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Abstract

CDC7 is an essential serine/threonine kinase required for the initiation of DNA
replication in eukaryotic cells, through phosphorylating the MCM helicase complex.
Formation of an active kinase requires the binding to either of its regulatory subunits, DBF4
or DBF4B. The main aim of this project was to identify novel roles of CDC7 kinase through
the identification of its interacting proteins. To aid their purification, we have generated
human cell lines that conditionally express epitope-tagged CDC7, DBF4, and DBF4B, and we
first describe the characterisation of these cell lines. We found that expression of DBF4 or
DBF4B was able to increase MCM?2 phosphorylation, but did not impair DNA replication or
cell proliferation. Epitope-tagging also allowed us to determine the localisation of CDC7
kinase by immunofluorescence, and we present evidence of novel DBF4B localisation to
centrosomes and microtubules in interphase cells.

Using a quantitative proteomics approach, we identified Insulin Receptor Substrate 4
(IRS4) as a novel CDC7-DBF4B interacting protein, and we confirmed this interaction
through immunoprecipitation experiments. IRS4 associates with receptor tyrosine kinases,
where it mediates the activation of key signalling pathways, including the PI3K/AKT
pathway. The CDC?7 kinase inhibitor, XL413, attenuated the PI3K-dependent phosphorylation
of AKT S473 in untransformed fibroblasts, but this was not reproduced by siRNA depletion
of CDC7, suggesting that the effect was independent of CDC7 kinase activity. We then
investigated a potential role for IRS4 in mediating the activation of CDC?7 kinase, but IRS4
depletion did not affect CDC7-dependent MCM2 phosphorylation or DNA replication either.

Topoisomerase 2-a (TOP2A) was identified through mass spectrometry analysis of
proteins co-immunoprecipitated with DBF4. TOP2A mediates the decatenation of double
stranded DNA molecules, and is therefore required for maintenance of proper chromatin
structure, chromosome condensation, and accurate segregation of DNA into daughter cells.
We showed that the DBF4-TOP2A interaction occurs early in S-phase, and that it is abolished
by treatment with XL413, suggesting that it is dependent on CDC7 kinase activity. We have
found that both DBF4 and TOP2A localise to centromeres in S-phase, and that depletion or
chemical inhibition of CDC7-DBF4 affects the timing of centromeric TOP2A recruitment.
We hypothesise that timely TOP2A recruitment may contribute to centromeric cohesion or

replication, and this will be the subject for future investigation.
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Chapter 1: General Introduction

1.1  The cell cycle

Omnis cellula e cellula; all cells arise from the division of pre-existing cells.
Even though there is still some debate over who first proposed this key tenet of cell
theory over 150 years ago, there is no doubt as to its contribution to the development
of the field of cell biology [1]. To generate two daughter cells, a cell must pass
through the cell cycle: a coordinated sequence of events that has to be completed in
a precise and ordered manner. The cell cycle can be divided into four main stages, or
phases, Gap 1 (G1), Synthesis (S), Gap 2 (G2), and M-phase (M; comprising mitosis
and cytokinesis). Under certain conditions, cells may also enter a non-proliferative
state, termed the Gap 0 or Resting (GO) phase (Fig. 1.1). Each of these phases will
be discussed in the following paragraphs. Central to the control of these cell cycle
events are two classes of proteins: cyclins, and their interacting partners, the cyclin-
dependent kinases (CDKs). As their name suggests, cyclin levels oscillate
throughout the cell cycle through their synthesis and degradation. Cyclins associate
with, and activate CDKs activity, and it is these waves of cyclin-CDKs activity that

drive transition between the phases (reviewed in [2,3]).

1.1.1 Gl1-phase

Typically the longest stage in somatic cells, Gl-phase is dedicated to the
synthesis of the proteins required for cell division, accompanied by an increase in
cell size. In this phase, a cell must decide if conditions are conducive for cell
division. For mammalian cells in culture, this involves the incorporation of various
signals from growth factors, cell density, and attachment to substrate [4]. If
conditions are unfavourable, for instance if growth factors are absent, cells can exit
the proliferative state and enter GO-phase. Once cells have passed the restriction (R)
point, they are no longer dependent on the aforementioned factors and must
complete a full round of genome duplication and cell division [5]. Confusingly, there

is evidence that two such independent points exist, both of which have been referred
16



to as R points [6]. The first, occurring relatively early in Gl, is growth factor-
dependent (hereon termed R), and the second, closer to the start of S-phase, which
monitors cell nutritional status (“cell growth” checkpoint) [6]. At the molecular
level, increasing levels of the G1 cyclin cyclin D-CDK4/6 promotes the expression
of cyclin E, and transition through R. Nutritional status permitting, cyclin E-CDK2
induces the expression of many genes, including cyclin E itself in a positive

feedback loop, which are required for entry into S-phase [6].

o @
Y GO
O
M
G1 R
G2
S

Figure 1.1 Phases of the eukaryotic cell cycle. The cell cycle consists of four main stages.
In preparation for mitotic cell division in M-phase, cells undergo two phases of growth, G1
and G2, and genome duplication in S-phase. Cells can also exit the cell cycle and enter a

period of temporary quiescence (G0) or senescence under certain conditions. Adapted from

[2].

1.1.2 S-phase

The process of genome duplication begins at specific sites distributed
throughout the genome, termed replication origins [7]. Replicative helicases unwind
double-stranded DNA (dsDNA) in a bidirectional manner beginning at replication
origins. This enables recruitment of a host of factors to single-stranded DNA
(ssDNA) which ultimately results in the production of two identical dsDNA
molecules (discussed further in Section 1.3). The passage of replication forks

moving away from each other creates an expanding ‘bubble’ of replicated DNA,

17



between them, which eventually merges with another bubble originating from a
neighbouring origin, finally resulting in complete replication of the genome [8]. The
initiation and progression through S-phase is promoted by rising levels of cyclin A-
CDK2. In addition to initiating DNA synthesis, cyclin A-CDK2 also prevents the
assembly of further replication complexes, thus limiting the firing of each origin to

once per cell cycle [9].

1.1.3 G2-phase

In G2, cells continue to grow and synthesise proteins required for M-phase.
This temporal gap between S- and M-phases allows cells to ensure that genome
duplication is complete before chromosomes are segregated [10]. It is also an
opportunity for cells to check the fidelity of replicated DNA, and if required, prevent
entry into M-phase until damaged DNA is repaired [10].

1.1.4 M-phase

The cell cycle culminates in the final, and perhaps the most visually
impressive process of nuclear and cellular division. Chromosome segregation in
mitosis can be subdivided into four phases: prophase, metaphase, anaphase, and
telophase, which are subsequently followed by separation of the mother cell into two
distinct daughter cells by cytokinesis [11]. Here, both cyclin A-CDK1 and cyclin B-
CDK1 act to trigger the initial steps of mitosis [11].

In prophase, chromosomes are condensed, and the nuclear envelope breaks
down. Kinetochores, large multi-protein complexes, are assembled on centromeres,
one on each sister chromatid [12]. Microtubules originating from the centrosomes
attach to kinetochores, such that each kinetochore of a sister chromatid pair is
attached to opposing poles of the cell. This bi-oriented attachment is essential for
equal chromosome segregation, and is monitored by the spindle assembly
checkpoint (SAC; reviewed in [13]). SAC signalling is dependent on two factors,
microtubule-kinetochore attachments, and inter-kinetochore tension. The bi-

directional pulling from each pole aligns chromosomes along the cell equator in

18



metaphase. Once chromosomes are properly attached and aligned, SAC signalling
ceases, and the anaphase promoting complex/cyclosome (APC/C) is activated. The
APC/C is an ubiquitin ligase that marks proteins for degradation, and acts on
proteins which inhibit anaphase progression [14]. Sister chromatids are held together
by cohesin rings in metaphase, cleavage of which is carried out by separase. In
metaphase, separase is inhibited by its interaction with securin. APC/C-directed
degradation of securin in anaphase results in cohesin cleavage, allowing sister
chromatid separation and segregation [15]. In telophase, the nuclear membrane
reforms around each set of separated chromosomes, and chromosomes decondense.
Finally, cytokinesis occurs through the formation of a contractile ring between the
nuclei, progressively constricting the cell membrane until the two daughter cells are
completely separated [16]. The APC/C is also responsible for the degradation of the
mitotic cyclins A and B before re-entry into G1 [14].

1.1.5 Cell cycle exit: GO-phase and senescence

As alluded to earlier, cells are able to exit the proliferative cell cycle either
temporarily (quiescence, GO-phase) or irreversibly (senescence) [17,18]. Cellular
senescence can be triggered by various sources including, but not limited to,
shortened telomeres, severe DNA damage, or oncogenic stress [18]. This is thought
to be a pro-survival mechanism, as proliferation of aged or abnormal cells, which are
more likely to be genetically unstable, increase the likelihood of tumorigenesis [19].
Quiescence, on the other hand, is a means for restraining proliferation until
conditions are more favourable, or in the organismal context, when tissue growth or
repair is required [17]. In the latter case, this is sensed or communicated through the
secretion of growth factors and cytokines. Growth factors can bind to a specialised
class of cell-surface receptors with intrinsic tyrosine kinase activity (receptor
tyrosine kinases), which initiate a intracellular signalling cascade to trigger re-entry

into the cell cycle [20].
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1.2 Signalling by receptor tyrosine kinases

Receptor tyrosine kinases (RTKs) are a large family of cell-surface receptors
composed of 58 known transmembrane receptors, divided into 20 subfamilies
[20,21]. RTKs mediate multicellular communication in metazoans by sensing
extracellular signals and transmitting them into the interior of the cell to initiate the
desired response. They are involved in the regulation of a wide range of critical
cellular processes, including cell cycle control, proliferation and differentiation,
survival, metabolism, and migration [20]. As such, RTK signalling is usually subject
to tight control, and their untimely activation is frequently linked to oncogenic

transformation [21].

1.2.1 Mechanisms of RTK activation and signalling

All RTKs have conserved molecular features, consisting of ligand-binding
extracellular domains, a membrane-spanning helix, and a cytoplasmic region
containing a protein tyrosine kinase (TK) domain as well as additional C-terminal
and juxtamembrane regulatory domains [20]. The exact molecular events that
govern RTK activation are remarkably varied, but share a common theme. Under
basal conditions, RTKs adopt an autoinhibitory structure (for instance with
obstructed ATP or substrate binding pockets). Ligand binding induces receptor
dimerization (or in some cases oligomerization), which then allows trans-
phosphorylation between partners, which relieves the autoinhibition and adoption of
an active kinase configuration. It is thought that even when autoinhibited, TK
domains maintain a sufficient basal level of activity to phosphorylate its partner
when stabilised in a dimer/oligomer (reviewed in [20]). Once activated, RTKs
rapidly undergo several phases of autophosphorylation, serving to further increase
TK activity, and create phosphotyrosine-based binding sites for recruitment of
downstream signalling molecules containing phosphotyrosine-binding (PTB) and

Src homology 2 (SH2) domains (Fig. 1.2) [22].
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Figure 1.2 Ligand binding to RTK results in activation of intracellular signalling
pathways. The activated RTK phosphorylates multiple tyrosine residues on itself and
scaffolding proteins (red arrows), such as Insulin Receptor Substrates (see Section 1.2.3),
which form binding sites for downstream signalling molecules containing PTB and SH2
domains. This results in the parallel activation of the PI3K/AKT and ERK pathways
(discussed in Section 1.2.2). Figure adapted from [20].

1.2.2 Signalling pathways downstream of RTK activation

Recruitment of a host of signalling molecules either by direct binding or
through scaffold proteins nucleates the formation of multi-protein signalling
complexes at the activated receptor. While there are several different pathways that
can be activated depending on the ligand and RTK involved, we will be focusing on

two major pathways involved in the proliferative response.
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1.2.2.1 Phosphoinositide 3-kinase — AKT pathway

Activation of the phosphoinositide 3-kinase — AKT (PI3K—AKT) signalling
pathway is probably the most vital and best characterised process regulated by RTK
activation. PI3K is a heterodimer consisting of a p85 regulatory subunit and a p110
catalytic subunit with lipid kinase activity [23]. The tandem SH2 domains of the p85
subunit promote the translocation of PI3K to the activated receptor by binding to
phosphotyrosine-containing motifs. At the membrane, it phosphorylates the 3’OH
group of the inositol membrane lipid phosphatidylinositol-4,5-bisphosphate (PIP2) to
produce the second messenger phosphatidylinositol-4,5,6-trisphosphate (PIP3) [24].
Accumulation of PIP3 at the membrane recruits other signalling proteins through
direct binding with their pleckstrin homology (PH) domains, including AKT, a
protein serine/threonine (S/T) kinase, which is the major effector of PI3K [25,26].
AKT localisation to the membrane stimulates its phosphorylation on two key
residues essential for full activation of its kinase activity: Ser308 and Ser473, by
phosphoinositide-dependent kinase 1 (PDK1), and PDK2 (now identified to be the
mTORC2 complex) respectively [27,28]. In turn, AKT acts on a wide range of
substrates to promote cell proliferation and survival, including inhibitory
phosphorylation of the CDK inhibitor p21, increasing transcription and translation of
cyclin D, inhibition of pro-apoptotic caspases, and upregulation of insulin signalling

(reviewed in [29]).

1.2.2.2 Mitogen-activated protein kinase pathway

The mitogen activated protein kinase (MAPK) pathway is also known as the
Ras—Raf-MEK-ERK pathway (where MEK and ERK are Mitogen-activated ERK
Kinase and Extracellular-signal-Regulated Kinases respectively). This pathway is
activated in an analogous manner to the PI3K—AKT pathway. Through a complex
consisting of SHC2-GRB2-SOS proteins, Ras is recruited to the activated receptor
[30]. Ras is a GTP-binding protein which is inactive in its GDP-bound form, and
SOS is a guanine nucleotide exchange factor that converts Ras from its GDP-bound

form into its GTP-bound form [31]. Activated Ras directly binds Raf Ser/Thr
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kinases (B-Raf and C-Raf) and recruits them to the membrane. At the membrane,
Rafs are activated through a complex series of events involving multiple factors,
including phosphorylation/dephosphorylation and dissociation from inhibitory
proteins [32]. Rafs then phosphorylate and activate MEK, whose predominant
downstream target is ERK. ERKSs are also S/T kinases, but in contrast to MEK, ERK
has multiple targets, such as the transcription factors MYC, CREB, and c-JUN,

which can upregulate genes involved in proliferation and the cell cycle [32,33].

1.2.2.3 Signalling pathway integration

As mentioned earlier, there are 58 identified transmembrane RTKSs, each
stimulating different cellular responses, yet these effects are mediated by a
surprisingly small number of signalling pathways [20]. To complicate matters
further, the same pathways are also often used in cytokine receptor signalling [34].
How the activation of the same pathway by different receptors, or even by the same
receptor in different contexts, can result in differential biological effects is a matter
of great interest. Although they have been portrayed here as independent linear
pathways for simplicity, this is not an accurate reflection of signalling in vivo. The
existence of positive and negative feedback loops, both within and between
pathways, form an elaborate network, which allows integration of signals from
multiple receptor inputs. In addition, differences in the number, extent, and kinetics
of receptor activation, and also cell lineage, all play a role in determining the exact
cellular outcome [20]. A detailed molecular and quantitative understanding of these
processes is a long standing goal within the field, as these pathways are frequently
dysregulated in cancer, and targeting of these pathways may have significant

therapeutic potential [35,36].

1.2.3 Insulin Receptor Substrate proteins

The Insulin Receptor Substrates (IRS) are a family of proteins associated

with RTK signalling. Currently, there are 5 known members in humans, IRS1, 2, 4,

5, and 6 (IRS3 is only present in mice) [37]. IRS1 was the first identified member,
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and was initially detected as a protein that was tyrosine phosphorylated upon insulin
stimulation [38]. IRSs interact directly with a number of different RTKs, including
the insulin receptor and insulin-like growth factor 1 (IGF-1) receptor [39-42]. IRSs
are extensively phosphorylated by activated receptors, and while they do not have
catalytic activity, they contain binding sites for the recruitment and activation of
downstream signalling molecules, including PI3K and GRB2 [37]. They therefore
function as protein scaffolds that mediate the recruitment of other proteins to
membranes and RTKs. The specific recruitment domains that are present varies
between IRS proteins [37]. All IRSs contain a PH and PTB domain on their N-
terminus, which allow recruitment to the membrane through interaction with
phosphatidylinositol lipids and phosphorylated receptors, respectively. IRS1, 2, and
4 additionally have PI3K and GRB2 docking sites, whereas the distantly related
proteins IRSS and 6 are truncated at their C-termini and their role in signalling is

unclear (Fig. 1.3) [43].
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Figure 1.3 IRS proteins in humans. All five members of the IRS family contain a pleckstrin
homology (PH) and a phosphotyrosine binding (PTB) domain on their N-termini. Potential
phosphotyrosine sites are marked (Y), and known binding motifs are indicated in boxes

below the interacting partners. Figure adapted from [44].
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Despite similarities in structure and functions (such as PI3K activation), IRSs
have non-interchangeable roles in RTK signalling. IRS1 and IRS2 are the primary
effectors of insulin-stimulated mitogenesis and glucose metabolism in most cell
types, but are differentially expressed [44]. In addition, IRS1- and IRS2-deficient
mice do not have identical phenotypes. Due to reduced sensitivity to IGF-1, IGF-2,
and insulin, IRS1-deficient mice exhibit growth retardation and are less sensitive to
the blood glucose-lowering effects of insulin compared to normal mice, but do not
develop diabetes (i.e. have normal glucose tolerance) [45]. On the other hand, IRS2-
deficient mice have mildly reduced growth compared to normal mice, but profound
insulin resistance, and impaired pancreatic B-cell function [46]. These phenotypic
differences are not likely due to tissue-specific expression alone, as it has been
demonstrated that IRS1 and IRS2 mediate differential signalling events in the same

cells [47].

In contrast, disruption of IRS4 in mice, expression of which is limited to a
comparatively smaller number of tissues, resulted in only mild defects in growth,
reproduction, and glucose tolerance, arguing against a major physiological role for
IRS4 in mammals [48,49]. However, IRS4 is highly expressed in some cell lines and
tissue types, including the liver. In rats, it is dramatically upregulated after partial
hepatectomy, suggesting a role in liver regeneration [50]. In addition, IRS4 was
found to be upregulated in primary hepatocellular carcinoma [51], and IRS4
depletion in the human hepatoblastoma cell line HepG2 impairs IGF-1-dependent
proliferative signalling, and sensitises HepG2 cells to Actinomycin D- and TNF-a-
mediated cell death [39,52]. Consistent with this, IRS proteins have been implicated

in tumour proliferation, motility, and invasion (reviewed in [53]).

In summary, cells receive extracellular signals, in the form of growth factors,
which bind to their respective RTKs at the cell surface. RTK activation results in the
recruitment and activation of multiple signalling molecules, a process which is
mediated by scaffold proteins such as the IRSs. Extracellular signals from different
receptors converge on a common set of signalling pathways, and this allows the cell

to integrate signals from multiple inputs to determine if conditions are conducive to
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cell cycle re-entry. If proliferation is the desired response, cells prepare to enter S-

phase and replicate their DNA.

1.3 DNA replication

According to the latest genome assembly, each diploid human cell contains
over 6.4 billion nucleotides spread over 46 chromosomes (GRCh38.p4, June 2015,
http://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.30/) [54]. To ensure timely
completion of human genome duplication, replication is initiated from an estimated
30,000 — 50,000 origins in every S-phase [55]. This process requires precise
coordination, as it is crucial that the entire genome of a eukaryotic cell is fully
replicated exactly once and only once per cell cycle. Failure to do so can have
catastrophic effects, particularly as cells attempt to segregate their chromosomes.
Under- or overreplication can lead to cell inviability or genomic instability, which is
a major contributing factor to cancer [56]. DNA replication can be divided into
three distinct stages, initiation, elongation, and termination. Important events are

summarised in Figure 1.4 and are discussed in the following sections.

Much of what we now know of the cell cycle stems from studies first
performed in the budding yeast Saccharomyces cerevisiae, and other model
organisms [57,58]. Due to its experimental and genetic tractability, and the fact that
its replication origins are well defined, S. cerevisiae has contributed immensely to
the study of the processes involved in DNA replication in particular [59,60]. Many
of these processes have since been found to be conserved in humans. As such, the
following discussion (and corresponding references) will refer to the human
homologues as far as has been determined. Where protein function has been
determined in other model organisms, this will be distinguished by the prefix Sc or

X1 for budding yeast or Xenopus laevis, respectively.
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1.3.1 DNA replication initiation

1.3.1.1 Origin licensing

The first step of replication initiation, origin licensing, actually occurs in late
mitosis to early G1-phase, and involves the assembly of pre-replicative complexes
(pre-RC) at recognised origins. This is achieved by the binding of the hexameric
Origin Recognition Complex (ORC), comprising subunits ORCI1-6, to origin DNA
in an ATP-dependent manner [61]. The ORC physically marks replication origins
and forms the platform for subsequent assembly of the pre-RC. CDT1 and CDC6
then become independently associated with ORC-bound chromatin, and this allows
recruitment of the replicative helicase MCM2-7 [62,63]. At this stage, MCM2-7 is
only loosely associated with origins, and is loaded onto DNA in a series of events
requiring ATPase activity of ORCI and CDC6, finally resulting in the sequential
loading of two MCM2-7 hexamers in a head-to-head conformation [64-66]. In cells
progressing to S-phase from quiescence (G0), Cyclin E-CDK2 cooperates with
CDC6 to promote pre-RC formation. It is believed that MCM2-7 loading is the
essential goal of pre-RC formation, as XIORC and XICDC6 are dispensable for

replication initiation after this stage [67,68].

