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SUMMARY

53BP1 is a double strand break repair protein that plays a crucial role in checkpoint activation
and DNA repair. 53BP1 is a member of a family of proteins that contain BRCT domains and
several of these BRCT domain-containing proteins have been shown to function as both DNA
repair proteins and transcriptional regulators. Similarly, in addition to its involvement in the
cellular response to double strand breaks, it has been demonstrated that 53BP1 can also
function to regulate gene expression. 53BP1 was originally identified in a yeast two-hybrid
screen for novel modulators of p53 transcriptional activity and several studies have shown
that it acts as a transcriptional co-activator of p53. Despite these studies, the role of 53BP1 in

transcriptional regulation remains poorly understood.

To investigate the effect of 53BP1 on cellular transcription, a microarray approach was
utilised to study the gene expression patterns in cells treated with and without 53BP1 siRNA,
before and after ionising radiation to identify genes regulated by 53BP1. The gene expression
profiles were compared at the level of single genes and biological pathways. Microarray
analysis identified numerous genes whose expression was regulated by 53BP1 in the absence
and presence of overt DNA damage. Interestingly, in the absence of DNA damage, several of
these genes encoded proteins involved in TNFRI1 signalling pathways, in particular the NF-
kB signalling pathway. Consistent with the single gene analysis, analysis of biological
pathways also highlighted TNFR1 signalling pathways as being differentially regulated by
53BP1, independently of DNA damage. The potential role of 53BP1 in the NF-xB signalling
pathway was further investigated and 53BP1 knockdown studies indicated that 53BP1 may be
negatively regulating NF-kB transcriptional activity. In the absence of 53BP1, basal and
phosphorylation levels of p65 were elevated in response to TNFa and ionising radiation.
Furthermore, phosphorylation of p65 was sustained in 53BP1 depleted cells suggesting that
53BP1 may play a role in the termination of NF-kB response. Co-immunoprecipitation
studies revealed that there was no association between 53BP1 and p65 indicating that 53BP1

was regulating NF-«xB transcriptional activity through an indirect mechanism.

Data presented in this thesis also demonstrates that 53BP1 can function as a modulator of p53
that can differentially regulate pS3 responsive genes. Through cooperating with p53, 53BP1

can induce the expression of PUMA and HDM2 in response to DNA damage. However, in



contrast, 53BP1 can repress p21 expression levels in unstressed cells by repressing p53

transcriptional activity.

In addition, the data presented here shows that S3BP1 can bind and modulate the activity of
the transcriptional co-activators CBP/p300. Co-immunoprecipitation and chromatographic
studies revealed that 53BP1 and CBP/p300 interact with each other and exist in a large
macromolecular complex. Mapping the sites of interaction showed that CBP/p300 bind to
53BP1 via its C-terminal domains whereas 53BP1 binds to multiple regions of CBP/p300.
When the transactivation potential of p300 was assessed with a reporter assay, cells over-

expressing 53BP1 showed an increase in p300 activity in a dose dependent manner.

In conclusion, the data presented in this thesis indicates that 53BP1 functions as a
transcriptional regulator and that this role for 53BP1 may be facilitated by CBP and p300.
These findings therefore provide novel insight into our understanding of the cellular role of

53BP1 and may possible have implications for its involvement in suppressing tumourigenesis.
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Chapter 1

CHAPTER 1 GENERAL INTRODUCTION

1.1 GENOMIC INSTABILITY AND CANCER

DNA is constantly being damaged by both exogenous and endogenous sources resulting in
the generation of a multitude of DNA lesions such as double strand breaks (DSBs) and single
strand breaks (SSBs). To counteract this DNA damage and protect the integrity of the
genome, cells have evolved complex mechanisms that detect and signal the presence of the
DNA lesion and coordinate a cellular response that involves activation of cell cycle
checkpoints and DNA repair. Collectively these mechanisms have been termed the DNA
damage response (DDR). Failure to sense and/or repair DNA damage can lead to either
senescence, cell death or contribute to genomic instability, the latter of which has recently
been described as one of the hallmarks of cancer (Negrini ef al 2010). One of the major forms
of genomic instability is chromosomal instability (CIN), which is characterised by alterations
in chromosome number and/or structure due to chromosomal rearrangements such as
deletions and translocations. Other forms of genomic instability include the accumulation of
mutations and microsatellite instability (MIN), which is caused by the expansion and/or

contraction of the number of microsatellite sequences (Aguilera and Gomez-Gonzalez 2008).

It is known the early stage tumours have elevated levels of DNA damage (Bartkova et a/
2005, Gorgoulis et al 2005). Activation of the DDR could normally act as a barrier to tumour
progression by inducing cellular senescence or apoptosis of early tumour cells and therefore
protecting the integrity of the genome (Bartek ef al 2007). However, mutations in DDR genes
such as TP53, ATM and BRCAI are commonly selected for during tumour development
because they allow tumour cells to breach this barrier and proliferate at the expense of
elevated levels of DNA damage. This role for DDR as an anti-cancer barrier may explain why
mutations in DDR genes occur at a high frequency in human cancers (Greenman et al 2007,
Halazonetis et a/ 2008, Kastan and Bartek 2004). For example, more than 50% of sporadic
cancers harbour 7P53 mutations and germline mutations in BRCAI and BRCA2 account for

the majority of familial breast and ovarian cancer (Boulton 2006, Soussi and Lozano 2005).
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1.2 DNA DAMAGE RESPONSE

The DDR is primarily mediated by the phosphatidylinositol 3-kinase-like kinase (PIKK)
family, which includes ATM (ataxia-telangiectasia mutated), ATR (ataxia-telangiectasia
mutated and rad3-related kinase) and DNA-PK (DNA-dependent protein kinase). ATM and
DNA-PK are predominantly activated in response to DSBs, which are formed when both
strands of the DNA backbone are broken simultaneously. These are the most toxic among
DNA lesions with one unrepaired DSB being sufficient to cause cell death (Jeggo and Lobrich
2007, Shiloh 2003). There are a variety of DNA damaging agents that induce DSBs including
ionising radiation (IR), metabolic products such as reactive oxygen species (ROS) and
chemicals such as those used for chemotherapy. In addition, they can also arise due to
replication fork collapse, which occurs when the replication machinery collides with a SSB.
Finally, even though DSBs can be lethal to the cell, they are formed in a programmed manner
as part of normal cellular processes such as class switch recombination (CSR) and V(D)J
recombination, which occur during immune system development (Hiom 2010, Jackson and
Bartek 2009). However, unlike ATM, DNA-PK does not primarily function in the DDR
signal transduction pathway, but rather coordinates the DSB repair pathway, non-homologous
end-joining (NHEJ) (Collis ef al 2005). In contrast to ATM and DNA-PK, ATR is mainly
activated in response to single stranded DNA (ssDNA), which can be generated by bulky
adducts, inter-strand crosslinks and replication stress caused by DNA damaging agents such
as hydroxyurea (HU), ultraviolet light (UV) and metabolic products such as ROS (Cimprich
and Cortez 2008). In addition, ATR can also be activated during DSB repair response since
ssDNA is produced as an intermediate during DSB end-resection and is required to initiate

homologous recombination (HR).

1.2.1 ATM-mediated DNA damage response

DSBs are sensed by the MRE11/RADS0/NBS1 (MRN) complex, which forms a bridge
between the broken DNA ends ensuring that the ends remain in close proximity (Moreno-
Herrero et al 2005). Through an ATM binding motif in NBS1 (Nijmegen breakage syndrome
1), the MRN complex recruits and subsequently activates ATM in the chromatin regions
proximal to the DSB (Falck et al 2005, Lee and Paull 2004, Uziel ef a/ 2003). Activation of
ATM involves the dissociation of inactive ATM dimers into active monomers (Bakkenist and

Kastan 2003). This process is facilitated by autophosphorylation of ATM on serines 367,
2
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1893, 1981 and 2996 (Bakkenist and Kastan 2003, Kozlov et al 2006, Kozlov et al 2010), as
well as acetylation of ATM on lysine 3016 by the histone acetyltransferase (HAT) Tip60 (Sun
et al 2005). In response to DSBs, casein kinase 2 (CK2) is recruited to the DNA break where
it phosphorylates and displaces heterochromatin protein 1 (HP1) from histone H3 tri-
methylated lysine 9 (H3K9me3), thereby enabling Tip60 to interact with H3K9me3. This
interaction up-regulates Tip60 acetyltransferase activity leading to acetylation and activation
of ATM, as well as acetylation of histones surrounding the DSB (Sun et a/ 2009). Once fully
activated, ATM phosphorylates the histone H2A variant H2AX (termed y-H2AX) on serine
139 surrounding the DNA break triggering relocalisation of DDR proteins to the sites of the
break in a highly ordered manner, which can be visualised microscopically as the formation of
DNA repair protein foci (Bekker-Jensen et a/ 2006, Burma et al 2001). Among those proteins
recruited is the DDR mediator protein, mediator of DNA damage checkpoint 1 (MDCI),
which interacts with the C-terminal tail of y-H2AX via its BRCT (BRCA1 C-terminal)
domain (Stewart et al 2003, Stucki et al 2005). However, this interaction is dependent on the
dephosphorylation of tyrosine 142 on y-H2AX by the eyes absent (EYA) tyrosine
phosphatases, EYA1 and EYA3 (Cook et a/ 2009, Krishnan et a/ 2009). Once bound to v-
H2AX, MDCI initiates a positive ATM feedback loop by promoting the stabilisation and
further accumulation of the MRN complex and activated ATM, resulting in the spreading of
H2AX phosphorylation over an extensive region of chromatin flanking the DSB and
amplification of the damage signal (Chapman and Jackson 2008, Lou et a/ 2006, Lukas et al
2004a, Melander et al 2008, Spycher et al/ 2008). In addition to serving as a molecular
scaffold to MRN and ATM, MDCI1 also orchestrates the recruitment of other DSB
repair/checkpoint proteins to the chromatin surrounding the DNA lesion (Bekker-Jensen et a/
2006, Goldberg et al 2003, Stewart et al 2003). This role for MDC1 i1s achieved, in part,
through ATM-dependent phosphorylation of MDC1, which provides a binding site recognised
by the forkhead-associated (FHA) domain of the E3 ubiquitin ligase RNF8 (ring finger
protein 8) and activates a ubiquitylation cascade (Huen et al 2007, Kolas et al 2007, Mailand
et al 2007). RNF8 in conjunction with another E3 ligase, HERC2 (HECT domain and RLD 2)
and the E2 conjugating protein, UBC13 catalyse the formation of lysine-63 (K63)-linked
polyubiquitin chains on H2A and H2AX proximal to the break (Bekker-Jensen et al 2010,
Wang and Elledge 2007). These ubiquitylated histones subsequently signal the recruitment of
another E3 ubiquitin ligase, RNF168, which binds through its C-terminal MIU2 (motif

3
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interacting with ubiquitin) domain. RNF168, together with UBC13 amplifies the ubiquitin
signal by stimulating K63-linked polyubiquitylation (Doil et al 2009, Stewart et al 2009).
Recruitment of RNF168 to the break site is facilitated by the SUMO ligase, protein inhibitor
of activated STAT (PIAS) 4 possibly through its ability to stimulate the ubiquitin ligase
activity of RNF8 and/or HERC2. (Galanty et al 2009, Morris et al 2009). Ubiquitylation of
histones has been proposed to result in chromatin relaxation surrounding the break site
allowing the break to become more accessible to proteins involved in DNA repair and
checkpoint activation such as BRCA1 (breast cancer susceptibility gene 1) and 53BP1 (p53-
binding protein 1) (Figure 1.1).

In this respect, the K63-linked ubiquitin chains formed on histones are recognised by the
ubiquitin-interacting motif (UIM) of RAP80 (receptor associated protein 80), which recruits
the BRCA1-A complex through the interaction with the scaffold protein Abraxas (Kim et al
2007, Sobhian ef al/ 2007, Wang and Elledge 2007, Yan et al 2007b). In addition to BRCAL,
RAP80 and Abraxas, the BRCAI-A complex also contains BARDI (BRCAI associated ring
domain 1), which together with BRCA1 forms a heterodimeric E3 ubiquitin ligase, BRCC36
(BRCA1/2 containing complex subunit 36), a deubiquitylating enzyme and the adaptor
proteins MERIT40 (mediator of RAP80 interactions and Targeting 40kd) and BRCC45
(BRCA1/2 containing complex subunit 45) (Feng et al 2009, Shao et al 2009b, Wang et al
2009). Subsequently, BRCAL is sumoylated by the SUMO E3 ligase PIAS1, which stimulates
its E3 ubiquitin ligase activity (Galanty et a/ 2009, Morris et al 2009). Once recruited
BRCAI/BARDI can initiate activation of cell cycle checkpoints, as well as facilitate HR
(Huen et al 2010b).

In contrast to other DSB repair proteins, initial recruitment of 53BP1 to the break site does
not involve direct interaction with other DSB repair proteins or ubiquitin chains. Instead it has
been suggested that RNF8/RNF168-mediated ubiquitylation in conjunction with H2AX
phosphorylation and Tip60-mediated acetylation of the histones surrounding the DSB break
promotes relaxation of the chromatin (van Attikum and Gasser 2009). This allows exposure of
previously hidden histone marks, histone H4 di-methylated lysine 20 (H4K20me2) and
possibly histone H3 di-methylated lysine 79 (H3K79me?2), which are recognised by the Tudor
domain of 53BP1 (Botuyan et a/ 2006, Ng et al 2003). Recently, it has been demonstrated
that recruitment of 53BP1 to DSBs is facilitated by the SUMO E3 ligases PIAS4, which
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Figure 1.1 ATM-mediated DDR pathway. Induction of a DSB initiates recruitment of the
MRN complex, which subsequently recruits ATM. Activation of ATM by MRN and Tip60 leads
to phosphorylation of H2AX. yH2AX signals the recruitment of MDCI, which is
phosphorylated by ATM triggering its association with RNF8 and HERC2.
RNFS8/HERC2/UBCI13 catalyse the ubiquitylation of H2A-type histones surrounding the
break. RNF168 is recruited to ubiquitylated histones where it amplifies the ubiquitylation
signal by catalysing polyubiquitylation of H2A histones, resulting in chromatin relaxation,
Subsequently, 53BP1 and BRCAI are recruited to the DSB and are sumoylated by PIAS4 and
PIAS]I respectively (Adapted from Ciccia and Elledge 2010).
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together with its E2 conjugating enzyme UBC9 catalyses its sumoylation (Galanty et al
2009). Currently little is known about the precise function of 53BP1 in DSB repair, although
it has been implicated in the intra-S and G2/M checkpoints (DiTullio et a/ 2002), DNA end-
joining (Difilippantonio et al 2008) and suppression of DNA end-resection (Bunting et al
2010) (Figure 1.1).

Ubiquitylation is a reversible process involving specific proteases called deubiquitylating
enzymes (DUBs), which remove ubiquitin from protein substrates. To date three DUBs,
namely USP3 (ubiquitin specific protease 3), BRCC36 and OTUBI1 (OUT-containing
ubiquitin aldehyde-binding protein 1) have been identified that negatively regulate the
ubiquitin-dependent DSB signalling cascade. USP3 has been reported to deubiquitylate the
histone H2A (Nicassio et al 2007). Furthermore, depletion of USP3 resulted in an increase in
accumulation of 53BP1 at DSBs, whereas over-expression of USP3 prevented RNF168
accumulation at DSBs, but had no effect on RNFS8 foci formation (Doil ef al 2009, Nicassio et
al 2007). Together these data indicate that USP3 inhibits RNF8-dependent ubiquitylation
events. BRCC36 is a member of the JAMM/MPN" DUB family and specifically cleaves K63-
linked polyubiquitin chains (Cooper et al 2009). BRCC36 DUB activity requires interactions
with the BRCA1-A complex in particular Abraxas and BRCC45 (Feng et al 2010, Patterson-
Fortin ef al 2010). BRCC36 deficient cells display increased levels of ubiquitylated H2A and
H2AX and depletion of BRCC36 partially rescues the defect in ubiquitylation associated with
loss of RNF8 (Feng et al 2010, Shao et al 2009a). These results suggest that, like USP3,
BRCC36 may be a negative regulator of RNFS8-dependent ubiquitylation. RNF168
ubiquitylation has recently been shown to be suppressed by the deubiquitylating enzyme,
OTUBI1 (Nakada et a/ 2010). Surprisingly, inhibition of RNF168 ubiquitylation by OTUB1
was found to occur independently of its catalytic activity since a catalytically inactive mutant
could also inhibit 53BP1 foci formation. This data indicates that unlike the majority of DUBs,
the action of OTUBI1 did not involve removal of ubiquitin from RNF168. Instead, Nakada et
al (2010) revealed that OTUBI directly interacts and inhibits UBC13, thereby preventing
formation of RNF168-mediated K63-linked polyubiquitin chains (Nakada et a/ 2010).

The purpose of the DSB-induced ATM signalling pathway is to promote DNA repair and cell
cycle arrest. ATM does this by recruiting and activating proteins that facilitate DNA repair
through HR or NHEJ, as well as activating proteins required to induce a G1, intra-S or G2/M
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cell cycle arrest including p53, BRCA1, NBS1, CtIP (CTBP interacting protein) and CHK?2
(checkpoint kinase 2) (Kastan and Lim 2000). One ATM substrate that is important for ATM-
dependent DNA repair is the KRAB domain associated protein 1 (KAP1). KAP1 associates
with transcriptional repressors such as HP1 and histone deacetylases (HDAC) 1 and 2
forming a transcriptional silencing complex that promotes heterochromatin formation (Craig
2005). ATM-mediated phosphorylation of KAP1 at serine 824 weakens its interaction with
the complex resulting in relaxation of the chromatin and increasing the accessibility of DNA
repair proteins to the DNA break (Goodarzi et al 2008, Ziv et al 2006). Interestingly, large
scale proteomic studies have highlighted that ATM-mediated signalling pathway may
coordinate a much wider variety of cellular processes than originally thought, since ATM can
phosphorylate over 700 substrates including proteins involved in metabolism, transcription,

chromatin remodelling and RNA splicing (Matsuoka et a/ 2007).

1.2.2 ATR-mediated DNA damage response

Localisation of ATR to sites of DNA damage is dependent on its interacting partner, ATRIP
(ATR-interacting protein), which recognises and binds to replication protein A (RPA), a
single stranded DNA binding protein complex that coats and stabilises ssDNA (Cortez et al
2001, Fanning et al 2006, Zou and Elledge 2003). In addition to the ATR-ATRIP complex,
ssDNA-RPA complex recruits the RAD9-RADI1-HUS1 (known as 9-1-1) complex, a
heterotrimeric ring shaped molecule with homology to PCNA (proliferating cell nuclear
antigen), which is loaded onto the DNA by the RAD17-replication C clamp loader (Bermudez
et al 2003, Parrilla-Castellar et al 2004, Zou et al 2003). ATR activation is not only
dependent on the colocalisation of the ATR-ATRIP complex with the 9-1-1 complex, but also
on the recruitment of the ATR activator, TOPBP1 (topoisomerase II binding protein 1) to the
DNA damage site. This occurs through an interaction between two of the BRCT domains of
TOPBP1 and the phosphorylated C-terminal tail of RAD9 from the 9-1-1 complex.
Subsequently, the ATR-activating domain of TOPBPI1 interacts with ATR-ATRIP complex
stimulating ATR kinase activity (Delacroix ef al 2007, Kumagai et a/ 2006) (Figure 1.2).

Once activated, ATR can promote cell cycle arrest, DNA repair and replication fork stability
through phosphorylation of its substrates such as p53, TOPBP1, RAD9, BRCA1 and CHK1

(checkpoint kinase 1) (Cimprich and Cortez 2008). However, in a similar manner to ATM, the
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RPA

Figure 1.2 ATR-mediated DDR pathway. In response to DNA damage or replication
stress, the generation of ssDNA is recognised by RPA. RPA-coated ssDNA recruits ATR-
ATRIP and facilitates the loading of the 9-1-1 complex on to DNA by the RAD17-replication
C complex. TOPBPI is subsequently recruited through its stable association with the C-
terminal of RAD9 and stimulates ATR kinase activity. Through an interaction between RPA
and Tipin, the Tipin-Timeless complex and then Claspin are able to associate with ATR at
sites of DNA damage. ATR phosphorylates Claspin, which both promotes the interaction with
CHK1 and facilitates the phosphorylation of CHK1 by ATR (Adapted from Kemp et al 2010).
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list of ATR substrates is rapidly expanding due to large proteomic studies (Matsuoka et a/
2007, Stokes et al 2007). Some of the substrates identified are involved in pathways that have
not previously been linked to the DDR such as RNA splicing and metabolic pathways, as well
as those invoked by insulin stimulation. Furthermore, many, if not the vast majority of these
substrates are also targeted by ATM such as p53, NBS1 and BRCAI indicating that there is
extensive crosstalk between the ATM and ATR pathways (Matsuoka et al 2007, Stokes et al
2007). Despite this the checkpoint kinase, CHK1 has been the most extensively studied ATR
substrate. Interestingly, unlike other ATR substrates, phosphorylation of CHK1 by ATR on
serine 317 and serine 345 has been shown to be not only facilitated by TOPBP1, but also by
another mediator protein, Claspin (Liu et al 2006). Furthermore, CHK1 phosphorylation is
also stimulated by the Tipin subunit of the Timeless-Tipin complex, which interacts with the
RPA2 subunit of the RPA complex and functions as a molecular scaffold for Claspin and
CHK1 to transiently associate with ATR (Kemp ef a/ 2010). Phosphorylated CHK1 can then
phosphorylate its substrates including CDC25A, CDC25C, Weel and p53 leading to cell
cycle arrest (Dai and Grant 2010) (Figure 1.2).

1.2.3 Cell cycle checkpoints

Activation of cell cycle checkpoints in response to DNA damage delays cell cycle progression
allowing time for the DNA to be repaired. Therefore cell cycle checkpoints are crucial in
protecting against genomic instability. The G1/S checkpoint prevents cells entering S-phase
with DNA damage, the intra-S-phase checkpoint (also known as the DNA replication
checkpoint) suppresses further DNA replication until the DNA damage has been repaired and
the G2/M checkpoint delays entry into mitosis, therefore preventing inappropriate segregation
of damaged chromosomes during mitosis (Lukas et a/ 2004b). The progression into each
phase of the cell cycle is tightly controlled by cyclin-dependent kinases (CDK) and their
regulatory subunits known as cyclins (Figure 1.3). Phosphorylation of CDK by the Weel and
Mytl protein kinases maintains the CDK-cyclin complexes in an inactive state. When CDK
activity becomes required for progression into the next cell cycle phase, the dual specificity
CDC25 phosphatases dephosphorylate the CDKs, thereby activating the CDK-cyclin
complexes. There are three mammalian CDC25 isoforms: CDC25A, -B and -C, which
specifically regulate the activities of CDK1 and CDK2. CDC25A controls progression
through S phase by activating CDK2-cyclin E and CDK2-cyclin A complexes, as well as
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Figure 1.3 Cell cycle regulation by CDK-Cyclin complexes. Entry into the four stages of
the cell cycle is regulated by CDK-Cyclin complexes. Activation of specific CDK-Cyclin

complexes by CDC25-mediated dephosphorylation drives progression through these cell
cycle phases.
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progression into mitosis by activating CDK1-cyclin B complex. CDC25B and CDC25C are
primarily involved in activating CDK1-cyclin B complex and therefore control the G2-M

transition (Boutros et a/ 2007) (Figure 1.3).

Following DNA damage, CHK1 and to a lesser extent CHK2, -mediated phosphorylation of
CDC25A targets it for ubiquitin-dependent proteasomal degradation, which is catalysed by

two different ubiquitin ligases, the anaphase promoting complex (APC/C) and the SCEPTRCP
(SKP1-CULI1-F-box ligase containing the F-box protein BTRCP) complex. APC/C is

involved in regulating CDC25A at the exit of mitosis whereas SCEPTRCP regulates CDC25A

throughout the cell cycle (Donzelli et al 2002, Falck et al 2001). In contrast, phosphorylation
of CDC25C by CHK1 and CHK2 promotes its binding to the 14-3-3 proteins, which export
CDC25C from the nucleus subsequently preventing it from activating the CDK1-cyclin B
complex (Matsuoka et al 1998, Peng et al 1997). Failure to dephosphorylate CDK2 and
CDKI leads to activation of the G1/S, intra-S-phase and G2/M checkpoints. Furthermore,
CHK1 also phosphorylates Weel, thereby reinforcing the inhibition of CDK-cyclin
complexes (Raleigh and O'Connell 2000). In addition to the 14-3-3 proteins, GADDA45
(growth arrest and DNA damage inducible 45) and the CDK inhibitor, p21 have also been
shown to be involved in activating the G2/M checkpoint by binding and inhibiting CDK1
activity (Bates et al 1998, Medema et al 1998, Zhan et al 1999). p21 also plays a crucial role
in G1/S checkpoint activation through inhibition of CDK4/cyclin D1 and CDK2/cyclin E-
mediated phosphorylation of pRb (Retinoblastoma protein) and E2F-dependent transcription,
which are important events required for S-phase entry and initiation of DNA replication

(Brugarolas et al 1999, He et al 2005, Lundberg and Weinberg 1998, Massague 2004).

1.3 DOUBLE STRAND BREAK REPAIR

Repair of DSBs can be carried out by various pathways, but the two main pathways are non-
homologous end-joining (NHEJ) and homologous recombination (HR). Repair by NHEJ is
error-prone because it involves religating the DNA ends at the break using small regions of
sequence homology that can potentially lead to the loss of DNA bases immediately adjacent
to the break. In contrast, HR is regarded as an error-free mechanism since it uses a
homologous template to replace the DNA bases across the break. As the sister chromatid is

the preferred template, HR predominantly operates in the late S and G2 phases of the cell
11
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cycle. However, HR can also use homologous sequences within the genome as a template, so
can occur in G1, although this can potentially lead to loss of heterozygosity, deletions and
chromosomal translocations. Therefore, NHEJ is the preferred method of repair in GI,
although it can also occur in S and G2. In addition to sister chromatid availability, the choice
between HR and NHEJ is also dependent on the activity of CDKs and their ability to promote
DNA end-resection. DNA end-resection is fundamental for HR, so in the presence of high

levels of CDK activity HR is the favoured pathway (Branzei and Foiani 2008).

1.3.1 Homologous recombination

HR is initiated by DNA end-resection, which involves the degradation of the 5’ ends of either
side of the DSB to produce 3’ ssDNA overhangs. The MRN complex together with CtIP is
responsible for the formation of these ssDNA overhangs at DSBs (Limbo et a/ 2007, Sartori
et al 2007, Yun and Hiom 2009). The function of CtIP is highly regulated by post-
translational modifications to ensure that DNA end-resection and HR occur at the appropriate
stages of the cell cycle. This requires the kinase activity of CDKs, which phosphorylate CtIP
on serine 327 and threonine 847 during S and G2 (Huertas and Jackson 2009).
Phosphorylation at both these sites is essential for DSB resection. However, only
phosphorylation at serine 327 is required for CtIP to interact with BRCAI1, which
subsequently ubiquitylates CtIP facilitating its association with damage sites (Yu and Chen
2004, Yu et al 2006). Recruitment of CtIP is also dependent on the MRN complex and this is
thought to stimulate the nuclease activity of MREI1, which is important for DNA end-
resection, but not for the role of MRN in DSB sensing or ATM recruitment and activation
(Buis et al 2008, Chen et al 2008, Sartori et al 2007, Williams et al 2008). Finally, ATM is
important for DSB resection, although its precise role is currently unknown (Adams et al
2006, Cuadrado et al 2006, Jazayeri et al 2006, Myers and Cortez 2006). Recently, it has been
suggested that ATM kinase activity may promote the recruitment of CtIP to DSBs. However,
whether this is dependent on ATM phosphorylation of CtIP is unknown (You et a/ 2009).

DNA end-resection is currently thought to proceed through a two step mechanism based
initially on studies in yeast (Mimitou and Symington 2008, Zhu et al 2008). First, the initial
end processing is mediated through the nuclease activity of the MRN complex in a CtIP-
dependent manner. Following this priming step, the resulting partially resected DNA 1is

further processed by the action of the exonucleases EXO1 (exonuclease 1) and DNA2 (DNA
12
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Figure 1.4  DNA end-resection. The MRN complex in conjunction with CtIP catalyses
limited nucleolytic processing of the DNA ends. This process is dependent on CDK-mediated
phosphorylation of CtIP and is facilitated by BRCAI, which binds to phosphorylated serine
327 and ubiquitylates CtIP. The action of MRN and CtIP primes the DNA ends for resection
by nucleases such as EXOI and DNA2. This activity is facilitated by the helicase, BLM.
53BP1 is thought to suppress DNA end-resection (Adapted from Ciccia and Elledge 2010).
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replication helicase 2) together with BLM (Bloom syndrome protein) in human cells (Gravel
et al 2008, Nimonkar et al 2008, Nimonkar et al 2011, Zhu et al 2008) (Figure 1.4). Initially,
the 3’ ssDNA ends generated by DNA end-resection become coated with RPA triggering
activation of ATR and subsequent phosphorylation of CHKI1. However, RPA is soon
displaced by RADS1 in conjunction with RAD52, BRCA2 (breast cancer susceptibility gene
2) and PALB2 (partner and localizer of BRCA2) to form a RADS1 nucleoprotein filament
(Chen et al 1998b, Sugiyama and Kowalczykowski 2002, Zhang et al 2009a). The RADS1
nucleoprotein filament together with RADS54 then invades the homologous double-stranded
DNA template and promotes exchange of the DNA strands resulting in the formation a
heteroduplex structure known as a D-loop (Mazin et al 2000, Petukhova et al 1998). DNA
synthesis is then performed by DNA polymerases, which use the homologous DNA strand as
a template to replace the sequence where the DSB was located on the damaged strand.
Initially, the DNA polymerases, Pole and Poln were thought to mediate HR DNA synthesis.
However, a recent study has suggested that DNA polymerase & (Pold) may be the preferred
enzyme (Maloisel et a/ 2008).

At this point the newly synthesised strand can be displaced from the D-loop and annealed to
the ssDNA tail created by resection at the other end of the break in a process known as
synthesis-dependent strand-annealing (SDSA). Alternatively, the second resected strand can
be annealed to the displaced strand in a process that is mediated by RADS52 and is referred to
as second end capture (Nimonkar et al 2009). DNA synthesis at both sides of the structure
and branch migration produces a double Holliday junction. Resolution of the Holliday
structure is then required in order to separate the covalently bound sister chromatids. This can
be carried out by endonucleases complexes such as MUS81/EME1, SLX1/SLX4 and GEN1
which cleave the Holliday junction generating two products (Ciccia ef al 2003, Constantinou
et al 2002, Fekairi et al 2009, Ip et al 2008, Svendsen et al 2009). If there is no exchange of
the DNA sequences flanking the original DSB, then non-crossover products are produced.
However, if DNA is exchanged between the two chromosomes then crossover products are
created. Alternatively, Holliday junctions can be dissolved by the Topoisomerase Illo/BLM
complex through convergent branch migration, which exclusively yields non-crossover

products (Plank et a/ 2006, Wu and Hickson 2003) (Figure 1.5).
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Repair of DSBs by HR. RPA binds to the ssDNA tails generated by DNA end-
resection where it is subsequently displaced by RADS52. Together with BRCAI, BRCA2 and
PALB2, RADS?2 facilitates the formation of the RADS51 nucleoprotein filament. The filament
then invades the homologous DNA with the aid of RAD54 to form a D-loop structure. The
other 3’ end of the DSB is captured, a process that is mediated by RAD52. DNA synthesis
followed by branch migration and ligation of the nicks generates double Holliday junctions
(dHJ). Resolution of the recombination intermediates to produce crossovers and non-
crossovers completes DSB repair (Adapted from Nimonkar et al 2008).
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1.3.2 Non-homologous end-joining

In the absence of high levels of CDK activity, the default repair pathway is NHEJ. DSBs are
recognised by the KU70/KUS80 heterodimer, a ring shaped complex that has high affinity for
DNA ends (Walker et al 2001). Once loaded onto the DNA ends, the KU complex then
functions as a scaffold for the assembly of other NHEJ proteins. The first protein to be
recruited is the serine/threonine kinase, DNA-dependent protein kinase catalytic subunit
(DNA-PKcs). The complex that forms through the association of KU70/80 and DNA-PKcs at
the DNA ends is generally referred to as DNA-PK and localises within seconds of the DSB
being generated (Uematsu ef al 2007). Once the complex is assembled at either side of the
DSB, the two DNA-PKcs subunits tether the DNA ends together forming a synaptic complex
(DeFazio et al 2002). The kinase activity of DNA-PKcs can then be activated allowing DNA-
PKcs to phosphorylate its targets, some of which are components of the NHEJ pathway
including XRCC4 (X-ray cross complementing 4), Artemis and KU70/80 (Burma and Chen
2004). Even though it is unclear what the biological relevance of these phosphorylation events
are on NHEJ, it is well established that autophosphorylation of itself is important for efficient
progression of the NHEJ (Chan et al 2002, Ding et al 2003). The unphosphorylated form of
DNA-PKcs protects the ends from degradation or premature and incorrect ligation (Block et
al 2004, Weterings et al 2003). However, once the synaptic complex has formed, trans-
autophosphorylation of DNA-PKcs induces a conformational change, which allows the DNA

ends to become accessible to processing enzymes and ligases (Meek et al 2007).

The synaptic complex acts as a scaffold for the religation of the DNA ends. However, very
few DSBs produced have blunt ends that can be directly religated together. In the majority of
cases, the two DNA ends will not be directly compatible because at least one of them will
possess a 3’ or 5’ single strand overhang. In order to ligate the ends back together, the
overhangs need to either be filled in by DNA synthesis using the overhang as a template or be
removed by nucleotide trimming. Several enzymes have been implicated in the processing of
DNA ends in preparation for ligation including the error prone polymerase such as terminal
deoxynucleotidyltransferase (TdT), DNA polymerase p (Polp) and DNA polymerase A
(PolA), as well as the nuclease Artemis (Ma et a/ 2002, Mahajan et al 1999, Mahajan et al
2002). Artemis has intrinsic 5’'- 3’ exonuclease activity. However, its association with DNA-
PKecs allows it to acquire the endonuclease activity needed to process the overhangs (Ma et a/
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2002). It has been proposed that phosphorylation of Artemis by DNA-PK is also key for its
endonuclease function (Niewolik et al/ 2006). In contrast, another report suggested that the
kinase activity of DNA-PK is dispensable for Artemis endonuclease activation and instead
DNA-PK autophosphorylation is important (Goodarzi et al 2006). Once processed the DNA
ends can be ligated together by the DNA ligase IV/XRCC4 complex, which is thought to be
recruited to the synaptic complex via an interaction with KU70/80 (Costantini et al 2007,
Nick McElhinny et a/ 2000). Despite the fact that this complex can ligate DNA in vitro,
association with the XRCC4-like factor (Cernunnos/XLF) has been shown to further
potentiate this activity (Ahnesorg et al 2006, Hentges et al 2006, Lu et al 2007). Furthermore,
the addition of XLF to this complex facilitates the ligation of non-compatible ends (Gu et al
2007, Tsai et al 2007) (Figure 1.6).

1.3.3 Alternative DSB repair pathways

In addition to the principal DSB repair pathways, HR and NHEJ, two other DSB repair
pathways have recently been identified, which are single strand annealing (SSA) and
alternative end-joining (Alt-EJ). Both these pathways are error-prone and result in

chromosomal abnormalities such as deletions and chromosomal translocations.

1.3.3.1 Single strand annealing

SSA can either occur if the DSB has been formed between two repetitive sequences or if
components of HR are lost such as RAD51 and BRCA2 (Stark et a/ 2004). As in HR, the first
step in SSA 1s DNA end-resection, which is performed using the same set of proteins. When
the homologous single stranded regions of the two repeats are exposed they can anneal to one
another in a process facilitated by RADS52 (Singleton et al/ 2002). The displaced non-
homologous 3" ssDNA tails are removed by the flap endonucleases, excision repair cross
complementation 1 (ERCC1)/xeroderma pigmentosum F (XPF) and the two strands are then
ligated together. (Ahmad ef a/ 2008, Al-Minawi et al 2008). SSA results in large deletions
because efficient SSA depends on the length of the homologous sequence flanking the DSB
being >30bp (Sugawara et al 2000).
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Figure 1.6 Repair of DSBs by NHEJ. The KU70/80 heterodimer associates with the two
ends of the DSB and recruits DNA-PKcs. DNA-PKcs tethers the DNA ends together to form a
synaptic complex. Once formed, DNA-PKcs undergoes autophosphorylation, which makes the
DNA ends accessible to NHEJ processing enzymes. Non-compatible DNA ends are processed
either by nucleases such as Artemis, which remove the unwanted nucleotides or by
polymerase, which fill in the gap. Subsequently, the blunt DNA ends are ligated together by
the LiglV/XRCC4/XLF complex (Adapted from Wetterings and Chen 2008).
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1.3.3.2 Alternative end-joining

Alt-EJ has been described as a variation of classical end-joining that can repair DSBs
independently of the core components of NHEJ namely, KU70, KU80, DNA ligase IV, XLF
and XRCC4 (Boulton and Jackson 1996, Liang and Jasin 1996, Wang et al 2003a). Instead,
Alt-EJ utilises proteins from HR, mismatch repair and base excision repair and is considered a
backup end-joining pathway since it mainly operates when core NHEJ components are absent.
The majority of Alt-EJ events require sequences of extensive microhomology (5-25bp) to
anneal the DNA ends and therefore, Alt-EJ is sometimes referred to as microhomology
mediated end-joining (MMEJ) (McVey and Lee 2008). The regions of microhomology
flanking the break site are exposed as a result of limited MRN and CtIP- dependent DNA end-
resection (Bennardo et al 2008, Rass et al 2009, Xie et al 2009, Yun and Hiom 2009).
However, unlike HR, DNA end-resection in Alt-EJ is carried out in a BRCA1-independent
manner (Yun and Hiom 2009). Annealing at the two microhomology regions is thought to
produce 3’ ssDNA tails containing the non-complementary DNA, which are removed by
ERCCI1/XPF (Ahmad et al 2008). In addition, the ends are also processed by error-prone
polymerase such as Polp and PolA and polynucleotide kinase (PNK) (Audebert et a/ 2006, Gu
et al 2007, Simsek and Jasin 2010). Finally, ligation of the ends is independent of DNA ligase
IV, but is facilitated by DNA ligase I and the DNA ligase III/XRCC1 complex (Liang et al
2008, Wang et al 2005). Recruitment of DNA ligase III/XRCCI1 to DNA ends relies on
PARPI1, which can interact with both XRCC1 and DNA ligase III (Audebert et a/ 2006).
Furthermore, PNK has been shown to be co-recruited with the DNA ligase III/XRCCl1
complex to DNA ends where it is activated by XRCC1 (Whitehouse et a/ 2001).

1.3.4 Repair of programmed DSBs

DSBs occur as normal intermediates during the immunological processes, V(D)J
recombination and CSR. These pathways are fundamental for generating a diverse antigen
receptor repertoire, which is important for the immune system to be able to respond to a wide

variety of antigens.
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1.3.4.1 V(D)J recombination

The variable regions of antigen receptors are important for recognising and binding specific
antigens. These regions are generated by randomly recombining dispersed variable (V),
diversity (D) and joining (J) gene segments through a process known as V(D)J recombination.
The T cell receptor (TCR) a and 3 chains and the immunoglobulin heavy chain (IgH) variable
regions are formed from V, D and J segments whilst the TCR 3 and y chains and the Ig light
chain (IgL) variable region only consists of the V and J segments. In the case of the IgH, the
D and J segments are recombined first, followed by the joining of the DJ assembly with a V
segment. The initial stages of V(D)J recombination are carried out by the lymphoid specific
recombination-activating genes, RAG1 and RAG2, which form an endonuclease complex.
The RAG1/RAG2 complex binds to recombination signal (RS) sequences flanking each V, D
and J gene segments and introduces a single strand nick between the coding and RS
sequences. A direct transesterification reaction then follows, in which the free hydroxyl group
at the 3’ end of the coding sequence attacks the phosphodiester bond on the opposite strand of
DNA forming a DSB. This cleavage generates covalently sealed hairpin coding ends and
blunt 5’ phosphorylated signal ends (McBlane ef a/ 1995, van Gent et al 1996). The four ends
remain associated with the RAG1 and RAG2 in the stable synaptic complex, which serves as

a scaffold to recruit proteins that facilitate repair (Yarnell Schultz et al 2001).

Completion of V(D)J recombination occurs through the classical NHEJ pathway. The hairpin
coding ends are bound by KU70/80, which recruits DNA-PKcs, which in turn recruits and
activates Artemis enabling it to open the hairpin ends through its acquired endonucleolytic
activity (Ma et al 2002). The DNA end-processing step that follows is different between
classical, repair-associated NHEJ and VDJ recombination. Unlike during classical NHEJ
where the ends undergo limited processing to protect the integrity of the genome, the exposed
coding ends in V(D)J recombination are subject to extensive processing. Firstly, the ends are
trimmed by nucleases, then gap filling is performed by DNA synthesis (template-dependent)
using DNA polymerases such as Polp and Poll and finally the template-independent
polymerase TdT inserts random nucleotides to the end of the DNA. These modifications
contribute to creating diversity in the variable regions of the antigen receptor, which are
important for antigen specificity (Bertocci et a/ 2006). The two processed coding ends are

then ligated together by the DNA ligase [V/ XRCC4/XLF complex. In addition, ligation of the
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two blunt signal ends results in the formation of a circular double stranded episome
containing the unwanted intervening DNA sequence between the coding gene segments
(Arnal and Roth 2007). Assembly of the IgH and IgL variable regions leads to expression of
IgM, which is displayed on the cell surface of a B cell.

1.3.4.2 Class switch recombination

Following stimulation by antigens, the Ig receptors formed during V(D)J recombination
undergo further genetic alterations through CSR. This process involves exchanging the
initially expressed IgH constant region gene, Cp with one of the downstream IgH constant
region genes such as Cy, Ca or Cg, resulting in a switching of Ig isotype from IgM to IgG,
IgE or IgA respectively. Therefore, CSR allows the expression of antigen receptors that have
the same antigen specificity, but a different effector function. Even though CSR is a deletional
recombination reaction similar to V(D)J recombination, the method in which DSBs are
formed is different between these two processes (Chaudhuri and Alt 2004). Unlike during
V(D)J recombination, where DSBs are induced directly by the RAG endonuclease complex in
a sequence specific manner, DSBs in CSR are created in a region specific manner involving
the B cell specific enzyme activation-induced cytidine deaminase (AID) (Muramatsu et al
2000, Revy et al 2000). AID deaminates cytosine to uracil in switch (S) regions, which are
repetitive sequences that precede the constant region gene segments. Prior to deamination the
S regions are transcribed generating secondary structures such as R loops that provide the
ssDNA required for AID activity (Chaudhuri et a/ 2003, Shinkura et al 2003, Sohail et al
2003). Following deamination, the inappropriate uracil is recognised and excised by uracil
DNA glycosylase (UNG) creating an abasic site that is converted into a SSB by the
endonucleases, APE1 and APE2 (Guikema et al 2007, Krokan et al 2002). Staggered DSBs
can be generated through the close proximity of two SSBs on opposite strands of the DNA.
Alternatively, the uracil-guanine mismatches can be recognised and processed by components
of the mismatch repair pathway resulting in the formation of a DSB (Stavnezer and Schrader
2006). The staggered DNA ends are then processed to generate blunt ends DSBs or overhangs
that are short enough for efficient ligation. This could be achieved by error prone polymerases
such as Poln, which fill in the overhangs by DNA synthesis or by endonucleases such as the
ERCC1/XPF complex, which remove the overhangs (Stavnezer et al 2008). Subsequent

recombination between the two breaks located within these switch regions results in exchange
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of the heavy constant region with deletion of the intervening sequences, including Cp, which

is released as an episomal circle.

Finally, ligation of the DNA ends involves proteins from the classical NHEJ including DNA-
PKcs, KU70/80 and DNA ligase IV/XRCC4/XLF (Casellas et al 1998, Franco et al 2008,
Manis et al 1998, Yan et al 2007a). Initially, Artemis was considered to be dispensable for
end-joining in CSR (Rooney et a/ 2005). However, recent reports indicate that it may also
function in CSR (Du et al 2008, Franco et al 2008, Rivera-Munoz et al 2009). Interestingly,
CSR is not totally abrogated in the absence of these proteins. A recent study revealed that
CSR in cells deficient in the core components of classical NHEJ could occur through two
different Alt-EJ pathways depending on which NHEJ component was missing. The pathway
that operates in the absence of XRCC4 or DNA ligase IV utilises the upstream classical NHEJ
proteins such as KU and substitutes the DNA ligase for either DNA ligase 1 or DNA ligase
1. Furthermore, end-joining in this pathway is mediated by regions of microhomology and
therefore is likely to require DNA end-resection by MRN and CtIP (Boboila et a/ 2010,
Dinkelmann et a/ 2009, Lee-Theilen ef al 2011). The other Alt-EJ pathway functions in the
absence of both KU70 and DNA ligase IV and also utilises microhomology to ligate ends.
However, in contrast to XRCC4 or DNA ligase IV deficient cells, this pathway also generates
a number of direct joins indicating that the proteins involved in the two pathways are different
(Boboila et al 2010). Consistent with this data, Mansour ef al (2010) demonstrated that KU
deficient cells did not necessarily require microhomology for efficient ligation (Mansour et al
2010). These data support the notion that not all Alt-EJ events are reliant on microhomology

(McVey and Lee 2008, Zha et a/ 2009).

In addition to the NHEJ machinery, CSR has also been shown to be affected by components
of the DDR as illustrated by the observed CSR defects in cells deficient in ATM (Lumsden e?
al 2004, Pan et al 2002, Reina-San-Martin et a/ 2004), MRN (Dinkelmann et al 2009), H2AX
(Reina-San-Martin et al 2003), MDC1 (Lou et al 2006), RNFS8 (Li et al 2010, Santos et al
2010) and 53BP1 (Manis et al 2004, Ward et al 2004). These observations highlight the
essential requirement for the ubiquitin-dependent DDR pathway in immune system

development.
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1.3.5 Human DSB repair syndromes

Repair of DSBs is crucial for maintaining the integrity of the genome and for normal
developmental processes, in particular immune system development. Mutations in DSB repair
genes result in the inability to properly repair DNA damage and are the underlying cause for a

number of human autosomal recessive genetic syndromes.

1.3.5.1 Ataxia-Telangiectasia

The first human DSB repair disorder to be described was Ataxia-Telangiectasia (A-T), which
is an early onset disease caused by mutations in the ATM gene. Hallmark clinical features of
A-T include progressive cerebellar neurodegeneration that causes ataxia (lack of balance) and
dysarthria (speech impediment), telangiectasia (diluted blood vessels) mainly of the eyes, face
and ears, immunodeficiency that affects both the cellular and humoral components of the
immune system, profound radiosensitivity and a elevated predisposition to the development of

cancer, in particular leukemia and lymphoma (Lavin and Shiloh 1997, Taylor et al 1975).

1.3.5.2 Syndromes affecting the MRN complex

Nijmegen Breakage Syndrome (NBS) is caused by mutations in the NBSI gene. Unlike A-T,
NBS patients primarily present with mild to moderate microcephaly, mental retardation,
growth retardation and ‘bird-like’ facial features. However, similar to A-T, NBS patients
exhibit a hypersensitivity to IR, immunodeficiency affecting both the humoral and cellular
components of the immune system and have increased predisposition to lymphoid

malignancies (Digweed and Sperling 2004).

Initially, it was thought that mutations in MREIl and RADS50 genes caused the hereditary
disorders, Ataxia-Telangeictasia-Like-Disorder (A-TLD) and Nijmegen Breakage Syndrome-
Like Disorder (NBSLD) respectively (Stewart et al 1999, Taylor et al 2004, Waltes et al
2009). However, recently, two patients have been identified that have mutations in MRE/1,
but have NBSLD and not A-TLD indicating that MRE] mutations can give rise to a wider
range of clinical features than was previously thought (Matsumoto et a/ 2011). As the name
suggests A-TLD patients have a clinical phenotype resembling that of A-T, whereas patients
with NBSLD exhibit clinical symptoms mirroring those of NBS. Interestingly, unlike A-T and
NBS patients, A-TLD and NBSLD patients are not immunodeficient despite the involvement
of MRN complex in both V(D)J recombination and CSR. Furthermore, despite the low
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numbers of patients identified with these disorders, a predisposition to lymphoid malignancies
has not been observed, although two A-TLD patients did develop lung cancer (Uchisaka et a/
2009).

1.3.5.3 RIDDLE syndrome

RIDDLE (Radiosensitivity, Immunodeficency, Dysmorphic features and Learning
Difficulties) syndrome is a newly described human DSB repair syndrome that is caused by
mutations in the RNF168 gene. To date only two patients have been identified with RIDDLE
syndrome whose clinical features include short stature, mild hypersensitivity to IR,
dysmorphic  facial features, learning difficulties and immunodeficiency. The
immunodeficiency in these patients is presented as abnormal immunoglobulin levels
indicating that it is likely to be caused by a CSR rather than V(D)J recombination defect
(Devgan ef al 2011, Stewart et al/ 2007). In contrast to the first patient, the second patient also

exhibited ataxia and telangiectasia (Devgan et a/ 2011).

1.3.5.4 Seckel syndrome

Seckel syndrome (SCKL) is characterised by growth retardation, mental retardation,
microcephaly and ‘bird-like’ facial features. In addition, some Seckel patients have also been
reported to have lymphoma (Alderton et al/ 2004). Unlike other DSB repair disorders, Seckel
syndrome demonstrates genetic heterogeneity. Genetic mapping studies have revealed four
Seckel syndrome causative genomic loci, namely Skl /-4, however to date only two genetic
defects have been identified in this disorder (Borglum et a/ 2001, Faivre et al 2002, Goodship
et al 2000, Kilinc et al 2003). Some individuals with Seckel syndrome have mutations in
ATR and have ATR-Seckel syndrome (also referred to as SCKL1), whereas other individuals
have been reported that have mutations in the gene encoding pericentrin and have PCNT-

Seckel syndrome (also known as SCKL4) (Griffith ef a/ 2008, O'Driscoll et al 2003).

1.3.5.5 Ligase IV syndrome

DNA ligase IV was the first component of the core NHEJ machinery to be found mutated in a
human syndrome. All the patients diagnosed so far exhibit hypersensitivity to IR and with the
exception of the first patient, some form of immunodeficiency, typically pancytopenia
(Riballo et al 1999). This is likely to be due to the involvement of DNA ligase IV in V(D)J

recombination and consequently these patients are all predisposed to lymphomas.
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Furthermore, the vast majority of patients also exhibit clinical features that overlap with NBS
including microcephaly, developmental delay, severely delayed growth and ‘bird-like’ facial
features. Some additional clinical features also overlap with those observed in A-T patients
such as the presence of telangiectasia and type 2 diabetes (Ben-Omran et al 2005, Buck et al

2006b, Enders et al 2006, O'Driscoll et al 2001).

1.3.5.6 Radiosensitive Severe Combined Immunodeficiency (RS-SCID)

To date there are two forms of RS-SCID, which are Artemis-dependent RS-SCID and XLF-
dependent RS-SCID caused by mutations in ARTEMIS and XLF genes respectively. Complete
loss of Artemis protein is associated with the most severe form the disease that typically
presents with T B'NK" SCID, as well as a hypersensitivity to IR (Moshous et a/ 2001).
Patients with hypomorphic mutations in ARTEMIS are less severely affected, as they do
develop T and B lymphocytes, but at reduced levels (Moshous et al 2003). The severity of the
immunodeficiency in patients with Artemis-dependent RS-SCID highlights the critical role of
Artemis in NHEJ DSB repair during V(D)J recombination (Rooney ef al 2003). Furthermore,
patients with hypomorphic mutations also have hypogammaglobulinaemia affecting IgG and
IgA indicating a role for Artemis during the repair of CSR associated DSBs (Du et al 2008,
Moshous et al 2003). Unsurprisingly, these patients are predisposed to develop lymphoid
malignancies (Moshous ef al 2003).

The immunodeficiency observed in XLF-dependent RS-SCID is similar to that observed in
the less severely affected Artemis-dependent RS-SCID patients, with most patients exhibiting
a hypersensitivity to IR, severe lymphopenia involving both B and T lymphocytes and
reduced or absent IgG and IgA. These characteristics support a role for XLF in V(D)J
recombination and CSR. Unlike Artemis-dependent RS-SCID, these patients also present with
non-immunological clinical features including microcephaly, growth retardation and
dysmorphic facial features. This highlights the importance of XLF in the repair of DSBs
outside of the immune system (Buck et a/ 2006a, Dutrannoy et al 2010).

1.3.6 Mediators

Mediators are proteins that act downstream of the ATM and ATR kinases and are important
for transducing the DNA damage signal to effector proteins. These proteins facilitate the

interactions between ATM/ATR and their substrates and/or act as scaffolds to aid recruitment
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of other DDR proteins to the damage sites. MDC1, PTIP, BRCA1, Microcephalin (MCPH1)
and 53BP1 are mainly involved in the ATM pathway whereas TOPBP1 and Claspin have
been proposed to co-regulate the ATR pathway (Harper and Elledge 2007). All these proteins
contain protein-protein interaction modules such as BRCT domains and/or FHA domains.
Furthermore, apart from the E3 ubiquitin ligase activity of BRCAI, these proteins have no
characterised intrinsic enzymatic activity (Mohammad and Yaffe 2009). Here I will focus on
MDCI1, BRCA1 and 53BPI1, proteins which are orthologues of the budding yeast
Saccharomyces cerevisiae (S.cerevisiae) RAD9 and the fission yeast Schizosaccharomyces

pombe (S.pombe) Crb2 (FitzGerald et al 2009).

1.3.6.1 MDC1

MDCI1 is a large nuclear protein that is composed of several distinct sequence domains.
Besides a N-terminal FHA domain and two BRCT domains at its C-terminus, MDC1 also
features a unique repeat region in the middle of the protein known as the proline, serine and
threonine (PST) region, a cluster of TQXF motifs and a SDTD repeat region. Localisation of
MDCI1 to DSBs is dependent on YH2AX, as MDCI1 failed to form foci in H2AX"" MEFs
following IR. Phosphorylated serine 139 of H2AX produces a binding site recognised by the
BRCT domains of MDCI (Stucki et al 2005). However, H2AX 1is constitutively
phosphorylated on tyrosine 142 by the kinase WSTF (Williams syndrome transcription
factor), which prevents MDC1 from being recruited. Consequently, the binding of MDC1 to
YH2AX was shown to be dependent on tyrosine 142 dephosphorylation by the tyrosine
phosphatases EYA1/3 (Cook et al 2009, Krishnan et al/ 2009). Once bound to YH2AX, MDC1
plays a crucial role as a core scaffold in DDR where it recruits several key DDR proteins to
the DSB. MDCI1 interacts with NBS1 through multiple SDTD motifs that are constitutively
phosphorylated by CK2 stabilising the MRN complex at the DNA ends (Lukas ef al 2004a,
Melander et al 2008, Spycher et a/ 2008). In addition, MDC1 also associates with activated
ATM via its FHA domain facilitating the retention of ATM at sites of DSBs. These
interactions result in propagation of YH2AX along the chromatin through a MDC1-dependent
positive feedback loop (Lou ef al 2006). Furthermore, phosphorylation of MDC1 on its TQXF
motifs by ATM aids recruitment of RNF8, ultimately triggering the ubiquitin dependent
component of the ATM cascade (Huen et al 2007, Kolas et al 2007, Mailand et al/ 2007). In

the absence of MDC1, many proteins involved in DNA repair and checkpoint activation such
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as 53BP1, BRCA1 and the MRN complex fail to accumulate at sites of DNA damage. As a
consequence, these cells have defective ATM signalling and fail to activate the intra-S phase
and G2/M phase checkpoints (Goldberg et al 2003, Stewart et al 2003). Therefore, MDC1

plays an important role in amplification of the damage signal.

MDCI1 has also been shown to function in DNA DSB repair. siRNA studies demonstrated that
MDC1 promotes HR by directly interacting with RADS1 and is required for the recruitment
of RAD51 to ionising radiation-induced foci (IRIF) and for maintaining RADS51 protein
stability (Zhang et al 2005). In addition, MDC1 increases the rate of NHEJ at dysfunctional
telomeres, which may be due to its ability to interact and regulate DNA-PK
autophosphorylation, although currently this is unknown (Dimitrova and de Lange 2006, Lou
et al 2004). In support of its importance in the DDR, MDC1 knockout mice are growth
retarded, sensitive to IR, have a mild CSR defect and have gross genomic instability in

response to IR (Lou et al 2006).

More recently, MDC1 has been reported to be involved in mitotic progression, independent of
DNA damage. MDC1 regulates the metaphase to anaphase transition through its ability to
interact directly with the APC/C and modulates its E3 ubiquitin ligase activity. As a result,
mitotic cells deficient in MDCI1 have reduced APC/C activity and arrest in metaphase

(Townsend et al 2009).

1.3.6.2 BRCA1

BRCAL1 is a tumour suppressor protein that is important in maintaining genome stability.
Germ line heterozygous mutations in BRCAI lead to an enhanced predisposition to both
breast and ovarian cancer. In addition to its two C-terminal BRCT domains, BRCA1 also
contains an N-terminal RING domain that enables it to interact with E2 conjugating enzymes.
BRCA1 has been implicated in a multitude of cellular processes including checkpoint

activation, DNA repair and transcriptional regulation (Boulton 2006, Huen ef al 2010b).

The RING domain of BRCA1l mediates its stable association with another RING/BRCT
domain containing protein, BARDI1 (Brzovic et a/ 2001). This heterodimer serves as an E3
ubiquitin ligase at sites of DSBs and facilitates the formation of lysine-6 (K6)-linked ubiquitin
chains (Morris and Solomon 2004). Recently, it has been reported that conjugation of SUMO-
1 on BRCA1 by PIAS1 together with its E2 conjugating enzyme, UBC9 stimulates this E3

ubiquitin ligase activity (Morris et al 2009). Despite, the function of the K6-linked ubiquitin
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chains being unknown, they are essential for BRCAI-mediated suppression of genomic

instability (Morris et al 2006, Ruftner et al 2001).

In response to DSBs, BRCA1-BARDI heterodimers form a number of protein super-
complexes. One of these complexes, BRACI-A consists of RAP80, Abraxas, BRCC36,
BRCC45 and MERIT40 and is important for the localisation of BRCA1 to sites of DSBs
(Feng et al 2009, Kim et al 2007, Shao et al 2009b, Sobhian et al 2007, Wang et al 2007,
Wang et al 2009). Abraxas interacts with the BRCT domains of BRCA1 and links it to
RAP80, which targets BRCAT1 to the DSB by binding to K63-linked ubiquitin chains through
its UIM domains. Cells depleted of RAP80 and Abraxas exhibit impaired accumulation of
BRCALI at sites of DSBs.

Once recruited to DSBs by this complex, BRCAT1 plays a role in G2/M checkpoint activation.
This is partly by regulating the expression, phosphorylation and localisation of CHKI, a
known regulator of the G2/M checkpoint (Yarden et al 2002). However, prior
phosphorylation of BRCAT1 on serine 1423 by ATM is required for activation of the G2/M
checkpoint (Xu et al 2001a). The importance of BRCA1 in G2/M checkpoint activation is
illustrated by the fact that cells lacking functional BRCA1 exhibit severe defects in
checkpoint activation (Xu et al 1999b).

In addition to the G2/M checkpoint, BRCA1 has also been shown to be involved in the intra-
S-phase checkpoint that is activated in response to replication stress such as stalled replication
forks (Xu et a/ 2001a). This requires ATM-dependent phosphorylation of BRCA1 on serine
1387 and involves interactions between BRCA1 with BACH1 and TOPBP1, which together
form the BRCA1-B complex (Greenberg et al 2006, Xu et al 2002). Absence of any of these
three proteins results in the failure of cells to reduce the rate of DNA replication when
irradiated, a phenomenon known as radioresistant DNA synthesis (RDS) and a consequence

of a defective intra-S-phase checkpoint (Greenberg et al 2006).

The involvement of BRCA1 in HR-mediated DNA repair has long been known, but is poorly
understood. BRCA1 facilitates the recruitment of RADS51 to DSBs through its association
with BRCA2 (Bekker-Jensen et al 2006, Chen et al 1998a, Greenberg et al 2006, Scully et al
1997b). In the absence of BRCA1, RADS1 fail to form foci and consequently cells lacking
functional BRCA1 are deficient in homology-mediated repair (Greenberg et al 2006,
Moynahan et al 1999, Scully et al 1999). Furthermore, this interaction between BRCA1 and

28



Chapter 1

BRCA2 is mediated by PALB2. PALB2 directly associates with BRCA1 and promotes the
accumulation of BRCA2 and RADS1 to DSBs (Sy et al 2009, Zhang et al 2009b). The
interaction between PALB2 and BRCAL is crucial for HR since mutations in the PALB2
binding site in BRCA1 result in compromised HR (Zhang et al/ 2009b). Despite these studies,
the mechanism by which BRCA1 promotes HR remains unclear. More recently, BRCA1 has
been shown to be involved in DNA end-resection through its ability to interact with
components of the BRCA1-C complex, CtIP and the MRN complex (Chen et al 2008). In
support of a role for BRCA1 in DNA end-resection, accumulation of RPA at sites of DNA
damage was found to be impaired in BRCA1 defective cells (Schlegel et al 2006).
Interestingly, DNA end-resection is a prerequisite for RADS51 nucleoprotein filament
formation, therefore the reason behind the lack of RADS1 foci formation may be due to an

inability of BRCAT1 deficient cells to efficiently process the ends of DSBs.

Further to its roles in checkpoint activation and DNA repair, BRCA1 also functions in
transcription regulation. BRCA1 has been shown to be a component of the general
transcription machinery as it interacts with the RNA polymerase Il holoenzyme complex, in
part through binding to RNA helicase A (Anderson et al 1998, Scully et al 1997a). Although
BRCAI has not been demonstrated to bind DNA in a sequence specific manner, it has been
established that it can interact with various transcription factors and function as a co-
regulator. In response to DNA damage, BRCA1 cooperates with p53 to stimulate the
expression of some of its target genes, in particular those involved in cell cycle arrest and
DNA repair such as p21 and GADD45 (Harkin ef al/ 1999, MacLachlan et al 2002, Ouchi et
al 1998, Zhang et al 1998). Furthermore, it has been reported that BRCA1 can also induce the
expression of p21 and GADDA45 in a p53-independent manner (Harkin et al 1999,
Somasundaram et al 1997). In the case of GADDA45, this is mediated through interactions
between BRCA1 and the transcription factors, Octl and NF-Y (Fan et al 2002). In addition to
p53, BRCAT1 also acts as a co-activator for STATI1 (Ouchi et al 2000), NF-xB (Benezra et al
2003), ATF1 (Houvras et al 2000) and androgen receptor-dependent transcription (Park et al
2000, Yeh et al 2000). Moreover, BRCA1 has also been shown to function as a co-repressor
of transcription, as it inhibits the transcriptional activity of the estrogen receptor (Fan et al
2001) and c-myc (Wang et al 1998). Finally, through its BRCT domains, BRCA1 interacts
with various transcriptional regulatory proteins, which may contribute to its ability to function

as a transcriptional co-regulator. These include the HATs, CBP (CREB binding protein) and
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p300, which are general transcriptional co-activators (Pao et a/ 2000), as well as HDAC1/2
and the retinoblastoma susceptibility protein, RB1 (Yarden and Brody 1999). The biological
consequences of many of these interactions still remain to be elucidated. However, a recent
study revealed that the BRCT domains of BRCA1 preferentially bound to methylated p300.
Interestingly, methylation of p300 by the co-activator associated arginine methyltransferase 1
(CARMI) has been demonstrated to be increased in response to DNA damage suggesting that
the damage-inducible interaction of BRCA1 with co-activators may potentiate its role in

regulating transcription (Lee et al 2011).

1.3.6.3 53BP1

53BP1 is comprised of 1972 amino acids and contains several domains including two tandem
BRCT domains at the C-terminus and a tandem Tudor domain that recognises methylated
histones (Callebaut and Mornon 1997, Charier ef al 2004). Theses domains are also present in
S.cerevisiae RAD9 and S.pombe Crb2. Therefore, even though MDC1 and BRCAI share
some functional similarities to RAD9 and Crb2, 53BP1 is considered to be the most closely
related orthologue (FitzGerald et a/ 2009). 53BP1 also contains a GAR domain
(glycine/arginine rich region) that is methylated by the protein arginine methyltransferase 1
(PRMTT1) and is required for the DNA binding activity of 53BP1 (Boisvert et al/ 2005). 53BP1
also possess several PIKK S/TQ (Serine/Threonine-Glutamine) consensus sites, which are
phosphorylated in a PIKK-dependent manner following IR and UV (Jowsey et al 2007)
(Figure 1.7). 53BP1 has also been shown to be a substrate for CDKs, as mapping of
phosphorylation networks revealed that 53BP1 contains multiple CDK-dependent
phosphorylation sites (Linding et a/ 2007). The function of many of these phosphorylation
sites is currently unknown, although the roles of some of these sites have been characterised.
ATM-dependent phosphorylation of 53BP1 on serine 25 is required for the interaction
between 53BP1 and PTIP. Abrogation of this interaction results in a defective cellular
response to DNA damage (Munoz ef a/ 2007). Additionally, phosphorylation of 53BP1 on
serine 1219 by ATM has been reported to function in G2/M cell cycle arrest following IR
(Lee et al 2009). However, ATM-mediated phosphorylation of 53BP1 is dispensable for the
recruitment of 53BP1 to sites of DSBs (Schultz et a/ 2000)

The Tudor domain of 53BP1 is important for its localisation to sites of DNA DSBs through its

ability to interact with methylated histones. In yeast it has been shown that S. cerevisiae
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RADO is recruited to DNA DSBs via binding of its Tudor domain to H3K79me2 (Grenon et
al 2007, Wysocki et al 2005), whereas S.pombe Crb2 is recruited via binding to H4K20me2
(Greeson et al 2008, Sanders et al 2004). Both these modifications have been implicated in
the recruitment of 53BP1 to chromatin. The involvement of H3K79me2 in the recruitment of
53BP1 was first reported by Huyen et a/ (2004), who showed that the Tudor domain of
53BP1 binds to H3K79me2 both in vitro and in vivo (Huyen et al 2004). Point mutations in
the Tudor domain abolished this interaction and impaired 53BP1 foci formation. Furthermore,
depletion of hDotl/KMT4, the histone methyltransferase that di-methylates H3K79 also
reduced foci formation indicating that methylation of H3K79 by hDot1/KMT4 was important
for 53BP1 recruitment (Huyen ef al 2004). However, subsequent reports suggested a
predominant role for H4K20me2 in recruitment of 53BP1 to foci. 53BP1 was found to bind to
H4K20me?2 with greater affinity than to H3K79. In addition, reduction of H4K20 methylation
levels through knockdown of the H4K20 histone methyltransferases, MMSET, Set8/KMTS5A,
Suv4-20h1/KMT5B and Suv4-20h2/KMTS5C decreased 53BP1 foci formation (Botuyan ef a/
2006, Pei et al 2011, Yang et al 2008a). It is still unclear why 53BP1 requires two
methylation marks for its recruitment to chromatin. However, it has been suggested that these
two methylation marks may function redundantly in humans (FitzGerald et a/ 2009). These
methylation marks are present on chromatin independently of DNA damage and their levels
are not altered following DNA damage. Furthermore, they are normally found buried within
the chromatin. Initially, it was postulated that DNA damage induced passive relaxation of the
chromatin structure surrounding the DSB, thereby allowing 53BP1 to bind to
H3K79me2/H4K20me2 (Huyen et al 2004, Sanders et al 2004). However, more recently, it
has been demonstrated that ubiquitylation of histones by RNF8/RNF168, phosphorylation of
H2AX and acetylation of histones by Tip60 facilitate the recruitment of 53BP1 to DSBs by
allowing H3K79me2/H4K20me?2 to become accessible to 53BP1 through the formation of a
more open chromatin structure (Doil et al 2009, Murr et al 2006). Even though recruitment of
53BP1 to DSBs is not dependent on it directly interacting with other DDR proteins, its
retention at DSBs is mediated through interacting with yH2AX (Celeste et al 2003,
Fernandez-Capetillo et al 2002, Ward et al 2003a). Currently it is unknown what the
functional significance of this interaction is. However, two recent studies revealed that the
interaction between the BRCT domains of S.pombe Crb2 and YH2AX is important to maintain
cell cycle arrest mediated by the G2/M DNA damage checkpoint (Sanders ef al 2010, Sofueva
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et al 2010). Furthermore, sumoylation of 53BP1 by PIAS4 has been shown to be necessary
for the accumulation of 53BP1 at DSBs, although the biological relevance of this

modification is currently unknown (Galanty et a/ 2009).

53BP1 has been implicated in cell cycle checkpoint activation and maintenance following IR.
Human cells depleted of 53BP1 by siRNA and mouse 53BPI”" cells have a mild G2/M
checkpoint defect. This was only observed after exposure to low, but not high doses of IR
(DiTullio et al 2002, Fernandez-Capetillo et al 2002, Wang et al 2002). However, in contrast
to these results, other groups have reported no defects in G2/M checkpoint activation in the
absence of 53BP1 (Morales et al 2003, Shibata et al 2010, Ward et al/ 2003b). Moreover, a
recent study has indicated that S3BP1 may not be required for G2/M checkpoint activation,
but rather may play a role in maintaining the IR-induced G2/M checkpoint arrest (Shibata et
al 2010). Partial intra-S-phase checkpoint defects have also been observed in cells lacking
53BP1 following IR (Wang et a/ 2002). These defects may be due to the requirement of
53BP1 in the recruitment of the intra-S-phase checkpoint protein, Rifl to sites of DSBs
(Silverman et al 2004).

