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ABSTRACT

The eukaryotic Structural Maintenance of Chromosoif&MC) family
comprises six members; Smcl to Smc6. Smc protentin five characteristic
domains: Walker A and B motifs at N- and C-termimaspectively, two coiled-
coil regions and a hinge motif situated in the cemtf the polypeptide. Smcl-
Smc3 heterodimer (cohesin) and Smc2-Smc4 (condeasnrequired for sister
chromatid cohesion and mitotic DNA condensatiospegtivel. The Smc5-Smc6
heterodimer is crucial for proper DNA repair angpense to DNA damage
through homologous recombination (HR). The Smc5€m®eaffold binds six
non-Smc elements (Nsel to Nse6) which supplemenstiiucture. Each subunit
of the yeast Smc5-Smc6 complex is essential fdriktia and their mutants are
sensitive to DNA damage.

We generatedSmc5, NseZ” (SUMO E3 ligase) andNse2”'Smc5
chicken DT40 cells. All three cell lines are vighteit differ in their phenotypes.
Smc5 cells show increased mitotic index and number béreant mitotics
compared to wild type andNse2 mutants. Additionally,Smc5 mutants are
sensitive to ionizing radiation (IR) and methyl hetesulfonate (MMS),
whereasNse2 show decreased survival and elevated chromosobataions
only after MMS treatment. Both cell lines have @ased break induced sister
chromatid recombination activities but additionaMse2show slightly elevated
gene targeting efficiencies. Nse2-, Smc5-deficiamd Nse2”Smc5 cells
showed increased levels of sister chromatid exatsngompared to wild type.
Moreover, loss of Smc5 protein but not Nse2, resalimpaired sister chromatid
cohesion as measured by distances between a teissep GFP bound to

chromosomally integrated tet operator arrays.

The different phenotypes ofmc5 and Nse2 cells suggest possible
separate functions of Smc5 and Nse2 proteins. Was supported by the
epistatis analysis of the doubly targeted cloNes2”"Smc5 Additionally, the
observed discrepancies can be explained by disteatls of Smc5-Smc6

complex destabilization ismc5and Nse2 backgrounds. Taken together, our
16



results suggest that the Smc5-Smc6 complex doeplagta direct role in HR
but that it is possibly a part of the HR regulatomgchinery. We conclude that
Smc5 and Nse2 proteins are required for properlaggo of DNA repair and
recombination after DNA damage.
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Chapter 1 Introduction

1.1 DNA and genome stability

Deoxyribonucleic acid (DNA) was discovered in 18869 Johann
Friedrich Miescher, a Swiss biochemist working iibihgen, Germany (Brown,
2002). Almost a century later, experiments withtbaa performed by Avery
and co-workers, gave evidence for DNA being thadreaf genetic information
(Avery et al., 1944). In 1952, Hershey and Chasedusiral particles to
demonstrate that during bacterial cell infectioWNAis transferred from virus to
bacterial host, not proteins as previously beliefléershey and Chase, 1952). A
year later Watson and Crick, using X-ray differatiin patterns, elucidated the
DNA helix structure (Watson, 1953).

DNA is a bio-polymer built up of two anti-parallestrands of
deoxyribonucleotides linked by phosphodiester boBa@sh deoxyribonucleotide
consists of a sugar ring (deoxyribose), and a neggatcharged phosphate group,
which together form the backbone of the strand amé of four highly
hydrophobic nitrogenous bases (pyrimidines-likenqwe (A) and guanine (G) or
pyridines-like thymine (T) and cytosine (C), FigutelA). The water-soluble
backbone of DNA interacts with the solvent molesulghielding hydrophobic
bases stacked between the two strands (Figure .1la@yidual DNA strands
contain two different ends with either a 3’ hydrogyoup (3’ end) or a 5’
phosphate moiety (5 end) (Watson, 1953) (Figur&B)L. The anti-parallel
strands interact through non-covalent hydrogen boofd A-T and C-G base
pairs. The genetic information is embedded in thequence of
deoxyribonucleotides. The DNA molecule contains yneimemical moieties that
can easily undergo chemical modifications and piwotal for any living entity
to ensure DNA stability and the correctness osé@quence. The maintenance of
genomic integrity is essential for the survival apibsperity of each single
species. It has been estimated that tens of thdasaflesions per day are being
introduced into the DNA of a single cell (LindamdaBarnes, 2000).
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Figure 1.1 DNAcomposition
Graphical representation cA) chemical structure of the DNi#ases, B) linear structu of the
DNA double helix.

All of these DNA alterations have to be removedobethey become
fixed as permanent mutatiorThe acumulation of such changes may thre:
cell and organism viability or result in differepathological conditior, such as
cancer, trinucleotide repeat disorders (fragile X syndromentihgton’s diease,
Friedrich’s ataxia etc.) and heart dise. Cells have evolved specific
mechanisms to dealith and remove various DNA lesions and preveramatic
changes in their genetic material. These include cycle checkpoints, DN/

repair and cell deatpathway.

1.2 Cell cycle

Every cellgrows and divide, giving rise tonew progen. Somatic cells
go through repetitive changes called the celle. The cell cycle compriseour
different stages: MG;, S and G (Figure 1.2).In the DNA synthesis phase
phase), the genetic material is dugted and later it is divided betwe two new
cells duringmitosis (M phase)The G and G phases (G fogap)separate DNA

synthesis and mitosis stages of the cell «. During G, and G, cells continue t
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grow and synthesise proteins essenfor execution of S and M phase
respectively. This includes enzymes required forAD$ynthesis,microtubules
andmembrane componer

The ell cycle is regulated tough a class oenzymes called cycli
dependent kinases (CDK« CDK activitiesare determined by cyclin levels a
vary acros the cell cyclecorrespondingwith crucial events in each of tl

phases.

Figure 1.2 Cell cycle.
Graphiaal representation of tt cell cycle phase: M — mitosis,; @1d G —gap phases 1 and 2,
— DNA synthesis phasBlack helices represents DNA, brown spots and dilsbiow centrosom

and microtubules, respective

There is a singleyclin dependent kinase gene Saccharomycescerevisiae
(Cdc2, three inSchizosaccharomyc pombe(CDC28 PHO85andKIN28) and
at least 13 €DK1-13) in human (Morgan, 1995,997; Sullivan and Morgat
2007) These kinases can bind to at least 15 differgclircfamilies (A-L, O, T
and Y) (reviewed in(Murray, 2004)) Each stage of cell cycle has its spec
CDK and cyclin complexes that drive activation ebgesses essential for ti
stage.Activation of CDKs is an essential requirement &mry cell to progres
into next cell cyclgphas,, and for such catalytical competency binding of ity

subunit and subsequent -translational modifications (PTM) of CDks
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required(reviewed in(Nurse, 2002)). For exampl€dkl activation is mandatc
for mitotic progression. Cdkl is activated by binding to itglicy B partne
(reviewed in(Sanchez and Dynlacht, 20i). Availability of the cyclin B is
balancedthrough its constarexpression and degradatidn. additior, to cyclin
binding, Cdklhas to be phosphorylatet the activatingT16C site by cyclin
activating kinase (CAK) (viewed in(Sanchez and Dynlacht, 20)). Another
regulatory site of Cdk1T14 is phsphorylated by Weel kinase (reviewec
(Niida and Nakanishi, 200), but this modification has to be removed to fi
activate Cdl. This is achieved by phosphse activity of theCdc25 family of
proteins.Once Cdklis bound to cyclin B and phosphortdd at T160,t can
modify specificsubstrate, such asnaphase promoting complex (Al, that are
essential for progression through the M pl (reviewed in(Rudner and Murra
2000)) Similar regulatory events are required the activation of other cyclil
dependent kinaseBigure 1.3 shows hothe expression of specific cyclins al

activity of CDKs changes during the cell cy
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Figure 1.3 Cell cycleegulation by CDK-cyclin complexes.

Cartoon represents cycllevels and CDs activitiethrough the stages of the cell cy.
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Cyclin D is constitutively expressed through th#é cgcle, whereas cyclin E, A
and B are specific for {20 S phase, S phase te &d Gto M phase transitions,
respectively (reviewed in (Sanchez and Dynlach®520 CDK2,-4,-5 and -6 are
activated during @ phase (@ CDKs), CDK1 and -2 control S and M phase
progression (S and M phase CDKSs) (reviewed in (siur2004)).

1.3 DNA damage

As mentioned earlier, DNA is a very unstable moled¢bat is constantly
being physically and chemically modified. Dependargthe source of the DNA
damaging agent we can distinguish two types of Did#nage: endogenous and
exogenous (reviewed in (Friedberg, 2003)).

Endogenous DNA damage is the result of the metalzativity of the
cell and it is caused by reactive oxygen specieSSR nitrogen compounds
produced by cell metabolism and during the inflartona response by the
immune system, alkylating agents (like S-adenostfioaine) and replication
errors (reviewed in (Lindahl and Barnes, 2000)).

Exogenous DNA damage is a result of exposure tdight; gamma and
X-rays, thermal factors, toxins (for example foaukihs like aflatoxins or
heterocyclic amines present and in over-cooked sheahemicals like those
present in a cigarette smoke (benzopyrene) and nmaose environmental
challenges (reviewed in (Harper and Elledge, 2007))

Both endogenous and exogenous DNA damage causarediff DNA
modifications. Those are base (deaminations, owidatand alkylations) and
strand alterations (single and double strand braaks- and inter-strand cross-
links). Each of these DNA lesions triggers a spediésponse to restore the
integrity of the genetic information. Dependingtbe level of DNA damage the
cell can either stall the cell cycle and repair lgions or undergo controlled
death (apoptosis). In the next few sections thpamses to DNA damage and

specific DNA repair pathways will be described etall.
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1.4 DNA damage response (DDF

The DNA damage response is a complicated netwonkrateir-protein
interactions whosaltimate goal is to restore DNintegrity. The vast network ¢
proteins comprises three main classes of Dcomponents namely DNA
damage sensors, sigimediators and effectors (Figure 1.4).

DNA damage
SEnsors

7 1IN\

DNA damage
mediators

7 I\

OMA damage
effectors

7 I\

Cell cycle arrest  DMA repair Cell death

ATM

Mdc1

Chk1

,' ) Intra- and interstrand cross-link ? Base modification

W Single strand ﬂl ’ Doouble strand Abasic site
break break

Figure 1.4 DNAdamage respon: pathways.

Graphical representation of DNA damage response pats. After DNA damage, specialis
proteins (DNA sensors) sense the lesions and adettha mediator proteins (signal transduce
The function of the mediator proteins is to mobilise DM damage effectors which then trige

specific cellular responsesuch as cell cycle arrest, DNA repair or cell death
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The DDR is regulated at many different levels byotgin-protein
interactions and a plethora of protein modificasiqreviewed in (Bergink and
Jentsch, 2009; Harper and Elledge, 2007; Misteti &outoglou, 2009)). It is
crucial for cell survival that these happen in tight place in the right time.
Many different proteins are required for the propesponse to DNA damage
(reviewed in (Ciccia and Elledge, 2010)). Anotheydr of DDR control comes
from up- and down-regulation of specific genes megufor cellular responses to
stressful conditions.

After introduction of DNA damage, specific DDR patys are activated
to stall the cell cycle progression and repair adticed lesions or trigger
controlled cell death (reviewed in (Niida and Nalkan 2006)). The decision is
mainly made according to the severity of the DNAndge and cell cycle stage.
Depending on the DNA damage timing, cell cycle strres achieved by
activation of specific surveillance pathways, imthg degradation of Cdc25
phosphatases, degradation of cyclins and finafliyibition of CDKs (discussed
in Section 1.5 and reviewed in (Nurse, 2002)). €hesllular mechanisms,
termed cell cycle checkpoints, prevent cell proéfeon under DNA damage and
stress conditions.

Parallel to checkpoint establishment, the DNA daeisgbeing repaired
by specialised protein complexes. Two familieserisor proteins play a central
role in the DNA damage response, the phosphatiolyiiol 3-kinase like protein
kinases (PIKKs) family which include the ATM (ataxielangiectasia mutated),
ATR (ataxia telangiectasia related) and DNA-PK (DN#ependent protein
kinase) kinases and a group of poly(ADP)ribose mpeirases (PARP) proteins
(Harper and Elledge, 2007; Meek et al., 2008). A& and DNA-PK kinases
are principally involved in responses to DNA doulsigand breaks (DSB),
whereas ATR functions to ensure the integrity of ADkeplication forks in
response to DNA damage (reviewed in (Cimprich andéz, 2008)). The PARP
family of proteins is mainly required for base exon repair (BER) and single
strand break (SSB) repair pathways. However, @ ais been shown to play a
regulatory role in DSB repair (reviewed in (Schegibet al., 2006)). The
ATM/ATR/DNA-PK proteins regulate the DDR outcome byprotein
phosphorylation, whereas PARPs function by attactiroeADP-ribose residues
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to their targets. Once activated, the sensor pretecruit the mediator factors to
the site of the damage. The mediator proteins, saghmediator of DNA
checkpoint 1 (Mdc1l), breast cancer type suscejtyilpiotein 1 (BRCAL) and 53
binding protein 1 (53BP1) migrates to site of DNantage (reviewed in (Ciccia
and Elledge, 2010; Harper and Elledge, 2007). Mainthe mediator proteins
contain the BRCA1 C-terminus (BRCT) domains neagsia transduction of
DNA damage signals. These domains are required dwtein-protein
interactions through binding to phospho-proteiesigwed in (Canman, 2003)).

Each sensor interacts and modifies many differezdiator molecules in
order to amplify the signal. Subsequently, the matedifactors such as Mdcl,
BRCA1, 53BP1 regulate the activity of effector mios, such as Chkl
(checkpoint 1) and Chk2 (checkpoint 2) kinases, cvhactivate a specific
response to the stress conditions. For examplespbluoylation of the target
effector proteins, such as the Cdc25 family of phasases and cyclin dependent
kinases by ATM-Chk2 and ATR-Chkl pathways is reegiifor slowing cell
cycle progression after DNA damage (reviewed irc§@ and Elledge, 2010)).
Activation of another protein, the p53 transcriptfactor plays important role in
the DDR. Its activation by ATM-Chk2 and ATR-Chkl pdmdent
phosphorylation up-regulates gene expression. Tgeses activate cell cycle
inhibitory pathways, control DNA damage repair miuce apoptosis.

1.5 Cell cycle checkpoints

Control of cell cycle progression is important fagll survival. Specific
pathways have evolved to precisely monitor the adgaof the cell through
stages of the cell cycle. These pathways, calleglgioints, are present i G,
G, and M phases and ensure the order of cell cyaatswo preserve genomic
integrity. These mechanisms prevent cell cycle megjon and allow for DNA
repair before the cell can enter the next stagéhefcell cycle (Hartwell and
Weinert, 1989).

The G checkpoint ensures that cells do not enter S pwithkedamaged
DNA (reviewed in (Zhou and Elledge, 2000)). It isaimly controlled by the
tumour suppressor protein p53 which accumulatesPNg\ damage in order to

stall the cell cycle. ATM and ATR phosphorylate pE3515 and S20 in order to
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activate it (Banin et al., 1998). The p53 proteam @lso be phosphorylated at the
same sites by the ATM/ATR target kinases Chkl armdk2C(Canman and
Kastan, 1998; Canman et al., 1998). Normally p5gan forms a complex with
the ubiquitin ligase MDM2, which ensures the rajichover of the p53 protein
(Wahl and Carr, 2001). The phosphorylated form %8 goes not interact with
MDM2 and therefore is no longer targeted for degtimsh (Chehab et al., 1999).
This results in the accumulation of active p53 @irot{Chehab et al., 1999). In
addition, post-DNA damage MDMZ2 is also modified ey ATM/ATR kinases
and targeted for proteasomal degradation, whicthéuramplifies the signal for
p53 protein release and accumulation (Maya et280D]1). These events lead to
increased levels of p53 protein, which is thendlarated to the nucleus (Maya
et al.,, 2001). The transcriptional activity of pS8mulates the expression of
genes involved in the control of cell cycle progiea. Genes regulated by p53
are the growth arrest genes PBYVA™ Gadd45, DNA repair genes, such as
p53R2 and apoptosis genes Bax, Apaf-1, PUMA andaldXastan et al., 1992;
Lowe et al., 1993; Vogelstein et al., 2000). P21"AF is a CDK inhibitor that
negatively regulates Cdk2/cyclin E activity leaditogG, cell cycle arrest (Lowe
et al., 1993). In addition, ATR and ATM kinases tohCDK phosphorylation
status through the regulation of Cdc25A phosphatadevity (reviewed in
(Morgan, 1997)). Upon modification by ATM/ATR, Cde& protein is targeted
for degradation (Bartek et al., 2004). Without thetivity of Cdc25A, the
Cdk2/cyclin E complex cannot be activated by dephosylation to promote cell
progression throughGo S transition.

The G phase contains another checkpoint-like pathwaghtell has to
pass through the Gohase ‘restriction point’, after which cell comsib finish
DNA duplication and division. This is regulated fiye RB (retinoblastoma
protein)/E2F (transcription factor) complex. Phaspfation of pRB by the &
CDK complex (Cdk4/6-cyclin D) releases the E2F g@irmt The E2F transcription
factor then regulates expression of genes reqdimegdrogression from Gto S
phase (including Cdc25A, Cdk2, PCNA, DNA polymera#g cyclin A/D)
(Bartek et al., 1997; Sherr and McCormick, 2002).

The S phase checkpoint induces DNA replicatioflisgaupon DNA
damage and controls origin firing (Costanzo et20Q3). When S phase cells are
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exposed to DNA damage, ATM and ATR kinases arevaietd in order to
decrease the rate of DNA synthesis or to stoptit DINA lesions are removed
(reviewed in (Bartek et al., 2004; Osborn et &@02). It is important to protect
replication fork integrity as collapsed forks arghty toxic (reviewed in (Bartek
et al., 2004)). There are two different pathwaysueimg for such an outcome.
The first of the pathways inhibits origin firing knegulation of the Cdc25A
phosphatase levels in manner similar to that desdrifor the G checkpoint.
ATR/Chk1 is activated and ensures low levels of Z&dcthrough activation of
the Skpl—Cullin—F-box (SCF) ubiquitin ligaB&rCP which targets Cdc25A for
proteasome-mediated hydrolysis (Busino et al., 2R0Bhis keeps Cdk2 in its
inactive hyperphosphorylated state and inhibits 45dprotein (Bartek et al.,
2004; Busino et al., 2003b; Jin et al., 2003). GdisAan essential component of
the CMG complex (Cdc45-Mcm2-7-GINS) required fontiation of DNA
replication (Moyer et al., 2006). In addition, imetabsence of Cdc45, the DNA
polymerased cannot be loaded onto DNA and start DNA synthésigiewed in
(Bell and Dutta, 2002)).

In the second branch, ATM phosphorylates severateprs, such as
structural maintenance of chromosomes 1 (Smcl)lMbsl BRCA1 to activate
an S phase checkpoint (Kitagawa et al., 2004; O&toal., 2007; Yazdi et al.,
2002). Smcl modification is required for the adiwa of the S phase checkpoint
in response to IR and this activation is Nbsl ddpah (Yazdi et al., 2002).
BRCAL mediates activation of the S phase checkpbiaugh interaction with
checkpoint proteins, such as ATR, Nbsl and MdcIrté2cet al., 1999; Stewart
et al., 2003; Tibbetts et al., 2000; Xu et al., 200’he mechanism of the ATM-
Nbs1-BRCA1-Smcl branch is not well understood big necessary for the full
activation of the S phase checkpoint and inhibitdiDNA synthesis upon DNA
damage.

The G checkpoint protects cells from entering mitosishwinrepaired
DNA. ATM-Chk2 and ATR-Chkl activate Cdc25C phosphataiseesponse to
genotoxic stress (Capasso et al., 2002; Falck.ef@D1).The 14-3-3 complex
interacts with the phosphorylated form of Cdc25@ amlocates it from the
nucleus where it is targeted for proteasome-medlidégradation (Mailand et al.,

2000). Loss of Cdc25C activity impedes the fuliation of the mitosis-specific
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Cdk1/cyclin Bcomplex (reviewed in (Sancar et al., 2004))addition, activated
Chk1 stabilises Weel, leading to Cdk1 deactivalipits phosphorylation at the
inhibitory site T14 (Raleigh and O'Connell, 2000pactive Cdkl/cyclin B
complex cannot drive the cell to enter the mitosms.addition, Chk2 kinase
phosphorylates p53, which is followed by increasggression of pZ1PY/WAFL
and 14-3-8 proteins (Bunz et al., 1998; Chan et al., 1992)°"*"WA L inhibits
the activity of Cdkl/cyclin B directly and 14-33proteins indirectly by
sequestering the Cdk1/cyclin B complex activater@c25C phosphatase.

The spindle assembly checkpoint (SAC) ensures pragiachment of
microtubules to chromosomes. This pathway operagel/ in mitosis and is
conserved from yeast to human. Defects in this @u@sim result in abnormal
anaphase and aneuploidy (Vallee et al., 2006priteipal components in yeast,
Aurora B (aurora kinase B), Bubl (budding uninkgtitby benzimidazole),
Mpsl1 (monopolar spindle 1), Bub3, Madl (mitoticestrdeficient) and BubR1
localize to kinetochores (reviewed in (Przewlokad aGlover, 2009)). In
metazoan cells, SAC proteins also include ZwinEENP-E/I/F (Mehta et al.,
2010; Starr et al., 2000). The central functiontto§ checkpoint is to monitor
spindle health, its proper tension and microtulattachment to chromosomes at
the kinetochores. In response to conditions of ahab spindle attachment to
chromosomes, Bubl phosphorylates Madl in a Bub&mmt manner
(Hardwick and Murray, 1995; Hardwick et al., 199@his is required for
formation of the mitotic checkpoint complex (MCChieh inhibits activity of
the anaphase promoting complex/cyclosome (APC/@)dmgradation of cyclin
B and Pds1/Securin (precocious dissociation oérgst Activation of the MCC
complex is not clear but it may occur through twibedent mechanisms. In the
first mechanism, abnormal interaction between ntityoles and kinetochores is
sensed and signals for the formation of the MCC mew In the second
pathway, the MCC complex is thought to be a parthefkinetochore and it is
activated when unattached microtubules are pre@emtewed in (Lu et al.,
2009)). Normally, the APC/C complex is required famoval of residual
kinetochore-localised sister chromatid cohesin ughodegradation of Securin.
MCC activation leads to prolonged mitosis througigative regulation of sister

chromatid separation (reviewed in (Nezi and Musexck009)). If the spindle
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forces and kinetochore attachment are restoredscpliomoted to enter mitosis

and finish the cell cycle.

1.6 DNA repair

There are many different DNA repair pathways tleat deal with various
types of DNA lesions. These pathways are highly seoved throughout
evolution, confirming the importance of genomic ntahance and DNA repair
activity. DNA damage that can occur includes basdifitations (deaminations,
alkylations, oxidations), sugar modifications, m&uohes, intra- and inter-strand
cross-links, single and double strand breaks (vestein (Ciccia and Elledge,
2010)). Sections 1.6.1 — 1.6.4 describe the vamoeshanisms involved in DNA

repair.

1.6.1 DNA alkylation and oxidation repair

DNA alkylation is a process in which an alkyl gro@#R) is transferred
onto a nitrogen or oxygen atom in the DNA helix.eTalkyl groups can be as
simple as methyl (-C§J or ethyl (-CHCHs;) groups, or more complicated like
those found in the antineoplastic agents nitrogestard, nitrosoureas and alkyl
sulphonates. The main responses to DNA alkylatian direct demethylation
pathways and base excision repair (BER).

In the direct demethylation process, methyl trarasfe proteins, such as
methylguanine-DNA  methyltransferase (MGMT) or atkyadnine-DNA
transferase (AGT) remove the DNA alkylation by doup the damaging alkyl
group with its active site cysteine (reviewed inndahl et al., 1988; Sedgwick,
2004)). G-alkylguanine and ®alkylthymine adducts are repaired through a
direct reversal mechanism. In this process a aystesidue attacks the alkyl
adduct and receives it in & (nucleophilic substitution bimolecular) reaction.
This leads to irreversible inactivation of the emeywhich is then targeted for
degradation. Other types of DNA adducts such asnbthyladenine and N
methylcytosine are removed lBscherichia coliAlkB protein and its human
orthologues. These lesions are reversed throughoxadative dealkylation
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reaction in whichthe oxidised product decomposes to giagerepaired base
(Falnes et al.,@2; Trewick et al., 200.

The BER pathway is required for removal of singldAbases that hav
been modified. The lesions removed by BER are atlois, oxidations, DN/
base mismatches, cytosine deaminations (uracil) &-methylcytosine:
(reviewed in(Lindahl, 1997; Lindahl and Barnes, 20). The modified base
first recognised and excised from the DNA strandyfe 1.5 (1))
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Figure 1.5 Base excision repair pathwa

Cartoon shows mechanisriof long and short patch BER with thezgmes involved each step:
(1) DNA glycosylaseemoves damaged b: (2) APE-1cleaves the AP s, (3,7) DNA
polymerasdills the resulting ga, (4) FEN1 removes the 5’ flafb,8) DNA ligastseals the DNA
gap (6) 5'deoxyribosephosphate (5'dF lyase removes the 5’-deoxyribose.

Dependingon the modifiedbase or the type of alteration, specific DNA

glycosylase igecruitedto remove the damaged bgseviewed in(Lindahl and

Barnes, 2000)) There are two different typewof DNA glycosylase,

monofurctional and bifuntional (reviewed in(Lindahl and Barnes, 20(). A

monofunctional glycosylase has orny a glycosylase activity, whereaa

bifunctional one has additional apurinic/apyrimidinic (AP) lyase actiy
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(reviewed in (Lindahl and Barnes, 2000)). For exkmihe thymine-DNA
glycosylase (TDG) is required for removal of thyminom G/T mismatches, and
uracil-DNA glycosylase removes mis-incorporated uracil fromAD(eviewed
in (Lindahl, 1982))The E.coli DNA glycosylase AlkA and its human orthologue
MPG (DNA-3-methyladenine glycosylase) process 3hylatlenine (3mA)
(reviewed in (Seeberg 1995)). Other proteins indgdE.coli and human
endonuclease Ill and 8-oxoguanine glycosylase repaymine glycols,
hydroxycytosine and 8-oxoguanine, respectively iéwed in (Seeberg et al.,
1995)).

After removal of the base, the AP site is left Imeh{Figure 1.5 (1)). This
site is then cleaved by the activity of either fabctional DNA glycosylase or by
a specialised AP endonuclease. AP endonuclease PE-{A cleaves the
phosphodiester backbone immediately 5’ to the AP Isiaving a single strand
break with 3’-hydroxyl and 5’-deoxyribose phosph&temini (Figure 1.5 (2))
(Demple et al., 1991). The DNA single strand bréa&B) with or without the
remaining 5’-deoxyribose phosphate can be procdsgdwo different pathways
termed long patch BER (LP-BER) or short patch BER-BER) (Figure 1.5 (3-
5) or (6-8)). In LP-BER, DNA polymeragesynthesises a short oligonucleotide
using the 3’-hydroxyl terminus as a primer (Matstonand Kim, 1995; Sobol et
al., 1996). In this reaction, the 5’ part of thengastrand is displaced forming a
flap that is later removed by flap endonucleas&HN1) (Li et al., 1995a). In
SP-BER, the 5’-deoxyribose phosphate moiety ig¢ femoved by 5 dRP lyase
and then a single nucleotide is added by DNA pohasef3 to fill the gap. The
backbone in either of the pathways is sealed by Diy#se 11I/XRCC1 complex
activity (reviewed in (Frosina et al., 1996)).

In addition to base removal, the BER pathway isrttan route for SSB
repair. The SSBs are mainly formed by ionizing afidn, topoisomerase |
inhibition, UV, oxidative stress () and indirectly during the above-described
base excision repair (BER) pathway (reviewed inld€eott, 2008)). An SSB is
sensed by PARPs which catalyse poly(ADP-ribosyjatof many acceptor
proteins involved in SSB repair, including histortés and H2B and PARP-1
(Schreiber et al., 2002; Schreiber et al., 2006EhSmodification of the histone

proteins is believed to be required for the reameiit and assembly of further
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chromatin modifiers (polycomb and histone deacstg/laomplexes) and SSB
repair factors (Chou et al., 2010; Schreiber et24l06). Once the SSB sensed it
Is processed similarly to an AP site in the BERhpaty.

Loss of the base excision repair activity resuitsnany diseases, such as
cancer, neurodegenerative pathologies (ataxia-odoloapraxia 1 (AOA1l) and
spinocereballar ataxia with axonal neuropathy 1ABD). The oxidative stress
caused by reactive oxygen species (ROS) has besmiated with increased
rates of carcinogenesis. Exposure of cells to heylels of ROS can lead to
cellular transformation (Zimmerman and Cerutti, 4p8viouse knockouts of the
antioxidant superoxide dismutase enzyme developetaor die early after birth
(Elchuri et al., 2005; Li et al., 1995b). In additi it has been shown that
oxidative stress and antioxidant defences affdet span. Experiments with
caloric restricted diet (reduced radical production mice, found significantly
increased life span in these animals (Kregel arahgh2007). Recently, a huge
effort is being made to develop small molecule hitors of BER as potential
anticancer drugs. Promising results have been wddein BRCA1/BRCA2-
deficient tumours, whereinhibition of PARP-1 specifically induces tumour

death, leaving normal cells untouched (revieweCipak and Jantova, 2010)).

1.6.2 Nucleotide excision repair

During nucleotide excision repair (NER), bulky DNglducts or helix-
distorting DNA modifications are repaired (reviewed(Lindahl et al., 1995)).
Members of a family of proteins mutated in rareessive disease Xeroderma
Pigmentosum (XP) are required for proper repaithelse DNA adducts. The
XPA gene encodes for the DNA binding protein andCXRor a highly
hydrophobic protein (Tanaka et al., 1990). The XPBfe the DNA helicases
and XPG/F encode for DNA nucleases (Flejter etl®92; Scherly et al., 1993;
Weeda et al., 1990a; Weeda et al., 1990b). The coosinon lesions repaired by
NER are UV photoproducts (thymidine dimmers and @hétoproducts), DNA
alkylation and intra- and interstrand DNA crossk#insuch as those caused by
chemotherapeutics cis-platin and psoralen (Moggs. £1996). In the first steps,
the DNA damage is sensed by HR23B (UV excision irepeotein Rad23
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homologue B)-XPCcomplex what is accompanied by WDBB (damage-

specific DNA binding protein) (reviewed in(Rastogi et al., 201 (Figure 1.6
(1))

DNA helix distortion

©

©

| ®

@® xrA/xpPc @ xPB/XPD @ XPF/ERCC

Figure 1.6 Nucleotide excision repapathway.

Cartoon shows mechanism of nucleotide excisioniregith enzymes involved in each < (1)
DNA damagsés recognise by XPA/C, and DNA helitnwinding by XPB/D. (2DNA damage is
excisedby XPF/ERCCL1, (< and resulting gap is filled and sealbg DNA polymerasdor £and
DNA ligase.

The mechanism by which XPC recognises the DNA fe@mot clear but son
data suggests that it may bind to stretches of #siist occur on the strar
opposite to the lesio(Maillard et al., 2007) Then the TFIIH complex whic
containsthe XPB and XPD DNA helicases, locally unwinds DA, allowing
acces®f repair factors to the lesi¢(Schultz et al., 2000After DNA unwinding
step, three mteins RP/, XPA and XPChind to the DNA damage s (Jones and
Wood, 1993; Matsuda et al., 19. These are required for efficient excision
DNA lesion catalysed byactivity of XPG and ERCCXPF DNA specific
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nucleases (Figure 1.6 (1) and (2)). The DNA fragnoér24-32 oligonucleotides
is removed by strand cleavage up- and downstreatimediesion (Figure 1.6 (2),
(reviewed in (Wood, 1996)). The resulting gap irthilled by PCNA-dependent
DNA polymerased or € activity and sealed by DNA ligase (Figure 1.6 (3),
(reviewed in (Robins and Lindahl, 1996)).

In addition to the removal of bulky DNA adducts, RIEs also involved
in repair of DNA intra- and inter-strand cross-En{dCL). Both of these lesions
are severely toxic for the cell during DNA replicat Intra-strand cross-links are
replication fork barriers and inter-strand crosgi inhibit the DNA unwinding
step. Intra-strand cross-links are mainly repaipgdsimilar mechanism as UV
photoproducts. This include sensing of the intemrst crosslink, local
unwinding of DNA, adduct excision and gap fillinge¢iewed in (Naegeli,
1995)). Inter-strand cross-links are more challeggo remove as they cannot be
simply excised from the DNA. However, cleavage ofhbstrands and double
strand break induction during inter-strand croeg-lrepair has been reported
(Jones and Yeung, 1990; Ramaswamy and Yeung, 1808)coli, the UvrABC
heterotrimeric endonuclease is able to excise-sttand psoralen DNA adducts
in an ATP-dependent reaction (Hearst et al., 19&hne et al., 1984). In the
first steps, one of the DNA strands is cleaveddatuat flanking 5’ and 3’ sites.
The other strand is left undigested (Van Houteralet 1986). One DNA end
adjacent to the DNA adduct is a potential substiatdhe RecA protein which
can catalyse further repair by recombination (Stad# al., 1989). This
mechanism is reflected by studies in eukarytotistays where homologous
recombination deficiency is associated with hypesge/ity towards inter-strand
cross-links (reviewed in (Hinz, 2010)). After ReaAduced recombination the
resulting gap in the DNA can be filled by DNA polgnase and further excision
of the adduct can be then performed (Cheng e1283).

In mammalian cells, mutations in ERCC1 or XPF gemesult in
hypersensitivity towards inter-strand crosslink rege whereas mutations in
XPB/D/G show only moderate effects, suggesting gmicant difference in
repair of regular NER substrates and ICLs (Anderstal., 1996; Clingen et al.,
2005; De Silva et al., 2000; Niedernhofer et a004). In higher eukaryotes,
similarly to E. coli, cells,the ICLs are repaired by combined action of NER and
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recombination pathway(reviewed in (Hinz, 2010)). leukaryotic modss, when
the replication machinery encounters the ICL, #edn is first unhooked on ol
end by theactivity of the Mus81/Emel endonuclease (c8tsto the lesion
followed by anERCC1/XPF cL 5’ to the lesiorn(Figure 1.7, (1) and (2(Hanada
et al., 2006; Niedernhofer et al., 20.
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Figure 1.7 Interstrand DNA crosslink repair

Cartoon shows a mechanism of DNA i-strand crosdink repair with the enzymes involved
each step:(1) DNA excisio 5 and 3’ of he DNA adduct is catalysed by ERCC1/XPF
Mus81/Emel, respectively. (2) DNA addlip, (3) TLS at the site of an adduct, 5) excision of
anadduct by NER, (6) DSB repair by homologous recaoathin

This generates one sided DSB. In one of the pa&ssbEnarios the stral
containing the unhooked adduct is then synthesisedranslesion synthes
(TLS) polymerases (Figure 1.7, (3(Rahn et al., 2010)The second strand
duplicated by theanvergingreplication fork what leads to formation ¢ DSB
break (Figure 1.7 (3)). In the next step, ICL imoxed by NER (Figure 1.7 (4
the gap is filled and sealed by DNA polymerase lagase activities (Figure 1.
(5)). The resulting DSB is therepaired by Rad51 dependent homolog
recombination (Figure 1.7 (6)) (described in setid.3).
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In an alternative scenario, induction of the ondedi DSB, recruits
FANCD2 and Rad51 proteins in order to initiate rabmation at the stalled
replication fork (Al-Minawi et al., 2009; Bhagwat al., 2009; McCabe et al.,
2008). The Rad51 coated 3’ end of the one sided BS®#en invading the
homologous sequence (if available) or non-homolsgehromosome with
extensive sequence homology (reviewed in (Rahnl.et2810)). The non-
homologous sequence is then removed by ERCC1/X/dF tfenming) and the
recombination intermediate is resolved (reviewe(Rahn et al., 2010)).

XP is an autosomal recessive genetic disorder. 2mts have defective
NER and cannot properly repair UV-induced DNA damagutations in eight
of NER genes, including XPA-G and Polymeraseesult in XP (reviewed in
(Kannouche and Stary, 2003)). Mutations in the XAeg are often associated
with skin cancer predisposition (reviewed in (Lihtlat al., 1995; Wood, 1996)).
Inability to properly repair the NER substratesufessin increased mutation rate
and tumourgenesis in XP individuals. Mutations dERN genes result in two
other genetic diseases, Cockayne’s syndrome (C8) Taichothiodystrophy
(TTD) (reviewed in (Bergoglio and Magnaldo, 2006Patients with these
syndromes show UV light sensitivity and prematugeng, but do not have
increased cancer predisposition. CS and TTD arsechly mutations in CSA/B
and XPB/D, and are defective in removal of DNA dgman transcribed
sequences of the genome, namely transcription eduUpNA repair (reviewed in
(Bergoglio and Magnaldo, 2006)).

1.6.3 DNA double strand break repair

DNA double strand breaks (DSB), if not repaire@, #dre most mutagenic
and potentially lethal of all DNA lesions. DSB casasdiscontinuity of the
genetic information. Such a situation is dangeroughe cell as the fragmented
chromosome may be lost, duplicated or fused witippmopriate parts of the
genome. This can potentially lead to tumourgeniésise deleted chromosomal
sequence encodes a protein that normally prevemsur formation (tumour
suppressor gene) or if the amplified region corstagenes promoting cell

proliferation (oncogene).
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DNA double strand breaksre mainly processed by two distinct
mechanisms error-free homologous recombinationweth(HR) and the error-
prone non-homologous end joining process (NHEJ)h Bathways compete for
access to the DSB (Ciccia and Elledge, 2010; Haphegt al., 2006; Rapp,
2004). The HR pathway normally requires a sistepmiatid as a template for
repair and because of that, its activity peaksate IS and @gphase of the cell
cycle. In the non-homologous end joining or altéieaNHEJ, broken DNA
ends are directly re-joined without or with the phedf a short homology
sequence, respectively. The NHEJ pathway operagslynin G, and early S
phase, when a second copy of the DNA is not yelablta for repair. However,
recent data suggest that NHEJ is far more accarates engaged in the repair of
a greater number of DSB during the cell cycle tmas previously believed
(Beucher et al., 2009a).

1.6.3.1Homologous recombinational repair

After induction of DSB, they are sensed within fe@conds and bound by
many proteins, such as PARP-1, Ku70/Ku80, and MieMi¢wed in (Ciccia and
Elledge, 2010)). In the HR, DSBs are processed byelW (meiotic
recombination 11), Rad50 (radiation sensitive 5@ Blbs1 (Nijmegen breakage
syndrome 1) complex (MRN) together with Sgsl hekcaand Dna2/Exol
nucleases (Figure 1.8) (Mimitou and Symington, 2008lliams and Tainer,
2007; Zhu et al., 2008). The MRN complex then rigsrine ATM kinase via the
C-terminal region of the Ns1 protein in order toiheate DNA damage response
cascade (Jazayeri et al., 2008; Lee and Paull,; 244l and Lee, 2005) (Figure
1.8). The MRN heterotrimer then activates ATM/ATRigh phosphorylate the
BRCAL, Nbsl, H2AX histone/{fH2AX) and Smc1l proteins (Ciccia and Elledge,
2010). They-H2AX modification is introduced up to 1-2 Mb aralthe actual
DSB site in an ATM-dependent manner (Pilch et2003). Phosphorylation of
histone H2AX around the DSB site has been shownbdorequired for
recruitment and assembly of DNA damage repair prst@Rogakou et al., 1998).
This is believed to be an essential platform fatdes, such as replication protein
A (RPA), BRCA1, BRCA2 and Rad51/52/54/55/57/59 (reviewedGrccia and

Elledge, 2010; Symington, 2002).
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Figure 1.8 Model of @uble strand break repaithrough double Holliday junctior (dHJ).
Cartoon shova mechanisi of DSB repaithrough formatin of double Hollidsjunction, with the
principal enzymes involved in each st(1) In the HR pathway the 5’ ends of tDSB are
recessed by thBIRN complex, which activatthe DNA damage response throuATM kinase.
ATM phosphorylates many cellular targets includimgtone yrH2AX, Chkz and itself. (2) A
nucleoproteinRad51 filament formed at the 3’ overhangs in a BRCA2pendent mann, and
then imades the homologotsequence. (3) A double Holliday junctiorH@ is formed after
strand invasion and DNA synthes(4) HJs are resolved to give crose+ non-crossover
products.