1.3.1.2 Origin firing

Transition from G1 to S-phase is marked by rising levels of cyclin A-CDK2
and CDC7 kinase [69,70]. The mechanisms leading to origin firing by the action of
these kinases are rapidly being elucidated, and have recently been recapitulated in
vitro with the minimal complement of purified S. cerevisiae proteins [71].
Replication competent origins were formed in three steps: pre-RC formation
dependent on ORC binding, followed by the CDC7- and CDK-dependent
recruitment of additional proteins to form the pre-initiation complex (pre-IC) in two
independent steps [71]. These processes appear to have been mostly conserved in
humans, although the specific phosphorylation events involved may differ.
Phosphorylation of Treslin/TICRR by cyclin A-CDK2 facilitates its binding to

BRCT domains on TOPBP1, and the resulting complex of TICRR/TOPBP1/MTBP
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is essential for the recruitment of GINS, MCM10, and DNA polymerase € (Pol €) to
the pre-RC [72,73]. CDC7 kinase, on the other hand, associates with CDT1 and is
required for the recruitment of CDC45 [63]. This assortment of factors is termed the
pre-IC [74]. Tight association of the CDC45-MCM2-7-GINS (CMG) complex is
established, followed by the dissociation of TICRR, TOPBP1, and MTBP from the
origin, leaving behind the components required for replication fork progression [8].
The CMG complex contains the key helicase machinery, and phosphorylation of
MCM2-7 by CDC7 kinase triggers the unwinding of dsDNA and entry into S-phase
[69].
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Figure 1.4 Major steps in the initiation and elongation steps of DNA replication. Origin
licensing occurs in G1-phase through the recruitment of CDC6, CDT1, and MCMs to ORC-
bound origins. Assembly of replication competent origins requires the action of both CDC7
kinase and CDKs for the recruitment of critical replication proteins. Note that a number of
important proteins were omitted in this scheme for the sake of simplicity. See text for more
details. Grey and red Ps indicate important phosphorylation events mediated by CDC7 and
Cyclin A-CDK?2 respectively. Figure adapted from [64].
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1.3.1.3 Regulation of DNA replication initiation

1.3.2 Elongation and DNA synthesis

The activation of MCM2-7 helicase activity results in the unwinding of
parental DNA to expose two ssDNA strands which are used as templates for
replication. The single-stranded DNA binding protein Replication Protein A (RPA)
binds to the exposed strands to prevent them from re-annealing or forming
secondary structures [75]. Three different DNA polymerases, Pol a, 9, and &, are
recruited to replication forks for unperturbed replication, all of which are only able
to synthesise DNA in the 5° to 3’ direction, therefore necessitating a different system
for synthesis of each antiparallel strand of the fork [76]. Synthesis of the leading
strand occurs in a continuous manner, as the template is read in the 3’ to 5’ direction,
and this is carried out by the processive DNA polymerase Pol &, whose association
with origins was established during formation of the pre-IC. The lagging strand is
synthesised discontinuously through the alternating action of Pol a and Pol 6 which
produce 100-200 nucleotide (nt) Okazaki fragments which are then joined to form a
single uninterrupted strand [77]. The actions of Pol &€ and Pol 6 on either strand are
dependent on the Pol a-primase complex. DNA synthesis is initiated by the primase
activity of the Pol a-primase complex with a ~10 nt RNA primer, which is elongated
by its DNA polymerase activity for another ~20 nt. At this point, polymerase
switching occurs, and strand elongation is resumed by Pol € and Pol & on the leading
and lagging strands respectively [76]. Additional factors also contribute to
uninterrupted progression of the replication fork. The sliding clamp Proliferating
Cell Nuclear Antigen (PCNA) is a ring shaped protein which is loaded around each
template DNA strand by the Replication Factor C (RFC) complex. PCNA binding to
Pol € and Pol o facilitates polymerase switching from Pol o, and increases their
processivity [78]. Described here is the now generally accepted model that Pol € and
Pol 6 contribute to leading and lagging strand replication respectively, as concluded

from genetic analysis of ScPol mutants [79,80]. It is important to note, however, that
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recent data proposes an alternative interpretation where Pol 6 is responsible for the

bulk of DNA synthesis on both strands [81].

1.3.3 DNA replication termination

Replication termination occurs when replication forks from neighbouring
origins converge. This mechanisms underlying this process are poorly understood,
particularly in metazoans, since the stochastic nature of origin firing leads to
asynchronous and non-sequence-specific termination events [55]. Some insights
have been gained from studies of the simian virus 40 (SV40) in vitro replication
system, where it was found that converging replication forks stall during termination
[82]. The replicative helicase (large T antigen) was also found to dissociate from the
replisome, leaving gaps of about 60 nt on the daughter strands that are filled in at a
later stage [83]. Recently, an elegant study by the Walter group described a system
for the synchronous and site-specific generation of termination events in Xenopus
egg extracts [84]. By introducing tandem /ac operators (LacO) into a plasmid, they
were able to generate a physical barrier to replication through the binding of lac
repressors (LacR), and that could be removed by the addition of IPTG. In contrast to
SV40 replication, they found that replication proceeds linearly to completion upon
removal of the barrier, with no evidence of replication fork stalling. They were also
able to map the 3’ end of the leading strand to within a few nucleotides of the 5’ end
of the lagging strand along the same parental strand, indicating that gaps on the
daughter strand are rapidly filled in. Finally, it was demonstrated that CMG helicase
complexes on converging forks travel pass each other by maintaining their
association with the leading strands. Thus, replication termination occurs when a
replisome travelling with a leading strand encounters a lagging strand from a

neighbouring fork, allowing rapid completion of DNA synthesis [84].
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1.4 The DNA replication checkpoint

Each cell experiences tens of thousands of DNA lesions per day [85]. Some
of these arise via physiological processes, such as base-pairing mismatches during
replication, or spontaneous DNA deamination and oxidation [86]. Lesions can also
be caused by environmental factors, such as ultraviolet light and ionising radiation
from sunlight, radioactivity, as well as carcinogenic compounds found in cigarette
smoke [85,86]. These lesions can interfere with normal replication or transcription,
and if left unrepaired, can lead to the transmission and accumulation of mutations

that are detrimental to cell or organismal viability.

To maintain the fidelity of the genome, cells have a collection of surveillance
mechanisms to detect and respond to DNA damage and replication stress, in the
form of checkpoints. Although activated in response to different events, DNA
damage checkpoints and the replication checkpoint involve partially overlapping
signalling pathways and can elicit similar responses (reviewed in [87,88]). The
following sections will address checkpoint signalling and responses solely in the
context of the replication checkpoint. Establishment of the checkpoint response is
dependent on the actions of three classes of checkpoint proteins, namely the sensors,
transducers, and effectors [89]. Central to the detection of DNA damage and
replication stress, and the subsequent initiation of signalling are the sensor proteins,
Ataxia telangiectasia mutated (ATM), ATM- and RAD3-related (ATR), and DNA-
dependent protein kinase (DNA-PK) [90]. ATM, ATR, and DNA-PK all have well
characterised roles in double-strand break (DSB) repair, but ATR also plays the

primary role in the response to replication stress [88].

1.4.1 Initiation of checkpoint signalling

The replication checkpoint is activated in response to stalled replication
forks. Replication fork stalling can occur either through impeding the progression of
the DNA polymerases, or the helicase [91]. Every base pair in the genome has to be
unwound and replicated, thus any DNA-bound proteins or DNA structures have the

potential to act as replication fork barriers. DNA polymerase stalling is typically
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caused by alkylated DNA bases, dNTP depletion (such as through inhibition of
ribonucleotide reductase by hydroxyurea), or pharmacological inhibition of the
polymerase, while helicase stalling can occur through encounter with bulky DNA
adducts, as well as protein-DNA or DNA-DNA inter-strand crosslinks [91].
Polymerase stalling leads to its uncoupling from the helicase, which continues to
unwind dsDNA, and this results in extended stretches of sSDNA [92]. RPA binds to
the exposed ssDNA strands, and these long RPA-ssDNA tracts recruit ATR and its
functional partner ATRIP to the stalled fork. In addition, ATR-ATRIP activation is
also dependent on the recruitment of the RAD17-RFC complex, the RAD9-RADI-
HUS1 (9-1-1) complex, and TOPBP1 [93]. The RADI17-RFC complex
independently recognises the ssDNA/dsDNA junctions at stalled forks and loads the
9-1-1 complex onto dsDNA. Localisation of all the required components at the
stalled fork leads to full activation of ATR kinase activity ([93] and references

therein).
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Figure 1.5 DNA replication checkpoint signalling through the ATR-CHK1 axis. Sensor
proteins detect replication fork stalling and recruit ATR to initiate checkpoint signalling.
ATR phosphorylates and activates the key effector kinase CHKI in a CLASPIN-dependent
manner. CHKI substrates mediate a range of responses to maintain cell viability during

replication stress. Figure adapted from [94].
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Once activated, ATR phosphorylates a number of different proteins at the
fork, including the key effector kinase CHK1 [95]. Phosphorylation of CHKI1 by
ATR activates its kinase activity, and this is dependent on the mediator protein
CLASPIN [95]. CLASPIN interacts directly with several components of the
replisome including the MCM helicase and Pol €, and is thought to couple their
activity in unperturbed replication [96]. This makes it ideally positioned to act as a
sensor of ongoing replication [97]. As the effector kinase, CHK1 mediates the
downstream phosphorylation of a broad range of cytoplasmic and nuclear substrates,
with three important outcomes: cell cycle delay, inhibition of origin firing, and fork

stabilisation [98].

1.4.2 Response to checkpoint activation

Checkpoint activation imposes a S-M phase cell cycle delay through CHK1
phosphorylation of the cell cycle regulators CDC25C and WEEI [99]. CDC25C
activates cyclin B-CDK1 through its phosphatase function, while WEE1 inhibits
CDKI1 through phosphorylation. CHK1 phosphorylation inhibits CDC25C, and
activates WEEI, thus downregulating CDK activity and preventing mitotic entry

until replication is complete [100].

Not all replication origins are fired simultaneously at the beginning of S-
phase, in fact, firing occurs throughout S-phase in a characteristic temporal order
known as the replication timing program [101]. In addition, dormant origins are
licensed but never fired in an unperturbed cell cycle (Section 1.3.1.3). Since origins
cannot be relicensed in S-phase, there are a limited number of available origins for
activation, and these late-firing and dormant origins may become essential for the
completion of genome duplication in the event that early replication forks stall and
irrecoverably collapse [102]. Thus, it is key that the firing of these origins be
suppressed until the replication stress is resolved. Inhibition of pre-IC formation and
firing of these late and dormant origins is achieved by downregulation of CDK
activity (via CDC2S5 inactivation) and regulation of CDC?7 kinase activity (via direct
ATM/ATR phosphorylation of its regulatory subunit DBF4 [103]).
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However, it has been suggested that the essential function of the checkpoint
is the stabilisation of stalled replication forks. When cells experiencing hydroxyurea-
induced replication stress (caused by dNTP depletion) are treated with an ATR
inhibitor, they lose the ability to complete replication within 45 min of exposure, and
are unable to recover even when the source of replication stress and ATR inhibition
are removed [104]. Failure to prevent fork collapse results in the loss of replisome
components, such as the MCM helicase, that cannot be reloaded [105]. It is less
clear how ATR mediates fork stabilisation, but is thought to depend mainly on its
direct regulation of factors required for fork remodelling or DNA repair [106]. In
summary, checkpoint signalling through the ATR/CHKI axis, through several
parallel mechanisms, provides the opportunity for cells to repair defects before DNA

replication or cell division is resumed.

1.5 Topoisomerase 2-a (TOP2A)

Over 6 billion base pairs of DNA have to be contained within the nucleus of
each diploid human cell [54]. To achieve this, DNA is wound around nucleosomes
composed of histone proteins in the characteristic “beads-on-a-string” structure,
which is then further compacted through the formation of higher-order structures
[107]. These structures do not remain static, and are continuously being unpackaged
and repackaged, since cellular processes such as replication, transcription, and
repair, require DNA to be accessible to various protein factors. Additionally, the
entire genetic material is duplicated every cell cycle, and sister chromatids have to
be completely untangled to allow proper chromosome segregation. These processes
generate major topological challenges to the cell in the form of DNA supercoiling
and entanglements that are resolved by specialised enzymes called topoisomerases
[108]. Type I topoisomerases catalyse the transient nicking and re-ligation of one
strand of a dsDNA duplex. In contrast, type II topoisomerases (TOP2) introduce
transient DSBs in one duplex of dsDNA, allowing passage of a second duplex

through the break, followed by religation of the first strand. Both of these reactions
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can allow relaxation of topological stress, but only the latter allows the untangling,

or decatenation, of DNA strands [109].
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Figure 1.6 Catalytic cycle of TOP2A. TOP24 is a homodimer that catalyses the transient
breakage and reunion of one dsDNA strand (blue) while allowing passage of a second
strand (red). The topoisomerase poison etoposide, and catalytic inhibitor ICRF-187 inhibit
TOP2A activity at different stages of the cycle (Section 1.5.4). Figure adapted from [129].

Two isoforms of TOP2 exist in mammals, TOP2A and TOP2B. Both
enzymes catalyse similar enzymatic reactions in vitro, but have different cellular
roles. TOP2A is essential for all proliferating cells, and is the predominant enzyme
involved in chromosome condensation and segregation [110]. TOP2B is essential for
normal development, but is dispensable in some cell types and is thought to be
mainly involved in transcription-related processes [110,111]. The catalytic domains
of TOP2A and TOP2B are located on the N-terminal three-quarters of the proteins
and share significant sequence homology [112]. Differences in their function and
regulation appears to be conferred through their divergent C-terminal domains,
which are dispensable for catalytic activity in vitro but are vital for cell viability

36



[113]. Consistent with this idea, TOP2 enzymes are subject to differential post-
translational modifications on their C-terminal domains in a cell cycle-dependent

manner [114,115].

1.5.1 TOP2A in DNA replication

About 30,000 — 50,000 origins are activated within each S-phase in humans
[55], producing twice as many replication forks. The unwinding of the DNA double
helix structure results in the progressive build-up of positive supercoiling ahead of,
and negative supercoiling behind each replication fork. If left unresolved, the
accumulation of torsional tension would eventually impede fork progression and
even fork reversal — leading to the activation of the replication checkpoint (discussed
in Section 1.4) [116]. Depletion of TOP2 in S. cerevisiae and human cells, however,
led to the timely completion of replication, suggesting that this is not the essential
function of the enzyme [110,117]. Type I topoisomerases can also promote
relaxation of supercoiling and likely play a redundant role here. While it is not
required for DNA synthesis, studies in the Xenopus system have also shown that
TOP2A is involved in the dissociation of ORC1/2 from origins upon completion of
S-phase, and also regulates MCM2-7 helicase loading at the origin licensing step
[118,119].

1.5.2 Decatenation checkpoint

During the process of replication of a chromosome, the resulting sister
chromatids become intertwined due to the helical structure of DNA [120]. Removal
of these entanglements is carried out by TOP2A, and completion of this process is
monitored by the decatenation checkpoint [121]. Cells do not sense the catenation
status of chromosomes directly, but the checkpoint is instead activated in response to
abortive TOP2A activity or catalytic inhibition of TOP2A [122,123]. Catalytically
inactivated TOP2A recruits the checkpoint mediator protein MDCI to chromatin to
initiate checkpoint signalling [122]. Phosphorylation of TOP2A at S1524 is essential

for MDC1 recruitment, but the kinase responsible for this in vivo has yet to be
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determined [122]. The G2-M-phase transition is prevented through activation of the
ATR/CHKI1 pathway to inhibit CDC25 phosphatase (see Section 1.4.2) and PLK1, a
kinase which triggers mitotic entry [124].

1.5.3 TOP2A in mitosis

Although DNA replication appears to progress normally in TOP2A depleted
cells, mitotic entry is accompanied by an increase in the number of amorphous and
severely entangled chromosomes, suggesting defects in chromosome condensation
and failure to separate sister chromatids [110]. Indeed, TOP2A was one of only six
minimal purified factors that were reported to be necessary to reconstitute Xenopus

mitotic chromatid condensation in vitro [125].

While the decatenation checkpoint ensures that sister chromatids are fully
separated prior to entry into mitosis, decatenation of centromeric DNA is restrained
until cohesin cleavage at the metaphase-anaphase transition [126] (see Section
1.1.4). As such, centromere decatenation is not always completed before
chromosome segregation, and ultrafine anaphase bridges (UFB), which are not
stainable by conventional DNA dyes, are often formed during mitosis even in
unperturbed cells [127]. TOP2A is recruited to UFBs by TOPBP1 to resolve these

structures before cytokinesis can occur [128].

1.5.4 Chemical inhibition of TOP2A

Topoisomerases are essential for cell division and are already a major target
for many anti-tumour drugs (reviewed in [129,130]. TOP2 inhibitors can be divided
into two broad groups depending on their mechanism of action: poisons, and
catalytic inhibitors. TOP2 poisons include the chemotherapeutic drugs etoposide and
mitoxantrone, and are so named because they produce DNA damage or lesions, in
the form of breaks and covalent protein-DNA linkages [131,132]. TOP2 poisons trap
TOP2 at a stage of its catalytic cycle post strand-breakage, where it is covalently
linked to DNA. The accumulation of TOP2-DNA covalent complexes rapidly causes

protein-linked DNA strand breaks to be formed, which contributes to cellular
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toxicity [133]. On the other hand, TOP2 catalytic inhibitors block TOP2 at a later
stage of its catalytic cycle after strand passage, but before release of the strands.
Inhibited TOP2 remains as a closed clamp around both DNA strands involved
[134,135]. Unlike poisons, short term exposure to catalytic inhibitors does not
generate a DNA damage response [136]. In fact, a class of catalytic inhibitors,
bisdioxopiperazines, are mainly used in the clinic to reduce the cardiotoxicity of

some TOP2 poisons [137].

1.6 CDC7 kinase

CDC7 is the catalytic subunit of a serine/threonine kinase which was first
identified in S. cerevisiae as a gene essential for the initiation of DNA replication
[138]. An independent screen of growth-arrested yeast mutants later lead to the
discovery of its regulatory subunit DBF4, which, in complex with CDC7, forms an
active kinase [25,139]. In higher eukaryotes, a second regulatory subunit, DBF4B,
has been identified. Both DBF4 and DBF4B are capable of activating CDC?7 kinase,
and form mutually exclusive complexes with CDC7 [140,141]. Levels of the CDC7
subunit remain relatively constant throughout the cell cycle, but kinase activity is
dependent on DBF4 and DBF4B, the levels of which gradually increase from late
G1 to M-phase. Regulation of DBF4 at the transcriptional level has been reported
[142,143]. ScDBF4 is also degraded in an APC/C dependent manner [144,145],
although post-translational regulation of human CDC7 kinase in an unperturbed cell

cycle has yet to be demonstrated.

1.6.1 Regulatory subunits of CDC7

DBF4 and DBF4B have very limited overall sequence similarity, but share
three short conserved regions (40-45 amino acids each) within their N-terminal
halves, termed the N, M, and C motifs based on the order in which they are located,
from the N- to the C-termini [140,146]. The M and C motifs form a bipartite
interaction with CDC7 which stabilises the kinase subunit in an active conformation
[147]. Through determination of its crystal structure, it was shown that the DBF4 M

and C motifs pack against the C and N lobe of CDC7 respectively, and stabilise
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CDC7 through a reduction in overall exposed hydrophobic surface area [147].
Although the DBF4 M and C motifs (and the intervening sequence) are minimally
sufficient for activation of human CDC7 kinase in vitro and increase MCM?2
phosphorylation in vivo [148], expression of a DBF4 protein lacking motif N is
unable to support the proliferation of mouse embryonic stem cells, probably due to
loss of protein-protein interactions mediated by this motif [149]. The C-terminal half
of the protein (or “tail” region), which was not included in the determination of the

crystal structure of CDC7 kinase, contains no recognisable motifs [147].
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Figure 1.7 Activation of CDC7 kinase by binding to its regulatory subunits. (A) Crystal
structure of CDC7 (green) bound to DBF4-MC (orange). ADP is shown in red. DBF4-M
and C motifs stabilise an active conformation of CDC7. Obtained from RCSB Protein Data
Bank (http://www.rcsb.org/pdb/explore/explore.do?structureld=4F94), as reported by
[147]. (B) Locations of the conserved portions of CDC7, DBF4, and DBF4B. DBF4 and
DBF4B share three short conserved motifs within their N-terminal halves. MC motifs are
sufficient for CDC7 activation, while motif N is thought to mediate protein-protein
interactions. Adapted from [147].

DBF4 is the only CDC7 activating subunit present in S. cerevisiae, and is
also more abundant than DBF4B in most human cell types [140,150]. Depletion of
DBF4 in human fibroblasts and mouse embryonic stem cells (via antibody
microinjection and conditional knockout, respectively) causes cessation of DNA
replication and cell growth [146,149], while siRNA depletion of DBF4B has

comparatively milder effects on S-phase progression in HeLa cells [141]. In the
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Xenopus system, CDC7-DBF4B complexes play the major role in replication
initiation at early stages of embryonic development, but DBF4B levels fall during
the later stages and are replaced by DBF4 [151]. Currently, it is not known if CDC7-
DBF4 and CDC7-DBF4B complexes are functionally distinct.

1.6.2 CDC7 Kkinase is required for initiation of DNA replication

Perhaps the best characterised role of CDC7 is its function in the initiation of
DNA replication. Microinjection of anti-CDC7 antibodies inhibits DNA replication
in HeLa cells [152]. CDC7 kinase activity is required for the recruitment of several
pre-1C proteins to individual origins, including CDC45 [63]. CDC7 also promotes
the stable association between CDC45 and MCM2-7, two components of the CMG
complex [153,154]. Several subunits of the MCM2-7 helicase have been shown to
be substrates for CDC7 kinase in vitro and in vivo [152,155,156], and it appears that
this is its essential function in replication. CDC7 kinase phosphorylates a number of
residues on the MCM2 N-terminal, and it was demonstrated, using
unphosphorylatable and phosphomimetic mutants, that this phosphorylation was
essential for MCM helicase loading [155,157]. Furthermore, a single point mutation
of SCMCMS5 (P83L) was found to bypass the requirement for ScCDC7 activity for
replication initiation, likely through effecting a conformational change of the
helicase, mimicking its phosphorylation by ScCDC7 [158,159]. Similarly, a deletion
of the N-terminal domain of ScMCM4 allows replication to occur in the absence of
ScCDC7 [160]. However, growth is impaired as cells exhibit defects in the
efficiency of origin firing and S-phase progression, and are unable to activate the
replication checkpoint, indicating important roles for CDC7 in other aspects of the

cell cycle [159,160].

1.6.3 CDC7 in the replication stress response

In addition to its roles in unperturbed DNA replication, it is also emerging
that CDC?7 kinase plays additional roles in the response to replication stress. It was

demonstrated that CDC7 remains active and maintains cell viability under such
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conditions where further origin firing is unnecessary, or otherwise detrimental to cell
survival [161]. CDC7 contributes to this through several mechanisms. Firstly, DBF4
is directly phosphorylated by ATM and ATR in response to DNA damage and
replication stress [103]. ATM/ATR phosphorylation of DBF4 stabilises chromatin-
bound CDC7-DBF4, and inhibits its origin firing function, while maintaining CDC7-
DBF4 kinase activity for the stabilisation of stalled replication forks (Section 1.4.2)
[103,162]. CDC7 phosphorylation of the mediator protein CLASPIN has also been
shown to be important for the recruitment of CHKI to stalled forks to allow its
phosphorylation and activation by ATR [163,164]. CDC7 also contributes to pro-
survival signalling through the phosphorylation and stabilisation of the anti-
apoptotic protein TOB1 during DNA damage to allow the opportunity for DNA
repair [165]. As discussed in Section 1.4.1, DNA polymerase stalling can occur upon
encounter with DNA lesions. To maintain fork progression on damaged templates,
trans-lesion synthesis (TLS) is performed by a specialised group of low fidelity
“error-prone” DNA polymerases to allow completion of S-phase and post-
replication repair of the lesions [166]. In this process, CDC7 mediates the chromatin
binding of RADI18, and promotes its association with the TLS Pol n to direct their
efficient recruitment to stalled forks [162,167].

