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Abstract

Sister chromatid cohesion is essential for the equal distribution of genetic material in
mitosis. The cohesin complex plays a central role in the establishment of sister chromatid
cohesion. The cohesin complex is a ring shaped structure that encircles sister chromatids
prior to the onset of anaphase ensuring equal distribution of genetic material. The
DEAD/H DNA helicase ChlR1 is important in the establishment of sister chromatid
cohesion. ChlR1 interacts with the cohesin complex and is required for the loading of
cohesin onto DNA. Cohesin is loaded onto the DNA during DNA replication.

Here I identified a novel interacting partner of ChlR1. The multifunctional DNA binding
protein FHL2 was shown to interact with ChlR1 and FHL2 was shown to have a role in
sister chromatid cohesion since depletion of FHL2 resulted in abnormal metaphase spreads
and reduced centromeric cohesion. These sister chromatid cohesion defects also result in a
G2/M delay.

Here I show an additional function of ChlR1 in the repair of DNA damage. ChlR1 was
required for the repair of DNA double strand breaks and ChlR1 was recruited to DNA
double strand breaks. Furthermore the function of ChlR1 in DNA double strand break
repair is S phase specific. This suggests that ChlR1 is important in the homology
recombination repair pathway.

ix
I also show that ChlR1 is important in DNA replication. Depletion of ChlR1 results in
inefficient DNA replication. In addition depletion of ChlR1 results in defects in DNA
replication after hydroxyurea treatment.

The results in this thesis shed light on novel functions of the DNA helicase ChlR1 in DNA
replication and DNA damage repair and the multifunctional DNA binding protein FHL2 in
cohesion establishment.

1

Introduction

Genetic integrity is important for all species. Organisms have evolved to protect the
integrity of their genomes in a number of ways including assault from DNA damage
reagents (UV radiation, reactive oxygen species, replication errors and viruses) and the coordinated segregation of the genome into daughter cells.
The genome is protected from DNA damage reagents by a number of DNA damage repair
pathways including homologous recombination, non-homologous end joining and
nucleotide excision repair. These pathways will be explained in detail later. The majority
of DNA damage repair occurs during DNA replication. Defects in the DNA damage repair
pathways can cause increased cancer susceptibility, progeria (accelerated aging disease),
growth and mental retardation.
Co-ordinated segregation of the genome occurs during mitosis. Sister chromosomes are
paired together during mitosis by the cohesin complex. The cohesin complex is a ring
shaped structure that encircles the sister chromatids and holds them together (termed sister
chromatid cohesion) until segregation occurs. At this stage the cohesin ring is cleaved by
the enzyme separase to releases the sister chromatids (discussed later). The accurate
separation of the chromosomes is controlled by the spindle assembly checkpoint. The
spindle assembly checkpoint and the cohesin complex will be explained in detail later.
Defects in mitosis that result in disruption of chromosome segregation can cause
aneuploidy (where there is an abnormal number of chromosomes in daughter cells) and
translocations (when a portion of one chromosome is transferred to another chromosome).
Aneuploidy and translocations can result in birth defects and cancer.
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Work completed in this thesis looks at the role of the DEAD/H DNA helicase ChlR1 in the
protecting the integrity of the genome. ChlR1 is important in the establishment of sister
chromatid cohesion. ChlR1 interacts with the cohesin complex and plays a role in loading
the cohesin complex onto the chromosomes (explained in detail later). ChlR1 has recently
been linked to the Warsaw breakage syndrome. Patients with mutations in ChlR1 have a
phenotype of microcephaly, growth retardation, aneuploidy and abnormal skin
pigmentation. Results in this thesis help explain the phenotype in Warsaw breakage
syndrome. The results suggest that ChlR1 has a role in DNA double strand break repair
and in DNA replication. Therefore the phenotype associated with Warsaw breakage
syndrome may be a result of DNA damage repair defects due to mutations in the gene
encoding ChlR1.

1.1 The Cell Cycle

ChlR1 and the cohesin complex are important in a number of phases of the cell cycle. The
cell cycle is divided into 4 main phases G1, S, G2 and mitosis. G1 phase (also known as the
gap phase) is marked with an increase in the biosynthetic activity of the cells. Proteins
required for S phase such as the replication machinery proteins are synthesised in G1. S
phase starts when DNA replication (explained in detail below) begins, and ends when all
the chromosomes are replicated. Rates of protein synthesis are very low in S phase. In G2
the level of protein synthesis increases again and proteins important for mitosis are
synthesised. In mitosis the replicated sister chromosomes in the nuclei are separated into
two daughter nuclei (explained in detail below).

3
1.2 DNA Replication during S phase

DNA replication occurs in S phase and begins at specific sites in the DNA called origins of
replication complexes

Origin recognition complex

The origin recognition complex (ORC) binds to the origins of replication. The ORC was
identified in S.cerevisiae as a heterohexameric complex of proteins Orc1-6 that binds to
origins of DNA replication [1]. Orc 1-6 were shown by chromatin immunoprecipitation
(ChIP) to localise to 70 of the 96 replication origins in S.cerevisiae [2]. Cell division cycle
6 (Cdc6) is a replication factor in mammalian cells that is involved in the loading of the
MCM complex has strong similarities to Orc1 in S.cerevisiae suggesting it is a member of
the ORC in mammalian cells [3]. Orc 1-6 as well as Cdc6 have conserved AAA+ (ATPase
Associated Activity) folds including walker A and B ATP binding domains that are
characteristic of ATP dependent clamp loading proteins, which allow ring shaped protein
complexes to encircle DNA [4].
ATP binding by Orc1 promotes its association to DNA in S.cerevisiae [5]. The other Orc
proteins are believed to bind to the DNA through AT hooks [6]. Origin of replication
sequences are AT rich and Orc4 protein in S.pombe has been shown to have an AT hook
domain that allows it to bind to the replication origins [6]. In the human embryonic kidney
cell line HEK293 a High Mobility Group A protein (HMGA1) protein that contains an AT
hook, acts as a mediator for the ORC recruitment to origins [7]. HMGA1 also localises to
AT rich sequences and co-immunoprecipitation assays showed an interaction of HMGA1
with Orc1, 2, 4 and 6 [7]. Furthermore, immunofluorescence analysis showed that
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HMGA1 and the Orc proteins co-localise at AT rich regions [7]. From these data it is
hypothesised that Cdc6 binds ATP and associates with the Orc1-6 proteins causing a
conformational change in the complex that results in increased specificity for origin DNA
[8].
When the ORC and Cdc6 bind to replication origins, Cdc6 interacts with Cdt1 (chromatin
licensing and DNA replication factor 1) of the pre-replication complex to promote
association of the replicative helicase, the MCM (minichromosome maintenance) complex
with the origin DNA in S.cerevisiae [9]. Depletion of Orc6 in late G1 results in
displacement of the MCM complex from the chromatin [9]. ATP hydrolysis by Orc6 is
thought to result in increased binding affinity of MCM complex to the origins and
recruitment of additional MCM complexes to the origins [8]. The ORC complex is
required to maintain the MCM complex at the origins until S phase [9].
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Figure 1: The replication fork complex. The MCM helicase unwinds the DNA. The clamp
loading complex RFC ctf18 loads PCNA onto the DNA. The Polymerases δ and ε are then
loaded to the PCNA-primer-template complex. Esco1 (Eco1) is involved in the
establishment of cohesion during DNA replication. Esco1 acetylates the cohesin complex
and this is thought to allow for the progression of the replication complex through the
cohesin complex [10]. Image taken with permission from the Nature Publishing Group

MCM Replicative Helicase

The canonical MCM complex consists of 6 subunits, Mcm2 to 7 that together form a
heterohexameric helicase. Electron microscopy images of the MCM complex from
methanobacterium thermoautotrophicum shows a ring shaped structure [11]. Mutations of
each subunit in S.cerevisiae and S.pombe resulted in a variety of replication defects [12].
The Mcm2-7 complex is transported to the origin of replication in an active state by Cdt1
[13]. This occurs during G1. At the replication origins it forms the pre-replication complex
(pre-RC) with the AAA+ proteins Cdc6 and the ORC [14]. The loading of the MCM
complex to the origin of replication requires the hydrolysis of ATP by Orc1-6 and Cdc6
[9]. Once the MCM complex is loaded then Cdc6 and Orc1-6 are removed from the origin
[9]. The MCM complex is then activated at the onset of S phase by activated cyclin
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dependent kinases (CDKs) and Cdc7 [13]. Upon activation the MCM complex unwinds
the DNA resulting in the formation of the replication fork [13].
All six Mcm proteins have DNA dependent ATPase motifs in the central domains of the
complex suggesting that the helicase activity of complex is dependent on ATP hydrolysis.
These motifs are conserved from yeast to mammals [15]. The MCM complex was purified
from HeLa cells and this purified complex was able to displace oligonucleotides annealed
to single stranded circular DNA [16]. Furthermore the complex had a preference to
displace oligonucleotides annealed to the single stranded DNA in a 3’-5’ direction [16].
The helicase activity of the complex was only seen in the presence of hydrolysable ATP
[16]. The role of ATP in the helicase activity of MCM was further analysed in Xenopus
egg extracts [17]. Recombinant Mcm2-7 complexes with mutations in the walker A motif
of Mcm6 that abolishes ATP binding and hydrolysis of the complex was added to Xenopus
egg extracts with endogenous MCM complexes depleted [17]. This assay showed that ATP
hydrolysis was not required for chromatin loading and pre-RC assembly but was required
for origin unwinding and DNA replication [17].
Cdc45 and GINS (from the Japanese go-ichi-ni-san meaning 5-1-2-3, after the four related
subunits of the complex Sld5, Psf1, Psf2 and Psf3) proteins were shown to activate the
helicase activity of the MCM complex purified from Drosophila [18]. The helicase activity
of the MCM complex was enhanced when associated with either Cdc45 or GINS in vitro
[19]. The ATP hydrolysis rates of the MCM complex increased two fold upon association
with these proteins and the binding of these proteins to the MCM complex resulted in the
complex having an increased affinity to DNA. These two proteins were shown to interact
with Mcm4 [18].
GINS proteins (Sld5, Psf1, Psf2 and Psf3 in S.pombe) have an important function in DNA
replication that is linked to stimulating the activity of the MCM complex [20]. In S.pombe
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deletion of any of the GINS proteins results in cell cycle arrest and the yeast are unable to
undergo DNA replication [20]. DNA replication is also blocked in Xenopus egg extracts
where GINS protein Sld5 is immunodepleted [20].
In the event of DNA damage during S phase the replication fork stops and stabilises. This
stabilisation involves the strengthening of the association of the MCM complex with the
replication fork [21]. This stabilisation of the fork requires the phosphorylation of the
MCM complex by Cds1 (Checking DNA synthesis 1 (a checkpoint kinase)). In the
absence of this protein the MCM complex continues to unwind the DNA in the presence of
DNA damage which results in collapsed replication forks [21]. Furthermore in metazoans
the MCM subunits are phosphorylated by the ATM (Ataxia telangiectasia mutated) kinases
promoting the interaction of the MCM complex with Rad51 (involved in homologous
recombination) in mammalian cells [21]. These results suggest that DNA damage repair
pathways target the MCM complex to stabilise the replication forks until the DNA damage
has been repaired.
The removal of the MCM complex after DNA replication involves the MCM binding
protein (McmBP) [22]. This protein interacts with Mcm7 and accumulates in the nuclei in
late S phase. Immunodepletion of McmBP in Xenopus egg extracts inhibits MCM
dissociation from DNA. Furthermore the addition of recombinant McmBP to Xenopus egg
extracts results in the release of the MCM complex from chromatin isolated in late S phase
[22].

Replication licensing

The pre-replication complex (pre-RC) can only be assembled from late mitosis to G1
phase [23]. CDKs inhibit the assembly of the pre-RC for the remainder of the cell cycle
[23]. In this manner CDKs regulate replication licensing [23]. In S.cerevisiae temperature
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sensitive mutants of Cdk1 cause pre-RC re-assembly in S phase [24]. CDKs inhibit pre-RC
assembly by inhibiting each component of the complex [25]. In S.cerevisiae,
phosphorylation of Cdc6 by CDKs results in ubiquitin-mediated proteolysis of Cdc6 by
SCFcdc4 (Skp1–Cdc53/cullin–F box) [25]. This proteolysis occurs in late G1 through S
phase [25] and is important as it stops the ORC from assembling therefore preventing rereplication.
Mcm2-7 enters the nucleus at the end of mitosis and remains in the nucleus during G1
phase [13]. After which it is transported to the cytoplasm. Inactivation of Cdk1 in
S.cerevisiae results in the nuclear accumulation of Mcm2-7 [26]. This suggests that CDKs
are involved in the transporting of the MCM complex to the cytoplasm in S phase.
Furthermore expression of a stable mitotic CDK (Clb2) results in the re-distribution of the
MCM complex to the cytoplasm [27].
Regulation of Cdt1 in S.cerevisiae is connected to that of Mcm2-7 [13]. Cdt1 protein
levels remain constant through the cell cycle but are localised in the nucleus in G1 and the
cytoplasm later in the cycle [13]. Cdt1 binds to free Mcm2-7 and in the absence of Cdt1,
Mcm2-7 do not localise in the nucleus during G1 [13].
In mammalian cells CDKs play an important role in the regulation of replication licensing.
Depletion of Cdk1 results in multiple rounds of replication [28]. Inhibition of Cdk1 in G2
causes Mcm2-7 binding to the DNA and re-licensing of replication [29]. Cdk2 also plays
an important role in the regulation of replication licensing. Cyclin A-Cdk2 targets Cdc6 for
proteolysis in mammalian cells [30]. Cdk2 phosphorylates Cdt1 and this targets Cdt1 for
proteolysis by SCFcdc4 [31]. Orc1 is phosphorylated by Cdk2 and results in the proteolysis
of the protein by SCFcdc4 [32].
In mammalian cells a further protein called Geminin is involved in the regulation of
replication licensing. Geminin protein levels fluctuate during the cell cycle. The protein is
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absent in G1 but accumulates in the nucleus in S phase through to mitosis [33, 34].
Geminin binds to Cdt1, thereby preventing Cdt1 association with Mcm2-7 and thus
preventing the formation of pre-RC during S phase [34]. Geminin is degraded in late
mitosis by the anaphase promoting complex/cyclosome (APC/C) and it has been shown
that inhibition of ubiquitination by APC/C results in stabilization of Geminin during
mitosis [33].
CDKs may also have a positive role in licensing of replication. Cyclin E deficient cells
result in replication defects. These cells are unable to load Mcm2-7 onto DNA [35].
Furthermore cyclin E activates the E2F transcription factor. Cdc6, Cdt1 and Orc1 are
transcribed throughout this pathway [36].

PCNA

Proliferating cell nuclear antigen (PCNA) is a member of the DNA sliding β clamp family.
These sliding clamps form ring shaped complexes (homotrimers in eukaryotes and
heterotrimers in archaea) that encircle the DNA and are able to slide along the DNA in
both directions [37]. PCNA monomers have two similar globular domains linked by a long
flexible loop called the interdomain connecting loop [37]. The head to tail arrangement of
the three monomers forms the ring structure [37].
PCNA is loaded onto the DNA by the replication factor C (RFC) complex which
recognises the template primer 3’ ends of the fork and loads PCNA at these sites [38]. The
binding of RFC to PCNA is dependent on ATP binding, as well as the loading of this
complex onto DNA [39]. The binding of RFC to DNA results in the activation of the
complexes ATP hydrolysis activity which causes it to dissociate with the loading clamp
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and DNA [39]. The RFC complex binds to the C terminus of PCNA resulting in
positioning of this end of PCNA toward the 3’ end of the elongating DNA [40]. This
ensures that the polymerase is oriented towards the elongating DNA as the polymerase
binds to the C terminus of PCNA. Dissociation of RFC from the DNA upon loading of
PCNA suggests that PCNA alone is required for the loading of the DNA polymerases to
the DNA [41]. Indeed, PCNA was shown to be required for the loading of DNA
polymerases in vitro, DNA polymerases δ and ε are unable to bind to DNA in the absence
of PCNA [42].
Studies have shown that PCNA stimulates the activity of the DNA polymerases as well as
loading the polymerases onto the DNA. The archaeal Pyrococcus furiosus (Pfu) PCNA
stimulates the activity of DNA polymerases [43]. Pfu PCNA protein has a similar amino
acid sequence to eukaryotic PCNA and the three dimensional structure is highly
conserved. The incorporation of radio-labelled nucleotides by DNA polymerases I and II
increased 3.6 fold when Pfu PCNA was added [43]. In this study the addition of high salt
to create physiological conditions inhibited the activity of polymerase I but the activity
was restored after the addition of Pfu PCNA [43]. Pfu PCNA was also able to stimulate the
activity of the eukaryotic DNA polymerase δ [43].
PCNA also has a function in lagging strand processing as both flap endonuclease 1 (Fen1)
and DNA ligase 1, which are both important in lagging strand processing are specifically
recruited to PCNA. Both proteins have PCNA interacting protein (PIP) box motifs [44]. It
has been shown that PCNA stimulates the activity of Fen1. In

this study in vitro

biochemical assays were used to analyse the flap endonuclease activity of Fen1 and it was
shown that the addition of PCNA resulted in a 7 fold increase in the activity of the protein
[44]. The addition of a mutated PCNA that no longer binds to Fen1 resulted in only a 1.7
fold increase in the flap endonuclease activity of Fen1 suggesting that the stimulation of

11
Fen1 activity by PCNA is dependent on physical association of these proteins [44]. PCNA
has also been shown to increase the activity of the S.cerevisiae Fen1 protein by 50-fold
[44].
PCNA is also involved in the prevention of re-replication by the destruction of Cdt1 [45].
Cdt1 also contains a PIP box and it is thought that PCNA remains on DNA after the
completion of replication and this may recruit free Cdt1 and subsequently promote its
destruction by DDB1-Cul4 (DNA damage binding- Cullin 4) ubiquitin ligase [45].

Fen1 Endonuclease

The lagging strand of the replication fork is synthesised discontinuously. These series of
short segments of DNA are known as Okazaki fragments. In eukaryotic cells these
Okazaki fragments are usually of 100-150 nucleotides in length [46]. The synthesis of an
Okazaki fragment is initiated by the DNA polymerase α-primase complex (pol α). The
primase domain of the complex produces an 8–12 oligoribonucleotide primer, and then the
polymerase extends the primer by adding another 20 deoxyribonucleotides (dNTPs) [47].
When the synthesis of one fragment encounters the following fragment, the elongating
DNA strand displaces the 5’end of the preceding strand [48]. This creates a 5’ unannealed
flap that has to be removed before ligation of the fragments. These 5’ unannealed flaps are
removed by Fen1 [48]. Fen1 is a structure specific 5’ endo/exonuclease that specifically
recognises double stranded DNA with a 5’-unannealed flap [49]. On encountering this flap
Fen1 makes an endonucleolytic cleavage at the base of the flap [49].
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Interestingly, ChlR1 may have a role in lagging strand processing as it is an interacting
partner of Fen1 [50]. ChlR1 was shown to stimulate the endonuclease activity of Fen1
[50]. In the presence of low levels of Fen1 (5 fmol), increasing concentrations of
hChlR1stimulated the cleavage reaction approximately 3-fold.

DNA Polymerases

Eukaryotes contain 5 distinct families of DNA polymerases and in humans there have been
15 DNA polymerases characterised [51]. The large number of polymerases is required to
perform a wide range of actions ranging from DNA replication to DNA repair. All the
DNA polymerase families share a common core catalytic structure with ‘palm’, ‘finger’
and ‘thumb’ domains [51].
DNA polymerases require a single stranded DNA template to begin the synthesis of the
complementary strand [52]. Therefore the activity of the polymerase is dependent on the
unwinding of the DNA by the Cdc45, MCM and GINS complex (CMG complex) [18].
This complex associates with polymerase α-primase and recruits it to the single stranded
DNA [53]. Polymerase α-primase is a tetrameric complex that consists of two pol α
subunits and two primase subunits [54]. The complex initiates replication through the
synthesis of a short RNA primer (10 nucleotides) by the primase. The 3’ end of this primer
translocates from the primase active site to the polymerase active site to allow for the
synthesis of 20 nucleotides of DNA. After this initiation event the clamp loading complex
RFC loads PCNA onto the double stranded DNA [54]. Polymerase δ or ε is then loaded to
the PCNA-primer-template complex [54]. Polymerase δ is involved in lagging strand
progression and polymerase ε is involved in leading strand synthesis [52]. These enzymes
were shown to synthesis opposite strands of the DNA by genetic experiments in S.pombe
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[55]. Mutations in the active sites of the polymerases were created. This resulted in an
increase in DNA mutation rates. A reporter gene was placed in different orientations on
opposite sides of a replication origin. For polymerase ε a higher rate of mutation was
present in the leading strand suggesting a role in leading strand synthesis [55]. The
opposite was observed for polymerase δ suggesting a role in lagging strand synthesis [55].
In agreement with this conclusion polymerase δ has been shown to interact with Fen1 in S.
pombe suggesting a role in lagging strand synthesis [56].

Replication Protein A

Replication protein A (RPA) is a heterotrimeric single stranded DNA binding complex
[57]. It consists of a large (70kDa), middle (32kDa) and small (14kDa) subunits [57]. RPA
was initially discovered to have a role in DNA replication using an in vitro assay to study
simian virus 40 (SV40) replication [58]. RPA accumulates along stretches of single
stranded DNA generated during DNA replication [59] and is required for the activation of
the pre-RC complex to form the initiation complex [58]. It is also believed that RPA has a
role in the ordered loading of essential initiators such as DNA polymerase α primase [60].
RPA is an important factor in the DNA repair process nucleotide excision repair (NER)
[61]. During strand elongation RPA stimulates DNA polymerase α, λ, κ and ε [62]. RPA
interacts with Xeroderma pigmentosum A (XPA) at sites of DNA damage and stimulates
the recruitment of Excision repair cross-complementing 1/ Xeroderma pigmentosum F
(ERCC1/XPF) [63]. Finally RPA interacts with the Blooms and Werner syndrome DNA
helicases (WRN and BLM, respectively) [61]. These helicases are closely related to
ChlR1.
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TopBP1

Topoisomerase 2-binding protein 1 (TopBP1) was initially shown to function in DNA
replication when it was shown to interact with DNA polymerase ε [64]. This polymerase
has proof-reading ability and associates with origins of replication and progresses along
with the replication forks [65]. A role in pre-initiation for TopBP1 was suggested as
TopBP1 depleted cells were unable to enter S phase [66]. The depletion resulted in down
regulation of cyclin E/Cdk2 [66] both of which are thought to be involved in the initiation
of replication [67]. Depletion of TopBP1 also results in increased levels of p21 and p27
[66] both of which inhibit Cdk2 [68]. The S.cerevisiae homologue of TopBP1, Dbp11 also
forms a complex with polymerase ε, GINS complex and Sld2 [69]. This complex is known
as the preloading complex. Cdk2 regulates the formation of this complex and this complex
is involved in the initiation of replication [69].
TopBP1/Dbp11 also has a role in re-initiation of replication at stalled replication forks. It
has been shown that TopBP1 is involved in the recruitment of the 9-1-1 clamp (Rad 9, Rad
1 and Hus 1) to stalled replication forks [70]. Depletion of TopBP1 in Xenopus egg
extracts resulted in the inability of the 9-1-1 clamp to be recruited to stalled replication
forks [70]. The three proteins of the 9-1-1 complex interact to form a heterotrimeric
complex similar to the PCNA sliding clamp [71]. Upon replication stress the complex
assembles around the damaged DNA and activates the protein kinase Checkpoint kinase 1
(Chk1) through the ataxia telangiectasia and Rad3-related (ATR) pathway [72, 73]. This
results in the stabilisation of the replication forks. In addition, in S.pombe the 9-1-1
complex regulates the use of the translesion polymerases instead of high fidelity
polymerases [74]. These translesion polymerases specialise in the insertion of nucleotides
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into bulky lesions [75]. When the 9-1-1 complex is knocked out in S.cerevisae, ATM
checkpoint activation is defective [76].

1.3 Sister Chromatid Cohesion

The structure of the cohesin complex

The structural maintenance of chromosomes (SMC) proteins are members of a family of
highly related proteins that function in numerous areas of DNA maintenance. Smc1 and 3
function in sister chromatid cohesion, Smc2 and 4 in chromatin condensation, Smc5 and 6
in homologous recombination and Rad50 functions in DNA damage repair. These proteins
are large polypeptides of 1000-1300 amino acids in size [77]. They contain two canonical
nucleotide binding Walker A and B motifs that are situated at the N- and C- termini of the
protein, respectively [78]. Two coiled-coil motifs that are folded in an antiparallel
conformation connect the Walker motifs (shown in figure 2). This antiparallel
conformation was first shown by electron microscopy [79]. The Smc monomer folds back
on itself which leads to the Walker motifs situated at close proximity to each other and the
creation of hinge domain [80, 81]. Smc1 and Smc3 associate with each other at the hinge
domain resulting in the formation of a heterodimer [79] (shown in Figure 2).
The Walker A motif head domain of the Smc proteins is an ATPase domain. The Cterminal Walker B domain of Smc contains the conserved sequence LSGG (E/Q)(K/R)
[78]. This sequence is found in the ATP binding cassettes (ABC) of ATPases [82]
(discussed later). The Walker motifs of Smc that are situated in close proximity form a
pocket that binds ATP [83]. ATP binding is important for head-head engagement and
mutations in the Walker motifs that abolish ATP binding disrupt this [83].
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The structure of the hinge region of Smc was first defined by the crystal structure of the
bacterium Thermotoga maritime Smc hinge domain [80]. The hinge monomers are
composed of two domains that display pseudo-two fold symmetry. The N-terminal region
of one monomer associates with the C-terminal region of the same monomer. This leads to
the formation of the antiparallel coiled-coil formation. Dimerization of the monomers
occurs through ß-sheet interactions between the monomers [80]. The interaction between
the Smc1 and 3 is independent of ATP binding [83].
Scc1 is a member of the Kleisin superfamily of proteins [84]. This family of proteins is
known to form complexes with Smc proteins [84]. The S.cerevisae Scc1 protein contains
three domains. The N-terminal domain of Scc1 interacts with the Smc3 ATPase domain
and the C-terminal domain of Scc1 interacts with the Smc1 ATPase domain [85]. The third
domain is situated in the middle of the polypeptide chain and contains the separase
cleavage site. This domain is 180 amino acids in length and connects the N and C-terminal
domains of Scc1 [80], acting as a bridge between the two Smc subunits (shown in figure
2). Mutations in Smc1 that abolish ATP binding also disrupt the binding of Scc1 and
sister chrmatid cohesion suggesting that the binding of ATP is important in binding of
Scc1 and the function of cohesin [86]. Mutations in Smc3 that disrupt ATP binding do not
abolish Scc1 binding but also result in inactivation of cohesin function [87]. This suggests
that Scc1 binds to Smc1 first. The binding interface between the C-terminus of Scc1 and
the ATPase domain of Smc1 has been solved by X-ray crystallography [88]. The structure
shows that the two Walker domains of Smc1 bind to Scc1 and two ATP molecules are
sandwiched in between [88]. Scc1 binds to Smc1 via its winged helix motif [88]. A
winged helix motif is a compact α/β structure consisting of two wings three α-helixes and
three β-sheets [89]. The N-terminus of the motif is largely helical whereas the C-terminus
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is largely formed from β-sheets [89]. Two β sheets in the winged helix domain of Scc1
bind to the ATPase head of Smc1 [88].
Expression of a version of Scc1 that separase (a cysteine protease that cleavages Scc1 and
destroys the cohesion ring releasing the chromatids) cannot cleave shows little exchange of
cohesin or its subunits [88]. This suggests Scc1 completes the ring structure of cohesin and
locks the other components in the ring (figure 2). Electron microscopy studies on the
S.cerevisiae cohesion complex confirmed the ring shaped structure. The ring structures
consists the two Smc subunits folded up individually into rod shaped molecules of 45nm in
length that are connected at their hinge domains. This forms a V-shaped heterodimer. The
ATPase heads are then connected by Scc1 closing the ring [80] [90].
Another protein that has been shown to associate with the cohesin complex is the Scc3
protein. In vertebrate cells Scc3 exists as two closely related homologues SA1 and 2
(stromal antigen 1 and 2) [91]. These proteins associate with the cohesin complex and the
complex contains either SA1 or SA2 at one time [91]. In S.cerevisiae Scc3 was shown to
interact with Scc1 at the C-terminus but does not interact with either Smc1 or Smc3 [80].
In human cells cohesin associated with SA1 is required for telomere cohesion and cohesin
associated with SA2 is required for centromere cohesion [92]. Cells deficient in SA1 are
unable to establish or maintain cohesion between sister telomeres after DNA replication. In
SA2 depleted cells, telomere cohesion is normal but centromeric cohesion is prematurely
lost [92].
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Scc1

Figure 2: The structure of the cohesin complex. The complex consists of 4 proteins
Smc1, Smc3, Scc1 and Scc3. These proteins create a ring structure. The Smc proteins
interact with each other via their hinge region and Scc1 acts as a bridge linking the
ATPase head domains of the Smc proteins [93].

Loading of cohesin

The loading of cohesin onto DNA occurs at different points of the cell cycle in different
species. In lower eukaryotes cohesin is loaded onto the DNA at the end of G1 [94].
However in mammalian cells cohesin is loaded at telophase [95]. This suggest that cohesin
has other functions apart from sister chromatid cohesion (discussed later) and these
additional functions vary amongst species. In both lower and higher eukaryotes association
of cohesin and DNA becomes more stable as the cell progresses from G1 to S phase [96].
The loading of cohesin requires ATP hydrolysis and the Scc2-Scc4 protein complex [97].
Scc2 is believed to interact with the cohesin complex and promote ATP hydrolysis at the
Smc heads [86]. This results in the hinge opening or Scc1 dissociation that would allow for
DNA to enter the cohesin ring.
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Cohesin was initially believed to bind to the DNA and act as an intermolecular bridge
between the DNA [98]. This theory was changed following the structural analysis of the
cohesin complex that suggested a ring shaped structure [80]. The current theory is that the
cohesin ring encircles and therefore entraps the DNA strands (Figure 3). This theory is
possible because the Smc heterodimers are 50-60nm in length and along with Scc1 is able
to encircle the DNA strand that is 10nm in diameter (Figure 2)[80]. Further evidence
supporting this theory is that disruption of the ring results in dissociation of the DNA [85,
99]. Cleavage of Scc1 by separase at the end of mitosis results in dissociation of the DNA
[85]. A further study showed that cleavage of Smc3 containing TEV cleavage sequences in
both coils of the coil-coiled domain expressed in S.cerevisiae resulted in dissociation of
the DNA from the cohesin complex [99]. This confirms that the cohesin complex encircles
the DNA instead of acting as an inter-molecular bridge. Finally, linearization of a circular
minichromosome by restriction enzyme digestion in S.cerevisiae resulted in dissociation of
the cohesin ring from the DNA [100], suggesting the cohesin complex encircles the DNA
and does not associate with the DNA.
There are two models to explain how the cohesin complex encircles the DNA. The ring
model, where one cohesin ring encircles two DNA strands and the handcuff model where
two cohesin complexes are required each encircling one DNA strand and the two
complexes associate with each other (shown in Figure 3). The evidence to corroborate with
the ring model comes from data showing that interactions between multiple cohesin
complexes are undetectable by FRET analysis in S.cerevisiae [101]. Site specific crosslinking at the three interfaces of the cohesin ring that creates a convalently closed ring was
used to show that one cohesin ring is required to encircle the DNA. Protein denaturation
did not disrupt the cohesin-minichromosome DNA structure in vitro [102].
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Evidence to corroborate with the handcuff model includes data suggesting Scc1 interacts
with itself in a yeast-two hybrid system, which was confirmed by co-immunoprecipitation
in mammalian cells [103]. Cohesin rings are only able to encircle one strand of DNA at
silent heterochromatin regions where the DNA has a larger diameter which also suggests
that cohesin rings may multimerise to facilitate cohesion [104]. Finally the four cohesin
complex subunits have been shown to interact with themselves in a Scc3 dependent
manner. Depletion of Scc3 abolished the ability of the other three cohesin subunits to
interact with themselves [103]. This suggests Scc3 is important in creating a link between
two cohesin rings.

