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Abstract

Cockayne syndrome (CS) is a rare, segmental premature aging disorder in which the
majority of cases are caused by mutations in the Cockayne syndrome group B protein
(CSB). CSB is a multifunctional protein implicated in DNA repair, transcription and
chromatin remodeling. The ndss presented here demonstridiat CSBplays an
important ple intelomere maintenance and DSB repair. We find that CS cells
accumulate telomere doublets, havereasd telomerebound TRF1, decreas@ERRA
levels and a defect in telomeradependent telomere lengthening. Thesslts imply

that CS patientmay be defective in telomere maintenance. We atsmver a novel and
important role of CSB in DNA DSB repair. We show t@&B facilitates HR and
supresses NHEJ during S and G2 phade.find thatCSB interacts with RIFAnd is
recruited by RIF1 t®SBs n S phase. At DSBs, CSB remodels the chromatin
extensivelywhich in turn limitsRIF1 recruitment and pronesBRCA1 accumulation.
The chromatin remodelingtivity of CSBrequires not only damageduced
phosphorylation on S10 by ATt also cell cyclelependent phosphorylation of S158
by cyclin ACDK2. Both modificationgre needed for the intramolecuiateractionof
CSB Nterminal domain with its ATPase domaifihisintramoleculainteraction has
previously been reported tegulatethe ATPaseacivity of CSB. Taken togetherhese
results sugest that ATM and CDK2 contralf CSBto promote chromatin remodeling

which in turn inhibitsRIF1 in DNA DSB repair pathway choice.
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Preface

The work presented in the thesis is focused on the Cockayne syndrome group B (CSB)
protein and the characterizatiohits novel roles in telomere maintenance and DNA
doublestrand break (DSB) repair. The work has been divided into three chapters.
Chapters 2 and 3 have been published in paeewed journals and Chaptehds been
submitted for publicationEach pubcation contains its own materials and methods
section and an introduction reviewing the relevant literature for each chapter. A more
comprehensive literature overview is provided in Chaptertie style of each of these
publications has a referencintyle that conforms to the journal in which they were
submitted and so each chapter has been prepared with a separate list of references

Lastly, Chapter 5 will discuss the findings and bring forth future direction.

All of the experiments included in #hthesis were done by me except where indicated in
the prefaces that preclude each individual chapter. The results discussed in eah of the
chapters contribute the overall understanding of how CSB functions in the cell to

regulate telomere maintenanandDNA DSB repair.

XV
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Chapter 1

Introduction
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1.1 Cockayne syndrome

Cockayne syndrome (CS) is a rare autosomal recessive premature aging disorder which
affects multiple systems in the body. Itis a progressive distrdes characterized by
impaired physical and neurological developm@idnce & Berry, 1992) The first case
was reportd in 1936 by Sir Edward A. Cockay€ockayne, 1936)CS occurs in 1 out
of every 250,000 live births and has a prevalence of about 2.5 per r(ili@jer et al,
2008; Kuboteet al, 2015; Wilsoret al, 2016) The average life expectancy is about 12
years(Nance & Berry, 1992) Unfortunately, there is currently no cure for CS and most
efforts are spent to treat symptoms of the disorder and to maximize quality of life.

Most CS patientshow similar phenotypedioweverthe time of onset and the rate
of progression can vary from patient to patient. Most symptoms start in early childhood.
Several major criteria are used for diagnosis of CS, including growth failure, neurological
developmetal delay and progressive microcephaly. Other common symptoms include
dental caries, loss of subcutaneous fat, hearing loss, pigmentary degeneration and
cutaneous photosensitivifilance & Berry, 1992) There has been no reported
predisposition of CS patients towards infection complicationsrantine deficiencies
are not a feature of CSThe age of onset typically detanes the life expectancy of the
patient and as CS is a progressive disease it can take several months to years to develop
symptoms sufficient for diagnosis.

CS has traditionally been thought of as a disorder defective in transcription and

transcriptioncoupled nucleotide excision repair (TMER) (Mayne & Lehmann, 1982;
2



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

Troelstraet al, 1992a) NER is impeotant for repair of damage induced by ultraviolet

(UV) light, and it has previously been reported that the repair of such daonegrs

faster in regions thatre actively transcribed due to IMER (Bohr et al, 1985; Mellonet

al, 1986) Reduced recovery of RNA synthefiRRS)in CS fibroblasts after UV

irradiation remains the gold standard to confirm clinical suspicion of CS. While CS has
been considered a disorder of ‘NER, transcriptional defects, defects in repair thfex

types of DNA damage and mitoegndrial dysfunction magxplain some of the clinical
manifestations of C&arikkinethet al, 2016)

Due to the defect in DNA repair after Uixfadiation, CS has been grouped with
other disorders with defective NER such as xeroderma pigmentosum (XP) and
trichothiodystrophyTTD). While XP patients often develop skin cancer, CS is not
associated with an increased incidence of skin cdKecaemeret al, 1987, 1994;

Lehmann, 2003) This may be in part due to an increase in apoptisierved in CS cells
after DNA damagé¢Balajeeet al, 2000; Laposat al, 2007; Latiniet al, 2011) Using

duplex sequenng for highsensitivity of mutation detection, it wasportedthat CS cells

do not accumulate WNhduced mutations whereas XP cells show a substantial increase in
UV-induced mutations compared to normal c@fsid-Baylisset al, 2016) The lack of
elevated UVinduced mutagenesis in CS suggests that while thBIER deficiency

results in decreased cellular survival, it is not mutagenic. Therefore, threcaldeskin
cancer in CS patients is likely due to the absence ofrlddced mutations.

Mutations in a total of five genes have been shown to cause CS. The majority of

CS cases are the result of mugas in two different genes thiaave been clonedd
3



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

identified. Between 70 and 80 percent of CS cases are caused by mutations in the gene
ERCC6(CSB)(Troelstraet al, 1992a, 1993)vhile most of the remaining cases are

caused by mutations in the gedBRCC8(CSA) (Henninget al, 1995) Mutations in XPB,

XPD and XPG genes have also been seen in CS cases at very low frequency. In the
ERCC6gene, all types of mutations have been found in CS patiestigling missense,
frameshift, splicing mutantsavell as deletionsThe majority of missense mutations and
in-frame deletions are found within the central ATPase domain. Nonsense and frameshift
mutations occur at the-drminus and @erminus of therotein, often resulting in a

truncated protein. There is no clear genotghenotype correlation in CS patients that

carry mutations in the CSB gene.

1.2 Biochemical activity of Cockayne syndrome group B (CSB)

protein

The humarERCCe6gene is located ochromosome 10q1G21 and encodes ftie

Cockayne syndrome group B protein (C$Bjoelstraetal, 1992a, 1992b) The CSB

protein is 1493 amino acids and has a predicted molecular weight of 168ilgDige(

1.1). It contains a central ATPase domain, which includes seven hédliicaseotifs,

similar to other members of this family. Domains lamid VI are likely important for
coordinating the binding and hydrolysis of the triphosphate. Domain Il is likely
important for coordinating ATP and nucleic acid binding while domains la, IV and V are
likely important for making contact with nucleic asi@gFairmanWilliams et al, 2010)

CSB also contains an acidic region, a glycine rich region, two putative nuclear

4
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localization signals, a nucleotide binding domain and a ubiquitinrgndibomain (UBD)

(Troelstraetal, 1992a; Anindyat al, 2010)

SNF2 ATPase
1 . |I|a|||l|||-|vlv.w I 1493
. acidic region (356-394aa) I conserved helicase domains (529-949aa)
I:l glycine rich region (442-459aa) [l nucleotide binding domain (1132-1142aa)

I:l putative NLS (467-481aa and 1038-1055aa) I ubiquitin binding domain (1400-1428aa)

Figure 1.1 Schematic diagramof CSB. CSB contains an acidic stretch of residue

a glycine rich region, a nucleotide bindidgmain and a ubiquitin binding domain
(UBD). CSB also contains two putative nuclear localization signals (NLS) on each
side of the central, conserved SNF2 ATPase domain. The ATPase domain includes
seven helicaskke motifs.

CSB belongs to the SNF2/SWI2 family of ATPases, which is a subfamily of the
broader helicase superfamily (SF2)nlike other SNF2 remodelers, CSB does not
assemble into multisubunit complexéso members of this familliave been shown to
exhibit helicase activity but they are instead thought to regulate chromatin structure by
using the energy from ATRydrolysisto disrupt proteirDNA interactions. Similar to
other members of its protein family, CSB also does not édmly helicase activity
(Berquist & Wilson, 2009; Citteriet al, 1998; Selby & Sancar, 1997)n most cases
these proteins use the energy from ATP hydrolysis to disrupt the interaction between

DNA and histones, therefore they are referredstd@P-dependent chromatin remodelers

(Clapier & Cairns, 2009)
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1.2.1 CSB exhibits ATPase activity

CSB demonstrates ATP hydrolysis activity in the presence of DNA, showing that the
ATPase activity is DNAdependent.The ATP hydrolysis activity can be stimulated by
several different DNA substrates which include dotdttandedNA fragments, stem
looped DNA, forked DNA fragments, plasmid DNA and nucleosomal DNA. The
common feature in these different substrates isthiegy all contain doubistranded

DNA. This seems to be essential as sirggianded DNA oligonucleotides, DNA/RNA
hybrids or RNA/RNA duplexes fail to stimulate ATP hydrolyd@&rquist & Wilson,
2009; Citteriocet al, 1998; Selby & Sancar, 1997¢CSB is also capable of binding to
different DNA substrates. CSB can bind tel§#tand 9ebp duplex DNAIn the absence
of ATP (Berquist & Wilson, 2009; Selby & Sancar, 19910SB can also form a stable
complex with doublestranded DNA containing a bubble structure and forked duplexes of
DNA/DNA, DNA/RNA and RNA/RNA (Berquist & Wilson, 2009) In agreement with
the notionthat CSB binds to DNA in the absence of ATP, mutations in the conserved
ATPase domain do not impactietinteraction between CSB and DN@itterio et al,

2000)

1.2.2 CSB binds to nucleic acids

When incubated withicked plasmid DNA, CSB induces a dge in the DNA
conformation detected as negative supercoil@itierio et al, 2000) This is independent
of its ATPase activity as CSB carryimgmuation in the ATPase domain also induces this

change. Analysis of scanning force microscopy suggfest CSB can wrap DNA when

6



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

incubated with singly nicked plasmid DNA and AlBeerenst al, 2005) Upon

addition of CSB and ATP to the DNA molecules, the contour length of the DNA
molecules decreases, likely due to DNA wrapping around thiteiprsurface of CSB.
Throughsinglemolecule fluorescence approaches, CSB is found to induce distortion in
the DNA andATP hydrolysis by CSB decreastss distortion in DNA. This agrees

with the idea that ATP hydrolysis by CSB results in the unwrappirDNA and

decreased distortidfLeeet al, 2017)

1.2.3 CSB exhibits in vitro chromatin remodelling activity

Several sidies have suggestétat CSB can remodel chromaimvitro. When

incubated withn vitro assembled mononucleosomes, CSB alters the DNasel accessibility
to the DNA(Citterioet al, 2000) This change was only seen in the presence of ATP and
was not observed when a CSB ATPase mutant was tested. To test if CSB can affect the
nucleosome spacing/structure in an array, chromatin was reconstitutedror fia$A

in vitro. When CSB isncubate with this substrate, thereasdetectable change in the
structure using micrococcal nuclease (MNase) digestion. In the presence of ATP,
addition of CSB alters the digestion pattesgen as a loss in the periodacing between
nucleosomg Addition of CSB thatarries a mutation in the ATPase domain does not
result in this alteration in digestion patteffhis supports the idea that CSB is an ATP
dependent chromatin remode{&itterio et al, 2000) Using coimmunoprecipitatiofCo-

IP) experimentsCSB can been seen to interact with all four of the core histone

component$ vivo (Citterio et al, 2000) Purified CSB islso capable of interacting with
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each of the histone components separately. This interaction is dependent on the presence
of the histoneails (Citterio et al, 2000) Given that histone tails are extensively

modified, it is possible that histone modifications may play a role in mioige

recruitment and chromatin remodeling activity of CSB.

Compared to other well characterizéaamatin remodelers, the remodeling
activity of CSB seemto be relatively weakChoet al, 2013; Cittericet al, 2000) ATP-
dependent chromatin remodelers are often part of large multisubunit complexes,-and non
catalytic subunits often enhance the specific activity of the ATPase motor. Recently it
has been shown that CSB interacts with the NAlRELhistone chaperones NAP1L1 and
NAP1L4 (Choet al, 2013) NAP1L1 or NAP1L4 greatly enhance the chromatin
remodeling activity of CSB while they do not remodetleosomes on their own. These
resultssuggests that CSB cooperates with these twortestbhaperones to achieve robust
and more efficient ATRlependent chromatin remodelling actii§hoet al, 2013; Lee
et al, 2017) In anin vitro assay, NAP1L1 decreases the binding of CSB to DNA and
promotes the dissociation of DNBound CSHLeeet al, 2017) suggesting that NAP1L1
may regulate CSB to help maintain dynamic G@3BA interactions within the cell and
decrease neproductive chromatin associations.

The oligomeric state of a chromatin remodeler can strongly influence the activity
of the protein. The SWI/SNF remodeler, a complex of multiple subunits, functions as a
monomer(Sahaet al, 2002; Smitret al, 2003) In contrastthe ACT remodeling complex
functions as a dimgRackiet al, 2009) Scanning force microscopy size measurements

of CSB bound to DNA indicatdhat CSB bind€o DNA as a dimeas theres a 1.6fold
8
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increase in CSB volum&hen incubated with DNABeerenst al, 2005) CoIP
experiments using FLA@agged and GFRagged CSB in the CSB deficiecgll line
CS1AN demonstratthat CSB dimerizem vivo. Gel filtration chromatography
experiments usingn vivo crosslinked cells were also colnicted to address the
oligomeric state of CSBChristianseret al, 2005) CSB cemigrates with a peak
corresponding to molecular weight of 360 kDa in addition & second peak with a much
large molecular mass. The dimerization of GSBidependent dONA or ATP, and
homodimerizatioroccursthrough the central ATPase domainterestingly, CSB only

seemdo be active as an ATPase when it is a di(fdwistianseret al, 2005)

1.2.4 ATP-independent functions of CSB

In additionto chromatin remodelling, CSB has also been reported to have other
biochemical functiong vitro. While the chromatin remodelling activity of CSB is
dependent upon ATP, CSB has Afrfdlependent roles in promoting SSDNA annealing
and strand exchangén vitro biochemical studies have revealed that @&Bnoteshe
annealing of homologous singdtranded DNA (ssDNA) 25old faster than that of
spontaneous annealifigluftuoglu et al, 2006) CSBalso promotestrand exchange
(Muftuoglu et al, 2006) Neither of these processes require ATP, in fact additiéT Bf
inhibits strand annealing. ATP binding may induce a conformational change in CSB that
inhibits its strand annealing activity. Interestingly, phosphorylation of CSB by CKIlI
inhibits ssDNA annealing while dephosphorylation by PP1 increases the ssDNA

amealing activity. hese findings suggest that pastnslation modification of CSB
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regulates its ssSDNA annealing activityuftuoglu et al, 2006) The importance of this
activity in the cell has not been shown yet, however it isiplesthat CSB may play a

role in the reannealing of DNA to promote the repair of transcriptballing lesions.

1.3 Role of Chromatin Remodelers in DNA repair

The genetic information of all living organisms is stored with DMAich is organized
into adynamic nucleoprotein complex called chromatin. Chromatin exists in a highly
concensed form and is made uprafcleosome eacltcontaining an octamer of histones
H2A, H2B, H3, and H4 wrapped dy@6bp of DNA, a linker DNA of ~80 band histone
H1. The inegrity of DNA isconstantly threatened by bathdogenous and exogenous
sources of damagédf not repairedDNA damage interferes with essential processes in
the cell such as transcription and replicatieading to genome instability, hallmarks of
cance and aging.

The highlycompacted chromatin structumits the ability of other proteins to
interact with DNA, therefore the chromatin structure needs teredeled to facilitate
the access of damage detection and repair proteins to DNA. Chronmatideleng
includesposttranslational modification of histones through the action of histone
modifying enzymesthe displacemenexchange and repositioh histones through the
action of ATRdependent chromatin remodeling complexes and histone chaperones.

ATP-dependenthromatinremodeling(ACR) complexes use the energy from
ATP hydrolysis to catalyze disruption of DNAistone contacts arab a result, they can

slide and evict nucleosoméSlapier & Cairns, 2009) There are four different
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structurally related families of these complexes: SWI/SNF (switching defective/sucrose
nonfermenting), INO8O0 (inositol requiring 80), CHD (chromodomain, helicase, DNA
binding) and ISWI (imitation switch). Each family is defineditsycharacteristic core
ATPase domain from the SWI2/SNF2 superfamily. Although there is some redundancy
between these complexes, most remodelers are essential for cellular growth,

development, or differentiation.

1.4 CSB and Nucleotide Excision Repai(NER)

14.1 NERT Global Genome Repair (GGR) vs. Transcripti@oupled repair (TCR)
Nucleotide excision repair (NER) isd sole DNA repair pathway responsible for the
removal of DNA lesions induced by ultraviolet (UV) radiation. The major lesions
inducedby UV are cyclobutengyrimidine dimers (CPD) and-4 pyrimidinepyrimidone
photgroducts (e4PP). There are two subpathways of NER, global genome NER (GG
NER) and transcriptiogoupled NER (TENER) (Figure 1.2) (Marteijnet al, 2014) In
the GGNER subpathway, the whole genomedarmed for distortions in the DNA helix
associated with structural changes to nucleotides, whil&lER is activated when RNA
polymerase Il (RNAPII) stalls during transcriptional elongation on a DNA lesion in the
template strand of actively transcribed gen

In the GGNER subpathway, the protein XPC is the main damage sensor and is
stabilized by its association with RAD23B and centrin 2 (CETN®sutaniet al, 1994;
Nishi et al, 2005) To promote CPD repair, the UYDB (ultraviolet radiatiorDNA
damagebinding protein) complex comprised of the two proteins DDB1 and DDB2,
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directly binds to the UMnduced lesions and functions as an auxiliary damage
recognition factor by promoting subsequent binding of XB&imaet al, 2008;
Wakasugiet al, 2002) Once XPC is bound to the DNA lesion, the TFIIH (transcription
initiation factor 1IH) complex is recruited by interaction with X#R&D23B (Araujo et
al, 2001; Evanet al, 1997a; Riedet al, 2003; Volkeret al, 2001; Yokoi, 200Q) This
complex consists of ten protein subumitsiuding two hdicase subunits, XPB and XPD.
XPB and XPDhave opposite polarities and extend the open DNA configuration around
the lesionlCompe & Egly, 2012; Evarst al, 1997b; Tapiast al, 2004) The TFIIH is
thought to unwind the damaged DNAubsequently, the protein XPA is recruited and
plays a role in verification of DNA damage as it can detect nucleotides with altered
chemical structures in ssDNamenisctlet al, 2006)
Thenext step in the repair process is strand incision and removal of the lesions.
Lesion excision is catalyzed by the structapecific endonucleases XHRCC1 and
XPG, which incise the damaged strand at sh
respectivey (Fagbemiet al, 2011) This excision leaves a gap of-2@ nucleotides
which can trigger a DNA damage signaling reaction. The sstgéamdbinding protein
RPA binds to and protects the ndamaged strand of DNA from endonucleases and
ensures that XRERCC1 and XPG specifically incise only the damaged stfaed_aat
et al, 1998) The 506 i nci si onfillingDNa syhtHesiscavennt t o i n
before the 36 incision is made. This may
that induce DNA damage signaling. The DNA g#iphg synthesis and ligation are

executed by the replication proteins proliferating nucleagent(PCNA), replication
12
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factor C (RFC), DNA Potl, DNA Pole, or DNA Polk, and DNA ligase 1 or XRCC1

DNA ligase 3(Moseret al, 2007; Ogiet al, 2010)
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The removal of UV¥induced lesions such as CPDs can be slow and ineffective,
and the persistence of CPDs interferes with replication and transcription elongation.
Long-term stalling of RNA polymerase and transcriptional arrest can trigger cell death
(Ljungman & Zhang, 1996) Therepair ofUV-induced DNAdamage occurs faster in

regionsthat are actively transcribetiie to the specialized subpathway-NER (Bohr et
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al, 1985 Mellon et al, 1986) In TGNER, RNA polymerasestalledon the DNA lesion
acts as @ indirectsignalto initiate and carry out NER.

Arrested RNAPII recruits the proteins CSA and CSB whichmaportant for the
recruitment of th& C-NER machinery to thezanscriptionblocking DNA lesion(Fousteri
et al, 2006) This includes the core NER factors and severaNER specific factors,
such as UVstimulatd scaffold protein A (UVSSA), ubiquitispecificprocessing
protease 7 (USP7XPA-binding protein 2 (XBA2) and high mobility group nucleoseme
binding domaircontaining protein 1 (HMGNJ1({Fousteriet al, 2006; Schwertmaet al,
2012) When RNAPII stalls, it covers an area of the transcribed strand which prevents
the NER incision machinery from accessing the lesion. Several models have been
proposed for the fate of stalled RNAPII includitrgnslocation, displacement or
degradation of RNAPII stalled at UMduced lesion$o allowaccess to repair proteins.

After treatment with UVradiation or ¢splatin, there is detectable ubiquityion
of RNAPII while little ubiquitylation is observed aftdareatment with hydrogen peroxide
or ionizing radiation (IRYBregmaret al, 1996) Ubiquitinationreaches maximal levels
severahours postJV and is no longer detectable t®16 hours later. While RNAPII
undergoes ubiquitination aftelV (Bregmanet al, 1996) degradation of RNAPII seems
to only occuras a last resort when TER is not functionalAnindyaet al, 2007) The
UV-arrested RIAPII is still in a complex with TENER factors, suggesting that it is not
removed/degraded but remains at the UV damage site during the early steps in repair
(Fousteriet al, 2006; Schwertmaet al, 2012) This suggests is likely thatRNAPII

backtracks upon encountering iMduced DNA lesions This backtracking would also
14
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provide transcriptional proofreading where any mismatches wouldténfiirther
backtracking and repaiigurdssoret al, 2010) Themechanism underlyindné

backtracking of RNAPII and assembly of the-NER complex igpoorly understood

1.4.2 Chromatin remodeling and NER

UV light is one of the most comon environmergl DNA damaging agents and most
DNA lesions induced by UV are repaired by NER. The importance of chromatin
remodeling for NER is clear from many experimaetgealingthat NER is more efient

on naked DNA than in chromatifthe chromatin structure, if not remodelémhitsthe
access oNER factors to DNA(Araki et al, 2000; Gonget al, 2005; Osleet al, 2007,
Sugasawat al, 1993) For example, the recognition of CPDs by XRBD23B is

inhibited when the lesion is present in a nucleosonvéro (Haraet al, 2000) In

addition, hunan NER complexes need a nucleosdme region of DNA of about 8000

bp to access artd efficiently excise UV photoproducts, highlighting the requirement for
transient disruption of one or more nucleosoiesgang & Sancar, 1994)UV damage
itself affectsthe chromatin and enhances unwrapmhgucleosomeéDuan & Smerdon,
2010) This enhanced ODNA breathingdé may
damage by the repair factors, which once bound might further unwrap the DNA.
mammals, sever@dTP-dependent chromatiemodelingcomplexes hee been

implicated in the npair of damage induced by UNadiationincluding SWI/SNF, INO80
andACF (Hara & Sancar, 2002, 2003; Jiagigal, 2010; Laret al, 2010; Sancheklolina

et al, 2011) One of them iISB, whichcontains a SWI2/SNF2 ATPase domaiDSBis
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able to remodel chromatin vitro in an ATRdependent mannéCitterio et al, 2000)
Whether and holLSB remodels chromatio promote TENER in vivohas not yet been

demonstrated.

1.4.3 Role of CSB in NER
CSB transiently interacts with elongating RNAPII and this interaction is stabilized after
induction of DNA damage by expasuto UV-radiation(Van Den Boonet al, 2004)
This findingsuggests that CSB plays an early role in damage sensing duriNg:RC
Using CSBdeficient cells, CSB ifound to beoneof the initial sensors of damage and is
essential for the recruitment of NER core factors TFIIH, XPA, XPG, XPF/ERCC1 and
RPA as well as CS/Fousteriet al, 2006)

A key characteristic of CS is cellular sensitivity to Wabiation as well as a
defect in the remvery of transcription afteexposure to UMWadiation Cells derived from
CS patients are defective in IER while they have no defect in G@EER (Venemaet
al, 1990; Van Hofferet al, 1993) An assay used to measure defectsilNTER i s 1 a
recovery of RNA synt,hblsokrnownaRRSfassayrRRY afteri r r a d i
exposure to UMrradiation can be assayed by pulse labeling the cells at different
timepoints after UV treatment with marked (radioactive or fluorescent) nucleotides
(Mayne & Lehmann, 1982)When RNAPII stalls at UMadiation indued lesions, there
is an overall decline in transcription. In normal cells transcription recovers over time,

however in TENER deficient cells, there is no transcriptional recovery.
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CS cells are also deficient in the selective removal\oinducedCPDsfrom the
transcribed strand of active genes compared to th@ranacribed stran(/an Hoffenet
al, 1993) In additionto strand preferenc&€SB alsoplays a rolein the removal of UV
inducedDNA damage in specific regions of a gene. In CS cafsair of U\tinduced
DNA damage is inefficient at the promotes well as the transcribed strand starting at nt
position +20 ad extending dowstream. Repair of WNhduced damage at sequences
surrounding the transcription initiation site is not defective in CS, sltpgesting that
CSB is dispensable for the repair of damage surrounding the transcription initiation site
(Tuet al, 1997)

CSB is a DNAdependent ATPasand its central ATPase domasnecessary for
its chromatin remodeling activifCitterio et al, 2000) Point mutations of conserved
residues within the CSB ATPademain impaitthe function of CSB in TONER,
sensitizing cells to UV radiaticand reducing the ability of CSB to promote
transcriptionakecovery(Broshet al, 1999; Cittericet al, 1998, 2000; Muftuoglet al,
2002) TheATPase activityof CSBis also important for the removal biV-induced
CPDs from theactively transcribed®HFR gene (Broshet al, 1999) These results
demonstrate that the chromatin remodeling activity of CSB is required for efficient TC
NER.

