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Abstract
Cockayne syndrome is a devastating premature aging disorder characterized by extreme sun sensitivity
and severe neurological and developmental defects. The majority of Cockayne syndrome cases are due to
mutations within the ATP-dependent chromatin remodeler Cockayne syndrome protein B (CSB). CSB
functions in transcription regulation and is required for transcription-coupled nucleotide excision repair
(TC-NER). Importantly, CSB is also critical for the relief of oxidative stress. Studies suggest CSB may
participate in the major repair pathway for oxidative DNA damage repair, base excision repair (BER), yet
direct evidence supporting this hypothesis remains elusive and exactly how CSB functions in this process
is unknown. CSB is also suggested to function in the relief of oxidative stress by regulating transcription.
We demonstrated CSB’s interaction with chromatin is stabilized by oxidative stress and the goal of this
work is to understand the role of CSB in the relief of oxidative stress by characterizing the mechanisms
underlying CSB’s oxidative stress-induced chromatin interaction. Using chromatin immunoprecipitation
followed by deep sequencing (ChIP-seq) we characterized for the first time CSB’s genome-wide
occupancy following oxidative stress. This revealed CSB is enriched at the binding motif for the CCCTCbinding factor (CTCF), and further analysis demonstrated CSB and CTCF directly interact and regulate
each other’s targeting to specific genomic loci in response to oxidative stress. This, in addition to an
increase in CSB’s occupancy at promoters, suggests CSB and CTCF may cooperate in regulating
transcription in response to oxidative stress, perhaps by mediating long-range chromatin interactions.
Analysis of CSB mutant constructs revealed CSB’s oxidative stress-induced chromatin association occurs
by a mechanism distinct from that of its interaction upon UV irradiation, where it is required for TC-NER, in
that it does not require CSB’s ATP hydrolysis activity and is mediated by it’s ATPase and C-terminal
domains. While the BER proteins OGG1 and APE1 did not impact CSB-chromatin association upon
oxidative stress, another DNA repair protein, poly(ADP-ribose) polymerase 1 (PARP1) significantly
enhances CSB’s interaction with chromatin in both a global and locus-specific manner. Together this work
suggests CSB, CTCF, and PARP1 cooperate in the relief of oxidative stress by regulating transcription and
facilitating DNA repair.
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ABSTRACT
MECHANISMS UNDERLYING OXIDATIVE STRESS-INDUCED CHROMATIN ASSOCIATION
OF COCKAYNE SYNDROME PROTEIN B (CSB)
Erica L. Boetefuer
Hua-Ying Fan, Ph.D.
Cockayne syndrome is a devastating premature aging disorder characterized by extreme
sun sensitivity and severe neurological and developmental defects. The majority of Cockayne
syndrome cases are due to mutations within the ATP-dependent chromatin remodeler Cockayne
syndrome protein B (CSB). CSB functions in transcription regulation and is required for
transcription-coupled nucleotide excision repair (TC-NER). Importantly, CSB is also critical for the
relief of oxidative stress. Studies suggest CSB may participate in the major repair pathway for
oxidative DNA damage repair, base excision repair (BER), yet direct evidence supporting this
hypothesis remains elusive and exactly how CSB functions in this process is unknown. CSB is
also suggested to function in the relief of oxidative stress by regulating transcription. We
demonstrated CSB’s interaction with chromatin is stabilized by oxidative stress and the goal of
this work is to understand the role of CSB in the relief of oxidative stress by characterizing the
mechanisms underlying CSB’s oxidative stress-induced chromatin interaction. Using chromatin
immunoprecipitation followed by deep sequencing (ChIP-seq) we characterized for the first time
CSB’s genome-wide occupancy following oxidative stress. This revealed CSB is enriched at the
binding motif for the CCCTC-binding factor (CTCF), and further analysis demonstrated CSB and
CTCF directly interact and regulate each other’s targeting to specific genomic loci in response to
oxidative stress. This, in addition to an increase in CSB’s occupancy at promoters, suggests CSB
and CTCF may cooperate in regulating transcription in response to oxidative stress, perhaps by
mediating long-range chromatin interactions. Analysis of CSB mutant constructs revealed CSB’s
oxidative stress-induced chromatin association occurs by a mechanism distinct from that of its
interaction upon UV irradiation, where it is required for TC-NER, in that it does not require CSB’s
ATP hydrolysis activity and is mediated by it’s ATPase and C-terminal domains. While the BER
v

proteins OGG1 and APE1 did not impact CSB-chromatin association upon oxidative stress,
another DNA repair protein, poly(ADP-ribose) polymerase 1 (PARP1) significantly enhances
CSB’s interaction with chromatin in both a global and locus-specific manner. Together this work
suggests CSB, CTCF, and PARP1 cooperate in the relief of oxidative stress by regulating
transcription and facilitating DNA repair.
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CHAPTER 1: INTRODUCTION
1.1. Cockayne Syndrome and Cockayne Syndrome Protein B (CSB)
1.1.1. Cockayne syndrome
Cockayne syndrome (CS) is a rare, autosomal recessive progeroid disorder
characterized by severe neurological and developmental defects as well as an extreme sensitivity
to sunlight (Nance & Berry, 1992). Children with Cockayne syndrome have an average lifespan of
only 12 years of age and display a prematurely aged appearance with characteristic facial
features, including sunken eyes (Figure 1) (Nance & Berry, 1992). A Cockayne syndrome
diagnosis is made based upon a failure to thrive, growth retardation, and short stature as well as
neurological abnormalities (Nance & Berry, 1992). Neurological deficiencies include delayed
psychomotor development, such as walking and speech impairment, intellectual disabilities, and
tremors as well as underlying widespread neuronal demyelination and brain abnormalities,
including calcifications, cerebral atrophy, and white matter abnormalities (Nance & Berry, 1992).
Other common features include cataracts, cavities, hearing loss, and gait abnormalities (Nance &
Berry, 1992). There are three sub-classes of Cockayne syndrome, types I, II, and III (Nance &
Berry, 1992). Cockayne syndrome type I is “classical” Cockayne syndrome where features of
Cockayne syndrome become apparent around one to two years of age. Cockayne syndrome type
II is a more severe form of the disease with abnormalities present at or soon after birth. Lastly,
Cockayne syndrome type III is a milder and late-onset form of the disease. While these
distinctions are made clinically, no underlying genetic or biochemical explanation for the
differences in disease severity has been defined (Nance & Berry, 1992).
1.1.2. Identification of genes responsible for Cockayne syndrome
The physician E. A. Cockayne, after whom Cockayne syndrome is named, first described
this disorder in 1936 (Cockayne, 1936) and the genes responsible for Cockayne syndrome have
1

since been identified. As patients demonstrated photosensitivity, fibroblasts from Cockayne
syndrome patients were tested and demonstrated an increased sensitivity to the killing effects of
UV irradiation (Lehmann, 1982) as well as a failure to recover RNA synthesis following UV
irradiation (Mayne & Lehmann, 1982). UV irradiation induces bulky DNA lesions, such as UVinduced cyclobutane pyrimidine dimers (CPD), (6,4)-photoproducts, and DNA crosslinks, which
are repaired by nucleotide excision repair (NER) and are known to block transcription machinery
(Giorno & Sauerbier, 1976). As cells from Cockayne syndrome patients are able to remove
pyrimidine dimers from bulk DNA, Mayne and Lehmann hypothesized Cockayne syndrome cells
had a defect in preferential repair of transcriptionally active DNA (Mayne & Lehmann, 1982). This
was found to be the case by Venema et al. (1990), who observed a defect in the repair of
transcriptionally active genes, demonstrating the genetic defect associated with Cockayne
syndrome was within a transcription-coupled nucleotide excision repair process (TC-NER)
(Venema, Mullenders et al., 1990).
Cell fusion assays identified at least two complementation groups which complemented
the Cockayne syndrome defect: complementation group A (CS-A) and complementation group B
(CS-B) (Lehmann, 1982; Tanaka et al., 1981). Troelstra et al. cloned the major gene responsible
for Cockayne syndrome in 1992 (Troelstra et al., 1992). This gene identified was termed excision
repair cross-complementing group 6 (ERCC6) for its ability to complement the UV sensitivity of
the UV-sensitive Chinese hamster ovary (CHO) mutant UV61 (Troelstra et al., 1992). ERCC6 is
located on chromosome 10q11.23 and encodes a 1,493 amino acid protein with a molecular
weight of 168 kDa (Troelstra et al., 1992). This protein was named Cockayne syndrome protein B
(CSB), and mutations within CSB/ERCC6 account for approximately 80% of all Cockayne
syndrome cases (Licht et al., 2003; Mallery et al., 1998). The remaining ~20% of Cockayne
syndrome cases are due to mutations within CSA/ERCC8, the gene encoding Cockayne
syndrome protein A (CSA) (see section 1.1.5. for more details).
An additional transcript was also described, which is created by alternative splicing of
CSB’s exon five to a transcript within intron five of CSB. The result of this alternative splicing
2

event is a fusion protein of CSB’s first five exons to the PiggyBac-like transposase, PGBD3 (CSBPGBD3) (Newman et al., 2008). This fusion protein is expressed to levels similar to that of CSB
and is also evolutionarily conserved as long as CSB, suggesting an advantageous function in
cells (Newman et al., 2008). Subsequent research conducted on this fusion protein suggests it
may function in the immune and antiviral response (Bailey et al., 2012).
1.1.3. Cockayne syndrome protein B is an ATP-dependent chromatin remodeler
CSB is divided into three domains: a highly conserved central ATPase domain, which
contains seven conserved helicase motifs, and the less well conserved N- and C-terminal
domains (Figure 2) (Troelstra et al., 1992). CSB was found to contain two putative nuclear
localization signals (NLS) as well as a stretch of acidic amino acids in its N-terminus and a
ubiquitin binding domain (UBD) in its C-terminus, both of unknown function (Figure 2) (Anindya et
al., 2010; Troelstra et al., 1992). Cockayne syndrome protein B (CSB) was subsequently
classified as a member of the SWI2/SNF2 family of ATP-dependent chromatin remodelers, which
is conserved from yeast to human (Flaus et al., 2006; Hopfner et al., 2012). While SWI2/SNF2
proteins are defined by their helicase motif-containing central ATPase domain, no helicase
activity has been observed for CSB or any SWI2/SNF2 protein (Pyle, 2008; Selby & Sancar,
1997b; Yusufzai & Kadonaga, 2008). ATP-dependent chromatin remodelers use the energy of
ATP hydrolysis to alter contacts between DNA and the histone proteins around which DNA is
wrapped (Clapier & Cairns, 2009; Eisen et al., 1995; Flaus et al., 2006). Nucleosomes are the
basic unit of chromatin structure, consisting of ~150 base pairs of DNA wrapped around a core
octamer of histone proteins. ATP-dependent nucleosome remodeling activity of SWI2/SNF2
proteins results in different changes to nucleosome structure pictured in Figure 3 (Clapier &
Cairns, 2009; Fan et al., 2004). These proteins play critical roles in a number of cellular
processes, including transcription, replication, recombination, and DNA repair. While no helicase
activity has been observed for CSB, CSB does have DNA- and nucleosome-stimulated ATPase
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activity and functions in altering nucleosome position (Cho et al., 2013; Citterio et al., 1998;
Citterio et al., 2000; Muftuoglu et al., 2006; Selby & Sancar, 1997b).
The N- and C-terminal domains of SWI2/SNF2 remodelers often contain domains
important for targeting these proteins to specific chromatin regions; however, these domains are
notably absent in CSB (Figure 2). Therefore, a major effort in the field, including the research
presented in this dissertation, has been to characterize the mechanisms underlying CSB’s
interactions with chromatin.

1.1.4. CSB Mutations
The types of mutations within CSB that have been reported in Cockayne syndrome
patients are missense mutations and deletion mutations, most of which occur in the ATPase
domain with few reported in the C-terminus, as well as stop codon or frame shift mutations, which
occur throughout the protein (Lake & Fan, 2013). Those that occur in the N-terminus frequently
result in a truncated, non-functional CSB protein. Mutations within the ATPase domain
differentially impair CSB’s ATPase activity (Lake et al., 2010). Importantly, the severity and
disease classification of Cockayne syndrome does not correlate with the mutation type (Licht et
al., 2003).
The photosensitivity seen in Cockayne syndrome patients is similar to that of a related
DNA repair disorder, Xeroderma pigmentosum (XP). In addition to sun sensitivity, patients with
Xeroderma pigmentosum suffer pigmentation abnormalities, a significant predisposition to skin
cancer, and, often, progressive neurological degeneration (Cleaver & Kraemer, 1989). Unlike
Xeroderma pigmentosum and other DNA repair disorders, cancer has never been reported in a
Cockayne syndrome patient (Nance & Berry, 1992). The genes responsible for Xeroderma
pigmentosum are required for general genome nucleotide excision repair, which removes bulky
DNA lesions from the genome as a whole (Bootsma & Hoeijmakers, 1994).

1.1.5. CSB’s role in transcription-coupled nucleotide excision repair
4

Transcription-coupled nucleotide excision repair (TC-NER) is a sub-class of nucleotide
excision repair specific to the actively transcribed strand of DNA (Svejstrup, 2002). CSB is the
first protein recruited to RNA polymerase II (RNA pol II) stalled at bulky DNA lesions (Fousteri et
al., 2006). CSB is required to recruit downstream repair factors, including core NER factors and
Cockayne syndrome protein A (CSA), which is part of a ubiquitin ligase complex (Fousteri et al.,
2006; Groisman et al., 2003). CSB’s ATPase activity is required for chromatin association
following UV irradiation (Lake et al., 2010) and CSB’s remodeling activity is required for
transcription to resume following repair (Brosh et al., 1999).
It is important to note that CSB’s role in UV DNA damage repair is likely not the major
factor underlying the pathology of Cockayne syndrome (Brooks, 2013). While this can account for
the photosensitivity of patients with Cockayne syndrome, it does not explain the severe
neurological and developmental defects and additional disease features of the disorder nor the
early aging phenotype. This is particularly evident in comparison to the related DNA repair
disorder described in section 1.1.4, Xeroderma pigmentosum. The UV sensitivity of Cockayne
syndrome patients is mild compared to patients with Xeroderma pigmentosum and, importantly,
Cockayne syndrome patients do not have an increased risk of cancer (Nance & Berry, 1992). It is
likely that CSB’s role in transcription regulation (discussed in section 1.1.6.) as well as alternate
DNA damage repair pathways, such as oxidative DNA damage repair (discussed in section 1.2),
contributes to the severity of the Cockayne syndrome phenotype.
1.1.6. CSB and transcription regulation
CSB has been hypothesized to play a role in transcription regulation and involvement of
CSB in this process came from several experimental findings. In 1997, purification of CSB from
whole cell extracts demonstrated that CSB is found in a large (>700 kDa) complex containing
RNA polymerase II (RNA pol II) (van Gool et al., 1997). Analysis of intact and permeabilized cells
demonstrated cells deficient in CSB display reduced transcription elongation (Balajee et al.,
1997). CSB was found to interact with RNA pol II in vitro and also as part of an elongation
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complex in vivo (Tantin et al., 1997). Importantly, CSB was demonstrated to directly stimulate
transcription elongation (Selby & Sancar, 1997a).
It wasn’t until recently that our group demonstrated for the first time that CSB is directly
involved in regulating transcription (Lake et al., 2014). We conducted CSB chromatin
immunoprecipitation followed by deep sequencing (ChIP-seq) and identified genomic loci bound
by CSB under replicative cell growth conditions (Lake et al., 2014). ChIP-seq analysis also
demonstrated CSB is enriched at promoters and enhancers, suggesting a function for CSB in
transcription initiation in addition to its previously described role in transcription elongation (Lake
et al., 2014; Selby & Sancar, 1997a; Tantin et al., 1997). We utilized reverse transcriptase qPCR
(RT-qPCR) and a CSB null cell line to analyze genes occupied by CSB and demonstrated that
CSB directly regulates the expression of nearby genes (Lake et al., 2014). We also examined the
function of CSB’s remodeling activity in this process. First, we demonstrated by MNase qPCR
that CSB can directly remodel nucleosomes at its binding sites, including those at which CSB was
shown to regulate transcription. We also utilized a remodeling deficient CSB mutant, CSBΔN1,
which is capable of ATP hydrolysis but unable to couple this with its nucleosome remodeling
activity (Cho et al., 2013). This demonstrated that CSB is capable of regulating transcription in
both nucleosome remodeling-dependent and –independent manners, suggesting CSB may alter
transcription by directly remodeling nucleosomes or, similar to its function in TC-NER, serve as a
recruitment factor to regulate transcription via factor binging (Lake et al., 2014).
Based on these findings it is likely that CSB’s role in transcription contributes to the
severe disease pathology of Cockayne syndrome. As we learn more about CSB’s role in
transcription regulation, findings support long-standing hypotheses that Cockayne syndrome is
not only a DNA repair disorder but also a transcription disorder (Bootsma & Hoeijmakers, 1994;
Brooks, 2013; Chalut et al., 1994; Friedberg et al., 1994).
Recent studies have also made progress in characterizing how CSB’s function in
transcription regulation may underlie some of the neurological phenotypes of Cockayne
syndrome (Ciaffardini et al., 2014; Y. Wang et al., 2014; Y. Wang et al., 2016). A connection
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between CSB and neuronal gene expression was described in 2014 by microarray analysis,
which demonstrated CSB-dependent regulation of more than 1,200 genes, including a significant
number of gene classes characterized as neuron-related (Y. Wang et al., 2014). Microarray
analysis was also performed in postmortem cerebella from Cockayne syndrome patients and
demonstrated 4,130 genes were differentially regulated by >1.5 fold, including genes related to
the nervous system (Y. Wang et al., 2014). CSB has also been implicated in neuronal
differentiation and neurite maintenance, which is hypothesized to occur through an active role of
CSB in transcription regulation of key neuronal genes (Ciaffardini et al., 2014; Y. Wang et al.,
2014). Understanding CSB’s contribution to neuronal gene regulation may provide a platform for
a therapeutic intervention targeting the neurological defects of Cockayne syndrome patients.
Recent studies have examined candidate genes for bypass of transcriptional regulation by
ectopic expression as clinically relevant therapeutic targets for the neural defects of Cockayne
syndrome (Y. Wang et al., 2016).
More information on CSB’s role in transcription regulation can be found in section 1.3.5.
Importantly, CSB also plays a role in regulating transcription in response to oxidative stress as
well as following UV irradiation. More details on CSB’s role in regulating transcription under these
conditions will be discussed in subsequent sections of this dissertation.

1.2. Cockayne Syndrome Protein B (CSB) and the Relief of Oxidative Stress
1.2.1. CSB is required for the relief of oxidative stress
In addition to its role in TC-NER, CSB is also required to relieve oxidative stress. Cells
deficient in CSB display increased sensitivity to oxidizing reagents, such as H2O2 and λ-irradiation
(de Waard et al., 2003; de Waard et al., 2004; Pascucci et al., 2012; Tuo et al., 2001). Recently,
our group also showed CSB is required to protect cells from oxidative stress by demonstrating
patient-derived CS1AN fibroblasts, which are devoid of any functional CSB, are more sensitive to
menadione treatment than cells reconstituted with wild type CSB (see section 2.5.1.) (Lake et al.,
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2016). CSB-deficient cells have also been shown to accumulate oxidative DNA damage,
including 8-oxoG bases, after λ-irradiation (Muftuoglu et al., 2009; Tuo et al., 2001). Andrade et
al. (2012) created induced pluoripotent stem cells (iPCSs) derived from Cockayne syndrome
patient fibroblasts and found these iPSCs had increased rates of cell death and, importantly,
higher levels of ROS (Andrade et al., 2012). Increased levels of intracellular ROS have also been
observed in CSB-deficient cells (Pascucci et al., 2012).
1.2.2. Base excision repair (BER)
Living organisms are constantly exposed to oxidative stress from exogenous
(environmental) insults as well as endogenous, intracellular metabolic processes. It is estimated
that every cell in the human body has to repair approximately ten to twenty thousand DNA lesions
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every day or approximately one modification per 10 -10 nucleotides (Lindahl, 1993). Reactive
oxygen species (ROS) can result in base lesions, abasic (AP) sites, and DNA strand breaks, and
DNA-protein crosslinks as well as other protein and lipid damage (Dizdaroglu, 1992). ROS are
constantly generated and cells must combat these damaging agents through direct interception of
oxidative species or indirectly through repair of oxidative damage (D'Errico et al., 2013). Oxidative
stress is the result of ROS overwhelming cellular defense systems.
Base excision repair (BER) is the major repair pathway for oxidatively damaged DNA,
which is mainly comprised of single DNA base changes (Lindahl, 1993). The most common
oxidative DNA lesion is 8-hydroxy-7,8-dihydroguanine (8-oxoG), which is thought to cause GàT
transversion mutations if left unrepaired (Krokan et al., 1997; Lindahl, 1993). Other common
types of oxidative base lesions include 8-hydroxy-7,8-dihydroadenine (8-oxoA), the
formamidopyrimidines 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua) and 4,6diamino-5-formamidopyrimidine (FapyAde), and 5,6-dihydroxy-5,6-dihydrothymine (thymine
glycol) (Cadet & Davies, 2017; G. L. Dianov et al., 2000; Muftuoglu et al., 2009). BER is also
utilized to remove uracil in DNA (G. Dianov et al., 1992).

