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Abstract

Homologous recombination (HR) is essential for the repair of severe forms of DNA
damage such as double strand breaks and interstrand cross-links. The highly
conserved RADS]1 protein is central to this process and forms nucleoprotein filaments
on ssDNA that catalyse strand exchange. In mammalian cells, five genes that share
sequence homology with RADS1 have been identified; XRCC2, XRCC3, RAD5ILI,
RADSIL2 and RADSIL3. Interactions amongst the RADS 1-like proteins have been
demonstrated but at present little is known about their functions in HR. Progress has
been hampered in the cases of RADS5IL1, -L2 and -L3, which were identified through
database homology searches, because of a lack of suitable mutant cell lines in which
to study them.

Cultured mammalian cell lines, selected for sensitivity to DNA-damaging
agents, have been used to clone and characterise the function of genes from several
DNA repair pathways. The irs3 cell line was isolated from the Chinese hamster line
V79-4 in a screen for radiosensitive mutants and has a unique genetic defect. irs3
cells are sensitive to X-rays (2-fold), ethyl methanesulphonate (2.5-fold) and
especially mitomycin-C (MMC) (7-fold), as well as showing chromosomal instability.
In this study, the sensitivity of irs3 to DNA-damaging agents was found to be
substantially complemented by expression of the human R4AD51L2 gene, but not other
RADS51-like genes or RADS51 itself. An increased level of spontaneous chromosome
aberrations was also complemented by RAD51L2 cDNA expression. irs3 cells were
found to have little or no RAD51L2 cDNA and RADSI1L2 protein. This is likely due
to a G—T base substitution at the first nucleotide of exon 6 in the hamster RAD5IL2
gene, which encodes an amino acid change of Val to Phe and disrupts the exon 6 3°
acceptor splice site.

In collaboration with Dr. Jean-Yves Masson and Dr. Steve West (Cancer
Research UK, Clare Hall Laboratories, London), two RADS51-like protein complexes
were shown to exist in hamster cells as they do in human cells. Strikingly, neither
complex is formed in irs3. Site-directed mutagenesis of the invariant lysine in the
RADS51L2 Walker A box ATP-binding domain showed that this residue is required
for MMC resistance. Consistent with a role in HR,the RADS51L2 protein was found
to localise to the nucleus. This localisation was dependent on the eleven amino acids
at the C-terminus of the protein.

irs3 cells showed a reduced number of MMC-induced sister chromatid
exchanges compared to wild type cells. irs3 cells were also found to be defective in
damage-dependent RADS1 focus formation, providing the first evidence that
RADS5IL2 is involved in repair via RADSI1-dependent HR. Using the I-Scel
endonuclease to generate a double strand break, it was found that gene conversion is
decreased 7-fold in irs3 compared to wild type cells. In summary, this study provides
data which identify irs3 as a RADS1L2-deficient cell line and demonstrate that
RADS51L2 plays a key role in RAD51-dependent HR processes.
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CHAPTER 1: Introduction

The mammalian genome is continually exposed to sources of damage that induce a
variety of DNA lesions. These lesions alter the genetic code and in some cases block
vital processes such as transcription and replication. It is important, particularly in
dividing cells, that chromosomes do not undergo replication or segregation whilst
carrying damaged DNA, as this can lead to mutations being fixed in the genome.
This may result in genetic instability that is known to be associated with cancer
development.

To combat this situation, mechanisms have developed to detect and repair
DNA damage. Their importance is demonstrated by the fact that many of the
pathway components are conserved through evolution. Defects in DNA repair genes
are linked to a number of diseases that often include a predisposition to cancer. They
also affect the sensitivity of patients or tumour cells to cancer treatments such as
radiotherapy. An increased knowledge of DNA repair would lead to a better
understanding of cancer and may allow more effective cancer treatments to be

developed (Lindahl and Wood, 1999).
1.1 Sources of DNA damage

There is a large range of agents that can damage DNA which originate from both
internal and environmental sources. Highly reactive free radicals are generated from
oxygen and water during normal cellular processes and external agents such as
sunlight, ionising radiation and tobacco smoke are encountered regularly during daily

life.
Exogenous damaging agents:
Exogenous agents can be broadly divided into two groups; physical and chemical.

The most common physical source of damage that cells are exposed to is radiation.

The short-wave ultraviolet (UV) component of sunlight can induce dimerisation of



adjacent pyrimidines in DNA. The main lesion is the cyclobutane pyrimidine dimer
(CPD) and a further lesion is the 6-4 photoproduct (6-4PP). Both of these lesions can
significantly distort the DNA helix and block transcription and replication. The
nucleotide excision repair (NER) pathway is responsible for removing CPDs and 6-
4PPs as well as other bulky adducts from DNA. Defects in the NER pathway are
responsible for the inherited disease xeroderma pigmentosum (XP) and demonstrate
the importance of its function. Patients display an extreme sensitivity to sunlight and
a greatly elevated risk of skin cancer (de Laat e al., 1999).

Ionising radiation (IR) exposure can come from both natural and man-made
sources. In the UK most people receive the majority of their exposure (85%) from
natural sources, mainly radon gas from rocks (50%). Smaller amounts of y-rays also
come from rocks (14%) and some radioactive material is ingested with our food and
drink (11.5%). Cosmic radiation from outer space accounts for approximately 10% of
our overall dose. About 15% of our exposure to IR is attributed to man-made sources.
The use of IR in medicine for radiotherapy and disease diagnosis takes up nearly this
entire category (14%). The remaining amount (<1%) is made up from industrial
activity and weapons fallout (http://www.nrpb.org/radiation_topics/risks/exposure.
htm).

IR can induce a huge range of lesions in DNA including single-strand breaks
(SSBs), double strand breaks (DSBs) and various types of base damage. They are
caused either directly by the ionisation of DNA or indirectly by the generation of
hydroxyl radicals from cellular water that attack DNA. As well as single sites of
damage, IR can cause clustered DNA damage. This means that two or more lesions
are produced on opposite DNA strands within two .helical turns (Goodhead, 1994).
The base excision repair (BER) pathway is responsible for the removal of most simple
damages eg. modified bases, SSBs and abasic sites that result from insult by IR.
However, the simultaneous processing of damages on opposite DNA strands (ie.
clustered damage) by BER can generate a DSB, a very genotoxic lesion (see section
1.4.1). It is thought that clustered damages may therefore be repaired sequentially in

order to avoid DSB formation (Dianov et al., 2001).



There are a huge variety of chemical compounds that can damage DNA. The
genotoxic properties of some of these chemicals are utilised in chemotherapy. The
interstrand cross-linking (ICL) agents psoralen, mitomycin-c (MMC), cisplatin,
nitrogen mustard and nitrosoureas are all used for this purpose. MMC is frequently
used in this study and must undergo a cycle of oxidation and reduction in the cell to
become active, a process that is stimulated in the hypoxic environment of many solid
tumours. MMC interacts with guanines and forms adducts, intrastrand and interstrand
cross-links. In addition, reactive oxygen species released during the activation of the
chemical cause further damage to the cell. Although only 5-13% of the adducts
induced by MMC are ICLs they are thought to be the main reason for its toxicity
(Dronkert and Kanaar, 2001).

ICLs are an extremely toxic lesion because they stop DNA strands from
separating and hence block transcription, replication and segregation. The mechanism
of ICL repair has been studied extensively in bacteria and yeast but is poorly
understood in mammals. Hamster cells mutated in homologous recombination repair
(HRR) genes and certain NER genes, namely ERCCI! and ERCC4/XPF, are
hypersensitive to ICL agents and are therefore thought to participate in ICL repair. In
yeast most NER proteins take part in ICL repair, but in mammals it appears that only
ERCC1 and ERCC4/XPF play a role. This suggests there are species differences in
ICL repair mechanisms, it is anticipated that repair will be more complex in
mammalian cells and more proteins will be involved. It is thought that initial
incisions next to the cross-link are made by ERCC1-XPF followed by either HRR,
break-induced replication (BIR) or single-strand ane.aling (SSA) (see sections 1.5.3
and 1.5.4), and possible further incisions by ERCC1-XPF. It should be noted that as

yet there is no direct evidence for BIR in mammals (Dronkert and Kanaar, 2001).

Endogenous damaging agents.

DNA is prone to damage from reactive oxygen species (ROS), such as hydrogen
peroxide, superoxide and hydroxyl radicals, which are by-products of normal cellular

metabolism. The action of ROS can produce abasic sites, modified bases and SSBs n



DNA. They can also attack other components of the cell such as phospholipid
membranes. Aldehydes produced as a result of lipid peroxidation can react with DNA
and form adducts (Marnett and Plastaras, 2001). Like all macromolecules, DNA
undergoes decay over time, even in the absence of ROS. This occurs spontaneously
via hydrolysis, oxidation and nonenzymatic methylation (Lindahl, 1993). Most
endogenous DNA damage is repaired by BER.

Internal damage accounts for a significant number of DNA lesions.
Approximately 400 uracils and 9000 abasic sites, which are formed by cytosine
deamination and hydrolytic depurination respectively, are estimated to be generated in

the human genome each day (Kunkel, 1999).






1.2 DNA damage and replication

Although cells possess a variety of DNA repair mechanisms, some unrepaired lesions
are still present when the DNA comes to be replicated. DSBs can arise by replication
across a SSB or by rupture of a DNA strand at a stalled replication fork. Human cells
are estimated to suffer around 10 DSBs every time a cell divides (Haber, 1999). HR
is thought to play a major role in the repair of DNA damage during replication, this is
discussed in more detail in section 1.5.5.

It has been known for some time that cells are able to bypass replication
blocks in DNA; this is inherently an error-prone process. Recently, enormous
progress has been made in the field of translesion synthesis (TLS) and the ‘DNA
polymerase switch model’ has emerged to explain its occurrence. When the
replicative DNA polymerase encounters a block it is transiently replaced, usually by
members of the Y-super-family of polymerases. These enzymes are typically slow
when compared to classical polymerases and replicate undamaged templates with low
fidelity, but have the ability to copy lesion containing DNA (Pages and Fuchs, 2002).
One of these enzymes, Poln, can replicate accurately through a TT CPD, the major
lesion caused by sunlight. The crystal structure of Poln shows that its active site is
quite open and can accommodate two template nucleotides rather than the one that
other polymerases hold, making it ideal for this function. About 20% of patients
displaying the symptoms of XP do not have a defect in NER and have been
designated XP-variants (XPV). A number of these patients have mutations in the
Poln gene, showing that error-free replication of UV-damaged DNA prevents cancer

formation (Lehmann, 2002; Prakash and Prakash, 2002).



1.3 Mechanisms of response to severe DNA damage

The pathways that respond to DNA damage must be finely tuned and selective. They
need to be sensitive enough to be triggered by very small amounts of damage, for
example one DSB. Damaged DNA is recognised either directly or indirectly by
sensor proteins that signal the presence of abnormalities. Transducer proteins amplify
the signal via protein kinase cascades and target a series of effector molecules that
initiate the damage response (Fig. 1.2).

One response to DNA damage is to slow progression through the cell cycle.
This is thought to provide time for repair pathways to act on lesions and prevents
damaged DNA from being replicated. These temporary halts in the cell cycle are
referred to as ‘checkpoints’ The G1/S and intra-S checkpoints prevent entry into S-
phase and slow progress through S-phase respectively, stopping the replication of
damaged DNA. The G2/M checkpoint blocks entry into mitosis and stops the
segregation of damaged chromosomes.

Another DNA-damage response 1is an increase in synthesis of
deoxyribonucleotides (ANTPs) which are required for the DNA sythesis step of repair.
This response is particularly important in non-dividing cells and is achieved partly by
transcriptional induction of the ribonucleotide reductase subunit p53R2 by p53.
Finally, if the damage inflicted is deemed too great to repair, cells are targeted to the

apoptosis pathway. As yet it is not clear how this decision is reached (Jackson, 2002).






1.3.1 ATM and ATR sense and signal DNA damage

ATM (ataxia-telangiectasia mutated) and ATR (ATM and Rad3 related) are
considered to be at or near the ‘start’ of the damage-signalling pathway (Abraham,
2001)

ATM has been more extensively studied than ATR because it was discovered
first and is associated with the human syndrome AT (ataxia-telangiectasia). AT is a
rare, autosomal-recessive inherited disorder with a complex phenotype. Patients
exhibit progressive neuronal degeneration, immunodeficiency, sterility, small stature
and telangiectasia (dilation of small blood vessels) in the face and ears. They are also
clinically radiosensitive and predisposed to cancer (60-180 fold increase), with the
majority of the malignancies being lymphomas and T-cell leukemias. AT cells
display chromosome breakage, telomere instability, dysfunctional apoptosis and a
reduced p53 response. They also show radiosensitivity but are not sensitive to agents
such as UV light or replication inhibitors that do not cause DSBs. In addition, AT
cells are defective in the G1/S, intra-S and G2/M checkpoints and show radioresistant
DNA synthesis (RDS) (Kastan and Lim, 2000; Thompson and Schild, 2002).

The ATM gene encodes a large 370kDa S/T kinase that belongs to the
phophoinositol 3-kinase (PI3K) family of proteins. Other members of this family
include ATR and DNA-PK, as well as the yeast checkpoint proteins Mecl from
S.cerevisiae and Rad3 and Tell from S pombe. The catalytic domain is located
towards the C-terminus of the protein and is flanked by two FAT
(FRAP/ATM/TRRAP) domains.

Atm knockout mice are viable but develop thyn.lic lymphomas at an early age.
Atm™ mouse embryonic fibroblasts (MEFs) undergo premature growth arrest and
show elevated levels of p21. This growth arrest is not seen in MEFs from Atm™
Trp53” and Atm™ p21'/' double knockout mice. A’ Trp53” animals show an
accelerated rate of tumour formation whereas Arm™ p21”" animals show a delay in the
rate of tumour formation but increased radiosensitivity. The phenotype of Am

heterozygous mice is less severe than that of the A#m homozygotes. Treatment of Atm



heterozygotes with a low dose of radiation causes premature greying and reduces life
span (Barlow et al., 1999).

In contrast to Atm knockout mice, Atr knockout mice die during the early
stages of embryonic development. A#" cells show chromosome fragmentation,
apoptosis and loss of proliferation potential. Both mouse and chicken DT40 47TR™
cells are not viable. Expression of a dominant negative form of ATR, mutated in the
kinase domain, results in radiosensitivity and an ineffective G2/M checkpoint. Unlike
ATM-deficient cells, they are also sensitive to UV light and DNA replication
inhibitors (Durocher and Jackson, 2001).

ATM and ATR have been shown to phosphorylate a large number of proteins
including MDM2, p53, CHK1, CHK2, BRCA1, NBSI, ¢c-ABL, FANCD2, H2AX,
and RPA, by either in vitro or in vivo experiments. These proteins are involved in
signalling via many pathways, which can bring about processes such as apoptosis and
the stress-mediated transcription of genes. The roles of ATM and ATR in checkpoint
signalling and the activation of DNA repair genes is discussed below and outlined in
Fig. 1.3. ATM and ATR appear to operate in partially overlapping pathways and are
able to act on many of the same substrates. In AT cells the substrates of ATM are still
phosphorylated after damage but with slower kinetics, presumably by ATR.
Overexpression of ATR can also complement some of the phenotypes of ATM-
deficient cells such as RDS. However, although ATM and ATR have overlapping
functions they are activated by separate signals. ATM mediates the phosphorylation
and stabilisation of p53 in response to IR, whereas ATR is required for the signalling
of both UV damage via the rapid phosphorylation of p§3 and stalled replication forks.

The way in which ATM and ATR are induced after damage has been a long-
standing question. However, the mechanism of ATM activation has recently been
elucidated. In unirradiated cells ATM is held as an inactive dimer or multimer, with
the kinase domain bound to a region around S1981, which is located in the FAT
domain. After treatment with IR rapid autophosphorylation of ser 1981 occurs which
causes dimer dissociation and initiates kinase activity. This is a very sensitive
mechanism and most ATM molecules in a cell are activated after doses as low as

0.5Gy (Bakkenist and Kastan, 2003).



An important function of ATM and ATR is the activation of checkpoints,
which slow down the cell cycle and allow time for lesions to be repaired. There are
two mechanisms in which the G1/S checkpoint is activated and it is unclear whether
they are used simultaneously or independently. The first mechanism involves the
activation and stabilisation of p53 by ATM/ATR. This occurs in three different ways
and illustrates how ATM and ATR can act on several members of the same pathway
in order to ensure a particular outcome. Firstly, ATM/ATR phosphorylates p53 on
serl5, which causes p53 transcriptional activation. Secondly, ATM/ATR act on
CHK2, which goes on to phosphorylate p53 on ser20. This modification makes it
more difficult for the ubiquitin ligase MDM2 to bind to p53, hence stopping p53
degradation. Thirdly, ATM/ATR phosphorylates MDM2 directly, which prevents it
binding to p53. The resulting increase in p53 levels causes transcriptional induction
of p21 that inhibits the CDK2-cyclin E complex, which is normally responsible for
the G1 to S transition. The second mechanism is rapid and p53 independent. ATM
activates CHK2, which then phosphorylates CDC25A. This targets CDC25A for
destruction and stops it from activating the CDK2-cyclin E and CDK4-cyclin D
complexes (Fig. 1.3) (Nyberg ez al., 2002).

Details of the intra-S checkpoint can be found in section 1.3.3. ATM/ATR
phosphorylate NBS1 (part of a complex with MRE1l and RAD50), BRCAIl and
FANCD2. All of these proteins are thought to play some part in delaying S-phase.
The G2/M checkpoint mainly functions to block CDC25C activity, which usually
assists entry into mitosis by removing inhibitory phosphatases on CDC2. ATR and
ATM phosphorylate CHK! and CHK2 respectively, which then phosphorylate
CDC25C on ser216 creating a binding site for 121-3-3 protein.  14-3-3 moves
CDC25C into the cytoplasm and renders it catalytically less active. The protein weel
can also be phosphorylated by CHK 1, this provides a binding site for 14-3-3 and the
resulting complex acts to inhibit CDC25C. Finally, p53 induces 14-3-3G after DNA
damage and triggers it to bind directly to the CDC2-cyclin B complex and sequester it
to the cytoplasm (Fig. 1.3) (Nyberg et al., 2002).

ATM is known to regulate several proteins linked to DSB repair. As noted
above, ATM phosphorylates NBS1, which as part of the NBSI/MRE11/RAD50



complex has been linked to repair by both HR and NHEJ. It also phosphorylates
BRCAI and can activate BRCA1 indirectly by acting on CHK2 and CtIP to cause
their dissociation from BRCA1l. BRCAI and RADS5I, a key protein in HRR, have
been shown to form a complex in response to DNA damage. In addition, it has been
suggested that signalling through ATM may cause c-ABL to phosphorylate RADS1.
However, ¢c-ABL is not essential for ATM’s chromosome maintenance functions in
chicken DT40 cells (Kastan and Lim, 2000; Shiloh, 2001).

The radiosensitive phenotype of AT cells could result from a deficiency in
repair rather than just defective checkpoints. There is genetic evidence from DT40
cells that suggests a role for ATM in the HRR pathway. ATM Ku70"" double
knockout cells show radiosensitivity and a greatly elevated level of IR-induced
chromosome aberrations whereas ATM RAD54" show only slightly higher
aberrations levels, placing ATM and RADS54 on the same pathway (Morrison et al.,
2000).
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1.3.2 Functions of BRCA1 and BRCA?2 in the DNA damage response

Around 10% of all breast cancer cases show a familial pattern of inheritance.
Germline mutations in the BRCAI or BRCA2 gene account for a significant number of
these cases and have also been associated with other cancers including those of the
ovaries and pancreas. BRCAI and BRCA2 mutations are highly penetrant and patients
carrying a mutation in one allele of BRCA2 are associated with a lifetime risk of
breast cancer incidence of up to 85% (Nathanson et al., 2001). The roles of BRCALI
and BRCA2 in cancer susceptibility and DNA repair have been recently reviewed
(Liu and West, 2002; Venkitaraman, 2002).

Disruption of Brcal and Brca2 in mice leads to embryonic lethality. Brcal-
and Brca2-deficient cell lines show elevated levels of spontaneous and induced
chromosome aberrations, increased sensitivity to DNA damaging agents and higher
mutation rates. These cell lines are also defective in HR as measured by the I-Scel
DSB assay (see Chapter 5). In addition Brcal cells appear to be impaired in SSA
whereas Brca?2 cells are proficient for SSA (Jasin, 2002).

The BRCAI and BRCA2 genes code for two large proteins of 208kDa and
384kDa respectively. The BRCALI protein has an N-terminal RING domain, which is
implicated in several protein-protein interactions. The C-terminus of BRCAI
contains two BRCT domains, which are found in many proteins involved in DNA
repair and cell cycle control. The main feature of the BRCA2 protein is eight BRC
repeat motifs. They are found in the middle of the polypeptide and provide a binding
site for RADS51 (Venkitaraman, 2001).

The BRCA1 and BRCA2 proteins are poorly .conserved across mammalian
species. For example, the human BRCA1 protein shares just 56% sequence identity
with the mouse BRCAI protein. This is much less than that shown by other
comparable proteins such as p53 and RADS1, which show 77% and 99%, sequence
identity between human and mouse respectively. However, functional conservation
of the BRCA1 protein must exist because human BRCA! can rescue the embryonic
lethality of BRCAI-deficient mice. As yet, no BRCAl or BRCA2 homologues have
been found in budding or fission yeast, although BRCA2 homologues have been
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identified in a diverse range of other eukaryotic species and BRCA1 homologues have
been identified in chicken, frog and worm (Jasin, 2002).

BRCAI and BRCA2 localise to the nucleus and are widely expressed during
S- and G2-phase. They also co-localise with RADS!1 to nuclear foci in S-phase or
after treatment of cells with DNA damaging agents. In addition, the BRCA1 protein
has been shown to bind to DNA with preference for branched structures and long
molecules. At present the significance of this finding is unclear.

The BRCA2 protein interacts directly with RADS51, a protein essential for
DSB repair by HR. This interaction occurs primarily via the eight BRC repeats found
in BRCA2. The RADSI protein coats ssDNA substrates to form a nucleoprotein
filament that invades homologous templates and initiates strand exchange.
Interestingly, RADS1 filament formation is suppressed, and pre-assembled filaments
are dissolved, when certain BRC repeat peptides are overexpressed (Davies et al.,
2001). Recently, the crystal structure of RADS1 bound to BRC4 showed this to be
because the BRC repeat mimics a sequence in RADS1 that is required for
oligomerisation. BRCA2 binding therefore prevents filament formation by interfering
with a crucial contact between the RADS1 monomers (Pellegrini et al., 2002). The
BRCA2 protein is thought to have a direct role in HRR because of its interaction with
RADS5]1. It is possible that BRCA2 binds to RADSI to carry it to sites of DNA repair
or to prevent recombination occurring at the inappropriate times. During the latter
stages of HRR, BRCA2 may bind to RADS! to facilitate the removal of RADS51
filaments from DNA.

Although BRCA1 can interact with BRCA2, and co-localises with BRCA2
and RADS5I in nuclear foci, it should be noted that the. majority of BRCAL1 does not
associate with either protein. BRCALI is part of BASC (BRCAl-associated genome
surveillance complex) (Wang et al., 2000b) and also interacts with numerous other
proteins (Deng and Brodie, 2000) (Fig. 1.4). On the whole, proteins that interact with
BRCAL1 do not interact with BRCA2, suggesting that they exist in mutually exclusive
complexes. These complexes could have different functions that overlap at sites of

DNA repair. It is thought that BRCA1 does not function directly in HRR but has a



regulatory role, which is facilitated through its many interacting proteins. Some of
the possible functions of BRCAL1 and its associated proteins are discussed below.

As described in the previous section, BRCALI is involved in the signalling of
DNA damage and checkpoint control. BRCAL is phosphorylated by ATM, ATR and
CHK2 in response to DNA damage. Each of these kinases is activated by different
lesions and targets a particular set of BRCA1 residues suggesting that the signalling
will be distinct in each case. One of the outcomes of this signalling is the induction of
the S-phase and G2/M checkpoints, which are defective in BRCA I-deficient cells.
BRCALI also interacts with the MRE11/RADS0/NBS1 complex, which may be
involved in signalling or have a more direct role in the processing of DSB ends (see
section 1.3.3) (Venkitaraman, 2002).

BRCAL also functions as a regulator of transcription and interacts with the
RNA polymerase II holoenzyme through RNA helicase A. An example of
transcriptional control by BRCAI is the regulation of expression of the tumour
suppressor gene GADD45. GADD45 transcription is normally repressed by a
complex of BRCAI and ZBRKI, a KRAB domain transcription factor. However,
after treatment with IR, ATM phosphorylates BRCAT1 and this repression is relieved.

BRCALI1 interacts with BARDI1 through the N-terminal RING finger domain.
This complex has been shown to have ubiquitin ligase activity that is far more
efficient than that exhibited by either of the component proteins alone. BRCAI also
interacts with BAP1, which is a ubiquitin hydrolase protein. It is possible that
BARDI and BAP1 act in concert to control BRCA1 ubiquitination. If a process such
as ubiquitination were used widely by BRCAI to regulate the functions of substrate
proteins it could make interactions involving small pror;ortions of the overall BRCA1
pool biologically significant. It is therefore important to try and identify targets of
BRCA 1-dependent ubiquitination in order to determine how important this function is
(Liu and West, 2002). One potential target is the Fanconi anaemia protein FANCD2.
This protein is known to be ubiquitinated in a BRCAl-dependent manner and co-
localises with BRCA1 in damage-induced nuclear foci (see section 1.3.4).

Finally, BRCAL1 could regulate DNA repair processes at various stages. It has

been shown to interact with a SWI/SNF complex and regulators of histone acetylases



and deacetylases, which could function in chromatin remodelling making the area
surrounding a break more accessible to repair factors. Recently, BRCAI has been
shown to regulate BACHI1 that functions in DNA repair. BACHI is a putative DNA
helicase and was identified because it interacts with the BRCAl C-terminal BRCT
motifs. Over-expression of BACHI1 carrying a mutation in the ATPase domain
greatly decreases the ability of cells to repair DSBs. This effect can be rescued by
adding a second mutation that stops BACH1 interacting with BRCA1. Interestingly,
BACHI1 and BRCAI co-localise to nuclear foci during S- and G2-phase. BACHI
focus formation is BRCAIl-dependent and does not therefore occur in BRCAI-
deficient cells. Together these results show that the repair function of BACHI1 is
mediated through BRCA1 and suggest that BRCA1 may recruit BACHI1 to sites of
DNA repair. BACHI mutations have been identified in 2 out of 65 women with
early-onset breast cancer both of whom were normal for BRCAl and BRCA2 (Cantor

etal., 2001).
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1.3.3 The MRE11/RAD50/NBS1(XRS2) (MRN/X) complex

The three components of the MRN/X complex were first identified in yeast in screens
for mutants hypersensitive to DNA damage (XRS2 and RADS50) or defective in
meiotic recombination (MREII). Homologues were subsequently identified in
humans; the last to be found was NBSI, which shares only 29% sequence identity
with its yeast homologue XRS2. Null mutations in mouse Mrell, Rad50 or Nbsl all
cause early embryonic lethality (D'Amours and Jackson, 2002).

Hypomorphic mutations in the human NBS! and MREII genes have been
shown to cause the rare genetic disorders Nijmegen breakage syndrome (NBS) and
ataxia-telangiectasia-like disease (ATLD). NBS patients exhibit developmental
defects, microcephaly, immunodeficiency and a predisposition to cancer
development. NBS cells show chromosomal instability, sensitivity to DNA damaging
agents and checkpoint defects. In many ways the phenotype of NBS is very similar to
that of AT, but NBS patients do not display ataxia or telangiectasia. ATLD patients
were identified as having AT-like symptoms but were found not to have mutations in
the ATM gene. They were eventually shown to have mutations in the MRE]1 gene.
So far no human disorders resulting from mutations in R4D50 have been identified
(Thompson and Schild, 2002).

The MREI11 protein interacts with NBS1 and RADS50 independently and can
form dimers or multimers with itself. The protein has an N-terminal portion
containing 4 phosphoesterase motifs that form a nuclease domain. MREI11 has 3°-5’
dsDNA exonuclease activity and ssDNA and ds]?NA endonuclease activity.
Nuclease activity is structure specific; the exonuclease acts on substrates with blunt
ends or 3’ recessed ends but not 3’ overhangs, and the endonuclease also acts weakly
on hairpin structures. The presence of RADS50 stimulates both exonuclease and
endonuclease activity. Endonuclease activity alone is stimulated by NBS1 and ATP.
In addition, MRE11 has DNA-binding activity that is stimulated by RADS0 and
NBS1. Together these proteins can partly unwind short regions of duplex DNA. This
strand-dissociation activity is specific for substrates with 3’ overhangs and is

stimulated by ATP. MREI! has also been shown to have strand-annealing activity
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and facilitates the formation of duplex DNA from complementary ssDNA ends
(D'Amours and Jackson, 2002).

The RADS0 protein has a Walker A and a Walker B motif at its N- and C-
terminus respectively, which comprises a bipartite ATP-binding domain. These
domains are separated by an extended coil-coiled region that contains a central CXXC
motif. RADS50 has homology to members of the SMC (structural maintenance of
chromosomes) family which function in chromosome condensation and sister
chromatid cohesion. SMC proteins form either homo- or hetero- dimers through
intermolecular coiled-coil domain interactions; this brings the Walker motifs together
to form a functional domain. Recent structural studies have shown that RADS50
tertiary structure is similar to that of the SMC proteins (Fig. 1.5 A). The RADS50
protein appears to fold back on itself forming a rod-like structure through
intramolecular coiled-coil interactions. Dimerisation occurs through the zinc-finger-
like hook domain at the centre of the coiled-coil region. MRE11 binds to the RAD50
dimer at the base of the coiled-coil domain. The exact location of NBS1 in the
complex is still unclear (de Jager and Kanaar, 2002).

The structure of the RADS50 dimer suggests that its main function is to bind
DNA fragments and keep them close together. 1t could therefore play a role in
holding broken chromatids together or could facilitate the search for regions of
sequence homology required in HRR. In addition, it has been proposed that RAD50
stimulates the activity of DNA ligases to repair DSBs. It may also restrict the
nuclease activity of MRE11 to prevent nucleolytic degradation past a certain point
(Fig. 1.5 B) (D'Amours and Jackson, 2002; de Jager and.Kanaar, 2002).

The extreme C-terminus of the NBS1 protein is necessary for interaction with
MRE!l. The NBSI1 protein also has an N-terminal forkhead-associated (FHA)
domain and BRCT domain. FHA domains bind target proteins in a
phosphodependent manner allowing protein-protein interactions to be regulated by
phosphorylation. Deletion of the FHA domain stops NBS1 damage-dependent focus
formation but does not lead to radiosensitivity. BRCT domains are also known to

mediate protein-protein interactions. The NBS1 BRCT domain has not been
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identified in budding yeast but is found in fission yeast, making its function unclear
(Tauchi et al., 2002b).

The MRN complex has been implicated in many cellular processes. For
example, it 1s required for the maintenance of telomeres in plants, yeast and
mammals. Mammalian NBS! interacts with the telomere binding proteins TRF! and
TRF2 during early S-phase when telomere elongation occurs. MREI11 and RADS50
bind to TRF2 throughout the cell cycle. This suggests that the MRN complex may
function in some aspect of telomere replication. Telomeres in NBS1 cells are shorter
than those in wild type cells. This can be complemented by co-expression of NBSI
and hTERT (the telomerase catalytic subunit) (D'Amours and Jackson, 2002; Tauchi
et al., 2002b).

MREI11 and NBS1 are phosphorylated in response to DNA damage by either
ATM or ATR (depending on the type of lesion induced). MRE!1 phosphorylation is
dependent on NBS1 but the precise residues modified have not been identified yet.
NBSH is phosphorylated in an ATM-dependent manner on S343 and S278. Mutation
of S343 results in IR hypersensitivity that is exacerbated when S278 is also mutated.
Phosphorylation of these two residues is necessary for type III MREI11 focus
formation (see below) and a normal S-phase checkpoint (D'Amours and Jackson,
2002).

NBS cells exhibit RDS, which characterises intra-S phase checkpoint failure.
The intra-S phase checkpoint is mediated by 2 separate pathways. The first pathway
involves ATM- and NBS1-dependent phosphorylation of SMC1 a component of the
cohesin complex that is required for sister chromatid cc_)hesion during S-phase. The
second pathway is mediated by CHK2 and CDC25A and appears to be normal in NBS
cells. ATLD cells also show RDS suggesting that MREI1 1 is required in addition to
NBS1 for intra-S phase checkpoint function. It appears that MREI11, like NBSI,
operates in the SMCl pathway rather than the CHK2/CDC25A pathway. The
involvement of the MRN complex in Gl and G2 checkpoint control remains
controversial because only partial deficiencies are seen in NBS1 cells. However,

there is reduced p53 and p21 induction (Gl checkpoint proteins) and a defect in
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CHK2 activation (G2 checkpoint protein) in NBS1 cells (D'Amours and Jackson,
2002; Tauchi et al., 2002b).