One of the most recent functions of 53BP1 to be identified is that it is involved in limiting or
suppressing DNA end-resection. Mice homozygous for exon 11 deletion (Al1) isoform of
BRCA1 (BRCAI*'™My die during embryonic development. However, this embryonic
lethality can be rescued by loss of one or both copies of p53, but as a consequence, the viable
mice develop multiple types of tumours and age prematurely (Xu et al 2001c¢). It is likely that
the increased genome instability and tumour predisposition observed in the BRCAMYA!
/p53™" mice is due to reduced HR caused by defective DNA end-resection. Interestingly, loss
of 53BP1 also rescues the embryonic lethality of the BRCAI*'"*!" mice, as well as the tumour
susceptibility and premature aging (Cao et a/ 2009). Moreover, the reduced HR caused by
loss of BRCAI is significantly enhanced in the absence of 53BP1 as a consequence of
elevated levels of DNA end-resection (Bunting ef a/ 2010). This suggests that a function of
53BP1 may be to limit HR by controlling the level of processing at DNA ends. This
observation is supported by further investigations conducted in 53BP1 depleted BRCAI null
MEFs and embryonic stem cells (ES) which showed restored RADS51 foci formation and
partial, although not complete, restoration of HR compared to conditional BRCAI-deleted

cells (Bouwman et al 2010). However, the ability of BRCAI*'""*"" 53BPI™" cells to perform
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DNA end-resection is dependent on ATM and CtIP, as was shown from the failure of
BRCAI*" ! 53BPI™ cells to restore RPA phosphorylation in response to IR when ATM was
inhibited or CtIP was depleted (Bunting et a/ 2010). In light of these observations, it has been
postulated that S3BP1 acts as a barrier to DNA end-resection and that this activity of 53BP1
may be important for preventing HR-mediated DNA repair of breaks that should be repaired
by NHEJ (Boulton 2010).

One of the key functions of 53BP1 was discovered from 53BP1 knockout (53BP1”") mouse
models. 53BP17" mice are severely impaired in performing CSR and consequently are
immunodeficient (Manis et al 2004, Ward et al 2004). The CSR defect observed in these mice
is more severe than that exhibited by mice null for H2ZAX, MDC1 and RNFS, highlighting the
importance of 53BP1 during immune system development. In 53BP/ " cells there is almost a
complete loss of long-range CSR and a concomitant increase in the frequency of short-range
intra-switch recombination (Manis et a/ 2004, Reina-San-Martin et al 2007, Ward et al 2004).
Currently, two roles for 53BP1 in CSR have been proposed. One of these roles is that 53BP1
facilitates end-joining through promoting and/or maintaining synapsis of two distal switch
regions (Reina-San-Martin et a/ 2007). Alternatively, it has suggested that 53BP1 promotes
long-range CSR by protecting the DNA ends from unwanted resection. Conversely, loss of
53BP1 results in an ATM-dependent increase in resection leading to short-range joining
between regions of microhomology within the switch regions by Alt-EJ (Bothmer et al 2010).
However, as discussed by Bothmer et a/ (2010), it is unlikely that a switch from C-NHEJ to
Alt-EJ can solely account for the profound defects in CSR in 53BPI”" B cells. Therefore, it
has been suggested that both these functions of 53BP1 are required to explain the dominant
effect of 53BP1 on CSR (Bothmer ef al 2010).

In contrast to its importance in CSR, 53BP1 has been described as being dispensable for
V(D)J recombination (Manis et al 2004, Ward et al 2004). However, a recent report has
demonstrated that 53BP1 does play a role in V(D)J recombination by facilitating long-range
DNA end-joining. Loss of 53BPI1 resulted in a decrease in V(D)J recombination between
distal gene segments (Difilippantonio et a/ 2008). Interestingly, 53BP1 has been shown to
promote the fusion of deprotected telomeres by increasing chromatin mobility and thereby
increasing the chance that the two telomere ends come within sufficient proximity to allow
the NHEJ machinery to bind (Dimitrova et a/ 2008). Therefore, it has been suggested that by
increasing the mobility of the local chromatin surrounding the break site, 53BP1 is able to
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facilitate NHEJ by bringing together distally located DNA ends, such as those DNA ends
created by DSBs during V(D)J recombination and CSR, that otherwise would have a low
probability of encountering each other (Difilippantonio et a/ 2008, Dimitrova et al 2008).

Taken together the involvement of 53BP1 in cell cycle checkpoint control and DNA repair
indicates that S3BP1 plays an integral role in maintaining genomic stability and suppressing
tumourigenesis. In support of this, 53BPI “" and 53BPI”" mice exhibit chromosomal
aberrations, which are indicative of a defect in DNA repair and are prone to developing
tumours, in particular lymphoma, that could be enhanced when combined with a loss of p53
(Morales et al 2003, Morales et al 2006, Ward et al 2003b, Ward et al 2005). Loss of one or
both alleles of 53BP1 greatly accelerated tumour development in a p53 null background.
Interestingly in human tumours, loss of 53BP1 has been shown to correlate with cancer
progression (Gorgoulis et al 2005). Moreover, loss of 53BP1 has been found to be associated
with triple-negative breast cancer and BRCAI and BRCA2-mutated breast cancer (Bouwman

et al 2010).

53BP1 was originally identified as a p53 interacting protein in a yeast two-hybrid screen. The
core DNA binding region of p53 was found to interact with the BRCT domains of 53BP1.
Furthermore, the conformation of p53 appears to be crucial for this interaction because 5S3BP1
failed to bind to mutant p53 (R175H) (Iwabuchi et a/ 1994). In a subsequent report, 53BP1
was proposed to function as a transcriptional co-activator of p53 based on its ability to
enhance p53 transcriptional activity in a reporter assay (Iwabuchi et a/ 1998). However, this
function of 53BP1 appeared unlikely when the crystal structure of the 53BP1-p53 interaction
was solved. These studies revealed that the p53 residues involved in binding to 53BP1 were
the same as those required for p53 to bind to DNA demonstrating that it is sterically
impossible for p53 to bind simultaneously to 53BP1 and the p53 DNA binding sites present in
the promoters of p53 target genes (Derbyshire et al 2002, Joo et al 2002). Interestingly, in
contrast to previous data, recent reports have shown that the interaction between 53BP1 and
p53 is dependent on lysine methylation and involves the Tudor domain of 53BP1 (Huang et al
2007a, Kachirskaia et al 2008). Huang et al (2007) revealed that the interaction between
53BP1 and p53 required di-methylation of lysine 370 of p53 and this association resulted in
an increase in p53 transactivation, thereby supporting a role for 53BP1 in transcriptional
regulation (Huang et a/ 2007a). In addition, 53BP1 was shown to bind to di-methylated lysine
382 of p53 in response to DNA damage. However, the functional consequence of this
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interaction is currently unknown (Kachirskaia et a/ 2008). Taken together these observations
indicate that 53BP1 does associate with p53 and may potentially act as a transcriptional

regulator of p53.

1.4 p53

Since its discovery in 1979, the role of the p53 protein in cancer has been intensively studied
(Levine and Oren 2009). p53 is a sequence specific DNA binding transcription factor that has
been described as the ‘guardian of the genome’ because of its role in coordinating diverse
cellular responses to a plethora of cellular stresses including DNA damage, hypoxia and
oncogene activation (Lane 1992). Depending on the type and level of cellular stress, p53 can
induce cell cycle arrest, DNA repair, cellular senescence, apoptosis, differentiation, cell
metabolism and angiogenesis. Transactivation of its vast array of target genes is essential for
p53 to impact on so many cellular processes, although it has been suggested that some effects
of p53 may be independent of transcription (Bensaad and Vousden 2007, Marchenko and
Moll 2007, Vousden and Lane 2007). In light of the complex role of p53, this section of the
introduction will mainly focus on the regulation and functions of p53 in response to DNA

damage.

1.4.1 p53 has a fundamental role in tumour suppression

p53 is a crucial tumour suppressor gene, as evidenced by the fact that >50% of all human
cancers harbour somatic mutations in 7P53 gene and that dysregulation of the p53 pathway
commonly occurs in tumours that retain a wild type 7P53 gene. Most of the mutations are
missense mutations resulting in the production of a dominant negative protein that is capable
of complexing with wild type p53 and overriding normal p53 cellular functions (de Vries et a/
2002). In addition, germline mutations in 7P53 are the underlying cause of Li-Fraumeni
syndrome, which is characterised by a susceptibility to a broad spectrum of cancers including
breast cancer, sarcomas, brain tumours and adrenal cortical carcinoma (Malkin et a/ 1990,
Varley 2003). Further confirmation of the importance of p53 in tumour suppression came
from the TP53 knockout mouse, which develops cancer rapidly and with 100% penetrance

(Donehower et al 1992, Jacks et al 1994).
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1.4.2 Structure of p53

The N-terminus of the p53 protein comprises of two transcriptional activation domains
(TADs), TAD1 and TAD2, which span residues 20-40 and 40-60. These domains can enhance
transcription of p53 target genes by recruiting histone modifying enzymes, components of the
basal transcriptional machinery and co-activator complexes. This region also contains the
binding sites for the p53 inhibitory proteins HDM2 (human double minute protein 2) and
HDMX (also known as HDM4, human double minute protein 4), which bind to the TAD1 and
regulate both its stability and transcriptional activity. C-terminal to the TADs lies the proline
rich domain (residues 60-90), which has been proposed to be involved in mediating protein-
protein interactions due to the presence of PxxP motifs that mediate binding of Src homology
3 (SH3) domain-containing proteins. The central core region of p53 mediates the sequence
specific DNA binding of the protein to response elements in its target genes. Although,
bioinformatics studies predict that there may be >4000 human genes that contain putative p53
binding sites (Wang et al 2001b), analysis using various chromatin immunoprecipitation
based techniques have recently placed this number to be between 500 and 1600 genes
(Cawley et al 2004, Wei et al 2006). The vast majority of cancer associated 7P53 mutations
occur in this domain, which includes the six most frequent mutations: R248Q, R273H,
R175H, R282W, R249S and G245S. These mutations fall into two categories:1. Those that
alter residues required for contacting the DNA (R248, R273) and 2. Those that are important
for maintaining the structural conformational of the domain (R175, G245, R249, R282)
(Brosh and Rotter 2009, Petitjean et a/ 2007). In addition, to abrogating the ability of p53 to
bind to DNA, these mutant p53 proteins can acquire new oncogenic properties, known as
‘gain of-function’ properties that enable it to promote tumourigenesis (Brosh and Rotter
2009). For p53 to act as an efficient transcription factor, it requires the ability to self-associate
with four molecules of the p53 monomer required to bind its response elements. This ability
of p53 requires its oligomerisation domain, which is located towards the C-terminal end of the
protein. Finally, p53 contains a serine and lysine rich domain at the extreme C-terminus
(residues 363-393). This domain undergoes extensive post-translational modifications such as
phosphorylation, acetylation, methylation and ubiquitylation that have been demonstrated to

be critical in modulating both its stabilisation and transcriptional activity.
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1.4.3 p33 functions

Low levels of DNA damage result in the activation of cell cycle checkpoints leading to a
transient cell cycle arrest. This allows the cell time to repair the DNA damage and thereby
prevents the damaged DNA from undergoing replication or mitosis. p53 plays a role in
regulating the checkpoints during the G1 and G2 phases of the cell cycle. In the case of severe
levels of DNA damage, p53 promotes apoptosis.

1.4.3.1 G1 growth arrest

The ability of p53 to induce a G1 arrest in response to DNA damage is largely dependent on
its ability to induce the expression of p21 (el-Deiry et al 1993). p21 mediates p53-dependent
G1 arrest by inhibiting the activity of the CDK-cyclin complexes, CDK4/6-cyclin D1 and
CDK2-cyclin E, which are associated with regulating the G1 phase of the cell cycle (He et a/
2005, Lundberg and Weinberg 1998). These kinases are responsible for sequentially
phosphorylating pRb resulting in its inactivation. CDK-mediated phosphorylation of pRb
promotes the release of the E2F transcription factor from inhibitory effects of pRb,
subsequently allowing transactivation of E2F responsive genes required for the GI- to S-
phase transition. In its hypophosphorylated state, pRb sequesters the E2F transcription factor,
thereby preventing entry into S phase (Harbour and Dean 2000). This model is supported by
the fact that over-expression of E2F1 can drive quiescent cells into S phase by relieving p21-

mediated inhibition of CDK activity (Johnson et al 1993).

p53 is also capable of inducing a G1 arrest by non-transcriptional mechanisms through its
ability to bind to cyclin H, which is part of the CDK7/cyclin H/Matl CDK activating kinase
complex (CAK). CAK plays a crucial role in activating cell cycle progression by
phosphorylating and activating CDK2, and, as part of the TFIIH complex by controlling
transcriptional activity of RNA polymerase II (Schneider et al 1998).

1.4.3.2 G2 growth arrest

In addition to the G1 arrest, p53 also influences the damage-induced G2/M arrest. In response
to DNA damage, cells lacking p53 and p21 are capable of initiating a G2 arrest, but are unable
to sustain the arrest, resulting in mitotic catastrophe (Bunz et a/ 1998). Progression from G2
phase to mitosis requires the nuclear accumulation and subsequent activation of the mitosis

promoting complex CDK1-cyclin Bl. Activation of CDKI involves dephosphorylation of
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threonine 14 and tyrosine 15 by the CDC25 phosphatases and phosphorylation by CAK on
threonine 161. It is thought that the involvement of p21 in G2 arrest is through its ability to
bind to CDK1-cyclin Bl and inhibit CAK-mediated CDK1 activation since DNA damage or
high levels of p21 have been demonstrated to reduce the phosphorylation of CDKI1 on
threonine 161 (Medema et al 1998, Smits et al 2000).

In addition to the p53 regulated expression of p21, the G2 arrest also appears to require
additional transcriptional targets of p53, including GADDA45 and 14-3-3c protein (Hermeking
et al 1997). After DNA damage, the G2/M cell cycle arrest is initiated by a p53-independent
pathway involving the phosphorylation of the CDC25C phosphatase on serine 216 by CHK1,
thereby creating a binding site for the 14-3-3 proteins. Phosphorylated CDC25C is
sequestered in the cytoplasm by the 14-3-3 proteins, which prevents the dephosphorylation of
nuclear CDK1 required to activate it (Lopez-Girona et al 1999, Peng et al 1997). Even though
14-3-3c is not essential for the initial G2 arrest, it is required for maintaining the G2 arrest, as
demonstrated by the observation that cells deficient in 14-3-3¢ undergo premature G2/M
checkpoint release and subsequent mitotic catastrophe. This is likely due to the inability of
these cells to anchor CDK1-cyclin B1 complex in the cytoplasm (Chan ef a/ 1999). GADD45
has been shown to activate G2/M checkpoint by disrupting the CDK1-cyclin B1 complex
(Zhan et al 1999). Furthermore, p53 is also capable of repressing cyclin Bl expression
following DNA damage, which is required by CDKI to initiate the onset of mitosis
(Innocente et al 1999).

1.4.3.3 Apoptosis

Apoptosis induced by p53 is a crucial mechanism of tumour suppression and involves the
coordination of transcription-dependent and transcription-independent functions of p53. The
role of p53 in apoptosis was firmly established by studies in knockout mice, which showed
that p53'/ " thymocytes exhibit a pronounced resistance to the induction of apoptosis following
exposure to IR (Clarke et al 1993, Lowe et al 1993). A large proportion of p53 responsive
genes are pro-apoptotic genes, which belong to the intrinsic and extrinsic apoptotic pathways.
Within the intrinsic pathway p53 induces the expression of the pro-apoptotic Bcl-2 family
members such as Bax (Bcl-2-associated protein X) and the BH3-only proteins, PUMA (p53
up-regulated modulator of apoptosis), NOXA and BID (Bcl-2 interacting domain death
agonist). BH3 only proteins most likely trigger apoptosis by binding and displacing the Bcl-2
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pro-survival proteins such as Bcl-2 and Bcl-xI from Bax and Bak leading to their homo-
oligomerisation and subsequent activation. Activation of Bax and Bak results in
mitochondrial outer membrane permeabilisation allowing release of apoptosis inducing factor
(AIF), the inhibitor of IAPs Smac/DIABLO and cytochrome c. Consequently, the caspase
cascade is activated, ultimately resulting in cell death (Wei ef al 2001, Zong et al 2001).

Cell surface death receptors transmit rapid apoptotic signals initiated by the binding of their
ligands, which results in activation of the extrinsic rather than intrinsic apoptosis pathway
(Ashkenazi and Dixit 1998). p53 induces the expression of the TNFR (Tumour necrosis factor
receptor) family members FAS/CD95/Apol, death receptor 4 (DR4) and DRS (also known as
TRAIL-R1 and TRAIL-R2). Transcription of FAS was shown to be induced by p53 through a
p53 response element located within the first intron of the CD95 gene (Muller ef al 1998).
Although, the involvement of FAS transactivation in p53-mediated apoptosis appears to be
cell type dependent (Bouvard et al 2000). Expression of both DR4 and DRS5 have been
reported to be increased upon DNA damage in a p53-dependent manner. However, the
expression of these receptors also involves p53-independent mechanisms (Guan et a/ 2001,
Takimoto and El-Deiry 2000, Wu et al 1997). Finally, there are numerous other genes not
mentioned here that influence the cell type and stress specific apoptotic responses induced by

p53 (Riley et al 2008).

While the transactivation activities of p53 clearly play an important role during the induction
of apoptosis, several studies have shown that under certain conditions p53 can activate
apoptosis through transcriptionally independent mechanisms (Caelles et al 1994, Haupt et al
1995). These functions of p53 involve its ability to promote mitochondrial outer membrane
permeabilisation by directly interacting with members of the Bcl-2 family leading to
activation of the BH3 only proteins (Moll ef a/ 2005). The importance of this role for p53 is
supported by the fact that the compound, pitithrin p which selectively inhibits the
mitochondrial function of p53, dramatically reduced p53-mediated apoptosis in irradiated
thymocytes without hindering the transcriptional activity of p53 (Strom et al 2006). Despite
this, it is clear that p53 coordinates both its transcription-dependent and -independent pro-

apoptotic activities to cause cell death.
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1.4.4 p33 target gene selection

pS3 is clearly capable of stimulating the expression of genes involved in cell cycle arrest and
apoptosis, which compromises the two major p53-dependent responses to DNA damage.
Multiple factors can contribute to influencing p53 target gene selection and therefore the final
outcome of p53 activation. These factors are likely to be dependent on the cell type, nature of

the stress and the severity of the stress (Murray-Zmijewski et al 2008).

It has been proposed that p53 selects which genes to activate based on its abundance and
affinity for a particular promoter. In other words, when p53 levels are low, it activates genes
with high affinity promoters that tend to be associated with cell cycle arrest, and when p53
levels are high, it activates low-affinity promoters that tend to be involved in the apoptotic
response (Chen et al 1996, Weinberg et al 2005, Zhao et al 2000). However, it is evident that
promoter selectivity is not as simple as this. Certain p53 cofactors and p53 post-translational
modifications have been demonstrated to be important for fine tuning the p53 response to

specific stresses by enabling p53 to discriminate among its target genes (discussed below).

1.4.5 Regulation of p53 stability

Due to the crucial role of p53 in maintaining the integrity of the genome, a multitude of
mechanisms have evolved to regulate its activity. Having a short half-life, p53 is normally
maintained at low levels under ‘non-stressed’ conditions through its ubiquitin-mediated
proteasomal degradation. Following cellular stress, p53 is post-translationally modified on a
number of residues, increasing its stability and accumulation in the nucleus, as well as

inducing its transcriptional activity (Figure 1.8).

A key player in the regulation of the p53 protein is the HDM2. As a result of its interaction
with the transactivation domain within the N-terminal domain of p53, HDM2 can repress the
transcriptional activity of p53 by blocking its interaction with components of the
transcriptional machinery (Momand et al 1992, Oliner et a/ 1993). In addition, HDM2 has
also been shown to function as an E3 ubiquitin ligase, which targets p53 for degradation by
the proteasome, thereby maintaining low levels of p53 protein in unstressed cells (Haupt et al
1997, Honda et al 1997, Kubbutat et al 1997). Proteasomal degradation of p53 is facilitated
by the transcriptional co-activator proteins, CBP and p300 acting as E4 polyubiquitin ligases
(Ferreon et al 2009, Grossman et al 2003, Shi et al 2009). CBP and p300-dependent
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polyubiquitylation of p53 is dependent on prior monoubiquitylation of p53 by HDM?2.
Furthermore it is believed that HDM2 can translocate p53 from the nucleus to the cytoplasm
where it undergoes degradation (Roth et a/ 1998). HDM2 is also a transcriptional target of
p53, which creates an autoregulatory loop in which p53 positively regulates HDM?2
expression while HDM2 negatively regulates p53 levels and activity (Wu et al 1993) The
importance of effective negative regulation of p53 activity is highlighted by the embryonic
lethality of MDM?2 knockout mice, which die due to aberrant p53-induced apoptosis. This
phenotype is completely rescued following deletion of the p53 gene, demonstrating that it is
the uncontrolled activity of p53 that prevents development of the mice (Jones et al 1995,

Montes de Oca Luna et al 1995).

Another prominent negative regulator of p53 is HDMX. Like HDM2, deletion of HDMX in
mice causes embryonic lethality, which again is completely rescued by inactivation of p53
(Migliorini et al 2002, Parant et a/ 2001). Despite its sequence homology to HDM2 and the
presence of a RING domain, HDMX does not have any intrinsic E3 ligase activity. HDMX
has been demonstrated to inhibit p53 transcriptional activity through its ability to directly bind
to the transactivation domain of p53 (Sabbatini and McCormick 2002, Shvarts et al 1996). In
addition, HDMX can form a complex with HDM2 and promote its E3 ligase activity (Linares
et al 2003, Uldrijan ef al 2007).

To further complicate matters, HDM2-mediated regulation of p53 stability is controlled by the
deubiquitylating enzyme, HAUSP (also known as USP7). HDM2 is an unstable protein,
primarily due to its autoubiquitylation (Fang et al/ 2000). HAUSP was originally reported to
deubiquitylate p53 (Li et al 2002a). However, it was subsequently shown to have an
additional role in modulating HDM2 ubiquitylation (Cummins et al 2004, Li et al 2004).
Structural studies revealed that HAUSP binds to HDM2 and p53 in a mutually exclusive
manner, but that HAUSP has a higher binding affinity for HDM2 than p53 (Hu et al/ 2006).
Therefore, it has been proposed that under ‘non-stressed’ conditions HDM2 rather than p53 is
the preferred substrate for HAUSP. This results in HDM2 stabilisation and subsequent
degradation of p53. Following DNA damage, the HAUSP-HDM?2 interaction is abrogated by
ATM-mediated phosphorylation of HDM?2 enabling HAUSP to interact with p53
(Meulmeester et al 2005). Furthermore, the adaptor protein DAXX was shown to regulate
HAUSP-mediated deubiquitylation of HDM2 under ‘non-stressed’ conditions by associating

42



Chapter 1

=X

DNAdamage

proteasome

e Growth arrest genes:

tors
p53 ¥°) [> 7 e p21. GADD45 14330
I 1

\\‘ Pro-apoptotic genes:
e.g. Bax, PUMA, NOXA, FAS

Figure 1.8  Activation of p53 in response to DNA damage. Under non-stressed
conditions, DAXX and HAUSP interact with HDM?2 resulting in the stabilisation of HDM?2
and HDMX. HDM? ubiquitylates p53 and targets it for degradation by the proteasome. In
response to DNA damage, HDM?2 and HDMX are phosphorylated causing disruption of the
HDM?2-DAXX-HAUSP-HDMX complex. Subsequently, HDM?2 ubiquitylates itself and HDMX.
This results in degradation of HDM2 and HDMX by the proteasome allowing stabilisation
and activation of p53. Activated p53 then induces the expression of its target genes including
growth arrest and pro-apoptotic genes following various post-translational modifications.
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with HDM2 and HAUSP (Tang et al 2006a). More recently, the assembly of this multi-
protein complex is in part regulated by RASSFIA. RASSF1A disrupts the interaction
between HDM2, DAXX and HAUSP, thereby promoting HDM2 ubiquitylation and
consequently resulting in p53 stabilisation (Song et al/ 2008). As demonstrated, there is an
ever growing number of proteins being identified that affect the levels or activities of HDM2

and therefore influence p53 levels.

1.4.6 Post-translational modifications of p53

pS53 is subject to a complex and diverse array of post-translational modifications, which
induce 1its transcriptional activity and influence the expression of its target genes. These
modifications include mono- and polyubiquitylation, sumoylation, neddylation, methylation,
and acetylation, all of which compete for the same lysine internal residues, and proline prolyl-
isomerisation, as well as phosphorylation, which targets serine and threonine residues of p53.

In this section, I will mainly focus on phosphorylation, acetylation and methylation of p53.

1.4.6.1 Phosphorylation

Human p53 is phosphorylated by a variety of kinases such as ATM, ATR, DNA-PK, CHK1
and CHK2 on sites that are primarily in the N-terminal TADs and the C-terminal regulatory
domain of p53. Most sites that are phosphorylated in response to DNA damage lead to p53
stabilisation and thereby enhance its function and/or affect its ability to bind to promoter
sequences (Bode and Dong 2004). Serine 15, threonine 18 and serine 20 have all been
implicated in inhibiting the interaction of p53 and HDM2 in response to DNA damage.
Initially, it was proposed that phosphorylation of p53 at serine 15 reduced ability of HDM2 to
interact with p53 (Shieh ef al 1997). However, subsequent studies disputed this finding and
suggested that phosphorylation of serine 15 does not affect the ability of p53 to be targeted for
HDM2-mediated degradation but rather increases the transactivation potential of p53 through
increasing its interaction with CBP and p300 (Dumaz and Meek 1999, Lambert et a/ 1998).
Instead, damage-induced phosphorylation of threonine 18 and serine 20 has been
demonstrated to interfere with the interaction with HDM2, thereby promoting stabilisation of
p53 (Chehab et al 1999, Sakaguchi et al/ 2000). Phosphorylation of other residues including
threonine 18 and serine 20 was shown to be dependent on prior phosphorylation of serine 15

(Dumaz et al 1999, Saito et al 2003). Further studies using phospho-specific antibodies have
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indicated that in response to a variety of DNA damaging agents, p53 can be phosphorylated
on a multitude of other serine and threonine residues, most of which are associated with p53

activation (Toledo and Wahl 2006).

Interestingly, p53 phosphorylation at serine 46 has been implicated in mediating selectivity in
promoter binding by p53. In response to UV and genotoxic stress, p53 is phosphorylated on
serine 46 by the kinases HIPK-2 (homeodomain-interacting protein kinase 2) and the dual
specificity tyrosine phosphorylation regulated kinase-2 (DYRK-2) respectively (D'Orazi et al
2002, Hofmann et al 2002, Taira et al 2007). This phosphorylation site specifically promotes
the induction of apoptosis inducing genes such as p53-regulated apoptosis-inducing protein 1
(p5S3AIP) (Oda et al 2000). This is accompanied by the down-regulation of p21 expression,
ultimately resulting in p53-dependent apoptosis. Some sites on p53, serine 376, serine 378
and threonine 55 are constitutively phosphorylated in unstressed cells, which are thought to be
involved in promoting proteasomal-mediated degradation of p53. In contrast to damage-
induced phosphorylation, these sites have been shown to be dephosphorylated in response to

DNA damage, resulting in activation of p53 (Li et a/ 2007, Waterman et al 1998).

Several studies have shown that phosphorylation of p53 represents a ‘priming event’ for
subsequent modifications. For example, phosphorylation of serine 15, threonine 18 and serine
20 stimulates the recruitment of the HATs p300, CBP and PCAF that promote C-terminal
acetylation (Li et al 2002b). Furthermore, phosphorylation of p53 on serine 33, threonine 81
and serine 315 in response to stress leads to efficient interaction with the prolyl isomerise
Pin1, which in turn induces a conformational change in p53 that enhances its activity (Zacchi

et al 2002, Zheng et al 2002).

1.4.6.2 Acetylation and methylation

HATSs not only acetylate lysine residues in histones, but also acetylate p53 (Gu and Roeder
1997). CBP and p300 acetylate lysines 305, 370, 372, 373, 381, 382 and 386 within the C-
terminal domain and lysine 164 in the DNA binding domain (Gu and Roeder 1997, Sakaguchi
et al 1998, Tang et al 2008, Wang et al 2003b), whereas lysine 320 is acetylated by the
p300/CBP-associated factor, PCAF (Liu et a/ 1999, Sakaguchi et al 1998). In addition, within
the MYST family of acetyl transferases, hMOF and Tip60 have also been shown to acetylate
lysine 120 in the DNA binding domain (Sykes et a/ 2006, Tang et al 2006b).
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Several roles for p53 acetylation have been suggested. Early studies showed that acetylation
of p53 enhanced the DNA binding activity of p53 (Gu and Roeder 1997, Sakaguchi et al
1998). However, others have suggested that the main function of p53 acetylation was to
promote the interaction of p53 with co-activators (Barlev et al 2001). More recently, it has
been demonstrated that acetylation of p53 is important for perturbing its interaction with

HDM?2 at the promoters of p53 responsive genes (Tang et al 2008).

As with phosphorylation, acetylation of certain lysine residues has differential effects on
which target genes are activated by p53. Using acetylation-mimicking lysine-to-glutamine
mutations, functional differences between lysine 320 and lysine 373 were reported.
Acetylation of lysine 320 in p53 was shown to favour interaction with high affinity p53
binding sites such as those found in p21, thereby promoting cell cycle arrest and cell survival.
In contrast, acetylation of lysine 373 increased the ability of p53 to transactivate low-affinity
binding sites such as those found in the pro-apoptotic genes PIG3, BAX and p53A4IP1, thereby
promoting cell death (Knights ef al 2006). p53-dependent apoptosis can also be specifically
enhanced following DNA damage through acetylation of lysine 120. Acetylation of this site
leads to an increase in recruitment of p53 specifically to pro-apoptotic target genes such as
PUMA and BAX. This modification appears to be required for p53-dependent apoptosis, as
mutating this site to an arginine residue was shown to diminish the ability of p53 to induce
apoptosis. However, p53-mediated cell cycle arrest was not affected (Sykes et al 2006, Tang
et al 2006b).

Acetylation levels of p53 can be regulated via deacetylation by HDACI containing complexes
or SIRT1. Deacetylation of the C-terminal lysines was shown to repress p53-dependent
transcriptional activation and modulate p53 effect on apoptosis and cell growth (Luo et al
2000, Luo et al 2001, Vaziri et al 2001). Furthermore, p53 stability is also affected by
deacetylation, as several studies have demonstrated that HDM2 inhibits acetylation of p53 by
p300 and PCAF and promotes HDAC1-mediated acetylation of p53 (Ito et al 2001, Ito et al
2002, Jin et al 2002). More recently, lysine 120 has been shown to be deacetylated by
HDACI and this is dependent on KAP1 and other components of the NuRD co-repressor
complex. This represses lysine 120-dependent p53-mediated apoptosis (Mellert et al 2011).

Finally, lysine residues that can be subjected to acetylation are also targeted by

methyltransferases. Methylation of lysine 372 by the SET domain methyltransferase Set9 has
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been shown to increase the stability of p53 and enhance p53-dependent transcription
(Chuikov et al 2004). Interestingly, methylation of lysine 382 by Set8 can suppress the
activation of several strong p53 targets such as p27 and PUMA, but not others that are weakly
induced (Shi et al 2007). Lysine 370 is methylated by the methyltransferase Smyd2 and
causes repression of p53 transcriptional activity, although lysine 370 methylation itself is
inhibited by Set9 methylation of lysine 372 (Huang et al 2006). However, as previously
mentioned, di-methylation of lysine 370 increases p53 activity by promoting the interaction
with 53BP1. LSDI, a lysine demethylase, can reverse lysine 370 di-methylation, thereby
inhibiting this interaction (Huang et al/ 2007a). The functional roles of p53 lysine
modifications are further complicated by the crosstalk that exists between methylation and
acetylation. Specifically, methylation of lysine 372 by Set7/9 is induced by DNA damage and
correlates with increased acetylation of C-terminal lysines including lysine 382 resulting in
stabilisation of the p53 protein (Ivanov et al 2007). More recently, a new p53 modification
was discovered, arginine methylation. The protein arginine methyltransferase 5 (PRMTS5) was
reported to be involved in methylating arginines 333, 335 and 337 within the oligomerisation
domain and this influences p53 promoter selectivity (Jansson et al/ 2008). Depletion of
PRMTS leads to loss of p21, as well as a modest increase in pro-apoptotic proteins PUMA

and NOXA, resulting in increased apoptosis.

1.4.7 p53-binding proteins that modulate p53 activity

A final mechanism of modulating p53 transcriptional activity is via binding to other
intracellular proteins, which act as cofactors. These cofactors can affect p53 function by either
cooperating directly with p53 or indirectly with p53 by regulating proteins that are directly
involved in influencing its transcriptional activity such as CBP and p300. Many of these
cofactors influence promoter selectivity by p53 and therefore the cellular outcome of the p53

response.

1.4.7.1 Cofactors that directly bind to p53

The best studied p53 interactors are its negative regulators, HDM2 and HDMX, which
regulate p53 at multiple levels, affecting localisation, stability and transcriptional activity. In
addition, the transcriptional co-activators, CBP and p300 have also been shown to be

multifunctional regulators of p53, affecting the stability and transcriptional activity of p53 by
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their polyubiquitin (E4) ligase and acetylase activities. In contrast to these cofactors which do
not show a preference for either pro- or anti-apoptotic p53 target genes, several cofactors have

been identified that specifically promote either apoptosis or cell cycle arrest.

The first example of this group of proteins is the ASPP (apoptosis stimulating protein of p53)
family of proteins, which specifically affects the apoptotic response, but not the cell cycle
arrest function of p53. ASPP1 and ASPP2 bind to the DNA binding domain (DBD) of p53
and enhance the pro-apoptotic function of p53 by selectively promoting the interaction of p53
to pro-apoptotic gene targets such as BAX, PUMA and PIG3 (Samuels-Lev et al 2001).
Conversely, the anti-apoptotic family member iASPP (inhibitor ASPP) binds to p53 and
prevents the transactivation of pro-apoptotic genes, thereby inhibiting pS3-mediated apoptosis
(Bergamaschi et a/ 2003). Phosphorylation of p53 at serine 46 has been reported to facilitate
the dissociation of iASPP from p53 in a Pinl-dependent manner, thereby enabling p53 to

promote apoptosis (Mantovani et al 2007).

Another example of a protein that binds to p53 and directs cellular outcomes is the p38-
regulated and DNA damage-inducible protein 18 (p18/Hamlet). Through associating with p53
pl8/Hamlet was shown to increase both p53-mediated apoptosis and activation of some p53
target gene promoters such as NOXA4, but not others such as BAX, p21 and PUMA (Cuadrado
et al 2007). The Brn3 family of transcription factors also modulates p53 target gene selection.
Brn3A promotes cell survival by diminishing the ability of p53 to induce BAX and NOXA
expression, while stimulating p21 expression (Hudson et a/ 2005). In contrast, Brn3b
functions in the opposite manner as Brn3A by assisting p53 to activate BAX expression, but

not p21 (Budhram-Mahadeo et al 2006).

An interesting regulator of p53 is the p52 subunit of the transcription factor NF-kB, which
inhibits p21 expression, but acts in concert with p53 to increase PUMA, DRS5 and GADD45
expression (Schumm et a/ 2006). The transmembrane protein, MUCI1 has been found to
activate p21 in a p53-dependent manner, while at the same time repressing BAX in a p53-
independent manner (Wei et a/ 2005). Similarly, Hzf, a zinc finger protein that is itself a
transcriptional target of p53, promotes p53 binding and transactivation of p2/ and /4-3-3, but
not pro-apoptotic genes such as BAX and PUMA (Das et al 2007). The Y-box binding protein
YBI1 also has a similar impact on p53. YBI1 associates with p53 and blocks its activation of

BAX expression, but does not affect p53 induction of p27 (Homer et a/ 2005). BRCA1 has
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also been shown to interact with the C-terminal region of pS3 where it can selectively direct
p53 to activate cell cycle arrest and DNA repair instead of apoptotic genes (MacLachlan et a/
2002, Zhang et al 1998). APAK, a KRAB-type zinc finger protein has been shown to bind to
pS3 unstressed cells and prevents transactivation of pro-apoptotic target genes, thereby

negatively regulating p53-dependent apoptosis (Tian et al 2009).

1.4.7.2 Cofactors that indirectly influence p53

Several proteins have been identified that affect p53 transcriptional activities and therefore the
outcome of the p53 response without directly interacting with p53. The transcriptional
repressor Slug, which is a p53 target gene itself, binds to PUMA and represses both gene
expression and IR-induced apoptosis in hematopoietic cells (Wu et al 2005). Another
transcriptional repressor, ZBT4 represses pS3-mediated p21 induction and cell cycle arrest by
forming a heterotetrameric complex with the Sin3 co-repressor and the transcription factor,
MIZ1 (Weber et al 2008). The chromatin remodelling complex, human cellular apoptosis
susceptibility protein (CAS/CSEIL) can also bind to a subset of p53 target genes
independently of p53 including P/G3 and AIP1, but not p21 or PUMA (Tanaka et al 2007b).
Even though CAS only binds to a subset of pro-apoptotic genes, this is sufficient to enhance

apoptosis.

Interestingly, it has been demonstrated that certain p300 cofactors can influence the p53
response. Through interacting with p300, junction-mediating and regulatory protein (JMY)
can augment p53-dependent transcription of BAX, but not p2/ resulting in apoptosis (Shikama
et al 1999). Another p300 cofactor, Strap has been shown to increase p53-dependent
apoptosis by facilitating the interaction between JMY and p53 and also stabilising p53 by
preventing HDM2-mediated down-regulation of p53 levels (Demonacos et al 2001). In
contrast, Skp2 suppresses p53 transactivation and apoptosis by blocking the interaction

between p300 and p53 (Kitagawa et al 2008).

1.5 NF-«B

Nuclear factor kB (NF-kB) is a family of transcription factors with a highly diverse spectrum
of modulating stimuli and an ever expanding array of responsive genes. The transcriptional
regulation of these genes enables NF-kB to control a wide variety of cellular processes
including cell proliferation, cell survival, differentiation, inflammation and apoptosis.
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In mammalian cells, there are five members, p65 (also known as RELA), RELB, ¢c-REL, p50
and p52 that are capable of forming homodimers, as well as heterodimers with one another.
p50 and p52 are derived from larger precursor proteins, p105 and p100 respectively through
ubiquitin-dependent proteolytic processing. All these proteins are defined by an N-terminal
300 amino acid highly conserved Rel homology domain (RHD) which mediates DNA
binding, dimerisation, nuclear localisation and binding to the inhibitor of NF-xB proteins
(IxkBs). In addition, c-REL, RELB and p65 proteins contain a C-terminal TAD enabling them
to induce gene expression from DNA sequences, known as kB elements within the
promoters/enhancers of target genes. In contrast, pS0 and p52 lack the TAD, but p50 and p52
homodimers can still bind to the kB elements in the DNA and therefore can function as

transcriptional repressors (Hayden and Ghosh 2008).

1.5.1 NF-kxB activation

There are several distinct NF-xB activation pathways, with the two most well established
pathways being the canonical and the non-canonical pathways (Figure 1.9). p65 or c-Rel
containing homo- and heterodimers are predominantly activated by the canonical pathway
while the non-canonical pathway mainly activates the p52-RelB heterodimer (Perkins 2007).
The canonical pathway is induced in response to a variety of inflammatory stimuli including
the pro-inflammatory cytokines tumour necrosis factor-o. (TNFa) and interleukin-1 (IL-1),
exposure to bacterial products such as lipopolysaccharide (LPS) and engagement of antigen
on the TCR. In addition to inflammatory stimuli, the canonical pathway can be activated by
DSBs induced by genotoxic agents such as IR and chemotherapeutic drugs including
etoposide and camptothecin, as well as by replication stress inducers such as HU and
aphidicolin. The non-canonical pathway is activated by a smaller set of inducers including
CD40 ligand, lymphotoxin-f3, B-cell-activating factor of TNF family (BAFF), LPS and latent
membrane protein-1 (LMP1). In this section, I will discuss the function and regulation of the

p65-p50 heterodimer, which is the predominant NF-kB complex in many cell types.

1.5.1.1 Canonical pathway

In most unstimulated mammalian cells, NF-xB is found predominantly in the cytoplasm
bound to a member of the IkB family, of which the most common are IkBa., IkBf3 and IkBe.
These function by masking the conserved nuclear localisation signal (NLS) that is found in
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Figure 1.9  Pathways leading to NF-xB activation. Induction of the canonical pathway by
a variety of stimuli such as TNF-« results in activation of the IKK complex, which in turn
phosphorylates 1kBa and targets it for ubiquitylation. Ubiquitylated IxkB o is degraded by the
26S proteasome allowing NF-xB to translocate into the nucleus and activate gene
transcription. The non-canonical NF-kB pathway results in the activation of IKK o by the NF-
kB-inducing kinase (NIK), followed by phosphorylation of p100 by IKK c.. Subsequently, p100
is ubiquitylated and targeted for proteasomal processing to p52. p52 forms a complex with
RelB, which enters the nucleus and activates gene transcription.
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the RHD of p65 and p50. For [kBa, the major member of the IkB family of proteins, only the
NLS of p65 is masked enabling the NF-kB-IkBa complexes to shuttle into the nucleus even
in the absence of stimulation (Birbach et al 2002, Huxford et al 1998). However, IkBa also
contains a nuclear export signal (NES), which causes rapid export of such complexes back to
the cytoplasm (Johnson et al 1999). As the export process is more efficient than the import
process, nuclear localisation of NF-kB-IkBo complexes can only be detected when nuclear

export is blocked by the inhibitor, Leptomycin B (Huang et al 2000).

Engagement of these activating stimuli with their distinct cell receptors and the formation of
DSBs leads to activation of a variety of signalling pathways that all converge on the IkB
kinase (IKK) complex, which is composed of the catalytic subunits IKKo and IKKf and the
regulatory subunit called NF-kB essential modifier (NEMO, also known as IKKy). The
activated IKK complex phosphorylates IkBa at serine 32 and serine 36 (DiDonato et al 1997,
Mercurio et al 1997). Analysis of IKKp and IKKa deficient cells has shown that IKKf is the
predominant kinase in canonical NF-xB activation, although IKKo can induce IxBo
phosphorylation in IKKf deficient cells indicating they can function redundantly (Gerondakis
et al 1999, Li et al 2000, Li et al 1999). NEMO appears to be essential for canonical NF-kB
activation as NEMO-deficient cells fail to activate NF-xB in response to TNFao, LPS and IL-
1B (Makris et al 2000, Rudolph et a/ 2000, Schmidt-Supprian et a/ 2000, Yamaoka et al

1998). Phosphorylated IkBo is recognised by the SCFPTCP |3 ubiquitin ligase complex,
which catalyses the formation of K48-linked polyubiquitin chains at lysine 21 and lysine 22
(DiDonato et al 1996, Scherer et al 1995, Winston et a/ 1999). Polyubiquitylated IkBa is then
targeted for degradation by the 26S proteasome, thereby releasing NF-xB from its inhibitory
effects and allowing it to translocate to the nucleus where it can activate its target genes
including IkBa (Figure 1.9). Following its resynthesis, [kBo can bind to NF-kB and export it

back to the cytoplasm, thereby terminating the NF-xB response.

1.5.1.2 TNFRI1 signalling pathways

Stimulation of TNFR1 by TNFa leads to receptor trimerisation and the formation of two
sequential protein complexes, namely complex I and complex II. Recruitment of the adaptor
protein TNF receptor associated protein with a death domain (TRADD) initiates the formation
of complex I. TRADD acts as a scaffold, facilitating the recruitment of the other components
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of complex I to the receptor, these include the protein kinase receptor interacting protein
(RIPI) and the E3 ubiquitin ligases TNF receptor associated factors (TRAF) 2 and 5 and the
cellular inhibitor of apoptosis proteins (cIAP) 1 and 2.

Whilst the kinase activity of RIP1 is not required for signalling to NF-xB, RIP1 itself and the
covalent attachment of K63-linked polyubiquitin chains to RIP1 have been shown to be
essential (Li et a/ 2006). Initially it was proposed that TRAF2 together with the heterodimeric
E2 conjugating enzyme complex UBCI13/UBC-like protein (UEVI1A) catalysed the
polyubiquitylation of RIP1 at lysine 377. However, several studies have disputed this model.
Knockdown of UBC13 was shown not impair activation of NF-kB by TNFa (Habelhah et a/
2004). Consistent with this, cells from conditional UBC13 knockout mice showed a similar
effect (Yamamoto et al 2006). Furthermore, although TRAF2 is required for TNFa-mediated
NF-«kB activation, its RING domain and therefore its E3 ubiquitin ligase activity has recently
been shown to be dispensable (Vince et al 2009). In addition, structural studies have indicated
that it is unlikely that TRAF2 binds to UBC13 or other related E2s (Yin et al 2009). These
results suggest that TRAF2 and UBCI13 are not the E3 or E2 for RIP1 polyubiquitylation.
Instead, it seems that TRAF2 acts as an adaptor protein for cIAPs and that these serve as the
E3 ubiquitin ligases for TNFa-induced NF-kB activation. TRAF2 mutants that cannot bind
clAPs failed to reconstitute TRAF2/5 double knockout cells, whilst a TRAF2 mutant that can
still bind to cIAPs, but has no E3 ligase activity rescued TNFoa-mediated activation of NF-xB
in these cells (Haas ef a/ 2009, Vince et al 2009). cIAPs are critical for TNFa signalling, as
demonstrated by the fact that loss of cIAPs completely abrogates Ko63-linked
polyubiquitylation of RIP1 and NF-kB activation even though recruitment of TRAF2 to
complex I is normal (Bertrand ef a/ 2008, Mahoney et al 2008, Varfolomeev et al 2008).
K63-linked polyubiquitylation of RIP1 serves as a scaffold to recruit and activate two
downstream complexes, the IKK complex and the TAKI1 (transforming growth factor 3
activated kinase 1) complex. Polyubiquitylated RIP1 recruits the IKK complex through the
interaction between the ubiquitin binding motif of NEMO and the K63-linked polyubiquitin
chains (Ea et al 2006, Wu et al 2006a). Similarly, the TAB (TAK1 binding protein) 2 and 3
regulatory proteins of the TAKI1 protein kinase complex also contain ubiquitin binding motifs
that bind to the K63-linked polyubiquitin chains on RIP1, thereby facilitating the recruitment
of the TAK1 complex to the TNFR1 (Kanayama et al 2004). Once recruited, TAKI is
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activated by autophosphorylation enabling it to phosphorylate IKKf3 on serine 177 and serine
181, resulting in activation of the IKK complex and ultimately NF-kB (Wang et a/ 2001a)
(Figure 1.10).

Unlike the formation of complex I, the mechanisms regulating the formation of complex II are
poorly understood. Furthermore, rather than activating NF-kB, which predominantly leads to
inflammation and cell survival through the expression of pro-inflammatory and anti-apoptotic
proteins respectively, complex II promotes apoptosis. Following formation of complex I, the
receptor is internalised by endocytosis (Schneider-Brachert et a/ 2004). RIP1, TRADD and
TRAF2 then dissociate from the TNFR1 during endocytosis, allowing RIP1 and TRADD to
recruit the adaptor protein Fas-associated death domain (FADD), which in turn recruits
caspase 8 and 10 (Micheau and Tschopp 2003). The newly formed cytosolic complex II
containing TRADD, FADD, RIP1 and procaspase 8/10 promotes activation of these caspases,
which then cleave and activate caspase 3, triggering apoptosis. More recently, it has been
demonstrated that two distinct caspase 8 activating complexes are formed in response to
TNFa (Wang et al 2008). Complex IIA comprises of TRADD, FADD and caspase 8 and is
controlled by the level of the anti-apoptotic protein, c-FLIP. In contrast, complex IIB consists
of non-ubiquitylated RIP1, FADD and caspase 8 and is negatively regulated by cIAPs.
Apoptosis can be promoted by the E3 ubiquitin ligase ITCH and the IAP antagonist Smac,
which target c-FLIP and cIAPs respectively for ubiquitin-mediated proteasomal degradation
(Chang et al 2006, Vince et al 2007). However, in most cells, TNFa-induced apoptosis is
prevented since rapid activation of NF-kB by complex I induces the synthesis of several anti-
apoptotic proteins including c-FLIP, cIAP1 and cIAP2, which inhibit caspase 8§ activation.
Several studies demonstrated that TNFa-induced apoptosis can only occur if either NF-xB

activation or new protein synthesis is blocked (Beg and Baltimore 1996, Van Antwerp ef al

1996, Wang et al 1996) (Figure 1.10).

TNFa also promotes apoptosis through activation of the JNK (c-jun N-terminal kinase)
signalling pathway (Papa et al 2006). Prolonged activation of JNK enhances TNFa-induced
apoptosis in part by phosphorylating and activating ITCH, which in turn leads to
ubiquitylation and degradation of c-FLIP (Chang et al 2006). However, NF-kB activation by
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Figure 1.10 TNFRI signalling pathways. Engagement of TNF with its cognate receptor
TNFRI results in the formation of a proximal signalling complex composed of TRADD,
TRAF?2, cIAPI and RIPI1. RIPI recruits the TAKI/TAB2/3 complex thereby promoting
activation of the IKK complex. Activated IKK phosphorylates IkBo at serine 32 and 36
leading to ubiquitylation by the SCFF" P 3 ligase and subsequent degradation by the 26S
proteasome. NF-kB is released and enters the nucleus where it can activate its target genes
following various post-translational modifications. IkBa is resynthesised, dissociates NF-kB
from the DNA and exports NF-&B back to the cytoplasm. TNFRI activates p38 (not shown)
and JNK kinases via recruitment of MKK3/6 and MKK4/7 respectively. These kinases can
activate transcription factors such as AP-1 and ATF2. TNFRI can also initiate events that
lead to apoptosis by forming another complex containing FADD and either RIP1or TRADD.
This activates caspase 8, which activate effector caspases triggering apoptosis.
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TNFa suppresses prolonged JNK activation through the up-regulation of its target genes,
XIAP (X-linked IAP) and GADD45p, the latter of which is an inhibitor of the JNK upstream
kinase MKK7 (De Smaele et al 2001, Papa et al 2004, Tang et al 2001). Furthermore,
activation of JNK by TNFoa requires the generation of ROS, a process that can be
counteracted by NF-kB through the induction of genes that encode antioxidant proteins such

as manganese-superoxide dismutase (MnSOD) and ferritin heavy chain (FHC) (Kamata et al

2005).

1.5.1.3 Toll-like receptor and IL-1 receptor signalling pathways

IL-1 and LPS activate NF-kB in a similar manner because of homology between the
cytoplasmic signalling domains in their receptors, known as the Toll-IL-1 receptor (TIR)
domain. Binding of IL-1 and LPS to the interleukin 1 receptor (IL-1R) and Toll-like receptor
(TLR) respectively leads to the recruitment of the TIR containing adaptor protein, myeloid
differentiation primary gene 88 (MYDS88). MYDS8S8 in turn recruits two IL-1 receptor-
associated kinases, IRAK4 and IRAKI1. On recruitment to the receptor complex, IRAK1 is
autophosphorylated and associates with E3 ubiquitin ligase TRAF6. These proteins then
function together with the E2 conjugating enzyme complex UBC13/UEV1A to catalyse K63-
linked polyubiquitylation resulting in recruitment of the TAK1 complex and IKK complex
through TAB2/3 and NEMO respectively. TRAF6-mediated K63-linked polyubiquitylation of
IRAKI has been shown to be involved in IKK recruitment and activation (Conze et al 2008,
Windheim et al 2008). Interestingly, a recent study has revealed that free K63-linked
polyubiquitin chains, which are not conjugated to any target protein, can directly activate the
TAK1 complex (Xia et al 2009). These free polyubiquitin chains, which are synthesised by
TRAF6 and UBC13/UEV1A associate with TAB2 (and possibly TAB3) promoting activation

TAKI1, which subsequently activates IKK complex leading to activation of NF-kB.

1.5.1.4 T-cell receptor pathway

Activation of NF-kB in T cells requires engagement of TCRs with antigens presented by host
major histocompatibility complex (MHC) molecules on the surface of antigen presenting cells
(APC) as well as activation of the co-stimulatory receptor, CD28 (Weil and Israel 2006). In
response to stimulation, TCRs initiates a tyrosine phosphorylation cascade that leads to

activation of the serine/threonine protein kinase PKCO and the subsequent recruitment of the

56



Chapter 1

CBM protein complex consisting of the CARD domain proteins CARMA1, BCL10 and a
caspase-like protein MALT1. Through MALT1, the CBM complex can recruit TRAF6, which
together with UBCI3/UEV1A activates TAK1 and IKK complexes (Sun et al 2004). In
addition, BCL10 and MALT1 have been shown to be polyubiquitylated by TRAF6, which
facilitates the recruitment and activation of the IKK complex through the NEMO subunit
(Oeckinghaus et al 2007, Wu and Ashwell 2008).

1.5.1.5 NF-kB activation by genotoxic stress

Unlike cell surface receptor initiated signalling pathways, the signalling pathways induced by
genotoxic agents that result in NF-xB activation are poorly characterised. With the exception
of a few genotoxic agents such as UV and hydrogen peroxide (H,O,), which can activate NF-
kB via IKK-independent pathways, the majority of genotoxic agents activate the IKK-
dependent canonical NF-«kB pathway (Janssens and Tschopp 2006, Perkins 2007). Several
studies have demonstrated that ATM is required for NF-kB activation in response to DSB
inducers including IR, the topoisomerase inhibitor camptothecin and the topoisomerase II
inhibitors etoposide and doxorubicin (Huang et a/ 2003, Li et al 2001, Piret et al 1999, Wu et
al 2006b). In addition to ATM, NEMO which is not bound to IKKa or IKKp has also been
shown to play a key role in transducing the nuclear DNA damage signal to the cytoplasmic

IKK complex (Huang et a/ 2003).

In response to DSBs, IKK unbound NEMO translocates to the nucleus where it is conjugated
by SUMO-1 at lysine 277 and lysine 309. Nuclear translocation of NEMO was found to be
prevented when NEMO was bound to the IKKs (Huang et a/ 2003). Sumoylation of NEMO is
mediated by the SUMO E3 ligase PIASy together with the E2 conjugating enzyme UBC9
(Mabb et al 2006). Furthermore, it was found that p53-induced protein with death domain
(PIDD) and RIP1 were required to promote NEMO sumoylation (Janssens et a/ 2005). More
recently, Stilmann et al (2009) revealed that poly (ADP-ribose) polymerase 1 (PARP1) can
also promote NEMO sumoylation by acting as a scaffold protein for the assembly of PARP-1,
PIASy, ATM and NEMO into a multi-protein complex (Stilmann et al 2009). In response to
DNA damage, PARP1 catalyses poly-ADP-ribosylation (PAR) of numerous substrates, as
well as itself. NEMO is recruited to this complex by interacting with PARP-1 while PIASy
and ATM are recruited to PAR modified PARP-1 through PAR binding motifs (PARBM).
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Subsequently, PIASy induces sumoylation of NEMO. Notably, neither PIDD or RIP1 were
identified in this PARPI1 signalling complex, therefore it is currently unknown what the
precise roles are for PIDD and RIP1 in DNA damage-induced NF-xB activation. Following
DNA damage-induced activation, ATM phosphorylates NEMO at serine 85 (Wu et al 2006b).
Phosphorylation of NEMO 1is a prerequisite for its monoubiquitylation at lysine 277 and
lysine 309 by cIAP1, which displaces the SUMO-1 attachment at these residues on NEMO.
(Huang et al 2003, Jin et al 2009). Ubiquitylation of NEMO facilitates the nuclear export of
the ATM-NEMO complex. This complex stimulates K63-linked polyubiquitylation of the
adaptor protein ELKS by the E3 ubiquitin ligase XIAP and UBC13 leading to recruitment of
the TAKI complex through the ubiquitin binding proteins TAB2/3 and subsequent activation
of the IKK complex (Wu et al 2010). In addition to ATM promoting XIAP-dependent ELKS
polyubiquitylation in the cytoplasm, ATM has also been shown to be required for inducing
UBCI13-mediated K63-linked polyubiquitylation of TRAF6 (Hinz et al 2010). Synthesis of
K63-linked polyubiquitin chains triggers the recruitment and activation of the TAK1 and IKK
complexes as described previously. In this pathway nuclear export of ATM is independent of
NEMO, PARP-1 and PIASy and occurs before NEMO sumoylation indicating that ATM has a
dual function in activation of NF-kB. Interestingly, in order for the IKK complex to be
activated, NEMO is required to be monoubiquitylated at lysine 85, which is mediated by
either cIAP1 or TRAF6 (Hinz et al 2010). In the absence of NEMO monoubiquitylation,
active TAKI is unable to phosphorylate IKK 3. Furthermore, monoubiquitylation of NEMO at
lysine 285 does not appear to be specific to genotoxic stress, but rather appears to be a
common modification since it is also required for TNFa, LPS and IL-1 induced IKK

activation (Abbott ef al 2007, Hinz et al 2010, Walsh et al 2008) (Figure 1.11).

Recently, it has been demonstrated that replication stress inducers such as HU and aphidicolin
can also activate NF-kB in an ATM and NEMO-dependent manner similar to DSB inducers
(Wu and Miyamoto 2008). Surprisingly, in contrast to activation of NF-kB by DSB inducers,
which generally promote cell survival through the expression of anti-apoptotic proteins, NF-
kB activation by replication stress promotes apoptosis through induction of pro-apoptotic
genes such as FAS and repression of anti-apoptotic genes such as Bcl-y/ (Wu and Miyamoto
2007, Wu and Miyamoto 2008). This is similar to previous studies that demonstrated that NF-

kB can repress anti-apoptotic genes in response to DNA damaging agents including UV and
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DNA damage

“Free" NEMO

Figure 1.11  Activation of NF-kB by DNA damage. DNA damage induces the activation of
ATM and sumoylation of NEMO via the SUMO ligase, PIASy. ATM then phosphorylates
NEMO, which in turn promotes monoubiquitylation of NEMO by cIAPI1. Subsequently, ATM
and NEMO are exported to the cytoplasm where they stimulate K63-linked polyubiquitylation
of ELKs by XIAP leading to activation of TAKI and IKK. Activated IKK phosphorylates
1xBa, which results in the ubiquitylation and proteasomal degradation of IkBa. NF-kB is
released and translocates to the nucleus where it activates its target genes (Adapted from Wu
etal 2010).
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cisplatin, thereby promoting its pro-apoptotic function (Campbell et al 2004, Campbell et al
2006). Together these studies demonstrate that the functional consequences of genotoxic

stress-induced NF-xB activation can differ depending on the genotoxic agent.

1.5.1.6 Negative regulation of NF-kB signalling pathways

Activation of IKK is negatively regulated by a variety of mechanisms, one of which is
deubiquitylation. CYLD and A20 are two deubiquitylating enzymes that are important for
suppressing NF-kB upstream of the IKK complex by cleaving K63-polyubiquitin chains or

preventing polyubiquitin chain synthesis.

CYLD was originally identified as a tumour suppressor gene since mutations in the CYLD
gene predispose individuals to familial cylindromatosis, a rare autosomal recessive disease
characterised by numerous benign tumours of the skin appendages (Bignell ef a/ 2000). The
cancer-associated mutations in CYLD are frequently found in the C-terminal region, which
contains a ubiquitin C-terminal hydrolase (UCH) domain. Several studies later showed that
through this domain CYLD could negatively regulate NF-xB signalling. Over-expression of
CYLD but not mutants defective in DUB activity reduced IKK and NF-kB activation whereas
siRNA against CYLD enhanced IKK and NF-kB activation (Brummelkamp et a/ 2003,
Kovalenko et al 2003, Trompouki et al 2003). CYLD inhibits IKK activation by cleaving
K63-linked polyubiquitin chains on several proteins including TRAF2, TRAF6, RIP1 and
NEMO (Brummelkamp et al 2003, Kovalenko ef a/ 2003, Trompouki ef al 2003, Wright et al
2007) (Figure 1.10).

A20 is a well known NF-kB target gene that inhibits NF-xB in a negative feedback loop
(Jaattela et al 1996, Opipari et al 1992). A20 deficient mice develop severe inflammatory
diseases in multiple organs partly due to enhanced and prolonged activation of IKK by pro-
inflammatory stimuli including LPS and TNFa (Lee et a/ 2000). Interestingly, A20 contains
an ovarian tumour (OTU) type DUB domain that catalyses deubiquitylation of K63-linked
polyubiquitin chains on RIP1, as well as seven zinc finger domains that promote K48-linked
polyubiquitylation and proteasomal degradation of RIP1 (Wertz et al 2004). Together with
the ubiquitin binding protein, Tax1 binding protein 1 (TAX1BP1) and the E3 ubiquitin
ligases, immune modulating protein ITCH and RNF11, A20 forms a ubiquitin editing

complex that suppresses IKK activation in a two step sequential process. A20 first removes
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K63-linked polyubiquitin chains from RIP1 and then catalyses the formation of K48-linked
polyubiquitin chains onto RIP1, targeting RIP1 for proteasomal-mediated degradation (Iha et
al 2008, Shembade et al 2007, Shembade et a/ 2008, Shembade et al 2009). A20 has also
been shown to disassemble Ko63-linked polyubiquitin chains from TRAF6, thereby
suppressing NF-kB responses elicited by LPS stimulation (Boone et a/ 2004). However, the
mechanism by which A20 inhibits TRAF6 activation in the TLR/IL-1R pathways has been
shown to be different to the mechanism used by A20 to inhibit RIP1 (Shembade et a/ 2010).
A20 inhibits the E3 ubiquitin ligase activity of TRAF6 by antagonising the interaction with its
E2 ubiquitin conjugating enzyme UBC13. UBCI13 is subsequently targeted for ubiquitin-
mediated proteasomal degradation by A20 together with its regulatory protein TAXI1BPI.
Furthermore, this study also showed that this mechanism was not restricted to the TLR/IL-1R
pathways, but also functioned in the TNFR1 pathway since A20 can disrupt the interaction
between TRAF2 and cIAP1 with their E2 enzymes UBCI13 and UBCHSC respectively
(Figure 1.10).

1.5.2 Regulation of NF-kB transcriptional activity

Following activation, NF-kB induces the expression of over 150 target genes, which are

involved in a wide variety of cellular processes (http://people.bu.edu/gilmore/nf-

kb/index.html, (Pahl 1999)). The majority of proteins encoded by these genes play a role in
immune and inflammatory responses including cytokines and chemokines such as TNF, IL-1.
IL-6, CXCLS8, RANTES and CXCL 11, as well as receptors required for immune recognition
such as CD80, CCR5 and MHC molecules. Cell survival is another key cellular process that
NF-kB promotes through the expression of genes encoding anti-apoptotic proteins including
members of the Bcl-2 family such as Bcel-xl, Bcl-2, NR13 and BFL1, which function at the
mitochondria level and prevent release of cytochrome ¢, AIF and Smac/DIABLO and cIAPI,
cIAP2, XIAP and c-FLIP, which prevent caspase activation. In addition to its anti-apoptotic
role, NF-kB also induces cell proliferation and cell cycle progression by regulating the
expression of target genes including growth factors such as IL-2 and granulocyte-macrophage
colony stimulating factor (GM-CSF) and cell cycle regulators such as c-myc and cyclin DI. In
addition, NF-«xB regulates genes involved in cell adhesion such as ICAM, cell migration such
as MMP9, angiogenesis such as VEGF and the stress response such as COX-2. Interestingly,

although NF-xB is generally considered anti-apoptotic, under certain circumstances, NF-xB
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can up-regulate its pro-apoptotic target genes such as the death receptors FAS (CD95), DR4
and DRS, the death-inducing ligands Fas ligand (FASL) and TRAIL and also the pro-
apoptotic Bcl-2 family member BAX, thereby promoting apoptosis (Dutta et al 2006).

Due its role in regulating cell survival, cell proliferation, angiogenesis, cell migration and
inflammation, it is not surprising that constitutive activation of NF-kB is often associated with
many types of cancer including Hodgkin’s lymphoma (HL), chronic myeloid leukemia
(CML), multiple myeloma (MM), breast cancer and colorectal cancer, as well as
inflammatory diseases such as rheumatoid arthritis, inflammatory bowel disease and asthma
(Courtois and Gilmore 2006, Karin 2006, Li and Verma 2002). Consequently, NF-xB
transcriptional activity is tightly regulated through multiple post-translational modifications as

well as by resynthesis of its inhibitor IxBao.

1.5.3 Post-translational modifications

Phosphorylation and acetylation are the two key modifications that control the transcriptional
activity and target gene specificity of NF-kB. These modifications are stimulus specific and

are also likely to be cell type specific.

1.5.3.1 Phosphorylation

The p65 subunit is the principal target for phosphorylation by various kinases. These p65
phosphorylation events occur in the cytoplasm or in the nucleus and are stimuli specific and

probably cell-type specific.

The catalytic subunit of protein kinase PKA (PKAc) is maintained in an inactive form by
binding to the IkBa-NF-kB complex. Following stimulus-induced IxkBa degradation by LPS,
activated PKAc phosphorylates p65 on serine 276, which is located within the RHD of p65
(Zhong et al 1997). Phosphorylation of this site promotes the interaction of p65 with CBP and
p300 (Zhong et al 1998), and displaces transcriptionally repressive HDAC complexes,
specifically pSO-HDACI1 complexes, that are frequently bound to the kB enhancers of target
genes under unstimulated conditions (Zhong et a/ 2002). However, phosphorylation of serine
276 is not exclusively mediated through PKAc. In response to TNFa stimulation, serine 276
is phosphorylated by the mitogen and stress activated kinases (MSK) 1 and 2, which enhances
NF-kB transcriptional activity (Vermeulen et a/ 2003). Interestingly, PKAc phosphorylates
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p65 in the cytoplasm whereas MSK1 and MSK2 function in the nucleus. In addition, serine
276 phosphorylation is also important for determining whether p65 forms homodimers or
heterodimers. Serine 311 is another residue within the N-terminal RHD that is targeted for
phosphorylation by protein kinase C (PKC)Z in TNFa stimulated cells (Duran et al 2003).
Similar to the mechanism described for PKAc, PKCE-mediated phosphorylation of p65

enhances its interaction with CBP.

Within the C-terminal TAD, serine 529 is phosphorylated by CK2 in the cytoplasm in
response to TNFa and IL-1 treatment and phosphorylation at this site has been shown to
potentiate NF-kB activity (Wang et al 2000). Stimulation with TNFa and IL-1[ results in
phosphorylation of serine 468 by IKKP (Schwabe and Sakurai 2005), while IKKe
phosphorylates serine 468 in response to the genotoxic agent etoposide and following T-cell
co-stimulation (Mattioli et al 2006, Renner et al/ 2010). Interestingly, phosphorylation of
serine 468 by these kinases stimulates p65 transactivation whereas phosphorylation of this site
in unstimulated cells by glycogen synthase kinase 33 (GSK3p) inhibits the transcriptional
activity of p65 (Buss et al 2004a). p65 is phosphorylated at serine 536, a site within the TAD,
by a variety of kinases via various signalling pathways and in most cases phosphorylation at
this site enhance the transactivation potential of p65. Similar to serine 276 phosphorylation,
phosphorylation of serine 536 has also been shown to displace HDAC co-repressor
complexes, in particular HDAC3-SMRT complexes enabling p65 to interact with CBP and
p300 (Chen ef al 2005, Hoberg et al 2006). Serine 536 phosphorylation induced by TNFa, IL-
1 and T-cell co-stimulation is mediated by IKKa, IKK, IKKe and NF-xB activating kinase
(NAK) (Buss et al 2004b, Mattioli et al 2004, Sakurai et al 1999, Sizemore et al 1999).
Interestingly, it has been shown that IKKp-dependent phosphorylation of p65 at serine 536
requires the activity of AKT, a component of the PI3K/AKT signalling pathway (Madrid et al
2001, Sizemore et al/ 1999). Furthermore, serine 536 can be phosphorylated by an IKK-
independent mechanism following treatment with etoposide and doxorubicin that involves
activation of the ribosomal S6 kinase 1 (RSK1) by p53 and promotes nuclear translocation of

NF-«B (Bohuslav ef al 2004).

Serine 205, serine 281, threonine 435 and threonine 254 have all been shown to be targets for

phosphorylation in response to TNFo and LPS treatment, although the kinases responsible

have yet to be identified (Anrather et al 2005, O'Shea and Perkins 2010, Ryo et al 2003).
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Phosphorylation at serine 205, serine 281 and threonine 435 influences NF-kB promoter
selectivity and phosphorylation at threonine 254 creates a binding site for the prolyl isomerise
Pinl. The action of Pinl disrupts the interaction between p65 and IkBa and induces p65
translocation to the nucleus (Ryo et a/ 2003). Furthermore, it also protects p65 from ubiquitin-

mediated proteasomal degradation, thereby increasing p65 stability.

Phosphorylation of threonine 505 requires CHKI1 and is induced by the ARF tumour
suppressor or treatment with cisplatin. This phosphorylation event inhibits p65 transactivation
by enhancing the association of p65 with HDAC1 (Campbell et al 2006, Rocha et al 2005).
This results in repression of Bcl-y/ expression, thereby sensitising cells to apoptosis. pS0 has
also been shown to be phosphorylated by PKAc at serine 337 and this increases the DNA
binding ability of p50 (Hou et al 2003).

Phosphorylation of the NF-kB subunits is a reversible process and consequently several
phosphatases have been identified that dephosphorylate p65 thereby inhibiting NF-kB
transcriptional activity. These include protein phosphatase 2A (PP2A) and the type 2C protein
phosphatise (PP2C) WIP1, which has recently been shown to specifically dephosphorylate
serine 536 in response to TNFo (Chew et al 2009, Yang et al 2001a)

1.5.3.2 Acetylation

Numerous lysines in p65 are acetylated and these have been shown to modulate its activity.
The HATs CBP and p300 can acetylate p65 at lysines 218, 221 and 310. Acetylation of lysine
221 enhances the DNA binding activity of p65 and in conjunction with acetylation of lysine
218 impairs the NF-kB-IkBa interaction, thereby preventing IkBo-dependent nuclear export
of NF-xB and prolonging the NF-xB response. Deacetylation of these sites by HDAC3
enhances the binding of NF-xB to IxBo promoting its nuclear export, which results in
termination of the NF-kB response. Lysine 310 acetylation has been shown to be important
for stimulating NF-xB transcriptional activity and is enhanced by serine 276 and serine 536
phosphorylation of p65, which promotes the assembly of p65 with CBP and p300 (Chen et al
2005). Lysine 310 deacetylation by the histone deacetylase SIRTI or alternatively by the
HDAC3-SMRT co-repressor complex inhibits p65 transcriptional activity (Hoberg et al 2006,
Yeung et al 2004). Furthermore, it has been demonstrated that HDACI-mediated

deacetylation of p65 also reduces the transactivation potential of p65 (Ashburner et al 2001).
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CBP, p300 and PCAF-mediated acetylation of lysine 122 and lysine 123 has also been
described, although modifications at these sites have inhibitory effects on NF-kB activity by
reducing the ability of p65 bind to the kB sites in its target genes and consequently

suppressing the transactivation potential of NF-xB (Kiernan et a/ 2003).