8

The majority of BER occurs thorugh short patch BER, which involves removing and
replacing a single nucleotide (Figure 4) (G. Dianov et al., 1992; G. Dianov et al., 1998; G. L.
Dianov et al., 2000). BER is initiated by a lesion-specific DNA glycosylase, which removes the
damaged DNA base by cleaving the bond linking the DNA base to the sugar phosphate backbone
(Krokan et al., 1997; Lindahl, 1979; Lindahl, 1993). 8-oxoG glycosylase/apurininc lyase (OGG1)
is the glycosylase which catalyzes the removal of 8-oxoG (Klungland & Bjelland, 2007). Other
glycosylases include the uracil DNA glycosylase (UDG) (Lindahl, 1974; Lindahl, 1980) and the
endonuclease VIII-like (NEIL1) DNA glycosylase, which recognizes FapyGua and FapyAde
(Jaruga et al., 2004). Glycosylase removal of the damaged base results in an
apurinic/apyrimidinic (AP) or abasic site, which is recognized by apurinic/apyrimidinic
endonuclease 1 (APE1) (Wilson & Barsky, 2001). APE1 cleaves the 5’ phosphodiester bond,
generating a single strand break (SSB) or nick flanked by a 3’-hydroxyl and a 5’-deoxyribose
phosphate, which is removed by DNA polymerase β (polβ) by its AP lyase activity (Matsumoto &
Kim, 1995; Wilson & Barsky, 2001). It is at this point that BER converges with SSB repair. The
remaining nicked DNA serves as template for polβ to incorporate a new nucleotide and DNA
ligase III (lig3) to seal the nick (Kubota et al., 1996; Singhal & Wilson, 1993; Sobol et al., 1996; Y.
F. Wei et al., 1995). These two proteins are recruited to nicked DNA by interaction with X-ray
repair cross-complementing protein 1 (XRCC1) (Caldecott et al., 1994; Cappelli et al., 1997;
Kubota et al., 1996; Nash et al., 1997). XRCC1 is one of the first proteins recruited to the
resulting nicked DNA and has no enzymatic activity on its own, but instead acts as a scaffold
protein to coordinate BER (Kubota et al., 1996). SSBs are also the major substrate for PARP1,
which may facilitate recruitment of XRCC1/polβ/lig3 and has also been hypothesized to stabilize
the SSB to avoid degeneration to a DSB (for more information, see section 1.2.5.) (G. L. Dianov
& Hubscher, 2013).
An alternate pathway, long patch BER, is thought to occur when blocking ends are
present at the 5’ end of the AP site and cannot be processed by one of the five known endprocessing enzymes (G. L. Dianov & Hubscher, 2013; Frosina et al., 1996). This process is
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initiated following polβ incorporation of a nucleotide into the nick, but as it cannot be ligated due
to the blocked 5’ site, the pathway continues via a process similar to that of lagging strand DNA
replication (G. L. Dianov et al., 1999; Podlutsky et al., 2001). Polymerase δ is recruited and
synthesizes a strand of two to twelve nucleotides in the presence of proliferating cell nuclear
antigen (PCNA) and replication factor C (RPC) (Matsumoto et al., 1994). The resulting nucleotide
flap is cut off by flap endonuclease I (FEN1) and the nick is sealed by DNA ligase I (Klungland &
Lindahl, 1997).
Deficiencies and reduced capacity for BER results in genome instability and has been
implicated in a variety of human diseases, including cancer, neurodegeneration, and aging
(Bartkova et al., 2005; Kipling & Faragher, 1997; Lombard et al., 2005). It is thought that defects
in oxidative DNA damage repair may contribute to the Cockayne syndrome phenotype (G. L.
Dianov et al., 1997; Hanawalt, 1994). Though many groups hypothesize CSB plays a role in BER
of oxidative DNA damage, direct evidence supporting these hypotheses are limited. Furthermore,
the exact function of CSB in this pathway is unclear. The goal of the work presented in this
dissertation is to characterize CSB’s role in the relief of oxidative stress by understanding how
CSB is targeted to chromatin in response to oxidative stress.
1.2.3. CSB null cell extracts display reduced in vitro incision of oxidized DNA
Evidence for CSB in BER has been provided by several groups, which report deficient
repair of oxidative DNA lesions in vitro (G. Dianov et al., 1999; Tuo et al., 2001; Tuo, Jaruga et
al., 2002; Tuo et al., 2003). These experiments utilize end-labeled synthetic DNA oligonucleotides
consisting of a single damaged base modification in a defined location. Whole cell extracts are
incubated with the oligonucleotides and products are run out on gel. The ability of the extracts to
excise the modified base lesion coordinates with the amount of cleaved product present in the
reaction, which is visible by smaller DNA fragments present further down the gel. Dianov et al.
(1999) analyzed whole cell extracts from the patient-derived CSB null cell line, CS1AN, and found
incision of 8-oxoG was ~40-50% lower in CSB null cells than in normal lymphoblast cells (G.
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Dianov et al., 1999). Importantly, incision activity is increased significantly, by ~60%, when
comparing CSB null CS1AN cells to CS1AN cells stably reconstituted with wild type CSB (G.
Dianov et al., 1999). Reduced incision activity was also observed for two additional primary
fibroblast lines derived from Cockayne syndrome patients compared to normal human fibroblasts
(G. Dianov et al., 1999). Interestingly, analysis of whole cell extracts derived from fibroblasts of a
family demonstrated ~50% incision activity of a Cockayne syndrome patient compared with a
normal sibling and an intermediate phenotype in the parents, predicted to be heterozygous for the
CSB allele (G. Dianov et al., 1999). This group did not observe a difference in the incision of
uracil or thymine glycol in comparing CSB null CS1AN cells to those reconstituted with wild type
CSB (G. Dianov et al., 1999). Interestingly, this group also reported transfection of CS1AN cells
with wild type CSB resulted in a 50% increase in OGG1 mRNA as demonstrated by northern blot
analysis, suggesting CSB may control OGG1 expression (G. Dianov et al., 1999). This was
shown again in 2002 by RT-qPCR and also demonstrated reduced OGG1 mRNA in the presence
of CSB

Q942E

, a helicase motif VI mutant (Tuo, Chen et al., 2002).

Tuo et al. (2001) also observed reduced incision of 8-oxoG in CSB-deficient CS1AN cells
compared to CSB

WT

(Tuo et al., 2001). Analysis of several site-directed mutations within CSB’s

ATPase domain resulted in reduced incision activity, suggesting a role for CSB’s ATP hydrolysis
activity in this process (Tuo et al., 2001). However, not all mutations within the ATPase domain
affect incision activity, suggesting not all helicase motifs are required and that the effect depends
on the type of mutation (Selzer et al., 2002; Tuo et al., 2001). Subsequent studies found whole
cell extracts from CSB null cells or from cells containing ATPase domain mutations also
demonstrate reduced incision of 8-oxoA, demonstrating CSB contributes to the repair of 8-oxoA
as well (Tuo et al., 2002). This has also been demonstrated for fibroblasts from several Cockayne
syndrome patient-derived fibroblasts cell lines (Tuo et al., 2003).
As these experiments were all conducted in vitro they may not accurately reflect the
process as it occurs in cells. Furthermore, CSB is not hypothesized to perform the excision steps
reflected in these experiments, and, therefore, exactly how CSB contributes to the results
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demonstrated above is unclear. It is also important to note that the above findings are primarily
produced from one group and despite convincing evidence that CSB is involved in repair of 8oxoG and 8-oxoA, not all groups have found this to be true. For example, Osterod et al. (2002)
did not see any effect of CSB on the incision of 8-oxoG (Osterod et al., 2002).

1.2.4. CSB interacts with several base excision repair proteins
Another line of evidence supporting the hypothesis that CSB plays a role in base excision
repair (BER) is that CSB has been shown to interact with or be in complex with several BER
proteins. CSB is found in complex with the DNA glycosylase OGG1 and these two proteins
colocalize in cells following λ-irridiation (Tuo et al., 2002). CSB directly interacts with the DNA
glycosylase NEIL1 in vivo (Muftuoglu et al., 2009). CSB and NEIL1 also colocalize in cells, and
CSB has been shown to stimulate NEIL1 incision of FapyGua and FapyAde (Muftuoglu et al.,
2009). CSB directly interacts with the AP endonuclease, APE1, in vitro, and immunoprecipitation
experiments demonstrated CSB and APE1 are found in complex in cells (Wong et al., 2007).
Furthermore, CSB stimulates the enzymatic activity of APE1, supporting a biological function of
this interaction (Wong et al., 2007). Lastly, CSB interacts with PARP1, which is discussed in
section 1.2.5. (Thorslund et al., 2005).
1.2.5. CSB and poly(ADP-ribose) polymerase 1
Poly(ADP-ribose) polymerase 1 (PARP1) is known as a “molecular nick sensor” (de
Murcia & Menissier de Murcia, 1994). PARP1 is activated by single strand and double strand
DNA breaks and uses the substrate nicotinamide adenine dinucleotide (NAD+) to catalyze the
addition of ADP-ribose polymers to protein targets, including itself (Althaus et al., 1999; de Murcia
& Menissier de Murcia, 1994). PARP1 consists of a zinc-finger domain containing an N-terminal
DNA binding domain (DBD), a central automodification domain, and a C-terminal catalytic domain
(Bork et al., 1997; D'Amours et al., 1999; Kraus & Lis, 2003). PARP1’s major role is in single
strand break (SSB) repair. PARP1 rapidly detects and binds SSBs, resulting in addition of
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poly(ADP)-ribose (PAR) polymers to PARP1 itself as well as other proteins (Satoh & Lindahl,
1992). PARP1 and PARylation increase the rate of SSB repair and, indeed, PARP1 is required
for detection and repair of SSBs (Caldecott, 2008; Fisher et al., 2007). PARP1 then functions to
recruit the scaffold protein XRCC1 and its interacting partners, and PARP1 may also promote the
stability of repair factors at the break. (Caldecott, 2008; El-Khamisy et al., 2003; Hanzlikova et al.,
2017). PARP1 also functions in double strand break (DSB) repair and plays a role in nucleotide
excision repair via recruitment of repair and chromatin remodeling proteins, opening chromatin
and allowing efficient repair (Ray Chaudhuri & Nussenzweig, 2017). In addition to DNA damage
repair, PARP1 plays a role in transcription regulation (Kraus & Lis, 2003).
As mentioned above, PARP1 is hypothesized to participate in BER. An intermediate in
BER is a single strand nick or single strand break, the major substrate for PARP1 and the point at
which BER converges with single strand break repair (Althaus et al., 1999). Similar to its role in in
single strand break repair, PARP1 may function to recruit downstream repair factors (I. Ahel et
al., 2008; Pleschke et al., 2000). It has been shown that PARP1 interacts with XRCC1 and also
that PARP1 is required for XRCC1 foci formation following treatment of cells with H2O2 (ElKhamisy et al., 2003; Hanzlikova et al., 2017). PARP1 may also serve to protect the BER nick
intermediate from further degeneration into a double strand break (Parsons et al., 2005; Satoh &
Lindahl, 1992; Woodhouse et al., 2008). Determining the role of PARP1 in BER has not been
straightforward. While some groups report PARP1 enhances the efficiency of BER, other groups
have reported PARP1 does not affect BER efficiency or even that the presence of PARP1 may
decrease BER kinetics (Allinson et al., 2003; Dantzer et al., 1999; Dantzer et al., 2000; Orta et al.,
2014; Reynolds et al., 2015; Strom et al., 2011). Furthermore, groups have reported cells
deficient in PARP1 display variable sensitivity to base lesion-inducing agents (Dantzer et al.,
1999; de Murcia & Menissier de Murcia, 1994; Pachkowski et al., 2009; Vodenicharov et al.,
2000; Z. Q. Wang et al., 1997).
In 2005, CSB was demonstrated to directly interact with PARP1 both in vitro and in vivo
(Thorslund et al., 2005). This interaction is reportedly mediated through CSB’s N-terminus in vitro,
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however whether additional factors mediate the in vivo interaction is unclear (Thorslund et al.,
2005). CSB can also interact with poly(ADP-ribosyl)ated PARP1 in vitro and in vivo and this
occurs in the presence or absence of oxidative stress as shown by treatment with H2O2
(Thorslund et al., 2005). Interestingly, CSB can be poly(ADP-ribosyl)ated by PARP1, however the
extent of PARylation is limited as it did not cause a shift in CSB’s molecular weight by western
blotting (Thorslund et al., 2005). In cells, CSB has been shown to colocalize with PARP1 and
PAR following treatment with H2O2 (Thorslund et al., 2005). This group also reported poly(ADPribosyl)ation of CSB resulted in a reduction of CSB’s ATPase activity in vitro (Thorslund et al.,
2005). Finally, supporting the idea that CSB and PARP1 cooperate in cells, cells deficient in CSB
are sensitive to PARP inhibition (Thorslund et al., 2005).
In 2014, Scheibye-Knudsen et al. (2014) sought to examine how CSB and PARP1
regulate each other’s activity in response to oxidative DNA damage. CSB is able to displace
proteins from DNA (Berquist & Wilson, 2009); therefore, electrophoretic mobility shift (EMSA) was
performed to determine whether CSB could impact PARP1-DNA binding. Indeed, incubation of
PARP1-DNA with increasing concentrations of CSB altered PARP1’s binding pattern, indicating
CSB can displace PARP1 from DNA (Scheibye-Knudsen et al., 2014). Inhibition or absence of
PARP1 resulted in reduced retention of CSB at locally induced oxidative DNA damage (ScheibyeKnudsen et al., 2014). CSB was also found to bind poly(ADP-ribose) (PAR) and mutation of two
PAR binding motifs in CSB’s N-terminus resulted in loss of CSB retention at the damage
(Scheibye-Knudsen et al., 2014). This work lead researchers to hypothesize CSB is retained at
DNA damage via PAR binding and serves to remove PARylated PARP1 from DNA to facilitate
downstream repair, providing further evidence and a potential mechanism for CSB’s role in
oxidative DNA damage repair (Scheibye-Knudsen et al., 2014).
1.2.6. CSB accumulates at sites of locally induced oxidative DNA damage in vivo
A key experimental technique that has been heavily utilized by researchers in recent
years is inducing local oxidative DNA damage using a photosensitizer. Photosensitizers are
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added directly to cells and DNA damage is inflicted by activating the photosensitizer using lasers.
Different photosensitizers and laser settings can be used to induce different types of DNA
damage. Menoni et al. (2012) demonstrated the effectiveness of this method using the
photosensitizer Ro 19-8022. They confirmed the specificity and effectiveness of this technique by
showing 8-oxoG accumulates at the site of laser-induced oxidative DNA damage, while the bulky
NER substrates, 6,4-photoproducts and CPDs are not present, (Menoni et al., 2012). Using this
technique, Menoni et al. (2012) demonstrated accumulation of CSB at sites of locally induced
oxidative DNA damage in vivo and colocalization with 8-oxoG, supporting a role of CSB in repair
of this lesion (Menoni et al., 2012). While OGG1 recruitment to sites of laser-induced 8-oxoG
occurred faster than CSB, OGG1 siRNA knockdown did not affect CSB recruitment to the local
oxidative DNA damage (Menoni et al., 2012).
1.2.7. Is CSB’s role in the relief of oxidative stress dependent upon active transcription?
Whether CSB’s role in oxidative DNA damage repair is transcription dependent is a
question that had been debated for many years. Using the laser-induced local oxidative DNA
damage paradigm described above, Menoni et al. (2012) treated cells with Actinomycin D, a RNA
pol I/II inhibitor and demonstrated CSB is still recruited to local 8-oxoG, however transcription
inhibition significantly reduced the immobilized fraction of CSB (Menoni et al., 2012). Iyama and
Wilson (2016) also compared CSB’s response to oxidative DNA damage following treatment with
the RNA pol II inhibitor, α-amanitin. This demonstrated CSB’s recruitment to oxidative DNA
damage was not affected by RNA pol II inhibition; however, retention of CSB at the damage and
the total accumulation was slightly lessened (Iyama & Wilson, 2016). Together this work suggests
a fraction of CSB may be engaged in a transcription-dependent process in response to oxidative
DNA damage.
1.3. Mechanistic Insights into the Regulation of Transcription and Transcription-Coupled
DNA Repair by Cockayne Syndrome Protein B
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1.3.1. Preface
The manuscript presented in this chapter was accepted for publication Nucleic Acids
Research on 06 July 2018. It has been reformatted here in accordance with the University of
Pennsylvania dissertation formatting guidelines.
1.3.2. Abstract
Cockayne syndrome protein B (CSB) is a member of the SNF2/SWI2 ATPase family and
is essential for transcription-coupled nucleotide excision DNA repair (TC-NER). CSB also plays
critical roles in transcription regulation. CSB can hydrolyze ATP in a DNA-dependent manner,
alter protein-DNA contacts and anneal DNA strands. How the different biochemical activities of
CSB are utilized in these cellular processes have only begun to become clear in recent years.
Mutations in the gene encoding CSB account for majority of the Cockayne syndrome cases,
which result in extreme sun sensitivity, premature aging features and/or abnormalities in
neurology and development. Here, we summarize and integrate recent biochemical, structural,
single-molecule and somatic cell genetic studies that have advanced our understanding of CSB.
First, we review studies on the mechanisms that regulate the different biochemical activities of
CSB. Next, we summarize how CSB is targeted to regulate transcription under different growth
conditions. We then discuss recent advances in our understanding of how CSB regulates
transcription mechanistically. Lastly, we summarize the various roles that CSB plays in the
different steps of TC-NER, integrating the results of different studies and proposing a model as to
how CSB facilitates TC-NER.
1.3.3. Introduction
Cockayne syndrome protein B (CSB) was identified as an essential component of the
transcription-coupled branch of nucleotide excision repair (TC-NER), a process that preferentially
removes transcription-blocking DNA lesions (Bohr et al., 1985; Hanawalt & Spivak, 2008; Mayne
& Lehmann, 1982; Mellon et al., 1987; Troelstra et al., 1990; Troelstra et al., 1992; Venema, van
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Hoffen et al., 1990). Without CSB, there is no preferential repair of lesions on the transcribed
DNA strand. Mutations in the gene encoding the CSB protein account for the majority of
Cockayne syndrome cases, a devastating premature aging disorder characterized by
developmental and neurological defects as well as severe sun sensitivity (Cockayne, 1936;
Karikkineth et al., 2017; Nance & Berry, 1992). Previous work demonstrated that CSB is the first
protein recruited to RNA polymerase II (RNA pol II) stalled at bulky DNA lesions, where it is
required to initiate TC-NER and recruit downstream repair factors (Fousteri et al., 2006; van den
Boom et al., 2004). How CSB mediates downstream repair factor recruitment and how CSB’s
chromatin remodeling activity facilitates efficient repair and allows transcription to resume postrepair was unknown. Recent studies have provided mechanistic insights into how CSB and its
biochemical activities may facilitate TC-NER (Cho et al., 2013; Xu et al., 2017).
CSB is found in a complex containing RNA pol II, and in vitro reconstitution assays as
well as transcription profiling analyses suggest that CSB also plays a role in general transcription
regulation (Balajee et al., 1997; Newman et al., 2006; Selby & Sancar, 1997a; Tantin et al., 1997;
van Gool et al., 1997). It was not until recently that direct evidence revealed CSB regulates
transcription as an ATP-dependent chromatin remodeler (Lake et al., 2014). Additional studies
suggest that CSB’s function in transcription regulation may underlie some of the neurological
phenotypes of Cockayne syndrome (Ciaffardini et al., 2014; Y. Wang et al., 2014; Y. Wang et al.,
2016).
CSB is also required for the relief of oxidative stress, and cells deficient in CSB are
sensitive to oxidizing agents, accumulate more oxidative DNA damage than CSB expressing
cells, and display increased levels of intracellular reactive oxygen species (ROS) (Lake et al.,
2016; Muftuoglu et al., 2009; Pascucci et al., 2012; Tuo et al., 2001). Evidence for CSB in base
excision repair (BER), the major repair pathway for oxidative DNA damage, has been provided by
a number of groups, which report deficient repair of oxidative DNA lesions in vitro (G. Dianov et
al., 1999; Tuo et al., 2001; Tuo et al., 2002; Tuo et al., 2003). Moreover, CSB has been shown to
interact with several proteins involved in BER (Muftuoglu et al., 2009; Tuo et al., 2002; Wong et
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al., 2007) and accumulates at sites of oxidative DNA damage (Menoni et al., 2012). However,
exactly how CSB participates in BER is unknown. It is important to note that oxidative DNA
damage caused by exogenous or endogenous mechanism can also generate substrates that
could potentially be repaired by TC-NER (Enoiu et al., 2012; Furuta et al., 2002; Iyama et al.,
2015). Indeed, when considering the etiology of Cockayne syndrome, the repair of damaged DNA
resulting from mechanisms other than UV irradiation may be more relevant, as CS patients
exhibit numerous complications that cannot be attributed to sun exposure (Nance & Berry, 1992).
Here we summarize recent findings on how CSB’s biochemical activities are regulated
and discuss how CSB may use these different activities to accomplish its biological functions in
transcription regulation and TC-NER. The importance of understanding how CSB functions within
cells is highlighted by the severity of Cockayne syndrome phenotypes. Ultimately, the results of
these studies may lead to therapeutic interventions for Cockayne syndrome patients.