The MRE11 protein has been shown to localise to three types of nuclear foci.
Type 1 foci occur in untreated cells and co-localise with promyelocytic leukaemia
(PML) bodies. Type II foci can be observed in damaged cells 10 min to 8 h after
treatment whereas type I1I foci can be seen later, between 4 h and 24 h after treatment.
Type 111 foci are larger and less numerous than type II foci. Neither type Il nor type
1 foci co-localise with the HR protein RADS1 (Mirzoeva and Petrini, 2001).
However, MRE11 does co-localise and interact with YH2AX in damaged cells, and in
cells undergoing V(D)J or class switch recombination (D'Amours and Jackson, 2002).

MREI1 foci are also formed during S-phase and co-localise with proliferating
cell nuclear antigen (PCNA), an important replication protein. These foci are not
formed in Blooms Syndrome (BS) fibroblasts implying a role for BLM in recruiting
the MRN complex to sites of DNA damage (see section 1.3.6). Interestingly, MREI1
foci form in XP-V cells (deficient in translesion synthesis) but not in wild type cells
after exposure to UV irradiation. These cells are unable to process UV-induced
lesions and this unrepaired damage results in DSB production at stalled replication
forks. Finally, MRE11-deficient frog replicating extracts show formation of DSBs in
the newly replicated DNA. These data illustrate the important role of the MRN
complex during DNA replication, in the absence of DNA damage, and provide an
explanation for the inviability of vertebrate MRE11 cell lines (D'Amours and Jackson,
2002; Tauchi et al., 2002b).

The role of the MRN complex in DSB repair has been controversial. There is
evidence in S.cereviviae that links the complex with the .NHEJ pathway but as yet no
clear involvement has been shown in mammals. Comparison of MREII" Ku70™"
DT40 cells with the single mutants has shown that these genes are not epistatic,
suggesting that MREI1 does not function in the vertebrate NHEJ pathway
(Yamaguchi-Iwai et al., 1999). However, recent evidence does indicate a role for the
MRN complex in vertebrate HRR. NBSI is recruited to sites of DNA damage by
direct interaction with YH2AX (Kobayashi et al., 2002) and may then be involved in
repairing this damage by HRR. NBS/ 7~ chicken DT40 cells show a decrease in MMC
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1.3.4 Structural maintenance of chromosomes (SMC) proteins

As noted above, the SMC protein RADS50 has a role in HRR, possibly as a structural
component which holds homologous sequences together during the process.
However, other SMC proteins have also been implicated in HRR but as yet their
precise functions remain unclear. The cohesin complex consists of two SMC proteins
(SMC1 and SMC3) as well as SCC1 and SCC3 (Nasmyth, 2002). In yeast, loss of
cohesin integrity leads to reduced DSB repair capacity as well as chromosome
segregation defects. Similarly, the recently identified SMC proteins Rad18 and Spri8
form a heterodimer that is required for UV damage tolerance. These proteins are not
part of the classical NER pathway and are epistatic with Rhp51. They are thought to
play a role in HRR by holding broken DNA molecules together (Fousteri and
Lehmann, 2000).

1.3.5 The Fanconi anaemia pathway

FA 1s a rare autosomal recessive disease characterised by progressive aplastic
anaemia caused by loss of bone marrow stem cells and cancer susceptibility, mainly
acute myeloid leukaemia and squamous cell carcinoma. Around two thirds of patients
also suffer from skeletal abnormalities, reduced fertility and hypopigmentation of the
skin. Other organs affected include the heart, kidneys, gastrointestinal tract and
central nervous system. Many phenotypes have been linked to FA cells the most
consistent of which is hypersensitivity to DNA cross-li.nking agents such as MMC,
diepoxybutane (DEB) and cisplatin. In addition, an increased proportion of FA cells
contains 4N DNA, which indicates a late S-phase or G2/M delay in the cell cycle.
The molecular basis of Fanconi anaemia (FA) has recently been reviewed (D'Andrea
and Grompe, 2003; Thompson and Schild, 2002).

The symptoms of FA result from mutations in several different genes. So far
eight separate complementation groups have been identified FA-A, B, C, D1, D2, E, F
and G. Groups A, C and G account for the majority of FA patients, 65%, 15% and
10% respectively. The genes from all the groups have now been cloned and FANCA,

24



C, E, F, G and D2 were found to be novel genes. Interestingly, the B and D1 groups
have been identified as having biallelic mutations in the BRCA2 gene and express
truncated BRCA2 proteins. Interallelic complementation probably makes it possible
for two complementation groups to be mutated in the same gene (Howlett et al.,
2002).

Five FA proteins (A, C, E, F and G) interact and form a complex in the
nucleus. The complex appears to have some chromatin binding activity, which is
increased when cells are treated with cross-linking agents. FANCE may also interact
with FANCD?2, which is separate from the main body of the complex. The FA
complex mediates monoubiquitination of FANCD2 at K561 in S-phase or in response
to DNA damage, although no catalytic domains have been identified in any of the
complex components. FANCD2-Ub is then translocated to chromatin and also to
nuclear foci where it co-localises with BRCA1 (Garcia-Higuera et al., 2001) and
BRCA2/RADS1 (Fig. 1.6). FANCD2 has been found to coimmunoprecipitate with
BRCAI from irradiated cell extracts. In BRCAIl-deficient cells, FANCD2 is not
monoubiquitinated and FANCD?2 focus formation is reduced.

FANCD?2 is phosphorylated on S222 (and other residues) by ATM in response
to ionising radiation. S222 phosphorylation also requires the NBS1 protein. The
S222 modification is necessary for activation of the S-phase checkpoint that does not
occur when cells are transfected with a FANCD2 S222A mutant (Fig. 1.6). The
ubiquitination and phosphorylation modifications appear to be part of separate
signalling pathways because phosphorylation is not required for MMC resistance or
FANCD?2 focus formation (Taniguchi ef al., 2002). .

The phenotype of FA cells and the links between the FA and BRCA pathways
suggest that these proteins may operate in HRR. However, at present there is limited
direct evidence to support this and the specific role that the FA proteins might play
remains unclear. The FA pathway is not essential for HRR because FA knockout
mice are viable whereas RAD51- and BRCA2-null mice are embryonically lethal. It
should be noted that other functions, such as maintaining redox status, have been

suggested for the FA proteins.
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1.3.6 The Blooms syndrome Lelicase

Blooms syndrome (BS) is a rare autosomal recessive disorder characterised by growth
deficiency, immunodeficiency, infertility in males and reduced fertility in females,
susceptibility to diabetes, sun sensitivity, early onset of the menopause and a
predisposition to cancer. The types of cancers shown include those displayed by the
general population such as leukemias, carcinomas and lymphomas as well as rare
cancers such as Wilms tumour and osteosarcoma. The main phenotype of cells from
BS patients is an increased number of recombination events, in particular sister
chromatid exchanges (SCEs). BS cells also have increased levels of chromosome
aberrations and elevated mutation rates. Additionally, they grow slowly and have a
protracted S-phase (Mohaghegh and Hickson, 2002).

BS is caused by mutations in the BLM gene. In most cases these mutations
truncate BLM and the remaining portion of the protein is degraded. It is therefore
assumed that most BS patients have no functional BLM protein indicating that it 1s
not required for viability in humans. However, Blm"™ mice die at E13.5 (Chester et
al., 1998), although in one case viable offspring were obtained. These animals were
found to be cancer prone and are thought to be hypomorphs rather than true nulls
(Luo et al., 2000).

BLM is a member of the RecQ family of DNA helicases. This family also
includes the Werner syndrome protein (WRN) and the protein defective in Rothmund-
Thomson syndrome (RecQL4). Like all RecQ family members, BLM has a
conserved domain containing 7 motifs commonly found.in DNA and RNA helicases.
These motifs include a Walker A box (typical of ATP-binding proteins) and a DEAH
box (required for ATP hydrolysis). There are also two further regions of sequence
similarity towards the C-terminal end of the protein. The RecQ-Ct (C-terminal)
domain is immediately downstream of the helicase domain and has an unknown
function. The HRDC (helicase and RNase D C-terminal) domain is found in several
non-helicase proteins and may be involved in DNA binding or mediating function
through protein-protein interactions (Mohaghegh and Hickson, 2002; Nakayama,
2002).
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The BLM protein has helicase activity with 3°-5’ polarity which can act on
several substrates with different structures. BLM can unwind gapped duplex DNA
but is not capable of unwinding duplexes from a blunt-ended terminus or from an
internal nick. However, it can unwind blunt-ended duplexes with an internal bubble.
BLM can also act on joint molecules and synthetic Holliday junction structures. In
addition, BLM can unwind G-quadruplex DNA, which forms in G-rich regions of the
genome such as telomeres. It can also unwind triple helix DNA if a 3’ tail is attached
to the third strand. Triple helix DNA is thought to be present under certain
circumstances at telomere ends (Mohaghegh and Hickson, 2002; Nakayama, 2002).

It 1s likely that BLM plays a role in HRR and is involved in resolving stalled
replication forks. A partial deletion in the BLM gene in chicken DT40 cells results in
increased sensitivity to MMS, and elevated levels of SCEs and gene targeting
efficiency. These phenotypes return to near normal levels in a BLM RAD54 mutant,
indicating that the increased SCEs seen in the BLM mutant are due to events
processed by the HRR pathway (Wang ef al., 2000a). BLM interacts directly with
RADS1 and forms nuclear foci. In untreated cells, a proportion of BLM foci co-
localise with RADS1 and RPA foci. The number of BLM foci and the extent to
which BLM and RADS]1 foci co-localise increases in response to IR. RADS1 focus
formation is not dependent on BLM but the number of RADS1 foci is elevated in
untreated BS cells (Wu ez al., 2001). BLM also interacts with the MMR protein
MLHI that functions in both HRR and MMR. BS cells are not defective in MMR so
it would appear that this interaction again links BLM to HRR (Langland ef al., 2001;
Pedrazzi ef al., 2001). BLM can be phosphorylated by .both ATM and ATR. After
hydroxyurea treatment BLM is phosphorylated by ATR, a modification required for
BLM-dependent localisation of the MRN complex to sites of stalled replication forks
(Nakayama, 2002; Thompson and Schild, 2002).

There are two mechanisms by which BLM has been proposed to restore stalled
replication forks. Firstly, a replication fork stalled at a DNA lesion may regress and
form a ‘chicken foot structure’. After the damage has been removed by repair
proteins or lesion bypass polymerases, BLM may restart replication by reverse branch

migration, a recombination-free process. In the absence of BLM, recombination
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would have to be used to resume replication leading to higher HR rates and an
increased numbers of SCEs (Karow et al., 2000). Secondly, HR may always be used
in the restart of replication. In this case BLM could be involved in the removal of
Holliday junctions, either by branch migration of the junction towards the end of the
chromosome or by recruitment of resolvases (Wu et al, 2001). The
hyperecombinagenic phenotype of BS cells is not as easily accounted for with this
model.

Finally, the BLM protein has been linked with apoptosis. BLM and p53
interact directly and BS cells show reduced p53-mediated apoptosis after DNA
damage. However, the precise way BLM functions in this process remain unclear

(Nakayama, 2002; Thompson and Schild, 2002).
1.4 Double strand break repair pathways
1.4.1 DNA double strand breaks

One of the most toxic forms of damage inflicted on DNA by mutagens is the double
strand break (DSB). DSBs occur when both strands of the double helix are broken in
close proximity and the ends cannot be held together by base-pairing or chromatin
structure.

DSBs can be induced by exogenous agents including 1R and some chemicals,
for example chemotherapeutic drugs. They can also be produced endogenously by
reactive oxygen species and mechanical stress on chrom.osomes. In addition, breaks
can occur when a replication fork encounters a DNA lesion, for example a SSB, or
collapses. Although DSBs present a serious threat to the cell they are generated as
part of specialised biological processes. DSBs are induced during meiosis to enable
recombination between homologous chromosomes, and during V(D)J recombination
to provide diversity in immunoglobulin and T-cell receptor proteins. They also occur
in the processes of immunoglobulin class-switch mutation and somatic
hypermutation. DSBs can also be induced artificially in a defined context for

experimental purposes using endonucleases such as I-Scel (van Gent et al., 2001).
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The nature of DSBs makes them more complicated to repair than other types
of DNA damage. Both DNA strands are broken so the complementary strand cannot
be used as a template, as for example it is in NER, BER or MMR. The two free ends
are also likely to become dissociated from one another making repair more difficult
and providing the opportunity for inappropriate recombination with other sites in the
genome. Finally, the DNA ends often sustain base damage, which means that they
must be processed before the DSB itself can be dealt with.

It is vitally important that DSBs are repaired with high fidelity. Error-prone
DSB repair can result in the fusion of broken ends from different chromosomes or
nonadjacent regions of the same chromosome. This can lead to chromosome
deletions and translocations that can affect many genes simultaneously. This can
cause genome instability and carcinogenesis (Haber, 2000a; van Gent et al., 2001).

DSBs are repaired by two main processes, homologous recombination and
non-homologous end joining. The features of both pathways are discussed in the next

section.
1.4.2 Non-homologous end joining (NHEJ)

NHEJ uses little or no homology to rejoin DNA ends, which can lead to deletions in
sequence that are mutagenic. The pathway is required for the repair of DSBs caused
by exogenous DNA damaging agents but also processes DSB intermediates generated
during V(D)J recombination. A model for NHEJ is outlined in Figure 1.7.

The NHEJ core proteins are well characterised and have been recently
reviewed (Jackson, 2002; Khanna and Jackson, 2001). 6ne of the main components
of NHEJ is the DNA-dependent protein kinase (DNA-PK). DNA-PK is made up
from a Ku heterodimer, consisting of the 69kDa and 83kDa proteins Ku70 and Ku80
respectively, and the 465kDa catalytic subunit (DNA-PKcs). The Ku heterodimer
binds DNA ends with high affinity and recruits DNA-PKcs to the site. DNA-PKcs is
a S/T protein kinase and its C-terminal region has homology to the catalytic domains
of phosphatidyl inositol 3-kinase-like (PIKK) family proteins that include the ATM

and ATR. It can phosphorylate several target proteins in vitro but the significance of
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this 1s not known in vivo. Unlike the other core NHEJ proteins DNA-PKcs has no
functional homologues in yeast.

DNA-PKcs-deficient mice are hypersensitive to IR and exhibit severe
combined immunodeficiency syndrome (SCID) which is due to the defective
rejoining of hairpin coding ends during V(D)J recombination. The phenotype of Ku
knockout mice is more severe than that of the DNA-PK¢s knockout mice and includes
growth retardation, features of premature ageing and an inability to rejoin signal ends
as well as coding ends. This phenotype could indicate that Ku is required to repair a
wider variety of lesions than DNA-PKcs or has other cellular functions not shared
with DNA-PKcs (Smith and Jackson, 1999).

The ligase IV/ XRCC4 complex is recruited during the latter stages of NHEJ
and rejoins the broken DNA ends. Lig4 and Xrcc4 deficient mice die during late
embryonic development and show extensive neuronal apoptosis as well as other
abnormalities. Lethality and neuronal loss can be rescued by Trp53 deficiency but
mice routinely die at aproximately 6 weeks of age from progenitor B-cell lymphomas
that bear translocations between c-myc¢ and the immunoglobulin heavy-chain locus
(Barnes et al., 1998; Frank et al., 2000; Gao et al., 2000). The defective neurogenesis
observed in Lig4'/' mice can also be rescued by Am-deficiency. However, the rescue
is less substantial with Lig4”~ Atm” animals surviving for just two days after birth
(Lee et al., 2000). These data suggest that in the single mutant it is not just the
presence of unrepaired DSBs that cause lethality but also the induction of p53-
dependent apoptosis or cell cycle arrest pathways.

Mutations have been found in the LIG4 gene of hL.lmans and these patients are
described as suffering from a new disorder called LIG4 syndrome. The first patient to
be identified had leukaemia and was found to be highly sensitive to radiotherapy, but
did not appear to be immunodeficient. 180BR cells derived from this patient have a
point mutation in the catalytic domain of DNA ligase 1V at a highly conserved amino
acid (Riballo et al., 1999). LIG4 mutations have subsequently been found in a further
set of patients who display immunodeficiency as well as delayed growth and
development (O'Driscoll ez al., 2001). The exact symptoms exhibited by each patient

will depend on the nature of the LIG4 mutation carried.
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Recently, another group of patients termed RS-SCID (radiosensitive severe
combined immunodeficiency syndrome) was identified. Cell lines from these patients
are similar to DNA-PKcs defective cell lines in that they can rejoin signal ends but
not hairpin coding ends. The defective protein was named Artemis and is a member
of the metallo-B-lactamase family, a group of enzymes that use water as a nucleophile
to break covalent bonds. Purified Artemis protein possesses single-strand specific 5’
to 3’ exonuclease activity. It also forms a complex with DNA-PKcs, and is
phosphorylated by DNA-PK¢s whereupon it acquires endonuclease activity, which
allows it to cleave 5’ to 3’ overhangs and hairpins (Ma et al., 2002). The Artemis/
DNA-PK¢s complex has enzymic activities that indicate a role in opening hairpin
intermediates in V(D)J recombination (Schlissel, 2002) and processing ends in NHEJ.
It is also possible that Artemis is involved in the repair of clustered DNA damage

caused by IR by removing base-damaged ends of DSBs (Jeggo and O'Neill, 2002).
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1.5 Homologous recombination repair (HRR)
1.5.1 Choice of DSB repair pathway

It has traditionally been thought that HRR predominates in yeast, whereas NHEJ
predominates in mammals. However, this appears to be an oversimplification and it
is now known that HRR does play an important role in mammalian DSB repair
(Johnson and Jasin, 2000). Indeed, in some cases NHEJ cannot compensate for the
loss of HRR. Mice with disruptions in several different HRR genes have been found
to be embryonically lethal; Rad5] (Lim and Hasty, 1996; Tsuzuki et al., 1996),
Rad51L1 (Shu et al., 1999), Rad51L3 (Pittman and Schimenti, 2000) and Xrcc2
(Deans et al., 2000).

The contribution of each pathway to repair is at least in part determined by cell
cycle phase. The initial evidence for this came from the hamster mutant XR-1, which
is deficient in the NHEJ protein XRCC4. XR-1 cells are sensitive to y-radiation in
G1- and early S-phase, but in late S-phase survival approaches that of parental cells
(Stamato et al., 1983). XR-1 cells are also deficient in DSB repair during the
sensitive Gl-phase, but repair DSBs normally during the resistant late S-phase
(Giaccia et al., 1985). More recently, Ku70" chicken DT40 cells were shown to be
hypersensitive to y-radiation in G1- and early S-phase, whereas RAD547 DT40 cells
showed hypersensitivity in late S- and G2-phase (Takata er al., 1998). In addition,
many HRR proteins have been shown to localise to nuclear foci during S-phase in
untreated cells (see section 5.1). HR in Gl-phase can be deleterious to the cell
because a homologous chromosome must be used as the repair template that can lead
to loss of heterozygosity (LOH). In S- and G2-phase the sister chromatid can be used
and exact sequence correction can be achieved. It has been shown that the sister
chromatid is the preferred template for HRR and is used far more frequently than the
homologous chromosome (Johnson and Jasin, 2000).

The relative contribution of the two DSB repair pathways is also affected by
developmental stage. Embryonic stem (ES) cells rely heavily on the HRR pathway

and are hence used for gene targeting experiments. Interestingly, Rad54"~ embryos
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are sensitive to IR but adult mice are not (unless NHEJ is also disabled), suggesting
that HR is the predominant pathway used in early mouse development. This could be
due to the greater availability of the sister chromatid in these rapidly dividing cells.
Alternatively, high fidelity repair may be necessary for cells in the early stages of
development whereas terminally differentiated somatic cells could tolerate a higher
degree of inaccurate repair because much of their genome is non-functional (Essers et
al., 2000).

It is likely that HRR and NHEJ have independent as well as overlapping
functions. Rad54" mice are hypersensitive to cross-linking agent MMC regardless of
developmental stage, indicating that NHEJ cannot compensate for HRR in the repair
of this type of damage (Essers et al., 2000). The exact mechanism by which MMC-
induced cross-links are repaired has yet to be determined. However, it is likely that
this type of damage does not make an ideal substrate for the NHEJ pathway, or that
some of the damage is repaired by a mechanism that avoids the generation of DSBs.
Conversely, Rad54 is not required for V(D)J recombination (Essers ef al., 1997) and
HR cannot compensate for defects in this process in NHEJ-deficient cells (Frank et
al., 2000; Gao et al., 2000).

It has been suggested that in certain situations HRR and NHEJ work co-
operatively. An induced DSB on one chromosome can be repaired using limited
sequence homology on a heterologous chromosome. It appears that repair is initiated
by strand invasion which extends through the homologous region into heterologous
sequence. NHEJ terminates the reaction by joining the newly synthesised strands and
limits the size of the region that undergoes LOH (Richard§on and Jasin, 2000).

The mechanism by which repair is directed down either the HRR or the NHEJ
pathway remains largely unclear. It has been suggested that the end-binding proteins
RADS52 and Ku might compete for DSB ends and hence channel breaks down one of
the two pathways (Van Dyck et al., 1999). In another model, the interaction between
Ku and MRE11 was proposed to direct DSBs to the NHEJ pathway (Goedecke ef al.,
1999).
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1.5.2 Models of gene conversion

There are three major types of HR; gene conversion, single-strand annealing (SSA)
and break-induced replication (BIR). All three pathways have recently been reviewed
(Haber, 2000b; Paques and Haber, 1999). Gene conversion is defined as “a
nonreciprocal transfer of genetic information from one molecule to another” and is
considered to be a high fidelity mechanism of DNA repair. The molecular
mechanism by which gene conversion occurs is not precisely understood but various
models have been proposed. In meiosis, gene conversions are closely associated with
crossing-over, a fact that forms the basis of several models including that of Szostak
(Szostak et al., 1983). A version of this model is shown in figure 1.8, pathway A.

In this model, the ends of a DSB are resected by 5°-3” exonuclease. The
remaining 3’ ssDNA overhangs are recombinagenic and invade a homologous
template and initiate new DNA synthesis. The homologous template is usually the
sister chromatid but can also be a homologous chromosome. This process leads to the
formation of two Holliday junctions (HJs) which can be resolved in different ways to
form different products. If both HJs are cleaved in the same way gene conversion will
not be associated with crossing-over. However, if the noncrossed strands of one HJ
and the crossed strands of the other HJ are cleaved then a crossover will occur. In this
model, the newly synthesised DNA is semiconservative ie. one new strand is present
on the donor molecule and one in the recipient molecule.

Although the Szostak model describes meiosis very well it is not consistent
with some observations regarding mitotic gene convc?rsion. One of the main
inconsistencies involves the proportion of mitotic gene conversion events associated
with crossing-over. Only a small fraction of events actually result in crossovers but
the Szostak model would predict an equal outcome unless HJs were resolved
preferentially.

These discrepancies led to the development of a further model called
synthesis-dependent strand annealing (SDSA) (Fig. 1.8, pathway B). As with the
Szostak model, strand invasion and new DNA synthesis is initiated by a 3’ overhang

at one end of the DSB. Replication occurs in a D-loop and the newly synthesised
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strand 1s displaced from its template. The 3’ overhang at the other end of the DSB
can then either anneal to the newly synthesised strand or to the D-loop. The latter is
less likely and results in HJ formation, which allows SDSA to be associated with
crossing-over. Unlike the Szostak model, the newly synthesised DNA is mostly

conservative ie. both new strands are found in the recipient molecule.
1.5.3 Single-strand annealing (SSA)

The SSA pathway is used when a DSB occurs between two regions of homologous
sequence. 5°-3’ resection of the break ends by an exonuclease produces long ssDNA
tails and exposes the regions of homology. The complementary sequences then
anneal and the two nonhomologous 3’ ends are removed. New DNA synthesis and
ligation results in two continuous strands (Fig. 1.9). It should be noted that SSA
results in a deletion and is therefore an error-prone process. SSA can occur with as
little as 30bp homology but is optimal at 200-400bp homology (Paques and Haber,
1999).

1.5.4 Break-induced replication (BIR)

BIR explains the long gene conversion tracts observed in S.cerevisiae. Again, 5°-3’
resection of the break ends occurs. A 3’ end of the DSB then invades a template
sequence and establishes a replication fork. If the second end of the DSB does not
engage in repair (as it does in gene conversion) the fork can migrate all the way to the
end of the chromosome or until a converging replication fork is encountered (Fig.

1.10) (Paques and Haber, 1999).
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1.5.5 Role of lomologous recombination in repairing stalled replication forks

Under normal conditions the main function of the HR pathway is thought to be the
rescue of stalled replication forks. This process is nonmutagenic because the donor
and recipient sequences are identical.

Two repair pathways are utilised depending on the type of DNA damage
encountered. If a nick is traversed it is converted into a DSB and the replication fork
collapses (Fig. 1.11A). The ends of the break then undergo 5’-3’ resection and the
resulting 3’ overhang invades the homologous template. This reconnects the branch
with the rest of the chromosome and creates a HJ that is resolved to restore the fork.
If a lesion is encountered which blocks replication then a different pathway is taken
(Fig. 1.11B). Collision with such a lesion can leave single-stranded gaps in the fork
structure. The fork may then regress forming a ‘chicken foot structure’ which
encompasses a HJ with one short end. Cleavage of this structure results in a DSB
which can be repaired via pathway A (Kuzminov, 2001; Lusetti and Cox, 2002).

It should be noted that the chicken foot structure need not be resolved by HR.
As mentioned previously, the BLM protein has been implicated in reverse-branch
migration of the chicken foot structure to restore replication forks. A replication fork

can also be restored by nuclease digestion of the short arm of the HJ.
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1.5.6 Homologous recombination proteins

In S.cerevisiae, HR is carried out by the protein products of the RAD52 epistasis
group; RAD50, RADS51, RADS52, RAD54, RADS55, RADS57, RAD59, MREI1 and XRS?2.
Mammalian homologues of nearly all of these genes have now been identified and
their roles in HRR are discussed in more detail below. The RADS51 protein is central
to HRR and catalyses the strand-exchange reaction which is essential to the process.
RADS] displaces RPA from ssDNA and forms a nucleoprotein filament that enables
it to carry out this function. The DNA end-binding protein RAD52 and the DNA-
dependent ATPase RADS54 interact directly with RADS1 and stimulate its activity. In
addition, there are five RADS51-like proteins in mammalian cells that also play a role
in HRR and are discussed in detail below (Fig. 1.12). There is some evidence for the
involvement of the MRN complex in HRR but its precise function remains unclear
(see section 1.3.3).

Although the proteins involved in the early stages of HRR are relatively well
characterised, much less is known about those involved in the later stages. However,
a new endonuclease, MUS81, which can act on HJs has recently been identified
(Chen et al., 2001). Experiments using human cell-free extracts have shown MUS81
activity to be separate from that of another as yet unidentified resolvase activity,
named resolvase A (Constantinou et al,, 2001). Resolvase A associates with ATP-
dependent branch migration and is highly specific for HJs. It shows sequence
selectivity at the incision step and cleaved products can be religated which indicates
that cutting occurs by the introduction of symmetrical r{icks in strands of opposite
polarity. These biochemical features are very similar to those exhibited by the
bacterial RuvABC resolvasome. In contrast, MUS81 acts on replication fork and 3’
flap structures in preference to HJs. Only a small fraction of MUS8I1-cleaved
products can be religated suggesting that cutting does not occur by a symmetrical
nicking mechanism. It has been suggested that MUS81 is a more promiscuous
enzyme than resolvase A and may be involved in cleaving stalled replication forks

rather than the resolution of HJs in HR (Constantinou et al., 2002).
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compensate for the lack of RADS2 in vertebrate cells (Fujimori et al., 2001). Another
explanation for the mild RADS52 phenotype could be the existence of other
unidentified homologues that compensate for its function. The S.cerevisiae Rad59
protein shares significant homology with the N-terminal half of Rad52 (Bai and
Symington, 1996). Rad59 interacts with Rad52 and promotes annealing of
complementary strands (Davis and Symington, 2001). As yet, no Rad59 homologues
have been found in higher organisms. In Spombe, two RADS2 homologues have
been identified, RAD224 and RAD22B. rad22B mutant cells are not sensitive to
DNA-damaging agents and display normal levels of recombination, a phenotype
which resembles that found in mammalian cells. rad224 mutants are hypersensitive
to DNA-damaging agents and show defects in recombination. This severe phenotype
is similar to that of the S.cerevisiae rad52 mutant. The rad224 rad22B double mutant
shows a further increase in sensitivty to DNA-damaging agents when compared to the
Rad22A single mutant (van den Bosch et al., 2001; van den Bosch et al., 2002).
Although there is a high degree of sequence divergence between the human
and the yeast RADS52 proteins they appear to have similar biochemical properties.
The human RADS52 protein binds ssDNA and promotes annealing of complementary
ssDNA molecules. RADS52 also interacts with RADS51 and stimulates RADS1-
dependent pairing and strand-exchange activities (Baumann and West, 1999; Benson
et al., 1998; Reddy et al., 1997). Under an electron microscope, the RADS52 protein
forms ring-like structures (Van Dyck et al., 1998), with each ring containing seven
subunits and a large central channel (Stasiak ef al., 2000). RADS52 binds specifically
to ss-tails produced by resection of DSB ends and protects them from nuclease attack
(Van Dyck et al., 1999). Binding occurs via the terminal.nucleotide, and it has been
proposed that the nature of this interaction leads to the formation of a ssDNA-RADS?2
complex, where the ssDNA is bound in a groove on the exposed surface of the
RADS?2 ring (Parsons et al., 2000). Recently, RADS52 alone has been shown to form
filamentous complexes on ssDNA which catalyse homologous pairing (Kagawa et al.,
2001). The crystal structure of the RAD52 homologous-pairing domain has been

determined and eleven monomers have been shown to make up a closed ring structure

(Kagawa et al., 2002).
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1.5.8 Two RADS4 homologues in mammalian cells

RAD54" mouse ES cells and chicken DT40 cells are hypersensitive to IR and have
defects in recombination as measured by targeted integration (Bezzubova et al., 1997;
Essers et al., 1997). A study of the repair of an induced DSB in wild type and

Rad54” ES cells showed that Rad54 promotes gene conversion with predominant use
of the sister chromatid as the repair template (Dronkert et al., 2000).

RADS54 is a member of the SWI2/SNF2-like family of proteins that are
involved in chromatin remodelling. It is a dSSDNA-dependent ATPase which does not
have helicase activity in conventional assays (Swagemakers et al., 1998). RADS51
and RADS54 interact (Golub et al., 1997) and RAD54 foci co-localise with RAD51
foci after DNA damage (Tan et al., 1999). Like the S cerevisiae Rad54 protein,
binding of the human RAD54 protein to dsDNA induces a change in the topology of
the DNA (Tan ef al, 1999). RADS54 has been shown to generate unconstrained
positive and negative supercoils in dsDNA, which may be the result of RAD54
translocating along the DNA (Ristic ef al, 2001). Recent experiments using the
S.cerevisiae Rad54 protein have shown it to dissociate Rad51 from nucleoprotein
filaments formed on dsDNA indicating a role in the turnover of RAD51-dsDNA
filaments (Solinger et al., 2002). The yeast Rad54 protein has also been shown to
have chromatin remodelling activity stimulated by the RAD51-dsDNA filament
which may be required to clear protein from the DNA during the homology search
step of HR (Alexeev et al., 2003).

A second RAD54 homologue also exists in man}malian cells and is named
RAD54B. RADS4B associates with RADS1, although the interaction is thought to be
indirect as it cannot be detected by the yeast two-hybrid assay. Unlike RADS54,
whose interaction with RADS1 is induced by IR, RADS54B associates constitutively
with RADS1 in immunoprecipitation experiments. RADS54B forms nuclear foci in
response to DNA damage which co-localise with RADS51, RADS54 and BRCAL foci
(Tanaka et al., 2000). RAD54B is dsDNA-dependent ATPase, although the rate of
ATP hydrolysis is lower than that observed with RAD54 (Tanaka et al., 2002). In

S.cerevisiae, there is a second RAD54 homologue called Tid1/Rdh54 which interacts
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with yeast Rad51 and with the meiosis specific Rad51 homologue, Dmcl (Dresser et
al., 1997; Petukhova et al, 2000). Although the N-terminus of RAD54B shares
sequence homology with Tid1/Rdh54 it does not bind directly to DMCI and may
have a different function (Tanaka er al., 2002). Recently, the R4D54B gene has been
inactivated in a colon cancer cell line. RADS54B-deficent cells are not hypersensitive
to DNA damaging agents and have normal levels of SCEs. However, they do show
reduced HR as measured by targeted integration frequency (Miyagawa et al., 2002).
RAD54 and RADS54B may be involved in the prevention of cancer and
homozygous mutations in both genes have been observed in lymphoma, colon cancer

and breast cancer (Hiramoto et al., 1999; Matsuda ez al., 1999).
1.5.9 RADS5]1 is an essential gene in mammalian cells

The importance of the RADS1 protein in mammalian HRR is illustrated by the
phenotype of Rad51”" mice which show early embryonic lethality (Lim and Hasty,
1996; Tsuzuki ef al., 1996). Embryonic development progresses further ina Trp53"
background but fibroblasts derived from these embryos fail to proliferate in culture
(Lim and Hasty, 1996). RADS51"" chicken DT40 cells carrying a RADS5] transgene
under the control of a repressible promoter accumulate in G2/M-phase before dying
when expression of the transgene is inhibited. The arrested cells show high levels of
isochromatid breaks (Sonoda et al., 1998).