Enzymes with chromatin remodelling activities lIKRO80 (putative DNA
helicase INO80 complex homologue 1) and SWI/SNF {SWF-related, matrix

associated, actin dependent regulator of chromare also recruited to the DS
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and are believed to facilitate regulation of thealochromatin conformation (Lee
et al., 2010; van Attikum et al., 2004). Recentlybiquitylation and
SUMQOylation have been shown to regulate proteimuignent and repair at the
DSB. For example ubiquitylation of lysine 63 oftoise H2A by RNF8 ubiquitin
ligase is essential for recruitment of the RAP&&¢ptor associated protein 80)
and BRCAL proteins to the damage site (Huen e28D7; Kolas et al., 2007;
Wang and Elledge, 2007). Localisation of the BRQ#dtein is dependent on
PIAS1- and PIAS4-mediated (protein inhibitory oftieated STAT 1 and 4)
BRCA1 SUMOylation (Galanty et al., 2009; Morrisatt, 2009).

In the early steps of HR, the endonuclease actofithe MRN complex
together with Exol/Dna2 resects the 5 ends of @8B to facilitate strand
invasion (Figure 1.8 (1), reviewed in (Huen and 1€h&010)). DNA end
processing is controlled by the ATM, CtIP (CtBPeirsicting protein), BRCAL,
EXO1 (Exonuclease 1), BLM (Bloom helicase)d ARTEMIS (DNA cross-link
repair 1C proteinproteins (Beucher et al., 2009b; Bolderson et2411,0; Huen
and Chen, 2010). In order to protect single-strdn8leends from degradation,
overhangs are coated with RPA, which binds tighdlysingle stranded DNA
(Wold, 1997). The RPA-DNA complex is then displadgdRad51recombinase
in a process dependent on BRCA2 (breast cancer2ypesceptibility protein)
and Chk2-dependent BRCA2 phosphorylation (Figu (2), (Esashi et al.,
2005; West, 2003). Additionally, SUMOylation of tfPA subunit RPAl1 and
phosphorylation of Rad51 by Chkl are required fesembly of the Rad51
protein on 3’ overhangs (Dou et al., 2010; Sorergaal., 2005). In the next step
Rad51-coated DNA invades the sister chromatid @rcte for a homologous
DNA sequence (Figure 1.8 (2), reviewed in (WestD30 This process is
stimulated by Rad52/54/55/57 proteins (reviewe@Symington, 2002)). Rad55
and Rad57 are important in formation and stabibsabf the Rad51 filament
(Mozlin et al.,, 2008). Rad54 protein interacts wiRlad51 and stimulates the
strand exchange reaction catalysed by Rad51 (Alereal., 2003). Rad52 is
also required for formation of the Rad51 nucleogrofilament but additionally
Rad52 promotes annealing of the 3’ overhang witmdlogous DNA sequence
(Nimonkar et al., 2009)When the search is finished, the DNA is then

synthesised to restore the lost genomic informatibtine site of DSB, using the
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sister chromatid as a template (Figure 1.8 (2)g Hblliday junctions are formed
after the DNA strand synthesis and ligation (Figlu@ (3)). These structures are
often moved by specialised DNA helicases (BLM, WRMd cleaved by the
action of Holliday junction dissoluting complexeBLM/TOPOIII) or resolving
conplexes, such as, nucleases GEN1, MUS81/EME1,18DX4 (Figure 1.8
(3), (Andersen et al., 2009; Ciccia et al., 2008k et al., 2009; Ip et al.,
2008; Mufoz et al., 2009; Svendsen et al., 20@®pending on Holliday
junction resolution pathway cross-over (GEN1, MUSEBAEL or SLX1/SLX4)
or non cross-over (BLM/TOPOIII) products are form@agure 1.8 (4), (Heyer,
2004; Hollingsworth and Brill, 2004; Yamada et 2004).

Additional homologous recombinational repair patiisvaexist in
eukaryotic cells. In one of them, termed synthelpendent strand annealing
(SDSA), the initial steps are identical to thosethe double Holliday junction
model (Figure 1.9). The 5’ resected ends coated W&d51 the invade sister
chromatid to search for homologous sequence (Figue(1) and (2)). After
synthesis of DNA using the sister chromatid as raptate, the DNA duplex
between sister chromatids is displaced by the iactiof RecQ helicases
(Sgs1/Rgh1/BLM) and offers the possibility of renaaling DSB ends (Figure
1.9 (3) and (4)) (Ira et al., 2003; Robert et 2006; Wu and Hickson, 2003). It
has been shown that BLM is able to dismantle Rad&leofilaments (Bugreev
et al.,, 2007) and DSB ends can be then annealgmhilRie completed by gap
filing and ligation. The SDSA pathway leads exohe$y to non-crossover
products suggesting that it may be a major pathi@aypSBs repair in somatic
cells.
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Figure 1.9Double strand break repa through synthesis-dependent strandrzealing (SDSA).

Cartoon showsa model for themechanism of synthesis dependent strand annt (SDSA), a
DSB repair processyith the principal enzymes involved in each stépSimilarly to doublethe
Holliday junction mode, the 5’ ends of the DSB are recessed by the MRN legmphich
activates the DNA damage response through ATM &inA3M phosphorylates many cellu
targets including histon sH2AX, Chk2 and itself. (2) A RadBlicleoprotein filament is forme
at the 3’'overhangs in a BRC/dependent manner, and then invades the homologmuesc,

which is used as a template to synthesise DNAeasite of DSI (3) The Rad51 nucleoprote
filament is dismantled by displacement of Rad5bubh activity of RecQ helices. (4) DSB
ends anneal and terminal sequences are removedEN-1 endonuclease. (5) SDSA lead:

only nonerossover product

In the second pathway, termed single strancealing (SSA), DSBs a

repaired using a homologous sequence within thee saser chromatid (Figur:
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1.10). TheSSA pathway repes DSBs which haveccurred between two dire
repeats. Firsty’ end resection uncovers the direct repeat se@seftigure 1.1!
(1)), which can then anneal together to repairliteak (Figure 1.10 (2)The
annealing step is mediated by Rad52 but not Rasbith is recruited to ssDN.
by RPA (Hays et al., 199. The terminal sequences (flaps) not involvec
annealing are removed by specific donuckases, such as R#Radl0
(Fishmankobell and Haber, 1992; Saparbaev et al., 1 (Figure 1.10 (2))

DSB
:‘_f:.
o
°F.

O —&*@
!
—=
@ oxm

O Rad52
‘ MRN ‘Rad1-Rad10
- IPI!:)3'2 Phosphorylation
Transition

[ .
‘ Direct repeats

Figure 1.10Double strand break repa through single strand annealingSSA.

Graphical representation of the single strand amgl(SSA’mechanism angrincipal enzymes
involved in each step. ((First, 5’ ends of the DSB are recessed by the MRN comypieixh

activates the DNA damage response through ATM &inBgsection of the 5’ ends unco\

direct repeat sequences (2) Homologous sequencethea anneal through a Rac-dependent
single strand anreding process. 3) Terminal sequences are removed thy activity of the
specific endonuclease Re-Rad10 (5) SSA leads toss of one of the repeats ¢ the region

located between the direct repeat seque.
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Similarly to other HR pathways, repair is completgdgap filling and ligation

(Figure 1.10 (3)). SSA leads to deletion of onehaf DNA repeats and a region
located between the repeats, therefore it is censitlas mutagenic. However,
eukaryotic genomes contain a significant amountepkeated sequences which

are likely repaired this way if the sister chrordas not available for repair.

1.6.3.2Non-homologous recombinational repair

In the non-homologous end joining (NHEJ) proces$omology or just
a few nucleotides of microhomology is requiredtfor repair of the DSB (Figure
1.8). During NHEJ the broken DNA ends are rapidbyid by the Ku70/Ku80
heterodimer which recruits the DNA-PK (Figure 1(1}, reviewed in (Mahaney
et al.,, 2009). DNA-PK prevents DNA end resectioegulates chromatin
structure and facilitates DSB repair by protein ggtwrylation (Figure 1.11 (2),
reviewed in (Meek et al., 2008)). After loading thie DNA-PK, DNA ligase
IV/IXRCC4 complex is recruited to the site of therdme (reviewed in (Mahaney
et al., 2009)). Additional end regulation may bef@ened before ligation by
ARTEMIS, APLF (aprataxin-and PNK-like factor) nuakes and PNK
(polynucleotide phosphatase/kinas&nase/phosphatase (Figure 1.11 (2),
reviewed in (Mahaney et al., 2009). Processed DNdseare brought together
and rejoined by activity of the DNA ligase IV/XRCCpgrotein complex
(reviewed in (Mahaney et al., 2009)) (Figure 1.3).(

In the alternative NHEJ pathway the double stram@lb is sensed by the
PARP-1/2 proteins (Wang et al., 2006). ExperimeantdDT40 cells lacking
PARP-1have shown that PARP-1 and Ku70 compete for thdiihg of the DSB
ends (Hochegger et al., 2006). In addition, PARRak been shown to be
required for ATM activation post-DSB induction (iHae et al., 2007; Haince et
al., 2008). In this process, PARP-1 mediates toeuitenent of the DSB repair
protein CtIP and the MRN complex to the sites ahdge (Haince et al., 2007;
Haince et al.,, 2008; Yun and Hiom, 2009). Shoretstres of homology are
required for rejoining of the broken ends by theAMigase [II/XRCC1 complex
(You and Bailis, 2010; Yun and Hiom, 2009).
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Figure 1.11Double strand break repa through non-homologous end joining

Cartoon shows mechanism non-homologous end joining (NHEJ DSB repair process, wi
the principal enzymes involved in each st(1) During NHEJ, DSB ends are bind by

Ku70/Ku80/DNAPK complex (2) DN-PK is activated when bound to DSB ends. -PK
phosphorylates target proteins, such as Ku70/Ku8terodimer, Artemis and itself. ) This
leads to rejoining of broken DNA ends by the DNyade IV/XRCC4 complex. (A doularrow
head shows autophosphorylation events and DNA segua green represents short stretche

homology or processed DNA en

Deficiency in DSB repair is a hallmark of broad cpem of
physiological defec, such as pathologies of theervous, reroductive and
immune systems. Inefficient DSB repair leads toreased ras of
tumougenesis and agir(reviewed in(Ciccia and Elledge, 201). Well-studied
mutations in theATM gene result in the genetic disease, atéed@ngiectasi, a
disordercharacterised by severe movemimpairment caused by progress
neuronaldegradatior(reviewed in (Biton et al., 2008)). Arsilar phenotype ha
been reported in individuals with mutations in MRE11gene,the product of
which is required for ATM activatiorin vivo (Limbo et al., 2011 Different
types of microcephalies are associated with losfun€tion of genes such

ATR, MCPH1 (microcephalin 1 which are alsoinvolved ir DSB repair
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(reviewed in (Kerzendorfer and O'Driscoll, 2009D@scoll and Jeggo, 2008)).
The Bloom and Werner syndromes, both of which asoaated with a broad
spectrum of malignancies, show hyperrecombinatio@nptypes. The products
of the BLM and WRN genes, Bloom and Werner helicases, respectivet, a
involved in the resolution of HR intermediates {esved in (Chu and Hickson,
2009)). Mutations in thdBRCA1 and BRCA2 genes are detected in 10% of
patients diagnosed with breast and ovarian carfoevgewed in (Fackenthal and
Olopade, 2007)). These mutations are hereditary thed early detection
increases the possibility of efficiently treatingeast and ovarian cancer
(reviewed in (Jackson and Bartek, 2009)).

1.6.4 Mismatch repair

Mismatch repair is a DNA repair mechanism activatkding DNA
synthesis. During replication of the genomic maiennis-incorporation of the
wrong base happens with a rate of 1@ 10° (reviewed in (Kunkel and
Bebenek, 2000)). Base mismatches are sensed byN#e sliding clamp,
MSH2/MSH6 heterodimer (also known as MajSMutSa is able to travel along
the DNA in an ATP-dependent manner in search oihglyeincorporated bases
(Blackwell et al., 1998; Gradia et al., 1999; lagva et al., 2000). Another
heterodimer MLH1/PMS2 accompanies the Mut8ismatch recognition
complex (Li and Modrich, 1995). In bacterial cellseg Mut® homologue can
distinguish between old and newly-synthesised DNangls by sensing their
methylation status (Glickman, 1982). The human M8 H1/PMS2 complex
recognises the newly synthesised strand by thepcesof Okazaki fragments on
the lagging strand or a 3’ terminus on the leadimgnd (Genschel and Modrich,
2003). After mismatch detection, the MMR complemoxes the erroneous base
by recruitment of the exonuclease NEO1 (5’ — 3ivaigf), which digests the new
strand containing the wrong base (Dzantiev et28@l04; Genschel and Modrich,
2003, 2009). The resulting single stranded DNAasrid by RPA to protect it
from further digestion and the gap is then filleg the activity of DNA
polymerase in a PCNA-dependent manner (reviewgdotodner, 1996)).
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In addition, MMR proteins have been implicated e trepair of other
DNA lesions such as single and double strand brdakA methylations and
DNA cross-links (Stojic et al., 2004a; Stojic et, &004b). Yan et al. showed a
moderate sensitivity of hAMSH1 and hMSH2 deficiealixand a & checkpoint
defect after IR treatment (Yan et al.,, 2001). Itisc&eated with methylating
agents such as MNU or MNNG, the 6-methylguaninelmmismatched during
replication with a T nucleotide. Such structuresenbeen shown to be bound by
MutSa (Duckett et al., 1996). Analogously, the 1,2GpG-mlatin adducts are
bound by the same MMR heterodineitro (Duckett et al., 1996).

Hereditary nonpolyposis colorectal cancer (HNPC@dh syndrome) is
a result of heterozygous mutation in mismatch reganes MLH1, MSH2
MSH6andPMS2 (Spry et al., 2007). HNPCC is a most prevalemicea type in
developed countries. Most of the cases (approxi;n&@%) have a familial
background (Lynch et al., 2004). Mutations in th&Rl genes have been also
involved in other types of diseases such as mitetiga instability and
trinucleotide repeat disorders (reviewed in (ladtzpet al.,, 2010; La Spada,
1997)).

1.7 Structural maintenance of chromosome (Smc)

proteins

The structural maintenance of chromosome (Smc)lyammia group of
well conserved proteins involved in many aspectDBA metabolism. Smc
proteins are relatively large (around 100-150 kBxaj contain extensive coiled-
coil regions (Hirano, 2002). Each Smc protein cstissof three characteristic
domains: the ATP binding and hydrolysis domains I@&aA and B) at the N-
and C-terminal ends, with long coiled-coil armsaseped by the flexible hinge
(Hirano and Hirano, 2002) (Figure 1.9). The hingendin allows the coiled-coil
arms to fold back on themselves. Interaction betwegdrophobic coiled-coil
arms brings the ATP binding and hydrolysis domaagether in order to form a
functional ATPase unit, called the Smc head (Figu@. The eukaryotic Smc
proteins form heterodimers through hinge-hingeradgons (homodimers are

observed in prokaryotes). The consensus glycineifsn@&XsGXsGG and
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GXsGGX3GG have been identified at the hinge domain of dhkaryotic anc
prokaryotic Smc proteins, respectively (reviewed (Chiu et al., 200).

Mutation of 4 of the 5 glycine residues in Bacillus subtilisSmc protein hinge
domain results in the inability of the protein torh a homodimer and bind DN

(Hirano and Hirano, 200.

Walker A Hinge Walker B

LN OOSSOHE A
\/

Coiled-coil arms

!

Figure 1.12Structure of the Smc protein
Graphicd representation of Smc prote structure showing characteristic domsa: Walker A
and B, coiledeoil arms and hinge (adapted from (Hirano, 2006)).

Similar experiments on eukaryotic Smc hinges reagk#that mutation of a sing
Smcl or $c3 hinge motif did not abolish heterodimer forraatiand DNA
binding in vitro. But when both hinges were mutated the interacti@s no
longer detectedsuggesting a differencin the mechanism involved in tl
formation of prokaryotic and eukaryotic Smimers (reviewed in(Chiu et al.,
2004)). Similarly,mutation of the ATP binding and hydrolysis s in cohesin
and condensin protei, abolishes ATP nucleotide binding and hydroly
respectively(reviewed in(Hirano, 2002)).

In eukaryotes there ¢ seven Smc proteins identified to de
Smcl/2/3/4/5/6 and Rad50 proteins sha similar structure but play ver
different cellular roles(reviewed in(Hirano, 2005; Losada and Hirano, 2().
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On the other hand, there is only a sinrSmc gene in bacteriaklls. Within he
eukaryotic cell, three distinct heterodimers aramiec: SmclSmc3 (cohesin
Smc2Smc4 (condensin) and Sn-Smc6 (reviewed in(Losada and Hiranc
2005)). Tre seventh member of the eukaryotic Smc fa, Rad5(, similarly to
bacterial Smc, homodimses to became an assembly platformthe Mrell
and Nbs1 proteinsThis MRN comple: is essential for DSB repa(reviewed in
(Paull, 2001)) Smc heterodimers adopt a V shapesdructure buttheir
conformations are slightly differer(Anderson et al., 2002; Anderson et

2001) (Figure 1.10).

Bacterial Smc Cohesin Condensin Smc5-Smcé

Nse1 Nse3

CAP-D CAP-G

Figure 1.13Structure of the bacterial aneukaryotic Smc complexes.
Graphical representation of Smc complexes founthicterial and eukaryotic cells (protein siz
are not to scale).

The condensin arms are close together, vas thecohesin hinge is more of,
allowing significant separation of trarms This is consistent wi the different
functions of these complexe

Besidesthe Smc proteins, other factors are required frféunctionality
of these complexes. Tse non-Smc elements can bindnads r arms of the
Smc proteinsregulating ther function (reviewed in(Hirano, 200%). One of
them,called the kleisin element (ScpA B.subtitisSmc, Sccin cohesin, CA-
H in condensinand Nse4 inthe Smc5-Smc6 complexgloses the V shad
structure by binding tthe Smc head@ervyn et al., 2004, Palecek et al., 20
Schleiffer et al., 200.. The other non-Smc elementgulate varioufunctions

of the complexand serve as prote-protein interaction domains.
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As previously mentioned, when two ends of Smc pnateme together a
functional ATPase is formed (reviewed in (Hiran603)). It has been proposed
that ATP binding and hydrolysis promotes the clgsamd opening of the Smc
arms, respectively (Arumugam et al., 2003; Hirahalg 2001). Work of Hirano
and co-workers suggests that intra— and inter-nutdeénteractions between the
heads of different Smc complexes may occur in tiesgnce of DNA (reviewed
in (Hirano and Hirano, 2004; Hirano et al., 200Bpalysis of the bacterial Smc
protein ATPase cycle revealed a three step medhaniis involves ATP
binding, the so called transition-state and ATP rblysis steps (reviewed in
(Hirano and Hirano, 2004; Hirano, 2005)). Mutatiamshe Smc sequence which
affect any of these steps had no or only modertiéete on interactions with
DNA. However, the same study showed that the comtion of the Smc heads
in the transition state strongly favours DNA binglifreviewed in (Hirano and
Hirano, 2004)). From these results, a simple motlaction emerged. In the first
step, ATP binding induces opening of the Smc ammerder to accommodate
and bind DNA. Interaction with nucleic acid stimigs ATP hydrolysis and
closing of the arms, inducing intra- or inter-malkee head-to-head interactions

(reviewed in (Hirano and Hirano, 2004; Hirano, 2)05

1.7.1 Smc1l-Smc3 complex (cohesin)

All Smc complexes interact with DNA and play import roles in DNA
metabolism. The Smcl-Smc3 (cohesin) heterodimer firas identified in
Saccharomyces cerevisigblichaelis et al., 1997). The Smcl-Smc3 binds to
Sccl/Mcdl/Rad21 and Scc3/SAs subunits to form atikmmal complex required
for sister chromatid cohesion. Mutation of the @hecomplex results in
premature sister chromatid separation (Michaelisalet 1997). The cohesin
complex was later identified in other organismsludmg Xenopus laevis
Saccharomyces pomtad humans (Losada et al.,, 1998; Losada et abQ;20
Sumara et al., 2000; Tomonaga et al., 2000). Inamsmthree different isotypes
of cohesin have been identified so far and, depgndn the Scc3 subunit have
been termed cohesit!, cohesifi®? (observed in somatic cells) and coh&sin
mainly found in cells undergoing meiosis (Losadalet 2000; Sumara et al.,

2000). The cohesin complex is loaded onto chromatiearly G phase by the
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action of the Scc2/Scc4 complex (Ciosk et al., 208ster chromatid cohesion
is established during S-phase by modification ofcSrthrough the activity of
Ctf7/Ecol acetyltransferase (Skibbens, 2009). RuBnphase, the Smcl-Smc3
complex interacts with the DNA sliding clamp PCN#Aowiding direct evidence
for a link between sister chromatid cohesion andADMplication (Téth et al.,
1999). The inter-molecular DNA tethering lasts fr&phase to mitosis, when
the cohesin complex is removed from the DNA allgyvsister chromatids to
separate (Hirano et al., 1997; Michaelis et al97)9Differences in this process
exist between lower and higher eukaryotes. Where8&s cerevisiaenost of the
cohesin is removed by proteolytic cleavage of thelSsubunit in anaphase by
the Separase protease, in humans the bulk of thel-Smc3 complex
dissociates from chromatin in prometaphase aftesphorylation mediated by
polo like kinase 1 (Plk-1) (Amon, 2001; Hornig addimann, 2004; Sumara et
al., 2002). Residual cohesion is left behind in ¢katromeric region where it is
protected from cleavage and phosphorylation um#phase by shugoshin and
protein phosphatase 2A, respectively (Rivera anshtla, 2006; Waizenegger et
al., 2000; Warren et al., 2000). Chromatin immuegjpitation studies identified
the centromeres, chromosome arms and recentlyicaéph origins, as the
primary cohesin binding sites (Blat and Kleckn&99; Guillou et al., 2010).

In addition, the cohesin complex is believed talitate DSB repair by
keeping the sister chromatids together in clos&iprity around the damage site.
Smcl-Smc3 is also required f@& checkpoint activation (Bauerschmidt et al.,
2010; Bauerschmidt et al., 2011; Dodson and Monrist®09b; Ellermeier and
Smith, 2005; Kim et al., 2002; Watrin and Petef9.

1.7.2 Smc2-Smc4 complex (condensin)

The Smc2-Smc4 complex (together with CAP-D2/G/H)swhrst
identified in Xenopus laevi{Hirano et al., 1997)Temperature-sensitivé.
cerevisiaemutantssmc2-landsmc2-6show premature chromosome segregation
and anaphase bridges formed by non-segregated choones (Strunnikov et al.,
1995).Similarly to Smc1-Smc3, theondensin complex is loaded onto DNA by
the Scc2/Scc4 heterodimer (Gartenberg and Merk&agh 2008).In vitro

experiments showed that condensin is able to intregbositive supercoils in the
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presence of topoisomerase | (Topol) and knots enpttesence of topoisomerase
Il (Topoll) (Kimura et al., 1998; Kimura and Hirant997). This suggests that
similar activities may play a role in chromosomendensationin vivo. In
addition to the mitotic functions of the Smc2-Sniudterodimer, a condensin
subcomplex is involved in non-mitotic events sushdasage compensation in
CaenorhabditielegandLieb et al., 2000). The dosage compensation caxriple
specifically recruited to both X chromosomes inasrtb reduce gene expression
by half (Lieb et al., 1998; Lieb et al., 2000). @ensin has also been implicated
in gene silencing irosophila melanogastesr rDNA gene cluster organisation
in humans ané. cerevisia€Cabello et al., 2001; Freeman et al., 2000; Lupo e
al., 2001).

1.7.3 The Smc5-Smc6 complex

The third of the Smc complexes, Smc5-Smc6, wag fitentified in
Schizosaccharomyces ponmfhehmann et al., 1995). The as yet unnamed Smc5-
Smc6 complex, together with six non-Smc elementse(Nto Nse6), is mainly
required for DNA damage repair and Geckpoint maintenance (Verkade et al.,
1999) after treatment with a broad range of DNA dgimg agents, including
UV, IR, MMS and cis-platin (Fousteri and Lehman®0@; Lehmann et al.,
1995; Taylor et al., 2001). All genes of the Smebeb complex are essential for
viability in S. cerevisiaeOn the contrary, th&. pombeNse5and Nse6are not
required for viability. Surprisingly, the human (Boet al., 2006; Potts and Yu,
2005),Arabidopsis thaliangWatanabe et al., 2009) and chicken (Stephan et al
2011a) Smc5-Smc6 complexes are not essential iquroéiferation.

Similarly to the cohesin and condensin complexies,3mc5 and Smc6
proteins heterodimerise through hinge interactimnform a scaffold for a high
molecular weight complex. The non-Smc elements boritlis scaffold to form a
functional Smc5-Smc6 complex. Among the non-Smaenelgs of the Smc5-
Smc6 complex, the Nsel protein contains a zingefirdpmain similar to E3
ubiquitin ligases but no activity has yet been obsein vivo (McDonald et al.,
2003). Recent work by Pebernard et al. revealedlbiqguitin ligase activity for
Nselin vitro. The authors suggested that the zinc finger donsanequired for

formation of the Nsel-Nse3-Nse4 subcomplex (Pebérret al., 2008b).
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However, Nsel showed a robust activity in the preseof Nse3, indicating that
Nsel is a functional E3 ubiquitin ligase (Doyleakt 2010). Nse2/MMS21 is an
active Siz/PIAS E3 SUMO ligase that SUMOylates masitular targets (see
section 1.10.4)Nse3 is a member of the MAGE (melanoma associatddem)
family of unknown function (Pebernard et al., 20043e4 has been identified as
the kleisin element of the Smc5-Smc6 complex, wHasetion is to bridge the
Smc5-Smc6 heterodimer heads (Palecek et al., 2@0&)ntains the kleisin-like
domain composed of a helix-turn-helix motif, whigh also found in other
members of the family, including Sccl and CAP-H I¢Pek et al., 2006;
Pebernard et al., 2004). Nse5 does not contairkaoywn domains and Nse6 has
been identified as HEAT _(lthtingtin, elongation factor 3_{3), protein
phosphatase 2A (PP2Aand the yeast PI3-kinas®©R1) repeat protein (Palecek
et al., 2006; Pebernard et al., 2006). The Nse5Ns&b proteins form another
subcomplex and like the Nsel-Nse3-Nse4 heterotribied to the heads or arms
of the Smc5-Smc6 complex B. pombgPalecek et al., 2006; Pebernard et al.,
2006) and to hinges 8. cerevisia¢Duan et al., 2009b).

Chromatin immunoprecipitation (ChiP) experiments bodding and
fission yeast revealed different chromosomal Isegions of the Smc5-Smc6
complex, with enrichment at telomeres, centromemed rDNA gene clusters
(Ampatzidou et al., 2006; Lindroos et al., 2006bé&taard et al., 2008c; Torres-
Rosell et al., 2005a). Defective HR at the repatiDNA sequences can result in
gross chromosomal rearrangements such as deletahssertions at these loci.
It has been proposed that the localisation of tme%Smc6 complex on these
sequences regulates their status through recondmnétorres-Rosell et al.,
2005b; Zhao and Blobel, 2005). In addition, yeastcSSmc6 mutants show
increased telomere shortening and in human cblsStnc5-Smcé is required for
recombination-dependent alternative telomere lesrgtty (ALT) process
(Chavez et al., 2010b; Potts and Yu, 2007). DNAareand segregation at
ribosomal loci is also mediated by the Smc5-Smatptex (Torres-Rosell et al.,
2005a; Torres-Rosell et al., 2005b; Torres-Rogedl.e2007).

The functions of the Smc5-Smc6 complex are consttién be in DNA
repair. TheS. pombeRad18/Smc6gene is required for maintenance of G

checkpoint and repair after DNA damage (Lehmanal.etl995; Verkade et al.,
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1999). The Smc5-Smc6 complex plays a role in th&are of the stalled
replication forks by regulating recombination (Arntpdou et al., 2006; Irmisch
et al., 2009). Studies in yeast, chicken and huoells have revealed that the
Smc5-Smc6 complex is required for efficient homolag recombinational repair
(Lehmann et al., 1995; Potts et al., 2006; Stemaal., 2011a; Verkade et al.,
1999). In epistasis analyses experiments, combmethtion of Smc5and HR
genessuch asRad51 or Rad54loes noenhance sensitivity towards IR, UV or
MMS, further confirming a HR role for the compleXnipatzidou et al., 2006;
Bermudez-Lopez et al.,, 2010; Lehmann et al., 1998Donald et al., 2003;
Stephan et al., 2011a). Consistent with such afosl&mc5-Smc6, depletion of
the NHEJ gen&u70in chicken Smc5-deficient cells caused furthersgeation
of Smc5 mutants to IR-induced DNA damage (Stephan et 2011a).
Recruitment of the Rad51 and Rad54 proteins to BS@haffected in chicken
and fission yeast mutants of the Smc5-Smc6 compleggesting its activity in
late stages of HR (Ampatzidou et al., 2006; Stephianal., 2011a). Extensive
studies in budding and fission yeast using 2D dettephoresis revealed a
significant increase in the X-shaped molecules ha &bsence of functional
Smc5-Smc6 complex before and after MMS or HU treatinAmpatzidou et al.,
2006; Branzei et al., 2006; Chavez et al., 2010@gv€z et al., 2010b; Chen et
al., 2009; Choi et al., 2010). The nature of th¥sghaped molecules has not
been confirmed yet but a large body of data suggéest this are recombination
intermediates (Ampatzidou et al., 2006; BermUdepdzet al., 2010; Branzei et
al., 2006; Choi et al., 2010). This is also asdediavith aberrant mitosis as
defined by chromosome mis-segregation, prematyptatsen in the presence of
unrepaired or not completely replicated DNA (‘cyphenotype), nuclear
segregation and unequal DNA mass separation betweeher and daughter
cells (Ampatzidou et al., 2006; Chavez et al., Z010havez et al., 2010b; Chen
et al., 2009; Choi et al., 2010; Lehmann et al95t9%erkade et al., 1999).
Together, these observations indicate that the Ssme&6 complex acts in the
late stages of HR. The loss of Smc5-Smc6 compldsiéo impaired HR and the
accumulation of lethal DNA repair intermediateseTXrshaped DNA molecules
arising insmc6-1and mms21-spcan be removed and the mitotic aberrations

reversed by restoration of the Smc5-Smc6 compleutih expression of either
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wild-type Smc6 or Nse2 in these mutants (Bermudggzelz et al., 2010; Branzei
et al., 2006; Chavez et al., 2010b). Additionadewice for a HR function of the
Smc5-Smc6 complex comes from experiments whergiolelef HR factors such
as Mphl/FANCM helicase ismc6-9and mms21-spShu complex irsmc6-P4
andsmc6-56 the post replicative repair protein MMS239mc6-P4andsmc6-56
or overexpression of the 6-BRCT containing protBnel in smc6-74 reverse
hypersensitivity towards DNA damaging agents sushMMS, HU and UV
(Ampatzidou et al., 2006; Chavez et al., 2010a;iGhaal., 2010; Lee et al.,
2007; Sheedy et al., 2005). These findings cleadycate that the Smc5-Smc6
complex is required for resolution of specific HRe@rmediates which can be
removed by other HR factors acting upstream ofShe5-Smc6 complex or by
shifting the repair balance towards alternative fdpair pathways.

In HeLa cells but not in budding and fission yeastesin recruitment to
DSB is mediated by the Smc5-Smc6 complex (De Rietal., 2006; Outwin et
al., 2009; Potts et al., 2006). As the Smcl-Sma8pdex is required for local
sister chromatid cohesion around the double stbaedk, these data suggest that
Smc5-Smc6 complex may regulate cohesion to faliSB repair (Strom et
al., 2004). Another group reported that upon Nse@ &mc5 siRNA mediated
knockdown, HelLa cells showed severe loss of sisteomatid cohesion
(Behlke-Steinert et al., 2009). Our group found thepletion of chickelsmc5hin
DT40 cells results in increased inter-sister chridindistances before and after
DSB induction. We also observed no further cohesms in doubleSccl™
Smc5 mutants, what demonstrates that Smc5-Smc6 comiglespistatic to
cohesin in cohesion maintenance (Stephan et &@1&0Another group found
that in fission yeast, in the absence of functioSaic5-Smc6 complex, the
cohesin complex is retained at chromosome armsltireggun chromosome
segregation defects (Outwin et al., 2009). Recrantimof cohesin to DSB by
Smc5-Smcé is recognised as a very early eventeiidfR process. Similarly, the
localisation of the ‘early’ HR factor Rad52, whighrequired for recombination
at stalled replication forks is Smc5-Smc6 dependkntisch et al., 2009)We
found that Smc5-deficient cells efficiently mobdi®Rad51 to IR-induced DNA
repair foci (Stephan et al., 2011a). These findimgscate dual functions of the
Smc5-Smc6 complex at different stages of the HRvpay. It is hard to explain
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how a single complex could be involved at varioteps of DNA repair where
different activities are required. Therefore mamgups have proposed that the
Smc5-Smc6 complex is involved in the regulation glbbal chromatin
conformation, like other Smc complexes rather thating at specific steps of
DNA repair (Ampatzidou et al., 2006; Torres-Rostlal., 2007).

1.8 SUMO modification
Protein modification by small like ubiquitin modifis (SUMOSs), unlike

ubiquitin, does not target the protein for protensemediated degradation.
SUMOylation regulates many cellular processes ohioly protein trafficking
(nuclear targeting), cell signalling, chromosomgregation, DNA synthesis and
repair (reviewed in (Johnson, 2004)). SUMO familyembers are small,
approximately 100 amino acid long, proteins that @tached t@-amino group
of lysines in the substrate that meet the minireguirements of the consensus
site (LKXE, wherey is a large hydrophobic amino acid, K is the taigeine, X
any amino acid and E glutamic acid). Non-consesgeslysines have also been
found to be modified (for example AKCP, TKET, TKEMKYC, VKFT,
GKVDGKVE) (reviewed in (Johnson, 2004)). The SUME€ptide sequences are
very different from the ubiquitin protein (76 amiaoids) but almost identical in
their folding pattern (Bayer et al., 1998). Theraxamino acids found in the
SUMO peptides code for an extended N-terminalvikch is relatively flexible
in solution (Bayer et al., 1998; Johnson, 2004 BUMO gene is essential for
budding but not fission yeast viability. There is single SUMO gene
(SMt3/Pmt3/SUMO-1) in yeasts, four in higher eukdéeg (SUMO-1/2/3/4) and
eight SUMO genes iArabidopsis(Johnson, 2004; Kamitani et al., 1998; Lois et
al., 2003). The higher eukaryotic SUMO-2/3 proteame almost identical with
approximately 95% homology but are only 50% idaitim SUMO-1. It has
been observed that SUMO-1 conjugation is a comsttumodification, where
SUMO-2/3 attachment is induced by different stim(fiaitoh and Hinchey,
2000). In addition, SUMO-2/3 can be automodified faom poly-SUMO
conjugates as they contain tp&XE consensus site within their sequence. This
is absent in the SUMO-1 protein (Tatham et al., 20Mutation of the
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SUMO2/3 SUMOylation consensus site abolishes pa¥® chain formation
as observed for histone deacetylase HDAC4 profeath@gm et al., 2001).

1.9 SUMOylation pathway

For a protein modification to occur, a specific yne that transfers the
chemical moiety and a source of such a group ageined. In the SUMO
modification pathway, three distinct enzymes woekjientially to transfer the
SUMO peptide onto a target protein. The SUMO Elvatihg enzyme (SAE1)
Is the first enzyme that interacts with the SUM®tmke. SAEL is a heterodimer
formed of Aos1l/Uba2 subunits (Johnson and Blo@97). The second enzyme
in the pathway is the SUMO conjugating enzyme EBc@) which directly binds
to the substrate consensus site and the E3 liggegaiér-Villamor et al., 2002;
Tatham et al., 2003). The E2 conjugating enzyme9Ubcsufficient to modify
around 90% of the target proteimsvitro but it is believed that within the cell,
the activity of the third enzyme, the E3 ligase, @ssential for substrate
specificity. The E3 SUMO ligase can directly inwravith E2 enzyme and
activated SUMO peptide to catalyse SUMO peptidestier (Bernier-Villamor et
al., 2002). Cells produce the SUMO peptide in atiive form and it has to be
processed before it can be transferred onto attprgeein (Figure 1.11, (1)). The
mature form of the SUMO peptide lacks several @Giteal amino acids. The
SUMO-specific proteases (SENPs) mediate cleavagiheofC-terminal end to
reveal a C-terminal di-glycine motif (Figure 1.1(1)) (Matunis et al., 1996).
First, the carbonyl group of the C-terminal glycofeSUMO protein attacks the
ATP molecule to form a SUMO adenylate derivativeei the AMP group is
replaced by SAE1 in a reaction which involves theleophilic attack of its
active site cysteine and formation of high eneigpdster bond (Figure 1.11,
(2)). In the next step, the activated SUMO pepisdpassed to the Ubc9 enzyme
(Figure 1.11, (3)). The Ubc9-SUMO intermediate feran identical covalent
link (the thiolester bond) with SUMO as the SAElz@ne. The final step of
SUMOylation is catalysed by E3 SUMO ligase whicbgdther with Ubc9,
directs the SUMO peptide onto a specific site @f thrget protein (Figure 1.11,
(4)). SUMOylation is a reversible protein modificat. The SUMO peptide can
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be recovered by isopeptidase activity of the SENKRepses and reused in -
next cycle of the SUMOylation proce(Figure 1.11, (5)freviewed in(Yeh et
al., 2000)).

®
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Figure 1.14SUMOylation pathwa.

Cartoon shows mechanism of protein modificatiorSAMO. (1) The proSUMO peptide ifirst
cleaved by SENP proteasand (2) then activated by SAE1l (Bxtivatec SUMO is next
transferred to SUMO conjugating enzyme Ub(4) Co-operdive activity of Ubc9 and targ-
specific E3 ligase is required for transfer of t8B&)MO peptide onto prote. (5) The SUMO
peptide an be recycled by SENP prote-mediated cleavage.

