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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 results presented here demonstrate that CSB plays an
important role in telomere maintenance and DSB repair. We find that CS cells
accumulate telomere doublets, have increased telomere-bound TRF1, decreased TERRA
levels and a defect in telomerase-dependent telomere lengthening. These results imply
that CS patients may be defective in telomere maintenance. We also uncover a novel and
important role of CSB in DNA DSB repair. We show that CSB facilitates HR and
supresses NHEJ during S and G2 phase. We find that CSB interacts with RIF1 and is
recruited by RIF1 to DSBs in S phase. At DSBs, CSB remodels the chromatin
extensively, which in turn limits RIF1 recruitment and promotes BRCA1 accumulation.
The chromatin remodeling activity of CSB requires not only damage-induced
phosphorylation on S10 by ATM but also cell cycle-dependent phosphorylation of S158
by cyclin A-CDK2. Both modifications are needed for the intramolecular interaction of
CSB N-terminal domain with its ATPase domain. This intramolecular interaction has
previously been reported to regulate the ATPase activity of CSB. Taken together, these
results suggest that ATM and CDK2 control of CSB to promote chromatin remodeling,

which in turn inhibits RIF1 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 characterization of its novel roles in telomere maintenance and DNA
double-strand break (DSB) repair. The work has been divided into three chapters.
Chapters 2 and 3 have been published in peer reviewed journals and Chapter 4 has been
submitted for publication. Each publication 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 Chapter 1. The style of each of these
publications has a referencing style 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 this thesis were done by me except where indicated in
the prefaces that preclude each individual chapter. The results discussed in each of these
chapters contribute to the overall understanding of how CSB functions in the cell to

regulate telomere maintenance and DNA DSB repair.
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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 disorder that is characterized by
impaired physical and neurological development (Nance & Berry, 1992). The first case
was reported in 1936 by Sir Edward A. Cockayne (Cockayne, 1936). CS occurs in 1 out
of every 250,000 live births and has a prevalence of about 2.5 per million (Kleijer et al,
2008; Kubota et al, 2015; Wilson et 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 patients show similar phenotypes, however the 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
developmental delay and progressive microcephaly. Other common symptoms include
dental caries, loss of subcutaneous fat, hearing loss, pigmentary degeneration and
cutaneous photosensitivity (Nance & Berry, 1992). There has been no reported
predisposition of CS patients towards infection complications and immune deficiencies
are not a feature of CS. The age of onset typically determines 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

transcription-coupled nucleotide excision repair (TC-NER) (Mayne & Lehmann, 1982;
2
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Troelstra et al, 1992a). NER is important for repair of damage induced by ultraviolet
(UV) light, and it has previously been reported that the repair of such damage occurs
faster in regions that are actively transcribed due to TC-NER (Bohr et al, 1985; Mellon et
al, 1986). Reduced recovery of RNA synthesis (RRS) in CS fibroblasts after UV-
irradiation remains the gold standard to confirm clinical suspicion of CS. While CS has
been considered a disorder of TC-NER, transcriptional defects, defects in repair of other
types of DNA damage and mitochondrial dysfunction may explain some of the clinical
manifestations of CS (Karikkineth et al, 2016).

Due to the defect in DNA repair after UV-irradiation, CS has been grouped with
other disorders with defective NER such as xeroderma pigmentosum (XP) and
trichothiodystrophy (TTD). While XP patients often develop skin cancer, CS is not
associated with an increased incidence of skin cancer (Kraemer et al, 1987, 1994;
Lehmann, 2003). This may be in part due to an increase in apoptosis observed in CS cells
after DNA damage (Balajee et al, 2000; Laposa et al, 2007; Latini et al, 2011). Using
duplex sequencing for high-sensitivity of mutation detection, it was reported that CS cells
do not accumulate UV-induced mutations whereas XP cells show a substantial increase in
UV-induced mutations compared to normal cells (Reid-Bayliss et al, 2016). The lack of
elevated UV-induced mutagenesis in CS suggests that while the TC-NER deficiency
results in decreased cellular survival, it is not mutagenic. Therefore, the absence of skin
cancer in CS patients is likely due to the absence of UV-induced mutations.

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

CS cases are the result of mutations in two different genes that have been cloned and
3
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identified. Between 70 and 80 percent of CS cases are caused by mutations in the gene
ERCC6 (CSB) (Troelstra et al, 1992a, 1993) while most of the remaining cases are
caused by mutations in the gene ERCC8 (CSA) (Henning et al, 1995). Mutations in XPB,
XPD and XPG genes have also been seen in CS cases at very low frequency. In the
ERCC6 gene, all types of mutations have been found in CS patients including missense,
frameshift, splicing mutants as well as deletions. The majority of missense mutations and
in-frame deletions are found within the central ATPase domain. Nonsense and frameshift
mutations occur at the N-terminus and C-terminus of the protein, often resulting in a
truncated protein. There is no clear genotype-phenotype correlation in CS patients that

carry mutations in the CSB gene.

1.2  Biochemical activity of Cockayne syndrome group B (CSB)

protein

The human ERCC6 gene is located on chromosome 10g11-g21 and encodes for the
Cockayne syndrome group B protein (CSB) (Troelstra et al, 1992a, 1992b). The CSB
protein is 1493 amino acids and has a predicted molecular weight of 168 kDa (Figure
1.1). It contains a central ATPase domain, which includes seven helicase-like motifs,
similar to other members of this family. Domains I, 1l and VI are likely important for
coordinating the binding and hydrolysis of the triphosphate. Domain 111 is likely
important for coordinating ATP and nucleic acid binding while domains Ia, IV and V are
likely important for making contact with nucleic acids. (Fairman-Williams 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 ubiquitin binding domain (UBD)

(Troelstra et al, 1992a; Anindya et 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 diagram of CSB. CSB contains an acidic stretch of residues,
a glycine rich region, a nucleotide binding domain 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 helicase-like motifs.

CSB belongs to the SNF2/SWI2 family of ATPases, which is a subfamily of the
broader helicase superfamily (SF2). Unlike other SNF2 remodelers, CSB does not
assemble into multisubunit complexes. No members of this family have been shown to
exhibit helicase activity but they are instead thought to regulate chromatin structure by
using the energy from ATP hydrolysis to disrupt protein-DNA interactions. Similar to
other members of its protein family, CSB also does not exhibit any helicase activity
(Berquist & Wilson, 2009; Citterio et al, 1998; Selby & Sancar, 1997). In most cases
these proteins use the energy from ATP hydrolysis to disrupt the interaction between

DNA and histones, therefore they are referred to as ATP-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 DNA-dependent. The ATP hydrolysis activity can be stimulated by
several different DNA substrates which include double-stranded DNA fragments, stem-
looped DNA, forked DNA fragments, plasmid DNA and nucleosomal DNA. The
common feature in these different substrates is that they all contain double-stranded
DNA. This seems to be essential as single-stranded DNA oligonucleotides, DNA/RNA
hybrids or RNA/RNA duplexes fail to stimulate ATP hydrolysis (Berquist & Wilson,
2009; Citterio et al, 1998; Selby & Sancar, 1997). CSB is also capable of binding to
different DNA substrates. CSB can bind to 34-bp and 90-bp duplex DNA in the absence
of ATP (Berquist & Wilson, 2009; Selby & Sancar, 1997). CSB can also form a stable
complex with double-stranded DNA containing a bubble structure and forked duplexes of
DNA/DNA, DNA/RNA and RNA/RNA (Berquist & Wilson, 2009). In agreement with
the notion that CSB binds to DNA in the absence of ATP, mutations in the conserved
ATPase domain do not impact the interaction between CSB and DNA (Citterio et al,

2000).

1.2.2 CSB binds to nucleic acids

When incubated with nicked plasmid DNA, CSB induces a change in the DNA
conformation detected as negative supercoiling (Citterio et al, 2000). This is independent
of its ATPase activity as CSB carrying a mutation in the ATPase domain also induces this

change. Analysis of scanning force microscopy suggests that CSB can wrap DNA when
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incubated with singly nicked plasmid DNA and ATP (Beerens et 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 the protein surface of CSB.
Through single-molecule fluorescence approaches, CSB is found to induce distortion in
the DNA, and ATP hydrolysis by CSB decreases this distortion in DNA. This agrees
with the idea that ATP hydrolysis by CSB results in the unwrapping of DNA and

decreased distortion (Lee et al, 2017).

1.2.3 CSB exhibits in vitro chromatin remodelling activity

Several studies have suggested that CSB can remodel chromatin in vitro. When
incubated with in vitro assembled mononucleosomes, CSB alters the DNasel accessibility
to the DNA (Citterio et 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 reconstituted on plasmid DNA
in vitro. When CSB is incubated with this substrate, there is a detectable change in the
structure using micrococcal nuclease (MNase) digestion. In the presence of ATP,
addition of CSB alters the digestion pattern, seen as a loss in the periodic spacing between
nucleosomes. Addition of CSB that carries a mutation in the ATPase domain does not
result in this alteration in digestion pattern. This supports the idea that CSB is an ATP-
dependent chromatin remodeler (Citterio et al, 2000). Using coimmunoprecipitation (Co-
IP) experiments, CSB can been seen to interact with all four of the core histone

components in vivo (Citterio et al, 2000). Purified CSB is also capable of interacting with
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each of the histone components separately. This interaction is dependent on the presence
of the histone tails (Citterio et al, 2000). Given that histone tails are extensively
modified, it is possible that histone modifications may play a role in modulating the
recruitment and chromatin remodeling activity of CSB.

Compared to other well characterized chromatin remodelers, the remodeling
activity of CSB seems to be relatively weak (Cho et al, 2013; Citterio et 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 NAP1-like histone chaperones NAP1L1 and
NAP1L4 (Cho et al, 2013). NAP1L1 or NAP1L4 greatly enhance the chromatin
remodeling activity of CSB while they do not remodel nucleosomes on their own. These
results suggests that CSB cooperates with these two histone chaperones to achieve robust
and more efficient ATP-dependent chromatin remodelling activity (Cho et al, 2013; Lee
etal, 2017). Inan in vitro assay, NAP1L1 decreases the binding of CSB to DNA and
promotes the dissociation of DNA-bound CSB (Lee et al, 2017), suggesting that NAP1L1
may regulate CSB to help maintain dynamic CSB-DNA interactions within the cell and
decrease non-productive 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 (Saha et al, 2002; Smith et al, 2003). In contrast, the ACT remodeling complex
functions as a dimer (Racki et al, 2009). Scanning force microscopy size measurements

of CSB bound to DNA indicate that CSB binds to DNA as a dimer as there is a 1.6-fold
8
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increase in CSB volume when incubated with DNA (Beerens et al, 2005). Co-IP
experiments using FLAG-tagged and GFP-tagged CSB in the CSB deficient cell line
CS1AN demonstrate that CSB dimerizes in vivo. Gel filtration chromatography
experiments using in vivo cross-linked cells were also conducted to address the
oligomeric state of CSB (Christiansen et al, 2005). CSB co-migrates with a peak
corresponding to a molecular weight of 360 kDa in addition to a second peak with a much
large molecular mass. The dimerization of CSB is independent of DNA or ATP, and
homodimerization occurs through the central ATPase domain. Interestingly, CSB only

seems to be active as an ATPase when it is a dimer (Christiansen et al, 2005).

1.2.4 ATP-independent functions of CSB

In addition to chromatin remodelling, CSB has also been reported to have other
biochemical functions in vitro. While the chromatin remodelling activity of CSB is
dependent upon ATP, CSB has ATP-independent roles in promoting sSDNA annealing
and strand exchange. In vitro biochemical studies have revealed that CSB promotes the
annealing of homologous single-stranded DNA (ssDNA) 25-fold faster than that of
spontaneous annealing (Muftuoglu et al, 2006). CSB also promotes strand exchange
(Muftuoglu et al, 2006). Neither of these processes require ATP, in fact addition of ATP
inhibits strand annealing. ATP binding may induce a conformational change in CSB that
inhibits its strand annealing activity. Interestingly, phosphorylation of CSB by CKIllI
inhibits ssSDNA annealing while dephosphorylation by PP1 increases the sSDNA

annealing activity. These findings suggest that post-translation modification of CSB
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regulates its sSDNA annealing activity (Muftuoglu et al, 2006). The importance of this
activity in the cell has not been shown yet, however it is possible that CSB may play a

role in the re-annealing of DNA to promote the repair of transcription-stalling lesions.

1.3 Role of Chromatin Remodelers in DNA repair

The genetic information of all living organisms is stored with DNA, which is organized
into a dynamic nucleoprotein complex called chromatin. Chromatin exists in a highly
condensed form and is made up of nucleosomes each containing an octamer of histones
H2A, H2B, H3, and H4 wrapped by 146 bp of DNA, a linker DNA of ~80 bp and histone
H1. The integrity of DNA is constantly threatened by both endogenous and exogenous
sources of damage. If not repaired, DNA damage interferes with essential processes in
the cell such as transcription and replication, leading to genome instability, hallmarks of
cancer and aging.

The highly-compacted chromatin structure limits the ability of other proteins to
interact with DNA, therefore the chromatin structure needs to be remodeled to facilitate
the access of damage detection and repair proteins to DNA. Chromatin remodeling
includes post-translational modification of histones through the action of histone-
modifying enzymes, the displacement, exchange and reposition of histones through the
action of ATP-dependent chromatin remodeling complexes and histone chaperones.

ATP-dependent chromatin remodeling (ACR) complexes use the energy from
ATP hydrolysis to catalyze disruption of DNA-histone contacts and as a result, they can

slide and evict nucleosomes (Clapier & Cairns, 2009). There are four different

10
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structurally related families of these complexes: SWI/SNF (switching defective/sucrose
nonfermenting), INO8O (inositol requiring 80), CHD (chromodomain, helicase, DNA
binding) and ISWI (imitation switch). Each family is defined by its characteristic 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 Repair (NER)

1.4.1 NER - Global Genome Repair (GGR) vs. Transcription-Coupled repair (TCR)
Nucleotide excision repair (NER) is the sole DNA repair pathway responsible for the
removal of DNA lesions induced by ultraviolet (UV) radiation. The major lesions
induced by UV are cyclobutene-pyrimidine dimers (CPD) and 6-4 pyrimidine-pyrimidone
photoproducts (6-4PP). There are two subpathways of NER, global genome NER (GG-
NER) and transcription-coupled NER (TC-NER) (Figure 1.2) (Marteijn et al, 2014). In
the GG-NER subpathway, the whole genome is scanned for distortions in the DNA helix
associated with structural changes to nucleotides, while TC-NER is activated when RNA
polymerase Il (RNAPII) stalls during transcriptional elongation on a DNA lesion in the
template strand of actively transcribed genes.

In the GG-NER subpathway, the protein XPC is the main damage sensor and is
stabilized by its association with RAD23B and centrin 2 (CETN2) (Masutani et al, 1994,
Nishi et al, 2005). To promote CPD repair, the UV-DDB (ultraviolet radiation-DNA
damage-binding protein) complex comprised of the two proteins DDB1 and DDB?2,

11
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directly binds to the UV-induced lesions and functions as an auxiliary damage-
recognition factor by promoting subsequent binding of XPC (Scrima et al, 2008;
Wakasugi et al, 2002). Once XPC is bound to the DNA lesion, the TFIIH (transcription
initiation factor 11H) complex is recruited by interaction with XPC-RAD23B (Araujo et
al, 2001; Evans et al, 1997a; Riedl et al, 2003; Volker et al, 2001; Yokoi, 2000). This
complex consists of ten protein subunits including two helicase subunits, XPB and XPD.
XPB and XPD have opposite polarities and extend the open DNA configuration around
the lesion (Compe & Egly, 2012; Evans et al, 1997b; Tapias et al, 2004). The TFIIH is
thought to unwind the damaged DNA. Subsequently, the protein XPA is recruited and
plays a role in verification of DNA damage as it can detect nucleotides with altered
chemical structures in sSSDNA (Camenisch et al, 2006).

The next step in the repair process is strand incision and removal of the lesions.
Lesion excision is catalyzed by the structure-specific endonucleases XPF-ERCC1 and
XPG, which incise the damaged strand at short distances 5° and 3’ from the lesion
respectively (Fagbemi et al, 2011). This excision leaves a gap of 22-30 nucleotides,
which can trigger a DNA damage signaling reaction. The single-strand-binding protein
RPA binds to and protects the non-damaged strand of DNA from endonucleases and
ensures that XPF-ERCC1 and XPG specifically incise only the damaged strand (De Laat
et al, 1998). The 5’ incision is sufficient to initiate gap-filling DNA synthesis, even
before the 3’ incision is made. This may be to prevent the accumulation of ssDNA gaps
that induce DNA damage signaling. The DNA gap-filling synthesis and ligation are

executed by the replication proteins proliferating nuclear antigen (PCNA), replication
12
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factor C (RFC), DNA Pol 5, DNA Pol &, or DNA Pol k, and DNA ligase 1 or XRCC1-
DNA ligase 3 (Moser et al, 2007; Ogi et al, 2010).
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Figure 1.2. Nucleotide excision repair (NER) pathway. This repair pathway is
discussed in the text. Reproduced from (Marteijn et al, 2014) with the permission from
Nature Publishing Group (License: 4143640542678).

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). The repair of UV-induced DNA damage occurs faster in

regions that are actively transcribed due to the specialized subpathway TC-NER (Bohr et

13
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al, 1985; Mellon et al, 1986). In TC-NER, RNA polymerase stalled on the DNA lesion
acts as an indirect signal to initiate and carry out NER.

Arrested RNAPII recruits the proteins CSA and CSB which are important for the
recruitment of the TC-NER machinery to the transcription-blocking DNA lesion (Fousteri
et al, 2006). This includes the core NER factors and several TC-NER specific factors,
such as UV-stimulated scaffold protein A (UVSSA), ubiquitin-specific-processing
protease 7 (USP7), XPA-binding protein 2 (XBA2) and high mobility group nucleosome-
binding domain-containing protein 1 (HMGN1) (Fousteri et al, 2006; Schwertman et 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 including translocation, displacement or
degradation of RNAPII stalled at UV-induced lesions to allow access to repair proteins.

After treatment with UV-radiation or cisplatin, there is detectable ubiquitylation
of RNAPII while little ubiquitylation is observed after treatment with hydrogen peroxide
or ionizing radiation (IR) (Bregman et al, 1996). Ubiquitination reaches maximal levels
several hours post UV and is no longer detectable 12 to 16 hours later. While RNAPII
undergoes ubiquitination after UV (Bregman et al, 1996), degradation of RNAPII seems
to only occur as a last resort when TC-NER is not functional (Anindya et al, 2007). The
UV-arrested RNAPII is still in a complex with TC-NER factors, suggesting that it is not
removed/degraded but remains at the UV damage site during the early steps in repair
(Fousteri et al, 2006; Schwertman et al, 2012). This suggests it is likely that RNAPII

backtracks upon encountering UV-induced DNA lesions. This backtracking would also
14
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provide transcriptional proofreading where any mismatches would induce further
backtracking and repair (Sigurdsson et al, 2010). The mechanism underlying the

backtracking of RNAPII and assembly of the TC-NER complex is poorly understood.

1.4.2 Chromatin remodeling and NER

UV light is one of the most common environmental 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 experiments revealing that NER is more efficient
on naked DNA than in chromatin. The chromatin structure, if not remodeled, limits the
access of NER factors to DNA (Araki et al, 2000; Gong et al, 2005; Osley et al, 2007,
Sugasawa et al, 1993). For example, the recognition of CPDs by XPC-RAD23B is
inhibited when the lesion is present in a nucleosome in vitro (Hara et al, 2000). In
addition, human NER complexes need a nucleosome-free region of DNA of about 80-100
bp to access and to efficiently excise UV photoproducts, highlighting the requirement for
transient disruption of one or more nucleosomes (Huang & Sancar, 1994). UV damage
itself affects the chromatin and enhances unwrapping of nucleosomes (Duan & Smerdon,
2010). This enhanced ‘DNA breathing’ may allow for efficient recognition of DNA
damage by the repair factors, which once bound might further unwrap the DNA. In
mammals, several ATP-dependent chromatin remodeling complexes have been
implicated in the repair of damage induced by UV-radiation including SWI/SNF, INO80
and ACF (Hara & Sancar, 2002, 2003; Jiang et al, 2010; Lan et al, 2010; Sanchez-Molina

et al, 2011). One of them is CSB, which contains a SWI2/SNF2 ATPase domain. CSB is
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able to remodel chromatin in vitro in an ATP-dependent manner (Citterio et al, 2000).
Whether and how CSB remodels chromatin to promote TC-NER in vivo has 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 exposure to UV-radiation (Van Den Boom et al, 2004).
This finding suggests that CSB plays an early role in damage sensing during TC-NER.
Using CSB-deficient cells, CSB is found to be one of the initial sensors of damage and is
essential for the recruitment of NER core factors TFIIH, XPA, XPG, XPF/ERCCL1 and
RPA as well as CSA (Fousteri et al, 2006).

A key characteristic of CS is cellular sensitivity to UV-radiation as well as a
defect in the recovery of transcription after exposure to UV-radiation. Cells derived from
CS patients are defective in TC-NER while they have no defect in GG-NER (Venema et
al, 1990; Van Hoffen et al, 1993). An assay used to measure defects in TC-NER is “a
recovery of RNA synthesis” after UV irradiation, also known as RRS assays. RRS after
exposure to UV-irradiation 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 UV-radiation induced lesions, there
is an overall decline in transcription. In normal cells transcription recovers over time,

however in TC-NER deficient cells, there is no transcriptional recovery.
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CS cells are also deficient in the selective removal of UV-induced CPDs from the
transcribed strand of active genes compared to the non-transcribed strand (Van Hoffen et
al, 1993). In addition to strand preference, CSB also plays a role in the removal of UV-
induced DNA damage in specific regions of a gene. In CS cells, repair of UV-induced
DNA damage is inefficient at the promoter as well as the transcribed strand starting at nt
position +20 and extending downstream. Repair of UV-induced damage at sequences
surrounding the transcription initiation site is not defective in CS cells, suggesting that
CSB is dispensable for the repair of damage surrounding the transcription initiation site
(Tu et al, 1997).

CSB is a DNA-dependent ATPase, and its central ATPase domain is necessary for
its chromatin remodeling activity (Citterio et al, 2000). Point mutations of conserved
residues within the CSB ATPase domain impair the function of CSB in TC-NER,
sensitizing cells to UV radiation and reducing the ability of CSB to promote
transcriptional recovery (Brosh et al, 1999; Citterio et al, 1998, 2000; Muftuoglu et al,
2002). The ATPase activity of CSB is also important for the removal of UV-induced
CPDs from the actively transcribed DHFR gene (Brosh et al, 1999). These results
demonstrate that the chromatin remodeling activity of CSB is required for efficient TC-
NER.

The importance of other regions of CSB in TC-NER has also been demonstrated.
Within the N-terminus of CSB, there is an acidic stretch of residues. This region of CSB
is dispensable for the repair of UV-induced damage (Brosh et al, 1999). Within the very

C-terminus of CSB, a ubiquitin binding domain (UBD) has recently been identified. The
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UBD domain in CSB is important for repair of UV-induced damage as deletion of this
domain (AUBD) sensitizes cells to UV radiation (Anindya et al, 2010). Deletion of the
CSB UBD affects neither the association of CSB to sites of arrested RNAPII nor TC-
NER complex assembly after UV irradiation. Cells expressing CSB AUBD show a
reduced rate of UV-induced DNA lesion excision, suggesting that the binding of CSB to
an unknown ubiquitylated partner may promote the excision of transcription blocking

lesions induced by UV radiation (Anindya et al, 2010).

1.4.4 Regulation of CSB in NER

As CSB is essential for TC-NER, it is important that the level and the activity of CSB are
regulated within the cell. In untreated cells, CSB is localized to the nucleus of the cell but
is loosely bound to DNA and mostly soluble. After exposure to UV-radiation, CSB
becomes stably associated with the chromatin (Fousteri et al, 2006; Lake et al, 2010).
Point mutations of conserved residues within the central ATPase domain compromise the
UV-induced chromatin association of CSB, suggesting that UV-induced chromatin
association of CSB is dependent upon its ATPase activity. Deletion of the N-terminus of
CSB results in binding to chromatin in the absence of damage, while deletion of the C-
terminus of CSB abrogates its UV-induced chromatin association. This finding suggests
that the N-terminus of CSB negatively regulates its association with chromatin, perhaps
by sequestering the DNA-binding domain within the C-terminus in untreated cells (Lake
et al, 2010). After damage, this inhibition is relieved and CSB then stably binds to the
chromatin at the expense of ATP hydrolysis.
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CSB is reported to undergo ubiquitylation after UV and later be degraded. CSB
interacts with CSA, which is a subunit of the Cullin 4A (Cul4A) complex, an E3 ubiquitin
ligase complex. Addition of CSA can stimulate the in vitro DNA-dependent ATPase
activity of CSB (Tantin et al, 1997). Mass spectrometry analysis of CSA purified by
tandem affinity purification revealed an interaction with CSB (Fei & Chen, 2012). CSB
binds to CSA at early stages of DNA repair following exposure to UV-radiation. The
ligase activity of the CSA complex is upregulated after UV irradiation (Groisman et al,
2003), and CSB is later removed from the CSA complex by proteasome-dependent
degradation at later stages (Groisman et al, 2006). Consistent with this finding, CSB
degradation at later timepoints 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 BRCA1 after UV (Wei et al,
2011), suggesting that multiple pathways may regulate CSB stability after UV irradiation.

The ubiquitin-specific protease 7 (USP7) and the recently identified TC-NER
factor UVSSA (UV-stimulated scaffold protein A) form a complex together and play a
role in the early steps of TC-NER. The UVSSA/USP7 complex travels along with
RNAPII, accumulates at damage-stalled RNAPII and stabilizes the interaction between
RNAPII and CSB by counteracting the polyubiquitination of CSB and RNAPII (Fei &
Chen, 2012; Schwertman et al, 2012; Zhang et al, 2012). These findings suggest that TC-
NER involves a very extensive network of highly-regulated ubiquitylation and

deubiquitylation events.
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In addition to ubiquitination, CSB also undergoes UV-induced SUMOylation (Sin
et al, 2016). This SUMOylation is mediated by SUMO-conjugating enzyme (E2), Ubc?9.
The very C-terminus of CSB is important for this modification, however the modification
itself does not occur there. Instead SUMOylation occurs at lysine 205 (K205), which is
important for functional TC-NER (Sin et al, 2016). How SUMOylation of CSB regulates

its function in TC-NER remains uncharacterized.

1.4.5 Relationship between CSB and p53 in UV response
Lack of CSB leads to an increase in apoptosis after UV treatment, which is dependent
upon its ATPase activity (Balajee et al, 2000). The tumor suppressor p53 is a master
regulator of the transcriptional response to stress and plays a key role in triggering
senescence and apoptosis. CSB interacts with p53 (Wang et al, 1995) and this interaction
is mediated through the C-terminus of p53 and the central ATPase domain of CSB (Lake
et al, 2011). This interaction suggests that CSB and p53 function together in the response
to DNA damage.

p53 functions as a transcription factor and binds to DNA in both a sequence-
dependent and sequence-independent manner. When CSB interacts with p53, it
sequesters the C-terminus of p53, exposing the core domain and enhancing the sequence-
independent DNA binding of p53 (Lake et al, 2011). Reintroduction of CSB into CS
cells leads to increased p53-chromatin association, implying that CSB promotes

chromatin association of p53 (Lake et al, 2011). These results suggest that CSB promotes
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the sequence-independent binding 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 co-activator p300 (Filippi 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 absence of CSB, 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 p300, indicating that CSB may regulate p53 interaction with other transcriptional
factors.

In undamaged cells, the p53 level is kept low by constant polyubiquitylation by
the E3 ubiquitin ligase Mdmz2, and subsequent proteasome-mediated degradation (Fuchs
et al, 1998; Haupt et al, 1997; Honda et al, 1997; Kubbutat et al, 1997). Upon DNA
damage, p53 is phosphorylated on multiple residues. Phosphorylation of serine 15 by the
kinases ATM/ATR/DNA-PK inhibits the interaction between p53 and Mdmz2 and results
in stabilization (Shieh et al, 1997; Siliciano et al, 1997). Stabilized p53 then undergoes
other post-translational modifications (PTM) and binds to the promoters of a variety of
genes. This results in the induction of different transcriptional programs involved in
cycle arrest, DNA repair or apoptosis (Beckerman & Prives, 2010; Rodier et 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 damage (Balajee et al, 2000;
Laposa et al, 2007; Latini et al, 2011). This increase in p53 is due to insufficient Mdmz2-

mediated ubiquitylation and degradation of p53 (Latini et al, 2011). It has been suggested
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that CSB and CSA proteins may enhance the polyubiquitination and degradation of p53
in vitro and in vivo (Latini et al, 2011).

Together these results show that CSB and p53 function together in the cell where
CSB regulates both the chromatin association of p53 as well as the protein stability before
and after damage. How this interaction between CSB and p53 might affect DNA repair is
not known, but it has been suggested that this interaction plays an important role in
keeping the balance between cellular aging and cancer susceptibility (Frontini & Proietti-
De-Santis, 2012). Therefore, CS cells, which have elevated levels of p53, are unable to

maintain this balance and undergo high levels of apoptosis.

1.5 CSB and Base Excision Repair (BER)

1.5.1 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 usually 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
glycosylase, AP endonuclease (APE1), DNA polymerase and DNA ligases (Figure 1.3).
The BER pathway is initiated by one of at least 11 distinct DNA glycosylases
which each recognize different types of base damage (Robertson et al, 2009). The DNA
glycosylase recognizes its specific damaged DNA base and causes a distortion of the
DNA helix resulting in the flipping out of the damaged base from the DNA helix. It then
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catalyzes cleavage of the N-glycosidic 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 then bound by APE1, which cleaves the DNA backbone on the
5’ side of the abasic deoxyribose phosphate, creating a single-strand break or nick in the
DNA (Hegde et 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 3

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 the
text.
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synthesis, adding a single nucleotide. The remaining deoxyribose phosphate is cleaved
and removed by the 5’-deoxyribophosphatase activity of Pol  (Matsumoto & Kim, 1995;
Singhal & Wilson, 1993; Sobol et al, 1996). In long patch repair, one of the processive
polymerases, Pol & or Pol € adds up to 13 nucleotides to the 3’ hydroxyl group of the
nucleotide 5’ of the nick (Dogliotti et al, 2001; Fortini et al, 1998; Stucki et al, 1998).
The 5’ stretch of displaced nucleotides is cleaved by the flap endonuclease FEN-1 (Kim
et al, 1998; Klungland & Lindahl, 1997). The final step of BER is ligation of the nicked
strand by DNA ligase Illa in complex with XRCC1 (Caldecott et al, 1994; Kubota et al,
2015; Wei et al, 1995). The protein PARP-1 (Poly (ADP-ribose) polymerase-1) also
promotes repair by binding to the single-strand break intermediate and enhances the
recruitment of Pol 3 and XRCC1-DNA ligase Illa (EI-Khamisy et al, 2003; Leppard et

al, 2003; Prasad et al, 2001).

1.5.3 Chromatin remodeling and BER

Similar to NER, repair of base damage by BER is facilitated by chromatin remodeling.
Using in vitro assembled nucleosome core particles (NCPs) with different base lesions as
templates for repair, each step of BER is negatively impacted by the presence of histones
(Beard et al, 2003; Cole et al, 2010; Hinz et al, 2010; Odell et al, 2010, 2013; Rodriguez
& Smerdon, 2013). This inhibition is mainly due to decreased access of the repair
proteins to their respective lesions. As BER occurs efficiently in cells, the results from
the in vitro experiments confirm that chromatin rearrangement occurs at DNA damage

sites in vivo. Addition of ATP-dependent chromatin remodeling (ACR) complexes can
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facilitate the removal of lesions in nucleosomes in vitro (Menoni et al, 2007, 2012b;
Nakanishi et al, 2007). These findings show that ACR complexes can remodel
nucleosomes in the presence of recombinant BER proteins, which then have increased
activity on their otherwise difficult access to substrates. The bulky DNA adducts repaired
by NER are helix-distorting and enhance the unwrapping of the nucleosome, initiating the
process of DNA accessibility (Duan & 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, which generally cause minimal disruption to the DNA
helix or the nucleosome structure (Rodriguez & Smerdon, 2013), suggesting that any
increase in exposure of the lesions to repair proteins would require the help of
nucleosome-disrupting 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 ACR complexes 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, mutagenesis and aging.

1.5.3 Role of CSB in BER

Accumulation of unrepaired oxidative damage in either nuclear or mitochondrial DNA
observed in CS cells (Balaban et al, 2005; Fukui & Moraes, 2008; Gredilla, 2010), could
in part account for the prominent degeneration symptoms seen in CS patients. CSB has

been reported to interact physically and functionally with several different proteins that
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are known to be involved in the BER pathway (Aamann et al, 2013; Fan & Lake, 2013;
Khobta & Epe, 2013), suggesting that CSB participates in BER.