The imprtance of other regions of CSB in IMER has also been demonstrated.
Within the Nterminus of CSB, there is atidic stretb of residues. This region GISB
is dispenable forthe repair of UVinduced damag@Broshet al, 1999) Within the very

C-terminus of CSB, a ubiquitin binding domain (UBD) has recently been identifiee.
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UBD domain in CSB is important for repair of Ukduced darage as deletion of this
domain PUBD) sensitizes cells to UV radiatigAnindyaet al, 2010) Deletion of the
CSB UBDaffect neithertheassociation of CSB to sites of arrested RNA#RI TC-
NER complex assembbfter UV irradiation Cells expressing CSBUBD show a
reduced rate of UNtduced DNA lesion excisiqrsuggesng that the binding of CSB to
an unknown ubiquitylated partneray promotehe excision of transcription blocking

lesions induced by UVadiation(Anindyaet al, 2010)

1.4.4 Regulation of CSB in NER

As CSB is essential for TRER, it is important that the levahdtheactivity of CSB are
regulated within the cell. In urgated cells, CSB is localized to the nucleus of the cell but
is loosely bound to DNA and mostly solabl After exposure to UVadiation, CSB

becomes stably associated with the chrom&aasteriet al, 2006; Lakeet al, 2010)

Point mutations of conserved residues within the central ATPase domain compromise the
UV-induced chromatin association of C3iggesting that UNhduced chromatin
association of CSB dependent upon its ATPaseiwity. Deletion of the Nerminus of
CSB results in binding to chromatin in the absence of damage, while deletion ef the C
terminus of CSBabrogates its UNnduced chromatin associatioff hisfinding suggests

that the Nterminus of CSB negatively regudgtitsassociation with chromatiperhaps

by sequesteng the DNA-binding domain witin the Gterminus in untreated cel{sake

et al, 2010) After damage, this inhibition is relieved and CSB then stably binds to the
chromatinat the expense of ATP hydrolysis
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CSBis reported to undergo ubiquigition after UV and later be degraded. CSB
interactswith CSA which is a subunit afhe Cullin 4A (Cul4A) complexan E3 ubiquitin
ligase complex.Addition of CSA can stimulate thie vitro DNA-dependenfTPase
activity of CSB(Tantinet al, 1997) Mass spectrometry analysis of CSA purified by
tandem affinity purification rexaed an interaction with CS@ei & Chen, 2012) CSB
binds to GA at early stages of DNA repair following exposure to-tddiation. The
ligase activity of the CSA complex is upregulated after UV irradigi@noismanet al,
2003) and CSB idater removed from the CSA complex by proteasai@pendent
degradation at latetages(Groismanet al, 2006) Consistat with thisfinding, CSB
degradation at latemtiepoints after exposure to UV is dependent upon CSA, suggesting
that the main role of CSA is to remove CSB from DNA by degradation. CSB has also
been reported to be polyubiquitinated and degraded by BRE&1A/ (Wei et al,

2011) suggestinghatmultiple pathwaysnay regulate CSB stabiligfter UV irradiation.

The ubiquitinspecific protease 7 (USP7) and the recently identifiedNER
factor UVSSA (UVtstimulated scaffold protein A) form a complex together aag gl
role in the early steps of FRER. The UVSSA/USP7 complex travels along with
RNAPII, accumulates at damagtalled RNAPII and stabilizes the interaction between
RNAPII and CSB by counteracting the polyubiquitination of CSB and RN&FIl &

Chen, 2012; Schwertmaat al, 2012; Zhanget al, 2012) These findings suggest that-TC
NER involves a very extensive network of higihggulated ubiquitylation and

deubiquitylation events.
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In addition to ubiquitinationCSBalsoundergoes V-induced SUMOylatior{Sin
et al, 2016) This SUMOylation is mediated by SUMEbnjugating enzyme (E2), Ubc9.
The very Gterminus of CSB is important for this modification, however the modification
itsdf does na occur there. Insteg@UMOylationoccursat lysine 205 (K205which is
important for functional TENER (Sinet al, 2016) How SUMOylation of CSB regulates

its function in TGNER remains unlkaracterized

1.4.5 Relationship between CSB and p53 in UV response
Lack of CSBleads to an increase in apoptosis after UV treatrmdnth is dependent
upon itsATPase activityBalajeeet al, 2000) The tumor suppressor p53 is a master
regulatorof the transcriptional response to stress and plays a key role initigyger
senescence and apoptodiZSB interacts witlp53 (Wanget al, 1995)andthis interaction
is mediatedhrough the @erminus of p53 and the central ATPase domain of (8Re
et al, 2011) This interaction suggests that CSB and p53 function together in the response
to DNA damage.

p53 functions as a transcripii factor and binds to DNA in both a sequence
dependent and sequernoeependent manner. When CSB interacts with p53, it
sequesters the-terminus of p53, exposing the core domain and enhancing the sequence
independent DNA binding of p5Rakeet al, 2011) Reintroduction of CSB into CS
cells leads to increased pBBromatin associatiomnplying that CSB promotes

chromatin association of pFBakeet al, 2011) These results suggest that CSB promotes
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the sequencadependenbinding of p53 to chromatin to help p53 in scanning the
genome for damaged DNA or finding its target genes.

CSB competes for p53 binding with the-activator p30qFilippi et al, 2008)
CSB shows a higher affinity than p300 for interaction with p53, suggesting that CSB
negatively regulates the transcriptional activity of p53. In the absd@8B, there is
increased binding between p53 and p300, resulting in the stabilization of p53 and
activation of its target genes. This would then titrate away essential transcription factors
such as p300ndicatingthat CSBmay regulate p53 interactiavith other transcriptional
factors

In undamaged cellshe p53 level ikept low by constant polyubiquitylation by
the E3 ubiquitin ligase Mdm2, and subsequent proteasoetkated degradatiqFuchs
et al, 1998; Haupet al, 1997; Hondaet al, 1997; Kubbutaet al, 1997) Upon DNA
damage, p53 is phosphorylated on multiple residues. Phosphorylation of serine 15 by the
kinases ATM/ATR/DNAPK inhibits the interaction between p53 and Mdm2 and results
in stabilization(Shiehet al, 1997; Siliciancet al, 1997) Stabilized p53hen undergoes
other postranslational modifications (PTM) and binds to the promoters of a variety of
genes. This results in the induction of different transcriptional programbed in
cycle arrest, DNA repawr apoptosigBeckerman & Prives, 2010; Rodiet al, 2007)
CS cells show elevated and persistent levels of p53 before and after exposure to UV
damage and undergo high levels of apoptosis after DNA da(Batpgeeet al, 2000;
Laposeet al, 2007; Latiniet al, 2011) This increase in p53 is due to insufficient Mdm2

mediated ubiquitylation and degradation of gb&tini et al, 2011) It has been suggested
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thatCSB and CSAdroteins mayenhance the polyubiquitination and degradation of p53
in vitro andin vivo (Latini et al, 2011)

Together these results show that CSB and p53 function together in théeadl w
CSB regulates both the chromatin association of p53 as well as the protein stability before
and after damageélow this interaction between CSB and p53 might affect DNA repair is
not known, but it has been suggested that this interaction plays aradntgoie in
keeping the balance between cellular aging and cancer susceptiiityini & Proiettt
De-Santis, 2012) ThereforeCS cells which have elevated levels of pE8e unable to

maintain this balance and undergo high lewélapoptosis.

1.5 CSB and Base Excision Repair (BER)

151 BER pathway

Base excision repair (BER) is the repair pathway responsible for removal and correction
of small base lesions that do not significantly distort the DNA helix structure. This
damage usally results from deamination, oxidation, or methylation and can be caused by
endogenous sources as well as environmental chemicals, radiation, or treatment with
cytostatic drugs. The BER pathway requires four different types of enzymes: DNA
glycosylaseAP endonuclease (APE1), DNA polymerase and DNA ligaSgsi(e 1.3).

The BER pathway is initiated by one of at least 11 distinct DNA glycosylases
which each recognize different types of base darflRgbertsoret al, 2009) The DNA
glycosylase recognizes its specific damaged DNA base and causes a distortion of the
DNA helix resulting in thelfpping out of the damaged base from the DNA helix. It then
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catalyzes cleavage of thedlycosidic bond between the damaged base and the

deoxyribose sugar, removing the damaged base and creating an apurinic/apyrimidinic site
(AP site). The AP site is thebound by APEwhich cleaves the DNA backbone on the

56 side of the abasic deostrgndbrdabom mckipthe s phat
DNA (Hegdeet al, 2008) The synthesis step can then proceed in two separate ways,

short patch repair or long patch repair. In short patch repair, the repair polymerase Pol

can bind to the abasic site and use the intact, undamaged strand as a template for DNA
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Figure 1.3 Base excision repair pathway.This repair pathway is described within tl
text.
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synthesis, adding a single nucleotide. The remaining deoxyribose phosphate is cleaved

and removed by th -&e6xyribophosphatasetivity of Polb (Matsumoto & Kim, 1995;

Singhal & Wilson, 1993; Sobet al, 1996) In long patclrepair, one of the processive
polymerases, P@lorPoleadds up to 13 nucleotides to th
nucl eot i de (Dbdghottietfal, 2001 ;e-ortimiet @alkL998; Stucket al, 1998)

The 56 stretch of di s peéfiagendonunleaselFENKIM des i s
et al, 1998; Klungland & Lindahl, 1997)The final step of BER is ligation of the nicked

strand by DNA ligase I in complex with XRCCZXCaldecottet al, 1994; Kubotaet al,

2015; Weiet al, 1995) The protein PARR (Poly (ADRribose) polymerasé) also

promotes repair by binding to the singlieand break interntéate and enhances the

recruitment of Pob and XRCC1DNA ligase llla (El-Khamisyet al, 2003; Lepparet

al, 2003; Prasadt al, 2001)

1.5.3 Chromatin remodeling and BER

Similar to NER, repair of base damage by BER is facilitated by chromatin remodeling.
Usingin vitro assemblediucleosome core particles (NCPs) with different base lesions as
templates for repair, each step of BER is negatively impacted by the presence of histones
(Beardet al, 2003; Coleet al, 2010; Hinzet al, 2010; Odelkt al, 2010, 2013; Rodriguez

& Smerdon, 2013) This inhibition is mainly due to decreased access of the repair

proteins to their respective lesions. As BERuws efficiently in cells, the results from

thein vitro experiments confirm that chromatin rearrangement occurs at DNA damage

sitesin vivo. Addition of ATP-dependent chromatin remodeli(ACR) complexes can
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facilitate the removal of lesions in nucleoses vitro (Menoniet al, 2007, 2012b;
Nakanishiet al, 2007) These findings show that ACR complexes can reinode
nucleosomes in the presence of recombinant BER proteins, which then have increased
activity on their otherwise difficulaccesgo substrates. The bulky DNA adducts repaired
by NER are helixdistorting and enhance the unwrapping of the nucleosometiimgithe
process of DNA accessibiliffpuan & Smerdon, 2010)This means that NER factors can
bind without significant intervention of other factors. This is contrary to the base
modifications recognized by BER/hich generally cause minimal disruptiontb@ DNA

helix or the nucleosome structyRodriguez & Smerdon, 201,33uggesting that any
increase in exposure of the lesions to repair protemsd require the help of
nucleosomalisrupting activity. Contrary to NER, there have been no reported
interactions between BER proteins and ACR complexes. While ACR complexes clearly
promote BER activity, it is unclear if this is due to activity of AG#nplexes directly at

the DNA lesions or if this is simply a combination of promoting expression of BER genes
and increased opportunities for binding in open chromatin. Any process that regulates

BER plays a role in genomic maintenance, mutagenesisgamgl a

153 Role of CSB inBER

Accumulation of unrepaired oxidative damage in either nuclear or mitochondrial DNA
observed in CS cell®Balabaret al, 2005; Fukui & Moraes, 2008; Gredilla, 2016puld

in part account for the prominent degeneration symptoms seen in CS patients. CSB has

been reported to interact phgaily and functionally with several different proteins that
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are known to be involved in the BER pathw&amannet al, 2013; Fan & Lake, 2013;
Khobta & Epe, 2013)suggesting that CSB participaieBER.

Nuclear OGG1 was the first BER protein which was found in complex with CSB.
OGG1 s the main DNA glycosylase thiatresponsible for the excisiafithe DNA base
damageB-oxoG @-hydroxyguaning (Klungland & Bjelland, 2007) Extracts fromCS
cells are defective in the excisioh8-0xoG (Dianovet al, 1999) There isno defect of
uracil or thymidine glycol excision activity in Glls, suggesting that CSays a role
in the removal of only certain pgs of basedamage.Indeed, his defect in the excision of
8-oxoGhas beemeported by several other groups as (&élzeret al, 2002; Tucet al,

2001, 2002a) The level of hOGG1 mRNA is decreased in CS cells compared to normal
cells, suggesting that CSB promotes rep&B-oxoG at least in part by regulating the
expression of OGG(Dianovet al, 1999; Tuoet al, 2002a) The ATPase activity of CSB
is not required for removal of8o0G asCSB ATPase mutants defective in ATPase
activity are still capable of processiBgxoG (Selzeret al, 2002; Tucet al, 2001)
Following g-radiation, therés a significant increase in the levels eO8-dGuo(8-
hydroxy-26-deoxyguanosineand 8 OH-dAdo (8hydroxy-2 -@eoxyadenosinah the
genome of CS cells compared to normal gdllso et al, 2001, 2002b, 2003%uggesting
that the role oCSB in BER extends beyondfecting the expressioof OGGL1 as this
enzyme does not exciseo®0A (8-hydroxyadenine) The mechanism by which CSB
participates in the raoval of 8oxoG in nuclear DNA remains unknow@SB may

promote 80xoG removal by directly contributirtg the activity of OGG1 as when t=l
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are depleted of CSB with a specific antibody against CSB, there was a decrease in
excision of 80xoG (Tuoet al, 2002a)

CSB also interacts with other DNA glycosylases. NEIL1 is responfsibtae
excision of formamidopyrimidines (Fafy and FapyA) which are another class of base
modification induced by oxidative damag¢u et al, 2005) CSB and NEIL1 interact
with each other and colocalize in the cell. CSB promotes excision activity of NEIL1
towards FapyG and Fay-A lesions(Muftuoglu et al, 2009) CSB also interacts with
NEIL2 (Aamannet al, 2014) which is a DNA glycosylase responsible for the excision of
oxidation products of cytosine includinghfydroxyuracil 6-OH-U) (Dou et al, 2003)

CSB promotes thim vitro incision activity of NEIL2 against FapyA lesions as well as its
more classical substrafeOH-U when present in a bubble strue@amannet al,
2014) After oxidative stress, CSB and NEIL2 colocalize in the cell.

CSB also interacts with thagpurinic/apyrimidinic (AP) endodeoxyribonuclease
APEZ1, which isresponsible for theepair of AP sites bymcisiona t  t-side oftthied
lesion. ELISA and CelP experiments demonstrate that CSB interacts with AREIng
et al, 2007) CSBpromoteghe incision activity of APE1 in an AFRdependent
manner, and this more pronounced@hen the AP site veapresent in a DNA bubble,
which mimics a DNA trascription intermediate, thaim the fully paired AP duplex which
is the classical BER substrat€hese results sugge#itat CSB may preferentially
stimulate APE1 activity itranscriptionally active regionsThere is no significant
accumulation of AP g#ts in the genome of CS cells compared to normal cells and the

incision activity of whole cell extractsdm CS cells towards AP sitesaso normal
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(Wonget al, 2007) These results suggest that CSB does not play a key role in global
genome repair of abasic lesior@n the other handhé imporance ofCSB interaction
with APEL1 isunderscoretby the sensitivity of CS cells tmethyl methanesulfonate
(MMS), which is known to generate high levels of AP s{i&®nget al, 2007; Wyatt &
Pittman, 2006)

CSB alsanteracs with the poly(ADRribose) polymeaisel (PARP1)Thorslund
et al, 2005) PARPL1 is an enzyme that immediately binds to free sstgdad breaks
(SSB) in DNA which can be generated as an intermediate during B&E&r bindng to
the SSB, PARP1 modifies various proteins by poly(Afiif®syl)ation as well as itself
and promotes DNA synthesis and ligatidPARP1 interacts with and poly(ADP
ribosyl)ates several key factors of the BER pathway including OGG1, XRCCHh, Pol
DNA ligase Il and PCNA, suggesting that it requRBER (Dantzeret al, 2000; Frouin
et al, 2003; Lepparet al, 2003; Massomet al, 1998; Noren Hooteat al, 2011) CSB
binds to both inactive (unmodified) aadtive (modified) PARP1 and itsteractionwith
PARP1not affected by oxidative stre€Bhorslundet al, 2005) CSB interacts with
PARP1 via itaN-terminus (amino acids 8341), whichis alsopoly(ADP-ribosyl)ated
PARP1 after oxidative stres3 hepoly(ADP-ribosyl)ation of CSB inhibits itg vitro
DNA-dependent ATPase activifyhorslundet al, 2005) The CSB/PARP1 complex
relocates to sites of DNA damage in the cell aftedatxve stresgThorslundet al, 2005)
How the poly(ADRribosyl)ation of CSB affects its own activity and function in the cells

remains unclear. However, as both proteins are involvedNik i2pair, chromatin
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remodeling and transcriptidide Voset al, 2012; Stevnsneat al, 20(B), it is possible
that CSB and PARP1 mayriction togetheto regulate repaiof DNA damage

In addition to interacting with proteins involved in BER, CSB is also recruited to
sites of oxidative damad®&lenoniet al, 2012a) Using a laseassisted procedure to
locally inflict oxidative DNA lesions, CSB is found to accumulate at the sitesnohde.
CSB is recruited quickly after induction of oxidative damamgeichprecedes the
recruitment of OGG1. Knockdown of OGGL1 did not affect the recruitment of CSB,
suggesting the CSB is recruited bp80G and not by repair intermediates. CSB remains
at the sites of oxidative damage for several hours, which is in agreement with the reported
BER kinetics of oxidative damadg@mourouxet al, 2010;Will et al, 1999) These
findings suggedhat CSB binds to-8xoG and not other types of damage induced by the
laser. Though CSB accumulates on oxidative damage, none of the core NER factors
downstream of CSB show significant accumulation. This @éurgluggests that CSB plays

a role in BER outside of its role in NER.

1.5.4 Regulation of CSB in BER

The function of CSB in BER is regulated by ptrsinslational modificationMass
spectrometry analysis of CSilentified that CSB is ubiqtylated onlysine 991(K991)

in untreated cellfRaneset al, 2016) K991 is located just outside of the core ATPase
domain and is highly conserved in CSB orthologudsitatingthis site (K991R) does not
affect the DNAdependent ATPase activiby CSBor its function in TENER. On the

other hand, ells expressing the K991R mutant are sensitive to oxidative damage. A
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similar sensitivity to oxidative damage was seeoelfs expressing CSBUBD (Raneset
al, 2016)which is deficient in TENER (Anindyaet al, 2010) Ubiquitylation of K991 is
unaffected after exposure to Lhddiation but induced after oxidative damage. The
K991R and CSEBDUBD mutants are both capable of accumulating at sites of oxidative
damaye comparable to WT, however they both faitlissociate in a timely manner.
These results suggdbat ubiquitylaton of K991 and the UBD of CSB anet required

for its recruitment to oxidative damage but aexessary dissociation from the sife
oxidativedamage.The mutation K991R is the first separatiofifunction mutation of
CSB as it is not important for UV, but is important for oxidatieenageepair.

CSB isreported to interact with the naaceptor protein tyrosine kinaseAbl
(Imamet al, 2007) The kinasec-Abl is activated upon genotoxic and oxidative stress.
Similar to PARP1, this interaction is mediated through tiermhinus of CSB. CSB is
phosphoylated by eAbl at tyrosine 82 after treatment with hydrogen peroxide to induce
oxidative damage, antis phosphorylation alters the localization SEin the nucleus
and nucleolus These results suggest thaiogphorylation of CSB by-Abl may regulate
the recruitmenbf CSB in esponse to oxidative stress. As this phosphorylation site is
within the ATPase domain of CSB,streasonabléo speculate that &bl mediated
phosphorylation of CSB may regulate its ATPase activity, however this has not been
addressed.

Together, CSB imracts with and promotes the function of several different
proteins known to have iportant rolesn the BER pathway. Based on the multiple

interactions, it is likely that at least part of the phlgpe observed in CS patientsdige to
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the lack of thesinteractions. It remains tee seen if CSB plays a role in BER on the

whole genome scale or just a subtype.

1.6 Role of CSB in Transcription

In addition to its role in tramsiption-coupled repair, CSB alggays a role in general
transcription. CSB eficient cells have reducd&NA synthesigBalajeeet al, 1997; van
Goolet al, 1997)and CSB can stimulateanscription elongatiom vitro (Selby &
Sancar, 1997; Van der Hosstal, 1997; ProiettDe-Santiset al, 2006) CSBis reported
to interact with several different factors which are known to be involved in transcription.
Using CcelP, CSB is foundn a complex with RNApolymerase (RNAPI)
(Bradsheret al, 2002; Yuaret al, 2007) Using anion exchang&matography, CSB
and RNAPI ardound in the same fraction. Using immunofluorescditieg CSB is
enriched inte nucleolus along with RNAPTFIIH, XPG and TIF1B, supporting the
notionthat thesarein a complex togethgBradshelet al, 2002) A direct interaction
between RNAPand CSB has yet to be demonstrated. CSB along with TFIIH premote
thetranscription of - DNA by RNAPIn vitro (Bradshelet al, 2002) The rate of rDNA
synthesis isignificantly lower inCS cels as well as in cells depleted for CSB by using
shRNA or siRNA(Yuanet al, 2007) An ATPasedeficient mutant of CSB unable to
promote rRNA transcription, suggestitizgat the ATPase activity of CSB is required for
the activation of RNAPI transcription.
The transcription of rRNA is regulated largely by chromatin remodeling and

epigenetic modifications, some of whiale controlled by CSBMcStay & Grummt,
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2008) CSBinteracswith the histone methyl transferase (HMT) G9a, which methylates
lysine 9 of histone H3 (H3K9me). This modification along with the binding of
heterochromatin protein 1 gamma (HjPare required for rRNA synthesis initiation and
elongation(Yuanet al, 2007) CSB promoteH3K9me by G9a in an ATPase dependent
manner, suggesting that CSB may remodel the chromapirotoote hétone methylation
(Yuanet al, 2007) Another important epigenetic mark that regulates rRNA synthesis is
DNA methylaton of the rDNA promoter, however no association between CSB and
DNA methylation has been reportésichmitzet al, 2009)

CSB is associated with activating and repireg complexes in the nucleolus. The
rDNA genes can be separated into three different categories: silenced, active and poised
genegXie et al, 2012) Silent genes contain methylated CpGs in the promoters and
heterochromatic histormaarks that & mediated by the nucleolar remodelignplex
(NoRC). The heterochromatic nature loé$e silent genes restricts Heeess of
transcriptional machinery. Active genes contain euchromatic structure with unmethylated
promoters where CSB, RNAPI and G9a imeruited and are actively transcrib@de et
al, 2012) Poised genes are silent genes but are ready to be actiVaesk poised genes
arereguldaed by the nucleosome remodeling aeacktylation (NURD) complex, and
these genes contain bothicBromatic and heterochromatic marks. Components of the
preinitiation complex UBF and SL1 are also found at these genes, but not RNABt
al, 2012) CSB interactsvith the NuRD complex to remodel the chromatin and activate

these poised genaflowing for recruitment of RNAPI and transcriptiQXie et al, 2012)
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Severakeports have shown that C@Bointeracts with RNA polymerase II
(RNAPII). One study shows that RNAPII interacts with C&Bhigh concentrationsf
salt, and the intaction iSDNA-independenas it isnot dfectedby the presence of
ethidium bromidgvan Goolet al, 1997) In contrast, a sepate study using G&P
showed that CSB onlpteracts with RNAPII aa lower concentration &falt(Bradsheret
al, 2002) This shows that the interaction between CSB and RNAPII may be sensitive to
experimental differensdn immunoprecipitatiorprotocol. Immunoprecipitated CSid
its associated proteins arapable obupporting transcription in an vitro assay when
RNAPII is omitted, further demonstrating that CSB is associatedaetilte RNAPII
(Van Den Boorret al, 2004) In addition to RNAII, CSBis foundin a complex with
XPB and XPD, bottof which are subunits of TFIIKBradsheret al, 2002) CSB is also
important for the recruitment of RNAPII and XPB to chromatin after(Bdusteriet al,
2006) EMSA &periments with purified CSB demonstrétat CSB and TFIIH bind to
stalled RNAPII. The binding of TFIIH to RNAPIIS dependent upon CSB, suggesting
that CSB mediates this interactiffantinet al, 1997) One study has suggested that
CSB also interacts with Tl and XPA(Selby & Sancar, 1997)TFIIE promotes
initiation of RNA synthesis together with TFlltdnd CSB is pulled down with34, a
subunit of TFIIE

Given that CSB interacts with seaécomponents of the transcriptional
machinery, researchers have addresSESB regulates transcription on a genomic level.
Using microarray analysis, its was observed that CSB significantly regulates the

expression of 112 genes out of the 6912 genalyzad after oxidative stress, suggesting
33



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

that CSB regulates the expression of certain géfsg et al, 2003) After UV-

radiation, loss of CSB leads to a decrease in recruitment of RNAPII and its associated
transcription factors, even to the promotersarhe undamaged gen@soiettiDe-Santis

et al, 2006) Each of these studies look at the effed€8B after damage, however they

did not clearly address if CSB regulates transcription in undamaged cells. Microarray
analysis of CSB deficient and complemented cells revealed that that loss of CSB results
in significant changes in gene expression inaihgence of external strgddewmanet al,

2006) Genes down regulated by CSB include a number of tumor suppressors, growth
inhibitors and inflammatory mediators, while genes upregulated by CSB vary more so in
function and includ oxidative metabolism, proliferation, cell cycle progression, neuronal
survival, the immune response, DNA repair, RNA processing and drug resistance
(Newmanet al, 2006) Many of the genes regulated by CSB overlap with gatare
regulated by histone deacetylase (HDAC) inhibitors, suggesting that loss of CSB
phenocopies treatment with a chromatisrupting agent. There was also significantly
overlap between genes supressed by CSB and PARP1, promoting the idea that CSB and
PARP1 function outside of BER to regulate transcription. CSB did not seem to affect the
expression of any acetyltransferases or methyltransferases, suggesting that CSB has a
direct role in regulating chromatin modification. Finally, many genes regulst€$B

are also regulated in models of human aging, implying that CS is a true progeria as the

clinical symptoms of CS suggest.
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1.7 Telomeres

