)] recombination. Pol p is template-dependent, and Pol B and Pol
A can synthesize in both template-independent and template-dependent manner (44). If
DNA ends contain non-ligatable 5” hydroxyls and 3’ phosphates, the mammalian PNK can
modify those groups to facilitate the ligation (45). PNK possesses both 3>-DNA phosphatase
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and 5°-DNA kinase activities and interacts with XRCC4 during NHE] (23).

In yeast, the MRX complex is suggested to have the same function as the mammalian
DNA-PKcs/Artemis complex (4). Mrel1 isa nuclease and can remove hairpinsand 3’-ssDNA
overhangs at the ss/ds DNA junction. So Mrel1 may be involved in end processing in NHE]
(7). Pol4 is the only Pol y polymerase which acts in gap filling without strict dependence
on the template during NHE] in yeast (46;47). The yeast homologue of mammalian PNK,
3’-phosphatase-1 (Tppl), lacks 5 kinase activity (48). Recent reports showed that 3’
nucleosidase activity of tyrosyl-DNA-phosphodiesterase 1 (Tdp1) regulates the processing
of DNA ends by generating a 3’ phosphate and restricts the ability of polymerases from
acting at DNA ends (49).

4.1.3 Ligating DSB ends

After the proper processing of DNA ends, NHE] is completed by the final ligation step. This
rejoining step is carried out by the complex of DNA ligase IV (Lig4) and XRCC4. A third
essential component for the NHE] ligation step is XRCC4-like factor (XLEF, also named
Cernunnos), which stimulates the activity of Lig4 and is required for NHE] and V(D)]
recombination (50;51).

Ligd contains an ATP utilizing catalytic domain in the N-terminal region and two
C-terminal BRCT domains. The two BRCT domains of Lig4 and the linker region between
them interact with XRCC4 to form a stable complex (39;52). The BRCT motifs may also be
involved in the interaction with the Ku complex (53). XRCC4 stabilizes Lig4 and stimulates
its activity (38). The globular N-terminal head of XRCC4 interacts with the DNA helix
(54). Like Ku proteins, XRCC4 acts as a scaffold to recruit other NHE] factors, including
the processing enzyme PNK. The Lig4/XRCC4 complex not only facilitates the ligation step
but may also stimulate the DNA end processing. Lig4 has a high degree of substrate flexibility
in the presence of XRCC4 and XLE. The complex can ligate both blunt ends and compatible
overhangs. It can also ligate across gaps and incompatible ends with short overhangs (44).
XLF has a similar structure as XRCC4, with which it interacts. The crystal structure of XLF
reveals that it has an N-terminal globular coiled-coil head and a C-terminal stalk, which is
suitable for the head-to-head interactions in a 2:2:1 XRCC4:XLF:Lig4 complex (55). XLF
can enhance Lig4d/XRCC4 ligation activity by promoting its re-adenylation, but XLF is
dispensable for the stability of Lig4/XRCC4 complex suggesting that XLF is not essential for
all DSB rejoining (56). Both XRCC4 and XLF are phosphorylated by ATM and DNA-PK,
though phosphorylation seems to be not required for NHE] (57;58).

Homologs of Lig4/XRCC4 have been identified in mammals, yeast and plants,
suggesting that the mechanism by which the ligation step occurs is universal in eukaryotes.
The counterpart of XLF has also been found in yeast and is named Nej1. But so far no XLF
homolog has been identified in plants.

In plants, no affirmative homologues of DNA-Pkcs have been identified until now. This
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suggests that Ku of plants may have more general functions in NHE] pathway than that
of mammals, and it could be that Ku or MRN bridge the two DNA ends together. The
processing of DSB ends in NHE] is largely unknown in plants. Plants contain an Artemis
homologous protein known as Pso2p/Snm1p. However, due to the low similarity of amino
acid sequence between Artemis and Pso2p/Snmlp, they may have different functions in
DNA repair (59). DNA ends may be processed by the MRN complex to make them suitable
substrates for DNA ligase in plants as that in yeast. The only member of the Pol  family
identified in plants is DNA Pol A. It has a close similarity to mammalian Pol  and is
supposed to function as a DNA repair enzyme in meristematic and meiotic tissues (60).