Nuclear OGG1 was the first BER protein which was found in complex with CSB.
OGG1 is the main DNA glycosylase that is responsible for the excision of the DNA base
damage 8-0xoG (8-hydroxyguanine) (Klungland & Bjelland, 2007). Extracts from CS
cells are defective in the excision of 8-0xoG (Dianov et al, 1999). There is no defect of
uracil or thymidine glycol excision activity in CS cells, suggesting that CSB plays a role
in the removal of only certain types of base damage. Indeed, this defect in the excision of
8-0x0G has been reported by several other groups as well (Selzer et al, 2002; Tuo et al,
2001, 2002a). The level of hOGG1 mRNA is decreased in CS cells compared to normal
cells, suggesting that CSB promotes repair of 8-0xoG at least in part by regulating the
expression of OGGL1 (Dianov et al, 1999; Tuo et al, 2002a). The ATPase activity of CSB
is not required for removal of 8-oxoG as CSB ATPase mutants defective in ATPase
activity are still capable of processing 8-0xoG (Selzer et al, 2002; Tuo et al, 2001).
Following y-radiation, there is a significant increase in the levels of 8-OH-dGuo (8-
hydroxy-2’-deoxyguanosine) and 8-OH-dAdo (8-hydroxy-2’-deoxyadenosine) in the
genome of CS cells compared to normal cells (Tuo et al, 2001, 2002b, 2003), suggesting
that the role of CSB in BER extends beyond affecting the expression of OGG1 as this
enzyme does not excise 8-0x0A (8-hydroxyadenine). The mechanism by which CSB
participates in the removal of 8-0xoG in nuclear DNA remains unknown. CSB may

promote 8-0xoG removal by directly contributing to the activity of OGGL1 as when cells
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are depleted of CSB with a specific antibody against CSB, there was a decrease in
excision of 8-0xoG (Tuo et al, 2002a).

CSB also interacts with other DNA glycosylases. NEILL is responsible for the
excision of formamidopyrimidines (Fapy-G and Fapy-A) which are another class of base
modification induced by oxidative damage (Hu et al, 2005). CSB and NEIL1 interact
with each other and colocalize in the cell. CSB promotes excision activity of NEIL1
towards Fapy-G and Fapy-A lesions (Muftuoglu et al, 2009). CSB also interacts with
NEIL2 (Aamann et al, 2014), which is a DNA glycosylase responsible for the excision of
oxidation products of cytosine including 5-hydroxyuracil (5-OH-U) (Dou et al, 2003).
CSB promotes the in vitro incision activity of NEIL2 against FapyA lesions as well as its
more classical substrate 5-OH-U when present in a bubble structure (Aamann et al,
2014). After oxidative stress, CSB and NEIL2 colocalize in the cell.

CSB also interacts with the apurinic/apyrimidinic (AP) endodeoxyribonuclease
APE1, which is responsible for the repair of AP sites by incision at the 5’-side of the
lesion. ELISA and Co-IP experiments demonstrate that CSB interacts with APE1 (Wong
et al, 2007). CSB promotes the incision activity of APE1 in an ATP-independent
manner, and this is more pronounced when the AP site was present in a DNA bubble,
which mimics a DNA transcription intermediate, than in the fully paired AP duplex which
is the classical BER substrate. These results suggest that CSB may preferentially
stimulate APEL activity in transcriptionally active regions. There is no significant
accumulation of AP sites in the genome of CS cells compared to normal cells and the

incision activity of whole cell extracts from CS cells towards AP sites is also normal
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(Wong et al, 2007). These results suggest that CSB does not play a key role in global
genome repair of abasic lesions. On the other hand, the importance of CSB interaction
with APEL1 is underscored by the sensitivity of CS cells to methyl methanesulfonate
(MMS), which is known to generate high levels of AP sites (Wong et al, 2007; Wyatt &
Pittman, 2006).

CSB also interacts with the poly(ADP-ribose) polymerase-1 (PARP1) (Thorslund
et al, 2005). PARP1 is an enzyme that immediately binds to free single-strand breaks
(SSB) in DNA, which can be generated as an intermediate during BER. After binding to
the SSB, PARP1 modifies various proteins by poly(ADP-ribosyl)ation as well as itself
and promotes DNA synthesis and ligation. PARP1 interacts with and poly(ADP-
ribosyl)ates several key factors of the BER pathway including OGG1, XRCC1, Pol j,
DNA ligase Illa and PCNA, suggesting that it regulates BER (Dantzer et al, 2000; Frouin
et al, 2003; Leppard et al, 2003; Masson et al, 1998; Noren Hooten et al, 2011). CSB
binds to both inactive (unmodified) and active (modified) PARP1 and its interaction with
PARP1 not affected by oxidative stress (Thorslund et al, 2005). CSB interacts with
PARPL1 via its N-terminus (amino acids 2-341), which is also poly(ADP-ribosyl)ated
PARPL1 after oxidative stress. The poly(ADP-ribosyl)ation of CSB inhibits its in vitro
DNA-dependent ATPase activity (Thorslund et al, 2005). The CSB/PARP1 complex
relocates to sites of DNA damage in the cell after oxidative stress (Thorslund et al, 2005).
How the poly(ADP-ribosyl)ation of CSB affects its own activity and function in the cells

remains unclear. However, as both proteins are involved in DNA repair, chromatin
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remodeling and transcription (De Vos et al, 2012; Stevnsner et al, 2008), it is possible
that CSB and PARP1 may function together to regulate repair of DNA damage.

In addition to interacting with proteins involved in BER, CSB is also recruited to
sites of oxidative damage (Menoni et al, 2012a). Using a laser-assisted procedure to
locally inflict oxidative DNA lesions, CSB is found to accumulate at the sites of damage.
CSB is recruited quickly after induction of oxidative damage, which precedes the
recruitment of OGG1. Knockdown of OGG1 did not affect the recruitment of CSB,
suggesting the CSB is recruited by 8-0xoG 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 damage (Amouroux et al, 2010; Will et al, 1999). These
findings suggest that CSB binds to 8-0xoG 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 further suggests 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 post-translational modification. Mass
spectrometry analysis of CSB identified that CSB is ubiquitylated on lysine 991 (K991)
in untreated cells (Ranes et al, 2016). K991 is located just outside of the core ATPase
domain and is highly conserved in CSB orthologues. Mutating this site (K991R) does not
affect the DNA-dependent ATPase activity of CSB or its function in TC-NER. On the

other hand, cells expressing the K991R mutant are sensitive to oxidative damage. A
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similar sensitivity to oxidative damage was seen in cells expressing CSB AUBD (Ranes et
al, 2016) which is deficient in TC-NER (Anindya et al, 2010). Ubiquitylation of K991 is
unaffected after exposure to UV-radiation but induced after oxidative damage. The
K991R and CSB AUBD mutants are both capable of accumulating at sites of oxidative
damage comparable to WT, however they both fail to dissociate in a timely manner.
These results suggest that ubiquitylation of K991 and the UBD of CSB are not required
for its recruitment to oxidative damage but are necessary dissociation from the site of
oxidative damage. The mutation K991R is the first separation-of-function mutation of
CSB as it is not important for UV, but is important for oxidative damage repair.

CSB is reported to interact with the non-receptor protein tyrosine kinase c-Abl
(Imam et al, 2007). The kinase c-Abl is activated upon genotoxic and oxidative stress.
Similar to PARP1, this interaction is mediated through the N-terminus of CSB. CSB is
phosphorylated by c-Abl at tyrosine 932 after treatment with hydrogen peroxide to induce
oxidative damage, and this phosphorylation alters the localization of CSB in the nucleus
and nucleolus. These results suggest that phosphorylation of CSB by c-Abl may regulate
the recruitment of CSB in response to oxidative stress. As this phosphorylation site is
within the ATPase domain of CSB, it is reasonable to speculate that c-Abl mediated
phosphorylation of CSB may regulate its ATPase activity, however this has not been
addressed.

Together, CSB interacts with and promotes the function of several different
proteins known to have important roles in the BER pathway. Based on the multiple

interactions, it is likely that at least part of the phenotype observed in CS patients is due to
30



Ph.D. Thesis — N. Batenburg McMaster University — Biology

the lack of these interactions. It remains to be 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 transcription-coupled repair, CSB also plays a role in general
transcription. CSB deficient cells have reduced RNA synthesis (Balajee et al, 1997; van
Gool et al, 1997) and CSB can stimulate transcription elongation in vitro (Selby &
Sancar, 1997; Van der Horst et al, 1997; Proietti-De-Santis et al, 2006). CSB is reported
to interact with several different factors which are known to be involved in transcription.

Using Co-IP, CSB is found in a complex with RNA polymerase | (RNAPI)
(Bradsher et al, 2002; Yuan et al, 2007). Using anion exchange chromatography, CSB
and RNAPI are found in the same fraction. Using immunofluorescence (IF), CSB is
enriched in the nucleolus along with RNAPI, TFIIH, XPG and TIF-1B, supporting the
notion that these are in a complex together (Bradsher et al, 2002). A direct interaction
between RNAPI and CSB has yet to be demonstrated. CSB along with TFIIH promotes
the transcription of rDNA by RNAPI in vitro (Bradsher et al, 2002). The rate of rDNA
synthesis is significantly lower in CS cells as well as in cells depleted for CSB by using
shRNA or siRNA (Yuan et al, 2007). An ATPase-deficient mutant of CSB is unable to
promote rRNA transcription, suggesting that 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 which are controlled by CSB (McStay & Grummt,
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2008). CSB interacts with 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 (HP1y) are required for rRNA synthesis initiation and
elongation (Yuan et al, 2007). CSB promotes H3K9me by G9a in an ATPase dependent
manner, suggesting that CSB may remodel the chromatin to promote histone methylation
(Yuan et al, 2007). Another important epigenetic mark that regulates rRNA synthesis is
DNA methylation of the rDNA promoter, however no association between CSB and
DNA methylation has been reported (Schmitz et al, 2009).

CSB is associated with activating and repressing complexes in the nucleolus. The
rDNA genes can be separated into three different categories: silenced, active and poised
genes (Xie et al, 2012). Silent genes contain methylated CpGs in the promoters and
heterochromatic histone marks that are mediated by the nucleolar remodeling complex
(NoRC). The heterochromatic nature of these silent genes restricts the access of
transcriptional machinery. Active genes contain euchromatic structure with unmethylated
promoters where CSB, RNAPI and G9a are recruited and are actively transcribed (Xie et
al, 2012). Poised genes are silent genes but are ready to be activated. These poised genes
are regulated by the nucleosome remodeling and deacetylation (NuRD) complex, and
these genes contain both euchromatic and heterochromatic marks. Components of the
preinitiation complex UBF and SL1 are also found at these genes, but not RNAPI (Xie et
al, 2012). CSB interacts with the NuRD complex to remodel the chromatin and activate

these poised genes allowing for recruitment of RNAPI and transcription (Xie et al, 2012).
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Several reports have shown that CSB also interacts with RNA polymerase Il
(RNAPII). One study shows that RNAPII interacts with CSB at high concentrations of
salt, and the interaction is DNA-independent as it is not affected by the presence of
ethidium bromide (van Gool et al, 1997). In contrast, a separate study using Co-I1P
showed that CSB only interacts with RNAPII at a lower concentration of salt (Bradsher et
al, 2002). This shows that the interaction between CSB and RNAPII may be sensitive to
experimental differences in immunoprecipitation protocol. Immunoprecipitated CSB and
its associated proteins are capable of supporting transcription in an in vitro assay when
RNAPII is omitted, further demonstrating that CSB is associated with active RNAPII
(Van Den Boom et al, 2004). In addition to RNAPII, CSB is found in a complex with
XPB and XPD, both of which are subunits of TFIIH (Bradsher et al, 2002). CSB is also
important for the recruitment of RNAPII and XPB to chromatin after UV (Fousteri et al,
2006). EMSA experiments with purified CSB demonstrate that CSB and TFIIH bind to
stalled RNAPII. The binding of TFIIH to RNAPII is dependent upon CSB, suggesting
that CSB mediates this interaction (Tantin et al, 1997). One study has suggested that
CSB also interacts with TFIIE and XPA (Selby & Sancar, 1997). TFIIE promotes
initiation of RNA synthesis together with TFIIH, and CSB is pulled down with p34, a
subunit of TFIIE.

Given that CSB interacts with several components of the transcriptional
machinery, researchers have addressed if CSB 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 genes analyzed after oxidative stress, suggesting
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that CSB regulates the expression of certain genes (Kyng 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 promoters of some undamaged genes (Proietti-De-Santis
et al, 2006). Each of these studies look at the effect of CSB 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 in the absence of external stress (Newman et 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 include oxidative metabolism, proliferation, cell cycle progression, neuronal
survival, the immune response, DNA repair, RNA processing and drug resistance
(Newman et al, 2006). Many of the genes regulated by CSB overlap with genes that are
regulated by histone deacetylase (HDAC) inhibitors, suggesting that loss of CSB
phenocopies treatment with a chromatin-disrupting 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 regulated by CSB
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 the ends of linear eukaryotic
chromosomes. Telomeric DNA consists of short, double-stranded and G-rich tandem
repeats (Palm & de Lange, 2008). The sequence of the repeats varies among species
(Louis & Vershinin, 2005), with mammalian telomere repeats being TTAGGG (Meyne et
al, 1989; Moyzis et al, 1988). The TTAGGG repeat containing strand is known as the
“G-rich strand”, and the complementary CCCTAA containing strand is known as the “C-
rich strand”. The average telomere length varies among different species. In humans, the
average length at birth is about 10-15 kilobase (kb) pairs, and the length decreases with
age (de Lange et al, 1990; Harley et al, 1990).

The end of the telomere is not blunt-ended, but consists of a single-stranded
protrusion of the G-rich strand which is referred to as the 3’ overhang (Figure 1.4a)
(Greider & Blackburn, 1985; Makarov et al, 1997; McElligott & Wellinger, 1997). This
overhang is the result of Apollo nuclease activity at the leading strand end (Sfeir et al,
2005; Wu et al, 2010, 2012). Both strands are then further processed by the resection
activity of EXO1 (Sfeir et al, 2005; Wu et al, 2012). The 3’ overhang of mammalian
telomeres can vary between 50-500 nucleotides (Palm & de Lange, 2008). Electron
microscopy analysis has shown that mouse and human telomeres are organized into a
large duplex lariat structure called the t-loop (Palm & de Lange, 2008; Griffith et al,
1999; Greider, 1999). T-loops are thought to be formed by the invasion of the 3’

overhang into the double-stranded telomeric DNA where it forms complementary base
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pairing with the C-rich strand (Griffith et al, 1999; Greider, 1999). The point of invasion
in the double stranded DNA is called the D-loop (Figure 1.4a). T-loops are thought to
help protect chromosome ends and have been proposed to be the solution to the problem
of telomere protection. The size of the t-loop is variable but this does not seem to have
any relevance towards its function (Palm & de Lange, 2008).

Each time a cell replicates, they 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 the end-replication problem (Olovnikov, 1973;
Watson, 1972). DNA polymerases synthesize DNA from the template only in the 5°-3’
direction, so the lagging strand DNA must be synthesized in many small fragments called
Okazaki fragments. DNA polymerase requires a 3’-OH group 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 lagging strand cannot be replaced by DNA
polymerase after it is removed as there is no 3’-OH available. This results in the gradual
shortening of chromosome ends with each cell division in the absence of any telomere
extension mechanisms. An additional cause for progressive telomere shortening is
exonucleolytic degradation which generates the 3° overhang (Huffman et al, 2000). This
produces an overhang that results in a lack of template during the next leading strand
synthesis (Lingner et al, 1995; Palm & de Lange, 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 with this shortening, but instead the telomeres shorten with

each cell division.

1.7.2 The Shelterin complex

The shelterin complex is a six-subunit protein complex that binds to the TTAGGG
repeats found in mammalian telomeric DNA (de Lange, 2005; Liu et al, 2004a) (Figure
1.4b). Shelterin plays an important role not only protecting chromosome ends from being
recognized as DNA breaks but also regulating telomerase-mediated telomere length
maintenance as well as alternative lengthening of telomeres (ALT) (de Lange, 2005; Palm
& de Lange, 2008). The components of the shelterin complex are as follows: TRF1
(telomeric repeat binding factor 1), TRF2 (telomeric repeat binding factor 2), POT1
(protection of telomeres 1), TIN2 (TRF2- and TRF1-Interacting Nuclear protein 2), RAP1
(human ortholog of the yeast Repressor/Activator Protein 1), and TPP1 (formerly known
as TINT1/PTOP/PIP1) (Palm & de Lange, 2008). The whole shelterin complex is
localized to the telomeres via TRF1, TRF2 and POT1, which each bind to telomeric DNA
repeats.

TRF1 and TRF2 both bind to double-stranded telomeric DNA. They share a
common domain structure consisting of the TRF homology (TRFH) domain and a C-
terminal SANT/Myb DNA-binding domain (Broccoli et al, 1997; Chong et al, 1995).
They differ in their N-termini, where TRF1 contains an acidic domain and TRF2 contains

a basic domain. TRF1 and TRF2 each homodimerize though their respective TRFH
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Figure 1.4. Structure and composition of human telomeres. (a) The higher order t-
loop and D-loop structure of telomeres described further in text. Reproduced from (Palm
& de Lange, 2008). (b) Human telomeres are made of up three components: telomeric
DNA, the shelterin complex and the telomerase complex. Reproduced from
(Maciejowski & de Lange, 2017) with permission from Nature Publishing Group
(Licence: 4147361431463).

domain and bind DNA as homodimers (Bianchi et al, 1997; Court et al, 2005; Fairall et
al, 2001; Hanaoka & Nagadoi, 2005; Nishikawa et al, 2001). TRF1 and TRF2 can act as
architectural factors, changing the higher-order 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 orientations (Bianchi et al, 1999; Griffith et al, 1998). TRFL1 is found to form
loops and pair stretches of telomeric DNA whereas TRF2 can promote T-loop formation
when provided with the appropriate telomeric substrate (Griffith et al, 1999; Stansel et al,

2001). The TRFH domain also contains a peptide docking site through which TRF1 and
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TRF2 recruit other proteins to telomeres. The motif F/YXLXP on target proteins is critical
for the recognition by the TRFH domain (Chen et al, 2008c). Although TRF1 and TRF2
share a highly homologous TRFH domain, they cannot form heterodimers and recognize
different target proteins (Palm & de Lange, 2008; Chen et al, 2008c). Both TRF1 and
TRF2 undergo various post-translational modification (Walker & Zhu, 2012), which in
turn regulate their telomeric DNA binding activity, cellular localization and stability.

Overexpression of TRF1 leads to telomere shortening, while depletion of TRF1
results in telomerase-mediated telomere elongation (Ancelin et al, 2002; McKerlie &
Zhu, 2011; McKerlie et al, 2013; Smogorzewska et al, 2000; van Steensel & de Lange,
1997). These findings suggest that TRF1 acts as a negative regulator of telomerase-
dependent telomere length maintenance. TRF2 is best known for its role in telomere
protection which is dependent upon the ATM- and p53-mediated DNA damage response
(Ancelin et al, 2002; Karlseder et al, 1999; van Steensel & de Lange, 1997; Zhu et al,
2000). Loss of TRF2 or overexpression of a TRF2 mutant that cannot be recruited to
telomeres promotes telomere end-to-end fusions which is dependent upon non-
homologous end-joining (NHEJ) (Celli & de Lange, 2005; Van Steensel et al, 1998;
Smogorzewska et al, 2002). Overexpression of TRF2 lacking the N-terminal basic
domain results in telomere loss that is dependent on homologous recombination (Wang et
al, 2004). These findings reveal that TRF2 functions to protect telomere ends from being
recognized as DNA double strand breaks.

RAPL1 is an important but poorly understood component of the shelterin complex.

RAP1 binds TRF2 and is dependent on TRF2 for its localization to the telomeres as
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RAP1 lacks DNA-binding 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 together (Kim et al, 1999b, 2004; Ye et
al, 2004a). TIN2 recruits TPP1 and POT1 to the shelterin complex. TPP1 connects
POT1 with TIN2 which is thought to be the main pathway to recruit POT1 to telomeres
(Hockemeyer et al, 2007; Liu et al, 2004b; Ye et al, 2004b). POT1 contains two OB
folds that recognize and bind to single-stranded telomeric DNA (Baumann & Cech, 2001;
Lei et al, 2004; Loayza et al, 2004). The binding of POT1 to the single-stranded
telomeric DNA promotes the protection of the telomere ends from nucleolytic

degradation (Hockemeyer et al, 2005; Lei et al, 2004; Yang et 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 transcriptase protein component called
hTERT in humans (Figure 1.4b) (Feng et al, 1995; Greider & Blackburn, 1989; Lingner
et al, 1997; Nakamura et al, 1997; Shippen-Lentz & 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 template to extend the 3” G-rich overhang (Greider & Blackburn,
1989; Shippen-Lentz & Blackburn, 1990; Kelleher et al, 2002; Autexier & Lue, 2006).
Synthesis of the complementary C-strand occurs through lagging strand synthesis by

DNA polymerase o and the CST (CTC1-STN1-TEN1) complex (Dai et al, 2010; Huang
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et al, 2012; Kasbek et al, 2013; Miyake et al, 2009; Surovtseva et al, 2009; Wang et al,
2012; Wu et al, 2012). The addition of telomeric DNA by telomerase helps with the end-
replication problem and nuclease action (Wellinger et al, 1996) and helps prevent the
chromosome ends from being recognized as DNA damage (Fagagna et al, 2003; Takai et
al, 2003; Zou et al, 2004).

The average telomere length of telomerase-positive cells is kept within a narrow,
species-specific range (Lejnine et al, 1995), indicating that telomere length maintenance
is highly regulated. The maintenance of telomere length is a balancing act between
telomerase and proteins that bind telomeric DNA (Chan & Blackburn, 2004; Marcand et
al, 1997). Components of the shelterin complex are found to regulate the access of
telomerase to the ends of the telomere both positively and negatively. TPP1 interacts
with the hTERT subunit and recruits it to the telomeres during S phase when replication
occurs (Abreu et al, 2010; Latrick & Cech, 2010; Nandakumar et al, 2012; Wang et al,
2007b; Zhong et al, 2012). On the other hand, TRF1 along with TIN2 restricts
telomerase access to the ends of telomeres, resulting in an inhibition of telomerase-
dependent telomere elongation (Ancelin et al, 2002; Broccoli et al, 1997; de Lange, 2005;
Loayza & de Lange, 2003; Okamoto et al, 2008; Smogorzewska et al, 2000; Takai et al,
2010; van Steensel & de Lange, 1997). Telomere length and the abundance of telomere
bound shelterin complexes may work as a feedback loop in preventing excessive
elongation of the telomeres. The ‘protein counting model” has been proposed to explain

this observation, suggesting that the more TRF1 and POT1 are bound to telomeres, the
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stronger telomerase-mediated telomere elongation is inhibited (Loayza & de Lange, 2003;

Marcand et al, 1997; van Steensel & de Lange, 1997).

1.7.4 Telomere chromatin structure

Similar to the rest of the genome, mammalian telomeres are organized in nucleosomal
chromatin (Pisano et al, 2008; Tommerup et al, 1994). Long telomeres are organized into
closely spaced nucleosomal arrays where the nucleosomes are separated by DNA linkers
about 40 bp shorter than in bulk DNA (Fajkus et al, 1995; Lejnine et al, 1995; Makarov
et al, 1993; Tommerup et al, 1994). Short telomeres are organized into an unusual
chromatin structure as evidenced by a more diffuse micrococcal nuclease (MNase)
digestion pattern than that of long telomeres (Tommerup et al, 1994). Intrinsic features
such as DNA flexibility and stiffness can influence the wrapping of DNA around the
histone octamer (Anselmi et al, 2000; Filesi et al, 2000). It has been suggested that
telomeric DNAs may require more energy than genomic DNA to wind around the histone
octamer (Fajkus et al, 1995; Pisano et al, 2008). In agreement with this, in vitro
reconstitution studies show that telomeric DNAs form the least stable nucleosomes
compared to all DNA sequences studied so far (Cacchione et al, 1997; Filesi et al, 2000;
Rossetti et al, 1998). Components of the shelterin complex are reported to affect
telomere nucleosome structure. TRF1 can promote the sliding of the nucleosome toward
adjacent sequences (Pisano et al, 2010), while TRF2 can induce compaction of an in vitro
assembled nucleosome array (Baker et al, 2011). When ATP-dependent chromatin

remodelers are added, TRF2 causes an increase in telomeric nucleosomal spacing (Galati
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et al, 2006). The differing roles of TRF1 and TRF2 are due to the differences in their N-
termini (Poulet et al, 2012).

Histone post-translational modifications play a key role in influencing most
cellular processes. Different modifications have been found associated with telomeric
regions, and various factors influence the organization of telomeric chromatin. Telomere
chromatin is generally considered to be “heterochromatic,” based on studies conducted in
yeast and Drosophila telomeres. These studies have shown that establishment of a
heterochromatic state at the telomere and subtelomere is essential for the protection of
chromosome ends (Shore, 2001; Raffa et al, 2011). Yeast Rapl recruits the Sir complex
to telomeres, which is essential for the formation of a heterochromatic state that spreads
to the subtelomere region, repressing genes next to the telomere (Ottaviani et al, 2008).
Drosophila telomeres are enriched in trimethylation of lysine 9 of histone H3
(H3K9me3), which is recognized by heterochromatin protein 1 (HP1) (Fanti et al, 1998).
HP1 is an essential factor for the protection of Drosophila telomeres and for the spreading
of heterochromatin (Schotta et al, 2002).

In mouse cells, chromatin immunoprecipitation (ChIP) analysis reveals that both
telomeres and subtelomeres are enriched in heterochromatic marks including H3K9me3
and H4K20me3, and hypoacetylation of H3 and H4 (Blasco, 2007). The epigenetic state
of telomeres is regulated by telomere length. In telomerase deficient mice with short
telomeres, levels of H3K9me3 and H4K20me3 are decreased whereas levels of H3 and
H4 acetylation are increased (Benetti et al, 2007). These findings suggest that as

telomeres shorten, there is a loss of heterochromatic marks leading 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 deletion of HMTases result in telomere instability and
altered telomere length (Garcia-Cao et al, 2003; Blasco et al, 2005; Gonzalo et al, 2006).
The epigenetic state of telomeres in human cells is less clear. ChIP analysis
suggest that the levels of heterochromatic marks such as H3K9me3, H4K20me3, and
H3K27me3 are low at telomeres in human fibroblasts (O’Sullivan et al, 2010). In another
study, H3K9me3 was underrepresented at telomeres but enriched at subtelomeres
(Rosenfeld et al, 2009). A genome-wide analysis of several different human cell lines
reveals that H3K9me3 is enriched at telomeric DNA as well as other repetitive sequences
(Ernst et al, 2011). Evidence for the establishment of a heterochromatin state at
telomeres in humans comes from studies analyzing the effect of SIRT6 depletion. SIRT6
is a NAD*-dependent histone deacetylase that specifically removes acetyl residues from
H3K9 (Michishita et al, 2008) and H3K56 (Michishita et al, 2009). SIRT6 associates
with telomeres in S-phase where is deacetylates histone H3. Depletion of SIRT6 leads to
hyperacetylation of H3K9 and H3K56, telomere fusions and premature senescence
(Michishita et al, 2008). These data suggest that heterochromatic marks such as histone

hypoacetylation are important for the integrity of telomeres in human cells.

1.7.5 Telomere transcription
Although telomeric DNA does not contain any genes and telomere chromatin is enriched
in heterochromatic histone marks, the telomeres are transcribed into telomeric repeat-

containing RNA (TERRA) (Azzalin et al, 2007). This large non-coding RNA forms an
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integral component of telomeric heterochromatin (Luke & Lingner, 2009; Blasco &
Schoeftner, 2008). TERRA is transcribed in the centromere to telomere direction,
indicating that the transcriptional start site lies in the subtelomeric region (Luke &
Lingner, 2009; Nergadze et al, 2009). TERRA is transcribed primarily by RNA
polymerase 11 (RNAPII) and transcripts range in length from approximately 0.1 to 9 kb
(Azzalin et al, 2007; Blasco & Schoeftner, 2008). TERRA expression is cell-cycle
regulated, peaking at the G1-S transition and declines from S phase to G2 in telomerase
positive cells. This may be to avoid collision between RNAPII-mediated transcription
and replication forks during S-phase (Flynn et al, 2015).

In vitro studies indicate that TERRA can directly inhibit telomerase as evidenced
by the fact that a TERRA-mimicking RNA oligonucleotides can inhibit telomerase
activity (Blasco & Schoeftner, 2008). In vivo studies in yeast suggest that a stable
RNA/DNA hybrid forms between TERRA and telomeric DNA, which inhibits the access
of telomerase to the chromosome end (Blasco & Schoeftner, 2008). In human cells,
TERRA levels are decreased when telomeres are elongated (Arnoult et al, 2012).
Although TERRA can inhibit telomerase activity in vitro, in human cells the
overexpression of TERRA does not prevent telomerase-mediated telomere elongation
(Farnung et al, 2012).

TERRA levels are regulated either transcriptionally at TERRA’s subtelomeric
CpG-rich promoter (Blasco & Schoeftner, 2008; Episkopou et al, 2014; Ng et al, 2009;
Yehezkel et al, 2008), post-transcriptionally by regulating the stability of nontelomere-

associated TERRA in the nucleoplasm (Deng et 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 displacement by the RNA:DNA
hybrids forms a special structure called a R-loop (Costantino & Koshland, 2015).
TERRA can form R-loops at the telomeres, which may act as a barrier to the progression
of the replication fork (Rippe & Luke, 2015). In telomerase-expressing cells, TERRA
transcription is decreased in S-phase, which is thought to minimize the interference with
the replication fork. The major enzyme involved in the resolution of RNA:DNA hybrids
is the RNA endonuclease H (RNase H), which degrades the RNA component of the
hybrid (Arudchandran et al, 2000). RNase H is reported to resolve TERRA R-loops in
human ALT (Alternative Lengthening of Telomeres) cells, however RNase H does not
function in telomerase-positive cells (Arora et al, 2014). This may be due to the fact that
TERRA levels and TERRA R-loops are higher in ALT cells compared to telomerase-
positive cells (Arora et al, 2014; Azzalin et al, 2007; Blasco & Schoeftner, 2008; Lovejoy
et al, 2012; Episkopou et al, 2014).

TERRA plays an important role in regulating telomere maintenance. When
TERRA transcript levels are reduced using short interfering RNA (siRNA) against
TERRA, the telomeres become unstable (Deng et al., 2009). TERRA localizes at
telomeres and interacts with both TRF1 and TRF2. Knockdown of TRF1 results in a
decrease in TERRA levels, while knockdown of TRF2 results in an increase in TERRA
levels (Blasco & Schoeftner, 2008; Caslini et al, 2009). TERRA promotes the interaction
between TRF2 and ORCL1 that is important for the association of H3K9me3 and

heterochromatin protein 1 (HP1) with telomeres (Deng et al, 2009). In human cells, there
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is an inverse correlation between H3K9me3 density at telomere chromatin and TERRA
levels (Arnoult et al, 2012; Episkopou et al, 2014). TERRA has also been reported to
interact with the methyltransferase responsible for this mark, SUV39H1, as well as with
the heterochromatin proteins HP1ow and HP1pB (Deng et al, 2009). These findings suggest
that TERRA may be part of a negative feedback loop mechanism (Arnoult et al, 2012).
At telomeres of normal length, TERRA inhibits its own expression by SUV39H1-
mediated H3K9me3 at telomeres, decreasing further transcription. These results suggest
that an initial round of transcription is necessary to prevent further TERRA transcription

(Rippe & Luke, 2015).

1.7.6 Telomeres and aging

In most somatic cells, telomerase is absent. Therefore, telomeres will shorten after every
round of replication. When telomeres reach a critically short length, they cannot maintain
proper structure and their ends become unprotected (Ju & Rudolph, 2008). Senescence is
usually activated once the telomere length reaches 2-3 kb (Britt-Compton et al, 2006).
Once the chromosomes are no longer protected, they activate the DNA damage response
which induces permanent cell cycle arrest called senescence or apoptosis (cell death) (Ju
& Rudolph, 2008; Harley et al, 1990). This shortening of telomeres has led to the idea
that telomeres function as a ‘molecular clock,” meaning that the length of the telomeres
determines the proliferative ability of a cell (Mitteldorf, 2013). This limit on uncontrolled
proliferation imposed by telomere shortening is thought to function as a tumor suppressor

mechanism.
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Shortening of telomeres has been associated with human aging (Von Zglinicki &
Martin-Ruiz, 2005), and a correlation is seen between long telomere length and increased
life expectancy (Cawthon et al, 2003). Several premature aging disorders such as
dyskeratosis congenita (DKC) (Mitchell et al, 1999), ataxia telangiectasia (AT) (Metcalfe
et al, 1996), Hutchinson-Gilford progeria (HG) (Benson et al, 2010; Cao et al, 2011) and
Werner syndrome (WS) (Crabbe et al, 2004) have been shown to display an accelerated
rate of telomere shortening and an increase in telomere instability. Telomere dysfunction
is considered to be an underlying cause of premature aging (Kong 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 the DNA damage response

DNA damage can result from endogenous sources such as reactive oxygen species or by-
products of 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 bases, 8-0xoG lesions, pyrimidine dimers,
single-strand breaks and double-strand breaks. DNA double-strand breaks (DSBs) are
one of the most cytotoxic forms of DNA damage. The two main pathways that repair
DNA DSBs in mammalian cells are non-homologous end-joining (NHEJ) and

homologous recombination (HR) (Figure 1.5). Each of these pathways will be discussed
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in a greater detail below. If these breaks are not quickly and accurately repaired, they can
lead to genomic instability, hallmarks of cancer and aging.