1.7.1 Telomere structure and function

Telomeres are nucleoprotein complexes found at theddidear elkaryotic

chromosomes. Telomeri2NA consiss of short, doublstranded an-rich tandem

repeatgfPalm & de Lange, 2008)The sequere of the repeats varies amaspgcies

(Louis & Vershinin, 2005)with mammaliartelomere repeats beidg AGGG (Meyneet

al, 1989; Moyziset al, 1988) The TTAGGG r@eat containing strand is known as the

Ag&@ich strandodo, and the complementary CCCTA
ri ch st r an dtélomere [Erfgth vades amodiffgrent species. In humans, the

average length at birth is about-18 kilobase (kb) pairs, and the length decreases with

age(de Langeet al, 1990; Harleyet al, 1990)

The end of the telomere is not bltarided, but consists ofssngle stranded
protrusionofthe@ i ch strand which i s (FHgetdledgr ed t o a
(Greider & Blackburn, 1985; Makaraat al, 1997; McElligott & Wellinger, 1997) This
overhang is the result of Apollo nucleastidty at the leading strand erf8feir et al,

2005; Wuet al, 2010, 2012) Both strands are then furth@ocessed by the resection

activity of EXO1(Sfeiret al, 2005; Wuet al, 2012) The 30 overhang of
telomeres can vary between-500 nucleotide¢Palm & de Lange, 2008)Electron
microscopyanalysishas shown that mouse and human telomeres are orgariized in

large duplex lariat structure called thieop (Palm & de Lange, 2008; Griffitat al,

1999; Greider, 1999)T-loops are thoughttoeb f or med by t he i nvasi ol

overhang into the doublgtranded telomeric DNA where it forms complementary base
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pairing with the Grich strand Griffith et al, 1999; Greider, 1999)The point of invasion
in the double stranded DNA is called thddop (Figure 1.439. T-loops arghought to
help protect chromosome ends and have been proposed to be the soli#problem
of telomere protection. The size of thledp is variable but this does not seem to have
any relevance towards its functi@dalm & de Lange, 2008)

Each time a celleplicatesthey make a copy of the genome, ensuring that each
daughter cell has one complete copy of the genome. The genomes of eukaryotes are
organized in linear chromosomes and this poses a problem for DNA replication at
chromosomes ends. This is referred to as thegpictation problen{Olovnikov, 1973;
Watson, 1972) DNA polymerases synthesi ze&8 6DNA fr
direction, so the lagging strand DNA must be synthesized in many small fragments called
Okazaki fragments. DNA polymerase requiaes-QHgroup as a start for the addition
of nucleotides, so during lagging strand synthesis they use a short RNA primer for each
Okazaki fragment. These RNA primers are eventually removed, degraded and replaced
by DNA. The last RNA primer of the laggjrstrand cannot be replaced by DNA
polymerase afterit s r e mov e d &4$ availalder €his resultsinahe grédual
shortening of chromosonmendswith each cell division in the absenceanfytelomere
extensiommechanisms An additional causeof progressive telomere shortening is
exonucleolytdd e gr adat i on whi ch dHufframedal 2080) Thike 306 o0
produces an overhang that results in a lack of templabegdilve next leading strand
synthesigLingneret al, 1995; Palm & dé.ange, 2008) After every round of replication,

there is loss at the ends of the chromosome, resulting in progressive shortening of the
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chromosome. The presence of telomeres at the chromosome ends acts as a buffer so that
no vital coding DNA is lost wit this shortening, but instead the telomeres shavin

each cell division

1.7.2 The Shelterin complex

The shelterin complex is a spubunit protein complex thainds to the TTAGGG
repeats found in mammalian telomeric DXtRe Lange, 2005; Liet al, 2004a)Figure
1.4b). Shelterin plays an important raiet only protecting chroosome ends from being
recognized as DNA breaksit alsoregulatingtelomerasemediated telomere length
mainenances well as alternative lengthening of telomeres (A(dE) Lange, 2005; Palm
& de Lange, 2008) The conponents of the shelterin complex are as folloWRE1
(telomeric repeat binding factor MRF2 telomeric repeat bindingttor 2), POT1
(protection of élomeres 1), TINZTRF2 and TRF1interacting Nuclear protein 2), RAP
(human ortholog of the yeast Rressor/Activator Protein 1), and TP@drmerly known
as TINT1/PTOP/PIP1)Palm & de Lange, 2008)The whole shelterin complex is
localized to the telomeres via TRF1, TRF2 and PQwich each bind to telomeric DNA
repeats.

TRF1 and TRF2 bothibd to doublestranded telomeric DNA. They share a
common domain structure consisting of the TRF homology (TRFH) domain and a C
terminal SANT/Myb DNAbinding domain(Broccoliet al, 1997; Chonget al, 1995)

They differ in their Ntermini, where TRF1 contains an acidic domain and TRF2 contains

a basic domain. TRF1 and TRE@chhomodimerizeéhough thé respectiveTRFH
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Figure 1.4. Structure and composition of human telomeres(a) The higher order t
loop and Dloop structure of telomeres described further in text. Reproduced Raim
& de Lange, 2008) (b) Human telomeres amgade of up three components: telomer
DNA, the shelterin complex and the telomerase complex. Reproduced from
(Maciejowski & de Lange, 201%ith permission from Nature Publishing Group
(Licence:4147361431463

domain and bind DNA as homodiméBianchiet al, 1997; Courtt al, 2005; Fairalket

al, 2001; Hanaoka & Nagadoi, 2005;9Kikawaet al, 2001) TRF1 and TRF2 can act as
architectural factors, changing the higloeder structure of telomeric DNA. The two

Myb domains of a TRF1 dimer can bind at a distance or on two different molecules and
in different orientationgBianchiet al, 1999; Griffithet al, 1998) TRF1is found toform
loops andoair stretches of telomeric DNA whereBRF2 carpromoteT-loop formation

when provided with the appropriate telomeric subsi{i@téfith et al, 1999; Stansedt al,

2001) The TRFH domain also contains a peptide docking sibeigih whichTRF1 and

38



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

TRF2recruit other proteins to telomeres. The motif F/YXLXP on target proteins is critical
for the recognition by the TRFH domgi@henet al, 2008c) AlthoughTRF1 and TRF2
share aighly homologousTRFH domainthey cannot form heterodimers and recognize
different target proteinPalm & de Lange, 2008; €het al, 2008c) Both TRF1 and
TRF2 undergo variougosttranslational modificatiofWalker & Zhu, 2012)which in
turn regulate their telomeric DNA binding activity, cellular localiaatand stability.

Overexpression of TRF1 leads to telomere shortening, while depletion of TRF1
results in telomerasmediated telomere elongati¢Ancelin et al, 2002; McKerlie &
Zhu, 2011; McKerlieet al, 2013; Smogorzewskat al, 2000; van Steensel & de Lange,
1997) Thesefindings suggesthat TRF1acts as a negative regulator of telomerase
dependent telomere length maintenan€®F2 is best known for its role in telomere
protection which is dependent upon the ATamnd p53mediated DNA damage response
(Ancdin et al, 2002; Karlsedeet al, 1999; van Steensel & de Lange, 1997; ghal,
2000) Lossof TRF2 or overgpression of a TRF2 mutant thannot be recruited to
telomeres promotes telomere eeknd fusions which is dependent upon-on
homologous engbining (NHEJ)(Celli & de Lange, 2005; Van Steenstlal, 1998;
Smogorzewskat al, 2002) Owerexpression of TRF2 lackirtge N-terminal basic
doman results in telomere loss thatdependent on homologous recombina{Mianget
al, 2004) These findings revedhat TRF2 functions tgrotecttelomere ends from being
recognized as DNA double strand breaks.

RAPL is an important but poorly understood componetth@fhelterin complex.

RAP1L binds TRF2 and is dependent on TRFZtlocalization to the telomeres
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RAP1 lacks DNAbinding activity(Li et al, 2000a; Li & de Lange, 2003)TIN2 is found

in the center of the shelterin complex and can bind TRF1, TRF2 and TPP1, serving as a
bridge to bring the different shelterin components togdtien et al, 1999b, 2004; Yet

al, 2004a) TIN2 recruits TPP1 and POTL1 to the shelterin complex. TPP1 connects
POT1 with TIN2whichis thought to be the mapathwayto recruit POT1o telomeres
(Hockemeyeet al, 2007; Liuet al, 2004b; Yeet al, 2004b) POT1 contains two OB

folds thatrecognize and bind to singiranded telomeric DNABaumann & Cech, 2001,

Lei et al, 2004; Loayzat al, 2004) The binding of POT1 to the sing&randed

telomeric DNA promotes the protection of the telomere ends from nucleolytic

degradatior{fHockemeyeet al, 2005; Leiet al, 2004; Yanget al, 2005)

1.7.3 Telomere lengthening and Telomerase

Telomerase is a ribonucleoprotein composed of two components, a RNA component

called hTR or hTERC in humans and a reverse tranasggirotein component called

hTERT in humangFigure 1.4b) (Fenget al, 1995; Greider & Blackburn, 1989; Lingner

et al, 1997; Nakamurat al, 1997; Shippethentz & Blackburn, 1990) Telomerase is

active in cells with extended proliferative potential such as germ cells or committed
progenitor cells. Telomerase synthesizes one strand of the telomeric DNA by using its
RNA component as a t-edmpverbangsSreides & Blackblemy d t h e
1989; ShippefiLentz & Blackburn, 1990; Kellehat al, 2002; Autexier & Lue, 2006)

Synthesis of the coptementaryC-strand occugthrough lagging strand synthesis by

DNA polymerasea and the CST (CTGBTN1-TEN1) complexDai et al, 2010; Huang
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et al, 2012; Kasbelet al, 2013; Miyakeet al, 2009; Surovtsevat al, 2009; Wanget al,
2012; Wuet al, 2012) The addition of telomeric DNA by telomerase helps with the end
replication problem and nuclease act{@vellingeret al, 1996)and helpgreventthe
chromosome ends from being recognized as DNA daitregagnaet al, 2003; Takaet
al, 2003; Zouet al, 2004)

The average telometength of telomeraspositive cells is kept within a narrow
speciesspecific rangéLejnineet al, 1995) indicatingthat telomere length maintenance
is highly regulated. The maintenance of telomere length is a balancing act between
telomerase and proteins thand telomeric DNA(Chan & Blackburn, 2004; Marcared
al, 1997) Components of #hshelterin complex are found to regulate the access of
telomerase to the ends of the telomere both positively and negafifeB1 interacts
with the hTERT subunit and recruits it to the telomeres during S phase when replication
occurs(Abreuet al, 2010; Latrick & Cech, 2010; Nandakuredral, 2012; Wanget al,
2007b; Zhonget al, 2012) On the other hand,RF1 along with TINZestricts
telomerase access to the ends of telomegss|ting in an inhibition of temerase
dependent telomere elongati@incelin et al, 2002; Broccolet al, 1997; de Lange, 2005;
Loayza & de Lange, 2003; Okamatbal, 2008; Smogorzewsket al, 2000; Takaet al,
2010; van Steensel & de Lange, 199Tklomere length and the abundance of telomere
bound shelterin complexes may work as a feedback loop in preventing excessive
el ongation of the tel omeres. The O6iprotein

this observation, suggesting that the more TRF1 and R@€bundto telomeresthe
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stronger telomerasmediated telomere elongationimhibited (Loayza & de Lange, 2003;

Marcandet al, 1997; van Steensel & de Lange, 1997)

1.7.4 Telomere chromatin structure

Similar to the rest of the genommammaliartelomeres are organized in hucleosomal
chromatin(Pisancet al, 2008; Tommerupt al, 1994) Longtelomeres are orgaed irto
closely spaced nucleosomal arrays where the nucleosomes are separated by DNA linkers
about 40 bp shorter than in bulk DNRajkuset al, 1995; Lejnineet al, 1995; Makarov

et al, 1993; Tommerupt al, 1994) Shorttelomeres are organizedaran unusual

chromatin structure asvidenced by a more diffuseicrococcal nuclease (MNase)

digestion pattern threthat oflong telomeregTommerupet al, 1994) Intrinsic features

such as DIA flexibility and stiffness can influencéé wrapping of DNA around the

histone octamegfAnselmiet al, 2000; Filesiet al, 2000) It has been suggested that
telomeric INAs may require more energy thganomic DNA to wind around the histone
octamer(Fajkuset al, 1995; Pisanet al, 2008) In agreement witthis, in vitro

reconstitution studies shatlvat telomeric DNAs form the least stable nucleosomes
compared to all DNA sequences studied sq¢@arcchioneet al, 1997; Filesket al, 2000;
Rossettiet al, 1998) Components of thehelterin complex are reportenldffect

telomere nucleosome structure. TRF1 can promote the sliding of the nucleosome toward
adjacent sequencéBisancet al, 2010) while TRF2 can induce compaction ofiarvitro
assemblediucleosome arrafBakeret al, 2011) When ATRdependent chromatin

remodelers are added, TRF2 causes an increase in telomeric nucleosomal(§adaing
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et al, 2006) The difiering roles of TRF1 and TRF2 attae to the differences in their N
termini (Pouletet al, 2012)

Histone postranslational modifictkons play a key role in influencing reb
cellular processes. Ddfert modifications have been fouadsociated with telomeric
regions, and wéous factorgnfluence the organization of telomeric chromatin. Telomere
chromatin is generally considereddce fihet er ochr omati c, 06 based
yeast androsophilatelomeres. These studies have shown that establishment of a
heterochromatic state titetelomere and subtelomere is essential for the protection of
chromosome end$hore, 2001; Raffat al, 2011) YeastRapl recruits the Sir complex
to telomereswhich is essentidbr the formaibn of a heterochromatic state that spreads
to the subtelomere region, repressimgmes next to the telomef®ttavianiet al, 2008)
Drosophilatelomeres are enriched in trimethylation of lysine 9 of histone H3
(H3K9me3), whichs recognized by heterochromatin protein 1 (HEEBntiet al, 1998)
HP1 is an essential factor for the protectio®adsophilatelomeres and for the spreading
of heterochomatin(Schottaet al, 2002)

In mouse cellsschromatinimmunoprecipitationChlP) analysisreveals thaboth
telomers and subtelomeres are enrichedheterochromatic marks includittBK9me3
and H4K20me3, and hypoacetylation of H3 and(Blasco, 2007) The epigenetic state
of telomersis regulated ® telomere lengthln telomease deficient mice with short
telomereslevels of H3K9me3 and H4K20meBedecreased whersevelsof H3 and
H4 acetylatiorare increase(Benettietal, 2007) Thesdindings suggedhat as

telomeres shorten, thereadoss of heterochromatic marleading to a more open
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chromatin state Establishment of a heterochromatic region is important for the structural
integrity of mouse telomeres as dalatof HMTases result in telomere instability and
altered telomere leng{l@GarciaCaoet al, 2003; Blascet al, 2005; Gonzalet al, 2006)
Theepigenetic state of telomeres in human cells is less clear. aBhliAsis
suggesthat the levels of heterochromatic marks such as H3K9me3, H4K20me3, and
H3K27me3 are low at telomeres in human fibrobl@s@ 6 S u et Ali2018) Nn another
study, H3K9me3 was underrepresented at telomeres but enriched at subtelomeres
(Rosenfelcket al, 2009) A genomewide analysis of severalfterent human cell lines
reveals that H3K9me3 ienriched at telomeric DNA as well as other repetitive sequences
(Ernstet al, 2011) Evidence fothe establishmerof a heterochromatin state at
telomeresin humansomes from studies analyzing the effecBRT6 depletion. SIRT6
is a NAD-dependent histone deacetylase that specifically removes acetyl residues from
H3K9 (Michishitaet al, 2008)and H3K56(Michishitaet al, 2009) SIRT6 associates
with telomeres in $hase where is deacetylates histone H3. Depleti@&Rf6leads to
hyperacetylation of H3K9 and H3K5&lomere fusions and premature senescence
(Michishitaet al, 2008) These data suggest thterotiromatic marks such as histone

hypoacetylation are important for the integrity of teloméndsuman cells

1.7.5 Telomere transcription
Althoughtelomeric DNA does not contain any genes and telomere chromatin is enriched
in heterochromatic histone markke telomeres are transcribed into telomeric repeat

containing RNA (TERRAJ)Azzalinet al, 2007) This large nortoding RNA forms an
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integral component of telomeric heterochroméltinke & Lingner, 2009; Blasco &
Schoeftner, 2008) TERRA is transcribed in the centromere to telomere direction,
indicating that the transcriptional start site lies in the subtelomeric régide &

Lingner, 2009; Nergadzetal, 2009) TERRA is transcribed primarily by RNA

polymerase Il (RNAPII) and transcripts range in length from approximately 0.1 to 9 kb

(Azzalinet al, 2007; Blasco & Schoeftner, 2008y ERRA expression is cetlycle

regulated, peaking at the &ltransition and declines from S phase to G2 in telomerase

positive cells. This may be tvoid collision between RNARmediated transcription
andreplication forks during $hasgFlynnet al, 2015)

In vitro studies indicate #t TERRA can directly inhibit telomeraseeasdenced
by the fact thah TERRAmMimicking RNA oligonucleotidecan inhibit telomerase
activity (Blasco & Schoeftner, 2008)n vivostudies in gast suggest that a stable
RNA/DNA hybrid formsbetween TERRA and telomeric DNavhichinhibits the access
of telomerase to the chromosome €Bthsco & Schoeftner, 2008)n human cells,
TERRA levels are decreased when telomeres are elonffateoult et al, 2012)
Although TERRA can inhibit telomerase activityvitro, in human cells the
overexpression of TERA does nbprevent telomerasaediated telomere elongation
(Farnunget al, 2012)

TERRA levels are regulategithert r anscri ptionally at
CpGrrich promoter(Blasco & Schoeftner, 2008; Episkopetal, 2014 Ng et al, 2009;
Yehezkelet al, 2008) posttranscriptionally by regulatinthe stability of nontelomere

associated TERRA in the nucleopladbenget al, 2012)or TERRA RNA:DNA hybrids.
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During transcription, RNA molecules can anneal to their genomic template during or after
transcription to generate RNA:DNA hybrids. Strand displaceimgtiie RNA:DNA
hybrids foms a special structure calledRdoop (Costantino & Koshland, 2015)

TERRA can form Rloops at the telomeres, whiamyactas a barrier to the progression
of the replication forRippe & Luke, 2@5). In telomerasexpressing cellSTERRA
transcription is decreased irpRasewhich is thought to minimize the interfereneéh

the replicatiorfork. The major enzymimvolved in the resolution of RNA:DNA hybrids
is the RNA endonuclease H (RN&sg which degrades the RNA component of the
hybrid (Arudchandraret al, 2000) RNase H is reported to resolVERRA R-loops in
human ALT (Alternative Lengthening of Telomeres) cells, however RNadges not
function in telomerasgositive cellfAroraet al, 2014) This may be due to the fact that
TERRA levelsand TERRA Rloopsare higher in AT cells comparedattelomerase
positive cell§Aroraet al, 2014; Azzaliret al, 2007; Blasco & Sabeftner, 2008; Lovejoy
et al, 2012; Episkopoet al, 2014)

TERRA plays anmportantrole in regulatingglomere maintenance. When
TERRA transcript levels are reduced using short interfering RNA (siRNA) against
TERRA, the telomeres become unstafery et al., 2009). TERRAocalizes at
telomeres and interacts with both TRF1 and TRKBockdown of TRF1 results in a
decrease in TERRA levels, while knockdown of TRF2 results in an increase in TERRA
levels(Blasco & Schoeftner, 2008; Casleti al, 2009) TERRA promotes the interaction
between TRF2 and ORGhatis important for the association of H3K9me3 and

heterochromatin protein HP1) with telomeregDenget al, 2009) In humarcells, there
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is an inverse correlatidmetween H3K9me3 density at telomere chromatin and TERRA
levels(Arnoult et al, 2012; Episkopoet al, 2014) TERRA has also been reported to
interact with the methyltransferase responsible for this mark, SUV39H1, as well as with
the heerochromatin proteins HRland HPb (Denget al, 2009) These findingsuggest
that TERRAmaybe part of a negative feedback loop mecharismoult et al, 2012)

At telomeres of normal length, TERRA inhibits its own expression by SUV39H1
mediated H3K9me3 at telomeres, decreasing further transcrigiloese results suggest
that an initial round of transcription isgessary to prevent furth@ERRA transcription

(Rippe & Luke, 2015)

1.7.6 Telomeres and aging

In most somatic cells, telomerase is absé@thtereforetelomeres will shorten after every
round of replication Whentelomeres rezh a critically short length, they cannot maintain
proper structure anttheir ends become unprotectghli & Rudolph, 2008) Senescence is
usudly activated once the telomelength reabes2-3 kb (Britt-Comptonet al, 2006)

Once the chromosomes are no longer protected, they activate the DNA damage response
which induces permanent cell cycle arrest cadledescence or apoptosis (cell deéih)

& Rudolph, 2008; Harlewt al, 1990) Thisshortening of telomeres hasll®othe idea

that telomeres function as a O6molecul ar cl
determines the proliferative ability of a c@Mitteldorf, 2013) This limit on uncontrolled
proliferationimposed by telomere shortening is thought to function as a tumor suppressor

mechanism.
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Shortening of telomeres has been associated with human(&gingglinicki &
Martin-Ruiz, 2005) and a correlation iseen between long telomere length and increased
life expectancyCawthonet al, 2003) Several premature aging disorders such as
dyskeatosis congenitéDKC) (Mitchell et al, 1999) aaxia telangiectasia (ATMetcalfe
et al, 1996) HutchinsorGilford progeria (HG)XBensoret al, 2010; Cacet al, 2011)and
Werner syndrome (WSLCrabbeet al, 2004)have been shown to displapaccelerated
rate oftelomere Bortening andin increase in telomemstability. Telomere dysfunction
is consideredo beanunderlying causef premature agingKong et al, 2013)

Therefore it is of essence to understand the mechanism by which telomeres are

maintained.

1.8 DNA Double-strand Break (DSB) Repair

1.8.1 Overview of theDNA damage response

DNA damage can result from endogenous sources such as reactive oxygen sjgeies or
productsof cellular metabolism, or from exogenous sources such as ultraviolet (UV)
light, ionizing radiation (IR) or mutagenic chemicals and toxins. These agents cause
various DNA lesions including mismatched basesx8G lesions, pyrimidine dimers,
singlestrand beaks and doublstrand breaksDNA doublestrand breaks (DSBs) are

one of the most cytotoxic forms of DNA damagéhe two main pathwaythatrepar

DNA DSBs in mammalian cells armn-homologous engbining (NHEJ) and

homologous recombination (HRffigure 1.5. Each of these pathways will be discussed
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in agreater detail belowlf these breaks are not quickly and accurately repaiheycan
lead to genomic instabilityhallmarks of cancer and aging.

The DNA damage response (DDR) is a signal tractsolu pathway that senses
DNA damage and initiates a tightly controlled response to protect the cell and repair the
damage. The DDR is mediated primarily by proteins of the phosphatidylinositol 3
kinaselike protein kinase (PIKKs) family: ATM (ataxia telgiectasia mutated protein),
ATR (ATM and Rad3 related protein) and DNRKcs(DNA-dependent protein kinase
catalytic subunit). This family of kinases shows a strong preference for phosphorylating
serine or threonine followed by a glutamine (T (Kim et al, 1999a) ATM is a main
kinase thatesponds to DSBshereasATR responds to ssDNA gerated during DSB
repair or following replication fork collapse.

ATM interacts with the MRN (Mrel1l/Rad50/Nbs1) complex, which is one of the
first protein complexes recruited to DSBs. MRN can tethers the two ends of the DSB and
preparehemfor DNA repair(De Jageet al, 2001) MRN recruitsATM to the DSB site
(Carsoret al, 2003; Falcket al, 2005; Lee & Paull, 2004, 2005; Uzedl al, 2003) While
ATM is later displaced from the break siteremains assaated with the chromatin
flanking the DSB(Berkovichet al, 2007) ATM autophosphorylates itself on serine 1981
(51982, leading to the dissociation from its inactive dimeric form to an active
monomeric formBakkenist & Kastan, 2003)When ATM is in its active monomeric
form its phosphorylatesany different substrates there important for DNA repair,
checkpoint activation anckll cyclearrest(Bakkenist & Kastan, 2003; Lee & Paull, 2004,

2005; Matsuokat al, 2007) MRN promotes the efficiency of ATM activation, as full
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activation of ATM requires the presence of the MRN compBaxscemiet al, 2001;
Girardet al, 2002; Limet al, 2000; Uzielet al, 2003; Yazdet al, 2002; Youet al, 2005)

One of the first phosphorylation events mediated by ATM is the phosphorylation
of serine139 on the h@ne variant H2A.X, formingH2AX. This phosphorylation
spreads away from the DSBs into megabase size dofrogsakouet al, 1999) Once
formed,gH2AX then recruits MDC1 (mediator of DNA damage chzamkt protein 1),
which recognizes the phosphorylated Ser13gH2AX through its BRCT (breast caneer
associated protein 1 carboetgrminal) domair(Stuckiet al, 2005) MDCL1 initiates DSB
signaling by interacting with and recruiting the E3 ubiquitin ligase R{#ft&net al,

2007; Kolaset al, 2007; Mailancet al, 2007) Once at DSBs, RNF8 along with its
partner E2 enzyme UBC13 ubiquitylag$2AX and H2A(Huen et al, 2007; Mailancet

al, 2007; Wang & Elledge, 2007)This promotes the recruitment of the E3 ubiquitin
ligase RNF168 which furthers ubiquitylaigd2AX and H2A lysine 13 and 15
(H2AK13/15). The ubiquitylated chromatin then serves as a platforaofenstream
factors crucial for downstream signaling and repdackson & Durocher, 2013; Panier &
Durocher, 2009)

The repair protein 53BP1 is recruited to damaged chromatin downstream of
RNF168 activity(Doil et al, 2009; Stewarét al, 2009) 53BP1 is a bivalent chromatin
reader that binds demethylated H4 Lys20 (H4K20me2) and ubiquitylated H2A Lys13/15
via its tandem Tudor and ubiquitinatiolependent recruitment (UDR) doma(iBotuyan

et al, 2006; FradeT urcotteet al, 2013; Zgheiket al, 2009) Access of 53BP1 to
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H4K20me2 is impaired by the acetylation of histone H4 Lys16 (H4K16) which is
mediated by the acetyltrarsase TIP6QHsiao & Mizzen, 2013; Tangt al, 2013)
TIP60 also acetylates H2AK15 that inhibits ubiquitylation and 53BP1 recruitment
(Jacquett al, 2016)

Ubiquitylation of H2A by RNF8 and RNF168 also provides a platform for RAP80
which binds directly to Lys63 polyubiquitylation at DS@4u et al, 2012; Kimet al,
2007a; Sobhiaet al, 2007; Wanget al, 2007a; Yaret al, 2007) RAP8O recruits its
associated proteins including Abraxas which bitmdBRCAL(Fenget al, 2009; Shaet
al, 2009; Wanget al, 2007a) BRCAL is recruited to Iihduced DSBs in a RAP80
dependent mannéHu et al, 2011; Kimet al, 2007b) Analysis ofBRCAL recruitment to
enzymatically generated DSBsveals thaRAPS80 is responsible for threcruitment of
BRCAL to the chromatin flanking DSBs, while the MRN complex recruits BRCA1 close
to the DSB(Goldstein & Kastan, 2015)These resultaugigesthat twodistinctfractions

of BRCAL are present @amaged chromatin.

