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Abstract
Genomic integrity is preserved by checkpoints, which are signal transduction pathways that serve
to delay cell cycle progression in the presence of DNA damage or replication stress. The heterotrimeric
Rad9-Rad1-Hus1 (9-1-1) complex is a proliferating cell nuclear antigen (PCNA)-like clamp that is
loaded onto DNA at structures resulting from damage, and is important for initiating and maintaining
checkpoint signaling. Rad9 possesses a C-terminal tail unrelated to PCNA that is phosphorylated
constitutively and in response to cell cycle position and DNA damage. Previous studies have identified
tousled-like kinase 1 (TLK1) as a kinase that may modify Rad9. This thesis establishes that Rad9 is
indeed phosphorylated in a TLK-dependent manner in vitro and in vivo, and that T355 within the Cterminal tail is the primary targeted residue. Phosphorylation of Rad9 at T355 is quickly reduced upon
exposure to ionizing radiation before returning to baseline later in the damage response. In addition,
TLK1 and Rad9 were shown to interact constitutively, and this interaction is enhanced in chromatinbound Rad9 at later stages of the damage response. Furthermore, this thesis demonstrates that TLK1 is
required for progression through S-phase in normally cycling cells, and that depletion of TLK1 results in
a prolonged G2/M arrest upon exposure to ionizing radiation, a phenotype that is mimicked by overexpression of a Rad9-T355A mutant. Given that TLK1 is transiently inactivated upon phosphorylation
by Chk1 in response to DNA damage, this work proposes that TLK1 and Chk1 act in concert to
modulate the phosphorylation status of Rad9, which in turn plays a role in regulating the DNA damage
response.
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Chapter 1: General Introduction
1.1 - The cell cycle and checkpoints
Cell growth and division in all eukaryotes, from yeasts to higher order multicellular
organisms, is governed by the cell cycle. The general characteristics of the eukaryotic cell cycle,
wherein alternating rounds of DNA synthesis (S-phase) and mitosis (M-phase) are separated by
gap phases (G2 and G1 respectively, where the integer refers to n DNA content), are highly
conserved [1]. A simplified schematic of the cell cycle is shown in Figure 1.1. Under normal
circumstances, cell cycle progression is unidirectional, and individual phase transitions are
irreversible. That is to say, cells in S-phase do not re-enter G1 until they have completed DNA
replication and undergone subsequent mitosis, while G2 cells enter mitosis, and do not slip back
into S-phase and re-replicate their DNA. A multitude of cellular mechanisms act to regulate
growth and division by ensuring that each cell cycle event is properly completed prior to
initiation of the next, and that they do not overlap.
The entire genome of a eukaryotic cell must be replicated completely and accurately once
per cell cycle. Given that the human genome is comprised of roughly six billion base pairs, this
is no small feat, and DNA replication is thus a complex, highly regulated process. Despite this,
DNA replication in humans and other higher eukaryotes is remarkably efficient, with
approximately only one mutation occurring per cell division [2]. Complicating matters, however,
is the fact that the DNA content of a cell is constantly exposed to agents that can cause structural
damage or alter its physical properties. These agents can also be mutagenic, in that they can
introduce alterations, or mutations, to DNA sequences that can impair the function of the
affected gene and protein product. If left unremedied, DNA damage can have deleterious
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G1/S

S
G2
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Figure 1.1 – Schematic of the eukaryotic cell cycle and checkpoints. ‘S’ refers to Sphase (DNA synthesis), M refers to M-phase (mitosis), and G2 and G1 refer to the
respective gap phases, where the integer denotes N DNA content. Also shown are the
checkpoint pathways that are activated depending on when DNA damage is incurred.
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consequences at the cellular and organismal level, including chromosomal rearrangements, cell
death, impaired regulation of growth, and cancer [3]. Given that it can arise from both exogenous
sources and from normal cellular metabolism, DNA damage is a fact of life on earth. As such,
the viability of eukaryotic cells is dependent on their ability to control cell cycle progression in
the presence of DNA damage, as well as being able to identify and repair DNA structures arising
from exposure to genotoxins.
Cell cycle checkpoints are one of the tools that eukaryotic cells have evolved to cope
with DNA damage. Checkpoints were first described in 1989 [4], and can be thought of as
genomic surveillance mechanisms that halt cell cycle progression in the presence of DNA
damage. This arrest in the cell cycle grants a cell the time necessary to repair DNA, and serves to
ensure the fidelity of DNA replication and cell cycle progression. Alternatively, checkpoints can
initiate apoptosis should the damage prove too severe, thus sacrificing the cell for the benefit of
the organism. Functional checkpoints possess the capacity to physically detect DNA damage,
and transduce a signal that culminates with cell cycle arrest or induces apoptosis [5,6]. Ideally, a
checkpoint-induced cell cycle arrest is terminated only upon the accurate completion of DNA
repair, after which progression through the cell cycle resumes [7,8]. The nature of a particular
checkpoint pathway, and the proteins involved, is defined in part by the specific type of DNA
damage incurred. Aberrant checkpoint function, either through an inability to initiate and
maintain cell cycle arrest, or through premature checkpoint termination, can lead to increased
rates of mutation, dysregulation of cell growth, genomic instability, and cancer [3,5,9].

3

1.2 - Checkpoints and cancer
Carcinogenesis is a complex, step-wise process in which normal cells successively
acquire characteristics, described as ‘the hallmarks of cancer’ by Hanahan and Weinberg in 2000
[10], that can lead to uncontrolled cell growth, tumour formation, metastasis, and eventually
death. These characteristics include the capacity for sustained growth in the absence of
proliferative stimuli, and insensitivity to anti-growth and/or pro-apoptotic signals. Tumourigenic
capabilities such as these are conferred upon a cell through mutations to oncogenes and tumour
suppressors. Oncogenes are genes whose protein product plays a role in promoting cell growth
and division, and carcinogenic mutations in these genes are typically of the gain-of-function
variety, whereby the activity of the protein is increased, or it cannot be ‘turned-off’ in the
absence of a growth signal. Conversely, it is loss-of-function mutations in tumour suppressors,
which have a negative influence on proliferation, that drive tumour development. Larger-scale
genomic instability and chromosomal rearrangements can also impair a cell’s ability to properly
regulate its growth, either by amplifying the copy number of oncogenes, or by loss of
heterozygosity and deletion of tumour suppressors [9].
As mentioned above, cell cycle checkpoints play a critical role in maintaining genomic
integrity and preventing carcinogenesis. Therefore, it should come as no surprise that defects in
checkpoint function are found in a host of human cancers and cancer-predisposition syndromes
[2,11–16]. Aberrant checkpoint function compromises a cell’s ability to adequately respond to
DNA damage, and leads to genetic instability [3,9]. This resultant genetic instability can be
described as an ‘enabling characteristic’ of carcinogenesis, in that it predisposes a cell towards
acquiring further ‘hallmark’ features that promote tumour growth [17]. Checkpoint defects are
thought to grant a cell a selective advantage in tumour progression by accelerating mutation
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rates, which increases the likelihood of acquiring genotypes conducive to uncontrolled
proliferation [2]. Thus, the study of checkpoints and their dysfunction is critical towards
furthering our understanding of the mechanisms of carcinogenesis, and in developing therapies
to both treat and prevent cancer.
The work presented in this thesis is focused on characterizing the upstream elements of
the human checkpoint response that detect DNA damage. In particular, it deals primarily with the
9-1-1 complex, a heterotrimer composed of the proteins Rad9, Rad1, and Hus1. This complex
forms a clamp-like structure that encircles DNA at sites of damage, and is thought to be vitally
important for sensing DNA damage, localizing elements of the checkpoint machinery to
chromatin, and initiating the signaling cascade that results in cell cycle arrest [18–22]. To
provide a clearer picture of where the 9-1-1 complex fits in with the human DNA damage
response (DDR), the following section will provide an overview of checkpoint function, and how
its dysregulation can result in cancer. It will address the organisation of DNA, the aberrant DNA
structures that initiate the checkpoint response, as well as the function and regulation of elements
of the checkpoint pathway. Finally, it will cover the mechanisms of checkpoint release, whereby
damage-induced cell cycle arrest is alleviated.
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Chapter 2: Literature review
Broadly defined, the term ‘checkpoint’ refers to signal transduction pathways which
serve to slow or arrest cell cycle progression in the presence of DNA damage, such that the
damage can be repaired [4]. Checkpoint signaling can also initiate apoptosis should the damage
prove severe and irreparable [23]. Different checkpoint pathways are defined by when damage is
detected and the specific phase transitions they inhibit; namely at the barriers between G1/S and
G2/M, as well as an intra-S checkpoint. Because many of the proteins involved in orderly cell
cycle progression also play a role in the damage response, the common metaphor of checkpoints
as ‘gatekeepers’ that are activated by DNA damage to guard the genome is not entirely accurate.
Rather, checkpoints are better described as constant surveillance mechanisms for genomic
integrity that operate under normal growth conditions, and are amplified upon detection of
replication stress or DNA damage [5].
Regardless of the nature or timing of DNA damage, checkpoint-induced cell cycle arrest
is initiated by inhibition of the various cyclin-dependent kinase (CDK) / cyclin holoenzymes,
whose activity is required for normal cell cycle phase transition (i.e. from G1 to S and from G2
to M) as well as progression through S-phase [5,6,24,25]. The key players that converge on
CDK/cyclin complexes include the 9-1-1 complex, the phosphatidylinositol 3-kinase related
kinases (PIKK) ataxia telangiectasia-mutated (ATM) and atm and rad3-related (ATR), the
checkpoint kinases Chk1 and Chk2, and the tumour-suppressor p53. Mutations in these proteins,
or in other factors that regulate their function, can cause impaired checkpoint function, which in
turn can lead to genomic instability, increased mutation rates, uncontrolled cell growth, and
ultimately, cancer [5,26]. As such, the study of how cell cycle checkpoints are initiated,
maintained, and terminated, is a critically important one, and allows for a deeper understanding
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of cancer biology, as well as the potential development of novel therapeutics that target these
pathways.

2.1 - DNA: structure, replication, and damage
Checkpoint signaling is initiated by proteins or protein complexes that can physically
detect DNA damage and replication stress. Thus, an appreciation of the DNA structures that are
recognized by the checkpoint machinery, and the context under which they occur, is necessary
for any discussion of the DDR. The following section will provide a general overview of DNA
structure and organization, DNA replication, and the specific types of DNA damage that elicit a
checkpoint response.

2.1.1 - Chromatin structure
Each somatic cell in the human body contains approximately 2m of DNA [27], and as
such packaging all of it within the nucleus is an impressive feat of engineering. To accomplish
this, DNA is assembled into a complex also containing protein and RNA, termed chromatin.
Histones, of which there are five main families (H1, H2A, H2B, H3, and H4) comprise the
majority of the protein component of chromatin [28,29]. The packaging of naked DNA and
histones into chromatin is hierarchical in nature and represents a compaction of approximately
10,000-fold [27].
The primary, repeating element of chromatin structure is the nucleosome. The core of
each nucleosome is a histone octamer composed of two H3/H4 dimers flanked by two H2A/H2B
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dimers, around which 147 base pairs of DNA are wound in 1.7 superhelical turns [30–32].
Several adjacent nucleosomes interspersed with linear DNA constitute the so-called ‘beads-on-astring’ model for chromatin assembly, a structure referred to as the 11nm fibre [33]. The linker
histone H1 facilitates the supercoiling of 11nm fibres into the 30nm fibre [34], thus representing
secondary chromatin structure. Tertiary chromatin structure is achieved by further coiling of
30nm fibres with the aid of additional scaffold proteins to form chromosomes, while quaternary
structure refers to the position of whole chromosomes relative to one another within the nucleus
[27]. The modeling of chromatin structure is highly dynamic, as disassembly and subsequent
reassembly are required for transcription, DNA replication, recombination, and DNA repair [35–
42].
The dynamic nature of chromatin packaging is a key factor in determining the degree to
which certain genes are transcribed and expressed. Regions of the genome undergoing active
transcription tend to be less densely packed in order to facilitate access of the transcriptional
machinery to DNA, and are referred to as euchromatin [27,43]. Conversely, highly condensed
regions correspond with lower gene expression levels and transcriptional silencing, and are
known as heterochromatin. Heterochromatin can be further classified as either constitutive or
facultative. Constitutive heterochromatin represents diverse untranscribed regions of the genome,
including highly repetitive sequences and structural DNA elements such as centromeres and
telomeres. The packing density of facultative heterochromatin, on the other hand, is variable and
influenced by post-transcriptional modifications to core nucelosomal histones, and thus provides
a method for controlling access to genetic information and gene expression levels [43–45].
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2.1.2 - Histone modifications
The core histones (H2A, H2B, H3 and H4) possess N and C-terminal domains that are
excluded from the nucleosome and subject to a variety of post-translational modifications, which
can in turn affect chromatin structure and/or regulate the recruitment of DNA-binding proteins.
The location and combination of these modifications within chromatin can dictate a wide array
of biological outcomes, and forms the basis of the histone code hypothesis [41,46].
As a general rule, histone acetylation is indicative of regions of the genome undergoing
active transcription [45,47]. The negative charge of acetyl groups is thought to interfere with
histone-DNA binding such that histone acetylation (H4K16ac, for example) induces a more open
chromatin conformation associated with euchromatin and permits access of the transcriptional
machinery to DNA [45,48]. Histone methylation is slightly more complicated, and can be
associated with both transcriptional silencing and activation, depending on the context [45].
Repetitive sequences, gene-poor regions, and genes subject to transcriptional silencing are
heavily enriched for H3K9me3 and H3K27me3, marks that are indicative of heterochromatin
[49]. Conversely, H3K4me3 marks are characteristic of actively transcribed genes [50,51]. The
complex interplay and interdependency of these histone marks, the way in which they modify
chromatin structure and gene expression, and their transmission and heritability form part of the
basis for epigenetics [46,52,53].
Histone modifications regulate a diverse set of cellular processes beyond gene expression
levels. H3K79me2 and H4K20me1 are both enriched at replication initiation sites and are
thought to be required for origin licensing, assembly of the pre-replication complex (pre-RC),
and preventing re-replication of DNA prior to mitosis [54,55]. H3K56ac is associated with newly
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synthesized DNA, and likely facilitates histone deposition and nucleosome assembly postreplication [56,57]. There is also extensive crosstalk between histone status and the DNA
damage response. For instance, phosphorylation of histone H2A variant H2AX is a wellcharacterized marker for DNA damage and recruits other elements of the DNA repair machinery
to sites of damage [58–62]. Histones H2A, H3 and H4 are extensively acetylated at doublestranded breaks in DNA, thus allowing for a relaxed chromatin conformation more conducive to
repair [63–65]. Finally, the aforementioned H3K56ac is also required for H2A
dephosphorylation and is thought to signal the completion of DNA repair and the alleviation of
checkpoint-induced cell cycle arrest [66–68].

2.1.3 - DNA modifications
Chemical modifications to DNA itself can also affect chromatin structure and gene
expression. 5-methylation of cytosine in CpG dinucleotides is a well-characterized epigenetic
marker for reduced transcription [69–71]. Methylated cytosines provide a binding motif
recognized by C2H2 zinc-fingers and proteins containing a methyl-CpG binding domain, both of
which contribute to transcriptional repression [27,72]. Indeed, hypermethylation of CpG sites
within the promoters of tumour suppressors has been identified in several human cancers
[70,73,74]. Methylated DNA also serves to recruit histone deacetylases (HDAC) to chromatin.
HDAC-mediated deacetylation of DNA further represses gene expression by increasing the
affinity of DNA for nucelosomal histones, thus preventing the transcriptional machinery from
accessing promoter regions [75].
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2.1.4 - DNA replication
Many mechanisms function to ensure that the entire DNA complement of a cell is
replicated completely and accurately only once per cell cycle, and that this process does not
overlap with subsequent cell cycle events such as mitosis and cytokinesis [76]. In eukaryotes,
DNA replication is initiated at multiple locations throughout the genome known as origins of
replication. Given that each human cell contains upwards of 50,000 distinct origins of replication
[77], the temporal coordination of replication initiation at these sites is quite complex.
The pre-RC is assembled at replication origins during the later stages of mitosis and early
G1 [78]. This complex is localized to origins by the origin recognition complex (ORC) and also
contains the hexameric minichromosome maintenance (MCM) 2-7 complex [79]. MCM2-7
possesses an ATP-dependent helicase activity, and is responsible for unwinding double-stranded
DNA such that the replication machinery (the whole of which is referred to as the replisome) can
access DNA and replication can proceed [78,80]. A key regulatory aspect of replication initiation
in eukaryotes is the separation of MCM2-7 loading from MCM2-7 activation. The loading of
pre-RC complexes with an inactive replicative helicase at origins, termed licensing, prevents
premature replication and allows for replication initiation at multiple licensed origins
simultaneously once the cell is ready to proceed into S-phase [81,82]. Origin firing refers to the
initiation of replication at licensed origins, which occurs as CDK activity increases during late
G1 [81]. This stimulates the helicase activity of MCM2-7, initiates DNA replication, and drives
the transition to S-phase. In addition to promoting replication initiation, CDKs also prevent the
assembly of new pre-RC complexes (and hence re-replication) during S-phase, such that the
genome is only replicated once per cell cycle [76,83]. Thus, CDK activity ensures that origin
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licensing only occurs in late mitosis and G1, while origin firing and DNA replication occurs
exclusively during S-phase.

2.1.5 - The replication fork
Helicase activity at licensed origins unwinds DNA, yielding two single stranded
templates (ssDNA) for DNA replication. The resulting two-tined, fork-like structure is called,
appropriately enough, the replication fork [82]. DNA polymerases then move along the ssDNA
templates, and incorporate the correct deoxyribonucleotide triphosphate (dNTP) to the nascent
complementary strand. The replication fork progresses as new DNA is synthesized, thus
exposing more ssDNA to the replisome. The basic mechanism for fork progression is wellconserved in prokaryotes and eukaryotes, and represents ‘semi-conservative’ DNA replication
[82,84]. This refers to the fact that after replication, each DNA duplex contains one parental
strand and one newly-synthesized strand.
Upwards of 14 distinct DNA polymerases have been identified in humans [85], and
although they function in different processes, they all catalyze the addition of a dNTP to the
exposed 3’-hydroxyl group of the previously incorporated nucleotide. As such, all DNA
synthesis occurs in a 5’-3’ direction, although the antiparallel nature of duplex DNA means that
DNA synthesis must occur in the opposite orientation on each strand of the replication fork.
DNA is synthesized continuously as a single polymer on the ‘leading’ strand in a process
catalyzed by DNA polymerase ε [86]. On the opposite, or ‘lagging’ strand, DNA synthesis is
discontinuous in order to account for the difference in orientation compared to the leading strand
[87]. In this case, shorter, discrete DNA oligonucleotides, better known as Okazaki fragments,
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are synthesized by DNA polymerase δ with the aid of RNA primers [85,88]. Okazaki fragments
are approximately 100-200bp in length and are joined together by DNA ligase 1, a process
referred to as Okazaki fragment maturation [82].