The RADSI protein shows DNA-dependent ATPase activity and promotes
homologous pairing and strand exchange (Baumann et al., 1996). These reactions are
stimulated by the addition of RPA (Baumann and West, 1.997)and RADS52 (Benson et
al., 1998). Unlike the bacterial RecA proten which binds to ssDNA, the preferred
substrate of RAD51 is dsDNA with either 5 or 3° ssDNA tails (Mazin et al., 2000;
Mcllwraith et al., 2000). This property allows it to bind to the resected ends of a DSB
and catalyse strand invasion from either the 5° or 3’ end. In agreement with the
biochemistry data, RAD51 forms nuclear foci after DNA damage which co-localise
with RPA and RADS52 foci (Haaf et al., 1999; Liu and Maizels, 2000). RADSI focus

formation is dependent on the presence of several other proteins (see section 5.1).
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1.6 The R4D51-like gene family
1.6.1 Cloning the RAD51-like genes

In humans there are five genes which share sequence homology with RAD51/ and have
hence been designated the RADS51-like gene family. The family consists of XRCC2,
XRCC3, RAD5ILI (RADSIB, hREC2, R51H2), RAD5SIL2 (RAD51C) and RADS51L3
(RADS51D, R51H3).

The XRCC2 and XRCC3 genes were isolated by their ability to complement
the DNA damage sensitive phenotype of the hamster cell lines irs! and irslISF
respectively. Positional gene candidates were identified by analysis of somatic cell
hybrids and the cDNAs were subsequently cloned. When transfected into the
appropriate hamster cell line, these cDNAs complemented an extreme sensitivity to
DNA cross-linking reagents (Cartwright ef al., 1998b; Liu et al., 1998; Tambini et al,
1997; Tebbs et al., 1995).

The RAD51L1 gene was isolated on the basis of its sequence homology to the
recombination repair gene, REC2, from the corn smut Ustilago maydis (Rice et al.,
1997). RADS51LI was also independently identified by searching EST databases with
human and yeast RAD51 and RADS5I-like gene sequences (Albala er al., 1997;
Cartwright ef al, 1998a). Similar methods were used to identify the RADSIL2
(Dosanjh et al., 1998) and RAD51L3 (Cartwright et al., 1998a; Pittman ef al., 1998)
genes.

Studies looking at the expression patterns of mouse and human R4ADS51-like
genes, using Northern blotting and RT-PCR, have yielded. varying results. There are
no data available on XRCC3 expression in tissues. Generally, the other four genes are
expressed in tissues active in recombination with the highest levels of expression
being found in the testis, which could indicate a role in meiotic recombination (Albala
et al., 1997; Cartwright et al., 1998a; Cartwright ef al., 1998b; Dosanjh et al., 1998).
However, high levels of expression in the testis were not reported by Rice et al.

(1997) and Pittman ez al. (1998).
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The RADS51-like proteins show 20-30% sequence identity with RAD51 and a
similar level of sequence identity with each other. It is difficult to say whether any of
the RADS1-like proteins are direct counterparts of the yeast Rad55/Rhp55 and
Rad57/RhpS7 proteins, but phylogenetic analysis places XRCC2 with Rad55/Rhp55
and the RADS51L proteins and XRCC3 with Rad57/Rhp57, although the confidence in

the latter of these relationships is low (Thacker, 1999; Tsutsui et al., 2000).
1.6.2 irsl and irs1SF are defective in HRR

After the R4DS5I-like family of genes were cloned work began to identify their
functions, and in particular their role in HRR. Initially, the only link between the
RADS5I-like genes and HRR was their sequence similarity with the known
recombination gene RADS5]. The transcript expression patterns of the RADS5I-like
genes were also consistent with this role. Work was hampered on the RADSILI, -L2
and -L3 genes because no mutant or knockout cell lines existed and most work
focused on XRCC2 and XRCC3 because of the availability of irs1 and irsi1SF.

However, despite these difficulties some work was undertaken with RADSILI.
RADS5ILI is induced by y-irradiation (Rice et al., 1997) and overexpression of the
protein in CHO cells causes G1 delay and hypersensitivity to UV irradiation (Havre et
al., 1998) suggesting a possible role in damage detection. A UV-responsive element
has also been discovered in the R4DS51L1 promoter region (Peng et al., 1998).

The phenotypes of irsl and irs1SF are similar. Although both cell lines were
isolated on the basis of X-ray sensitivity they are only mildly radiosensitive (Fuller
and Painter, 1988; Jones et al., 1987). They were subseq.uently found to have cross-
sensitivity to UV radiation and the monofunctional alkylating agent ethyl methane
sulphonate (EMS) (Fuller and Painter, 1988; Jones et al., 1987) as well as extreme
hypersensitivity to DNA cross-linking agents such as MMC and cisplatin (Caldecott
and Jeggo, 1991; Jones et al., 1987; Jones et al., 1993). This severe sensitivity first
made XRCC?2 and XRCC3 candidates for involvement in HRR.

irs] and irs1SF show elevated levels of chromatid aberrations both

spontaneously and after induction with DNA damaging agents (Fuller and Painter,
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1988; Jones et al., 1993; Tucker et al., 1991). Microcell-mediated chromosome
transfer of complementing or non-complementing chromosomes into each cell line
show the chromosome remains intact in complementing clones but frequently
undergoes rearrangements in non-complementing clones (Cui et al, 1999). This
indicates that XRCC2 and XRCC3 are required for chromosome stability in
mammalian cells. irsl and irsISF show a significant increase in chromosome
missegregation, which is associated with fragmentation of the centrosome (Griffin et
al., 2000). Similar results have been obtained using Xrcc2” MEFs and there is also
evidence for haploinsufficiency in Xrce2™™ MEFs (Carol Griffin, personal
communication). These data demonstrate that XRCC2 and XRCC3 are required for
correct chromosome segregation and potentially link the two genes with the
centrosome defects and aneuploidy often seen in cancer cells. Overall, it can be
concluded that XRCC2 and XRCC3 contribute to genetic stability and are therefore
potential tumour suppressor genes.

Wild type Chinese hamster cells show localisation of RADSI to discrete
nuclear foci after treatment with DNA damaging agents. This process is defective in
irs1 and irs1SF but can be restored by transfection of the appropriate complementing
cDNA (Bishop ef al., 1998; O'Regan et al., 2001). This finding links XRCC2 and
XRCC3 with the RADS51-dependent HRR pathway and suggests that the proteins may
be required for the assembly or stabilisation of the multimeric RADS51 complexes.

Both irsl and irs1SF have now been shown to be defective in HRR directly.
irs] clones carrying a neomycin recombination reporter substrate show a 100-fold
decrease in HRR in response to a single endonuclease-indL}ced DSB compared to wild
type cells. NHEJ in these clones is normal and transfection with XRCC2 cDNA
restores HRR to near wild type levels (Johnson ef al., 1999). In a similar assay using
a GFP recombination reporter construct, a 30-fold reduction in gene conversion was
observed in Xrcc2”™ mouse ES cells. Again, wild type levels of recombination could
be restored by transfection with mouse Xrcc2 c¢cDNA (Bryan Deans, personal
communication). A previous study using the same reporter construct, showed a 25-
fold reduction in gene conversion in irsISF cells, which is complemented by

transfection with XRCC3 cDNA (Pierce et al., 1999). An independent study using a
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neomycin recombination construct found that transfection of irs1SF with XRCC3
c¢DNA increased the repair frequency by 34- to 260-fold (Brenneman et al., 2000).
Furthermore, a recent study showed that the recombination product spectrum in
irs1SF 1s very different to that found in wild type cells. irs1SF cells show increased
gene conversion tract lengths, increased numbers of discontinuous tracts and frequent
local chromosome arrangements associated with HRR (Brenneman et al., 2002).
These results suggest that XRCC3 acts not just at the initiation stages of HRR, but

also at the later stages, which involve the formation and resolution of intermediates.
1.6.3 RAD51-like gene disruption in cell lines and mice

Mouse models have provided further insight into the function of the RADS5I-like
genes. Disruption of Rad51!/1, Rad5113 and Xrcc2 in mice results in embryonic
lethality (Deans et al., 2000; Pittman and Schimenti, 2000; Shu et al., 1999). The
affected homozygous embryos are smaller than those of littermates and often show
developmental abnormalities. Lethality usually occurs at early to mid-gestation
(Deans et al., 2000; Pittman and Schimenti, 2000; Shu er al., 1999) although some
Xrce2”™ embryos survive until the later stages of embryogenesis and die at birth due to
respiratory failure (Deans et al., 2000). Xrce2” embryos show high levels of
apoptosis in the developing nervous system (Deans er al., 2000). Rad5111™"
embryonic development progresses further in a Trp53” background (Shu et al.,
1999). T rp53'/' Xrce2” mice also show prolonged embryonic development and do not
show neural apoptosis but are not viable (Bryan Deans, pe.rsonal communication). In
addition, a recent study has shown that Atm”™ Xrce2'” mice are inviable (Julie Adam,
personal communication). The lethality of the knockout mice indicates that the
RADS5 I-like genes play an essential role in development and suggests that these genes
cannot functionally compensate for one another.

All five RADS51-like genes have been disrupted in chicken DT40 cells (Takata
et al., 2000; Takata et al., 2001). All the mutant cell lines are viable and have similar
phenotypes. They show mild y-ray sensitivity, severe sensitivity to DNA cross-

linking agents and an elevated level of spontaneous chromosome aberrations. They
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also have reduced HR, as measured by targeted integration and sister chromatid
exchanges, and are defective in RADS1 focus formation after DNA damage. Partial
suppression of the mutant phenotype can be achieved in each case by overexpression
of the human RADS5] gene (Takata et al, 2001). When XRCC2 or XRCC3 is
disrupted in chicken DT40 cells, the pattern of diversification of the immunoglobulin

V gene shifts from gene conversion to somatic hypermutation (Sale et al., 2001).
1.6.4 RADS1-like protein interactions

After the XRCC3 and RADSIL2 genes were cloned, yeast two hybrid experiments
were carried out to look at interactions between these two proteins and the other
RADS51-like proteins and RADS1 itself. It was found that XRCC3 interacts with
RADS! (Liu ef al., 1998), and RADS1L2 interacts with XRCC3, RADS1LI and very
weakly with RADS1 (Dosanjh et al., 1998). A further study by Schild ez al. (2000)
confirmed the previous results and showed that RADS1L3 interacts with RADS1L2
and XRCC2. The RADSIL3 interaction with XRCC2 was also reported by
Braybrooke et al. (2000), and occurs primarily between the N-termini of the two
proteins (Karen Spink, personal communication). Yeast three hybrid experiments
showed that expression of XRCC3 strengthens the weak interaction between
RADSIL2 and RADS51. Expression of RADSIL1 also enhances the binding of
RADSIL2 to RADS1L3 and XRCC3. Bridging experiments showed that expression
of RADS1L2 allows an indirect interaction between RADS1L] and RADSIL3. In a
similar way, expression of RADS5IL3 allows an ind.irect interaction between
RADS5IL2 and XRCC2. It was also found that expression of RADSILI allows
RADS51L2 to interact with itself. This indicates that RADSILI can bind two
molecules of RAD51L2; there is no other evidence of one RADS51-like protein being
able to bind two molecules of a second (Schild ef al., 2000). Taken together these
results suggest that the RADS1-like proteins may exist as one large complex or as a
number of smaller complexes.

Using biochemical methods it has been shown that the RADS51-like proteins

exist in complexes in human cells. Co-immunoprecipitation experiments were first
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used to demonstrate that XRCC2 and RADS1L3 form a heterodimer (Braybrooke et
al., 2000). A further complex consisting of RAD5IL2 and XRCC3 also exists
(Kurumizaka et al., 2001; Masson et al., 2001a) and is distinct from another complex
containing RAD51L1, RADS51L2, RAD51L3 and XRCC2 (Liu et al., 2002; Masson
et al., 2001b; Wiese et al., 2002). X-ray treatment does not alter the level of the
RADS51-like proteins or alter the interactions between them (Wiese et al., 2002). It
should be noted that RADS51L2 is the only protein found in two complexes. There
have been several studies in human cells indicating that RADS1 is not present in any
of the RADS!-like protein complexes (Masson et al.,, 2001b; Miller et al., 2002;
Wiese et al., 2002). However, one study has shown RADS51 to co-immunoprecipitate
with XRCC3 (Liu et al,, 2002), and a weak in vitro interaction between RADS1 and
the RADS1L1-RADS51L2 heterodimer has also been reported (Lio ef al., 2003).

Yeast two hybrid screens have been used to look for proteins that interact with
XRCC2 and the XRCC2/RADSI1L3 heterodimer. Both yeast two hybrid and co-
immunoprecipitation data show XRCC?2 to interact with SRB7, a component of the
RNA polymerase II transcriptional mediator complex (Karen Spink, personal
communication). This complex transmits signals from upstream promoter elements
and signalling molecules to the basal transcription apparatus via the C-terminus of
RNA polymerase II (Malik and Roeder, 2000). Interestingly, the heterodimer appears
to behave differently from the XRCC2 and RADS1L3 proteins alone, and expression
of RADS1L3 inhibits the interaction between XRCC2 and SRB7 (Karen Spink,

personal communication).
1.6.5 Biochemical characterisation of RAD51-like protein function

The purification of the RADS51-like proteins has enabled several groups to investigate
their biochemical properties. The RADS51L2-XRCC3 complex has been purified
independently by two groups and shows a 1:1 stoichiometry (Kurumizaka et al., 2001;
Masson et al., 2001a). Masson et al. (2001) find that the complex binds ssDNA but
not dsDNA. It also aggregates DNA that may facilitate the homology search between

sister chromatids or homologous chromosomes. No evidence for nucleoprotein
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The RADS1L1-RAD511L2-RAD51L3-XRCC2 complex (also referred to as the
BCDX2 complex) has also been purified by Masson et al. (2001) and has a 1:1:1:1
stoichiometry. The complex binds ssDNA and ss gaps in duplex DNA, and exhibits
DNA-stimulated ATPase activity at a very low level. Interestingly, the complex also
binds nicks in duplex DNA, which could indicate a role in the recognition of incised
cross-links.

The RADSIL3 protein was first purified by Braybrooke et «/. (2000) and was
found to bind ssDNA and to have DNA-stimulated ATPase activity. The RADS51L3-
XRCC2 heterodimer was purified by Kurumisaka e al. (2002) and was reported to
have very similar biochemical properties to those described by the same group for the
RADS51L2-XRCC3 complex, namely homologous pairing activity and the formation
of filaments on ssDNA.

The RADS1L1 and RADSIL2 proteins have also been purified, as has the
RADSIL1-RADS51L2 heterodimer. The RADSIL1 protein is reported to have kinase
activity (Havre et al, 2000), whilst both proteins bind 3’-end tailed dsDNA in
preference to ssSDNA or dsDNA and exhibit DNA-stimulated ATPase activity (Lio e?
al., 2003; Yokoyama et al., 2003). RADSILI also binds synthetic Holliday junctions
but not replication fork-like structures or B-form DNA (Yokoyama er al, 2003).
RADS51L2 but not RADSILI, shows an apparent strand exchange ability which 1s
actually due to a DNA melting and strand separation activity of the protein (Lio et al.,
2003). It is possible that RAD51L2 has a more direct role in HRR, which includes
recruiting RADS1 to ssDNA and mediating the separation of duplex DNA to promote
strand exchange. The RADSILI-RADS5IL2 heterodimef has an elevated level of
DNA binding compared to each protein individually (Lio ef al., 2003)and as expected
has ATPase activity (Lio et al., 2003; Sigurdsson et al., 2001). The complex allows
more RADS1 to bind to DNA, by reducing the amount of binding by the competing
RPA protein, and hence is thought to increase the efficiency of the strand exchange

reaction (Sigurdsson et al., 2001).

55



1.6.6 Involvement of R4D51-like genes in tumorigenesis

The RADS5I-like genes are required for genetic stability and may act as tumour
suppressor genes in mammalian cells. It could therefore be expected that individuals
with mutations of these genes, leading to reduced DNA repair capacity, might have an
increased cancer risk (Pierce ef al., 2001).

A search for non-conservative amino acid substitutions in DNA repair genes
identified the XRCC3 variant allele Thr241Met in the population (Shen ez al., 1998).
Several studies have found no association of this allele with lung cancer (Butkiewicz
et al., 2001; David-Beabes et al., 2001) or with melanoma (Duan ef al., 2002). Cells
expressing the variant XRCC3 protein are also functionally active for DSB-induced
HRR and are not sensitive to MMC (Araujo et al., 2002). However, a statistically
significant increase in variant allele frequency was reported for melanoma (Winsey et
al., 2000), bladder cancer (Matullo et al., 2001) and breast cancer (Kuschel ez al.,
2002).

Two studies looking at the relationship between the XRCC2 variant R188H
and breast cancer susceptibility have found a positive association of marginal
significance (Kuschel er al., 2002; Rafii et al., 2002). Site-directed mutagenesis of
XRCC2 shows non-conservative substitution or deletion of allele 188 to effect
cellular sensitivity to DNA damage considerably, whereas a conservative substitution
has a weak effect on damage sensitivity (Rafii et al., 2002).

Chromosome translocations resulting in fusions between RADS5ILI and
HMGIC, have been reported in uterine leiomyomas (benign solid tumours) and in
uterine leiomyomas with associated ascites and ple.ural fluid (pseudo-Meigs'
syndrome) (Amant et al., 2001; Schoenmakers et al., 1999; Takahashi ez al., 2001), as
well as in a pulmonary chondroid hamartoma (Blank ef al., 2001). In addition the
17923 region, which includes the RAD5IL2 gene, has been shown to undergo
amplification in breast cancer although the significance of this is unclear (Barlund et

al., 2000; Wu et al., 2000). To date there are no reports of a link between RAD51L3

and cancer susceptibility.
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Taken together these results suggest the possibility of a low penetrance link
between the R4DS51-like genes and susceptibility to certain types of cancer. Further

studies using larger sample sizes should help to clarify the picture.
1.7 Aims of the present study

When this study was initiated in late 1999, the five R4D5I-like genes had been
cloned but little was known about their functions. Some yeast two hybrid work had
been undertaken to look at interactions between the RADS51-like proteins but much of
the biochemical data available now had not been published. XRCC2 and XRCC(C3 were
cloned from the mutant hamster cell lines irsl and irsISF respectively, and studies
using these cell lines have been important in determining the function of these genes.
However, the RADSILI, RAD51L2 and RADSIL3 genes were isolated using database
searches so such mutant cell lines have not been available.

At the outset, this study aimed to identify the gene mutated in another hamster
cell line, irs3. irs3 was isolated in the same screen as irsl, and has a similar but less
severe phenotype. Previous work on irs3 had failed to identify the gene in question,
using methods similar to those used to clone XRCC2 and XRCC3 (Chapter 3,
Introduction). We therefore changed strategy and decided to employ a candidate gene
approach. It was hoped that identification of the mutated gene in irs3 would facilitate
functional studies of the gene product using the irs3 cell line.

This thesis describes the identification of irs3 as a RADS51L2-deficient cell
line. It then goes on to explain how experiments \ivith irs3 have led to the
identification of functional domains within the RADSIL2 protein, and placed
RADS51L2 in the HRR pathway.
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CHAPTER 2: Materials and Methods
2.1 Primary reagents
2.1.1 Chemicals and media

Chemicals were purchased from Sigma or BDH unless otherwise stated. Media for
cell culture was supplied by Gibco BRL and cell culture plastics were obtained from

BD Falcon or Greiner. Radioisotopes were bought from ICN.

2.1.2 Bacterial strains and media

E.coli DH5a. (lab stock), genotype: supEd44 AlacU169 (080lacZAM15) hsdR17
recAl endAl gyrA96 thi-1 relAl

Used to make electrocompetent cells and as a stock strain for maintaining plasmids.
E.coli TOP10F’ (Invitrogen), genotype: F {lacl®, Tnl O(Tet™)} merA A(mrr-hsdRMS
-mcrBC) 080lacZAM15 AlacX74 deoR recAl araD139 A(ara-leu)7697 galU galK
rpsL(Str™) endA1 nupG

Chemically competent cells supplied with TA and TOPO TA Cloning Kits
(Invitrogen).

E.coli INVaF’ (Invitrogen), genotype: F' endAl recAl hsdR17 (1, my') supE44 thi-1
gyrA96 relAl $80/acZAM15 A(lacZY A-argF)U169

Chemically competent cells supplied with TA and TOPO ”I:A Cloning Kits.

The media used for E.coli growth are described below. They were supplemented with

antibiotics when required; ampicillin (100pg/ml), kanamycin (30pug/ml) or zeocin

(25ug/ml).

LB medium: 10g tryptone, 5g yeast extract (both from Fisher BioReagents) and 10g

NaCl made up to 1 litre with Elix RO water (from a Millipore water system) and

autoclaved.
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Low salt LB medium: As above except 5g NaCl used instead of 10g and pH
adjusted to 7.5 with SM NaOH before autoclaving. This medium was required when
zeocin was used as a supplement because zeocin is inactivated by high salt
concentrations and acidity or basicity. Zeocin is also light sensitive so plates and
media containing this supplement were stored in the dark.

LB agar/ low salt LB agar: 15g Bacto Agar (DIFCO) added to either of the above
solutions before the autoclave step.

SOB medium: 20g bacto tryptone, 5g bacto yeast extract, 0.5g NaCl and 10ml of
250mM KCl made up to 1 litre with Elix water and pH adjusted to 7.0 with 5SM NaOH
before autoclaving.

SOC medium: 5ml of sterile 2M MgCl, and 20ml of sterile IM glucose added to 1
litre of SOB.

Freezing medium: Cells were stored at -20°C or -70°C in LB containing 15%

glycerol.

2.1.3 Vectors

A description of the various vectors used is given below:

PZeoSV2(-) (Invitrogen): Mammalian expression vector with zeocin selection.
pIRESneo2 (Clontech): Mammalian expression vector with an internal ribosome
entry site (IRES) that permits translation of the neomycin marker and the gene of
interest from the same mRNA. .

pBluescript I1 SK (-) (Stratagene): E.coli cloning vector used for RADSIL2 site-
directed mutagenesis.

pEGFP-N1 (Clontech): Mammalian expression vector used to express RAD5SIL2 as a
fusion protein with EGFP

pEGFP-N2 (Clontech): As above except that multiple cloning site is in a different
frame with the EGFP gene.

pCR2.1 (Invitrogen): T-vector supplied with the TA Cloning Kit for direct cloning of

PCR products.
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TOPO2.1 (Invitrogen): Vector supplied with the TOPO TA cloning kit for direct

cloning of PCR products.

Several genes were cloned into these vectors to produce the constructs shown in table

2.1.

Table 2.1 Constructs.

pEGFP-N1

L2NLSEGFP-N1

Construct Primers Restriction sites

hsRAD51L3 in pZeoSV2(-) RADSI1L3up Nhel/Kpnl
RADS1L3down

hsRADS5IL2 in pZeoSV2(-) RADS1L2up(b) Nhel/Kpnl
RADS51L2down(b)

hsRADS5IL2 in pIRESneo2 RADS1L2up(b) Nhel/EcoR1
RADS1L2down(b)EcoR1

hsRADS51 in pIRESneo2 RADS5tupEcoRV EcoRV/BamH1
RADS1revBamHI

Hamster RAD51L2 in pIRESneo2 | hamL2upfullEcoR1 EcoR1/BamH1
hamL2revfullBamH]1

hsRAD5IL2 (2™ ATG) in hsL.22ndATGNhel Nhel/EcoR1

pIRESneo2 RADS1L2down(b)EcoR]1

hsRAD5IL2 (2™ ATG) in hs.22ndATGEcoR 1 EcoR1/BamH1

pBluescript II SK(-) RADS1L2revBamH1

hsRADSIL2 (2™ ATG) in hs[.22ndATGEcoR 1 EcoR1/BamH]1

pEGFP-N1 L2EGFP-N1

hsRADSIL2 (2" ATG) -NLSin | hsL22ndATGEcoR1 EcoR1/BamH]1

2.1.4 Oligonucleotides

Primers were designed using OLIGO Analysis Software Version 4.1 (Medprobe,

Oslo) and purchased from MWG Biotech. A description of the oligos used during

this project can be found in tables 2.2, 2.3 and 2.4.
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Table 2.3 Primers used to clone hamster RADSIL2 gene. Primers listed 5° to 3°.

Name Sequence Use

hamL2F TTGGTGGGTTATCCGCTGTCTC Used to amplify central section

hamL2R CTTCCTCTGGTTCTCGTGACCG of hamster gene

3’inF CTGCTTCTTCATCACAGACAGA Nested primers used with 3’outF

3’inR AGGTTGGAATCTAAAATACACAAA /3’outR to amplify the 3° end of
the gene

3’outF ACACCACAGGGATTTAGAGATG Nested primers used with 3’inF

3’outR GGTCTTCTACCTTTCTCTTCTTTTT /3’inR to amplify the 3" end of
the gene

5’outF CAACGGGACTTTCCAAAATGTCG Nested primers used with

5’outR ACACTGCTTCACCTGCCACTCCT 5’outerF/S’outerR to amplify
the 5’ end of the gene

5’outerF CTCACGGGGATTTCCAAGTCTC Nested primers used with 5’outF

5’outerR CCTCCAAGGCTTTCTGGTGTTC /5’outR to amplify the 5° end of
the gene

hamL2upfull CTCTACGTCACTGTGTGCTTACG Amplification of the full length

hamL2revfull | CATCATCTTCCATTCTCCTTCAG gene

gapL2F TGGCAGGTGAAGCAGTGTTTATTG Amplification of exon 6

gapL2rev CTTTGCTTTTGCTCCCAGTGAAA

exon6(b)F CTAAATGGCCTTGCCCAACAAA Amplification of the 5’ end of

exon6(b)R CCCCTAATGCAGGAACAAGCAA exon 6

exon6F TCAGATGACAACAAAGATTGATAAAA Amplification of the 3’ end of

exon6R

TGCTCCCAGTGAAAAATAAGTCT

exon 6
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Table 2.4 Sequencing primers. Primers listed 5’ to 3°. Other standard primers such

as T7 were also used to sequence vector inserts.

(Karen Spink)

Name Sequence Used to sequence:
RADS1L3seq AGCGGCAAAACTCAGGTATG hsRADS1L3

RADS51L3segR | GCCTCCCGCTGTCCCTGTCT hsRADS51L3

RADS1L2seq TATTCTTGGGGGTGGAGTGC hsRADS51L2

RADS51L2seqR | TCCCCAACTTTCCCCTAATG hsRADS5 112 and hamster RADSIL2
RADSIL2bF TAGGGGAAAGTTGGGGACAT hsRADS5 L2 and hamster RADS51L2
RADSIL2bR AACAGAAGGTGATTATGAAG hsRADS51L2? and hamster RADSIL?
hamL2seq CATTCTTGGGGGTGGAATAC Hamster RADSIL2

RS1INTF GATCTGTCATACGCTAGCTGT hsRADS1

(Karen Spink)

RS1INTR ACAGCTAGCGTATGACAGATC hsRADS1

pZeoSV2(-)R

GGGAGGGGCAAACAACAGAT

Inserts in multiple cloning site of
pZeoSV2(-)

pIRESneo2F TAGAGAACCCACTGCTTACT Inserts in multiple cloning site of
pIRESneo2
pIRESneo2R TGGAAACTGACAATCTTAGC Inserts in multiple cloning site of

pIRESneo2
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2.1.5 Antibodies

The antibodies used in this study are listed in table 2.5.

Table 2.5. Antibodies.

Antibody

Source:

Anti-hRADS 1 rabbit polyclonal (Ab-1)

Oncogene Research

Anti-hRADS]1 rabbit polyclonal Novus
Anti-o tubulin mouse monoclonal Sigma
Biotinylated anti-avidin D Vector
Anti-rabbit I[gG HRP conjugate Promega
Anti-mouse IgG HRP conjugate AbCam

CyS5-conjugated anti-rabbit IgG

Jackson ImmunoResearch

Anti-hRADS51L2 monoclonal 2H11

Dr. Steve West, CRUK Clare Hall

Anti-hRADS51L2 polyclonal SWE 31

Dr. Steve West, CRUK Clare Hall

2.2 Cloning techniques

2.2.1 Polymerase Chain Reaction (PCR)

Typically, 5-500ng of template DNA was added to 0.4uM forward and reverse

primers, 0.2mM dNTPs (Bioline), 1 x Reaction Buffer IV and 0.6U of Thermoprime

Plus Tag polymerase (both from ABgene) before being made up to a final volume of

25ul with UV treated Elix water. If improved proofreading was required the Tag

polymerase was mixed 10:1 with Pfu polymerase (Stratagene). PCR reactions were

carried out in either a Perkin Elmer GeneAmp 2400 or 9700 machine using the

following standard conditions:
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95°C for 4 min 30 secs

(94°C for 40 secs, annealing temperature for 30 secs, 72°C for 90 secs) x 35 cycles
72°C for 5 min

4°C Hold

The annealing temperature used was dependent on the sequence of the primers and

varied between 55°C and 65°C.
2.2.2 TA and TOPO TA cloning

PCR products were generated by the method described in section 2.2.1 using Tag
polymerase and a final extension step of 7 to 10 min. 1-5ul of PCR product was used
in a ligation reaction with either pCR2.1 or TOPO2.1 vector according to the
manufacturer’s protocols supplied with either the TA Cloning Kit or the TOPO TA
Cloning Kit respectively (both purchased from Invitrogen). 2ul of each ligation
reaction were then heat-shocked into chemically competent INVaF” or TOP10F’ cells

as described in section 2.2.9.
2.2.3 DNA agarose gel electrophoresis

DNA was run on an appropriate percentage agarose gel (0.4%-2.0%). Gels contained
0.2ug/ml ethidium bromide and were run in 0.5 x TBE buffer (10 x concentrate
purchased from BDH). DNA samples were mixed 5 to | with loading buffer (25%
ficoll, 0.25% Orange G) and electrophoresed with a suit.able sized marker at 3-10
V/cm. DNA was visualised by exposing the gel to UV light from a UV

transilluminator (Foto/Prepl, Fotodyne).
2.2.4 Purification of DNA from agarose gels

Bands were cut from gels using the preparative setting on the UV transilluminator.

DNA was purified from the gel slices using a Qiagen gel extraction kit according to
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the manufacturer’s protocol. Briefly, gel slices were dissolved in a buffer with high
salt concentration and pH <7.5. These conditions enable up to 10ug of DNA to be
bound to the silica-gel membrane of a QIAquick spin column while impurities are
allowed to pass through. After washing the column with an ethanol containing buffer,
DNA was eluted in a buffer with low salt concentration and pH 7.0-8.5.

DNA fragments >10kb in size were purified from agarose gels using a
Geneclean 11 kit (BIO 101) according to the manufacturer’s protocol. This kit utilises
the same principle as the Qiagen gel extraction kit. DNA is bound to silica beads,
rather than the silica membrane of a spin column, at high salt concentration prior to

washing and finally eluting at low salt concentration.
2.2.5 Restriction enzyme digests

Restriction enzymes were purchased from New England Biolabs. Typically, 0.5-2pg
of DNA were digested with 5-10U of enzyme in a total reaction volume of 10pul for 2-
6h. Reaction constituents and conditions were taken from the New England Biolabs
catalogue. If the digested DNA was required for further cloning steps it was cleaned
up using a Qiagen PCR purification kit according to the manufacturer’s protocol. The
Qiagen PCR purification kit works on the same principle as the Qiagen gel extraction

kit described in section 2.2.4.

2.2.6 Alkaline phosphatase treatment of vector DNA

Digested vector DNA was treated with calf intestinal alkaline phosphatase (CIP)
(New England Biolabs) to prevent self ligation. Vector DNA was treated with 0.5U

CIP per 1pug DNA, in 1 x NEBuffer 3, for 1 h at 37°C. Reactions were cleaned up

using the Qiagen PCR purification kit.
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2.2.7 Ligation of DNA

25-200ng of vector and insert DNA were mixed together at an appropriate molar ratio
(1:1 - 1:6) along with 1 x T4 DNA ligase buffer and 1U of T4 DNA ligase (both from
GibcoBRL). The reaction was made up to a final volume of 10ul with Elix water and

incubated for 16-72h at 16°C.

2.2.8 Preparation of electrocompetent cells

A single colony of E.coli DH5a was used to inoculate 5ml of LB media and the
culture grown for approximately 16h. Iml volumes of this culture were used to
inoculate 4 x 100ml lots of LB media and these cultures were grown until they
reached log phase (ODs¢s 0.5-0.7). The bacterial cells were then pelleted by
centrifuging for 10 min at 5000 x g. Cell pellets were kept on ice while they were
washed 3 or 4 times with sterile, cold Elix water. After each wash the pellets were
resuspended in the water by gently tapping the tube before centrifugation for 10 min
at 5000 x g. After the final wash step the bacterial pellets were resuspended in 400ul
of 10% glycerol and 50ul aliquots were snap frozen in liquid nitrogen and stored at -

70°C.