1.82 Homologous recombination (HR)

Homologous recombinatiorrigure 1.58 occurs durings orG2 phase of the cell cycle

when the sister chromatid is in close proxinfMoynahan & Jasin, 2010; San Filippb

al, 2008) A key step in the initiatonfo HR i s 506 to 306 end resect
gener at estraBded BNA (sgPNA). The initial phase of resection is performed by

the MRN complex along with CtIP (CtBiRteracting protein), processing about 20 bp

from the DSB(Huertas & Jackson, 2009; Limlab al, 2007; Truonget al, 2013) In the

51



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

second phase of dnesection, the helicase BLM and exonucleases EXO1 and DNA2
generate long stretches of ssSDNA, committing the cells t¢BtiRlersoret al, 2010;
Nimonkaret al, 2011; @rtoriet al, 2007; Suret al, 2012)

Once ssDNA is generated, replication protein A (RPA) binds to the ssDNA
overhangswhichacts as a sensor of the accumulation of ssSDNA and prevents the

formation of secondary structur@slani et al, 1992; Eggleet al, 2002; Sugiyamat al,
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Figure 1.5. Double strand break repair pathways Non-homologous en€oining
(NHEJ) and homologous recombination (HR). The two main DSB repair pathways
NHEJ and HR are described further within the text.

52



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

1997) RPA is then replaced with the RAD51 recombinase by the mediator protein
BRCA2. Filament formation of RAD51 along the resected ssDiddliates the search

for a distant homologous sequence and subsequent strand invasion between the resected
end of the break and the duplex homologous donor seq(ieankawitzet al, 2013;

Shinohareet al, 1992; Shinohara & Ogawa, 1998; Sugawetral, 2003) This leads to

the formation of a Bloop joint moleculecomposed of ssSDNA and the target duplex.

Using the homologous sequence as a template, synthesis occurs to replace the nucleotides
lost due to resection through eitherdPot Pok (Li et al, 2009; Prindle & Loeb, 2012;
Sebestat al 2011) In DSB repair, the other end of the break is captured by the

displaced strand of the donor duplex which is useditogoa second round of DNA

synthesis, leading to the formation of a double Holiday junction (dHJ). The dHJ is
cleaved and resolved by helicase and resolvase activity, and the ends are ligated to
complete repai(Liu, 2004; Mimitou & Symington, 2009; Singtt al, 2008; Wu &

Hickson, 2003; Xtet al, 2008; Cejkeaet al, 2010)

1.8.3 Non-homologous end joining (NHEJ)

NHEJ Figure 1.5b), a secondnajor pathway for the repair of DSBanctiors
throughouthe interphase @does not require a homologous template for rejdéaore
& Haber,1996; Sonodat al, 2006) In NHEJ,DNA DSBs are rapidly bound by the Ku
heterodimer (Ku7@nd Ku80), which has a rirgiructureallowing itself to clamponto
the DSB endg¢Caryet al, 1997; Falzonet al, 1993; Mahanewgt al, 2009; Walkeet al,

2001) Ku localizes to the DSB within seconds and independently of other NHEJ factors,
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suggesting that it ian early sensor of DSEKim et al, 2005; Mariet al, 2006) Ku
interacts withDNA-PKcsand recruitst to DSBs wherdNA-PKcs is activate@DeFazio
et al, 2002; Gottlieb & Jackson, 1993; Uematdial, 2007) The DNA-PKcsKu
complex serves to tether the ends of the DSBs and protect the ends from nuclease attack.
Autophosphorylation of DNAPKcsresultsin the destabilization of the DNRKcs
interaction with the DNA end@Chan & LeesMiller, 1996; Merkleet al, 2002) paving
the way forother NHEJ proteins.

The nature of DSBs induced by IRasmplex andend processing may be
required to prepa them for ligation.If processing occurs, there is potential for loss of
nucleotides, making NHEJ an ermrone process. Indeed, NHEJ occurs with loss of
sequence from DNA ends which is regulated in part by BNk&s(Budman & Chu,
2005; Cuiet al, 2005; Dinget al, 2003) Artemis an end processingenzymes a 506 t o
endonuclease that interacts with DNPKcs(Ma et al, 2002; Soubeyranet al, 2006)
The autophosphorylation and displacement of DIRKcs from the DSB is required for
the activation of Atemis as it regulates the access of Artemis to its DNA substrate
(Goodarziet al, 2006; Yannonet al, 2008) Processing of the DNA ends can lead to
DNA gaps which are filled by polymeras®ndl , which interact with and are recruited
by Ku through their Nerminal BRCT domain@Bertocciet al, 2006; Maet al, 2004;
Mahajanet al, 2002) Once the DNA ends have been processed and gaps have been filled
in, they must be ligated to complete repair. Ligation is carried out by DNA ligase 1V,
which is in complex with XRCC4. XRCC4 interacts with DNA Ligase IV and stimsilate

its activity (Grawundelet al, 1997, 1998) XLF is also recruited to the DSB by Kis
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stabilized at the break by interacting with the XRGOMA ligase IV complexYanoet
al, 2008) andstimulates the activity of DNA ligase IMAhnesorget al, 2006; Guet al,

2007; Liet al, 2008; Luet al, 2007; Tsaet al, 2007)

1.8.4 Regulation in DNA DSB repair pathway choice

When confronted with a OB the cell must commit to either NHEJ or HR to repair the
break. This is commonly referred to as DNA DSB repair pathway chelgeh is highly
regulated. Akey determinandf DSB repair pathway choice BNA end resectiopwhich
is controlled in a celtycle-dependent mannein S/G2 phase, CDidependent
phosphorylation of CtIP and EXO1 prometed resectioBennardcet al, 2008;
Tomimatsuet al, 2014; Yun & Hiom, 2009) In addition,ATM also promotes end
resection by phosphorylatitgR components including BRCALI et al, 2000b) CtIP,
EXO1 and BLM(Petersoret al, 2013; Wanget al, 2013) On the other hand, in G1
phase, CDK activity is low and resection of DSBs is greatly reduced, thereby favoring
NHEJ over NHEJAylon et al, 2004; Grzegoret al, 2004)

The commitment to DNA end resection is controlled by two opposing proteins,
53BP1 and BRCAL. In G1 phase53BP1promotes NHEJ by inhibitinPNA resection
This requires the ATMnediated phosphorylation of the 53BP4d¥minal region which
promoteghe recruitment oits effectorsRIF1 and PTIRCallenet al, 2013; Escribano
Diazet al 2013; Fenget al, 2013; Zimmerrmannet al, 2013) Both RIF1 and PTIP are
independently involved in blocking DNA end resect{@allenet al, 2013 Chapmaret

al, 2013; Escriban®iazet al, 2013; Wanget al, 2014) In G1 phase, RIF1 inhibits the
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recruitment of BRCAL to DSBs, as in RIF1 depleted G1 cells, BRCAL is recruited to
DSBs(EscribaneDiazet al, 2013) In addition, RIF1 has been reported to recruit the
protein REV7 which inhibits DNA end resecti@Boersmeet al, 2015; Xuet al, 2015)

In S and G2 phas€DK-mediated phosphorylation of CtIP promotes initiation of
resection in $hase by formation of a CtIP/MRN/BRCA1 complextttraggers the
removal of 53BP1/RIF1, relieving the inhibition of end resect®nenet al, 2008b;
EscribaneDiazet al, 2013; Sartoret al, 2007; Wanget al, 2013) In BRCA1 depttedS
and G2 phaseells,RIF1 is recruited to DSBs amdsectionnhibited As a result, in S
phaseNHEJ occurs at replicatieassociated DSBs, leading to chromosome
rearrangements. Deletion of 53BP1 in BRCAL deficient cells prevents chromosome
rearraagements, demonstrating the importance of BR@Afendeninhibition of 53BP1
to enable the transition from NHEJ to HBouwmanet al, 2010; Buntinget al, 2010,

2012; Cacet al, 2009) Therefore, correct choice in DSB repair pathway is essential to the

maintenance of genome integrity.

1.8.6 Chromatin remodeling and DSB repair

Chromatin structure plays a key role in regulating DSB repair and signaling. The
compaction of chromatin influences cellular sensitivity to DSBs and the efficiency of the
DDR (Murgaet al, 2007) Breaks thabccur in heterochromatin are repaired slower than
those that occur in euchromagi@oodarziet al, 2008, 2011) Similar to NER and BER,
DSB repair also requires the function of sevé&r@lP-dependent chromatin remodeling

complexes to promote efficient repair.
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Severakhromatin remodeling complexes includitig SWI/SNF, INO80, CHD
andISWI complexes i@ reported to beecruited to DSBS, regulatirtge activation bthe
DDR andrecruitment of DSB repair factof8eggo & Downs, 2014; Laret al, 2012)
Depletion of and of these remodelers is reportdddd to cellular sensitivity tbSBs.

Complete nucleosome disassembly has been reported at-ardti€@d DSB in
budding yeas{Tsukudaet al, 2005) Upon induction of the DSB, histone loss is seen up
to several kilobases flanking the break gtbenet al, 2008a; Oslegt al, 2007) The
yeast INO80 ATRlependent nucleosome remodeler promotes nucleosome eviction
surrounding a DSB and is required &ficient end processin@henet al, 2008a;
Morrisonet al, 2004; Van Attikurmet al, 2004) In addition INO80, SWRKC, NuA4,
SWI-SNF and RSC anecruited to DSBs in asynchronoysastcells (Bennettet al,

2013) During G1 phase, recruitmeot these remodelers is inhibited by the Ku70/80
complex, while in G2 phaséheirrecruitment igoromoted and idependent upon the
early stages of end resecti@ennettet al, 2013) These enzymealso pranotethe
recruitment of RPA and Rad51 to DS@&henet al, 2012; Costelloet al, 2012;
Gospodinowt al, 2011; Toibeet al, 2013)

Chromatin disassembly also occurs in mammalian cells during DSB repair. ChIP
studies show that histones H2A/B, H3 and H4 are displaced from chromatinrsling
a DSB induced by the homing nucleadeplol in mammalian cell@Berkovichet al,

2007; Goldsteiret al, 2013; Li & Tyler, 2016) This displacement can be seen over 7kb
away from the break si{g&oldsteinet al, 2013) and is dependent upon ATM and NBS1

(Berkovichet al, 2007) As in yeast, in mammalian cells the remod&\O80 is
57



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

important for HR and regulates remodeling at D8Bgspodinowet al, 2011; Li & Tyler,

2016; Wuet al, 2007) The level of nucleosome disruption is also affected by cell cycle
(Goldsteinet al, 2013) In G1 arrested cells, H2A/B is displaced from chromatin

surrounding a DSB. In cycling cells, H3 and H4 are displaced in addition to H2A/H2B.
These results show that NHEJ involves only partial disruptiodewbimplete

nucleosome disruption occurs during S/G2 phase and is associated with end resection and
HR (Goldsteinet al, 2013) On the other hand, a separate study suggests that NHEJ can
also be associated with complete disassembly of nucleogbn&dJyler, 2016). The

location of DSBs differ in these two studies. Perhaps the chromatin context of the break

may influence the disassembly of nucleosomes at breaks.

1.9 Rationale and Objectives

Codayne syndrome is a complex disease which displays several different phenotypes
and affects multiple systems within the body. CS has been well described as a premature
aging syndrome, however the cause of CS is still not well understood. As described in
this chapter, many premature aging syndromes have been associated with defects in
telomere maintenance, however there has been no report of telomere defects in CS. This
link between premature aging and telomere defects suggests that CS patients may also
have telomere defectsdthatthe CSB proteirmay playa role in telomere maintenance.
This hypothesis forms the basis of the experiments described in Chapter 2.

CSB-deficient cellsknown to besensitive to DNA damage induckg UV

radiation and agentladtinduce oxidative damage. In addition, CG8&icient cellsare
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alsosensitve to ionizing radiation (IRjLeadon & Cooper, 1993; Tust al, 2002b,

2003) camptothecin (CPT{Squireset al, 2012)andetoposide(Elli et al, 1996) all of

which are known to induce DNA DSBs. These findiagggesthat CSB may play a role

in DSB repair. This hypothesis forms the basis of the work described in Chapter 3 and 4.
Proper maintenance of telomeres and genome integrity is essential for cell

survival and proliferation. Disruption of telomere maintenance and DNA DSB repair can

lead to cancer and agin@histhesis provides invaluablanowledgeon the role of CSB

in telomere maintenance abx&B repair
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Chapter 2

Cockayne Syndrome group B protein interacts with TRF2 and regulates
telomere length and stability
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2.1 Preface

Sever al premature aging disorders includin
Pigmentosum anHutchinson Gilford Progeria are characterized to have defects in
telomere maintenance. Cockayne syndrome (CS) is a segmental premature aging
syndrome for which the state of telomeres has not been addressed. It has been suggested
that CSB has many differenirictions in the cells, some of which are uncharacterized and
may account for the premature aging phenotype associated with CS. The work presented
in this chapter provides support for a role of CSB in telomere maintenance. This work
contributes toward owrnderstanding of how telomere dysfunction relates to aayidg
may be beneficial for determining treatment options of CS patients.

This work was published iNucleic Acid€Researchon August 13, 2012n pages
96619674, volume 40, issue 19, DIttps:/doi.org/10.1093/nar/gks745 he original
idea to investigate CS cells for a telomere defect and the finding that CSB and TRF2
interactin vivowas a collaborative effort between Taylor Mitchell and Derrik Leach. All
figures in the papeare the work o€ither myself oiTaylor Mitchell. | produced in its
entirety figures 3, 4D, 5A-E, 6,and Supplementary figur&2B and S3 The paper was
written as a collaborative effort between myself, Taylor Mitchell and Dr.vdtiuinput

from Derrik Leach and DAndrew Rainbow
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2.2.1 Abstract

The majority of Coclayne syndrome (CS) patients carry a mutation in CSB, a large nuclear
protein implicated in DNA repair, transcription and chromatin remodeling. However,
whether CSB may play a role in telomere metabolism has not yet been characterized. Here
we report that GB physically interacts with TRF2, a duplex telomeric DNA binding
protein essential for telomere protection. We find that CSB localizes at a small subset of
human telomeres and that it is required for preventing the formation of telomere
dysfunctioninducal foci (TIFs) in CS cells. We find that CS cells or CSB knockdown cells
accumulate telomere doublets, the suppression of which requires CSB. We find that
overexpression of CSB in CS cells promotes telomestapendent telomere lengthening,

a phenotype thdas associated with a decrease in the amount of telebwred TRF1, a
negative mediator of telomere length maintenance. Furthermore, we show that CS cells or
CSB knockdown cells exhibit misregulation of TERRA, a large-oming telomere
repeatcontainingRNA important for telomere maintenance. Taken together, these results
suggest that CSB is required for maintaining the homeostatic level of TERRA, telomere
length and integrity. These results further imply that CS patients carrying CSB mutations

may be déective in telomere maintenance.
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2.2.2 Introduction
Telomeres are heterochromatic structures found at the ends of linear eukaryotic
chromosomes. Mammalian telomeric DNA consists of tandem repeats of TTAGGG that
are bound by a telomespecific complexknown as shelterin/teloson{&-3). Shelterin,
composed of six protein subunits including TRF1, TRF2, TIN2, hRapl, TPP1 and POT1,
functions not only to regulateelomere length maintenance but also to protect natural
chromosome ends from being recognized as damaged (D)Y4). Telomeric DNA has
been shown to be transcribed into a large-cmaing telomere repeabntaining RNA(5),
referred to as TERRA, which is implicated in maintaining the integrity of telomere
heterochromatiis,6). Disruption of the shelterin complex or the telomere heterochromatic
state can lead to induction of telomere abnormalities including telomete-end fusions,
telomere loss and telomere doublets/fragile telomdfie® 6). These dysfunctional
telomeres have been shown to be associated with DNA damage resptorsesiach as
oH2AX and 53BP1, resulting in the formation of nuclear structures that are referred to as
telomere dysfunctioinduced foci (TIFs)7-10).

TRF2 is one of the twahelterin subunits that bind specifically to duplex telomeric
DNA (11,12), the other being TRF{13). Overexpression of TRF1 leads to telomere
shortening whereas removal of TRF1 from telomeres promotes telortepaadent
telomere lengthenin@L4-16), implying that TRF1 may restrict the access of telomerase to
the ends of telomeres.

While TRF1 has been implicated in telomere length maintenance, TRF2 is best

known for its role in telomere protection. TRF2 contains #eNninal basic domain, a
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central TRF homology domain (TRFH) and aeggminal Mybklike DNA binding domain
(11,12). The Nterminal basic domain is rich in glycine and arginine residues, also referred
to as a GAR domain. The TRFH domain of TRF2 not only mediates Hdamerization

but also acts as a protdimeracton platform at telomeres to recruit additional shelterin
subunits and other accessory protéiti518). Removal 6 TRF2 from telomeres either by
conditional knockout or overexpression of a dominsegative allele of TRF2 lacking both

the Nterminal basic/GAR domain and thet€minal Myklike DNA binding domain
promotes telomere ertd-end fusions(19,20). Overexpression of TRF2 lacking its N
terminal basic/GAR domain promotes telomere [@svhereas overexpression of TRF2
carrying amino acid substitutions in the same basic/GAR domain induces the formation of
telomere doublet§l0).

Cockayne syndrome (CS) is a rare human hereditary disorder characterized by
severe postnatal growth failure, progressive neurological degeneration and segmental
premature aging including sensorineural hearing logs)atedegeneration and loss of
subcutaneous f421,22). CS patients show hypersensitivity to UV lighidathe average
life span of CS patients is approximately 12 y€ags25). Although five genes have been
identified to be responsible for the disease idicig CSA, CSB, XPB, XPD and XPG, the
majority of CS patients carry a defect in the CSB ¢edg2,25).

Cockayne Syndrome group B protein (CSB), also known as ERCCS6, is a nuclear
protein of 1493 amino acids in length, containing several distinct domains including an
acidic domain, a glycine rich domaia, SWI/SNFlike ATPase domain, a nucleotide

binding domain (NTB) and a ubiquitin binding domain (UBD) (Fig. 12),26-28). CSB
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has been shown to play a key role in transcriptionpled repair (TCR{21,29), a sub
pathway of nucleotide excision repair (NER) responsible for removing bulky lesions such
as U\Vinduced DNA damage (cyclobutane pyrimidine dimers anrpyrénidine-4-
pyrimidone photoproducts). In addition to NER, CSB has also been implicated in base
excision repair (BER)(30,31), transcription (32-35), chromatin maintenance and
remodeling(36). However, whether CSB may play a role in telomere maintenance relevant
to cancer andging has not yet been characterized.

Here we report that CSB physically interacts with TRF2. While multiple domains
of CSB are engaged in its interaction with TRF2, the TRFH domain of TRF2 is required
and sufficient for binding CSB. We show that CSsell CSB knockdown cells exhibit an
accumulation of telomere doublets and an induction of TIF formatiofmtReuction of
wild type CSB into CS cells suppresses the formation of telomere doublets and TIFs,
indicative of its role in telomere protectiom &addition, we find that CS cells undergo
telomere shortening whereas overexpression of CSB into CS cells results in telemerase
dependent telomere lengthening. The latter is associated with a reduction in the amount of
telomerebound TRF1, a negative metha of telomere length maintenan¢#4-16).
Furthermore, we find that CS cells or CSB knockdown cells display misregulation of
TERRA expression. Collectilyg these results suggest that CSB is required for maintaining

the homeostatic level of TERRA, telomere length and stability.
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2.2.3 Materials and methods

DNA constructs and antibodies

ThecomplementarycDNA) for CSB purchased from mammalian geneeaxilbn (MGC)
contained three missense mutations (C666, P1041 and P1294). The QuickChange site
directed mutagenesis kit (Strategene) was used to revert these mutations to wild type. The
corrected CSB cDNA was then subcloned into the retroviral vector fiUlP&€(37) or
pLPCG-N-Myc-puro (37). The pLPCN-Myc-CSB plamid wa used as a template for PCR

to generate CSB truncation alleles GEHBaa 2510), CSBATPase (aa 53060) and CSB

C (aa 9721493). The cDNA for TRF2 was a generous gift from Titia de Lange, Rockefeller
University. The TRF2 truncation alleles TRE?V (aa £-453), TRF2RFH (aa 45245) and
TRF2"ker (aa 246453) were generated by PCR and cloned into pEPI2 (38) (a kind

gift from Titia de Lange, Rockefeller UniversjtypBabenechTERT was kindly provided

by Robert Weinberg, MIT.

The oligonucleotides encoding siRNA directed against CSB have been previously
described39). Theannealed oligonucleotides were ligated into pRetroSuper vector (kindly
provided by Titia de Lange, Rockefeller University), giving rise to pRetroSslpgesB.

Antibodies to TRFX13), TRF2(40) and hRapX41) were kind gifts from Tia de
Lange, Rockefeller University. Commercial antibodies used were rabbiC §&ti(Bethyl

A301-345A), mouse amCSB (Abcam Ab66598), anMyc (9E10, Calbiochem), antf

H2AX (Upstate) and antirtubulin (GTU88, Sigma).
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Cell Culture and retroviral infection

HelLal.211 and Helall cells were a gift from Titia de Lange, Rockefeller University.
HelLal.2.11 and Helall are sublines of HelLa cells of different telomere lengh (5
Primary fibroblast cell lines GM38 (normal), GM9503 (normal), GM8399 (normal),
GM10901 (heterozygote), GM10905 (CS), GM739 (CS), GM1428(CS) and a transformed
CS cell line (GM16095) were obtained from the NIGMS Human Genetic Cell Repository
(Coriell Ingitute for Medical Research, Camden, NJ). GM16095 is a Sk&tformed

cell line derived from GM73927). Supplementary Table S1 lists the nature of CSB
mutations and the age of individuals from omi biopsies were taken to establish the
primary cell lines. Cells were grown in DMEM medium with 10% fetal bovine serum (FBS)
for transformed cell lines GM16095, HelLa and Phoenix cells, and 15% FBS for all primary
fibroblasts, supplemented with nessentll amino acids, glutamine, 100 U/ml penicillin
and 0.1 mg/ml streptomycin. Retroviral gene delivery was carried out as deg42/4)l
Phoenix amphotropic retroviral packaging cells were transfected with the desired DNA
constructs. For hTERMmediated immortalization, three days after the last infection,
neomycin (600mg/ml) was added to the medium to select for hTEERpressing cells.
Otherwise, twelve hours after the last infection, puromycimgnl) was added to the
medium and the cells were maintained in the selection medium for the entirety of the

experiments.

Immunoblotting and immunoprecipitation
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Immunoblotting was carried out as previously descr{@@dt0). Immungrecipitation(IP)
of endogenous TRF2 was performed essentially as des¢tiéq). ForlP of endogenous
CSB, Hela cells were collected and resuspended Heate NR40 buffer (1% NP40, 150
mM NacCl, 10 mM sodium phosphate, pH 7.2). Following incubation on ice for 20 min, the
supernatant was recovered by micemtrifugation at 13000 rpm for 10 min. Protein
extracts of 1.5 mg was mixed withn2 mouse antiCSB antibody (Abcam) and the mixture
was incubated overnight at@. Protein Gbeads (301) was added to the mixture on the
next day and the IP pellet was washed five times each with 1 ml-obideNR40 buffer
containing 1 mM DTT, Trg/mlaprotinin, 1mg/ml leupeptin, 10g/ml pepstatin and 1 mM
PMSF.

Co-immunoprecipitation from 293T cells was carried out essentially as described
(38) except for thenethod of transfection used. Human 293T cells grown-om flates
with 95% confluency were transfected using Lipofectamine 2000 (Invitrogen) according to
t he manufact ur er 04rangecton, a total bf g DNR mixtureewaax h c o

used. The tio of CSB constructs to TRF2 constructs in each DNA mixture was 3:1.

Chromatin Immunoprecipitations (ChIPs)

Chromatin immunoprecipitation€bIP9 were carried out essentially as descrigeH46).

Cells were directly fixed with 1% formaldehyde in PBS for 1 h, followed by sonication (10
cycles of 20 s each, 50% duty and 5 output). For each ChiRvi2@( lysate (equivalent

to 2x1C cells) was used. For the total telomeric DNA 8upernatant (corresponding to

onequarter of the amount of lysate used for IP) were processed along with the IP samples
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at the step of reversing the crosslinksukfifths of immunoprecipitated DNA was loaded

on the dot blots whereas two inputs each containing 5% of total DNA was included to assess
the consistency of loading. The ratio of the signal from each ChIP relative to the signal
from the input lane was multiplieby 5% (5% represents 5% of total DNA) and a factor of
1.25 (since four fifths of the precipitated DNA was loaded for each ChIP), giving rise to

the percentage of total telomeric DNA recovered from each ChlP.