4.2 Backup Non-Homologous End Joining (B-NHE]): Microhomology-Mediated End
Joining (MME])

Nowadays more and more evidence show that the majority of DSBs can be rejoined with
slow kinetics in the absence of C-NHE] core factors, such as DNA-PKcs, Ku70/Ku80 and
Ligd/XRCC4, suggesting the existence of one or multiple alternative or backup pathways
of NHE] (61;62). The alternative pathways were well demonstrated in C-NHE] deficient
cells or in wild-type cells after the treatment with inhibitors against C-NHE] factors (63-
66). Compared to the extremely fast and efficient C-NHE], the alternative pathways are
quite slow and error-prone (67). Defects in C-NHE] are implicated in chromosomal
translocation and gene instability (68-70). Many studies utilizing 7z vitro plasmid based end
joining assays also have provided evidence for the existence of B-NHE] (62;71;72). End
joining is observed in the extracts of DNA-Pkes deficient cells and in Ku-depleted extracts.
Anti-Ku antibodies inhibit DNA end joining strongly only in the presence of DNA-PKcs,
and Ku is also essential for the inhibition of DNA end joining by the DNA-PKcs inhibitor
wortmannin (62). It suggests that Ku, cooperating with DNA-PKcs, directs joining of
broken ends to C-NHE], at the same time suppressing B-NHE]. The repair events via
B-NHE] preferentially use short stretches of homology (5-25bps) (65;73;74), and therefore
this type of repair has also been called microhomology-mediated end joining (MME]). It
seems that MME] is the dominant pathway among the B-NHE] pathways. MME] induces
small deletions and causes gene instabilities (75). Several proteins have been identified as
participating in B-NHE] in mammals: histone H1, poly(ADP-ribose) polymerase-1 (Parp1),
DNA Ligase III (Lig3) and XRCC1 (76;77).

Histone H1 is a major structural component of chromatin with functions in DNA
repair. Protein fractionation and iz vitro end-joining assays showed that histone H1 enhances
DNA-end joining strongly by activating Lig3 and Parp1, suggesting it is a putative B-NHE]
factor (78). Histone H1 has been shown to inhibit HR (79) and C-NHE] (80). It binds to
naked DNA and may juxtapose to form end to end polymers (81), and thus histone H1 may
be an alignment factor operating in B-NHE] (78).

Poly(ADP-ribose) polymerases (Parps) catalyze the covalent attachment of poly(ADP-
ribose) units on amino acid residues of itself and other acceptor proteins using NAD* as
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a substrate in order to modulate various cellular processes by poly(ADP)ribosylation (82).
Among the 17 members of the Parp family, Parpl and its close homologue Parp2 are
activated in response to DNA damage (83). Parp1 has a high binding affinity for DNA SSBs
and DSBs by its two zinc finger motifs. Binding to DNA leads to Parpl automodification
and subsequent release from DNA to allow the access of other repair proteins (76). There
is plenty of evidence that Parp1 is implicated in SSB repair and base excision repair (BER)
and thus prevents formation of DSBs during replication (83;84). Parpl is probably also
involved in B-NHE]. The synapsis activity of Parpl and the ligation activity of Lig3/
XRCC1 were established via a two-step DNA 7 vitro pull down assay with nuclear extracts
and recombinant proteins (85). In absence of DNA-PK or Lig4/XRCC4, DSB end joining
activity was observed, which was dependent on Parpl and Lig3/XRCCI. Recent reports
also show that Parp1 facilitates B-NHE] using microhomology (86). Parp1 binds to DNA
ends in direct competition with Ku to regulate the utilization of C-NHE] and B-NHE]
pathways (87). Parp1 is supposed to be a sensor of DNA breaks and may help to form the
end synapsis. Parp2 may have a similar function as Parp1 (88). Parp2 has a higher afhinity for
gaps or flaps than SSBs, indicating that Parp2 is involved in later steps of the repair process
(88). Parpl regulates the activity of Pol B in long patch BER (89) and interacts with Mrel1
for end processing in the restart of replication forks (90), suggesting that Pol § and MRN
may also function in end processing during B-NHE].