1.10 Characterisation of E3 ligase

There are three distinct families of SUMO ligasdsenitified to date:
PIAS, RanBP2 and PC(Jackson, 2001b; Jackson and Bartek, 2009; Kag
al., 2003; Pichler et al., 20(. All of the above mentioned SUMO ligzs interact
with the E2conjugating enzyme Ubc9 e SUMO, and bind to aet of substrate
to enhance their modification by SUMO attacint. The function of the E

ligases is to bridge a specific substrate withubeS-SUMO intermediatt
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1.10.1Siz/PIAS

The PIAS type of SUMO ligases were first identifieth
S. cerevisiadJackson and Bartek, 2009). The Siz/PIAS ligasegago the SP-
RING (Siz/Pias-RING) that resembles the RING findemain of the ubiquitin
ligases and a characteristic N-terminal domain $8&R, Acinus, RAS ~400
residues) that binds DNA (Jackson, 2001a). The B¥GHs a catalytic domain
and also Ubc9 interaction motif (Kahyo et al., 20@hachdev et al., 2001,
Takahashi et al., 2001). The PIAS SUMO ligases ggxsa short sequence called
SXS domain. The SXS sequence is made up of hydphamino acids
followed by a string of acidic residues (Minty dt, £2000). This is a SUMO
interacting motif that binds to SUMO proteins andhas been proven to be
required for proper ligases localisation (Kotajaakt 2002). The C-terminal
domain of the PIAS proteins is the least well-chsgased and the most variable
between the ligases in this family. It is specudatieat various C-terminal ends
play a role in substrate specificity (reviewed Jolfnson, 2004)). As mentioned
before, the SP-RING of PIAS proteins resemblesotte found in the ubiquitin
ligases. The major difference between these twssek of proteins lies in
number of cysteines found in the catalytic domair for ubiquitin ligases and
four for Siz/PIAS SUMO ligases) (Jackson, 2001ayoTmain members of this
family, theS. cerevisia&izl and Siz2 proteins SUMOylate cytoskeletal girct
(septins), the replication factor PCNA and theesishromaitd cohesion protein
Pds5 (Hoege et al.,, 2002; Stead et al., 2003).hBleiprotein is essential for
S. cerevisiaeviability, nor are theS. pombehomologues (Johnson and Gupta,
2001; Takahashi et al., 2001; Takahashi et al.32B0@emalce et al., 2004). The
mammalian PIAS family consist of four ligases, P1AS, x and y (reviewed in
(Chung et al., 1997; Shuai, 2000)). PIASx and ¢/ raainly expressed in testis,
suggesting a role in meiosis and sperm productdrereas PIAS1 and PIAS3
are found in all cell types (reviewed in (Chungakt 1997; Moilanen et al.,
1999)).

58



1.10.2RanBP2

Another class of SUMO ligase are the homologuethefnuclear pore
protein RanBP2/Nup358 (RNA binding protein 2/Nuclpare complex protein
358). RanBP2 proteins contain a specific E3 doncaifed the internal repeat
domain (IR) which consists of two repeats of 50 reonacids. The IR domain
does not share significant similarity with otherolam E3 ligases (reviewed in
(Avis and Clarke, 1996)). The RanBP2 protein Is=di to the nuclear pore
where it is part of a high weight molecular complsat regulates protein
transport by SUMOylation (Pichler et al., 2002)nB&2 SUMOylates RanGapl
(Ran GTPase activating protein 1) protein and 8udOylation is required for
RanGapl nuclear pore localisation (Matunis etl&®98; Saitoh et al., 1997n
vitro studies revealed that SUMOylation of HDAC4, Spl0@ &kanGapl is
enhanced by RanBP2, but only RanGapl has beenrroedfias ann vivo
substrate thus far (Kirsh et al., 2002; Pichlealgt2002).

1.10.3PC2

The third subgroup of SUMO ligases are the polycantup proteins
(PcG). The PcG are nuclear proteins first iderdifim D. melanogaster
(reviewed in (Lewis, 1978))PcG proteins form complexes with histone
methylation activity and function in gene silencitiyough modification of
chromatin structure (Kagey et al.,, 2003). They @oby post translational
modification of histone proteins. The PcG SUMO $ga such as Pc2 (polycomb
2 homologue) are part of the nuclear polycomb xmdehere Pc2-mediated
SUMOylation is believed to occur. At least two dint polycomb-repressive
complexes (PCRs) exist in cells, PRC1 and PRC2iflecgt al., 2004). PRC1/2
bind to DNA and maintain gene expression of geneguired for cell
differentiation and organism development. The PR&g been also implicated
in embryonic stem (ES) cell self-renewal and plotgmcy (Rajasekhar and
Begemann, 2007). One of the identified Pc2 sulestret the transcriptional co-
repressor CtBP1 (C-terminal binding protein 1), abhlocalises to PcG bodies
(Kagey et al., 2003). Recently, two SUMO interagtimotifs have been
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described in Pc2 protein and one of them (SIM2)essential for Pc2
autoSUMOylation and modification of CtBP1 (Yang aluarrocks, 2010).

1.10.4Nse2/MMS21 SUMO ligase

Mms21/Nse2 is a SUMO ligase and a member of th&BS family of
proteins (hereafter Nse2). TiNse2gene was first identified i8. cerevisadas
Mms21) in a screen for DNA damage sensitive mutéidtakash and Prakash,
1977). It is a small (~30 kDa) globular proteintlwihe SP-RING domain at the
C-terminal end (Andrews et al., 2005; McDonald let 2003; Pebernard et al.,
2004; Potts and Yu, 2005). The N-terminal SAP donsgecific for the PIAS
proteins required for DNA localisation is absenttlie Nse2 protein. However,
Nse2 is still targeted to DNA via its interactiontiwthe Smc5-Smc6 complex
(Andrews et al., 2005; Lindroos et al., 2006; Patt&l Yu, 2005; Zhao and
Blobel, 2005). The N-terminal domain (NTD) of thesd2 SUMO ligase is
responsible for interaction with Smc5, allowing t@eterminal SP-RING free
access to potential substrates (Figure 1(D2jan et al., 2009a; Sergeant et al.,
2005). The interaction between Smc5 and Nse2 is mediajeded of non-
covalent interactions such as hydrogen bonds, Ipyaoic interactions and salt
bridges (Duan et al., 2009a)wo distinct helices (P16 to S52 and D60 to A100)
in the Nse2 NTD motif have been identified as eakfor binding to Smc5
(Duan et al., 2009a). These helices wrap aroundsthe5 arms, anchoring the
Nse2 protein as shown in Figure 1.15 (Duan ek@b9a). In contrast to tH&iz1
andSiz2genesNse2is essential for budding and fission yeast viab{lAndrews
et al.,, 2005; Zhao and Blobel, 2005). HypomorpN®e?2 alleles resulting in
SUMO ligase dead forms of Nse2 show sensitivityatbroad range of DNA-
damaging agents, including cis-platin, IR, MMS, Hdd UV (Andrews et al.,
2005; Pebernard et al., 2004; Potts and Yu, 208fgeant et al., 2005; Zhao and
Blobel, 2005). Therefore, the SUMO ligase activafyNse2 is not essential for
cell survival but required for DNA damage resporeed DNA repair (Andrews
et al., 2005).Nse2 mutations inS. pombe are epistatic withRhp5£2%! in
response to IR and UV (Andrews et al., 2005). Ssirgyly, the hypomorphic
nse2-21lallele is not epistatic witlRad18/Smc6n response to UV and double

mutants ofsmc6 and nse2 show greater growth retardation than either single
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mutant, suggesting the existence of some-overlapping functions cNse2 and
Smc6(Andrews et al., 2005; Chavez et al., 20.. Similarly tosm6-9 mutants,
mms21-sgells accumulate -shaped molecules and chromosomal linkages
DNA damaggBermude-Lépez et al., 2010; Branzei et al., 2006; Chaveal.¢
2010a).

Coil-coiled
region of Smc5

SP-RING

Figure 1.15 Crystaktructures of the Nse2 protein and Smc5 coiledil region.
Graphical representation cthe crystal structure of the coilembil region of S. cerevisiae Sm
and NseqDuan et al., 2009z

As mentioned earlieisiRNA-mediated depletion dfisez in HelLa cells
resultsin increased gene targeting edecreasedister chromatid exchanges. T
same group found that cohesin recruitmerl-Scelinduced DSB waimpeded
in the cells lacking Nse(Potts et al., 2006),uggesting that ohesin may be
regulated througiNsez-dependat SUMOylation. This is indeed t case in
human cells wherthe Sccl subunit of cohesios modified by Nse:i(Potts et al.,
2006). A dfferent group observed a severe loss of metapsister chromati
cohesion after siRN-mediated depletion ddmc5 and Nse2 but not Smc6.is
surprising observation | to thedetection of two distinct complexicontaining
Nse2-Smc5-Smcén interphase and Ns-Smc5 in mitosis(Behlke-Steinert et
al., 2009). Theseéata suggest tl existence of two separate complexes (S-
Smc6Nse2 and Sm-Nse2) with potentially distinct functions in DN
metabolism. Additionally, two different complexes have been adsed by
Hazbun et al. in budding yee(Hazbun et al., 2003).
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Nse2 SUMO ligase has been also implicated in tetenmeaintenance.

In the S. cerevisiae mms21-sputants an increased rate of senescence has been

observed (Chavez et al., 2010b). In human celle2Mependent SUMOylation
of the telomere sheltering proteins Trfl, Trf2, Tiand Rapl is required for
telomere integrity and extension through the AL®garss (Potts and Yu, 2007).
Depletion of the Nse2 SUMO ligase activity in budgland fission yeast causes
fragmentation of nucleoli and an increased numlbeejgair foci in this nuclear
organelle, confirming a function for Nse2 in theimi@nance of repetitive DNA
sequences (Torres-Rosell et al., 2005a; TorrestResal., 2007; Zhao and
Blobel, 2005).

Other known substrates of Nse2 SUMO ligase aredish Table 1.1
Nse3, Nse4, Smc5, Smc6 and Nse? itself are SUM&/lay Nse2 (Andrews et
al., 2005; Potts et al., 2006; Zhao and Blobel,520Modification of multiple
subunits of the Smc5-Smc6 complex by Nse2 indicatg®tential role in the
regulation of the activity of the complex. It isgsible that SUMO-interacting
motifs are present within the sequence of Smc5-Somfiplex subunits, but
their existence awaits discovery. Zhao and Blobelased that the NHEJ protein
Ku70 is also modified by Nse2, indicating a mukipbles in the DNA damage
response of the Smc5-Smc6 complex-associated SUdaSel (Zhao and Blobel,
2005).

Table 1.1 Nse2 substrates.

Protein Organism Function Reference
Ku70 S. cerevisiae NHEJ (Zhao and Blobel, 2005)
H. sapiens, S. (Andrews et al., 2005; Potts et
Nse2 cerevisiaeandS. HR al., 2006; Zhao and Blobel,
pombe 2005)
Nse3 S. pombe HR (Andrews et al., 2005)
Nsed S. pombe HR (Pebernard et al., 2008c)
: Telomere
Rapl H. sapiens _ (Potts and Yu, 2007)
maintenance
_ Sister chromatid
SA2 H. sapiens , (Potts et al., 2006)
cohesion
Sccl H. sapiens Sister chromatid (Potts et al., 2006)
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cohesion

Smch S. cerevisiae HR (Zhao and Blobel, 2005)
H. sapiensaandS. (Andrews et al., 2005; Potts et
Smc6 HR
pombe al., 2006)
_ Telomere
Tin2 H. sapiens _ (Potts and Yu, 2007)
maintenance
Trax H. sapiens Unknown (Potts and Yu, 2005)
_ Telomere
Trfl H. sapiens _ (Potts and Yu, 2007)
maintenance
: Telomere
Trf2 H. sapiens (Potts and Yu, 2007)

maintenance

1.11 SUMOylation in DNA repair

As previously mentioned, protein SUMOylation caadeto significant
changes in protein biochemical properties (sectio8). It has been well
established that many proteins in the DNA damagparse are modified by
SUMOylation (reviewed in (Jackson and Bartek, 2009)). During D#NAthesis,
the DNA polymerase occasionally encounters a lesibith can be by-passed
by the activity of Y-family DNA polymerases (revied in (Ho and Scharer,
2010)). In this process, a polymerase switch hasctur in order to continue
DNA replication over the lesion. The heterotrimeRENA sliding clamp is
required for maintenance of polymerase fidelitye TRCNA sliding clamp is a
heterotrimeric protein that binds different polyasgs (reviewed in (Hubscher,
2009)). SUMO modification of PCNA is required far@-free DNA translesion
synthesis pathway (TLS). PCNA ubiquitinylation ori@4 is essential for for
that process (Vanoli et al., 2010). Steller andwookers showed that
SUMOylation competes with ubiquitylation for moddition of that site.
SUMOylation at the PCNA K164 residue prevents ure@rrLS and inhibits
mutagenesis (Stelter and Ulrich, 2003). In addjt®dMOylation of K164 leads
to recruitment of the Srs2 helicase through its SMJMteracing motif (SIM).
Notably, Srs2 helicase binds SUMOylated PCNA witthigher affinity than
unmodified PCNA. The active Srs2 helicase is ablerdmove filaments of

Rad51 protein from chromatin, leading to inhibitimihrecombination (Pfander et
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al., 2005). Another lysine 127, located at the PB®R; the main PCNA

interacting domain, can also be modified by SUM@atment (Moldovan et al.,
2007). PCNA modification at K127 abrogates bindifidgccol acetyl transferase
required for cohesin recruitment to newly-synthegi®NA and sister chromaitd
cohesion establishment (Moldovan et al., 2006).

Another example comes from studies on the basesiexrcrepair protein
TDG. TDG is a DNA glycosylase that removes thynoneiracil bases from T-G
or U-G mismatches, producing an AP site (Hardekindl., 2002). TDG shows
high binding affinity to damaged DNA. After remowall the lesion, TDG has to
be dissociated from DNA in order to allow access@ivnstream BER factors to
the AP site. This is stimulated by the downstrearmyme APE1 and SUMO
modification of the TDG protein by an as-yet unitiieed E3 ligase (Hardeland
et al., 2002). Interestingly the TDG protein contathe SIM motif which binds
to SUMO peptide upon TDG SUMOylation, forming atrégamolecular bridge.
This radically changes the conformation of the TpGtein and affects TDG
affinity to DNA. Later SUMO peptide is cleaved ofllowing TDG to
participate in the next cycle of DNA repair.

SUMOylation is also required for proper repair c6Bs. The SUMO
modification of many targets including BRCA1 and R&MUBC13 proteins is
essential for this DNA repair pathway (Galantylet2009). Two SUMO ligases,
PIAS1 and PIAS4, localise to the DSB and PIAS4auired for modification of
the RNF8/UBC13 ubiquitin ligase (Morris et al., 200 This stimulates
recruitment of BRCAL1 and RNF168 to the DSB (Galagityal., 2009; Morris et
al., 2009). Additionally, PIAS1 is responsible BRCA1 SUMOylationin vivo
(Galanty et al., 2009). These results indicate tB8atMOylation enhances
ubiquitin ligase activity of the BRCA1 and RNF8 mwims. With the new
technologies used to study protein modificationgnyn novel substrates of
SUMO pathway will be identified in the near futurpermitting improved

understanding of the function of this elusive pirofeTM.
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1.12 Gene targeting

Gene targeting is defined as the controlled anéicat introduction of a
specific DNA sequence into a desired position engenome of a cell (reviewed
in (Hudson et al., 2002)). Gene targeting is agiesi modification of a cell
allowing for introduction of a desirable changecell's genotype. It has been
successfully used to genetically modify plants bda;n abundant harvests and
protect them from environmental conditions. Foratkss, gene targeting has
been used to study mouse genetics. This has allowedrstanding of different
cellular mechanisms involved in pathologies anceases. Additionally, gene
targeting in mouse has led to the development ohdru disease models,
facilitating their analysis and drug developmenén@ targeting is also used in
reverse genetics, a method which allows the studdgeoe functions by their
mutation or disruption and analysis of this genadpct deficit on the biological
system of interest. Reverse genetics has becontieedar analysis of vertebrate
genes. Many strategies have been developed fortgegeting in order to study
gene functions in various systems, including baetgeast, mouse, hamster, pig,
chicken, plants and humans (Capecchi, 1989; Cosl.eR010; Geurts et al.,
2009; Liu et al., 2010; Rémy et al., 2010; Watanetoa., 2010).

1.12.1Gene disruption in vertebrate cells

Extensive knowledge of the gene of interest is thest important
information required to design a targeting strate@g disrupt or introduce
mutation(s) in the specific gene, a set of targetmectors is generated. The
targeted region can be the whole coding sequemreaiths essential for protein
function or single nucleotides. Each targeting eechust contain at least one
homology arm (two are recommended) and a seleatiaker (Figure 1.13A).
The homology arm(s) specify the targeted region mwadker which allows for

subsequent isolation of cells containing the dasugation.
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A) Start Stop

Genomic DNA: I
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Bl Resistance cassette

Targeting vector
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Genomic DNA:
Locus X after Resistance cassette

targeting

Figure 1.16General strategy for gene disruptic
A) Alignment of gene Mcus witl a targeting vector showing a disrupted region betwtentwao
homology arms. B) Genomic locus X after targetimgné showincreplacement of gene X ex

and intron sequences by the resistance cassettetfre targeting vectc

To sudy the function c vertebrate genemouse and chicken moc
systems are widely used. In the mouse model, trgetiag vector with th
mutation(s)is first introduced into embryonic stem (ES) cdliselectroporatiol
or microinjection. Then, the clones positive foe Belective marker are screet
in search for a designed mutaticThe majority of the cells thatake up the
foreign DNA will randoml insert this sequendato their genome. Ira small
population of the cells the arms of the targetiegtor will pair withhomologous
sequence in thgenome and transfer the mutation by homologousmbuowation.
After identification of the cell clones iwhich the targeting evethas occurred
successfully, the cells are grown and later ingkin vitro into the blastocoel
cavity of a premplantation mouse embryo. The resulting blastoggsthen
transferred into mouse uterus and allowed to develthe result of suc
manipulation is anouse chimel which carriesmodified genes from the don
stem cells and host blastocy(Capecchi, 1989)In the last stej the mouse
chimeras are first led with wilc-type animals to givleterozygot progeny (+/-
for desired mutation). The - animals are bred together and giegeny of sucl
crosses are screenec search for thedesigned mutation in both alleles
interest. Phenotypes of the knockout mice are #matysed anthefunctions of

the gene under study can defined. This techniquéhas allowe the
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determination of the role of many genes involvedctétiular functions. Mouse
knockout technology paved the way to establish ahimodels for studying
human diseases such as different types of cankier,dsorders, bone marrow
and metabolic pathologies, muscular dysthrophiesnunodeficiencies and
others (reviewed in (Bedell et al., 1997)).

The chicken system mentioned earlier is alsoulidefstudy vertebrate
gene function. Chicken DT40 cells are a transforrBetymphoblast cell line
originally derived from an avian leukosis virus (#)-induced bursal lymphoma
(Baba et al., 1985; Baba and Humphries, 1984). &ianistics of DT40 cells
include cell surface IgM, increased expressior-aiycand continuous Ig light
chain gene conversion (Baba et al., 1985). Stude$T40 allowed for
understanding mechanisms of gene conversion andbvate DNA repair (Kim
et al., 1990; Morrison and Takeda, 2000). Whereasiuman cell lines, the
average ratio of random DNA integration to targeietbgration is between
1:10000 — 1:100000, in the DT40 cells it is betwé&elD0 -1:1000 (Buerstedde
and Takeda, 1991). As in the mouse model, chickEAODcells are transfected
with targeting vectors designed for the locus ¢éniest. Heterozygotes and later
homozygotes are selected and screened for theedesnutation. Multiple
knockout clones can be obtained and easily analysiag) the DT40 model.

Gene disruption has also been reported in humahshamster and pig
cells (Dai et al., 2002; Kragh et al., 2009; Laiaét 2001; Rogers et al., 2008).
Recently, new technology based on DNA sequencefgpeiac-finger nucleases
has been developed and successfully used to teagggbig and hamster genes
(Geurts et al., 2009; Mashimo et al., 2010; Wataretkal., 2010).

1.12.2Mechanism of gene disruption

The mechanism of gene disruption by homologous méagation has
been extensively studied in mouse embryonic stdls @apecchi, 1989). Gene
targeting by homologous recombination requiresvaateplication as shown by
experiments with synchronised cells. Cells trartsféaduring S phase had the
highest gene targeting frequencies (Wong and Capet886). Additionally,
linear DNA molecules are the most favourable sabs$r for efficient gene

targeting (Thomas and Capecchi, 1986). Correlati@tween the size of
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homology arms and number of positive clones hags bé&so reported. Targeting
vectors with arm sizes between 10-14 kb had thedsigfrequencies observed in
these experiments (Capecchi, 1989). In one of thdets proposed for a gene
targeting mechanism, the linearised targeting vestdirst processed at 5 ends
to expose single stranded DNA. These 3’ overhangs invade the homologous
sequence on the chromosome through RPA- and Ragfidndent reactions. In
the last steps the heteroduplex between episongag@anomic DNA is resolved

and the original sequence is removed leaving thehsyic sequence behind
(Niedernhofer et al., 2001).

In the novel zinc-finger nucleases (ZNFs) technglagtificial chimeras
between the DNA binding zinc-finger proteins and spetific DNA
endonucleases such as an isolated active siteedfatkl restriction enzyme are
used (Rémy et al., 2010). The DNA binding partled ZNF can be carefully
designed to recognise a specific DNA sequence. Ziinefinger domain then
binds to sequence of interest and brings the nseledo close proximity to the
DNA. This results in the cleavage of the desiredAD$&quence. The double
strand break induced this way has to be repairkd.cleavage of the sequence is
then induced again and again. Inevitably, this €yehds to loss of the genetic
information at the desired site due to eventuadlldailure in DNA repair. This
may cause loss of gene function and result in &phédnotype for the desired
gene (Cost et al., 2010; Liu et al., 2010; Santigigal., 2008).

1.12.3Alternative methods for gene ablation

In models where low frequencies of gene targetieygnt the analysis of
the gene of interest, several alternative methade lheen applied. The recently-
developed technology of small interfering (siRNA)dashort hairpin RNA
(shRNA) allows for gene ablation in different cglpes (Clemens et al., 2000;
Fire, 1999). siRNA depends on the delivery of sHieNA sequences of 19
complementary bp with 2-nucleotide 3’ overhangseSéhare transfected into
cells and one strand of the siRNA is bound by thailtirsubunit
ribonucleoprotein complex (RISC). This RISC compisxhen targeted to the
complementary mRNA, resulting in mRNA degradation RNAase or RNA-

dependent RNA polymerase mechanisms (Harborth. eR@01). This leads to
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down-regulation of target gene expression and sutesgly reduction of protein
levels (termed as a knock down rather than knogkout

Short hairpin RNA technology allows for more stabtentrolled and
continuous gene ablation (Cao et al.,, 2005; Harged Davidson, 2005;
Mclintyre and Fanning, 2006; Paddison et al., 2002}his method, interfering
RNA is expressed from a chromosomally-integratedaepe which is delivered
to the cell by transfection or viral particles. Téepressed hairpin RNA (50-70
bp in length and partially double stranded) is wéehby Dicer to expose a single
stranded RNA sequence complementary to the tar§NAn The heteroduplex
between the target mMRNA and silencing RNA is thegrdded. The main
advantages of shRNA are that there is no needceforated RNA delivery to the
cell and the possibility of its controlled expressi

Some other methods based on the interfering RNAh sas small
internally segmented RNAs (sisiRNAs) and RNA-DNAirchras have been
recently developed (reviewed in (Sibley et al.,@)1In the sisiRNA method the
22 nucleotide sense sequence of siRNA is segmenttetivo smaller sequences.
These two parts are held together by specific neadibns of the nucleic acids.
Further, optimisation revealed that sisiRNA hasreased off-target silencing
compared to regular RNAiI methods (Bramsen et 8072 DNA-RNA chimeras
were primarily developed to reduce off-target slag. In this approach, parts of
the dsRNA duplex were substituted with deoxyribdeatides (at their 5’ end).
This affects the interaction of RISC with off-tatggiRNA, thus reducing
degradation of non-specific transcripts. Gene silenwith this method proceeds
through a mechanism identical with the originaldAR(Ui-Tei et al., 2008).

1.12.4Disruption of essential genes

Disruption of essential genes is a more problenctallenge. Targeting
of these genes is not achievable using standarel @gegeting approaches as the
cells cannot proliferate in the absence of suclege8pecific methods known as
conditional knockout strategies have been developedrder to study the
function of essential genes. These include systesush as expression of
switchable transgene (TetOFF), transgene removalCi®/loxP and FLP/frt

mediated recombination or auxin-mediated proteigragation (Gossen and
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Bujard, 1992; Gu et al., 1993; Nishimura et al.020 The basic principle of
conditional gene targeting is to first introducé&ransgene encoding the gene of
interest whose expression or activity can be stmwndon demand. Then the
endogenous gene sequence is targeted in the tremsgpressing background.
After gene targeting, the essential transgene tvitgcof the protein it encodes
can be inactivated and the null phenotype analysed.

The Tet system is a tetracycline operator basedhadetn which
transgene expression is dependent on an induciblesdriptional activator
(Baron and Bujard, 2000; Gossen and Bujard, 1982he TetOFF variant, the
tetracycline controlled transactivator (tTA) regekaexpression of the gene that
Is under transcriptional control of a tetracyclimesponsive promoter element
(TRE). The tTA is a fusion protein of a tet repsBNA binding protein and
VP16 activation domain. The tetracycline (Tc) oxgoycline (Dox) deactivates
the tTA protein which no longer binds to the TREmént and transactivates
target gene expression. The main disadvantageeoT®#OFF is the extensive
timing required for gene shutdown.

In a second system, site-specific bacterial or tysgmbinases are used
(Dymecki, 1996; Gu et al., 1993; Marino et al., @0V ooijs et al., 1998). The
Cre and FLP recombinases recognise and excise Didfesmces flanked by
LoxP and Frt sites, respectively. After successigbression of the transgene
flanked by these sequences, targeting of the gémngeavest is performed. The
transgene sequence is removed by transient or iblduexpression of the site
specific recombinase. The disadvantage of thisesyss a lack of homogenity of
the population after expression of the recombirase lack of control over its
activity. This often results in a mixed populatioihthe cells with or without the
transgene at a particular time after transfectioninduction of recombinase
expression. Additional screening steps may be requio obtain pure clones
which may be difficult after deletion of the essahgene.

The auxin degron system allows the rapid depletidra protein of
interest after addition of a plant hormone auxint®erderivatives (Nishimura et
al., 2009). The coding seguence of the gene ofastean be fused with an auxin
inducible degron (AID) sequence either on an epes@mendogenously (single

or both alleles). Expression of the fusion proteam be easily confirmed with
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AID specific antibodies. After targeting of the gamic sequence that encodes
the protein of interest, the transgene productbmthen degraded after addition
of small heterocyclic acid (indole-3-acetic acidderivatives). In the presence of
auxin the AID tag is poly-ubigitylated and recogrdsby SCF complexes which
target the fusion protein for proteasomal mediatibradation. A huge
advantage of this system is a very rapid respoasaukin treatment, which
induces protein depletion within minutes. Succdssfegradation has been
confirmed for yeast, chicken and human proteinsltidaura et al., 2009). The
main disadvantage of this system is the relatibafysize of the AID tag which

may interfere with the essential functions of thet@in under study.
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Aims of the study

1.13 Aims of this study

The functions of the cohesin (Smc1-Smc3) and casidgf®mc2-Smc4)
complexes are well described. The cellular roleSmit5-Smc6 complex and its
mechanism of action are not fully understood. Mgegpmost of the data on the
Smc5-Smc6 complex were derived from work in yeaiscTherefore, the main
aim and focus of this study was to establish tHrilee roles and functions of

vertebrate Nse2 protein in the cell cycle and spomse to DNA damage.

We identified the chickeNse2orthologue and cloned its cDNA. We then
generated an Nseafficient chicken cell line and analysed the phgp®t
associated with Nse2 defficiency in DT40 cells. Wend that the loss of Nse2
results in DNA repair defects. We also investigdatezlbiochemical properties of
Nse2 by its expression in Nse2-deficient cells ifflerént fusion proteins. This
allowed us to confirm that chicken Nse2 is a congmbnof a Smc5-Smc6
complex through interaction with Smc5 and that Nge2 protein with both
cytoplasmic and nuclear localisation. We also fotivat re-introduction of wild-
type but not SUMO ligase dead form of Nse2Nse2™ cells rescued the
observed phenotype, indicating that the enzymatitvity of Nse2 is essential

for its DNA repair functions.

In addition, we attempted to define the functiore&tionships between
Nse2 and its partner Smc5 protein. We carried quista&sis analysis by
disruption of Smc5in Nse2-deficient cells. Investigation of the pbsme of
doubly targeted clones allowed us to dissect thesrof Smc5-Smc6 complex
components and suggested that distinct Smc5-Sniz8@uplexes may exist in

vertebrate cells.
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Chapter 2 Materials and methods

2.1 Materials

2.1.1 Chemical Reagents

Chemicals used throughout this study were of aitalygrade and were
purchased from Sigma (Arklow, Ireland), BDH (Hertshire, UK), Fisher
(Leiceistershire, UK) or GE Healthcare (Bucks, UKBdU (5-ethynyl-2
deoxyuridine) and 6-carboxyfluorescein-TEG azideemgurchased from Berry
& Associates (Dexter, USA). All solutions were paepd using ddbO or Milli-
Q purified water Millipore (Billerica, USA) and, vehe appropriate, were
autoclaved prior to use. Organic solvents, alcolaold acids were supplied by
Sigma (Arklow, Ireland) VWR (Bridgeport, USA) or Fisher (Leiceistershire,
UK). Radioisotope ¢-**P-dCTP) was supplied by ICN (Asse-Relengen,
Belgium); oligodeoxynucleotide primers were pur@dthdrom Sigma (Arklow,
Ireland). Solutions used for RNA work were treatedth 0.1% diethyl
pyrocarbonate (DEPC), supplied by Sigma (Arklow|dnd). RNA was prepared
from tissue culture cells using TRIzol (Total RNgolation Reagent) obtained
from Invitrogen (Carlsbad, USA).

All common reagents and buffers used throughou$ tudy are
presented in the Table 2.1 (listed in alphabebcdér).

Table 2.1 Common reagents and buffers

Name Composition Notes and references
150mM Tris pH 6.8, 45%
sucrose, 6mM K-EDTA For denaturation and
2 SéDuSﬁ-;A(\?(’BXESbS)ampIe pH 7.4, 9% SDS, 0.03% loading of proteins prior to
bromophenol blue SDS-PAGE

10 %p-mercaptoethanol
20% sucrose, 0.1M EDTA
pH 8.0, 1% SDS, 0.25% For DNA sample loading
bromophenol blue, 0.25% prior to running agarose gel
xylene cyanol.

6 X DNA Loading Dye

Aprotinin 1000 x stock solution Protease inhibitor
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0.1% Coomassie, 25 mM

Aqueous Coomassie Blue Tris, 250 mM glycine

Calenoa Solution Methano(lg:. ,1A)cet|c acid

Church Hybe Buffer 0.5M NaPi, 7% SDS

Church Wash Buffer 40mM NaPi, 1% SDS

1000 x stock solution of

Chymostatin, Leupeptin,
Antipain, Pepstatin A
10 mM ascorbic acid,

0.1 mM 6-

carboxyfluoroscein-TEG

azide, 2 mM CuS®-
added in the order indicate

0.5% Coomassie in 35%
Methanol, 14% acetic acid

20mM dimethyl
pimelimidate
dihydrochloride (DMP) in
200mM Hepes pH 8.5
137mM NacCl, 5mM KCl,
1.1mM NaHPQ,, 0.4mM
KH2P04, 2mM Mng,
2mM EGTA, 5mM PIPES,
5.5mM glucose, pH 6.1 and
filter sterilised
30% methanol, 10% acetir
acid
100 mM Tris pH 9.5, 100
mM NacCl

CLAP

Click Reaction Mix

Coomassie Brilliant Blue
R

Cross-Linking Solution

Cytoskeleton Buffer

Destain Solution
Detection Buffer

Fixation Solution 4% methanol, 1% glycerol

3% Giemsa in Phosphate
Buffer pH 6.8

200 mM Glycine-HCI pH
2.0, 150mM NacCl

Giemsa Stain

Glycine Elution Buffer

For staining preparative
protein gels
For cell fixation in
chromosome spreads
preparation
For Southern blot
hybridisation

For Southern blot washes

Protease inhibitors, each
1 mg/ml in DMSO

For labeling of S-phase
cells

For SDS-PAGE analysis

For cross-linking of

antibodies or fusion tagged

proteins to agarose beads

For immunofluorescence
microscopy

To destain Coomassie gels

For detection of DIG
labeled probes

To dry Coomassie gels

For staining of
chromosome spreads

For elution of affinity
purified antibodies

50 mM HEPES pH 7.5, 150 For binding of GST-tagged

GST Binding Buffer mM NaCl, 2 mM EDTA

High Stringency Buffer 0.5 x SSC, 0.1% SDS
8 M Urea, 10 mM Tris, 100
mM sodium phosphate
buffer pH 8.0, 0.1% Triton
X-100, 10 mM imidazole
5 mM B-mercaptoethanol

HIS-Tag Buffer

proteins

For membrane washes in
non-radioactive Southern
blot

For purification of His
tagged fusion proteins
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Immunoprecipitation
Buffer

LB (Luria-Bertani
Medium)

Low Stringency Buffer

Lysis Buffer 1
Lysis Buffer 2

Macllvane Solution

Maleic Acid Washing
Buffer

Hot Southern Blot
Washing Buffer (NaPi)

Non-Radioactive
Southern Blot Blocking
Solution

PBS
Phosphate Buffer pH 6.8

PMSF

Ponceau S. Solution

Running Buffer

Semi Dry Transfer Buffer

SSC

Super Broth

50 mM HEPES pH 7.3, 15
mM NaCl, 2 mM EDTA,
0.5% NP-40, 10%
Glycerol
1% tryptone, 0.5% yeast
extract, 1% NacCl, pH
adjusted to 7.0 with 4M
NaOH

2x SSC, 0.1% SDS

50 mM Tris pH 7.5, 150
mM NacCl, 1% Triton X-
100
10mM Tris pH 7.5, 0.1%
Triton X-100

164 mM NaHPQ,, 16 mM
citric acid pH 7.0

100 mM Maleic acid pH
7.5,
150 mM NacCl, 0.3%
Tween 20

1M NaHPQH,O pH 7.2

10 % Caseine in Maleic
Acid Wash Buffer

Phosphate buffered saline

11.5 mM NaHPO,, 15.7
mM KH,PO, pH 6.8

Protease inhibitor, 250mM
in ethanol

0.5% Ponceau S, 5% acet
acid

25mM Tris, 250mM
glycine, 0.1% SDS

25 mM Tris pH 8.5, 0.2 M
glycine, 20% methanol

1.5M NaCl, 0.15M sodium
citrate, pH adjust to 7.0
with citric acid
0.5% tryptone, 2% yeast
extract, 0.5% NaCl, pH
adjust to 7.5 with 4M
NaOH

For immunoprecipitation of

endogenous and tagged
proteins

To grow bacterial cultures

For membrane washes in
non-radioactive Southern
blot
For whole cell lysate

preparation and analysis by

SDS-PAGE
To lyse cells for protein
analysis by SDS-PAGE
For washes in sister
chromatid exchange
preparations

For membrane washes in
non-radioactive Southern
blot

1M stock for Southern blot
Buffers

For blocking of Southern
blot membranes

Made up to 100 x stock
solution with tablets
(Sigma)
For chromosome spreads
staining

1000 x stock solution

To stain proteins on the
nitrocellulose membrane

For running SDS-PAGE
gels

For semi dry transfer

10 x stock, for transfer of
gels to nylon membrane

To grow bacterial cultures
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TAE 40mM Tris-acetate pH8.0,

1mM EDTA To run agarose gels
50mM Tris pH 8.8, 100mM :
Tail Buffer EDTA, 100mM NacCl, 105 0" the preparation of
SDS genomic DNA
TBS 20mM Tris pH 7.5, 150mM For affinity purification of
NaCl antibodies
30mM Potassium Acetate
Leforly 17131, A0rr For the preparation of
CaCl, 50mM MnC}, 15% :
Tfb | glycerol: pH adjust to 5.8 chemically competerit.

with 50% HCI, filter coll
sterilise and store af@.
10mM MOPS, 75mM
CaCl, 10mM RbC}, 15% For the preparation of
Tfb 1l glycerol, pH adjustto 6.5 chemically competert.
with KOH, filter sterilise coli
and store at°C.
72mM Tris, 58.5mM For wet transfer of SDS-
Transfer Buffer glycine, 15% methanol, PAGE onto nitrocellulose
0.1% SDS membranes

2.1.2 Molecular biology reagents

All biological reagents employed in DNA digestiamdacloning reactions,
such as restriction enzymes, DNA polymerase (Klerferagment 1), DNA
ligase, were obtained from New England Biolabs wipe, USA). The DNA
polymerases TaKaRa LA Taqg, KOD and SigmaTaq us&UOR were purchased
from Takara Shizo Co, Ltd. (Osaka, Japan), Novd@ammstadt, Germany) and
Sigma (Arklow, Ireland), respectively. Shrimp Alked Phosphatase (SAP) was
from USB (Cleveland, USA). DNA and protein size kes were supplied by

New England Biolabs (Ipswich, USA), Fermentas (GBuarnie, USA) or
BioRad (Hercules, USA).

Molecular biology kits used throughout this study bsted in Table 2.2
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Table 2.2 Molecular biology kits used

Name Use Source
GenElute™ Plasmid Small scale plasmid DNA Sigma (Arklow,
Miniprep Kit extraction Ireland)
Midi/Maxi Prep Kit Large scale plasmid DNA Qiagen (Crawley,
(Endotoxin-free) extraction UK)
: : Extraction and purification of ,
QIAquick Ge;l Extraction DNA Fragments from the agaros Qiagen (Crawley,
Kit gel UK)
Superscript First-Strand . Invitrogen
Synthesis for RT-PCR kit CDNA synthesis

(Carlsbad, USA)
Megaprime DNA Labelling  Radiolabeling of probes used ir  GE Healthcare

kit Southern blot hybridisation (Bucks, UK)
ENZO Life
SUMOylation Kit For sumoylation of proteins Scienes (Exeter,
UK)

FourE. coli strains were used during the course of the woskrileed in
this thesis. The genotypes of these strains stegllin Table 2.3.

Table 2.3 Genotype of E. coli strains used

Strain Genotype Use
F mcrAA(mrr-hsdRNS-mcrBC) General
Top 10 ¢B0lacZAM15AlacX74deoR recAl
araD139A(ara-leu)7697 galU galK cloning
rpsL(StF) endAl nupG
endAl gInV44 thi-1 gyrA96 relAl lac recl  Expression of
SURE recJ sbcC umuC::Tn5 uvrC el4(mcrCB-  (ecombinant
lacZAM15 Tn10]

Expression of
recombinant
fusion proteins

E. coliB F—ompT hsdS(rB— mB-) dcm+ Expression of
Tetrgal A(DE3) endAHte [argU ileY leuwW  recombinant

Camr] fusion proteins

BL21(DE3)pLysS F ompT hsds{rs mg’) gal dcm(DE3)
pLysS (Carf)

BL21 pRIL

A number of commercially available cloning and eegsion plasmids
were used during the course of this project, asvaho Table 2.4.
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Table 2.4 Commercial plasmids used in this study

Plasmid name Use Source
pGEMT-Easy General cloning Promega (Southampton, UK)
pBlueScript(SK) Stratagene (La Jolla, USA)
pPpEGFP-C1/N1 Expression in mammaliar ClontecH (Palo Alto, USA)
cells
pcDNAS3.1(+) Invitrogen (Carlsbad, USA)
pCMV-3TAG- Expression in bacterial
2A/B/C cells Stratagene (La Jolla, CA)
ORSET-A/B/C Expressg}llsn bacterial Invitrogen (Carlsbad, USA)
Expression in bacterial Amersham (GE Healthcare,
PGEXAT-1/2/3 cells Bucks, UK)

Antibodies (Table 2.5) used throughout this stugyevmainly applied in
western blot immunodetection (IB) and immunoflucesece microscopy (IF).

Tables 2.5 and 2.6 show working dilutions alondwtite source of the particular
antibodies.