Immunofluorescence (IF) and fluorescence situ hybridization (FISH)
Immunofluorescence was performed essentially as descdbgkB). Briefly, cells grown

on coverslips were rinsed with PBS, incubated in TritehOR buffer (0.5% Triton XLOO,

20 mM HEPESKOH [pH7.9], 50 mM NaCl, 3 mM MgGJ| and 300 mM sucrose) at RT
for 5 min and then fixed for 10 min in PBs&iffered 3% paraformaldehyde and 2% sucrose.
Following permeabilization at RT for 10 min in Triton-200 buffer, fixed cells were
blocked with 0.5% bovine seruntbamin (Sigma) and 0.2% gelatin (Sigma) in PBS and
then incubated at RT for 2 hr with both rabbit d/Riapl and mouse argfH2AX or mouse
ant-CSB.

ImmunofluorescencelK)-fluorescencean situ hybridization (FISH)analysiswas
conducted as describ€®). Briefly, cells grown on coverslips were fixed at RT for 10 min
in PBSbuffered 2% paraformaldehyde, washed in PBS twice for 5 min each, followed by
incubation at RT for 30 min in blocking buffer contaigp1 mg/ml BSA, 3% goat serum,
0.1% Triton %100 and 1 mM EDTA in PB®Blocked coverslips were incubated with anti

Myc antibody in blocking buffer at RT for 1 hr. After three washes in PBS, coverslips were
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incubated with TRITGonjugated donkey anthouse(1:100, Jackson Laboratories) at RT
for 30 min. Subsequently, cells on coverslips were fixed again intRES8red 2%
paraformaldehyde for 5 min arfidllowed by dehydration in a series of 70, 85 and 100%
ethanol. The aidried coverslips were denatureddét °C for 10 min and hybridized with
0.5mg/ml FITC-conjugateelCCCTAA): PNA probe (Biosynthesis Inc.) for 2 hr in dark at
RT. Following incubation, cover slips were washed with 70% formamide and 10 mM Tris
HCI (pH 7.2) twice for 15 min. After 3 washesRBS, DNA was countestained with4,
6-diamidinc2-phenylindole (DAPI; 0.2rg/ml) andembedded in 90% glycerol/10% PBS
containing 1 mg/ml gphenylene diamine (Sigma). All cell images were recorded on a Zeiss

Axioplan 2 microscope with a Hammamatsu C4B%Zamera and processed in Open Lab.

Metaphase chromosome spreads

Metaphasehromosome spreads were essentially prepared as degd@#3). Cells were
arrested in nocodazole {Ong/ml) for 96120 min. Following arrest, cells were harvested
by trypsinization, incubated for 7 min at°87in 75 mM KCI, and fixed in freshiynade
methanol/glaciahcett acid (3:1). Cells were stored overnight & Adropped onto slides
and airdried overnight in a chemical hood.

FISH analysis on metaphase chromosome spreads was carried out essentially as
described4347). Slides with chromosome spreads were incubated with@rél FITC
conjugateedlCCCTAA)z PNA probe (Biosynthesis Inc.) for 2 hr at room temperature.
Following incubation, slides were washed, cowstained with 0.2rg/ml DAPI, and

embedded in 90% glycerol/10% PBS containing 1 mghphenylene diamine (Sigma).
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All cell images were recorded on a Zeiss Axioplan 2 microscope with a Hammamatsu

C474295 camera and processed in Open Lab.

Northern analysis of TERRA

Total RNA was isolated from cells using TRIzol® Reagent (Invitrogen) according to the
ma n u f a c tructorsONorthermanalysis was performed essentially as described with
minor modifications(5). Briefly, 20 ng of RNA was loaded onto 1.3% formaldehyde
agarose gels and run at 60 V for 7 hrs. The gel was then stained with ethidium bromide to
inspect the presence of the 28S and 18S ribosomal RNA, both of which were indicators of
RNA quality. RNA was then trangfed to a Nylon membrane (HyboiN] GE) and was
blocked in Church mix (0.5 M NBOQs [pH 7.2], 1 mM EDTA, 7% SDS, and 1% bovine
serum albumin) for 1 hour at 85. The membrane was then incubated overnight & 65

with a radioactivelylabeled 80tbp TTAGGG epeatcontaining fragment as previously
described44). For the GAPDH control, the membrane was incubated with a radioaetively
labeled DNA fragment containing the GAPDH gene. Following incubation, the membrane
was washed once with 1X SSC, 0.1% SDS at room temper#trge,times in 0.5X SSC

at 65C and then exposed to a Phosphorlmager screen. The signals on the membrane were

guantified by ImageQuant analysis.

Telomere length analysis and TRAP assays
Genomic DNA isolated from cells was digested witbd and Hinfl and loaded onto a
0.7% agarose gel in 0.5xTBE. Blotting for telomeric fragments was carried out according

to standard protocol$48,49). The average telomeric restriction fragment length was
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determined by Phosphorimager analysis using ImageQuant and MS Excel as described
(50).

The activiy of telomerase in cells was determined using a Trapeze telomerase
detection kit (Chemicon) according to the protocol provided by the manufacturer. PCR
amplification was performed for 31 cycles. The products were separated on a 12.5%
nondenaturing polyactymide gel in 0.5X TBE buffer and visualized using SYBR green

(Invitrogen).

2.2.4 Results
Physical interaction between CSB and TRF2
To investigate the role of CSB in telomere biology, we decided to ask whether CSB might
interact with components of the edterin complex essential for telomere maintenance.
Coimmunoprecipitation with anrCSB antibody brought down endogenous TRF2UF&g
1B). CSB association with TRF2 was also detected in a reverse immunoprecipitation (IP)
using antdTRF2 antibody and Helauclear extracts (Fige 1C). The interaction of CSB
with TRF2 was further confirmed when Féagged TRF2 was eexpressed with Myc
CSB in 293T cells (Figre 1D). Taken together, these results reveal that CSB interacts with
TRF2in vivo.

To gain furtler understanding of CSB interaction with TRF2, we examined the
interaction between various CSB domains and TRF2.-Hg2 was coexpressed with
Myc-tagged CSEN carrying the first 510 amino acids including the acidic and the ghycine

rich domains, Mydaggel CSBATPase containing the central@amino acids or Myc
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tagged CSBC carrying the last 521 amino acids including the nucleotide binding domain
(NTB) and ubiquitin binding domain (UBD) in 293T cells. Coimmunoprecipitation studies
with ant-Myc antibody evealed that all three CSB truncation mutants were able to pull
down FlagTRF2 (Figure 1D), suggesting that multiple domains of CSB may be engaged
in its interaction with TRF2.

TRF2 contains an fXerminal basic/GAR domain, a central TRFH domain, a linker
region and a @erminal Mybklike DNA binding domain (Figre 1E). To investigate the
domain of TRF2 important for its interaction with CSB, we coexpressed@BE with
Flagtagged TRFZPM Jacking both the basic domain and the Mige domain, Flag
tagged TRF2 carrying the TRFH dimerization domain alone {FRE2"*™ or Flag
tagged TRF2 carrying the linker region alone (FI&®F2Z™eN) in 293T cells.
Coimmunoprecipitation with antlyc antibody showed that both Fiéagged TRFZEPM
and Flagtagged TRFZ M were able to interact with MyESB (Figure. 1F). In contrast no
interaction between MyE€SB and FlagrRF2"™ e’ was detected despite a high level of
expression of FlagRF2" e’ (Figure 1F). These results suggest that the TRFH domain is

required and sufficient for TRF2 interaction with CSB.

CSB localizes at a fraction of human telomeres and is required to suppress the

formation telomere dysfunction-induced foci (TIFs) in CS cells.

To investigate whether CSB may be associated with human telomeres, we performed dual
indirect immunofluorescence with a1@€iSB antibody in conjunction with artiRapl

antibody, a marker for interphase telomdrely. We observed an overlap between
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several anthRapl staining (green) and a@&B staining (red) foci in HeLa cells

(Figure 2A). The celocalization of CSB with several hRapl foci was also detected in

CSB-complemented immortalized CS cells hnTERBM10905 Figure 2A). In addition,

we also performed HFISH analysis with antMyc antbody in conjunction with a FITC

conjugated telomeric DNAontaining PNA probe in SV4tansformed CS cells

GM16095stably expressing MytaggedCSB. We again observed the presence of CSB

(red) at several telomeres (greefig(re 2B). Taken together, thesesults suggest that

CSB may be associated with a small subset of human telomeres although we cannot rule

out the possibility that observed-staining of CSB with telomeres may be coincidental.
Dysfunctional telomeres are known to attract DNA damasgjearese factors

includinggH2AX (7-10). To investigate whether CS cells may accumulate dysfunctional

telomeres, dual indirect immunofluorescence was performed on FERIO905

expressing ¢ner CSB or the vector alone with ahtRapl antibody in conjunction with

antiFgH2AX antibody. We observed an induction of TIFs in ve@gpressing hTERT

GM10905 cells when compared to G&8mplemented hTERTGM10905 cells (Figre

2C). While 18% of vecteexpressing hTERTSM10905 cells exhibited five or more

TIFs, such TIFs were detected in only 1% of G&Bnplemented hTERTGM10905 cells

(Figure 2D). These results suggest that CSB is required for telomere protection.
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Primary fibroblasts derived from CS patients carrying a CSB mutation show an
accumulation of telomere doublets.

To investigate whether CSB may be required for maintaining telomere structure, we
performed FISH analysis of metaphase spreads on two cell lines (GM10901 and
GM10905) at variousagssages to inspect for the presence of any telomere abnormalities
including telomere loss (chromatid ends without a detectable telomeric signal), telomere
fusions, telomereontaining double minute chromosomes (TDM) and telomere
doublets/fragile telomergsmore than one telomeric signal at a single chromatid end).
GM10901 and GM10905 are two respective primary fibroblast cell lines derived from a
mother heterozygote for a CSB mutation and her CS offspring. We did not observe any
significant accumulation oFDM and telomere fusions in either GM10901 or GM10905
(Figure 3A). While telomere loss was detected in both GM10901 and GM1090%€Fig
3B), no significant difference in the formation of telomere loss was found when
GM10901 and GM10905 cells of variouagsages were compared (g 3B). In

contrast, we found that various passages of GM10905 cells consistently exhibited an
accumulation of telomere doublets when compared to the heterozygote GM10901 cells of
similar passages (Fige 3C).

We also examirgtthe presence of telomere loss and telomere doublets in two
other CS cell lines GM1428 and GM739 in comparison to three fibroblast cell lines
(GM38, GM9503, GM8399) derived from normal individuals. We found that when
compared to the normal control cellth GM1428 and GM739 displayed an increase in

the formation of telomere loss and telomere doubletsu(EBi§D and 3E), the latter
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consistent with our earlier finding. No full length CSB was detected in any CS cells
examined (Supplementary kige S1). T&en together, these results suggest that CSB is

required for maintaining the integrity of telomere structure.

Introduction of wild type CSB into CS cells suppresses the formation of telomere
doublets.

Formally it is possible that the increased formatbtelomere doublets observed in CS
primary fibroblasts might be due to the difference in the genetic background between CS
cells and normal control cells. To address this question, we decided to examine telomere
structures in several pairs of cell linggh isogenic background.

CS primary fibroblasts GM10905 was immortalized with exogenously expressed
catalytic subunit of telomerase (hnTERT) (Supplementaryriéigs2A) to overcome poor
growth and premature senescence associated with CS cells. Subgeqeteotirus
expressing either wild type CSB or the vector alone was used to infect RGEFRT905
cells, generating two stable isogenic cell lines (hTERM10905vector and hTERT
GM10905CSB). FISH analysis revealed that overexpression of hnTERT dragticall
reduced telomere loss (kige 4A and Supplementary kige S2B), however, it had little
effect on the accumulation of telomere doublets in GM10905 cellarg-igB and
Supplementary Figre. S2B). On the other hand, we found that introduction of wibe ty
CSB into hTERTGM10905 cells led to a reduction in the formation of telomere doublets

(Figure 4C and Supplementary kige S3). We observed a 40% decrede 0.009) in
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the formation of telomere doublets in C8Bmplemented hnTERGM10905 cells when
compared to vecteexpressing hTERTGM10905 cells (Figre 4C).

We also examined the formation of telomere doublets in a second pair of isogenic
CS cell lines (GM16095) complemented with either the vector alone or wild type CSB.
Introduction of wild type CB also resulted in a reduction in the formation of telomere
doublets in GM16095 (Fige 4D). To further investigate the role of CSB in the
formation of telomere doublets, we knocked down CSB in HelLal.2.11 cellsr@#)
and found that depletion of C3&d to an induction of telomere doublets (kg 4F and
Supplementary Figre S4). Taken together, these results suggest that CSB prevents the
formation of telomere doublets.

Aphidicolin, an inhibitor of DNA replication, has been shown to induce telemer
doubletg(9,51). We found that treatment with aphidicolin resulted in a further increase in
the formatiornof telomere doublets in CS cells (GM16095) (Kig 4G), consistent with
previous findings that the effect of aphidicolin was addi(®;46,48). We also observed
an increase in the formation of telomere doublets in-€&Bplemented GM16095 cells
upon aphidicolin treatment although such increase was las$hidobserved in
GM16095 cells expressing the vector alone Feg4G). These results suggest that
telomere doublets observed in CS cells may have arisen from a defect associated with

telomere replication.
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Introduction of wild type CSB into CS cellspromotes telomerasedependent telomere
lengthening.
We observed that the median telomere length in hFiERfortalized heterozygote mother
GM10901 cells was longer than that in hTERTmMortalized CS offspring GM10905 cells
(Figure 5A). Therefore we decidded examine whether CSB might be involved in telomere
length maintenance. To address this question, pools (not single cell clones) of-hTERT
GM10905 cells stably expressing the vector alone or wild type CSB were continuously
cultured for over 60 populatiotoublings (PDs) and their telomere length dynamics was
examined. Analysis of telomere restriction fragments revealed that the median telomere
length in hTERTGM10905 cells expressing the vector alone declined at a rate of about
11.6 bp/PD whereas the medlitelomere length increased at a rate of 21.5 bp/PD for the
first 42 PDs and then plateaued in hTERM10905 cells expressing wild type CSB
(Figure 5B and 5C). A decline in the level of CSB expression in hTEERTL0905CSB
cells was noticed after PD60 (liigg 5D), suggesting that the loss of CSB expression may
in part contribute to the plateau of the median telomere length seen between PD42 and
PD61 in these cells. We did not observe any significant difference in the growth rate
between hTERIGM10905vecta and hTERTGM10905CSB cells (Figre 5E). Taken
together, these results suggest that CSB is required for telorteasedent telomere
elongation.

We also performed ChIP analysis with an antibody against TRF1 or TRF2, both of
which are mediators of @nere length maintenancél4-16,42). We found that

introduction of wild type CSB into hTERGM10905cells had little effect on telomeric
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association of TRF2 (Fige 5F and 5G) but it led to a significadecreasen TRF1
association with telomeric DNA (Fige 5F and 5G). When compared to GSB
complemented hTERGM10905 cells, we observed a 54% £ 0.006) increase in the
amount of telomerdound TRF1 in hTERIGM10905 cells expressing the vector alone
(Figure 5G). The level of TRF1 in the vectekpressing hTERTGM10905 cells was
indistinguishable from that in the CS®mplemented hTERGM10905 cells (ljure

5H). These results suggest that association of TRF1 with telomeric DNA may be

deregulated in CS cells carrying a CSB mutation.

CSB is required for maintaining the homeostatic level of TERRA.

CSB has been implicated in transcripti@2-35) and therefore we decided to examine
whether CSB may be involved in regulating the expression of TERRA, a largeodomy
telomere repeatontaining RNA(5). Northern analysis on three pairs ofgsaic cell lines
revealed a mregulation of TERRA associated with CS cells or CSB knockdown cells. We
observed a 35% increas € 0.017) in the level of TERRA in hTERGM10905
expressing the vector alone when compared to hFTERILO905 cells complemented with
wild type CSB (Figire 6A and 6B). On the other hand, the level of TERRA in GM16095
cells expressing the vector alone waswbthb% P = 0.016) less than that in GM16095
complemented with wild type CSB (kige 6C and 6D). Knockdown of CSB led to a 38%
(P =0.038) reduction in the level of TERRA in HeLal.2.11 cells f@g6E and 6F). These

results suggest that CSB is requifedthe homeostatic level of TERRA and that the level
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of TERRA may increase or decrease in CS cells depending upon the nature of CSB

mutations.

2.2.5 Discussion
CSB, a multifunctional protein, plays an important role in DNA repair, transcription and
chromatin remodeling. In this report, we have uncovered a role for CSB in telomere
maintenance and protection. We have shown that CSB interacts physically with TRF2, a
key component of the shelterin complex essential for telomere maintenance. We have
demonstrad that CS cells or CSB knockdown cells exhibit an accumulation of telomere
doublets and an induction of TIF formation. We have shown that CS cells carrying a CSB
mutation are defective in telomeradependent telomere elongation whereas introduction
of CSB into CS cells results in telomeradependent telomere elongation, suggesting that
CSB is required for telomere length maintenance. Furthermore, we have shown that the
level of TERRA is misregulated in CS cells or CSB knockdown cells. Taken togetiser, the
results reveal an important role of CSB in the maintenance of telomere length and integrity.
These results further imply that CS patients lacking functional CSB are defective in
telomere maintenance, which is associated with cancer and aging.

Our mimmunoprecipitation studies suggest that a small percentage of endogenous
TRF2 (estimated to be aboutt®) interacts with CSB and vice versa. This low level of
interaction is similar to previously reported association between TRF2 and several other
DNA repair proteins including XPF/ERCC1 and Mrell/Rad50/NE€43), indicating

that CSB interaction with TRF2 may bdependent upon a specific functional requirement.
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Analysis of domain mapping suggests that the TRFH domain of TRF2 is sufficient
and required for its interaction with CSB. The TRFH domain of TRF2 has been shown to
interact with proteins containing the WExP motif (17,18). CSB contains one YXLxP
motif corresponding to amino acids 4806 but also seven degeneraté-X_xx motifs
spread throughout the entire protein. Double mutations at positions L404 and P406 did not
abrogate CSB interaction with TRF2 (T.R.H. Mitchell and X.D. Zhu, unpublished data).
These results, in conjunction with our finding that multiple dosmahCSB are engaged
in its interaction with TRF2 raise the possibility that TRF2 might interact with degenerate
Y/FxLxx motifs of CSB. Alternatively TRF2 may interact with CSB through a mechanism
independent of Y/FxLxP motifs. Future studies are requmeadvestigate the mechanism
underlying CSB interaction with TRF2.

The physical interaction between TRF2 and CSB raises the possibility that TRF2
may play a role in recruiting and/or modulating CSB function at telomeres. We have
observed localization o€SB at a small subset of human telomeres. Several shelterin
accessory proteins have been reported to localize at one or a few human telomeres including
HP1, BLM, PNUTS and MCPH{52-54). Perhaps, like these shelterin accessory factors,
CSB might be needed by only a few telomeres at a given time although we cannot rule out
the possibility that the colocalization of CSB with a few telomeres may be coincidental.

We have shown that overexpression of wild type CSB has little effect on the
telomere association of TRF2 but results in a reduction in the amount of teloousré
TRF1, a negative mediator of telomeraspendent telomere elongation. Perhaps, the

reductionin the level of telomerdound TRF1 may in part contribute to the telomerase
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dependent telomere elongation observed in @8@essing hTERTGM10905 cells. We

have not been able to detect any interaction between CSB and endogenous TRF1 (T.R.H
Mitchell and XD. Zhu, unpublished data), suggesting that the effect of CSB on TRF1
binding to telomeric DNA may be indirect.

While we have observed a greater accumulation of telomere loss in CS primary
fibroblast GM739 (p19) and GM1428 cells (p15) than in the conéltd GM38 (p19) and
GM9503 (p18), no significant difference in the formation of telomere loss has been
detected between the heterozygote mother GM10901 and her CS offspring GM10905. It is
possible that the lack of difference in telomere loss betweeretleeolaygote mother and
her CS offspring may be due to CSB haploinsufficiency. Alternatively, the level of
accumulation of telomere loss observed in CS cells may vary depending upon their genetic
background.

We have found that while knockdown of CSB le&als: reduction in the level of
TERRA, overexpression of wild type CSB can have an opposite effect on the level of
TERRA in CS cells. Introduction of wild type CSB into CS cells hTERW10905 results
in a decrease in the level of TERRA whereas introducfomild type CSB into CS cells
GM16095 leads to an increase in the level of TERRA. Both CS cell lines carry a nonsense
mutation (Supplementary Table S1), which converts R735 to a stop codon in GM10905
(22,55) and K337 to a stop codon in GM160@%). The level of overexpressed CSB in
hTERT-GM10905 cellss comparable to that in GM16095 (N. Batenburg, T.R.H. Mitchell
and X.D. Zhu, unpublished data), suggesting that it is unlikely that exogerexmshssed

CSB may account for its opposite effect on the level of TERRA in these two cell lines.
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Although bothcell lines do not express full length CSB, GM10905 cells express a CSB
PiggyBac fusion protein (Fige 5D) (56), which is not present in GM160927). CSB
PiggyBac is a product of alternative splicing involving the first 5 exons of CSB and a
conserved PiggyBac transposable element (PGBD3) located within the intron 5 of the CSB
gene(56). How overexpression of CSB differentially affects the level of TERRA remains
unknown. Our finding suggests that the nature of CSB mutations may play a role in
influencing TERRA expession. Taken together, our data suggest that CSB is required for
maintaining the homeostatic level of TERRA, excess expression or depletion of which has
been shown to impair the maintenance of telomere length and intégigy7,58).

We have shown that$B mutations or CSB depletion promotes the formation of
telomere doublets, also known as fragile telom@esl). It has been shown that fragile
telomeres can arise from a defect in telomere replicéiba). Congstent with this notion,
we have observed that treatment with aphidicolin further induces the formation of telomere
doublets in CS cells, suggesting that telomere replication is compromised in CS cells. It is
likely that the compromised telomere replicatim CS cells may be in part caused by
misregulation of TERRA, an integral component of telomere heterochromatin. Perhaps
misregllation of TERRA associated with CS cells could lead to an altered telomere

heterochromatin, which could impede the progressfaeplication fork.
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Figure 1 Batenburg et al.
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Figure 1. CSB interacts physically with TRF2AY Schematic diagram of CSB. NLS, NTB
and UBD stand for nuclear localization sequenceleotide binding domain and ubiquitin
binding domain respectivelyBf Coimmunoprecipitation with HeLa cell extracts and-anti
CSB antibody. AntigG IP was used as a negative control. Immunoblotting was carried
out with anttCSB or antiTRF2 antibody. €) Coimmunoprecipitation with HeLa nuclear
extracts and anffRF2 antibody. AntigG IP was used as a negative control.
Immunoblotting was carried out with a@iSB or antTRF2 antibody. D)
Immunoprecipitation with arfMyc antibody was carried out withrgiein extracts from
293T cells coexpressing FEARF2 in conjunction with either the vector alone, MySB,
Myc-CSB-N, Myc-CSB-ATPase or MyeCSB-C. Immunoblotting was performed with
antrMyc or antiFlag antibody. E) Schematic diagram of TRF2. B stands basic
domain. F) Immunoprecipitation with antilyc antibody was carried out with protein
extracts from 293T cells coexpressing the vector or-E$8 in conjunction with Flag
TRF2"ker Flag TRF2™RH or FlagTRF22PM, Immunoblotting was performed witmti-

Myc or antiFlag antibody.
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Figure 2 Batenburg et al.
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Figure 2. CSB localizes at a small subset of human telomeres and prevents the formation
of TIFs in CS cells.A) Analysis of indirect immunofluorescence (IF) on HeLall and €SB
complemergd hTERFGM10905 cells. IF waperformedwith mouse antCSB (red) in
conjunction with rabbit arfhRapl (green). Cells were extracted with detergent prior to
fixation by formaldehyde to remove soluble proteins. Cell nuclei were stained with DAPI
shown inblue. Arrowheads indicate the overlap betweer@®iB and anthRap1l staining.

(B) Analysis of IFFISH on GM16095 cells expressing M@SB. IFFISH analysis was
performed with antMyc antibody (red) in conjunction with a FIT€njugated
(CCCTAA)z-containing PNA probe (green). Cell nuclei were stained with DAPI shown in
blue. Arrowheads indicate the colocalization of CSB with telomeric D{TA.Indirect
immunofluorescence using afRapl in conjunction with angtH2AX was performed

with fixed hTERFGM10905 cells expressing either the vector alone or wild type CSB.
Arrowheads indicate sites of colocalizationgsf2AX and hRapl.d) Quantification of
percentage of cells with five or more TIFs. For each cell linetahof 300 cells from three
independent experiments were scored. Standard deviations from three independent

experiments are indicated.
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Figure 3 Batenburg et al.
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Figure 3. CS primary fibroblasts carrying CSB mutations accumulate telomere doublets
(A) Analysis of metaphase chromosomes from GM10901 and GM10905. Chromosomes
were stained with DAPI and false colored in red. Telomeric DNA was detected by FISH
using a FITCconjugated (CCCTAA}containing PNA probe (green). Open arrows
represent telomerdoublets whereas asterisks indicate telomere loss. Enlarged images of
chromosomes with telomere doublets or telomere loss are shown at the b8tamn. (
Quantification of telomere loss or telomere doublets from indicated cell lines. For each cell
line, atotal of 2410 to 2699 chromosomes from 60 metaphase cells were scored in a blind
manner for the presence of telomere loss (B & D) as well as telomere doublets in (C & E).
Standard deviations derived from three independent experiments are indicated. Passage

numbers of cell lines used are indicated above the bars.
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Figure 4 Batenburg et al.