The DNA damage response (DDR) is a signal transduction 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-
kinase-like protein kinase (PIKKSs) family: ATM (ataxia telangiectasia mutated protein),
ATR (ATM and Rad-3 related protein) and DNA-PKcs (DNA-dependent protein kinase
catalytic subunit). This family of kinases shows a strong preference for phosphorylating
serine or threonine followed by a glutamine (S/T-Q) (Kim et al, 1999a). ATM is a main
kinase that responds to DSBs whereas ATR responds to sSSDNA generated during DSB
repair or following replication fork collapse.

ATM interacts with the MRN (Mrel1/Rad50/Nbs1) complex, which is one of the
first protein complexes recruited to DSBs. MRN can tethers the two ends of the DSB and
prepare them for DNA repair (De Jager et al, 2001). MRN recruits ATM to the DSB site
(Carson et al, 2003; Falck et al, 2005; Lee & Paull, 2004, 2005; Uziel et al, 2003). While
ATM is later displaced from the break site, it remains associated with the chromatin
flanking the DSB (Berkovich et al, 2007). ATM autophosphorylates itself on serine 1981
(51981), leading to the dissociation from its inactive dimeric form to an active
monomeric form (Bakkenist & Kastan, 2003). When ATM is in its active monomeric
form its phosphorylates many different substrates that are important for DNA repair,
checkpoint activation and cell cycle arrest (Bakkenist & Kastan, 2003; Lee & Paull, 2004,

2005; Matsuoka et al, 2007). MRN promotes the efficiency of ATM activation, as full
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activation of ATM requires the presence of the MRN complex (Buscemi et al, 2001;
Girard et al, 2002; Lim et al, 2000; Uziel et al, 2003; Yazdi et al, 2002; You et al, 2005)

One of the first phosphorylation events mediated by ATM is the phosphorylation
of serine139 on the histone variant H2A.X, forming yH2AX. This phosphorylation
spreads away from the DSBs into megabase size domains (Rogakou et al, 1999). Once
formed, yH2AX then recruits MDC1 (mediator of DNA damage checkpoint protein 1),
which recognizes the phosphorylated Ser139 on yH2AX through its BRCT (breast cancer-
associated protein 1 carboxy-terminal) domain (Stucki et al, 2005). MDC1 initiates DSB
signaling by interacting with and recruiting the E3 ubiquitin ligase RNF8 (Huen et al,
2007; Kolas et al, 2007; Mailand et al, 2007). Once at DSBs, RNF8 along with its
partner E2 enzyme UBC13 ubiquitylates yYH2AX and H2A (Huen et al, 2007; Mailand et
al, 2007; Wang & Elledge, 2007). This promotes the recruitment of the E3 ubiquitin
ligase RNF168 which furthers ubiquitylates yH2AX and H2A lysine 13 and 15
(H2AK13/15). The ubiquitylated chromatin then serves as a platform for downstream
factors crucial for downstream signaling and repair (Jackson & Durocher, 2013; Panier &
Durocher, 2009).

The repair protein 53BP1 is recruited to damaged chromatin downstream of
RNF168 activity (Doil et al, 2009; Stewart et al, 2009). 53BP1 is a bivalent chromatin
reader that binds demethylated H4 Lys20 (H4K20me2) and ubiquitylated H2A Lys13/15
via its tandem Tudor and ubiquitination-dependent recruitment (UDR) domains (Botuyan

et al, 2006; Fradet-Turcotte et al, 2013; Zgheib et 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 acetyltransferase TIP60 (Hsiao & Mizzen, 2013; Tang et al, 2013).
TIP60 also acetylates H2AK15 that inhibits ubiquitylation and 53BP1 recruitment
(Jacquet et al, 2016).

Ubiquitylation of H2A by RNF8 and RNF168 also provides a platform for RAP80
which binds directly to Lys63 polyubiquitylation at DSBs (Hu et al, 2012; Kim et al,
2007a; Sobhian et al, 2007; Wang et al, 2007a; Yan et al, 2007). RAP80 recruits its
associated proteins including Abraxas which binds to BRCAL (Feng et al, 2009; Shao et
al, 2009; Wang et al, 2007a). BRCAL is recruited to IR-induced DSBs in a RAP80
dependent manner (Hu et al, 2011; Kim et al, 2007b). Analysis of BRCAL recruitment to
enzymatically generated DSBs reveals that RAP80 is responsible for the recruitment of
BRCAL to the chromatin flanking DSBs, while the MRN complex recruits BRCA1 close
to the DSB (Goldstein & Kastan, 2015). These results suggest that two distinct fractions

of BRCAL1 are present at damaged chromatin.

1.8.2 Homologous recombination (HR)

Homologous recombination (Figure 1.5a) occurs during S or G2 phase of the cell cycle
when the sister chromatid is in close proximity (Moynahan & Jasin, 2010; San Filippo et
al, 2008). A key step in the initiation of HR is 5° to 3’ end resection of the break to
generate 3’ single-stranded DNA (ssDNA). The initial phase of resection is performed by
the MRN complex along with CtIP (CtBP-interacting protein), processing about 20 bp

from the DSB (Huertas & Jackson, 2009; Limbo et al, 2007; Truong et al, 2013). In the
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second phase of end resection, the helicase BLM and exonucleases EXO1 and DNA2

generate long stretches of ssSDNA, committing the cells to HR (Bolderson et al, 2010;

Nimonkar et al, 2011; Sartori et al, 2007; Sun et al, 2012).

Once ssDNA is generated, replication protein A (RPA) binds to the ssSDNA

overhangs, which acts as a sensor of the accumulation of sSDNA and prevents the

formation of secondary structures (Alani et al, 1992; Eggler et al, 2002; Sugiyama et al,
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Figure 1.5. Double strand break repair pathways — Non-homologous end-joining
(NHEJ) and homologous recombination (HR). The two main DSB repair pathways
NHEJ and HR are described further within the text.
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1997). RPA is then replaced with the RAD51 recombinase by the mediator protein
BRCAZ2. Filament formation of RAD51 along the resected sSDNA mediates the search
for a distant homologous sequence and subsequent strand invasion between the resected
end of the break and the duplex homologous donor sequence (Renkawitz et al, 2013;
Shinohara et al, 1992; Shinohara & Ogawa, 1998; Sugawara et al, 2003). This leads to
the formation of a D-loop joint molecule composed of sSDNA and the target duplex.
Using the homologous sequence as a template, synthesis occurs to replace the nucleotides
lost due to resection through either Pold or Pole (Li et al, 2009; Prindle & Loeb, 2012;
Sebesta et al, 2011). In DSB repair, the other end of the break is captured by the
displaced strand of the donor duplex which is used to prime a 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 repair (Liu, 2004; Mimitou & Symington, 2009; Singh et al, 2008; Wu &

Hickson, 2003; Xu et al, 2008; Cejka et al, 2010).

1.8.3 Non-homologous end joining (NHEJ)

NHEJ (Figure 1.5b), a second major pathway for the repair of DSBs, functions
throughout the interphase and does not require a homologous template for repair (Moore
& Haber, 1996; Sonoda et al, 2006). In NHEJ, DNA DSBs are rapidly bound by the Ku
heterodimer (Ku70 and Ku80), which has a ring structure allowing itself to clamp onto
the DSB ends (Cary et al, 1997; Falzon et al, 1993; Mahaney et al, 2009; Walker et al,

2001). Ku localizes to the DSB within seconds and independently of other NHEJ factors,
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suggesting that it is an early sensor of DSBs (Kim et al, 2005; Mari et al, 2006). Ku
interacts with DNA-PKcs and recruits it to DSBs where DNA-PKCcs is activated (DeFazio
et al, 2002; Gottlieb & Jackson, 1993; Uematsu et al, 2007). The DNA-PKcs-Ku
complex serves to tether the ends of the DSBs and protect the ends from nuclease attack.
Autophosphorylation of DNA-PKcs results in the destabilization of the DNA-PKcs
interaction with the DNA ends (Chan & Lees-Miller, 1996; Merkle et al, 2002), paving
the way for other NHEJ proteins.

The nature of DSBs induced by IR is complex and end processing may be
required to prepare them for ligation. If processing occurs, there is potential for loss of
nucleotides, making NHEJ an error-prone process. Indeed, NHEJ occurs with loss of
sequence from DNA ends which is regulated in part by DNA-PKcs (Budman & Chu,
2005; Cui et al, 2005; Ding et al, 2003). Artemis, an end processing enzyme, is a 5’ to 3’
endonuclease that interacts with DNA-PKcs (Ma et al, 2002; Soubeyrand et al, 2006).
The autophosphorylation and displacement of DNA-PKcs from the DSB is required for
the activation of Artemis as it regulates the access of Artemis to its DNA substrate
(Goodarzi et al, 2006; Yannone et al, 2008). Processing of the DNA ends can lead to
DNA gaps which are filled by polymerase p and A, which interact with and are recruited
by Ku through their N-terminal BRCT domains (Bertocci et al, 2006; Ma et al, 2004;
Mahajan et 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 stimulates

its activity (Grawunder et al, 1997, 1998). XLF is also recruited to the DSB by Ku, is
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stabilized at the break by interacting with the XRCC4-DNA ligase IV complex (Yano et
al, 2008), and stimulates the activity of DNA ligase IV (Ahnesorg et al, 2006; Gu et al,

2007; Li et al, 2008; Lu et al, 2007; Tsai et al, 2007).

1.8.4 Regulation in DNA DSB repair pathway choice

When confronted with a DSB, the cell must commit to either NHEJ or HR to repair the
break. This is commonly referred to as DNA DSB repair pathway choice, which is highly
regulated. A key determinant of DSB repair pathway choice is DNA end resection, which
is controlled in a cell cycle-dependent manner. In S/G2 phase, CDK-dependent
phosphorylation of CtIP and EXO1 promote end resection (Bennardo et al, 2008;
Tomimatsu et al, 2014; Yun & Hiom, 2009). In addition, ATM also promotes end
resection by phosphorylating HR components including BRCAL (Li et al, 2000b), CtIP,
EXOL1 and BLM (Peterson et al, 2013; Wang et al, 2013). On the other hand, in G1
phase, CDK activity is low and resection of DSBs is greatly reduced, thereby favoring
NHEJ over NHEJ (Aylon et al, 2004; Grzegorz et al, 2004).

The commitment to DNA end resection is controlled by two opposing proteins,
53BP1 and BRCAL. In G1 phase, 53BP1 promotes NHEJ by inhibiting DNA resection.
This requires the ATM-mediated phosphorylation of the 53BP1 N-terminal region which
promotes the recruitment of its effectors RIF1 and PTIP (Callen et al, 2013; Escribano-
Diaz et al, 2013; Feng et al, 2013; Zimmermann et al, 2013). Both RIF1 and PTIP are
independently involved in blocking DNA end resection (Callen et al, 2013; Chapman et

al, 2013; Escribano-Diaz et al, 2013; Wang et 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 (Escribano-Diaz et al, 2013). In addition, RIF1 has been reported to recruit the
protein REV7 which inhibits DNA end resection (Boersma et al, 2015; Xu et al, 2015).
In S and G2 phase, CDK-mediated phosphorylation of CtIP promotes initiation of
resection in S-phase by formation of a CtIP/MRN/BRCAL1 complex that triggers the
removal of 53BP1/RIF1, relieving the inhibition of end resection (Chen et al, 2008b;
Escribano-Diaz et al, 2013; Sartori et al, 2007; Wang et al, 2013). In BRCA1 depleted S
and G2 phase cells, RIF1 is recruited to DSBs and resection inhibited. As a result, in S
phase, NHEJ occurs at replication-associated DSBs, leading to chromosome
rearrangements. Deletion of 53BP1 in BRCA1 deficient cells prevents chromosome
rearrangements, demonstrating the importance of BRCAL-dependent inhibition of 53BP1
to enable the transition from NHEJ to HR (Bouwman et al, 2010; Bunting et al, 2010,
2012; Cao et 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 (Murga et al, 2007). Breaks that occur in heterochromatin are repaired slower than
those that occur in euchromatin (Goodarzi et al, 2008, 2011). Similar to NER and BER,
DSB repair also requires the function of several ATP-dependent chromatin remodeling

complexes to promote efficient repair.
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Several chromatin remodeling complexes including the SWI/SNF, INO80, CHD
and ISWI complexes are reported to be recruited to DSBs, regulating the activation of the
DDR and recruitment of DSB repair factors (Jeggo & Downs, 2014; Lans et al, 2012).
Depletion of and of these remodelers is reported to lead to cellular sensitivity to DSBs.

Complete nucleosome disassembly has been reported at an HO-induced DSB in
budding yeast (Tsukuda et al, 2005). Upon induction of the DSB, histone loss is seen up
to several kilobases flanking the break site (Chen et al, 2008a; Osley et al, 2007). The
yeast INO80 ATP-dependent nucleosome remodeler promotes nucleosome eviction
surrounding a DSB and is required for efficient end processing (Chen et al, 2008a;
Morrison et al, 2004; Van Attikum et al, 2004). In addition INO80, SWR-C, NuA4,
SWI-SNF and RSC are recruited to DSBs in asynchronous yeast cells (Bennett et al,
2013). During G1 phase, recruitment of these remodelers is inhibited by the Ku70/80
complex, while in G2 phase, their recruitment is promoted and is dependent upon the
early stages of end resection (Bennett et al, 2013). These enzymes also promote the
recruitment of RPA and Rad51 to DSBs (Chen et al, 2012; Costelloe et al, 2012,
Gospodinov et al, 2011; Toiber et 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 chromatin surrounding
a DSB induced by the homing nuclease I-Ppol in mammalian cells (Berkovich et al,
2007; Goldstein et al, 2013; Li & Tyler, 2016). This displacement can be seen over 7kb
away from the break site (Goldstein et al, 2013), and is dependent upon ATM and NBS1

(Berkovich et al, 2007). As in yeast, in mammalian cells the remodeler INO8O is
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important for HR and regulates remodeling at DSBs (Gospodinov et al, 2011; Li & Tyler,
2016; Wu et al, 2007). The level of nucleosome disruption is also affected by cell cycle
(Goldstein et 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 disruption, while complete
nucleosome disruption occurs during S/G2 phase and is associated with end resection and
HR (Goldstein et al, 2013). On the other hand, a separate study suggests that NHEJ can
also be associated with complete disassembly of nucleosomes (Li & Tyler, 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

Cockayne 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 defects and that the CSB protein may play a role in telomere maintenance.
This hypothesis forms the basis of the experiments described in Chapter 2.
CSB-deficient cells known to be sensitive to DNA damage induced by UV

radiation and agents that induce oxidative damage. In addition, CSB-deficient cells are
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also sensitive to ionizing radiation (IR) (Leadon & Cooper, 1993; Tuo et al, 2002b,

2003), camptothecin (CPT) (Squires et al, 2012) and etoposide (Elli et al, 1996), all of

which are known to induce DNA DSBs. These findings suggest that 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 aging. This thesis provides invaluable knowledge on the role of CSB

in telomere maintenance and DSB 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

Several premature aging disorders including Werner’s syndrome, Xeroderma
Pigmentosum and Hutchinson 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 different functions 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 our understanding of how telomere dysfunction relates to aging and
may be beneficial for determining treatment options of CS patients.

This work was published in Nucleic Acids Research, on August 13, 2012, in pages
9661-9674, volume 40, issue 19, DOI: https://doi.org/10.1093/nar/gks745. The original
idea to investigate CS cells for a telomere defect and the finding that CSB and TRF2
interact in vivo was a collaborative effort between Taylor Mitchell and Derrik Leach. All
figures in the paper are the work of either myself or Taylor Mitchell. I produced in its
entirety figures 3, 4A-D, 5A-E, 6, and Supplementary figures S2B and S3. The paper was
written as a collaborative effort between myself, Taylor Mitchell and Dr. Zhu with input

from Derrik Leach and Dr. Andrew Rainbow.
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2.2.1 Abstract

The majority of Cockayne 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 CSB 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
dysfunction-induced 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 telomerase-dependent telomere lengthening,
a phenotype that is associated with a decrease in the amount of telomere-bound TRF1, a
negative mediator of telomere length maintenance. Furthermore, we show that CS cells or
CSB knockdown cells exhibit misregulation of TERRA, a large non-coding telomere
repeat-containing RNA 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 defective 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 telomere-specific complex known as shelterin/telosome (1-3). Shelterin,
composed of six protein subunits including TRF1, TRF2, TIN2, hRapl, TPP1 and POT]I,
functions not only to regulate telomere length maintenance but also to protect natural
chromosome ends from being recognized as damaged DNA (1,2,4). Telomeric DNA has
been shown to be transcribed into a large non-coding telomere repeat-containing RNA (5),
referred to as TERRA, which is implicated in maintaining the integrity of telomere
heterochromatin (5,6). Disruption of the shelterin complex or the telomere heterochromatic
state can lead to induction of telomere abnormalities including telomere end-to-end fusions,
telomere loss and telomere doublets/fragile telomeres (1,2,6). These dysfunctional
telomeres have been shown to be associated with DNA damage response factors such as
YH2AX and 53BP1, resulting in the formation of nuclear structures that are referred to as
telomere dysfunction-induced foci (TIFs) (7-10).

TRF2 is one of the two shelterin subunits that bind specifically to duplex telomeric
DNA (11,12), the other being TRF1 (13). Overexpression of TRF1 leads to telomere
shortening whereas removal of TRF1 from telomeres promotes telomerase-dependent
telomere lengthening (14-16), 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 a N-terminal basic domain, a
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central TRF homology domain (TRFH) and a C-terminal Myb-like DNA binding domain
(11,12). The N-terminal basic domain is rich in glycine and arginine residues, also referred
to as a GAR domain. The TRFH domain of TRF2 not only mediates homo-dimerization
but also acts as a protein-interaction platform at telomeres to recruit additional shelterin
subunits and other accessory proteins (17,18). Removal of TRF2 from telomeres either by
conditional knockout or overexpression of a dominant-negative allele of TRF2 lacking both
the N-terminal basic/GAR domain and the C-terminal Myb-like DNA binding domain
promotes telomere end-to-end fusions (19,20). Overexpression of TRF2 lacking its N-
terminal basic/GAR domain promotes telomere loss (8) whereas overexpression of TRF2
carrying amino acid substitutions in the same basic/GAR domain induces the formation of
telomere doublets (10).

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 loss, retinal degeneration and loss of
subcutaneous fat (21,22). CS patients show hypersensitivity to UV light and the average
life span of CS patients is approximately 12 years (23-25). Although five genes have been
identified to be responsible for the disease including CSA, CSB, XPB, XPD and XPG, the
majority of CS patients carry a defect in the CSB gene (21,22,25).

Cockayne Syndrome group B protein (CSB), also known as ERCC6, is a nuclear
protein of 1493 amino acids in length, containing several distinct domains including an
acidic domain, a glycine rich domain, a SWI/SNF-like ATPase domain, a nucleotide

binding domain (NTB) and a ubiquitin binding domain (UBD) (Fig. 1A) (21,26-28). CSB
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has been shown to play a key role in transcription-coupled repair (TCR) (21,29), a sub-
pathway of nucleotide excision repair (NER) responsible for removing bulky lesions such
as UV-induced DNA damage (cyclobutane pyrimidine dimers and 6-pyrimidine-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 and aging 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 CS cells or CSB knockdown cells exhibit an
accumulation of telomere doublets and an induction of TIF formation. Re-introduction of
wild type CSB into CS cells suppresses the formation of telomere doublets and TIFs,
indicative of its role in telomere protection. In addition, we find that CS cells undergo
telomere shortening whereas overexpression of CSB into CS cells results in telomerase-
dependent telomere lengthening. The latter is associated with a reduction in the amount of
telomere-bound TRF1, a negative mediator of telomere length maintenance (14-16).
Furthermore, we find that CS cells or CSB knockdown cells display misregulation of
TERRA expression. Collectively, 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

The complementary (cDNA) for CSB purchased from mammalian gene collection (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 pLPC-puro (37) or
pLPC-N-Myc-puro (37). The pLPC-N-Myc-CSB plamid was used as a template for PCR
to generate CSB truncation alleles CSB-N (aa 2-510), CSB-ATPase (aa 510-960) and CSB-
C (aa 972-1493). The cDNA for TRF2 was a generous gift from Titia de Lange, Rockefeller
University. The TRF2 truncation alleles TRF22B*M (aa 45-453), TRF2™ (aa 45-245) and
TRF2'"ker (aa 246-453) were generated by PCR and cloned into pLPC-FH2 (38) (a kind
gift from Titia de Lange, Rockefeller University). pBabe-neo-hTERT was kindly provided
by Robert Weinberg, MIT.

The oligonucleotides encoding siRNA directed against CSB have been previously
described (39). The annealed oligonucleotides were ligated into pRetroSuper vector (kindly
provided by Titia de Lange, Rockefeller University), giving rise to pRetroSuper-shCSB.

Antibodies to TRF1 (13), TRF2 (40) and hRapl (41) were kind gifts from Titia de
Lange, Rockefeller University. Commercial antibodies used were rabbit anti-CSB (Bethyl

A301-345A), mouse anti-CSB (Abcam Ab66598), anti-Myc (9E10, Calbiochem), anti-y-

H2AX (Upstate) and anti-y-tubulin (GTU88, Sigma).
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Cell Culture and retroviral infection

HeLal.211 and Helall cells were a gift from Titia de Lange, Rockefeller University.
HeLal.2.11 and HeLall are sublines of HelLa cells of different telomere length (59).
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 Institute for Medical Research, Camden, NJ). GM16095 is a SV40-transformed
cell line derived from GM739 (27). Supplementary Table S1 lists the nature of CSB
mutations and the age of individuals from whom 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 GM 16095, HeLa and Phoenix cells, and 15% FBS for all primary
fibroblasts, supplemented with non-essential amino acids, glutamine, 100 U/ml penicillin
and 0.1 mg/ml streptomycin. Retroviral gene delivery was carried out as described (42,43).
Phoenix amphotropic retroviral packaging cells were transfected with the desired DNA
constructs. For hTERT-mediated immortalization, three days after the last infection,
neomycin (600 pg/ml) was added to the medium to select for hTERT-expressing cells.
Otherwise, twelve hours after the last infection, puromycin (2 pg/ml) 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 described (10,40). Immunoprecipitation (IP)
of endogenous TRF2 was performed essentially as described (10,40). For IP of endogenous
CSB, HelLa cells were collected and resuspended in ice-cold NP-40 buffer (1% NP-40, 150
mM NaCl, 10 mM sodium phosphate, pH 7.2). Following incubation on ice for 20 min, the
supernatant was recovered by micro-centrifugation at 13000 rpm for 10 min. Protein
extracts of 1.5 mg was mixed with 2 ul mouse anti-CSB antibody (Abcam) and the mixture
was incubated overnight at 4°C. Protein G-beads (30 ul) was added to the mixture on the
next day and the IP pellet was washed five times each with 1 ml of ice-cold NP-40 buffer
containing 1 mM DTT, 1 ug/ml aprotinin, 1 ug/ml leupeptin, 10 ug/ml pepstatin and 1 mM
PMSF.

Co-immunoprecipitation from 293T cells was carried out essentially as described
(38) except for the method of transfection used. Human 293T cells grown on 6-cm plates
with 95% confluency were transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. For each co-transfection, a total of 8 ug DNA mixture was

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

Chromatin Immunoprecipitations (ChIPs)

Chromatin immunoprecipitations (ChIPs) were carried out essentially as described (44-46).
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 ChIP, 200 ul cell lysate (equivalent
to 2x10° cells) was used. For the total telomeric DNA, 50 pl supernatant (corresponding to

one-quarter 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 crosslinks. Four-fifths 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 ChlIP relative to the signal
from the input lane was multiplied by 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 in situ hybridization (FISH)
Immunofluorescence was performed essentially as described (40,43). Briefly, cells grown
on coverslips were rinsed with PBS, incubated in Triton X-100 buffer (0.5% Triton X-100,
20 mM HEPES-KOH [pH7.9], 50 mM NaCl, 3 mM MgCl,, and 300 mM sucrose) at RT
for 5 min and then fixed for 10 min in PBS-buffered 3% paraformaldehyde and 2% sucrose.
Following permeabilization at RT for 10 min in Triton X-100 buffer, fixed cells were
blocked with 0.5% bovine serum albumin (Sigma) and 0.2% gelatin (Sigma) in PBS and
then incubated at RT for 2 hr with both rabbit anti-hRap1 and mouse anti-yH2AX or mouse
anti-CSB.

Immunofluorescence (IF)-fluorescence in situ hybridization (FISH) analysis was
conducted as described (9). Briefly, cells grown on coverslips were fixed at RT for 10 min
in PBS-buffered 2% paraformaldehyde, washed in PBS twice for 5 min each, followed by
incubation at RT for 30 min in blocking buffer containing 1 mg/ml BSA, 3% goat serum,
0.1% Triton X-100 and 1 mM EDTA in PBS. 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 TRITC-conjugated donkey anti-mouse (1:100, Jackson Laboratories) at RT
for 30 min. Subsequently, cells on coverslips were fixed again in PBS-buffered 2%
paraformaldehyde for 5 min and followed by dehydration in a series of 70, 85 and 100%
ethanol. The air-dried coverslips were denatured at 80 °C for 10 min and hybridized with
0.5 ug/ml FITC-conjugated-(CCCTAA)z 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 washes in PBS, DNA was counter-stained with 4,
6-diamidino-2-phenylindole (DAPI; 0.2 ug/ml) and embedded in 90% glycerol/10% PBS
containing 1 mg/ml p-phenylene diamine (Sigma). All cell images were recorded on a Zeiss

Axioplan 2 microscope with a Hammamatsu C4742-95 camera and processed in Open Lab.

Metaphase chromosome spreads

Metaphase chromosome spreads were essentially prepared as described (19,43). Cells were
arrested in nocodazole (0.1 pg/ml) for 90-120 min. Following arrest, cells were harvested
by trypsinization, incubated for 7 min at 37°C in 75 mM KCI, and fixed in freshly-made
methanol/glacial acetic acid (3:1). Cells were stored overnight at 4°C, dropped onto slides
and air-dried overnight in a chemical hood.

FISH analysis on metaphase chromosome spreads was carried out essentially as
described (43,47). Slides with chromosome spreads were incubated with 0.5 pg/ml FITC-
conjugated-(CCCTAA)z PNA probe (Biosynthesis Inc.) for 2 hr at room temperature.
Following incubation, slides were washed, counter-stained with 0.2 ug/ml DAPI, and

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

C4742-95 camera and processed in Open Lab.

Northern analysis of TERRA

Total RNA was isolated from cells using TRIzol® Reagent (Invitrogen) according to the
manufacture’s instructions. Northern analysis 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 transferred to a Nylon membrane (Hybond-N, GE) and was
blocked in Church mix (0.5 M Na2PO4 [pH 7.2], 1 mM EDTA, 7% SDS, and 1% bovine
serum albumin) for 1 hour at 65°C. The membrane was then incubated overnight at 65°C
with a radioactively-labeled 800-bp TTAGGG repeat-containing fragment as previously
described (44). For the GAPDH control, the membrane was incubated with a radioactively-
labeled DNA fragment containing the GAPDH gene. Following incubation, the membrane
was washed once with 1X SSC, 0.1% SDS at room temperature, three times in 0.5X SSC
at 65°C and then exposed to a Phosphorlmager screen. The signals on the membrane were

quantified by ImageQuant analysis.

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

to standard protocols (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 activity 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 polyacrylamide 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 shelterin complex essential for telomere maintenance.
Coimmunoprecipitation with anti-CSB antibody brought down endogenous TRF2 (Figure.
1B). CSB association with TRF2 was also detected in a reverse immunoprecipitation (IP)
using anti-TRF2 antibody and HeLa nuclear extracts (Figure. 1C). The interaction of CSB
with TRF2 was further confirmed when Flag-tagged TRF2 was co-expressed with Myc-
CSB in 293T cells (Figure. 1D). Taken together, these results reveal that CSB interacts with
TRF2 in vivo.

To gain further understanding of CSB interaction with TRF2, we examined the
interaction between various CSB domains and TRF2. Flag-TRF2 was coexpressed with
Myc-tagged CSB-N carrying the first 510 amino acids including the acidic and the glycine-

rich domains, Myc-tagged CSB-ATPase containing the central 450 amino acids or Myc-
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tagged CSB-C carrying the last 521 amino acids including the nucleotide binding domain
(NTB) and ubiquitin binding domain (UBD) in 293T cells. Coimmunoprecipitation studies
with anti-Myc antibody revealed that all three CSB truncation mutants were able to pull
down Flag-TRF2 (Figure. 1D), suggesting that multiple domains of CSB may be engaged
in its interaction with TRF2.

TRF2 contains an N-terminal basic/GAR domain, a central TRFH domain, a linker
region and a C-terminal Myb-like DNA binding domain (Figure. 1E). To investigate the
domain of TRF2 important for its interaction with CSB, we coexpressed Myc-CSB with
Flag-tagged TRF22BAM |acking both the basic domain and the Myb-like domain, Flag-
tagged TRF2 carrying the TRFH dimerization domain alone (Flag-TRF2™RF) or Flag-
tagged TRF2 carrying the linker region alone (Flag-TRF2"™ e in 293T cells.
Coimmunoprecipitation with anti-Myc antibody showed that both Flag-tagged TRF248AM
and Flag-tagged TRF2™R" were able to interact with Myc-CSB (Figure. 1F). In contrast no
interaction between Myc-CSB and Flag-TRF2""™" was detected despite a high level of
expression of Flag-TRF2'"™ " (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 anti-CSB antibody in conjunction with anti-hRapl

antibody, a marker for interphase telomeres (41). We observed an overlap between

104



Ph.D. Thesis — N. Batenburg McMaster University — Biology

several anti-hRap1 staining (green) and anti-CSB staining (red) foci in HeLa cells
(Figure. 2A). The co-localization of CSB with several hRapl foci was also detected in
CSB-complemented immortalized CS cells hnTERT-GM10905 (Figure. 2A). In addition,
we also performed IF-FISH analysis with anti-Myc antibody in conjunction with a FITC-
conjugated telomeric DNA-containing PNA probe in SV40-transformed CS cells
GM16095 stably expressing Myc-tagged CSB. We again observed the presence of CSB
(red) at several telomeres (green) (Figure. 2B). Taken together, these results suggest that
CSB may be associated with a small subset of human telomeres although we cannot rule
out the possibility that observed co-staining of CSB with telomeres may be coincidental.
Dysfunctional telomeres are known to attract DNA damage response factors
including yH2AX (7-10). To investigate whether CS cells may accumulate dysfunctional
telomeres, dual indirect immunofluorescence was performed on hTERT-GM10905
expressing either CSB or the vector alone with anti-hRap1 antibody in conjunction with
anti-yH2AX antibody. We observed an induction of TIFs in vector-expressing hTERT-
GM10905 cells when compared to CSB-complemented hTERT-GM10905 cells (Figure.
2C). While 18% of vector-expressing hTERT-GM10905 cells exhibited five or more
TIFs, such TIFs were detected in only 1% of CSB-complemented hTERT-GM10905 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 various passages to inspect for the presence of any telomere abnormalities
including telomere loss (chromatid ends without a detectable telomeric signal), telomere
fusions, telomere-containing double minute chromosomes (TDM) and telomere
doublets/fragile telomeres (more 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 of TDM and telomere fusions in either GM10901 or GM10905
(Figure. 3A). While telomere loss was detected in both GM10901 and GM10905 (Figure.
3B), no significant difference in the formation of telomere loss was found when
GM10901 and GM10905 cells of various passages were compared (Figure. 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 (Figure. 3C).

We also examined the 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 cells, both GM1428 and GM739 displayed an increase in

the formation of telomere loss and telomere doublets (Figure. 3D 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 Figure. S1). Taken 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 formation of telomere 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 lines with isogenic background.

CS primary fibroblasts GM10905 was immortalized with exogenously expressed
catalytic subunit of telomerase (nTERT) (Supplementary Figure. S2A) to overcome poor
growth and premature senescence associated with CS cells. Subsequently, retrovirus
expressing either wild type CSB or the vector alone was used to infect hnTERT-GM10905
cells, generating two stable isogenic cell lines (nTERT-GM10905-vector and hTERT-
GM10905-CSB). FISH analysis revealed that overexpression of hTERT drastically
reduced telomere loss (Figure. 4A and Supplementary Figure. S2B), however, it had little
effect on the accumulation of telomere doublets in GM10905 cells (Figure. 4B and
Supplementary Figure. S2B). On the other hand, we found that introduction of wild type
CSB into hTERT-GM10905 cells led to a reduction in the formation of telomere doublets

(Figure. 4C and Supplementary Figure. S3). We observed a 40% decrease (P = 0.009) in
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the formation of telomere doublets in CSB-complemented hTERT-GM10905 cells when
compared to vector-expressing hTERT-GM10905 cells (Figure. 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 CSB also resulted in a reduction in the formation of telomere
doublets in GM16095 (Figure. 4D). To further investigate the role of CSB in the
formation of telomere doublets, we knocked down CSB in HelLal.2.11 cells (Figure. 4E)
and found that depletion of CSB led to an induction of telomere doublets (Figure. 4F and
Supplementary Figure. 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 telomere
doublets (9,51). We found that treatment with aphidicolin resulted in a further increase in
the formation of telomere doublets in CS cells (GM16095) (Figure. 4G), consistent with
previous findings that the effect of aphidicolin was additive (9,46,48). We also observed
an increase in the formation of telomere doublets in CSB-complemented GM16095 cells
upon aphidicolin treatment although such increase was less than that observed in
GM16095 cells expressing the vector alone (Figure. 4G). 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 cells promotes telomerase-dependent telomere
lengthening.
We observed that the median telomere length in hTERT-immortalized heterozygote mother
GM10901 cells was longer than that in hTERT-immortalized CS offspring GM10905 cells
(Figure. 5A). Therefore we decided to 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 population doublings (PDs) and their telomere length dynamics was
examined. Analysis of telomere restriction fragments revealed that the median telomere
length in hTERT-GM10905 cells expressing the vector alone declined at a rate of about
11.6 bp/PD whereas the median telomere length increased at a rate of 21.5 bp/PD for the
first 42 PDs and then plateaued in hTERT-GM10905 cells expressing wild type CSB
(Figure. 5B and 5C). A decline in the level of CSB expression in hnTERT-GM10905-CSB
cells was noticed after PD60 (Figure. 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 hTERT-GM10905-vector and hTERT-GM10905-CSB cells (Figure. 5E). Taken
together, these results suggest that CSB is required for telomerase-dependent telomere
elongation.