2.1.6 - PCNA
The structures of DNA polymerases in and of themselves are not conducive to forming
stable interactions with DNA [89], such that additional factors are required to enhance the
efficiency and processivity of DNA replication. DNA sliding clamps are a structurally and
functionally conserved family of proteins found in all domains of life that serve to strengthen the
interaction between DNA polymerases and template DNA [90–93]. These multi-subunit
complexes bear little similarity at the sequence level across different branches of life; for
instance, the E. coli β-clamp is a homodimer, the T4 phage gp45 clamp is a homotrimer, and
both homotrimeric and heterotrimeric DNA clamps have been indentified in archaea [94–96].
However, all DNA clamps possess nearly identical three-dimensional structures and functions.
Each complex adopts a toroidal conformation capable of encircling and sliding along DNA when
loaded by its cognate clamp-loader. DNA polymerases bind to the outer surface of the sliding
clamp, such that the clamp tethers the polymerase to the template strand and increases the
processivity of DNA synthesis by upwards of a thousand-fold [97].
The eukaryotic replicative sliding clamp is the proliferating-cell nuclear antigen (PCNA),
a homotrimer that is loaded onto DNA at replication forks by the heteropentameric replication
factor C (RFC) complex, which is itself composed of RFC subunits 1-5 [91,97–99]. RFC loads
PCNA onto DNA through an ATP-dependent ‘screwcap-and-bottle’ mechanism [100,101] at 3’-
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recessed interfaces between double and single stranded DNA [102], which, given the structure of
replication forks and the 5’-3’ directionality of DNA synthesis, is ideal for tethering
polymerases. PCNA-loading also requires that ssDNA is coated with replication protein A
(RPA), a heterotrimer that binds to single stranded DNA constitutively in vivo, thus stabilizing it
and preventing it from adopting secondary structure [89,102].
Post-translational modifications can significantly influence PCNA function. Perhaps the
best characterized of these is ubiquitylation at the conserved K164 residue by the Rad6/Rad18
E3 ubiquitin ligase [103,104]. Monoubiquitylation at this site occurs in response to DNA damage
or replication forks stalled by bulky DNA adducts, and induces PCNA to recruit damage-tolerant
translesion synthesis (TLS) DNA polymerases. This enables DNA replication through DNA
lesions and prevents replication fork collapse, which itself can lead to double strand breaks in
DNA and chromosomal rearrangements [82]. An important caveat, however, is that TLS
polymerases are inherently more error-prone and potentially mutagenic than normal polymerases
[85]. PCNA can also be polyubiquitylated at K164, and, somewhat counter-intuitively, this does
not initiate proteasomal-dependent degradation [105]. Instead, PCNA polyubiquitylation appears
to facilitate an error-free mode of damage-bypass replication, potentially through DNA template
switching [106]. In addition to ubiquitylation, PCNA can also be SUMOylated (small ubiquitinlike modifier), the function of which is thought to facilitate DNA synthesis through stalled
replication forks [107,108].
The functions of PCNA extend well beyond tethering DNA polymerases. Its ring-like
structure and lack of inherent enzymatic activity allow it to act as a mobile ‘loading dock’ for
other replicative proteins [109]. Many of these proteins possess a well-conserved PCNA-binding
motif termed the PCNA-interacting protein (PIP) box, and the fact that PCNA is a homotrimer
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allows it to bind multiple partners simultaneously. Thus, depending on its post-translational
status and associated binding partners, PCNA can act as a critical regulator for a diverse set of
cellular processes, including replication, prevention of re-replication, chromatin assembly,
replication termination, and DNA repair [109–111].

2.1.7 - DNA damage
DNA is subjected to constant assault from potential genotoxic agents that can arise from
both exogenous sources and normal metabolic processes. The physical damage to DNA caused
by these agents can include chemical modifications to nucleotides or breakages in the DNA
backbone. At the cellular level, DNA damage can lead to increased DNA mutation, replication
stress, cell cycle arrest, and cell death [112,113].
Reactive oxygen species (ROS), which can occur naturally during cellular respiration and
oxygen metabolism, are able to spontaneously oxidize nucleotides and thus alter their basepairing properties [114]. In particular, guanine can be oxidized to form 8-oxo-guanine (8-oxo-G),
which is able to base-pair with adenine in addition to cytosine. These lesions, which do not
distort DNA structure, are remedied by the base excision repair (BER) pathway [5,114]. Left
unrepaired, 8-oxo-G could lead to a G/C to T/A transversion in the DNA duplex, which may
have deleterious consequences if the mutation is propagated through to subsequent generations.
Ultraviolet (UV) radiation, while also capable of generating ROS, can induce the formation of
bulky DNA adducts such as cyclobutane pyrimidine dimers and 6,4 photoproducts [113]. These
lesions present a physical barrier to progression of the replication fork and as such cause
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replication stress. Lesions such as these that physically perturb duplex DNA are rectified via
nucleotide excision repair (NER) [5].
Physical breakages in the DNA backbone can be classified as single-stranded breaks
(SSB) or double-stranded breaks (DSB). All DNA damage events are processed into one of these
two structures during the early stages of the damage response [113,115]. SSBs, which occur at a
rate of tens of thousands of events per day in mammalian cells [113], can be caused by ROS,
prolonged UV-induced replication fork stalling, or as a by-product of BER and NER. In general
terms, after detection the DNA termini (or ‘ends’) of the SSB are processed such that 5’-3’
polarity is restored, after which the resultant gap is filled by DNA polymerase β and ligated by
DNA ligase 1 [5,113,116]. Unrepaired SSBs can hamper transcription, replication, and
potentially convert into DSBs.
DSBs, potentially the most cytotoxic form of DNA damage, can arise from ionizing
radiation (IR), collapse of stalled replication forks, unrepaired SSBs and various
chemotherapeutic agents. Inadequate resolution of DSBs can lead to mutation, gross
chromosomal rearrangements, and cell death [112]. The two mechanisms responsible for
repairing DSBs are non-homologous end-joining (NHEJ) and homologous recombination repair
(HRR). In NHEJ, the ends on either side of the DSB are ligated together after minimal
processing [117]. The lack of a template means that this pathway may be prone to the
aforementioned chromosomal rearrangements and genetic instability. Interestingly, the
potentially error-prone nature of NHEJ plays a critical role in generating antibody diversity
through V(D)J recombination [113,117]. HRR, on the other hand, is an error-free pathway that
employs the undamaged sister chromatid as a template to ensure accurate repair. One of the
initial steps in HRR prior to recombination is 5’-3’ end-resection, which serves to generate RPA-
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coated single-stranded DNA [118,119]. This structure is similar to the single-stranded DNA
found at the replication fork [82] and is a substrate for initiating the checkpoint response, as
discussed in further detail below. Given that HRR requires the presence of a sister chromatid, it
occurs exclusively during late S-phase and G2, while NHEJ is the mechanism of choice for
repairing DSBs found in G1 and early S-phase [113].

2.1.8 – Coping with DNA damage: Checkpoint signaling
The ability to recognize and respond to DNA damage is critical for cell viability. Thus,
DNA damage is a precursor to checkpoint-induced cell cycle arrest, a process which grants the
cell time to carry out repair and ensure that damage and mutations are not passed onto
subsequent generations. Like other signal transduction pathways, the components of checkpoints
can be classified as sensors, transducers, and effectors [120]. DNA damage sensors are proteins
or protein complexes that can physically detect and localize to sites of damage, thereby initiating
the checkpoint response. Transducers then amplify and transmit the damage signal to effectors
that are directly responsible for halting cell cycle progression. While this classification can be
useful, the list of proteins implicated in checkpoint signaling is under constant revision, and in
some cases there is considerable functional overlap such that the definition of class of a
particular protein is elastic [5,121]. Taking this into account, the following section will provide
an overview of the initiation, maintenance, and termination of checkpoint signaling. Figure 2.1 is
a basic outline of checkpoint pathways.
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Figure 2.1 – Overview of checkpoint signal transduction pathways. This diagram depicts
the signal transduction pathways activated in response to different kinds of DNA damage.
Damage sensors physically detect and localize to structures resulting from DNA damage,
and transmit the damage signal to transducer proteins. Transducers amplify or modify the
signal, thereby regulating the activity of the checkpoint effectors that directly halt cell
cycle progression. Inhibition of CDK2, CDK4 and CDK6/cyclin D/E complexes induces
arrest at the G1/S border, while inhibition of CDK1/cyclin B complexes induces cell arrest
at the G2/M border. Stabilization of p53 can also facilitate G1/S checkpoint activation, and
sustained p53 activation can induce apoptosis. Hashed arrows denote cross-talk between
the two canonical arms (DSB and ssDNA) of the DDR. Also shown are proteins that
localize to sites of DNA damage that mediate the DDR, such as the MRN complex,
γH2AX and RPA
γH2AX,
RPA.
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2.2 - DNA damage sensors
DNA damage sensors are the ‘first-responders’ of the DDR; they physically detect and
interact with DNA structures resulting from damage, and they can initiate the checkpoint
response, either directly or by localizing other elements of the DDR machinery to sites of
damage, and thus facilitate cell cycle arrest and DNA repair. This section will address these
upstream components of checkpoint signaling. Given that ATM and ATR function both as
damage sensors and transducers, this section will focus exclusively on their damage-sensing
capabilities.

2.2.1 - ATM
Ataxia telangiectasia (A-T) is a rare autosomal recessive disorder characterized in part by
progressive neurodegeneration of the cerebellum, ocular telangiectasia, acute sensitivity to
ionizing radiation, increased frequency of chromosome breakages, and a predisposition for
developing lymphoid tumours [122]. Atm was identified as the defective gene in A-T patients,
and the protein product is a member of the PIKK family of serine/threonine kinases [123]. Early
studies demonstrated that DNA synthesis is radioresistant in A-T cells, even at relatively high
doses of IR, which is suggestive of a defect in detecting DNA damage and an inability to
efficiently halt cell cycle progression [124–128]. Furthermore, mice in which the Atm gene has
been selectively disrupted, either by introducing a truncation mutation found in A-T patients or
by disrupting the kinase domain, exhibit symptoms that mimic those of human A-T patients
[14,129]. In addition, mice haploinsufficient for Atm were shown to exhibit an increased
sensitivity to IR [130]. Fibroblasts derived from mutant mice display defects in cell cycle
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progression and IR-induced G1/S checkpoint activation similar to cultured human cells derived
from A-T patients [14,129]. Taken together, this presented strong evidence that the ATM protein
plays a crucial role in sensing DNA damage and initiating the checkpoint response.
ATM exists primarily as an inactive homodimer in unperturbed cells, and is activated
through autophosphorylation at S1981 in response to DNA damage [131–133]. Phosphorylation
at S1981 coincides with dimer dissociation, and the resultant active ATM monomer
phosphorylates an array of downstream targets, thereby initiating the DDR [121]. The ATM
protein is approximately 350 kDa [134], and its large size has made structural studies of its
interaction with DNA difficult, such that the precise mechanisms of damage detection and
activation remain unclear [135]. The prevailing hypothesis is that structural changes in chromatin
in the vicinity of damage sites induce dimer dissociation and activation [131], an idea supported
by the fact that direct association of ATM with damaged DNA stimulates its activity and is a
prerequisite for downstream checkpoint events [136,137]. Furthermore, tethering monomeric
ATM to undamaged chromatin is sufficient to elicit a damage response, which is suggestive of a
link between DNA structure and ATM activation [138]. ATM is thus an example of a checkpoint
component that functions both as a damage sensor and a transducer; its kinase activity is directly
stimulated by DNA damage, at which point it initiates and amplifies the damage signal through
phosphorylation of numerous targets. The signaling aspect of ATM will be addressed in more
detail in the following section.
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2.2.2 - ATR
Early studies of human A-T cells gave rise to the notion that the DDR can be divided into
two pathways depending on the kind of damage incurred. As mentioned previously, cells lacking
functional ATM demonstrate inefficient checkpoint activation in response to IR and
radiomimetics. However, these cells display no apparent defect when responding to UV and
alkylating agents [14,139,140]. This indicates that different proteins are responsible for
recognizing and responding to different DNA lesions. The robust activation of ATM in response
to IR, in addition of the radiation sensitivity in A-T patients, indicates that it participates in a
pathway that preferentially responds to DSBs. On the other hand, the ATR kinase is induced by
replication stress, UV, and other events that result in long stretches of ssDNA [141–146].
Although the demarcation of two separate arms of the DDR (DSB-ATM and ssDNA-ATR) is
one of the paradigms of checkpoint signaling, current research suggests that there is a significant
degree of crosstalk between these two pathways [121,147].
Like ATM, ATR is a member of the PIKK family that possesses both sensor and
transducer functions. Unlike ATM, however, ATR is essential for viability at both the organism
and cellular level in humans and mice [148–150], indicating that ATR may be able to
compensate for ATM deficiency, but not vice-versa. This is also likely reflective of the rarity of
naturally occurring DSBs in vivo compared to SSBs and ssDNA [113]. A rare, recessive
hypomorphic mutation in human atr results in Seckel syndrome, which is characterized by low
IQ, dwarfism, and severe craniofacial deformities [151]. These developmental abnormalities are
thought to be the result of a reduced capacity to cope with naturally occurring replication stress
in utero [152].
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The DNA structure that induces ATR recruitment and activation is RPA-coated ssDNA
adjacent to dsDNA with a recessed 5’-end [146,153,154]. This structure is a common result of
DNA damage and replication stress as replication fork stalling can cause an uncoupling of
helicase and polymerase activities at the fork, which results in the formation of long stretches of
ssDNA [155]. ATR’s constitutive binding partner in vivo is the ATR-interacting protein (ATRIP)
[150], and it is through ATRIP that ATR is able to localize to ssDNA and initiate the checkpoint
response [156]. ssDNA is constitutively coated with RPA, and ATRIP directly interacts with
RPA70, the largest subunit of the RPA heterotrimer [157]. Once localized to ssDNA via ATRIP,
optimal ATR activation further requires the presence of the 9-1-1 complex and direct association
with its allosteric activator, DNA topoisomerase IIβ-binding protein 1 (TopBP1) [154,158–160].
Similar to ATM, activated ATR initiates a signaling cascade by phosphorylating numerous
downstream targets.
The DNA-substrate specificity of ATR activation provides an explanation for the
observation that ATM is responsible for preventing mitotic entry immediately in response to
damage, while ATR is required for the maintenance of the G2/M checkpoint at later stages of the
DDR [121,161]. The ends of DSBs are subjected to end-resection, thus generating patches of
ssDNA on either side of the break which then serve as templates for ATR activation [162]. The
appearance of RPA-coated ssDNA at DSBs as a result of end-resection enables ATM to ‘handoff’ checkpoint signaling duties to ATR later in the DDR [163]. Thus, the aberrant DNA
structures detected by ATM and ATR allow both of these kinases to respond to a variety of
genetic insults and coordinate the DDR, separately and in tandem.
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2.2.3 - The MRN complex
The MRN complex, composed of meiotic recombination 11 (Mre11), Rad50, and
Nijmegen breakage syndrome 1 (NBS1), is essential for the recognition and resolution of DSBs
[113,164]. The complex directly associates with DNA at DSBs, and prevents separation of
individual chromosomes by serving as a tether for severed DNA ends. It is also required for
initiating repair via the HRR pathway, checkpoint activation, meiosis, V(D)J recombination and
telomere maintenance [164]. The importance of the MRN complex is underscored by the fact
that mice null for any one of the three components of the complex are non-viable [165–167].
Inherited mutations in MRN proteins bear striking clinical and cellular similarities to diseases
associated with ATM and ATR dysfunction, thus illustrating the connection between MRN
function and checkpoint signaling. For example, hypomorphic mutations in Mre11 result in A-Tlike disorder (ATLD) [168], and the disease for which NBS1 is named, Nijmegen breakage
syndrome (NBS), is also characterized by radiation sensitivity and cancer predisposition, in
addition to craniofacial defects similar to those seen in the ATR-deficient Seckel syndrome
[169,170].
Mre11 functions as a homodimer that mediates the protein-DNA and protein-protein
interactions of the MRN complex, as it binds directly to DNA at DSB ends and interacts with
both Rad50 and NBS1 [164,171]. In addition, Mre11 possesses a 3’-5’ exonuclease activity that
catalyzes Exo1-dependent 5’-3’ resection [172,173]. The end-resection induced by Mre11 is
critical as it represents the first step of HRR and generates the RPA-coated 5’-recessed ssDNA
substrate that is recognized by other damage sensors [163,174].
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Rad50 also forms a homodimer such that the core of the MRN complex is an Mre112Rad502 tetramer, and contains two functional domains; a globular ‘head’ that interacts with DNA
and Mre11 at DSB ends, and an elongated coiled coil ‘hook’ domain [175,176]. The hook
domains from individual MRN complexes bound to different DNA molecules can bind to each
other in a Zn+2-dependent manner, thus physically tethering and stabilizing the DNA ends, and
bringing them into proximity such that HRR can proceed [171,177]. Mice hypomorphic for
Rad50 exhibit growth defects and cancer predisposition [178], illustrating the importance of
Rad50 and the MRN complex as a whole.
NBS1, the human homolog of S. cerevisiae Xrs2, binds to Mre11 and is the component
of the MRN complex that links DSB recognition and binding with checkpoint activation
[164,179]. Early evidence for this connection included the deficiencies in ATM activation found
in human NBS patients and murine ATLD models [180–184] and the fact that the MRN complex
can activate ATM in vitro [137,185]. It is through the direct association between the C-terminal
region of NBS1 and ATM that the MRN complex recruits ATM to DSBs and initiates the
checkpoint signaling cascade [186–188]. The MRN complex is also required for ATM
activation, although the mechanism behind this remains unclear. One potential hypothesis is that
Rad50 induces ATP-dependent unwinding of DNA at DSB ends, and that this is the change in
chromatin structure that stimulates ATM monomerization and activation [131,174].