1.3.4. Regulation of CSB’s biochemical activity
CSB belongs to the SNF2/SWI2 family of ATP-dependent chromatin remodelers, and
these proteins use ATP as energy to alter DNA-histone and/or DNA-protein contacts (Eisen et al.,
1995; Flaus et al., 2006; Lake & Fan, 2013). CSB has demonstrated DNA- and nucleosomestimulated ATP hydrolysis activities as well as DNA strand annealing and exchange activities
(Citterio et al., 1998; Muftuoglu et al., 2006; Selby & Sancar, 1997b). Importantly, CSB has been
shown to alter nucleosome structure in an ATP-dependent manner (Cho et al., 2013; Citterio et
al., 2000). Here, we will review the recent advances in our understanding of the regulation of
ATP-dependent chromatin remodeling by CSB.
1.3.4.1. The N-terminal region of CSB couples ATP hydrolysis to chromatin remodeling
Using quantitative restriction enzyme accessibility assays, Cho et al. (2013) found that
CSB exposes nucleosomal DNA in an ATP-dependent manner but does so with a maximal rate
ten-times slower than that of the human remodeling complex ACF (Cho et al., 2013). Deletion of
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the first 454 amino acids abolishes CSB’s remodeling activity despite the fact that CSB

Δ1-454

(CSBΔN) maintains its DNA- and nucleosome-stimulated ATP hydrolysis activity (Figure 5) (Cho
et al., 2013). Further deletion analysis of the N-terminal region demonstrated that amino acids
245-365 are critical to couple ATP hydrolysis to chromatin remodeling, as CSB

Δ245-365

(CSBΔN1)

is devoid of any ATP-dependent chromatin remodeling activity, although it still is a robust DNAand nucleosome-stimulated ATPase (Figure 5) (Cho et al., 2013). This region, termed the N1
region, is rich in basic amino acids without any recognizable motifs.

1.3.4.2. NAP1-like histone chaperones interact with CSB and potentiate the ATP-dependent
chromatin remodeling activity of CSB
To understand how CSB’s remodeling activity is regulated, Cho et al. (2013) identified the
NAP1-like histone chaperones, NAP1L1 and NAP1L4, as new CSB binding proteins (Cho et al.,
2013). These two proteins bind to CSB both in vitro and in cells, and the N1 region of CSB is
critical for this interaction (Cho et al., 2013). Of great interest, NAP1L1 and NAP1L4 substantially
increase CSB’s remodeling activity to a maximal site-exposure rate constant similar to that of
ACF (Cho et al., 2013). Somatic cell genetics further demonstrated that chromatin remodeling by
CSB and NAP1L4 is critical for the completion of TC-NER. It was shown that CSBΔN1 fails to
completely rescue the UV sensitivity of CSB functional null cells; however, overexpressing
NAP1L4 in the presence of CSBΔN1 fully complements the UV sensitivity (Cho et al., 2013).
Interestingly, down-regulation of NAP1L2, the brain specific isoform of the NAP1-like proteins, is
associated with neurodegenerative diseases, suggesting a biological significance to the CSBNAP1L interactions in relation to Cockayne syndrome (M. D. Li et al., 2014).

1.3.4.3. DNA interaction and nucleosome remodeling by CSB and NAP1-like proteins –
insights from single molecule studies
How do NAP1-like histone chaperones facilitate nucleosome remodeling by CSB? Lee et
al. (2017) studied how CSB/NAP1L1 interact with DNA and remodel nucleosomes using single19

molecule approaches, including protein induced fluorescence enhancement (PIFE) and
fluorescence resonance energy transfer (FRET) (J. Y. Lee et al., 2017). PIFE assays utilize a
fluorophore attached to the DNA as a reporter of a protein binding on the DNA, and the intensity
of a fluorophore is enhanced upon binding of a protein in the vicinity of the fluorophore (Hwang &
Myong, 2014). FRET is based on the excitation of a donor fluorophore and its concomitant energy
transfer to a neighboring acceptor fluorophore, and the efficiency of this transfer is converted to
an approximate distance between the two dyes.
Lee et al. (2017) found that CSB interacts with DNA in two principle ways: a rapid simple
binding as revealed by PIFE and occasional gross DNA distortion detected by FRET (J. Y. Lee et
al., 2017). PIFE results indicated that CSB binds DNA at internal sites and ends without
preference, in the presence or absence of ATP. In contrast to the rapid, simple DNA binding, ATP
hydrolysis by CSB reduced the propensity of CSB to distort DNA. The latter result is similar to
Beerens et al. (2005), in which scanning force microscopy (SFM) demonstrated that a shortening
of contour length of a singly-nicked, circular DNA occurred upon CSB binding (Beerens et al.,
2005). The shortening of contour length presumably resulted from the wrapping of DNA on CSB.
Similar to the gross changes observed by FRET, ATP hydrolysis by CSB reduced the frequency
of this DNA wrapping event. However, the shortening of DNA contour length upon CSB binding
observed by SFM was dependent on ATP binding, while the gross changes in DNA conformation
detected by FRET is independent of ATP binding (Beerens et al., 2005; J. Y. Lee et al., 2017).
Whether the difference between these two studies is due to the nature of the DNA used or if
these are the same events remains to be determined.
Incubating CSB with NAP1L1 first, before mixing with DNA, induced rare and brief PIFE
and no FRET events (J. Y. Lee et al., 2017). Furthermore, PIFE events generated by premixing
CSB with NAP1L1 contained well-defined borders in the fluorescence traces (with better defined
DNA bound vs. unbound states), in strong contrast to CSB alone, indicating NAP1L1 decreases
CSB’s interaction with naked DNA. NAP1L1 on its own did not generate PIFE or FRET. Direct
visualization of CSB-DNA interactions, by incubating Cy3-labeled CSB with immobilized DNA,
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revealed increasing Cy3 signals on DNA over time, indicating that multiple CSB molecules bind to
a single DNA fragment. Similar to the PIFE results, inclusion of NAP1L1 reduced the number of
CSB-DNA interactions, resulting in well-defined DNA bound vs. unbound states (J. Y. Lee et al.,
2017). Together, these results suggest that CSB may multimerize on DNA and that NAP1L1
decreases this tendency (J. Y. Lee et al., 2017).
FRET was also used to monitor remodeling events in real time using mononucleosomes
labeled on both DNA and histone H2A (J. Y. Lee et al., 2017). CSB alone or CSB and NAP1L1
were incubated with immobilized mononucleosomes, and remodeling was initiated by adding
ATP. Like the human ACF remodeling complex, nucleosome remodeling by CSB or by CSB plus
NAP1L1 contains three distinct phases: activation, translocation, and pausing, with the activation
step being rate limiting (Blosser et al., 2009; J. Y. Lee et al., 2017). Interestingly, the translocation
steps induced by CSB and ACF both have a rate of about two base pairs per second. The major
difference is that CSB has higher tendency to pause between two translocation events. Preincubating CSB with NAP1L1 increases the activation rate of CSB and decreases the number of
pausing events during remodeling. Moreover, the distribution of FRET values created by CSB
when NAP1L1 is present is narrower than with CSB alone, consistent with results from bulk
experiments revealing that CSB creates more homogenous remodeled products when in complex
with NAP1L1 (Cho et al., 2013; J. Y. Lee et al., 2017).
1.3.4.4. Similarities and differences between CSB and the S. pombe yeast homolog Rhp26
While the ATPase domains of CSB and its S. pombe homolog, Rhp26, are highly
conserved, the flanking N- and C-terminal regions, which are suggested to regulate CSB’s
enzymatic activity, are shorter and less conserved in Rhp26 (Figure 5) (S. Li, 2015). In contrast to
CSB, Rhp26 on its own has little remodeling activity (L. Wang et al., 2014). The N-terminal
regions of each protein also function as auto-repressive modules for ATPase activity(L. Wang et
al., 2014). However, the N-terminal region of CSB (amino acids 1-454) is also essential for the
recognition of UV-induced DNA lesion-stalled transcription as well as ATP-dependent chromatin
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remodeling activity (Cho et al., 2013). Wang et al. (2014) identified a conserved “leucine latch”
motif in the N-terminus of Rhp26, and this short helix serves to lock Rhp26 in an inactive state
(Figure 5) (L. Wang et al., 2014). It would be of interest to determine if ATP hydrolysis by Rhp26
unlocks this inactive state, similar to its human homolog CSB (Lake et al., 2010). Notably, while
the N-terminal region of Rhp26 negatively regulates the remodeling activity of Rhp26, this region
is dispensable for Rhp26 function in protecting cells from UV-irradiation, as Rhp26ΔN fully
complements the UV sensitivity of ΔRhp26, in contrast to its human homolog CSB (Cho et al.,
2013; L. Wang et al., 2014). These observations suggest that the highly regulated CSB-chromatin
interaction mechanism that is used in mammals is dispensable in S. pombe.
The C-terminal regions of both CSB and Rhp26 function as positive regulatory regions,
regardless of the detailed mechanism (Figure 5) (Lake et al., 2010; L. Wang et al., 2014). Like
CSB, the C-terminal region positively regulates Rhp26’s ATPase activity, as Rhp26ΔC resulted in
decreased ATPase activity (L. Wang et al., 2014). However, CSB contains a ubiquitin-binding
domain (UBD) in its C-terminal region, which is absent in its yeast homologs (Figure 5). This
domain is suggested to be critical for CSB function in TC-NER as well as transcription (Anindya et
al., 2010; Epanchintsev et al., 2017) and likely specific to CSB’s role in multicellular organism
development.
1.3.5. CSB in transcription regulation
Initial involvement of CSB in transcription regulation came from several lines of evidence.
Assays using intact and permeabilized cells revealed that transcription elongation is reduced in
CSB cells and that this defect can be complemented by extracts from normal cells (Balajee et al.,
1997). This study supported the hypothesis that Cockayne syndrome may in fact be a
transcription syndrome in addition to a repair syndrome, and differences in the extent of gene
expression defects might account for differences in the severity of Cockayne syndrome (Bootsma
& Hoeijmakers, 1994; Chalut et al., 1994; Friedberg et al., 1994).
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A role for CSB in transcription was further supported by in vitro reconstitution assays with
purified components, which revealed that CSB can interact with RNA pol II in isolation and as part
of an elongation complex, and that CSB can directly stimulate transcription elongation rates(Selby
& Sancar, 1997a; Tantin et al., 1997). Biochemical purification of CSB from whole cell extracts
ultimately demonstrated that CSB is indeed part of a large complex (>700 kDa) that contains
RNA pol II (van Gool et al., 1997).
1.3.5.1. CSB in transcription regulation during replicative cell growth
Transcription profiling studies supported the notion that CSB participates in transcription
regulation during normal cell growth and further revealed that this function of CSB is unlikely
general but rather gene-specific (Kyng et al., 2003; Newman et al., 2006). These expression
studies implicated CSB in the regulation of genes involved in chromatin structure maintenance
and remodeling as well as a variety of metabolic processes. Together, these findings supported
the hypothesis that CSB’s role in regulating transcription may play a more significant role in the
pathology of Cockayne syndrome than previously appreciated.
Deep sequencing of anti-CSB chromatin immunoprecipitated (ChIP-seq) DNA produced
the first genome-wide map of CSB occupancy sites in cells during replicative growth (Lake et al.,
2014). This study revealed that CSB is significantly enriched at promoters and enhancers,
suggesting that CSB may function in transcription initiation, in addition to its previously
demonstrated role in transcription elongation (Tantin et al., 1997; van Gool et al., 1997). Motif
analysis of CSB-occupied sites revealed that CSB is enriched at sites containing the 12-Otetradecanoylphorbol-13-acetate (TPA) response element (TRE), which contains the binding motif
for activator protein 1 (AP-1). AP-1 is a family of bZIP transcription factors, which include Jun and
Fos family members, and these proteins play critical roles in responding to environmental stimuli.
CSB was shown to interact with c-Jun and this interaction was found to be critical for CSB
recruitment to TRE-containing sites. Side-by side comparisons of wild-type CSB and a chromatin
remodeling-deficient CSB derivative (CSB∆N1, Figure 5) revealed that CSB regulates
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nucleosome positioning around its binding sites and alters the expression of nearby genes(Lake
et al., 2014). Therefore, this study provided the first direct evidence for a function of CSB in
regulating transcription through its ATP-dependent chromatin remodeling activity (Figure 6).
Nonetheless, not all genes near CSB-occupancy sites were dependent upon CSB’s remodeling
activity, although gene expression was clearly impacted by CSB loss (Figure 6). Taken together,
these observations demonstrate that CSB has both chromatin remodeling-dependent and –
independent functions in transcription regulation (Lake et al., 2014). The remodeling independent
function suggests that CSB may act as a scaffold to recruit transcriptional regulators (blue, Figure
6), similar to that of its function of recruiting repair factors in TC-NER (Cho et al., 2013).
Combining tandem affinity purification (TAP) with mass spectrometry, Nicolai et al. (2015)
identified 33 novel CSB interacting partners. These proteins include the SWI/SNF-related
SMARCA family of proteins, the transcriptional activator MTA2, and the transcriptional repressors
HDAC1 and GATA2A/B (Nicolai et al., 2015). Therefore, CSB may coordinate its own activity with
other remodelers, histone modifying enzymes and transcription factors to regulate chromatin
structure for transcriptional regulation.
1.3.5.2. CSB in transcription regulation during oxidative stress
NOTE: The work described in this section is described in full in Chapter 2 (Lake et al., 2016).

CSB has also been suggested to play a role in transcription regulation in response to
oxidative stress (Kyng et al., 2003). Kyng et al. (2003) conducted microarray analysis following
H2O2 treatment in CSB-null or CSB ATPase mutant cell lines and, compared to wild type, found
expression changes in 122 out of 6912 genes examined, including genes important for the stress
response, transcription, translation, signal transduction, and the cell cycle (Kyng et al., 2003).
Lake et al. (2016) examined CSB occupancy at a genome-wide level after treatment with
menadione, which induces oxidative stress (Lake et al., 2016). It was found that CSB occupancy
was altered, with a significant increase at promoters from 2% in unstressed cells to 11% in cells
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experiencing oxidative stress, suggesting that CSB may regulate transcription initiation to mount
a response to oxidative stress.
Motif analysis revealed that sites bound by CSB during oxidative stress are enriched for
TREs, as in non-stressed cells, and that the percentage of CSB-bound TREs did not change
(Figure 6) (Lake et al., 2016). However, binding motifs for the transcriptional regulator CCCTCbinding factor (CTCF) were substantially enriched upon oxidative stress, with an increase from
1% in non-stressed cells to 11% in oxidatively stressed cells. CTCF is involved in transcription
regulation and is a key player in regulating long-range chromatin interactions (B. K. Lee & Iyer,
2012; Ong & Corces, 2014). In vitro protein-interaction studies using purified proteins revealed
that CSB and CTCF directly interact. Additionally, it was found that this interaction is enhanced in
cells by oxidative stress (Lake et al., 2016). Using CTCF knockdown, it was found that the CTCF
protein is needed to recruit CSB to sites containing the CTCF binding motif upon oxidative stress.
Intriguingly, this was also found to be true for other stress-induced CSB occupied loci that do not
contain the CTCF binding motif, suggesting that CTCF may also recruit CSB to sites that are near
a CTCF binding motif, in addition to sites containing the CTCF motif. Reciprocally, CSB was
found to increase CTCF-DNA interaction, both in vitro and in cells. Together, these results
support the hypothesis that CSB may work with CTCF to organize 3-dimensional chromatin
structure to efficiently regulate a transcriptional response to oxidative stress (Figure 6) (Lake et
al., 2016). How CSB’s enzymatic and protein-recruitment activities contribute to this process
remains to be determined.
Given that CSB is proposed to function in oxidative DNA damage repair, it is also
possible that the interaction of CSB and CTCF may facilitate the formation of DNA repair hubs in
the 3-dimensional chromatin space to efficiently remove oxidative DNA damage. It will be of great
interest to determine the extent to which CSB is enriched at sites of oxidative DNA lesions by
analyzing DNA mutation signatures associated with CSB-ChIPed DNA from cells exposed to
oxidative stress.
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1.3.5.3. CSB in transcription regulation in response to UV irradiation
Over thirty-five years ago, it was reported that RNA synthesis fails to recover after UV
irradiation in cells from Cockayne syndrome patients (Mayne & Lehmann, 1982). This was initially
thought to be the consequence of a block in transcription elongation resulting from defective TCNER. However, that model was challenged by experiments using in vitro transcription systems
with nuclear extracts prepared from UV-irradiated or mock-irradiated normal human and
Cockayne syndrome cells (Rockx et al., 2000). From this study, it was found that there was a
global defect in transcription initiation in Cockayne syndrome cells. This defect was associated
with a loss of the hypophosphorylated, transcription-initiating form of RNA pol II with a
concomitant increase in the hyperphosphorylated, transcription-elongating form of RNA pol II.
Subsequent experiments using ChIP-qPCR confirmed the defect in transcription initiation and
further revealed a decrease in the recruitment of RNA pol II to the promoters of certain genes
(Proietti-De-Santis et al., 2006).
Recent studies have suggested that the inability to reactivate transcription in Cockayne
syndrome cells after UV irradiation may be due, in part, to an inability to relieve general
transcriptional repression induced by UV irradiation (Epanchintsev et al., 2017; Kristensen et al.,
2013). Kristensen et al. (2013) searched for common factor binding motifs near the promoters of
a collection of UV-repressed genes and found that these genes contained binding sites for
activating transcription factor 3 (ATF3), a transcriptional repressor that is activated in response to
cellular stress (Hai et al., 1999; Hai & Hartman, 2001; Kristensen et al., 2013). In CSB wild-type
cells, ATF3 mRNA and protein levels increase and peak approximately eight hours after UV
irradiation, which corresponds with maximal repression of genes whose promoters are bound by
ATF3 (Kristensen et al., 2013). Between approximately 12 and 24 hours after UV irradiation,
ATF3 levels decrease and ATF3 is removed from bound promoters, and this correlates with
recruitment of RNA pol II as well as transcription resumption (Figure 6) (Kristensen et al., 2013).
In CSB-deficient cells, however, the ATF3 protein and ATF3 occupancy at its target promoters
remain high (Kristensen et al., 2013). This work suggested that CSB might be required to remove
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ATF3 from its target promoters to allow transcription resumption (Figure 6), and this hypothesis
was subsequently tested (Epanchintsev et al., 2017). It was found that CSB collaborates with
Cockayne syndrome protein A (CSA) to promote the ubiquitination and degradation of ATF3,
thereby allowing transcription to resume (Figure 6). CSA is a WD-40 repeat-containing protein
that is part of an E3-ubiquitin ligase complex along with DNA damage binding protein 1 (DDB1)
and Cullin 4A (CUL4A) (Groisman et al., 2003; Kristensen et al., 2013; Zhou & Wang, 2001). Like
CSB, mutations within CSA can also lead to Cockayne syndrome (Lehmann, 1982). Importantly,
using an ATP-deficient CSB derivative (Q678E), these studies revealed that ATP hydrolysis by
CSB is not necessary for recruitment of CSB to ATF3-occupied sites or ATF3 ubiquitination;
however, ATP hydrolysis was necessary for recruitment of the proteasomal machinery and
subsequent ATF3 turnover. It will be of great interest to determine if the chromatin remodeling
deficient CSB derivative, CSBΔN1, can support ATF3 degradation, to examine the role that CSB
may play in reorganizing the epigenetic landscape for the resumption of transcription initiation
after UV-induced genotoxic stress.
It is, however, important to note that while CSB’s role in ATF3 release may partially
underlie the mechanism of RNA synthesis recovery after UV irradiation, it is unlikely to be the
only mechanism. ATF3 is also induced by other genotoxins, such as ionizing radiation and
alkylating agents, yet CSB null cells do not show the same level of sensitivity to these genotoxins
as they do to UV irradiation (Hai & Hartman, 2001; Ranes et al., 2016; L. Wei et al., 2015; Wong
et al., 2007).
1.3.6. Regulation of TC-NER by CSB
CSB is critical for multiple steps of the TC-NER process. Lake et al. (2010) demonstrated
that ATP hydrolysis by CSB is essential for CSB to become associated with UV-induced DNA
lesion stalled RNA pol II, the critical first step of transcription-coupled DNA repair (Lake et al.,
2010). However, chromatin remodeling by CSB is dispensable for this step, since the ATPaseproficient, yet remodeling-deficient CSBΔN1 mutant is capable of stably associating with
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chromatin at sites of lesion-stalled transcription after UV irradiation (Cho et al., 2013). Chromatin
immunoprecipitation experiments followed by western blot analyses revealed that representative
factors of the nucleotide excision repair machinery, the transcription elongation complex, and the
CSA-ubiquitin ligase complex are recruited to UV-induced DNA lesion-stalled RNA pol II in the
presence of the chromatin remodeling deficient CSBΔN1, arguing against the notion that the
function of chromatin remodeling by CSB in TC-NER is to create access for factor binding (Cho et
al., 2013). These observations, along with the work of Fousteri et al. (2006), indicate that CSB
likely recruits factors for repair and transcription resumption through protein-protein interaction
(Fousteri et al., 2006). Given that chromatin remodeling by CSB is required for steps after the
recruitment of the TC-NER machinery, chromatin remodeling by CSB likely regulates the
chromatin landscape for more efficient DNA repair and/or transcription resumption(Cho et al.,
2013). NAP1-like proteins are also expected to contribute to these activities, as their
overexpression in the presence of CSBΔN1 fully rescues the UV sensitivity resulting from the loss
of CSB (Cho et al., 2013).
del