We also performed ChIP analysis with an antibody against TRF1 or TRF2, both of
which are mediators of telomere length maintenance (14-16,42). We found that

introduction of wild type CSB into hTERT-GM10905 cells had little effect on telomeric
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association of TRF2 (Figure. 5F and 5G) but it led to a significant decrease in TRF1
association with telomeric DNA (Figure. 5F and 5G). When compared to CSB-
complemented hTERT-GM10905 cells, we observed a 54% (P = 0.006) increase in the
amount of telomere-bound TRF1 in hTERT-GM10905 cells expressing the vector alone
(Figure. 5G). The level of TRFL1 in the vector-expressing hTERT-GM10905 cells was
indistinguishable from that in the CSB-complemented hTERT-GM10905 cells (Figure.
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 transcription (32-35) and therefore we decided to examine
whether CSB may be involved in regulating the expression of TERRA, a large non-coding
telomere repeat-containing RNA (5). Northern analysis on three pairs of isogenic cell lines
revealed a misregulation of TERRA associated with CS cells or CSB knockdown cells. We
observed a 35% increase (P = 0.017) in the level of TERRA in hTERT-GM10905
expressing the vector alone when compared to hTERT-GM10905 cells complemented with
wild type CSB (Figure. 6A and 6B). On the other hand, the level of TERRA in GM16095
cells expressing the vector alone was about 45% (P = 0.016) less than that in GM16095
complemented with wild type CSB (Figure. 6C and 6D). Knockdown of CSB led to a 38%
(P =0.038) reduction in the level of TERRA in HeLal.2.11 cells (Figure. 6E and 6F). These

results suggest that CSB is required for the 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
demonstrated 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 telomerase-dependent telomere elongation whereas introduction
of CSB into CS cells results in telomerase-dependent 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 together, these
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 coimmunoprecipitation studies suggest that a small percentage of endogenous
TRF2 (estimated to be about 1-5%) 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 Mrel1/Rad50/Nbsl (40,43), indicating

that CSB interaction with TRF2 may be dependent 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 Y/FxLxP motif (17,18). CSB contains one YXLxP
motif corresponding to amino acids 402-406 but also seven degenerate Y/FxLxx 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 domains of CSB 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 required to investigate 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 of CSB 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 MCPH1 (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 telomere-bound
TRF1, a negative mediator of telomerase-dependent telomere elongation. Perhaps, the

reduction in the level of telomere-bound TRF1 may in part contribute to the telomerase-
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dependent telomere elongation observed in CSB-expressing hTERT-GM10905 cells. We
have not been able to detect any interaction between CSB and endogenous TRF1 (T.R.H
Mitchell and X.D. 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 control cells 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 between the heterozygote 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 leads to a 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 hTERT-GM10905 results
in a decrease in the level of TERRA whereas introduction of wild 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 GM16095 (27). The level of overexpressed CSB in
hTERT-GM10905 cells is comparable to that in GM16095 (N. Batenburg, T.R.H. Mitchell
and X.D. Zhu, unpublished data), suggesting that it is unlikely that exogenously-expressed

CSB may account for its opposite effect on the level of TERRA in these two cell lines.
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Although both cell lines do not express full length CSB, GM10905 cells express a CSB-
PiggyBac fusion protein (Figure. 5D) (56), which is not present in GM16095 (27). 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 expression. 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 integrity (5,6,57,58).

We have shown that CSB mutations or CSB depletion promotes the formation of
telomere doublets, also known as fragile telomeres (9,51). It has been shown that fragile
telomeres can arise from a defect in telomere replication (9,51). Consistent 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 replication in CS cells may be in part caused by
misregulation of TERRA, an integral component of telomere heterochromatin. Perhaps
misregulation of TERRA associated with CS cells could lead to an altered telomere

heterochromatin, which could impede the progression of replication fork.
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Figure 1 Batenburg et al.
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Figure 1. CSB interacts physically with TRF2. (A) Schematic diagram of CSB. NLS, NTB
and UBD stand for nuclear localization sequence, nucleotide binding domain and ubiquitin
binding domain respectively. (B) Coimmunoprecipitation with HeLa cell extracts and anti-
CSB antibody. Anti-lgG IP was used as a negative control. Immunoblotting was carried
out with anti-CSB or anti-TRF2 antibody. (C) Coimmunoprecipitation with HeLa nuclear
extracts and anti-TRF2 antibody. Anti-lgG IP was used as a negative control.
Immunoblotting was carried out with anti-CSB or anti-TRF2 antibody. (D)
Immunoprecipitation with anti-Myc antibody was carried out with protein extracts from
293T cells coexpressing Flag-TRF2 in conjunction with either the vector alone, Myc-CSB,
Myc-CSB-N, Myc-CSB-ATPase or Myc-CSB-C. Immunoblotting was performed with
anti-Myc or anti-Flag antibody. (E) Schematic diagram of TRF2. B stands for basic
domain. (F) Immunoprecipitation with anti-Myc antibody was carried out with protein
extracts from 293T cells coexpressing the vector or Myc-CSB in conjunction with Flag-
TRF2'"e" Flag-TRF2™RF or Flag-TRF24BAM, |mmunoblotting was performed with anti-

Myc or anti-Flag 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 CSB-
complemented hTERT-GM10905 cells. IF was performed with mouse anti-CSB (red) in
conjunction with rabbit anti-hRapl (green). Cells were extracted with detergent prior to
fixation by formaldehyde to remove soluble proteins. Cell nuclei were stained with DAPI
shown in blue. Arrowheads indicate the overlap between anti-CSB and anti-hRap1 staining.
(B) Analysis of IF-FISH on GM16095 cells expressing Myc-CSB. IF-FISH analysis was
performed with anti-Myc antibody (red) in conjunction with a FITC-conjugated
(CCCTAA)z-containing PNA probe (green). Cell nuclei were stained with DAPI shown in
blue. Arrowheads indicate the colocalization of CSB with telomeric DNA. (C) Indirect
immunofluorescence using anti-hRapl in conjunction with anti-y-H2AX was performed
with fixed hTERT-GM10905 cells expressing either the vector alone or wild type CSB.
Arrowheads indicate sites of colocalization of yYH2AX and hRapl. (D) Quantification of
percentage of cells with five or more TIFs. For each cell line, a total of 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 FITC-conjugated (CCCTAA)s-containing PNA probe (green). Open arrows
represent telomere doublets whereas asterisks indicate telomere loss. Enlarged images of
chromosomes with telomere doublets or telomere loss are shown at the bottom. (B-E)
Quantification of telomere loss or telomere doublets from indicated cell lines. For each cell
line, a total 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.
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Figure 4. CSB is required to prevent the formation of telomere doublets. (A) Quantification
of telomere loss from indicated cell lines. For each cell line, a total 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 indicated. (B) Quantification of telomere
doublets from indicated cell lines. For each cell line, 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 indicated. (C) Quantification of telomere doublets from
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hTERT-GM10905 cells expressing indicated 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 indicated. (D) Quantification of
telomere doublets from GM16095 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 indicated. (E)
Western analysis of CSB expression. CSB was stably knocked down in HelLal.2.11 cells.
Immunoblotting was performed with anti-CSB or anti-y-tubulin antibody. The latter was
used as a loading control. (F) Quantification of telomere doublets from HeLal.2.11 cells
expressing the vector alone or pRS-shCSB. For each cell line, a total of 2678 to 2961
chromosomes from at least 43 metaphase cells were scored in a blind manner. Standard
deviations derived from three independent experiments are indicated. (G) Quantification
of telomere doublets from GM16095 cells expressing indicated constructs. Cells were
treated with DMSO or aphidicolin (0.2 uM) for 16 hr. For each cell line, a total of 3879 to
4321 chromosomes from 51-53 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.
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Figure 5. CSB is required for telomere length maintenance. (A) Genomic blot of telomeric

restriction fragments from hTERT-immortalized GM10901 and GM10905 cells. About 3
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ug of Rsal/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 blot. (B) Genomic
blots of telomeric restriction fragments from hTERT-GM10905 cells expressing either the
vector alone or wild type CSB as indicated above the lanes. About 3 pg of Rsal/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 bromide-stained
agarose gel, is used as a loading control. (C) Median telomere length of indicated cell lines
was plotted against population doublings. (D) Western analysis of CSB expression in
hTERT-GM10905 cells. Immunoblotting was performed with anti-CSB or anti-y-tubulin
antibody. The indicated CSB-PiggyBac 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 gene (56). (E) Growth curve of hTERT-
GM10905 cells expressing various constructs as indicated. The number of PDs was plotted
against days in culture. (F) Dot blots of ChIPs with anti-TRF1 or anti-TRF2 antibody.
ChlIPs were performed with lysates from hTERT-GM10905 cells expressing either the
vector alone or wild type CSB. Anti-IgG ChIP was used as a control. (G) Quantification of
ChlIPs from (E). The signals from dot blots were quantified by ImageQuant (IQ) analysis.
Standard deviations from three independent experiments are shown. (H) Western analysis
of protein expression. Immunoblotting was carried out with anti-TRF1, anti-TRF2 or anti-

y-tubulin 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. (A) Analysis
of TERRA expression from hTERT-GM10905 cells expressing the vector alone or CSB.
Northern blotting was performed with a 3?P-labeled telomeric DNA-containing probe
shown on the left 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 bromide-stained
agarose gel. The position of 28S or 18S ribosomal RNA is indicated. (B) Quantification 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 bromide-stained
agarose gel. The position of 28S or 18S ribosomal RNA is indicated. (D) Quantification of
relative TERRA levels from (C). Quantification was performed as described in (B). (E)
Northern analysis of TERRA expression from HeLal.2.11 cells stably expressing the vector
alone or pRS-shCSB. 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 bromide-stained
agarose gel. The position of 28S or 18S ribosomal RNA is indicated. (F) Quantification of

relative TERRA levels from (E). Quantification was performed as described in (B).
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Supplementary Figure S1 Batenburg et al.
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Figure S1. Western analysis of CSB expression in normal and CS primary fibroblasts.

Immunoblotting was carried out with anti-CSB or anti-y-tubulin antibody. The latter was

used as a loading control.
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Supplementary Figure S2 Batenburg et al.
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Figure S2. (A) Analysis of hnTERT 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 whereas 3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate buffer (CHAPS) was used as a negative control. (B) Analysis of
metaphase chromosomes from hTERT-GM10905. Chromosomes were stained with
DAPI and false colored in red. Telomeric DNA was detected by FISH using a FITC-

conjugated (CCCTAA)3-containing 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 hTERT-GM10905 stably
expressing either the vector alone or wild type CSB. Chromosomes were stained with
DAPI and false colored in red. Telomeric DNA was detected by FISH using a FITC-
conjugated (CCCTAA)3-containing 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 HeLal.2.11 stably expressing
either the vector alone or pRS-shCSB. Chromosomes were stained with DAPI and false
colored in red. Telomeric DNA was detected by FISH using a FITC-conjugated

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

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

Cell Line Age at Biopsy | CSB Allele 1 CSB Allele 2 Source

GM38 9YR 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 3YR R377X R857X NIGMS
GM1428 8 YR N/A N/A NIGMS
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Chapter 3

Cockayne syndrome group B protein regulates DNA double-strand
break repair and checkpoint activation
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3.1 Preface

Cells derived from CS patients are sensitive to DSB-inducing agents such as ionizing
radiation (IR) (Leadon & Cooper, 1993; Tuo et al, 2002b, 2003), camptothecin (CPT)
(Squires et al, 2012) and etoposide (Elli et al, 1996), suggesting that CSB plays a role in
DNA DSB repair. The work presented in this chapter clearly describe a novel role for
CSB in DNA DSB repair, specifically in regulating the choice between the two main
pathways non-homologous end-joining (NHEJ) and homologous recombination (HR).
These findings advance our understanding of the defects associated with loss of CSB and
provide further evidence for the link between DSB repair and aging.

The work in this chapter was published in the EMBO Journal on May 12, 2015,
on pages 1399-1416, volume 34, issue 10, DOI: 10.15252/embj.201490041. | performed
all of the experiments in this chapter with the exception of the GFP reporter assay in
Figure 2D and cell cycle analysis by FACS in Supplementary Figure S2, which was
completed by Elizabeth Thompson in Dr. Eric Hendrickson’s lab. Dr. Eric Hendrickson
also provided rAAV constructs and helped us establish the 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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3.2.1 Abstract

Mutations of CSB account for the 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 human CSB-knockout cell
line. We find that CSB facilitates HR and represses NHEJ. Loss of CSB or a CS-associated
CSB mutation abrogating its ATPase activity impairs the recruitment of BRCA1, RPA and
Rad51 proteins to damaged chromatin but promotes the formation of 53BP1-Rifl damage
foci in S and G2 cells. Depletion of 53BP1 rescues the formation of BRCA1 damage foci
in CSB-knockout cells. In addition, knockout of CSB impairs the ATM- and Chk2-
mediated DNA damage responses, promoting a premature entry into mitosis. Furthermore,
we show that CSB accumulates at sites of DNA double-strand breaks (DSBs) in a
transcription-dependent manner. The kinetics of DSB-induced chromatin association of
CSB is distinct from that of its UV-induced chromatin association. These results reveal
novel, important functions of CSB in regulating the DNA DSB repair pathway choice as

well as G2/M checkpoint activation.

3.2.2 Introduction

DNA double-strand breaks (DSBs) are one of the most lethal forms of DNA damage and
can promote tumorigenesis if not repaired properly. Eukaryotic cells have 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 checkpoint, cell cycle 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 rise to yH2AX
(Rogakou et al, 1998, 1999). yH2AX 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 ‘foci’ (Lukas et al, 2011; Chapman et al, 2012).

There exist two major pathways responsible for repairing DSBs: nonhomologous
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, largely error-free, 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 path-way is utilized is highly regulated, and two tumor suppressor
proteins BRCAL 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 facilitating DNA end
resection (Bunting et al, 2010), an early step of HR marked by the generation of RPA-
coated single-stranded DNA (RPA-ssDNA), whereas 53BP1 and its effector Rif1 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;
Escribano-Diaz 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 cases are caused by mutations in the ERCC6 gene, which encodes Cockayne
syndrome group B protein (CSB). CSB is required for transcription-coupled 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; Scheibye-Knudsen et al, 2012), telomere maintenance (Batenburg et al, 2012) and
transcription-associated 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 (Velez-Cruz & Egly, 2013). CSB contains a central SWI/SNF-like ATPase
domain and possesses an DNA-dependent 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 known for their
hypersensitivity to UV light because of their defect in transcription-coupled 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 including ionizing 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 excision repair in CSB-deficient 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 CPT-induced R-loops into DNA DSBs (Sollier et al,
2014), suggesting that it may play a role in DNA DSB repair.

Most CSB-deficient 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 CSB-knockout cells. Here we report the generation
of a human CSB-knockout 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 transcription-dependent manner. Moreover, the loss
of CSB promoted NHEJ-mediated repair of DNA DSBs but impaired HR-mediated repair
of DNA DSBs. The absence of CSB promoted the recruitment of 53BP1 and Rifl in S/G2
cells at the expense of blocking BRCAL association with damaged chromatin. Introduction
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 CSB represses
NHEJ in S/G2 cells to facilitate the HR repair of DNA DSBs and that CSB’s ATPase
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 ATM- and Chk2-dependent DNA
damage responses. Furthermore, we find that the ATPase activity of CSB, which is
essential for its UV-induced chromatin association, is dispensable for its DSB-induced
chromatin association, suggesting that CSB association with DSBs is distinct from its
association with UV-induced 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 constructs for wild-type CSB and the shRNA against CSB or
53BP1 have been described (Batenburg et al, 2012; McKerlie et al, 2013). The
QuickChange site-directed mutagenesis kit (Agilent Technologies) was used to generate
CSB mutant W851R.

Antibodies used include Rad50, Mrell and Nbs1 (Zhu et al, 2000) (kindly provided
by John Petrini, Memorial Sloan-Kettering Cancer Center); Rifl (Escribano-Diaz et al,
2013) (generously provided by Daniel Durocher, Samuel Lunenfeld Research Institute);
53BP1 (BD Biosciences); BRCA1 (MS110, Abcam); BRCAL (Milli-pore); ATM (clone
2C1, Novus Biologicals); ATM (Ab-3, Calbiochem); ATM-pS1981 (10H11.E12, Cell
Signaling); cyclin A (6E6, Abcam); CSB/ERCC6 (A301-354A, Bethyl Laboratories);
ERCC6 (553Cb5a, Fitzgerald); Chkl (FL-476, Santa Cruz); Chk1l-pS317 (A300-163A,
Bethyl Laboratories); Chk2 (H300, Santa Cruz); Chk2-pT68 (Cell Signaling); y-H2AX
(Millipore); H3-pS10 (Cell Signaling); KAP1-pS824 (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); RPA32-pS4/pS8
(Bethyl Laboratories); SMC1-pS966 (NB100-206, Novus Biologicals); SMC1 (NB100-

204, Novus Biologicals); PGBD3 (Fitzgerald); and c-tubulin (GTU88, Sigma).
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Cell culture, retroviral infection and treatments
Cells were grown in DMEM with 10% fetal bovine serum supplemented with non-essential
amino acids, L-glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin. Phoenix,
hTERT-RPE and HelLa-DR-GFP cells were respective gifts from Titia de Lange
(Rockefeller University), Prasad Jallepalli (Memorial Sloan-Kettering Cancer Center) and
Daniel Durocher (Samuel Lunenfeld Research Institute). GM16095 and the parental line
GM10905 for hTERT-GM1095 were obtained from the NIGMS Human Genetic Cell
Repository (Coriell Institute for Medical Research). rAAV-293 cells were from Stratagene.
Retroviral gene delivery was carried out as described (Wu et al, 2007a, 2008).

To induce DNA DSBs, cells were treated with either 10 uM Etop (Sigma) or 1 uM
CPT (Sigma) for 1 h at 37°C. IR was delivered from a Cs-137 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 (Wu et al, 2007b). To
inhibit transcription, cells were treated with either 50 uM DRB (Cayman Chemical) or 1
ug/ml actinomycin D (Sigma) for 2 h at 37°C except where specified. KU55933 (10 uM,
Sigma) and NU7026 (1 uM, Sigma) were used to inhibit ATM and DNA-PKcs,

respectively.

Generation of CSB knockout in hTERT-RPE cells

All primers used in the generation of the CSB-knockout cell line are shown in
Supplementary Table S1. Construction of targeting vectors was performed as described
(Kohli et al, 2004). The primer sets 313/314 and 315/316 were used to amplify the right
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and left arms flanking exon 5 of the ERCC6 locus, respectively, using genomic DNA
harvested from hTERT-RPE cells. The amplified right and left arms of exon 5 were mixed
with a 4-kb Pvul fragment derived from the NeDaKO-Neo plasmid, followed by PCR using
primers 313 and 316. The resulting fusion PCR product (4.4 kb) was purified, digested
with Notl and ligated with the Notl-linearized pAAV-MCS plasmid, giving rise to pAAV-
Neo-CSB.

Viral packaging and infection of target cells were done essentially as described
(Kohli et al, 2004). Briefly, AAV-293 cells at about 60% confluency were cotransfected
with the targeting vector (pAAV-Neo-CSB), pAAV-RC and pHelper plasmids using
Lipofectamine 2000 (Invitrogen). Forty-eight hours post-transfection, cells were harvested
and subjected to three cycles of freezing and thawing (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 g for 2 min and stored at 80°C.

For infection, the virus was added dropwise to hTERT-RPE cells grown at about
70-80% confluency. Forty-eight hours post-infection, cells were trypsinized and plated in
96-well plates at a density of 2,000 cells per well in media containing 1 mg/ml G418
(Invitrogen). Two weeks later, single colonies were identified and transferred to 24-well
plates for expansion.

To screen for CSB targeting events, genomic DNA from cells grown in 24-well
plates was harvested using the Qiagen Puregene Cell Kit according to manufacturer’s

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 PBS-buffered 2% paraformaldehyde at room temperature for 10 min. For
CSB IF, cells grown on coverslips were fixed in PBS-buffered 4% paraformaldehyde at
room temperature for 10 min. Following three washes in PBS, cells were then
permeabilized in 0.5% Triton X-100 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 Axio-plan 2 microscope with a

Hamamatsu C4742-95 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, 2012; Ye & de Lange, 2004).

Northern analysis of CSB transcripts
Northern analysis was performed as described (Batenburg et al, 2012) except that a PCR
product corresponding to CSB nucleotide 1-1,398 was used to generate the radioactively

labeled probe.
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Random integration assays

For random integration assays, cells were infected with 15 ul of the indicated rAAV
adenoviral lysates as described and then plated in media containing 1 mg/ml G418 at
300,000 cells/per 10-cm plate. Following incubation for 12 days, colonies were fixed and
stained at room temperature for 10 min with a solution containing 50% methanol, 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 normalized to the number of cells seeded to

give rise to plating efficiency.

GFP reporter assays and FACS analysis

To assess NHEJ activity, the reporter plasmid pEGFP-Pem1-Ad2 was used as described
(Fattah et al, 2010). In brief, Lipofectamine LTX plus reagent (Invitrogen) was used to
transfect parental and CSB-KO cells with an I-Scel-expressing plasmid, pCherry and
PEGFP-Pem1-Ad2 in a ratio of 1:0.5:1 according to the manufacturer’s instructions. Forty-
eight hours post-transfection, cells were harvested and subjected to FACS analysis.

To assess HR activity, HeLa-DR-GFP cells were first transfected with either pRS
or shCSB using Lipofectamine 2000 reagents (Invitrogen) according to the manufacturer’s
instructions. Twenty-four hours after the first transfection, cells were transfected with an I-
Scel-expressing plasmid and pCherry in a ratio of 4:1. Forty-eight hours after the second
transfection, cells were harvested and subjected to FACS analysis. For FACS analysis, cells

were harvested, washed in 1x PBS and fixed in PBS-buffered 4% paraformaldehyde. FACS
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analysis was performed using a Becton-Dickinson 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 total number of pCherry-positive cells, giving
rise to the percentage of GFP-positive cells.

For cell cycle analysis of parental and CSB-KO cells, two million cells were fixed
in 80% ethanol. Fixed cells were then washed twice with PBS, followed by incubation in
PBS containing 100 ug/ml RNase A and 50 ug/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 assays, 4 to 6 h prior to Etop or CPT treatment, cells were seeded
in triplicate at 200/300 cells (0 to 250 uM CPT and 0 to 5 uM Etop) or 800/2,400 cells (10
uM Etop) for parental and CSB-KO, respectively, per 6-cm plate. After 1 h of CPT or Etop
treatment, the drug was 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 CSB-KO, respectively, per 6-cm plate, followed by replacement with fresh
media after a 24-h incubation. For PARP1 inhibitor treatment, cells were seeded in
triplicate at 200 and 300 cells for parental and CSB-KO, respectively, except for that 600
knockout cells were seeded for 2 uM olaparib treatment. Twenty-four hours post-seeding,
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 with a 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 treated with 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 with anti-H3-pS10

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 X-100 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. The tail moment
(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 the 10-90 percentiles. A non-
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parametric Mann—-Whitney rank-sum t-test was used to derive P-values specifically for

comet assays.

Statistical analysis
A Student’s two-tailed unpaired t-test was used to derive all P-values except where

specified.

3.24 Results

Generation of a human CSB-knockout cell line

Most CSB-deficient 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 CSB-knockout cell line by targeting exon 5,
the largest exon of CSB, through recombinant adeno-associated virus (rAAV)-mediated
gene targeting technology (Fig 1A). For these studies, we selected the telomerized human
retinal pigment epithelial ("nTERT-RPE) cell line since these cells are diploid, wild-type for
all known DNA repair genes and have successfully 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 280 clones 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 (28-C4) 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
clone 28-C4 was subsequently confirmed by Northern (Fig 1C) and Western analyses with
two independent anti-CSB antibodies (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 CSB, gives 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 either the N-terminus of
CSB, which is present in CSB:PGBD3, or PGBD3 revealed no expression of the
CSB:PGBD3 fusion protein in 28-C4 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 28-C4, and hereafter, we refer to clone 28-C4 as CSB-knockout (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 (CSB-rAAV and CCR5-rAAV) in the CSB-KO cells was a 2.65-fold and
a 1.74-fold higher than in the parental hnTERT-RPE cells (Fig 2A), indicating that the loss
of CSB may promote random integration. It has been suggested that the random integration
of gene targeting vectors is mediated by NHEJ (Kotin et al, 1992; Kan et al, 2014), and
therefore, we examined whether inhibition of DNA-PKGcs, a kinase directly engaged in

NHEJ, might affect the frequency of the random integration in CSB-KO cells. Treatment
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with NU7026, a specific inhibitor of DNA-PKcs (Veuger et al, 2003), severely impaired
the frequency of random integration of either CSB-rAAV or CCR5-rAAV targeting vector
in both parental and CSB-KO cells (Supplementary Fig S1A and B), although it did not
abolish the increased frequency of random integration in CSB-KO 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 integration in CSB-KO cells is not epistatic to NHEJ deficiency, it is possible that
the residual NHEJ activity in cells treated with the DNA-PKcs inhibitor might be sufficient
to support the increased frequency of random integration in the CSB-KO cells.

To further investigate the role of CSB in regulating NHEJ-mediated DNA DSB
repair, we employed a well-established NHEJ reporter plasmid pEGFP-Peml-Ad2
(Seluanov et al, 2004), which contains the GFP gene disrupted by the insertion of an I-Scel
restriction enzyme site. Repair of I-Scel-induced DNA DSBs by NHEJ restores GFP
expression in pEGFP-Pem1-Ad2. NHEJ-mediated repair of I-Scel-induced DSBs was
significantly upregulated in CSB-KO cells when compared with parental cells (Fig 2B),
further supporting the notion that CSB negatively regulates NHEJ-mediated DSB repair.

An upregulation in NHEJ-mediated 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 this question, we employed a HelLa cell line stably
expressing a well-established HR reporter DR-GFP (Escribano-Diaz et al, 2013), which
also contains the GFP gene disrupted by the insertion of an I-Scel restriction enzyme site.

In this instance, however, repair of I-Scel-induced DNA DSBs by HR restores GFP
153



Ph.D. Thesis — N. Batenburg McMaster University — Biology

expression in HeLa cells. The knockdown of CSB led to a significant reduction in HR-
mediated repair of 1-Scel-induced DSBs (Fig 2C and D), suggesting that CSB facilitates
HR-mediated DSB repair.

In support of the notion that CSB regulates DNA DSB repair pathway choice, CSB-
KO cells were sensitive to a range of DSB-inducing agents including IR, Etop and CPT
(Fig 2E-G), in agreement with previous findings (Squires et al, 1993; Elli et al, 1996; Tuo
etal, 2002, 2003). 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 CSB-KO cells (Supplementary Fig S2), suggesting that the increased
sensitivity of CSB-KO 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 transcription-
dependent manner (Sakasai et al, 2010), and therefore, we asked whether the
hypersensitivity of CSB-KO cells to CPT might be dependent upon transcription. To
address this question, we treated both parental and CSB-KO cells with the transcription
inhibitor DRB for 1 h, followed by the incubation with CPT in the presence of DRB for
another 1 h. Treatment with DRB resulted in a slight increase in the sensitivity of both
parental and CSB-KO cells to CPT (Fig 2H), which was not significantly different,
suggesting that the increased sensitivity of CSB-KO cells to CPT is unlikely to be mediated

solely by transcription-dependent damage.
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Loss of CSB impairs the recruitment of BRCAL1 and HR repair factors to sites of DNA
damage
Analysis of indirect immunofluorescence with anti-yH2AX revealed that CSB-KO cells
were able to form IR-induced yH2AX foci indistinguishable from the parental cells 1 h
post-IR (2 Gy) exposure (Supplementary Fig S3A and B), suggesting that the absence of
CSB does not prevent the recruitment of yH2AX to sites of DNA DSBs. However, we
observed that the CSB-KO cells exhibited a small—but significant—accumulation of IR-
induced yH2AX foci 4 and 8 h post-IR (Supplementary Fig S3B). Further analysis revealed
that this increase in the formation of IR-induced yH2AX foci was restricted to cyclin A (a
marker for cells in the S/G2 phases of the cell cycle)-positive CSB-KO cells (Fig 3A;
Supplementary Fig S3C), suggesting that CSB-KO cells may be compromised in HR-
mediated repair of DSBs in S/G2, in agreement with our earlier finding that depletion of
CSB impairs HR-mediated repair of I-Scel-induced DSBs (Fig 2D).

BRCAL1, 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; Bunting et al, 2010), and
therefore, we examined the recruitment of BRCAL to sites of DNA damage in CSB-KO
cells. We observed a significant reduction in the formation of IR-induced BRCAL foci in
CSB-KO cells (Fig 3B; Supplementary Fig S3D). Further analysis of dual indirect
immunofluorescence with an anti-BRCAL antibody in conjunction with an anti-cyclin A
antibody revealed that the reduction in the formation of IR-induced BRCAL foci in the

knockout cells was largely confined to cyclin A-positive cells (Fig 3C; Supplementary Fig
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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 BRCAL1 to sites of DNA damage in S/G2 cells.

The effect of the loss of CSB on the recruitment of proteins directly involved in
DNA DSB repair was also examined. CSB-KO cells were compromised in forming not
only IR-induced foci of RPA (Fig 3D), a readout commonly used for DNA end resection
(Huertas & Jackson, 2009; McKerlie et al, 2013), but also IR-induced foci of Rad51 (Fig
3E), a HR recombinase. In addition, CSB-KO cells were sensitive to olaparib (Fig 3F), a
PARP1 inhibitor known to be toxic to cells deficient in HR (Chapman et al, 2013;
Escribano-Diaz 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 IR-induced Rad51 foci in CSB-KO cells might be transcription
dependent. To address this question, we treated parental and CSB-KO cells with a
transcription inhibitor (actinomycin D or DRB) prior to IR treatment. Pretreatment with
actinomycin D or DRB severely impaired the formation of IR-induced Rad51 foci
formation in both parental and CSB-KO 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 et al, 2014). On the other hand, pretreatment with
actinomycin D or DRB did not abolish the decrease in IR-induced Rad51 foci formation
observed in CSB-KO cells (Fig 3G), suggesting that transcription-dependent damage is not

likely to be the main cause for the impaired Rad51 foci formation in the CSB-KO cells.
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Loss of CSB leads to an accumulation of 53BP1 and Rifl at sites of DNA damage in
S/G2 cells

To investigate whether the observed defect in recruiting HR factors in CSB-KO cells might
be associated with a concomitant increase in recruiting NHEJ-promoting factors to the sites
of DSBs, the formation of IR-induced foci of 53BP1 and Rif1, both of which are known to
inhibit BRCA1 and to promote NHEJ (Chapman et al, 2013; Di Virgilio et al, 2013;
Escribano-Diaz et al, 2013; Feng et al, 2013; Zimmermann et al, 2013), was examined.
Analysis of indirect immunofluorescence with anti-53BP1 revealed that CSB-KO cells
were not only competent in forming IR-induced 53BP1 foci (Fig 4A; Supplementary Fig
S4A) but also displayed a significant supernumerary accumulation of IR-induced 53BP1
foci 4 and 8 h post-IR (Fig 4A). Similarly, an excess accumulation of IR-induced Rifl foci
in CSB-KO cells (Fig 4B; Supplementary Fig S4B) was observed. Again, the accumulation
of IR-induced Rifl foci was predominantly confined to CSB-KO 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 NHEJ-mediated repair of 1-Scel-induced DSBs (Fig 2B).

CSB-KO 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 olaparib, 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 knockdown did not suppress the UV sensitivity of the CSB-KO
cells (Fig 4E). In addition, the knockdown of 53BP1 rescued the formation of IR-induced
BRCAL foci in the CSB-KO cells (Fig 4F). Taken together, these results demonstrate that
CSB is important for suppressing NHEJ in S/G2, which, in turn, supports the HR-mediated

repair of DSBs.