A B 5 97 P=0.009 D
. 25 5 97 B — 3.07 P=0.018
50 % < 2 ] —
3w p15 a | 2o 4 £ _ 25
9 20 g 4 556 52
o C o b= )
B89 30 iL S 2 31 3 5 2.0
S8 15, 82 3 o °%5
o E o & o E T E 15
22 5 E £ = 2 =]
T <= 1.0- g9 21 o -8 o=
§2 S5 o 22 107
£T 2 | S 11 R
58 °°] 5 2 # - 057
23 | == E 0 0
L 4 o« s R &
& LsP S 0 & & &
& (,\{o@,\g & é‘(/\\\\,\o
© A © o hTERT-GM10905 GM16095
P=0.008
E F P<<0.001 G,
I I o
2 3 32
[0}
= 8=
s &L 32 ©F
©
& 8 = 2 £ o
5 E 25
anti-CSB 8 I it
- o < S
v-tubulin | e > 14 2
- w— @
Helal.2.11 ==
o~
B & DMSO +
@o@ & Aphidicolin - + — +
ﬁ vector CSB
2.11
BLAlE GM16095

Figure 4. CSB is required to prevent the formation of telomere doubket€@antification

of telomere loss from indicated cell lines. For each cell linetsd of at least 2649 to 2668
chromosomes from 60 metaphase cells were scored in a blind manner. Standard deviations
derived from three independent experiments are indicaB@dantification of telomere
doublets from indicated cell lines. For each te#, a total of 2649 to 2668 chromosomes

from 60 metaphase cells were scored in a blind manner. Standard deviations derived from

three independent experiments are indicateyiQuantification of telomere doublets from
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hTERT-GM10905 cells expressing irgdited constructs. For each cell line, a total of 2707

to 2754 chromosomes from 60 metaphase cells were scored in a blind manner. Standard
deviations derived from three independent experiments are indidaje@uéntification of
telomere doublets from GMDB5 cells expressing indicated constructs. For each cell line,

a total of 4774 to 4923 chromosomes from 60 metaphase cells were scored in a blind
manner. Standard deviations derived from three independent experiments are in@igated. (
Western analysis d€SB expression. CSB was stably knocked down in HelLal.2.11 cells.
Immunoblotting was performed with a#fiSB or antig-tubulin antibody. The latter was

used as a loading controF)(Quantification of telomere doublets from HelLal.2.11 cells
expressing the vector alone or pRSCSB. For each cell line, a total of 2678 to 2961
chromosomes from at least 43 metaphase wadle scored in a blind manner. Standard
deviations derived from three independent experiments are indic&eQuantification

of telomere doublets from GM16095 cells expressing indicated constructs. Cells were
treated with DMSO or aphidicolin (Or8M) for 16 hr. For each cell line, a total of 3879 to
4321 chromosomes from B metaphase cells were scored in a blind manner. Standard

deviations derived from three independent experiments are indicated.
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Figure 5 Batenburg et al.

A GM10901 + - B vector CSB c
GM10905 — + PD ¥ @ P> Pk
hTERT + + (kb)
23.1- 1
(kb) : : 13.0
23.1- 9.4~ [} 12.5 CSB
6o- TMBMAE . S . 120 /‘—'
O;X
9.4- 44 =115
‘ 5 & 105 vector
44- < 100
9.5
2.3~ 9.0
2.0- 0 10 20 30 40 50 60 70
Population doublings (PD)
2.3- 1.3-
Median telomere A control
length (kb) "V~ XN hTERT-GM10905
D F N " H
S & K
L F KL .
S
vector| % | » ) 3 49,0\ 00_?
c'}'d\roQ’ c‘,@c‘o@ éég@ 5
& & & &
PP csB CSB| M | ® e "3 re2 [
anti-CSB ZcsB TRF1 _
e vector | @ | @ .
y-tubulin R  PiggyBac > vtubulin S
PD 2 3 22 22 71 65 cssl® | @
E G
8 107
o P=0.006
3 80 vector § 8 —
£ 70 CSB o 7 j:r
g 60 <z( %
3 50 Z5 6
§ 20 g5
= 30 ug): 4
3 20 o i
S 10 L 2
o 1 b
0 20 40 60 80 100 120 o 0.
Days in culture vector + — + -
€SB: := # = b
TRF2 TRFA1

Figure 5. CSB is requred for telomere length maintenanc&) Genomic blot of telomeric

restriction fragments from hTERimmortalized GM10901 and GM10905 cells. About 3
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ng of Rsd/Hinfl-digested genomic DNA from each sample was used for gel
electrophoresis. DNA molecular weight markers are shown on the left of the blot. Median
telomere length of indicated cell lines are shown on the bottom of the Bjdgeghomic

blots d telomeric restriction fragments from hTERAM10905 cells expressing either the
vector alone or wild type CSB as indicated above the lanes. Abogtd Rsd/Hinfl-
digested genomic DNA from each sample was used for gel electrophoresis. Population
doublings (PD) are indicated above the lanes whereas DNA molecular weight markers are
shown on the left of the blots. The bottom panel, taken from an ethidium bretaided
agarose gel, is used as a loading conti®@). Median telomere length of indicated deles

was plotted against population doubling®) Western analysis of CSB expression in
hTERT-GM10905 cells. Immunoblotting was performed with 08B or antig-tubulin
antibody. The indicated CSBiggyBac fusion protein is a product of alternative splicing
involving the first 5 exons of CSB and a conserved PiggyBac transposable element
(PGBD3) located within the intron 5 of the CSB gé€b6). (E) Growth curve of hTERT
GM10905 cells expressing various constructs as indicated. The number of PDs was plotted
against days in cultur€F) Dot blots of ChIPs with afTRF1 orantrTRF2 antibody.
ChiIPs were performed with lysates from hTERM10905 cells expressing either the
vector alone or wild type CSB. AnilyG ChIP was used as a contr@) (Quantification of

ChlIPs from (E). The signals from dot blots were quantified bygeQuant (IQ) analysis.
Standard deviations from three independent experiments are shbwieStern analysis

of protein expression. Immunoblotting was carried out with 8Rf1, antiTRF2 or anti

gtubulin antibody.
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Figure 6 Batenburg et al.
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Figure 6. CSB is required for maintaining the homeostatic level of TERRA Analysis

of TERRA expression from hTERGM10905 cells expressing the vector alone or CSB.
Northern blotting was performed with 33P-labeled telomeric DNAcontaining probe
shown on the I¢ top panel. The northern blot of GAPDH shown on the left bottom panel
was used as a loading control. The right panel was taken from the ethidium bstameel
agarose gel. The position of 28S or 18S ribosomal RNA is indic&eQuantification of
relative TERRA levels from (A). The signals from northern blots were quantified by
ImageQuant analysis. The TERRA signal from each lane was normalized to the GAPDH
signal in the corresponding lane, giving rise to the relative level of TERRA to GAPDH.
(C) Northern analysis of TERRA expression from GM16095 cells expressing the vector
alone or wild type CSB. The northern blot of GAPDH shown on the left bottom panel was
used as a loading control. The right panel was taken from the ethidium brstaited
agaroseael. The position of 28S or 18S ribosomal RNA is indicatB)l Guantification of
relative TERRA levels from (C). Quantification was performed as described inEB). (
Northern analysis of TERRA expression from Helal.2.11 cells stably expressing the vector
alone or pR&hCSB. The northern blot of GAPDH shown on the left bottom panel was
used as a loading control. The right panel was taken from the ethidium bistaited
agarose gel. The position of 28S or 18S ribosomal RNA is indig@&eQuantificationof

relative TERRA levels from (E). Quantification was performed as described in (B).
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Supplementary Figure S1 Batenburg et al.

Y'tUbU”n ————— - —

Figure S1.Western analysis of CSB expression in normal and CS primary fibroblasts.

Immunoblotting was carried out with a1@iSB or antig-tubulin antibody. The lattexwas

used as a loading control.

128



Ph.D. Thesi§ N. Batenburg McMasterUniversityT Biology

Supplementary Figure S2 Batenburg et al.

A hTERT- B
GM10905

Heal — = & — hTERT-GM10905
TSHB 4 — — —
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Figure S2.(A) Analysis of hTERT expression in GM10905 cells. One thousand cells of
hTERT immortalized GM10905 cells were used to measure telomerase activity. TSR8
was used as a positive control whereg@@acholamidopropl)-dimethylammonio]l-
propanesulfonate buffer (CHAPS) was used as a negative coBdrédlnélysis of
metaphase chromosomes from hTEGWM10905. Chromosomes were stained with
DAPI and false colored in red. Telomeric DNA was detected by FISH using a FITC

conjugated (CCCTAA)Xontaining PNA probe (green).
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Supplementary Figure S3 Batenburg et al.

hTERT-GM10905-vector hTERT-GM10905-CSB

Figure S3.Analysis of metaphase chromosomes from hTERM10905 stably

expressing either the vector alone or wild type CSB. Chromosomes were stained with
DAPI and false colored in red. Telomeric DNA wageatted by FISH using a FITC
conjugated (CCCTAA)Zontaining PNA probe (green). Open arrows represent telomere

doublets.
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Supplementary Figure S4 Batenburg et al.

vector shCSB

HeLal.2.11
Figure S4.Analysis of metaphase chromosomes from HelLal.2.11 stably expressing
either the vector alone or pRBRCSB. Chromosomes westained with DAPI and false
colored in red. Telomeric DNA was detected by FISH using a feidigugated

(CCCTAA)3-containing PNA probe (green). Open arrows represent telomere doublets.

Supplementary Table S1. Summary of normal and CS primary fibroblast délines used.

Cell Line Age at Biopsy | CSB Allele 1 CSB Allele 2 Source
GM38 9 YR Normal Normal NIGMS
GM9503 10 YR Normal Normal NIGMS
GM8399 19 YR Normal Normal NIGMS
GM10901 42 YR R735X Normal NIGMS
GM10905 10 YR R735X R735X NIGMS
GM739 3 YR R377X R857X NIGMS
GM1428 8 YR N/A N/A NIGMS
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Chapter 3

Cockayne syndrome group B protein regulates DNA doubtstrand
break repair and checkpoint activation

137



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

3.1 Preface

Cells derived fronCS patients are sensitive to D8Rlucing agentsuch asonizing
radiation (IR)(Leadon & Cooper, 1993; Tust al, 2002b, 2003)camptothecin (CPT)
(Squireset al, 2012)andetoposide(Elli et al, 1996) suggesting that CSB plays a role in
DNA DSB repair. The work presented in this chapter clearly deszniloeel role for
CSB inDNA DSB repair specifically in regulatinghe choice between the two main
pathways nofhomologous engbining (NHEJ) and homologous recombination (HR).
These findings advance our understanding of theatkefissociated with loss of B&nd
provide further emence for the link between DSB repair and aging.

The work in ths chapter was published in tBE8MBO Journalon May 12, 2015,
on pages 1399416, volume 34, issue 10, DQI0.15252/embj.201490041 performed
all of the experiments in this chapter witle texception of the GFP reporter assay in
Figure 2D and cell cycle analysis by FACS in Supplementary Figure S2, which was
completed by Elizabeth Thompsonn D . Er i ¢ .Huw.frdcHendricksomn 6 s
also provided rAAV constructs and helped us eshlihe rAAV-based gene targeting
protocol. The experimental design was a collaborative effort between myself and Dr. Xu
Dong Zhu. Th writing of the manuscript was a collaborative effort between myself and

Dr. Xu-Dong Zhu with input from other authors.
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3.2 Publication i Cockayne syndrome group B protein regulates DNA
double-strand break repair and checkpoint activation
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3.2.1 Abstract

Mutations of CSB account fahe majority of Cockayne syndrome (CS), a devastating
hereditary disorder characterized by physical impairment, neurological degeneration and
segmental premature aging. Here we report the generation of a humama@&®ut cell

line. We find that CSB fatitates HR and represses NHEJ. Loss of CSB or-a$38ciated

CSB mutation abrogating its ATPase activity impairs the recruitment of BRCA1, RPA and
Rad51 proteins to damaged chromatin but promotes the formation of S3BPdamage

foci in S and G2 celldepletion of 53BP1 rescues the formation of BRCA1 damage foci

in CSB-knockout cells. In addition, knockout of CSB impairs the ATd&hd Chk2
mediated DNA damage responses, promoting a premature entry into mitosis. Furthermore,
we show that CSB accumulates sites of DNA doublestrand breaks (DSBs) in a
transcriptiondependent manner. The kinetics of DBBuced chromatin association of
CSB is distinct from that of its UNhduced chromatin association. These results reveal
novel, important functions of CSB iregulating the DNA DSB repair pathway choice as

well as G2/M checkpoint activation.

3.2.2 Introduction

DNA doublestrand breaks (DSBs) are one of the most lethal forms of DNA damage and
can promote tumorigenesis if not repaired properly. Eukaryotic tell/e evolved a
complex network to sense and repair DSBs. Ataxia telangiectasia mutated (ATM), a kinase,
is responsible for transducing the DNA damage signal through phosphorylation of many

proteins essential for the activation of the DNA damage chedkpeihcycle arrest, DNA
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repair or apoptosis (Shiloh, 2003; Lukas et al, 2011). Specifically, upon DSB induction,
ATM phosphorylates the histone variant H2AX at serine 139, giving risgHRAX
(Rogakou et al, 1998, 1999H2AX plays a key role in marking damaged chromatin and
in directing the recruitment of DNA damage signaling and DNA repair proteins into repair
centers, also known as oO0foci 6 (Lukas et al
There exist two major pathways responsible for repairing DSBs: honhomologous
end joining (NHEJ) and homologous recombination (HR) (Chapman et al, 2012; McKerlie
et al, 2013). NHEJ can ligate two broken ends in the absence of sequence homology,
whereas HR, lamg)y errorfree, requires sequence homology and is often restricted to the
S and G2 phases of the cell cycle during which sister chromatids are present. The choice of
which DNA DSB repair patiway is utilized is highly regulated, and two tumor suppressor
proteins BRCA1 and 53BP1 play pivotal roles in influencing the fate of the repair of DSBs
by either HR or NHEJ (Chapman et al, 2012). BRCAL promotes HR (Xie et al, 2007; Cao
et al, 2009; Bouwman et al, 2010; Bunting et al, 2010), perhaps by facilitatingddDNMA
resection (Bunting et al, 2010), an early step of HR marked by the generation of RPA
coated singlesstranded DNA (RPAsDNA), whereas 53BP1 and its effector Rifl are found
to antagonize BRCA1 at DSBs to promote NHEJ (Xie et al, 2007; Cao et al, 2009;
Bouwman et al, 2010; Bunting et al, 2010; Chapman et al, 2013; Di Virgilio et al, 2013;
EscribaneDiaz et al, 2013). A perturbation in the recruitment of BRCAL or 53BP1 to
damaged chromatin can lead to an error in the choice of the DNA DSB repair pathway,

which can promote genomic instability, an underlying hallmark of cancer and aging.
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Cockayne syndrome (CS) is a devastating hereditary disorder characterized by
physical impairment, neurological degeneration and segmental premature aging. The
majority of CS ases are caused by mutations in the ERCC6 gene, which encodes Cockayne
syndrome group B protein (CSB). CSB is required for transcrijgoupled nucleotide
excision repair (Troelstra et al, 1992; van der Horst et al, 1997) and has also been implicated
in chromatin remodeling (Newman et al, 2006), oxidative damage repair (Stevnsner et al,
2008), interstrand crosslink repair (lyama et al, 2015), mitochondrial function (Aamann et
al, 2010; Scheiby&nudsen et al, 2012), telomere maintenance (Batenburg étlal) and
transcriptionassociated DNA recombination (Gottipati & Helleday, 2009; Savolainen et
al, 2010). CSB is also known to play key roles in transcription and modulation of the stress
response (VeleZruz & Egly, 2013). CSB contains a central SWI/SINe ATPase
domain and possesses an DNépendent ATPase activity that is important for its
chromatin remodeling and UV repair functions (Citterio et al, 1998; Selzer et al, 2002; Cho
et al, 2013).

CSB-deficient cells derived from CS patients are best knofen their
hypersensitivity to UV light because of their defect in transcriptiompled nucleotide
excision repair (Troelstra et al, 1992; van der Horst et al, 1997). However, they are also
sensitive to several other types of DNA damaging agents incliumhizing radiation (IR)
(Leadon & Cooper, 1993; Tuo et al, 2002, 2003), camptothecin (CPT) (Squires et al, 1993)
and etoposide (Etop) (Elli et al, 1996), all of which are known to induce DNA DSBs. It has
been suggested that a defect in base excisionrrepdSBdeficient CS cells may

contribute to their sensitivity to IR (Tuo et al, 2002, 2003). However, CSB has recently
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been implicated in the processing of Cid@iuced Rloops into DNA DSBs (Sollier et al,
2014), suggesting that it may play a role in DRAB repair.

Most CSRBdeficient cell lines derived from CS patients carry compound
heterozygous CSB mutations, making them less than ideal for mutational analysis of CSB
function and speak for a need for human &®Bckout cells. Here we report the genierat
of a human CS&nockout cell line, which we used to demonstrate that CSB has novel,
important roles in regulating the choice of DNA DSB repair pathways. We show that CSB
accumulates at sites of DNA DSBs in a transcriptiependent manner. Moreovere tloss
of CSB promoted NHE@ediated repair of DNA DSBs but impaired Hiediated repair
of DNA DSBs. The absence of CSB promoted the recruitment of 53BP1 and Rifl in S/G2
cells at the expense of blocking BRCA1 association with damaged chromatin. Intsoducti
of wild-type CSB fully suppressed the increase in 53BP1 and Rifl damage foci formation
in CSB-knockout cells, whereas the introduction of CSB carrying a CS associated W851R
mutation in its conserved ATPase domain failed to do so. We propose that C&&esp
NHEJ in S/ G2 cells to facilitate the HR
activity is important for its role in regulating this choice of DNA DSB repair. In addition,
we find that CSB is needed for the activation of the ATaid Chk2dependenhDNA
damage responses. Furthermore, we find that the ATPase activity of CSB, which is
essential for its UMnduced chromatin association, is dispensable for its-D8Bced
chromatin association, suggesting that CSB association with DSBs is distincttgrom
association with UMnduced damaged chromatin. Our work suggests that dysregulation of

DNA DSB repair resulting from defects in CSB could play a role in CS pathology.
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3.2.3 Materials and methods
Plasmids and antibodies
The retroviral expression constta for wildtype CSB and the shRNA against CSB or
53BP1 have been described (Batenburg et al, 2012; McKerlie et al, 2013). The
QuickChange sitelirected mutagenesis kit (Agilent Technologies) was used to generate
CSB mutant W851R.

Antibodies used includ@ad50, Mrell and Nbs1 (Zhu et al, 2000) (kindly provided
by John Petrini, Memorial Sloakettering Cancer Center); Rifl (EscribabDiaz et al,
2013) (generously provided by Daniel Durocher, Samuel Lunenfeld Research Institute);
53BP1 (BD Biosciences); BRCGA(MS110, Abcam); BRCA1 (Millpore); ATM (clone
2C1, Novus Biologicals); ATM (A8, Calbiochem); ATMpS1981 (10H11.E12, Cell
Signaling); cyclin A (6E6, Abcam); CSB/ERCC6 (A3B%4A, Bethyl Laboratories);
ERCC6 (553Cbha, Fitzgerald); Chkl ({#lz6, Santa Crz); Chk:pS317 (A300163A,
Bethyl Laboratories); Chk2 (H300, Santa Cruz); GpH®&8 (Cell Signaling)g-H2AX
(Millipore); H3-pS10 (Cell Signaling); KAPpS824 (ab70369, Abcam); KAP1 (NB500
158, Novus Biologicals); Rad51 (ab213, Abcam); Rad51 (Santa Cruz); RPA70 (a kind gift
from James Ingles, University of Toronto); RPA32 (9H8, Abcam); RPESZ/pS8
(Bethyl Laboratories); SMCHpS966 (NB10206, Novus Biologicals); SMC1 (NB160

204, Novus Biologicals); PGBD3 (Fitzgerald); antubulin (GTU88, Sigma).
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Cell culture, retroviral infection and treatments
Cells were grown in DMEM with 10% fetal bovine serum seppnted with nomssential
amino acids, tglutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin. Phoenix,
hTERT-RPE and HelL@R-GFP cells were respective gifts from Titia de Lange
(Rockefeller University), Prasad Jallepalli (Memorial Sldattering Caicer Center) and
Daniel Durocher (Samuel Lunenfeld Research Institute). GM16095 and the parental line
GM10905 for hTERTGM1095 were obtained from the NIGMS Human Genetic Cell
Repository (Coriell Institute for Medical Research). rAR93 cells were from Sdtagene.
Retroviral gene delivery was carried out as described (Wu et al, 2007a, 2008).

To induce DNA DSBs, cells were treated with eithendMEtop (Sigma) or i
CPT (Sigma) for 1 h at 37°C. IR was delivered from al@8 source at McMaster
University (Gammacell 1000). For UV treatment, cells were exposed to UVC (254 nm)
generated by a germicidal lamp (Model G8T5, GE) as described (Wu2i04ah). To
inhibit transcription, cells were treated with eitherr®@ DRB (Cayman Chemical) or 1
nmg/ml actinomycin D (Sigma) for 2 h at 37°C except where specified. KU5593@M10
Sigma) and NU7026 (IrM, Sigma) were used to inhibit ATM and DNRKcs,

respectively.

Generation of CSB knockout in hTERT-RPE cells

All primers used in the generation of the CGlickout cell line are shown in
Supplementary Table S1. Construction of targeting vectors was performed as described
(Kohli et al, 2004). The primer &313/314 and 315/316 were used to amplify the right
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and left arms flanking exon 5 of the ERCCG6 locus, respectively, using genomic DNA
harvested from hTERRPE cells. The amplified right and left arms of exon 5 were mixed
with a 4kb Pvul fragment derivellom the NeDaKGNeo plasmid, followed by PCR using
primers 313 and 316The resulting fusion PCR product (4.4 kb) was purified, digested
with Notl and ligated with the Nollnearized pAAVMCS plasmid, giving rise to pAAV
Neo-CSB.

Viral packaging and ifiection of target cells were done essentially as described
(Kohli et al, 2004). Briefly, AAV293 cells at about 60% confluency were cotransfected
with the targeting vector (pAAWNeo-CSB), pAAV-RC and pHelper plasmids using
Lipofectamine 2000 (Invitrogenlrorty-eight hours postransfection, cells were harvested
and subjected to the cycles of freezing artdawing (liquid N2 for 10 min, vortexed for
30 s and then thawed at 37°C for 10 min). The viral supernatant was collected by
centrifugation at 14,000 fgr 2 min and stored at 80°C.

For infection, the virus was added dropwise to hTHRPE cells grown at about
70i 80% confluency. Fortgight hours posinfection, cells were trypsinized and plated in
96-well plates at a density of 2,000 cells per well in rmezbntaining 1 mg/ml G418
(Invitrogen). Two weeks later, single colonies were identified and transferredwelR4
plates for expansion.

To screen for CSB targeting events, genomic DNA from cells grown -iwek4
plates was harvested using the QiagereRue ne Cel | Kit according

instructions, followed by PCR reactions with two different sets of primers (364/365 and
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366/367). Retargeting was examined by PCR screening for the presence of exon 5 using

the primer set 378/367.

Immunofluorescence

Immunofluorescence (IF) was performed as described (Mitchell et al, 2009; McKerlie &
Zhu, 2011) except for visualizing Rad51 and CSB. For Rad51 IF, cells grown on coverslips
were fixed in PBSouffered 2% paraformaldehyde at room temperature for 10 Foin.

CSB IF, cells grown on coverslips were fixed in PRS8fered 4% paraformaldehyde at
room temperature for 10 min. Following three washes in PBS, cells were then
permeabilized in 0.5% Triton-400 for 5 min before proceeding to blocking as described
(Zhu et al, 2003; Mitchell & Zhu, 2014) except that the blocking buffer was made with
0.1x PBS. All cell images were recorded on a Zeiss #¥am 2 microscope with a

Hamamatsu C47495 camera and processed in Open Lab.

Differential salt extraction of chromatin and immunoblotting
Protein extracts, differential salt extraction of chromatin and immunoblotting were

performed as described (Wu et al, 2007a; McKerlie et al,;204 2 de Lange, 2004

Northern analysis of CSB transcripts
Northern analysis was perfoed as described (Batenburg et al, 2012) except that a PCR
product corresponding to CSB nucleotidel B98 was used to generate the radioactively

labeled probe.
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Random integration assays

For random integration assays, cells were infected witm1&f the indicated rAAV
adenoviral lysates as described and then plated in media containing 1 mg/ml G418 at
300,000 cells/per t0m plate. Following incubation for 12 days, colonies were fixed and
stained at room temperature for 10 min with a solution contaifrgmethanol, 7% acetic

acid and 0.1% Coomassie blue. Colonies consisting of more than 32 cells were scored. To
assess plating efficiency, infected cells were plated in media without G418. The number of
colonies counted on plates without G418 was norndliaehe number of cells seeded to

give rise to plating efficiency.

GFP reporter assays and FACS analysis
To assess NHEJ activity, the reporter plasmid pEBEm1IAd2 was used as described
(Fattah et al, 2010). In brief, Lipofectamine LTX plus reagentitflogen) was used to
transfect parental and CS80 cells with an iScelexpressing plasmid, pCherry and
pEGFRPemtAd2 in a ratio of 1:0.5:1 according
eight hours postransfection, cells were harvested and subpto FACS analysis.

To assess HR activity, HetlRR-GFP cells were first transfected with either pRS
or shCSB using Lipofectamine 2000 reagents
instructions. Twentfour hours after the first transfection, celVere transfected with an |
Scelexpressing plasmid and pCherry in a ratio of 4:1. Fergit hours after the second
transfection, cells were harvested and subjected to FACS analysis. For FACS analysis, cells

were harvested, washed in 1x PBS and fixdeB&-buffered 4% paraformaldehyde. FACS
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analysis was performed using a Beefickinson LSRII located at the McMaster
University flow cytometry facility, Hamilton, Canada. The number of cells positive for
both GFP and pCherry was normalized to the totallver of pCherrypositive cells, giving
rise to the percentage of GigBsitive cells.

For cell cycle analysis of parental and CEB cells, two million cells were fixed
in 80% ethanol. Fixed cells were then washed twice with PBS, followed by incubation in
PBS containing 100rg/ml RNase A and 56g/ml propidium iodide at 37°C for 30 min.
FACS analysis was performed on a FACS Calibur instrument and analyzed using FlowJo

(vX.0.7).

Clonogenic survival and G2/M checkpoint assays

For clonogenic survival assaystat6 h prior to Etop or CPT treatment, cells were seeded
in triplicate at 200/300 cells (0 to 25 CPT and 0 to %M Etop) or 800/2,400 cells (10

nmM Etop) for parental and CSRO, respectively, per-6m plate. After 1 h of CPT or Etop
treatment, the dguwas washed off with PBS and fresh growth medium was added. For IR
treatment, cells were counted, irradiated and seeded in triplicate at 200 or 300 cells for
parental and CSEO, respectively, per-6m plate, followed by replacement with fresh
media aftera 24h incubation. For PARP1 inhibitor treatment, cells were seeded in
triplicate at 200 and 300 cells for parental and &SRB respectively, except for that 600
knockout cells were seeded fon®1 olaparib treatment. Twentipur hours posseeding,

cells were treated with olaparib and allowed to grow in the presence of olaparib for the

entirety of the experiments. Ten days later, colonies were fixed and stained at room
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temperature for 10 min wita solution containing 50% methanol, 7% acetic acid and 0.1%
Coomassie blue. Colonies consisting of more than 32 cells were scored.