1.6.4 Additional roles for CDC7

Studies on CDC7 kinase in human cells have understandably been focused
mainly on its role in the initiation step of DNA replication, where it interacts with,
and phosphorylates, multiple subunits of the MCM2-7 helicase complex
[153,155,160,168]. However, work carried out in other model organisms is strongly
supportive of potential roles for CDC7 kinase outside of S-phase. In S. cerevisiae,
CDC7 has been shown to be involved in the regulation of the mitotic exit network,
as well as several aspects of meiosis including meiotic-specific transcription,
replication, recombination, and homologous chromosome segregation (for a list of
substrates/interactors and references see Table 1.1). In Xenopus egg extracts, CDC7

is involved in establishing chromosome cohesion [169], while in a mouse cell line it
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was reported to mediate TGF-B-induced smooth muscle cell differentiation and

maturation [170,171].

Despite its essential nature and the variety of roles ascribed to CDC7 across
different model organisms (Table 1.1), the number of proteins currently reported to
interact with, or are phosphorylated by, human CDC?7 kinase are surprisingly few
(see Table 1.2). This is likely due to intrinsic limitations of working with human
cells, particularly in the study of meiosis and development. Most of these were
identified as substrates for human CDC7 using targeted approaches through
predictions based on their functions in similar pathways (e.g. DNA replication or the
S-phase checkpoint) [63,164,167,168], and in some cases, CDC7 itself was
identified as a result of a screen [165,172-174].

Table 1.1 Functions of CDC7 outside of DNA replication

Protein(s) CDC7 kinase function Species

Promotes chromatin association of SCC2-SCC4 and cohesin
SCC2-SCC4 ) . ] . ) X laevi
loading to establish sister chromatid cohesion [169] aevis

SMAD3 Promotes SMAD3-dependent gene expression in TGF-3- M. musculus

induced smooth muscle differentiation [170,171]

CDC5 Inhibits CDCS5 to regulate the mitotic exit network [175,176] | S. cerevisiae

MER?2, TOF1, | Regulates SPO11 recruitment for meiotic DSB formation
CSM3 [177-179]

S. cerevisiae

Promotes NDTS8O0 transcription and meiotic entry

SUMI1 [63.180,181] S. cerevisiae
Regulat lin localization for homol

LRS4 egulates monopolin .oca 1za. 101.1 or homologous S cerevisiae
chromosome segregation (meiosis I) [173,182]

RECS Promotes cohesin cleavage (meiosis I) [183] S. cerevisiae
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Table 1.2

Known human CDC7-interacting proteins and substrates

. . . Function of CDC7 Method of
Protein Function of protein . . . . .
interaction identification
. o . Forms active CDC7 kinase | Homology to S.
DBF4 K -activat bunit
fhase-activating subunt complex [152] cerevisiae DBF4
F tive CDC7 ki
DBF4B Kinase-activating subunit orms active nase Homology to DBF4
complex [140]
L. ) Promotes replication origin | Conserved from S.
MCM2- Replicative DNA hel
¢ 7 eplicative DNA helicase firing [153,155,160,168] cerevisiae
o Promotes CDC45 Targeted (related
CDT1 Replication origin licensing . . functions in
recruitment to origins [63] .
replication)
C t of active Cyclin E .
CINP omponent Ot active LY £ 5 jefined [173] Yeast 2 hybrid
and Cyclin A complexes
. Targeted (Functional
. . R d for full CHK1 . .
CLASPIN | S-phase checkpoint mediator ec.lulr'e or’u interaction in S-
activation [163,164] .
phase checkpoint)
. P tes CAF1-PCNA .
CAF1 Chromatin assembly birr(l)(rllilr(:ge[s 172] Yeast 2 hybrid
Reeruitment of Pol 11 Promotes RAD18-Poln | Targeted (Genetic
RADI8 ceruttment o1 +o T] or interaction at stalled interaction with TLS
Translesion synthesis (TLS)
forks [167] pathway)
TOBI Prevents DNA damage- Stabilises TOB1 during Mass spectrometry-

induced apoptosis

mild DNA damage [165]

based screen
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1.6.5 CDCT7 overexpression in cancer

CDC7 is highly expressed in ~50% of the NCI-60 human tumour cell line
panel, with DBF4 frequently co-expressed in the same cell lines [184]. In the same
study, elevated levels of CDC7 were detected in primary breast, colon, and lung
tumours. Intriguingly, the level of CDC7-DBF4 expression did not correlate with the
proliferation rate of the cells. Thus, if CDC7 does not contribute directly to cell
cycle progression, it stands to reason that high CDC7 levels must confer some other
selective advantage(s). One of the hallmarks of cancer cells is the loss, or evasion, of
growth suppressive signals, such as the ‘guardian of the genome’ TP53 (reviewed in
[185-187]). The absence of such genome surveillance mechanisms increases the
likelihood of developing further oncogenic mutations (an ‘enabling characteristic’),
but at the expense of enhanced replication stress and genomic instability [188]. As
discussed earlier (Section 1.6.3), CDC7 plays important roles in the response to
replication stress, for instance through its involvement in the ATR-CHK1 pathway,
as well as in DNA lesion bypass [162,164]. Cancer cells would therefore become
more dependent on DNA damage response factors, including CDC7, for their
survival. In fact, TP53 inactivation highly correlated with CDC7-DBF4
overexpression in the NCI-60 cell lines [184]. Furthermore, depletion of CDC7
resulted in enhanced cell death in cancer cell lines, but in normal fibroblasts, an
abortive cell cycle is prevented through activation of a TP53-dependent checkpoint
[189]. Similarly, untransformed breast epithelial cells depleted of CDC7 resulted in
a reversible Gl-phase arrest, while TP53 deficient breast cancer cells undergo
apoptotic cell death [190]. Comparative proteomics of CDC7-depleted normal
fibroblasts showed that the maintenance of cell cycle arrest in this “poised
quiescence” state involves changes across a broad range of processes and cellular
compartments [191,192]. The sensitivity of cancer cells to CDC7 loss has led to the
development of CDC?7 inhibitors for cancer therapy [174,193-196].
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1.7 Project aims

The general aim of this project was to elucidate the function of CDC7 kinase and its

regulatory subunits by:

(a) Expressing and purifying CDC7, DBF4, and DBF4B
(b) Identifying novel interacting proteins

(c) Characterising the functions of selected interactors and their relationship

with CDC7 kinase
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Chapter 2: Materials and methods

2.1 Materials

2.1.1 Reagents and buffers

General laboratory and analytical grade reagents were purchased from
Sigma-Aldrich (Arklow, Ireland) and Thermo Fisher Scientific (Leicestershire, UK).
EdU (5-ethynyl-2’-deoxyuridine) and 6-carboxyfluorescein TEG-azide were
purchased from Berry & Associates (Dexter, MI, USA). Details of specific reagents

used are provided as they appear in the text. Buffers used in this study are presented

in Table 2.1.

Table 2.1 Composition of buffers used in this study.

Buffer Composition Application
Hypotonic
10 mM HEPES pH 7.9, 1.5 mM MgCl,, 10 swelling buffer
Buffer A-H mM KCl, 0.5 mM DTT for nuclear
isolation
Buffor AL 10 mM HEPES pH 7.9, 1.5 mM MgCl, 10 E)erliy:lfafuffer
mM KCI, 1% Nonidet P-40, 0.5 mM DTT . .
isolation
Hypotonic
. swelling buffer
ChIP buffer A 100 mM Tris pH &, 10 mM DTT
for nuclear
isolation
Cell lysis buffer
ChIP buffer B 10 mM HEPES pH 7.5, 0.25% Triton X-100 | for nuclear
isolation
Nuclei wash
ChIP buffer C 10 mM HEPES pH 7.5, 200 mM NaCl
buffer
ChIP Elution Reversal of
buffer 0.1 M NaHCO;, 1% SDS antibody binding
20mM Tris pH 8, 150mM NaCl, 2.5mM ChIP antibody
ChIP IP buffer MgCl, 0.5% Triton X-100, 0.1% Nonidet P- | binding and wash
40 buffer
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10 mM Tris pH 8, 1 mM EDTA, 250 mM

ChIP LiCl wash . . .
LiCl,, 1% Nonidet P-40, 1% sodium ChIP wash buffer
buffer
deoxycholate
. . 10 uM 6-carboxyfluorescein TEG-azide or .
Click reaction .u Y . EdU labelling of
. azide-fluor 545, 10 mM sodium-L-ascorbate,
solution nascent DNA

2 mM CuSOq

HPEM extraction
buffer

30 mM HEPES, 65 mM PIPES, 10 mM
EGTA, 2 mM MgCl,, 0.5% Triton X-100,
100-350 mM NacCl

Extraction of
soluble proteins
for IF

300 mM Tris-Cl pH 6.8, 20% (v/v) glycerol,

1
Laemmli sample | 10% (w/v) SDS, 20% (v/v) B- s:;;grztion o
0
buffer (5X) mercaptoethanol, 0.1% (w/v) bromophenol SDS-PAGE
blue
. Micrococcal
MNase buffer 50 mM Tris pH 8, 5 mM CaCl,

nuclease digestion

Nonidet P-40

50 mM Tris pH 7.5, 300 mM NaCl, 10 mM

IP buffer

lysis buffer MgCls, 0.1% Nonidet P-40, 1 mM DTT
. 50 mM NaH,PO4 pH 8, 300 mM NaCl,

P-T1 ft IP buff
NP-T'ysis buffer | 50, Tween-20 buffer
PBS 10 mM phosphate buffer, 137 mM NacCl, 2.7 ZZEShelljll:ifer for

mM KCl p .
preparation
Reversible
taini f
Ponceau S stain 0.1% (w/v) Ponceau S, 5% (v/v) acetic acid s .alnlng 0
nitrocellulose
membrane

PTEM extraction
buffer

50 mM PIPES pH 7.2, 10 mM EGTA, 1 mM
MgCls, 0.2% Triton X-100

Extraction of
soluble proteins
for IF

SDS-PAGE . . Gel running
. 25 mM Tris, 0.1% SDS, 190 mM gl
running buffer LS o v glyetne buffer
Protein transfer
SDS-PAGE . . o onto
transfer buffer 25 mM Tris, 190 mM glycine, 20% methanol nitrocellulose
membrane
A 1
TAE buffer (1X) | 40 mM Tris-acetate pH 8, ImM EDTA garose ge .
electrophoresis
ChIP wash buffer
TE buffer 10 mM Tris pH 8, ] mM EDTA and nucleic acid

storage

48




50 mM Tris pH 7.6, 150 mM NacCl, 2 mM

Tris lysis buffer | 01, | mM EDTA, 1% Triton X-100

Nuclear lysis/IP
buffer

2.1.2 Antibodies

Details of primary antibodies used, including dilutions and amounts used for
immunofluorescence (IF), immunoblotting (IB), and chromatin immunoprecipitation
(ChIP) are shown in Table 2.2. Secondary antibodies used for IF and IB are shown
in 2.3. All Alexa Fluor-conjugated secondary antibodies for IF were purchased from
Thermo Fisher Scientific (Leceistershire, UK), and secondary antibodies for IB were

from LI-COR Biosciences (Lincoln, NE, USA).

Table 2.3 Secondary antibodies used in this study.

Application c::i:%il:e Antibody Dilution
A11003 a-Mouse IgG 546 1:300
A11001 a-Mouse IgG 488 1:300
Immunofluorescence | A11010 a-Rabbit IgG 546 1:300
A11008 a-Rabbit IgG 488 1:300
A21445 a-Human IgG 647 1:300
926-68020 | IRDye 680LT Goat Anti-Mouse IgG 1:20,000
926-68021 | IRDye 680LT Goat Anti-Rabbit IgG 1:20,000
Immunoblotting 926-32214 | IRDye 800CW Donkey (pAb) anti-goat IgG | 1:10,000
926-32210 | IRDye 800CW Goat Anti-Mouse 1gG 1:10,000
926-32211 | IRDye 800CW Goat Anti-Rabbit IgG 1:10,000
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Table 2.2 Primary antibodies used in this study.

C:lt?rln(l))ge:e Source Protein/Antigen ﬂflltr)llzlsuclel:;ce W:’j(t)im C(::;) Notes
4058 Cell Signalling AKT pS473 1:2000 Gift from PCI, NUIG
DCS-342 MBL CDC7 1:1000
- [161] CDC7 (Clone 12A10) 1:100 5
15-234-0001 | Antibodies Incorporated | Centromere proteins (ACA) 1:200
- - DBF4 (Clone 6F46) 5
- [140] DRF1/DBF4B (Clone 5G4) 1:250
F4049 Sigma FLAG M2 1:100 1:1000
2118L Cell Signalling GAPDH 1:5000
abl0158 Abcam Histone H4 1:2000
sc-8189 Santa Cruz IRS-4 1:100 1:1000
50-172-131 | Upstate IRS-4 1:200 1:1000
MCA1859 AbD Serotec MCM2 1:2000
- [155] MCM2 pS40/41 1:5000
A00626 GenScript NWSHPQFEK (Strep-tag) 1:500 1:5000 3
IHC-00264 | Bethyl Laboratories PCNT 1:300
sc-899 Santa Cruz RPB1 3 Gift from Adrian Bracken, TCD
ab26212 Abcam SSRP1 1:500
MAB4197 Milipore TOP2A 1:150 1:1000
GTX100689 | GeneTex TOP2A 1:2000
A1978 Sigma B-actin 1:10000
sc-9104 Santa Cruz B-tubulin 1:5000
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2.1.3 Plasmids

The following plasmids used (Table 2.4) were generated in the Santocanale

laboratory.

Table 2.4 Plasmids used in this study.

Plasmid name Protein expressed | Epitope tag (s)
pAB1-CDC7 CDC7 FLAG-Strep (C-term)
pAB1-DBF4 DBF4 FLAG-Strep (C-term)
pAB1-DBF4B (tagged) DBF4B FLAG-Strep (C-term)
pAB1-DBF4B (untagged) | DBF4B None
pIC111-DBF4B DBF4B GFP (C-term)

2.2 Methods

2.2.1 Cell culture

2.2.1.1 Maintenance

HEK293T were obtained from American Type Culture Collection (ATCC),
U20S osteosarcoma cells from the Centre for Chromosome Biology, NUI Galway,
human foreskin fibroblasts immortalised by hTERT expression were as described in
[197], and host Flp-In T-REx 293 cells were from Invitrogen. All cell lines were
validated by short tandem repeat (STR) analysis. Cell lines were maintained in high
glucose DMEM supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS) and 1% (v/v) Penicillin-Streptomycin solution (Sigma-Aldrich, Arklow,
Ireland). Sterile cell culture plastics were obtained from Sarstedt AG (Niimbrecht,
Germany). The cells were cultured in a Steri-Cycle CO2, HEPA Class 100 incubator
(Thermo Scientific, Rockford, USA) at 37°C and 5% CO2.

2.2.1.2 Cell number determination

Cell density was determined using a Countess Automated Cell Counter

(Thermo Fisher Scientific, Leceistershire, UK) according to the manufacturer’s
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instructions. Briefly, 10 ul of a trypsinised single cell suspension was mixed with 10
pl of Trypan blue solution, and 10 pl of this mixture was loaded onto a Countess
Chamber Slide. Cell number and viability was assessed by Trypan blue exclusion.
Samples were diluted to fall within the linear range of the instrument (<4.0 x 10°

cells/ml).

2.2.1.3 Cryopreservation and resuscitation

Cells were counted and resuspended in freezing medium (DMEM, 10% (v/v)
FBS, and 10% (v/v) DMSO) at a density of between 1-2 x 10° cells/ml. Cells were
frozen in 1 ml aliquots in cryogenic vials. Tubes were stored in a -80°C freezer

overnight and transferred to a liquid nitrogen storage system for long term storage.

Cells were resuscitated by rapid thawing of the cell suspension in a 37°C
waterbath. Once fully thawed, the cell suspension was added to 6 ml of pre-warmed
medium and centrifuged at 600 xg at room temperature for 5 min. 6 ml of
supernatant was aspirated, and cells were gently resuspended in the remaining 1 ml

of medium and transferred into a T25 flask.

2.2.14 Plasmid transfection

Transfections were carried out with jetPEI (Polyplus Transfection, llkirch-
Graffenstaden, France) according to manufacturer’s recommendations. DNA and
jetPEI reagent were added to two separate tubes containing 150 mM NaCl solution,
vortexed, and centrifuged briefly. NaCl solution containing the jetPEI reagent was
added to the DNA solution, vortexed, and centrifuged. DNA/jetPEI mixture was left
at room temperature for 15 min before being added to the cells. Volumes and DNA

amounts used are as shown in Table 2.5.
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Table 2.5 Optimised conditions for DNA transfection with jetPEI reagent.

Surface area |Amount of DNA | Volume of jetPEI| Total NaCl
Plate format
(cm?) (ng) reagent (pl) volume (pl)
4-well plate 2 0.25 0.5 50
6-well plate 10 1 2 200
15 cm plate 150 20 40 1000
2.2.1.5 siRNA transfection

siRNA transfections were carried out with jetPRIME (Polyplus Transfection,
llkirch-Graffenstaden, France) according to manufacturer’s protocol. Cells were
plated in a total of 2 ml media in a 6-well plate. In a sterile tube, the required amount
of siRNA (50-100 nM final concentration) was added to 200 pl of jetPRIME buffer,
vortexed, and centrifuged briefly. 4 ul of jetPRIME reagent was added, vortexed,
and centrifuged again. Solution was left for 10 min at room temperature, and added
to the cells. Media was replaced 6 h after transfection and cells were left to grow for
24 to 48 h depending on depletion efficiency and the assay requirements. A list of
siRNAs used in this study is shown in Table 2.6.

Table 2.6 siRNAs used in this study.

siRNA Sequence Reference/Source
siCTRL AGU ACU GCU UAC GAU ACG G Ambion
silRS4-A GGU CGU GUU UGU GAG GCU GAA | [52]

. Beginning at position 354 (sequence not . ] )
silRS4-B . Predesigned, Sigma Aldrich

provided)

siCDC7-pool - SMARTpool, Dharmacon
siDBF4-pool - SMARTpool, Dharmacon
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2.2.1.6 Stable isotope labelling of amino acids in cell culture

(SILAC)

All SILAC reagents were obtained from Dundee Cell Products (Dundee,
UK). Flp-In T-REx 293 Empty vector, DBF4B, and CDC7 WT cells were
maintained in DMEM media containing unlabelled arginine and lysine (ROKO;
light); '3C labelled arginine and *H labelled lysine (R6K4; medium); and '*C and '°N
labelled arginine and '3C and *N labelled lysine (R10KS8; heavy) respectively. All
culture media was supplemented with 10% (v/v) dialysed FBS and 1% (v/v)
Penicillin-Streptomycin solution. Cells were maintained in SILAC media for at least

six passages over a two week period.

2.2.1.7 Cell synchronisation

2.2.1.7.1 Mimosine and nocodazole block

24 h after plating, cells were treated with 1 mM mimosine or 1 uM
nocodazole (Sigma-Aldrich, Arklow, Ireland) for 19 h to arrest cells in G1/early S-

phase or mitosis, respectively.

2.2.1.7.2 Mimosine block and release

24 h after plating, cells were treated with 1 mM mimosine. After 15 h, media
was aspirated. Cells were washed once with prewarmed media. Fresh prewarmed
media was carefully added onto the cells to minimise cell detachment from the

culture plates.

2.2.2 Nucleic acid methods

2.2.2.1 Agarose gel electrophoresis

Depending on DNA fragment size to be analysed, agarose gels of between
1.0% to 2.0% (w/v) were prepared using electrophoresis grade agarose in 1X TAE
buffer. Electrophoresis was carried out in 1X TAE buffer at 60-110V in the Mini
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Horizontal Gel Units (Medical Supply Co. Ltd., Dublin, Ireland) until desired
separation is achieved. Gels were stained by incubation with SYBR Safe (diluted
1:50,000 in 1X TAE buffer) for 30 min. Imaging was carried out on a Molecular
Imager PharosFX Plus System (Bio-Rad).

2.2.2.2 Bacterial transformation using heat shock

Competent E. coli DH5a cells were thawed on ice. 50 ng of plasmid was
added to 50 pul of competent cells. Cells were placed on ice for 20 min, heat shocked
for 45 s at 42°C, and placed back on ice for 2 min. 1 ml of prewarmed Luria-Bertani
(LB; Sigma-Aldrich) media was added to the cells, and incubated in a shaking
incubator at 37°C for 1 h. Cell suspension was centrifuged (21000 xg, 1 min, 25°C).
900 pl of supernatant was disposed of. Cells were resuspended in the remaining
volume of media, and spread onto LB agar (Sigma-Aldrich) plates containing the
appropriate antibiotics for selection. Plates were placed in a bacterial incubator at

37°C for 16 h.

2.2.23 Plasmid amplification and purification

Using a sterile pipette tip, single colonies from the bacterial transformation
were picked and expanded in 7 ml LB media in a shaking incubator at 37°C for 16 h.
Plasmids were purified from 5 ml of this culture using the GenElute Plasmid
Miniprep Kit (Sigma-Aldrich) according to manufacturer’s instructions. For
maxipreps, 150 pl of the initial 7 ml culture was added to 150 ml LB media, and
incubated at 37°C for 16 h. Plasmid purifications were then performed using the
GenElute HP Plasmid Maxiprep Kit (Sigma-Aldrich) according to manufacturer’s

instructions.

2.2.24 DNA sequencing

DNA sequencing was performed by Eurofins Genomics with the appropriate

sequencing primers. Sequences were confirmed with at least 2 different reads.
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2.2.3 Protein methods

2.2.3.1 Protein extract preparation for Sodium dodecyl sulphate —

polyacrylamide gel electrophoresis

2.2.3.1.1 Total cell extract

Cell pellet was resuspended in 1x Laemmli sample buffer or lysis buffer.
Cell suspension was sonicated in a Bioruptor(R) waterbath (Diagenode) on high
setting for at least 10 cycles (30 s on, 15 s off). Waterbath was refilled with ice-cold

water every 5 cycles.

2.2.3.1.2 Soluble and insoluble extract

Cell pellet was resuspended in lysis buffer and incubated on ice for 10 min.
Samples were then centrifuged at 21,000 xg for 10 min at 4°C, and the supernatant
was used as soluble extract. Insoluble pellets were washed twice with lysis buffer

and sonicated.