Unlike other DNA ligases, Lig3 appears to be unique to vertebrates. Lig3 is recruited
to SSBs by preferentially interacting with automodified Parp1 (91). Thus Lig3 is considered
to be involved in SSB repair and BER (92;93). Lig3 is also found to play a major role in
end joining by using extract fractionation of Hela cells (94). DNA end joining activity can
be reduced by knocking down Lig3 in Lig4-deficient mouse embryo fibroblasts (94). This
indicates that Lig3 has a potential role in B-NHE] pathway. XRCCI interacts with Lig3 and
is required to stabilize Lig3 (95). XRCCI1 interacts with several other BER and SSB repair
factors as well, such as Parp1 and Pol B (92), suggesting that XRCC1 may act as a scaffold
for the protein assembly (96).

MME] has also been found in yeast which is repressed by Ku70 (97), suggesting that
there may be similar backup NHE] pathway in yeast. Specific B-NHE] proteins have not
been identified in yeast as yet. Although Parp activity is absent in yeast, human Parpl
expression in Saccharomyces cerevisiae leads to the inhibition of growth due to its effects on
ribosome biogenesis (98). Other proteins may replace the function of Parp in yeast.

Like in mammals, there may be backup pathways of NHE] in plants. Homologues of
Parpl and Parp2 have been identified in plants. One is the classical Zn-finger-containing
polymerase (ZAP) and the other is APP/NAP, which is structurally different from the classical
Parp and is lacking the N-terminal Zn-finger domain (99). APP/NAP is a DNA-dependent
poly(ADP-ribose) polymerase and the expression of APP/NAP is induced by deficiency of
Ligl (99). Microarray data also showed that APP/NAP displayed transcriptional induction
in the presence of bleomycin and in the A##80 mutant (100). All these observations
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point to the implication of APP/NAP in DNA repair. Though no homologues of Lig3
has been identified in plants, a novel ATP-dependent DNA ligase, named Lig6, is found
uniquely in plants. Bonatto ez. 4/ (101) found that Lig6 has a high homology with Ligl
and is hypothesized to function in BER and B-NHE]. Recently the work of Waterworth
et. al. (102) showed that the A#/ig6 mutant was hypersensitive to X-ray and delayed in seed
germination.

5. Regulation of DSB repair pathways

As discussed above, eukaryotes have two primary pathways to repair DSBs: HR and NHE].
Both of them play an important role in maintaining genome stability and preventing the
consequent disorders, such as the loss of genetic information, chromosomal translocations,
cell death and diseases like cancer. How do cells modulate the respective usage of those
pathways? Since different pathways generate distinct products, it is an important and
compelling question. Also when the control mechanisms are well studied, ways to regulate
them may be found, and used for instance to increase the usage of HR, which will facilitate
gene targeting. These control factors may also become helpful as biomarkers for cancer
detection and as targets for cancer therapy.

Different organisms prefer different pathways to repair DSB. Yeast tends to use HR,
whereas higher eukaryotes like plants and mammals mainly use NHE] in somatic cells.
This is based on the observation that NHE]-deficient yeast is not sensitive to IR unless HR
is also deficient. In contrast, NHE]-deficient mammals and plants are hypersensitive to IR
whether HR is operative or not (23;103). Higher eukaryotes have larger and more complex
genomes and enormous amounts of repetitive DNA, which may be the reason that NHE]
is preferred in order to prevent mistakes leading to translocation. The choice between the
different forms of DSB repair also depends on the cell type, phase of the cell cycle and
developmental stages of the organism. HR is more efficient in diploid than in haploid yeast
due to template availability and the absense of Nejl, which is involved in NHE] (104).
Though most higher eukaryotes predominately utilize NHE] in somatic cells, Chicken B
cells (DT-40) possess a highly efficient HR machinery (105). Mouse embryonic stem (ES)
cells are more prone to HR, than primary cells (106). HR is the predominant mode of
DSB repair during early neural development, and NHE] takes over the function at the later
stage (107). DSB repair mechanisms are developmentally regulated in plants. Rad51 activity
drops and Ku70 activity increases after germination, therefore, the rate of HR decreases with
plant age in Arabidopsis (108).