The G2/M checkpoint assay was performed as described (McKerlie et al, 2013).
Briefly, cells seeded on coverslips were trdatéth 2 Gy IR and allowed to recover in the
incubator. Following 1 h, 4 h and 8 h incubations, cells were gently washed with PBS, fixed
with paraformaldehyde and then processed for immunofluorescence wiH3an810

antibody.

Neutral comet assays

Neutral comet assays were carried out as described (Dhawan et al, 2002) with minor
modifications. Cells were mixed with 1% agarose, and the mixture was dropped onto slides
pre-coated with 1% agarose. Cells on the slides were lysed in comet lysis buffer (100 mM
EDTA, 2.5 M NaCl, 10 mM Tris, 1% Triton 400 pH 10) overnight at 4°C in the dark.

The slides were then incubated in 1x TBE buffer (9 mM Tris, 9 mM boric acid, 2 mM
EDTA pH 8.0) for 30 min at 4°C in the dark. Following gel electrophoresis run at 0.8 V/cm
for 30 min in cold 1x TBE buffer, the slides were dehydrated in 70% ethanol for 30 min,
air-dried and stained with SYBR Green | (Invitrogen). ImageJ (v1.49) was used with the
Open Comet (v1.3) plugin to analyze at least 200 cells for each sample. Theneihtn

(TM) represents the product of the tail length (TL) and the fraction of DNA in the comet
tail (TM = %DNA in tail x TL/100). The data were plotted using Prism (v5.03) to create a

box and whisker graph where the whiskers correspond to 0 Jfkercerites. A non
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parametric MannWhitney ranksum ttest was used to derivevRlues specifically for

comet assays.

Statistical analysis
A St ud e-iled anpaired-test was used to derive allvRlues except where

specified.

3.2.4 Results

Generation ofa human CSBknockout cell line

Most CSBdeficient cell lines derived from CS patients carry compound heterozygous CSB
mutations, making them less than ideal for mutational analysis of CSB function. To address
this problem, we decided to create a human ®R8&kout cell line by targeting exon 5,

the largest exon of CSB, through recombinant adessociated virus (rAAVnediated

gene targeting technology (Fig 1A). For these studies, we selected the telomerized human
retinal pigment epithelial (hnTERRPE) cédlline since these cells are diploid, wilgpe for

all known DMNA repair genes and have sucdalg been utilized for gene targeting
experiments (Kohli et al, 2004; Burkard et al, 2007; Di Nicolantonio et al, 2008). After the
first round, we screened 28nes and obtained two clones (L3A2 and M1D3) that were
correctly targeted (Fig 1B). The clone L3A2 was used in the second round of gene targeting.
After screening 1,158 clones, 46 correctly targeted clones were obtained; however, only
one of them (284) corresponded to the desired genotype in which both copies of exon 5

had been disrupted (Fig 1B). The other 45 clones comprised cells in which retargeting to
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the already (first round) targeted allele had occurred. The absence of CSB expression in the
clone28-C4 was subsequently confirmed by Northern (Fig 1C) and Western analylses wit
two independent arttSBantibodies(Fig 1D and E).

Alternative splicing of exon 5 of CSB with the gene PGBD3, which is located
within intron 5 of CSB, instead of exon 6 of BSgives rise to a CSB:PGBD3 fusion
protein (Newman et al, 2008). Therefore, we also examined the expression of CSB:PGBD3
in 28-C4 cells. Western analysis with an antibody raised against eithertidr@nikhus of
CSB, which is present in CSB:PGBD3, or PGBES/ealed no expression of the
CSB:PGBD3 fusion protein in 284 cells (Fig 1E and F). On the other hand, expression
of PGBD3 was not disrupted (Fig 1F). These results demonstrated that CSB:PGBD3 is also
knocked out in clone 284, and hereafter, we refierclone 28C4 as CSBnockout (CSB

KO) cells.

Loss of CSB promotes NHEJ but impairs HR, rendering cells sensitive to DNA DSB
inducing agents

We observed that the respective frequency of the random integration of two independent
targeting vectors (CSBAAV and CCR5rAAV) in the CSBKO cells was a 2.6%old and

a 1.74fold higher than in the parental hTERRIPE cells (Fig 2A), indicating that the loss

of CSB may promote random integration. It has been suggested that the random integration
of gene targetingectors is mediated by NHEJ (Kotin et al, 1992; Kan et al, 2014), and
therefore, we examined whether inhibition of DNAKcs, a kinase directly engaged in

NHEJ, might affect the frequency of the random integration in-&SBcells. Treatment
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with NU7026, aspecific inhibitor of DNAPKcs (Veuger et al, 2003), severely impaired

the frequency of random integration of either @3B\ or CCR5rAAV targeting vector

in both parental and CSRO cells (Supplementary Fig S1A and B), although it did not
abolish the ineased frequency of random integration in &@8B cells (Supplementary

Fig S1A and B). These results suggest that random integration is mediated at least in part
by NHEJ. Although we cannot rule out the possibility that the increased frequency of
random ingégration in CSBKO cells is not epistatic to NHEJ deficiency, it is possible that

the residual NHEJ activity in cells treated with the DRKcs inhibitor might be sufficient

to support the increased frequency of random integration in theKCséells.

To further investigate the role of CSB in regulating NHBGdiated DNA DSB
repair, we employed a wedistablished NHEJ reporter plasmid pEGFEMLIAd2
(Seluanov et al, 2004), which contains the GFP gene disrupted by the insertiorSaiean |
restriction enzyra site. Repair of-Scetinduced DNA DSBs by NHEJ restores GFP
expression in pEGFPemtAd2. NHEJmediated repair of-Scetlinduced DSBs was
significantly upregulated in CSRO cells when compared with parental cells (Fig 2B),
further supporting the notiainat CSB negatively regulates NHEiediated DSB repair.

An upregulation in NHEdnediated DSB repair can have a consequence on the
repair of DSBs by HR, and therefore, we also asked whether loss of CSB might affect HR
mediated DSB repair. To address thisestion, we employed a HelLa cell line stably
expressing a welkstablished HR reporter BEFP (Escriban®iaz et al, 2013), which
also contains the GFP gene disrupted by the insertion eSaallrestriction enzyme site.

In this instance, however, repaif I-Scetinduced DNA DSBs by HR restores GFP
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expression in HelLa cells. The knockdown of CSB led to a significant reduction-in HR
mediated repair of-Ecetinduced DSBs (Fig 2C and D), suggesting that CSB facilitates
HR-mediated DSB repair.

In support of he notion that CB regulates DNA DSB repair patlay choice, CSB
KO cells were sensitive to a range of D®Bucing agents including IR, Etop and CPT
(Fig 26 G), in agreement with previous findings (Squires et al, 1993; Elli et al, 1996; Tuo
et al, 2002, 203). CPT is known to induce DSBs specifically in S phase (Ryan et al, 1991);
however, we did not observe any significant difference in the cell cycle profile between
parental and CSBO cells (Supplementary Fig S2), suggesting that the increased
sensitiviy of CSBKO cells to CPT is not likely due to a change in their S phase profile.

It has been suggested that CPT can also induce DNA DSBs in a transeription
dependent mannerSékasai et al, 2010), and thiere, we asked whether the
hypersensitivity of CSBKO cells to CPT might be dependent upon transcription. To
address this question, we treated both parental andKTSBells with the transcription
inhibitor DRB for 1 h, followed by the incubation with CPT in the presence of DRB for
another 1 h. Treatmentith DRB resulted in a slight increase in the sensitivity of both
parental and CSEO cells to CPT (Fig 2H), which was not significantly different,
suggesting that the increased sensitivity of €&&Bcells to CPT is unlikely to be mediated

solely by transaption-dependent damage.
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Loss of CSB impairs the recruitment of BRCAL and HR repair factors to sites of DNA
damage
Analysis of indirect immunofluorescence with agt2AX revealed that CSEKO cells
were able to form IRnducedgH2AX foci indistinguishable from the parental cells 1 h
postiR (2 Gy) exposure (Supplementary Fig S3A and B), suggesting that the absence of
CSB does not prevent the recruitmentggRAX to sites of DNA DSBs. However, we
observed that the CSRO cells exhibited a smdll but significand accumulation of IR
inducedgH2AX foci 4 and 8 h posiR (Supplementary Fig S3B). Further analysis revealed
that this increase in the formation of-iRdlucedgH2AX foci was restricted to cyclin A (a
marker for cells in the S/G2 phases of the cell cyptsitive CSBKO cells (Fig 3A,
Supplementary Fig S3C), suggesting that &SB cells may be compromised in HR
mediated repair of DSBs in S/G2, in agreement witheaulier finding that depletion of
CSB impairs HRmediated repair of6cetinduced DSBs (Fig 2D).

BRCAL, a tumor suppressor protein, plays a key role in directing DNA DSBs to
HR repair (Xie et al, 2007; Cao et al, 2009; Bouwman et al, 2010; Buntin@ét ), and
therefore, we examined the recruitment of BRCAL to sites of DNA damage irKCSB
cells. We observed a significant reduction in the formation ahtitced BRCA1 foci in
CSBKO cells (Fig 3B; Supplementary Fig S3D). Further analysis of dual eictdir
immunofluorescence with an aalBRCAL antibody in conjunction with an amyclin A
antibody revealed that the reduction in the formation eintiRiced BRCAL foci in the

knockout cells was largely confined to cyclinpésitive cells (Fig 3C; Supplememy Fig

155



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

S3E). On the other hand, the loss of CSB did not lead to any detectable change in the level
of BRCA1 expression (Supplementary Fig S3F). Taken together, these results suggest that
CSB is important for the recruitment of BRCAL to sites of DNA dana@G?2 cells.

The effect of the loss of CSB on the recruitment of proteins directly involved in
DNA DSB repair was also examined. G8® cells were compromised in forming not
only IR-induced foci of RPA (Fig 3D), a readout commonly used for DNA end tiegec
(Huertas & Jackson, 2009; McKerlie et al, 2013), but alssmtiRiced foci of Rad51 (Fig
3E), a HR recombinase. In addition, GEB cells were sensitive to olaparib (Fig 3F), a
PARP1 inhibitor known to be toxic to cells deficient in HR (Chapman eRGil3;
EscribaneDiaz et al, 2013). Collectively, these results demonstrate that CSB plays an
important role in facilitating HR repair in S/G2 cells.

As CSB is known to be involved in transcription, we also investigated whether the
observed impairment of Hthduced Rad51 foci in CSBO cells might be transcription
dependent. To address this question, we treated parental andK@SRlls with a
transcription inhibitor (actinomycin D or DRB) prior to IR treatment. Pretreatment with
actinomycin D or DRB severglimpaired the formation of Hhduced Rad51 foci
formation in both parental and CS8D cells that stained positive for cyclin A (Fig 3G),
in agreement with previous finding that Rad51 recruitment to sites of DNA DSBs is
transcription dependent (Aymard at, 2014). On the other hand, pretreatment with
actinomycin D or DRB did not abolish the decrease wndRiced Rad51 foci formation
observed in CSEO cells (Fig 3G), suggesting that transcriptibependent damage is not

likely to be the main cause forglimpaired Rad51 foci formation in the C8® cells.
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Loss of CSB leads to an accumulation of 53BP1 and Rifl at sites of DNA damage in
S/IG2 cells

To investigate whether the observed defect in recruiting HR factors irKC5&eIlls might

be associated with@ncomitant increase in recruiting NHRdbmoting factors to the sites

of DSBs, the formation of Ifhduced foci of 53BP1 and Rifl, both of which are known to
inhibit BRCA1 and to promote NHEJ (Chapman et al, 2013; Di Virgilio et al, 2013;
EscribaneDiaz et al, 2013; Feng et al, 2013; Zimmermann et al, 2013), was examined.
Analysis of indirect immunofluorescence with a®8BP1 revealed that CSBO cells

were not only competent in forming HJiRduced 53BP1 foci (Fig 4A; Supplementary Fig
S4A) but also displyed a significant supernumerary accumulation eindRiced 53BP1

foci 4 and 8 h posiR (Fig 4A). Similarly, an excess accumulation ofifiRluced Rifl foci

in CSBKO cells (Fig 4B; Supplementary Fig S4B) was observed. Again, the accumulation
of IR-inducedRifl foci was predominantly confined to CSD cells staining positive for
cyclin A (Fig 4C; Supplementary Fig S4B), suggesting that the loss of CSB promotes NHEJ
activity in S/G2 cells, which is in agreement with our earlier findings that the loss of CSB
promoted NHEmediated repair of$cetinduced DSBs (Fig 2B).

CSBKO cells are sensitive to olaparib (Fig 3F). To investigate whether the
observed increase in NHEJ activity in S/G2 cells might contribute to the sensitivity of the
CSB-KO cells to olaparip 53BP1 was knocked down with two independent shRNA
constructs (Supplementary Fig S4C). The knockdown of 53BP1 fully suppressed the

sensitivity of the knockout cells to olaparib (Fig 4D), and this suppression was specific to
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olaparib since the 53BP1 knoakan did not suppress the UV sensitivity of the CiSB

cells (Fig 4E). In addition, the knockdown of 53BP1 rescued the formationiofllRed
BRCAL foci in the CSBKO cells (Fig 4F). Taken together, these results demonstrate that
CSB is important for suppssing NHEJ in S/G2, which, in turn, supports therrd@&diated

repair of DSBs.

Loss of CSB impairs the ATMmediated DNA damage response and promotes a
premature exit from the G2/M checkpoint

Upon the induction of DNA DSBs, ATM, a master regulator of theAlldmage response,

is activated through its autophosphorylation at S1981 (Bakkenist & Kastan, 2003). To
investigate whether loss of CSB might affect ATM activation, both parental aneKOSB
cells were exposed to 5 Gy of IR. The parental cells displayedbastr ATM
phosphorylation at S1981 as early as 15 min-f®gFig 5A), consistent with previous
findings (Bakkenist & Kastan, 2003; McKerlie et al, 2013). In contrast, the level of ATM
phosphorylation at S1981 was severely impaired in the-KSRells afer IR (Fig 5A)
although the level of ATM expression in the knockout cells was indistinguishable from that
in the parental cells (Fig 5A). A loss in the level of ATM phosphorylation at S1981 was
also observed in the knockout cells following treatment witbpESupplementary Fig
S5A). Furthermore, the Hthduced phosphorylation of KAP1, SMC1, H2AX and Chk2,
downstream targets of ATM, was also impaired in the ®&Bcells (Fig 5A). Little
change in Chkl phosphorylation was detected in the-KSRells (Suppleentary Fig

S5B). Loss of CSB also had little effect on the expression level of KAP1, SMC1, H2AX,
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Chkl1 and Chk2 (Fig 5B). Taken together, these results suggest that loss of CSB impairs
ATM-mediated DNA damage response.

CSB has been suggested to play a mlganscription, and thei@re, formally it
was possible that the loss of CSB might affect the expression of DNA damage response
factors important for the regulation of ATM activation. Following the induction of DNA
DSBs, ATM activation requires the Mr&/Rad50/Nbsl complex (Lee & Paull, 2004,
2005). Western analysis revealed that the levels of Mrell, Rad50 and Nbs1l expression in
CSB-KO cells were indistinguishable from that in parental cells (Fig 5B), suggesting that
the compromised ATM activation obser/in the CSEKO cells is unlikely due to a loss
in the level of the Mrel11/Rad50/Nbs1l complex. Furthermore, we found that pretreatment
with the transcription inhibitor DRB or actinomycin D did not abrogate the reduction in the
level of ATM phosphorylatiomt S1981 in the CSEKO cells (Fig 5C), suggesting that the
compromised ATM activation in the CSBO cells is not likely to be mediated by active
transcription.

Although CSBKO cells were able to enter an G2/M arrest immediately following
the treatment withR (Fig 5D), they exhibited premature exit from the G2/M checkpoint
(Fig 5D). Earlier we have shown that CB® cells promote NHEJ (Fig 2B). To
investigate whether an increase in NHEddiated fast repair of DNA DSBs might
contribute to the observed pretma entry of CSEKO cells into mitosis, we performed
neutral comet assays with both parental (WT) and-BSRcells that were either mock or
IR treated. The comet tail moment in the CG&B cells was indistinguishable from that in

the parental (WT) cells 1min, 30 min or 1 h after 10 Gy IR (Fig 5E), suggesting that the
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premature exit of CSEKO cells from the G2/M checkpoint is not likely to be due to a

difference in the efficiency of fast DSB repair.

Inhibition of ATM abrogates IR -induced Rif1 foci formation in CSB-KO cells

The formation of IRInduced RIifl foci is dependent upon ATM activation (Chapman et al,
2013; Escribandiaz et al, 2013). Moreover, CSBO cells exhibit an impairment in
ATM activation (Fig 5A) but are competent in forming-ikluced Ril foci (Fig 4C;
Supplementary Fig S4B). To investigate whether the ATM activity might mediate the
accumulation of IRnduced Rifl foci in the CSBO cells, we treated both parental and
CSB-KO cells with KU55933, a specific inhibitor for ATM, prior to 2 G treatment.

The preincubation with KU55933 abrogated theinBuced Rifl foci formation in both
parental and CSEO cells (Supplementary Fig S4D), in agreement with previous findings
(Chapman et al, 2013; Escribabiaz et al, 2013). Taken together, $beresults suggest

that Rif1 recruitment to sites of DNA DSBs may not require a full level of ATM activation.

CSB, but not the CSB:PGBD3 fusion protein, is the main factor responsible for
facilitating HR repair of DNA DSBs

The deletion of exon 5 of CSBdds to loss of expression of both CSB and the CSB:PGBD3
fusion protein from the CSB locus (Fig 1E). To investigate whether CSB ofRCED3

was responsible for the observed defect in recruiting HR factors to sites of DSBs in the
CSB-KO cells, we generatederivative CSBKO cell lines stably expressing CSB,
CSB:PGBD3 or an empty vector (Supplementary Fig S6A). The introduction of CSB, but

not the CSBPGBD3 fusion protein, was able to suppress the sensitivity of the knockout
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cells to olaparib (SupplementarygFS6B). In addition, the introduction of CSB, but not
the CSB:PGBD3 fusion, was able to rescue Hbojuced foci of RPA and Rad51
(Supplementary Fig S6C and D). From these results, we conclude that CSB is the main

factor from the CSB locus responsible pvpomoting HRmediated repair of DSBs.

Recruitment of DSB repair factors to sites of DNA damage is misregulated in cells
derived from CS patients

To investigate whether the defect in Hkediated repair of DSBs in the CH®8 cells
might be cell type spedd, we examined the recruitment of DSB repair factors to sites of
DSBs in two cell lines derived from CS patients lacking functional CSB (hTERT
GM10905 and GM16095). hTERGM10905 is a telomerasmmortalized CS cell line
carrying a homozygous nonsense ation at position 735 (R735X) of CSB, whereas
GM16095 is a SV4@ransformed CS cell line with heterozygous compound mutations of
K377X and R857X (Batenburg et al, 2012). Through retroviral infection, two pairs of
isogenic cell lines stably expressing eitheild-type CSB or the vector alone were
generated. The introduction of witgpe CSB into these two CS cell lines led to a
significant decrease in the percentage of cells witntiRiced 53BP1 foci (Supplementary
Fig S7A) and simultaneously resulted isignificant increase in the number of cyclin A
positive cells with IRinduced foci of BRCA1, RPA and Rad51 (Supplementary FigiS7B
D), suggesting that CS cells lacking functional CSB are also defective-métitated DSB
repair. In support of this notiohe introduction of CSB into GM16095 cells also enhanced

cell survival in response to the treatment with olaparib (Supplementary Fig S7E), consistent
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with a previous report that CS cells are hypersensitive to PARP inhibition (Thorslund et al,
2005). Furthanore, the introduction of CSB into GM16905 cells suppressed their
sensitivity to CPT and Etop (Supplementary Fig S7F and G). Taken together, these results

demonstrate that DNA DSB repair is misregulated in CS cells lacking functional CSB.

CSB is found toaccumulate at sites of DSBs in a transcriptiofilependent manner

To investigate whether CSB may be associated with sites of DSBs, dual indirect
immunofluorescence with an a@iSB antibody in conjunction with an a®BBP1
antibody in cells treated with AR or 10 Gy IR was performed. About 40 to 50% of cells
exhibited IRinduced damage foci of CSB 8 h pdRt and these CSB damage foci all
contained 53BP1 (Fig 6A), a marker for DSBs (Daley & Sung, 2014; Panier & Boulton,
2014), suggesting that CSB accunteaat sites of DSBs.

CSB is engaged in transcription, and we therefore asked whether transcription
might regulate CSB accumulation at sites of DSBs. To address this question, cells were
treated with the transcription inhibitor actinomycin D or DRB priot® Gy IR treatment.
Treatment with actinomycin D or DRB severely impaired the formation-afidieced CSB
damage foci (Fig 6B), indicating that CSB accumulation at sites of DSBs is dependent upon

active transcription.

The ATPase activity of CSB is dispesable for its DSBinduced chromatin association
To gain further insights into the CSB association with Exs@Biced damaged chromatin,
differential salt extraction of chromatin from hTERRIPE cells that were modkeated or

treated with either CPT or Etopas performed. Treatment with CPT or Etop led to a
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significant increase in the association of CSB with chromatin (lane 2 versus lanes 5, 8, 11
and 14 in Fig 6C and lane 2 versus lanes 5, 8 and 11 in Fig 6D). At 8 h after release from
treatment with eitheEtop or CPT, approximately 50% of the CSB was found associated
with chromatin (Fig 6C, lane 2 versus lane 14 and Fig 6D, lane 2 versus lane 11), supporting
the notion that CSB is recruited to damaged chromatin following the induction of DNA
DSBs. On the d¢ter hand, proportionally, WWhduced CSB association with chromatin
peaked 2 h podt)V treatment and was largely lost 4 h ptt (Supplementary Fig S8A,

lane 8 versus lane 11), in agreement with previous findings (Lake et al, 2010). Taken
together, theseesults suggest that the kinetics of CAMd Etopinduced CSB association

with chromatin is distinct from that of Uhduced CSB association with chromatin.

CSB contains a conserved SWI/Shlke ATPase domain and exhibits a DNA
dependent ATPase activityCitterio et al, 1998) that is required for its biMluced
chromatin association (Lake et al, 2010). Amino acid substitutions in the conserved ATPase
domain are found in CS patients, and the W851R mutation abrogates the ATPase activity
of CSB and its Uvinduced chromatin association (Lake et al, 2010). To investigate
whether the ATPase activity of CSB might be important for its fdX@Biced chromatin
association, we generated derivative &8B cells stably expressing either wilghe CSB,

CSB carrying the W8BR mutation or the vector alone (Supplementary Fig S8B). In
undamaged (untreated) cells, we reproducibly observed chromatin association of mutant
CSBW851R at a level higher than that of wilghe CSB (Fig 6E and F; Supplementary

Fig S8C and D). Upon Etopeatment, mutant CSB/851R was able to exhibit DSB

induced chromatin association (Fig 6F). On the other hand, we failed to detect any increase
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in the proportion of CSB associated with chromatin following UV treatment
(Supplementary Fig S8D) although wilghbe CSB exhibited UMhduced chromatin
association (Supplementary Fig S8C), in agreement with previous findings (Lake et al,
2010). Analysis of multiple protein markers, either cytoplasmic or chromatin bound (c
tubulin, TRF2 or H2AX), revealed that theromatin salt fractionation procedure was done
consistently between the CS8 cells expressing CSB/851R and the CSEKO cells
expressing wiledype CSB (Fig 6E and F; Supplementary Fig S8C and D). Taken together,
these results suggest that DBBuced chroratin association of CSB is distinct from its
UV-induced chromatin association and that the ATPase activity of CSB is dispensable for

its DSB-induced chromatin association.

The ATPase activity of CSB is essential for suppressing NHEJ to facilitate HR
mediated repair of DSBs in S/G2 cells

To investigate whether the ATPase activity of CSB might be important for regulating the
choice of DNA DSB repair pathways, we examined the recruitment of 53BP1/Rifl1 and
BRCAL to sites of DSBs in CSRO cells stably expressjy vector alone, wildype CSB

or CSB harboring the W851R mutation. Introduction of viyide CSB into CSEnockout

cells suppressed the number of cells withrBuced foci of 53BP1 and Rifl (Fig 7A and

B). This suppression was not detectable in &XB cdls expressing the mutant CSB
W851R (Fig 7A and B). The reduction in-iRduced Rif1 foci, resulting from introduction

of wild-type CSB, was only observed in the knockout cells staining positive for cyclin A
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(Fig 7C), suggesting that the ATPase activityC&B is important for suppressing NHEJ
mediated repair of DNA DSBs in S/G2 cells.

Additionally, analysis of indirect immunofluorescence with 8fRCA1 antibody
revealed that introduction of wiltype CSB rescued the formation of-iRluced BRCA1
foci in CSB-KO cells, whereas CSB carrying the W851R mutation failed to do so (Fig 7D).
Furthermore, while introduction of wildype CSB into CSBKO cells promoted cell
survival after treatment with olaparib (Fig 7E), CSB carrying the W851R mutation was
unable tasuppress the sensitivity of the knockout cells to olaparib (Fig 7E). Taken together,
these results suggest that while the ATPase activity of CSB is not important for chromatin

recruitment, it is important for its ability to facilitate the Hifediated repaiof DSBs.

The ATPase activity of CSB is important for the maintenance of the G2/M checkpoint
When introduced into the CSIBO cells, wildtype CSB was able to rescue the level of IR
induced ATM phosphorylation at S1981, most noticeable at 15 midRdstatment (Fig

8A). On the other hand, no rescue was detected in theKTSBells complemented with
CSB carrying the W851R mutation (Fig 8A). In addition, we reproducibly observed a
rescue in the level of Chk2 phosphorylation 1 h pBstreatment in CSEO cells
complemented with wildype CSB and such a rescue was not seen in-KSRells
complemented with CSB carrying the W851R mutation (Fig 8A). Furthermore, the
introduction of wildtype CSB into CSBKO cells was able to suppress their premature exit
from the G2/M checkpoint, whereas introduction of CSB carrying a W851R mutation failed

to do so (Fig 8B). Introduction of CSB carrying a W851R mutation also failed to suppress
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the sensitivity of CSBKO cells to IR exposure (Fig 8C). Collectively, these ressiiggest
that the ATPase activity of CSB is important for facilitating the maintenance of the G2/M

checkpoint and cell survival in response to the induction of DNA DSBs.