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

Upon the induction of DNA DSBs, ATM, a master regulator of the DNA damage response,
is activated through its autophosphorylation at S1981 (Bakkenist & Kastan, 2003). To
investigate whether loss of CSB might affect ATM activation, both parental and CSB-KO
cells were exposed to 5 Gy of IR. The parental cells displayed a robust ATM
phosphorylation at S1981 as early as 15 min post-IR (Fig 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 CSB-KO cells after 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 with Etop (Supplementary Fig
S5A). Furthermore, the IR-induced phosphorylation of KAP1, SMC1, H2AX and Chk2,
downstream targets of ATM, was also impaired in the CSB-KO cells (Fig 5A). Little
change in Chkl phosphorylation was detected in the CSB-KO cells (Supplementary Fig

S5B). Loss of CSB also had little effect on the expression level of KAP1, SMC1, H2AX,
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Chk1 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 role in transcription, and therefore, 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 Mrell/Rad50/Nbsl complex (Lee & Paull, 2004,
2005). Western analysis revealed that the levels of Mrell, Rad50 and Nbs1 expression in
CSB-KO cells were indistinguishable from that in parental cells (Fig 5B), suggesting that
the compromised ATM activation observed in the CSB-KO cells is unlikely due to a loss
in the level of the Mrel1/Rad50/Nbs1 complex. Furthermore, we found that pretreatment
with the transcription inhibitor DRB or actinomycin D did not abrogate the reduction in the
level of ATM phosphorylation at S1981 in the CSB-KO cells (Fig 5C), suggesting that the
compromised ATM activation in the CSB-KO cells is not likely to be mediated by active
transcription.

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

the parental (WT) cells 15 min, 30 min or 1 h after 10 Gy IR (Fig 5E), suggesting that the
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premature exit of CSB-KO 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 Rifl foci formation in CSB-KO cells

The formation of IR-induced Rifl foci is dependent upon ATM activation (Chapman et al,
2013; Escribano-Diaz et al, 2013). Moreover, CSB-KO cells exhibit an impairment in
ATM activation (Fig 5A) but are competent in forming IR-induced Rifl foci (Fig 4C;
Supplementary Fig S4B). To investigate whether the ATM activity might mediate the
accumulation of IR-induced Rifl foci in the CSB-KO cells, we treated both parental and
CSB-KO cells with KU55933, a specific inhibitor for ATM, prior to 2 Gy IR treatment.
The preincubation with KU55933 abrogated the IR-induced Rifl foci formation in both
parental and CSB-KO cells (Supplementary Fig S4D), in agreement with previous findings
(Chapman et al, 2013; Escribano-Diaz et al, 2013). Taken together, these results 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 CSB leads to loss of expression of both CSB and the CSB:PGBD3
fusion protein from the CSB locus (Fig 1E). To investigate whether CSB or CSB-PGBD3
was responsible for the observed defect in recruiting HR factors to sites of DSBs in the
CSB-KO cells, we generated derivative CSB-KO cell lines stably expressing CSB,
CSB:PGBD3 or an empty vector (Supplementary Fig S6A). The introduction of CSB, but

not the CSB-PGBD3 fusion protein, was able to suppress the sensitivity of the knockout
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cells to olaparib (Supplementary Fig S6B). In addition, the introduction of CSB, but not
the CSB:PGBD3 fusion, was able to rescue Etop-induced 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 for promoting HR-mediated 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 HR-mediated repair of DSBs in the CSB-KO cells
might be cell type specific, 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). hnTERT-GM10905 is a telomerase-immortalized CS cell line
carrying a homozygous nonsense mutation at position 735 (R735X) of CSB, whereas
GM16095 is a SV40-transformed 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 either wild-type CSB or the vector alone were
generated. The introduction of wild-type CSB into these two CS cell lines led to a
significant decrease in the percentage of cells with IR-induced 53BP1 foci (Supplementary
Fig S7A) and simultaneously resulted in a significant increase in the number of cyclin A-
positive cells with IR-induced foci of BRCAL, RPA and Rad51 (Supplementary Fig S7TB—
D), suggesting that CS cells lacking functional CSB are also defective in HR-mediated DSB
repair. In support of this notion, the 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). Furthermore, 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 to accumulate at sites of DSBs in a transcription-dependent manner
To investigate whether CSB may be associated with sites of DSBs, dual indirect
immunofluorescence with an anti-CSB antibody in conjunction with an anti-53BP1
antibody in cells treated with no IR or 10 Gy IR was performed. About 40 to 50% of cells
exhibited IR-induced damage foci of CSB 8 h post-IR, and these CSB damage foci all
contained 53BP1 (Fig 6A), a marker for DSBs (Daley & Sung, 2014; Panier & Boulton,
2014), suggesting that CSB accumulates at 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 prior to 10 Gy IR treatment.
Treatment with actinomycin D or DRB severely impaired the formation of IR-induced CSB
damage foci (Fig 6B), indicating that CSB accumulation at sites of DSBs is dependent upon

active transcription.

The ATPase activity of CSB is dispensable for its DSB-induced chromatin association
To gain further insights into the CSB association with DSB-induced damaged chromatin,
differential salt extraction of chromatin from hTERT-RPE cells that were mock-treated or

treated with either CPT or Etop was 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 either Etop 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 other hand, proportionally, UV-induced CSB association with chromatin
peaked 2 h post-UV treatment and was largely lost 4 h post-UV (Supplementary Fig S8A,
lane 8 versus lane 11), in agreement with previous findings (Lake et al, 2010). Taken
together, these results suggest that the kinetics of CPT- and Etop-induced CSB association
with chromatin is distinct from that of UV-induced CSB association with chromatin.

CSB contains a conserved SWI/SNF-like ATPase domain and exhibits a DNA-
dependent ATPase activity (Citterio et al, 1998) that is required for its UV-induced
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 UV-induced chromatin association (Lake et al, 2010). To investigate
whether the ATPase activity of CSB might be important for its DSB-induced chromatin
association, we generated derivative CSB-KO cells stably expressing either wild-type CSB,
CSB carrying the W851R mutation or the vector alone (Supplementary Fig S8B). In
undamaged (untreated) cells, we reproducibly observed chromatin association of mutant
CSB-W851R at a level higher than that of wild-type CSB (Fig 6E and F; Supplementary
Fig S8C and D). Upon Etop treatment, mutant CSB-W851R 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 wild-type CSB exhibited UV-induced 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 the chromatin salt fractionation procedure was done
consistently between the CSB-KO cells expressing CSB-W851R and the CSB-KO cells
expressing wild-type CSB (Fig 6E and F; Supplementary Fig S8C and D). Taken together,
these results suggest that DSB-induced chromatin 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/Rifl and
BRCAL to sites of DSBs in CSB-KO cells stably expressing vector alone, wild-type CSB
or CSB harboring the W851R mutation. Introduction of wild-type CSB into CSB-knockout
cells suppressed the number of cells with IR-induced foci of 53BP1 and Rifl (Fig 7A and
B). This suppression was not detectable in CSB-KO cells expressing the mutant CSB-
WS851R (Fig 7A and B). The reduction in IR-induced 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 activity of CSB is important for suppressing NHEJ-
mediated repair of DNA DSBs in S/G2 cells.

Additionally, analysis of indirect immunofluorescence with anti-BRCAL antibody
revealed that introduction of wild-type CSB rescued the formation of IR-induced BRCA1
foci in CSB-KO cells, whereas CSB carrying the W851R mutation failed to do so (Fig 7D).
Further-more, while introduction of wild-type CSB into CSB-KO cells promoted cell
survival after treatment with olaparib (Fig 7E), CSB carrying the W851R mutation was
unable to suppress 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 HR-mediated repair of DSBs.

The ATPase activity of CSB is important for the maintenance of the G2/M checkpoint
When introduced into the CSB-KO cells, wild-type CSB was able to rescue the level of IR-
induced ATM phosphorylation at S1981, most noticeable at 15 min post-IR treatment (Fig
8A). On the other hand, no rescue was detected in the CSB-KO cells complemented with
CSB carrying the W851R mutation (Fig 8A). In addition, we reproducibly observed a
rescue in the level of Chk2 phosphorylation 1 h post-IR treatment in CSB-KO cells
complemented with wild-type CSB and such a rescue was not seen in CSB-KO cells
complemented with CSB carrying the W851R mutation (Fig 8A). Furthermore, the
introduction of wild-type CSB into CSB-KO 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 CSB-KO cells to IR exposure (Fig 8C). Collectively, these results suggest
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 CSB in regulating the choice
of DNA DSB repair pathways. Our work suggests that CSB facilitates BRCA1-mediated
HR repair by repressing the accumulation of NHEJ-promoting factors 53BP1 and Rifl at
sites of DNA DSBs in S and G2 cells (Fig 8D). Furthermore, we have demonstrated that
CSB is needed for maintaining the ATM- and Chk2-mediated 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 versus retargeting 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), homozygous 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 phenotype of the CSB null clone may be due to a secondary
mutation. Firstly, introduction of wild-type CSB rescued the defect of the CSB-knockout
cells in the choice of DNA DSB repair pathways as well as the maintenance of G2/M

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

Most patient-derived CSB null cell lines that are available are skin fibroblasts
whereas the CSB-KO 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 our CSB null clone will provide an added
value for understanding the pathology of CS.

CSB has recently been implicated in processing R-loops into DNA DSBs (Sollier
etal, 2014). R-loop-dependent DNA DSBs led to a robust DNA damage response including
phosphorylation of KAP1, which is sensitive to CSB knockdown (Sollier et al, 2014). We
have observed an impaired KAP1 phosphorylation as well as ATM- and Chk2-mediated
DNA damage response in CSB-KO cells following ionizing radiation. Conceivably, the
fewer R-loop-dependent DNA DSBs resulting from the absence of CSB in the CSB-KO
cells may in part account for the reduction in their ATM-dependent damage response (Fig
8D). Treatment with the transcription inhibitor DRB or actinomycin D did not abolish the
impaired ATM phosphorylation in CSB-KO cells, suggesting that active transcription may
not be needed for CSB to regulate ATM activation.

We have reproducibly found that the introduction of wild-type CSB into CSB-KO
cells rescued the level of Chk2 phosphorylation at 1h post-IR but not at 15 min post-IR
whereas Chk2 phosphorylation was robust in parental (WT) cells 15 min post-IR. It is

possible that the kinetics of Chk2 phosphorylation in CSB-KO cells complemented with
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wild-type CSB may be different from that in parental (WT) 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 exhibit ATP-dependent 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 DSB repair
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 cells, tri-methylation 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 HR (Chiolo et 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), SMARCADS5 (Aydin et al, 2014) as well
as histone methyltransferase G9A (Yuan et al, 2007) and acetyltransferase 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 CSB-KO 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 with DSB-induced
damaged chromatin may be regulated distinctively from its role in HR and ATM activation.
This notion is further supported by our finding that CSB requires its ATPase activity to
facilitate IR-induced Rad51 foci and ATM activation but its ATPase activity is dispensable
for its association with DSB-induced damaged chromatin. CSB has previously been
reported to possess both ATP-dependent and ATP-independent functions (Wong et al,
2007; Lake et al, 2010).

Mutant CSB-W851R lacking its ATPase activity is competent in DSB-induced
chromatin association but defective in UV-induced chromatin 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 UV-induced DNA damage and DSBs, which
is not unprecedented. The chromatin remodeling protein SMARCAS5 (also known as
SNF2H) does not require its ATPase activity to localize to DSBs, but it does so for its
localization to UV-induced DNA damage (Lan et al, 2010; Aydin et al, 2014).

CSB-KO cells exhibit an accumulation of IR-induced 53BP1 foci. Previously, 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 RPA-negative cells (Sakai et al, 2012). CPT also induces the formation of type Il
foci of 53BP1, which is not dose dependent and persists after CPT treatment (Sakai et al,

2012). However, whether depletion of CSB might affect CPT-induced type 11 foci of 53BP1
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was not investigated, and therefore, our findings cannot be strictly compared to the previous
report. Future studies will be needed to investigate the effect of knockout of CSB on CPT-
induced type I and type Il foci formation.

CS cells deficient in CSB are known to be sensitive to IR-induced DNA damage 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 our understanding of CSB as
a DNA DSB repair protein. IR, for instance, produces not only DSBs but also oxidative
damage and single-strand breaks. Indeed, a defect in repairing oxidative damage may
contribute to the sensitivity of CS cells to IR (Stevnsner et al, 2008). Similarly,
camptothecin and etoposide generate not only DSBs but also topoisomerase—-DNA adducts,
which are thought to be removed by base excision repair (Caldecott, 2008). Our finding
that CSB accumulates at sites of DSBs and regulates the choice of the 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 DSB-inducing agents. In support of
this notion, depletion of 53BP1 rescued the formation of BRCAL1 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. Generation of CSB-KO cells. (A) Schematic diagram of rAAV-mediated gene
targeting of exon 5 of CSB. Grey horizonal bars represent homology arms flanking exon
5 of CSB. Black arrowheads represent loxP sites. (B) Analysis of PCR products amplified
with the primer set 313 and 316 and genomic DNA isolated from parental nTERT-RPE
cells, the heterozygote cell clones (L3A2 and M1D3) and the CSB homozygous cell clone
(28-C4). Molecular weight markers corresponding to 3225 bp and 2255 bp are indicated
on the left. (C) Northern blot analysis of RNA isolated from parental hnTERT-RPE cells,
the heterozygous cell clone L3A2 and the homozygous cell clone 28-C4. GAPDH was
used as a loading control. (D) Western analysis with an antibody against the C-terminus
of CSB (Abcam). y-tubulin was used as a loading control in this and subsequent figures.
(E) Western analysis with an antibody against the N-terminus of CSB (Bethyl). (F)

Western analysis with an antibody against PGBD3.
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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 (CSB-rAAV and CCR-rAAV). (B) NHEJ-mediated
repair of I-Scel-induced DNA DSBs. The parental (WT) and the CSB-KO (KO) cells were
cotransfected with pEGFP-Pem1-Ad2, pCherry and I-Scel expression constructs. The
number of cells positive for both GFP and pCherry was normalized to the total number of
pCherry-positive cells, giving rise to the percentage of normalized GFP-positive cells.
Standard deviations from three independent experiments are indicated. (C) Western
analysis of CSB in HeLa-DR-GFP transiently transfected with the vector alone or shCSB.
(D) HR-mediated repair of I-Scel-induced DNA DSBs. HelLa-DR-GFP transiently
expressing the vector alone or shCSB were cotransfected with pCherry and I-Scel
expression constructs. The percentage of normalized GFP-positive cells was calculated as
described in (B). Standard deviations from three independent experiments are indicated.
(E-G) Clonogenic survival assays of the parental (WT) and the CSB-KO (KO) cells
following various doses of ionizing radiation (IR) (E), etoposide (Etop) (F) or camptothecin
(CPT) (G). Standard deviations from at least three experiments are indicated. (H)
Clonogenic survival assays. Both WT and CSB-KO cells were treated with 50 uM 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. Knockout of CSB impairs HR-mediated DNA DSB repair in S and G2 cells.

(A) Quantification of percentage of cyclin A-positive and cyclin A-negative cells

exhibiting 10 or more IR-induced yH2AX foci. Both parental (WT) and CSB-KO (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 independent experiments were scored in blind. Standard deviations from
three independent experiments are indicated. (B) Quantification of the percentage of cells
with 10 or more IR-induced BRCAL1 foci. Cells (WT and KO) were treated with 2 Gy IR
and fixed 1 hr and 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 indicated. (C) Quantification of percentage of cyclin A-positive and
cyclin A-negative cells displaying 10 or more IR-induced BRCAL1 foci. Cells were treated
with 2 Gy IR and scored as described in (B). Standard deviations from three independent
experiments are indicated. (D) Quantification of the percentage of cyclin A-positive cells
with 10 or more IR-induced RPA32-pS4/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 indicated. (E) Quantification
of percentage of cells with 10 or more IR-induced 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 indicated. (F)
Clonogenic survival assays of olaparib-treated parental (WT) and CSB-KO (KO) cells as
indicated. Standard deviations from three independent experiments are indicated. (G)
Quantification of percentage of cells with 10 or more IR-induced Rad51 foci. Cells (WT
and KO) were treated with actinomycin D (1 ug/ml) or DRB (50 uM) 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.
176



Ph.D. Thesis — N. Batenburg

McMaster University — Biology
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Figure 4. Loss of CSB leads to an accumulation of NHEJ-promoting factors at sites of
DNA DSBs in S and G2 cells. (A) Quantification of percentage of cells with 10 or more
IR-induced 53BP1 foci. Cells (WT and KO) were treated with 2 Gy IR and fixed 1 hr, 4 hr
and 8 hr post IR. A total of 1500 cells were scored in blind. Standard deviations from three
independent experiments are indicated. (B) Quantification of percentage of cells with 10 or
more IR-induced Rifl foci. Cells (WT and KO) were treated with 2 Gy IR and fixed 1 hr
and 8 hr post IR. A total of 750 cells were scored in blind. Standard deviations from three
independent experiments are indicated. (C) Quantification of the percentage of cyclin A-
positive and cyclin A-negative cells with 10 or more IR-induced Rifl foci. Cells were
treated and scored as described in (B). Standard deviations from three independent
experiments are indicated. (D) Clonogenic survival assays of olaparib-treated parental
(WT) and CSB-KO (KO) cells stably expressing the vector alone, sh53BP1-A or sh53BP1-
B as indicated. Standard deviations from three independent experiments are indicated. (E)
Clonogenic survival assays of UV-treated parental (WT) and CSB-KO (KO) cells stably
expressing the vector alone, sh53BP1-A or sh53BP1-B as indicated. Standard deviations
from three independent experiments are indicated. (F) Quantification of percentage of cells
with 10 or more IR-induced BRCA1 foci. Parental (WT) and knockout (KO) stably
expressing the vector (pRS) alone or sh53BP1-A were treated 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 ATM- and Chk2-dependent DNA damage checkpoint. (A)
Western analysis of the parental (WT) and the CSB-KO (KO) cells either mock-treated or
treated with 5 Gy IR. Immunoblotting was performed with anti-ATM-pS1981, anti-ATM,
anti-KAP1-pS824, anti-KAP1, anti-SMC1-pS966, anti-SMC1, anti-yH2AX, anti-H2AX,
anti-Chk2-pT68 and anti-Chk2 antibodies. (B) Western analysis of WT and CSB-KO cells.
Immunoblotting was performed with anti-Rad50, anti-Mrell, anti-Nbs1, anti-KAP1, anti-
SMC1, anti-Chk2, anti-Chk1, anti-H2AX and anti-y-tubulin antibodies. The anti-y-tubulin
blot was used as a loading control. (C) Western analysis. WT and CSB-KO cells were
treated with DMSO, DRB or actinomycin D (ActD) prior to 5 Gy IR. Immunoblotting was
performed with anti-ATM-pS1981 and anti-ATM antibodies. (D) Quantification of the
percentage of cells staining positive for H3-pS10. For each cell line, at least 3000 cells were
scored in blind. Standard deviations from three independent experiments are indicated. (E)
Quantification of comet tail moment. Both WT and CSB-KO 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. CSB is associated with chromatin following induction of DNA DSBs. (A)
Analysis of indirect immunofluorescence with an anti-CSB antibody in conjunction with
an anti-53BP1 antibody. hTERT-RPE cells were treated with 10 Gy IR and fixed 8 hr
post IR. Cell nuclei were stained with DAPI in blue. (B) CSB accumulation at sites of
DNA DSBs is severely impaired by actinomycin D or DRB treatment. Quantification of
hTERT-RPE cells with five or more IR-induced CSB damage foci in cells. Cells were
treated with actinomycin D (1 ug/ml, ActD) for 1 hr or DRB (50 uM) 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 differential salt extraction of chromatin. hnTERT-RPE cells were
treated with 0.1 uM CPT (C) or 10 uM Etop (D) for 1 hr and then released from drugs for
various time points as indicated. Immunoblotting was performed with anti-CSB antibody.
The anti-TRF1, anti-TRF2, anti-H2AX and anti-y-tubulin blots were used as controls for
differential salt extraction. (E-F) Analysis of differential salt extraction of chromatin. The
CSB-KO cells stably expressing either wild type CSB (E) or mutant CSB-W851R (F)
were treated with 10 uM etoposide (Etop) for 1 hr and then released from Etop for 8 hr.
Immunoblotting was performed with anti-CSB, anti-TRF2, anti-H2AX and anti-y-tubulin

antibodies.
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Figure 7. CSB carrying a W851R mutation is unable to suppress the recruitment of NHEJ-
promoting factors to sites of DNA DSBs in S and G2 cells. (A) Quantification of percentage
of cells with 10 or more IR-induced 53BP1 foci. CSB-KO cells stably expressing wild-type
CSB, CSB-W851R or the vector alone were treated with 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 indicated. (B) Quantification of percentage of cells
with 10 or more IR-induced Rifl foci. CSB-KO cells stably expressing wild-type 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 experiments are indicated. (C) Quantification of percentage of cyclin A-
positive and cyclin A-negative cells with 10 or more IR-induced Rifl foci. Cells were
treated and fixed as described in (B). A total of 750 cells were scored in blind for each cell
line. Standard deviations from three independent experiments are indicated. (D)
Quantification of percentage of cells with 10 or more IR-induced BRCAL 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 cell line. Standard deviations from three independent experiments are indicated. (E)
Clonogenic survival assays of olaparib-treated CSB-KO cells stably expressing wild-type
CSB, CSB-W851R 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 ATM- and Chk2-
mediated DNA damage checkpoint. (A) Western analysis of CSB-KO cells stably
expressing wild-type CSB, CSB-W851R or the vector alone as indicated. Cells were either
mock-treated or treated with 5 Gy IR. Immunoblotting was performed with anti-ATM, anti-
ATM-pS1981, anti-Chk2 and anti-Chk2-pT68 antibodies. (B) Quantification of the
percentage of cells stained positive for H3-pS10. Cells were either mock-treated 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 indicated. (C) Clonogenic survival assays of IR-
treated CSB-KO (KO) cell stably expressing wild-type CSB, CSB-W851R 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 text for more information.
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Supplementary Figure 1 Batenburg et al.
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Figure S1. Treatment of DNA-PKGcs inhibitor impairs the frequency of random integration
in both parental (WT) and CSB-KO (KO) cells. (A) Quantification of the frequency of
random integration of the CSB-rAAV targeting vector. Both WT and KO cells were
infected with adeno-associated virus expressing the targeting vector in the presence of
either DMSO or 1 uM NU7026, a specific inhibitor of DNA-PKcs, for 48 hr. (B)
Quantification of the frequency of random integration of the CCR5-rAAV 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 (WT) and CSB-KO (KO)
cells. FACS analysis cells labeled with 50 ug/ml PI for wild type (WT) cells (A-C) and
CSB-KO cells (D-F). (A and D) Cells gated on forward light scatter (FSC) versus side

scatter (SSC). (B and E) Gated cells; (C and F) Ungated cells analyzed 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 DSBs. (A) Analysis of indirect
immunofluorescence with anti-yH2AX antibody. Both parental (WT) and CSB-KO (KO)
cells were treated with 2 Gy and fixed 1 hr post IR. Cell nuclei were stained with DAPI in
blue. (B) Quantification of the percentage of cells with 10 or more IR-induced yH2AX 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 scored in blind for each cell line fixed at each
indicated time point. Standard deviations from three independent experiments are
indicated. (C) Analysis of indirect immunofluorescence with anti-yH2AX antibody in
conjunction with anti-cyclin A antibody. Both parental (WT) and CSB-KO (KO) cells were
treated with 2 Gy and fixed 1 hr post IR. Cell nuclei were stained with DAPI in blue. (D)
Analysis of indirect immunofluorescence with anti-BRCAL antibody. Cells were treated as
in (C). Cell nuclei were stained with DAPI in blue. (E) Analysis of indirect
immunofluorescence with anti-BRCAL antibody in conjunction with anti-cyclin A
antibody. Cells were treated as in (C). (F) Western analysis with anti-BRCAL antibody.
Immunoblotting was performed with anti-BRCAL antibody. The y-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 NHEJ-promoting factors at sites
of DNA DSBs in S and G2 cells. (A) Analysis of indirect immunofluorescence with anti-
53BP1 antibody. Both parental (WT) and CSB-KO (KO) cells were treated with 2 Gy and
fixed 1 hr post IR. Cell nuclei were stained with DAPI in blue. (B) Analysis of indirect
immunofluorescence with anti-Rifl antibody in conjunction with anti-cyclin A antibody.
Cells were treated as in (A). (C) Western analysis of parental (WT) and CSB-KO (KO)
cells stably expressing the vector alone or two independent shRNA against 53BP1
(sh53BP1-A and sh53BP1-B) as indicated. Immunoblotting was carried out with anti-
53BP1 antibody. WRN was used as a loading control. (D) Quantification of the percentage
of cells with 10 or more IR-induced Rifl foci. WT and CSB-KO cells were treated with
DSMO or 10 uM KU55933, a specific inhibitor of ATM, prior to 2 Gy IR, and then fixed
1 hr post IR. At least of 1500 cells were 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 ATM- and Chk2-mediated
DNA damage checkpoint. (A) Western analysis of parental (WT) and CSB-KO (KO) cells.
Cells were either mock-treated or treated with 10 uM etoposide (Etop) and then harvested
at various time points post release from Etop as indicated. Immunoblotting was performed
with anti-ATM, anti-ATM-pS1981, anti-Chk2, anti-Chk2-pT68, anti-Chk1, anti-Chk1-
pS317 and anti-y-tubulin antibodies. (B) Western analysis of parental (WT) and CSB-KO
(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 with anti-Chk1,

anti-Chk1-pS317 and anti-y-tubulin antibodies.
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Supplementary Figure 6 Batenburg et al.
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Figure S6. Introduction of CSB but not CSB:PGBD3 alone suppresses the defect in the
recruitment of HR factors to sites of DNA DSBs. (A) Western analysis of the CSB-KO
cells stably expressing CSB or CSB:PGBD3. Immunoblotting was performed with an
antibody against the N-terminus of CSB. Mrell was used as a loading control. (B)
Clonogenic survival assays of olaparib-treated CSB-KO (KO) cells stably expressing CSB,
CSB:PGBD3 or the vector alone as indicated. Standard deviations from three independent
experiments are indicated. (C) Quantification of the percentage of cyclin A-positive cells
with 10 or more etoposide-induced RPA foci. CSB-KO cells stably expressing CSB,
CSB:PGBD3 or the vector alone were treated with 10 uM etoposide (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 indicated. (D) Quantification of the percentage of
cells with 10 or more etoposide-induced Rad51 foci. Cells were treated and scored as in

(C). Standard deviations from three independent experiments are indicated.
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Supplementary Figure 7 Batenburg et al.
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Figure S7. Recruitment of DSB repair factors to sites of DNA damage is misregulated in
cells derived from CS patients. (A) Quantification of percentage of cells with 10 or more
IR-induced 53BP1 foci. GM16095 and hTERT-GM10905 cells stably expressing either the
vector alone or wild type CSB were treated with 2 Gy IR and fixed 1 hr post IR. A total of
1500 cells were scored in blind for each cell line. Standard deviations from three
independent experiments are indicated. (B) Quantification of percentage of cyclin A-
positive cells with 10 or more IR-induced BRCAZ1 foci. Two pair of isogenic CS cell lines
(hTERT-GM10905 and GM16095) stably expressing either the vector alone or wild-type
CSB were treated with 2 Gy IR and fixed 1 hr post IR. A total of 750 cells were scored in
blind for each cell line. Standard deviations from three independent experiments are
indicated. (C) Quantification of percentage of cyclin A-positive cells with 10 or more IR-
induced RPA foci. GM16095 and hTERT-GM10905 cells stably expressing either the
vector alone or wild-type CSB were treated with 10 Gy IR and fixed 8 hr post IR. A total
of 750 cells were scored in blind for each cell line. Standard deviations from three
independent experiments are indicated. (D) Quantification of percentage of cyclin A-
positive cells with 10 or more IR-induced Rad51 foci. Cells were treated and scored as in
(C). Standard deviations from three independent experiments are indicated. (E) Clonogenic
survival assays of olaparib-treated GM16095 cells stably expressing wild type CSB or the
vector alone as indicated. Standard deviations from three independent experiments are
indicated. (F) Clonogenic survival assays of CPT-treated GM16095 cells stably expressing
wild-type CSB or the vector alone as indicated. Standard deviations from three independent

experiments are indicated. (G) Clonogenic survival assays of Etop-treated GM16095 cells
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stably expressing wild type CSB or the vector alone as indicated. Standard deviations from

three independent experiments are indicated.

Supplementary Figure 8 Batenburg et al.
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Figure S8. The W851R mutation abrogates UV-induced chromatin association of CSB and
its function in UV repair. (A) Analysis of differential salt extraction of chromatin of
parental cells following treatment with 20 J/m2. Immunoblotting was performed with anti-
CSB antibody. (B) Analysis of indirect immunofluorescence with anti-CSB antibody. The

CSB-KO cells were complemented with wild-type CSB, CSB-W851R or the vector alone.
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Cell nuclei were stained with DAPI in blue. (C-D) Analysis of differential salt extraction
of chromatin. The CSB-KO cells stably expressing wild-type CSB (C) or mutant CSB-
WS851R (D) were either mock-treated or treated with UV (20 J/m?). Cells were harvested
post UV treatment at various time points as indicated. Immunoblotting was performed with
anti-CSB antibody. The anti-TRF2 blot was used as a control. (E) Clonogenic survival
assays of UV-treated knockout (KO) cell stably expressing CSB, CSB-W851R or the vector

alone as indicated. Standard deviations from three independent experiments are indicated.
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Chapter 4

ATM and CDK2 control chromatin remodeler CSB inhibit RIF1 in DSB
repair pathway choice
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4.1 Preface

The work included in this chapter serves to expand upon the function of CSB in DBA
DSB repair. Specifically, how CS is recruited to DSBs and what function it has at DSBs
to regulate DNA DSB repair pathway choice. This work describes the mechanism in
which CSB is recruited to DSBs, the chromatin remodeling activity that CSB has at
DSBs, and how this activity is regulated by post-translational modification. These
findings demonstrate that CSB functions in vivo as a chromatin remodeler and that

phosphorylation plays an important role in regulating CSB function.

The work presented in this chapter has been submitted for publication in Nature
Communications. Majority of the experiments were performed by myself. John R.
Walker cloned all CSB constructs used, performed sequence analysis and computer
modeling of WHD in Supplementary Figure S2, immunoprecipitated Flag-CSB used for
mass spectrometry analysis in Supplementary Figure S7a, and produced recombinant
CSB used in Figure 7d. Sylvie Noordermeer performed mass spectrometry analysis of
Flag-CSB in Supplementary Figure S7a. Nathalie Moatti performed the FACS analysis
of DR-GFP assays in Figure 5i and Supplementary Figure S7f. The experimental design
was a collaborative effort between myself, John R. Walker and Xu-Dong Zhu. The
writing of the manuscript was a collaborative effort from myself, John R. Walker and Xu-

Dong Zhu with input from other authors.

207



Ph.D. Thesis — N. Batenburg McMaster University — Biology

4.2  Submitted Manuscript - ATM and CDK2 control chromatin

remodeler CSB inhibit RIF1 in DSB repair pathway choice

Nicole L. Batenburg!, John R. Walker?, Sylvie M. Noordermeer?3, Nathalie Moatti?,
Daniel Durocher? and Xu-Dong Zhu*"

!Department of Biology, McMaster University, Hamilton, Ontario, Canada L8S 4K1

2LLunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, 600 University Avenue,
Toronto, Ontario, Canada M5G 1X5

3Current address: Department of Human Genetics, Leiden University Medical Centre,
Leiden, The Netherlands.

Running title: Control of CSB by ATM and CDK2 in RIF1 inhibition

“Corresponding author: Xu-Dong Zhu
Department of Biology, LSB438
McMaster University
1280 Main St. West
Hamilton, Ontario
Canada L8S4K1
Phone: (905) 525-9140 ext. 27737
Fax: (905)522-6066
Email: zhuxu@mcmaster.ca

208



Ph.D. Thesis — N. Batenburg McMaster University — Biology

4.2.1 Abstract

CSB, a member of the SWI2/SNF2 superfamily, is implicated in DNA double-strand break
(DSB) repair. However how it regulates this repair process is poorly understood. Here we
uncover that CSB interacts via its newly-identified winged helix domain with RIF1, an
effector of 53BP1, and that this interaction mediates CSB recruitment to DSBs in S phase.
At DSBs, CSB remodels chromatin by evicting histones, which limits RIF1 and its effector
MAD2L2 but promotes BRCA1 accumulation. The chromatin remodeling activity of CSB
requires not only damage-induced phosphorylation on S10 by ATM but also cell cycle-
dependent phosphorylation on S158 by cyclin A-CDK2. Both modifications modulate the
interaction of the CSB N-terminal region with its ATPase domain, the activity of which has
been previously reported to be autorepressed by the N-terminal region. These results
suggest that ATM and CDK2 control the chromatin remodeling activity of CSB in the

regulation of DSB repair pathway choice.