It is well documented that NHE] is active in all phases of the cell cycle, whereas HR
is mainly restricted to the S and G2 phases of the cell cycle and directed to the utilization
of the new sister chromatid as a template (104). This means that the cell cycle stage could
be a decisive factor for the selection of the DSB repair pathway when a DSB is generated.
Cell cycle progression is primarily controlled by cyclin-dependent kinases (CDKs) (109).
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In yeast, Cdc28/Clb (Cdk1/cyclin B) is activated in the S/G2 phases and is suppressed in
G1 phase. In the S/G2 phases, active CDK facilitates the DNA resection of DNA ends,
which is the initiation step of HR. DSB ends are resected in 5’-3’- direction to generate
ssDNA, which can anneal with a homologous sequence to effect HR, or if homology is
not available, MME]. It was shown that CDKs phosphorylate Sae2 (budding yeast)/Ctpl
(fission yeast) and the mammalian orhologue CtIP to promote DSB resection and HR
cooperatively with MRX/MRN in the S/G2 phases (110-112). The endonuclease activity
of Sae2 for DSB resection is also regulated by the Cdc28/Cdk1-mediated phosphorylation
in a cell-cycle dependent manner (112). Yun et al. (111) reported that CtIP is required for
both HR in the S/G2 phases and MME]J in G1 in the DT40 cell line. In mammals, CtIP
is also found to regulate DSB resection by interaction with MRN and BRCALI in the S/G2
phases (113). Phosphorylated CtIP recruits BRCA1 to DNA damage sites and increases the
level of ssDNA (111). In the late M/G1 phases, CDK phosphorylates BRCA2, resulting in
disassociation of the Rad51-BRCA2 complex, and in blocking HR (114).

During the cell cycle, the components of different DSB repair pathways seem to
compete for the selection of DSB repair pathway. Ku is always the first factor recruited to
DNA ends due to its high affinity for DNA ends. Ku protects the ends from resection and
interferes with HR during the whole cell cycle. HR factors may also interact with the Ku-
bound ends. Indirect evidence showed that in the S/G2 phase, HR factors, such as CtlP1
and BRCAL, are highly activated by phosphorylation, which facilitates HR over NHE]. In
the G1 phase, the Ku complex recruits the Lig4 complex to stabilize Ku and ligate the DNA
ends via NHE]. Biochemical evidence has shown that Parp physically interacts with Ku and
decreases the affinity of Ku to DSBs so as to favor HR (106;115). Studies with DT40 cells
implicate that Parpl and the post-replicative repair protein Rad18 independently promote
HR and suppress NHE] (116;117). Parp1 also competes for DNA ends with Ku to enhance
B-NHE] in G2 (87;118). Recent results from studies with human somatic cells indicate that
Ku suppresses other DSB repair pathways (HR and B-NHE]), suggesting that Ku could be
a critical regulator of DSB repair choice (74).

In summary, there is a crosstalk between all the DSB repair pathways. The cell cycle
progression could be the key regulator for the switch between NHE] and HR. The regulation
involves among others the availability of repair templates, the activity of CDKs, DNA end
resection and protein competition. HR and NHE] work in a competitive and cooperative
manner to maintain the genome stability.

6. Gene Targeting (GT)

Gene targeting (GT) is a technique by which endogenous genes in the genome are modified
using HR with a transgene. It has broad applications. It is a powerful tool for studying gene
function by the inactivation or modification of specific genes, and it is also a potential means

for gene therapy and biotechnological improvement of crop plants. The implementation
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of HR-based GT relies not only on the design of the sequence homology between the
exogenous transforming DNA molecule (the donor) and the chromosomal DNA (the
target), but also on the DNA-repair system used by the target cell. Efficient GT has been
achieved in yeast, fungi and some cell lines, such as mouse embryonic stem cells, chicken
DTA40 cells, and human Nalm-6 pre-B cells (119;120). However, GT is inefficient in plants,
and most other animal and human cell lines. How to improve the frequency of GT events
in these organisms is a big issue and challenge.