3.2.5 Discussion

In this report, we uncover a novel but important function of CSEgulating the choice

of DNA DSB repair pathways. Our work suggests that CSB facilitates BR@&diated

HR repair by repressing the accumulation of NgEImMoting factors 53BP1 and Rifl at
sites of DNA DSBs in S and G2 cells (Fig 8D). Furthermore, we Hawsonstrated that
CSB is needed for maintaining the ATMnd Chk2mediated DNA damage checkpoint
(Fig 8D), preventing premature entry of cells into mitosis following the induction of DNA
DSBs.

We observed a large asymmetry in the ratio of targeting veesaigeting in the
recovery of null clones. Although a large asymmetry in gene targeting typically is found to
be associated with genes whose function is critical to cell viability (Dang et al, 2006; Hucl
et al, 2008; Ruis et al, 2008; Oh et al, 2013)nbpygous CSB mutations leading to the
complete absence of CSB protein have been reported in patients (Horibata et al, 2004;
Hashimoto et al, 2008; Laugel et al, 2008). Several lines of evidence strongly argue against
the possibility that the observed phgme of the CSB null clone may be due to a secondary
mutation. Firstly, introduction of wildype CSB rescued the defect of the Gi8®ckout
cells in the choice of DNA DSB repair pathways as well as the maintenance of G2/M

checkpoint. Secondly, dysregutatiin the choice of DNA DSB repair pathways was also
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detected in two independent C8Bficient cell lines derived from CSB patients. Thirdly,
endogenous CSB was found to accumulate at sites of DSBs.

Most patiertderived CSB null cell lines that are avallatare skin fibroblasts
whereas the CSEKO cells described here are retinal pigment epithelial cells in origin. CS
patients are known to exhibit segmental premature aging in certain cell types that are not
skin fibroblasts. Therefore, we anticipate that @$B null clone will provide an added
value for understanding the pathology of CS.

CSB has recently been implicated in processiFgdps into DNA DSBs (Sollier
et al, 2014). Roop-dependent DNA DSBs led to a robust DNA damage response including
phosphoylation of KAP1, which is sensitive to CSB knockdown (Sollier et al, 2014). We
have observed an impaired KAP1 phosphorylation as well as-ARd Chk2mediated
DNA damage response in CS8 cells following ionizing radiation. Conceivably, the
fewer Rloop-dependent DNA DSBs resulting from the absence of CSB in theKC3B
cells may in part account for the reduction in their Af®pendent damage response (Fig
8D). Treatment with the transcription inhibitor DRB or actinomycin D did not abolish the
impaired ATMphosphorylation in CSEO cells, suggesting that active transcription may
not be needed for CSB to regulate ATM activation.

We have reproducibly found that the introduction of vijljde CSB into CSBKO
cells rescued the level of Chk2 phosphorylation apd$tIR but not at 15 min podR
whereas Chk2 phosphorylation was robust in parental (WT) cells 15 miiRpdstis

possible that the kinetics of Chk2 phosphorylation in &%Bcells complemented with
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wild-type CSB may be different from that in paréri&T) cells. Future studies will be
needed to investigate the nature of this difference.

CSB requires its ATPase activity to maintain ATM activation and to regulate DNA
DSB repair pathway choice. CSB has been reported to exhibitd&pEndent chromatin
remodeling activity in vitro (Citterio et al, 2000; Cho et al, 2013). Chromatin remodeling
is known to influence DNA DSB repair (Goodarzi et al, 2010; Chapman et al, 2012). It is
possible that CSB may facilitate DNA DSB repair pathway choice through its ATP
dependent chromatin remodeling activity. Alternatively, CSB might regulate the repair
pathway choice through its interactions with chromatin modifying factors. Recently, it has
been reported that the chromatin context can influence the choice of DNA PS&B re
pathways, especially in S and G2 phases of the cell cycle during which both pathways are
available to the cell (Aymard et al, 2014; Carvalho et al, 2014; Jha & Strahl, 2014; Pai et
al, 2014; Pfister et al, 2014). For example, in human cellmdthyation of H3K36 has
been suggested to promote DNA end resection and repair of DSBs via HR (Aymard et al,
2014; Pfister et al, 2014) and modification of H3K9 has been implicated in the DSB
response in heterochromatin that is preferentially repaired by HRI(C:t al, 2011). CSB
has been found, in different contexts, to associate with numerous chromatin modifying and
remodeling factors such as NuRD (Xie et al, 2012), SMARCAS (Aydin et al, 2014) as well
as histone methyltransferase G9A (Yuan et al, 2007 paetyltransferase PCAF (Shen et
al, 2013), while the yeast homolog of CSB, Rad26, has been reported to genetically interact

with the H3K36 methyltransferase SET2 (Jha & Strahl, 2014).
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Although transcription inhibition did not abolish the impairment of &SB cells
in IR-induced Rad51 foci formation and ATM activation, it abrogated the accumulation of
CSB at sites of DNA DSBs. These results suggest that CSB association wiind@Bd
damaged chromatin may be regulated distinctively from its role in HR&Nactivation.

This notion is further supported by our finding that CSB requires its ATPase activity to
facilitate IRinduced Rad51 foci and ATM activation but its ATPase activity is dispensable
for its association with DS#hduced damaged chromatin. C3Bs previously been
reported to possess both Atependent and ATFdependent functions (Wong et al,
2007; Lake et al, 2010).

Mutant CSBW851R lacking its ATPase activity is competent in DiBuced
chromatin association but defective in Whduced chroratin association, the latter of
which is in line with previous findings (Lake et al, 2010). These results suggest that CSB
may use distinct mechanisms to interact with-ldduced DNA damage and DSBs, which
is not unprecedented. The chromatin remodelingeptoSMARCAS (also known as
SNF2H) does not require its ATPase activity to localize to DSBs, but it does so for its
localization to UVinduced DNA damage (Lan et al, 2010; Aydin et al, 2014).

CSB-KO cells exhibit an accumulation of {iRduced 53BP1 foci.eviously, it has
been reported that depletion of CSB leads to a decrease in the formation of a specific subset
of CPT-induced 53BP1 foci, referred to as type | foci, which are dose dependent and only
seen in RPAnegative cells (Sakai et al, 2012). CPTodlsduces the formation of type I
foci of 53BP1, which is not dose dependent and persists after CPT treatment (Sakai et al,

2012). However, whether depletion of CSB might affect @Riliced type Il foci of 53BP1
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was not investigated, and therefore, ondiings cannot be strictly compared to the previous
report. Future studies will be needed to investigate the effect of knockout of CSB en CPT
induced type | and type Il foci formation.

CS cells deficient in CSB are known to be sensitive tmtRiced DNA danage as
well as to the topoisomerase poisons CPT and Etop (Squires et al, 1993; Elli et al, 1996;
Tuo et al, 2002, 2003). However, the multiplicity of the forms of DNA damage generated
by these cellular treatments may have contributed to obscure ourtanderg of CSB as
a DNA DSB repair protein. IR, for instance, produces not only DSBs but also oxidative
damage and singigtrand breaks. Indeed, a defect in repairing oxidative damage may
contribute to the sensitivity of CS cells to IR (Stevnsner et a8R0Similarly,
camptothecin and etoposide generate not only DSBs but also topoisdrbétAsedducts,
which are thought to be removed by base excision repair (Caldecott, 2008). Our finding
that CSB accumulates at sites of DSBs and regulates the cholee DNA DSB repair
pathways suggests for the first time that dysregulation in DNA DSB repair may at least in
part contribute to the hypersensitivity of CS cells to B&@ucing agents. In support of
this notion, depletion of 53BP1 rescued the formation RCB1 damage foci in CSB
knockout cells and fully suppressed their sensitivity to olaparib, a PARP1 inhibitor known
to be toxic to cells deficient in HR. Our finding raises a new possibility that targeting 53BP1

might be clinically beneficial to CS patients
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Figure 1 Batenburg et al.
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Figure 1. Generation of CSEO cells. @) Schematic diagram of rAAVhediated gene
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Figure 2 Batenburg et al.
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Figure 2. Loss of CSB promotes NHEJ, impairs HR and renders cells sensitive to DSB
inducing agents. A) Quantification of the frequency of random integration of two
independent rAAV targeting vectors (C8BAV and CCRrAAV). (B) NHEJmediated

repair ofl-ScetinducedDNA DSBs. The parental (WT) and the CB® (KO) cells were
cotransfected with pEGFPem1Ad2, pCherry and-Scel expression constructs. The
number of cells positive for both GFP and pCherry was normalized to the total number of
pCherrypositive cells, giing rise to the percentage of normalized GieRitive cells.
Standard deviations from three independent experiments are indic&edVegstern
analysis of CSB in Hel-®R-GFP transiently transfected with the vector alone or shCSB.
(D) HR-mediated repair ofl-Scetinduced DNA DSBs. Hel-®R-GFP transiently
expressing the vector alone or shCSB were cotransfected with pCherri-Suoad
expression constructs. The percentage of normalizedpg@Bive cells was calculated as
described in (B). Standard deviatidinem three independent experiments are indicated.
(E-G) Clonogenic survival assays of the parental (WT) and the-KSBKO) cells
following various doses of ionizing radiation (IR) (E), etoposide (Etop) (F) or camptothecin
(CPT) (G). Standard deviationsofn at least three experiments are indicatédl) (
Clonogenic survival assays. Both WT and C&8 cells were treated with 56M DRB,

prior to the addition of various doses of CPT. Standard deviations from at least three

experiments are indicated.
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Figure 3 Batenburg et al.

A P=0.025 p_g 0005 B P=0.0003 P=0.0005
100 pmr— " L —_ 40
8 P=0.001 °g
22 801 > e
£3 £ z 30
i E 60 o %
=T o 20
88 40 o3
2 § 20 - oo E 10
; R E
; + - + - + = + - 4+ - + - 0
WT WT+ — + —
KO- + — + — + — + — + — + KO — + — +
th  4h 81 1h  4h  8h T an
Cyclin A+ Cyclin A-
Cc D P=0.0003 P=0.004 E P=0.0002 P=0.0007
- P=0.0004
@ 100 e 60 60
S N .
- j gg 50 g'g 50
g 2 & 40 N5 40
o2 60 3% £
N T ;o 30 =30
£90 40 <3 25
S £32 20 8820
@ ® SE o3
3 20 P=0.084 Sz 10 e <10
y— M o= )
o )
-0 0 o~ 0 0
° WT + -+ - WT + — + - WT + — + -
KO- + — + KO- + — + KO - + — +
Cyclin A+ Cyclin A- 4h 8h 4h 8h
F G P=0.005
< 5100, P=0.001
100 g
= o5 801 P=0.0007
> D ©
= oo 60 1
5 + O
? WT <3
2 10 cS 40l
@ = 0T
o S.c
© o |
e KO =@ 20
1 2= )
0 05 10 15 20 WE+ — + — & —
Olaparib (uM)

KO - + +
DMSO ActD DRB

+ -

Figure 3. Knockout of CSB impairs HRnediated DNA DSB repair in S and G2 cells.

(A) Quantification ofpercentage of cyclin Aositive and cyclin Anegative cells

exhibiting 10 or more IRnducedgH2AX foci. Both parental (WT) and CSRO (KO)
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cells were treated with 2 Gy IR and fixed 1 h, 4 h and 8 hr post IR. A total of at least 1500
cells from three indegndent experiments were scored in blind. Standard deviations from
three independent experiments are indicat®Quantification of the percentage of cells
with 10 or more IRnduced BRCAL1 foci. Cells (WT and KO) were treated with 2 Gy IR
and fixed 1 hrad 4 hr post IR. A total of at least 1500 cells from three independent
experiments were scored in blind. Standard deviations from three independent
experiments are indicatedC) Quantification of percentage of cyclinpgositive and

cyclin A-negative cellglisplaying 10 or more Hhduced BRCAL1 foci. Cells were treated
with 2 Gy IR and scored as described in (B). Standard deviations from three independent
experiments are indicated) Quantification of the percentage of cyclinp@sitive cells

with 10 or nore IR-induced RPA32pS4/pS8 foci. Cells (WT and KO) were treated with

10 Gy IR and fixed 4 hr and 8 hr post IR. A total of 750 cells were scored in blind.
Standard deviations from three independent experiments are indiégt€xgntification

of percentge of cells with 10 or more Hthduced Rad51 foci. Cells (WT and KO) were
treated with 10 Gy IR and fixed 4 hr and 8 hr post IR. A total of 750 cells were scored in
blind. Standard deviations from three independent experiments are indi€ated. (
Clonogenicsurvival assays of olaparibeated parental (WT) and CS80 (KO) cells as
indicated. Standard deviations from three independent experiments are ind@ated. (
Quantification of percentage of cells with 10 or morariBuced Rad51 foci. Cells (WT

and KO)were treated with actinomycin D (dg/ml) or DRB (50nM) prior to 10 Gy IR

and then fixed 8 hr post IR. A total of at least 1500 cells were scored in blind. Standard

deviations from three independent experiments are indicated.
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Figure 4 Batenburg et al.
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Figure 4. Loss of CSB leads to an accumulation of NHEJImoting factors at sites of
DNA DSBs in S and G2 cellsAj Quantification of percentage of cells with 10 or more
IR-induced 53BPL1 foci. Cells (WT and KO) were treated with 2 Gy IR and fixed lhhnr, 4
and 8 hr post IR. A total of 1500 cells were scored in blind. Standard deviations from three
independent experiments are indicat®).Quantification of percentage of cells with 10 or
more IRinduced Rifl foci. Cells (WT and KO) were treated with 218yand fixed 1 hr

and 8 hr post IR. A total of 750 cells were scored in blind. Standard deviations from three
independent experiments are indicatég). Quantification of the percentage of cyclin A
positive and cyclin Anegative cells with 10 or more {iRduced Rifl foci. Cells were
treated and scored as described in (B). Standard deviations from three independent
experiments are indicatedD) Clonogenic survival assays of olapatibated parental

(WT) and CSBKO (KO) cells stably expressing the vectarrad, sh53BP-AA or sh53BP1

B as indicated. Standard deviations from three independent experiments are indidated. (
Clonogenic survival assays of Uyeated parental (WT) and CS8D (KO) cells stably
expressing the vector alone, sh53B®bdr sh53BP1B as hdicated. Standard deviations
from three independent experiments are indical®dQ(antification of percentage of cells

with 10 or more IRnduced BRCAL foci. Parental (WT) and knockout (KO) stably
expressing the vector (pRS) alone or sh53BRAere treéed with 2 Gy IR and fixed 1 hr

and 8 hr post IR. A total of at least 1500 cells were scored in blind. Standard deviations

from three independent experiments are indicated.
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Figure 5. Loss of CSB impairs ATMand Chk2dependat DNA damage checkpointAj
Western analysis of the parental (WT) and the &&B(KO) cells either mochreated or
treated with 5 Gy IR. Immunoblotting was performed with-&fM-pS1981, antATM,
antrKAP1-pS824, antKAP1, anttSMC1-pS966, antiSMC1, antrgH2AX, antrH2AX,
ant-Chk2pT68 and antChk2 antibodies B) Western analysis of WT and CS®D cells.
Immunoblotting was performed with arRiad50, antMrell, antiNbsl, antKAP1, antt
SMC1, antiChk2, antiChk1, antiH2AX and antigtubulin antilmdies. The antg-tubulin

blot was used as a loading contrdl) (Western analysis. WT and CS8D cells were
treated with DMSO, DRB or actinomycin D (ActD) prior to 5 Gy IR. Immunoblotting was
performed with antATM-pS1981 and anthTM antibodies. D) Quantification of the
percentage of cells staining positive for-pS810. For each cell line, at least 3000 cells were
scored in blind. Standard deviations from three independent experiments are indiated. (
Quantification of comet tail moment. Both WT an8BKO cells were treated with 10 Gy

IR and harvested for comet assays 15 min, 30 min and 1 hr post IR. At least 200 cells were

scored for each sample.
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Figure 6 Batenburg et al.
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Figure 6. CSB is associated with chromatin following induction of DNA BS@)

Analysis of indirect immunofluorescence with an @8B antibody in conjunction with

an anti53BP1 antibody. hTERRPE cells were treated with 10 Gy IR and fixed 8 hr
post IR. Cell nuclei were stained with DAPI in bluB) CSB accumulation at sgeof

DNA DSBs is severely impaired by actinomycin D or DRB treatment. Quantification of
hTERT-RPE cells with five or more Hthduced CSB damage foci in cells. Cells were
treated with actinomycin D (ftg/ml, ActD) for 1 hr or DRB (50vM) for 2 hr prior to 10

Gy IR and maintained in the drugs for 8 hr post IR. A total of at least 1500 cells were
scored in blind. Standard deviations from three independent experiments are indicated.
(C-D) Analysis of diffeential salt extraction of chromatin. hnTEARIPE cells were

treated with 0.1rM CPT (C) or 10nM Etop (D) for 1 hr and then released from drugs for
various time points as indicated. Immunoblotting was performed withC8®i antibody.
The antiTRF1, antiTRF2, antiH2AX and antig-tubulin blots were used as controls for
differential salt extractionH-F) Analysis of differential salt extraction of chromatin. The
CSB-KO cells stably expressing either wild type CSB (E) or mutant-@&51R (F)

were treated wit 10nM etoposide (Etop) for 1 hr and then released from Etop for 8 hr.
Immunoblotting was performed with a1@iISB, antiTRF2, antiH2AX and antig-tubulin

antibodies.
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Figure 7. CSB carrying a W851R mutation is unable to sappthe recruitment of NHEJ
promoting factors to sites of DNA DSBs in S and G2 cell3 Quantification of percentage

of cells with 10 or more Ifnduced 53BP1 foci. CSEBO cells stably expressing wHiype

CSB, CSBW851R or the vector alone were treatéth 2 Gy IR and fixed 1 hr 4 hr and 8

hr post IR. A total of 1500 cells were scored in blind for each cell line. Standard deviations
from three independent experiments are indicaBdQ(antification of percentage of cells
with 10 or more IRinduced Ril foci. CSBKO cells stably expressing witype CSB,
CSB-W851R or the vector alone were treated with 2 Gy IR and fixed 1 hr and 8 hr post IR.
A total of 1500 cells were scored in blind for each cell line. Standard deviations from three
independent experiemts are indicated.C) Quantification of percentage of cyclin-A
positive and cyclin Anegative cells with 10 or more JiRduced Rifl foci. Cells were
treated and fixed as described in (B). A total of 750 cells were scored in blind for each cell
line. Stamlard deviations from three independent experiments are indicaigd. (
Quantification of percentage of cells with 10 or morernBuced BRCAL1 foci. Cells were
treated with 2 Gy IR and fixed 1 hr post IR. A total of 1500 cells were scored in blind for
each ell line. Standard deviations from three independent experiments are indi&ted. (
Clonogenic survival assays of olapatibated CSEKO cells stably expressing wiiype

CSB, CSBW851R or the vector alone as indicated. Standard deviations from three

independent experiments are indicated.
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Figure 8. The ATPase activity of CSB is needed for maintaining the Aaktd Chk2
mediated DNA damage checkpointd)( Western analysis of CSRO cells stably
expressing wiletype CSB, CSBN851R or the vector alone as indicated. Cells were either
mock-treated or treated with 5 Gy IR. Immunoblotting was performed with/ar, anti-
ATM-pS1981, antChk2 and antChk2pT68 antibodies. B) Quantification of the
percentage of cells stained positifor H3pS10. Cells were either motteated or treated

with 2 Gy IR. For each cell line, at least 3000 cells were scored in blind. Standard deviations
from three independent experiments are indicateplClonogenic survival assays of-IR
treated CSEKO (KO) cell stably expressing wittype CSB, CSBN851R or the vector
alone as indicated. Standard deviations from three independent experiments are indicated.
(D) Model for the role of CSB in repressing NHEJ and maintaining the G2/M checkpoint.

See the textor more information.
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Supplementary Figure 1 Batenburg et al.
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Figure S1 Treatment of DNAPKCcs inhibitor impairs the frequency of random integration

in both parental (WT) and CSBO (KO) cells. A) Quantification of the frequency of
random integration of the CSB\AV targeting vector.Both WT and KO cells were
infected with aden@ssociated virus expressing the targeting vector in the presence of
either DMSO or 1nM NU7026, a specific inhibitor of DNAKcs, for 48 hr. B)
Quantification of the frequency of random integration of the GEA%V targeting vector.

Cells were treated as described in (A).
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Supplementary Figure 2 Batenburg et al.
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Figure S2 Normal cell cycle analysis of asynchronous parental)(#hd CSBKO (KO)
cells. FACS analysis cells labeled with B§/ml PI for wild type (WT) cellsA-C) and
CSB-KO cells O-F). (A andD) Cells gated on forward light scatter (FSC) versus side

scatter (SSC) H andE) Gated cells; andF) Ungated cells amgzed by PI staining.
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Supplementary Figure 3 Batenburg et al.
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Figure S3 Knockout of CSB impairs the repair of DNA DSBA.) (Analysis of indirect
immunofluorescence with argH2AX antibody. Both parental (WT) and CS8 (KO)

cells were treated with 2 Gy and fixed 1 hr post IR. Cell nuctgevgtained with DAPI in

blue. B8) Quantification of the percentage of cells with 10 or morentRicedgH2AX foci.

Cells were treated with 2 Gy and fixed 1 hr, 4 hr and 8 hr post IR. A total of over 1500 cells
from three independent experiments were stameblind for each cell line fixed at each
indicated time point. Standard deviations from three independent experiments are
indicated. C) Analysis of indirect immunofluorescence with agti2ZAX antibody in
conjunction with antcyclin A antibody. Both pe@ntal (WT) and CSEO (KO) cells were
treated with 2 Gy and fixed 1 hr post IR. Cell nuclei were stained with DAPI in Ee. (
Analysis of indirect immunofluorescence with aBRCA1 antibody. Cells were treated as

in (C). Cell nuclei were stained with APl in blue. E) Analysis of indirect
immunofluorescence with arBRCAL1 antibody in conjunction with arntiyclin A
antibody. Cells were treated as in () (Vestern analysis with arBRCAL antibody.
Immunoblotting was performed with asBRCA1 antibody Theg-tubulin blot was used as

a loading control.
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Supplementary Figure 4 Batenburg et al.
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Figure S4.Knockout of CSB leads to an accumulation of NHEEImMoting factors at sites

of DNA DSBs in S and G2 cellsAf Analysis of indirect immunofluorescence with anti
53BP1 antibody. Both parenttWT) and CSBKO (KO) cells were treated with 2 Gy and
fixed 1 hr post IR. Cell nuclei were stained with DAPI in blug). Analysis of indirect
immunofluorescence with aARifl antibody in conjunction with antiyclin A antibody.
Cells were treated as i\). (C) Western analysis of parental (WT) and C&8 (KO)
cells stably expressing the vector alone or two independent shRNA against 53BP1
(sh53BP1A and sh53BP-B) as indicated. Immunoblotting was carried out with -anti
53BP1 antibody. WRN was used as aliag control. D) Quantification of the percentage
of cells with 10 or more IRnduced Rifl foci. WT and CSBO cells were treated with
DSMO or 10mM KU55933, a specific inhibitor of ATM, prior to 2 Gy IR, and then fixed
1 hr post IR. At least of 1500 cellvere scored in blind. Standard deviations from three

independent experiments are indicated.
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Supplementary Figure 5 Batenburg et al.
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Figure S5 Knockout of CSB impairs the maintenance of the ATaid Chk2mediated

DNA damage checkpointAj) Western analysis of parental (WT) and C&8 (KO) cells.

Cells were either moelceated or treated with ItM etoposide (Etop) and then harvested

at various time points post release from Etop as indicated. Immunoblotting was performed
with anttATM, anti-ATM-pS1981, antChk2, aniChk2pT68, antiChkl, antChkl-

pS317 and andrtubulin antibodies.B) Westernanalysis of parental (WT) and CS&D

(KO) cells. Cells were either mock treated or treated with 10 Gy IR and then harvested at
various time points post IR as indicated. Immunoblotting was performed witZlakti,

antrChk1-pS317 and anirtubulin antibalies.
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Supplementary Figure 6 Batenburg et al.

A B
o 100
& g
S0 B =
R .
s\Q‘G OG') C? 2 10 -
CSB — 8 {KO/CSB
5 <73+ KO/CSB:PGBD3
CSB-PGBD3 . o~ 1 KO/vector
Mre11 D 0 05 1.0 15 20 25 3.0

Olaparib (uM)

c P=0.004 D
g 707K |_‘ 50
ag o] n 40
3 S 50, £3
b g 401 c_g,, = 307
£x a0 ®T
%9— 30 _; & 201
5 M 20] R
£ 10]
0. 0l
vector + - — + — - vector + - - + — -
CSB - + - - + - CSB - + - - + -
CSB:PGBD3 - - + - - + CSB:PGBD3 - - + — - +
Untreated Etop Untreated Etop

194



Ph.D. Thesi§ N. Batenburg McMaster Universityi Biology

Figure S6 Introduction of CSB but not CSB:PGBD3 alone suppresses the defect in the
recruitment of HR factors to sites of DNA DSB#&) (Western analysis of the CS80

cells stably expressing CSB or CSB:PGBD3. Immunoblotting was performed with an
antibody against the #&rminus of CSB. Mrell was used as a loading contB)l. (
Clonogenic survival assays of olapatibated CSBKO (KO) cells stably expressing CSB,
CSB:PGBD3 or the vector alone as indicated. Standard deviations from three independent
experiments are indicatedC) Quantification of the percentage of cyclinpésitive cells

with 10 or more etoposid@duced RPA foci. CSEO cells stably expressing CSB,
CSB:PGBD3 or the vector alone were treated withmiDetoposide (Etop) for 1 hr and
fixed 8 hr post release from Etop. A total of 1500 cells from three independent experiments
were scored in blind for each cell line at each indicated time point. Standard deviations
from three independent experiments are indica@pQuantification of thgercentage of

cells with 10 or more etoposideduced Rad51 foci. Cells were treated and scored as in

(C). Standard deviations from three independent experiments are indicated.
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