CSB without its last 273 amino acids (CSB ) failed to complement the UV sensitivity of
the CSB-deficient cell line CS1AN-sv (Anindya et al., 2010). This mutant protein can interact with
RNA pol II after UV irradiation and can recruit necessary NER factors; however, the DNA incision
step of TC-NER is compromised in the CSB

del

background (Anindya et al., 2010). A ubiquitin

binding domain (UBD) lies within the last 273 amino acids (Figure 5), and a CSB protein with
point mutations that disrupt ubiquitin binding (LL to GG) also fails to fully complement the UV
sensitivity of CS1AN-sv cells, although the effect on cell survival and RNA recovery is less severe
del

than CSB . These observations reveal that ubiquitin binding by CSB is important for CSB
function in TC-NER (Anindya et al., 2010).
ATP hydrolysis by CSB is important for the initiation of TC-NER, however, the exact role
of CSB in this process and how this protein recognizes and interacts with RNA pol II arrested at
DNA lesions is unknown. The electron cryomicroscopy (cryo-EM) structure from Xu et al. (2017)
revealed that the S. cerevisiae CSB ortholog, Rad26, binds DNA upstream of the RNA pol II
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elongation complex, making contacts with the upstream DNA duplex region and single-stranded
DNA in the upstream fork of the transcription bubble (Figure 7) (Xu et al., 2017). Interestingly,
Rad26 caused an 80-degree bend in the upstream duplex DNA, perhaps creating novel
interaction surfaces to facilitate repair factor recruitment (Figure 7) (Xu et al., 2017). This DNA
distortion observed by cryo-EM might be related to the DNA distortion previously observed by
FRET and SFM (Beerens et al., 2005; J. Y. Lee et al., 2017).
By modeling this Rad26 structure with the Snf2 remodeler bound to nucleosomes, Xu et
al. (2017) proposed a model whereby Rad26 pulls the DNA template strand away from RNA pol II
by translocating on the DNA duplex. This would lead to annealing the strands of the transcription
bubble, consistent with the observed strand annealing activity of CSB (Muftuoglu et al., 2006),
and promote the forward movement of RNA pol II (Xu et al., 2017). This work also supports a
model in which CSB promotes transcription elongation by preventing backtracking and promoting
forward movement of RNA pol II when it encounters a non-bulky transcription-stalling signal.
However, CSB would fail to promote forward RNA pol II movement in the presence of bulky
transcription-blocking lesions (Xu et al., 2017).
We would like to propose a model to account for CSB’s function in different steps of TCNER, based on the collective work from the human and yeast homologs. CSB uses ATP
hydrolysis to undergo a conformational change to probe chromatin for lesion-stalled RNA pol II
(Figure 7) (Lake et al., 2010; Xu et al., 2017). Once discovered, the N-terminal, substraterecognition domain would bind to the lesion-stalled RNA pol II complex (Lake et al., 2010). The
association of CSB with lesion-stalled transcription would lead to an 80-degree DNA bend (Figure
7). The CSB-chromatin association and resulting DNA conformation would be re-enforced by
interaction between chromatin and the C-terminal region of CSB, which is necessary for stable
chromatin association (Figure 7) (Lake et al., 2010; Xu et al., 2017). Once stably associated, CSB
would function as a scaffold, creating a platform to recruit factors needed to repair DNA and
resume transcription (Figure 7) (Fousteri et al., 2006; Lake et al., 2010). This model is supported
by the observations that the remodeling deficient CSBΔN1 protein is correctly recruited to DNA
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lesion-stalled RNA pol II and can initiate the recruitment of additional protein factors necessary for
DNA repair (Cho et al., 2013). Subsequently, CSB facilitates DNA incision by NER factors
through its Ub-binding domain (UBD) (Anindya et al., 2010). Removal of RNA pol II is not a
prerequisite for the incision events, as strand excision can occur in a cell-free repair system with
a stalled polymerase covering the DNA lesion (Selby et al., 1997).
Genome-wide studies have revealed that repair of transcription blocking lesions occurs
as waves along gene bodies in the 5’-3’ direction (Andrade-Lima et al., 2015; Chiou et al., 2018).
Importantly, by controlling these transcriptional waves with the reversible transcription elongation
inhibitor 5,6-dicholor-1-β-D-ribofuranosybenzimidazole (DRB), Chiou et al. (2018) have provided
strong evidence that a single transcription elongation complex does not progress along a
template to engage multiple lesions, but rather dissociates from the template after the dual
incisions. RNA pol II dissociation would expose the 3’ hydroxyl generated by the incision event to
promote new DNA synthesis and ligation (Chiou et al., 2018). RNA pol II removal might be
promoted by CSB translocation, by the helicase activity of XPB or XPD, or simply by instability
created by fragment removal (Figure 7). Whether the chromatin remodeling activity of CSB is
used to create an epigenetic landscape that permits more efficient DNA repair or to facilitate
transcription resumption after repair remains to be determined. Future studies examining the
structure of the remodeling-deficient CSBΔN1-RNA pol II elongation complex (EC) will provide
insights into the functions of ATP hydrolysis by CSB in TC-NER.

1.3.7. Future Perspectives
Over the recent years, we have learned much about how the biochemical activities of
CSB are tightly regulated and are used to facilitate TC-NER and transcription regulation;
however, there is still much to be learned. For example, given that the chromatin remodeling
activity of CSB is crucial for efficient TC-NER, are there different requirements of CSB (or are
additional proteins needed) for TC-NER at nucleosome dense as compared to nucleosome-free
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regions? Does the enzymatic activity of CSB in any way influence RNA pol II stalled at bulky DNA
lesions to permit DNA repair? Does CSB play a role in resetting the epigenetic landscape after
TC-NER for transcription resumption? Does CSB-dependent ubiquitinylation account for
transcription regulation beyond ATF3? To what extent does CSB organize the three-dimensional
chromatin structure to orchestrate DNA repair and transcription regulation during oxidative stress
relief? Additional studies using structural, genomic and in vitro reconstituted systems will shed
new light on these and other outstanding questions in the coming years.
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1.4. Hypotheses and Introduction to Experimental Paradigm
Work presented in this chapter demonstrates that CSB participates in a number of
different cellular processes and has both remodeling-dependent and -independent functions. CSB
was initially identified as a critical component of TC-NER. Subsequent studies demonstrated CSB
also participates in transcription regulation and also suggest a role for CSB in additional DNA
repair processes. We recently demonstrated CSB directly participates in transcription regulation
via both remodeling-dependent and –independent mechanisms and others have suggested a role
for CSB in transcription regulation following UV irradiation. CSB is also required for the relief of
oxidative stress; however, exactly how CSB participates in this response is unclear.
The majority of the work in this dissertation is conducted on a Cockayne syndrome
patient-derived cell line CS1AN.S3.G2 (CS1AN). The CS1AN cell line is an SV-40 immortalized
cell line derived from skin fibroblasts of a three-year-old female with Cockayne syndrome. CS1AN
cells contain only one CSB allele coding for a short, non-functional, truncated CSB protein lacking
all predicted domains. The mutation was identified as an A to T transversion at nucleotide 1088,
which results in a premature stop codon at amino acid 337 (Troelstra et al., 1992). To study
oxidative stress, cells are treated with menadione, which induces oxidative stress by creating
•–

several ROS, including the superoxide anion radical (O2 ), hydrogen peroxide (H2O2), and the
•

highly oxidizing hydroxyl radical ( OH) (Cadet & Davies, 2017). In addition to oxidative base
lesions, menadione can also generate single strand breaks (Cadet & Davies, 2017).
To understand the role of CSB in the relief of oxidative stress, this dissertation seeks to
characterize the mechanisms by which CSB interacts with chromatin in response to oxidative
stress. To accomplish this I utilize chromatin association assays, including chromatin
immunoprecipitation, to characterize elements underlying CSB’s response to oxidative stress.
First, genome-wide chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) as
well as ChIP-qPCR will reveal targeting mechanisms underlying CSB’s oxidative stress-induced
targeting to specific genomic loci. I examine CSB mutant constructs to identify the critical
determinants of CSB required for its oxidative-stress induced chromatin association and compare
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that to its association for TC-NER. I then determine whether base excision repair proteins as well
as active transcription by RNA polymerase II affect CSB’s oxidative stress-induced chromatin
association to work towards understanding whether CSB participates in BER as a means of
relieving oxidative stress. I hypothesize characterizing the mechanisms by which CSB is targeted
to chromatin during oxidative stress will elucidate mechanisms by which CSB participates in the
relief of oxidative stress.
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1.5. Figures

Figure 1. Cockayne syndrome phenotype. Photos of Baptiste Bixel (top, 6/24/1993 to
10/29/2003) at age 3, 7, and 10 and Eden Elizabeth Carroll (bottom, 12/2/03 to 7/19/09, age in
photos unknown) demonstrate the progression of Cockayne syndrome. Photos downloaded from
www.cockayne-syndrome.org.
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Figure 2. CSB/ERCC6 protein schematic and representative SWI2/SNF2 ATP-dependent
chromatin remodelers. Unlike other SWI2/SNF2 remodelers, CSB does not contain targeting
domains in its N- or C-terminus. Snf2/Swi2 contains an HSA domain, which functions in
interaction with nuclear actin-related proteins and actin, a BRK domain of unknown function, and
a bromo domain, which recognizes acetylated proteins. The ISWI HAND/SANT/SLIDE domain is
important for nucleosome interaction. Figure adapted from (Lake & Fan, 2013).
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Figure 3. Mechanisms by which ATP-dependent chromatin remodelers alter chromatin
structure. This includes translational movement or sliding of a nucleosome, altering nucleosome
conformation, or changing nucleosome composition, including removing or replacing dimers and
nucleosome eviction. Figure adapted from (Lake & Fan, 2013).
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Figure 4. Base excision repair. Schematic depicting the steps of short patch base excision
repair. See text for details.
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Figure 5. Schematics of the human CSB/ERCC6 and its yeast homologs, Rhp26 and
Rad26. ATPase domains are in gray. Leucine latch motifs (LL) are in purple and acidic rich
regions are in blue. NLS, putative nuclear localization signal. UBD, ubiquitin binding domain.
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Figure 6. Models for transcription regulation by CSB under different growth conditions.
(Left) Under non-stressed conditions, CSB is targeted to TREs by the transcription factor c-Jun,
where CSB can regulate transcription by both remodeling-dependent and –independent
mechanisms. (Middle) Targeting of CSB by c-Jun to TREs also occurs in cells following oxidative
stress with an up-regulation of c-Jun after stress (c-Jun*). Additionally, following oxidative stress,
CSB is also enriched at binding motifs for the architectural protein CTCF. CSB may regulate 3-D
chromatin structure by modulating CTCF-chromosome interactions to regulate gene expression.
(Right) Following UV irradiation and DNA repair, ATF3 is ubiquitinated in a CSB- and CSAdependent manner and degraded by the proteasome, allowing RNA pol II recruitment and
transcription reactivation.
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Figure 7. Model for how CSB integrates into different steps of TC-NER. The association of
CSB with RNA pol II stalled at a bulky DNA lesion (red X) is stabilized. This step requires the
DNA/nucleosome stimulated ATP hydrolysis activity of CSB. CSB interacts with both RNA pol II
and duplex DNA upstream of RNA pol II as well as single-stranded DNA within the upstream fork
of the transcription bubble. CSB generates an 80-degree bend in the upstream DNA and provides
an interaction surface for recruiting additional TC-NER factors. CSB facilitates this step through
protein-protein interactions, but not through its ATP-dependent chromatin remodeling activity. The
C-terminal Ub-binding domain (dark green oval) of CSB is needed for efficient DNA incision. Dual
incisions happen in the presence of RNA polymerase II, which is subsequently removed to permit
the remaining steps of the repair processes by a yet to be determined by a mechanism.
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CHAPTER 2: THE CSB CHROMATIN REMODELER AND CTCF ARCHITECTURAL
PROTEIN COOPERATE IN RESPONSE TO OXIDATIVE STRESS

2.1. Preface
The manuscript presented in this chapter was published by Nucleic Acids Research on
18 March 2016 (Lake et al., 2016). It has been reformatted here in accordance with the University
of Pennsylvania dissertation formatting guidelines.
2.2. Abstract

Cockayne syndrome is a premature aging disease associated with numerous
developmental and neurological abnormalities, and elevated levels of reactive oxygen species
have been found in cells derived from Cockayne syndrome patients. The majority of Cockayne
syndrome cases contain mutations in the ATP-dependent chromatin remodeler CSB; however,
how CSB protects cells from oxidative stress remains largely unclear. Here, we demonstrate that
oxidative stress alters the genomic occupancy of the CSB protein and increases CSB occupancy
at promoters. Additionally, we found that the long-range chromatin-structure regulator CTCF
plays a pivotal role in regulating sites of genomic CSB occupancy upon oxidative stress. We
show that CSB directly interacts with CTCF in vitro and that oxidative stress enhances the CSBCTCF interaction in cells. Reciprocally, we demonstrate that CSB facilitates CTCF-DNA
interactions in vitro and regulates CTCF-chromatin interactions in oxidatively stressed cells.
Together, our results indicate that CSB and CTCF can regulate each other's chromatin
association, thereby modulating chromatin structure and coordinating gene expression in
response to oxidative stress.
2.3. Introduction
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Reactive oxygen species (ROS) are constantly generated during aerobic metabolism.
When ROS overloads the cellular antioxidant defense systems, the resulting alteration in redox
homeostasis leads to oxidative stress (Sena & Chandel, 2012). Oxidative stress has been
implicated in the aging process and diseases, such as cancer and neurological disorders.
Cockayne syndrome is a premature aging disease associated with neurological and
developmental abnormalities as well as sun sensitivity (Nance & Berry, 1992). Although the
underlying mechanisms that lead to the diverse features of Cockayne syndrome remain largely
unknown, a reduced ability of cells to relieve oxidative stress has been proposed to be a leading
cause (Andrade et al., 2012; Cleaver et al., 2013; Pascucci et al., 2012).
Mutations in the Cockayne syndrome group B protein (CSB) account for the majority of
Cockayne syndrome cases (Troelstra et al., 1992). CSB belongs to the SWI2/SNF2 ATPdependent chromatin remodeler family, which is conserved from yeast to human (Lake & Fan,
2013). These proteins alter chromatin structure in an ATP-dependent manner and regulate
fundamental nuclear processes, such as transcription and DNA repair. CSB displays ATPdependent chromatin remodeling activities in vitro and in cells (Cho et al., 2013; Citterio et al.,
2000; Lake et al., 2014).
CSB functions in transcription regulation, in addition to its better-characterized function in
transcription-coupled nucleotide excision repair (Hanawalt & Spivak, 2008; Newman et al., 2006).
Transcription profiling assays have indicated that CSB plays a general role in transcription
regulation (Newman et al., 2006; Y. Wang et al., 2014), and a direct role of CSB in transcription
regulation was demonstrated by identifying genomic occupancy sites of the CSB protein. CSB is
enriched at regions with epigenomic features of promoters and enhancers (Lake et al., 2014).
Importantly, CSB alters nucleosome structure near its occupancy sites to directly regulate gene
expression (Lake et al., 2014).
Upon oxidative stress, CSB-deficient cells display increased cell death as compared to
CSB-expressing cells (Kyng et al., 2003; Pascucci et al., 2012; Tuo et al., 2001). Increased ROS
levels, altered gene expression and damaged DNA are observed in primary cells, iPS cells and
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immortalized cells derived from Cockayne syndrome patients (Andrade et al., 2012; Cleaver et
al., 2014; Kirkali et al., 2009; Newman et al., 2006; Osenbroch et al., 2009). To understand
further how CSB relieves oxidative stress, we identified sites of genomic CSB occupancy upon
oxidative stress using chromatin immunoprecipitation followed by deep sequencing (ChIP-seq).
We found that CSB co-localizes with CTCF, a CCCTC-binding transcription factor and a major
regulator of long-range chromatin interactions (Ong & Corces, 2014), at a subset of genomic
regions upon oxidative stress. We also found that CSB and CTCF directly interact and can
regulate each other's chromatin association in response to oxidative stress.
2.4. Materials and Methods

2.4.1. Cell culture and menadione treatment
CS1AN-sv cells and CS1AN-sv cells stably expressing CSB were maintained in DMEMF12 supplemented with 10% FBS (Cho et al., 2013; Lake et al., 2014; Troelstra et al., 1992). For
the ChIP-seq, ChIP-qPCR and co-IP assays, oxidative stress was induced by treating cells with
100 µM menadione in culture medium for 1 hour. For the cell survival and protein-fractionation
assays, menadione concentrations are as noted in the text and figures.
2.4.2. Protein fractionation
Equal numbers of cells were seeded onto five 60 mm dishes and allowed to grow
overnight until ∼80% confluent. Cells were treated with varying concentrations of menadione in
growth medium for 1 h or left untreated. Cells were then rinsed with PBS and collected in 200 µl
buffer B (150 mM NaCl, 0.5 mM MgCl2, 20 mM HEPES (pH 8.0), 10% glycerol, 0.5% Triton X100, 1 mM DTT) on ice, as described previously (Lake et al., 2010). Cell lysates were centrifuged
at 20 000 × g for 20 min at 4°C, and 150 µl supernatant was added to 50 µl 4× SDS sample
buffer; this was the soluble fraction (S). 200 µl 1× SDS sample buffer was added to the pellet,
which was then sonicated for 10 s at 25% amplitude using a Branson 101-135-126 Sonifier; this
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was the chromatin-enriched fraction (C). The resulting chromatin-enriched fractions were 1.3-fold
more concentrated than the soluble fractions. 14 µl of each protein fraction was loaded on the
gels. Antibodies used for western blot analysis were as described below. Western blots were
developed using SuperSignal West Pico chemiluminescent substrate and imaged with a Fujifilm
ImageQuant LAS-4000 imager.
To determine the percentage of CSB co-fractionating with chromatin, western blots were
quantified using ImageJ. CSB signals were normalized to respective BRG1 signals. CSB cofractionating with chromatin was calculated as ‘normalized CSB signals in ‘C’/(normalized CSB in
‘C’ + normalized CSB signal in ‘S’ x 1.3)’.
2.4.3. shRNA knockdown
Mission lenti-viral shRNA expression constructs targeting CTCF (TRCN0000230191) and
a non-targeting shRNA (SHC002) were purchased from Sigma-Aldrich. Virus was produced as
previously described (Lake et al., 2014). The target cell confluence at the time of infection was
∼20%. Infected cells were harvested 5 days post-infection for chromatin immunoprecipitation
(ChIP) and western blot analyses.
2.4.4. ChIP-qPCR and ChIP-western analyses
ChIP was carried out following standard protocols. Briefly, 4-million cells were fixed with
1% formaldehyde for 10 min and sonicated on ice at 40% amplitude (30 s on, 90 s off, for a total
of 24 min) using a Branson 101-135-126 Sonifier. ChIP was performed using 5 µl of a polyclonal
anti-CTCF antibody (Millipore 07–729), 10 µl monoclonal anti-CSB antibody (1B1) (Lake et al.,
2014) and 5 µl recombinant protein-G agarose beads (Invitrogen). ChIPed DNA was analyzed by
real-time PCR using a 7900HT Fast Real-Time PCR System from Applied Biosystems and SYBR
green. Primers were as described in Supplementary Table S7. For all ChIP-qPCR experiments
described in this manuscript, menadione treated and untreated cells were examined side-by-side.
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For the ChIP-seq experiments, the CSB+M sample was processed alongside one untreated
sample, which was previously reported (Lake et al., 2014).
For western blot analyses, ChIP samples were reverse cross-linked in SDS sample buffer
at 95°C for 30 min (Cho et al., 2013).
2.4.5. Antibodies

Antibodies used for western blot analysis were rabbit anti-CSB (1:2000) (Yu et al., 2000),
rabbit anti-CTCF (1:2000) (Millipore, 07-729), mouse anti-GAPDH (1:10 000) (Millipore,
MAB374), rabbit anti-BRG1 (1:1000) (Fan et al., 2005), rabbit anti-acetylated histone H3 (1:1000)
(Millipore, 06-599), HRP-conjugated goat anti-rabbit IgG (1:10 000) (Pierce, 31460) and HRPconjugated goat anti-mouse (IgG+IgM) (1:10 000) (Jackson Laboratory, 115-035-044).
2.4.6. ChIP-Seq and data analysis
ChIP libraries for deep sequencing were constructed and sequenced as described
previously (Lake et al., 2014). The resulting sequencing reads were mapped and peaks were
identified as described in (Lake et al., 2014). Raw and processed files (GSE50925) have been
deposited at the Gene Expression Omnibus (GEO) repository. CSB ChIP-seq data from
untreated cells were previously published (GEO:GSE50171) (Lake et al., 2014).
ChIP sequencing reads within a 200 bp region around a peak center from the two cell
populations were compared. If the difference between signal intensities was 4-fold or greater and
the P-value for that difference was ≤0.0001, the peak was classified as ‘significantly induced by
menadione’ (blue) ‘or’ significantly repressed by menadione (green)’ (Figure 2A). The remaining
occupancy sites were classified as common (red) (Figure 2A).
The genomic distribution of CSB occupancy was classified using the gene annotation tool
from UCSC RefGene as follows: (i) promoter (from −1 kb to the transcription start site), (ii) TTS
(from the transcription termination site to +1 kb), (iii) 5′ UTR, (iv) 3′ UTR, (v) exon, (vi) intron and
(vii) intergenic (the rest). The Genomic Regions Enrichment of Annotations Tool (GREAT, version
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2.0.2) was used for pathway analysis of CSB occupancy sites, using the ‘MSigDB pathways’
category (McLean et al., 2010). The assignment of peaks to genes was made using the default
setting (proximal 5 kb upstream and 1 kb downstream of a transcription start site, plus a distal
extension to the regulatory elements of neighboring genes, up to 1000 kb) (McLean et al., 2010).
2.4.7. Menadione sensitivity assays
100 000 cells were seeded onto 35 mm dishes. Twenty-four hours later, cells were either
left untreated or treated with varying amounts of menadione in DMEM/F12 medium supplemented
with 10% FBS for 1 h. After treatment, the menadione-containing medium was removed and fresh
medium without menadione was added. The cells were subsequently cultured for an additional 24
h before cell viability was assayed. For cells infected with CTCF shRNA-expressing lentivirus,
cells were treated with menadione 96 h post-infection, as described above, and assayed for
survival 120 h post-infection. The number of viable cells was determined by trypan blue
exclusion, using a hemocytometer. Percent survival was calculated as the ratio of treated cells to
untreated cells.
2.4.8. Constructs, protein expression and protein purification
CSB expression constructs were as previously described (Lake et al., 2010). For protein
expression in SF9 cells, Flag-tagged proteins were purified using M2-affinity chromatography
(Fan et al., 2005). MBP and MBP-CTCF (zinc fingers 1–11) were expressed and purified as
described previously (Plasschaert et al., 2014).
2.4.9. In vitro protein-protein interaction assays
Purified, N-terminally Flag-tagged CSB, CSB-N, or CSB-C were incubated with MBPCTCF immobilized on amylose beads at 4°C for 1 hour in PBS containing 0.5% Triton X-100 and
10 µM ZnSO4. The resulting amylose beads were washed with PBS + 0.5% Triton X-100 + 10 µM
ZnSO4, and proteins were eluted in SDS sample buffer by heating beads at 95°C for 5 min.
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2.4.10. Gel shift assays
A 200 bp DNA fragment containing a CTCF-binding site was generated by PCR in the
presence of