Cohesion establishment

Cohesion establishment is believed to occur during DNA replication and does not require
additional cohesin complexes to be loaded onto DNA [105]. Eco1 (Esco1 in humans) is a
lysine acetyltransferase and it is required for cohesion establishment [106]. Eco1
associates with numerous members of the DNA replication complex including the clamp
loader proteins Ctf18 and Elg1[107, 108]. Both of these proteins play a role in cohesion
establishment. PCNA also associates with Eco1 [109]. Therefore it is believed cohesion
establishment is linked to PCNA-dependent DNA replication. Eco1 may allow for the
dissociation and re-association of the cohesin ring as the replication fork passes, thus
facilitating cohesion establishment during DNA replication [93].
Recent evidence suggests that acetylation of cohesin is important for replication fork
processivity. Smc3 has been shown to be acetylated in vivo at two conserved lysines by
Eco1 during S phase [105, 110]. The Ctf18 subunit of the alternative RFC complex RFCCtf18 has also been shown to been involved in the regulation of acetylation of cohesin
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[10]. When Ctf18 is depleted in mammalian cells replication and cohesin acetylation is
impaired [10]. Ctf18 does not acetylate Smc3 but is believed to be important in regulating
Eco1 activity [111]. Furthermore, cohesin associated proteins Wpl1 and Pds5 also regulate
cohesion establishment [112, 113]. Wpl1 and Pds5 remove cohesin from the chromosomes
during mitosis. Depletion of these proteins in mammalian cells blocks the removal of
cohesin in prophase and increases the residence time of cohesin on the chromosomes in
interphase [113]. These proteins interact with Smc3 and are removed from the complex
when it is acetylated [114].
Interestingly fork progression through the cohesin complex is necessary for establishment
as it leads to entrapment of the nascent DNA strand within the ring [105]. Therefore the
acetylation of cohesin by Eco1 may cause conformation changes to the complex that allow
for replication fork passage. The conformational change may result from the removal of
Wpl1 or Pds5 from cohesin upon acetylation [10]. It may be possible that acetylation of
Smc3 may cause dissociation of Scc1 to allow the replication fork to pass through [10].
Acetylation of Smc3 by Eco1 is important for the establishment of cohesion because
deletion of Eco1 in S.cerevisiae causes premature chromosome separation when Esp1p
(yeast homologue of separase) proteolysis is inhibited [106]. Deletion of Eco1 did not
affect the loading of Scc1 and 3 onto the chromosomes which suggests it is not required
for the loading of cohesin onto DNA but for the establishment of cohesion [106].
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Figure 3: Models of sister chromatid cohesion. The four proposed models of sister
chromatid cohesion are shown. The ring model involves one cohesin ring encircling two
DNA strands. The handcuff model involves the interaction between two cohesin rings with
each ring encircling one DNA strand [93]. Image taken with permission from Portland
Press.
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1.4 Mitosis

ChlR1 and cohesin are important in the pairing of sister chromatids, which allows for the
equal distribution of genetic material in mitosis. Mitosis is divided into 4 main stages
prometaphase, metaphase, anaphase and telophase.
In the prometaphase stage the nucleus dissolves and the mitotic spindle microtubules
attach to the kinetochores at the centromeres (located near the centre of the chromosomes
and is the region where the sister chromatids come in close contact) of the chromosomes.
The kinetochore is a structure that containing a number protein complexes, that form
around the centromeres. The simplest kinetochore structure is found in S.cerevisiae and
contains 60 proteins in 7 complexes [115]. The complexes of the kinetochore are
conserved from yeast to humans. Two of these complexes Ndc80 and Dam1 (Duo1 And
Mps1 interacting) complexes have an important function in interacting with the
microtubules [116]. Another kinetochore protein Centromere protein A (CENP-A) a
centromeric specific conserved histone H3, is important in the recruitment and assembly of
the kinetochore complexes at the centromeres [115].
The mitotic spindle microtubules consist of polarized filaments composed of α/ß- tubulin
heterodimers arranged in a head to tail configuration within protofilaments [117]. The
microtubule polarity is due to the asymmetric arrangement of the tubulin subunits. The
minus and plus ends of the microtubule have different dynamic properties [118]. This
polarity is important in the transport of the chromosomes along the microtubule to the
poles.
The microtubules undergo repeated growth and shrinkage in various directions, searching
for kinetochores [119]. The growth and shrinkage of the microtubules is a result of the
addition and loss of tubulin dimers at the end of the polymers [118]. This searching for
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kinetochores is not a random process in vertebrate cells as the microtubules are guided to
the kinetochores by a concentration gradient of Ran-GTP around the chromosomes [120].
Interestingly microtubules are generated by the kinetochores and these microtubules
interact with and guide spindle microtubules to the kinetochores [121]. At this stage of
mitosis the cohesin encircling the arms of the chromosomes is removed through
phosphorylation of the cohesion subunits by Polo-like kinase 1 (Plk1) [122] which will be
discussed later.
In metaphase the chromosomes are aligned on the mitotic spindles. Alignment of the
chromosomes on the spindles requires bi-orientation of the kinetochore and microtubules.
Bi-orientation is control by two mechanisms; kinetochore geometry and error correction.
Kinetochore geometry relies on a back to back position of sister kinetochores [123]. When
one kinetochore attaches to the microtubules from one spindle pole, the constraints in
geometry requires the other kinetochore faces the opposite direction and attach to the
microtubule from the opposite pole [123]. If aberrant attachments are made between the
kinetochore and microtubules the geometry mechanism cannot correct the mistake.
Tension created by correctly bi-orientated kinetochore and microtubules stabilises the
interaction between the two structures. If this tension is not present then the two structures
dissociate and a new interaction is created. This mechanism of control is termed error
correction and requires the spindle assembly checkpoint protein Aurora B kinase [124].
Defects in Aurora B or its yeast homologue Ipl1 results in the kinetochores being unable to
interact with the microtubules [125]. Aurora B localises at the centromeres in metaphase
and phosphorylates kinetochore components [126]. This weakens the interaction between
the kinetochores and microtubules [127]. This is believed to be important in the turnover
of kinetochore and microtubule interactions during bi-orientation. Once bi-orientation and
tension between the kinetochores and microtubules is achieved then a number of
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kinetochore components including Dam1 and Knl1 are dephosphorylated [128]. This
stabilises the interaction between the kinetochores and the microtubules and the cells can
progress into anaphase.
During anaphase the cohesin that encircles the chromosomes at the centromeres is cleaved
by a cysteine protease called separase, which is inhibited by the spindle assembly
checkpoint upon alignment of the chromosomes [129]. The separated sister chromosomes
are transported along the spindle microtubule to the poles. The movement of the
chromosomes towards the spindle poles is achieved by microtubule depolymerization
along with the activity of molecular motor proteins such as dynein and kinesin proteins.
Dynein associates with the kinetochores and has poleward minus end directed motility
[130]. Inhibition of dynein in drosophila embryos causes a reduction in chromatid
movement towards the poles [131]. Kinesin proteins are microtubule depolymerising
enzymes localised at the kinetochores [132]. Disruption of these proteins in vertebrate cells
causes lagging chromosomes in anaphase [133].
After the chromosomes are transported to the spindle poles during anaphase, the cell
progresses to telophase where the microtubules disappear and new nuclear envelopes form
from fragments from the parent cells nuclear envelope and portions of the endomembrane
system. The compacted chromosomes decondense back into chromatin.

1.5 Spindle assembly checkpoint

The accurate segregation of chromosomes in mitosis is controlled by the spindle assembly
checkpoint (SAC). The SAC was identified by a mutation screen in S.cerevisiae in which
cells were isolated that were able to progress through mitosis in the presence of a spindle
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poison. The screen identified a number of genes including Mad (mitotic arrest defects) 1,
2, and 3 (BubR1 in humans) and Bub (budding uninhibited by benzmidazole) 1 and 3
[134]. These genes are conserved in all eukaryotes. They are activated in prometaphase
and form the basis of the spindle assembly checkpoint (SAC) [135].
The SAC targets Cdc20, which is a co-factor of the anaphase promoting
complex/cyclosome (APC/C) [136]. The SAC negatively regulates the ability of Cdc20 to
activate the APC/C mediated poly-ubiquitination of cyclin B and securin. Hence
progression through the SAC results in proteasome-mediated degradation of cyclin B and
securin and progression to anaphase. Activation of the SAC prolongs prometaphase until
all the chromosomes have become bi-orientated between the spindle poles [136]. The SAC
monitors the interactions between the kinetochores and the spindle microtubules.
Mutations in kinetochore proteins which impair the function of the kinetochores results in
the activation of the SAC in S.cerevisiae [137]. The vertebrate homologues of the SAC
proteins were shown to accumulate at unattached kinetochores and disperse upon
microtubule attachment [138].
In humans Bub1 is present at the kinetochores from prometaphase until kinetochore
microtubule attachment in humans [139]. Bub1 is believed to recruit a number of the SAC
proteins to the kinetochores including Mad1, Mad2, BubR1, Bub3 and Cdc20 in Xenopus
egg extracts [140]. Bub1 also phosphorylates Cdc20 and this inhibits Cdc20 [141].
Replacement of wild type Cdc20 with a mutant that Bub1 is unable to phosphorylate
results in mitotic exit despite spindle damage in HeLa cells [141].
The main function of the protein kinase BubR1 in regulating the SAC is to interact with
and phosphorylate the microtubule plus end directed motor CENP-E [142]. In X. laevis the
depletion of CENP-E disrupts the SAC suggesting it directly functions in the SAC [143].
In mammalian cells, depletion of CENP-E results in some unattached kinetochores [144].
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CENP-E binds to BubR1 and activates the kinase in vitro [145]. This activation is
repressed when CENP-E binds to the microtubules [145] suggesting that BubR1 is
inactivated upon kinetochore microtubule attachment. Replacement of the wildtype CENPE with a truncated CENP-E that lacks the microtubule binding domain results in continued
activation of the SAC in mammalian cells [145].
The kinase Aurora B/Ipl1 is also involved in the SAC. It detects and destabilizes faulty
microtubule-kinetochore attachments [146]. This generates unattached kinetochores and
results in SAC activation [146]. There is evidence that suggests Aurora B recruits BubR1
and Mad2 to the kinetochores. Inhibition of Aurora B in mammalian cells reduces Mad2
and BubR1 localisation to the kinetochores in nocodazole treated cells [147].
There are a number of mechanisms for the inactivation of the SAC after kinetochore
attachment. Mad1 and 2 are stripped from the kinetochores by dynein that is present on
microtubules [148]. This is dependent on dynein motility along the microtubules [148].
The activated APC/C is believed to target a number of the SAC proteins for degradation.
Mps1 is a kinase involved in the SAC that localises to the kinetochores [124]. In
S.cerevisiae Mps1 is degraded at anaphase in a Cdc20 dependent manner [149].
Overexpression of Mps1 or removal of Cdc20 during anaphase results in SAC reactivation
[149].

1.6 The removal of cohesin in mitosis

At the onset of anaphase, cohesion is dissolved by the proteolytic cleavage of Scc1 by the
activated cysteine protease separase [85, 129]. Separase is activated by the degradation of
its inhibitory binding partner securin by the 26S proteasome [150]. Securin is targeted for
degradation by polyubiquitination by activated APC/C which is a large 1.5MDa ubiquitin
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ligase [151]. Cdc20 act as co-activator and allows APC/C to recognise securin as a target
[151]. It is believed that Cdc20 delivers securin to APC/C [152]. Cdc20 is activated
following satisfaction of the spindle assembly checkpoint (discussed above). Securin binds
to separase at the protease active site therefore blocking the function of separase [153].
When securin is knocked out in mice, the embryonic cells are viable and undergo normal
anaphase progression [154]. This suggests there is another pathway of separase inhibition
and it has been shown that phosphorylation of serine 1226 of separase results in inhibition
of separase during metaphase [150].
Before cleavage of Scc1 by separase in anaphase, the majority of cohesin dissociates with
the chromosomes in prometaphase [122]. Polo-like kinase 1 (Plk1) is involved in this
process [122]. Plk1 is a key regulator of mitotic division [122] and a member of a family
of four related serine/threonine kinases. When Plk1 is depleted in mammalian cells the
cells fail to establish bipolar spindles [122]. Plk1 can phosphorylate Scc1 and Scc3 in vitro
[155] and is required for their phosphorylation in Xenopus egg extracts [156].
Phosphorylation of Scc1 and 3 subunits results in cohesin being unable to bind to the
chromatin in the extracts [156]. Evidence suggests that the phosphorylation of Scc1 by
Plk1 can enhance the cleavage of Scc1 by separase [157]. In human cells phosphorylation
of Scc3 is important for cohesin dissociation [158] and mutations at the phosphorylation
site on Scc3 results in an inability to remove cohesin from the chromosome arms during
prometaphase [158]. This phenotype is similar in cells depleted of Plk1 [159]. Therefore
Plk1 is important for the removal of cohesin from the chromosome arms during prophase
and prometaphase.
Cohesin located at the centromeric regions of sister chromatids are protected from
phosphorylation by a protein called Shugoshin (Sgo1). Sgo1 starts to accumulate at the
centromeres during prophase [160] and at anaphase the protein is found at the leading
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edges of the chromosomes moving towards the spindle poles [161]. Sgo1 was first shown
to be involved in the process of sister chromatid cohesion in S.cerevisiae where Sgo1
deletion resulted in sensitivity to spindle destabilizing drugs and premature sister
chromatid separation [162, 163]. Depletion of Sgo1 in HeLa cells resulted in mitotic arrest
and chromosome mis-segregation [160]. Depletion of Sgo1 results in the loss of Scc1 at
the centromeres. Therefore, Sgo1 was shown to protect centromeric cohesion from
dissociation at the centromeres during prophase [160].
The serine/threonine protein phosphatase 2A (PP2A) has been shown to interact with Sgo1
[164]. This protein is important for sister chromatid cohesion as depletion of the protein
causes cohesion defects in HeLa cells [164] and premature centromere segregation in
S.cerevisiae [165]. It is believed to protect centromeric cohesin from the prophase pathway
by preventing phosphorylation of the Scc3 subunit of cohesin [166]. In vitro analysis
showed that PP2A is able to dephosphorylate the peptides of the Scc3 that are targeted by
Plk1 [166]. Furthermore PP2A is required for the recruitment of Sgo1 to the centromeric
regions [164].
The function of PP2A and Sgo1 is controlled by the kinetochore associated protein Bub1
[167]. Depletion of Bub1 prevents localisation of both PP2A and Sgo1 to the centromere
[162]. Furthermore, it has been demonstrated that the kinase activity of Bub1 restricts the
localisation of PP2A and Sgo1 to the centromere [168].

1.7 The role of ChlR1 in sister chromatid cohesion

Chl1 (Chromosome loss 1; Chl-Related1 (ChlR1) in humans) was initially discovered in a
screen for mutants of S.cerevisiae that exhibited decreased chromosome transmission
fidelity in mitosis [169]. Analysis of Chl1 mutant strains showed a 200-fold increase in

30
chromosome missegregation at the MATά locus on chromosome III and mutants exhibited
both loss and gain of chromosomes fragments [169]. The loss of chromosomes and
chromosome non-disjunction was 100-fold above wildtype rates [169]. In addition, the
mutant cells showed signs of cell cycle checkpoint activation leading to G2/M delay [170].
The Chl1 protein has been shown to have sequence homology to the Rad3 protein, which
is involved in nucleotide excision repair of DNA damage. The two proteins are 23%
identical and 48% similar [170]. Interestingly, regions of high homology include the ATP
binding site domain of Rad3 [170]. Mutations in Chl1 that prevent ATP binding result in
the inactivation of its function in chromosome segregation and overexpression of this
mutant interferes with chromosome transmission [171].
ChlR1 is a member of the DEAD/H family of DNA and RNA helicases. ChlR1 mRNA
and protein is expressed in dividing cells but not terminally differentiated cells or cells in
growth arrest suggesting that ChlR1 has a similar role to Chl1 in cell proliferation [172].
ChlR1 and Chl1 are 32% identical and 55% similar [173]. The expression of ChlR1 was
not present until 16 hours after the addition of serum to fibroblasts [172]. This coincides
with the entry of these cells in S phase. The expression levels increased over the next 12
hours [172]. This suggests that ChlR1 is required for S phase and mitosis. Using in vitro
transcribed and translated ChlR1 protein it has also been shown that ChlR1 binds to both
double and single stranded DNA [172].
The helicase activity of ChlR1 has been investigated using purified ChlR1 expressed in
insect cells using the baculovirus expression system [174]. The protein possesses both
ATPase and DNA helicase activities that are dependent on DNA, divalent cations and ATP
[174]. The helicase activity is abolished by a single amino acid substitution of lysine to
arginine at position 50 in the ATP binding domain of the protein [174]. ChlR1 can unwind
DNA/DNA and RNA/DNA duplexes. It has a preference to unwind in the 5-3’ direction on
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short single stranded DNA templates of 19 nucleotides in length [174]. Unlike other DNA
helicases, ChlR1 can translocate along single stranded DNA in both directions when the
substrates have a very long single stranded DNA region [174].
Depletion of ChlR1 resulted in pro-metaphase delay and mitotic failure. There are a higher
percentage of cells in mitosis 24 hours after depletion and there are a higher percentage of
cells with chromosome dispersed over the entire spindle [175]. This is a phenotype
associated with pro-metaphase delay. Depletion of ChlR1 also results in chromosome missegregation [175]. Depletion of ChlR1 for 96 hours results in hTERT-RPE1 cells with
enlarged and fragmented nuclei indicting the cells failed to correctly segregate sister
chromatids following the delay in pro-metaphase [175]. Depletion of ChlR1 in HeLa cells
causes failure to form tight metaphase plates and after the pro-metaphase delay the DNA
decondenses without mitotic segregation [175].
ChlR1 associates with the cohesin complex and when ChlR1 is depleted the cells show
signs of abnormal sister chromatid cohesion [175]. Sister chromatid pairing was analysed
through metaphase spreads. Measurement of the distance between chromatid pairs
revealed that sister chromatids were further apart at the centromeric regions in ChlR1
depleted cells indicating abnormalities in sister chromatid cohesion [175]. These results
suggest a role for ChlR1 in chromatin condensation and organization of the DNA through
the correct assembly of cohesin onto DNA during replication [175].
There is evidence suggesting ChlR1 has a role in the spindle assembly. ChlR1 has been
shown to accumulate at the spindle poles in early mitosis where it remains until telophase
[175]. The cohesin subunits Smc1 and SA1 have also been shown to localise to the spindle
poles during mitosis [175]. This localisation is mediated by NuMA a protein required for
mitotic spindle organization and inhibition of these cohesin subunits inhibited mitotic aster
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assembly [176]. The localisation of ChlR1 at the spindle poles and the evidence that ChlR1
associates with cohesin may indicate a role for ChlR1 in mitotic aster assembly [175].
The knockout of the mouse ChlR1 gene DDX11 resulted in lethality at the embryonic
stage of the mouse development [177]. Lethality was a result of accumulation of aneuploid
cells and placental malformation [177]. Mutant embryos were smaller in size, malformed
and exhibited sparse cellularity compared to normal or heterozygous litter mates [177].
Cells isolated from the Ddx11-/- embryos displayed a G2/M delay, increased chromosome
missegregation, decreased chromosome cohesion and increased aneuploidy [177]. These
cellular defects are displayed in mammalian cells depleted of ChlR1 with siRNA.

1.8 The role of cohesin in gene expression

Cohesin re-associates with chromosomes at the end of mitosis [95]. This re-association
occurs long before sister chromatid cohesion is established suggesting additional functions
for cohesin.
There is evidence that cohesin has a role in the control of gene expression in S.cerevisae.
The positioning of cohesin was shown to be affected by transcription with cohesin
accumulating at convergent transcripts [178]. This suggests that as the transcription
machinery moves along the DNA any cohesin it encounters is pushed along until
transcription termination. This accumulated cohesin was shown to have a role in
transcription termination in S.pombe. The cohesin is thought to act as a barrier between
coding regions to aid efficient transcriptional termination [179].
Cohesin binding sites have been discovered at heterochromatin regions, which are silent
loci with several functions from gene regulation to the protection of the integrity of
chromosomes [180]. Heterochromatin regions remain transcriptionally silent through the
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function of Sirtuins (SIR) proteins [181]. Cohesin therefore is thought to play an important
function in chromatin silencing. Cohesin is recruited to heterochromatin regions in a SIR
dependent manner [104]. Heterochromatin regions contain a number of repeated sequences
that are unstable due to recombination therefore it is believed that cohesin is recruited to
act with the SIR proteins to prevent unwanted recombination [182]. Cohesin subunits
Smc1 and 3 have been found at the boundary regions of the heterochromatin and mutations
of these proteins results in disruption of the boundaries [183] (shown in Figure 4). It is
believed that cohesin helps create boundaries at the end of the heterochromatin regions to
prevent unwanted spread of the silent chromatin.
There is evidence that suggests cohesin inhibits the formation of silent chromatin.
Silencing of the heterochromatin regions is unable to take place in the presence of Scc1 in
G2/M even in the presence of SIR proteins. When Scc1 is cleaved or repressed the
heterochromatin becomes silent [184] (shown in Figure 4). This suggests that the cohesin
subunits prevent silencing of the region until the boundaries have been established.
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Figure 4: The model for the role of cohesin at silent domains. Top panel: Scc1
associates with the silent domain preventing the establishment of silencing until the
creation of cohesin-associated boundary elements. This prevents the unwanted spread of
silent heterochromatin. Middle panel: following establishment of the boundary elements,
Scc1 is cleaved and the spread of Sir proteins can occur. Bottom panel: once silent
heterochromatin is developed, cohesin (orange rings) re-associates to stabilize the
domain, preventing unwanted recombination [93]. Image taken with permission from
Portland Press.

In mammalian cells cohesin does not accumulate at convergent transcripts but at CTCF
consensus binding sites, which have the general sequence CCCTC. Depletion of CTCF
disrupts the positioning of cohesin at these sites suggesting that CTCF is involved in the
recruitment of cohesin to DNA [185]. CTCF is an 11 zinc finger domain protein and its
expression is cell cycle specific from S to G2 phase [186]. The major function of CTCF is
in the insulation of groups of genes that are transcriptionally co-regulated. CTCF often
flanks these genes. It is thought that CTCF prevents communication between genes and
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enhancer elements of flanking genes [187] and it has been suggested that cohesin has a
role in this function CTCF. Mammalian cells were depleted of CTCF or the cohesin
subunit Scc1 and transcriptional changes were measured by DNA-chip. Similar
transcriptional changes were observed after down-regulation of CTCF or Scc1 and genes
within 25kb of cohesin rich sites had a higher tendency to be up regulated, consistent with
the conclusion that cohesin mediates CTCF insulator function [188].
The β-globin gene locus has been shown to be insulated by CTCF. This locus contains
CTCF binding sites at the 5’ and 3’ boundaries of the locus [189], insulating inappropriate
interactions between the genes of the locus and the enhancer elements of neighbouring
genes (Figure 5) . Cohesin binds to these boundaries aiding the barrier and creates an
active hub for the active β-globin genes through looping of the locus [190] . Disruption of
CTCF or cohesin binding results in destabilization of the loop. CTCF and cohesin have
been shown to be involved in the insulation of a number of other loci through looping.
These include the H19/IGF locus [191] and the IFN-gamma cytokine locus [192].
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CTCF

Figure 5: The structure of the β-globin locus. Looping in the β-globin locus involves the
interaction of CTCF and cohesin to the 5’ and 3’ hypersensitive regions. This looping
insulates the genes within the locus from regulatory elements of neighbouring genes [30].
Image taken with permission from Portland Press

1.9 DNA damage responses

DNA damage occurs during all stages of the cell cycle, during DNA replication and
through exposure to DNA damage reagents such as sunlight and radiation. Cells have to
maintain the integrity of their genomes, so have evolved numerous pathways to repair
DNA damage. These pathways are discussed below.
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Non homologous end joining

Non Homologous End Joining (NHEJ) is considered the major pathway for the repair of
DNA double strand breaks in mammalian cells. NHEJ can be activated to repair DNA
double strand breaks throughout the cell cycle [193]. NHEJ requires a number of proteins
including Ku70 and 80, DNA-PKcs, XRCC4, DNA ligase IV, Artemis and XLF (Figure
6). Deletion of any of these proteins results in sensitivity to DNA damaging reagents
[194].
Detection of the break involves Ku70 and 80 which is recruited to the break seconds after
induction [195]. The Ku proteins may assist in tethering the ends together [196]. Atomic
force microscopy images showed that DNA forms loops in the presence of purified Ku70
protein. Looping of the DNA around the break may result in tethering of the DNA ends
[196]. Ku interacts with and is phosphorylated by DNA-PKcs. The recruitment of DNAPKcs to the sites of breaks requires Ku80 [197] (shown in figure 6). DNA-PKcs does not
accumulate at sites of DNA double strand breaks in Ku80 deficient cells [197]. In the
absence of Ku, purified DNA-PKcs is unable to bind to DNA in vitro [197]. This suggests
that Ku has a role in the loading of DNA-PKcs onto DNA around the DNA double strand
break.
DNA-PKcs is a member of the PIKKs (phosphoinositide 3 kinase like family of protein
kinases) and cells defective of the protein are highly radiosensitive [194]. The interaction
between Ku and DNA-PKcs stimulates the phosphorylation of DNA-PKcs around the
DNA double strand break [198]. Autophosphorylation at two clusters within the DNAPKcs protein results in the activation of the kinase activity of the protein [198]. The
autophosphorylation results in the DNA ends becoming accessible to DNA end processing
factors such as Artemis [198]. The autophosphorylation may result in a conformation
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change in DNA-PKcs that alters the DNA ends allowing for access from the end
processing factors. Mutations within the autophosphorylation clusters results in NHEJ
repair defects [198].
Once the DNA double strand break has been detected and stabilised then the next step of
the NHEJ process is the processing of the DNA ends. The processing involves the removal
of non-ligatable end groups by endonucleases such as Artemis. Artemis possesses 5’-3’
exonuclease activity and in the presence in DNA-PKcs has endonuclease activity [199].
Artemis is phosphorylated by DNA-PKcs [200] and DNA-PKcs is required for its
recruitment to DNA double strand break [201]. The removal of nucleotide at the break can
create gaps that require DNA polymerases µ and λ. Both these polymerases interact with
Ku [202]. After the ends have been processed they are ligated together. This process
requires DNA ligase IV, which is found in a complex with XRCC4 (X-ray repair crosscomplementing protein 4). XRCC4 acts as a scaffold and stabilises DNA ligase IV and
stimulates it’s activity [203]. XRCC4 interacts with Ku and is also phosphorylated by
DNA PKcs [204].
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Figure 6: Non-homologous end joining pathway of DNA double strand break repair.
The DNA double strand break is detected and stabilised by Ku and DNA-PKcs. The
endonuclease Artemis is recruited to break by DNA-PKcs and processes the ends of the
breaks. The ends are ligated together by DNA ligase IV. XRCC4 acts as a scaffold for
DNA ligase IV [205]. Image taken with permission from Nature Publishing Group

Homologous Recombination

Homologous Recombination (HR) is an error free repair process of DNA double strand
breaks which involves a homologous template such as the sister chromatid [205]. HR
requires the MRN (Mre11, Rad50, NBS1) complex to recognise the DNA double strand
break [205] (discussed later). The MRN complex then recruits the cohesin complex to the
break [206] (discussed later). This step ensures the homologous template remains in close
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proximity for recombination. The MRN complex also recruits and activates the ATM
protein kinase [207].
The early step in processing the break involves the creation of an ssDNA containing a 3’hydroxyl overhang. This process involves the MRN complex. In yeast deletion of the
complex slows down the rate of the 5’-3’ exonuclease that creates the 3’-hydroxyl end
[208]. In S.cerevisiae the Sae2 endonuclease interacts with the MRN complex to create an
intermediate DNA end [209]. The DNA double strand break is then processed by the 5’-3’
exonuclease activity of Exo1 [210]. This creates the processed ends that are required for
the process in yeast. In mammalian cells there are Exo1 and Sae2 homologues suggesting
the process is similar in mammalian cells [210].
The ssDNA created in the processing is bound to RPA (Figure 7). This occurs to remove
secondary structures from the DNA [211]. Rad51 is involved in the searching of
homologous sequences and the resolution of the break. The RPA bound to the ssDNA
recruits the Rad51 nucleoprotein [212]. It is believed the search for homologous sequences
involves random collisions. The movement of the ssDNA Rad51 filaments may be driven
by the constant association and disassociation of Rad51 from the strand [213]. It is thought
that a Rad51 nucleofilament of at least 100 basepairs is required for strand exchange [214].
The chromatin remodelling complex Rad54 has been shown to be involved in strand
exchange. It may move nucleosomes to allow for strand invasion [215].
The homologous DNA strand invasion involves the displacement of one strand of the
homologous duplex by the invasive strand and pairing of the invasive strand with the
other. This leads to the creation of a heteroduplex DNA complex called the displacement
loop (D loop) (Figure 7). The D loop is extended until it finds and captures the noninvasive strand of the broken DNA. This process is called double strand break
recombination (DSBR) [216]. It is unclear which polymerase is involved in the extension
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of the D loop in vivo but Pol η can perform this function in vitro [217]. This process results
in the formation of Holliday junctions (Figure 7). Gap filling ligation and cleavage then
results in the crossover of DNA and repair of the DNA double strand breaks [216].