There are several strategies to select and detect gene targeting events, one of which,
the positive/negative selection (P/NS) scheme, proved to be very successful. In the P/NS
strategy, the targeting construct contains a positive selectable marker placed in between
homologous regions and a negative selectable marker gene placed outside the homology
(121). It enriches for gene targeting events by selection for the positive selection marker and
against the negative selection marker, thus reducing transformants in which the transgene
had integrated by non-homologous recombination. The Herpes simplex virus thymidine
kinase gene (HSV-TK) and the diphtheria toxin A-chain gene (DT-A) have been commonly
used as negative selection markers in mammals (121;122). Also in plants several negative
selection marker genes have been tested (123-125) and the results depended on the species
and the developmental stage.

Based on the mechanism of GT, there are two general ways to increase the frequency
of GT events. The first one is to genetically modify the organisms in order to facilitate the
HR pathway by either increasing the HR components or reversely by blocking the NHE]
pathway. The second is to introduce specific DNA breaks in the target sequence so as to
increase the chance of recombination at the target locus.Sufficient homology between the
targeting vector and the target locus obviously is also important. In murine embryonic cells,
a dramatic increase in the targeting frequency can be observed by an increase of homology in
a range between 2 and 10kb (126). If the area of homologous DNA is reduced to below 1kb
in length, gene targeting is strongly diminished (127). The need for homology is saturated
by ~14kb (126).

6.1 Facillitating the HR pathway
Several reports showed that elevation of the expression of exogenous HR components, such
as Rad51, Rad52 and Rad54, can enhance gene targeting frequencies (128-131). Previous
reports also showed that HR could be enhanced by expression of bacterial RecA provided
with a nuclear localization signal in mammals and plants (132;133). Enhanced gene targeting
was also observed by overexpression of Rad51 in murine embryonic stem cells (128). In the
yeast Saccharomyces cerevisiae, yRad52 and yRad51 are required for the targeted integration
of Agrobacterium T-DNA via HR (134). Di Primio ez al. (129) expressed the yRad52 in
human cells and this increased the frequency of gene targeting by 37 fold. They proposed
that yRad52 has a greater aflinity for ssDNA to promote strand exchange than hsRad52,
suggesting that the yeast protein could be used as a tool to enhance gene targeting. Recently
25




Kalvala et al. (130) followed up on this finding by delivering yRad52 directly into the
human cells by the fusion of yRad52 to the arginine-rich domain of the HIV TAT protein
(tat11), which is known to permeate cell membranes. The recombinant yRAD52tat11 still
maintained the ability to bind ssDNA and promote intrachromosonal recombination after
entering the nuclei of the cells. By using this approach, a 50-fold increase of gene targeting
was observed. This approach of expression of yeast HR proteins to improve gene targeting
was also utilized in plants. Shaked ez al. (131) expressed the yRad54 in Arabidopsis plants
and gene targeting was analyzed using a high-throughput assay based on visual screening of
GFP in seeds. An increased frequency of gene targeting by 27 fold on average was found.
yRad54, a member of the Swi2/Snf2 family of ATP-dependent chromatin remodeling
factors, promotes strand invasion in HR. Disruption of the Rad54 gene reduced gene
targeting and increased radiation sensitivity in various species (135;136). Thus Rad54-like
activity may be a limiting factor in gene targeting. All of these observations indicated that
elevated expression of the factors involved in HR could be potentially useful to increase gene
targeting. Whether it can be utilized in other organisms like livestock or crop plants, is still
unknown.