32

P-dATP (Supplementary Figure S4B). Proteins were mixed with 1 nM

32

P-labeled

DNA at the indicated concentrations. Binding reactions were carried out in 30 mM HEPES
(pH7.9), 60 mM NaCl, 6% glycerol, 6 mM MgCl2, 100 µM ZnSO4 and 0.02% NP40 at 30°C for 10
min. Reactions were loaded directly onto a 5% polyacrylamide gel prepared with 0.5× TBE. Gels
were imaged using a Typhoon Trio (GE).
2.5. Results
2.5.1. Oxidative stress induces changes in the genomic localization of CSB
To induce oxidative stress in cultured cells, we used menadione, which generates free
radicals through redox cycling (Watanabe et al., 2004). To validate this system, we first
determined if CS1AN-sv cells, which do not have functional CSB, were more sensitive to
oxidative stress than CS1AN-sv cells reconstituted with CSB

WT

(Figure 1A). As predicted,

CS1AN-sv cells were more sensitive to menadione treatment than CSB-reconstituted CS1AN-sv
cells.
We next determined if menadione treatment altered the CSB-chromatin interaction, using
a fractionation protocol we have previously described (Figure 1B) (Lake et al., 2010). A 1-h
menadione treatment at 50 µM and 100 µM induced the co-fractionation of CSB and chromatin,
while this treatment did not have an apparent impact on another ATP-dependent chromatin
remodeler, BRG1 (Figure 1B and C). As shown in Figure 1C, cells treated with 100 µM
menadione for 1 h displayed a maximal increase in the amount of CSB co-fractionating with
chromatin. Accordingly, we used 100 µM menadione to determine the genomic localization of
CSB upon oxidative stress. Of note, menadione continuously generates reactive oxygen species
(ROS) in cells through redox cycling (Watanabe et al., 2004). Consequently, in the cell-survival
assays shown in Figure 1A, even though fresh medium was added to cells after one hour of
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menadione treatment, ROS can still be generated during the 24-h incubation in growth medium.
Therefore, it is difficult to draw direct comparisons between menadione concentrations used in
the survival assays (Figure 1A) to those used to induce CSB-chromatin co-fractionation (Figure
1B and C).
To determine the genomic localization of CSB upon oxidative stress, we performed CSBChIP-seq from cells treated with 100 µM menadione for 1 h. The resulting sequencing reads were
mapped to the human genome, and peaks were identified using HOMER with a default option on
ChIPed samples against matching input samples (Heinz et al., 2010). In total, we recovered 19
063 CSB peaks in cells treated with menadione (Figure 2A, Supplementary Table S1).
We subsequently compared CSB occupancy in cells with or without menadione
treatment. To do this, we compared signal intensities over a 200-bp region in cells treated with
menadione to that in cells without treatment (Lake et al., 2014). If the difference between signal
intensities was 4-fold or greater and the P-value for that difference was <0.0001, the signal was
classified as menadione induced or repressed (blue or green, respectively, Figure 2A); the
remaining signals were classified as common (red, Figure 2A). Among them, we identified 7070
CSB-occupancy sites induced by menadione treatment and 9163 CSB-occupancy sites
repressed by menadione treatment, corresponding to ∼40% of total CSB-binding sites in each of
the growth conditions (Figure 2A and Supplementary Tables S2–S4).
ChIP-qPCR was used to validate the ChIP-seq results at seven regions (Figure
2B and C). ChrX-1, chr17-1, chr19-2 and chrX-2 represent regions of menadione-induced CSB
occupancy, and Chr12-7, chr2-2 and chr7-1 represent regions that are occupied by CSB but
unaffected by menadione treatment (common). ChIP-qPCR confirmed that the occupancy of CSB
at chrX-1, chr17-1, chr19-2 and chrX-2 was induced by menadione treatment: the increase in
CSB enrichment at these sites in response to menadione was >4-fold, with P-value <0.01 (Figure
2C). CSB occupancy at chr12-7 was unaffected by menadione. Chr2-2 and chr7-1 were also
occupied in both growth conditions, albeit with a slight decrease after menadione treatment. This
slight reduction was significant, as the P-value was <0.01; however, these occupancy sites were
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considered common, as the signal intensities from the ChIP-seq results were within a 4-fold
difference (Figure 2A and C).
2.5.2. Promoter occupancy by CSB is increased upon oxidative stress
We then classified the CSB occupancy sites into seven functional categories, using the
UCSC RefSeq gene annotations (Figure 2D-F). Previously, we found a modest but significant
enrichment of CSB at promoter regions in unchallenged cells (Lake et al., 2014). Interestingly,
upon menadione treatment, we observed further enrichment of CSB at promoters: from 2% of
total CSB binding sites locating at promoter regions in untreated cells to 11% in menadione
treated cells (P-value <1e−310 using Bernoulli's test) (Supplementary Figure S1A). Among CSB
occupancy sites induced by a 1-h, 100 µM menadione treatment, 18% of them were located at
promoters while the genomic distribution of promoters is only 1%. The fraction of promoteroccupied sites dropped to 5% among the ‘common’ peaks and 1% among the ‘repressed’ peaks
(Figure 2D and E and Supplementary Tables S2–S4). These observations support a role of CSB
in transcription regulation upon oxidative stress.
To gain insight into the molecular functions of genes that lie close to CSB occupancy
sites, we searched for overlaps with the Molecular Signatures Pathways Database (MSigDB)
using the Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean et al., 2010). The
top terms associated with total CSB occupancy in cells treated with menadione involve the roles
of gene expression, cell cycle control, spliceosome, and protein metabolism (Supplementary
Figure S1B).
We also determined cellular pathways enriched in the list of genes whose promoters are
occupied by CSB upon oxidative stress, using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) (Huang da et al., 2009a; Huang da et al., 2009b). The top five
KEGG pathways enriched are listed in Supplementary Table S5; they are proteasome,
spliceosome, RNA degradation, oxidative phosphorylation and Alzheimer's disease.
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2.5.3. CSB is enriched at CTCF-binding sites upon oxidative stress
To better understand the mechanisms that regulate CSB occupancy at specific genomic
regions upon oxidative stress, we used HOMER to identify DNA-binding motifs enriched at CSB
occupancy sites (Heinz et al., 2010). As previously reported, CSB was found to occupy cJun/AP1-binding sites (Lake et al., 2014); however, the percentage of CSB-occupied c-Jun/AP1binding motifs did not change in response to oxidative stress (Supplementary Table S6).
Strikingly, CTCF-binding motifs became substantially enriched upon oxidative stress (Figure 3A).
In unstressed cells, only 1% of the CSB-occupancy sites contained a CTCF-binding motif, similar
to that of the genomic distribution (i.e. background) (Figure 3A). On the other hand, in stressed
cells, 8.3% of the CSB-occupancy sites contained CTCF-binding motifs, which is about eight-fold
over the background (Figure 3A). Additionally, CTCF-binding motifs are present in 11% of the
menadione-induced CSB-occupancy sites (Figure 3A). This observation suggests that CTCF may
function with CSB in response to oxidative stress.
To test the hypothesis that CTCF collaborates with CSB to protect cells from oxidative
stress, we first determined if cells with decreased CTCF protein levels were more sensitive to
ROS. As shown Supplementary Figure S2, cells expressing CTCF shRNA had an approximately
70% reduction in CTCF protein levels as compared to cells expressing a control shRNA.
Furthermore, these cells displayed a slight increase in menadione sensitivity as compared to cells
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expressing a control shRNA (as a paired t-test on CSB cells with and without CTCF shRNA
expression had a P-value of 0.08 at 20 µM menadione) (Figure 3B). These results suggest a
potential function of CTCF in protecting cells from oxidative stress. Of note, decreasing CTCF
levels to 20% in the CSB-null cell line did not further increase ROS sensitivity.
2.5.4. CTCF regulates a subset of CSB occupancy sites upon oxidative stress
To test the hypothesis that CTCF can alter the genomic occupancy of CSB upon
oxidative stress, we selected six sites from our CSB ChIP-seq data that displayed menadioneinduced CSB occupancy (Figures 2A and 3D); chr5-5, chr12-34, and chr17-4 contained CTCF50

binding motifs while chrX-2, chr17-1, and chrX-1 did not contain CTCF-binding motifs. The chr3-t
locus was chosen as a control for ChIP efficiency, since CSB occupancy at this site did not
change upon oxidative stress (Figure 3D). ChIP-qPCR confirmed increased CSB occupancy at
these six sites in cells treated with menadione as compared to untreated cells.
To test if CTCF contributed to CSB occupancy at these sites, we performed CSB ChIPqPCR with cells expressing CTCF shRNA (Figure 3C and D). We first confirmed that cells
expressing control shRNA and CTCF shRNA had the same amounts of CSB (Supplemental
Figure S3). We found that reducing the CTCF protein level by ∼65% selectively reduced CSB
occupancy at these sites in menadione treated cells (Figure 3D), indicating that CTCF positively
regulates CSB occupancy at these sites upon menadione treatment. Significantly, CTCF
knockdown did not decrease basal CSB occupancy. These results together demonstrate that, in
response to oxidative stress, CTCF not only regulates CSB occupancy at sites containing CTCFbinding motifs but also at sites devoid of CTCF-binding motifs. Moreover, these results suggest
that CTCF may directly interact with CSB.
2.5.5. Oxidative stress enhances CBS and CTCF interaction
To learn more about how CTCF regulates CSB occupancy upon oxidative stress, we
determined if CTCF interacts with CSB by co-immunoprecipitation, using lysates prepared from
293T cells expressing a Flag-tagged CTCF protein. As shown in Figure 4A, Flag-CTCF coimmunoprecipitated with CSB, and this interaction increased by about 4-fold after treatment with
100 µM menadione for 1 h. Notably, similar amounts of Flag-CTCF were used in the
immunoprecipitation experiments, yet anti-Flag antibodies precipitated less Flag-CTCF from
menadione treated cells, suggesting that some of the Flag epitope was occluded in these cells.
However, more CSB co-purified with Flag-CTCF in cells treated with menadione, indicating that
oxidative stress increases CSB–CTCF interactions in cells.
2.5.6. CSB directly interacts with CTCF in vitro
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To determine if CSB and CTCF interact directly, we expressed and purified Flag-tagged
CSB and a maltose-binding protein-tagged CTCF derivative (MBP-CTCF), containing the central
11 zinc fingers (aa 269–579) (Figure 4B) (Plasschaert et al., 2014). As revealed by Coomassie
staining, MBP-CTCF directly bound to CSB, while MBP alone did not (Figure 4C, compare lane 6
to 9), indicating that the 11 Zn-fingers of CTCF is sufficient for CSB interaction in vitro.
Additionally, the C-terminal 483 amino acids of CSB, which lie outside the central catalytic
domain, were sufficient for CTCF binding (compare lane 8 to 11). No interaction was detected
between the zinc-fingers of CTCF and the first 507 amino acids of CSB (compare lane 7 to 10).
Nonetheless, it was previously demonstrated that an endogenously generated CSB-fusion
protein, composed of the N-terminal region of CSB fused to a PiggyBac transposase (CSBPGBD3), was enriched at sites containing CTCF-binding motifs during replicative cell growth
(Gray et al., 2012). Taken together, these observations suggest that CSB and CTCF directly
interact and that the interface between these two proteins is multivalent (see discussion) (Gray et
al., 2012).
2.5.7. CSB positively regulates CTCF-DNA interactions in vitro
Given that CSB binds DNA in a sequence-independent manner and CSB directly
interacts with CTCF, it is formally possible that CSB may also regulate the interaction of CTCF
with DNA (Cho et al., 2013). To test this hypothesis, we used a 200-bp DNA fragment that
contains one perfect, core CTCF-binding site in our in vitro protein-DNA binding assays (Figure
4D and E and Supplementary Figure S4B). By incubating MBP-CTCF with radiolabeled DNA, we
obtained distinct MBP-CTCF•DNA complexes using electrophoretic mobility shift assays
(Figure 4D, lanes 6–9). Distinct complexes were not observed with MBP alone (Figure 4D, lanes
1–4), indicating the protein-DNA complexes in lanes 7–9 were mediated through CTCF.
We next investigated the effect of CSB on the CTCF–DNA interaction. In the presence of
6 nM MBP-CTCF and 1 nM DNA, no clear MBP-CTCF•DNA complex was observed (Figure 4E,
lane 1). However, when we included increasing amounts of CSB into the reactions, increasing
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amounts of DNA-protein complexes were detected (Figure 4E, lanes 2–5). Two observations
indicate these DNA-protein complexes contain MBP-CTCF: (i) an anti-MBP antibody can
recognize the two bands marked by ‘•’ and ‘••’ (Supplementary Figure S4A), and (ii) given that
CSB binds DNA in a sequence-independent manner, DNA-protein complexes containing only
CSB would resolve as smears in a native polyacrylamide gel (Figure 4E, lanes 7–10) (Lake &
Fan, 2013). It is not yet clear why we observed two prominent bands, marked by one and two
dots, in the mobility shift assays (Figure 4E). Each of these bands contain the CTCF protein, as
they can be super-shifted by and anti-CTCF antibody (Supplementary Figure S4A). Given that
two bands appeared in the absence of the CSB protein (Figure 4D), it is unlikely that one of these
bands in Figure 4E represents a trimeric CSB–CTCF–DNA complex. Possible explanations for
their origin could be different CTCF–DNA stoichiometries, resulting from the binding of a second
CTCF protein to an imperfect CTCF-binding site imbedded in the DNA fragment, or different
CTCF–DNA conformations, resulting from additional CTCF–DNA contacts that might occur
outside of the consensus-binding site. Nonetheless, these results indicate that CSB facilitates the
interaction of CTCF with DNA.
2.5.8. CSB augments CTCF-chromatin interactions in cells
We next used ChIP-qPCR to determine if CSB can regulate the interaction of CTCF with
chromatin in cells. We randomly selected six CSB occupied sites that contained CTCF-binding
motifs and displayed increased CSB occupancy upon oxidative stress, based on our CSB ChIPseq data. For these assays, the myc promoter, a known CTCF target, was used to control for
CTCF-ChIP efficiency. ChIP assays were performed in CS1AN-sv cells and CS1AN-sv cells
reconstituted with CSB

WT

. As shown in Figure 5A, we observed a significant increase in CTCF

occupancy at chr20-50, chr5-5, chr12-34, chr2-9, chr12-8, and chr17-4 in a menadionedependent manner in CSB

WT

cells. Strikingly, in cells without CSB (CS1AN-sv cells), we did not

observe significant menadione-dependent changes in CTCF occupancy at these six sites. No
changes were observed for CTCF occupancy at the myc promoter.
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2.6. Discussion
Previously, we found that CSB is enriched at genomic regions containing epigenetic
features of enhancers and promoters during replicative cell growth (Lake et al., 2014). We also
found that CSB can alter chromatin structure near its occupancy site to regulate transcription
(Lake et al., 2014). In this study, we found a dramatic increase in CSB occupancy at promoters
upon oxidative stress: about 20% of the CSB occupancy sites that are induced in oxidatively
stressed cells lie in promoter regions as compared to the genomic distribution of promoters,
which is only 1%, supporting a function of CSB in transcription regulation upon oxidative stress
(Figure 2). The top terms associated with total sites of CSB occupancy in cells treated with
menadione involve the roles of gene expression, cell cycle control, spliceosome, and protein
metabolism (Supplementary Figure S1B), suggesting that CSB might play a general role in
regulating RNA and protein homeostasis as well as cell division in response to oxidative stress.
Pathway analysis of the genes with their promoter regions occupied by CSB upon oxidative
stress suggests that CSB might also control energy and ROS production by regulating the
oxidative phosphorylation machinery at the transcriptional level (Supplementary Table S5).
Indeed, defects in mitochondrial function have been associated with cells lacking functional CSB
(Scheibye-Knudsen et al., 2013). Of note, we currently cannot exclude the possibility that 100 µM
menadione might induce a CSB response that is not only related to the relief of oxidative stress
but also to those related to cell death, resulting from excessive oxidative stress. Future ChIP-seq
studies examining CSB occupancy in response to different menadione doses will help to
distinguish between these different CSB functions.
CSB has been suggested to participate in the repair of oxidized bases (Khobta & Epe,
2013; Menoni et al., 2012; Stevnsner et al., 2008; Wong et al., 2007), and this study does not
exclude this possibility. Oxidized DNA lesions would be, to a large degree, randomly distributed
throughout the genome, and the association of CSB with oxidized DNA would, therefore, not
resolve as defined anti-CSB ChIP-seq peaks.
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We have shown that CTCF directly interacts with CSB and impacts CSB occupancy at
specific genomic regions upon oxidative stress (Figure 3), revealing a novel mechanism by which
the activity of this chromatin remodeler can be regulated. Although we have identified sites which
contain the CTCF-binding motif, and to which CSB demonstrated CTCF-dependent occupancy
(chr5-5, chr12-34 and chr17-4, Figure 3D), the level of CSB occupancy at these sites is 5–15-fold
less than that of CSB at the chrX-2, chr17-1 and chrX-1 loci, which do not contain a CTCFbinding motif. These observations suggest that CSB is recruited to the latter sites through another
mechanism. Remarkably, we also observed CTCF-dependent CSB enrichment at sites without
CTCF-binding motifs, such as chrX-2, chr17-1 and chrX-1, suggesting that CTCF may stabilize
CSB occupancy at these sites. Taken together, the physical and functional interaction between
CSB and CTCF that is greatly enhanced upon oxidative stress may have the potential to establish
DNA loops to regulate gene expression in response to oxidative stress (Figure 5B).
Another transcript originating from the CSB locus generates a protein composed of the Nterminal 465 residues of CSB fused to a piggyBac transposase (CSB-PGBD3) (Newman et al.,
2008). Strikingly, CSB-PGBD3 was found enriched at sites containing CTCF-binding motifs (Gray
et al., 2012). However, the association of CSB-PGBD3 with CTCF-binding sites is different from
that of CSB, as it occurs in the absence of oxidative stress (Gray et al., 2012). The results of that
study suggested that the N-terminal region of CSB could interact with CTCF and that CTCF and
CSB-PGBD3 may play roles in chromosomal looping during replicative cell growth. Given that we
did not see a direct interaction between the N-terminal 507 residues of CSB and the 11 Zn-fingers
of CTCF (Figure 4), these results suggest that CSB-N likely interacts with full-length CTCF or a
region that flanks the central CTCF Zn-finger domain. During replicative cell growth, the Nterminal region of CSB occludes a chromatin interaction surface in the C-terminal region (Lake et
al., 2010). This occlusion might, in part, explain why CSB-PGBD3 association with CTCF-binding
motifs occurs in the absence of stress, while the association of CSB with CTCF-binding motifs
preferentially occurs upon oxidative stress.
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Collectively, these observations suggest that CSB and CTCF have at least two regions of
contact. Therefore, long-range chromosomal interactions that might be mediated by CSB and
CTCF (Figure 5B) may be asymmetric, with the central CTCF Zn-finger domain binding to a
CTCF motif at one end, CSB binding to a regulatory site at the other end, and a strong protein
bridge between the ends mediated by two interactions: one between the CTCF zinc finger domain
and the CSB C-terminal region, and the other between part or all of CTCF and the CSB Nterminal region. Moreover, such looping would be further reinforced as CSB and CTCF can,
reciprocally, stabilize each other's binding to DNA: CSB can enhance CTCF binding to a CTCF
motif in vitro (Figure 4D and E), menadione strongly induces the CSB-CTCF interaction in cells
(Figure 4A), and even a modest CTCF knockdown (∼65%) can reduce menadione-inducible CSB
binding to sites that lack a CTCF motif (Figure 3D).
The basis for the oxidative stress-enhanced CSB-CTCF interaction remains to be
determined. Change in post-translational modification is one possibility, as stress-associated
changes have been observed for both CSB and CTCF (Imam et al., 2007; Thorslund et al., 2005;
J. Wang et al., 2012). For example, upon oxidative stress, CSB has been suggested to be
poly(ADP-ribosyl)ated and phosphorylated, and CTCF is found to be de-sumoylated.
The only other chromatin remodeler that has been shown to interact with CTCF is the
chromodomain–helicase–DNA-binding protein 8 (CHD8), and this interaction is critical for CTCFdependent insulator function (J. Wang et al., 2012). Intriguingly, CHD8 also associates with the
zinc-fingers of CTCF, as do several other proteins (e.g. Sin3A and YB-1), indicating that the zincfinger region of CTCF can support both protein–DNA and protein–protein interactions
(Chernukhin et al., 2000; Lutz et al., 2000; J. Wang et al., 2012). Although all 11 zinc-fingers of
CTCF could, in principle, associate with DNA, a CTCF–DNA association requires only a subset of
zinc-fingers (Filippova et al., 1996; Guo et al., 2015). Therefore, some of the CTCF–zinc-fingers
may be free to interact with proteins, such as CSB. Indeed, the consensus CTCF sequence that
was recovered from our ChIP-seq analysis contained only the core CTCF-binding site.
Nonetheless, whether or not a specific CTCF-binding site in the genome can allow for both
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CTCF–DNA and CTCF–CSB interactions may depend upon the number of DNA–CTCF Zn-finger
contacts made at that site (Guo et al., 2015), as well as the relative affinities of specific CTCF Znfingers for DNA versus CSB.
CTCF plays a fundamental role in organizing long-range chromatin structure (Ong &
Corces, 2014). Chromosome conformation capture-based studies have revealed that chromatin
fibers can be organized into different topologically associating domains, termed TADs. Strikingly,
∼85% of CTCF occupancy sites lie within TADs and ∼15% lie at TAD borders. CTCF has long
been known to function in transcriptional activation as well as repression. One current model to
explain the multiple CTCF functions is that CTCF promotes interactions between transcription
regulatory elements within a TAD and precludes interactions between regulatory elements of
different TAD (Ong & Corces, 2014). More recently, Li et al. have shown that the heat shock
response can cause widespread rearrangement of 3D chromatin organization and lower the
CTCF occupancy at the boundaries of TADs, leading to a decrease in intra-TAD interactions and
an increase in new inter-TAD interactions (L. Li et al., 2015).
It remains to be determined how CSB associates with only a subset of CTCF binding
sites. Regardless of the mechanism that imparts CTCF-binding site specificity, our observation
that CSB can regulate CTCF-DNA interactions in vitro and in cells supports a hypothesis that
CSB and CTCF can reciprocally regulate each other's interactions with chromatin, leading to the
establishment of new, long-range chromosome associations upon oxidative stress. It is clear that
modulating the association of CTCF with chromatin can have profound impacts on chromatin
organization, which in turn can influence fundamental processes, such as transcription.
Accordingly, we would like to speculate that the ATP-dependent chromatin remodeler CSB
cooperates with CTCF to protect cells from oxidative stress by regulating long-range
chromosomal interactions. Future experiments using chromatin conformation capture-based
approaches will offer more insights into the functions of the CSB-CTCF collaboration during
oxidative stress.
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2.7. Figures