2.2.9 Transformation of electrocompetent or chemically competent cells
Transformation of electrocompetent cells.

Salt was removed from ligation reactions by pipetting them onto nitrocellulose
membrane disks (Millipore) which were floated on Elix water for 30 min. 1-3ul of
ligation reaction, or cut/uncut vector control, was mixed with 50ul of

electrocompetent cells before being transferred to a 0.1cm gap electroporation cuvette

(BioRad). Cells were electroporated using a BioRad E.coli pulser set at 1.8kV.
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Transformation of chemically competent cells:

1-2ul of ligation reaction, or cut/uncut vector control, was mixed with 50ul of
chemically competent cells (INVaF’ or TOPIOF cells, see section 2.1.2) and
incubated on ice for 20-30 min. The cells were then heat-shocked for exactly 30 sec
in a 42°C water bath.

Immediately after transformation, by either of the above methods, 250-500pl
of SOC media was added to each sample. Samples were incubated for 1 h at 37°C,
with shaking at 225rpm before being plated out onto LB agar containing the
appropriate antibiotic. 1f blue/white screening was being used, 4ul of 200mg/ml IPTG
and 16pl of 50mg/ml X-gal were mixed together with 100ul LB media and spread

onto each plate before the samples were added.

2.2.10 Direct colony PCR

Single bacterial colonies were picked, streaked onto a master plate and added to 20ul
Elix water. Samples were heated for 10 min at 100°C, cooled on ice and spun for 5
mins at 14000rpm in an Eppendorf 5415C microcentrifuge. 3ul of the supernatant

was immediately added to a PCR reaction that was made up as described in section

2.2.1.
2.2.11 Isolation of plasmid DNA
Isolation of small quantities of plasmid DNA:

10-20ug of plasmid DNA was purified from 1-5ml of bacterial culture using the
Qiagen QIAprep miniprep kit according to the manufacturer’s protocol. Briefly,
bacteria were lysed under alkaline conditions after which the lysate was subsequently
neutralised and adjusted to a high salt concentration. The DNA was then bound to
and eluted from the silica-gel membrane of a spin column in the same way described

for the Qiagen gel extraction kit in section 2.2.4.
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Isolation of large quantities of plasmid DNA:

100pug-500pug of plasmid DNA was purified from 25ml-100ml of bacterial culture,
using the Qiagen midi or maxi QIAfilter kits respectively, according to the
manufacturer’s protocol. Briefly, bacteria were subject to alkaline lysis after which
the lysate was cleared by filtration. DNA was bound to the anion-exchange resin of a
gravity flow column under low salt and pH conditions. The columns then underwent
a medium salt wash and DNA was eluted in a high salt buffer before being

concentrated and desalted by isopropanol precipitation.
Determination of DNA concentration and purity:

The yield and purity of the DNA isolated was measured using a Pharmacia
GeneQuant spectrophotometer as well as by running a sample of the DNA on an
agarose gel against a known standard. DNA concentration was determined by
measuring the absorbance at 260nm assuming that 50pg/ml dsDNA gives an OD
reading of 1. DNA purity was calculated using the OD2¢0/OD2g ratio and was ideally

between 1.7 and 1.9.
2.2.12 DNA Sequencing
0.5-2.0ng of DNA were mixed with 0.2uM primer, 3pl BigDye (ABI Prism

terminator cycle sequencing ready reaction kit, Perkin Elmer Applied Biosystems)

and made up to a final volume of 10ul with UV treated Elix water. PCR was then

carried out using the following conditions:

(96°C for 10 secs, 50°C for 5 secs, 60°C for 4 mins) x 25 cycles
4°C Hold

Extension products were purified by isopropanol precipitation according to the

method described in the handbook supplied with the BigDye kit (see above). Briefly,
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DNA was precipitated in 60% isopropanol, pelleted by centrifugation, washed in 75%
isopropanol and air dried. Samples were then sent to the MRC Mammalian Genetics
Unit geneotyping, microarraying and sequencing (GAS) core facility where they were

run on an ABI Prism 377 sequencer.

Sequencing directlv from PCR products.

15ul PCR product was mixed with 4U shrimp alkaline phosphatase (Amersham) and
40U exonuclease | (New England Biolabs). Samples were incubated for 30 mins at
37°C after which the reaction was stopped by heating for 15 mins at 80°C. 5pl of this

reaction was added to the 10ul BigDye reaction described above.

2.2.13 Analysis and manipulation of DNA sequences

DNA sequences and chromatograms produced by the sequencing facility were viewed
and stored on the MRC Mammalian Genetics Unit WISP programme. DNA and
protein sequences were obtained, analysed, and manipulated using the GCG general
sequence analysis package available at the UK Human Genome Mapping Project

Resource Centre (http://www.hgmp.mrc.ac.uk/).

2.3 Cell culture

2.3.1 Cell lines and culture conditions

The irsl, irs2 and irs3 mutant hamster cell lines were previously isolated from the
parent line V79-4 in this laboratory (Jones et al., 1987). All cell lines were cultured at
37°C as monolayers in MEM supplemented with 10% (v/v) FBS, 2mM L-glutamine
and antibiotics. Cell stocks were stored at -70°C in complete medium containing

7.5% DMSO.
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2.3.2 Transfection of cells

Sub-confluent cells were harvested as a single cell suspension, pelleted by
centrifugation and resuspended at a concentration of 1 x 10® cells in 0.8ml cytomix
buffer (van den Hoff er al., 1992) (10mM K,HPO4+/KH,PO4, 2mM EGTA, 25mM
HEPES, 0.15mM CaCl,, 120mM KCl, 5mM MgCl,, 2mM ATP, SmM glutathione,
pH 7.6). 10ug of plasmid DNA was mixed with 0.8ml cell suspension and transferred
to a 0.4cm gap electroporation cuvette (BioRad). Cells were electroporated using a
BioRad Gene Pulser set at S00uFD, 400V. After electroporation cells were put into
non-selective medium and incubated for 48 h at 37°C before being seeded into 9cm
dishes at a concentration of no more than 5 x 10’ cells/dish in the appropriate
selective media (800ug/ml zeocin, 500ug/ml G418, or Spg/ml puromycin). Human
RADS51L2 PAC DNA (see section 2.5) carried no selective marker. 15ug of PAC
DNA was cotransfected with 2ug of the vector pEGFP-N2 and selected in 500pg/ml
G418. Surviving colonies were pooled and respread in 300pug/ml G418 and 4 x 10*M
MMC.

2.3.3 “Quick” isolation of genomic DNA for PCR

The presence of the appropriate gene (cDNA or PAC) in drug-resistant clones was
tested by PCR using cellular genomic DNA as a template according to a previously
described method (Aghamohammadi et al., 1992). Approximately 5 x 10* cells were
isolated in 100ul of medium, pelleted by centrifugation, washed in salts solution A
and resuspended in 50ul salts solution A (10 x salts solut.ion A: 74g/l NaCl, 2.85g/1
KCl, 12g/l NaHCOs3, 1.93g/1 Na,HPO4.2H;0, 0.83g/1 KH,PO4 12mg/l phenol red and
1.1g/l glucose). 5pl 10% nonidet P-40, 5ul 2mg/ml proteinase K and 40ul Elix water
were added to each sample which was then mixed by thorough vortexing. Samples
were incubated at 37°C for 30 mins after which the proteinase K was inactivated by
heating to 95°C for 5 mins. Cell debris was removed by centrifuging for 5 mins at
14000 rpm in an Eppendorf 5415C microcentrifuge and 5ul of the supernatant was

used immediately in a PCR reaction as described in section 2.2.1.
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2.4 Survival assays
2.4.1 Preliminary MMC survival assay

This assay was used to get an initial estimate of the MMC sensitivity of several newly
isolated clones at one time. Sub-confluent cells were harvested as a single cell
suspension and seeded into 24-well tissue culture plates, at a concentration of 300
cells/well for irs3 and irs3 cDNA-transfected clones, or 100 cells/well for V79. A
chronic treatment of MMC was added to the wells at the following concentrations —
no MMC, 1 x 10°M, 2 x 10®M, 5 x 10®M, 1 x 10"M and 2 x 107M. Plates were
then incubated for 10-12 days after which the MMC was removed and the cells

visualised by staining with 0.2% methylene blue in 50% methanol.
2.4.2 MMC survival assay

This assay was utilised when accurate survival data were required. The results of the
preliminary assay were used to estimate appropriate concentrations of MMC to use
with a particular clone. Sub-confluent cells were harvested as a single cell suspension
and a suitable number were seeded into 9cm dishes so as to give approximately 150
surviving cells per dish. MMC was then added and the dishes were incubated for 7 to
11 days to allow colony formation. After this time the MMC was removed and the
colonies were stained (as described above) before being counted. Three dishes were

used for each dose point and each entire experiment was repeated at least three times.

2.4.3 X-ray survival assay

Sub-confluent cells were harvested as a single cell suspension and diluted to a
concentration of 1 x 10° cells/ml. 2ml volumes of this solution were mock treated or
irradiated with 2, 4, 6 or 8 Gy 250kVp X-rays. An appropriate number of cells were
then seeded into 9cm dishes in order to give approximately 150 surviving cells per

dish. The dishes were incubated for 7 to 11 days to allow colony formation after
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which colonies were stained (as previously described) and counted. Three dishes

were used for each dose point and each entire experiment was repeated at least twice.

2.5 Identification and isolation of PAC DNA

2.5.1 PAC filter probing

Probing:

The full length RAD51L2 ¢cDNA was used as a probe and was obtained, by digestion
with Nhel and Kpnl, from the pZeoSV2(-) + RADS51L2 construct (see table 2.1). The
probe was labelled by random primer labelling using a Megaprime DNA labelling kit
(Amersham) in a similar way to the method described in the manufacturer’s protocol.
60ng of RAD51L2 DNA was mixed with 5ul random nonamer primers and heated to
95°C for 7 min to denature the dsDNA. The reaction was then cooled slowly to allow
the primers to anneal to the DNA, after which 10ul labelling buffer (-dCTP), 5ul
(c®*P) dCTP (50uCi) and 2ul Klenow enzyme were added. The reaction was
incubated for 12 mins at 37°C, to allow DNA synthesis and incorporation of the
radiolabelled nucleotides, before being stopped by the addition of 2ul 0.5M EDTA.
Unincorporated nucleotides were separated from the probe using MicroSpin G-25

columns (Amersham) according to the manufacturer’s protocol.

Hybridisation:

High-density gridded filters with human genomic PAC clones (library RPCII)
constructed by P. de Jong (loannou and de Jong, 1996) and provided by the UK
HGMP Resource Centre were pre-hybridised in 5 x SSC for 30 min at 65°C (20 x
SSC: 3M NaCl, 0.3M sodium citrate). Filters were incubated with hybridisation
solution; 5 x SSC, 5 x Denhart’s, 0.5% SDS and purified radiolabelled probe
(denatured for 7 min at 100°C and cooled on ice before addition) for 16 h at 65°C
(100 x Denhardt’s solution: 2% BSA, 2% Ficoll, 2% PVP). After this time a room
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temperature wash in 2 x SSC, 0.1% SDS was used to remove excess label.
Subsequent washes were carried out at 65°C and used graded reductions in SCC
concentration (2 x SSC to 0.1 x SSC) depending on the amount of radioactivity
remaining on the filter. The filter was then exposed to X-ray film at -70°C for an
appropriate length of time and films were developed using an automatic X-ograph
Compact X2 developer. PAC filters were stripped for future use by washing in 0.2M
NaOH for 30 min at room temperature followed by a second wash in 0.1 x SSC, 0.1%

SDS, 0.2M Tris pH 7.6 for 15 min at room temperature.

2.5.2 Isolation of PAC DNA from bacterial cells

Positive clones 259-05, 259-P8 and 232-L14 were identified on the PAC filters and
ordered from the UK HGMP Resource Centre. PAC DNA was isolated from bacterial
cells using a Qiagen large construct kit. Briefly, the bacteria were subject to alkaline
lysis followed by an ATP-dependent exonuclease digestion which removes
contaminating genomic DNA as well as damaged large-construct DNA. DNA was
then bound to and eluted from a column containing anion-exchange resin as described
in section 2.2.11 for the Qiagen midi and maxi kits. PAC clone 259-05 was selected

for further analysis.

2.6 Cytogenetic analysis (Work carried out in collaboration with Carol Griffin)

2.6.1 Chiromosomal mapping of PAC DNA

Clone 259-05 DNA was labelled with biotin-dUTP by nick translation (Bionick kit,
BRL). The biotinylated probe was hybridised to denatured human metaphase
chromosomes (isolation of metaphase cells described in section 2.6.2) using standard
methods (Cartwright et al., 1998a). The probe was detected using texas red avidin
DCS (Vector) and the signal amplified by adding biotinylated anti-avidin D and a

further round of texas red avidin DCS. Cells were visualised using a BX60
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fluorescent microscope and metaphases were captured and karyotyped using the

Genus Applied Imaging system.
2.6.2 Spontaneous chromosome aberration analysis

Cells were treated with 0.05ug/ml colcemid for 2 h prior to harvesting to increase the
number of metaphases obtained. After harvesting, cells were incubated in hypotonic
solution (0.038M KCI, 0.017M trisodium citrate) for 20 min at 37°C, and then fixed
for approximately 16 h in 75% ethanol, 25% acetic acid. Fixed cells were dropped
onto slides and stained with Giemsa for analysis. Chromosome aberrations were
scored and classified according to a previously described method (Savage, 1976) from

coded slides.
2.6.3 Sister chromatid exchange (SCE) analysis

Cells were seeded in T75 flasks and grown for 48 h to sub-confluent levels. Sister
chromatids were differentially labelled by treating the cells with 10ug/ml BrdU in the
dark for two cell cycles (24 h). During the first 2 h of this labelling the cells were also
exposed to MMC in serum free media. Metaphase preparations were made using the
techniques described above and differential staining of the chromatids was achieved
using the fluorescence plus Giemsa (FPG, ‘harlequin’) staining method (Perry and

Wolff, 1974).

2.7 Reverse transcriptase (RT)-PCR

2.7.1 Isolation of RNA from mammalian cells

Total RNA was isolated from mammalian cells using a Qiagen RNeasy mini kit.
Briefly, up to 1 x 107 cells were lysed in a guanidine isothiocyanate (GITC)-

containing buffer that inactivates RNases. Samples were homogenised by passing the

lysate through a 20G needle, after which ethanol was added to provide conditions
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which allow RNA to bind to the silica-gel membrane of a spin column. Contaminants
were removed from the sample by three wash steps before RNA was eluted from the
column in RNase free water. The RNA was then treated with 1U per 10ul sample
RQI RNase-free DNase (Promega) for 15 mins at 37°C and aliquots were stored at
-70°C.

Determination of RNA concentration, purity and integrity:

RNA concentration and purity were determined using a spectrophotometer in a
similar manner to the method used to determine DNA concentration and purity (see
section 2.2.11). Absorbance readings at 260nm were used to measure RNA
concentration where an OD reading of 1 corresponds to 40ug/ml RNA. RNA purity
was calculated using the OD160/ODsg¢ ratio and should be between 1.5 and 1.9 when
the sample is diluted in water. The integrity of RNA was checked by running 5-10ug
of samples on a 0.8% agarose gel. This was carried out in a similar way to that
described in section 2.2.3 except that all apparatus were soaked for 10 mins in 3%
H,O; before use and solutions were made up in 0.1% DEPC water to limit RNA

degradation.
2.7.2 RT-PCR

RT-PCR was carried out using a Superscriptll RNase H reverse transcriptase kit
(GibcoBRL). 5ug RNA was mixed with 500ng Oligo (dT),s (Promega) and first
strand cDNA synthesis was carried out according to the m;mufacturers protocol. The
resulting cDNA was incubated with 2U RNase H (Invitrogen) per 20ul sample, to
remove complementary RNA, for 20 mins at 37°C. 2ul of this reaction was used in a

25ul PCR reaction as described in section 2.2.1.
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2.8 Site-directed mutagenesis

Mutagenesis was carried out using the QuikChange site-directed mutagenesis kit
(Stratagene). 5-50ng dsDNA template was added to 0.2uM forward and reverse
mutagenic primers, 0.2mM dNTPs, | x Pfu reaction buffer (Stratagene) and made up
to a final volume of 50ul with UV treated Elix water. 2.5U of Pfu turbo DNA
polymerase (Stratagene) was added to each reaction and thermal cycling was carried

out as follows:

95°C for 30 secs

(95°C for 30 secs, 55°C for 1 min, 68°C for 13 min) x 18 cycles
68°C for 10 min

4°C Hold

After cycling each reaction was incubated with SU of Dpn 1 (Stratagene), for 1 h at
37°C to digest non-mutated DNA. 3ul of each reaction was then electroporated into

DHS50. cells using the methods described in section 2.2.9.

Site-directed mutagenesis primers:

Walker A box K—A:
5’-GCACCAGGTGTTGGAGCAACACAATTATGTATGCAGTTG-3’
Walker A box K—R:

5’-GCACCAGGTGTTGGACGAACACAATTATGTATGCAGTTG-3’

Only the forward mutagenic primers are shown, reverse primers are the exact

complement. Bases altered for mutagenesis are underlined.
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2.9 Immunofluorescence

Cells were seeded onto coverslips and grown for 48 h to sub-confluent levels before
being mock-treated or exposed to 10 Gy X-rays. After a further 5 h incubation at
37°C, cells were washed three times with 4°C PBS and fixed with 1%
paraformaldehyde in PBS for 2 h at 4°C. In between each of the following stages
cells were washed three times with 4°C PBS. Fixed cells were permeabilised for 10
min at room temperature in 0.1% Triton X-100, 0.1 x SSC and then blocked for | h at
room temperature in 5% horse serum in PBS. Cells were incubated overnight at 4°C
with 1:100 dilution primary antibody, rabbit polyclonal anti-RADS51 (Ab-1) antibody.
This was followed by a 1 h incubation at room temperature, in the dark with 1:100
dilution secondary antibody, Cy5-conjugated goat anti-rabbit IgG. Coverslips were
then mounted in Vectashield anti-fade medium and cells were analysed using a
BioRad MRC600 confocal microscope. Images were selected at random, and were
scored from coded slides by two independent scorers, recording the number of
discrete strongly fluorescing nuclear foci in each cell. At least 50 cells were scored
for each data point, and data were compared statistically to assess homogeneity using

the Mann-Whitney U test.
2.10 Cell cycle analysis

Cells were grown for 48 h to sub-confluent levels before being mock-treated or
exposed to 10 Gy X-rays. After a further 5 h incubation at 37°C cells were harvested
as a single celled suspension. The cells were then pellc::ted by centrifugation and
washed three times in PBS before they were fixed in 1.5ml 50% ethanol in PBS for at
least 30 minutes at 4°C. Cells were treated with 0.5% RNAse A, and propidium
iodide was added to a final concentration of 50ug/ml, prior to flow cytometry analysis

using a FACSort (Beckton-Dickinson).
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2.11 Western blotting
2.11.1 Preparation of whole cell protein extracts

Cells were grown for 48 h to sub-confluent levels before being mock-treated or
exposed to 10 Gy X-rays. After a further 5 h incubation at 37°C the cells were
harvested as a single cell suspension, pelleted by centrifugation, washed in PBS and
resuspended in Elix water. Cells were lysed by heating for 5 min at 95°C (with
frequent vortexing) before being spun for 5 mins at 14000 rpm in an Eppendorf
5415C microcentrafuge. The protein concentration of the supernatant was determined
using the BioRad protein assay with a set of standards of known protein
concentration. Samples were then mixed with an equal volume of Laemmli SDS
sample buffer (10% glycerol, 5% B-mercaptoethanol, 3% SDS, 0.01% bromophenol
blue, 100mM Tris-HCl pH 6.8) before being either loaded directly onto a

polyacrylamide gel or stored in aliquots at -70°C.
2.11.2 Polyacrylamide gel electrophoresis

Protein samples were separated on SDS-polyacrylamide gels. The running gel
contained; 7.5% acrylamide/bisacrylamide solution 37.5:1 (Gibco BRL), 250mM
Tris-HC1 pH 8.8, 0.1% high grade SDS, 0.2% TEMED and the stacking gel
contained; 3.7% acrylamide, 125mM Tris-HCl pH 6.8. 0.1% high grade SDS, 0.2%
TEMED. Gels were set by the addition of 0.06% freshly prepared ammonium
persulphate. Gels were run in a Hoefer miniVE vertical .electrophoresis system, in

SDS-PAGE buffer (380mM glycine, 50mM Tris-base, 0.1% SDS) at 100-180V.
2.11.3 Western blotting
Proteins were transferred onto a PVDF Immobilon-P membrane (Millipore) using

Flowgen blotting apparatus containing transfer buffer (190mM glycine, 25mM Tris-

base, 20% methanol). Protein transfer was carried out for either 2 h at 400 mA or
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overnight at 40 mA after which the membrane was incubated with blocking solution
(5% milk (Marvel), 5% BSA, 0.1% Tween 20 in PBS) for 2-16 h at 4°C. The
membrane was then incubated for | h with the appropriate primary antibody diluted to
a suitable concentration in blocking solution. After 2 rinses and 3 x 10 min washes in
wash buffer (0.1% Tween-20 in PBS), the membrane was incubated for 1 h with
secondary horse radish peroxidase (HRP) conjugated antibody diluted to a suitable
concentration in blocking solution. After a further set of washes, protein was
visualised using an enhanced chemiluminescence (ECL) kit (NEN Renaissance)
according to the manufacturer’s protocol. Densitometry analysis was carried out on a
Kodak image station 440CF. 1f a membrane was to be reprobed it was incubated for
30 min at 50°C with stripping buffer (2% SDS, 100mM B-mercaptoethanol, 62.5mM
Tris-HCI pH 6.8) before being rechecked by ECL.

2.11.4 RADS1L2 immunoprecipitation

Immunoprecicptation analysis was carried out according to the method described by
Masson et al. (2001b). HSC230 (human Fanconi anaemia cell line), V79 and irs3 cell
pellets (2-5 x 10® cells) were resuspended in 3ml lysis buffer (50mM Tris-HCI at pH
7.5, 0.5M NaCl, 0.5% NP-40) containing protease inhibitors, incubated on ice for 30
min, dounced 10 times and sonicated twice for 20 s. Insoluble material was removed
by spinning at 47000 rpm for 45 min in a TL-100 ultracentrifuge set at 4°C. Protein
complexes in the supernatent were pulled down for 1.5 h at 4°C using an anti-
hRAD51L2 pAb (see table 2.5) cross-linked to Aminolink beads (Pierce). Complexes
were washed four times in lysis buffer and visualised by W.estem blotting (see above)

using an anti-hRAD51L2 mAb (see table 2.5) at a 1:100 dilution.
2.12 Homologous recombination repair assay

2.12.1 GFP expression assay
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The recombination reporter construct used in this assay was kindly provided by Dr.
Maria Jasin, Memorial Sloan-Kettering Cancer Centre, New York. V79 and irs3 cells
were stably transfected with Xhol linearised p59xDR-GFP6 DNA and independently
isolated clones were used in the assay. Sub-confluent cells were harvested as a single
cell suspension and diluted to a concentration of 2 x 10° cells per 0.8ml in cytomix
(see section 2.3.2). 0.8ml volumes of cell suspension were either transiently
transfected with 50pg pCBASce (I-Scel expression vector), or transiently
cotransfected with 50ug pCBASce and 20pg RADSIL2 expression vector.
Transfected cells were put into non-selective medium for 45 h after which they were
harvested and washed twice in PBS. Flow cytometry analysis was carried out on 2 X

10° cells and data were recorded on a green (FL1) versus red (FL3) fluorescence plot.
2.12.2 Southern blotting

Southern blotting was used to determine the integrity and copy number of the DR-

GFP construct in stably transfected clones.
Isolation of genomic DNA from mammalian cells:

Genomic DNA was isolated from mammalian cells using the Qiagen genomic DNA
midi or maxi kit according to the manufacturer’s protocol. Briefly, cells were
harvested and lysed after which DNA was bound to the anion-exchange resin of a
gravity-flow column under low salt and pH conditions. ) RNA, proteins and low-
molecular-weight impurities were then removed with a medium salt wash and DNA
was eluted in a high salt buffer. It was then concentrated and desalted by isopropanol

precipitation.
Blotting:

Approximately 10ug of genomic DNA was digested with around 60U of the

appropriate restriction enzyme for 8-16h at 37°C. One fifth of this sample was run on
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a 0.5% minigel to check for digestion before the rest of the sample was run on a 0.8%
gel at 3-5 V/cm with suitable markers. Following electrophoresis the gel was put into
0.25M HCI for 25 min to nick the DNA. The gel was then rinsed with Elix water
before being placed in denaturation solution (1.5M NaCl, 0.5M NaOH) for 30 min.
After a further rinse with Elix water the gel was placed in neutralisation solution
(1.5M NaCl, 0.5M Tris-HCI pH7.2, 0.001M EDTA) for 20 min. The DNA was then
transferred overnight to Hybond N+ nylon membrane (Amersham) by capillary action
using 20 x SCC as the transfer buffer. The next day the membrane was washed in 2 x
SSC and air-dried. DNA was then fixed to the membrane using the optimal crosslink

setting on an XL-1500 UV crosslinker (Spectronics Corporation).
Probe preparation:

Probes were labelled using a Megaprime DNA labelling kit and unincorporated
nucleotides were separated from the probe using MicroSpin G-25 columns as

described in section 2.5.1.
Hybridisation:

This method is similar to that described in section 2.5.1 where some of the solutions
and equipment have already been outlined. The membrane was incubated with 25ml
pre-hybridisation solution; 5 x SSPE, 5 x Denhardt’s solution, 0.5% SDS, 0.02mg/ml
herring sperm DNA (pre-heated to 100°C for 5 min and co?led on ice before use) for
approximately 5 h at 65°C (20 x SSPE: 3.6M NaCl, 0.2M sodium phosphate, 0.02M
EDTA pH7.7). After this time the pre-hybridisation solution was removed and
replaced with 10ml pre-heated hybridisation solution (the same as the pre-
hybridisation solution) containing purified radiolabelled probe (denatured by heating
to 100°C for 7 min and cooling on ice). The membrane was incubated with the probe
for at least 16 h at 65°C. Following hybridisation the membrane was washed for 15
min at room temperature in 2 x SSPE, 0.1% SDS to remove excess label. Further

washes were carried out at 65°C and used reduced concentrations of SSPE depending
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on the amount of radioactivity remaining on the membrane. When an suitable number
of counts representing specific signal were left on the membrane it was exposed to an
imaging screen (Kodak) for an appropriate amount of time. This was then visualised
on a phosphoimager (BioRad Molecular Imager FX). Membranes were also exposed

to X-ray film at -70°C that was developed using an automatic developer.
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CHAPTER 3: The RAD51L2 gene complements the DNA damage

sensitive phenotype of the irs3 cell line
3.1 Introduction

The irs3 cell line was isolated with irsl, from the Chinese hamster cell line V79-4 in a
screen for X-ray sensitive mutants, and shows a 2-fold sensitivity to X-rays. irs3 cells
are also slightly but reproducibly sensitive to UV irradiation as well as 2.5 fold
sensitive to EMS. However, the most striking aspect of the irs3 cell phenotype is a 7-
fold sensitivity to MMC (Jones et al., 1987). More detailed investigation into irs3
cross-sensitivities has shown hypersensitivity to a variety of other DNA cross-linking
agents and a milder sensitivity to monofunctional alkylating agents, oxidative
mutagens and certain topoisomerase inhibitors including etopside and camptothecin
(Caldecott and Jeggo, 1991; Jones et al., 1993; Thacker and Ganesh, 1990).

Several processes found to be defective in other radiosensitive cell lines have
been investigated in irs3. irs3 cells are proficient in the repair of IR-induced DNA ssb
and dsb and do not exhibit radioresistant DNA synthesis (Cheong er al., 1992;
Thacker and Ganesh, 1990). They show wild type frequencies of mutation in the
HPRT gene and undergo V(D)J recombination normally (Thacker et al., 1994). irs3
cells also show a recovery from the effects of low-dose-rate irradiation which is
similar to that observed in wild type cells (Thacker and Wilkinson, 1995).

A notable aspect of the irs3 phenotype is increased chromosomal instability
compared to wild type cells. The cells show elevated levels of spontaneous
micronuclei and are particularly sensitive to the induction. of micronuclei by cross-
linking agents, showing a 2.8-fold increase in percentage cells micronucleated after
treatment with 2.5uM 1,3 butadiene diepoxide (DEB) (Jones et al., 1993). irs3 cells
are also hypersensitive to the induction of kinetochore-negative micronuclei and to a
lesser extent kinetochore-positive micronuclei after X-ray treatment, but are not
hypersensitive to the induction of kinetochore-positive or —negative micronuclei after
treatment with the aneugen podophyllotoxin or etoposide (Hermine et al., 1997).

Analysis of metaphase chromosome aberrations has shown a spontaneous increase in
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chromatid deletions compared to wild type cells. A dramatic increase in chromatid
aberrations, in particular chromatid exchanges (>50-fold increase), is observed after
treatment with 2.5uM DEB (Jones et al., 1993).

There have been several genetic studies carried out to divide radiosensitive
mutants into different complementation groups. irs3 cells have been fused to a variety
of hamster and mouse mutants and the resulting hybrids tested for IR sensitivity. The
irs3 mutation was found to be recessive (Jones et al., 1988) and the irs3 cell line
complemented the IR sensitivity of all other cell lines tested placing it into a unique
complementation group (Jeggo et al., 1991; Jones et al., 1988; Sato et al., 1995;
Thacker and Wilkinson, 1991). irs3 has also undergone genetic testing with a number
of MMC sensitive hamster mutants and was again shown to represent a distinct
complementation group (Jones, 1994).

A great deal of work has already gone into trying to clone the gene mutated in
irs3. Transfection of irs3 with cDNA or genomic DNA, followed by selection for
MMC resistance, proved unsuccessful. A positional cloning approach similar to that
used to clone XRCC2 from irsl (Tambini et al, 1997) also failed (John Thacker,
personal communication). Therefore we decided to employ a candidate gene
approach to identify the mutated gene. This method involves transfecting cDNAs,
selected by educated guesses, into a cell line and then assaying for complementation
of the mutant phenotype, in this case MMC sensitivity.

Initially, there were several promising candidate genes to choose from. irs3
cells have previously been described as having phenotypic similarities to Fanconi
anaemia (FA) cells (Jones et al., 1993). Both show hypersensitivity to DNA cross-
linking reagents, little sensitivity to UV and chromosoma.l instability (Grompe and
D'Andrea, 2001). However, FA cells are generally not IR sensitive (Buchwald and
Moustacchi, 1998), whereas irs3 cells are moderately IR sensitive. The Chinese
hamster cell line V-H4 has been shown by genetic complementation analysis to
belong to the same complementation group as FA-A cells (Arwert et al., 1991). 1irs3
complements V-H4 MMC sensitivity and has therefore been placed i a separate
complementation group (Jones, 1994). This would suggest that irs3 cells are not

mutated in FA-A but could be mutated in one of the other Fanconi’s genes.
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Two further candidates were the breast cancer susceptibility genes BRCAI
and BRCA2. Cells deficient in either of these genes show elevated levels of
chromosomal aberrations and X-ray sensitivity (Venkitaraman, 2001). Sensitivity to
cross-linking agents has also been found in certain cell lines including Brcal-deficient
mouse ES cells (Bhattacharyya et al., 2000; Moynahan et al., 2001a) and Brca2-
deficient mouse lymphocytes (Yu ef al., 2000) and hamster cells (Kraakman-van der
Zwet et al., 2002). It should be noted that not all this information was available at the
beginning of this study that was initiated in 1999.

It is also possible that mutation of an essential gene that leads to a reduction
rather than an abolition of gene function gives rise to the irs3 phenotype. “Leaky”
expression of an essential gene may allow cells to survive when complete disruption
of the gene would be lethal. One potential candidate for this type of gene is RADS51.
Disruption of the Rad51 gene in mice leads to early embryonic lethality (Lim and
Hasty, 1996; Tsuzuki et al., 1996). Also, RADS5 I”" chicken DT40 cells, carrying a
human RADS5I1 transgene under the control of a repressible promoter, accumulate in
G2/M before dying when the transgene is inhibited (Sonoda et al., 1998).