2.2.3.1.3 Trichloroacetic acid extraction

Culture medium was aspirated and the plates were placed on ice. Cells were
detached with a cell scraper and 20% (v/v) trichloroacetic acid (TCA) in Milli-Q
water was added directly to the plates. The suspension was transferred to tubes and
the plates were washed once with 20% TCA. 2 volumes of 5% TCA was added to
each tube, vortexed briefly, and centrifuged at 21,000 xg for 10 min. The
supernatant was aspirated carefully and disposed of, and the pellet was resuspended
in Laemmli sample buffer with 5-10 ul of 1 M Tris base to neutralise residual acid.
Where required, samples were sonicated briefly to assist solubilisation of the protein

pellet.
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2.23.2 Determination of protein concentration

2.23.2.1 Bradford protein assay

The concentration of all protein samples that were prepared in compatible
buffers were determined using the Bradford assay. A standard solution of bovine
serum albumin (BSA) dissolved in the appropriate lysis buffer was used to prepare a
standard curve from 1 to 5 pg/ul protein. 1 pl of sample was pipetted into one well
of a 96-well plate and 180 pl of Bradford reagent was added. All standards and
samples were prepared in triplicate. The plate was incubated at room temperature for
5 min. The absorbance at 590 nm (Aso) was measured using the Wallac 1420
VICTOR? multilabel plate reader (Perkin Elmer, Massachusetts, USA). A graph of
Asqo against concentration was plot in Microsoft Excel and used to calculate the

protein concentration of each unknown sample.

2.2.3.2.2 Bicinchoninic acid protein assay

For protein samples incompatible with the Bradford assay, the Bicinchoninic
acid (BCA) Protein kit (Thermo Scientific, Rockford, USA) was used instead. Assay
was carried out according to manufacturer’s instructions. A series of BSA protein
dilutions were used to create a standard curve. The appropriate lysis buffer was used
as a blank. An aliquot of 10 pl of each sample and standard were diluted in 200 pl of
BCA working reagent (50:1 solution A: solution B). The plate was incubated at 37°C
for 30 minutes. After cooling down to room temperature, the absorbance at 562 nm
was measured and sample concentrations were calculated as described for the

Bradford assay.

2.2.3.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

Protein lysates were separated by sodium dodecyl sulphate - polyacrylamide
gel electrophoresis (SDS-PAGE) using the Mini-Protean® 3 Cell System (Bio-Rad).

SDS-PAGE gels of the desired acrylamide-bisacrylamide content (concentrations
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between 6-15% were used) were prepared according to Table 2.7. 10-30 pg of
protein was mixed with the required volumes of water and 5X Laemmli sample
buffer. Prior to loading, samples were heated to 95°C for 3 min in a heat block and
centrifuged briefly. PageRuler Plus Prestained Protein Ladder (Thermo Scientific,
Rockford, USA) was loaded in adjacent wells. Gel running tank was filled with
SDS-PAGE running buffer and electrophoresis was carried out at 60-100V until the

desired separation was reached.

Table 2.7 SDS-PAGE gel recipes. Resolving gels were prepared with Tris-HCI pH 8.8, and
stacking gels with pH 6.8. All volumes are in ml.

Resolving gel Stacking gel
Acrylamide content 6% 7.5% 10% 12.5% 15% 4%
Water 4.10 3.60 2.76 1.93 1.10 3.61
30% Acrylamide/Bis-acrylamide, 37.5: 2.00 2.50 3.33 4.17 5.00 0.67
IM Tris-HCI pH 8.8 / 6.8 3.75 3.75 3.75 3.75 3.75 0.625
10% SDS 0.100] 0.100f 0.100] 0.100f 0.100 0.050
10% APS 0.050] 0.050f 0.050|] 0.050f 0.050 0.025
TEMED 0.005 0.005 0.005 0.005 0.005 0.005
Total volume 10 ml 5 ml

2.2.34 Protein transfer

SDS-PAGE gels were soaked in transfer buffer for 5 minutes. Protran
nitrocellulose membrane, with 0.2 um pore size (GE Healthcare, Amersham, UK)
was used. Sponge pads and filter paper were also soaked briefly in cold SDS-PAGE
transfer buffer. The transfer cassettes were assembled with the nitrocellulose
membrane on the cathode side and the SDS-PAGE gel on the anode side. Two
sheets of filter paper were placed on either side of the membrane and gel, and the
entire assembly was sandwiched between two foam pads in a gel holder cassette.
The Mini Trans-Blot Cell System (Bio-Rad) transfer apparatus was assembled, an
ice-pack was placed in the tank and the apparatus was filled with cold transfer
buffer. Transfer was carried out at 250 mA for 2-3 h depending on protein size and
gel acrylamide content. Transfer efficiency was checked by Ponceau S staining.

Ponceau stain was removed from the membrane with several washes with PBS.

58



2.2.3.5 Phos-tag SDS-PAGE

5% SDS-PAGE gels supplemented with 5 uM Phos-tag acrylamide (Wako
Pure Chemical Industries, Osaka, Japan) and 10 uM MnCl> were prepared. Samples
were prepared as described for standard SDS-PAGE. Protein ladders were not used
as they contain EDTA, which chelates Mn?" and interferes with separation. Mock
samples (with lysis buffer and Laemmli sample buffer) were loaded in empty lanes
adjacent to samples, and in lanes between samples with different buffer
compositions. Electrophoresis was carried out at 15 mA until the dye just runs off
the bottom. Gels were soaked in transfer buffer supplemented with 10 mM EDTA
for 30 min at room temperature to chelate Mn?*, and washed three times with
transfer buffer without EDTA for 10 min each. Protein was transferred onto
nitrocellulose membrane at 150 mA for 18 h at 4°C, and immunoblotting was carried

out with the appropriate antibodies.

2.2.3.6 Immunoblotting

Free protein-binding sites were blocked by incubation with 3% (w/v) Marvel
non-fat powdered milk (Premier Foods, UK) in PBS for 1 h at room temperature on
a platform shaker. For Western blotting with primary antibodies against
phosphoproteins or low abundance proteins, blocking solution with 1% to 5% (w/v)

BSA was used instead.

Membranes were incubated with primary antibodies (see Table 2.2 for
dilutions) in blocking solution (supplemented with 0.05% Tween 20) for 1 h at room
temperature or overnight at 4°C. Membranes were washed three times with PBS-T
(PBS containing 0.05% Tween 20) for 5 min each to remove unbound antibody.
Membranes were then incubated with the appropriate fluorescently-conjugated
IRDye secondary antibodies (see Table 2.3) for 1 h at room temperature. Unbound
antibody was removed by two washes with PBS-T and one wash with PBS, for 5
min each. Immunoreactive bands were visualised and quantified using an Odyssey
Infrared Imaging System and Image Studio software (LI-COR Biosciences, NE,
USA). Where required, normalisation was performed against a suitable loading

control such as B-actin or GAPDH.
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2.2.4 Protein purification

2.24.1 Nuclear protein isolation

Cells were detached by scraping and collected by centrifugation (1000 xg, 10
min, 4°C). Cells were washed with PBS to remove residual media, followed by two
washes with hypotonic Buffer A-H. Cells (~30x10® HEK293 from a 15 cm tissue
culture dish at 80% confluency) were resuspended in 500 pl Buffer A-H and left to
swell on ice for 20 min. One volume of lysis Buffer A-L was added, and the solution
was vortexed briefly. Cells were returned to ice while the extent of cell lysis was
checked by light microscopy of a small volume on a glass slide. Nuclei was
collected by centrifugation (800 xg, 5 min, 4°C) and washed with Buffer A-H.

Supernatant (cytoplasmic fraction) was collected as required.

2.24.2 Benzonase extraction of chromatin-bound proteins

Nuclei were resuspended in 600 pl Tris lysis buffer containing Benzonase
nuclease (0.25 U/ul; Sigma-Aldrich, Arklow, Ireland), and incubated at 4°C with
end-over-end rotation for 30 min. Extract was clarified by centrifugation (21,000 xg,

10 min, 4°C).

2.243 Total soluble cell extract preparation

Cell pellets were resuspended in IP buffer containing protease and
phosphatase inhibitor cocktails (Thermo Scientific, Rockford, USA), incubated on
ice for 10 min, and clarified by centrifugation (21,000 xg, 15 min, 4°C).
Concentration of protein in the extract was determined by Bradford or BCA assay

depending on compatibility of the IP buffer (see Section 2.2.3.2).

2.2.44 Strep-Tactin purification

2.24.4.1 Batch purification

Clarified extract was applied to Strep-Tactin Sepharose resin (IBA,

Gottingen, Germany) pre-washed with IP buffer, and incubated with end-over-end
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rotation for 2 h at 4°C. Elutions were performed with IP buffer containing 10 mM

biotin, or with 2x Laemmli sample buffer (3 min, 95°C).

2.244.2 Column purification

Before use, Gravity flow Strep-Tactin Sepharose columns (0.2 ml bed
volume; IBA) were equilibrated with 2 ml immunoprecipitation (IP) buffer. Protein
extracts (prepared according to Section 2.2.4.3) were applied to the columns and
allowed to pass through completely. At least 10 mg of protein at a concentration of
10 mg/ml was used for each purification. Columns were washed four times with 1
ml IP buffer. Protein was eluted by the application of IP buffer with 10 mM biotin
and collected in six 100 pl fractions. Elution fractions were monitored for the

presence of Strep-tagged proteins by Western blotting.

2.2.4.5 Immunoprecipitation

Typically 1 mg of protein extract was used per IP. Extracts were pre-cleared
by incubation with 25 pl packed volume of Protein A or Protein G Resin (GeneSpin,
Lombardy, Italy) for 1 h at 4°C. 1-2 pg of antibody was bound to 25 pl of resin in a
separate tube (1 h, 4°C). Unbound antibody was removed by two washes with IP
buffer. Pre-cleared extract was applied to antibody-bound resin and incubated with
end-over-end rotation for 2 h at 4°C. Beads were collected by centrifugation (450 xg,
2 min, 4 °C), and washed five times with 500 pl IP buffer. Protein was eluted with

2x Laemmli sample buffer (3 min, 95°C).

2.2.5 Immunofluorescence

2.2.5.1 Poly-L-lysine coating of coverslips

0.1 mg/ml poly-L-lysine (PLL) solution was prepared in sterile distilled
water. Solution was pipetted onto sterile glass coverslips and incubated at 37°C for
at least 1 h. PLL solution was aspirated, and coverslips were rinsed with sterile water

and allowed to air dry before cells were plated.

61



2.2.5.2 Pre-extraction and formaldehyde fixation of cells

Culture media was aspirated and cells were fixed by the addition of freshly
prepared 4% (w/v) PFA (paraformaldehyde) in PBS for 10 min at room temperature.
Where required, soluble proteins were pre-extracted on ice for 5 min with ice-cold

PTEM or HPEM buffers prior to fixation.

2253 Indirect immunofluorescence staining

All steps were performed at room temperature unless otherwise stated. Cells
that had not been pre-extracted were permeabilised with PBS with 0.5% Triton X-
100 (PBS-TX) for 5 min. Blocking was typically performed with 3% (w/v) BSA in
PBS-TX (0.1%) for 30 min. Primary antibodies were diluted in blocking buffer and
incubated with cells for 1 h in a humidified chamber (for dilutions see Table 2.2).
Cells were washed 3 times with PBS-TX (0.1%) for 5 min each, and then incubated
with secondary antibodies for a further 1 h in the dark (Table 2.3). Cells were
washed 3 times with PBS-TX (0.1%), once with PBS, and rinsed with distilled
water. Coverslips were left to air dry, mounted onto glass slides with Slowfade Gold
(Thermo Fisher Scientific, Leicestershire, UK), and the edges were sealed with clear

nail polish. Slides were protected from light and stored at 4°C.

2.254 Labelling of nascent DNA by EdU incorporation

To visualise nascent DNA, cells were treated with 10 uM EdU for 15 min.
For multiple immunofluorescence labelling, permeabilisation, blocking, and primary
antibody incubations steps were performed as described. After washing to remove
unbound antibody, Click reaction solution (10 uM 6-carboxyfluorescein TEG-azide
or azide-fluor 545, 10 mM sodium-L-ascorbate, 2 mM CuSQO4) was pipetted onto the
coverslips and incubated for 30 min in a dark humidified chamber. Cells were
washed twice with PBS-TX (0.1%) and once with blocking solution, followed by

incubation with secondary antibodies.
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2.2.5.5 Microscopy

Images were captured using a DeltaVision Core system (Applied Precision)
controlling an interline charge-coupled device camera (Coolsnap HQ2; Roper
Technologies) mounted on an inverted microscope (IX-71; Olympus). Images were
collected at 2x binning using a 60x or 100x oil objective. Z-series were collected
using 0.2 um intervals. Images were deconvolved and maximum intensity projected
for presentation purposes using SoftWoRx (Applied Precision). All quantification

procedures described were performed on single optical sections.

2.2.6 Flow cytometry

2.2.6.1 Ethanol fixation

Cells were collected by trypsinisation, washed with cold PBS and counted
(Section 2.2.1.2). 5x10° cells were resuspended in 300 ul PBS, and 700 ul ethanol
was added drop-wise while vortexing to fix (final concentration 70% ethanol).

Samples were stored at -20°C until processed for flow cytometry analysis.

2.2.6.2 DNA content analysis by propodium iodide staining

500 ul PBS was added to ethanol fixed cells, and vortexed briefly to mix.
Samples were centrifuged (2000 xg, 5 min, 4°C) and supernatant was discarded.
Cells were resuspended in 500 pl propidium iodide (PI)/RNase A solution (BD
Biosciences) and incubated in the dark for 30 min at room temperature. Samples
were processed on a FACSCanto A instrument (BD Biosciences). 10,000 events
were recorded for each sample. Results were exported and analysed on FlowJo X

software.
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2.2.7 Chromatin Immunoprecipitation (ChIP)

2271 Cell plating

8x10° Flp-In T-REx 293 cells were plated in 15 cm tissue culture dishes and
allowed to recover for 24 h. Doxycycline (1 pg/ml) was added to induce DBF4

expression, and cells were harvested 24 h after induction.

2.2.7.2 Dual cross-linking for chromatin immunoprecipitation

Cells growing on plates were washed once with cold PBS, and detached by
trypsinisation (3 min, room temperature). Cells were pelleted by centrifugation
(2000 xg, 5 min, 4°C), and washed once with 20 ml cold PBS. At this point, cell
numbers were determined (Section 2.2.1.2). Cells were pelleted by centrifugation,
and resuspended in 20 ml room temperature PBS with 1.5 mM EGS (ethylene glycol
bis(succinimidyl succinate). A 25 mM stock solution of EGS in DMSO was
prepared fresh on day of use. Cells were placed on a tube roller for 25 min at room
temperature. 610 ul of 37% PFA was added (final concentration of 1%), the tube
was inverted gently several times to mix, and placed on the tube roller for a further
10 min. Fixation was quenched by the addition of glycine (final concentration 50
mM) and incubation for 10 min at room temperature. Cells were pelleted by

centrifugation and the supernatant was disposed of.

2.2.7.3 Chromatin fragmentation by micrococcal nuclease (MNase)
digestion

Cell pellet was resuspended in ChIP buffer A (1 ml/15 cm plate used) and
incubated on ice for 15 min. Cells were pelleted (3000 xg, 3 min, 4°C) and incubated
sequentially with the same volume of ChIP buffer B and ChIP buffer C on ice for 5
min each. This results in membrane lysis and allows separation of nuclei. Nuclei
were then aliquot into 1.5 ml microfuge tubes (5x10%tube), centrifuged (3000 xg, 3
min, 4°C), and resuspended in 250 pul MNase digestion buffer. 5SU MNase (Life
Technologies; diluted to 1U/ul in MNase digestion buffer) was added to each tube,

and tubes were placed in a 37°C water bath for 20 min, inverted to mix every 5 min.
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MNase was inactivated by the addition of 20 mM EGTA and 5 min incubation on
ice. Nuclei were pelleted by centrifugation (9000 xg, 5 min, 4°C) and resuspended in
200 pl ChIP IP buffer. Nuclei were lysed by sonication in a Bioruptor water bath
(Diagenode) on High setting for 5 cycles (30 s on, 15 s off). Extract was centrifuged
(16,000 xg, 10 min, 4°C) and 200 pl supernatant was transferred to a fresh tube. An

aliquot of each extract was kept as the ChIP input sample.

2.2.7.4 Chromatin Immunoprecipitation (ChIP)

Extracts were diluted with 400 ul ChIP IP buffer (1:3 dilution), antibodies
were added (amounts of each antibody used listed in Table 2.2), and incubated with
end-over-end rotation at 4°C for 16 h. ChIP-grade Protein A/G Magnetic beads (Life
Technologies, Cat: 26162; and Merck Millipore, Cat: 16-663) were added for 2 h to
recover antibody complexes. Beads were separated on a magnetic tube rack and
washed 5 times with 1 ml ChIP IP buffer, once with LiCl wash buffer, and once with
TE buffer. Elution was performed with 150 pl ChIP elution buffer on a
Thermomixer (Eppendorf) at 65°C for 45 min. Elutions and 2% Input samples were
then incubated on a Thermomixer at 65°C for 18 h to reverse cross-links. DNA was
recovered using a PCR purification kit (Qiagen, Cat: 28104) according to

manufacturer’s instructions, and eluted in a volume of 100 pl.

2.2.7.5 Quantitative PCR (qPCR)

All primers were synthesised by Sigma Aldrich. Primer sequences were
selected to amplify a 201 b.p. centromeric sequence specific to chromosome 1 [198]
(Centl-F: GGCCTATGGCAGCAGAGGATATAACTGCC, Centl-R: GTGAGTTT
TCTCCCGTATCCAACGAAATCC), a 171 b.p. centromeric a-satellite sequence
[199] (aSat-F: CATCACAAAGAAGTTTCTGAGAATGCTTC, aSat-R:
TGCATTCAACTCACAGAGTTGAACCTTCC), and a 165 b.p. non-centromeric
sequence corresponding to the GAPDH promoter (sequences provided by Life
Technologies;  GAPDH-F:  TACTAGCGGTTTTACGGGCG,  GAPDH-R:
TCGAACAGGAGGAGCAGAGAGCGA).

Analysis was performed on a StepOnePlus Real-Time PCR System (Applied
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Biosystems) with standard cycling conditions (initial denaturation: 95°C, 2 min;
denaturation: 95°C, 15 sec; annealing/extension: 60°C, 1 min). All reactions were
prepared in triplicate, and three biological repeats were performed for each
experiment. Amounts of each target sequence was determined with the comparative
Cr method relative to the 2% Input sample using the formula: Percent input = 2% x
2[CplInput) - Cr(Sample)] ~ Graphs and statistics were performed using GraphPad Prism

(GraphPad Software). A 1x PCR reaction was as shown in Table 2.8.

Table 2.8 gPCR reaction setup. Volumes are for one reaction of 10 ul.

Reagent Volume (pl)

2x SYBR Green Master Mix (Sigma, S4438) 5.0
100x ROX (passive reference dye) 0.1
Forward primer (10 pM) 0.3
Reverse primer (10 pM) 0.3
Input/Elution sample 2.0
Nuclease-free water 2.3
Total volume 10.0
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Chapter 3: Characterisation of Flp-In T-Rex 293 cell lines
for the inducible expression of CDC7 kinase subunits

3.1 Introduction

In order to elucidate novel roles of CDC?7 kinase in the cell cycle, we set out
to identify novel interacting proteins of each of the kinase subunits — CDC7, DBF4,
and DBF4B — using an unbiased biochemical approach. We expect that immuno-
and/or affinity purification coupled with mass spectrometric identification of
interacting proteins might reveal previously unknown functions of CDC7 kinase.
Given the lack of suitable reagents and the low levels of endogenous protein, we
generated stable cell lines using the Flp-In T-REx 293 system (Invitrogen) to
conditionally express epitope-tagged forms of the individual subunits to aid in their
detection and purification. These cell lines are critical for much of the work
presented in this thesis, and as such, a brief description of their generation and main

features are included here.

3.2 Generation of stable cell lines for conditional expression of
CDCT7 kinase subunits

The Flp-In parental cell line (generated as described in the following
paragraph) was obtained from Invitrogen. The subsequent establishment of Flp-In
cell lines for the inducible expression of CDC7 kinase subunits (also described later)

was performed by Gemma O’Brien and Michael Rainey.

HEK-293 cells were first transfected with a pFRT/lacZeo vector which
contains a flippase recognition target (FRT) site fused immediately upstream of a
Zeocin resistance gene (lacZ-Zeocin), under the control of the SV40 early promoter
(pSV40). An ATG start codon is also present after the promoter
(pSV40/ATG/FRT/lacZ-Zeocin). Transfected cells which were Zeocin-resistant
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were then screened to identify those with a single FRT site integration. These were
next transfected with the pcDNAG6/TR vector which expresses the Tet repressor
(TetR) controlled by a CMV promoter (pCMV), and a Blasticidin resistance gene.
The Flp-In T-REx 293 host cell line is therefore established through the independent

integration of these two vectors.

To facilitate Flp/FRT-mediated integration into the host cell line, a gene of
interest (along with tandem FLAG and Twin-Strep epitope tags fused to the C-
terminal) is cloned into a pcDNAS/FRT/TO expression vector, downstream of
pCMV and two TetO2 operator sequences (which allow binding of TetR and
repression of target gene expression). The plasmid also contains a FRT site fused to
a Hygromycin resistance gene lacking an ATG start codon. Co-transfection of
pcDNAS/FRT/TO and pOG44 (expressing the Flp recombinase) allows homologous
recombination between the FLP sites, resulting in the genomic integration of the
gene of interest. Successful integration results in resistance to Hygromycin and
sensitivity to Zeocin, as the ATG is no longer proximal to lacZ-Zeocin. Clonal cell
lines were then established from the resulting Hygromycin and Blasticidin-resistant
cells. Expression of the integrated gene is only induced in the presence of
tetracycline antibiotics (such as doxycycline) which bind to TetR, thus preventing its

binding to TetO2. This process is summarised in Figure 3.1.

At the outset of this project, clonal cell lines with conditional expression of
wild type CDC7 (CDC7 WT), kinase-dead CDC7 (CDC7 KD), DBF4, DBF4B, and
a vector only control (Empty vector; EV) had already been established according to
the process described above. For brevity we refer to these cell lines as T-REx-EV, —

CDC7 WT, -CDC7 KD, —-DBF4, and -DBF4B throughout the text.

CDC7 KD is inactive due to a mutation of the conserved lysine to an alanine
(K90A) within its phosphate-binding loop [147,200]. Since it is unable to complete
its catalytic cycle, interactions with its substrates, which are usually transient, might
be stabilised and in some cases this has been reported to increase the likelihood of

their co-purification [201].
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Figure 3.1 Establishment of Flp-In T-REx 293 cell lines as a system for the inducible

expression of genes of interest. pFRT/lacZeo and pcDNAG/TR were integrated into parental
HEK 293 cells to establish the host Filp-In T-REx 293 cell line. Co-transfection of pOG44
(coding for FLP recombinase) and pcDNAS/FRT/TO (with the Gene of Interest, GOI)
results in stable integration of the GOI. GOI expression is induced by the addition of

doxycycline. For additional details see text. Figure contributed by Michael Rainey.