Table 2.5 Primary antibodies used in this study

Working  Working

Antigen Host dilution dilution References
for IF for IB
(11 SEEAIL:GFZ) 001) mcl)vrll(())lcjzlsoenal N/D 1:500 (Mgr?r?t?:im,
Germany)
Hutingtin Goat
interacting polyclonal
protein 2, anti- N/D 1:1000 (Camﬁf da”; UK)
human (HIP2, ab g€,
37917)
Rabbit Gift from Prof.
glgz/loz/ a1 polyclonal N/D 1:1000 Corrado
P Santocanale
Mouse Charles River
Myc, anti-human  monoclonal ) . Laboratories,
(9E10) 1:2000 1:10,000 (Wilmington,
USA)
Nseg, el Rabbit 1:250 This study
chicken polyclonal

1recently purchased by Takara Bio Company
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(SIEO09AP)

Rad51, anti-
human (PC130)

RanGapl, anti-
human (N-19)

Sccl, anti-
chicken (2110
final bleed)
Septin 6, anti-
human (SEPT 6,
1D6)

Set oncogene,
anti-human
(SET, ab 92872)
Smcl, anti-
chicken (8232
3rd bleed)
Smc5, anti-
chicken
(C9057AP)

Smc5, anti-
human (Serum

EQ)

Smc6, anti-
human (DR1031)

Smc6, anti-
human (Serum
Ma)

Sortin nexin 3,
anti-human
(SNX3 C-16)

SUMO-1, anti-
human (FL-101)

B-actin, anti-
human (A2066)
v-H2AX, anti-

human
(JBW301)
v-tubulin, anti-
human (GTU88)

Rabbit
polyclonal

Goat
polyclonal
Rabbit

polyclonal

Mouse

monoclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal
Rabbit
polyclonal

Goat
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal
Mouse

monoclonal

Mouse

monoclonal

1:500

N/D

N/D

N/D

N/D

N/D

N/D

N/D

N/D

N/D

N/D

N/D

1:2000

1:1000

1:100

1:200

1:500

1:500

1:1000

1:1000

1:250

1:100

1:1000

1:1000

1:1000

1:500

1:500

1:10000

1:1000

N/D

Novagen
(Darmstadt,
Germany)
Santa Cruz
Biotechnology
(Santa Cruz,
USA)

Dr. Ciaran
Morrison
(unpublished)

Sigma

Abcam
(Cambridge, UK)

(Stephan et al.,
2011a)

(Stephan et al.,
2011a)

Prof. Alan
Lehman
(Taylor et al.,
2001)

Calbiochem

Prof. Alan
Lehman
(Tayloret al,
2001)

Santa Cruz
Biotechnology

Santa Cruz
Biotechnology
(Santa Cruz,
USA)

Sigma

Upstaté

Sigma

2 recently purchased by Millipore
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Table 2.6 Secondary antibodies used in this study

Working  Working

Antigen Host dilution dilution References
for IF for IB
Alexa, Texas Red and Goat 1:200 - Jackson Labs
FITC (fluorescein poyclonal (Bar Harbor,
isothiocyanate) USA)

conjugated Affini
Pure F(ab’)2
fragment, anti-mouse
and anti-rabbit 1gG

(H+L)
HRP (horseradish Goat N/D 1:10000  Jackson Labs
peroxides)-conjugated polyclonal (Bar Harbor,
Affini Pure, anti- USA)

mouse and anti-rabbit
IgG (H+L) secondary
antibodies for ECL

Digoxigenin (1.71.256)  Mouse N/D 1:10000 Roche
monoclonal (Mainnheim,
Germany)

2.1.3 Tissue culture reagents and cell lines

All sterile plasticware used for tissue culturingas obtained from
Sarstedt (Numbrecht, Germany), Corning (Riverfi@lasiza, NY) and Sigma. For
transient transfection of chicken DT40 cells the aka (Gaithersburg, MD)
nucleofector (programme B-23) was used. Transfestior the generation of
stable chicken cell lines were carried out with Gene pulser apparatus from
Bio-Rad (Hercules, CA). Cells were frozen down fmth -80C and liquid
nitrogen storage in FBS with 10% DMSO. Roswell P&tkmorial Institute
media (RPMI) 1640 was from Lonza (Cambridge, UK)ffddent drugs at
varying concentrations were used as selection maikéhe generation of stable
chicken cell lines, as listed in Table 2.7.
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Table 2.7 Drugs used for stable cell line selection

Name of the drug Final concentration
Blasticidin 25 ug/mi
Geneticin (Invitrogen) 2 mg/ml
G418 (Invivogen) 2 mg/ml
Histidinol 1 mg/mi
Hygromycin 1.5 mg/mi
Puromycin 0.5ug/ml

This study was performed on the chicken DT40 cele.l Specific

culturing conditions used are given in the Tab& 2.

Table 2.8 Cell types and growth conditions

- Culture Culture
Cell Type Description Source Medium Conditions
RMPI-1640,

Wild-type  Chicken, B-cell : . 10% FBS, 39.5C,
DT40 lymphoma Dr. Ciaran Morison 1o/ chicken 5% CO,
serum

In clonogenic survival assays, semi-solid metHjdtese medium was
used, composed of 1.5% methylcellulose (Sigma, Akl Ireland), 1 x
Dulbecco’'s Modified Eagle Medium (DMEM)/F-12, L-gamine(+)
(Invitrogen), 15% FCS, 1.5% chicken serum, 1% p#imistreptomycin and 50
uM RB-mercaptoethanol.

Different drugs that were used for pharmacologtcaatment of DT40
cells can be found in Table 2.9.

Table 2.9 Drugs used in this study

Drug Concentration Application Source

Reversible
activation of
Colcemid 0.1pg/ml spindle assembly Sigma
checkpoint
(metaphase arrest
Reversible
activation of
spindle assembly
checkpoint

Nocodazole 100 pg/ml Sigma

81



(metaphase arrest)
Clonogenic
survival assay anc
DNA damage
response
Clonogenic
survival assay and
DNA damage
reponse
Clonogenic
survival assay anc
DNA damage
response
Clonogenic
survival assay,
DNA damage
response and sister
chromatid
exchange assay
Clonogenic
survival assay anc
DNA damage Sigma
response
Clonogenic
survival assay and
reversible
Hydroxyurea 01-10mM activation of
S-phase
checkpoint
Clonogenic
survival assay —
inhibition of Sigma
PARP-1
Clonogenic
survival assay —
inhibition of Sigma
APE-1

Methyl methanesulfonate 0.2 -1.2 mM Sigma

Camptothecin 10 — 40 nM Sigma

Hospira
(Warwickshire,
UK)

Cis-platin 0.5 — 2ug/ml

Mitomycin C 50 — 500 ng/ml Sigma

4-nitroquinoline-1-oxide 1 —12 ng/ml

Sigma

3,4-Dihydro-5[4-(1-
piperindinyl)butoxy]- 10puM
1(2H)-isoquinoline (DPQ)

7-Nitro-1H-indole-2-
carboxylic acid 100pM
(CRT0044876)

For the treatment of cells with ionising radiatiiR), a'*'Cs source at

23.5 Gy/min was used (Mainance Engineering, HameshbiK).

2.1.4 Computer programmes
DNA plasmid maps were created using pDRAWS32 safw@caclone,
www.acaclone.com). Sequenced DNA samples were deusing Chromas
software (version 2.31, Digital River GmbH, Shannoheland). For
bioinformatic analyses ScanProSite (www.expasytooig/scanprosite), BlastN
or BlastP (http://www.ncbi.nlm.nih.gov/BLAST), Chadw
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(www.ebi.ac.uk/clustalw), ASTD (http://www.ebi.ak/astd) dbEST
(http://www.ncbi.nlm.nih.gov/dbEST/) were used. Kkiscopy imaging was
performed using an Olympus BX-51 microscope dribgnOpenlLab software
(version 5, Improvision, Emeryville, USA). Deconvetl images were saved as
Adobe Photoshop images (version 7, San Jose, UBAalysis of flow
cytometry samples was carried out using CELLQuests{on 3.3, Becton
Dickinson, Oxford, UK) or BD FACS Diva Software (g&on 6.1.2, Beckton
Dickinson, Oxford, UK). For the quantification ahmunoblot signals a FUJI
FILM Multi Gauge (v2.2) was used (Dusseldorf, Genyla

2.2 Nucleic acid methods

2.2.1 RNA preparation

The nucleic acid methods and techniques appliethig study were as
described (Sambrook and Russell, 2001). RNA wdsatem from tissue culture
cells using TRIzol (Total RNA Isolation Reagentyitrogen, Carlsbad, USA)
according to the manufacturer’s instructions. Appmately 2 x 16 suspension
cells were harvested and the RNA pellet was reendgd in 20ul of 0.1%
DEPC-treated water and incubated at’GOfor 10 minutes for good re-

suspension.

2.2.2 Reverse Transcriptase-PCR (RT-PCR)

cDNA synthesis was carried out using the Supeyschirst-Strand
Synthesis for RT-PCR kit from Invitrogen. RNA waepared as described in
section 2.2.1. The first-strand cDNA was generatgidg oligo dT primers and
synthesised according to the manufacturer’s instms. PCRs were carried out

as described in section 2.2.3.

2.2.3 Polymerase Chain Reaction (PCR)
Polymerase chain reaction (PCR) was carried outgusither KOD,
Takara LA Tag or Sigma Taq polymerases dependingthen experiment

performed. PCR experiments were carried out on aadiént (Biometra,

83



Gottingen, Germany). Table 2.10 gives an examplthefPCR conditions and

programmes used.

Table 2.10 Example of typical PCR reaction condiis

TaK?Ra LA SigmaTaq KOD
aq Polymerase Polymerase
Polymerase
Reagen_t buffer (10x) 1x 1x 1x
concentrations

Primers 0.2 uM 0.2M 0.2uM

dNTP’s 200uM 200uM 200uM

Mg** 2.5 mM 2 mM 2 mM
Enzyme 05u (5U) 0200 BUM) O /':'I)(*S

0

PCR steps ‘Hot start’ 94C — 1 min 94C — 1 min 924rgln_

: o . 94°C —

Denaturation 98°C-10sec 94°C — 1 min 1 min
. 58-64C — 58-64C-

Annealing 58-62C — 30 sec 30 sec 30sec

Extension 68°C — 3 min 72°C — 2 min 7200. -

2 min

Final extension 7Z-10min 72— 10 min 72C -

10 min

No. of cycles 30 30 30 30

2.2.4 Site-directed mutagenesis

Site-directed mutagenesis was performed using t@d® Knethod. To
introduce mutations, forward and reverse primeraribhg specific sequence
alterations were designed. After the PCR reacttbe, parental plasmid was
degraded by overnight digestion witbpnl and analysed by agarose gel
electrophoresis. 1/10 of the digested PCR reactims used to transform
competentE.coli (as described in Section 2.2.9). Positive bactel@mhes were
confirmed with digestion and sequencing as desdrihesection 2.2.11. Table

2.11 gives an example of PCR conditions for sitealed mutagenesis.
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Materials and methods

Table 2.11 PCR conditions of site directed mutagesd”CR

KOD

Primers

DIG-11-dUTP

0.5 (5 Ull)
Denaturation 9% — 30 sec
Extension 68C — 3 min

__16

2.2.5 Digoxigenin labeling of probes by PCR

Table 2.12 PCR conditions for DIG labeling of probe

Expand High Fidelity Polymerase

Primers

DIG-11-dUTP

‘Hot start’ 95C — 2 min

PCR steps Annealing 58C — 20 sec

Final extension 72°C — 5 min

0
01 |



For labeling of probes with digoxigenin for non-@attive Southern
hybridizations, the PCR DIG Probe Synthesis KitdRg Mannheim, Germany)
was used. Table 2.1shows an example of conditions and programmes faosed
DIG labeling of probes.

2.2.6 Plasmid DNA preparation

Mini and midi plasmid DNA isolation was carriedtdoy ion-exchange
chromatography using HiYield Plasmid Mini kit froRBC Bioscience or
GeneElut&" Plasmid MiniPrep Kit (Sigma) and Qiagen Midi Pigpor Qiagen
Endotoxin free MidiPrep Kit, respectively. In bgifocedures, plasmid DNA was
prepared according to the manufacturer’s instrastié-or mini plasmid isolation
2 ml of an overnighte. coli culture were used. Bacteria were grown in the
presence of selective antibiotics aP@#vith shaking. The DNA was eluted off
the column with 30-10@I of deionised water (ddiD). For larger midi plasmid
preparations 50 ml of the overnight coli culture were used. The DNA pellet
was re-suspended with 120-2000f ddH,O.

2.2.7 Restriction digestion of DNA
Unless otherwise stated, restriction enzymes @izedigestion of DNA

(plasmid or genomic) were purchased from New ErgjlBiolabs (NEB). The
endonucleases were used with the 10 x buffer peovidnd bovine serum
albumin (BSA, 0.1 mg/ml) where required. Digestiomere performed at the
optimum temperature for 2-16 hours depending oratheunt and type of DNA
being digested. Where appropriate, the enzyme wastivated by incubation
under the recommended conditions i.€®Gfor 15 minutes.

2.2.8 Preparation of DNA for cloning

Briefly, each digested plasmid used for cloningswaurified with
SigmaSpin™ Sequencing Reaction Clean-Up columns (Sigma) tmove
restriction endonuclease(s) and traces of buffahs&quently prior to ligation,
digested plasmid was dephosphorylated on the 5emitls shrimp alkaline
phosphatese (SAP, 1U / pmol of DNA ends). The reacvas carried out in
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shrimp alkaline phosphatase buffer al@G7or 1 hour followed by 15 minutes
incubation at 6%C in order to inactivate SAP.

Klenow DNA polymerasae (fragment I) and T4 DNA puokrase were
used to blunt both 5 and 3'overhangs generatedr atstriction digestion.
Reactions were carried out in the presence of h0ffer and supplemented with
BSA (0.1 mg/ml) and dNTPs (10aM). Usually, 1ug of DNA was incubated
with 5 U of enzyme at 3T for 5-30 minutes and then heat inactivated 4€75
for 15 minutes.

Ligations were performed using T4 DNA ligase in théfer provided.
Prior to ligation, dephosphorylated plasmid andeagdlacted insert DNA (see
section 2.2.10) were analysed by agarose gel efguairesis. An excess of insert
over plasmid was generally used (1.2 to 1:10, deéipgn on the DNA
concentration estimated by agarose gel electropi®)reand the reaction
incubated at 4-2& for 2-24 hours prior to transformation into congmeE. coli

cells.

2.2.9 Preparation of chemically competent E. coli and

transformation

E. colicells (see Table 2.3) were grown in 500 ml of LBth at 37C
with shaking. When culture reachedoésm of 0.5, cells were transferred to ice
for 5 minutes and pelleted by centrifugation at®@Cor 15 minutes. The cell
pellet was re-suspended in ice cold Tfb | (40 ml p@0 ml culture, see Table
2.1). Thereatfter, cells were spun and re-suspemdezk cold Tfb Il (4 ml per
initial 100 ml culture, see Table 2.1). Subsequeadlls were incubated on ice
for 15 minutes, snap frozen in liquid nitrogen a@toked at -8%C.

For transformations, 25-5d of competen&. colicells were mixed with
DNA and incubated on ice for 20 minutes. Cells winen transferred to 42
for 90 seconds and chilled on ice for another 3@isds. Cells were then mixed
with 1 ml of LB broth and gently shaken for 30 ntiesi at 37C. For ligations,
cells were pelleted by centrifugation at 16 1§®r 1 minute and the entire
culture plated onto agar plates containing appab@rantibiotics. In the case of
pure plasmid DNA transformations only 50 — 1@l0of such culture was plated
onto agar plates. Plates were inserted and incilzat@?C overnight.
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2.2.10Agarose gel electrophoresis and purification of DN
Generally, 0.7-1.0% agarose gels were preparedhgusbigma
electrophoresis grade agarose in 1 x TAE buffetasomg 0.5ug/ml ethidium
bromide. These gels were run in 1 x TAE buffer ioefér HE33 tanks (Mini
Horizontal Submarine Unit, Amersham) according tee tmanufacturer’s
instructions. DNA on the gel was analysed using @tiMmage Light Cabinet
(Chemilmager 5500, Alpha Innotech, Medical Supplpm@any, Dublin,
Ireland) and images were taken with a digital canEor DNA extraction, bands
of interest were excised from the agarose gel witbcalpel blade. DNA was
purified using the Qiagen QIAquick Gel Extractionit Kaccording to the
manufacturer’s instructions. 20-530 of 1 x TE (supplied with kit) or MilliQ

water was used to elute bound DNA off the column.

2.2.11DNA sequencing

DNA samples were sent to either Cogenics (Takel#g) or Agowa
GmbH (Berlin, Germany) for commercial sequencing. In general, A§0of
DNA (mini or midi prepped) and 5 — 10 pM primersrevaised per reaction.
Analysed sequences were used to construct correctorv maps with the

pDRAW32 (Acaclonewww.acaclone.com) software.

2.2.12Preparation of genomic DNA from tissue culture cds$
Genomic DNA was prepared from chicken DT40 cells amplify
genomic regions of interest or to screen clonegtiential targeting events by
either *P (Sonoda et al., 1998) or digoxigenin-based Southgbridisation
(Roche, Mannheim, Germany). Colonies were pickechf®6 well plates into 24
well plates and grown for 3-4 days. 1.5 ml of coafit cells was taken for
freezing and 1.5 ml for DNA preparation. The celisre pelleted at 16Q for 5
minutes and re-suspended in 5d00f ‘Tail" Buffer (see Table 2.1) containing
0.5 mg/ml proteinase K and incubated overnight7d€C3Next, cell lysates were
vigorously shaken for 5 minutes at°87 250ul of 6 M NaCl was added and the
shaking was repeated. Precipitated proteins weneved by centrifugation at 16
1009 for 10 minutes. The supernatant was removed arddwith 1 volume of

isopropanol to precipitate the DNA. DNA was spurl@t100g for 10 minutes,
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pellet washed in 70% ethanol and the centrifugatepeated. DNA was air dried
for 5-15 minutes and re-suspended iV 6f ddH;O.

2.2.13Southern Blot and hybridisation of radiolabeled piobe

Genomic DNA digestion was performed as describedection 2.2.7.
Briefly, each digest consisted of a final volume4&f ul with the addition of
RNase (10ug/ml), BSA and the appropriate endonuclease wasibated
overnight at 37C. Digested DNA was separated on a 0.7-0.8% agayekas
previously described in section 2.2.10. DNA wasked and residual proteins
removed by treatment with 0.25 M HCI for 20 minuéesl DNA denatured with
0.5 M NaOH/ 1.5 M NacCl for 20 minutes. DNA fragmentere transferred by
capillary transfer onto a positively charged nylmembrane (GE Healthcare,
Bucks, UK) overnight in 2 x SSC (see Table 2.1)e TINA was cross-linked to
membrane with UV 300 J/chusing a UV Cross-linker (Hoefer UVC500, GE
Healthcare, Bucks, UK). Radiolabeling of probeshwit*’P-dCTP was carried
out using the Megaprime DNA labeling kit and diggemin labeling was
performed with Roche PCR DIG Probe Synthesis Kiaflheim, Germany).

For radiolabeling, a mixture of primers and DNAlpe (10-200 ng) was
denatured at 9& for 5 minutes prior to the addition of dNTPs, icdabeled
a->P-dCTP and 5 U of DNA polymerase. This mixture whsn incubated at
37°C for 30 minutes and purified over a SigmaSpin fResiction Clean-up
Column (Sigma) to remove unincorporated radionuades. The purified probe
was then denatured at ®@5for 5 minutes and added to the Church Hybe pre-
hybridised membrane (30 minutes af@p The membrane was then hybridised
overnight at 65C in a hybridisation oven. The next day membrans washed
three times (1 x 5 minutes and 2 x 20 minutes)hnrch Wash Buffer (see Table
2.1) at 65C and then exposed overnight to autoradiographydii -86C.

For the digoxigenin labeling, probes were amplifiey PCR using the
DIG PCR Synthesis Kit (Roche, Mannheim, Germanyjescribed in section
2.2.5.3-10pl of the PCR reaction was then denatured iubof MiliQ water at
95°C for 5 minutes. The membrane (prepared as preyialescribed) was pre-
treated with Pre-Hybe Buffer according to the mastirer’'s instructions

(Roche, Mannheim, Germany). The denatured probetlas added to the pre-
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hybridised membrane and incubated overnight atafsygopriate hybridization
temperature ( was calculated according to manufacturer’s insioons). The
next day, the membrane was washed twice with Loin@incy Buffer (see
Table 2.1) for 5 minutes at room temperature, fo#ld by two washes in High
Stringency Buffer (see Table 2.1) at°65for 15 minutes. The membrane was
then blocked with Non-radioactive Southern Blot &dimg Solution (see Table
2.1) for 30 minutes at 26 and incubated with anti-digoxigenin antibody e t
same buffer for 30 minutes at 25 Non-specifically bound antibody was
removed with two 15 minute washes in Maleic AciddMag Buffer at 2% and
the membrane incubated with Detection Buffer fonidutes at 2%C to bring the
membrane to pH required for probe detection (sdadeTad.1). The membrane
was then transferred into a plastic bag incubatéd ®SPD substrate for 5
minutes at room temperature. Excess CSPD subswate removed; the
membrane was sealed in a plastic bag and inculaatd®C for 10 minutes to
enhance the signal. The membrane was exposedntdoiil2-18 hours depending
on the signal strength.

2.3 Protein methods

2.3.1 SDS - Polyacrylamide Gel Electrophoresis (SDS - PAS
Equipment used for SDS-PAGE:
« small gels (10x10 cm) — Hoefer mini VE, Amersham
e large gels (14x14 cm) — Hoefer SE 400, Amersham
* wide gels (10x20 cm) — Vertical Maxi 2 Gel Deviddedical Supplies
Co. Ltd. (Dublin, Ireland)

Mini and wide gels were generally run in runningffer (see Table 2.1)
for 60 to 90 minutes at 25mA or 50mA, respectivélgrge gels were normally
run for a total of 12-15 hours at 135mA, but thiarigd depending on gel
percentage and protein size being analysed. Thal fooncentration of
components used to prepare 8% and 10% polyacrytameds are shown in
Table 2.13. 30% acrylamide: bisacrylamide (19:1 &8w5:1) stock was

purchased from Severn Biotech Ltd (Worcestershle.
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Protein samples were prepared as follow: cellevweentrifuged at 160
for 5 minutes, washed in 1 x PBS and pelleted agdie cells were then lysed
for 5 - 10 minutes on ice in lysis buffer of choiipplemented with protease
and phosphatase inhibitors) depending on the expeti performed (see Table
2.1). Next, cells were centrifuged at 16 1@@or 10 minutes at %C to pellet
DNA and cell membranes. The protein concentrationthe supernatant
containing the solubilised proteins was determibgdBradford Protein Assay
(see section 2.3.2). In general, 30 —u§0of total proteins were loaded onto gels.
Prior to electrophoresis or storage at’@0samples were boiled at “@5for 5

minutes in 3 x sample buffer containing [3-mercabiaeol (see Table 2.1).

Table 2.13 Example of 8% and 10% lower and upper gex

8% gel 10% gel
, 375 mM
375mM Tris pH 8.8 Tris pH 8.8
8% 10%
acrylamide/ bis (37.5:1) acrylamide/ bis (19:1)
0 0
Resolving Gel Mix SH ) SRS CH ) SIBS
- 1 mM EDTA
0.07% APS 0.1% APS
0.1% TEMED 0.1% TEMED
78mM Tris pH 6.8 125 mM Tris pH 6.8
5% 4%
acrylamide/ bis (37.5:1) acrylamide/ bis (19:1)
Stacking Gel
Mix 0.1% SDS 0.1% SDS
- 1 mM EDTA
0.05% APS 0.1% APS

(*) - See ‘Abbreviations’ for the full-name

2.3.2 Bradford Protein Assay

For the determination of protein concentratior, Bradford dye-binding
protein assay was employed as described (Bradfioadl, 1976). Briefly, 1ul of
a protein sample was diluted in 1 ml 1:1 BradfordilliQ water solution
(Pierce, Rockford, IL). The absorbance at 595 nns waeasured with a

spectrophotometer (Eppendorf, Hamburg, Germanyg gdiotein concentration
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was calculated based on a BSA (bovine serum albjustamdard curve, in which

absorbance was plotted. varying concentrations of the BSA protein.

2.3.3 SDS - PAGE staining

In order to visualise proteins in a gel, they wst@ned with Coomassie
Blue R (see Table 2.1) for 20 minutes at room teatpee, with gentle agitation.
The gel was destained for the desired length oé tmth a few changes of the
destain solution (see Table 2.1). Destained gete weed after treatment with a
fixation solution (see Table 2.1) using the Hoefdab Gel Dryer SE1160

(Amersham) for 90 minutes at (@

2.3.4 Western blotting
Proteins were separated by SDS-PAGE and then féraed to

nitrocellulose membrane (GE Healthcare, Bucks, UR)is was carried out
using wet or semi-dry transfer systems for 1-2 batrup to 350 mA (either at
4°C or room temperature, see Table 2.1). Transfeniof gels was performed
using a Hoefer TE 22 Mighty Small Transfer appad@E Healthcare, Bucks,
UK), while large gels were transferred using a leodfE 77 Semi Dry Transfer
Unit (GE Healthcare, Bucks, UK) according to thenofacturer’s instructions.
Membrane was then rinsed three times in@HNd Ponceau.$olution was
used to visualise the quality of protein transf€én decrease non-specific
antibody binding, the membrane was blocked with%a rhilk solution in 1 x
PBS-0.05% Tween-20 for 30 minutes on a rockingf@iat at room temperature.
The blocked membrane was then incubated overnighihe primary antibody
solution at 4C at the concentrations shown in Table 2.5. Thet day, the
membrane was washed three times for 10 minutesxiiPBS-0.05% Tween-20
and transferred to the secondary antibody solygee Table 2.6) in 3% milk for
60 minutes at room temperature. Again, 3 x 10 neinvdishes in 1 x PBS-0.05%
Tween-20 were performed, and the specific protéaiscted with ECL detection
kit (GE Healthcare or Milipore) and autoradiogrdpim exposure (Hartenstein,
Germany). The exposed film was then fixed and aged by passing it through
a developing machine (CP 1000, AGFA, Brentford, UK)
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2.3.5 Expression of recombinant proteins inE. coli

A single colony ofE. coli previously transformed with a plasmid of
interest (see section 2.2.9) was expanded oversigitking in 5 ml LB broth (see
Table 2.1) containing selective antibiotics at@G7The following day the culture
was diluted 1:100 and grown at°g87to an ORQqg of 0.6. At this stage, a 1 ml
control (‘uninduced’) sample was collected for SPAGE analysis. For
optimisation of recombinant protein expression,cemrations of isopropyl-3-D-
thiogalactoside (IPTG (Sigma, 0.1-1 mM)); tempemrs$u25-37C) and times (2
— 4 hours) were varied. After induction, 1 ml ofieéthe “induced” sample) was
collected at different time points to assess pnoexpression. All collected
samples were spun for 1 minute at 16 0&@nd re-suspended in 3 x sample
buffer prior to 5 minutes boiling at 85, SDS-PAGE analysis and storage at -
20°C.

2.3.6 Purification of GST fusion proteins

Immobilised glutathione (GST-Bind Resin, Novagevgs used for the
purification of recombinant GST fusion proteinsrirdacterial cells. Beads were
washed three times in GST Binding Buffsee Table 2.1), followed by pelleting
at 500g. 50 — 500 ml bacterial culture was spun for 5 rreéslwat 600@ and the
pellet re-suspended in 1 — 20 ml of GST Bindingf8ugupplemented with the
protease inhibitors CLAP and PMSF. N-Lauroylsangesivas then added to a
final concentration of 0.8% and the cell suspen$ysed for 10 minutes on ice.
The cell lysate was then sonicated three timed fod0 seconds for total of 3 —
30 seconds with 10 seconds pause at 20% amplitsitg @& Digital Sonifier
(Branson, LondonUK) to solubilise proteins and fragment chromosoDHlA.
Triton X-100 was then added to a final concentratid 0.9% and the sample
incubated for 5 minutes af@ with gentle rocking to reduce non-specific protei
interactions. The extract was centrifuged at 16 4@6r 15 minutes at %€ to
remove cell debris. The supernatant was dilutedMtii GST Binding Buffer to
decrease detergent concentrations and mixed wehptkviously equilibrated
beads. In general, 50 ul bed volume of GST resirbpé pl of lysate was used.

Lysate and beads were then incubated on a rotatixgr for 1-2 hours at°€ to
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capture GST fusion proteins. After binding, the deavere washed three times
with GST Binding Buffer supplemented with 0.5% ®rit X-100. The fusion
protein was eluted either by boiling in 3 x samimléfer for 5 minutes or with 20
mM reduced glutathione in Tris-Cl (pH 8.5). For tgltnione elutions a total of
three elutions were collected for analysis. Elyteateins were then analysed by
SDS-PAGE, together with previously-collected unioelth and induced samples
(see Section 2.3.5). Gels were stained by CoomBé&s&eR (see Section 2.3.3).

2.3.7 Purification of His-tagged fusion proteins from DT4) cells
For the purification of His-tagged fusion proteifiem DT40 cells, Ni
Sepharose' 6 Fast Flow (GE Healthcare) was used. Prior tg beads were
washed twice in His-tag Buffer (see Table 2.1)lofekd by centrifugation at 500
g, according to the manufacturer’s instructions. ték pellet from 50 ml culture
of confluent DT40 cells was re-suspended in 1-2 ofl His-tag Buffer
supplemented with protease inhibitors (CLAP, PM8# Aprotonin, for details
see Table 2.1) and lysed for 10 minutes on iceerMards, the cell extract was
sonicated for 15 seconds with 3 seconds pulse @ndetonds pause at 20%
amplitude to shear genomic DNA. Sonicated extrastse then spun for 10
minutes at 30 00§ at £C to remove cell debris. The protein concentratias
then assessed by Bradford assay as describedtions23.2. Equal amounts of
total protein were taken from each extract analyssdally from 2 — 10 mg of
total protein). The appropriate volume of supemtatsas then transferred to a
fresh tube containing 50 — 200 pl bed volume ofguuailibrated Nickel beads.
The binding of His-tagged proteins was performed Zohours at ZC on a
rotating mixer. After binding, the beads were wakkigee times with His-tag
Buffer to remove unwanted background proteins dral froteins of interest
eluted with 50 — 200 pl of 250 mM imidazole or kyilimg in 3 x sample buffer
for 5 minutes at 9&. The purified samples together with input and aunigl
samples were then analysed by either SDS-PAGE andh@ssie gel staining or

immunoblotting.
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2.3.8 Preparation of GST-tagged protein as antigen for

Immunisation

Recombinant protein was purified as described aatiesn 2.3.6. The
purified protein was separated by SDS-PAGE andgtHevashed with ddyD,
three times for 10 minutes. The visualised prob&ind (Coomassie blue R) was
excised using a scalpel and resuspended in stexld®’BS. A gel slice in this

form was sent for rabbit immunisation (EurogenteraignBelgium).

2.3.9 Purification of antibody against immobilized antigen

GST and the GST-fusion protein of interest wererifigd with
glutathione sepharose 4B as described in sect®B,3vithout the elution steps
being carried out. The proteins were then crodeelinto sepharose beads. Prior
to cross-linking the beads were equilibrated tordwuired pH by washing three
times with 200 mM HEPES pH 8.5, and incubated ossHinking solution (see
Table 2.1) for 30 minutes at room temperature. rAttbe cross-linking reaction,
the beads were spun for 2 minutes at §0@nd washed once with 200 mM
HEPES pH 8.5 to remove the cross-linking reagehe doupling reaction was
terminated by incubation of the resin with 200 milamolamine pH 8.2 for 60
minutes at room temperature. Beads with covaldrdlynd GST and GST-fusion
proteins were washed twice with Glycine Elution feuf(see Table 2.1) to
remove non-covalently bound molecules, followedwy washes with 1 x TBS
to restore the pH to 7.5. The purification and sttasking of GST fusion protein
was confirmed by SDS-PAGE and Coomassie Blue Riistpiof the gel. For
affinity purification, 1 ml of crude serum raisedanst the GST-fusion protein
was brought to 1 x TBS with 8 ml of dd@l and 1 ml of 10 x TBS. The diluted
serum was filtered through a Ou2n filter and spun at°€ for 10 minutes at
30 000g to remove debris. This serum was first incubateth VBST protein
coupled to beads for 4 h atGlon a rotating mixer to remove GST-specific
antibodies. The beads were then spun for 2 miraité90g and the supernatant
containing antibodies against the GST fusion protelere captured by
incubation with GST-fusion protein containing bedds 12 hours at %€ on a

rotating mixer. After incubation, the beads werdlgbed, the supernatant
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removed and the resin washed five times with 1 8T®ntaining 0.1% Triton

X-100, followed by two washes with 0.1 x TBS. Tatel specific antibodies, the
beads were incubated twice with Glycine ElutionfBubn a rotating mixer, for

5 minutes at room temperature. The collected fvastiwere analysed by SDS-
PAGE and Coomassie Blue R staining of the gel. Batttions were combined
and spun over Amicon Ultra (Millipore, Cork, Ire#ncolumns with a 3 kDa

cut-off membrane to concentrate the antibody swhutiAntibodies were

aliquotted and stored at -ZD with 0.02% NaM. After elution, the beads were
regenerated with 100 mM phosphate solution pH EHh@ extensive washing
with 1 x TBS, then stored in the same buffer with296 NaN.

2.3.10 Immunoprecipitation

For the immunoprecipitation of proteins from cléokDT40 cells, 5 x 10
cells were washed once in 1 x PBS and the pelleuspended in 1 ml
immunoprecipitation buffer (see Table 2.1) suppleteeé with protease
inhibitors (CLAP, PMSF and Aprotonin). The cellsreghen sonicated briefly
for 15 seconds with a 3 seconds pulse and 10 sequmde at 20% amplitude to
solubilise proteins and shear genomic DNA. The lgskte was then centrifuged
at 16 100g for 10 minutes at %€ to remove insoluble material. Protein
concentration was determined using the Bradfordyaasd 2 mg of total protein
was usually used per immunoprecipitation. The appate amount of the cell
lysate was mixed with 1l of Protein A or G beads and incubated 30 minates
4°C on a rotating mixer to remove proteins that unsjoally bound to the beads
(pre-clean step). The resin was then spun for Suteghat 50@) and the pre-
cleared cell lysate was mixed with the previougiggared antibody. Briefly, 25
pul of bed volume of Protein A or G resin was washbdee times with
immunoprecipitation buffer to remove the storagkitsan, re-suspended in 1 ml
of the same buffer containing gg of antibody and incubated 2 hours or
optionally overnight at 2. Antibodies coupled to the Protein A or G beadsew
spun for 5 minutes at 50@ and the beads washed three times with
immunoprecipitation buffer to remove unbound anties. The pre-cleared cell

lysate was mixed with prepared antibodies and iatd at 4C for 2 hours
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rotating. After immunoprecipitation beads were wakkhree times with 1 ml of
immunoprecipitation buffer and finally re-suspendtedlO ul of the same buffer
with 20 pl of 3 x SB containing 3-mercaptoetharRiecipitated material was
eluted by boiling for 5 minutes at 9. Input, unbound and precipitated proteins
were separated by SDS-PAGE and analysed by immaoittioig.

2.3.11 In vitro SUMOylation assay

For in vitro SUMOylation assay, a commercial kit was used (Enzo
Lifesciences, Exeter, UK). According to the mantdaer’s instructions, 0.5ig
of GST-Nse2 or GST-Nse2.AA (C178A, H180A mutant)swacubated with
appropriate volume of MilliQ water, @l of 10 x Reaction Buffer, Jul of Mg-
ATP, 1l of 20 x E1 enzyme (Aosl/Uba2),ul of E2 enzyme (Ubc9) and
of SUMO-1, -2 or -3 peptide. The positive contreaction was performed with
control GST-RGL1 protein (GST-RanGap1l derived peptahd in the absence of
GST fusion ligases. In parallel, negative conte@ations without the energy mix
(Mg-ATP) were prepared. All reactions were incubdater 1 hour at 36C and
stopped by the addition of sample buffer, followsdboiling for 3 minutes at
95°C. Then 5-10 yl of the reaction was analysed by SDS-PAGE and
immunoblotting with target or SUMO1/2/3 specifictimodies.

2.3.12 Phosphatase assay

30 ug of clear lysate from DT40 cells was incubated 36rminutes at
30°C with 400 units (1ul) of APPase (New England Biolabs) in 1A\RPPase
reaction buffer (New England BioLabs), supplementgd 2 mM MnCb in total
volume 40ul. Control samples containing the phosphataseamtiesence of the
phosphatase inhibitors: 5 mM sodium fluoride ane4 sodium orthovanadate
or samples without phosphatase addition, were mabin the same conditions.
The phosphatase reaction was terminated by adddfo8 x sample buffer
directly into the reaction. Samples were boiled¥aninutes at & and proteins
were separated by SDS-PAGE and transfer to niltdosé membrane for

immunoblot analysis.
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2.4 Cell biology methods

2.4.1 Transient transfections

DT40 cells were transiently transfected by nuaetbn using Amaxa
nucleofector (Gaithersburg, USA). Briefly, i of endotoxin-free DNA (see
2.2.6 for plasmid DNA preparation) was mixed withx51F DT40 cells,
previously re-suspended in 100l of Solution-T. The cells were then
nucleofected with Amaxa using programme B-23. 18 2% hours post-
transfection, cells were harvested and analyséerelty immunofluorescence or
SDS-PAGE and immunoblotting.

2.4.2 Stable transfections and gene targeting

Electroporation was used to either generate stakfyessing DT40 cell
lines or for a gene targeting, as previously désgcti(Morrison et al., 2000;
Sonoda et al., 1998; Takata et al., 1998). 1 kX dfOcells were pelleted for 5
minutes at 16@, washed once and re-suspended in 0.5 ml of lrikesRBS. 20-
25 pg of linearised DNA was then added to the cellgndferred to an
electroporation cuvette (BioRad, 0.4 cm gap) anculated on ice for 10
minutes. Electroporation was carried out in Biof&ahe Pulser (Hercules, USA)
at conditions of 300 V/60QF. The electroporated cells were again incubated on
ice for 10 minutes and transferred to 20 ml of iygzre-warmed medium. After
18 to 24 hours, 20 ml of fresh media was addechéottansfected cells. The
appropriate selective antibiotics at the conceiainat was added to the culture as
shown in Table 2.6 and cells were plated out in 86xwell plates. Plates were
incubated at 39% until colonies were visible through the bottomtioé plate.
Each single colony was then transferred to a wedl 24 well plate containing 3
ml of medium and incubated under non-selective itimms at 39.8C until

confluent.

2.4.3 Immunofluorescence microscopy
Chicken cells were fixed and stained for immunoféscence microscopy

using a range of various antibodies (see Table. Z8ftions 2.4.3 — 2.4.5
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summarise the protocols involved. An Olympus BX5icroscope with 60 X

(NA 1.4) or 100 x objective (NA 1.35and Openlab Software (v. 1.35
Improvision, Emeryville, USA) was used for analys®&erial Z-sections (0.15
um) were collected and the images then deconvolvetl saved as Abode
Photoshop TIFF files.

2.4.4 Paraformaldehyde fixation

Before fixation, DT40 cells were spun at 1§0for 5 minutes, re-
suspended in 1 x PBS and adhered to poly-L-lysiitees (Menzer Glasser,
Fisher Dublin Ireland) by gravity for 15 minutes @tom temperature. 4%
paraformaldehyde in cytoskeleton buffer (CB) or BRBS for 10 minutes at room
temperature was used for cell fixation (see Tabl® PVheatley and Wang,
1998). The cells were then washed three timesxrPBS and permeabilised in
0.2% Triton X-100 in cytoskeleton buffer or 1 x PBBhe cells were then
washed three times again in 1 x PBS and blockeld4rBSA for 30 minutes at
room temperature or overnight &iC4 Both primary and secondary antibodies
were used at the indicated concentrations in aelrab in 1% BSA and
incubated in a humid chamber af@7or 1 hour. Unbound and non-specifically
bound antibodies were removed with 3 x 3 minuteh&aswith 1 x PBS. The
DNA was stained with DAPI (ig/ml) in mounting medium (200 mM DABCO,

Sigma, Wicklow, Ireland).