At the beginning of this study the five R4D51-like genes appeared to be the
best choice for a candidate gene experiment. This was based on the observation that
the phenotypes of irsl and irs1SF are very similar to that of irs3 although they are
more severe. irsl and irs1SF are mutated in XRCC2 and XRCC3 respectively
(Cartwright et al., 1998b; Liu et al., 1998). However, genetic complementation
experiments had previously shown irs3 to be in a different complementation group to
irs1 and irs1SF (Jeggo et al., 1991; Jones et al., 1988; Thacker and Wilkinson, 1991).
Therefore, irs3 cannot be mutated in either XRCC2 or XRC&‘.?. The RAD51L1 cDNA
had also been transfected into irs3 cells and no change in MMC sensitivity was
observed (John Thacker, personal communication). The remaining two RADS5I-like
genes RADS51L2 and RADS51L3 consequently became the candidate genes with most
potential. The aim of this work hence became to transfect the RAD5IL2 and

RADS1L3 cDNAs into irs3 and assay stably transfected clones for increases in MMC

resistance.
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3.2 Results
3.2.1 RAD51L2 cDNA complements irs3 MMC sensitivity

The human RAD51L3 gene had previously been cloned in this lab (Cartwright ez al.,
1998a). It was recloned into the mammalian expression vector pZeoSV2(-) for this
experiment. The human RADS5IL2 gene was amplified from a human testis cDNA
library (Clontech), using primers with restriction sites incorporated into their
sequence, which enabled subsequent cloning into pZeoSV2(-). The primers, vectors
and restriction sites used in all cloning procedures can be found in Materials and
Methods, section 2.1.

irs3 cells were stably transfected with the R4D5/L3 and RAD51L2 constructs
and five independent zeocin resistant clones of each were i1solated. Genomic DNA
was extracted from the clones (see “quick” isolation of genomic DNA for PCR,
Materials and Methods section 2.3.3) and used as a template for PCR, with primers to
amplify either the full length R4D5IL3 or RADS5IL? gene. Three of the five
RADS5IL3 clones (clones #1, #2 and #3) were found to carry the RAD5]L3 gene but
suprisingly only one RAD5IL2 clone (clone #2) was found to carry the RAD5IL?
gene (Fig. 3.2 B and C). All clones were then subjected to a preliminary MMC
survival assay (Materials and Methods section 2.4.1) together with untransfected V79
and irs3 cells. As expected, irs3 cells were found to be more MMC sensitive than
V79 cells, with irs3 and V79 surviving MMC concentrations of 10-20 nM and 100-
200 nM respectively (Fig. 3.1). All RAD5IL3 clones showed a level of MMC
sensitivity similar to that of untransfected irs3 cells, irreépective of whether they
carried the RADS51L3 gene. However, the RAD51L?2 clone shown by PCR to carry the
RADSIL2 gene was more resistant to MMC (surviving to 50-100 nM) than clones that
did not carry the gene or untransfected irs3 cells (Fig. 3.1 and data not shown). irs3
clones carrying empty pZeoSV2(-) vector showed a similar level of MMC sensitivity
to untransfected irs3 cells (data not shown). These results indicate that RAD5IL2

cDNA, but not RAD51L3 cDNA, can complement the MMC sensitive phenotype of

the irs3 cell line.
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3.2.2 Recloning of RAD51L2 into a bicistronic expression vector

The previous section describes data that shows that RAD51L2 cDNA complements
irs3 MMC sensitivity. However, this result is dependent on data obtained from just
one RADS51L2 transfected clone. To verify the result a further 20 zeocin-resistant
clones were isolated. As before, each clone was tested for the presence of the full-
length RAD51L2 gene by genomic DNA PCR and then subject to the preliminary
MMC assay. It was found that of the 25 clones isolated in total, 16 contained the full
length RADS51L2 gene by PCR but only 3 showed increased resistance to MMC. All
MMC resistant clones carried the RAD51L2 gene (Table 3.1). This suggests that 13
of the 16 clones shown to carry the RAD5IL2 gene by genomic DNA PCR are not
expressing the gene product, and are therefore not resistant to MMC. To overcome
this problem it was decided to reclone the RAD51L2 gene into the pIRESneo2 vector.
This vector contains an internal ribosome entry site (IRES) that allows translation of
the selective marker (G418) and the gene of interest on the same RNA. irs3 cells
were stably trasfected with this construct and 24 G418 resistant clones were isolated.
4 of these clones were found to carry the R4AD5/L2 gene by genomic DNA PCR and
each of the 4 clones was also shown to express RAD51L2 by RT-PCR (Fig. 3.2 D).
All 4 clones were also found to be MMC resistant (Table 3.1). Clone #2 and clone
#13 were used in further experiments and from here on are called clone #1 and clone
#2 respectively, which is the notation used in French ez al., 2002.

In previous experiments, irs3 cells transfected with R4D51L3 in pZeoSV2(-)
(Fig. 3.1) or RADS51L1 in pEBS7 (John Thacker, personal communication) showed no
increase in MMC sensitivity. In light of the above results it.was decided to check the
expression of these clones by RT-PCR. All clones found to carry the full-length
RADSILI or RAD51L3 gene by genomic DNA PCR were also shown to express it by
RT-PCR (Fig. 3.2 A and B).
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Table 3.1 Analysis of RAD51L2 transfected clones.

hsRADS51L2 in hsRADS51L2 in
pZeoSV2(-) pIRESneo2
Total number of clones 25 24
isolated
Clones shown to carry the 16 4
RADS51L2 gene by PCR
MMC resistant clones 3 4

In order to measure complementation levels more accurately V79, irs3 and two MMC
resistant clones, transfected with the hsRADS/L2 in pIRESneo2 construct, were
subject to a full MMC survival assay (see Materials and Methods section 2.4.2).
RADS51L2 cDNA-transfected clones showed a significant increase in MMC resistance
when compared to untransfected irs3 cells (Fig. 3.3).
pIRESneo2 vector showed a similar level of MMC sensitivity to untransfected irs3
cells (data not shown). It can be concluded from these data that there is a direct

correlation between the presence of the R4D51L2 gene and the restoration of MMC

resistance in irs3 cells.
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3.2.4 RADS51 cDNA does not complement irs3 MMC sensitivity

The RADS51 gene has previously been shown to complement DNA-damage sensitivity
when overexpressed in cell lines that are defective in RAD51-like genes. In yeast,
overexpression of Rad51 partially suppresses the IR sensitivity of Rad55 and Rad57
mutants (Hays ez al., 1995; Johnson and Symington, 1995). In chicken DT40 cells
expression of hRADS5] restores y-ray and MMC sensitivity to wild type levels in
RADS51L1 mutants (Takata et al., 2000). Furthermore, cisplatin sensitivity is partially
complemented and y-ray sensitivity almost fully corrected by hRAD51 in RADS1L2,
RADSIL3, XRCC2 and XRCC3 mutants (Takata et al., 2001). It was therefore
decided to see if the hRADS5I gene complemented the DNA-damage sensitive
phenotype of the irs3 cell line. The RADS5/ gene was cloned from a cDNA library
into the pIRESneo2 vector and transfected into irs3. Two independently isolated
clones were shown to carry the RAD5] gene by genomic DNA PCR, and also to
express it by RT-PCR (Fig. 3.2 E). The MMC sensitivity of both clones was analysed
but neither was found to survive MMC treatment better than untransfected irs3 cells

(See Fig. 3.3).
3.2.5 RAD51L2 cDNA complements irs3 X-ray sensitivity

The irs3 cell line has previously been shown to have a 2-fold increase in X-ray
sensitivity when compared to wild type cells (Jones er al., 1987). V79, irs3 and two
RADS51L2 ¢DNA transfected clones were assayed for X-ray survival (Materials and
Methods section 2.4.3). The survival curves obtained for .V79 and irs3 agreed with
previous results (Jones ez al., 1987). The RAD51L2 cDNA transfected clone survival
curves were midway between V79 and irs3 showing partial complementation of the

irs3 X-ray sensitive phenotype (Fig. 3.5).
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3.3 Discussion

The irs3 cell line has a phenotype that suggests a defect in some aspect of DNA
repair. Here we aimed to identify the gene responsible for this phenotype using a
candidate gene approach. RADSIL2 and RADS5IL3 were chosen as the candidate
genes and transfected into irs3 cells. Clones carrying stably integrated RADS5S/L3
cDNA (or RADSIL1 cDNA, John Thacker, personal communication) had a level of
MMC sensitivity similar to that found in untransfected irs3 cells. However, clones
carrying RAD5IL2 cDNA were found to have significantly increased resistance to
MMC.

The RADS5IL2? gene was originally cloned into the pZeoSV2(-) vector.
However, after transfection of this construct into irs3 the majority of zeocin-resistant
clones isolated were not resistant to MMC even though they carried the full-length
RADS51L2 gene as determined by genomic DNA PCR. In these clones it appears that
RADS51L?2 is either not expressed or that expression is down regulated. To overcome
this problem RAD51L2 was recloned into the bicistronic vector, pIRESneo2. In this
context, all G418 resistant clones that carried the RAD51L2 gene also expressed it as
determined by RT-PCR and MMC survival. However, the overall number of
RADS1L2-expressing clones isolated (4/24) was much lower than that seen when irs3
was transfected with other genes eg. RADS5IL3 in pZeoSV2(-) where 3 out of the 5
zeocin-resistant clones isolated expressed full-length RAD5IL3. It is possible that
overexpression of the RADS5IL2 gene is deleterious to cells. RAD5IL2 expression
may only be tolerated in clones that have the construct integrated in a position that
results in low expression. In order for other clones to su1:vive RADSIL?2? expression
could be suppressed. This point is discussed further in Chapter 7, section 7.2.

In support of the RAD51L2 cDNA data, RAD51L2? PAC DNA was also found
to complement irs3 MMC sensitivity. Neither RAD51L2 cDNA nor genomic DNA
fully complemented the sensitivity suggesting that the human gene is not fully
functional in hamster cells. Problems associated with overexpression could account
for the lack of complete complementation in the case of the cDNA but it would be

expected that the genomic DNA would be expressed at a more physiological level.
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For this reason human-hamster species differences rather than overexpression appear
to be the most likely reason for lack of full complementation.

As well as MMC sensitivity, the RAD5IL2 c¢cDNA complements X-ray
sensitivity and an increased level of spontaneous chromosome aberrations in irs3, this
indicates that the complex irs3 phenotype is caused by a mutation in one gene rather
than mutations in several genes. The irs3 chromosome aberration data agree broadly
with a previous similar study (Jones ef al., 1993). Both studies show irs3 to have an
increased level of metaphase aberrations, namely chromatid type aberrations. We
also found a very high level of isochromatid breaks in irs3 (51.5% of all aberrations).
However, the Jones study did not score isochromatid breaks as a separate category so
it is difficult to tell whether this interesting finding is consistent with previous data.
The significance of the elevated level of isochromatid breaks in irs3 is discussed mn
Chapter 7, section 7.4.

The results described above link the presence of the RADS5SIL2 gene with
complementation of the irs3 DNA damage sensitive phenotype. They also suggest
that the RADS51L2 gene is mutated in irs3 cells and that this mutation compromises
RADSIL2 gene function. However, there are other interpretations of these results
which need to be considered and two possibilities are outlined below.

Firstly, the increase in MMC resistance observed in RAD51L2 transfected irs3
cells may be due to reversion. High reversion frequencies have been reported in X-
ray sensitive (xrs) CHO-K1 mutants after treatment with the DNA methylation
inhibitor 5-azacytidine (AC). It is thought that under normal conditions these cells
contain two gene copies one mutated copy and one copy that is silenced by
hypermethylation. After treatment with AC the silent cop)./ is reactivated leading to a
reversion of phenotype (Jeggo and Holliday, 1986). However, irs3 has previously
been tested for reversion and none was detected either spontaneously or after AC
treatment (Jones et al., 1987). There was also no evidence for reversion during the
current experiments, eg. no background clonal growth in MMC selection that would
make this explanation of the results unlikely.

Secondly, it is possible that the RAD51L2 gene is not mutated in irs3 cells, but

instead that the RAD51L2 gene product is suppressing the effects of a mutation in
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another gene. It would be necessary to identify a mutation in the irs3 RADS5IL2 gene
to discount this. An example of a suppressor gene is R4D51 which has been shown to
complement the effects of defective RAD51-like genes in yeast and chicken DT40
cells (see section 3.2.4). However, we observed no increase in MMC resistance in
irs3 clones clones expressing RAD51 ¢cDNA. This differs from the expected result
based on the yeast and chick cell data but concurs with the limited evidence available
for mammalian cells. RADS5I overexpression does not suppress the recombination
defect observed in irsland irsISF cells (Johnson et al., 1999, Pierce et al., 1999).
This suggests that there are subtle differences between the homologous recombination
processes of different species.

In summary, this chapter describes the use of a candidate gene approach to
identify RAD5IL2 as the most likely gene to be mutated in the irs3 cell line. To
confirm that this is indeed the correct result it will be necessary to find a mutation in
irs3 by comparing the sequence of the RAD51L2 gene in the wild type and mutant cell

lines.
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CHAPTER 4: Identification of irs3 as a RAD51L2-deficient cell line
4.1 Introduction

In Chapter 3 a direct correlation between the presence of the RADSIL2 gene and
increased DNA damage resistance in the irs3 cell line was found. Cells transfected
with the RAD51L2 cDNA showed increased resistance to MMC and X-ray treatment
as well as a reduction in the level of spontaneous chromosome aberrations. These
data strongly suggest that there is a mutation in the irs3 RAD51L2 gene. However, as
discussed in the previous chapter there are other explanations for these results such as
reversion and suppressor gene effects. To eliminate these possibilities the irs3
RADS51L2 gene was sequenced and compared to the V79 sequence in order to identify
any mutations.

A mutation or deletion in any part of the R4D51L2 gene could potentially
affect its function. Such a mutation could be found in either intron or exon sequence,
or in the gene promoter. It was decided to sequence the RAD5/L2 cDNA first and to
extend the sequencing to other regions if a mutation was not found. The human
RADSIL2 cDNA was previously cloned (Dosanjh et al.,, 1998), and some genomic
and ¢cDNA sequence data for the mouse gene was available in databases. The full
mouse Rad51/2 gene sequence became available towards the end of this study
(Leasure et al., 2001). The hamster is not as well studied an organism as the mouse
and no RADS5IL2 sequence was available. It was therefore necessary to clone the
Chinese hamster RAD51L2 gene from a cDNA library before any work could begin
on sequencing it in irs3 cells. This Chapter describes tile cloning of the Chinese
hamster RAD5IL2 cDNA, employing a strategy that makes use of sequence
homologies between the human and mouse RAD51L2 sequences. It also describes the
subsequent sequencing of the hamster cDNA in irs3 and V79 cells and the

identification of a mutation in the irs3 RADS51L2 gene.
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4.2 Results
4.2.1 Cloning the hamster RAD51L2 gene

The Chinese hamster RAD51L2 gene was cloned from a CHO-K1 ¢DNA library
(Invitrogen). All the primers used in the cloning of the hamster RAD5/L2 gene can
be found in Methods, table 2.3. Partial mouse cDNA and genomic DNA Rad51/2
sequences were obtained from database searches and aligned with the human gene
sequence (Dosanjh et al., 1998) to identify regions of homology. Primers were
designed to conserved regions, with the 3’ end of each primer lying on the first base
of a codon where a change would be least likely to occur in the hamster sequence. In
this way a central portion of the hamster gene was amplified from the cDNA library
(Fig. 4.1, blue primers). The PCR was repeated several times and the products
generated were TA cloned (See methods, section 2.2.2) and sequenced. The
remainder of the hamster gene was cloned using nested primers designed to the
central portion and to the library vector, pcDNA1 (Fig 4.1, 5’ end primers = red, 3’
end primers = green). Again, the products of several PCR reactions were TA cloned
and sequenced. Finally, primers were designed to amplify the full-length gene from
the cDNA library. Restriction sites in the primers allowed the gene to be cloned into
the pIRESneo2 vector before the construct was verified by sequencing. The hamster
RADSIL2 gene sequence was submitted to the EMBL database, accession number
AJ413202.

The RAD51L2 hamster cDNA is predicted to consist of 9 exons based on the
splice sites in the human gene. Translation of the cDNA. sequence yields a protein
that is 366 amino acids in length. Figure 4.2 shows an alignment of the predicted
hamster RADS51L2 protein sequence with other known RADS5S1L2 proteins. 1t should
be noted that both the hamster and the mouse RADS51L2 sequences lack the start
codon that has previously been published for the human sequence (Dosanjh er al.,
1998). Instead, the hamster and mouse sequences start 9 amino acids downstream
where a second start codon exists in the human sequence. The mouse and hamster

proteins show 84% identity to each other, and each shows 77% identity to the human
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protein with only one amino acid difference in length (the analysis does not include
the 9 amino acids at the start of the human protein). Also included in the alignment is
the recently isolated cress (drabidopsis thaliana) protein sequence (Osakabe er al.,
2002) and the sequence for rice (Oryza sativa) which was obtained from a database
search. Both the cress and the rice proteins show a lower 41% identity to the hamster
protein, but the Walker box motifs and certain other regions remain highly conserved.
Like the human sequence, the cress sequence has two potential start codons. These
codons are 22 amino acids apart, with the second codon lying 2 amino acids
downstream of the mouse and hamster start codons. The sequence lying between the

first and second start codons is not conserved between the human and cress proteins.
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4.2.2 Sequencing the RAD51L2 gene in V79 and irs3

RNA was extracted from wild type and mutant cells and reverse transcribed to give
c¢DNA. The cDNA was used as a template for PCR using primers designed to amplify
the full-length hamster gene. The RAD51L2 cDNA profiles for V79 and irs3 are
shown in Fig. 43 A. Both cell lines showed a number of different sized cDNA
products and several of the products were isolated and sequenced. The main V79
band was found to be the full-length RADS5IL2 gene and the other products to
represent splice variants with different exons missing. The sequence of the V79
RADS1L2 gene is identical to that of the Chinese hamster RAD5/L2 gene. In repeated
amplifications of irs3 cDNA, the full-length gene product was either not present or of
very low abundance and could not be cloned. The largest product that could be seen
readily lacked exon 6. The sequence of this splice variant was found to be identical to
that of V79. irsl and irs2 are radiation-sensitive cell lines derived from V79 in the
same screen as irs3 (Jones et al.,, 1987). They are included as controls and their
profiles are essentially the same as V79.

In an attempt to clone and sequence exon 6 in irs3, primers were designed to
either side of the exon. Amplification of V79 cDNA gave predominately a full-length
product containing exon 6, whereas amplification of irs3 ¢DNA gave mostly a
product lacking exon 6 (Fig. 4.3 B). Again, it was not possible to clone the very small
amount of full-length irs3 product.

In order to obtain sufficient product for cloning it was necessary to “force” the
amplification of exon 6 from irs3 cDNA using a combination of primers internal and
external to the exon (Fig. 4.3 C). Although the yield of P(,:R product was very low it
was possible to TOPO TA clone it. Sequencing of exon 6 from irs3 cDNA
consistently showed a G—T base substitution at the first nucleotide at the 5° end of
exon 6 (Fig. 4.4 A). This mutation changes the 3’ acceptor splice site and gives an
amino acid change of Val—Phe (the significance of this is discussed further in section
4.3). This Val residue is conserved amongst all the mammalian and plant RADS1L2

proteins currently identified (Fig. 4.4 B).
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4.2.4 Hamster RAD51L2 cDNA partially complements irs3 MMC sensitivity

In Chapter 3 it was found that human RAD5IL2 ¢cDNA or genomic DNA could
substantially, but not completely complement irs3 MMC sensitivity. It was suggested
that complete complementation is not observed because of species differences
between the human and hamster proteins which mean that the human protein is not
fully functional in hamster cells. In order to see if the hamster RAD51L2 gene could
completely complement irs3 MMC sensitivity, irs3 cells were transfected with the
hamster RAD51L2 cDNA (construct generated in section 4.2.1). Two independently
isolated clones, shown to carry the hamster RAD5/L2 gene by genomic DNA PCR
and also to express it by RT-PCR (data not shown), were subjected to the preliminary
MMC assay. Unexpectedly, the clones were found to be less resistant to MMC than
clones expressing human RAD5/L2 ¢cDNA. However, they were more resistant to

MMC than untransfected irs3 cells (Fig.4.6).
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4.3 Discussion

In order to sequence the irs3 RADS5IL2 gene, it was first necessary to clone the
hamster R4D51L2 cDNA. This was completed successfully and the predicted protein
sequence was aligned with other previously identified RADS5S1L2 proteins to give
more information about regions of the protein conserved through evolution.

Sequencing of the R4D5IL2 ¢cDNA in mutant and wild type cells revealed a
G—T base substitution at the first nucleotide of exon 6 in irs3. It is possible that this
substitution may be the result of a deletion in the previous intron. However, 1-ethyl-
I-nitrosourea (ENU), the chemical used to derive the irs3 cell line, is a point mutagen.
A G—T base change is consistent with the mutation spectrum of ENU, although it is
one of the less common types of substitution found (Justice et al., 1999; Shibuya and
Morimoto, 1993).

The irs3 mutation has two effects, either of which could explain the phenotype
of the cell line. Firstly, it causes an amino acid change at position 271 from Val to
Phe. This Val residue is conserved in the 3 mammalian and 2 plant RAD511.2
proteins currently identified and may have an important function. However, an amino
acid change can only alter protein function if the protein is expressed, and analysis of
irs3 by immunoprecipitation and Western blotting shows little or no RAD51L2
protein to be present (Fig. 4.5, also see below). Secondly, the mutation alters the 3’
acceptor splice site for exon 6. Point mutations in splice junctions that affect splicing
usually occur in the invariant intron GT or AG dinucleotides of the donor or acceptor
sites respectively. Mutations in these regions have been demonstrated to be
responsible for splicing errors in the HPRT gene (O'Neill .et al., 1998), and also for
human genetic diseases involving defective splicing (Krawczak et al., 1992). The irs3
mutation, found at position +1 in exon sequence, is not typical of observed splice site
mutations but does substitute a G, found in the majority of primate acceptor sites, to a
T which is found in only 10% of these sites (Shapiro and Senapathy, 1987). There are
some examples of mutations in the exon sequence of splice sites which alter splicing
in the HPRT gene (O'Neill et al., 1998). It is possible that the R4AD51L2 mutation

reduces the “definition” of exon 6 and results in the exon being skipped by the
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splicing machinery. Shorter exons have been shown to require stronger splice site
consensus sequences for inclusion; exon 6 is 67 bp in length whereas the average
vertebrate exon is 137 bp in length (Berget, 1995). This suggestion is supported by
the difficulties encountered when amplifying exon 6 from irs3 RNA by RT-PCR
compared to the other exons that are amplified relatively easily.

The RT-PCR analysis revealed the existence of several RADS5SIL2 splice
variants in both V79 and irs3. None of the splice variants sequenced contained exon
6. It is possible that these splice variants are generated from a partially functional
copy of the RAD51L2 gene present in both V79 and irs3 cells — the other copy would
be functional in V79 cells but mutated in irs3. However, there is evidence to suggest
that many genes are hemizygous in established hamster cell lines (Siminovitch, 1976).
The predominant splice variants observed in irs3 are in some cases of different sizes
to those seen in V79. In irs3, it is possible that splice variants expressed at a low level
and are amplified because of the lack of full-length RAD5S/L2 ¢cDNA. Their low
abundance would mean that they are not observed in the V79 RT-PCR. The function
of the splice variants remains unclear; it appears that they are untranslated as only one
full-length protein product is visible by immunoprecipitation and Western blotting
(Fig. 4.5, also see below) but they could be involved in regulating the expression of
the full-length protein at the RNA level. Two other RADS51-like genes have been
shown to exhibit alternative splicing. The RADS5ILI gene occurs in two forms in
human ¢cDNA which differ extensively at the 3’ end (Cartwright et al, 1998a).
Multiple alternative transcripts have also been reported for the RADS5IL3 gene, and
northern blot analysis of various tissues has shown tha.t their distribution 1s not
ubiquitous (Kawabata and Saeki, 1999). As yet it has not been determined whether
any of these transcripts are translated and their function is not known.

The RT-PCR and immunoprecipitation data show that there is very little or no
full-length R4DS5IL2 cDNA and RADSIL2 protein in irs3 cells. A similar
immunoprecipitation experiment was carried out by Dr. Jean-Yves Masson (CRUK,
Clare Hall) and no RAD51L2 protein was detected in irs3 (Fig. 4.7 B). irs3 and V79
cell extracts were also probed directly from a Western blot and again no RAD51L2

protein was detected (Fig. 4.7 A). In the present study a very small amount of
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RADS1L2 protein was found in irs3. It is possible that this band is due to non-
specific binding of the RAD51L2 mAb, or because of cross-reactivity of the antibody
with other RADS51-like proteins under the conditions used in the experiment.

In collaboration with Dr. Jean-Yves Masson and Dr. Steve West (CRUK,
Clare Hall) further co-immunoprecipitation work was carried out to look at the
formation of RADS 1-like protein complexes in irs3 and V79. Two distinct complexes
of RADS1-like proteins have been shown to form in human cells; a heterodimer of
RADS51L2 and XRCC3, and a heterotetramer of RAD51L1, RADS1L2, RADSIL3
and XRCC2 (see Introduction, section 1.6.4). In V79 cells, anti-RADS1L2 pAb
pulled down XRCC3 showing the existence of the heterodimer. Anti-XRCC2 pAb
pulled down RADSIL1, RAD51L2 and RADS51L3 but not XRCC3, demonstrating the
presence of the heterotetramer (Fig. 4.7 C). This generalises the findings of previous
studies from human to hamster cells. In irs3 cells, neither of these complexes was
formed, although anti-XRCC2 pAb pulled down RADSIL3 indicating that the
RADS51L3/XRCC2 heterodimer is still present (Fig. 4.7 C). This shows that the

endogenous RADS51-like proteins require RADS1L2 for complex formation.
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irs3 clones transfected with hamster R4D5/L2 ¢cDNA were found to be less resistant
to MMC than clones transfected with the human RADS5IL2 c¢cDNA. This was
surprising as it was thought that the hamster gene would be fully functional in hamster
cells and would therefore be able to complement the irs3 phenotype better than the
human gene. It is unlikely that the moderate level of complementation observed is
due to a sequence error in the hamster RAD5/L2 cDNA as the gene has been
sequenced multiple times in the CHO-K1 ¢DNA library and in V79 and irs3. The
sequence is also identical to the partial hamster RAD51L2 gene sequence reported by
Godthelp et al. (2002). The reduced level of complementation may be due to
problems associated with overexpression. Overexpression of DNA repair genes in the
corresponding deficient cell lines can have variable effects. The hamster and human
XRCC2 cDNAs driven by the CMV promoter have been shown to complement irsl
MMC sensitivity to similar levels (Cathryn Tambini, personal communication;
O’Regan et al., 2001). In contrast, overexpression of mouse Xrcc2 cDNA is able to
completely complement the MMC sensitivity of Xrcc2” MEFs. Interestingly, this
overexpression also results in a higher level of X-ray resistance than that exhibited by
wild type cells (Bryan Deans, personal communication). The cDNAs of other DNA
repair genes cannot be transfected into the corresponding deficient cells lines,
presumably because of the toxic effects of overexpression. For example, no BRCA2
expression was observed when the full-length cDNA was transfected into CAPAN-1
cells, which express a truncated form of BRCA2 (Moynahan et al., 2001b).
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CHAPTER 5: Role of RADS1L2 in RADS1-dependent HRR

5.1 Introduction

The RADS1L2 protein is presumed to function in RADS51-dependent HRR. However,
this prediction is based solely on the sequence similarity between RAD51L2 and
RAD5I1, and the known interactions amongst the RAD51-like proteins and RADS5]
(see Introduction, section 1.6). As yet there is no direct evidence to link RADS1L2 to
HRR. In Chapter 4, irs3 was found to have a mutated RAD51L2 gene and to lack
RADSI1L2 protein, confirming the cell line as RAD51L2 deficient. In this Chapter
the irs3 cell line is used to look at the role of RAD51L2 in RAD51-dependent HRR.
Three separate approaches have been taken. The levels of sister chromatid exchange
and the formation of RADS51 foci in both mutant and wild type cells have been
determined after DNA damage. Additionally, an assay that directly measures HRR at
the site of an induced DSB has been conducted on both cell lines. Each of these
techniques is discussed in more detail below.

The symmetrical exchange of segments of sister chromatids is known as sister
chromatid exchange (SCE). In organisms with genetic markers, SCEs can be
measured by unequal exchange events at specific loci, but in mammalian cells they
are usually measured by cytogenetic methods. SCEs can be seen by allowing
chromosomes to replicate twice in the presence of 5-bromodeoxyuridine (BrdU) (Fig.
5.1). After the first round of replication, all duplexes have one labelled and one
unlabelled strand. After the second round, one duplex has both strands labelled and
the second has only one strand labelled. The BrdU labelléd DNA is then visualised
using a fluorescence plus Giemsa staining technique. In this way SCEs occurring
during both the first and second rounds of replication are detectable in second-
division cells. It should be noted that treating cells with BrdU is known to induce
SCEs (Perry and Thomson, 1984).

SCEs were first described nearly 50 years ago (Taylor, 1958), but elucidating
the mechanism(s) by which they occur has proved difficult. The majority of SCEs are

found in S-phase and are associated with replication forks. = Homologous
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recombination (HR) was one of the first mechanisms suggested for the formation of
SCEs but other models such as strand switching at stalled replication forks, possibly
mediated by topoisomerases, were subsequently proposed (Tucker et al., 1993).
However, recent evidence from HR mutants has reaffirmed the role of HRR in the
formation of SCEs, particularly those SCEs whose formation is induced by DNA
damaging agents.

Levels of spontaneous SCEs are slightly reduced in mouse Rad54”" ES cells
compared to Rad54-proficient control cells. After treatment with MMC a greater
difference is seen, with mRad54""* cells showing a 2.6-fold increase in SCEs and
mRad54" cells showing just a 1.8-fold increase (Dronkert ef al., 2000). In addition,
hamster cells expressing a dominant negative S.cerevisiae/mouse chimeric RADS51
protein, which inhibits gene conversion, show a small decrease in spontaneous SCEs
and a less efficient MNU-induced response than mRADS5[-expressing control cells
(Lambert and Lopez, 2001). The level of spontaneous SCEs has also been measured
in irsISF and irsl hamster cells. The SCE frequency in irs1SF cells is essentially
normal (Fuller and Painter, 1988), but irsl cells show a slightly higher level of SCEs
than wild type cells, although the figures are not statistically significant (Tucker et al.,
1991). Both spontaneous and MMC-induced SCEs are significantly reduced in
RAD54” chicken DT40 cells. A similar but more pronounced result is found when
the expression of a human R4DS5] transgene is down regulated in RADS5I”" DT40
cells (Sonoda et al., 1999). Reductions in spontaneous and MMC-induced SCEs have
also been reported in chicken DT40 cells lacking each of the R4DS5I-like genes
(Takata et al., 2000; Takata et al., 2001).
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represented by ssDNA (Raderschall et al., 1999) and by H2AX phosphorylation
(Paull et al., 2000).

Some mutant cell lines have been shown to be defective in the formation of
damage dependent RADS1 foci. This indicates that the protein coded by the mutated
gene plays a role in assembling the RADS51 nucleoprotein filament on DNA. Cell
lines defective in DNA-PK, a component of the NHEJ pathway, do not show a defect
in RADS51-focus formation (Bishop ef al., 1998). Cells derived from AT patients and
ATM™ chicken DT40 cells show an interesting defect in RADS1 focus formation. In
a time course study, the formation of RADS51-foci continues to increase in mutant
cells even after such formation has plateaued in wild type cells (Maser et al., 1997,
Morrison et al., 2000). Fibroblasts from the eight currently identified Fanconi
anaemia complementation groups have also been tested. One study reports that
RADS1 focus formation is reduced only in FA-DI cells (Godthelp et al., 2002a)
whereas another study reports that cells from all eight complementation groups show
a reduction in RAD51 focus formation (Digweed et al., 2002) after X-ray treatment.
Reduced numbers of damage induced RADS1-foci have been observed in several
other cell lines mutated in genes associated with HRR including BRCA!
(Bhattacharyya et al., 2000), BRCA2 (Yuan et al., 1999), RAD54 (Tan et al., 1999),
XRCC3 (Bishop et al., 1998) and XRCC2 (O'Regan et al., 2001). Chicken DT40 cells
disrupted in each of the five RADS5I-like genes also show reduced numbers of
damage-induced RADS51 foci (Takata ef al., 2000; Takata et al., 2001).

Mammalian cells can repair DSBs using either NHEJ or HR. HRR occurs by
two main pathways; SSA and gene conversion, which can be associated with
crossing-over (see Introduction, section 1.5). The frequen(‘:ies of these events can be
measured after a single I-Scel-induced DSB, and different recombination reporter
substrates can be used to distinguish the events (Johnson and Jasin, 2001). A model
of the different repair mechanisms is shown in figure 5.2. The recombination reporter
construct contains a selective marker and two recombination reporter genes. The left-
hand reporter gene is truncated at the 3 end and the right hand gene has an I-Scel
endonuclease site inserted at a position of homology present in the lefi-hand gene.