Figure 7: Homologous recombination pathway of DNA double strand break repair.
The DNA double strand break is recognised by the MRN complex. The early step in
processing the break involves the creation of ssDNA containing a 3’-hydroxyl overhang.
This process involves RPA, Rad51 and Rad52. The ssDNA then searches for homologous
sequences usually from the sister chromatid. Upon discovery of the homologous sequence
strand exchange occurs which involves Rad54 [205]. Image taken with permission from
Nature Publishing Group.
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Nucleotide excision repair

Nucleotide Excision Repair (NER) is the process involved in the removal of DNA lesions
such as minor DNA distortions produced by photoproducts and bulky adducts formed by
chemical reactions with endogenous and environmental compounds. In eukaryotic cells the
XPC (Xeroderma pigmentosum, complementation group C) protein acts as an initial
sensor for unpaired bases [218] (Figure 8). XPC forms a heterotrimeric complex with
HR23B the human homologue of Rad23 and centrin 2 [219]. The XPC-HR23B complex
specifically binds to DNA with small bubble structures with or without damaged bases
[219]. This suggests that XPC recognises distorted DNA and not the damaged nucleotides.
The crystal structure of the S.cerevisiae XPC homologue Rad4 bound to DNA containing a
lesion showed that Rad4 did not associate with the damaged nucleotide but recognised
local destabilisation of the Watson-Crick basepairing through the insertion of a β-hairpin
domain through the helix [220].
After the DNA lesion is sensed then the transcription factor II H (TFIIH) complex is
recruited to the lesion [221] (Figure 8). TFIIH consists of a number of proteins including
XPB, XPD, p34, p52 and p63. The crystal structure of the TFIIH shows a ring shaped
structure, which encircles the DNA. As well as playing a role in NER, TFIIH is an
essential factor for the synthesis of mRNA by RNA polymerase II [221]. The TFIIH
complex contains two DNA helicases XPB and XPD. XPB unwinds the DNA in the 3’-5’
direction and XPD unwinds in the opposite direction [222]. Strand opening around the
damaged site is further stabilized by the subsequent binding of the XPA repair proteins and
the single-strand DNA binding protein, RPA. XPA is a 32kDa Zinc finger protein that
interacts with the TFIIH complex and it is believed that XPA is involved in the recruitment
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of RNA polymerase II and RPA to the DNA lesion [223, 224]. Structural analysis of the
XPA protein revealed the protein interacts with DNA that contains sharp bends [225]. This
suggests that XPA binds to the DNA at the ends of the bubble and stabilises the bubble.
RPA is a complex of 3 subunits (70, 32 and 14kDa) and is thought to recruit replication
factors to the lesion for DNA repair synthesis [226].
This leads to the formation of a large bubble DNA structure that is excised by the
endonucleases XPG and ERCC1-XPF [227]. The endonucleases are recruited to the lesion
by XPA protein [228]. RPA is involved in the correct positioning of ERCC1-XPF onto the
strand [229]. The XPG protein creates the incision on the 3’ of the lesion and ERCC1-XPF
creates an incision at the 5’ end of the opening [230] (shown in Figure 8). This leads to the
removal of the lesion-containing oligonucleotide of about 30 nucleotides. Using
catalytically inactive mutants of both endonucleases, the XPF incision occurs first and the
XPG incision is not required for the initiation of repair synthesis. This suggests the XPF
incision is repaired first and this prevents the formation of single stranded DNA gaps that
can disrupt genome integrity [230]. After the incisions are made two DNA polymerases
Pol ε and Pol δ, and RPA are required for the gap filling DNA synthesis [231].
In bacteria the DNA lesion is recognised by UvrA and UvrB, which form a heterodimeric
complex. UvrA is a homologue of XPC. UvrA probes for the presence of damage. Upon
recognition of the DNA lesion UvrA disassociates with the lesion and UvrB unwinds the
lesion with its limited helicase activity that is stimulated by UvrA [232]. After the
unwinding of the lesion UvrB associates with UvrC which induces 3’ and 5’ incisions of
the unpaired DNA [233].

44

Figure 8: Nucleotide excision repair pathway. The lesion is initially detected by XPC
and RPA. After detection of the lesion the TFIIH complex is recruited and unwinds the
DNA around the lesion. This leads to the formation of a bubble complex that is excised by
the nucleases XPG and ERCC1-XPF. The gap created is filled by the DNA polymerases
Pol ε and Pol δ [234]. Image taken with permission from the American Society for
Biochemistry and Molecular Biology.

The structure and function of the MRN complex

The MRN complex consists of the proteins Mre11, Rad50 and NBS1. The complex is an
important factor in the response to DNA double strand breaks. It acts as a sensor of DNA
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double strand breaks and activator of the repair pathway. It is believed to be involved in
the HR and NHEJ repair pathways. The complex was first discovered in S.cerevisiae. The
three proteins Mre11, Rad50 and Xrs2 (S.cerevisiae homologue of NBS1) were identified
in a screen for genes involved in resistance to UV and X-ray induced DNA damage [235].
They were shown to associate with one other [236].
Mre11 is 70-90kDa in size and consists of an N-terminally Mg2+-dependent
phosphoesterase domain [237] and two DNA binding domains at the C-terminus [238].
The protein has been shown to form dimers that have DNA binding activity specifically
for the synapses of DNA double strand break termini [239]. Recently the protein has been
shown to have endo- and exonuclease activity to ssDNA and dsDNA [240]. This nuclease
activity may have a role in the processing of the break in HR and NHEJ.
Rad50 is a 150kDa protein with structural homology to Smc proteins. The N-terminal
Walker A and C-terminal Walker B nucleotide binding motifs stably associate with one
another to form a bipartite ATP-binding cassette (ABC)-type ATPase domain that binds
and partially unwinds dsDNA termini [82]. The intervening 575 amino acids form an antiparallel coiled-coil that spans 500 angstroms and terminates with a zinc hook (CxxC) motif
[241]. Scanning force microscopy shows that the globular heads of Rad50 associate with
Mre11 at the DNA double strand breaks and the coiled-coil domains face outwards from
the DNA acting as flexible arms [241]. The coiled-coil arms act to mediate interactions
between sister chromatids. The zinc hooks motifs at the ends of the coiled-coil domains are
important in this DNA tethering. Mutations of the zinc coordinating cysteines in Rad50
results in DNA double strand break repair defects in S.cerevisiae and a reduction in
damage induced recombination between sister chromatids [242].
NBS1 (Nijmegen breakage syndrome 1) is a 65-85kDa protein that consists of a FHA
domain (forkhead associated domain) and two BRCT domains (BRCA1 C-Terminus
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binding) at the N-terminus and has an Mre11 binding domain at its C-terminus [243]. The
FHA domain binds phosphorylated threonine residues present in DNA damage repair
proteins such as Mdc1 (DNA damage checkpoint protein involved in ATM signalling) and
Ctp1 (yeast homologue Sae2, a DNA-end processing factor) [244]. NBS1 has a role in the
translocation of the MRN complex into the nucleus. Disruption of the binding between
NBS1 and Mre11 results in cytoplasmic retention of Mre11 and Rad50 [245].
Recently the MRN complex has been shown to have a role in ATM signalling.
Deregulation of the MRN components leads to defects in ATM signalling [246, 247] and
ATM is recruited to the DNA double strand breaks through the C-terminus of NBS1 [248].
ATM is autophosphorylated after interacting with the C-terminus of NBS [248]. This
autophosphorylation of ATM is essential in the activation of ATM. Depletion of NBS in
Xenopus egg extracts results in the inactivation of ATM and the addition of the C-terminus
of NBS activates ATM in NBS depleted extracts [248]. The MRN complex is also
involved in ATR (ATM-Rad3 related) signalling. The nuclease activity of Mre11
contributes to the activation of ATR [249, 250].
The MRN complex has a role in early responses to DNA double strand breaks. The Mre11
dimer is thought to act as a bridge across the DNA double strand breaks, which stabilises
the break. Structural analysis of the Mre11 dimer from pyrococcus furiosus shows that two
opposed DNA ends bind within the DNA binding cleft [239]. This provides evidence that
the dimer acts as a bridge between the DNA double strand break. The endonuclease
activity of Mre11 may have a role in processing of the ends of the break for HR. Mutations
in Mre11 that abolish the exonuclease activity causes mild repair defects in S.pombe [239].
Mutations that abolish the endonuclease activity however result in a severe defect in repair
in S.pombe. The endonuclease activity of Mre11 produces a 5’-3’ excision that creates 3’
ssDNA for RPA loading and strand invasion in the HR repair pathway [239].
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Rad50 has a role in stabilising the break through tethering the sister chromatid of the
broken DNA that would be important in the HR repair pathway [251]. The endonuclease
activity of Mre11 would create the long 3’ ssDNA overhangs required for strand invasion
in HR [240]. These functions of the MRN complex suggest it is involved in the repair of
DNA damage through the HR repair pathways.

1.10 The role of cohesin in DNA damage responses

A role for cohesin in the DNA damage response was initially shown in S.cerevisiae and
chicken cells. In S.cerevisiae repair of damage was impaired in cells with Scc1 depleted
and Smc1 mutated [252]. Interestingly mutations in the cohesin establishment factors Scc2
and Pds5 caused a similar defect in DNA damage repair [252]. To confirm cohesin was
required for the repair of DNA damage a Scc1 inducible system was used in S.cerevisiae.
Scc1 expression was delayed until after S phase in S.cerevisiae resulting in repair defects
similar to cells with depleted Scc1 protein. This suggests that sister chromatid cohesion is
important in the repair process because sister chromatid cohesion is established in S phase.
This idea was confirmed in cells with defects in Eco1, these cells have defects in sister
chormatid cohesion in S phase but cohesin still associates with the chromosomes. These
cells have defects in DNA damage repair [252]. In chicken DT40 cells the level of
chromosome breaks increased in Scc1 depleted cells [253]. Scc1 was shown to promote
cohesion in interphase [253] and the fact that HR plays an important role in damage
induced by IR in the S/G2 phases [254] provides evidence that cohesin’s role in the DNA
damage response is to establish sister chromatid cohesion for the HR pathway.
The theory suggested above requires that cohesin accumulates at sites of DNA damage
(Figure 9). Cohesin has been shown to be recruited to laser induced DNA damage [206]
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and to gamma H2AX foci in HeLa cells and nontransformed human fibroblasts. Mre11,
Rad50 and BRCA1 were all shown by immunofluorescence to be recruited to the induced
damage suggesting that the cells deal with the laser induced damage de novo. Interestingly,
cohesin was not recruited to the damage in ATLD2 cells that have mutated Mre11
suggesting that Mre11 is involved in recruitment of cohesin to sites of damage although
Rad50 is also down regulated in these cells. Cohesin is still recruited to NBS deficient
cells along with Mre11 and Rad50 [206]. Rad50 in the MRN complex was shown to
specifically interact with cohesin subunit Smc1 and the interaction occurs in S and G2
phase of the cell cycle [255].
The recruitment of cohesin to DNA double strand breaks was also observed in S.cerevisiae
using ChIP [256]. The DNA double strand breaks in this assay were created using a HO
endonuclease (HOmothallic switching). In this study, a region on chromosome V was
analysed that Smc1 and Scc1 do not normally bind. An HO endonuclease recognition site
was inserted into the genome and when the DNA double strand break was induced. Smc1
and Scc1 were recruited to the region. Smc1 and Scc1 were shown to accumulate in a
region of 50kb around the DNA double strand breaks. Scc2 (required for the loading of
cohesin in S.cerevisiae) was shown to be required for the accumulation of Smc1 as Scc2
deficient cells were unable to recruit Smc1 to the DNA double strand break created by the
HO endonuclease.
The recruitment of cohesin to DNA damage requires H2AX phosphorylation [257]. In
S.cerevisiae wild type H2AX was substituted with a mutant version of that cannot be
phosphorylated. There was no accumulation of the cohesin subunit Mcd1p at sites of
damage. This is a similar phenotype to that seen in S.cerevisiae that have Mec1 and Tel1
mutations [257]. These two kinases are needed for the DNA double strand break
checkpoint response and have been shown to phosphorylate H2AX. The DNA double
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strand break induced cohesin binding region correlates with the size of H2AX
phosphorylation region (shown in Figure 9). Until recently, it was unclear why H2AX was
phosphorylated over a large distance either side of a DNA double strand breaks but it may
be phosphorylated over this large distance to recruit cohesin [257]. A recent study has
shown that a phosphorylated version of cohesin is recruited to DNA double strand breaks
[258]. A phosphorylated Smc1 subunit was shown to be recruited to gamma H2AX foci by
immunofluorescence [258], suggesting that the cohesion complex is recruited to DNA
double strand breaks through phosphorylation by kinases such as Mec1 and Tel1.

Figure 9: Recruitment of cohesin to DNA double strand breaks [259]. The figure shows
the recruitment of cohesin to 50kilobase regions either side of the DNA double strand
break. H2AX is also shown to accumulate to 50kilobase regions around the break and is
involved in the recruitment of cohesin to double strand breaks. Image taken with
permission from Elsevier Ltd.
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The theory that cohesin is recruited to DNA double strand breaks to promote sister
chromatid cohesion was confirmed by measuring the inter-sister chromatid distances at
DNA double strand break in DT40 and U20S cells with an Sce1 restriction enzyme
recognition sequence inserted into the genome. A 112 repeat tetracycline operator is
positioned upstream of the recognition sequence. An expression vector encoding a
tetracycline repressor-GFP was transfected into these cells and used to localise the inserted
recognition sequence. Addition of the Sce1 restriction enzyme resulted in the creation of a
DNA double strand break [260]. Gamma H2AX was recruited to the sites after the addition
of the enzyme confirming a DNA double strand break had been created [260]. Using this
assay they induced a DNA double strand break and measured the distance between the
TetR-GFP spots on opposite sister chromatids in mitotic cells [260]. Creation of the DNA
double strand break resulted in a reduction of the inter-sister chromatid distance around the
break which suggests that cohesion is important in the repair of double strand breaks [260].
The cohesin complex is important in the creation of the damage induced cohesion because
the inter-sister chromosome distance around the break was significantly larger in ATM
knockdown cells compared to wildtype cells [260]. Cohesin is an ATM target in the DNA
damage response and phosphorylation of cohesin is important in it’s recruitment to DNA
double strand breaks [261]. The inter-sister distance between wild type and ATM
knockdown cells was similar before the induction of the break.
Smc1 has been shown to be a downstream target of the ATM/NBS1 dependent S phase
checkpoint pathway [261, 262]. Smc1 is phosphorylated in response to ionising radiation
(IR) but this phosphorylation is disrupted in ATM deficient cells. Interestingly NBS1 and
BRCA1 are required for optimal phosphorylation of Smc1 [261]. In NBS1 deficient cells
Smc1 phosphorylation is defective [262]. Phosphorylation of NBS1 by ATM is required
for the phosphorylation of Smc1 suggesting that NBS1 is an adaptor in this process [262].
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The phosphorylation of Smc1 by ATM/NBS1 is required for the activation of the S phase
checkpoint in response to IR. Phosphorylated Smc1 may act in slowing down S phase
progression by associating with elongating chromosomes and thus slowing down
replication fork progression [262].
Recent evidence in C.elegans suggests that the cohesin subunit Smc1 has a role in NER in
response to UV damage. C.elegans with mutations in the Smc1 gene resulted in UV
sensitivity [263]. Cohesin has been shown in human cells to associate with the ATP
dependent chromatin remodelling complexes SWI/SNF, ISW1 and NuRD families [264].
These ATPase dependent chromatin remodelling complexes have been shown to have a
role in NER. The SWI/SNF complex enhances the activity of NER at lesions located in
nucleosome core regions in humans [265]. The remodelling of these regions in
S.cerevisiae by the SWI/SNF complex is dependent on the presence of XPC, XPA and
RPA. Two subunits of this complex, snf5 and 6, are co-purified with the yeast homologue
of XPC [266]. ISW1 is a DEXD/H box helicase which is involved in moving the
nucleosome along the DNA generating internucleosomal spaces of 50 to 60 base pairs
[267]. This nucleosomal sliding enhances NER activity [268]. Mutations of these ATPase
dependent chromatin remodelling complexes in C.elegans results in UV sensitivity [263].
These chromatin remodelling complexes may have a role in creating more accessible DNA
around the lesion for the NER complex. Cohesin may act as a stabilizer for the DNA
around this unstable area of DNA.
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1.11 Diseases associated with mutations in cohesin and ChlR1

ChlR1 and the cohesin complex play an important role in chromosome segregation DNA
damage repair and DNA replication. Mutations in the cohesin complex account for two
severe syndromes Cornelia de Lange syndrome and Robert’s syndrome. Mutations in
ChlR1 accounts for Warsaw breakage syndrome. These syndromes are discussed below.

Cornelia de Lange Syndrome

Cornelia de Lange syndrome is a dominant genetic disorder that is characterised by growth
and mental retardation, upper limb defects and microcephaly [269]. Cohesion
establishment and sister chromatid cohesion are disrupted in the syndrome. The disruption
in cohesion establishment and sister chromatid cohesion is mild suggesting other functions
of cohesin for example the control of gene expression, are disrupted in the syndrome
[269].
Around 60% of Cornelia de Lange syndrome patients have a heterozygous mutation in
Nipped B homology (NIPBL) [269]. NIPBL is involved in the loading of cohesin complex
onto DNA during S phase [270]. In drosophila Nipped B has been shown to alleviate
cohesin-mediated blocking of enhancer-promoter communication. Cohesin and Nipped B
co-localised to the active transcription sites [271]. Binding of cohesin to these active
transcription sites is reduced in Cornelia de Lange syndrome patient and NIPBL mutant
cells, resulting in the upregulation of the genes downstream of the enhancers [272]. This
suggests that the phenotype seen in Cornelia de Lange syndrome patients is a result of
deregulation of genes controlled by cohesin. As discussed earlier, cohesin along with
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CTCF in mammalian cells contribute to the insulation of genes. This function may be
defective in the patients.
Mutations in Smc1 and 3 account for 5% of the cases of Cornelia de Lange syndrome
[269]. The common mutations of the Smc found in the patients were mapped onto the
molecular model of these proteins. The mutations are located in the hinge domain of the
protein and the coiled-coil region [273] and are believed to cause a conformation change
resulting in a reduction in the proximity of the head domains that disrupts the binding of
the accessory proteins such as Scc2. These effects would result in the abolishment of
loading of cohesin onto chromatin [273].

Robert’s Syndrome

Robert’s syndrome has a number of similar characteristics to Cornelia de Lange syndrome
but has quite distinct genetic differences to Cornelia de Lange syndrome. Roberts
syndrome is autosomal recessive disorder in which all patients have homozygous or
heterozygous mutations of Esco2 [274]. Esco2 is the human homologue of Eco1. Like
Cornelia de Lange syndrome patients, Robert’s syndrome patients show signs of sister
chromatid cohesion defects. This is characterised by heterochromatin repulsion [275]. This
suggests that Esco2 is involved in the establishment of cohesion at heterochromatin
regions. The mutations in Esco2 found in Roberts syndrome patients are associated with
the loss of the acetyltransferase activity of the protein [276]. Interestingly replication fork
progression in Robert’s syndrome cells is also disrupted. The acetylation of cohesin is
important to allow for the progression of the replication fork through the complex. If the
replication forks progress slower in Roberts syndrome cells then there could be an
accumulation of DNA damage that may contribute to the phenotype [10].
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The interesting feature of these diseases associated with the cohesin complex is that sister
chromatid cohesion defects are limited. This suggests that the phenotype of these
conditions is caused by the disruption of other functions of cohesin. It is hypothesised is
that the role of cohesin in gene expression is disrupted in some way. This hypothesis is
supported by a study in S.cerevisae in which the mutations in the cohesin complex and
associated proteins in these diseases were reproduced. The mutations showed not effect on
sister chromatid cohesion but there were defects in transcriptional control, gene silencing
and sub-nuclear organization of chromatin [277].

Association of ChlR1 with Warsaw Breakage Syndrome

Warsaw breakage syndrome was defined in a male patient with severe microcephaly, preand post-natal growth retardation and abnormal skin pigmentation [278]. Molecular studies
discovered the patient had a high level of chromosomal breaks which would have
suggested Fanconi anaemia but the patient also showed abnormal cohesion of sister
chromatids where chromosomes had centromeric cohesion defects and premature
chromatid separation [278]. Cohesion defects are not seen in Fanconi anaemia, but are
typical of Robert’s syndrome as stated above. As this patient showed traits associated with
both Fanconi anaemia and Robert’s syndrome, candidate genes were investigated
including Esco2, cohesin complex subunits and cohesion establishment factors. None of
these proteins were affected in this individual. However, ChlR1 protein was barely
detectable by western blot in the fibroblasts of the individual. Sequence analysis showed
two mutations in the gene; a splice site mutation in intron 22 of the maternal allele and a 3
basepair deletion in exon 26 of the paternal allele. The splice mutation causes the loss of
the last 10 basepair of exon 22 from the cDNA resulting in premature termination of the
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polypeptide, and the 3 basepair deletion results in deletion of a highly conserved lysine
residue at the extreme C-terminus of the protein for which no function has been ascribed
[278]. Introduction of DDX11 cDNA into lymphoblasts rescued the abnormal phenotypes
[278], confirming that the phenotypes observed in WBS cells were directly due to loss of
functional ChlR1 protein.

1.12 Hypothesis and Aims

1) Interaction of ChlR1 with FHL2, a novel binding protein.

FHL2 was identified as an interacting partner of ChlR1 in a yeast two-hybrid screen. I
hypothesise that ChlR1 interacts with FHL2 in mammalian cells and the transcriptional
activity of FHL2 is required for the loading of cohesin and establishment of cohesion.
Somewhat supporting this hypothesis, there is evidence to suggest that the loading of
cohesin is linked to gene expression. In S.cerevisiae the cohesin complex accumulates at
sites of convergent transcripts. In mammalian cells cohesin accumulates at CTCF
consensus sequences. The major function of CTCF is in insulation of groups of genes that
are transcriptionally co-regulated. This suggests that the loading of cohesion onto DNA is
linked to gene expression and transcription.
The work in this thesis aims to confirm the interaction between ChlR1 and FHL2 in
mammalian cells by co-immunoprecipitation experiments with exogenously and
endogenously expressed ChlR1 and FHL2. To confirm the interaction between ChlR1 and
FHL2 I aim to perform in-vitro binding assays with in-vitro transcribed radio-labelled
ChlR1 and bacterially expressed FHL2. Using in-vitro binding assays, I also aim to define
the regions of each protein involved in the interaction.
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To confirm the hypothesis that FHL2 is required for the loading and establishment of
cohesion I will use siRNA oligonucleotides to depleted FHL2 RNA and protein.
Metaphase spreads from FHL2 depleted cells would be analysed for cohesion defects.
In addition to metaphase spread analysis of FHL2 depleted cells, ChIP analysis of a
cohesin rich region of the genome would be performed in FHL2 depleted cells to confirm
the hypothesis. The H19/IGF region of the genome would be used to confirm if FHL2 is
involved in the loading of cohesin.

2) Elucidate the role of ChlR1 in DNA damage repair

The S.cerevisiae homologue of ChlR1, Chl1 has previously been shown to have a role in
DNA damage repair responses. I hypothesise that ChlR1 is involved in DNA damage
repair by recruiting cohesin to sites of DNA double strand breaks. Cohesin subunits are
recruited to double strand breaks and depletion of these subunits results in repair defects.
I aim to confirm that ChlR1 functions in the repair of DNA damage using siRNA specific
for ChlR1 to deplete ChlR1. The comet assay would be used to analyse the repair of DNA
damage in cells depleted of ChlR1.
To confirm that ChlR1 is recruited to sites of DNA double strand breaks I will use
immunofluorescence with an antibody specific for gamma-H2AX. This allows for
visualisation of the DNA double strand breaks and using a mCherry-ChlR1 fusion protein,
I will investigate the recruitment of ChlR1 to DNA double strand breaks.
In addition to immunofluorescent analysis of ChlR1 localisation, a ChIP assay to detect the
presence of ChlR1 on the DNA surrounding a DNA double strand break will be used to
investigate my hypothesis. A U20S derived cell line with an SceI restriction endonucloease
recognition sequence inserted into the genome will be used in the ChIP assay. There are no
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SceI recognition sequences found in the human genome therefore the inserted recognition
sequence is unique. This means that the restriction enzyme would only create one DNA
double strand break. Primers will be designed to anneal to the DNA upstream of the SceI
restriction site. If this upstream region of DNA is immunoprecipitated with a ChlR1
specific antibody, then it can be concluded ChlR1 associates with the regions of DNA
around a DNA double strand break.
This cell line will also be used to confirm the recruitment of cohesin subunits to the DNA
double strand breaks by ChIP assay. If this upstream region of DNA is
immunoprecipitated with a cohesin subunit antibody, then I could conclude that cohesin
associates with the regions around the DNA double strand break.
Furthermore, the U20S/SceI cell line described above will be used to confirm the
hypothesis that ChlR1 is required for the recruitment of cohesin to double strand breaks. If
ChlR1 is depleted in the cell line, does this result in the disruption of the recruitment of
cohesin to DNA double strand breaks?

3) The function role of ChlR1 in DNA replication

There is evidence in the literature that suggests a role for ChlR1 in DNA replication.
ChlR1 interacts with a number of replication fork proteins (Mcm7, PCNA, Fen1 and
TopBP1). Furthermore a number of other cohesin establishment factors (Esco1/2 and
Ctf18) have been previously shown to be located at replication forks. A number of DNA
helicases that are highly related to ChlR1 (FANCJ and RecF) also have roles in DNA
replication.
The loading of cohesin onto DNA occurs after telophase. This means that replication forks
must pass through at least one cohesin associated region during S phase during the next
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cell cycle. Therefore I hypothesise is that ChlR1 is required for the passage of the
replication fork through cohesin complexes.
I aims are to confirm that ChlR1 is involved in DNA replication using siRNA
oligonucleotides to deplete ChlR1. The DNA combing assay will then be used to analyse
the replication of DNA in cells depleted of ChlR1.
To confirm that ChlR1 associates with newly replicated DNA I will use a reverse ChIP
assay. This involves the immunoprecipitation of BrdU incorporated DNA and the
detection of associated proteins (PCNA and ChlR1) by western blot using specific
antibodies for the proteins.
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Materials and Methods
2.1 Transformation of E.coli with plasmid DNA

2µl of ß-mecaptoethanol was added to 50µl of chemically component E.coli (Stratagene
XL-10 ultra) and incubated for 10 minutes. The required amount of plasmid DNA was
added to the E.coli and incubated on ice for 30 minutes. The E.coli were heat shocked at
42ºC for 30 seconds and incubated on ice for 2 minutes. 950µl of Luria Broth (LB) was
added to the E.coli and incubated at 37ºC shaking at 220 rpm for 1 hour. 100µl of this
culture was spread on an LB agar plate with 100µg/ml of required antibiotic. The plates
were incubated overnight at 37ºC to allow the colonies to grow.

2.2.Purification of plasmid DNA from E.coli

Colonies of transformed E.coli were picked and incubated overnight in 5ml of LB
containing 100µg/ml of required antibiotic at 37ºC shaking at 220 rpm. The E.coli were
harvested by centrifugation at 14000 rpm for 1 minute in a bench top centrifuge
(Eppendorf 5415c). Following the protocol for the Qiagen mini/maxi preparation kit the
plasmids were purified from the E.coli. The plasmid DNA purity and concentration was
then analysed using the NanoVue spectrophotometer (GE healthcare).
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2.3 Proteins Expression in E.coli

Colonies of BL21 (DE3) E.coli were grown up in 5ml of Luria Broth (LB) containing
100µg/ml of required antibiotic overnight at 37ºC shaking at 220 rpm. 10ml of LB was
inoculated with 0.5ml of the overnight culture and grown at 37ºC shaking at 220rpm until
the optical density (OD) of the culture read 0.5 at a wavelength of 600nm. A 1ml aliquot
taken from the culture was centrifuged at 14000 rpm for 1 minute in a bench top centrifuge
(Eppendorf 5415c) and the pellet frozen at -20ºC for future analysis. The remainder of
culture was induced with 1mM of IPTG. The cultures were grown for a further 4 hours at
37°C. 1ml aliquots were taken from the culture, centrifuged at 14000 rpm for 1 minute in a
bench top centrifuge (Eppendorf 5415c) and the pellet frozen at -20ºC. The collected
pellets were lysed in 100l of 2x SDS loading buffer (100mM Tris pH 6.8, 4% SDS, 0.2%
bromophenol blue, 20% glycerol and 200mM DTT) and the proteins separated on an SDSPAGE gel to analyse the expression of the recombinant protein.

2.4 Nickel Affinity Protein Purification

BL21 (DE3) E.coli were grown up in 75ml of Luria Broth (LB) containing 100µg/ml of
required antibiotic overnight at 37ºC shaking at 220 rpm. 250ml of LB was inoculated with
15ml of the overnight culture and grown at 37ºC shaking at 220rpm until the optical
density (OD) of the culture read 0.5 at a wavelength of 600nm. A 1ml aliquot taken from
the culture was centrifuged at 14000 rpm for 1 minute in a bench top centrifuge
(Eppendorf 5415c) and the pellet frozen at -20ºC for future analysis. The remainder of the
culture was induced with 1mM IPTG and grown at 37ºC for 4 hours as described above. A
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1ml aliquot taken from the culture was centrifuged at 14000 rpm for 1 minute in a bench
top centrifuge (Eppendorf 5415c) and the pellet frozen at -20ºC for future analysis.
The culture was harvested by centrifugation at 6000 rpm for 15 minutes in a Beckman J21B centrifuge using the JA-10 rotor. The cell pellet was re-suspended in 20ml of ice cold
Nickel A buffer (25mM Tris-HCl pH 8.0, 500mM NaCl, 5mM DTT plus protease
inhibitors (Sigma)). 1ml of re-suspended solution was removed for analysis by SDS
PAGE. The re-suspended cells were sonicated (60% amplitude. 3x 1 minute bursts) and
centrifuged for 30 minutes at 18500 rpm in a Beckman J2-MC centrifuge using the JA-20
rotor. 1ml of supernatant was taken for analysis by SDS PAGE. 0.5ml of Nickel beads
previously equilibrated in Nickel A buffer was added to the supernatant and incubated on a
roller for 1 hour at room temperature. The beads were centrifuged at 2000 rpm for 5
minutes in an Eppendorf 5403 bench top centrifuge and collected. 1ml of supernatant was
taken for analysis by SDS PAGE. The beads were washed twice in 30ml 95% Nickel A
buffer plus 5% Nickel B buffer (Nickel A plus 500mM imidazole). 1ml of each wash was
removed for analysis by SDS PAGE. The proteins were eluted with 6x 1ml fractions of
80% Nickel A buffer and 20% Nickel B buffer. Analysis of fractions was performed by
SDS PAGE.