The p50 subunit is also subject to stimulus-induced acetylation of lysine 431, lysine 440 and
lysine 441 by CBP and p300. These modifications appear to enhance the DNA binding
activity of p50 and increase the transcriptional activity of the NF-kB complex (Deng et al

2003, Furia et al 2002).

1.5.4 Crosstalk between NF-xB and p53

p53 has long been implicated in regulating NF-xB at multiple levels and vice versa. In
response to inflammatory stimuli, NF-kB induces anti-apoptotic genes that antagonise the
pro-apoptotic function of p53. Moreover, the [kB family member Bcl-3 or NF-xB activation
by IKK complex can induce the expression of HDM2, thereby enhancing ubiquitylation and
degradation of p53 (Kashatus ef al 2006, Tergaonkar et al 2002). Additional, antagonism
comes from the competition between p53 and p65 for binding to CBP and p300 (Webster and
Perkins 1999).

In contrast to these observations, there is evidence that p5S3 and NF-kB can cooperate with
each other. For example, as previously mentioned, p53 can induce RSK1 activity resulting in
serine 536 phosphorylation of p65 and nuclear localisation of NF-kB (Bohuslav et al 2004).
Furthermore, in some circumstances, p65 and p53 can cooperatively induce apoptosis, which
can occur through induction of apoptotic target genes containing promoters with both p53 and
NF-kB response elements such as DR5 (Aleyasin et al 2004, Fujioka et al 2004, Ryan et al
2000, Shetty et al 2005).

Alternatively, modifications of NF-kB can promote p53-induced apoptosis. Activation of
ARF tumour suppressor by oncogenes, results in activation of p53 through binding to and
inactivating HDM2 (Sherr 2006). Concomitantly, ARF expression induces ATR leading to
activation of CHK1 and subsequent phosphorylation of p65 at threonine 505. This results in
repression of Bcl-xl and sensitises cells to TNF-induced apoptosis (Rocha et al 2005).

Furthermore, the effect of this will also reduce the ability of p65 to oppose the pro-apoptotic
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function of p53. Interestingly, ARF-induced ATR activity can also regulate p53, thereby ARF
can coordinantly regulate and integrate NF-xB and p53 function (Rocha et al 2003). In
addition, NF-kB transcriptional activity can also increase p53 expression, partly by directly

inducing the 7P53 gene (Fujioka et al 2004, Wu and Lozano 1994).

1.5.5 Termination of NF-kB activity

Due to the detrimental effects caused by constitutive NF-kB activation, it is critical that NF-
kB activity is terminated following cellular stimulation. However, the mechanisms by which
the activity of NF-kB is terminated remain poorly understood. It is generally accepted that
termination of NF-kB activity mainly relies on the resynthesis of IkBo by NF-kB. Newly
synthesised IkBo associates with NF-kB, displaces it from the DNA and exports its out of the
nucleus, thereby creating a negative feedback loop (Arenzana-Seisdedos et al 1997). This
model is supported by studies in IkBa deficient cells (Cheng et al 1998, Hoffmann et al
2002). Furthermore, IxBf} and IkBe have also been shown to regulate NF-kB activity through
a negative feedback loop, albeit with different kinetics (Hoffmann et a/ 2002, Kearns et al
2006). However, in order for IkBa to bind to p65 efficiently, p65 needs to be de-modified
(Chen and Greene 2003). Therefore, dephosphorylation and deacetylation of p65 by
phosphatases and HDACs respectively plays a key role in suppressing NF-kB-dependent

transcription.

Another mechanism by which NF-«xB transcriptional activity is terminated involves removal
of NF-xB from the promoters of some of its target genes by ubiquitin-mediated proteasomal
degradation. In the absence of IkBa., this was shown to be the major termination mechanism.
However, in cells containing IkBa, proteasomal degradation and resynthesised IkBo were
shown to act synergistically to efficiently terminate transcription of NF-kB dependent genes.
If proteasome activity is blocked, NF-kB is not removed from some of its target genes despite
IxBa resynthesis and consequently NF-kB transcriptional activity is sustained (Saccani et al
2004). Currently, two ubiquitin ligase complexes have been reported to be responsible for the
degradation of nuclear NF-xkB. PDLIM2 is a nuclear ubiquitin ligase that has recently been
shown to function in the negative regulation of NF-xB. PDLIM2 polyubiquitylates p65 and

transports it to proteasome enriched promyelocytic leukemia (PML) nuclear bodies where it
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is rapidly degraded, thereby terminating NF-xB activity (Tanaka et a/ 2007a). The other is the
suppressor of cytokine signalling-1 (SOCS1)-containing ECS ubiquitin ligase complex, which
also contains Elongin B and Cullin 2 (Willems et al 2004). SOCS1 was demonstrated to
interact with p65 and decrease its stability by ubiquitin-mediated proteasomal degradation
(Ryo et al 2003, Strebovsky et al 2010). Recently, the COMMDI1 (copper metabolism
MURRI1 domain containing protein 1) protein was shown to interact with the ECS complex
and promote the associations between p65 and SOCSI1 and between SOCS1 and Cullin 2,
thereby facilitating the ubiquitylation of p65 by the ECS complex and its subsequent
proteasomal degradation (Maine et al 2007). More recently, Mao et al (2009) have reported
that the HAT, GCNS5 associates with the COMMDI1 containing ECS ubiquitin ligase
promoting p65 ubiquitylation and repressing NF-xB activity (Mao et al 2009). Under certain
circumstances ECS-induced ubiquitylation and degradation of p65 can be inhibited by Pinl
(Ryo et al 2003). Over-expression of Pinl was shown to reverse the decrease in p65 stability

that is observed following SOCS1 over-expression.

1.6 CBP AND p300

CBP and p300 are highly homologous non-DNA binding transcriptional co-activators that
were originally identified by their interactions with cAMP-response element binding protein
(CREB) and the adenoviral E1A protein respectively (Chrivia et al 1993, Eckner et al 1994).
Subsequently, CBP and p300 have been found to interact with a wide variety of other
intracellular proteins including numerous transcription factors such as nuclear hormone
receptors (Chakravarti et al 1996), pS3 (Lill et al 1997), p65 (Gerritsen et al 1997), c-Jun
(Lee et al 1996a), c-fos (Janknecht and Nordheim 1996b) and the CCAAT box/enhancer-
binding protein (C/EBP)-3 (Mink ef al 1997), as well as components of the basal transcription
machinery such as RNA polymerase II, TBP and TFIIB (Imhof et a/ 1997, Kee et al 1996,
Nakajima et al 1997). Since so many proteins interact with CBP and p300, it is not surprising
that many physiological processes including cell proliferation, differentiation, DNA repair,
development and apoptosis are dependent on CBP and p300 (Goodman and Smolik 2000).
Several lines of evidence highlight the importance of CBP and p300. Firstly, CBP and p300
are required for embryonic development and viability, as demonstrated by the fact that CBP
and p300 knockout mice are embryonic lethal (Yao et al 1998). Secondly, mutations in both
CBP and p300 are associated with Rubinstein-Taybi syndrome (RTS), a developmental
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disorder characterised by mental retardation, skeletal abnormalities and an increased
predisposition to cancer (Miller and Rubinstein 1995, Petrij et al 1995, Roelfsema et al 2005).
Finally, bi-allelic somatic mutations in p300 have been detected in a range of epithelial
cancers such as gastric, colon, pancreatic and breast cancers (Gayther et a/ 2000) and frequent
chromosomal translocations of CBP and p300 have been observed in haematological

malignancies, particularly acute myeloid leukemia (AML) (Janknecht 2002).

1.6.1 Structure

CBP and p300 are large, modular proteins that contain several conserved functional domains
including three zinc binding cysteine-histidine (CH) rich domains, a KIX domain, a HAT
domain and a bromodomain. These regions of CBP and p300 share a high degree of sequence
similarity (approximately 95%) and as a result the functions of these proteins, albeit with a
few exceptions, are generally interchangeable (Goodman and Smolik 2000, Kasper et a/ 2006,
Kawasaki et al 1998) (Figure 1.12). Therefore, CBP and p300 will subsequently be referred to
as CBP/p300. The CHI and CH3 domains (sometimes referred to as TAZ1 and TAZ2
domains respectively) mediate interactions with the majority of CBP/p300 interacting proteins
including p53, HDM2 and p65 (Goodman and Smolik 2000). Additional sites for protein-
protein interactions include the KIX domain and the glutamine rich C-terminus. The KIX
domain is the region that binds to CREB, the archetypical CBP-binding transcription factor as
well as several other transcription factors and transcriptional regulatory proteins including c-
jun and BRCA1 (Goodman and Smolik 2000). The glutamine rich region forms contacts with
other transcriptional co-activators, most notably those involved in nuclear hormone receptor
signalling including SRC-1 and p/CIP, which are members of the steroid receptor co-activator
(SRCO)/p160 family (Kamei et al 1996, Xu et al 1999a). CBP/p300 are HATs and the
respective HAT domain resides in the central region of these proteins. This domain
encompasses the CH2 domain and catalyses acetylation of all four core histones as well as
several non-histone nuclear proteins (discussed below). The bromodomain that resides N-
terminal to the HAT domain is found in many chromatin associated proteins (Dhalluin et al
1999) and is capable of binding to acetylated lysines (Winston and Allis 1999). Via the
bromodomain, CBP/p300 can not only bind to acetylated lysines, but also to acetylated
transcription factors such as MyoD (Polesskaya et al/ 2001). Acetylation of MyoD was
demonstrated to strengthen the interaction between MyoD and CBP/p300. In addition to
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acetyltransferase activity, CBP/p300 possess transcriptional activity since the N- and C-
terminus of CBP/p300 can act as transactivation domains (Bisotto et al 1996, Lee et al 1996b,
Swope et al 1996, Yuan et al 1996). When fused to the DNA binding domain of the yeast
transcription factor Gal4, these domains can potentially activate the transcription from Gal4
DNA binding sites. This is likely to be because these regions are capable of interacting with
the basal transcription machinery. More recently, it has been found that the N-terminal region
of CBP/p300 harbours both E3 and E4 ubiquitin ligase activities (Grossman et a/ 2003, Shi et
al 2009). Through their E3 activities, CBP/p300 are autoubiquitylated, whereas they promote
polyubiquitylation of p53 via their E4 activities (discussed below). Interestingly, unlike their
other intrinsic activities, the ubiquitin ligase activities of CBP/p300 were shown to be

exclusively cytoplasmic.

1.6.2 Transcriptional regulation by CBP/p300

By acting as transcriptional co-activators, CBP/p300 play a central role in coordinating and
integrating multiple signal transduction pathways with the transcriptional machinery, thereby
regulating gene expression (Bedford et a/ 2010). Current evidence suggests that CBP/p300
mediate transcriptional co-activation in several ways. Since CBP/p300 can interact with
transcription factors and components of the basal transcription machinery, it has been
proposed that CBP/p300 act as a molecular bridge to connect the DNA binding transcription
factors with the basal transcriptional machinery, thereby stabilising the transcription complex

(Chan and La Thangue 2001).

Secondly, CBP/p300 may act as a scaffold for the formation of multi-subunit complexes
containing transcription factors and cofactors. The size of CBP/p300 provides them with
many different interaction surfaces, thereby enabling them to bind concurrently to various
proteins. By serving as a scaffold for the assembly of transcription factors and transcriptional
regulatory proteins, CBP/p300 can concentrate these factors into a local transcription
environment (Chan and La Thangue 2001). This scaffolding function for CBP/p300 has been
demonstrated to be important for the transcriptional regulation of the human interferon 3
gene. CBP/p300 assembles the IFNf enhancesome by mediating the simultaneous recruitment
of several transcription factors such as c-jun, NF-xB and interferon regulatory factor 1 (IRFI)
and architectural proteins including high mobility group (HMG) to the IFN promoter (Kim
et al 1998, Munshi et al 1998). By bringing together nuclear proteins and the basal
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transcription machinery, CBP/p300 plays a crucial role in the transcriptional activation of the
interferon 3 gene (Yie et al 1999b). Depletion of CBP/p300 from this complex decreases the

rate of transcription (Yie et al 1999a).

Finally, CBP/p300 are able to acetylate all four core histones through their histone
acetyltransferase activity (Bannister and Kouzarides 1996, Ogryzko et al 1996). Two models
regarding how acetylation disrupts the structure of the chromatin have been described.
Acetylation of lysine residues within the histone tails can result in neutralisation of the
positively charge associated with lysines, thereby decreasing the interaction between histones
and the DNA molecule. As a consequence, the condensed chromatin is transformed into a
more relaxed conformation, which enables the promoters to become more accessible to
transcription factors and the basal transcription machinery. Conversely, histone deacetylation
by HDAC: is thought to prevent access by restoring the positive charge and strengthening the
interaction between histones and DNA (Wolffe and Hayes 1999). In addition to this charge-
neutralisation model, it has been demonstrated that acetylation may de-stabilise higher order
chromatin structure, thereby facilitating the binding of transcription factors to their target gene

promoters (Tse et al 1998a, Tse et al 1998b).

Studies by Gu and Roeder demonstrated that p53 could be acetylated by CBP/p300 (Gu and
Roeder 1997). This provided the first example that CBP/p300 could acetylate non-histones
proteins and since then a number of other proteins have been identified that are acetylated by
CBP/p300 including several transcription factors such as NF-ATc2 (Garcia-Rodriguez and
Rao 1998), p65 (Chen et al 2001), E2F-1, E2F-2 and E2F-3 (Martinez-Balbas et al 2000,
Marzio et al 2000), c-Myb (Tomita et al 2000) and Sp3 (Braun et a/ 2001), as well as other
co-activator proteins such as MAML-1 (Hansson et a/ 2009) and PC4 (Kumar et a/ 2001),
components of basal transcription machinery including TFIIEP and TFIIF (Imhof ef a/ 1997)

and DNA repair proteins (see below).

1.6.3 Non-transcriptional functions of CBP/p300

Like transcription, proteins involved in DNA repair and DNA replication also require an open
chromatin structure in order to access the DNA. Several studies have shown CBP/p300 are
involved in these processes through their ability to modify histones and interact with proteins

involved in DNA repair and DNA replication. PCNA, a vital component of DNA replication
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and repair machinery, recruits p300 to the DNA where it acetylates histones in preparation for
DNA replication or repair (Hasan et al 2001a). The ring shaped heterotrimeric PCNA
encircles and slides along double stranded DNA tethering DNA polymerases to the DNA,
thereby facilitating DNA synthesis. PCNA is acetylated by p300 and this modification
increases PCNA binding efficiency for the DNA polymerases, Polf3 and Pold (Naryzhny and
Lee 2004). In addition, flap endonuclease 1 (FEN1), which is involved in processing DNA
ends during DNA replication and repair, is acetylated by p300 (Hasan et al 2001Db).
Acetylation reduces its DNA binding activity, as well as its exo- and endonuclease activities
(Friedrich-Heineken et al/ 2003, Hasan et al 2001b). Recently, p300 has been shown to
acetylate another DNA processing nuclease involved in DNA replication and repair, DNA2
(Balakrishnan et al 2010). However, in contrast to FEN1, this modification stimulates the
enzymatic activities of DNA2. p300 also binds and acetylates several other DNA repair
proteins including DNA polymerase 3 and the DNA glycosylases, thymine DNA glycosylase
(TDG) and 8-oxoguanine-DNA glycosylase (OGG1) (Bhakat et al 2006, Hasan et al 2002).
Acetylation modifies the enzymatic functions of these proteins. Furthermore, CBP/p300 can
interact with ATR and this is required for the DNA replication checkpoint since loss of
CBP/p300 results in a defective DNA replication checkpoint (Stauffer et a/ 2007). More
recently, p300 has been shown to interact and acetylate NBS1 which facilitates the
stabilisation and recruitment of NBS1 to sites of DNA damage. A prerequisite for NBS1
acetylation is ATM-dependent phosphorylation of p300 on serine 106 (Jang ef a/ 2010, Jang
et al 2011).

CBP/p300 play a key role in regulation of p53 stability through their cytoplasmic E4 ubiquitin
ligase activities and depletion of CBP/p300 in unstressed cells results in the stabilisation of
p53 in the cytoplasm (Grossman et a/ 2003, Shi et al 2009). In the absence of stress, p53 can
be both monoubiquitylated and polyubiquitylated by HDM2. Monoubiquitylation has been
shown to enhance the nuclear export of p53, whereas polyubiquitylation results in its
proteasomal degradation in the cytoplasm. In conjunction with HDM2, CBP/p300 have been
shown to catalyse polyubiquitylation of p53, thereby regulating the turnover of p53 in
unstressed cells. However, HDM2-mediated monoubiquitylation of p53 is required for
CBP/p300-dependent polyubiquitylation of p53. In support of this, an HDM2 mutant that is
defective in binding to p300, but can still bind to p53, can promote ubiquitylation, but not
degradation of p53 (Zhu et al 2001). This demonstrates that CBP/p300 can regulate p53
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differently depending on the cellular compartment. In the cytoplasm CBP/p300 can inhibit
p53 whereas in the nucleus, CBP/p300 activate p53, presumably by acetylation.

1.6.4 Regulation of CBP/p300 activity

The intrinsic activities of CBP/p300 are regulated by multiple signalling pathways through
post-translational modifications. Although, it is well known that phosphorylation of
CBP/p300 is cell cycle dependent, relatively little is known about how phosphorylation
regulates CBP/p300 function (Yaciuk and Moran 1991). CDK2-cyclin E complex was
reported to phosphorylate CBP/p300 in the C-terminal. In the case of p300, this
phosphorylation event negatively regulates its co-activator function. Since p2/ gene requires
p300 for its transcription, it was proposed that p21 relieves repression of p300 by CDK2-
cyclin E complex creating a positive feedback loop (Perkins et a/ 1997). In support of this,
p21 was shown to increase p300-dependent transcription of NF-xB. However, this is
inconsistent with another report, which showed that CDK2-cyclin E stimulated the intrinsic
HAT activity of CBP, promoting entry into S phase (Ait-Si-Ali ef al 1998). An explanation
for these distinct effects was found upon discovery of a domain within CBP and p300 termed
cell cycle regulatory domain (CRD1). This domain is a strong transcriptional repression
domain that functions independently of CBP/p300 HAT activity (Snowden ef al 2000). This
can be derepressed by expression of p21 in a promoter dependent manner demonstrating that
p21 can have multiple effects on CBP/p300 function. Inhibition of the interaction between
CDK2-cyclin E complex and CBP/p300 would inhibit HAT activity and therefore contribute
to cell cycle arrest while derepression of CRDI1 would selectively activate CBP/p300-

dependent transcription at specific promoters.

The transactivation potential of CBP/p300 can be increased through phosphorylation PKA
(Xu et al 1998), C/EBPPB (Schwartz et al 2003), Ca2+/calmodulin-dependent protein kinase
IV (CAMKIV) (Chawla et a/ 1998) and members of the MAP kinase (MAPK) signalling
pathway including MEKK1 and ERK1/2 (Gusterson et al 2002, Janknecht and Nordheim
1996a, Sang et al 2003, See et al 2001), although the phosphorylation sites on CBP/p300
remain to be elucidated. In addition, AKT-mediated phosphorylation of p300 at serine 1834
has been shown to enhance its HAT and transcriptional activities (Huang and Chen 2005).
Furthermore, the transactivation activity of CBP is augmented through phosphorylation by
IKKo on serine 1382 and serine 1386 (Huang et al 2007b). Interestingly, IKKa-induced CBP
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phosphorylation switches the binding preference of CBP from p53 to NF-kB. Recently, ATM
has been demonstrated to phosphorylate p300 on serine 106 resulting in activation of p300
(Jang et al 2011). Conversely, phosphorylation of p300 at a conserved residue, serine 89 by
PKCd and AMP-activated protein kinase reduces p300-dependent transactivation (Yang et a/
2001b, Yuan et al 2002).

Methylation of the CBP/p300 by the CARMI1 methyltransferase has been shown to both
activate and repress the transcriptional activity of CBP/p300. Xu et al (2001) demonstrated
that methylation of CBP/p300 at several arginine residues within the KIX domain blocked the
interaction between CBP/p300 and CREB, resulting in inhibition of CREB-dependent
transcription (Xu et al 2001b). In contrast, methylation of different arginine residues on
CBP/p300 has been demonstrated to potentiate their transactivation activity, thereby
facilitating activation of nuclear hormone receptors (Chevillard-Briet et al 2002).
Furthermore, a recent report has shown that CARM1-mediated methylation of arginine 754 of
p300 stimulated its co-activator activity leading to activation of BRCA1 and subsequently
induction of p21 and GADD45 (Lee et al 2011). In addition, p300 has been shown to be
sumoylated and modification of p300 by SUMO-1 provides a binding site for HDAC6
resulting in repression of p300 transcriptional activity (Girdwood et a/ 2003). As well as post-
translational modifications, CBP/p300 intrinsic activities are modulated via interactions with
other proteins. The transcriptional activities of CBP/p300 are enhanced through interacting
with the p68 RNA helicase (Rossow and Janknecht 2003), as well as p21 through binding to
the CRD1 domain (Snowden et al 2000). In contrast, Cyclin D1 was shown to repress p300
transactivation in a CDK-independent manner through the recruitment of HDACs (Fu ef al
2005). As previously mentioned, several p300 cofactors have been identified that influence
both the transcriptional activity of p53 and the expression of p53 target genes. In response to
DNA damage, JMY and Strap form a complex with p300 and stimulate the transcriptional
activity of p300 (Demonacos et al/ 2001, Shikama et al 1999), whereas Skp2 binds to p300

and inhibits its transactivation activity (Kitagawa et al 2008).

1.7 AIMS AND OBJECTIVES

Although 53BP1 is best known for its involvement in the DNA damage response where its

functions as a mediator protein that facilitates checkpoint activation and DNA repair, it was
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initially proposed to function as a transcriptional regulator of p53 (Iwabuchi et al 1998).
However, due to conflicting studies regarding the mechanism by which 53BP1 regulates the
transactivation potential of p53, the function of 53BP1 in transcriptional regulation remains
unclear. Despite this, other proteins involved in the cellular response to DNA damage such as
BRCA1, MCPH1 and TOPBP1 have been shown to play a role in transcription indicating that
DSB repair proteins can potentially also function as regulators of transcription. Furthermore,
53BP1 is a chromatin-associated protein that via its Tudor domain interacts with H4K20me?2
and H3K79me2, which are found in regions of chromatin that are transcriptionally active
(Botuyan et al 2006, Huyen et al 2004, Ng et al 2003). In addition, mass spectrometric
analysis identified 53BP1 as a CBP/p300 interacting protein (GS Stewart, unpublished).
Taken together these observations indicate that 53BP1, as well as being DNA damage
responsive protein may also function as a transcriptional regulator. Therefore to investigate

the role of 53BP1 as a transcriptional regulator, the main objectives were:

e To perform gene expression profiling using a microarray approach to identify genes

that are regulated by 53BP1, both in the presence and absence of overt DNA damage.

e To characterise the interaction between 53BP1 and CBP/p300 and to assess if 53BP1
functions as a transcriptional co-activator of p53 and CBP/p300.
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CHAPTER 2 MATERIALS AND METHODS

2.1 CHEMICALS

TNFa was reconstituted according to the manufacturer’s instructions (Peprotech). Aliquots
were stored at -20°C. Caffeine was dissolved in deionised water to make a 80mM stock
solution, which was filter sterilised (Merck). Cells were treated with 8mM caffeine for 12-18

hours at 37°C.

2.2 CELL BIOLOGY TECHNIQUES

2.2.1 Maintenance of cell lines

Cell lines were maintained in McCoys SA medium or Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2mM glutamine and 10% fetal calf serum (FCS, Invitrogen).
100units/ml penicillin (Invitrogen) was also added to the medium to prevent infection. All
media was stored at 4°C and solutions were pre-warmed to 37°C before cell culture use. Cells
were incubated in a humidified atmosphere at 37°C with 5% CO,. To subculture cells, the
medium was removed from the cell monolayer and the cells were washed with 1X PBS. 1X
Trypsin-EDTA (Invitrogen) was added (2mls per 75cm? flask) and incubated at 37°C for ~2
minutes. Fresh medium was added to inactivate the trypsin and cells were seeded into a new

75cm’ flask at the appropriate density.

2.2.2 Cell lines

Human osteosarcoma U20S cells, human non-small cell lung carcinoma H1299 cells, and
human small cell lung adenocarcinoma A549 cells were obtained from the American Tissue
Culture Collection (ATCC). U20S cells were routinely maintained in McCoys 5A medium
whereas, H1299, HeLLa and A549 cells were maintained in DMEM.

2.2.3 Cryopreservation of cell lines

Cells from a 70% confluent flask were trypsinised and centrifuged at 1200rpm for 5 minutes
at room temperature. The supernatant was gently removed and discarded. Cells were

resuspended in 1ml of medium containing 50% FCS, 40% medium and 10%
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dimethylsulphoxide (DMSO) (Sigma). Cells were transferred into a 1.5ml cryovial and were
placed at -80°C for 24 hours before being stored in liquid nitrogen.

2.2.4 Recovery of cells from liquid nitrogen

To recover cells from liquid nitrogen, the cells were thawed quickly in a 37°C waterbath and
the contents were added drop wise to 10mls of pre-warmed medium. The cells were pelleted
at 1200rpm for 5 minutes at room temperature, the supernatant gently removed and the cells

resuspended in fresh medium before being placed in a 75cm? flask.

2.2.5 Testing cells for mycoplasma

Before cells were used for experiments, they were tested for mycoplasma using the
MycoAlert mycoplasma detection kit (Lonza) according to the manufacturer’s instructions.
Briefly, 2mls of cells were centrifuged at 1500rpm for 5 minutes and 100ul of the supernatant
was transferred to a white 96 well flat-bottomed plate (Nunc). 100ul of MycoAlert® reagent
was added to the sample and after 5 minutes the luminescence was recorded on a Victor 1420
multi-label plate reader (reading A). The plate was then removed and 100ul of MycoAlert®
substrate was added to the sample. Following a 10 minute incubation, the luminescence was
recorded (reading B) and the ratio of reading B to reading A was calculated. Ratios of greater

than 1 indicate that the cells are infected with mycoplasma.

2.2.6 RNA interference

The siRNA duplexes were 21 bases with a 2 base deoxynucleotide overhang (Table 2.1,
Dharmacon Research). Oligofectamine reagent (Invitrogen) was used to deliver the siRNA
duplexes into eukaryotic cells. 24 hours prior to transfection, cells were seeded into 6cm
dishes, so they were 30-50% confluent the following day. 20ul of 20uM siRNA was diluted
in 350ul Opti-MEM (Invitrogen) and 8ul oligofectamine was diluted in 22ul Opti-MEM.
After 5-10 minutes at room temperature, the oligofectamine mix was added to the siRNA mix
and incubated for 20 minutes at room temperature to allow the siRNA complexes to form.
Cells were washed once with Opti-MEM before the addition of 1.6ml of Opti-MEM per 6cm
dish. 400l of siRNA complexes were added to the appropriate dish, left for 4 hours at 37°C,
before 1ml of medium supplemented with 30% FCS was added. Cells were harvested either

72 or 96 hours post transfection.
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Target Protein | Sense sequence

Control CGUACGCGGAAUACUUCGAdTdT

53BP1 GAACGAGGAGACGGUAAUAATIT

Table 2.1 SiRNA sequences used in this study.

2.2.7 Transient transfections

Transient expression of plasmids was achieved using Lipofectamine LTX with Plus reagent
(Invitrogen). Plus reagent was used to enhance transfection efficiency. Cells were seeded into
24 well plates, so they would be 50-80% confluent after 24 hours. 500ng DNA was diluted in
100ul Opti-MEM and after the addition of 0.5ul Plus reagent, the DNA was left for 5 minutes
at room temperature. Lipofectamine LTX was added at 1:2.5 or 1:4 DNA: Lipofectamine
LTX ratio for H1299 and U20S cells respectively. After 30 minutes at room temperature,
100ul of the DNA-Lipofectamine LTX complexes were overlaid on to the cells. Cells were
incubated for 4-6 hours at 37°C before the medium was replaced. Cells were harvested 24 or

48 hours post-transfection.

2.2.8 Luciferase reporter assay

Luciferase expression was assayed using the Dual Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. 500ng of the relevant constructs were
transfected into cells in a 24 well plate in triplicate using Lipofectamine LTX and Plus reagent
(Table 2.4). In each luciferase assay, a Renilla plasmid was co-transfected in as a control for
transfection efficiency and the DNA amount was equalised using an empty vector, pcDNA
3.1. 24 hours post transfection, medium was removed and cells washed in PBS. Cells were
lysed in 100pl of 1X passive lysis buffer (PLB) per well for 15 minutes on a rocker at room
temperature. Lysates were then transferred to autoclaved microfuge tubes and placed at -20°C

until the luciferase assay was conducted.

The assays for firefly luciferase activity and Renilla luciferase activity were performed
sequentially in a white 96 well flat-bottomed plate (Nunc). 20ul of cell lysate was added per
well, followed by the addition of 50ul of Luciferase Assay Reagent II (LAR II).
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Luminescence was recorded on a Victor 1420 multi-label plate reader. After quantifying the
firefly luminescence, the plate was removed and 50pul of 1X Stop and Glo Reagent was added
to quench the firefly luciferase reaction whilst simultaneously initiating the Renilla luciferase

reaction. Subsequently, the Renilla luminescence was measured.

Data was analysed and presented as relative luciferase units, which were calculated by
dividing the firefly luciferase values with the Renilla luciferase values. Experiments were

repeated 3-5 times to ensure reproducibility.

2.3 PROTEIN CHEMISTRY TECHNIQUES

2.3.1 Preparation of whole cell lysates

Cells were centrifuged at 1200rpm for 5 minutes at 4°C in a universal tube, the cell pellet was
resuspended in 10mls of ice cold PBS and then centrifuged at 1200rpm for 5 minutes at 4°C.
The cell pellet was resuspended in a volume of UTB buffer (8M urea, 150mM -
mercaptoethanol, 50mM Tris pH7.5) and transferred to a microfuge tube. The samples were
sonicated for 2 x 10 seconds using a Microson XL ultrasonic cell disruptor (Misonix) on
setting 4 and then centrifuged at 16,000rpm for 20 minutes at 4°C. The supernatant was

aliquoted, snap frozen in liquid nitrogen and stored at -80°C.

2.3.2 Protein determination

Protein concentrations were determined according to the Bradford method. Protein samples
were diluted 1:10 with sterile distilled water and 10ul aliquoted in quadruplet into a 96 well
flat bottom plate. A standard curve was generated using a range of bovine serum albumin
(BSA, Sigma) concentrations made from 1mg/ml stock (0-500pg/ml). 10ul of each standard
was added in triplicate to the same 96 well plate. The Bradford reagent (Bio-Rad) was diluted
1:5 with water and 200ul was transferred to each well. The plate was incubated at room
temperature for 5 minutes and then the absorbance was measured at 595nm using a plate
reader. The protein concentrations were determined by comparing the sample absorbance with

the BSA standard curve.
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2.3.3 SDS-polyacrylamide gel electrophoresis

Proteins were analysed by SDS-polyacrylamide electrophoresis and were made with varying
amounts of acrylamide depending on the relative molecular weight of the protein of interest.
Routinely a 6% acrylamide gel was used to detect proteins with a molecular weight of
>80kDa, a 10% acrylamide gel was used to detect proteins with a molecular weight of
>40kDa and a 12% acrylamide gel was used to detect proteins with a molecular weights of
<40kDa. Polyacrylamide gels were made from 30% Acrylamide, 0.8%
NN’methylenebisacrylamide solution (Biorad) diluted in sterile distilled water to give the
desired final percentage. 0.1M Tris, 0.1M Bicine (N, N-bis[2-hydroxy-ethyl-glycine])
(pHS8.3), 0.1% (w/v) SDS and 0.2% (v/v) TEMED were then added to give a final volume of
39.88mls. After the addition of 200ul of freshly prepared 10% (w/v) ammonium persulphate,
which initiates polymerisation, the gel was cast in the gel apparatus (Hoefer Scientific

Instruments) and a well forming comb inserted.

Following the gel setting, the wells were rinsed with running buffer (0.1M Tris, 0.1M Bicine,
0.1% SDS (w/v) pH8.3). An equal volume of 2X sample buffer (0.125M Tris/HCI pH6.8, 4%
(w/v) SDS, 20% Glycerol, 0.2M DTT, 0.02% Bromophenol blue) was added to each protein
sample before it was boiled at 100°C for 5 minutes to denature the protein. Samples were
loaded onto the gel alongside a pre-stained molecular weight marker (Amersham). 30-50ug of
whole cell lysate was routinely used per lane. Electrophoresis was carried out at 25mA for 5

hours or overnight at SmA.

2.3.4 Western blotting

Following SDS-PAGE gel electrophoresis, the separated proteins were transferred onto a
nitrocellulose membrane (GE Healthcare). A blotting cassette was set up containing the gel
and nitrocellulose membrane sandwiched between two pieces of Whatmann 3MM filter paper
and this by two sponge sheets. All components of the cassette were pre-soaked in transfer
buffer (48mM Tris, 390mM glycine, 20% (v/v) methanol) before the cassette was constructed.
The cassette was placed into the blotting tank (Hoefer transblot electroblotter) that was filled
with transfer buffer with the nitrocellulose facing the positive electrode. Blotting was carried

out overnight at 200mA for 18 hours.
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After blotting the proteins were visualised on the nitrocellulose membrane by staining with
Ponceau S stain (Sigma) for 1 minute. Excess stain was removed by rinsing with distilled
water. The membrane was then washed in either phosphate-buffered saline with 0.1% Tween-
20 (PBS-T) or Tris-buffered saline (200mM Tris, 1.36M NaCl pH7.6) with 0.1% Tween-20
(TBS-T) until the stain was completely removed. TBS-T was used if phosphorylated proteins
were being analysed. The membrane was blocked at room temperature for 2 hours in milk
(5% (w/v) skimmed milk powder in either PBS-T or TBS-T) to block any unoccupied binding
sites on the membrane and to prevent non-specific binding of antibodies to the membrane.
Following this, the nitrocellulose was incubated with the primary antibody diluted to the
appropriate concentration in milk block with gentle rocking (Table 2.2). Excess primary
antibody was removed by washing the membrane three times in PBS-T or TBS-T for 10
minutes. The relevant horse-radish peroxidise-labelled, anti-species secondary antibody
conjugate diluted in milk block was incubated at room temperature with the membrane for 1
hour with gentle rocking (Table 2.3). The membrane was then washed three times in PBS-T
or TBS-T for 10 minutes to remove any excess secondary antibody. The membrane was
treated for 1 minute in equal volumes of the two reagents supplied with the enhanced
chemiluminescence system (ECL) (GE Healthcare) and exposed to Hyperfilm™ (GE
Healthcare).

2.3.5 Immunofluorescence

Cells were grown to 70% confluency on either 12 well poly-L-lysine coated glass slides
(Hendley) in 10cm dishes or on poly-L-lysine coverslips (BD Biosciences). Alternatively,
50ul of cell suspension was added to one well on the slides or 100ul cell suspension was
added to coverslip and the cells were left to adhere for at least 1 hour. Slides were fixed in ice
cold paraformaldehyde (3.6% paraformaldehyde in PBS, pH 7.2) for 10 minutes and then
placed into ice-cold extraction buffer (10mM PIPES, 300mM sucrose, 20mM NaCl, 3mM
MgCl,, 0.5% triton X-100, pH6.8) for 7 minutes. Cells grown on coverslips were fixed and
extracted in ice-cold methanol for 15 minutes at -20°C. Cells were washed in PBS (3 x 5
minutes) before being blocked in filter sterilised 10% FCS in PBS for 1 hour at room
temperature or overnight at 4°C. Cells were then washed for 3 x 5 minutes in PBS and
incubated for 1 hour in primary antibody diluted to the appropriate concentration in 1% FCS

in PBS (Table 2.2). Two ‘dip’ washes in PBS were performed to remove excess antibody,
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followed by 3 x 5 minute washes in PBS. Cells were then incubated with secondary
antibodies diluted to the appropriate concentration in 1% FCS in PBS for 1 hour in a dark
moist box (Table 2.3). To remove the excess antibody two ‘dip’ washes in PBS were
performed proceeded by 3 x 5 minute washes in PBS. Slides and coverslips were mounted
with a drop of Vectashield Mounting Medium (Vector Laboratories) containing 4', 6-
diamidino-2-phenylindole (DAPI). Slides were protected with glass coverslips (Surgipath)
and coverslips were mounted on glass slides (Surgipath). The edges were sealed with nail
varnish and slides were stored at 4°C in the dark. Cells were visualised using Nikon Eclipse
E600 microscope and images were recorded and analysed using the Hamamatsu C4742-95

digital camera and image analysis software Velocity version 4.

2.3.6 Immunoprecipitation

Cell pellets were lysed for 30 minutes with rotation in lysis buffer containing 50mM Tris
pH7.5, 150mM NacCl, 1% Nonidet P-40, supplemented with 2mM MgCl,, 90U/ml Benzonase
(Novagen) and a EDTA-free protease inhibitor tablets (Roche). Cell lysates were centrifuged
at 44000rpm for 30 minutes at 4°C to remove cell debris. To prevent any non-specific proteins
that may bind to the beads, the cell lysates were pre-cleared by the addition of either Protein
G-Sepharose (Sigma) or Protein A-Sepharose (GE Healthcare) beads depending on the
antibody species to be used for 1 hour at 4°C with rotation. Protein A/G was removed by
centrifugation at 16,000rpm for 5 minutes at 4°C. 10ug of antibody was added to cleared
lysate and antigen-antibody complexes were left to form for 3 hours at 4°C on a vertical
rotating wheel (Table 2.2). Non-specific species-matched IgG was used as an antibody
control. Lysates were centrifuged at 44000rpm for 15 minutes at 4°C. Immune complexes
were precipitated by rotating at 4°C for 2 hours with 25ul of protein A or protein G beads.
Bead bound immunoprecipitates were washed three times in wash buffer (50mM Tris, pH 7.5,
150mM NaCl, 0.5% Nonidet P-40) supplemented with a complete protease inhibitor tablet.
Samples were boiled in 2X sample buffer for 5 minutes at 100°C in preparation for SDS-

PAGE and Western blotting.
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Antigen Species | Company Dilution Application | Incubation
Conditions for
WB
53BP1 Rabbit | Novus 1:1000 WB, IF 2hr RT
Biologicals 10ug per IP | IP
SMC1 Rabbit | Bethyl 1:1000 WB 2hr RT
Laboratories
Phospho-Ser966 | Rabbit | Bethyl 1:1000 WB 2hr RT
SMCI1 Laboratories
NBSI1 Mouse | Novus 1:10,000 WB 2hr RT
Biologicals
Phospho-Ser343 | Rabbit | SAB 1:500 WB O/N 4°C
NBS1
H2A Rabbit | Millipore 1:5000 WB O/N 4°C
Phospho-Ser139 | Mouse | Millipore 1:1000 WB O/N 4°C
H2AX
p53 (DO-1) Mouse | Donated by | 1:1000 WB 2hr RT
R.Grand
Phospho-Ser15 Rabbit | Cell Signalling | 1:1000 WB O/N 4°C
pS3
MDM2 (2A10) Mouse | Donated by | 1:10 WB O/N 4°C
R.Grand
p21 Mouse | Cell Signalling | 1:1000 WB O/N 4°C
PUMA Rabbit | Abcam 1:500 WB O/N 4°C
CBP Rabbit | Bethyl 1:1000 WB O/N 4°C
Laboratories 10pg per IP | IP
p300 Rabbit | Bethyl 1:5000 WB O/N 4°C
Laboratories 10pg per IP | IP
p300 Mouse | Millipore 1:1000 WB O/N 4°C
HA Mouse | Sigma 1:1000 WB 2hr RT
1:200 IF
p65 Rabbit | Santa Cruz 1:1000 WB O/N 4°C
1:50 IF
p65 Mouse | Santa Cruz 1:1000 WB O/N 4°C
1:50 IF
10pg per IP | IP
Phospho-Ser536 | Rabbit | Cell Signalling | 1:1000 WB O/N 4°C
p65
Phospho-Ser468 | Rabbit | Cell Signalling | 1:1000 WB O/N 4°C
p65
IxBa Rabbit | Santa Cruz 1:1000 WB O/N 4°C
KK o Rabbit | Santa Cruz 1:50 WB O/N 4°C
IKKp Mouse | Santa Cruz 1:200 WB O/N 4°C
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NEMO Rabbit | Santa Cruz 1:500 WB O/N 4°C

p50 Rabbit | Enzo Life | 1:1000 WB O/N 4°C
Sciences

G3BP2 Rabbit | Bethyl 1:5000 WB O/N 4°C
Laboratories

FADD Mouse | BD 1:1000 WB O/N 4°C
Transduction

BIRC4/XIAP Rabbit | Cell Signalling | 1:1000 WB O/N 4°C

BAG4/SODD Rabbit | Abcam 1:500 WB O/N 4°C

IKIP Goat Abcam 1:500 WB O/N 4°C

IgG Rabbit | DAKO 10ug per IP | IP

B-actin Mouse | Sigma 1:50,000 WB lhr RT

Table 2.2 Primary antibodies used for Western blotting (WB), immunofluorescence

(IF) and immunoprecipitation (IP). O/N denotes overnight and RT denotes room

temperature.

Antibody Company Dilution Application

Polyclonal swine | DAKO 1:1000 WB

anti-rabbit IgG HRP

Polyclonal goat anti- | DAKO 1:3000 WB

mouse IgG HRP

Alexa flour® 594 | Invitrogen 1:1000 IF

goat anti-mouse IgG

Alexa flour® 488 | Invitrogen 1:1000 IF

goat anti-rabbit IgG

Table 2.3 Secondary  antibodies used for Western blotting (WB) and

immunofluorescence (IF).
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2.3.7 GST pull-down assay

Glutathione S-transferase (GST) pull-down assays were carried out using GST-fusion proteins
and [°S]-labelled proteins (Table 2.4). Typically, 20-30ung of GST-fusion protein was mixed
with 10ul of [°S]-labelled protein for 1 hour at 4°C with rotation. Protein complexes were
isolated by incubation with 35ul glutathione-agarose beads for 1 hour with rotation at 4°C.
Beads were washed three times in GST lysis buffer (1% Triton-X100, ImM EDTA in PBS)
and twice in GST wash buffer (ImM EDTA in PBS). GST-protein complexes were eluted
with 50ul of GST elution buffer (25mM glutathione, 50mM Tris, pH8.0) for 1 hour at 4°C
with rotation. Samples were mixed with 4X sample buffer (250mM Tris pH6.8, 8% SDS,
10% glycerol, 0.04% Bromophenol blue, 400mM DTT), boiled for 5 minutes at 100°C and
loaded on to an SDS-PAGE gel.

After gel electrophoresis, gels were stained in a solution containing 0.1% (w/v) Coomassie
Brilliant Blue R-250 (Sigma), 10% glacial acetic acid and, 40% methanol on a shaker for 10
minutes at room temperature. Subsequently, gels were placed in destaining solution
containing 10% glacial acetic acid and 30% methanol until proteins were clearly visible.
Destained gels were incubated in Amplify Fluorographic Reagent (Amersham Bioscience) for
30 minutes on a shaker. Gels were dried under vacuum at 80°C for 2 hours and exposed for

autoradiography at -20°C using Hyperfilm (GE Healthcare).

2.3.8 Nuclear extract fractionation

HeLa S3 nuclear extract was purchased from Cilbiotech (http://www.cilbiotech.be/index.htm)

and was first subject to ion exchange chromatography to separate proteins based on their
molecular charge. The extract was loaded on to a positively charged anion exchange column
called a diethylaminoethyl (DEAE) cellulose column, which had been equilibrated with
equilibration buffer (20mM Tris-HCI pH8, 100mM KCIl, 0.5mM DTT). The protein fractions
were eluted step wise in elution buffer containing 20mM Tris-HCI pHS8.0, 0.5mM DTT and
increasing salt concentrations 0.2M, 0.3M and 0.4M KCI. Fractions were collected and

subject to SDS-PAGE on a 4-12% gradient gel (Biorad) and Western blotting.

Peak fractions were then used for gel filtration chromatography to separate proteins by

molecular weight. The Superose 6 column was equilibrated with 20mM HEPES (pH 7.5),
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Gene Vector Tag Application Source
53BPI pcDNA 3.1 | Flag IVT, in vivo overexpression Dr G Stewart
(full length) and luciferase assays
53BP1 PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 1-356)
53BPI PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 333-759)
53BPI PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 722-1039)
53BPI PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 992-1331)
53BP1 PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 1309-1620)
53BP1 PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 1584-1972)
CBP pcDNA3.1 IVT Dr A Turnell
(full length)
CBP PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 1-451)
CBP PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 451-721)
CBP PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 721-1100)
CBP PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 1099-1460)
CBP PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aal460-1891)
CBP PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 1892-2441)
p300 pBS IVT Dr A Turnell
p300 PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 19-596)
p300 PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 596-957)
p300 PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 863-1382)
p300 PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 1302-1756)
p300 PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 1716-1961)
p300 PGEX 4T-1 | GST GST pull down assays Dr G Stewart
(aa 1916-2414)
GST PGEX 4T-1 GST pull down assays Dr G Stewart
Adenovirus Ela | PGEX 4T-1 | GST GST pull down assays Dr R Grand
13S

pcDNA3.1 DNA transfections Dr Philip Byrd
Renilla pRL-TK luciferase reporter assays Dr John O’Neil
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p53 luciferase PG13-Luc p53 luciferase reporter assay Dr Ester
reporter Hammond
pS3 wild type pBK-CMV p53 luciferase reporter assay Dr Ester
Hammond
pS3 mutant pBK-CMV p53 luciferase reporter assay Dr Ester
(R175H) Hammond
p21 luciferase p21-Luc/ p21 luciferase reporter assay Dr A Turnell
reporter WWP-Luc
Gal4 luciferase | pGL3-E1B p300 luciferase reporter assay | Dr Neil Perkins
reporter
Gal4 DBD (aa | pcDNA3 Gal4 p300 luciferase reporter assays | Dr A Turnell
1-147) DBD
Gal4 p300 pVR1012 Gal4 p300 luciferase reporter assays | Dr Neil Perkins
(full length) DBD
pGL2 NF-«B luciferase reporter Dr John O’Neil
assays
3enh-kb- NF-«B luciferase reporter Dr John O’Neil
ConA-Luc assays
53BP1 pCMH6K HA luciferase reporter assays, Dr Michal
(full length) DNA transfections Goldberg
53BP1 pCMH6K HA luciferase reporter assays, Dr Michal
(aa 1-1710) DNA transfections Goldberg
53BP1 pCMH6K HA DNA transfections Dr Michal
(aa 1-1052) Goldberg
53BP1 pCMH6K HA luciferase reporter assays, Dr Michal
(aa 1052-1972) DNA transfections Goldberg
53BP1 pCMH6K HA luciferase reporter assays, Dr Michal
(aa 1483-1972) DNA transfections Goldberg
53BP1 pCMH6K HA luciferase reporter assays, Dr Michal
(aa 1052-1710) DNA transfections Goldberg
53BP1 pCMH6K HA luciferase reporter assays, Dr Sagar
(A1235-1616) DNA transfections Sengupta

Table 2.4

Gene expression constructs used in this study.
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0.2M KCl and 0.5mM DTT and the fraction applied to the column. The fractions were
collected and an equal volume was loaded on to a 4-12% SDS polyacrylamide gel

(Invitrogen) and Western blotting carried out.

24 MOLECULAR GENETICS TECHNIQUES

2.4.1 Preparation of media and agar plates

All bacterial cultures were grown in Luria broth (LB) (Sigma), which was prepared by
dissolving 25g of LB in 1L of distilled water and sterilised by autoclaving at 121°C, 15psi for

30 minutes.

LB-agar was made by supplementing LB with 1.2% agar and sterilised by autoclaving.
Following boiling, the LB-agar was allowed to cool to approximately 50°C before
supplemented with antibiotics. 25mls of liquid LB-agar was dispensed into a sterile 9cm
diameter Petri dish. Plates were then allowed to set at room temperature and stored at 4°C
until used for bacterial transformations. Before use, the plates were dried in a fume hood for 1

hour.

2.4.2 Antibiotics

Ampicillin and kanamycin were made up as stock solution of 100mg/ml in sterile distilled
water stored at -20°C. Ampicillin and kanamycin were and used at a final concentration of

50pug/ml and 25pug/ml respectively.

2.4.3 Transformation of bacteria

Bacterial transformations were carried out in competent Escherichia coli cells. MAX
efficiency DH5a competent cells and MAX efficiency Stbl2 competent cells (Invitrogen)
were used for plasmid production, whereas BL21-Gold competent cells were used to generate
recombinant proteins. For each transformation, 50ul aliquot of competent cells was thawed on
ice before addition of up to 100ng DNA. Cells were incubated on ice for 30 minutes, before
being heat shocked at 42°C for either 30 seconds for DH5a cells, 25 seconds for Stbl2 cells or
20 seconds for BL21 cells. Cells were placed back on ice for 2 minutes before the addition of

450l preheated (42°C) super optimal catabolite (SOC) medium (Invitrogen). Transformation
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reactions were placed in an incubator at either 30°C for 90 minutes (Stbl2 cells) or 37°C for 1
hour for DH5a and BL21 cells with shaking at 225rpm. The transformation reaction was

spread on to the LB-agar plates and incubated overnight at 37°C.

2.4.4 Growth of overnight cultures from colonies

Single colonies of competent cells were picked using a sterile tip and grown in 150ul of LB
medium in a 96 well flat-bottomed plate at 37°C for 2 hours. Plates were sealed and placed at

4°C until required.

2.4.5 Mini-preparation of DNA

Mini-preparations of plasmid DNA were prepared using the GenElute™ plasmid miniprep kit
(Sigma) according to the manufacturer’s instructions. Initially, Smls of LB broth
supplemented with the appropriate antibiotic was inoculated with 10ul of culture grown in the
96 well plate, and grown overnight at 37°C with shaking. The overnight culture (3-5mls) was
pelleted by centrifugation at 12,000 x g for 1 minute. Bacterial cell pellets were resuspended
in 200ul of resuspension solution; following this the cells were lysed in 200ul alkaline lysis
buffer by gentle inversion (6-8 times). The alkaline lysis of the bacterial cells was halted by
the addition of 350ul of neutralisation solution. The lysed samples were then centrifuged at
12,000 x g for 10 minutes in order to pellet the cell debris. The column was equilibrated with
column preparation solution before the supernatant was applied. The column was washed in a
solution containing ethanol and the plasmid DNA was then eluted in 100ul of elution
solution. The quality of the DNA was analysed by agarose gel electrophoresis and the DNA
was stored at -20°C.

2.4.6 Polymerase chain reaction (PCR)

PCR amplification was performed using Taq Expand Long Template (Roche) and primers
from Sigma (Table 2.5). Reaction mixtures were made up in thin-walled PCR tubes in a 50pul
volume containing Sul of 10X PCR buffer, 0.5ul-1ul DNA, 2ul (250ng) forward primer, 2ul
(250ng) reverse primer, 1.5ul ANTP mix (10mM each dNTP) (Roche) and sterile distilled
water. 0.75ul of Taq polymerase (2.5U/ul) was added last. The tubes were placed in the PCR
machine (Veriti 96 well thermal cycler, Applied Biosystems) and the following PCR
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Primer Name

Sequence

Human 53BP1 1

Forward: 5’-TCTGGAAGGCTGCGCAGTATTGG-3’
Reverse: 5’-GGTGCTGAAGATACTGCCTCATC-3’

Human 53BP1 2

Forward: 5’>-ATCAGTCAGGTCATTGAGCAG-3’
Reverse: 5’-CTGCAGATTCAGAAGTCACCAGA-3’

Human 53BP1 3

Forward: 5°>-CTGCAAGGTCAGAGGACATGC-3’
Reverse: 5-GTTGATGCTTTCTACAAGTGA-3’

Human 53BP1 4

Forward: 5’-GTCTGGAAGAACAATCAAATG-3’
Reverse: 5’-CAGGGTCTGAGGTGGAAGAAAT-3’

Human 53BP1 5

Forward: 5’-GTCACCAGCTACTCGATCTGAG-3’
Reverse: 5’-GTGAGAGCAGATGATCCTTTAAG-3’

Human 53BP1 6

Forward: 5’-TAGAACCATGTGCTGAGAATAG-3’
Reverse: 5’-CTACTGCTGTTGCTGAGTCTGT-3’

Human 53BP1 7

Forward: 5’-GTCATGTCTGAAAGCATGGTGGAG-3’
Reverse: 5’-GTGGTGAGAAACCAGTCAGTGCT-3’

Human 53BP1 &

Forward: 5°>-CATAGGAATCCAAACCATGGAGTG-3’
Reverse: 5’-CAGTGTGTGAGGAGGATGGTGAT-3’

Human 53BP1 9

Forward: 5’-ACAAGTCTCTCAGCTATGCACAG-3’
Reverse: 5’-GATGATGGGTACGAATGTGATGT-3’

Human 53BP1 10

Forward: 5’-AATAGCTTTGTAGGGCTCCGTG-3’
Reverse: 5’-GAGGTCGCAAGTCTGCCACAGTA-3’

Human 53BP1 11

Forward: 5°>-TCCAGTAGCAGCAGCACAACC-3’
Reverse: 5’-GTATCAGACCAACAGCAGACAT-3

Human 53BP1 12

Forward: 5°-TGGGTCCATGATAGTTGCCATGC-3’
Reverse: 5’-GTGTCTTGTGTGTAACTGGATTCCTT-3’

Human 53BP1 13

Forward: 5~ ATGGACCTCACTGGAAGTCAGTTG-3’
Reverse: 5’-GAGAATGAGGCTCGAAGTGAGGAT-3’

pcDNA3.1 Forward: 5~ ACTCACTATAGGGAGACCCAAGC-3’
Reverse: 5’-GCAACTAGAAGGCACAGTCGAGG-3’
Table 2.5 PCR and sequencing primers used in this study.
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conditions were applied: 1 cycle of 95°C for 2 minutes; 30 cycles of 95°C for 20 seconds,
60°C for 30 seconds, 72°C for 1 minute/Kb of plasmid DNA length followed by a final 10
minute extension at 72°C. The resulting DNA products were resolved by agarose gel

electrophoresis and purified using an Invitrogen purification kit.

2.4.7 Purification of PCR products

Before the DNA was used for other applications such as sequencing and restriction digestion,
any impurities such as primers, dNTPs, enzymes and salts were removed from the PCR
product using the PureLink PCR Purification kit (Invitrogen). Briefly, 4 volumes of Binding
buffer were added to 1 volume of PCR reaction and mixed well to enable the double stranded
DNA (dsDNA) to bind to the column. The sample was transferred to a PureLink Spin
Column, centrifuged for 1 minute at 10,000 x g and the flow through was discarded.
Impurities were removed by washing the column with 650ul of wash buffer supplemented
with ethanol and centrifuging at 10,000 x g for 1 minute. Again the flow through was
discarded and the column transferred to fresh tubes. The DNA was eluted in 50ul of low salt
elution buffer (10mM Tris-HCI, pHS8.5) and the purity of the DNA was analysed by agarose
gel electrophoresis. DNA was stored at -20°C until further use.

2.4.8 Agarose gel electrophoresis

Analysis of DNA was performed on agarose gels, which were prepared by dissolving agarose
(Sigma) in 1X TBE buffer (89mM Tris, 89mM Boric acid, 2mM EDTA) to a final
concentration of 0.8-4% (w/v). The agarose was dissolved by heating the mixture to boiling
point. It was then allowed to cool before the addition of 1l of Syber Safe DNA gel stain
(Invitrogen) per 100ml. 5yl of miniprep or 1pul of PCR product was diluted with 6X loading
buffer (0.25% Bromophenol blue, 30% glycerol in a 10mM Tris, ImM EDTA, pHS8.0
solution) and then loaded. To ensure the DNA was the correct size, a DNA Molecular Weight
Marker (Roche) was run alongside the samples. Gel electrophoresis was performed in 1X
TBE at 120V for up to 1 hour and the DNA was visualised with a Safe Imager blue-light

transilluminator.
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2.4.9 DNA sequencing

Sequencing was performed to validate the DNA sequence of coding regions generated by
PCR and to ensure any mutant plasmid DNA contained the correct mutations. Each reaction
was carried out using the Big Dye® Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems) and consisted of 7l 2.5x sequencing buffer provided in the kit, 1l purified PCR
product, 1ul (125ng) of primer, 1ul of BigDye® Terminator v3.1 Ready Reaction mix
provided in the kit and sterile distilled water up to total volume of 20ul. Reactions were
placed in a thermal cycler for the sequencing reaction and run for 30 cycles using the

following conditions: 95°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 minutes.

The PCR products were then precipitated with 50ul absolute ethanol and 2ul 3M sodium
acetate (pH4.6) for 15 minutes at room temperature. Samples were centrifuged at 13,000rpm
for 20 minutes, the supernatant removed and the pellet washed with 250ul of 70% (v/v)
ethanol before being centrifuged for a further 5 minutes. The supernatant was removed and
any residual ethanol was removed by air drying for at least 1 hour. Following addition of 10l
of ‘Hi-Dye’ (Applied Biosystems) to dissolve the DNA pellet, the samples were denatured at

95°C for 5 minutes and then put on ice immediately to prevent reduplexing.

Samples were loaded into the appropriate 96 well plates and sequencing was performed using
the Applied Biosystems 3100 ABI prism capillary sequencer. Following the run, the data files
were extracted from the 3100 data collection software version 1.0 and analysed using the

software programme FinchTV version 1.4.0 (Geospiza Inc).

2.4.10 Maxi-preparation of plasmid DNA

Large amounts of DNA were purified from bacterial cultures using the PureLink™ HiPure
Plasmid Filter Purification kit (Invitrogen) according to the manufacturer’s instructions.
Initially, 10mls of LB containing either 50pg/ml of ampicillin or 25ug/ml kanamycin was
inoculated with 10ul of bacterial culture from the 96 well plate and grown overnight at 37°C
at 225rpm in a shaking incubator. 250l of this culture was then used to inoculate 200mls of
LB containing the appropriate antibiotic, which was grown overnight. The following day, a
HiPure Filter Maxi Column containing a filtration cartridge was equilibrated with 30mls of
equilibration buffer and the solution allowed to drain by gravity flow. Meanwhile, the cells

were harvested by centrifugation at 4,000 x g for 10 minutes at 4°C and resuspended in 10mls
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of resuspension solution. Cells were lysed in 10mls alkaline lysis buffer and incubated at
room temperature for 5 minutes. The reaction was halted by addition of 10mls of precipitation
buffer. The precipitated lysate was transferred into the equilibrated column and allowed to run
through the filter by gravity flow. Immediately after the column stopped dripping, the
filtration cartridge was removed and the lysate washed with 50mls wash buffer containing
ethanol. DNA was collected in a 50ml falcon tube by the addition of 15mls of elution buffer
to the column. To precipitate and desalt the DNA, isopropanol was added to the eluted DNA,
mixed well and centrifuged at 5,000 x g for 1 hour at 4°C. The supernatant was removed and
the pellet washed with Smls of 70% (v/v) ethanol before being centrifuged again at 5,000 x g
for 1 hour at 4°C. The supernatant was discarded, the pellet air dried, resuspended in 100-

500ul sterile distilled water and stored at -20°C.

2.4.11 Determination of DNA purity and concentration

The nanodrop spectrophotometer was used to determine DNA concentration and DNA purity.
The ratio of absorbance at 260nm and 280nm is used to assess DNA purity and a ratio of >1.8
indicates the DNA is pure and free from protein contamination. The DNA concentration was
quantified by measuring the absorbance at OD,gsonm and calculated against 1 ODjgonm unit

being an equivalent of 50pg of DNA in Iml.

2.4.12 In vitro transcription/translation (IVT)

[*°S] methionine-labelled proteins were produced in vitro using a TNT® Coupled T7
Reticulocyte Lysate System (Promega) according to the manufacturer’s instructions. Briefly,
the reaction mixture consisted of 25ul TNT® rabbit reticulocyte lysate, 2ul TNT® reaction
buffer, Iul TNT® T7 RNA polymerase, 1pl amino acid mixture minus methionine, 2l [*°S]-
labelled methionine (1000Ci/mmol at 10mCi/ml; MP Biomedicals), 1ul RNasin®
ribonuclease inhibitor (40U/ul) (Promega), 2ul DNA template (0.5pg/pl) and nuclease free
water to a final volume of 50ul. The reaction was incubated at 30°C for 90 minutes,
centrifuged and stored at -80°C. To verify the presence of in vitro translated protein, 5ul of
the sample was loaded on to an SDS-PAGE gel. Following electrophoresis, the gel was
stained with Coomassie blue, destained overnight, incubated in Amplify and dried under
vacuum. [*°S] methionine-labelled proteins were visualised by exposure of the dried gel to

Hyperfilm at -20 °C.
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2.4.13 Production and purification of recombinant proteins

Plasmids encoding GST upstream of the coding sequence of interest were transformed into
BL21 competent cells. Colonies from successful transformations were picked and grown up
as described in section 2.4.4. 10ml of LB containing 50pg/ml ampicillin was inoculated with

10ul of culture and incubated overnight at 37°C with shaking.

The following day, a mini induction was conducted to test the expression of the protein. The
10ml culture was diluted 1:10 and two cultures were grown for each protein at 37°C in a
shaking incubator. After 1 hour, one of the cultures was induced with 0.4mM isopropyl B-D-
1-thiogalactopyranoside (IPTG) (Sigma) and both the non-induced and induced cultures were
incubated for a further 3-4 hours at 30°C with shaking. Cultures were pelleted at 13,000rpm
for 5 minutes, the supernatant removed and samples boiled at 100°C for 7 minutes in 50ul 2X
loading buffer. 15l of the samples were loaded on to an SDS-PAGE gel and electrophoresis
carried out. The gel was stained with Coomassie blue, destained overnight and dried on to
3MM Whatman filter paper. Positive colonies that induced the GST-fusion protein of interest
were selected and then 10mls inoculated into 1L of LB containing 50pug/ml ampicillin.
Bacterial cultures were grown in a shaking incubator at 37°C for 4 hours or until the optical
density of the cultures had reached Agpp = ~0.6. Fusion proteins were induced by the addition
of ImM IPTG and cultures were incubated for a further 5 hours at 30°C. The bacterial
cultures were then pelleted at 8,000 x g for 15 minutes at 4°C, snap frozen in liquid nitrogen

and stored at -80°C until the next stage of the purification.

To purify the GST-fusion proteins, the bacterial cell pellet was thawed and lysed in 25mls ice-
cold GST lysis buffer (1% Triton X-100, ImM EDTA pHS8 in 1X PBS) supplemented with a
complete protease inhibitor tablet (Roche). Lysates were sonicated five times on ice for 30
seconds at 2 minute intervals and pelleted at 20,000rpm for 10 minutes at 4°C to remove any
insoluble material. The supernatant was transferred to a fresh tube and centrifuged again. 2mls
of washed glutathione agarose beads was mixed with the resulting supernatant and rotated at
4°C for 2 hours. Beads were centrifuged at 2000rpm for 30 seconds at 4°C, washed three
times in lysis buffer and twice in GST wash buffer (ImM EDTA pHS8.0 in 1X PBS). GST-
fusion proteins were eluted by incubating the glutathione agarose beads in 4mls of elution
buffer (25mM glutathione, 50mM Tris, pH8) for 1 hour at 4°C with rotation. Following

centrifugation at 2000rpm for 30 seconds at 4°C, the supernatant was removed and set aside.
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To ensure all the GST-fusion proteins had been released, the elution process was repeated.
The supernatants from the two elutions, which contain the GST-fusion proteins, were
transferred to dialysis tubing. Prior to this, the tubing was hydrated by heating the tubing up in
a solution of 2mM EDTA pHS8.0 and 3% NaHCO;_ left to cool for 5 minutes and then rinsed
in distilled water. The GST-fusion proteins were dialysed overnight at 4°C in 5L of 50mM
Tris pH7.5, 10% (v/v) glycerol and 1mM dithiothreitol (DTT) (Sigma). The following day,
GST-fusion proteins were collected, aliquoted and the protein concentration determined by
Bradford assay. The purified proteins were visualised by SDS- PAGE gel electrophoresis and

Coomassie blue staining. Purified proteins were stored at -80°C.

2.4.14 RNA extraction

Cells were harvested, centrifuged at 1200rpm for 5 minutes at 4°C and the pellet was
disrupted by flicking the tube. The sample was homogenised in Smls Trizol (Invitrogen) by
pipetting up and down several times. The homogenised sample was incubated at room
temperature for 5 minutes to allow for the complete dissociation of nucleoprotein complexes.
Iml of chloroform was added and the sample tubes were vigorously shaken by hand for 1
minute, followed by incubation at room temperature for 3 minutes. Samples were centrifuged
at 12,000 x g for 15 minutes at 4°C, which resulted in the mixture being separated into a lower
red, phenol-chloroform phase containing DNA and protein, and a colourless upper aqueous
phase, which contains the RNA. The aqueous phase was transferred to a fresh tube and the
RNA precipitated by incubating the sample with isopropanol (2.5mls) at -20°C overnight.
The next day the sample was centrifuged at 12,000 x g at 4°C for 10 minutes, the supernatant
removed and the pellet washed in 5mls of 70% ethanol (v/v). Samples were then mixed by
vortexing before further centrifugation at 7,500 x g for 5 minutes at 4°C. The pellet was

resuspended in 100ul RNase free water and stored at -80°C.

2.4.15 RNA purification

A Qiagen RNeasy Mini Kit was used to purify the RNA. To create conditions that promote
selective binding of RNA to membrane in the RNeasy mini column, 350ul of buffer RLT
(without B-mercaptoethanol) was added to the RNA and thoroughly mixed. 250ul of absolute
ethanol was then added, mixed, and the sample transferred to an RNeasy mini column placed

in a 2ml collection tube. Columns were centrifuged for 15 seconds at 8,000 x g, the flow
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through discarded and 500ul of Buffer RPE was added to the RNeasy column to wash the
spin column membrane. Columns were centrifuged again at 8,000 x g for 15 seconds, the flow
through discarded and the columns washed again in 500ul of 80% (v/v) ethanol, followed by
centrifugation at 8,000 x g for 2 minutes. The flow through was discarded and the tubes spun
again for an additional 5 minutes at 12,000 x g to remove any residual ethanol. The RNeasy
column was transferred to a new 1.5ml collection tube and the RNA was eluted by the
addition of 25ul of RNase-free water pipetted directly onto the spin column membrane

followed by centrifuging at 8,000 x g for 1 minute.

The RNA was then treated with TURBO DNase free kit (Ambion) to remove any
contaminating DNA. 2.5ul of 10X TURBO DNase buffer and 1ul TURBO DNase was added
to the RNA, mixed gently and incubated at 37°C for 30 minutes. The DNase was inactivated
by adding 2.5ul of DNase Inactivation Reagent and incubated for 2 minutes at room
temperature with occasional mixing to redisperse the DNase Inactivation Reagent. Treated
RNA was spun at 10,000 x g for 2 minutes and the supernatant, which contains the RNA was

transferred to a fresh tube and stored at -80°C.

2.4.16 Determination of RNA integrity and concentration

The concentration of the RNA extracted was determined by measuring the optical density
(OD) at Azeonm using a nanodrop spectrophotometer, with 1 Azgonm Unit being an equivalent of
40pg of RNA in 1ml distilled water. The integrity of the total RNA extract was determined by
agarose gel electrophoresis on a 0.8% agarose gel, visualised using the Safe Imager blue-light
transilluminator. Intact RNA exhibits clear 28S and 18S rRNA bands, with the intensity of
the 28S band being approximately twice that of the 18S (Figure 2.1). RNA purity was
determined by measuring the Ajs0/Azs0nm ratio. Readings of 1.9-2.1 demonstrated that the

RNA was pure and protein free (lower than 1.6 indicates protein contamination).

2.5 QUANTITATIVE RT-PCR (qRT-PCR)

2.5.1 Reverse transcription

To synthesise cDNA, the Reverse Transcription System (Promega) was used. The reaction

mixture was made up as follows: 4ul MgCl,, 2ul 10X Reverse Transcription Buffer, 2ul
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bp
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3054
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Sample 1: Control siRNA Ohrs post IR
Sample 2: Control siRNA 4hrs post IR
Sample 3: 53BP1 siRNA Ohrs post IR
Sample 4: 53BP1 siRNA 4hrs post IR

Figure 2.1 Assessment of RNA samples on a 0.8% agarose gel. 2yl of RNA was run on a
0.8% agarose gel to confirm the integrity of the RNA. M denotes DNA molecular weight
marker.
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dNTP mixture (10mM each dNTP), 0.5ul Recombinant RNasin® Ribonuclease Inhibitor,
0.7ul (15U) AMV Reverse Transcriptase (High Concentration), 1l (0.51g) Random primers,
lul of RNA, which had previously been incubated at 70°C for 10minutes, spun briefly and
placed on ice and RNase-free water to a total volume of 20ul. The reaction was incubated at
room temperature for 10 minutes to allow extension of the primers, then incubated for 15
minutes at 42°C, followed by heating at 95°C for 5 minutes and cooling at 0-5°C for 5 minutes

to inactivate the AMV Reverse Transcriptase and prevent it from binding to the cDNA.
cDNA was stored at -20°C.

2.5.2 Primer design

Primers were designed using the guidelines outlined by Applied Biosystems, which are:

» Primers can be designed as close as possible to each other provided that they do not
overlap (amplicons of 50-200bp are strongly recommended).

» Keep the GC (guanine-cytosine) content in the 20 to 80% range.

» Avoid runs of an identical nucleotide. This is especially true for guanine, where runs
of four or more Gs should be avoided.

» The melting temperature should be 58-60°C

» The five nucleotides at the 3" end should have no more than two G and/or C bases.

A list of primers used is contained in Table 2.6. All primers were ordered from Thermo
Electron (Thermo Fisher Scientific), and resuspended at a concentration of 200uM and stored

at -20°C. Stocks were diluted to 20uM for use.