WT

Figure 1. Menadione sensitivity assays. (A) CS1AN-sv cells were reconstituted with CSB or
an empty vector. Stable cell lines expressing transgenes were assayed for viability 24 h after a 1h menadione treatment with the indicated menadione concentrations. Shown are means ±
standard errors of the mean (SEM) (n = 5). A paired t-test was used to determine if the difference
in menadione sensitivity of CS1AN cells before and after CSB add-back was significant. Triple
asterisks indicate P values < 0.001, and double asterisks indicate P values < 0.01. (B) Analysis of
CSB partitioning in cells after a 1-h menadione treatment, with menadione concentrations as
indicated. Western blots were probed with antibodies as noted. BRG1 was used as a loading
control. GAPDH and acetylated histone H3 were used as markers for soluble and chromatinenriched fractions, respectively. Total core histones were visualized by Ponceau S staining. (C)
Quantification of CSB levels in the soluble versus chromatin-enriched fraction. Shown are means
± SEM (n = 4).
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Figure 2. Comparison of CSB occupancy in cells with or without menadione treatment. (A)
A volcano plot showing the correlation between CSB ChIP-seq results from cells with or without a
1-h menadione treatment (100 µM). (B) Screen shots of CSB ChIP-seq results from seven
genomic regions, displayed using the UCSC genome browser. The y-axis is number of
normalized sequencing reads. The x-axis represents the genomic coordinates; chrX-1,
chrX:73766518–73766600; chr17-1, chr17:49770395–49770537; chr19-2, chr19:45793789–
45793877; chrX-2, chrX:48568220–48568299, chr12-7, chr12:13679173–13679256; chr2-2,
chr2:180325437–180325517; chr7-1, chr7:2001695–2001793. The directions of nearby
transcription (arrows) are noted at the bottom. (C) Validation of CSB ChIP-seq results by ChIPqPCR. Bar graphs showing CSB ChIP-qPCR results with matched beads-only controls. Shown
are means ± SEM (n = 3). A paired t-test was used to determine if the difference in CSB
enrichment before and after menadione treatment was significant. Single asterisks
indicate P values < 0.05, and double asterisks indicate P values < 0.01. (D–F) Genomic
distribution of CSB occupancy sites. The genome was divided into seven categories, as defined
by the UCSC RefSeq gene annotation. (D) Menadione-induced CSB occupancy. (E) Common
CSB occupancy. (F) Menadione-repressed CSB occupancy.
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Figure 3. CTCF collaborates with CSB in response to oxidative stress. (A) Motif analysis of
CSB ChIP-seq data. (B) Menadione sensitivity assays on CSB expressing and non-expressing
(Vector) cells with decreased CTCF levels. Shown are means ± SEM (n = 4). (C) Western blot
showing a reduction in the CTCF protein level in cells expressing CTCF shRNA. Relative CTCF
levels are shown below the CTCF blot. (D) CSB ChIP-qPCR assays in cells infected with
lentivirus expressing control or CTCF shRNA, with or without with a 1-h menadione treatment
(100 µM). Shown are means ± SEM (n = 3). A paired t-test was used to determine if the
difference in CSB enrichment with and without CTCF shRNA treatment was significant. Asterisks
indicate P-values < 0.05.
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Figure 4. CSB interacts with CTCF in cells and in vitro. (A) Co-immunoprecipitation of CSB
and CTCF in 293T transiently transfected with Flag-tagged CTCF, with or without a 1-h treatment
of 100 µM menadione. 3.3% of the lysates used for IP were loaded as input. (B) Schematics of
recombinant proteins used in (C–E). All CSB derivatives were N-terminally tagged with the Flag
epitope. (C) Coomassie-stained gel showing that CSB directly interacts with CTCF. CSB-C, but
not CSB-N, is sufficient for the CTCF association. MBP was used as a negative control. (D and E)
EMSA assays showing that CSB enhances CTCF association with DNA. (D) Varying amounts of
32
purified MBP-CTCF (lane 2 in C) or MBP (lane 1 in C) were incubated with a P-labeled, 200 bp
DNA fragment containing a CTCF-binding motif (Supplementary Figure S4B). Protein–DNA
complexes were resolved in a native 5% polyacrylamide gel. (E) Varying amounts of purified CSB
were incubated with the radiolabeled DNA fragment in the presence or absence of MBP-CTCF.
Reactions were subsequently resolved in a 5% native polyacrylamide gel. Protein–DNA
complexes marked by ‘•’ and ‘••’ contain the MBP-CTCF protein, as they interacted with an antiMBP antibody (Supplementary Figure S4A).
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Figure 5. CSB regulates a subset of CTCF occupancy sites upon oxidative stress. (A)
CTCF ChIP-qPCR assays in CSB expressing (WT) and non-expressing (CS1AN) cells, with or
without a 1-h menadione treatment (100 µM). Shown are means ± SEM (n = 3). A paired t-test
was used to determine if the difference in CTCF enrichment before and after menadione
treatment was significant. Single asterisks indicate P values < 0.05, and double asterisks
indicate P values < 0.01, as determined by a paired t-test. (B) Model depicting possible modes of
CSB–CTCF chromatin association in response to oxidative stress. CTCF can recruit CSB to
CTCF-binding sites or enhance the association of CSB with distal sites. See text for details.
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2.8. Supplementary Data
Supplementary data is available at Nucleic Acids Research online (Lake et al., 2016).
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CHAPTER 3: PARP1 FACILITATES CHROMATIN ASSOCIATION OF COCKAYNE
SYNDROME GROUP B PROTEIN DURING OXIDATIVE STRESS

3.1. Preface
The manuscript presented in this chapter has been submitted for publication and is
currently under review with The Journal of Biological Chemistry. It has been reformatted here in
accordance with the University of Pennsylvania dissertation formatting guidelines.
3.2. Abstract
Cockayne syndrome protein B (CSB), an ATP-dependent chromatin remodeler, relieves
oxidative stress by regulating DNA repair and transcription. While CSB is proposed to participate
in base excision repair (BER), the primary DNA repair pathway for oxidative DNA damage,
exactly how CSB participates in this process is unknown. Additionally, it is unclear whether CSB
participates in other repair pathways during oxidative stress. Here we address these questions by
examining how CSB is targeted to chromatin in response to oxidative stress created by
menadione treatment, both globally and locus specifically. We find menadione-induced global
CSB-chromatin association is mechanistically distinct from UV-induced CSB-chromatin
association, in that its ATPase activity is dispensable. We demonstrate PARP1 enhances the
kinetics of global CSB-chromatin association induced by menadione treatment, and we find the
major BER enzymes, OGG1 and APE1, have no influence on this association. We do not see an
increase in γ-H2AX, a marker for double-strand DNA breaks, in menadione-treated cells and,
therefore, our results support a model whereby PARP1 localizes to single-strand breaks and
recruits CSB to participate in DNA repair. Furthermore, we find that this global CSB-chromatin
association occurs independently of transcription elongation by RNA polymerase II. However, in
contrast to global chromatin association, we show that both PARP1 knockdown and transcription
elongation inhibition interfere with the recruitment of CSB to specific genomic regions upon
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menadione treatment. This latter observation supports the hypothesis that CSB is also targeted to
specific genomic loci to participate in transcription regulation in response to oxidative stress.
3.3. Introduction
Cockayne syndrome is a devastating recessive disorder characterized by features of
premature aging, extreme sun sensitivity, and neurological and developmental abnormalities
(Lehmann, 1982; Nance & Berry, 1992). The majority of Cockayne syndrome cases are the result
of mutations within the gene encoding Cockayne syndrome protein B (CSB), an ATP-dependent
chromatin remodeler (Citterio et al., 2000; Eisen et al., 1995; Troelstra et al., 1992). CSB plays a
role in transcription regulation (Balajee et al., 1997; Lake et al., 2014; Newman et al., 2006; Selby
& Sancar, 1997a; Tantin et al., 1997; van Gool et al., 1997) and is essential for transcriptioncoupled nucleotide excision repair (TC-NER) (Bohr et al., 1985; Hanawalt & Spivak, 2008; Mayne
& Lehmann, 1982; Mellon et al., 1987; Troelstra et al., 1990; Troelstra et al., 1992; Venema et al.,
1990). CSB also contributes to the relief of oxidative stress by regulating DNA repair as well
transcription (Khobta & Epe, 2013; Kyng et al., 2003; Lake et al., 2016); however, mechanisms
underlying these activities remain elusive. Cells deficient in CSB show increased sensitivity to
oxidizing agents (Lake et al., 2016; Pascucci et al., 2012; Tuo et al., 2001), accumulate oxidative
DNA damage (Muftuoglu et al., 2009; Tuo et al., 2001) and display increased levels of
intracellular reactive oxygen species (ROS) (Pascucci et al., 2012).
The major repair pathway for oxidative DNA damage is base excision repair (BER) (G. L.
Dianov & Hubscher, 2013). BER is initiated by a substrate-specific DNA glycosylase that removes
the oxidized base. This is followed by cleavage of the sugar-phosphate backbone and excision of
the remaining apurinic-apyrimidinic site (AP site) by apurinic-apyrimidinic endonuclease 1
(APE1), or in some cases glycosylases with inherent endonuclease activity. The resulting nicked
DNA is recognized by and activates poly(ADP-ribose) polymerase 1 (PARP1), which uses NAD+
to catalyze the addition of poly(ADP-ribose) (PAR) polymers to itself as well as other proteins.
PARP1 is hypothesized to recruit proteins important for DNA repair, such as the scaffold protein
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XRCC1. PARP1 may also serve to stabilize nicked DNA, preventing degradation of single strand
breaks into double strand breaks (Abbotts & Wilson, 2017; G. L. Dianov & Hubscher, 2013; ElKhamisy et al., 2003; Parsons et al., 2005; Satoh & Lindahl, 1992). The remaining gap is filled by
DNA polymerase β and ligation is performed by DNA ligase IIIα (Lig3). An alternative pathway,
long-patch BER, is initiated by blocked 5’-ends during nick repair.
Evidence for a role of CSB in BER has been provided by several groups, which report
that cellular extracts from CSB null cells demonstrate reduced incision activity of oxidative DNA
lesions in vitro (G. Dianov et al., 1999; Khobta & Epe, 2013; Tuo et al., 2001; Tuo et al., 2002;
Tuo et al., 2003). Recent findings by Menoni et al. (2012) provide support for the notion that CSB
functions in the repair of oxidized DNA, by demonstrating that CSB accumulates at sites of locally
induced oxidative DNA damage in cells (Menoni et al., 2012). CSB has also been shown to
physically and functionally interact with several key BER proteins, such as OGG1 and APE1 (Tuo
et al., 2002; Wong et al., 2007). CSB has also been found to associate with PARP1 and PARP1
has been shown to poly(ADP-ribosyl)ate CSB (Thorslund et al., 2005). Recently, ScheibyeKnudsen et al. (2014) demonstrated PARylated PARP1 is required for retaining CSB at sites of
oxidative DNA damage and hypothesized that CSB participates in PARP1 displacement from
damaged DNA to facilitate repair (Scheibye-Knudsen et al., 2014).
Under replicative cell growth conditions, CSB interacts with chromatin very dynamically,
and only 10% of CSB stably associates with chromatin (Lake et al., 2010). In response to UV
DNA damage, where CSB is employed for TC-NER, the situation is reversed, and 90% of CSB
becomes associated with chromatin while 10% of CSB remains soluble. Recently, we
demonstrated that oxidative stress also stabilizes the association of CSB with chromatin on a
global level (Lake et al., 2016). In addition, we found that oxidative stress induces the occupancy
of CSB at specific genomic loci, including loci containing the binding motif for the chromatin
architectural protein CCCTC-binding transcription factor (CTCF) (Lake et al., 2016). Importantly,
we found that CSB and CTCF reciprocally regulate each other’s site-specific, chromatin
association in response to oxidative stress and that these two proteins directly interact (Lake et
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al., 2016). These observations suggest a role for CSB in regulating higher-order chromatin
structure in during oxidative stress.
In this study, we further characterize the mechanisms by which CSB stably associates
with chromatin, both globally and locus-specifically, in response to oxidative stress.
3.4. Results
3.4.1. Oxidative stress induces stable CSB-chromatin association
CSB interacts with chromatin dynamically. During replicative cell growth, ~10% of CSB
co-fractionates with chromatin (Fig. 1A-B) (Lake et al., 2016). However, when cells are treated
with menadione, which creates oxidative stress by producing reactive oxygen species (Aherne &
O'Brien, 2000), a substantial increase in CSB-chromatin association is observed (Fig. 1A-B)
(Lake et al., 2016). To dissect the mechanisms by which menadione induces the global
association of CSB with chromatin, we used the patient derived, CSB-deficient CS1AN-sv cell line
that has been stably reconstituted with wild-type CSB (CS1AN-CSB
expression level in CS1AN-CSB

WT

WT

) (Fig. S1A-B). CSB’s

cells is within two-fold of that of the human fibroblast cell line

MRC5 (Fig. S1A) (Cho et al., 2013). We examined the time dependence of CSB-chromatin
association in CS1AN-CSB

WT

cells treated with 100 µM menadione and found that ~90% of CSB

co-fractionates with chromatin within 30 minutes (Fig. 1A-B). As previously demonstrated, the
partitioning between soluble and chromatin fractions of another ATP-dependent chromatin
remodeler, BRG1, was not grossly altered by menadione treatment and, therefore, BRG1 was
used as a protein loading control for normalization (Fig. 1A) (Lake et al., 2016). Acetylated
histones H3 as well as Ponceau S staining of total histone proteins were used as controls to
examine chromatin fractionation efficiency (Fig. 1A). Additionally, as expected, the active form of
RNA polymerase II was in the chromatin fraction, while GAPDH was in the soluble fraction. The
CTCF protein, which was previously shown to increase its association with CSB in response to
menadione treatment (Lake et al., 2016), was chromatin-associated regardless of menadione
treatment (Fig. 1A).
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We next examined how two other DNA repair proteins behaved in this fractionation assay
(Fig. 1A). Menadione treatment induced the chromatin association of XRCC1, a scaffolding
protein involved in DNA repair (Fig. 1A-B). We found that PARP1 was present in both the soluble
and chromatin fractions and its partitioning between these two fractions was not significantly
changed by menadione treatment (Fig. 1A-B). In addition, we did not observe an apparent
change in the levels of the classic marker for DNA double-strand breaks, γ-H2AX, after
menadione treatment (Fig. 1A).
To further demonstrate that oxidative stress increases CSB-chromatin association, we
performed anti-CSB chromatin immunoprecipitation (ChIP) followed by western blot analysis,
using an antibody against histone H3. We found a more than five-fold increase of histone H3 coimmunoprecipitating with CSB in cells treated with menadione than in untreated cells,
demonstrating that menadione treatment increases CSB’s association with chromatin (Fig. 1C).
3.4.2. ATP hydrolysis by CSB is dispensable for menadione-induced chromatin
association
Stable CSB-chromatin association can also be induced by UV irradiation, and this
association requires ATP hydrolysis by CSB to relieve auto-repression (Lake et al., 2010). We
next determined if menadione-induced stable CSB-chromatin association is also ATP-dependent.
To accomplish this, we used the CSB-deficient CS1AN-sv cell line reconstituted with a CSB
protein harboring a patient derived mutation, CSB

R670W

, which is devoid of ATPase activity (Figs.