The alterations made to both genes render them non-functional. A site-specific DSB
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1s mduced by transfection of an 1-Scel expressing plasmid into cells. The DSB can be
repaired by NHEJ with or without an accompanying deletion or insertion. 1ln some
rare case this may result in a functional reporter gene (Fig. 5.2). SSA can also repair
the DSB, where resection of the DSB ends exposes regions of homology in the left
and right reporter genes. The complementary sequences anneal giving a functional
reporter gene and delete the intervening selective marker (Fig. 5.2). Finally the DSB
can be repaired by either intrachromatid or sister chromatid gene conversion. If the
intermediate 1s resolved without a crossover, the recombination reporter construct will
contain a 3’ truncated left hand copy of the reporter gene, a functional selective
marker, and a right hand copy of the reporter gene. Alternatively, the intermediate
may be resolved with an associated crossover. This results in a functional reporter
gene, with loss of the selective marker, which is identical to the outcome of SSA (Fig.
5.2).

Various recombination reporter constructs have been used to look at the
frequency of each of the events described above in HRR-deficient cell lines. Both
Rad54" and Brca2-deficient cells show an increase in error-prone SSA and a
reduction in conservative gene conversion compared to wild type cells (Dronkert ef
al., 2000; Tutt et al., 2001). These results suggest that gene conversion is the process
that suffers most when a HRR gene is lost. This holds for irsl and irs1SF cells, which
show a 100-fold and a 25-fold reduction in gene conversion respectively (Johnson et
al., 1999; Pierce et al., 1999). A recombination reporter construct that measures only

gene conversion was therefore chosen when analysing recombination in irs3 cells.
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5.2 Results

5.2.1 Reduced levels of sister chromatid exchange in irs3

Spontaneous and MMC-induced SCEs were measured in V79, irs3 and two RAD51L2
cDNA transfected clones. Cells were treated for two cycles (24 h) with BrdU before
being fixed and stained. 1f required, MMC was added during the first 2 h of labelling.
Previous experiments have used two methods to compare MMC-induced SCEs in cell
lines with differing survivals. The same concentration of MMC can be added to both
cell lines i.e. not allowing for their survival difference or equitoxic concentrations of
MMC can be added to each cell line. The first approach is usually favoured because
each cell line is subjected to the same amount of damage. However, when very
MMC-sensitive mutant lines are being tested this method is not possible because the
cells would not survive the treatment in sufficient numbers to be tested. For the
present experiment it was possible to employ both methods.

irs3 cells showed a small, but non-significant, decrease in spontaneous SCE
frequency (Table 5.1). When the same concentration of MMC (4 x 107" M) was used
for each cell line, irs3 cells showed a highly significant 30% reduction in SCE
frequency compared to wild type cells. The presence of RAD5IL2 cDNA
substantially complemented the defect in clone 2 and restored SCE frequencies to
wild type levels in clone 1. When equitoxic concentrations of MMC were used the
differences observed were even greater, with irs3 showing a 60-80% reduction in SCE

frequency compared to wild type cells.
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Table 5.1 Reduced frequencies of spontaneous and MMC-induced SCEs in irs3.

Cell line Cells scored | SCE/cell (+ se) | P value'
P —— e

V79 101 55+0.2 0.0002

irs3 103 44+0.2

V79 + MMC (4 x 10'M)" 153 48.0+ 1.1 <10

irs3 + MMC (4 x 10"M)? 127 332+ 1.1

irs3 +RADSIL2 clone 1 (4 x 107M) 98 51.0+1.2 <10

irs3 +RADSIL2 clone 2 (4 x 107M) 100 424+12 <10

V79 + MMC (4 x 10°M)? 76 882+2.4

irs3 + MMC (4 x 10"M) 127 33.2+1.1

V79 + MMC (4 x 107M) 153 480+ 1.1

irs3 + MMC (4 x 10°*M)* 105 8.1+03

! based on Mann-Whitney U-tests, comparing either V79 with irs3 or the RADS5IL2-
transfected clones with irs3.

? data summed from 2 independent experiments, where the frequencies for V79 were
47.5 and 48.9 SCE/cell, and for irs3 were 33.2 and 33.2 SCE/cell, respectively.

3 equivalent survival level to 4 x 10"M for irs3

4 equivalent survival level to 4 x 107M for V79

5.2.2 Damage-dependent RADS1 focus formation is reduced in irs3

The RADS51 protein has been shown to localise to discrete nuclear foci following
DNA damage. In order to establish a role for RAD51L2 in this process, RADSI
focus formation was examined in irs3. V79, irs3 and the two RADS51L2 cDNA
transfected clones were either irradiated with 10Gy X-rays or mock treated. After 5 h
incubation at 37°C the cells were fixed and stained with an anti-RADS! antibody.
Many RADS51 foci are seen in V79 after irradiation, whereas fewer foci are found in
irs3 (Fig. 5.3 A). This reduction is substantially complemented by the RAD5IL2
cDNA.

In order to quantitate these data accurately random images were selected and

the number of strongly fluorescing discrete nuclear foci present in each cell was
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recorded. Two independent scorers scored a minimum of 50 cells for each data point,
from coded slides. irs3 cells have on average 4-5 foci/cell after irradiation, which is a
substantial reduction from the 14 foci/cell seen in the parent cell line. The two
RADS51L2 cDNA transfected clones show an intermediate level of 8-10 foci/cell (Fig.
5.3 B). The standard error for both irs3 and V79 irradiated cells is 0.50, and
represents an 11.1% and 3.7% error respectively. The 3-fold increase in irs3 error
reflects heterogeneity in the number of foci found in these cells after irradiation. As
seen in Fig. 5.3 B, there is little variation between the data recorded by each of the
scorers. However, using the Student’s t-test it was found that the two scorers differed
significantly for both the RAD5/L2 cDNA transfected clones after irradiation.

RADS51 foci are known to form at low frequency in the S-phase of untreated
cells and do not form in G1 phase (Tashiro et al,, 1996). The present experiment
looked at asynchronous populations of V79 and irs3 cells. It is therefore important to
determine whether the cell cycles of the wild type and mutant cell lines differ both in
untreated cells and after irradiation. V79 and irs3 cells were either irradiated with
10Gy X-rays or mock treated, before being fixed after 5 h incubation and analysed by
flow cytometry. The cell cycle profiles of both cell lines were found to be very
similar, with most cells blocked in G2 phase S h after irradiation (Fig. 5.4 A).

The formation of RADS51 foci may also be affected by the relative levels of
RADS1 protein in the wild type and mutant cell lines as well as in the cDNA
transfected clones. The amount of RADS51 protein in each was investigated using
Western blotting. 5 h after either irradiation or mock treatment protein extracts were
prepared from each cell line. Aliquots of these extracts were used for a Western blot,
which was probed with an anti-RADS51 antibody, and then ;tripped and reprobed with
an anti-o-tubulin antibody as a loading control. Densitometry analysis was used to
calculate the ratio of RADS51/o-tubulin and the resulting figures were normalised
against the lowest value. RADS5I protein levels were similar in irs3, RAD51L2 ¢cDNA

transfected clones and V79, both before and after irradiation (Fig. 5.4 B).
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5.2.3 Reduced homologous recombination in irs3

In order to determine if RADS51L2-deficient cells are defective for HRR the I-Scel
DSB repair system was used. The recombination reporter substrate chosen was DR-
GFP (kindly donated by Dr. Maria Jasin, Memorial Sloan-Kettering Cancer Center,
New York).

DR-GFP has a tandem repeat of differentially mutated non-functional GFP
genes. A gene conversion event in DR-GFP leads to expression of an intact GFP
protein, which can be simply assayed by flow cytometry. The first GFP gene,
SceGFP, has a Bcgl site mutated to the recognition site for I-Scel endonuclease,
whilst the second GFP gene is truncated at both ends (Fig. 5.5 A). There are two
possible repair products with DR-GFP, a short tract gene conversion (STGC) product
(Fig. 5.5 B) and a deletion product (Fig. 5.5 C). The first of these is the result of a
non-cross over gene conversion event within the limited length of sequence homology
provided by iGFP The second can arise through several mechanisms such as a
recombination event with an associated crossover, a long tract gene conversion, or
from repair via the SSA pathway. Only the STGC product results in a functional GFP
gene whereas all other mechanisms result in the deletion product, which has been

shown to be non-functional (Pierce et al., 1999).

127






The DR-GFP recombination reporter substrate, had previously been sub cloned into a
gene-targeting vector for the mouse Pim! locus, creating pS9xDR-GFP6 (Moynahan
et al., 2001b) (Fig. 5.6 A). The selectable hygromycin gene (hyg) is fused in frame
with Piml coding sequence so that only homologous targeting to the PimI locus or a
nonhomologous integration next to random promoter sequence leads to hygromycin
resistant cells. In mouse cell lines it is therefore possible to measure gene conversion
at a defined genetic locus. Unfortunately, this feature of the construct cannot be
utilised when measuring gene conversion in hamster cells.

The p59xDR-GFP6 construct was linearised, using two Xhol sites, which flank
the targeting arms, and electroporated into V79 and irs3 cells. 25-30 stably
transfected clones were isolated from each cell line by selection in puromycin.
Several of these clones were electroporated with 50ug pCBASce plasmid, which
transiently expresses I-Scel, and analysed by flow cytometry 45 h later (see Methods
2.12.1). Clones with GFP positive cells (approximately half of the clones tested) were
assumed to have at least one functional copy of DR-GFP (data not shown). In this
way 5 V79 clones and 4 irs3 clones were chosen for further analysis.

Genomic DNA was isolated from each of the 9 clones and Southern blotting
was used to determine how many copies of DR-GFP had been integrated, and whether
these copies were intact. Two different digestion and probing strategies were used.
Firstly, DNA was digested with Hindlll and probed with an iGFP fragment (Fig. 5.6
B, top). The Hindlll digest yields one detectable fragment of known size (806bp) that
corresponds to iGFP. The second detectable fragment corresponds to SceGFP and is
of unknown size because the second Hindlll site is found in the hamster genome. If
clones carry more than one copy of DR-GFP it is likely th.at the genomic Hindlll site
will lie at different distances from SceGFP in each integrant and more than one band
will be seen. A clone showing 2 bands will have a minimum of two DR-GFP copies
but may have more if the positioning of the genomic Hindlll site in certam integrants
yields fragments of a similar size, which cannot be resolved on an agarose gel. It
should be noted that all the Pim/ and hyg sequence could be lost without affecting the

functionality of the construct. If however any of the SceGFP fragments are shorter
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than 3025bp (indicated by the Sall/Hindlll cut control) they are likely to be non-
functional because they lack the GFP promoter.

The Hindlll digest gives an indication of copy number but does not show that
SceGFP and iGFP are linked. To investigate this question, DNA was digested with
Xcml and then probed with pgk-puro (Fig. 5.6 B, bottom). Xcml cuts once in both
SceGFP and iGFP and yields a fragment of known length (3687bp) that is detected by
the probe. If SceGFP and iGFP are integrated as a linked repeat a fragment of
3687bp should be detected (indicated by the Xcml cut control).

From the Hindlll digested blot it appears that V797 and V7915 are single copy
clones, V799 and V7910 are double copy clones and V7911 has three copies of DR-
GFP. 1rs324 appears to be a single copy clone whereas all the other irs3 clones are
double copy. However, one of the SceGFP fragments in irs317 is less than 3025bp
and is likely to be non-functional, so irs317 is in effect a single copy clone.

All the bands on the Xcml digested blot appear to be slightly shorter than the
expected 3687bp. This might indicate that some of the pgk-puro sequence can be lost
without affecting functionality, but the size differences may also relate to gel running
conditions. It is also possible that some vector sequence has been incorporated into
this region during the previous sub cloning procedures. It would appear that all the
clones tested have at least one intact DR-GFP substrate (V799 was not determined
because the genomic DNA did not digest with Xcml). However, a slightly unusual
result is observed with V7915, an apparent single copy clone from the Hindlll
digested blot. V7915 yields three bands of different sizes after digestion with Xcml.
One explanation for this could be that V7915 actually has three integrated copies of
DR-GFP but that in two of these copies the 5 end has beeI; degraded into pgk-puro so
SceGFP is not detected. This suggestion is supported by the fact that the iGFP band
is much stronger on the Hindlll blot than the SceGFP band, indicating that three
copies of iGFP may exist compared to only one copy of SceGFP. The construct is
more likely to lose SceGFP than iGFP because there is less protecting Pim! targeting
sequence at the 5° end than the 3’ end.

Clones V797, V7910, V7915, irs35, irs317 and irs324 were chosen for flow

cytometric analysis. Cells were either mock electroporated or electroporated with
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50ug pCBASce (I-Scel expression vector). Very few or no GFP positive cells were
seen after mock transfection. I-Scel expression in clone V797 led to 3% of cells being
GFP positive whereas I-Scel expression in clone irs35 led to just 0.42% of the cells
being GFP positive, that is 7- to 8-fold lower than in the wild type clone (Fig. 5.7 A).
To test whether the apparent recombination deficiency in irs3 was due to the lack of
RADS51L2 protein 50ug pCBASce was cotransfected into cells with 20ug RAD51L2
expression vector. 1.42% of the cells from clone irs35 were found to be GFP positive,
a 3.3-fold increase over I-Scel expression alone, whereas no significant difference
was seen in the wild type clone, V797 (Fig. 5.7 A).

A summary of the results obtained for all 6 clones can be found in Fig. 5.7 B.
[-Scel expression experiments were repeated at least twice, and a further
cotransfection experiment with RAD5IL?2 expression vector was also carried out for
each clone. If the I-Scel expression data for all the irs3 and V79 clones is pooled a
mean percentage of GFP positive cells can be calculated for both the wild type and
the mutant cell lines. This is 0.24% for irs3 and 1.72% for V79, with irs3 cells
showing ~7-fold decrease in the ability to repair an induced DSB by HRR. RAD5IL2
expression in irs3 cells partially complements this defect, increasing recombination by

~2.4-fold.
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5.3 Discussion

In this Chapter three different techniques were used to investigate the role of
RAD51L2 in HRR. The results from each technique are discussed below with
reference to other relevant studies in the literature.

In order to link RADS1L2 with the RAD51-dependent HRR, the formation of
damage-dependent RADS1 foci in irs3 cells was examined. This response was found
to be significantly reduced (3-4 fold) in irs3 compared to wild type cells, and could
not be attributed to reduced levels of RAD5! protein or an altered cell cycle in the
mutant cell line.

RAD51 focus formation has also been measured in the XRCC?2 deficient cell
line irs1, which was derived from the same parent cell line, V79, as irs3. In the irsl
study low levels of focus formation (<2 foci/cell) were found in unirradiated cells.
Following irradiation, the numbers of foci in V79 cells increased significantly (12-16
foci/cell) whilst little focus formation was observed in irst cells (typically 2-4
foci/cell) (O'Regan et al., 2001). The numbers of foci recorded in unirradiated cells
and irradiated V79 cells agree closely with the data obtained here. However,
irradiated irs3 cells show on average 4-5 foci/cell that is slightly more than that
reported for irsl. irs3 has a less severe phenotype than irs1, showing for example a 7-
fold sensitivity to MMC compared to the 60-fold sensitivity displayed by irsl (Jones
et al., 1987), so this result is not unexpected. There is also some evidence for a slow
accumulation of foci during the first 5 h in irs]1 (O'Regan et a/., 2001). A time course
experiment would be necessary to determine if this was the case in irs3 cells. Two
irs3 clones transfected with RAD5/L2 cDNA showed pa.rtial restoration of RADS1
focus formation (8-10 foci/cell). This is consistent with the levels of
complementation found for other end points, and shows that the RAD5IL2 gene
specifically is required for correct RADS1-focus formation.

Analysis of 3 irs3 clones and 3 V79 clones carrying a GFP recombination
reporter substrate showed that repair of an induced DSB by gene conversion is
reduced on average by ~7-fold in the mutant cell line. This reduction is quite modest

compared to those reported for other cell lines, for example hamster cells mutated in
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XRCC2 and XRCC3 show reductions in recombination of 100- and 25-fold
respectively (Johnson et al., 1999; Pierce et al,, 1999). This could be due to the
nature of the mutation in the RADSIL2 gene and is consistent with the less severe
phenotype displayed by the irs3 cell line. Recombination in BRCA? mutant cells is
reduced by 6- to >100-fold depending on the nature of the mutation (Moynahan et al.,
2001b). It is also possible that the GFP recombination reporter substrate is not as
sensitive as neomycin based substrates and further optimisation could be required.
Similar methods to those described by Pierce er al. (1999) were used in this study but
changes in the amount of DNA added to electroporations and the incubation time
before flow cytometric analysis may improve results.

A significant amount variation in %GFP positive cells was found between
different clones, particularly in V79 DR-GFP clones. However, at no time were the
%GFP positive cells in a V79 DR-GFP clone lower than that in an irs3 DR-GFP
clone. It seems that the integration site of the recombination reporter substrate may
be more important than the number of copies integrated. Clone V797, which appears
to be a single copy clone, shows nearly twice as many GFP positive cells after I-Scel
expression than the double copy clone V7910.

Expression of RADS5IL2 in irs3 but not V79 DR-GFP clones increases
recombination by ~2.4-fold. This is only a partial complementation of the
recombination deficient phenotype and is slightly lower than that observed for other
end points. Expression of XRCC3 in irsSF cells completely complements their
recombination deficient phenotype (Pierce et al., 1999). In the irs1SF study 100ug of
I-Scel expression vector and 20ug of XRCC3 expression vector were used in
cotransfection experiments, whereas in this study 50pug ;)f [-Scel expression vector
and 20pg of RADS51L2 expression vector were used. The full complementation found
in the irs1SF study is unexpected because it is unlikely that every cell transfected with
[-Scel vector will also have been transfected with XRCC3 expression vector.
Increasing the amount of R4D5/L2 DNA used in irs3 electroporations may increase
the level of complementation observed.

The frequency of spontaneous and MMC-induced SCEs was measured in V79

and irs3 cells to gain independent evidence for a RAD51L2 role in sister chromatid
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recombination. The SCE data add to the data obtained from the HRR assay because
they show that RAD51L2 is required for the repair of damage in naturally occurring
genomic DNA sequences as well as induced breaks in artificial constructs. The
results of the HRR assay and the SCE experiment cannot be compared directly
because they measure distinct events. The HRR assay only detects short tract gene
conversion events that are not associated with crossing-over, whereas the SCE
experiment measures exchanges. Additionally, SCEs can only be detected if they
occur on sufficiently long DNA tracts to be visualised cytologically. They may also
occur by mechanisms other than gene conversion such as strand switching mediated
by topoisomerases, and may be a result of the BrdU treatment (Dillehay et al., 1989).

irs3 cells were found to have a slight but non-significant reduction in
spontaneous SCEs and a significant reduction in MMC-induced SCEs compared to
wild type cells. This is consistent with results from other mammalian cells lines that
lack or have compromised HRR proteins (Dronkert ef al., 2000; Fuller and Painter,
1988; Lambert and Lopez, 2001). Chicken DT40 cells lacking RAD54, RAD51 and
each of the R4DS51-like genes show a significant reduction in spontaneous SCEs as
well as MMC-induced SCEs (Sonoda ef al., 1999; Takata et al., 2000; Takata et al.,
2001). This may be because DT40 cells are more reliant on HRR than mammalian
cells, a point that is discussed further in the Discussion, section 7.3.

Taken together the data from each of the three experiments described here
confirm the suspected role of RAD51L2 in the repair of DNA damage by RADSI-

dependent homologous recombination repair.
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CHAPTER 6: Use of irs3 to identify functional domains in
hsRADSIL2

6.1 Introduction

In Chapter 5 the RADS1L2 protein was shown to be part of the RAD51-dependent
HRR pathway. The experiments described in this Chapter were aimed to identify
specific functional domains in the RAD51L2 protein. This type of data will help to
elucidate the mechanism of RAD51L2 action and define its precise role in HRR. irs3
cells were transfected with constructs containing RAD5/L2 cDNA, with mutations or
deletions incorporated, and the ability of each construct to complement irs3 was
determined.

The human RADS5IL2 cDNA has two start codons although neither is in an
ideal context for translation initiation when compared to the Kozak consensus
sequence "CCA/GCCATGG™ (Kozak, 1987). Both retain a purine at the highly
conserved position -3, but the first motif has 3 deviations from the consensus
sequence and the second motif 5 deviations; this includes the well conserved G at
position +4 in both cases. A recent computational analysis of manually verified
human mRNA sequences has shown that the majority of transcripts have 3 or 4
mismatches with the Kozak consensus sequence. Also, the frequency of upstream
unused AUGs was greater than previously realised; 41% of transcripts have 1 and
24% of transcripts have 2 or more. Furthermore, 30-35% of these unused AUGs have
a more favourable context for translation initiation than the actual AUG used (Peri
and Pandey, 2001). It has been presumed the 5° most s{art codon of the RADSIL2
gene is the one that is used for translation initiation because it is the first AUG
encountered and has less mismatches with the Kozak consensus sequence. However,
this has not been experimentally determined and it is possible that either codon could
be used.

The RADS51L2 gene was first isolated in a database search because of sequence
similarities with the human XRCC3 and yeast Rad51 proteins (Dosanjh et al., 1998).

It shares 26.9% sequence identity with the human RADS]1 protein, with the most well
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conserved residues being those that make up nucleotide binding or “Walker box”
motif. The Walker box was first described in 1982 and consists of two separate
sequences, A and B, which come together to form a nucleotide binding site (Walker et
al., 1982). Walker boxes are found in many nucleotide binding proteins and are
highly conserved in RecA homologues and RAD51-like proteins. ATP allosterically
regulates the binding of DNA to the RecA protein; RecA/ATP has a high affinity for
ssDNA whereas ATP hydrolysis produces a form (RecA/ADP) with a low affinity for
ssDNA (Menetski and Kowalczykowski, 1985). The Walker A motif (also known as
the phosphate-binding loop, P-loop) is defined by the consensus sequence
G/AXXXXGKT/S (X = any amino acid). In RecA this sequence is found at residues
66 to 73 (GPESSGKT); mutation of the four residues that identify the P-loop result in
a non-functional protein but restricted mutation at other positions is tolerated (Konola
et al., 1994; Logan and Knight, 1993). One particularly well characterised mutation
is the conservative K72R substitution. Mutant K72R protein is able to bind but not
hydrolyse ATP and can promote limited strand exchange in vifro (Rehrauer and
Kowalczykowski, 1993). However, in vivo this mutant has been shown to lack RecA
activity (Konola et al., 1994). Data obtained from the RecA crystal structure suggests
that Lys72 interacts directly with the B and y-phosphates of the bound ATP molecule
whilst Thr73 interacts with the p phosphate and an associated Mg”* ion. Gly66 and 73
are thought to play critical structural roles but may also form hydrogen bonds with the
bound ATP (Story and Steitz, 1992). The Walker B motif consists of an invariant
Asp residue at the carboxy terminus of a -strand. In the RecA protein this sequence
is found at residues 140-145 and the D144 residue is proposed to interact with the
Mg” ion (Story and Steitz, 1992). '

Mutagenesis has similarly been used to investigate the function of the Walker
motifs in the S.cerevisiae Rad51p. Rad51p with a K191 A Walker A motif mutation is
unable to complement the MMS sensitivity and recombination defects of a RADS5/
null strain (Shinohara et al., 1992). Rad51p K191R partially complements the RADS51
null strain when expressed from a low-copy plasmid (Shinohara ef al., 1992) and fully
complements it when overexpressed (Sung and Stratton, 1996). The DNA repair

defect found when RadS1p KI9IR is expressed at native levels can be overcome by
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mating-type heterozygosity or by overexpression of RAD54 (Morgan et al., 2002).
Additionally, mutation of the Asp in the Walker B box (D280G) of Rad51p leads to a
non-functional protein (Chanet ef al., 1996). The S.cerevisiae data are supported by
data from the fission yeast S.pombe where mutations in the invariant residues of the
Walker A motif (K155A) and Walker B motif (D224Q) give similar non-functional
phenotypes (Kim ez al., 2002).

The effects of mutating the Walker motifs in the human RADS51 protein have
also been investigated using a conditional RAD51”" chicken DT40 cell line. A D222A
Walker B motif mutation and a K133A Walker A motif mutation did not rescue the
RADS1-deficient lethal phenotype, whereas a K133R mutation gave a partially
defective phenotype (Morrison et al., 1999). Mouse ES cells, expressing human
RADS51 KI33R at comparable levels to the endogenous protein, show increased
sensitivity to MMC and IR and decreased spontaneous SCEs. The cells also show a
5-fold reduction in DSB-induced HR (Stark et al., 2002).

Mutations have also been made in the Walker motifs of RADS51-like proteins.
In S.cerevisiae, mutating the P-loop Lys to Arg/Ala results in increased y-ray
sensitivity and defective sporulation for Rad55p but not for Rad57p (Johnson and
Symington, 1995). In addition, K54R, K54A and AG53AK54 P-loop mutations have
little effect on the function of the human XRCC2 protein (O'Regan et al., 2001), and
mutation of the invariant Asp in the Walker B motif (D149N/K) results in only a
small loss of MMC resistance (O'Regan, 2002). It has been suggested that because
the RADS1-like proteins act as part of dimers or larger complexes that only some of
the participating proteins retain the ATP-binding requirement (O'Regan et al., 2001).

It is thought that the RADS1-like proteins play ar.l important role in the early
stages of HRR. Consistent with this role, the XRCC2-EGFP fusion protein localises
to the nucleus (O'Regan et al., 2001). The RADS1L2 protein is part of the same
RAD51-like protein complex as XRCC2 and would therefore also be predicted to
localise to the nucleus. Many proteins exhibiting nuclear localisation have a nuclear
localisation signal (NLS) which usually consists of one or two short sequences of
positively charged lysines and arginines. The NLS is bound by a family of importins

or transportins and the resulting complex is actively transported into the nucleus
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through the nuclear pore (Cokol er al, 2000). The programs PredictNLS
(cubic.bioc.columbia.edu/predictNLS/) and PSORT (psort.ims.u-tokyo.ac.jp/) do not
find a nuclear localisation sequence in the RAD51L2 protein sequence. However, a
short motif (RKRSR) does exist at the extreme C-terminus of the protein that could

constitute a nuclear localisation sequence.
6.2 Results
6.2.1 Role of the two RAD51L2 start codons

The human RADS51L2 sequence contains two start codons that are 9 amino acids apart.
It has previously been unclear which codon is actually used for translation initiation.
However, data obtained from 4 irs3 clones transfected with the full-length RAD5IL2
cDNA suggest that the second start codon, which is the only codon present in the
hamster and mouse sequences, may actually be used at least in hamster cells.

The clones were analysed by genomic DNA PCR and RT-PCR using primers
designed to amplify either the full-length gene (forward primer overlapping the first
start codon and reverse primer overlapping the stop codon; primers RADS51L2up(b)
and RADS51L2down(b)EcoR1, Methods table 2.2) or an internal section (forward
primer inside the second start codon and reverse primer inside the stop codon; primers
hsL2upintB — 5 TTCCAGACTGCTGAGGAACTCCTAGA 3’ and hsL2revintB — 5’
ACCGTTTCCGGGTGCTCAAG 3’). All 4 clones were shown to carry the
RADSIL2 gene by genomic DNA PCR using both the full-length and internal primers
(Fig. 6.2 A). However, when RNA was isolated from the.clones and analysed by RT-
PCR the internal primers yielded a strong product but the full-length primers yielded
little or no product (Fig. 6.2 B). This amplification was repeated several times from
different RNA isolates and the same result was obtained. It would appear from these
data that the first start codon is either absent or lowly represented at the RNA level.
Therefore, it would be anticipated that translation of the RADSIL2 protein would
begin at the second start codon because no other translation initiation sites exist

between the two sets of primers.
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From the above results it would be predicted that a construct containing the
RAD51L2 cDNA with the first start codon removed would be fully functional in irs3
cells. 1In order to test this prediction, the RAD5IL2 cDNA was amplified from
plasmid DNA using primers with restriction sites placed so as to remove the first start
codon and enable cloning into pIRESneo2 (Fig. 6.1 B). irs3 cells were transfected
with this construct and 20 drug resistant clones were isolated, 13 of which were found
to carry the 5’ truncated gene by genomic DNA PCR (data not shown). 4 of these
clones were also analysed by RT-PCR and all were found to express the 5’ truncated
gene (data not shown). These figures should be compared with those in Table 3.1
where only 4 of 24 clones transfected with the full-length RAD51L2 construct carried
the gene by genomic DNA PCR. The 4 clones shown to express the 5’ truncated
RADSIL2 gene were subjected to the preliminary MMC assay together with two
previously isolated irs3 clones expressing the full-length RAD5IL2 gene. It was
found that clones carrying both constructs complemented irs3 MMC sensitivity to a
very similar level (Fig. 6.3 and data not shown). It can be concluded that the first start

codon is not necessary for hsRADS51L2 function in hamster cells.
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6.2.2 Site-directed mutagenesis of the RAD51L2 Walker A box

The site-directed mutagenesis protocol had previously been shown to be more
effective when the gene of interest was cloned into the pBluescript 11 SK (-) vector
rather than pIRESneo2 (O'Regan, 2002). This may be due to the smaller size of the
vector, 3.0kb compared to the 5.2kb pIRESneo2 vector. The RAD5IL2 gene was
recloned into pBluescript 11 SK (-) using primers with restriction sites positioned so as
to remove the first start codon. As described above, the first start codon is not
required for hRADSIL2 function in hamster cells and more drug-resistant clones
appeared to express the R4D51L2 gene when the first start codon was deleted.

The invariant lysine residue in the RADS5SIL2 Walker A box was targeted for
site-directed mutagenesis, which was carried out using the primers and protocol
described in Materials and Methods, section 2.8. Mutagenic primers were designed to
introduce a non-conservative K— A mutation and a conservative K—R mutation (Fig.
6.1 C). The sequence of each mutagenised RADS5IL2 gene was verified by
sequencing before it was cloned back into the pIRESneo2 vector.

irs3 cells were transfected with the RAD51L2 K— A and K—R constructs and
12 G418-resistant clones of each were isolated. 8 of the 12 K—A clones and 5 of the
12 K—R clones were shown to carry the RAD51L2 gene by genomic DNA PCR (data
not shown). 6 of the K-—A carrying clones and 5 of the K—R carrying clones were
also tested by RT-PCR and all were shown to express the RAD51L2 gene (data not
shown). The ability of the mutated RAD5IL2 ¢cDNAs to complement irs3 was
determined using the preliminary MMC assay. Clones expressing the RADS5IL?
K—A construct were found to survive MMC treatment 'no better than untransfected
irs3 cells (Fig. 6.4, top). Clones expressing the RAD51L2 K—R construct showed an
intermediate level of resistance, being more resistant to MMC than untransfected irs3
cells but less resistant to MMC than irs3 cells transfected with wild type RADS5IL2
cDNA (Fig. 6.4, bottom). It should be noted that the level of MMC resistance
exhibited by the RAD5IL2 K—R clones was somewhat variable as illustrated by the

differences between clone#5 and clone#9 (Fig. 6.4, bottom). Taken together these
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6.2.3 Localisation of the RAD51L2 protein

In order to look at the subcellular localisation of the RADS51L2 protein, a fusion
construct was generated with EGFP. The RADS5IL2 cDNA was cloned into the
pEGFP-N1 vector with primers designed to remove the first start codon and the stop
codon, and clone the gene in frame with the downstream EGFP gene (Fig. 6.1 D).
The resulting fusion protein has the N-terminus of EGFP attached to the C-terminus
of RAD51L2. The RADSIL2 protein has a putative C-terminal NLS, RKRSR,
positioned at amino acids 366-370. A second EGFP fusion construct was generated in
a similar manner to the first, with an 11 amino acid C-terminal deletion that removes
the putative NLS sequence (Fig. 6.1 E). From here onwards these two constructs are
termed L2ZEGFP and L2ZEGFPNLS.

irs3 cells were transfected with L2ZEGFP and empty pEGFP-N1 vector, and 12
(G418 resistant clones of each were isolated. 5 of the 12 L2EGFP clones were found
to carry the RADS5IL2 gene by genomic DNA PCR (data not shown) and were
subjected to the preliminary MMC assay. 3 were found to survive similarly to
untransfected irs3 cells, 1 was found to be partially resistant to MMC (clone #1) and 1
showed a similar level of MMC resistance to irs3 cells transfected with wild type
RADSI1L2 cDNA (clone #2) (Fig.6.5 and data not shown). The localisation of the
L2EGFP fusion protein in clone #1 and #2 was viewed by confocal microscopy. The
best images were obtained with clone #2, where the majority of cells gave a good
fluorescent signal. The fluorescence was predominantly nuclear, but excluded from
the nucleoli, although some cytoplasmic specks were also visible (Fig. 6.6 A). Clones
transfected with pEGFP-N1 vector showed fluorescence .throughout the cell (data not
shown).

The fluorescence intensity amongst cells in a single clone was often found to
be very heterogeneous. Fluorescence intensity also appeared to diminish with passage
in EGFP-expressing clones, probably due to the toxicity of the EGFP protein. It was
often necessary to alter the gain on the confocal microscope to look at the optimum
level of cellular fluorescence. Approximately 20-30% of the cells in clone #1 showed

a fluorescent signal. Figure 6.6 C shows three strongly fluorescing cells from clone
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6.3 Discussion

The data obtained from clones transfected with 5* truncated RAD5/L2 ¢DNA indicate
that the first start codon is not required for RAD51L2 protein function, at least in
hamster cells. PCR analysis of irs3 cells transfected with the full-length RADS51L2
cDNA showed that the first start codon is present in the genomic DNA but appears to
be absent or expressed at a low level in RNA. In addition, a higher proportion of
G418-resistant clones express RADS51L?2 after transfection with the 5° truncated gene
than after transfection with the full-length gene. Taken together these data suggest
that the sequence between the first and second start codons may actually be
deleterious to cells. It is possible that the region has a specialised function in human
cells, which is damaging in a hamster context. The implications of these findings are
discussed further in the main Discussion, section 7.2.