3.3 Effects of doxycycline and dose-dependency of inducible gene
expression

Doxycycline belongs to the tetracycline family of antibiotics, and while
commonly used in inducible gene expression systems, it has been reported to impair
proliferation in some cell lines through off-target effects on gene expression and
metabolism [202]. To ensure that doxycycline alone does not impact on cell

proliferation, we treated T-REx—EV cells with increasing concentrations of
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doxycycline of up to 2 ug/ml. Neither the cell number nor the viability was affected
following 72 h of treatment with any of the tested doses (Fig. 3.2 A).
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Figure 3.2 Doxycycline-induced expression of tagged CDC7 in Flp-In T-REx 293 cells.
(A) Empty Vector cells were treated with a range of doxycycline concentrations for 72
hours. Cell numbers and viability were determined by Trypan blue exclusion. (B) Cells were
treated with the indicated doses of doxycyline for 24 hours. The expression of tagged CDC7
WT and KD was analysed by immunoblotting. Proteins tagged on the C-terminus with
tandem FLAG-Twin Strep-tag (T) were detected as slower migrating forms relative to

endogenous CDC7 (E).

To determine if the expression of tagged protein using this cell system is
dose-dependent, T-REx—CDC7 WT and —CDC7 KD cell lines were treated with
doses of between 0.25 to 1 pg/ml doxycyline for 24 h, and the levels of CDC?7 in the
cell extracts were examined by immunoblotting with a CDC7 antibody. Due to the
presence of the epitope tags, the higher molecular weight of inducibly-expressed
CDC7 causes it to run as a distinct band just above that of endogenous CDC7 (Fig
3.2 B). At the lowest dose tested (0.25 pg/ml), expression of tagged CDC7 was
comparable to the level of endogenous protein, and this was not increased at the

higher doses. The half-life of doxycycline in cell culture medium is about 24-48 h
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(T-REx manual, Invitrogen, https://goo.gl/fx8zsx, accessed on 24-09-15), so a dose
of 1 pg/ml was used for all further experiments, as this should be sufficient to
maintain the same level of gene expression for at least 72 h without the need for

repeated addition of doxycycline.

3.4 Cellular effects of CDC7 kinase subunit overexpression

Since CDC7 kinase activity is tightly regulated in the cell cycle, we
investigated if the increased expression of CDC7 subunits through the constitutive
CMYV promoter would affect cell proliferation, viability, or DNA content. Each of
the T-REx cell lines was treated with doxycycline to induce the expression of
individual tagged CDC?7 kinase subunits, and samples were collected at 0, 24, 48,
and 72 h post-induction. At each time point, cells were counted, cell viability was
determined by Trypan blue exclusion, DNA content was analysed by flow

cytometry, and protein extracts were prepared and subjected to immunoblotting.

Overexpression of either tagged CDC7 WT or CDC7 KD for up to 72 h did
not impact on cell numbers, viability, or DNA content compared to control T-REx-
EV cells (Fig. 3.3. A, B). To determine if tagged CDC7 was forming an active
complex with DBF4 or DBF4B in vivo, we monitored the phosphorylation of
MCM2 at S40/S41, a known CDC7-dependent site, as a marker for CDC7 kinase
activity [155]. Immunoblotting with a specific MCM2 pS40/41 antibody showed
that expression of either tagged CDC7 WT or KD did not alter total cellular kinase
activity (Fig. 3.3 C). This suggests that the levels of its regulatory subunits are

limiting in cells.
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Figure 3.3 Inducible expression of CDC7 WT or KD does not affect cell proliferation. 7-
REX-EV, CDC7 WT (wild type) and KD (kinase-dead) cells were treated with 1 pg/ml
doxycycline and analysed at 24 h intervals for (A) cell number and viability and (B) DNA
content by flow cytometry. (C) Protein extracts were also prepared and analysed by

immunoblotting with the antibodies indicated. This experiment was performed once.
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Figure 3.4 T-REXx 293 cells continue to proliferate with induced expression of DBF4 and
DBF4B. T-REx-EV (Empty Vector), DBF4, and DBF4B cells were treated with 1 ug/ml
doxycycline and analysed at 24 h intervals for (A) cell number and viability and (B) DNA
content by flow cytometry. (C) Protein extracts were also prepared and analysed by
immunoblotting with the antibodies indicated. MCM2 immunoreactive bands with lower
apparent molecular weights correspond to more highly phosphorylated forms of MCM2.
Phosphorylation of MCM?2 at multiple sites (in addition to S40/41) contributes to the
mobility shift observed. Asterisk indicates a cross-reactive band. This experiment was

performed once.

Expression of either tagged DBF4 or DBF4B also did not affect the
proliferation or viability of T-REx cells (Fig. 3.4 A). The DNA content profile of
DBF4B expressing cells was identical to Empty Vector cells (Fig. 3.4 B). It should
be noted that although the profile of cells expressing tagged DBF4 is shifted to the
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right indicating increased DNA content, new clonal T-REx-DBF4 cell lines that
were subsequently generated in the lab did not exhibit this polyploid phenotype (not
shown) - suggesting that this is likely to be an artifact that occurred during clonal
expansion of this particular cell line. These new cell lines have also been
characterised in a similar manner as described here, and one was selected for use in
subsequent experiments described. Interestingly, tagged DBF4 and DBF4B
expression did not have equivalent effects on MCM2 phosphorylation, even though
DBF4 and DBF4B are expressed at comparable levels as detected by
immunoblotting with the anti-Strep antibody. While both resulted in increased
pS40/41, in DBF4 expressing cells, almost all the MCM2 is shifted to the faster
migrating (and more highly phosphorylated) form, and this is detectable using both
the phospho-specific and total MCM2 antibodies (Fig. 3.4 C). This mobility shift is

observed to a much lesser extent in DBF4B expressing cells.

3.5 Localisation of CDC7, DBF4, and DBF4B by
immunofluorescence

Consistent with their described roles, all three CDC7 kinase subunits have
been reported to be nuclear proteins. In the case of CDC7 and DBF4, the residues
required for their nuclear localisation and/or retention have already been identified
[148,203-205]. Although the corresponding nuclear localisation sequences (NLS) in
DBF4B have not yet been characterised, studies also indicate that it is nuclear
localised [140,141]. Since the addition of epitope tags can sometimes affect the
proper localisation and/or function of some proteins, we examined the subcellular
localisation of CDC7 kinase subunits by indirect immunofluorescence with an
antibody against the Strep-tag. As expected, the tagged CDC7 WT, KD, and DBF4
subunits were all detected in the nucleus of T-REx 293 cells. Surprisingly, DBF4B

was found predominantly in the cytoplasm in a diffuse pattern (Fig. 3.5).
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DBF4

Figure 3.5 Localisation of CDC7 kinase subunits in Flp-In T-REx 293 cells. Expression of
epitope—tagged proteins was induced by treatment with 1 ug/ml doxycycline for 24 h. Cells
were fixed with 4% PFA and processed for immunofluorescence with anti-Strep-tag

antibody. Results are representative of at least 2 independent experiments. Scale bar = 20

um.

The strong cytoplasmic staining of DBF4B could be masking the detection of
a smaller pool that might be present in the nucleus. To determine if DBF4B is being
shuttled between the nucleus and cytoplasm, we used Leptomycin B (LMB), which
inhibits CRM1/Exportin-1, the major nuclear export receptor in cells [206]. We
proceeded to use U20S cells for this experiment as they are more strongly adherent
than T-REx 293, and are also flat, with a large cytoplasm to nucleus ratio [207].
Additionally, we also used a GFP-tagged DBF4B protein to avoid potential artifacts
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of antibody-based detection. We transfected U20S cells with a plasmid encoding
DBF4B-GFP, and treated the cells with LMB. Detection was performed through
direct observation of GFP fluorescence. In the majority of control-treated cells,
DBF4B-GFP was confined to the cytoplasm (Fig. 3.6, top row), similar to the
localisation of DBF4B-FLAG-Strep observed in T-REx cells (Fig. 3.5). Upon LMB
treatment, DBF4B-GFP was detected within the nuclei of most cells (Fig. 3.6,
bottom row). It is important to note, however, that nuclear DBF4-GFP was also
observed in a small number of control-treated cells (Fig. 3.6, indicated by white

arrows).

DBF4B-GFP DBF4B+DAPI

Vehicle

Figure 3.6. DBF4B is exported from the nucleus in a CRM1-dependent manner. U20S
transiently transfected with DBF4B-GFP were treated with Leptomycin B (LMB; 40 nM) or
vehicle control for 6 hours prior to fixation. Arrows indicate cells with nuclear localization

of DBF4B-GFP. Experiment was performed twice with similar results. Scale bar = 20 um.
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CDC7 (a-Strep) DAPI

B CDC7 (a-Strep) DBF4B-GFP DAPI Merge+DAPI

Figure 3.7. Co-expression of CDC7 and DBF4B reveals novel cytoskeletal localisation.
Tagged CDC7 and DBF4B were (A) overexpressed singly or (B) co-expressed in U20S
cells by transient transfection. Cells in (B) were pre-extracted with PTEM buffer prior to
fixation with 4% PFA. 4 representative cells are shown in (B). In merged images, CDC7 is
shown in red, DBF4B in green, and DAPI in blue. Results are representative of two

independent experiments. Scale bar = 20 um.
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Although having apparently distinct localisations when expressed separately
(Fig. 3.7 A), we have shown that induced expression of tagged DBF4B alone can
stimulate the phosphorylation of MCM2, a nuclear protein, in cells (Fig. 3.4 C).
Taken together, this raises the possibility that DBF4B might interact with, and alter,
the localisation of CDC7. In U20S cells, transient co-expression of CDC7-FLAG-
Strep and DBF4B-GFP resulted in a strong reduction of the nuclear signal for
CDC7, and both proteins were instead detected at cytoskeletal-like structures in
interphase cells, the appearance of which was enhanced by extraction of soluble
proteins with PTEM buffer before fixation (Fig. 3.7 B). These structures resembled
microtubules or intermediate filaments, so in order to determine which, we
performed a co-transfection of CDC7-FLAG-Strep and untagged DBF4B into U20S
cells which were stably expressing EGFP-a-tubulin. Simultaneous detection was
performed with the antibodies for the Strep-tag and DBF4B. We observed the co-
localisation of CDC7 and DBF4B with a-tubulin. (Fig. 3.8).

CDC7(a-Strep) DBEF4B EGFP-a-tubulin CDC7+o-fubulin

Figure 3.8 CDC7-DBF4B is associated with microtubules in interphase cells. U20S cells

stably expressing EGFP-a-tubulin were co-transfected to express untagged DBF4B and
CDC7-FLAG-Strep. CDC7 and DBF4B were detected using antibodies against the Strep-
tag and untagged DBF4B, respectively. Experiment was performed once. Scale bar = 20

um.
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DBF4B-GFP CDC7

PCNT Merge

Figure 3.9 CDC7-DBF4B is detected at the centrosome. U20S expressing DBF4B-GFP
were simultaneously extracted and fixed with PTEMF buffer. Endogenous CDC7 and PCNT

were detected using specific antibodies. Experiment was performed twice with similar

results. Scale bar = 20 um.

Overexpressed DBF4B were also frequently observed at 1-2 bright foci
adjacent to the nucleus of interphase cells (for example see Fig. 3.7 B). U20S cells
were transfected with DBF4B-GFP, and co-immunofluorescence was performed
with antibodies against endogenous CDC7 and pericentrin (PCNT), a component of
the pericentriolar material. We found that tagged DBF4B is localised to centrosomes

and it was able to recruit endogenous CDC7 as well (Fig. 3.9).

3.6 Conclusion

In this chapter, I have described the characterisation of human T-REx cell
lines for the inducible expression of epitope-tagged CDC7 kinase subunits. Our
results suggest that FLAG-Strep-tagged DBF4 and DBF4B are functional proteins as
they are able to interact with endogenous CDC7 and increase phosphorylation of the
known CDC7 substrate MCM2. We have also presented evidence that CDC7-DBF4
and CDC7-DBF4B are localised to different subcellular compartments. While DBF4
is a nuclear protein, DBF4B is exported to the cytoplasm in a CRM1-dependent

manner.
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Chapter 4: Insulin Receptor Substrate 4 is a novel CDC7-
DBF4B interacting protein

4.1 Introduction

In the previous chapter, we have demonstrated the utility of the Flp-In T-REx
293 cell lines that have been generated for the inducible expression of tagged CDC7
subunits. Towards the aim of identifying CDC7 kinase interacting proteins, we have
evaluated several different purification approaches utilising the tandem FLAG and
Twin-Strep epitope tags that have been fused to the C-terminal of the proteins. For
mass spectrometry-based identification of potential interacting proteins, the
purifications were assessed based on two key parameters: purity, i.e. the number of
non-specific contaminant proteins; and yield, i.e. sufficient amounts of the target and
interacting proteins for detection [208,209]. The requirements for these parameters
differs depending on the specific proteomics approach taken, and the selection of the
appropriate purification and protein identification method can be critical to the

success of the experiment.

4.2 Optimisation of protein purification

In order to minimise the number of non-specific proteins in the final elutions,
we initially performed a tandem FLAG/Strep purification. Cell extracts from T-REx-
CDC7 WT or -CDC7 KD were first incubated with ANTI-FLAG M2 affinity gel,
and bound proteins were competitively eluted using an excess of 3XFLAG peptide.
Elutions from the FLAG immunoprecipitation (IP) were then subjected to a second
affinity purification step with Streptavidin resin. Samples from each step of the
purification were analysed by immunoblotting with an anti-CDC7 antibody.
Unfortunately, a significant proportion of tagged CDC7 is lost in the unbound
fraction (Fig. 4.1 A, lanes 3, 4) or remained bound to the resin after the elution steps,
particularly in the FLAG IP procedure (lanes 7, 8), and only a small fraction is

recovered relative to the input (compare lanes 1 and 13, 2 and 14).
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Figure 4.1 FLAG-tag and Streptavidin-based methods for CDC7 purification.
Sequential purification of CDC7. Protein was competitively eluted from ANTI-FLAG M2
affinity gel with 3xFLAG peptide and bound onto Streptavidin resin. (B-D) Affinity
purification using gravity flow Strep-Tactin Sepharose columns. Cell extracts from Empty
Vector (EV), wild type CDC7 (WT), and kinase-dead CDC7 (KD) were passed through
individual Strep-Tactin columns. Columns were washed, and proteins were eluted with 10
mM biotin. Equivalent fractions of (B) input (Inp) and flowthrough (FT) samples, and (C)
elutions were analysed by immunoblotting for CDC?7. Elutions were collected as 6x100ul

fractions. (D) Elution fractions 1 and 2 were pooled, lyophilised, resuspended in Laemmli

sample buffer, and 80% was run on 4-12% SDS-PAGE for Coomassie staining.
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Due to the low yield and incompatibility of batch purification methods for
scale up to obtain sufficient amounts of protein for mass spectrometry analysis, we
proceeded to test the suitability of Strep-Tactin Sepharose columns for this purpose.
Cell extracts were allowed to pass through Strep-Tactin resin (200 pl bed volume)
by gravity flow, followed by extensive wash steps and elution in six 100 pl
fractions. Compared to the batch purification approach, near-complete depletion of
tagged CDC7 from a larger amount of cell extract (>10 mg) was achieved (Fig. 4.1
B, compare lanes 3 and 4, 5 and 6). Competitive elution with excess biotin
successfully eluted the bound protein (Fig. 4.1 C). The first 2 elution fractions
containing most of the tagged CDC7 were pooled, lyophilised, and resuspended in
Laemmli sample buffer. The resulting samples were separated by SDS-PAGE and
Coomassie stained. While a larger number and more intensely stained bands were
detected in the CDC7 WT sample compared to the control EV, suggestive of a
successful co-purification experiment, there was still a significant level of
background seen in the control which does not contain Strep-tagged protein (Fig. 4.1
D). Thus, we found that Strep-Tactin columns were suited to purifying proteins from
larger amounts of extract, but a method to distinguish non-specifically bound
proteins from specific interactors would be critical. To achieve this, a quantitative

proteomics approach using SILAC was chosen.

4.3 Identification of CDC7 and DBF4B interacting proteins by
Strep-Tactin purification and Stable Isotope Labelling of
Amino Acids in Cell Culture (SILAC) proteomics

T-REx 293-EV, DBF4B, and CDC7 WT were grown in ‘light’ (ROKO),
‘medium’ (R6K4), and ‘heavy’ (R10KS) isotope labelled SILAC media respectively.
Equal amounts of protein extract from each cell line (10 mg protein each) were
pooled and purified with a single Strep-Tactin Sepharose column (Fig. 4.2 A). The
first two elution fractions containing most of the tagged protein were lyophilised and
reconstituted in sample buffer, and sent to Dundee Cell Proteomics where the
subsequent analyses were performed. Proteins in the elution were separated by one-

dimensional SDS-PAGE, subjected to band excision, and identified by mass
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spectrometry. For each identified protein, the relative abundance of its ‘light’ (L),
‘medium’ (M) and ‘heavy’ (H) labelled forms were determined. Non-specifically
bound ‘contaminant’ proteins are expected to originate equally from all three
extracts (SILAC ratios of M/L or H/L < 1.0), while proteins having SILAC ratios of

greater than 1 are more likely to be specific interactors.

184 proteins were enriched with DBF4B (M/L > 1.0), including 48 proteins
with a M/L ratio greater than 2 (Fig. 4.2 B). These proteins were manually assigned
into groups according to their reported functions (Fig 4.2 C). The best represented
group consisted of cytoskeletal proteins, with 9 of these belonging to the a- and -
tubulin families, which are the major components of microtubules. We also found 2
components of the centrosome, TUBGCP2 and IQCBI1 [210,211]. Interestingly, the
highest enrichment (after DBF4B and CDC7) was obtained for Insulin Receptor
Substrate 4 (IRS4), a scaffold protein associated with receptor tyrosine kinase

signalling (see Appendix A).

In contrast, only 19 proteins were enriched with CDC7 (H/L > 1.0). Apart
from CDC7 itself and its regulatory subunit DBF4, all of these proteins were
relatively poorly enriched (H/L < 2.0). The top hit (after DBF4) was Melanoma-
associated antigen D1 (MAGEDI; H/L = 1.86), which was also enriched five-fold
over the control with DBF4B (see Appendix B). Unfortunately, due to the lack of
suitable reagents, we have not been able to investigate this potential interaction
further. Due to the low SILAC ratios of the other proteins on the list, we decided to

focus on the list of DBF4B enriched proteins instead.
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Figure 4.2 Identification of novel CDC7 and DBF4B-interacting proteins by Strep-Tactin
— SILAC. Extracts from T-REx-EV, DBF4B, and CDC7 WT cells grown in SILAC media
were pooled in equal amounts and subjected to purification using a gravity flow Strep-
Tactin Sepharose column. (A) Fractions at each step of the purification process were taken
for Western blot analysis. Elution fractions 1 and 2 were lyophilised and resuspended in
sample buffer. Proteins were separated by SDS-PAGE, band excised, and identified by
quantitative mass spectrometry. The number of proteins with a SILAC ratio greater than 1

are represented in (B). Identified proteins were grouped according to their functions (C, D).
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4.4 CDC7, DBF4B, and IRS4 physically interact in cells

As discussed in the introduction (Section 1.2.3 and associated references),
IRS family proteins are associated with membrane receptors, where, upon receptor
activation, are phosphorylated on multiple tyrosine residues. IRSs do not have
catalytic activity, but function as scaffold proteins with binding sites for many

downstream signalling molecules.

To validate the interaction between DBF4B and IRS4, small-scale batch
purifications with Strep-Tactin resin were carried out on cell extracts from T-REx-
EV, CDC7 WT, -DBF4, and -DBF4B. Elutions were analysed by immunoblotting
with the anti-Strep-tag and anti-IRS4 antibodies. IRS4 was co-purified with tagged
DBF4B, but not with DBF4 or CDC7 alone (Fig 4.3 A), in agreement with the
results of the DBF4B SILAC experiment (Section 4.3). We then performed the
reciprocal IP from T-REx-EV, -DBF4, and -DBF4B cells using the IRS4 antibody.
In T-REx-EV, we detected an interaction between CDC7 and IRS4 at endogenous
levels (Fig. 4.3 B, lane 3). Tagged DBF4B was also co-immunoprecipitated with
IRS4, along with a higher amount of endogenous CDC7, compared to the EV P
(Fig. 4.3 B, compare lanes 3 and 9). Interestingly, although tagged DBF4 expression
appears to stabilise and increase endogenous CDC7 levels, no CDC7 or tagged
DBF4 was co-immunoprecipitated (Fig. 4.3 B, lanes 4-6). Thus, we have
demonstrated a biochemical interaction of IRS4 with CDC7-DBF4B but not CDC7-
DBF4.
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Figure 4.3 IRS4 interacts with CDC7-DBF4B in human cells. (A) CDC7 kinase subunits
were purified from T-REx 293 cells with Strep-Tactin magnetic beads and elutions were
blotted for the presence of IRS4. (B) Endogenous IRS4 was immunoprecipitated with anti-
IRS4 antibody and immunoblotted with anti-Strep and anti-CDC7 antibodies. Results are

representative of at least 2 independent experiments.



4.5 [IRS4is a predominantly membrane-associated and
cytoplasmic protein

Consistent with its roles in receptor tyrosine kinase-mediated signalling,
IRS4 is reported to be localised to the cytoplasm and associated with the plasma
membrane [212]. A putative nuclear localisation sequence (NLS) has been identified
[213], however it is still unclear if IRS4 becomes localised to the nucleus upon
receptor stimulation [52,212]. We therefore examined the localisation of IRS4 in
HEK293T cells under (a) normal culture conditions (10% FBS), (b) serum-starved
(0% FBS) for 48 h, and (c) serum-starved and restimulated for 30 min. Cells were
then fixed with paraformaldehyde and IF was performed with an IRS4 antibody. We
confirmed that IRS4 is strongly membrane-associated and diffuse in the cytoplasm
under conditions (a) and (b) (Fig. 4.4, top and middle rows). However, upon re-
addition of FBS to serum-starved cells, a small fraction of IRS4 is detected in the

nucleus (Fig. 4.4, bottom row).