Since random DNA integration in yeast can be suppressed by a deficiency in NHE]
(137), the number of gene targeting events may be increased after disruption of NHE].
So far, this has been well manifested in lower eukaryotes, such as yeast and several species
of filamentous fungi (134;137-145). Unlike the yeast Saccharomyces cerevisiae, other yeasts
and fungi preferably use NHE] over HR for DNA integration, leading to a low efficiency
of gene targeting. This can be dramatically improved to 80%-~90% after the abolishment of
the NHE] system, compared to less than 10% in the wild-type background (137;138;140-
142;145). Like in fungi, NHE] is also the predominant DNA repair pathway in plants
and animals. A similar approach was used to improve gene targeting in plants and animals.
Since the NHE] components have important functions in early mammalian development,
viable NHE] mutants are hard to obtain and most research has therefore been done only
with cell lines. In human somatic HCT116 cells with the Ku70*" genotype, the frequency
of gene targeting was increased by 5-10 fold compared to that in wild-type cells, and the
result was affirmed by using RNA interference (RNAI) or short-hairpinned RNA (shRNA)
strategies to deplete Ku70 in the cells of wild-type background (146). The GT frequency
was further increased by 30 fold in the Ku70*" cells of combined with the RNAi of Ku70.
Recently, a 33-fold increase in gene targeting was also observed using the RNA| treatment
of Ku70 and XRCC4 in human somatic HCT116 cells (147). The targeted integration
was enhanced by Lig4 knock-out in chicken DT40 cells, but not in human Nalm-6 cell
lines indicating that the impact of NHE] factors on gene targeting varies between cell types
(148). In murine embryonic stem cells, the gene targeting frequencies were increased by 3
fold in parp1 knockout cells, but not in 4280 or DNA-PKes knockout cells, suggesting that
Ku80 and DNA-PKcs would also be involved in HR or that a B-NHE] is activated (149).
Few reports described similar experiments in plants until now. Unlike mammals, most of
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the NHE] mutants in plants have no obvious phenotype under normal growth conditions
(150-154), which gives us more chances to study the effects of these NHE] factors on gene
targeting. Tanaka et al. (155) claimed highly efficient gene targeting in an Arabidopsis A#lig4
mutant by introducing double strand DNA fragments to plant cells with a particle gun.
However, this result is probably the result of PCR artefacts.

6.2 Introducing DSBs in the target

Targeted recombination will be enhanced by the introduction of genomic DSBs at the
target site. This has been demonstrated in a wide range of animal and plant species (156).
Meganucleases, which can generate DSBs at a specific large recognition site in the genome,
are preferably used for this purpose. Meganucleases are sequence specific endonucleases with
long recognition sequences (12-45 bp), including not only the natural homing nucleases,
such as HO and I-Scel, but also the artificial endonucleases such as Zinc Finger Nucleases
(ZFNs).

HO of budding yeast can induce HR by creating a DSB at the MAT locus to switch the
mating type (157). I-Scel, encoded by a mitochondrial intron of Saccharomyces cerevisiae, can
help to convert intronless alleles into alleles with an intron (158). Though gene targeting can
be increased considerably by the use of the natural homing endonucleases (156;159;160), its
application is so far limited to artificial target homing endonucleases recognition sites that
are present in the target sites. Recently, however, a combinatorial approach was reported to
redesign homing endonucleases to match with target sites that are naturally present in the
genome (161).