Site-directed mutagenesis of the invariant lysine in the Walker A box of
RADS51L2 indicates that this residue is important for protein function. No increase in
MMC resistance was observed when irs3 cells were transfected with R4D51L2 cDNA
containing a non-conservative (K—A) mutation, and only partial irs3
complementation was seen with a conservative (K-——R) mutation. This is analogous
to the situation found with hRADSI, where a K-—A mutation completely ablates
protein function and a K—R mutation results in a partially functional protein
(Morrison et al., 1999).

The deleterious effect associated with these RADS1L2 mutations is likely due
to loss of ATPase activity but could be due to other factors such as disruption of
protein structure. Recently, purified RADS51L2 protein. was demonstrated to have
DNA-stimulated ATPase activity (Lio et al, 2003). In addition, the RADSI1LI-
RADSIL2  heterodimer and the RADSILI-RADSIL2-RADS51L3-XRCC2
heterotetramer both exhibit ATPase activity (Lio et al., 2003; Masson et al., 2001b;
Sigurdsson ef al., 2001). As yet the physiological significance of this ATPase activity
is unclear. It is possible that the energy provided by ATP-hydrolysis may be required
for the binding or dissociation of the complexes from DNA. It may also be needed to

clear RPA from the DNA in preparation for RAD51 binding.
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Interestingly, corresponding mutations in the Walker A box of XRCC2 have
little or no effect on protein function (O'Regan et al., 2001). In S.cerevisiae,
equivalent mutations in Rad55p compromise function but have little effect on Rad57p
function (Johnson and Symington, 1995). This could suggest that RADSIL2 is
functionally more similar to Rad55p and XRCC?2 to Rad57p, although phylogenetic
analysis places the proteins the other way around (Thacker, 1999). It would be useful
to look at the effects of mutating the Walker A boxes of the other 3 RAD51-like
proteins.

As predicted, subcellular localisation of the RAD51L2-EGFP fusion protein
was found to be predominantly nuclear. This localisation is consistent with a role for
the protein in HRR. It appears that the EGFP tag does not affect RAD51L2 protein
function because the clone showing nuclear EGFP fluorescence was also found to be
resistant to MMC. These results are very similar to those found with the XRCC2-
EGFP fusion protein where localisation was predominantly nuclear with some
speckles of fluorescence in the cytoplasm (O'Regan ef al, 2001). These speckles
were also observed with the RAD51L2-EGFP fusion protein and could indicate a
cytoplasmic function for the RAD51L2 protein. However, there is no other evidence
for a cytoplasmic function and a more likely explanation is that overexpression of the
RADSIL2-EGFP fusion protein leads to aggregates of excess protein accumulating in
the cytoplasm.

The RADSIL2(-NLS)-EGFP fusion protein was found to be distributed
throughout the cell, showing a similar pattern of fluorescence to the vector control.
This suggests that the short RKRSR sequence at the RADS51L2 C-terminus may be
required for transportation of the protein into the nucle:us. The 11 amino acid C-
terminal deletion used to eliminate the putative NLS also removes 6 other amino
acids. Site-directed mutagenesis of the NLS motif would be necessary to show that
the effects observed are due to this sequence. The function of the NLS motif could
also be demonstrated by attaching it to a known non-nuclear sequence and looking for
evidence of relocalisation. Interestingly, the XRCC2 protein is able to tolerate quite
large C-termimal deletions, 30 and 80 amino acid deletions have relatively little effect

on protein function (O'Regan, 2002). In contrast, an 11 amino acid deletion has a
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marked effect on the function of the RADSIL2 protein, abolishing its nuclear
localisation. These results indicate that the extreme C-terminus of the RADS5S1L2

protein is important for its cellular function.
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CHAPTER 7: Discussion

7.1 Summary of major findings

1. irs3 MMC sensitivity is complemented by RADSIL2 ¢cDNA or genomic DNA.
Complementation is not observed with RAD51, RADSILI or RADSIL3 ¢cDNA.

2. RAD51L2 cDNA also complements irs3 X-ray sensitivity and its elevated level of

spontaneous chromosome aberrations.

3. Sequencing of the hamster RADS51L2 gene revealed a G to T base substitution at the
first nucleotide of exon 6. This causes an amino acid change of Val to Phe and

potentially disrupts the 3’ acceptor splice site of exon 6.

4. irs3 cells have a dramatically reduced level of RAD51L2 ¢cDNA and little or no
RADSI1L2 protein.

5. The hamster RAD51L2 gene partially complements irs3 MMC sensitivity.

6. The first hsRADS5IL?2 start codon is not required for protein function in hamster

cells.

7. The integrity of the highly conserved lysine residue in the Walker A box is required
for RAD51L2 protein function. A non-conservative K to A mutation abolishes
protein function whereas a conservative K to R mutation substantially reduces protein

function.

8. The RADS51L2 protein localises to the nucleus and is required for damage

dependent RADS 1-focus formation.
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9. irs3 cells show decreased SCE induction after MMC treatment compared to wild
type cells. In addition, irs3 cells carrying a GFP recombination reporter substrate

show a 7-fold reduction in homology-directed repair of a DSB.
7.2 Analysis of irs3 transfection experiments

During the course of this study the irs3 cell line was transfected with several
constructs. After transfection, independent clones were isolated by drug selection and
grown on. Genomic DNA PCR was performed on each of the clones to see if they
carried the gene of interest. RT-PCR was then carried out on a number of positive
clones to determine if the gene of interest was being expressed. Even though the
number of clones tested is relatively small, this analysis yielded some interesting data,
a selection of which is shown in table 7.1.

As described in Chapter 3, the full-length R4D51L2 gene was initially cloned
into the pZeoSV2(-) vector before being transfected into irs3. 16 of the 25 isolated
clones were shown to carry the R4D51L2 gene by genomic DNA PCR. RT-PCR was
not performed on these clones, but 3 of the 25 clones were found to be MMC
resistant. This suggests that only 3 of the 16 clones shown to carry the RADS5IL?2
gene also expressed it. In contrast, when irs3 was transfected with RAD5IL3 in
pZeoSV2(-), 3 out of the 5 isolated clones both carried and expressed the RAD5IL3
gene as determined by RT-PCR. In summary, when irs3 is transfected with RAD51L3
in pZeoSV2(-) 1 in every 1.25 clones isolated expresses the gene of interest whereas
transfection with RADS5IL2 in pZeoSV2(-) results in 1 in every 8.3 clones isolated
expressing the gene of interest. .

At this stage the expression level of the RAD51L2 protein was thought to be
important. The pZeoSV2(-) vector has a strong CMV promoter, meaning that under
most circumstances RADSIL2 would probably be expressed at a high level. It is
known that overexpression of certain genetic stability genes in mutant cell lines is not
always successful. For example, no BRCA2 expression was observed when CAPAN-
1 cells were transfected with full-length ¢cDNA cloned into an expression vector

(Moynahan et al., 2001b). 1t is possible that expression is suppressed in clones that
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can express RADSIL2 at high levels, whereas clones that have the construct
integrated in a position that allow lower expression can tolerate some protein
production.

To overcome this problem the RADSIL2 gene was subcloned into the
PIRESneo2 vector where the selective marker (G418) and the gene of interest
(RADS51L2) are translated on the same RNA. irs3 was transfected with this construct
and 4 of the 24 clones isolated where found to both carry and express the RADSIL2
gene. Unlike transfection with the RAD5/L2 in pZeoSV2(-) construct, there were no
clones that carried the R4D51L2 gene but did not express it. Data from transfection
experiments with the RAD5! in pIRESneo2 construct are also included for
comparison. 1 in 1.5 clones express the gene of interest after transfection with
RADSI in pIRESneo2, whereas transfection with RAD51L2 in pIRESneo2 results in
just 1 in 6 clones expressing the gene of interest, a substantial reduction (Table 6.1).
The RADS51L3 in pZeoSV2(-) and RADS51 in pIRESneo2 results are consistent with
data reported by O’Regan et al. (2001). Various XRCC2 constructs cloned into the
pIRESneo2 vector were transfected into irsl; 85% (1 in 1.2) of the G418 clones
isolated also expressed the XRCC2 construct.

Transfection of irs3 with 5° truncated RADS51L2 (ie. first start codon deleted)
in pIRESneo2 yielded the most interesting findings. 20 clones were isolated and 13
of these clones were found to carry the 5’ truncated RADS51L2 gene by genomic DNA
PCR. 4 of the 13 clones were then tested for gene expression by RT-PCR and all
were found to be positive. It therefore seems likely that the other 9 clones also
express the 5° truncated gene. It appears that a significantly higher proportion of
clones isolated after transfected with 5’ truncated RADS5 1i2 in pIRESneo?2 express the
gene of interest (1 in 1.5), compared to transfection with RAD51L2 in pIRESneo2 (1
in 6). Furthermore, other 5’ truncated constructs carrying additional Walker A box
mutations concur with the above results. 1 in 1.5 and 1 in 2.4 clones isolated after
transfection with 5’ truncated K— A and K—R constructs express the gene of interest
(Table 7.1).

The first start codon is not required for hsRAD51L2 gene function in hamster

cells (Fig. 6.3), but these results suggest that its presence may also be deleterious. 1

155



in 6 clones isolated after transfection with full-length RAD5/L2 in pIRESneo2 carry
the full-length RADS5IL2 gene as determined by genomic DNA PCR. However,
analysis of these clones by RT-PCR appears to show that the first start codon is either
absent or only expressed at a very low level, whilst internal sequences are highly
expressed (Fig. 6.2). It is possible that whilst the full-length primers amplify a
genomic DNA template, they may not work effectively in an RT-PCR reaction
leading to a false result. If the lack of a PCR product with the full-length primers is a
correct result, then it is necessary to explain how this product is lost. It is possible
that full-length RAD51L2 mRNA is recognised as abnormal by the hamster RNA
surveillance mechanisms and is targeted for destruction (Butler, 2002). Translational
control processes, such as the use of alternative start codons or internal ribosomal
entry sites, can be ruled out because the first start codon would still be present in the
mRNA and hence detected by RT-PCR (Mignone et al., 2002).

The full-length RADS51L2 gene is expressed in human cells as seen from
cDNA library screening, as well as experimentally (Andy George, personal
communication). It is therefore possible that the extra 9 amino acids may play a
specific role in regulating the human RADS1L2 protein. For example, the KARP-1
gene has been shown to use a promoter and additional exons upstream of the Ku86
gene and results in an extra 9kDa of protein being attached to the Ku86 polypeptide.
KARP-1 has two repeated leucine motifs that may interact with a similar motif on the
catalytic subunit of DNA-PK. Overexpression of the 88 residues specific to KARP in
cells results in reduced DNA-PK activity and X-ray sensitivity. KARP-1 is not
conserved in hamsters and is thought to be primate specific (Myung ez al., 1997).

In summary, these transfection experiments sugge;st that the overexpression of
human RADS51L2 in hamsters is deleterious. It appears that the presence of
transcripts carrying the first start codon may be the reason for the reduction in drug-

resistant clones expressing RAD51L2.
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7.3 Comparison of irs3 with other RADS51-like gene deficient cell lines
irs3 vs. RAD51L2-deficient hamster cell line, CL-V4B

At around the same time irs3 was found to carry a R4D51L2 gene mutation, another
hamster cell line was also identified as being RADS51L2-deficient. The CL-V4B cell
line was isolated from an ENU-treated population of V79B cells on the basis of its
sensitivity to MMC (Godthelp et al., 2002b).

When treated chronically with MMC, CL-V4B is reported to be ~32-fold more
sensitive than wild type cells whereas irs3 is ~20-fold more sensitive. These figures
are based on a comparison of the doses required to reduce the wild type and mutant
cell line survivals to 10% (Dj¢ value). The MMC sensitivity of both cell lines is
substantially complemented by RAD5/L2 cDNA. At first glance it appears that CL-
V4B is significantly more sensitive to MMC than irs3. However, when the data from
Godthelp ef al. (2002) and our irs3 data are plotted on the same scale the MMC
sensitivities of CL-V4B and irs3 are almost identical. The reason that CL-V4B is
described as being more MMC sensitive than irs3 is because V79B is more resistant
to MMC than V79-4. It should be noted that our chronic survival data for V79-4
closely agree with those reported by O’Regan et al. (2001). There are two possible
explanations for this finding. Firstly, the experimental conditions for the chronic
MMC treatment may differ between laboratories. For example, different sources of
MMC or other reagents such as medium or serum may have been used. Secondly,
V79B may recover better during chronic exposure to MMC than V79-4. In
conclusion, it is difficult to say whether CL-V4B is I;mre sensitive or equally as
sensitive to MMC than irs3.

Other aspects of these cell lines phenotypes are very similar. CL-V4B and
irs3 are 1.3-fold and 2-fold more sensitive to X-rays respectively than wild type cells.
In this case the survival curves for V79B and V79-4 are very similar. Both cell lines
are defective in damage-dependent RADS5]1 focus formation, although the data cannot
be directly compared because the cells were treated with different doses of X-rays and

alternative methods of scoring were employed. CL-V4B and irs3 both show an
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increase in spontaneous chromosome aberrations that are elevated to very similar
levels. One of the interesting features of irs3 is the increase in isochromatid breaks.
Isochromatid breaks were not scored as a separate category in the CL-V4B study but
are likely to be included in the high number of chromatid breaks observed. Like irs3,
CL-V4B shows a small decrease in spontaneous SCE frequency compared to wild
type cells. However, levels of induced SCEs could not be compared because of the
very low MMC concentrations used in the CL-V4B experiments. Both studies use a 2
h acute MMC treatment rather than chronic MMC treatment for SCE experiments,
which means that higher doses of MMC can be used. Since irs3 and CL-V4B respond
almost identically to chronic MMC treatment it would seem likely that they can
tolerate similar acute treatments. In the present study, irs3 cells were treated with
4x107"M (400nM) and 4x10°*M (40nM) MMC which yielded 33.2 + 1.1 and 8.1 + 0.3
SCEs/cell respectively (Table 5.1). CL-V4B cells were treated with 0.5-1.5ng/ml
(1.5-4.5nM) MMC. Hardly any change in SCEs/cell would be expected when such
low MMC concentrations are used. It should be possible to use a higher MMC
concentration that would not kill the CL-V4B cells to obtain a more meaningful
result.

As described in Chapter 4, the irs3 RAD5IL2 gene has a G to T base
substitution at the first nucleotide in exon 6. The CL-V4B RAD51L2 mutation has not
been identified but is not the same as the irs3 mutation. It gives rise to a 132 bp
deletion corresponding to an alternatively spliced transcript that lacks exon 5 and
results in loss of the Walker B box. The portion of the hamster gene sequenced by
Godthelp et al. (2002) is identical to the hamster sequence described here. Western
analysis of CL-V4B and irs3 cell extracts has shown' that there is no RADSIL2
protein in either cell line, although the human anti-RADS51L.2 antibody used to probe
the CL-V4B extracts was reported to poorly recognise the endogenous hamster
RADS1L2 protein.

In BRCAI-, BRCA2-, XRCC2- and XRCC3-deficient rodent cell lines
abnormal centrosomes can lead to incorrect chromosome segregation (Griffin ef al.,
2000; Kraakman-van der Zwet et al., 2002; Xu et al., 1999). Centrosome experiments

have not been carried out using irs3 cells but CL-V4B cells show normal centrosome
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formation. This indicates that in contrast to XRCC2 and XRCC3, RADS1L2 is not
required for this function.

Godthelp et al. (2002) also report a defect in sister chromatid cohesion in CL-
V4B. After treatment with 1pg/ml colcemid, 58% of CL-V4B cells show separated
chromatids compared to 26% of V79B wild type cells. When colcemid is not used,
21% of CL-V4B cells and 8% of V79B cells show chromatid separation. In both
cases the introduction of RADS5SIL2 ¢cDNA partially complements this phenotype. In
addition, the study reported 30% and 18% chromatid separation for V79-4 and irsl
respectively after colcemid treatment. However, these cell lines have been used for
many years in our laboratory and no precocious chromatid separation has been
observed. For this reason it was decided to repeat the experiment in our laboratory.
In this study, V79B and CL-V4B showed 3% and 0% chromatid separation
respectively without colcemid treatment. After treatment with Ipg/ml colcemid (a
very high concentration compared to the 0.05ug/ml colcemid routinely used in this
lab), V79B and CL-V4B showed 4% and 17% chromatid separation respectively. No
chromatid separation was observed in V79-4 or irs3 cells (Carol Griffin, personal
communication). Although we find lower levels of chromatid separation in our study,
the frequency in CL-V4B is still elevated above that found in wild type cells. This
appears to be a unique feature of CL-V4B because increased chromatid separation is

not observed in irs3.
irs3 vs. RADS5 1-like gene chicken DT40 mutants

All five RADS5I-like genes have been disrupted in chic;ken DT40 cells and all the
resulting mutant cell lines were found to have broadly similar phenotypes (Takata et
al., 2000; Takata et al., 2001). Similarly to irs3, RADS5I1L? mutant DT40 cells are
hypersensitive to DNA cross-linking agents such as MMC and mildly sensitive to y-
irradiation. They are also defective in RAD51 focus formation after treatment with y-
irradiation. In addition, chick R4D51L2 mutant cells are impaired in HR as measured
by reduced targeted integration and SCE frequencies (Takata et al., 2001). However,

the reduction in both spontaneous and MMC-induced SCEs is greater in the mutant
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chick cells than in irs3. This could be due to the greater reliance of chick
lymphoblastoid cells on HR for repair (Sonoda et al., 2001).

DT40 cells have a much higher gene targeting efficiency than mammalian
cells, and a short generation time, making them attractive for phenotypic analysis of
single and multiple gene disruptions. They are also relatively easy to handle and have
a stable karyotype and phenotype. Seven different selection markers are available for
use with DT40 cells and a wide range of assays has been developed for phenotypic
analysis. However, there are some disadvantages with DT40 cells. For example,
microscopy can be difficult because chicken mini chromosomes obscure the analysis
(Winding and Berchtold, 2001). The phenotypes of murine and DT40 mutants are
often described as being very similar (Sonoda et al., 2001) but there are some notable
differences in HR mutants.  Significantly, human RADS5! c¢DNA can partially
complement the chick RADS5I-like gene mutants (Takata et al., 2001) but cannot
complement the defect in irs3 (Fig. 3.2) or irs1 cells (data not shown). In addition,
RAD354 is required for RADS1 focus formation in mouse cells (Tan et al., 1999) but
not in chick cells (Takata et al., 2000). 1t is therefore important to be cautious when
extrapolating HR data from one species to another, and where possible to obtain data

from more than one species.
irs3 vs. mutant RADS I-like gene rodent cell lines

The mutant hamster cell lines irs] and irs1SF are 60- and 100-fold more sensitive to
acute MMC treatment than wild type cells (Caldecott and Jeggo, 1991; Jones et al.,
1987). In contrast, the irs3 cell line is only 7-fold sensit.ive to acute MMC treatment
(Jones et al, 1987), and could be described as having a similar but less severe
phenotype than irsl and irs1SF. For example, although irs3 cells are clearly defective
in damage-dependent RADS51 focus formation, numbers of foci are not reduced to the
levels observed in irsl (Fig. 5.7; O’Regan ef al. (2001)). Xrcc2'” MEFs and ES cells
are 4-fold more sensitive to acute MMC treatment than wild type cells (Bryan Deans,
personnal communication), a phenotype that is more similar to irs3 than irsl or

irs!SF. Given that all five RAD51-like gene chicken DT40 mutants are described as
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having similar phenotypes (Takata et al., 2001), the different severities in phenotype
displayed by the rodent cell lines is unexpected.

There are several possibilities that could explain the observed differences in
phenotype. Firstly, a low level of RAD51L2 protein may be present in irs3, enough to
function in HR but below the threshold detection point of the anti-RADS5IL2
antibody. Secondly, irs3 may have an additional mutation that partially suppresses
the effect of the RAD5/L2 mutation. Such a mutation may be necessary for the
survival of RADS5IL2 mutant cells. As yet there is no evidence for a secondary
mutation in irs3 but it would be difficult to identify. Alternatively, it is formally
possible that both irs1 and irs1SF carry secondary mutations that confer a more severe
DNA damage phenotype. The Xrce2” knockout MEFs and ES cells are isogenic with
the parent lines and would not be expected to carry secondary mutations.

On the other hand, it is possible that none of the above cell lines have residual
protein or carry secondary mutations. This would mean that the observed irs3
phenotype is that of a mammalian RAD51L.2 null mutant. The phenotype of CL-V4B
is in general very similar to that of irs3 and no RADS51L2 protein is reported to have
been detected in CL-V4B cell extracts (Godthelp er al., 2002b). Although the
RADSI-like gene chicken DT40 mutants are described as having similar phenotypes,
the RAD51L2 mutant is the least sensitive to MMC and X-rays (Takata et al., 2001).
It is possible that the differences between the various mutants are less pronounced in

DT40 cells than in mammalian cells.

7.4 Role of the RAD51-like proteins in HRR

At the beginning of this study, yeast two hybrid data indicated that the RAD51-like
proteins could form one large complex (Schild et al., 2000). 1f loss of any one of the
components stopped the complex from functioning, it would seem likely that all five
RADS5I-like gene mutants would have a similar phenotype. This idea is supported by
evidence from the RADS5I-like gene chick mutants which all show broadly similar

phenotypes (Takata e al., 2001). This situation is analogous to that of the FA
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The human RADS5! protein has very weak strand exchange activity when
compared to the bacterial RecA protein (Baumann and West, 1998). However, strand
exchange activity can be stimulated by the addition of mediator proteins such as RPA
(Baumann and West, 1997) and RADS2 (Benson et al., 1998). The RADS5I-like
proteins may also act as mediators by assisting the loading of RAD51 onto DNA.
This suggestion is based on data from the S.cerevisiae Rad55 and Rad57 proteins,
which form a stable heterodimer that stimulates Rad5 l-promoted strand exchange. It
is thought they do this by inhibiting RPA, which although an important accessory
factor, also competes with Rad51 for binding on the ssDNA template (Sung, 1997).
Recently, the RADSIL1-RADS1L2 heterodimer has been shown to promote the
assembly of the RADS5I1-ssDNA nucleoprotein filament in a similar manner
(Sigurdsson et al., 2001). In addition, Rad55 and Rad57 mutants display cold
sensitivity for DNA repair which suggests they may function in stabilising protein
complexes (Game and Mortimer, 1974; Hays er al., 1995; Johnson and Symington,
1995). Rad51 mutations that partially complement Rad55 and Rad57 mutants have
been found to increase the stability of Rad51-ssDNA complexes (Fortin and
Symington, 2002). It remains to be seen whether the mammalian RADS51-like
proteins also stabilise nucleoprotein filaments.

There appear to be functional similarities between the yeast and the human
RAD51-like proteins. However, mammalian cells have five RADS1-like proteins
whereas yeast only has two. This would suggest that HR in mammals is more
complex than in yeast and requires extra factors with additional functions. The yeast
Rad55 and Rad57 proteins have only been implicated in the early stages of HR, but
there are now several lines of evidence which support a.later role for the mammalian
RADS51-like proteins in the process. Firstly, EM visualisation of the RADS5S1L2-
XRCC3 heterodimer and the RADSILI-RADSIL2-RADSIL3-XRCC2 complex
shows them to aggregate DNA which may facilitate DNA-DNA contacts during the
homology search step of HR (Masson et al., 2001a; Masson ef al., 2001b). Secondly,
the RADS1LI1 protein binds specifically to synthetic Holliday junctions but does not
have branch migration activity. This would suggest a role in some aspect of Holliday

junction processing (Yokoyama et al., 2003). Thirdly, irs1SF cells show an altered
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product spectrum with increased gene conversion tract lengths and greater numbers of
discontinuous tracts. A defect solely in HR initiation is not consistent with these
observations which suggest a role for XRCC3 in the later stages of HR. 1t is proposed
that XRCC3 functions to stabilise heteroduplex DNA (hDNA) either directly or
indirectly. In XRCC3-deficient cells, only long regions of hDNA are stable enough to
be resolved correctly. Mismatches in unstable hDNA could also be recognised poorly
by the MMR machinery leading to the increased number of discontinuous tracts
observed (Brenneman et al., 2002).

The present study also provides evidence suggesting that RADSIL2 1is
involved in the later stages of HR. irs3 cells show a striking increase in isochromatid
breaks as well as a reduction in SCEs. SCEs can arise from crossing-over during HR,
whilst isochromatid breaks can be viewed as the result of failed HR during
replication. The RADS51L2 protein may be required for the repair of stalled
replication forks by HR. In irs3, the lack of RADSIL2 protein could lead to the
improper resolution of intermediates that would result in unstable structures prone to
disintegration. This would yield an increased level of isochromatid breaks and a

decreased level of SCEs (Fig. 7.2).
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Figure 7.2 Model describing a role for RADSIL2 in repairing DNA damage
during DNA replication. Adapted from French et al. (2002). The replication fork
encounters a single-stranded nick that is converted to a DSB. Strand exchange
results in the formation of a recombination intermediate. 1f RAD51L2 is present, the
structure is resolved with a proportion of the products containing crossovers that lead
to SCEs. If RADSIL2 is absent, the structure is more likely to disintegrate resulting
in an isochromatid break.
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There is evidence to suggest that the RAD51-like proteins may play a more direct role
in HRR than previously thought. The RAD51L2 protein exhibits strand exchange
activity, but this exchange is actually the result of a DNA melting and strand
separation activity. As well as facilitating the formation of the RAD51 filament,
RADSIL2 may subsequently catalyse the separation of duplex DNA before strand
exchange (Lio et al., 2003). In some circumstances, the RAD51-like proteins may be
able to compensate for the loss of other HRR proteins. In the brain RADS5I is
expressed at very low levels, it has been suggested that the RADS5S1L2-XRCC3
complex may be involved in the catalysis of homologous pairing in this organ
(Kurumizaka et al., 2001). However, the catalysis of homologous pairing is not
unique to the RADS51L2-XRCC3 complex and has also been demostrated for the
RADS1L3-XRCC2 complex (Kurumizaka ef al., 2002). In addition, chicken DT40
XRCC3 RADS52 double mutants are inviable whereas the single mutants grow
reasonably well. RADS52 can only partially compensate for the loss of XRCC3 whilst
XRCC3 almost fully substitutes for lack of RADS52, suggesting that RADS]-like
proteins can compensate for the loss of RADS52 (Fujimori et al., 2001). Another
interpretation of these results is that in the absence of HRR, a RAD52-mediated SSA
pathway is essential.

RADS5I-like gene deficient cells are defective in IR- and MMC-induced
RADS51 focus formation but form S-phase foci normally (Bishop er al, 1998;
Godthelp et al., 2002b; Liu, 2002; O'Regan er al., 2001; Takata et al, 2001) (Fig.
5.3). Similarly, cells expressing truncated BRCA2 (CAPAN-1) have impaired IR-
induced but normal S-phase RADS1 focus formation. During S-phase, RADS51 binds
specifically to chromatin in an BRCA2-independent mar.mer (Tarsounas et al., 2003).
It appears that the RAD51-like proteins and BRCA2 are needed for IR- and MMC-
induced RADS51 focus formation but may not play a major role in repairing damage
during DNA replication. The binding of RADS! to chromatin during S-phase may
help to target it to sites of fork arrest. The repair proteins used may depend on the

type of DNA substrate encountered; for example, stalled replication fork, resected

DSB or ICL.
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The RADSILI-RADSIL2-RADSIL3-XRCC2 heterotetramer and  the
RADSIL2-XRCC3, RADSILI/-RADS1L2 and RAD51L3-XRCC2 heterodimers all
bind ssDNA in preference to dsDNA (Kurumizaka et al., 2001; Kurumizaka et al.,
2002; Lio et al., 2003; Masson et al., 2001a; Masson et al., 2001b; Sigurdsson et al.,
2001). Therefore it seems likely that these complexes bind to the resected ends of
DSBs. Indeed, the RAD51L1- RAD5112 heterodimer binds to 3’-tails in preference
to ssDNA or dsDNA (Lio et al., 2003). Once bound to the ssDNA tails the RAD51-
like proteins could stimulate RADS]1 filament formation together with RADS2 which
binds to ssDNA ends (Parsons ef al., 2000). The RADS51-like proteins could carry out
this mediator function by competing with RPA for binding to the ssDNA tails, as has
been described for the RAD51L1-RADS51L2 heterodimer (Sigurdsson ef al., 2001), or
by other methods such as stabilisation of the nucleoprotein filament. They would then
be in position to carry out further roles later in the HRR process.

One of the main features of cell lines defective in RADS5I-like genes is their
sensitivity to DNA cross-linking agents such as MMC (Caldecott and Jeggo, 1991;
Godthelp et al., 2002b; Jones et al., 1987, Jones et al., 1993; Takata et al., 2001).
This would suggest that the RADS5!-like proteins function in the repair of ICLs. The
RADS51ILI-RADS51L2-RADS51L3-XRCC2 complex binds to nicks in duplex DNA, a
property that has not been identified in any other recombination proteins or
complexes. It has been suggested that this activity might allow the complex to bind
incised cross-links, generated by NER enzymes, and promote HR at the damaged site
(Masson et al., 2001b).

As described above, RADS51L2 is the only RADSI-like protein to be a
component of both RADS51-like protein complexes (Fig. .7.1). In irs3 cells, the lack of
RADS5IL2 leads to disruption of all complexes except the RADS1L3-XRCC2
heterodimer (Fig. 4.7). Therefore it seems reasonable to assume that RADS5S1L2-
deficient cells would have a more severe phenotype than cells lacking other RADSI-
like proteins that would be expected to have at least one complex intact. However,
paradoxically irs3 and CL-V4B appear to have a less severe phenotype than other
RADS51-like gene deficient cell lines (section 6.3). As stated in section 6.3, one

possible explanation for this is that a secondary supressor mutation is necessary for
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the survival of RAD5112-deficient cell lines, resulting in an apparently less severe

phenotype.

7.5 Identification and characterisation of damage-response genes; the

contribution of mutant cell lines

Mutant cell lines have been very important in the identification of novel genes and
pathways, as well as in identifying gene function. Components of the all DNA repair
pathways have been identified using mutant cell lines. As described previously, much
has been learned about the function of the HRR genes XRCC2 and XRCC3 using the
mutant hamster cell lines irs1 and irs1SF respectively.

Traditionally, genes have been cloned from mutant rodent cell lines by
functional complementation or positional cloning. However, in the case of irs3 these
techniques were not successful so a candidate gene approach was employed. The
identification of irs3 as a R4DS51L2-deficient cell line showed that for this cell line it
was a good approach to use. If successful, a candidate gene approach is much less
labour intensive than positional cloning methods, but much depends on the amount of
information available from which to choose candidate genes (Collins, 1995). More
data now exist on the phenotypes of mutant cell lines and a better understanding of
DNA repair pathways has enabled more accurate prediction of the phenotypes that are
likely to result from defects in DNA repair genes. For these reasons the candidate
gene approach is beginning to be used more extensively to clone genes from mutant
rodent cell lines. Recently, the hamster cell lines V-C8 and CL-V4B have been
shown to be deficient in BRCA2 and RADS5IL2 respe;ctively using candidate gene
approaches (Godthelp et al., 2002b; Kraakman-van der Zwet et al., 2002).

Although mutant cell lines have undoubtedly played an important role in the
elucidation of DNA repair pathways there are some inherent problems associated with
their use. As described in section 3.3, mutant cell lines can be prone to reversion ie.
their phenotype can return to that of wild type cells. Reversion has been described in
the xrs mutants (Jeggo and Holliday, 1986) and in the RADS51L2-deficient cell line
CL-V4B (Godthelp ef al., 2002b). It should be noted that the irs3 cell line was tested
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for reversion when it was isolated and none was found (Jones et al., 1987). Similarly,
no evidence of irs3 reversion was found during this study.

The isolation of damage-sensitive mutant cell lines involves mutagenising a
wild type cell line and selecting for the phenotype of interest. This mutagenesis may
cause additional genetic changes that are not related to the damage-sensitive
phenotype. A cell line in which this appears to have occurred is the CHO mutant
UV40. The XRCCY/FANCG gene partially complements UV40 hypersensitivity to
DNA-damaging agents and substantially complements an elevated level of
chromosome aberrations. However, XRCC9/FANCG does not complement a 3-fold
increase in SCEs observed in this cell line. This suggests that the SCE increase may
be due to the mutation of another gene that is unrelated to XRCC9/FANCG (Liu et al.,
1997). At present there is no evidence for additional mutations in irs3, but this
possibility cannot be ruled out (see section 6.3).