Key words: CSB/RIF1/ATM/CDK2/Chromatin Remodeling/DNA double strand break

repair

4.2.2 Introduction

DNA double strand breaks (DSBs), one of the most lethal forms of DNA damage, can
threaten genomic integrity and promote tumorigenesis or premature aging if not repaired
properly. Eukaryotic cells have evolved two mechanistically distinct pathways to repair

DSBs: nonhomologous end joining (NHEJ) and homologous recombination (HR)'?. NHEJ
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can ligate two broken ends in the absence of sequence homology whereas HR uses
homologous sequences as a template to repair broken DNA. While NHEJ is active
throughout interphase, HR is primarily confined to S and G2 phases when sister chromatids
are present. The choice of DSB repair pathways is highly regulated during the cell cycle,
with two proteins 53BP1 and BRCAL playing pivotal but antagonizing roles in this
process®’. 53BP1 blocks BRCA1 and promotes NHEJ in G1 through its downstream
effector RIF1812, Phosphorylation of 53BP1 by ATM on its N-terminal region promotes
RIF1 recruitment to DSBs, which prevents DNA end resection and channels DSBs towards
NHEJ. In S/G2 phases, BRCAL antagonizes 53BP1, perhaps through repositioning 53BP1
on the damaged chromatin®'®. BRCA1 also blocks RIF1 from DSBs in S phase®1014
paving the way for the initiation of DNA end resection. Aberrant selection of NHEJ or HR
can lead to genomic instability™2.

Upon induction of DSBs, the chromatin structure needs to be modified to facilitate
efficient access to DSBs!. Modification of chromatin structure includes histone post-
translational modification, histone exchange, histone mobilization and histone removal.
The latter three contribute to chromatin disassembly. In mammalian cells, limited or local
nucleosome disassembly occurs in G1 phase when DSBs are repaired by NHEJ whereas
extensive nucleosome disassembly is associated with HR in S/G2 cells®°, How
nucleosome disassembly is controlled in a cell-cycle dependent manner remains unclear.
Many ATP-dependent chromatin remodeling complexes participate in chromatin

disassembly to allow for efficient DSB repair®, however the exact mechanism by which
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these complexes are regulated locally to remodel chromatin and to facilitate DSB repair
remains poorly understood.

Cockayne syndrome (CS), a devastating hereditary disorder, is characterized by
physical impairment, neurological degeneration and segmental premature aging. The
majority of CS patients carry mutations in the ERCC6 gene encoding Cockayne syndrome
group B protein (CSB). CSB is a multifunctional protein that participates in a number of
cellular processes including transcription?, transcription-coupled repair???, oxidative
damage?®, mitochondria function®?, telomere maintenance®® and DSB repair?’2°. CSB
forms IR-induced damage foci and regulates DSB repair pathway choice?’. Loss of CSB
induces RIF1 accumulation at DSBs specifically in S/G2 cells?’, thereby hindering BRCA1
recruitment to DSBs. However how CSB is recruited to DSBs and what it does at DSBs to
facilitate efficient HR remains unclear. CSB contains a central SWI2/SNF2-like ATPase
domain and its in vitro ATPase activity is autoinhibited by its N-terminal region®®3!, but
the physiological mechanism that permits release of its ATPase activity is unknown.
Furthermore, CSB possesses ATP-dependent chromatin remodeling activity in vitro3°222,
however, whether CSB may function as a chromatin remodeler in vivo has not yet been
demonstrated.

Here we uncover that CSB interacts with RIF1 and is recruited by RIF1 to DSBs in
S/G2. This interaction is modulated by the C-terminal domain (CTD) of RIF1 and a newly-
identified winged helix domain (WHD) at the C-terminus of CSB. We demonstrate that
CSB is a chromatin remodeler in vivo, evicting histones from chromatin surrounding DSBs.

The N-terminus of CSB is necessary for its chromatin remodeling activity, disruption of
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which induces RIF1 accumulation at DSBs in S/G2 but impairs BRCAL, RAD51 and HR.
The chromatin remodeling activity of CSB at DSBs is controlled by two phosphorylation
events, one being damage-induced S10 phosphorylation by ATM and the other being cell-
cycle-regulated S158 phosphorylation by cyclin A-CDK2. Both S10 and S158
phosphorylations modulate the interaction of CSB N-terminus with its ATPase domain.
Taken together, these results led us to propose that CSB phosphorylations by ATM and
CDK?2 function as molecular signals to unlock its chromatin remodeling activity, perhaps
by releasing the autoinhibition of its N-terminus. Subsequent nucleosome disassembly by

CSB at DSBs inhibits RIF1 and paves the way for BRCA1-mediated HR.

4.2.3 Materials and methods

Plasmids, siRNA and antibodies

Retroviral expression constructs for wild type CSB and ATPase-dead mutant CSB-W851R
have been described?®2”. Wild type CSB was used as a template to generate various CSB deletion
alleles, which were cloned into the retroviral expression vector pLPC-NMyc?, mammalian
expression vector mCherry-LacR-NLS® or the bacterial expression pHis-parallel-2%. The
QuickChange site-directed mutagenesis kit (Agilent Technologies) was used to generate
CSB mutants S10A, S10D, S158A and S158D. The primers used to clone CSB deletions
and point mutations are available upon request. To generate pBabe-neo-ddI-Ppol
expression construct, pBabe-ddI-Ppol® (#49052, Addgene) was digested with BamHI and

Sall and two inserts (a 267-bp BamHI-Sall fragment and a 1.5-kb BamHI fragment) were
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sequentially ligated into BamHI-Sall-linearized pBabe-Neo (a kind gift from Titia de
Lange, Rockefeller University). Inserts of all plasmids was confirmed by DNA sequencing.
The sequence of siRNA against RIF1 (Dhamacon) as well as the expression
constructs (pDEST-mCherry-LacR and pDEST-EGFP) carrying either siRIF1-resistant
wild type RIF1 or various RIF1 deletion alleles have been described®. The GFP-PTIP
expression construct*® was a generous gift from André Nussenzweig and Jeremy Daniel.
Rabbit polyclonal anti-pS10 and anti-pS158 antibodies were developed by Cocalico
Biologicals against respective CSB peptides containing phosphorylated serine 10
(NEGIPHS-pS-QTQEQDC) (Bio-Synthesis Inc) and phosphorylated serine 158
(NKIEQL-pS-PQAATSR) (Bio-Synthesis Inc). Other antibodies used include RIF1
(sc55979, Santa Cruz); MAD2L2 (sc135977, Santa Cruz); 53BP1 (612522, BD
Biosciences); BRCA1 (MS110, Abcam); BRCA1 (07-434, Millipore); Cyclin A (6ES,
Abcam); CSB/ERCC6 (A301-354A, Bethyl Laboratories); ERCC6 (553C5a, Fitzgerald);
y-H2AX (Millipore); RAD51 (generously provided by Jan Hoeijmakers, Erasmus
University); SMARCAD1 (A301-593A, Bethyl Laboratory); anti-Myc (9E10,
Calbiochem); FK2 (04-263, Millipore); H2A (ab18255, Abcam); H2B (ab1790, Abcam);

mCherry (NBP2-25157, Novus Biologicals); y-tubulin (GTU88, Sigma).

Cell culture and drug treatment
All cells were grown in DMEM medium with 10% fetal bovine serum supplemented with
non-essential amino acids, L-glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin.

Cell lines used: hTERT-RPE parental and CSB knockout?’, Phoenix?® (a kind gift from
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Titia de Lange, Rockefeller University), U20S% (ATCC), U20S-265* (a kind gift from
Roger Greenberg, University of Pennsylvania), U20S-DR-GFP®, HCT116 (Life
Technology), GM16666A>**° (Coriell) and GM166667°*% (Coriell). Parental cells were
tested for mycoplasma contamination and were authenticated by STR DNA profiling.
Retroviral gene delivery was carried out as described®®>’ to generate stable cell lines. DNA
and siRNA transfections were carried out with respective JetPRIME® transfection reagent
(Polyplus) and Lipofectamine RNAiMax (Invitrogen) according to their respective
manufacturer’s instructions.

To induce expression of Fokl, U20S-265 cells were treated with both 1 uM Shield-
1 (CheminPharma) and 4-hydroxytesterone (4-OHT, Abcam) for 6 h or for the indicated
time. IR was delivered from a Cs-137 source at McMaster University (Gammacell 1000).
Roscovitine (20 uM, Sigma), KU55933 (10 uM, Sigma), VE-821 (10 uM, Selleckchem),
NU7026 (10 uM, Sigma) were used to inhibit CDK, ATM, ATR and DNA-PKcs

respectively.

Mass spectrometric analysis of phosphorylated CSB

Approximately 12 million U20S cells stably expressing Flag-tagged CSB were treated with
20 Gy IR and the whole cell extracts were prepared as described®®>°. Flag-tagged CSB was
immunoprecipitated from whole-cell extracts of approximately 12 million cells as
described®®. Affinity purification of Flag-CSB was carried out with FLAG® purification kit
(Sigma) according to the manufacturer’s instruction. Following the final wash in 50 mM
ammonium bicarbonate (ABC), pH 8.0, the resin containing Flag-CSB was digested with
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1 ug trypsin in 200 ul ABC buffer overnight at 37°C. The next day, a fresh 0.5 ug trypsin
was added and the mixture was incubated for another 3 h. Following centrifugation, the
supernatant was transferred to a keratin-free tube and fully dried. The dried peptides were
reconstituted in 2% formic acid and diluted 1:5 with lactic acid solution [25% lactic acid,
60% acetonitrile (ACN), 2.5% trifluoroacetic acid (TFA)]. Phosphorylated peptides were
enriched on titanium-oxide (Ti-Oz) tips (GL Sciences, Tokyo, Japan) that were equilibrated
consecutively with 100% H>0O, 100% methanol and lactic acid solution. Following loading
of the sample, tips were washed consecutively with lactic acid solution, 80% ACN plus
0.1% TFA, 0.1% TFA and 2x H>O. Phosphorylated peptides were eluted with 400 mM
NH4OH. Peptides were dried and reconstituted in 5% formic acid and loaded onto a fused
silica 12 cm analytical column packed in-house with 3.5 um Zorbax C18 material (Agilent
Technology). Peptides were analyzed using an Orbitrap ELITE (Thermo Scientific)
coupled to an Eksigent nanoLC ultra (AB SCIEX). Peptides were eluted from the column
using a 90 min period cycle with a linear gradient from 2% to 35% ACN in 0.1% formic
acid. Tandem MS spectra were acquired in a data-dependent mode for the top 10 most
abundant ions using collision induced dissociation. Acquired spectra were searched against

the human Refseq_V53 database using Mascot.

CRISPR/Cas9 genome editing of CSB
U20S, U20S-265, U20S-DR-GFP and HCT116 cells were transiently transfected with
sgRNA (AGAATTGCCACTCTGAACGG)® targeting CSB and expressed from the

pX459 vector® (#48139, Addgene) containing Cas9 followed by the 2A-Puromycin
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cassette. The next day, cells were selected with puromycin for 2 days and subcloned to
allow for the formation of single colonies. Individual clones were screened by
immunofluorescence with anti-CSB antibody (Fitzgerald) for the loss of CSB. CSB null
clones were further confirmed by immunoblotting using anti-CSB antibody (Bethyl).
Subsequently, any off-target effects from sgRNA were ruled out by clonogenic UV survival
assays of CSB null clones complemented with either vector alone or Myc-tagged CSB.
Only CSB null clones whose UV sensitivity were fully suppressed by wild type CSB were

used in this study.

Cell synchronization and FACS analysis
Cell synchronization was done essentially as described®>*® with some modifications. Cells
were treated with 2 mM thymidine for 16 h, followed by washing in PBS three times and
then released into fresh media for 9 h. Subsequently, cells were arrested again with 2 mM
thymidine for 16 h and washed in PBS for three times before their release into fresh media
for various time points as indicated. For cell cycle analysis, two million cells from each of
indicated time points were fixed and processed as described®. FACS analysis was
performed on a FACSCalibur instrument and analyzed using FlowJo (v10.2). For induction
of Fokl expression in synchronized U20S-265 cells, Shield-1 and 4-OHT were added 2 h
prior to a given time point as indicated.

U20S-DR-GFP WT and CSB knockout cells were transfected with indicated
constructs along with an I-Scel-expressing plasmid using JetPRIME® transfection reagents

(Polyplus). U20S WT and CSB-KO cells were cotransfected with pEGFP-Pem1-Ad2 and
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I-Scel expression constructs. 48 hr post transfection, cells were harvested, fixed and
subjected to FACS analysis as described?’. A total of 10,000 cells per cell line were scored
for each independent experiment. FACS analysis was performed on a FACSCalibur

instrument.

Immunoprecipitation and immunoblotting

Immunoprecipitation (IP) with endogenous proteins was carried out as described* with
minor modifications. Untreated HCT116 cells or HCT116 cells collected 1 h post 20 Gy
IR were lysed in NETN buffer [20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA,
0.5% Nonidet™ P-40 Substitute (Sigma), 1 mM PMSF, 1 pg/ml aprotinin, 1 pg/ml
leupeptin, 1 ug/ml pepstatin, 1 mM NaF, 1 mM NaVO4, 50 mM Na-B-glycerolphosphate]
on ice for 30 min. For each IP, 5 mg of cell lysate was precleared with 30 ul protein G
sepharose beads (GE Healthcare) for 1 h at 4°C, followed by incubation with primary
antibody (1-2 pg) overnight at 4°C. Precipitates were then washed 4 times in NETN buffer
containing 300 mM NaCl, and immunoblotted with indicated antibodies. IP with an anti-
Myc antibody in 293T cells co-overexpressed Myc-CSB-C and various mCherry-LacR-

RIF1-CTD alleles was done as described?. Immunoblotting was performed as described?’.

Chromatin immunoprecipitation (ChlP)
ChIP and I-Ppol-induced DSB assays were carried out as described®®5! with minor
modifications. Cells stably expressing pBabe-neo-ddI-Ppol were first treated with Shield-

1 (1 uM) for 3 h and then with 4-OHT (1 uM) for 15 min. Following fixation in 1% PBS-
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buffered formaldehyde for 10 min, cells were resuspended in 20X cell pellet volume of cell
lysis buffer I [10 mM HEPES pH 6.5, 10 mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100,
1 mM PMSF, 1 ug/ml aprotinin, 1 ug/ml leupeptin, 1 ug/ml pepstatin, 1 mM NaF, 1 mM
NaVOs, 50 mM Na-p-glycerolphosphate] and incubated on ice for 10 min. Following
centrifugation, cell pellets were washed in cell lysis buffer Il [10 mM HEPES pH 6.5, 1
mM EDTA, 0.5 mM EGTA, 200 mM NaCl] and then resuspended in nuclei lysis buffer
[50 mM Tris-HCI pH8.1, 10 mM EDTA, 0.5% SDS]. Both cell lysis buffer Il and nuclei
lysis buffer contained phosphatase and protease inhibitors as described in cell lysis buffer
I. Following incubation on ice for 10 min, the cell lysate was sonicated and clarified through
centrifugation.

For each ChIP, 200 ul of the cell lysate was diluted 1:5 in IP dilution buffer [1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH8.1, 150 mM NaCl]. Out of 1 ml diluted
lysate, 20 ul was set aside as input control and the remaining was precleared with protein
G sepharose beads (GE Healthcare) preblocked with BSA and tRNA and then incubated
with primary antibody (1 ng) overnight at 4°C. Precipitates were washed once in low salt
buffer [150 mM NacCl, 0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris-HCI pH8.0,
1 mM PMSF, 1 pg/ml aprotinin, 1 ug/ml leupeptin, 1 pg/ml pepstatin], once in high salt
buffer [500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI
pH8.0], twice in LiCl buffer [0.25 M LiCl, 1% Nonidet™ P-40 Substitute, 1% deoxycholic
acid, 1 mM EDTA, 10 mM Tris-HCI pH 8.0] and then once in TE buffer [10 mM Tris-HCI

pH 8.0, 1 mM EDTA]. The IP DNA was eluted twice in elution buffer [0.1 M NaHCO3,
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1% SDS] at 65°C for 15 min. Subsequently, the IP DNA, along with the input DNA
(equivalent to 2% of lysate used for IP), were treated with RNase A at 37°C for 1 h and
then with proteinase K at 55°C for 1 h. Following incubation overnight at 65°C to reverse
the crosslink, the DNA was purified with phenol/chloroform, precipitated with ethanol in
the presence of 20 ug glycogen (Roche), resuspended in 10 mM Tris-HCI, pH 8.5 and then
used for PCR or qPCR. Primers for PCR and real-time PCR are listed in Supplementary
Tables 1 and 2. For PCR reactions, the products were run on a 2% agarose gel, stained with
ethidium bromide and analyzed with ImageJ (NIH). Each PCR product of GAPDH from
IP DNA was normalized to that from input DNA as internal control, giving rise to the ChIP
efficiency. For real-time PCR, the threshold cycle (Ct) value of gPCR reactions for GAPDH
of each IP DNA was normalized to that of input DNA as internal control, giving rise to
ChIP efficiency. Each PCR or gPCR product of the 1-Ppol locus on chromosome 1 was
first normalized to that from input DNA as internal control and then normalized to the
corresponding ChIP efficiency. The y-axis in figures displaying ChIP results represents the

relative occupancy normalized to the untreated control.

Assays of DSB induction in ddI-Ppol cells

Cells stably expressing pBabe-neo-ddI-Ppol were first treated with Shield-1 (1 uM) for 3
h and then with 4-OHT (1 uM) for 15 min. After washing twice in PBS, cells were collected
and genomic DNA was isolated using the Gentra Puregene Cell kit (Qiagen) according to
the manufacturer’s protocol. qPCR was performed using primers (Supplementary Table 2)
flanking the I-Ppol site on chromosome 1. The Ct values of g°PCR from I-Ppol site was
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then normalized to the Ct values of qPCR from the GAPDH gene using the AACt method,

giving rise to the percentage of the 1-Ppol-induced DSB on chromosome 1 as described®.

Immunofluorescence

Immunofluorescence (IF) was performed as described?®?”. All cell images were recorded
on a Zeiss Axioplan 2 microscope with a Hammamatsu C4742-95 camera and processed in
Open Lab.

To quantify recruitment of BRCAL, RIF1 and SMARCADL to Fokl-induced DSBs,
fixed cells were co-immunostained with anti-BRCA1, anti-RIF1 or anti-SMARCAD1
antibody in conjunction with yH2AX. The yH2AX signal was used to mark the area of
Fokl-induced damage and the intensity of BRCAL, RIF1 or SMARCAD1 within the
marked area was measured. To quantify the intensity of Myc-CSB at Fokl-induced DSBs
in RIF1-depleted cells, the mCherry signal was used to mark the area of damage and the
intensity of Myc-CSB within that area was measured. The intensity of BRCAL, RIF1,
SMARCADL1 or Myc-CSB at Fokl-induced DSBs marked by yH2AX or mCherry was
normalized respectively to their intensity of the same size area but away from the Fokl-
induced damage site in the same nucleus, giving rise to normalized signal intensity. All
images for a given experiment were captured on the same day with the same exposure time.
All analyses were carried out on unmodified images with ImageJ software (NIH). Data
were represented as scatter plot graphs with the mean indicated. P values were derived

using a two-tailed Mann-Whitney test.
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Recombinant CSB proteins and in vitro kinase assays

Production of 6xHis-tagged wild type and mutant CSB carrying amino acids from 2 to 322
was carried out essentially as described®®®? with minor modifications. Induction of CSB
proteins was carried out overnight with 1 mM isopropylthiogalactoside at room
temperature. The cell pellet was resuspended in Binding buffer [20 mM Tris-HCI pH8.0,
500 mM NacCl, 10 mM imidazole, 1 mM PMSF] and lysed by sonication. Triton X-100 was
then added to 0.1% and the lysate was shaken at 4°C for 30 min. Following centrifugation,
the supernatant was incubated with nickel resin (Qiagen) at 4°C for 2 h. The beads were
washed once in Binding buffer, three times in Wash buffer [20 mM Tris-HCI, pH 8.0, 500
mM NaCl, 50 mM imidazole, 10 mM B-mercaptoethanol and 1 mM PMSF] and then eluted
three times with an elution buffer [20 mM Tris-HCI, pH 8.0, 500 mM NaCl, 880 mM
imidazole and 10 mM B-mercaptoethanol]. The elutions were combined and dialysed
against a dialysis buffer [20 mM HEPES pH7.9, 500 mM NaCl, 20% glycerol, 3 mM MgCl>
and 1mM DTT]. For cyclin A/ICDK2 kinase assays, 2.5 pg of His-tagged wild type and
mutant CSB fragments was incubated with or without 50 ng of active recombinant cyclin
A/CDK2 (14-488, Millipore) in the presence of ATP according to the manufacturer’s

protocol.

Clonogenic survival assays

Clonogenic survival assays were done as described?’.
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Statistical analysis
A Student’s two-tailed unpaired t test was used to derive all P values except for where

specified.

Data availability
All data used in this study are available within the article, Supplementary files, or available

from the authors upon request.

4.2.4 Results
RIF1 interacts with CSB and recruits it to DSBs
To investigate the mechanism by which CSB is recruited to DSBs, we employed a well-
established reporter osteosarcoma cell line U20S-265%, which has the 256 copy lac
operator array integrated into a single site on chromosome 1p3.6. Overexpression of the
Fokl nuclease domain fused to mCherry-LacR (mCherry-LacR-Fokl) in the reporter cells
resulted in a robust production of DSBs within the lac operator array. Both endogenous
CSB and Myc-CSB were found to accumulate at Fokl-induced DSBs (Fig. 1a and 1b), in
agreement with previous reports that CSB is recruited to DSBs?"%°,

Myc-CSB accumulation at Fokl-induced DSBs was sensitive to ATM inhibition
(Fig. 1c), loss of 53BP1 (Fig. 1d) and RIF1 (Fig. 1e and 1f), prompting us to investigate if
CSB might interact with RIF1 since RIF1 recruitment to DSBs is entirely dependent upon
ATM and 53BP18°%, Coimmunoprecipitation with anti-CSB antibody in HCT116 cells
brought down RIF1 but not 53BP1 (Fig. 1g). The CSB interaction with RIF1 was also

confirmed in a reverse immunoprecipitation with anti-RIF1 antibody (Fig. 1h). The
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discrepancy between the amount of CSB brought down by anti-RIF1 antibody and the
amount of RIF1 brought down by anti-CSB antibody may imply that CSB might not
interact with RIF1 in a 1:1 stoichiometry, however we cannot rule out the possibility that
this discrepancy might be due to a difference in IP efficiency. As a control,
coimmunoprecipitation with anti-RIF1 antibody brought down 53BP1 but not CSB in CSB
knockout HCT116 cells (Fig. 1h), suggesting that CSB interaction with RIF1 is specific.
Furthermore, treatment with ionizing radiation did not significantly affect CSB interaction
with RIF1 (Fig. 1g and 1h). These results reveal that CSB interacts with RIF1
independently of not only 53BP1 but also damage induction.

To gain further insights into CSB interaction with RIF1, we returned to the reporter
U20S-265 cell line. In the absence of 4-hydroxytamoxifen and shield-1, this reporter cell
line does not express mCherry-LacR-Fokl and can be used for analysis of protein-protein
interactions with a bait protein fused to mCherry-LacR. Full length RIF1 and RIF1 deletion
alleles containing only the heat repeats (RIF1-N) or lacking the heat repeats (RIF1-C) were
fused to mCherry-LacR (Fig. 2a). Their ability to recruit Myc-CSB or Myc-CSB deletion
alleles containing the N-terminal region (CSB-N), the central ATPase domain (CSB-
ATPase) or the C-terminal region (CSB-C) (Fig. 2b, top panel) to the lac operator array
was examined in U20S-265 cells. We observed a robust interaction between mCherry-
LacR-RIF1-C and Myc-CSB-C (Fig. 2c and 2d, Supplementary Fig. 1a and 1b). The level
of expression of mCherry-LacR-RIF1-FL was much lower than that of mCherry-LacR-

RIF1-N and mCherry-LacR-RIF1-C in U20S-265 cells (Supplementary Fig. 1c), which
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likely contributed to the poor interaction observed between mCherry-LacR-RIF1-FL and
Myc-CSB.

Deletion analysis revealed that the CTD of RIF1 was necessary and sufficient for
its interaction with Myc-CSB-C (Fig. 2e and 2f, Supplementary Fig. 2a). While deletion of
CTDI subdomain did not affect mCherry-LacR-RIF1-CTD interaction with Myc-CSB-C at
the lac operator array (Fig. 2e, Supplementary Fig. 2a), it moderately affected the ability of
mCherry-LacR-RIF1-CTD to coimmunoprecipitate with Myc-CSB-C (Fig. 2f). On the
other hand, deletion of the CTDIII subdomain abrogated the ability of mCherry-LacR-
RIF1-CTD not only to interact with Myc-CSB-C at the lac operator array but also to
coimmunoprecipitate with Myc-CSB-C (Fig. 2e and 2f, Supplementary Fig. 2a), suggesting
that the CTDIII subdomain is necessary for RIF1 interaction with CSB. mCherry-LacR-
CTDIII was observed to interact with Myc-CSB-C at the lac operator array (Fig. 2e,
Supplementary Fig. 2a) but failed to coimmunoprecipitate Myc-CSB-C (Fig. 2f), the latter
suggesting that CTDIII alone may not be sufficient to mediate RIF1 interaction with CSB.
The discrepancy in the observed CTDIII interaction with CSB-C may be in part due to the
difference in experimental conditions.

To investigate the role of the CTDIII subdomain of RIF1 in recruiting CSB to DSBs,
we knocked down RIF1 in U20S-265 cells and complemented RIF1-depleted cells with
either the vector alone, siRIF1-resistant RIF1-FL or siRIF1-resistant RIF1-ACTDIII. RIF1
knockdown significantly affected CSB accumulation at Fokl-induced DSBs (Fig. 2g), in
agreement with our earlier finding (Fig. 1d). While introduction of EGFP-RIF1-FL rescued

CSB accumulation at Fokl-induced DSBs (Fig. 29, Supplementary Fig. 2b), overexpression
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of EGFP-RIF1-ACTDIII failed to do so (Fig. 2g, Supplementary Fig. 2b). These results

suggest that the CTDIII subdomain of RIF1 is necessary for recruiting CSB to DSBs.

CSB interacts with RIF1 via a newly-identified WHD

Deletion of the last 65 amino acids of CSB drastically affected Myc-CSB-C interaction
with mCherry-LacR-RIF1-C in U20S-265 cells (Fig. 3a, Supplementary Fig. 3a). Further
deletion of previously-described UBD domain® did not lead to any further reduction in
Myc-CSB-C interaction with mCherry-LacR-RIF1-C (Fig. 3a, Supplementary Fig. 3a),
suggesting that the last 65 amino acids of CSB is necessary for its interaction with RIF1.
Profile-profile alignment and fold-recognition using the program FFAS® revealed that the
last 76 amino acids of CSB resembled a winged helix domain (WHD) (Supplementary Fig.
4a). Additional protein threading trials using PHYRE (http://www.sbg.bio.ic.ac.uk/)
strengthened our original prediction and further revealed that sequences belonging to more
distantly related CSB homologs such as the yeast Rad26 were also likely to fold into the
WHD, suggesting that this domain is evolutionarily conserved. Computer modeling of this
domain on reported crystal structure of the WHD of the general transcription factor TFIIF?’
suggested that L1470, W1486 and L1488 of CSB, all of which are evolutionarily conserved
(Supplementary Fig. 4b), contributed to the hydrophobic core formation of the CSB WHD
(Supplementary Fig. 4c). To gain further insight into the role of this newly-identified WHD,
we generated CSB mutant alleles carrying simultaneous mutations of W1486 and L1488 to
glycines (GG) or simultaneous mutations of L1470, W1486 and L1488 to glycines (GGG).

Both Myc-CSB-C-GG and Myc-CSB-C-GGG were severely defective in their interaction
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with mCherry-LacR-RIF1-C (Fig. 3a, Supplementary Fig. 3a), indistinguishable from
Myc-CSB-C lacking the WHD (Myc-CSB-C-AWHD) (Fig. 3a, Supplementary Fig. 3a),
suggesting that the WHD of CSB mediates its interaction with RIF1.

While Myc-CSB was readily recruited to Fokl-induced DSBs, neither Myc-CSB-
GG nor Myc-CSB-GGG were able to accumulate at Fokl-induced DSBs (Fig. 3b,
Supplementary Fig. 3b), underscoring the importance of the WHD in mediating CSB
accumulation at DSBs.

It has been reported that CSB regulates DSB pathway choice?’. In agreement with
the previous finding?’, knockout of CSB in U20S-265 cells (Supplementary Fig. 3c)
resulted in an increase in accumulation of RIF1 and its effector MAD2L2%%*° at Fokl-
induced DSBs (Fig. 3c and 3d, Supplementary Fig. 3d). On the other hand, loss of CSB did
not affect GFP-PTIP recruitment to Fokl-induced DSBs (Fig. 3e), suggesting that CSB
specifically restricts the RIF1-MAD2L2 pathway but not the parallel PTIP pathway*°.
RIF1-MAD2L2 accumulation in CSB knockout cells was accompanied by an impairment
in BRCA1 accumulation at Fokl-induced DSBs (Fig. 3f, Supplementary 3e). In support of
the observed impairment in BRCA1 accumulation, CSB null cells exhibited reduced DSB
repair by HR but increased DSB repair by NHEJ (Fig. 3g and 3h). Introduction of Myc-
CSB into U20S-265 CSB knockout cells not only suppressed RIF1 but also restored
BRCA1 accumulation at Fokl-induced DSBs (Fig. 3i and 3j). On the other hand, neither
Myc-CSB-GG nor Myc-CSB-GGG were able to dampen RIF1 and restore BRCAL

accumulation in U20S-265 CSB knockout cells (Fig. 3i and 3j). These results suggest that
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the WHD of CSB is necessary for its function in regulating DSB pathway choice. These

results further imply that CSB acts as an inhibitor of RIF1.

RIF1 recruits CSB to DSBs in S phase

Analysis of the dynamics of Myc-CSB accumulation at Fokl-induced DSBs in
synchronized U20S-265 cells revealed that CSB recruitment to DSBs was cell cycle
regulated, peaking in S phase (Fig. 4a). Cell synchronization did not significantly affect the
induction of DSBs by Fokl (Fig. 4b). At 0 h post release from a double thymidine block,
about 6% of cells exhibited Myc-CSB accumulation at Fokl-induced DSBs (Fig. 4a). This
number increased sharply to about 30% at 2 h post release and peaked to about 38% at 6 h
post release when the majority of cells (62.6%) were in S phase (Fig. 4a, Supplementary
Fig. 5a). A dramatic decline in the number of cells exhibiting Myc-CSB accumulation was
detected 16 h post release when the majority of cells (58.2%) were in G1 (Fig. 4a,
Supplementary Fig. 5a),

RIF1 accumulation at Fokl-induced DSBs was at the highest level in cells O hr post
release when the majority of cells were arrested in G1 (Fig. 4a, Supplementary Fig. 5a), in
agreement with a previous finding that RIF1 is largely recruited to sites of DSBs in G1
cells®. RIF1 accumulation started to decline as cells entered S phase and continued to
decline as cells progressed through S and G2, dipping to the lowest level at 10 h post release
when cells were enriched in G2/M (Fig. 4a and Supplementary Fig. 5a). Despite this
decline, a substantial number of cells retained RIF1 at Fokl-induced DSBs in S/G2 phase,

particularly from 2 h to 6 h post release (45%, 44% and 38% at respective 2h, 4h, and 6h
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post release) (Fig. 4a). These results prompted us to ask if this pool of RIF1 might be
responsible for the sharp increase in CSB recruitment to Fokl-induced DSBs observed
earlier from 2 h to 6 h post release. To address this question, we turned to 53BP1 knockout
cells to avoid any potential replication defect associated with RIF1 deficiency**. Knockout
of 53BP1 did not alter the cell cycle profile of U20S-265 cells (Supplementary Fig. 5b)
nor did it affect expression of RIF1 or CSB (Fig. 4c). While knockout of 53BP1 did not
affect the induction of DSBs by Fokl (Fig. 4d), it completely abrogated RIF1 accumulation
at Fokl-induced DSBs (Fig. 4e), the latter in agreement with the previous finding that RIF1
recruitment to IR-induced DSBs is dependent upon 53BP1°. Recruitment of Myc-CSB to
Fokl-induced DSBs was also severely impaired in 53BP1 knockout U20S-265 cells at 2 h,
4 h and 6 h post release (Fig. 4f). These results suggest that RIF1 is responsible for

recruiting CSB to DSBs in S phase.

CSB inhibits RIF1 but promotes BRCAL in S/G2

Our earlier finding that CSB acts as an inhibitor of RIF1 prompted us to ask if this inhibition
might occur in S/G2 phase. Loss of CSB did not affect the induction of DSBs by Fokl (Fig.
4q) but prevented the decline in RIF1 accumulation at the Fokl-induced DSBs in cells from
2 h to 8 h post release from a double thymidine block (Fig. 4h). RIF1 accumulation at Fokl-
induced DSBs in CSB null cells was similar to that in wild type cells at 12 h post release
when cells started to exit G2/M and were enriched in G1 (Fig. 4h, Supplementary Fig. 5a),
further supporting the notion that CSB inhibits RIF1 specifically in S/G2. The elevated

accumulation of RIF1 in S/G2 was associated with a decrease in BRCA1 accumulation at
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Fokl-induced DSBs (Fig. 4i), which was unlikely due to a loss of BRCAL expression in
CSB knockout cells (Fig. 4j). These results reveal that CSB inhibits RIF1 but promotes

BRCAL in S/G2.