2.2.4 - The 9-1-1 complex
The 9-1-1 complex is a heterotrimeric, PCNA-like clamp that, like other DNA clamps,
forms a toroidal structure capable of encircling DNA [189–196]. Each component of 9-1-1
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possesses a PCNA fold and bears a degree of sequential and structural homology to the PCNA
monomer [189,197]. The 9-1-1 complex is highly conserved in that the mammalian complex has
structural and functional homologs in both S. pombe and S. cerevisiae [197–200]. All three
components are required for complex formation, and they associate in a head-to-tail manner
similar to the interaction between PCNA monomers [192,195,201]. Like PCNA, the 9-1-1
complex is loaded onto DNA at RPA-coated ssDNA-dsDNA junctions in an ATP-dependent
manner. However, while PCNA is loaded by the aforementioned RFC, the 9-1-1 complex is
loaded by its own specialized clamp loader, the Rad17-RFC complex, wherein the largest RFC
subunit (RFC1) is replaced with Rad17 [190,194,202]. Another key difference between the 9-1-1
complex and PCNA is the DNA structure onto which they are loaded. Rad17-RFC-dependent
loading of 9-1-1 displays essentially the opposite substrate specificity as PCNA: it is
preferentially loaded onto ssDNA-dsDNA junctions with 5’-recessed ends and 3’-overhangs
[193,203]. It is in this way that 9-1-1 constitutes a damage sensor, as this structure is an
intermediate in DNA repair and in the end-processing of DSBs [5,162,193]. Together, this
represents a system whereby eukaryotic cells employ structurally similar yet functionally distinct
clamp - clamp loader mechanisms depending on the DNA transaction at hand; RFC-dependent
loading of PCNA occurs during DNA replication while Rad17-RFC-dependent loading of 9-1-1
occurs at sites of DNA damage and is essential for checkpoint activation and DNA repair.
Although 9-1-1’s toroidal conformation is virtually superimposeable (Figure 2.2)
compared to that of PCNA, the recently-solved crystal structure demonstrates that each
component of the complex bears structural differences in regions that, in PCNA, correspond to
binding sites for ligand proteins. So, while the outer surface of 9-1-1 can interact with a host of
proteins and localize them to DNA in a manner similar to PCNA, the identity and combination of
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Figure 2.2 – Comparison of the structures of the 9-1-1 complex and PCNA. A. Electrostatic maps
of the 9-1-1 complex and PCNA, derived from [195], illustrating that they share a distinct,
toroidal structure. B. A comparison of the crystal structures of the 9-1-1 complex and PCNA
homotrimer derived from [196]
homotrimer,
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those proteins is different and reflects the divergent function of 9-1-1 [195]. Fitting its role as a
damage sensor, 9-1-1 has been shown to interact with a plethora of factors involved in DNA
repair and metabolism, including but not limited to flap endonuclease 1 (FEN1),
apurinic/apyrimidinic (AP) endonuclease 1, thymine DNA glycosylase (TDG), DNA ligase I,
and DNA polymerases implicated with repair and TLS [204–209]. 9-1-1 also associates with
checkpoint proteins such as claspin and TopBP1, and is required for the efficient activation of
ATR and Chk1 in response to damage [158,210–215]. Another key distinction between these
two clamp complexes is that 9-1-1 does not behave as a sliding clamp; rather, structural
modeling indicates that it is immobile when bound to DNA and acts primarily at the site onto
which it is loaded [196]. Thus, the current model for 9-1-1 function is that it forms a stationary,
stable scaffold that serves to localize elements of DNA repair and checkpoint machinery to sites
of damage [20,195,196,216].

2.3 - Checkpoint transducers
Checkpoint transducers are proteins that mediate or amplify the signal initiated by
damage detectors, and thereby regulate the activity of downstream checkpoint effectors or repair
factors. Proper transducer function is critical for maintaining genomic integrity, and many human
cancers are characterized by dysregulation of this facet of checkpoint signaling. The following
section will describe how checkpoint transducers are recruited and activated in the presence of
DNA damage, and the various roles they play in the DDR.
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2.3.1 - ATM and ATR
As mentioned above, both ATM and ATR function as checkpoint transducers in
addition to their roles as DNA damage sensors. Both of these PIKK kinases are activated by
DNA damage, and they amplify the damage signal by phosphorylating numerous downstream
elements of the checkpoint machinery. Efficient activation of both ATM and ATR is thus critical
for proper checkpoint function.
Perhaps the best defined substrate of ATM is the checkpoint kinase Chk2, which itself
is also a damage transducer. Chk2 is activated by ATM via phosphorylation at T68, upon which
it can initiate G1/S cell cycle arrest by phosphorylating and stabilizing p53 or G2/M arrest
through phosphorylation of cell division cycle 25 (Cdc25) [13,217–220]. ATM phosphorylation
regulates a multitude of other substrates implicated in checkpoint control, including (but
certainly not limited to) Chk1, Rad9, BRCA1, H2AX, TopBP1, and each component of the
MRN complex (reviewed in [121]). In the case of TopBP1, studies of Xenopus egg extracts have
suggested that ATM-dependent phosphorylation enhances its ability to activate ATR, thus
representing an example of cross-talk between the ATM and ATR pathways, and an additional
mechanism for ATM-induced ATR activation in response to DSBs [221,222].
ATM signaling has traditionally been regarded as the DDR pathway activated in the
presence of DSBs, while ATR activity is induced by DNA structures resulting from replication
stress and end-resection [5,121,147]. The canonical ATR substrate is Chk1, and like Chk2 it also
constitutes a checkpoint transducer. Chk1 is phosphorylated at S317 and S345 by ATR, and once
activated it can initiate cell cycle arrest by phosphorylating targets such as Cdc25, p53, and
Wee1[223–228]. ATR also facilitates the resolution of DNA lesions by phosphorylating an array
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of repair factors, including BRCA1, the helicases WRN and BLM, and XPA (reviewed in [147]).
While post-translational modifications and structural reorganization do not appear to regulate
ATR activity in the same manner as with ATM, full ATR-dependent Chk1 activation does
require the presence of several co-factors that localize independently to RPA-coated ssDNA,
such as 9-1-1, claspin, and TopBP1 (discussed in more detail below). The ATR-dependent
phosphorylation of Rad17 at S635 and S645 is also a prerequisite for complete damage-induced
Chk1 activation [229,230].
The fact that ATM and ATR can modify many of the same downstream substrates
(p53, Cdc25, BRCA1, Chk1, Chk2, etc.) is illustrative of the degree of crosstalk between them
[231]. Indeed, ATR has been shown to phosphorylate ATM itself at S1981 and thus promote
ATM monomerization and activation in response to replication stress [161]. Given that ATM can
regulate ATR activity in the presence of DSBs [163], this presents an intriguing model whereby
these PIKKs can function upstream of each other in response to different kinds DNA damage.
Taken together, the evidence suggests that rather than functioning as two separate pathways,
ATM and ATR cooperate as part of a complex, integrated signaling network that is activated and
amplified by DNA damage.

2.3.2 - γH2AX
The histone subtype H2AX constitutes between 2-25% of the total H2A pool
depending on organism and cell type, and is phosphorylated at a serine residue four amino acids
distal from the C-terminus (S139 in humans) upon induction of DSBs [58,61]. Phosphorylation
of H2AX at this residue, which is conserved in yeasts and higher eukaryotes [59,232], generates
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the variant referred to as γH2AX. γH2AX assembles into discrete foci in the vicinity of DSBs,
the number of which correlates strongly with the number of DSBs present, such that the
accumulation of γH2AX foci can be used as a proxy for the incidence and severity of DNA
damage [233–235]. These damage-induced γH2AX foci also contain several other checkpoint
and repair factors, such as p53 binding protein 1 (53BP1), BRCA1, Rad51, and mediator of
DNA damage checkpoint protein 1 (MDC1) [60,234,236]. H2AX phosphorylation is mediated
primarily by ATM [237], although another PIKK, DNA-dependent protein kinase (DNA-PK)
can also phosphorylate H2AX upon exposure to IR [238]. γH2AX is thought to function as a
‘flag’ that signals the presence DNA damage, and likely represents a mechanism by which DNA
damage sensors can recruit other elements of the DDR to DSBs and initiate checkpoint signaling
and DNA repair [235].
γH2AX foci appear at DSBs within minutes of exposure to IR and can eventually
spread to distances as far as 2Mb from the break [58]. The expansion of γH2AX foci requires
ATM and MDC1, and represents another positive feedback loop that amplifies the DDR. ATMdependent phosphorylation of H2AX at S139 generates a binding-motif for one of MDC1’s two
BRCA1 carboxy-terminal (BRCT) domains [236,239]. Once bound to γH2AX, MDC1 recruits
additional activated ATM to chromatin via its N-terminal forkhead-associated domain, which in
turn results in increased phosphorylation of H2AX and further recruitment of MDC1 and ATM
[240]. As such, γH2AX is crucial for amplifying the DNA damage signal and ensuring a robust
checkpoint response.
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2.3.3 - Chk1 and Chk2
Chk1 and Chk2 are structurally unrelated yet functionally similar nuclear
serine/threonine kinases that are activated by ATM and ATR in response to DNA damage [241].
Once activated, these kinases regulate the activity of the downstream checkpoint effectors that
directly influence cell cycle phase transition and arrest. Chk1 and Chk2 are both activated via
well-characterized phosphorylation events by ATR and ATM respectively (although, as
mentioned above, there is functional overlap), and phosphorylation of these kinases is typically
used as a read-out for efficient checkpoint activation [241,242].
chk1 was initially identified as a gene that linked DNA damage detection with CDK1
inhibition and cell cycle arrest in S. pombe [243]. Chk1 has since been shown to be highly
conserved, and deletion of the mammalian homolog is embryonic-lethal in mice [224,244–246].
Studies employing chk1-/- DT40 B-lymphoma cells demonstrated that Chk1 is essential for
damage-induced G2/M arrest [247], while a recent report using haploinsufficient chk1+/- mice
showed that Chk1 plays a role in proper chromosomal segregation, cytokinesis, and mitotic exit
in the absence of DNA damage [248]. The consensus understanding of Chk1 is that it functions
to preserve genomic integrity, both in the context of the DDR and in normal cell cycle
progression.
ATR-dependent activation of Chk1 is a complex process that requires the colocalization of several checkpoint factors to chromatin (Figure 2.3). ATR is recruited to RPAcoated ssDNA through direct association of ATRIP with RPA70, and 9-1-1 is loaded onto the
same DNA structure by Rad17-RFC [157,193,203,249]. The presence of loaded 9-1-1 is critical
for ATR activation because the C-terminal tail of Rad9 provides a binding surface for TopBP1.
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Figure 2.3 – The Chk1 activation complex. A detailed representation of DNA
damage-dependent Chk1 activation. Endogenous and exogenous sources that induce
single-strand or double-strand breaks can both cause the formation of stretches of
ssDNA coated with RPA. ATR is localized to this DNA structure through the direct
association of its binding partner, ATRIP, with RPA. Independently, the 9-1-1 complex
is loaded onto DNA by the Rad17-RFC complex at the junction between RPA-coated
ssDNA and 5’-recessed
5 recessed ends
ends. Loaded 9-1-1
9 1 1 serves to bring TopBP1 into proximity
with ATR, such that it can stimulate ATR kinase activity via its ATR activation
domain. ATR then phosphorylates Chk1, which itself is localized to sites of DNA
damage through its interaction with Claspin. Activated Chk1 then initiates cell cycle
arrest by respectively inhibiting and activating Cdc25 and Wee1, and by stabilizing
p53 levels.
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TopBP1 associates with Rad9 that has previously been phosphorylated at S341 and S387 through
its multiple N-terminal BRCT domains [20,213,250], and this serves to bring TopBP1’s Cterminal ATR activation domain into contact with ATR [158]. Although the specific mechanism
remains unknown, it is this direct association between ATR and TopBP1 that stimulates ATR
activity at ssDNA [159,160]. Casein kinase 1 (CK1)-dependent phosphorylation of another
checkpoint mediator, claspin, facilitates the recruitment of Chk1 to this complex, thus allowing it
to be phosphorylated and activated by ATR [251–254]. Of note is that Chk1 activation requires
both 9-1-1 loading and the recruitment of ATR-ATRIP to ssDNA, which occur independently of
each other [255,256]. The inability of either ATR or 9-1-1 alone to activate Chk1 likely
represents a mechanism to prevent premature checkpoint activation [147] and is illustrative of
the complexity of Chk1 regulation.
Once activated, Chk1 promotes cell cycle arrest by regulating the activity of
CDK1/cyclin complexes. Chk1-dedendent phosphorylation inhibits Cdc25 phosphatase activity,
either by generating a binding site for 14-3-3 proteins and promoting sequestration to the
cytoplasm, or by producing a signal for proteasomal degradation [226,245,257–261]. This Chk1dependent inhibition of Cdc25 activity results in the persistence of inhibitory phosphorylation of
CDK1/cyclin holoenzymes, thereby initiating cell cycle arrest. In addition, Chk1 activates the
kinase Wee1, which in turn phosphorylates and inhibits CDK1 and thus maintains checkpoint
arrest [228,262–264]. The respective activation and deactivation of Wee1 and Cdc25 are the
primary mechanisms by which Chk1 can halt cell cycle progression in the presence of DNA
damage and replication stress.
Chk2 is the mammalian homolog of S.cerevisiae Cds1 and S. pombe Rad53 [13,265].
Unlike Chk1, chk2-/- mice are viable and display no obvious predisposition to tumour formation
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unless directly exposed to carcinogens [266,267]. This indicates that Chk1 may be able to
compensate for the absence of Chk2, but not vice versa [241,266]. Murine cell models deficient
for Chk2 possess only mild impairment in checkpoint function, although they do exhibit
increased resistance to low doses of IR and decreased p53 stability and function [219,268]. This
early evidence suggested that despite its overlapping function with Chk1, Chk2 plays a direct
role in regulating p53-mediated cell cycle arrest and apoptosis in response to DNA damage.
Chk2 is preferentially activated by ATM via phosphorylation at T68 in the presence of
DSBs [217,269–273]. As yet another example of crosstalk between these pathways, ATR is also
capable of activating Chk2 in response to UV and replication stress [274,275]. Similar to Chk1,
Chk2 can initiate cell cycle arrest by phosphorylating and inactivating Cdc25 [13,220,265,276].
Chk2 also stabilizes p53 levels through phosphorylation at S20, which likely serves to disrupt the
association with its negative regulator, the E3 ubiquitin ligase mouse double minute 2 homolog
(MDM2) [218,219,268,277–279]. The resultant increase in p53 transcriptional activity can in
turn activate the G1/S checkpoint or initiate apoptosis should the damage prove irreparable
[5,280]. Furthermore, Chk2 protects genomic integrity through its regulation of BRCA1
function. Chk2-dependent phosphorylation of BRCA1 at S988 has been shown to promote HRR
and suppress the error-prone NHEJ pathway during DSB repair, and mutation of this site or
introduction of a dominant-negative Chk2 mutant abolished HRR and promoted NHEJ [281].
Another report presented evidence that suggests Chk2 and BRCA1 cooperate to reduce the
mutagenic potential of NHEJ [282]. Given its roles in mediating cell cycle arrest, apoptosis, and
DNA repair, Chk2 can be characterized as a tumour suppressor.
Fitting its role as a tumour suppressor, Chk2 dysfunction has been implicated in
several human cancers. The 1100delC germline variant, which impairs both Chk2 kinase activity
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and stability, was first identified in a subset of families with Li-Fraumeni syndrome that still
harboured wild-type p53, and has since been shown to be common in families predisposed to
breast and colon cancers [16,283–286]. Sporadic Chk2 mutations have been found in
osteosarcomas and lymphomas, as well as cancers of the breast and lung [287–289]. Conversely,
while functional Chk1 mutations have been associated with colorectal cancer [290,291], they are
rare compared to mutations in Chk2 and other DDR factors [241]. This likely reflects the fact
that while Chk2 is clearly a key checkpoint component, Chk1 is essential for viability at the
cellular level [224]. Given their overlapping substrate specificities, and the fact that the stresses
that induce Chk1 activity (SSBs and replication stress) occur far more frequently in vivo than
those that activate Chk2 (DSBs) [113], it can be useful to think of Chk1 as the ‘workhorse’
checkpoint kinase that operates in unperturbed cells and in response to DNA damage, while
Chk2 is an ‘amplifier’ activated by the presence of DSBs [241]. This model provides an
explanation for the partial redundancy of Chk1 and Chk2 function, and demonstrates how the
cell can mount an efficient checkpoint response in the presence of both endogenous and
exogenous DNA damage. Thus, similar ATM and ATR, Chk1 and Chk2 are integrated
components of a complex signaling pathway that transduces the DNA damage signal to DDR
effectors.

2.3.4 - BRCA1
The brca1 and brca2 genes were initially identified as loci in chromosomes 17q and
13q, respectively, which are often lost or altered in breast and ovarian cancers [292,293].
Approximately 5-10% of all breast cancer cases are the result of hereditary disposition conferred

37

by germline mutations in brca1 or brca2, the presence of which can increase a carrier’s risk of
developing cancer by as much as 85% [294,295]. Though structurally unrelated, the
preponderance of evidence indicates that both BRCA1 and BRCA2 are tumour suppressors that
play multiple roles in safeguarding genomic integrity [296]. Regarding BRCA1 in particular, a
multitude of variants have been identified in different populations, although determining the
clinical and functional relevance of specific mutations has proven difficult [297]. A partial
explanation for this is that BRCA1 is known to participate in several different aspects of the
DDR, including cell cycle arrest, DNA repair, protein turnover, and heterochromatin
maintenance [281,296,298–300]. As such, assigning specific BRCA1 mutations to dysfunction at
the molecular level is challenging. Further complicating matters is the fact that BRCA1 interacts
with a host of binding partners through its ring and BRCT domains, and is subject to several
post-translational modifications [297]. Nevertheless, it is well understood BRCA1 is an active
transducer of checkpoint signaling.
One potential mechanism by which BRCA1 functions as a tumour suppressor is
through its interaction with BRCA1-associated ring domain 1 (BARD1), with which it forms a
stable heterodimer in vivo that acts as an E3 ubiquitin ligase [301–303]. A recent report
demonstrated that BRCA1/BARD1-dependent ubiquitylation of Cdc25C and cyclin B is
enhanced upon exposure to IR, and targets them both for proteasomal degradation [300]. Given
that both Cdc25C and cyclin B (the latter through its association with CDK1) are required for the
transition from G2 to mitosis [304], the BRCA1-dependent regulation of their turnover
represents a mechanism to prevent premature mitotic entry in the presence of DNA damage.
BRCA1/BARD1-dependent ubiquitylation can also moderate the function of proteins without
targeting them for degradation. Ubiquitylation of claspin has been shown to enhance its
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interaction with chromatin and thus facilitate Chk1 activation in response to damage [299].
Furthermore, ubiquitylation of H2A contributes to heterochromatin formation and genetic
silencing [305] and is illustrative of another role for BRCA1 in maintaining genomic stability.
BRCA1 is also thought to function as a tumour suppressor by determining which repair
pathway is employed in the presence of DNA damage. Cells harbouring BRCA1 mutations or
deficiency often display impaired HRR and increased rates of NHEJ, and as a result BRCA1 has
been implicated in maintaining genetic integrity by promoting HRR at the expense of NHEJ
[297,306,307]. As mentioned above, ATM and Chk2-dependent phosphorylation at S988 likely
plays a role in this process [281], although the mechanism by which this occurs is obscure.
Studies have also shown that, independent of its interaction with BARD1, BRCA1 facilitates
end-resection, which in turn generates overhangs at breaks that are conducive to HRR and inhibit
NHEJ [308–310]. Furthermore, BRCA1 competes with 53BP1 for DNA-binding at sites of
damage, and thus promotes end-resection and antagonizes 53BP1-mediated NHEJ [311–313].
BRCA1 deficiency may therefore lead to chromosomal rearrangements and tumourigenicity by
forcing cells to rely upon error-prone NHEJ to repair DSBs. Taken together, BRCA1 is a critical
element of the DDR in that it regulates the fidelity of DNA repair and it regulates the function of
checkpoint proteins through its E3 ubiquitin ligase activity.