2.4.5 Methanol fixation

Certain antibodies and fluorescent fusion protenese more readily
visualised after methanol fixation. Cells were pmeg prior to fixation as
described in section 2.4.3. The cells were washed ix PBS and fixed/
permeabilised for 3-10 minutes in pre-chilled 95%tmanol at -28C containing
5 mM EGTA. The cells were then washed three tinoes3fminutes in 1 x PBS,
blocked in 1 x PBS containing 1% BSA and incubatéth antibodies as
described in section 2.4.3. DNA was stained withFDAL pg/ml) and mounted
with 200 mM DABCO.
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2.4.6 Dual paraformaldehyde/ methanol fixation

For visualisation of certain fluorescent fusionotpins, a combined
fixation of paraformaldehyde/ methanol fixation wased as previously
described (Broclet al. 1999). Before fixation, cells were prepared asdesd
in section 2.4.3. Briefly, cells were fixed in 4%rpformaldehyde in HBS (see
Table 2.1) for 5 minutes at’@ followed by 10 minutes at room temperature.
Cells were then washed three times for 5 minutelB$ and post-fixed with
pre-chilled 95% methanol 5 mM EGTA at “2Dfor 6 minutes. After methanol
fixation, cells were washed three times for 5 masuin HBS. If additional
staining with antibodies was required it was perfed as described in section
2.4.3. DNA was stained with DAPI (1g/ml) and slides mounted with 200 mM
DABCO.

2.4.7 Chromosome spreads

To obtain chromosome spreads, cells were bloakedetaphase with 0.1
pug/ml colcemid (see section 2.1.3) for 1 - 3 housarvested cells were
hypotonically swollen in 1 ml of 0.9% sodium cigafpre-warmed to 3T) for
15 minutes at 3T and fixed in freshly prepared 5 ml of Calenoaisoh. Cells
were centrifuged at 169 for 5 minutes and re-suspended in 5 ml of Calenoa
solution followed by 30 minutes incubation at rotemperature. Cells were spun
down again at 16@ for 5 minutes and re-suspended in the appropvialigme
(usually 100-20Qul) of Calenoa solution. Cells were then appliedoopte-wet
(50% ethanol) Superfrost slides (Menzer-GlassendfisDublin, Ireland) by
dropping them from a height of 20-30 cm. Slidesevenmediately flame-dried
and stained with Giemsa Stain (Merck-Seven Seadylibureland) for 20
minutes at room temperature (Table 2.1). The cheanm@s were analysed by

light microscopy under 100 x lens (Axioskop 2 Pleiss,Berlin, Germany).

2.4.8 Sister chromatid exchange assay
For the differential staining of sister chromatitdls were grown in the
dark with 10uM BrdU for exactly two cell cycles (20 - 22 hourg)pr the last

eight hours cells were left unchallenged or treatdti 100 ng/ml mitomycin C
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to induce sister chromatid exchanges. To incrdas@wmber of metaphase cells,
0.1 pg/ml colcemid was added 2 hours prior to cell hsting by centrifugation.
Cells were then incubated in pre-warmed 75 mM K&l ¥5 minutes at 3T.
After the swelling step, cells were fixed with 5 ofl freshly prepared Calenoa
solution and pelleted at 1&pfor 5 minutes. The cell pellet was re-suspended in
5 ml of Calenoa solution and incubated at room tnampire for 30 minutes.
Fixed cells were spun again and re-suspended inapipeopriate volume of
Calenoa solution (usually 100 — 2Q@). Next, the cells were applied to
Superfrost slides by dropping them from a heigh2@f30 cm. Slides were then
dried for 15-30 minutes at room temperature andibated with 10ug/ml
Hoechst 33258 in Phosphate Buffer pH 6.8 to steenDNA. After staining cells
were washed three times for 3 minutes in Macllv@okition and mounted with
the same buffer. Slides were then irradiated withValamp (366 nm) for 1 hour
to degrade BrdU-substituded DNA, and washed ontle Macllvane Solution.
Prior to staining with Giemsa Stain, slides wereulmated in 2 x SSC for 1 hour
at 62C. After 20 minutes staining, the slides were wdshéh tap water from
the back side of the slide and dried at room teatpere. Sister chromatid

exchanges were scored using light microscopy asifles in Section 2.4.6.

2.4.9 EdU staining and “click chemistry”

Labeling of S-phase cells was performed with Edblethynyl-2'-
deoxyuridine). Briefly, cells were incubated wit® UM EdU for 10 — 15
minutes and immediately cytopspun onto poly-L-lgsslides for 5 minutes at
150 g. Cells were then fixed with 4% paraformaldehydelirx PBS for 10
minutes and permeabilised with 0.2% Triton X-100Llix PBS for 3 minutes.
Three washes for 3 minutes in 1 x PBS were appdier the fixation and
permeabilisation steps. Slides were then blocketh e BSA to reduce
unwanted background. After blocking slides wereheasonce with 1 x PBS and
incubated with Click Reaction Mix (see Table 2d xouple incorporated EdU to
a green fluorophore. The coupling reaction is basedzide-alkyne specific 1,3-
dipolar cycloadditon (Huisgen reaction) catalysed dopper, also known as

“click chemistry” (Kolb et al., 2001). After the apling reaction slides were
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washed twice for 15 minutes in 1% BSA 0.5 % Tweén21 x PBS. DNA was
stained with DAPI and slides mounted with 200 mMB2O.

2.4.10 Clonogenic survival assays

Clonogenic survival assays were performed to deter the sensitivity of
cells to different DNA damaging agents as previgpuscribed (Takatat al,
1998). Prior to IR treatment, serially-diluted selere plated in 8 ml of semi-
solid methylcellulose medium (see section 2.1.3) arcubated for 1 hour at
39.5C. The plated cells were then irradiated at varidoses (2-8 Gy) using a
137Cs source (see section 2.1.3). For UV treatmelfls vere exposed to UVC
light (5 — 15 J/rf) at density of 2.5 x £dn 0.5 ml of 1 x PBS. Immediately after
radiation, 2.0 ml of pre-warmed, fresh media wadeadto the cells. Serial
dilutions were then prepared and cells plated anébhyl cellulose-containing
media. To determine cells’ sensitivity to 4-nitragpline 1-oxide, camptothecin,
cis-platin, hydroxyurea, methyl methanesulfonate amtomycin C (see table
2.8), cells at a density of 1 x 1 @ere treated for 2 hours at 3%5with different
doses of the drugs and plated onto methyl cellubasgaining media from serial
dilutions. In general colonies were counted 10 -dbs after seeding. Cell

survival was expressed as a percentage of thevalinfiuntreated cells.

2.4.11 Flow cytometry

For cell cycle analysis, cells were centrifuged1@0 g for 5 minutes
resuspended in 5 ml of 1 x PBS and fixed by dragevéddition of 10 ml ethanol
(pre-chilled to -20C) and stored at°@ prior to flow cytometry. Before analysis
cells were washed in media (pre-warmed t&C37o remove precipitated salt and
re-suspended in 1 x PBS supplemented with d@énl RNase A and 4Qg/ml
propidium iodide (PI, Sigma). After 20 minutes’ umation at room temperature,
optionally overnight (in the dark), cells were ars&ld using a FACS Calibur or
FACS Canto (Becton Dickinson, San Jose, CA) and Qakst (version 3.3,
Becton Dickinson) or BD FACS Diva Software (versighl.2, Becton
Dickinson), respectively.
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2.4.12 pDR-GFP — direct repeat recombination assay

pDR-GFP was integrated into DT40 cells (Piercelgtl®99). The day
before the analysis, cells were transiently trastsfit by Amaxa nucleofection (as
described in the section 2.4.1.1) using 5 pg emitotioee DNA, Solution T and
programme B-23. The DNA used in the transfectiors &a follows, pRFP-C1
(0.5 pg) + pCBA-Scel (4.5 pg) or pBluescriptll SK.§ pg) as a negative
control. After overnight incubation (16 hours) seelwere harvested by
centrifugation, washed once, re-suspended in 1 $ BBd analysed by flow
cytometry (see section 2.4.6). The GFP positivés deecombination positive)

were expressed as a fraction of RFP positive (felasfection positive).
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Chapter 3 Cloning and characterisation of chicken
Nse2

3.1 Introduction

Studies in yeast have established a role for the2Nwotein in DNA
damage response and repair (Andrews et al., 208lerRard et al., 2004; Potts
and Yu, 2005; Zhao and Blobel, 2005). In order tiodg the functions of the
vertebrate homologue of Nse2, we decided to cldmekenNse2and assess the
biochemical properties of the gene product, as wsllto study its cellular
localisation. Here we report that, similar to yeastl human Nse2, it forms a
complex with the Smc5 proteim vivo and shows cell cycle dependent

localisation.

3.2 Cloning and analysis of chickerNse2

To identify the chickenNse2 orthologue we used human (NSMCE2),
mouse (NSMCEZ2) and yeast (MMS21) Nse2 sequencesaich by BLAST the
Gallus gallusnon-redundant protein sequences available in thBINfatabase.
In several searches, we found an open reading fré@d#¥F) coding for a
hypothetical protein, similar t&accharomyces cerevisia®mn-Smc element 2
(MMS21, NCBI accession number XP_418440.1). The candiNae20ORF was
then translated and analysed using the ScanPre&iiware available from the
Expasy database. The ScanProSite allows for ideatidn of domains
embedded in linear protein sequence by its comgarig/ith previously
characterised protein motifs. This analysis rewk#the presence of a specific E3
SUMO ligase domain (SP-RING) at the C-terminus waftgin encoded by the
candidate ORF (Figure 3.1).
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Figure 3.1 Linear structure of the hypothetical ptein similar to S. cerevisiae homologue of
Nse2.

The candidate ORF sequence was analysed with So&itBrsoftware to identify a conserved
protein domains and motifs. The analysis identifiespecific E3 SUMO ligase domain at the C-
terminus of the ORF (here shown as SP-RING). Thabeus indicate amino acid positions in the

predicted protein.

A similar domain has been identified in human assién yeast Nse2, and it has
been shown to be essential for its enzymatic dagt{yindrews et al., 2005; Potts
and Yu, 2005; Zhao and Blobel, 2005). The analggisnot identify any known
domains in the N-terminus but recent crystallogragtata showed that the N-
terminus ofS. cerevisiadse?2 is required for its interaction with Smc5 (D
al., 2009a). We then compared the sequence ofahdidate Nse2 ORF against
human, mouse and yeast Nse2. As shown in Figur, 8l8icken Nse2 shows
significant similarity to mouse and human Nse2, dnity a slight homology to
the yeast homologues, within the catalytic dom&R-RING). Sequence values
were obtained by BLASTP alignment between Nse2 hogues. These values
correspond to the evolutionary conservation of Née?ween the species
analysed. As shown on the phylogenetic tree (Figai2B), the estimated
evolutionary time difference separating chickemrfrbuman and mouse Nse2 is
smaller than the one between the chicken and yéss homologues. This
indicates that chicken Nse2 is different from humaonuse and yeast but shows
a higher similarity to mammalian Nse2 than to ieniologues from unicellular
organisms. The most conserved amino acid residees feund within the SP-
RING domain (residues 147 to 229 in the chickentidep Figure 3.2A). Six
amino acids within the SP-RING domain (four cysésirand two histidines
(C2H4)), have an essential function in zinc coacatlon and the transfer of the
SUMO peptide (Figure 3.2A, residues coloured wit)r(Andrews et al., 2005;
Duan et al., 2009a; Potts and Yu, 2005).
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A)

% identities

59 Human - --------- MPGRSSSNSGSTGFISFSGVESALS- SLKNFQACINSGMDTASSVALDLV 49

56 Mouse = ---------- MPGRSSTSSGSTRYISFSGIESALS- SLKNFQSCISSGMDTVSSVALGLV 49

100 Chicken === =-==-=-------- MQRGTR- - ISFSSVNSSLS- SLKNCQSYINTGMDIATHVALDLV 41

within 30 Fission yeast MSEAQLKTSLEALSQNLLPGNQNHCSFDFQLKEIDDSIKQVIKCALVAAEIKNNECLDML 60
SP-RING| 25 Budding yeast ----MALNDNPIPKSVPLHPKSGKYFHNLHARDLSNIYQQCYKQIDETINQLVDSTSPST 56
Human ES--QTEVSSEYSMDKAMVEFATLDRQLNHYVKAVQSTINHVK-------- EERPEK-IP 98

Mouse ET--QTEVSSEYSMDKAMVEFAKMDRELSHYVKAVQSTINHVK-------- EERPEK-VP 98

Chicken EN--FNDEEDVRSMENVMLEYAALDRELNHYMRATIEETVDQIK-------- QDKPEK-IP 90

Fission yeast DSGIRELLDAKQRLLLMQQSVDTLANKTSENISDFEVRTTEMTFLLFLLYVDENKSL-LD 119

Budding yeast IG-IEEQVADITSTYKLLSTYESESNSFDEHIKDLKKNFKQSS-------- DACPQIDLS 107

Human DLKLLVEKKFLALQSKNSDADFQNNEKFVQFKQQLKELKKQCG- - - - - LQAD-READGTE 152

Mouse DLKLLVEKKFLALQDKNSDADFKENEKFVQFKQQLRELKKQYG- - - - - THAD-RENDLTE 152

Chicken DLKSLVKEKFTALESMNSDSDLEKNEKYMYFKDQLKDMKKQFR- - - - - LQSDSNDNDDIE 145

Fission yeast IYTQIFKELIQEYEEKSDYGKYGTQGEYIEFKKTIWHEQNTDGSDFPSMKTFENVMNTEE 179
Budding yeast TWDKYRTGELTAPKLSELYLNMPTPEPATMVNNTDTLKILKVLPYIWNDPTCVIPDLQNP 167

Human G&gEDIIVTQSQTNFTCPITKEEMKKPVKNKVCGHTYEEDAIVRMIESRQK-RKKKAYCP 211
Mouse GVDEDMIVTQSQTNFICPITQLEMKKPVKNKMCGHTYEEEATVRMIESKHK-RKKKACCP 211
Chicken QIDEDIAVTQSQMNFICPITQVEMKKPVRNKVCGHSYEEDAILKIIQTRKQ-QKKKVRCP 204
Fission yeast QEADEVMVYSATFDNRCPLTLQPIVHPILSTACNHFYEKDAILSLLN------- PTCVCP 232

Budding yeast ADEDDLQIEGGKIELTCPITCKPYEAPLISRKCNHVFDRDGIQNYLQGYTTRDCPQAACS 227

* %L % * . k.. . o® .

*

Human QIGCSHTDIRKSDLIQDEALRRA?ENHNKKRHRHS ----- 246
Mouse KIGCSHTDMRMSDLIPDEALRRAIESHNKKKKRHSE- - - - 247
Chicken KIGCSHDDVKGSDLVPDEALKRAIDSQNKQSWSTL- - - - - 239
Fission yeast VVGCEAR-LQRSLLKEDEILERRLRRAQEISNLKEA---- 267

Budding yeast QVVSMRDFVRDPIMELRCKIAKMKESQEQDKRSSQAIDVL 267

Human
Mouse
Chicken
Budding yeast

! Fission yeast

B)

Figure 3.2 Analysis of Nse2 protein sequences.

(A) Alignment of Nse2 protein sequences from humaunse, chicken, budding and fission yeast.
Values for the protein identities between the sgmewiere obtained by BLASTP alignment of the
chicken and human, mouse or yeast Nse2 and arensimothe first five rows of the alignment.
The black diamonds show the beginning and endeoptedicted catalytic domain (SP-RING) of
chicken Nse2. Amino acid coloured with red and ftes evolutionarily conserved between the
analysed species, with the red showing residuesnéas for catalytic activity of Nse2 (B) The
phylogenetic tree shows the evolutionary consesmatf Nse2 sequences between the species
analysed. The branches joined together indicate g8exjuences descended from a common
ancestor. The edge length corresponds to the egdrevolutionary time between different forms
of Nse2.

To confirm that the candidate Nse2 ORF is expresseticken cells we
identified the mRNA entry associated with it (NCBiccession number
XM_418440) and used it to search the expressedesegqutag (EST) database
(dbEST, NCBI). As shown in Table 3.1, we found nuét EST clones that

cover the entireNse2 cDNA sequence. None of the EST sequences that
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contained gaps coded for an alternatively splicechfof Nse2, suggesting that
these were low quality sequences. The BLAST seaghinst the entire
nucleotide collection revealed that there is noilsingene inG. gallusgenome.
These data indicate that there is only a silge2gene that is expressed as a

single spliced form in different chicken tissues.

Table 3.1 Results of chicken EST database screen.

Coverage of candidate

EST accession number Nse2cDNA Tissue
BU317419 100% Head
BU232236 100% Heads
BU465927 100% Ovary
BU358762 100% Heart
BU110116 100% Limbs
BU210432 99% Whole embryo
BU123930 99% Small intestine
CVv853048 98% Gonad

Additionally, screening of the predicted cDNA seqoe with Alternative
Splicing and Transcript Diversity software (ASTDMBL-EBI) confirmed
expression of a single spliced form of the Nsedlmate ORF. We then used the
Nse2 cDNA sequence to design specific primers for cDN#péfication.
Chicken cDNA was obtained using reverse transcniptvith random hexamer
primers of total MRNA isolated from DT40 cells. $iWDNA was then used as a
template to amplify by PCR (with gene-specific pens) the full-lengthNse2
cDNA, as shown in Figure 3.3. Analysis of the arfigdi candidateNse2cDNA
product by agarose gel electrophoresis revealddea(820 bp) consistent with
the sequence predicted in the NCBI database (Figufg. Subsequent
sequencing of the cloned candidate ORF cDNA comtiis observation.
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Figure 3.3Cloning of thechicken Nse2 candidate cDNA.
Reverse transcriptase PCR (PCR) was performedn mRNA isolated from DT cells in order
to amplify chicken Nse2 cDN A temperature gradient was used to foytimal conditiois for

Nse2 cDNA amplificatio

To further validate our observation that the cloicandidateNse: ORF is the
chickenhomologue o0iINse2 we compared its gene structuwvéh humanNse2
This comparison revealed tt both the chicken and humalse2genes consist ¢

six exonsas shown irTable 3.2.

Table 3.2Analysis ofprotein codingexon number and length between hum:
Nse2 and potentiathicken Nse2 gene

Human exon Exon length (bp] Chicken exon Exon length (bp]
1 157 I 133
2 107 Il 107
3 154 [l 154
4 101 v 104
5 107 V 107
6 118 VI 115
Total 744 Total 720

The chickenNse2 gene is transcribed as a 720 bp mRNA which encac
protein of 240 amino acids with a predicted siz27 kDa.The human mRN/
and protein are a similar size of 744 bp, 248 anaicids and 28 kDa in sizin
addition the Kozak sequence was investigated. iBhilse sequence upstream

the start codon which acts as a signal for thdatin of translation. Thi
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consensus sequence was found to be GCCEAIGG, with the most
conserved nucleotide at the position -3 (Kozak, 6)98rom the data in
Appendix 1 it can be seen that although the seaqudnes not confirm closely
the consensus one, it has conserved an A at tligopos.

We also looked at the genomic region of the hunmaththe candidate of
chickenNse2because chromosomal localisation of genes canb&smnserved
throughout evolution (Lalley et al., 1978). We fdutwo identical genes
upstream of the genes of interest; KIAA0196 codwmstiie membrane protein
Strumpellin and SQLE codes for squalene epoxidake.gene downstream of
chickenNse2is a predicted ORF of a protein similar to a Gtgirm-coupled
receptor induced protein GIG2 (LOC428386), wherthasgene downstream of
human NSE2 is a Tribbles homologue 1 (TRIB1), as@&-protein-coupled
receptor induced protein. The observed similaribesween chicken, human,
mouse and yeast Nse2 on the protein and gene Jlaadisate that we have

identified and cloned the chicken orthologue of H2S

3.3 Generation of antisera against chicken Nse2 protein

To characterise and explore the cellular functiohshicken Nse2, rabbit
polyclonal antibodies were raised against the pro#n N-terminal glutathione
S-transferase (GST) tagged Nse2 fusion protein uwsexl as an antigen to
generate antibodies. The chickdse2cDNA was cloned into pGEX-4T-2. The
GST-Nse2 fusion (27 + 27 kDa) was expressed irBl&L pLysS strains ofE.
coli, giving a fusion protein with a predicted size ofl@3a The GST-Nse2 was
then purified over glutathione agarose beads (asribed in Section 2.3.6).

Induction and purification of GST-Nse2 is showrFigure 3.4.

109



Mou IN P

97.2
664

58 | « csTse2
427

348

270 ’\

200

Figure 3.4Expression and urification of GST-Nse2 fusion protein.

E.coli transformed with pGE-4T-2-Nse2 plasmid wereated with 0.1mM IPT to induce
expression of the GSVse2 protein. After 2 hou induction, cells were lysed ar the fusion
protein purified over GST resin. Legend: (I- protein marker, (Ul) -uninduced sample, (I
induced sample, (P) purified G-Nse2. Estimated size of G8Ee2 fusion: 54 kD

3.4 Characterisation of anti-chicken Nse2 ser

All three bleeds obtained from two differentbbits were tested i
immunoblotexperimentsusing DT40 whole cell extracts.o@ditions including
bleed dilution factgrmembrane typeand blocking solutions welivaried. This
analysis revealed that only the third bleed frorbbra SIEO09 recognisea
number of Nse2 proteins, such3myc-Nse2 (32 kDa) andse--GFP (55 kDa)
as well as theoriginal antigen (GST-Nse2, 54 kDaput failed to detect e
endogenous prate (Figure 3.)).
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Figure 3.5 Testing of the anti-Nse2 sera.

Proteins from the indicated cell lines were exteal;tseparated by SDS-PAGE and analysed by
immunoblotting with bleed SIE009 (K/O — N§623myc and GFP correspond to 3myc-Nse2 and
Nse2-GFP expressing Ns&2 cells, respectively). Predicted sizes of the rdmoemt Nse2
proteins are: endogenous (27 kDa), 3myc fusionk{3a), GFP fusion (55 kDa) and GST fusion
(54 kDa).

The laddering observed in the GST-Nse2 lane prgbadgresents products of
degradation that occurred during GST-Nse2 purificatin addition, the SIE009
serum recognised a 55 kDa band in all samples se@lylhis is consistent with
the reactivity of the pre-immune sera from the sarabbit, which also
recognised a similar band but was clean in the dvied where the chicken Nse2
is predicted to migrate (between 20 — 50 kDa, dettashown). The bleeds
obtained from the second rabbit (SIE010, mainlytthel bleed) were only able
to recognise the antigen and free GST protein,igatb the conclusion that
SIEO10 bleeds contain antibodies against the G6{Tndxt Nse2 protein (data not
shown).

In order to increase the sensitivity of the SIEOOf#rd bleed we
performed affinity chromatography purification (teafter SIEO09AP, as
described in section 2.3.9he affinity purified anti-chicken Nse2 antibody sva
able to detect 3myc-Nse2 (32 kDa) and Nse2-GFPk[E fusions as well as
the endogenous form of Nse2 (27 kDa, Figure 36¢ SIEO09AP detects only a
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single band in wild-type DT40 cell lysates of thredlicted size of 27 kDa, which
is consistent with the presence of a single isofofNse2being expressed in
DT40 cells

N&ei“f'f' NSEZ_‘M_

[kDa] WT KO 3m‘1ﬂ.’: GFP WT KO Emym GFP IB:

72 =—
o Nse2-GFP
4 3mycNse? | Nse2?

28 = « Nse2

17 —

s-[Ee—] =] aTubuiin

Short exposure Long exposure

Figure 3.6 Testing of the affinity purified anti-Ns2 sera (SIEO09AP).

Proteins from the indicated cell lines were exteal;tseparated by SDS-PAGE and analysed by
immunoblotting with SIEO09AP and-Tubulin antibodies (KO — Ns&2, 3myc and GFP
correspond to 3myc-Nse2 and Nse2-GFP expressing’Nsells, respectively) Predicted sizes
of the Nse2 are: endogenous (27 kDa), 3myc fus@nkpa), GFP fusion (55 kDa) and GST
fusion (54 kDa).

Additionally, the SIEOO9AP antibody did not deteety endogenous protein in
the Nse2™ cell line (described in Chapter 4), even after gmngled exposure of
the membrane or when a high protein concentratias mun on a gel (up to 80
Kg per lane with long-life ECL, data not shown). figfere, we conclude that the
band observed in the wild-type lane is indeed thdogenous form of the Nse2
protein. We tried to confirm the nature of the wijghe band with different
antibodies. We atested a human antibody raisedultoleéngth human Nse2
protein (gift from Prof. A. Lehmann, University 8lussex, UK) but it also failed
to recognise the endogenous chicken Nse2.
We next tested the SIEOO09AP antibody in immunofsoence

microscopy experiments using wild-type and NseZegit cells as a negative
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control. Different concentrations of SIEOO9AP antly and fixation protocols
were tested but we could not detect any signal frlmenendogenous Nse2 in the
wild-type cells. This could be due to a low concation of SIEO09AP antibody
in the purified fraction (as assayed by SDS-PAGEhWWBSA standards and
Coomasie staining of the gel; data not shown) anahility of the SIEO09AP to

detect native Nse2 protein.

3.5 Biochemical studies of myc-tagged Nse2

The myc tag is a well recognised affinity tag andely used to purify
proteins from vertebrate cells or to identify pioteinteractors by co-
immunoprecipitation (Kramer et al., 1997). To stuldg biochemical properties
of the Nse2 protein we generated a 3myc-Nse2 fysiotein. The chickeNse2
cDNA was cloned into pCMV-3Tag-2A plasmid. The sofehe resultant fusion
protein was predicted to be 32 kDa. The 3myc taggeah of Nse2 was then
stably expressed inNse2” cells (thereafter 3myc-Nse2) and used in
immunoprecipitation and rescue experiments (sear€ig.15 in section 4.3.1)
As previously mentioned, NseZ2 interacts with Snfgbugh an extensive region
on its N-terminus (Duan et al., 2009a). To teghd presence of the 3myc tag
interferes with Smc5 binding we performed an imnpreaipitation experiment
using anti-myc antibody as described in Section1®.3In this experiment wild-
type cell extract and appropriate mouse IgG anybedre used as controls. As
shown in Figure 3.7, we detected Smc5 within thteragc precipitated material
(IP lane in the 3myc-Nse2 experiment). We obsemvesignificant depletion of
the fusion protein in the unbound fraction, as sham the Figure 3.7, lanes |
and U, in the 3myc-Nse2 experiment. The signal s@exific to extracts from
3myc-Nse2 cells and it was absent in wild-type emigtrol immunoprecipitation
samples. We conclude from this experiment that 3Msge2 interacts with Smc5
in vivo and that this interaction is not impeded by thespnee of an N-terminal

myc tag in Nse2.
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Figure 3.7 Immunoprecipitation of 3myc-Nse2.
The Nse?:3myc-Nse2 cells were subjected to immunprecipitatising anti-myc antibody.
The lanes are as follows: (I) — input, (U) — unbdufraction, (IP) — immunoprecipitated

material. Estimated size of 3myc-Nse2: 32 kDa.

In our immunoprecipitation experiments (Figure 3n@ found that the
anti-myc antibody recognises 3myc-Nse2 as a ddudobel (both with size of just
below 40 kDa). Similarly, the SIEOO9AP antibodyetged two different bands
in the 3myc-Nse2 cell extract (Figure 3.7 and 8&a8ie 3myc-Nse2). However,
the SIEOO9AP antibody does not recognise a douafte lof the endogenous
Nse2 protein in the wild-type cells even after prjed exposure (Figure 3.6 and
data not shown)We suspect that upper band might be caused by post
translational modification (PTM) of the 3myc-Nsasion. This PTM might not
be detectable in wild-type cells due to lower lsvef the endogenous protein
compared to the higher levels of the 3myc-Nse2ufie.6). The best candidate
for PTM of the Nse2 protein would be SUMOylatios, such automodification
by the SUMO ligase has been previously reportedNise2 (Andrews et al.,
2005; Potts and Yu, 2005)owever, the size difference between the observed
bands appears to be less than 10 kDa which wogjdeaagainst this type of
modification (as well as ubiquitination).

To test whether the slower migrating band is a phodorm, we
subjected 3myc-Nse2 extracts to phosphatase adsayre 3.8 shows

immunoblots after the experiment.
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Figure 3.8 Phosphatase assay.

Proteins extracted from Ns&2:3myc-Nse2 cell line were treated with differergaction
cocktails (with or without activity olPPase) to test the nature of the slower migratiagd of

3myc-Nse2 protein . MCM2 phospho-protein was used &s a positive control.

We used MCM2 protein as a positive control in #xperiment (Pospiech et al.,
2010). The MCM2 protein, which is a part of a regtive helicase complex, is
constitutively phosphorylated at S40/41 in a Cdepahdent manner. After
phosphatase treatment, the phosphorylated MCM2 ma@slonger present,
whereas we could still detect the 3myc-Nse2 dobbled after treatment with the
same cocktail. Therefore we conclude that the eeskeextra band is not a

phospho-form of the 3myc-Nse2 protein.

3.6 Localisation of chicken Nse2

To study the localisation of the Nse2 protein (drydimplication the
Smc5-Smc6 complex), we tagged the Nse2 protein thighgreen fluorescent
protein (GFP). TheNse2cDNA was cloned into pEGFPN1 vector. The Nse2-
GFP fusion protein, with a size of approximately.5%Da, was then stably
expressed in Nse2-deficient cells (thereafter NSEPR, see Figure 4.15 in
section 4.3.1. The clones positive for Nse2-GFP were then useitivestigate
the cellular localisation of the Nse2-GFP fusiontpin. Depending on the clone

analysed, between 30 — 90 % of the cells were NXEfeR-positive.

115



We found Nse2-GFP in both the cytoplasm and nudieuisig interphase
(Figure 3.19, @and G panels). Conversely, we did not observe any NseR-GF
signal co-localising with DAPI-stained DNA in mitotcells. Therefore, it would
appear that localisation of the Nse2-GFP may beayele dependent (Figure

3.9, metaphase and telophase panels).

DNA y-Tubulin Nse2-GFP Merge

G2

Metaphase

Telophase

Cytokinesis

Figure 3.9 Expression of the Nse2-GFP fusion pratsi
The Nse2-GFP expressing cells were fixed with lbetihanol and paraformaldehyde prior to

staining withstubulin antibody (DNA: blueyTubulin: red; Nse2-GFP: green). Scale bar shows

10um.

Additionally, in our preliminary analysis of NseZ-8 expressing cells,

we found a relatively large, discrete signal frdme fusion protein. There were
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either one or two such spots detected per cellu(Ei@.9, all panels). We also
found that these foci appear to localise to oppogiles of the cell in mitotic
cells (Figure 3.9 metaphase and telophase paNéskpeculated that Nse2-GFP
may be a component of the centrosome, as we pgyiaetected Smc5-GFP
protein localising to centrosomes (Stephan, 200@).test our hypothesis, we
counter stained the Nse2-GFP cells with a centresomarker y-tubulin) and
looked for co-localisation with the Nse2-GFP signéle could confirm the
centrosomal localisation of Nse2-GFP fusion protesing this approach, but
only after paraformaldehyde or combined methanatafmrmaldehyde fixation
(Figure 3.9). We neither observed Nse2-GFP aftéy orethanol fixation nor
3myc-Nse2 at the centrosome. To eliminate the piisgi that Nse2-GFP
localisation to centrosomes is a fixation artefaot, decided to analyse Nse2-
GFP cells using the live-cell microscopy. We hypsiked that, if Nse2-GFP
protein is abona fidecentrosomal component, we should be able to ddtect
live cells. In this experiment Nse2-GFP cells wspdit into two batches. One
batch was fixed with paraformaldehyde to confirne tibservation of Nse2 at
centrosomes, and the other batch was analysedré»géil microscopy (Figure

3.10).
Nse2-GFP

- ..“
i ..-

Figure 3.10 Live cell microscopy analysis of NseZE&Sexpressing cells.

The Nse2-GFP cells were either paraformaldehydedfigr analysed live under a microscope
(Nse2-GFP: green). Top panel shows paraformaldeliy@el cells and bottom panel show stills

from live cell imaging. Scale bar shows/if.
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We could still detect the centrosomal localisatbrthe Nse2-GFP fusion
protein in the fixed cells but never in the livellgeln addition, the live-cell
analysis confirmed the cytoplasmic and nuclearlisggon of the fusion protein
(Figure 3.10). Therefore, we conclude that the NSEP protein may not be a
constitutive component of the centrosome and ti@bbserved localisation may

be an artefact of the paraformaldehyde fixatiop.ste

3.7 Discussion

3.7.1 Cloning of chickenNse2

The chickerNse2cDNA was successfully cloned allowing the generatio
of anti-chicken Nse2 antibodies, and preliminargcbiemical and localisation
analysis of the Nse2 protein. In addition, we conéd that the predicted protein
from the G. gallus non-redundant protein sequences database similar to
S. cerevisiadMMS21, is indeed a chicken homologue of Nse2. Wmdbthat the
size and sequence of the chickése2cDNA are in agreement with information
published in the NCBI database. Comparison of Ns®2ein sequences from
different species revealed that chicken Nse2 isifsigntly similar to vertebrate
but not to its unicellular homologues. The highsstilarity has been observed in
the region of Nse2 catalytic domain, which is regdifor Nse2 SUMO ligase
activity. Despite the fact that the overall Nseguance has changed from yeast
to human, the sequence required for Nse2 SUMO digadivity has been
conserved throughout evolution. Additionally, theusture of the chickeiNse2
gene is very similar to its human homologue, sugyggdhat the gene itself is
also evolutionarily conserved, at least betweenkgn and human. This analysis

confirmed that we have cloned the chicken homolagudse2 protein.

3.7.2 Generation of antisera against chicken Nse2

We have generated an anti-chicken Nse2 (SIEOO9A#)aly and used
it in immunoblotting experiments. The SIEOO09AP hatly detects the
endogenous Nse2 protein as single band in wild-pd0 cells, showing that

there is only one form of Nse2 protein expresseth@se cells. This is consistent
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with the data from human experiments, in which regle form of Nse2 was
detected in HeLa cells (Behlke-Steinert et al.,2@®botts et al., 2006; Taylor et
al., 2008). The observed size of chicken Nse2 [R@@)ks similar to the mass
predicted from its amino acid sequence. Additionalhe SIEO09AP antibody
does not detect any protein in the Nse2-deficiefis cconfirming that indeed it
is Nse2 that we are detecting in wild-type DT40lscelUnfortunately, the

SIEO09AP is not able to detect Nse2 protein in imaflworescence microscopy
experiments; therefore we concluded that SIEOO9AR be used only for

immunoblotting.

3.7.3 Biochemical properties of myc-tagged Nse2

The clonedNse2cDNA was used to generate a 3myc fusion protein to
analyse chicken Nse2. The fusion protein has beenessfully expressed in
Nse2-deficient cells. Human Nse2 co-immunopredegavith Smc5, Smc6 and
Nsel (Potts and Yu, 2005; Taylor et al., 2008). fdlend that 3myc-Nse2 co-
immunoprecipitated with Smc5, indicating that asiuman cells, chicken Nse2
interacts with Smc%n vivo. Furthermore, this confirms that the cDNA we have
cloned codes for a component of the Smc5-Smc6 amphe N-terminal 3myc
tag on the Nse2 protein does not interfere wittbitgling to Smc5, suggesting
that the fusion is a functional protemvivo.

In our immunoblot experiments, the anti-myc antipatktects 3myc-
Nse2 as a double band. Because it is expressegiatp from the cDNA
sequence it is unlikely that these represent ater® forms of Nse2. Extensive
studies in yeast and human models identified peaststational modification
(PTM) of several components of the Smc5-Smc6 coxplé&mc6t
phosphorylation and Smc5, Smc6, Nse2, Nse3 and NsSEMOylation
(Andrews et al., 2005; Pebernard et al., 2004;sPattd Yu, 2005; Taylor et al.,
2008; Taylor et al., 2001; Zhao and Blobel, 200%)e SUMO peptide is highly
charged and its addition to a target protein resitan increase of observed
molecular mass by 10-20 kDa. We hypothesised timatektra band may be a
phospho-form of Nse2. However, phosphatase tredtciémot abolish presence
of the slower migrating form of 3myc-Nse2. Therefowe concluded that the

extra band is not a phosphorylated form of Nse2.adidition, the SIE009
119



antibody detects a double band of 3myc-Nse2 bubhtite endogenous protein.
This raises two possibilities; (1) myc tag is parthe protein being modified and
(2) we do not detect modification of endogenous A\dmecause of its low
abundance compared to over-expressed 3myc-Nsezelsye that it is rather
unlikely that the myc tag is specifically modifieds no such PTM has been
reported in the literature. Therefore, we conclutieat the extra band that we

detected is a yet unidentified PTM of over-exprdsdacken Nse2.

3.7.4 Localisation of chicken Nse2

We expressed an Nse2-GFP fusion in Nse2-deficielig and used it to
study the localisation of Nse2. Experiments in haraad yeast cells have shown
a nuclear localisation of Nse2 (Potts and Yu, 2Ggo and Blobel, 2005). We
observed both cytoplasmic and nuclear localisatadnthe Nse2-GFP. In
interphase cells, Nse2-GFP co-localised with theADdignal but not in mitotic
cells, suggesting a cell cycle-dependent locabsatif Nse2. We also detected a
centrosomal localisation of the Nse2 protein, whids not been previously
reported. To confirm our observation we performeseftof experiments which
suggest that this localisation of Nse2-GFP may he atefact of
paraformaldehyde fixation. We believe that the treddy abundant Nse2-GFP
protein can be detained at the centrosome throwgkfgrmaldehyde cross-
linking activity. In addition, we have not detect&ahyc-Nse2 at the centrosome.
However, we cannot rule out the possibility thateRisis present at the
centrosomes, but that our microscopy experimentbompeed failed to reveal
such localisation. We have observed 9myc-Smc5 and6S5FP localisation at
centrosomes, suggesting that Nse2 might be presehis organelle (Stephan,
2007). Recently, the human cohesin complex has foegrd on the centrosomes
(Guan et al., 2008). The Smc5-Smc6 complex co-4eeslwith cohesin at
chromosomes and has been reported to be requirecbf@sin recruitment to
double strand breaks (Lindroos et al., 2006; Reittsl., 2006). In addition, both
complexes share a similar chromatin loading medamanivhich relies on
interaction with the Scc2/Scc4 heterodimer (Lindr@d al., 2006; Michaelis et
al., 1997). This suggests that, similar to the soheomplex, Smc5-Smc6

complex may be a component of the centrosome.
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Chapter 4 Generation and characterisation of

Nse2knockout cells

4.1 Chicken NseZ2is not essential for DT40 cell viability
4.1.1 Introduction

The structural maintenance of chromosomes (Smcilyfash proteins is
involved in different pathways of DNA metabolismeygrewed in (Hirano,
2002)). They are required for sister chromatid ewohie chromosome
condensation and DNA repair (reviewed in (Losadd Blrano, 2005)). The
cohesin (Smcl1-Smc3), condensin (Smc2-Smc4), Sma®BSoomplex and
Rad50 make up the eukaryotic Smc family (reviewad(Hirano, 2006)).
Processes involving the Smcl-Smc3 and Smc2-Smetdugners, as well as
the Rad50 protein are well explored, whereas tinetions of the Smc5-Smc6
complex remain less well-defined. The Smc5-Smc6pteris made up of eight
proteins: the core Smc5 and Smc6 and six non-Semsegits (Nsel - 6) (Duan et
al., 2009b; Lehmann et al., 1995; Palecek et 8062 Pebernard et al., 2004;
Pebernard et al., 2006; Taylor et al., 2008; Zhab Blobel, 2005). One of these
elements, Nse2, is a small 27 kDa protein thatracts directly with the core
Smc5in vivo (Andrews et al., 2005; McDonald et al., 2003; Pebat et al.,
2004). Nsel and Nse2 are the only non-Smc elemehtthe Smc5-Smc6
complex that possess known enzymatic activitieseINis an ubiquitin ligase
with anin vitro enzymatic activity confirmed so far and Nsg2nin vitro andin
vivo functional E3 SUMO ligase (Andrews et al., 2005yl2 et al., 2010;
McDonald et al., 2003; Potts, 2009; Zhao and BlpB@05) Nse2 SUMOylates
several proteins, including Ku70, Smc5, Smc6, Seslwell as the telomere
sheltering proteins Trfl and Trf2 (Andrews et @D0Q5; Pebernard et al., 2004;
Potts and Yu, 2005; Zhao and Blobel, 2005). Nsk&®, lenown as MMS21, was
first identified as an essential protein required fesponses to MMS-induced
DNA damage (Prakash and Prakash, 1977). A largg bbdata indicates that

this E3 SUMO ligase is essential for proper homolggrecombinational repair,
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replication fork restart and maintenance of repetiDNA sequences, such as
rDNA and telomeres (reviewed in (Potts, 2009) abd Piccoli et al., 2009)).
The analysis of the recombination intermediatesiced by DNA damage in
budding and fission yeast revealed that SUMO ligaswity of Nse2 is required
for efficient removal of X-shaped DNA moleculestthaise at stalled replication
forks, probably through recombination (Ampatziddwak, 2006; Branzei et al.,
2006; Chavez et al., 2010b). Recently, Rai et labwed that Nse2 activity is
required to prevent gross chromosomal rearrangeniBat et al., 2011). All this
suggests that Nse2 SUMO ligase plays a crucial imlerchestrating DNA
damage responses and the maintenance of genonggriipt In addition,
SUMOylation has recently emerged as an importantification in DNA
damage response and repair (reviewed in (BergidkJentsch, 2009)). As most
of the information gathered about Nse2 comes froenanalysis of unicellular
organisms, we wondered if the vertebrate homolquuasesses similar cellular
functions.