2.5 GST Affinity Protein Purification

BL21 (DE3) E.coli were grown up in 75ml of Luria Broth (LB) containing 100µg/ml of
required antibiotic overnight at 37ºC shaking at 220 rpm. 250ml of LB was inoculated with
15ml of the overnight culture and grown at 37ºC shaking at 220rpm until the optical
density (OD) of the culture read 0.5 at a wavelength of 600nm. A 1ml aliquot taken from
the culture was centrifuged at 14000 rpm for 1 minute in a bench top centrifuge
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(Eppendorf 5415c) and the pellet frozen at -20ºC for future analysis. The remainder of the
culture was induced with 500mM IPTG and grown at 37ºC for 4 hours as described above.
A 1ml aliquot taken from the culture was centrifuged at 14000 rpm for 1 minute in a bench
top centrifuge (Eppendorf 5415c) and the pellet frozen at -20ºC for future analysis.
The culture was harvested by centrifugation at 6000 rpm for 15 minutes using the
Beckman J-21B centrifuge and the pellet re-suspended in NETN buffer (100mM NaCl,
20mM Tris-HCl pH 8.0, 1mM PMSF, 1mM ZnCl2, 0.1% NP40 AND 0.1% ßmercaptoethanol). The re-suspended cells were sonicated (60% amplitude 3x 1 minute).
1ml of re-suspended solution was removed for analysis by SDS PAGE. The remaining
solution was centrifuged for 30 minutes at 18500rpm in a Beckman J2-MC centrifuge
using the JA-20 rotor. 1ml of supernatant was taken for analysis by SDS PAGE and the
remaining supernatant was discarded. The cell pellet was re-suspended in 4ml of 8M urea
containing 1% triton. This mixture was sonicated (60% amplitude 3x1 minute) and 30mls
of NETN buffer was added and centrifuged at 18500rpm for 30 minutes in a Beckman J2MC centrifuge using the JA-20 rotor. 1ml of supernatant was taken for analysis by SDS
PAGE and 0.5ml glutathione agarose beads (previously equilibrated in NETN buffer) was
added to the remaining supernatant. The beads and supernatant were incubated on the
roller for 1 hour at room temperature. The beads were then harvested by centrifugation at
2000 rpm for 5 minutes in an Eppendorf 5403 bench top centrifuge and washed twice with
30ml of NETN buffer. The beads were then re-suspended in 1ml NETN buffer and the
presence of bound protein analysed by SDS PAGE.
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2.6 GST Affinity Protein Purification- ‘Double Lysis’ Method

Rosetta DE3 E.coli (Novagen) were grown up in 75ml of Luria Broth (LB) containing
100µg/ml of required antibiotic overnight at 37ºC shaking at 220 rpm. 250ml of LB was
inoculated with 15ml of the overnight culture and grown at 37ºC shaking at 220rpm for 8
hours. The E.coli were induced with 1mM IPTG and grown at 30ºC shaking at 220rpm
overnight.
The culture was harvested by centrifugation at 6000 rpm for 15 minutes in the Beckman J21B centrifuge using the JA-10 rotor and the pellet re-suspended in lysis buffer (50mM
Tris-HCl pH 8, 25mM NaCl, 2mM EDTA, 0.2mM DTT and 10μg/ml PMSF). The resuspended cells were frozen in liquid nitrogen and thawed at 37ºC in a water bath.
Lysosyme (4000 unit re-suspended in water) was added and incubated for 1 hour at 30ºC
in the water bath. The solution was sonicated (60% amplitude. 2x 30 second bursts) and
0.5% streptomycin (re-suspended in 70% ethanol) added. This solution was centrifuged at
4°C for 15 minutes at 5000 rpm (Eppendorf 5403 bench top centrifuge). The supernatant
was retained for SDS-PAGE analysis. The cell pellet was re-suspended in lysis buffer. The
re-suspended cells were frozen in liquid nitrogen and thawed at 37ºC in a water bath.
Lysosyme was added and incubated for 1 hour at 30ºC in a water bath. The solution was
sonicated (60% amplitude. 2x 30 second burst) and 0.5% streptomycin added. The solution
was centrifuged for 15 minutes at 5000 rpm (Eppendorf 5403 bench top centrifuge). 1ml of
supernatant was taken for analysis by SDS PAGE and 0.5ml glutathione agarose beads
(previously equilibrated in lysis buffer) was added to the remaining supernatant and
incubated on the roller for 1 hour at room temperature. The beads were then harvested by
centrifugation at 2000 rpm for 15 minutes in an Eppendorf 5403 bench top centrifuge and
washed twice with 30ml lysis buffer. A small sample of the beads was collected for
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analysis on the SDS PAGE. 50mM glutathione (resuspended in lysis buffer) was added to
the remaining beads and incubated for 30 minutes to remove the protein from the beads.
The beads were centrifuged for 15 minutes at 5000rpm (Eppendorf 5403 bench top
centrifuge) and the supernatant collected. This supernatant was analysed by SDS PAGE.

2.7 PCR Reactions

DNA was amplified in a PCR reaction containing DNA template (50ng), Taq reaction
buffer (Sigma), dNTP (1mM), Forward primer (10pmol), Reverse Primer (10pmol)
(Primers listed in table), 2.5% DMSO and 10 units of Taq polymerase (Sigma). The
thermal cycle profile of the reaction included an initial denaturing step of 95ºC for 1
minute followed by 30-40 amplification cycles that included 95ºC for 30 seconds, 52-57ºC
annealing for 30 seconds and 72ºC elongation for 1 minute. Following these cycles there
was a final 10 minute 72ºC elongation step.

Primer Name
Sce1 cut site
Sce1 ChIP forward
Sce1 ChIP reverse
HA FHL2

FHL2 Forward
FHL2 Reverse
ChlR1 RT PCR forward
ChlR1 RT PCR reverse
Actin Ex 3 Forward
Actin Ex 3 Reverse
ChlR1 mCherry Forward
ChlR1 mCherry Reverse

Primer Sequence
5’-cattaccctgttatccctaggatc-3’
5’-ataggccgaaatcggca-3’
5’-gagctccaattcgccctatag-3’
5’cgggatccatgtatccatatgacgtcccagactacgccatgactgagcgct3’
5’-cgggatccatgactgagctttgactac-3’
5’-cggaattctcagatgtctttcccacagtcggg-3’
5’-gtgctaggggggaacattaagcaa-3’
5’-gcgacccacctcgtccatcatctga-3’
5’-caggaaggaaggctggaaga-3’
5’-gctgtgctatccctgtacgc-3’
5’-ggcctcgaggcatggctaatgaaacagaagg-3’
5’-gcgaagctttcaggaagaggccgacttctc-3’

Table 1: Shows the sequences of primers used in PCR reactions
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2.8 Restriction Digestion

Digestion of 1g of DNA in a 20l reaction required 16l of sterile deionized water, 2l
of 10X restriction enzyme buffer (Promega), compatible for the restriction enzyme, 0.5l
of 10g/l acetylated BSA and 0.5l of 10 units/l restriction enzyme (Promega). This
reaction is then incubated at 37C for 2 hours.

2.9 Ligation of DNA

Ligation of DNA fragments into DNA vector backbones was performed at a ratio of 3:1
vector to insert. The conversion of molar ratio to mass ratio was performed using the
calculation below.

ng of vector x kb size of insert x molar ratio of insert = ng of insert
kb size of vector
vector

To the calculated amounts of insert and vector DNA 2l of 10X ligase buffer (Promega), 1
unit of T4 DNA ligase enzyme and nuclease free water was added to a final volume of
20l. The reaction was then incubated at 4C for 16-18 hours.

2.10 DNA Electrophoresis

1% agarose was added to 1x TBE (Sigma T3913) and boiled until the agarose was melted
into the solution. Ethidium bromide (Sigma E1510) at a concentration of 0.5µg/ml was
added to the agarose solution and the solution poured into the casting apparatus (50ml into
Agagel mini electrophoresis apparatus (Biometra 02-000)). The appropriate comb was
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inserted into the molten solution. The solution was left at room temperature for 30 minutes
to solidify.
DNA samples were prepared for loading by adding 1x DNA loading dye (Bioline BIO37045). The comb was removed from the set gel and the gel was then placed into the
electrophoresis tank. 1x TBE buffer was added to a level just covering the gel (200mls for
the Agagel mini). 5µl of molecular weight ladder (Hyperladder IV (Bioline)) was loaded
into one of the wells to visualise the separation of the DNA. The DNA samples including
loading dye were loaded into the remaining wells. The gel was run at 30mA for 1 hour.
After this period the gel was removed and the DNA imaged under UV light (GeneGenius
(Syngene)).

2.11 Reverse Transcriptase-PCR

The RNA required for this method was extracted following the Qiagen RNeasy extraction
kit protocol. Extracted RNA was quantified using the NanoVue spectrophotometer.
The synthesis of the cDNA was carried out using an AffinityScript qPCR cDNA synthesis
kit. Following the instructions the following reactions were set up; 45ng random primers, 1
unit of AffinityScript RT/RNase block enzyme, 1x mastermix (containing MgCl2 and
dNTPs), 0.5µg RNA and ultra pure water to 20µl.
The thermal cycle for the cDNA synthesis included a 25ºC primer annealing step for 5
minutes, a 42ºC cDNA synthesis step for 15 minutes and a 95ºC termination step for 5
minutes. The cDNA was then added to a standard PCR reaction as described above.
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2.12 Antibody Purification

Initially 150µl of peptide was diluted in 3ml of coupling buffer (0.1M Na2CO3, 0.5M NaCl,
Tris-HCl pH 8.3). Then 3ml of gel solution was equilibrated in 8ml coupling buffer and
centrifuged at 2000 rpm in a bench top centrifuge (Eppendorf 5403) for 5 minutes. The
supernatant was removed and the diluted peptide was added to the gel solution in a 1.5ml
Falcon tube. This solution was incubated for 15 minutes at room temperature on a roller.
The solution was then transferred to a column and incubated for 30 minutes at room
temperature to allow the resin to settle.
After the incubation the liquid was allowed to drain through the column slowly, without
allowing the column to dry out. The column was then washed with 6ml of coupling buffer.
2ml of 50mM cysteine dissolved in coupling buffer was then added to the column and
incubated on the roller at room temperature for 15 minutes. The column was again placed
in an upright position for 30 minutes. The cysteine solution was then drained from the
column. The column was washed with 12ml of 1M NaCl. Finally the column was washed
with 4ml PBS containing 0.05% sodium azide.
The column was stored overnight at 4ºC. The column was equilibrated to room
temperature then washed with 6ml of PBS. 2ml of clarified rabbit serum (containing
antibodies) was diluted in 8ml of PBS and added to the column. The solution was allowed
to drain slowly from the column, 3 times. The column was washed in 12ml PBS. The
antibody was eluted with 8ml of 150mM glycine pH 2.5, which was added to the column
and collected in 1ml fractions. These fractions were neutralised with 200µl 1M Tris pH
8.8. The fractions were then analysed by SDS-PAGE.
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2.13 Routine Cell Culturing

Cell lines were grown at 37ºC in a humid environment of 5% CO2 (within a HERA Cell
incubator (Thermo)). The different cell lines and growth mediums are shown in the table 2.
The cells were passaged by the removal of the growth medium, washing with PBS and
detaching the cells by incubating with trypsin at 37ºC for 5 minutes. Growth medium was
added to stop the reaction and an appropriate amount of cells seeded into a fresh dish.

Cell Lines
HeLa

HEK 293

hTERT-RPE1

U20S TET O/R Clones

Growth Medium
DMEM
[+]L-Glutamine, Glucose
(Invitrogen 41965-039)
10% Foetal Bovine Serum
1% penicillin/streptomycin
DMEM
[+]L-Glutamine, Glucose
10% Foetal Bovine Serum
1% penicillin/streptomycin
DMEM F-12
[+] L-Glutamine
(Invitrogen 11320-074)
10% Foetal Bovine Serum
1% penicillin/streptomycin
DMEM
[+]L-Glutamine, Glucose
10% Foetal Bovine Serum
1% penicillin/streptomycin
0.4mg/ml G418 (Roche
04727878001)

Provider

Dr
Simon
Powis
University of St Andrews

Dr
Ciaran
Morrison
University of Galloway

Table 2: Shows the human cell lines used in the study and the growth media used.

2.14 Cell Counting

Cells were counted using a haemocytometer (Bright line counting chamber (Hausser
Scientific). An 10µl aliquot of cells suspended in growth medium was applied under the
haemocytometer coverslip. The number of cells within the central 1mm x 1mm square grid
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was counted using a phase contrast light microscope. The cell count in the grid was
multiplied by 104 to represent the number of cells per ml.

2.15 Cryopreservation and thawing

Logarithmically growing cells were harvested by trypsination as described above. 1x106
cells were resuspended in 1ml of growth medium containing 10% DMSO. This solution
was added to freezing vials which were placed in a ‘Mr Freezy’ box containing
isopropanol at -80ºC overnight. The vials were then transferred to liquid nitrogen for longterm storage.
The cells were thawed rapidly at 37ºC in a water bath and the 1 ml cell suspension was
added to a 10cm dish. 9mls of growth medium was added to the dish. The growth medium
was changed after 24 hours.

2.16 Cell Synchronisation

Cells were synchronised in S phase by double thymidine block. Cells were plated and
incubated at 37ºC 5% CO2 for 8 hours. 2mM thymidine (final concentration) was added to
the growth medium and the cells were incubated at 37ºC, 5% CO2 for 16 hours. The
thymidine was then removed with 2 washes of PBS and the cells incubated in growth
medium at 37ºC 5% CO2 for 8 hours. 2mM thymidine was then added to the growth
medium and the cells were incubated again at 37ºC, 5% CO2 for 16 hours. The thymidine
was removed with 2 washes of PBS and the cells collected for flow cytometry analysis.
Cells were synchronised in G1 phase by serum starvation. Cells were plated and incubated
at 37ºC, 5% CO2 for 8 hours. The growth medium was removed and replaced with growth
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medium containing no serum. The cells were then incubated at 37ºC, 5% CO2 for 16
hours. After serum starvation the cells were collected for flow cytometry analysis.

2.17 Calcium Phosphate Transfection

To make the calcium phosphate precipitate, 10g of DNA was mixed with 250l of 0.25M
CaCl2. Then 250l of 2xBBS (50mM BES, 280mM NaCl and 1.5mM NaHPO4) was added
drop wise whilst bubbling air through the mixture. The precipitate was incubated for 20
minutes at room temperature. The precipitate was added to 1x106 cells plated in a 10 cm
tissue culture dish the previous evening. The cells were incubated overnight at 37ºC, 5%
CO2. The growth medium was then removed and the cells washed twice with PBS. Fresh
growth medium was added and the cells were incubated at 37ºC, 5% CO2 for 24 hours
before harvesting.

2.18 Fugene Transfection

A ratio of 3l of Fugene (Roche) reagent to 1g of DNA was required for efficient
transfection. 21l of Fugene was added to 79l serum free growth medium and the
mixture vortexed for 1 second. The mixture was incubated at room temperature for 5
minutes. 7g of DNA was then added to the mixture, which was then incubated for a
further 20 minutes at room temperature. The mixture was added to 0.5-1x106 cells plated in
10cm tissue culture dishes the previous evening. The cells were incubated for 24 hours at
37C, 5% CO2 before harvesting.
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2.19 siRNA Transfection

1x105 cells were plated in each well of a 6 well plate. The cells were incubated at 37ºC,
5% CO2 for 4 hours. For each transfection 5µl of Dharmafect transfection reagent
(ThermoSci) was added to serum free growth medium (to make a total volume of each
reaction to 200µl) and an appropriate volume of siRNA (siRNA sequences in table 3)
added to a final volume of 100µl of serum free growth medium. These solutions were
incubated at room temperature for 5 minutes and then mixed. The mixtures were incubated
at room temperature for 20 minutes. The cells were washed twice with medium containing
serum and 1.7ml of medium added to each well. The siRNA mixtures were added to the
growth medium. The cells were incubated at 37ºC 5% CO2 for 24 hours.

Description of siRNA
ChlR1 nt212 siRNA
5’ ChlR1 siRNA
3’ ChlR1 siRNA
FHL2 siRNA

DNA Target Sequence (5’-3’)
AAGACTTCATGGCAGAGCTGT
GGAAGGGCAGACTGGTGAATT
AGTCACTCCTTCAGTAGAATT
GAAACTCACTGGTGGACAATT

Table 3: Shows the sequences of the siRNA oligonucleotides used.

2.20 Immunoprecipitation

Cells were harvested by trypsinisation and re-suspended in 300µl of freshly prepared lysis
buffer (50mM Tris-HCl pH 7.4, 100mM NaCl, 20mM NaF, 10mM KH2PO4, 1% Triton X100, 0.1mM DTT, 10% Glycerol, 1% Protease Inhibitors) and vortexed. The lysed cells
were incubated on ice for 30 minutes and sonicated (50% amplitude. 2x 10 second bursts).
The lysates were then centrifuged at 14000 rpm at 4ºC for 15 minutes in an Eppendorf
5415c bench top centrifuge. Protein G sepharose beads (Sigma P3296) were prepared by
washing twice in 1ml of binding buffer (50mM Tris-HCl pH 7.4, 100mM KCl, 0.1mM
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EDTA, 0.2% NP40, 0.1% BSA, 2.5% Glycerol, 2mM DTT, 1% Protease Inhibitors). The
clarified cell lysates were then mixed 1:1 with binding buffer, 5µl of antibody (list of
antibodies used in table 4) and 10µl of Protein G slurry. The reactions were incubated
overnight on roller at 4ºC. The beads were washed 3 times with 1ml wash buffer (100mM
Tris-HCl pH 7.4, 100mM NaCl, 0.5% NP40, 2mM DTT, 1% Protease Inhibitors). The
beads were prepared for analysis by adding 1x SDS loading buffer and boiling for 5
minutes. The protein complexes were separated by SDS PAGE and the presence of bound
protein detected by western blot.

Antibody (Source)
ChlR1 2774 (Rabbit)
FLAG (Mouse, Sigma)
Smc1 (Rabbit, Abcam)
HA (Mouse, 12CA5 cells, ATCC)

Use
Precipitate endogenous ChlR1
Precipitate FLAG tagged FHL2
Precipitate endogenous Smc1
Negative control

Table 4: Shows the antibodies used in the immunoprecipitation assays and their purpose in
these experiments.

2.21 Western Blotting

Electrophoresis
The gel casting apparatus was assembled and the separating gel (1.5M Tris-HCl pH 8.8,
10% Acrylamide-bis, 1% SDS, 1% ammonium persulphate and 0.1% TEMED) was
poured to within 1cm of the gel comb. 70% ethanol was added on top of the gel to remove
air bubbles and the gel incubated at room temp for 30 minutes to polymerise. After
polymerisation the ethanol was poured off and the stacking gel (1M Tris-HCl pH 6.8, 5%
Acrylamide-bis, 1% SDS, 1% ammonium persulphate and 0.1% TEMED) added and
incubated at room temperature for 20 minutes. After the stacking gel had polymerised the
comb was removed and the wells washed with water. The gel cassette was then placed in
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the electrophoresis chamber. The chamber was filled with running buffer (125mM TrisHCl pH 8.3, 1.25M glycine and 0.1% SDS).
30μg of protein sample with SDS loading buffer (300mM Tris-HCl pH 6.8, 12% SDS,
0.2% bromophenol blue, 60% glycerol and 600mM DTT) added at a ratio of 6:1 was
heated to 100ºC for 5 minutes and then loaded into the appropriate wells. A prestained
protein marker (peqGOLD Protein Marker V (Peqlab)) was loaded to visualise the
separation of the proteins. The lid was attached to the electrodes and the whole rig then
connected to a power supply. Electrophoresis was then carried out at 30mA until sufficient
protein separation was achieved.

Blotting

The PVDF membrane (Roche 03 010 040 001) was activated in methanol for 10 seconds.
The gel, PVDF membrane, filter paper and filter pads were equilibrated for 10 minutes in
transfer buffer (125mM Tris-HCl pH 8.3, 1.25M glycine and 5% methanol). The gel
sandwich was prepared on the black panel of the cassette in the following sequence: filter
pad, filter paper, inverted gel with ladder on right hand side, PVDF membrane, filter paper
and filter pad. The cassette was placed into the transfer tank and immersed in transfer
buffer. The blotting rig was connected to a power supply and blotted at 400mA for 1 hour.

Immunodetection

After blotting the membrane was rinsed in water and stained with Ponceau S solution to
ensure correct protein transfer. A rocking platform was used for the remaining steps. The
stain was removed by washing the membrane with TBS/T (10mM Tris pH 7.6, 150mM
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NaCl2 and 1% Tween 20). The membrane was blocked in blocking buffer (5% non-fat dry
milk in TBS/T) overnight at 4ºC. After blocking the membrane was incubated in primary
antibody solution (antibody diluted in blocking buffer) for 1-3 hours at room temperature.
The membrane was washed 4x15 minutes in TBS/T and then incubated with blocking
buffer containing horseradish peroxidise conjugated secondary antibody for 1 hour at room
temperature. The membrane was washed 4x15 minutes in TBS/T and detected using ECL
chemiluminescent reagent (Pierce) and the Fujifilm LAS-3000 digital detection system.

2.22 Alkaline Comet Assay

Fully frosted microscope slides (Surgipath 00280) were covered with 300µl of molten 1%
normal melting point agarose (Thistle Scientific) and covered with 22x50mm coverslips.
The agarose was allowed to solidify and then the coverslips were removed. 5x103 cells
were re-suspended in 75µl of 0.75% low melting point agarose (Sigma) and spread onto
the first agarose layer with a 22x50mm coverslip. This was then left to solidify on ice. The
coverslips were removed and the slides irradiated on ice with gamma radiation in a

137

Cs

gamma – irradiator. The slides were incubated in growth medium at 37°C, 5% CO2 for an
appropriate time to allow for the cells to repair the damaged DNA. The slides were
immersed in freshly prepared neutral lysis buffer (2.5M LiCl, 10mM Tris-HCl pH 8,
0.03% EDTA, 0.1% LiDS; heated at 37ºC to dissolve, 0.003mg/ml fresh Proteinase K
added before use) and incubated overnight at 37ºC. The slides were removed from neutral
lysing solution and immersed in freshly prepared cold alkaline lysing buffer (2.5M NaCl,
100mM EDTA, 10mM Tris-HCl pH 10, 1% fresh Triton X-100 added before use) and
incubated at 4ºC for 1 hour. The slides were removed from the alkaline lysing buffer,
drained and placed in a horizontal electrophoresis tank (BDH maxi horizontal
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electrophoresis unit) side by side with the gaps filled with blank slides. The tank was filled
with fresh electrophoresis buffer (0.3M NaOH, 1mM EDTA) to a level just covering the
slides. The slides were left in the solution for 40 minutes to allow the unwinding of the
DNA before electrophoresis 20 minutes at 300mA. After electrophoresis the slides were
drained, placed on a tray and washed with three changes of neutralisation buffer (0.4M
Tris-HCl pH 7.4) for 5 minutes each wash. The slides were washed with PBS for 5
minutes. The DNA was stained with 40µl of 1µg/ml propidium iodine in PBS (Invitrogen),
covered with a 22x22mm coverslip and incubated for two hours at 4C. The comets were
viewed using a Zeiss Axiovision 2 epifluorescence microscope fitted with a TRITC filter
set and analysed with Comet IV software.

2.23 Neutral Comet Assay

Fully frosted microscope slides were covered with 300µl of molten 1% normal melting
point agarose and covered with a 22x50mm coverslips. The agarose was allowed to
solidify and then the coverslips removed. 5x103 cells were re-suspended in 75µl of 0.75%
low melting point agarose (Sigma) and spread onto the first agarose layer with a coverslip.
These were then left to solidify on ice. The coverslips were then removed and the slides
irradiated on ice with gamma radiation in a

137

Cs gamma – irradiator. The slides were

incubated in growth medium at 37°C, 5% CO2 for an appropriate time to allow for the
cells to repair the damaged DNA. The slides were immersed in freshly prepared neutral
lysis buffer (2.5M LiCl, 10mM Tris-HCl pH 8, 0.03% EDTA, 0.1% LiDS, 0.003mg/ml
Proteinase K, 5g/ml RNase A) and incubated overnight at 37ºC. The slides were removed
from neutral lysis buffer and immersed in freshly prepared cold alkaline lysis buffer (2.5M
NaCl, 100mM EDTA, 10mM Tris-HCl pH 10, 1% Triton X-100) and incubated at 4ºC for
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1 hour. The slides were removed from the alkaline lysis buffer, drained and placed in a
horizontal electrophoresis tank side by side with the gaps filled with blank slides. The tank
was filled with fresh neutral electrophoresis buffer (300mM sodium acetate, 100mM TrisHCl, pH 8.3) to a level just covering the slides. The slides were left in the solution for 40
minutes before electrophoresis for 30 minutes at 200mA. After electrophoresis the slides
were drained and washed with PBS twice. The DNA was stained with 40l of 1µg/ml
Propidium Iodide in PBS, covered with a 22x22mm coverslip and incubated for two hours
at 4C. The comets were viewed using a Zeiss Axiovision 2 epifluorescence microscope
fitted with a TRITC filter set and analysed using Comet IV software

2.24 Immunocytochemistry

Cells were grown on 22x22mm coverslips (VWR 631-0124). The cells were pre-extracted
with PBS (containing 80mM PIPES pH 6.8, 5mM EGTA, 1mM MgCl2 and 0.1% TritionX-100) for 30 seconds then incubated in fixing buffer PBS (containing 80mM PIPES pH
6.8, 5mM EGTA, 1mM MgCl2, 4% Formaldehyde) for 1 minute. The cells were rinsed
with PBS and then fixed in 4% formaldehyde (Sigma) for 10 minutes at room temperature.
The cells were rinsed twice in PBS and permeabilised in 0.2% Trition-X-100 (Sigma) for
10 minutes at room temperature. After which the cells were rinsed twice in PBS. The cells
were blocked in PBS (containing 1% BSA and 0.2M glycine) rocking at 20 rpm for 1 hour.
After blocking the cells were incubated with 50µl of PBS (containing 0.5% BSA)
containing primary antibodies at a dilution of 1:50 for 11/2 hours at room temperature. The
cells were washed with PBS (containing 0.5% BSA) rocking at 20 rpm for 1 hour.
Secondary antibodies were applied at a dilution of 1:150 in 50µl of PBS (containing 0.5%
BSA) and incubated at room temperature for 11/2 hours in the dark. The cells were then
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washed 4 x with PBS rocking at 20 rpm for 1 hour in the dark and stained with Hoechst
33342 at a dilution of 1:1000 in PBS for 20 minutes in the dark. The coverslips were
washed in PBS twice and then mounted onto slides (VWR 631-0112) with Prolong Gold
(Invitrogen) and stored at 4ºC. Cells were imaged using a Leica TCS SP2 confocal
microscope.

2.25 Chromosomal Spreads

Cells were incubated with 100ng/ml colcemid (Gibco 15210-057) diluted in growth
medium for 2 hours. Cells were then harvested and swelled in 7mls of hypotonic buffer
(0.8% sodium citrate) for 10 minutes at room temperature. Cells were fixed in 7mls of
Carnoy’s fixative (75% methanol, 25% glacial acetic acid) for 10 minutes at 4ºC. The cells
were centrifuged at 2000 rpm for 5 minutes in an Eppendorf 5403 bench top centrifuge.
The Carnoy’s fixative step was repeated and the cell pellet resuspended in 300µl of the
Carnoy’s fixative reagent. Spreads were prepared by dropping (from a height of 20cm)
suspended cells onto slides tilted at an angle of 20º and allowed to air dry at room
temperature. Slides were then stained with 1mg/ml propidium iodide in PBS for 30
minutes in the dark. The slides were washed twice with PBS and mounted with Prolong
Gold (Invitrogen) and stored at 4ºC.

2.26 PI/Phospho-H3 staining for flow cytometry

Cells were harvested and centrifuged at 1000 rpm for 5 minutes in an Eppendorf 5403
bench top centrifuge. The cell pellets were then resuspended in 3mls of 1% formaldehyde
in PBS while vortexing and incubated at room temp for 20 minutes. The cells were
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centrifuged at 1000 rpm for 5 minutes in an Eppendorf 5403 bench top centrifuge and the
pelleted cells were re-suspended in 3mls of 70% ethanol while vortexing and stored at 4ºC
overnight. The ethanol was removed after centrifugation of the cells at 1000rpm for 5
minutes. 3mls of incubation buffer (PBS containing 0.5% BSA) was added to the cell
pellets and then centrifuged at 1000 rpm for 5 minutes. The supernatant was removed and
98µl of incubation buffer including 2µl of H3 Alexa 488 conjugated antibody (Cell
Signaling #9708) was added to the incubation buffer and incubated at room temperature in
the dark for 1 hour. After the incubation 3mls of incubation buffer was added to the cells
and centrifuged at 1000 rpm for 5 minutes. The supernatant was removed and the cells
were resuspended in 0.5ml staining solution (PBS containing 0.5% BSA, 50µg/ml
propidium iodide (Sigma) and 5µg/ml RNase (Sigma)). The cells were incubated in this
solution for 30 minutess at room temperature and analysed using a FACSscan flow
cytometer (Becton-Dickinson).

2.27 DNA Combing

Cells were grown in 6cm dishes and treated with 50µM IdU (Sigma I7125-5G resuspended
in 1N ammonium hydroxide at 50mg/ml stock concentration) diluted in growth medium
for 30 minutes at 37ºC, 5% CO2. The plates were washed twice with HBSS (Invitrogen).
Hydroxyurea (HU) (Sigma) at a concentration of 10µM was added to the growth medium
and incubated for 2 hours at 37ºC, 5% CO2. The plates were washed twice with HBSS.
The cells were then treated with 50µM CIdU (Sigma C6891-100MG resuspended in 1N
ammonium hydroxide at 20mg/ml stock concentration) for 30 minutes at 37ºC, 5% CO2.
The plates were washed twice with HBSS and the cells harvested and centrifuged at
1000rpm for 5mins in an Eppendorf 5403 bench top centrifuge. The cell pellets were
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resuspended with 0.5ml of PBS. 5µl of the cell suspension was pipetted onto a glass slide
(pre-washed with 70% ethanol). 10µl of spreading buffer (0.5% SDS in 200mM Tris-HCl
pH 7.4 and 50mM EDTA) was added to the droplet of cells and incubated at room
temperature for 10 minutes. The solution was allowed to run along the slides by tilting the
slide at a 15° angle for 30 seconds. The slides were air dried at room temperature before
being fixed in 3:1 methanol/acetic acid solution (stored at -20ºC) at room temperature for 2
minutes. The slides were air dried before being stored overnight at 4ºC.
The slides were then incubated in 2.5M HCl for 30 minutes at room temperature and
rinsed with PBS 3 times followed by incubation in PBS-T (0.1% Trition-X-100 and 1%
BSA in PBS) for 1 hour. After blocking the slides were incubated with rat anti-BrdU at
1/100 (Abcam ab6326; recognizes CIdU) and mouse anti-BrdU at 1/100 (Becton
Dickinson 347580; recognizes IdU) diluted in PBS-T for 11/2 hour and then rinsed 3 times
in PBS. The slides were then incubated with goat anti-mouse FITC conjugated antibody
(Invitrogen) at 1/300 and goat anti-rat Alexa Fluor 594 conjugated antibody (Invitrogen) at
1/300 in PBS-T for 11/2 hour in the dark. The slides were rinsed 3 times with PBS and air
dried being before mounted with Prolong Gold (Invitrogen P36930) and viewed with a
Leica TCS SP2 confocal microscope.