2.5.3 Primer optimisation

RT-PCR was carried out using the dsDNA binding dye SYBR Green 1, which is incorporated
into the amplicon during the PCR. Primers were optimised to determine the minimum primer
concentrations giving maximum specific product and minimum non-specific product. This is
achieved by independently varying the primer concentrations. 0.1uM, 0.05uM and 0.025uM
were tested over a temperature range of 50-66°C. cDNA from U20S cells was used for primer
optimisation. Following the PCR reaction, 14pul of the PCR product was run on a 4% agarose

gel and analysed to determine the optimal primer conditions (Figure 2.2, Table 2.6).
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2.5.4 qRT-PCR reactions

Reactions were performed using SYBR Green 1 Master Mix (Applied Biosystems), which is
supplied in 2X concentration and contains SYBR Green 1 dye, AmpliTaq Gold® DNA
polymerase, dNTPs with dUTP, passive reference dye and optimised buffer components.
Gene specific primers (at the optimal concentration) were added to the SYBR Green 1 master
mix and water added to bring the volume of each reaction to 25ul (Table 2.6). This was added
to 2.5ul cDNA, which had been dispensed into a 96 well optical plates (Applied Biosystems)
(Figure 2.3). Reactions were made up as shown in Table 2.7. These were run on the ABI7500
Real Time PCR machine under the following conditions: 1 cycle of 94°C for 10 minutes, 40
cycles of 94°C for 1 minute, 50-66°C for 1 minute (optimal temperature determined was

used), 72°C for 1 minute and 1 cycle of 72°C for 5 minutes.

After completion of the PCR reaction, dissociation curve analysis was carried out, which is
independent of the PCR. Dissociation curves allow the purity of the product to be assessed
and are useful for determining the presence of multiple species in the samples, which are
normally primer-dimer artefacts or co-amplified alleles (Figure 2.2). The results were
analysed using the Applied Biosystems Sequence Detection Software version 1.3.1. Relative
quantitation was performed using the relative standard curve method, in which quantity is
expressed relative to a control sample, which was untreated U20S cells. The standard curve
was generated by using serial dilutions of RNA from U20S cells (control sample). To
generate relative gene expression levels, the threshold cycle (cycle number at which
logarithmic PCR plots cross a calculated threshold line, Ct, with Ct values decreasing as
template concentration increases) values between the gene of interest and the 18S ribosomal
RNA subunit were normalised. 18S ribosomal RNA subunit was used as an endogenous

control and each experiment was carried out in triplicate.
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Primer Name Sequence Concentration | Annealing
(LM) Temperature
C)

BAG4 Forward 5’-GCTTCTCCTGGTGCTTATGG-3’ 0.1 58
BAG4 Reverse 5’-CTGATGGACACTGCAAGGAA-3’
TNFRSF9 5’-AAACGGGGCAGAAAGAAACT-3’ 0.1 58
Forward
TNFRSF9 5’-GGGGGAATCCTGGGTATTAT-3’
Reverse
FADD Forward 5’-CCGATGTCATGGAACTCAGA-3’ 0.05 60
FADD Reverse | 5°-GCGGGAGAGGCATTAATAAAC-3’
IKIP 1 Forward 5’-TGCAAAGGTGGAAAACCAAT-3’ 0.05 60
IKIP 1 reverse 5-CTGCTCAAACTGGGTCATCA-3’
IKIP 2 Forward 5’-TGCAAAGGTGGAAAACCAAT-3’ 0.1 60
IKIP 2 Reverse | 3’-AAAGCGTCGTCAGACTGTTG-3’
IKIP 3.1 Forward | 5’GCAGAAATCTGAAGCTATCATGG | 0.05 62
IKIP 3.1 Reverse | -3’

5’-TCTTGAGAAAGCGTCGTCAG-3’
G3BP2 Forward | 5’-GGAAACGTTGTGGAACTTCG-3" | 0.025 60
G3BP2 Reverse 5’-GCCTAATATCCCTGCGATCA-3’
LMNBI1 Forward | 5’-TGGGCGTCAAATTGAGTATG-3’ 0.05 60
LMNBI1 Reverse | 5-CGGCTTTCCATCAGTTCTTC-3’
UBE2W Forward | 5~ AAGAGACGACCACCGGATAA-3* | 0.05 60
UBE2W Reverse | 5’-CCCAGAATGCACACGAGTAA-3’
RAD23B 5’-AACACCTCAGGAAAAAGAAGC-3’ 0.1 62
Forward
RAD23B Reverse | 3'-CCCAAGTCATCCCAGACAAT-3’
SH3MD2 5’-CCTGGGTCCTGTCTTGAATG-3’ 0.025 60
Forward
SH3MD2 5’>-TTTGAACCAGCCATCCTCTC-3’
Reverse
ESCO2 Forward | 5’-TCCAGAATCCCCAAGCTCTA-3’ 0.05 64
ESCO2 Reverse | 5’-GGGGTGTTGCAGTACTTGGT-3"
SUMO3 Forward | 5’-GGCAGCCAATCAATGAAACT-3* | 0.05 60
SUMO3 Reverse | 5-TCATCGTGGTGAATGTCCTC-3’
BIRC4 Forward | 5-GGGGTTCAGTTTCAAGGACA-3’ 0.05 60
BIRC4 Reverse 5’-CGCCTTAGCTGCTCTTCAGT-3’
XRCC4 Forward | 5’-GAGCAGGACCAGCTGATGTA-3* | 0.05 60
XRCC4 Reverse | 5°- TTCTGCAATGGTGTCCAAG-3°
TP53INPI 5’-CCTCCAACCAAGAACCAGAA-3> |0.025 62
Forward
TP53INP1 5’-TCAGCCAAGCACTCAAGAGA-3’

Reverse
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GAS6 Forward 5’-TTGACTTCCGGACCTTTGAC-3’ 0.025 62
GASG6 Reverse 5’-GCATCCCTGTTGACCTTGAT-3’

CDKNI1B 5’-AAGAAGCCTGGCCTCAGAAG-3 | 0.05 60
Forward

CDKNI1B 5’-ACAGGATGTCCATTCCATGA-3’

Reverse

STAT3 Forward | 5-GCTGGTCAAATTCCCTGAGT-3’ 0.05 60
STAT3 Reverse | 3’-CCGTTGTTGGATTCTTCCAT-3’

REV3L Forward | 5>-ACAGGCCATATGGGAAGATG-3* | 0.025 60
REV3L Reverse 5’-CTGGGATCCATCGCTGTAGT-3’

CHESI Forward | 5°’-CTGGGTGGAAAAACTCAGTG-3’ 0.05 60
CHES1 Reverse 5’-ATTGAACACGTGTGGGTGTG-3’

XPA Forward 5’-ATGCGAAGAATGTGGGAAAG-3’ | 0.05 60
XPA Reverse 5’-CCCATTGTGAATGATGTGGA-3’

18S Forward 5’-AGGAATTCCCAGTAAGTGCG-3’ 0.1 58-64
18S Reverse 5’-GCCTCACTAAACCATCCAA-3’

Table 2.6 Sequences of the RT-PCR primers used in this study. All primers were

designed following the guidelines provided from Applied Biosystems.

Component Volume per reaction Final Concentration
2X SYBR Green PCR Master Mix 12.5ul 1X

Forward primer Variable 0.025-0.1pM
Reverse primer Variable 0.025-0.1uM
cDNA 2.5ul 2.5ng

Water 7.5-11.25ul -

Total 25ul -

Table 2.7 Components used to make up the reaction mix for RT-PCR.
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Temp0°C 50 52 54 56 58 60 62 64 66

cDNA _ 4+ _ % - + 4+ - 4+ - + — + — + — +

60°C 0.05uM

Dissociation Curve
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0200
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0.000

Temperature (C)

Figure 2.2 RT-PCR optimisation. Each set of primers was optimised to see which
temperature and concentration resulted in the greatest amount of product in complete
absence of any primer dimers. Dissociation curves were then checked on the RT-PCR
machine to verify specificity.
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1 2 3 4 5 6 7 8 9 10 11 12
A NTC |NTC |NTC | Con |Con |Con | Con | Con |Con | Con Con Con
1:5 [ 1:5 | 1:5 | 1:10 1:10 1:10
B Con Con Con Con | Con | Con | Con | Con | Con | 53BP1 | 53BP1 | 53BP1
1:20 1:20 1:20 Ohr | Ohr | Ohr | 4hr | 4hr | 4hr | Ohr Ohr Ohr
C 53BP1 | 53BP1 | 53BP1
4hr 4hr 4hr
D|NTC |NTC |NTC |Con|Con |Con | Con | Con | Con |Con Con Con
1:5 | 1:5 | 1:5 | 1:10 1:10 1:10
E Con Con Con Con | Con | Con | Con | Con | Con | 53BP1 | 53BP1 | 53BP1
1:20 1:20 1:20 Ohr | Ohr | Ohr | 4hr | 4hr | 4hr | Ohr Ohr Ohr
F 53BP1 | 53BP1 | 53BP1
4hr 4hr 4hr
G
H
Figure 2.3~ RT-PCR plate layout. Each experiment was carried out in triplicate and

serial dilutions of RNA from untreated U20S cells were used for relative quantification.
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2.6 MICROARRAY TECHNIQUES

The microarray study was conducted in collaboration with Dr Mike Hubank at the Institute of

Child Health Microarray Facility, University College London.

All the microarray techniques were conducted according to the Gene Chip Expression

Analysis Technical Manual from Affymetrix (http:/www.affymetrix.com/support/index.affx).

An overview of the microarray procedure is given in Figure 2.4

2.6.1 First and second cDNA synthesis

Sug of RNA was reverse transcribed using the T7-Oligo (dT) promoter primer in the first
strand synthesis reaction to produce single stranded cDNA. This ¢cDNA then underwent
second strand synthesis using E. coli RNase H and DNA pol 1. The RNase H activity is used
to create short RNA fragments in the RNA:DNA heteroduplex that function as primers for
second strand cDNA synthesis by E. coli DNA pol 1. The addition of bacteriophage T4 DNA
polymerase to the reaction creates blunt double-stranded DNA. The cDNA was then purified
and the integrity was checked by running a sample on an agarose gel before proceeding to the

generation of cRNA.

2.6.2 Invitro transcription-cRNA labelling reaction

Biotin-labelled cRNA was synthesised by transcribing in vitro the double-stranded cDNA
using biotin-labelled ribonucleotides and the T7 RNA polymerase, which binds to its
promoter in the double stranded cDNA. The cRNA was purified to remove any enzymes or
unincorporated ribonucleotides. The optical density of biotinylated cRNA was measured to
determine concentration and confirm purity (260/280 ratio = 1.9-2.1) before it was

fragmented for hybridisation.

2.6.3 cRNA fragmentation and hybridisation

Typically, 15ug of cRNA was fragmented into 50-200 base fragments and then hybridised to
the probe array for 16 hours. The Affymetrix U133 Plus 2.0 GeneChip oligonucleotide
microarray was used, which contains 54,120 probe sets, corresponding to around 38,500
genes. The probe arrays were washed with a series of stringent and non-stringent buffers and

then stained using Streptavidin Phycoeruthrin (SAPE), which binds tightly to biotin.
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Figure 2.4  Schematic representation of microarray procedure. Following extraction,
RNA was subjected to first and second strand cDNA synthesis using T7 (dT) primer and
dNTPs. The double stranded cDNA was cleaned up, which involved ETOH precipitation.
Biotin labelled ¢cRNA was synthesised from the double stranded c¢DNA by in vitro
transcription (IVT) using biotinylated ribonucleotides and subsequently underwent a further
ETOH cleanup step. After determination of the purity and concentration, the biotinylated
c¢RNA was fragmented at 94°C followed by hybridisation on to Ul33 plus 2.0 Affymetrix chip.
The hybridised probe array was stained with streptavidin phycoerythrin conjugate and
scanned by the GeneChip® Scanner 3000. The amount of fluorescent light emitted is
proportional to the abundance of RNA at each location on the probe array. Data analysis
was then carried out, which comprised of normalisation, filtration and statistical tests.
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2.6.4 Probe array scan

After the wash protocol, the probe arrays were scanned using an Affymetrix GeneChip
Scanner 3000, which is controlled by the Affymetrix Microarray Suite (MAS) 5.0 program.
The laser scanner determines the amount of bound biotinylated cRNA indirectly through the
streptavidin-conjugated phycoerythrin fluorescence at each feature within a probe set. The
Affymetrix MAS 5.0 programme analyses the data and computes a single intensity value for
each probe set. The software then applies a statistical expression algorithm to determine the
expression levels of each gene. Further details of the algorithm applied by the Affymetrix
MAS 5.0 software can be found in the GeneChip® Operating Software Manual that can be

obtained from www.affymetrix.com. This software also provides indicators of sample

integrity, assay execution and hybridisation performance through the assessment of control

hybridisations.

2.6.5 Data analysis using GeneSpring-GX software

With the help of Dr Eliot Marston, detailed analysis of microarray data was performed using
the GeneSpring-GX software, version 7.3.1 (Agilent Technologies). An overview of the

microarray data analysis is given in Figure 2.5.

2.6.5.1 Normalisation

The raw data from MAS 5.0 was exported to GeneSpring and normalisation carried out to
allow microarray experiments from different samples and different arrays to be compared.
(Brazma ef al 2001, Quackenbush 2002, Bolstad et al 2003, Leung and Cavalieri 2003). First,
the data was duplicated to allow normalisation to be performed in two separate ways. The
results for one of the datasets were normalised to the 50" percentile of total expression value
data for each chip, so that the genes at the median level of each array had a value of 1. Per-
chip normalisations control for chip-wide variations caused by experimental artefacts. The
data was also normalised to the median for each genes across the arrays to enable relative
expression values to be assigned per gene per array. This allowed the data to be examined in
terms of relative expression levels before and after IR between the control and 53BP1 siRNA
treated samples. In contrast, the other dataset was similarly normalised to the 50™ percentile
of total expression value for each chip, but each gene post-IR was normalised to its pre-IR
equivalent. This gave expression values of 1 for each gene pre-IR and fold change values for
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Scanning

Export data into
GeneSpring software

PRE-NORMALISATION POST-NORMALISATION

: ANALYSIS .
UNIVARIATE MULTIVARIATE
Keep data within GeneSpring software Export data to Excel
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Multiple testing corrections '
Clustering Data visualisation

Figure 2.5  Schematic diagram illustrating how the microarray data was analysed.
Following scanning of the GeneChips, the data from the MAS 5.0 program was exported to
GeneSpring for normalisation and analysed by either univariate (single genes) or
multivariate (biological pathways). GeneSpring was used to perform univariate analysis, in
which the normalised data was filtered based on p-value and fold change before it was
subjected to statistical tests to determine significance. The genes that passed the strict criteria
were clustered and visualised on a heat map generated using TreeView. To analyse data by
multivariate analysis, the data was first exported and filtered in Excel before being analysed
and visualised using GSEA.

108



Chapter 2

each gene post-IR. This enabled identification of those changes in gene expression levels that

occurred solely in response to IR.

2.6.5.2 Filtration

Following normalisation, the results were filtered in two main ways to reduce the number of
genes. Firstly, using the detection p-value assigned to each transcript by the MAS 5.0
software. MAS 5.0 evaluates the abundance of each transcript represented and labels it as
either present, marginal or absent. The p-value indicates the statistical significance of the
presence of each transcript. The p-value cutoff assigned by MAS 5.0 programme is 0.05,
however, on recommendation by Dr Mike Hubank only those genes with a p-value of less
than 0.1 were retained for analysis. This is because the MAS algorithm is overly-stringent for
calculating p-values. Genes that were either not expressed at all or were expressed at very low
levels were excluded. Secondly, the data was filtered using fold changes in gene expression
levels, so that any gene with less than a 2 fold change before IR or a 1.5 fold change in
response to IR between control and 53BP1 siRNA treated samples were omitted from the

analysis.

2.6.5.3 Statistical tests

To identify which of the genes selected from the filtering process were significantly
differentially expressed, the data was analysed using a paired t-test (‘Welch’ t-test) and
multiple testing corrections (MTC). MTC is very stringent and adjusts the p-values from
multiple statistical tests to correct for the occurrence of false positives (i.e. genes that were
falsely called differentially expressed when they were not) (Noble 2009). For analysis of pre-
IR transcriptional differences, a paired t-test along with MTC was conducted between the
unirradiated control and 53BP1 siRNA treated samples. Genes which were over- or under-
expressed in the control siRNA treated samples in comparison to the 53BP1 siRNA treated
samples were identified. In contrast, to analyse the response to IR, a paired t-test with MTC
was conducted between the pre-IR and post-IR expression levels to determine which genes
were significant. Following this, the genes were separated into those that were up-regulated or
down-regulated in response to IR in the control siRNA treated samples compared to the

53BP1 siRNA treated samples.
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2.6.5.4 Clustering

Again with the assistance of Dr Eliot Marston, clustering was performed on the microarray
data using the Cluster 3.0 program and the results were visualised using the TreeView

software (http://rana.lbl.gov/EisenSoftware.htm, (Eisen et al/ 1998)). Data was exported from

GeneSpring and loaded into the Cluster 3.0 program where complete linkage clustering was
performed. Clustered data was then displayed as heat maps generated using TreeView. This
allowed visualisation of gene expression patterns between control and 53BP1 siRNA treated

samples before IR and in response to IR.

2.6.5.5 Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) (Subramanian et a/ 2005) was performed on the
microarray data with the help of Dr Carmel McConville. GSEA is designed to test whether
differentially expressed genes belong to specific functionally related gene sets (e.g. genes
belonging to common pathways or responding to specific stimuli) and is freely available at

http://www.broadinstitute.org/gsea/. To decrease the complexity of the data, normalised

expression values for 54,614 probe sets were reduced by approximately 35% to 35,462 probe
sets by excluding genes with expression values less than 1.5 fold. In addition, multiple probe
sets for a given gene were replaced by the probe set with the maximum expression value to
prevent inflating the enrichment score for any particular gene. This further reduced the dataset
to 15,803 genes. GSEA analysis was then conducted to ascertain the enrichment score for all
the functional gene sets in the Molecular Signatures Database (MsigDB) 1.0 geneset database,
which had a minimum of 15 genes and maximum of 500 genes

(http://www.broadinstitute.org/gsea/msigdb/index.jsp). This resulted in a total of 247 out of a

possible 522 gene sets being used for the analysis. Significance values (p-values) were
calculated and a false discovery rate (FDR) score produced using adjustment multiple
hypothesis testing as described (Subramanian et a/ 2005). FDR score was used as an indicator
of the probability that an observed result represents a false positive finding. Significance was
determined using a cutoff FDR value of less than 0.25, which means that there is less than a

25% chance of a particular gene set being a false positive result.
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CHAPTER 3 53BP1 STIMULATES THE

TRANSCRIPTIONAL ACTIVITY OF p53 AND p300

3.1 INTRODUCTION

The tumour suppressor protein p53 plays a crucial role in preventing genomic instability. In
the absence of cellular stress, p5S3 forms a ternary complex with HDM2 and HDMX, which
together with CBP/p300 promotes p53 degradation via the ubiquitin-dependent proteasomal
system (Espinosa et al 2003, Ferreon et al 2009, Grossman et al 2003). Upon activation by
DNA damage, p53 coordinates a complex cellular response, which can lead to cell-cycle
arrest at the G1/S or G2/M transition stages, DNA repair, senescence or apoptosis (Sengupta
and Harris 2005, Vousden and Prives 2009). Cell cycle arrest is achieved primarily through
transactivation of p53 target genes such as p21, GADD45 and 14-3-3c¢ (Bartek and Lukas
2001, Taylor and Stark 2001), whereas induction of pro-apoptotic genes including PUMA,
NOXA, FAS and BAX results in apoptosis (Pietsch et al 2008).

Due to the involvement of p53 in coordinating a plethora of cellular processes, it is not
surprising that its activity is regulated by a complex series of interconnected mechanisms. Of
these, the most well studied is modifying the function of p53 via altering patterns of post-
translational modifications such as phosphorylation, acetylation, ubiquitylation and
sumoylation (Kruse and Gu 2009). Whilst post-translational modifications play an important
role in p53 regulation, an increasing array of cofactors are being identified that influence p53
activity and confer specificity to the p53 response by selectively controlling the expression of
certain p53 responsive genes. Under conditions of repairable DNA damage, p53 has been
shown to interact with cofactors that strongly promote cell cycle arrest such as iASPP, which
antagonises the expression of apoptotic genes (Bergamaschi et al/ 2003). p53 also interacts
with MUCI, which facilitates p21 expression but represses BAX expression (Wei et al 2005),
Hzf, which has been shown to preferentially transactivate cell cycle arrest rather than
apoptotic genes (Das ef a/ 2007) and YB1, which blocks BAX expression (Homer et al 2005).
In the presence of irreparable DNA damage, there are also cofactors that associate with p53
and promote transactivation of pro-apoptotic genes and the repression of cell cycle genes.

These include ASPP1 and 2 (Samuels-Lev et a/ 2001) and Pinl, which has been shown to
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dissociate p53 from 1ASPP, thereby promoting apoptosis (Mantovani et al 2007).
Furthermore, both pl18/Hamlet and the p52 subunit of NF-kB have been reported to be
recruited to the promoters of a subset of pro-apoptotic target genes resulting in induction of

their transcription (Cuadrado et al/ 2007, Schumm et al 2006).

Two well known p53 transcriptional co-activators are CBP /p300 (Grossman 2001), which are
highly homologous proteins that possess acetyltransferase activity (Arany ef al 1994, Ogryzko
et al 1996). However, CBP/p300 have also been shown to interact with a wide array of other
transcription factors such as the signal transducers and activators of transcription (STAT)
family (Horvath 2000), NF-kB (Gerritsen et al 1997), the E2F family (Marzio et al 2000) and
the AP-1 family (Bannister and Kouzarides 1995, Lee et al 1996b), as well as components of
the basal transcription machinery including TFIIB and TAT-binding protein (Imhof et al
1997, Kee et al 1996, Nakajima et al 1997). CBP/p300 are important regulators of many
cellular processes such as proliferation, apoptosis, differentiation and angiogenesis and are
involved in preventing the development of cancer (Goodman and Smolik 2000, Iyer et al
2004). The ability of CBP/p300 to interact with multiple transcription factors and the basal
transcription machinery has led to the proposal that these co-activators function as signal
integrators by coordinating complex signal transduction events at the transcriptional level

(Kamei et al 1996).

CBP/p300 are large modular proteins that share several conserved regions, which constitute
most of the known functional domains in these proteins (Arany et al/ 1994, Dyson and Wright
2005). Along with the KIX domain, the CHI domain and CH3 regions serve as binding sites
for the majority of the transcription factors that interact with CBP/p300 (Goodman and
Smolik 2000). However, due to the intracellular levels of CBP and p300 being limited and
several transcription factors binding to the same domains, it has been shown that there is
competition between transcription factors for CBP/p300 and this impacts on the
transcriptional response (Horvai et al/ 1997, Kamei et al 1996, Webster and Perkins 1999).
CBP/p300 also contain two transactivation domains at the N- and C-terminus, which function
to potentiate the activity of transcription factors by interacting simultaneously with the basal
transcription machinery and the transcription factor (Bisotto et al 1996, Lee et al 1996b,
Swope et al 1996, Yuan et al 1996). The ability of CBP/p300 to modulate the activity of

transcription factors is controlled post-translationally by multiple signalling pathways that
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regulate their sumoylation (Girdwood et al 2003), methylation (Xu et al/ 2001b), acetylation
(Hansson et al 2009, Thompson et al 2004) and phosphorylation (Vo and Goodman 2001).

The intrinsic activity of CBP/p300 is also regulated via interactions with other proteins. The
p68 RNA helicase and the CDK inhibitor, p21 have been shown to enhance CBP/p300
transcriptional activity (Rossow and Janknecht 2003, Snowden et al 2000), whereas in
contrast, cyclin D1 has been demonstrated to repress p300 transactivation through recruitment
of HDACs (Fu et al 2005). The p300 cofactors, JMY and Strap form a complex with p300
and increase its transcriptional activity specifically in response to DNA damage. This results
in an increase in p53 acetylation and p53-dependent apoptosis (Demonacos et al 2001,
Shikama et al 1999). More recently, Skp2 was identified as a p300 cofactor and was shown to
antagonise the interaction between p300 and p53 by binding to p300, thereby preventing the
acetylation of p53 and suppressing its ability to induce apoptosis (Kitagawa et al 2008). This
mode of regulation of CBP/p300 activity adds additional complexity and specificity to the
transcriptional response, as it demonstrates that modulating the interaction of CBP/p300 with

transcription factors can also influence promoter selectivity.

53BP1 was initially proposed to function as a transcriptional co-activator for p53, based on its
ability to bind to p53 and enhance its transcriptional activity (Iwabuchi et a/ 1998). The
53BP1-p53 interaction was found to be mediated by the DBD of p53 and the C-terminal
region of 53BP1, which contains tandem BRCT domains (Iwabuchi et a/ 1994, Thukral et al
1994). Subsequently, when the crystal structure of the 53BP1-p53 interaction was resolved, it
showed that the central DNA binding region of p53 bound to the N-terminal BRCT domain
and the linker region of 53BP1, which is the region between the two BRCT domains
(Derbyshire et al 2002, Joo et al 2002). Importantly, structural analysis also revealed that the
same p53 residues were involved in binding to both 53BP1 and DNA. This caused
controversy within the field because it provided evidence that it was sterically impossible for
p53 to bind to 53BP1 and DNA simultaneously. More recently, data from two reports showed
that the Tudor domain of 53BP1 can recognise di-methylated lysines on in the C-terminus of
p53, in particular lysine 370 and lysine 382 (Huang ef a/ 2007a, Kachirskaia et al 2008). Di-
methylation of both these lysines has been shown to increase the association of p53 with
53BPI1. Interestingly, in the case of di-methylated lysine 370, 53BP1 was shown to be
required for p53 transactivation of its target genes, whereas no effect was seen on p53
transactivation when 53BP1 was bound to di-methylated lysine 382. This identifies an
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alternative way in which 53BP1 can interact and regulate p53, although it remains to be
determined how the recognition of different methylation sites on p53 by 53BP1 can result in
alternative physiological outcomes. Despite these recent findings, the role of 53BPI as a

transcriptional co-activator of p53 has yet to be firmly established.

Interestingly, 53BP1 was identified as a CBP and p300 interacting protein by mass
spectrometric analysis (GS Stewart, unpublished) along with several other novel CBP and
p300 interacting proteins. Furthermore, for p300 these included proteins involved in the DNA
damage response and DNA repair such as all three components of the MRN complex
(Lamarche et al 2010), Msh6 (Jiricny 2006) and XAB2 (Hanawalt and Spivak 2008). Only
the DNA damage response mediator proteins, S3BP1 and MDCI1 (Stewart et a/ 2003, Wang et
al 2002) were identified as associating with both proteins, although the interaction with CBP
was much weaker than with p300 (Figure 3.1). These data suggest that 53BP1 is interacts
with CBP and p300 in vivo.

The aims of this study were to:

(1) Determine if 53BP1 exists in a complex with CBP and p300 and map the sites

of interaction.

(i1) Ascertain if 53BP1 could act as a transcriptional co-activator of p300 and p53.

3.2 RESULTS

3.2.1 53BPI interacts with CBP and p300 in vivo

To confirm the mass spectrometric analysis, reciprocal co-immunoprecipitation assays were
performed. Endogenous CBP and p300 was immunoprecipitated from whole cell extracts
prepared from HeLa cells using anti-p300 and anti-CBP antibodies that were different to those
originally used in the immunoprecipitation/mass spectrometric analysis and Western blot
analysis was used to determine whether CBP and p300 could associate with 53BP1 in vivo.
Indeed, the co-immunoprecipitation data revealed that 53BP1 interacts with both CBP and
p300 (Figure 3.2). To strengthen this observation, the reciprocal experiment was performed in
which endogenous 53BP1 was immunoprecipitated using an anti-53BP1 antibody and co-

precipitation of CBP and p300 was assessed by Western blot analysis using anti-CBP and
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Figure 3.1 Identification of CBP and p300 immunocomplexes. CBP and p300
immunocomplexes were isolated from HeLa total cell extract using anti-p300 and anti-CBP
antibodies, resolved on a 4-20% SDS-PAGE gel and stained with Coomassie blue. Protein
bands were excised and digested with modified trypsin prior to analysis by mass

spectrometry. The proteins identified are labelled. M denotes molecular weight marker.
(Figure provided by Dr GS Stewart).
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Figure 3.2 Transcriptional co-activators CBP/p300 interact with 53BPI in vivo. 53BP1
and CBP/p300 were immunoprecipitated from HelLa whole cell extract and Western blotting
was used to assess the binding of CBP/p300 and 53BPI respectively. IgG denotes
immunoprecipitates performed using a non-specific IgG antibody as a control. IP and IB are
abbreviations for immunoprecipitation and immunoblot respectively.
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anti-p300 antibodies. As shown in Figure 3.2, CBP and p300 were found in 53BPI
immunocomplexes demonstrating that endogenous 53BP1 physically associates with CBP

and p300 in vivo, thus confirming the mass spectrometric analysis.

The co-immunprecipitation data suggests that S3BP1, CBP and p300 may reside in the same
protein complex. Therefore, to confirm this and to estimate the size of the complex, nuclear
extract was subjected to a two step fractionation process. Initially, the nuclear extract was
fractionated by ion exchange chromatography and then, the bound proteins were eluted in
fractions from the DEAE column by gradually increasing the ionic strength of the elution
buffer by increasing the concentration of NaCl. The levels of 53BP1, p300 and CBP in each
fraction were detected with SDS-PAGE and Western blot analysis. Initial analysis indicated
that all three proteins co-eluted in the same fractions (Figure 3.3). The peak fraction (fraction
7) containing all three proteins was further fractionated by size using a Superose 6 gel
filtration column. Again the fractions were analysed by Western blot analysis and 53BP1,
CBP and p300 could be shown to co-elute in the same fractions. The majority of 53BP1, CBP
and p300 co-fractionated in the void volume (>2 MDa) indicating that these proteins exist in
very high molecular weight complexes. However, it is unclear from these data if 53BP1, CBP
and p300 exist in the same complex since the complex could not be resolved by the gel

filtration column (Figure 3.3).

3.2.2 Mapping interaction sites on 53BP1, CBP and p300

In order to investigate the biological interaction between 53BP1 and CBP /p300, the domains
required for the interaction were mapped on each respective protein using GST pull-down
assays. GST-fused overlapping fragments covering the entire open reading frames of 53BP1,
CBP and p300 were mixed with the corresponding binding protein, which had been in vitro
translated and labelled with [*>S] L-a-methionine. CBP and p300 were found to bind to
fragments 5 and 6 of 53BP1, which encompasses the C-terminal end of 53BP1 (Figure 3.4).
This region contains the tandem BRCT domains, which have been shown to act as protein-
protein interaction moieties (Manke et a/ 2003) and the Tudor domain, which has been
demonstrated to bind to proteins containing methylated lysines and arginine residues (Cote
and Richard 2005, Kim et a/ 2006). In the reciprocal experiment, S3BP1 bound to fragments 1
and 2 of both CBP and p300, which corresponds to the N-terminal region. In addition, 53BP1
also bound to fragment 5 and 6 of CBP, as well as fragments 4 and 5 of p300 (Figure 3.5,
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Figure 3.4 CBP and p300 bind to the C-terminal region of 53BPI. (A) Diagrammatic
representation of 53BPI with the regions encompassed by the six GST-fusion proteins
indicated. (B) 30ug GST fused overlapping fragments covering the entire open reading frame
of 53BPI1 were mixed with either CBP or p300, which had been in vitro translated and
labelled with [”°S] L-c-methionine. Protein complexes were isolated using Glutathione-
Sepharose beads and separated by SDS-PAGE. Radiolabelled proteins were visualised by
fluorography and autoradiography. Coomassie blue stained version of the gel is shown in the
top panel. GST and Adenovirus type 5 EIA proteins were used as a negative and positive
control respectively.
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Figure 3.5 53BP1 binds to multiple regions of p300. (4) p300 protein is represented
diagrammatically, and the regions encompassed by the six GST-fusion proteins are indicated.
(B) 30ug GST fused overlapping fragments covering the entire open reading frame of p300
were purified and mixed with [35S] methionine-labelled in vitro translated 53BPI. GST-
bound proteins were purified with Glutathione-Sepharose beads and separated by SDS-
PAGE. Binding was assessed using fluorography and autoradiography. Coomassie blue
stained gel is shown in the top panel. GST was used as a negative control.
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Figure 3.6

53BP1 binds to the N- and C-terminals of CBP. (A) Diagrammatic

representation of CBP with the six GST-fusion proteins indicated. (B) [°S] methionine-
labelled 53BP1 was incubated with 30ug GST-fused overlapping fragments covering the
entire open reading frame of CBP. Complexes were isolated with Glutathione-Sepharose
beads and fractionated by SDS-PAGE. Radiolabelled proteins were identified by

Sfluorography and autoradiography. Coomassie stained version of the gel is shown in the top
panel. GST was used as a negative control.
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3.6). Despite the observation that 53BP1 bound to different fragments of CBP and p300, it
should be noted that these fragments encompass the same functional domains. These binding
regions contain the KIX domain and the CH1 and CH3 binding domains, which are important
for mediating protein-protein interactions (Goodman and Smolik 2000, Ponting et al 1996,
Radhakrishnan et al 1997), the HAT domain that catalyses acetylation of both histones and
non-histone proteins (Ogryzko et al 1996, Yuan and Giordano 2002) and the glutamine rich
region at the C-terminal end, which is implicated in forming contacts with other co-activators,
most notably those involved in nuclear hormone receptor signalling (Xu et al 1999a).
Interestingly, these binding regions of CBP and p300 identified that mediate an interaction
with 53BP1 have been shown to function as transactivation domains and are able to activate
transcription, suggestive of a possible role of 53BP1 in modulating CBP and p300-dependent
transcription (Lee et al 1996b, Swope et al 1996).

3.2.3 53BPI transactivates p300

Given that CBP and p300 share extensive homology, it is not surprising that they have been
shown to play similar roles, particularly being able to co-activate the same transcription
factors (Chan and La Thangue 2001). In light of this and the fact that 53BP1 binds to the
same functional domains on each protein, a functional link between 53BP1 and p300 was
investigated further. Since 53BP1 bound to the regions of p300 that contain the two
transactivation domains, luciferase reporter assays were performed to determine if 53BP1
could regulate the transcriptional activity of p300. Given that p300 cannot bind DNA itself
and can only be recruited to promoters indirectly by its ability to bind to various transcription
factors. To analyse the effect of 53BP1 on p300 activity, a construct was used in which full
length p300 had been fused to the DBD of the yeast Gal4 transcription factor (Snowden et a/
2000). Co-transfection of this Gal4-p300 fusion construct in conjunction with a reporter
construct containing 5 Gal4 DNA binding sites upstream of the E1B TATA box and firefly
luciferase gene directly allows the transcriptional regulatory function of p300 to be
determined via the Gal4 portion of the molecule mediating DNA binding to the promoter
element of the reporter plasmid. Co-transfection of cells with the construct containing the
Gal4 DBD alone does not induce any transcriptional activity indicating that the gene
expression is mediated by the p300 component of the hybrid Gal4-p300 transcription factor
(Figure 3.7). Therefore, this system allows the effect of 53BP1 on the ability of p300 to
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activate transcription to be studied without complications arising from the recruitment of p300
to DNA via interaction with a separate DNA-bound transcription factor, which may itself be
modulated by 53BP1 or other proteins. As expected, co-transfection of Gal4-p300 and the
Gal4-E1B luciferase reporter construct into p53 proficient U20S cells stimulated luciferase
activity (Figure 3.8a). Interestingly, when increasing amounts of 5S3BP1 were additionally co-
transfected into the cells, an increase in p300 transcriptional activity was observed as shown
by the increase in luciferase expression. This was not seen in the cells transfected with Gal4
alone and indicates that 53BP1 can promote p300-dependent transactivation. Figure 3.8b
demonstrates that the increase in p300 transcriptional activity was not due to an increase in

Gal4-p300 protein levels.

To ensure that the stimulation of p300 by 53BP1 was not cell type specific, the luciferase
reporter assay was also conducted in H1299 cells. Co-transfection of increasing amounts of
53BP1 together with Gal4-p300 resulted in an increase in p300 transactivation, whilst
transfection of Gal4 alone was unable to stimulate p300 transcriptional activity (Figure 3.9a).
This is consistent with the effect observed in U20S cells and suggests that 53BP1 can
modulate p300 transcriptional activity. Again, the increase in p300 transcriptional activity

seen was not due to an increase in Gal4-p300 protein levels as shown in figure 3.9b.

3.2.4 BRCT domains of 53BPI are important for the interaction with p300

The GST pull-down assays revealed that p300 and CBP could interact with 53BP1 via its C-
terminal region, so to identify if this region of 53BP1 was required for p300 transcriptional
activity, various 53BP1 deletion mutants were used in the p300 luciferase reporter assay
(Figure 3.10). 53BP1 is a nuclear protein (Schultz et al 2000), so before the luciferase assay
was conducted, the localisation of each of the 53BP1 deletion constructs was ascertained by
immunofluorescence microscopy to ensure that each construct localised to the nucleus. As
shown in figure 3.11, all the deletion constructs localised to the nucleus except for construct
7, which was found to be cytoplasmic. This construct has the C-terminal half of 53BPI
deleted, which contains the nuclear localisation signal. Despite the nuclear localisation signal
being moved to the beginning of the 53BP1 protein, it does not appear to function correctly,
so this construct was not used in any further experiments. All the other 53BP1 deletion
mutants were transfected into U20S cells along with either Gal4 alone or Gal4-p300 and the

Gal4 E1B luciferase reporter construct (Figure 3.12a). As previously shown increasing the
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Figure 3.7  p300 luciferase assay. Schematic representation of how the Gal4 luciferase
assay functions.
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Figure 3.8  53BPI stimulates p300 transcriptional activity in U20S cells. (4) Cells were
transfected with 300ng Gal4 E1B luciferase reporter construct, 50ng Renilla, 30ng Gal4-
p300 or Gal4 alone and 20, 50, 75, 100 and 120ng 53BPI. Luciferase activity was
normalised to Renilla activity. Data from three independent experiments is presented =+
standard deviations. Significant differences in relative luciferase units in samples with ectopic
expression of 53BP1 compared to samples with endogenous expression of 53BP1 ** p< (.01,
*#% p<0.001. (B) U20S cells were transfected as in A, whole cell extracts were resolved by
SDS-PAGE and the protein levels of 53BP1 and p300 were analysed by Western blot.
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Figure 3.9  53BPI stimulates p300 transcriptional activity in H1299 cells. (1) Cells were
transfected with 300ng Gal4 E1B luciferase reporter construct, 50ng Renilla, 30ng Gal- p300
or Gal4 alone and 20, 50, 75, 100 and 120ng 53BPI. Luciferase activity was normalised to
Renilla activity. Data from three independent experiments is presented + standard deviations.
Significant differences in relative luciferase units in samples with ectopic expression of
53BPI1 compared to samples with endogenous expression of 53BPI1 * p< 0.05, ** p< 0.01,
*H% p<0.001. (B) HI299 cells were transfected as in A, whole cell lysates were prepared,
resolved by SDS-PAGE and immunoblotted with anti-53BP1 and anti-p300 antibodies. SMC1
was used as a loading control.
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amounts of full length 53BP1 (construct 1) resulted in an increase in luciferase expression
indicating an increase in p300 transcriptional activity. In accordance with the observation that
p300 binds to the C-terminal region of 53BP1 (Figure 3.4), deleting residues 1710-1972
(construct 2), which contains the BRCT domains, had a profound effect on p300
transactivation when compared to wild type. Surprisingly, deleting the N-terminal residues 1-
1052 or 1-1710 (construct 5 and 6) also caused a similar reduction in luciferase expression
demonstrating that these mutants can only weakly stimulate p300 transcriptional activity.
However, the mutant in which residues 1235-1616 were deleted (construct 3) only mildly
compromised p300 transcriptional activity when compared to the other 53BP1 mutants
indicating that the GAR domain and Tudor domains are not essential for the 53BP1 mediated
stimulation of p300 transactivation. Interestingly, deletion of residues 1-1052 in addition to
1710-1972 (construct 4) stimulated luciferase expression at a similar level to that of Gal4-
p300 alone, again highlighting that residues 1235-1616 are not crucial for transactivation of
p300. Overall these data suggest that the N-terminal region (residues 1-1052) and the BRCT
domains of 53BP1 are required for p300 transcriptional activity. Western blot analysis shows
the protein expression levels for each of the mutants used in the luciferase assay (Figure

3.12b).

To substantiate the luciferase data and the interaction data, a co-immunprecipitation was
conducted to determine if deleting the BRCT domains altered the interaction between 53BP1
and p300. H1299 cells were transfected with either HA-tagged wild type (construct 1) or the
ABRCT mutant (construct 2), p300 was immunoprecipitated and co-precipitation of HA-
53BP1 was analysed by Western blot analysis. Figure 3.13 revealed that deleting the BRCT
domains of 53BPI1 reduced the interaction between 53BP1 and p300. The deletion mutant
studies demonstrate that the BRCT domains of 53BP1 are important for binding and
regulating the transcriptional activity of p300.

3.2.5 53BPI modulates p53-mediated transcriptional activity

Taken together these data suggest that 53BP1 is acting as a cofactor for p300 because 53BP1
can interact and regulate p300 transcriptional activity. However, 5S3BP1 was originally
identified as a p53 binding protein and despite Iwabuchi et al (1994) showing that 53BP1 can

activate p53 transcriptional activity, there is still controversy in the field about whether 53BP1
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Figure 3.10  Schematic representation of 53BP1 and its derivatives fused to a HA tag. The

constructs are numbered 1-7.
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Figure 3.11  Localisation of 53BPI and its deletion constructs. U20S cells were
transfected with 100ng of each construct and 24 hours later cells were fixed and the
localisation of each construct was analysed by immunofluorescence using the indicated
antibodies.
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Figure 3.12  The N-terminal and BRCT domains of 53BPI are important for p300
transcriptional activity. (A) U20S cells were transfected with 300ng Gal EIB luciferase
reporter construct, 50ng Renilla, 30ng Gal4-p300 and varying amounts of HA-53BPI
constructs as indicated in (B). For the control experiments, 300ng Gal4 EIB luciferase
reporter construct was transfected with 50ng Renilla, 30ng Gal4 alone and either 150ng
construct 1, 150ng construct 2, 120ng construct 3, 50ng construct 4, 50ng construct 5 or
50ng construct 6. Luciferase activity was normalised to Renilla activity. Data from four
independent experiments is presented * standard deviations. (B) U20S cells were transfected
with the indicated amounts of HA-53BP1 fusions, whole cell extracts were subjected to SDS-
PAGE and immunoblotted with indicated antibodies.
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Figure 3.13 BRCT domains of 53BPI1 are important for binding to p300. p300 was
immunoprecipitated from HI1299 whole cell extracts transfected with 1ug of construct 1 and 2
for 24 hours, separated by SDS-PAGE and the binding of p300 to HA-53BP1 was assessed by

Western blotting.
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regulates p53 transcriptional activity (Adams and Carpenter 2006, Mochan et al 2004).
Therefore, to establish if 53BP1 could regulate p53 transcriptional activity, a p53 luciferase
reporter assay was performed. The luciferase gene under the control of 13 consensus p53
DNA binding sites was transfected into the p53 null H1299 cell line together with either wild
type pS3 or mutant p53 (R175H) and increasing amounts of 53BP1. The p53-R175H mutant
is a structural mutant that destabilises the tertiary structure of the p53 DNA binding domain,
therefore preventing p53 from binding to DNA (Bullock ef a/ 2000). In the presence of wild
type p53, luciferase expression increased in a dose dependent manner with increasing
amounts of 53BP1 indicating that 53BP1 can stimulate p53 transcriptional activity. In
contrast, p53 transcriptional activity was not stimulated in the presence of mutant p53 (Figure
3.14a). This result is consistent with previous observations suggesting that 53BP1 can
transactivate p53 in a dose dependent manner in the absence of DNA damage (Iwabuchi et al,
1998) and that this transactivation is dependent on p53 being transcriptionally competent.
Western blot analysis showed that the observed co-activation of p53 by 53BP1 was not due to
ectopic expression of 53BP1 affecting p53 protein levels (Figure 3.14b).

The CDK inhibitor, p21 is an important transcriptional target of p53 because it is the main
effector of p53-mediated cell cycle arrest (el-Deiry et al 1993, Waldman et al 1995).
Therefore to examine if 53BP1 could stimulate p53-dependent transcriptional activity from a
more biologically relevant promoter element, H1299 cells were transfected with a plasmid
containing the luciferase gene under the control of the p53 responsive p21 promoter along
with wild type p53 and increasing amounts of 53BP1. Surprisingly, ectopic expression of
53BP1 significantly repressed p21 transcriptional activity in a concentration dependent
manner in the presence of p53 when compared with induction of p21 by p53 alone (Figure
3.15a). This repression is dependent on p53 because in the absence of p53, 5S3BP1 was unable
to repress p21 expression. Western blot analysis demonstrated that increasing the amounts of
53BP1 had no significant effect on protein levels of p53 (Figure 3.15b). These data suggests
that 53BP1 can suppress p53-mediated transactivation of p21 in the absence of DNA damage.

To probe the functional role of 53BP1 in p53 regulation in a physiological context, wild type
p53 U20S cells were depleted of 53BP1 using siRNA and either mock irradiated or exposed
to 3 Grays of IR. The protein expression levels of p53 and its target genes HDM2, PUMA and
p21 were analysed by Western blot analysis (Figure 3.16). Following DNA damage, the levels
of HDM2 and PUMA were reduced in 53BP1 depleted cells compared to control cells
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Figure 3.14 53BP1 stimulates p53 transcriptional activity. (A) HI1299 cells were
transfected with 150ng of the PG13 luciferase reporter construct, 50ng Renilla, Sng wild type
(WT) or mutant p53 expression constructs and 50, 100, 200, 295ng of an expression plasmid
encoding 53BPI1. Luciferase activity was normalised to Renilla activity. Data from three
independent experiments is presented * standard deviations. Significant differences in relative
luciferase units in samples with ectopic expression of 53BP1 compared to samples with
endogenous expression of 53BPI1 *** p<0.001. (B) H1299 cells were transfected as in A,
whole cell lysates were prepared, resolved by SDS-PAGE and immunoblotted with anti-
53BP1 and anti-p53 antibodies. SMC1 was used as a loading control.
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Figure 3.15 53BPI represses p53-dependent p21 transcriptional activity. (A1) HI1299 cells
were transfected with 200ng of the WWP (p21) luciferase reporter construct, 50ng Renilla,
Sng wild type (WT) or mutant p53 expression constructs and 50, 100, 200, 245ng of an
expression plasmid encoding 53BP1. Luciferase activity was normalised to Renilla activity.
Data from three independent experiments is presented =+ standard deviations. Significant
differences in relative luciferase units in samples with ectopic expression of 53BPI compared
to samples with endogenous expression of 53BPI1* p<0.05, ** p< 0.01, *** p<0.001. (B)
H1299 cells were transfected as in A, whole cell lysates were prepared, resolved by SDS-
PAGE and protein levels of 53BP1 and p53 were assessed by immunoblotting.
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Figure 3.16  53BPI differentially regulates p53 target genes. U20S cells were transfected
with either control or 53BP1 siRNA, 72 hours later the cells were either mock irradiated or
irradiated with a 3 Gray dose and harvested at the times indicated. Whole cell extracts were
separated by SDS-PAGE and immunoblotting used to analyse the protein levels of 53BPI,
p33, serine 15 phosphorylation of p53 and p53 target genes, HDM2, PUMA and p21. SMCI1
was used as a loading control.
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whereas the levels of p21 were increased in the absence of 53BP1. However, in contrast
53BP1 depletion did not affect IR-induced p53 stabilisation or serine 15 phosphorylation of
p53. Therefore, these data indicate that 53BP1 may be differentially regulating the expression

of p53 responsive genes and as a result provide specificity to the pS3 response.

To determine if the increase in p21 protein expression observed in unstimulated cells was due
to loss of 53BP1 enhancing p53-dependent p21 transcriptional activity, 53BP1 depleted cells
were transfected with p53-reponsive p21 luciferase reporter construct together with wild type
p53. As shown in figure 3.17, p21 transcriptional activity was significantly increased in a
p53-dependent manner in cells lacking 53BP1, despite Western blot analysis showing that
p53 protein levels were lower in the 53BP1 depleted cells when compared to control siRNA
treated cells. Interestingly, a small increase in p21 transcriptional activity was also observed
in the absence of p53 indicating that loss of 53BP1 could be affecting other proteins that
regulate p21 transactivation. These findings reveal that the depletion of 53BP1 results in
activation of p21 in a p53-dependent and possibly a p53-independent manner in the absence

of overt DNA damage.

Taken together, these data indicate that that the ability of 53BP1 to modulate p53 target gene
expression is complex, with the promoter sequence, surrounding chromatin, type of cellular
stress and presence of additional regulatory proteins likely influencing whether 53BP1 had a

positive or negative effect on the ability of p53 to activate or repress gene transcription.

3.3 DISCUSSION

Many signal transduction pathways converge at the level of transcriptional co-activators,
which serve as signal integrators that process cellular signals and regulate gene expression
(Naar et al 2001). CBP/p300 are two of the most extensively studied transcriptional co-
activators, which interact with a wide variety of proteins, including many transcription factors
and participate in a broad spectrum of biological activities (Goodman and Smolik 2000). The

data reported here indicates that 53BP1 may function as a cofactor for CBP/p300.

Co-immunoprecipitation studies revealed that 53BP1, CBP and p300 interact with each other
(Figure 3.2). This is consistent with the mass spectrometry data, which originally identified
the interaction between 53BP1 and CBP/p300 (Figure 3.1). Interestingly, almost all the CBP

and p300 interacting proteins that were identified by mass spectrometry were different
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Figure 3.17  Depletion of 53BP1 enhances p53-dependent p21 transactivation. (1) H1299
cells were either mock treated or treated with 53BP1 siRNA, 48 hours later cells were
transfected with 200ng WWP (p21) luciferase reporter construct, 50ng Renilla and 5ng wild
type (WT) p53. Luciferase activity was normalised to Renilla activity. Data from three
experiments is presented * standard deviations. Significant differences in relative luciferase
units in samples depleted of 53BP1 compared to control samples with and without p53*
p<0.05, ** p< 0.01. (B) HI299 cells were transfected as in A, whole cell lysates were
prepared, resolved by SDS-PAGE and protein levels of 53BP1 and p53 were assessed by
immunoblotting.
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(Figure 3.1). This suggests that despite CBP and p300 being highly homologous, they may
perform different functions, particularly in the DDR since the majority of proteins identified
are involved in the DDR. When the interaction sites were mapped, CBP and p300 were found
to bind to the C-terminal region of 53BP1 (residues 1309-1972) (Figure 3.4). This section of
53BP1 encompasses all the domains of 53BP1 including the tandem BRCT domains and the
Tudor domain. Deletion of the BRCT domains of 53BP1 dramatically reduced the interaction
between 53BP1 and p300, although the interaction was not completely abolished indicating
that other regions N-terminal to the BRCT domains are also likely to be involved (Figure
3.12). Furthermore, the identification of two 53BP1 binding regions on CBP and p300
indicates that potentially multiple 53BP1 molecules may bind to a single p300 or CBP
molecule at different sites (Figure 3.5 and 3.6). Alternatively, a single 53BP1 molecule maybe
able to bind to both regions on CBP and p300, although this will depend on the structural
conformation of CBP and p300. Another possibility is that like p53 (Grossman 2001), the
functional significance of the two interaction sites on CBP and p300 is different and therefore,

53BP1 may influence CBP and p300 activity differentially depending on where 53BP1 binds.

Since, the regions on CBP and p300 that 53BP1 binds to encompass the transactivation
domains of CBP/p300, luciferase reporter assays were performed. These demonstrated that
53BP1 can enhance transcription mediated by p300 when fused to the Gal4 DNA binding
domain (Figure 3.8 and 3.9). This was abolished when residues 1-1052 and/or 1710-1972 of
53BP1 were deleted indicating that these two areas are necessary for the ability of 53BP1 to
stimulate p300 transcriptional activity (Figure 3.12 and 3.13). This highlights the possibility
that the BRCT domains of 53BP1 are not only important for 53BP1 to interact with p300, but
also for the ability of p300 to stimulate transcription. Interestingly, since BRCT domains are
phospho-protein binding domains, it is possible that the ability of 53BP1 to bind p300 may be
modulated by phosphorylation (Manke et al 2003, Yu et al 2003). However, to address this
directly, a point mutation in the BRCT domains of 53BP1 that ablates the phospho-peptide
binding would have to be constructed and then the ability of 53BP1 to bind to p300 and
potentiate its transactivation capability determined. Conceivably, it is also possible that
regions of the 53BP1 fragment shown to bind to p300 that are outside the BRCT domains
could also be mediating this interaction. For example, the Tudor domain of 53BP1 binds to
methylated lysines and arginines, therefore methylation of p300 could also facilitate 53BP1
binding to p300 (Cote and Richard 2005, Kim et a/ 2006). Interestingly, BRCA1 has recently
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been shown to interact with p300 via its BRCT domains and this interaction is mediated by
CARM 1-dependent methylation of arginine 754 in p300 (Lee et a/ 2011). This demonstrates
that as well as binding to phosphorylated residues, BRCT domains can also interact with
methylated arginine residues. Therefore, similar to BRCAI, the interaction between 53BP1

and CBP/p300 may be mediated by the BRCT domains of 53BP1 binding to methylated p300.

Interestingly, these data demonstrate that different regions of 53BP1 are important for binding
to p300 and for regulating p300 transcriptional activity. Exactly how the N-terminal portion
of 53BP1 is involved in mediating p300 transactivation is unclear since it does not contain
any known functional domains. However, this region does contain several biological relevant
amino acid motifs. Firstly, this region contains numerous potential phosphorylation target
sites for PIKK family members such as ATM and ATR, which could play a role in regulating
the ability of 53BP1 to potentiate p300-dependent transcription following DNA damage but
would be unlikely to contribute to this activity in unstressed cells (Jowsey et al/ 2007, Traven
and Heierhorst 2005, Ward et a/ 2006). Secondly, residues 54-60 and 85-91 of this region are
two potential KEN boxes, which are sequences recognised by the APC/C activators, Cdc20
and Cdhl (Peters 2006, Thornton and Toczyski 2006). Whilst there is currently no evidence
that links 53BP1 with Cdc20 and/or Cdhl, Lergerski and colleagues have demonstrated that
53BP1 can interact with the Cdc27 subunit of the APC/C (Akhter et al 2004). Interestingly,
CBP/p300 have also been shown to interact with components of the APC/C that can
potentiate the transcriptional activity of both CBP and p300 (Turnell ef a/ 2005). Therefore, it
is also possible that the ability of 53BP1 to activate p300-mediated transcription may involve
other proteins such as the APC/C that could interact with the N-terminus of 53BP1. To
address this directly, N-terminal deletion mutants would need to be used to define the precise
region required for p300-mediated transactivation, which could then be utilised for mass
spectrometry to aid identification of any potential interacting proteins that could be involved
in regulating p300-dependent transcriptional activity. However, taken together, these data
suggest that 53BP1 can interact with CBP and p300 both in vitro and in vivo and stimulate
p300-mediated transcription in the absence of DNA damage.

Since CBP/p300 both function as transcriptional co-activators for numerous transcription
factors, it would be of interest to ascertain if 53BP1 was important for facilitating CBP/p300-
mediated co-activation of any of these transcription factors. One approach to potentially
identify these transcription factors would be to use protein-DNA array technology, which
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allows activity profiling of multiple transcription factors simultaneously (Panomics).
Subsequently, those transcription factors that were identified by the array and whose activity
was also known to be potentiated by CBP/p300 would be investigated further to try to
elucidate the role of 53BP1s ability to bind CBP/p300 in regulating the activity of these

transcription factors and also how this influences the expression of their target genes.

Due to 53BP1 only possessing protein-protein interaction domains, it is considered to
function as a scaffold protein during the DNA damage response and recently, it has been
reported that 53BP1 is required for the recruitment of the checkpoint protein Rifl and the
chromatin remodelling protein EXPANDI to the sites of DNA damage (Huen ef a/ 2010a,
Silverman et al 2004). Consequently, it is plausible to hypothesise that 53BP1 could be
providing a scaffold with which to recruit CBP/p300 to the gene promoters/enhancers or
stabilise them on the DNA once bound, where they can enhance transcription by acetylating
histones in the vicinity of these genes. This would allow CBP/p300 to connect transcription
factors bound to their response elements with the basal transcriptional machinery situated on
gene core promoter sequences simultaneously and further augment transcription by

acetylating the transcription factors.

Alternatively, in many cases, transcription factors bind to response elements, which can be
some distance away from the core promoters where the general transcriptional machinery is
bound (Bulger and Groudine 2010). To facilitate activation of gene expression the
enhancers/transcription factor binding sites and core promoter sequences of genes need to be
brought in close proximity to each other, which would involve the formation of a DNA loop
(Miele and Dekker 2008). Recently, the Mediator co-activator complex and cohesin have
been shown to be important for connecting the enhancers and core promoters of active genes
in murine embryonic stem cells by promoting DNA loop formation and stabilisation (Kagey
et al 2010). Interestingly, it has been reported that 53BP1 facilitates the joining of distant
damaged DNA ends by its ability to increase the mobility of the local chromatin to bring
together the two DNA ends (Difilippantonio et al 2008, Dimitrova et al 2008). Therefore, in
addition to the Mediator co-activator complex and cohesin, S3BP1 could also be involved in
bringing regulatory sequences bound by the transcription factor and its co-activators

CBP/p300 and promoter elements into close proximity by altering the chromatin structure.
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Before 53BP1 was identified as a DNA damage response protein, it was proposed to function
as a transcriptional co-activator of p53 by Stanley Fields and colleagues (Iwabuchi et a/
1998). Recent data from Shelley Berger and colleagues supports this function for 53BP1 and
potentially resolves the controversy surrounding the ability of p53 to bind to DNA and 53BP1
simultaneously by suggesting that the interaction between 53BP1 and p53 is mediated by
post-translational modifications of p53 (Huang ef a/ 2007a). In contrast, when Chen and
colleagues investigated the mRNA expression levels of p53 target genes in 53BP1 deficient
murine thymocytes, they demonstrated that 53BP1 was not required for p53 transactivation.
Moreover, they observed that loss of 53BP1 increased expression of p21 suggesting that
53BP1 was functioning as a co-repressor rather than a co-activator of p53 (Ward et a/ 2005).
One hypothesis that accounts for both sets of conflicting data is the possibility that in fact
53BP1 may not strictly be a co-activator or co-repressor of p53, but rather a modulator of p53
that can differentially regulate p53 responsive genes. Consistent with this, the data presented
here indicates that 53BP1 can both potentiate the transcriptional activity of p53, possibly to
induce HDM2 and PUMA expression following DNA damage (Figure 3.14 and 3.16), and
also repress it, in the p21 expression in unstressed cells (Figure 3.15 and 3.17). This apparent
schizophrenic behaviour of 53BP1 as a regulator of transcription is not unusual and is very
similar to that of the p52 NF-«B subunit and the Tip60/p400 co-activator proteins. In the case
of Tip60 and p400 these proteins have been shown to repress p21 expression in unstimulated
cells, but cooperate with p53 to induce apoptosis in response to UV DNA damage (Tyteca et
al 2006). The NF-kB subunit, p52 has also been shown to be antagonistic to p53 by
suppressing p21 expression in unstimulated U20S cells, but again cooperating with p53 at
other promoters such as PUMA, GADD45a and DR5 and succeeding UV damage (Schumm
et al 2006). Therefore, S3BP1 is unlikely to be functioning as a strict co-activator or co-
repressor of p53, as previously reported, but rather behave as a modulator of p53 function
indicating that in some situations 53BP1 may influence p53 target gene selectivity and as a
consequence the p53-dependent transcriptional response. To understand precisely the
involvement of 53BP1 in modulating p53 function, the expression of other p53 target genes
would need to be analysed to obtain a global view on which aspect of the p53-dependent
transcriptional profile requires 53BP1 and whether this is influenced by specific cellular
stresses. Furthermore, it would be of interest to determine whether 53BP1 binds directly to the

promoters of specific p53-regulated genes or whether other indirect mechanisms are involved
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to ascertain whether this differential regulation of p53 by 53BP1 was occurring at the sites of
transcription or not. Since, it appears that 53BP1 regulates p21 and PUMA differently, the
biological significance of these data would need to be investigated to establish the effect of

53BP1 on cell cycle progression and apoptosis.

In light of the fact that 53BP1 regulates the transactivation potential of p300 (Figure 3.8 and
3.9) and p53 (Figure 3.14), it would be interesting to determine if the increase in p53
transcriptional activity observed was dependent on the ability of 53BP1 to potentiate p300-
dependent increases in gene expression or whether these two events are mutually exclusive.
Interestingly, it has been shown that the p300 cofactors, JMY and Strap can increase p53
acetylation and consequently activate p53 pro-apoptotic target genes through interacting and

enhancing p300 transcriptional activity (Demonacos et a/ 2001, Shikama et al 1999).

Collectively, these data have shown that 53BP1 plays a role in the regulation of p53 target

gene expression, although the precise mechanism remains unclear.
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CHAPTER 4 USE OF GLOBAL GENE EXPRESSION

PROFILING TO IDENTIFY 53BP1 REGULATED GENES

4.1 INTRODUCTION

53BP1 was originally identified in a yeast two-hybrid screen looking for novel p53 interacting
proteins that could potentially modulate p53 transcriptional activity (Iwabuchi et al 1994,
Iwabuchi et al 1998). Up until recently the ability of 53BP1 to bind to p53 and alter its
transcriptional activity was unclear due to contradictory studies demonstrating that p53 could
not bind to 53BP1 and DNA simultaneously (Derbyshire et al 2002, Joo et al 2002).
However, data from Berger and colleagues showed that 53BP1 can recognise and bind to di-
methylated lysine 370 of p53 and enhance p53 transactivation supporting a role for 53BP1 as
a transcriptional regulator (Huang ef al 2007a). Consistent with this notion, in addition to p53,
53BP1 can function as a positive transcriptional regulator of BRCAI gene expression by
binding to a novel palinodromic DNA sequence in the BRCA1 promoter (Rauch et a/ 2005).
Moreover, the murine homologue of 53BP1 has been shown to bind and inhibit the activity of

the transcriptional regulator, p202 (Datta et a/ 1996).

Interestingly, the di-methylated lysine 20 of histone H4 and the di-methylated lysine 79 of
histone H3 that have been shown to directly bind to 5S3BP1 via its Tudor domain are found in
regions of chromatin that are transcriptionally active suggesting that 53BP1 can be localised
to regions of high transcriptional activity (Botuyan et a/ 2006, Huyen et al 2004, Ng et al
2003). Furthermore, data presented in the previous chapter reveals that 53BP1 can interact
and regulate the transactivation function of the transcriptional co-activator p300. Taken
together, these observations suggest that 53BP1, as well as being a DSB repair protein, may
also function as a transcriptional regulator. To address this hypothesis directly, a microarray
approach was utilised to study the gene expression patterns in cells treated with and without
53BP1 siRNA, before and after IR to identify genes whose expression was dependent on

53BP1 and whether their expression was affected by genotoxic stress.
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The aims of this study were to:

(1) Identify any differences in the transcriptional profiles of cells treated with
control and 53BP1 siRNA.

(i1) Determine any specific differences in transcriptional responses between
control and 53BP1 siRNA treated cells following IR-induced DNA damage.

(i11) Identify any cellular pathways that are different between unirradiated control
and 53BP1 siRNA treated cells.

(iv) Ascertain any pathways that are different between control and 53BP1 siRNA
treated cells in response to IR.

To accomplish this, two different analysis methods were used, single gene analysis

(‘univariate’ analysis) and biological pathway analysis (‘multivariate’ analysis).

4.2 RESULTS

4.2.1 Gene expression profiling identified a link between 533BPI and TNFR1
signalling, independent of DNA damage

In response to DNA damage, p53 becomes stabilised and activated, subsequently the
expression of p53 target genes are altered. To determine the optimal time point to analyse the
transcriptional differences between control and 53BP1 depleted samples following irradiation,
the kinetics of p53 induction needed to be established. U20S cells were exposed to 3 Grays of
IR and the protein levels of p53, HDM2 and p21 were analysed by Western blot. As shown in
figure 4.1 the induction of p53 peaked at 4 hours post-IR, which also coincided with maximal
induction of the p53 responsive genes, p21 and HDM2. This demonstrates that p53-dependent
transcription reaches a maximum at 4 hours post-IR and therefore, 4 hours was chosen as the
time following the induction of DNA damage that the transcriptional profile was analysed by

microarray.

To investigate the potential role of 53BP1 in regulating cellular transcription, U20S cells
were transfected with either control or 53BP1 specific siRNA and exposed to 3 Grays of IR,
72 hours after transfection. At 0 and 4 hours post-IR, cells were harvested for both RNA and
protein. The RNA quality was checked by agarose gel analysis and the protein levels of
53BP1 were assessed by Western blot analysis to ensure 53BP1 had been efficiently knocked
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Figure 4.1  p53 transcriptional activity occurs at 4 hours post-IR. U20S cells were
irradiated and harvested at 0, 1, 2, 4, 6, 8 and 24 hours. Whole cell lysates were prepared,

resolved by SDS-PAGE and the protein expression levels of p53, HDM?2 and p21 were
analysed by immunoblotting.
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Figure 4.2 RNA hybridised to the Affymetrix GeneChips was good quality. U20S cells
were treated with either control or 53BP1 siRNA, 72 hours later cells were either exposed to
3 Grays of IR or left untreated. RNA was extracted from whole cell extract and 2ul of each
sample was run on a 0.8% agarose gel to check the quality of the RNA. Data from the three
independent experiments is shown.
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Figure 4.3 53BP1 was efficiently depleted using siRNA. U20S cells were transfected
with either control or 53BP1 siRNA. 72 hours later, cells were exposed to 3 Grays of IR and
harvested at 0 and 4 hours post-IR. Whole cell lysates were lysed, separated on an SDS-
PAGE and immunoblotted with the indicated antibodies. SMCI was used as a loading

control. Data from the three independent experiments is shown.
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down (Figure 4.2 and 4.3). The RNA from each time point was hybridised to an Affymetrix
U133 Plus 2.0 GeneChip for gene expression profiling. To ensure the validity of any changes

in gene expression, three independent experiments were carried out (Allison et al 2006).

4.2.1.1 Univariate analysis of results

Univariate analysis of microarray data examines the expression of individual genes between
two conditions and identifies the genes that have the greatest differential expression.
Therefore, univariate analysis was used to identify those genes whose expression profiles had
differed between the control and 53BP1 siRNA treated samples, and also to determine

whether there was any effect of IR exposure.

4.2.1.1.1 Examination of pre-IR transcriptional differences

The baseline transcriptional differences between the control and 53BP1 depleted samples
were examined to identify genes that were dependent on 53BP1, but independent of exposure
to IR. After the data had been filtered and statistical analysis conducted, the expression
profiles of 779 transcripts (674 genes) were found to differ significantly, 505 of these
transcripts (435 genes) were differentially down-regulated (Figure 4.4) and 274 transcripts
(239 genes) were up-regulated (Figure 4.5) in the 53BP1 depleted samples compared to the
control samples. Analysis of the identified differentially regulated genes using GeneSpring
highlighted a diverse array of cellular functions that did not specifically localise to any one

biological process.

Many of the genes that were down-regulated in the 53BP1 siRNA treated samples functioned
in metabolism including ALDH?2, GK, IDS, MEI and PGKI, several genes had roles in
transcription such as ATFI, MEDIS, ZNF589 and SP4 and other genes included those
involved in ubiquitylation and sumoylation (SH3MD2, UCHLS5, UBE2W, and SUMO3), DNA
repair (RAD23B), cell cycle (ESCO2), and apoptosis (ITNFRSF9 and AMID). Genes that were
found to be up-regulated in the 53BP1 siRNA treated cells also encode proteins involved in
DNA repair such as XPA, REV3L and XRCC4, cell cycle progression including CHESI,
STAG2, CDKNIB, and LATS?2, transcription such as SAP30, NROBI, TC4 and WWTRI, as
well as proteins involved in ubiquitylation and sumoylation (PIAS3, SENP3, USP24) and the
apoptotic and antioxidant protein TP53INP1.

Interestingly, a subset of the genes that were differentially regulated in the 53BP1 depleted
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Figure 4.4  Heatmaps of genes down-regulated in 53BPI1 siRNA treated samples before
IR. Hierarchical clustering of genes was performed using Cluster 3.0 program and heatmaps
were generated using Treeview. Columns represent individual samples and rows correspond
to genes. Colour changes within a row indicate expression levels. Red indicates up-
regulation, green indicates down-regulation
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Figure 4.5  Heatmaps of genes up-regulated in 53BP1 siRNA treated samples before IR.
Hierarchical clustering of genes was performed using Cluster 3.0 program and heatmaps
were generated using Treeview. Columns represent individual samples and rows correspond
to genes. Colour changes within a row indicate expression levels. Red indicates up-
regulation, green indicates down-regulation.
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samples compared to control samples encode proteins that have roles in TNFR1 signalling
pathways. The expression of SH3MD2, G3BP2, EDNI, IKIP, FADD, MMP9, BAG4/SODD
and PLAU were reduced in cells lacking 53BP1 when compared to cells treated with control
siRNA, whereas in contrast, the expression of PI3KCA, PI3KR2, GAS6, BIRC4/XIAP, AKT2,
PIAS3, PAKI, SMAD7, STAT3 and RPS6KAI/RSK1 were increased (Figure 4.6). Activation of
TNFR1 has been demonstrated to occur after a wide variety of stimuli including pro-
inflammatory cytokines and genotoxic stress, which induces the activation of the NF-kB, JNK
and p38 pathways to promote either an inflammatory response and/or survival depending on
the stimuli. Under some circumstances, stimulation of TNFR1 can also induce apoptosis.
However, this is not usually observed since the activation of NF-kB induces expression of its
anti-apoptotic genes (Chen and Goeddel 2002, Karin and Lin 2002, Van Antwerp et al 1996).
The majority of the proteins encoded by this subset of genes identified by the microarray
analysis that were differentially expressed in 53BP1 knockdown cells were either involved in
the NF-kB pathway or in pathways that integrated into the NF-kB pathway, suggesting that
53BP1 may be modulating certain NF-kB-dependent transcriptional responses (Figure 4.7,
Table 4.1 and 4.2).

In summary, examination of pre-IR transcriptional differences between control and 53BP1
depleted samples identified a wide variety of genes that were dependent on 53BP1 for their
expression. These genes were involved in a broad range of cellular processes, but a significant
number of these were involved in metabolism and transcription. However, a small selection of
the differentially expressed genes either functioned in signalling pathways that influenced the

activity of NF-kB or were NF-«kB target genes.