Although phenotypic screens involving mutant cell lines have not been
exhaustive it is likely that some genes involved in the damage-response will never be
identified by this method. Mutations in certain genes may be incompatible with cell
growth, or be so deleterious to growth that the mutated cells are lost in culture.

Gene targeting of mouse, human and chicken DT40 cells has been used to
identify the function of many genes. Gene knockout experiments provide isogenic
cell lines for studies that are potentially free from the secondary mutation problems
associated with mutagenised cell lines. There have also been great advances in the
field of dsRNA interference (RNAI), although it appears that these type of
experiments will yield various degrees of ‘knockdown’ phenotype rather than a
‘knockout’ phenotype (Hudson et al., 2002). .

However, all the approaches outlined above can only be used with known
genes. Knockout experiments can also lead to very severe phenotypes, including
lethality at the cellular and animal level, making study difficult. For example, both
Rad51" mice and MEFs are inviable (Lim and Hasty, 1996). Mutant cell lines on the
other hand can be used to clone previously unidentified genes. In addition, the
induced mutations do not always lead to a null phenotype and may have differing and

subtler effects on gene function. The recently identified camptothecin-sensitive cell
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lines CM1, CM3 and CM6 have been assigned to the irs2 complementation group
(Johnson et al., 2000). Camptothecin sensitivity appears to be a common feature of
the irs2 complementation group (Johnson ez al., 2000; Jones ef al., 1993; Thacker and
Ganesh, 1990). However, these mutants do not display radiation sensttivity (Johnson
et al., 2000), a feature that was used to isolate the other members of the irs2 group,
irs2, V-C4, V-E5 and V-G8 (Jones et al., 1987; Zdzienicka and Simons, 1987). In
this example, different mutations in the same gene give rise to phenotypic

heterogeneity within the irs2 complementation group.
7.6 The future

This study identifies irs3 as a RADS51L2-deficient cell line and demonstrates that the
RADSI1L2 protein plays a key role in RAD51-dependent HRR. The generation of
deletions and site-directed mutations has also yielded data on functional domains and
sequence motifs in the RADSIL2 protein. However, the deletion and mutation
studies described here only begin to address questions about RADS1L2 function.

Further site-directed mutagenesis studies could target other amino acids
identified by computer prediction programmes, for example putative phosphorylation
sites. The S.cerevisiae Rad55p has been shown to be specifically phosphorylated in
response to DNA damage and replication blocks. This phosphorylation is dependent
on an active DNA damage checkpoint. It has been suggested that Rad55p is the last
substrate in the checkpoint response and may provide a link to HRR (Bashkirov ef al,,
2000). The NetPhos WWW server (www.cbs.dtu.dk/services/NetPhos/) produces
predictions for serine, threonine and tyrosine phospt;orylation sites in eukaryotic
proteins (Blom et al., 1999). The programme gives residues a score of between 0.000
and 1.000, and those that score over the threshold value of 0.500 are potential
phosphorylation sites. Analysis of the RAD51L2 protein sequence revealed 19
residues that could be phosphorylated; 10 serine, 7 threonine and 2 tyrosine. Of these
the highest scoring were all serine residues - S47 (0.974), S329 (0.978), S331 (0.993),
S364 (0.982) and S369 (0.995).

171



Another strategy for identifying functional domains is to align RADS51L2
sequences from several species and look for regions of conserved sequence. It 1s
likely that highly homologous regions will have been conserved because they have an
important function within the protein. Fig. 4.2 shows an alignment of 5 mammalian
and plant RADS1L2 proteins. There are regions of sequence, other than the Walker
box regions, that are highly conserved eg. residues 107-115 and 155-168 (using the
human protein numbering). In order to get the best results with this strategy it is
important to obtain sequences from as many species as possible. Using PIX
(menu.hgmp.mrc.ac.uk/menu-bin/Pix/Pix.pl) several partial putative RADSI1L2
sequences have been identified including Sus scrofa (pig), Canis familiaris (dog),
Xenopus laevis (clawed frog), Triticum aestivum (bread wheat), Hordeum vulgare
(barley), Glycine max (soybean), Trichinella spiralis (nematode worm) and
Chlamydomonas reinhardtii (unicellular green alga). Random mutagenesis (eg.
alanine scanning) can also be used to find previously unidentified functional domains.

Disruption of Rad51l1, Rad5113 and Xrcc2 in mice results in embryonic
lethality (Deans et al., 2000; Pittman and Schimenti, 2000; Shu er al., 1999).
Consequently, it seems likely that a Rad57/2 null mouse would also be inviable.
However, even though Xrcc2 null mice die during embryogenesis, or at birth, much
has still been learned about the function of Xrcc2 from the mouse model. For
example, Xrcc2 was shown to have a role in the developing nervous system (Deans e?
al., 2000). It could therefore still be beneficial to generate a Rad51/2 disrupted
mouse. Alternatively, a conditional Rad51/2 mouse could be made which should
result in viable offspring.

Biochemical data will undoubtably play an imp‘ortant role in determining the
function of the RADS5 1-like proteins in HRR. However, biochemical techniques are
not as well suited to looking at other aspects of repair. Mutant cell lines, including
irs3 and CL-V4B, could be used to address questions about the usage of DNA repair
pathways. Relatively little is known about channelling of damage to the various
repair pathways and how this process is controlled.

Ultimately, work on the RAD5]-like genes will focus on links with human

disease. As yet, none of the R4AD5]-like genes have been linked to human cancer
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predisposition disorders but mutations, variant alleles, or altered expression in
association with specific tumour types have been reported (Pierce et al., 2001).
Recent data have shown the central HRR protein, RADS51, to interact with the breast
cancer susceptibility gene BRCA2. BRCA?2 is thought to be involved directly in HRR
because its interaction with RADS! prevents filament formation on DNA (Pellegrini
et al., 2002) (section 1.3.2). There are also connections between HRR factors and
proteins associated with disorders such as ataxia-telangiectasia, Nijmegen breakage

syndrome, Fanconi anaemia and Blooms syndrome (Introduction, section 1.3.1 to

1.3.6).
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The highly conserved RAD51 protein has a central
role in homologous recombination. Five novel RAD51-
like genes have been identified in mammalian cells, but
little is known about their functions. A DNA damage-
sensitive hamster cell line, irs8, was found to have a
mutation in the RAD5IL2 gene and an undetectable
level of RAD51L2 protein. Resistance of irs3 to DNA-
damaging agents was significantly increased by expres-
sion of the human RAD5IL2 gene, but not by other
RADs51-like genes or RAD51 itself. Consistent with a role
for RAD51L2 in homologous recombination, irs3 cells
show a reduction in sister chromatid exchange, an in-
crease inisochromatid breaks, and a decrease in damage-
dependent RAD51 focus formation compared with wild
type cells. As recently demonstrated for human cells, we
show that RAD51L2 forms part of two separate com-
plexes of hamster RAD51-like proteins. Strikingly, nei-
ther complex of RAD51-like proteins is formed in irs3
cells. Our results demonstrate that RAD51L2 has a key
role in mammalian RAD51-dependent processes, contin-
gent on the formation of protein complexes involved in
homologous recombination repair.

The use of cultured mammalian cell lines selected for sensi-
tivity to DNA-damaging agents to identify genes and gene
functions has had a major impact on our understanding of DNA
repair pathways. In particular, components of the nucleotide
excision repair and DNA end joining pathways were identified
and their cellular responses characterized using DNA damage-
sensitive cell lines (1, 2). Recently, the value of this approach
has been reinforced by the identification of genes from the
homologous recombination repair pathway, with the cloning of
the XRCC2 and XRCC3 genes by their ability to complement
sensitive mammalian cell lines (3, 4).

The repair of DNA damage by homologous recombination is
important for the maintenance of genetic stability in cells. The
RADS51 protein is central to the recombination process, and this
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protein is highly conserved from yeast to humans (5). Using molec-
ular recombination assays, yeast (Saccharomyces cerevisiae) and
human RAD51 proteins have been shown to promote DNA strand
exchange. In S. cerevisiae, two RAD51-like proteins, Rad55p and
Rad57p, form a heterodimer and stimulate Rad51-mediated recom-
bination reactions (6). Yeast mutants that lack either Rad51 or
these Rad51-like recombination proteins are extremely sensitive to
agents causing severe forms of damage to DNA, such as double-
strand breaks and interstrand cross-links (7). Rad55p and Rad57p
also have counterparts in mammalian cells, including XRCCZ2,
XRCC3, RAD51L1! (hREC2, RAD51B, R51H2), RAD51L2
(RAD51C), and RAD51L3 (R51H3, RAD51D) (8). The last three
proteins were identified through data base searches using partial
homologies to RAD51-like proteins (9-13), and have not as yet been
found to be defective in DNA damage-sensitive mammalian cell
lines. At present very little is known about the functions of these
mammalian RAD51-like proteins, although specific protein-protein
interactions have been described which suggest that they form
heterodimers and larger compiexes that may help recruit RAD51 to
sites of DNA damage (14-22).

A series of DNA damage-sensitive hamster cell lines, termed
the irs mutants, were previously isolated in this laboratory
(23). We and others used the irsl cell line to clone the XRCC2
gene by its complementing ability for sensitivity to the potent
DNA cross-linking agent, mitomycin-C (24 -26). The irs1 line is
also sensitive to other DNA-damaging agents, including ioniz-
ing radiation, ultraviolet light, and alkylating agents (23). It
shows spontaneous genetic instability, with increased frequen-
cies of mutations (27), chromosomal aberrations (28), and chro-
mosome non-disjunction (29). It has also been shown that the
repair of a site-specific double-strand break by homologous
recombination is severely reduced in irs]l compared with the
paternal V79 cells (30). We have recently established a func-
tional link between XRCC2 and RADS51 by showing that the
irsl line is defective in the formation of damage-dependent
RAD51 focus formation (31).

The irs3 cell line is another member of this series of damage-
sensitive cell lines. In cell fusions, irs3 was found to be able to
complement damage sensitivity in several other radiation-sen-
sitive mammalian cell lines, including irs1, showing that it has
a unique genetic defect (32). However, the irs3 cell line has a
similar damage sensitivity profile to irsl, being sensitive to
x-rays (2-fold), ethyl methanesulfonate (2.5-fold) and especially
MMC? (7-fold), and shows chromosomal instability (23, 33). We

1 RADS5IL is the recommended symbol for the RAD51-like genes/
proteins (Human Gene Nomenclature Committee).

2 The abbreviations used are: MMC, mitomycin-C; RT, reverse tran-
scriptase; SCE, sister chromatid exchanges; pAb, polyclonal antibody;
mAb, monoclonal antibody; IRES, internal ribosome entry site
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hgve therefore considered that irs3 may have a similar func-
tional defect to irs1, and have characterized the irs3 cell line

further as well as identifying the defective gene responsible for
this phenotype.

EXPERIMENTAL PROCEDURES

Gene Cloning and Vector Construction—The cloning of RAD51L1 and
RAD51L3 was described previously (11). The human cDNAs were
cloned into mammalian expression vectors; RAD5IL1 in pEBS7 (34)
and RAD51L3 in pZeoSV2(-) (Invitrogen). Human RAD51L2 (also
called RAD51C (12)) was cloned from a human testis cDNA library
(CLONTECH) into pZeoSV2(-), and was subsequently recloned into
the bicistronic mammalian expression vector pIRESneo2 (CLON-
TECH). The human RAD5!I gene was cloned from the same cDNA
library into pIRESneo2. The Chinese hamster RAD51L2 gene was
cloned from a CHO-K1 ¢DNA library (Invitrogen); the central portion of
the gene was cloned first using primers designed to conserved regions of
the human (12) and mouse genes (mouse gene data came from sequenc-
ing a mouse IMAGE clone 3598583 found by data base search to have
close homology to the human ¢cDNA; data not shown). The remainder of
the hamster gene was cloned from the same library using nested prim-
ers designed to the central portion and to the library vector, pPCDNAL.
The accession number of the Chinese hamster RAD51L2 sequence is
AJ413202. All cloned genes were verified by sequencing.

Isolation and Chromosomal Mapping of a Genomic Clone Carrying
RADS51L2—Gridded filters and clones from the human genomic PAC
library RPCI1 were supplied by the UK HGMP Resource Centre. Filters
were probed with full-length human RAD51L2 ¢cDNA, and DNA from
positive clones was isolated using a Qiagen large-construct kit. One
PAC clone (259-05) was mapped to human metaphase chromosomes
using a biotinylated probe, detected with Texas Red avidin. Well spread
metaphases were captured and karyotyped using the Genus Applied
Imaging system.

Cell Culture and DNA Transfection—Parental V79 and mutant irs3
cells were cultured at 37 °C as monolayers in minimal essential me-
dium supplemented with 10% fetal bovine serum, 2 mM L-glutamine
and antibiotics. 10 ug of the RAD51L1, RAD51L2, RAD51L3, or RAD51
constructs were electroporated into 10° irs3 cells (BioRad Gene Pulser
set at 500 uF, 400 V) and transfected clones were selected in the
appropriate drugs. Following clone isolation, resistance to mitomycin-C
(MMC) was initially tested in 24-well plates by seeding 100—-300 cells/
well in graded concentrations of MMC (31). In control experiments we
did not see any reversion of the irs3 phenotype (i.e. no background
clonal growth under selective conditions; data not shown). PAC 259-05
was chosen to test complementation with genomic RAD51L2 DNA. 15
png of PAC DNA was co-transfected with 2 ug of the vector pEGFP-N2
(CLONTECH) into irs3 cells as described above, followed by selection in
500 pg/ml G418. Colonies of G418-resistant cells were pooled and re-
spread in 300 ug/ml G418 and 4 X 1078 M MMC. The presence of the
appropriate RAD51L gene (cDNA or PAC) was tested in drug-resistant
irs3 clones by PCR using cellular DNA, and gene expression was
checked by reverse transcriptase (RT-) PCR (Superscript II, Invitrogen)
of cellular RNA with oligo(dT) as the first-strand primer.

Mitomycin-C and X-ray Survival—Subconfluent cells were harvested
as a single-celled suspension. Appropriate numbers of cells were re-
seeded into 9-cm dishes for MMC treatment, which lasted for the
duration of the experiment. Compared with acute treatment (23),
chronic MMC treatment increased the survival difference between irs3
and V79 cells to about 20-fold. X-ray treatment (250 kV) was given to
2 X 10° cells in suspension, followed by reseeding appropriate numbers
into 9-cm dishes. Three dishes were used for each dose point.

Immunofluorescence—Cells were seeded onto coverslips and grown
for 48 h to subconfluent levels before being mock-treated or exposed to
10 Gray X-rays, a dose previously shown to induce a measurable fre-
quency of foci (31, 35). After a further 5-h incubation at 37 °C, the cells
were washed with phosphate-buffered saline and fixed in 1% paraform-
aldehyde for 2 h at 4 °C. Fixed cells were permeabilized for 10 min at
room temperature in 0.1% Triton X-100, 0.1 X SSC and then blocked for
1 h at room temperature in phosphate-buffered saline, 5% normal horse
serum. Cells were incubated overnight at 4 °C with 1:100 dilution
primary antibody, rabbit polyclonal anti-RAD51 (Ab-1) antibody (On-
cogene Research), then incubated with 1:100 dilution secondary anti-
body, Cy5-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch)
for 1 h at room temperature in the dark. The coverslips were mounted
in Vectashield anti-fade medium and the cells analyzed by confocal
microscopy at 633 nm (BioRad MRC600). Images were selected at
random, and were scored from coded slides by two independent scorers,
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recording the number of discrete strongly fluorescing nuclear foci pres-
ent in each cell. At least 50 cells were scored for each data point, and
data were compared statistically to assess homogeneity using the
Mann-Whitney U test.

Chromosome Analysis—To measure sister chromatid exchanges
(SCE), cells were incubated in the dark with bromodeoxyuridine (10
ug/ml) for 2 cell cycles to differentially label sister chromatids. MMC
was added for 2 h at the start of the experiment. Colcemid (0.05 ug/ml)
was added for 2 h prior to harvesting the cells. Metaphase preparations
were made using standard techniques. Differential staining of chroma-
tids was achieved with the fluorescence plus Giemsa (FPG, “harlequin”)
staining method (36). Chromatid and chromosome aberrations were
scored and classified (37) from coded slides. Chromatid breaks were
scored where a physical displacement of the broken fragment was seen.

Hamster RAD51L2 Gene Analysis—RNA was isolated from parental
V79 and from the damage-sensitive lines irsl, irs2, and irs3 using an
RNeasy Mini kit (Qiagen). This RNA was used in an RT-PCR reaction
(as above). The resulting cDNA was used as a template for PCR primers
designed to amplify the full-length RAD51L2 hamster gene. Individual
PCR products were sliced out of gels and cloned into pCR2.1-TOPO
(Invitrogen) before sequencing. In analyzing PCR products for splice
variants, intron/exon boundaries were assumed to be the same as in
human genomic sequence (9 exons found using data from accession
numbers AC021455 and AC025521).

Antibodies—All antibodies were raised against human recombinant
denatured protein as described (17). The monoclonal antibodies 1E11
(RAD51L1), 2H11 (RAD51L2), 5A8 (RAD51L3), 1G4 (XRCC2), and
7F12 (XRCC3) specifically recognized the corresponding human pro-
teins. The anti-RAD51 mAb (14B4) was purchased from Abcam.

Immunoprecipitation Analysis—V79 or irs3 cell pellets were resus-
pended in lysis buffer (50 mm Tris-HCl, pH 7.5, 0.5 M NaCl, 0.5%
Nonidet P-40) containing protease inhibitors, incubated for 30 min on
ice, dounced 10 times and sonicated twice for 30 s. Insoluble material
was removed by high-speed centrifugation. Protein complexes in the
supernatant (equivalent to ~15 mg of extract) were pulled down for
1.5 h at 4 °C using preimmune serum or pAbs raised against RAD51L2
or XRCC2 cross-linked to Aminolink beads (Pierce). Complexes were
washed four times in lysis buffer and visualized by Western blotting
using monoclonal antibodies.

RESULTS

The RAD51L2 Gene of irs3 has a G — T Mutation in Exon
6—To establish a link between RAD51L2 and the irs3 pheno-
type, we sought to clone the hamster RAD51L2 gene and check
its integrity in irs3. We used sequence homologies between
mouse and human RAD51L2 genes to design primers for the
isolation of the hamster gene (see “Experimental Procedures”).
Cloning of the full-length hamster cDNA showed that its pre-
dicted protein sequence is highly conserved in comparison to
the human and mouse RAD51L2 proteins. The mouse and
hamster proteins show 84% identity to each other, and each
shows 77% identity to the human protein with only one amino
acid difference in length (Fig. 1). Reverse-transcribed RNA
from the V79 parent and irs3 lines was used to make RAD51L2
c¢DNA. Using full-length gene primers in PCR, both cell lines
showed a number of different sized cDNA products (Fig. 24). To
check that the altered profile of cDNA products in irs3 was
related to the RAD51L2 gene defect, we assayed the RAD51L2
c¢DNA profiles in two other radiation-sensitive mutants iso-
lated in the same screen from mutagenized V79 cells. The irsl
line (XRCC2-deficient) and the irs2 line (shown by complemen-
tation testing to be defective in a different gene from irs1 or irs3
(32)) both showed RAD51L2 profiles that were essentially the
same as that for V79 (Fig. 24).

The largest cDNA product in V79 was cloned and sequenced
to show that it was the full-length RAD51L2 gene; other prod-
ucts were found to represent splice variants with different
exons missing. In repeated amplifications of cDNA from irs3
the full-length gene product was either of very low abundance
or not present, but there were also visible levels of some splice
variants (Fig. 2A4). The largest RAD51L2 product that could be
seen readily from irs3 preparations was found to lack exon 6.
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TaBLE I
High levels of spontaneous chromosome damage in irs3
Total
: Cells Chromatid Isochr tid i
Cell line secred brel:l?s So%re;llltl: Exchanges abe;ro?)n:erilss gper
Y79 204 0 2 0 2(1.0)
irs3 249 5 17 11 33(13.2)
irs3 + RAD51L2 205 1 3 2 6(2.9)
clone 1
irs3 + RAD51L2 206 4 4 0 8(3.9)
clone 2
TaBLE II
Reduced frequencies of spontaneous and mitomycin C-induced sister chromatid exchanges in irs3
Cell line Cells scored SCE/cell (£ se) p Value®

V79 101 55*02 0.0002
irs3 103 44+02
V79 + MMC (4 X 1077 m)® 153 480 + 1.1 <10-¢
irs3 + MMC (4 X 1077 m)® 127 33.2+11
irs3 + RAD51L2 clone 1 (4 X 10°7 m) 98 51.0 = 1.2 <107°
irs3 + RAD5IL2 clone 2 (4 x 1077 M) 100 424 = 1.2 <10~
V79 + MMC (4 X 10" ¢ m)¥ 76 882 +24
irs3 + MMC (4 x 1078 m)* 105 8103

¢ Based on Mann-Whitney U-tests, comparing either V79 with irs3 or the RAD51L2-transfected clones with irs3 at the same dose of MMC.
® Data summed from two independent experiments, where the frequencies for V79 were 47.5 and 48.9 SCE/cell, and for irs3 were 33.2 and 33.2

SCE/cell, respectively.
¢ Equivalent survival level to 4 X 1077 u for irs3.
¢ Equivalent survival level to 4 X 10~7 M for V79.

mately equitoxic MMC concentrations, much larger differences
in SCE frequency were found. Again, stable clones transfected
with the RAD51L2 ¢cDNA showed a substantial increase in SCE
frequencies compared with the irs3 line (Table II).

Defective Formation of RADS51-like Protein Complexes in
irs3—It has recently been shown that two distinct complexes of
RADS51-like proteins occur in human cells; a heterodimer of
RAD51L2 with XRCC3 (16, 17), and a heterotetramer of
RAD51L1, RAD51L2, RAD51L3, and XRCC2 (18, 20, 22). To
show that hamster V79 cells also contain these complexes, we
immunoprecipitated the RAD51-like proteins from extracts us-
ing appropriate polyclonal antibodies. As seen in Fig. 4A, anti-
RADS51L.2 antibodies pulled down XRCC3 from V79, represent-
ing the heterodimer (Fig. 4B). Use of anti-XRCC2 antibodies
pulled down RAD51L1, RAD51L2, and RAD51L3, but not
XRCC3 (Fig. 4C), demonstrating the presence of the heterotet-
ramer in V79 cells (Fig. 4D). In irs3 extracts, neither of these
complexes was formed (Fig. 4, A and C), although RAD51L3
was pulled down by anti-XRCC2 antibodies indicating that the
RAD51L3/XRCC2 heterodimer is formed (Fig. 4C).

Damage-dependent RAD51 Focus Formation Is Reduced in
irs3—The RAD51L2 gene has been suggested to be involved in
RAD51-dependent repair processes in mammalian cells (15),
although definitive proof of this is lacking. An important indi-
cator of RAD51 response is the formation of nuclear foci follow-
ing x-ray damage (35, 40, 41). Measurement of RAD51 foci in
irs3 cells showed that this response was significantly reduced
when compared with V79 cells. In irs3 clones transfected with
RAD51L2 ¢cDNA the RAD51 focus formation was partially re-
stored, in agreement with the other responses measured (Fig.
5, A and B). A low frequency of RAD51 foci forms in unirradi-
ated cells, primarily in S-phase (42), suggesting that differ-
ences in cell-cycle distribution may influence the ability to
detect foci in irs3 after irradiation. However, cell-cycle profiles
for irradiated irs3 and V79 cells were very similar, with most
cells blocked in G, phase at 5 h after a dose of 10 Gray (data not
shown). The formation of RAD51 foci may also be affected by
the levels of RAD51 protein in irs3 relative to V79, but we
found that RAD51 levels were similar in irs3, in irs3 lines
transfected with RAD51L2, and in V79, both before and after

irradiation (Fig. 2D and data not shown).

Finally we wished to know whether, as in both yeast (43) and
chick (44) cells, the RAD51 gene itself can partially correct
DNA-damage sensitivity when expressed in cell lines defective
in RAD51-like genes. To check this possibility, we cloned the
human RAD51 ¢cDNA into the IRES vector and transfected it into
irs3. However, clones expressing RAD51 transcript were found to
survive MMC treatment no better than irs3 itself (Fig. 3A).

DISCUSSION

Our data show a direct correlation between the presence of
the RAD51L2 ¢cDNA and resistance to MMC in the irs3 cells,
while the RAD51L1 and RAD51L3 cDNAs showed no ability to
complement. In support of these results, we also found that
human genomic DNA carrying the RAD51L2 gene significantly
complemented the MMC sensitivity of irs3. RAD51L2 cDNA or
genomic DNA did not fully complement this phenotype, sug-
gesting that the human RADS51L2 gene is not fully functional
in hamster cells. In addition to the complementation of sensi-
tivity to MMC, we found a similar degree of complementation
for x-ray sensitivity, spontaneous chromosomal damage, SCE
formation, and damage-dependent RAD51 focus formation.
These data reinforce the conclusion that mutation of the
RADS51L2 gene causes the irs3 phenotype.

The mutation detected in exon 6 of RAD51L2 in irs3 (G — T
at position +1) is not typical of splicing defects, which com-
monly alter intronic consensus sites. However, the first and
last base of exons do form part of the consensus splice junction
sequences, where the base G is generally conserved and the
base T is found in less than 10% of splice sites (45). Loss-of-
function mutants arising from changes at these sites have been
documented in well studied genes, such as human HPRT and
TP53 (46, 47). This mutation may reduce “exon definition”;
exon 6 is relatively short (67 bp) for mammalian exons (average
size 137 bp) and it is known that short exons have an increased
chance of differential splicing (48). The loss of exon 6 (Fig. 2)
from the full-length transcript provides a possible explanation
for the irs3 phenotype. While other splice variants occur in both
irs3 and wild-type cells, these may not contribute to the irs3
phenotype (e.g. sequencing of different sized transcripts shows
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Fic. 6. Scheme for resolution of DNA damage on a replicating chromosome in the presence and absence of RAD51L2, either by
strand invasion (a, b, and d) or fork regression (a, ¢, and e). a, stalled replicating DNA molecule with a strand break (thick and thin lines
with large arrows: newly synthesized leading and lagging strands, respectively). b and d, strand exchange to form a recombination intermediate,
followed by repair synthesis (small arrows). c and e, regression so that damage now behind fork, while newly synthesized strands can anneal to
form a 4-way (Holliday) junction. At d and e the junctions may be resolved to give no crossover (cut at open arrowheads) or crossover (cut at closed
arrowheads); however, the intermediate is very vulnerable, having 3 strands with “free” ends, and the fourth strand is broken by cutting (junction
resolution) at the open arrowheads. f, RAD51L2 present, SCE can occur in a proportion of chromosomes if correct repair of damage is followed by
crossing over; g, RAD51L2 absent, attempted repair in d or lack of repair (e) of the damage can lead to free ends in all strands and separation to
give isochromatid breaks (ISO). Note that there would not necessarily be a direct numerical relationship between SCE and ISO formation.

other RAD51-like proteins may be functionally important.
The interaction of human RAD51L2 with both XRCC3 (16,
17) and RAD51L1 (19, 21) has recently been confirmed in
biochemical studies. Additionally it has been shown that
there are two protein complexes containing RAD51L2 in hu-
man cells: one containing RAD51L2 and XRCC3, and the
other consisting of four proteins, RAD51L1, RAD51L2,
RAD51L3, and XRCC2 (18, 20-22). In the present study we
have shown that these two RAD51-like protein complexes
exist similarly in hamster cells, generalizing previous data.
Strikingly, neither of these complexes is formed in irs3; the
only complex remaining is the RAD51L3-XRCC2 heterodimer
(14). Even this heterodimer may be less stable in the absence
of RAD51L2, since slightly lower levels of these two proteins
were consistently found in irs3 (Fig. 4C). This is the first
demonstration that the native proteins require RAD51L2 for
complex formation.

The RAD51-like protein complexes bind preferentially to
single-stranded DNA, suggesting that they may assist in the
recruitment of RAD51 to sites of damaged DNA. For example,
RAD51 filament formation occurs close to the RAD51L1-L2-L3-
XRCC2 complex when it is bound to gapped duplex DNA (18).
In chronic myeloid leukemia cells, lower levels of the
RAD51L2-XRCC3 complex and higher levels of RAD51L1,
RAD51L2, and XRCC2 (as well as RAD51) are expressed com-
pared with normal cells (50). Furthermore, in brain tissue,
where the key recombination protein RAD51 is in low abun-
dance, it is suggested that the RAD51L2-XRCC3 complex car-
ries out some of the functions of RAD51 (16). These studies
suggest that the RAD51L2-XRCC3 complex may have a differ-
ent role in recombination repair than the RAD51L1-L2-L3-
XRCC2 complex. It is clear from our studies that RAD51L2 is a
key component of both complexes, and therefore has a major
role in homologous recombination processes in mammalian
cells.

In eukaryotes there are several different pathways involving
homologous recombination that can lead to the repair of DNA
damage, and only some of these depend on RAD51 (51). In a
number of different cell types it has been shown that RAD51
protein accumulates at nuclear foci following DNA damage, but
we found that this process was much reduced in irs3 cells. This
finding links RAD51L.2 to RAD51-dependent recombination
pathways, joining a growing list of mammalian proteins, in-
cluding XRCC2 (31), XRCC3 (35), BRCA1 (52), and BRCA2 (53)
implicated by lack of RAD51 focus formation.

The irs3 cells have a phenotype consistent with loss of
homologous recombination repair, including their profile of
sensitivity to DNA-damaging agents, spontaneous genetic
instability, and reduction in SCE frequency. Very recently
chick DT40 cells with a disruption of a homologue of the
RAD51L2 gene have also been shown to have these defects,
although to different degrees (44). For example, chick
RADS51L2 homologue-deficient cells show similar survival
differences to irs3, compared with wild type, in response to
MMC or X-rays. However, the chick mutant cells have a
larger relative reduction in SCE frequency than irs3, possibly
because of a greater reliance of chick lymphoblastoid cells on
homologous recombination for repair (54). The validity of
these comparisons will depend on whether the chick gene is
an orthologue of the mammalian RADS51L2 genes (the full
coding sequence of the chick gene has not been identified).
Significantly, we found that the human RAD51 ¢cDNA could
not complement the defect in irs3, while human RAD51 can
partially complement the RAD51L2-homologue gene knock-
out in chick cells (44). Other differences between the func-
tioning of homologous recombination proteins in chick and
mammalian cells have previously been observed: for example,
RADA54 is required for RAD51 focus formation in mouse cells
(65), but not in chick cells (56). Taken together these data
emphasize the need for caution in extrapolating functional
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data for homologous recombination from one species to
another.

A further feature of the present data that supports the
proposed defect in homologous recombination in irs3 is the
reduction in SCE frequency together with an increase in
chromosome aberrations (in particular, isochromatid breaks).
While SCE can arise from crossing-over during homologous
recombination repair, isochromatid breaks (Table I) can be
viewed as one outcome of failure to properly carry out homol-
ogous recombination during replication. When a replication
fork stalls due to a break on one DNA strand, the break may
be resolved by RAD51-dependent recombination, including
strand transfer and Holliday junction formation (Fig. 6, a, b,
and d). Alternatively the fork may regress (57, 58) to allow
damage repair against an intact strand, but this allows the
annealing of newly synthesized strands and the formation of
a Holliday junction at the fork (Fig. 6, a, ¢, and e). In either
case the replicating DNA is in a highly vulnerable state,
where incomplete resolution of the junctions could lead to
disintegration of the intermediate structure (as shown in Fig.
6g). We suggest that in irs3, lack of the RAD51L2 protein
increases the probability of disintegration at this stage, yield-
ing isochromatid breaks. Such a failure would also lead to a
reduction in the frequency of SCE. Support for these models
is seen when a transfected human RAD51 ¢cDNA is down-
regulated in chick RAD51 knockout cells: a massive increase
in chromosomal damage occurs, especially isochromatid
breaks (59), associated with an ~50% reduction in SCE fre-
quency (60). The first model (Fig. 6, a, b, and d), however,
implies that RAD51-dependent processes are still (at least
partially) active in irs3. This is supported by our finding that
some damage-dependent RAD51 focus formation occurs in
irs3. RAD51 in these circumstances may not form stable
recombination intermediates, leaving these vulnerable to dis-
integration. In the second model (Fig. 6, a, ¢, and e) RAD51 is
not required for isochromatid formation, consistent with the
findings in RADb51-deficient chick cells (see above); in the
absence of RAD51L2 the ability of RAD51-dependent recom-
bination to rescue the fork is severely compromised, and
isochromatid breaks may result. While the RAD51-like pro-
teins are thought to be involved primarily in early stages of
homologous recombination repair, to promote strand ex-
change by RAD51 (8), the first model suggests that RAD511.2
may normally have an additional role in later stages of re-
combination repair. This finding is not general for other
RADA51-like proteins; for example, the XRCC2-deficient cell
line irsl does not show a striking increase in isochromatid
breaks (31).3

The high degree of conservation of RAD51L2 between mam-
malian species suggests that the gene has an important func-
tion in mammals, although this has yet to be clearly defined.
We believe that the availability of a mammalian cell line lack-
ing RAD51L2 activity will be of considerable value in identify-
ing this function.
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