2.28 Chromatin Immunoprecipitation

Cells growing in 10cm tissue culture dishes were fixed with 1% formaldehyde (Sigma
F8775) diluted in the growth medium for 10 minutes at room temperature. The cells were
then washed and then 125mM glycine was added to the growth medium for 5 minutes at
room temperature to quench any residual formaldehyde. The cells were then washed twice
with ice cold PBS and harvested by adding 1 ml of lysis buffer (50mM Tris-HCl pH 8,
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10mM EDTA, 1% SDS, 1µg/µl BSA and 100µg/ml salmon sperm DNA (Invitrogen
AM9680)) to the plate and scraped into 1.5ml tubes. The cells were incubated in the lysis
buffer for 1 hour at room temperature. The cells were centrifuged at 13000 rpm for 5
minutes at room temperature in an Eppendorf 5415c bench top centrifuge. The supernatant
was removed and 1ml of sonication buffer (200mM NaCl, 50mM Tris-HCl pH 8, 10mM
EDTA, 0.1% SDS, 1µg/µl BSA and 100µg/ml salmon sperm DNA) was added to the
extracts. The extracts were incubated in sonication buffer for 1 hour at room temperature.
The samples were sonicated (40% amplitude, 3x 30 second bursts) and then centrifuged at
13000 rpm for 5 minutes at room temperature in an Eppendorf 5415 bench top centrifuge.
300µl of the supernatant was added to 15µl of Dynabeads ((Invitrogen 14311D)
equilibrated in DBP (350mM NaCl, 50mM Tris-HCl pH 8, 5mM EDTA, 0.5% NP40 and
100µg/ml salmon sperm DNA)) and incubated with the appropriate antibody in 0.5ml DBP
overnight at 4ºC. The beads were washed with 0.5ml low salt buffer (20mM Tris-HCl pH
8, 150mM NaCl, 0.1% SDS, 2mM EDTA, 0.5% Trition-X-100) then high salt buffer
(20mM Tris-HCl pH 8, 500mM NaCl, 0.1% SDS, 2mM EDTA, 0.5% Trition-X-100) and
finally LiCl wash buffer (10mM Tris-HCl pH 8, 250mM LiCl, 1mM EDTA, 0.5% NP-40).
The beads were washed with TE buffer (10mM Tris-HCl pH 8, 1mM EDTA) twice. The
protein-DNA complexes were eluted from the beads with 100µl elution buffer (1% SDS,
100mM NaHCO3) incubated at room temperature for 30 minutes. The beads were
centrifuged at 2000rpm for 1 minute and the supernatant collected. 0.2M NaCl was added
to the supernatant and incubated at 65ºC overnight to reverse the cross-links. The samples
were allowed to cool to room temperature before 10mM EDTA, 40mM Tris-HCl pH 6 and
an appropriate volume of H2O was added to each sample. RNase was added to the samples
and incubated for 1hour at 37ºC. Proteinase K was then added to the samples and
incubated for 1 hour at 50ºC.
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To precipitate the DNA 200µl of TE and 400µl of phenol-chloroform was added to each
sample. The samples were vortexed and then spun at 13000 rpm for 5 minutes at 4ºC in an
Eppendorf 5415 bench top centrifuge. The top layer of the phenol extract was collected.
The remaining phenolic layer (bottom) of the extract was used for back extraction. 200µl
of TE was added and the sample was vortexed and centrifuged at 13000rpm for 5 minutes
at 4ºC. The top layer was again removed and added to the first extract. To the extracted
aqueous layer, 2µl of glycogen, 1/10th the volume of 3M sodium acetate and 1 volume of
isopropanol was added. This solution was incubated at -80ºC for 1 hour and centrifuged at
13000rpm for 15 minutes in an Eppendorf 5415 bench top centrifuge. The supernatant was
removed and the DNA pellet washed with 70% ethanol followed by a 100% ethanol wash.
The pellet was allowed to dry at room temperature and resuspended in 20µl of ultra pure
H2O.

2.29 Reverse Chromatin Immunoprecipitation

Cells growing in 10cm tissue culture dishes were fixed with 1% formaldehyde (Sigma
F8775) diluted in the growth medium for 10 minutes at room temperature. The cells were
then washed with PBS and then 125mM glycine was added to the growth medium for 5
minutes at room temperature to quench the residual formaldehyde. The cells were then
washed twice with cold PBS. The cells were harvested by adding 1 ml of lysis buffer
(50mM Tris-HCl pH 8, 10mM EDTA, 1% SDS, 1µg/µl BSA and 100µg/ml salmon sperm
DNA (Invitrogen AM9680)) to the plate and the cells scraped into 1.5ml tubes. The cells
were incubated in the lysis buffer for 1 hour at room temperature. The cells were
centrifuged at 13000 rpm for 5 minutes at room temperature in an eppendorf 5415c bench
top centrifuge. The supernatant was removed and 1ml of sonication buffer (200mM NaCl,
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50mM Tris-HCl pH 8, 10mM EDTA, 0.1% SDS, 1µg/µl BSA and 100µg/ml salmon
sperm DNA) was added to the extracts. The extracts were incubated in sonication buffer
for 1 hour at room temperature. The samples were sonicated (40% amplitude, 3x 30
second bursts). The samples were centrifuged at 13000 rpm for 5 minutes at room
temperature in an Eppendorf 5415 bench top centrifuge. 300µl of the supernatant was
added to 15µl of Dynabeads ((Invitrogen 14311D) equilibrated in DBP (350mM NaCl,
50mM Tris-HCl pH 8, 5mM EDTA, 0.5% NP40 and 100µg/ml salmon sperm DNA)) and
incubated with the appropriate antibody in 0.5ml DBP overnight at 4ºC. The beads were
washed with 0.5ml low salt buffer (20mM Tris-HCl pH 8, 150mM NaCl, 0.1% SDS, 2mM
EDTA, 0.5% Trition-X-100) then high salt buffer (20mM Tris-HCl pH 8, 500mM NaCl,
0.1% SDS, 2mM EDTA, 0.5% Trition-X-100) and finally LiCl wash buffer (10mM TrisHCl pH 8, 250mM LiCl, 1mM EDTA, 0.5% NP40). The beads were washed with TE
buffer (10mM Tris-HCl pH 8, 1mM EDTA) twice. The protein-DNA complexes were
eluted from the beads with 100µl elution buffer (1% SDS, 100mM NaHCO3) incubated at
room temperature for 30 minutes. The beads were centrifuged at 2000 rpm for 1 minute in
an Eppendorf 5415 bench top centrifuge and the supernatant collected. 0.2M NaCl was
added to the supernatant and incubated at 65ºC overnight to reverse the cross-links.
The proteins in the sample were concentrated by TCA precipitation. 1/5th the volume of 40
% trichloroacetic acid was added to the protein samples and incubated for 1 hour at 4ºC.
The samples were centrifuged at 13000 rpm for 5 minutes in an Eppendorf 5415c bench
top centrifuge. The supernatant was removed and 200µl of cold acetone was added to the
protein pellets. The samples were centrifuged at 13000 rpm for 5 minutes. The acetone
wash was repeated twice. The pellets were dried at 95ºC for 10 minutes. Sample buffer
was added to the protein pellets, which were then boiled for 20 minutes and analysed by
SDS-PAGE.
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Results
Chapter 3: A Novel Interacting Partner of ChlR1

The identification of novel protein interactions can provide invaluable information about
protein functions. A yeast two-hybrid screen was used to indentify ChlR1 interacting
partners. FHL2 was isolated as an interacting partner in the screen. FHL2 accounted for 6
independent clones out of 15 postive hits (Parish, unpublished). This suggests that the
interaction between ChLR1 and FHL2 was not a false positive result.
FHL2 is a protein of 279 amino acids in length and consists of four and a half LIM
domains [279]. LIM domains are protein structural domains that consist of two zinc finger
domains separated by two amino acid residues [279]. LIM domains mediate protein
protein interactions. FHL2 has no enzymatic activity but acts as a scaffold protein
mediating protein-protein interactions [279].

3.1 The Functions of FHL2

Transcription regulation

FHL2 has been shown to stimulate transcription through the β-catenin pathway. Betacatenin is a binding partner of E-cadherin in cell-cell adherens junctions and is a key
effector in the Wnt signalling pathway involved in embryogenesis and oncogenesis [280].
β-catenin is a transcriptional activator it binds to the transcriptional factors T-cell factor
and lymphoid enhancer factor and is thought to regulate gene expression in response to
Wnt signalling [281]. The activation of transcription of Wnt responsive genes is achieved
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through the formation of a transcriptional complex in which TCF provides the DNA
binding domain and beta catenin provides the transcriptional activation domain [282]. β
catenin recruits CBP/p300 to the Wnt responsive genes and it acts as a protein scaffold for
the assembly of a transcriptional complex [283]. CBP/p300 possess acetyltransferase
activity and acetylates transcription factors including ß-catenin [284]. FHL2 increases
acetylation of β-catenin by interacting with CBP/p300 which in turn increases the binding
of β-catenein to TCF [280]. FHL2 interacts with a number of other proteins that are
involved in protein acteylation and deacetylation including SIRT1 and FOXO [279]. This
maybe important in protein function regulation (eg regulation of the function of ChlR1).
There are a number of downstream targets of β-catenin including c-myc, cyclin D and
interleukin-8 (IL-8) [285]. β-catenin has been shown to interact with FHL2 in vitro and in
vivo [286]. FHL2 was shown to co-operate with β-catenin to activate T-cell factor and
lymphoid enhancer factor transcription as well activate the promoters of cyclin D and IL-8
[286].
Another transcription pathway stimulated by FHL2 is the cAMP response element-binding
protein (CREB) pathway. The CREB protein is a well characterized transcription factor
within the basic leucine zipper (bZIP) family [287]. In response to various stimuli such as
growth factors, neurotransmitters, stress signals and other agents that elevate intracellular
cAMP or Ca2+ levels, CREB is activated through phosphorylation at Ser133 and/or nuclear
translocation of transducer of regulated CREB activity (TORC) coactivators [288]. The
activation of CREB turns on the transcription of more than 5000 target genes, including
proto-oncogenes such as c-fos and cell cycle regulatory genes such as cyclin A1 and
cyclin D2 [289, 290]. FHL2 has also been shown to act as an direct activator of the CREB
transcription pathway upon binding to CREB [291].
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Cell Cycle Regulation

FHL2 associates with the cyclin D1 promoter. This suggests that cyclin D is a direct target
of FHL2 [292]. FHL2 deficient mouse embryonic fibroblasts were found to express half
the normal amount of cyclin D1 [280]. Interestingly a number of other G1/S regulators
were down regulated in FHL2 deficient fibroblasts including cyclin E and E2F
transcription factors [292]. Proteins involved in the G2/M transition are also down
regulated including cyclin B1 and Cdc25A. Consistent with the lower rate of proliferation
in these FHL2 deficient cells there is also a down regulation of components of the
replication machinery MCM, RPA subunits, and Cdc45L [292]. An in vitro interaction
between FHL2 and Mcm7 has also been demonstrated [293].

DNA damage responses

There is a possible role for FHL2 in the cellular responses to DNA damage. FHL2
expression increases in human peripheral blood lymphocytes after the induction of DNA
damage through irradiation in a linear dose-expression relationship [294]. Furthermore the
increased expression of FHL2 in response to radiation is stimulated by p53 [295]. It is
suggested that FHL2 is a direct transcriptional target of p53 because five potential p53
target sites were identified in the promoter region of the DRAL gene, which encodes the
FHL2 protein. In support of this, over-expression of wild type p53 in Rhabdomyosarcoma
(RMS) cells increased the transcription of DRAL and the increase in FHL2 expression
after the induction of DNA damage only occurs in cells with wild type p53 present [295].
Finally in U2OS cells it has been shown that FHL2 translocates to the nucleus after UV
radiation treatment in a complex with E4F1 which is a ubiquitin ligase [296]. E4F1
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associates with p53 and stimulates the ubiquitylation of p53 [297]. This results in posttranscriptional modification of p53.
A further link to a role of FHL2 in DNA damage repair and cancer development is the
association of FHL2 with BRCA1 [298]. Mutations in BRCA1 account for 40-50% of
hereditary breast cancers [299]. BRCA1 is shown to have functions in DNA damage
repair. BRCA1 deficient cells are sensitive to IR due to defects in oxidative DNA damage
and double strand break repair through HR [300]. BRCA1 also interacts with a number of
DNA damage repair proteins including RAD51 [301] and the MRN complex [302]. DNA
damage repair kinases such as ATR and ATM have been shown to phosphorylate BRCA1
[303]. The interaction between FHL2 and BRCA1 was confirmed by yeast two-hybrid, invitro GST pull down and in vivo co-immunoprecipitation. BRCA1 was shown to enhance
the transcriptional activity of FHL2 suggesting that FHL2 is a downstream effector of
BRCA1 [298]. When the BRCA1 binding sites in FHL2 were abolished by site directed
mutagensis, the transcriptional activity of FHL2 was reduced. The same effects were seen
in BRCA1 defective cells [298]. Furhtermore, FHL2 mRNA levels are down regulated in
many breast cancer cell lines and this may be due to mutated BRCA1 [298]. Interestingly
as discussed above FHL2 has a role in the induction of apoptosis therefore FHL2 along
with BRCA1 may be involved in regulation of cancer cell growth. However the functional
significance of the interaction between FHL2 and BRCA1 is not understood.

Possible Functions of the Interaction Between ChlR1 and FHL2

The interaction between FHL2 and ChlR1 was first shown in a yeast two-hybrid screen
(Parish, unpublished). There are a number of possible roles for this interaction. One
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possible function of this protein interaction is to facilitate the establishment of cohesion
during DNA replication. ChlR1 has been shown to function in the establishment of
cohesion during DNA replication. FHL2 is important in the transcriptional regulation of
cell cycle genes involved in replication and the progression of cells into mitosis. Therefore
FHL2 may have a role in the regulation of cohesion establishment and mitosis. In addition
FHL2 may have a role in the regulation of the de/acetylation of ChlR1 through its
association with FOXO, CBP/p300 and SIRT1

3.2 Aims and Hypotheses
Hypothesis
FHL2 interacts with ChlR1 in mammalian cells and this interaction is important in the
establishment of cohesion and subsequent progression through mitosis.

Aims
To confirm this hypothesis I aimed to:
1)

Confirm the interaction between ChlR1 and FHL2 in mammalian cells
by co-immunoprecipitation and in vitro by GST-pull down assay with
purified ChlR1 and FHL2.

2)

Assay the effect of FHL2 depletion on sister chromatid cohesion by
analysis of metaphase spreads.

3.3 In Vivo Analysis of ChlR1 interaction with FHL2

To confirm the interaction between ChlR1 and FHL2 in vivo, co-immunoprecipitation
experiments were performed. An antibody specific for endogenous ChlR1 was required for

88
these experiments. Therefore the first step was to purify ChlR1 antibodies from serum
extracted from rabbits inoculated with a ChlR1 peptide (amino acids 120-136). Antibody

Prestained Protein Marker

purification was performed as described in the materials and methods.
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Figure 10: Elution fractions following affinity purification of rabbit anti-ChlR1
serum. Serum from rabbits inoculated with ChlR1 peptide (amino acids 120-136) was
passed through a column coupled with the same peptide. The bound antibody was then
eluted with 150mM glycine pH 2.5. Eluted 1ml fractions were collected, and 10µl aliquots
of each fraction were separated by SDS PAGE and stained with Coomassie. Bands of
55KDa corresponding to the heavy chains of the antibody are present in all the fractions.
Bands of 20KDa corresponding to the light chains of the antibody are present in fractions
1 and 2.

The majority of the antibody was eluted in fractions 1 and 2, and these fractions contain
both the light (25kDa) and heavy (50kDa) chains. Therefore these fractions were tested for
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their ability to detect endogenous and exogenously expressed ChlR1 by western blot.
Lysates from HeLa cells transfected with FLAG-ChlR1 and ChlR1 specific siRNA were
separated by SDS PAGE and proteins detected by western blot using affinity purified

170kDa

Fraction 1
1/500 80kDa

Fraction 1
1/1000

Fraction 1
1/2000

Fraction 2
1/1000

FLAG ChlR1

ChlR1 siRNA

Untransfected

FLAG ChlR1

ChlR1 siRNA

Untransfected

ChlR1 antibody at increasing dilutions (Figure 11).

Figure 11: Characterisation of affinity purified rabbit anti-ChlR1 antibody. HeLa
cells were transfected with 10µg of FLAG-ChlR1 or 50nM of siRNA specific for ChlR1.
Lysates from these transfected cells were separated by SDS PAGE and proteins detected
by western blot using fractions 1 and 2 of the affinity purified rabbit anti-ChlR1 antibody
at different concentration. A band of 110KDa corresponding to the predicted molecular
mass of FLAG-ChlR1 is detected in the all of the FLAG-ChlR1 transfected samples using
both antibody fractions. Bands corresponding to endogenous ChlR1 are seen in the
untransfected, siRNA transfected and FLAG transfected samples in the 1/1000 dilution of
fraction 1.

Fraction 1 of the affinity purified antibody appears to detect both endogenous ChlR1 and
FLAG-ChlR1 at a concentration of 1/1000 (Figure 11). However, since ChlR1 protein is
still detectable in the siRNA transfected cell lysate it was not possible to confirm that the
band of 100 kDa in the 1/1000 fraction 1 blot corresponds to endogenous ChlR1. This
could be due to inefficient depletion of ChlR1 in this experiment. However, since the
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affinity purified antibody in fraction 1 recognised FLAG-ChlR1 with high affinity, this
fraction was used in the subsequent immunoprecipitation experiments.
The next step in optimising the immunoprecipitation experiments was to test the
expression levels of exogenously expressed FLAG-FHL2 in transiently transfected cells.
Two expression vectors that express either N-terminally (NF) or C-terminally (CF) FLAG
tagged-FHL2 from the pCDNA3 vector backbone were transfected into HEK 293 cells
using the calcium phosphate transfection method. HEK 293 cells were used in these
experiments because of their high levels of endogenous ChlR1 [172]. Cells were
transfected with 10μg of each FHL2 expression plasmid as described in the materials and
methods. Figure 3 shows that both constructs express well in the cell line using this

FHL2 CF

FHL2 NF

Untransfected

transfection method.

32kDa

25kDa
Figure 12: Calcium phosphate precipitation transfection of FHL2 NF and CF in HEK
293 cells. HEK 293 cells were transfected with 10µg of FHL2 NF or CF expression vector
and incubated for 48 hours. Mouse anti-FLAG antibody diluted 1:5000 was used to detect
FHL2 expression by western blot. A band of 32 kDa corresponding to the predicted
molecular mass of FLAG-FHL2 was expressed in the FHL2 NF and CF lanes.

91
Both the FHL2-NF and -CF expression constructs efficiently expressed FHL2 in HEK 293
cells, therefore I continued with the co-immunoprecipitation experiments (Figure 12). Nand C-terminally FLAG-tagged FHL2 were used in the experiment to eliminate the
possibility that the FLAG epitope in a specific region of the protein may disrupt the
interaction with ChlR1. The first co-immunoprecipitation experiment involved the
immunoprecipitation of endogenous ChlR1 and subsequent detection of exogenously

FHL2 NF

FHL2 CF

HA IP

FHL2 CF

ChlR1 IP

FHL2 NF

FHL2 CF

FHL2 NF

Untransfected

Inputs
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expressed FLAG-FHL2 by western blot.

46kDa
32kDa
25kDa

Figure 13: Interaction between endogenous ChlR1 and FLAG FHL2. HEK 293 cells
were transfected with FHL2-NF and -CF expression vectors and 10% input was loaded for
each reaction. Whole cell lysates were immunoprecipitated with affinity purified rabbit
anti-ChlR1 antibody and the presence of co-precipitating FHL2 detected by western blot
using the M2 FLAG specific antibody. A band corresponding to the predicted molecular
mass of FHL2 was co-immunoprecipitated from FHL2-NF transfected cell lysates
suggesting an interaction between endogenous ChlR1 and N-terminally FLAG-tagged
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FHL2 (band indicated with arrow). An antibody specific for the HA epitope was used as a
negative control

Immunoprecipitation of endogenous ChlR1 resulted in co-precipitation of N-terminally
FLAG-tagged FHL2 providing evidence that ChlR1 interacts with FHL2 in mammalian
cells. To confirm the interaction between ChlR1 and FHL2 in mammalian cells the reverse
co-immunoprepipitation

experiment

was

performed.

This

involved

the

immunoprecipitation of exogenously expressed FLAG tagged FHL2 and the detection of
co-precipitating endogenous ChlR1.
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FHL2 CF
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FHL2 NF

Untransfected

Inputs

170kDa

ChlR1
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Figure 14: Co-immunoprecipitation of endogenous ChlR1 with FLAG tagged FHL2.
HEK 293 cells were transfected with FHL2-NF or -CF. 20% inputs were loaded for each
reaction. Whole cell lysate was immunoprecipitated with FLAG antibody (M2). Coprecipitating ChlR1 was detected by western blot using affinity purified rabbit anti-peptide
ChlR1 antibody. Bands corresponding to the predicted molecular mass of ChlR1 (108kDa)
were detected in the FHL2-NF and -CF immunoprecipitated lanes suggesting an
interaction between endogenous ChlR1 and N- and C- terminally FLAG- tagged FHL2. An
antibody specific for the HA epitope was used as a negative control.
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As can been seen from the data in figure 14, immunoprecipitation of exogenously
expressed, epitope tagged FHL2 resulted in co-precipitation of endogenous ChlR1, thus
confirming the interaction in mammalian cells. Interestingly the immunoprecipitation of
FHL2 and detection of ChlR1 shows that both the N-terminally tagged and C-terminally
tagged FHL2 constructs interact with endogenous ChlR1. This was not the case in figure
13 where only the N-terminally tagged FHL2 was immunoprecipitated as an interacting
partner. From figures 13 and 14 we can conclude that the interaction between ChlR1 and
FHL2 first identified in the yeast two-hybrid screen is likely to be physiologically
authentic in mammalian cells.
To further verify that ChlR1 and FHL2 interact in vivo and obtain more robust coimmunoprecipitation data, the co-immunoprecipitation of exogenously expressed epitope
tagged FHL2 and ChlR1 was explored. The problem in performing this experiment was
that the FHL2 and ChlR1 constructs available both had FLAG epitopes. Therefore, to
perform an immunoprecipitation in co-transfected cells, I had to create an FHL2 construct
with a different epitope. The FHL2 open reading frame was cloned into pCDNA in frame
with an N terminally fused HA epitope as described in the materials and methods.
Plasmids from individual clones were sequenced to verify correct insertion in the HAFHL2 cDNA.
To confirm that the resulting HA-FHL2 was efficiently expressed in mammalian cells,
HEK-293 cells were transiently transfected with HA-FHL2 by calcium phosphate
precipitation and expression of HA-FHL2 clearly demonstrated by western blot (Figure
15). In order to verify the interaction between FLAG-ChlR1 and HA-FHL2, HEK 293
cells were co-transfected with both expression constructs. However although expression of
each protein expressed alone was confirmed, co-expression of HA-FHL2 and FLAG-
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ChlR1 was not successful in HEK 293, HeLa or hTERT-RPE1 cells using different
transfection reagents and different amounts of plasmids. Therefore it was decided to

12 μg HA FHL2

10 μg HA FHL2

Untransfected

further characterise this protein interaction in vitro.

32
32 kDa
25kDa
25
Figure 15: Expression of HA-FHL2 in HEK 293 cells. HEK 293 cells were transfected
with either 10 or 12 µg of pCDNA-HA-FHL2 by calcium phosphate precipitation. Whole
cell lysates were separated by SDS PAGE and HA-FHL2 detected by western blot using
mouse anti-HA (12CA5) diluted to 1:2000. A band of 30 kDa corresponding to the
predicted molecular mass of FHL2 was expressed in both transfections but not in the
untransfected cells.

3.4 In vitro analysis of the interaction between ChlR1 and FHL2

For the in vitro analysis of the interaction between ChlR1 and FHL2, FHL2 was cloned
into the bacterial protein expression pEHISTEV vector (obtained from Professor Jim
Naismith, University of St Andrews) to create a hexahistidine-FHL2 fusion protein that
can be expressed in E.coli as described in the materials and methods. Positive clones were
verified by sequencing.
To express and purify His-FHL2, BL21 (DE3) E.coli were transformed with pEHISTEVFHL2. This strain of E.coli has the T7 promoter expression system and after induction
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with IPTG, should express hexa-histidine FHL2 from the pEHISTEV vector as the vector
contains a T7 promoter. Following transformation, isolated colonies were picked and
grown in liquid culture overnight. These overnight colonies were used to express the HisFHL2 protein upon induction with IPTG as described in the materials and methods.

32kDa

Induced

Clone 4
Uninduced

Induced

Clone 3
Uninduced

Induced

Clone 2
Uninduced

Induced

Uninduced

Clone 1

FHL2

25kDa

Figure 16: Expression of His-FHL2 protein from the pEHISTEV expression vector in
different clones of BL21 (DE3) E.coli. BL21 (DE3) E.coli transformed with pEHISTEVFHL2 were induced with 1mM IPTG for 4 hours at 37ºC. Bands of approximately 30 kDa
in that correspond to the predicted mass of His-FHL2 are present in the induced lanes of
all 4 clones analysed.

All four BL21 clones tested express His-FHL2 upon induction with IPTG (figure 16).
There is leaky expression of the protein in clones 3 and 4 as there is expression of the
protein in the absence of IPTG. However clones 1 and 2 showed tight control of
expression. Clone 1 has a higher level of expression than clone 2, therefore clone 1 was
used to scale up the protein expression from 1 litre of bacterial culture. The His-FHL2
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protein produced from this culture was purified using a nickel affinity resin as described in

Supernatant

Resuspended

Induced

Uninduced

the materials and methods.

32kDa
25kDa

Figure 17: Nickel affinity purification of Hexa-Histidine-FHL2. Protein expression in
BL21 (DE3) transformed with pEHISTEV-FHL2 was induced with 1mM IPTG for 4 hours
at 37ºC. Cells were lysed and samples separated on a SDS PAGE gel. A band of
approximately 30 kDa corresponding to the predicted mass of His-FHL2 is present in the
induced and solubilised pellet (resuspended) lanes but this was not present in the soluble
supernatant lane.

His-FHL2 was lost during purification when the cell debris was removed by
centrifugation. Therefore it was believed that His-FHL2 is insoluble under the conditions
used. Therefore the purification protocol was modified in an attempt to solve this problem.
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The temperature at which the bacteria were induced was reduced to 30ºC and the
concentration of IPTG was reduced to 0.5mM. However these modifications did not
improve the solubility of the protein.
Therefore I created a GST tagged FHL2 construct, as GST has been shown to improve the
solubility of some proteins. To this end, FHL2 was cloned into the pGEX-4T1 expression
vector as described in the materials and methods.
Positive clones were verified by sequencing. The next step was too express GST-FHL2
from the pGEX-4T1 vector in BL21 (DE3) E.coli.
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Uninduced
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Figure 18: Expression of GST-FHL2 from the pGEX-4T-2 expression vector in four
clones of BL21 (DE3). BL21 (DE3) E.coli transformed with pGEX-4T1-FHL2 were
induced with 1mM IPTG for 4 hours at 30ºC. Bands of approximately 50 kDa in size can
be seen in the induced bacteria lanes that correspond to the predicted mass of GST-FHL2.
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Induction of GST-FHL2 expression with IPTG all four BL21 clones resulted in high levels
of expression of GST-FHL2. There was no detectable expression of the protein in the
absence of IPTG. All four clones were deemed suitable for GST-FHL2 purification.
Purification of GST-FHL2 was carried out as described in the materials and methods. An
additional step in the protocol compared to the nickel purification, was the solubilisation of
the pellet from the centrifugation of the lysed bacteria in 8M urea. It was believed that the
insoluble protein was contained within this pellet. After the pellet was re-suspended in the
urea, lysis buffer was added. The sample was then spun down and the supernatant
collected. This supernatant was added to glutathione agarose beads (supernatant 2, Figure

Beads

Wash 2

Wash 1

Unbound

Supernatant 2

Supernatant 1

Induced

Uninduced
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Figure 19: Purification of GST-FHL2. BL21 (DE3) E.coli transformed with pGEX-4T1FHL2 were induced with 1mM IPTG for 4 hours at 30ºC. Samples from the lysis
(supernatant 1), urea solublisation step (supernatant 2) and a sample of protein bound
beads after purification were collected and separated by SDS PAGE. A 50 kDa band
corresponding to GST-FHL2 is seen in the induced lane but is not present in the lanes
containing the samples taken from the supernatant after sonication and the resolublised
pellet.
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GST-FHL2 was not recovered from the E.coli after lysis (Figure 19). The addition of the
lysis buffer after the pellet was solubilised in urea may have caused the protein to re-fold
incorrectly and precipitate. This would result in the protein being removed from the
supernatant 2. To prevent this from happening the urea was removed gradually from the
solution by serial dialysis. However, this did not improve the solubility of the protein.
The problem with the solubility of the protein may be due to a number of reasons. The
E.coli may package the protein into inclusion bodies. Another possibility is the protein is
still bound to DNA after lysis. Therefore a double lysis purification protocol described in
the materials and methods was tested. It was thought that the double lysis of the bacteria
may help to extract the protein from the inclusion bodies or remove it from the DNA.
In addition to these modifications, the expression of GST-FHL2 in a different bacterial
strain was tested. FHL2 contains a number of rare codons. The BL21 (DE3) E.coli are
unable to efficiently translate these codons as they do not contain the appropriate tRNA
molecules in high abundance.

The presence of rare codons can cause premature

termination of the protein synthesis or mis-incorporation of amino acids. To remove the
possibility that the rare codons were causing the protein solubility problem, the E.coli
strain used for the purification was changed to the Rosetta E.coli (Novagen) for expression
of GST-FHL2. This strain of E.coli contains a plasmid called pRARE that encodes the
additional tRNA for the rare codons.
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Figure 20: Purification of GST-FHL2 protein from Rosetta E.coli following double
lysis. Rosetta E.coli transformed with pGEX-4T1-FHL2 were induced with 1mM IPTG for
4 hours at 30ºC. Samples from the two lysis steps, the supernatant from the stripped beads
along with a sample of beads before and after stripping, were collected and separated by
SDS PAGE. A Band of approximately 50 kDa that corresponds to the predicted mass of
GST-FHL2 can be seen in the induced, supernatant 2, bound and purified protein lanes.
This suggests that FHL2 can be recovered from lysed bacteria and purified using
glutathione agarose beads.