In addition to their traditional roles in receptor signalling, several members
of the IRS family have been shown to be translocated to the nucleus through
multiple mechanisms, where they perform independent functions, impacting on
DNA repair, gene expression, and cell proliferation (reviewed in [214]). Since both
DBF4B and IRS4 show dynamic nucleo-cytoplasmic localisation, we then wanted to
test the possibility that DBF4B might be involved in regulating the function of IRS4
through targeting it to a particular subcellular compartment. HEK293T cells were
transfected with DBF4B-GFP, and the localisation of IRS4 was examined, but no

differences were observed between transfected and untransfected cells (Fig. 4.5).
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Figure 4.4 IRS4 is predominantly localised to the plasma membrane and cytoplasm.
HEK293 cells were plated in DMEM supplemented with 10% FBS, then either grown for a
further 48 h in the same media (top row), media without serum (middle row), or media

without serum followed by stimulation with 10% FBS for 30 min. Scale bar = 20 um.
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IR34 DBF4B-GFP Merge + DAPI

Figure 4.5 DBF4B overexpression does not affect IRS4 localisation. HEK293 cells were
transfected to express DBF4B-GFP and fixed with 4% PFA 24 h later. Cells were
maintained in 10% serum-containing media. Two representative fields are shown. Scale bar

=20 um.

4.6 Effect of CDC7 kinase inhibition on PI3K/AKT signalling

Upon ligand binding, phosphorylation of IRSs allows the docking and
activation of key signalling molecules, including phosphoinositide 3-kinase (PI3K)
[37,40,215]. PI3K mediates the majority of the downstream effects (discussed in
Section 1.2.2.1) and as a marker of PI3K pathway activation, we examined the
PI3K-dependent phosphorylation of AKT S473, which is essential for full activation
of AKT kinase activity [28,216].

To examine a possible role for CDC7 kinase in receptor signalling, human
foreskin fibroblasts (HFF) immortalised by expression of telomerase reverse
transcriptase (WTERT) were used. HFF were selected because, as untransformed
cells, they undergo quiescence and cell cycle re-entry upon serum starvation and
restimulation, respectively [217]. The PI3K/AKT pathway cannot be studied in
transformed cells, such as HEK293T and T-REx 293, as they maintain a basal level
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of signalling in the absence of FBS, do not undergo cell cycle arrest, and have an
elevated rate of cell death (our results, not shown). Additionally, HFF are strongly

adherent and tolerant of wash steps and media changes required for our experiments.

4.6.1 The CDC7 kinase inhibitor XL.413 attenuates serum-
stimulated AKT phosphorylation

We first wanted to determine if CDC7 affects the activation of the
PI3K/AKT pathway downstream of receptor activation. HFFs were grown in non-
serum limiting conditions (10% FBS) to allow attachment to plastic. Cells were then
washed several times with PBS and maintained in serum-free media for 48 h to
deactivate receptor signalling. Cells were pre-treated with DMSO control or the
CDC7 kinase inhibitor XL413 [194] for 1 h before FBS was re-added to a final
concentration of 10%. At different times following serum re-stimulation, cells were
scraped on ice and reactions were stopped through the addition of 20%
trichloroacetic acid (TCA) which extracts and precipitates proteins in a rapid and
reproducible manner [218]. Levels of AKT pS473 were analysed by immunoblotting
with a phospho-specific antibody (Fig. 4.6 A). Band intensities were quantified and
normalised to B-actin (Fig. 4.6 B). Before serum addition, AKT pS473 levels were
undetectable, indicating that PI3K/AKT signalling is completely inactive. Within 5
min of serum stimulation, AKT phosphorylation at S473 is detected, and reached a
maximum at 30-60 min, followed by a decrease at 120 min. When cells were pre-
treated with X413, the initial increase of S473 phosphorylation measured at 5 min
was comparable to control, however, levels did not increase further and plateau over

the course of the experiment.
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Figure 4.6 Treatment with the CDC7 kinase inhibitor XL413 attenuates phosphorylation
of AKT at S473. hTERT immortalised human foreskin fibroblasts (HFF) were serum starved
for 48 h, and treated with 10 uM XL413 (X; CDC7 kinase inhibitor) or DMSO (D) for 1 h
prior to addition of 10% FBS. Cells were collected at the indicated time points following
serum stimulation by the addition of 20% TCA. (A) Total cell extracts were analysed by
immunoblotting. (B) The levels of AKT pS473 were quantified and normalised to S-actin

using Image Studio software (Li-COR Biosciences). Experiment was performed once.

4.6.2 CDC7 depletion does not affect AKT phosphorylation

To determine if the effect on AKT pS473 seen with XL413 treatment is due
to its specific inhibition of CDC7 kinase activity, we performed a similar assay in
cells depleted of CDC7 using siRNA. Growth arrest due to serum starvation resulted
in low CDC7 levels, as its expression is cell cycle regulated, but it was further
decreased by transfection with siCDC7 (Fig. 4.7 A, compare lane 3 to 4 and 5). Due

to the larger number of treatments to be tested, we did not collect samples later than
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30 min since AKT pS473 levels reach a maximum by this point in control-treated
cells, and the difference between control and XL413-treated cells is greatest at this
time (Fig. 4.6 B). In agreement with our previous result, cells pre-treated with
XL413 had attenuated AKT S473 phosphorylation at 15 and 30 min after serum
stimulation. However, cells that were transfected with siCDC7 for 48 h did not
exhibit reduced AKT S473 phosphorylation levels as compared to cells treated with
a control non-targeting siRNA (siCTRL). Furthermore, combined treatment of
XL413 and siCDC7 yielded comparable levels of AKT S473 phosphorylation as the
treatment with XL413 alone, suggesting that the effect of XL413 is independent of
CDC7 (Fig. 4.7 A, quantified in B-D).

92



— — | AKT pS473

-

el

— - S G e — S Se— ﬁ—lﬂhﬂ

Lane

10

Time (min)

CDC7?

— —— — — O — W —— —— AKTpS473

———— —— — — . — ﬂ-nrclin

Time (min)

30

15

15 min

5 min

= = 35 3
(pesijeuoL)
£Ltsd v

f.d.a

u&#

.__.\h.#.

-

é.'

; . n ] %,

&€ & 85 g v
(pesijeluIon)
£L159 DIV

30 min

a

Gy,

% § 3¢
(pasipUBLY)
£Lbsd LIV

93



Figure 4.7 The CDC7 kinase inhibitor XL413, but not CDC7 depletion, attenuates
phosphorylation of AKT at residue S473. Human foreskin fibroblasts (HFF) were treated
with siCTRL or siCDC7 in serum-free media for 48 h. Indicated samples were pre-treated
with 10 uM XL413 1 h prior to serum stimulation. Cells were collected at the indicated time
points post serum stimulation. (A) Protein extracts were prepared by TCA precipitation and
analysed by immunoblotting. The levels of AKT pS473 at (B) 5 min, (C) 15 min, and (D) 30
min were quantified and normalised to [-actin using Image Studio sofiware (Li-COR
Biosciences). Quantification shown in (B) and (C) are from one experiment, and (D) is a
summary of 3 biological replicates. Bars represent the Mean £ S.D. *** P<(.005, Student’s

t-test.

4.7 IRS4 depletion impairs proliferation of HEK293T cells

We proceeded to test the alternate hypothesis that IRS4 plays a role in
regulating CDC7 kinase activity. IRS4 was depleted from HEK293T cells with two
different siRNAs, and extracts were examined by immunoblotting for IRS4, MCM2,
and AKT pS473. Treatment with X413 and LY294002 [219] were included as
controls for inhibition of CDC7 kinase and PI3K, and they efficiently reduced the
levels of MCM2 pS40/41 and AKT pS473, respectively (Fig. 4.8 A, lanes 2 and 3).
Reductions in protein levels of IRS4, MCM2, and CDC7 by LY294002 treatment
are likely due to cell death, as a significant loss of viability was recorded for this
sample. Depletion of IRS4 was observed with both siRNAs, although to different
extents. The depletion by silRS4-B was less efficient than silRS4-A; at 72 h, IRS4
levels in silRS4-B-treated cells were almost 2-fold higher than silRS4-A-treated
cells (20% vs. 37% of control, respectively; Fig. 4.8 B). In accordance with IRS4
levels, AKT pS473 in silRS4-A treated cells was reduced to about 40% of control
levels throughout. In silRS4-B treated cells, AKT pS473 levels were initially
slightly decreased, but returned to near control levels at 72 h. In all siRNA-treated
cells, MCM2 pS40/41 levels remained unchanged (lanes 4-12).

Cell numbers, viability, and DNA content were also monitored over a 72 h
period. Compared to control siRNA, silRS4-A, but not silRS4-B, greatly impaired

cell proliferation (Fig. 4.8 C). However, no major effects on viability by either
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treatment were observed, as measured by Trypan blue exclusion (Fig. 4.8 D). Flow
cytometry analysis showed that silRS4-A caused an accumulation of cells with 4n
DNA content with a corresponding decrease in the 2n population, indicating a defect
in G2/M-phase progression. An intermediate phenotype was observed with silRS4-B
(Fig. 4.8 E, F). Since MCM2 pS40/41 levels and the proportion of cells in S-phase
were not affected, IRS4 is unlikely to regulate CDC7 kinase activity or play a role in

DNA replication in non-serum-limiting conditions.
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Figure 4.8 Effects of IRS4 depletion on cell proliferation. HEK293T were treated with
control siRNA (siCTRL), 2 siRNAs against IRS4 (silRS4-A and —B), LY294002 (PI3K kinase
inhibitor; LY), or the CDC?7 kinase inhibitor XL413 (XL), and collected at 24 h intervals. At
each time point, (A) protein extracts were prepared and analysed by immunoblotting with
the indicated antibodies. (B) Quantification of IRS4 and AKT pS473 band intensities
normalized to B-actin. (C, D) Cell number and viability were determined by Trypan blue
exclusion, and (E) DNA content was analysed by flow cytometry. The result for the 72 h
samples are shown here. (F) The proportion of cells in each cell cycle stage was determined

by gating in FlowJo according to DNA content. Experiment was performed once.

4.8 Conclusion

Using a Strep-Tactin-based purification for high protein yield, coupled with
SILAC proteomics to exclude contaminant proteins, we have identified a number of
potentially novel DBF4B-interacting proteins. We have demonstrated an in vivo
interaction between endogenous CDC7 and IRS4, and tagged DBF4B but not DBF4.
This could represent a novel mechanism directly linking receptor tyrosine kinase
signalling to cellular proliferation. We have so far been unable to determine a role
for CDC7 kinase in regulating PI3K-AKT signalling, or a role for IRS4 in
regulating CDC?7 kinase activity, albeit in limited cellular contexts. Future work will

be focused on elucidating the functional significance of this interaction.
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Chapter 5: CDC7-DBF4 determines the timing of TOP2A

recruitment to centromeres in S-phase

5.1 Introduction

Nearly every cellular process involving DNA, including transcription, DNA
replication, chromosome condensation and segregation, all result in changes in DNA
topology, for instance through the formation of supercoils and entanglements, which
are resolved by Type 1 and Type 2 topoisomerases ([109] and discussed in Section
1.5). Topoisomerase 2-alpha (TOP2A) catalyses the decatenation of double-stranded
DNA molecules, and is essential for resolving topological structures formed during
replication and mitosis [220]. In this chapter, we describe the identification of a
novel interaction between TOP2A and CDC7-DBF4 kinase through
immunoprecipitation-mass spectrometry. We have characterised this interaction
through various biochemical assays, and demonstrate here a novel role for CDC7-

DBF4 at centromeres.

5.2 Identification of DBF4 interacting proteins by FLAG
Immunoprecipitation

The FLAG IP experiment presented in Figure 5.1 was performed by Gemma
O’Brien, sample processing and mass spectrometry by Edel Mullen, and data
analysis as summarised in Figure 5.1 C by Sandra Healy. These are included as

contextual background for the work presented here.

A different approach was taken for the identification of DBF4 interacting
proteins. To this end, optimisation of the FLAG IP protocol was being performed
alongside the Strep-Tactin purification and SILAC proteomics methodology
described previously. The optimised protocol included the following modifications:
(1) significantly scaling up the amount of extract used to >50 mg protein/IP, (2)
increasing antibody binding time to 16 h, (3) lowering the stringency of the binding
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buffer from 300 mM to 150 mM NacCl, (4) improving elution efficiency with a
greater excess of 3XFLAG peptide, and (5) utilising acetone precipitation to desalt
and concentrate eluted proteins for mass spectrometry. The immunoprecipitation
was followed by Western blotting of samples taken at each stage, and good
enrichment of DBF4 was observed in the elution (Fig. 5.1 A). Separation of the
immunoprecipitate by SDS-PAGE and Coomassie staining shows a significantly
larger number of proteins in the DBF4 IP compared to the control Empty Vector
(EV; Fig. 5.1 B). The remainder of the immunoprecipitate was subjected to in-

solution tryptic digestion and peptide identification by mass spectrometry.
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Figure 5.1 ldentification of novel DBF4-interacting proteins by FLAG IP — Mass
spectrometry. (A) DBF4 was purified from Fip-In T-REx 293 cells with ANTI-FLAG M2
agarose beads. Bound proteins were competitively eluted using 3xFLAG peptide, subjected
to acetone precipitation, and in-solution tryptic digestion for subsequent mass spectrometry
(MS) analysis. (B) 15% of each elution was separated by SDS-PAGE and Coomassie
stained. (C) A summary of the workflow used to narrow down the list of proteins identified
by MS. Numbers in brackets represent the number of proteins remaining after each step. (D)
The final list of 96 proteins was organised into groups according to their functions and

represented in a chart. For more details please refer to text.

The list of 1800 protein entries identified in the DBF4 FLAG IP was reduced
by first removing proteins also found in the EV IP, merging protein isoforms and
duplicate UniProt entries, limiting analysis to proteins with at least 2 unique
identified peptides, and further removal of unreviewed protein identifiers (sequences
associated with computationally generated annotations and large-scale functional
characterisation that have not been reviewed by UniProtKB curators) and duplicates,
resulting in a list of 148 unique proteins. These were then queried against the
Contaminant Repository for Affinity Purification (CRAPome, www.crapome.org),
an online depository of common contaminants from affinity purification-mass
spectrometry experiments [221]. For each protein query, a value is returned
representing the frequency of which it has been identified in other experiments that
have been uploaded to the database. The higher the frequency, the more likely it is to
be non-specifically purified. Any proteins that were found with greater than 20%
frequency (>70 of 343 experiments at the time of analysis; Database version 1.0)
were excluded, thus forming the shortlist of 96 potential DBF4 interacting proteins
(Appendix C). This process is summarised in Fig 5.1 C.

Of particular interest to us were the proteins involved in DNA replication,
DNA damage response/repair, and mitosis (Table 5.1). Antibodies were obtained for
a number of candidate proteins, and we attempted to validate these through
immunoblotting. Using the same set of samples that were analysed by mass
spectrometry, we confirmed the specific enrichment of many of these proteins in the

DBF4 FLAG IP by immunoblotting (O’Brien, not shown). Through independent
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smaller scale Strep-Tactin affinity purification experiments, we were able to identify
interactions of DBF4 with Topoisomerase 2-alpha (TOP2A; further characterised
here) and Replication Factor C subunit 1 (RFC1; not shown).

Table 5.1 Selected list of proteins co-immunoprecipitated with tagged DBF4 in a FLAG
IP. A full list is included in Appendix C. CRAPome frequency is relative to a total number of

343 experiments (for details see text).

. . CRAPome frequency N?' of
Function Protein unique
(Ver. 1.0) h
peptides
CDC7 0 11
DBF4 0 14
RFC5 21 2
RFC1 22 5
30 3
DNA replication RFC4
USP7 25 2
TOP2A 69 12
SSRPI1 44 3
TOP1 57 13
MCM3 69 2
MPG 5 2
LIG3 12 2
DNA damage ] >
response/repair RAD23B
MDCI 15 2
APEX1 29 2
NUSAPI 13 2
Mitosis USP39 26 >
NATI0 32 13
NSUN2 35 8

5.3 CDC7-DBF4 and TOP2A form a complex in cells

The lambda protein phosphatase treatment presented in Figure 5.2 B was

performed by Gemma O’Brien.

As additional confirmation of the interaction, we isolated nuclei from T-
REx-DBF4 cells and prepared extracts using Benzonase nuclease treatment to

solubilise chromatin-bound proteins. We then performed IP experiments using a
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TOP2A antibody and found that tagged DBF4 and endogenous CDC7 were both co-
purified (Fig. 5.2, lane 5). Furthermore, this interaction is lost upon treatment with
the CDC7 kinase inhibitor XL413, suggesting that the interaction is dependent upon
CDC7 kinase activity (lane 6). The large mobility shift of tagged DBF4 observed
upon XL413 treatment (lanes 3 and 6) is likely due to loss of autophosphorylation,
as lambda protein phosphatase treatment causes a similar effect (Fig. 5.2 B,
O’Brien). Through in vitro kinase assays with recombinant CDC7-DBF4 performed
by others in the lab, we have also identified several putative autophosphorylation

sites on CDC7 and DBF4 (Wang, Fitzgerald, unpublished results).
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Figure 5.2 TOP2A and CDC7-DBF4 co-immunoprecipitate from human cells. (A) TOP24
was immunoprecipitated from Benzonase-treated nuclear extracts of T-REx-DBF4 cells, and
immunoblotting was performed with the indicated antibodies. Cells were treated with
DMSO or the CDC7 kinase inhibitor XL413 for 3 h prior to harvest. (B) T-REx-DBF4 cell
extracts were mock-treated or lambda protein phosphatase-treated and analysed by
immunoblotting. DBF4 undergoes a significant mobility shift upon dephosphorylation.
Samples in (4) and (B) were analysed on 7.5% and 10% SDS-PAGE gels, respectively.

Experiment in (B) was performed by Gemma O’ Brien.

DBF4 contains three short conserved motifs, termed motifs N, M, and C
(Section 1.6.1) [222]. Motif N contains a BRCT domain predicted to be involved in
protein-protein interactions [200], while motifs M and C bind directly to the CDC7
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subunit and activate its kinase activity [147]. Human DBF4 additionally contains a
large tail region, representing almost half of the protein, which contains no
recognisable motifs. To map the DBF4 domains required for interaction with
TOP2A, we cloned several DBF4 sequences containing deletions of their N
(residues 1-209), MC (210-350), or Tail (351-674) domains (represented in Fig. 5.3
A) into the pcDNAS/FRT/TO expression vector (see Section 3.2). Exact boundaries
used here were as described by Hughes and colleagues [147]. The DBF4 deletion
mutants were also fused to tandem FLAG-Twin-Strep tags on their C-termini. Stable
cell lines for their conditional expression were then generated using the Flp-In T-
REx system (by Huong Quachthithu, Michael Rainey, and Gemma O’Brien) as
already described, and characterised in a similar manner as described in Chapter 3.4.
Expression of tagged DBF4 fragments were confirmed by immunoblotting (Fig. 5.3
B).
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Figure 5.3 DBF4 MC domains (a.a. 210-350) are required for interaction with TOP2A.
DBF4 deletion mutants were cloned into the pcDNAS expression plasmid using domain
boundaries shown in (A) and used to generate Fip-In T-REx 293 stable cell lines. (B)
Expression of the DBF4 fragments was examined by immunoblotting with the Strep-tag
antibody. (C) Interaction of TOP2A with DBF4 fragments was determined by TOP2A IP

and immunoblotting.

IP of TOP2A from these cell lines were performed, and the co-purification of
each of the DBF4 fragments was determined by immunoblotting with the Strep-tag
antibody. Only the DBF4 MCT (210-674 a.a.) and NMC (1-350 a.a.) fragments were
co-immunoprecipitated (Fig. 5.3 C, indicated by asterisks), suggesting that the MC
domain is essential for this interaction. As this domain also interacts with CDC7, it

is likely that the CDC7 subunit is also involved in the interaction with TOP2A.

5.4 TOP2A phosphorylation status is altered by CDC7 kinase

inhibition

Next, we wanted to determine if TOP2A is phosphorylated by CDC?7 kinase.
For this purpose, we used a phosphorylation-dependent mobility shift assay. T-REx-
EV cells were treated with two structurally distinct inhibitors of CDC7, XL413 and
PHA767491, for 3 h. Under these conditions, MCM2 pS40/41 is strongly reduced
(Fig. 5.4). On a standard 6% SDS-PAGE gel, no mobility shift was observed, and
TOP2A was detected as a single band that was not altered by drug treatment. To
facilitate separation of differentially phosphorylated TOP2A species, Phos-tag
acrylamide was added to the SDS-PAGE gels. Phos-tag is a reagent which binds to
phosphate groups and slows the migration of phosphorylated proteins relative to
their unphosphorylated or lesser phosphorylated forms [223,224]. In the control
DMSO-treated cells, the TOP2A band becomes less distinct in the presence of the
Phos-tag reagent, with slight smearing observed beneath the main band. Upon
treatment with either inhibitor, a second, faster migrating form was detected. This
shift is more striking with XL 413 (lanes 1 and 2), where the majority of TOP2A was
detected in the lower band, while with PHA767491, both bands have about equal
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intensity (lanes 1 and 3). Therefore it appears that the CDC7 inhibitors induce a
phosphorylation-dependent mobility shift of TOP2A, the extent of which correlates
with their potency (as determined by MCM2 phosphorylation status).

Phos-tag | | MR g L | TOP2A

— s o | TOP2A

pMCM2
840/41

o e e | MoM2

SDS-PAGE

Figure 5.4 Treatment with CDC?7 inhibitors induces TOP2A mobility shift on Phosphate-
affinity SDS-PAGE. Total cell lysates from T-REx-EV cells treated with 10 uM of the
indicated inhibitors for 3 h were separated by 6% SDS-PAGE or 5% SDS-PAGE
supplemented with 5 uM Phos-tag acrylamide, and immunoblotting was performed with the
indicated antibodies. By Phos-tag SDS-PAGE, faster migrating bands correspond to lesser
phosphorylated species.

5.5 Cell cycle timing of the CDC7-DBF4 interaction with TOP2A

In order to determine when during the cell cycle the interaction of CDC7-
DBF4 with TOP2A occurs, we performed TOP2A IPs from T-REx-DBF4 cells
treated with mimosine or nocodazole. Mimosine, a plant amino acid, blocks S-phase
entry through activation of ATM checkpoint signalling and inhibition of the
chromatin binding of key replication proteins [225,226], while nocodazole, a
microtubule depolymerising agent, prevents mitotic progression through activation
of the spindle assembly checkpoint [227]. We found that more endogenous CDC7

and tagged DBF4 were co-immunoprecipitated from cells arrested with mimosine
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compared to nocodazole (Fig. 5.5 A). The mobility shift of DBF4 observed in
mimosine-treated cells is probably due to direct phosphorylation by ATM/ATR
[103]. Flow cytometry analysis confirmed that treatment with mimosine and
nocodazole had arrested cells with 2n and 4n DNA content respectively (Fig. 5.5 B,
quantified in C).
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Figure 5.5 CDC7-DBF4 interaction with TOP2A is increased in mimosine-trapped cells
and reduced in nocodazole-trapped cells. Fip-In T-REx-DBF4 cells were treated with
mimosine (Mim; 1 mM) or nocodazole (Noc; 1 uM) for 19 h. (A) TOP2A was
immunoprecipitated from cell extracts and subjected to immunoblotting. (B) 5x10° cells
were fixed with 70% ethanol and PI stained for flow cytometry analysis of DNA content. (C)
The proportion of cells in each cell cycle stage was determined by gating in FlowJo

according to DNA content. Experiment was performed once.
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Figure 5.6 CDC7/DBF4 interaction with occurs predominantly in Gl-early S-phase. 7-
REx-DBF4 cells were synchronised by 1 mM mimosine treatment. (A) Schematic of the
experimental design. Cells were collected at the indicated time points following release from
mimosine. Nuclear extracts were prepared and subjected to (B) immunoblotting, and (C)
TOP2A4 IP. (D) 5x1(° cells were fixed with 70% ethanol and PI stained for flow cytometry
analysis of DNA content. (E) The proportion of cells in each cell cycle stage was determined

by gating in FlowJo according to DNA content. Experiment was performed once.