To better understand the cellular functions of Nee2decided to use a
reverse genetics approadhie chose a well-established knockout system, namel
the chicken DT40 cell line. This hyper-recombinagerhicken cell line allows
high efficiency gene targeting (Buerstedde and @akd991). We mapped the
genomic locus of chickeNse2on chromosome two, we cloned and sequenced
the Nse2 cDNA and confirmed its correspondence with the NGRtabase
information. We used this knowledge to genefss®2” knockout clones in
chicken DT40 cells to analyse the roles of Nsethécell cycle and in the DNA
damage response. In this study, we show that ahicledls lacking Nse2 are
viable but hypersensitive to DNA damage and exhileitects in homologous

recombinational repair.

4.1.2 Cloning and mapping of the chickerNse2genomic locus

As described in section 3.2, we have identified alwhed the chicken
Nse2cDNA and used it to localise its genomic locus. ¥end thatNseZ2is
located on chromosome two (NCBI accession numbeiOd9389 Region
144363623 - 144490094). DT40 cells have a trisonhycliromosome |,

therefore there are three copiedNsfe2in these cells. As mentioned previously,
122



comparison between the chicken and huiNae2genes revealed that they both
consist of six exons and are spread over 122.6\82&4.6 kb, respectively. The

sizes of chicken and humatse2loci were found by alignment of the respect
cDNAs and genomic sequences.

4.1.3 Targeting of the chickenNse2locus

As previously mentioned thdse2gene spreads over 122.6 kb. The gene
targeting efficiency drops proportional to the siaé the targeting region
(Capecchi, 1989). Due to this we could not use tthditional approach and
disrupt the whole genomic sequence of tNse2 gene. The LoxP-Cre
recombinase approach to remove the eMise2genewas not used because of
the disadvantages of this system presented indettll2.4 of the Introduction.
However, exons IV, V and VI, which code for theatgtic domain of theNse2
SUMO ligase (SP-RING) could be easily targeted gisanstandard knockout
strategy as they are spread over only 4.3 kb (Eigut)

Exons: 1 ] ] v v Vi
147 229
S o
1 239

Disrupted region

Figure 4.1 Linear structures of the Nse2 gene anaiein.
The alignment of the Nse2 exons and protein shotiagregion to be disrupted. Exons and

protein are to scale.

After identification of the genomic sequence enngdihe Nse2 SP-RING
domain, the targeting strategy was designed (Figwtg Homology arms (5’ —
3.0 kb and 3’ — 4.5 kb) and probes were chosendititite Nse2gene disruption
and detection of the desired mutation by Southéot b
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[ |
* 5" homology 3 homology *
. arm — am
First allele Hygromycin
‘ 8.2 kb ‘ 5.8 kb ‘
[ [ |
* * *
|
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F—

I -exons % - Xmnlrestriction sites

Figure 4.2 Gene targeting strategy.

The Nse2 genomic locus before and after targetiitg the targeting vectors. The bold italic

numbers show distances between Xmnl sites as svétleasizes of bands recognised with either

the 5’ or 3’ probes by Southern blot.

Targeting vectors containing blastocidin, histidimmd hygromycin resistance
cassettes were generated in order to disrupt theederegion (Figure 4.2).
Before DT40 wild-type cells were transfected witie targeting vectors, the 5’

and 3’ probes (Figure 4.®ere tested by radioactive Southern blot (as desdri

in Section 2.2.13).
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[kb] Xmnl [kb] Xmnl

12.0 12.0 I
11.0 10—
10.0 10.0= 3
9.0 90 —
8.0 8.0 —
7.0 . 70—
60— | 60— |
50— 50 —
40 40—
30— 30—
5 probe 3 probe

Figure 4.3 Testing of the radiolabelled 5’ and 3tgbes by Southern blot hybridization.
Genomic DNA was digested with the indicated rebicnucleases and probed with 5’ or 3’

probes.

We found that both probes recognised the predibtedls after digestion with
Xmnl (Figure 4.3). Moreover the 3’ probe had far leaskground signal than 5’
probe which also picks up unspecific bands (Figu8). Therefore the 3’ probe
was chosen for the screening of targeted clones.

After probe optimisation, wild-type DT40 cells weteansfected with
each targeting vector using electroporation (asriteed in section 2.4.3). A total
of 160 clones were screened after targeting offitise allele with blastocidin,
histidinol and hygromycin vectors. The plasmids vebo different targeting
frequencies ranging from 18.0% to 27.0% (Tableahd Figure 4.4).
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Generation and characterisatiorNse2knockout cells

A) B) C)
First Round Second round Third round
Hygro-Nse2 Bsr-Nse2 His-Nse2
WT  Nee2 ™ WT Nse2?* Mol Wt Nsez
400 — Wb 400 —
200 — —_
b= <K/O Hyg fgg— |
ro — = :
<KIO Hygro 150 « KIO Hygro & His
100 —
e 100 — 100 —
80
80—
70 — 70 — 80—
60 — 70—
«WT
4KIOBsr 60— «W1
«KIO Bsr

Figure 4.4 Southern blot analysis of representatigi®nes.

Genomic DNA from wild-type and the indicated hetggotes was isolated and digested with
Xmnl. The 3'probe was used to detect targeting tsvaheach stage of Nse2 gene targeting A)
first allele, B) second allele and C) third NseZ®ebd. The 3’ probe recognised wild-type bands
(6.3 kb) and two targeted bands (K/O indicatesttlrgeted band with 14.7 kb after transfection
with Hygromycin- and Histidinol-containing vectorsasnd 5.8 kb after transfection of
Blastocidin). The wild-type band is absent in theeX’ cells and is replaced by two targeted

bands.

Table 4.1 Targeting frequencies of the targetingct@rs used at different stages

of the Nse2 knockout generation.

First targeting round

No. of clones 35 61 70
screened

Targeting 22.8 18.0 27.0
efficiency (%)

Targeting Bsr-Nse2

construct

No. of targeted 5
clones

Third targeting round
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Targeting His-Nse2

construct
No. of clones 72
screened
No. of targeted 5
clones
Targeting 6.9

efficiency (%)

Transfection with the hygromycin targeting vect@aveg the lowest number of
viable clones, so it was used to target the filelea(Figure 4.4). One of the
hygromycin resistant heterozygotes (22.8% efficggneas then targeted with
the blastocidin vector, yielding double heterozggotvith 6.9% efficiency
(Figure 4.4). The histidinol vector, which had thighest targeting frequency,
was used last in order to increase the possilaifigbtaining a knockout cell line.
In the final targeting step, 72 clones were scrédaare 5 clones were identified
as positives (6.9% targeting efficiency) (Figuré)4Figure 4.4 shows Southern
blot hybridization performed at each stageNske2gene targeting. Each vector
that was successfully integrated into Nee2locus gave the band sizes predicted
by the targeting strategy (Figure 4.4).

To confirm the Southern blot results and the disampof Nse2gene, we
isolated total mMRNA from wild-type and Nse2-targeteells, and performed
reverse transcriptase-polymerase chain reactionRBR) using two different
sets of primers (Figure 4.93—actin primers were used as a positive control in
this experiment (Figure 4.5). RT-PCR analysis rackdhat full lengthNse2
MRNA is present in the wild-type cells but not lre tknockout clones tested. We
also found that the 5’ part of tiNse2gene, which has not been disrupted, is still
transcribed and its MRNA is detectable in the kiooiticlones.
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A) Nse2 mRNA
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Wild-type Nse2¢l.1 Nse2”-cl.2
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Figure 4.5 Amplification of the Nse2 cDNA from theild-type and Nse2-targeted cells.

A) Linear representation of Nse2 mRNA showing tiseugted region of Nse2 gene and the
position of the primers used to test expressiofulbfength and truncated forms of Nse2 mRNA.
B) Reverse transcriptase-polymerase chain reactith total mMRNA isolated from the wild-type,

two Nse2-targeted clones and primers shown in pahel

To determine whether the generated cell line ie@dda knockout or
represents just a deletion of SP-RING domain, warered Nse2 protein levels
in these cells. We have generated an antibody edtilirlength chicken Nse2
protein (as described in Section 3.3) and used ilnimunoblotting experiments.
As shown in Figure 4.6, the full length Nse2 protesi only present in the wild-

type cells but not in these2knockout cell line.
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kDal  WT Nses” kDa]  WT Nse2”™"-
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17— -
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Figure 4.6 Western blot analysis of the Nse2-targgtcell line.
Total proteins from wild-type and Nse2-targetedlscelere separated by SDS-PAGE and
subjected to immunoblotting with the indicated bodies A) short exposure and B) prolonged

exposure.

We failed to detect the Nse2 protein in the knotkmils even after prolonged
exposure (Figure 4.6B). Furthermore, there wasumdeace for the explanation
of a truncated form of the protein from the remagnd’ region ofNse2 Such a
gene product would have been predicted to havelacuar weight of 18 kDa.
We also detected an extra lower band in the wipktgells (approximately 17
kDa). We predict that this band may be a degradairoduct of the-full length
Nse2 protein. This suggests that Ne2™ cell line is a full knockout and not a
deletion mutant.

Together, analysis of thdse2knockout cells at the DNA, mRNA and
protein levels confirm that we have successfullpegated an Nse2-SP-RING-
deficient DT40 cell line.

4.2 Chicken Nse2 is required for proper mitosis and
DNA repair

Deletion of theNse2 gene in yeast cells results in non-viable cells
(Andrews et al., 2005; McDonald et al., 2003; Pebhst et al., 2004; Zhao and
Blobel, 2005) Similar results are observed in mutants of othenmanents of the
Smc5-Smc6 complexXNsel-4, Smcand Smcb6are essential 5. pombend S.
cerevisiae,but Nse5-6 are also required for the viability of budding sea
(Ampatzidou et al., 2006; Andrews et al., 2005; ihainn et al., 1995; Palecek et
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al., 2006; Pebernard et al., 2006; Taylor et @012 Verkade et al., 1999).
Hypomorphic alleles of the yeadise2 gene are viable but show growth
retardation (Andrews et al., 2005; Zhao and BloBé&ID5). This suggests that
essential function of the yeast Nse2 protein isassiociated with its enzymatic
activity. On the other handNse2is not essential i\rabidopsisor human cells
(Potts et al., 2006; Watanabe et al., 2009). Uneepody, the chickerNse2
knockouts are viable, indicating thidse2is not an essential gene in DT40 cells.
To test if the absence dfse2had an impact on cell proliferation, we analysed
the proliferation of Nse2-deficient cells. In thassay, an identical number of
cells were plated and the accumulative cell nunnhb@nitored every 24 hours for
up to 48 hours. Figure 4.7 shows the growth curdverital-type and twoNse2
knockout clones.
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Figure 4.7 Growth curves of the knockout cells.
The same number of cells {ier ml) was seeded and cell number monitored 48drours time

period. Data points show mean of three independeperiments +/- SD.

This experiment revealed thatse2knockout clones proliferate with kinetics
similar to wild-type cells. Therefore, we concludidat Nse2is not required for
the proliferation of DT40 cells. This suggests thiere are fundamental
differences between uni- and multi-cellular orgarssin their requirement for
the Smc5-Smc6 complex.

We then analysed the cell cycle profile of NseZaiemt cells.
Hypomorphic alleles of Smc5-Smc6 complex genesalshow notably affected
cell cycle profiles in fission yeastmc6-X smc6-74and budding yeasmc6-9

(Ampatzidou et al., 2006; Irmisch et al., 2009; Wiatet al., 2009; Torres-Rosell
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et al., 2005b; Torres-Rosell et al., 200&part from a slight increase in number
of dead and mitotic cells, deletion ain85 in chicken DT40 cells does not result
in abnormal cell cycle profiles (Stephan et al.1P4). Depletion of Nse2 and
Smc5 but not Smc6 in HelLa cells significantly irages the number of mitotic
cells (Behlke-Steinert et al., 200®)sing flow cytometry, we observed wild-type
distribution of cells in different phases of thdl aycle in the absence dise2
(Figure 4.8A).

A)
Wildtype  Nse2z’” o1 Nsez’'cli
w
E
5
o
o
DNA CONTENT
B) C)
DNA o -Tubulin Merge
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& WT P=0.400
o Nse?'/'/' Multipolar
101
3
. P=0.100 Lagging
54 Chromosome
—i-Lll P=1.000
L — : . Binucleated
Mitotic Abnormal Binucleated
index mitotics

Figure 4.8 Cell cycle analysis.

(A) Cell cycle profiles of clones. (B) Levels ofatic indices, aberrations and binucleated cells
in wild-type and two Nsé€Z clones. Data points represent an average of tlenggeriments +/-
SD where at least 100 mitotic cells were scored.Mierographs of mitotic aberrations observed

in NseZ” mutants. Scale bar shows Afh.

Microscopy analysis of the cell cycle revealedréased numbers of mitotic
cells in the Nse2” background (Figure 4.8B). We also detected a highe
percentage of cells showing mitotic abnormalitiechs as multipolarity or
lagging chromosomes (anaphase bridges) (Figure @8BC). This is consistent

with results from yeast and human cells where NigZiency is associated with
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mitotic abnormalities, including chromosome misteggtion, ‘cut’ phenotype
or premature chromosome segregation (Behlke-Steateal., 2009; Chavez et
al., 2010b; Chen et al., 2009; Torres-Rosell et2005a; Torres-Rosell et al.,
2007; Verkade et al., 1999). These data togetlwyesi that while Nse2 function
is not necessary for normal cell proliferation, midy be required for proper

mitotic progression.

4.2.1 Analysis of Smc5-Smc6 complex stability

Nse2 is a component of the high molecular weight™®mc6 complex
(Andrews et al., 2005; McDonald et al., 2003; Pehgat et al., 2004; Potts and
Yu, 2005; Sergeant et al., 2005). It interactdiie complex through binding to
Smc5 (Duan et al., 2009a). Our group has receafignted the loss of Smc6 and
Nse2 upon disruption &mc5(Stephan et al., 2011a).

[Da] WT  NseZ’™"

100 =
3 Cohesin
100 — -m‘ Scet
Smc2]| Condensin
100 =— .-

+ - nonspecific band

Figure 4.9 Western blot analysis of Smc complexedise2” background.
Total proteins from wild-type and Nse2-deficieniscevere extracted, separated by SDS-PAGE
and analysed by immunoblotting with the indicatedicbodies. Numbers in brackets show the

percentage of wild-type levels of each protein s&Ndeficient cells.
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We did not observe down-regulation of cohesin andemsin components in
Smcbh cells, therefore we concluded that the disruptdnSmc5 specifically
affects the Smc5-Smc6 complex (Stephan et al., &01A similar effect was
observed after the depletion of Nse2 and Smc6RMAiin human cells (Taylor
et al., 2008). To test whether loss of Nse2 proteis a similar effect on the
stability of the Smc5-Smc6 complex, we analysedi¢kels of Smc5 and Smc6
in Nse2” cells by immunoblotting (Figure 4.9).

Consistently, this analysis revealed a significaepletion of Smc5
protein in the absence dfise2 whereas levels of Smc6 protein remain
unchanged. In addition, we did not detect any changhe levels of the cohesin
(Smcl and Sccl) or condensin (Smc2) complexesijroong the destabilisation
of only the Smc5-Smc6 complex upbise2deletion (Figure 4.9). As Nse2 and
Smc5 interact directlyn vivo, we propose that the stability of Smc5, but not

Smc6, requires the binding of Nse2.

4.2.2 Cell cycle checkpoint analysis

Yeast Smc5-Smcbémutants are proficient in G phase checkpoint
activation after MMS and UV treatment but fail tcaimtain the arrest. These
mutants are also proficient in the S phase checkg@impatzidou et al., 2006;
Bermudez-Lopez et al., 2010; Irmisch et al., 2065k et al., 2007; Sollier et al.,
2009). To test the function of chicken Nse2 in csitle checkpoint activation,
we examined wild-type and Nse2-deficient cells raft2 hours’ treatment with
hydroxyurea (@S and S phase checkpoints) or nocodazole (spesiembly
checkpoint). Cells were then released from thelbked harvested at different
time points post-recovery. Using flow cytometry feend thatNse2mutants are
as proficient as wild-type in activation of HU- andcodazole-induced cell cycle

checkpoints (Figure 4.10).
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Figure 4.10 Analysis otell cyclecheckpoints.

Wild-type and Nse#eficient cells were treated with HU mM) and, nocodazole mM) in
order to induce @S and spindle assembly checkps. After checkpoint inductiocells were

released from the block and their DNA content waalysed by flow cytometry at the indica

times post-release.

The mutant cell lines were efficiently blocked ither C;/S phase after indire
inhibition of DNA synthesis or in metaphaseter the depolymerisation
microtubules. We also did not observe abnormalitiesecovery from S phas
and spindle assembly checkpoints and thereforeomeleded that Nse2 is n
required for HU- ad nocodazol-induced cell cyclecheckpoint activationnd
cell cycle progression upon recovery, at least uonde experimental condition
We also tested whether Ne«deficient cells arrest at the.{ border after Ik

treatment (Figure 4.1:
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Figure 4.11 Analysis of5,/M checkpoint activation.

Counts

Wild-typeand Nse2 deficient cells were treated with IR (3. Cells were harvested and th

DNA content was analysed by flow cytometrthe indicated times posteatmen.

We observed lower levels of,/M arrested cells in thBlse2mutants compare
to wild-type cells ab and 12 hours after exposure to(Figure 4.11 However
similar numbers of /M cells in Nse2”" knockouts and wildype cells were
detected aR4 hours po-IR treatment. This suggests that N-deficient cells
induced G/M arrest but wit delayed kinetics compared to witgpoe cells. The
observed delay in cell cycle progressiof Nse2deficient cells fter IR

treatment suggesta potentic role of Nse2 in theactivation of the G/M

checkpoint.

4.2.3 Role of Nse2 in DNA repair

A function fol Nse2 protein in DNA repair wa#st identified in yeas
duringa screen for MM-sensitive mutantéPrakash and Prakash, 18. It was
not clear howNse2 mediatecellular responses to MMiBduced DNA damag
until it wasshown to be a part @ high molecular weight DNA repair compl:
(McDonald et al., 2003; Zhao and Blobel, 2(. Hypomorphic alleles oNse2
show increased sensitivity tow:s cisplatin, HU, IR, MMS and UV, indicatin
that it has aole in different pathways cthe DNA damage response aDNA
repair such as poseplicative DNA damage repair (PR(Andrews et al., 200¢
McDonald et al., 2003; Pebernard et al., 2(Potts, 2009; Potts and Yu, 20.

X-shaped moleculeaccumulate in Nse2-deficient celés a consequence
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defect in DNA repair and these cells progress mitosis in the presence of
unrepaired DNA lesions (Bermudez-Lépez et al., 2@lavez et al.; Chavez et
al., 2010b; Chen et al., 2009; Sollier et al., 20020 and Blobel, 2005).

We next investigated the role of chicken Nse2 ia DNA damage
response and DNA repair. To do so, we performedagjenic survival assays on
wild-type and Nse2-deficient cells. The cells wéreated with various DNA
damaging agents, plated in methylcellulose meddaiowed to form colonies
(as described in SectioR.4.9). Figure 4.1hows the sensitivity of Nse2-
deficient cells to different types of DNA damagee\ibund thatNse2” cells
were severely sensitive to MMC (~100 fold), MMS @©1fold), 4NQO (4-
nitroquinoline-1-oxide, ~100 fold) and moderatety ¥V (~10 fold) (Figure
4.12C, D, E, F)Nse2mutants form colonies with wild-type ability afteitJ and
IR treatment (Figure 4.12A and B). RNAI depletioh Mse2 in human cells
results in a DNA repair defect after MMS treatmestiserved only in gcells
(Potts and Yu, 2005).

Yeast mutants of Nse2 are sensitive to hBe@-1 nse2-SA (Andrews et
al., 2005; Pebernard et al., 2004), Wnfs21-11mms214sl, nse2-1 nse2-SA
(Andrews et al., 2005; McDonald et al., 2003; Pebhst et al., 2004; Rai et al.,
2011; Zhao and Blobel, 2005), MM#&ins21-11, mms24sl, mms21-CH, nse2-
SA)(Andrews et al., 2005; Rai et al., 2011; Sollieakt 2009; Zhao and Blobel,
2005), HU (hms214sl, mms21-H202A, mms21-C221A, nse2-@¥drews et
al., 2005; Rai et al., 2011) and bleomycmn{s21-11mms214sl) (Rai et al.,
2011; Zhao and Blobel, 2005). Tisensitivity of chicken Nse2-deficient cells
towards MMC, MMS, UV and 4NQO is consistent withetheported yeast
phenotypes.Surprisingly, ourNse2 mutants are not sensitive to IR or HU,
suggesting differences between the requirementdN$é&2 in response to these
DNA damaging agents in chicken and yeds$iese data show that chicken Nse2
protein is required for robust response to DNA dgenagents, such as MMC,
MMS, UV and 4-NQO that couse replication fork stejl at the lesions they

induce.
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Figure 4.12 Cell survival after induction of DNA daage.

Wild-type and NseZ cells were irradiated or treated with the indicdtBNA damaging agents
for 2 hours and plated in methylcellulose. Coloniesse scored 10-14 days after plating. In the
case of IR, cells were exposed to the IR sourt¢heirmethylcellulose plates. The plots show the
mean +/- S.D from three independent experimentsabised to the untreated controls. Plating
efficiencies were wild-type, 80%; N&&267%.
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4.2.4 Role of Nse2 irthe maintenance of genomic integrit

Defects inDNA repair may result in loss of essential geneticrimfation.
Unrepaired lesions can lead to severe chromosog@mrangemes such as
deletions, insertions or translocatio(Friedberg, 2003; Harper and Elled
2007) Such genome modifications are characteriof many cancer cell
(Friedberg, 2003; Sancar et al., 2(. Gross chromosomal rearrangements v
observed in the absence of functional S-Smc6 complex in yeast cel
suggesting that thactivity of this complex prevents najchromosomal defec
(Hwang et al., 200:. Sister chromatid recombination between lleu2 repeats
located on a singleopy plasmid was reduced compared to -type cells inS.
cerevisiae smc6-@and nse5-1 mutants(De Piccoli et al., 200. mms214sl|
mutants show aelevated frequency of telomere marker I[(Rai et al., 201..
As the chicken Nse2 protein is uired for DNA repair we ask« whether it is
also involved inthe maintenance of genomic stability. Trvestigat: this idea,
we compared théntegrity of wilo-type andNse2” chromosomesbefore and

after DNA damage.

Figure 4.13Representativehromosome spread of chicken karyotype.
Micrograph of theDT40 cellkaryotype. Macrochromosomés?2, 3, 4, 5 and sex chromosom

are indicated with the corresponding numbNote that thereare three copies of chromosol

two. Scale bar shows }@n.
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In this experiment, we analysed karyotypes of these cell lint The karyotype
of the chiclen DT40 cell line consists of chromosomes from whic
chromosomes 1, 2, 4, 5 and Z (macrehromosomes) can be easily anal by

microscopy(Figure 4.13).
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Figure 4.14Chromosomal aberration asss.

A) Examplesof chromosomal aberrations scored. Scoring critergaps were scored ¢
discontinuities and brea as discontinuities with structuratlistortions of chromatids

chromosomes; exchanges were scored as chrone fusionsThe numbers in the left top corr
of each micrograph indicatewhich chromosome(s) carries the aberrati@cale ba shows 10
#m. B) and ¢ Quantification of chromosome aberration in v-type and Nse-deficient cell.
The ndicated cell lines were treated with tindicatedDNA damaging agent for 3 hours or |
untreated. Cells were then blocked in mitosis amrdaphase spreads were prepared. The |
show average of thraadependenexperiments in which at least 50 cedlsre score( S.D is not

shown for histogram clarit
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Wild type andNse2™ cells were either treated with a DNA damaging agen
left without drug for 3 hours. For the final 2 heuthe cells were incubated with
the microtubule depolymerising agent colcemid teioknthe population of
prometaphase cells. Finally, cells were harvesieeld and chromosome spreads
were prepared (as described in Section 2.4.6)eSlidere then analysed by
microscopy and the integrity of each macro-chrommso assessed.
Chromosomal aberrations such as gaps and breakheinchromatids or
chromosomes, as well as chromosome exchanges weredsin this assay.
Representative lesions are shown in Figure 4.14A.

The Nse2-deficient cells showed an increased nuwibgpontaneous and
MMS-induced chromosomal aberrations compared tal-tyibe cells (Figure
4.14B). We observed an elevation (approximatelpl@)f of spontaneous and
induced DNA lesions in the absence of Nse2. Weateigethe same assay using
the UV mimetic 4-NQO. As was seen for MMS treatméde2-deficient cells
showed sensitivity to this drug in a colony formatiassay (Figure 3.11). The
analysis of chromosome spreads after treatment thgh4-NQO, revealed an
even more dramatic phenotype (Figure 4.14C). Tha-type cells did not show
an increase in chromosomal aberrations after treratrwith 4-NQO, whereas
Nse2-deficient cells showed a 10-fold increasehiromosomal lesions (control:
2.6 aberrations/cell; 4-NQO: 31.3 aberrations/cehromosome aberrations
provide direct evidence for the presence of unregaDNA, thus the elevated
chromosome aberrations in Nse2-deficient cells roffestrong argument in
support of a role of Nse2 in DNA repair.

Defects in post-replicative DNA repair will resint increased chromatid
aberrations (only damaged sister chromatid is st§¢c whereas abnormal repair
in S phase will produce chromosome-type lesiong tdudiscontinuity of DNA
replication). We detected mainly chromatid lesionthe absence dise2 which
indicates defects in post-replicative repair. As BIMnd 4-NQO induce DNA
damage that is repaired by BER/HR and NER/HR, spy, we conclude that
Nse2 is required for the maintenance of genomiegmity through its role in

post-replicative DNA repair.
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4.3 Chicken Nse2 is required to repair MMS-induced
DNA damage

4.3.1 Nse2-deficient cells are hypersensitive to alkylatg DNA

damage

As previously mentioned, these2gene was first identified in a yeast
screen for mutants defective in repair of MMS-inellONA damage (Prakash
and Prakash, 1977Nse2is required for yeast proliferation and SUMO ligas
dead alleles oNse2are viable but hypersensitive to DNA damage, iating
that the essential function of this gene productasassociated with its SUMO
activity (Andrews et al., 2005; McDonald et al.,03) Pebernard et al., 2004).
ChickenNse2” cells are viable and we observed that Nse2 pragerequired
for an efficient response to MMS. We next invedegathe function of this
SUMO ligase in this process.

First we wanted to confirm that the observed MMBssevity is specific
to the loss oiNse2 To test this, we stably transfected the NseZeteit cells
with a vector that expresses a fusion protein cNwith either a 3myc or GFP
tag (N- and C-terminal, respectively). In additiove also expressed a SUMO
ligase-dead form of Nse2 as a 3myc or GFP fusidedbif Nse2 SUMO activity

is required for MMS responses.

Nzg2™ /-
kDa] WT K/O Sme5 M MAA G GAA B
130 — Smed
55— Tubulin
55 — GFP
36 — Myc

Figure 4.15 Ectopic expression of Nse2 fusion prioie

Total protein was isolated from the wild-type, Smedse?” and NseZ” rescue cell lines
expressing wild-type or SUMO ligase dead Nse2, re¢pd by SDS-PAGE; and detected using
the indicated antibodies. (K/O — N$é2M - NseZ”’::3myc-Nse2, M.AA - Ns&2:3myc-
Nse2.AA, G - Nsé2::Nse2-GFP, G.AA - NséZ::Nse2.AA-GFP).
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To generate the SUMO ligase dead form, two pointatmns (C178A and
H180A) were introduced into the cDNA sequence emgpdhe catalytic SP-
RING domain of the Nse2 protein (thereafter Nse2.AMe then introduced the
wild-type and mutated forms of Nse2 into tiuse2™ cells. The ectopic
expression of the Nse2 and Nse2.AA fusion proteimas tested by
immunoblotting (Figure 4.15).

GFP and myc tagged wild-type or mutated SUMO ligas#eins were
expressed ectopically at similar levels but overesped compared to
endogenous Nse2 (as shown in Figure 3.6). Fundiipnaf the N-terminal
3myc-Nse2 fusion was tested as described in Se8&tdnThe GFP protein is
relatively large as a tag (approximately 27 kDayl ais presence on the N-
terminus of Nse2 could impede binding to Smcb5. that reason we introduced
GFP at the C-terminus. However, this could affextivély of the SUMO ligase
SP-RING of Nse2. Functionality of the Nse2-GFP duswas later tested in
survival assays as described in this section. Asvshin Section 4.2.1 and
Figures 4.9/4.15, loss of tidse2gene results in significant depletion of Smc5.
Nse2 is an E3 SUMO ligase that binds to Smc5 proiei vivo, so we
hypothesised that this interaction or Nse2-depenawdification of Smc5 may
be necessary for the stability of Smc5. Expressioeither wild-type or mutant
Nse2 restored levels of Smc5 to wild-type levelgiiFe 4.15). Wild-type levels
of Smc5 are observed iNse2”::Nse2 and Nse2”::Nse2.AAbackgrounds,
therefore we conclude that binding of Nse2 to itscSartner, but not Nse2
SUMO ligase activity, is required for Smc5 protstability.

We also tested if these proteins are able to resmrugiability of Nse2™
cells post-MMS treatment. Wild-typeNse2”, NseZ”::Nse2 and Nse2™
:Nse2.AAcell lines were analysed by clonogenic survivaagsafter MMS
treatment. As shown in Figure 4.16A and B, reinicitbn of the wild-type Nse2
protein within the Nse2-deficient cells restored #gensitivity towards MMS to
wild-type levels, whereas expression of the Nse2.AWtant only partially

rescued this phenotype.
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Figure 4.16 Reintroduction of wild-type Nse2 restsr MMS sensitivity of Nse2-deficient cells
to wild-type cells levels.

The indicated cell lines were treated with diffdreinses of MMS for 2 hours and seeded onto
methylcellulose containing dishes. Colonies wererest 10-14 days after seeding. The plots
show average of three experiments +/- SD. Platiffigiencies were wild-type, 80%; Ns&2
67%; NseZ:3myc-Nse2, 69%; Nsé2:3myc-Nse2.AA, 77%; Ns&2:Nse2-GFP, 71%:
Nse2”::Nse2-GFP.AA, 52%.

The rescue of MMS sensitivity upon expression ofdwype Nse2 protein
confirms that the observed phenotype is specifiadlie to loss of thdlse2gene
and is not the result of additional factors. Initidd, partial reversion of MMS
phenotype in the Nse2 SUMO dead background sugtiedtthe SUMO activity
of chicken Nse2 protein is only required to a leditextent for response to
MMS-induced DNA damage. In parallel experiments, alaserved that the loss
of Smc5results in higher sensitivity towards MMS than vaesected ifNse2”
cells (Stephan et al., 2011a). Therefore, we hygsisie that a major function of
chicken Nse2 is to stabilise Smc5 and SUMOylatéedint cellular targets in
response to DNA damage.

The partial ability of the Nse2.AA protein to resciihe MMS sensitivity
of Nse2-deficient cells and restore Smc5 stabilifys rather surprising. To test if
the Nse2.AA SUMO ligase dead protein is indeedtimacwe purified the wild-
type and Nse2.AA ligases as GST fusion proteins @&t them inn vitro
SUMOylation assays (as described in Section 2.33WMO ligases are able to
automodify themselves and such autosumoylatiorvigctias been reported for
Nse2 (Andrews et al., 2005; Potts and Yu, 2005;0zhad Blobel, 2005). As
described in Section 2.3.11, equal amounts of GS@2Nand GST-Nse2.AA
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ligases (approximately 0.pig) were incubated with E1, E2 and SUMO-1
proteins in the presence or absence of an energycamtaining ATP (Figure
4.17A and B).

A) C178A B) C178A

WT  H180A WT  H180A
[kDa] + - + ATP kDa) + - + - ATP

. IB: Nse2 IB- SUMO-1
250— 250—
130— SUMO conjugates ~ 130— . SUMO conjugates
95— 95—
72— [ 72— u
B “u kel 55— (.

~ «« == = | loading control —_— « | Loading conirol

(Ponceau S)

(Ponceau S)

Figure 4.17 Chicken Nse2 is an active SUMO ligagevitro and its activity depends on intact
SP-RING.

Equal amounts of recombinant GST-Nse2 and GST-A&g#oteins were incubated with E1, E2
and SUMO-1 proteins at 30 for 1 hour. Reactions were terminated by additafnsample
buffer and boiling for 5 minutes at 95. Reaction mixtures were then separated by SDSEPAG

and analysed by immunoblotting with antibodies Y@#ti-cNse2 and B) anti-hSUMOL1.

The reaction mixtures were then separated by SDGHEPANnd analysed by
immunoblotting with anti-Nse2 and anti-SUMO-1 aotilies. We observed an
extensive laddering of SUMO-1 conjugates only when reaction occurred in
the presence of ATP, since its removal abrogatedhigh molecular weight
forms of the Nse2 ligase (Figure 4.17A and B). Tdnalysis revealed that wild-
type and SUMO dead Nse2 ligase are SUMOylatedisnadsay. We found also
that the SUMO dead form of the ligase produced d¢tbe SUMO-1 conjugates
than the wild-type Nse2 SUMO ligase. To confirmtttiee observed laddering
contains SUMO conjugates, we blotted the same nmamebmwith the anti-
SUMO-1 antibody. The Figure 4.17B shows that detadet high molecular
weight forms of Nse2 ligase indeed contain the SUMg@eptide, therefore they
are SUMO-1 conjugates. The detectable SUMO-1 catgsyin the SUMO
ligase dead reaction could be the result of residavity of the mutated Nse2
ligase or activity of the E2 enzyme, which is aldefficiently SUMOylate most
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substratesin vitro (approximately 90%)(Bernier-Villamor et al., 2002).
Therefore, we conclude that the introduced C178&04L mutations abrogate
the activity of the Nse2 SUMO ligage vitro. These results confirm that chicken
Nse2 can be SUMOylated vitro and that an intact SP-RING is required for this
activity. In addition this confirms that the SUM@dse activity of Nse2 is not
required for the stability of Smc5, but is essdrfta some aspects of the DNA

damage response and DNA repair after MMS treatment.

4.3.2 Nse2-deficient cells show delayed checkpoint acti@n
upon MMS treament

Activation of the G checkpoint occurs normally after DNA damage, but
it is not maintained in the yeast mutants of thecS8mc6 complex
(Ampatzidou et al., 2006; Verkade et al., 1999).dascribed in Section 1.5, the
ATR/ATM/Chk1/Chk2 pathway is responsible for actiea of G, S and G
phase checkpoints (Canman and Lim, 1998; Cicciakdiedlge, 2010; Nyberg et
al., 2002; Xu et al., 2001; Zhou and Elledge, 200Bhosphorylation of
checkpoint kinase 1 by the ATM/ATR kinases is ec@alievent in the activation
of this protein (Bartek and Lukas, 2003; Canman laing, 1998; Kastan, 2004,
Stracker et al.,, 2009; Zhou and Elledge, 2000). ICKHB17 and S345 are
phosphorylated in response to different types ofADiNMmage (Stracker et al.,
2009). In addition to its functions in cell cyclegulation, Chk1 is required for
the stabilisation and integrity of replication ferkSorensen et al., 2005). It has
been shown to keep stalled replication forks ie@mbination-competent state,
through phosphorylation of different target progeifDespras et al., 2010;
Sorensen et al., 2005).

We asked if chicken Nse2 plays an active role in 8Mduced cell cycle
checkpoints. We first monitored phosphorylationGéfk1 kinase on S345 as an
output of checkpoint activation. For this purposells were constantly exposed
to low and high doses of MMS (25 and @9 ml) and analysed at different time
points by immunoblotting for Chkl S345. Our anaysevealed different
kinetics of Chk1 activation in response to MMS-indd DNA damage in Nse2-
deficient cells (Figure 4.18A and B).
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Figure 4.18 Chk1 phosphorylation at S345 after MMf@atment.

Wild-type and NseZ" cells were chronically exposed to A) 2§/ml and B) 10@g/ml of MMS
and harvested at different time points post-treaimExtracted proteins were separated by SDS-
PAGE and analysed by immunoblotting with the indidaantibodies.

Wild-type cells fully activate the Chk1 kinase @®s as 2 hours (low dose) and
1 hour (high dose) after MMS exposure. However,Nlse2mutants show this
level of Chk1 activation only at 4 hours (low dosegd 2 hours (high dose) post-
MMS treatment (Figure 4.18A and B). This clearlylicates that the loss of
Nse2 protein results in a delay in Chkl phosphtipiaat S345 and by
implication, delayed checkpoint activation.

Next we asked whether the absencéNeé2has an effect on cell cycle
distribution upon MMS treatment. Wild-type ahtse2” cells were treated with
different doses of MMS (25 — 1Q@y/ml) for 2 hours. After exposure to MMS,
cells were washed and released into fresh medialifférent time points post-
release, cells were harvested and then analysédvbgytometry. We found that
at higher doses of MMS (50 and 106/ml) wild-type and Nse2-deficient cells
responded similarly to MMS treatment. Both cellebnblocked strongly in G
and most of them died after 24 hours post-treatr(aath not shown). At lower
doses (25ug/ml), we observed a difference in response to MivEatment

between wild-type cells arfdse2mutants (Figure 4.19).
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post-MMS treatment
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bl -
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Figure 4.19 NseXeficient cells show abnormal cell cycle profilefiex treatment with MMS.
Cells were treated witl25 pg/ml of MMS for 2 hours then washed aradeasedinto fresh
medium Cells were then harvested the indicated time pointand their DNA content we

analysed by flow cytomet This analysis is representativetbfee independent experime

Both wildtype andNse2” cells slowed inS phase, probably due tthe

retardation of replication fork progression by M-induced DNA lesion:
(Figure 3.29, 6 hougrtime point). Such an MM$iduced replication block effe
has been describad human cells afteMMS treatment(Groth et al., 201L.