CSB evicts histones from chromatin flanking DNA DSBs in vivo

CSB is reported to be a chromatin remodeler in vitro®>®, however whether it does so in
vivo has not yet been demonstrated. To investigate if CSB might function as a chromatin
remodeler at DSBs, we employed a well-established inducible ddI-Ppol expression
construct®®, which was stably integrated into both hTERT-RPE wild type and CSB
knockout cells (Supplementary Fig. 6a). I-Ppol has a number of cleavage sites in the human
genome!®, including a unique site on chromosome 1. Neither the ability of 1-Ppol to induce
DSBs nor the percentage of I-Ppol-induced cleavage on chromosome 1 was affected by
loss of CSB in hTERT-RPE cells (Supplementary Fig. 6b-6d).

ChIP analysis revealed that loss of both histone H2A and H2B from chromatin
surrounding the unique I-Ppol cleavage site on human chromosome 1 in hTERT-RPE wild
type cells was visible one hour following I-Ppol induction and peaked two hours post I-
Ppol induction (Fig. 5a and 5b), in agreement with previous observations that histones are
removed from chromatin surrounding DSBs to accommodate HR-mediated repair'84243,
On average 45-50% of loss of H2A and H2B was observed 2 h post I-Ppol induction (Fig.
5a and 5b) and this effect was similar to that previously-reported®®8. At 2 h post induction,

the average frequency of I-Ppol-induced cleavage was 21% (Supplementary Fig. 6d).
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Previously I-Ppol was reported to cleave this locus at a frequency of ~30% in MCF7 cells?®,
Perhaps the cleavage frequency by I-Ppol may vary depending upon the cell type.

On the other hand, induction of I-Ppol did not lead to any significant removal of
H2A and H2B from the I-Ppol cleavage site on chromosome 1 in hTERT-RPE CSB
knockout cells (Fig. 5¢ and 5d). To further substantiate the role of CSB in removing H2A
and H2B from damaged chromatin, we generated hTERT-RPE-ddIPpol-CSB KO cells
stably expressing the vector alone, Myc-CSB or Myc-CSB carrying a ATPase-dead
mutation of W851R mutation?”%. We then examined histone H2A and H2B occupancy in
these cell lines 2 h post induction of I-Ppol expression when loss of H2A and H2B was
observed earlier to peak in hTERT-RPE parental cells. This time point was also used in
experiments below for analysis of other CSB mutant alleles. While wild type CSB rescued
I-Ppol-induced loss of H2A and H2B from the I-Ppol cleavage site on chromosome 1 in
CSB knockout cells, the ATPase-dead mutant CSB-W851R failed to do so (Fig. 5e and 5f).
Together, these results demonstrate that CSB functions as a chromatin remodeler in vivo
and that its ATP-dependent chromatin remodeling activity is essential for displacing
histones from chromatin flanking DSBs.

Earlier we have shown that loss of CSB impairs BRCAL accumulation at Fokl-
induced DSBs (Fig. 3f). BRCAL is reported to mediate ubiquitylation of H2A that is
recognized by the ubiquitin-binding CUE domain of chromatin remodeler SMARCAD1%3,
Formally it was possible that loss of histone displacement in CSB null cells might have
resulted from impaired recruitment of SMARCAD1 at DSBs. However we did not detect

any significant change in SMARCAD1 recruitment to Fokl-induced DSBs in CSB null
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cells (Supplementary Fig. 7a-7b). Combined with previous reports that CSB is a chromatin
remodeler in vitro®®3223 our finding further supports the notion that CSB functions as a
chromatin remodeler in vivo. Furthermore, our finding implies that CSB may act

independently of SMARCADL in promoting HR-mediated DSB repair.

Chromatin remodeling by CSB N-terminus inhibits RIF1 at DSBs

The N-terminus of CSB has been implicated in autoregulation of its ATPase activity in
vitro®>-32 and thus we asked if CSB N terminus might regulate its chromatin remodeling
activity in vivo. Deletion analysis revealed that deleting the first 30 amino acids from CSB
N-terminus (CSB-AN30) was sufficient to abrogate its ability to displace H2A and H2B
from the I-Ppol cleavage site on chromosome 1 in hTERT-RPE-ddIPpol-CSB KO cells
(Fig. 6a and 6b). The inability of Myc-CSB-AN30 to displace H2A and H2B from damaged
chromatin was unlikely due to its lack of expression or a defect in its recruitment to DSBs
(Fig. 6¢ and 6d). These results suggest that CSB N-terminus is necessary for its in vivo
chromatin remodeling activity at DSBs.

Previously it has been reported that CSB limits IR-induced RIF1 foci formation
specifically in S/G2 cells?”. When stably introduced into hTERT-RPE CSB null cells, Myc-
CSB-AN30 failed to fully suppress IR-induced RIF1 foci formation in cells staining
positive for cyclin A, a marker for S/G2 cells (Fig. 6e). The inability of Myc-CSB-AN30
to suppress RIF1 foci formation was accompanied by a lack of rescue in IR-induced
BRCAL and RAD51 foci formation (Fig. 6f and 6g). Overexpression of Myc-CSB-AN30

failed to suppress the sensitivity of hnTERT-RPE CSB null cells, which were proficient for
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both BRCA1%” and BRCA2 (unpublished data, N.L. Batenburg and X.D. Zhu), to olaparib
treatment (Fig. 6h). Myc-CSB-AN30 also failed to promote HR in the reporter U20S-DR-
GFP CSB KO cells (Fig. 6i and 6j). These results suggest that the chromatin remodeling

activity of CSB is necessary to suppress RIF1 but promote BRCA1-mediated HR in S/G2.

ATM controls the chromatin remodeling activity of CSB
Analysis of the first 30 amino acids of CSB revealed three closely-spaced SQ/TQ motifs
(S1°Q, T*?Q and S?°Q), which are commonly found in DNA damage response proteins that
are substrates of ATM/ATR*. Clonogenic survival assays revealed that although Myc-
CSB carrying a nonphosphorylatable mutation of either T12A or S20A behaved like wild
type CSB in suppressing the sensitivity of CSB null cells to olaparib (Supplementary Fig.
8a and 8b), Myc-CSB carrying a nonphosphorylatable mutation of S10A failed to suppress
the sensitivity of CSB null cells to olaparib (Supplementary Fig. 8c). On the other hand,
Myc-CSB carrying a phosphomimic mutation of S10D was fully competent in suppressing
the sensitivity of CSB null cells to olaparib (Supplementary Fig. 8c). All CSB mutants were
expressed at a level comparable to wild type CSB (Supplementary Fig. 8d). These results
suggest that CSB phosphorylation on S10 is important for its function in DSB repair.
Western analysis with an antibody raised against a peptide carrying phosphorylated
S10 revealed that both endogenous CSB and Myc-CSB were phosphorylated on S10
following induction of IR-induced DNA damage and that little CSB-pS10 was detected in
undamaged cells (Fig. 7a and 7b). CSB phosphorylation on S10 was sensitive to the ATM

inhibitor KU55933, but not the ATR inhibitor VE-821 or the DNA-PKcs inhibitor NU7026
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(Fig. 7c). Introduction of wild type ATM into ATM-deficient GM16666A cells rescued IR-
induced CSB phosphorylation on S10 (Fig. 7d). Together, these results reveal that ATM is
the main kinase responsible for damage-induced CSB phosphorylation on S10. ATM-
deficient GM16666A cells carry a homozygous frameshift mutation at codon 762 of the
ATM gene and no ATM protein is detected in these cells* (Fig. 7d). The residual signal of
CSB-pS10 observed in GM16666A cells might result from an activity of another kinase in
the absence of ATM.

ChlIP analysis revealed that following induction of I-Ppol, Myc-CSB-S10A failed
to displace H2A and H2B from the I-Ppol cleavage site on chromosome 1 whereas Myc-
CSB-S10D was able to do so (Fig. 7e and 7f). The inability of Myc-CSB-S10A to evict
H2A and H2B was unlikely due to a lack of protein expression (Supplementary Fig. 8e).
Furthermore, both Myc-CSB-S10A and Myc-CSB-S10D were recruited to Fokl-induced
DSBs, indistinguishable from Myc-CSB (Supplementary Fig. 8f). Collectively, these
results suggest that ATM controls the chromatin remodeling activity of CSB at DSBs
through damage-induced S10 phosphorylation.

When stably introduced into hnTERT-RPE CSB KO cells, overexpression of Myc-
CSB-S10A failed to suppress IR-induced RIF1 foci formation in cyclin A-positive cells
whereas overexpression of Myc-CSB-S10D was able to do so (Fig. 7g). In addition, IR-
induced BRCA1 and RADS51 foci formation was compromised in CSB null cells
complemented with Myc-CSB-S10A but not in CSB null cells complemented with Myc-

CSB-S10D (Fig. 7h and 7i). These results suggest that ATM-dependent chromatin
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remodeling activity of CSB is part of the mechanism that suppresses RIF1 but promotes

BRCA1 and RAD51 at DSBs in S/G2 cells.

CDK2 controls the chromatin remodeling activity of CSB

Mass spectrometric analysis of Flag-CSB immunoprecipitated from IR-treated cells
revealed a robust phosphorylation of S158 (S**®P) (Supplementary Fig. 9a), which fits the
consensus sequence (S/TP) for cyclin-dependent kinases. Western analysis with an
antibody raised against phosphorylated S158 confirmed that S158 was phosphorylated in
vivo (Fig. 8a and 8b). Analysis of synchronized cell lysates revealed that CSB
phosphorylation on S158, which was absent in CSB null cells (Supplementary Fig. 9d),
was reproducibly detected above the background level at 6 h post release from a double
thymidine block, continued to increase as cells progressed through S/G2/M but declined
sharply when cells returned to G1, 16 h post release (Fig. 8b and Supplementary Fig. 9b
and 9c). Treatment with the CDK inhibitor roscovitine severely affected S158
phosphorylation (Fig. 8c). Furthermore, S158 was an in vitro substrate of cyclin A-CDK2
(Fig. 8d). Together, these results suggest that cyclin A-CDK2 is a kinase responsible for
CSB phosphorylation on S158 in S/G2 phase.

ChlIP analysis revealed that Myc-CSB carrying a nonphosphorylatable mutation of
S158A failed to rescue the displacement of H2A and H2B from the I-Ppol cleavage site on
chromosome 1 in CSB null cells whereas Myc-CSB carrying a phosphomimic mutation of
S158D was fully competent to do so (Fig. 8e and 8f). The level of CSB-S158A expression

was comparable to that of wild type CSB and CSB-S158D (Supplementary Fig. 9¢). Both
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Myc-CSB-S158A and Myc-CSB-S158D were recruited to Fokl-induced DSBs,
indistinguishable from Myc-CSB (Supplementary Fig. 9f). These results suggest that CSB
phosphorylation on S158 by cyclin A-CDK2 controls its chromatin remodeling at DSBs in
SIG2 cells.

When stably introduced into hTERT-RPE CSB KO cells (Supplementary Fig. 99),
Myc-CSB-S158A failed to suppress IR-induced RIF1 foci formation in cyclin A-positive
cells (Fig. 8g), failed to rescue IR-induced BRCA1 and RAD51 foci formation and failed
to support cell survival in response to olaparib treatment (Fig. 8h and 8i, Supplementary
Fig. 9h). Myc-CSB-S158A also failed to promote HR in U20S-DR-GFP CSB KO cells
(Supplementary Fig. 9i). On the other hand, Myc-CSB-S158D was fully competent in
suppressing IR-induced RIF1 foci formation in cyclin A-positive CSB null cells and
facilitating efficient HR as evidenced by a complete rescue in IR-induced BRCAL and
RADS51 foci formation, HR-mediated repair as well as cell survival of CSB null cells in
response to olaparib treatment (Fig. 8h-8i, Supplementary Fig. 9h and 9i). Collectively,
these results suggest that cyclin A-CDK2 controls the chromatin remodeling activity of

CSB at DSBs to promote efficient HR.

Phosphorylation controls CSB intramolecular interaction

The CSB N-terminal region (CSB-N) is reported to be engaged in an intramolecular
interaction with the ATPase domain to autoregulate its ATPase activity in vitro®®3L In
agreement with previous findings, we observed a robust interaction of Myc-CSB-N with

mCherry-LacR-CSB-ATPase at the lac operator array (Fig. 9a and 9b). No interaction of
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Myc-CSB-N with mCherry-LacR-CSB-C was detected (Fig. 9a and 9b). We found that a
single mutation of either SI0A or S158A impaired the interaction of Myc-CSB-N with
mCherry-LacR-CSB-ATPase whereas a single mutation of either S10D or S158D did not
affect the interaction of Myc-CSB-N with mCherry-LacR-CSB-ATPase (Fig. 9c). Further
analysis of double mutations of either SI0AS158A or S10DS158D revealed that CSB
phosphorylations on S10 and S158 acted in the same epistatic pathway to promote the
interaction of its N-terminal region with its ATPase domain. These results imply that these
two phosphorylation events serve as molecular gates to modulate intramolecular

interactions of CSB N-terminal region with its ATPase domain.

4.2.5 Discussion
The work presented here has uncovered that RIF1 interacts with CSB and recruits it to
DSBs in S phase. We have demonstrated that CSB inhibits RIF1 through its damage- and
cell cycle-dependent chromatin remodeling activity at DSBs. Our data suggest a model in
which CSB phosphorylations on S10 by ATM and on S158 by cyclin A-Cdk2 serve as
molecular signals governing its chromatin remodeling activity at DSBs, which inhibits
RIF1 but promotes BRCA1-mediated HR (Fig. 9d). Furthermore, our data provide the first
direct evidence that CSB functions as a chromatin remodeler in vivo.

It has been reported that RIF1 interacts with 53BP1 and that its recruitment to DSBs
is entirely dependent upon 53BP1812, Our finding that RIF1 can form a subcomplex with
CSB independently of 53BP1 and damage induction suggests that CSB may be recruited to

DSBs in the form of this subcomplex via RIF1 interaction with 53BP1 (Fig. 8d). However
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we cannot rule out the possibility that CSB may be recruited to DSBs via the RIF1-53BP1
complex. Previously it has been reported that CSB recruitment to DSBs is dependent upon
transcription?’. RNA is reported to mediate 53BP1 and RIF1 recruitment to DSBs*¢47,
Perhaps CSB recruitment by RIF1 to DSBs might also be regulated by transcription, which
would require future investigation.

We have shown that RIF1 interacts with CSB through its conserved CTD. The CTD
of RIF1 has been implicated in binding BLM to promote recovery of stalled replication
forks*. Knockdown of BLM did not affect CSB recruitment to Fokl-induced DSBs (N.L.
Batenburg and X.D. Zhu, unpublished data), suggesting that it is unlikely that RIF1
mediates CSB recruitment to DSBs through BLM.

Through sequence analysis, secondary structural predictions and protein threading,
we have uncovered that the very C-terminus of CSB harbours a cryptic winged helix
domain (WHD), which shares closest resemblance to the WHD of general transcription
factors TFIIF subunits A and B, TFIID subunit of TAF1, ELL and ELL2 as well as the
chromatin assembly factor CAF1. The WHD of CSB, which spans from amino acids 1417
to 1493, overlaps with the previously-reported ubiquitin binding domain (UBD) of CSB%,
which spans amino acids 1399 to 1428. In particular, computer modeling suggests that the
two leucines 1427 and 1428, which have previously been implicated in the function of the
UBD in UV repair®®, are contained within helix 1 of the WHD. Further structural and
functional analysis is needed to clarify the role of this region in regulating CSB activity.

The CSB WHD is predicted to be evolutionarily conserved from yeast to human.

The WHD, frequently found in transcription factors, transcription regulators and helicases,
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is a versatile domain that is implicated in protein-DNA and protein-protein interactions.
Recent studies suggest that the last 30 amino acids of CSB is necessary for its interaction
with RNAPII in transcription-coupled UV repair®. Our finding that CSB interacts with
RIF1 through its WHD in DSB repair supports the notion that the CSB WHD acts as a
protein-protein interaction module to mediate its interaction with different partners
depending upon the type of DNA repair process.

The CSB N-terminal region is implicated in an intramolecular interaction with its
ATPase domain and autosuppresses its ATPase activity in vitro®®3 perhaps through
binding to the ATPase domain. On the other hand, the CSB N-terminal region is reported
to couple ATP hydrolysis to chromatin remodeling®?. However how the CSB N-terminal
region binds its ATPase domain to regulate its ATP-dependent chromatin remodeling
activity remains elusive. We have shown that the CSB N-terminal region interacts with its
ATPase domain and that this interaction is modulated by two CSB phosphorylation events
on its N-terminal S10 and S158, both of which are necessary for its in vivo chromatin
remodeling activity at DSBs. We envision a model in which in the absence of DSBs, the
CSB N-terminal region is docked on its ATPase domain in such a manner that its ATPase
activity is restricted. Upon induction of DSBs, ATM- and CDK2-dependent CSB
phosphorylations on S10 and S158 promote CSB conformational change so that its N-
terminal region is now docked at a different location on its ATPase domain (Fig. 9d). This
new docking frees its ATPase activity needed for its chromatin remodeling activity. In the
absence of these two phosphorylation events, CSB-AN30, CSB-S10A and CSB-S158A

mutants would not be able to undergo protein conformational change needed for the new
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docking of its N-terminal region. Our finding that CSB phosphorylations on S10 and S158
stimulate CSB-N interaction with CSB-ATPase suggests that these two phosphorylation
events might create an interface favorable for these two domains to interact. We propose
that these two phosphorylation events act together as molecular signals to trigger the release
of the autoinhibition of its N-terminal region on its ATPase domain in S/G2 cells (Fig. 9d).
Subsequently the chromatin remodeling activity of CSB at DSBs evicts histones and
disassembles nucleosomes, limiting RIF1 accumulation but paving the way for BRCA1-
mediated HR activity in S/G2 (Fig. 9d). Our finding that the activation of CSB chromatin
remodeling activity at DSBs requires not only a DNA damage signal but also a signal
indicating the correct phase of the cell cycle suggests that these two signals are needed to
restrict displacement of histones by CSB to damaged S/G2 cells, perhaps helping guard
against unwarranted extensive chromatin disassembly by CSB in undamaged cells or

damaged G1 cells.
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Figure 1 Batenburg et al.
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Figure 1. CSB interacts with RIF1 and is recruited by RIF1 to Fokl-induced DSBs. (a)

Immunofluorescence of U20S-265 cells with or without induction of Fokl expression.

Fixed cells were stained with an anti-CSB antibody. Nuclei were stained with DAPI in blue
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in this and following figures. Scale bars, 5 um. (b) Immunofluorescence of U20S-265 cells
expressing Myc-tagged CSB with or without induction of Fokl expression. Fixed cells were
stained with anti-Myc antibody. Scale bars, 5 um. (c) Quantification of the percentage of
U20S-265 cells with Myc-CSB accumulated at Fokl-induced DSBs. U20S-265 cells were
treated with DMSO or ATM inhibitor KU55933 for 1 h prior to induction of Fokl
expression. A total of 250 Myc-expressing cells were scored for each independent
experiment in a blind manner. Standard deviations, referred to as SDs in this and the
subsequent figures, from three independent experiments are indicated. *P<0.05. (d)
Quantification of the percentage of parental and 53BP1 KO U20S-265 cells with Myc-
CSB accumulated at Fokl-induced DSBs. Scoring was done as described in 1c. SDs from
three independent experiments are indicated. *P<0.05. () Immunofluorescence with an
anti-Myc antibody. 48 h prior to Fokl induction, U20S-265 cells were transfected with
siRNA against scramble DNA (siControl) or RIF1 (siRIF1). Scale bars, 5 um. (f)
Quantification of the percentage of siControl- and siRIF1-expressing U20S-265 cells with
Myc-CSB accumulated at Fokl-induced DSBs. Scoring was done as described in 1c. SDs
from three independent experiments are indicated. *P<0.05. (g) Coimmunoprecipitation
with 1gG and anti-CSB antibody in HCT116 cells treated with or without 20 Gy IR.
Immunoblotting was performed with anti-CSB, anti-RIF1 and anti-53BP1 antibodies.
Protein molecular weight markers in kDa are indicated in this and the subsequent figures.
(h) Coimmunoprecipitation with anti-RIF1 antibody in parental (WT) and CSB knockout
(KO) HCT116 cells treated with or without 20 Gy IR. Immunoblotting was performed with

anti-RIF1, anti-53BP1 and anti-CSB antibodies.
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Figure 2 Batenburg et al.
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Figure 2. RIF1 interacts with CSB and recruits CSB to DSBs via its CTD domain. (a)

Schematic diagram of RIF1. NLS: nuclear localization signal; CTD: C-terminal domain.

(b) Schematic diagram of CSB. NLS: nuclear localization signal; UBD: ubiquitin binding

domain; WHD: winged helix domain. (c) Quantification of the percentage of cells

exhibiting Myc-CSB accumulated at the lac operator array. U20S-265 cells were co-

transfected with Myc-CSB and various mCherry-LacR-RIF1 alleles as indicated. A total of

250 cells positive for Myc-CSB expression were scored for each independent experiment

in a blind manner. SDs from three independent experiments are indicated. (d)
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Quantification of the percentage of cells exhibiting Myc staining accumulated at the lac
operator array. U20S-265 cells were co-transfected with mCherry-LacR-RIF1-C and
various Myc-tagged CSB alleles as indicated. A total of 250 cells positive for expression
of various Myc-tagged CSB alleles as indicated were scored for each independent
experiment in a blind manner. SDs from three independent experiments are indicated. (e)
Quantification of the percentage of cells exhibiting Myc-CSB-C accumulated at the lac
operator array. U20S-265 cells were co-transfected with Myc-CSB-C and various
mCherry-LacR-RIF1-C alleles as indicated. A total of 250 cells positive for Myc-CSB-C
expression were scored for each independent experiment in a blind manner. SDs from three
independent experiments are indicated. (f) Coimmunoprecipitation with anti-Myc antibody
in 293T cells expressing the vector alone or Myc-CSB-C in conjunction with various
mCherry-LacR-CTD alleles as indicated. Immunoblotting was done with anti-Myc and
anti-mCherry antibodies. (g) Quantification of the intensity of Myc-CSB signal at the site
of Fokl-induced DSBs. 24 hr post transfection with siControl or siRIF1, U20S-265 cells
were transfected with the EGFP vector alone or various siRIF1-resistant EGFP-RIF1 alleles
as indicated and induced for Fokl expression 48 hr post transfection. Analysis of Myc-CSB
signal intensity was only done for cells positive for expression of Myc-CSB, EGFP and
mCherry-LacR-Fokl. The respective numbers of cells analyzed for siControl/EGFP,
SIRIF1/EGFP, siRIF1/EGFP-RIF1 and siRIF1/EGFP-Rif-DCTDIII were 131, 107, 120 and

124. *P<0.05.
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Figure 3 Batenburg et al.
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Figure 3. CSB interacts with RIF1 via its a newly-identified winged helix domain (WHD)
and inhibits RIF1 at DSBs. (a) Quantification of the percentage of cells exhibiting Myc
staining accumulated at the lac operator array in U20S-265 cells co-transfected with
indicated alleles. A total of 250 cells positive for Myc staining were scored for each
independent experiment in a blind manner. SDs from three independent experiments are
indicated. (b) Quantification of the percentage of cells exhibiting Myc staining at the site
of Fokl-induced DSBs. A total of 250 U20S-265 cells expressing various Myc-tagged CSB
alleles as indicated were scored for each independent experiment in a blind manner. SDs
from three independent experiments are indicated. (c) Quantification of the intensity of
RIF1 signal at the site of Fokl-induced DSBs. The respective numbers of cells analyzed for
parental and CSB KO were 275 and 277. *P<0.05. (d) Quantification of the percentage of
cells exhibiting MAD2L2 at the site of Fokl-induced DSBs. A total of 500-550 cells were
scored for each independent experiment in a blind manner. SDs from three independent
experiments are indicated. (e) Quantification of the percentage of cells exhibiting GFP-
PTIP at the site of Fokl-induced DSBs. A total of 500 cells were scored for each
independent experiment in a blind manner. SDs from three independent experiments are
indicated. (f) Quantification of the intensity of BRCA1 signal at the site of Fokl-induced
DSBs. The respective numbers of cells analyzed for parental and CSB KO were 282 and
294. *P<0.05. (g) HR-mediated repair of I-Scel-induced DSBs in U20S-DR-GFP WT and
CSB-KO cells. SDs from three independent experiments are indicated. (h) NHEJ-mediated
repair of I-Scel-induced DSBs. SDs from three independent experiments are indicated. (i)

Quantification of the intensity of RIF1 signal at the site of Fokl-induced DSBs. The
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respective numbers of cells analyzed for the vector alone, Myc-CSB, Myc-CSB-GG and
Myc-CSB-GGG were 298, 304, 204 and 209. *P<0.05. (j) Quantification of the intensity
of BRCAL signal at the site of Fokl-induced DSBs. The respective numbers of cells
analyzed for the vector alone, Myc-CSB, Myc-CSB-GG and Myc-CSB-GGG were 279,

270, 291, 258. *P<0.05.
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Figure 4. RIF1 recruits CSB to Fokl-induced DSBs in S phase, which in turn inhibits RIF1.
(a) Quantification of the percentage of synchronized Myc-CSB-expressing U20S-265 cells
exhibiting indicated proteins at Fokl-induced DSBs. For Myc-CSB, a total of 250 Myc-
CSB-expressing cells were scored for each independent experiment in blind. For RIF1, a
total of 500-550 cells were scored in blind for each independent experiment. SDs from
three independent experiments are indicated. (b) Quantification of the percentage of
synchronized Myc-CSB-expressing U20S-265 cells exhibiting yH2AX at Fokl-induced
DSBs. A total of 500-550 cells were scored in blind for each independent experiment. SDs
from three independent experiments are indicated. (c) Western analysis of U20S-265
parental (WT) and 53BP1 KO cells. The y-tubulin blot was used as a loading control here
and the following figures. (d) Quantification of the percentage of U20S-265 WT and
53BP1 KO cells with yH2AX at Fokl-induced DSBs. Scoring was done as in 3b. SDs from
three independent experiments are indicated. () Quantification of the percentage of U20S-
265 WT and 53BP1 KO cells with RIF1 at Fokl-induced DSBs. Scoring was done as in 3b.
SDs from three independent experiments are indicated. (f) Quantification of the percentage
of synchronized Myc-CSB-expressing WT and 53BP1 KO U20S-265 cells with Myc-CSB
at Fokl-induced DSBs. A total of 250 Myc-CSB-expressing cells were scored for each
independent experiment in blind. SDs from three independent experiments are indicated.
*P<0.05. (g) Quantification of the percentage of U20S-265 WT and CSB-KO cells with
yH2AX at Fokl-induced DSBs. Scoring was done as in 3b. SDs from three independent

experiments are indicated. (h) Quantification of the percentage of synchronized U20S-265

249



Ph.D. Thesis — N. Batenburg McMaster University — Biology

WT and CSB KO cells with RIF1 at Fokl-induced DSBs. Scoring was done as in 3b. SDs
from three independent experiments are indicated. *P<0.05. (i) Quantification of the
percentage of synchronized U20S-265 WT and CSB KO cells with BRCA1 at Fokl-
induced DSBs. Scoring was done as in 3b. SDs from three independent experiments are

indicated. *P<0.05. (j) Western analysis of U20S-265 WT and CSB KO cells.
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Figure 5 Batenburg et al.
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Figure 5. CSB is a chromatin remodeler and evicts histones from the chromatin
surrounding I-Ppol-induced DSBs in vivo. (a) Relative occupancy of histone H2A in ddlI-
Ppol-expressing hTERT-RPE parental cells. Cells were either untreated (untx) or treated
with Shield-1 and 4-OHT and then harvested at indicated times. The x-axis represents the
distance in kb upstream and downstream from the I-Ppol-induced DSB on chromosome 1,
which was set as 0. The y-axis represents the relative occupancy of H2A of treated cells
relative to untreated cells. Standard error of the mean (SEM) from three independent
experiments are indicated. (b) Relative occupancy of histone H2B in ddI-Ppol-expressing
hTERT-RPE parental cells. Both x- and y-axes are as described in 5a. SEM from three
independent experiments are indicated. (c) Relative occupancy of histone H2A in ddI-Ppol-
expressing hTERT-RPE CSB KO cells. Both x- and y-axes are as described in 4a. SEM
from three independent experiments are indicated. (d) Relative occupancy of histone H2B
in ddI-Ppol-expressing hTERT-RPE CSB KO cells. Both x- and y-axes are as described in
5a. SEM from three independent experiments are indicated. (e) Relative occupancy of
histone H2A in ddI-Ppol-expressing hTERT-RPE CSB KO cells complemented with the
vector alone, Myc-tagged wild type CSB or Myc-tagged mutant CSB-W851R. Both x- and
y-axes are as described in 5a. SEM from three independent experiments are indicated. (f)
Relative occupancy of histone H2B in ddI-Ppol-expressing hTERT-RPE CSB KO cells
complemented with the vector alone, Myc-tagged wild type CSB or Myc-tagged mutant
CSB-W851R. Both x- and y-axes are as described in 5a. SEM from three independent

experiments are indicated.
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Figure 6 Batenburg et al.
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Figure 6. The N-terminus of CSB mediates its chromatin remodeling activity to repress
RIF1 accumulation at sites of DSBs. (a) Relative occupancy of histone H2A in ddI-Ppol-
expressing CSB KO hTERT-RPE cells complemented with various alleles as indicated.
Both x- and y-axes are as described in 5a. SEM from three independent experiments are
indicated. (b) Relative occupancy of histone H2B in ddI-Ppol-expressing CSB KO hTERT-
RPE cells complemented with various alleles as indicated. Both x- and y-axes are as
described in 5a. SEM from three independent experiments are indicated. (c) Western
analysis of hnTERT-RPE-IPpol-CSB KO cells expressing various alleles as indicated. (d)
Quantification of the percentage of Myc-CSB and Myc-CSB-AN30-expressing U20S-265
cells exhibiting anti-Myec staining at Fokl-induced DSBs. A total of 250 cells positive for
anti-Myc staining were scored for each independent experiment in a blind manner. SDs
from three independent experiments are indicated. () Quantification of the percentage of
cyclin A- and cyclin A+ cells with 10 or more IR-induced RIF1 foci. nTERT-RPE CSB
KO cells stably expressing various alleles as indicated were treated with 2 Gy IR and fixed
1 hr post IR. A total of 500-550 cells were scored for each independent experiment in a
blind manner. SDs from three independent experiments are indicated. *P<0.05. ns: P>0.05.
() Quantification of the percentage of cyclin A+ cells with > 10 IR-induced BRCAL1 foci.
Scoring was done as in 6e. SDs from three independent experiments are indicated. *P<0.05.
ns: P>0.05. (g) Quantification of the percentage of cyclin A+ cells with 10 or more IR-
induced RAD51 foci. hTERT-RPE CSB KO cells stably expressing various alleles as
indicated were treated with 2 Gy IR and fixed 4 hr post IR. Scoring was done as in 6e. SDs

from three independent experiments are indicated. *P<0.05. ns: P>0.05. (h) Clonogenic
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survival assays of olaparib-treated hTERT-RPE CSB-KO cells complemented with various
alleles as indicated. SDs from three independent experiments are indicated. *P<0.05 for
comparison between CSB and AN30. (i) HR-mediated repair of I-Scel-induced DNA
DSBs. SDs from three independent experiments are indicated. *P<0.05. ns: P>0.05. (j)