To examine this interaction during S-phase progression, T-REx-DBF4 cells
were released from mimosine arrest and collected at 3 h intervals (outlined in Fig.
5.6 A). Total levels of TOP2A, tagged DBF4, and CDC7 monitored by
immunoblotting did not fluctuate significantly in the experiment (Fig 5.6 B). After
IP of TOP2A, we found that the interaction with CDC7 and tagged DBF4 was
significantly higher in mimosine-trapped cells (0 h) compared to a control-treated
asynchronous population, and was further increased at the initial timepoints after
release, peaking between 3 - 9 h (late Gl — early S-phase) and decreased
significantly at 12 h (mid to late S-phase; Fig. 5.6 C). DNA content analysis by flow

cytometry was used to determine cell cycle profiles after release (Fig. 5.6 D, E).

5.6 Differential Retention of Topoisomerase assay

Next, we wanted to investigate the subcellular localisation of the CDC7-
DBF4 and TOP2A interaction. TOP2A is abundant in the nucleus and readily
detected by immunofluorescence (Fig. 5.7 A), however we wanted to determine if
CDC7-DBF4 is associated with catalytically active TOP2A. We utilised the
Differential Retention of Topoisomerase (DRT) assay as described by Agostinho
and colleagues [228] to achieve this. Briefly, cells are treated with a TOP2A poison
(e.g. etoposide) or inhibitor (e.g. ICRF-187/dexrazoxane), which prevents the release
of catalytically committed TOP2A from DNA. Soluble proteins, including TOP2A
molecules not involved in strand passage activity during the time of treatment, are
then salt- and detergent-extracted with HPEM buffer (containing 350 mM NaCl and
0.5% Triton X-100) prior to fixation for immunofluorescence analysis. We first

performed the DRT assay on DMSO control-treated or etoposide-treated cells, and
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saw an increase in the HPEM unextractable fraction of TOP2A by
immunofluorescence with etoposide treatment, as has been reported (Fig. 5.7 B)
[228]. Etoposide, however, causes covalent TOP2A protein-DNA adducts which are
processed to form double-strand breaks that could interfere with DNA replication
[229]. We decided to use the catalytic inhibitor ICRF-187 in this assay instead, as it
stabilises TOP2A in the closed clamp form which does not affect
deoxyribonucleotide incorporation in the short time points used in our experiments
(Fig. 5.7 D) [134]. However, we observed that extraction with buffer containing 350
mM NaCl, as used in the original method [228], disrupted normal nuclear structure
(Fig. 5.7 B). To avoid this, we found that a reduction to 100 mM NaCl was
necessary (Fig. 5.7 C).
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Figure 5.7 Differential retention of topoisomerase (DRT) by etoposide and ICRF-187. (A)
U20S cells were fixed with 4% PFA and the localisation of TOP2A was detected by
immunofluorescence microscopy with anti-TOP2A antibody. (B) U20S were treated with
DMSO or 20 uM etoposide (Etop) for 30 min and pre-extracted with 350 mM NaCl HPEM
buffer. (C) U20S treated with the topoisomerase 2 inhibitor ICRF-187 (50 ug/ml) for 15
min were pre-extracted with 300 mM or 100 mM NaCl HPEM buffer. (D) Detection of
nascent DNA synthesis in the presence of ICRF. EAU and ICRF were added 15 min before
pre-extraction with 100 mM NaCl HPEM buffer. Scale bar = 20 um.

5.7 Localisation of TOP2A by immunofluorescence

TOP2A ACA Merge+DAPI

Figure 5.8 TOP2A is localised to chromosome arms and centromeres in mitosis. U20S
cells were treated with 50 ug/ml ICRF-187 for 15 min prior to pre-extraction and fixation.
TOP2A4 is shown in green. Centromeres were labelled with an anti-centromere antibody
(Red; ACA). Mitotic cells were selected by their visibly condensed chromosomes. Scale bar

=10 um.

Using the DRT assay, we examined the localisation of TOP2A by IF in an
asynchronously growing population of U20S cells, and centromeres were detected
using Anti-Centromere Antibodies (ACA) which recognise centromeric proteins. As
previously reported, TOP2A was detected along the chromosome axes and

concentrated at centromeres of mitotic chromosomes (Fig. 5.8 and [228,230]).
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Interestingly, we also observed centromere localisation in a number of interphase
cells, in which centromeric localisation of TOP2A has not previously been reported.
In contrast to mitotic cells, however, not all centromeres co-localised with TOP2A,
and the proportion of TOP2A positive centromeres differed between cells (Fig. 5.9
A). To further stratify the interphase cells, a brief treatment with the thymidine
analogue EdU was introduced, and cells were determined to be in early, mid, or late
S-phase according to the pattern of EdU incorporation observed [231]. The
proportion of TOP2A positive centromeres per cell appeared to correlate with S-
phase progression — low in early S-phase and increased in mid and late S-phase. To
quantify this result, the total number of discernible centromeres in a single optical
section of a cell were counted, and the percentage of centromeres that were also co-
stained with TOP2A foci was determined. A significantly higher proportion of
TOP2A-positive centromeres was found in late S-phase cells compared to early S-

phase cells (Fig. 5.9 B).
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Figure 5.9 Recruitment of TOP2A to centromeres is a gradual process that occurs
through S-phase. U20S cells were treated with 10 uM EdU and 50 ug/ml ICRF-187 for 15
min prior to pre-extraction, fixation, and immunofluorescence analysis. TOP2A is shown in

green and centromeres (ACA) in red. (A) Representative images of early, mid, and late S-
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phase cells, and a non-replicating interphase cell are shown (left to right). (B) Cells in early
or late S-phase were randomly selected and the percentage of TOP2A positive centromeres
in a single optical section was determined. Each point represents data from one cell. Bars
represent the mean £ S.D. ***P<(.0001, Student’s t-test. Experiment was performed once.

Scale bar = 10 um.

5.8 Centromeric localisation of DBF4

5.8.1 Localisation of tagged DBF4 by immunofluorescence

Our initial immunofluorescence experiments had previously shown DBF4 to
be pan-nuclear distributed (Fig. 3.5). For a more detailed analysis, we examined the
localisation of DBF4 with the Strep-tag antibody under similar conditions to the
DRT assay. Extraction of soluble proteins with HPEM buffer revealed the presence
of tagged DBF4 in foci that did not co-localise with active replication, but were
frequently observed immediately adjacent to replication foci in late S-phase cells
(Fig. 5.10 A). Co-staining with ACA showed that these foci of tagged DBF4
corresponded to centromeres in all transfected interphase cells. Tagged DBF4 was
present at centromeres at all stages of S-phase, and this was maintained when CDC7

was inhibited with XL413 (Fig. 5.10 B).

Using the deletion mutants described previously (Section 5.3), we
investigated the requirements for DBF4 nuclear and centromeric recruitment.
Expression plasmids for the DBF4 fragments were transfected into U20S cells, and
processed for IF both with and without a HPEM buffer pre-extraction step. DBF4
fragments carrying deletions of the MC region had impaired nuclear localisation, but
a fraction remained in the nucleus (Fig. 5.11 A). When cells were subjected to pre-
extraction, the MCT, NT, and T mutants were no longer detectable by IF. While
both the N and NMC mutants were still present, only the NMC was localised to
centromeres (Fig. 5.11 B). Therefore, the N-terminal domain is necessary for
chromatin binding, but all three NMC domains are required for centromeric

recruitment.
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Figure 5.10 DBF4 localises to centromeres throughout S-phase independent of CDC7
kinase activity. U20S cells expressing DBF4-Strep were pre-extracted with 100 mM NaCl
HPEM buffer and fixed with 4% PFA. Actively replicating regions were labelled by the
addition of 10 uM EdU for 15 min immediately prior to extraction. (A) Representative
images of cells in different stages of S-phase. (B) Cells were treated with DMSO or XL413
for 3 h before EAU addition. DBF4-Strep is shown in green, ACA in red, and EdU in

grayscale/magenta. Scale bar = 10 um.
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Figure 5.11 Both DBF4 N and MC domains are required for centromeric localisation.
U20S cells were transfected with expression plasmids for Strep-tagged DBF4 mutants
containing deletions in their N (1-209 a.a.), MC (210-350 a.a.) or Tail (T; 351-674 a.a.)
domains. Cells were fixed directly with 4% PFA, or salt- and detergent-extracted

(HPEM/PFA) prior to fixation and immunofluorescence analysis. The Strep-tag is shown in
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green, centromeres (ACA) in red, and DAPI in blue. Images were collected with a (A) 40x
or (B) 100x oil immersion objective. No positively stained cells were observed with the

DBF4 MCT, NT, or T deletion mutants after pre-extraction. Scale bar = 10 um.

5.8.2 Chromatin Immunoprecipitation of tagged DBF4

As an independent method to confirm DBF4 localisation at centromeres, we
decided to use chromatin immunoprecipitation (ChIP). Primers were selected to
amplify two centromeric targets — a chromosome 1-specific target sequence
(Centl) [198], and the (peri)centromeric a-satellite monomer (a-Sat) [199] — and a
non-centromeric sequence corresponding to the GAPDH promoter close to the
transcriptional start site. The amplification efficiencies of these primer pairs for
quantitative PCR (qPCR) were determined using 10-fold serial dilutions of sheared
genomic DNA from 100,000 T-REx 293 cells (equivalent to 2% of input for 1 ChIP
reaction). Standard curves were constructed on a graph of threshold cycles (Cr)
against the log Input (Fig. 5.12 A), and the amplification efficiencies were calculated
from the slopes of the standard curves (Fig. 5.12 B, a slope of -3.3 equates to 100%
efficiency). As all three primer pairs have efficiencies of greater than 80%, they
were suitable for use in qPCR analysis. Primer specificities were also confirmed by
the generation of a single amplicon by melt curve analysis and gel electrophoresis
(Fig. 5.12 C). Centl specificity has been shown by in sifu hybridisation to a single
genomic locus [198], and it is also not tandemly duplicated as the PCR product
appears as a single distinct band by electrophoresis (Fig. 5.12 C, middle lane). Since
both Centl and GAPDH target sequences are located on Chromosome 1, and are
present at one copy per chromosome, their enrichment values should be directly
comparable. Slight smearing is observed in the a-Sat PCR product, possibly due to

a-Satellites being arranged in tandem repeats [199].

118



Standard curves
35 Ry
EA
~ A& ~ X
30 ol \ bp ¢ ¢
23
S GAPDH prom. 1000=
20 m_
Centl ﬂ:
15 00— g -
\ 100 —
a-Sat
10’
0.0001 0.001 001 0l 1 10
Input (3%)
B Amplification
z
Target Slope R efficiency (%)
GAPDHprom.| -3.554 0.996 91.146
Cent1 -3.675 0.999 87.109
a-Sat -3.883 0.999 80.931

Figure 5.12 Evaluation of primer pair suitability for q°PCR analysis. Up to 5 ten-fold serial
dilutions of sheared, purified genomic DNA from 5 x 10° cells (equivalent to 2% of ChIP
input) were used as the template for qPCR analysis using primer pairs targeting the
GAPDH promoter (GAPDH prom.), Chromosome 1 centromeric (Centl), and a-satellite (o-
Sat) loci. (A) Standard curves were constructed, and (B) amplification efficiencies were
determined from the slopes using StepOne Plus Software. (C) For each primer pair, one
sample from the gPCR reaction was analysed by gel electrophoresis to confirm

amplification of a single product.

We next performed ChIP using a number of antibodies, including the anti-
Strep-tag, anti-CDC7 (12A10), anti-DBF4 (6F4/6), and anti-RNA polymerase II
(RPB1) antibodies. As the baseline control for background antibody binding, ChIP
from T-REx-EV cells was performed alongside T-REx-DBF4 cells. Following qPCR
analysis, the amount of each target locus recovered was calculated relative to the 2%
input sample, and also expressed as a fold-enrichment relative to the corresponding
EV ChIP. As the positive control for the ChIP protocol, occupancy of RPBI1 at the
GAPDH promoter was used (Fig. 5.13 A, top graph). ChIP with the Strep-tag
antibody showed increased occupancy of tagged DBF4 at all 3 loci to varying

extents, but the monoclonal antibodies for CDC7 and DBF4 showed negligible
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increases over the background and do not appear to function in ChIP (Fig. 5.13 A).
DBF4 ChIP with the Strep-tag antibody resulted in a 37-fold enrichment of the
Centl locus, and more than 7-fold enrichments of both the a-Sat and GAPDH
promoter loci (Fig. 5.13 B). Enrichment of the Centl locus was significantly higher
than enrichment of the non-centromeric GAPDH locus, strongly supporting a
specific accumulation of DBF4 at centromeres and not general chromatin binding.
Due to its tandemly repeated nature in higher-order repeat (HOR) structures, the fold
enrichment value of a-Sat was not directly comparable to the other single locus

targets.
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Figure 5.13 Enrichment of centromeric DNA by chromatin immunoprecipitation (ChlIP)
of DBF4-Strep. ChIP was performed from T-REx-EV or —DBF4 cells with antibodies
against the Strep-tag (Strep), CDC7 (12410), DBF4 (6F4/6), and RNA pol Il (RPBI). The
amounts of the non-centromeric GAPDH promoter, Chromosome 1 centromeric (Centl),
and o-satellite (a-Sat) loci recovered were determined by gPCR relative to (A) the input
samples, or (B) the corresponding EV sample. Bars represent the mean = S.D of 3 technical

repeats. Results are representative of 3 biological replicates.
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5.9 Effect of CDC7 kinase inhibition or depletion on TOP2A

centromeric recruitment

Since both CDC7-DBF4 and TOP2A are localised to centromeres in S-phase,
we postulated that CDC7-DBF4 might regulate the recruitment of TOP2A to
centromeres. We therefore examined the localisation of TOP2A in cells treated with
CDCT7 kinase inhibitors using the DRT assay. Indeed, in actively replicating cells,
we noticed that an increased proportion of centromeres were positive for TOP2A
when CDC?7 kinase was inhibited. This was particularly striking in early S-phase,
during which the number of TOP2A positive centromeres is typically low in
unperturbed conditions (Fig. 5.9). Quantification in individual early S-phase cells
confirmed a significant increase in TOP2A positive centromeres caused by CDC7

inhibition with either X413 or PHA767491 (Fig. 5.14).

A similar result was obtained through siRNA-mediated depletion of CDC7
and/or DBF4. Endogenous levels of DBF4 are not detectable by immunoblotting,
and the cellular effect of siRNA depletion was determined indirectly through a
reduction in MCM2 phosphorylation instead (Fig. 5.15 A). Notably, combined
depletion of CDC7 and DBF4 did not result in an additive effect on TOP2A
centromeric recruitment despite a further reduction in MCM2 phosphorylation
compared to DBF4 depletion alone, suggesting that this function is independent of

DBF4B (Fig. 5.15 C).

Although each experiment was only carried out once, both the treatment with
CDC7 kinase inhibitors, and the depletion of CDC7 and DBF4 by siRNAs
independently produced similar results, leading us to the conclusion that loss of
CDC7 kinase activity leads to increased recruitment of TOP2A to centromeres in

early S-phase cells.
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Figure 5.14 CDC7 kinase inhibition increases centromeric TOP2A recruitment. U20S
cells were treated with 10 uM XL413, PHA-767491, or DMSO control for 3 h. Cells were
treated with 10 uM EdU and 50 ug/ml ICRF-187 for 15 min prior to pre-extraction, fixation
and immunofluorescence analysis. (A) Representative images of early S-phase cells are
shown. (B) The percentage of TOP2A positive centromeres in randomly selected early S-
phase cells was quantified as described in Fig 5.9. 20 cells were scored per treatment (13-

36 centromeres/cell). *P<0.05, Student’s t-test. Scale bar = [0um. Experiment was

performed once.
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Figure 5.15 CDC7-DBF4 depletion increases the recruitment of TOP2A to centromeres.
U20S cells were treated with siRNA against CDC7 and/or DBF4 for 48 h. Cells were
treated with 10 uM EdU and 50 ug/ml ICRF-187 for 15 prior to pre-extraction, fixation and
immunofluorescence analysis. (A) Total cell lysates were analysed by immunoblotting. (B)
Representative images of early-mid S-phase cells are shown. (C) The percentage of TOP24
positive centromeres in randomly selected early S-phase cells was quantified as described in
Fig 5.9. 20 cells were scored per treatment. ***P<0.001, Student’s t-test. Scale bar =

10um. Experiment was performed once.
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5.10 Conclusion

We have described the identification and characterisation of a novel
interaction between CDC7-DBF4 and TOP2A. This interaction is likely to occur at
centromeres during Gl/early S-phase and is lost as cells complete S-phase. By
deletion mapping, we have determined the DBF4 domains necessary for its
centromeric localisation and interaction with TOP2A. Finally, we have demonstrated
a novel role for CDC7-DBF4 kinase in regulating the timing of centromeric TOP2A

recruitment in S-phase.
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Chapter 6: Discussion

6.1 Effects of CDC?7 kinase overexpression in human cell lines

Although the primary scope of this work was to identify novel interacting
proteins of CDC?7 kinase, the generation of these Flp-In T-REx 293 cell lines has
also allowed us to examine the effects of CDC7 overexpression in human cells, a
preliminary effort of which has been presented here. The importance of CDC7
kinase for S-phase entry and the strict regulation of its activity during the cell cycle
would suggest that its constitutive expression might be detrimental to cells. This
seems to be the case in S. cerevisiae, where cells co-overexpressing CDC7 and
DBF4 failed to form viable colonies [232]. Guo and colleagues also reported that
high levels of CDC7 or DBF4 in Chinese hamster ovary (CHO) cells causes a G1
arrest [233], but a separate study in human HeLa cells found no effect on cell cycle
progression [148]. In our experimental system, the expression of the CDC7 subunit
alone, resulting in a two-fold increase of protein levels, was not sufficient to affect
the in vivo phosphorylation of MCM2 at a CDC7-dependent site. This is consistent
with data from a proteomics study reporting copy number estimates, in which the
CDC?7 subunit was found to be on average 12-fold more abundant than DBF4 and
DBF4B combined in HeLa cells [150]. Given this large excess, it is also
unsurprising that the level of CDC7 KD expression achieved with our system failed
to have a dominant-negative effect on MCM2 phosphorylation, DNA replication, or

cell proliferation.

Despite significantly increased phosphorylation of the known substrate
MCM2 resulting from DBF4 or DBF4B overexpression, we did not observe defects
in cell proliferation or cell cycle progression. CDC?7 kinase by itself is insufficient to
trigger S-phase entry in human cells, likely due to limiting levels of CDK activity,
which prevents unscheduled replication origin firing (reviewed in [69]). As a
surrogate marker of in vivo CDC7 kinase activity, we have monitored the
phosphorylation of MCM2 at a single site, pS40/41 [155]. However, the biological

relevance of this phosphorylation site is undetermined, and it is the CDC7-mediated
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phosphorylation of MCM4 that appears to be critical for its role in replication
[153,160]. Under our experimental conditions, we cannot rule out the possibility that
increased cellular CDC7 kinase activity results in phosphorylation of MCMs on
residues that are non-essential for origin firing. However, in all the studies
mentioned here (including this one), cells were only monitored in the short term (up
to 4 days) [232]. Subtle or accumulative effects, requiring multiple rounds of cell
division to cause an observable phenotype, would have been missed. This is
supported by the fact that efforts within our group to generate stable cell lines with
constitutive expression of DBF4 or DBF4B have been unsuccessful (our

unpublished observations).

6.2 Distinct subcellular localisation and interactome of CDC7-
DBF4 and CDC7-DBF4B

Whether or not CDC7-DBF4 and CDC7-DBF4B complexes are functionally
distinct is an important question which has been largely unaddressed. Protein copy
number estimates suggest that DBF4B is about 3-fold less abundant than DBF4 in
HeLa cells [150]. We found that DBF4 expression results in more extensive
phosphorylation of MCM2 compared to DBF4B. It is possible that they activate
CDC7 kinase activity to different extents, that they are differentially regulated, or
that they target CDC7 kinase to different substrates or different residues on the same
protein. This may be achieved through their C-terminal regions which are poorly

conserved [140].

Using immunofluorescence and biochemical fractionation approaches, two
previous studies concluded that DBF4B was nuclear localised [140,141]. In contrast,
we found that the C-terminally tagged DBF4B fusion proteins (FLAG-Strep and
GFP) to be predominantly non-nuclear. We have shown that DBF4B is subject to
nucleo-cytoplasmic shuttling, and that CDC7-DBF4B is recruited to microtubules
and centrosomes. This novel localisation is in agreement with the Strep-Tactin
purification — SILAC proteomics data, where multiple tubulin subunits, and

centrosome-associated proteins were co-purified with DBF4B. The development of
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sensitive and specific immunological reagents for the detection of endogenous
DBF4B would avoid the necessity for overexpression and epitope tagging, which
could be causing some degree of mis-localisation. In addition, the fluorescent
labelling of endogenous DBF4B, for instance using CRISPR/Cas9, would allow us

to investigate its protein localisation dynamics in living cells.

Consistent with the idea that the levels of its regulatory subunits are limiting,
purification of the CDC7 subunit alone did not result in the identification of many
interacting proteins — it is possible that the formation of an active complex may be
a prerequisite for substrate binding. Notably, we did not detect any known substrates
with either approach (see Table 1.2), suggesting that these are transient or low
abundance interactions, or only occur under specific conditions, such as replication
stress. Nevertheless, we have identified a number of promising novel candidates for
future study, some of which have been validated through independent purification
experiments. Despite the fact that induced expression of DBF4 and DBF4B in T-
REx cells both increase the phosphorylation of the same substrate, MCM2,
comparison of the DBF4 (FLAG IP) and DBF4B (Strep-Tactin) datasets revealed
only two common proteins — CDC7, and MDNI, a nuclear chaperone. Taken
together with their striking differences in subcellular localisation, we believe that
DBF4 and DBF4B regulate CDC7 kinase activity by targeting it to different, but also

overlapping sets of substrates.
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6.3 IRS4 is important for receptor tyrosine kinase signalling and
cell proliferation

We were able to demonstrate that IRS4 specifically interacts with CDC7-
DBF4B but not with CDC7-DBF4. IRS4 is among the least well characterised of the
IRS family members. It has been shown to be phosphorylated in response to
stimulation with insulin, insulin-like growth factor I (IGF-1), growth hormone, and
fibroblast growth factor (FGF) [212,234-237]. However, its physiological role
remains elusive, and IRS4-null mice exhibit only mild defects in growth and insulin
tolerance, in contrast to IRS1 and IRS2 which have major effects on growth and
pancreatic -cell proliferation respectively [45,46,49]. IRS1 and IRS2 are expressed
in the majority of cell lines and tissues studied, while IRS4 expression is limited to a
much smaller range [48]. IRS4 has been reported to mediate mitogenic signalling
and the stimulation of DNA synthesis through the PI3K pathway in quiescent cells
[234]. Elevated levels of IRS4 in cell lines, including HEK293T, have been
described to be associated with upregulation of PI3K signalling, even in serum-
limiting conditions [46,213]. However, to our knowledge, the effects of IRS4
depletion on cell cycle progression in non-serum-limiting conditions have not

previously been examined.