4.2.1.1.2 Analysis of differential responses to DNA damage at 4 hours post-IR

In order to compare the relative expression values between the irradiated samples, the post-IR
samples were normalised to the pre-IR equivalent before comparison. This excluded any
baseline differences and ensured that only those genes whose expression altered in response to
IR were identified. From the analyses, significant differences in the expression of 285 genes
were identified between cells treated with control and 53BP1 siRNA. The expression levels of
147 genes were identified as down-regulated and 138 genes were found to be up-regulated in

the 53BP1 siRNA treated cells compared to the control siRNA treated cells (Figure 4.8). The

153



Chapter 4

Control 2
Control 3
53BP1 1
53BP12
53BP13

-
5
5
c
o
o

SH3MD2
G3BP2
EDN1

IKIP

FADD
MMP9
BAG4/SODD
PLAU
PIBKCA
PIBKR2
GASG6
BIRC4/XIAP
AKT2

PIAS3

PAK1
SMAD7
STAT3

RPS6KA1/RSK1

Figure 4.6 Subset of genes differentially expressed before IR involved in TNFRI
signalling pathways. Heat map showing the 8 genes that were significantly down-regulated
and the 10 genes significantly up-regulated in the 53BPI depleted samples compared to
control samples. Columns represent individual samples and rows correspond to genes.
Colour changes within a row indicate expression levels. Red indicates up-regulation, green

indicates down-regulation.
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Figure 4.7 The involvement of the 18 genes in TNFRI signalling pathways. Engagement
of TNF with its cognate receptor TNFRI results in the release of SODD and formation of a
proximal signalling complex composed of TRADD, TRAF2 and RIPI. RIPI recruits the
TAKI1/TAB2/3 complex thereby promoting activation of the IKK complex. Activated IKK
phosphorylates kB at serine 32 and 36 leading to ubiquitylation by the SCFPTP g3 ligase
and subsequent degradation by the 26S proteasome. NF-kB is released and enters the nucleus
where it can activate its target genes following various post-translational modifications. IxkB o
is resynthesised, dissociates NF-kB from the DNA and exports NF-xB back to the cytoplasm.
TNFRI activate JNK kinase via recruitment of MKK4/7, which activates transcription factors
such as AP-1 and ATF2. TNFRI can also initiate events that lead to apoptosis by forming
another complex containing FADD and either RIP1 or TRADD. This activates caspase 8/10,
which activates effector caspases triggering apoptosis. The genes highlighted in red are up-
regulated whereas the genes in green are down-regulated in the 53BP depleted samples
compared to control samples.

155



Chapter 4

Gene Role in TNFRI1 signalling pathways Reference

BAG4/SODD [ Inhibitor of TNFR1. Binds to the intracellular |(Jiang et al 1999)
domains of TNFR1 preventing TNFR1 from
being constitutively activated.

FADD Involved in TNFR1-mediated apoptosis. (Micheau and
FADD is an adaptor protein that binds to the | Tschopp 2003)
death domain in TRADD via its death domain
resulting in recruitment and activation of
procaspase 8/10.

SH3MD2 E3 ubiquitin ligase that acts as a scaffold (Xu et al 2003)
protein in the JINK pathway

PLAU NF-xB target gene that is important for cell (Smith and Marshall
migration as it degrades the extracellular 2010, Wang et al
matrix 2000)

MMP9 NF-kB target gene that is important for cell (Gum et al 1996)
migration as it degrades the extracellular
matrix

EDNI1 NF-«B target gene that functions in vascular | (Quehenberger et al
homeostasis 2000)

IKIP Identified in a yeast-two hybrid screen using | (Ak and Levine
IKKp as bait. Function in NF-xB signalling is 2010,
unknown, however it was found to promote | Hofer-Warbinek et
p53-dependent apoptosis suggesting that it al 2004)
may have an inhibitory role in NF-xB because
NF-kB and p53 can antagonise each other.

G3BP2 Cytoplasmic protein that interacts with IkBa. | (Prigent et a/ 2000)
and IxkBo/NF-kB complexes through its
ability to recognise the cytoplasmic retention
sequence in IkBa. Therefore, retains NF-xB
in the cytoplasm

Table 4.1 Genes differentially down-regulated in 53BPl siRNA treated

samples

involved in TNFRI1 signalling pathways. Table explains the involvement of the proteins
encoded by these genes in the TNFRI signalling pathways.
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Gene Role in TNFR1 signalling pathways Reference
BIRC4/XIAP  |Anti-apoptotic protein that is not only an NF-«B target gene, |(Hofer-Warbinek et al
but also interacts and activates TAK resulting in activation 2000, Stehlik et al
of IKK complex and therefore NF-kB. 1998)
SMAD7 Inhibitory SMAD of transforming growth factor beta (TGF- |(Hong et al 2007a,
B). Recently, been shown to function as negative regulator of |Hong e al 2007b)
NF-kB by binding to TAB2/3 and preventing TAK1
activation.
In addition, SMAD?7 can inhibit the expression of anti-
apoptotic NF-«xB target genes and therefore sensitise cells to
TNF-induced apoptosis
PI3KCA, PI3KCA (also known as p110a) and PI3KR2 (also known as [(Vanhaesebroeck et al
PI3KR2 and p85P ) are the catalytic and regulatory subunits of PI3K 2010, Vivanco and
AKT2 respectively. Activation of PI3K by receptor tyrosine kinases [Sawyers 2002,
results in recruitment and subsequent activation of AKT. Madrid et al 2001,
AKT can stimulate NF-kB transcriptional activity, although |Sizemore et al 1999,
this has been reported to occur by different mechanisms. Ozes et al 1999,
One mechanism involves the stimulation of the Romashkova and
transactivation potential of p65 via activation of IKKp. Makarov 1999)
In contrast, other reports have shown that AKT activates NF-
kB through activation of IKKa rather than IKKf3
GAS6 Anti-apoptotic protein. Activates NF-kB via the PI3K (Demarchi et al 2001)
pathway.
PAK1 PAK1 is a serine/threonine protein kinase activated by (Foryst-Ludwig and
multiple signalling pathways. Activates NF-kB through Naumann 2000, Frost
IKKB. et al 2000)
RPS6KA1/RSK1|Serine/threonine protein kinase that can stimulate NF-xB (Ghoda et al 1997,
activity by phosphorylating IkBo on Ser32 and inducing its  |Schouten ez al 1997,
degradation. Bohuslav et al 2004)
In response to DNA damage RSK1 is phosphorylated by p53
resulting in activation of pro-apoptotic NF-kB response via
an IKK and IxBa independent mechanism.
STAT3 Interacts with NF-kB at several levels in response to (Welte et al 2003, Lee
inflammation. et al 2009, Yu et al
Can inhibit IKK activity and thereby reduce NF-xB 2009)
inflammatory response.
In tumours, STAT3 directly interacts with p65 preventing
nuclear export of NF-kB and contributing to constitutive NF-
kB activation.
Several NF-xB target gens such as interleukin 6 are important
activators of STAT3
PIAS3 Represses NF-kB activity by interacting with the N-terminal |(Jang et al 2004)
region of p65 and preventing CBP and p300 from binding to
po65.
Table 4.2 Genes differentially up-regulated in 53BP1 siRNA treated samples involved

in TNFRI1 signalling pathways. Table explains the involvement of the proteins encoded by
these genes in the TNFRI signalling pathways.
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Figure 4.8  Heatmaps of genes differentially expressed in response to IR. Hierarchical
clustering of genes was performed using Cluster 3.0 program and heatmaps were generated
using Treeview. (A) Genes significantly down-regulated in 53BP1 siRNA treated samples
compared to control siRNA treated samples post-IR. (B) Genes significantly up-regulated in
53BP1 siRNA treated samples compared to control siRNA treated samples post-IR. Columns
represent individual samples and rows correspond to genes. Colour changes within a row
indicate expression levels. Red indicates up-regulation, green indicates down-regulation.
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function of these genes again varied with many of them being involved in metabolism such as
GPX2, PGKI, PKM2 and ECGFI, transcriptional regulation including C/EBPS, CUXI,
FOXPI and ELFI and also cell cycle regulation, for example AURKB, CCNBI, PLKI and
CROCC.

In conclusion, there were a large variety of genes whose expression was affected in response
to IR and these were mainly involved in metabolism and transcription, although several of the
genes that were up-regulated in the 53BP1 depleted samples were involved in cell cycle
progression suggesting that the cell cycle could be affected in response to IR when 53BP1 is
depleted. Surprisingly, despite IR being a potent trigger of p53 transcriptional activity and
data presented in chapter 3 indicating that 53BP1 could be regulating p53 target gene
expression in response to DNA damage, no p53 responsive genes were found to be
differentially regulated by 53BP1 following IR exposure. This suggests that 53BP1 may not
be playing a role in modulating the expression of p53 target genes induced 4 hours after DNA
damage. However, it is possible that 53BP1 may regulate the expression of p53 target genes

activated at other times following DNA damage.

4.2.1.2 Multivariate analysis of results

Multivariate analysis is designed to assess the impact that multiple gene expression changes
may have on single biological pathways and processes by taking into account interactions
between functionally related genes, since small coordinated changes in gene expression
within a pathway can have a major biological effect even if these changes are not significant
for any individual gene. This method of analysis was used to identify any biological pathways

that may be affected by depletion of 53BP1 before and after exposure to IR.

Gene Set Enrichment Analysis (GSEA) (Subramanian ef a/ 2005) is an analytical method that
focuses on expression changes within ‘gene sets’ rather than on individual genes. The gene
sets used in this study are groups of genes that share a similar biological function i.e. those
that function in, or act on, the same cellular signalling pathways. The GSEA software
compares samples from two distinct classes (in this analysis these were control siRNA treated
samples and 53BP1 siRNA treated samples) using genome wide expression profiles and ranks
the genes within each gene set according to the differences in expression between the two
classes. An enrichment score is then calculated, which reflects the level at which a gene set is

over-represented at the top or bottom of the ranked gene list. Results are considered
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significant on the basis of a false discovery rate (FDR) of less than 0.25, or on a p-value lower
than 0.05. The FDR is slightly more stringent, so was used as the main gauge of significance
in this analysis. An FDR indicates the likelihood that pathways identified have been chosen
by chance with an FDR score of <0.25 meaning that less than one in four pathways is a false

positive result.

4.2.1.2.1 GSEA analysis of differentially expressed pathways before IR.

247 gene sets were used for the analysis, 128 of which were found to be up-regulated in the
control samples compared to the 53BP1 depleted samples. Based on the FDR score, 8 of these
pathways were significantly up-regulated in the control siRNA treated samples compared to
the 53BP1 siRNA treated samples. These pathways were involved in metabolism, highlighted
in blue in the table and TNF/NF-kB signalling highlighted in yellow in the table (Table 4.3).
In addition, several pathways had significant p-values but not FDR scores and some of these
pathways were linked to the pathways that had significant FDR values (Table 4.3). In
comparison, 119 genes sets were identified as being up-regulated in the 53BP1 siRNA treated
samples compared to control samples, although none of the gene sets were found to have an
FDR score of <0.25. However, 18 gene sets had significant p-values <0.05 and were
predominantly involved in cell cycle progression and DNA damage response as shown in red
in the table, transcription as highlighted in green and PI3K signalling shown in purple in the
table (Table 4.4).

Consistent with the univariate analysis, the multivariate analysis highlighted that the TNFR1
signalling pathways were being affected before IR. In contrast to this, some of the pathways
up-regulated in the absence of 53BP1 were linked to the cell cycle and DNA damage response
suggesting that loss of 53BPI is affecting the expression of genes involved in the DNA

damage response and cell cycle arrest.

4.2.1.2.2 GSEA analysis of differentially expressed pathways at 4 hours post IR

As with the univariate analysis, the post-IR samples were normalised to their pre-IR
equivalents to identify those pathways, which were differentially regulated between control
and 53BP1 depleted cells in response to IR. This makes the expression values relative to 1
and therefore, any pathways identified are due to responses to IR and not due to pre-IR

expression levels.
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GS Size | NOM | FDR

p-val | g-val

1 MAP00620 PYRUVATE METABOLISM 18 0.002 | 0.148
2 VALINE LEUCINE AND ISOLEUCINE 17 0.000 | 0.138

DEGRADATION
3 NFKB INDUCED 89 0.002 | 0.189
4 | BUTANOATE METABOLISM 15 0.003 | 0.189
5 ELECTRON TRANSPORTER ACTIVITY 88 0.001 | 0.143
6 STARCH AND SUCROSE METABOLISM 17 0.016 | 0.139
7 TNFR1IPATHWAY 21 0.01 0.209
8 ANDROGEN AND ESTROGEN METABOLISM 15 0.011 | 0.198
9 GLYCOLYSIS GLUCONEOGENESIS 34 0.015 | 0.285
10 | CELL SURFACE RECEPTOR LINKED SIGNAL 118 0.002 | 0.258
TRANSDUCTION

11 | BILE ACID BIOSYNTHESIS 17 0.027 | 0.310
12 | NFKBPATHWAY 17 0.037 | 0.311
13 | TUMOUR NECROSIS FACTOR PATHWAY 22 0.035 | 0.301
14 | ILI7TPATHWAY 15 0.056 | 0.287
15 | FASPATHWAY 21 0.048 | 0.346
16 | EMT UP 43 0.047 | 0.326
17 | FATTY ACID METABOLISM 36 0.046 | 0.322
18 | VIPPATHWAY 21 0.058 | 0.317
19 | COMPPATHWAY 16 0.073 | 0.331
20 | INFLAMMATORY-RESPONSE-PATHWAY 24 0.048 | 0.323
21 | NFKB REDUCED 18 0.078 | 0.373
22 | TRYTOPHAN METABOLISM 39 0.054 | 0.395
23 | CSKPATHWAY 21 0.096 | 0.436
24 | AMIPATHWAY 21 0.104 | 0.453
25 | NITROGEN METABOLISM 18 0.102 | 0.442
Table 4.3 GSEA analysis shows TNFRI signalling pathways were differentially up-

regulated in control compared to 53BPI depleted cells. Analysis of the pathways before IR
revealed that multiple pathways related to metabolism (highlighted in blue) were significantly
over-expressesd in control cells along with 4 pathways associated with TNFRI and the
transcription factor NF-kB (highlighted in yellow). NF-kB INDUCED and TNFR1 PATHWAY
were significant at FDR <25%, whereas NF-kB PATHWAY and TUMOUR NECROSIS
FACTOR PATHWAY had significant p-values (<0.05). The pathways have been ranked in
order of their normalised enrichment score.
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GS Size | NOM | FDR

p-val | g-val

1 | CELL CYCLE 55 10.003 |0.922
2 | G2PATHWAY 15 10.013 |0.505
3 | MEF2DPATHWAY 15 10.020 |0.462
4 | EIFAPATHWAY 23 10.022 |0.474
5 | HDACPATHWAY 26 10.029 |0.503
6 | RACIPATHWAY 15 10.041 |0.548
7 | PGCIAPATHWAY 18 10.044 |0472
8 | CARM-ERPATHWAY 20 ]0.049 |0.433
9 | PPARAPATHWAY 45 10.025 ]0.385
10 | HTERT DOWN 49 10.028 |0.426
11 | MTORPATHWAY 20 ]0.048 | 0.406
12 | CR CELL CYCLE 63 ]0.022 |0.395
13 | ST DIFFERENTIATION PATHWAY IN PC12 CELLS 39 10.028 | 0.409
14 | GIPATHWAY 25 10.051 ]0.429
15 | ERKPATHWAY 26 ]0.064 |0.407
16 | GLUT DOWN 162 | 0.012 |0.384
17 | DNA DAMAGE SIGNALLING 63 |0.023 |0.384
18 | GSK3PATHWAY 19 10.083 |0.370
19 | ECMPATHWAY 19 10.083 |0.399
20 | LEU DOWN 93 10.019 |0.395
21 | RACCYCDPATHWAY 20 |0.108 |0.410
22 | SIG PIP3SIGINCARDIACMYOCTES 50 10.033 |0.401
23 | PARIPATHWAY 19 10.069 |0.397
24 | INSULIN SIGNALLING 79 10.033 |0.414
25 | SIG INSULINRECEPTORPATHWAYINCARDIOMYOCTES | 40 | 0.080 | 0.413

Table 4.4 GSEA pathways up-regulated in 53BP1 siRNA treated cells compared to
control siRNA treated cells. Analysis of pathways before IR revealed up-regulation of cell
cycle and DNA damage response pathways (highlighted in red) in the absence of 53BPI1, as
well as PI3K signalling pathways (highlighted in purple) and transcriptional regulation
pathways (highlighted in green). Although, none of the pathways were significant at FDR
<25%, they all had significant p-values (<0.05). The pathways have been ranked in order of
their normalised enrichment score.
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Following exposure to IR, 113 out of the 247 gene sets used in this analysis were found to be
up-regulated in the control cells compared to 53BP1 depleted cells. However, none of the
gene sets had significant FDR scores of <0.25 and only 1 gene set had a significant p-value
(<0.05), which was the GSK3 pathway, which is highlighted in blue in the table (Table 4.5).
134 out of 247 gene sets were up-regulated in the 53BP1 depleted cells compared to control
cells in response to IR. Again there were no pathways that had a significant FDR value, but
there were 6 pathways that had significant p-values of <0.05. The majority of these were
metabolism pathways highlighted in orange in the table, although the PI3K pathway was
amongst these, as shown in green in the table (Table 4.6). Overall in response to IR, there
were only a few pathways that were significantly differentially regulated between the control

and 53BP1 siRNA treated samples.

4.2.1.3 DNA damage response was activated by IR

Due to the lack of genes involved in the DNA damage and p53 responses being identified by
the microarray analysis following IR, the irradiated control and 53BP1 depleted samples were
compared with their unirradiated equivalents (i.e. the control 4 hours IR samples were
compared with control 0 hours IR samples and the same comparison was conducted for the
53BP1 knockdown samples) to ensure that a DNA damage response had been activated in
response to IR. Identification of any genes that were known to be involved in the DNA
damage response or were p53 responsive genes, as well as any pathways that were related to
the DNA damage response or p53 signalling would confirm that a DNA damage response had

occurred following IR.

Univariate analysis identified several DNA damage response associated changes in gene
expression in both control and 53BP1 deficient cells with p53 dependent genes such as
CDKNI1A, BTG2, FAS, MDM2, ATF3 and SESNI1 being up-regulated in both wild type and
53BP1 depleted cells in response to IR. Multivariate analysis of the irradiated and
unirradiated control samples revealed that 171 of the 247 gene sets used for this analysis were
up-regulated in response to IR. Out of these, DNA damage response and p53 pathways
highlighted in blue were significantly up-regulated based on an FDR score <0.25. An
additional p53 pathway that was not significant by FDR score, but had a significant p-value
was also up-regulated following IR exposure (Table 4.7). Analysis of the 53BP1 depleted

unirradiated and irradiated samples showed that out of the 247 gene sets used for this analysis,
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GS Size | NOM | FDR

p-val | g-val

1 GSK3PATHWAY 19 10.034 | 1.000
2 CHREBPATHWAY 18 |0.051 | 1.000
3 NKTPATHWAY 24 10.062 | 1.000
4 TUMOR SUPPRESSOR 18 | 0.075 | 1.000
5 PGCIPATHWAY 18 10.097 | 1.000
6 WNT SIGNALING 49 10.063 | 1.000
7 GLUCOSE UP 31 ]0.078 | 1.000
8 ELECTRON TRANSPORT CHAIN 48 1 0.053 | 1.000
9 ANDROGEN UP GENES 46 | 0.116 | 1.000
10 | WNTPATHWAY 22 10.135 | 1.000
11 | AR MOUSE PLUS TESTO FROM NETAFFIX 50 |0.124 | 1.000
12 | HTERT UP 70 | 0.123 | 1.000
13 | SIG CHEMOTAXIS 33 10.179 | 1.000
14 | GLUT DOWN 162 | 0.081 | 1.000
15 | ST WNT BETA CATENIN PATHWAY 25 10.188 | 1.000
16 |LEU UP 87 10.109 | 1.000
17 | FETAL LIVER HS ENRICHED TF JP 60 |0.149 | 1.000
18 | NKCELLSPATHWAY 15 10.217 | 1.000
19 | CELL GROWTH AND OR MAINTENANCE 53 1 0.190 | 1.000
20 | INFLAMPATHWAY 27 10.205 | 1.000
21 | FRUCTOSE AND MANNOSE METABOLISM 16 |0.225 | 1.000
22 | LEU DOWN 93 10.149 | 1.000
23 | MTORPATHWAY 20 10.244 | 1.000
24 | RACIPATHWAY 15 10.263 | 1.000
25 | ELECTRON TRANSPORTER ACTIVITY 88 10.224 | 1.000

Table 4.5 GSEA pathways up-regulated in control cells compared to 53BP1 depleted
cells in response to IR. Analysis of pathways post-IR revealed significant up-regulation of
GSK3 PATHWAY in presence of 53BP1 (highlighted in blue). Although, none of the pathways
were significant at FDR <25%, this pathway had a significant p-value (<0.05).
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GS Size | NOM | FDR

p-val | g-val

1 PYRUVATE METABOLISM 18 10.014 | 0.796
2 CERAMIDEPATHWAY 18 |0.004 | 0.589
3 GLYCOLYSIS GLUCONEOGENESIS 34 10.006 | 0.801
4 ST G ALPHA 1 PATHWAY 30 ]0.030 | 0.861
5 ST PHOSPHOINOSITIDE 3 KINASE PATHWAY 25 10.028 | 0.712
6 NOIPATHWAY 23 10.042 | 0.650
7 BCL2FAMILY AND REG NETWORK 16 |0.084 | 1.000
8 ANDROGEN AND ESTROGEN METABOLISM 15 10.099 | 1.000
9 SHH LISA 16 |0.110 | 1.000
10 | GPCRS CLASS A RHODOPSIN-LIKE 129 10.054 | 1.000
11 CELL CYCLE ARREST 25 10.112 | 1.000
12 | CHEMICALPATHWAY 15 |0.147 | 1.000
13 | P53 SIGNALING 74 10.070 | 1.000
14 | PURINE METABOLISM 60 |0.098 | 1.000
15 | BILE ACID BIOSTNTHESIS 17 0.165 | 1.000
16 | SIP SIGNALING 18 | 0.122 | 1.000
17 | FATTY ACID METABOLISM 36 | 0.134 | 1.000
18 | ST GA12 PATHWAY 19 10.157 | 1.000
19 | SPRYPATHWAY 17 10.195 | 1.000
20 | ECMPATHWAY 19 10.171 | 1.000
21 | INTEGRINPATHWAY 27 10.176 | 1.000
22 | ARGININE AND PROLINE METABOLISM 25 10.179 | 0.967
23 | NITROGEN METABOLISM 18 10.197 | 0.946
24 | STARCH AND SUCROSE METABOLISM 17 10.192 | 0.907
25 | SIG ILARECEPTOR IN B LYPHOCYTES 21 10.211 | 0.944

Table 4.6 GSEA pathways up-regulated in 53BP1 siRNA treated cells compared to
control siRNA treated cells in response to IR. Analysis of pathways post-IR revealed
significant up-regulation of metabolism pathways (highlighted in orange) and the PI3K
pathway (highlighted in green) in the absence of 53BP1. Although, none of the pathways were
significant at FDR <25%, they had significant p-values (<0.05).
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GS Size | NOM | FDR

p-val | g-val

1 | P53 UP 30 | 0.000 | 0.004
2 | DNA-DAMAGE-SIGNALLING 63 |0.001 | 0.125
3 | ILIRPATHWAY 23 1 0.011 | 0.438
4 | NKTPATHWAY 24 1 0.013 | 0.424
5 | ST GA13 PATHWAY 27 10.012 | 0.390
6 | P53 SIGNALLING 74 | 0.001 | 0.363
7 | MRNA SPLICING 24 10.027 | 0.690
8 | GSK3PATHWAY 19 [0.038 | 0.672
9 | SIG CHEMOTAXIS 33 10.021 | 0.599
10 | WNTPATHWAY 22 10.039 | 0.550
11 | CR DNA MET AND MOD 18 |0.047 | 0.537
12 | TOLLPATHWAY 26 10.068 | 0.751
13 | ILI2PATHWAY 18 |0.082 |0.718
14 | INFLAMPATHWAY 27 10.058 | 0.679
15 | KREBS-TCA CYCLE 17 10.054 | 0.690
16 | CHREBPPATHWAY 18 |0.089 | 0.700
17 | GATA1 WEISS 18 10.091 | 0.744
18 | P3SMAPKPATHWAY 32 10.078 | 0.704
19 | HTERT UP 70 | 0.051 | 0.699
20 | ST GAQ PATHWAY 20 | 0.101 | 0.686
21 | CR_ IMMUNE FUNCTION 46 | 0.065 | 0.701
22 | DEATHPATHWAY 26 ]0.106 | 0.675
23 | NTHIPATHWAY 18 |0.113 | 0.649
24 | CR_ CAM 86 |0.051 | 0.640
25| ST WNT BETA CATENIN PATHWAY 25 10.117 | 0.665

Table 4.7 GSEA pathways up-regulated in control siRNA treated cells in response to
IR. Analysis of pathways between unirradiated and irradiated control samples revealed
significant up-regulation of DNA damage response pathways in response to IR (highlighted in
blue). p53 UP and DNA DAMAGE SIGNALLING pathways were significant at FDR <(.25,
whereas p53 SIGNALLING pathway had a significant p-value (<0.05).
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GS Size | NOM | FDR

p-val | g-val

1 | P53 UP 30 | 0.000 | 0.001
2 | P53 SIGNALLING 74 | 0.000 | 0.002
3 | DNA-DAMAGE-SIGNALLING 63 | 0.000 | 0.049
4 | ARAPPATHWAY 18 | 0.006 | 0.208
5 | ST GA13 PATHWAY 27 10.013 | 0.320
6 | ELECTRON TRANSPORT 61 0.004 | 0.377
7 | ANDROGEN AND ESTROGEN METABOLISM 15 10.037 | 0.658
8 | CELL PROLIFERATION 170 | 0.002 | 0.592
9 | RADIATION SENSITIVITY 22 10.031 | 0.527
10 | ANDROGEN GENES FROM NETAFFIX 48 |0.018 | 0.499
11 | DRUG RESISTANCE AND METABOLISM 78 10.013 | 0.497
12 | GLYCEROLIPID METABOLISM 35 10.035|0.556
13| CR DNA MET AND MOD 18 |0.044 | 0.532
14 | TRYPTOPHAN METABOLISM 39 10.032 |0.532
15 | INSULIN 2F DOWN 29 10.041 | 0.563
16 | NTHIPATHWAY 18 |0.061 | 0.553
17 | KERATINOCYTEPATHWAY 35 10.051 | 0.564
18 | STARCH AND SUCROSE METABOLISM 17 | 0.060 | 0.540
19 | HISTIDINE METABOLISM 15 10.092 | 0.579
20 | BCL2FAMILY AND REG NETWORK 16 |0.076 | 0.556
21 | NOIPATHWAY 23 10.072 | 0.530
22 | GO 0005739 100 | 0.032 | 0.586
23 | NFKB INDUCED 89 10.046 | 0.563
24 | SIG PIP3 SIGNALING IN B LYMPHOCYTES 27 10.086 | 0.541
25 | ST PHOSPHOINOSITIDE 3 KINASE PATHWAY 25 10.091 | 0.570
Table 4.8 GSEA pathways up-regulated in 53BP1 siRNA treated cells in response to

IR. Analysis of pathways between unirradiated and irradiated 53BP1 depleted samples
revealed significant up-regulation of p53 and DNA damage response pathways in response to
IR (highlighted in purple). p53 UP and p53 SIGNALLING pathways were significant at FDR
<0.25, whereas DNA DAMAGE SIGNALLING, CELL PROLIFERATION AND RADIATION
SENSITIVITY pathways had significant p-values (<0.05).
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169 were up-regulated in response to IR. Consistent with the control samples, p5S3 and DNA
damage response were found to be significantly up-regulated in response to IR in cells lacking

53BP1 as highlighted in purple in Table 4.8.

Taken together the univariate and multivariate analyses both demonstrate that a DNA damage

response was activated by IR in the control samples and in the 53BP1 depleted samples.

4.2.1.4 Gene expression profiling data was validated by qRT-PCR and Western blot

analysis

Univariate analysis indicated a large number of genes that were differentially expressed
between control and 53BP1 siRNA treated cells both before and after IR. To confirm the
differences identified by the univariate analysis, 20 genes were selected to be verified at the
mRNA level by qRT-PCR. These genes were chosen because they had a relative fold change
in expression of >2 and they were of functional interest. Genes that were functionally
interesting were those involved in TNFRI1 signalling pathways, cell cycle, apoptosis, DNA
damage response and/or ubiquitylation (Table 4.9 and 4.10). To ensure the responses
identified by the microarray were real, RNA that had not being used for the microarray was
used for qRT-PCR. Figure 4.9 demonstrates that the qRT-PCR data confirmed the microarray
data at the mRNA level, as the alterations in mRNA levels for each gene correlated with the
differences in gene expression identified by the microarray analysis, although the differences
for some genes identified by the univariate analysis as being more than 2 fold between control

and 53BP1 depleted cells were found to be lower than expected such as ESCO2 and GAS6.

To determine if the transcriptional changes could be translated into altered protein levels, five
genes were chosen from the QRT-PCR results to be verified at the protein level. These genes
were FADD, BAG4/SODD, IKIP1, G3BP2 and BIRC4/XIAP, which have all been shown to be
involved in the TNFR1 signalling pathways (Figure 4.7). U20S cells were treated with either
control or 53BP1 siRNA, exposed to 3 Grays of IR and then the protein levels of the above
genes were assessed by Western blot analysis. The levels of FADD, BAG4/SODD, IKIP1 and
G3BPI1 protein were decreased in the 53BP1 depleted cells compared to control whereas
BIRC4/XIAP protein levels were increased in 53BP1 siRNA treated cells compared to control
prior to IR. The levels of all 5 proteins were unaffected following IR exposure (Figure 4.10).
These data are in agreement with the QRT-PCR data and demonstrate that the changes in

protein expression for each gene correlated with the changes in gene expression identified
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Gene Name Description Biological Function Fold
Difference
BAG4/SODD | BCL2-associated Inhibitor of TNFR1. Apoptosis. 2.05
athanogene 4 anti-apoptosis
TNFRSF9/ tumour necrosis factor Apoptosis, immune response 4.243,2.584
CD137/4- receptor superfamily,
1BB member 9
FADD Fas (TNFRSF6)- cell surface receptor linked signal 3.175
associated via death transduction, apoptosis via death
domain domain receptors, positive
regulation of I-kappaB kinase/NF-
kappaB cascade
IKIP IKK interacting protein Apoptosis, regulation of NF-xB 4.219, 3.076,
cascade 2.33
G3BP2 Ras-GTPase activating mRNA processing, mRNA export 3.427,
protein SH3 domain- from nucleus, cytoplasmic 2.349
binding protein 2 sequestering of NF-kappaB, Ras
protein signal transduction
LMNBI lamin B1 Nuclear structure, mitosis, 2.632
apoptosis
UBE2W ubiquitin-conjugating regulation of transcription, 2.18
enzyme E2W (putative) | ubiquitin cycle
RAD23B RAD23 homolog B (S. nucleotide-excision repair , 2.119
cerevisiae) response to DNA damage
stimulus
SH3MD?2/ SH3 multiple domains 2 | protein ubiquitination, JNK 2.462
POSH signalling cascade
ESCO2 establishment of cell cycle 2.068
cohesion 1 homolog 2
(S. cerevisiae)
UCHLS ubiquitin carboxyl- ubiquitin cycle 2.217
terminal hydrolase L5
SUMO3 SMT3 suppressor of mif | ubiquitin cycle 2.503
two 3 homolog 3 (yeast)
Table 4.9 Candidate genes chosen for validation by qRT-PCR. These genes were

significantly down-regulated in the 53BP1 depleted samples compared to control samples.
The fold differences highlighted were from the univariate analysis.
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Gene Name | Description GO Biological Function Fold
Difference
BIRC4/XIAP | baculoviral IAP repeat- anti-apoptosis, protein -2.806
containing 4 ubiquitination,
XRCC4 X-ray repair complementing [DNA repair -2.05
defective repair in Chinese
hamster cells 4
CHESI1 checkpoint suppressor 1 DNA damage checkpoint, G2 -2.631,
phase of mitotic cell cycle -2.013
CDKNI1B cyclin-dependent kinase regulation of cyclin dependent -2.598
inhibitor 1B (p27, Kipl) protein kinase activity, cell cycle
arrest
GAS6 growth arrest-specific 6 regulation of cell growth -2.367
STAT3 signal transducer and negative regulation of -2.093
activator of transcription 3 transcription from RNA
(acute-phase response factor) |polymerase II promoter , cell
motility, JAK-STAT cascade
REV3L REV3-like, catalytic subunit |DNA replication, DNA repair -2.848
of DNA polymerase zeta
(yeast)
TPS53INP1 tumor protein p53 inducible [apoptosis -4.697
nuclear protein 1
XPA xeroderma pigmentosum, nucleotide-excision repair -2.014
complementation group A
Table 4.10  Candidate genes chosen for validation by qRT-PCR. These genes were

significantly up-regulated in the 53BPI1 knockdown samples compared to control samples.
The fold differences highlighted were from the univariate analysis.
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Time (h) after 3Gy IR 0 0 4 4
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53BP1 —> Wm Lo
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G3BP2 —> " -
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— e ——
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BI)IZ%D/ y o e e
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Figure 4.10  Changes in gene expression were confirmed at the protein level by Western
blotting. U20S cells were transfected with either control or 53BP1 siRNA. 72 hours later,
cells were either mock-irradiated or irradiated with 3 Grays of IR and harvested at 4 hours
post-IR. Whole cell lysates were separated on an SDS-PAGE gel and Western blots were
probed for 53BP1, FADD, G3BP2, IKIP1, BAG4/SODD and BIRC4/XIAP. SMC1 was used

as a loading control.
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by the microarray analysis.

Together these data confirmed the results from the microarray analysis and also demonstrated
that in the case of FADD, BAG4/SODD, IKIP, G3BP2 and BIRC4/XIAP, the changes in gene

expression observed from the microarray could be translated into changes at the protein level.

4.3 DISCUSSION

In conclusion, the microarray data analysis revealed that there were significant differences in
the expression of single genes and biological pathways between the control and 53BP1
depleted samples before IR. Interestingly, both types of analysis showed that before DNA
damage, TNFR1-induced intracellular signalling pathways, in particular the NF-kB pathway,
as well as pathways that are linked with NF-kB such as the PI3K pathway were affected
suggesting that 53BP1 may be involved in modulating NF-xB signalling (Figure 4.6, 4.7 and
Table 4.3). Currently there are no reports of 53BP1 playing a role in regulating NF-xB
activity. However, another DNA damage response protein, ATM has been shown to be
important for activating NF-kB in response to a variety of DNA damaging agents including
IR, camptothecin, etoposide and doxorubicin (Wu et al/ 2006b). In addition to NF-xB
pathways, pathways induced by PI3K, were up-regulated in cells lacking 53BP1 (Table 4.4).
Both NF-kB and PI3K are pro-survival factors, therefore it is possible that 53BP1 may be
influencing cell survival (Karin and Lin 2002, Kennedy et al 1997). Moreover, the univariate
analysis identified four NF-xB target genes, three of which were down-regulated in 53BP1
depleted cells and one which was up-regulated suggesting that like with p53, 53BP1 could be
differentially regulating the expression of NF-kB target genes (Figures 4.6, 4.7 and 3.16).

53BP1 is involved in the DNA damage response where it acts as a mediator protein that
facilitates the recruitment of repair/checkpoint proteins to sites of damaged chromatin.
However, analysis of the microarray data suggests that in the absence of damage 53BP1 may
also be affecting the expression of genes involved in responding to genotoxic stress, although
only the expression of a few genes involved in these processes were identified (Table 4.4).
This suggests that S3BP1 could be repressing the expression of DNA damage-responsive

genes under normal cellular conditions.
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In the response to IR, there were a large number of genes that were significantly differentially
expressed, with the majority being involved in metabolism and transcription (Figure 4.8).
Although, there were no significant differences in the expression of biological pathways by
FDR, there were a few pathways that were significant by p-value, but these were mainly
involved in metabolism apart from two pathways, which were pro-survival (Table 4.5 and
4.6). These pro-survival pathways were the GSK3 pathway, which was up-regulated in
control samples and the PI3K pathway, which was up-regulated in 53BP1 depleted samples.
In light of the fact that both these pathways were up-regulated in response to IR, this suggests
that the cell is promoting survival following DNA damage. Surprisingly, no genes or
pathways that were linked to the DNA damage response or p53 response were identified when
the control and 53BP1 depleted samples were compared, even though the microarray analysis
indicated that these responses were occurring in control and 53BP1 depleted samples
following IR (Figure 4.8, Table 4.5, 4.6, 4.7 and 4.8). This could be because some differences
were observed in the expression of DNA damage response and cell cycle genes before IR in
53BP1 depleted cells (Table 4.4). Therefore, any effects seen in response to IR were likely to
have been removed by the normalisation process. Taken together these data indicate that

53BP1 does not play a major role in regulating gene transcription induced by DNA damage.

Interestingly, data presented in chapter 3 indicated that 53BP1 may be modulating p53
function by differentially regulating a subset of its target genes before and after IR. However,
no p53 responsive genes were identified between control and 53BP1 depleted samples in
response to IR, despite a small selection of p53 inducible genes being differentially expressed
following IR (Figure 4.8). An explanation for why this could be is that p53 responsive genes
are expressed at different times following IR because p53 has different binding affinities for
different promoters (Espinosa et al 2003). Initially, pS3 transactivates genes involved in cell
cycle arrest such as p21, GADD45 and 14-3-36, whereas pro-apoptotic genes including
PUMA, FAS and BAX are induced at later stages of the p53 response (Zhao et al 2000).
Therefore, it is likely that 4 hours may not have been sufficient to detect the expression of
some of the p53 genes induced late in the response such as PUMA. In addition, the fold
differences in the expression of some p53 responsive genes may have been <1.5 between the
control and 53BP1 depleted samples at 4 hours post-IR, so consequently, these genes would
have been removed by the filtration process. Furthermore, it is also plausible that there were

pS53 responsive genes that had >1.5 fold difference, however due to biological variations
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between the three replicates they were not significant and therefore would have been removed
by the rigorous statistical analysis that was conducted to reduce false positive results. To gain
a better understanding of which p53 target genes are regulated by 53BP1 in response to DNA
damage, a microarray experiment would need to be performed in control and 53BP1 depleted
samples exposed to IR over a 24 hour period because this would alleviate the problems
surrounding the differential expression of p53 target genes at certain times following IR
exposure. Alternatively, qRT-PCR could be performed for a range of p53 target genes that are
known to be activated in response to DNA damage in control and 53BP1 siRNA treated
samples treated with IR over a period of 24 hours. In addition, this would also allow
identification of those p53 responsive genes that may have been either excluded from the
microarray analysis due to having <1.5 fold change or because they were not statistically
significant. Consistent with the observation that 53BP1 can modulate p53 target gene
expression in the absence of DNA damage, the p53 responsive genes, AMID and TP53INP1
were shown to be differentially regulated by 53BP1 prior to IR (Riley et a/ 2008) (Figure 4.4).
In contrast, previous data from chapter 3 indicated that 53BP1 was being antagonistic to p53
by repressing p21 expression in the absence of DNA damage. Despite p21 not being
identified by the univariate analysis as being differentially expressed, it was found in all the
cell cycle and DNA damage response gene sets identified by the multivariate analysis in the
unirradiated 53BP1 deficient cells (Table 4.4). This suggests that it had a fold change of >1.5,
but that it was not statistically significant, therefore it would have been removed by the

statistical analysis performed in the univariate analysis process.

53BP1 has been shown to be a transcriptional regulator of BRCA1 in the absence of DNA
damage. However, surprisingly BRCA1 was not identified as being significantly differentially
expressed by 53BP1 in the unirradiated samples (Rauch et al 2005). Although, it is possible
that there may have been a difference in BRCAT1 expression, if the difference was only small

or not statistically significant then it will have been excluded from the analysis.

Both types of analysis suggest a role for 53BP1 in regulating metabolism because there were
numerous metabolic genes and pathways that were differentially regulated by 53BP1 before
and after DNA damage. At present there are no reports of 53BP1 being involved in
metabolism. However, recently, ATM has been shown to play an important role in
metabolism. Loss of ATM has been linked to the development of insulin resistance and
cardiovascular disease, two contributing factors to the development of metabolic syndrome
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(Armata et al 2010, Schneider et al 2006). Furthermore, ATM has been shown to be an
important sensor of oxidative stress and activation of ATM promotes an anti-oxidant
response. Consequently, loss of ATM results in an increase in ROS, which are a known
contributory factor to metabolic syndrome development (Cosentino et al/ 2010, Guo et al
2010, Roberts and Sindhu 2009). Therefore, it is also possible that 53BP1 may be playing a
role in regulating the cellular response to oxidative stress and that cells lacking S3BP1 may
exhibit metabolic deficiencies due to dysregulation of ROS resulting in increases/decreases of

oxidative stress.

Overall, the microarray analysis demonstrated that the expression of a wide variety of genes
are dependent on 53BP1, before and after DNA damage. Interestingly, the analysis indicated
potential novel roles for 53BP1 in metabolism and TNFR1 signalling. In addition, the
expression of the genes chosen to be verified at the mRNA level and the protein level were
found to be consistent with the microarray data, therefore validating the microarray data

(Figures 4.9 and 4.10).

176



CHAPTER S



Chapter 5

CHAPTER S 53BP1 NEGATIVELY REGULATES NF-xB

SIGNALLING PATHWAY

5.1 INTRODUCTION

The pro-inflammatory cytokine, TNFa signals through two distinct cell surface receptors,
TNFR1 and TNFR2. However, TNFR1 initiates the majority of TNFa biological activities.
The binding of TNFa to TNFR1 triggers several intracellular signalling pathways including
those controlled by IxB kinase (IKK), JNK and p38, all of which ultimately result in the
activation of two major transcription factors, NF-kB and AP-1. TNFa has also been
demonstrated to induce a caspase cascade leading to apoptosis. However, this is normally
inhibited by the activation of NF-kB-mediated anti-apoptotic signals (Chen and Goeddel
2002, Wajant et al 2003).

The transcription factor NF-kB plays a vital role in inflammation, immunity, cell proliferation
and apoptosis. In mammalian cells, NF-kB is composed of 5 family members, p65 (RelA),
RelB, c-Rel, p50/p105 and p52/p100, which form homo- and heterodimers. The most
abundant form of NF-kB is the heterodimer composed of p50 and p65. In most cell types, NF-
kB exists in a latent state in the cytoplasm and is prevented from activating transcription by
the IkB proteins (Chen and Greene 2004). After stimulation of cells with a variety of stimuli
such as TNFa or genotoxic stress, such as IR, the prototypical member of the IxB proteins,
IxBa, is phosphorylated by the IKK complex, ubiquitylated and degraded by the 26S
proteasome. NF-kB is subsequently released from its inhibitory restraints, whereby it
translocates into the nucleus and binds to kB sites within the promoter/enhancer of target
genes (Hayden and Ghosh 2008). Dysregulation of NF-kB expression is associated with a
variety of diseases including chronic inflammation and cancer, therefore, NF-xB activity is
tightly regulated (Courtois and Gilmore 2006, Karin 2006). This is achieved not only by the
induction of IxBa re-synthesis by NF-kB, ultimately leading to nuclear export of NF-kB and
termination of the NF-kB response, but also by post-translational modifications of NF-xB
such as phosphorylation and acetylation (Arenzana-Seisdedos et al 1997, Perkins 2006). The
full extent with which these different post-translational modifications of NF-xB regulate its
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activity and localisation remains unclear. The majority of published literature has focused on
the p65 subunit. However, it is clear that these regulatory events also have a functional impact

on the other less well studied, subunits of this dimeric transcription factor.

p65 is phosphorylated at multiple sites by various kinases, which are induced by a wide range
of different stimuli. Serine 276 is phosphorylated by PKAc and MSK1/2 (Vermeulen et al
2003, Zhong et al 1998, Zhong et al 2002), PKCE phosphorylates serine 311 (Duran et al
2003) and serine 529 is phosphorylated by CK2 (Wang et al/ 2000) whereas, multiple kinases
phosphorylate serine 536 including IKKa, IKKf, IKKe, NAK and RSK1 (Buss ef a/ 2004b,
Jiang et al 2003, Sakurai et al 1999, Sizemore et al 2002). These post-translational
modifications of NF-kB enhance its transcriptional activity and affect the ability of NF-kB to
interact with the transcriptional co-activators, CBP/p300. By contrast, activation of CHK1
either by ARF or in response to cisplatin results in phosphorylation at threonine 505, which
inhibits p65 transactivation through increasing the association of p65 with HDAC1 (Campbell
et al 2006, Rocha et al 2005). Furthermore, serine 468 is inducibly phosphorylated by IKKe
and IKKp in response to T-cell stimulation and treatment with TNFa, IL-1B and the
genotoxic agent etoposide resulting in stimulation of p65 transactivation, whereas in contrast,
in unstimulated cells phosphorylation of this site by GSK3[ inhibits the ability of p65 to
transactivate gene expression (Buss et al 2004a, Mattioli et al 2006, Renner et al 2010,
Schwabe and Sakurai 2005). In addition to kinases, several phosphatases have been identified
that inhibit NF-xB activity such as PP2A and more recently WIP1, which has been shown to
dephosphorylate serine 536 of p65 (Chew et al 2009, Yang et al 2001a).

p65 is also acetylated at lysines 218, 221 and 310 by CBP/p300. However, prior
phosphorylation at serine 276 or serine 536 is required for lysine 310 to be acetylated by
CBP/p300. Acetylation at lysine 221 has been shown to enhance the DNA binding activity of
p65, which together with acetylated lysine 218, also functions to impair the assembly of p65
with newly synthesised IxBa., thereby preventing IkBoa-dependent nuclear export of NF-xB
complexes and prolonging the NF-kB-dependent transcriptional responses. CBP/p300-
mediated acetylation of lysine 310 has been demonstrated to promote the transcriptional
activity of NF-kB without altering the binding of p65 to DNA or IkBa (Chen et al 2002,
Chen ef al 2005).
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In a similar manner to phosphorylation, p65 acetylation is reversible and has been shown to
be important for regulating the duration of the NF-kB response (Chen ef a/ 2001, Kiernan et
al 2003). p65 is deacetylated through the interaction with HDAC co-repressor proteins,
resulting in repression of the NF-kB response. HDAC3-mediated p65 deacetylation at lysine
221 and lysine 218 is involved in terminating the NF-kB response by promoting its
interaction between IkBa and subsequently its nuclear export (Chen et al 2002). Lysine 310
can also be deacetylated by HDAC3 as part of the SMRT co-repressor complex or
alternatively, by the histone deacetylase, SIRT1 again resulting in inhibition of NF-xB
transcriptional activity. As a result this leads to a sensitisation of cells to apoptosis (Hoberg et
al 2006, Yeung et al 2004). Moreover, it has been demonstrated that p65 can be deacetylated
by HDACI1, which can physically associate with p65 leading to loss of p65 transactivation
potential (Ashburner ef al 2001). Interestingly, in contrast, there are additional sites on p65
known to be acetylated by CBP, p300 and PCAF, which have been proposed to have an
inhibitory effect on NF-kB activity by reducing the DNA binding affinity of NF-kxB and may
be involved in terminating the NF-kB response (Kiernan et a/ 2003). This data indicates that
CBP/p300 play a critical role in the NF-xB response and can both activate and repress the

transcriptional capacity of NF-kB depending on the type of stimulus and cell type.

Interestingly, it has been found that ubiquitylation and proteasomal degradation of nuclear
p65 1is also required for efficient and prompt termination of NF-kB dependent transcription
and that this can occur independently of [kBa (Saccani et al 2004). Recently, this has been
shown to be triggered by the SOCS-1-containing ubiquitin ligase complex in association with
the COMMDI protein, as well as by the nuclear E3 ubiquitin ligase, PDLIM2. However, the
lysine residues of p65 that are ubiquitylated have yet to be established (Maine et a/ 2007, Ryo
et al 2003, Tanaka et al 2007a).

Since loss of 53BP1 was shown to affect the transcriptional regulation of genes involved in
the TNFR1 signalling pathway, this suggests 53BP1 may be functioning to regulate the
activity of the NF-kB transcription factor directly. Therefore the main aim of this study was to
establish if 53BP1 was playing a role in the NF-kB signalling pathway and if so how was this

achieved.
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5.2 RESULTS

5.2.1 Depletion of 53BPI increases NF-kB transcriptional activity in

response to TNF«a

The best characterised inducers of NF-kB are pro-inflammatory cytokines such as TNFo and
IL-1. Therefore, in this study TNFo. was predominantly used to stimulate NF-kB activity.
However, before any experiments were conducted, a TNFa dose response was performed in
all the cell lines used in this study to determine the lowest dose of TNFa that stimulated p65
phosphorylation. As shown in figure 5.1, 10ng/ml TNFa was sufficient to achieve this in each

of the cell lines.

To investigate the involvement of 53BP1 in modulating the NF-kB signalling pathway, p53
proficient U20S cells were depleted of 53BP1, stimulated with TNFa and the levels of the
major NF-xB signalling pathway components were assessed by Western blot analysis.
Interestingly, cells lacking 53BP1 exhibited elevated levels of basal p635, as well as serine 536
and serine 468 hyperphosphorylation, whereas the levels of the IKK complex, p50 and IkBa
were unaffected (Figure 5.2). This data suggests that 53BP1 could be impacting on p65
stability and affecting NF-kB transcriptional activity. Interestingly, p65 phosphorylation was
prolonged in the absence of 53BP1 indicating that 53BP1 may be affecting the termination of
the NF-kB response. This experiment was also repeated in another p53 proficient cell line,
A549 to determine if the response observed is cell type specific. As figure 5.3 shows this does
not appear to be the case because the response seen in A549 cells is the same as that seen in

U20S cells.

It is known that there is significant crosstalk between p53 and NF-kB. Despite p65 having
antagonistic effects on p53, it can also induce p53 expression as well as cooperate with p53
(Perkins 2007). Therefore, to assess whether p53 was involved in the NF-xB signalling
abnormalities caused by loss of 53BP1, p53 null H1299 cells were depleted of 53BP1 using
siRNA, stimulated with TNFo and the protein levels of NF-xB pathway components were
assessed by Western blot analysis. The response observed in the H1299 cells was identical to
that seen in the U20S and A549 cells indicating that p53 is unlikely to be involved (Figure
5.4).

181



Chapter 5

A Dose of TNFa (ng/ml) __ 10 20 50 100
Time (mins) after TNFo 0 15 60 15 60 15 60 15 60

p65 S536-P —> [ — -
PES —> S -

lkBo. —> W e - e -

SMC1 —> o o v o o e o

Dose of TNFa (ng/ml) 10 20 50 100
Time (mins) after TNFoo 0 15 60 15 60 15 60 15 60

p65 S536-P — [ppa— T L
PE5 > e e e S

WE e e e — -_— -
‘
IkBo —> - - .-

SMC| —> = e e s ol S — — —

C Dose of TNFa (ng/ml) __10 20 50 100
Time (mins) after TNFa 0 15 60 15 60 15 60 15 60

p65 S536-P —> L Sy gy -

PES —> S -

Be—> ) # = = e

SMCT ] = "= v s e s e — — —

Figure 5.1 10ng/ml TNFa stimulates NF-«xB response. (4) U20S (B) H1299 and (C)
A549 cells were stimulated with TNF « and the cells were harvested at the times indicated.
Whole cell lysates were prepared, resolved by SDS-PAGE and the NF-kB response was
determined by Western blot analysis using antibodies to phospho-p65, IxkBa and p65. SMCI
was used as a loading control.
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Figure 5.2 Loss of 53BPI1 induces hyperphosphorylation of p65 in U20S cells. Cells
were depleted of 53BP1 by siRNA, stimulated with TNFoa and harvested at the times
indicated. The protein levels of the major proteins in the NF-xB signalling pathway were
analysed by Western blotting. SMC1 was used as a loading control.
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Figure 5.3 Loss of 53BPI induces hyperphosphorylation of p65 in A549 cells. Cells
were depleted of 53BP1 by siRNA, stimulated with TNFoa and harvested at the times

indicated. The protein levels of the major proteins in the NF-xB signalling pathway were
analysed by Western blotting. SMC1 was used as a loading control.
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Figure 5.4  Loss of 53BPI induces hyperphosphorylation of p65 independent of p353.
H1299 cells were depleted of 53BP1 by siRNA, stimulated with TNF« and harvested at the
times indicated. The protein levels of the major proteins in the NF-kB signalling pathway
were analysed by Western blotting. SMC1 was used as a loading control.
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To test whether 53BP1 was involved in regulating the transcriptional activity of NF-xB,
U20S cells depleted of 53BP1 were either transfected with the 3x kB luciferase reporter
construct, which contains 3 kB response elements upstream of the luciferase gene or a control
lacking kB elements and then stimulated with TNFo. Depletion of 53BP1 slightly increased
the activity of the NF-kB luciferase reporter prior to TNFa stimulation when compared to
control cells and this was further augmented following TNFa stimulation (Figure 5.5). These
effects were dependent upon the kB elements present in this plasmid since the control reporter
plasmid lacking the kB elements was not stimulated following TNFa treatment demonstrating
that this effect results from the activity of NF-xB. Furthermore, a similar response was also
observed in the p53 null H1299 cell line (Figure 5.6). Altogether, these data suggest that
53BP1 is repressing NF-xB transcriptional activity, independently of p53. This is consistent
with the univariate analysis of the microarray data, which indicated that in the absence of

overt DNA damage, depletion of 53BP1 could be activating NF-kB activity (Figure 4.6).

5.2.2 Localisation of p635 is not affected by 53BP1

The inhibitor of NF-kB, IxBa plays a key role in the localisation of NF-xB. In unstimulated
cells, NF-xB is mainly cytoplasmic. However, following stimulation IxBo undergoes
phosphorylation and subsequent ubiquitin-mediated proteasomal degradation, which allows
NF-«B to translocate to the nucleus and activate its target genes. As part of its regulatory
negative feedback loop, NF-xB upregulates the expression of IkBa, which dissociates NF-kxB
from the DNA and exports it back to the cytoplasm, thus terminating its transcriptional
response. As observed in figures 5.2, 5.3 and 5.4, the degradation and resynthesis of IxBa
induced by TNFa stimulation was unaffected by depletion of 53BP1 indicating that the
increased phosphorylation of p65 was not due to defects in IxkBa resynthesis. To ascertain
whether the sustained serine 536 and serine 468 phosphorylation of p65 observed in 53BP1
depleted cells was due to a defect in the nuclear export of NF-kB, the localisation of p65 was
analysed by immunofluorescence in cells treated with control or 53BP1 siRNA. Prior to
TNFa stimulation in the control siRNA treated cells, p65 is localised mainly in the cytoplasm.
Following 15 minutes of TNFa stimulation, a large proportion of p65 could be seen localised
within the nucleus, which 90 minutes after TNFo stimulation had translocated back into the
cytoplasm (Figure 5.7). In comparison, the TNFa-induced relocalisation of p65 in the 53BP1
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Figure 5.5 53BPI1 represses NF-xB transcriptional activity. (A) U20S cells were first
transfected with either control or 53BP1 siRNA, 48 hours later cells were transfected with
either 300ng of 3x kB concanavalin A NF-kB luciferase reporter plasmid or PGL2, which
lacks B sites and 50ng Renilla. 24 hours later cells were either unstimulated or stimulated
for 4 hours with 10ng/ml TNF «. Luciferase activity was normalised to Renilla activity. Data
from three experiments is presented + standard deviations. Significant differences in relative
luciferase units in samples depleted of 53BP1 compared to control samples with and without
TNF « stimulation * p<0.05, ** p< 0.01. (B) U20S cells were transfected as in A, whole cell
lysates were prepared, resolved by SDS-PAGE and immunoblotted with anti-53BP1 antibody.
SMC1 was used as a loading control.
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Figure 5.6 ~ 53BPI represses NF-xB transcriptional activity, independent of p53. (4)
H1299 cells were first transfected with either control or 53BP1 siRNA, 48 hours later cells
were transfected with either 300ng of 3x kB concanavalin A NF-xB luciferase reporter
plasmid or PGL2, which lacks B sites and 50ng Renilla. 24 hours later cells were either
unstimulated or stimulated for 4 hours with 10ng/ml TNFa. Luciferase activity was
normalised to Renilla activity. Data from three experiments is presented + standard
deviations. Significant differences in relative luciferase units in samples depleted of 53BP1
compared to control samples with and without TNF o stimulation * p<0.05, ** p< 0.01. (B)
H1299 cells were transfected as in A, whole cell lysates were prepared, resolved by SDS-
PAGE and immunoblotted with anti-53BP1 antibody. SMC1 was used as a loading control.
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depleted cells was identical to that observed in the control siRNA transfected cells indicating
that the translocation of NF-kB in and out of the nucleus is unaffected by loss of 53BP1 and
suggests that the termination of NF-kB activity by the IkB proteins is functional. Therefore, it
is likely that the sustained NF-xB response observed when 53BP1 is depleted is due to

alternative NF-xB termination mechanisms that are independent of the IxB proteins.

5.2.3 53BPI does not interact with p65

To try and elucidate the mechanism with which 53BP1 is regulating NF-kB transcriptional
activity, the interaction between 53BP1 and p65 was investigated. Endogenous p65 was
immunoprecipitated from whole cell extracts prepared from U20S cells before and after
stimulation with TNFoa using an anti-p65 antibody and Western blot analysis was used to
determine whether p65 associated with 53BP1 in vivo. The data shows that p65 does not
interact with 53BP1 (Figure 5.8). In the reciprocal experiment, endogenous 53BP1 was
immunoprecipitated with an anti-53BP1 antibody and co-precipitation of p65 was analysed by
Western blot analysis using an anti-p65 antibody. As shown by figure 5.8, p65 was not found
in 53BP1 immunocomplexes. Together these data demonstrate that 53BP1 does not physically
associate with p65 indicating that 53BP1 is influencing NF-kB transcriptional activity via an

indirect mechanism.

5.2.4 TNFadoes not induce a DNA damage response

It is well established that DNA damage can activate the NF-xB response, albeit via the
atypical pathway, which can be either IKK-dependent or independent (Perkins 2007, Wu and
Miyamoto 2007). Since 53BP1 plays a key role in the DNA damage response, it is
conceivable that the increase in p65 basal and phosphorylation levels observed in TNFa
stimulated 53BP1 depleted cells may be due to ATM and ATR being activated and as a
consequence, activating NF-kB. To determine whether this was the case, U20S cells were
treated with either control or 53BP1 siRNA and then exposed to either caffeine to inhibit
ATM and ATR function, and then stimulated with TNFo.. Notably, neither the loss of ATM or
ATR function caused by the caffeine treatment inhibited serine 536 phosphorylation of p65
following stimulation with TNFa (Figure 5.9). In addition, treatment with both caffeine and

TNFa demonstrated that TNFa was not inducing a DNA damage response as illustrated by
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Figure 5.7  Depletion of 53BPIl does not affect p65 localisation. A549 cells were
transfected with either control or 53BP1 siRNA and 72 hours later, cells were stimulated with
10ng/ml TNF « for Omins, 15mins and 90mins. Subsequently, cells were fixed and processed
for immunofluorescence using the indicated antibodies.
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Figure 5.8 53BPI does not interact with p65. p65 and 53BP1 were immunoprecipitated
from U20S whole cell extract and Western blotting was used to assess the binding of 53BP1
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the lack of phosphorylation of DNA damage response proteins. The lack of SMC1, NBS1 and
H2AX phosphorylation in cells depleted of 53BP1 indicates that the increase in NF-kB
transcriptional activity is unlikely to be caused by the loss of 53BP1 inducing DNA damage.
Interestingly, despite ATM and ATR being inhibited, there is an increase in y-H2AX and a
slight increase in phosphorylation of SMC1 and NBS1 in the caffeine treated cells. However,
this could be because endogenous DNA damage is activating the other PIKK family member,
DNA-PK (An et al 2010, Stiff et al 2004). These data indicate that the DNA damage response
is not activated in response to TNFa or following loss of 53BP1 function and therefore is

unlikely to account for the increase in NF-xB transcriptional activity observed in cells lacking

53BPl.

5.2.5 Depletion of 53BPI increases NF-kB transcriptional activity in

response to IR

In addition to inflammatory cytokines, even though the signalling cascade leading to NF-xB
activation in response to DSBs has yet to be fully characterised, it has been established that
the downstream events following IKK activation are identical to those elicited by TNFo (Wu
and Miyamoto 2007). Despite the fact that the functional consequence of DNA damage
induced NF-kB activity can differ depending on the genotoxic agent used to generate the
damage, treatment with IR has been shown to activate NF-kB in a similar manner to TNFo
(Criswell et al 2003). To determine if the increase in NF-kB transcriptional activity observed
in TNFa stimulated 53BP1 deficient cells was specific to TNFa, U20S cells were treated
with either control or 53BP1 siRNA, exposed to 10 Grays of IR and the protein levels and
phosphorylation status of p65 were assessed by Western blot analysis along with components

of the DNA damage response over a 24 hour period.

Consistent with the response observed following TNFa stimulation, there was no difference
in IkBa protein levels between control and 53BP1 depleted cells whereas, p65 basal levels, as
well as its phosphorylation on serine 536 were increased in cells lacking 53BP1 both prior to
and in response to IR. In addition, p65 phosphorylation was also prolonged in the absence of
53BP1 following IR (Figure 5.10). Phosphorylation of NBS1, SMC1 and H2AX
demonstrated that the DNA damage response had been activated following exposure to IR.

Moreover, the levels of phosphorylated NBS1 and SMC1 were unaffected in irradiated 53BP1
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Figure 5.9  Depletion of 53BPI does not activate the DDR. U20S cells were transfected
with either control or 53BP1 siRNA, 72 hours after transfection, cells were either mock-
treated, exposed to SmM caffeine, stimulated with 10ng/ml TNF o or treated with both
caffeine and TNFa. Cells were harvested and the NF-kB response was determined by
Western blotting using antibodies to p65, phospho-p65 and 1kBo. Phospho-SMCI1, phospho-
NBS1 and phospho-H2AX antibodies were used as markers of the DNA damage response. -
actin was used as a loading control.
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Figure 5.10  Depletion of 53BPI1 induces hyperphosphorylation of p65 in response to IR.
U20S cells were transfected with either control or 53BP1 siRNA, 72 hours after transfection,
cells were either mock-treated or irradiated with a 10 Gray dose and harvested at the times
indicated. Whole cell extracts were prepared, separated by SDS-PAGE and subjected to
immunoblotting using the antibodies indicated. [-actin was used as a loading control.
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depleted cells compared to control cells indicating that 53BP1 is not required for efficient
activation of the ATM-dependent DNA damage response. However, at late time points after
IR, H2AX phosphorylation was reduced in cells lacking 53BP1 suggesting that 53BP1 may
be required to sustain phosphorylation of H2AX or that the damage is repaired quicker than
when compared to control cells treated with the same dose of IR. These data suggest that
53BP1 is impacting on p65 stability and is repressing NF-kB transcriptional activity in

response to IR in a similar manner to when cells were treated with TNFa. (Figure 5.2).

5.3  DISCUSSION

This study demonstrates a novel function for 53BP1 as a negative regulator of NF-xB
transcriptional activity. Despite the fact that it is known that NF-kB activity plays crucial
roles in numerous cellular processes, relatively little is known about how the NF-kB response
is controlled.

When activation of the NF-xB pathway in response to TNFo was assessed in cells depleted of
53BP1 alterations in both the stability and phosphorylation of p65 were observed (Figure 5.2
and 5.3). Basal p65 levels were elevated in the absence of 53BP1 suggesting that 53BP1
could be affecting the protein stability of p65 and/or the expression of p65. To investigate this
further, the mRNA levels of the p65 NF-kB subunit would have to be determined using q RT-
PCR. A functional knock on effect of stabilising p65 could account for the increased NF-xB-
dependent transcription and phosphorylation of p65 on serine 536 and serine 468 observed in
53BP1 deficient cells. However, the level of increased and sustained phosphorylation of p65
following TNFa stimulation in cells with compromised expression of 53BP1 far exceeds the
modest increase in basal levels of p65 observed in these cells suggesting that 53BP1 may be
modulating the NF-kB response by numerous mechanisms. Moreover, despite the well
established biochemical links between p53 and NF-kB, this role of 53BP1 in suppressing the
phosphorylation of p65 occurs independently of p53 since similar effects of 53BP1 loss on
p65 stability and phosphorylation were also observed in a p53 null cell line (Figures 5.2, 5.3,
5.5 and 5.6). Interestingly, the increase in NF-«xB activity observed in 53BP1 depleted cells is
not specific to TNFa because exposing these cells to 10 Grays of IR elicited a similar
response (Figure 5.2 and 5.10). This is consistent with findings demonstrating that IR, like
TNFa, can activate NF-kB (Criswell et al 2003). Together these data suggest that 53BP1 is
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repressing NF-kB transcriptional activity, independently of p53. However, this is likely to be
via an indirect mechanism given that co-immunoprecipitation studies failed to detect an
interaction between 53BP1 and p65 (Figure 5.8). It is conceivable that one possible way in
which 53BP1 could be mediating repression of NF-kB activity is that it is negatively
regulating the interaction between p65 and its co-activator, CBP/p300. As a consequence, loss
of 53BP1 allows CBP/p300 to acetylate p65 resulting in augmentation of NF-«kB
transcriptional activity. This has been demonstrated to be the case with other negative
regulators of NF-kB such as the ARF tumour suppressor. ARF has been demonstrated to
repress NF-kB activity by enhancing the interaction of p65 with its known regulators,
HDACI1 and TCEAL7. HDACI has been shown to directly deacetylate p65 whereas TCEAL7
inhibits p300-mediated NF-kB activity by interfering with the binding of p300 to p65 (Rattan
et al 2010, Rocha et al 2003). To support this hypothesis, immunoprecipitation studies from
cells with and without 53BP1 will have to be conducted to ascertain if 53BP1 is modulating
the acetylation status of p65 and whether this is mediated by affecting its ability to interact
with p300 and HDACI. Furthermore, depletion of p300 in cells lacking 53BP1 will help to
determine if the hyperphosphorylation of p65 that occurs in these cells is p300-dependent.

Co-immunoprecipitation studies presented in this study have shown that 53BP1 can interact
directly with both p300 and CBP (Figure 3.2). It is therefore possible that the presence of
53BP1 may compete with p65 for its association with CBP/p300. However, it is also known
that the acetylation of p65 is not always associated with stimulation of its ability to function
as a transcription factor. p300-mediated acetylation of p65 on lysine 122 and lysine 123 have
been shown to have an inhibitory effect, thus the function of 53BP1 to repress the activity of
NF-kB may be via its ability to promote acetylation on these regulatory lysine residues
(Kiernan et al 2003). The derivation of antibodies specific for individual acetylated lysine
residues of p65 will be required to directly determine whether 53BP1 suppresses the function

of NF-«xB by preventing activatory acetylation or promoting inhibitory acetylation.

The activation of NF-kB in response to different stimuli has both cytoplasmic and nuclear
aspects to its regulation. The findings presented here demonstrating that a loss of 53BP1 does
not affect degradation of IxBoa and the nuclear translocation of p65 as well as 53BP1 only
being present in the nucleus indicates that it is unlikely that the cytoplasmic component of this

signalling cascade is subjected to regulation by 53BP1 (Schultz et a/ 2000) (Figures 5.2, 5.7
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and 5.10). However, cellular fractionation would have to be carried out in unstimulated and
stimulated cells with and without 53BP1 to determine whether hyper-phosphorylated form of
p65 observed in cells lacking 53BP1 was present in the nuclear or cytoplasmic compartment

of the cell.

Due to the involvement of 53BP1 in the DNA damage response and that NF-kB is activated
in response to DNA damage, it is possible that the increase in p65 basal levels and NF-xB
transcriptional activity observed in TNFo stimulated 53BP1 deficient cells was due to
elevated levels of DNA damage in these cells. However, the fact that inhibiting the activity of
ATM and ATR by the incubation of cells with caffeine failed to return the phosphorylation of
p65 on serine 536 in cells depleted of 5S3BP1 and stimulated TNFa back to normal levels
indicates that this abnormal regulation of NF-xB is unlikely to arise due to an activated DNA
damage response (Figure 5.9). Furthermore, absence of detectable increases in the levels of y-
H2AX, phospho-NBS1 or phospho-SMCI1 in unstimulated cells lacking 53BP1 compared

with control siRNA treated cells supports this notion.

The sustained NF-kB response observed in 53BP1 depleted cells in response to IR and TNFa
indicates that the NF-kB response is not being terminated correctly in cells lacking 53BP1
(Figure 5.2 and 5.10). Therefore, one could hypothesise that perhaps 53BP1 is involved in
regulating the termination of the NF-kB response. However, in a similar manner to its
activation, termination of the NF-kB response is a complex process involving many post-
translational mechanisms as well as both a cytoplasmic and nuclear component. One of the
best studied mechanisms is the degradation and resynthesis of IkB proteins, which control the
translocation of NF-kB in and out of the nucleus. Since, 53BP1 did not affect IxBa
degradation and resynthesis following TNFo stimulation nor did it inhibit translocation of
NF-kB in and out the nucleus, this suggests that 53BP1 is regulating NF-xB via an IkxB-
independent mechanism (Figure 5.2, 5.3, 5.4 and 5.7). Recently, it has been shown that
ubiquitylation and degradation of promoter bound p65 by the proteasome is required for
efficient termination of nuclear NF-xB activity (Saccani et al 2004) Ubiquitylation of p65 is
controlled by a variety of E3 ubiquitin ligases including SOCS1, which is a component of the
ECS-ubiquitin ligase complex and COMMDI, which interacts with this complex.
Interestingly, the elevated levels of basal p65 and increase in NF-kB activity in 53BP1

depleted cells mirror those observed when either SOCS1 or COMMDI expression is
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compromised indicating that 53BP1 may functionally regulate the turnover of NF-kB through
the activity of this ubiquitin ligase complex (Maine et al 2007, Ryo et al 2003). However,
only a small fraction of p65 is turned over using this mechanism indicating defects in this
pathway are unlikely to significantly contribute to the sustained NF-kB response observed in

cells depleted of 53BP1.