Twelve hours postreatmer, most of the wildype and Nse-deficient cells
finished DNA replication and blocked at the/M border (Figure 4.1, 12 hours
time point). Finally the wil-type cells fully recovered from Miv-induced DNA
damage after 24 hours, whereNse2deficient cells were not able return to
thecell cycle (Figure 4.9, 24 hours time point). Similar results were ofegli in
another experiment where S phase cells were addiljostained with Brdl
(Figure 4.20).
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Figure 4.20 Nse2-deficient cells show abnormal cgfcle profiles after treatment with MMS.
Cells were treated with 28g/ml of MMS for 2 hours, then washed and releasddesh medium.
Cells were then pulsed with BrdU at the indicatieaet points, harvested and their DNA contents
analysed by flow cytometry. This analysis is repnéstive of three independent experiments. The

red, blue and green gates show cells in Sa@l G phases, respectively.

Both wild-type and Nse2-deficient cells accumulateds phase 6 hours post-
MMS treatment (Figure 4.20, red gate). However, Nse2” mutants showed
increased number of 1 cells at 12 and 24 hour time points compareditd-
type cells (Figure 4.20, blue gate). This was associated with an elevated
numbers of apoptotic cells iNse2”" knockouts at 24 hours time point (Figure
4.20, sub @ population).

This analysis suggests thiise2” cells either do not enter, or fail to
complete, mitosis due to unrepaired or incompletepficated DNA (Figure 4.19
and 4.20). This is consistent with the delay obsgnn checkpoint activation in
the absence dfise2(Figure 4.18). Without a robust checkpoint respansthe
absence of Nse2, more DNA damage could be convetieanore toxic types of
DNA lesions, such as stalled replication forks @B)(Beranek, 1990; Groth et
al., 2010) (see also Section 4.3.3). Elevated nusnifesuch lesions and defect in
their repair (as shown in Sections 4.2.3 and 4.@di)d trigger cell death at the
G2/M border. It is also possible that cells with yraged or incompletely
replicated DNA could evade the,@heckpoint and enter mitosis, where they

would fail to finish division and die due to mitotcatastrophe. This indeed
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happens in yeast mutants of the Smc5-Smc6 complepétzidou et al., 2006;
Chen et al., 2009; McDonald et al., 2003; Peberpeaal., 2004; Pebernard et al.,
2008a). We conclude that to some extent, a defiedMtMS-induced checkpoint
activation is responsible for the increased sessitiof Nse2 mutants to this

DNA damaging agent.

4.3.3 Loss ofNseZ2results in slow repair of MMS-induced DNA

damage

Phosphorylation of H2AX histone (termgH2AX) by different kinases
is a well established marker for DNA repair (Sedama et al., 2003). This
modification is detected after exposure to IR, UA) and MMS but it is not
always associated with DSB and may represent DNpairgoci (Marti et al.,
2006; Petermann et al., 2010; Stucki et al., 200B).S treatment can inducge
H2AX by at least two different mechanisms. Singlarsd breaks produced by
BER during removal of RNmethylguaine and fmethyladenine can be
converted to DSB in S phase if encountered by épéaation machinery (Groth
et al., 2010). In the second mechanisiimithyladenine induce replication fork
stalling what can lead to formation of DSBs throudleir eventual collapse
(Beranek, 1990; Groth et al., 2010).

In order to test whether Nse2-deficient cells tailenter or complete
mitosis because of unrepaired DNA damage, we fatbwhe formation and
resolution ofy-H2AX foci as a marker of ongoing DNA damage si¢jngl and
repair (Figure 4.21A and B). At various times (Fgu4.21A and B) cells were
harvested by cytospin and stained feH2AX. The y-H2AX foci were then
analysed by microscopy. Each cell containing sixmmre y-H2AX foci was
scored as positive (Figure 4.21A). We observed lamévels of spontaneous
DNA damage in wild-type anblse2mutants (Figure 4.21A and B, 0 hour time
point). Both cell lines induced phosphorylation lo§tone H2AX after MMS
treatment with the same kinetics (Figure 4.21Bplirhand 6 hour time points),
suggesting that events upstream of H2AX phosphioylaoperate normally in

theNse2background. The highest numberygfi2AX positive cells was detected
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6 hours post-MMS treatment in both cell lines asaty MMS-induced-H2AX

foci formation is slower than that induced aftepesure to IR.
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Figure 4.21 Quantification of pH2AX foci after MMS treatment in wild-type and N&e
deficient cells.

A) Micrographs of the wild-type and Nse2-deficiealls. Cells were pulsed with 1Q@/ml of
MMS for 15 minutes and immediately released tchfreedia, then harvested by cytospinning at
the indicated time points and stained feH2AX. B) Quantification of*H2AX foci in wild-type
and Nse2-deficient cells. The plot shows averadgkret independent experiments +/- S.D where

at least 300 cells were scored per time point. &balr shows 1@m.

This is consistent with the notion that only adyveeplicating cells will induce
y-H2AX as a result of impeded replication forks. Wilpe cells start to repair
DNA damage as soon as 12 hours post-treatmenteandve most of it by 48
hours (Figure 4.20B, 12 — 48 hour time points).sTlas observed as a decrease
in number of thg-H2AX positive cells(Figure 4.21A and B). On the other hand,
resolution ofy-H2AX foci was significantly retarded in thdse2background.
Nse2-deficient cells needed approximately 36 hanose to resolvey-H2AX

foci to wild-type like levels. This confirms that the absence dfise2,DNA
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repair is defective. At 24 hours, approximately 66%the Nse2”" population
still had unrepaired DNA damage, compared to 30%ilid-type cells.

Flow cytometry analysis of MMS treated cells showhbdt cells enter
mitosis 12 to 24 hours after MMS treatment (Figdré9 and 4.30). Nse2-
deficient cells show an elevated numbey-#f2AX foci for as long as 24 hours
post-MMS pulse (Figure 4.21). Therefokse2” cells have more unrepaired
DNA at the time of the @M transition than do to wild-type cells. This segts
that Nse2-deficient cells may die due to unrepaD®A during G or mitosis,
probably through activation of £&heckpoint or mitotic catastrophe.

4.3.4 Chicken Nse2 is not required for replication fork restart

and base excision repair

Methyl methanesulfonate (MMS) produces two major ADkhethyl
adducts, Rmethyladenine, which is believed to stall replisatforks and N
methylguanine which is removed by the base excistpair pathway (11% and
82% of all MMS adducts, respectively) (Beranek, @99he remaining 7% of
DNA methyl adducts are nitrogen and oxygen modiicaof carboxyl, amino
and phosphate residues (Beranek, 1990)test whether Nse2 is involved in the
repair of either Rrmethyladenine or Nmethylguanine, we performed two sets
of experiments.

In the first set we decided to apply a chemicalegierapproach in which
epistasis betweeNse2and BER pathways was analysed. BER was chemically
inhibited (30 minutes pre-treatment) before induttiof DNA damage with
MMS for 2 hours. Wild-type andNse2” cells were then plated onto
methylcellulose-containing dishes and their abitdyform colonies was scored
10 — 14 days after treatment with MMS and base s&xti repair pathway
inhibition. The inhibitors used in this study bleckBER at different stages. The
APE-1 inhibitor CRTO0044876 (7-Nitroindole-2-carbdixy acid) abolishes
hydrolysis of apurinic/apyrymidinic (AP) sites angroduction of SSB
intermediates (Madhusudan et al., 2005). PARP-lbitntn by the small
molecule DPQ (3,4-Dihydro-5[4-(1-piperindinyl)butgxd(2H)-isoquinoline)
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interferes with detection and further processing sifigle strand break
intermediates (more details can be found in Sedtiéril) (Suto et al., 1991).

We hypothesised that if Nse2 protein is involvedase excision repair,
inhibition of this pathway should not exacerbate MiMS phenotype. Otherwise,
inhibition of BER should result in further sensiti®n of Nse2-deficient cells to
MMS-induced DNA damage. We found that combined tinemt with BER
inhibitors and MMS had a synergistic effect on tathality of wild-type and
Nse2™ cells, with a stronger impact Mse2(~100 fold increase) than wild-type
(~10 fold decrease) background, at the highest (feigare 4.22A and B).
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Figure 4.22 Clonogenic survival assay after BER iibftion.
Wild-type and Nse2-deficient cells were pre-treafed 30 minutes with two different base

excision repair inhibitors A) 10@M CRT004876 (an inhibitor of APE-1 endonuclease] B0
10 M DPQ (an PARP-1 inhibitor) and with the indicatddses of MMS for the next 2 hours.
Cells were then plated and colonies scored after-104 days. The plots show the mean of
relative survival from three independent experirmerit S.D. Plating efficiencies were wild-type
80%; wild-type + CRT004876, 90%; wild-type + DPQQ%; NseZ”, 67%:; NseZ" +
CRT004876, 63%; Ns&2+ DPQ, 72%.

There was no difference observed between the sffeaused by
inhibition of APE-1 and PARP-1 (Figure 4.22A and Bhis strongly suggests
that base excision repair is still active in thesaaite of Nse2 protein. This
indicates that Nse2-deficient cells rely more onRBRctivity after MMS
treatment than wild-type cells.

In parallel, we also analysed Smc5-deficient cellgh the same

approach. Surprisingly, we found that inhibitionBER in these cells does not
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exacerbate the MMS sensitivity phenotypeSoficSmutants but actually results
in a moderate rescue &mc5 cells sensitivity (Figure 4.23A and B). Yeast
double mutants oSmc6and BER genes show marked sensitivity to MMS
treatment (Lee et al., 2007smcémagl(Magl — DNA glycosylase) and
smc6énthl(Nthl— 3" AP lyase) mutants show higher sensitivity toasgaMMS,
whereas mutants aimc6apndApn2— 5 AP lyase) show severe growth defects
(Lee et al., 2007). These observations confirmreetie interaction between the
Smc5-Smc6 complex and BER. We conclude that SmaSndt Nse2 plays an

active role in the removal of Nmethylguanine adducts through BER.
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Figure 4.23 Clonogenic survival assay after BER iibfition.

Wild-type and Smc5-deficient cells were pre-tredted30 minutes with the base excision repair
inhibitors (A) 1000tM CRT004876 and (B) 10M DPQ and with the indicated doses of MMS for
next 2 hours. Cells were then plated and colonieses] after 10 — 14 days. The plots show mean
of relative survival from three independent experits +/- S.D. Plating efficiencies were wild-
type 80%; wild-type + CRT004876, 90; wild-type + QP 90%; Smc5 48%; Smch+
CRT004876, 63; Smch DPQ, 79%.

As previously mentioned, MMS-induced DNA damage e#so lead to
replication fork stalling (Beranek, 1990; Grothatt 2010). In yeast, the Smc5-
Smc6 complex is involved in restart of replicatitorks after HU treatment
(Ampatzidou et al., 2006; Irmisch et al., 2009).t€st whether Nse2 is required
for replication fork restart after MMS treatmentge vdesigned a fluorescent

replication assay. In this assay, the formatiorepfication foci was specifically
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Figure 4.24 DNA synthesis restart after releasefoMMS treatment.

A) Micrographs of wild-type cells showing cellsistd with EAU to label replication foci before
and after addition of HU and MMS, as well as aftmlease from MMS treatment. B)
Quantification of EdU positive wild-type and Nseficient cells before and 1 hour after MMS
treatment (130ug/ml). Dashed gray line shows time of MMS remoiZata points represent
mean +/- S.D of three independent experiments inhwdit least 300 cells were scored. Scale bar

shows 10 um.
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monitored by incorporation of the thymidine analegwb’-ethynyl-2'-
deoxyuridine (EdU) into DNA during DNA synthesisigbre 4.24A). To
visualise replication foci, the EdU was then codple a green fluorophore 6-
carboxyfluorescein (as describedSection 2.4.8). To stall the replication forks,
cells were treated with high doses of MMS (48§ml) for 1 hour. This dose
was found experimentally to inhibit formation opheation foci and it is similar
to the doses needed to stall the same processmarhaells (Groth et al., 2010).
DNA synthesis was then restarted by releasing telfeesh media without drug.
At different times post-release, cells were sputo @tides and replication foci
stained (Figure 4.24AHXydroxyurea, a known inhibitor of DNA synthesis,sva
used as a positive control in this experiment (Fégd.24A, middle panel).
Untreated control cells show many bright and ddtneplication foci within the
nucleus (Figure 4.24A, top panel). We could effitig abolish replication foci
formation by treatment with either HU or MMS (Figu4.24A, middle panels).
After release from the MMS-induced DNA synthesi®di, we could again
detect these foci, indicating that replication weastarted or reinitiated in these
cells (Figure 4.24A, bottom panel).

Next, wild-type and Nse2-deficient cells were asaly in the same
experiment. Cells with more than 3 replication fagre scored as positives and
expressed as a fraction of total cell number se@eWe could detect between
65-70% (around 50-60% is detected by flow cytometry cells as actively
replicating before MMS addition in both wild-typench Nse2-deficient cells
(Figure 4.24B). After one hour MMS treatment (daklgeay line indicates time
of drug removal) most of the wild-type ahtse2” cells stopped DNA synthesis
(Figure 4.24B, 1 hour time point). During the tiroeurse of the experiment,
wild-type and Nse2-deficient cells showed a cortstaorease of the number
undergoing DNA synthesis after removal of MMS (Fgu4.24B). We did not
observe a difference in DNA synthesis restart einiteation in both cell lines
after treatment with MMS. Therefore this indicatbat chicken Nse2 protein

may not play a role in restart of MMS-stalled reption forks in DT40 cells.
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4.3.5 Nse2-deficient cells show defects in homologous

recombinational repair

The Smc5-Smc6 and Nse2 protein complex have begticated in
homologous recombinational (HR) repair. In fissipgast, double mutants of
smc6-X and rhp5172% show similar sensitivity towards IR as the single
rhp51%8%t mutant (Lehmann et al., 1995). A similar observatisas made in
budding yeast mutants efnc5-31rad5240, smc5-33rad520 and chickerSmc5
Rad54" (Cost and Cozzarelli, 2006; Stephan et al., 2015IRNA experiments
in human cells revealed increased levels of bradkded recombination and
elevated frequencies of sister chromatid exchanges depletion of Nse2 and
Smc5 (Potts et al., 2006). This suggests thatdles 0of the Smc5-Smc6 complex
in recombinational repair are evolutionarily conveet.

A large body of evidence, from analysis of the mebmation
intermediates by two dimensional gel electrophsrasi yeast Smc5-Smc6
mutants, indicates that Nse2 is required for edfiti resolution of HR
intermediates, suggesting that Smc5-Smc6 is indolve later stages of HR
(Ampatzidou et al., 2006; Bermudez-Lépez et al1@®0Branzei et al., 2006;
Choi et al., 2010). We and others observed an timtaabilisation of early
recombination factors, such as Rad51 and Rad52uants of the Smc5-Smc6
complex (Ampatzidou et al., 2006; Irmisch et aD02; Stephan et al., 2011a,;
Torres-Rosell et al., 2007). From our previous wsia)] we know that chicken
Smc5 is required for efficient HR, possibly througdgulation of the cohesin
complex (Stephan et al., 2011a). A similar obsémvalvas made in human cells
where Nse2 and Smc5 are required for cohesin tewni tol-Scel induced
DSB (Potts et al., 2006). These data suggest HeaiSmc5-Smc6 complex is
involved in both early and late stages of homolesg@combination.

We asked whether chicken Nse2 is also requiredffarient homologous
recombination. Because disruption $e2results in severe depletion of Smc5
and both proteins are components of the same cample hypothesised that
Nse2-deficient cells will show similar defects imrhologous recombinational
repair asSmc5mutants. To test this hypothesis we tested thestdRis oNse2
- cells. In the first experiment we compared the egéargeting efficiency
between wild-type and Nse2-deficient cells at thmiéferent loci: ATM
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(Morrison et al., 2000),Centrin2 (Tiago Dantas 2011) andvalbumin
(Buerstedde and Takeda, 1991). In the same as$aynitants such aRad52
and Rad54 show reduced targeting frequencies at tBgalbumin locus
(Bezzubova et al., 1997; Yamaguchi-lwai et al.,8%99 For that purpose wild-
type andNse2™ cells were transfected with these vectors and domes

obtained screened for targeting events by Southlatiing (Figure 4.25A and
B).
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Figure 4.25 Gene gargeting efficiencies.
A) Wild-type and Nse2 deficient cells were transfgédy electroporation with the indicated

vectors. An equal number of single clones (55 &arhecell line per vector) was collected and
screened for targeting events by Southern blotfegults represent a single experiment for each

targeting vector. B) Mean of targeting efficienciesm three targeting vectors showed in A).

We observed a notable increase in targeting effteés at theOvalbuminlocus,
and wild-type like levels at th&€entrin 2 and ATM loci (Figure 4.25A).
Combining these observations, the mean efficiensiese approximately 50%
increased in theNse2 background. Potts et al. have also observed isetea
targeting efficiencies in the absence of Nse2 gmatehuman cells (Potts et al.,
2006). Our data are consistent with a regulatoly 0 Nse2 in the HR pathway.
In the second HR assay we measured the abilitgltf to perform sister
chromatid exchanges (SCE). These can be visuatigdtie incorporation of 5-
bromo-2’-deoxyuridine during DNA synthesis. SCEnfation is still not fully
understood but it is well established that thedkegea DNA repair process
(Sonoda et al., 1999; Wolff et al., 1974). Elevdaels of SCEs are detected in

cells lacking the BLM (Bloom syndrome) helicase, FHA1 and XRCCl1
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proteins (Thompson et al., 1990; Wang et al., 208@ng et al., 1997). The
exposure of cells to DNA damage in S phase is aengisl requirement for SCE
formation, indicating a connection between SCEsRN& replication (Wolff et
al., 1974). Homologous recombination has been @megpoas one of the
mechanisms driving the formation of SCEs, as HRamist show markedly
reduced levels of SCEs (Kato, 1974; Kuzminov, 1986noda et al., 1999;
Yamaguchi-lwai et al., 1998b).

We induced SCE in wild-type and Nse2-deficient <eallith the DNA
cross-linker Mitomycin C (MMC) (Sonoda et al., 1999Ve then scored and
compared the levels of sister chromatid exchangethese cell lines (Figure
4.26A and B). We observed a 50% increase in botmtspeous and MMC
induced sister chromatid exchange frequenciesarNge2background. This is
consistent with the gene targeting assay resutigravincreased HR activity was
observed.

In a similar experiment in human cells, reducecelgwf spontaneous
SCEs were observed after depletion of the NsezZzprdity siRNA (Potts et al.,
2006). This discrepancy may be a result of diffeesnbetween chicken and
human functions of Nse2 protein as well as an effiécesidual amount of Nse2
protein left after RNAiI mediated depletion. Incredsgene targeting and
intersister chromatid recombination indicate thdticken Nse2 negatively
regulates HR activity.

To further investigate the roles of Nse2 in the pHhway, we decided to
use a well-established assay in which recombindigtween two direct repeats
is measured (Pierce et al., 1999). In this expartmevo fragments of GFP
sequence (termed SceGFP and iGFP) were stablyateelginto the genomes of
wild-type and Nse2-deficient cells (Figure 4.278gparately, these sequences
do not code for functional GFP protein. Expressobrfunctional GFP can be
induced by recombination between the SceGFP andP i€fguences. This is
achieved by the expression t8ce-l restriction endonuclease which cuts the
SceGFP sequence and initiates recombinational rrépajure 4.27A). Wild-
type, Rad54" and Nse2” cells were transfected withScel endonuclease to
induce recombination between the direct repeatsaddition, cells were co-

transfected with an RFP-expressing vector to ensmoemalisation for
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transfection efficiency between the cell lines gsetl (Stephan et al., 2011.
HR-defectiveRad54" mutants were used as a negative control in thisraxgent
(Sonoda et al., 1999; Stephan et al., 2011a; Yaatd-lwai et al., 1998t. The
Rad54" mutants, as expected, showeverely reduced levels of recombinat
(Figure 4.26B, 3.25% GFP positive cells). Surpggmwe observed more thar

50% decrease in break indu-recombination between direct repein theNse2
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Figure 4.26Nse?2 cells show increased levelsister chromatid exchanges.

A) Micrograph ofspontaneous and MMinducedsister chromatid exchanges in wtype cells.
Arrowheads show sister chromatid exchal. B) Quantification of ister chromatid exchani
frequencies in wildype and Nse-deficient cellsscored in macrochromoson. The histograms
show mean of the indicated sister chromatid exchanger cell from two independe
experiments in which at least at least 100 celleeveeored. The values represents mean of ¢

chromatid exchanges pcell from the same experiments +/- S.D.
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Figure 4.27 Recombination assay between direct agpe

(A) Graphical representation of pDR-GFP assay. \(#)d-type, Rad54 and Nse2 deficient cells
bearing the pDR-GFP plasmid were transfected witdscél endonuclease to induce
recombination between SceGFP and iGFP repeats.A@Fie positive cells were scored by flow
cytometry and expressed as % of positive trangfiéxt@lot shows mean of three independent

experiments +/- S.D.

mutants compared to wild-type cells (Figure 4.21B% and 30.6% of GFP
positive cells inNse2”" and wild-type cells, respectively). The pDR-GFBags
showed results that differ from the gene targeéind sister chromatid exchange
assay findings, with a decreased activity of HRha Nse2background. This
may reflect varying activity and role of Nse2 pinten different HR pathways.
Therefore, we conclude that chicken Nse2 proteiredgired for the regulation

of different subpathways of homologous recombimatio

4.3.6 Loss ofNse2has no effect on sister chromatid cohesion
Cohesin recruitment to DSB is essential for prdp&B repair through

the establishment of local cohesion around the dAage site (Bauerschmidt
et al., 2010; Ellermeier and Smith, 2005; Kim et @002). In human cells,
cohesin recruitment to DSBs is dependent on theS5Sand Nse2 proteins (Potts
et al., 2006). However, cohesin recruitment to OSBot observed in budding
and fission yeast (Outwin et al., 2009; Strom et2004). In addition, yeast and
chicken mutants of the Smc1-Smc3 cohesin complewshcreased sensitivity
to DNA damaging agents (Birkenbihl and Subrama®92t Sonoda et al., 2001).
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We also found that the loss 8Mmc5in chicken cells results in increased inter-

sister chromatid distances before and after DNAag(Stephan et al., 2011a).
We wanted to check if the observed HR defectdse2™ cells might be

a result of mis-regulation of cohesion. For thispmse, we applied an assay in

which the distances between chromosomally-intedragtO arrays visualised as

spots with a TetR-GFP fusion protein, were measuredetaphase cells (Figure

4.28A) (Dodson and Morrison, 2009a).
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Figure 4.28 Inter-sister chromatid distances.
A) Micrographs showing expression of TetR-GFP protnd two separate signals from each
sister chromatids (DNA is stained with blue, TetRPGwith green). B) The distances between

two GFP signals were measured in untreated metapltals. The plots show mean of two

experiments in which at least 20 cells were scoBadle bar shows 10 um.

These distances are an indication of inter-siskeornatid separation (Dodson
and Morrison, 2009a). We successfully used thiayassour laboratory to detect

differences before and after induction of DNA damagATM’ cells (Dodson
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and Morrison, 2009a). We subjected the wild-typd &lse2-deficient cells to
this analysis and observed normal sister chromsgéparation in theNse2
background, suggesting that Nse2 is not required genome-wide sister
chromatid cohesion (Figure 4.28B).

4.4 Discussion

4.4.1 Chicken Nse2is not essential for DT40 viability

Our analysis of the Nse2-deficient DT40 cells destiates that Nse2 is
not required for vertebrate cell viability. We hayenerated multiple clones that
lack Nse2 which proliferated with kinetics similiar wild-type cells. This was
unexpected as the deletion of budding and fissieasty Smc5-Smc6 complex
proteins results in non-viable cells (Harvey et 2004; Lehmann et al., 1995;
McDonald et al., 2003; Onoda et al., 2004; Pebdrearal., 2004; Pebernard et
al., 2006; Sergeant et al., 2005; Zhao and Blad@05). However, Smc5-Smc6
proteins are not essential for the viability Afabidopsis(Smc5and Smc,
chicken E&mc) and human cellsNse2and Smc} (Potts et al., 2006; Potts and
Yu, 2005; Stephan et al., 2011a; Watanabe et@)9)2 This indicates that there
are significant differences in the requirement $onc5-Smc6 complex between
lower and higher eukaryotes.

Even though the Nse2-deficient cells are viable, lbss clearly
destabilises the Smc5-Smc6 complex. We observedptetibn of the Nse2-
interacting partner Smc5 updse2disruption. Conversely, the loss mc5in
DT40 cells results in depletion of Nse2 and Smc6duch down-regulation of
Smc6 was not detected in Nse2-deficient cells (&tepet al., 2011a). Taylor and
Lehmann used an RNAi-based approach to study thdareoles of the human
Smc5-Smc6 complex and found that depletion of @sous components (Smc5,
Nsel, Nse2, Nse3, Nse4da) leads to destabilisafidbmeocomplex (Taylor et al.,
2008). Re-introduction of the wild-type or SUMOdge dead form of Nse2 in
Nse2-deficient DT40 cells restored levels of Smé&his indicates that the
stability of Smc5 is not dependent on the SUMO d@gactivity of Nse2 but
rather on the interaction between Nse2 and Smcérefdre, we concluded that

direct interactions between the Smc5/Smc6 and [$se@b are essential for their
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stability. We propose that the SUMO ligase-indegendunction of Nse2 is to
bind to Smc5 and stabilise the Smc5-Smc6 complaxs allowing it for proper
DNA damage response and repair.

Hypomorphs of fission yeassmc6-X,smc6-74, smc6-9, smc6-dnd
budding yeassmc5-31, smc5-33, mms21-show nuclear fragmentation and
chromosome mis-segregation (Bermudez-Lopez et 2010; Cost and
Cozzarelli, 2006; Lehmann et al., 1995; Verkadalgt1999; Zhao and Blobel,
2005). Microscopy analysis of Nse2- and Smc5-deffictells revealed a similar
phenotype with increased levels of abnormal mitgdoaphase bridges and
mulitpolar cells) and elevated mitotic indices (#tan et al., 2011a). In yeast,
this is caused by the presence of unrepaired @mptetely replicated DNA, a
direct effect of defective DNA repair and maintecaof the G/M checkpoint
(Ampatzidou et al., 2006; Cost and Cozzarelli, 208frvey et al., 2004;
Verkade et al.,, 1999). Recently, a highly-extendieday in metaphase and
premature separation of sister chromatids were ritegpan Hela cells after
RNAi-mediated depletion of Smc5 and Nse2 (Behlkartetrt et al., 2009). We
have not analysed this phenotype in detail butethdsta suggest that similar
defects may be responsible for the observed mitdigrrations in our mutants.
These consistencies between yeast, chicken andrhaoetls indicate that, even
though Nse2-deficient DT40 cells are viable, theedoinctions of Smc5-Smc6

complex are conserved throughout evolution.

4.4.2 The cellular functions of Nse2 in cell cycle checkpnts and

DNA repair

Analysis of the Nse2-deficient cells by flow cytamyeshowed wild-type
cell cycle distribution. Minor defects in cell cgclprogression were observed
upon disruption of Smc5-Smc6 genes in yeast antkehicells, suggesting that
the chicken Smc5-Smc6 complex has no role duringgnession of the
undisturbed cell cycle (Ampatzidou et al., 2006yBédez-Lopez et al., 2010;
Lehmann et al., 1995; McDonald et al., 2003; Stapétaal., 2011a; Zhao and
Blobel, 2005). We observed wild-type-like cell aygbrofiles upon HU- and

nocodazole-induced cell cycle arrest and releasggesting that Nse2 is not
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involved in the activation of the & and SAC checkpoints. However, we
observed a slight delay in,® checkpoint activation after IR treatment and a
strong delay in Chkl S345 phosphorylation post-Mii&atment. Yeast mutants
of the Smc5-Smc6 complex, suchsamc6-74 smc6-din smc5-31 smc5-33and
nsel,activate the @M checkpoint with wild-type kinetics after MMS andv
treatment but fail to maintain it (Ampatzidou et, &006; Cost and Cozzarelli,
2006; Harvey et al., 2004). We did not analysedittevation of factors upstream
of Chkl, such as ATM, ATR, DNA-PK or the MRN comypldghus we cannot
conclude if this is due to defects in DNA damagess®y or signalling. However,
hyperactivation of ATM/ATR was observed in HeLalsalpon RNAi-mediated
Nse2 depletion (Potts and Yu, 2005). The defectselhcycle checkpoints we
detected are consistent with observations in yedstre failure in GM
checkpoint maintenance in the absence of functiSnat5-Smc6 complex leads
to nuclear fragmentation and abnormal chromosorgeegation. This indicates
that chicken Smc5-Smc6 complex is required forcedfit response to DNA
damage.

Yeast hypomorphs, such anc5-31, smc5-33Cost and Cozzarelli,
2006) andsmc6-X, smc6-74Ampatzidou et al., 2006; Lehmann et al., 1995;
Verkade et al., 1999) are sensitive to MMS, HU #Rd UV, respectively. In
addition, mutants of Nse2ge2-1 nse2-SA(Andrews et al., 2005; McDonald et
al., 2003) and Nsetmge&)) (Pebernard et al., 2006) are hypersensitive to IR
Moreover, mutants of Nsehgel-)} (Pebernard et al., 2008a), Nse3¢2-SA
(Andrews et al., 2005), NseBge3-) (Pebernard et al., 2004), Nsets¢4-X)
(Hu et al., 2005) and Nse@d9e&l) (Pebernard et al., 2006) show sensitivity to
HU, MMS and UV, and Nselnéel-) (Pebernard et al., 2008a), Nse&3&3-)
(Pebernard et al., 2004), whereas Nse®e@l) (Pebernard et al., 2006) are also
sensitive to camptothecin.

The survival of chicken Nse2-deficient cells alb®MA damage correlates
with checkpoint defects. We observed hypersengitofi Nse2mutants to MMS
but not to IR and HU, suggesting that, at leassdme extent, the survival of
Nse2-deficient cells after MMS is caused by abndraieeckpoint activation.
Disruption of Smc5in DT40 cells is associated with MMS and IR sewisyt
(Stephan et al., 2011a). This is rather surprisidpoth proteins are components
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of the same DNA repair complex. In additibddge2mutants are hypersensitive to
4-NQO, MMC and UVCWe also found that Nse2-deficient cells have ekxat
frequencies of chromatid gaps and breaks aftemteyat with MMS and 4-NQO.
Chromatin type lesions are formed when DNA damageot removed by the
post-replicative DNA repair. These data suggedtiis22 is may be required for
efficient DNA damage response and repair in bodm& G phases.

4.4.3 Nse2 is required for efficient repair of MMS-induced DNA
damage

Nse2 was first identified in a screen for MMS s#mei mutants inS.
cerevisiae(Prakash and Prakash, 1977). The MMS sensitivitMse2-deficient
DT40 cells is consistent with the data from yeast human cells (Pebernard et
al., 2004; Potts and Yu, 2005; Zhao and Blobel 520Bxpression of wild-type
Nse2 cDNA inNse2™ cells restored their MMS sensitivity to wild-typevels,
whereas reintroduction of the SUMO ligase dead fofniNse2 results in only
partial rescue of this phenotype. This clearly dest@tes that even though the
SUMO ligase activity of Nse2 is not required foatstity of Smc5, it is required
for efficient DNA repair after MMS treatment. Nseessential in yeast but not
its SUMO ligase activity; however, SUMO ligase wit}i is necessary for
efficient DNA repair in these cells (Andrews et, &005; Pebernard et al., 2004;
Zhao and Blobel, 2005). Chicken and human NseZ2naterequired for cell
viability but similarly to yeast, Nse2 is necess#oy efficient DNA repair in
these cells (Potts and Yu, 2005). This suggestsothlg the enzymatic functions
of Nse2 may be evolutionarily conserved.

Flow cytometry analysis diise2mutants pulsed with MMS showed that
in the absence of Nse2, cells do not re-entepliase after a /M block. A
similar phenotype has been observedmms2UC and smc6-9 after MMS
treatment (Bermudez-LOpez et al., 2010). Analysig-bl2AX foci resolution
after MMS treatment revealed that Nse2-deficienis cguffer from unrepaired
DNA damage.y-H2AX foci resolutionin these cells waslower compared to
wild-type cells. These data, together with the defect seen in MMiberd

checkpoint activation and increased levels of closmmal aberrations, suggest
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that Nse2mutants enter mitosis in the presence of unregpdddA. In budding
yeast, Bermudez-Lépez et al. suggested that thepaimed DNA represents
sister chromatid junctions (SCJs) (Bermudez-Légeal.e 2010), whereas other
groups proposed that these represent cohesin-raddigter chromatid linkages
(Outwin et al., 2009). We have not analysed thieatein detail, therefore we
cannot rule out that both mechanisms are the aafube observed phenotype in
our mutants.

MMS-induced DNA damage is repaired through basesexc repair or
through HR if replication forks collapse at theesitof methylated DNA
(Beranek, 1990; Groth et al., 2010). Deletion ofRBfactors in yeast mutants of
the Smc5-Smc6 complex, such klagl, Nthl and Apn2, results in increased
sensitivity towards MMS, suggesting that BER isivactin smc6-74cells and
therefore removing a subset of the DNA methylatadels (Lee et al., 2007).
Inhibition of BER in Nse2-deficient cells results an effect similar to that
observed in yeast. Deactivation of PARP-1 or APBy small molecule
inhibitors increased the sensitivity bise2” mutants to MMS, indicating that
Nse2 is not involved in BER. SurprisingI$mc5 cells after inhibition of BER
showed slightly increased survival to that with&BE-1 and PARP-1 inhibitors.
Loss of the BER activity in Smc5-deficient cell mag responsible for increased
MMS sensitivity compared tdse2” mutants, where BER is functional. We
also know that Nse2 is still present in Smc5-defiticells, further confirming
that Smc5 but not Nse2, is required for efficiel#RB As MMS-induced DNA
damage causes replication fork stalling beside BEfRation, this indicates that
Nse2-deficient cells possibly die due to impaireplication fork restart.

Bermudez-Lopez et al. detected significantly slol@8FA replication and
an increased number of unreplicated DNA gapsmce6-9%andmm2XC mutants
after MMS treatment compared to wild-type (Bermidépez et al., 2010).
Studies from the Murray and Sjogren labs showetttteaSmc5-Smc6 complex
is present at the stalled replication forks and thes required for their efficient
restart (Ampatzidou et al., 2006; Lindroos et 2006). We observed a wild-type
rate of DNA synthesis in Nse2-deficient cells aftefMS-induced DNA
replication arrest, but our microscopy assay mal b® sensitive enough to

detect small differences in replication velociti#8e also may not detect any
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defects as they may be masked by the robust fofrthe alternative replication
origins. Recently, such an effect was describelduiman cells where alternative
origin firing was detected after HU-induced celkley arrest (Petermann et al.,
2010). A more sensitive assay, such as DNA fibieyesmns should be performed
to test if chicken Nse2 is necessary for efficlPMA replication and fork restart
in the presence of MMS-induced DNA damage. Dataayatl here indicate that
Nse2 is required for efficient DNA repair after MMi®atment.

4.4.4 Nse2 plays a role in HR but not in sister chromatid

cohesion

The Smc5-Smc6 complex and Nse2 protein have begiicated in DNA
repair through homologous recombination. DeletibhRiB genes, such @&ad51
and Rad54 in Smc5, Smc@nd Nse2 mutants does not increase sensitivity
towards DNA damaging agents, showing that theseegere epistatic in
response to DNA damage (Ampatzidou et al., 2006)mann et al., 1995;
McDonald et al., 2003; Stephan et al., 2011a; BsResell et al., 2007; Zhao
and Blobel, 2005). Depletion of Smc5 and Nse2 iman and yeast cells
disregulates HR, possibly through compromised rmoant of Smcl-Smc3
complex to the DSB (De Piccoli et al., 2006; Pa2309). Recently, severe loss
of chromosome cohesion was reported in human edtey RNAi-mediated
depletion of Smc5 and Nse2 (Behlke-Steinert et28109). We also observed a
loss of sister chromatid cohesion in Smc5-deficie0 cells, suggesting an
active role of vertebrate Smc5-Smc6 complex in tlegulation of sister
chromatid cohesion (Stephan et al., 2011a). Intexdiyeast and human Smc5-
Smc6 complexes are dispensable for efficient nandlogous end joining (De
Piccoli et al., 2006; Potts, 2009). Disruption lo¢ tNHEJ geneku70in chicken
Smc5 cells increased their sensitivity towards IR, Ifert confirming a HR role
of the vertebrate Smc5-Smc6 complex (Stephan et2@llla). We did not
observe spontaneous loss of sister chromatid ammesi Nse2” knockouts,
suggesting that chicken Nse2 does not play aneaobie in this process, at least
under our experimental conditions. This is consisteth the lack of sensitivity
of Nse2-deficient cells to IR-induced DSB.

167



We also analysed homologous recombination activitie Nse2”
background. Nse2-deficient cells are proficientgane targeting and show
slightly increased gene targeting at two of thoee investigated@valbuminand
ATM but not inCetn2, thus suggesting that Nse2 plays a negative atgyi role
in HR. Wild-type like frequencies were observed $mc5-deficient cells,
suggesting a separable role of Nse2 and Smc5 snpificess (Stephan et al.,
2011a). We cannot explain why we observe a diffeeffect at these loci but
this may be associated with their chromosomal isaabn or differences in
targeting vectors per se. Conversely, a break edluecombination assay
revealed reduced HR activities in Nse2- and Smdigidat cells (Stephan et al.,
2011a). In this assay, the GFP signal can be ezbtay intra-chromatid, unequal
sister chromatid HR or single strand annealing @sees but not through equal
sister chromatid HR or NHEJ (Moynahan et al., 20@Dbyts et al. in an identical
assay observed the opposite effect after RNAi-nmedidepletion of Nse2 and
Smc5 in human cells and showed that in the absehbkse?2, sister chromatid
HR is blocked and DSB is repaired through geneetarg or intra-chromatid
recombination (Potts et al., 2006). The same grepprted a decrease in sister
chromatid recombination, as measured by SCE fregegnin the absence of
Nse2 and Smc5 (Potts et al., 2006). In the sanay askickerNse2” andSmc5
cells showed increased SCE frequencies (Stephaln 2011a).

We have no explanation as to why a HR mechanisrindriincreased
sister chromatid recombination observed in SCEgam targeting assays would
not positively affect break induced recombinatiogtvieen the sisters. It is
possible that the observed discrepancies may hesut rof residual levels of
Smc5 and Nse2 proteins remaining after knockdowrRbBMI. In additionwe
may be looking at species specific differences betwchicken and human
systems. It is also possible that the nature odehdR events support slightly
different outcomes in these experiments. Gene tiaggeccurs mainly in S phase
and requires active replication machinery to happang and Capecchi, 1986).
Similarly, there is a link between SCE formatiorddPNA synthesis, indicating
that these are formed only when the replication mmery encounters a DNA
lesion (Wolff et al., 1974). Possibly, the estdimment of Nse2-dependent HR

structures in DT40 cells might be restricted omltite S phase of the cell cycle,

168



since its loss increases the levels of gene taxgethd SCEs but not repair of
double strand breaks induced Inscel which may be repaired through a

different mechanism.

In conclusion, we report here that Nse2 proteimeguired for efficient DNA

repair, possibly through the regulation of homolagjoecombination.
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Chapter 5 Generation and characterisation of

Nse2”Smc5 cells

5.1 Genetic dissection of the Smc5-Smc6 complex

5.1.1 Generation of Nse2"Smc5 knockout cells

Our analysis of the Smc5-Smc6 complex by charaaion of Nse2-
deficient cells (this study) an8mc5knockouts (Stephan et al., 2011a) revealed
distinct phenotypes (Table 5.1). We observed difieresponses of Nse2- and
Smc5-deficient cells towards IR and MMS. Chromosoraberrations are
increased after IR iBmc5 cells but not ifNse2™ cells. ConverselyNse2™ but
not Smc5-deficient cells show elevated chromosoafedrrations after MMS.
Loss of Smc5 results in depletion of Smc6 and Neg&i&zreas disruption dise2
leads only to loss of Smc5 but not Smcé6.