1D and S1A-B) (Lake et al., 2010). In sharp contrast to UV-induced CSB-chromatin association,
menadione-induced stable association of CSB
CSB

WT

R670W

with chromatin was kinetically similar to

. This result reveals that ATP hydrolysis by CSB is dispensable for global CSB-chromatin

association in response to menadione treatment.
3.4.3. Oxidative stress-induced CSB-chromatin association is mediated through its
ATPase domain and C-terminal region
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To dissect further the mechanism by which CSB becomes stably associated with
chromatin in response to oxidative stress, we analyzed a set of CSB deletion-derivatives (Fig. 2).
All mutant proteins were stably expressed in CS1AN-sv cells and nuclear localized (Fig. S1A-B).
CSBΔN, which is devoid of its N-terminal region but has intact ATPase and C-terminal domains,
co-fractionates with chromatin, even in the absence of genotoxic stress (Lake et al., 2010).
However, unlike UV-induced CSB-chromatin association, menadione treatment resulted in a
further increase in the association of CSBΔN with chromatin (Fig. 2B). This result suggests that
CSB senses oxidative stress through its ATPase and/or C-terminal domains.
Deleting the last 484 amino acids of CSB (CSBΔC) abolishes the ability of CSB to
associate with chromatin in response to UV irradiation (Lake et al., 2010). In contrast, CSBΔC still
responds to menadione treatment, however, the fraction of CSB∆C associating with chromatin
was lower at the 20- and 30-minute time points (Fig. 2C). This observation suggests that the Cterminal region of CSB contributes to menadione-induced CSB-chromatin association. However,
CSB-C alone did not bind chromatin as well as full-length CSB when cells were within the first 10
minutes of menadione treatment, suggesting that the ATPase domain contributes to menadioneinduced CSB-chromatin association (Fig. 2D). The N-terminal region of CSB (CSB

1-507

) showed

little chromatin association, even after 30 minutes of menadione treatment (Fig. 2E). Together
these findings support a model in which oxidative stress-induced CSB-chromatin association is
mediated through the ATPase domain and the C-terminal region of CSB. Moreover, the results
reveal that menadione-induced chromatin association of CSB does not rely upon ATP-dependent
relief of auto-repression.
3.4.4. Menadione-induced global CSB-chromatin association does not require active
transcription by RNA polymerase II
Another key factor underlying UV–induced CSB-chromatin association is active
transcription. Inhibition of RNA polymerase II (RNA pol II) transcription elongation by 5,6-dichloro1-beta-D-ribofuranosylbenzimidazole (DRB) prevents stable CSB-chromatin association induced
by UV irradiation (Lake et al., 2010). We, therefore, examined whether CSB-chromatin
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association induced by menadione treatment also requires active RNA pol II transcription.
CS1AN-CSB

WT

cells were exposed to DRB or a DMSO control for 1 hour prior to treatment with

menadione for 20 minutes. As demonstrated in Fig. 3A-B, DRB did not significantly alter the
stable association of CSB with chromatin that is induced by menadione on a global level.
However, as previously observed, similar DRB treatment prevented UV-induced CSB-chromatin
association (Fig. 3C). This finding indicates that stable CSB-chromatin association resulting from
oxidative stress is regulated by a mechanism that is distinct from UV-induced association.
3.4.5. APE1 and OGG1 are dispensable for global menadione-induced CSB-chromatin
association
CSB has been suggested to relieve oxidative stress by both facilitating base-excision
repair and regulating transcription of specific genes. Therefore, the menadione-induced global
CSB-chromatin association would be expected to represent, to a large degree, sites of oxidized
DNA. Accordingly, we used the chromatin-fractionation assay to dissect the mechanism by which
menadione induces CSB-chromatin association.
As CSB directly interacts with the major apurinic/apyrimidinic endonuclease APE1 (Wong
et al., 2007), we hypothesized that APE1 may recruit CSB to sites of APE1-mediated DNA strand
breaks to facilitate APE1 activity in cells treated with menadione. If this hypothesis were correct,
we expect to find less CSB co-fractionating with chromatin in cells with decreased APE1 levels.
To test this hypothesis, we reduced the level of the APE1 protein using shRNA and determined
its consequence on the amount of CSB co-fractionating with chromatin (Fig. 4A-D). As shown in
Fig. 4A, we were able to reduce APE1 protein levels to less than 30%; however, we did not
observe a significant change in menadione-induced CSB-chromatin association. This result
suggests that APE1 is not crucial for recruiting CSB to chromatin when cells are treated with
menadione (Fig. 4B-D).
OGG1, a glycosylase, initiates the base excision repair of 7,8-dihydro-8-oxoguanine (8oxoG), the major oxidized DNA lesion. Given that CSB has been reported to be in complex with
OGG1 (Tuo et al., 2002), we next tested if the global recruitment of CSB to chromatin is mediated
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by OGG1. To accomplish this, we reduced OGG1 protein levels using shRNA-targeting OGG1
(Fig. 4E) and determined its impact on the levels of CSB co-fractionating with chromatin in
response to menadione treatment (Fig. 4F-H). Reduction of OGG1 levels to 10% did not
significantly reduce the level of CSB co-fractionating with chromatin in cells treated with
menadione (Fig. 4E-H), arguing against the possibility that OGG1 is responsible for the global
recruitment of CSB to chromatin when cells are treated with menadione (Fig. 4F-H). Of note, we
did observe a small but significant increase in CSB-chromatin co-fractionation in OGG1
knockdown cells as compared to control cells following treatment with menadione for 30 minutes
(Fig. 4H). This observation suggests that OGG1 may prevent a fraction of CSB recruitment to
chromatin, either directly or indirectly, through a mechanism that awaits to be determined.
Together the findings shown in Fig. 4 argue against the possibility that APE1 or
OGG1plays a major role in global recruitment of CSB to chromatin upon oxidative stress.
Additionally, these results suggest the possibility that CSB may function upstream of these two
proteins in base-excision DNA repair.
3.4.6. PARP1 facilitates CSB-chromatin association induced by menadione treatment
Another candidate protein for targeting CSB to chromatin in response to oxidative stress
is PARP1, as it not only interacts with CSB but also poly(ADP)ribosylates CSB (Thorslund et al.,
2005). Therefore, we examined CSB-chromatin association following control or PARP1 shRNA
knockdown (Fig. 5). Fig. 5A is a representative western blot showing the level of PARP1
knockdown, which was routinely about 90%. We found that PARP1 knockdown significantly
reduced the kinetics of CSB-chromatin association following menadione treatment (Fig. 5B-D). To
confirm this finding, we repeated the experiments in control and PARP1 knockdown cells, either
untreated or treated with menadione for 20 minutes (average 96% knockdown, n=11). We found
a drop from 40% CSB co-fractionating with chromatin in cells treated with control shRNA to 17%
in cells treated with PARP1 shRNA (Fig. S2A). A difference was observed whether or not we
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used BRG1 to normalize protein levels (comparing Fig. S2A to S2B). Together, these results
indicate that PARP1 enhances the kinetics of menadione-induced CSB-chromatin association.
PARP1 could facilitate menadione-induced CSB-chromatin association through its ability
to directly interact with CSB. Alternatively, PARP1 might do so through its enzymatic activity. To
determine the contribution of PARP1’s enzymatic activity in menadione-induced CSB-chromatin
association, we treated cells with the potent PARP inhibitor, KU-0058948 (Fig. 5E-H). Cells
treated with KU-0058948 had less poly(ADP-ribosyl)ation activity, as demonstrated by western
blot analysis using an anti-PAR antibody (Fig. 5E). We did not observe a significant change in the
kinetics of CSB-chromatin association induced by menadione treatment, suggesting that PARP1
may influence CSB-chromatin recruitment through direct protein-protein interaction.
3.4.7. PARP1 facilitates the recruitment of CSB to specific genomic loci induced by
menadione treatment
ChIP-seq experiments revealed that menadione treatment also increases the occupancy
of CSB at specific genomic loci (Lake et al., 2016). To determine if PARP1 participates in
recruiting CSB to these loci in response to oxidative stress, we used ChIP-qPCR to examine CSB
occupancy at four of these sites (chrX-1, chrX-2, chr17-1, and chr19-2) in cells treated with
shRNA targeting PARP1 (Fig. 6A). When the PARP1 protein level was reduced to 15% of its
normal level, the occupancy of CSB at these genomic loci induced by menadione treatment was
significantly reduced (Fig. 6A) (Lake et al., 2016). On the other hand, the occupancy of CSB at
chr12-7, a site that is bound by CSB but unaffected by menadione treatment, was not altered by a
decrease in PARP1 protein levels (Fig. 6A). These results indicate that PARP1 plays a key role in
facilitating the recruitment of CSB to specific genomic loci in response to oxidative stress, in
addition to playing a role in influencing the kinetics of global CSB-chromatin association following
oxidative stress.
We next determined if the locus-specific CSB occupancy relies upon the enzymatic
activity of PARP1. As shown in Fig. 6B, after treating cells with KU-0058948, we observed a
significant decrease in CSB occupancy at chrX-1 and chrX-2, but not chr17-1 and chr19-2. These
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results indicate that the enzymatic activity of PARP1 contributes to the recruitment of CSB to
specific loci, but only at a subset of its occupied sites. Interestingly, we found that treating cells
with the transcription elongation inhibitor DRB significantly decreased menadione-induced sitespecific CSB occupancy at all four sites examined, further supporting the notion that CSB
functions in transcription regulation when cells are under oxidative stress (Fig. 6C).
3.5. Discussion
In this study, we demonstrated that the global chromatin association of CSB induced by
oxidative stress does not require ATP-dependent relief of auto-repression (Fig. 1) and, therefore,
is distinct from the mechanism by which UV irradiation induces CSB-chromatin association for its
essential function in TC-NER (Lake et al., 2010). We also showed that the ATPase domain and
the C-terminal region of CSB are required for timely association of CSB with chromatin in
response to oxidative stress (Fig. 2). The auto-repressive, N-terminal region of CSB (CSB-N),
which is also essential for substrate discrimination during UV-induced CSB-chromatin
association, is dispensable for menadione-induced CSB-chromatin association (Fig. 2).
Importantly, we find that PARP1, which responds to both single-strand and double-strand DNA
breaks (Ray Chaudhuri & Nussenzweig, 2017), enhances the kinetics of global CSB-chromatin
association induced by oxidative stress (Fig. 5). However, we observed no significant increase in
the level of γ-H2AX, a marker for DNA double-strand breaks, in cells treated for 30 minutes with
menadione (Fig. 1A). Together, these results support the notion that PARP1 functions in the
recruitment of CSB to single-strand DNA breaks upon oxidative stress (Fig. 7A). The majority of
single-strand DNA breaks that CSB responds to are unlikely the product of base excision repair
(BER), as menadione-induced global CSB-chromatin association is independent of OGG1 and
APE1 (Fig. 4). These observations, therefore, suggest that PARP1 may enhance the recruitment
of CSB to sites of single-strand DNA breaks directly generated by reactive oxygen species
through menadione treatment (Fig. 7A) (Aherne & O'Brien, 2000). Accordingly, we would like to
propose that one major function of CSB in cells exposed to oxidative stress is to cooperate with
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PARP1 in single-strand DNA break repair. This model is consistent with the observation by
Menoni et al. (2012), where OGG1 is not required for the recruitment of CSB to locally induced
oxidative DNA damage generated by photo-activation of Ro-19-8022 (Menoni et al., 2012).
Furthermore, we found that PARP1’s enzymatic activity is not required for menadione-induced
CSB-chromatin association, suggesting that the enhanced chromatin association kinetics
mediated by PARP1 is likely the result of direct protein-protein interaction (Fig. 5). Indeed, CSB
has been shown to directly interact with the PARP1 protein (Thorslund et al., 2005). However, it is
also possible that another protein that is recruited by PARP1 may function to enhance the CSBchromatin association (Fig. 7A). Furthermore, the DNA-binding regions within the ATPase and Cterminal domains of CSB play important roles in mediating this association, as the N-terminal
region alone (CSB-N), which is capable of interacting with PARP1 (Thorslund et al., 2005), fails to
associate with chromatin upon oxidative stress (Fig. 2E). Lastly, although DNA lesion-stalled
transcription is the primary signal that promotes CSB-chromatin association in response to UV
irradiation, transcription elongation is not required for menadione-induced global CSB-chromatin
association (Fig. 3).
We also found that CSB

∆245-365

(CSB∆N1), a CSB derivative that is devoid of any

chromatin remodeling activity (39), cannot complement the menadione sensitivity of CSBdeficient cells (Fig. 7B). This indicates that the chromatin remodeling activity of CSB is required
for CSB’s function in the repair of menadione-induced DNA damage or the transcriptional
response to oxidative stress, or both. In the case of DNA repair, CSB may function to replace
PARP1 once recruited to a single-strand break to facilitate DNA repair, as proposed by ScheibyeKnudsen et al. (2014) (Scheibye-Knudsen et al., 2014). Alternatively, CSB may facilitate singlestrand break repair by opening up chromatin structure. Indeed, prior studies have shown that
PARP1 can recruit other chromatin-remodeling complexes, such as ALC1, CHD2, and SNF2h, to
facilitate DNA repair (D. Ahel et al., 2009; Gottschalk et al., 2009; Luijsterburg et al., 2016;
Smeenk et al., 2013).
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Previously, we had shown that menadione treatment promotes the occupancy of CSB at
specific loci throughout the genome, and this site-specific occupancy likely reflects a role that
CSB plays in mounting a transcriptional response to oxidative stress (Lake et al., 2016). Here, we
have shown that decreasing PARP1 protein levels can decrease this enhancement of sitespecific occupancy (Fig. 6A). Given that PARP1 has been suggested to participate in
transcription elongation (Gibson et al., 2016), it is likely that PARP1 knockdown reduces
transcription elongation, which then leads to decreased CSB occupancy specific sites (Fig. 6A).
This hypothesis is supported by our observation that inhibiting RNA pol II transcription elongation
with DRB also decreases the enhancement of site-specific CSB occupancy induced by
menadione (Fig. 6C). Interestingly, the enzymatic activity of PARP1 is only required at a subset of
the loci examined (Fig. 6B). This is consistent with the notion that the requirement for PARP1
activity in transcription is context dependent (Kraus & Lis, 2003) and suggests that PARP1
enhances CSB occupancy on chromatin through both activity-dependent and -independent
mechanisms.
We previously demonstrated that CSB and CTCF can reciprocally regulate each other’s
occupancy at specific genomic loci upon oxidative stress, and we hypothesized that CSB may
cooperate with CTCF by altering 3-D genome organization to facilitate the relief of oxidative
stress (Lake et al., 2016). While the role of this 3-D genome organization may be to regulate gene
expression, this study also opens up the possibility that the 3-D chromatin organization mediated
by CTCF and CSB may facilitate the formation of DNA repair hubs for the repair of single-strand
DNA breaks localized by PARP1.
3.6. Experimental Procedures
3.6.1. Cell culture and treatment protocol
CS1AN-sv cells and CS1AN-sv cells stably expressing CSB or mutant CSB proteins were
maintained in DMEM-F12 supplemented with 10% FBS (Cho et al., 2013; Lake et al., 2014).
293T cells were maintained in DMEM supplemented with 10% FBS. All cells were cultured at
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37°C in 5% CO2. CS1AN-sv cells stably expressing CSB, CSB

R670W

, CSBΔN, CSBΔC were

expressed as previously described (Lake et al., 2010). CS1AN cells stably expressing CSB-N and
CSB-C were generated by transfecting cells with CSB-N or CSB-C expression plasmids and
selecting with 600 µg/mL G418 (Lake et al., 2010). Oxidative stress was induced by treating cells
with 100-µM menadione (MP Biomedicals, 102259). The PARP inhibitor, KU-0058948
hydrochloride (Axon Medchem, 2001), was used at a final concentration of 1 µM for 1 hour
(Hanzlikova et al., 2017). RNA pol II transcription elongation was inhibited by treating cells with
50 µM 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB, Sigma-Aldrich, D1916) for one hour
prior to treatment with menadione (Lake et al., 2010). Menadione was added directly to the DRBor KU-0058948 containing medium. For the UV control experiment, cells were treated with 50 µM
2

DRB for 1 hour and then irradiated with 100 J/m UV (245 nm) using a Stratalinker (Lake et al.,
2010). Cells were allowed to recover for one hour prior to processing.
3.6.2. Protein fractionation and western blotting
Equal numbers of cells were seeded onto 60 mm dishes and allowed to grow overnight to
~80% confluence. Media was changed on all plates and cells were left untreated or treated with
100 µM menadione for indicated times. Cells were lysed and proteins were fractionated as
described previously (Lake et al., 2016; Lake et al., 2010). Briefly, cells were rinsed with PBS,
collected in 200 µl buffer B (150 mM NaCl, 0.5 mM MgCl2, 20 mM HEPES (pH 8.0), 10% glycerol,
0.5% Triton X-100, 1 mM DTT) on ice and centrifuged at 15,000 rpm for 20 minutes at 4°C. 150
µl supernatant was added to 50 µl 4x SDS sample buffer (soluble fraction, ‘s’) and 200 µl 1xSDS
sample buffer was added to the pellet, which was sonicated for 10 seconds at 25% amplitude
with a Branson 101-135-126 Sonifer (chromatin-enriched fraction, ‘c’, 1.3 times more
concentrated than ‘s’). Proteins were run on a NuPAGE
NP0323BOX) with the BenchMark

TM

TM

4-12% Bis-Tris protein gel (Invitrogen,

pre-stained protein ladder (Invitrogen, 10748-010) and gels

are labeled with molecular weight markers (kDa). Western blots were developed using
SuperSignal West Pico or Dura chemiluminescent substrate (ThermoFisher Scientific, 34580 and
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34075), and imaged with a Fujifilm ImageQuant LAS-4000 imager or developed using a Kodak
Processor M35A. To determine the percentage of CSB co-fractionated with chromatin, images
were scanned and quantified using ImageJ. Determination of percent CSB co-fractionated with
chromatin was calculated as previously described by normalizing respective to BRG1 and
adjusting for the 1.3-fold more concentrated chromatin-enriched fraction (Lake et al., 2016).
3.6.3. Lentiviral shRNA knockdown
Mission shRNA targeting OGG1 (TRCN0000314740), APE1 (TRCN0000007958),
PARP1 (TRCN0000007932) (Ma et al., 2012; Wu et al., 2017), and a non-targeting shRNA
(SHC002) were from Sigma-Aldrich. Virus was produced as previously described (Lake et al.,
2016). Briefly, virus was produced by co-transfecting 293T cells with shRNA and the third
generation lentiviral packaging plasmids pMGLg-RRE, pRSV-REV, and pMD2.G/VSV. Media was
changed 24 hours after transfection and virus-containing medium was collected 24 hours later.
The target cell confluence at time of infection was ~20%. Media was changed 24 hours after
infection, and cells were harvested at 72 hours (PARP1, APE1) or 96 hours (OGG1) postinfection.
3.6.4. ChIP-western and ChIP-qPCR analyses
Chromatin immunoprecipitation (ChIP) was carried out as previously described (Lake et
al., 2014; Lake et al., 2016). ChIP was performed using approximately 4 million cells, 5 µl
monoclonal anti-CSB antibody (1B1) (Lake et al., 2014) and 5 µl protein-G agarose beads
(Invitrogen, 15920010). Real-time PCR was done using a 7900HT Fast Real-Time PCR System
(Applied Biosystems) and SensiFAST

TM

Sybr Hi-Rox Mix (Bioline, BIO-92020) following

manufacturer instructions. Primers are listed in Table S1. The real-time PCR data were analyzed
using ∆∆Ct method (Schmittgen & Livak, 2008).
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For ChIP-western analysis, ChIP was conducted as above following treatment with 100
µM menadione for 30 minutes. Samples were reverse cross-linked in 1xSDS sample buffer at
95°C for 30 minutes and immediately ran on a gel (Cho et al., 2013).
3.6.5. Antibodies
Antibodies used for western blot analysis were rabbit polyclonal anti-CSB antibodies to
the N-terminus (Jasmine) or C-terminus (Libra) (both used at 1:2000) (provided by Dr. Weiner,
University of Washington) (Lake et al., 2010), rabbit polyclonal anti-BRG1 (1:2000) (provided by
Dr. Kingston, MGH) (Lake et al., 2010), rabbit polyclonal anti-XRCC1 (1:1000) (Cell Signaling
Technology, 2735), rabbit polyclonal anti-PARP1 (1:1000) (Cell Signaling Technology, 9542),
rabbit polyclonal anti-γ-H2A.X (1:1000) (Cell Signaling Technology, 2595), rabbit polyclonal antiCTCF (1:2000) (Millipore, 07-729), mouse monoclonal anti-RNA polymerase II (1:500) (Covance,
H5), rabbit polyclonal anti-acetyl-Histone H3 (1:1000) (Millipore, 06-599), rabbit polyclonal antihistone H3 (1:2000) (Cell Signaling Technology, 9715), mouse monoclonal anti-GAPDH
(1:10,000) (Millipore, MAB374), rabbit polyclonal anti-OGG1 (1:10,000) (Abcam, ab124741),
rabbit polyclonal anti-APE1 (Cell Signaling Technology, 4128S), HRP-conjugated goat anti-rabbit
IgG (1:10,000) (Pierce, 31460), and HRP-conjugated goat anti-mouse (1:10,000) (Jackson
Laboratory, 115-035-044). ChIP was performed using the N-terminal anti-CSB antibody 1B1 (10).
Poly ADP-Ribose (PAR) was analyzed using mouse monoclonal anti-PAR (1:1000) (Tulip
BioLabs, #1020/N) and peroxidase-conjugated AffiniPure goat anti-mouse IgG, Fcγ Subclass 3
Specific (1:2000) (Jackson ImmunoResearch Laboratories, Inc., 115-035-209).
3.6.6. Menadione sensitivity assay
Approximately 100,000 cells were seeded onto 35 mm dishes in DMEM/F12 medium
supplemented with 10% FBS and allowed to grow for 24 hours at 37°C. Cells were then given
fresh media and left untreated or treated with indicated concentrations of menadione for 1 hour.
After 1 hour, menadione-containing medium was removed and fresh medium without menadione
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was added. Cells were cultured for an additional 24 hours at which point cell viability was
determined by trypan blue exclusion using a hemocytometer. Percent survival was calculated as
the ratio of treated cells to untreated cells (Lake et al., 2016).
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3.7. Figures

B

A
chromatin-enriched

Time (mins) 0

5 10 20 30

0

100
CSB

5 10 20 30
CSB

180

BRG1

180

Histone H3-Ac

15
26
19
15

Ponceau
RNA pol II (H5)

180
49

GAPDH
CTCF

co-fractionated with chromatin (%)

soluble

XRCC1
80

PARP1
CSBR670W

60

40

20

0

115

0

5

10

XRCC1

82

15
20
Time (mins)

25

30

PARP1

115

γ-H2AX

15

D
soluble

C
+

-

-

+

Beads

-

Time (mins) 0

CSB

Input
menadione

Beads

IP

CSB

Figure 1

180

+

180
19
15

Total H3
1x

chromatin-enriched
0

5 10 20 30
CSBR670W
BRG1

CSB
180
26
19

5 10 20 30

Ponceau

5.5 x

Figure 1. The association of CSB with chromatin in response to menadione treatment
WT
occurs independently of ATP hydrolysis. (A) Protein fractionation assay in CS1AN-CSB
cells following treatment with 100 µM menadione for times indicated. Western blots were probed
with antibodies listed. BRG1 was used as a loading control. Acetylated histone H3 and total core
histones (visualized by Ponceau S staining) were used as markers for the chromatin-enriched
fraction. GAPDH was used as a marker for the soluble fraction. (B) Quantification of percent
WT
R670W
CSB (n=5), PARP1 (n=4), XRCC1 (n=4), and CSB
(n=2) in the chromatin-enriched
fraction as a function of time, normalized to BRG1. Error bars represent SEM. (C) CSB ChIPWT
western analysis in CS1AN- CSB cells untreated (-) or treated with 100 uM menadione for 30
minutes (+). Numbers at bottom show fold change in histone H3 normalized to CSB (n=2). (D)
R670W
Protein fractionation assay in CS1AN-CSB
cells following treatment with 100 µM menadione
for times indicated (n=2). Shown is a representative western blot probed with antibodies to CSB
and BRG1, and stained with Ponceau S.
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Figure 2. The association of CSB with chromatin in response to menadione treatment is
largely mediated through its ATPase domain and C-terminal region. (A) Schematic
representation of the CSB protein and CSB deletion constructs used in the protein fraction
assays. Grey boxes represent the seven conserved helicase motifs, thin black boxes represent
the two putative nuclear localization signals (NLS), and the thick black box represents the
ubiquitin binding domain (UBD). (B-E) Protein fractionation assays demonstrating chromatin
association as a function of time in CS1AN-sv cells reconstituted with indicated CSB derivatives,
WT
following treatment with 100 µM menadione. CSB (n=5) (from Fig. 1A) and (B) CSBΔN (n=2),
(C) CSBΔC (n=3), (D) CSB-C (n=4), and (E) CSB-N (n=2). Shown are representative western
blots probed with the indicated antibodies and stained with Ponceau S. Plots show quantification
of the western blot data with CSB signals normalized to BRG1 signals. Error bars represent SEM.
WT
Paired t-test compares construct enrichment to CSB (* p<0.05, ** p<0.01, *** p<0.001).
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CSB cells. Cells were treated with 50 µM DRB or DMSO for 1 hour followed by 100 µM
menadione for 20 minutes. Representative western blot probed with antibodies listed. “S” denotes
soluble proteins fraction and “C” denotes chromatin-enriched fraction. (B) Quantification of CSB
chromatin co-fractionation data in (A) normalized to BRG1 signal intensity. Shown are means ±
SEM and paired t-test compares enrichment in cells with DMSO to DRB (n=3, ns: not significant).
WT
(C) Protein fractionation assay in CS1AN-CSB cells treated with 50 µM DRB or DMSO for 1
2
hour followed by 100 J/m of UV irradiation. Cells were analyzed 1 hour after UV treatment.