GST-FHL2 can be recovered and purified from glutathione agarose beads when expressed
in Rosetta E.coli and the cells lysed using the double lysis method (Figure 20). However,
following elution of the protein with glutathione, a large amount of the protein remains in
the bead pellet suggesting that the protein precipitates after elution from the beads. To
confirm that the band in the purified lane was GST-FHL2, intact mass spectrometry
analysis should be performed. However, the small amount of protein purified was not
stable. A sample of the purified protein was run on an SDS gel 24 hours after purification
and the band was no longer visible. This suggests that the protein degrades or precipitates
quickly after purification.
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Due to the problems highlighted above with FHL2 purification, I was not able to analyse
the in vitro interaction between ChlR1 and FHL2.

3.5 The Role of FHL2 in Cohesin Establishment

To test the hypothesis that FHL2 has a role in cohesion establishment, FHL2 was depleted
in HEK 293 by RNA interference. Sister chromatid cohesion in FHL2 depleted cells was
analysed in metaphase spreads (described in the materials and methods). Using this assay,
the structure of the chromatid and the distance between the chromatids pairs was analysed.
To deplete FHL2 in HEK 293 cells, an FHL2 specific siRNA oligonucleotide was
designed using the siDESIGN siRNA design programme (Thermo). Cells were then
transfected with increasing concentrations of FHL2 siRNA and a scrambled control using
Dharmafect 1 transfection reagent as described in the materials and methods. The
efficiency of FHL2 depletion was then assessed by western blot. As can be seen from the
data in figure 17, FHL2 specific siRNA effectively depletes endogenous FHL2 protein by
55% at 70nM and 85% at 100nM. The knockdown of around 85% was thought sufficient
for the analysis of FHL2 function on sister chromatid cohesion. Therefore metaphase
spreads of HEK 293 cells transfected with 100nM of either FHL2 or scrambled siRNA
were prepared.

100nM siRNA

70nM siRNA

Scramble siRNA
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Figure 21: Transfection of HEK 293 cells with varying amounts of siRNA specific for
endogenous FHL2. HEK 293 cells were transfected with increasing amounts of FHL2
specific siRNA. The cells were harvested 24 hours after transfection. Rabbit derived FHL2
antibody was used to detect endogenous FHL2 by western blot. Bands of 32 kDa
corresponding to the predicted mass of FHL2 are seen in all three lanes. The intensity of
the bands decreases as the amount of siRNA increases. Mouse derived β-actin antibody
was used as a loading control.

103
(a)

(b)

104

Control siRNA

FHL2 siRNA

(c)

32kDa

FHL2
25kDa

ß-actin

(d)

Figure 22: Analysis of cohesion defects in FHL2 knockdown cells. HEK 293 cells were
transfected with 100nM of FHL2 specific or scrambled siRNA. After 24 hours the cells
were treated with 100ng/ml colcemid for 2 hours and harvested. The cells were swelled
and fixed. After which they were spread on slides and stained with propidium iodide.
Chromosome spreads were imaged using an epiflourescence microscope fitted with a
TRITC filter set and a 63x objective. (a) Shows metaphase spreads from cells transfected
with control siRNA. (b) Shows metaphase spreads from cells transfected with FHL2
siRNA. (c) Western blot showing knockdown of FHL2 in the cells used for the metaphase
spreads. (d) Shows a quantification of the percentage of abnormal cells in each spread.
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The data represents the mean and standard deviation of 50 cells counted in each variable.
The experiment was repeated twice.

In analysing the metaphase spreads, abnormal chromosomes were classed as chromosomes
without centromeric cohesion, ‘wavy’ chromatids (which is believed to be abnormal
condensation of the chromatids) and prematurely separated chromatids.
Figure 22 suggests that FHL2 has a role in sister chromatid cohesion as there is a highly
significant increase in abnormal sister chromatid cohesion in FHL2 depleted cells
compared to control cells (p<0.0000000002). Figure 22 also suggests that FHL2 has a role
in the condensation of of the chromatids as there is a highly significant increase in wavy
chromatids in FHL2 depleted cells compared to control cells (p<0.0000000005)
The apparent function of FHL2 in sister chromatid cohesion establishment and
maintenance may be a result of its association with ChlR1. However, FHL2 may also
interact with other proteins involved in the process sister chromatid cohesion including the
cohesin complex. To test this theory a co-immunoprecipitation was performed to see if the
Smc1 subunit of the cohesin complex was co-immunoprecipitated in a complex with
FHL2. HEK 293 cells were transfected with FLAG-FHL2 and the whole cell lysates were
immunoprecipitated with Smc1 specific antibody. The presence of co-precipitating FLAGFHL2 was detected by western blot with FLAG antibody.
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Figure 23: Interaction between endogenous Smc1 and FLAG-FHL2. HEK 293 cells
were transfected with FHL2-NF and -CF expression vectors and 10% input from whole
cell lysate was loaded for each reaction. Whole cell lysates were immunoprecipitated with
Smc1 specific antibody with a specific interaction between endogenous Smc1 and
exogenous expressed FLAG-FHL2 detected by western blot using FLAG antibodies. A
band corresponding to the predicted molecular mass of FLAG-FHL2 was detected in the
FHL2-NF IP lane suggesting endogenous Smc1 may interact with N terminally FLAGtagged FHL2. An antibody specific for the HA epitope was used as a negative control.

The immunoprecipitation experiment shown in figure 23 suggests that FHL2 may interact
with Smc1, a member of the cohesin complex. The cohesion defects seen in FHL2
knockdown cells along with the co-immunoprecipitation data suggests that FHL2 may
have a central role in the establishment of sister chromatid cohesion.
The metaphase spreads of FHL2 depleted cells suggest that there is a reduction in
centromeric cohesion, which would disrupt kinetochore tension and result in spindle
checkpoint activation. To determine whether the sister chromatid cohesion defects seen in
FHL2 knockdown cells results in an accumulation of cells at G2/M, cells were harvested
fixed in ethanol and stained with propidium iodide. The cell cycle distribution of FHL2
depleted cells compared to those transfected with scrambled siRNA control was
determined by flow cytometry. In this assay activation of cell cycle checkpoints due to the
cohesion defects would result an increased percentage of cells in the G2 or M phases of the

107
cell cycle. The assay would be performed with hTERT-RPE1 cells as they have a robust
checkpoint activation and cell cycle arrest compared to the HEK 293 cells used for the
previous assays.
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Figure 24: Cell cycle analysis of FHL2 knockdown cells by flow cytometry. hTERTRPE1 cells were transfected with 100nM FHL2 or scrambled siRNA. Cells were harvested
24, 48 or 72 hours post transfection and fixed and stained with propidium iodide. (a) Cell
cycle profiles plotting maximum fluorescence emission (FL2-H) against cell counts were
obtained for each time point using BD systems FACS scan. Region 1 represents cells in G1
phase, region 2 represents cells in S phase and region 3 represents cells in G2/M phase (b)
Shows the percentage of cells counted within each phase of the cell cycle for control and
FHL2 knockdown cells. The percentage of cells in G2/M is higher for FHL2 siRNA treated
cells that control siRNA treated cells. There is also a decrease in the percentage of cells in
S phase for FHL2 siRNA treated cells compared to control siRNA treated cells.
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Depletion of FHL2 from hTERT-RPE1 cells results in an accumulation of cells in the
G2/M phase of the cell cycle and a decrease in the number of cells in S phase (Figure 24).
This suggests that there is a defect in progression through DNA replication and into or
through mitosis. The defect in mitosis is likely to be due to a disruption of sister chromatid
cohesion after depletion of FHL2 (Figure 22).
The evidence above corroborates with the hypothesis that the sister chromatid cohesion
defects seen in FHL2 knockdown cells results in checkpoint activation resulting in
abnormal progression through mitosis. The activation of the checkpoint is possibly due to
disruption in kinetochore tension. The metaphase spreads of FHL2 depleted cells show a
lack of centromeric cohesion, which would result in a disruption of kinetochore tension.
In summary I have shown that FHL2 interacts with ChlR1 in mammalian cells. This
confirms the yeast two-hybrid screen data. I have shown that depletion of FHL2 results in
sister chromatid cohesion defects and a G2/M delay. These results suggest a novel function
of FHL2 in mitosis.
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Chapter 4: The Role of ChlR1 in DNA Damage Repair

4.1 Introduction

As discussed in the introduction to this thesis, the cohesin complex has a functional role in
the repair of cellular DNA damage. A number of cohesin establishment factors have been
shown to function in DNA damage repair pathway. It is believed that cohesin is recruited
to sites of DNA damage to aid in the process of HR and stabilise the regions of DNA
around the break. It is thought that cohesin establishment factors are actively recruit
cohesin to these sites. ChlR1 is a cohesin establishment factor and the yeast homologue
Chl1p is implicated in the cellular DNA damage repair response. Therefore, I hypothesise
that ChlR1 functions in the recruitment and establishment of cohesin at sites of DNA
damage.
Chl1p was initially discovered to function in the repair of DNA damage in S.cerevisiae.
CHL1 deleted cells were shown to be more sensitive to the DNA damage reagents methyl
methanesulfonate (MMS), hydroxyurea (HU) and UV radiation [304, 305]. This led to the
hypothesis that Chl1p is involved in the DNA damage sensing checkpoint or directly in the
repair of DNA lesions. However CHL1 null yeast have been shown to have functional
DNA damage checkpoint activation as Rad53 was phosphorylated when DNA damage was
induced, although this yeast strain did show signs of DNA repair defects [304]. Similar
effects were seen in CTF4 null S.cerevisiae [304]. Chl1p and Ctf4 were shown to associate
with damaged chromatin during G2/M phase even though sister chromatid cohesion is
established in S phase [304]. NHEJ was shown not to be defective CHL1 and CTF4
deleted yeast but these cells had a defective HR pathway. Furthermore the frequency of
unequal sister chromatid recombination in wild type cells increased with increasing doses
of MMS. Conversely, this was not observed in the CHL1 and CTF4 deleted cells
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suggesting that Chl1p and Ctf4 are involved in the recombination between sister
chromatids [304].
An

interaction

between

ChlR1

and

TopBP1

has

been

shown

through

co-

immunoprecipitation experiments (Parish and Feeney, unpublished). TopBP1, as discussed
in the introduction, is involved in the repair of double strand breaks that occur during DNA
replication [70]. An interaction between ChlR1 and DNA-PKcs has also been isolated
(Parish and Feeney, unpublished). This protein interaction was isolated using tandem
affinity purification (TAP) and confirmed by co-immunoprecipitation experiments in
hTERT-RPE1 cells. The interaction between ChlR1 and DNA-PKcs increased 6-fold in
response to DNA damage caused by ionising radiation. DNA-PKcs as discussed in the
introduction is involved in the NHEJ repair process and recruits components involved in
the process through phosphorylation. Recently ChlR1 was shown to be phosphorylated
during G1/S phase at a serine residue at amino acid 204 [306].
A number of other helicases related to ChlR1 have a functional role in the repair of DNA
damage. The XPB and XPD helicases are members of the XPD family of helicases of
which ChlR1 is closely related. This family of helicases contain iron sulphur cluster
domains with XPD having a 5’-3’ directionality and XPB the opposite polarity [222].
These helicases are part of the transcriptional factor IIH complex (TFIIH) that functions in
transcriptional initiation and nucleotide excision repair [222]. This process removes bulky
adducts from DNA such as cisplatin lesions and photoproducts generated from UV light.
The TFIIH complex opens the DNA around the promoter or damage site. It is believed that
the helicase activity of XPB and XPD is important for this function. Mutations in either
helicase results in the DNA repair syndrome xeroderma pigmentosum (XP) [307].
The FANCJ helicase that has been associated with the genetic disorder Fanconi anemia is
also highly related to ChlR1. This helicase also has an iron sulphur cluster and is a member
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of the DEAH family [308]. It was initially shown to have a role in DNA damage repair
when it was shown to interact with BRCA1 [309]. FANCJ unwinds homologous
recombination intermediates, which suggests it is involved in the HR pathway of double
strand break repair [310]. Indeed FANCJ knockout cells have HR defect and are sensitive
to ionising radiation [310]. Interestingly FANCJ has been shown to play a role in the
response to replication stress. Depletion of FANCJ in Xenopus oocytes resulted in
replication fork restart defects following treatment with camptothecin that causes DSB
during DNA replication [311].

4.2 Hypotheses and Aims
Hypothesis
ChlR1 is involved in DNA damage repair by recruiting cohesin to sites of DNA double
strand breaks.

Aims
To confirm this hypothesis I aimed to
1) Confirm ChlR1 has a role in the repair of DNA damage using the DNA comet
assay.
2) Confirm ChlR1 localises at sites of DNA double strand breaks by
immunofluorescence.
3) Assay the effect of ChlR1 depletion on the recruitment of cohesin to DNA
double strand breaks by ChIP assay.
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4.3 The knockdown of ChlR1 Results in Inefficient Repair of DNA Damage

The evidence above suggests that ChlR1 may have a role in DNA damage repair. To
confirm this hypothesis, cells were depleted of ChlR1 protein by RNA interference and the
repair of DNA damage following ionising radiation assessed. The technique used to
quantify the DNA damage in cells with ChlR1 knocked down was the comet assay. In this
assay HeLa cells were transfected with either ChlR1 siRNA or scrambled siRNA as a nonspecific control. Cells were then damaged with an appropriate dose of gamma radiation
and allowed to repair for set time points before analysis. HeLa cells were used in this assay
because I could efficiently knockdown ChlR1 in this cell line.
Initially, efficient knockdown of ChlR1 using RNA interference was optimised. A number
of different siRNA oligonucleotides were tested, each of which targeted different regions
of the ChlR1 mRNA. The first siRNA tested was ChlR1 212, which targets the ChlR1
open reading frame at nucleotide 212. The analysis of the knockdown is shown in figure 1.
Efficient knockdown of ChlR1 protein using siRNA ChlR1 212 was achieved when the
siRNA was transfected into cells at a concentration of 100nM.

100nM 212 siRNA

50nM 212 siRNA

Untransfected
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Figure 25: Transfection of HeLa cells with siRNA specific for endogenous ChlR1.
HeLa cells were transfected with increasing amounts of ChlR1 212 siRNA for 24 hours.
Rabbit ChlR1 antiserum was used to detect endogenous ChlR1. Bands of approximately
100 kDa corresponding to the predicted mass of ChlR1 were present in the untransfected
and 50nM siRNA lanes. This band was not present in the 100nM siRNA lane. Mouse antiβ-actin antibody was used as a loading control (lower panel).

siRNA oligonucleotides were also designed that target the 5’ and 3’ UTRs of ChlR1
mRNA in order that endogenous ChlR1 could be depleted and exogenous ChlR1 (wild
type or mutant) expressed from a construct that does not encode the UTRs of endogenous
ChlR1, as will be discussed later. The siRNAs targeting the UTRs were tested for their
efficiency to knockdown ChlR1. The analysis of the knock down was performed by RTPCR using primers detailed in the materials and methods. RT-PCR analysis was performed
because the efficiency of the antibody to detect endogenous ChlR1 is poor. Efficient
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knockdown of ChlR1 mRNA using the siRNA targeting the 5’ and 3’ UTR was achieved

3’ UTR ChlR1 siRNA

5’ UTR ChlR1 siRNA

Untransfected

when each siRNA was transfected at a concentration of 100nM (Figure 26).

ChlR1

ß-actin

Figure 26: Transfection of HeLa cells with siRNAs targeting either the 5’ and 3’ UTR
of ChlR1. HeLa cells were transfected with 100nM of the siRNA targeting the 5’ and 3’
UTR regions of ChlR1, for 24 hours. RT-PCR was used to show the level of ChlR1 mRNA
(700bp product) in treated cells with primers designed to anneal within the coding
sequence of ChlR1 in alternative exons so that contaminating genomic DNA could be
ruled out. β- actin (300bp product) was used as a control for input of DNA to each
reaction. The RT-PCR data show that ChlR1 mRNA is depleted in the cells transfected
with 100nM of siRNA specific to the 5’ and 3’ UTR of ChlR1 compared to untransfected
cells.

Next the assay used to detect DNA damage was optimised. The comet assay is used to
detect fragmented DNA in individual cells. The comet assay involves the embedding of
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cells in low melting point agarose on slides. The slides are then irradiated and the cells are
allowed to repair by placing the slides in warm medium. After an appropriate time in
medium the cells are lysed and subjected to electrophoresis to draw fragmented DNA out
of the cells. Therefore the more damaged the DNA, the higher the percentage of DNA in
the tails of the comets. The comets are stained, imaged and analysed using Comet Assay
IV scoring software (Perceptive Instruments). This software is able to identify the head
and tail of the comet and measure the percentage of DNA in each section.
The alkaline comet assay is used to detect single strand breaks as it involves the use of an
alkaline electrophoresis buffer, which unwinds DNA allowing DNA single and double
strand breaks to be drawn from the cell during electrophoresis. The neutral comet assay is
used to examine DNA double strand breaks only and uses a neutral electrophoresis buffer.
Therefore the DNA is not unwound and only double stranded breaks are drawn from the
cells during electrophoresis.
Therefore I planned to use these assays on ChlR1 depleted HeLa cells to determine
whether there was a defect in either single strand or double strand break repair, or both.
The cells were irradiated to damage the DNA and allowed to repair. The levels of DNA
damage was measured and compared to cells transfected with a scrambled siRNA
oligonucleotide. This assay allowed me to test the hypothesis that ChlR1 has a functional
role in the repair of DNA damage.
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0 Gy

10 Gy

Figure 27: Detection of DNA damage in HeLa cells using the alkaline comet assay.
Shows cells undamaged (0 Gy) or irradiated with 10 Gy of gamma radiation and subjected
to the alkaline comet assay. Comets were imaged using a Zeiss epifluorescent microscope
fitted with a TRITC filter set and a 10x objective. The images were analysed using the
Comet Assay IV scoring programme. Comets were selected and the programme gates the
head (area between blue and green lines) and tail (area between green and purple lines)
regions and calculates the intensity of each region.

DNA damage was clearly detected in HeLa cells exposed to 10 Gy ionising radiation using
the alkaline comet assay (Figure 27). The undamaged cells have a smaller comet tail
compared to the cells that have been irradiated. The first step in optimising the alkaline
comet assay was to determine a suitable dose of ionising radiation to use in the repair
assay. Therefore I performed a dose response curve in which the cells were damaged with
a variety of doses ranging from 1 to 10 Gy.
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Figure 28: Alkaline comet assay dose response curve. HeLa cells were damaged with
different doses of gamma radiation and DNA damage detected using the alkaline comet
assay. The graph shows the average head intensity and standard deviation of 30 cells
collected for each dose. The experiment was repeated twice.

As shown in figure 28 the percentage of DNA in the comet tails increases in a linear
relationship with increasing doses of radiation which was expected since an increase in
dose would create more fragmented DNA. The target percentage of DNA in the tail was
50%. This was decided as it would large enough to show repair over time. A larger
percentage may cause apoptosis of the cells. The data in figure 4 shows that the dose
required to create 50% tail intensity was 5 Gy of gamma radiation.
The length of time required for the cells to repair DNA lesions caused by the exposure to
5Gy was next examined. Cells were irradiated with a dose of 5Gy and incubated in
medium at 37ºC for a range of time points. The head intensity of the undamaged cells was
85% and following irradiation, the head intensity decreased to 40%. Cells were also
collected at 1 and 2 hours following damage. The data in figure 29 shows that cells were
able to repair DNA damage by 2 hours post irradiation. Using the optimised alkaline comet
assay I next performed a repair assay on cells transfected with ChlR1 and control siRNA
oligonucleotides. Cells were transfected with ChlR1 specific or control scrambled siRNA
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and incubated for 24 hours. The cells were then irradiated with a 5 Gy dose of ionising
radiation and allowed to recover for 2 or 3 hours post irradiation (Figure 30).
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Figure 29: Alkaline comet assay repair curve. HeLa cells were damaged with 5 Gy
gamma radiation. Cells were collected at 0hrs, 2hrs and 3hrs after damage. The graph
shows the average head intensity of 30 cells imaged at each time point. The data are
presented as the mean and standard deviation of 30 cells analysed for each time point. The
experiment was repeated twice.
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Figure 30: Alkaline comet assay following ChlR1 depletion. HeLa cells were transfected
with 100nM of ChlR1 or scrambled siRNA oligonucleotides and damaged with 5 Gy
gamma radiation. The repair of the transfected cells was compared to untransfected cells.
Cells were imaged at 0, 2 and 3 hours after damage. (A) Shows the average head intensity
of 30 cells imaged at each time point for each control. The data represents the mean and
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standard deviation of the cells analysed for each time point in 3 experiments (B) RT-PCR
was used to show the level of ChlR1 mRNA (700base pair product) in the cells used in this
assay. Quantification of intensity of the RT-PCR products revealed that there was a 70%
reduction in ChlR1 mRNA levels in the ChlR1 siRNA sample compared to the scrambled
siRNA sample. β-actin (300base pair product) was used as a control for input of DNA to
each reaction.

The data in Figure 30 show that there is a delay in the repair of the DNA damage in the
ChlR1 siRNA transfected cells compared to the untransfected cells and control siRNA
transfected cells. The control cells have repaired the DNA damage after 2 hours but the
ChlR1 siRNA transfected cells require 3 hours to repair.
To determine whether ChlR1 specifically plays a role in the repair of double strand breaks,
the neutral comet assay in cells depleted of ChlR1 and exposed to ionising radiation was
used. The first step in optimising the neutral comet assay was to determine a suitable dose
of radiation to use in the repair assay. The dose of radiation used in this assay is larger than
the dose used in the alkaline comet assay. This is due to the fact that it measures only DNA
double strand breaks. DNA double strand breaks occur at a ratio of approximately 1 to
every 500 single strand breaks. Therefore the dose had to be increased to see an effect in
the comet assay. Therefore we performed a dose response curve in which the cells were
irradiated with a variety of doses ranging from 5 to 30 Gy.
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Figure 31: Neutral comet assay dose response curve. HeLa cells were damaged with
different doses of gamma radiation and subjected to the neutral comet assay. The graph
shows the average head intensity and standard deviation of 30 cells imaged for each dose.
The experiment was repeated twice.

Figure 31 shows a linear relationship between the comet head intensity and the amount of
ionising radiation used. The dose of 25 Gy resulted in a head intensity percentage of 60%
deemed optimal for this assay because it was the percentage used in the alkaline comet
assay.
I next examined the length of time required for the cells to recover from the dose of 25 Gy.
Cells were irradiated with a dose of 25 Gy and incubated in medium at 37ºC for a range of
time points.
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Figure 32: Neutral comet assay repair curve. HeLa cells were damaged with 25 Gy
gamma radiation. Cells were imaged 0, 2 and 3hrs after damage. The graph shows the
average head intensity and standard deviation of 30 cells collected at each time point. The
experiment was repeated twice.

Figure 32 shows the head intensity of the undamaged cells is 85% and after irradiating the
cells it takes three hours for the damage to repair to the same level as the undamaged cells.
Having optimised the neutral comet assay, I performed repair assays on cells transfected
with ChlR1 and control (scrambled) siRNA oligonucleotides. Cells were transfected and
incubated for 24 hours. Then the cells were irradiated with 25 Gy ionising radiation dose
and allowed to recover for 2 or 3 hours (Figure 33).
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Figure 33: Neutral comet assay following ChlR1 depletion. HeLa cells were transfected
with 100nM of 5’ UTR specific ChlR1 or scrambled siRNA oligonucleotide and damaged
with 25 Gy gamma radiation. The repair of the transfected cells was compared to
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untransfected cells. Cells were collected 0, 2 and 3 hours after damage. (A) Shows the
average head intensity and standard deviation of 30 cells collected at each time point for
each control in 3 experiments. (B) RT-PCR was used to show the level of ChlR1 mRNA
(700 base pair product) in the cells used in this assay. Quantification of intensity of the
RT-PCR products revealed that there was an 85% reduction in ChlR1 mRNA levels in the
ChlR1 siRNA sample compared to the scramble siRNA sample. β-actin (300base pair
product) was used as a control for input of DNA to each reaction.

The data presented in Figure 33 show that there is a delay in the repair of the DNA double
strand breaks in the ChlR1 siRNA transfected cells compared to the untransfected and
control siRNA transfected cells. The control cells repair the DNA double strand breaks
after 2 hours. However the DNA double strand breaks have not been fully repaired after 3
hours in the ChlR1 siRNA transfected cells. This suggests that ChlR1 has a function in the
repair of DNA double strand breaks. The delay in single strand break repair seen in ChlR1
depleted cells is less significant that the delay seen in the repair of DNA double strand
breaks suggesting that ChlR1 functions in the repair of DNA double strand breaks. The
next step was to define the precise role of ChlR1 in the repair of DNA double strand
breaks.

4.4 The Function of ChlR1 in DNA Damage Repair

The data in figure 33 shows that ChlR1 has a role in DNA double strand break repair but
the function in this process is unclear. The hypothesis that ChlR1 is involved in the
recruitment of the cohesin complex to DNA double strand breaks has been discussed
above and would require that ChlR1 protein is also recruited to DNA double strand breaks.
Therefore the first step in investigating a function for ChlR1 in DNA damage repair was to
show that ChlR1 was recruited to DNA double strand breaks.
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I planned to use immunofluorescence to investigate the theory that ChlR1 is recruited to
sites of DNA double strand breaks. DNA double strand breaks can be visualised by
immunofluorescence using an antibody that recognises the phosphorylated version of
H2AX. The histone H2AX is phosphorylated in megabase regions around a DNA double
strand break [312]. A serine at amino acid 139 is phosphorylated [312] by the PIKKs
protein kinases ATM, ATR and DNA-PKcs [313]. H2AX-/- knockout mice are
radiosensitive [314]. H2AX is believed to be phosphorylated around the breaks to recruit
chromatin remodelling factors to the sites of double strand breaks [315]. These chromatin
remodelling factors have been shown to convert double stranded DNA into single stranded
overhangs at double strand break ends [316] which allows the repair enzymes involved in
HR and NHEJ access to the DNA around breaks. Therefore using an antibody specific for
the phosphorylated serine 139 residue, I can look at the number of DNA double strand
breaks after DNA damage.
To optimise the antibody concentration required for the detection of gamma H2AX foci,
the H2AX specific antibody was used at a concentration of 1 in 50 and the FITC
conjugated anti-mouse secondary was used at a concentration of 1 in 150. The fixing and
washing conditions for the assay are described in the Materials and Methods.
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Figure 34: HeLa cells damaged with increasing doses of gamma radiation and stained
with gamma H2AX antibody by immunofluorescence. (a) DNA was stained with
hoescht 33342 (blue). Gamma H2AX was visualised by immunofluorescence using gamma
H2AX specific antibody and a FITC conjugated anti-mouse secondary antibody (green).
Images were captured on a Zeiss epifluorescent microscope fitted with a FITC filter set
and a 63x objective. As the dose increases there is an increase in the number of green foci.
(b) Shows the average number of gamma H2AX foci per cell for each dose of radiation.
The data are presented as the mean and standard deviation of 30 cells analysed for each
data point.

Figure 34 shows that the gamma H2AX antibody used was specific and that gamma H2AX
foci were detectable with the concentrations of antibodies used. The number of foci
increases as the dose of radiation increases. Conversely, no foci were visible in the
undamaged cells. Therefore using these conditions I attempted to show the recruitment of
ChlR1 to gamma H2AX foci by immunofluorescence. However the ChlR1-specific
antibodies available are not suitable for immunofluorescence. Therefore I created a
mCherry-ChlR1 expression construct that expresses ChlR1 with mCherry fused at the N
terminus.
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To confirm that the mCherry-ChlR1 expressed in mammalian cells, HeLa cells were
transiently transfected with mCherry-ChlR1 using Fugene transfection reagent and
expression of mCherry-ChlR1 is clearly demonstrated by epifluorescent microscopy
(Figure 35).

White Light

mCherry ChlR1

Figure 35: Expression of HA-FHL2 in HeLa cells. HeLa cells were transfected with 7µg
of pmCherry-N1-ChlR1. Images were captured after 24 hours on a Zeiss epifluorescence
microscope fitted with a TRITC filter set and a 10x objective.

Figure 35 shows robust expression of the mCherry-ChlR1 in HeLa cells. Therefore using
this construct I could perform the experiment described above where HeLa cells
transfected with the mCherry-ChlR1 construct would be damaged with 0.3 Gy of gamma
radiation and stained with gamma-H2AX antibody.
Unfortunately, I was unable to show localisation of mCherry ChlR1 to gamma H2AX foci
in asynchronously growing irradiated cells. Therefore, I attempted to damage cells that
were synchronised in either S phase or G2/M to determine whether the localisation of
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ChlR1 to DNA double strand breaks was cell cycle specific. Again I was unsuccessful in
showing the localisation of ChlR1 to gamma H2AX foci following these changes.
There are several potential reasons as to why I was unable to show ChlR1 localisation to
gamma H2AX foci. Indeed ChlR1 may not localise to these repair foci. However, the
negative results obtained above could also be explained by the possibility that the
localisation of ChlR1 may be dynamic and occur only over a short period of time and
therefore difficult to view. Another problem may be the sensitivity of the assay used as
ChlR1 may be present at damage sites in very small quantities. Finally the mCherry tag
may have affected the localisation of the ChlR1 fusion protein.
Therefore the experimental design was changed to look at whether ChlR1 depletion
disrupted the localisation of Smc1 at sites of DNA damage. Smc1 has previously been
shown to be localised to gamma H2AX by immunofluorescence [206]. The DNA damage
was induced using laser microirradiation. This involves the tracking of a high intensity
laser across cells. It results in a large dose of radiation across a small area of the cell. This
requires an expensive stage and software for a confocal microscope. Therefore using an
antibody specific for Smc1, I performed immunofluorescence on HeLa cells irradiated
with 0.3 Gy to show localisation of the cohesin subunit to gamma H2AX foci.
Unfortunately, I was unable to show localisation of Smc1 to gamma H2AX foci.
Interestingly, a second group using the laser microirradiation method described above, also
failed to detect Smc1 at sites of DNA damage. Instead they reported the co-localisation of
a phosphorylated Smc1 subunit with gamma H2AX by laser microirradiation [258]. As
described in the introduction Smc1 and 3 are phosphorylated in an ATM dependent
manner [262]. Smc1 is phosphorylated at serine 957 (one of ATM target sites) at gamma
H2AX foci [258].
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Therefore my experimental design was further changed to determine whether ChlR1
knockdown disrupted the phosphorylation of Smc1 at sites of DNA damage. Using the
antibody specific for phosphorylated Smc1, I performed immunofluorescence on HeLa
cells irradiated with 0.3 Gy to show localisation of the cohesin subunit to gamma H2AX
foci. Again I was unable to show localisation of phosphorylated Smc1 to gamma H2AX
foci. Therefore I then attempted to damage cells in synchronised in S or G2/M phase to
identify if the localisation of phosphorylated Smc1 to DSB was cell cycle specific. These
changes were again unsuccessful in showing localisation of phosphorylated Smc1 to
gamma H2AX foci.