Fission yeastsmc6.T2nse2.SAlouble mutants show slower growth
kinetics and budding yeasmc6-9mms21-sgemonstrate increased sensitivity
towards UV-induced DNA damage than either of singlgants (Andrews et al.,
2005; Chavez et al., 2010b). Hazbun et al. havetiiied two different Smc5-
Smc6 complexes and recently, two complexes, Nse@5S3mc6 in interphase
and Nse2-Smc5 in mitotic cells, were detected Hyfigmtion in human cells
(Behlke-Steinert et al., 2009; Hazbun et al., 2008) vitro studies with
recombinant Smc5 protein showed its preferentiadiig to single stranded
DNA, independently of its Smc partner Smc6 (Royakt 2011). These data
suggest that components of the Smc5-Smc6 complex maae separable
functions. Taking these observations into consittmrawe hypothesised that the
differences observed between Nse2- and Sdatieient cells are due to (1) some
non-overlapping functions of Nse2 and Smc5 protdR)sdefective regulation of
Smc5-Smcé the in absence of Nse2 SUMO ligase r(Bad different Smc5- and
Nse2- containing subcomplexes exist that havendisfunctions. As shown in
Table 5.1, chromosomal aberrations seem to befgaigi Nse2-dependent and
IR sensitivity is only observed in the absence aicS supporting the first

hypothesis.
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Table 5.1 Comparison of Smcand NseZ” phenotypes

Smc5 cells* Nse2” cells**
Viability Viable Viable
Growth rate Wild-type Wild-type
Mitotic index/aberrations Higher than wild-type  Higher than wild-type

Destabilisation of Smc5-Smc6  Depletion of Smc6 and  Depletion of Smc5
complex Nse2 proteins protein

Checkpoint proficiency:

S WT WT
G./M WT Delayed
Spindle assembly checkpoint WT WT
MMS induced Chkl S345 N/D Delayed
phosphorylation
IR sensitivity TT T
MMS sensitivity TTT TT
Chromosomal aberrations Increased after IR but nc Increased after MMS
MMS and 4-NQO
Sister chromatid cohesion T WT
Targeting assay frequencies Wild-type Slightly increased
Sister chromatid exchange ~2.5-fold increase 1.5-fold increase

frequencies

Direct repeat recombination ll ll
Base excision repair - +

Phenotype rescue by transgene

expression:
MMS sensitivity N/D Rescued
Direct repeat recombination Rescued N/D

* - (Stephan et al., 2011a), ** - this study

Smc5mutants showed more severe phenotypes thaN$b&8™ cells in
most of the experiments. Assuming that an Smc5-Shet@rodimer is still
formed within theNse2mutants (but not ismc5background) and if this Smc5-
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Smc6 complex lacks Nse2-mediated SUMOylation, tloeensevere phenotypes
support the idea that the observed phenotypic rdifiees between Nse2- and
Smc5-deficient cells are due to mis-regulationref 5mc5-Smc6 complex. To
investigate this notion, we disrupted tBenc5gene inNse2background. We
hypothesised that if Smc5 and Nse2 proteins haparate functions, the loss of
Smc5 protein in the Nse2-deficient cells would hesu a phenotype stronger
that that observed i@mc5cells.

The targeting strategy and vectors $nc5disruption were as described
(Stephan et al., 2011a)\se2” cells were transfected with @mc5targeting
vector to disrupBmc5(Stephan et al., 2011a). We successfully targ8tadsin

theNse2™ background and obtained several viable clonesi(Eig.1).

Nse27- Nse2™-

[kb] WT Smch [kb] WT Smch
70 — WT P

— * 15.0 o l«xo

G wo 100 —
5.0 80 —
40 — 70 —
20 — «WT 50 —

Smch probe Nse?2 probe

Figure 5.1 Southern blot analysis of the NsSEZSmc5 mutants.
Genomic DNA was isolated from wild-type and N&&mc5 cells and digested with EcoRlI
(Smc5 probe), Xmnl (Nse2 probe) and analysed bth8aublotting with the indicated probes.

As expected, th&mc5probe detects replacement of the wild-type band K6)
with a targeted band of 4.9 kb (Figure 5.1). We dt®ked at theNse2locus
with theNse2probe. The 6.3 kb wild-type band was absent indingble mutant
and it had been replaced by two 14.7 kb (doublensity) and 5.8 kb (single
intensity) mutant bands, showing that we have tafy&mc5in the Nse2-
deficient cells (Figure 5.1).

Next, we isolated total mRNA from thidse2”"Smc5 cells and tested
whether the mRNA oNse2and Smc5genes was still present in these cells

(Figure 5.2). Reverse transcriptase PCR reveaktdttiere is ndNse2andSmc5
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MRNA present in the double knockout cells. The Sianed Nse2 deficient cells

were used here as negative controls.
NseZz -
Smcd
[kb] WT Smc5 Nse2””" 1 2

= Sme5 (3.2 kb
30 mca (3.2 kb)
05 —

Figure 5.2 Analysis of Smc5 and Nse2 mRNA exprersio Nse2"Smc5cells.
Reverse transcriptase-polymerase chain reactioih watal mRNA isolated from the wild-type,

Smc5, NseZ™-, and two Nse? Smc5-targeted clones and the indicated gene specifingrs.

We then investigated the levels of Smc5 and Nse®ejms to confirm their
absence in these cells (Figure 5.3). Immunoblottengealed depletion of Smch

and Nse2 proteins in the double knockout background

Nse2?7-
(Dal - Wt Sme5 ko Smes™
130 — jo 1smcs

Sme5 remaining (%) 100 0 27 0

130 === === “*|lsmcs

Smcb remaining (%) 100 80 143 79

130 — Smc1
Cohesin

130 = Scel

130 — Condensin
55— o-Tubulin

PR
9§ — Mse?
MNseZ remaining (%) 100 26 0 O

Figure 5.3 Immunoblot analysis of Smc complexes R56Smc5.
Proteins from wild-type, Nse2-, Smc5-deficient iseé2"Smc5cells were extracted, separated

by SDS-PAGE and analysed by immunoblotting withrntliieated antibodies.

Our previous analysis had shown that loss of theSSmsults in depletion of
Smc6 and Nse2, whereas disruption of Nse2 proteads to reduction of only

Smc5 protein (Stephan et al., 2011a). We foundtti@aioss ofNse2and Smc5
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results in depletion of Smc6 to levels similariioge observed in Smc5-deficient
cells. The levels of cohesin and condensin compgledid not change upon
disruption ofNse2andSmc5 indicating that only Smc5-Smc6, but not other Smc
complexes, is destabilised in the absence of Nee2Smc5. The lack diise2
and Smc5mRNAs and respective proteins in thise2”'Smc5 cells further

confirms that the Smc5-Smc6 complex is not esdeoti@hicken cell viability.

5.1.2 Nse2”Smc5 cells show growth retardation and mitotic

aberrations

The proliferative properties oNse2”Smc5 cells were analysed by
measuring the growth kinetics and mitotic indic&sg(re 5.4).The double
knockouts proliferated with much slower kineticanhwild-type cells or either
single knockout, indicating a defect in cell pretdtion. Similar growth
retardation was observed in yeast double mutangsnab.T2nse2.S@Andrews
et al., 2005). Thé&seZ”"Smc5cells showed a similarly increased mitotic index
and number of abnormal mitotic cells Bse2” and Smc5 mutants. We also
observed an increased population of binucleatdd oethe double mutant. This
may be a factor contributing to observed growtlandstion. Loss of eithédse2
or Smc5does not result in significant decrease in growgtie but loss oSmc5
and Nse2 does. These data suggest that Smc5 and Nse2 maydiféerent

functions in cell cycle progression.

5.1.3 Smc5and NseZ2are not epistatic in response to DNA

damage

To investigate the relationship betwegmc5andNse2 we subjected our
Smc5-Smc6 complex mutants to epistasis experimdhttiese genes have
separate functions in DNA damage response andryepa would expect an
exacerbation of the phenotype observed for thevididal mutants in the doubly-
targeted clones. Our analysis of sin§liemc5 Nse2” and doubleNse2”"Smc5

clones
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Figure 5.4 Proliferative properties of Smc5-Smc6naplex mutants.

A) Growth curve — equal number of cells {J@r ml) was seeded and cell number monitored
over 48 hours time period. Data points show meathi@fe independent experiments +/- S.D. B)
Quantification of mitotic indices and aberratiortdistogram shows mean of three independent

experiments +/- S.D in which at least 100 mitogticwere scored.

revealed an increased sensitivityNge2"Smc5 cells towards cis-platin, MMS
and IR, compared to either single mutant (FiguBA5B and C).Nse2”"Smc5
mutants are severely sensitive to cis-platin treatnand only moderately to IR
and MMS, compared to Smc5- and Nse2-deficient ¢Eligure 5.5A, B and C).
Increased cell death of the double mutants to é&tnent was rather surprising
as theNse2" cells are not sensitive to this DNA damaging agEigure 5.5B).
Overall, the Nse2 mutants were consistently the least, and double

knockouts the most, sensitive to DNA damage offtlie cell lines we analysed.
We did not observe any elevated sensitivity of S180tc6 complex mutants
towards the topoisomerase | toxin camptothecin uféig 5.5D). Higher
concentrations of camptothecin were also usedheratxperiments but we did
not observe any difference in responses betweerbSmr6 complex mutants
and wild-type cells. Camptothecin induces SSB wiasincth converted to DSB by
the replication machinery and these are specificalpaired by HR (Fiorani and
Bjornsti, 2000; Hsiang et al., 1989). We expectet bur Smc5-Smc6 complex
mutants would be sensitive towards this drug as sensitivity is observed in
fission yeast nse@, nseRING, nsel-C197Aand nsel-C199A mutants
(Pebernard et al., 2008a; Pebernard et al., 2008).possible that our mutants
are not hypersesnsitive towards camptothecin utigeparticular experimental
conditions we used (two hours treatmeB@crease in cell survival of thiése2”
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"Smc5 mutants indicate th@&mc5andNse2are not epistatic in DNA repair after
cis-platin, IR and MMS treatment. These data sugias in addition to common

roles the Smc5 and Nse2 may have non-overlappimgifins.
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Figure 5.5 Epistasis analysis of the Smc5-Smc6 céerp
Wild-type, Smc5NseZ” and NseZ’ Smc5cells were treated with the indicated DNA damaging
agents for 2 hours and plated in methylcellulos@imeColonies were scored after 10-14 days
after plating. In the case of IR cells were exposedR source ¢’Cs) on the methylcellulose
plates. The plots show mean of relative survivairfrthree independent experiments +/- S.D.
Plating efficiencies were wild-type, 80%; N$6267%; Smc546%; NseZ”Smc5, 20%.
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5.1.4 Nse2, but not Smc5, is required to minimise chromasnal

aberrations

We then compared the levels of chromosomal abenatbetween the
mutants generated. Karyotypes were analysed byosuopy after exposure to
MMS. Nse2mutants had the highest levels of spontaneousMivi&-induced

chromosomal lesions (Figure 5.6).
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Figure 5.6 Nse2 but not Smc5 is required to preveriromosomal aberrations post-MMS
treatment.

Wild-type, Smc5NseZ” and Nse?’ Smc5cells were treated with the DNA damaging agent for
3 hours or left untreated. Cells were then bloclkedmitosis and metaphase spreads were
prepared. The plots show average of three expetsn@nwhich at least 50 cells were scored.

S.D is not shown for histogram clarity.

Double knockouts ofNse2and Smc5showed similar levels of aberrations as
Nse2-deficient cellsm and ttf&mc5mutants, as previously described, showed a
wild-type like phenotype (Stephan et al., 201lahe Televated levels of
chromosomal aberrations after MMS observed in Niafitient compared to
Smc5 mutants do not agree with their survival ratesrdfiMS treatment. Nse2-
deficient cells may die through different mechargsthanSmc5 mutants, which
may include formation of chromosomal aberrationd #ns phenotype may be

dominant overSmc5,as observed ilNse2”Smc5 cells. Our analysis suggests
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that Nse2 but not Smc5, is the component of the588mc6 complex required
for maintenance of genome integrity. This is ano#mgument that favours the

idea of separable roles of Smc5 and Nse2 in regponBNA damage.

5.1.5 Roles of Smc5-Smc6 complex in replication fork reatt

We then tested if th&mc5deficient cells and double knockout show a
replication restart defect using the same assajessribed folNse2™ cells in
Section 4.3.4. We observed wild-type like kinetdONA synthesis restart after
release from MMS block in Nse2- and Smc5-deficmeits but not in the double
mutants (Figure 5.7)Nse2”Smc5 cells showed a decreased number of
replication foci positive cells post-MMS removaldire 5.7).This decrease was
detected at all time points analysed with just 200&dU positive cells 4 hours
post-release itNse2”"Smc5compared to 34% in wild-type cells (Figure 5.7).

80

—— WT

— 3 — Nse2'
B0 <> Smecs

—-%—- NseZ™"Smc5

% of EdU positive cells
S

Time (h)

Figure 5.7 Analysis of replication foci in cells ¢étated with MMS.
Quantification of EdU positive cells before andeaft hour MMS block (13@g/ml). Data points

show mean of three experiments +/- S.D in whideaxt 300 cells were scored.

This may be due to their slower proliferation M$e2”"Smc5 however, it is
unlikely as they show wild-type levels of EdU inporation before MMS
treatment. The loss dise2or Smc5does not affect the rate of DNA synthesis
after MMS treatment, but deletion of both genessddéis suggests that Nse2

and Smc5 may be involved in DNA synthesis restiter #MS treatment and it
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is consistent with observations in both yeast wh®&nmec5-Smc6 complex is
required for the restart of the collapsed replaratforks (Ampatzidou et al.,

2006; Branzei et al., 2006).

5.1.6 Roles of Smc5 and Nse2 in HR

Our observation that Smc5 and Nse2 have non-oy@rigfunctions in
the cellular responses to DNA damage, led us totmgsise that the loss of both
proteins will result in further deregulation of holmgous recombination. To test
this, we analysed sister chromatid exchange frefj@enn these mutant cell
lines. We found that all knockouts had increasecklte of spontaneous and

MMC-induced sister chromatid exchanges comparedild-type cells (Figure

5.8).
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Figure 5.8 Analysis of sister chromatid exchangevéds in Smc5-Smc6 mutants.

Sister chromatid exchange frequencies in wild-tpeNse2- B), Smc5-deficient C) and N€e2
Smc5double mutants scored in macrochromosomes. Thegné&nhs show mean of the indicated
sister chromatid exchanges per cell from two indeleat experiments in which at least at least
100 cells were scored. The values represents meaister chromatid exchanges per cell from

the same experiments +/- S.D.
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Nse2-deficient cells showed 1.7-fold increase imngpaneous and MMC-
induced sister chromatid exchanges compared totyld cells.Smc5 mutants
showed 2.0-fold and 2.6-fold increase in spontasesnd induced SCEs over
wild-type cells, respectivelyNse2”Smc5 demonstrated SCE levels slightly
above the level observed 8mc5cells, suggesting th&mc5andNse2genes are

epistatic in their HR functions.

5.2 Conclusions

5.2.1 Smc5-Smc6 complex is not essential for DT40 celbility
Several viable clones dfse2”Smc5cells were obtained confirming that
the chicken Smc5-Smc6 complex is not essentigbrfoliferation of DT40 cells.
However, strong growth retardation was observeth@se mutants compared to
wild-type or Nse2- and Smc5-deficient cells. Didrop of Nse2 SUMO ligase
activity in yeastsmcé6cells also resulted in slower proliferation, sugigey that
separation of Nse2 and Smc5-Smc6 heterodimer fumtnay be evolutionarily
conserved (Andrews et al., 2005; Chavez et al.,0BDINse2”"Smc5 cells
showed mitotic indices and levels of abnormal ntstmilar to single mutants.
The loss of Smc5 in Nse2-deficient cells did natifer destabilise the Smc5-
Smc6 or other Smc complexes. Therefore, we conchateSmc5 and Nse2 may

have separable functions in cell cycle progression.

5.2.2 Smc5and NseZ2are not epistatic in response to DNA

damage and homologous recombination

Fission yeassmc6.T2nse2.SAutants demonstrate increased sensitivity
towards UV-induced DNA damage compared to eitheglei mutant (Andrews
et al., 2005). Deletion dmc5in Nse2™ DT40 cells results in a similar effect,
with a stronger sensitivity towards cis-platin, #iRd MMS, compared to single
mutants. This indicates th&mc5andNse2are required for efficient DNA repair
but are not epistatic in response to DNA damage.

Hypomorphic alleles ofS. cerevisiae smc6-8nd nse5-1show more
frequent gross chromosomal rearrangements (De IPecal., 2006). Loss of

SUMO ligase activity inS. cerevisiae mms2il allele results in elevated
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telomere marker loss and elevated chromosomalbifisgaRai et al., 2011). In
S. cerevisiagemperature-sensitive mutargsic5-31and smc5-35show severe
loss of heterozygosity at tMET15locus compared to wild-type cells (Cost and
Cozzarelli, 2006)We observed increased levels of chromosome abmsasifter
MMS treatment inNse2” and Nse2”"Smc5 but not Smc5 mutants. Smc5-
deficient cells are more sensitive to MMS-inducedAdamage compared to
NseZ” mutants but still they showed wild-type levels ohromosomal
aberrations. As mentioned in Section 5.1.4, Nse#- &mc5-deficient cells may
die through different mechanisms. Loss of Nse2 dsoeiated with delayed
activation of Chk1 after MMS treatment, which pa$giallows a subset of cells
to evade checkpoint and enter mitosis with unrepaidDNA damage. We did not
analyse Chkl activation in Smc5-deficient cells we cannot dismiss the
possibility thatSmc5 mutants activate this checkpoint properly. If tisisndeed
the case it would explain wild-type levels of chiasuomal aberrations. On the
other hand, these two experiments measure diffesmmgonses (short and long
term), which may account for the observed diffeemnbetweerNse2” and
Smc5 mutants. These data suggest that Nse2 but not Ssncdquired for
maintenance of genomic integrity through preventorghation of chromosomal
aberrations.

In human cells RNAi-mediated depletion of Ns#2Smc5 leads to
decreased camptothecin-induced sister chromatidagxe frequencies (Potts et
al., 2006). In addition, loss of the Smc5-Smc6 clexpfunction results in
dysregulation of homologous recombination in yeabicken,Arabidopsisand
human cells (De Piccoli et al., 2006; Lehmann et E)95; Potts et al., 2006;
Stephan et al., 2011la; Watanabe et al., 2008e2”Smc5 cells showed
increased sister chromatid exchange frequenciespa&ad to wild-type and
Nse2-deficient cells but ndmc5 mutants. The frequencies of SCE correlate
with levels of Smc5 protein in these mutants. Smiegein is partially depleted
in Nse2-deficient cells which show slightly elevteCE levels. In the complete
absence of Smc5 iBmc5 mutants SCE levels are further increased but are
identical compared tdNse2”"Smc5 cells. Since depletion of Smc5 in Nse2-
deficient cells did not increase SCE frequencigmiicantly above these

observed irmc5mutants, we concluded that it may be the loss at5Sbut not
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Nse2 that results in the formation of SCE in outants. This suggests thamc5

andNse2may be epistatic in their homologous recombinatiottions.
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Chapter 6 Conclusion and future perspectives

6.1 Conclusions

We have identified and cloned the chicken homatogd Nse2 and
showed that it is an active E3 SUMO ligase vitro. Cell survival assays
revealed that Nse2 is required for efficient DNAag after exposure to various
DNA damaging agents. Our analysis suggests thabitittng of Nse2 to Smc5
but not Nse2 SUMO ligase activity stabilises Smaoi6 complex, thus
allowing it for efficient DNA repair. However, theatalytic activity of Nse2 is
required for efficient DNA repair, suggesting tIglyMOylation of the Smc5-
Smc6 complex or other cellular targets by Nse2 bwymportant in this process.
Smc5-Smc6 localisation to distinct chromatin dorsasuch as DSBs and stalled
replication forks may be dependent on Nse2-medi&sw5-Smc6 complex
SUMOylation.

We also established a role for Nse2 in cell cydlec&point activation
and in the maintenance of genome integrity. In i expression of an Nse2-
GFP fusion protein revealed its cytoplasmic andearclocalisation which is in
agreement with the current literature and the fionstof Smc5-Smc6 complex.
We also showed that the Nse2 is required for theper regulation of
homologous recombination but not for sister chratnedhesion. Our analysis of
Nse2-deficient, Smc5-deficient ahbe2”"Smc5 mutants suggests that Nse2 and
Smc5 have separable functions or that they are cooems of distinct
complexes. Little is known about how the Smc5-Sroagplex mediates DNA
repair and future studies will be necessary tordetee the mechanism of Nse2-
Smc5-Smc6 action.

6.2 Overall conclusions
In conclusion, this study highlights the functiohNse2 and Smc5-Smc6

complex in regulation of several cellular processesh as cell cycle and cell
cycle checkpoints, DNA repair and homologous redoatibn. In general, it
revealed a number of interesting discoveries ondilfferent cellular roles of

Nse2 and the Smc5-Smc6 complex. These proteindicabde these cellular
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processes probably throughregulation of higher-ordechromatin structul,

modification andecruitment of DN/ repair factors toites of DNA damag:

6.3 Model

Data gathered in this thesis, along with other ishleld data, provid
evidence that the Sm-Smc6 complex is involved in DNA repair (reviewed
(Stephan et al., 201J). However, a mechanism for Sm&bac6 complex actio
still remains elusive, mainly because of the gapmderstanding how Sm-
Smc6 nteracts with DNA. In this section we describe &eptial mechanism ¢
Smc5Smc6 action based on the current literature andauarobservation

We propose that Sm-Smc6 has multiple DNA substrates (referrec
here after as SSSSStructure-ecific Snc5-3nc6 DNA Substrates), example

of which are shown in Figure 6.
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Figure 6.1 Potential DNA structures bound by Sm-Smc6 complex.

Cartoon representation of potential DNA substratésSmc-Smc6 complex. (1) ssDNA,
dsDNA, (3) DSB, (4) stalled rlication fork (lagging and leading strand), (5) Hiday junctions,
(6) template switch intermediate, (7) supercoileNAD (8) reversed fork ‘chicken foot'. Bl

triangles represent replication f- stalling DNA lesions.

Such SSSSSs require processing Smc5Smc6 for their efficient resolutiol

The pathway controlled by Sr-Smc6 is essential in response to DNA dam
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Figure 6.2 Model of Smc-Smc6 action.

Cartoon representation of Sn-Smc6 mechanism of action. Structspecific Smc-Smc6 DNA
substates, such as DSBs are processed by the -Smc6 complex for efficient DNA repz
When DSBs are formed (1) the S-Smc6 complex may repair DNA through diffel
mechanisms. The Sm88rc6 complex could bind in proximity of DSB (2) &awilitate its repir
through establishment of sister chromatid coheg®n Alternatively, the Sm-Smc6 could be
recruited to DNA damage site (4) and act as a proigteraction platform to recruit DNA repa
factors (5). Additionally, Ns¢- and Nse2-dependent protein difecation could regulate th
precise timing of recruitment and activities of sbeDNA repair factors (5). In the thi
mechanism, the Sm&mnc6 complex could act on global chromatin confdiznain order to
facilitate efficient DNA repair (6). In the gsence of SmcSmc6 DNA repair occurs normally (
and (8) but when its functions are compromisedgitimate DNA repair intermediates &

formed (9) leading to cell death (1
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Depending on spatial and temporal circumstancestlE@&SSSS itself, Smc5h-
Smc6 may be engaged in distinct mechanisms of Désfoh processinglhe
Smc5-Smc6 may act on SSSSSs such as DSB (Figur@)p.By binding to it
directly (Figure 6.2 (2)) and facilitating efficierDNA repair through for
example increase in the local sister chromatid siome (Figure 6.2 (3)).
Alternatively, after localisation of the Smc5-Smcémplex to DNA lesion
(Figure 6.2 (4)), it may help to recruit DNA repdactors and regulate their
activities through post-translational modificatimediated by Nsel and Nse2 E3
ligases (Figure 6.2 (5)). Moreover, the Smc5-Sna@mex similarly to cohesin
and condensin proteins may act on global chromatimformation (chromatin
remodeler) to facilitate efficient DNA repair (Figu 6.2 (6)). Using these
activities, the Smc5-Smc6 complex ensures formadimh resolution of essential
DNA repair intermediates leading to cell surviviaigure 6.2 (7) and (8)). In the
absence of functional Smc5-Smc6 complex, DNA repdarmediates that are
formed (Figure 6.2 (9)) may not be properly proeds¢eading to failure in DNA
repair and consequently to cell death (Figure @@)( These three modes of
action are not exclusive and all of them may exmsitually. Using these
activities the Smc5-Smc6 complex facilitates themiation of specific DNA
repair/ replication intermediates, which unfortelat have not been identified
yet. Nevertheless, Smc5-Smc6 specific intermedisgesm to be primary
substrates for different DNA repair pathways andyamese are efficiently

processed to sustain proper DNA repair and rejpbicat

6.3.1 Direct interaction model

There is a good deal of biochemical data suppottiegdirect interaction
model, including chromosome mapping of Smc5-Smcéalisation which
revealed that the complex is enriched at stallgdica&ion forks and double
strand breaks (De Piccoli et al., 2006; Lindrooslet2006; Potts et al., 2006).
Roy and coworkers showed that Smc5 binds prefelgnto ssDNA in an ATP-
dependent manner (Roy et al., 2011). Smc5-Smc6 ledfus to release DNA
tension during replication, suggesting that it niagd to supercoiled DNA
(Kegel et al., 2011). Even though it is hard todicewhat other DNA structures
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are bound by Smc5-Sma vivo in the presence of Nsel-6, these data indicate
that Smc5-Smc6 complex interacts with and reguldifésrent DNA structures.

In yeast, Smc5-Smc6-deficient cells accumulate &pskd molecules after
DNA damage (Ampatzidou et al., 2006; Bermudez-Légteal., 2010; Branzei et
al., 2006), suggesting that these may be mispredéSSSSSs. In agreement with
this deletion of Mphl/FANCM helicase, required fmmocessing of DNA damage,
rescues sensitivity of Smc5-Smc6 mutants to MMS ldbidin yeast (Chavez et
al., 2010a). Moreover, overexpression of BRCT regeataining protein Brcl,
required for efficient DNA repair in S phase thraugmc5-Smc6 independent
recombination pathway, rescues sensitivity of Si8n0t%6 mutants in yeast to
MMS and HU (Lee et al., 2007; Sheedy et al., 200%¢. and others envisage
that in the absence of Smc5-Smc6 complex, SSS88B, a8 DSB, when not
bound by Smc5-Smc6 are transformed to lethal DNAairé replication

intermediates.

6.3.2 Smc5-Smc6 as protein interaction/ regulation platfiom

The structure of the Smc5-Smc6 complex is a pakptdtein interaction
platform. Several interactions with DNA repair gois have been demonstrated
and these include direct interactions with Mphl/F2M (Chen et al., 2009),
Srs2 (Chiolo et al., 2005), RTT107 (Ohouo et @1®, Ku70 (Zhao and Blobel,
2005), Rad60/Esc2 (Boddy et al., 2003) or genateractions with Sgsl (Sollier
et al., 2009), Rad51 (Chen et al., 2009) and R&db&es-Rosell et al., 2005b)
and Ku70 (Stephan et al., 2011a). Smc5-Smc6 bouB5ESSs or its presence
at these sites could regulate the precise timimglacalisation of its interactors
leading to efficient DNA repair and replication. ditlonally, Smc5-Smc6
complex contains two enzymatically active subuni8: ubiquitin ligase Nsel
(Doyle et al., 2010) and E3 SUMO ligase Nse2 (Andret al., 2005; McDonald
et al., 2003; Potts and Yu, 2005; Zhao and Blop@Q5). SUMOylation of the
Nse2 substrates could recruit and regulate actioftypNA repair factors as
supported by Smc5-Smc6-dependent cohesin recruittoddSB in human cells
(Potts et al., 2006). In addition, Nse2 SUMOyltes0 in budding yeast (Zhao
and Blobel, 2005), suggesting that it may regutat@revent NHEJ. However,
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the biological significance of this modification m®t understood. On the other
hand, Nsel-dependent ubiquitination may also adsthan level of protein
regulation at the DNA damage site. Unfortunatety Nsel substrates have been
identified to date. Interestingly, SUMOylation amiquitination compete for the
same sites within target proteins, suggesting 8mt5-Smc6 complex may act
as a molecular ubiquitin/ SUMO switch. Smc5-Smc6éy n@ntrol cellular
processes through a fine tuned balance between-Nse2 Nsel-dependent
protein modifications. This balance could be chanigeresponse to the stressful
conditions, where Nsel-dependent protein modificatincrease and Nse2-
mediated SUMOylation decrease or vice versa.

As mentioned earlier, RNAi-mediated depletion ofcS and Nse2 results
in reduced cohesin recruitment to DSB (Potts ¢t28106). However, cohesin
localisation to DSB has not been shown to be degr@noh SUMOylation (Potts
et al., 2006). Additionally, after RNAi-mediated && knockdown, reduced
SUMOylation of telomere sheltering proteins andon@tre shortening was
observed (Potts and Yu, 2007). Similarly, in buddyeast Nse2-and Smc5-
deficiency is associated with increased telomewgtshing and accumulation of
X-shaped molecules at this repetitive DNA regiomd@ez et al., 2010b; Zhao
and Blobel, 2005). In support of this model, chretmassociation of Rad52
when replication forks are stably stalled after Heatment is compromised in
Smc5-Smc6 mutargmc6(Irmisch et al., 2009). All these observations ®sjg
that the Smc5-Smc6 complex may interact or regutziey DNA maintenance
proteins and in its absence abnormal DNA interntediare formed leading to
cell death.

6.3.3 Chromatin remodeling activities of the Smc5-Smc6

complex

Finally, Smc5-Smc6 may act on global chromatin oomfation, such as
cohesin and condensin complexes. Loss of Smc5-Sms@lts in lethal
chromosome segregation defects, dysregulation siersichromatid cohesion
(reviewed in (Stephan et al., 2011b)), and abnoretalomatin structure,
including sister chromatid linkages, both DNA (Tes+Rosell et al., 2005b) and
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protein (Outwin et al., 2009) mediated. In additi@mc5-Smc6 is involved in
the removal of chromatin intertwinings during DNAepfication and its

deficiency results in replication defects of longgrromosomes (Kegel et al.,
2011). Moreover, mobility of the DSB required ftg efficient repair in budding
yeast is decreased in the absence of functionabSSnwc6 (Torres-Rosell et al.,
2007). All these data suggest that Smc5-Smc6 @enpal chromatin remodeler
that changes chromatin conformation allowing fatidct DNA mechanisms to

happen.

6.3.4 Model testing

To test the potential Smc5-Smc6 activitian, vitro DNA binding
experiments with purified Smc5-Smc6 complex orindividual components
could be performed. Different DNA substrates, sashssDNA, dsDNA and
more complicated structures, including replicatforks and Holliday junctions
could be used to study how Smc5-Smc6 proteinsdaterith DNA. However,
this approach could be extremely challenging inmgerof the in vitro
reconstitution of functional Smc5-Smc6 complex amaly not reflect thén vivo
activities of the complex. To teist vivo interactions of the Smc5-Smc6 complex
with DNA, crosslink of the complex to DNA and sufjgent analysis by
Southern blotting could be performed, as descrilbed cohesin complex
(Haering et al., 2008).

To test the idea if Smc5-Smc6 acts as proteinant@m and recruitment
platform, a large scale immunoprecipitation of SAsethc6 combined with mass
spectrometry could be pefrormed to identify intéves of the complex before
and after DNA damage. Additionally, to test the diyyesis of the Smc5-Smc6
Ub/ SUMO switch activity, a comparison of the phigpes associated with
Nsel- and Nse2-deficiency should be made. Suchysisalmay allow
understanding of SUMO and ubiquitin ligase actestiof the Smc5-Smc6
complex. In addition, double mutant biseland Nse2could be performed to
study the potential interactions between ubiquiiota and SUMOylation
mediated by Smc5-Smc6 complex. Moreover, mappingaiéntial common
substrates of Nsel and Nse2 could be also perforoneahfirm this hypothesis.
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To test for Smc5-Smc6 in chromatin remodeling atéis, analysis of the
proteins associated with mitotic chromosomes framcSSmc6-deficient cells
could be performed. Such analysis is currently nmdg in collaboration with

Bill Earnshaw laboratory. Differences in chromosopreteins isolated from
wild-type and Smc5-Smc6-deficient cells may allowderstanding of the Smc5-
Smc6 cellular functions in establishment of nornsAromatin structure, as
recently demonstrated using proteomic studies aéisd mitotic chromosomes
from condensin-deficient cells (Ohta et al., 201A¥ditionally, analysis of

chromatin properties, such as topology, compacte&ssould shed light onto

Smc5-Smc6 complex activities as a chromatin rensvdel
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APPENDIX 1

Full length chickenNse2 cDNA sequence with the ATG and STOP codon

underlined and indicated in red, 5 and 3’ UTR iludy conserved Kozak

sequence shown in green.

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021

caccccgcecce
at gcagaggg
aact gccagt
gt ggaaaat t
gct gcat t gg
at aaaacaag
act gcat t gg
tttaaggatc
aat gacgaca
atttgtccca
t cct at gaag
gt ccgct gec
gat gaagcac
aagtcggct g
agct gccgat
cagagt t gaa
tccaggttag
tgttgcgttt

cgctgcectct
gt acaagaat
cttacat aaa
t caat gat ga
acagagagct
acaaaccaga
agagcat gaa
aacttaaaga
t cgaacaaat
ttacacaggt
aagat gccat
ct aaaattgg
tt aaaagagc
gat gt gccgt
t gt gagcagg
ggtctccgct
ttagtttttt
gtt aaat aaa

APPENDIX 2

gt cgggect g
ctcattcagc
tact ggaat g
agaggat gt t
taatcattac
aaagat acca
cagt gact cg
cat gaaaaaa
cgat gaagat
ggaaat gaag
t ct aaaaat ¢
ct gt agccat
gat t gacagt
t gccacaaag
tt gt gt aacg
gt aact gaaa
ttccecett gt
atgtggettt

ggcggcgggg
tctgtgaatt

gatattgcta
agaagt at gg
at gagagcaa
gat ct aaaat
gattt ggaaa
caatttcgtc
at agct gt ga
aagccagttc
at ccagact ¢
gat gat gt aa
cagaat aaac
aaaatttgtt
gattgttatt
acattttttc
tagttttttt
cagccttcaa

acgagagt aa
cctctctttc
ctcacgttgc
agaat gt cat
tt gaagaaac
cact agt aaa
aaaat gagaa
tt caat caga
ct cagagtca
gaaacaaagt
gaaagcagca
aaggat caga
aaagct ggt c
att agaggt c
taaagtgttt
at ct gt caaa
ccecttcettg
cttcccce

Table I Oligonucleotides used for PCR-based cloning

caatt ag
at ct ct gaaa
ccttgacctg
gt t agagt at
ggt agat cag
agaaaaattt
at at at gt at
t agt aat gat
gat gaacttc
ct gt ggacat
gaagaagaaa
tctcgtgcca
aacgctgtag
ttgtgagata
catttatagg
t at gaggaat
aaattctaaa

Primer name Sequence (5’-3) Use
For cloning of Nse2
Nse2-FW ATG CAG AGG GGT ACA AGAATC
cDNA
For cloning of Nse2
Nse2-RV CTACAG CGT TGACCAGGT TTG
cDNA
Nse2 -5 arm GTC GACGGT CTG TGG TTT ATA ACA For cloning of 5’
FW (Sall) TCG homology arm
Nse2 -5 arm GAA TTC GAC TCT GAG TCA CAG CTA For cloning of 5’
RV (EcoRl) TATC homology arm
Nse2 - 3'arm GCG GCC GGGTC AGA ATA AAC AAA For cloning of 3’
FW (Notl) GCT GG homology arm
Nse2 -3 arm CCG CGGGGA GCA GCC AGC GGC For cloning of 3’
RV (Sacll) AAT GGG homology arm
Nse2 — 5’ For cloning of 5’
GGC CCT GCA AGC ACT GAG CAG GC
probe FW probe
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Nse2 -5  CCG GGT TTT CCT TGC AAA TGA AAA For cloning of 5’

probe RV CcC probe

Nse2 — 3 GTG GAG ACA GAT AAC TCT GTG For cloning of 3’

probe FW AGC probe

Nse2 — 3’ CCT CAG AAT GAA AAA TAA CAA For cloning of 3’

probe RV AGC AGG probe

For cloning of

Nse2 (N) FwW GGA TCCATG CAG AGG GGT ACA full-length Nse2

(BamHlI) AGA ATC into pGEX-4T2

(antigen)

For cloning of
Nse2 (N) RV GCG GCC GOCTA CAG CGT TGA CCA full-length Nse2
(Notl) GCTTTG into pGEX-4T2
(antigen)
For cloning of
Nse2 (N) FW GGA TCCATG CAG AGG GGT ACA full-length Nse2 into
(BamHI) AGA ATC pCMV-3tag-2A (3myc
fusion)
For cloning of
Nse2 (N) RV GAT ATC CTA CAG CGT TGA CCA GCT full-length Nse2 into
(EcoRl) TG pCMV-3tag-2A (3myc
fusion)
For cloning of
Nse2 (C) FW CTC GAGCGA TGC AGA GGG GTA full-length Nse2 into
(Xhol) CAAGAATC pEGFP-N1 (GFP
fusion)
For cloning of
Nse2 (C) RV CCG CGGAGC AGC GTT GAC CAG CTT full-length Nse2 into

(Sacll) TG pEGFP-N1 (GFP
fusion)
GAA ATG AAG AAG CCAGTT CGA -
Nse2 (C178A, For site directed
AAC AAA GTC GCCGGC GCCTCC TAT :
H180A) FW mutagenesis of Nse2
GAA GAA GAT GCC ATT CTA AAA
(Narl) e (C178A, H180A)

Nse2 (C178A, GAT TTT TAG AAT GGC ATC TTC TTC For site directed
H180A) RV ATA GGA GGC GCCGGCGAC TTT GTT  mutagenesis of Nse2
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(Narl) TCG AAC TGG TTT CTT CAT TTC (C178A, H180A)

FW — forward primer, RV — reverse primer, DNA segges in red show
cleavage site for the indicated restriction nuasasinderlined italic sequence

show the desired mutation N6e2cDNA sequence.

APPENDIX 3

Poster, seminar presentations and publications ariisg from

thesis work

1. Poster presentation

Kliszczak M Stephan AK and Morrison CMsenetic dissection of the Smc5-
Smc6 complex(A poster presented at the DNA replication ancnggination
meeting in Keystone, USA, March 2011)

2. Seminar presentations

Kliszczak M, Stephan AK and Morrison CMnvolvement of the Smc5-Smc6
complex in sister chromatid cohesion and homologeasmbinational repair in
vertebrate cells.(A seminar presented at the annual meeting ofGkaome
Stability Network, Cambridge, UK, 2009).

Kliszczak M Stephan AK and Morrison CMsenetic dissection of the Smc5-

Smc6 complex(A seminar presented at the annual meeting of Itish
Association for the Cancer Research, Galway, Icl2010).

3. Publications

Stephan, A.K.,_Kliszczak, M Dodson, H., Cooley, C., and Morrison, C.G.

(2011).Roles of vertebrate smc5 in sister chromatid caimresind homologous
recombinational repairMol Cell Biol 31, 1369-1381.
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Stephan, A.K.,_Kliszczak, M and Morrison, C.G. (2011)l'he Nse2/Mms21
SUMO ligase of the Smc5/6 complex in the maintenaricgenome stability.
FEBS Lett.585 2907-13.

Kliszczak, M, Stephan, A.K., and Morrison C.G. (201Djistint functions of

Nse2 and Smc5 in DNA repair revealed by gene tengieBubmitted to EMBO J
on 21.06.2011.
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