Boetefuer Figure S4

82

B

C

D

ctrl shRNA
soluble
Time (mins) 0
49
49

APE1 shRNA

chromatin-enriched

5 10 20 30

0

soluble
Time (mins) 0

5 10 20 30

5 10 20 30

chromatin-enriched
0

5 10 20 30

CSB

APE1

180

GAPDH

BRG1

180
19
15

Ponceau

CSB

180

BRG1

180
19
15

Ponceau

% CSB co-fractionated with
chromatin

A

100

ctrl KD
APE1 KD

80
60
40
20
0
0

10

20

30

Time (mins)

F
Time (mins) 0
49
49

OGG1

G

ctrl shRNA
soluble

180

GAPDH
180
19
15

5 10 20 30

0

soluble
Time (mins) 0

5 10 20 30
CSB

BRG1
Ponceau

H

OGG1 shRNA

chromatin-enriched

180

5 10 20 30

chromatin-enriched
0

5 10 20 30
CSB
BRG1

180
19
15

Ponceau

% CSB co-fractionated with
chromatin

E

100

ctrl KD
OGG1 KD

80

*

60
40
20
0
0

10
20
Time (mins)

30
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Figure 4
expressing a control (ctrl) or APE1 shRNA. Representative western blot probed with antibodies
listed and stained with Ponceau S. (D) Quantification of data in B and C showing percent CSB cofractionating with chromatin. Error bars represent SEM. Paired t-test comparing CSB enrichment
in control vs APE1 knockdown (n=4) revealed no significant differences in association kinetics.
(E) Representative western blot revealing the extent of OGG1 knockdown (average knockdown
90%, normalized to GAPDH). (F-G) Protein fractionation assay revealing CSB-chromatin
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association as a function of time after menadione treatment in CS1AN-CSB cells expressing a
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83

B

C

D

soluble
Time (mins) 0
180

PARP1 shRNA

chromatin-enriched

5 10 20 30

0

CSB

180

E

F

KUDMSO 0058948

menadione -

Ponceau

soluble
Time (mins) 0

180

PAR

115
49

180
19
GAPDH
15

180

5 10 20 30

5 10 20 30
CSB
BRG1

CSB
BRG1
Ponceau

180
180
19
15

60
40
20

5 10 20 30

chromatin-enriched
0

*

0
0

10
20
Time (mins)

30

H

KU-0058948

Time (mins) 0

ctrl KD
PARP1 KD

80

Ponceau

soluble

5 10 20 30

0

180
26
19
15

chromatin-enriched
0

5 10 20 30

G

DMSO

+ - +

100

chromatin-enriched

180

BRG1

180
26
19
15

GAPDH

Time (mins) 0

5 10 20 30

PARP1
115
49

soluble

% CSB co-fractionated
with chromatin

ctrl shRNA

5 10 20 30
CSB
BRG1
Ponceau

% CSB co-fractionated
with chromatin

A

100

DMSO
KU-0058948

80
60
40
20
0
0

10
20
Time (mins)

30

Figure 5. The PARP1 protein, but not its enzymatic activity, is required for efficient, global
CSB-chromatin association in response to menadione treatment. (A) Representative
western blot revealing the extent of PARP1 knockdown (average knockdown 89%, normalized to
GAPDH). (B-C) Protein fractionation assay revealing CSB-chromatin association as a function of
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time after menadione treatment in CS1AN-CSB cells expressing a control (ctrl) or PARP1
shRNA. Representative western blot probed with antibodies listed and stained with Ponceau S.
(D) Quantification of data in B and C showing percent CSB co-fractionating with chromatin. Error
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bars represent SEM. Paired t-test comparing CSB enrichment in control vs PARP1 knockdown
(n=3, * p<0.05). (E) Western blot probed with an anti-PAR antibody demonstrating PARP1
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inhibition by KU-0058948. (F-G) Protein fractionation assay of CS1AN-CSB cells treated with
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FigureFigure
6. PARP1
6 and elongating RNA pol II contribute to menadione-induced CSB
occupancy at specific genomic loci. ChIP-qPCR analyses of CSB recruitment to specific
genomic loci in response to menadione treatment. Shown are four loci where CSB occupancy is
significantly enhanced by oxidative stress (chrX-1, chrX-2, chr17-1, and chr19-2) and a control
locus where CSB occupancy is not changed by oxidative stress (chr12-7). (A) CSB ChIP-qPCR
WT
analyses of CS1AN-CSB cells expressing a control (ctrl) or PARP1 shRNA. Shown are means
± SEM. Paired t-test comparing CSB enrichment (n=3, ** p<0.01, *** p<0.001). (B) CSB ChIPqPCR analyses as above except that cells were exposed to KU-0058948 (PARP i) or DMSO for 1
hour prior to menadione treatment. Shown are means ± SEM. Paired t-test comparing CSB
enrichment (n=2, * p<0.05). (C) CSB ChIP-qPCR analyses of cells exposed to DRB or DMSO for
1 hour prior to menadione treatment. Shown are means ± SEM. Paired t-test comparing CSB
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Figure 7. A model for CSB function during oxidative stress-induced DNA damage. (A)
Single strand DNA breaks directly generated by reactive oxygen species are recognized by
PARP1. Localization of PARP1 to single-strand breaks facilitates the recruitment of CSB, the
scaffolding protein XRCC1 and other factors needed for repair. CSB may function to make the
chromatin landscape more permissible for DNA repair and/or regulate protein factor retention at
sites of repair. (B) Menadione sensitivity assays. The chromatin remodeling deficient CSB∆N1
does not complement the menadione sensitivity of the CS1AN-sv cells. Paired t-test comparing
WT
CS1AN-CSB to CS1AN-CSBΔN1 (n=5, * p<0.05, *** p<0.001).
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CSB expression levels. Values report GAPDH normalized mutant protein levels relative to
WT
WT
GAPDH normalized CSB level. The second western blot shows CSB level in CS1AN
fibroblasts relative to endogenous CSB in the MRC5 fibroblast cell line. An arrow indicates CSBN, while other bands are antibody background signal present in both cell lines. (B)
WT
Immunofluorescence images demonstrating CSB and all CSB mutant constructs localize to the
nucleus of CS1AN cells (CSB green, DAPI blue).
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Figure S2. PARP1 decreases CSB-chromatin co-fractionation regardless of BRG1
normalization. Eleven replicate experiments are depicted comparing the impact of control
shRNA (ctrl) and PARP1 shRNA on CSB-chromatin co-fractionation following treatment with 100
µM menadione for 20 minutes. (A) Values were normalized to BRG1. (B) Values are not
normalized. Shown are means ± SEM. Paired t-test compares enrichment in cells with control vs
PARP1 shRNA (n=11, * p<0.05, ** p<0.01, *** p<0.001).
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Boetefuer Figure S2

Table S1: Primers used in ChIP-qPCR
Name of
primer set

Primer name

Sequence (5’ to 3’)

chr12-7F

CGG TGG AAT TCA GGA GTC AG

chr12-7R

ACC ATT CCA GCA TTC CCA TT

chrX-1F

GTC TTG ACC ACA TGT GAC TGG

chrX-1R

AGC TGG TCT AAG CCG ATC AA

chrX-2F

GAC TAA CCT GGA CCA GCT GT

chrX-2R

AGG ATG GGT CAA AGC CAG TC

chr17-1F

TGC GAA TTT CCA TGG GTT AT

chr17-1R

GTC AAC ATT GGC TGA AGC TG

chr19-2F

AAC TGA CTG TGA CCG GCT TT

chr19-2R

TAG CCA GAC ACC ACT GGT CA

chr12-7

chrX-1

chrX-2

chr17-1

chr19-2
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CHAPTER 4: CONCLUDING REMARKS

4.1. Summary of Major Conclusions
The overall goal of this dissertation research was to work towards understanding the role
of CSB in the relief of oxidative stress by characterizing the mechanisms by which CSB
associates with chromatin upon oxidative stress. CSB’s interaction with chromatin is highly
dynamic. Under replicative cell growth conditions, only ~10% of CSB in cells is stably associated
with chromatin while the remaining 90% remains soluble. UV irradiation stabilizes CSB’s
interaction with chromatin where it is required for transcription-coupled nucleotide excision repair
(TC-NER) and, likely, regulating transcription. Similarly, we demonstrate treating cells with
menadione, which induces oxidative stress by producing reactive oxygen species, also induces
stable association of CSB with chromatin. Importantly, we demonstrate that CS1AN cells, which
are deficient in functional CSB, are more sensitive to menadione treatment than those
reconstituted with wild type CSB.
We then sought to characterize CSB’s genomic occupancy genome-wide upon oxidative
stress by ChIP-seq. Compared to our previously published untreated ChIP-seq data set, CSB’s
occupancy in response to oxidative stress revealed common occupancy sites as well as sites
induced or repressed by menadione treatment. Furthermore, oxidative stress resulted in a
significant increase in CSB’s promoter occupancy from 2% in untreated cells to 11% in
menadione treated cells, suggesting CSB participates in transcription regulation in response to
oxidative stress. We previously demonstrated CSB occupies c-Jun/AP1 binding sites under nonstress conditions, and the percentage of these sites occupied by CSB was not changed by
menadione treatment. Interestingly, we found CSB was significantly enriched at sites containing
the binding motif for CTCF. We demonstrated loss of CTCF resulted in a significant decrease in
CSB occupancy at several stress-induced loci, including loci with and without CTCF binding
motifs. We then demonstrated a novel, direct interaction between CSB and CTCF and that this
interaction is enhanced by oxidative stress. CSB also positively regulates CTCF’s interactions
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with DNA in vitro. We then examined CTCF occupancy at several genomic loci containing CTCF
binding motifs where CSB occupancy is enhanced by oxidative stress. We observed a significant
increase in CTCF occupancy upon oxidative stress at these loci, and, strikingly, the menadioneinduced occupancy does not occur in the absence of CSB. Together these findings show CSB
and CTCF interact and cooperate upon oxidative stress by regulating each other’s interactions
with chromatin. We hypothesize CSB functions in regulating transcription in response to oxidative
stress, perhaps through cooperation with CTCF in 3-dimensional genome organization.
To further characterize CSB’s oxidative stress-induced chromatin association, we
examined several CSB mutants to define the critical determinants of CSB required for this to
occur. In stark contrast to CSB’s UV-induced chromatin association, CSB’s ATP hydrolysis
activity is not required for CSB to stably associate with chromatin in response to oxidative stress.
Furthermore, CSB’s ATPase and C-terminal domains mediate this association. As CSB is
hypothesized to participate in BER, we examined two CSB-interacting BER proteins, OGG1 and
APE1, however neither was required for CSB-chromatin association upon oxidative stress. We
then examined PARP1 and demonstrated PARP1, but not its enzymatic activity, is required for
global CSB-chromatin association upon oxidative stress. As OGG1 and APE1 knockdown did not
impact CSB’s global oxidative stress-induced chromatin targeting, we hypothesize targeting by
PARP1 is largely representative of targeting to single strand DNA breaks directly resulting from
menadione-induced SSB production. CSB may facilitate DNA repair by removing PARP1 from the
lesion or by opening chromatin structure as the remodeling-deficient CSB derivative CSBΔN1
cannot complement the sensitivity of CSB-deficient cells to oxidative stress. We also examined
several genomic loci at which CSB’s occupancy is oxidative stress-induced and found PARP1
also targets CSB to chromatin in a locus-specific manner in response to oxidative stress and,
furthermore, that PARP1’s enzymatic activity was required at a subset of these loci. CSB’s
targeting to specific genomic loci by PARP1 also supports a role of CSB in transcription
regulation, as PARP1 functions in this process. While active RNA polymerase II transcription
inhibition did not significantly impact CSB’s global chromatin association, it did affect CSB’s
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locus-specific targeting, suggesting CSB’s role in DNA repair is not transcription dependent while
supporting the hypothesis that CSB functions in transcription regulation during oxidative stress.

4.2. Compare Targeting by UV Irradiation to that of Oxidative Stress
Work presented in this dissertation suggests that CSB’s targeting to chromatin in
response to oxidative stress is unique from its targeting following UV irradiation. Upon UV
irradiation, CSB targets RNA polymerase II stalled at a bulky DNA lesion, which is recognized by
a substrate recognition domain within the N-terminus of CSB. Stable chromatin association
requires CSB undergo an ATP-dependent confirmation to relieve N-terminal autorepression,
opening CSB and exposing contact surfaces along the protein. Furthermore, this requires active
RNA polymerase II transcription as inhibition of RNA polymerase II elongation abolishes UV
irradiation-induced CSB-chromatin association. Here, we show that stable chromatin association
following oxidative stress occurs by a different mechanism. This does not require an ATPdependent confirmation change nor does it require active RNA polymerase II transcription.
Furthermore, CSB’s oxidative stress-induced chromatin association is mediated by the ATPase
and C-terminal domains, which alone do not response to UV irradiation. This raises the question
of why these targeting paradigms so different for one protein responding to two DNA damageinducing stress conditions. One factor underlying these differences is likely the types of lesions
created. The major type of damage created by UV irradiation is bulky, transcription-stalling
lesions such as cyclobutane pyrimidine dimers (CPD) and (6,4)-photoproducts, which are
repaired by nucleotide excision repair pathways. In contrast, oxidative stress creates smaller
lesions, such as single base modifications, and single strand breaks, which are repaired by base
excision repair and single strand break repair, respectively. Therefore, inherent differences in the
damage itself as well as the repair pathway initiated by the damage by underlie the apparent
differences in CSB’s recruitment to chromatin. While it is largely reported that oxidative DNA
damage does not impair transcription by RNA polymerase II, some groups report varying degrees
of RNA polymerase II stalling. Therefore, it is possible that a fraction of total cellular CSB may be
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engaged in TC-NER in response to oxidative stress, however, the finding that neither CSB’s ATP
hydrolysis activity nor active RNA polymerase II transcription is required for stable CSB-chromatin
association upon oxidative stress suggests this is not the major activity. We would also like to
introduce the hypothesis that while CSB’s ATPase activity is not required for chromatin
association in response to oxidative stress, it is still possible that CSB is undergoing an ATPindependent confirmation change. For example, this may be induced by binding to or modification
of CSB by PARP1.
Although it appears targeting following oxidative stress is different from UV irradiation and
may be do to inherent differences in the types of DNA damage induced during these different
stress conditions, it is still possible that CSB’s major role in responding to DNA damage is similar.
In response to UV irradiation, CSB is required to recruit downstream repair factors, which may
also be the case for oxidative DNA damage repair. Furthermore, CSB’s remodeling facilitates TCNER, which is hypothesized to be the result of CSB opening chromatin and allowing efficient
repair or repair factor binding or remodeling may allow RNA polymerase II to resume transcription
post-repair. CSB’s remodeling activity is also required for CSB to relieve oxidative stress, as cells
containing a remodeling-deficient CSB are more sensitive to the killing effects of the oxidative
stress-inducing drug menadione. Again, CSB’s remodeling activity may allow efficient DNA repair
by making the chromatin structure amenable to repair. Lastly, there are likely similarities and
differences in how CSB is targeted to specific genomic loci upon UV irradiation and oxidative
stress. In response to oxidative stress, we demonstrate that CSB is targeted to specific genomic
loci by CTCF and PARP1 and hypothesize CSB regulates transcription, allowing cells to respond
to stress. Upon UV irradiation, CSB is hypothesized to relieve widespread transcription inhibition
by ATF3. It is possible, however, that CSB is also targeted by UV irradiation to similar sites as it is
for oxidative stress where this allows cells to respond to these stress conditions.
4.3. Perspectives
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In agreement with previous studies, this work supports the hypothesis that CSB partially
relieves oxidative stress by regulating transcription, allowing cells to respond. This also supports
the hypothesis that CSB’s role in transcription regulation may partially underlie the Cockayne
syndrome phenotype, as its role in TC-NER alone cannot account for all deficiencies associated
with the devastating disorder, such as the neurological defects. CSB is targeted to specific
genomic loci by PARP1 and CTCF and some of these sites overlap, therefore, it is possible that
these proteins cooperate in transcription regulation by altering 3-D genome organization.
While several previous studies have suggested CSB functions in the major repair
pathway for oxidative DNA damage, base excision repair (BER), direct evidence supporting this
hypothesis has been limited and exactly how CSB functions in this process has been unknown.
We observed neither OGG1 nor APE1 knockdown impacted CSB’s oxidative stress-induced
chromatin association, suggesting CSB functions upstream of these proteins. As PARP1, which is
downstream of OGG1 and APE1, does participate in CSB-chromatin association in response to
oxidative stress, we hypothesize the major role for CSB following menadione treatment may be in
PARP1-dependent single strand break repair. Taken together with the discovery that CTCF
targets CSB to chromatin in response to oxidative stress, it is also possible that CSB and CTCF
promote the formation of 3-D repair hubs to facilitate efficient PARP1-dependent DNA repair.
Furthermore, CSB’s chromatin remodeling activity may facilitate this process.
Determining the role of CSB in the relief of oxidative stress is of particular interest for its
contribution to the Cockayne syndrome phenotype. As CSB’s role in response to UV irradiation
cannot fully account for the severity of this disorder, understanding how CSB functions in
response to oxidative stress may shed light into how this contributes to the disease pathology, in
particular the neurological and early aging phenotype. In the future this may lead to treatments for
this incurable disease as well as further our understanding of these processes in humans.
4.4. Future Directions
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As CTCF is a major regulator of 3-dimensional genome architecture and we found CSB
and CTCF cooperate in response to oxidative stress, a key experiment to further characterize
these interactions is performing chromatin confirmation capture studies. This would determine
how 3-D genome architecture is regulated in response to oxidative stress, and, critically whether
this depends on CSB.
Previous work as well as the work presented in this dissertation suggests CSB regulates
transcription in response to oxidative stress. Genes occupied by CSB in response to oxidative
stress include those involved in gene expression, cell cycle control, spliceosome, and protein
metabolism. RNA sequencing in cells with and without CSB as well as with and without oxidative
stress will reveal exactly what genes are regulated by CSB in response to oxidative stress and
further characterize the role CSB plays in this process. It would be of particular interest to conduct
RNA sequencing in disease relevant tissues collected from patients to provide additional
information into how CSB’s role in transcription regulation contributes to the severity of the
Cockayne syndrome phenotype.
Although we have identified two proteins, CTCF and PARP1, which mediate CSB’s
interaction with chromatin in response to oxidative stress, there are likely other proteins which
regulate CSB’s chromatin targeting. For example, CSB only occupies a subset of CTCF binding
sites and how CSB distinguishes one site from another is unclear. Furthermore, as CTCF
stabilizes CSB’s occupancy at specific genomic loci devoid of CTCF binding sites, CSB’s initial
targeting to these sites may rely upon an additional, yet to be identified protein. This could be
done by purifying CSB in complex following menadione treatment to identify additional proteins
interacting with CSB, with a particular interest in interactions that occur specifically upon oxidative
stress.
A critical element to all of the above studies is examining the role of CSB’s remodeling
activity. We demonstrated CSB’s remodeling activity is required for CSB to protect cells from
oxidative stress, as survival of the remodeling deficient CSBΔN1 mutant was also more sensitive
to menadione treatment than cells with wild type CSB. However, we still do not know the exact
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function of CSB’s remodeling activity in the relief of oxidative stress. It is likely that CSB’s
remodeling activity is required if it is determined that CSB functions in transcription regulation
upon oxidative stress, however, similar to non-stress conditions, it is likely that CSB has
remodeling-independent functions as well. CSB’s remodeling activity may also facilitate oxidative
DNA repair and future studies may utilize the remodeling deficient mutant to determine how this
activity participates, such as opening chromatin to allow efficient downstream repair.
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