2.3.5 - TLK1
The human tousled-like kinases 1 & 2 (TLK1 and TLK2) are the homologs of
Arabidopsis thaliana Tousled, a serine/threonine kinase which was found to be essential for
proper leaf and flower development [314–316]. The regulation and function of TLK activity is
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poorly understood, although it is thought to play roles in S-phase progression, chromatin
remodeling, and in checkpoint signaling [317–320]. The domain architecture of both human
TLKs is similar, as both contain a C-terminal kinase domain, and an N-terminal region that
features an NLS and three putative coiled-coil domains, which may be required for proteinprotein interactions [316]. With regards to TLK1, three isoforms have been identified that
correspond to splice variants that do not impact the NLS or coiled-coil domains. An additional,
putative splice variant referred to as TLK1B, whose expression may be induced by DNA
damage, is missing the NLS and two of the three coiled-coil domains [321–323].
The kinase activity of both TLKs is maximal in S-phase and is inhibited in response to
various kinds of DNA damage [316,318,319]. There is evidence suggesting that TLK1 and
TLK2 oligermize and function as a complex in vivo [316], and the best-characterized TLK
substrate is S192 of the histone chaperone anti-silencing function 1 homolog A (ASF1A)
[317,324]. ASF1A facilitates histone H3/H4 deposition and chromatin assembly during DNA
replication and following DNA repair [325–327], although the physiological significance of its
TLK-dependent phosphorylation is unclear. One hypothesis is that phosphorylated ASF1A is
resistant to proteasomal degradation, such that TLK activity serves to promote chromatin
assembly by maintaining ASF1A protein levels [324].
The apparent connection between the TLKs and checkpoint signaling was one of the
earlier indications of crosstalk between ATM and ATR. Chk1 directly inhibits TLK1 activity in
response to DNA damage through phosphorylation at a serine residue in the kinase domain
(S743, S695, or S647, depending on the isoform) in a manner dependent on ATM, but not
necessarily ATR [318,319]. For the sake of clarity, this thesis will use S695 to refer to Chk1dependent phosphorylation of TLK1. The inactivation of TLK1 is rapid and transient, and

40

returns to baseline levels later in the DDR [318]. Like many other aspects regarding TLK1
function, the mechanism for inhibition and subsequent reactivation remains unclear, although the
available evidence suggests a model consistent with it being a checkpoint transducer. Activated
Chk1 inhibits TLK1 activity in response to DNA damage, which contributes to cell cycle arrest
by causing a decrease in ASF1A l levels, thus inhibiting DNA synthesis and chromatin assembly.
TLK1 activity returns and Chk1 activity wanes later in the DDR, possibly to promote chromatin
reassembly post-repair. However, ASF1A phosphorylation is unlikely the sole function of TLK1.
Reports have indicated that the kinase activity of Caenorhabditis elegans TLK1 is stimulated by
the Aurora B kinase, which plays a role in spindle assembly and cytokinesis [328], while others
have shown that TLK1 can promote DNA repair in vitro independent of its kinase activity [320].
Intriguingly, TLK1 has also been shown to phosphorylate the C-terminal tail of Rad9 [320,329],
thus providing further evidence of its connection to checkpoints and the DDR.

2.4 - Checkpoint effectors
The checkpoint effectors are the proteins upon which the checkpoint signaling cascade
converges to halt cell cycle progression in the presence to DNA damage and replication stress.
The activity of these proteins, which are typically phosphatases or kinases, is tightly regulated
and required for initiating cell cycle phase transitions. This section will provide a brief overview
of checkpoint effectors, and address the mechanisms by which the DDR can regulate their
activity, and thus ensure genomic integrity.
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2.4.1 - The Cdc25 phosphatases and Wee1
The Cdc25 family of proteins are highly conserved dual specificity phosphatases,
capable of dephosphorylating both phospho-tyrosine and phospho-serine/threonine residues
within the same protein [330]. There are three mammalian Cdc25 isoforms, referred to as
Cdc25A, Cdc2B, and (wait for it) Cdc25C, and they each carry distinct, yet overlapping
functions in cell cycle control. As a general rule, Cdc25A facilitates the transition from G1 to Sphase, while Cdc25B and Cdc25C cooperate to control mitotic entry [331]. The specific role that
each isoforms plays is not completely understood. Mice harboring homozygous deletions for
Cdc25B and Cdc25C, both separately and in combination, are viable and do not exhibit obvious
defects in cell cycle progression or checkpoint activation [332,333]. This indicates that Cdc25A,
and potentially other cell cycle control factors, are able to compensate for the absence of Cdc25B
and Cdc25C. Illustrating the essential nature of Cdc25A, cdc25a-/- mice have since been shown
to be embryonic-lethal [334].
The only Cdc25 substrates identified to date are the CDK-cyclin complexes. Cdc25
phosphatases function by removing inhibitory phosphate moieties from T14 and Y15 within the
ATP-binding loop of CDK1, thereby stimulating CDK-cyclin activity and promoting cell cycle
phase transition [331]. As such, regulating the localization and abundance of Cdc25 is a critical
component of cell cycle and checkpoint control. Regarding localization, activated Chk1 and
Chk2 can phosphorylate each Cdc25 isoform, which produces a binding-surface for 14-3-3
proteins. 14-3-3 proteins then mediate sequestration of Cdc25 from the nucleus to the cytoplasm,
such that it cannot activate nuclear CDK1-cyclin complexes [257–259,261,335]. On the other
hand, phosphorylation within the nuclear export signal of Cdc25C by Polo-like kinase 1 (PLK1)
leads to nuclear retention of Cdc25C, and hence CDK1 activation and mitotic entry [336].
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Phosphorylation of Cdc25C by CDK1 itself promotes both its phosphatase activity and nuclear
localization, and is indicative of a positive feedback loop that ensures the irreversibility of CDK1
activation and transition from G2 to mitosis [330,337]. The DDR also regulates Cdc25 protein
levels, as Chk1 and Chk2-dependent phosphorylation of Cdc25A in response to IR and UV has
been shown to be a precursor to proteasomal degradation mediated by the Skp, Cullin, F-box
containing (SCF) complex, an E3 ubiquitin ligase [338,339]. Cdc25A activates CDK2, CDK4
and CDK6 cyclin complexes, all of which play a role in the G1/S transition [24,340,341]. As
such, cells can initiate a rapid G1/S checkpoint response through the targeted, Chk1/2-dependent
inactivation of Cdc25A and subsequent inhibition of these CDKs [338,342]. Thus, checkpoint
signaling can repress Cdc25 activity via two distinct mechanisms, and thereby prevent premature
entry into S-phase and mitosis in the presence of DNA damage.
The importance Cdc25 activity is underlined by the degree to which its dysregulation
correlates with genomic instability and cancer. Overexpression of the A and B (and, to a much
lesser extent, C) Cdc25 isoforms has been associated with advanced tumour grade and poor
prognosis in several human cancers, including breast, ovarian, prostate, gastric, endometrial, and
pancreatic [330,331]. To date, there is no evidence linking Cdc25 overexpression in cancer with
specific mutations or increases in copy number, which suggests that the oncogenic effect of
mutations in upstream cell cycle control factors may in part be caused by improper regulation of
Cdc25 function and turnover [331]. For example, ATR-deficient cells derived from Seckel
syndrome patients display elevated Cdc25A levels both during normal cell cycle progression and
in response to DNA damage [343]. In addition, the mitogen-activated protein kinase (MAPK)
signaling cascade, which is frequently dysregulated in cancer, can phosphorylate and promote
the activation of Cdc25A and Cdc25B [344]. Given that aberrant Cdc25 activity can cause
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unconstrained cell growth and premature mitotic entry in the presence of DNA damage, proper
regulation of the abundance and localization of Cdc25 is a crucial aspect of the DDR and the
maintenance of genomic integrity.
The wee1 gene was initially characterized as a negative regulator of mitosis in S.
pombe, and was so-christened due to the fact that wee1 mutants are roughly half the size of wildtype cells as they divide [345,346]. Wee1 has since been shown, in both yeasts and higher
eukaryotes, to be the tyrosine kinase directly responsible for the inhibitory phosphorylation at
Y15 of CDK1 [347,348]. To date, Wee1 is the only kinase identified to phosphorylate CDK1 at
this residue [6].
Wee1’s primary role is delaying mitotic entry through inhibition of CDK1, and as such
it possesses essentially the opposite function of Cdc25 [264]. Similar to Cdc25, Wee1 is a
substrate of Chk1, although Chk1 positively regulate its activity [228]. Cells treated with the
Chk1-inhibitor UCN-01 or subject to Chk1 depletion display decreased Wee1 activation and
CDK1 Y15 phosphorylation in response to damage [247,349–351]. Thus, Wee1 and Cdc25
counteract each other in regulating CDK1 activity and cell cycle phase transition during
unperturbed cell growth, and their respective activation and inhibition in response to DNA
damage serves to repress CDK1 and initiate cell cycle arrest [6,264]. Given its importance in
regulating CDK1 activity, the Wee1/Cdc25 axis represents an obvious target for anticancer
therapies. Indeed, much work has been directed towards developing Cdc25 inhibitors [330,331],
and Wee1 inhibition has been investigated as a method of bypassing the G2/M checkpoint in
cancer cells, thereby sensitizing them to DNA-damaging chemotherapeutics [352,353].
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2.4.2 - CDK/cyclin complexes
At its core, checkpoint signaling boils down to regulating the activity of CDK/cyclin
complexes. The first identified CDK, designated Cdc2 in S. pombe and Cdc28 in S. cerevisiae,
was discovered through genetic screens of yeast mutants with defects in cell division [24]. This
protein, whose mammalian homolog is CDK1, has since been characterized as a highly
conserved serine/threonine kinase that phosphorylates a multitude of substrates that contribute to
cell cycle progression [24,354]. To date, 19 members of the mammalian CDK family have been
identified, of which 11 are bona-fide CDKs, and 8 are CDK-like [24]. In addition to the
phosphorylation events described above, CDK activity is regulated through binding with cyclin
proteins.
Cyclins are so-named because their protein levels fluctuate in a manner dependent on
cell cycle position [355,356]. For example, cyclin A levels increase in the later stages of S-phase,
and decrease sharply as they enter mitosis. Conversely, cyclin B levels peak as cells transition
from G2 to mitosis, and decrease as they proceed through mitosis and re-enter G1 [357]. Cyclins
function as the regulatory component of CDK/cyclin holoenzymes, in that CDKs are only active
when bound to a cyclin molecule. All cyclins contain a cyclin box motif through which they bind
to and activate CDKs; in fact, peptides derived from the cyclin box are sufficient to induce
CDK1 activity in Xenopus laevis oocytes [358].
It is the specific combination of CDK and cyclin family members bound to each other
that drives different cell cycle phase transitions. As a general guide, CDK1 preferentially
associates with cyclins A and B, which serves to facilitate progression from S-phase to G2 and
from G2 to mitosis, respectively. In late G1, CDK2/cyclin E and CDK4/cyclin D can initiate
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DNA synthesis [24,357]. In addition to activating CDKs, cyclin-binding also confers substrate
specificity to CDK/complexes [359–363]. Given that some CDKs possess the same innate
substrate specificity, this represents a critical aspect of cell cycle control. An active CDK/cyclin
complex responsible for S-phase progression will not trigger mitosis, just as mitogenic
CDK/cyclin complexes will not initiate DNA synthesis and re-replication [304,357,364]. Thus,
the cyclical nature of cyclin expression ensures that phase-specific cell cycle events occur in the
correct order, and do not overlap.
The list of CDK/cyclin substrates is quite extensive (see [24] for a review).
CDK4/cyclin D phosphorylates the protein product of the retinoblastoma gene (pRb), a tumour
suppressor whose dysfunction is a hallmark of many human cancers [341,365,366]. During early
and mid-G1, hypophosphorylated pRb binds to and inhibits the activity of E2F family of
transcription factors. Phosphorylation of pRb in late G1 disrupts this association, and thus
promotes transcription of E2F target genes that facilitate the transition from G1 to S-phase [367–
369]. The Cyclin E gene itself is an E2F target, and drives entry into S-phase and ensures that
cells do not re-enter G1 [24,370]. CDK activity in late G1 can also initiate DNA replication at
licensed origins by stimulating the helicase activity of MCM2-7 [81]. CDK1/cyclin B, which is
essential for triggering mitosis, modifies factors that promote chromosomal condensation and
separation, as well as breakdown of the nuclear lamina [24,371]. Furthermore, CDK1/cyclin B
regulates its own activity through a negative feedback loop via phosphorylation of the anaphasepromoting complex/cyclosome (APC/C). APC/C is an E3-ubiquitin ligase that, upon
phosphorylation by CDK1/cyclin B, targets cyclin B for proteasomal degradation [372,373]. The
degradation of cyclin B deactivates CDK1, and is essential for mitotic exit and re-setting the cell
cycle.
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Although CDKs themselves are rarely mutated in human cancers, many of their
regulatory factors and substrates frequently are [374]. As such, CDK inhibition represents a
promising avenue for cancer therapy. Recent work has gone towards developing selective smallmolecule inhibitors of CDK4 and CDK6 in an effort to restore the hypophosphorylated state of
pRb, and thus prevent aberrant DNA synthesis and cell growth [375,376]. In addition,
compounds that inhibit CDK1 have been shown to sensitize BRCA1-proficient cancer cells to
DNA damage-inducing therapies, likely by impairing HRR [377,378]. Thus, CDK/cyclin
complexes represent the nexus of signaling pathways that regulate cell cycle control and
checkpoint function, and dysregulation of this complex system often results in uncontrolled cell
growth and carcinogenesis.

2.4.3 - p53
p53, the so-called ‘guardian of the genome’, is a canonical tumour suppressor mutated
in approximately 50% of all human cancers, and germline mutations result in Li-Fraumeni
syndrome, which is characterized by predisposition to cancer at a young age [280,379]. p53
functions primarily as a transcription factor that promotes expression of genes implicated in
DNA repair, cell cycle arrest, and apoptosis [280,380]. In unperturbed cells, p53 is unstable and
present at relatively low levels, but, in response to DNA damage, several checkpoint pathways
converge on p53 to enhance its stability and increase transcription of its targets [381,382]. As
such, the proper regulation of p53 function is essential for maintaining genomic integrity.
In normally cycling cells, p53 levels are kept low through proteasomal degradation
mediated by its negative regulator, the E3 ubiquitin ligase MDM2 [277–279,383]. In response to
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DNA damage, activated Chk1 and Chk2 phosphorylate p53 at S20, thereby disrupting its
association with MDM2 and increasing the transcription of p53 target genes [218,241,384]. In
the context of checkpoint signaling, p53 stabilization has two potential outcomes: Cell cycle
arrest, or, in the case of severe, irreparable damage, apoptosis. One particularly wellcharacterized p53 target is p21, a potent CDK inhibitor [385,386]. p21-dependent inhibition of
CDKs is one of the ultimate downstream mechanisms for enacting cell cycle arrest in p53competant cells in response to DNA damage, and serves to prevent phosphorylation of pRb and
subsequent transcription of E2F targets [5,387]. p21, through its PIP box, can also directly inhibit
DNA synthesis by binding to PCNA [102,388,389]. p53 facilitates induction of the G2/M
checkpoint by increasing the expression of 14-3-3 proteins, which are required for the
sequestration and inactivation of Cdc25 [261,390,391]. In the case of severe DNA damage, p53
can induce apoptosis through expression of p53-upregulated modulator of apoptosis (PUMA), a
pro-apoptotic member of the Bcl-2 family [392]. Thus, given its role in regulating both cell cycle
arrest and apoptosis, p53 represents a ‘switch’ that defines the path a cell takes upon
encountering genomic lesions.
The fact that p53 is implicated in so many aspects of the DDR makes it an enticing
therapeutic target, particularly in cancers that retain the wild-type p53 allele yet display
diminished p53 activity [393,394]. MDM2 is elevated at either the genetic or expression level in
approximately 7% of all p53-proficient tumours, and inhibition of MDM2 may serve to restore
p53 function in these cases. Indeed, several small-molecule inhibitors of MDM2 are currently in
clinical trials, both to restore p53 and to induce apoptosis in cancer cells when used in
combination with other therapies [394].
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2.5 – The spindle assembly checkpoint
An additional checkpoint not addressed thus far is the spindle assembly checkpoint
(SAC). This checkpoint, also referred to as the mitotic checkpoint, functions to delay the
transition from metaphase to anaphase in the presence of improperly aligned chromosomes
[395]. Thus, it ensures that each daughter cell has a complete, structurally sound genome, and it
is a defense mechanism against large-scale genomic aberrations and rearrangements, aneuploidy
and carcinogenesis [395,396]. Impaired regulation of the SAC can result in a premature
transition into anaphase, which in turn can result in chromosomal missegregation, cytokinesis
failure, mitotic catastrophe-induced cell death. Alternatively, cells that do not undergo mitotic
catastrophe and survive cytokinesis can become polyploid, which can increase their oncogenic
potential [397–400]. The SAC is thus another critical mechanism that eukaryotic cell have
evolved to preserve genomic integrity.
The signals that initiate an SAC-induced delay in metaphase-anaphase transition are
unattached kinetochores [395]. Kinetochores are large multi-protein complexes located at the
centromere that are attached to the microtubule network (or ‘spindle’), which in turn is attached
to a centrosome at either pole of the cell [396,397]. The SAC functions by ensuring that each
kinetochore on each sister chromatid is connected, via microtubules, to centrosomes on opposite
poles. In the case that each kinetochore is properly attached, the cell will enter anaphase and
sister chromatids will detach and be pulled towards their respective centrosomes, such that each
daughter cell receives a complete genetic complement [397]. In the presence of unattached, or
improperly attached kinetochores, the mitotic checkpoint complex (MCC) localizes to
kinetochores in a manner dependent on the kinases multi-polar spindle 1 (MPS1) and Aurora B
[396]. The MCC, which contains the proteins MPS1, Bub1, MAD1, MAD2, and BubR1,
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sequesters Cdc20, and thus inactivates the APC/C E3 ubiquitin ligase. APC/C-mediated
degradation of both securin and cyclin B facilitates the metaphase-anaphase transition [397].
Securin inhibits the activity of separase, which is required for the degradation of cohesin
complexes that bind sister chromatids together [395,396]. As such, degradation of securin is
critical for entry into anaphase, and inhibiting its degradation delays this transition. Conversely,
degradation of cyclin B is a prerequisite for entry into telophase, cytokinesis, and mitotic exit
[395–397]. Thus, proper regulation of the SAC is complex and crucial for maintaining genomic
integrity.