Whilst regulating the turnover of NF-xB represents a major aspect of its regulation, post-
translational modifications of components of this pathway also play a critical role in its
activation and termination. In this respect it is important that NF-kB is de-modified in order
for the IkBa negative feedback loop to work because modified NF-kB does not bind to IkBa
very efficiently (Chen and Greene 2003). The observation that p65 is not being
dephosphorylated efficiently in 53BP1 deficient cells following TNFa stimulation indicates
that 53BP1 may also be regulating the phosphatase, WIP1, which has been recently
demonstrated to target serine 536 (Chew et al 2009). Whilst the levels of WIP1 were
unaffected by loss of 53BP1 (data not shown) it is possible that loss of 53BP1 affects the
ability of WIPI to bind to and dephosphorylate p65. To implicate abnormal regulation of
WIPI as a contributory factor in the elevated and sustained levels of phosphorylated p65 in
53BP1 depleted cells, assessment of whether forced over-expression of WIP1 in these cells
can correct the p65 hyperphosphorylation phenotype may support a role of 53BPI in
regulating NF-kB activity by affecting the function of a known phosphate.

Given that the phosphorylation status of p65 is intimately linked with its ability to bind p300
and therefore its level of acetylation, it is quite possible that inability of p65 to be
dephosphorylated in cells lacking 53BP1 may be linked to abnormalities in its ability to be
acetylated/deacetylated properly. Again, assessment of the levels and kinetics of p65

acetylation in these cells may shed some light on this.

One important question that needs to be addressed is what is the physiological consequence of
53BP1-mediated inhibition of NF-kB activity? NF-kB plays a crucial role in cell survival, so
it would be interesting to ascertain whether like ARF and TCEAL7, 53BP1 is promoting
apoptosis by repressing anti-apoptotic NF-kB target genes and consequently, loss of 53BP1 is
causing an increase in cell survival by inducing the expression of anti-apoptotic genes.
Interestingly, the microarray data does indicate that this may be occurring because in 53BP1

depleted cells, the expression of FADD, which is involved in apoptosis, was decreased
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whereas the anti-apoptotic protein XIAP and components of the PI3K pathway, another

important cell survival pathway, were increased (Figure 4.5 and 4.6).

Collectively, these data suggest an additional biological role for 53BP1 as a negative
transcriptional regulator of NF-kB activity. However, the mechanism and biological

consequence remains unclear.
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CHAPTER 6 FINAL DISCUSSION

6.1 A ROLE FOR 53BP1 AS A TRANSCRIPTIONAL REGULATOR

The role of 53BP1 as a regulator of gene transcription has been a subject of debate due to
contradictory studies. Data presented here supports a role for 53BPI1 in transcriptional

regulation.

Data in chapter 3 shows that 53BP1 can interact with the transcriptional co-activators CBP
and p300 and enhance their transcriptional activities indicating that 53BP1 acts as a cofactor
for CBP/p300. Moreover, the capability of 53BP1 to function as a CBP/p300 cofactor was
dependent on its BRCT domains since depletion of these domains dramatically reduced the
interaction between CBP/p300 and 53BP1, as well as the ability of 53BP1 to potentiate the
transactivation activities of CBP/p300. In addition, 53BP1 was shown to modulate p53
transcriptional activity as illustrated by the fact that 53BP1 can differentially regulate a subset
of p53 target genes including p21 and PUMA. These data are consistent with several reports
indicating that 53BP1 can regulate the transcriptional activity of p53. However, unlike these
reports, these data suggest that 53BP1 does not function as a strict co-activator or co-repressor

of p53, but rather acts as a modulator of p53 transcriptional activity.

Microarray analysis revealed that 53BP1 could differentially regulate a diverse array of genes
both before and after DNA damage. These genes were involved in a wide range of cellular
processes such as transcription, metabolism, cell cycle regulation and DNA repair.
Intriguingly, despite the observations in chapter 3 implying that 53BP1 modulated the
expression of a subset of p53 responsive genes, no p53 responsive genes were identified as
being differentially regulated in response to DNA damage. However, microarrays are
designed to take a snapshot of gene expression at the specific time point at which the RNA is
isolated. Furthermore, it has been reported that in response to DNA damage p53 regulates the
expression of its target genes in a temporal manner, with cell cycle arrest genes being
expressed first and pro-apoptotic genes being expressed at later stages of the p53 response
(Zhao et al 2000). As a result, it is possible that major differences in the expression of some
IR-inducible p53 target genes may have been missed due to the time point chosen.

Alternatively, the fold differences in the expression of some p53 target genes may have been
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small and/or statistically insignificant. Therefore, these genes would have been removed by
the statistical analysis and the filtration process. In addition, MTC is very stringent in order to
ensure the rate of false positives is low. However, as a consequence, the rate of false negatives
is high, therefore some p53 target genes may have been classed as false negatives.
Interestingly, both the univariate and multivariate analyses implied that 53BP1 was involved
in regulating the TNFR1 signalling pathways before IR, in particular the NF-kB pathway.
Several genes encoding proteins involved in TNFR1 signalling, as well as pathways linked to
TNFR1 were found to be differentially regulated by 53BP1. Further investigation of a
possible role for 53BP1 in TNFRI1 signalling revealed that 53BP1 regulated NF-xB
transcriptional activity. Depletion of 53BP1 resulted in an increase in NF-kB transcriptional
activity in response to both TNFo and IR indicating that 53BP1 is repressing NF-xB
transcriptional activity. However, the underlying mechanism remains unclear since it was

observed that 53BP1 and p65 do not associate with each other directly.

6.2 53BP1 MAY LINK TRANSCRIPTION FACTOR COMPLEXES TO
THE CHROMATIN

It is possible that the ability of 53BP1 to function as a transcriptional regulator is due to its
ability to interact with chromatin and proteins that are involved in chromatin remodelling.
53BP1 can interact with chromatin through its Tudor domain, which has been shown to be a
methyl-histone binding domain (Kim et a/ 2006). In particular, it has been demonstrated that
the Tudor domain of 53BP1 interacts with di-methylated histones including H4K20 and
possibly H3K79 (Botuyan et al 2006, Huyen et al 2004). However, in undamaged chromatin
these histone marks are buried within the nucleosome, therefore conformational changes in
the chromatin are required to expose these marks and enable 53BP1 to access the chromatin.
In response to DNA damage, it has been proposed that exposure of these histone marks is
facilitated by post-translational modifications of histones surrounding the DSB, which
promote relaxation of the chromatin, thereby allowing 53BP1 to be recruited to sites of DSBs
(van Attikum and Gasser 2009). Interestingly, it has been shown that 53BP1 can interact
transiently with chromatin in the absence of DNA damage (Bekker-Jensen et al 2005, Santos

et al 2010). This is likely to be a result of the dynamic conformational changes that occur in
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nucleosomes, which allow proteins access, even to buried regions of chromatin (Li and

Widom 2004, Li et al 2005).

To facilitate cellular processes that involve DNA such as transcription, DNA replication and
DNA repair, the structure of the chromatin needs to be altered to allow the transcription
machinery and DNA repair proteins access to the DNA. This is achieved by both
modifications of the tails of histones as well as by chromatin remodelling via proteins that
alter the interaction between histones and the DNA. In addition to chromatin, 53BP1 interacts
with several chromatin remodelling proteins. In response to DNA damage, 53BP1 has
recently been shown to interact and recruit the chromatin-associated protein EXPANDI to
sites of DSBs. EXPANDI1 binds to chromatin through its histone binding PWWP domain and
triggers chromatin relaxation, thereby facilitating DNA repair and cell survival by increasing
the accessibility of the chromatin to DNA repair proteins (Huen et al 2010a). Currently it is
unclear whether the chromatin remodelling activities of EXPANDI and/or the interaction
with 53BP1 are required for transcriptional activation, as well as DNA repair. However,
EXPANDI inactivation resulted in chromatin condensation in unperturbed cells indicating
that it is likely that it functions in other cellular processes besides the DDR. As demonstrated
in this thesis, 53BP1 also interacts with the transcriptional co-activators CBP/p300 via its C-
terminal region (see chapter 3). These proteins possess histone acetyltransferase activities
enabling them to acetylate histones, thereby promoting chromatin decondensation. Relaxation
of the chromatin results in transcriptional activation since it allows gene promoters/enhancers
to become accessible to transcription factors and the basal transcription machinery.
Furthermore, 53BP1 has been shown to interact with HDAC:s, specifically HDAC4 following
DNA damage (Kao ef al 2003). In contrast to HATs, HDACs induce chromatin compaction
by deacetylating histones, which in turn results in transcriptional repression. In response to
IR, HDAC4 has been shown to be important for maintaining the G2/M checkpoint since this
checkpoint was abrogated in HDAC4-deficient cells (Kao ef al 2003). It has been suggested
that HDAC4 functions to repress the promoters of genes involved in the G2/M transition of

the cell cycle including CDC25C, CDK1 and Cyclin B2 (Basile et al 2006).

These observations indicate that 53BP1 functions in transcriptional regulation at the
chromatin level. Furthermore, through its ability to bind to chromatin as well as chromatin
modifying proteins, it is likely that 53BP1 regulates transcription by acting as a molecular
bridge to connect transcription factor complexes with the chromatin (Figure 6.1).

203



Chapter 6

Co-activator/
Co-repressaor

Transcription
Factor

Basal machinery

-

TATA

Figure 6.1 A model for the role of 53BPI in gene transcription. 53BPI connects
transcription factor complexes with the chromatin by acting as a molecular bridge.
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Interestingly, a similar model has been suggested for the ability of BRCA1 to function as a
transcriptional co-regulator (discussed below). This model provides a plausible explanation as
to how 53BP1 is able to regulate NF-xB transcriptional activity without directly interacting
with p65. Moreover, it also indicates how 53BP1 is able to regulate the expression of the
diverse array of genes that were identified by the microarray analysis since CBP/p300 can
interact with a wide variety of transcription factors. Due to 53BP1 serving as a scaffold
protein, it is possible that 53BP1 may interact with other transcriptional co-activators such as
PCAF and hGCNS5 and co-repressors such as HDAC1 and HDAC2, as well as other
chromatin remodelling proteins/complexes such as the SWI/SNF complex, and facilitate their

recruitment to the chromatin.

6.3 MEDIATOR PROTEINS FUNCTION IN DNA REPAIR AND
TRANSCRIPTION

Together the data presented in this thesis indicates that 53BP1 can function both in
transcription and DSB repair. 53BP1 is a member of a small family of mediator proteins that
also includes MDCI1, PTIP, BRCA1, TOPBPI1, Claspin and MCPHI. Interestingly, there is
evidence that many of these mediator proteins also play a role in transcriptional regulation, as

well as DNA repair.

The C-terminal region of BRCA1, which contains the BRCT domains (residues 1560-1863)
was shown to activate transcription when fused to the DNA binding domain of the yeast
transcription factor, Gal4. This provided the first evidence that BRCA1 was involved in
transcription (Monteiro et al 1996) and since then a substantial amount of data has been
generated supporting a role for BRCA1 in transcriptional regulation. BRCAT1 has been shown
to associate with RNA polymerase II holoenzyme, a component of the core transcriptional
machinery (Scully ef al/ 1997a). Furthermore, it can bind to several DNA binding transcription
factors and regulate their transactivation activities by acting as a transcriptional co-activator
or co-repressor. BRCA1 has been shown to stimulate the transcriptional activities of p53
(Zhang et al 1998), STAT1 (Ouchi et al 2000), ATF1 (Houvras et al 2000), NF-xB (Benezra
et al 2003), Oct-1 (Fan et al 2002, Saha et al 2010) and the androgen receptor (Park et a/
2000, Yeh et al 2000). Conversely, BRCA1 represses the transactivation activities of the c-

Myc oncoprotein (Wang et al 1998) and the estrogen receptor (Fan ef al 2001). Several genes
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have been identified that are regulated by BRCATI including genes involved in DNA repair
such as DDB2 and XPC and cell cycle arrest such as p21, GADD45 and p27 (Harkin et al
1999, Hartman and Ford 2002, MacLachlan et a/ 2002, Somasundaram et al 1997,
Williamson et al 2002). BRCAL1 has also been shown to associate with several proteins that
modify the chromatin structure including the HATs CBP/p300 and hGCNS5/TRRAP (Oishi et
al 2006, Pao et al 2000), the histone deacetylases HDAC1 and HDAC2 (Yarden and Brody
1999) and components of the SWI/SNF chromatin remodelling complexes including BRG1
and BRD7 (Bochar et a/ 2000, Harte et al 2010). Since BRCA1 can interact with RNA
polymerase II and various chromatin modifying proteins, it has been proposed that BRCA1
regulates transcription by linking transcription factor complexes with the basal transcription

machinery.

TOPBP1 has also been shown to function as a transcriptional regulator and this is important
for its role in promoting cell growth and survival. Through interacting with the SWI/SNF
complex via BRG1, TOPBP1 has been shown to repress the pro-apoptotic activity of the
E2F1 transcription factor both during the G1/S transition of the cell cycle and in response to
DNA damage (Liu et al 2004). Also, in complex with the transcription factor Miz-1, TOPBP1
inhibits the ability of Miz-1 to activate its target genes p2/ and pl5INK4B (Herold et al
2002). TOPBP1 also represses the expression of the proto-oncogene c-Abl by recruiting
HDACI to the c-4b! promoter (Zeng et al 2005). More recently, it has been demonstrated that
TOPBPI1 can interact with p53 and repress its transcriptional activity, as illustrated by the fact
that depletion of TOPBPI1 resulted in an increase in the expression of several p53 target genes
involved in cell cycle arrest and apoptosis including p21, NOXA, GADD45 and BAX (Liu et
al 2009). As well as functioning as a transcriptional co-repressor, TOPBP1 can enhance Ets-1

transcriptional activity by associating with the ePHD protein, SPBP (Sjottem et al/ 2007).

MCPHI1 was initially identified as a transcriptional repressor of hTERT (human telomerase
reverse transcriptase) (Lin and Elledge 2003). Subsequently, MCPH1 was shown to positively
regulate the expression of CHK1 and BRCA1 through interacting with E2F1 (Lin ef a/ 2005,
Yang et al 2008b). Furthermore, MCPH1 also induces the expression of several other E2F1
responsive genes involved in cell cycle checkpoint activation, DNA repair and apoptosis
including RAD51, DDB2, TOPBPI and caspase 3 (Yang ef al 2008b). MCPHI has also been
shown to interact with the SWI/SNF complex via its core subunits BAF170 and BAF155
(Peng et al 2009). Recruitment of the SWI/SNF complex to the chromatin by MCPHI1 results
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in relaxation of the chromatin. Loss of MCPH1 caused impaired chromatin relaxation as a
result of the decreased association of SWI/SNF with the chromatin. Since MCPH1-mediated
chromatin remodelling was shown to be important for recruitment of DNA repair proteins to
the sites of DNA damage and therefore efficient DNA repair, it is possible that this is how
MCPHI1 regulates E2F1 transcriptional activity.

PTIP was identified in a yeast-two hybrid screen looking for novel interacting proteins that
could potentially modulate PAX2 transcriptional activity (Lechner et al 2000). PAX2 is a
member of the PAX family of transcription factors that are essential for organ and tissue
development (Lang et al 2007). In Xenopus development, the PTIP homolog was shown to
function as a transcriptional co-activator of SMAD2 in a TGFB-dependent manner (Shimizu
et al 2001). PTIP functions as a transcriptional regulator by stably associating with the
MLL3/4 methyltransferase complex (Cho et al 2007, Patel et al 2007). By recruiting this
complex to transcriptions factors including PAX2 and PAXS, PTIP promotes methylation of
histone H3 on lysine 4 (H3K4) and subsequently transcriptional activation (Patel et al/ 2007,
Schwab ef al 2011). PTIP-mediated H3K4me has been shown to be important for immune
system development since loss of PTIP significantly attenuated CSR in B cells (Daniel et al
2010, Schwab et al 2011). This defect in switching is due to transcriptional repression of the
IgH locus caused by impaired H3K4me.

Interestingly, 53BP1, BRCA1, MCPH1, PTIP and TOPBP1 have all been shown to interact
with chromatin modifying proteins suggesting that the mechanism by which mediator proteins
function in transcriptional regulation is likely to be through modulating the chromatin
structure. This would allow the DNA to become accessible to transcription factors and the
core transcriptional machinery. Currently, it is unknown if MDC1 and Claspin also play a role
in transcription. However, considering the majority of mediator proteins function in both
DNA repair and transcription, it is conceivable that these proteins may also function in
transcriptional regulation. Indeed this does appear to be the case for MDCI since the mass
spectrometric analysis identified both 53BP1 and MDCI1 as a CBP/p300 interacting proteins
(Figure 3.1).
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6.4 MEDIATOR PROTEINS AND CANCER

The DDR has been suggested to act as a barrier to tumour progression by promoting cellular
senescence or apoptosis of tumour cells and thereby delaying or preventing tumourigenesis
(Bartek et al 2007). Consequently, inactivating mutations in many DDR proteins are selected
for during the development of cancer including the mediator proteins BRCA1, 53BP1 and

MCPHI. This allows tumour cells to overcome this barrier and progress towards malignancy.

BRCAI1 plays a crucial role in suppressing tumourigenesis as demonstrated by the fact that
heterozygous BRCA1 inactivating mutations are associated with an increased risk to develop
breast and ovarian cancer. Typically women carrying germline mutations in BRCA1 have a
50-85% lifetime risk of developing breast cancer and a 20-40% lifetime risk of developing
ovarian cancer (Fackenthal and Olopade 2007, King et al 2003). Breast cancers that arise in
BRCAI mutation carriers are mostly early onset, high grade and invasive cancers that do not
express the estrogen receptor, the progesterone receptor and do not have amplification of
HER?2, a phenotype that is termed as the ‘triple negative’ phenotype (Johannsson et al 1997).
BRCALI plays a key role in DNA repair and activation of cell cycle checkpoints including the
G2/M checkpoint in response to DNA damage. Consistent with these functional roles, cells
and tumours deficient for BRCAI exhibit severe genomic instability, characterised by
aneuploidy, centrosomal amplification and chromosome aberrations such as translocations,
deletions and chromosome breaks (Venkitaraman 2002). However, the genomic instability
caused by BRCA1 deficiency triggers the DDR, which inhibits proliferation and induces
apoptosis. Therefore, cells must acquire additional mutations to allow proliferation and
tumourigenesis. Accordingly, BRCAl-mutated breast tumours have a high frequency of
mutations in p53 and PTEN (Holstege et al/ 2009, Manie et al 2009, Saal et al 2008). In
addition to its DDR functions, the ability of BRCAI1 to regulate transcription has been
observed to contribute towards its tumour suppressor activity. Cancer-associated mutations of
the C-terminal region of BRCAI1 abrogated the transactivation activity of BRCAI.
Furthermore, cancer-associated transactivation deficient mutants of BRCA1 failed to induce
p21 expression and inhibit cell cycle progression indicating that BRCA1-dependent induction
of p21 contributes to the growth suppressive effects of BRCA1 (Somasundaram et al 1997).
The link between BRCAL1 in transcription and tumour suppression was demonstrated further

by the fact that cancer predisposing mutations of BRCA1 were found to disrupt the interaction

208



Chapter 6

between RNA polymerase Il and the hGCNS5/TRRAP HAT complex (Oishi ef al 2006, Scully
et al 1997a). Furthermore, the oncoprotein c-MYC is frequently over-expressed in BRCA1-
linked breast cancer, which may be due to the ability of BRCAI to suppress the oncogenic
potential of c-Myc by repressing its transcriptional activity (Grushko et al/ 2004, Wang et al
1998). Moreover, BRCA1 mutations confer an increased risk for several types of steroid
hormone-responsive cancers such as breast, endometrial, cervical and prostate. The latter is
androgen responsive, whereas the other tumour types are estrogen responsive (Rosen et al
2005). This epidemiologic data correlates with the role of BRCAI in regulating estrogen and

androgen receptor activity.

MCPHI1 has also been shown to be important for protecting against genomic instability and
tumourigenesis. Loss of MCPHI1 has been associated with breast, ovarian and prostate cancers
(Rai et al 2006). Similar to BRCA1, loss of MCPHI1 resulted in an increase in chromosomal
aberrations and centrosomal abnormalities (Rai et a/ 2006). The genomic instability caused by
loss of MCPHI1 is due to the involvement of MCPHI in DNA repair and cell cycle checkpoint
control. Furthermore, the transcriptional function of MCPHI1 is also likely to contribute to
genomic instability since MCPHI1 activates genes involved in genome maintenance by
functioning as a transcriptional co-activator of E2F1 (Yang et al 2008b). In addition to
genomic instability, another hallmark of cancer is the ability to proliferate indefinitely
(Negrini et al 2010). The majority of tumour cells achieve this by enhancing the activity of
telomerase by up-regulating the expression of the catalytic subunit hTERT (Shay and
Bacchetti 1997). Therefore, this may be another way loss of MCPHI1 causes tumourigenesis

since MCPHI1 acts as a repressor of hTERT transcriptional activity (Lin and Elledge 2003).

Loss of 53BP1 has been observed in a wide range of carcinomas including lung, gastric,
laryngeal and renal as well as melanoma (Gorgoulis et al 2005, Nuciforo et al 2007).
Furthermore, progression from precancerous lesions to carcinomas was associated with loss
of 53BP1 in some tumours (Gorgoulis et al 2005). More recently, loss of 53BP1 has been
associated with triple-negative breast cancer and familial breast cancer caused by BRCA1/2
mutations (Bouwman et a/ 2010). Furthermore, loss of 53BP1 in triple-negative breast
tumours correlated with a greater likelihood of metastasis and decreased survival. This
suggests that mutations in 53BPI might confer a survival advantage in the absence of BRCA1
and BRCA2. This is probably due to partial restoration of HR in BRCA1-deficient cells
(Bunting et al 2010). However, constitutive activation of NF-xB is frequently observed in
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breast cancer, in particular triple-negative breast cancer (Yamaguchi et al 2009). Therefore,
since loss of 53BP1 resulted in an increase in NF-kB activity, it is possible that this may also
be a mechanism by which loss of 53BP1 contributes to the development of breast cancer.
Furthermore, constitutive NF-kB activation is also associated with many other cancers
including those that were found to have lost 53BP1 indicating that inactivation of 53BP1 may
be selected for during tumourigenesis as it contributes to dysregulation of NF-kB activity,

thereby allowing tumour cells to survive (Prasad et a/ 2010).

In contrast to BRCA1, MCPHI1 and 53BP1, TOPBP1 was found to be frequently over-
expressed in breast cancer and this correlated with poor survival (Liu et a/ 2009). It has been
suggested that this is likely to be due to the ability of TOPBPI1 to promote cell survival by
inhibiting p53-dependent and E2F1-dependent apoptosis, as well as G1/S cell cycle arrest.

Taken together these studies demonstrate that both the DNA repair and transcription functions
of the mediator proteins are important for preventing tumourigenesis. Currently, there have
been no reports linking MDC1, PTIP and Claspin to tumourigenesis. However, given that
these proteins have been shown to be important for maintaining the integrity of the genome, it

is likely that mutations in these genes do exist in tumours.

In conclusion, the data presented in this thesis suggest that 53BP1 functions in transcriptional
regulation, as well as DNA repair by acting as a scaffold protein to provide structural support

for DNA repair and transcription in the context of chromatin.
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CHAPTER 7 FUTURE WORK

7.1 VALIDATION OF 53BP1 SIRNA PHENOTYPE

siRNA induces specific gene silencing through RNA interference and is widely used to study
the functions of genes. Initially, siRNA was thought to be very specific and only targeted the
gene of interest. However, it is now recognised that siRNA can induce off-target effects,
which occur when the siRNA down-regulates other genes besides the gene of interest
(Jackson and Linsley 2010). Data presented in chapter 5 demonstrated that siRNA-mediated
depletion of 53BP1 caused an increase in NF-kB activity in response to TNFo and IR.
Therefore, to prove that this phenotype is due to reduced 53BP1 expression and not due to
off-target effects, a rescue experiment needs to be performed to determine if this phenotype
can be reversed through expression of a siRNA-resistant 53BP1 plasmid. Initial
complementation experiments using transient transfection of a siRNA-resistant 53BP1
expression construct into 53BP1 siRNA depleted cells failed due to low transfection
efficiency of the 53BP1 plasmid. The reason for this is likely to be due to the large size of the
expression construct, which is known to reduce transfection efficiency. To counteract this
problem, a siRNA resistant retroviral 53BP1 expression construct will have to be constructed
and cell lines stably expressing endogenous levels of 53BP1 generated. The use of a retrovirus
will prevent loss of 53BP1 expression that occurs in stable cell lines over time of prolonged in

vitro culturing, which still retain the antibiotic selection marker (GS Stewart, unpublished).

7.2  DOES LOSS OF 53BP1 PROMOTE NF-«B-MEDIATED CELL
SURVIVAL?

NF-kB plays a crucial role in cell survival as illustrated by the fact that it is constitutively
activated in a variety of diseases including several types of cancer (Courtois and Gilmore
2006, Karin 2006). Moreover, loss of 53BP1 has been shown to be associated with cancer
such as BRCA1-deficient breast cancer (Bouwman et a/ 2010). Since an increase in NF-kB
activity was observed in 53BP1 deficient cells following treatment with TNFo and IR, it
would be of interest to ascertain if loss of 53BP1 is promoting cell survival in an NF-kB-

dependent manner. To establish if this is the case, cell viability, survival and apoptosis assays

212



Chapter 7

such as an MTS/trypan blue dye exclusion assay, clonogenic survival and Annexin V staining
measured by FACS or analysing caspase 3 cleavage respectively would be performed in cells
transfected with control and 53BP1 siRNA. Furthermore, these experiments could also be
conducted in the presence and absence of NF-kB inhibitors to determine if any effects
observed are dependent on NF-kB activity. In addition, the mRNA expression levels of anti-
and pro-apoptotic NF-«B responsive genes could be measured by qRT-PCR in control and
53BP1 depleted cells to determine if 53BP1 is differentially regulating these genes and
therefore influencing the final outcome of the NF-xB response. Together these studies would
help to elucidate the physiological consequence of 53BP1-mediated repression of NF-xB

activity and may indicate why 53BP] is inactivated in tumours.

7.3 MECHANISM OF 53BP1-MEDIATED REGULATION OF p53
AND NF-xB

In most instances HATs and HDACs function as transcriptional co-activators and co-
repressors respectively through regulating the acetylation status of both histones and
transcription factors such as NF-«B and p53. The findings presented in chapter 5 indicate that
53BP1 is negatively regulating NF-kB transcriptional activity and that this is likely to be via
an indirect mechanism given that no interaction was observed between 53BP1 and p65.
Therefore, since 53BP1 can interact with the HATs CBP/p300, as demonstrated in chapter 3,
it is possible that 53BP1 may be modulating the acetylation status of NF-xB through
regulating the interaction between p65 and CBP/p300. Therefore, a co-immunoprecipitation
could be performed in the presence and absence of 53BP1 to ascertain if the interaction
between CBP/p300 and p65 is enhanced in cells lacking 53BP1. The acetylation status of p65
could also be assessed by immunoprecipitation to determine if loss of 53BP1 affects the
CBP/p300-mediated acetylation of p65. Furthermore, to establish if the increase in NF-xB
transcriptional activity is CBP/p300-dependent, cells could be depleted of both 53BP1 and
CBP/p300 and the transcriptional activity of NF-xB analysed by luciferase assay. In addition,
since 53BP1 can interact with HDAC4 (Kao et al 2003), it would be of interest to investigate
whether, in a manner similar to ARF, 53BP1 is repressing the transactivation potential of NF-
kB through promoting the association of p65 with HDACs (Rocha et a/ 2003). To address
this, control and 53BP1 depleted cells could be treated with trichostatin A to determine if
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inhibiting HDAC activity abolishes 53BP1-mediated repression of NF-kB activity. In
addition, a co-immunoprecipitation could be conducted to establish if the interaction between

p65 and HDAC: is enhanced in the presence of 53BP1.

It is well established that 53BP1 can associate with chromatin, therefore to determine if
53BP1 is modulating NF-kB transcriptional activity through regulating the recruitment of
CBP/p300 and HDACs to the promoters of NF-kB responsive genes, chromatin
immunoprecipitation (ChIP) assays could be utilised. However, initially NF-kB responsive
genes whose expression is regulated by 53BP1 would need to be identified using either qRT-
PCR or a microarray approach. Once identified, ChIP could be performed in wild type and
53BP1 deficient cells to determine whether 53BP1 binds to the promoters of these genes.
Subsequently, ChIP could be utilised to establish whether CBP/p300 or HDACs are present
on the promoters of these genes and whether depletion of 53BP1 affects the recruitment of
these co-activators and co-repressors to the gene promoters. In addition, cells could be
depleted of 53BP1 and either CBP/p300 or HDACs to ascertain if the expression of these
53BP1-regulated genes is altered by loss of CBP/p300 or HDAC:s.

As well as an increase in NF-kB transcriptional activity, depletion of 53BP1 in response to IR
and TNFo resulted in a sustained NF-kB response suggesting a role for 53BP1 in regulating
the termination of the NF-kB response. NF-kB transcriptional activity can be terminated
through post-translational mechanisms such as deacetylation and dephosphorylation.
Recently, the phosphatase WIP1 has been demonstrated to dephosphorylate p65 (Chew et al
2009). Since phosphorylation of p65 is sustained in the absence of 53BP1, it is possible that
loss of 53BP1 affects the ability of WIP1 to dephosphorylate p65. To address this, WIP1
could be over-expressed in control and 53BP1 siRNA treated cells to see if this corrected the
phenotype. Alternatively, the inability of p65 to be dephosphorylated in cells lacking 53BP1
may be due to p65 not being efficiently deacetylated. The studies highlighted above may shed
some light on whether the acetylation status of p65 is contributing to the sustained

phosphorylation of NF-kB.

The ubiquitin-mediated proteasomal degradation of p65 has been described as a termination
mechanism. Interestingly, depletion of 53BP1 resulted in elevated p65 basal levels, as well as
an increase in NF-kB transcriptional activity. To ascertain if 53BP1 is affecting the

expression of p65 at the transcriptional or post-transcriptional level, the mRNA level of p65
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could be assessed by qRT-PCR in control and 53BP1 deficient cells. In addition, these cells
could be treated with either transcription inhibitors such as actinomycin D or protein synthesis
inhibitors such as cycloheximide and the half-life of p65 assessed to determine if 53BP1 is
regulating p65 mRNA or protein stability respectively. Furthermore, to establish if 53BP1 is
promoting the ubiquitin-mediated proteasomal degradation of p65, control and 53BP1
deficient cells would be treated with the proteasome inhibitor, MG132 and the protein levels
of p65 assessed by Western blot analysis. However, the substantial increases in p65
phosphorylation observed in 53BP1 depleted cells are unlikely to be solely caused by the
modest increase in basal p65 levels indicating that 53BP1 may regulate NF-«xB transcriptional

activity by several mechanisms.

Data presented in chapter 3 indicates that 53BP1 can differentially regulate p53 target genes
through acting as a modulator of p53 transcriptional activity. However, this work only
focused on p21, PUMA and HDM2, therefore to understand precisely the role of 53BP1 in
regulating p53 function, other p53 target genes would need to be identified whose expression
was regulated by 53BP1. Since p53 target genes are differentially expressed in response to IR
(Zhao et al 2000) and no p53 target genes were identified by the microarray study following 4
hours of IR, a time course could be performed over a 24 hour period in cells treated with
control and 53BP1 siRNA to identify 53BPI-regulated p53 responsive genes. Once these
genes have been identified either by using qRT-PCR or a microarray approach, ChIP
experiments similar to those suggested for NF-kB could be conducted to try and establish if
53BP1 is modulating p53 transcriptional activity at the promoter level through regulating the
recruitment of co-activators and co-repressors to the promoters of those genes that were
identified as being differentially expressed by 53BP1. In addition, acetylation of p53 by
CBP/p300 enhances the transactivation potential of p53, therefore it would also be interesting
to address if 53BP1 is affecting the acetylation status of p53 through influencing the
interaction of p53 with CBP/p300.

Taken together these studies could potentially elucidate the mechanism(s) by which 53BP1

regulates the transcriptional activities of p53 and NF-xB.

215



CHAPTER 8



References

CHAPTER 8 REFERENCES

Abbott DW, Yang Y, Hutti JE, Madhavarapu S, Kelliher MA, Cantley LC (2007). Coordinated
regulation of Toll-like receptor and NOD2 signaling by K63-linked polyubiquitin chains. Mol Cell
Biol 27: 6012-6025.

Adams KE, Medhurst AL, Dart DA, Lakin ND (2006). Recruitment of ATR to sites of ionising
radiation-induced DNA damage requires ATM and components of the MRN protein complex.
Oncogene 25: 3894-3904.

Adams MM, Carpenter PB (2006). Tying the loose ends together in DNA double strand break repair
with 53BP1. Cell Div 1: 19.

Aguilera A, Gomez-Gonzalez B (2008). Genome instability: a mechanistic view of its causes and
consequences. Nat Rev Genet 9: 204-217.

Ahmad A, Robinson AR, Duensing A, van Drunen E, Beverloo HB, Weisberg DB, Hasty P,
Hoeijmakers JH, Niedernhofer LJ (2008). ERCC1-XPF endonuclease facilitates DNA double-strand
break repair. Mo/ Cell Biol 28: 5082-5092.

Ahnesorg P, Smith P, Jackson SP (2006). XLF interacts with the XRCC4-DNA ligase IV complex to
promote DNA nonhomologous end-joining. Cel/ 124: 301-313.

Ait-Si-Ali S, Ramirez S, Barre FX, Dkhissi F, Magnaghi-Jaulin L, Girault JA, Robin P, Knibiehler M,
Pritchard LL, Ducommun B, Trouche D, Harel-Bellan A (1998). Histone acetyltransferase activity of
CBP is controlled by cycle-dependent kinases and oncoprotein E1A. Nature 396: 184-186.

Akhter S, Richie CT, Deng JM, Brey E, Zhang X, Patrick C, Jr., Behringer RR, Legerski RJ (2004).
Deficiency in SNM1 abolishes an early mitotic checkpoint induced by spindle stress. Mol Cell Biol
24: 10448-10455.

Al-Minawi AZ, Saleh-Gohari N, Helleday T (2008). The ERCC1/XPF endonuclease is required for
efficient single-strand annealing and gene conversion in mammalian cells. Nucleic Acids Res 36: 1-9.

Alderton GK, Joenje H, Varon R, Borglum AD, Jeggo PA, O'Driscoll M (2004). Seckel syndrome
exhibits cellular features demonstrating defects in the ATR-signalling pathway. Hum Mol Genet 13:
3127-3138.

Aleyasin H, Cregan SP, lyirhiaro G, O'Hare MJ, Callaghan SM, Slack RS, Park DS (2004). Nuclear
factor-(kappa)B modulates the p53 response in neurons exposed to DNA damage. J Neurosci 24:
2963-2973.

Allison DB, Cui X, Page GP, Sabripour M (2006). Microarray data analysis: from disarray to
consolidation and consensus. Nat Rev Genet 7: 55-65.

An J, Huang YC, Xu QZ, Zhou LJ, Shang ZF, Huang B, Wang Y, Liu XD, Wu DC, Zhou PK (2010).
DNA-PKcs plays a dominant role in the regulation of H2AX phosphorylation in response to DNA
damage and cell cycle progression. BMC Mol Biol 11: 18.

Anderson SF, Schlegel BP, Nakajima T, Wolpin ES, Parvin JD (1998). BRCA1 protein is linked to the
RNA polymerase II holoenzyme complex via RNA helicase A. Nat Genet 19: 254-256.

217



References

Anrather J, Racchumi G, Iadecola C (2005). cis-acting, element-specific transcriptional activity of
differentially phosphorylated nuclear factor-kappa B. J Biol Chem 280: 244-252.

Arany Z, Sellers WR, Livingston DM, Eckner R (1994). E1A-associated p300 and CREB-associated
CBP belong to a conserved family of coactivators. Cell 77: 799-800.

Arenzana-Seisdedos F, Turpin P, Rodriguez M, Thomas D, Hay RT, Virelizier JL, Dargemont C
(1997). Nuclear localization of I kappa B alpha promotes active transport of NF-kappa B from the
nucleus to the cytoplasm. J Cell Sci 110 ( Pt 3): 369-378.

Armata HL, Golebiowski D, Jung DY, Ko HJ, Kim JK, Sluss HK (2010). Requirement of the
ATM/p53 tumor suppressor pathway for glucose homeostasis. Mol Cell Biol 30: 5787-5794.

Arnal SM, Roth DB (2007). Excised V(D)J recombination byproducts threaten genomic integrity.
Trends Immunol 28: 289-292.

Ashburner BP, Westerheide SD, Baldwin AS, Jr. (2001). The p65 (RelA) subunit of NF-kappaB
interacts with the histone deacetylase (HDAC) corepressors HDAC1 and HDAC2 to negatively
regulate gene expression. Mol Cell Biol 21: 7065-7077.

Ashkenazi A, Dixit VM (1998). Death receptors: signaling and modulation. Science 281: 1305-1308.

Audebert M, Salles B, Weinfeld M, Calsou P (2006). Involvement of polynucleotide kinase in a
poly(ADP-ribose) polymerase-1-dependent DNA double-strand breaks rejoining pathway. J Mol Biol
356: 257-265.

Bakkenist CJ, Kastan MB (2003). DNA damage activates ATM through intermolecular
autophosphorylation and dimer dissociation. Nature 421: 499-506.

Balakrishnan L, Stewart J, Polaczek P, Campbell JL, Bambara RA (2010). Acetylation of Dna2
endonuclease/helicase and flap endonuclease 1 by p300 promotes DNA stability by creating long flap
intermediates. J Biol Chem 285: 4398-4404.

Bannister AJ, Kouzarides T (1995). CBP-induced stimulation of c-Fos activity is abrogated by E1A.
EMBO J 14: 4758-4762.

Bannister AJ, Kouzarides T (1996). The CBP co-activator is a histone acetyltransferase. Nature 384:
641-643.

Barlev NA, Liu L, Chehab NH, Mansfield K, Harris KG, Halazonetis TD, Berger SL (2001).
Acetylation of p53 activates transcription through recruitment of coactivators/histone

acetyltransferases. Mol Cell 8: 1243-1254.

Bartek J, Lukas J (2001). Pathways governing G1/S transition and their response to DNA damage.
FEBS Lett 490: 117-122.

Bartek J, Bartkova J, Lukas J (2007). DNA damage signalling guards against activated oncogenes and
tumour progression. Oncogene 26: 7773-7779.

218



References

Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger K, Guldberg P, Sehested M, Nesland JM,
Lukas C, Orntoft T, Lukas J, Bartek J (2005). DNA damage response as a candidate anti-cancer barrier
in early human tumorigenesis. Nature 434: 864-870.

Basile V, Mantovani R, Imbriano C (2006). DNA damage promotes histone deacetylase 4 nuclear
localization and repression of G2/M promoters, via p53 C-terminal lysines. J Biol Chem 281: 2347-
2357.

Bates S, Ryan KM, Phillips AC, Vousden KH (1998). Cell cycle arrest and DNA endoreduplication
following p21Wafl/Cip1 expression. Oncogene 17: 1691-1703.

Bedford DC, Kasper LH, Fukuyama T, Brindle PK (2010). Target gene context influences the
transcriptional requirement for the KAT3 family of CBP and p300 histone acetyltransferases.
Epigenetics 5: 9-15.

Beg AA, Baltimore D (1996). An essential role for NF-kappaB in preventing TNF-alpha-induced cell
death. Science 274: 782-784.

Bekker-Jensen S, Lukas C, Melander F, Bartek J, Lukas J (2005). Dynamic assembly and sustained
retention of 53BP1 at the sites of DNA damage are controlled by Mdc1/NFBDI. J Cell Biol 170: 201-
211.

Bekker-Jensen S, Lukas C, Kitagawa R, Melander F, Kastan MB, Bartek J, Lukas J (2006). Spatial
organization of the mammalian genome surveillance machinery in response to DNA strand breaks. J
Cell Biol 173: 195-206.

Bekker-Jensen S, Rendtlew Danielsen J, Fugger K, Gromova I, Nerstedt A, Lukas C, Bartek J, Lukas
J, Mailand N (2010). HERC2 coordinates ubiquitin-dependent assembly of DNA repair factors on
damaged chromosomes. Nat Cell Biol 12: 80-86; sup pp 81-12.

Ben-Omran TI, Cerosaletti K, Concannon P, Weitzman S, Nezarati MM (2005). A patient with
mutations in DNA Ligase IV: clinical features and overlap with Nijmegen breakage syndrome. Am J
Med Genet A 137A: 283-287.

Benezra M, Chevallier N, Morrison DJ, MacLachlan TK, El-Deiry WS, Licht JD (2003). BRCA1
augments transcription by the NF-kappaB transcription factor by binding to the Rel domain of the
p65/RelA subunit. J Biol Chem 278: 26333-26341.

Bennardo N, Cheng A, Huang N, Stark JM (2008). Alternative-NHEJ is a mechanistically distinct
pathway of mammalian chromosome break repair. PLoS Genet 4: €1000110.

Bensaad K, Vousden KH (2007). p53: new roles in metabolism. Trends Cell Biol 17: 286-291.

Bergamaschi D, Samuels Y, O'Neil NJ, Trigiante G, Crook T, Hsieh JK, O'Connor DJ, Zhong S,
Campargue I, Tomlinson ML, Kuwabara PE, Lu X (2003). iASPP oncoprotein is a key inhibitor of
p53 conserved from worm to human. Nat Genet 33: 162-167.

Bermudez VP, Lindsey-Boltz LA, Cesare AJ, Maniwa Y, Griffith JD, Hurwitz J, Sancar A (2003).

Loading of the human 9-1-1 checkpoint complex onto DNA by the checkpoint clamp loader hRad17-
replication factor C complex in vitro. Proc Natl Acad Sci U S A 100: 1633-1638.

219



References

Bertocci B, De Smet A, Weill JC, Reynaud CA (2006). Nonoverlapping functions of DNA
polymerases mu, lambda, and terminal deoxynucleotidyltransferase during immunoglobulin V(D)J
recombination in vivo. Immunity 25: 31-41.

Bertrand MJ, Milutinovic S, Dickson KM, Ho WC, Boudreault A, Durkin J, Gillard JW, Jaquith JB,
Morris SJ, Barker PA (2008). cIAP1 and cIAP2 facilitate cancer cell survival by functioning as E3
ligases that promote RIP1 ubiquitination. Mo/ Cel/ 30: 689-700.

Bhakat KK, Mokkapati SK, Boldogh I, Hazra TK, Mitra S (2006). Acetylation of human 8-
oxoguanine-DNA glycosylase by p300 and its role in 8-oxoguanine repair in vivo. Mol Cell Biol 26:
1654-1665.

Bignell GR, Warren W, Seal S, Takahashi M, Rapley E, Barfoot R, Green H, Brown C, Biggs PJ,
Lakhani SR, Jones C, Hansen J, Blair E, Hofmann B, Siebert R, Turner G, Evans DG, Schrander-
Stumpel C, Beemer FA, van Den Ouweland A, Halley D, Delpech B, Cleveland MG, Leigh I, Leisti J,
Rasmussen S (2000). Identification of the familial cylindromatosis tumour-suppressor gene. Nat Genet
25: 160-165.

Birbach A, Gold P, Binder BR, Hofer E, de Martin R, Schmid JA (2002). Signaling molecules of the
NF-kappa B pathway shuttle constitutively between cytoplasm and nucleus. J Biol Chem 277: 10842-
10851.

Bisotto S, Minorgan S, Rehfuss RP (1996). Identification and characterization of a novel
transcriptional activation domain in the CREB-binding protein. J Biol Chem 271: 17746-17750.

Block WD, Yu Y, Merkle D, Gifford JL, Ding Q, Meek K, Lees-Miller SP (2004).
Autophosphorylation-dependent remodeling of the DNA-dependent protein kinase catalytic subunit
regulates ligation of DNA ends. Nucleic Acids Res 32: 4351-4357.

Boboila C, Yan C, Wesemann DR, Jankovic M, Wang JH, Manis J, Nussenzweig A, Nussenzweig M,
Alt FW (2010). Alternative end-joining catalyzes class switch recombination in the absence of both
Ku70 and DNA ligase 4. J Exp Med 207: 417-427.

Bochar DA, Wang L, Beniya H, Kinev A, Xue Y, Lane WS, Wang W, Kashanchi F, Shiekhattar R
(2000). BRCALI is associated with a human SWI/SNF-related complex: linking chromatin remodeling
to breast cancer. Cell 102: 257-265.

Bode AM, Dong Z (2004). Post-translational modification of p53 in tumorigenesis. Nat Rev Cancer 4:
793-805.

Bohuslav J, Chen LF, Kwon H, Mu Y, Greene WC (2004). p53 induces NF-kappaB activation by an
IkappaB kinase-independent mechanism involving phosphorylation of p65 by ribosomal S6 kinase 1. J
Biol Chem 279: 26115-26125.

Boisvert FM, Rhie A, Richard S, Doherty AJ (2005). The GAR motif of 53BP1 is arginine methylated
by PRMT1 and is necessary for 53BP1 DNA binding activity. Cell Cycle 4: 1834-1841.

Boone DL, Turer EE, Lee EG, Ahmad RC, Wheeler MT, Tsui C, Hurley P, Chien M, Chai S,

Hitotsumatsu O, McNally E, Pickart C, Ma A (2004). The ubiquitin-modifying enzyme A20 is
required for termination of Toll-like receptor responses. Nat Immunol 5: 1052-1060.

220



References

Borglum AD, Balslev T, Haagerup A, Birkebaek N, Binderup H, Kruse TA, Hertz JM (2001). A new
locus for Seckel syndrome on chromosome 18p11.31-q11.2. Eur J Hum Genet 9: 753-757.

Bothmer A, Robbiani DF, Feldhahn N, Gazumyan A, Nussenzweig A, Nussenzweig MC (2010).
53BP1 regulates DNA resection and the choice between classical and alternative end joining during
class switch recombination. J Exp Med 207: 855-865.

Botuyan MV, Lee J, Ward IM, Kim JE, Thompson JR, Chen J, Mer G (2006). Structural basis for the
methylation state-specific recognition of histone H4-K20 by 53BP1 and Crb2 in DNA repair. Cell
127: 1361-1373.

Boulton SJ, Jackson SP (1996). Identification of a Saccharomyces cerevisiae Ku80 homologue: roles
in DNA double strand break rejoining and in telomeric maintenance. Nucleic Acids Res 24: 4639-
4648.

Boulton SJ (2006). Cellular functions of the BRCA tumour-suppressor proteins. Biochem Soc Trans
34: 633-645.

Boulton SJ (2010). DNA repair: Decision at the break point. Nature 465: 301-302.

Boutros R, Lobjois V, Ducommun B (2007). CDC25 phosphatases in cancer cells: key players? Good
targets? Nat Rev Cancer 7: 495-507.

Bouvard V, Zaitchouk T, Vacher M, Duthu A, Canivet M, Choisy-Rossi C, Nieruchalski M, May E
(2000). Tissue and cell-specific expression of the p53-target genes: bax, fas, mdm2 and wafl/p21,
before and following ionising irradiation in mice. Oncogene 19: 649-660.

Bouwman P, Aly A, Escandell JM, Pieterse M, Bartkova J, van der Gulden H, Hiddingh S,
Thanasoula M, Kulkarni A, Yang Q, Haffty BG, Tommiska J, Blomqvist C, Drapkin R, Adams DJ,
Nevanlinna H, Bartek J, Tarsounas M, Ganesan S, Jonkers J (2010). 53BP1 loss rescues BRCA1
deficiency and is associated with triple-negative and BRCA-mutated breast cancers. Nat Struct Mol
Biol 17: 688-695.

Branzei D, Foiani M (2008). Regulation of DNA repair throughout the cell cycle. Nat Rev Mol Cell
Biol 9: 297-308.

Braun H, Koop R, Ertmer A, Nacht S, Suske G (2001). Transcription factor Sp3 is regulated by
acetylation. Nucleic Acids Res 29: 4994-5000.

Brosh R, Rotter V (2009). When mutants gain new powers: news from the mutant p53 field. Nat Rev
Cancer 9: 701-713.

Brugarolas J, Moberg K, Boyd SD, Taya Y, Jacks T, Lees JA (1999). Inhibition of cyclin-dependent
kinase 2 by p21 is necessary for retinoblastoma protein-mediated G1 arrest after gamma-irradiation.

Proc Natl Acad Sci U S 4 96: 1002-1007.

Brummelkamp TR, Nijman SM, Dirac AM, Bernards R (2003). Loss of the cylindromatosis tumour
suppressor inhibits apoptosis by activating NF-kappaB. Nature 424: 797-801.

Brzovic PS, Rajagopal P, Hoyt DW, King MC, Klevit RE (2001). Structure of a BRCA1-BARDI1
heterodimeric RING-RING complex. Nat Struct Biol 8: 833-837.

221



References

Buck D, Malivert L, de Chasseval R, Barraud A, Fondaneche MC, Sanal O, Plebani A, Stephan JL,
Hufnagel M, le Deist F, Fischer A, Durandy A, de Villartay JP, Revy P (2006a). Cernunnos, a novel
nonhomologous end-joining factor, is mutated in human immunodeficiency with microcephaly. Cell
124: 287-299.

Buck D, Moshous D, de Chasseval R, Ma Y, le Deist F, Cavazzana-Calvo M, Fischer A, Casanova JL,
Lieber MR, de Villartay JP (2006b). Severe combined immunodeficiency and microcephaly in siblings
with hypomorphic mutations in DNA ligase IV. Eur J Immunol 36: 224-235.

Budhram-Mahadeo VS, Bowen S, Lee S, Perez-Sanchez C, Ensor E, Morris PJ, Latchman DS (2006).
Brn-3b enhances the pro-apoptotic effects of p53 but not its induction of cell cycle arrest by
cooperating in trans-activation of bax expression. Nucleic Acids Res 34: 6640-6652.

Buis J, Wu Y, Deng Y, Leddon J, Westfield G, Eckersdorff M, Sekiguchi JM, Chang S, Ferguson DO
(2008). Mrel1 nuclease activity has essential roles in DNA repair and genomic stability distinct from
ATM activation. Cell 135: 85-96.

Bulger M, Groudine M (2010). Enhancers: the abundance and function of regulatory sequences
beyond promoters. Dev Biol 339: 250-257.

Bullock AN, Henckel J, Fersht AR (2000). Quantitative analysis of residual folding and DNA binding
in mutant p53 core domain: definition of mutant states for rescue in cancer therapy. Oncogene 19:
1245-1256.

Bunting SF, Callen E, Wong N, Chen HT, Polato F, Gunn A, Bothmer A, Feldhahn N, Fernandez-
Capetillo O, Cao L, Xu X, Deng CX, Finkel T, Nussenzweig M, Stark JM, Nussenzweig A (2010).
53BP1 inhibits homologous recombination in Brcal-deficient cells by blocking resection of DNA
breaks. Cell 141: 243-254.

Bunz F, Dutriaux A, Lengauer C, Waldman T, Zhou S, Brown JP, Sedivy JM, Kinzler KW,
Vogelstein B (1998). Requirement for p53 and p21 to sustain G2 arrest after DNA damage. Science
282: 1497-1501.

Burma S, Chen BP, Murphy M, Kurimasa A, Chen DJ (2001). ATM phosphorylates histone H2AX in
response to DNA double-strand breaks. J Biol Chem 276: 42462-42467.

Burma S, Chen DJ (2004). Role of DNA-PK in the cellular response to DNA double-strand breaks.
DNA Repair (Amst) 3: 909-918.

Buss H, Dorrie A, Schmitz ML, Frank R, Livingstone M, Resch K, Kracht M (2004a).
Phosphorylation of serine 468 by GSK-3beta negatively regulates basal p65 NF-kappaB activity. J
Biol Chem 279: 49571-49574.

Buss H, Dorrie A, Schmitz ML, Hoffmann E, Resch K, Kracht M (2004b). Constitutive and
interleukin-1-inducible phosphorylation of p65 NF-{kappa}B at serine 536 is mediated by multiple
protein kinases including I[{kappa}B kinase (IKK)-{alpha}, IKK {beta}, IKK{epsilon}, TRAF family
member-associated (TANK)-binding kinase 1 (TBK1), and an unknown kinase and couples p65 to
TATA-binding protein-associated factor 1131-mediated interleukin-8 transcription. J Biol Chem 279:
55633-55643.

Caelles C, Helmberg A, Karin M (1994). p53-dependent apoptosis in the absence of transcriptional
activation of p53-target genes. Nature 370: 220-223.

222



References

Callebaut I, Mornon JP (1997). From BRCA1l to RAPI1: a widespread BRCT module closely
associated with DNA repair. FEBS Lett 400: 25-30.

Campbell KJ, Rocha S, Perkins ND (2004). Active repression of antiapoptotic gene expression by
RelA(p65) NF-kappa B. Mol Cell 13: 853-865.

Campbell KJ, Witty JM, Rocha S, Perkins ND (2006). Cisplatin mimics ARF tumor suppressor
regulation of RelA (p65) nuclear factor-kappaB transactivation. Cancer Res 66: 929-935.

Cao L, Xu X, Bunting SF, Liu J, Wang RH, Cao LL, Wu JJ, Peng TN, Chen J, Nussenzweig A, Deng
CX, Finkel T (2009). A selective requirement for 53BP1 in the biological response to genomic
instability induced by Brcal deficiency. Mol Cell 35: 534-541.

Casellas R, Nussenzweig A, Wuerffel R, Pelanda R, Reichlin A, Suh H, Qin XF, Besmer E, Kenter A,
Rajewsky K, Nussenzweig MC (1998). Ku80 is required for immunoglobulin isotype switching.
EMBO J 17: 2404-2411.

Cawley S, Bekiranov S, Ng HH, Kapranov P, Sekinger EA, Kampa D, Piccolboni A, Sementchenko
V, Cheng J, Williams AJ, Wheeler R, Wong B, Drenkow J, Yamanaka M, Patel S, Brubaker S,
Tammana H, Helt G, Struhl K, Gingeras TR (2004). Unbiased mapping of transcription factor binding
sites along human chromosomes 21 and 22 points to widespread regulation of noncoding RNAs. Cell
116: 499-509.

Celeste A, Fernandez-Capetillo O, Kruhlak MJ, Pilch DR, Staudt DW, Lee A, Bonner RF, Bonner
WM, Nussenzweig A (2003). Histone H2AX phosphorylation is dispensable for the initial recognition
of DNA breaks. Nat Cell Biol 5: 675-679.

Chakravarti D, LaMorte VJ, Nelson MC, Nakajima T, Schulman IG, Juguilon H, Montminy M, Evans
RM (1996). Role of CBP/P300 in nuclear receptor signalling. Nature 383: 99-103.

Chan DW, Chen BP, Prithivirajsingh S, Kurimasa A, Story MD, Qin J, Chen DJ (2002).
Autophosphorylation of the DNA-dependent protein kinase catalytic subunit is required for rejoining
of DNA double-strand breaks. Genes Dev 16: 2333-2338.

Chan HM, La Thangue NB (2001). p300/CBP proteins: HATs for transcriptional bridges and
scaffolds. J Cell Sci 114: 2363-2373.

Chan TA, Hermeking H, Lengauer C, Kinzler KW, Vogelstein B (1999). 14-3-3Sigma is required to
prevent mitotic catastrophe after DNA damage. Nature 401: 616-620.

Chang L, Kamata H, Solinas G, Luo JL, Maeda S, Venuprasad K, Liu YC, Karin M (2006). The E3
ubiquitin ligase itch couples JNK activation to TNFalpha-induced cell death by inducing c-FLIP(L)
turnover. Cell 124: 601-613.

Chapman JR, Jackson SP (2008). Phospho-dependent interactions between NBS1 and MDC1 mediate
chromatin retention of the MRN complex at sites of DNA damage. EMBO Rep 9: 795-801.

Charier G, Couprie J, Alpha-Bazin B, Meyer V, Quemeneur E, Guerois R, Callebaut I, Gilquin B,

Zinn-Justin S (2004). The Tudor tandem of 53BP1: a new structural motif involved in DNA and RG-
rich peptide binding. Structure 12: 1551-1562.

223



References

Chaudhuri J, Tian M, Khuong C, Chua K, Pinaud E, Alt FW (2003). Transcription-targeted DNA
deamination by the AID antibody diversification enzyme. Nature 422: 726-730.

Chaudhuri J, Alt FW (2004). Class-switch recombination: interplay of transcription, DNA
deamination and DNA repair. Nat Rev Immunol 4: 541-552.

Chawla S, Hardingham GE, Quinn DR, Bading H (1998). CBP: a signal-regulated transcriptional
coactivator controlled by nuclear calcium and CaM kinase IV. Science 281: 1505-1509.

Chehab NH, Malikzay A, Stavridi ES, Halazonetis TD (1999). Phosphorylation of Ser-20 mediates
stabilization of human p53 in response to DNA damage. Proc Natl Acad Sci U S A 96: 13777-13782.

Chen G, Goeddel DV (2002). TNF-R1 signaling: a beautiful pathway. Science 296: 1634-1635.

Chen J, Silver DP, Walpita D, Cantor SB, Gazdar AF, Tomlinson G, Couch FJ, Weber BL, Ashley T,
Livingston DM, Scully R (1998a). Stable interaction between the products of the BRCA1 and BRCA2
tumor suppressor genes in mitotic and meiotic cells. Mo/ Cell 2: 317-328.

Chen L, Fischle W, Verdin E, Greene WC (2001). Duration of nuclear NF-kappaB action regulated by
reversible acetylation. Science 293: 1653-1657.

Chen L, Nievera CJ, Lee AY, Wu X (2008). Cell cycle-dependent complex formation of
BRCA1.CtIP.MRN is important for DNA double-strand break repair. J Biol Chem 283: 7713-7720.

Chen LF, Mu Y, Greene WC (2002). Acetylation of RelA at discrete sites regulates distinct nuclear
functions of NF-kappaB. EMBO J 21: 6539-6548.

Chen LF, Greene WC (2003). Regulation of distinct biological activities of the NF-kappaB
transcription factor complex by acetylation. J Mol Med 81: 549-557.

Chen LF, Greene WC (2004). Shaping the nuclear action of NF-kappaB. Nat Rev Mol Cell Biol 5:
392-401.

Chen LF, Williams SA, Mu Y, Nakano H, Duerr JM, Buckbinder L, Greene WC (2005). NF-kappaB
RelA phosphorylation regulates RelA acetylation. Mol Cell Biol 25: 7966-7975.

Chen PL, Chen CF, Chen Y, Xiao J, Sharp ZD, Lee WH (1998b). The BRC repeats in BRCA2 are
critical for RADS1 binding and resistance to methyl methanesulfonate treatment. Proc Natl Acad Sci
US A495: 5287-5292.

Chen X, Ko LJ, Jayaraman L, Prives C (1996). p53 levels, functional domains, and DNA damage
determine the extent of the apoptotic response of tumor cells. Genes Dev 10: 2438-2451.

Cheng JD, Ryseck RP, Attar RM, Dambach D, Bravo R (1998). Functional redundancy of the nuclear
factor kappa B inhibitors I kappa B alpha and I kappa B beta. J Exp Med 188: 1055-1062.

Chevillard-Briet M, Trouche D, Vandel L (2002). Control of CBP co-activating activity by arginine
methylation. EMBO J 21: 5457-5466.

Chew J, Biswas S, Shreeram S, Humaidi M, Wong ET, Dhillion MK, Teo H, Hazra A, Fang CC,

Lopez-Collazo E, Bulavin DV, Tergaonkar V (2009). WIP1 phosphatase is a negative regulator of NF-
kappaB signalling. Nat Cell Biol 11: 659-666.

224



References

Cho YW, Hong T, Hong S, Guo H, Yu H, Kim D, Guszczynski T, Dressler GR, Copeland TD,
Kalkum M, Ge K (2007). PTIP associates with MLL3- and MLL4-containing histone H3 lysine 4
methyltransferase complex. J Biol Chem 282: 20395-20406.

Chrivia JC, Kwok RP, Lamb N, Hagiwara M, Montminy MR, Goodman RH (1993). Phosphorylated
CREB binds specifically to the nuclear protein CBP. Nature 365: 855-859.

Chuikov S, Kurash JK, Wilson JR, Xiao B, Justin N, Ivanov GS, McKinney K, Tempst P, Prives C,
Gamblin SJ, Barlev NA, Reinberg D (2004). Regulation of p53 activity through lysine methylation.
Nature 432: 353-360.

Ciccia A, Constantinou A, West SC (2003). Identification and characterization of the human mus81-
emel endonuclease. J Biol Chem 278: 25172-25178.

Cimprich KA, Cortez D (2008). ATR: an essential regulator of genome integrity. Nat Rev Mol Cell
Biol 9: 616-627.

Clarke AR, Purdie CA, Harrison DJ, Morris RG, Bird CC, Hooper ML, Wyllie AH (1993).
Thymocyte apoptosis induced by p53-dependent and independent pathways. Nature 362: 849-852.

Collis SJ, DeWeese TL, Jeggo PA, Parker AR (2005). The life and death of DNA-PK. Oncogene 24:
949-961.

Constantinou A, Chen XB, McGowan CH, West SC (2002). Holliday junction resolution in human
cells: two junction endonucleases with distinct substrate specificities. EMBO J 21: 5577-5585.

Conze DB, Wu CJ, Thomas JA, Landstrom A, Ashwell JD (2008). Lys63-linked polyubiquitination of
IRAK-1 is required for interleukin-1 receptor- and toll-like receptor-mediated NF-kappaB activation.
Mol Cell Biol 28: 3538-3547.

Cook PJ, Ju BG, Telese F, Wang X, Glass CK, Rosenfeld MG (2009). Tyrosine dephosphorylation of
H2AX modulates apoptosis and survival decisions. Nature 458: 591-596.

Cooper EM, Cutcliffe C, Kristiansen TZ, Pandey A, Pickart CM, Cohen RE (2009). K63-specific
deubiquitination by two JAMM/MPN+ complexes: BRISC-associated Brcc36 and proteasomal Pohl.
EMBO J 28: 621-631.

Cortez D, Guntuku S, Qin J, Elledge SJ (2001). ATR and ATRIP: partners in checkpoint signaling.
Science 294: 1713-1716.

Cosentino C, Grieco D, Costanzo V (2010). ATM activates the pentose phosphate pathway promoting
anti-oxidant defence and DNA repair. EMBO J.

Costantini S, Woodbine L, Andreoli L, Jeggo PA, Vindigni A (2007). Interaction of the Ku
heterodimer with the DNA ligase 1V/Xrcc4 complex and its regulation by DNA-PK. DNA Repair
(Amst) 6: 712-722.

Cote J, Richard S (2005). Tudor domains bind symmetrical dimethylated arginines. J Biol Chem 280:
28476-28483.

225



References

Courtois G, Gilmore TD (2006). Mutations in the NF-kappaB signaling pathway: implications for
human disease. Oncogene 25: 6831-6843.

Craig JM (2005). Heterochromatin--many flavours, common themes. Bioessays 27: 17-28.

Criswell T, Leskov K, Miyamoto S, Luo G, Boothman DA (2003). Transcription factors activated in
mammalian cells after clinically relevant doses of ionizing radiation. Oncogene 22: 5813-5827.

Cuadrado A, Lafarga V, Cheung PC, Dolado I, Llanos S, Cohen P, Nebreda AR (2007). A new p38
MAP kinase-regulated transcriptional coactivator that stimulates p53-dependent apoptosis. EMBO J
26: 2115-2126.

Cuadrado M, Martinez-Pastor B, Murga M, Toledo LI, Gutierrez-Martinez P, Lopez E, Fernandez-
Capetillo O (2006). ATM regulates ATR chromatin loading in response to DNA double-strand breaks.
J Exp Med 203: 297-303.

Cummins JM, Rago C, Kohli M, Kinzler KW, Lengauer C, Vogelstein B (2004). Tumour suppression:
disruption of HAUSP gene stabilizes p53. Nature 428: 1 p following 486.

D'Orazi G, Cecchinelli B, Bruno T, Manni I, Higashimoto Y, Saito S, Gostissa M, Coen S, Marchetti
A, Del Sal G, Piaggio G, Fanciulli M, Appella E, Soddu S (2002). Homeodomain-interacting protein
kinase-2 phosphorylates p53 at Ser 46 and mediates apoptosis. Nat Cell Biol 4: 11-19.

Dai Y, Grant S (2010). New insights into checkpoint kinase 1 in the DNA damage response signaling
network. Clin Cancer Res 16: 376-383.

Daniel JA, Santos MA, Wang Z, Zang C, Schwab KR, Jankovic M, Filsuf D, Chen HT, Gazumyan A,
Yamane A, Cho YW, Sun HW, Ge K, Peng W, Nussenzweig MC, Casellas R, Dressler GR, Zhao K,
Nussenzweig A (2010). PTIP promotes chromatin changes critical for immunoglobulin class switch
recombination. Science 329: 917-923.

Das S, Raj L, Zhao B, Kimura Y, Bernstein A, Aaronson SA, Lee SW (2007). Hzf Determines cell
survival upon genotoxic stress by modulating p53 transactivation. Cel/ 130: 624-637.

Datta B, Li B, Choubey D, Nallur G, Lengyel P (1996). p202, an interferon-inducible modulator of
transcription, inhibits transcriptional activation by the p53 tumor suppressor protein, and a segment
from the p53-binding protein 1 that binds to p202 overcomes this inhibition. J Biol Chem 271: 27544-
27555.

De Smaele E, Zazzeroni F, Papa S, Nguyen DU, Jin R, Jones J, Cong R, Franzoso G (2001). Induction
of gadd45beta by NF-kappaB downregulates pro-apoptotic INK signalling. Nature 414: 308-313.

de Vries A, Flores ER, Miranda B, Hsiech HM, van Oostrom CT, Sage J, Jacks T (2002). Targeted
point mutations of p53 lead to dominant-negative inhibition of wild-type p53 function. Proc Natl Acad
Sci US A 99: 2948-2953.

DeFazio LG, Stansel RM, Griffith JD, Chu G (2002). Synapsis of DNA ends by DNA-dependent
protein kinase. EMBO J 21: 3192-3200.

Delacroix S, Wagner JM, Kobayashi M, Yamamoto K, Karnitz LM (2007). The Rad9-Hus1-Rad1 (9-
1-1) clamp activates checkpoint signaling via TopBP1. Genes Dev 21: 1472-1477.

226



References

Demonacos C, Krstic-Demonacos M, La Thangue NB (2001). A TPR motif cofactor contributes to
p300 activity in the p53 response. Mol Cell 8: 71-84.

Deng WG, Zhu Y, Wu KK (2003). Up-regulation of p300 binding and p50 acetylation in tumor
necrosis factor-alpha-induced cyclooxygenase-2 promoter activation. J Biol Chem 278: 4770-4777.

Derbyshire DJ, Basu BP, Serpell LC, Joo WS, Date T, Iwabuchi K, Doherty AJ (2002). Crystal
structure of human 53BP1 BRCT domains bound to p53 tumour suppressor. EMBO J 21: 3863-3872.

Devgan SS, Sanal O, Doil C, Nakamura K, Nahas SA, Pettijohn K, Bartek J, Lukas C, Lukas J, Gatti
RA (2011). Homozygous deficiency of ubiquitin-ligase ring-finger protein RNF168 mimics the
radiosensitivity syndrome of ataxia-telangiectasia. Cell Death Differ.

Dhalluin C, Carlson JE, Zeng L, He C, Aggarwal AK, Zhou MM (1999). Structure and ligand of a
histone acetyltransferase bromodomain. Nature 399: 491-496.

DiDonato J, Mercurio F, Rosette C, Wu-Li J, Suyang H, Ghosh S, Karin M (1996). Mapping of the
inducible IkappaB phosphorylation sites that signal its ubiquitination and degradation. Mol Cell Biol
16: 1295-1304.

DiDonato JA, Hayakawa M, Rothwarf DM, Zandi E, Karin M (1997). A cytokine-responsive IkappaB
kinase that activates the transcription factor NF-kappaB. Nature 388: 548-554.

Difilippantonio S, Gapud E, Wong N, Huang CY, Mahowald G, Chen HT, Kruhlak MJ, Callen E,
Livak F, Nussenzweig MC, Sleckman BP, Nussenzweig A (2008). 53BP1 facilitates long-range DNA
end-joining during V(D)J recombination. Nature 456: 529-533.

Digweed M, Sperling K (2004). Nijmegen breakage syndrome: clinical manifestation of defective
response to DNA double-strand breaks. DNA Repair (Amst) 3: 1207-1217.

Dimitrova N, de Lange T (2006). MDCI1 accelerates nonhomologous end-joining of dysfunctional
telomeres. Genes Dev 20: 3238-3243.

Dimitrova N, Chen YC, Spector DL, de Lange T (2008). 53BP1 promotes non-homologous end
joining of telomeres by increasing chromatin mobility. Nature 456: 524-528.

Ding Q, Reddy YV, Wang W, Woods T, Douglas P, Ramsden DA, Lees-Miller SP, Meek K (2003).
Autophosphorylation of the catalytic subunit of the DNA-dependent protein kinase is required for
efficient end processing during DNA double-strand break repair. Mol Cell Biol 23: 5836-5848.

Dinkelmann M, Spehalski E, Stoneham T, Buis J, Wu Y, Sekiguchi JM, Ferguson DO (2009).
Multiple functions of MRN in end-joining pathways during isotype class switching. Nat Struct Mol
Biol 16: 808-813.

DiTullio RA, Jr., Mochan TA, Venere M, Bartkova J, Sehested M, Bartek J, Halazonetis TD (2002).
53BP1 functions in an ATM-dependent checkpoint pathway that is constitutively activated in human
cancer. Nat Cell Biol 4: 998-1002.

Doil C, Mailand N, Bekker-Jensen S, Menard P, Larsen DH, Pepperkok R, Ellenberg J, Panier S,

Durocher D, Bartek J, Lukas J, Lukas C (2009). RNF168 binds and amplifies ubiquitin conjugates on
damaged chromosomes to allow accumulation of repair proteins. Cel/ 136: 435-446.

227



References

Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA, Jr., Butel JS, Bradley A
(1992). Mice deficient for p53 are developmentally normal but susceptible to spontaneous tumours.
Nature 356: 215-221.

Donzelli M, Squatrito M, Ganoth D, Hershko A, Pagano M, Draetta GF (2002). Dual mode of
degradation of Cdc25 A phosphatase. EMBO J 21: 4875-4884.