Western analysis of U20S-DR-GFP parental and CSB KO cells.
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Figure 7 Batenburg et al.
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Figure 7. ATM controls the chromatin remodeling activity of CSB through S10

phosphorylation. (a) Western analysis of U20S CSB KO cells stably expressing various
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alleles as indicated. Cells were either treated with or without 10 Gy IR. (b) Western analysis
of anti-CSB immunoprecipitates from HCT116 cells treated with or without 10 Gy IR. (c)
Western analysis. Myc-CSB-expressing U20S CSB KO cells were treated with DMSO,
ATM inhibitor KU55933, ATR inhibitor VE-821 or DNA-PKcs inhibitor NU-7026 for 1 h
prior to 10 Gy IR. (d) Western analysis of ATM-deficient GM16666A and ATM-
complemented GM16667A cells. Cells were transfected with the vector alone or Myc-CSB,
followed by treatment with 10 Gy IR 48 hr post transfection. (e) Relative occupancy of
histone H2A in ddl-Ppol-expressing hTERT-RPE CSB KO cells complemented with
various alleles as indicated. Both x- and y-axes are as described in 5a. SEM from three
independent experiments are indicated. (f) Relative occupancy of histone H2B in ddI-Ppol-
expressing hTERT-RPE CSB KO cells complemented with various alleles as indicated.
Both x- and y-axes are as described in 5a. SEM from three independent experiments are
indicated. (g) Quantification of the percentage of cyclin A- and cyclin A+ cells with 10 or
more IR-induced RIF1 foci. \TERT-RPE CSB KO cells stably expressing various alleles
as indicated were treated with 2 Gy IR and fixed 1 hr post IR. A total of 500-550 cells were
scored for each independent experiment in a blind manner. SDs from three independent
experiments are indicated. *P<0.05. ns: P>0.05. (h) Quantification of the percentage of
cyclin A+ cells with > 10 IR-induced BRCAL1 foci. Scoring was done as in 7g. SDs from
three independent experiments are indicated. *P<0.05. ns: P>0.05. (i) Quantification of the
percentage of cyclin A+ cells with 10 or more IR-induced RAD51 foci. Cells were treated
with 2 Gy IR and fixed 4 hr post IR. Scoring was done as in 7g. SDs from three independent

experiments are indicated. *P<0.05. ns: P>0.05.
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Figure 8 Batenburg et al.
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Figure 8. Cyclin A-CDK2 controls the chromatin remodeling activity of CSB through S158
phosphorylation. (a) Western analysis of U20S-CSB-KO cells stably expressing the vector
alone, Myc-CSB or Myc-CSB carrying a S158A mutation. Immunoblotting was performed
with anti-CSB-pS158 and anti-Myc antibodies. (b) Western analysis of synchronized
HCT116 cells. The arrow indicates the position of CSB-pS158. Asterisks indicate non-
specific bands. (c) Western analysis. Asynchronous and synchronized HCT116 cells post
release from a double thymidine block as indicated were treated with DMSO or the CDK
inhibitor roscovitine. The arrow indicates the position of CSB-pS158. Asterisks indicate

non-specific bands. (d) In vitro kinase assays with recombinant cyclin A-CDK2 and
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bacteria-expressed recombinant CSB fragments as indicated. () Relative occupancy of
histone H2A in ddI-Ppol-expressing hTERT-RPE CSB KO cells complemented with
various alleles as indicated. Both x- and y-axes are as described in 5a. SEM from three
independent experiments are indicated. (f) Relative occupancy of histone H2B in ddI-Ppol-
expressing hTERT-RPE CSB KO cells complemented with various alleles as indicated.
Both x- and y-axes are as described in 5a. SEM from three independent experiments are
indicated. (g) Quantification of the percentage of cyclin A- and cyclin A+ cells with 10 or
more IR-induced RIF1 foci. \TERT-RPE CSB KO cells stably expressing various alleles
as indicated were treated with 2 Gy IR and fixed 1 hr post IR. A total of 500-550 cells were
scored for each independent experiment in a blind manner. SDs from three independent
experiments are indicated. *P<0.05. ns: P>0.05. (h) Quantification of the percentage of
cyclin A+ cells with > 10 IR-induced BRCAL foci. Scoring was done as in 8g. SDs from
three independent experiments are indicated. *P<0.05. ns: P>0.05. (i) Clonogenic survival
assays of olaparib-treated hTERT-RPE CSB-KO cells complemented with various alleles
as indicated. SDs from three independent experiments are indicated. *P<0.05 for

comparison between CSB and S158A.
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Figure 9 Batenburg et al.
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Figure 9. CSB phosphorylations on S10 and S158 modulate its intramolecular interaction
between the N-terminus and the ATPase domain. (a) Immunofluorescence of U20S-265
cells transfected with Myc-CSB-N in conjunction with either mCherry-LacR-CSB-ATPase
or mCherry-LacR-CSB-C. Scale bars, 5 um. (b) Quantification of the percentage of U20S-
265 cells from (a) with anti-Myc staining at Fokl-induced DSBs. A total of 250 Myc-
expressing cells were scored for each independent experiment in a blind manner. SDs from
three independent experiments are indicated. (c) Quantification of the percentage of U20S-
265 cells with anti-Myc staining at Fokl-induced DSBs. U20S-265 were co-transfected
with various alleles as indicated. A total of 250 Myc-expressing cells were scored for each
independent experiment in a blind manner. SDs from three independent experiments are
indicated. *P<0.05. (d) Model for control of CSB chromatin remodeling activity by ATM

and CDK2 in DNA DSB repair pathway choice in S/G2. See the text for details.
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Supplmenetary Figure 1 Batenburg et al.
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Supplementary Figure 1. RIF1-C interacts with CSB-C. (a) Immunofluorescence of
U20S-265 cells that were co-transfected with Myc-CSB and various mCherry-LacR-RIF1
alleles as indicated. Cell nuclei were stained with DAPI in blue in this and subsequent
figures. Scale bars, 5 um. (b) Immunofluorescence of U20S-265 cells that were co-
transfected with mCherry-LacR-RIF1-C and various Myc-tagged CSB alleles as indicated.
Scale bars, 5 um. (¢) Immunofluorescence of expression of mCherry-LacR-RIF1 alleles in
U20S-265 cells from (a). Scale bars, 50 um.
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Supplmenetary Figure 2 Batenburg et al.
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Supplementary Figure 2. RIF1 interacts with CSB and recruits CSB to sites of DSBs
through its CTD. (a) Immunofluorescence of U20S-265 cells that were co-transfected with
Myc-CSB-C and various mCherry-LacR-RIF1 alleles as indicated. Scale bars, 5 um. (b)
Immunofluorescence. 24 hr post transfection with siControl and siRIF1, U20S-265 cells
were transfected with the vector alone (EGFP), EGFP-RIF1-FL or EGFP-RIF1-ACTDIII
and then induced for Fokl expression 48 hr post transfection. Fixed cells were

immunostained with anti-Myc antibody (in blue). Scale bars, 5 um.
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mCherry-Lacl-

anti-Myc Fokl Merge

GG

Myc-CSB- Myc-CSB-
GGG

. 150

y-tubulin S %0

U20S 2-6-5

yH2AX BRCAT1 mCherry Merge

WT

CSB KO

264



Ph.D. Thesis — N. Batenburg McMaster University — Biology

Supplementary Figure 3. The WHD of CSB is necessary for its interaction with RIF1 and
its recruitment to the site of Fokl-induced DSBs. (a) Immunofluorescence of U20S-265
cells that were co-transfected with mCherry-LacR-RIF1-C and various Myc-tagged CSB
alleles as indicated. Scale bars, 5 um. (b) Immunofluorescence of U20S-265 cells
expressing various Myc-tagged CSB alleles as indicated. 48 hr post transfection, cells were
induced for Fokl expression and fixed 6 h post Fokl induction. Scale bars, 5 um. (c)
Western analysis of wild type (WT) and CSB knockout U20S-265 cells. The y-tubulin blot
was used as a loading control in this and subsequent figures. (d) Immunofluorescence of
U20S-265 parental and CSB KO cells. Cells were fixed 4 h post Fokl induction and co-
stained with anti-RIF1 and anti-yH2AX antibodies. yYH2AX staining was used to mark the
Fokl-induced damage site. Scale bars, 5 um. (e) Immunofluorescence of U20S-265
parental and CSB KO cells. Cells were fixed 4 h post Fokl induction and co-stained with
anti-BRCA1 and anti-yH2AX antibodies. yH2AX staining was used to mark the Fokl-

induced damage site. Scale bars, 5 um.
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Supplementary Figure 4
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Supplementary Figure 4. CSB contains a winged helix domain (WHD). (a) Sequence
alignment of the CSB WHD with other WHD found in structural homologs. PDB codes are

RAP74: 1127, RAP30: 1BBY; ELL2: 2EFN; ELL: 2DOA; TAF1: 4RGW, CAF1: 5EJO.

Secondary structure prediction of helices (H) and -strands (E) of CSB WHD as generated
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by the server JPRED4 (www.compbio.dundee.ac.uk/jpred4) is indicated underneath the

sequence of CSB. Identical amino acids to those found in CSB are colored in grey; similar
amino acids (charged RHKDE, polar uncharged STNQY, hydrophobic AVILMFWCPG)
are colored in cyan. For CSB, the sequence is colored according to whether a match is made
to an amino acid of a structural homolog in the order of preference: identical>similar>no
match. Asterisks indicate the amino acids in CSB that were mutated in this study. (b)
Sequence alignment of the WHD of CSB homologs from human to yeast. Identical amino
acids in homologs to those found in CSB are colored in grey; similar amino acids as in (a)
are colored in cyan. For CSB, sequence coloring is as in (a). Accession numbers are:
NP_000115.1 (Homo sapiens); XP_009438634 (Pan troglodytes); XP_534944 (Canis
lupus familiaris); NP_001100766 (Rattus norvegicus); XP_421656 (Gallus gallus);
XP_007442212 (Python bivittatus); OCA28283 (Xenopus tropicalis); XP_005815483
(Xiphophorus maculatus); KFM67945 (Stegodyphus mimosarum); XP_014774958
(Octopus  bimaculoides); NP_179466 (Arabidopsis thaliana); XP_002502040
(Micromonas commoda); AJR54981 (Saccharomyces cervisae YJM689). (c) Cartoon
representation of three-dimensional structure of the WHD of human CSB based on the C-
terminal domain of the RAP74 subunit of the human transcription factor I1IF (PDB 1127) as
generated from FFAS®® alignment. Helices are shown in purple; B strands are in yellow;
random coils are in green. Three amino acids that were mutated in this study are shown in

stick representation. The figure was generated using PyMOL (www.pymol.org).
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Supplementary Figure 5. Loss of 53BP1 has little effect on cell cycle progression. (a)
FACS analysis of synchronized parental U20S-265 cells. y axis, cell number; x axis,
relative DNA content on the basis of staining with propidium iodide; 0-16 h, cells were
released for 0-16 h from a double thymidine block; Asyn, asynchronous population. (b)
FACS analysis of synchronized U20S-265 53BP1 KO cells. y axis, cell number; x axis,
relative DNA content on the basis of staining with propidium iodide; 0-12 h, cells were

released for 0-12 h from a double thymidine block; Asyn, asynchronous population.

Supplementary Figure 6 Batenburg et al.

a b
25
s
*_O a5 20 r CSB-KO
& & =< WT
250 =T 15
Lo
& |css 8 & 10 i
150 '028 5
50 ) 2=
04— T . ,
0.;\\*‘ A ONEE N
c d post induction of I-Ppol
30 35
—_ o
[Sls] 0] 30
@25 ! 1CSBKO S I
< T o 25
= I
= S 2 20
® 3 : <D wWT
o Q [ u—
w = 10 © 10
52 *
S 5 5 | CSB-KO
0l— ) 0 . . r \

—L-

PN S S

-
& F

post induction of I-Ppol post induction of I-Ppol

269



Ph.D. Thesis — N. Batenburg McMaster University — Biology

Supplementary Figure 6. Knockout of CSB does not affect the production of I-Ppol-
induced DNA cleavage. (a) Western analysis of hnTERT-RPE WT and CSB KO cells. The
asterisk indicates the non-specific band. (b) Quantification of the percentage of hTERT-
RPE parental (WT) and CSB KO cells exhibiting I-Ppol-induced yH2AX foci. A minimum
of 500 cells were scored for each independent experiment in a blind manner. SDs from
three independent experiments are indicated. (c) Quantification of the percentage of
hTERT-RPE parental (WT) and CSB KO cells exhibiting I-Ppol-induced 53BP1 foci.
Scoring was done as in 6b. SDs from three independent experiments are indicated. (d)
Quantification of the percentage of 1-Ppol-induced DNA cleavage from hTERT-RPE WT
and CSB KO cells on chromosome 1. SDs from three independent experiments are

indicated.
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Supplementary Figure 7 Batenburg et al.
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Supplementary Figure 7. Loss of CSB does not affect SMARCADL recruitment to sites
of Fokl-induced DSBs. (a) Immunofluorescence of U20S-265 WT and CSB KO cells.
Cells were fixed 6 h post Fokl induction and co-stained with anti-SMARCAD1 and anti-
yH2AX antibodies. yH2AX staining was used to mark the Fokl-induced damage site. Scale
bars, 5 um. (b) Quantification of the intensity of SMARCAD1 signal at the site of Fokl-
induced DSBs from (a). Cells positive for yH2AX were used for analysis of SMARCAD1
signal intensity. The respective numbers of cells analyzed for WT and CSB KO were 469

and 470.
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Supplementary Figure 8. CSB phosphorylation on S10 is necessary to support cell
survival in response to the PARP inhibitor olaparib. (a-c) Clonogenic survival assays of
olaparib-treated hTERT-RPE CSB-KO cells complemented with the vector alone or
various Myc-tagged CSB alleles as indicated. Standard deviations from three independent
experiments are indicated. **P>0.05 for comparison between CSB and T12A (a), between
CSB and S20A (b). *P<0.05 for comparison between CSB and S10A (c). (d) Western
analysis of nTERT-RPE CSB-KO cells stably expressing the vector alone or various Myc-
tagged CSB alleles as indicated. () Western analysis of ddI-Ppol-expressing hTERT-RPE
CSB-KO cells stably expressing the vector alone or various Myc-tagged CSB alleles as
indicated. (f) Quantification of the percentage of Myc-CSB, Myc-CSB-S10A and Myc-
CSB-S10D-expressing U20S-265 cells exhibiting anti-Myc staining at Fokl-induced
DSBs. A total of 250 cells positive for anti-Myc staining were scored for each independent

experiment in a blind manner. SDs from three independent experiments are indicated.
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Supplementary Figure 9 Batenburg et al.
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Supplementary Figure 9. CSB phosphorylation on S158 is necessary for HR-mediated
repair of DSBs. (a) Fragmentation spectrum of a trypic peptide surrounding pS158
(indicated in red) of CSB identified by MS/MS analysis of immunoprecipitated and
phospho-enriched Flag-CSB. The peptide shown was identified with a Mascot ions score
of 43 and an expect score of 0.0044. (b) Quantification of the CSB-pS158 signal from the
western shown in Fig. 8b. Quantification was done with ImagelJ. (¢) Quantification of the
CSB-pS158 signal from a second western using an independently prepared synchronized
cell lysate. Quantification was done with ImageJ. (d) Western analysis of HCT116 WT and
CSB KO cells that were either asynchronous (Asyn) or 10 h post release from a double
thymidine block. The arrow indicates the position of CSB-pS158. Asterisks indicate non-
specific bands. (e) Western analysis of ddI-Ppol-expressing hTERT-RPE CSB-KO cells
complemented with the vector alone, various Myc-tagged CSB alleles. (f) Quantification
of the percentage of Myc-CSB, Myc-CSB-S158A and Myc-CSB-S158D-expressing
U20S-265 cells exhibiting anti-Myc staining at Fokl-induced DSBs. A total of 250 cells
positive for anti-Myc staining were scored for each independent experiment in a blind
manner. SDs from three independent experiments are indicated. (g) Western analysis of
hTERT-RPE CSB-KO cells stably expressing the vector alone or various Myc-tagged CSB
alleles as indicated. (h) Quantification of the percentage of cyclin A+ cells with 10 or more
IR-induced RAD51 foci. \TERT-RPE CSB KO cells stably expressing the vector alone or
various Myc-tagged CSB alleles as indicated were treated with 2 Gy IR and fixed 4 hr post
IR. A minimum of 500 cells were scored for each independent experiment in a blind

manner. SDs from three independent experiments are indicated. *P<0.05. ns: P>0.05. (i)
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HR-mediated repair of I-Scel-induced DNA DSBs. SDs from three independent

experiments are indicated. *P<0.05. ns: P>0.05.

Supplementary Table 1
Description Primer Sequence Size (bp)

Oligos for PCR ChIP assay, (I-Ppol cut site at 0 bp)

5’-GCAAGGGCTCATGAATGATAGTC-3’

8921 5’-CTTCCCCATTCAGAATTGTGATGAG-3’ 2630p

5’-GCCTAAATGCCTCTTTCTACTGG-3’

6245 5’-GACACGGTTTTAGTGGAATGAGG-3’ 236bp

5’-CTCTTAAACACTGGGTGCCTTTC-3”

2930 5’-CACAGCCAGTAAATGACAGAAATGG-3’ 252bp

5’-CTCCAGGGCATCCTTAGTGTT-3’

49 5’-CAACGAGTATACTTGGGATGCG-3’ 214bp

5-CTTTGCTGCTTTTTCTTCTTCTCC-3’

281 5’-GACTTCTTTCCCACCAAGTCTTC-3’ 241bp

5’-GTTCCCATTATCTGAAGAGCGTC-3’

408 5’-CAAGGTCACTCAGCTTGTAAGG-3’ 238bp

5’-GGTTGTTCACACCCTTTCTGAG-3’

1756 5"-CCTGACTCACAGTAGACCCTC-3’ 251bp

5’-GCTTTGGCTTGTAACCCACAAC-3’

3559 5’-GAGTGTCTATCTACAGTGAGCCC-3° 231bp

5’-CAGAGATGGAGGACAATTATGATGTG-3’

5900 5’-GCATGATCCTAAATTGTATGTACAGC-3’ 257bp

5’- GCATTCTGGAGTTCCTTGCTG -3’

7014 5’- GCACTTCCTTATCTCCACTCTTCC -3’ 233bp

5’-AAGCTTGTCATCAATGGAAATCCCATC-3

GAPDH site 5 CTCAGACGGCAGGTCAGGTCCACCACS | 248bp

276



Ph.D. Thesis — N. Batenburg McMaster University — Biology

Supplementary Table 2

Description Primer Sequence Size (bp)

Oligos for real-time PCR ChIP assay (I-Ppol cut site at 0 bp)

5’-TGACCTAAGGAACGAGCTAAACC-3’

6195 5’-GAGTAGGGGGAGTCCACAAGTC-3’ 126bp

5’-CAGTGGGTGGATTAACCTCTCTGA-3’

2907 5’-CCAACATCCATTTGTTAGTTCCCTT-3 122bp

5’-CATGTATGTGGTCAGGACCTCC-3”

o2t 5"-GAGAGAGAACTGACAATTGGGTTG-3’ 136bp

5’-CCCAACTCCTTCACCAGCAAAT-3

168 5’-GGAGATGACTTCTTTCCCACCAAG-3° 1230p

5’-GTTCCCATTATCTGAAGAGCGTC-3’

408 5’-GTTGGATGGCTCTGATAGTTACAA -3° 144bp

5’-CACACCCTTTCTGAGTACACTGAGA -3°

1756 5’- GTCTTGTGACCTAATAGCGGAGAA-3’ 122bp

5’-GCTTTGGCTTGTAACCCACAAC-3’

3559 5-GATGCTGCTCATACCCAATGTA-3’ 131bp

5'- GCATTCTGGAGTTCCTTGCTG -3’
7014 5°- CTAATGCACCCACTCATGCTTT -3’ 95bp

Oligos for real-time PCR DSB-induction assay

I-Ppol site at 5’-CTTGGTGGGAAAGAAGTCATCTCC -3°

chromosome 1 175, T CTTTCCACTGTGGTATGAAACCT-3" 142bp
(flanking the 1-

Ppol site)

5’-GGCTTGCCCTGTCCAGTTAAT-3’

CAPDHSIte I T AGCTCAGCTGCACCCTTTA 3 103bp
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5.1 Overview of findings

The findings presented in this thesis have revealed novel and important functions of CSB
in telomere maintenance as well as DNA DSB repair. Furthermore, | have demonstrated

for the first time that CSB is a chromatin remodeler in vivo.

5.1.1 Role of CSB at telomeres

| have shown that CSB is important for proper telomere maintenance. CSB-deficient
fibroblasts derived from CS patients or HeLa cells depleted of CSB with shRNA show an
accumulation of telomere doublets. Telomere doublets are thought to arise from
problems with replication at the telomere. Certain regions in the genome termed fragile
sites are challenging to replication, especially in conditions of limited nucleotide pools or
inhibition of DNA polymerases (Durkin & Glover, 2007). Treatment with the DNA
polymerase inhibitor aphidicolin induces gaps in the chromosome (Glover et al, 1984).
Telomeres have been identified as fragile sites where treatment with aphidicolin results in
the accumulation of telomere doublets (Sfeir et al, 2009). While CSB has not been
reported to play a role in DNA replication, these results suggest that CSB might play a
role in promoting efficient replication at telomeres.

I have also shown that CSB-deficient cells or shCSB expressing HeLa cells have
reduced levels of TERRA. Previously CSB has been reported to promote both RNAPI
and RNAPII mediated transcription (Balajee et al, 1997; Bradsher et al, 2002; VVan Den
Boom et al, 2004; van Gool et al, 1997). TERRA is mainly transcribed by RNAPII

(Azzalin et al, 2007). CSB is associated with RNAPII (Bradsher et al, 2002; van Gool et
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al, 1997). It would be of interest to investigate if CSB may be associated with RNAPII at
the telomere to promote efficient transcription. TERRA is an integral component of
telomeres and promotes heterochromatin formation. Reduced levels of TERRA in CSB-
deficient cells could lead to disruption in the heterochromatin structure and promote
telomere dysfunction.

| have shown that CSB-deficient cells display accelerated telomere shortening and
increased telomere loss. CSB-deficient cells also show increased association of TRF1
with telomeres. TRF1 is a negative regulator of telomere length maintenance (Ancelin et
al, 2002; Broccoli et al, 1997; Okamoto et al, 2008; Smogorzewska et al, 2000; van
Steensel & de Lange, 1997). Increased TRF1 binding at telomeres, combined with the
possible disruption of the heterochromatic state of telomeres, may contribute to the

telomere shortening observed in CS cells.

5.1.2 Role of CSB in DSB repair
I have shown that CSB plays a key role in regulating the choice of DNA DSB repair
pathways. It was previously reported that cells derived from CS patients are sensitive to
IR, camptothecin and etoposide, all of which induce DSBs (Elli et al, 1996; Leadon &
Cooper, 1993; Squires et al, 2012; Tuo et al, 2002, 2003). Utilizing a human CSB
knockout cell line, I was able to confirm that loss of CSB leads to a defect in DSB repair.
| have shown that CSB is recruited to DSBs in S and G2 phase of the cell cycle,
coinciding with a role in HR. The C-terminus of CSB is essential for its recruitment to

DSBs. This is similar to the requirement of the C-terminus for UV-induced chromatin
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associated of CSB (Lake et al, 2010) and recruitment to other types of damage (lyama &
Wilson, 2016). These findings suggest that the mechanism by which CSB is recruited to
DNA damage through the C-terminus of CSB is conserved across different types of DNA
damage. On the other hand, | have shown that the ATPase activity of CSB is dispensable
for its recruitment to DSBs, which is in contrast to its requirement for UV-induced
chromatin association of CSB (Lake et al, 2010).

While CSB is recruited to DNA DSBs in an ATP-independent manner, CSB
requires its ATPase activity to remodel the chromatin surrounding a DSB. Chromatin
remodeling is known to regulate the efficiency of DSB repair (Goodarzi et al, 2011; Price
& D’ Andrea, 2013). Chromatin context plays an important role in HR during S and G2
phase. Whether CSB remodels chromatin in a chromatin context-dependent manner
required future investigation.

The role of CSB in the repair of DNA damage seems to be linked to transcription.
Over the last several years, the relationship between DSB repair and transcription has
come to light (Marnef et al, 2017). Collisions between the transcriptional and replication
machineries can cause replication fork stalling which leads to the activation of the DNA
damage response and is repaired via homologous recombination (Branzei & Foiani, 2010;
Helmrich et al, 2013). In addition, transcription-dependent R loops are known to be
sources of genome instability (Aguilera & Garcia-Muse, 2012). Highly transcribed
regions of the genome are associated with high mutagenesis and recombination rate
(Aguilera, 2002; Nickoloff & Reynolds, 1990; Nickoloff, 1992). It is unclear whether the

increase in DSB production seen in active genes is a by-product of transcription or if it is
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necessary for the release of RNAPII, however it is clear that DSB repair is altered in
active genes. DNA damage including DSBs is also repaired faster in these regions
compared to the rest of the genome (Bohr et al, 1985; Chaurasia et al, 2012; Mellon et al,
1986). This supports the existence of a “transcription-coupled DSB repair” pathway.
CSB is essential for the transcription-coupled repair of UV-induced DNA lesions
(Fousteri et al, 2006), and we have shown that CSB regulates DSB repair and is recruited
to DSBs in a transcription dependent manner, therefore CSB may play a role in
transcription-coupled DSB repair.

The N-terminus of CSB has previously been implicated in regulating the DNA-
dependent ATPase activity and chromatin remodeling activity of CSB in vitro (Cho et al,
2013; Lake et al, 2010; Wang et al, 2014). It has been proposed that the N-terminus
binds to the ATPase domain of CSB, repressing its in vitro ATPase activity (Lake et al,
2010). In contrast, the N-terminus seems to be essential for promoting the remodeling
activity of CSB in vitro (Cho et al, 2013; Wang et al, 2014). We have shown that the N-
terminus interacts with the ATPase domain and this interaction is influenced by the
phosphorylation state of S10 and S158. Phosphorylation on either of these two sites is
important for the ability of CSB to promote chromatin remodeling at DSBs. CSB
phosphorylation on S10 is damage induced whereas phosphorylation on S158 is regulated
in a cell cycle-dependent manner. Both of these phosphorylation events function together
to regulate the interaction between the N-terminus and the ATPase domain of CSB. Our
results suggest that the activation of CSB at DSBs requires both a DNA damage signal

and a cell-cycle specific signal. These findings support a model where CSB specifically
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promotes displacement of histones during S and G2 phase, limiting unwanted CSB-
mediated chromatin remodeling at DSBs in undamaged or damaged cells in G1 phase.
In addition to CSB, a number of other ATP-dependent chromatin remodeling
factors have been implicated in DSB repair (Jeggo & Downs, 2014). Whether and how
each of these complexes collaborate or cooperate to remodel chromatin, remain poorly
understood. Conceivably, it is possible that each of these remodelers operate in a tightly
regulated and spatiotemporal fashion, with individual complexes being required in only
certain context such as chromatin type, cell type, cell cycle, etc., or during precise times

during the DNA damage response.

5.2 Implications and Significance

CSB is a multifunctional protein and regulates many different processes in the cells
including UV repair, transcription, mitochondria maintenance, telomere maintenance and
DSB repair. The fact that CSB affects so many different processes in the cells may
provide an explanation to the multi-system nature of CS. Gaining a clearer understanding
of how CSB performs these functions will be essential going forward to understanding
the variation of symptoms observed in this disease.

It is well established that telomere shortening is associated with normal aging
(Harley et al, 1990). Many diseases that display features of premature aging are
correlated with significantly shorter telomeres compared to age-matched controls
(Armanios & Blackburn, 2013; Garcia et al, 2007; Vulliamy et al, 2001). Some of these

diseases are the result of mutations in core genes involved in telomere maintenance.

288



Ph.D. Thesis — N. Batenburg McMaster University — Biology

Others are the result of mutations in genes with a characterized role in DNA repair rather
than telomere maintenance. Such diseases are more likely to accumulate DNA damage at
telomeres and result in dysfunctional telomeres. The finding that only five dysfunctional
telomeres is sufficient to trigger cellular senescence in human fibroblasts (Kaul et al,
2011) and not all dysfunctional telomeres are short in length, suggests that telomere
structure rather than telomere length per se may regulate the induction of senescence
(Karlseder, 2002; Kaul et al, 2011).

Once telomeres become uncapped, p53 mediates growth arrest, senescence and
apoptosis in stem/progenitor cells (Sahin & DePinho, 2010; Wong et al, 2003).
Functional telomeres are required not only for proper stem cell proliferation (Huang et al,
2011), but also for stable stem cell differentiation as in telomerase deficient mice stem
cell differentiation becomes unstable (Pucci et al, 2013). This mechanism may explain
the compromised function of highly proliferative organs, however it does not sufficiently
explain the decline in more quiescent tissues such as heart, liver and brain. Work done in
telomerase deficient mice has shown that short telomeres can also induce defects in
mitochondria biogenesis and function (Sahin et al, 2011). This mitochondrial defect
combined with the telomere-induced apoptosis help explain the multi-system nature of
the defects induced by telomere dysfunction.

The work done by myself and Taylor Mitchell strongly supports an undiscovered
role for CSB in telomere maintenance. The increased telomere shortening observed in
CSB-deficient cells may contribute to the progressive and degenerative nature of CS

syndrome. In addition, the shortening may also contribute to the mitochondrial defect
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observed in CS cells (Aamann et al, 2010; Chatre et al, 2015; Cleaver et al, 2014;
Osenbroch et al, 2009; Pascucci et al, 2012; Scheibye-Knudsen et al, 2012). Several
symptoms of CS coincide with the symptoms of mitochondrial diseases including
neurological defects, a complex phenotype and large variation in age of onset (Haas et al,
2007; Schapira, 2006; Scheibye-Knudsen et al, 2013).

DNA DSB repair has also been associated with aging. Normal DSB repair
response declines as we age while DSBs and chromosome rearrangements increase over
time. Evidence for the importance of DSB repair in aging comes from the fact that
mutations in multiple genes involved in DSB repair result in premature aging phenotypes.
This includes Werner syndrome (WS), ataxia-telangiectasia (AT) and Nijmegen breakage
syndrome (NBS) in which the proteins WRN, ATM and NBS1 are mutated respectively.
The contribution of DSBs to aging is likely to differ across tissues. When damage is
induced in neuronal stem cells, they undergo premature senescence or terminally
differentiate (Schneider et al, 2013). A defect in DSB repair would then lead to a
decrease in the proliferative potential of neuronal stem cells and over time contribute to
neurodegeneration. Syndromes such as AT display neurodegeneration, demonstrating the
importance of proper DSB repair for neuronal health (Paula-Barbosa et al, 1983,
Verhagen et al, 2012; Vinters et al, 1985). We have reported that CSB plays a key role in
regulating DSB repair, suggesting that the neurodegeneration observed in CS patients
may in part arise from a defect in DSB repair. Further research is necessary to determine

the potential contribution of this defect in neurodegeneration.

290



Ph.D. Thesis — N. Batenburg McMaster University — Biology

CS is a unique syndrome in that it is a premature aging disease that does not show
any predisposition towards cancer. Whether the lack of cancer predisposition seen in CS
patients might be due to their short life-span or increased apoptosis remains to be
determined. It has been reported that CSB is overexpressed in a panel of tumor samples
compared to normal cells and that depletion of CSB leads to increased sensitivity of
tumor samples to chemotherapeutic agents compared to normal cells (Caputo et al, 2013).
The work presented in this thesis reveal that CSB plays an important role in maintaining

telomere and genomic integrity, disruption of which is associated with cancer and aging. .

5.3  Future Directions

Is the ATPase activity of CSB required for its function in telomere maintenance?

The work presented in this thesis reveal that CSB regulates telomerase-dependent
telomere length maintenance, telomere structure and TERRA transcription, however the
mechanism by which CSB regulates these functions remains uncharacterized. | have
shown that CSB is a chromatin remodeler in vivo. It will be of interest to determine in
CSB regulates telomere length, structure and TERRA transcription vis its ATP-dependent
chromatin remodeling activity. Furthermore, it will also be of interest to determine if any

particular regions/residues are important for telomere maintenance.

Does CSB play a role in the repair of DNA damage induced at telomeres?
CSB is essential for TCR of UV-induced DNA damage and promotes repair of oxidative
damage. Compared to the rest of the genome, telomeric DNA is highly susceptible to

both UV and oxidative damage (Lu & Liu, 2010; Rochette & Brash, 2010; Wang et al,
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2010). Damaged telomeric DNA can lead to a defect in telomere length maintenance, and
both NER and BER promote removal of DNA damage from telomeres (Jia et al, 2015).
For example, knockout of OGG1 in mice results in defects in telomere length
maintenance and structure (Wang et al, 2010), and knockout of XPC in mice results in
increased UV-induced telomere shortening (Stout & Blasco, 2013). In addition, oxidative
damage affects the ability of TRF1 and TRF2 to recognize telomeric DNA (Opresko et al,
2005), and affects the efficiency that telomerase can elongate telomeric substrates (Aeby
et al, 2016; Fouquerel et al, 2016). It would be of interest to address if CSB promotes the
repair of such DNA damage at telomeres. Accumulation of UV-induced or oxidative
DNA damage at telomeres in CSB-deficient cells could lead to the defect in telomere

length maintenance and dysfunction telomeres that we have reported.

Is CSB recruited to DSBs induced in specific genomic loci?

| have shown that CSB is recruited to DSBs and this recruitment is sensitive to
transcriptional inhibition. This suggests that CSB is recruited to DSBs in a manner that is
dependent upon active transcription within the cell, however we have not investigated if
the recruitment of CSB to DSBs is regulated by transcriptional activity of a given
genomic locus. Previous reports have demonstrated that DSBs induced in active genes
differ in the recruitment of DSB repair factors compared to inactive genes (Aymard et al,
2014; Chakraborty et al, 2016). It would be of interest to investigate if CSB recruitment

to DSBs in chromatin context-dependent.
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Does CSB regulate transcriptional silencing or recovery at DSBs?

CSB is essential for proper TC-NER, where RNAPII stalls upon encountering UV-
induced DNA damage. In the absence of CSB, repair is not completed and transcription
does not recover. Similar to UV-induced damage, when a DSB occurs within a coding
gene, transcription of the gene is inhibited in a DNA-PK dependent manner that results in
the exclusion of RNAPII from the gene (Pankotai et al, 2012). In addition, generation of
multiple DSBs upstream of a reporter gene leads to transcriptional silencing of the
reporter gene (Shanbhag et al, 2010). This silencing is dependent upon ATM signalling,
ubiquitylation of H2A lysine 119 that recruits the PBAF (Polybromo BRG1 associated
factor) complex, and histone deacetylation by the NuRD complex (Chou et al, 2010;
Gong et al, 2015; Kakarougkas et al, 2014; Ui et al, 2015). ATM is also required for
silencing of transcription of rDNA after induction of DSBs (Harding et al, 2015; Kruhlak
et al, 2009). CSB promotes the activation of ATM after the induction of DSBs, therefore
it will be of interest to investigate if CSB regulates transcriptional silencing and recovery

at DSBs.
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