2.6 - Checkpoint recovery
Although much progress has been made towards elucidating the mechanisms by which
checkpoint signaling is initiated and maintained, comparatively little is understood about how
cell cycle arrest is alleviated. This process, referred to as checkpoint recovery, is responsible for
‘turning off’ the checkpoint, and allows for the resumption of normal cell cycle progression upon
completion of repair. Subversion of checkpoint recovery (i.e. cell cycle entry prior to complete,
accurate DNA repair) would serve to promote cell proliferation at the expense of genomic
integrity, and thus predispose cells to tumourigenesis [7]. As such, proper regulation of
checkpoint recovery is every bit as critical as checkpoint initiation.
One mechanism for checkpoint recovery is the proteasomal degradation of checkpoint
factors. In particular, turnover of each of Rad17, claspin, and Wee1 have been implicated in the
termination of checkpoint signaling. Rad17 possesses an N-terminal destruction box that is
targeted by APC/C, and its degradation likely halts checkpoint signaling by disrupting the Chk1
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activation complex [401,402]. In the case of claspin, phosphorylation by PLK1 targets it for
SCF-mediated ubiquitylation and degradation [403,404]. Rad17 and claspin are both essential for
ATR-dependent Chk1 activation [253,405], such that their degradation promotes checkpoint
recovery by reducing the amount of active Chk1 and thereby enhances Cdc25 and CDK activity.
Wee1 is also phosphorylated by PLK1 in a manner that subjects it to SCF-mediated turnover,
which decreases the amount of inhibitory phosphorylation at Y15 of CDK1 and thus promotes
cell cycle progression [406]. Recent studies have established that PLK1 activation, clearly a
driving force for mitotic entry and checkpoint recovery, is dependent on the Aurora A kinase
[407]. This is evidence of yet another positive feedback loop in cell cycle control, as Aurora A
activity is regulated by its association with phosphorylated Bora, which itself is a substrate of
CDK1/cyclin B [408]. Thus, CDK1/cyclin B facilitates PLK1 activation, which in turn promotes
further CDK1/cyclin B activity and mitotic entry.
Regulation of the phosphorylation-state of DDR proteins represents another
mechanism for checkpoint recovery. One phosphatase in particular, wild-type p53-induced
phosphatase 1 (Wip1) has been shown to facilitate cell cycle re-entry by dephosphorylating
checkpoint factors such as γH2AX, ATM, Chk1, and p53 [409–411]. The dephosphorylation of
γH2AX in particular is thought to be critical, and likely represents the first step in the dissolution
of γH2AX foci that localize checkpoint and repair proteins to sites of damage [7,409]. Given that
Wip1 expression is mediated by p53 [412], this represents an intriguing regulatory loop whereby
DNA damage induces transcription of p53 targets that can both initiate and attenuate checkpoint
signaling, depending on the severity and duration of damage [280]. Conversely, Wip1 also
promotes checkpoint recovery by stabilizing MDM2 levels, such that it can mediate p53
proteolysis [413].
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Thus, checkpoint signaling is terminated primarily by the targeted degradation or
dephosphorylation of checkpoint proteins. The complex processes by which this is regulated are
only now beginning to be understood, as are the causes and consequences of dysregulation of
checkpoint recovery. Aberrant regulation of proteins implicated in checkpoint recovery often
correlates with genomic instability and cancer. In particular, elevated Wip1 expression and gainof-function mutations can cause premature checkpoint termination, and have been identified in
several cancer subtypes [414–418]. Interestingly, wip1 deletion in atm-/- mice was shown to
partially rescue their A-T-like phenotype by restoring p53 function and alleviating their
predisposition to lymphomas [419]. Taken together with its role in negatively regulating p53
[413], compounds that inhibit the Wip1 oncogene may serve to restore checkpoint integrity in
p53 proficient cancers, and thus represent a promising therapeutic target [280,414].
Drugs that promote premature recovery by inactivating the G2/M checkpoint can also
prove beneficial when used in conjunction with DNA-damaging treatments. Proteins implicated
in the G2/M checkpoint are rarely mutated in human cancers, which suggests that intact G2/M
function is required for tumour cell viability; which is to say, tumour cells rely on the G2/M
checkpoint to induce cell cycle arrest in response to damage [241,420]. Thus, targeted
inactivation of the G2/M checkpoint in p53 deficient cancers (or other cancers with G1/S
checkpoint defects) may promote mitotic entry in the presence of unrepaired DNA, which in turn
can induce mitotic catastrophe and thereby sensitize cancer cells to chemotherapy [420]. The
‘holy-grail’ for this approach has long been selective inhibition of Chk1, as siRNA-mediated
depletion of Chk1 and treatment with the inhibitor UCN-01 have both been shown to bypass the
G2/M checkpoint in response to DNA-damaging therapies, thus potentiating their efficacy
[291,350,351,421,422]. The poor in vivo bioavailability of UCN-01 [420] has led to the
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development of additional, more selective Chk1 inhibitors for use in conjunction with other
therapies [423,424], and abrogation of the G2/M checkpoint through Chk1-inhibition remains a
promising avenue for cancer research.
Proper regulation of checkpoint recovery is critical for safeguarding genomic integrity
and maintaining cell cycle arrest until DNA is completely and accurately repaired. A deeper
understanding of the mechanisms at play may allow for the development of novel therapeutics
that restore checkpoint proficiency, or selectively sensitize cancer cells to conventional DNA
damage-inducing therapies.

2.7 - Back to the top: The 9-1-1 complex up close and personal
Since the work described in this thesis is focused on characterizing the human Rad9
protein, a deeper explanation Rad9’s structure, function, and regulation is required. What follows
is a discussion of the complex regulation of Rad9 and the 9-1-1 complex, and the central role it
plays in checkpoint signaling and the DDR.
The rad9 gene was originally isolated and characterized from an S. pombe genomic
library as a plasmid that could rescue the radiosensitivity phenotype of the rad9.192 strain
[425,426]. The human homolog, identified from a human infant brain cDNA library, codes for a
protein consisting of 391 amino acids with an approximate molecular weight (MW) of 42 kDa.
Human Rad9 is 25% identical and 52% similar to S. pombe Rad9, and is able to partially rescue
radiation sensitivity and checkpoint defects in S. pombe when expressed in a rad9::ura4+
background [427]. rad9-/- mice are non-viable, and a murine embryonic stem cell line (mES) null
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for Rad9 displays severe sensitivity to genotoxic agents and is subject to gross chromosomal
rearrangements [428]. It bears mentioning at this point that rad9-/- mES cells have been shown to
express a testes-specific Rad9 paralog referred to as Rad9B [210]. Rad9B is able to interact with
Rad17 and the other members of 9-1-1 [429], as well as facilitate the nuclear localization of
claspin [210]. Given that this paralog shares at least some functional similarities with Rad9, it
seems likely that Rad9B is essential for the viability of rad9-/- mES cells, which therefore
represents a hypomorphic Rad9 model as opposed to a true null.
The available evidence suggests that Rad9 is the key regulatory component of the 9-11 complex. It possesses a C-terminal nuclear localization sequence (NLS) that is required for
localizing each member of 9-1-1 to the nucleus [430], and its N-terminal PCNA-like region
contains binding motifs for PIP-box proteins and the apoptotic control factors Bcl-2 and Bcl-xL
[195,431,432]. Its C-terminal region binds directly to RPA70 and TopBP1, and disruption either
of these interactions impairs ATR and Chk1 activation in response to damage [213,433]. In
addition, Rad9 possesses an unstructured C-terminal tail of approximately 110 amino acids that
does not share homology with Rad1, Hus1, or PCNA. This region is not required for 9-1-1
complex formation or loading, but is critically important for normal checkpoint function
[20,158,192,214,215,433].
The C-terminal tail of Rad9 is heavily modified by phosphorylation both constitutively
and transiently in response to cell cycle position and damage, and hence represents a potential
regulatory mechanism for checkpoint control (Figure 2.4), [19,20,214]. The Rad9 homologs of
both S. pombe and S. cerevisiae (Rad9 and Ddc1, respectively) also possess heavily modified Cterminal tails, although they are poorly conserved compared to higher eukaryotes [214,434,435].
In humans, S272 is phosphorylated rapidly and transiently by ATM in response to IR, UV, and
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Figure 2.4 – Phosphorylation of the C-terminal tail of Rad9. The serine and threonine residues
of Rad9’s
Rad9 s C
C-terminal
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tail, and the context under which they are modified
modified. Also shown are the
kinases responsible for these modifications, and their physiological role. ‘Unknown function’
refers to residues where phosphorylation has been detected by mass-spectrometry, but the in vivo
consequences remain unclear. Rad9’s nuclear localization signal, which localizes the entire 9-1-1
complex to the nucleus, is also shown.
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HU regardless of cell cycle position, and T292 is phosphorylated exclusively during mitosis by
CDK1 [197,208]. An additional damage-induced, late G2-specific phosphorylation event, termed
the σ-site, has been identified, although the residue(s) modified and kinase(s) responsible have
yet to be determined [20]. The six phosphorylation sites thought to be constitutive are S277,
S328, S336, S341, T355, and S387 [20,214], although recent studies have indicated that
regulation of phosphorylation at some of these sites may be more complex. Phosphorylation of
S328 by CDK1 potentially induces apoptosis upon exposure to etoposide [432] while TLKdependent phosphorylation at S328 and T355 may play a role in cell cycle turnover and G2/M
checkpoint exit [320,436]. Other constitutively phosphorylated sites are also critical for Rad9
function: phosphorylation at T292 is dependent on prior phosphorylation at S277, and
phosphorylation at S341 and S387 are required for the interaction with TopBP1 and subsequent
phosphorylation of the σ-site [20,250]. Two additional phosphorylated residues, S375 and S380,
have been identified through mass spectrometry [214], but the significance of phosphorylation of
at these sites remains to be determined. Although substantial progress has been towards
identifying the targeted residues within Rad9 and the context under which they are modified, our
understanding is far from complete. The complex and interdependent nature of Rad9
phosphorylation has made the task of establishing the physiological significance of these events
challenging. With that said, it has become clear that the phosphorylation status of Rad9 has a role
in regulating downstream checkpoint factors that are localized and activated by loaded 9-1-1.
Rad1 and Hus1 do not feature the regulatory complexity of Rad9, but are still key
factors of the damage-sensing machinery. Like Rad9, deletion of either in mice is embryoniclethal, and in cell models causes defects in checkpoint activation, increased sensitivity to DNA
damaging agents, and genomic instability [437,438]. In particular, Rad1-depleted mES cells
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display impaired ATR activation (but not ATM) and radioresistant DNA synthesis [438]. Hus1
deletion in mouse embryonic fibroblasts (MEF) presents an interesting case, as these cells are
unable to proliferate unless compounded with a p21-/- background [437]. The concomitant loss of
p21 is thought to bypass the 9-1-1-independent, ATM/p53-triggered induction of cell cycle arrest
in response to the loss of 9-1-1 function and resultant genomic instability [439]. Depletion of
either Rad1 or Hus1 disrupts formation of 9-1-1, which illustrates the importance of each
component of the complex and also indicates that the checkpoint clamp is exclusively
heterotrimeric in vivo; that is, 9-1-1 members are unable to complex together at a 2:1 ratio or as a
homotrimer to compensate for the absence of any one component [192,195]. Regarding posttranslational modifications, in Xenopus both Rad1 and Hus1 are phosphorylated in response to
damage by ATR, although these events do not affect 9-1-1 complex formation, loading, proteinprotein interactions, or downstream checkpoint signaling [217]. Recently, it has been speculated
based on structural modelling that ubiquitylation of Rad1 at K185, the topological equivalent to
PCNA K164 [195], may influence loading by regulating the interaction between 9-1-1 and
Rad17-RFC, although this does not appear to be the case in vivo [441].
Consistent with its prominent role in DNA damage detection and checkpoint initiation,
aberrant regulation of Rad9 and the 9-1-1 complex function has been implicated in numerous
human and animal cancer models. Targeted deletion of Rad9 in murine keratinocytes exposed to
7,12-dimethylbenz(α)anthracene correlates with enhanced tumour formation and a higher
incidence of DSBs [442]. Rad9 depletion in cell models leads to phenotypes consistent with
oncogenesis such as genomic instability, hypersensitivity to genotoxins, and impaired checkpoint
function [20,428,443]. In addition to the aforementioned rad9-/- mES cells, a primary MEF
model haploinsufficient for Rad9 was shown to exhibit an increased rate of IR-induced
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transformation, a decreased ability to resolve DSBs, and less apoptosis compared to WT cells
[444]. Taken together, this presents strong evidence that Rad9 is a tumor suppressor. However,
Rad9 over-expression has been associated with several human cancer types, which indicates that
Rad9 may also function as an oncogene. One study found elevated Rad9 levels in 33% of the
non-small cell lung cancer (NSCLC) cases analysed [445], while another found the same in
52.1% of breast tumours [446]. The latter report also demonstrated that the degree of Rad9
overexpression correlates with tumour size and recurrence. Furthermore, high Rad9 levels have
been found in a number of prostate cancers, and siRNA-mediated depletion of Rad9 in human
prostate cancer cells was found to reduce their tumourigenicity when injected into nude mice
[447,448]. This demonstrates that over-expression of Rad9 may directly contribute to
oncogenesis, although the mechanism by which this may occur remains unclear. One potential
explanation is that increased Rad9 levels may serve to promote cell survival in response to DNA
damage, such that damage is inadequately repaired, and the resultant mutations are passed on to
subsequent generations [21]. Another is that Rad9, in a capacity beyond being a component of 91-1, may function as transcription factor. Rad9 has been shown to directly activate transcription
of p21 [449], and as such an excess of Rad9 may cause the upregulation of other target genes
that promote cell growth and proliferation. Rad9 is thus part of a select class of proteins that have
dual roles as tumour suppressors or oncogenes depending on relative expression levels [21]. The
fact that both overexpression and underexpression of Rad9 are associated with tumour formation
illustrates the essential role that it, and 9-1-1, plays in maintaining genomic integrity.
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2.8 - Hypothesis and specific aims
As mentioned above, the requirement of Rad9 and the 9-1-1 complex for efficient
Chk1 activation is well established [158,212,214], as is the transient Chk1-dependent
inactivation of TLK1 in response to DNA damage [318,319]. Given recent reports that identify
Rad9 as a substrate for phosphorylation by TLK1 [320,329], it was hypothesized that Chk1,
Rad9, and TLK1 are components of a feedback loop that regulates checkpoint function.
Furthermore, it was hypothesized that the interaction between Rad9 and TLK1 is crucial for
checkpoint function, and thus maintaining genomic integrity. To this end, experiments were
performed that sought to characterize the relationship between Rad9 and TLK1 in biochemical
terms. From there, studies were carried out in an effort to identify the physiological
consequences for the interaction between Rad9 and TLK1. The results from these studies are
presented in Chapter 4.
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Chapter 3: Materials and Methods
3.1 - Cell culture and transfections
HeLa cells (CCl-2), obtained from the ATCC repository (Manassas, VA), were
maintained in Dulbecco’s modified Eagle’s Medium (DMEM; Sigma, Oakville, Canada)
supplemented with 10% fetal bovine serum (FBS; Life Technologies, Burlington, Canada) at
37°C in 5% C02 atmosphere. Transient DNA transfections were carried out using Fugene 6
(Roche, Mississauga, Canada) according to the manufacturer’s protocol using a 3:1 Fugene/DNA
ratio. siRNA transfections were carried out in 6-well plates using 3μl of Lipofectamine 2000
(Life Technologies) and 40pmol of siRNA duplex per well. siRNA directed against TLK1 (AM51333) and a non-silencing scrambled siRNA (AM-4611) were purchased from Life
Technologies.

3.2 - Drug treatments and irradiation
Cells were exposed to IR using a Victoreen Electometer 137Cs γ-irradiator (Atomic
Energy of Canada, Mississauga, Canada) at 0.45Gy/min. Non-irradiated control cells were
transported to the irradiator and left at ambient atmosphere and temperature in a similar manner
as irradiated cells, but were not exposed to IR. Thymidine (BioShop, Burlington, Canada) was
administered at 2mM for 18hr. 2hr prior to subsequent treatment, cells were washed twice with
5mL phosphate-buffered saline (PBS) and released into fresh DMEM supplemented with 10%
FBS. Hydroxyurea (HU, Sigma) was administered at 10mM for 18hr.
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3.3 - Plasmids and site-directed mutagenesis
All Rad9 point-mutants were generated using the Transformer site-directed mutagenesis
kit (Clontech, Mountain View, CA) according to the manufacturer’s instructions. Rad9
constructs transfected into HeLa cells were contained within the Xho1 and Xba1 restriction sites
of the pyDF vector [19] under influence of the SR-α promoter. N-terminal GST-fusion
expression plasmids were generated by PCR subcloning either full-length or segments of Rad9
cDNA (both wild-type and point-mutants) into the pGEX-2T vector.

3.4 - Immunoprecipitation and immunoblotting
Cells were lysed in NETN buffer (250mM NaCl, 20mM Tris pH 8.0, 0.5% Nonidet P-40
and 10% glycerol supplemented with 20mM β-glycerophosphate, 0.2mM sodium fluoride, 1mM
sodium orthovanadate and 100μl of HALT EDTA-free protease inhibitor cocktail {Thermo
Scientific, Rockford, IL} per 1mL lysis buffer) at a concentration of 1mL per 1.0 x 106 cells.
Lysates were then incubated in the presence or absence of 100 units/mL DNase I (Thermo
Scientific) for 30 min at RT, after which they were centrifuged at 13,000 x g, 4°C. The protein
concentration of the supernatants was assayed using the DCTM protein assay kit (Bio-Rad,
Mississauga, ON), after which they were equalized for protein content and pre-cleared with αchicken IgY-agarose (Aves Labs, Tigard, OR) for 20min at 4°C prior to immunoprecipitation.
Immunoprecipitation was performed by incubating lysates with 2.0μg chicken polyclonal α-Rad9
antibody per 1.0mg lysate protein overnight at 4°C and 40μl of a 1:1 α-chicken IgY-agarose and
NETN slurry for 3hr at 4°C. Immune complexes were washed three times with 800μl NETN and
re-suspended in 30μl SDS-PAGE loading buffer.
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Soluble cell lysates and immune complexes were fractionated by SDS-PAGE, after
which proteins were transferred to Hybond nitrocellulose membrane (GE Healthcare,
Mississauga, Canada) by a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad) for 50 min at 19 V.
For subsequent immunoblotting, membranes were blocked in either 5% non-fat milk powder
(Bioshop) or 5% bovine serum albumin (BSA; Bioshop) in PBS containing 0.1% TWEEN 20
(PBST) for at least 30 min at room temperature with rocking. After blocking, blots were
incubated with primary antibody overnight at 4°C with rocking. On the following day, blots were
rinsed three times with PBST, followed by three 5 min washes. Blots were then incubated with
the appropriate horseradish peroxidise (HRP)-conjugated secondary antibody for 1 hr at room
temperature with rocking. Blots were again rinsed three times with PBST, after which there were
washed 6 times for 10 min. Finally, blots were incubated with Pierce Biolynx ECL reagent
(Fisher Scientific) for 5 min, after which they were developed by exposure to X-ray film (Santa
Cruz Biotechnology) or using an Image Station 4000mM Pro imager (Kodak, Rochester, NY).
Densitometry was performed using Carestream Molecular Imaging software (Carestream
Molecular Imaging, New Haven, CT).