Du L, van der Burg M, Popov SW, Kotnis A, van Dongen JJ, Gennery AR, Pan-Hammarstrom Q
(2008). Involvement of Artemis in nonhomologous end-joining during immunoglobulin class switch
recombination. J Exp Med 205: 3031-3040.

Dumaz N, Meek DW (1999). Serinel5 phosphorylation stimulates p53 transactivation but does not
directly influence interaction with HDM2. EMBO J 18: 7002-7010.

Dumaz N, Milne DM, Meek DW (1999). Protein kinase CK1 is a p53-threonine 18 kinase which
requires prior phosphorylation of serine 15. FEBS Lett 463: 312-316.

Duran A, Diaz-Meco MT, Moscat J (2003). Essential role of RelA Ser311 phosphorylation by
zetaPKC in NF-kappaB transcriptional activation. EMBO J 22: 3910-3918.

Dutrannoy V, Demuth I, Baumann U, Schindler D, Konrat K, Neitzel H, Gillessen-Kaesbach G,
Radszewski J, Rothe S, Schellenberger MT, Nurnberg G, Nurnberg P, Teik KW, Nallusamy R, Reis
A, Sperling K, Digweed M, Varon R (2010). Clinical variability and novel mutations in the NHEJ1
gene in patients with a Nijmegen breakage syndrome-like phenotype. Hum Mutat 31: 1059-1068.

Dutta J, Fan Y, Gupta N, Fan G, Gelinas C (2006). Current insights into the regulation of programmed
cell death by NF-kappaB. Oncogene 25: 6800-6816.

Dyson HJ, Wright PE (2005). Intrinsically unstructured proteins and their functions. Nat Rev Mol Cell
Biol 6: 197-208.

Ea CK, Deng L, Xia ZP, Pineda G, Chen ZJ (2006). Activation of IKK by TNFalpha requires site-
specific ubiquitination of RIP1 and polyubiquitin binding by NEMO. Mol Cell 22: 245-257.

Eckner R, Ewen ME, Newsome D, Gerdes M, DeCaprio JA, Lawrence JB, Livingston DM (1994).
Molecular cloning and functional analysis of the adenovirus E1A-associated 300-kD protein (p300)
reveals a protein with properties of a transcriptional adaptor. Genes Dev 8: 869-884.

Eisen MB, Spellman PT, Brown PO, Botstein D (1998). Cluster analysis and display of genome-wide
expression patterns. Proc Natl Acad Sci U S A 95: 14863-14868.

el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent JM, Lin D, Mercer WE, Kinzler
KW, Vogelstein B (1993). WAF1, a potential mediator of pS3 tumor suppression. Cell 75: 817-825.

Enders A, Fisch P, Schwarz K, Duffner U, Pannicke U, Nikolopoulos E, Peters A, Orlowska-Volk M,
Schindler D, Friedrich W, Selle B, Niemeyer C, Ehl S (2006). A severe form of human combined
immunodeficiency due to mutations in DNA ligase IV. J Immunol 176: 5060-5068.

Espinosa JM, Verdun RE, Emerson BM (2003). p53 functions through stress- and promoter-specific

recruitment of transcription initiation components before and after DNA damage. Mol Cell 12: 1015-
1027.

228



References

Fackenthal JD, Olopade OI (2007). Breast cancer risk associated with BRCA1 and BRCA2 in diverse
populations. Nat Rev Cancer 7: 937-948.

Faivre L, Le Merrer M, Lyonnet S, Plauchu H, Dagoneau N, Campos-Xavier AB, Attia-Sobol J,
Verloes A, Munnich A, Cormier-Daire V (2002). Clinical and genetic heterogeneity of Seckel
syndrome. Am J Med Genet 112: 379-383.

Falck J, Mailand N, Syljuasen RG, Bartek J, Lukas J (2001). The ATM-Chk2-Cdc25A checkpoint
pathway guards against radioresistant DNA synthesis. Nature 410: 842-847.

Falck J, Coates J, Jackson SP (2005). Conserved modes of recruitment of ATM, ATR and DNA-PKcs
to sites of DNA damage. Nature 434: 605-611.

Fan S, Ma YX, Wang C, Yuan RQ, Meng Q, Wang JA, Erdos M, Goldberg ID, Webb P, Kushner PJ,
Pestell RG, Rosen EM (2001). Role of direct interaction in BRCA1 inhibition of estrogen receptor
activity. Oncogene 20: 77-87.

Fan W, Jin S, Tong T, Zhao H, Fan F, Antinore MJ, Rajasekaran B, Wu M, Zhan Q (2002). BRCA1
regulates GADDA45 through its interactions with the OCT-1 and CAAT motifs. J Biol Chem 277:
8061-8067.

Fang S, Jensen JP, Ludwig RL, Vousden KH, Weissman AM (2000). Mdm2 is a RING finger-
dependent ubiquitin protein ligase for itself and p53. J Biol Chem 275: 8945-8951.

Fanning E, Klimovich V, Nager AR (2006). A dynamic model for replication protein A (RPA)
function in DNA processing pathways. Nucleic Acids Res 34: 4126-4137.

Fekairi S, Scaglione S, Chahwan C, Taylor ER, Tissier A, Coulon S, Dong MQ, Ruse C, Yates JR,
3rd, Russell P, Fuchs RP, McGowan CH, Gaillard PH (2009). Human SLX4 is a Holliday junction
resolvase subunit that binds multiple DNA repair/recombination endonucleases. Cell 138: 78-89.

Feng L, Huang J, Chen J (2009). MERIT40 facilitates BRCA1 localization and DNA damage repair.
Genes Dev 23: 719-728.

Feng L, Wang J, Chen J (2010). The Lys63-specific deubiquitinating enzyme BRCC36 is regulated by
two scaffold proteins localizing in different subcellular compartments. J Biol Chem 285: 30982-
30988.

Fernandez-Capetillo O, Chen HT, Celeste A, Ward I, Romanienko PJ, Morales JC, Naka K, Xia Z,
Camerini-Otero RD, Motoyama N, Carpenter PB, Bonner WM, Chen J, Nussenzweig A (2002). DNA
damage-induced G2-M checkpoint activation by histone H2AX and 53BP1. Nat Cell Biol 4: 993-997.

Ferreon JC, Lee CW, Arai M, Martinez-Yamout MA, Dyson HJ, Wright PE (2009). Cooperative
regulation of p53 by modulation of ternary complex formation with CBP/p300 and HDM2. Proc Natl
Acad Sci U S A 106: 6591-6596.

FitzGerald JE, Grenon M, Lowndes NF (2009). 53BP1: function and mechanisms of focal recruitment.
Biochem Soc Trans 37: 897-904.

Franco S, Murphy MM, Li G, Borjeson T, Boboila C, Alt FW (2008). DNA-PKcs and Artemis

function in the end-joining phase of immunoglobulin heavy chain class switch recombination. J Exp
Med 205: 557-564.

229



References

Friedrich-Heineken E, Henneke G, Ferrari E, Hubscher U (2003). The acetylatable lysines of human
Fenl are important for endo- and exonuclease activities. J Mol Biol 328: 73-84.

Fu M, Wang C, Rao M, Wu X, Bouras T, Zhang X, Li Z, Jiao X, Yang J, Li A, Perkins ND,
Thimmapaya B, Kung AL, Munoz A, Giordano A, Lisanti MP, Pestell RG (2005). Cyclin DI
represses p300 transactivation through a cyclin-dependent kinase-independent mechanism. J Bio/
Chem 280: 29728-29742.

Fujioka S, Schmidt C, Sclabas GM, Li Z, Pelicano H, Peng B, Yao A, Niu J, Zhang W, Evans DB,
Abbruzzese JL, Huang P, Chiao PJ (2004). Stabilization of p53 is a novel mechanism for proapoptotic
function of NF-kappaB. J Biol Chem 279: 27549-27559.

Furia B, Deng L, Wu K, Baylor S, Kehn K, Li H, Donnelly R, Coleman T, Kashanchi F (2002).
Enhancement of nuclear factor-kappa B acetylation by coactivator p300 and HIV-1 Tat proteins. J
Biol Chem 277: 4973-4980.

Galanty Y, Belotserkovskaya R, Coates J, Polo S, Miller KM, Jackson SP (2009). Mammalian SUMO
E3-ligases PIAS1 and PIAS4 promote responses to DNA double-strand breaks. Nature 462: 935-939.

Garcia-Rodriguez C, Rao A (1998). Nuclear factor of activated T cells (NFAT)-dependent
transactivation regulated by the coactivators p300/CREB-binding protein (CBP). J Exp Med 187:
2031-2036.

Gayther SA, Batley SJ, Linger L, Bannister A, Thorpe K, Chin SF, Daigo Y, Russell P, Wilson A,
Sowter HM, Delhanty JD, Ponder BA, Kouzarides T, Caldas C (2000). Mutations truncating the
EP300 acetylase in human cancers. Nat Genet 24: 300-303.

Gerondakis S, Grossmann M, Nakamura Y, Pohl T, Grumont R (1999). Genetic approaches in mice to
understand Rel/NF-kappaB and IkappaB function: transgenics and knockouts. Oncogene 18: 6888-
6895.

Gerritsen ME, Williams AJ, Neish AS, Moore S, Shi Y, Collins T (1997). CREB-binding protein/p300
are transcriptional coactivators of p65. Proc Natl Acad Sci U S' 4 94: 2927-2932.

Girdwood D, Bumpass D, Vaughan OA, Thain A, Anderson LA, Snowden AW, Garcia-Wilson E,
Perkins ND, Hay RT (2003). P300 transcriptional repression is mediated by SUMO modification. Mo/
Cell 11: 1043-1054.

Goldberg M, Stucki M, Falck J, D'Amours D, Rahman D, Pappin D, Bartek J, Jackson SP (2003).
MDC1 is required for the intra-S-phase DNA damage checkpoint. Nature 421: 952-956.

Goodarzi AA, Yu Y, Riballo E, Douglas P, Walker SA, Ye R, Harer C, Marchetti C, Morrice N, Jeggo
PA, Lees-Miller SP (2006). DNA-PK autophosphorylation facilitates Artemis endonuclease activity.
EMBO J 25: 3880-3889.

Goodarzi AA, Noon AT, Deckbar D, Ziv Y, Shiloh Y, Lobrich M, Jeggo PA (2008). ATM signaling
facilitates repair of DNA double-strand breaks associated with heterochromatin. Mol Cell 31: 167-177.

Goodman RH, Smolik S (2000). CBP/p300 in cell growth, transformation, and development. Genes
Dev 14: 1553-1577.

230



References

Goodship J, Gill H, Carter J, Jackson A, Splitt M, Wright M (2000). Autozygosity mapping of a seckel
syndrome locus to chromosome 3q22. 1-q24. Am J Hum Genet 67: 498-503.

Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos P, Kotsinas A, Liloglou T, Venere M, Ditullio
RA, Jr., Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn M, Kittas C, Halazonetis TD (2005).
Activation of the DNA damage checkpoint and genomic instability in human precancerous lesions.
Nature 434: 907-913.

Gravel S, Chapman JR, Magill C, Jackson SP (2008). DNA helicases Sgs1 and BLM promote DNA
double-strand break resection. Genes Dev 22: 2767-2772.

Greenberg RA, Sobhian B, Pathania S, Cantor SB, Nakatani Y, Livingston DM (2006). Multifactorial
contributions to an acute DNA damage response by BRCA1/BARDI1-containing complexes. Genes
Dev 20: 34-46.

Greenman C, Stephens P, Smith R, Dalgliesh GL, Hunter C, Bignell G, Davies H, Teague J, Butler A,
Stevens C, Edkins S, O'Meara S, Vastrik I, Schmidt EE, Avis T, Barthorpe S, Bhamra G, Buck G,
Choudhury B, Clements J, Cole J, Dicks E, Forbes S, Gray K, Halliday K, Harrison R, Hills K, Hinton
J, Jenkinson A, Jones D, Menzies A, Mironenko T, Perry J, Raine K, Richardson D, Shepherd R,
Small A, Tofts C, Varian J, Webb T, West S, Widaa S, Yates A, Cahill DP, Louis DN, Goldstraw P,
Nicholson AG, Brasseur F, Looijenga L, Weber BL, Chiew YE, DeFazio A, Greaves MF, Green AR,
Campbell P, Birney E, Easton DF, Chenevix-Trench G, Tan MH, Khoo SK, Teh BT, Yuen ST, Leung
SY, Wooster R, Futreal PA, Stratton MR (2007). Patterns of somatic mutation in human cancer
genomes. Nature 446: 153-158.

Greeson NT, Sengupta R, Arida AR, Jenuwein T, Sanders SL (2008). Di-methyl H4 lysine 20 targets
the checkpoint protein Crb2 to sites of DNA damage. J Bio/ Chem 283: 33168-33174.

Grenon M, Costelloe T, Jimeno S, O'Shaughnessy A, Fitzgerald J, Zgheib O, Degerth L, Lowndes NF
(2007). Docking onto chromatin via the Saccharomyces cerevisiae Rad9 Tudor domain. Yeast 24:
105-119.

Griffith E, Walker S, Martin CA, Vagnarelli P, Stiff T, Vernay B, Al Sanna N, Saggar A, Hamel B,
Earnshaw WC, Jeggo PA, Jackson AP, O'Driscoll M (2008). Mutations in pericentrin cause Seckel
syndrome with defective ATR-dependent DNA damage signaling. Nat Genet 40: 232-236.

Grossman SR (2001). p300/CBP/p53 interaction and regulation of the p53 response. Eur J Biochem
268: 2773-2778.

Grossman SR, Deato ME, Brignone C, Chan HM, Kung AL, Tagami H, Nakatani Y, Livingston DM
(2003). Polyubiquitination of p53 by a ubiquitin ligase activity of p300. Science 300: 342-344.

Grushko TA, Dignam JJ, Das S, Blackwood AM, Perou CM, Ridderstrale KK, Anderson KN, Wei
MJ, Adams AJ, Hagos FG, Sveen L, Lynch HT, Weber BL, Olopade OI (2004). MYC is amplified in
BRCA1-associated breast cancers. Clin Cancer Res 10: 499-507.

Gu J, Lu H, Tippin B, Shimazaki N, Goodman MF, Lieber MR (2007). XRCC4:DNA ligase IV can
ligate incompatible DNA ends and can ligate across gaps. EMBO J 26: 1010-1023.

Gu W, Roeder RG (1997). Activation of p53 sequence-specific DNA binding by acetylation of the p53
C-terminal domain. Cell 90: 595-606.

231



References

Guan B, Yue P, Clayman GL, Sun SY (2001). Evidence that the death receptor DR4 is a DNA
damage-inducible, p53-regulated gene. J Cell Physiol 188: 98-105.

Guikema JE, Linehan EK, Tsuchimoto D, Nakabeppu Y, Strauss PR, Stavnezer J, Schrader CE
(2007). APE1- and APE2-dependent DNA breaks in immunoglobulin class switch recombination. J
Exp Med 204: 3017-3026.

Guo Z, Kozlov S, Lavin MF, Person MD, Paull TT (2010). ATM activation by oxidative stress.
Science 330: 517-521.

Gusterson R, Brar B, Faulkes D, Giordano A, Chrivia J, Latchman D (2002). The transcriptional co-
activators CBP and p300 are activated via phenylephrine through the p42/p44 MAPK cascade. J Biol
Chem 277: 2517-2524.

Haas TL, Emmerich CH, Gerlach B, Schmukle AC, Cordier SM, Rieser E, Feltham R, Vince J,
Warnken U, Wenger T, Koschny R, Komander D, Silke J, Walczak H (2009). Recruitment of the
linear ubiquitin chain assembly complex stabilizes the TNF-R1 signaling complex and is required for
TNF-mediated gene induction. Mo/ Cell 36: 831-844.

Habelhah H, Takahashi S, Cho SG, Kadoya T, Watanabe T, Ronai Z (2004). Ubiquitination and
translocation of TRAF?2 is required for activation of JNK but not of p38 or NF-kappaB. EMBO J 23:
322-332.

Halazonetis TD, Gorgoulis VG, Bartek J (2008). An oncogene-induced DNA damage model for
cancer development. Science 319: 1352-1355.

Hanawalt PC, Spivak G (2008). Transcription-coupled DNA repair: two decades of progress and
surprises. Nat Rev Mol Cell Biol 9: 958-970.

Hansson ML, Popko-Scibor AE, Saint Just Ribeiro M, Dancy BM, Lindberg MJ, Cole PA, Wallberg
AE (2009). The transcriptional coactivator MAML1 regulates p300 autoacetylation and HAT activity.
Nucleic Acids Res 37: 2996-3006.

Harbour JW, Dean DC (2000). The Rb/E2F pathway: expanding roles and emerging paradigms. Genes
Dev 14: 2393-2409.

Harkin DP, Bean JM, Miklos D, Song YH, Truong VB, Englert C, Christians FC, Ellisen LW,
Maheswaran S, Oliner JD, Haber DA (1999). Induction of GADD45 and JNK/SAPK-dependent
apoptosis following inducible expression of BRCA1. Cell 97: 575-586.

Harper JW, Elledge SJ (2007). The DNA damage response: ten years after. Mol Cell 28: 739-745.
Harte MT, O'Brien GJ, Ryan NM, Gorski JJ, Savage KI, Crawford NT, Mullan PB, Harkin DP (2010).
BRD7, a subunit of SWI/SNF complexes, binds directly to BRCA1 and regulates BRCA1-dependent
transcription. Cancer Res 70: 2538-2547.

Hartman AR, Ford JM (2002). BRCA1 induces DNA damage recognition factors and enhances
nucleotide excision repair. Nat Genet 32: 180-184.

Hasan S, Hassa PO, Imhof R, Hottiger MO (2001a). Transcription coactivator p300 binds PCNA and
may have a role in DNA repair synthesis. Nature 410: 387-391.

232



References

Hasan S, Stucki M, Hassa PO, Imhof R, Gehrig P, Hunziker P, Hubscher U, Hottiger MO (2001b).
Regulation of human flap endonuclease-1 activity by acetylation through the transcriptional
coactivator p300. Mol Cell 7: 1221-1231.

Hasan S, El-Andaloussi N, Hardeland U, Hassa PO, Burki C, Imhof R, Schar P, Hottiger MO (2002).
Acetylation regulates the DNA end-trimming activity of DNA polymerase beta. Mo/ Cell 10: 1213-
1222.

Haupt Y, Rowan S, Shaulian E, Vousden KH, Oren M (1995). Induction of apoptosis in HeLa cells by
trans-activation-deficient p53. Genes Dev 9: 2170-2183.

Haupt Y, Maya R, Kazaz A, Oren M (1997). Mdm2 promotes the rapid degradation of p53. Nature
387: 296-299.

Hayden MS, Ghosh S (2008). Shared principles in NF-kappaB signaling. Cell 132: 344-362.

He G, Siddik ZH, Huang Z, Wang R, Koomen J, Kobayashi R, Khokhar AR, Kuang J (2005).
Induction of p21 by p53 following DNA damage inhibits both Cdk4 and Cdk2 activities. Oncogene
24: 2929-2943.

Hentges P, Ahnesorg P, Pitcher RS, Bruce CK, Kysela B, Green AJ, Bianchi J, Wilson TE, Jackson
SP, Doherty AJ (2006). Evolutionary and functional conservation of the DNA non-homologous end-
joining protein, XLF/Cernunnos. J Biol Chem 281: 37517-37526.

Hermeking H, Lengauer C, Polyak K, He TC, Zhang L, Thiagalingam S, Kinzler KW, Vogelstein B
(1997). 14-3-3 sigma is a p53-regulated inhibitor of G2/M progression. Mol Cell 1: 3-11.

Herold S, Wanzel M, Beuger V, Frohme C, Beul D, Hillukkala T, Syvaoja J, Saluz HP, Haenel F,
Eilers M (2002). Negative regulation of the mammalian UV response by Myc through association with
Miz-1. Mol Cell 10: 509-521.

Hinz M, Stilmann M, Arslan SC, Khanna KK, Dittmar G, Scheidereit C (2010). A cytoplasmic ATM-
TRAF6-cIAP1 module links nuclear DNA damage signaling to ubiquitin-mediated NF-kappaB
activation. Mol Cell 40: 63-74.

Hiom K (2010). Coping with DNA double strand breaks. DNA Repair (Amst) 9: 1256-1263.

Hoberg JE, Popko AE, Ramsey CS, Mayo MW (2006). IkappaB kinase alpha-mediated derepression
of SMRT potentiates acetylation of RelA/p65 by p300. Mol Cell Biol 26: 457-471.

Hoffmann A, Levchenko A, Scott ML, Baltimore D (2002). The IkappaB-NF-kappaB signaling
module: temporal control and selective gene activation. Science 298: 1241-1245.

Hofmann TG, Moller A, Sirma H, Zentgraf H, Taya Y, Droge W, Will H, Schmitz ML (2002).
Regulation of p53 activity by its interaction with homeodomain-interacting protein kinase-2. Nat Cell
Biol 4: 1-10.

Holstege H, Joosse SA, van Oostrom CT, Nederlof PM, de Vries A, Jonkers J (2009). High incidence
of protein-truncating TP53 mutations in BRCA 1-related breast cancer. Cancer Res 69: 3625-3633.

Homer C, Knight DA, Hananeia L, Sheard P, Risk J, Lasham A, Royds JA, Braithwaite AW (2005).
Y-box factor YB1 controls p53 apoptotic function. Oncogene 24: 8314-8325.

233



References

Honda R, Tanaka H, Yasuda H (1997). Oncoprotein MDM?2 is a ubiquitin ligase E3 for tumor
suppressor p53. FEBS Lett 420: 25-27.

Horvai AE, Xu L, Korzus E, Brard G, Kalafus D, Mullen TM, Rose DW, Rosenfeld MG, Glass CK
(1997). Nuclear integration of JAK/STAT and Ras/AP-1 signaling by CBP and p300. Proc Natl Acad
Sci US A 94: 1074-1079.

Horvath CM (2000). STAT proteins and transcriptional responses to extracellular signals. Trends
Biochem Sci 25: 496-502.

Hou S, Guan H, Ricciardi RP (2003). Phosphorylation of serine 337 of NF-kappaB p50 is critical for
DNA binding. J Biol Chem 278: 45994-45998.

Houvras Y, Benezra M, Zhang H, Manfredi JJ, Weber BL, Licht JD (2000). BRCA1 physically and
functionally interacts with ATF1. J Biol Chem 275: 36230-36237.

Hu M, Gu L, Li M, Jeffrey PD, Gu W, Shi Y (2006). Structural basis of competitive recognition of
p53 and MDM?2 by HAUSP/USP7: implications for the regulation of the p5S3-MDM2 pathway. PLoS
Biol 4: e27.

Huang J, Perez-Burgos L, Placek BJ, Sengupta R, Richter M, Dorsey JA, Kubicek S, Opravil S,
Jenuwein T, Berger SL (2006). Repression of p53 activity by Smyd2-mediated methylation. Nature
444: 629-632.

Huang J, Sengupta R, Espejo AB, Lee MG, Dorsey JA, Richter M, Opravil S, Shiekhattar R, Bedford
MT, Jenuwein T, Berger SL (2007a). p53 is regulated by the lysine demethylase LSD1. Nature 449:
105-108.

Huang TT, Kudo N, Yoshida M, Miyamoto S (2000). A nuclear export signal in the N-terminal
regulatory domain of IkappaBalpha controls cytoplasmic localization of inactive NF-
kappaB/IkappaBalpha complexes. Proc Natl Acad Sci U S A 97: 1014-1019.

Huang TT, Wuerzberger-Davis SM, Wu ZH, Miyamoto S (2003). Sequential modification of
NEMO/IKKgamma by SUMO-1 and ubiquitin mediates NF-kappaB activation by genotoxic stress.
Cell 115: 565-576.

Huang WC, Chen CC (2005). Akt phosphorylation of p300 at Ser-1834 is essential for its histone
acetyltransferase and transcriptional activity. Mol Cell Biol 25: 6592-6602.

Huang WC, Ju TK, Hung MC, Chen CC (2007b). Phosphorylation of CBP by IKKalpha promotes cell
growth by switching the binding preference of CBP from p53 to NF-kappaB. Mo/ Cell 26: 75-87.

Hudson CD, Morris PJ, Latchman DS, Budhram-Mahadeo VS (2005). Brn-3a transcription factor
blocks p53-mediated activation of proapoptotic target genes Noxa and Bax in vitro and in vivo to

determine cell fate. J Biol Chem 280: 11851-11858.

Huen MS, Grant R, Manke [, Minn K, Yu X, Yaffe MB, Chen J (2007). RNF8 transduces the DNA-
damage signal via histone ubiquitylation and checkpoint protein assembly. Cell 131: 901-914.

234



References

Huen MS, Huang J, Leung JW, Sy SM, Leung KM, Ching YP, Tsao SW, Chen J (2010a). Regulation
of chromatin architecture by the PWWP domain-containing DNA damage-responsive factor
EXPAND1/MUMI. Mol Cell 37: 854-864.

Huen MS, Sy SM, Chen J (2010b). BRCAL1 and its toolbox for the maintenance of genome integrity.
Nat Rev Mol Cell Biol 11: 138-148.

Huertas P, Jackson SP (2009). Human CtIP mediates cell cycle control of DNA end resection and
double strand break repair. J Biol Chem 284: 9558-9565.

Huxford T, Huang DB, Malek S, Ghosh G (1998). The crystal structure of the lkappaBalpha/NF-
kappaB complex reveals mechanisms of NF-kappaB inactivation. Cel/ 95: 759-770.

Huyen Y, Zgheib O, Ditullio RA, Jr., Gorgoulis VG, Zacharatos P, Petty TJ, Sheston EA, Mellert HS,
Stavridi ES, Halazonetis TD (2004). Methylated lysine 79 of histone H3 targets 53BP1 to DNA
double-strand breaks. Nature 432: 406-411.

lha H, Peloponese JM, Verstrepen L, Zapart G, lkeda F, Smith CD, Starost MF, Yedavalli V,
Heyninck K, Dikic I, Beyaert R, Jeang KT (2008). Inflammatory cardiac valvulitis in TAX1BP1-
deficient mice through selective NF-kappaB activation. EMBO J 27: 629-641.

Imhof A, Yang XJ, Ogryzko VV, Nakatani Y, Wolffe AP, Ge H (1997). Acetylation of general
transcription factors by histone acetyltransferases. Curr Biol 7: 689-692.

Innocente SA, Abrahamson JL, Cogswell JP, Lee JM (1999). p53 regulates a G2 checkpoint through
cyclin B1. Proc Natl Acad Sci U S 4 96: 2147-2152.

Ip SC, Rass U, Blanco MG, Flynn HR, Skehel JM, West SC (2008). Identification of Holliday
junction resolvases from humans and yeast. Nature 456: 357-361.

Ito A, Lai CH, Zhao X, Saito S, Hamilton MH, Appella E, Yao TP (2001). p300/CBP-mediated p53
acetylation is commonly induced by p53-activating agents and inhibited by MDM2. EMBO J 20:
1331-1340.

Ito A, Kawaguchi Y, Lai CH, Kovacs JJ, Higashimoto Y, Appella E, Yao TP (2002). MDM2-
HDACI1-mediated deacetylation of p53 is required for its degradation. EMBO J 21: 6236-6245.

Ivanov GS, Ivanova T, Kurash J, Ivanov A, Chuikov S, Gizatullin F, Herrera-Medina EM, Rauscher F,
3rd, Reinberg D, Barlev NA (2007). Methylation-acetylation interplay activates p53 in response to
DNA damage. Mol Cell Biol 27: 6756-6769.

Iwabuchi K, Bartel PL, Li B, Marraccino R, Fields S (1994). Two cellular proteins that bind to wild-
type but not mutant p53. Proc Natl Acad Sci U S 4 91: 6098-6102.

Iwabuchi K, Li B, Massa HF, Trask BJ, Date T, Fields S (1998). Stimulation of p53-mediated
transcriptional activation by the p53-binding proteins, 53BP1 and 53BP2. J Biol/ Chem 273: 26061-
26068.

Iyer NG, Ozdag H, Caldas C (2004). p300/CBP and cancer. Oncogene 23: 4225-4231.

Jaattela M, Mouritzen H, Elling F, Bastholm L (1996). A20 zinc finger protein inhibits TNF and IL-1
signaling. J Immunol 156: 1166-1173.

235



References

Jacks T, Remington L, Williams BO, Schmitt EM, Halachmi S, Bronson RT, Weinberg RA (1994).
Tumor spectrum analysis in p53-mutant mice. Curr Biol 4: 1-7.

Jackson AL, Linsley PS (2010). Recognizing and avoiding siRNA off-target effects for target
identification and therapeutic application. Nat Rev Drug Discov 9: 57-67.

Jackson SP, Bartek J (2009). The DNA-damage response in human biology and disease. Nature 461:
1071-1078.

Jang ER, Choi JD, Jeong G, Lee JS (2010). Phosphorylation of p300 by ATM controls the stability of
NBSI1. Biochem Biophys Res Commun 397: 637-643.

Jang ER, Choi JD, Lee JS (2011). Acetyltransferase p300 regulates NBS1-mediated DNA damage
response. FEBS Lett 585: 47-52.

Janknecht R, Nordheim A (1996a). MAP kinase-dependent transcriptional coactivation by Elk-1 and
its cofactor CBP. Biochem Biophys Res Commun 228: 831-837.

Janknecht R, Nordheim A (1996b). Regulation of the c-fos promoter by the ternary complex factor
Sap-la and its coactivator CBP. Oncogene 12: 1961-1969.

Janknecht R (2002). The versatile functions of the transcriptional coactivators p300 and CBP and their
roles in disease. Histol Histopathol 17: 657-668.

Janssens S, Tinel A, Lippens S, Tschopp J (2005). PIDD mediates NF-kappaB activation in response
to DNA damage. Cel/l 123: 1079-1092.

Janssens S, Tschopp J (2006). Signals from within: the DNA-damage-induced NF-kappaB response.
Cell Death Differ 13: 773-784.

Jansson M, Durant ST, Cho EC, Sheahan S, Edelmann M, Kessler B, La Thangue NB (2008).
Arginine methylation regulates the p53 response. Nat Cell Biol 10: 1431-1439.

Jazayeri A, Falck J, Lukas C, Bartek J, Smith GC, Lukas J, Jackson SP (2006). ATM- and cell cycle-
dependent regulation of ATR in response to DNA double-strand breaks. Nat Cell Biol 8: 37-45.

Jeggo PA, Lobrich M (2007). DNA double-strand breaks: their cellular and clinical impact? Oncogene
26: 7717-7719.

Jiang X, Takahashi N, Matsui N, Tetsuka T, Okamoto T (2003). The NF-kappa B activation in
lymphotoxin beta receptor signaling depends on the phosphorylation of p65 at serine 536. J Biol Chem
278: 919-926.

Jin HS, Lee DH, Kim DH, Chung JH, Lee SJ, Lee TH (2009). cIAP1, cIAP2, and XIAP act
cooperatively via nonredundant pathways to regulate genotoxic stress-induced nuclear factor-kappaB

activation. Cancer Res 69: 1782-1791.

Jin Y, Zeng SX, Dai MS, Yang XJ, Lu H (2002). MDM?2 inhibits PCAF (p300/CREB-binding protein-
associated factor)-mediated p53 acetylation. J Biol Chem 277: 30838-30843.

Jiricny J (2006). The multifaceted mismatch-repair system. Nat Rev Mol Cell Biol T: 335-346.

236



References

Johannsson OT, Idvall I, Anderson C, Borg A, Barkardottir RB, Egilsson V, Olsson H (1997). Tumour
biological features of BRCAl-induced breast and ovarian cancer. Eur J Cancer 33: 362-371.

Johnson C, Van Antwerp D, Hope TJ (1999). An N-terminal nuclear export signal is required for the
nucleocytoplasmic shuttling of IkappaBalpha. EMBO J 18: 6682-6693.

Johnson DG, Schwarz JK, Cress WD, Nevins JR (1993). Expression of transcription factor E2F1
induces quiescent cells to enter S phase. Nature 365: 349-352.

Jones SN, Roe AE, Donehower LA, Bradley A (1995). Rescue of embryonic lethality in Mdm2-
deficient mice by absence of p53. Nature 378: 206-208.

Joo WS, Jeffrey PD, Cantor SB, Finnin MS, Livingston DM, Pavletich NP (2002). Structure of the
53BP1 BRCT region bound to p53 and its comparison to the Brcal BRCT structure. Genes Dev 16:
583-593.

Jowsey P, Morrice NA, Hastie CJ, McLauchlan H, Toth R, Rouse J (2007). Characterisation of the
sites of DNA damage-induced 53BP1 phosphorylation catalysed by ATM and ATR. DNA Repair
(Amst) 6: 1536-1544.

Kachirskaia I, Shi X, Yamaguchi H, Tanoue K, Wen H, Wang EW, Appella E, Gozani O (2008). Role
for 53BP1 Tudor domain recognition of p53 dimethylated at lysine 382 in DNA damage signaling. J
Biol Chem 283: 34660-34666.

Kagey MH, Newman JJ, Bilodeau S, Zhan Y, Orlando DA, van Berkum NL, Ebmeier CC, Goossens J,
Rahl PB, Levine SS, Taatjes DJ, Dekker J, Young RA (2010). Mediator and cohesin connect gene
expression and chromatin architecture. Nature 467: 430-435.

Kamata H, Honda S, Maeda S, Chang L, Hirata H, Karin M (2005). Reactive oxygen species promote
TNFalpha-induced death and sustained JNK activation by inhibiting MAP kinase phosphatases. Cel/
120: 649-661.

Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B, Lin SC, Heyman RA, Rose DW, Glass
CK, Rosenfeld MG (1996). A CBP integrator complex mediates transcriptional activation and AP-1
inhibition by nuclear receptors. Cell 85: 403-414.

Kanayama A, Seth RB, Sun L, Ea CK, Hong M, Shaito A, Chiu YH, Deng L, Chen ZJ (2004). TAB2
and TAB3 activate the NF-kappaB pathway through binding to polyubiquitin chains. Mol Cell 15:
535-548.

Kao GD, McKenna WG, Guenther MG, Muschel RJ, Lazar MA, Yen TJ (2003). Histone deacetylase
4 interacts with 53BP1 to mediate the DNA damage response. J Cell Biol 160: 1017-1027.

Karin M, Lin A (2002). NF-kappaB at the crossroads of life and death. Nat Immunol 3: 221-227.
Karin M (2006). Nuclear factor-kappaB in cancer development and progression. Nature 441: 431-436.

Kashatus D, Cogswell P, Baldwin AS (2006). Expression of the Bcl-3 proto-oncogene suppresses p53
activation. Genes Dev 20: 225-235.

237



References

Kasper LH, Fukuyama T, Biesen MA, Boussouar F, Tong C, de Pauw A, Murray PJ, van Deursen JM,
Brindle PK (2006). Conditional knockout mice reveal distinct functions for the global transcriptional
coactivators CBP and p300 in T-cell development. Mol Cell Biol 26: 789-809.

Kastan MB, Lim DS (2000). The many substrates and functions of ATM. Nat Rev Mol Cell Biol 1:
179-186.

Kastan MB, Bartek J (2004). Cell-cycle checkpoints and cancer. Nature 432: 316-323.

Kawasaki H, Eckner R, Yao TP, Taira K, Chiu R, Livingston DM, Yokoyama KK (1998). Distinct
roles of the co-activators p300 and CBP in retinoic-acid-induced F9-cell differentiation. Nature 393:
284-289.

Kearns JD, Basak S, Werner SL, Huang CS, Hoffmann A (2006). IkappaBepsilon provides negative
feedback to control NF-kappaB oscillations, signaling dynamics, and inflammatory gene expression. J
Cell Biol 173: 659-664.

Kee BL, Arias J, Montminy MR (1996). Adaptor-mediated recruitment of RNA polymerase II to a
signal-dependent activator. J Biol Chem 271: 2373-2375.

Kemp MG, Akan Z, Yilmaz S, Grillo M, Smith-Roe SL, Kang TH, Cordeiro-Stone M, Kaufmann
WK, Abraham RT, Sancar A, Unsal-Kacmaz K (2010). Tipin-replication protein A interaction
mediates Chk1 phosphorylation by ATR in response to genotoxic stress. J Bio/ Chem 285: 16562-
16571.

Kennedy SG, Wagner AJ, Conzen SD, Jordan J, Bellacosa A, Tsichlis PN, Hay N (1997). The PI 3-
kinase/Akt signaling pathway delivers an anti-apoptotic signal. Genes Dev 11: 701-713.

Kiernan R, Bres V, Ng RW, Coudart MP, El Messaoudi S, Sardet C, Jin DY, Emiliani S, Benkirane M
(2003). Post-activation turn-off of NF-kappa B-dependent transcription is regulated by acetylation of
p65. J Biol Chem 278: 2758-2766.

Kilinc MO, Ninis VN, Ugur SA, Tuysuz B, Seven M, Balci S, Goodship J, Tolun A (2003). Is the
novel SCKL3 at 14g23 the predominant Seckel locus? Eur J Hum Genet 11: 851-857.

Kim H, Chen J, Yu X (2007). Ubiquitin-binding protein RAP80 mediates BRCA1-dependent DNA
damage response. Science 316: 1202-1205.

Kim J, Daniel J, Espejo A, Lake A, Krishna M, Xia L, Zhang Y, Bedford MT (2006). Tudor, MBT
and chromo domains gauge the degree of lysine methylation. EMBO Rep T7: 397-403.

Kim TK, Kim TH, Maniatis T (1998). Efficient recruitment of TFIIB and CBP-RNA polymerase 11
holoenzyme by an interferon-beta enhanceosome in vitro. Proc Natl Acad Sci U S 4 95: 12191-12196.

King MC, Marks JH, Mandell JB (2003). Breast and ovarian cancer risks due to inherited mutations in
BRCAT1 and BRCA2. Science 302: 643-646.

Kitagawa M, Lee SH, McCormick F (2008). Skp2 suppresses p53-dependent apoptosis by inhibiting
p300. Mol Cell 29: 217-231.

238



References

Knights CD, Catania J, Di Giovanni S, Muratoglu S, Perez R, Swartzbeck A, Quong AA, Zhang X,
Beerman T, Pestell RG, Avantaggiati ML (2006). Distinct p53 acetylation cassettes differentially
influence gene-expression patterns and cell fate. J Cell Biol 173: 533-544.

Kolas NK, Chapman JR, Nakada S, Ylanko J, Chahwan R, Sweeney FD, Panier S, Mendez M,
Wildenhain J, Thomson TM, Pelletier L, Jackson SP, Durocher D (2007). Orchestration of the DNA-
damage response by the RNF8 ubiquitin ligase. Science 318: 1637-1640.

Kovalenko A, Chable-Bessia C, Cantarella G, Israel A, Wallach D, Courtois G (2003). The tumour
suppressor CYLD negatively regulates NF-kappaB signalling by deubiquitination. Nature 424: 801-
805.

Kozlov SV, Graham ME, Peng C, Chen P, Robinson PJ, Lavin MF (2006). Involvement of novel
autophosphorylation sites in ATM activation. EMBO J 25: 3504-3514.

Kozlov SV, Graham ME, Jakob B, Tobias F, Kijas AW, Tanuji M, Chen P, Robinson PJ, Taucher-
Scholz G, Suzuki K, So S, Chen D, Lavin MF (2010). Autophosphorylation and ATM activation:
Additional sites add to the complexity. J Biol Chem.

Krishnan N, Jeong DG, Jung SK, Ryu SE, Xiao A, Allis CD, Kim SJ, Tonks NK (2009).
Dephosphorylation of the C-terminal tyrosyl residue of the DNA damage-related histone H2A.X is
mediated by the protein phosphatase eyes absent. J Biol Chem 284: 16066-16070.

Krokan HE, Drablos F, Slupphaug G (2002). Uracil in DNA--occurrence, consequences and repair.
Oncogene 21: 8935-8948.

Kruse JP, Gu W (2009). Modes of p53 regulation. Cel/ 137: 609-622.

Kubbutat MH, Jones SN, Vousden KH (1997). Regulation of p53 stability by Mdm2. Nature 387:
299-303.

Kumagai A, Lee J, Yoo HY, Dunphy WG (2006). TopBP1 activates the ATR-ATRIP complex. Cell
124: 943-955.

Kumar BR, Swaminathan V, Banerjee S, Kundu TK (2001). p300-mediated acetylation of human
transcriptional coactivator PC4 is inhibited by phosphorylation. J Biol Chem 276: 16804-16809.

Lamarche BJ, Orazio NI, Weitzman MD (2010). The MRN complex in double-strand break repair and
telomere maintenance. FEBS Lett 584: 3682-3695.

Lambert PF, Kashanchi F, Radonovich MF, Shiekhattar R, Brady JN (1998). Phosphorylation of p53
serine 15 increases interaction with CBP. J Biol Chem 273: 33048-33053.

Lane DP (1992). Cancer. p53, guardian of the genome. Nature 358: 15-16.

Lang D, Powell SK, Plummer RS, Young KP, Ruggeri BA (2007). PAX genes: roles in development,
pathophysiology, and cancer. Biochem Pharmacol 73: 1-14.

Lavin MF, Shiloh Y (1997). The genetic defect in ataxia-telangiectasia. Annu Rev Immunol 15: 177-
202.

239



References

Lechner MS, Levitan I, Dressler GR (2000). PTIP, a novel BRCT domain-containing protein interacts
with Pax2 and is associated with active chromatin. Nucleic Acids Res 28: 2741-2751.

Lee-Theilen M, Matthews AJ, Kelly D, Zheng S, Chaudhuri J (2011). CtIP promotes microhomology-
mediated alternative end joining during class-switch recombination. Nat Struct Mol Biol 18: 75-79.

Lee EG, Boone DL, Chai S, Libby SL, Chien M, Lodolce JP, Ma A (2000). Failure to regulate TNF-
induced NF-kappaB and cell death responses in A20-deficient mice. Science 289: 2350-2354.

Lee H, Kwak HJ, Cho IT, Park SH, Lee CH (2009). S1219 residue of 53BP1 is phosphorylated by
ATM kinase upon DNA damage and required for proper execution of DNA damage response.
Biochem Biophys Res Commun 378: 32-36.

Lee JH, Paull TT (2004). Direct activation of the ATM protein kinase by the Mrell/Rad50/Nbsl
complex. Science 304: 93-96.

Lee JS, See RH, Deng T, Shi Y (1996a). Adenovirus E1A downregulates cJun- and JunB-mediated
transcription by targeting their coactivator p300. Mo/ Cell Biol 16: 4312-4326.

Lee JS, Zhang X, Shi Y (1996b). Differential interactions of the CREB/ATF family of transcription
factors with p300 and adenovirus E1A. J Biol Chem 271: 17666-17674.

Lee YH, Bedford MT, Stallcup MR (2011). Regulated recruitment of tumor suppressor BRCA1 to the
p21 gene by coactivator methylation. Genes Dev 25: 176-188.

Levine AJ, Oren M (2009). The first 30 years of p53: growing ever more complex. Nat Rev Cancer 9:
749-758.

Li G, Widom J (2004). Nucleosomes facilitate their own invasion. Nat Struct Mol Biol 11: 763-769.

Li G, Levitus M, Bustamante C, Widom J (2005). Rapid spontaneous accessibility of nucleosomal
DNA. Nat Struct Mol Biol 12: 46-53.

Li H, Kobayashi M, Blonska M, You Y, Lin X (2006). Ubiquitination of RIP is required for tumor
necrosis factor alpha-induced NF-kappaB activation. J Biol Chem 281: 13636-13643.

Li HH, Cai X, Shouse GP, Piluso LG, Liu X (2007). A specific PP2A regulatory subunit, BS6gamma,
mediates DNA damage-induced dephosphorylation of p53 at Thr55. EMBO J 26: 402-411.

Li L, Halaby MJ, Hakem A, Cardoso R, El Ghamrasni S, Harding S, Chan N, Bristow R, Sanchez O,
Durocher D, Hakem R (2010). Rnf8 deficiency impairs class switch recombination, spermatogenesis,

and genomic integrity and predisposes for cancer. J Exp Med 207: 983-997.

Li M, Chen D, Shiloh A, Luo J, Nikolaev AY, Qin J, Gu W (2002a). Deubiquitination of p53 by
HAUSP is an important pathway for p53 stabilization. Nature 416: 648-653.

Li M, Luo J, Brooks CL, Gu W (2002b). Acetylation of p53 inhibits its ubiquitination by Mdm2. J
Biol Chem 277: 50607-50611.

Li M, Brooks CL, Kon N, Gu W (2004). A dynamic role of HAUSP in the p53-Mdm2 pathway. Mol
Cell 13: 879-886.

240



References

Li N, Banin S, Ouyang H, Li GC, Courtois G, Shiloh Y, Karin M, Rotman G (2001). ATM is required
for IkappaB kinase (IKKk) activation in response to DNA double strand breaks. J Biol Chem 276:
8898-8903.

Li Q, Estepa G, Memet S, Israel A, Verma IM (2000). Complete lack of NF-kappaB activity in IKK1
and IKK?2 double-deficient mice: additional defect in neurulation. Genes Dev 14: 1729-1733.

Li Q, Verma IM (2002). NF-kappaB regulation in the immune system. Nat Rev Immunol 2: 725-734.

Li ZW, Chu W, Hu Y, Delhase M, Deerinck T, Ellisman M, Johnson R, Karin M (1999). The IKKbeta
subunit of IkappaB kinase (IKK) is essential for nuclear factor kappaB activation and prevention of
apoptosis. J Exp Med 189: 1839-1845.

Liang F, Jasin M (1996). Ku80-deficient cells exhibit excess degradation of extrachromosomal DNA.
J Biol Chem 271: 14405-14411.

Liang L, Deng L, Nguyen SC, Zhao X, Maulion CD, Shao C, Tischfield JA (2008). Human DNA
ligases I and III, but not ligase IV, are required for microhomology-mediated end joining of DNA
double-strand breaks. Nucleic Acids Res 36: 3297-3310.

Lill NL, Grossman SR, Ginsberg D, DeCaprio J, Livingston DM (1997). Binding and modulation of
p53 by p300/CBP coactivators. Nature 387: 823-827.

Limbo O, Chahwan C, Yamada Y, de Bruin RA, Wittenberg C, Russell P (2007). Ctp1 is a cell-cycle-
regulated protein that functions with Mrell complex to control double-strand break repair by
homologous recombination. Mol Cell 28: 134-146.

Lin SY, Elledge SJ (2003). Multiple tumor suppressor pathways negatively regulate telomerase. Cel/
113: 881-889.

Lin SY, Rai R, Li K, Xu ZX, Elledge SJ (2005). BRIT1I/MCPHI1 is a DNA damage responsive protein
that regulates the Brcal-Chkl pathway, implicating checkpoint dysfunction in microcephaly. Proc
Natl Acad Sci U S 4 102: 15105-15109.

Linares LK, Hengstermann A, Ciechanover A, Muller S, Scheffner M (2003). HdmX stimulates
Hdm?2-mediated ubiquitination and degradation of p53. Proc Natl Acad Sci U S 4 100: 12009-12014.

Linding R, Jensen LJ, Ostheimer GJ, van Vugt MA, Jorgensen C, Miron IM, Diella F, Colwill K,
Taylor L, Elder K, Metalnikov P, Nguyen V, Pasculescu A, Jin J, Park JG, Samson LD, Woodgett JR,
Russell RB, Bork P, Yaffe MB, Pawson T (2007). Systematic discovery of in vivo phosphorylation
networks. Cell 129: 1415-1426.

LiuK, Luo Y, Lin FT, Lin WC (2004). TopBP1 recruits Brgl/Brm to repress E2F1-induced apoptosis,
a novel pRb-independent and E2F1-specific control for cell survival. Genes Dev 18: 673-686.

Liu K, Bellam N, Lin HY, Wang B, Stockard CR, Grizzle WE, Lin WC (2009). Regulation of p53 by
TopBP1: a potential mechanism for p53 inactivation in cancer. Mol Cell Biol 29: 2673-2693.

Liu L, Scolnick DM, Trievel RC, Zhang HB, Marmorstein R, Halazonetis TD, Berger SL (1999). p53

sites acetylated in vitro by PCAF and p300 are acetylated in vivo in response to DNA damage. Mol
Cell Biol 19: 1202-1209.

241



References

Liu S, Bekker-Jensen S, Mailand N, Lukas C, Bartek J, Lukas J (2006). Claspin operates downstream
of TopBP1 to direct ATR signaling towards Chk1 activation. Mol Cell Biol 26: 6056-6064.

Lopez-Girona A, Furnari B, Mondesert O, Russell P (1999). Nuclear localization of Cdc25 is
regulated by DNA damage and a 14-3-3 protein. Nature 397: 172-175.

Lou Z, Chen BP, Asaithamby A, Minter-Dykhouse K, Chen DJ, Chen J (2004). MDC1 regulates
DNA-PK autophosphorylation in response to DNA damage. J Bio/ Chem 279: 46359-46362.

Lou Z, Minter-Dykhouse K, Franco S, Gostissa M, Rivera MA, Celeste A, Manis JP, van Deursen J,
Nussenzweig A, Paull TT, Alt FW, Chen J (2006). MDC1 maintains genomic stability by participating
in the amplification of ATM-dependent DNA damage signals. Mol Cell 21: 187-200.

Lowe SW, Schmitt EM, Smith SW, Osborne BA, Jacks T (1993). p53 is required for radiation-induced
apoptosis in mouse thymocytes. Nature 362: 847-849.

Lu H, Pannicke U, Schwarz K, Lieber MR (2007). Length-dependent binding of human XLF to DNA
and stimulation of XRCC4.DNA ligase IV activity. J Bio/ Chem 282: 11155-11162.

Lukas C, Melander F, Stucki M, Falck J, Bekker-Jensen S, Goldberg M, Lerenthal Y, Jackson SP,
Bartek J, Lukas J (2004a). Mdcl couples DNA double-strand break recognition by Nbsl with its
H2AX-dependent chromatin retention. EMBO J 23: 2674-2683.

Lukas J, Lukas C, Bartek J (2004b). Mammalian cell cycle checkpoints: signalling pathways and their
organization in space and time. DNA Repair (Amst) 3: 997-1007.

Lumsden JM, McCarty T, Petiniot LK, Shen R, Barlow C, Wynn TA, Morse HC, 3rd, Gearhart PJ,
Wynshaw-Boris A, Max EE, Hodes RJ (2004). Immunoglobulin class switch recombination is
impaired in Atm-deficient mice. J Exp Med 200: 1111-1121.

Lundberg AS, Weinberg RA (1998). Functional inactivation of the retinoblastoma protein requires
sequential modification by at least two distinct cyclin-cdk complexes. Mol Cell Biol 18: 753-761.

Luo J, SuF, Chen D, Shiloh A, Gu W (2000). Deacetylation of p53 modulates its effect on cell growth
and apoptosis. Nature 408: 377-381.

Luo J, Nikolaev AY, Imai S, Chen D, Su F, Shiloh A, Guarente L, Gu W (2001). Negative control of
p53 by Sir2alpha promotes cell survival under stress. Cel// 107: 137-148.

Ma Y, Pannicke U, Schwarz K, Lieber MR (2002). Hairpin opening and overhang processing by an
Artemis/DNA-dependent protein kinase complex in nonhomologous end joining and V(D)J
recombination. Cell/ 108: 781-794.

Mabb AM, Wuerzberger-Davis SM, Miyamoto S (2006). PIASy mediates NEMO sumoylation and
NF-kappaB activation in response to genotoxic stress. Nat Cell Biol 8: 986-993.

MacLachlan TK, Takimoto R, El-Deiry WS (2002). BRCAI1 directs a selective p53-dependent
transcriptional response towards growth arrest and DNA repair targets. Mol Cell Biol 22: 4280-4292.

Madrid LV, Mayo MW, Reuther JY, Baldwin AS, Jr. (2001). Akt stimulates the transactivation

potential of the RelA/p65 Subunit of NF-kappa B through utilization of the lkappa B kinase and
activation of the mitogen-activated protein kinase p38. J Biol Chem 276: 18934-18940.

242



References

Mahajan KN, Gangi-Peterson L, Sorscher DH, Wang J, Gathy KN, Mahajan NP, Reeves WH,
Mitchell BS (1999). Association of terminal deoxynucleotidyl transferase with Ku. Proc Natl Acad Sci
US A496: 13926-13931.

Mahajan KN, Nick McElhinny SA, Mitchell BS, Ramsden DA (2002). Association of DNA
polymerase mu (pol mu) with Ku and ligase IV: role for pol mu in end-joining double-strand break
repair. Mol Cell Biol 22: 5194-5202.

Mahoney DJ, Cheung HH, Mrad RL, Plenchette S, Simard C, Enwere E, Arora V, Mak TW, Lacasse
EC, Waring J, Korneluk RG (2008). Both cIAP1 and cIAP2 regulate TNFalpha-mediated NF-kappaB
activation. Proc Natl Acad Sci U S A 105: 11778-11783.

Mailand N, Bekker-Jensen S, Faustrup H, Melander F, Bartek J, Lukas C, Lukas J (2007). RNF8
ubiquitylates histones at DNA double-strand breaks and promotes assembly of repair proteins. Cell
131: 887-900.

Maine GN, Mao X, Komarck CM, Burstein E (2007). COMMDI promotes the ubiquitination of NF-
kappaB subunits through a cullin-containing ubiquitin ligase. EMBO J 26: 436-447.

Makris C, Godfrey VL, Krahn-Senftleben G, Takahashi T, Roberts JL, Schwarz T, Feng L, Johnson
RS, Karin M (2000). Female mice heterozygous for IKK gamma/NEMO deficiencies develop a
dermatopathy similar to the human X-linked disorder incontinentia pigmenti. Mol Cell 5: 969-979.

Malkin D, Li FP, Strong LC, Fraumeni JF, Jr., Nelson CE, Kim DH, Kassel J, Gryka MA, Bischoff
FZ, Tainsky MA, et al. (1990). Germ line p53 mutations in a familial syndrome of breast cancer,
sarcomas, and other neoplasms. Science 250: 1233-1238.

Maloisel L, Fabre F, Gangloff S (2008). DNA polymerase delta is preferentially recruited during
homologous recombination to promote heteroduplex DNA extension. Mol Cell Biol 28: 1373-1382.

Manie E, Vincent-Salomon A, Lehmann-Che J, Pierron G, Turpin E, Warcoin M, Gruel N, Lebigot I,
Sastre-Garau X, Lidereau R, Remenieras A, Feunteun J, Delattre O, de The H, Stoppa-Lyonnet D,
Stern MH (2009). High frequency of TP53 mutation in BRCA1 and sporadic basal-like carcinomas
but not in BRCA1 luminal breast tumors. Cancer Res 69: 663-671.

Manis JP, Gu Y, Lansford R, Sonoda E, Ferrini R, Davidson L, Rajewsky K, Alt FW (1998). Ku70 is
required for late B cell development and immunoglobulin heavy chain class switching. J Exp Med
187: 2081-2089.

Manis JP, Morales JC, Xia Z, Kutok JL, Alt FW, Carpenter PB (2004). 53BP1 links DNA damage-
response pathways to immunoglobulin heavy chain class-switch recombination. Nat Immunol 5: 481-
487.

Manke A, Lowery DM, Nguyen A, Yaffe MB (2003). BRCT repeats as phosphopeptide-binding
modules involved in protein targeting. Science 302: 636-639.

Mansour WY, Rhein T, Dahm-Daphi J (2010). The alternative end-joining pathway for repair of DNA

double-strand breaks requires PARP1 but is not dependent upon microhomologies. Nucleic Acids Res
38: 6065-6077.

243



References

Mantovani F, Tocco F, Girardini J, Smith P, Gasco M, Lu X, Crook T, Del Sal G (2007). The prolyl
isomerase Pinl orchestrates p53 acetylation and dissociation from the apoptosis inhibitor iASPP. Nat
Struct Mol Biol 14: 912-920.

Mao X, Gluck N, Li D, Maine GN, Li H, Zaidi IW, Repaka A, Mayo MW, Burstein E (2009). GCNS5
is a required cofactor for a ubiquitin ligase that targets NF-kappaB/RelA. Genes Dev 23: 849-861.

Marchenko ND, Moll UM (2007). The role of ubiquitination in the direct mitochondrial death program
of p53. Cell Cycle 6: 1718-1723.

Martinez-Balbas MA, Bauer UM, Nielsen SJ, Brehm A, Kouzarides T (2000). Regulation of E2F1
activity by acetylation. EMBO J 19: 662-671.

Marzio G, Wagener C, Gutierrez MI, Cartwright P, Helin K, Giacca M (2000). E2F family members
are differentially regulated by reversible acetylation. J Biol Chem 275: 10887-10892.

Massague J (2004). G1 cell-cycle control and cancer. Nature 432: 298-306.

Matsumoto Y, Miyamoto T, Sakamoto H, Izumi H, Nakazawa Y, Ogi T, Tahara H, Oku S, Hiramoto
A, Shiiki T, Fujisawa Y, Ohashi H, Sakemi Y, Matsuura S (2011). Two unrelated patients with
MREI11A mutations and Nijmegen breakage syndrome-like severe microcephaly. DNA Repair (Amst).

Matsuoka S, Huang M, Elledge SJ (1998). Linkage of ATM to cell cycle regulation by the Chk2
protein kinase. Science 282: 1893-1897.

Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER, 3rd, Hurov KE, Luo J, Bakalarski CE, Zhao
Z, Solimini N, Lerenthal Y, Shiloh Y, Gygi SP, Elledge SJ (2007). ATM and ATR substrate analysis
reveals extensive protein networks responsive to DNA damage. Science 316: 1160-1166.

Mattioli I, Sebald A, Bucher C, Charles RP, Nakano H, Doi T, Kracht M, Schmitz ML (2004).
Transient and selective NF-kappa B p65 serine 536 phosphorylation induced by T cell costimulation is
mediated by I kappa B kinase beta and controls the kinetics of p65 nuclear import. J Immunol 172:
6336-6344.

Mattioli I, Geng H, Sebald A, Hodel M, Bucher C, Kracht M, Schmitz ML (2006). Inducible
phosphorylation of NF-kappa B p65 at serine 468 by T cell costimulation is mediated by IKK epsilon.
J Biol Chem 281: 6175-6183.

Mazin AV, Bornarth CJ, Solinger JA, Heyer WD, Kowalczykowski SC (2000). Rad54 protein is
targeted to pairing loci by the Rad51 nucleoprotein filament. Mol Cell 6: 583-592.

McBlane JF, van Gent DC, Ramsden DA, Romeo C, Cuomo CA, Gellert M, Oettinger MA (1995).
Cleavage at a V(D)J recombination signal requires only RAG1 and RAG2 proteins and occurs in two
steps. Cell 83: 387-395.

McVey M, Lee SE (2008). MMEJ repair of double-strand breaks (director's cut): deleted sequences
and alternative endings. Trends Genet 24: 529-538.

Medema RH, Klompmaker R, Smits VA, Rijksen G (1998). p21wafl can block cells at two points in

the cell cycle, but does not interfere with processive DNA-replication or stress-activated kinases.
Oncogene 16: 431-441.

244



References

Meek K, Douglas P, Cui X, Ding Q, Lees-Miller SP (2007). trans Autophosphorylation at DNA-
dependent protein kinase's two major autophosphorylation site clusters facilitates end processing but
not end joining. Mol Cell Biol 27: 3881-3890.

Melander F, Bekker-Jensen S, Falck J, Bartek J, Mailand N, Lukas J (2008). Phosphorylation of SDT
repeats in the MDC1 N terminus triggers retention of NBS1 at the DNA damage-modified chromatin.
J Cell Biol 181: 213-226.

Mellert HS, Stanek TJ, Sykes SM, Rauscher FJ, 3rd, Schultz DC, McMahon SB (2011). Deacetylation
of the DNA-binding Domain Regulates p53-mediated Apoptosis. J Biol Chem 286: 4264-4270.

Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett BL, Li J, Young DB, Barbosa M, Mann M,
Manning A, Rao A (1997). IKK-1 and IKK-2: cytokine-activated IkappaB kinases essential for NF-
kappaB activation. Science 278: 860-866.

Meulmeester E, Maurice MM, Boutell C, Teunisse AF, Ovaa H, Abraham TE, Dirks RW, Jochemsen
AG (2005). Loss of HAUSP-mediated deubiquitination contributes to DNA damage-induced
destabilization of Hdmx and Hdm2. Mol Cell 18: 565-576.

Micheau O, Tschopp J (2003). Induction of TNF receptor [-mediated apoptosis via two sequential
signaling complexes. Cel// 114: 181-190.

Miele A, Dekker J (2008). Long-range chromosomal interactions and gene regulation. Mol Biosyst 4:
1046-1057.

Migliorini D, Lazzerini Denchi E, Danovi D, Jochemsen A, Capillo M, Gobbi A, Helin K, Pelicci PG,
Marine JC (2002). Mdm4 (Mdmx) regulates p53-induced growth arrest and neuronal cell death during
early embryonic mouse development. Mol Cell Biol 22: 5527-5538.

Miller RW, Rubinstein JH (1995). Tumors in Rubinstein-Taybi syndrome. 4m J Med Genet 56: 112-
115.

Mimitou EP, Symington LS (2008). Sae2, Exol and Sgsl collaborate in DNA double-strand break
processing. Nature 455: 770-774.

Mink S, Haenig B, Klempnauer KH (1997). Interaction and functional collaboration of p300 and
C/EBPbeta. Mol Cell Biol 17: 6609-6617.

Mochan TA, Venere M, DiTullio RA, Jr., Halazonetis TD (2004). 53BP1, an activator of ATM in
response to DNA damage. DNA Repair (Amst) 3: 945-952.

Mohammad DH, Yaffe MB (2009). 14-3-3 proteins, FHA domains and BRCT domains in the DNA
damage response. DNA Repair (Amst) 8: 1009-1017.

Moll UM, Wolff S, Speidel D, Deppert W (2005). Transcription-independent pro-apoptotic functions
of p53. Curr Opin Cell Biol 17: 631-636.

Momand J, Zambetti GP, Olson DC, George D, Levine AJ (1992). The mdm-2 oncogene product
forms a complex with the p53 protein and inhibits p53-mediated transactivation. Cell 69: 1237-1245.

Monteiro AN, August A, Hanafusa H (1996). Evidence for a transcriptional activation function of
BRCA1 C-terminal region. Proc Natl Acad Sci U S 4 93: 13595-13599.

245



References

Montes de Oca Luna R, Wagner DS, Lozano G (1995). Rescue of early embryonic lethality in mdm2-
deficient mice by deletion of p53. Nature 378: 203-206.

Morales JC, Xia Z, Lu T, Aldrich MB, Wang B, Rosales C, Kellems RE, Hittelman WN, Elledge SJ,
Carpenter PB (2003). Role for the BRCA1 C-terminal repeats (BRCT) protein 53BP1 in maintaining
genomic stability. J Biol Chem 278: 14971-14977.

Morales JC, Franco S, Murphy MM, Bassing CH, Mills KD, Adams MM, Walsh NC, Manis JP,
Rassidakis GZ, Alt FW, Carpenter PB (2006). 53BP1 and p53 synergize to suppress genomic
instability and lymphomagenesis. Proc Natl Acad Sci U S A 103: 3310-3315.

Moreno-Herrero F, de Jager M, Dekker NH, Kanaar R, Wyman C, Dekker C (2005). Mesoscale
conformational changes in the DNA-repair complex Rad50/Mrel1/Nbsl upon binding DNA. Nature
437: 440-443.

Morris JR, Solomon E (2004). BRCA1 : BARDI induces the formation of conjugated ubiquitin
structures, dependent on K6 of ubiquitin, in cells during DNA replication and repair. Hum Mol Genet
13: 807-817.

Morris JR, Pangon L, Boutell C, Katagiri T, Keep NH, Solomon E (2006). Genetic analysis of BRCA1
ubiquitin ligase activity and its relationship to breast cancer susceptibility. Hum Mol Genet 15: 599-
606.

Morris JR, Boutell C, Keppler M, Densham R, Weekes D, Alamshah A, Butler L, Galanty Y, Pangon
L, Kiuchi T, Ng T, Solomon E (2009). The SUMO modification pathway is involved in the BRCAL1
response to genotoxic stress. Nature 462: 886-890.

Moshous D, Callebaut I, de Chasseval R, Corneo B, Cavazzana-Calvo M, Le Deist F, Tezcan I, Sanal
O, Bertrand Y, Philippe N, Fischer A, de Villartay JP (2001). Artemis, a novel DNA double-strand
break repair/V(D)J recombination protein, is mutated in human severe combined immune deficiency.
Cell 105: 177-186.

Moshous D, Pannetier C, Chasseval Rd R, Deist F1 F, Cavazzana-Calvo M, Romana S, Macintyre E,
Canioni D, Brousse N, Fischer A, Casanova JL, Villartay JP (2003). Partial T and B lymphocyte
immunodeficiency and predisposition to lymphoma in patients with hypomorphic mutations in
Artemis. J Clin Invest 111: 381-387.

Moynahan ME, Chiu JW, Koller BH, Jasin M (1999). Brcal controls homology-directed DNA repair.
Mol Cell 4: 511-518.

Muller M, Wilder S, Bannasch D, Isracli D, Lehlbach K, Li-Weber M, Friedman SL, Galle PR,
Stremmel W, Oren M, Krammer PH (1998). p53 activates the CD95 (APO-1/Fas) gene in response to
DNA damage by anticancer drugs. J Exp Med 188: 2033-2045.

Munoz IM, Jowsey PA, Toth R, Rouse J (2007). Phospho-epitope binding by the BRCT domains of
hPTIP controls multiple aspects of the cellular response to DNA damage. Nucleic Acids Res 35: 5312-
5322.

Munshi N, Merika M, Yie J, Senger K, Chen G, Thanos D (1998). Acetylation of HMG I(Y) by CBP
turns off IFN beta expression by disrupting the enhanceosome. Mol Cell 2: 457-467.

246



References

Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y, Honjo T (2000). Class switch
recombination and hypermutation require activation-induced cytidine deaminase (AID), a potential
RNA editing enzyme. Cell 102: 553-563.

Murr R, Loizou JI, Yang YG, Cuenin C, Li H, Wang ZQ, Herceg Z (2006). Histone acetylation by
Trrap-Tip60 modulates loading of repair proteins and repair of DNA double-strand breaks. Nat Cell
Biol 8: 91-99.

Murray-Zmijewski F, Slee EA, Lu X (2008). A complex barcode underlies the heterogeneous response
of p53 to stress. Nat Rev Mol Cell Biol 9: 702-712.

Myers JS, Cortez D (2006). Rapid activation of ATR by ionizing radiation requires ATM and Mrel 1.
J Biol Chem 281: 9346-9350.

Naar AM, Lemon BD, Tjian R (2001). Transcriptional coactivator complexes. Annu Rev Biochem 70:
475-501.

Nakada S, Tai I, Panier S, Al-Hakim A, lemura S, Juang YC, O'Donnell L, Kumakubo A, Munro M,
Sicheri F, Gingras AC, Natsume T, Suda T, Durocher D (2010). Non-canonical inhibition of DNA
damage-dependent ubiquitination by OTUBI1. Nature 466: 941-946.

Nakajima T, Uchida C, Anderson SF, Lee CG, Hurwitz J, Parvin JD, Montminy M (1997). RNA
helicase A mediates association of CBP with RNA polymerase II. Cell/ 90: 1107-1112.

Naryzhny SN, Lee H (2004). The post-translational modifications of proliferating cell nuclear antigen:
acetylation, not phosphorylation, plays an important role in the regulation of its function. J Bio/ Chem
279: 20194-20199.

Negrini S, Gorgoulis VG, Halazonetis TD (2010). Genomic instability--an evolving hallmark of
cancer. Nat Rev Mol Cell Biol 11: 220-228.

Ng HH, Ciccone DN, Morshead KB, Oettinger MA, Struhl K (2003). Lysine-79 of histone H3 is
hypomethylated at silenced loci in yeast and mammalian cells: a potential mechanism for position-
effect variegation. Proc Natl Acad Sci U S 4 100: 1820-1825.

Nicassio F, Corrado N, Vissers JH, Areces LB, Bergink S, Marteijn JA, Geverts B, Houtsmuller AB,
Vermeulen W, Di Fiore PP, Citterio E (2007). Human USP3 is a chromatin modifier required for S
phase progression and genome stability. Curr Biol 17: 1972-1977.

Nick McElhinny SA, Snowden CM, McCarville J, Ramsden DA (2000). Ku recruits the XRCC4-
ligase IV complex to DNA ends. Mol Cell Biol 20: 2996-3003.

Niewolik D, Pannicke U, Lu H, Ma Y, Wang LC, Kulesza P, Zandi E, Lieber MR, Schwarz K (2006).
DNA-PKcs dependence of Artemis endonucleolytic activity, differences between hairpins and 5' or 3'
overhangs. J Biol Chem 281: 33900-33909.

Nimonkar AV, Ozsoy AZ, Genschel J, Modrich P, Kowalczykowski SC (2008). Human exonuclease 1

and BLM helicase interact to resect DNA and initiate DNA repair. Proc Natl Acad Sci U S 4 105:
16906-16911.

247



References

Nimonkar AV, Sica RA, Kowalczykowski SC (2009). Rad52 promotes second-end DNA capture in
double-stranded break repair to form complement-stabilized joint molecules. Proc Natl Acad Sci U S
A 106: 3077-3082.

Nimonkar AV, Genschel J, Kinoshita E, Polaczek P, Campbell JL, Wyman C, Modrich P,
Kowalczykowski SC (2011). BLM-DNA2-RPA-MRN and EXO1-BLM-RPA-MRN constitute two
DNA end resection machineries for human DNA break repair. Genes Dev 25: 350-362.

Noble WS (2009). How does multiple testing correction work? Nat Biotechnol 27: 1135-1137.

Nuciforo PG, Luise C, Capra M, Pelosi G, d'Adda di Fagagna F (2007). Complex engagement of DNA
damage response pathways in human cancer and in lung tumor progression. Carcinogenesis 28: 2082-
2088.

O'Driscoll M, Cerosaletti KM, Girard PM, Dai Y, Stumm M, Kysela B, Hirsch B, Gennery A, Palmer
SE, Seidel J, Gatti RA, Varon R, Oettinger MA, Neitzel H, Jeggo PA, Concannon P (2001). DNA
ligase IV mutations identified in patients exhibiting developmental delay and immunodeficiency. Mo/
Cell 8: 1175-1185.

O'Driscoll M, Ruiz-Perez VL, Woods CG, Jeggo PA, Goodship JA (2003). A splicing mutation
affecting expression of ataxia-telangiectasia and Rad3-related protein (ATR) results in Seckel
syndrome. Nat Genet 33: 497-501.