Due to the problems with detecting either endogenous ChlR1 localisation by
immunofluorescence or visualising the localisation of mCherry-ChlR1 to double strand
breaks I attempted to use a ChIP assay to detect the presence of ChlR1 on the DNA
surrounding a double strand break. A U20S derived cell line with the E.coli derived
Tetrocyclin (Tet) operator inserted into the genome was used (shown in Figure 36). This
cell line was created and provided by Dr Ciarian Morrison University of Galloway. The
cell line also stably expresses the Tet repressor protein as a GFP fusion which enables the
integrated operator sequence to be visualised. Located just upstream of the operator is a
Sce-I endonucloease recognition sequence [260]. There are no Sce-I recognition sequences
found in the human genome therefore the inserted recognition sequence is unique. This
means that only one cut site is created in this assay.
The plasmid which expresses the Sce-I endonuclease fused to a glucocorticoid receptor
(GR) is transfected into the cells, which are then treated with triamcinolone acetonide (TA)
for 30 minutes to stimulate nuclear localisation of the endonuclease. This leads to the
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creation of a DNA double strand break within the genome that can be visualised by
confocal microscopy.
To perform the ChIP assay, primers were designed that anneal to the DNA upstream of the
Sce-I restriction site. If this upstream region of DNA could be immunoprecipitated with a
ChlR1 antibody, then ChlR1 associates with the regions around the cut sites. Primers were
also designed that flank the Sce-I restriction site to confirm that the DNA was specifically
restricted after treatment of the cells with TA. If the DNA is cut efficiently, there will be a
break in the DNA between the primers used to amplify the DNA and therefore there
should be no PCR product after TA treatment.

TetR-GFP fusion

TetO sequence

Addition of TA ligand
I-SceI-GR fusion

112 TetO arrays I-SceI site
Nucleus

Figure 36: Schematic representation of the integrated Tet Operator with the Sce-I
restriction enzyme recognition sequence adjacent in U2OS cells. pBluescript vector
was engineered to contain 112 repeated Tet operators upstream of the multiple cloning
site (MCS) and the Sce-I restriction enzyme recognition sequence inserted into the MCS.
This vector was linearised and inserted into the genome of a U2OS cell line. These cells
were then transfected with a plasmid that expressed GFP tagged Tet repressor protein and
transfected cells were selected. The inserted Tet operator can be visualised by GFP foci.
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The double strand break is created upon the addition of triamcinolone acetonide (TA;
ligand). This results in the nuclear localisation of the Sce1 endonuclease and the creation
of the cut [260].

We received 3 clones of the U2OS cell line with the integrated I-SceI and associated Tet
array from the Morrison research group (University of Galloway) [260]. To confirm the
Tet operator array was still integrated into the genomes of each of the clones, cells of all
three clones were fixed and stained with Hoechst 33342 to stain the DNA. Cells were
visualised by confocal microscopy to confirm that the expected number of GFP foci were
present (Figure 37).

Clone 8

Clone 11

Clone 12

Figure 37: Localisation of TetR-GFP foci in U2OS TetO/R I-Sce clones. The U2OS
TetO/R integrated cells were subjected to 1 week selection with 0.4mg/ml G418. The cells
were then fixed and stained with Hoechst 33342 (blue). GFP-TetR associates with the
integrated Tet operator and the resulting GFP foci (green) were imaged using a Leica
confocal microscope. The white arrows indicate the position of the foci.

Figure 37 confirms the Tet operator arrays are still integrated into the three clones of
U2OS TetO/R I-Sce cells and the integration sites can be visualised by confocal
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microscopy. Clones 8 and 11 contained one integrated Tet O/R site, whereas clone 12
contained two integration sites. I decided to use clone 12 for the ChIP assays as there are
two integration sites making it easier to ChIP, as there is more template compared to the
clones with one integration sites.
To carry out the ChIP experiments, I had to confirm that the primers designed to amplify a
region of DNA adjacent to the Sce-I restriction site yielded a PCR product of the correct
size. The primer sequences are shown in the Materials and Methods. Genomic DNA was
extracted from clone 12 of the U2OS Tet O/R I-SceI cells which had been grown 1 week
in G418 selection and a PCR reaction performed using primers that were designed for the

Cut Site PCR

ChIP PCR

ChIP assay and primers that were designed to flank the cut site.

500
400

Figure 38: PCR amplification of integrated sequence. U20S TetO/R I-sceI cells were
subjected to selection in 0.4mg/ml G418 for 1 week. Genomic DNA was extracted from the
selected cells. A product of approximately 400 base pairs is present in the reaction using
primers that were designed for the ChIP experiment that anneal immediately upstream of
the I-SceI restriction site. A PCR product of approximately 450bp is present in the
reaction using the PCR primers that flank the I-SceI restriction site.

Figure 38 shows that the primers that were designed for the ChIP assay and those that were
designed to amplify the region containing the I-SceI restriction site worked on the genomic
DNA extracted from the U2OS Tet O/R I-SceI cell line, yielding a product of the correct
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size in the PCR reaction. Using clone 12 and the primers that amplify across the cut site, I
subsequently showed that the endonuclease efficiently cuts the DNA. The G418 selected
cells were incubated with 100nM TA for 1 hour and the genomic DNA was extracted and

Cut Site -TA

Cut Site +TA

PCR performed with the primers that flank the I-SceI site (Figure 39).

500 bp

400 bp
Figure 39: PCR amplification of the Sce-I cut site on DNA extracted from U2OS
TetO/R I-SceI cells with and without TA treatment. U2OS TetO/R I-SceI cells were
subjected to selection with 0.4mg/ml G418 for 1 week and transfected with a plasmid
expressing the Sce-I endonuclease fused to GR. Genomic DNA was extracted from the
selected cells after treatment with 100nM triamcinolone acetonide (TA) for 1 hour, which
promotes nuclear entry of the GR fused enzyme. PCR amplification was performed using
the primers across the cut site. A PCR product of around 450 base pairs is present in the
non-treated cells but absent in the TA treated cells.

Figure 39 shows that after treatment of the cells with TA for 1 hour the PCR product is no
longer present. This confirms that the endonuclease has been transported to the nucleus
and restricts the DNA between the annealing sites of the two PCR primers. I next needed
to confirm that the cut in the DNA created by the Sce-I endonuclease was recognised as a
double strand break by the cell. To confirm this I transfected U2OS TetO/R I-SceI cells
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with the I-SceI-GR expression plasmid and incubated these cells with TA for 1 hour. Cells
were then fixed and stained with anti-gamma H2AX antibody and Alexa 647 conjugated
anti-mouse secondary antibody too visualise H2AX phosphorylation at the cut site.
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Figure 40: The phosphorylation of H2AX to the TETO/R I-SceI GFP integration site
after nuclear localisation of the SceI restriction enzyme. U2OS TET O/R cells were
subjected to selection with 0.4mg/ml G418 for 1 week and transfected with the Sce1-GR
endonuclease. The cells were treated with 100nM TA for 1 hour and then fixed. The cells
were stained with a mouse anti- gamma H2AX antibody. Alexa 647 conjugated anti-mouse
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secondary antibody was used to visualize the phosphorylated H2AX. Phosphorylation of
H2AX at the GFP foci is indicated by the white arrows.

The data in figure 40 show that H2AX is phosphorylated at the Sce-I restriction site. This
suggests that the cell recognises the cut in the DNA as a DNA double strand break and
processes it in the normal pathway of DNA double strand break repair. This confirms that
the ChIP experiment planned is feasible. Therefore if ChlR1 is recruited to DNA double
strand breaks then it will be recruited to this cut site. This result also confirms that gamma
H2AX could be used as a positive control in the ChIP experiment.
With the conditions to create the cut and the PCR optimised, I performed the ChIP assay
using quantitative PCR (qPCR) to amplify the immunoprecipitated DNA fragments. The
chromatin preparations were prepared from G418 selected U2OS TetO/R I-SceI cells using
the method described in the Materials and Methods. I attempted to precipitate the DNA
around the Sce-I restriction site with ChlR1 specific antibodies, in addition to
phosphorylated Smc1 and gamma H2AX antibodies which were used as positive controls,
and a non-specific FLAG antibody as a negative control. The DNA in the
immunoprecipitated samples was then de-proteinated and purified by phenol chloroform
extraction and ethanol precipitation. qPCR reactions were then set up with the primers that
anneal adjacent to the Sce-I restriction site.
Unfortunately, although the experiment was repeated several times with several
modifications in an attempt to optimise the assay the ChIP experiment was unsuccessful
and amplification of the DNA using the ChIP primers was not achieved. There was no
amplification of the input DNA, which is taken from the chromatin preparation before
immunoprecipitation and contains all the DNA in the cells. This suggests there was not
enough PCR template in the genomic DNA for the PCR to amplify the ChIP specific
region. The protocol was adjusted to include the use of more cells for the chromatin
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preparation. Initial cells were harvested from one 10cm tissue culture dish. This was
increased to three 10cm dishes in the hope that the input DNA could be amplified from
this amount of DNA. Also the percentage of the input DNA used in the PCR reaction was
increased from 5% to 30%.
These changes in the protocol had no effect on the amplification of the DNA around the
Sce-I cut site and there was no amplification seen in the input samples. The plan to explore
the hypothesis that ChlR1 is recruited to DSB by ChIP was therefore changed.
Using immunofluorscence I explored the use of the U2OS Tet O/R I-SceI cell line to show
the

recruitment

of

phosphorylated

Smc1

to

DNA

double

strand

breaks.

Immunofluorescence was performed on U2OS TetO/R I-SceI cells, which had been
transfected with the plasmid expressing the GR fused Sce-I endonuclease and treated with
TA, using an antibody specific for the phosphorylated form of Smc1. If detection of
phosphorylated Smc1 at the Sce-I site using immunofluorescence was possible, this assay
could then be used to examine if the depletion ChlR1 resulted in the disruption of the
phosphorylation of Smc1 at DSBs.
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Figure 41: The recruitment of phosphorylated Smc1 to the TetO/R I-SceI GFP
integration site after nuclear localisation of the SceI enzyme. U2OS Tet O/R cells were
transfected with the Sce1-GR endonuclease and subjected to selection with 0.4mg/ml G418
for 1 week. The cells were treated with 100nM triamcinolone acetonide (TA) for 1 hour
and then fixed. The localisation of phosphorylated Smc1 was visualised by
immunofluorescence. Alexa 647 conjugated rabbit secondary antibody was used to
visualise the phosphorylated Smc1 (red) and localisation of phosphorylated of Smc1 at the
GFP foci (green) is indicated by the white arrows. The DNA is stained with Hoescht 33342
(blue).
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Figure 41 shows that upon creation of the DSB, Smc1 is phosphorylated at the site of the
Tet O/R I-SceI. Using this cell line I was therefore able to explore the hypothesis that
ChlR1 is recruited to sites of DNA damage to facilitate the repair, as discussed in the
introduction. The U2OS TetO/R I-SceI cell line was used to determine whether ChlR1 is
recruited to DNA double strand breaks. Immunofluorescence was performed on U2OS
TetO/R I-SceI cells, which had been transfected with the plasmid expressing the GR fused
I-SceI endonuclease and treated with TA, using an antibody specific for the ChlR1 protein.
The ChlR1 antibody was raised from rabbits inoculated with a purified fragment of the
ChlR1 protein (amino acids 1-133).
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Figure 42: The recruitment of ChlR1 to the TetO/R I-Sce GFP integration site after
nuclear localisation of the Sce1 enzyme. U2OS TET O/R cells were transfected with the
Sce1-GR endonuclease and subjected to selection with 0.4mg/ml G418 for 1 week. The
cells were treated with 100nM triamcinolone acetonide (TA) for 1hour and then fixed and
stained. The localisation of ChlR1 was visualised by immunofluorescence using rabbit
ChlR1 130 antibody. An Alexa 647 conjugated rabbit secondary antibody was used to
visualize the ChlR1 (red) and localisation of ChlR1 at the GFP foci (green) is indicated by
the white arrows. The DNA is stained with Hoescht 33342 (blue).

Figure 42 shows that upon creation of the DNA double strand break, ChlR1 was recruited
to the site. Overall the U2OS TetO/R I-SceI cell line has been used to show that upon
induction of the DNA double strand break by addition of Sce-I restriction enzyme, H2AX,
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phosphorylated Smc1 and ChlR1 are recruited to the break. This indicates that the U2OS
cell line can be used to examine if the phosphorylation of Smc1 at sites of double strand
breaks is disrupted when ChlR1 is depleted. This would resolve the suggested hypothesis
that ChlR1 has a role in recruiting the cohesin complex to DNA double strand breaks.
ChlR1 interacts with DNA-PKcs (Feeney, unpublished), therefore ChlR1 may act as a
linker between Smc1 and DNA-PKcs allowing DNA-PKcs to phosphorylate the cohesin
subunit.
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Chapter 5: The Role of ChlR1 in DNA Replication

5.1 Introduction

There is evidence to suggest that ChlR1 functions in DNA replication. Firstly, ChlR1 has
been shown to interact with a number of proteins associated with the replication complex.
These include Fen1, TopBP1, PCNA and the MCM complex, the functions of which are
explained in the introduction. The interaction of ChlR1 with PCNA and the MCM
complex was isolated during a TAP-ChlR1 purification experiment designed to isolate
interacting partners of ChlR1 (Feeney and Parish, unpublished). The interaction of ChlR1
with Fen1 is discussed in the introduction. These interactions suggest a role for ChlR1 in
DNA replication. An interaction with TopBP1 has been demonstrated by coimmunoprecipitation (Feeney and Parish, unpublished) and suggests that ChlR1 may have
a role in restarting stalled replication forks because TopBP1 has a major role in the
restarting of stalled replication as discussed earlier. This hypothesis is consistent with the
results in Chapter 4 that suggest ChlR1 function is important in the DNA damage response
since stalled replication forks account for a large percentage of DNA double strand breaks.
A number of related DNA helicases have a role in DNA replication. FANCJ has been
shown to function in DNA replication checkpoint control. Like ChlR1, FANCJ interacts
with TopBP1 [311] and FANCJ knockdown results in the inability of RPA to load onto the
DNA. This is a prerequisite for ATR checkpoint activation. In fact FANCJ is involved in
the phosphorylation of both Chk1 and RPA following replication stress [311]. Both
TopBP1 and FANCJ have been shown to be involved in the early stages of replication
stress checkpoint activation as ATR and RAD 9 (a member of the 9-1-1 complex discussed
earlier) loading onto DNA [311].
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Mutations in FANCJ are associated with the disorder Fanconi anaemia. Another protein
associated with the disorder FANCM has been shown to have a role in replication restart
after stalling [317]. In the absence of FANCM cells are unable to restart replication after
stress. This is linked with the discovery that FANCM is crucial for the early stages of ATR
checkpoint activation. It is involved in the chromatin retention of TopBP1 [317]. This
suggests that replication does not restart because the damaged DNA that causes the stalling
has not been repaired because the checkpoint is not appropriately activated.
RecF is a member of the recombination mediator proteins [318]. This family also includes
BLM and WRN, both helicases that are related to ChlR1. RecF required for the
maintenance of genome stability. The structure of RecF is similar to the DNA damage
repair protein Rad50 [319]. Both these proteins contain a conserved ATP binding cassette
ABC type ATPase. In E.coli when RecF is absent, replication fails to recover after UV
damage [320]. Furthermore RecF is important in protecting the nascent DNA at stalled
replication forks. In the absence of RecF in E.coli the nascent strand is degraded at these
stalled replication forks [321]. It is believed that the ATP binding and ATP hydrolysis
functions of the protein are required for fork stability and the resumption of replication.
Point mutations within the ATP binding region of the protein results in the same effect
seen in the absence of the protein [322]

The loading of cohesin onto DNA occurs after telophase. It has been shown that cohesin
accumulates at sites approximately every 25kb in the human genome. In contrast to lower
eukaryotes cohesin does not accumulate at sites of convergent transcripts in mammalian
cells but accumulates at CTCF consensus binding sequences as discussed in the
introduction [185]. This means the replication fork must pass through cohesin rings or that
the ring has to transiently open to allow passage of the replication fork. Fork progression
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through cohesin is also thought to be essential for generation of cohesion as trapping of
nascent DNA strands within the cohesin ring generates functional cohesion [105].
Therefore a process must occur that allows for the replication fork to pass through the
cohesin complex.
ChlR1 is a cohesin establishment factor and may have a role in the passage of the
replication fork through the cohesin rings. A number of cohesion establishment factors
have been shown to be associated with the replication fork complex and may also have a
role in the progression of the replication fork through the cohesin complex.
Eco1 as discussed earlier is a cohesion establishment factor that is only required during S
phase [106]. This suggests that Eco1 may have a role in the establishment of cohesion
during DNA replication. This hypothesis is strengthened with the discovery of an
interaction of Eco1 and PCNA. In addition mutations in Eco1 which are normally lethal in
S.cerevisiae are viable when PCNA is overexpressed [323].
Another cohesion establishment factor that has links to the replication fork is Ctf4, a
member of the replisome progression complex that associates with the GINS complex as
well as the DNA polymerase α/primase [324]. Ctf18 is part of the replication factor C
(RFCctf18) complex that is able to load PCNA onto DNA [325].
Eco1 Ctf4 and Ctf18 have been shown to localise to the replication forks in S.cerevisiae
cells arrested in S phase with HU. In this assay, BrdU incorporated into newly synthesised
DNA was immunoprecipitated with anti-BrdU antibodies. All three proteins were coimmunoprecipitated around the four early origins of replication on chromosome VI [105].
Interestingly Ctf4 was shown to promote Ctf18 recruitment. The co-immunoprecipitation
of Ctf18 with newly synthesised DNA at replication origins was reduced in Ctf4 mutant
cells [105]. Also the immunoprecipitation of newly replicated DNA with PCNA was
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reduced in Ctf18 mutant cells, confirming that Ctf18 is involved in the recruitment of
PCNA to the replication fork [105].

There are three theories as to how the replication fork passes through the cohesin complex.
The first theory is that upon encountering the replication complex the cohesin complex
disassociates with the DNA to allow for the replication complex to pass by. The cohesin
complex then re-associates with the DNA after the replication complex passes. ChlR1 and
other cohesin establishment factors are therefore thought to be present at the replication
complex to allow for re-association of the cohesin complex.
The second theory is that the replication fork passes through the cohesin complex and the
presence of the cohesin establishment factors prevents disruption of the association of
cohesin and DNA as the replication complex passes through.
The final theory involves a conformational change in the cohesin complex to allow the
replication complex through. Eco1 has been shown to acetylate Smc3. This is stimulated
by Ctf18. Acetylated Smc3 does not associate with Wapl and Pds5A that are antiestablishment factors [10]. This may result in the conformation change in the cohesion ring
that allows the passage of the replication complex through cohesin.
All three theories require the association of cohesin establishment factors with the
replication complex. Current evidence suggests that ChlR1 associates with the replication
complex and ChlR1 has a role in the passage of the replication complex through cohesin
rich regions of the DNA.
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5.2 Hypotheses and Aims
Hypothesis
ChlR1 has a role in DNA replication and the restarting of stalled replication forks.
Aims
To confirm this hypothesis I aimed to
1) Assay the effect of ChlR1 depletion on DNA replication using the DNA
combing assay.
2) Assay the effect of ChlR1 depletion on restarting of stalled replication forks
using the DNA combing assay on HU treated cells.
3) Confirm ChlR1 role in the repair of DNA damage is S phase specific using the
DNA comet assay.

5.3 ChlR1 depleted cells display S phase DNA double strand break repair defects

The evidence from the literature above links ChlR1 to a role in DNA replication. ChlR1
function is important in the DNA damage responses (discussed in results chapter 2), and I
hypothesised that this function of ChlR1 is DNA replication dependent. To test this
hypothesis I performed the neutral comet assay on ChlR1 depleted HeLa cells
synchronised in G1 and S phase to investigate whether the deficient DNA double strand
break repair responses in ChlR1 depleted cells was S phase dependent.
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Figure 43: Neutral comet assay following ChlR1 depletion. HeLa cells were transfected
with 100 nM of 5’ UTR specific ChlR1 or scrambled siRNA oligonucleotide and
synchronised in either G1 or S phase. The cells were damaged with 25Gy gamma
radiation. The repair of the transfected cells was compared to untransfected cells. Cells
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were collected 0, 2 and 3 hours after damage. (A) Shows the average head intensity and
standard deviation of 30 cells collected at each time point for each control. (b) Western
blot showing the level of ChlR1 protein in the cells used in this assay. Rabbit specific
ChlR1 antibody was used to detect endogenous ChlR1. A band of approximately 100 kDa
is present in the control siRNA lane. This band is not present in the ChlR1 siRNA treated
cells lane. This confirms ChlR1 protein is depleted in this assay.

Figure 43 shows there is a delay in the repair of DNA double strand breaks in the ChlR1
siRNA transfected cells synchronised in S phase compared to ChlR1 siRNA transfected
cells synchronised in G1 phase. Cells were synchronised in S phase by a double thymidine
block and cells were synchronised in G0 by serum starvation (both methods are described
in the materials and methods). ChlR1 depleted cells, synchronised in G1 repair the DNA
double strand breaks after 2 hours. However the DNA double strand breaks have not yet
been fully repaired after 3 hours in the ChlR1 siRNA transfected cells synchronised in S
phase. This suggests that ChlR1 function in the repair of DNA double strand breaks is
linked with DNA replication.
Therefore ChlR1 may have a function in restarting stalled replication forks which accounts
for a large percentage of DNA double strand breaks in S phase. If there was a defect in the
repair of double strand breaks and replication fork restarting in ChlR1 depleted cells then
these cells would take longer to progress through S phase. This is shown in flow cytometry
analysis of ChlR1 depleted hTERT-RPE1 cells (Parish, unpublished). hTERT-RPE1 cells
were depleted of ChlR1 by RNA interference and the cell cycle distribution analysed by
flow cytometry. The flow cytometry data shows that in ChlR1 depleted cells there is an
accumulation of cells in S phase after 72 hours of RNA interference. This corroborates
with the neutral comet assay data shown in figure 43, suggesting a defect in the repair of
DNA double strand breaks during DNA replication. Therefore I planned to utilise a
number of techniques to determine the role of ChlR1 during DNA replication. These
included the DNA combing and reverse ChIP assay.
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5.4 ChlR1 is required for efficient DNA replication

The delay in S phase seen in ChlR1 knockdown cells may be due to inefficient DNA
replication. To examine the role that ChlR1 plays in DNA replication the DNA combing
technique was employed which allows the examination of replication fork dynamics in
ChlR1 depleted cells. The assay is described in Figure 45.

The DNA combing protocol obtained from the Jallepalli lab (Sloan-Kettering Institute)
was optimised. The first step in optimising the protocol described in the materials and
methods was to check if the DNA was spread correctly and to test the ability of the
antibodies to recognise the synthetic nucleotides. The first experiment involved the pulsing
of cells with halogenated nucleotides IdU and CldU and spreading the DNA from these
cells onto slides and testing the antibodies that are specific for these halogenated
nucleotides. Using an antibody that recognises DNA I also tested that the DNA was spread
on the slides.

Pulse with IdU

Hydroxyurea treatment

Movement of
Replication fork
Pulse with CldU

Figure 44: Schematic representation of the DNA combing assay.
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(A) IdU staining

(B) CldU staining

(C) DNA Antibody

Figure 45: Analysis of replicated DNA in hTERT-RPE1 cells. hTERT-RPE1 cells were
(a) pulsed with halogenated nucleotide IdU and stained with an Alexa 547 secondary
(green), (b) pulsed with halogenated nucleotide CldU and stained with an Alexa 594
secondary (red), (c) the DNA was stained with anti-DNA antibody with an Alexa 647
secondary (blue).

Figure 45 shows that the spreading process works as the DNA is present on the slides and
the strands separated well. Also both antibodies for the halogenated nucleotides work well
at the concentrations stated in the materials and methods. The next step was to show that
initiation of replication could be observed along with the restart of stalled replication forks
using this assay. This involved the incubation of cells with IdU and then treatment the cells
with HU to stall the replication forks. Following removal of HU, the replication forks can
restart during which time the cells were incubated with CldU. The DNA was then spread
onto glass slides and incubated with the appropriate antibodies. Using the confocal
microscope tracks of DNA that were pulsed with IdU followed by CldU were imaged.
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Figure 46: Analysis of replication fork dynamics in hTERT-RPE1 cells. Cells were
incubated with halogenated nucleotide IdU (pink), then treated with HU and incubated
with a second halogenated nucleotide CldU (green). The halogenated nucleotides were
detected using the secondary antibodies as described in Figure 45.

Figure 46 shows the analysis of the replication fork dynamics after the treatment of the
cells with HU. The DNA tracks were stained with IdU and following HU treatment,
stained with CldU. The one problem with the assay was the staining with IdU was not as
strong or consistent as the CldU staining and as such the IdU pulses are not continuous
tracks in the DNA. I attempted to rectify this by increasing the amount of IdU analogue
added to the cells and increasing the amount of antibody used to stain the IdU. Both these
changes had no effect on the IdU pulsing. Therefore I planned to test the role of ChlR1 in
initiation of replication and restarting stalled replication separately using only CldU
staining. Firstly ChlR1 was depleted in hTERT-RPE1 cells and after 24 hours the cells
were pulse with CldU. The length of the pulses was compared with control siRNA
transfected cells. A reduction in length of the pulses in ChlR1 depleted cells would
indicate a functional role of ChlR1 in DNA replication.
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Figure 47: Analysis of replication fork dynamics in ChlR1 siRNA and control siRNA
transfected cells. hTERT-RPE1 cells were transfected with 100nM of ChlR1 and control
siRNA for 24 hours. These cells were incubated with a halogenated nucleotide CldU to
examine the effects on initiation of replication in ChlR1 knockdown cells. (a) Shows
strands of DNA from cells transfected with control siRNA. (b) Shows strands of DNA from
cells from cells transfected with ChlR1 siRNA. (c) Shows the average length of strands
from cells transfected with both siRNA. Pulses were measured using Leica confocal
software. The data represents the mean and standard deviation of 30 DNA strands
analysed for each control in 2 experiments. (d) Western blot showing ChlR1 expression
levels in the cells used for this assay.

As shown in figure 47 there is a significant reduction in the length of CldU incorporated
DNA strands in ChlR1 depleted cells compared to control siRNA transfected cells (p
<0.0000005). This is consistent with the flow cytometry data that suggests a defect in
DNA replication upon ChlR1 depletion. Taken together, the data suggests that ChlR1 is
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important in the replication of DNA possibily by assisting in initiation or in the
progression of the replication fork via its DNA helicase activity.

5.5 ChlR1 is required for efficient DNA replication after hydroxyurea treatment

The data presented in chapter 4 shows that ChlR1 is involved in the repair of DNA double
strand breaks. This role in DNA double strand break repair was shown to be S phase
specific (Figure 44). Inefficient restarting of stalled replication forks accounts for the
majority of DNA double strand breaks in S phase.
To examine the role ChlR1 plays in DNA replication after the stalling of DNA replication,
the DNA combing technique was employed. ChlR1 depleted cells were treated with HU
and pulsed with CldU to determine if there is a defect in DNA replication after HU
treatment when ChlR1 is depleted. The ChlR1 depleted cells were compared to control
siRNA transfected cells.

(a) Control siRNA

(b) ChlR1 siRNA
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Figure 48: Analysis of replication fork restart dynamics in ChlR1 siRNA and control
siRNA transfected cells. hTERT-RPE1 cells were transfected with 100nM of ChlR1 and
control siRNA for 24 hours. These cells were treated with HU and then incubated with a
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halogenated nucleotide CldU to examine the effects on restarting of stalled replication
forks in ChlR1 knockdown cells. (a) Shows strands of replicated DNA from cells
transfected with control siRNA, (b) Shows strands of replicated DNA from cells
transfected with ChlR1 siRNA, (c) Shows the average length of strands from cells
transfected with both siRNA. Pulses were measured using Leica confocal software. Data
shown represents the mean and standard deviation of 30 DNA strands anaylsed for each
control in 2 experiments, (d) Western blot showing ChlR1 expression levels in the cells
used for this assay.

The data shown in figure 48 indicates that there is a defect in DNA replication in ChlR1
depleted cells following HU treatment, as shown by a reduction in the length of CldU
incorporated DNA strands in ChlR1 knockdown cells compared to control siRNA cells (p<
0.0000000005). The images suggest that the replication forks are collapsing after treatment
with HU as there are no visible pulses along the tracks.

5.6 Analysis of proteins that associate with newly replicating DNA

If ChlR1 is required for DNA replication then it must associate with newly replicated
DNA. To confirm this theory I attempted to perform a reverse ChIP where hTERT-RPE1
cells were synchronised in G1 and S phase and incubated with CldU which is then
incorporated into newly replicated DNA. Cells synchronised in G1 were used as a negative
control as no replication takes place in this phase, so CldU should not be incorporated.
The cells were cross-linked and an antibody that recognises CldU was used to
immunoprecipitate the newly synthesised DNA along with the associated proteins. After
reversing the cross links and precipitating the proteins, the proteins were separated by
SDS-PAGE and the presence of specific proteins detected by western blot. The first step
was to confirm that the assay was working. PCNA was detected on CldU incorporated
DNA as a positive control as this protein has been shown to specifically associate with
newly replicated DNA [37].

157

G1 Phase

S Phase

BrdU IP

G1 Phase

S Phase

Inputs

32 kDa

PCNA
25kDa

Figure 49: BrdU incorporation and reverse ChIP for PCNA. hTERT-RPE1 cells were
synchronised in S phase by double thymidine block or in G1 by 16hr serum starvation.
These cells were released and incubated with 50μM CldU for 1 hour. Chromatin
preparations were prepared and CldU incorporated DNA was immunoprecipitated with
rat BrdU antibody, which recognises CldU. Proteins associated with the
immunoprecipitated DNA were precipitated and separated by SDS-PAGE. Mouse specific
PCNA antibody was used at a 1:5000 dilution to detect PCNA. PCNA is specifically pulled
down with the BrdU antibody in the cells synchronised in S phase but not in G1
synchronised cells.