3.5 - Antibodies
Affinity-purified rabbit polyclonal α-Rad9 phospho-T355 was purchased from Pacific
Immunology (Ramona, CA). Affinity-purified chicken polyclonal α-Rad9 antibodies used for
immunoprecipitation and immunofluorescence were produced by RCH Antibodies, as previously
described [18]. Other antibodies employed were mouse α-Rad9 (BD Biosciences, Mississauga,
ON), rabbit α-Rad9 phospho-S272 (Abgent, San Diego, CA), rabbit α-TLK1 (for
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immunoprecipitation, Abcam, Toronto, ON), rabbit α-TLK1 (for immunoblotting) rabbit αTLK1 phospho-S695, mouse α-Chk1 (#2360-S), rabbit α-Chk1 phospho-S317 (Cell Signaling,
Danvers, MA), mouse α-c-myc 9E10 (#sc-40, Santa Cruz Biotechnology, Paso Robles CA), and
chicken α-GAPDH (#15822-100, Abcam). The conditions under which each primary antibody
was used are shown in Table 3.1. The HRP-conjugated secondary antibodies employed were
donkey α-mouse, goat α-chicken (Jackson ImmunoResearch, Burlington ON), and goat α-rabbit
(Bio-Rad). Secondary antibody conditions are shown in Table 3.2.

3.6 - Protein purification
GST-fusion peptide expression was induced in 100mL of logarithmically growing BL21
E. coli with 10μl of 1M isopropyl-1-thio-β-D-galactopyranoside (final concentration 0.1mM) for
3hr at 37°C. Bacteria were pelleted by centrifugation at 6000 x G for 15 min at 4°C, after which
they were resuspended in 10mL bacterial lysis buffer (BLB; 1.5% N-lauroylsarcosine, 1% Triton
X-100, 150mM NaCl, 10mM TRIS pH 8.0, and one Complete-Mini protease inhibitor tablet
{Roche} per 10mL), and incubated for 1hr at 4°C on a nutator. Bacteria were then lysed with a
Sonic Dismembrator 100 sonicator (Fisher, Pittsburgh, PA) using four 20s pulses with 30s gaps.
The resultant lysates were centrifuged at 15,000 x G for 30 min at 4°C, and the pellets were
discarded. GST-fusion peptides were purified batch-wise by incubating lysates with 2.0mL of a
1:1 slurry of glutathione-conjugated sepharose (GE Healthcare) and BLB overnight on a nutator
at 4°C. The slurry was washed three times with 5mL PBS, and bound protein was eluted with
1.0mL of buffer containing 20mM reduced glutathione in 10mM HEPES, 10mM MgCl2, and
1mM dithiothreitol at a final pH of 7.4. Full-length GST-Rad9 was concentrated post-elution
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with Mircrocon centrifugal filters (Millipore, Etobicoke, Canada). Glycerol was added to
purified, recombinant proteins at a final concentration of 20%, after which they were stored at 80°C.

3.7 - In vitro kinase assays
Asynchronously growing HeLa cells or those exposed to 20Gy IR or 10mM HU were
harvested 18hr post-treatment and lysed in 1mL of kinase lysis buffer (50mM Tris pH 7.4, 1mM
EDTA pH 8.0, 25mM NaCl and 0.1% Nonidet P-40 supplemented with 20mM βglycerophosphate, 0.2mM sodium fluoride, 1mM sodium orthovanadate, and one Complete-Mini
protease inhibitor tablet per 10mL) per 1.0 x 106 cells. TLK1 was immunoprecipitated from
these lysates using 1.5μg of rabbit polyclonal antibody per 1.0mg of protein and pulled down
with protein A-conjugated sepharose (BioVision, Burlington ON). Recombinant myc-TLK1 was
immunoprecipitated using 1.5μg of mouse monoclonal 9E10 c-myc antibody per mg of protein
and pulled down with protein G-conjugated sepharose (BioVision). Immune complexes were
washed three times with 800μl kinase lysis buffer and twice with 800μl kinase reaction buffer
(50mM HEPES pH 7.4, 10mM MgCl2, 1mM dithiothreitol, 50μM ATP). Reactions were carried
out in 60μL of kinase reaction buffer in the presence of 4.0μCi (γ-32P)-ATP (Perkin-Elmer,
Montreal, Canada) and 5.0μg of GST fusion substrate, and incubated for 30 min at 30°C.
Reactions were stopped by adding 30μL of 3x SDS-PAGE loading buffer, and then incubated at
95°C for 5 min. Samples from each reaction were subjected to SDS-PAGE (12% for fragment
substrates, and 8% for full-length Rad9 and ASF1A), after which the gels were incubated for at
least 1 hr at room temperature in fixing solution (40% MeOH, 10% AcOH, and 5% glycerol).
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After fixation, gels were dried using a Model 583 gel dryer (Bio-Rad) and exposed to X-ray film
and a phosphor-screen. Phosphorylation was quantified using a Storm 820 phospho-imager and
ImageQuant software (Molecular Dynamics, Sunnyvale, CA).

3.8 - Flow cytometry
For one-dimensional cell cycle analysis, HeLa cells were harvested by trypsinization,
washed twice with 5mL cold PBS, and fixed with 70% ethanol in PBS containing 1% FBS from
between 30 min to overnight at -20°C. Cells were collected by centrifugation and re-suspended
in PBS containing 0.5mg/mL RNase A (Bioshop), and incubated at 37°C for 45 min. Cells were
then rinsed with 2mL PBS, centrifuged, and resuspended in 1.0mL PBS containing 50μg/mL
propidium iodide (PI; Calbiochem, Etobicoke, Canada) and 0.1mg/mL RNase A, after which
they were analyzed with an FC-500 flow cytometer (Beckman-Coulter, Mississauga, Canada).
For dual-staining PI - bromodeoxyuridine (BrdU) experiments, 10μl of cell proliferating
and labeling reagent containing BrdU (GE Healthcare) was added to cells 1hr prior to harvesting.
Cells were harvested and fixed in the same manner as with PI-staining. After fixation, cells were
incubated in 500μL of 0.5% Triton X-100 and 500μL 4N HCl for 20 min at room temperature,
and then neutralized with 1.0mL 0.1M sodium tetraborate (pH 8.0). Cells were washed once with
5mL PBS, and then incubated with 200μL of PBS containing 1.0μg of fluorescein isothiocyanate
(FITC)-conjugated α-BrdU antibody (eBioscience, San Diego, CA) and 0.1% normal goat serum
(NGS; Life Technologies) in the dark for 30 min at room temperature. Cells were then stained
with PI and analyzed for cell cycle distribution.
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For indirect immunoflourescence (IF) of Rad9, cells were harvested and fixed with 2%
paraformaldehyde for 20min at room temperature, and then washed twice with 5mL PBS. Cells
were permeabilized and blocked by incubation with PBS containing 0.1% Triton X-100 and 5%
NGS for 20 min on ice. Primary staining was carried out by incubating cells in 100μL PBS
containing 0.5μg chicken polyclonal α-Rad9 antibody and 0.1% NGS for 1 hr on ice. Cells were
then rinsed with 2.0mL PBS and incubated in 200μL PBS containing 0.5μg Alexa 488conjugated goat α-chicken antibody (Life Technologies) and 0.1% NGS in the dark for 40 min at
room temperature. Cells were again rinsed with 2.0ml PBS, stained with PI, and analyzed for
transfection efficiency and cell cycle distribution. All flow cytometric data was analyzed using
FlowJo 7.6 (TreeStar, Ashland, OR).
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Table 3.1 – Primary antibodies used in immunoprecipitation (IP), immunoblotting (IB) and
immunofluorescence (IF) experiments.
Antigen
Rad9
(pan)
Rad9
(pan)
Rad9
(phospho-S272)
Rad9
(phospho-T355)
TLK1
(pan)
TLK1
(pan)
TLK1
(phospho-S695)
Chk1
(pan)
Chk1
(phospho-S317)
GAPDH
c-myc
(9E10)
BrdU

Species / isotype
chicken polyclonal
IgY
mouse monoclonal
IgG1
rabbit polyclonal
IgG
rabbit polyclonal
IgG
rabbit polyclonal
IgG
rabbit polyclonal
IgG
Rabbit polyclonal
IgG
mouse monoclonal
IgG1
rabbit polyclonal
IgG
rabbit polyclonal
IgG
mouse monoclonal
IgG1
mouse monoclonal
IgG1

Conditions
IP – 2.0μg/mg protein
IF – 0.5μg/100μL
IB – 1:1500 in PBST
(blocked in 5% milk)
IB – 1:500 in 5% BSA
(blocked in 5% BSA)
IB – 1:100 in 2% BSA
(blocked in 5% BSA)
IP – 1.5μg/mg protein
IB – 1:1000 in 5% BSA
(blocked in 5% milk)
IB – 1:1500 in 5% BSA
(blocked in 5% BSA)
IB – 1:2000 in 5% milk
(blocked in 5% milk)
IB – 1:1000 in 5% BSA
(blocked in 5% BSA)
IB – 1:5000 in PBST
(blocked in 5% milk)
IP – 1.5μg/mg protein
IB – 1:500 in PBST
(blocked in 5% milk)
IF – 1.0μg/100μL

Company / catalogue #
RCH Antibodies
N/A
BD Biosciences
611324
Abgent
AP-3223
Pacific Immunology
N/A
Abcam
ab74331
Cell Signaling
4125-S
Cell Signaling
4121-S
Cell Signaling
2360-S
Cell Signaling
2344-S
Abcam
Ab9485
Santa Cruz
Biotechnology
sc-40
eBioscience
11-507-42
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Table 3.2 – Secondary antibodies used in IB and IF experiments.
Antibody / conjugate
donkey α-mouse IgG, HRP

Conditions
IB – 1:10,000 in PBST

goat α-chicken IgG, HRP

IB – 1:10,000 in PBST

goat α-rabbit IgG, HRP

IB – 1:30,000 in PBST

goat α-chicken IgG, Alexa 488 IF – 0.5μg/200μL

Company / catalogue #
Jackson ImmunoResearch
715-035-150
Jackson ImmunoResearch
103-035-155
Bio-Rad
170-6515
Life Technologies
A-11039
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Chapter 4: Results
TLK1 plays a role in chromatin remodeling and S-phase progression [316,317], and is
inhibited by Chk1-dependent phosphorylation at S695 in response to DNA damage
[318,319,324]. A recent report [320] presented evidence that Rad9 was a substrate for TLK1, and
that S328 was the targeted residue. The existence of a Chk1-TLK1-Rad9 signaling axis that may
regulate checkpoint signaling represents an intriguing possibility, and as such, studies were
carried out to further characterize the interaction between Rad9 and TLK1.

4.1 - Rad9 T355 is a substrate for TLK-dependent phosphorylation in vitro
To further clarify which residues of Rad9 are phosphorylated by TLK1, and the context
under which they are modified, a series of in vitro kinase assays were performed. To this end,
TLK1 was immunoprecipitated from asynchronously growing HeLa cells or from cells harvested
18hr after exposure to 20Gy IR, and then incubated with a panel of N-terminal GST-fusion
peptides derived from Rad9’s heavily phosphorylated C-terminal tail. Immunoprecipitated TLK1
phosphorylated the peptide fragment corresponding to Rad9 348-391 (Figure 4.1A), and
phosphorylation increased when TLK1 was immunoprecipitated from cells that were preexposed to IR. Interestingly, there was only a background amount of phosphorylation present in
the sample representing the fragment containing S328 (318-344), and mutating S328 to alanine
has no effect on TLK1-dependent phosphorylation (Figure 4.1A, lanes 6 & 7).
Further analysis using additional peptides featuring point-mutations within the Rad9 348391 fragment revealed that T355 of Rad9 was the only residue modified under these conditions
(Figure 4.1B). Indeed, mutation of T355 to alanine completely ablated phosphorylation.
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Figure 4.1 - In vitro phosphorylation of Rad9 C-terminal fragments by immunoprecipitated
TLK1. A & B. Recombinant GST-fusion peptides corresponding to different regions of
Rad9’s C-terminal tail were employed as substrates for in vitro kinase assays using TLK1
immunoprecipitated from HeLa cells exposed to the indicated conditions. 3A refers to a
T355A/S363A/S387A triple
p mutant. Kinase reactions were subjected
j
to SDS-PAGE,, after
which the gels were fixed, dried, and exposed to X-ray film for 18hr. C. Substrate input
(Rad9, left panel) and kinase input (TLK1, right panel) was assessed by coomassie staining
and immunoblotting, respectively, for each kinase reaction. IP refers to immunoprecipitate,
IB refers to immunoblot.
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Treatment with 10mM HU did not induce phosphorylation in the same manner as IR, and in fact
appeared to repress it. The input of both substrate and kinase in each reaction was consistent
(Figure 4.1C, left and right panel respectively) and thus are not a factor in these results.
To establish that Rad9 phosphorylation in this system was TLK1-direct, additional in
vitro kinase assays were performed using recombinant, myc-tagged TLK1 and a kinase-dead
myc-TLK1 construct harboring a D607A mutation within the kinase domain [316]. Plasmids
encoding these constructs were transfected into HeLa cells, after which the kinases were
immunoprecipitated using an antibody directed against the myc epitope. As shown in Figure 4.2,
kinase-dead myc-TLK1 was unable to phosphorylate full-length GST-Rad9 and GST-ASF1A, a
well-characterized substrate of TLKs [317,318,324]. Thus, these results indicate that Rad9
phosphorylation in these in vitro assays was indeed TLK1-direct.
Previous studies have shown that Chk1-dependent inhibition of TLK1 following
irradiation is transient, and that TLK1 activity gradually returns to a baseline level [318]. Thus, a
time-course kinase assay was carried out to investigate whether TLK1 has a similar activity
profile with regards to Rad9. TLK1 was immunoprecipitated from cells that had been treated
with 20Gy IR and harvested at progressive time-points post-damage, and was then incubated
with the Rad9 peptide fragment containing T355 (348-391) or recombinant GST-ASF1A. A
similar activity profile was observed for both ASF1A and Rad9 (Figure 4.3). Phosphorylation of
both ASF1A and Rad9 was reduced by 0.25hr post-IR, followed by a return to baseline levels by
2-4hr. This coincides with the rapid and transient activation of Chk1, as indicated by
phosphorylation at S317. Finally, TLK1 phosphorylation at S695 persists as Chk1 activity wanes
and ASF1A and Rad9 phosphorylation returns to baseline levels, which may indicate that other
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Figure 4.2 - Recombinant kinase-dead TLK1 is unable to phosphorylate Rad9 in
vitro. HeLa cells were transfected with plasmids encoding WT or kinase-dead
(D607A) myc-TLK1 constructs, after which TLK1 was immunoprecipitated using
an antibody directed against the myc epitope. In vitro kinase assays were then
carried out by incubating immune complexes with full-length GST-Rad9 and GSTASF1A as substrates. .
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Figure 4.3 - TLK1-direct phosphorylation of Rad9 is similar to that of ASF1A after
exposure to IR. TLK1 was immunoprecipitated from HeLa cells exposed to 20Gy IR
and harvested at the indicated time-points. Immune complexes were incubated with
either recombinant GST-Rad9
GST Rad9 (amino acids 348-391)
348 391) or GSTGST ASF1A.
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soluble cell lysates. The top two panels correspond to the in vitro kinase assays. Other
panels correspond to immunoblots (IB) of the immunoprecipitates (IP) or soluble cell
lysates (SCL) probed with the indicated antibodies. Images shown are representative of
two independent experiments.
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phosphatases or regulatory elements are responsible for TLK1 dephosphorylation in addition to a
decrease in Chk1 activity.
Given the previous identification of Rad9 S328 as the residue modified by TLK1 [320],
in vitro kinase assays using full-length Rad9, with N-terminal GST-fusion tags and harboring the
indicated point mutations, were performed in order to verify the results presented above. Fulllength WT Rad9 is phosphorylated by TLK1 immunoprecipitated from asynchronously growing
HeLa cells (Figure 4.4A, left panel), and mutating S328 to alanine reduced phosphorylation only
marginally. On the other hand, both a T355A mutant and a S328A/T355A double-mutant
showed a reduction in phosphorylation of approximately 50% (p=0.0034 and p=0.004
respectively, compared to WT). Furthermore, there was no discernible difference in
phosphorylation levels between T355A and S328A/T355A, indicating that there is no additive
effect when both residues are mutated. This suggests that TLK activity modifies Rad9 at T355
under asynchronous conditions. Similar to what was seen in the peptide fragments corresponding
to Rad9’s C-terminal tail, phosphorylation of each full-length Rad9 construct was enhanced
when TLK1 was immunoprecipitated from cells that had been exposed to 20Gy IR. The S328A
mutant displays an approximate 30% reduction in phosphorylation compared to WT-Rad9
(p=0.0252), while phosphorylation of the T355A and S328A/T355A mutants are both reduced
by approximately 65% (p=0.0067 and p=0.0053, respectively). Consistent with other work, and
with Figure 4.1B, phosphorylation of each construct was repressed upon exposure to 10mM HU
[318]. The assay was carried out in triplicate and quantified (Figure 4.4B) via phosphor-screen
after correcting for substrate input and kinase input (Figure 4.4A, right panel) and normalizing
against the amount of signal present in WT-Rad9 incubated with TLK1 immunoprecipitated
from untreated cells.
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Figure 4.4 - In vitro phosphorylation of full-length GST-Rad9 by TLK1. TLK1 was
immunoprecipitated from HeLa cells exposed to the indicated conditions and incubated
with recombinant full-length GST-Rad9 bearing the indicated point-mutations. A. A
representative autoradiograph (left panel) of a dried gel that was subsequently exposed
to a phosphor-screen, quantitated, and corrected for background and Rad9 and TLK1
input (middle panel and right panel, respectively. 2A refers to a S328A/T355A double
mutant. B. Phosphorylation of Rad9 was quantitated using a Storm 820 phospho-imager.
Signal intensity was normalized against the amount of phosphorylation present in the
untreated WT reaction. Error bars indicate the standard error of three independent
experiments. Asterisks denote statistically significant differences compared to the level
of phosphorylation of WT Rad9 within each treatment. p=0.034 (untreated T355A),
p=0.004 (untreated 2A), p=0.0252 (IR – S328A), p=0.0067 (IR – T355A), p=0.0053 (IR
– 2A). One asterisk denotes p ≤ 0.05. Two asterisks denote p ≤ 0.01. Statistical analysis
was performed via one-tailed Student’s t-tests. C. Similar to A, full-length GST-Rad9
constructs were incubated
i b d with
i h WT andd D607A - myc-TLK1
TLK1 immunoprecipitated
i
i i d from
f
HeLa cells using an antibody directed against the myc epitope.
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As shown in Figure 4.4C, recombinant kinase-dead myc-TLK1 is unable to
phosphorylate any of the full-length constructs. Taken together, these results show that there is a
basal level of TLK-dependent phosphorylation at T355 of Rad9 in vitro that is increased after
exposure to IR. Although T355 seems to be the preferred target, these data suggest that TLK1
also phosphorylates S328, and that this event may require prior phosphorylation at T355 and/or
the full context of the Rad9 protein.