O'Shea JM, Perkins ND (2010). Thr435 phosphorylation regulates RelA (p65) NF-kappaB subunit
transactivation. Biochem J 426: 345-354.

Oda K, Arakawa H, Tanaka T, Matsuda K, Tanikawa C, Mori T, Nishimori H, Tamai K, Tokino T,
Nakamura Y, Taya Y (2000). pS3AIP1, a potential mediator of p53-dependent apoptosis, and its
regulation by Ser-46-phosphorylated p53. Cell 102: 849-862.

Oeckinghaus A, Wegener E, Welteke V, Ferch U, Arslan SC, Ruland J, Scheidereit C, Krappmann D
(2007). Maltl ubiquitination triggers NF-kappaB signaling upon T-cell activation. EMBO J 26: 4634-
4645.

Ogryzko VV, Schiltz RL, Russanova V, Howard BH, Nakatani Y (1996). The transcriptional
coactivators p300 and CBP are histone acetyltransferases. Cel/ 87: 953-959.

Oishi H, Kitagawa H, Wada O, Takezawa S, Tora L, Kouzu-Fujita M, Takada I, Yano T, Yanagisawa
J, Kato S (2006). An hGCNS5/TRRAP histone acetyltransferase complex co-activates BRCA1
transactivation function through histone modification. J Biol Chem 281: 20-26.

Oliner JD, Pietenpol JA, Thiagalingam S, Gyuris J, Kinzler KW, Vogelstein B (1993). Oncoprotein
MDM2 conceals the activation domain of tumour suppressor p53. Nature 362: 857-860.

Opipari AW, Jr., Hu HM, Yabkowitz R, Dixit VM (1992). The A20 zinc finger protein protects cells
from tumor necrosis factor cytotoxicity. J Biol Chem 267: 12424-12427.

Ouchi T, Monteiro AN, August A, Aaronson SA, Hanafusa H (1998). BRCA1 regulates p53-
dependent gene expression. Proc Natl Acad Sci U S A 95: 2302-2306.

248



References

Ouchi T, Lee SW, Ouchi M, Aaronson SA, Horvath CM (2000). Collaboration of signal transducer
and activator of transcription 1 (STAT1) and BRCA1 in differential regulation of IFN-gamma target
genes. Proc Natl Acad Sci U S A 97: 5208-5213.

Pahl HL (1999). Activators and target genes of Rel/NF-kappaB transcription factors. Oncogene 18:
6853-6866.

Pan Q, Petit-Frere C, Lahdesmaki A, Gregorek H, Chrzanowska KH, Hammarstrom L (2002).
Alternative end joining during switch recombination in patients with ataxia-telangiectasia. Eur J
Immunol 32: 1300-1308.

Pao GM, Janknecht R, Ruffner H, Hunter T, Verma IM (2000). CBP/p300 interact with and function
as transcriptional coactivators of BRCA1. Proc Natl Acad Sci U S A 97: 1020-1025.

Papa S, Zazzeroni F, Bubici C, Jayawardena S, Alvarez K, Matsuda S, Nguyen DU, Pham CG,
Nelsbach AH, Melis T, De Smaele E, Tang WJ, D'Adamio L, Franzoso G (2004). Gadd45 beta
mediates the NF-kappa B suppression of JNK signalling by targeting MKK7/JNKK2. Nat Cell Biol 6:
146-153.

Papa S, Bubici C, Zazzeroni F, Pham CG, Kuntzen C, Knabb JR, Dean K, Franzoso G (2006). The
NF-kappaB-mediated control of the JNK cascade in the antagonism of programmed cell death in
health and disease. Cell Death Differ 13: 712-729.

Parant J, Chavez-Reyes A, Little NA, Yan W, Reinke V, Jochemsen AG, Lozano G (2001). Rescue of
embryonic lethality in Mdm4-null mice by loss of Trp53 suggests a nonoverlapping pathway with
MDM2 to regulate p53. Nat Genet 29: 92-95.

Park JJ, Irvine RA, Buchanan G, Koh SS, Park JM, Tilley WD, Stallcup MR, Press MF, Coetzee GA
(2000). Breast cancer susceptibility gene 1 (BRCAI) is a coactivator of the androgen receptor. Cancer
Res 60: 5946-5949.

Parrilla-Castellar ER, Arlander SJ, Karnitz L (2004). Dial 9-1-1 for DNA damage: the Rad9-Hus1-
Radl (9-1-1) clamp complex. DNA Repair (Amst) 3: 1009-1014.

Patel SR, Kim D, Levitan I, Dressler GR (2007). The BRCT-domain containing protein PTIP links
PAX2 to a histone H3, lysine 4 methyltransferase complex. Dev Cell 13: 580-592.

Patterson-Fortin J, Shao G, Bretscher H, Messick TE, Greenberg RA (2010). Differential regulation of
JAMM domain deubiquitinating enzyme activity within the RAP80 complex. J Biol Chem 285:
30971-30981.

Pei H, Zhang L, Luo K, Qin Y, Chesi M, Fei F, Bergsagel PL, Wang L, You Z, Lou Z (2011).
MMSET regulates histone H4K20 methylation and 53BP1 accumulation at DNA damage sites. Nature
470: 124-128.

Peng CY, Graves PR, Thoma RS, Wu Z, Shaw AS, Piwnica-Worms H (1997). Mitotic and G2
checkpoint control: regulation of 14-3-3 protein binding by phosphorylation of Cdc25C on serine-216.
Science 277: 1501-1505.

Peng G, Yim EK, Dai H, Jackson AP, Burgt I, Pan MR, Hu R, Li K, Lin SY (2009). BRIT1/MCPHI1
links chromatin remodelling to DNA damage response. Nat Cell Biol 11: 865-872.

249



References

Perkins ND, Felzien LK, Betts JC, Leung K, Beach DH, Nabel GJ (1997). Regulation of NF-kappaB
by cyclin-dependent kinases associated with the p300 coactivator. Science 275: 523-527.

Perkins ND (2006). Post-translational modifications regulating the activity and function of the nuclear
factor kappa B pathway. Oncogene 25: 6717-6730.

Perkins ND (2007). Integrating cell-signalling pathways with NF-kappaB and IKK function. Nat Rev
Mol Cell Biol 8: 49-62.

Peters JM (2006). The anaphase promoting complex/cyclosome: a machine designed to destroy. Nat
Rev Mol Cell Biol 7: 644-656.

Petitjean A, Mathe E, Kato S, Ishioka C, Tavtigian SV, Hainaut P, Olivier M (2007). Impact of mutant
p53 functional properties on TP53 mutation patterns and tumor phenotype: lessons from recent
developments in the IARC TP53 database. Hum Mutat 28: 622-629.

Petrij F, Giles RH, Dauwerse HG, Saris JJ, Hennekam RC, Masuno M, Tommerup N, van Ommen GJ,
Goodman RH, Peters DJ, et al. (1995). Rubinstein-Taybi syndrome caused by mutations in the
transcriptional co-activator CBP. Nature 376: 348-351.

Petukhova G, Stratton S, Sung P (1998). Catalysis of homologous DNA pairing by yeast Rad51 and
Rad54 proteins. Nature 393: 91-94.

Pietsch EC, Sykes SM, McMahon SB, Murphy ME (2008). The p53 family and programmed cell
death. Oncogene 27: 6507-6521.

Piret B, Schoonbroodt S, Piette J (1999). The ATM protein is required for sustained activation of NF-
kappaB following DNA damage. Oncogene 18: 2261-2271.

Plank JL, Wu J, Hsieh TS (2006). Topoisomerase Illalpha and Bloom's helicase can resolve a mobile
double Holliday junction substrate through convergent branch migration. Proc Natl Acad Sci U S A
103: 11118-11123.

Polesskaya A, Naguibneva I, Duquet A, Bengal E, Robin P, Harel-Bellan A (2001). Interaction
between acetylated MyoD and the bromodomain of CBP and/or p300. Mo/ Cell Biol 21: 5312-5320.

Ponting CP, Blake DJ, Davies KE, Kendrick-Jones J, Winder SJ (1996). ZZ and TAZ: new putative
zinc fingers in dystrophin and other proteins. Trends Biochem Sci 21: 11-13.

Prasad S, Ravindran J, Aggarwal BB (2010). NF-kappaB and cancer: how intimate is this relationship.
Mol Cell Biochem 336: 25-37.

Radhakrishnan I, Perez-Alvarado GC, Parker D, Dyson HJ, Montminy MR, Wright PE (1997).
Solution structure of the KIX domain of CBP bound to the transactivation domain of CREB: a model
for activator:coactivator interactions. Cell 91: 741-752.

Rai R, Dai H, Multani AS, Li K, Chin K, Gray J, Lahad JP, Liang J, Mills GB, Meric-Bernstam F, Lin
SY (2006). BRIT1 regulates early DNA damage response, chromosomal integrity, and cancer. Cancer
Cell 10: 145-157.

Raleigh JM, O'Connell MJ (2000). The G(2) DNA damage checkpoint targets both Weel and Cdc25.
J Cell Sci 113 (Pt 10): 1727-1736.

250



References

Rass E, Grabarz A, Plo I, Gautier J, Bertrand P, Lopez BS (2009). Role of Mrel1l in chromosomal
nonhomologous end joining in mammalian cells. Nat Struct Mol Biol 16: 819-824.

Rattan R, Narita K, Chien J, Maguire JL, Shridhar R, Giri S, Shridhar V (2010). TCEAL7, a putative
tumor suppressor gene, negatively regulates NF-kappaB pathway. Oncogene 29: 1362-1373.

Rauch T, Zhong X, Pfeifer GP, Xu X (2005). 53BP1 is a positive regulator of the BRCA1 promoter.
Cell Cycle 4: 1078-1083.

Reina-San-Martin B, Difilippantonio S, Hanitsch L, Masilamani RF, Nussenzweig A, Nussenzweig
MC (2003). H2AX is required for recombination between immunoglobulin switch regions but not for
intra-switch region recombination or somatic hypermutation. J Exp Med 197: 1767-1778.

Reina-San-Martin B, Chen HT, Nussenzweig A, Nussenzweig MC (2004). ATM is required for
efficient recombination between immunoglobulin switch regions. J Exp Med 200: 1103-1110.

Reina-San-Martin B, Chen J, Nussenzweig A, Nussenzweig MC (2007). Enhanced intra-switch region
recombination during immunoglobulin class switch recombination in 53BP1-/- B cells. Eur J Immunol
37: 235-239.

Renner F, Moreno R, Schmitz ML (2010). SUMOylation-dependent localization of IKKepsilon in
PML nuclear bodies is essential for protection against DNA-damage-triggered cell death. Mol Cell 37:
503-515.

Revy P, Muto T, Levy Y, Geissmann F, Plebani A, Sanal O, Catalan N, Forveille M, Dufourcq-
Labelouse R, Gennery A, Tezcan I, Ersoy F, Kayserili H, Ugazio AG, Brousse N, Muramatsu M,
Notarangelo LD, Kinoshita K, Honjo T, Fischer A, Durandy A (2000). Activation-induced cytidine
deaminase (AID) deficiency causes the autosomal recessive form of the Hyper-IgM syndrome
(HIGM2). Cell 102: 565-575.

Riballo E, Critchlow SE, Teo SH, Doherty AJ, Priestley A, Broughton B, Kysela B, Beamish H,
Plowman N, Arlett CF, Lehmann AR, Jackson SP, Jeggo PA (1999). Identification of a defect in DNA

ligase IV in a radiosensitive leukaemia patient. Curr Biol 9: 699-702.

Riley T, Sontag E, Chen P, Levine A (2008). Transcriptional control of human p53-regulated genes.
Nat Rev Mol Cell Biol 9: 402-412.

Rivera-Munoz P, Soulas-Sprauel P, Le Guyader G, Abramowski V, Bruneau S, Fischer A, Paques F,
de Villartay JP (2009). Reduced immunoglobulin class switch recombination in the absence of
Artemis. Blood 114: 3601-3609.

Roberts CK, Sindhu KK (2009). Oxidative stress and metabolic syndrome. Life Sci 84: 705-712.

Rocha S, Campbell KJ, Perkins ND (2003). p53- and Mdm2-independent repression of NF-kappa B
transactivation by the ARF tumor suppressor. Mol Cell 12: 15-25.

Rocha S, Garrett MD, Campbell KJ, Schumm K, Perkins ND (2005). Regulation of NF-kappaB and
p53 through activation of ATR and Chkl1 by the ARF tumour suppressor. EMBO J 24: 1157-1169.

Roelfsema JH, White SJ, Ariyurek Y, Bartholdi D, Niedrist D, Papadia F, Bacino CA, den Dunnen JT,
van Ommen GJ, Breuning MH, Hennekam RC, Peters DJ (2005). Genetic heterogeneity in

251



References

Rubinstein-Taybi syndrome: mutations in both the CBP and EP300 genes cause disease. Am J Hum
Genet 76: 572-580.

Rooney S, Alt FW, Lombard D, Whitlow S, Eckersdorff M, Fleming J, Fugmann S, Ferguson DO,
Schatz DG, Sekiguchi J (2003). Defective DNA repair and increased genomic instability in Artemis-
deficient murine cells. J Exp Med 197: 553-565.

Rooney S, Alt FW, Sekiguchi J, Manis JP (2005). Artemis-independent functions of DNA-dependent
protein kinase in Ig heavy chain class switch recombination and development. Proc Natl Acad Sci U S
A 102: 2471-2475.

Rosen EM, Fan S, Isaacs C (2005). BRCA1 in hormonal carcinogenesis: basic and clinical research.
Endocr Relat Cancer 12: 533-548.

Rossow KL, Janknecht R (2003). Synergism between p68 RNA helicase and the transcriptional
coactivators CBP and p300. Oncogene 22: 151-156.

Roth J, Dobbelstein M, Freedman DA, Shenk T, Levine AJ (1998). Nucleo-cytoplasmic shuttling of
the hdm2 oncoprotein regulates the levels of the p53 protein via a pathway used by the human
immunodeficiency virus rev protein. EMBO J 17: 554-564.

Rudolph D, Yeh WC, Wakeham A, Rudolph B, Nallainathan D, Potter J, Elia AJ, Mak TW (2000).
Severe liver degeneration and lack of NF-kappaB activation in NEMO/IKK gamma-deficient mice.
Genes Dev 14: 854-862.

Ruffner H, Joazeiro CA, Hemmati D, Hunter T, Verma IM (2001). Cancer-predisposing mutations
within the RING domain of BRCAI1: loss of ubiquitin protein ligase activity and protection from
radiation hypersensitivity. Proc Natl Acad Sci U S 4 98: 5134-5139.

Ryan KM, Emst MK, Rice NR, Vousden KH (2000). Role of NF-kappaB in p53-mediated
programmed cell death. Nature 404: 892-897.

Ryo A, Suizu F, Yoshida Y, Perrem K, Liou YC, Wulf G, Rottapel R, Yamaoka S, Lu KP (2003).
Regulation of NF-kappaB signaling by Pinl-dependent prolyl isomerization and ubiquitin-mediated
proteolysis of p65/RelA. Mol Cell 12: 1413-1426.

Saal LH, Gruvberger-Saal SK, Persson C, Lovgren K, Jumppanen M, Staaf J, Jonsson G, Pires MM,
Maurer M, Holm K, Koujak S, Subramaniyam S, Vallon-Christersson J, Olsson H, Su T, Memeo L,
Ludwig T, Ethier SP, Krogh M, Szabolcs M, Murty VV, Isola J, Hibshoosh H, Parsons R, Borg A
(2008). Recurrent gross mutations of the PTEN tumor suppressor gene in breast cancers with deficient
DSB repair. Nat Genet 40: 102-107.

Sabbatini P, McCormick F (2002). MDMX inhibits the p300/CBP-mediated acetylation of p53. DNA
Cell Biol 21: 519-525.

Saccani S, Marazzi I, Beg AA, Natoli G (2004). Degradation of promoter-bound p65/RelA is essential
for the prompt termination of the nuclear factor kappaB response. J Exp Med 200: 107-113.

Saha T, Rih JK, Roy R, Ballal R, Rosen EM (2010). Transcriptional regulation of the base excision
repair pathway by BRCA1. J Biol Chem 285: 19092-19105.

252



References

Saito S, Yamaguchi H, Higashimoto Y, Chao C, Xu Y, Fornace AJ, Jr., Appella E, Anderson CW
(2003). Phosphorylation site interdependence of human p53 post-translational modifications in
response to stress. J Biol Chem 278: 37536-37544.

Sakaguchi K, Herrera JE, Saito S, Miki T, Bustin M, Vassilev A, Anderson CW, Appella E (1998).
DNA damage activates p53 through a phosphorylation-acetylation cascade. Genes Dev 12: 2831-2841.

Sakaguchi K, Saito S, Higashimoto Y, Roy S, Anderson CW, Appella E (2000). Damage-mediated
phosphorylation of human p53 threonine 18 through a cascade mediated by a casein 1-like kinase.
Effect on Mdm?2 binding. J Biol Chem 275: 9278-9283.

Sakurai H, Chiba H, Miyoshi H, Sugita T, Toriumi W (1999). IkappaB kinases phosphorylate NF-
kappaB p65 subunit on serine 536 in the transactivation domain. J Biol Chem 274: 30353-30356.

Samuels-Lev Y, O'Connor DJ, Bergamaschi D, Trigiante G, Hsieh JK, Zhong S, Campargue I,
Naumovski L, Crook T, Lu X (2001). ASPP proteins specifically stimulate the apoptotic function of
p53. Mol Cell 8: 781-794.

Sanders SL, Portoso M, Mata J, Bahler J, Allshire RC, Kouzarides T (2004). Methylation of histone
H4 lysine 20 controls recruitment of Crb2 to sites of DNA damage. Cel/ 119: 603-614.

Sanders SL, Arida AR, Phan FP (2010). Requirement for the phospho-H2AX binding module of Crb2
in double-strand break targeting and checkpoint activation. Mol Cell Biol 30: 4722-4731.

Sang N, Stiehl DP, Bohensky J, Leshchinsky I, Srinivas V, Caro J (2003). MAPK signaling up-
regulates the activity of hypoxia-inducible factors by its effects on p300. J Biol Chem 278: 14013-
14019.

Santos MA, Huen MS, Jankovic M, Chen HT, Lopez-Contreras AJ, Klein IA, Wong N, Barbancho JL,
Fernandez-Capetillo O, Nussenzweig MC, Chen J, Nussenzweig A (2010). Class switching and
meiotic defects in mice lacking the E3 ubiquitin ligase RNF8. J Exp Med 207: 973-981.

Sartori AA, Lukas C, Coates J, Mistrik M, Fu S, Bartek J, Baer R, Lukas J, Jackson SP (2007). Human
CtIP promotes DNA end resection. Nature 450: 509-514.

Scherer DC, Brockman JA, Chen Z, Maniatis T, Ballard DW (1995). Signal-induced degradation of I
kappa B alpha requires site-specific ubiquitination. Proc Natl Acad Sci U S 4 92: 11259-11263.

Schlegel BP, Jodelka FM, Nunez R (2006). BRCA1 promotes induction of ssDNA by ionizing
radiation. Cancer Res 66: 5181-5189.

Schmidt-Supprian M, Bloch W, Courtois G, Addicks K, Israel A, Rajewsky K, Pasparakis M (2000).
NEMO/IKK gamma-deficient mice model incontinentia pigmenti. Mol Cell 5: 981-992.

Schneider-Brachert W, Tchikov V, Neumeyer J, Jakob M, Winoto-Morbach S, Held-Feindt J,
Heinrich M, Merkel O, Ehrenschwender M, Adam D, Mentlein R, Kabelitz D, Schutze S (2004).
Compartmentalization of TNF receptor 1 signaling: internalized TNF receptosomes as death signaling
vesicles. Immunity 21: 415-428.

Schneider E, Montenarh M, Wagner P (1998). Regulation of CAK kinase activity by p53. Oncogene
17: 2733-2741.

253



References

Schneider JG, Finck BN, Ren J, Standley KN, Takagi M, Maclean KH, Bernal-Mizrachi C, Muslin
Al, Kastan MB, Semenkovich CF (2006). ATM-dependent suppression of stress signaling reduces
vascular disease in metabolic syndrome. Cell Metab 4: 377-389.

Schultz LB, Chehab NH, Malikzay A, Halazonetis TD (2000). p53 binding protein 1 (53BP1) is an
early participant in the cellular response to DNA double-strand breaks. J Cell Biol 151: 1381-1390.

Schumm K, Rocha S, Caamano J, Perkins ND (2006). Regulation of p53 tumour suppressor target
gene expression by the p52 NF-kappaB subunit. EMBO J 25: 4820-4832.

Schwab KR, Patel SR, Dressler GR (2011). The role of PTIP in Class Switch Recombination and
Long Range Chromatin Interactions at the Immunoglobulin Heavy Chain Locus. Mol Cell Biol.

Schwabe RF, Sakurai H (2005). IKKbeta phosphorylates p65 at S468 in transactivaton domain 2.
FASEB J 19: 1758-1760.

Schwartz C, Beck K, Mink S, Schmolke M, Budde B, Wenning D, Klempnauer KH (2003).
Recruitment of p300 by C/EBPbeta triggers phosphorylation of p300 and modulates coactivator
activity. EMBO J 22: 882-892.

Scully R, Anderson SF, Chao DM, Wei W, Ye L, Young RA, Livingston DM, Parvin JD (1997a).
BRCAI is a component of the RNA polymerase II holoenzyme. Proc Natl Acad Sci U S A 94: 5605-
5610.

Scully R, Chen J, Ochs RL, Keegan K, Hoekstra M, Feunteun J, Livingston DM (1997b). Dynamic
changes of BRCA1 subnuclear location and phosphorylation state are initiated by DNA damage. Cell
90: 425-435.

Scully R, Ganesan S, Vlasakova K, Chen J, Socolovsky M, Livingston DM (1999). Genetic analysis
of BRCA1 function in a defined tumor cell line. Mol Cell 4: 1093-1099.

See RH, Calvo D, Shi Y, Kawa H, Luke MP, Yuan Z (2001). Stimulation of p300-mediated
transcription by the kinase MEKK1. J Biol Chem 276: 16310-16317.

Sengupta S, Harris CC (2005). p53: traffic cop at the crossroads of DNA repair and recombination.
Nat Rev Mol Cell Biol 6: 44-55.

Shao G, Lilli DR, Patterson-Fortin J, Coleman KA, Morrissey DE, Greenberg RA (2009a). The
Rap80-BRCC36 de-ubiquitinating enzyme complex antagonizes RNF8-Ubcl3-dependent
ubiquitination events at DNA double strand breaks. Proc Natl Acad Sci U S A 106: 3166-3171.

Shao G, Patterson-Fortin J, Messick TE, Feng D, Shanbhag N, Wang Y, Greenberg RA (2009b).
MERIT40 controls BRCA1-Rap80 complex integrity and recruitment to DNA double-strand breaks.
Genes Dev 23: 740-754.

Shay JW, Bacchetti S (1997). A survey of telomerase activity in human cancer. Eur J Cancer 33: 787-
791.

Shembade N, Harhaj NS, Liebl DJ, Harhaj EW (2007). Essential role for TAX1BP1 in the termination
of TNF-alpha-, IL-1- and LPS-mediated NF-kappaB and JNK signaling. EMBO J 26: 3910-3922.

254



References

Shembade N, Harhaj NS, Parvatiyar K, Copeland NG, Jenkins NA, Matesic LE, Harhaj EW (2008).
The E3 ligase Itch negatively regulates inflammatory signaling pathways by controlling the function
of the ubiquitin-editing enzyme A20. Nat Immunol 9: 254-262.

Shembade N, Parvatiyar K, Harhaj NS, Harhaj EW (2009). The ubiquitin-editing enzyme A20
requires RNF11 to downregulate NF-kappaB signalling. EMBO J 28: 513-522.

Shembade N, Ma A, Harhaj EW (2010). Inhibition of NF-kappaB signaling by A20 through disruption
of ubiquitin enzyme complexes. Science 327: 1135-1139.

Sherr CJ (2006). Divorcing ARF and p53: an unsettled case. Nat Rev Cancer 6: 663-673.

Shetty S, Graham BA, Brown JG, Hu X, Vegh-Yarema N, Harding G, Paul JT, Gibson SB (2005).
Transcription factor NF-kappaB differentially regulates death receptor 5 expression involving histone
deacetylase 1. Mol Cell Biol 25: 5404-5416.

Shi D, Pop MS, Kulikov R, Love IM, Kung AL, Grossman SR (2009). CBP and p300 are cytoplasmic
E4 polyubiquitin ligases for pS3. Proc Natl Acad Sci U S A 106: 16275-16280.

Shi X, Kachirskaia I, Yamaguchi H, West LE, Wen H, Wang EW, Dutta S, Appella E, Gozani O
(2007). Modulation of p53 function by SET8-mediated methylation at lysine 382. Mol Cell 27: 636-
646.

Shibata A, Barton O, Noon AT, Dahm K, Deckbar D, Goodarzi AA, Lobrich M, Jeggo PA (2010).
Role of ATM and the damage response mediator proteins 53BP1 and MDC1 in the maintenance of
G(2)/M checkpoint arrest. Mol Cell Biol 30: 3371-3383.

Shieh SY, Ikeda M, Taya Y, Prives C (1997). DNA damage-induced phosphorylation of p53 alleviates
inhibition by MDM2. Cell 91: 325-334.

Shikama N, Lee CW, France S, Delavaine L, Lyon J, Krstic-Demonacos M, La Thangue NB (1999).
A novel cofactor for p300 that regulates the p53 response. Mol Cell 4: 365-376.

Shiloh Y (2003). ATM and related protein kinases: safeguarding genome integrity. Nat Rev Cancer 3:
155-168.

Shimizu K, Bourillot PY, Nielsen SJ, Zorn AM, Gurdon JB (2001). Swift is a novel BRCT domain
coactivator of Smad2 in transforming growth factor beta signaling. Mo/ Cell Biol 21: 3901-3912.

Shinkura R, Tian M, Smith M, Chua K, Fujiwara Y, Alt FW (2003). The influence of transcriptional
orientation on endogenous switch region function. Nat Immunol 4: 435-441.

Shvarts A, Steegenga WT, Riteco N, van Laar T, Dekker P, Bazuine M, van Ham RC, van der Houven
van Oordt W, Hateboer G, van der Eb AJ, Jochemsen AG (1996). MDMX: a novel p53-binding
protein with some functional properties of MDM2. EMBO J 15: 5349-5357.

Silverman J, Takai H, Buonomo SB, Eisenhaber F, de Lange T (2004). Human Rif1, ortholog of a
yeast telomeric protein, is regulated by ATM and 53BP1 and functions in the S-phase checkpoint.
Genes Dev 18: 2108-2119.

Simsek D, Jasin M (2010). Alternative end-joining is suppressed by the canonical NHEJ component
Xrcc4-ligase IV during chromosomal translocation formation. Nat Struct Mol Biol 17: 410-416.

255



References

Singleton MR, Wentzell LM, Liu Y, West SC, Wigley DB (2002). Structure of the single-strand
annealing domain of human RADS52 protein. Proc Natl Acad Sci U S A 99: 13492-13497.

Sizemore N, Leung S, Stark GR (1999). Activation of phosphatidylinositol 3-kinase in response to
interleukin-1 leads to phosphorylation and activation of the NF-kappaB p65/RelA subunit. Mol Cell
Biol 19: 4798-4805.

Sizemore N, Lerner N, Dombrowski N, Sakurai H, Stark GR (2002). Distinct roles of the Ikappa B
kinase alpha and beta subunits in liberating nuclear factor kappa B (NF-kappa B) from Ikappa B and
in phosphorylating the p65 subunit of NF-kappa B. J Biol Chem 277: 3863-3869.

Sjottem E, Rekdal C, Svineng G, Johnsen SS, Klenow H, Uglehus RD, Johansen T (2007). The ePHD
protein SPBP interacts with TopBP1 and together they co-operate to stimulate Etsl-mediated
transcription. Nucleic Acids Res 35: 6648-6662.

Smits VA, Klompmaker R, Vallenius T, Rijksen G, Makela TP, Medema RH (2000). p21 inhibits
Thr161 phosphorylation of Cdc2 to enforce the G2 DNA damage checkpoint. J Biol Chem 275:
30638-30643.

Snowden AW, Anderson LA, Webster GA, Perkins ND (2000). A novel transcriptional repression
domain mediates p21(WAF1/CIP1) induction of p300 transactivation. Mol Cell Biol 20: 2676-2686.

Sobhian B, Shao G, Lilli DR, Culhane AC, Moreau LA, Xia B, Livingston DM, Greenberg RA
(2007). RAPSO0 targets BRCAL1 to specific ubiquitin structures at DNA damage sites. Science 316:
1198-1202.

Sofueva S, Du LL, Limbo O, Williams JS, Russell P (2010). BRCT domain interactions with phospho-
histone H2A target Crb2 to chromatin at double-strand breaks and maintain the DNA damage
checkpoint. Mol Cell Biol 30: 4732-4743.

Sohail A, Klapacz J, Samaranayake M, Ullah A, Bhagwat AS (2003). Human activation-induced
cytidine deaminase causes transcription-dependent, strand-biased C to U deaminations. Nucleic Acids
Res 31: 2990-2994.

Somasundaram K, Zhang H, Zeng YX, Houvras Y, Peng Y, Wu GS, Licht JD, Weber BL, El-Deiry
WS (1997). Arrest of the cell cycle by the tumour-suppressor BRCA1 requires the CDK-inhibitor
p21WAF1/CiP1. Nature 389: 187-190.

Song MS, Song SJ, Kim SY, Oh HJ, Lim DS (2008). The tumour suppressor RASSF1A promotes
MDM?2 self-ubiquitination by disrupting the MDM2-DAXX-HAUSP complex. EMBO J 27: 1863-
1874.

Soussi T, Lozano G (2005). pS3 mutation heterogeneity in cancer. Biochem Biophys Res Commun
331: 834-842.

Spycher C, Miller ES, Townsend K, Pavic L, Morrice NA, Janscak P, Stewart GS, Stucki M (2008).
Constitutive phosphorylation of MDC1 physically links the MRE11-RADS50-NBS1 complex to
damaged chromatin. J Cell Biol 181: 227-240.

Stark JM, Pierce AJ, Oh J, Pastink A, Jasin M (2004). Genetic steps of mammalian homologous repair
with distinct mutagenic consequences. Mol Cell Biol 24: 9305-9316.

256



References

Stauffer D, Chang B, Huang J, Dunn A, Thayer M (2007). p300/CREB-binding protein interacts with
ATR and is required for the DNA replication checkpoint. J Biol Chem 282: 9678-9687.

Stavnezer J, Schrader CE (2006). Mismatch repair converts AID-instigated nicks to double-strand
breaks for antibody class-switch recombination. Trends Genet 22: 23-28.

Stavnezer J, Guikema JE, Schrader CE (2008). Mechanism and regulation of class switch
recombination. Annu Rev Immunol 26: 261-292.

Stewart GS, Maser RS, Stankovic T, Bressan DA, Kaplan MI, Jaspers NG, Raams A, Byrd PJ, Petrini
JH, Taylor AM (1999). The DNA double-strand break repair gene hMRE11 is mutated in individuals
with an ataxia-telangiectasia-like disorder. Cell 99: 577-587.

Stewart GS, Wang B, Bignell CR, Taylor AM, Elledge SJ (2003). MDC1 is a mediator of the
mammalian DNA damage checkpoint. Nature 421: 961-966.

Stewart GS, Stankovic T, Byrd PJ, Wechsler T, Miller ES, Huissoon A, Drayson MT, West SC,
Elledge SJ, Taylor AM (2007). RIDDLE immunodeficiency syndrome is linked to defects in 53BP1-
mediated DNA damage signaling. Proc Natl Acad Sci U S A 104: 16910-16915.

Stewart GS, Panier S, Townsend K, Al-Hakim AK, Kolas NK, Miller ES, Nakada S, Ylanko J,
Olivarius S, Mendez M, Oldreive C, Wildenhain J, Tagliaferro A, Pelletier L, Taubenheim N,
Durandy A, Byrd PJ, Stankovic T, Taylor AM, Durocher D (2009). The RIDDLE syndrome protein
mediates a ubiquitin-dependent signaling cascade at sites of DNA damage. Cel/ 136: 420-434.

Stiff T, O'Driscoll M, Rief N, Iwabuchi K, Lobrich M, Jeggo PA (2004). ATM and DNA-PK function
redundantly to phosphorylate H2AX after exposure to ionizing radiation. Cancer Res 64: 2390-2396.

Stilmann M, Hinz M, Arslan SC, Zimmer A, Schreiber V, Scheidereit C (2009). A nuclear poly(ADP-
ribose)-dependent signalosome confers DNA damage-induced IkappaB kinase activation. Mol Cell 36:
365-378.

Stokes MP, Rush J, Macneill J, Ren JM, Sprott K, Nardone J, Yang V, Beausoleil SA, Gygi SP,
Livingstone M, Zhang H, Polakiewicz RD, Comb MJ (2007). Profiling of UV-induced ATM/ATR
signaling pathways. Proc Natl Acad Sci U S A 104: 19855-19860.

Strebovsky J, Walker P, Lang R, Dalpke AH (2010). Suppressor of cytokine signaling 1 (SOCSI)
limits NF {kappa}B signaling by decreasing p65 stability within the cell nucleus. FASEB J.

Strom E, Sathe S, Komarov PG, Chernova OB, Pavlovska I, Shyshynova I, Bosykh DA, Burdelya LG,
Macklis RM, Skaliter R, Komarova EA, Gudkov AV (2006). Small-molecule inhibitor of p53 binding
to mitochondria protects mice from gamma radiation. Nat Chem Biol 2: 474-479.

Stucki M, Clapperton JA, Mohammad D, Yaffe MB, Smerdon SJ, Jackson SP (2005). MDCI directly
binds phosphorylated histone H2AX to regulate cellular responses to DNA double-strand breaks. Cel/
123: 1213-1226.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, Pomeroy
SL, Golub TR, Lander ES, Mesirov JP (2005). Gene set enrichment analysis: a knowledge-based

approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 102: 15545-
15550.

257



References

Sugawara N, Ira G, Haber JE (2000). DNA length dependence of the single-strand annealing pathway
and the role of Saccharomyces cerevisiae RADS59 in double-strand break repair. Mol Cell Biol 20:
5300-5309.

Sugiyama T, Kowalczykowski SC (2002). Rad52 protein associates with replication protein A (RPA)-
single-stranded DNA to accelerate Rad51-mediated displacement of RPA and presynaptic complex
formation. J Biol Chem 277: 31663-31672.

Sun L, Deng L, Ea CK, Xia ZP, Chen ZJ (2004). The TRAF6 ubiquitin ligase and TAK1 kinase
mediate IKK activation by BCL10 and MALTTI in T lymphocytes. Mol Cell 14: 289-301.

Sun Y, Jiang X, Chen S, Fernandes N, Price BD (2005). A role for the Tip60 histone acetyltransferase
in the acetylation and activation of ATM. Proc Natl Acad Sci U S A 102: 13182-13187.

Sun Y, Jiang X, Xu Y, Ayrapetov MK, Moreau LA, Whetstine JR, Price BD (2009). Histone H3
methylation links DNA damage detection to activation of the tumour suppressor Tip60. Nat Cell Biol
11: 1376-1382.

Svendsen JM, Smogorzewska A, Sowa ME, O'Connell BC, Gygi SP, Elledge SJ, Harper JW (2009).
Mammalian BTBD12/SLX4 assembles a Holliday junction resolvase and is required for DNA repair.
Cell 138: 63-77.

Swope DL, Mueller CL, Chrivia JC (1996). CREB-binding protein activates transcription through
multiple domains. J Biol Chem 271: 28138-28145.

Sy SM, Huen MS, Chen J (2009). PALB2 is an integral component of the BRCA complex required for
homologous recombination repair. Proc Natl Acad Sci U S 4 106: 7155-7160.

Sykes SM, Mellert HS, Holbert MA, Li K, Marmorstein R, Lane WS, McMahon SB (20006).
Acetylation of the p53 DNA-binding domain regulates apoptosis induction. Mo/ Cell 24: 841-851.

Taira N, Nihira K, Yamaguchi T, Miki Y, Yoshida K (2007). DYRK2 is targeted to the nucleus and
controls p53 via Ser46 phosphorylation in the apoptotic response to DNA damage. Mol Cell 25: 725-
738.

Takimoto R, El-Deiry WS (2000). Wild-type p53 transactivates the KILLER/DRS gene through an
intronic sequence-specific DNA-binding site. Oncogene 19: 1735-1743.

Tanaka T, Grusby MJ, Kaisho T (2007a). PDLIM2-mediated termination of transcription factor NF-
kappaB activation by intranuclear sequestration and degradation of the p65 subunit. Nat Immunol 8:
584-591.

Tanaka T, Ohkubo S, Tatsuno I, Prives C (2007b). hCAS/CSEI1L associates with chromatin and
regulates expression of select p53 target genes. Cell 130: 638-650.

Tang G, Minemoto Y, Dibling B, Purcell NH, Li Z, Karin M, Lin A (2001). Inhibition of JNK
activation through NF-kappaB target genes. Nature 414: 313-317.

Tang J, Qu LK, Zhang J, Wang W, Michaelson JS, Degenhardt YY, El-Deiry WS, Yang X (2006a).
Critical role for Daxx in regulating Mdm?2. Nat Cell Biol 8: 855-862.

258



References

Tang Y, Luo J, Zhang W, Gu W (2006b). Tip60-dependent acetylation of p53 modulates the decision
between cell-cycle arrest and apoptosis. Mol Cell 24: 827-839.

Tang Y, Zhao W, Chen Y, Zhao Y, Gu W (2008). Acetylation is indispensable for p53 activation. Cel!
133: 612-626.

Taylor AM, Harnden DG, Arlett CF, Harcourt SA, Lehmann AR, Stevens S, Bridges BA (1975).
Ataxia telangiectasia: a human mutation with abnormal radiation sensitivity. Nature 258: 427-429.

Taylor AM, Groom A, Byrd PJ (2004). Ataxia-telangiectasia-like disorder (ATLD)-its clinical
presentation and molecular basis. DNA Repair (Amst) 3: 1219-1225.

Taylor WR, Stark GR (2001). Regulation of the G2/M transition by p53. Oncogene 20: 1803-1815.

Tergaonkar V, Pando M, Vafa O, Wahl G, Verma I (2002). p53 stabilization is decreased upon
NFkappaB activation: a role for NFkappaB in acquisition of resistance to chemotherapy. Cancer Cell
1: 493-503.

Thompson PR, Wang D, Wang L, Fulco M, Pediconi N, Zhang D, An W, Ge Q, Roeder RG, Wong J,
Levrero M, Sartorelli V, Cotter RJ, Cole PA (2004). Regulation of the p300 HAT domain via a novel
activation loop. Nat Struct Mol Biol 11: 308-315.

Thornton BR, Toczyski DP (2006). Precise destruction: an emerging picture of the APC. Genes Dev
20: 3069-3078.

Thukral SK, Blain GC, Chang KK, Fields S (1994). Distinct residues of human p53 implicated in
binding to DNA, simian virus 40 large T antigen, 53BP1, and 53BP2. Mol Cell Biol 14: 8315-8321.

Tian C, Xing G, Xie P, Lu K, Nie J, Wang J, Li L, Gao M, Zhang L, He F (2009). KRAB-type zinc-
finger protein Apak specifically regulates p53-dependent apoptosis. Nat Cell Biol 11: 580-591.

Toledo F, Wahl GM (2006). Regulating the pS3 pathway: in vitro hypotheses, in vivo veritas. Nat Rev
Cancer 6: 909-923.

Tomita A, Towatari M, Tsuzuki S, Hayakawa F, Kosugi H, Tamai K, Miyazaki T, Kinoshita T, Saito
H (2000). c-Myb acetylation at the carboxyl-terminal conserved domain by transcriptional co-activator
p300. Oncogene 19: 444-451.

Townsend K, Mason H, Blackford AN, Miller ES, Chapman JR, Sedgwick GG, Barone G, Turnell
AS, Stewart GS (2009). Mediator of DNA damage checkpoint 1 (MDCI1) regulates mitotic
progression. J Biol Chem 284: 33939-33948.

Traven A, Heierhorst J (2005). SQ/TQ cluster domains: concentrated ATM/ATR kinase
phosphorylation site regions in DNA-damage-response proteins. Bioessays 27: 397-407.

Trompouki E, Hatzivassiliou E, Tsichritzis T, Farmer H, Ashworth A, Mosialos G (2003). CYLD is a
deubiquitinating enzyme that negatively regulates NF-kappaB activation by TNFR family members.
Nature 424: 793-796.

Tsai CJ, Kim SA, Chu G (2007). Cernunnos/XLF promotes the ligation of mismatched and
noncohesive DNA ends. Proc Natl Acad Sci U S' 4 104: 7851-7856.

259



References

Tse C, Fletcher TM, Hansen JC (1998a). Enhanced transcription factor access to arrays of histone
H3/H4 tetramer.DNA complexes in vitro: implications for replication and transcription. Proc Natl
Acad Sci U S 4 95: 12169-12173.

Tse C, Sera T, Wolffe AP, Hansen JC (1998b). Disruption of higher-order folding by core histone
acetylation dramatically enhances transcription of nucleosomal arrays by RNA polymerase III. Mol
Cell Biol 18: 4629-4638.

Turnell AS, Stewart GS, Grand RJ, Rookes SM, Martin A, Yamano H, Elledge SJ, Gallimore PH
(2005). The APC/C and CBP/p300 cooperate to regulate transcription and cell-cycle progression.
Nature 438: 690-695.

Tyteca S, Vandromme M, Legube G, Chevillard-Briet M, Trouche D (2006). Tip60 and p400 are both
required for UV-induced apoptosis but play antagonistic roles in cell cycle progression. EMBO J 25:
1680-1689.

Uchisaka N, Takahashi N, Sato M, Kikuchi A, Mochizuki S, Imai K, Nonoyama S, Ohara O,
Watanabe F, Mizutani S, Hanada R, Morio T (2009). Two brothers with ataxia-telangiectasia-like
disorder with lung adenocarcinoma. J Pediatr 155: 435-438.

Uematsu N, Weterings E, Yano K, Morotomi-Yano K, Jakob B, Taucher-Scholz G, Mari PO, van
Gent DC, Chen BP, Chen DJ (2007). Autophosphorylation of DNA-PKCS regulates its dynamics at
DNA double-strand breaks. J Cell Biol 177: 219-229.

Uldrijan S, Pannekoek WJ, Vousden KH (2007). An essential function of the extreme C-terminus of
MDM?2 can be provided by MDMX. EMBO J 26: 102-112.

Uziel T, Lerenthal Y, Moyal L, Andegeko Y, Mittelman L, Shiloh Y (2003). Requirement of the MRN
complex for ATM activation by DNA damage. EMBO J 22: 5612-5621.

Van Antwerp DJ, Martin SJ, Kafri T, Green DR, Verma IM (1996). Suppression of TNF-alpha-
induced apoptosis by NF-kappaB. Science 274: 787-789.

van Attikum H, Gasser SM (2009). Crosstalk between histone modifications during the DNA damage
response. Trends Cell Biol 19: 207-217.

van Gent DC, Mizuuchi K, Gellert M (1996). Similarities between initiation of V(D)J recombination
and retroviral integration. Science 271: 1592-1594.

Varfolomeev E, Goncharov T, Fedorova AV, Dynek JN, Zobel K, Deshayes K, Fairbrother WJ, Vucic
D (2008). c-IAP1 and c-IAP2 are critical mediators of tumor necrosis factor alpha (TNFalpha)-
induced NF-kappaB activation. J Biol Chem 283: 24295-24299.

Varley JM (2003). Germline TP53 mutations and Li-Fraumeni syndrome. Hum Mutat 21: 313-320.

Vaziri H, Dessain SK, Ng Eaton E, Imai SI, Frye RA, Pandita TK, Guarente L, Weinberg RA (2001).
hSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase. Cell/ 107: 149-159.

Venkitaraman AR (2002). Cancer susceptibility and the functions of BRCA1 and BRCA2. Cel/ 108:
171-182.

260



References

Vermeulen L, De Wilde G, Van Damme P, Vanden Berghe W, Haegeman G (2003). Transcriptional
activation of the NF-kappaB p65 subunit by mitogen- and stress-activated protein kinase-1 (MSK1).
EMBO J22: 1313-1324.

Vince JE, Wong WW, Khan N, Feltham R, Chau D, Ahmed AU, Benetatos CA, Chunduru SK,
Condon SM, McKinlay M, Brink R, Leverkus M, Tergaonkar V, Schneider P, Callus BA, Koentgen F,
Vaux DL, Silke J (2007). IAP antagonists target cIAP1 to induce TNFalpha-dependent apoptosis. Cel/
131: 682-693.

Vince JE, Pantaki D, Feltham R, Mace PD, Cordier SM, Schmukle AC, Davidson AJ, Callus BA,
Wong WW, Gentle IE, Carter H, Lee EF, Walczak H, Day CL, Vaux DL, Silke J (2009). TRAF2 must
bind to cellular inhibitors of apoptosis for tumor necrosis factor (tnf) to efficiently activate nf-
{kappa}b and to prevent tnf-induced apoptosis. J Biol Chem 284: 35906-35915.

Vo N, Goodman RH (2001). CREB-binding protein and p300 in transcriptional regulation. J Biol
Chem 276: 13505-13508.

Vousden KH, Lane DP (2007). p53 in health and disease. Nat Rev Mol Cell Biol 8: 275-283.

Vousden KH, Prives C (2009). Blinded by the Light: The Growing Complexity of p53. Cell 137: 413-
431.

Wajant H, Pfizenmaier K, Scheurich P (2003). Tumor necrosis factor signaling. Cell Death Differ 10:
45-65.

Waldman T, Kinzler KW, Vogelstein B (1995). p21 is necessary for the p53-mediated G1 arrest in
human cancer cells. Cancer Res 55: 5187-5190.

Walker JR, Corpina RA, Goldberg J (2001). Structure of the Ku heterodimer bound to DNA and its
implications for double-strand break repair. Nature 412: 607-614.

Walsh MC, Kim GK, Maurizio PL, Molnar EE, Choi Y (2008). TRAF6 autoubiquitination-
independent activation of the NFkappaB and MAPK pathways in response to IL-1 and RANKL. PLoS
One 3: e4064.

Waltes R, Kalb R, Gatei M, Kijas AW, Stumm M, Sobeck A, Wieland B, Varon R, Lerenthal Y, Lavin
MEF, Schindler D, Dork T (2009). Human RADS0 deficiency in a Nijmegen breakage syndrome-like
disorder. Am J Hum Genet 84: 605-616.

Wang B, Matsuoka S, Carpenter PB, Elledge SJ (2002). 53BP1, a mediator of the DNA damage
checkpoint. Science 298: 1435-1438.

Wang B, Elledge SJ (2007). Ubcl3/Rnf8 ubiquitin ligases control foci formation of the
Rap80/Abraxas/Brcal/Brcc36 complex in response to DNA damage. Proc Natl Acad Sci U S A 104:
20759-20763.

Wang B, Matsuoka S, Ballif BA, Zhang D, Smogorzewska A, Gygi SP, Elledge SJ (2007). Abraxas
and RAP80 form a BRCAI1 protein complex required for the DNA damage response. Science 316:
1194-1198.

Wang B, Hurov K, Hofmann K, Elledge SJ (2009). NBA1, a new player in the Brcal A complex, is
required for DNA damage resistance and checkpoint control. Genes Dev 23: 729-739.

261



References

Wang C, Deng L, Hong M, Akkaraju GR, Inoue J, Chen ZJ (2001a). TAKI is a ubiquitin-dependent
kinase of MKK and IKK. Nature 412: 346-351.

Wang CY, Mayo MW, Baldwin AS, Jr. (1996). TNF- and cancer therapy-induced apoptosis:
potentiation by inhibition of NF-kappaB. Science 274: 784-787.

Wang D, Westerheide SD, Hanson JL, Baldwin AS, Jr. (2000). Tumor necrosis factor alpha-induced
phosphorylation of RelA/p65 on Ser529 is controlled by casein kinase II. J Biol/ Chem 275: 32592-
32597.

Wang H, Perrault AR, Takeda Y, Qin W, Iliakis G (2003a). Biochemical evidence for Ku-independent
backup pathways of NHEJ. Nucleic Acids Res 31: 5377-5388.

Wang H, Rosidi B, Perrault R, Wang M, Zhang L, Windhofer F, Iliakis G (2005). DNA ligase III as a
candidate component of backup pathways of nonhomologous end joining. Cancer Res 65: 4020-4030.

Wang L, Wu Q, Qiu P, Mirza A, McGuirk M, Kirschmeier P, Greene JR, Wang Y, Pickett CB, Liu S
(2001b). Analyses of p53 target genes in the human genome by bioinformatic and microarray
approaches. J Biol Chem 276: 43604-43610.

Wang L, Du F, Wang X (2008). TNF-alpha induces two distinct caspase-8 activation pathways. Cell
133: 693-703.

Wang Q, Zhang H, Kajino K, Greene MI (1998). BRCA1 binds c-Myc and inhibits its transcriptional
and transforming activity in cells. Oncogene 17: 1939-1948.

Wang YH, Tsay YG, Tan BC, Lo WY, Lee SC (2003b). Identification and characterization of a novel
p300-mediated p53 acetylation site, lysine 305. J Biol Chem 278: 25568-25576.

Ward I, Kim JE, Minn K, Chini CC, Mer G, Chen J (2006). The tandem BRCT domain of 53BP1 is
not required for its repair function. J Biol Chem 281: 38472-38477.

Ward IM, Minn K, Jorda KG, Chen J (2003a). Accumulation of checkpoint protein 53BP1 at DNA
breaks involves its binding to phosphorylated histone H2AX. J Biol Chem 278: 19579-19582.

Ward IM, Minn K, van Deursen J, Chen J (2003b). p53 Binding protein 53BP1 is required for DNA
damage responses and tumor suppression in mice. Mol Cell Biol 23: 2556-2563.

Ward IM, Reina-San-Martin B, Olaru A, Minn K, Tamada K, Lau JS, Cascalho M, Chen L,
Nussenzweig A, Livak F, Nussenzweig MC, Chen J (2004). 53BP1 is required for class switch
recombination. J Cell Biol 165: 459-464.

Ward IM, Difilippantonio S, Minn K, Mueller MD, Molina JR, Yu X, Frisk CS, Ried T, Nussenzweig
A, Chen J (2005). 53BP1 cooperates with p53 and functions as a haploinsufficient tumor suppressor in
mice. Mol Cell Biol 25: 10079-10086.

Waterman MJ, Stavridi ES, Waterman JL, Halazonetis TD (1998). ATM-dependent activation of p53
involves dephosphorylation and association with 14-3-3 proteins. Nat Genet 19: 175-178.

262



References

Weber A, Marquardt J, Elzi D, Forster N, Starke S, Glaum A, Yamada D, Defossez PA, Delrow J,
Eisenman RN, Christiansen H, Eilers M (2008). Zbtb4 represses transcription of P21CIP1 and controls
the cellular response to p53 activation. EMBO J 27: 1563-1574.

Webster GA, Perkins ND (1999). Transcriptional cross talk between NF-kappaB and p53. Mol Cell
Biol 19: 3485-3495.

Wei CL, Wu Q, Vega VB, Chiu KP, Ng P, Zhang T, Shahab A, Yong HC, Fu Y, Weng Z, Liu J, Zhao
XD, Chew JL, Lee YL, Kuznetsov VA, Sung WK, Miller LD, Lim B, Liu ET, Yu Q, Ng HH, Ruan Y
(2006). A global map of p53 transcription-factor binding sites in the human genome. Cell 124: 207-
219.

Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V, Ross AJ, Roth KA, MacGregor
GR, Thompson CB, Korsmeyer SJ (2001). Proapoptotic BAX and BAK: a requisite gateway to
mitochondrial dysfunction and death. Science 292: 727-730.

Wei X, Xu H, Kufe D (2005). Human MUCI oncoprotein regulates p5S3-responsive gene transcription
in the genotoxic stress response. Cancer Cell 7: 167-178.

Weil R, Israel A (2006). Deciphering the pathway from the TCR to NF-kappaB. Cell Death Differ 13:
826-833.

Weinberg RL, Veprintsev DB, Bycroft M, Fersht AR (2005). Comparative binding of p53 to its
promoter and DNA recognition elements. J Mol Biol 348: 589-596.

Wertz IE, O'Rourke KM, Zhou H, Eby M, Aravind L, Seshagiri S, Wu P, Wiesmann C, Baker R,
Boone DL, Ma A, Koonin EV, Dixit VM (2004). De-ubiquitination and ubiquitin ligase domains of
A20 downregulate NF-kappaB signalling. Nature 430: 694-699.

Weterings E, Verkaik NS, Bruggenwirth HT, Hoeijmakers JH, van Gent DC (2003). The role of DNA
dependent protein kinase in synapsis of DNA ends. Nucleic Acids Res 31: 7238-7246.

Whitehouse CJ, Taylor RM, Thistlethwaite A, Zhang H, Karimi-Busheri F, Lasko DD, Weinfeld M,
Caldecott KW (2001). XRCCI1 stimulates human polynucleotide kinase activity at damaged DNA
termini and accelerates DNA single-strand break repair. Cell 104: 107-117.

Willems AR, Schwab M, Tyers M (2004). A hitchhiker's guide to the cullin ubiquitin ligases: SCF and
its kin. Biochim Biophys Acta 1695: 133-170.

Williams RS, Moncalian G, Williams JS, Yamada Y, Limbo O, Shin DS, Groocock LM, Cahill D,
Hitomi C, Guenther G, Moiani D, Carney JP, Russell P, Tainer JA (2008). Mrell dimers coordinate
DNA end bridging and nuclease processing in double-strand-break repair. Cell 135: 97-109.

Williamson EA, Dadmanesh F, Koeffler HP (2002). BRCAI1 transactivates the cyclin-dependent
kinase inhibitor p27(Kip1). Oncogene 21: 3199-3206.

Windheim M, Stafford M, Peggie M, Cohen P (2008). Interleukin-1 (IL-1) induces the Lys63-linked
polyubiquitination of IL-1 receptor-associated kinase 1 to facilitate NEMO binding and the activation
of IkappaBalpha kinase. Mol Cell Biol 28: 1783-1791.

Winston F, Allis CD (1999). The bromodomain: a chromatin-targeting module? Nat Struct Biol 6:
601-604.

263



References

Winston JT, Strack P, Beer-Romero P, Chu CY, Elledge SJ, Harper JW (1999). The SCFbeta-TRCP-
ubiquitin ligase complex associates specifically with phosphorylated destruction motifs in
IkappaBalpha and beta-catenin and stimulates IkappaBalpha ubiquitination in vitro. Genes Dev 13:
270-283.

Wolffe AP, Hayes JJ (1999). Chromatin disruption and modification. Nucleic Acids Res 27: 711-720.

Wright A, Reiley WW, Chang M, Jin W, Lee AJ, Zhang M, Sun SC (2007). Regulation of early wave
of germ cell apoptosis and spermatogenesis by deubiquitinating enzyme CYLD. Dev Cell 13: 705-
716.

Wu CJ, Conze DB, Li T, Srinivasula SM, Ashwell JD (2006a). Sensing of Lys 63-linked
polyubiquitination by NEMO is a key event in NF-kappaB activation [corrected]. Nat Cell Biol 8:
398-406.

Wu CJ, Ashwell JD (2008). NEMO recognition of ubiquitinated Bcl10 is required for T cell receptor-
mediated NF-kappaB activation. Proc Natl Acad Sci U S A 105: 3023-3028.

Wu GS, Burns TF, McDonald ER, 3rd, Jiang W, Meng R, Krantz ID, Kao G, Gan DD, Zhou JY,
Muschel R, Hamilton SR, Spinner NB, Markowitz S, Wu G, el-Deiry WS (1997). KILLER/DRS is a
DNA damage-inducible p53-regulated death receptor gene. Nat Genet 17: 141-143.

Wu H, Lozano G (1994). NF-kappa B activation of p53. A potential mechanism for suppressing cell
growth in response to stress. J Biol Chem 269: 20067-20074.

Wu L, Hickson ID (2003). The Bloom's syndrome helicase suppresses crossing over during
homologous recombination. Nature 426: 870-874.

Wu WS, Heinrichs S, Xu D, Garrison SP, Zambetti GP, Adams JM, Look AT (2005). Slug
antagonizes p53-mediated apoptosis of hematopoietic progenitors by repressing puma. Cell 123: 641-
653.

Wu X, Bayle JH, Olson D, Levine AJ (1993). The p53-mdm-2 autoregulatory feedback loop. Genes
Dev 7: 1126-1132.

Wu ZH, Shi Y, Tibbetts RS, Miyamoto S (2006b). Molecular linkage between the kinase ATM and
NF-kappaB signaling in response to genotoxic stimuli. Science 311: 1141-1146.

Wu ZH, Miyamoto S (2007). Many faces of NF-kappaB signaling induced by genotoxic stress. J Mol
Med 85: 1187-1202.

Wu ZH, Miyamoto S (2008). Induction of a pro-apoptotic ATM-NF-kappaB pathway and its
repression by ATR in response to replication stress. EMBO J 27: 1963-1973.

Wu ZH, Wong ET, Shi Y, Niu J, Chen Z, Miyamoto S, Tergaonkar V (2010). ATM- and NEMO-
dependent ELKS ubiquitination coordinates TAK1-mediated IKK activation in response to genotoxic
stress. Mol Cell 40: 75-86.

Wysocki R, Javaheri A, Allard S, Sha F, Cote J, Kron SJ (2005). Role of Dot1-dependent histone H3

methylation in G1 and S phase DNA damage checkpoint functions of Rad9. Mo/ Cell Biol 25: 8430-
8443.

264



References

Xia ZP, Sun L, Chen X, Pineda G, Jiang X, Adhikari A, Zeng W, Chen ZJ (2009). Direct activation of
protein kinases by unanchored polyubiquitin chains. Nature 461: 114-119.

Xie A, Kwok A, Scully R (2009). Role of mammalian Mrell in classical and alternative
nonhomologous end joining. Nat Struct Mol Biol 16: 814-818.

Xu B, Kim S, Kastan MB (2001a). Involvement of Brcal in S-phase and G(2)-phase checkpoints after
ionizing irradiation. Mo/ Cell Biol 21: 3445-3450.

Xu B, O'Donnell AH, Kim ST, Kastan MB (2002). Phosphorylation of serine 1387 in Brcal is
specifically required for the Atm-mediated S-phase checkpoint after ionizing irradiation. Cancer Res
62: 4588-4591.

Xu L, Lavinsky RM, Dasen JS, Flynn SE, Mclnerney EM, Mullen TM, Heinzel T, Szeto D, Korzus E,
Kurokawa R, Aggarwal AK, Rose DW, Glass CK, Rosenfeld MG (1998). Signal-specific co-activator
domain requirements for Pit-1 activation. Nature 395: 301-306.

Xu L, Glass CK, Rosenfeld MG (1999a). Coactivator and corepressor complexes in nuclear receptor
function. Curr Opin Genet Dev 9: 140-147.

Xu W, Chen H, Du K, Asahara H, Tini M, Emerson BM, Montminy M, Evans RM (2001b). A
transcriptional switch mediated by cofactor methylation. Science 294: 2507-2511.

Xu X, Weaver Z, Linke SP, Li C, Gotay J, Wang XW, Harris CC, Ried T, Deng CX (1999Db).
Centrosome amplification and a defective G2-M cell cycle checkpoint induce genetic instability in
BRCALI exon 11 isoform-deficient cells. Mo/ Cell 3: 389-395.

Xu X, Qiao W, Linke SP, Cao L, Li WM, Furth PA, Harris CC, Deng CX (2001c). Genetic
interactions between tumor suppressors Brcal and p53 in apoptosis, cell cycle and tumorigenesis. Nat
Genet 28: 266-271.

Yaciuk P, Moran E (1991). Analysis with specific polyclonal antiserum indicates that the E1A-
associated 300-kDa product is a stable nuclear phosphoprotein that undergoes cell cycle phase-specific
modification. Mo/ Cell Biol 11: 5389-5397.

Yamaguchi N, Ito T, Azuma S, Ito E, Honma R, Yanagisawa Y, Nishikawa A, Kawamura M, Imai J,
Watanabe S, Semba K, Inoue J (2009). Constitutive activation of nuclear factor-kappaB is
preferentially involved in the proliferation of basal-like subtype breast cancer cell lines. Cancer Sci
100: 1668-1674.

Yamamoto M, Okamoto T, Takeda K, Sato S, Sanjo H, Uematsu S, Saitoh T, Yamamoto N, Sakurai
H, Ishii KJ, Yamaoka S, Kawai T, Matsuura Y, Takeuchi O, Akira S (2006). Key function for the
Ubc13 E2 ubiquitin-conjugating enzyme in immune receptor signaling. Nat Immunol 7: 962-970.

Yamaoka S, Courtois G, Bessia C, Whiteside ST, Weil R, Agou F, Kirk HE, Kay RJ, Israel A (1998).
Complementation cloning of NEMO, a component of the IkappaB kinase complex essential for NF-
kappaB activation. Cel/ 93: 1231-1240.

Yan CT, Boboila C, Souza EK, Franco S, Hickernell TR, Murphy M, Gumaste S, Geyer M, Zarrin

AA, Manis JP, Rajewsky K, Alt FW (2007a). IgH class switching and translocations use a robust non-
classical end-joining pathway. Nature 449: 478-482.

265



References

Yan J, Kim YS, Yang XP, Li LP, Liao G, Xia F, Jetten AM (2007b). The ubiquitin-interacting motif
containing protein RAP80 interacts with BRCA1 and functions in DNA damage repair response.
Cancer Res 67: 6647-6656.

Yang H, Pesavento JJ, Starnes TW, Cryderman DE, Wallrath LL, Kelleher NL, Mizzen CA (2008a).
Preferential dimethylation of histone H4 lysine 20 by Suv4-20. J Biol Chem 283: 12085-12092.

Yang J, Fan GH, Wadzinski BE, Sakurai H, Richmond A (2001a). Protein phosphatase 2A interacts
with and directly dephosphorylates RelA. J Biol Chem 276: 47828-47833.

Yang SZ, Lin FT, Lin WC (2008b). MCPHI1/BRIT1 cooperates with E2F1 in the activation of
checkpoint, DNA repair and apoptosis. EMBO Rep 9: 907-915.

Yang W, Hong YH, Shen XQ, Frankowski C, Camp HS, Leff T (2001b). Regulation of transcription
by AMP-activated protein kinase: phosphorylation of p300 blocks its interaction with nuclear
receptors. J Biol Chem 276: 38341-38344.

Yao TP, Oh SP, Fuchs M, Zhou ND, Ch'ng LE, Newsome D, Bronson RT, Li E, Livingston DM,
Eckner R (1998). Gene dosage-dependent embryonic development and proliferation defects in mice
lacking the transcriptional integrator p300. Cell 93: 361-372.

Yarden RI, Brody LC (1999). BRCAI interacts with components of the histone deacetylase complex.
Proc Natl Acad Sci U S A 96: 4983-4988.

Yarden RI, Pardo-Reoyo S, Sgagias M, Cowan KH, Brody LC (2002). BRCAI1 regulates the G2/M
checkpoint by activating Chkl1 kinase upon DNA damage. Nat Genet 30: 285-289.

Yarnell Schultz H, Landree MA, Qiu JX, Kale SB, Roth DB (2001). Joining-deficient RAG1 mutants
block V(D)J recombination in vivo and hairpin opening in vitro. Mol Cell 7: 65-75.

Yeh S, Hu YC, Rahman M, Lin HK, Hsu CL, Ting HJ, Kang HY, Chang C (2000). Increase of
androgen-induced cell death and androgen receptor transactivation by BRCA1 in prostate cancer cells.
Proc Natl Acad Sci U S A 97: 11256-11261.

Yeung F, Hoberg JE, Ramsey CS, Keller MD, Jones DR, Frye RA, Mayo MW (2004). Modulation of
NF-kappaB-dependent transcription and cell survival by the SIRT1 deacetylase. EMBO J 23: 2369-
2380.

Yie J, Merika M, Munshi N, Chen G, Thanos D (1999a). The role of HMG I(Y) in the assembly and
function of the IFN-beta enhanceosome. EMBO J 18: 3074-3089.

Yie J, Senger K, Thanos D (1999b). Mechanism by which the IFN-beta enhanceosome activates
transcription. Proc Natl Acad Sci U S 4 96: 13108-13113.

Yin Q, Lamothe B, Darnay BG, Wu H (2009). Structural basis for the lack of E2 interaction in the
RING domain of TRAF2. Biochemistry 48: 10558-10567.

You Z, Shi LZ, Zhu Q, Wu P, Zhang YW, Basilio A, Tonnu N, Verma IM, Berns MW, Hunter T
(2009). CtIP links DNA double-strand break sensing to resection. Mol Cell 36: 954-969.

266



References

Yu X, Chini CC, He M, Mer G, Chen J (2003). The BRCT domain is a phospho-protein binding
domain. Science 302: 639-642.

Yu X, Chen J (2004). DNA damage-induced cell cycle checkpoint control requires CtIP, a
phosphorylation-dependent binding partner of BRCA1 C-terminal domains. Mol Cell Biol 24: 9478-
9486.

Yu X, Fu S, Lai M, Baer R, Chen J (2006). BRCA1 ubiquitinates its phosphorylation-dependent
binding partner CtIP. Genes Dev 20: 1721-1726.

Yuan LW, Giordano A (2002). Acetyltransferase machinery conserved in p300/CBP-family proteins.
Oncogene 21: 2253-2260.

Yuan LW, Soh JW, Weinstein IB (2002). Inhibition of histone acetyltransferase function of p300 by
PKCdelta. Biochim Biophys Acta 1592: 205-211.

Yuan W, Condorelli G, Caruso M, Felsani A, Giordano A (1996). Human p300 protein is a coactivator
for the transcription factor MyoD. J Biol Chem 271: 9009-9013.

Yun MH, Hiom K (2009). CtIP-BRCA1 modulates the choice of DNA double-strand-break repair
pathway throughout the cell cycle. Nature 459: 460-463.

Zacchi P, Gostissa M, Uchida T, Salvagno C, Avolio F, Volinia S, Ronai Z, Blandino G, Schneider C,
Del Sal G (2002). The prolyl isomerase Pinl reveals a mechanism to control p53 functions after
genotoxic insults. Nature 419: 853-857.

Zeng L, Hu Y, Li B (2005). Identification of TopBP1 as a c-Abl-interacting protein and a repressor for
c-Abl expression. J Biol Chem 280: 29374-29380.

Zha S, Boboila C, Alt FW (2009). Mrel1: roles in DNA repair beyond homologous recombination.
Nat Struct Mol Biol 16: 798-800.

Zhan Q, Antinore MJ, Wang XW, Carrier F, Smith ML, Harris CC, Fornace AJ, Jr. (1999).
Association with Cdc2 and inhibition of Cdc2/Cyclin B1 kinase activity by the p53-regulated protein
Gadd45. Oncogene 18: 2892-2900.

Zhang F, Fan Q, Ren K, Andreassen PR (2009a). PALB2 functionally connects the breast cancer
susceptibility proteins BRCA1 and BRCA2. Mo/ Cancer Res 7: 1110-1118.

Zhang F, Ma J, Wu J, Ye L, Cai H, Xia B, Yu X (2009b). PALB2 links BRCA1 and BRCA2 in the
DNA-damage response. Curr Biol 19: 524-529.

Zhang H, Somasundaram K, Peng Y, Tian H, Bi D, Weber BL, El-Deiry WS (1998). BRCA1
physically associates with p53 and stimulates its transcriptional activity. Oncogene 16: 1713-1721.

Zhang J, Ma Z, Treszezamsky A, Powell SN (2005). MDC1 interacts with Rad51 and facilitates
homologous recombination. Nat Struct Mol Biol 12: 902-909.

Zhao R, Gish K, Murphy M, Yin Y, Notterman D, Hoffman WH, Tom E, Mack DH, Levine Al

(2000). Analysis of p53-regulated gene expression patterns using oligonucleotide arrays. Genes Dev
14: 981-993.

267



References

Zheng H, You H, Zhou XZ, Murray SA, Uchida T, Wulf G, Gu L, Tang X, Lu KP, Xiao ZX (2002).
The prolyl isomerase Pinl is a regulator of p53 in genotoxic response. Nature 419: 849-853.

Zhong H, SuYang H, Erdjument-Bromage H, Tempst P, Ghosh S (1997). The transcriptional activity
of NF-kappaB is regulated by the IkappaB-associated PKAc subunit through a cyclic AMP-
independent mechanism. Ce// 89: 413-424.

Zhong H, Voll RE, Ghosh S (1998). Phosphorylation of NF-kappa B p65 by PKA stimulates
transcriptional activity by promoting a novel bivalent interaction with the coactivator CBP/p300. Mol
Cell 1: 661-671.

Zhong H, May MJ, Jimi E, Ghosh S (2002). The phosphorylation status of nuclear NF-kappa B
determines its association with CBP/p300 or HDAC-1. Mol Cell 9: 625-636.

Zhu Q, Yao J, Wani G, Wani MA, Wani AA (2001). Mdm2 mutant defective in binding p300
promotes ubiquitination but not degradation of p53: evidence for the role of p300 in integrating
ubiquitination and proteolysis. J Biol Chem 276: 29695-29701.

Zhu Z, Chung WH, Shim EY, Lee SE, Ira G (2008). Sgs1 helicase and two nucleases Dna2 and Exol
resect DNA double-strand break ends. Cell 134: 981-994.

Ziv Y, Bielopolski D, Galanty Y, Lukas C, Taya Y, Schultz DC, Lukas J, Bekker-Jensen S, Bartek J,
Shiloh Y (2006). Chromatin relaxation in response to DNA double-strand breaks is modulated by a
novel ATM- and KAP-1 dependent pathway. Nat Cell Biol 8: 870-876.

Zong WX, Lindsten T, Ross AJ, MacGregor GR, Thompson CB (2001). BH3-only proteins that bind
pro-survival Bcl-2 family members fail to induce apoptosis in the absence of Bax and Bak. Genes Dev

15: 1481-1486.

Zou L, Elledge SJ (2003). Sensing DNA damage through ATRIP recognition of RPA-ssDNA
complexes. Science 300: 1542-1548.

Zou L, Liu D, Elledge SJ (2003). Replication protein A-mediated recruitment and activation of Rad17
complexes. Proc Natl Acad Sci U S A 100: 13827-13832.

268