We observed contrasting effects of IRS4 depletion with two different
siRNAs. silRS4-A, which resulted in the more efficient depletion, strongly inhibited
proliferation, while the more modest, but significant depletion achieved with silRS4-
B did not appear to have any effect on cell proliferation. A simple interpretation of
these results would point to off-target effects of silRS4-A, but a BLAST search
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) did not reveal homology of the RNAs to
other genes including other IRSs. Querying the silRS4-A sequence in the siSPOTR
prediction algorithm (siRNA Sequence Probability-of-Off-Targeting Reduction
[238]) also indicated low off-targeting potential. Since the estimated number of IRS4
molecules in HEK293 cells is approximately 100-fold more than the number of
insulin and IGF-1 receptors combined [212], saturation of the receptors could

present an alternative explanation as to why milder IRS4 depletion (by silRS4-B)
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does not cause a phenotype unless levels are reduced past a certain threshold (such

as by siIRS4-A).

6.4 IRS4 overexpression in cancer

While AKT S473 phosphorylation, and therefore activation, was impaired by
IRS4 depletion in HEK293T cells, we did not observe any effects on S-phase
progression. This could simply be due to the residual levels of IRS4 mediating
sufficient levels of signalling for cell cycle entry. We did, however, observe a defect
in G2-M progression. Interestingly, constitutive AKT activation has been shown to
overcome a DNA-damage induced G2-M checkpoint, and it is proposed that this
mechanism contributes to genetic instability in cancer cells [239]. In line with this,
IRS4 is known to be overexpressed in hepatocellular carcinoma cell lines as well as
in T-cell acute lymphoblastic leukemia (T-ALL) [39,240]. Additionally, point and
deletion mutations in IRS4 have been detected in T-ALL and metastatic melanomas,
although their influence on disease progression is unknown [241,242]. Taken
together, we hypothesise that overexpression of IRS4 in cancer cells causes
deregulation of and/or increased PI3K/AKT pathway activity, leading to increased
mitogenic signalling, as well as mutagenesis through checkpoint bypass. This again,
could result in an overdependence on CDC7 kinase for S-phase DNA damage

response and tolerance pathways (Section 1.6.5).

6.5 1IRS4is a novel CDC7-DBF4B interacting protein

We have attempted to determine the biological significance of the CDC7-
DBF4B interaction with IRS4. We investigated a potential role for CDC7 kinase in
regulating growth factor signalling through the PI3K/AKT pathway. Treatment with
the inhibitor XL413 resulted in attenuated AKT activation that unfortunately was not
reproduced by CDC?7 depletion. This can probably be attributed to XL413 off-target
inhibition of PIMI1 kinase ([147], supplementary information), which has known
involvement in this pathway [243,244]. Neither did we find evidence of the
reciprocal regulatory relationship — IRS4 depletion did not affect CDC7-dependent
phosphorylation of MCM2.
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There are several important caveats to our experiments. Firstly, we were not
able to find a suitable cell type with high IRS4 expression which is also permissive
to serum withdrawal and re-stimulation. IRS4 expression in HFFs is low compared
to HEK293 cells (our results, not shown), and it is possible that IRS1/2 are more
abundant and therefore would be the major effectors of tyrosine receptor signalling
in these cells. In such a case, any IRS4-specific effects caused by CDC7 inhibition
or depletion would be masked. It would be interesting to determine if CDC7-DBF4B
interacts with other IRS proteins as well. Phosphorylation of serine residues on IRS1
has been reported to be involved in regulating its protein-protein interactions [245],
and even inhibit insulin receptor tyrosine kinase activity [246]. A number of
phosphoserine residues on IRS4 located within putative CDC7 consensus sites
(adjacent to acidic residues D/E [155,247]) are recorded on the protein
phosphorylation database PhosphoSitePlus (http://www.phosphosite.org). We made
a preliminary attempt to investigate IRS4 phosphorylation status in the presence of
CDC7 kinase inhibitors using Phos-tag SDS-PAGE gels, but the results were
inconclusive due to the extensive phosphorylation of IRS4 causing it to run as a

wide “smear” that may have masked changes at a small number of sites (not shown).

In order to determine the effects of IRS4 depletion, we examined CDC7
activity in a single experimental context: actively cycling cells. As discussed
previously, CDC7 is also important for several aspects of the DNA damage response
in S-phase. A role for IRS4 here would not be unprecedented, as IRS1 has been
reported to regulate homologous recombination through RADS51 nuclear
translocation [248,249]. Given the central nature and wide ranging effects of the
PI3K/AKT axis in cell proliferation [250], CDC7-dependent and independent
functions of IRS4 will need to be uncoupled. To achieve this, deletion mapping to
identify the interacting domains (similar to the approach taken with DBF4-TOP2A
in Chapter 5) could allow the generation of truncated forms of IRS4 or DBF4B that
no longer interact, but are otherwise competent for their other functions. Using these
in knockout-rescue experiments would be highly informative for determination of

functions of this specific interaction.
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6.6 Centromeric localisation of CDC7-DBF4

By immunofluorescence and chromatin immunoprecipitation, we have
provided the first evidence that DBF4 is recruited to centromeres in human cells.
During optimisation of the ChIP protocol for DBF4, we found that in addition to
formaldehyde, the use of ethylene glycol bis(succinimidyl succinate) (EGS) was also
necessary to immunoprecipitate DBF4-associated chromatin. EGS is a protein-
protein cross-linking agent with a long spacer arm that, when used in combination
with formaldehyde, stabilises proteins that are not directly bound to DNA [251].
This suggests that CDC7-DBF4 is instead recruited by other protein factor(s). We
have demonstrated that the N-terminal 1-209 residues of DBF4 are essential and
sufficient for chromatin binding. This region remains poorly characterised, but does
contain a BRCT domain that is proposed to be involved in protein-protein
interactions [200]. Interestingly, the equivalent domain of DBF4 in budding yeast, S.
cerevisiae, has been shown to be required for interaction with several replication and
checkpoint proteins, including ORC, RADS53 (homologue of CHK2), and RIF1,
although it remains to be demonstrated if these interactions are also conserved in
humans [205,252,253]. The mechanisms regulating its centromeric recruitment,
however, are likely distinct, as the DBF4 MC domains (residues 210-350) and

presumably the CDC7 subunit, are also essential for this.

A recent report showed that in budding yeast, CDC7-DBF4 is recruited to
kinetochores where it promotes the replication of centromeric regions early in S-
phase through the recruitment of the essential replication proteins SLD3 and SLD7
(Treslin/TICRR and MTBP in humans) to pericentromeric origins [254]. Unlike
budding yeast, however, human centromeric DNA is replicated asynchronously
between mid to late S-phase [255,256]. Furthermore, DBF4 was detected at all
centromeres from early S-phase, inconsistent with centromeric replication timing.
Therefore, this function in budding yeast does not appear to be conserved in human
cells. That said, we cannot exclude the possibility of mis-regulation due to
overexpression or epitope tagging of DBF4 that have been necessary for our

experiments. In the same study, the authors also found that centromeric ScCDC7-
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DBF4 independently recruits the SCC2-SCC4 cohesin loading complex for the
establishment of robust pericentromeric sister chromatid cohesion [254]. Xenopus
CDC7-DBF4B (the predominant CDC7 kinase complex in egg extracts) also
physically interacts with SCC2-SCC4 and is required for its chromatin binding
[169]. Consequently, it may be that the homologous complex in humans, NIPBL-
MAU2, is regulated by CDC7 kinase in a similar manner.

6.7 TOP2A is not recruited to late replicating heterochromatin

Under our experimental conditions, TOP2A localisation to centromeres did
not always coincide with the detection of ongoing replication at centromeric regions,
and as such, our results do not support the recruitment of TOP2A to late replicating
heterochromatin, as has been previously reported [228]. The reason for the observed
differences could be technical; the authors reference 2 different monoclonal
antibodies (Ki-S1, which was also used in our study; and 3D4, which specifically
recognises pT1342 [257]), but they did not specify which was used for
immunofluorescence labelling. Clone Ki-S1 recognises an epitope within the C-
terminal 495 residues [258], a region containing a large number of phosphorylation
sites (PhosphoSitePlus). It is possible that clones Ki-S1 and 3D4 recognise different
subsets of phosphorylated TOP2A species. While pT1342 is detected throughout the
cell cycle, its levels do not remain constant, and it is unclear if the entire pool of
TOP2A is constitutively phosphorylated at this site [257]. An accurate determination
of antibody specificity and a more thorough characterisation of the various
phosphospecies could provide novel insight into how distinct pools of TOP2A are

regulated with regard to their subcellular localisation and function.

6.8 A novel role for CDC7-DBF4 and TOP2A at centromeres

In addition to its essential roles in G2-M phase progression (discussed in
Section 1.5.2 and 1.5.3), our work has revealed novel TOP2A localisation to
centromeres in S-phase. TOP2A activity was detected at an increasing number of
centromeres as cell progress through S-phase, and by kinase inhibition or depletion

experiments, we have shown that this timing of TOP2A recruitment is regulated by
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CDC7-DBF4 kinase activity. Based on our results, we propose that phosphorylation
of TOP2A by CDC7-DBF4 in Gl/early S-phase prevents its activity and/or
localisation at centromeres. As cells approach late S/G2-phase, this mechanism is
necessarily overcome, perhaps through the recruitment of other proteins to the
centromere which inhibit or reverse CDC7-mediated phosphorylation of TOP2A

(discussed later).

Chromosome cohesion is maintained by cohesin rings, which hold sister
chromatids together (discussed in Section 1.1.4). Cohesin loading must be
established during S-phase, as S. cerevisiae cohesin complexes expressed after S-
phase become DNA-bound, but do not contribute to sister chromatid cohesion [259].
Based on work across several model organisms, one model proposes that cohesin is
unstably loaded onto the unreplicated parental DNA strand, and that passage of the
replisome through the cohesin ring results in the acetylation and stabilisation of
cohesin around the resulting DNA duplexes ([260] and references therein). In
Xenopus and S. cerevisiae, it was also demonstrated that the SCC2-SCC4 cohesin
loading complex is dependent on CDC7 kinase [169,254]. From this it is clear that
the establishment of cohesion is closely coupled to DNA replication. Thus, we
hypothesise that CDC7 kinase activity contributes to centromeric cohesion in two
ways — in addition to promoting cohesin loading through SCC2-SCC4 recruitment, it
may also inhibit TOP2A activity to prevent premature separation of replicated

centromeric DNA.

Upon mitotic entry, phosphorylation of cohesin by the mitotic kinase PLK1
facilitates its removal from chromosome arms [261]. To ensure that sister
chromatids are properly aligned at the metaphase plate and do not become
prematurely separated, centromeric cohesin is protected from PLK1 activity through
the opposing action of the protein serine/threonine phosphatase PP2A [262,263].
PP2A has been shown to accumulate on centromeres in early mitosis, and is also
reported to be active in interphase [263,264]. Therefore, PP2A may be a likely
candidate counteracting CDC7-dependent phosphorylation of TOP2A.
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Another possible role of CDC7 kinase at the centromere may be in the
regulation of replication timing. Replication origins are fired in a defined temporal
sequence, the timing of which is determined early in G1 phase. In mammals, the
factors that distinguish an early firing origin from a late one are not easily defined,
and go beyond simple classifications of eu- or hetero-chromatin state [265].
Increasing evidence indicates that the spatial positioning of origins within the three-
dimensional structure of the nucleus is an important determinant of firing time —
early origins are spread throughout the whole nucleus, and mid and late origins are
localised to the nuclear and nucleolar boundaries or to heterochromatic foci
[101,265-267]. The molecular mechanisms linking subnuclear positioning to
replication timing are not yet well defined, with one notable exception. RIFI,
originally identified as a telomere-associated protein, was recently discovered to be a
key regulator of the replication-timing program. Depletion of RIF1 leads to the loss
of the characteristic mid S-phase replication pattern, global changes in replication
order and chromatin reorganisation [268,269]. RIF1 is thought to sequester mid-S
replicating regions to the nuclear and nucleolar periphery where they are less
accessible to initiation factors. Moreover, RIF1 has also been shown to recruit
protein phosphatase 1 (PP1) to reverse CDC7-mediated phosphorylation of the
MCM helicase, further preventing early firing of bound origins [252,270]. The
accumulation of CDC7-DBF4 at centromeres alters the localised kinase:phosphatase
ratio, and this suggests that centromeric CDC7-DBF4 regulates replication timing in

this way as well.

Although TOP2A is not essential for DNA replication per se, as human and
budding yeast cells lacking TOP2A complete genome duplication in the normal
length of time [110,117], TOP2A may still regulate DNA replication. In the Xenopus
system, TOP2A accumulates on chromatin in a replication-dependent manner, and
has been found to promote the chromatin dissociation and degradation of ORC1/2
for the clearing of replicons in mitosis, as well as to regulate origin cluster firing
time by restraining the loading of MCMs in G1 phase [118,119,271]. Whether or not
there exists a functional interplay between CDC7-DBF4 and TOP2A in the temporal
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or spatial regulation of DNA replication at centromeres, or indeed globally, is an

exciting prospect for future study.

6.9 Concluding remarks

Overall, this work opens up novel avenues for the investigation of CDC7
kinase function through the identification and characterisation of its interacting
proteins. While the main focus of this work has not been cancer biology, our study
of these fundamental biological processes will hopefully allow us to understand the
consequences of their mis-regulation and how these may contribute to cancer
development or progression, and also provide insight into how they may be

exploited for cancer therapy.
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Appendix A

List of proteins identified by SILAC with a DBF4B/EV ratio > 2.0. Experimental details in

Chapter 4 (Section 4.3).
Mapped gene | Uniprot ID | DBF4B/EV | Notes Function
DBF4B Q8NFT6-1 19.294 DNA replication
CDC7 000311 12.957 DNA replication
IRS4 014654 6.7568 Signal transduction
TUBAI1A Q71U36 6.2078 Cytoskeleton
DNAIJALI P31689 5.6272 Chaperone
MAGED1 QI9Y5V3-2 5.4798 Cell cycle (other)
BAG6 BOUX85 5.4225 Complex with GET4 | DDR
TUBAIC Q9BQE3 5.3173 Cytoskeleton
TUBB? B4DQN9 5.312 Cytoskeleton
CAD P27708 5.0198 DNA replication
DNAJA2 060884 4.9524 Chaperone
PEX3 P56589 4.6424 Peroxisome biogenesis
TUBB4B P68371 4.4834 Cytoskeleton
N/A B3KTTS5 4.1964 Similar to HSP70 Chaperone
GET4 Q7L5D6-1 4.1942 Complex with BAG6 | DDR
TUBB4A P04350 4.1161 Cytoskeleton
HSPAS P11142-1 3.9451 RNA metabolism
HSP1A/B P08107 3.5953 Chaperone
CCAR2/DBC1 | Q8N163-1 3.5887 Cell cycle (other)
KRT18 P05783 3.5299 Cytoskeleton
N/A B4DP54 3.456 Similar to TUBB6 Cytoskeleton
VPS16 Q9H269-1 3.4212 Protein transport
TUBB6 QI9BUF5 3.4048 Cytoskeleton
POLR2B P30876 3.3186 Transcription
MAP7D1 Q3KQU3-1 3.2943 Cytoskeleton
USP11 P51784 3.1809 DDR
TUBB3 Q13509 3.1187 Cytoskeleton
DNAIJB6 075190-1 3.0333 Chaperone
PI4KA P42356-1 3.024 Signal transduction
AKAPSL QIULX6 2.9725 Cell cycle (other)
TUBB2A Q13885 2.8562 Cytoskeleton
IKBKAP 095163 2.7032 Transcription
CNOT1 AS5YKK6-1 2.6439 Transcription
TUBGCP2 B7ZKLS8 2.611 v Tub complex, Cytoskeleton
centrosome
UBAP2L Q14157-2 2.5531 Stem cell function
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SLFNI11 Q77711 2.5015 DDR

IQCBI1 Q15051-1 2.2387 Centrosome protein Cilliogenesis

TCAF1 Q9Y4C2-1 2.2364 Migration

ISYNA1 QONPH2-1 2.2331 Myoinositol
biosynthesis

NUP133 Q8WUMO 2.2134 mRNA export

N/A A8K674 2.1744 Ubiquitin C Protein modification

FARSA Q9Y285 2.169 Translation

NEDDS8 Q15843 2.1675 Protein modification

LASIL Q9Y4W2-1 2.1607 Ribosome biogenesis

PSMC2 P35998 2.105 Proteosome

N/A N/A 2.0938 9 kDa protein Uncharacterised

VBP1 P61758 2.0142 Chaperone

OGT 015294-1 2.0131 Protein modification
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Appendix B

List of proteins identified by SILAC with a CDC7/EV ratio > 1.0. Experimental details in
Chapter 4 (Section 4.3).

Mapped Uniprot CDC7/EV | DBF4B/EV | Notes Function

ene
]g)BF4A Q9UBU7-1 | 6.4952 DNA replication
CDC7 000311 3.0309 DNA replication
MAGED1 QI9Y5V3-2 | 1.8632 5.4798 Other Cell cycle
ANXA5S P08758 1.3336 Uncharacterised
C1QBP Q07021 1.3035 Immunity
EIF3E P60228 1.2641 Translation
PC P11498 1.2199 Carbohydrate

biosynthesis

DDX5 P17844 1.2196 1.4038 Other Cell cycle
CBR1 P16152 1.1861 NAD metabolism
PRDX2 P32119 1.1801 Redox regulation
DNAIJB6 075190-1 1.1407 Chaperone
ILF3 Q12906-4 1.1281 Immunity
N/A B4DP54 1.1033 TUBB6 Cytoskeleton
DNAJALI P31689 1.0977 Chaperone
CAPRINI Q14444-1 1.0606 RNA processing
DDX3X 000571 1.0384 RNA processing
USP9X Q93008-2 1.0299 1.65 Other Cell cycle
FANCI QI9NVII-3 1.027 1.5137 DNA damage
ARF4 P18085 1.0017 Protein transport

160




Appendix C

List of proteins co-immunoprecipitated with DBF4-FLAG. For details of experiment and
analysis see Chapter 5 (Section 5.2).

Mapped No. of unique CRAPome Function
gene peptides frequency (Ver. 1.0)

SRGAP2 2 2 Actin cytoskeleton
CDCSL 9 37 Cell cycle
GNL3 7 40 Cell cycle
MDNI1 2 12 Chaperone
DNAJC9 3 19 Chaperone
CHDA4 2 28 Chromatin structure
HP1BP3 4 32 Chromatin structure
HMGAI1 2 33 Chromatin structure
MPG 2 5 DNA damage
RAD23B 2 8 DNA damage
LIG3 2 12 DNA damage
MDCI1 2 15 DNA damage
APEX1 2 29 DNA damage
CDC7 11 0 DNA replication
DBF4A 14 0 DNA replication
RFCS5 2 21 DNA replication
RFC1 5 22 DNA replication
USP7 2 25 DNA replication
RFC4 3 30 DNA replication
SSRP1 3 44 DNA replication
TOP1 13 57 DNA replication
MCM3 2 69 DNA replication
TOP2A 12 69 DNA replication
PGAMA4 2 46 Glycolysis
PGAMI1 2 56 Glycolysis
KIAA0020 4 14 Immunity
TRIM25 2 15 Immunity
FKBP3 4 21 Immunity
GLTSCR2 2 22 Immunity
MRPS27 2 14 Mitochondrial
SLC25A10 4 62 Mitochondrial
NUSAPI1 2 13 Mitosis
USP39 5 26 Mitosis
NATI10 13 32 Mitosis
NSUN2 8 35 Mitosis
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NMTI1 4 14 Protein modification
MINA 2 0 Protein modification
AP2B1 2 34 Protein transport
GTPBP1 2 5 RNA met
EXOSC3 2 7 RNA met
RNMTL1 4 8 RNA met
SRBD1 2 8 RNA met
RBM42 3 11 RNA met
GTF3C4 3 12 RNA met
EXOSC7 2 13 RNA met
YTHDC2 3 13 RNA met
DDX52 2 15 RNA met
DHX29 5 15 RNA met
CTNNBLI1 4 16 RNA met
DIMTIL 2 16 RNA met
DDX24 3 17 RNA met
FARSB 7 18 RNA met
RRP15 2 19 RNA met
SREK 1 2 19 RNA met
DDX56 2 20 RNA met
BCAS2 2 21 RNA met
RBM15 2 22 RNA met
PDCD11 4 23 RNA met
THOC2 2 23 RNA met
DDX54 3 24 RNA met
TSR1 4 24 RNA met
DDX47 2 25 RNA met
EXOSC10 4 25 RNA met
ADAR 2 30 RNA met
BRIX1 5 30 RNA met
DDX18 4 31 RNA met
DDX23 2 32 RNA met
SRPK1 3 35 RNA met
DKC1 2 37 RNA met
SRRM1 3 41 RNA met
DHX30 7 42 RNA met
EXOSC6 3 43 RNA met
SRRT 2 46 RNA met
SNRNP70 4 61 RNA met
SF3A3 2 63 RNA met
ELAVLI1 3 65 RNA met
SNRPAL1 2 65 RNA met
CAPRIN1 4 68 RNA met
C220rf28 2 69 RNA met
PRPF19 6 70 RNA met
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GLYRI1 3 30 Signal transduction
POLRIB 3 10 Transcription
POLRIA 3 12 Transcription
MYEF2 3 13 Transcription
POLRIC 2 23 Transcription
XRN2 5 50 Transcription
EIF5 2 9 Translation
EIF2AK2 3 11 Translation
EIF5B 6 42 Translation
ABCF1 10 43 Translation
RPL32 4 52 Translation
NOP56 4 53 Translation
EIF3E 2 56 Translation
EIF3F 4 61 Translation
EIF3A 7 66 Translation
RPL28 7 69 Translation
C7orf50 2 18 Uncharacterised
SMU1 5 29 Uncharacterised
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