4.2 - The interaction between Rad9 and TLK1 requires chromatin-bound Rad9 and is enhanced
at later stages of the IR-induced checkpoint
Conventional co-immunoprecipitation techniques were employed to further characterize
the interaction between TLK1 and Rad9. HeLa cells were synchronized at the G1/S border with a
single 2mM thymidine block, after which they were released for 2hr. This was carried out to
ensure a uniform cell cycle distribution upon subsequent exposure to IR. Cells were then
exposed to 10Gy IR and harvested at progressive time-points in the presence or absence of
DNase I. DNase I was used because it serves to liberate chromatin-bound proteins that might
otherwise precipitate out of solution during cell lysis [450–453]. As shown in the third panel of
Figure 4.5, TLK1 and Rad9 do indeed interact, and interaction was found to be dynamic.
Interestingly, the interaction was dramatically enhanced in later phases of the damage response
(4hr and 20hr post-treatment), but only in lysates that were treated with DNAse I. This indicates
that the interaction between Rad9 and TLK1 is damage-induced, and dependent on the
association of Rad9 and the 9-1-1 complex with chromatin. The levels of TLK1 present in the
soluble cell lysate and immunoprecipitated Rad9 were consistent across different samples,
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Figure 4.5 - The association between Rad9 and TLK1 is enhanced late in the DNA
damage response. HeLa cells were synchronized at the G1/S border with a single 2mM
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three independent experiments.
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indicating that the increased amount TLK1 co-immunoprecipitating with Rad9 is reflective of an
enhanced degree of interaction. The sixth panel illustrates the well-established rapid and
transient nature of Rad9 phosphorylation at S272 in response to damage [19,20], and can serve
as a proxy for proper checkpoint activation in HeLa cells. Also shown is the phosphorylation
status of TLK1 at S695 after exposure to IR (second panel). Phosphorylation increases after
damage, and phospho-TLK1 levels are still quite high at 20hr post-IR (lanes 5 and 10). This
presents an interesting case, as damage-induced Chk1 activation is transient and does not persist
into the later stages of the DDR (Figure 4.3, panel 7, and [241]). This indicates that other kinases
may be targeting TLK1 at this residue.

4.3 - Exposure and release from HU does not affect the interaction between Rad9 and TLK1
It was speculated that the different effects of IR and HU on TLK1 activity might not be
reflective of different kinds of DNA damage per se, but rather the way in which cells are
exposed to the damaging agent. In the case of IR, cells are exposed to a γ-source for a specified
length of time, after which they are removed, allowed to recover, and harvested at the
appropriate time-point. On the other hand, HU is added directly to the culture media, and cells
are typically exposed to it continuously until harvesting. Thus, experiments were carried out to
determine if the degree of interaction between Rad9 and TLK1 is enhanced if cells are allowed to
recover from an HU-induced replication block, as is the case when they recover from exposure to
IR. HeLa cells were treated with 10mM HU for 18hr, after which they were released into fresh
media and harvested at the indicated time-points. Cells were lysed in the presence of DNase I,
and Rad9 was immunoprecipitated from the lysates. As shown in the second panel of Figure 4.6,
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TLK1 and Rad9 interact at all the time-points assayed, but this interaction is not enhanced when
HU is removed, and cells are allowed to recover. Interestingly, phosphorylation of TLK1 at S695
does not appear to fluctuate (third panel), despite the activation of Chk1 as shown by
phosphorylation at S317 (seventh panel). Thus, the degree to which Rad9 and TLK1 interact
appears to be enhanced by IR, but not the replication stress induced by HU.

4.4 - Phosphorylation of Rad9 T355 fluctuates in undamaged HeLa cells as they progress
through the cell cycle
Given the in vitro data demonstrating phosphorylation of Rad9 T355 when TLK is
immunoprecipitated from undamaged cells, and at later points in the damage response, Rad9
T355 phosphorylation levels were examined in normally cycling cells. To this end, an antibody
specific for phospho-T355 Rad9 was generated. To assess the specificity of this antibody, in
vitro kinase assays were carried out by incubating WT or T355A full-length GST-Rad9 with
immunoprecipitated TLK1, after which the reactions were subjected to SDS-PAGE and probed
with the indicated antibodies (Figure 4.7A). The phospho-T355 antibody does not detect
recombinant Rad9 unless it has been incubated with TLK1 immune complexes, thus indicating
that it is phosphorylation-specific, and not merely sequence specific.
Next, HeLa cells were transfected with WT-Rad9 to facilitate antibody detection, and
then synchronized at the G1/S border with a single-thymidine block, after which they were
released and harvested at progressive time-points. Cells were stained with PI and analyzed for
cell cycle distribution, and lysates from these cells were concurrently probed with the phosphoT355 antibody. Phosphorylation of T355 increased gradually as cells approached the G2/M

82

Figure 4.7 - Phosphorylation at Rad9-T355 increases as cells approach mitosis. A. In
vitro kinase assays were performed to verify the specificity of a novel Rad9 phosphoT355 antibody. TLK1 was immunoprecipitated from HeLa cells exposed to the indicated
treatments and incubated with full-length WT or T355A GST-Rad9. Reactions were
probed with the indicated antibodies. B. HeLa cells were transfected with wild-type
R d9 synchronized
Rad9,
h i d att the
th G1/S border,
b d released
l
d andd harvested
h
t d att the
th indicated
i di t d time
ti
points. Soluble cell lysates were equalized for protein content, subjected to SDS-PAGE
and immunoblotting, and probed with the indicated antibodies. Cells from the same
experiment were also analyzed for DNA content by flow cytometry after staining with PI.
Immunoblots and histograms are representative of three independent experiments.
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boundary 6-8hr post-release (Figure 4.7B), after which it appeared to plateau as cells re-entered
G1 10-14hr post-release. The relative phosphorylation values shown are the averages from three
independent experiments, normalized to the amount of phosphorylation present in
unreleasedcells. This indicates that T355 phosphorylation may play a role in normal cell cycle
regulation, in addition to the damage response.
4.5 - Phosphorylation of Rad9 T355 in vivo drops rapidly and transiently in response to IR
before returning to baseline levels
Given the in vitro evidence for TLK-dependent Rad9 phosphorylation at T355, Rad9
T355 phosphorylation levels throughout the damage response in vivo were studied. HeLa cells
were transfected with a panel of Rad9 mutants under control of the SR-α promoter and then
synchronized with a single thymidine block for 18hr. Cells were exposed to 10Gy IR two hours
post-release, and harvested at progressive time-points. The resultant lysates were then probed
with the antibody specific for phospho-T355. The Rad9 constructs employed were untagged to
facilitate activation and DNA loading, but one can differentiate between endogenous and
transfected Rad9 by varying exposure time [18]. There was a baseline level of phosphorylation at
T355 in untreated cells (Figure 4.8A) in both wild-type Rad9 and an S272A construct, a residue
that is rapidly and transiently modified by ATM in response to damage [19,20,214,454], that was
sharply reduced by 0.25hr post-treatment (p=0.0038 and p=0.0204 respectively, compared to
untreated). In the case of both constructs, phospho-T355 levels remained diminished at 1hr posttreatment (p=0.0023 and p=0.0296 respectively, compare to untreated) before returning to
baseline by 4hr. There was virtually no detectable signal with the T355A mutant, further
indicating the specificity of the antibody.
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Figure 4.8 - The phosphorylation status of Rad9-T355 fluctuates upon exposure to IR. A.
HeLa cells were transfected with different pdDF-Rad9 constructs and synchronized at the
G1/S border, after which they were exposed to 10Gy IR and harvested at progressive
time-points post-damage. Soluble cell lysates were subjected to SDS-PAGE and probed
with the indicated antibodies. B. Phosphorylation of Rad9 at T355 was quantified by
densitometry, corrected for the amount of total Rad9 and total protein and normalized
against the signal present in WT Rad9 from untreated cells.
cells Error bars indicate the
standard error of three independent experiments. Asterisks denote statistically significant
differences compared to untreated cells for each construct. p=0.0038 (WT, 0.25hr postIR), p=0.0023 (WT, 1hr post-IR), p=0.0204 (S272A, 0.25hr post-IR), p=0.0296 (S272A,
1hr post-IR). One asterisk denotes p ≤ 0.05. Two asterisks denote p ≤ 0.01. Statistical
analysis was performed via one-tailed Student’s t-tests.
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This assay was carried out in triplicate, and phosphorylation levels at T355 were
quantified by densitometry and corrected for both the amount of total Rad9 and total protein
present, after which the data was normalized against the level of T355 phosphorylation present in
untreated WT Rad9 (Figure 4.8B). This modulation of phosphorylation levels bears similarity to
the TLK activity profile, and suggests that the rapid loss of phosphorylation at T355 is an
important initial step in the damage response. The return of phosphorylation at later stages after
damage appears to coincide with exit from the checkpoint and the resumption of normal cycling.

4.6 - TLK1 is required for normal cell cycle progression in HeLa cells
The role of TLK1 in cell cycle progression and checkpoint response was examined by
depleting TLK1 expression via siRNA-mediated knockdown. To accomplish this, HeLa cells
were transiently transfected with an siRNA directd specifically against TLK1 and cell cycle
distribution was monitored by pulse-labeling cells with BrdU, after which they were dual-stained
with PI and a FITC-conjugated antibody directed against BrdU. When HeLa cells were
synchronized at the G1/S border with a single thymidine block and released, cells lacking TLK1
progressed into S-phase normally but appeared to accumulate there (Figure 4.9, 8hr and 10hr
post-release), and subsequently failed to transition efficiently into mitosis and then back to G1
when compared to cells transfected with a non-silencing control siRNA (14hr post-release). This
indicates that TLK1 is required for normal cell cycle progression.
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4.7 - TLK1 depletion and overexpression of RadT355A causes prolonged G2/M checkpoint
activation in HeLa cells
Hela cells depleted for TLK1 displayed prolonged G2/M checkpoint activation in
response to IR. As expected based on previous work in this lab and others, HeLa cells transfected
with a non-silencing control siRNA exhibit G2/M checkpoint activation 14hr after exposure to
10Gy IR {[20],(Figure 4.10A, columns 1 and 2)}, and the increased proportion of cells in G1 at
20hr post-IR indicates that a subpopulation of G2/M arrested cells is able to escape the
checkpoint [20]. In contrast, silencing of TLK1 results in a pronounced and prolonged G2/M
arrest in response to IR. A much larger proportion of cells are arrested in G2/M at both 14hr and
20hr post-IR upon TLK1 depletion, indicating that TLK activity may be required for checkpoint
release in HeLa cells. It appears that TLK1 plays a role in enabling the exit of G2/M-arrested
cells from the damage-induced checkpoint and re-entry into G1.
Finally, it was necessary to establish if there is a connection between the checkpoint
phenotype induced by TLK1 depletion and reduced phosphorylation of Rad9 at T355. Thus,
HeLa cells transiently over-expressing WT or T355A Rad9 were synchronized at the G1/S
border and released for 2hr, after which they were exposed to 10Gy IR and harvested 14hr and
20hr after treatment for analysis of cell cycle distribution by flow cytometry. Indirect Rad9
immunoflourescence indicates that transfection efficiency was approximately 50%. Cells
transfected with either WT or T355A Rad9 both exhibited G2/M checkpoint activation 14hr after
treatment (Figure 4.10A, columns 3 and 4, and Figure 4.10B). By 20hr post-treatment, a
population of WT-transfected cells had exited the G2/M checkpoint and re-entered G1.
Conversely, cells that over-expressed T355A were still predominantly arrested in G2/M
compared to WT (p=0.0092, Figure 4.10B). Thus, over-expression of Rad9-T355A mimics
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Figure 4.10 – TLK1 knockdown and overexpression of Rad9 T355A cause prolonged G2/M
checkpoint activation after exposure to IR. A. HeLa cells were transfected with an siRNA
directed against TLK1 or plasmids encoding WT and T355A Rad9. Cells were
synchronized at the G1/S border, released for 2hr, and then exposed to 10Gy IR and
harvested at the indicated time-points post-treatment. Cell cycle distribution was analyzed
b flow
by
fl cytometry. B. The
h proportion
i off cells
ll transfected
f
d with
i h WT or T355A Rad9
d iin
G2/M at 14hr and 20hr after exposure to 10Gy IR. Error bars indicate the standard error
from three independent experiments. The asterisks denote a statistically significant
difference between the G2/M populations comparing WT to T355A transfected cells
(p=0.0092). Statistical analysis was performed via one-tailed Student’s t-tests.
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TLK1 depletion in that cells are less efficient at exiting the damage-induced G2/M checkpoint.
Experiments were also carried out to determine if over-expression of a phospho-mimetic Rad9
T355D mutant could rescue the checkpoint defects induced by TLK1 depletion. However, the
Rad9 T355D mutant displayed the same phenotype after exposure to IR as the T355A mutant
when co-transfected with the non-silencing control (data not shown), indicating that in this
circumstance, aspartic acid cannot substitute for phosphorylated serine.

4.8 - Summary of results
The data presented here show that Rad9 is a substrate for TLK1-direct phosphorylation in
vitro, with T355 being the preferred targeted residue, and that recombinant kinase-dead TLK1 is
unable to phosphorylate Rad9. It was also shown that Rad9 and TLK1 interact constitutively, and
that this interaction is enhanced when cells recover from exposure to IR, but not HU.
Phosphorylation of Rad9 at T355 was found to fluctuates in a damage-dependent manner
consistent with it being a substrate of TLK1 [318,319]. Finally, it was demonstrated that siRNAmediated depletion of TLK1 delayed cell cycle progression, and caused prolonged G2/M
checkpoint activation after exposure to IR. Furthermore, overexpression of a Rad9 T355A allele
mimicked the checkpoint phenotype of TLK1 knockdown. Together, these data indicate that the
relationship between Rad9 and TLK1 is a functional component of the human checkpoint
response. The significance and implications of these findings will be discussed in the following
section.
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Chapter 5: Discussion
In this thesis, novel aspects of the function of Rad9 and the 9-1-1 complex have been
described. In particular, it has shown that the interaction between Rad9 and TLK1 is a functional
component of the checkpoint response. This is based on four principle findings: 1)
immunoprecipitated TLK1 phosphorylates Rad9 in vitro preferentially at T355, while kinasedead myc-TLK1 is unable to phosphorylate Rad9; 2) in vivo phosphorylation of Rad9 at T355
fluctuates in a damage-dependent manner consistent with it being a TLK substrate; 3)
knockdown of TLK1 leads to delayed cell cycle progression and prolonged accumulation of
HeLa cells in G2/M following irradiation; and 4) over-expression of a Rad9 mutant construct
that cannot be phosphorylated at T355 mimics the checkpoint defect of TLK1 depletion. This
section will discuss the implications of these findings in the context of the DDR, checkpoint
function, and carcinogenesis. These findings are suggestive of a Rad9-Chk1-TLK1-Rad9
feedback loop that is illustrated in Figure 5.1.

5.1 - TLK1-dependent phosphorylation of Rad9
The data presented here and elsewhere [329] strongly indicates that TLK1 regulates Rad9
function. A previous study by Sunavala-Dossabhoy et al. demonstrated that TLK1 and Rad9
physically interact in vitro, and that Rad9 is a substrate for phosphorylation by TLK1 [320].
However, that particular report indicated that TLK1 phosphorylates Rad9 at S328, whereas the
data presented here shows that T355 is the preferred residue (Figure 4.1A&B & Figure 4.4A&B).
There are a few potential explanations for this discrepancy. For one, Sunavala-Dossabhoy et al
employed a recombinant, N-terminally truncated TLK1 construct purified from E.coli in their
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Figure 5.1 – A model for the physiological significance of TLK-dependent phosphorylation of
R d9 A.
Rad9.
A In
I the
h early
l stages off the
h ddamage response, 9-1-1
9 1 1 iis lloaded
d d onto DNA at 5’
5’-recessedd
ends. This facilitates Chk1 activation, as depicted in Figure 2.2. Chk1, in a manner also
dependent on ATM, phosphorylates and inhibits TLK1, thus decreasing phosphorylation of
Rad9 T355 and promoting 9-1-1 stability and maintenance of the checkpoint. B. Chk1 activity
wanes at later time points after damage, which results in higher TLK1 activity and increased
phosphorylation of Rad9 T355. This promotes dissociation of 9-1-1
9 1 1 from DNA, potentially
through BRCA1-BARD1-mediated ubiquitylation or ATAD5-RLC-mediated unloading.
Ubiquitylation and unloading may be interrelated. The removal of 9-1-1 from DNA facilitates
checkpoint recovery by allowing DNA repair factors to access lesions, and through cessation
of downstream checkpoint signaling.
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kinase assays, which is thought to represent a damage-induced splice variant referred to as
TLK1B [321]. TLK1B lacks 238 amino acids at the N-terminus compared to TLK1, but is
otherwise identical, including the C-terminal kinase domain. The functional significance of the
N-terminus of TLK1 is poorly understood, although it does possess putative coiled-coil regions
and an NLS [315,316,455]. Full-length TLK1, immunoprecipitated from HeLa cells, was used in
the in vitro kinase assays presented in this thesis (Figures 4.1, 4.2, 4.3, and 4.4, and it is possible
that this is a better reflection of physiological TLK1 function in that it may preserve posttranslational modifications and binding-partners that affect TLK1 activity in a way that a
bacterially-expressed, truncated TLK1 does not. In addition, Sunavala-Dossabhoy et al identified
the region of Rad9 subject to TLK1-dependent phosphorylation by mass-spectrometry of tryptic
peptides, and focused specifically on the peptide containing S328. In this thesis, phosphorylation
was detected using a panel of Rad9-derived peptides featuring mutations to serine and threonine
residues.
It should be noted that while the data shown here demonstrates that T355 is the preferred
target for TLK-dependent phosphorylation, it also indicates that TLK1 is capable of modifying
S328. In fact, the modest reduction in phosphorylation found in the full length Rad9 S328A
mutant compared to the more dramatic change in T355A phosphorylation, which can be seen
when TLK1 is immunoprecipitated from both untreated cells and those exposed to IR (Figure
4.4A&B left and middle panels, lanes 2 and 3), may suggest that phosphorylation of T355 is a
prerequisite for S328 phosphorylation. Thus, the loss of phosphorylation at T355 caused by the
T355A mutant may in and of itself reduce S328 phosphorylation. Given that there is very little
detectable S328 phosphorylation in the peptide fragments that corresponds to Rad9’s C-terminal
tail (Figure 4.1A, compare lanes 6 and 7), it may also be the case that TLK-dependent
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phosphorylation of S328 requires the full context of the Rad9 protein. It was also demonstrated
that immunoprecipitated kinase-dead, myc-tagged TLK1 was unable to phosphorylate Rad9 and
ASF1A in vitro, indicating that TLK1 is likely directly responsible for the kinase activity
detected in these assays (Figure 4.2). On their own, these results cannot definitively exclude the
possibility that another kinase, one that both co-immunoprecipitates with, and is activated by
TLK1, is responsible for T355 phosphorylation. However, when combined with the fact that the
Sunavala-Dossabhoy et al. demonstrated that purified, recombinant TLK1 can phosphorylate
Rad9 [320], it is clear that Rad9 is substrate for TLK1 in vitro.
Previous work has shown that peak TLK activity with regards to ASF1A occurs during Sphase, and that TLK1 in particular is inactivated rapidly in response to damage by Chk1 before
returning to baseline levels [317–319]. Both the in vitro and in vivo data presented here are
consistent with Rad9 being a substrate for TLK1. The in vitro activity profile of TLK1 with
regards to Rad9 was similar to that of ASF1A, a well established TLK1 substrate [317,318], in
that phosphorylation was reduced upon exposure to IR and returned to baseline 2hr post
treatment (Figure 4.3). It was also shown that there was a basal level of Rad9 T355
phosphorylation in unperturbed HeLa cells that was rapidly diminished after exposure to IR, and
returned to pre-treatment levels later in the damage response (Figure 4.8). Together, this is
suggestive of a role for TLK-dependent Rad9 phosphorylation in normally cycling cells and in
checkpoint recovery. TLK-dependent phosphorylation of Rad9 at S328 and T355 may be a
signal for re-setting Rad9 function and disengaging the 9-1-1 complex from DNA such that cells
can terminate checkpoint signaling and resume cell cycle progression once DNA lesions have
been repaired [300,401,456]. Previous work from the Davey lab indicates that CDK1
phosphorylates Rad9 at multiple residues in vitro and in vivo, and that T355 may be one of the
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potential targets [20]. Thus, both CDK1 and TLK1 may target Rad9 and promote cell cycle
turnover and checkpoint exit through redundant mechanisms.
The results showing that peak T355 phosphorylation in unperturbed cells occurs as they
approach mitosis following synchronization at the G1/S border (Figure 4.7B) further supports the
possibility that TLK-dependent regulation of Rad9 plays a role cell cycle turnover and
checkpoint recovery. In addition, this likely explains why TLK1 immunoprecipitated from HeLa
cells exposed to IR displayed greater activity with regards to Rad9 than those growing
asynchronously (Figure 4.1 and Figure 4.4). An asynchronous population contains cells from all
phases of the cell cycle, whereas those that have been exposed to IR are essentially synchronized
as they enter the G2/M checkpoint and subsequent checkpoint recovery.