The data shown in figure 49 confirm that PCNA associates with newly replicated DNA in
cells synchronised in S phase. In addition the assay appears to be optimised for the
detection of proteins that associate with replicating DNA. The next step was to repeat this
experiment for ChlR1. PCNA is more abundant in the cell than ChlR1 and a major
component of the replication complex. Therefore there would be a relatively large amount
of the protein pulled down in the assay. In contrast ChlR1 is only present in a small
amount at any time in the cell. Also although we believe ChlR1 functions in DNA

158
replication, it is not essential. Therefore there would be a smaller amount of the protein
pulled down with replicating DNA compared to PCNA. With this in mind the amount of
input was increased for the chromatin preparation from two 10cm dishes of cells to four
10cm dishes. This approach was unsuccessful at detecting precipitated ChlR1. Therefore
the protocol was modified. A larger percentage of the chromatin preparation was included
in the immunoprepitation reaction. The materials and methods states that 30% of the
chromatin preparation was added to the immunoprecipitation. This was increased to 50%
of the chromatin preparation. This was thought to increase the amount of ChlR1 that could
be precipitated. Another modification to the reverse ChIP protocol was to treat the cells
with hydroxyurea (HU) before harvesting. This would result in the stalling of replication
forks. The data in this chapter shows ChlR1 that functions in the restarting of stalled
replication forks. Therefore the induction of DNA damage during DNA replication from
HU treatment may lead to an increase in the association of ChlR1 with the newly
synthesised DNA. These modifications were unsuccessful in detecting precipitated ChlR1.
In summary I have shown that ChlR1 has a role in DNA replication and the restarting of
stalled replication forks. Furthermore I have shown that the role of ChlR1 in DNA double
strand break repair is link to DNA replication.
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Discussion
6.1 The role of FHL2 in cohesion establishment

The hypothesis of this project was that ChlR1 interacts with FHL2 in mammalian cells and
that FHL2 is important in the establishment of cohesion and subsequent progression
through mitosis. ChlR1, as discussed in the introduction, has an important role in the
establishment of cohesion. Therefore I hypothesised that FHL2 has a role in cohesion
establishment through the interaction with ChlR1.
The results presented in Chapter 3 suggest that FHL2 has a role in sister chromatid
cohesion. FHL2 co-immunoprecipitates with ChlR1 and the cohesin subunit Smc1 and
both these proteins have important roles in sister chromatid cohesion. Furthermore the
depletion of FHL2 in HEK293 cells results in abnormal metaphase chromosomes. The
abnormalities include a lack of centromeric cohesion, loosely paired chromatids and
chromatids that are wavy in appearance, which is hypothesised to be due to a chromosome
condensation defect. Finally analysis of propidium iodide stained FHL2 depleted hTERTRPE1 cells by flow cytometry showed an accumulation of cells in G2/M phase of the cell
cycle. This suggests that the cohesion defects results in checkpoint activation either at G2
or during mitosis
To confirm the direct interaction between ChlR1 and FHL2, I attempted to purify FHL2
protein to perform in vitro binding assays with in vitro translated ChlR1 protein. However,
the purification of FHL2 expressed from E.coli was a major problem. A number of
strategies were employed to purify the protein. A Hexa-histidine- tagged and GST-tagged
FHL2 proteins were created. Both these proteins were expressed in BL21 (DE3) E.coli but
were not soluble. The addition of urea did not improve the solubility of the protein after

160
refolding. Changing the strain of E.coli to Rossetta blue E.coli which are able to transcribe
rare codons, improved the solubility of the GST-FHL2 protein. FHL2 contains a number
of rare codons that the BL21 strain of E.coli would have difficulty in transcribing. This
may have resulted in truncation of the protein. Using the Rossetta blue E.coli strain a small
amount of GST-FHL2 was purified but was not stable when stored in PBS. The binding of
zinc to the LIM domains that forms FHL2 is important (as shown in Figure 50). Zinc
precipitates at pH 7.2 and above. The lysis buffer used in the purification process was pH
7.4. Therefore it was possible that the majority of GST-FHL2 expressed in the E.coli
precipitated. The small amount of GST-FHL2 that was purified was stored in PBS. The
pH of PBS is 7.4 therefore the protein would have precipitated with the zinc. This would
explain the results in figure 20 that shows as GST-FHL2 was stripped from the gluthonine
beads the majority of the protein was collected with the stripped beads after centrifugation,
presumable due to preciptitation.

Figure 50: The topology of the LIM domain. Two zinc ions associate with the LIM
domain and create the zinc fingers that are essential for the function of LIM domain
proteins. FHL2 contains four and a half LIM domains [326]. Image taken with permission
from the Nature publishing group.
The evidence in Chapter 3 suggests that depletion of FHL2 results in cohesion defects and
G2/M delay. Interestingly, a number of proteins including Cdc25, Wee1 and Orc6 that are
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important in the progression of cells through mitosis were discovered to be down regulated
when FHL2 is depleted [292]. The functions of these proteins will now be discussed in
more detail below.
Cdc25 is a phosphatase that is involved in the progression of the cell cycle [327]. Cdc25a
expression is down regulated when FHL2 is depleted [292]. In mammalian cells there are
three isoforms of Cdc25; a, b and c [327]. Cdc25a is important in controlling the onset of
mitosis and the initiation of S phase [328]. Its role in these processes is to dephosphorylate
and activate cyclin dependent kinase 1 and 2 (cdk 1 and 2) [328]. Cdk1 and Cdk2 regulate
the onset of mitosis and S phase respectively [329]. Down regulation of Cdc25a following
FHL2 depletion could explain the accumulation of cells G2/M shown here (Figure 24).
Downregulation of Cdc25a would prevent the activation of Cdk1 and progression into
mitosis resulting in an accumulation of cells in G2. In conjunction with this, the tyrosine
kinase that phosphorylates and inactivates Cdc2, called Wee1 [330] is also downregulated
following depletion of FHL2. Cdc2 is the S.pombe homologue of Cdk1 and as discussed
above Cdk1 is essential for the progression through mitosis. Therefore Wee1 is important
in the G2/M checkpoint ensuring the coordinated progression into mitosis [331]. In
S.pombe Wee1 is a cell cycle regulator at the G2 DNA damage checkpoint as it is
phosphorylated by Chk1 [332]. These results were replicated in Xenopus egg extracts
[331]. Wee1 phosphorylates Cdc2, which inactivates the Cdc2-cyclin B complex. In
Xenopus egg extracts Wee1 is phosphorylated and activated by Chk1 [333]. Replacement
of endogenous Wee1 with a mutant that Chk1 cannot phosphorylate results in an inability
of Wee1 to phosphorylate Cdc2 [333]. Therefore down regulation of Wee1 would result in
premature entry into mitosis. Premature entry into mitosis is likely to cause defects in
chromosome separation and condensation, like those observed in FHL2 depleted cells.
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Furthermore de-regulation of Wee1 has been shown to induce mitotic catastrophe in
glioblastoma cells, which is an aggressive form of brain tumour. Inhibition of Wee1
resulted in the cells being pushed through the G2 arrest phase which induced mitotic failure
[334]. This confirms that Wee1 is important in the G2/M checkpoint and depletion of
Wee1 would result in mitotic defects as seen here FHL2 depleted cells (Figure 22).
The origin replication complex subunit 6 (Orc6) is another protein that is down regulated
when FHL2 is depleted. Orc6 is the least conserved member of the recognition complex
and is important for cell survival [335]. It has a role in the initiation of replication (as
discussed in the introduction) and is also involved in chromosome segregation. In
drosophila Orc6 was shown to accumulate along the length of the chromatids during
anaphase. Deletion of Orc6 resulted in abnormal chromosome condensation and
segregation [336]. This resulted in the arrest of the cells in the mitotic stages of the cycle
[336]. In mammalian cells depletion of Orc6 resulted in multipolar spindles, aberrant
mitosis and the formation of multinucleated cells [335]. These results suggest that Orc6 is
important in the progression of cells through mitosis. The cohesion and condensation
defects observed in FHL2 depleted cells maybe a result of Orc6 downregulation.
The defects in mitosis observed in FHL2 depleted cells may be a result of the
downregulation of the proteins discussed above. Therefore the cohesion and condensation
defects seen may be a downstream effect and not a direct function of FHL2. Conversely
there is evidence to suggest that FHL2 has a direct role in sister chromatid cohesion.
Evidence in this thesis suggests that FHL2 interacts with two key proteins involved in
sister chromatid cohesion Smc1 and ChlR1. A future experiment to further explore the
exact role of FHL2 in sister chromatid cohesion would be to look at the loading of cohesin
onto chromosomes in FHL2 depleted cells. A ChIP assay examining the recruitment of
cohesin to the H19 locus of the genome in FHL2 depleted cells could be used. The H19
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locus is a cohesin rich region of the genome. This experiment would show if FHL2 has a
role in the loading of cohesin onto chromosomes and would confirm whether the cohesion
defects observed in FHL2 depleted cells is a direct function of FHL2 or a downstream
effect.

The evidence above does not account for the distorted chromosome structure observed in
FHL2 depleted cells. The distorted structure of the chromosomes may be due to the
disruption of chromosome condensation when FHL2 is depleted. A future experiment to
analyse whether FHL2 has a role in the condensation of chromosomes would be to stain
metaphase spreads from FHL2 depleted cells with an antibody for CAP G (a condensin 1
subunit). This would show if there was a disruption of the CAP G subunit on the
chromosomes in FHL2 depleted cells.

The distorted structure of the chromatids may be a result of the disruption of the
heterochromatin regions of the chromosomes. As discussed in the introduction
heterochromatin regions are transcriptionally silent loci with several functions, from gene
regulation to the protection of the integrity of chromosomes [180]. FHL2 has previously
been shown to have a function in transcriptional regulation. FHL2 acts as a transcriptional
co activator for a number of transcriptional factors including the androgen receptor, CREB
mediated transcription and β catenin/TCF mediated transcription pathways [337].
Depletion of FHL2 will result in the disruption of transcription. This in turn may disrupt
the transcriptionally silent heterochromatin regions resulting in loss of chromosome
integrity. This may account for the distorted structure of the chromatids. Also the ORC has
a role in the maintenance of the heterochromatin regions [338]. The ORC subunit Orc6 is
downregulated when FHL2 is depleted (as discussed above). The ORC subunits interact
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with heterochromatin protein 1 (HP1) in mammalian cells [338]. Depletion of the Orc
subunits causes a loss of HP1 association on the heterochromatin, which suggests the ORC
facilitates the assembly of HP1 onto the chromatins. Cells with the ORC subunits depleted
showed a loss of compaction at the satellite repeats which suggests that the ORC has a role
in the organisation of heterochromatin regions [338]. Downregulation of the ORC subunit
Orc6 in FHL2 depleted cells may account for the distorted chromatid structures as the
heterochromatin regions are disrupted.

Finally, FHL2 interaction with the cohesin complex may be important in the ability of
FHL2 to regulate gene expression. Cohesin has a role in the insulation of gene expression
as discussed in the introduction [185]. In mammalian cells cohesion accumulates at CTCF
consensus sequences and the major function of CTCF is in insulation of groups of genes
that are transcriptionally co regulated by preventing communication between genes and
enhancer elements of flanking genes [185]. Evidence in Chapter 3 suggests that FHL2
interacts with the cohesin complex subunit Smc1. Since the major function of FHL2 is in
transcriptional regulation it is therefore possible that FHL2 interaction with the cohesin
complex is important in this function. FHL2 may interact with cohesin at CTCF consensus
sequences and disrupt the insulating function of cohesin that flank genes, which are coregulated by FHL2. Disruption of insulation would allow for the transcription of genes coregulated by FHL2. It is possible that is the method FHL2 deploys to regulate expression
of genes. A future experiment to analyse whether cohesin is important in the regulation of
FHL2-mediated transcription would be to analyse whether the expression of genes
regulated by FHL2 changes in cells depleted of cohesin.
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6.2 The role of ChlR1 in DNA damage responses

The hypothesis of this project was that ChlR1 has a role in the repair of DNA damage and
ChlR1 is involved in the recruitment of the cohesion complex to sites of DNA double
strand breaks. Previous studies have shown the S.cerevisiae homologue of ChlR1 (Chl1p)
is involved in the repair of DNA damage (Discussed in Chapter 4)
The results presented in Chapter 4 suggest that ChlR1 has a role in the DNA damage repair
pathway. Comet assays were used to show that ChlR1 is involved in DNA double strand
break repair. The neutral comet assay, which uses an electrophoresis buffer that has a
neutral pH, was used to detect double strand breaks. The DNA is unable to unwind and
therefore only DNA with a double strand break is released during electrophoresis. Unlike
the alkaline comet assay that uses an alkaline electrophoresis buffer. The alkaline pH
causes DNA to unwind and therefore DNA with single strand breaks can be released
during electrophoresis.
The alkaline comet assay data showed that there is no significant defect in repair after 3
hours in ChlR1-depleted cells compared to untransfected and scrambled siRNA transfected
cells. The neutral comet assay data showed there was a significant defect in repair after 3
hours in ChlR1 depleted cells compared to untransfected and scrambled siRNA transfected
cells. These results suggested that ChlR1 is involved in the repair of DNA double strand
breaks.
These data provide evidence that ChlR1 has a role in the repair of DNA double strand
breaks. Therefore it is possible that ChlR1 is recruited to DNA double strand breaks. To
explore this theory a U2OS cell line with a unique restriction enzyme (SceI) recognition
sequence inserted into the genome was used [260]. The restriction enzyme recognition
sequence has a Tet operator upstream and the cells stably express GFP tagged Tet
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repressor, which binds to sequences within the operator. Therefore the location of the
inserted restriction enzyme sequence was indicated by GFP foci within the cells. I have
confirmed that the addition of the restriction enzyme results in the formation of a DNA
double strand break at the GFP foci and that the restriction enzyme-induced break is
recognised as a DNA double strand break by the cell through the localisation of gamma
H2AX to the break. Using immunofluorescent staining I have shown that ChlR1 is
recruited to this DNA double strand break. In addition the cell line was used to investigate
whether ChlR1 and phosphorylated Smc1 co-localised to the DNA double strand break. To
this end, the evidence provided in this thesis suggests that both proteins were recruited to
the DNA double strand break. Put together with the DNA repair assays described above
that indicate a defect in the repair of DNA double strand breaks following ChlR1
depletion, these data suggest that ChlR1 may directly function in the repair of DNA double
strand breaks.

To confirm the recruitment of ChlR1 to DNA double strand breaks, I also attempted a
ChIP assay in which the U2OS-based double strand break induction system described
above was used to immunoprecipitate DNA surrounding the break with ChlR1-specific
antibodies. This involved designing primers specific for a sequence in the insert
downstream of the restriction enzyme recognition site to produce a PCR product close to
the break that could be used for ChIP assays. Unfortunately, this experiment could not be
successfully optimised given the time restraints of my PhD. However, this assay still
remains an attractive method to study the specific recruitment of ChlR1 to DNA double
strand breaks and after sufficient optimisation should successfully resolve this hypothesis.
This assay could also be used to confirm whether ChlR1 and phosphorylated Smc1 co-
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localise to the regions around the DNA double strand break, as suggested by the
immunofluorescent staining shown in this thesis.

Evidence suggests that Smc1 and 3 are phosphorylated at DNA double strand breaks [258]
and this phosphorylation is ATM kinase dependent [262]. The phosphorylation of Smc1
and 3 may also require the kinase activity of DNA-PKcs. ChlR1 interacts with DNA-PKcs
(Feeney and Parish, unpublished) and may recruit DNA-PKcs to the cohesin subunits. An
experiment that could test this hypothesis would be to study the disruption of the
phosphorylated Smc1 at DNA double strand breaks by immunoflourscence following
ChlR1 depletion. This experiment would be performed using the U2OS TetO/R cell line
used in the experiments described above.
It would be interesting to explore the possibility that the helicase activity of ChlR1 is
important for its function in DNA damage repair. The helicase activity of a related helicase
BLM is important in DNA damage repair [339]. BLM is mutated in Bloom syndrome (BS)
patients [340]. BS is characterised by excessive chromosome breakage and increased rates
of sister chromatid interchange in somatic cells [340]. BS cells also exhibit higher
sensitivity to MMS and the homologous recombination repair pathway is defective [341].
BLM exhibits an ATP-dependent DNA helicase that unwinds DNA in a 3’-5’ direction
[339]. Mutations in BLM that are found in BS patients abolish both the ATPase and
helicase activity of the protein [339].
This suggests that the helicase activity of ChlR1 maybe important in DNA damage repair.
I hypothesised that ChlR1 is important in the recruitment of the cohesin complex to DNA
double strand breaks during the repair by the homologous recombination pathway.
Disruption of the helicase activity of BLM results in defects in the homologous
recombination repair pathway, which suggests that the helicase activity of ChlR1 is also

168
important in the recruitment of cohesin to DNA double strand breaks and the homologous
recombination repair pathway.
To explore the possibility that the helicase activity of ChlR1 is important in the repair of
DNA double strand breaks, a ChlR1 construct with a mutation within the ATPase domain
that prevents ATP binding could be used. Using this construct, I could replace the
endogenous ChlR1 with the mutant protein and perform the comet assays and gamma
H2AX immunodetection on irradiated cells. This would allow the determination of
whether the helicase activity of ChlR1 is important in DNA damage repair.

The data highlighting a role for ChlR1 in DNA damage repair described in this thesis
corroborate with results from previous studies. In S.cerevisiae, Chl1p was initially
discovered to function in the repair of DNA damage. Chl1p deleted cells were shown to
be more sensitive to the DNA damage reagents methyl methanesulfonate (MMS),
hydroxyurea (HU) and UV radiation [304, 305]. In addition to these studies, human ChlR1
interacts with TopBP1 and DNA-PKcs (Feeney and Parish, unpublished). These proteins
are involved in DNA damage repair (as discussed earlier). These interactions have been
confirmed by co-immunoprecipitation in mammalian cells. Furthermore the interaction
between ChlR1 and DNA-PKcs increased 6-fold after exposure of the cells to ionising
radiation (Feeney and Parish, unpublished). A number of related helicases are involved in
the repair of DNA damage lesions. The XPB and XPD helicases are part of the
transcriptional factor IIH complex (TFIIH) that functions in nucleotide excision repair
[222]. This process removes bulky adducts from DNA generated from UV light exposure
[222]. The TFIIH complex opens the DNA around the damage site through the helicase
activity of XPD and XPB [222]. FANCJ is another related helicase involved in DNA
damage repair [308]. FANCJ unwinds homologous recombination intermediates, which
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suggests it is involved in the homologous recombination pathway of double strand break
repair [310]. FANCJ knockout cells have a homologous recombination defect and are
sensitive to ionising radiation [310].
The evidence above suggests that Chl1p functions in DNA damage repair. Now I have
shown in this thesis that ChlR1 has a role in DNA damage repair. ChlR1 is required for the
repair of DNA double strand breaks and ChlR1 was recruited to DNA double strand
breaks.

6.3 The role of ChlR1 in DNA replication

The hypothesis of this project was that ChlR1 has a role in DNA replication and the
restarting of stalled replication forks. ChlR1 is important in the progression of the
replication machinery through cohesin rings. A number of other cohesion establishment
proteins including Eco1, Ctf4 and Ctf18 are important for DNA replication. Therefore I
believe the cohesion establishment function of ChlR1 is important in DNA replication.
The results presented in Chapter 5 suggest that ChlR1 has a role in DNA replication. The
DNA combing technique was used to look at the replication fork dynamics in ChlR1
siRNA compared to scrambled siRNA transfected hTERT-RPE1 cells. The length of DNA
strands labelled with the halogenated nucleotide CldU was smaller in ChlR1 siRNA
transfected cells compared to scrambled siRNA transfected cells. These results suggest
that ChlR1 has a role in DNA replication. ChlR1 interacts with proteins shown to be part
of the replication fork. These include PCNA, Mcm7 (Feeney and Parish, unpublished) and
Fen1 [50]. These results suggest that ChlR1 is a member of the replication fork complex
and is involved in the progression of the replication fork.
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Furthermore the results from this thesis suggest that ChlR1 has a role in the restarting of
DNA replication after stalling. The DNA combing technique was used to look at DNA
replication in ChlR1 and scramble siRNA transfected hTERT-RPE1 cells treated with
hydroxyurea. The length of DNA strands labelled with the halogenated nucleotide CldU
were smaller in ChlR1 siRNA transfected cells compared to scrambled siRNA transfected
cells and in many cases no visible strands were seen in the ChlR1 siRNA transfected cells.
These observations suggest that ChlR1 is required for the efficient DNA replication after
stalling and when ChlR1 is depleted these replication forks collapse. ChlR1 was identified
as an interacting partner of TopBP1 (Feeney and Parish, unpublished). TopBP1 is involved
in the processing of stalled replication forks. It recruits the 9-1-1 complex to the stalled
replication complex and this clamp acts to stabilise the replication fork [70]. This
interaction between ChlR1 and TopBP1 corroborates with the DNA combing data and
suggests that ChlR1 may bind to TopBP1 to facilitate efficient restarting of stalled
replication forks in ChlR1 depleted cells.
The inefficient DNA replication after damage leads to an inefficient repair of DNA double
strand breaks. The inefficient repair of DNA double strand breaks in ChlR1 depleted cells
seen in Chapter 4 is S phase specific as seen in figure 44. The neutral comet assay was
performed on ChlR1 depleted cells synchronised in either S phase or G1 which showed
inefficient repair of DNA double strand breaks in cells synchronised in S phase only. This
suggests that ChlR1’s role in DNA damage repair is linked to replication, specifically
during the restarting of stalled replication forks. This result also suggests that ChlR1 is
important in the homologous recombination repair pathway. Homologous recombination is
important in the repair of DNA double strand breaks in S phase and mitosis, as a DNA
template is available for recombination in these phases of the cell cycle.
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ChlR1 interacts with proteins involved in replication fork progression and depletion of
ChlR1 results in inefficient replication, I hypothesised that ChlR1 is a member of the
replication machinery. If ChlR1 is a member of the replication machinery then it is
possible ChlR1 associates with newly synthesised DNA. To explore this hypothesis, the
reverse ChIP assay was used. hTERT-RPE1 cells were incubated with the halogenated
nucleotide CldU and cross linked with formaldehyde. The whole cell lysate was prepared
and the chromatin sheared before immunoprecipitation with an antibody specific for the
halogenated nucleotide. Using this method, the CldU incorporated DNA only is
precipitated along with any associated proteins. I attempted to detect co-precipitated
ChlR1 and PCNA by western blot. PCNA was detected by western blot which suggested
that the assay was working, however I was unable to detect ChlR1. ChlR1 protein levels in
the cell are low compared to PCNA, and although ChlR1 is thought to be important in
replication it is not essential, whereas PCNA is essential for replication. Therefore I except
that more PCNA will associate with newly synthesised DNA compared to ChlR1. We
increased the number of cells used in the assay by a factor of five to increase the amount of
ChlR1 protein in the lysate. This alteration to the experiment was unsuccessful.
Future work in analysing whether ChlR1 associates with newly synthesised DNA would
be to perform the reverse ChIP assay on hTERT-RPE1 cells transfected with FLAGChlR1. This would increase the levels of ChlR1 in the cells and the highly specific FLAG
antibody would be used to detect ChlR1 by western blot, which is likely to have a higher
affinity that the available endogenous ChlR1 antibody. The FLAG epitope is not likely to
affect ChlR1 association with DNA because one of the co-immunoprecipitation
experiments used to confirmed ChlR1’s interaction with PCNA was performed using
FLAG-ChlR1. Therefore the FLAG epitope does not disrupt the association of ChlR1 to
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the replication fork protein complex, indicating it is unlikely to disrupt the possible
association of ChlR1 with DNA.
One model to describe how the replication fork passes cohesin rich regions of DNA is that
the cohesin complex has to dissociate from the DNA to allow for the progression of the
replication fork then re-associate with the DNA after the replication fork has passed. My
hypothesis is that ChlR1 is involved in the re-association of the cohesin complex after the
replication fork has passed because ChlR1 is a cohesion establishment factor. This theory
could be explored using the reverse ChIP assay. Following ChlR1 depletion, disruption of
the association of the cohesin complex with newly synthesised DNA should be anaylsed.
This would reveal whether ChlR1 is involved in the re-association of cohesin after the
replication fork has passed. This assay should work as cohesin should coimmunoprecipitated with newly synthesised DNA because cohesin associates with the
DNA during S phase as it is loaded onto the chromosomes in mammalian cells during
telophase.
The helicase activity of ChlR1 may be important in DNA replication. In in vitro assays, the
replicative helicase, the MCM complex has a preference to displace oligonucleotides
annealed to single stranded DNA in a 3’-5’ direction [16]. ChlR1 has a preference to
unwind in the 5-3’ direction on short single stranded DNA templates of 19 nucleotides in
length [174]. Unlike other DNA helicases, ChlR1 can translocate along single stranded
DNA in both directions when the substrates have a very long single stranded DNA region
[174]. The MCM helicase and ChlR1 unwind DNA in opposite directions, suggesting they
may work in tandem at the replication fork.
To explore the possibility that the helicase activity of ChlR1 is important in DNA
replication, I would replace the endogenous ChlR1 with the ATP binding mutant protein
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and perform the DNA combing assay. This would prove that the helicase activity of ChlR1
is important in DNA replication.

The results obtained in this thesis suggesting a role for ChlR1 in DNA replication, are in
argeement with results from previous studies. ChlR1 interacts with a number of proteins
involved in DNA replication including Mcm7, PCNA, TopBP1 (Feeney and Parish,
unpublished) and Fen1 [50]. Furthermore ChlR1 stimulates the endonuclease in vitro
activity of Fen1 three fold [50]. In addition, a number of other cohesion establishment
factors associate with the replication fork, including Ctf18 and Esco1 and 2. A number of
related helicases are involved in DNA replication. FANCJ has been shown to function in
DNA replication checkpoint control [311]. FANCJ interacts with TopBP1 and FANCJ
knockdown results in the inability of RPA to load onto the DNA [311]. This is a
prerequisite for ATR checkpoint activation. FANCJ is involved in the phosphorylation of
both Chk1 and RPA following replication stress [311]. These results suggest FANCJ has a
role in the restarting of stalled replication forks after DNA damage. RecF is another related
helicase involved in DNA replication. In E.coli depleted of RecF replication fails to
recover after UV damage [320]. Furthermore RecF is important in protecting the nascent
DNA at stalled replication forks [321]. In the absence of RecF in E coli the nascent strand
is degraded at these stalled replication forks [321].
The evidence above suggests that ChlR1 functions in DNA replication. I have shown in
this thesis that ChlR1 is important in DNA replication. Depletion of ChlR1 resulted in
inefficient DNA replication. In addition depletion of ChlR1 resulted in inefficient
restarting of stalled replication forks after Hydroxyurea treatment.
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6.4 The role of ChlR1 in the maintenance of the papillomavirus genome

ChlR1 has been shown to have a role in the maintenance of papillomaviruses genomes
[342]. Papillomaviruses are DNA viruses that are a causative agent of genital warts and
cervical cancer [343]. The genome is maintained as a double stranded DNA plasmid.
Segregation and maintenance of the episomal genome requires the virus to hijack the host
cells mitotic pathway [343]. ChlR1 loads the papillomavirus genome onto the host cell
chromosomes prior to mitosis to allow for the genome to transfer into the daughter cells
[342]. The papillomavirus genome attaches to ChlR1 through an interaction with the
papillomavirus E2 protein [342]. The papillomavirus E2 protein is involved in the
replication of the viral genome. A mutation in E2 that prevents the interaction with ChlR1
prevents E2 from associating with the chromosomes and disrupts viral genome persistence
[342]. Similar results occur when ChlR1 is depleted by RNA interference [342].
The interaction between ChlR1 and E2 may occur at stalled replication forks. Therefore
the loading of the papillomavirus genome may occur at the stalled replication forks. With
the replication fork stalled and ChlR1 stationary this would allow for easier loading of the
viral genome onto the chromosomes. This theory requires that papillomaviruses can cause
stalling of the replication fork. There is evidence that suggests E2 causes DNA damage in
the host DNA. Expression of E2 causes increased phosphorylation of gamma H2AX and
Chk2 [344]. Expression also results in growth arrest [344]. Therefore the papillomavirus
may induce DNA damage which would result in stalled replication forks. The viral
genome would then be loaded onto the chromosomes at the stalled replication forks. E2
also interacts with TopBP1, further evidence supporting this hypothesis [345]. As
discussed earlier TopBP1 has a crucial role in the restarting of stalled replication forks.
Finally the interaction between ChlR1 and E2 occurs in S phase of the cell cycle [346].
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The results from this thesis shed light on the loading of the papillomavirus genome onto
the host chromosome. The evidence in this thesis suggesting that ChlR1 is present at
stalled replication forks and is involved in the restarting of stalled replication forks
provides a mechanism for the loading of papillomavirus genomes onto host chromosomes.

6.5 Concluding Remarks

The data presented in this thesis sheds light on the phenotype found in Warsaw breakage
syndrome, caused by a mutation in the DDX11 gene, which encodes ChlR1. The
chromosome breaks observed in this syndrome are supported by the evidence provided
here that highlight an involvement of ChlR1 with DNA damage repair and the restarting of
stalled replication forks. Chromosome breaks result from the accumulation and inefficient
repair of DNA double strand breaks. A related helicase, BLM, has been shown to be
involved in the autosomal recessive disorder Bloom syndrome [347]. A feature of this
syndrome is chromosome breaks [348]. The phenotype of the syndrome includes
sensitivity to the sun, immunodeficiency and a pre-disposition to cancer [340]. Bloom
syndrome cells display a high level of sister chromatid exchange, telomere association and
chromosome breaks [348]. The high level of chromosome breaks suggests there is a defect
in the repair of DNA damage in these cells. Furthermore, BLM depleted cells show a
higher sensitivity to the DNA damaging reagent MMS [341]. Mutations in BLM found in
bloom syndrome abolish the ATPase and DNA helicase activity of the BLM protein [339].
This suggests that the helicase activity of the protein is essential in its role in DNA damage
repair. BLM also interacts with topoisomerase II α and topoisomerase II α stimulates the
helicase activity of BLM [349]. Topoisomerase II α has been shown to be involved in the
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processing of chromosome breaks [350]. The protein is involved in the unknotting and
decatenation of the DNA by cleaving both strands of DNA to allow for the passage of
other DNA duplexes [350]. Inhibition of

topoisomerase II α causes high levels of

chromosome breaks [351]. Interestingly, as discussed previously ChlR1 interacts with a
topoisomerase binding protein 1 (TopBP1). This interaction may play a role in the
processing of chromosome breaks. Therefore the results presented in this thesis suggest
that the chromosome breaks present in Warsaw breakage syndrome cells are a result of
inefficient DNA damage repair due to depleted levels of ChlR1.

ChlR1 has previously been shown to be a cohesion establishment factor. ChlR1 interacts
with the subunits of the cohesin complex and depletion of ChlR1 results in premature
chromosome segregation and chromosomes with reduced centromeric cohesion. It has
been suggested that ChlR1 is involved in the loading of the cohesin complex onto the
chromosomes but results in this thesis now lead to the hypothesis that ChlR1 is involved in
cohesion establishment because cohesion establishment occurs during DNA replication
and as shown in this thesis, ChlR1 plays a role in efficient DNA replication.
Work in this thesis has also shown that ChlR1 depleted cells repair DNA damage
inefficiently. The data suggest that ChlR1 is involved in the repair of DNA double strand
breaks during S phase. This supports the data highlighting that ChlR1 has an important
role in the restarting of stalled replication forks. Stalled replication forks account for a
large percentage of DNA damage in cells.
As discussed earlier defects in DNA damage repair pathways lead to increased cancer
susceptibility. Therefore I believe ChlR1 is an important cancer research target in future.
However, ChlR1 function is in need of further characterisation before this conclusion can
be made. The crystal structure is still unknown and would reveal much about the function
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of the protein in relation to other DNA helicases that are more extensively characterised.
Nonetheless, my work has shown that ChlR1 is a helicase of emerging significance in the
field of genomic integrity.
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