Artificial ZFNs do not need the pre-insertion of recognizing sites into the target
genome, making them useful as a novel genomic tool. ZFNs consist of the nonspecific
DNA cleavage domain of the Fokl enzyme and a specific DNA binding domain composed
of several engineered Cys -His, zinc fingers. The cleavage activity of the Fokl domain
requires dimerization. The DSB can be generated in a spacer sequence (5-7bp) between the
two ZFN monomers binding sites when they bind together in a tail to tail configuration.
Since one single ZF recognizes 3 bases of DNA sequence, a heterodimer of two ZFN, each
containing 3 to 6 ZFs, could recognize 18bp to 36bp target site, which is enough to define
a unique sequence in most organisms statistically. ZFNs have been successfully used for
GT experiments in a lot of organisms, such as Drosophila, Xenopus, Caenorbabditis elegans,
zebrafish, human cell lines, Arabidopsis, tobacco and maize. The increase of GT frequencies
vary from 10 to 10000 among different organisms and cell types (162-165). The activity and
the expression level of ZFNis in the target cells also influence the GT efhiciency. There are still
some problems that need to be solved with this strategy. One issue is about the specificity
and the toxicity of the ZFN (166-168). If ZFNs are not extremely specific and can cut the
genome at off-target sites, they will cause instability of the genome and be toxic. The safety
of ZFNs needs to be improved by optimizing the design of the ZFNs’ structure or regulating
the expression level and duration of the presence of ZFNs in the target cells.
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7. Outline of the thesis

Non-homologous end joining (NHE]) is the predominant pathway for the repair of DNA
double strand breaks in higher eukaryotes, such as plants and mammals. This pathway has
been well characterized in yeast and mammals, but in plants no detailed analysis has been
described. In mammals, it includes the classical NHE] (C-NHE]), which is dependent on
Ku proteins, and the backup NHE] (B-NHE]), which is dependent on the Ku proteins and
is much less characterized (61-63;94). In plants, the major components of the C-NHE] have
been identified (19). The NHE] pathway is used for random integration of T-DNA in yeast.
Inactivation of NHE] in yeast and fungi prevented integration by non-homologous end
joining (134;145). As a consequence, T-DNA integration could only occur by homologous
recombination (HR; gene targeting). The first objective of this project was to investigate
the NHE] pathway in plants and to find out whether the B-NHE] pathway exists in plants
using Arabidopsis thaliana as a model. The second objective was to analyze whether gene
targeting frequencies increased in the absence of NHE] as had been found in yeast and fungi
(134;137;145).

Several NHE] single mutants were ordered from the Salk collection for our research, such
as Atku70, Atku80, Atlig4, Atmrell, Atparpl, Atparp2 and Atlig6. They were functionally
characterized in this thesis. Some double and triple mutants were also obtained by crossing
the single mutants. In chapter 2, the T-DNA insertion single mutants (Azku70, Atku80,
Atlig4), which are deficient in the main components of C-NHE], are described. Together
with Atku70 (Ws) and Atmrel 1 (Ws), which had been characterized by our lab previously,
they were all tested for the frequency of T-DNA integration and gene targeting.

As it was reported that Parp1 and Parp2 not only are involved in SSB DNA repair, but also
in the B-NHE] pathway in mammals (83;85;87), the orthologs of Parp proteins have been
identified in plants as well (99), DNA repair in Aparpl and Atparp2 mutants was studied
in chapter 3 and chapter 4. Chapter 3 describes the characterization of the Asparpl and
Atparp2 mutants. The results show that also in plants the AtParp proteins play an important
role in SSB repair and that they are also involved in B-NHE] using areas of micro-homology.
Chapter 4 focuses on how exactly the DNA ends join in the NHE] mutants, which were
deficient in C-NHE], B-NHE] or both. To this end, the Az 1p2 double mutant and the
AtpIp2k80 triple mutant were obtained by crossing. The results are in accord with chapter
3 showing that AtParp proteins facilitate MME]J, and also suggest that AtKu plays a role
in DNA end protection and thus prevents MME] and HR. Unexpectedly, the Azp1p2k80
triple mutant still has the ability of end joining indicating that there must exist even a third
pathway for end joining besides C-NHE] and B-NHE].

DNA ligase 3 (Lig 3) has been reported to ligate the DNA ends for DNA repair in the
B-NHE] pathway in mammals (94). Since no ortholog of Lig3 was found in plants, a plant
specific DNA ligase 6 (Lig6) was postulated to function in B-NHE]. Chapter 5 presents the
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study on the two Arlig6 mutants showing that A#lig4/ig6 double mutants still ligate DNA

ends and integrate T-DNA. The 7 silico analysis of DNA ligases in plants revealed another

possible candidate, which is possibly involved in B-NHE].
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