5.2 - The 9-1-1 complex in cell cycle turnover and checkpoint recovery
Experiments employing TLK1 depletion and overexpression of a Rad9 T355A construct
further support the notion that TLK1-dependent Rad9 phosphorylation plays a role in cell cycle
progression and checkpoint signaling. It was shown here that siRNA-mediated knockdown of
TLK1 delayed progression through S-phase and the transition from S-phase to G2/M (Figure
4.9). The depletion of TLK1 may cause a decrease in the amount of phosphorylated ASF1A,
which could leave it vulnerable to proteasomal degradation [318,324]. This in turn could impede
nucleosome re-assembly during replication [325,326] and may explain the delay in S-phase
progression. Conversely, a reduction in the amount of Rad9 phosphorylation at T355 may
prevent Rad9 and the 9-1-1 complex from disengaging from chromatin and thus delay
preparation for the next cell cycle. Future studies will address this possibility.
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TLK1 depletion resulted in a prolonged accumulation of cells in G2/M following
irradiation (Figure 4.10). Prolonged G2/M accumulation following damage is a common
phenotype among cells with defective S-phase checkpoints [457–459], which may represent a
compensatory mechanism to allow cells more time to repair aberrantly replicated DNA.
However, neither TLK1 nor TLK2 have been implicated in the S-phase checkpoint; in fact, the
available evidence demonstrates that they are initially inhibited in response to damage [318,319].
A potential explanation may be that TLK activity is required in the subset of cells that are able to
exit the G2/M checkpoint, complete mitosis and re-enter G1. This is consistent with the TLK
activity profile that other groups have shown [318,319], as well what has been presented here
(Figure 4.3 and Figure 4.10), in that TLK activity returns to baseline levels later in the DDR.
Furthermore, overexpression of a Rad9 T355A allele also caused a prolonged G2/M checkpoint
that mimics the phenotype of TLK1 knockdown (Figure 4.10), which suggests that the return of
TLK-dependent Rad9 phosphorylation at later stages following IR may facilitate the cessation of
checkpoint signaling, alleviate cell cycle arrest, and thus allow cells to resume cell cycle
progression.
As addressed in Chapter 2, the mechanisms underlying checkpoint recovery are relatively
obscure compared to checkpoint initiation. By the same token, the process by which DNA
clamps are disengaged, or unloaded, from chromatin is poorly understood. Given that loading of
the 9-1-1 complex onto DNA localizes a variety of repair factors to sites of damage [204–209],
and is required for Chk1 activation [158,211,212,214,215], it stands to reason that unloading of
9-1-1 from DNA upon completion of repair would facilitate checkpoint recovery. A similar
hypothesis presents itself with regards to PCNA, in that the mechanics of replication fork
progression demand that it be unloaded from the lagging strand repeatedly upon the completion
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of each Okazaki fragment [460]. Indeed, recent reports have demonstrated that ATPase, AAA
domain-containing 5 (ATAD5, the mammalian homolog of S. cerevisiae Elg1), which forms an
RFC-like complex (RLC) wherein RFC1 is replaced by ATAD5, mediates the removal of PCNA
from DNA, and that this process plays a key role in progression through S-phase [461,462]. A
similar mechanism may be responsible for 9-1-1 unloading. Phosphorylation of Rad9 at T355
may be a prerequisite for interaction with ATAD5-RLC (or Ctf18-RLC, another alternative
clamp loader), thereby inhibiting loading of the 9-1-1 complex and promoting its disengagement
from chromatin and subsequent checkpoint release. It has previously been shown that ATAD5
and Rad9 co-immunoprecipitate, and that the degree of this interaction is enhanced as cells enter
S-phase and diminished upon exposure to genotoxins [463]. This is consistent with a negative
role for ATAD5-RLC in 9-1-1 function, as it may prevent 9-1-1 loading as cells progress through
S-phase and into G2/M. Conversely, a decrease in Rad9-ATAD5 interaction in response to
damage may serve to promote 9-1-1 loading (or inhibit unloading), and thus enable checkpoint
activation and cell cycle arrest. This would also explain the observation shown here that a
decrease in T355 phosphorylation occurs in the early stages of the damage response (Figure 4.8).
Diminished T355 phosphorylation, likely the result of checkpoint-induced TLK1 inhibition
and/or a heretofore unidentified phosphatase, may promote 9-1-1 loading and checkpoint
activation.
Targeted degradation of checkpoint proteins is an emergent theme in checkpoint recovery
[7], and turnover of the 9-1-1 complex upon completion of DNA repair, in addition to unloading,
may promote resumption of cell cycle progression. The C-terminal tail of Rad9 contains a PEST
sequence, which is a motif rich in proline, glutamic acid, serine, and threonine residues that is
characteristic of proteins with short half-lives [464]. In fact, the proteasomal degradation of
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many of these proteins is directly mediated by their PEST sequences, and in several cases
phosphorylation of residues within PEST sequences has been shown to be a prerequisite for
turnover [465–468]. The PESTfind algorithm (http://emboss.bioinformatics.nl/cgibin/emboss/pestfind) assigns a score that assesses the likelihood that a particular peptide
sequence is a candidate for proteasomal degradation, and as a general rule, a score of +5 or
greater indicates that the sequence functions as a degron [464,466]. Intriguingly, Rad9’s PEST
sequence, found between amino acids 340-359, has a PESTfind score of +24.71, and is flanked
by two lysines (K359 and K360) which may be substrates for ubiquitylation. T355 falls within
Rad9’s PEST sequence, and may be a signal that induces Rad9 turnover, potentially through
BRCA1-BARD1-dependent ubiquitylation. In this model, TLK1-dependent T355
phosphorylation functions as a ‘switch’ that negatively regulates the stability of the 9-1-1
complex and downstream checkpoint signaling upon completion of DNA repair, in a manner
similar (or perhaps in addition) to that of 9-1-1 unloading.

5.3 - TLK1: an oncogene and therapeutic target?
The data presented here and elsewhere indicate that TLK activity is required for cell
cycle progression and negatively regulates checkpoint function [316,318,319]. Given that TLK1
activity promotes exit from the G2/M checkpoint (Figure 4.10), it seems reasonable to speculate
that TLK1 may be an oncogene. Several somatic mutations in TLK1 have been identified in a
variety of human cancer types, and copy number amplifications have been detected in a number
of cancer cell lines [469–473], suggesting that aberrant regulation of TLK activity may play a
role in carcinogenesis.

102

There are a few potential mechanisms by which TLK1 may function as an oncogene. One
lies with its interaction with Rad9, as described here. TLK1 maintains a basal level of Rad9
T355 phosphorylation that inhibits 9-1-1 loading and checkpoint activation. The rapid
checkpoint-induced inhibition of TLK activity leads to a decrease in T355 phosphorylation and
is conducive to 9-1-1 loading and Chk1 activation. This may also represent a positive feedback
loop that stabilizes and potentiates Chk1 activity in the early stages of the damage response,
whereby activated Chk1 inhibits TLK1, thus promoting 9-1-1 loading and further ATRdependent Chk1 activation. Conversely, the increase in T355 phosphorylation as cells progress
through S-phase and approach G2/M, and as they re-enter the cell cycle after damage, correlates
with the established TLK1 activity profile [316,318,319] and with cell proliferation and
checkpoint recovery. Together, this indicates that TLK activity regulates both proliferation and
exit from the damage-induced G2/M checkpoint. As such, dysregulation of TLK1, either directly
as a result of mutation or through inefficient inhibition, may contribute to uncontrolled cell
growth and premature checkpoint recovery. Although the somatic mutations in TLK1 associated
with cancer have yet to be characterized, one can imagine a scenario where a mutation renders
TLK1 insensitive to Chk1-dependent inhibition. The inability to properly inhibit TLK1 in
response to damage would impair checkpoint activation and prematurely terminate cell cycle
arrest before damaged DNA has been completely repaired. This in turn could lead to increased
mutation rates and genomic instability [474,475].
In addition to regulating Rad9 and the 9-1-1 complex, TLK1 may also function as an
oncogene through its moderation of ASF1A protein levels. ASF1A has recently been shown to
be required for efficient acetylation of H3 K56 (H3K56Ac) [68], which is characteristic of newly
synthesized DNA, both during replication and as a result of DNA repair [56,67]. The same report
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also demonstrated that although ASF1A and H3K56Ac do not play direct roles in repair per se,
ASF1A-dependent H3K56Ac is a prerequisite for γ-H2AX dephosphorylation and checkpoint
exit, such that H3K56Ac may constitute a signal for the completion of DNA repair. Similar to
the phosphorylation profile of Rad9 T355, H3 K56 is deacetylated rapidly after exposure to
damage, and returns to baseline levels later in the damage response. Given a previous report’s
findings that TLK-dependent phosphorylation of ASF1A protects it from degradation [324], an
inability to properly regulate TLK1 activity may lead to increased ASF1A levels, and result in
enhanced or premature H3K56Ac and checkpoint recovery.
While much of the work discussed and presented thus far has focused on regulation of
TLK1’s kinase activity, there is evidence that TLK1 has additional roles in the DDR. In
particular, one group has speculated that TLK1, or rather the splice variant TLK1B, functions as
a molecular chaperone in DNA repair [320,329]. The co-immunoprecipitation data presented in
Figure 4.5 may be consistent with this hypothesis, in that the dynamic, IR-enhanced association
between TLK1 and Rad9 is more persistent than a typical kinase/substrate interaction. In
addition, it has been shown that in vitro binding of Rad9 with TLK1 was competitive with the
histone chaperone ASF1A [320]. Therefore, in addition to phosphorylation, TLK1 may play a
direct role in disengagement of the 9-1-1 complex from DNA and subsequent localization of
ASF1A to sites of damage as DNA repair approaches completion, and thus promotes reassembly of chromatin post-repair and checkpoint recovery.
In the models described above, overexpression of TLK1 could prove carcinogenic. As
previously mentioned, copy number amplifications have been found in human cancer lines. In
addition, elevated levels of TLK1B expression have been reported in cancers that overexpress
eukaryotic translation initiation factor 4E (eIF4E), the subunit of the translation initiation
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complex that binds to the 5’-cap of mRNA transcripts [322,476,477]. Elevated eIF4E levels
result in increased translation of a subset of transcripts that contain large, structurally complex
5’-UTRs, many of which promote cell growth and division [478]. Despite being a truncated
splice variant, the mRNA transcript of TLK1B is larger than that of TLK1, and possesses a 5’UTR of 1088 nt [321]. This suggests that oncogenic potential of eIF4E overexpressing cancers
may in part be driven by TLK1 overexpression.
Given its roles in cell cycle progression and checkpoint recovery, TLK1 inhibition could
represent a novel therapeutic strategy. Furthermore, TLK1 overexpression has also been shown
to correlate with radioresistance in several human cancers [477,479]. This is consistent with the
data shown here, in that TLK1 activity is required for the subset of cells that are able to escape
the G2/M checkpoint and resume cell cycle progression (Figure 4.10), which is to say it
promotes cell survival in response to DNA damage-inducing therapies. Thus, inhibition of TLK1
may serve to selectively target the survival mechanism of these cells, which would sensitize
them to IR and radiomimetics, thereby lowering the toxicity and improving the efficacy of
treatment. Interestingly, a recent report speculated that certain members of the phenothiazine
family of drugs, commonly used to treat schizophrenia, may inhibit TLK activity, and thus prove
beneficial as an adjuvant to conventional cancer therapies [436]. Although much work remains to
be done towards clarifying the precise role that the TLK1-Rad9 interaction plays in the DDR, the
available evidence indicates that TLK1 inhibition may be a novel method for reducing the
toxicity of radiation and chemotherapy.
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5.4 – Future directions
While this thesis has provided a preliminary characterization of the interaction between
Rad9 and TLK1, our understanding of the specific roles that these checkpoint proteins play in
proper checkpoint initiation and recovery are incomplete. Recent data, as yet unpublished,
generated by our lab suggest that BRCA1 interacts with Rad9 in a manner that correlates with
TLK1 after exposure to genotoxins, thus raising the possibility that BRCA1 and TLK1 may
cooperate to regulate the stability of the 9-1-1 complex. In particular, BRCA1 has been shown to
co-immunoprecipitate with Rad9, and similar to TLK1, this interaction is enhanced after cells
have been treated with the radiomimetic bleomycin (data not shown). Furthermore, the degree of
Rad9-BRCA1 association appears to correlate with ubiquitylation of Rad9, and siRNA and
lentivirus-mediated depletion of BRCA1 can stabilize Rad9 protein levels. The timing of context
of the BRCA1-Rad9 interaction correlates with the interaction between TLK1 and Rad9, such
that TLK1-dependent phosphorylation of Rad9, at the later stages of the DDR, may be a
prerequisite for BRCA1-mediated ubiquitylation of Rad9, and hence destabilization of the 9-1-1
complex and checkpoint recovery.
Future work in the Davey will assess the effect of TLK1 knockdown on Rad9
ubiquitylation and protein levels, and will attempt to delineate the mechanics of Rad9
ubiquitylation (i.e. identify the residues modified, and examine the differences between mono
and polyubiquitylation of Rad9). Experiments will also be undertaken to determine the roles that
BRCA1 and TLK1 play in loading and unloading of the 9-1-1 complex, primarily by analyzing
the association of Rad9, Rad1 and Hus1 with chromatin.
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It should be mentioned at this point that the results presented herein are within the
context of HeLa cells, which are p53-null, transformed, and cancerous [480]. As such,
experiments should be carried out to characterize the relationship between Rad9 and TLK1 in an
immortalized, non-transformed, and p53-competant cell line, such hTERT-RPE1. This would
establish whether the data shown here is representative of the ‘true’ dynamic of TLK1-Rad9
signaling, or if it represents a carcinogenic adaptation. In the latter scenario, as discussed above,
dysregulation of TLK1 may serve to prematurely alleviate cell cycle arrest, and result in further
genomic instability and tumourigenesis.

5.5 - Concluding remarks
Taken together, the data presented in this thesis points to the existence of a potential
Rad9-Chk1-TLK-Rad9 feedback loop that regulates checkpoint function. The requirement of
Rad9 for ATR-mediated Chk1 activation has been well-established [158,212,214], as has the
transient negative regulation of TLK1 by Chk1 [318,319]. Thus, I speculate that in the early
stages of the damage response the 9-1-1 complex facilitates Chk1 activation, which in turn
inhibits TLK activity and reduces Rad9 phosphorylation levels at T355, thus maintaining the
checkpoint. TLK activity returns as cells enter the checkpoint recovery phase, thus increasing
Rad9 T355 phosphorylation and alleviating the checkpoint-induced arrest upon the completion
of repair (Figure 5.1)
The non-PCNA-like C-terminal tail of Rad9 represents a likely regulatory domain for the
9-1-1 complex in checkpoint signaling [19,20,158,213,433], although the complex nature of
phosphorylation in this region has made it challenging to identify the residues modified and their
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physiological significance. The data presented here strongly indicates that TLK activity regulates
Rad9 and thus the 9-1-1 complex during unperturbed cell cycle progression and in the recovery
stage of the G2/M checkpoint. I speculate that TLK-dependent Rad9 phosphorylation plays a
role in re-setting the 9-1-1 complex as cells complete mitosis and re-enter G1, and in checkpoint
recovery as cells have repaired damaged DNA are able to resume cell cycle progression.
In conclusion, the data shown here suggests that improper regulation of TLK1 activity
may cause cells to prematurely exit the G2/M checkpoint before damage has been completely
repaired. As such, the improper checkpoint termination caused by increased TLK activity (or
deficient TLK inhibition) would promote cell survival after DNA damage, which in turn could
lead to increased mutation rates, genomic instability and radioresistance. Several human cancers
have been identified that feature mutations in the kinase domain of TLK1 [469–473], and high
TLK1 expression levels correlate with radioresistance [477,479], thus raising the possibility that
TLK1 is an oncogene and potential therapeutic target. The interaction between TLK1 and Rad9
represents a novel aspect of the DDR, and underscores the critical role of the 9-1-1 complex in
maintaining genomic integrity.
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